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Abstract. The Spectra disentangling technique is one of the tools available for spectroscopic analysis of multiple stellar systems,
allowing a simultaneous determination of orbital elements and individual spectra of its components. The spectra reconstructed from
this technique are purely mathematical and represent very well real stars of same spectral type, being able to analyze them as isolated
stars. The literature points out different advises being taken before its application, in order to ensure satisfactory results. From this
perspective, the ProReg-SD python program was created in order to prepare the input composite spectra dataset taking into account
these recommendations. The program was developed using the PYTHON language. By means of graphics output, the user can
interactively choose spectral regions for analysis (which contain information about the orbital motion of the component stars) and
what kind of output file desired (for the KOREL or FDBinary disentangling spectral codes, both available in the literature).

Resumo. O Desembaraçamento Espectral é uma das técnicas disponíveis para análise espectroscópica de sistemas estelares
múltiplos, permitindo a determinação simuntânea dos elementos da órbita e os espectros individuais de suas componentes. Os
espectros reconstruídos a partir desta técnica são puramente matemáticos e representam muito bem espectros de estrelas reais de
mesmo tipo espectral, podendo ser analisados como estrelas isoladas. A literatura aponta diferentes conselhos antes de sua aplicação
para obtenção de bons resultados. Nesta perspectiva, o programa ProReg-SD foi criado, com o intuito de preparar o conjunto de
espectros de entrada, levando em consideração estas recomendações. O programa foi desenvolvido na linguagem PYTHON. Usando
saídas gráficas, o usuário pode interativamente escolher regiões espectrais para análise (contendo informação sobre o movimento
orbital das estrelas componentes) e qual o tipo de aqruivo de saída desejado (para os códigos de Desembaraçamento Espectral
existentes na literatura: KOREL e FDBinary)

Keywords. (Stars:) binaries (including multiple): close – (Stars:) binaries: spectroscopic – Techniques: spectroscopic

1. Introduction

More than 50% of the stars in the sky are composed as binary
or multiple systems (Kepler 2004). Information on the physi-
cal properties (mass and radius) and stellar evolution (such as
temperature, chemical composition, and gravity) can be obtained
through the spectroscopy, where the light of stars is analyzed in
terms of wavelength, and the photometry, which uses luminosity
integrated into a wavelength range. The spectra disentangling is
a spectroscopic technique which separates the individual spec-
trum of each component star of a multiple system, permitting
us to analyze them as an isolated star. In an interactively way,
orbital elements of a system are also determined (period, eccen-
tricity, time of periastron passage, maximum radial velocity am-
plitude and mass ratio of components).

The physical model for the observed normalized composite
spectra (yj) is based in a weighted sum of the components star
spectrum, (xk), observed at the time j :

yj(lnλ) =

k∑
k=1

lkjxk(lnλ − vkj/c) (1)

where, lkj is the light contribution and vkj is the radial velocity of
the k component in the time j.

The composite spectra are sampled in logarithmic wave-
length scale, according to the Doppler shift of the xk component
in the time j, as below:

vk j

c
=

∆λ

λ0
' ∆ ln λ (2)

There are two codes available in the literature which perform
spectra disentangling: the KOREL and FDBinary codes. The
KOREL code was developed by P. Hadrava (1997, 1997) and
may analyze up to 5 stars components in a hierarchical system.
The FDBinary code was developed by S. Ilijic (2004, 2004a),
and analyze up to 3 components in a hierarchical system.

Hensberge et al. (2008) claimed that the spectra disentan-
gling technique highlights smalls mistakes committed during the
data reduction process emphasizing the need for a good planning
of observations and careful data processing. Besides, a trust in-
terval (corresponding to two times the sum of the radial veloci-
ties amplitude of the components) should be added in the corners
of the spectral regions choose for analyzing, in order to get reli-
able results when using Spectra Disentangling.

Based on the Hensberge et al. (2008) and Torres (2002;
2008) works, a program written in the PYTHON language was
developed, with a free license, which provides the input com-
posite spectra data to be used in the Spectra Disentangling codes
(KOREL and FDBinary). Through graphics outputs, the user
may interactively choose perfects spectral regions to get orbital
parameters and individual component spectra of a multiple sys-
tem. In other words, choose a spectral region that contains infor-
mation about the orbital motion of components stars (radial ve-
locities), and consequently a good determination of fundamental
stellar parameters (mass, radius, effective temperature, gravity,
and stellar chemical composition) which will permit a detailed
and reliable study on stellar evolution physics process.

The ProReg-SD code requires that the observed composite
spectra have already undergone the reduction data process and
are normalized in flux.
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Figure 1. Main interface.

2. Methodology

The PrepReg-SD program was developed in PYTHON because
it has an open license, presents a clear syntax and is an object-
oriented programming language. There are numerous libraries
that can be used easily, reducing a PYTHON code in a few lines
only. In order to make any subsequent change flexible in this
code, it was split into two parts:

1. a routine which contains the graphics interface commands
and the PYPLOT library (which allow handling the spectra:
zoom in zoom out, move sideways, save an image and so on
), called here as interface.py;

2. a routine which performs all mathematical calculations, as
determination of the orbital phase, determination of the av-
erage spectrum and its variance, the determination of wave-
lengths (in logarithmic scale), and the pixel step in veloc-
ity scale (required by the Spectra Disentangling technique),
called here as function.py.

3. Results

The Fig. 1 shows the main interface where users will inform
a file containnig spectra’s names which will be used, its HJD
observations date and its signal to noise ratio; location of the
observed composite spectra; initial and final wavelength (λi and
λ f ) and step (in ln λ); time of periastron passage, period, maxi-
mum radial velocity amplitude of components stars, K1 and K2.
The user may want to plot graphs with all observed composite
spectra ordering in orbital phase (Fig. 2: right one) and a aver-
age/variance spectrum plot (Fig. 2: left one). This last one will
help the user find spectral regions for his analysis, preferring
those which shows mountains patterns as shown in Fig. 2 (left
one), around 6100 to 6105 Å and 6120 to 6130 Å, correspond-
ing to components orbital motion of a multiple system.

An interval equal to 2(K1 + K2) will be automatically added
at the ends (corners) of the region chosen by the user (λi and
λ f ). These corners should also contain intensities with values
close to one, to avoid the appearance of spurious patterns supper-
posed on the continuum of the reconstructed components spectra
(Hensberge et al. 2008).

Finally, the composite spectra output file may be written as
required by the KOREL or FDBinary codes. Besides, users may
choose its name and location where they will be saved (Fig. 1).

Figure 2. PrepReg-SD graphics output. Left: mean spectrum (up-
per panel) and variance of the observed spectra (bottom panel);
Right: observed composite spectra.

4. Conclusion

The ProReg-SD code proposes an easy and safe way of choos-
ing spectral regions to those who want to use the Spectra
Disentangling technique for stellar spectroscopic analysis.

The program has a possibility to deal with échelle observed
spectra, "traveling" in all spectral interval and choosing regions
to obtain good results.

We present here a first version, which will be improved be-
fore becoming public to the astronomical community. It is nec-
essary to include in the code an interpolation of the observed
composite spectra (in the case of using spectra of different spec-
tral resolution) and to improve the visibility of the spectral lines
in order to see the movement of the spectral lines due to the or-
bital motion (see Fig. 2).
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and the PROPE/UFSJ, through the public announcement number 003/2016, for
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Abstract. Star clusters are fundamental pieces to understand the formation and evolution of stellar systems, from a scale of few AU
(binaries) to several kpc (galaxies), being at the same time unique templates to calibrate stellar evolutionary models. The physical
parameters of star clusters – such as age, [Fe/H], distance, reddening, core and tidal radii, total mass, mass function, binary fraction,
proper motions, and radial velocities – can be obtained by the analysis of color-magnitude diagrams (CMDs), radial density profiles,
spectra of individual stars, multi-epoch astrometry, multi-band photometry, among others. Despite the wealth of information available
in high quality photometric, spectroscopic and/or astrometric data from space missions (e.g., HST, Gaia), 8-10m (e.g., VLT, Gemini)
and 1-4m (e.g., Blanco, SOAR, VISTA) ground-based telescopes, including those dedicated to large area surveys (e.g., OGLE, VVV,
VMC, VISCACHA, DES, SMASH, APOGEE, Gaia-ESO), there is a lack of initiatives to perform a comprehensive, statistical and
self-consistent analysis combining different data and techniques. In order to fulfill this gap, we are developing a python package,
named SIRIUS, designed to extract as much as possible information of a stellar cluster. SIRIUS is based on a Bayesian approach
using the likelihood statistics and Markov chain Monte Carlo (MCMC) method, which can be applied to determine membership
probabilities and to fully characterize single or multiple stellar populations presented in a stellar cluster. In this work we present the
first control experiments to attest the SIRIUS validity, as well as some successful applications of this code to analyze individual or
combined HST, VLT, Gemini, VVV, and Gaia DR2 data of bulge globular clusters.

Resumo. Aglomerados estelares são peças fundamentais para o entendimento da formação e evolução de sistemas estelares,
desde a escala de UA (binárias) até alguns kpc (galáxias), servindo ao mesmo tempo para calibrar modelos de evolução estelar.
Os parâmetros físicos de aglomerados estelares – tais como idade, [Fe/H], distância, avermelhamento, raios de core e de maré,
massa total, função de massa, fração de binarias, movimento próprio, e velocidade radial – podem ser obtidos através da análise de
diagramas cor-magnitude (CMD), perfís de densidade radial, espectro de estrelas individuais, astrometria multi-época, espectrocopia
multi-banda, entre outros. Apesar da riqueza de informação acessível em fotometria de alta qualidade, dados espectrocópicos e/ou
astrométricos vindos de missões espaciais (HST, GAIA), 8-10m (VLT, Gemini) and 1-4m (Blanco, SOAR, VISTA), telescópios
terrestres, incluindo aqueles dedicados surveys de grande área (OGLE, VVV, VMC, VISCACHA, DES, SMASH, APOGEE,
Gaia-ESO), existe uma falta de iniciativas para realizar uma análise robusta, estatistica e auto-consistente combinando diferentes
técnicas e dados. Com o objetivo de preencher essa lacuna, estamos desenvolvendo um código em Python, chamado SIRIUS, para
extrair tantas informações quanto possível de um aglomerado estelar. SIRIUS é baseado em uma abordagem Bayesiana combinada
com o método Monte Carlo de Cadeias de Markov (MCMC), que pode ser aplicado para determinar probabilidades de membership
e caracterizar aglomerados estelares no contexto de multiplas populações bem como população única. Neste trabalho apresentare-
mos os primeiros experimentos controlados para testar a validade do SIRIUS, e também algumas aplicações bem sucedidas do
código para dados individuais ou combinados do HST, VLT, Gemini, VVV, e Gaia DR2 de aglomerados globulares do bojo da Galáxia.

Keywords. Methods: statistical – globular clusters: individual: NGC 6558, HP1 – Stars: evolution

1. Introduction

SIRIUS is a Python code based on a Bayesian approach of
Isochrone fitting which can be applied to determine the den-
sity of probabilities of the cluster physical parameters us-
ing the Metropolis-Hastings algorithm of Markov chain Monte
Carlo (MCMC). Also, SIRIUS makes use of Machine Learning
Classification methods to isolate the multiple generations when
it is available. SIRIUS is designed to analyze different photo-
metric systems with diverse stellar evolutionary models (BaSTI,
DSED, etc). Furthermore, this code possesses the advantage of
analyzing both synthetic and real CMDs (Kerber et al. 2007).

2. Method

SIRIUS’ statistical approach came from Bayes’ theorem:

P (ϕ|D) =
P (D|ϕ) × P (ϕ)

P (D)

where ϕ and D represent the parameter space (model) and the
data (observational), respectively. The term P (D|ϕ) represents
the Likelihood distribution, P (ϕ) are the a priori distributions
about parameter space and they are called Priors. Once does not
depend on the parameter space, the marginal distribution P (D)
sometimes is used as normalization constant for the likelihood.
The Posterior distributions P (ϕ|D) are distributions a posteriori
of the observational data. The Bayes’ theorem can be written,
for convenience, in logarithm as:

ln P (ϕ|D) = ln P (D|ϕ) + ln P (ϕ)

We assumed that the data are spread following a Gaussian
distribution to establish our Likelihood function:

ln P (D|ϕ) = χ2
Color + χ2

Magnitude → χ2
ξ =

N∑
i=1

−1
2

ξOBS
i − ξIso

i

σ
ξ
i

2
where ξ represents Color or Magnitude. In this case, the maxi-
mum value of likelihood will be given when all isochrone points
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Figure 1. The upper panels represent the separation method for
the RGB and SGB, respectively, and for the MS is shown in the
lower-left panel.
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Figure 2. The left panel shows the 2D projection of parameter
space and the posteriors distributions. The right one is the region
of the best solutions over the CMD.

are closest to data. In order to get the probability distributions
of each free parameters, we are applying the MCMC, that is a
tool capable to explore the parameter space looking for the best
probability distribution of a problem.

3. Control Experiments

Control experiments are used to prove the validity of a tool. In
the SIRIUS’ case we built synthetic CMDs in order to get the
input parameters after the isochrone fitting. The synthetic CMD
was made from the HST UV-Legacy Survey catalogue allow-
ing the multiple populations analysis. The input parameters of
the synthetic CMD were: Age = 13.5Gyr, [Fe/H] = -1.25, E(B-
V) = 0.18, (m-M)0 = 14.4 and fraction of first generation stars
(N1G/Ntotal) = 0.69.

We used the methods described in Milone et al. 2017 (RGB
and MS – using Chromosome Map) and Nardiello et al. 2015
(SGB – using a conventional color-color diagram with UV-
filters) to separate the multiple populations. An algorithm of
Classification based on k-Nearest Neighbors (kNN) method
using Gaussian Mixture Models (GMM) was applied in this
method. The Figure 1 shows the result of the multiple popula-
tions. The output value of the fraction of first generation stars
was 0.70 ± 0.05.

The isochrone fitting experiment was performed considering
the cluster as one population. Once the populations are isolated
it is possible to apply the SIRIUS code in each one separately
(in the contribution from Oliveira et al. in this proceedings there
are applications to the context of the multiple populations). The
result of the experiment is in Figure 2.

4. First Result: HP1

SIRIUS was applied to analyze the HP1, a Bulge globular cluster
candidate to a relic of the Galaxy. The results are written on a
paper recently accepted in MNRAS. In this paper we analyzed
proper-motion-cleaned CMDs from Gemini/GSAOI+GeMS and
HST multi-epoch photometry. Two CMDs were used Ks vs. J-
Ks and mF606W vs. mF606W -Ks (Figure 3). In order to obtain a
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Figure 3. The upper panels show the result for the CMD KS vs.
J-KS and the lower ones for the CMD mF606W vs. mF606W -KS .

Table 1. Average results using the NIR and NIR-Optical CMDs
and two stellar evolutionary models (DSED and BaSTI* mod-
els). BaSTI* is the BaSTI results after the expected correction
for the atomic diffusion (∆Age ≈ 0.90 Gyr).

[Fe/H] Age (m-M)0 d� E(B-V)
(dex) (Gyr) (mag) (kpc) (mag)

−1.09+0.07
−0.09 12.75+0.86

0.81 14.10+0.06
−0.05 6.59+0.17

−0.15 1.15+0.02
−0.02

better estimation of the parameters, We employed two different
stellar evolutionary models BaSTI and DSED. The average of
the posterior distributions and the final values of each parameter
are presented in Table 1. This result confirms the idea of the HP1
is one of the oldest objects of the Galaxy.

5. Conclusions

SIRIUS was successfully tested by means of several control ex-
periments. Even though SIRIUS was designed to analyze glob-
ular clusters in the Milky Way, it is flexible to analyze stellar
clusters in general. SIRIUS has been applied to analyze clusters
from the HST UV Legacy Survey and the VISCACHA Survey.
Others stellar evolutionary models will be added to SIRIUS code
in the future.

Acknowledgements. FAPESP, CNPq and CAPES. Based on observations ob-
tained at the Gemini Observatory and HST

References
Hogg, D. W., & Foreman-Mackey, D. 2018, ApJ, 236, 11
Kerber, L., Santiago, B., Brocato, E. 2007, A&A, 462, 139
Milone, A. P., Piotto, G., Renzini, A., et al. 2017, MNRAS, 464, 3636
Nardiello, D., Piotto, G., Milone, A. P., et al. 2015, MNRAS, 451, 312
Kerber, L. O., Libralato, M., Souza, O. S., et al. 2019, MNRAS (in press)
Pietrinferni, A., Cassisi, S., Salaris, M., & Castelli, F., 2004, ApJ, 612, 168
Dotter, A., Chaboyer, B., Jevremovic, D., et al. 2008, ApJ, 178, 89

6



Boletim da Sociedade Astronômica Brasileira, 31, no. 1, 7-11
c© SAB 2019

Cherenkov Telescope Array and the future of high-energy astrophysics
Ulisses Barres de Almeida1, for the Cherenkov Telescope Array Consortium

1 Centro Brasileiro de Pesquisas Físicas (CBPF), Rua Dr. Xavier Sigaud 150, 22290-180 URCA, Rio de Janeiro, Brazil.
e-mail: ulisses@cbpf.br

Abstract. The dawn of the 21st century saw a sequence of important discoveries in the fields of High-Energy Astrophysics and
Astroparticle Physics. Until a few years, nearly all the information about astrophysical objects came from a very specific type of
astronomical messenger: the photons. The recent detection of gravitational waves, and more than that, the first observation of the
electromagnetic emission of a gravitational wave event, as well as the discovery of the first optical counterpart of a high-energy
neutrino source, has definitely opened a new era of "multi-messenger" astrophysics. The next major step in the evolution of
High-Energy Astrophysics will be the inauguration, at the beginning of the next decade, of the Cherenkov Telescope Array (CTA),
the world’s first open observatory for gamma rays of Tera-electronvolts, the most energetic type of electromagnetic radiation. With
the CTA, the last observational window of astrophysics will be deeply investigated. In this lecture, I will present the state of the
art of high-energy observational astrophysics and future scientific perspectives for the new CTA project, which has had Brazilian
participation since its early years of planning and design.

Resumo. O alvorecer do Século XXI viu uma sequência de importantes descobertas nos campos da Astrofísica de Altas Energias
e Física de Astropartículas. Até há alguns anos, quase todas as informações sobre objetos astrofıisicos vinham de um tipo muito
específico de mensageiro astronômico: os fótons. A recente detecção de ondas gravitacionais, e mais do que isso, a primeira
observação da emissão eletromagnética de um evento de onda gravitacional, bem como a descoberta da primeira contrapartida
óptica de uma fonte de neutrinos de alta energia, abriu definitivamente uma nova era da Astrofísicacom "multi-mensageiros". O
próximo grande passo na evolução da Astrofísica de Altas Energias será a inauguração, no início da próxima década, do Cherenkov
Telescope Array (CTA), o primeiro observatório aberto do mundo para raios gama de Teraeletronvolts, o mais energetico tipo de
radiação eletromagnética. Com o CTA, a última janela observacional da astrofísica será profundamente investigada. Nesta palestra,
apresentarei o estado da arte da astrofísica observacional de altas energias e as perspectivas científicas futuras para o novo projeto
CTA, que teve participação brasileira desde seus primeiros anos de planejamento e design.

Keywords. Astroparticle Physics – Gamma rays: general – Instrumentation: miscellaneous

1. Introduction: Gamma-ray Astronomy

Gamma-rays are the most prominent probes of high-energy as-
trophysical phenomena. The view of the cosmos at these ener-
gies is totally new with respect to what thermal astronomy can
reveal. Both images of the universe are therefore complemen-
tary, but the excitement of gamma-ray astronomy lies in its priv-
ileged gaze into some of the most extreme phenomena in the
Universe, such as gamma-ray bursts (GRBs), Active Galactic
Nuclei (AGNs), supernovae, among others. These are examples
of sources that, although emitting throughout the spectrum, have
a very significant share of their electromagnetic output in the
most energetic gamma-ray bands, meaning that the recent ob-
servations at and beyond the GeVs has caused a revolution in
virtually all fields of astrophysics. When we further consider the
investigation of the fundamental role of hadronic particles ac-
celerated at these powerful environments, then gamma-ray as-
tronomy plays an even more relevant part, bridging electromag-
netic astrophysics with the new cosmic messengers represented
by neutrinos and the ultra-high energy cosmic-rays, to which we
could add also gravitational wave phenomena and the previously
hidden astrophysical processes they have revealed.

Gamma-ray astronomy, and especially its more energetic,
ground-based version, is a young field, the first very-high energy
(VHE), tera-electonvolt gamma-ray source, being detected little
less than three decades ago, by the pioneer Whipple telescope,
in Arizona (Weekes 1989). Today the field amasses almost 200
detected sources, but it is the future CTA who will represent
the definitive breakthrough: adding truly astronomical figures to
this number, it will detect thousands of sources throughout the

Galaxy1 and beyond, up to cosmological distances well over red-
shift 1, halfway back into cosmic history.

1.1. Imaging Atmospheric Cherenkov Telescopes

At energies above a few hundred GeVs, gamma-ray satellites are
no longer effective, being limited by their relatively small col-
lection areas. The only hope to continue detecting the ever de-
creasing photon fluxes from the astrophysical sources at higher
energies is therefore to exploit the interaction of the VHE radi-
ation with the atmosphere and use large collectors to indirectly
detect the incoming high-energy photons. Such large collectors
are called Cherenkov telescopes, and are characterised by usu-
ally large mirror areas, which collect the Cherenkov radiation
from the secondary particles of the atmospheric shower, result-
ing from the pair-cascading process initiated in the interaction
of the primary gamma-ray with the upper atmosphere. The ef-
fective area of a single Cherenkov telescope is equivalent to the
ize of the shower’s Cherenkov2 footprint on the ground, of order
105 m2.

The crucial aspect of the imaging atmospheric Cherenkov
technique consists in the capacity to separate the signals of the
low-rate incoming VHE gamma-rays from the overwhelmingly
larger cosmic-ray background, which produces an analogous
Cherenkov signal, but roughly three orders of magnitude greater

1 Up to today, the vast majority of catalogued galactic TeV sources
are within our own quadrant of the Galaxy, and none is beyond the 8
kpc which separates us from the Galactic Center

2 For more on Cherenkov telescopes see (Volk & Bernlohr 2009).
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Figure 1.1 – Comparisons of the performance of CTA with selected existing gamma-ray instruments. Top:
differential energy flux sensitivities for CTA (south and north) for five standard deviation detections in five
independent logarithmic bins per decade in energy. For the CTA sensitivities, additional criteria are applied to
require at least ten detected gamma rays per energy bin and a signal/background ratio of at least 1/20. The
curves for Fermi-LAT and HAWC are scaled by a factor of 1.2 to account for the different energy binning. The
curves shown give only an indicative comparison of the sensitivity of the different instruments, as the method
of calculation and the criteria applied are different. In particular, the definition of the differential sensitivity
for HAWC is rather different due to the lack of energy reconstruction for individual photons in the HAWC
analysis. Bottom: angular resolution expressed as the 68% containment radius of reconstructed gamma
rays (the resolution for CTA-North is similar). The sensitivity and angular resolution curves are based on the
following references: Fermi-LAT [1], HAWC [2], H.E.S.S. [3], MAGIC [4], and VERITAS [5]. The CTA curves
represent the understanding of the performance of CTA at the time of completion of this document; for the
latest CTA performance plots, see https://www.cta-observatory.org/science/cta-performance.

Cherenkov Telescope Array
Science with CTA

Page 15 of 213

Figure 1. Comparisons of the expected performance of CTA
with current ground-based and reference satellite instruments.
The plot shows differential energy flux sensitivities for CTA
north and south sites for 5 σ detections. Reproduced from (CTA
Consortium 2019).

in flux. Gamma/hadron separation, which is based on the im-
age reconstruction of the shower’s Cherenkov light pattern on
the ground (Fegan 1997), is in fact not only the breakthrough
leading to the detection of the Crab back in 1989, but respon-
sible for the relatively large sensitivity of the technique and the
consequent great success of the field (Figure 1).

In the imaging atmospheric Cherenkov technique (IACT),
the image of the shower’s Cherenkov light signal is used to re-
construct the properties of the incoming primary gamma-ray,
with intensity and orientation of the elliptical Cherenkov image
providing information about the energy and direction of the in-
coming high-energy signal.

2. The Cherenkov Telescope Array

The Cherenkov Telescope Array has been planned to improve
sensitivity by an order of magnitude over current observatories.
Extensive Monte Carlo simulations were performed to improve
not only the instruments themselves, but also to optimise the
array layout and performance as a whole (Hassan et al. 2017).
With an extensive observing range, from 20 GeV to 300 TeV,
the array is a hybrid solution, being composed of three differ-
ent sizes of telescopes, accordingly labeled as large-, medium-
, and small-size telescopes (LSTs, MSTs, and SSTs), covering
from the lowest to the highest energies, respectively. Two possi-
ble array designs, for both the North and Southern Hemispheres,
are shown in Figure 2, where one can see the compact core of
LSTs, surrounded by the extended areas of MSTs (∼ 1 km2)
and SSTs (∼ 10 km2), the latter being present only in the larger,
Southern array, which is focused on multi-TeV Galactic obser-
vations (CTA Consortium 2011).

Despite its hybrid configuration, CTA will not work as a su-
perposition of independent arrays, but will perform combined
observations to make deep measurements of both galactic and
extragalactic sources over a wide energy range. Its large number
of instruments, with differentiated capabilities, will nevertheless
endow CTA with flexibility in the observing scheme, allowing
for the simultaneous pursuit of multiple observational tasks, as
well as wide field-of-view (FoV) pointing configurations for fast
surveying capabilities (Dubus 2013). As per current estimates,
the nominal sensitivity of CTA, considering 5 σ detection over

Figure 2. Schematic illustrating the proposed layouts for north-
ern and southern hemisphere arrays. Reproduced from https:
//www.cta-observatory.org/about/how-cta-works/.

50 hours integration time, is of a few milliCrab, at the maxi-
mum sensitivity range of few TeVs. The sensitivity is limited, at
high energies, by low rate of events, and at low energies by poor
hadronic background rejection.

The novelties of CTA do not stop in its hybrid telescope de-
sign or in the presence of two arrays to provide full sky cover-
age. Perhaps the single most significant conceptual change for
the field is the open-observatory character of CTA, meaning that
part of its observing time will be open for external proposals by
anyone. CTA was planned, built and will be run with the support
of a Consortium of 32 countries, and over one thousand scien-
tists and engineers from hundreds of institutes across the world.
Initially, in the first ten years of operation of CTA, about half
of the observing time of the array will be of exclusive use to
the Consortium. This will allow the performance of the first sur-
veys and legacy services, as well as pursuing time-demanding
and challenging science cases which cannot be completed via
proposal-driven time allocations. CTA is also fully committed
to open science, and will provide not only open access to all
its datasets, but also analysis software and support. The ob-
servational facilities will be run by an independent, already-
constituted legal body, the CTA-Observatory, or CTA-O, with
headquarters in Bologna, Italy.
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2.1. CTA North and the LST1 Prototype3

The CTA Large Size Telescopes are designed to cover the lower
energy range of observations, from 30 GeV to a few TeV.
Forming the compact core of the array, four LSTs will be in-
stalled on each CTA site, dominating CTA performance and sci-
ence below 200 GeV. This, along with a fast rotation capability
to quickly lock on short-duration transients, will help address
several important science cases of CTA, such as performing cos-
mological observations beyond z ∼ 1, and the hunt for the first
gamma-ray burst detected by a ground-based gamma-ray instru-
ment. The LSTs will have the strategic advantage of providing
a broad energy overlap with space-based instruments, such as
the Fermi-LAT. Due to the low energy of the showers, the LSTs
have a very large collecting area of 23 m in diameter, made up of
about 200 hexagonal mirrors4. In order to discriminate between
the faint flashes produced by the low-energy gamma-rays and
the night sky, the LST camera is the fastest and most sensitive of
CTA, supplied with almost 2000 photomultipliers, and a FoV of
about 4◦ (Cortina & Teshima 2015).

The prototype large size telescope, LST1, was built on the
northern site of La Palma, and inaugurated as the first CTA tele-
scope on the 10th October 2018, at the Roque de Los Muchachos
Observatory. The site, close to the MAGIC telescopes, allows for
cross-calibration of the new instrument with the previous ones.
The next three LST telescopes, LST2-4 will also be built in the
Northern site, while waiting for the CTA-south site agreement to
be signed, thus completing the low-energy section of the obser-
vatory, with a total of 8 large-size telescopes. The full LST-north
array is expected to be completed by late 2020.

3. Science with CTA

CTA will explore a wide range of science themes, from parti-
cle acceleration in extreme environments within and beyond the
Galaxy, compact objects, and dark matter, among many others.
A comprehensive description of the CTA science cases can be
found at the upcoming "Science with CTA" publication (CTA
Consortium 2019). CTA is also well suited to study cosmolog-
ical effects on gamma-ray propagation – a set of science cases
for which the LST telescopes are particularly important – such
as probing the extragalactic background light, intergalactic mag-
netic fields, search for axions and Lorentz invariance violation
effects (Acero et al. 2013), all of which depend on the obser-
vation of sources at larger cosmological distances than what is
achievable today.

From the side of Dark Matter searches, CTA will look into
predictions of dark matter particle annihilation into gamma-rays,
which is predicted, depending on models, throughout the range
of CTA observable energies (Doro et al. 2013). These indirect
searches will focus on astrophysical regions with an expected
high dark matter density, such as the Galactic halo and dwarf
galaxies. The capability to discover a thermal weakly interact-
ing massive particle from the gamma-ray annihilation signal,
according to some models, is well within the reach of deep
CTA observations for certain astrophysical regions and sources
(Morselli 2017).

The past couple of years have seen some important break-
throughs in the field of multi-messenger astrophysics. For this

3 See the LST1 website at http://www.lst1.iac.es/
4 The Brazilian Center for Research in Physics, CBPF, is the leading

Brazilian institution in the LST project, contributing to the design and
construction of interface plates for the mechanical actuators of the LST
active mirror control system.

12. KSP: Active Galactic Nuclei 12.1 Science Targeted

magnetic cascades. If the IGMF is sufficiently weak, their cascaded secondary photons contribute to
the gamma-ray flux from the source. Models based on this scenario reproduce successfully the SED of
hard-spectrum blazars (see, e.g., [510, 511, 466]). Figure 12.5 shows the expected spectral hardening
from UHECR induced intergalactic cascades for a high-redshift blazar observable by CTA.

Figure 12.5 – The expected CTA spectrum for the distant blazar KUV0031-1938, based on an extrapolation
from current measurements and the addition of gamma-ray induced cascades (blue curve), is compared to the
spectrum from the same source when including UHECR induced cascade emission (red curve). Error bars
indicate the statistical uncertainty of one standard deviation. See also [466, 512].

Another signature for the presence of relativistic hadrons in AGN is the occurrence of synchrotron-pair
cascades in the emission region, which can lead, under certain conditions, to a visible spectral “bump”
in the TeV range ([441, 513, 452, 443], see Figure 12.1). In addition, models of gamma-ray emission
close to the central SMBH, which can best be probed in LLAGN, provide yet another scenario for the
acceleration of hadrons to ultra-high energies.

The search for such signatures requires high-quality spectra covering a wide spectral range for a sample
of different VHE AGN classes and redshifts, together with information on the source variability. This will
be achieved with the data gathered from the “high-quality spectra” and “AGN flare” programmes that
are detailed below. In addition, several emission scenarios based on different acceleration sites have
been proposed for radio galaxies, especially Cen A. These scenarios can be tested with the deep VHE
observations we propose for this source (see, e.g., [514, 486, 515, 516] and many others).

Can we find signatures for the existence of axion-like particles ?

An issue with wide ranging implications for fundamental physics that can be probed in several ways with
measurements of VHE gamma rays from distant sources is the existence of ALPs (for more information,
see Chapter 1). EBL absorption of VHE photons would be considerably reduced by � $ ALP oscillations
taking place in ambient magnetic fields [517, 518, 519, 520, 521, 522, 523, 524]. First hints for a reduced
gamma-ray opacity might have been observed in the form of a pair-production anomaly at the four
standard deviation level [525] and of unusually hard gamma-ray spectra compared to what is expected
from standard EBL absorption [526, 527]. (These hints do not seem to be confirmed however, see
[528, 498, 529]). Photon-ALP oscillations would provide a natural solution to these problems if they are
confirmed [518, 522, 530].

Alternatively, the � ! ALP conversion could occur inside the blazar or in its direct environment, and
the ALP! � reconversion could take place in the Milky Way magnetic field [518]. One possibility is
that the blazar resides inside a group of galaxies or a galaxy cluster, where the � !ALP conversion is
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Figure 3. The expected CTA spectrum for distant blazar
KUV0031-1938, based on extrapolation from current measure-
ments. The plot shows the expectation with an addition of
gamma-ray induced cascades (blue curve), compared to the same
spectrum when including the presence of UHECR and their in-
duced cascade emission (red curve). Reproduced from (CTA
Consortium 2019).

reason, in the reminder of this contribution, we will concentrate
on briefly exposing the potential for CTA science in synergy
with cosmic-ray, neutrino, and finally, gravitational wave astro-
physics.

4. CTA science in the Multi-messenger Era

CTA will have important synergies with the new generation
of major astronomical and astroparticle observatories, meaning
that the CTA science case will have an important component
of multi-wavelength and multi-messenger collaboration. This is
especially the case in the field of transient phenomena, which
include gamma-ray bursts, gravitational waves and high-energy
neutrino transients. But before moving into those, let us briefly
consider the potential of CTA for a range of studies in cosmic-
ray physics5

Cosmic-rays within the Galaxy are in close pressure equilib-
rium with turbulent gas motions and magnetic fields in the inter-
stellar medium, which testifies to the major role these energetic
particles play in all astrophysical systems. The understanding of
the origin and the role of these relativistic cosmic particles is
one of the fundamental themes of CTA science, particularly the
study of the mechanisms of cosmic particle acceleration, and to
establish the astrophysical sources in which particle acceleration
to the highest energies take place (Picozza & Boezio 2013).

To understand the origin of cosmic-ray particles, it is neces-
sary to study in detail the non-thermal signatures that span many
orders of magnitude in frequency, in the broad-band spectral
energy distribution (SED) characteristic of relativistic sources.
Great progress has been made by the current generation of satel-
lite and ground-based instruments in this area, which have pro-
vided strong evidence of hadron acceleration taking place in a

5 Here we refer to the studies of cosmic-rays by the indirect obser-
vation of their gamma radiation, and not to the direct observation of
charged particles, such as high-energy electrons which CTA will also
be able to detect, and are associated with nearby particle accelerators
(Aharonian et al. 2008).

9

http://www.lst1.iac.es/


Ulisses Barres de Almeida: Cherenkov Telescope Array

1. Introduction to CTA Science 1.2 Overview of CTA Science Themes

particle acceleration takes place, and in particular, to establish the dominant contributors to the locally
measured ’cosmic rays’ which are 99% protons and nuclei (collectively referred to as ’hadrons’). Huge
progress has been made in the last decade in this area, with the combination of Fermi-LAT and IACT
data proving extremely effective in identifying the brightest Galactic accelerators and providing strong
evidence of hadron acceleration in a handful of sources. However, key questions remain unanswered:
are supernova remnants (SNR) the only major contributor to the Galactic cosmic rays? Where in our
galaxy are particles accelerated up to PeV energies? What are the sources of high-energy cosmic
electrons? What are the sources of the ultra-high energy cosmic rays (UHECRs)?

CTA will address all of these questions and also the critical issue of the mechanism(s) for particle accel-
eration at work in cosmic sources, through two main approaches:

• a census of particle accelerators in the universe, with Galactic and Extragalactic surveys and
deep observations of key nearby galaxies and clusters and

• precision measurements of archetypal sources, where bright nearby sources will be targeted
to obtain resolved spectroscopy or very high statistics light curves, to provide a deeper physical
understanding of the processes at work in cosmic accelerators.

A general census is required to understand the populations of accelerators and the evolution/lifecycle of
these source classes. Deep observations of individual sources are required to acquire the very broad
band spectra needed to unambiguously separate lepton and hadron acceleration and to test acceleration
to the highest energies possible for Galactic accelerators.

While the main resources for the census are the KSP survey observations introduced above, the Guest
Observer (GO) programme will provide most of the deep observations of individual sources. For exam-
ple, the deep observation of the TeV-bright pulsar wind nebula (PWN) HESS J1825�137, mapping in
detail its energy-dependent morphology and studying particle propagation and cooling in the post-shock
flow [15], is anticipated as a GO proposal.

One key object that is included in the proposed KSPs is the TeV bright, young supernova remnant
(SNR) RX J1713�3946 (see Figure 1.6 and Chapter 10), where the dominant gamma-ray emission
mechanism is unclear from current measurements [23, 24], but where CTA can resolve the ambiguity
between electron- and proton-dominated emission and resolve sub-structure within the SNR shell on
scales that are important for our understanding of the acceleration process.
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Figure 1.6 – Simulated CTA images of the TeV-bright supernova remnant RX J1713�3946 for different emis-
sion scenarios, showing the power of CTA to differentiate between these scenarios. Reproduced from [25].

Known TeV-emitting source classes where CTA data will have a transformational impact on our under-
standing include PWN, gamma-ray binaries, colliding-wind binaries, massive stellar clusters, starburst
galaxies and active galaxies. There is clearly huge potential for the discovery of new classes of acceler-
ators, with emission from clusters of galaxies (see Chapter 13) as one of the most exciting possibilities.
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Figure 4. Simulated CTA images of the TeV-bright supernova
remenat RX J1713-3946 for different emission scenarios, show-
ing the power of CTA to differentiate between emission types
in deep observations of nearby sources. Reproduced from (CTA
Consortium 2017).

handful of sources (Ackermann et al. 2013). However, many of
the key fundamental questions remain unanswered.

The highest energies achievable by CTA will be fundamen-
tal in addressing some of these questions such as, for example,
identifying the sources of PeV particles in the Galaxy (HESS
Collaboration 2016) and the origin of ultra-high-energy cosmic-
rays (Fang & Murase 2018) (Figure 3). Among the novelties
that CTA is going to introduce to the study of cosmic particles,
we can also cite the capacity to provide the first high-angular
resolution measurements of cosmic-ray protons and nuclei in
astrophysical systems, thanks to CTA’s wide energy range, ex-
tending to 100 TeV and its improved angular resolution (Acero
et al. 2017). This will be particularly important for the study
of the specific mechanisms for particle acceleration at work in
the sources, providing precision measurements of archetypal,
nearby bright sources in deep observations, as shown in Figure 4.
Such studies will be complemented by an extensive census of the
particle accelerators through surveys of both the Galactic and the
Extragalactic sky (Dubus 2013).

4.1. Gamma-ray counterparts of neutrino signals

The production of neutrinos in astrophysical sources are inti-
mately linked to the production of cosmic rays and the accel-
eration of hadronic particles (Halzen 2013). Furthermore, prac-
tically all mechanisms which produce high-energy neutrinos in
astrophysics will also generate a gamma-ray signal of similar
energy, linking the two phenomena – with the advantage over
charged cosmic-rays that neutrinos, like photons, point directly
to their sources. There is therefore strong synergies and comple-
mentarity between these two cosmic messengers (Figure 5).

Imaging atmospheric Cherenkov telescopes (IACTs) have
good pointing precision and sensitivity to identify and study di-
rectly the populations of astrophysical accelerators, being able
to localise the precise sites of particle acceleration in nearby
sources (IceCube Collaboration 2013). Neutrino telescopes, on
the other hand, which reconstruct the secondary muons from the
neutrino-induced showers, have a much worse spatial resolution
(Ahlers & Halzen 2015). Nevertheless, while the gamma-ray
measurements are ambiguous with respect to the nature of the
accelerated particles – leptonic and hadronic gamma-ray signals
are hard to disentangle – the detection of neutrinos by itself is an
unambiguous tracer of hadronic acceleration, even out to high
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The non thermal Universe in
the multi-messenger framework

Ahlers & Halzen, 
arXiv:1805.11112

Figure 5. Plot showing the spectral flux of neutrinos, inferred
from HESE and IceCube analysis, compared to the unresolved
gamma-ray extragalactic background from Fermi and Auger
UHECR data. Also shown are the various particle production
channel interfaces between the various messengers. The plot
highlights the close synergy between the messengers over 10 or-
ders of magnitude in energy. Reproduced from (Ahlers & Halzen
2018).

redshifts and PeV energies (IceCube Collaboration 2015). These
complementary features make the follow-up study of neutrino
sources by ground-based gamma-ray instruments such as CTA
particularly relevant (Halzen 2013).

The experimental situation in the neutrino domain has dra-
matically changed in recent years, thanks to the activities of the
IceCube Collaboration, which has provided the first strong ob-
servational evidence for VHE astrophysical neutrinos, by firmly
detecting a diffuse astrophysical neutrino signal above 0.1 PeV
(Aartsen et al. 2013). The situation has further evolved last year
with the electromagnetic detection of a flaring blazar in gamma-
rays in coincidence with a high-energy neutrino IceCube event
(IceCube Collaboration 2018), indicating, for the first time, the
potential source for a VHE astrophysical neutrino. This suc-
cessful discovery was the result of follow-up programs between
IceCube and current gamma-ray facilities, and will be contin-
ued by CTA, which is expected to contribute even further to
this novel multi-messenger window (IceCube Collaboration et
al. 2016). In fact, such results open an opportunity for dealing
more directly with the problem of the origin of the UHECRs. For
over ten orders of magnitude in energy, the rates of UHECRs,
neutrinos and sub-TeV gamma-rays are comparable, a realisa-
tion which intimately links the three components, and can be
elucidated by the coincident detection from identified astrophys-
ical sources (Fang & Murase 2018).

With the construction of KM3Net (Katz 2006) and the
planned upgrades of IceCube, the scenario for multi-messenger
cooperation and combined individual neutrino source detections
is ever more promising, where CTA is the ideal instrument to
foliow-up on such high-energy events (Razzaque 2013).

4.2. Gravitational waves and the new high-energy astrophysics

The other field in which CTA will enjoy strong multi-messenger
synergies is gravitational wave events (Bartos et al. 2014). The
full sky coverage of CTA, as well as its flexible observing
capabilities, which allow for large, fast-surveying techniques
(Szanecki et al. 2015), will ensure a good accessibility of the
observatory to transient events that are both rare and detected
with relatively low positional accuracy, such as is the case for
gravitational wave transients (Abbott et al. 2016) (Figure 6).

The recent discovery of gravitational wave emission associ-
ated with mergers of massive black holes (Abbott et al. 2016b),
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8 Testing the observational strategy on a specific case

In the following we show the results obtained by applying the strategy described in the
previous sections to a BNS merger from our sample. To this scope, we selected from the
database produced by [25] one BNS merger detected by Advanced LIGO and Advanced Virgo
and whose inclination angle is less than 10�, so that the possible associated GRB is seen
on-axis. This source is located at a distance of 215 Mpc; the combined signal-to-noise ratio
(SNR) of the GW detection is ⇠ 18, and the 90 % C.R. in the sky localization is of ⇠56 deg2.

8.1 Application of the strategy

We apply the proposed observational strategy to the selected event. First we assumed an
intermediate isotropic energy Eiso=1051 erg and a cut-off energy Ecut=100 GeV. We found
that, with the above assumptions, the EM flux of the source is high enough to allow the
coverage of the whole 90 % credible region (C.R.) of the GW skymap, i.e. the region of
the GW skymap enclosing the 90 % of probability that the source is located there. The
corresponding tiling of the GW skymap is shown in fig. 1. For comparison, we also considered
the cases Eiso=1050 erg and a cut-off energy Ecut=100 GeV; in these cases, only 50 % C.R. of
the GW skymap can be covered (see fig. 2), but this coverage is still sufficient to detect the
source.

Figure 1. Representation of the 90 % C.R. in the sky localization of the selected GW event (red
contour) and the consecutive set of sky areas that can be covered by CTA follow-up observations
(gray and blue circles), assuming Eiso=1051 erg and Ecut=100 GeV. The source position is marked
with a black star. The CTA observed field in which the source is detected is represented by a blue
circle. For simplicity, the amplitude of each CTA observed area is represented taking into account
only the FOV of LSTs. The inset shows a zoom of the GW sky localization area and CTA tilings.

– 9 –

Figure 6. Representation of the 90% C.R. in sky localisation of
a simulated GW event and the consecutive set of sky areas that
can be covered by the CTA folow-up observations. Reproduced
from (Patricelli et al. 2018).

raised exciting new possibilities in observational astrophysics,
for the studies on the evolution of high mass binary systems
(Abbott et al. 2016c). The prospects for combined studies be-
tween CTA and GW detectors has improved further still re-
cently, with the first multi-messenger observations of a binary
neutron star merger, which included the detection of high-energy
gamma-rays (Abbott et al. 2017). Black holes or neutron star bi-
nary system mergers should be detectable out to several Mpc
(Abbott et al. 2013), with expectations of over a hundred GW
transients being detected per year after 2018 (Abadie et al.
2010).

The observed gamma-rays are expected due to a jet forma-
tion in the merging neutron star system (the likely counterpart
of short GRBs) with resulting particle acceleration to TeV ener-
gies and the subsequent gamma-ray production. The fast slewing
design of the LSTs, and high sensitivity at the low energy CTA
range will make these instruments able to very rapidly respond to
triggers from both GRBs and GW transients (Bartos et al. 2014).

5. Conclusion: CTA, multi-messengers, and the future

As the flagship VHE gamma-ray observatory for the coming
decades, CTA will have important synergies with many new
generation astronomical and astroparticle observatories. Multi-
wavelength and multi-messenger studies with CTA will impact
CTA science in two fundamental ways. Firstly, by complement-
ing the high-energy view provided by CTA with the necessary
(and oftentimes simultaneous) broadband information required
to the study of non-thermal sources. Secondly, the possibility to
follow up on multi-messenger events such as neutrinos and grav-
itational waves will enable a deeper probe of source properties
and the nature of particle populations and processes powering
their emission.

Over the next few years, up to the full completion of the
array, towards 2025, the multi-messenger era swill become the
new status quo in observational astrophysics. Whereas some of
the current facilities may go offline, a range of important new in-
struments will be built, such as SKA in radio or the E-ELT, TMT,
GMT and LSST telescopes in optical, which will be unique,
breakthrough facilities in their respective fields, deepening even
more the potential synergies with CTA.

The gradual start of CTA operations will be dominated by
the so-called key science projects (KSPs), which were selected
by the Consortium as ambitious projects, with significant sci-
entific promise and as relevant legacy tasks for further research
using CTA (CTA Consortium 2019). The KSPs will be devel-
oped over the first ten years of CTA operations, using the inter-
nal Consortium time, while for the remainder of the available
schedule CTA will operate as an open observatory, promising to
change the field of high-energy astrophysics and insert ground-
based gamma-ray astronomy definitely in the daily agenda of the
astronomer worldwide.
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X-ray interactions with condensed chlorobenzene: formation of PAHs on
dust grains surfaces
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Abstract. Polycyclic aromatic hydrocarbons (PAHs), a class of organic molecules, are detected in several galactic and extragalactic
objects and can play an important role in physical and chemical processes of interstellar and circumstellar environments. Although
their aromatic rings are constituted mainly by C and H atoms, other atoms such as Chlorine (Cl), or functional groups, can substitute
the H atoms depending on the astronomical environment conditions. In this work, we study the interaction of soft X-rays at 2.8
keV with condensed phase chlorobenzene (90 K), a unity of chlorinated PAHs, using Near-Edge X-ray Absorption Fine Structure
Spectroscopy (NEXAFS). The results show that the presence of a chlorine atom in the aromatic ring favors the reaction of association
of benzenic rings on icy surfaces of dust grains, forming larger molecules, including PAHs and chlorinated aromatic species, such as
Polychlorierte Bi- and Terphenyles (PCBs and PCTs).

Resumo. Os hidrocarbonetos aromáticos policíclicos (PAHs), uma classe de moléculas orgânicas, são encontradas em objetos
galáticos e extragaláticos, e podem desempenhar um papel importante nos processos físicos e químicos de meios circustelares e
interestelares das galáxias. Apesar das estruturas de anéis aromáticos serem constituídas principalmente por átomos de C e H, outros
átomos como o Cl, ou grupos funcionais, podem substituir átomos do H dependendo das condições do ambiente astronômico. Neste
trabalho, estudamos a interação de raios-X moles de 2.8 keV) com clorobenzeno na fase condensada (90 K), uma unidade de PAH
clorado, usando a espectroscopia de estrutura fina de absorção de raios-X (NEXAFS). Os resultados mostram que a presença de um
átomo de cloro no anel aromático favorece a reação de associação de anéis de benzeno na superfície congelada de grãos de poeira,
formando moléculas maiores, incluindo PAHs e espécies aromáticas cloradas, como os bi- and trifenilos policlorados

Keywords. Astrochemistry – ISM: molecules – X-rays: ISM

1. Introduction

Among the larger molecular species present in the Interstellar
Medium (ISM), polycyclic aromatic hydrocarbons (PAHs) arose
increasing interest as some species have been detected in recent
years. PAHs contribute to many key physical processes that af-
fect the basic structure and evolution of the ISM of galaxies and
are also the most abundant class of organic molecules in space
(Tielens 2011).

PAHs are essentially constituted by carbon and hydrogen
atoms arranged in structures of aromatic rings. However, the
substitution of a hydrogen atom by other functional groups or
the exchange of a ring carbon by another atom, such as nitro-
gen or oxygen, modifies the bonding length, charge distribution
and symmetry of the aromatic network. Consequently, new vi-
brational bands are observed in infrared (IR) spectra. In other
words, the study of PAHs with substituted atoms or groups may
explain some spectral signatures of ISM.

One way to provide a better understanding of how the substi-
tution of C or H for other atoms modifies the ring properties of
PAHs is to study the smaller units of these structures. Besides,
some of these precursor molecules of PAHs have been found in
a large variety of astronomical environments. Benzene (C6H6)
was detected in the pre-planetary nebula CRL 618 (Cernicharo
et al. 2001), benzonitrile (C6H5CN) in the molecular cloud
TMC-1 (McGuire et al. 2018) and chlorobenzene (C6H5Cl)
in meteorites samples and in Mars craters (Studier, Hayatsu &
Anders 1965; Freissinet et al. 2015). The search for chlori-
nated compounds has been highly emphasized. Recently, the de-

tection of the first chlorinated organic compound in the ISM,
chloromethane (CH3Cl), was reported in the coma of comet
67P/Churyumov-Gerasimenko and in the hot corino of the low-
mass protostar IRAS 16293-2422 (Fayolle et al. 2017).

2. Methodology

We studied experimentally the degradation of the chlorobenzene
ice by photons delivered at the soft X-ray spectroscopy beamline
(SXS) of the Brazilian Synchrotron Light Laboratory (LNLS).
The major elements of experimental setup consists in a high
vacuum chamber (P < 10

−8 mbar), target holder, where the con-
densed sample deposited onto an aluminum substrate was kept at
the temperatures of 90 K by a closed-cycle cryostate and temper-
ature controller, aiming to simulate the conditions of dust grain
mantles around circumstellar environments, picoammeters, that
collect the incident photon beam current and the draining current
on the target, respectively, and a residual gas analyser to moni-
tor the sample injection and deposition procedure. After expo-
sure times to X-rays at the energy of Cl 1s resonance (2822 eV),
absorption spectra were collected using near-edge X-ray absorp-
tion spectroscopy (NEXAFS).

3. Results

Figure 1 shows the absorption X-ray spectrum of condensed
phase chlorobenzene at Cl K-edge before irradiation. The struc-
tural feature changes of the absorption cross section on the pho-
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Figure 1. Absorption X-ray spectrum of condensed chloroben-
zene at Cl K-edge (2822 eV), measured before irradiation
(Tenorio et al. in prep).
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Figure 2. Time evolution of the areas of the transitions from Cl
1s to σ∗ and π∗.

ton energy indicate the excitation of core electrons (Cl 1s) to un-
occupied molecular orbitals (σ∗ and π∗), Rydberg states and to
the continuum. Based on the theoretical calculations of the ener-
gies and the oscillator strengths of the transitions, Gaussian func-
tions and a step function, above the ionization potential, were
fitted to the spectrum.

The experimental results of the irradiation of the sample us-
ing a monochromatic X-ray beam with energy of 2822 eV, coin-
ciding with the electronic transition Cl 1s→ σ∗, are summarized
in Fig 2.

The changes in the peak areas of Cl 1s → σ∗ and π∗ states
as a function of the photon fluences suggest chemical transfor-
mations of the sample. The experimental data indicated by blue
squares are explained by chlorobenzene dissociation into radi-
cals after the excitation to Cl 1s → σ∗ state (Tenorio et al. in
prep):

C6H5Cl + hν→ C6H5Cl∗ → Cl• + C6H5
•

Chlorobenzene molecule and atomic chlorine both exhibit
state transitions with energies very close to 2822 eV (Tab. 1).
The dissociative behavior of the Cl 1s→ σ∗ state of chloroben-
zene produces radicals, such as chlorine atoms, deposited on
the condensed surface, leading to an increase in the absorption

Table 1. Values of energies and oscillator strengths for
chlorobenzene and atomic chlorine transitions near 2822 eV re-
gion (Tenorio et al. in prep.).

State Energy (eV) Oscillator Strength
Chlorobenzene

1s→ σ∗ 2821.6 3.7x10
−3

1s→ π∗ 2822.8 1.1x10
−3

Chlorine atom
1s→ 3d 2822.3 0.6x10

−2

Figure 3. Formation of chlorobiphenyl after the dissociation of
chlorobenzene, where R represents a general radical. Other iso-
mers of chlorobiphenyl and chloroterphenyl may also form fol-
lowing a similar route.

at 2822 eV. In addition, the oscillator strength of the Cl 1s →
3p transition of the chlorine atom is greater than the oscillator
strength of the chlorobenzene Cl 1s→ σ∗ transition, which also
accounts in an absorption increase.

With the dissociation of chlorobenzene molecule, the free
chlorine and phenyl (C6H5

•) radicals react to generate larger
molecules on the frozen surface. The chemical equations below
(Fig. 3 ) show, as an example, the route of chlorobiphenyl for-
mation (C6H5 – C6H4Cl):

4. Conclusion

These results suggest that the presence of the chlorine atom fa-
vors the reaction of association of benzene rings that may form
PAHs and chlorinated aromatic species on the frozen dust grain
surface. As chlorobenzene has been found in meteorites sam-
ples, probably it was frozen on circumsolar grains and may have
contributed for the formation of PAHs in our interplanetary en-
vironment.
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Abstract. In February, 21st, 2018, around 01:27 (UT), inhabitants from the oceanfront cities of the states of Bahia, Sergipe and
Alagoas observed a very bright fireball. Using four videos obtained with security cameras installed in metropolitan region of Salvador
(Bahia) and in a car near Aracaju (Sergipe), it was possible determined the fireball trajectory. With a velocity of 15.94 km/s, the
fireball exploded at 21 km of altitude, about 134 km ESE from the coast of the city of Salvador. The energy released was estimated in
8.5 × 10−3 kt of TNT, corresponding to a pre-atmospheric mass between 700 kg and 1100 kg. The meteoroid diameter was estimated
between 0.7 m and 0.85 m. Applying the D-criterion in the estimate heliocentric orbit, we suggested that it was a sporadic meteor.

Resumo. Em 21 de Fevereiro de 2018, cerca de 01:27 (UT), habitantes das cidades costerias dos estados da Bahia, Sergipe e Alagoas
observaram um brilhante fireball. Usando quatro vídeos obtidos de câmeras de segurança instaladas na região metropolitana de
Salvador (Bahia) e em um carro próximo a Aracaju (Sergipe), foi possível determinar a trajetória do fireball. Com uma velocidade
de 15.94 km/s, o fireball explodiu a 21 km de altitude, cerca de 134 km ESE da costa da cidade de Salvador. A energia liberada foi
estimada em 8.5 × 10−3 kt de TNT, correspondendo a uma massa pré-atmosférica entre 700 e 1100 kg. O diâmetro do meteoroide foi
estimado entre 0.7 m e 0.85 m. Aplicando o critério-D na estimativa de órbita heliocêntrica, sugerimos que foi um meteoro esporádico.

Keywords. Meteor – Astrometry

1. Introduction

The growth of video cameras use has increased the number of
brilliant meteor recorded in the world. This has also allowed
an improvement of accuracy and precision in astrometry and
in transit timing of these meteors. The recordings may or may
not be made by equipments associated with projects dedicated
to meteor monitoring (Rendtel 2017). These projects, in which
BRAMON (Brazilian Meteor Observation Network) is included,
have a network of cameras of higher sensibility that, with the aid
of a dedicated software, are able to record the exact moment of
meteor passages (Amaral et al. 2018). Yet, accidental records can
happen in cameras not associated with any monitoring project
like security and dash cams. On the night of February, 21st, 2018,
01:27 (UT), four cameras in the eastern Bahia and Sergipe states
accidentally recorded a large meteor on the coast of the Bahia
state as seen in Fig. 1. In this work, it was evaluated the atmo-
spheric trajectory, heliocentric orbit and pre-atmospheric mass
of the progenitor object of the meteor, and estimate the mass of
meteorite fragments that reached the surface of the Earth.

2. Methods

2.1. Location and equipment

Security cameras were in Salvador, Camaçari and Conceição do
Coité, Bahia state, and a dash cam was installed in a car at the
SE-100 road near Aracaju, Sergipe state Fig. 2. Cameras with
CCD of similar sensibility curves, quantum efficiency peak near
90% (around 650 nm; Gural 2014), a cutoff for wavelengths ex-
ceeding 750 nm, 30 frames/s rate, luminous fluxes about 0.1 lx,
FOV of about 120 deg2 (plate scale of hundreds of arcsec/pixel).

2.2. Analysis

To obtain the atmospheric trajectory and the heliocentric orbit, it
is necessary the ascension and declination of the beginning and
end of the meteor trajectory and the transit time between these
points. Coordinates were estimated using the plate scale and the
equatorial coordinates of the FOV centers in each frame, which,
in turn, were obtained from the approximate azimuth and altitude
of the FOV centers inferred by information provided by the cam-
era users. The videos were synchronized by comparison of the
light curves of the meteor in each recording, using as a reference
the curve of the Conceição do Coité video. Given the low sensi-
tivity of the cameras, bright stars or planets were not recorded.
Street lamps with constant brightness were used as reference for
photometric calibration.

Figure 1. Meteor as seen from Conceição do Coité (Bahia state)
security camera.
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Figure 2. A — Position of each camera and the meteor. B — The orbit of the meteor.

3. Results and Discussion

3.1. Photometry, atmospheric trajectory and orbit

Using street lamps as a photometric calibration referential, the
meteor reached a peak of average absolute magnitude equal to
−17, with a relative percentage deviation of 20%. The visible
phase of the meteor captured by the cameras occurred between
altitudes of 56 km and 21 km (relative to sea level), when it ex-
ploded 134 km ESE from the city of Salvador. The meteoroid
had a pre-atmospheric velocity of 15.94 km/s, and had an an-
gle of 49◦ relative to the horizon. This velocity implies that this
meteor is prograde, having been captured by the terrestrial grav-
itational field. The heliocentric orbit was estimated using the
UFOOrbit c© software (SonotaCo 2009) shown in Fig. 2. This
program has four levels (from Q0 to Q3) to evaluate the qual-
ity of the orbit. This orbit was classified as quality Q2, with or-
bital elements and pre-atmospheric velocity (Table 1) showing a
relative percentage deviation of about 10%.

3.2. Light curve, pre-atmospheric mass and diameter, and origin

The total energy was estimated at 8.5 × 10−3 kt of TNT by
the light curve of absolute magnitude (Ceplecha et al. 1996)
shown in Fig. 3. Using the pre-atmospheric velocity, the mass
of the meteor was 900 kg, with a deviation of 20% associ-
ated with uncertainties in the absolute magnitude (Romig 1965).
Applying the ablation model by Hawkins (1964), it is esti-
mated that about 4.2% of the pre-atmospheric mass reached
the surface of the sea. Assuming the object with density of 3.8
g/cm3 (Britt & Consolmagno 2003), similar to ordinary chon-
drite meteorites, type most often found on Earth, the mean di-
ameter is 0.8 m. Using a variant of the orbital dissimilarity cri-
terion of Drummond (Drummond 1981; Galligan 2001), it was

Figure 3. The meteor light curve.

Table 1. Orbital elements of the meteor.

Elements Value
a 6.8 AU
e 0.856 -
i 2.3 ◦

Ω 152.1 ◦

ω 15.2 ◦

ν 293 ◦

P 17.56 years

marginally associated with the meteor shower β Cancrids (BCD;
Jenniskens 2006), thus been classified as a sporadic meteor.

4. Conclusions

The meteor was prograde, had an entry velocity of 15.71 km/s
and a peak of absolute magnitude equal to −17, and made an
angle of 49◦ relative to the horizon. It was classified as sporadic
meteor, but it can be slightly related with the BCD shower. The
pre-atmospheric mass was 900 kg (diameter of 0.8 m) and 4.2%
of it may have reached the sea. The energy released as it entered
the atmosphere was 8.5 × 10−3 kt of TNT.
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Abstract. In the last decade, space missions such as CoRoT and Kepler have discovered thousands of exoplanets with different
physical properties. We are now moving into a new era of the exoplanet science: the characterization of their atmospheres. By
analysing the atmosphere of a planet, we can investigate their chemical compositions, atmospheric processes, and even detect
biosignatures. The most powerful technique to date to analyse exoplanet atmospheres is transmission spectroscopy. This technique
measures the wavelength-dependent absorption of starlight by the planet’s atmosphere during a transit. Ground-based telescopes
have successfully probed the atmosphere of exoplanets using this technique. However, instrumental systematics can significantly
affect the transmission spectra leading to some spurious detections. Here we present our efforts to characterize the atmosphere of
the terrestrial planet Trappist-1b using ground based facilities (FORS2/VLT). Our results are obtained using Gaussian Processes to
model systematic or correlated noise to infer accurate planet-to-star radius ratios.

Resumo. Na última decada missões espaciais como CoRoT e Kepler descobriram milhares de exoplanetas com propriedades físicas
diferentes. Nós estamos agora entrando em uma nova era da ciência com exoplanetas: a caracterização de suas atmosferas. Ao
analisar a atmosfera de um planeta, nós podemos investigar sua composição química, processos atmosféricos e até mesmo detectar
bioassinaturas. A técnica mais poderosa para a análise da atmosfera de exoplanetas é a espectroscopia de transmissão. Essa técnica
mede a dependência com o comprimento de onda da absorção da luz da estrela pela atmosfera do planeta durante um trânsito.
Telescópios terrestres já analisaram a atmosfera de exoplanetas usando esta técnica. Entretanto, sistemáticas instrumentais podem
afetar significantemente o espectro de transmissão, o que pode causar detecções espúrias. Neste trabalho nós apresentamos nossos
esforços para caracterizar a atmosfera do planeta Trappist-1b usando um telescópio terrestre (FORS2/VLT). Nosso resultado é obtido
usando Processo Gaussiano para modelar sistemáticas ou ruído correlacionado para inferir com precisão a razão entre o raio do
planeta e da estrela.

Keywords. Infrared: planetary systems – Planets and satellites: atmospheres – Planets and satellites: general

1. Introduction

In 1995, the first exoplanet orbiting a solar-type star was discov-
ered by Mayor & Queloz (1995). More than twenty years later,
about 3900 exoplanets 1 have been confirmed orbiting stars with
different masses, ages and spectral types (varying from M to A),
and in different orbital configurations with respect to their dis-
tance to the host star. Initially, the majority of the detected plan-
ets had sizes similar to Jupiter. However, thanks to advances in
observational techniques, planets with smaller radii and masses
are being detected, such as those in the Trappist-1 system (Gillon
et al. 2017). This system has seven terrestrial exoplanets and
three of them (e, f, g) are in the habitable zone, however en-
ergetic flares observed in the host star could have implications
for the habitability of these planets Vida et al. (2017); Estrela &
Valio (2018).

By studying the atmospheres of these terrestrial planets, we
can enhance our understanding of how these planets formed and
evolved. Also, we can analyse the atmospheric circulation to ob-
tain information about the climate of these exoplanets. In a near
future, we will also be able to look for biosignatures and access
their habitability. The planets from the Trappist-1 system have
very positive points to be analysed using transit spectroscopy.
The host star is bright in the near-infrared (V=18.8, J=11.35)
and has a small radius (R =0.117R�) that leads to deep transit
depths (0.3-0.8%) for its orbiting planets. Moreover, the planets

1 from exoplanet.eu, December 2019

have short orbital period (1.6-1.5 days), implying frequent tran-
sits (Zhang et al. 2018).

In this work, we present our efforts to constrain the atmo-
sphere of the terrestrial planet Trappist-1b, using a ground-based
facility (VLT/FORS2).

2. Methods and Results

A total of 10 transits of Trappist-1 planets were observed us-
ing the 8.2m UT1 of the VLT with the FORS2 instrument (PI
Laetita Delrez - ID: 598.C-0393). We reduced 3 publicly avail-
able datasets and the transit with the most precise light curve
was selected for the purpose of this analysis (transit observed
on 31 October 2016). FORS2 has a 6.8’× 6.8’field of view
and is equipped with two detectors,which are red or blue opti-
mized. The observation were performed using multi-object spec-
troscopy (MXU mode) that requires the design of a mask with
wide slits placed on the target and the comparison stars. The
GRIS_600Z grism was used, yielding a spectral range of 0.737-
1.07 µm coverage.

The data was reduced using a pipeline based on PyRAF, as
described in Sedaghati et al. (2016, 2017) to obtain the calibrated
spectra from Trappist-1 and of the comparison stars. Then, we
integrated the spectra between the largest common wavelenght
domain of the targets to obtain the white light curve, as shown in
Figure 1. To correct for the imprint of telluric variations on the
detected light, the white lightcurve of the target star was divided
by the one of the two comparison stars. From these two light
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Figure 1: Wavelength calibrated spectra of all targets observed with the
MXU. The area between the dashed lines corresponds to the common
wavelength domain of the targets used to obtain broadband light curves.

Figure 2: Top: Raw broadband light curves normalised to the out of
transit level and shifted for clarity. Bottom: Differential transit light
curves normalised to the out of transit flux level and shifted for better
visualization. The colours corresponds to those of the raw broadband
light curves.

curves, the one with higher precision in then select for further
analysis (see Figure 2.

The transit signal can be dwarfed by instrumental system-
atics in the datasets caused by imperfect observing conditions
(i.e: seeing, airmass) and/or the state of the instrument (i.e tem-
perature) that can introduce time-correlated noise to the data. To
account for the contribution of the systematic noise, we model
the broadband differential transit light curve using Gaussian
Processes (GP), which models the systematics as a stochastic
process, as described in Gibson et al. (2012). To find the maxi-
mum posterior solution, P, we optimize the Bayesian relation:

P(θ, φ|f,X) = L(r|X, θ, φ)P(θ, φ) (1)

where L is the likelihood function, P are the priors, r = (fi -
Mi) is the residual vector, with M being the transit model, θ and
φ correspond to the noise and transit model parameters, respec-
tively; f is the vector of flux measurements, X is the N × K input

parameter matrix (K being the number of inputs and N being the
number of data points or flux measurements). In the Bayesian
formalism, the likelihood function is written as a matrix equation
to facilitate the introduction of correlated noise to the covariance
matrix:

L(r|X, θ, φ) = −
1
2

(
rTΣ−1r + log |Σ| + N log 2π

)
(2)

where Σ represents the covariance matrix. The covariance matrix
is written as Σnm = k(xn, xm, θ) + δmσ

2, with x being an input of
the kernel, δ the Kronecker delta and σ2 the variance term. The
last two terms correspond to the addition of Poisson or white
noise to the diagonal of the covariance matrix. In this work, we
use the squared exponential (SE) kernel:

kS E(xn, xm, θ) = ξ exp

− i=1∑
K

ηi(xn,i − xm,i)2

 (3)

where ξ is the maximum covariance and ηi are inverse scale pa-
rameters of the input vectors x that are essentially the columns of
the X matrix. We use uniformative priors for the transit parame-
ters, with an exception of the limb darkening coefficients (c1,c2)
for which we use a gaussian prior with the centered values previ-
ously calculated using the PyLDTk package (Parviainen 2015).
For the hyperparameters of the noise model, we set a gamma
distribution with shape and scale parameters both set to unity,
Γ(1, 1), to encourage their values towards zero if the inputs
that they represent are truly irrelevant in explaining the data.
Initially the values of the free parameters are obtained with the
NelderMead simplex algorithm (Nelder & Mead 1965). Then,
we obtain the posterior distributions and the final marginal prob-
abilities for each of the parameters using Monte-Carlo Markov-
Chains method (MCMC). We run four independent MCMC sim-
ulations, and we verify the convergence and possible correla-
tions between the pairs of parameters. The transit parameters
that are fitted are the mid-transit time (T0), scaled semi-major
axis (a/R∗), relative planetary radius (Rp), impact parameter (b),
limb-darkening coefficients (c1, c2) and three coefficients of a
second order polynomial that describes low frequency variations
due to colour differences between the target and the comparison
star. In addition to these, we also fit the noise model parameters
(ξ, [η1,...,ηK], σ2).The broadband light curve with the fitted tran-
sit model and the fitted systematic models are shown in Figure 3,
and the posterior maps are shown in Figure 4. The inferred tran-
sit and noise model parameters from this fit are given in Table
1.

Next, we produce the narrow band transit lightcurves by in-
tegrating the spectra within bins of 550 Å, as shown in Figure
5. These spectral light curves are divided by the residuals of
the broadband lightcurves transit model to correct for what are
known as common mode systematics, which will remove wave-
length independent components of the systematic noise. Then,
we follow the same procedure as that done for the broadband
light curve, modelling the spectral light curves using GP to in-
clude wavelength dependent systematics. We set as free param-
eters only those that are wavelenth dependent: the planet-to-star
radius ratio, the limb-darkening coefficients that describes the
centre to limb intensity variations and the 3 coefficients of a
second order polynomial which approximates long term trends
in the differential flux. The corrected spectral light curves are
shown in Fig. 6, together with the Gaussian Process models.

Finally, we obtain the transmission spectrum of Trappist-1b
using the planet-to-star radius ratios obtained from the fit of the
spectral light curves (see Figure 7). However, the transit depths
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Table 1: The infered transit and noise parameters of Trappist-1b from
the analysis of MCMC simulations.

Parameters infered Value
Mid Transit Tc (JD) + 24000000 57692.6755 ± 0.000278
Period P, (days) 1.51087 ± 0.0000000
Semi-major axis, a/Rstar 19.4571 ± 1.6484421
Relative planetary radius, Rp/R∗ 0.09109 ± 0.0047593
Impact parameter, b 0.30193 ± 0.1965233
Linear LD coefficient, c1 0.470558 ± 0.1390192
Quadratic LC coefficient, c2 0.087120 ± 0.0694266
foot 0.999633 ± 0.0017080
Tgrad -0.001356 ± 0.0017580
Tgrad2 -0.000306 ± 0.0016054
GP max covariance, ξ 0.0016096 ± 0.0020922
Length scale, ηtime 0.0094426 ± 0.0094158
Length scale, ηFWHM 0.0031206 ± 0.0046367
White noise, σ 0.0005936 ± 0.0002086

Figure 3: Broadband transit light curve of Trappist-1b. The blue line is
the the best fit transit model and the red line is our systematic model.
The grey areas correspond to the 1- and 3-σ confidences of that model,
respectively. The residuals of this transit and systematic models are
shown as blue and red dots, respectively, below the light curve.

have high uncertainties because the spectral transit light curves
are still white noise dominated. Therefore, it is not possible to
investigate any variations of the transit depth with wavelength.

3. Discussion

In this work, we find that Trappist-1b spectral transit light curves
are dominated by white noise, and therefore it is not possible to
obtain a precise transmission spectra for this planet. There are
several challenges for the detection of terrestrial planets atmo-
sphere using a ground based telescope:

– Limitations in the ground-based photometry of the smallest
planets’s transit depth can arise from atmospheric scintilla-
tion noise and photon noise. Stefansson et al. (2017) calcu-
lated the ratio between both, σscint/σphot, depending on the
stellar magnitude and on the telescope diameter, to verify
when each noise dominated. Stars with σscint/σphot > 1 are
scintilation limited and stars with σscint/σphot < 1 are pho-
ton limited. In the case of Trappist-1, that has magnitude of
V = 18.8 and was observed by a 8.2m telescope, we found
that σscint/σphot ∼ 0.03 and is therefore photon limited. This
is in accordance with the results found in this work, and
it confirms the difficulty to perform transit spectroscopy of
Trappist-1 planets with current ground based telescopes.

– The nearby systems, such as Trappist-1, have few compari-
son stars of similar spectral type and magnitude. However,

Figure 4: Correlations plots for the transit and the noise parameters and
their posterior distributions, obtained by modelling the broadband tran-
sit light curve. The convergence of the independent chains is evident, as
well as the well-documented degeneracy between the impact parameter
(b) and the scaled semi-major axis (a/R∗)

.

Figure 5: Spectra of the target star Trappist-1 (orange) and the selected
comparison star (blue), with dashed lines the boundaries of the spec-
trophotometric bins of 0.055 µm used to obtain the spectral light curves.

the current space mission TESS will perform an all-sky sur-
vey of bright stars for transiting exoplanets and can find bet-
ter candidates for transmission spectroscopy.

4. Conclusions

We analysed the transit of Trappist-1b observed in the near-
infrared with FORS2 and modelled the red noise systematics
using GP’s. However, we were not able to obtain a precise trans-
mission spectrum of this planet because the spectral transit light
curves are dominated by white noise. Ongoing (CARMENES)
and future (NIRPS, SPIRou) missions and the forthcoming gen-
eration of giant telescopes (ELT, GMT, TMT) could provide the
detection of low-mass exoplanets around nearby M dwarfs with
more accessible atmosphere for ground based observations.
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Figure 6: Spectral light curves of Trappist-1b obtained by the integra-
tion of spectra within a narrowband bin of 55nm, normalised to the out
of transit flux and shifted for clarity. Left: Raw differential light curves.
Right: the same light curves corrected for the common mode system-
atics with the central wavelength of each channel indicated. The best
fit transit model for each channel is given by a black line, with a 3σ
confidence of each fit shaded as light grey.
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Figure 7: Variations of the transit depth with wavelength, i.e. the trans-
mission spectrum, of Trappist-1b obtained from the modelling of the
spectral transit light curves. Large uncertain in the measurements are
due to the white noise in the spectral light curves

.
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Abstract. This work presents the use of the K-means algorithm for the classification of exoplanets discovered by the Kepler mission
through planetary transit. The goal is to identify planets that are in the habitable zone of the host star and, therefore, more likely to
have water in the liquid form on its surface. These planets would be the best candidates for the existence of life in the form that we
know it.

Resumo. Este trabalho apresenta o uso do algoritmo K-means para a classificação de exoplanetas descobertos pelo satélite Kepler
por meio de trânsito planetário. O objetivo é identificar planetas que se encontram na zona habitável da estrela hospedeira e, portanto,
com maior probabilidade de se encontrar água na forma líquida. Consequentemente, estes planetas seriam os melhores candidatos
para a possibilidade da existência de vida na forma que a conhecemos.

Keywords. Stars: statistics

1. Introduction

Astronomy research uses computational resources to support
scientific findings, due to the large volume of data resulting from
processing of any equipment used to collect this type of data. In
this context, according to Stefanowski (2009), data mining is
a computational resource that aggregates traditional methods of
data analysis with sophisticated algorithms in the processing of
these large volumes of captured data. This work aims to auto-
matically classify exoplanets using the data from the Exoplanet
Orbit Database (EOD) (Wright et. al. 2011) and applying data
mining techniques.

2. Data Mining

Data Mining refers to the discovery of new information due to
patterns in large amounts of data (Fayyad et. al. 1996). Thus,
Knowledge Discovery in Databases is defined as the discovery
of knowledge of the data, while Data Mining refers to the appli-
cation of algorithms for the extraction of Fayyad et. al. (1996)
models. Sample data can be observed in the Table 1 and Figure 1
present the steps used in this process.

Figure 1. Process Steps Knowledge Discovery in Databases
(KDD).

Table 1. Extract of available data from the Kepler Mission.
Source:http://www.exoplanets.org/table

Name Mass
of Star

Radius
of Star

Planetary
Radius

Planet
Mass

Distance
Star

Kepler 107 d 0.510 1.411 0.0955 0.00371 129.0
Kepler 1049 b 0.950 0.490 0.085 0.00245 840
Kepler 813 b 0.960 0.93 0.191 0.0160 1100

Table 2. Classification of planets based on radius and mass.
Source: Planetary Habitability Laboratory (PHL) Puerto Rico
University, Arecibo

Planet Type Mass (Earth Units) Radius (Earth Units)
Asteroids 0 - 0.00001 0 - 0.03
Mercurians 0.00001 - 0.1 0.03 - 0.7
SubEarth 0.1 - 0.5 0.5 - 1.2
Earth 0.5 - 2 0.8 - 1.9
SuperEarth 0.2 - 10 1.3 - 3.3
Neptunians 10 - 50 2.1 - 5.7
Jovians 50 - 5000 3.5 - 27

3. Exoplanets

The Kepler mission monitored about 160,000 stars in the direc-
tion of Cygnus, searching for the small signatures caused by the
transit of planets in orbit of their host stars (Chaplin et. al. 2011).
The classification performed here is based on the attributes of
mass and radius of the planets, in units of Earth mass and radius.
Thus, the planet type, based on its mass and radius, is taken from
the exoplanets groups presented in Table 2.

4. Data Mining Techniques: K-means Algorithm

K-means is an algorithm that applies the centroid concept and
uses an efficient method based on the concept of Euclidean dis-
tance. The goal is to find the similarity between the data and
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Figure 2. K-means execution conception.

Figure 3. Result of the K-means application.

group them according to the defined value of the k argument,
which is defined by the iterative execution of the algorithm. The
disadvantage of using the algorithm is the choice of the initial
value k, since a too small number of sets can generate the merger
of two natural clusters, while the choice of a large number can
generate the separation of a natural set in two.

5. Classification of Exoplanets using the K-means
algorithm

The data obtained from the Kepler mission required preprocess-
ing and cleaning, since it is essential to eliminate redundant and
inconsistent data, as shown in Figure 3.

The data were converted to the appropriate use of the al-
gorithm, for example, integers and decimals. Finally, the appli-
cation of K-means was done by submitting the data set as pa-
rameter to the algorithm. The configuration of the algorithm pa-
rameters and the plot after classification were obtained consid-
ering the parameter k = 6, based on the classification of Arecibo
(Table 2).

The groups were classified as exoplanets based on their ra-
dius and mass and the result is shown in Yellow (Mercurians),
Blue (Sub Earth), Green (Earth), Purple (Super Earth), Red
(Netunian) and Orange (Jupiter), accordant showed Table 2.

6. Conclusions

The classification of the exoplanets was performed using the k-
means algorithm and the result presented similarity with the data
found in the literature. In this context, the next step will be to use
the Kepler light curves in order to search only the exoplanets
classified as Earth-like for model extraction.
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Abstract. In this work, we analyze the secular dynamics of a system composed of a central star and two planets under mutual
gravitational influence. We consider the coplanar system formed by the star GJ 667C and the planets GJ 667Cb and GJ 667Cc. In this
work, we investigate the orbital evolution of the potentially habitable super-Earth GJ 667Cc to identify if, over time, the exoplanet
will remain in the habitable zone of the star system. We show that the orbital evolution of the planet GJ 667Cc depends on the initial
value of the eccentricity, where the periastron of the orbit can remain in the habitable zone or migrate to the hot zone over time,
depending on this parameter. Considering a star system with only two planets. In continuity of this work, the orbital evolution will be
analyzed with the addition of other planets of this stellar system.

Resumo. Neste trabalho, analisamos a dinâmica secular de um sistema composto por uma estrela central e dois planetas sob
influência gravitacional mútua. Consideramos o sistema coplanar formado pela estrela GJ 667C e os planetas GJ 667Cb e GJ 667Cc.
Neste trabalho, investigamos a evolução orbital da super-Terra potencialmente habitável GJ 667Cc para identificar se, com o passar
do tempo, o exoplaneta permanecerá ou não na zona habitável do sistema estelar. Mostramos que a evolução orbital do planeta GJ
667Cc depende do valor inicial da excentricidade, onde o periastro da órbita pode permanecer na zona habitável ou migrar para
a zona quente ao longo do tempo, dependendo deste parâmetro. Considerando um sistema estelar com apenas dois planetas. Na
continuidade deste trabalho, a evolução orbital será analisada com a adição de outros planetas desse sistema estelar.

Keywords. Celestial mechanics – Planet-star interactions – stability

1. Introduction

The GJ 667C system is a triple star system in the constellation
Scorpius. In this work, we analyze the secular dynamics of a sys-
tem composed of a central star (GJ 667C) and two planets (GJ
667C b, c), which are under mutual gravitational influence. In
Carvalho et al. (2015) is investigated the secular dynamics of an
exoplanet that moves around a central star disturbed by a brown
dwarf. The disturbing potential is presented in closed form up to
the fifth-order in a small parameter when the outer orbit is ellip-
tical, planar and fixed in space. In an interesting paper Mardling
(2013), where modern applications of celestial mechanics, in-
cluding the study of exoplanet systems, have been presented
in two generalizations of two classical expansions of the three-
body perturbing function, simplifying considerably their orig-
inal form. Focusing on coplanar systems. An interesting point
is that it is only necessary to define a single disturbing func-
tion. In contrast, in the classical expansions one distinguishes
between an "internal" and "external" disturbing function. Here
in this present work, the mathematical modeling is considered
from Mardling (2013), rather than using the approach presented
in Carvalho et al. (2015). The choice was to consider a more
modern modeling, as commented above. The double-averaging
disturbing function up to the order octupole is given by equa-
tion (47) in Mardling (2013). The GJ 667C triple star system is a
great research instrument, especially the planet GJ 667Cc that is
in the habitable zone of the star GJ 667C and undergoes pertur-
bations of the planet GJ 667Cb. The main objective of this work
is to investigate the orbital evolution of the potentially habitable
super-Earth GJ 667Cc to identify if over time the exoplanet will
remain or not in the habitable zone of the star system. An anal-
ysis of the effects of disturbing force due to the third body in
the orbital evolution of the planet is presented. In particular, we
investigate the shape (eccentricity) of this orbit.

1.1. Results

For coplanar secular systems, only the rates of change of the
eccentricities and longitude of the periastron are of interest.
Considering the disturbing potential up to the octopole order (see
Naoz et al. (2011)) given by equation (47) in Mardling (2013)
and replacing in the Lagrange planetary equations, we get

dei
dt = −ni

(45 ei
2+60) sin($i−$o)(m0−m1)ai

4ei

√
−ei

2+1m2

64 (−eo
2+1)5/2(m0+m1)2ao

4
(1)

d$i
dt = −ni(

135 cos(w$i−$o)ai
3
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(4)

Here m0 and m1 are the masses of the bodies forming the
inner orbit, m2 is the mass of the outer body, with $i and $o
the corresponding longitudes of periastron. We will use the sub-
scripts i and o to represent quantities associated with the inner
and outer orbits respectively (see Mardling (2013)). Where ni
and no are the mean motions of the inner and outer orbits, re-
spectively. Here ai and ei, ao and eo are the semi-major axis and
eccentricity of the inner and outer orbits, respectively.

To perform the simulations we used the eccentricity values
of the planets GJ 667Cb and GJ 667Cc obtained from Tab. 5 in
Makarov and Berghea (2014). We show here the result of only
two simulations. The Eqs. (1), (2), (3) and (4) were numerically
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Figure 1. e versus t. Initial conditions eb = 0.116 and ec = 0.1.

Figure 2. r versus t. Initial conditions eb = 0.116 and ec = 0.1.

Figure 3. e versus t. Initial conditions eb = 0.074 and ec = 0.061.

integrated to analyze the behavior of the orbit of the planet GJ
667Cc. Figures 1 and 3 show that when the eccentricity of planet
GJ 667Cc increases, the eccentricity of planet GJ 667Cb de-
creases and vice versa. Note that the eccentricity of the planet
GJ 667Cb is more disturbed than planet GJ 667Cc. Comparing
Figs. 1 and 3 we have that smaller the initial value of the eccen-
tricity smaller the amplitude of variation. Figures 2 and 4 show

Figure 4. r versus t. Initial conditions eb = 0.074 and ec = 0.061.

the behavior of the position of the periastron (black curve) and
of the apoastron (blue curve) of the planet GJ 667Cc. The red
and green lines delimit the region of the habitable zone. Note
that for greater eccentricity of the planet GJ 667Cc the orbit mi-
grates from the habitable region to the hot zone of the star (see
Fig. 2). For smaller values of the eccentricity the orbit is more
stable, it remains within the habitable zone (see Fig. 4). In the
continuity of this work we will analyze the stability of the or-
bit of the planet GJ 667Cc considering the interaction of other
planets of the star system GJ 667C.

2. Conclusions

We consider the coplanar system formed by the star GJ 667C and
the planets GJ 667Cb and GJ 667Cc. The planets are mutually
perturbed and the disturbing potential due the mutual gravita-
tional interaction is obtained from an interesting paper (Mardling
(2013)). We verified that the orbital evolution of the planet GJ
667Cc depends on the initial value of the eccentricity, where the
periastron of the orbit can remain in the habitable zone or mi-
grate to the hot zone over time. It is important to determine the
precise value of the eccentricity to check if the orbit of planet GJ
667Cc is in the habitable zone or not. The planet is in the hab-
itable zone, but near the border of the hot zone, then great vari-
ations of the eccentricity cause migration between the regions.
In this way we consider that the orbit of the planet GJ 667Cc is
unstable for great values of eccentricity. Here we consider a star
system with only two planets. In the continuity of this work will
be analyzed the gravitational effect of the other planets of the GJ
667C star system.
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Abstract. The study of the Sun is a very important area of astronomy due to its effects on the Earth. The objective of this work is to
develop a Virtual Observatory to store data observed by the POEMAS polarimeters and the automatic detection of flares at 45 and 90
GHz.

Resumo. O estudo do Sol é uma área da astronomia muito importante, devido aos seus efeitos na Terra. O objetivo desse trabalho é
desenvolver um Observatório Virtual para disponibilizar aos especialistas, dados de explosões solares observadas pelos polarímetros
POEMAS (POlarização de Emissão Milimétrica da Atividade Solar) e a detecção automática de explosões observadas em 45 e 90
GHz.

Keywords. Virtual observatory tools – Sun: flares – Telescopes

1. Introduction

Currently, with the evolution of technology such as the devel-
opment of space and ground observatories great amount of data
can be collected. To process the data quickly for analysis is a
challenge for experts.

The study of solar activity is very important due to its effects
on Earth. The importance of analyzing the radio spectrum and
polarization of solar flares at millimetric wavelengths to under-
stand:

– Particle Acceleration Mechanisms.
– Magnetic field configuration.
– Population of energetic particles.

The Center for Radio Astronomy and Astrophysics at
Mackenzie (CRAAM) monitors solar activity by collecting
data from different telescopes in the Southern Hemisphere
and is responsible for the operation of several experimen-
tal resources. For the CRAAM-SVO project, we highlight
the Solar Submilimetric Telescope (SST) and the telescopes
for POlarization Emission of Millimeter Activity at the Sun
(POEMAS).

The POEMAS (Fig. 1) is a system of two telescopes
that monitors the Sun, operating in two bands of millimeter
wavelengths (45 and 90 GHz). This unique circular polariza-
tion Telescopes were installed at the observatory El Leoncito
Astronomical Complex (CASLEO) – in Argentina and oper-
ated from 11/2011 to 12/2013. Currently it is being repaired in
Germany and should be back in operation by the end of 2018.

A Virtual Observatory (VO) consists of a set of data and in-
formation with tools for access and research that allow the com-
parison of data with other facilities of the astronomical commu-
nity. The CRAAM-SVO (Solar Virtual Observatory) allows the
astronomer to make global electronic access to data files and
analysis results. The CRAAM-SVO makes available the data as
FITS (Flexible Image Transport System) files. The project is be-
ing developed in Python and using Django as a framework. We
hope this data will disseminate to the community interested in
studying millimetric emission of the Sun.

Figure 1. POEMAS (POlarization Emission of Millimeter
Activity at the Sun). Valio (2013)

Figure 2. Architecture of the CRAAM-SVO.

2. Methodology

The architecture of the CRAAM-SVO (Fig. 2) is composed of an
application server that supports requests from users and partner
research centers. This component is developed in the Java archi-
tecture using the JPA and Jena frameworks for integration to the
Virtuoso database through SQL and RDF / XML, respectively,
in addition to the API for generating FITS files for data sharing.
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Figure 3. CASLEO: DBServer.

After the solar observation performed by POEMAS, the data
are stored in binary files and forwarded for analysis to the Radio
Astronomy and Astrophysics Center (CRAAM). The binary files
used in this work have TRK (* .TRK) extension, Sun Tracking
Brightness Temperatures.

The TRK file has the number of frequencies (always 2 - 45
GHz and 90 GHz), the maximum and minimum brightness of the
file, the date (YYYY - MM - DD) and the time (HH - MM - SS)
and the elevation and azimuth angles (the position of the sun
on the sky), the Right - R and Left - L polarization brightness
temperatures of the two frequencies (TBR45, TBL45, TBR90
and TBL90). The Telescope stores 100 records per second. In 1
day of observation, we have approximately 320 MBytes.

After reading the binary file a FITS file is generated. FITS is
a widely used file format in the astronomy community for stor-
ing images and tables. A FITS file contains a sequence of header
units, and in each of them there are records describing the fol-
lowing dataset. For each Extension Header of the FITS file we
have the Subheader data from the FITS file (date, time, elevation
angles and azimuth). In the dataset we have TBL45, TBR45,
TBL90 and TBR90 records.

The data will be stored in a CASLEO: DBServer database.
In Fig. 3 we have the relationship entity diagram where we show
a flow diagram of the relationship between entities (POEMAS,
Polarization, Frequency and Observation). This diagram was
used to design the project database with the POEMAS data.

3. Solar Data

The data recorded by the telescopes present a great challenge of
processing, analyzing, storing and understanding the large vol-
ume of data generated. For the data on the web we will use Big
Data Analytic techniques to be discussed in future works.

As sun from tipycal observation day is shown in Fig 4 there
is a diurnal variation in flux due to the misalignment of the tele-
scope. The expected variation of the millimeter emission during
the day is shown by the red curve. However what is observed
by POEMAS is the black curve, where it is evident the variation
close to noon due to instrumental problems.

To solve this problem, we carry out a subtraction of the pre-
vious and/or the next day observation (when available) of the
same polarization brightness temperature. An example of this
proceedure is shown in Fig 5, on 27 Jan 2012. On this day, a
flare occurred, shown by the Greenwich. The background used
for subtraction is a combination of the previous day (red curve)
and the next day (blue curve), also shown before subtraction.

Figure 4. Diurnal Variation (Silva 2016).

Figure 5. Subtraction of the previous and/or the next day emis-
sion (Silva 2016).

We apply a running mean on the reference curve. With the
overlap of the observations in the three days, the coincidence
between the reference curves (blue and red) and the day of the
observed event (black), shows that there is little change from one
day to another. Due to this small variation, we can use the data
from the days before or after to correct the diurnal variation, thus
obtaining the excess flux due to the solar flare.

The light curve of the flare after the background subtrac-
tion is depicted in Fig. 6. The gradual component of the flare is
clearly at 45 GHz, which was not evident before the subtraction
process.(Fig. 6)

4. Conclusions

This work is part of a larger project developed by CRAAM re-
searchers and students. To reach our goal a great deal of pro-
gramming, researching, and testing is needed, such as:

– Big Data Analytics for CRAAM-SVO.
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Figure 6. Light curve of the flare after the background subtraction
(Silva 2016).

– Online pipeline calibration for background subtraction;
– Artificial Intelligence process to automatically detect solar

flares.
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Abstract. With the increasing number of recently detected exoplanets, with more than 3800 objects detected so far, the need for
characterization of the physical parameters of these objects emerges. The monitoring of planetary transits has been shown to be an
efficient method for the characterization of exoplanets. Transit planets allow measurements of the radius and the planetary mass,
providing data on the physical structure of these objects. In this way, the parameters obtained from transit measurements become
fundamental for a comparative study between exoplanets of different planetary systems. The use of Bayesian statistics appears as
an important tool to determine more accurately the physical parameters of transiting exoplanets. In this work, we will present some
preliminary results obtained from the monitoring of transit events, from the newly discovered exoplanets WASP-67b and HATS-24b,
where we performed photometric measurements at the Pico dos Dias Observatory. We analyze the light curves using Bayesian
inference for the precise determination of the orbital parameters of these exoplanets. In addition to obtaining a better characterization
of the physical parameters, our goal is to provide a tool that simultaneously fit light curves, through a package developed in Python
language, and that implements MCMC and Bayesian statistical analysis.

Resumo. Com o crescente número de exoplanetas detectados recentemente, sendo mais de 3800 objetos detectados atualmente,
aparece a necessidade da caracterização dos parâmetros físicos desses objetos. O acompanhamento de trânsitos planetários tem se
mostrado um método eficiente para a caracterização de exoplanetas. Os planetas que apresentam trânsitos permitem medidas do
raio e da massa planetária, fornecendo dados da estrutura física destes objetos. Dessa forma, os parâmetros obtidos com as medidas
de trânsito tornam-se fundamentais para realização de um estudo comparativo entre exoplanetas de sistemas planetários distintos.
O uso de estatística Bayesiana na estimativa dos parâmetros obtidos com essa técnica mostra-se como uma ferramenta importante
para estimar, de modo mais preciso, os parâmetros físicos dos modelos de trânsitos planetários. Neste trabalho, vamos apresentar
alguns resultados preliminares obtidos do acompanhamento de eventos de trânsitos, dos exoplanetas recém descobertos WASP-67b
e HATS-24b, através de medidas fotométricas realizadas no Observatório do Pico dos Dias. Onde pretende-se utilizar a inferência
de estatística Bayesiana para a determinação precisa dos parâmetros orbitais desses exoplanetas ao analisar as curvas de luz através.
Dessa forma, além de obter uma melhor caracterização dos parâmetros físicos, ao final desse trabalho, objetiva-se disponibilizar
uma ferramenta que faça o ajuste simultâneo de curvas de luz, através de um pacote desenvolvido em linguagem Python, e que
implementa uma análise com MCMC e estatística Bayesiana.

Keywords. Planets and satellites: fundamental parameters – Planets and satellites: detection – Techniques: photometric

1. Introduction

Currently the number of exoplanets detected exceeds the value
of 3800, so it appears the need to characterize the physical pa-
rameters of these objects through the monitoring of them. The
planetary transit method has proved to be efficient for the study
of exoplanets, since about 3000 of these planets present events
of planetary transits according to the NASA Exoplanet Archive
catalog 1 (Akeson et al. 2013).

Transits of exoplanets are events that occur when a planet
passes in front of the disk of its host star, decreasing the flux of
the star to a particular observer. By observing these events it is
possible to obtain some parameters of the exoplanet such as ray
and orbital period. In addition, the parameters obtained with the
transit measures become fundamental for conducting a compar-
ative study among exoplanets of different planetary systems.

The use of Bayesian statistics in the estimation of the pa-
rameters obtained with this technique is an important tool to es-
timate with more precision the physical parameters of the tran-
sient planetary model (Ford & Gregory 2007). In this study, we
attempted to carry out new measurements of the transits for re-
cently discovered WASP-67b and HATS-24b planets, with the

1 https://exoplanetarchive.ipac.caltech.edu/

goal of increasing the reliability of the parameters that can be
estimated with this technique and implementing the use of statis-
tics Bayesian for estimation of the parameters.

These targets were chosen due to the small number of studies
of the transits found in the literature for these objects, and also
due to some characteristics such as the duration of the transit,
which is relatively short, thus allowing a follow-up of the whole
event, contributing to a higher quality in the obtaining the data.
In this way, we intend to contribute to a better characterization
of these systems obtaining new measures for the transits of these
objects.

2. Main Goals

In this work we intend to present preliminary results of a project
of scientific initiation developed in the Laboratório Nacional de
Astrofísica (LNA), which consisted in the observation of transits
of recently detected exoplanets for precise determination of the
physical parameters of these objects. The objects of our sample
have few measurements of their transits in the literature, requir-
ing additional observations for better determination of physical
parameters. In addition to the characterization of these exoplan-
ets, it is also possible to find variations in the central time of tran-
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sit, which may indicate the presence of other bodies in the sys-
tem or variability due to the presence of starspots. This project
also aims to characterize the photometric accuracy of the new
CCDs of the SPARC4 instrument (Rodrigues et al. 2012).

3. Methodology

In this work, we initially adapted the pipeline developed by
Martioli, et al. (2018), used for the study of eclipses. It is nec-
essary to make modifications this pipeline to use with events
of primary transits. The pipeline, written in Python language,
uses the BATMAN-BAsic Transit Model cAlculatioN package
developed by Kreidberg (2015), which implements the geomet-
ric model of Mandel & Agol (2002) for the calculation of light
curves. To estimate the posterior probability of the model param-
eters and the fit curve coefficients, the pipeline uses Bayesian
inference when implementing the EMCEE (Foreman-Mackey
et al. 2013) package. This package is able to generate samples
based on a priori information of the physical parameters together
with the data obtained. The EMCEE package uses the Markov
chain Monte Carlo set sampler (MCMC) proposed by Goodman
& Weare (2010).

For the observations we made a request for time for the OPD,
and we managed two nights to carry out our study with the 1.6m
aperture telescope, using the Ixon 888 CCD of the SPARC4
project, with the I filter and focal reducer. This arrangement fa-
vored the presence of several comparison stars in the field, be-
cause, with the focal reducer it was possible to obtain a field of
6.15 x 6.15 (in minutes of arc).

However, we have successfully observed only the transit
of the HATS-24b exoplanet completely and under photometric
conditions. Already during the observation of the transit of the
Wasp-67 we had technical problems with the telescope and also
the climatic conditions did not allow to follow the transit event
completely. In this way, we will present the analyzes and the re-
sults only for HATS-24b.

4. Preliminary Results

Regarding the observations of the transtit of HATS-24b, we were
able to get a good sample before and after the passage of the
planet through the stellar disk. In the Table 1, we have a sum-
mary of the existing observations in the literature for HATS-24b,
where we can notice that our experimental arrangement obtained
a better precision than the others.

We used AstroImageJ2 (AIJ) software to perform differen-
tial photometry with multiple openings. The AIJ also allows the
analysis of light curves, but this was done through a pipeline
developed by us. This pipeline is capable of simultaneously gen-
erating models for the light curves of the target and for the
comparison stars. In addition, our pipeline is able to imple-
ment Bayesian statistical inference to perform the estimation
of the physical parameters of planetary transient models.Thus,
six comparison stars were selected using stars with amplitude of
±1.0 magnitudes close to the target (Figure 1). During photome-
try, we used the Multi-Aperture (MA) of the AIJ that recalculates
the centroid of the target and comparison stars in each image of
the time series.

In Table 2, we have the parameters taken from Bento et al.
(2017), which were used as a priori information for the HATS-
24b exoplanet transit model. Where we use a normal probabil-
ity distribution for the parameters: central time of transit (Tc),

2 http://www.astro.louisville.edu/software/astroimagej/

Figure 1: Shows the target HATS-24 demarcated by T1 (in green), and
the 6 comparison stars (in red), demarcated by Cn where n = 2, .., 7. We
also have the openings for the extraction of the flux.

orbital period (P), planet-to-star radius (Rp/R?), semi-major
axis (ap/R?), orbital inclination (i), and limb darkening coef-
ficients (u1 and u2), where we assume a quadratic limb dark-
ening (Kreidberg 2015). The following parameters are fixed as
constant values: eccentricity (e = 0) and longitude of periastron
(ω = 90◦)

We use a priori information along with our data to generate
a model with Bayesian inference for the target and also for com-
parison stars. Where, we apply our analysis simultaneously to
all selected stars to the transit model and the background by a
quadratic polynomial.

Figure 2 presents the light curves obtained from the dif-
ferential photometry of the exoplanet HATS-24b in relation to
the comparison stars used in the final adjustment. Figure 2 also
presents the fit models include the trend models and the global
transit model.

Figure 3 presents the final result for this analysis, where we
present the reduced light curve of HATS-24b generated through
BATMAN, having input values 2. In red, we have the final model
for the transit of the target where we remove the trends of the
data. The green dots represent the binary data, being a total of
60 bins. Figure 3 in the bottom of presents the residues.

5. Final Considerations

For a preliminary analysis, we performed 100 interactions
through the MCMC to determine the posterior probability dis-
tribution of each of the variable parameters, where the initial 40
burn-in interactions were discarded. At the end of the analysis
the pipeline returns the parameters of the transit model as well
as its uncertainties. The final values for each parameter are pre-
sented in the Table 2. As a preliminary analysis, the parameters
presented are not yet the most accurate for the HATS-24b exo-
planet, however it is possible to notice that, in some parameters,
a better precision was obtained, for example, the planet radius
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Table 1: Observações HATS-24b

Observatory Date N images Cadence Filter Depth Reference
(sec) (mmag)

LCOGT 1 m+SAAO 2015 Jun 07 90 151 i 18.70 ± 0.86 Bento et al
Rarotonga Observatory 2016 Aug 08 111 69 C 17.3 ± 1.9 Phil Evans

OPD 2017 Jul 14 806 16 I 17.31 ± 0.07 This Work

Table 2: Priors obtained from Bento et al. (2017) and final fit parameters.

Parameter Prior Type Initial guess Final Fit Value Unit
Tc Normal 2457948.708 ± 0.010 2457948.7037 ± 0.0001 BJD
P Normal 1.3484954 ± 1.3e-06 1.3484992± 5.8e-06 days

Rp/R? Normal 0.1307 ± 0.003 0.1304 ± 0.0002 -
ap/R? Normal 4.67 ± 0.1 4.6699 ± 0.0001 -

i Normal 86.6 ± 1.2 86.6 ± 1.2 degrees
e Fixed 0. 0. degrees
ω Fixed 90. 90. degrees
u1 Normal 0.1919 ± 0.0100 0.1920 ± 0.0001 -
u2 Normal 0.3654 ± 0.0100 0.3655 ± 0.0001 -

Figure 2: This painel shows the models for the comparison stars: C2,
C3, C4, C5, C6 and C7. The model is defined by the solid line of green
color.

and the semi-axis major. In a future work, we intend to perform
a more robust analysis with a greater number of interactions. In
addition, to obtaining the parameters derived from the exoplanet
HATS-24b by combining the values obtained by the transit with
the stellar parameters of the HATS-24 obtained by the differen-
tial analysis using solar spectra as comparison (Meléndez et al.
2009; Ramírez et al. 2014; Tucci Maia et al. 2014, 2016).
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during the observations, and for promptly responding to our requests. J. Oliveira
acknowledges the financial support from CNPq agency under the PCI project,
process number 454781/2015-6.
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Abstract. The Kepler mission launched in 2009 obtained precise photometric measurements for ∼150.000 stars with nearly
continuous coverage four years. More than 3800 planet candidates have been discovered via the planet transit method. When
exoplanets pass in front of their host star, a portion of the start light is blocked out and a small decrease in the photon flux is measured.
These changes in flux over time consist of a light curve. The relative size of the planet with respect to the host star will determine the
decrease in flux during the transit. By fitting models to the light curve, various characteristics such as orbital parameters and planetary
radius can be extracted. The target star of this study is Kepler-289 a star with mass of 1.08 (± 0.02), solar mass and with an age of
0.65 (± 0.44) Gyr an effective temperature of 5990 (± 38) K. The Kepler 289 has 3 planets denoted Kepler-289b, c and d. In this
work, we use as technique for spot detection the planetaray transits model, which uses an exoplant as a probe in the study of spots
from the light curves. Preliminary results show that the star is active with some spots seen on the 4 transits of planet Kepler-289d, the
larger planet with a mass of 0.415 (± 0.053)MJup. The transit modeling of the planet Kepler-289d resulted in 9 detected spots. A
Lomb Scargle periodogram of Kepler-289 light curve yeield a mean stellar rotation of 8.76 days.

Resumo. A missão Kepler lançada em 2009 obteve medições fotométricas precisas para ∼150.000 estrelas com cobertura quase
contínua por quatro anos. Mais de 3800 candidatos a planetas foram descobertos através do método de trânsito planetário. Quando os
exoplanetas passam na frente de sua estrela hospedeira, uma parte da luz é bloqueada e uma pequena diminuição no fluxo de fótons
é medida. Essas mudanças no fluxo ao longo do tempo consistem em uma curva de luz. O tamanho relativo do planeta em relação à
estrela hospedeira determina a diminuição do fluxo durante o trânsito. Ajustando modelos de trânsitos à curva de luz, várias carac-
terísticas, como parâmetros orbitais e raio planetário, podem ser extraídas. A estrela-alvo deste estudo é Kepler-289 uma estrela com
massa de 1,08 (± 0,02), massa solar com uma idade de 0,65 (± 0,44) Ganos e uma temperatura efetiva de 5990 (± 38) K. A Kepler-289
tem 3 planetas denotados por Kepler-289b, c e d. Neste trabalho, utilizamos como a técnica de detecção pontual de mancha pelo
modelo de trânsitos planetários, que utiliza um exoplaneta como sonda no estudo de manchas a partir das curvas de luz. Resultados
preliminares mostram que a estrela é muito ativa com algumas manchas detectadas nos 4 trânsitos do planeta Kepler 289d, o planeta
maior com uma massa de 0,415 (± 0,053) MJup. A modelagem das curvas de luz do trânsito do planeta Kepler-289d resultou em 9
manchas detectadas. O periodograma Lomb Scargle da curva de luz da Kepler 289 resultou em uma rotação estelar média de 8,76 dias.

Keywords. Stars: rotation – starspots – Stars: solar-type

1. Introduction

New astronomical instrumentations and space mission
launches, Astronomy has daily have reported new discover-
ies in Astronomy about various phenomena in the universe.
Such discoveries provide the emergence of increasingly accu-
rate and effective techniques in the study of various astronomi-
cal knowledge areas. One such area is Stellar Astrophysics, an
area of Astronomy dedicated to the study of stars. This area of
Astronomy that is experiencing its golden era with the emer-
gence of space missions such as CoRoT (COnvection ROtation
et Transits planétaires), Kepler, TESS (Transiting Exoplanet
Survey Satellite) and the future PLATO mission (PLAnetary
Transits and Oscillations of stars). In this work, the highlight
will be for we focus on NASA’s Kepler space mission.

The method of planetary transits is one of the techniques
used in the discovery of exoplanets. When transiting the host
star, the exoplanet crosses the star disk in the direction of the
observer causing a slight decrease in the star’s brightness. This
decrease in brightness allows us to infer a series of physical pa-
rameters from the planetary system, including planetary radius,
orbital parameters, suche as period, semi-major axis and inclina-
tion angle.

The model of Silva (2003), was proposed for the first time to
use a planet as a probe to detect the presence of spots on the sur-
face of the star. Briefly, it consists in physically characterizing
stains spots in solar stars (F, G, K) of planetary transient sim-
ulations. This method generates a two-dimensional synthesized

Figure 1. Kepler-289 Transit Light Curve (black line), with fit
(red line). In the lower panels the residue is shown to be sub-
tracted from the Kepler-289 star light curves model. The residue
is possible to identify peaks with greater emphasis, the result of
stellar eclipse spots.

image of the star taking into account the obscuration of your disk
limb darkening.

2. Transit modeling

In the analysis of the Kepler-289 light curves, 3 planetary
transits were detected. Each traffic transit was fit by the Silva
model. The fit were made to the parameters of the planet Kepler-
289 d. The transits of the other planets were not identified to be
fit for fitting. The parameters for used in the fit are described
listed in Table 1. Figure 1 it is possible to see show the detected
transits. Initially, the resulting light curve of the model without
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Table 1. Parameters of the star model without spots and the co-
efficients of limb obscuration darkening.

Obscuration of limbo u1 and u2 0.46 and 0.046
Radius of the planet (R?) 0.102

Orbital Semi-major axis (R?) 112.0
Angle of inclination 89.8
Period of the planet 125 days

Table 2. Table with the mean values of the physical parameters
obtained from the spots with the Silva (2003) model for Kepler-
289.

Radius Rp 0.56±0.15(Rp)
Intensity 0.40±0.20(lc)

Longitude −80◦ to 60◦

Latitude −20.5◦

Temperature 4700 ± 800 (K)

spot on the traffic curve should be adjusted the transits in the
light curve are fit by a model of a star without spots. The result
of the subtraction of the light curve model is the residue where
some peaks are stressed. By subtracting this model from the light
curve, a residual light curve is generated where some peakes are
evident. Noise residual peaks with intensities greater than 10x
the noise are understood as evidencce of spots on the surface of
the star where, the peaks occur when the planet crosses the star
disk during its orbital period.

3. Physical parameters of the spots

From the excesses detected in the residues residuals it is pos-
sible to estimate physical parameters of the spots. These residues
residuals were modeled considering the following parameters:
size, intensity and location of spots on the surface of the star
Kepler-289. The stellar spot is modeled as a circular disk and it
is possible to obtain with:

– Spot size in units of the planetary radius Rp;
– Intensity: intensity of the spot in relation to the brightness of

the center of the star;
– Position: longitude and latitude in the stellar disk.

Figure 2 shows the results of the fit of the residues residuals
obtained from the Kepler-289 light curve. For a better under-
standing it. On the left panels, it is shown the two-dimensional
image the stars with the 3 spots on the surface, and next to, and
on the right panels the result of the fit with of the three peaks ob-
tained by of the residues residuals. The mean values obtained for
the spots temperature, position and intensity are listed in Table
2.

4. Determination of the rotation period of the star
Kepler-289

The stellar rotation is one of the a parameter of great impor-
tance in the study of the evolution of stars. From it, it is possi-
ble to obtain information about age, angular momentum transfer,
deceleration of stars in relation to the life time, magnetic fields
etc. The model depicted in this work is of great effectiveness
in the study of stellar rotation, as well as the differential rota-
tion in solar type stars using the position of the spots on the
surface detected by sucessive planetary transits. To obtain the
average stellar rotation of the star is used obtained by applying
the Lomb-Scargle Periodogram (Lomb 1976; Scargle 1982). The

Figure 2. Two-dimensional image of a star with the presence of
3 spots on its surface and beside the model of the adjustment of
the excesses presented in the red curve.

Figure 3. Lomb-Scargle periodogram with peak at 8.76 days,
considered the average rotation period of star Kepler-289.

power spectrum is shown in Figure 3. In this graph we can see.
This plot indicates a peak at 8.76 days, which is then adopted as
the average stellar rotation period of the star.

5. Conclusion

This work aimed to report the study of studies the spots on
the surface of the star Kepler 289 and also determined the av-
erage rotation period of the Kepler-289 star using the planetary
transit method first proposed by Silva (2003). The results showed
that the star is active. Were detected with the detection of 9 spots
modeled by in the light curve of Kepler 289d exoplanet. The
Unfortunately, the transits of the other planets were not detected.
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Abstract. In the context of the detection of exoplanets through the technique of gravitational microlensing, one of the most consistent
ways of solving the lens equation is to analyze it inversely. This can be obtained by rearranging it in a polynomial of degree n2 + 1
(n, is the number of lenses). Magnification can be obtained with the inverse of the Jacobian for most cases. But the great changes in
magnification that occur when the source crosses a caustic is a problem because the Jacobian diverges and we can not use point source
solutions or other approximations that depend on the resolution of this equation. The polygon method compute the ratio between the
image and source areas but loses precision when we simulate few vertices at the source. In this work, we propose an alternative to the
polygon method, which consists of adjusting and adding extra vertices in the 3 images formed by the 5 solutions of the polynomial
of degree 5 for the case of 2 lenses, so that the calculation of the magnification is obtained through the ratio between the perimeters
of the images, not the areas. In this work, we present the first theoretical results of the application of the referent method.

Resumo. No contexto da detecção de exoplanetas através da técnica de micolentes gravitacionais, uma das formas mais consistentes
de resolver a equação da lente, é inverte-la analiticamente. Isto pode ser obtido rearranjando-a em um polinômio de grau n2 + 1
(n, sendo a quatidade de lentes). A magnificação pode ser obtida com o inverso do Jacobiano para a maioria dos casos. Mas, as
grandes mudanças na magnificação que ocorrem quando a fonte atravessa uma caustica são um problema pois, o jacobiano diverge
e não podemos usar as soluções de fonte pontual ou outras aproximações que dependam da resolução desta equação.O método do
polígono, utiliza computa a razão entre as áreas das imagens e da fonte, mas perde precisão quando simulamos poucos vértices na
fonte. Neste trabalho, propomos uma alternativa ao método do polígono, que consiste em ajustar e adicionar vértices extras nas 3
imagens formadas pelas 5 soluções do polinômio de grau 5 para o caso de 2 lentes, para que o cálculo da magnificação seja obtido
através da relação entre os perímetros das imagens, e não pela área. Neste trabalho, apresentamos os primeiros resultados teóricos da
aplicação do referente método.

Keywords. Gravitational lensing: micro – Planets and satellites: detection – Methods: data analysis.

1. Introduction

The gravitational microlensing technique relates the apparent
amplification of light from a star in the background to the lens
effect created by the passage of another star between the line of
sight of the observer and the star in the background. This effect is
caused by the deflection of light when passing through objects of
great mass. By carefully analyzing the light curves generated by
these events, we can detect the presence of exoplanets orbiting
such objects. Gravitational microlensing events by themselves
had already been detected several times and the potential for ex-
oplanet detection was already known, but it was only in 2003 that
the groups Optical Gravitational Lensing Experiment (OGLE)
and Microlensing Observations in Astrophysics (MOA) (Bond
et al. 2004) confirmed for the first time the presence of a giant
planet with a larger half-axis of 4.3 AU around a star of spectral
type K in the event OGLE 2003-BLG-235 / MOA-2003-BLG-53
using this technique.

The deflection of the light by a single star can be expressed
by α = 4GM

c2r , where α is the deflection angle, M é the lens mass,
G is the universal gravitational constant, c is the speed of light
and r is the impact parameter. If we establish DS as the distance
between the observer and the source and DL as the distance be-
tween the observer and the lens, we can write the distance be-
tween the source and lens as (DS − DL), and we can derive the
well known equation of the Einstein Radius

θE =

√
4GM

c2

DS − DL

DLDS
. (1)

If the source and the lens are aligned, we have the so-called
Einstein ring. Introducing a apparent distance β between the
source and the lens, we can derive the lens equation for the sin-
gle lens case as β = θ −

θ2
E
θ

which is known as the lens equation
for the single lens case.

1.1. Formalism

For the binary-lens case, we can rewrite β, using the complex
notation to denote the lens equation for the two lenses (Witt H. J
1990; Witt & Mao 1995) case, representing a host star and their
planet as

ω = z −
ε1

z̄ + z̄1
−

ε2

z̄ + z̄2
. (2)

Where, ε1 and ε2 are the normalized lenses masses, with ε1 +
ε2 = 1. The parameter z is the two-dimensional position written
as the real and imaginary components of a complex number. The
ω is the relative position of the source at a specific time. The bar
over complex quantities indicates complex conjugation.

To solve the lens equation with n = 2, it is necessary to invert
a 5th order polynomial and solve it to find the polynomial roots
as shown by Witt H. J (1990). For the case where the source is
not close enough to the caustic-crossing region, we can use the
point source magnification method to solve and obtain the light
curve. The lens equation can be represented by the folown:
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n2+1∑
l=0

clzl = 0. (3)

This is the polynomial form of the lens equation for the case
of n lenses. The coefficients of this general polynomial are given
as:

cl =

n∑
i=0

(
ηi,l−1Xi − ηi,lWi

)
(4)

Where l varies from 0 to (n2 + 1).
We can now use the polynomial form of the lens equation

seen in the equation 3 for the case of a two lenses system. In this
case, the polynomial is of the fifth degree (5 = n2 + 1) and the
equation of the lens is in the form

5∑
l=0

clzl = 0⇒ c0 + c1z1 + c2z2 + c3z3 + c4z4 + c5z5 = 0. (5)

And their coefficients will be given according to equation:

cl = η0,l−1X0 − η1,l−1X1 + η2,l−1X2 −
[
η0,lW0 − η1,lW1 + η2,lW2

]
(6)

From vector calculus, we know that if an infinitesimal area
dsdθ is mapped in the source plane, its area projected drdθ can
be calculated through the Jacobian determinant. The Jacobian
specifies the change in an infinitesimal area when passing
through a given transformation. The Jacobian returns the ratio
between an element of infinitesimal area in the plane of the
source divided by its corresponding area in the plane of the im-
age, thus, to find the magnification, which is the ratio between
the infinitesimal area of the image and its source generator ele-
ment, we need to compute the inverse of the Jacobian,

MT =
∑

I

1
|Ji|

=
1
|J+|

+
1
|J−|

. (7)

But the high changes in magnification that occur when
the source crosses the caustic can be a problem, because the
Jacobian diverges and we cannot use point source solutions or
other approximations that depend on the resolution of this equa-
tion. In this way, another alternative must be investigated. The
polygon method, which is based on the Stokes theorem (Gould
& Gaucherel 1997), can be written as follows, it is an algorithm
that aims to get around this problem by making the source disk
approximate a polygon,in this way,the equation of the lens can
be solved for each vertex producing the images also formed by
polygons.The areas of these polygons are then evaluated analyt-
ically and the magnification can be approximated by the ratio
between the areas of the images and the area of the source.

2. The ratio of perimeters

Our method consists of a geometrical/computational procedure,
that instead of computing the areas of the polygon that form the
images, we directly compute the sum of the distances between
the points of the images, and thus we can make the fraction be-
tween the perimeters. In addition, we add extra vertices to the

source so that the 3 or 5 images formed have relatively equiva-
lent points for calculating the perimeters. Since we do not need
to calculate the areas, the error related to the limited number of
vertices is smaller (as we going to demonstrate). If we compare
the area of the square with the area of the circle, we have a rel-
ative error in the value that depends on the number of vertices.
The more vertices, the smaller the error. However, if we com-
pute the perimeters of the square and the circle, the relative error
starts smaller. As we are interested in the ratio of areas, it is the
same as the ratio of perimeters. Using the perimeters rather than
the areas, we can represent the images by polygons with fewer
vertices and obtain equal accuracy.

The area of a regular polygon is given by:

Arp =
nla
2
, (8)

where n is the number of vertices, l is the length between two
consecutive vertices and a is the apothem of one of the triangles
that form the regular polygon. Since we want to know the area
of this polygon with respect to a circle of radius r, we can pa-
rameterize the equations in relation to this radius. Following the
geometry of the problem, we get:

a = r cos(
π

n
), (9)

thus, the polygon area is:

Arp = (r cos
π

n
)2n tan

π

n
(10)

By dividing this value by the area of the circle that com-
prises the radius previously used and simplifying the equation,
we have:

Ac/p = n
sin 2π

n

(2π)
(11)

The equation 11 represents the degree of confidence between
the area of the polygon of n vertices and the area of a circle of
radius r. Using the above equations we can then calculate the
length of each polygon edge, and then compute its perimeter.

Ppr = 2na tan
π

nv
(12)

By dividing the equation 12 by the perimeter of the circle,
which is 2πr, we have the degree of confidence between the
perimeter of the polygon and the circumference that results in
our final equation:

Pc/p = an
tan π

n

pir
(13)

The figure 1 demonstrates how the precision of the equations
11 and 13 varies with the number of vertices used. It is evident
that to do the ratio of sizes between the perimeters is more pre-
cise of doing the ratio of the sizes of the areas for the case of few
vertices. By increasing the number of vertices, the perimeter of
the polygon approaches the perimeter of the circle, and then we
have that the areas will be equal.
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Figure 1. Blue line: Ac/p with number of vertices ranging from 4
to 100. Red line Pc/p with same range of vertices.

Figure 2. The red line represents the caustic for a resonant sys-
tem, the colors green, orange, and light blue represent the solu-
tions of the lens equation. The zoom frame shows the accumu-
lation of points in the source representation by our method. The
green line shows when the method starts to be used.

Now that we know that ratio between the perimeters is more
precise than the ratio between the areas, we can do the distri-
bution of points in the polygon in order to optimize the amount
of equally spaced points in the images when the source crosses
some caustic. This is done inversely by measuring the distance
between the points in the images and by regulating the number
of vertices in the source creation. Then more vertices are created
when the source approaches the set limit for the use of hexade-
capole approximation (Gould 2008).

Figure 2 shows the decision process between using the point
source method, Hexadecapole approach (Andrew Gould 2008)
or the alternative proposed in this work. As the edges of source
approach the caustic, the method used to calculate the magnifi-
cation changes. Figure 3 shows the difference in the resolution
of the image construction using the proposed method or not. We
see that, if we compute only the finite source as an equally dis-
tributed disk, the images are not completed in the 5 solutions
of the lens equation when the source crosses the caustic. If we
use our method, the images are better represented and so we can
compute more safely the perimeter of them to reach the magni-
fication of the finite source.

3. Summary and conclusions

We have shown that the calculation of the relative magnification
of a gravitational microlensing event can better be approximated
by the ratio of the perimeters of the images to the source, rather
than the ratio of the areas. We conclude that for a low number of
vertices (ie minimum of 5 vertices) the perimeter ratio is 2 times
more accurate than the ratio of the areas. We do not yet apply
these equations to real data, but the method has the potential
to accelerate the modeling of light curves since it depends on
fewer vertices to reach the same precision as the ratio between
areas. Second order effects such as Limb Darkening can easily
be included in this method in the same way as in the polygon
method.

Acknowledgements. We thank the University of Rio Grande do Norte and
CAPES for the financial support.
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Figure 3. The first frame shows the gravitational microlensing event topology with q = 3E − 3 and s = 1.3. The different colors
represent the solutions of the lens equation for that instant. The top frames show the source and the formation of one of the images
using equally spaced points. The below frames show the arrangement of the source points and the formation of the images by using
our method.

37



Boletim da Sociedade Astronômica Brasileira, 31, no. 1, 38-39
c© SAB 2019

An easy way to reduce and analize light curves from the Kepler mission
L. de Almeida1 & J-D. do Nascimento1

1 Universidade Federal do Rio Grande do Norte e-mail: dealmeida.l@fisica.ufrn.br

Abstract. LEGUME (Light Curve General Use Made Easy) is a tool written in Python that deals with basic routines for acquire,
reduce and analyze raw light curves. Our tool reduces the light curves from the Kepler mission, and do basic analysis for the
determination of periods of rotation, extraction of transits signals and basic characterization of the systems. Because it is written in
Python, our tool can be easily implemented in more specific routines.

Resumo. LEGUME (do inglês: Light curvE General Use Made Easy) é uma ferramenta escrita em Python que lida com rotinas
básicas de aquisição, redução e análise de curvas de luz cruas. Nossa ferramenta faz a redução das curvas de luz da missão
Kepler e também análises básicas para determinação de períodos de rotação, extração dos trânsitos e caracterização básica dos
sistemas. Por ser escrito em Python, nossa ferramenta pode ser facilmente implementada em outras rotinas mais específicas de análise.

Keywords. Methods: data analysis – Stars: rotation – binaries: eclipsing – Planets and satellites: detection

1. Introduction

In the context of exoplanet detection and determination of star
rotation, astronomers need to work directly with light curves ob-
tained from terrestrial and space telescopes. The Kepler mission
publicly discloses its entire data from its mission (Batalha et al.
2013), which comprises a wide variety of raw light curves, and
one may spend some time to reduce and analyze all those data,
because of the flux counting differences in each quarter, slope
trends and systematic errors, even in the pre-reduced light curve.
LEGUME is available to the entire scientific community through
github1 and we encourage its use for introduction in reduction
and analysis of time series.

Figure 1. Top panel: Shows the raw S AP_FLUX from a example
Kepler star (KIC 6023859) with quarters delimitation in dashed
red. Lower panel: Rotation modulation in solid blue, considered
data to run the Prot LS in green dots and raw PDC_FLUX in
white dots.

1 https://github.com/monolipo/Light-Curve-Python-Analisys-Tool

Figure 2. Top panel: polynomial adjust over the S AP_FLUX.
Lower panel: Detrended S AP_FLUX over the PDC_FLUX for
comparison.

2. The LEGUME tool

The LEGUME tool only needs the KIC ID of the star, and the
initial and final quarters as input, to display a window with the
first basic auto reduction. In this first step, the tool presents
the S AP_FLUX data for comparison, and a pre-analysis of the
PDC_FLUX data, with the separation between the light curve
modulation and the transit signal (if there is any). All plots
shown are automatically separated by quarters as shown in the
Figure 1.

After that, LEGUME offers a range of controls to adjust and
reduce the light curve according to the user’s needs. If you want
to analyze a planetary transit or eclipsing binaries (EB), it can be
done by adjusting the parameters to plot the phase in a specific
period or by adjusting one automatically. If you want to analyze
the rotation of the star, you can adjust the type of fit and level for
the rotation modulation. For comparison, the user can also force
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Figure 3. Top panel: Range selection to validate periodicity by
the user. Lower left panel: Lomb-Scargle of the modulation with
true pediod in white dashed and validation period in dashed red.
Lower right panel: Auto Correlation Function with validation
period in dashed red.

a polynomial correction on the raw S AP_FLUX light curve to
compare the fidelity of the pre-reduction over the PDC_FLUX
as shown in Figure 2.

The user can also test and validate the period found by
Lomb-Scargle and ACF by clicking on the region representing
a period, and interactively checking the calculated period on the
same plot as seen in Figure 3. All of these subroutines are ac-
cessed through intuitive keyboard shortcuts, and at the end of
the analysis, you can save the figures and print the analyzes of
each light curve in a specific folder. These interactive analyzes
accumulate to compile a final result of the reduction comprising
the star rotation, separated from the transit signal (planetary or
EB) and the periodogram in LS and ACF of stellar rotation as
shown in the Figure 4.

3. The installation

You will need to have installed git software. You can verify if
you already have it by typing in a terminal:

$which g i t

From a new terminal create a directory dedicated for this
tool with the name LIGHTCURVETOOL, and from it, clone this
github files from the link available in manuscript.

This will download the code and instructions. The most sim-
ple way to have all the needed packages is to install a full python
distribution using for example Anaconda. If you already have
Anaconda installed, you still may need to install the 3.6 ver-
sion and some packages. To verify if you have anaconda in-
stalled, just look at the answer of ’which python’ command in
a terminal. If it points to a directory which name contains ’ana-
conda’, it means that you already have anaconda installed. If you
don’t have anaconda installed: The anaconda package is avail-
able following this link: https://www.continuum.io/downloads.
LEGUME uses the python 3.6 package. If you already have an

Figure 4. Final composition of the reduction and analysis us-
ing LEGUME. First panel: isolated modulation of the rotation.
Second panel: only the binary signal without rotation. Third
panel: LS and ACF periodogram of the rotation.

anaconda distribution installed for python2: you only need to in-
stall a 3.6 environment, by writing the following in a terminal:

$conda c r e a t e −−name py3k6 py thon =3.6
m a t p l o t l i b s c i p y numpy i p y t h o n h5py
a s t r o p y pymysql p y t e s t i p y k e r n e l

$ s o u r c e a c t i v a t e py3k6
$ i p y t h o n k e r n e l i n s t a l l −−u s e r

This will install the main libraries needed to work with
LEGUME (Astropy Collaboration et al. 2013; Jones et al. 2001;
Foreman-Mackey 2018). Now you can test your installation.
Once all the above is done, you can open a terminal and go to
the directory where we have downloaded the code using git.

4. Conclusion

LEGUME has the purpose of facilitating the introduc-
tion of new astronomers in the reduction and analysis
of light curves. This tool is free and available through
https://github.com/monolipo/Light-Curve-Python-Analisys-
Tool. All steps for installation and use are in the documentation
attached to this website.
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Abstract. Type I solar emissions are generated by non-thermal electrons accelerated by stochastic variations in the magnetic
configuration of the active regions. Most of them are recorded as a sequence of emissions characterizing noise storms, that can also
be associated with solar flares. However, details on the emission mechanisms of Type I bursts need to be better understood. In this
work, using the spectral technique based on Gradient Pattern Analysis (GPA), we analyzed Type I noise storms, measured as time
series in metric wavelengths (264.56 MHz), recorded by BLEN7M spectrograph of e-CALLISTO (Compound Astronomical Low
cost Instrument for Spectroscopy and Transportable Observatory) network. To characterize the fluctuation patterns of Type I solar
bursts, the spectral analysis was applied to time series with different canonical fluctuation patterns, the 1/ f β noises (White, Pink and
Red noises). The results indicate that the gradient spectra of Type I solar noise storms do not present a characteristic value of the
1/ f β noises patterns, possibly suggesting a turbulent behavior.

Resumo. Emissões solares Tipo I são geradas por elétrons não térmicos acelerados por variações estocásticas na configuração
magnética das regiões ativas. A maioria é registrada como uma sequência de emissões individuais caracterizando as tempestades
de ruído, que podem ser associadas com flares solares. No entanto, detalhes sobre os mecanismos de emissão das explosões Tipo
I precisam ser melhor compreendidos. Neste trabalho, utilizando a técnica espectral baseada na Análise de Padrões Gradientes
(GPA), analisou-se tempestades de ruído Tipo I, medidos como séries temporais em comprimentos de onda métricos (264,56 MHz),
registradas pelo espectrógrafo BLEN7M da rede e-CALLISTO (Compound Astronomical Low cost Low frequency Instrument for
Spectroscopy and Transportable Observatory). Para caracterizar os padrões de flutuação das explosões solares Tipo I, a análise
espectral foi aplicada a séries temporais com diferentes padrões canônicos de flutuação, os ruídos 1/ f β (Ruídos Branco, Rosa e
Vermelho). Os resultados indicam que os espectros gradiente das tempestades de ruído solares Tipo I não apresentam um valor
característico dos padrões de ruídos 1/ f β, sugerindo possivelmente um comportamento turbulento.

Keywords. Methods: data analysis – Sun: flares – Sun: radio radiation

1. Introduction

Type I solar emissions are produced by non-thermal electrons ac-
celerated by variations in the active region’s magnetic configura-
tion. Most of them is recorded as a sequence of individual bursts,
characterizing the so-called chains of Type I (Kai, Melrose &
Suzuki 1985). They could be associated with solar flares, when
the dissipative energy is added to the energy released by small
changes in magnetic distribution, increasing the duration of Type
I storms (Sodré, Cunha-Silva & Fernandes 2015). Considering
the possible role of the reorganization of the photospheric mag-
netic field in the generation of noise storms, Sodré et al. (2018)
analyzed the temporal evolution of the magnetic power spec-
trum for active regions associated to noise storms, applying the
methodology of Santos & Wrasse (2016). They obtained spec-
tral indices > 5/3, suggesting the transfer of energy from small
to large structures. However, details of the emission and mainte-
nance mechanisms of type I storms need to be better understood.

2. Objective

The aim of this work is compare the gradient spectra of Type
I storms with ones of canonical 1/ f β noises, applying GPA, to
verify similar behaviors between those gradient spectra.

3. Methodology

In this work, one time series of Type I bursts recorded on 8
December, 2012 (∼ 15:00 - 15:15 UT), in 264.56 MHz, by the
BLEN7M spectrograph of e-CALLISTO network (Benz et al.

2009), was compared with 1/ f β noises: White (β = 0), Pink
(β = 1) and Red (β = 2) noises. The time series were divided in
11 scales (starting from 3600 points) and they were used in every
GPA computation. The GPA method assumes that the complex-
ity of a two-dimensional spatial pattern is characterized by the
degree of its bilateral asymmetry in relation to the four sym-
metry axes (perpendicular and diagonals) (Assireu et al. 2004).
The coefficient of bilateral asymmetry is calculated on the gradi-
ent field of a matrix, characterizing different gradient asymme-
try patterns (Cordeiro 2015). Such patterns may be related to
dynamic processes such as reaction-diffusion, space-time chaos
and turbulence (Freitas 2012). The method was adapted to uni-
dimensional data series (Assireu et al. 2002).

3.1. Gradient Pattern Analysis (GPA)

The GPA method (Rosa, Sharma & Valdivia 1999) was devel-
oped to estimate the properties of a set of points, which is usu-
ally represented in a 2-dimensional (2D) space. The operation
returns the components x and y of the 2D numerical gradient,
∇M, which can be characterized by each local vector norm and
its orientation. In GPA formalism, ∇M can be represented as a
composition of the following gradient patterns (GP): GP1 (the
lattice representation of the total vector distribution ∇M), GP2
(the lattice of the norms), GP3 (the lattice of the phases) and
GP4 (the lattice of the complex numbers, composed of GP2 and
GP3) (Ramos et al. 2000; Rosa et al. 2003, 2018). Further, for
each type of matrix pattern of the set GP1, GP2, GP3, GP4, one
can calculate specific parameters defined by Rosa et al. (2003)
as the gradient moments: G1, G2, G3, G4, that are the vector,
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norm, phase and complex representations, respectively (Rosa et
al. 2018).

3.2. The Second Gradient Moment (G2)

The G2 was developed from improvements that were incorpo-
rated into the first GPA operation that deals with the generation
of the image gradient field. In this way, the G2, within the GPA
formalism, is introduced according to Eq. 1,

G2 =
VA

V

2 − | ∑VA
i vi |∑VA

i | vi |

 , (1)

where V is the total amount of gradient vectors and VA is the
quantity of asymmetric vectors after the removal of all symmet-
ric pairs, representing the same quantities previously defined by
the determination of G1. Then, the

∑VA
i vi is the asymmetrical

vector sum and | vi | is the ith asymmetrical vector norm. High
values of G2 mean that the gradient grid has many misaligned
asymmetric vectors and, consequently, a high diversity of values
in the GP2 matrix (Rosa et al. 2018).

3.3. GPA for Time Series

To apply the GPA on discrete time series X(t) = {X1, ..., Xi, ...,
XN} with Xi ∈ <, it is necessary to convert it into a sequence
of ` × ` matrices. As example, a time series with nine points
produces a matrix MX9 , as shown in Eq. 2, presenting how is the
mapping from time series to its corresponding matrix.X11

i X12
i+1 X13

i+2

X21
i+3 X22

i+4 X23
i+5

X31
i+6 X32

i+7 X33
i+8

 (2)

According to Assireu et al. (2002), the values of G2 do not de-
pend on the direction the time series are taken (from right to
left or vice versa) and they are more robust than traditional tech-
niques to study fluctuation patterns in time series.

3.4. Processing of Gradient Spectrum

Initially, the time series are converted into an array of matrices
in the desired scale (L1 to L11), applying a software developed
in Python by Cintra (2018). Then, G2 is calculated using a code
of Sautter (2017) and its Gradient Spectrum is ploted by a soft-
ware also developed in Python (Cintra 2018). The output of this
processing is the mean and standard deviation of the G2 of the
analyzed "mini matrices", for each scale (L1 to L11). Then, based
on the G2 values obtained from the 11 matrix scales, of the solar
and the three 1/ f β noise time series, a Log 1/L × G2 graph was
produced. The synthesis of this methodology is shown in Fig. 1.

4. Results and conclusion

The results, summarized in Fig. 2, indicate that the behavior of
gradient spectra of Type I solar noise storms analysed are distinct
of all type 1/ f β noises cited.

Considering the results, purely stochastic mechanisms can
be discarded as being the major generating process associated
with the plasma dynamics in the noise storms phenomenon.
There are advantages of applying GPA over Power Spectral
Density (PSD) due to its greater robustness for short series
(Assireu et al. 2002). We intend to consolidate these results
mainly by increasing the sample of time series of Type I storms,
and also processing them in a complementary method of GPA
using G1 moment.

Figure 1. Explanatory diagram for obtaining the Gradient
Spectrum. a) input: time series; b) mapping from time series
to matrix scales (L1 to L11); c) matrix scales; d) calculation of
Log 1/L and G2 for each matrix scale; and e) plot of Gradient
Spectrum graph. Source: The author.

Figure 2. Log 1/L × G2, for scales from L1 to L11 points. Source:
The author.
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Abstract. Determining the stellar rotation of one of the components in eclipsing binaries (EB) is a challenge, and at first, this is due
to the difficulty of analyzing the rotation signal in comparison to the signal of the binary transits in the same light curve. There are
many methods to normalize and correct the long-term trend of the light curve so that we can analyze the signal of the transits, but
this correction often erases the signal of the rotation of the star and any other weaker ones (e.g planets ). In this work, we present the
DiffeRencial flUx Method of cuTting Off biNariES (DRUM TONES or DT) to identify and adjust the signal of the binary transits to
the trend of the signal of the light curve without eliminating the rotation or possible planets in the signal. We present our technique
with applications in the eclipsing binaries of the Kepler and CoRoT mission. Our method shows good agreement in the determination
of rotation periods and the binary period for several EBs already published and others not yet published.

Resumo. Em binárias eclipsantes (EB), determinar a rotação estelar de uma das componentes ainda é um desafio, e em uma primeira
instância, isso se dá pela dificuldade de analisar o sinal da rotação em comparação com o sinal dos trânsitos da binária na mesma
curva de luz. Muitos métodos existem para normalizar e fazer a correção de longa cadência da curva para que possamos analisar
o sinal dos trânsitos, porém, essa correção, por muitas vezes, apagando o sinal da rotação da estrela e quaisquer outros sináis mais
fracos (por exemplo de planetas). Neste trabalho, apresentamos o método DRUM TONES (do inglês: DiffeRencial flUx Method of
cuTting Off biNariES) para identificar e ajustar o sinal dos trânsitos das binárias à tendência do sinal da curva de luz sem eliminar a
rotação ou possíveis planetas do sinal. Neste trabalho apresentamos nossa técnica com aplicações nas binárias eclipsantes da missão
Kepler e CoRoT. Nosso método mostra boa concordância na determinação dos períodos de rotação e período da binária para várias
EBs já publicadas e outras ainda não publicadas.

Keywords. binaries: eclipsing – Stars: rotation – Methods: data analysis

1. Introduction

The study of binaries systems has impact in many fields of as-
tronomy, and as described by Duchêne & Kraus (2013), at least
half of star systems are binaries. A number of studies involving
eclipsing binaries (EB) have focused on tidal circularization (e.g,
Koch & Hrivnak (1981); Duquennoy & Mayor (1991); Meibom
& Mathieu (2005); van Eylen et al. (2016)), and deal with the
relations between the rotation period and orbital period. Most
of the studies involving photometric observations of EB have a
relative directly measure of the system’s orbital period, and also
characterize the relative radius and luminosity ratios of the pair
of stars. While measurement of the orbital period of EB is rel-
atively easy, the determination of the rotation period of one of
the stars, both or rates is most times cumbersome. This is due
to the difficult to distinguish the signals of the transit and trends
of the light curve from the signal of spots modulation of one of
the stars. The analysis spot modulation present on the light curve
can retrieve us the rotation period of the star (Basri et al. 2011;
Meibom et al. 2011; do Nascimento et al. 2014). We need be
more careful when the binaries are in a closed system were the
reflection effect is presented in the light curve. The majority of
the pipelines created to deal with the removal of the transit signal
relies on the modelization of the binary via Markov chain Monte
Carlo (MCMC) (Dey et al. 2015; Prša et al. 2016) to deal with
all the possibilities of eccentricity, inclination, luminosity ratio
and other physical parameters that’s influence the overall aspect
of the light curve, but as the modelization deals with all the light
curve signal, the spot modulation is, most times, suppress within
the removal of the transit. Thus, as most codes want to character-
ize the physical parameters of the binary system, it is necessary
a different approach to deal with the spot modulation separately
from the binary modelization. The differential method consists

of identifying variations greater than a certain cutoff limit in the
time derivative of the complete light curve (LC). By making the
LC differential, we will then have a new time series that repre-
sents the variation of the curve. This method makes it possible to
separate the signal from the transits of the rest of the curve, and
to make a separate analysis of both the rotation and the transit
signal.

2. The CoRoT and Kepler data

The spacecraft Kepler was launched in 2009 and yielded a
catalog of eclipsing binary containing 2878 systems identified
mostly by the Transit Planet Search (TPS) algorithm (Prša
et al. 2011). These EBs systems were classified into five
groups: detached, semi-detached, over-contact, ellipsoidal and
uncertain. The catalog provides an orbital period, time of the
eclipse, the classification, the galactic longitude and latitude,
Kepler magnitude, effective temperature, long or short cadence
data, and the related light curves. The principal problems with
trends and discontinuity of the light curve were corrected with
the PDC pipeline, but still, some bad features were left in the
public version of the light curve. Theses unwanted features have
to be removed before any analysis or tentative to remove the
eclipse signal.

The CoRoT spacecraft was launched in December 2006 and
stored the light curves in 3 bands: red (R), green (G) and blue
(B) obtained through the insertion of a low-resolution prism in
the light path focus of the telescope. But, these bands don’t cor-
respond to the photometric filters and are different for each star
(Baudin et al. 2006). When dealing with the CoRoT light curves,
we need to specify which color to use or use the total sum of all
colors, the white band (W). For each color or the sum, a flag cor-
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Figure 1. Black points: the raw light curve of CoRoT 102681270 extracted from idoc-corot.ias.u-psud.fr. Shaded blue line: Time
series originated from the DRUM TONES routine representing the variation differential of the raw light curve. Subplot: Zoom in
the region from 10 to 30 days, showing the problems with discontinuity of the raw light curve.

responding the quality of the measurement is presented. As the 3
bands are different, we end up with a light curve with a bunch of
problems as presented in the subplot of figure 1. This example
shows that, even with the removal of the flagged points, the light
curve still presents problems and is still problematic to analyze.

The Kepler light curves don’t show so many systematic prob-
lems as the CoRoT light curves but show discontinuities on the
photometric data due to the times between the quarters. Thus,
each quarter must be treated separately and then appended to
create the final composition of the light curve.

3. Typical eclipsing binarie Light Curves

The typical eclipsing binary we are interested in is the low ca-
dence (LC) detached EB. That kind of system gives a typical
light curve with some standard features as shown in black points
in figure 1 (light curve).

Normally, to identify the binary, one needs to run the com-
plete modelization of the system and then extract the modelized
curve from the original one. But in most cases, that proceeding
ends up erasing any week signal that may be originated from the
rotation (spot modulation). Thus, correctly identify the transit
signal positions and differ that from the remaining signal (rota-
tion) is fundamental to the determination of the rotation period.

4. The DRUM TONES algorithm

The DRUM TONES algorithm was developed with the task to
identify where in time the transits (if any) begins and ends in
any given LC light curve. The DT identify where in the complete
time series (light curve) happens the greatest variations. By do-
ing the differential of the light curve, we obtain a new time series
that represents the variation of the curve. On the other hand, we
also compute the variation of each flux point in respect with the
latter point and the next point and generate the variation spectra
as shown in figure 2. If we are dealing with the light curve of
a low cadence EB, the greatest variations on the variation time
series will be exactly on the beginning and end of each eclipse as
shown in the subplot of figure 1. We see that the spikes in blue
mach exactly with the position of the eclipses . That identifies
the beginning, the middle and the ending of the eclipses because
of the variation time series the eclipse will be characterized as
the region that contains two big spikes with no variation in the
middle. Besides that, we also have the differential time series to
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Figure 2. The variation spectra generated by the DRUM TONES
routine representing the variation differential of the raw light
curve. The blue dashed line is the condition1 of the input pa-
rameters, that represents the minimal value to consider out of
the threshold.

show, in the inflection points, the direction of growth of the func-
tion, which gives us the beginning and end of the eclipse math-
ematically. As this process identifies all points out of a smooth
tendency of the time series, we can also apply a threshold to all
the light curve instead of a sigma clipping.

By applying the threshold to all the light curve, we elimi-
nate all transits signals, but we’re left out with discontinuities
all over the light curve where all the transit signals should be.
These "holes" generate false positives while searching for the
true period by Lomb-Scargle as showed by Vio et al. (2013);
VanderPlas (2018). So we need to fill these discontinuities with
the points from the transit by fitting a tendency curve to the data
without these signals and bringing back those points to the ten-
dency, and then we have a full residual time series that, after
some tendency adjustments, represent the spot modulation of
the EB, as show in figure 3. Now we have the model the spot
modulation (Model) time series without the transit signals and
other discrepant points. By subtracting the Model from the orig-
inal light curve, we get a new curve that contains all original
signals but the spot modulation. By analyzing the signal without
the transit signals, we get the rotation (Basri et al. 2011). The
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DT algorithm is available on the Zenodo Repository1 and it is
out of package ready if the user has installed the Python 3.x and
the two basic libraries matplotlib and numpy.

4.1. General functions

Here, we describe the input parameters of the algorithm that can
be found inside the DTaux.py file. The DT algorithm needs to be
feed with some custom parameters because it is not fully auto-
matic code. In order to use it, you need to input: ID, time,flux,
err, pl, splitfactor, condition1,cadence,condition2. ID is the name
of the target that must be in the same folder as the code; time,
flux and err are the x, y and y errors of your light curve file; pl
is the degree of the polynomial to be fitted to the spot modula-
tion residual; splitfactor is the number of sectors to split the light
curve to be processed individually; condition1 is the max varia-
tion possible at the variation space to be accounted as out of the
threshold; cadence is the change on the cadence if you want to,
1 means no change, 2 means that the light curve will have now
half of the number of points than before; condition2 is the limit
on the time space between discontinuities on the time series, (e.g
the minimum time to consider a change of quarter) normally is
greater than the original cadence. By adjusting the conditions,
splitfactor and the pl, you can fit correctly the portion of the light
curve that corresponds to the spot modulation.
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Figure 3. Residuals of the subtraction of the eclipses, represent-
ing the spot modulation of the EB.

4.2. Summary and conclusion

The DT algorithm was applied to various light curve from the
CoRoT and Kepler missions to double-check if the rotation peri-
ods find agreed with the correct one find in the bibliography. Our
code is easy to install and use in any computer with Python3.x
installed and don’t need any libraries besides the common ones
found in bundle installations (e.g Anaconda). It is a new method
to remove the transit signal of binaries in low cadence observa-
tions without detrending the entire light curve.
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Abstract. V405 Aurigae is considered the strongest magnetic field Intermediate polar. Previous studies of this system did not succeed
when proposing a geometry that explains both the optical and X-ray data. In this study, we present an attempt to reproduce the optical
broadband (UBVRI) circular polarization and photometry, as well as the X-ray spectrum and light curve of V405 Aur by using the
CYCLOPS code. It was developed to perform multi-wavelength fitting of the accretion column flux and takes into account cyclotron
and free-free emission from a 3D post-shock region, which is non-uniform in terms of density and temperature. Our preliminary
results indicate that an one-region model is able to explain the observed data. Our results also confirm the strong magnetic field
(B = 36 MG), making V405 Aur a possible progenitor of a polar.

Resumo. V405 Aurigae é considerada a polar intermediária com maior campo magnético. Estudos anteriores deste sistema não
tiveram sucesso em propor uma geometria que explicasse tanto os dados no óptico quanto os de raios X. Neste estudo, apresentamos
uma tentativa de reproduzir a polarização circular e a fotometria no óptico nas bandas UBVRI, bem como o espectro e a curva de luz
de raios X de V405 Aur usando o código CYCLOPS. Este código foi desenvolvido para ajustar multi-comprimentos de onda do fluxo
proveniente da coluna de acreção e considera a emissão cíclotron e livre-livre de uma região pós-choque 3D, que é inohomogênea
em termos de densidade e temperatura. Nossos resultados preliminares indicam que o modelo de uma região é capaz de explicar os
dados observados. Nossos resultados também confirmam o alto campo magnético (B = 36 MG), o que torna V405 Aur uma possível
progenitora de uma polar.

Keywords. magnetic fields – polarization – novae, cataclysmic variables – star individual: V405 Aurigae

1. Introduction

Intermediate polars (IPs) are magnetic cataclysmic variables bi-
nary systems in which mass transfer occurs from a low-mass star
onto a magnetic white dwarf (WD). In IPs, the WD magnetic
field partially controls the accretion geometry, however it is not
strong enough to synchronize the spin period of the WD with
the orbital period. Accretion onto the WD occurs via magnetic
columns or curtains and far from the compact object there may
exist an accretion disk, depending on the magnetic field intensity
and secondary mass loss. IPs are reviewed in Patterson (1994).

Magnetic accretion forms a shock near the WD and the com-
pressed material. The post-shock region (PSR) is characterized
by the density increase toward the WD surface and the low-
est temperature. PSR physics is very similar in polars and IPs.
The cooling process occurs via hard X-ray (kT∼10 – 60 keV,
bremsstrahlung radiation), X-ray emission lines, and cyclotron
radiation (Aizu 1973; Wu 1994; Cropper et al. 1999). The soft
blackbody emission (kT∼20 – 60 eV) is generally observed in
polars and in a small group of IPs. The soft X-rays arises from
the reprocessing of the hard X-rays in the WD photosphere
(Anzolin et al. 2008; Katajainen et al. 2010; Mukai 2017). About
69% of the soft IPs also have polarized radiation detected in the
optical and/or near-IR (Butters et al. 2009).

V405 Aur (RX J0558.0+5353) was discovered by ROSAT
All-Sky Survey (0.1 – 2.5 keV) and classified as IP by Haberl et
al. (1994). The WD spin period is 545.45 s and the orbital period
is about 4.15 h (Allan et al. 1996; Skillman 1996). V405 Aur
is a soft IP. The component in soft X-rays has shown double-
peaked modulation at the WD spin period, whereas the hard X-

ray shows a single-peaked modulation. The double-peaked pul-
sation has been interpreted as the result of two accreting regions
in a system with a large angle between the spin and magnetic
axes. The simultaneous UBVRI circular polarimetry data show
variation between positive and negative values also indicate two-
pole accretion. However, the geometry proposed to explain the
optical data 30◦ < i < 50◦ and β = 90◦ (Piirola et al. 2008)
is not the same used to model the X-ray data (i = 65◦ and
β = 60◦) by Evans & Hellier (2004).

One important conclusion drawn by Piirola et al. (2008)
is that the prediction of the constant temperature cyclotron
model was not confirmed by the broad band circular spectrum.
Therefore, the authors suggest that any attempt at modelling
the cyclotron spectrum should consider the physical parameters
of the source region, i.e., temperature, electron number density
and the magnetic field, as inhomogeneous. For this reason, the
CYCLOPS code is a good approach to modelling V405 Aur.

In this paper, we report a simultaneous modelling of
V405 Aur optical and X-ray data. The CYCLOPS code is ap-
plied for the first time to IPs and some implementation have
been performed. This paper is organized as follows. Section 2
describes the observational data. Section 3 presents the mod-
elling using the CYCLOPS code. In Section 4, we discuss the
preliminary results.

2. Observations, data reduction and ephemeris

V405 Aur was observed by the XMM–Newton satellite (Jansen
et al. 2001) for 2 h beginning at about 22:27 UT on 2001

45



I. J. Lima et al.: Modelling intermediate polars using the CYCLOPS code: the case of V405 Aurigae

Figure 1. X-ray and optical light curves of V405 Aur folded on
the optical ephemeris. From top to bottom, soft and hard X-ray
data, photometry and circular polarimetry in V band.

October 4 and ∼ 9 h at ∼ 22:03 UT on 2001 October 5. We
have used the data on October 5 from the EPIC-MOS 2 operat-
ing in timing mode (observation ID 0111180401). There is no
PN camera data and the source was outside the Optical Monitor
window. These data were presented in Evans & Hellier (2004).
As we need the instrumental response files, we reduced these
data, as described below.

The calibrated event lists were generated by using the SAS
software v15.0.0. The background was not extracted, timing
mode has limited spatial coverage and V405 Aur is the brighter
X-ray source in the field of view. We obtained better results do-
ing the extraction of the MOS background taken in timing mode
in same event file used for source, differently of the procedure
described by SAS Threads1.

V405 Aur optical data were kindly provide by Vilppu Piirola
(Piirola et al. 2008). The data were obtained using TurPol
(Piirola 1988) polarimetric instrument installed at 2.5 m Nordic
Optical telescope at Roque de los Muchachos Observatory on La
Palma. We have modelled the data from 2003 September 22.

We present a corrected ephemeris to the X-ray data in com-
parison to Evans & Hellier (2004). The phase zero corresponds
to the higher peak of the soft X-rays light curve. BJDT DB is the
barycentric dynamic time, which is obtained after conversion of
local satellite frame to Barycentric Julian Date.

BJDmax
T DB = 2452187.57416(4) + 0.0063E . (1)

Our data are shown in Figure 1. To be consistent with optical
data, the X-ray light curves were folded on the optical ephemeris
calculated by Piirola et al. (2008). We converted their ephemeris
from HJD to BJD, BJDT DB 2449681.464617 + 0.0063131476E.

3. CYCLOPS modelling

CYCLOPS – an acronym for CYCLOtron emission of PolarS –
is a code to model the continuum optical and X-rays emission
from the PSR by cyclotron and bremsstrahlung emission. The
code considers the three-dimensional (3D) accretion column and
non-homogeneity in terms of temperature and density (Costa

1 https://www.cosmos.esa.int/web/xmm-newton/sas-
thread-mos-spectrum-timing

et al. 2009; Silva et al. 2013). In addition to these versions,
CYCLOPS now allows us to calculate the X-ray light curve.

This paper presents some new implementations in the
CYCLOPS code. We implemented interstellar extinction correc-
tion in the optical regime using the extinction law from Cardelli
et al. (1989), R = 3.1 and a gas-to-dust ratio, N(H)/A(V), equals
to 2.08 × 1021 H cm−2 mag−1 from Zhu et al. (2017). The
hydrogen column density is a multiplicative parameter in the
CYCLOPS code and can be either fixed or fitting. In our mod-
elling, this value is fixed NH = 5.805 × 1020 cm−3. It was calcu-
lated by Equation 2. The colour excess (E(B-V) = 0.09 ± 0.02 )
was estimated through the 3D extinction maps2. We used the
distance obtained by GAIA DR 2 catalogue, 661.82+13.21

−13.7 pc
(Bailer-Jones et al. 2018).

NH = 6.45 × 1021 × E(B − V) . (2)

The optical fluxes are calculated using a multifrequency ap-
proach. We used three (UBV) or five (RI) wavelengths with their
respective weights for each band. But, more important, in order
to find the best geometry that explains both cyclotron and hard
X-ray emissions, we include the X-ray light curves to model si-
multaneously with optical data and integrated X-ray spectra.

In a preliminary study, we do not restrict the geometry of
the system in favor of any values pre-established by the litera-
ture. The parameters model were determined using PIKAIA and
AMOEBA algorithms (Charbonneau 1995; Press et al. 1992).
Figure 2 shows our best-fitting model (i.e. the one with the small-
est χ2) and Table 1 presents its parameters. The model only
uses one PSR and reproduces reasonably the V405 Aur data.
CYCLOPS does not model emission lines, thus we removed the
Kα iron emission line region from the X-ray data: 6.0 – 7.2 keV
range. We also removed E < 2.0 keV for showing soft blackbody
component.

4. Discussion and conclusions

The simultaneous modelling of V405 Aur using CYCLOPS code
with UBVRI optical photometry and polarimetry, hard X-ray
spectrum, and X-ray light curve data performed with one PSR
is a good model. Although previous studies have been used two
accretion regions. We will explore this scenario in the next steps
of our modelling despite it will include more parameters in the
fitting and demands a longer computational time.

The magnetic field intensity of V405 Aur is estimated as
being ∼31.5 ± 0.8 MG from simultaneous UBVRI circular po-
larimetry by Piirola et al. (2008). For these authors, it may indi-
cate that V405 Aur is a likely candidate for a polar progenitor.
In our modelling, the best fitting is B = 36 MG. This value has
the same order as the value of the literature. However, the syn-
chronism is still far, the ratio of the spin to the orbital period is
0.0365.

The best fitting shows the inclination equals 45.3◦. It is
within the inclination range estimated from X-ray data (30◦ –
50◦). The colatitude (∼59◦) is approximately the value given by
the data in the optical band, β = 60◦. Our modelling results in a
high temperature (T = 358.5 keV), probably because the shock
structure used in the present version of CYCLOPS is a poor ap-
proximation. A new version of CYCLOPS that solves the shock
structure is under development and will probably provide a more
realistic shock temperature (Rodrigues et al. 2019, in prepara-
tion).

2 The 3D extinction maps: http://argonaut.skymaps.info/
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Figure 2. A good model of V405 Aur obtained by a simultaneous fitting of UBVRI light and polarization curves (top), X-rays
spectrum, and hard X-ray light curve (bottom).
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Table 1. Best-fitting model parameters of V405 Aur.

cyclops input parameters Description Fitted values
i orbital inclination 45.3◦
β colatitude angle 59.1◦

∆long one-half of the azimuth of the threading region 64.5◦

∆R one-half of the radial extension of the threading region 0.055
h height of the post-shock region 0.53 RWD
fl position in the longitudinal direction of the threading point 0.500

B_pole polar magnetic field intensity 36 MG
B_lat latitude of the magnetic axis 67◦

B_long longitude of the magnetic axis 37◦
Tmax maximum electronic temperature 358.5 keV

log(Nmax) log of maximum electronic density 12.26 cm−3

Model result Description Value
Breg magnetic field in the post-shock region 7 – 27 MG
〈 T 〉 mean eletronic temperature 165 keV

Tpond temperature weighted by the square density 112 keV
Trange range of temperatures of in the post-shock region 33 – 331 keV
δphase phase shift applied to the model 0.72
χ2

pond chi-squared weighted with errors 1042
χ2

norm chi-squared normalized 0.121
Rs radius of spot base 2.22 × 107 cm
As spot area 4.96 × 1014 cm2

Hs spot height 3.38 × 108 cm
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Abstract. We observed SDSS J0926+3624 with the Liverpool Robotic Telescope between 2012 February-March while the object
was in its quiescent brightness state. We combined our median eclipse timing with those in the literature to revise the ephemeris
and confirm that the binary period is increasing at a rate Ṗ = (3.2 ± 0.4) × 10−13 s/s. We applied eclipse mapping techniques to
the average light curve to map the surface brightness distribution of the accretion disc. The eclipse map shows a hot white dwarf
surrounded by a faint, cool accretion disc plus enhanced emission along the gas stream trajectory beyond the impact point at the outer
disc rim, suggesting the occurrence of gas stream overflow/penetration at that epoch. Moreover, we estimate a disc mass input rate
of Ṁ = (9 ± 1) × 10−12 M� yr−1, more than an order of magnitude lower than that expected from binary evolution with conservative
mass transfer.

Resumo. Nós observamos SDSS J0926+3624 com o Telescópio Robótico Liverpool entre fevereiro-março de 2012 quando o objeto
estava no seu estado quiescente de brilho. Combinamos nosso tempo de eclipse médio com os da literatura para revisar as efemérides e
confirmamos que o período da binária está aumentando a uma taxa de Ṗ = (3.2±0.4)×10−13 s/s. Aplicamos a técnica de mapeamento
por eclipse na curva de luz média para mapear a distribuição superficial de brilho do disco de acréscimo. O mapa de eclipse mostra
uma anã branca quente cercada por um disco de acréscimo fraco e frio, mais uma emissão aumentada ao longo da trajetória do fluxo
de gás para além do ponto de impacto na borda externa do disco, sugerindo a ocorrência de transbordamento/penetração do fluxo de
gás nessa época. Além disso, estimamos uma taxa de entrada em massa no disco de Ṁ = (9 ± 1) × 10−12 M� yr−1, mais do que uma
ordem de magnitude menor do que a esperada pela evolução binária com transferência de massa conservativa.

Keywords. Stars: dwarf novae – binaries: eclipsing – novae, cataclysmic variables

1. Introduction

AM Canum Venaticorum (AM CVn) stars are ultracompact bi-
naries (Porb < 65 min) where a hidrogen-deficient low-mass,
degenerate donor star overfills its Roche lobe and transfers
matter to a companion white dwarf via an accretion disc (see
e.g. Nelemans 2005; Ramsay et al. 2007; Roelofs et al. 2010).
SDSS J0926+3624 (hereafter J0926) is currently the only eclips-
ing AM CVn star and also one of the shortest period eclipsing
binary known (Anderson et al. 2005). Its light curve displays
deep (∼ 2 mag) eclipses every 28.3 min, which last for ∼ 2 min,
as well as ∼ 2 mag amplitude outbursts every ∼ 100 − 200 d
(Copperwheat et al. 2011). Superhumps were seen in its light
curves several days after the end of an outburst (Copperwheat et
al. 2011; Szypryt et al. 2014); these are believed to result from
the tidal interaction between the mass-donor star and an elliptical
precessing disc (e.g., Whitehurst 1988; Hirose & Osaki 1990).

Copperwheat et al. (2011) modeled the eclipse light curves
to estimate masses and radii of both stars, a mass ratio q =
M2/M1 = 0.041 ± 0.002 and an inclination i = 82.◦6 ± 0.◦3,
a white dwarf temperature of Twd = 17000 K and a corre-
sponding distance estimate of (465 ± 5) pc. Szypryt et al. (2014)
found that the orbital period of J0926 is increasing at a rate
Ṗ = (3.07 ± 0.56) × 10−13 s/s and, as a consequence, inferred
a conservative mass transfer rate Ṁ ' 1.8 × 10−10 M� yr−1. This
is in agreement with the Ṁ = (1.4 ± 0.3) × 10−10 M� yr−1 pre-
dicted by Deloye et al. (2007) based on their stellar evolutionary
calculations (corrected for the q = 0.041 value of Copperwheat
et al. 2011).

2. Analysis and results

J0926 was observed with the 2.0 m Liverpool Robotic Telescope
in 2014 February-March using the V + R passband of the RISE
camera when it was in the quiescent brightness state and near the
end of a 4.6 yr long period without recorded outbursts. The data
cover 20 binary orbits. The complete data reduction procedure is
described in Section 2 of Schlindwein & Baptista (2018).

The individual light curves were phase-folded according to
the linear ephemeris of Copperwheat et al. (2011),

Tmid(BJDD) = 2 453 796.445 5191(5)+0.019 661 272 89(2)×E , (1)

where Tmid is the primary mid-eclipse time and E is the bi-
nary cycle. As the average light curves of all nights show the
same morphology, brightness level, eclipse shape and depth, we
combined all data to obtain a single average light curve with in-
creased S/N.

We used a phase-folded, concatenated light curve to obtain a
single mid-eclipse time from the whole data set, and we obtain a
value of Tmid(E = 112 505) = BJDD 2 456 008.437 044(10) for
the equivalent observed mid-eclipse timing. We combined our
timing with those in the literature to review the J0926 ephemeris.
The results are listed in Table 2 of Schlindwein & Baptista
(2018). Table 1 presents the parameters of the best-fit linear and
quadratic ephemerides to these timings with their 1-σ formal
errors quoted, together with the root-mean-square value of the
residuals, σ, and the reduced χ2

ν , where ν is the number of de-
grees of freedom. These fits assume equal errors of 2.2 × 10−6 d
to the data points, which ensures a unity χ2

ν for the quadratic
ephemeris. The significance of adding an additional term to the
linear ephemeris was estimated with the F-test (Pringle 1975).
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Table 1: Ephemerides for mid-eclipse times of J0926. a

Linear ephemeris:
BJDD = T0 + P0 E
T0 = 2 453 796.445 510(±1) d P0 = 0.019 661 273 12(±2) d
χ2
ν1

= 9.56 , ν1 = 6 σ1 = 6.23 × 10−6 d

Quadratic ephemeris:
BJDD = T0 + P0 E + c E2

T0 = 2 453 796.445 514(±1) d P0 = 0.019 661 272 75(±5) d
c = (+3.18 ± 0.44) × 10−15 d σ2 = 1.85 × 10−6 d
χ2
ν2

= 1.00 , ν2 = 5

a Reprinted with permission from Schlindwein & Baptista (2018).

The quadratic ephemeris has a statistical significance of 99.9 per
cent with F(1, 6) = 51.7.

The orbital period of J0926 seems to be increasing at a rate
Ṗ = (3.24 ± 0.43) × 10−13 s/s, and this value is consistent with
that found by Szypryt et al. (2014) within the uncertainties.
According to Szypryt et al. (2014), this increase could possibly
be the consequence of binary evolution through angular momen-
tum loss caused by gravitational radiation. However, given that
every eclipsing cataclysmic variables with a well-sampled (O-C)
diagram covering at least a decade of observations shows cycli-
cal period changes (e.g., Borges et al. 2008), the observed period
increase could alternatively be part of a cyclical period modula-
tion of amplitude several seconds on a decade long timescale.
Given the precision with which eclipses can be measured in this
binary, a further decade of (regular) observations will suffice to
clarify these possibilities.

We searched for periodicities in the light curves by comput-
ing a Lomb-Scargle periodogram (Press et al. 1992) for each
separate night, but the periodograms show no prominent sig-
nal at orbital ( forb = 50.9 d−1), superhump ( fsh = 50.4 d−1,
Copperwheat et al. 2011), or at any other frequency in the range
f < 2000 d−1.

We applied eclipse mapping techniques (Horne 1985;
Baptista 2016) to the average light curve of J0926 to obtain
the disc brightness distribution and the flux of an additional un-
eclipsed component.

Our eclipse map is a flat Cartesian grid of 51 × 51 pixels
centered on the primary star with side 2RL1 (where RL1 is the
distance from the disc center to the inner Lagrangian point). The
eclipse geometry is defined by the mass ratio q and the inclina-
tion i. We adopted the parameters of Copperwheat et al. (2011),
RL1 = (0.231±0.009) R�, q = 0.041±0.002 and i = 82.6◦±0.03◦,
which correspond to a white dwarf (WD) eclipse phase width of
∆φ = 0.022. This combination of parameters ensures that the
WD is at the center of the map.

Our eclipse mapping code implements the scheme of double
default functions, D+ D−, simultaneously steering the solution
towards the most nearly axi-symmetric map consistent with the
data (D+), and away from the criss-crossed arcs along the edges
of the shadow of the occulting, mass-donor star (D−) (Spruit
1994; Baptista et al. 2005; Baptista 2016). It is optimized to re-
cover asymmetric structures in eclipse maps such as spiral arms
and enhanced gas stream emission. The positive default func-
tion is a polar Gaussian with radial and azimuthal blur widths of
∆r = 0.02 RL1 and ∆θ = 30◦, respectively. The negative default
function is a Gaussian along the ingress/egress arcs of phase
width ∆φ = 0.01.

We model the contribution of the WD from the ecplise geom-
etry assuming a DB white dwarf with MWD = 0.85 M�, log g =
8.33, TWD = 17000 K and a distance of 465 pc (Copperwheat
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Figure 1: Upper left panel: Data (green crosses with error bars) and
model (black line) light curves. Lower left panel: WD-subtracted data
(green crosses with error bars) and model (black line) light curves. The
red solid line depicts the model WD eclipse light curve. Horizontal
dashed lines indicate the uneclipsed flux in each panel. Vertical dashed
lines mark the ingress/egress phases of the WD. Upper right panel:
Surface brightness distribution of the combined disc+stream+WD map
in a logarithmic grayscale. Lower right panel: WD-subtracted surface
brightness distribution. Regions inside the green/red contour lines are
above the 2- and 3-σ confidence levels, respectively. Dashed lines de-
pict the primary Roche lobe, a disc of radius 0.65 RL1 , and the ballistic
stream trajectory. The horizontal bar shows the logarithmic intensity
grayscale; brighter regions are darker (Reprinted with permission from
Schlindwein & Baptista 2018).

et al. 2011), taking into account the effects of limb darkening
(Gianninas et al. 2013).

The results of the application of eclipse mapping tech-
niques on data without/with WD-subtracted are shown in the
upper/lower panel of Fig. 1. The statistical uncertainties in the
eclipse maps are estimated with a Monte Carlo procedure (see
e.g. Rutten et al. 1992), using a set of 102 artificial curves in
which the data points are independently and randomly varied ac-
cording to a Gaussian distribution with standard deviation equal
to the uncertainty at that point.

The upper panel of Fig. 1 displays the eclipse map of the full
light curve. The brightness distribution is dominated by the con-
tribution from the WD at disc center. Aside of the deep, narrow
eclipse of the WD, the additional broad, shallow and asymmetric
eclipse shape maps into two asymmetric brightness sources, one
running along the disc rim at Rd ' 0.65 RL1 (signalling the pres-
ence of a weak bright spot), and the other extending along the
ballistic stream trajectory beyond the impact point at disc rim
(suggesting the presence of gas stream overflow/penetration).
The fact that this residual bright spot leads to no perceptible
orbital hump in the light curve suggests that at least the outer
disc regions are optically thin. The lower panel shows the WD-
subtracted light curve and corresponding eclipse map, revealing
a faint disc at the center of the map as well as the two above
mentioned asymmetric sources. These three brightness sources
are statistically significant at the 2.5σ (bright spot) and 3-5σ
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Figure 2: Azimuthally averaged radial brightness temperature distribu-
tions for the gas stream (θ = 0◦−90◦, blue), and for the full (‘disc+WD’,
green) and WD-subtracted (‘disc’, red) eclipse maps (θ = 90◦ − 360◦)
for an assumed distance of 465 pc. The dotted curves show the 1σ lim-
its on the corresponding distributions. Effective temperature distribu-
tions of opaque, steady-state disc models for mass accretion rates of
5 × 10−12, 10−11, and 1.8 × 10−10 M� yr−1 are shown as dotted lines
(Reprinted with permission from Schlindwein & Baptista 2018).

(disc plus gas stream emission) confidence levels. We find small
and non significant uneclipsed components of 0.002±0.001 mJy
for both the full and the WD-subtracted light curves.

We performed simulations in order to gauge the ability of our
eclipse mapping code to distinguish between a bright spot at disc
rim and extended emission along the ballistic stream trajectory,
and these simulations show that the data allow us to easily distin-
guish between a compact bright spot at disc rim and an extended
emission along the stream trajectory (see Fig. 5 of Schlindwein
& Baptista 2018).

We assumed a distance of (465 ± 5) pc (Copperwheat et al.
2011) to convert the intensities of the eclipse maps to black-
body brightness temperatures (Tb). Fig. 2 shows the azimu-
tally averaged radial brightness temperature distributions of the
combined (disc+stream+WD) and of the WD-subtracted sur-
face brightness distributions. The WD at disc center has Tb =
(19 ± 1) × 103 K, consistent at the 2-σ limit with the assumed
WD temperature and indicating that Tb ' Teff in this case. It is
surrounded by a faint, cool accretion disc (Tb ' 6000-3500 K in
the range 0.1-0.5 RL1 ) with enhanced emission along a hotter gas
stream (Tb ' 7000-4500 K).

From the brightness temperatures in the outer disc regions
(R = 0.5-0.6 RL1) we estimate a disc mass input rate of Ṁ =
(9 ± 1) × 10−12 M� yr−1, more than an order of magnitude lower
than the Ṁ expected from binary evolution with conservative
mass transfer (' 1.8 × 10−10 M� yr−1, Szypryt et al. 2014).

We put forward a few possible explanations for this discrep-
ancy. It may be that the outer disc is optically thin and the gas
effective temperatures (and corresponding Ṁ values) are signif-
icantly larger than the inferred Tb values; multicolour (or spec-
tral) eclipse mapping would be helpful to clarify this issue. It
may also be that the observed period increase is not a conse-
quence of evolution with conservative mass transfer, but part of
a cyclical period change which could hide a long term period in-
crease at a much slower pace (a Ṗ ∼ 1.5 × 10−14 s/s would be
expected from the above mass transfer rate estimate). A third ex-
planation would be that the present mass transfer rate of J0926 is
significantly lower than its secular average. This raises the pos-

sibility of the existence of large amplitude, long-term modula-
tions in mass transfer rates of AM CVn stars similar to those
which presumably occur in cataclysmic variables (the hiberna-
tion scenario of novae, see Kovetz et al. 1988). However, while
in CVs these modulations seem a consequence of their recur-
rent nova eruptions, in AM CVn stars a different mechanism
would be required since their hydrogen-deficient discs cannot
drive hydrogen-burning thermonuclear runaways at the WD sur-
face.

3. Conclusion

Our study reveals that J0926 was observed close to the end of a
4.6 yr long interval without recorded outbursts. Accordingly, we
find no evidence for superhumps in our observations. We com-
bined our median eclipse timing with those in the literature to
revise the binary ephemeris and to confirm that the orbital period
is increasing at a rate Ṗ = (3.2±0.4)×10−13 s/s. Eclipse mapping
of the average light curve shows a hot white dwarf at disc centre
surrounded by a faint, cool accretion disc with a residual bright
spot (at Rd ' 0.65 RL1) and enhanced emission along the bal-
listic stream trajectory well beyond the disc rim, suggesting the
occurence of gas stream overflow or penetration at that epoch.
For an assumed distance of 465 pc, the estimated disc mass in-
put rate of Ṁ = (9 ± 1) × 10−12 M� yr−1 is more than an order of
magnitude lower than that expected from binary evolution with
conservative mass transfer.
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Abstract. Currently, of the 3780 planets detected, 2812 eclipses its host star, 2303 of which were discovered by the Kepler satellite.
During a transit of a planet in front of its host star, it may occult stellar features such as spots or faculae. This will cause small
variations in the star light curve. Detailed analysis of these variations provides a wealth of information about starspot properties such
as size, position, temperature (i.e. intensity), and magnetic field. If the same spot is detected in a later transit, it is possible to estimate
the stellar rotation period, as Galileo did for the Sun four centuries ago. Moreover, the differential rotation of the star can also be
inferred. This study is performed using a method that simulates the passage of a planet (dark disk) in front of a star with multiple
spots of different sizes, intensities, and positions on its surface. The ECLIPSE algorithm developed is available in Python. We present
the results of the spots properties obtained from the analyses of the light curves of CoRoT-2, Kepler-17, Kepler- 63 and Kepler-71.

Resumo. Atualmente, dos 3780 planetas detectados, 2812 eclipsam sua estrela hospedeira, dos quais 2.303 foram descobertos pelo
satélite Kepler. Durante o trânsito de um planeta em frente à sua estrela, fenômenos fotosféricos como manchas ou faculas podem
ser ocultados, causando pequenas variações na curva da luz da estrela. A análise detalhada destas variações fornece uma riqueza de
informações sobre as propriedades de manchas, tais como tamanho, posição, temperatura (isto é intensidade) e campo magnético.
Se a mesma mancha for detectada em um trânsito posterior, é possível estimar o período de rotação estelar, assim como Galileu
fez para o Sol, mais de quatro séculos atrás. Além disso, a rotação diferencial da estrela também pode ser inferida. Este estudo é
realizado usando um método que simula a passagem de um planeta (disco escuro) em frente a uma estrela com múltiplas manchas
de diferentes tamanhos, intensidades e posições em sua superfície. O algoritmo ECLIPSE desenvolvido em Python está disponível.
Apresentamos os resultados das propriedades das manchas obtidos a partir das análises das curvas de luz das estrelas CoRoT-2,
Kepler-17, Kepler-63 e Kepler-71.

Keywords. Stars: starspots – Stars: rotation – Planetary Systems

1. Introduction

Sunspots were the first indications of solar activity, being re-
ported since the ancient Chinese. Since Galileo, over four cen-
turies ago, sunspots have been routinely monitored. Very likely,
all cool stars with a convective envelope like the Sun also
have spots on their surfaces. Unfortunately, current telescopes
do not have the spatial resolution to detect spots similar to
sunspots. Nevertheless, a few techniques were developed to
study starspots.

Doppler imaging of fast rotating, young stars has shown that
these have many large spots on their surface (Strassmeier, 2009).
These same spots also cause modulation of the total brightness
of the star as the spots rotate in and out of view (Lanza et al.,
2009). This modulation can reach up to 10% peak–to–peak. In
the case of the Sun, this modulation is seldom larger than 0.1%.
Finally, the method developed by Silva (2003), uses planetary
transits as a probe to study the characteristics of spots.

Presently, almost 4000 planets have been discovered
(www.exoplanet.eu/catalog/), most of them (73%) by planetary
transits, that is, small periodic decreases detected in the light
curve as the planet eclipses the host star. In the case of a solar
type star, the decrease in flux is 1% for a Jupiter size planet,
whereas for a terrestrial one of Earth size, the decrease in flux is
about 0.01%.

Here we analyze the light curve of active stars with transiting
planets to search for spot signatures. The stars studied and their
planets are listed in Table 1.

Figure 1. Top: Model of star with limb darkening and one spot
(left), also shown is the planet as it transits in front of the stellar
disk. Bottom: Light curve (with noise) of simulated transit with
the signal of the spot evident at -1.5h.
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Table 1. Stellar and planetary parameters.

Star CoRoT-2a Kepler-17b Kepler-63c Kepler-71d

Spectral type G7 V G2 V G8 V G7 V
Mass (Msun) 0.97 1.16 0.98 0.997
Radius (Rsun) 0.902 1.01 0.90 0.887
Te f f (K) 5625 5781 5576 5540
Planet
Mass (MJup) 3.31 2.45 – –
Radius (RJup) 0.172 0.138 0.066 0.136
Orbital period (d) 1.743 1.49 9.434 3.905
Semi-major (Rstar) 6.7 5.73 19.55 12.186

a Silva-Valio & Lanza (2011)
b Valio et al. (2017)
c Netto & Valio (2017)
d Zaleski et al. (2019)

2. Model and Spots characteristics

Silva (2003) was the first to develop a model to study the sig-
natures of starspots on the surface of other stars. As the planet
eclipses the star, it may occult a dark spot, this will cause a slight
increase in brightness during the transit (see Figure 1). By mod-
eling these “bumps", it is possible to infer the spots physical
characteristics as will be detailed later.

The star is modeled as a circular bright disk with limb dark-
ening (linear or quadratic given by Eq. 1), whereas the planet is
a dark disk with a radius that is a fraction of the stellar radius,
in circular orbit (null eccentricity) with a semi-major axis also
measured in units of planetary radius, and inclination angle. The
orbital period is an input to the model.

Furthermore, the spots are modeled by three parameters: its
intensity, that depends on the temperature, with respect to the
maximum stellar intensity at disk center, Ic; its size in units of
planetary radius; and position, latitude and longitude on the stel-
lar hemisphere. The foreshortenning effect of the spot projection
is taken into account when it is close to the limb.

An example of the spot modeling is shown in Figure 2. First,
a spotless star model is built, by fitting five parameters: the planet
radius, the orbital semi-major axis, a, inclination angle, i, and the
two limb darkening coefficients, u1 and u2 given by Eq. 1.

I(µ)
Ic

= 1 − u1(1 − µ) − u2(1 − µ)2 (1)

where Ic is the stellar central intensity.
The result is the U-shaped transit, shown by the blue dashed

line in the top panel of Figure 2. Once the spotless transit model
is satisfactory, this is subtracted from the observed lightcurve,
yielding the residuals. The spot signatures are much more clearly
seen in the residuals (see bottom panel of Figure 2). These
“bumps", assumed to be due to starspots, are then fit by three pa-
rameters each: intensity, radius, and longitude. Since the rotation
period of the star (order of days) is much longer than the transit
duration (order of hours), it is reasonable to assume that the spot
position (longitude) does not vary during the transit. Hence, the
longitude of the spot, longs is related to the observed time of the
“bump", ts.

longs = arcsin

a cos
(
90◦ − 360◦ ts

24 Porb

)
cos(lat)

 (2)

where Porb is the orbital period, a the semi-major axis, and lat =
arcsin[a/(Rstarcos(i))] is the latitude of the transit, if the planet

Figure 2. Top: Light curve of a Kepler-17b transit (black crosses).
The model of the star without any spots is depicted as the blue
dashed line, whereas the model with three spots is shown in red.
Bottom: The residuals of the light curve after subtraction of the
spotless model (dashed blue line in top panel). The red curve
depicts the fit of the three spots.

orbit is assumed to be coplanar with the stellar equator. This
projected transit latitude is listed in the first row of Table 3. The
negative sign is arbitrarily assumed and represents a Southern
hemisphere transit.
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Table 2. Spots physical characteristics

Star CoRoT-2 Kepler-17 Kepler-63 Kepler-71 Sun
Radius (Mm) 55 ± 19 80 ± 50 26 ± 5 41 ± 9 12 ± 10
Area (%) 13 ± 5 11 ± 1.5 4.9 ± 2.5 2.5 ± 0.9 < 1
Ts (K) 4600 ± 700 5100 ± 500 4700 ± 300 4100 ± 800 4800 ± 400

Table 3. Stellar rotation and differential rotation parameters.

Star CoRoT-2 Kepler-17 Kepler-71 Sun
Latitude (o) -14.6 -4.6 -5.4
Pave (d) 4.54 12.28 6.35 27.6
P(lat) (d) 4.48 11.4 6.08 24.7
∆Ω (rd/d) 0.042 0.077 0.005 0.050
∆Ω/Ω (%) 3.0 15.0 2 22.1

Assuming blackbody emission for the spot, Ts, as well as
the surrounding photosphere, the temperature of the spot can be
inferred:

Ts =
Kb

hν ln
(
fi
(
ehν/KTe f f − 1

)
+ 1

) (3)

where Kb and h are the Boltzmann and Planck constants, respec-
tively, Te f f is the photospheric, ν is the observation frequency,
and fi is the ratio of spot intensity with respect to the central
stellar intensity Ic.

The results of the spot modelling for the stars listed in
Table 1 are given in Table 2. For comparison, the last column
lists the characteristics of sunspots. The average radius of spots,
in units of 106m, is listed in the first row, whereas the second row
shows the area of the stellar surface covered by spots. The last
row brings the average temperature of spots given by Eq. 3.

As can be seen from the results, the spots on other stars are
larger than those of the Sun. This is not surprising since these
other stars are significantly more active than our star. Besides,
these sizes are probably related to active regions, rather than in-
dividual spots. Since the spots are larger, so is the relative sur-
face area covered by spots. As for the temperature, stars with
higher photospheric temperatures have warmer spots than the
cooler stars.

3. Stellar rotation and differential rotation

Silva-Valio (2008) describes how to measure the rotation period
of a star by tracking a spot on more than one transit. If the same
spot is detected in a subsequent transit, as shown in Figure 3, the
rotation period of the star can be measured. However, this will
be the period at the projected latitude of the transit.

For that, a coordinate system transformation is needed from
one centered on Earth, to a coordinate system that rotates with
the star of rotation period Pstar. This period is estimated by calcu-
lating the autocorrelation of the spot flux deficit for each transit,
for a given Pstar. By varying Pstar and determining the width of
the autocorrelation funcion, the rotation period of the star will
be that of the thinnest autocorrelation function (Valio, 2013).

The stellar rotation periods estimated this way are listed in
the third row of Table 3. Again the last column lists the solar
values for comparison. The case of Kepler-63 star is more com-
plicated because the planet is in an almost polar orbit, thus the
assumption of coplanar orbit cannot be made.

This method has been compared with the Maximum Entropy
Method applied to the out–of–transit light curve for the CoRoT-2
star (Silva-Valio & Lanza, 2011).

Figure 3. Twelve simulated transits of a star with 4 spots.

To estimate the differential rotation of the star, we assume a
solar like rotation profile of the type:

Ω = A − B sin2(lat) (4)

where Ω is the angular rotation at a given latitude, lat, and B
represents the shear due to differential rotation in rd/d. To deter-
mine the A and B constants, we need another equation. For this
we consider the average period of the star, Pave. This average pe-
riod is obtained by calculating the Lomb-Scargle periodogram
from the out–of–transit light curve. Thus, the second equation
is:

Ω̄ =
1

(α2 − α1)

∫ α2

α1

(
A − B sin2 α

)
dα (5)

where Ω̄ = 2π/Pave, and α1 and α2 are the minimum and max-
imum latitudes where spots appear, respectively. The average
period is listed in the second row of Table 3. Now, combining
Eqs. 4 and 5, the constants A and B can be determined. To sim-
plify, we assume α1 = 0 and α2 = 90◦. The resulting shear or
differential rotation, ∆Ω = B, and the relative differential rota-
tion, ∆Ω/Ω̄, are given in the two last rows of the table.

4. Magnetic field and magnetic cycles

Estrela & Valio (2017) has analyzed the spots detected in the
lightcurves of the Kepler-17 and Kepler-63 stars. Almost 1000
spots were fit in the case of Kepler-17, whereas for Kepler-63
this number approached 300. The flux deficit due to spots for
Kepler-17 is plotted in Figure 4. From this curve a period of 410
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Figure 4. Flux deficit caused by the spots seen in Kepler-17 in
time during the 4 years observation. The dashed blue line shows
a period of maximum activity, or many spots on the surface of
the star, whereas the red dashed line depict a period of minimum
activity.

days, or 1.13 yr were estimated from the Lomb-Scargle peri-
odogram. A similar analysis was applied to Kepler-63, yielding
a period 0f 460 days, or 1.3 yr. These periodicities in the number
of spots on the surface of the stars were assumed to be due to a
magnetic cycle.

Due to the limitation of the 4 year observing of the Kepler
satellite, the magnetic cycle may be longer. Nevertheless these
periods may be similar to the quasi biannual cycles observed for
the Sun.

One last estimate that can be made is the magnetic field in-
tensity of these starspots. Dicke (1970) suggested that the tem-
perature of sunspots decreased with the increase in intensity of
the spot magnetic field in a quadratic way:

Ts

Teff

= c1 − c2 B2 (6)

This can be seen in Figure 5, for the study of over 30,000
sunspots studied for the solar activity cycle 23 (Spagiari & Valio,
2014). By inverting this equation, the magnetic field of starspots
can be inferred:

B =

√
1
c2

(
c1 −

Ts

Teff

)
(7)

The ratio Ts/Teff is determined from the intensity fit of the
spot (Eq. 3). By applying Equation 7 to the data obtained for
CoRoT-2 and Kepler-17, we obtained magnetic field intensities
of (1700 ± 700) G and (1400 ± 500) G, respectively. For com-
parison, the average value of the sunspots observed during cycle
23 is (700 ± 350) G. This is no surprise, since both CoRoT-2
and Kepler-17 stars are much younger than our Sun, with ages
of 0.13 − 0.5 and 1.78 Gyr, respectively.

5. Summary and conclusions

Younger stars are very active with many spots on their surfaces.
When a planet transits in front of its host star, it may occult one
such spot. This signature will be visible in the transit lightcurve
as a “bump", that can be enhanced in the residuals of the light
curve. A model was developed by Silva (2003) to determine the
physical characteristics of these spots, such as size, temperature
and even magnetic field. This spot model has been applied so far
to the stars CoRoT-2, Kepler-17, Kepler-63, and Kepler-71.

Figure 5. Temperature and magnetic field relation for sunspots
observed for cycle 23 (blue dots). The green line represent a
quadratic fit to these points, whereas the red line is a previous
fit by Dicke (1970).

When the same spot is observed in multiple transits, the stel-
lar rotation period at the projected latitude may be estimated
(Silva-Valio, 2008). Moreover, the differential rotation, or shear,
can be calculated by considering also the average rotation period
estimated from the out–of–transit data (Silva-Valio et al. , 2010;
Silva-Valio & Lanza, 2011; Netto & Valio, 2017; Valio et al.,
2017).

The magnetic field intensity of spots can be inferred from
their solar counterparts, using the same quadratic relation be-
tween temperature (or intensity) and magnetic field. This was
done for the spots of CoRoT-2 and Kepler-17 yielding spots with
stronger magnetic field intensities.

Counting the flux deficit caused by the presence of starspots,
which is a proxy for the number of spots on the surface of the
star, throughout the years of observation of the Kepler satellite,
can give an idea of short magnetic activity cycles. This study was
done for Kepler-17 and Kepler-63 resulting in magnetic cycle
periodicities slightly larger than a year (Estrela & Valio, 2017).
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Abstract. The Sun goes through periods of activity every 11 years. During the activity maximum, many mass ejections of the solar
corona (CME) occur. It is believed that stars, often much more active than the Sun, also produce this phenomenon. Observations of
the last 20 years have shown the existence of planets orbiting very close to their stars. This work aims to study the ejections of stellar
material and their influence on the atmosphere of exoplanets. Therefore, the AMUN computational code, adapted from the case of
binary stars wind interaction, will be used. This code will be modified to simulate the case of the host star and its exoplanet. The
adaptation of the code will transform one of the stars into an exoplanet, the other star will have its parameters modified to study the
influence of the stellar wind and mass ejections on the planet’s atmosphere. The ejection of matter will be simulated numerically as a
pulse in the stellar wind and we will analyze the code generated images to determine the influence of the CMEs on the atmosphere of
exoplanets. Several parameters will be modified, such as the properties of stellar wind, distance between exoplanet and star, planetary
radius and composition of the exoplanet atmosphere.

Resumo. O Sol passa por períodos de atividade a cada 11 anos. Durante o máximo de atividade, muitas ejeções de massa da
coroa solar (CME) ocorrem. Acredita-se que as estrelas, muitas vezes mais ativas que o Sol, também produzam esse fenômeno.
Observações dos últimos 20 anos mostraram a existência de planetas orbitando muito próximos de suas estrelas. Este trabalho tem
como objetivo estudar as ejeções de matéria estelar e sua influência na atmosfera de exoplanetas. Para tanto, será utilizado o código
computacional AMUN, adaptado a partir do caso de interação do vento de estrelas binárias. Este código será modificado para simular
o caso da estrela hospedeira e seu exoplaneta. A adaptação do código transformará uma das estrelas em um exoplaneta enquanto a
outra estrela terá seus parâmetros modificados, assim pretendemos estudar a influência do vento estelar e das ejeções de massa na
atmosfera do planeta. A ejeção de matéria será simulada numericamente como um pulso no vento estelar e analisaremos os resultados
gerados pelo código para determinar a influência dos CMEs na atmosfera dos exoplanetas. Diversos parâmetros serão modificados,
como as propriedades do vento estelar, a distância entre o exoplaneta e a estrela, o raio planetário e a composição da atmosfera
exoplaneta.

Keywords. Sun: coronal mass ejections (CMEs) — Planets and satellites: atmospheres

1. Introduction

Since the 90s, it is known that the main source of the disturbed
solar wind are the giant ejections of matter from the solar corona
(Cherenkov and Bisikalo, 2016). These giant ejections are called
coronal mass ejections (CMEs) and are characterized as pre-
senting a plasma bubble ejected in the interplanetary medium
of approximately 1013 kg, an average ejection energy of ap-
proximately 1024 J and ejection velocities ranging from 100 to
2000 km/s (Zastenker & Zelenyi, 1999; Johnstone et al., 2015,
Howard et al., 1985). This bubble flows into the interplane-
tary medium due to the large pressure difference between the
CME and the interplanetary medium. This ionized plasma trav-
els through the locally open lines of the solar magnetic field.
The objective of this work is to numerically simulate the stellar
mass ejections and to study their effects on the atmosphere of
exoplanets.

Considering that a CME from a star hits an exopanet orbiting
it, it will be subject to the action of CMEs, which could distort
the initial patterns of the exoplanet: atmospheric erosion (if the
exoplanet has atmosphere), changes in the magnetic field of the
exoplanet and the increase of the temperature of the atmosphere,
if it exists (Cherenkov and Bisikalo, 2016).

Exoplanets that are very close to their host star may suffer
a strong impact, due to stellar activity, atmospheric erosion and
high incidence of X-ray fluxes. Both phenomena can therefore
affect the habitability of these planets.

2. Methods

A two-dimensional numerical hydrodynamic (HD) model is
used to study, in time and space, the structures of CMEs (coro-
nal mass ejections) originating in the solar corona that propa-
gate through the interplanetary medium. The computational sim-
ulations for the accomplishment of such study were done with
the AMUN code, entirely written in FORTRAN, developed by
Grzegorz Kowal (Kowal, 2007).

This code was adapted to simulate the case of a host star and
its exoplanet, as well as the study of the influence of mass ejec-
tions in the atmosphere of this planets. The ejection of matter is
simulated numerically as a pulse of the star’s wind, so by imag-
ing it is possible to study the influence of CMEs in the atmo-
sphere of exoplanets. Several parameters were modulated, such
as stellar wind properties, distance between the exoplanet and
the star, planetary radius and composition of the exoplanet atmo-
sphere. For our study we use the 2D hydrodynamic code AMUN,
with the following equations HD.

One of the applications of this code is for the interaction of
the stellar winds of a binary system. This code will be modified
for a host star and an exoplanet, where the star is active and pro-
duces CMEs. Simulations will be repeated for different system
parameters, for such as temperature and/or velocity. For exam-
ple, radius of the planet and density of its atmosphere, distance
between the planet and its star, initial properties of the CME.
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Figure 1. Left figure shows a CME pulse being created in the
vicinity of an exoplanet, while the figure on the right shows the
event after a certain time.

Figure 2. The figure shows the initial time of the CME pulse.

Figure 3. This figure illustrates the CME after a time t.

Figure 4. The figure shows the CME and its propagation at an
instant after t.

3. Partial Results

After performing some simulations and studying the AMUN
code, simulations were performed for the case of binary stars,
with a pulse of CME. The following images (Fig. 1) show re-
sults of the propagation of a pulse of CME as a function of time
(considered from 0 to 0.3, with units of the code). The vertical
bar indicates the density of the CME.

Figures 2, 3 and 4 show three enlarged images of the results
obtained for three different instants after a pulse of CME.

4. Conclusions

In order to complete the work, one must follow what happens
to the atmosphere of simulated exoplanets when hit by CMEs of
their host stars. Such changes in the atmosphere can be perceived
by loss of mass of the atmosphere, increase of surface tempera-
ture and changes of magnetic field. The graphs generated in the
computational simulations will be used and, from there, the im-
pacts will be measured. The results show that the code used is
able to simulate the effects of CMEs in exoplanet atmosphere.
Therefore, the AMUN code is able to achieve the purpose of this
work.
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Abstract. The optical radius of the Sun is RN
� = 6.957(1)×108 m corresponding to an angular size of 959.63′′ from 1 AU and defines

to the solar photospheric radius. However, as the wavelength of the observation changes, the radius varies because the altitude of
the dominant electromagnetic radiation is produced at different heights in the solar atmosphere. Therefore the solar radius is a very
important parameter for the calibration of solar atmospheric models enabling a better understanding of the atmospheric structure. The
average solar radii measured with extensive data from the Solar Submillimeter-wave Telescope and with ALMA solar maps were
966.7 ± 1.6 (0.100 THz), 962 ± 5 (0.212 THz), 962.9 ± 1.9 (0.239 THz) and 962 ± 6 (0.405 THz). Also, the radii variation over 11
years was found to be anti-correlated with the sunspot cycle at 0.2 and 0.4 THz frequencies.

Resumo. O raio óptico do Sol é RN
� = 6.957(1) × 108 m, representado por um tamanho angular de 959.63′′ a 1 AU e corresponde

ao raio fotosférico. No entanto, à medida que o comprimento de onda da observação muda, o raio varia porque a altitude da
radiação eletromagnética dominante é produzida em diferentes alturas. Portanto, o raio solar é um parâmetro muito importante para
a calibração de modelos atmosféricos solares, permitindo uma melhor compreensão da estrutura atmosférica. O raio solar médio foi
determinado com um extenso conjunto de dados do Telescópio Solar Submilimétrico e com mapas solares do ALMA resultando em
966.7 ± 1.6 (0.100 THz), 962 ± 5 (0.212 THz), 962.9 ± 1.9 (0.239 THz ) e 962 ± 6 (0,405 THz). Além disso, observou-se que a
variação do raio ao longo de 11 anos foi anticorrelacionada com o ciclo de manchas solares nas freqüências de 0,2 e 0,4 THz.

Keywords. Sun: atmosphere – Sun: fundamental parameters – Sun: radio radiation

1. Introduction

The solar radius is a fundamental parameter measured and stud-
ied for centuries [Vaquero et al. , 2016, Gilliland , 1981] mainly
at optical wavelengths and just some decades ago [Coates , 1958]
studies at radio frequencies began to take place. According
to International Astronomical Union (IAU) Resolution B3, the
nominal solar radius, RN

� , is 6.957(1) × 108 m [Mamajek et al.
, 2015] and corresponds to 959.63′′ in angular size. That is the
photospheric radius at optical wavelengths.

The study of this parameter provides important information
on the solar atmosphere and the solar activity cycle. With obser-
vations at several wavelengths, different layers of the solar at-
mosphere can be observed and studied, so the radius varies as a
function of wavelength as can be seen in Table 1. In other words,
the radius can be understood as a height above the photosphere
where these emissions are being mainly created. Furthermore,
the solar radius can be used to improve and calibrate solar atmo-
sphere models as a input parameter and boundary condition.

At subterahertz frequencies, i.e. millimeter and submillime-
ter wavelengths, there is a gap of measurements of the radius
and other parameters of the solar atmosphere (Table 1 and Fig.
5). From 2.61 mm (115 GHz) to 1.30 mm (231 GHz) and from
1.26 mm (239 GHz) to smaller submillimeter-waves there are no
radius measurements.

Another aspect to be considered is that the radius at radio
frequencies is not constant. Bachurin [1983] reported temporal
variations of the solar radius at microwaves. In July 1980 and
January 1981, the measured radii were 1.031 ± 0.002 R� at 13
GHz and 1.043±0.004 R� at 8 GHz, which is an increase close to
9.6′′ and 13.8′′, respectively, in comparison with measurements
of 1976.

Table 1: Solar radius and altitude values at radio frequencies.

Authors Frequency Radius
(GHz) (arcsec)

Fürst et al. [1979] 3 1070 ± 17
Fürst et al. [1979] 5 1020 ± 9
Bachurin [1983] 9 989 ± 2
Fürst et al. [1979] 11 991 ± 5
Bachurin [1983] 13 989 ± 2
Wrixon [1970] 16 990 ± 4
Selhorst et al. [2004] 17 976.6 ± 1.5
Costa et al. [1986] 22 981.7 ± 0.8
Fürst et al. [1979] 25 979 ± 4
Wrixon [1970] 30 979 ± 4
Pelyushenko & Chernyshev [1983] 35 979 ± 3
Costa et al. [1986] 44 978.1 ± 1.3
Costa et al. [1999] 48 983.6 ± 1.9
Pelyushenko & Chernyshev [1983] 48 973.1 ± 2.9
Coates [1958] 70 969 ± 5
Kislyakov et al. [1975] 74 967 ± 4
Swanson [1973] 94 972 ± 5
Alissandrakis et al. [2017] 100 964.1 ± 4.5
Labrum et al. [1978] 100 966 ± 1
Wannier et al. [1983] 115 969.3 ± 1.6
Horne et al. [1981] 231 968.2 ± 1.0
Alissandrakis et al. [2017] 239 961.1 ± 2.5

Temporal observational series obtained over many years
show that the radius undergoes slight variations which can be
correlated with the 11-year solar activity cycle. In Costa et al.
[1999] the solar radius is measured using a 13.7 m dish at 48

GHz. The average radius is found to be 983.6′′ ± 1.9′′, how-
ever variations were observed and seen to be in phase with the
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Figure 1: Cycle 22 sunspot number. The thin black line is the Solar
Geophysical Data mean monthly sunspot number. The thick black line
is the 31 day averaged soft X-ray fluxes from GOES. The red circles
represent the solar radius at 48 GHz. The red line is the radius linear fit.
Source: adapted from Costa et al. [1999].

Figure 2: A running mean taken every 30 days of the (a) radius, (b) po-
lar radius, (c) mean brightness temperatures above the quiet Sun level at
the North pole, and (d) sunspot number. Source: adapted from Selhorst
et al. [2004].

sunspot cycle (Fig. 1). The period of 3 years (from 1990 to
1993), yield a linear relation.

In Selhorst et al. [2004] the average solar radius is found to
be 976.6′′ ± 1.5′′, determined using maps at 17 GHz. Over 11
years (one solar cycle), from 1992 to 2003, the variation in the
solar radius (Fig. 2-a) is correlated with the sunspot cycle (Fig.
2-b) with a coefficient ρ = 0.88. However, the polar radius –
measurements above 60◦ N and 60◦ S of the solar disk (Fig. 2-b)
– and the mean intensities of the brightness temperature (Fig. 2-
c) above the quiet Sun level at the North pole are anti-correlated
to the sunspot cycle (Fig. 2-d). Correlation between polar radius
and sunspot number yield a coefficient ρ = −0.64.

Figure 3: Stages of solar radius determination. Top left: scans (dashed
lines) over the solar disk (yellow) with circles representing the six tele-
scope beams. Top right: distribution of the normalized temperature val-
ues where the background value (blue line) and quiet-Sun level (green
line) are defined. Bottom left: indication of the points corresponding to
the solar limb of one scan. Bottom right: limb coordinates with circle
fit.

In the present study, we present the measurements of mean
solar radii at 100, 212, 239 and 405 GHz and their respective al-
titudes above the photosphere. Also, an investigation of the cor-
relation between subterahertz (212 and 405 GHz) radii variation
and the sunspot cycle is made. The methodology used for that
is a much improved version of the methodology presented in
Menezes & Valio [2015].

2. Observations and Data

The data used for the determination of the solar radii were pro-
vided by solar observations of the Solar Submillimeter-wave
Telescope (SST, Kaufmann et al. 2002) at 0.212 and 0.405
THz, and the Atacama Large Millimeter/submillimeter Array
(ALMA, Wootten & Thompson 2009) at 0.100 and 0.239 THz.

2.1. SST Solar Maps

The SST radio telescope is an instrument conceived to study the
submillimeter spectrum of the solar emission in quiescent and
explosive conditions. The instrument is located in the Complejo
Astronómico El Leoncito (CASLEO), at 2550 m elevation, in
the Argentine Andes. It has two radiometers at 405 GHz and
four at 212 GHz, and their half-power beam widths, HPBW, are
2′ and 4′ (arcminutes), respectively [Kaufmann et al. , 2008]. In
Fig. 3 top left panel, their HPBW are represented by blue and
red circles.

The data set used consists of 43,300 solar maps in total
(29,967 at 212 GHz and 13,333 at 405 GHz), scanned over 2654
days. Fig. 4, top panels, shows reconstructed SST solar map ex-
amples from January 9, 2008, at 0.212 TH (left) and at 0.405
THz (right).
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Figure 4: Reconstructed SST maps from January 9 2008 (top), and
ALMA solar maps with brightness temperature scaled as T 4

B in order
to show an increased contrast of the disk. Top left: 0.212 THz in which
the magenta lines and areas are the polar region constraints and the
green are the equatorial ones. Top right: 0.405 THz. Bottom left: 0.100
THz from 2015-12-16T19:42. Bottom left: 0.239 THz from 2015-12-
17T14:52.

2.2. ALMA Solar Maps

ALMA is an international radio telescope located in the Atacama
Desert of northern Chile, at 5000 m elevation. We used fast-scan
maps made by ALMA’s 12-meter diameter single-dish described
by [White, S. M. et al. , 2017], from observations made during
December 17th 2015, and released in 2017. Only one solar map
was used for each band, Band 3 (100 GHz) and Band 6 (239
GHz). The nominal spatial resolutions, HPBW, are 58′′ and 25′′
at 100 and 239 GHz, respectively [White, S. M. et al. , 2017].
Fig. 4, bottom panels, shows the ALMA maps obtained at 100
GHz (left panel) 2015-12-16T19:42 and 239 GHz (right panel)
from 2015-12-17T14:52. The color map represents the bright-
ness temperature scaled as T 4

B in order to show an increased
contrast of the disk.

2.3. Radius Determination

To determine the radius of the Sun, it is necessary to define the
solar limb [Menezes & Valio , 2015]. This is done by interpo-
lating the mid brightness temperature value between the back-
ground and the quiet-Sun levels. The background value is set as
the most common value in the map, i.e. the greater value in the
histogram (blue line in Fig. 3, top right panel). The quiet-Sun
level is the most common value in the distribution of the solar
disk intensity (second peak to the right of the histogram, shown
as the green line in Fig. 3, top right panel). Then, the solar limb
is interpolated as the point where the intensity is the mean be-
tween the quiet-Sun and the background levels (Fig. 3, bottom
left panel) for each scan of the map. In Fig. 3, bottom right panel,
the coordinates corresponding to the limb points (black crosses)
are then fit by a circle (red line) using a least-squares method to
determine the center coordinates (blue cross) given by xc and yc,
and the radius, Rν. Also, the map coordinates are corrected for
the Earth’s orbit eccentricity, which causes the apparent radius
of the Sun to vary between 975.3′′ and 943.2′′ during the year.
The variation is greater at perihelion and smaller at aphelion.

However there are some maps with instrumental errors
and/or high noise due to atmospheric attenuation. During the ex-
traction of limb points, some criteria were therefore added to
avoid extracting limb points associated with high noise or active
regions.

As a first filter of radius determination, only limb points with
a distance to the map center (estimated as the average of the
coordinates x and y corresponding to intensities above the limb)
between 0.85Rap (apparent radius) and 1.166Rap are collected.
Successive circle fits are performed until some conditions are
satisfied. For each step, we discard the points which distance
from map center (obtained by the fitting) is not between ±5% of
the mean fitted radius, and then a new circle fit is performed with
the remaining points. This process is repeated while there are at
least 4 points to the left, 4 points to the right, 4 points above
and 4 points below the center (i.e. a minimum of 8 points, to
ensure precision to the fit). If there are fewer points left than this
the whole map is discarded, otherwise the radius is calculated.
If the radius value is between 945′′ and 999′′ and the standard
deviation is below 20′′, then the calculated radius is saved and
the next map is submitted to this process. Although the ALMA
maps have high spatial resolution and do not present great errors,
the same method was applied to them.

The radius is calculated using three different latitude regions
of the solar disk. First, the radius of each map is determined
using all the limb point coordinates. A second version, is made
with equatorial latitudes of the solar disk, i.e. points between 30◦
N and 30◦ S. The third radius determination is made with polar
latitudes, i.e. only points above 60◦ N and 60◦ S of the solar
disk. These latitude boundaries are seen in Fig. 4, left top panel,
in dashed green (equatorial) and magenta (polar) lines. Finally,
the visible solar radius is subtracted from the mean subterahertz
radii of each version and frequency to determine the altitudes
at which the 0.100, 0.212, 0.239 and 0.405 THz emissions are
being predominantly produced.

2.4. Correlation Coefficient

We used the Sunspot Number (SSN; SILSO data, Royal
Observatory of Belgium, Brussels) as the proxy for the 11-year
solar activity cycle (also referred here as sunspot cycle).

To analyze the radius dependence on the solar activity cycle,
we smoothed the temporal solar radius variation curve with three
distinct windows of running mean due to the high dispersion of
measurements. The windows are 396, 761 and 1492 days which
corresponds to 1, 2 e 4 years, respectively, with the addition of
one month in order to avoid 1-year trends. Then to check for any
correlation between the data sets we used the Pearson correla-
tion coefficient, ρ, a measure of the linear correlation between
two variables with value between +1 and −1, where 1 is total
positive linear correlation, 0 is no linear correlation, and −1 is
total negative linear correlation.

3. Results and Discussion

3.1. Subterahertz Radii

From 2007 to 2017, approximately three solar maps per day
were performed during 2654 days. After the analysis of over 38
361 SST solar maps by the method described in Section 2, the
mean radius obtained for 0.212 THz was 972′′ with rms of 5′′
and, for 0.405 THz, 973′′ ± 6′′. The ALMA solar maps yield av-
eraged radii of 966.7′′ ± 1.6′′ and 962.9′′ ± 1.9′′ for 0.100 and
0.239 THz respectively. The corresponding emission altitudes
of these frequencies are 10 ± 5 Mm (0.405 THz), 2.4 ± 1.5 Mm
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Table 2: Average radii and altitudes at subterahertz and optical frequen-
cies.

Frequency Radius Radius Altitude
(THz) (arcsec) (103 km) (103 km)
Optical 959.63 695.7(1) ** 0
0.405 (SST) 973 ± 6 705 ± 5 10 ± 5
0.405 (SST) * 962 ± 6 697 ± 5 2 ± 5
0.239 (ALMA) 962.9 ± 1.9 698.1 ± 1.5 2.4 ± 1.5
0.212 (SST) 972 ± 5 704 ± 3 9 ± 3
0.212 (SST) * 962 ± 5 697 ± 3 2 ± 3
0.100 (ALMA) 966.7 ± 1.6 700.8 ± 1.2 5.1 ± 1.2

* Values after subtracting the contribution of the SST beams.
** Nominal solar radius, RN

� , defined in the IAU’s Resolution B3 [Mamajek et
al. [2015]].

(0.239 THz), 9 ± 3 Mm (0.212 THz) and 5.1 ± 1.2 Mm (0.100
THz). These results are also summarized in Table 2.

To check for consistency, we plot our results with those from
other authors (Table 1) in Fig. 5. An exponential curve (dashed
line) shows the trend of the altitude of the emission as a function
of the observation frequencies, indicating that the altitude of the
emission decreases exponentially with frequency. Our results are
shown as red (SST) and orange (ALMA) stars in the plot. The
ALMA results are in agreement with the trend, however the SST
altitudes are above that by approximately 10′′ (∼ 7 km). To in-
vestigate that, we calculated the solar radius using the brightness
temperature profiles generated with the SSC model [Selhorstet
al. , 2005], wich is a 2-D solar atmospheric model, that takes into
account the curvature of the Sun and includes the averaged con-
tribution of chromospheric features, such as spicules, which re-
sult in a more extended chromosphere than the usually assumed
in the optical atmospheric models, for example Fontenla et al.
[1993]. Based on the SSC model, using a 700-km resolution, so-
lar radii at 0.212 and 0.405 THz are supposed to be respectively
963.4′′ and 962.7′′.

The solar brightness temperature profiles at 0.212 and 0.405
THz generated with SSC model at 0.212 and 0.405 THz yield
limb brightening levels about 30% above the quiet Sun level.
Moreover, the SST beam profiles are asymmetrical and have
high secondary lobes. This led us to suppose that the SST cal-
culated radii could be undergoing a large increase due to these
conditions. To investigate that, we degraded the SSC model pro-
files with the reconstructed SST beam profiles, by performing
a numerical 1-D convolution. This procedure yields increases
∆R212=9.8′′ and ∆R405=11.2′′ in radius resulting in 973.2′′ and
973.9′′, respectively, for 0.2 and 0.4 THz (see Fig. 6). By sub-
tracting these increases from our results, the observed raddi de-
creased to 962′′ ± 5′′ (0.2 THz) and 962′′ ± 6′′ (0.4 THz), which
agree with the expected trend. These values are listed in Tables
2 with a asterisk symbol and in Fig. 5 with a yellow star.

As mentioned in Section 2, we calculated the subterahertz
radius in other two different ways. The equatorial mean radius
obtained for 0.212 THz was 972′′ ± 5′′ (962′′ ± 5′′ after sub-
tracting ∆R212) and, for 0.405 THz, 973′′ ± 6′′ (962′′ ± 6′′ after
subtracting ∆R405). They were calculated with 20,959 and 7964
maps, respectively. The polar radii were determined with 18,916
maps at 0.2 THz and 6206 maps at 0.4 THz and yield 970′′ ± 5′′
(960′′±5′′ after subtracting ∆R212) and 972′′±7′′ (961′′±7′′ after
subtracting ∆R405), respectively. These results are listed in Table
3. The polar averaged radii are greater than equatorial ones. This
is expected since the equatorial latitudes of the Sun hold the ac-
tive regions and consequently the atmosphere is more heated in
these regions.

Figure 5: Previous altitude values as a function of the frequency from
other authors and including our present results. The dashed line repre-
sents the the trend of the points.

Figure 6: SSC model degraded with SST beam profiles. Top: profiles
at 0.212 THz. Bottom: profiles at 0.405 THz. The SSC model for Sun
brightness temperature profiles are shown in green lines (left panels).
The reconstructed SST beam profiles are shown in black (left panels).
In blue lines are shown the SST profiles from December 15th 2015
(rigth panels). In red lines are shown the SSC model profiles degraded
(numerical 1-D convolution) with SST beam profiles (rigth panels).

Table 3: Mean radii at sub-THz by latitude.

Frequency Whole disk Equatorial Polar
(THz) R (arcsec) R (arcsec) R (arcsec)
0.405 (SST) 973 ± 6 973 ± 7 972 ± 7
0.405 (SST) * 962 ± 6 962 ± 7 961 ± 7
0.239 (ALMA) 962.9 ± 1.9 964.2 ± 1.9 962.1 ± 1.1
0.212 (SST) 972 ± 5 972 ± 5 970 ± 5
0.212 (SST) * 962 ± 5 962 ± 5 960 ± 5
0.100 (ALMA) 966.7 ± 1.6 967.8 ± 1.8 966.4 ± 1.1

* Values after subtracting the contribution of the SST beams.

3.2. Correlation with Solar Activity

We investigated the variation in solar radius at subterahertz fre-
quencies over time and its relationship with the 11-year solar
sunspot cycle (see Fig. 7). We analyzed the correlation with 1, 2
and 4-year running mean applied to the measured solar radii at
0.2 and 0.4 THz, for the three different latitude regions — whole
disk, equatorial and polar — which are summarized in Table 4.
At all frequencies, running mean windows and latitude regions,
the correlation were negative. At 0.2 THz, the cases with coef-
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Figure 7: Subterhertz radii (4-year running mean) and sunspot number
(gray area) from 2007 to 2017. Top: Solar radius at 0.2 THz, whole-disk
(green), equatorial (blue) and polar (cyan). Top: Solar radius at 0.4 THz,
whole-disk (yellow), equatorial (red) and polar (pink).

Table 4: Pearson correlation coefficient, ρ, by latitude.

Freq. Window Whole Equat. Polar
(THz) (year) ρ ρ ρ

1 -0.37 -0.20 -0.60
0.212 2 -0.42 -0.28 -0.65

4 -0.55 -0.47 -0.78
1 -0.62 -0.32 -0.74

0.405 2 -0.70 -0.42 -0.81
4 -0.91 -0.61 0.92

ficient, ρ, bellow 0.5 were the polar radii (all windows) and the
whole-disk radius with a 4-year running mean. At 0.4 THz, the
whole-disk and polar radii for all windows yield coefficients bel-
low 0.5, and also the equatorial 4-year window.

Considering strong correlation absolute values, |ρ|, above
0.75, the only strong anti-correlated case at 0.2 THz is the 4-
year running mean polar radius, ρ = −0.78. At 0.4 THz: 4-
year running mean whole-disk radius and 2 and 4-year running
mean polar radii had coefficients –0.91, –0.81 and –0.92, re-
spectively. Based on Selhorst et al. [2004], we expected the
polar radii variation to be anti-correlated to sunspot cycle, as
the polar brightening is anti-correlated to the solar magnetic cy-
cle. Nevertheless, we expected the equatorial radii to be posi-
tively correlated to sunspot cycle, since the equatorial regions
have an increase of active regions and temperature at solar max-
ima. Gilliland [1981], Wittmann et al. [1993], Delache et al.
[1993] and Laclare et al. [1996] found anticorrelation in their
solar radius studies. A possible explanation may be that high so-
lar activity is associated with increased magnetic fields, which
would lead to a reduced energy flux transported by convection,
as indicated by Gilliland [1981].

4. Final Remarks

By analysing the extensive SST data set of nearly 40 000 maps
at 0.212 THz and 13 000 maps at 0.405 THz and the ALMA
single-dish solar maps at 0.100 and 0.239 THz, we determined
averaged subterhertz solar radii: 966.7±1.6 (0.100 THz), 962±5

(0.212 THz), 962.9 ± 1.9 (0.239 THz) and 962 ± 6 (0.405 THz).
From these radius values the emission heights are respectively
5100±1200, 2000±3000, 2400±1500 and 2000±5000 km above
the photosphere. Our results are in agreement with previous
measurements trend. Based on solar atmosphere models such as
SSC, VAL-C [Vernazza et al. , 1981], and C7 [Avrett & Loeser
, 2008], the altitudes of 2000 and 2400 km are in the chromo-
spheric layer, near the transition region. At 5000 km, the emis-
sion is generated in the solar corona. Our results are crucial to
test solar atmospheric models, however more studies of such
kind at other wavelengths are needed so that models can be im-
proved.

We also analyzed the solar radii variation over a decade
(2007–2017) at 0.212 and 0.405 THz. With whole-disk mea-
surements, the sunspot cycle and the radius variation are very
weakly anti-correlated at 0.2 THz and strongly anti-correlated
at 0.4 THz. With equatorial measurements, there is no correla-
tion at 0.2 THz, and a very weak anti-correlation at 0.4 THz.
However, the polar radii variation is strongly anti-correlated at
0.2 THz, while at 0.4 THz its anti-correlation is very strong. In
Section 3 we discussed possible explanation for this solar atmo-
sphere behavior, nevertheless, further research is necessary to
satisfy this matter.
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Transition disks: A study of disk holes properties and the connection with
planet formation
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Abstract. Over the years, many transition disks have been detected via SED modeling or images. These systems are usually referred
to as candidate systems to have newly formed planets. We searched for transition disks belonging to the young (∼3 Myr) cluster
NGC 2264 and characterized the accretion and disks of these systems. We have modeled 401 T Tauri stars with the Hyperion SED
code that allowed us to classify 7% of the systems as transition disk candidates. We estimated the inner hole size of these systems
and found sizes from 0.1 to 78AU. We show that 18% of transition disks present hole sizes that can be explained by photoevaporation
from stellar radiodontia. The other accreting transition disks are godo candidates to havê planeta in inner disk.

Resumo. Ao longo dos anos, muitos discos de transição foram detectados usando modelos de SED ou imagens. Esses sistemas
são usualmente referidos como candidatos a conter planetas recém formados. Procuramos por discos de transição pertencentes ao
aglomerado jovem (∼3 Manos) NGC 2264 e caracterizamos a acreção e os discos desses sistemas. Modelamos 401 estrelas T Tauri
com o código Hyperion SED, que nos permitiu classificar 7% das estrelas como candidatas a disco de transição. Estimamos o
tamanho do buraco no disco desses sistemas e encontramos valores de 0,1 a 78 UA. Mostramos que 18% dos discos de transição
apresentam tamanho de buraco que podem ser explicados por fotoevaporação devido a radiação estelar. Os outros sistemas com
discos de transição, e ainda em processo de acreção, são candidatos a conter planetas na parte interna do disco.

Keywords. Stars: formation – Stars: variables: T Tauri – Accretion disk

1. Introduction

Disks are ubiquitous around T Tauri stars and are sites of planet
formation, Disk holes, corresponding to (almost) dust-free re-
gions, are inferred from infrared observations of T Tauri stars,
indicating the existence of a transitional phase between thick
disks and debris disks, the so-called transition disks e.g., Owen
(2016).

NGC 2264 is a young stellar cluster (∼ 3 Myr and d ∼
760 pc), where the star formation process is still happening. We
searched for transitional disk candidates belonging to the NGC
2264 cluster to characterize these kind of disk in terms of accre-
tion diagnostics and disk parameters.

2. Observation

We used data from the international campaign, Coordinated
Synoptic Investigation of NGC 2264 (CSI 2264) (Cody et al.
2013), that included data from the CoRoT satellite, VLT
FLAMES spectroscopic and u band photometry from Megacam
(CFHT). We also used data from catalog surveys, such as near-
infrared photometry JHKs from 2MASS, UBVRcIc and ugriz
optical photometry from Rebull et al. (2002) and SLOAN/SDSS
(Gunn et al. 1998), respectively, IRAC and MIPs data bands
from the Sptizer satellite (Fazio et al. 2004; Rieke et al. 2004)
and observations from The Wide-field Infrared Survey Explorer
(WISE) performed at wavelengths 3.4, 4.6, 12.0 and 22 µm
(Wright et al. 2010).

3. Sample of stars

As we intend to analyze the accretion and disk properties of tran-
sition disk systems,our sample of stars only contains T Tauri
systems that were observed with Spitzer/IRAC, which had an
αIRAC index (the slope of the SED between 3.6 µm and 8 µm)

measured by Teixeira et al. (2012) and were also observed with
CFHT/Megacam (Venuti et al. 2014). We constructed SEDs
(spectral energy distributions) for a sample of 401 T Tauri stars
and modeled them with the Hyperion SED model (Robitaille
2017). We found 7% transition disk candidates (systems with
inner hole according to the SED modeling and that have 24 µm
flux above photospheric level), 52% systems with a full disk and
41% diskless stars, see Fig. 1. This number of transition disks
indicates that disk dispersal is rapid compared to disk lifetime.

4. Disk and inner hole characteristics

Disk parameters were computed by the Hyperion SED model.
In Fig 2 we show the distributions of the dust disk mass and
the external disk radii. These are however only estimated values,
since our data do not cover all the disk extension.

With the output parameters of the SED model we estimated
the inner hole size (RH) and found sizes from 0.1 to 78 AU for
the transition disks. Then we compared the inner disk hole size
with different characteristics of the star-disk system. In Fig. 4
and 3 we show the accretion and disk parameters, respectively,
as a function of the inner hole size.

Transition disk candidates with lower emission in the inner
disk tend to have large holes (Fig. 3). Our data do not show a
relation between the hole size and the αIRAC index. The sample
of transition disk candidates present dust in the inner disk similar
to anemic disks, which shows that anemic disk systems can be
candidates to have transition disk.

Different mechanisms can be responsible for creating a hole
in the inner disk. Photoevaporation of the inner disk by the cen-
tral star radiation can open holes, but, in general, with small
radii (RH < 10 AU) and for small mass accretion rates (<
10−9 M�yr−1) (Owen et al. 2011; Owen 2016). We indicated the
five systems that fall in the photoevaporation region in Fig. 4. We
can see that almost all our transition disk candidates are outside
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Figure 1. Examples of SEDs for systems with full disk (left), transition disk candidate (middle) and diskless (right). Circles show
literature observed data. The black solid line is the best data fit of the Hyperion SED model and the dashed lines are stellar (blue)
and dust emission (red) components (Robitaille 2017).

Figure 2. Disk parameters obtained by the SED model fitting
of transition disk and full disk systems. Left: Disk dust mass.
Right: Disk outer radius.

Figure 3. Disk diagnostics as a function of disk hole size for our
sample of transition disk candidates. Left: Near-infrared color.
Right: αIRAC index, that is the slope of the spectral energy distri-
bution from 3.6 µm to 8 µm measured by Teixeira et al. (2012) .
Gray filled symbols identify systems that fall in the region where
the inner disk hole can be explained by X-ray photoevaporation.

of the region where photoevaporation can explain the inner disk
hole.

Planet formation in the disk is one of the most plausible
mechanisms to explain transition disk systems that present signs
of accretion, despite the fact that the models do not explain
all the observational characteristics of transition disks (Owen
2016). Accreting transition disks with large or small holes (de-
pending of the evolution stage of the planet in the disk) can be
explained by planet formation and its evolution in the inner disk.
The systems that fall out of the region limited by the dashed lines
in Figure 4 (left) can be candidates to have planets in different
stages.

Figure 4. Accretion diagnostic as a function of disk hole size for
transition disk candidates. Left: Mass accretion rates are from
UV excess (preferentially) (Venuti et al. 2014) and from Hα
equivalent width (Sousa et al. 2016). The upside down triangles
correspond to the upper limits of the mass accretion rate. The
dashed line represents the region where the inner hole can be
explained by X-ray photoevaporation (Owen et al. 2011). Right:
UV emission excess (Venuti et al. 2014). Gray filled symbols
identify systems that fall in the region where the inner disk hole
can be explained by X-ray photoevaporation.

5. Conclusions

– SED modelling shows that only 7 % of the 409 stars of NGC
2264 that we analyzed presented inner disk holes. This in-
dicates that transition disks represent a rapid phase of disk
evolution, as also reported in the literature.

– Among our sample of transition disk candidates, only 18 %
have small mass accreting rate (< 10−8 M�yr−1), that can be
explained by X-ray photoevaporation of the inner disk by
stellar radiation.

– We show that ∼ 82% could be explained by planet formation
in different evolutionary stages.
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Abstract. This work presents the application of neural networks for the identification of active stars in the Kepler database. Many
of the discovered planets are in orbit of stars similar to the Sun. Some are bigger, some smaller, younger or older than our star. The
study of solar-type stars of different ages is a powerful tool for understanding the Sun’s behavior in the past and also what happen in
the future. An important feature of stars is its magnetic activity. This activity manifests itself in the form of dark spots on the surface
of stars. As the star rotates, these spots cause modulation in the lightcurve of the star.

Resumo. Este trabalho apresenta a aplicação de redes neurais para a identificação de estrelas ativas na base de dados do Kepler.
Assim, muitos planetas descobertos se encontram em órbita de estrelas similares ao Sol. Algumas são maiores, outras menores, mais
jovens ou mais velhas do que nossa estrela. Seu estudo é uma ferramenta poderosa para entendermos o comportamento do Sol no
passado e também como será no futuro. Uma característica importante das estrelas é a sua atividade magnética. Esta atividade se
manifesta na forma de manchas escuras na superfície da estrela. Conforme a estrela rotationa, as manchas causam uma modulação
na sua curva de luz.

Keywords. stars – active stars – neural network

1. Introduction

The Kepler mission has monitored approximately 160,000 stars
in the direction of the Cygnus Constellation to detect exoplanets
through the technique of planetary transits. Thus, considering the
large volume of data in the mission base, it is necessary to use
computational techniques for the organization and processing of
data to facilitate the manipulation and use of such information.

Currently, more than 2,300 planets have already been discov-
ered by the Kepler mission, many of these around active stars.
Such activity can impact the habitability of planets very close to
their host star. To infer this impact, automatic detection of ac-
tive stars is necessary. This is done by measuring the light curve
modulation of this star, due to the presence of dark starspots on
its surface.

The objective of this work is the development of a software
layer for the identification and classification of active stars in the
Kepler database through the use of Artificial Neural Networks
(RNA).

2. Active Stars

Young stars present fast rotation, producing a more efficient
magnetic dynamo and therefore more spots on their surfaces, as
shown in Figure 1. Because they have more spots, the peak-to-
peak brightness variation is more intense for younger stars, up to
10% (Figure 1a). In the case of older stars such as the 4.6 billion-
year-old Sun, the modulation is well under 1% (Figure 1c), ac-
cording to Silva (2006).

Stellar activity, detected through modulation in its light
curve, may have a fatal impact on the habitability of planets very
close to its star (Estrela & Valio 2018). Automatic detection of
active stars is necessary given the large amount of data.

Figure 1. Light curve modulation due to stellar activity. Figure
taken from http://amazingnotes.com/2011/06/05/how-
astronomer-calculate-the-age-of-a-star.

Figure 2. CRAAM-SVO — Planetary transit simulator.

3. Planetary Transit

When a planet eclipses its host star, there is a small decrease
in the intensity of the stellar brightness, usually less than 1 %,
depending on the radius of the planet. This periodic phenomenon
is called planetary transit.

http://amazingnotes.com/2011/06/05/how-astronomer-calculate-the-age-of-a-star
http://amazingnotes.com/2011/06/05/how-astronomer-calculate-the-age-of-a-star


Edgar Sgroi Rocha et al.: Automatic detection of active stars in the Kepler satellite database

Figure 3. Example of an active star light curve. Figure
taken from http://archive.stsci.edu/cgi-bin/kepler/
dataset_lookup.

A model that simulates the passage of the planet, and its ex-
omoons, in front of the star is shown in Figure 2 (Santos et. al.
2017). The model yields the stellar flux as a function of time, that
is light curve, with the transits shown in the bottom panel. The
shape of the transit depends on parameters of the planet and its
orbit such as planet radius, orbital angle of inclination, and the
semi-major axis of the orbit. Small signatures caused by tran-
sit over starspots can also be identified in the transit light curve
(Silva 2003).

4. Artificial neural networks

Artificial Intelligence has different areas, such as deep learning
that consists in the creation of algorithms to favor that a certain
machine can evidence characteristics for which it was previously
trained. for this, a set of data is presented, and from these data,
the correlation between them are explored, discovering patterns,
applying algorithms, and generating models that can be general-
ized to a specific task. Figure 3 presents a stream of data to be
analyzed to classify whether the star is active.

Supervised learning consists of labeled data, which has the
corresponding correct outputs, that is, the model output is com-
pared to the expected output, by adjusting the parameters to an
acceptable threshold. Unsupervised learning consists of present-
ing unlabelled data, so the algorithm seeks similarities between
the data to form groups.

5. Backpropagation

Backpropagation is one of the forms of machine learning in
which the model is trained by input data and expected output
data according to Russel & Norvig (2016).

The backpropagation algorithm consists of two phases, the
first is forward pass, where the inputs are passed through the
network and the output predictions obtained (Russel & Norvig
2016). The second phase is a backward pass, where we calcu-
late the loss function gradient in the final layer, i.e., the network
forecast layer, and use this gradient to recursively apply the chain
rule in order to update the network weights.

Model creation consists of model building, model training,
model testing and model evaluation (Russel & Norvig 2016).
Thus, the construction of the model depends on the algorithm
of machine learning. After constructing the model, it needs to
be trained, as presented in 1. At this stage, the model is trained
using training data and expected output for this data.

Once the model has been trained, it is possible to test the
model. During this phase, a second set of data is loaded. This
dataset has never been seen by the model and therefore true ac-
curacy will be verified.

Upon completion of the model training, and if the model
shows the correct result, it can be saved. Finally, the saved model
can be used in the real world. Thus this model can be used to
evaluate new data. This project is in the test phase of the model.

batch_size = 256

# configuration use for training
train_datagen = ImageDataGenerator(

rescale=1./255,
shear_range=0.2,
zoom_range=0.2,
horizontal_flip=True)

# configuration use for testing:
# only rescaling
test_datagen = ImageDataGenerator(rescale=1./255)

# this is a generator that will read pictures
# found in subfolers of 'data/train', and
# indefinitely generate batches of augmented image data
train_generator = train_datagen.flow_from_directory(

'flux', # this is the target directory
target_size=(300, 300), # resized to 300x300
batch_size=batch_size,
class_mode='binary') # binary_crossentropy loss

# this is a similar generator, for validation data
validation_generator = test_datagen.flow_from_directory(

'validation',
target_size=(300, 300),
batch_size=batch_size,
class_mode='binary')

Code 1: Model Test.

6. Conclusions

This study is based on the Artificial Neural Networks (RNA)
strategy for pattern recognition by learning machines to auto-
matically identify active stars in the Kepler mission database.
The results point to the feasibility of automatic detection of ac-
tive stars considering the large volume of data obtained by the
Kepler mission. Stellar activity, detected through modulation in
its light curve, may have a fatal impact on the habitability of
planets very close to its star.
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Abstract. Be stars are fast rotating B type stars that have a circumstellar viscous Keplerian disk. The model that best describes these
objects nowadays is the Viscous Decretion Disk model (VDD), which has been successfully tested by several works, and is now
cemented as the paradigm for Be stars. In the framework of the VDD, we combine a Bayesian-MCMC code with the BEATLAS grid
(a set of thousands of state-of-the-art radiative transfer models) to infer the fundamental parameters of stable Be stars, as well as their
errors and correlations. We present here the results of this novel analysis for 3 Be stars: α Ara, α Col and β CMi, for which we were
able to determine stellar, geometric and disk parameters. The pipeline developed in this work is ready to be applied to other Be stars
as well.

Resumo. Estrelas Be são estrelas de tipo espectral B com alta rotação que possuem um disco circunstelar Kepleriano viscoso.
O modelo físico que melhor descreve esses objetos atualmente é o modelo do Disco de Decréscimo Viscoso (VDD), que foi
testado em diversos trabalhos e é agora o paradigma para estrelas Be. No contexto do VDD, combinamos um código de análise
Bayesiana-MCMC com o BEATLAS (uma grade de milhares de modelos de transferência radiativa) para inferir os parâmetros
fundamentais de estrelas Be estáveis, assim como suas incertezas e correlações. Apresentamos aqui os resultados dessa nova análise
para 3 estrelas Be: α Ara, α Col e β CMi, para as quais conseguimos determinar parâmetros estelares, geométricos e do disco. A
pipeline desenvolvida nesse trabalho está pronta para ser utilizada em outras estrelas Be.

Keywords. Stars: emission-line, Be – Stars: individual: α Ara – Stars: individual: α Col – Stars: individual: β CMi

1. Introduction

Be stars are a class of main sequence B stars that present very
rapid rotation and excess emission of neutral hydrogen (most
notably lines of the Balmer series in emission) and continuum
processes such as free-bound recombination and free-free emis-
sion. This excess emission comes from a gaseous Keplerian disk
formed from matter ejected from the central star through a still
unknown process (the so-called Be phenomenon). Nowadays,
the theoretical model that best describes the workings of Be
disks is the Viscous Decretion Disk (VDD) (Lee et al. 1991, see
also Bjorkman 1997, Porter 1999, Okazaki 2001, Bjorkman &
Carciofi 2005). In the VDD model, some mechanism accelerates
stellar material so that it leaves the star and enters orbit. From
this point onwards, turbulent viscosity redistributes the material,
building the Be disk (Rímulo et al. 2018, Rivinius et al. 2013).

Variability is a common feature of Be stars, in time scales
varying from hours to decades. Be disks may not always be
present, meaning that these stars can be observed during an “ac-
tive", where they have a disk or are forming one, or “inactive”,
where they are diskless (Rímulo et al. 2018, Wisniewski et al.
2010). Even though a truly stable Be star disk is theoretically
not possible, some cases can come very close to it, with a Be
on its active phase showing very little variation over the course
of years to even decades. A disk that was formed subject to a
roughly constant mass injection rate reaches a simpler configu-
ration, which can be readily compared to observations, in con-
trast to Be stars with more variable disks (Haubois et al. 2012).
These stable Be stars are perfect for testing the VDD model,
since the lack of variability simplifies the modelling procedure.
Indeed, multi-technique and multi-wavelength modelling of in-
dividual Be stars with stable disks have been made (e.g., ζ Tauri
- Carciofi et al. 2009, 48 Lib - Silaj et al. 2016 and β CMi -
Klement et al. 2015) using models generated by the Monte Carlo
radiative transfer code hdust (Carciofi & Bjorkman 2006), all
successful tests for the VDD model.

Although these studies were important as first verifications
of the VDD model, they lack a more robust statistical treat-
ment, for instance in determining the uncertainties of the best-fit
parameters, and their correlations. We present here a new ap-
proach that infers both stellar and disk parameters at once, using
Monte Carlo Markov Chain (MCMC) based Bayesian data anal-
ysis and a massive grid of radiative transfer Be star models, the
BEATLAS grid.

2. Methodology

2.1. BEATLAS

In order to properly account for the radiative transfer in a Be
star and create realistic physical models in the framework of the
VDD, we use the hdust code (Carciofi & Bjorkman 2006 and
Carciofi & Bjorkman 2008). The code is capable of simultane-
ously solving the radiative and thermal equilibrium conditions,
so that the disk temperature is obtained self-consistently with
the radiative transfer. The output consists in images, flux and
polarization for any desired spectral interval that can be readily
compared to observations.

Our hdust models are constituted by a central star defined
by its mass (M), rotation rate (W), and time of life of the star
on the Main Sequence (t/tMS ), and by a gaseous hydrogen cir-
cumstellar disk. A Be disk in the VDD model is dominated by
viscosity, which is responsible for spreading the flow ejected by
the star from the base of the disk to larger radii, and therefore
build and maintain the disk. For a quasi-steady Be star, the disk
density structure can be described by steady-state VDD equa-
tions (Bjorkman & Carciofi 2005, Krtička et al. 2011) where the
density of the disk follows a power law

ρ ∝ Σ/H ∝ r−n, (1)

where ρ0 is the base volumetric density, Σ is the surface density
and H is the scale height of the disk. In hdust, the base density
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Table 1. Disk and stellar parameters for the BEATLAS grid.

Stellar parameters Values

M [M�] 3, 4, 5, 7, 9, 12, 15, 20

W 0.5, 0.75, 0.85, 0.92, 0.99

t/tMS 0, 0.5, 1, 1.02

Disk parameters Values

Σ0 [g/cm2] 0.002, 0.005, 0.011, 0.024, 0.054, 0.119,

0.262, 0.579

n 1.5, 2, 2.5, 3, 3.5, 4, 4.5

Rd [Req] 10, 20, 30, 40, 100

Table 2. Disk and stellar parameters for the Be star β CMi as obtained
by Klement et al. (2015) and this work, respectively. Values marked
with * were kept fixed by Klement et al. (2015) in their work.

Parameters Klement et al. (2015) this work

M [M�] 3.5* 3.66+0.06
−0.10

W 0.98 0.85+0.08
−0.05

t/tMS 0.3* 0.63+0.04
−0.05

logn0 [cm−3] 12+0.18
−0.30 11.95+0.04

−0.03

n 2.9+0.10
−0.10 2.37+0.06

−0.05

Rd [Req] 35+10
−5 42.86+4.36

−2.81

i [deg] 43+2
−3 41.02+1.15

−1.29

d[pc] 49.6* 50.47+0.54
−0.49

E(B − V) 0.01* 0.03+0.01
−0.01

of the disk (ρ0 or Σ0) and the radial density exponent (n) are
input parameters, as well as the total disk radius (Rd) and the
stellar parameters. By varying these parameters inside the ranges
possible for Be stars, a massive grid of models called BEATLAS
was build (see Table 1).

The great advantage of BEATLAS is that it is universal: in
principle, any Be star should be covered by this grid. Therefore,
there is no need to create tailor-made grids for each star we wish
to expand our analysis to, which would be very time consum-
ing given the complexity of the hdust. BEATLAS is still under
construction: as of now, we have the lower-mass part of the grid
(from 3 to 5 M�) complete, and the purely photospheric grid
complete for the all stellar ranges.

2.2. Bayesian-MCMC

In recent years, the use of Bayesian-MCMC data analysis in as-
tronomy has grown exponentially. Advances in both engineering
and computer science have made MCMC codes, once too com-
putationally (and monetarily) expensive, available to the scien-
tific community at large, leading to a revolution in the way we
see data in science. One of the cases in which such an approach
can be used is the finding the best fit model to a set of data. Given
a grid of pre-calculated models, an MCMC code is able to deter-
mine the probability density function of each model parameter,
providing, therefore, a very good estimative of not only the true
value, but also the errors and correlation with other parameters.

Describing the problem of fitting a model to a set of data
with Bayes’ theorem

p(H|D, I) =
p(D|H, I)p(H|I)

p(D|I)
, (2)

where H is the hypothesis made regarding the data (our
BEATLAS model), D is the data itself (from observations) and
I is the background information we have on the problem, which
is previously known to us (data from literature). The posterior
p(H|D, I) is the probability of the model being correct, given the
data and the background information. p(D|H, I) is the likelihood:
the probability of getting the data given our model and the back-
ground information. The prior p(H|I) is the probability of the
hypothesis being correct, considering just the background infor-
mation. p(D|I) is our observational data and prior information.
With this formulation, the distribution now has to be sampled
in order to find the posterior for different combinations of model
parameters and obtain the PDF for each parameter, and their cor-
relations.

The sampling technique used in this work is a Markov
chain Monte Carlo method. We use the python MCMC imple-
mentation emcee (Foreman-Mackey et al. 2013), which follows
the Metropolis-Hastings algorithm very efficiently. The code to
analyse our models and data with emcee was written in python
and is called bemcee. The code first reads in the BEATLAS mod-
els and the files with the observational data. It generates a list
p of random stellar and disk parameters, inside the model grid
range. BEATLAS is interpolated and generates the model Mp
corresponding to the p parameters. The likelyhood is simply the
χ2 of the fit of Mp to our dataset. The prior information is litera-
ture data for v sin(i) and distance of the Be star, and is considered
by the code when calculating the likelihood. This process is re-
peated by the code until convergence is reached.

3. Results

3.1. β CMi

Klement et al. (2015) performed an extensive analysis of the Be
star β CMi for a wide range of observations (photometry, spec-
troscopy, polarimetry and interferometry) using HDUST mod-
els. In their procedure, they performed individual fits for every
observable and obtained the values for the parameters listed in
Table 2.

Our Bayesian-MCMC analysis of β CMi was limeted to op-
tical and IR photometry, and used the same SED data from 0.1
to 870 µm as Klement et al. (2015). The resulting corner plot
for the fit is shown in Figure 1, and the parameter results are
in Table 2. The greatest discrepancies between our results and
those of Klement et al. (2015) are in the age of the star, that was
not a free parameter in their analysis, and of the radial density
exponent n. The reason for the difference is likely caused by the
addition of the age and mass as free parameters, and the priors
set on the inclination and distance. All those factors greatly in-
fluence the results, as the relations between parameters are not
linear.

Our analysis was able to, using just SED data, recover the
parameters derived by Klement et al. (2015), with a more formal
statistical consideration of the non-linearity of the problem, de-
riving stellar, disk and geometric parameters in a self-consistent
fashion.
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Figure 1. Parameter PDFs for this work’s results for model fitting of
the Be star β CMi (purple) compared to those of Klement et al. 2015 (in
green).

3.2. α Ara

We expanded the Bayesian-MCMC analysis to other known sta-
ble Be stars to further test our methodology. Once again we only
used SED data, from 0.1 µm to 3.5 cm. Data was obtained us-
ing VO tools1, that gather data from several catalogues. The
photometric data comprises results of several observational mis-
sions: Ducati (2002), Hipparcos (Perryman et al. 1997), IUE2,
2MASS (Skrutskie et al. 2003), TYCHO (Høg et al. 2000)
and the Catalogue of Homogeneous Means in the UBV System
(Mermilliod 1997) in the visual domain; DENIS, IRAS, WISE
(Cutri & et al. 2014) and AKARI (Ishihara et al. 2010) in the IR
domain; and MSX (Egan et al. 2003), and SDSS in the cm re-
gion. The results of our fit of the data to BEATLAS models are
listed in Table 3.

We find that the parameters for α Ara are comparable within
2σ to previous determinations in literature. For the tempera-
ture Te f f , our results are compatible with Dachs et al. (1988),
Dachs et al. (1990), Chauville et al. (2001), Frémat et al. (2005),
Meilland & Stee (2006), Meilland et al. (2007), Meilland et al.
(2009), and Hamed & Sigut (2013). For the inclination angle i,
our result is compatible with Chesneau et al. (2005) and Frémat
et al. (2005). For the luminosity L the values agree with the
Chesneau et al. (2005). Increasing the range to 3σ, we have an
agreement for all previous results for T and i. In the case of
the stellar mass M, our result agrees only with the values pub-
lished by Zorec et al. (2005) and Meilland et al. (2009). After
increasing the confidence level, the only stellar radius Req that
is in concordance with our estimate is the one inferred by Zorec
et al. (2005).

1 http://svo2.cab.inta-csic.es/theory/vosa/
2 http://sdc.cab.inta-csic.es/ines/

Figure 2. Parameter PDFs for this work’s results for model fitting of
the Be star α Ara.

Table 3. Disk and stellar parameters for the Be star α Ara as obtained
by this work. Te f f and L are obtained by interpolating the the Geneva
stellar evolution models (Georgy et al. 2013) for our results for mass,
age and rotation rate.

Parameters this work

M [M�] 7.28+0.24
−0.20

W 0.78+0.05
−0.06

Te f f [K] 18215.61+496.07
−482.92

L [L�] 1940.54+323.17
−277.03

t/tMS 0.38+0.14
−0.18

log n0 [cm−3] 13.22+0.12
−0.13

n 2.87+0.09
−0.12

Rd [Req] 19.29+2.28
−1.66

i [deg] 48.8+4.96
−2.39

d[pc] 88.36+4.38
−4.08

E(B − V) 0.03+0.01
−0.01

3.3. α Col

The Be star α Col received the same treatment as αAra. We once
again collected SED data using VO tools, covering the range
from 0.1 µm to 6.3 cm, from catalogues Hipparcos (Perryman
et al. 1997), IUE3, 2MASS (Skrutskie et al. 2003), TYCHO
(Høg et al. 2000), and the Catalogue of Homogeneous Means
in the UBV System (Mermilliod 1997) in the visual, and IRAS
4 , WISE (Cutri & et al. 2014) and AKARI (Ishihara et al. 2010)
in IR. We also have data from the ESO’s APEX at 870 µm and
literature data from Clark et al. (1998) and Taylor et al. (1990) in

3 http://sdc.cab.inta-csic.es/ines/
4 https://irsa.ipac.caltech.edu/Missions/iras.html
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Figure 3. Parameter PDFs for this work’s results for model fitting of
the SED Be star α Col.

the radio region. Our results for the SED are presented in Figures
3.

For α Col we also explored the use of Bayesian-MCMC for
the polarization, using data from Observatório Pico dos Dias 5.
Given that polarization is scattered light, it was expected it would
only be able to put constraints on disk parameters. To use this
observable to best effect, we set priors to the stellar parameters so
that the information on the disk could be unveiled. To do that, we
ran a separate bemcee run using just the UV and visible parts of
the SED, since most of the flux in this region comes directly from
the star (Vieira et al. 2015). Using kernel density estimators, we
set the PDFs for mass, rotation rate and age found on this run as
priors to the polarization bemcee run. The results are in Figure 4,
as well as the 3 PDFs used as priors.

The best fit model for the polarization gives us parameter
determinations very similar to the ones obtained with the SED.
This is an important result: two fundamentally different observ-
ables, photometry and polarimetry, are agreeing of the disk prop-
erties and on the inclination angle and distance of the system.
Fig. 5 is the combined corner plot for the SED (in purple) and
polarimetry (in green) best results. The PDF resulting of the mul-
tiplication of the two results is the black outline. Table 4 presents
the parameters of this combination. We can see that parameters
such as cos(i) and parallax, which were defined well for both the
SED and polarimetry the end result is a sharper PDF and smaller
errors on the value reached.

One advantage of the Bayesian-MCMC analysis is that the
correlations between the parameters are self-consistently deter-
mined during the amostration of the parameter space. For a bet-
ter visualisation, we refer to the chord diagram on Fig. 6. On a
chord diagram, each section of the circle represents one parame-
ter. The bands connecting two sections represent the correlation
between them. The broader the band, the more significant the
relative correlation. Some parameters are intensively correlated,
such as the disk base density log n0 and the radial density expo-
nent n, while others, such as mass and rotation rate W seem not
to be correlated at all. The age parameter seems to be the least

5 http://www.lna.br/opd/opd.html

Figure 4. Parameter PDFs for this work’s results for model fitting the
polarization of the Be star α Col.

Table 4. Disk and stellar parameters for the Be star α Col as obtained
by this work. Te f f and L are obtained by interpolating the the Geneva
stellar evolution models (Georgy et al. 2013) for our results for mass,
age and rotation rate.

Parameters this work

M [M�] 4.57+0.04
−0.05

W 0.85+0.07
−0.05

Te f f [K] 13936.59 ± 432.78

L [L�] 711.98 ± 153.75

t/tMS 0.90+0.03
−0.03

log n0 [cm−3] 11.83+0.07
−0.07

n 2.33+0.17
−0.12

Rd [Req] 23.68+3.13
−2.68

i [deg] 34.91+3.13
−1.95

d [plx] 12.48+0.15
−0.14

correlated, while cos(i) and parallax are the most, with signifi-
cant correlations with all others.

Some correlations are very direct and simple to explain. For
instance, the rotation rate is tied with the inclination, as a star
seen pole-on would not seem to be rotating, while rotation would
be clear on an edge-on case. The disk base density log n0 and the
radial density exponent n correlation can be better understood in
terms of emission by a pseudo-photosphere. If n increases, the
spectra becomes steeper, which translates in the SED as less flux
excess. To remedy this, the disk would have to be denser, which
will increase the excess. In this way, a disk with a steeper density
slope and a denser inner disk have a similar SED than a disk with
a shallower density slope, with a tenuous inner disk. The parallax
correlates to all parameters but the inclination, as bringing the
star closer would increase its flux in all wavelengths, an effect
that could also be created by varying the parameters.
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Figure 5. Combined corner plots for the SED and polarization of the
model fitting of the Be star α Col.

Figure 6. Chord diagram referring to the corner plot on Fig. 3.

We find that the parameters for α Col agree, within 1σ to
several previous determinations from other works. The effec-
tive temperature Te f f agrees with Levenhagen & Leister (2006),
Sokolov (1995), Frémat et al. (2005) and David & Hillenbrand
(2015); it is also compatible to Chauville et al. (2001) in a
2σ range. For the inclination angle i, we find similar results
to Meilland et al. (2012) and Frémat et al. (2005). Increasing
the range to 3σ, we find agreements with Frémat et al. (2005)
and Zorec et al. (2016). For the luminosity L, our results agree,
within 2σwith Levenhagen & Leister (2006), Zorec et al. (2016)
and Zorec & Royer (2012). Our determination for t/tMS is com-
patible with Zorec et al. (2016). The mass we derived is compat-
ible with Levenhagen & Leister (2006), Zorec et al. (2016), and,
within 2σ, Zorec & Royer (2012).

4. Final Remarks

In this work, we developed a novel method for determining the
stellar and disk parameters for Be stars in the context of the
Viscous Decretion Disk model. We use Bayesian-MCMC tech-

niques and state of the art radiative transfer models generated
by the hdust code. The results obtained for the Be star β CMi
agree with those obtained by Klement et al. (2015), even when
analysing just the SED of the star. For α Ara and α Col, the
parameters are consistent with some previous determinations
from literature, and have the advantage of being determined self-
consistently. In particular for α Col, results from our analysis for
the SED and polarization agree find consistent values for the dis-
tance, inclination and base density of the disk. With the creation
of a universal grid of models, the BEATLAS, and the bemcee
code, our method can be expanded for other Be stars, and in the
future become a fully automated process. This work will have
important impact on how we understand Be stars, and the role of
rotation in massive star evolution.

Acknowledgements. ACR acknowledges FAPESP grant 2017/08001-7.
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Abstract. With high resolution (R∼ 72000), high S/N ratio (S/N∼ 250) HDS/Subaru spectra we revisited the abundance pattern
of the HD 134439/ HD 134440 binary pair. We employed the line-by-line differential technique to achieve very high precision
abundances on 22 different elements. We compare the abundance patterns to a well-known benchmark halo star (HD 103095), to
dwarf spheroidal galaxies, and to the low and high-alpha halo stars from Nissen & Schuster (2010). We confirm that the abundance
pattern of these stars closely resembles stars from a foreign galaxy and find a peculiar abundance difference between the stars in all
elements analyzed. We propose that the difference in abundance between these binary stars could be explained by the accretion of a
planet by one of the components. More details are given in Reggiani & Meléndez (2018).

Resumo. Com espectros de alta resolução (R∼ 72000) e alta razão S/N (S/N∼ 250), reanalisamos o padrão de abundâncias químicas
do par de estrelas binárias HD 134439/ HD 134440. Através de uma análise diferencial linha-por-linha obtivemos medidas de alta
precisão para 22 elementos químicos. Comparamos nossas abundâncias as de uma estrela padrão do halo interno (HD 103095), a
estrelas de galáxias anãs e as populações com alta e baixa razão [α/Fe] de Nissen & Schuster (2010). Confirmamos que o padrão
de abundâncias deste par de estrelas pode ser correlacionado a estrelas extragaláticas e também encontramos uma diferença de
abundâncias peculiar entre as estrelas binárias. Propusemos que esta diferença pode ser originária do engolimento de um planeta por
uma das componentes. Para a análise completa, veja Reggiani & Meléndez (2018).

Keywords. Stars:abundances – Stars: chemically peculiar – Galaxy: halo

1. Introduction

A portion of the galactic halo was accreted from satellite galax-
ies (Nissen & Schuster 2010; Ramírez et al. 2011; Fishlock et
al. 2017), as evidenced by different populations in the galactic
halo. Recent studies point that maybe all of the halo stars with
enhancement in r-process were accreted from satellite galaxies
(Roederer et al. 2018). Analysis of the kinematics of RR Lyrae
stars from GAIA show that the inner halo of the Milky Way was
formed by the merge of the Milky Way with only one massive
satellite galaxy (Iorio & Belokurov 2018). All these scenarios
point to extensive stellar populations with distinct chemical pat-
terns in the halo. Using chemical tagging one can expect to dis-
tinguish these different patterns and try to shed a light on the
birth environment(s) of these stars.

Although we are yet to have the technical capabilities, it is
clear that we will be able to detect planets in other galaxies. As
planet formation theory evolves it becomes increasingly clearer
that it is possible to form planets under low metallicity condi-
tions, although the planets might have to form in close proximity
to the stars, with a distance directly related to the stellar metal-
licity (Johnson & Li 2012). There is also many indications that
planet formation can leave a particular imprint on the chemical
pattern of its host star (Ramírez et al. 2011; Tucci Maia et al.
2014, 2018; Biazzo et al. 2015; Ramírez et al. 2015; Teske et al.
2016), a pattern that is easier to recognize when we are compar-
ing a star host to a planet to a twin star without any planets.

Two chemically peculiar stars have caught the attention of
astronomers, stars HD 134439/134440. They are known both for
their high proper motions and also their uncanny abundance pat-
tern, that differs from halo stars as they have much lower abun-
dances of α-elements, suggesting that these stars were accreted
from a satellite galaxy (Chen & Zhao 2006; Chen et al. 2014).

A reanalysis of the abundance pattern of these two peculiar
stars was published in Reggiani & Meléndez (2018) and here we
discuss our main results.

2. Observations and results

High resolution (R∼ 72000) high S/N (S/N∼ 250) spectra of
stars HD 134439, HD 134440, and HD 103095 were obtained
using the HDS spectrograph at the Subaru telescope and the data
were fully reduced using the IRAF package. Using the line-by-
line differential abundances, with star HD 103095 used as the
standard star, we estimated the chemical pattern of these three
stars and compare it to observations of different populations, in
the halo of the Milky Way and stellar abundances from satellite
galaxies.

In Figure 1 we show an example of the abundances of
[Mg,Ca,O/Fe] against [Fe/H]. We see that the binary pair is un-
derabundant when compared to Milky Way stars but their abun-
dances are comparable to stars from satellite galaxies. We also
estimated abundances of neutron capture elements [Ba/Y], and
they are supersolar, contrary to what is commonly found for stars
from the Mily Way. Further evidence come from the Eu mea-
surements of Chen et al. (2014) that, along with our barium, re-
sult in both stars being located in a r-process dominant region.
From all these evidences we proposed that this pair of stars come
from an environment with a pollution history similar to that of
the Fornax Galaxy.

In Figure 2 we show that there is a consistent difference be-
tween the abundances of these stars of ∼ 0.06 dex, a similar be-
havior to what was found by Ramírez et al. (2011) and attributed
to the ingestion of a planet in one of the analyzed stars. We used
a t-test to this set of data, with our mean errors added, and found
that the probability of this difference being due to observational
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Figure 1. [α/Fe] for our analyzed stars in black dots. The blue and
red crosses are the high and low alpha populations of Nissen &
Schuster (2010); Ramírez et al. (2012). The triangles are dwarf
galaxies stars (Shetrone et al. 2003; Geisler et al. 2005; Monaco
et al. 2005; Letarte et al. 2010)

and systematic uncertainties is of the order of 10−8. It is impor-
tant to further enforce that these are binary stars (confirmed with
GAIA in El-Badry & Rix (2018)). Thus, they were born in the
same natal cloud and their initial abundance pattern should have
been the same, and without any significant difference in their
evolutionary stage (they are almost twin stars) an outside process
is necessary to explain the abundance differences. Therefore we
proposed that a possible explanation for this uncanny difference
might be the accretion of a planet. If star HD 134440 accreted
a planet with a mass of M ≈ 0.9MJ the increase in photosperic
abundance of this star due to this accretion event would explain
the observed overabundance.

The full analysis was published in Reggiani & Meléndez
(2018).
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Abstract. Binary stars are used to reproduce evolution stellar models and can provide orbital parameters, however the binary system
suffers with the tidal force and achieve the equilibrium. We analyze the light curves in eclipsing binaries of the CoRoT mission by
CLTC project, developed by authors. Our objective is to verify the rotation and binarity of the system. We define eccentricity and
characterize the system. Maybe we can discover a planet.

Resumo. Estrelas binárias são utilizadas na reprodução de modelos de evolução estelar e podem fornecer parâmetros orbitais, no
entanto os sistemas binários sofrem com a força de maré e alcançam o equilíbrio. Nós analisamos as curvas de luz de binárias
eclipsantes da missão CoRoT através do projeto CLTC, desenvlvido pelos autores. Nosso objetivo é verificar a rotação e a binariedade
do sistema. Nós definimos excentricidade e caracterizamos o sistema. Talvez possamoss descobrir um planeta.

Keywords. binaries: eclipsing – Stars: rotation – Stars: late-type

1. Introduction

In a binary system the two components are gravitationally bound
to each other move in elliptical orbits around their common cen-
ter of mass.These stars can provide more observable than simple
stars. In a detached close binary, tidal evolution will continually
change the orbital and rotational system parameters (Hut, 1981).
In this way the system achieve the equilibrium, in other words,
synchronization, circularization and all spins aligned.

All information we have of the stars are in its light, in eclips-
ing binaries the light curve have the primary and second eclipse
periodically therefore we get the rotation and orbital period and
the excentricity to characterizing the system and verify if the
system is in equilibrium. To find binary stars with rotation pe-
riod (Prot) and orbital period (Porb) measured, together with their
eccentricities is not an easy task, systems circularizeds and syn-
chronizesd are more hard yet.

Study circularization and synchronization times in Main-
Sequence of detached Eclipsing Binaries (EBs) it is important to
put an age constraint to the stellar evolution and for test models
of tidal evolution. The ages of individual stars assume a partic-
ular importance, because they constitute the ticks of the abstract
cosmic clock that tells us how various astronomical phenomena
change over time (Barnes, 2009).

Getting the periods we have the circularization time and we
can obtain an inferior limit of the age and better our understand-
ing about evolution of the binary stars.

2. Methods

We selected eclipsing binaries from Convection, Rotation and
planetary Transits -CoRoT mission. The CoRoT project, devel-
oped in the framework of project, the CNES small satellite pro-
gramme with a wide european cooperation, has been set up in the
early nineties, and was launched in 2006. It is dedicated to seis-
mology and detection of telluric planets (Baglin, et al., 2006).

We choose only the spectral types F, G and K and close-
detacheds systems.To analyse the systems we need three param-

eters, orbital and rotational period and eccentricity. The rota-
tional period is a chalenge.

The project CTLC - CoroT Light Curves, is a simple tool, its
works is down the light curve of CoRoT mission only by star ID,
and make a reduction of the curve directly from the server of the
CoRoT. Thereon we use the DiffeRential flUx Method of cuT-
ting Off binariES - DRUM TONES [(Version 1.0.0). Zenodo.
http://doi.org/10.5281/zenodo.1472861] - that is a differencial
flux method to cut the eclipses and evidence the rotation and
possible planets.

In the figure 1 we have the light curve of one eclipsing bi-
nary, first with rotation and eclipses, followed by fold of the bi-
nary, and the rotation peridiogram.

3. First Results

Zahn (1984) found syncronization period to binary stars with
spectral type between F0 to F5 with about 1.21 days and G types
with about 30 days. In according with Abt (2006) binary systems
circularize with periods between 1 and 3 days.

Ours first are in according with the tidal theory of the Zahn
and others literature works. How much lower the period easier
verify the equilibrium.

Acknowledgements. Thanks the CoRoT and others missions (Keplet, Gaia, etc).
Thanks the Capes and UFRN. Thanks the professor José Dias do Nascimento Jr
and the GE3 .
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Figure 1. Top: Original light curve with eclipses and rotation. Midle: Only rotation (the eclipses were cutted by differential flux).
Bottom: The Lomb Scargle (LS) detect the rotational period (left) and the Autocorrelation function (ACF) confirm the variation
(right).

Figure 2. Circularization of eclipsing binaries. Below of the red line (e = 0.1) the systems are circularizeds or approximately
circularized.
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Abstract. The analysis of the chemical composition of solar twins reveals that some stars are chemically anomalous. The observed
anomalies are enhancements in heavy elements produced by the slow neutron-capture process (s-process). Such a signature is
characteristic of mass transfer from an Asymptotic Giant Branch (AGB) star. The excess in s-process elements is evidence that these
stars may have been polluted by material ejected from a AGB companion with initial mass of ∼ 3M�, which is now a white dwarf
(WD). We suggest that HIP 67620 and HIP 64150 are blue stragglers who likely experienced mass transfer with a former AGB.

Resumo. A análise da composição química de estrelas revelou que algumas gêmeas solares são quimicamente anomalas. Excessos
nas abundâncias de elementos pesados produzidos pelo processo lento de captura de nêutrons (processo-s) é assinatura característica
da transferência de massa de uma estrela do Ramo Assintótico de Gigantes (AGB). Os elementos do processo-s são evidências
de que estas estrelas podem ser poluídas pelo material ejetado por companheira AGB com massa inicial de ∼ 3M�, que agora é
uma estrela anã branca. Sugerimos que HIP 67620 e HIP 64150 são blue stragglers que sofreram transferência de massa de uma AGB.

Keywords. Stars: white dwarf — (Stars:) solar type — (Stars:) blue straggler

1. Introduction

The search for planets around solar twins by our group SAMPA
using ESO’s HARPS spectrograph yielded high resolution and
high signal-to-noise spectra. The analysis of the chemical com-
position of our sample revels that some stars are chemically
anomalous, besides showing high rotation and chromospheric
activity (dos Santos et al., 2017). These chemical signatures are
observed as characteristic of nucleosynthesis from an AGB com-
panion star. The composition of the solar analogues suggests that
mass was transferred to the main sequence star during the su-
per winds phase when the AGB star was experiencing thermal
pulses. The mass transfer resulted in the solar-type’s atmosphere
being polluted with the products of the slow-neutron capture pro-
cess (s-process; Desidera, D’Orazi & Lugaro, 2016).

The solar twins HIP 67620 and HIP 64150 show enhanced
abundances of s-process elements (Spina et al., 2018). Therefore
they could be blue stragglers who likely experienced mass trans-
fer with a former AGB companion (Schirbel et al., 2015). Blue
stragglers are objects bluer than main sequence turn off point,
so they look younger than stars in a cluster. Binary field stars
also can be rejuvenated by mass accretion from a companion,
which also results in an increase in the rotational velocity and
chromospheric activity (Zurlo et al., 2013).

The mass ejected by slow winds from an AGB star can be
extended up to separation larger than several hundreds of solar
radii (Zurlo et al., 2013). Therefore, despite the distance of tens
of astronomical units between the stars, the winds ejected matter
that was accreted and diluted in the convective zone of the solar
twin atmosphere. We do not know the sort of mass transfer that
occurred but it is likely to be wind accretion. As a result the star
spin-up and it may also explain the observed beryllium depletion
in these binary systems (Desidera, D’Orazi & Lugaro, 2016).

2. Previous work

Creep et al. (2013) observed the nearby Sun-like star HIP 64150
using high-contrast imaging with the Keck telescope in the J
and K bands and they discovered a faint companion star. The
only self-consistent interpretation of photometric and dynamical
measurements point towards a white dwarf (WD) companion.
The constrain of the effective temperature, mass and cooling age
from Spectral Energy Distribution (SED) are different and dis-
agree for all fitted theoretical models. Furthermore, there is an
apparent conflict with the age of the primary star.

Matthews et al. (2014) took photometric observations
including L band (3, 7µm) measurements using the Large
Binocular Telescope. Astrometry for a WD companion to HIP
64150 in terms of angular separation reveal systemic orbital mo-
tion and our Gemini data follows the trend. They modeled the
star photometry using atmospheric compositions of pure hydro-
gen or pure helium. The synthetic flux of the best-fitted model
revealed that the optical region differs significantly for predicted
SED, therefore measurements in this region are important.

Bacchus et al. (2017) presented the first near infrared spec-
trum of the faint WD companion of HIP 64150. The SED fitted
to the data were computed for hydrogen pure or helium pure at-
mospheres. They showed two broad results: an extremely cool,
low mass, H atmosphere WD or an unusually high mass, hot WD
with a third brown dwarf companion. Therefore, further analysis
are needed to unveil the nature of the HIP 64150 system.

The probability distribution of the companion mass for the
HIP 64150 was computed by dos Santos et al. (2017), it is con-
sistent with the Creep et al. (2013) analysis that combined radial
velocities and imaging data indicating a 0.26M� minimum mass.
The value obtained by Matthews et al. (2014) using SED fitting
for the HIP 64150 WD companion was 0.54M�. The predicted
WD mass for a star that experienced thermal pulses and it pro-
duced s-process elements is above 0.51M� (Kong et al., 2018).
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Figure 1. Abundance of neutron-capture elements as a function
of atomic number. We subtracted the effects of the chemical evo-
lution of the Galaxy, therefore the observed enrichment is likely
due to a former AGB companion. There are not a good match for
the light n-cpature elements though. The cyan curve corresponds
to model after all thermal pulses from a 3.25M� AGB progenitor
and the points are HIP 64150.

There are no previous studies of HIP 67620, but the radial
velocities and the orbital solutions are evidence for a binary or
multiple system likely with a WD companion. Further evidence
of this are the anomalous [Y/Mg] abundance and heavy neutron-
capture elements found by our group (Tucci-Maia et al., 2016).

3. Method

The abundances obtained for the anomalous solar twins were
subtracted from the Galaxy’s chemical evolution pattern of
neutron-capture elements, fitted by Spina et al. (2018), to de-
termine the excess in abundances at a given age. The values are
close to zero in normal solar twins, but for the two anomalous
stars there is an excess for elements produced by the slow pro-
cess of neutron-capture that could be evidence for pollution by
material ejected from a AGB companion, now a WD star.

To analyze the measurements we computed the nucleosyn-
thesis models of AGB stars using the Stromlo code, that produces
a rich region with 13C pockets needed to activate the main source
of neutrons by the 13C(α, n)16O reaction. 13C pockets are only
included in models with mass up to 5M�; more massive mod-
els are predicted not to form 13C pockets for reasons discussed
in Karakas & Lugaro (2016). Without 13C pockets AGB mod-
els do not form s-process elements in the quantities observed in
real AGB stars. For this reason, some form of extra mixing is
required in AGB models in order to achieve a 13C-rich region,
where neutrons can be released. For details of the method used
in the Stromlo models we refer to Karakas & Lugaro (2016).

These models calculated the evolution of the star from the
main sequence to the tip of the AGB, and through all thermal
pulses and mixing events (Karakas & Lugaro, 2016). Uncertain
mass loss prescriptions determines the final stellar mass and
the resulting initial-final mass relation. From these models the
ejected yields can be calculated. The pollution from the AGB
star to the solar twin was modeled by considering that a frac-
tion of ejected the yields from the evolved star was accreted and
diluted in the convective zone of the solar twin star.

Figure 2. Same as Fig. 1 for a 2.75M� model and HIP 67620.

4. Results and conclusion

The best fit to the solar twins HIP 64150 (Fig. 1) and HIP 67620
(Fig. 2) indicated reasonable agreement to the strontium and bar-
ium peak, for AGB progenitors what were 3.25M� and 2.75M�,
respectively. The mass estimate of the WD progenitor is needed
to infer the total mass loss and to verify what is the best available
parameterization in stellar evolutionary models. These analyses
are important to determine the parameters of the binary systems
and it can provide a rigorous test on the isochronal ages.

The excess in s-process elements is evidence that these solar
twin stars may have been polluted by material ejected from a
AGB companion with initial mass of ∼ 3M�, now a WD star.
Furthermore, this mechanism is relevant to determine the age of
the primary star by comparison with the WD age added to the
age of its progenitor, to obtain the total age of the system.

We were awarded with photometric and spectroscopic ob-
servations using the coronographic method in the near infra-red
- YJHKs to observe the companion star of the HIP 67620 us-
ing the Gemini South Telescope with the GPI instrument. There
are also public data from the SPHERE/VLT to the HIP 64150
(Claudi et al., 2016). Future work will be to use a SED to infer
the temperature, gravity, cooling time and mass from WDs cool-
ing models, then we intend to find an initial to final mass relation
to identify the mass loss and stellar parameters. Furthermore,
this method is relevant to determine the age of the primary star
(solar twin) by comparison with the WD age added to the age of
its progenitor, to obtain the total age of the system.
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Abstract. The Lagoon Nebula cataloged as M8 (NGC 6523) is a giant emission nebula located in the constellation of Sagittarius.
Associated with the Lagoon nebula we have NGC 6530, a young open cluster (∼ 2 Myrs) that allows us to study how the star
formation process occurs in a high mass environment. A selected sample of approximately 110 members of NGC 6530 ranging from
spectral types K5 to B0 was observed by the VLT (ESO) with the FLAMES spectrograph. Our work consists in analyzing the profile
of the Hα emission line from each of these observed objects. We removed the emission contribution of the nebula from the observed
spectra, normalized and analyzed the emission of Hα by calculating the equivalent width and the width at 10% of maximum intensity.
We present preliminary results obtained with a sample of 8 spectra, used to test the procedure of removing the nebular contribution
that allows the classification of the system as accreting or non-accreting.

Resumo. A Nebulosa da Lagoa catalogada como M8 (NGC 6523) é uma nebulosa gigante de emissão localizada na constelação
de Sagitário. Associada à nebulosa da Lagoa temos NGC 6530, um jovem aglomerado aberto (∼ 2 Ma) que nos permite estudar
como ocorre o processo de formação estelar em um ambiente de alta massa. Uma amostra selecionada de aproximadante 110
membros de NGC 6530 variando dos tipos espectrais K5 a B0 foi observada pelo VLT (ESO) com o espectrógrafo FLAMES.
Nosso trabalho consiste em analisar o perfil da linha de emissão de Hα de cada um desses objetos observados. Removemos a
contribuição de emissão da nebulosa dos espectros observados, normalizamos e analisamos a emissão de Hα, calculando a largura
equivalente e a largura a 10% da intensidade máxima. Apresentamos resultados preliminares obtidos com uma amostra de 8 espectros,
usados para testar o procedimento de remoção da contribuição nebular que permite a classificação do sistema como em acreção ou não.

Keywords. Accretion, accretion disks – Stars: pre-main sequence – Stars: variables: T Tauri

1. Introduction

T Tauri stars are optically visible, low-mass stars (< 2M�) with
an age of a few million years, still contracting toward the main
sequence. Some T Tauri stars, known as Weak line T Tauri Stars
(WTTS) do not exhibit evidence of disk accretion, while the
Classical T Tauri Stars (CTTS) still do (Bouvier et al. 2007).

CTTS present spectral types from F to M and are surrounded
by a circumstellar disk from which they accrete and with which
they interact (Ménard & Bertout 1999). CTTSs have magnetic
fields strong enough (1 a 2 kG) to interrupt the accretion disk at
a few stellar radii from the star and, at the truncation radius, the
gas dynamics becomes dominated by stellar magnetic field and
the accreting gas follows the magnetic field lines, forming accre-
tion funnels, where strong emission lines, like Hα, are partially
formed, while open field lines drive outflows from the system
(Fig. 1) (Hartmann et al. 2016).

2. NGC 6530

The Lagoon Nebula, also known as M8 (NGC 6523) is a giant
emission nebula located in the constellation of Sagittarius (Fig.
2) (Lada 1976). Associated with it is NGC 6530, a star forma-
tion region 1250 pc from the Sun containing stars with a median
age of 2.3 Myrs (Prisinzano et al. 2005). This open cluster is
composed of OB stars and stars of later spectral type (Walker
1957). A cluster like NGC 6530 allows us to study how the star
formation process occurs in a high mass environment.

3. Goal

Our initial goal is to determinate if the stars in NGC 6530 are
accreting by analyzing the Hα (6562.82 Å) emission line profile,

Figure 1. Sketch of Classical T Tauri stars magnetospheric ac-
cretion model. Figure from Camenzind (1990) and adapted by
Romanova & Owocki (2015).

calculating its equivalent width (EWHα) and the width at 10% of
maximum intensity (W10%Hα).

4. Data

A selected sample of approximately 110 members of NGC 6530,
ranging from spectral types K5 to B0, was observed by the
VLT (ESO) with the FLAMES spectrograph for 1 hour runs
distributed over 20 days from June 10 to July 1 2016. This re-
sulted in several rotational periods of spectroscopic monitoring
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Figure 2. VPHAS+ riHα three-colour image of the Lagoon
Nebula. North is up and east is left (Kalari et al. 2015).

Figure 3. Spectra from 17 nights of the CTTS J18034519-
2423254. Top left: Original spectra with the nebular contribu-
tion. Top right: Stellar spectra after subtracting the sky fiber
nebular contribution. Bottom left: Normalized spectra. Bottom
right: Normalized spectra after the gaussian subtraction of the
residual nebular emission.

of the stars, which typically present periods of less than 10 days
(Henderson & Stassun 2012).

5. First Results

We removed the Hα nebular contribution from the observed stel-
lar spectra by subtracting the sky spectrum of a selected sky
fiber for each object. We then continuum normalized the result-
ing spectra. We noticed that often a nebular contribution was
still present in the stellar spectra and removed it by fitting the
observed spectra with gaussian components and subtracting the
one corresponding to the remaining nebular contribution (Fig.3).

We were then able to calculate the Hα equivalent width and
the Hα width at 10% of maximum intensity from the stellar
emission line profiles. The values measured are presented in Tab.
1 and they allowed to classify the system as WTTS or CTTS.

Using the criteria from White & Basri (2003), a star is clas-
sified as CTTS if W10%Hα is larger than 270 km/s or EWHα is
larger than a threshold that depends on the stellar spectral type
as:

– EWHα ≥ 3Å, for spectral type K0-K5

Table 1. CTTS classification. The spectroscopic parameters
EWHα and W10%Hα have units of Å. The spectral types (SPT)
were taken from Prusti et al. (2016) and Brown et al. (2018).

2MASS Te f f (K) SPT EWHα W10%Hα CTTS
J18034519-2423254 5095.63 K1 80.80 596.66 YES
J18034700-2422044 5143.45 K1 146.23 393.39 YES
J18035164-2428265 4765.87 K3 9.35 499.12 YES
J18035853-2424585 4287.25 K5 10.93 424.02 YES
J18041053-2426559 4426.00 K5 17.46 416.50 YES
J18041141-2427162 4531.27 K4 87.92 486.49 YES
J18041573-2419017 4374.67 K5 10.01 486.90 YES
J18041664-2421360 4297.50 K5 7.24 290.34 YES

– EWHα ≥ 10Å, for spectral type K7-M2.5
– EWHα ≥ 20Å, for spectral type M3-M5.5
– EWHα ≥ 40Å, for spectral type M6-M7.5

6. Conclusions

– Removing the nebular contribution from the stellar spectra
can be quite challenging.

– All the stars we analysed so far were classified as CTTSs
acording to W10%Hα and EWHα.

7. Perspectives

We plan to analyze all the remaining stars of NGC 6530 ob-
served with the VLT/FLAMES (ESO) spectrograph, using the
same methods presented in this contribution. We will then be
able to select the CTTSs and characterize the accretion process
across the mass spectrum in NGC 6530.
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Abstract. We consider a large sample of AGB/RGB stars with excesses in the Li abundance in order to estimate their mass loss
rates. We adopt a correlation between the Li abundances and the stellar luminosity, and used a modified version of Reimers formula,
calibrated on the basis of an empirical correlation between the mass loss rate and stellar parameters. We conclude that most Li-rich
stars have lower mass loss rates compared with the majority of AGB/RGB stars, which show no evidences of Li enhancements.
Therefore, it appears that the Li enrichment process is not associated with an increased mass loss rate, as sometimes suggested in the
literature.

Resumo. Consideramos uma grande amostra de estrelas AGB/RGB com excesso de Li com o objetivo de estimar suas taxas de perda
de massa. Adotamos uma correlação entre a abundância de Li e a luminosidade estelar, e usamos uma versão modificada da fórmula
de Reimers, calibrada a partir de uma correlação empírica entre a taxa de perda de massa e parâmetros estelares. Concluimos que a
maior parte das estrelas ricas em Li tem taxas mais baixas em comparação com a maior parte das estrelas AGB/RGB, as quais não
apresentam evidências de excessos de Li. Portanto, o processo de enriquecimento de Li não é associado com uma alta taxa de perda
de massa, como sugerido em alguns trabalhos.

Keywords. Stars: AGB and post-AGB – Stars: mass-loss – Stars: abundances

1. Introduction

Most AGB/RGB stars are Li-poor, in the sense that they present
low Li abundances, which are characterized by abundances ε(Li)
= log (Li/H) + 12 < 1.5. However, some of these stars show well
determined Li enhancements, so that their abundances are higher
than the quoted value. Li-enrichment has been associated with
large mass loss rates in some papers in the literature, altough
there are also suggestions that no important mass loss phenom-
ena are associated with these stars. In this work we estimate the
mass loss rates of a sample of Li-rich AGB/RGB stars based
on a correlation between the Li-abundance and the stellar lumi-
nosity. We have used a modified Reimers formula calibrated by
an empirical correlation between the mass loss rate and stellar
parameters that was independently derived. As a result, we es-
timate the mass loss rates of a large sample of AGB/RGB stars
with known Li enhancements.

2. The data

Our sample contains 159 Li-rich stars for which reliable deter-
minations are available for the Li abundances. Some stellar pa-
rameters (effective temperature Te f f and gravity log g) are also
known for these objects. For a detailed discussion see Maciel &
Costa (2018). The data used in this work are the same as in our
previous papers (Maciel & Costa 2012, 2015), including some
new data by Maciel & Costa (2016) and Casey et al. (2016).
The original sources are: Brown et al. (1989), Mallik (1999),
Gonzalez et al. (2009), Monaco et al. (2011, 2014), Kumar et al.
(2011), Lebzelter et al. (2012), Kövári et al. (2013), Martell &
Shetrone (2013), Lyubimkov et al. (2012), Casey et al. (2016),
Ruchti et al. (2011) and Kirby et al. (2012, 2016).

3. Determination of the mass loss rates

The correlation between the Li abundances and the stellar lumi-
nosity shows some dispersion for each selected luminosity, since
for some stars Li may have been more strongly destroyed than
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Figure 1. Li abundances as a function of the luminosity for Li-
rich stars. Empty circles: data for stars with well-determined
abundances and luminosities; filled circles: maximum abun-
dances in each luminosity bin; solid line: a fit of the maxi-
mum abundances; dashed line: adopted baseline value for Li-
rich stars, ε(Li) = 1.5.

for others. However, there is an upper envelope suggesting that
the maximum Li enrichment increases with the stellar luminos-
ity, as shown in Fig. 1 for a selected sample containing 57 Li-rich
stars (empty circles).

Using the maximum contribution as representative of the Li
enhancements (filled circles in Fig. 1), we obtain a correlation
from which the luminosity can be obtained from the Li abun-
dances (solid line). We have adopted a modified version of the
Reimers formula for the mass loss rates, using the η parameter
as a free parameter, to be determined on the basis of an adequate
calibration. We have then calibrated the Reimers formula using
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Figure 2. Mass loss rates as a function of the luminosity for
AGB/RGB stars. Filled circles: Li-rich stars using the modified
Reimers formula; Crosses: Li-rich stars using the van Loon for-
mula; empty circles: Li-poor stars with well derived mass loss
rates and luminosities. Dashed line: a linear correlation for Li-
rich stars, shown for illustration purposes only.

an empirical formula derived by van Loon et al. (2005), which is
based on the modelling of the spectral energy distributions of a
sample of red giants in the Large Magellanic Cloud. In this case,
the mass loss rates can be determined from the stellar luminos-
ity and effective temperature. It should be mentioned that this
correlation corresponds to an approximately linear logarithmic
relation between the mass loss rate and the stellar luminosity,
which is in agreement with the predictions from dust radiative
driven winds.

4. Results

Taking the van Loon formula into account, we derive the distri-
bution of the mass loss rates of our sample stars. This procedure
is also followed using the Reimers formula, which is then cali-
brated to obtain the same distribution as the van Loon formula.
The parameter that presents the best fit is found to be η = 5.7.
Fig. 2 shows the derived mass loss rates as a function of the lu-
minosity for our sample. In this figure the filled circles on the
left side of the figure are the results using the modified Reimers
formula, while the crosses indicate the rates obtained by the em-
pirical formula by van Loon. The dashed line shows a linear cor-
relation obtained for Li-rich stars for illustration purposes.

We have searched the literature for a sample of AGB/RGB
stars with no evidences of Li enhancements, but with accurate
mass loss rates and luminosities. We have included in Fig. 2
data from Gullieuszik et al. (2012), Groenewegen et al. (2009),
and Groenewegen & Sloan (2018), selecting the O-rich objects
(empty circles). It can be seen that most of these objects have
higher luminosities and mass loss rates compared with the Li-
rich stars, with very few exceptions. Therefore, we can conclude
that the Li-rich objects are mainly associated with mass loss rates
much lower than for the majority of AGB/RGB stars, which are
Li-poor objects. This means that the Li enhancements are prob-
ably a low-luminosity feature associated with lower mass loss
rates in comparison with the majority of Li-poor stars.
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Abstract. This work aims to determine the atmospheric parameters of FGK stars, using FeI and FeII absorption lines, from a sample
of high resolution spectra from the HARPS GTO program. From the spectra we measure equivalent widths with the ARES code. At
this point, we obtained the semi-empirical astrophysical log(gf) from each line using the MOOG ewfind inverse analysis and tested
them by calculating the solar parameters from the EWs of Kurucz (1984) Solar Atlas. The next steps will consist in the development
of methods to select a stable iron line list in order to obtain accurate stellar parameters for FGK stars.

Resumo. Este trabalho visa determinar os parâmetros atmosféricos de estrelas FGK, utilizando linhas de absorção de Fe I e Fe II de
uma amostra espectral de alta resolução provinda do programa HARPS GTO. Medimos as larguras equivalentes espectrais utilizando
o código ARES. Até o presente momento, obtivemos o valor semi empirico da força do oscilador astrofísico log(gf) para cada linha
utilizando o driver ewfind do MOOG, por meio de uma análise inversa testamos e calculamos os parâmetros solares a partir das EWs
do Atlas Solar de Kurucz (1984). Os próximos passos consistirão no desenvolvimento de métodos para selecionar uma lista estável
de linhas de ferro, a fim de obter parâmetros estelares precisos para estrelas FGK.

Keywords. Stars: atmospheres– stars: abundances – stars: fundamental parameters

1. Introduction

Determining stellar parameters with precision allows a more de-
tailed study of the stellar evolution, considering that these pa-
rameters are the basis for the study of stellar astrophysical pro-
cesses. The adopted method deals with the calculation of the
stellar parameters from the study of the profiles of spectral lines
of absorption from high resolution spectra. Predominantly, the
effective temperature of the star is the most important factor
shaping the line profiles Gray (2005), followed by metallicity
(determined via Iron abundance), surface gravity, and microtur-
bulence. The uniform determination of the parameters is based
in the determination of the EWs of the spectral lines, an atmo-
spheric model for solar-type stars, a radiative transition program
in LTE (MOOG) and an algorithm for parameter convergence.

2. Methods

The procedure for determining the spectroscopic parameters is
detailed as follows:

2.1. VALD

Using the extract stellar option from the Vienna Atomic Line
Database (VALD)1 it was possible to obtain the absorption lines
of all elements in the wavelength range from 4500Å to 6910Å.
We obtained 1442 initial Fe I and 72 Fe II lines.

2.2. ARES/IRAF

The EWs of Iron absorption lines from the Kurucz Solar Atlas
Kurucz (1993) was obtained from the ARES program Sousa
(2015) and was compared with the EWs obtained manually
through the IRAF2 spectroscopic data reduction and analysis
software, in order to compare the EWs of the lines in common

1 Available on:http://vald.astro.uu.se/
2 Available on:http://iraf.noao.edu/

Figure 1. Graphic representing a first selection of lines. The lines
within the standard deviation were selected for the next phase
and the others were excluded. The authors, 2018.

by the two processes,and exclude the lines erroneously measured
by the automatic process. We then compared the EWs taken
from a degraded Kurucz solar atlas spectral with a resolution
equivalent to the HARPS spectra with the spectrum taken from
the reflected light from Ganymedes and Ceres, available at ESO
HARPS page, in order to simulate the spectrum of a distant star.
In the end we obtained 927 Iron I and II lines with EWs within
the range of one standard deviation between the three spectra.
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Figure 2. Graph of identity comparing the results obtained by
Sousa (2008) and by the authors (2018).The authors (2018).

2.3. MOOG-EWFIND

Next, we obtained the astrophysical oscillator strength of each
line, log (gf), from an inverse analysis, using the known param-
eters of the Sun (Teff = 5777 K, log g = 4.44 dex, log ε Fe =
7.47 dex, ξt = 1.0) as the MOOG input, using the ewfind driver.
The convergence to the correct log(gf) value was made with an
algorithm based on the bisection method, comparing, at each it-
eration, and for each line, the EW values provided by MOOG
with the EW values measured in the Sun’s spectrum until both
EW values match, for a certain log(gf) value. Obtaining semi-
empirical values for log (gf) is required because the values ob-
tained in the VALD are not fully reliable because they do not
reflect the stellar atmospheric conditions.

3. Discussion and conclusions

At the present time, we compare the results of the astrophysical
loggf with the data obtained in Sousa (2008) that obtained the
same sample analyzed. The results are consistent with those of
the analyzed literature.

3.1. Next Steps

– Study selection methods for spectral lines in order to obtain
a final list of stable lines across the region of FGK star tem-
peratures

– Calculate stellar parameters using the Nelder Mead method
Nelder et al. (1965)

– Study the relationship between stellar parameters and the
presence or absence of planets
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Abstract. We present elemental abundance results of five giants of the young open cluster NGC 2345. The atmospheric parameters
of the studied giants and their chemical abundances were determined using high-resolution optical spectroscopy, obtained with the
FEROS spectrograph, attached to 2.2 m telescope at ESO, Chile. In this study, we determine abundances of light elements (Li, C, N,
O), light odd-Z elements (Na, Al), α-elements (Mg, Si, Ca, Ti), Fe-group elements (Cr, Fe, Ni), and n-capture elements (Y, Zr, La,
Ce, Nd) for each star, where abundances of light species were derived using spectral synthesis technique. By applying isochrones
to NGC 2345 photometry, comparing the color-magnitude, as well as information of the elements sensitive to dredge-up events, we
suggest that the 5 observed red giants can be red-clump stars. In addition, the metallicity we obtained for the open cluster target is
[Fe/H] =−0.33 ± 0.05 and is in good agreement with recent studies on clusters in the Milky Way, although atypical for its galactic
latitude (b = −02◦31).

Resumo. Apresentamos os resultados das abundâncias elementares de cinco gigantes do jovem aglomerado aberto NGC 2345. Os
parâmetros atmosféricos das gigantes estudadas e suas abundâncias químicas foram determinados usando dados de espectroscopia de
alta resolução na região ótico, obtida com o espectrógrafo FEROS, anexado ao telescópio de 2.2 m no ESO, Chile. Neste estudo, nós
determinamos as abundâncias dos elementos leves (Li, C, N, O), elementos leves de número atômico par (Na, Al), elementos-α (Mg,
Si, Ca, Ti), elementos do grupo do ferro (Cr, Fe, Ni) e elementos produzidos na captura de nêutrons (Y, Zr, La, Ce, Nd) para cada
estrela, onde a abundância das espécies leves foram derivadas usando a técnica de síntese espectral. Aplicando isócronas à fotometria
de NGC 2345, comparando a relação cor-magnitude, bem como a informação dos elementos sensíveis aos eventos de dragagem, nós
sugerimos que as cinco gigantes vermelhas observadas podem ser estrelas do red-clump. Ademais, a metalicidade que nós obtivemos
para o aglomerado alvo é [Fe/H] =−0.33 ± 0.05 e está em boa concordância com um recente estudo sobre os aglomerados da Via
Láctea, apesar de atípica para sua latitude galactica (b = −02◦31).

Keywords. Galaxy: open clusters and associations: individual: NGC 2345 – stars: abundances – stars: fundamental parameters

1. Introduction

In stellar open clusters we assume that all the stars are formed in
the same interstellar cloud and are generated at the same time,
therefore with the same age, at the same distance, and with simi-
lar chemical composition, making them excellent objects for the
study of stellar and Galactic evolution (Friel 1995; da Silveira et
al. 2018). In this context, young open clusters are excellent in-
dicators of spiral structure and are helpful tools to investigation
recent star formation in Milky Way, because they are indicators
of the variations in the abundance of heavy chemical elements in
the Galactic disk (Lada & Lada 2003). Said that we focused the
chemical analysis on the young open cluster NGC 2345, located
in Canis Majoris, that contains the presence of five K-type red
giants, which we dispose of spectra.

2. Methods

Spectroscopy observation was carried out during runs on March
11th, 2016, and have been made using FEROS spectrograph
(Fiber-fed Extended Range Optical Spectrograph; Kaufer et
al. 1999) at the 2.2 m European Southern Observatory (ESO)
Telescope in La Silla, Chile. The exposure time of our spec-
tra were 1 200–2 400 s. The model atmospheres for our giants
were employed by interpolation within Kurucz (1993) grid. In
this case, it is considered local thermodymamical equilibrium
plane-parallel atmospheric models. After that, we implemented

Table 1. Main parameters of NGC 2345.

Parameter Value Reference
` 226◦58 —
b −02◦31 —
E(B − V) 0.616 Dias et al. (2002)
d (kpc) 2.251 Kharchenko et al. (2005)
RGC (kpc) 9.64 This Work
log t (Gyr) 7.9±0.1 This work
Mturn−o f f (M�) 5.40±0.15 This work
[Fe/H] (dex) −0.33± 0.05 This work

the spectral analysis code moog (Sneden 1973) for the determi-
nation of stellar atmospheric parameters and stellar abundances.

Equivalent width measurements and spectral synthesis tech-
niques were employed to derive the chemical abundances of
light elements (Li, C, N, O), light odd-Z elements (Na, Al), α-
elements (Mg, Si, Ca, Ti), Fe-group elements (Cr, Fe, Ni), and
n-capture elements (Y, Zr, La, Ce, Nd). The lists and procedures
are related to other works, e.g., Santrich et al. (2013) and da
Silveira et al. (2018). But, exceptionally for Fe i and Fe ii, we
have adopted the line list by Hekker & Meléndez (2007).

3. Discussion and conclusions

Tab. 1 shows the main parameters adopted and found about the
open cluster in question. We implemented the UBV photometry
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Figure 1. Color-magnitude diagram of NGC 2345 (photometric
data taken from Moffat 1974). Our program stars are identified
by red circles. We show isochrones (Bertelli et al. 1994) for three
different ages: 63.09 Myr (log t = 7.8), 79.43 Myr (log t = 7.9)
and 100 Myr (log t = 8.0).

of Moffat (1974), downloading it from the WEBDA database1.
Once we have done this, we employed the isochrone fitting
method to determine the age of NGC 2345 as shown in Fig. 1.
We used a color excess of E(B − V) = 0.616 (Dias et al. 2002).
Finally, was found log t = 7.90 for NGC 2345, which is in good
agreement with log t = 7.85 reported by Dias et al. (2002). In
this Figure, we highlight our spectra program in red dots, and
stars are marked according to ID provided Moffat (1974).

Another young open cluster is NGC 3114 (Santrich et al.
2013), which analysis was performed with a similar methodol-
ogy to ours, present log t = 8.2 and [Fe/H] =−0.01. Fig. 2 shows
the comparison of detailed abundances between the young open
clusters NGC 2345 and NGC 3114. The abundance pattern ob-
served for the light elements is typical of giants that have already
suffered the first dredge-up (e.g., a decrease of Li2 and C and an
increase of N). This fact can also be inferred by the position of
the objects in the color-magnitude diagram, being evolved stars
(Fig. 1). Besides, it is also possible to verify the enrichment of
Na, according to the values predicted by the standard mixing
model by Lagarde et al. (2012). Furthermore, we see more s-
process3 is righer than older open clusters, a fact that is common
to young open clusters (Maiorca et al. 2011). This fact is due to
the release of neutrons through the 13C(α, n)16O reaction which
occurs mainly in low-mass AGB stars (M < 1.5 M�). Maiorca
et al. (2012) denote the chemistry importance theses low-mass
objects in the subsequent formation of stars with enhancement
of s-process elements.

From the point of view of iron abundance, NGC 2345 has a
low metallicity relative to other young open clusters and even

1 Available on: http://webda.physics.muni.cz/
2 Lithium abundance is given by: log ε(Li) = log NLi/NH + 12.0
3 By definition: [s/Fe] = 1
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Figure 2. Comparison of detailed chemical abundances between
the young open clusters NGC 2345 (red) and NGC 3114 (blue;
Santrich et al. 2013).

to the Galactic center. For a projected Galactocentric distance4

of 9.64 kpc, NGC 2345 is well below to the typical value of
[Fe/H] =−0.10.

Another pertinent comparison to be done is based on the
result of [Fe/H] =−0.26 found by Reddy et al. (2016) for
NGC 2345. However, Reddy and colleagues used another list of
lines and only three red giants (#34, #43, #60). It is worth noting
that the list of lines adopted by us is appropriate for the study
of cold objects since it selected regions were iron lines do not
suffer from blending with molecular bands common see in cold
giant spectra (Santos et al. 2009).
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Abstract. The Magellanic Clouds constitute an interacting pair of galaxies in many ways overcoming the Milky Way gravitational
influence. Studies linking epochs of enhanced star formation with the Clouds approximation reveal how the changing tidal field
affects their stellar populations. Star clusters (SCs) are units of stellar population where this connection may be more confidently
stablished due to the accurate determination of their astrophysical properties.

Resumo. As Nuvens de Magalhães constituem um par de galáxias cuja interação supera os efeitos da influência gravitacional da Via
Láctea. Estudos relacionando épocas de formação estelar ativa com a aproximação entre as Nuvens revelam como o campo de maré
variável afeta suas populações estelares. Aglomerados estelares são unidades de população estelar onde esta conexão pode ser melhor
estabelecida devido à determinação precisa de suas propriedades astrofísicas.

Keywords. (Galaxies:) Magellanic Clouds – Galaxies: star clusters: general

1. Introduction

The present work aims at relating structural parameters of 56
Large Magellanic Cloud (LMC) and 34 Small Magellanic Cloud
(SMC) clusters located in their outskirts with signatures of tidal
effects eventually altering their evolution. To achieve our goal,
SAMI@SOAR observations in BVI bands have been carried out
for the SCs to produce a comprehensive database of homoge-
neous, deep and high quality photometry and derive their as-
trophysical and structural properties (the VISCACHA - VIsible
Soar photometry of star Clusters in tApii and Coxi HuguA -
project).

2. Observations and data reduction

The SOAR Telescope Adaptive Module (SAM) imager was em-
ployed to obtain photometric images with BVI filters for the SCs
sample with exposure times of 3x450s (B–band), 3x375s (V-
band) and 3x560s (I–band). The data were pre-reduced in a stan-
dard way, processed for bias subtraction and division by skyflats.
Astrometric calibration was performed with IRAF tasks and us-
ing the 2MASS stars in the fields as astrometric references. See
Fraga et al. (2013) for reduction and astrometric calibration de-
tails. The three images obtained per filter were combined and
flux calibrated using Stetson or MCPS fields.

The projected spatial distribution of MCs SCs (small dots;
Bica et al. 2008) is shown in Fig. 1 together with the observed
SCs represented by colored symbols.

3. King model fittings to surface brightness profiles

The surface brightness profiles (SBPs) were built from the cal-
ibrated V and I images in annular bins divided in eight sectors
for which the flux median was calculated. The SCs center were
determined at the average position of the stars within the SC vi-
sual radius. The sky level, obtained from the whole image, was
subtracted before the fitting procedure. Only the analysis of V
band images is presented here.

The structural parameters central surface brigthness (µ◦),
core radius (rc) and tidal radius (rt) were estimated by fitting
? e-mail: jsantos@fisica.ufmg.br
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Figure 1. Distribution of the observed SCs.
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Figure 2. LMC clusters with the smallest core radius (left) and
the largest one (right).

the King (1962) model to the clusters’ SPBs. The model-fittings
were performed from the SC center to the limiting radius, where
the flux of cluster stars levels off with that of the field stars. From
the limiting radius outward, the flux was used to compute the
stellar background/foreground, which was then subtracted from
the profile. Figs. 2 and 3 show King model fittings to the SBPs
of selected SCs.
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Figure 3. SMC clusters of different ages: ∼ 70 Myr (left) and
∼ 2 Gyr (right).

4. Literature connections

The existence of tidal-dynamical effects in SCs is closely related
to their structural parameters (Miholics et al. 2014). Werchan
& Zaritsky (2011) found that the LMC lacks SCs that are as
large as those in the SMC, and suggested that this result could
be a signature of stronger tidal stresses in the LMC. However,
since they did cover the central part of the galaxy, they could not
explore such effects in the LMC outer disk.

Using field red clump stars from the SMASH survey, Choi
et al. (2018) constrained the 3D structure of the LMC, showing
a warp towards the southwest of the outer disc, probably asso-
ciated to the interaction with the SMC. A simulation by Besla
et al. (2012), involving three encounters between the Clouds in-
cluding a direct collision, evidences this warp and indicates that
the Clouds themselves, not the Milky Way, are responsible for
the distorted features observed in the LMC, such as this warp,
a tilted bar and low density stellar arcs ∼ 15 kpc from the LMC
centre towards the north (Mackey et al. 2016).

5. Results on the LMC

The outer LMC SCs have deprojected distances to the LMC cen-
ter that do not differ by more than 2 kpc (assuming that the
SCs lie in a disk), but are distributed azimuthally from east to
southwest throughout ≈ 130◦, making different dynamical ef-
fects expected among them (Fig. 4). We found that the western-
most LMC SCs (red dots), the nearest ones to the SMC, have
a larger spread of core radius than the SCs located elsewhere.
This group of SCs is also in the far side of the LMC from us and
contains the lowest surface brightness members of our sample.

Interestingly, this result may be compared to recent simu-
lations of the LMC/SMC interaction and analyses of the low
surface brightness general field, that reveal asymmetric stellar
structures in the LMC outskirts, among them a warp towards the
southwest of the outer LMC disc, which is probably associated
to the interaction with the SMC. It will be interesting to com-
pare the properties of the SCs located at these regions with the
results by Choi et al. (2018). Does the spread in core radius that
we noticed for SCs located at ∼ 6 kpc and towards the southwest
is associated to the beginning of the warp?

6. Results on the SMC

The SMC SC sample cover a larger distance range from the SMC
center than that for the LMC sample, but the rc seems not to
be affected by such differential tidal field. Since we used at this
time an overall SMC distance to us of 60 kpc and the large SMC
depth is well stablished, only when individual SC distances are
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obtained from isochronal fittings is that it will be possible to
make a better account of this issue.

The behavior of the SCs’ core radius rc and integrated mag-
nitude Mv as a function of the central surface brightness µ◦,v is
similar to that obtained for the LMC (Fig. 5). They reflect the
expected relation among the parameters: (i) more luminous SCs
have higher central surface brightness than less luminous SCs
and (ii) SCs with low central surface brightness (less luminous)
have a spread of core radius, while high central surface bright-
ness SCs have small core radius.

7. Perspectives

In the near future, we will obtain distance, age and metallicity
for the sample and study their gradients in connection with the
structural parameters. Such investigation shall provide new find-
ings on the Clouds SC population more strongly affected by the
galaxies’ interaction and may reveal interesting aspects of their
evolution.
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The VISCACHA survey
Age and metallicity spatial distribution of star clusters in the SMC reveals a complex
tidal history
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Abstract. During the past few decades, star clusters were used to shed light on the disordered evolution of the Small Magellanic
Cloud (SMC). Age and metallicity radial gradients are good tracers for that, but hard to define for the SMC that has been disrupted
due to interactions with the Large Magellanic Cloud (LMC) and the Milky Way. We propose to split the SMC into four groups and
show that they reveal different chapters of the SMC evolution history. The groups are main body, wing/bridge, counter-bridge, and
west halo. In particular, the west halo has a clear positive trend in age and negative in metallicity. The main body and counter-bridge
clusters show a similar pattern. The wing/bridge exhibit a V-shape distribution for metallicity and the opposite for age, as also shown
by other works. These tendencies would be more disperse and hard to identify if all components were analysed without distinction.
Comparison with the predicted stellar distribution from dynamical models show that the west halo could be a tidal structure disrupted
after an interaction with the LMC. In fact, recent proper motion maps of the SMC from HST+Gaia DR1 and from the VMC survey
confirmed that the west halo is really being stripped out from the main body. Recently published Gaia DR2 has proper motions for
the SMC that should be analysed soon. In this talk we present age and metallicity derived via synthetic colour-magnitude diagram
fitting of SMC star clusters observed with the SOAR telescope (joint project between Chile and Brazil) and discuss the results above.
Our ongoing VISCACHA survey has already used over 200h of SOAR time and will deliver accurate age, metallicity, distance,
and reddening for about 100 star clusters in the SMC. We also started a spectroscopic follow-up using GMOS@Gemini to derive
spectroscopic metallicities and radial velocities for key clusters.

Resumo. Durante as últimas décadas, aglomerados de estrelas foram usados para esclarecer a evolução desordenada da Pequena
Nuvem de Magalhães (SMC, em inglês). Gradientes radiais de idade e metalicidade são bons traçadores para isso, mas difíceis de
definir para a SMC que tem sido distorcida devido a interações com a Grande Nuvem de Magalhães (LMC, em inglês) e a Via Láctea.
Propomos uma divisão da SMC em quatro grupos que revelam capítulos diferentes da história de evolução da SMC. Os grupos são:
corpo principal, asa/ponte, contra-partida da ponte e halo oeste. Em particular, o halo oeste possui uma clara tendência positiva em
idade e negativa em metalicidade. Os aglomerados do corpo principal e da contra-partida da ponte apresentam um padrão similar.
A asa/ponte mostra uma distribuição em ‘V’ para metalicidade e o oposto para idade, como mostrado por outros trabalhos. Essas
tendências seriam mais dispersas e difíceis de identificar se todas as componentes fossem analisadas sem distinção. Uma comparação
com a distribuição estelar prevista por modelos dinâmicos revelam que o halo oeste poderia ser uma estrutura de maré removida
após uma interação com a LMC. De fato, mapas recentes de movimento próprio da SMC usando HST+Gaia DR1 e o levantamento
VMC confirmaram que o halo oeste realmente está sendo destroncado do corpo principal. O Gaia DR2 foi recentemente publicado e
possui movimentos próprios para a SMC que deveriam ser analisados em breve. Nesta palestra apresentamos idades e metalicidades
determinadas via ajuste de diagrama cor–magnitude de aglomerados estelares da SMC observados com o telescópio SOAR (projeto
conjunto entre Chile e Brasil) e discutimos os resultados acima. O levantamento VISCACHA — em andamento — já usou mais 200h
de tempo do SOAR e entregará idade, metalicididade, distância e avermelhamento precisos para aproximadamente 100 aglomerados
estelares na SMC. Também demos seguimento à determinação de metalicidades e velocidades radiais via espectroscopia usando o
GMOS@Gemini.

Palavras-chave. (galaxies:) Magellanic Clouds — galaxies: star clusters: general — galaxies: stellar content — galaxies: structure —
galaxies: evolution

1. Introduction

The VISCACHA (VIsible Soar photometry of star Clusters in
tApii and Coxi HuguA1) project (Maia et al. 2019) is a deep pho-
tometric survey observing star clusters in the Large and Small

1 LMC and SMC names in the Tupi-Guarani language

Magellanic Clouds (LMC, SMC). In contrast with other large
area sky surveys pointing at the Magellanic system — such as
the VMC (Cioni et al. 2011) or the SMASH (Nidever et al. 2017)
— our survey is focused on star clusters throughout the SMC,
LMC, and Bridge. Our advantage is to obtaining spatial reso-
lution about five times higher than the large surveys (see Fig.
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1) and accurate photometry reaching a few magnitudes fainter
than the larger surveys in the crowded regions such as star clus-
ters (see Sect. 3). We also use a 4m class telescope as most of
the modern surveys, but we combine with the use of adaptive
optics (AO) that makes the VISCACHA data to be unique and
complementary to any other previous photometric survey on the
Magellanic Clouds.

SOI @ SOAR

SAMI @ SOAR

Figura 1. Coloured images of NGC 152 based on BV images taken
with SOI and VI images taken with SAMI. The FOV of the images is
about 3×3′. The insets highlights the five times better spatial resolution
allowed by the AO with SAMI enabling the deep photometry even in
the dense cores of the most massive clusters.

6 4 2 0 −2 −4 −6

−
6

−
4

−
2

0
2

4
6

2
o

4
o

6
o

8
o

10
o

This work
Paper I

Main body
West Halo
Wing/Bridge
Counter−Bridge

E

N

LMC

relative α ⋅ cosδ (
o
)

re
la

ti
ve

 δ
 (

o
)

Figura 2. Figure extracted from Dias et al. (2016) showing the defini-
tion of the four regions on the projected distribution of SMC star clus-
ters from the catalogue of Bica et al. (2008): main body, wing/bridge,
counter-bridge, and west halo.

The SOuthern Astrophysical Research (SOAR) telescope is
accessible to our team through Brazil and Chile hosting together
40% of the available nights. We are using Brazilian and Chilean
time to accomplish our planned observations using the SOAR
Adaptive Module Imager (SAMI) since its commissioning in
2015. Some of the members are from Argentina, that has access
to Gemini telescope, and we are using joint Brazilian, Chilean,
and Argentinean time for spectroscopic follow-up observations
with GMOS.

We discuss here one of the many projects that are being de-
veloped within the collaboration. The SMC star cluster popu-
lation is less studied than the LMC population possibly because
their spatial distribution is very complex. Dias et al. (2014, 2016)
claimed to have find a way to classify the star cluster in groups
and start solving the puzzle.

2. The SMC star cluster groups

Parisi et al. (2009, 2015) derived accurate and homogeneous
metallicities from CaII lines of red giant stars for 36 SMC clus-
ters and characterized the radial metallicity distribution as a V-
shape with vertex at about a ∼ 4 − 5◦. This peculiar distribution
could be identified also by Piatti (2011) and Dias et al. (2014,
2016) in age and metallicity with a large dispersion. Combined
with that, all the four works present an age-metallicity relation
(AMR) with a large dispersion in metallicity that seems to be
real. Dias et al. (2014) defined four regions on the projected dis-
tribution of SMC star clusters as shown in Fig. 2 and indicated
that the V-shape on the radial gradients could be originated by a
superposition of simple gradients of each group, that are clearly
identified when analysed in isolation (see Sect. 4). They also
show that the metallicity dispersion seen in the AMR is signifi-
cantly reduced if the groups are treated individually. These four
groups have physical motivations behind them and each group
may be telling a different chapter of the SMC tidal evolution
history.

The definition of the SMC main body follows the distribu-
tion of young stars by Bekki & Chiba (2009), as can be seen in
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Figura 3. Figure adapted from Bekki & Chiba (2009) showing their
results of N-body simulations for the actual distribution of stars younger
than 2.7Gyr in the SMC. We overplot the star cluster positions as in Fig.
2 with the same age interval.

Fig. 3. In other words, recent star formation is happening in this
central region. Their simulations also show that the older stars
should have a spherical distribution with a central concentration
(well characterized with the VMC data, see Rubele et al. 2018),
but this is not the case of the star cluster distribution (Fig. 4).
A possible cause for this difference is cluster dissolution in the
dense regions of the SMC, taking into account that most of these
clusters are low-mass.

The wing/bridge region is defined by the gas structure that
connects the SMC to the LMC where a stellar counterpart is
known. In fact, the wing/bridge clusters follow the Magellanic
Bridge of gas very well in Fig. 5. The tidal counterpart of the
Bridge is diametrically opposed to it along the line of sight, i.e.,
it is concentrated on the projected gas distribution in the North
of the SMC, as predicted by the simulations of Diaz & Bekki
(2012). All clusters in this area were classified as counter-bridge
clusters by Dias et al. (2014).

The remaining group on the Southwest region of the SMC
was not foreseen by any simulations and not characterized as a
group by any observations until a few years ago. It was classi-
fied and studied for the first time by our group and denominated
‘west halo’ (Dias et al. 2014, 2016). We found that the west halo
clusters have a radial gradient in age and metallicity similar to
the gradient found in the inner two degrees of the main body.
We compared their distribution on sky with the dynamical sim-
ulations of Besla (2011) to conclude that the west halo could be
a group of clusters tidally removed from the main body. Proper
motions were needed to confirm this scenario.

Recently, two independent studies confirmed the findings of
Dias et al. (2016) on the west halo. Niederhofer et al. (2018)
published a map of proper motions relative to the bulk SMC
motion for the inner regions of the SMC based on VMC data
(see Fig. 6). They found no trace of rotation as it is the case
of the LMC and found that all vectors in the west halo region
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Figura 4. Same as Fig. 3 but for stars older than 2.7Gyr,
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Figura 5. Figure adapted from Diaz & Bekki (2012) showing their re-
sults of N-body simulations for the actual distribution of gas in the
Magellanic System, and we identify the components defined in their
work. The star cluster positions are overplotted as in Fig. 2 making clear
the position of the wing/bridge and counter-bridge clusters.

are pointing outwards, which is the confirmation that west halo
clusters are moving away from the main body. A few months
later, Zivick et al. (2018) published a complementary proper
motion map based on specific fields observed with HST com-
bined with Gaia DR1 spread over a larger area (see Fig. 7). They
also showed that the Southern stars are moving from the main
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Figura 6. Figure adapted from Niederhofer et al. (2018), showing the
proper motion vectors relative to the bulk proper motion of the SMC,
based on VMC data. We overplot the four groups of star clusters as
defined in Fig. 2.

Figura 7. Similar to Fig. 6 but with the proper motion vectors and base
image adapted from Zivicky et al. (2018) using data from HST+Gaia
DR1.

body towards the west halo. What calls the attention is that the
magnitude of the proper motion vectors is of the same order as
those from the Magellanic Bridge, that is known to be a tidal fea-
ture of the interaction between LMC and SMC. This means that
the bulk motion of the west halo is not negligible. Zivick et al.
also pointed out that the vectors of the counter-bridge region are
smaller than those of the wing/bridge region possibly because
the main component of their motion is along the line of sight, as
discussed above.

Figura 8. Figure extracted from Maia et al. (2019) showing the ob-
served CMD of Kron 37 with the membership probability of each star
indicated by the colour code. The corner plot shows the results of the
MCMC Bayesian fit of the CMD to a grid of synthetic CMDs built from
PARSEC isochrones (Bressan et al. 2012). The best isochrone fitted to
the data is shown as the blue line and the respective synthetic CMD as
grey points behind the observed CMD.

3. Colour-magnitude diagram (CMD) fitting: age,
metallicity, distance, reddening

One of the main goals of the VISCACHA survey is to trace a
3D map of age and metallicity of SMC star clusters and better
characterize the radial gradients and AMR for each group dis-
cussed above, possibly constraining the SMC tidal history. The
survey has the advantage of using homogeneous and deep obser-
vations combined with robust method to derive age, metallicity,
distance, and reddening for each cluster.

Kerber et al. (2002); Kerber & Santiago (2005) developed
a method to generate a grid of synthetic CMDs for a suitable
space of parameters to fit HST deep CMDs of LMC clusters.
This method was adapted to SOI@SOAR data by Dias et al.
(2014, 2016) and further developed to include Markov chain
Monte Carlo (MCMC) method to use Bayesian statistics to fit
the observed VISCACHA CMDs to the grid of synthetic CMDs
(Maia et al. 2019). This method has been proven to produce ro-
bust ages for clusters from a few Myr down to the oldest clus-
ters of the Magellanic Clouds 10-11 Gyr old; robust metallicities
compatible with those obtained via spectroscopy, even though
not as precise (e.g. Dias et al. 2016; Maia et al. 2019); and ac-
curate distances comparable to those obtained via other meth-
ods (de Grijs & Bono 2015). Reddening is very low in this sky
area and agrees with classical reddening maps. Our method de-
rives the four parameters altogether without fixing any of them.
This has been a common practice in other works, which pro-
duces larger systematic errors on age when they assume distance
and metallicity, for example.

Fig. 8 shows an example of a CMD fitting for the
wing/bridge cluster Kron 37 done by Maia et al. (2019). The ob-
served CMD reaches four magnitudes below the main sequence
turnoff and has a good number of subgiant, red giant branch and
red clump stars, making it a perfect case to produce accurate pa-
rameters. The colour scale indicates the probability of each star
to belong to the cluster, that is calculated statistically comparing
them with a CMD of nearby field outside the cluster tidal radius.
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The corner plot displays the results of the MCMC simulations
for the four parameters where the maximum likelihood peaks
can be easily identified as the final results for this cluster.

4. Discussion and perspectives

We made a schematic cartoon plot of the age and metallicity
radial distributions of SMC star clusters older than 1 Gyr for
each region (see Fig. 9), based on the literature compilation done
by Dias et al. (2014). The interaction that created the Magellanic
Stream took place about 1 Gyr ago (Besla et al. 2010) and a
substantial population of clusters has been formed since then not
only on the main body (e.g. Glatt et al. 2010). Therefore we are
not considering the very young cluster population because they
are tracing a different history.

The west halo, wing/bridge and counter-bridge regions host
the intermediate-age and old clusters being good tracers of the
past tidal interactions. In fact, these groups may give constraints
to the debate between the classical scenario where the LMC and
SMC are orbiting the Milky Way with a period of ∼2 Gyr (e.g.
Diaz & Bekki 2012) and the new scenario where the Clouds
are in their first infall or have an eccentric orbit with a period
> 6 Gyr (e.g. Besla et al. 2010). Marking the stellar populations
and star formation bursts that happen during a close encounter
between the LMC and SMC and also between the Magellanic
system and the Milky Way is certainly one way to constrain
these scenarios. Accurate and homogeneous ages, metallicities,
and distances are required. Past surveys only reached the clus-
ter population younger than 1 Gyr, and present large surveys do
not reach old clusters in crowded regions. We intend to present
a complete set of parameters for the clusters on the outskirts of
the SMC and trace its complete history.

Compilations from the vast literature on this field pro-
vides a lot of dispersion because of systematic differences be-
tween the methods, photometric filters, large uncertainties etc.
Nevertheless, we show in Fig. 9 that the western regions con-
taining the west halo and counter-bridge present a clear trend (or
gradient) similar to that found on the main body, while the east-
ern regions of the wing/bridge reveals a V-shape distribution. If
all groups are seen together it looks like that the overall cluster
population is distributed in a V-shape. Apparently, the four SMC
groups seen on the projected distribution on sky really have dif-
ferent characteristics and possibly are tracing different episodes
of the SMC tidal history. Moreover, Dias et al. (2014, 2016)
pointed to a different AMR for each group, which could indicate
merger episodes in each region, or a different chemical enrich-
ment history for each region. The VISCACHA survey should
provide constraints to these and many more open questions that
complement the studies of the large surveys in the field.

Agradecimentos. Based on observations obtained at the Southern Astrophysical
Research (SOAR) telescope, which is a joint project of the Ministério da Ciência,
Tecnologia, e Inovação (MCTI) da República Federativa do Brasil, the U.S.
National Optical Astronomy Observatory (NOAO), the University of North
Carolina at Chapel Hill (UNC), and Michigan State University (MSU). The au-
thors thank the Brazilian and Chilean NTAC for accepting our proposals to carry
out VISCACHA observations with SOAR.

References
Besla, G. 2011, PhD thesis, Harvard University
Besla, G., Kallivayalil, N., Hernquist, L., et al. 2010, ApJ, 721, L97
Bica, E., Bonatto, C., Dutra, C. M., & Santos, J. F. C. 2008, MNRAS, 389, 678
Cioni, M.-R. L., Clementini, G., Girardi, L., et al. 2011, A&A, 527, A116
de Grijs, R. & Bono, G. 2015, AJ, 149, 179
Dias, B., Kerber, L., Barbuy, B., Bica, E., & Ortolani, S. 2016, A&A, 591, A11
Dias, B., Kerber, L. O., Barbuy, B., et al. 2014, A&A, 561, A106

✵

✷

✹

✻

✽

✶
✵

✶
✷

❛
�
✁
✂✄
☎
✆✝

✥✞✟✠

❜✡☛☞

✌❡✍✎

❍✞✏✡
✑✡✒✠✎❡✓

❇✓✟☛✐❡ ❇✓✟☛✐❡

✌✟✠✐

✔ ✕ ✖ ✗ ✘ ✙✔

✲
✶
✚✛

✲
✶
✚✵

✲
✵
✚✛

✵
✚✵

✥✞✟✠

❜✡☛☞ ✌❡✍✎

❍✞✏✡
✑✡✒✠✎❡✓

❇✓✟☛✐❡

❇✓✟☛✐❡

✌✟✠✐

❬✜
✁
✢✣
✤

✦❙▼❈ ✧
♦
✮

Figura 9. Schematic plot of age and metallicity radial distribution based
on the literature compilation done by Dias et al. (2014) for clusters older
than 1 Gyr.

Diaz, J. D. & Bekki, K. 2012, ApJ, 750, 36
Glatt, K., Grebel, E. K., & Koch, A. 2010, A&A, 517, A50
Kerber, L. O. & Santiago, B. X. 2005, A&A, 435, 77
Kerber, L. O., Santiago, B. X., Castro, R., & Valls-Gabaud, D. 2002, A&A, 390,

121
Maia, F. F. S., Kerber, L. O., Santos Jr., J. F. C., Dias, B., & the VISCACHA

team. 2019, MNRAS, submitted
Nidever, D. L., Olsen, K., Walker, A. R., et al. 2017, AJ, 154, 199
Niederhofer, F., Cioni, M.-R. L., Rubele, S., et al. 2018, A&A, 613, L8
Parisi, M. C., Geisler, D., Clariá, J. J., et al. 2015, AJ, 149, 154
Parisi, M. C., Grocholski, A. J., Geisler, D., Sarajedini, A., & Clariá, J. J. 2009,

AJ, 138, 517
Piatti, A. E. 2011, MNRAS, 418, L69
Rubele, S., Pastorelli, G., Girardi, L., et al. 2018, MNRAS, 478, 5017
Zivick, P., Kallivayalil, N., van der Marel, R. P., et al. 2018, ApJ, 864, 55

95



Boletim da Sociedade Astronômica Brasileira, 31, no. 1, 96-97
c© SAB 2019

Determining ages and metallicities of LMC and SMC star clusters using
integrated colours in the S-PLUS photometric system
P. Westera1, G. F. de Souza2, L. Kerber3,2, C. Mendes de Oliveira2, J. A. Hernández-Jiménez2, M. V. Costa Duarte2, &
L. M. Sampedro Hernández2

1 UFABC; e-mail: pieter.westera@ufabc.edu.br
2 IAG, Universidade de São Paulo; e-mail: gabriel.fabiano.souza@usp.br, claudia.oliveira@iag.usp.br,
joseaher@gmail.com, mvcduarte@gmail.com, lauramariash@gmail.com

3 UESC; e-mail: lekerber@gmail.com

Abstract. During its test time, T80-South observed parts of the Large and Small Magellanic Clouds (LMC and SMC) and the goal
of this project is to use these data for analysis of well-known clusters. Star clusters in the LMC and SMC have been well studied in
the literature and their derived ages range from a few Myr to ∼ 13 Gyr. Furthermore, the young and intermediate-age clusters are
very complementary to the Galactic open clusters since they have subsolar metallicities. This large dynamic range makes them ideal
simple stellar population (SSP) benchmarks, to calibrate age and metallicity determination methods that can then be extended to
other galaxies. We use measured aperture magnitudes in the 12 S-PLUS bands of well-known stellar clusters in the SMC and LMC
and some of the Milky Way. The positions of these clusters in multi-dimensional colour-colour diagrams can be compared with the
predictions of stellar population synthesis models to determine their population parameters, that is, age, metallicity, and, at a later
stage, foreground interstellar extinction. This way, we are able to determine the ideal observing strategy, that is, the combination of
S-PLUS bands that optimises the determination and disentanglement of the population parameters for a given amount of telescope
time available. We present the results of a preliminary study reproducing the population parameters of synthetic SSPs, varying the
noise level and the weights of the colours in the best fitting procedure, in order to find the best combination of colour-colour diagrams
that recover the input synthetic SSPs, and give an outlook on future developments of the project.

Resumo. Durante a sua fase de testes, o T80-South observou partes das Grande e Pequena Nuvens de Magalhães (LMC e SMC) e a
meta deste projeto é usar estes dados para a análise de aglomerados bem conhecidos. Aglomerados estelares nas LMC e SMC têm
sido estudados bem na literatura a as suas idades derivadas vão de poucos Manos a ∼ 13 Ganos. Além disso, os aglomerados jovens
e de idade intermediária são muito complementares a aglomerados abertos Galácticos, já que eles têm metalicidades sub-solares.
Esta grande faixa dinâmica os torna referências ideais para estudos de populações estelares simples (SSPs), para calibrar métodos de
determinação de idade e metalicidade que podem então ser extendidos para outras galáxias. Usamos magnitudes de apertura medidas
nas 12 bandas S-PLUS de aglomerados estelares bem conhecidos nas SMC er LMC e alguns na Via Láctea. As posições destes
aglomerados em diagramas cor-cor multidimensionais podem ser comparadas com as previsões de modelos de síntese de populações
estelares para determinar os seus parâmetros de população, isto é, idade, metalicidade e, num estágio mais pra frente, extinção
interestelar. Desta maneira, conseguiremos determinar a estrategia observacional ideal, isto é, a combinação de bandas S-PLUS
que otimiza a determinação e o desembaraçamento dos parâmetros de população para um dado montante de tempo de telescópio
disponível. Apresentamos os resultados de um estudo preliminar reproduzindo os parâmetros de população de SSPs sintéticas,
variando o nível de ruído e os pesos das cores no procedimento de melhor ajuste, para achar a melhor combinação de diagramas
cor-cor que recuperam as SSPs sintéticas de entrada, e damos uma perspectiva de desenvolvimentos futuros do projeto.

Keywords. Magellanic Clouds – Galaxies: star clusters: general – Galaxies: stellar content

1. The Age-Metallicity Degeneracy

It is well known (Worthey 1994; de Meulenaer et al. 2013, 2014;
Asa′d et al. 2016), that age and metallicity have very similar ef-
fects on the integrated (broad-band) colours of Simple Stellar
Populations, causing a degeneracy in two-colour diagrams for
SSPs of varying ages and metallicities, making it difficult to dis-
entangle these effects and determine the two parameters from
integrated colours of SSPs, such as stellar clusters. Similar de-
generacies occurr, when interstellar extinction is included as an
additional parameter.
However, these authors also showed that this degeneracy can be
broken by using certain narrow-band colours centered on im-
portant spectral lines, that is, age and metallicity have different
effects on these colours, such that the effects can be disentan-
gled and the two parameters, determined from such integrated
colours. Since the S-PLUS Survey uses 7 such narrow bands, it
is ideal for this purpose.

2. The S-PLUS system’s ability to break the
degeneracy

We tested the ability of the S-PLUS photometric system to de-
termine an SSP′s age and metallicity by applying a χ2 fit to
PARSEC (Bressan et al. 2012) predictions of S-PLUS colours
of SSPs of known age and metallicity with random noise added.
In this best fitting method, equal weight was attributed to all 11
colours with respect to the g band. For noise up to 0.02 in the
S-PLUS magnitudes, the fit recovers the age within 10 %, and
the metallicity, within 0.3 dex (Fig. 1).

3. Application to Magellanic Cloud stellar clusters

During its test time, T80-South observed parts of the Large
and Small Magellanic Clouds. Star clusters in the LMC and
SMC have been well studied in the literature and their derived
ages range from a few Megayears to ∼ 13 Gyr (e.g., Bertelli
et al. 1992; Harris & Zaritsky 2004; Baumgardt et al. 2013;
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Figure 1. χ2 maps for the best fitting procedure applied to SSPs from different regions of the age-metallicity parameter space. The
maps show the χ2 values colour-coded as indicated in the scales to the right. The parameters of the input models are shown as white
dots, and the ones of the models that best reproduce the colours of the input models plus noise up to σ = 0.02 are shown as green
crosses.

Bitsakis et al. 2018). The young and intermediate-age clusters
have sub-solar metallicities, and thus are very complementary to
the Galactic open clusters. This large dynamic range in ages and
metallicities makes the Magellanic Clouds almost ideal simple
stellar population benchmarks, which can be used to expand cur-
rent age and metallicity determination methods to other galaxies.
As the S-PLUS photometric system comprises 12 bands cover-
ing the entire range from the near UV to the IR, it reveals the
shape of a cluster spectrum in more detail than other photo-
metric systems. Furthermore, 7 of the S-PLUS bands are nar-
row bands centered on important spectral lines, enabling us to
break the degeneracies between age, metallicity and interstel-
lar extinction. For instance, colours in the S-PLUS photometric
system for well-known star clusters in the SMC and LMC (and
one may also extend this to Galactic clusters) can be placed in
multi-dimensional colour-colour diagrams, which can be com-
pared with the predictions of stellar population synthesis models
to search for optimised, non-degenerated combination of bands
for the determination of stellar population parameters.

4. Conclusions & Further Steps

We present the results of a preliminary study reproducing the
ages and metallicities of synthetic SSPs from their integrated
colours in the S-PLUS photometric system, varying the noise
level. In a next step, we will include interstellar extinction as a

third parameter. After that, we plan to determine the ideal ob-
serving strategy, that is, the combination of S-PLUS bands that
optimises the determination and disentanglement of the popula-
tion parameters for a given amount of telescope time available,
possibly with the help of machine learning. The method will be
calibrated using well-known stellar clusters from the Magellanic
Clouds and the Galaxy, and can then be extended to other galax-
ies.
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Abstract. The UV-initiative Hubble Legacy program GO-13297 (PI G. Piotto) collected photometric data for 57 globular clusters
(GCs) with the UV/blue WFC3 filters F275W, F336W and F438W. This “magic trio” is sensitive to variations in CNO abundances
(anticorrelations between the multiple stellar populations) and, combined with previous HST optical data (GO-10775, PI A.
Sarajedini), it provide an unprecedented photometric database for GCs. This work presents a study of six bulge GCs, three moderately
metal-rich ([Fe/H] & −0.7) and three moderately metal-poor ([Fe/H] . −1.0), by means of isochrone fitting with the SIRIUS code, a
powerful and efficient tool adopting a Bayesian approach (Likelihood statistics and Markov chain Monte Carlo sampling technique),
in order to determine self-consistent and accurate ages, metallicity, distances, reddening and fraction of first-generation stars. As we
are able to distinguish the multiple populations from the main sequence to the red giant branch, the GCs are considered both within a
single or multiple populations context. We investigate whether there occurs any detectable age difference between the two metallicity
groups and between the identified stellar generations. Details about the SIRIUS code and some additional applications to GCs can be
seen in other works in this volume.

Resumo. O programa do Telescópio Espacial Hubble GO-13297 (PI G. Piotto) coletou dados fotométricos para 57 aglomerados
globulares (GCs) com os filtros UV/azul F275W, F336W e F438W, da câmera WFC3. Esse “trio mágico” é sensível a variações nas
abundâncias de CNO (anticorrelações entre as múltiplas populações estelares) e, combinado com dados anteriores do HST no óptico
(GO-10775, PI A. Sarajedini), ele fornece uma base de dados fotométricos sem precedentes para GCs. Esse trabalho apresenta um
estudo de seis GCs do bojo Galáctico, três moderadamente ricos em metais ([Fe/H] & −0.7) e três moderadamente pobres em metais
([Fe/H] . −1.0), por meio de ajuste de isócronas com o código SIRIUS, uma ferramenta poderosa e eficiente com uma abordagem
Bayesiana (estatística de verossimilhança e Monte Carlo via cadeias de Markov), para derivar idades, metalicidade, distâncias,
avermelhamento e fração de estrelas da primeira geração, de maneira auto-consistente e precisa. Como é possível distinguir as
múltiplas populações desde a sequência principal até o ramo de gigantes vermelhas, os GCs são considerados no contexto de
populações simples e múltiplas. Investigamos se ocorre uma diferença detectável em idade entre os dois grupos de metalicidade e
entre as gerações de estrelas detectadas. Detalhes sobre o código SIRIUS e aplicações adicionais para GCs podem ser encontrados
em outros trabalhos neste volume.

Keywords. globular clusters: individual: NGC 6304, NGC 6362, NGC 6624, NGC 6637, NGC 6652, NGC 6717, NGC 6723 —
Galaxy: bulge — globular clusters: general

1. Introduction

Globular clusters (GCs) are unique witnesses of the formation,
dynamics and evolution of galaxies and their substructures, since
they are amongst the oldest objects in the Universe. The recent
identification of multiple stellar populations (MPs) in virtually
all Galactic GCs challenge the classical paradigm that they host
a single stellar population, homogeneous in age and chemical
composition. The MPs phenomenon is explained by differences
in the abundances of He and elements produced in the CNO cy-
cle and p-capture processes, leading to C–N, Na–O and Mg–Al
anticorrelations (Gratton, Carretta & Bragaglia 2012).

The GO-13297 project observed 57 GCs with WFC3 filters,
but only six of them can be considered as located in the Galactic
bulge, i.e. with galactocentric distances RGC < 3 kpc and metal-
licity [Fe/H] > −1.5. According to Bica et al. (2016), the metal-
licity distribution of Bulge GCs consists of a moderately metal-
poor population ([Fe/H] ∼ −1.0), with a moderately metal-rich
([Fe/H] ∼ −0.5). Our selected sample is representative of these
populations, with three clusters in each population, and also in-
cluding NGC 6362, a well-studied inner Halo cluster.

Our purpose in this work is to derive self-consistent parame-
ters through isochrone fitting via Bayesian inference (both in the
single and multiple populations scenario), in order to probe age
differences between the two metallicity groups and between the
detected MPs. The MPs separation is carried out with Machine
Learning (ML)-based methods, adapted from previous papers.

2. HST data: GO-13297 program (PI G. Piotto)

There is a clear chemical enrichment between the first and sec-
ond generation stars: the first (1G) presents compositions similar
to the protogalactic cloud, whereas the subsequent generations
(2G, ...) are depleted in C and O, and enhanced in N, Na, Al and
He, compared to 1G stars. The filters used in the GO-13297 pro-
gram, namely F275W, F336W and F438W, are sensitive to C, N
and O abundance variations, because their bandpasses cover the
molecular bands of OH, NH, CN and CH (Piotto et al. 2015).
The database provided by the collaboration is already reduced,
proper-motion cleaned, and corrected for differential reddening
(Nardiello et al. 2018; Soto et al. 2017; Milone et al. 2012).
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Figure 1. MPs separation for RGB and SGB of NGC 6362 using
the chromosome map (left) and the color-color diagram (right).

Some particular features of the MPs constrain their forma-
tion scenarios, in such a way that the candidate 1G “polluters”
must be able to change light-element abundances (CNO cycle
and NeNa and MgAl chains) without producing heavy elements
(supernovae avoidance). According to Renzini et al. (2015), the
best candidates are: fast-rotating massive stars, massive interact-
ing binaries or massive AGB and super-AGB stars – but none of
them is able to fully reproduce the above features.

3. Methods

In order to achieve the above mentioned goals, this work follows
these steps: first, we carry out the MPs separation from the MS
to the RGB applying classification algorithms based on Machine
Learning; then, perform the isochrone fitting treating the cluster
as a single stellar population; and finally, perform the isochrone
fitting with multiple populations, keeping the age as the only free
parameter. See the details below.

3.1. Multiple populations separation

The chromosome maps method for MPs separation, introduced
by Milone et al. (2017), is extremely efficient to outline the hor-
izontal distribution of stars and detect a possible bimodal dis-
tribution. Based on the distances of each star to the blue and red
envelopes, it produces a ∆C F275W,F336W,F438W vs. ∆F275W,F814W di-
agram. In this 2D plane, we apply two ML-based methods: first,
the Gaussian Mixture Models (GMMs) find the center of the two
distributions, and then the Support Vector Machines (SVM) clas-
sifies each star according to its distance to the centers.

As the SGB sequence is almost horizontal, the chromosome
maps can be applied only to RGB (left panel of Figure 1) and
MS stars. For SGB stars, we apply conventional color-color dia-
grams (Nardiello et al. 2015), also adapted with the GMMs and
SVM algorithms. Figure 1 shows an example for NGC 6362, re-
covering a fraction of N1G/NTOT = 0.609 in the RGB.

3.2. Isochrone fitting

Our group developed a statistical Python tool with a Bayesian
approach, based on the Likelihood calculation and Markov chain
Monte Carlo (MCMC) sampling method. This code was named
SIRIUS, which stands for “Statistical Inference of physical pa-
Rameters of sIngle and mUltiple populations in Stellar clusters”
(for details, see Souza et al. in this volume).

The isochrone fitting is performed in the mF606W vs. mF438W−

mF606W optical CMD, with DSED (Dotter et al. 2010) and BaSTI
(Pietrinferni et al. 2006) models. Our Likelihood function com-
pares the χ2 in magnitude and color between the observational
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Figure 2. (Left:) Best fit isochrone, in good agreement with the
cluster stars used in the fitting. (Right:) Corner plots showing the
1D and 2D projections of the posterior distributions.

(Nobs stars) and the closest theoretical (jth point of the isochrone)
points, assuming a Gaussian distribution:

L = ln
Nobs∏
i=1

exp
− (mag j − magi)2

σ2
mag

−
(col j − coli)2

σ2
col

+ P(Γ)
 (1)

where mag and col are the axis of the CMD, σ is the correspond-
ing uncertainty and P(Γ) is the set of priors (Y and distances from
RR Lyrae and [Fe/H] from high-resolution spectroscopy).

4. Results from isochrone fitting

Figure 2 presents the best fit isochrone and corner plots with the
posterior distributions for NGC 6637 with DSED models, recov-
ering an age of ∼12.4 Gyr and parameters coherent with the lit-
erature. More results can be checked in Oliveira et al. (in prep.).

5. Conclusion

The MPs separation for MS, SGB and RGB stars was succesful
applying ML methods for all clusters. The isochrone fitting with
both models provide good and self-consistent results: the metal-
poor GCs with blue horizontal branches (NGC 6717, NGC 6723
and HP 1 – Kerber et al. 2019) are very old with ∼13 Gyr, and the
metal-rich ones are about 0.5 Gyr younger, on average. Finally,
the isochrone fits for 1G and 2G stars (not shown here) indicate
age differences lower than 0.25 Gyr, which are smaller than our
typical uncertanties (∼ 0.5 Gyr).
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Abstract. We present here a detailed multiwavelength study with high spatial resolution observations based on new Hubble Space
Telescope (HST) ACS i band (F814W) and emission line (Hα+[Nii]) images, Gemini Multi-Object Spectrograph (GMOS) Integral
Field Unit (IFU), Very Large Array (VLA) and archive data from HST, 2MASS, Spitzer, Herschel and the VLA of 6 OHMGs:
IRAS16399-0937, IRASF23199+0123, IRAS03056+2034, IRAS11506-3851, IRAS19154+2704, and IRAS15578+0123. We have
discovered that IRASF23199+0123 hosts a Seyfert 1 nucleus, with a black hole mass of MBH = 3.8+0.3

−0.2 × 106 M� and residual gas
emission from the front walls of a bipolar outflow. Similar results have been found from observation of IRAS11506-3851. However,
IRAS03056+2034 is an spiral galaxy with no clear morphological signatures of an interaction with the nearby smaller galaxies
and the three emission-line ratio diagnostic diagram reveal a contribution of both active galactic nucleus (AGN) and star-formation
to the gas excitation and its gas velocity fields shows an excess of redshifts to the east of the nucleus, consistent with gas inflows
towards the nucleus (∼ 6.4 × 10−3 M� yr−1). Our results also indicate that the North nucleus of IRAS16399-0937 contains an
AGN ( Lbol × 1044 erg s−1) deeply embedded in a quasi-spherical distribution of optically thick clumps with a covering fraction
≈1. From our multiwavelength study we concluded that IRAS15578+1609 and IRAS19154+2704 host unknown AGNs and new
AGN reclassification of IRAS11506-3751 and IRAS23199+0123 have been performed. Starburst activities were derived to the
IRAS03056+2034 and IRAS15578+0123 system.

Resumo. Apresentamos um estudo detalhado em múltiplos comprimentos de onda com dados novos de alta resolução espacial
observados com o telescópio espacial Hubble na banda i (F814W) e linhas Hα+[Nii] usando o instrumento ACS, Gemini Multi-Object
Spectrograph (GMOS) Integral Field Unit (IFU), Very Large Array (VLA) e dados de arquivos do HST, 2MASS, Spitzer, Herschel
e VLA de 6 Galaxias Megamaser de OH (OHMGs): IRAS16399-0937, IRASF23199+0123, IRAS03056+2034, IRAS11506-3851,
IRAS19154+2704, e IRAS15578+0123. Foi descoberto que a IRASF23199+0123 é uma Seyfert 1, com um buraco-negro de massa
MBH = 3.8+0.3

−0.2 × 106 M� e emissão residual de outflow com uma geometria bipolar. Resultados similares foram encontrados para
a IRAS11506-3851. Entretanto, IRAS03056+2034 é uma galáxia espiral com nenhuma assinatura aparente de interação e três
diagramas de diagnósticos revelaram que a excitação do gás desta galáxia possui contribuição de núcleo ativo (AGN) e formação
estelar e seu campo de velocidade mostra um excesso de redshifts para o leste do núcleo, consistente com o gás indo em direção ao
núcleos (∼ 6.4 × 10−3 M� yr−1). Nossos resultados também indicam que o núcleo norte do sistema IRAS16399-0937 contem um
AGN (Lbol × 1044 erg s−1) profundamente imerso em poeira com uma geometria quase esférica de núvem opticamente densa com
uma fração de cobertura ≈1. Deste estudo foi possível encontrar novos AGNs nos sistemas IRAS15578+0123 e IRAS19154+2704
e reclassificar as fontes de ionização dos sistemas IRAS11506-3751 e IRAS23199+0123 como AGNs. Atividade Starburst foram
encontradas nas fontes IRAS03056+2034 e IRAS15578+0123.

Keywords. Galaxies: interactions – Galaxies: active – Masers – Radio lines: galaxies – Methods: observational – Radio continuum:
galaxies

1. Introduction

Luminous infrared galaxies (LIRGs) dominate the bright end of
the galaxy luminosity function in the nearby universe (z . 0.3;
Soifer et al. 1987) and are known to host both starbursts and
active galactic nuclei (AGN), frequently in the same system.
A variety of observational evidence suggests that most LIRGs
(L & 1011 L�) are gas-rich disk galaxies that are undergo-
ing strong interactions or mergers. The most luminous systems,

ultra-luminous infrared galaxies (ULIRGs), have quasar-like lu-
minosities (L & 1012 L�) in the advanced merger system (see
Sanders & Mirabel 1996, for a review). Much observational
and theoretical work has established that mergers of gas-rich
galaxies play a key role in galaxy evolution (e.g., Sanders et
al. 1988; Barnes & Hernquist 1992): tidal torques generated
by the merger drive gas into the galaxy core(s), triggering star-
bursts and fueling embedded AGN. It has been proposed that in
this scenario, “cool”, starburst dominated (U)LIRGs evolve into
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Figure 1. HST/ACS Hα+[Nii] ramp filter imaging of our OHMG sample. The vector represents 5” of each OHMGs excluding
IRAS19154, IRAS20248, and IRAS21077 where it represents 1”. North is to the top, and East to the left.

“warm”, AGN-dominated ULIRGs as the circum-nuclear dust
is dispersed by starburst and AGN-induced outflows (Sanders
et al. 1988). However, the role of galaxy mergers in triggering
AGN remains uncertain. There is increasing evidence that major
mergers only trigger the most luminous AGN, while less lumi-
nous AGNs seem to be driven by secular processes (e.g. Treister
et al. 2012; Rigopoulou et al. 1999).

Approximately 20% of (U)LIRGs contain luminous OH
masers, emitting at 1667 and 1665 MHz lines with luminosities
∼102−4 L� (Darling & Giovanelli 2002; Lo 2005). In the most
recent and well-developed models, this OH megamaser (OHM)
emission is produced by amplification of a background radio
continuum source by clumps of molecular gas, with inverted
level populations arising from pumping by far infra-red (FIR;
∼ 50µm) radiation from dust heated by a starburst and/or an em-
bedded AGN (e.g., Parra et al. 2005; Lockett & Elitzur 2008).
As they are found in gas-rich mergers, it has been suggested
that OHMs can be used to trace galaxy merger rates and asso-
ciated processes (dust obscured star formation and black hole
growth) over a wide redshift range (e.g., Lo 2005, and refer-
ences therein). Moreover, studies of local OH megamaser galax-
ies (OHMG) seem likely to provide important insights into pro-
cesses occurring in gas-rich mergers. Thus, it has been argued
that OHM emission requires exceptionally high concentrations
of dense molecular gas, perhaps associated with a temporal spike
in tidally driven gas inflow (Darling 2007). Detailed interfero-
metric mapping studies have found that the OH masers arise in
dense, edge-on rotating molecular gas disks or rings on scales
≤ 100 pc, which have been identified as compact starburst rings
in some objects (Rovilos et al. 2002; Parra et al. 2005; Momjian
et al. 2006), or in others as the circum-nuclear torii (Yates
et al. 2000; Richards et al. 2005) hypothesized by the unified
scheme for AGN (Antonucci 1993). In addition, the OH lines
often show broad asymmetric profiles indicating that starburst
or AGN-driven outflows are clearing away enshrouding, dense

molecular material (Darling & Giovanelli 2006). Therefore, we
here present a multiwavelength study of 6 OHMGs using HST,
Gemini, VLA-A, 2MASS, Spitzer, Herschel in order to derive
their ionization source.

2. Observation and data reduction

2.1. Hubble Space Telescope Images

We acquired HST images of our sample with the Advanced
Camera for Surveys (ACS), as part of a snapshot program of
a large sample of OHMGs (Program ID 11604; PI: D.J. Axon).
The ACS wide-field channel (WFC) with broad (F814W), nar-
row (FR656N) and medium (FR914M) band filters were used.
We used the pipeline image products for further processing with
the IRAF1 package. We removed cosmic rays from individ-
ual images using the IRAF task lacosim (van Dokkum 2001).
Standard IRAF tasks were used to yield the final reduced im-
ages (see Fig. 1). The continuum-free Hα+[Nii] images of our
sample were derived using the following procedure (see Sales et
al. 2015, and references therein). First, we calculated the mean
ratio of count rates, FR656N/FR914M, for several foreground
stars that appear in both images. We then scaled the FR914M
image by the mean count rate ratio and subtracted it from the
FR656N image. The resulting, continuum-subtracted Hα+[Nii]
image was checked to verify that the residuals at the positions of
the foreground stars were negligible compared to the expected
noise level.

1 IRAF is distributed by the National Optical Astronomy
Observatory, which is operated by the Association of Universities
for Research in Astronomy (AURA), Inc., under cooperative agreement
with the National Science Foundation.
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Figure 2. Fits to the 0.4 − 500µm spectral energy distributions
of the North nucleus of IRAS16399-0937. The symbols with er-
ror bars represent photometry from HST, 2MASS, Spitzer and
Herschel; the black lines represent IRS SL (solid) and IRS LL
(dashed) spectra. The overall fit, shown by the red band, is the
sum of three components: the GRASIL elliptical galaxy mod-
els (orange band, Silva et al. 1998), the ISM dust + PAH mod-
els (blue band) and the clumpy AGN torus model of Nenkova
et al. (2008a,b, green band). The fits this nucleus was carried
out simultaneously using the clumpyDREAM code. The width
of each band represents, at a given wavelength, the full range of
flux density permitted by the converged fit. In these models, it
is assumed that the North nucleus contains an AGN (top-panel),
whereas no-AGN contribution was used in the second run of the
fit. The LL spectrum (dashed line) and photometry data points
for λ ≥ 30µm (inverted triangles) refer to large aperture (7′′)
measurements of IRAS16399-0937 system and were treated as
upper limits in the fits (detailed information can be seen in Sales
et al. 2015).

2.2. VLA Radio Data

Our VLA observations included X-band (8–10 GHz) continuum,
L-band (1–2 GHz) continuum, and L-band spectral line observa-
tions of the redshifted OH (1665/1667 MHz) maser lines. Data
reduction employed the VLA pipeline in CASA (McMullin et al.
2007), which includes initial data flagging and phase, flux and
bandpass calibrations. The continuum images were generated
using multi-frequency synthesis with natural weighting and de-
convolved using the Cotton-Schwab variant of the CLEAN algo-
rithm. Imaging included simultaneous deconvolution of neigh-
boring radio sources within the primary beam. We applied three
rounds of phase-only self-calibration based on CLEAN models
for the radio continuum (self-calibration is reviewed by Pearson
& Readhead 1984).

2.3. GMOS/IFU data

Optical spectroscopic data of our sample were obtained using the
Gemini Multi-Object Spectrograph Integral Field Unit (GMOS-
IFU, Allington-Smith et al. 2002). The observations were carried
out using the B600 grating in combination with the G5307 filter.
The one slit mode of GMOS/IFU was used, resulting in a total
angular coverage of 5.′′0×3.′′5, and a spectral range that includes
the Hα, [N ii]λ6583, [S ii]λ6717, Hβ, [O iii]λ5007 and [O i]λ6300
emission-lines. The data were processed following the standard
steps for spectroscopic data reduction of gemini package rou-
tines of IRAF. The basic steps of data reduction comprise bias

level subtraction, flatfielding, trimming and wavelength calibra-
tion. We used the CuAr arc lamps as reference in order to ap-
ply the wavelength calibration and subtracted the sky emission
contamination. The flux calibration were performed through a
sensitivity function generated from photometric standard stars.
The adopted GMOS configuration resulted in a spectral resolu-
tion of 1.8Å, as obtained from the Full-width at half maximum
(FWHM) of CuAr arc lamp lines.

We performed an spatial low-pass frequency (ν) filtering in
the IFU data cubes using the IDL routine bandpass− f ilter.pro2.
The filtering process does not change the angular resolution of
the data and all measurements presented in the forthcoming sec-
tions were done using the filtered cube.

3. Results and discussion

3.1. Multiwavelegth Results of the IRAS16399-0937

This system has a double nucleus, whose northern
(IRAS16399N) and southern (IRAS16399S) components
have a projected separation of ∼ 6′′ (3.4 kpc) and have pre-
viously been identified based on optical spectra as a Low
Ionization Nuclear Emission Line Region (LINER) and star-
burst nucleus, respectively. The nuclei are embedded in a tidally
distorted common envelope, in which star formation is mostly
heavily obscured. The infrared spectrum is dominated by strong
polycyclic aromatic hydrocarbon (PAH), but deep silicate and
molecular absorption features are also present, and are strongest
in the IRAS16399N nucleus. The 0.435-500µm SED was fitted
with a model including stellar, ISM and AGN torus components
using our new MCMC code, clumpyDREAM (Sales et al.
2015). The results indicate that the IRAS16399N contains an
AGN (Lbol ∼ 1044 ergs/s) deeply embedded in a quasi-spherical
distribution of optically-thick clumps with a covering fraction
≈ 1. We suggest that these clumps are the source of the OHM
emission in IRAS16399-0937. The high torus covering fraction
precludes AGN-photoionization as the origin of the LINER
spectrum, however, the spectrum is consistent with shocks
(v∼ 100 − 200 km s−1). We infer that the ∼ 108 M� black-hole
in IRAS16399N is accreting at a small fraction (∼ 1%) of its
Eddington rate. The low accretion-rate and modest nuclear
SFRs suggest that while the gas-rich major merger forming
the IRAS 16399-0937 system has triggered widespread star
formation, the massive gas inflows expected from merger
simulations have not yet fully developed (see Sales et al. 2015,
and references therein).

3.2. Multiwavelegth Results of the IRAS23199+0123

The two members of the IRAS23199+0123’s pair present some-
what extended radio emission at 3.5 and 20 cm, with flux peaks
at each nucleus. The GMOS-IFU observations cover the inner
∼6 kpc of the eastern member of the pair (IRAS23199E) at a
spatial resolution of 2.3 kpc. The GMOS-IFU flux distributions
in Hα and [N ii]λ6583 are similar to that of an HST [N ii]+Hα
narrow-band image, being more extended along the northeast-
southwest direction, as also observed in the continuum HST
F814W image. The GMOS-IFU Hα flux map of IRAS 23199E
shows three extranuclear knots attributed to star-forming com-
plexes. We have discovered a Seyfert 1 nucleus in this galaxy,
as its nuclear spectrum shows an unresolved broad (FWHM≈
2170km s−1, see Fig.3 ) double-peaked Hα component, from

2 The routine is available at
www.harrisgeospatial.com/docs/bandpass_filter.html
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Figure 3. Central (0.8”) GMOS/IFU spectrum of
IRAS23199+0123. Broad and narrow emission components of
the Hα and [Nii] lines are represented by blue dotted lines. The
red line is the result of the fit and the green dotted line shows the
residual of the fit plus an arbitrary constant. Image was taken
from Hekatelyne et al. (2018a).

Figure 4. Left-panel: [N ii]/Hα flux ratio map for IRAS23199.
Grey regions correspond to masked locations where no reliable
measurements are available. Right-panel: residual Hα velocity
map after subtraction of rotating disk model. The contours show
the continuum 3.5 cm radio emission. The black asterisks show
the position of the maser emission. Image taken from Hekatelyne
et al. (2018a).

which we derive a black hole mass of MBH= 3.8+0.3
−0.2 × 106 M�.

The gas kinematics show low velocity dispersion σ and low
[N ii]/Hα ratios for the star-forming complexes and higher σ
and [N ii]/Hα surrounding the radio emission region, support-
ing interaction between the radio-plasma and ambient gas (Fig.
4). The two OH masers detected in IRASF23199E are observed
in the vicinity of these enhanced σ regions, supporting their as-
sociation with the active nucleus and its interaction with the sur-
rounding gas. The gas velocity field can be partially reproduced
by rotation in a disk, with residuals along the north-south direc-
tion being tentatively attributed to emission from the front walls
of a bipolar outflow (see Hekatelyne et al. 2018a).

3.3. Multiwavelegth Results of the IRAS03056+2034

IRAS03056+2034 HST i band image shows the most elongated
emission along PA∼100/280◦ and presents a structure that seems
to be associated with a spiral arm seen to the northeast of the
nucleus (see Fig. 1 of Hekatelyne et al. 2018b). Moreover, the

Figure 5. Flux maps for Hα (left), [N ii]λ6583 (left) emission-
lines of IRAS03056. The green circle delimits a ring where we
have extracted a spectra in order to characterize the star forma-
tion. The blue circles labelled as N, A and B represent the cir-
cular regions where were extracted spectra shown in Fig. 5 of
Hekatelyne et al. (2018b). The color bars show the fluxes in log-
arithmic units of erg s−1cm−sspaxel−1 (image from Hekatelyne
et al. 2018b).

zoomed image shows a strip of emission that extends from 1′′
north to 1′′ south of the nucleus. The Hα+[N ii] flux distribution
is similar to that in the continuum but shows more clearly the
presence of spiral arms, one to the west and another to the south-
east of the nucleus (Fig. 1). At the central region unresolved
knots of emission are seen in both Hα+[N ii] and i band images,
one at 1.′′5 north and another at 1.′′5 east of the nucleus (see Fig.
1).

The emission-line flux distributions derived from
GMOS/IFU reveal a ring of star forming regions with ra-
dius of 786 pc centred at the nucleus of the galaxy, with an
ionized gas mass of 1.2×108 M�, an ionizing photon luminosity
of log Q[H+]=53.8 and a star formation rate of 4.9 M� yr−1

(Fig. 5). The emission-line ratios suggest that the gas at the
nuclear region is excited by both starburst activity and an AGN.
The gas velocity fields are partially reproduced by rotation in
the galactic plane, but show, in addition, redshifted excess to
the east of the nucleus, consistent with gas inflows towards the
nucleus, with velocity of ∼45 km s−1 and a mass inflow rate of
∼7.7×10−3 M� yr−1 (Hekatelyne et al. 2018b).

3.4. Multiwavelegth Results of the IRAS11506-3851

Our high spatial resolution image taken from HST i band as
well as Hα+[Nii] (see Fig. 1) revealed that IRAS11506-3851 has
extended spiral morphology surrounded by circum-nuclear star
forming regions. Alonso-Herrero et al. (2006) concluded that
this source hosts a strong starburst with its nuclear activity classi-
fied as Hii from optical spectroscopy and no evidence of an AGN
has been found using mid-IR and X-ray emissions (see also
Pereira-Santaella et al. 2011). In addition, from ALMA data,
Pereira-Santaella et al. (2018) found molecular emission with
high-velocity (∼450 km s−1), spatially resolved (size ∼2.5 kpc;
dynamical time ∼3 Myr) and massive (∼107 M�yr−1) molecular
outflow originated in the central ∼250 pc (Pereira-Santaella et
al. 2018).

However, our optical spectroscopic, observed using
Gemini/GMOS instrument, could provide that IRAS11506-
3851 actually hosts in its nucleus a strong AGN (Fig. 6). We
could also observed circum-nuclear region and diagnostic
diagram using WHα versus [Nii]/Hα (WHAN, Cid Fernandes et
al. 2011) revealed shock ionization similar to weak AGN (Fig.
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Figure 6. WHAN diagram of the IRAS15587+1609 and
IRAS11506-3751 systems. IRAS15587a is represented by the
black circle, while IRAS15587b, IRAS11506a and IRAS11506b
are represented by red cross, blue star and green empty circle, re-
spectively. The SF, sAGN, wAGN and RGs are delimited regions
corresponding to star-formation, weak-AGN, strong-AGNs and
retired galaxies, respectively.

6). However, more investigation need to be addressed in order to
compare whether this shock ionization is driven by either AGN
and starburst super winds or galaxy collisions.

4. Conclusions and perspectives

This work is part of our ongoing multiwavelength study of a
large sample (∼ 80) of OHMGs. The overall objective is to bet-
ter understand the connection between OHM and the evolution
of the gas rich mergers in which they reside, by (i) characterizing
the merger state of the system, and (ii) determining whether the
OHM sources are predominantly associated with AGN or star-
burst activity. We have obtained HST/ACS continuum and emis-
sion line (Hα+[Nii]) images of 17 OHM galaxies, which reveal
galaxy morphologies indicative of a wide range of merger states
and in most cases, multiple nuclei and regions of ionized gas ex-
tending over several kpc (see Fig. 1). VLA observations are also
being obtained, to determine the positions of the OHM sources
with respect to the structures seen in the HST images (see Fig.
1).

From our multiwavelength study presented here we could
derive nuclear activity of 6 OHMGs and we concluded
that IRAS15578+1609 and IRAS19154+2704 host unknown
AGNs and new AGN reclassification of IRAS11506-3751 and
IRAS23199+0123 have been performed. Our SED fitting infer
that IRAS16399-0937 hosts an deeply embedded AGN source.
Starburst activies were derived to the IRAS03056+2034 and
IRAS15578+0123 merger systems.
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Cid Fernandes, R., Stasińska, G., Mateus, A., & Vale Asari, N. 2011, MNRAS,

413, 1687
Darling, J., & Giovanelli, R. 2006, AJ, 132, 2596
Darling, J. 2007, ApJL, 669, L9

Darling, J., & Giovanelli, R. 2002, The Astrophysical Journal, 572, 810
Hekatelyne, C., Riffel, R. A., Sales, D., et al. 2018, MNRAS, 474, 5319
Hekatelyne, C., Riffel, R. A., Sales, D., et al. 2018, MNRAS, 479, 3966
Lo, K. Y. 2005, ARA&A, 43, 625
Lockett, P., & Elitzur, M. 2008, ApJ, 677, 985
McMullin, J. P., Waters, B., Schiebel, D., Young, W., & Golap, K. 2007,

Astronomical Data Analysis Software and Systems XVI, ASP Conf. Ser. 376,
ed. R. A. Shaw, F. Hill, & D. J. Bell, San Francisco, CA: ASP, 127

Momjian, E., Romney, J. D., Carilli, C. L., & Troland, T. H. 2006, ApJ, 653,
1172

Nenkova, M., Sirocky, M. M., Ivezić, Ž., & Elitzur, M. 2008a, ApJ
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Abstract. We present spectroscopic observations of 107 galaxies from a sample of 48 candidates to physical pairs or groups, optically
selected from Arp & Madore (1987). The galaxies belongs to classes I and II (spirals with well defined arms, but showing signs of
interaction, where the companion is less than half of the size of the main galaxy), most of them previously unobserved. We found that
seventy four (74) galaxies form truly physical systems, while 33 galaxies are apparent systems. A control sample galaxies was built,
selecting from the SDSS survey, isolated galaxies with r′ magnitude and similar morphology to the pairs members. We compare the
properties of both samples and found that the interacting galaxies are redder (Av), have average younger population age and are more
metallic than the control sample galaxies.

Resumo. Apresentamos observações espectroscópicas de 107 galáxias de uma amostra de 48 candidatos a pares físicos ou grupos,
óticamente selecionados do catálogo Arp & Madore (1987). As galáxias pertencem as classes I e II (espirais com braços bem
definidos, mas mostrando sinais de interação, onde a companheira possui menos que a metade do tamanho da galáxia principal),
a maioria deles anteriormente não observada. Descobrimos que setenta e quatro (74) galáxias formam sistemas verdadeiramente
físicos, enquanto 33 galáxias são sistemas aparentes. Uma amostra de controle foi gerada escolhendo galáxias isoladas do SDSS
Survey com magnitude r′ e morfologia similar aos membros dos pares. Comparando suas propridades encontramos que as galáxias
em interação são mais vermelhas, têm idade média da população estelar mais jovem e são mais metálicas do que as galáxias da
amostra de controle

Keywords. Galaxies: interactions – Galaxies:stellar content –

1. Introduction

Mergers or interactions between galaxies play a fundamental
role in the formation, growth and subsequent galactic evolution
(Hopkins 2010, and references therein). As shown in merger
trees of hierarchical models of galaxy formation, the galactic
growth is driven by accretion of other galaxies, most often minor
companions (Cole et al. 2010; Wechsler et al. 2002). Observation
and numerical simulations indicate that interactions can trigger
star formation, nuclear activity and transform the morphology
of galaxies. In this proceeding we present a comparative spec-
troscopic study of galaxies, which belongs to 48 candidates to
physical pairs, and their corresponding isolate galaxies with sim-
ilar r magnitude and morphology.

2. The interacting and isolated samples

The data were obtained using the GMOS-S spectrograph at the
Gemini-South telescope. Instrument configuration was the 0.5
arcsec slit with the R150 grating, binned 2 × 4 pixels (spectral
× spatial). Two grating settings were used, centred at 870 and
880 nm, in order to cover the chip gaps. This setup provided full
spectral coverage from 350 nm to beyond 800 nm (rest wave-
length), at a spectral resolution enough to separate the [NII]+Hα
blend, while at the same time covering the whole optical spec-
trum for redshifts up to 0.2. The slit was aligned to include both
(or two of the) galaxies, and to improve sky subtraction. For all
observed galaxies were extracted a central spectrum with radius
of 2 kpc and identified the emission and absorption spectra, re-

spectively , adopting H = 75 km/sec/Mpc. In order to determine
if the galaxies form a physical system, we constraints the differ-
ence between their radial velocities in ∆V < 500 km/sec. The
control sample galaxies was built selecting from SDSS survey,
isolated galaxies which their r′ magnitude, redshifts and mor-
phology are similar to the pair members.

3. Results: The new detected systems

We found that seventy four galaxies form truly physical systems
(pairs or small groups), while 33 galaxies are apparent systems.
The radial velocity of the observed physical systems expand a
wide range: from 1788 km/sec to 29116 km/sec. In Figure 1 is
presented r′ images of new detected physical pairs. The underly-
ing stellar population synthesis was performed using the method
described by Cid Fernandes et al. (2005), where the full spec-
trum is synthesized using the Bruzual & Charlot (2003) mod-
els. The result is a model spectrum which gives several rele-
vant parameters that characterize the stellar population mixture.
Therefore age, metallicity and reddening are derived from the
spectral synthesis for the interacting and isolated galaxies.

4. Conclusions

We present spectroscopic observations of 107 galaxies from a
sample of 48 candidates to physical pairs or groups, optically
selected from Arp & Madore (1987). For this sample of galaxies
was found that seventy four (74) galaxies form truly physical
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Figure 1. Examples of new detected physical pairs.
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Figure 2. Histograms with concise results for stellar populations
in pairs and isolated samples.

systems (pairs or small groups), while 33 galaxies are apparent
systems.

From the performed stellar population synthesis, of interact-
ing galaxies, we found that the contribution in light at 5880Å,
of younger component is larger than 70%, for an small number
of interacting systems. However, only interacting galaxies have
100% contribution of younger (Xy < 50 Myr) stellar population.
In addition 35% of interacting objects present larger contribution
(> 70%) of intermediate age stellar population (50 Myr ≤ Xi ≤
2 Gyr).The histograms of the percentage of contribution of the
young, intermediate and old stellar populations for both sam-
ples are presented in left panels of Figure 2. The right panels of
the Figure 2 display the reddening, means stellar age weight by

light and metallicity for both samples.The interacting galaxies
are redder (Av), have average younger population age and are
more metallic than the control sample of galaxies.
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Abstract. The main goal of this work is to investigate the nuclear activity and stellar population in the BCG IC4765, a prominent cD
galaxy in the center of the poor cluster Abell S0805. We find compelling evidence for the presence of a narrow-emission-line AGN
(i.e. a LINER) in the nuclear region, revealed by the observations of low-ionization lines [N II]λ6584 Å and [S II]λλ6717,6731 Å
with respect to Hα. Using the spectral synthesis code STARLIGHT, we find that in the nuclear 3′′× 3′′ region, the contributions from
the old, intermediate and young components are 0.0%, 33.0% and 67.0%, respectively. Although surrounded by several satellite
galaxies, no evidence of interaction was observed in this spectroscopic study.

Resumo. O principal objetivo deste trabalho consiste em investigar a atividade nuclear e a população estelar presente na BCG IC4765,
uma proeminente galáxia cD pertencente ao aglomerado pobre Abell S0805. Encontramos provas convincentes da presença de uma
LINER na região nuclear, revelado pelas observações das linhas de baixa-ionização [N II]λ6584 Å and [S II]λλ6717,6731 Å em
relação a linha do Hα. Usando o código STARLIGHT de síntese espectral, encontramos na região nuclear de 3′′ ×3′′ as contribuições
de componentes estelares de idades velhas (0.0%), intermdiárias (33.0%) e jovens (67.0%), respectivamente. Embora cercada por
várias galáxias satélites, nenhuma evidência de interação foi observada neste estudo espectroscópico.

Keywords. Galaxies: clusters: general — Galaxies: elliptical and lenticular, cD — Techniques: spectroscopic

1. Introduction

The cluster Abell S0805 was discovered by Sérsic in 1968 for
astrometric purposes (Sérsic 1974) and has been receiving at-
tention ever since. It has a prominent cD galaxy in the cen-
tre1, IC 4765 (ESO 104- G006), surrounded by several satellite
galaxies (labelled as 1 in Fig. 1). It is classified as S0 (Lauberts
1982) and as cD4 (de Vaucouleurs et al. 1991), with magni-
tude B (Cousins) estimated in 12.33± 0.09 (Lauberts 1982).
According to Hudson et al. (2001) and Lin & Mohr (2004),
this particular object is a BCG (Brightest Cluster Galaxy).
Although the cluster has been relatively studied through X-ray
observations (e.g with the Einstein Monitor Propotional Counter
(MPC, David et al. 1993), the ROSAT-ESO Flux Limited X-
ray (REFLEX, Böhringer et al. 2004), and also with the XMM-
Newton (Lovisari et al. 2015), the nuclear analysis in the opti-
cal range for the individual members are still limited and there-
fore insufficient to describe aspects related with the kinematic,
activity and stellar population of the cluster. As no detailed
spectroscopy has been published yet (although optical emission
lines have recently been published by Hamer et al. 2016), BCG
IC 4765 makes this study ideal for investigating their particular
nature. A forthcoming paper will discuss the results for the other

1 The projected distance between the object and the clusterX-ray
peak is Ro f f = 0.007 Mpc (see Böhringer et al. 2004)

galaxies in Fig. 1, observed in the program OP2012A-LP12 with
Cassegrain spectrograph in the OPD/LNA-MCTIC.

2. The Starlight Code

STARLIGHT is a code used to fit an observed spectrum (Oλ)
with a model (Mλ) in terms of a linear combination of simple
stellar populations (SSPs). We use a base of N* = 150 elements
of 25 different ages between 1Myr and 18 Gyr, and 6 metallici-
ties: Z* = 0.005, 0.02, 0.2, 0.4, 1.0 and 2.5 Z�, summing up 150
SSPs (see Mateus et al. 2006; Cid et al. 2007; Asari et al. 2007).
We use Calzetti reddening-law (Calzetti et al. 994, 995) to model
the extinction in a multi-dimensional chi-square fit.

3. Results and Conclusions

The long-term observational program OP2012A-LP12 aims to
study the properties of peculiar galaxies in the local universe
(z < 0.1). IC 4765 (ESO 104- G006) is the BCG of the poor clus-
ter Abell S0805, a cD galaxy with spectral characteristics of
LINER in our analysis (Fig. 2,3). Our value of 4 495± 14 km s−1

is in good agreement (±1σ) with the literature, nuclear redshift
(z = 0.015) and distance (∼62 Mpc). The radial velocity profile
for this galaxy reveals a central rotation which is possibly rota-
tional substructure (as reported by Loubser et al. 2008). Our nu-
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Table 1. Stellar-population synthesis. Given are the ID number, the galaxy name, the condensed population vector, the mean stellar
age and metallicity components, the extinction, the quality of the STARLIGHT fit (χ2 and adev), and the respective extinction law.

ID Galaxy xY xI xO <log t?>L <Z?>L AV χ2 adev law
(%) (%) (%) (yr) (mag) (%)

1 IC 4765 0.0 33.0 67.0 9.80± 1.58 0.028± 0.015 0.00 2.03 3.80 Calzetti

Figure 1. Spectroscopic targets in the central region of the BCG
IC 4765 (ID = 1). The field-of-view is 10′×10′ (1′ = 179 kpc).
We have adopted the same numbers (ID, see Table 1) proposed
by Fairall (1979) to identify the galaxies in the host cluster
A S0805. The black lines show the approximate slit positions
of the spectrograph. Image taken from Aladin Sky Atlas.

clear spectral synthesis indicates only the existence of old popu-
lations (67%) and intermediate components (33%). The Calzetti
law (CAL, Calzetti et al. 994, 995 provided the best spectral fit.
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J. M., 2006, MNRAS, 370, 721
Pérez-Montero E., Contini T., Lamareille F., Maier C., Carollo C.M., Kneib J.P.,

and 32 co-authors, 2013, A&A, 549, 25
Sérsic, J. L., 1974, Ap&SS, 28, 365

108



Boletim da Sociedade Astronômica Brasileira, 31, no. 1, 109-110
c© SAB 2019

Studying colors of extragalactic globular clusters using J-PLUS images
D. Brito-Silva1, P. R. T. Coelho1, A. Cortesi1 & A. L. Chies-Santos2

1 Instituto de Astronomia, Geofísica e Ciências Atmosféricas, Universidade de São Paulo
e-mail: danielle.brito.silva@hotmail.com

2 Instituto de Física, Universidade Federal do Rio Grande do Sul

Abstract. From J-PLUS images of the galaxies NGC 3384, M105 and NGC 1023 we selected globular cluster candidates using
the pipeline GCFinder (Globular Cluster Finder). We studied the color distribution of these objects in order to investigate if color
bimodality could be observed using colors not previously studied in the literature. The preliminary results show that color bimodality
can be observed in 19 out of 57 color-magnitude diagrams of globular clusters in NGC 1023 and in 9 out of 15 color-magnitude
diagrams of globular clusters in NGC 3384 and M105.

Resumo. A partir de imagens do J-PLUS das galáxias NGC 3384, M105 e NGC 1023 selecionamos candidatos a aglomerados
globulares usando a pipeline GCFinder (Globular Cluster Finder). Nós estudamos a distribuição de cor desses objetos com o objetivo
the investigar se bimodalidade de cor pode ser observada usando cores não estudadas antes na literatura. Os resultados preliminares
indicam que há bimodalidade de cor em 19 dos 57 diagramas cor-magnitude de aglomerados globulares da galáxia NGC 1023 e em
9 dos 15 diagramas cor-magnitude de aglomerados globulares das galáxias NGC 3384 e M105.

Keywords. Galaxies: individual: NGC 1023, NGC 3384, M105 – Galaxies: star clusters: general – Galaxies: evolution

1. Introduction

Globular clusters (GCs) are found in most galaxies and the study
of these objects is a powerful way to recover the history of
galaxy assembly (Brodie & Strader 2006; Larsen 2001).

J-PLUS (http://jplus.cefca.es) and S-PLUS (www.
splus.iag.usp.br) are photometric surveys composed by a
set of original filters: 5 broad-band filters based on SDSS filters
and 7 narrow-band filters. This novel set of filters can benefit
the study of extragalactic globular clusters, since it is possible to
perform an investigation of these objects using colors not previ-
ously studied in the literature.

In this work we present an overview of the pipeline
GCFinder – a code created in order to select candidates of ex-
tragalactic GCs in J-PLUS and S-PLUS images –, and a prelim-
inary color study of the obtained GC candidates.

2. Data and instruments

We studied J-PLUS images of the galaxies NGC 1023 (SB0),
NGC 3384 (S0) and M105 (E1), observed using the JAST/T80
telescope (diameter of 80 cm) and T80Cam (pixel scale of
0.55”/pixel). NGC 3384 and M105 were studied as a single sys-
tem, given their apparent proximity in the images.

3. The pipeline GCFinder

Extragalactic GCs will not be detected a priori by the data re-
duction pipeline of J-PLUS or S-PLUS. Therefore, in a previous
phase of this work, we explored methods for galaxy subtraction
as well as selection of objects in order to develop a pipeline to
detect extragalactic GCs on images of these surveys. The struc-
ture of the current version of the pipeline GCFinder is presented
in Figure 1 as a flux diagram.

Some details about GCFinder are presented below:

– The detection is performed using optimal input parameters
in SExtractor (Bertin & Arnouts 1996).

Figure 1. Flux diagram of the structure of GCFinder.

– The data quality criteria adopted is MAGERR_ISO < 0.2, in
order to select only objects with S/N > 5 and FLAGS < 4 in
order to exclude objects with bad photometry.

– The shape criteria adopted is limiting values of
CLASS_STAR and FWHM in order to exclude extended
objects (Cho et al. 2016; Kartha et al. 2014).

– We set color limits and magnitude limits in order to clear out
obvious stellar contaminants.

4. Colors of GC candidates

We studied the color distribution of the GCs through color-
magnitude diagrams (CMDs). Examples of CMDs can be seen
in Figures 2, 3 and 4. We observed that the color distributions
could be grouped in three cases:
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Figure 2. Possible bimodal color distribution of GCs in NGC
3384 and M105 (Case 1). The galaxies were studied as a sin-
gle system, given their apparent proximity in the images.

Figure 3. Color distribution of GCs in NGC 3384 and M105
showing an ambiguous tail (Case 2). The galaxies were studied
as a single system, given their apparent proximity in the images.

– Case 1: Possible bimodal color distribution
In this case (Fig. 2), we have evidence of a bimodal color
distribution of GCs, which might indicate 2 subpopulations
of GCs (Brodie & Strader 2006).

– Case 2: Distribution with an ambiguous tail
In this case, the density plots show an unimodal distribution
with a tail and the data distributions on the CMDs indicate a
possible color bimodality (Fig. 3).

– Case 3: Possible unimodal color distribution with a tail
In this case, the density plots show an unimodal distribution
with an extended tail and the distributions of the data on the
CMDs show no evidence of color bimodality (Fig. 4).

5. Possible color bimodality

We visually investigated 57 CMDs for NGC 1023 data and 15
CMDs for NGC 3384 & M105 data and evaluated the percentage
of each case of color distribution. The results are presented in
Figure 5.

Our preliminary results show that color bimodality is ob-
served only in a minor percentage of the studied colors. It is still
necessary to improve the current version of GCFinder to obtain
more accurate results, since there is still a possible contamina-
tion from stellar objects in the list of GC candidates.

Figure 4. Possible unimodal color distribution of GCs in NGC
1023 (Case 3).

Figure 5. Percentage of each case of color distribution.

For our present data, we suggest that the colors J0410 −
J0660, g − i and g − z are the best ones to identify the bimodal
distributions of GCs.

6. Conclusions and perspectives

We observed that using the broad band filters of J-PLUS as well
as its narrow-band filters, we can see evidence of color bimodal-
ity in some colors such as J0410− J0660, g− i and g− z, but the
biggest part of the studied colors show unimodal distributions.
The fact that we were able to identify colors that show bimodal
distributions is an evidence that the studied galaxies are formed
by more than one subpopulation of GCs and it is also an evi-
dence that the galaxies likely passed through interaction events
(Brodie & Strader 2006). We plan to expand this work in the
following ways:

1. Improve GCFinder.
2. Delve into the study of subpopulations of GCs and stellar

populations in other galaxies using the color distribution re-
sults.
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Abstract. We selected a sample of 50 globular clusters in NGC 1023 observed with J-PLUS, with the aim of studying its stellar
population content. Using SED fitting techniques, we derived ages and metallicities for these objects with the codes TGASPEX
and DynBaS3 and the following stellar population models: Bruzual & Charlot 2003 (BC03), Charlot & Bruzual 2017 (CB17) and
Vazdekis (VM). The preliminary results show that the ages of the GC candidates lie between 8 and 9 Gyr and the metallicities lie
between −0.5 ≤ [Z/Z�] ≤ 0.5.

Resumo. Selecionamos uma amostra de 50 aglomerados globulares da galáxia NGC 1023 observados com o J-PLUS, com o
objetivo de estudá-los em termos de suas populações estelares. Utilizando técnicas de ajuste de distribuições espectrais de energia,
derivamos idades e metalicidades para esses objetos usando os códigos TGASPEX e DynBaS3 e os seguintes modelos de população
estelar: Bruzual & Charlot 2003 (BC03), Charlot & Bruzual 2017 (CB17) e Vazdekis (VM). Os resultados preliminares mostram que
as idades dos candidatos a aglomerados globulares situam-se entre 8 e 9 Ganos e as metalicidades situam-se entre −0.5 ≤ [Z/Z�] ≤ 0.5.

Keywords. Galaxies: individual: NGC 1023 – Galaxies: star clusters: general – Galaxies: stellar content

1. Introduction

Globular Clusters (GCs) are found in most galaxies and are
among the oldest radiant objects in the universe (Larsen 2001;
Brodie & Strader 2006). The study of these objects is a powerful
way to recover the history of galaxy formation and evolution.

NGC 1023 (SB0) is a nearby galaxy (11.1 Mpc) that hosts a
population of GCs. This galaxy has been studied in a significant
number of works (Larsen 2001; Forbes et al. 2014).

In order to study the GC population in NGC 1023 accord-
ing to its stellar population content, here we present preliminary
results of ages and metallicities of 50 GC candidates, selected
using the pipeline GCFinder (see Brito-Silva et al. in this vol-
ume).

2. Data and methodology

We worked with images of NGC 1023 observed by the
JAST/T80 telescope (diameter of 80 cm) and T80Cam (pixel
scale of 0.55”/pixel) from J-PLUS survey (http://jplus.
cefca.es).

We detected and selected a sample of GC candidates using
the pipeline GCFinder. We study here only the objects detected
in 11 bands (u, J0378, J0410, J0430, g, J0515, r, J0660, i,J0861
and z), and confirmed as GC candidates by the work of Forbes
et al. (2014).

We employ here a version of the codes TGASPEX and
DynBaS3 adapted to work with J-PLUS and J-PAS filter systems
(Magris et al. 2015; Mejìa-Narváez et al. 2017). As preliminary
tests of the software, we fitted a sample of galaxies used in the
J-PAS Stellar Population Challenges (listed below):

– C1: Galaxy SED simulated from stellar population models,
used in Challenge 2011 of the J-PAS/J-PLUS collaboration.

– C2: Galaxy SED simulated from stellar population models,
used in Challenge 2015 of the J-PAS/J-PLUS collaboration.

– C3: Galaxy SED simulated from SDSS galaxy spectra, used
in Challenge 2017 of the J-PAS/J-PLUS collaboration.

– C3-JPLUS: Galaxy SED simulated from SDSS galaxy spec-
tra, used in Challenge 2017 of the J-PAS/J-PLUS collabora-
tion.

We started our tests of TGASPEX and DynBaS3 by using
3 different stellar population models: Bruzual & Charlot 2003
(BC03) (Bruzual & Charlot 2003), Charlot & Bruzual 2017
(CB17) (Charlot & Bruzual 2017) and Vazdekis (VM) (Vazdekis
et al. 2010), and compared results for Av, stellar mass, mass-
weighted age, mass-weighted log age, LV -weighted log age,
mass-weighted log Z, and LV -weighted log Z in different scenar-
ios: reducing the number of filters used, and varying metallicities
available in the models.

3. SED fitting of GC candidates

After testing the software, we built the Spectral Energy
Distribution (SED) of the 50 brightest GCs detected by
GCFinder.

We used again the SED fitting codes TGASPEX and
DynBaS3 and the stellar population models BC03 and CB17 to
obtain ages and metallicities of our sample of GCs candidates.
The results can be seen in Figure 1.

The results show that the ages of the GC candidates lie be-
tween 8 and 9 Gyr and metallicities lie between −0.5 ≤ [Z/Z�]
≤ 0.5.

We observed that the age-metallicity relation has an expected
distribution in DynBaS3 results – i.e. older GCs are more metal-
poor than younger GCs –, but the same distribution was not so
clearly seen in TGASPEX results.

4. Conclusions and perspectives

In the tests with simulated SEDs, we observed that BC03 and
CB17 results are in better agreement with each other than any
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Figure 1. Age and metallicity results.

other model comparison. We also observed that results for C1
and C2 SEDs sets are in better agreement than C3 sets.

Our preliminary results from Dynbas3 show that older GCs
are more metal-poor than younger GCs, in agreement with ex-
pectations. This gives us confidence that this code is behaving
well with the J-PLUS filter system.

We plan to expand this work in the following ways:

1. Review the magnitudes we obtained in this work and com-
pare it with results found in literature.

2. Perform additional studies on TGASPEX results, as well
as the differences obtained using different stellar population
models.

3. Run Dynbas3 and TGASPEX on the revised data.
4. Obtain more astrophysical parameters from the SEDs of the

GCs, such as redenning and stellar masses.
5. Study the GCs in terms of its stellar population content, ex-

ploring possible subpopulations of GCs.
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provided for the development of this project.
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Abstract. The aim of this work is to develop an learning algorithm based on Neural Network (NN) to learn the temporal behavior of
a quasar better sampled light curves and apply these learning to less well sampled light curves, so it would be possible to infer the
missing data on it. This approach has given good results so far with data been inferred with low root-mean-square deviation.

Resumo. O objetivo deste trabalho é desenvolver um algoritmo baseado em redes neurais que aprenda o comportamento de uma
curva de luz de um quasar, aplicando este aprendizado em uma curva menos amostrada, de modo a inferir a ausência de pontos. Esta
abordagem tem dado bons resultados, com dados inferidos com baixo desvio quadrático médio.

Keywords. Quasar 3C273 – data analysis – jets

1. Introduction

The object of this study, 3C273, was the first cataloged quasar,
but have been monitored, in optical frequencies, long before it. It
has a redshift of about 0.158, making it the closest quasar found
so far, with apparent distance of approximately 760 Mpc. It emits
energy in the whole electromagnetic spectrum, with an complex
variability, which have been studied through observational cam-
paigns from different radio observatories since its classification
(Schmidt, 1963) . However, most of the campaigns wore not per-
form continuously, and there were gaps in the light curves. To
model the light curve and fill it with data, we used a NN named
LSTM, one of the most used Machine Learning Technique for
Time Series (Goodfellow et al., 2016).

2. Methodology

NN, created in 1954, are the most used kind of machine learn-
ing technique. It was based on the brain’s architecture, but af-
ter the understanding of the math that governs it, more com-
plex architecture could be created. In 1997, the Recurrent Neural
Network named Long Short-Term Memory (LSTM) was cre-
ated. This architecture make use of one connection, called cell
state, that carry information outside the normal flow, which can
keep weighs information along the code for a longer period time
(Deep Learning, 2018).

This research have made use of data from 3 different Radio
Observatories: Michigan Radio Observatory (UMRAO) situ-
ated in USA and operating at 4.8, 8 and 14.5 GHz; Itapetinga
Radio Observatory (ROI) in Brazil operating at 22 and 43 GHz;
Metsähovi Radio Observatory situated in Finland and operating
at 22 and 37 GHz.

3. Results

3.1. Radio Light Curves

The light curves in Figure 1 display the data from the observato-
ries used in this work. We have chosen the big event reported, at
Radio frequencies, in the beginning of 1990‘s. All Light Curves
were shifted to coincide the peak from this event. Based on this

we were able to follow the event through the frequencies. The
day difference between the peak registered in different frequen-
cies is shown in Figure 2.
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Figure 1. The figure shows the observed data used in this work.
For data preparation, an shift was performed, adjusting the
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Figure 2. The figure shows the time difference between the peaks
for two different events. The zero correspond to the date of the
peak at the frequency of 4.8 GHz.
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3.2. Preliminary results using the Neural Network

We have applied the NN in two ways. The firts one is shown in
Figure 3. We used the NN to read the well sampled light curve
from Metsahovi Observatory at 37GHz and learn the behaviour
from 67% and model the other 33%.

The second approach, shown in Figure 4 was to use the well
sampled lights curves as model and apply the learn to others not
well sampled ones.
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Figure 3. Panel a show the application of the NN to the 3C273
light curve at 37GHz. Panel b shows a zoom in the test set from
Figure a. It has learned the behavior of the first 67% observations
and applied the learning to the rest 33%.

4. Discussion

As reported by Marscher and Gear (1985), the events in this ob-
ject occur latter in time and were attenuated at lower frequencies.
We report the time difference between the maximum of the event
for each light curve where it was possible to notice that this dif-
ference change abruptly between radio and millimetric bands.

NN are good options for predicting data in Radio Astronomy.
So far, the NN worked well predicting data from the behavior
of a single curve, and seems to be able to learn from an good
sampled curve and predict on a not so well sampled as well.
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Figure 4. The plots a, b and c show the result of the application
of the NN on a lower frequency light curve and the posterior
application of the learned on a higher frequency light curve. The
plot d shows the results of the NN on modeling from the well
sampled Metsahövi’s 22GHz light curve and to predict on the
not well sampled ROI’s 22GHz light curve.
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Radial metallicity distribution of the galaxy NGC4254 using multislit
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Abstract. In this work we present multislit spectra of the galaxy NGC 4254 observed with Gemini / GMOS in order to improve and
extend its radial metallicity sample and verify signatures of the corrotation radius in its metallicity profile. We used the empirical
calibration method O3N2 to obtain the metallicity in several HII regions along this galaxy. After the data processing and the
application of a new method to extract spectra from low continuous background we obtained the metallicity radial profile in which
we adjusted a ordinary linear regression to determine the metallicity gradient. Our results pointed out to a −0.04 ± 0.01 dex/kpc
metallicity gradient in accordance with data from literature, but now exploring new objects in the galaxy, which are better distributed
along it and with results statistically more significant.

Resumo. Neste trabalho apresentamos observações multi-fenda da galáxia espiral NGC 4254 utilizando o espectrógrafo GMOS do
Gemini com o objetivo ampliar e estender a amostragem da distribuição radial de metalicidades e verificar evidências do raio de
corrotação através do perfil radial de metalicidade. Nós utilizamos o método de calibração empírica O3N2 para estimar a metalicidade
em diversas regiões ao longo da galáxia. Depois do processamento dos dados e da aplicação de um novo método para extrair os
espectros com contínuo baixo obtivemos o perfil radial de metalicidades, sobre o qual ajustamos uma regressão linear para determinar
o gradiente de metalicidade da galáxia. Nossos resultados indicaram um gradiente de metalicidade de −0.04 ± 0.01 dex/kpc, de
acordo com resultados encontrados na literatura, porém explorando novos objetos na galáxia, que estão melhores distribuidos nela e
com resultados estatisticamente mais significativos.

Keywords. Galaxies: Abundances – Techniques: imaging spectroscopy

1. Introduction

The study of chemical abundances in spiral galaxies is an im-
portant branch in Astronomy since from them we might to de-
termine others physical quantities as ages, evolution tracers and
structural secular effects. An important example of this happens
when the velocities of the disk and spiral arms are the same (at
the corotation radius). In this case no gas will enter the spiral
arms, producing a reduction of the star formation rate.

For this reason breaks and inflections on the metallicity dis-
tribution are expected in spiral galaxies (Scarano Jr & Lépine,
2013). According these authors, NGC4254 is a strong candidate
to have the corotation radius inside the optical disk.

Several procedures are involved to measure the metallicity
of a region and many factors can influence the measurement.
One way to estimate the metallicity is by means of Statistical
Methods, or Strong Line Methods. This method consists on us-
ing the statistical correlation between photoionization models,
empirical calibrations based on well-known measurements of
electronic density and temperatures and correlations of those
with the ratio between emission lines frequently observed in HII
regions spectra.

In this project, we propose to increase the amount of HII
regions observed for NGC 4254 in terms o abundances us-
ing GEMINI observations with GMOS spectrograph in multislit
mode. Using the Strong Line Method O3N2, we intend to im-
prove the number of objects that sample the metallicity radial
profile and compare our results, in first order, with the metalli-
city gradient in the literature to verify if it is possible to analyze
metallicity gradients in higher orders, and then to check possible
effects of the corotation radius.
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Figure 1. Spiral Galaxy NGC 4254 taken at Gemini Telescope
using r’ filter. The boxes with numbers represent the slits and
the elipses are isodistance regions.

2. Methodology

We used DS9 and PYRAF tasks to develop a simple method to
combine spectra of many observations. Its is based on the proce-
dure to identify the position of the observed spectral lines on the
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Figure 2. Bidimensional spectrum extracted for one of 69 regions
analyzed. Note that the spectrum present the dispersion of two
regions in reason of two different HII regions inside the slit. In
this case we chose the most intense dispersion region.

Figure 3. Example of spectrum used to identify the lines position
at the unidimensional spectra extracted of NGC 4254.

detector and during the traditional extraction procedure to force
a spline to be fitted only over these selected points, from which
the unidimensional spectrum is recovered with a better quality
than the previous procedures. (See Fig. 2).

To obtain the emission line fluxes, we have used the PYRAF
task SPLOT. We identified the spectral lines visually for each
spectrum (Fig. 3) and we fit Gaussians over the emission lines
of Balmer series (Hα and Hβ), Nitrogen, Sulfur and Oxygen.

3. Results

From the total amount of slits observed, we were able to obtain
only 10 regions from which it was possible to apply the method
O3N2 to obtain Oxygen abundances. After deriving the radial
distances using elliptical fits (Fig. 1) we plotted the data to obtain
the metallicity radial profile.

Despite this metallicity distribution covers all the 4 different
radii where corotation can occur, the minimum amount of 16
regions needed for an appropriated study of the metallicity gra-
dient (Dutil & Roy, 2001) was not achieved. So, in reason of
the poor spatial sampling it was not possible look for breaks or
inflexions in the metallicity distribution.

Comparing our results with the data obtained by Zaritsky,
Kennicutt & Huchra (1994), who studied the metallicity gradi-
ents of 39 galaxies, we verified that the NGC 4254 metallicity
radial profile has a very typical decreasing gradient, as it can be
seen in Figure 5. Furthermore, these authors observed less re-
gions than we did for this galaxy, for which they estimated that
its metallicity gradient was −0.03 ± 0.02 dex/kpc, compatible
with our first order results.

Acknowledgements. We are grateful to PROEST/UFS and INCTA for all sup-
port.
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Figure 4. Metallicity radial profile obtained with our data to
NGC 4254 galaxy overlapped by the linear regression. The ad-
just shows that metallicity gradient (slope) obtained is −0.04 ±
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Figure 5. Metallicity gradients histogram by Zaritsky et al.
(1994). The red vertical line represents the value determined by
us to the metallicity gradient of NGC 4254. As it can be seen,
the galaxy NGC 4254 is quite typical.
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Abstract. In this work we present IDL codes and pipelines that help astronomers to determine abundances and metallicity gradients
from optical spectra observed in discoidal galaxies. The code includes an algorithm that automates the process of extracting fluxes
of strategic spectral lines to calculate metallicities, in special Oxygen abundances. We tested our codes using multislit spectra of
the galaxy NGC4254 observed with Gemini/GMOS. Differences lower than 5% were found on the determination of distances,
abundances and metallicity gradients when compaired with traditional precedures.

Resumo. Neste trabalho nos apresentamos códigos em IDL e pipelines que auxiliam astrônomos a determinar gradientes de
abundância e metalicidade a partir espectros no óptico em galáxias discoidais. Os códigos incluem um algoritmo que automatiza
o processo de extrair o fluxo de linhas espectrais estratégicas para calcular metalicidades, em especial abundâncias de Oxigênio.
Testamos nossos códigos usando o espectro multislito da galáxia NGC4254, observado com GEMINI/GMOS. Diferenças inferiores
a 5% foram encontradas na determinação de distâncias, abundâncias e gradientes de metalicidade quando comparado com os
procedimentos tradicionais.

Keywords. Galaxies: abundances – Techniques: spectroscopic

1. Introduction

Chemical abundances and metallicities gradients are fundamen-
tal observational measurements that are related to the star for-
mation rate. Consequently they are used to estimate ages and
an indirect way to measure the evolution of galaxies and the
Universe as whole. In particular, the study of the radial and az-
imuthal variation of this quantity in discoidal galaxies imposes
strong boundaries regard to the galactic evolution process, be-
cause it limits the life time of the observed objects, characterizes
interactions and environmental effects besides it reveals signa-
tures of secular effects of galactic structures directly related to
the stellar formation.

2. Procedures

The procedures to measure abundances and metallicities require
many steps, from planning the observations, through data re-
duction, culminating with the spectral analysis. In this work we
present IDL codes and pipelines that helps the observer to deter-
mine abundances and metallicity gradients of discoidal galaxies.

Projection Parameters: Given the projection parameters of a
galaxy (Figure 1), the code calculates precise galactocentric dis-
tances and determines metallicities gradients. Distances are cal-
culated in the sky plane in arcsec, and depending on the distance
they can be converted in linear distances (Scarano Jr et al. 2008).

Line Recognition and Radial Velocities: To recognize spectral
line it is used a template with the main spectral lines. Among
the processes involved in code execution is the determination of
individual radial velocities over the galaxy affected by rotation
(using tasks from the RVSAO package, Kurtz, 1998).

Galactic and Intrinsic Extinctions: Extinction affects line fluxes
differentially along the wavelenght dispersion in reason of the

Figure 1. Sketch representing the projection of a disk galaxy from
the galactic plane to the sky plane. Besides the coordinates sys-
tems x, y, z in different rotations, we show i for the inclination,
φ for the position angle, N for the celstial north and NR for the
recedent node

presence of dust and gas between the source and the observer.
Since we are talking about two distinct regimes of interstellar
medium (galactic and extragalactic), two corrections are needed.
Galactic extinction was calculated using the model by Amôres
& Lépine (2005). The intrinsic extinction of each region was as-
sumed to be that derived using the expected ratio for Hydrogen
recombination lines (Osterbrock 1989). Both Galactic and in-
trinsic corrections were performed using the code FM_UNRED
by Fitzpatrick (1999).
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3. Code Sections

After the previous procedures, our codes are based on the fol-
lowing tasks:

Line Fluxes: The code includes an algorithm that automates the
process of extracting the fluxes of strategic spectral lines to ob-
tain extinctions, Oxygen abundances and metallicity gradients.
With the inputs of the previous procedures a series of peak func-
tions fits are performed to the same spectral line. Fluxes are mea-
sured by means of gaussians, double gaussians, lorentzian and
numerical integration procedures. This set of values allowed us
to estimate uncertainties (Scarano Jr & Lépine, 2013).

Abundances and Metallicity Gradients: The code includes an
algorithm that automates the process of extracting the fluxes of
strategic spectral lines to obtain extinctions, Oxygen abundances
and metallicity gradients. With the inputs of the previous proce-
dures a series fits of peak functions are performed to the same
spectral line. Fluxes are measured by means of gaussians, dou-
ble gaussians, lorentzian and numerical integration procedures.
This set of values allowed us to estimate uncertainties (Scarano
Jr & Lépine, 2013). In this version, only empirical procedures,
based on the statistical methods O23, O3N2, N2, Ar3 O3. The
calibrations method of Pagel et al. (1979) with the considerations
of McGaugh (1994), [Sc06], the [O III]/[N II] method of Pettini
& Pagel (2004) [PP04] and Stasinska (2006) [S06],the [N II]/Hα
method of Pettini Pagel (2004), the [Ar III]/[O III] method of
Stasinska (2006) were included in our code. Once the distances
for each region is determined as well their abundances, metallic-
ity gradients are calculated using linear fits over the correlation
of these variables.

4. Results, Discussion and Conclusions

With the purpose to verify the efficiency of the codes we com-
paired the results obtained with our code and the tradtional pro-
cedure to determine the fluxes of spectral lines using SPLOT.
For this we have worked with 61 spectra observed for the galaxy
NGC4254 with Gemini/GMOS for which all the data reduction
precedures were previously performed.

If we consider only the application of our code compaired
with the extraction of the fluxes manually, we have all abun-
dances and gradients determined in about 5.2 minutes, against
almost 44 hours of «manpower work». Considering the other
procedures needed for the inputs of our code, the whole proce-
dure take less than 2.5 hours.

Distances measured from the center of the galaxy to the
center of the observed sources have deviances of less than 5%
(Figure 2). Obviously it depends on the position angle of the ob-
served objects. The uncertainties of the projected distances are
higher near the minor axis than in the major axis .

The results on abundances are limitaded only to those ob-
jects for which its possible to apply the methods of the previous
section. (Figure 3). From the correlation it is possible to verify
differences also lower than 5% that are propagate in the same
proportion to the metallicity gradients.

Using our code we were able to determine, in a fast way,
galactocentric distances, abundances and metallicity gradients
for the galaxy NGC4254. Differences on the distances are in-
side statistical flutuations. However, for the abundances, it was
possible to detect differences related to the methods in favor of
our code, which allows the user obtain fluxes from multi-peak
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Figure 2. Comparisons between traditional procedures to mea-
sure distances and the results from our codes. Linear fits and
their confidence and prediction bands are also presented. Overall
differences lower than 5% were found
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Figure 3. Comparisons between traditional procedures to mea-
sure abundances and the results from our codes. Linear fits and
their confidence and prediction bands are also presented. Overall
differences lower than 5% were found. For the abundances, the
slope lower than 1 indicates that there are flux losses in the tra-
ditional procedures. The interception value reflects only the un-
certainties of the statistical methods (about ± 2 dex).

fits and for these reason covers different kinds of line profiles.
The code may acessed by request.
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Abstract. We study the distribution in phase space of the group of galaxies in Fornax to determine their structure and dynamic state.

Resumo. Estudamos a distribuição no espaço de fase das galáxias do grupo de Fornax para determinar sua estrutura e estado dinâmico.

Keywords. Galaxies: groups: individual: Fornax – Galaxies: clusters: intracluster medium – X-rays: galaxies: clusters – Galaxies:
kinematics and dynamics

1. Introduction

Groups and clusters of galaxies are large galactic structures be-
lieved to be formed from smaller structures and may be consid-
ered the largest ones in the universe. The Fornax group, despite
its apparent state of relaxation, is known to be packed full of
substructures (Drinkwater et al., 2001), some still in course of
relaxation (see e.g Iodice et al., 2017). We studied the phase
space distribution of the galaxies of the Fornax cluster to de-
termine their structure and dynamic state. Although the system
has been studied in detail in the past, new spectroscopic data as
well as new results obtained from deep X-ray observations show
evidence of intense activity in the region.

2. Methodology

Optical data came from the HyperLeda database
(http://leda.univ-lyon1.fr). We obtained a representative
sample of the distribution of galaxies in an 8 degree region
around the central galaxy NGC1399 (Fig. 1). The velocity
distribution of the system was analyzed through the statistical
methods provided by the ROSTAT routines package. Making
repeated use of the distribution of gaps in the data, together
with the probabilities of their occurrence, calculated on the
assumption that the data are normally distributed (both given
by ROSTAT), we arrived to a representative sample of galaxies
within the redshift interval 500 < cz < 2400 km.s−1 with mean
velocity (bi-weighted) VM =1485 ± 91 km.s−1 (z= 0.0049534),
and velocity dispersion (bi-weighted) σv =389+40

−37 km.s−1, at
confidence levels of 95%.

The region near to NGC1399 galaxy is permeated by a hot
gas emitting X-rays and chemically abundant in metals (Su et al.
(2017)). We have used X-ray data from XMM-Newton to pro-
duce spatially resolved 2D spectral maps of temperatures and
chemical abundances for the central region of the group, as it is
shown in Figs. 4 and 5.

3. Results and Conclusions

As a first attempt to understand the overall cluster kinematic and
dynamics, we divided the entire region into 7 radials of 30 galax-
ies each (the most external one with 24 galaxies). Then for each
ring we calculated the mean velocity and velocity dispersion. As
it can be seen in Fig. 2 the velocity distribution do not vary sig-
nificantly as we move away from the cluster center.

� �

Figure 1. Cone diagrams of the 8◦ region showing the field of
Fornax in depth up to redshift z = 0.10. The left panel displays
the entire sample, whereas the right panel shows a zoom of the
circled region on the left panel.

Fig. 3 shows the projected density map of the previous figure.
This map was produced using the ISODENS program, which
uses the adaptive kernel method to calculate mean densities in a
fixed grid of points.

In this Figure, the regions within the outermost green con-
tours constitute the 95% significant regions, obtained by sub-
tracting from the original density map, the variance density map
(multiplied by a factor of 3), which was estimated by bootstrap-
ping the original positional data 1000 times. The region of the
possible substructure indicated by Drinkwater et al. (2001) is al-
most totally outside of the significance contours, suggesting that
the subgroup may not be a significant structure.

Fig. 4, shows that the region around the central galaxy
NGC1399 does not have temperatures as high as most of the
other regions of the map. There is however a still colder region
located southwest, around NGC1404, suggesting that most of
the temperature fluctuations observed in the region are corre-
lated to the local distribution of galaxies. Indeed, low tempera-
tures are due to the high energy losses due to radiation produced
in high density regions ( dE

dt ∝ ρ2T 1/2). These regions are gen-
erally located at the central parts of the groups, mostly around
their dominant galaxies.
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Figure 2. Distribution in phase space of the 204 galaxies of our
Fornax sample. The red dots (+) correspond to the E - S0 galax-
ies (55%) while the blue ones (×) are for the S - I types (26%).
The remaining points correspond to dwarf (5%) or unclassified
(14%) galaxies. The black crosses give the velocity dispersion
calculated on radial rings (see tex), with vertical bars equal to
the 95% confidence interval of the estimate and the horizontals
ones equal to the widths of the rings. The dashed lines give the
escape velocity of the system, assuming a previously estimated
mass of 1.9×1014M� based on the Virial Theorem.
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	�


�

Figure 3. Map of the projected densities of galaxies of the Fornax
group in units of 10−6gal.(arcsec)−2. The yellow contours are
for the projected density for galaxies whereas the green ones
indicate the boundaries of significant regions of the map (see
text).The white square at the center represents the region of the
X-ray maps.

The ICM chemical abundance ratios maps deduced from the
X-ray spectral maps allow us to infer informations about the re-
gion. The Mg abundances may reflect recent episodes of star for-
mation while the abundances of Fe may reflect older episodes of
star formation. When we make the ratio [Mg/Fe] the proposal is
that this relation may estimate of the whole events of the stellar
populations. Thus, when [Mg/Fe] < 0, it is possible to infer that
the older stellar populations are dominant in the system and no
recent star formation has occurred or at least it was not signifi-
cant in the region. However when [Mg/Fe] > 0 the region should
be dominated by a young star population.

From the [Mg/Fe] map shown in Fig. 5 It is noticeable that
although most of the region has [Mg/Fe] > 0, only the outermost
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tral region of Fornax. The circles represent the galaxies belong-
ing to the group, with the radius varying accordingly to their
B-magnitude. The crosses are galaxies without measured mB.
The central galaxy is NGC1399. The southernmost galaxy is the
NGC1404.
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Figure 5. Color coded map of the abundance ratio [Mg/Fe] in the
ICM gas of the central region of Fornax.

regions have positive values, whereas in the regions closest to
the dominant galaxies, negative or near zero values predominate.
This is consistent with the results of the analysis of radial profiles
of (Mernier et al. (2016)), which show a positive radial gradient
of [Mg/Fe].

This indicates that the cooler regions of the ICM, located
around the dominant group galaxies, were mostly contaminated
by the ejecta of old stellar populations whose origin is unknown:
was this ejecta completely removed from the galaxies hosting
these old stellar populations (e.g. by a ram pressure mechanism)
or, on the contrary, were these stellar populations first stripped
from their parent galaxies and then evolved mixed in the ICM up
to the point to directly contaminating it?
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Abstract. Barred galaxies are a very common type of galaxy and their features are of special interest in the study of dark matter.
This work aims to investigate the relationship between the stellar disk and the dark matter halo, focusing on its consequences on the
formation of the halo bar. Using N-body simulations, we analyse properties of the halo bar such as length, strength, shape, transfer
of angular momentum and orientation, in order to correlate them with the properties of the disk bar. We find that the orientations
of the bars remain the same during the entire simulation. The inner dark matter halo is initially spherical and becomes elongated as
the stellar bar forms. The halo bar is shorter and weaker than the disk bar, though both grow simultaneously and the buckling of the
disk is mimicked by the halo bar. The galaxy with the weaker stellar disk bar also displays a weaker inner halo bar. The angular
momentum transfer from the stellar disk to the inner halo is lower than expected for its mass. Preliminary results indicate that this
phenomenom is related to the formation of the halo bar and the strength of the stellar bar may be the governing factor driving the
formation and evolution of the halo bar.

Resumo. Galáxias barradas são um tipo muito comum de galáxia e suas características são de especial interesse no estudo da matéria
escura. Este trabalho tem como objetivo investigar a relação entre o disco estelar e o halo de matéria escura, focando em suas
consequências na formação da barra do halo. Analisamos, através de simulações de N-corpos, propriedades da barra do halo como
comprimento, força, forma, transferência de momento angular e orientação, a fim de correlacioná-los com as propriedades da barra
do disco. Constatamos que as orientações das barras permanecem as mesmas durante a simulação. O halo de matéria escura interior
é inicialmente esférico e torna-se alongado enquanto a barra estelar se forma. A barra do halo é mais curta e mais fraca do que a
barra do disco, embora ambas cresçam simultaneamente e a diminuição momentânea na força da barra devida ao buckling do disco
seja reproduzida pela barra do halo. A galáxia com a barra do disco estelar mais fraca exibe a mesma característica na barra interior
do halo. A transferência de momento angular do disco estelar para o halo interior é menor do que o esperado para a sua massa.
Resultados preliminares indicam que este fenômeno está relacionado à formação da barra do halo e a força da barra estelar pode ser
o fator principal na formação e evolução da barra do halo.

Keywords. Galaxies: evolution – Galaxies: kinematics and dynamics – Galaxies: halos – Dark matter – Methods: numerical

1. Introduction

Barred galaxies are stellar structures with a bar-shaped inner re-
gion, known to make up to one or two-thirds of all spiral galaxies
(e.g. Masters, et al. 2011). These bars are formed under the to-
tal gravitational potential of the galaxy, therefore the shape and
dynamics of these objects are highly influenced by the presence
of dark matter. Also, it has been shown that the transfer of an-
gular momentum from the disk to the dark matter halo plays an
important role in the formation of the stellar bar (Athanassoula
& Misiriotis 2002), and an intriguing detail in the simulations is
the formation of an elongated structure in the mass distribution
of dark matter. This structure is analogous to the disk bar and
has been named dark matter bar (Colín, Valenzuela & Klypin
2006), halo bar (Athanassoula 2005), ghost bar (Berentzen &
Shlosman 2006) and shadow bar (Petersen, Weinberg & Katz
2016). Recently, Collier, Shlosman & Heller (2018) analysed the
effect of spinning halos on the dark matter bars. The develop-
ment of a halo bar points out to the fact that the dark matter halo
itself is affected by the presence of a stellar bar, and this provides
interesting results. This work aims to analyse the mutual inter-
actions between the disk bar and the halo bar by characterizing
their properties and evolution.

2. Methods

We use some of the N-body hydrodynamic simulations from
Athanassoula, Machado & Rodionov (2013), in order to analyse
a set of galaxies with different initial conditions carried out with

a version of the code Gadget-2 (Springel 2005) that includes
star formation. Those simulations consist of 106 dark matter par-
ticles and different initial gas fractions. We compare the devel-
opment of a strongly barred galaxy and a weakly barred one
through a period of 10 Gyr. The strongly barred one is com-
posed by 2 × 105 disk particles whereas the weakly barred one
comprises half of that and, additionally, 5 × 105 gas particles,
which form new stars as the simulation carries on. For further
details, see Athanassoula, Machado & Rodionov (2013).

In order to measure the bar strength, we used the relative am-
plitude of the m = 2 mode of the Fourier decomposition of the
mass distribution. The maximum value of this amplitude, as a
function of radius, is the bar strenght A2. Their axial ratios were
obtained through the diagonalization of the inertia tensor, calcu-
lated inside non-spherical isodensity shells with a constant num-
ber of particles. Bar lengths were defined as the radius at which
the m=2 amplitude has dropped to half its maximum value. The
orientation of the bars was obtained via the Fourier analysis. We
measured the transfer of angular momentum to the dark matter
halo considering two distinc regions: the inner halo (comprising
the inner 5 kpc), and the outer halo, making up the rest.

3. Results

We found negligible differences between the bar orientations
along the entire simulations. The dark matter halo bar is shorter
in length than the stellar disk bar. The disk bar is much stronger
than the halo bar, but their evolutions are very similar (Fig.
1). The galaxy with gas particles indeed develops weaker bars.
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Figure 1. Bar strengths of the stellar bar and of the halo bar as
a function of time. Notice the different scales: the halo bars are
much weaker. (a) Strong bar galaxy; (b) Weak bar galaxy.

Around t = 3.5 Gyr, the strongly barred simulated galaxy under-
goes a slight bending, known as buckling (Martinez-Valpuesta
& Shlosman 2004), which temporarily reduces the strength of
the disk bar. We found that the decrease in strength is mimicked
by the dark matter halo bar. The dark matter halos remain quite
spherical at large radii. In the inner region, the dark matter dis-
tribution becomes elongated, with axis ratios of approximately
b/a = 0.7 and c/a = 0.7 for the strongly barred galaxy, and
b/a = 0.8 and c/a = 0.8 for the weakly barred galaxy. The dark
matter halo absorbs angular momentum from the disc. However,
the inner part of the halo gains much less than the outer, even
when normalized by mass (Fig. 2). In the strong bar case, the
transfer of angular momentum is much larger, as one would ex-
pect. In both cases, the inner halo contributes proportionally less
to the absorption of angular momentum. In the strong bar case,
the relative contribution of the inner halo is even smaller. This
indicates that the disk bar, after being formed, drives the growth
of the dark matter halo bar. Further investigation of the resonant
orbits may reveal more details about the mutual interaction be-
tween the two bars.

Acknowledgements. The authors thank the support from Universidade
Tecnológica Federal do Paraná.

Figure 2. Specific angular momentum of the halo as a function
of time. (a) Strong bar galaxy; (b) Weak bar galaxy.
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Abstract. OH megamaser galaxies (OHMGs), a subset of Ultra-Luminous Infrared Galaxies (ULIRGs), are of particular interest
because they may represent a critical short-lived transition phase connected to the onset of rapid nuclear fueling, which in turn
leads to the development of a circum-nuclear gas disk and the initiation of Active Galactic Nuclei (AGN) or starburst winds. In
this study, we present Near-Infrared (NIR) spectroscopic study of 9 OH Megamaser Galaxies (OHMGs), which 5 were observed
using NASA Infrared Telescope Facility (IRTF)/SpeX spectrograph in cross-dispersed mode and 4 were observed using William
Hershel Telescope (WHT)/LIRIS, both observations covered the range in the interval of 0.7 to 2.4µm. OHMGs of our sample showed
interesting features - among them we have spectra dominated by strong emission lines of HI, HeI, HeII, [SII], [FeII], as well as
molecular hydrogen. We can also seen CN and CO absorption lines, which are is related to population of the red (super)giants in the
nuclear region. We could conclude that two galaxies in our sample host an AGN, while other two are starburst galaxies.

Resumo. Galaxias Megamaser de OH (OHMGs), um subconjunto de Galaxias Ultra Luminosas no Infravermelho (ULIRGs), são de
particular interesse porque podem representar uma fase crítica de transição de curta duração ligada ao início do rápido abastecimento
de combustível nuclear, que por sua vez leva ao desenvolvimento de um disco de gás circum-nuclear e o início de ventos do tipo
Nucleo Ativo de Galaxias (AGN) ou starburst. Neste estudo, apresentamos dados espectroscópicos NIR de 9 OHMGs, dos quais 5
foram observados usando o espectrógrafo NASA Infrared Telescope Facility (IRTF) / SpeX no modo dispersão cruzada e 4 foram
observados usando William Harshel Telescope (WHT) / LIRIS, ambas as observações cobriram a faixa no intervalo de 0,7 a 2,4µm.
OHMGs da nossa amostra mostraram características interessantes entre eles temos espectros dominados por linhas de emissão forte
de HI, HeI, HeII, [SII], [FeII], bem como hidrogênio molecular. Podemos também ver as linhas de absorção CN e CO, que estão
relacionadas com a população dos gigantes (super) vermelha. Foi possível concluir que duas galáxias em nossa amostra possuem um
AGNs, enquanto outras duas galáxias são foram classificadas como starburst.

Keywords. Galaxies: interactions–Galaxies: active–Galaxies: stellar content–ISM: molecules–Masers–Radio continuum:galaxies

1. Introduction

The disturbed morphologies of Luminous and Ultra-Luminous
Infrared Galaxies (LIRGs and ULIRGS, respectively) suggest
that these gas-rich galaxies are undergoing collisions or merg-
ers. They are thought to represent a key stage in galaxy evo-
lution in which tidal torques associated with mergers drive gas
into the galaxy core, leading to starbursts and fueling an embed-
ded AGN, with ULIRGs reaching quasar-like powers at infrared
wavelengths (> 1011L�). OHMGs is a subset of ULIRGs that
radiate lines at 1665 and 1667 MHz and there are evidence that
they contain an energetically important, dust-obscured AGNs.
Physical properties that distinguish OHM hosts from other
[U]LIRGS are: (i) OHMGs have the highest mean molecular
gas densities, (H2)=103−4cm−3, (ii) OHM hosts are a distinct
population in the nonlinear part of the IR-CO relation; and (iii)
their hosts have exceptionally high dense molecular gas fractions
(LHCN /LCO > 0.07), perhaps associated with a temporal spike in

tidally driven density gas inflow (e.g. Ho 2005; Lo 2005; Perr
& Dyson 1985; Soifer et al. 1987; Scoville & Norman 1989;
Sanders et al. 1988). In this context, OHMGs are therefore sign-
posts marking the most intense, compact, and unusual modes of
[U]LIRGS in the local universe.

Early surveys have shown that OHMGs tend to be found in
warmest ULIRGs and there is continuing debate as to whether
starbursts or AGNs are the dominant sources of dust and gas
heating. It also remains unclear how the OH maser emission
is related to the nature of the dominant heating source and to
the other components of the host galaxies (see Sanders et al.
1988; Treister et al. 2012, and references therein). To address
the issues, we are carrying out a comprehensive multiwavelength
space and ground study of a large sample (∼ 70 objects) of
OHMGs with the overall objective of relating the merger state of
the OHMG (as traced by the structural properties of the spheroid,
including dynamical masses) to the growth phase of the AGN,
the nuclear starburst, and the concentration and structure of the
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Figure 1: Galaxies that were observed using NIR spectroscopy data. Images obtained with ACS F814W (i band) of our OHMG sub-sample
observed in Cycle 17 of the Hubble Space Telescope. The vector in the bottom right corner represents 5 arcseconds.

Table 1: Observation log and basic galactic properties for the sample.

On-source
Date of Integration

ID Galaxy z R.A. DEC Type Airmass Observation time (h) PA (◦)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
1 Mrk 926 0.04686 23h04m43.478 -08d41m08.62s - 1.137 09-14-2016 0.500 85.00
2 IRAS 05414+5840 0.01486 05h45m47.88s +58d42m03.9s S2 41.00 09-14-2016 0.150 41.00
3 IRAS 01364-1042 0.04825 01h38m52.921 -10d27m11.42s - 1.199 09-14-2016 0.399 150.00
4 IRAS 03056+2034 0.02744 03h08m30.710s +20d46m20.04s SB 1.07 09/07/2014 0.39 17
5 IRAS 04332+0209 0.01197 04h35m48.369s +02d15m28.97s SB 1.399 09-14-2016 0.449 120.00
6 IRAS 17526+3253 0.02601 17h54m29.41s +32d53m14.2s - 1.370 09-14-2016 0.399 283.00
7 IRAS 19154+2704 0.09938 19h17m31.41s +27d10m06.0s - 1.000387 09-06-2014 1,5 0.00
8 IRAS 23135+2516 0.02742 23h16m00.70s +25d33m24.1s S2 1.031443 09-07-2014 1 25.00
9 IRASF 23199+0123 0.13569 23h22m31.63s +01d39m28.1s - 1 09-07-2014 1.7 95

ionized gas and radio morphology (Sales et al. 2015; Hekatelyne
et al. 2018a,b, Sales et al. 2018 submit). Keeping this in mind,
we aim to derive the relative contributions of the embedded AGN
and/or staburst activies using near-infrared (NIR) spectroscopy
data and we are presenting here a NIR study of 9 OHMG galax-
ies presented in Figure 1.

2. Observation and reduction

In this study, we present NIR spectroscopic data of 9 OHMGs,of
which5 were observed using SpeX spectrograph. SpeX is
a medium resolution spectrograph (R = ∆λ/λ ∼ 2000 )
that in cross-dispersed mode covers the range in the inter-
val of 0.7 to 2.4µm. This instrument was constructed at the
Institute of Astronomy, by the NASA Infrared Telescope Facility
(IRTF).The other 4 galaxies were observed by the William
Herschel Telescope (WHT) using LIRIS spectrograph with two
low-resolution (R = 1000) covering same spectral range of
SpeX with two ZJ and HK grisms. Data were obtained in
2014b (WHT/LIRIS: PI - Colina L.) and 2016-B (IRTF/SpeX
2016B125: PI - Sales D.). Observation were executed nodding
in an AB-BA source pattern and A0V stars were observed close
to the galaxies in order to provide telluric standards at similar
airmasses. Table 1 shows information about the our sample and
the observation conditions.

Data reduction were performed using spextool, which is a
code provide by the SpeX team for the IRTF community1. To

1 spextool is available from the IRTF website:
http://irtf.ifa.hawaii.edu/Facility/spex/spex.htm

derive emission line fluxes we use our own routine written in
python, as well as a package in IRAF software. Figure 2 shows
OHMG spectra with normalized fluxes at 1.2µm. Noise coming
from the low atmospheric transition was removed and emission
lines have been identified (see Figure 2).

3. Results and discussion

We can see in Figure 2 that NIR spectra of our sample are domi-
nated by ionic lines with low and high ionization species, molec-
ular hot H2 lines, and hydrogen recombination lines. The fol-
lowing emission lines were observed at least 3σ of the noise: [S
iii]0.9µm, Paδ, He1.08µm, [Fe ii]1.2-1.6µm, Paα, H21.9-2.2µm,
and Brγ emission lines. From Figure 2 we can also see that
IRAS19154+2704 presents broad-emission components in the
hydrogen recombination lines similar to Seyfert 1 Mrk926 (for
comparison).

Our OHMG sample not only presented ionic, hot molecular
H2 lines, and hydrogen recombination lines but also CO molec-
ular bands at 2.29, 2.32 and 2.35µm (Figure 3). According to
evolutionary population synthesis and confirmed in some extra-
galactic observation CN (1.1µm) and CO (2.3µm) bands are fea-
tures arising from stars in the thermally pulsing asymptotic giant
branch (TP-AGB) phase. These signatures have been used as a
clear feature of the presence of young/intermediate (0.3≤ t ≤2
Gyr) stellar population, which highlights a presence of starburst
activities (Rieke et al. 1980; Maraston 2005; Riffel et al. 2007,
2008).
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Figure 2: NIR spectra of our OHMG’s sample. Spectra have normalized fluxes and rest wavelength in Åunits. Left-panels show H band, middle-
and right-painels present J and K bands respectively.

In order to investigate excitation mechanisms of our
OHMG’s sample we present a diagnostic diagram suggested by
Rodríguez-Ardila et al. (2004) that uses emission line ratios of
H2 2.1µm, Brγ and [Feii] 1.2µm, Paβ (see also (Riffel et al.
2013). We had four galaxies that provided these emission lines
and it is clear from this diagram that two galaxies are dominated
by starburst activities.

IRAS05414+5840 was the only OHMG galaxy that falled
in to AGN’s region of NIR diagnostic diagram, exhibing a
clear AGN classification (see figure 4). This galaxy has a spi-

ral edge-on morphology (see figure 1) with a well formed bulge.
IRAS19154+2704 also was classified as an AGN source because
its OHMG shows broad components at Paβ, He 1.08µm, Paα,
and Brγ emission lines(Rodríguez-Ardila et al. 2004; Riffel et
al. 2013). IRAS19154+2704 shows a point like core morphol-
ogy with smaller with smaller interacting galaxies connected by
tidal tails (see figure 1).
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line ratios of our OHMG’s sample. Red triangle IRAS05414+5840,
black circle IRAS03056+2034, green square IRAS04332+0209.

4. Conclusions and perspectives

Of the 9 observed OHMGs, we were able to derive exci-
tation mechanism for three targets using a diagnostic dia-
gram, where two of them were classified as Starburst galax-
ies and one as AGN source. Other AGN signature was found
in IRAS19154+2704 by strong coronal lines as well as broad
components in Paδ, He 1.08µm, Paα, and Brγ emission lines.
This broad emission has equivalent width comparable with those
found in Seyfert 1 galaxies (see Mrk926 spectrum in figure 2).
IRAS17526 + 3253 showed low signal-to-noise ratio, it being
possible to observe only H2 lines at 2.12µm and Mgii at 2.13µm.
We also could see that most of galaxies in our sample showed
CN and CO molecular absorption lines indicating presence of
young/intermediate stellar population (Figure 3).

Our perspective of continuing this study will follow the next
step, and aims to: Derive the stellar population of OHMGs that
presented absorption lines of CN and CO. Determine the mass
and kinematics of the hot (2000 K) molecular gas of H2.
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Abstract. We present spectroscopic observations of 15 peculiar interacting galaxies (Category 2: Interacting Doubles) from the
‘Catalogue of Southern Peculiar Galaxies and Associations’. The nuclear spectra obtained with the 1.6-m telescope at the Pico dos
Dias Observatory (OPD/LNA-MCTIC) reveal an important set of absorption and emission lines in the optical range 3700-7000 Å.
Radial velocities, relative emission-lines intensity measurements and spectral classification are discussed. We use the stellar
population synthesis code STARLIGHT and classical diagnostic-diagrams to determine the nuclear nature of this particular sample.

Resumo. Apresentamos observações espectroscópicas de 15 galáxias peculiares interativas da Categoria 2, ‘Duplas Interagentes’, do
‘Catálogo de Galáxias Peculiares e Associações do Hemisfério Sul’. Os espectros nucleares obtidos com o telescópio de 1,6-m do
Observatório Pico dos Dias (OPD/LNA-MCTIC) revelam linhas de absorção e de emissão na faixa óptica 3700-7000 Å. Velocidades
radiais, intensidades relativas dos fluxos das linhas de emissão e classificações espectrais são discutidas. Usamos o código de síntese
de população estelar STARLIGHT e diagramas diagnósticos clássicos para determinar a natureza nuclear da amostra estudada.

Keywords. Galaxies: clusters: general – Galaxies: elliptical and lenticular, cD – Techniques: spectroscopic

1. Introduction

It is now widely recognized that galaxy-galaxy interactions play
an important role in their evolutionary processes, with the pres-
ence in many cases of energetic activities in their inner regions.
The connection between enhanced nuclear activities and gravi-
tational interactions has been discussed in the literature by many
authors (e.g. Heckman 1990; Sabater et al. 2013; D’Onofrio
et al. 2016). Although the idea of interaction-induced nuclear
activities is well established with theories and observations,
many points related to the mechanisms of excitation and mor-
phological properties still need to be discussed. To contribute to
this subject we have started a spectroscopic survey of the nuclei
of interacting galaxies from the ‘Catalogue of Southern Peculiar
Galaxies and Associations’ (Arp & Madore 1987, hereafter
AMC), with the Cassegrain spectrograph of the Observatório do
Pico dos Dias (LNA/MCTIC).

2. Sample Selection

The aims of this work are to present optical spectra and to pro-
vide an analysis of the data for a small sample (15) of inter-
acting galaxies in AMC. We have focused our attention to the
Category 2: Interacting Doubles. Galaxies in this Category are
more or less equal in size and show strong signs of interaction.
The observed galaxies are listed in Table 1 (literature).

Table 1: Category 2: Interacting Doubles. Values taken from
NED/NASA-IPAC: galaxy identification from the AMC, morphologi-
cal type, heliocentric velocity and nuclear activity.

ID Object Type cz Activity
AM (km s−1)

1 0053-321 NED01 S0∧-? Pec 9607±22 Liner?
2 0053-321 NED02 Sbab? Pec 9538±38 −

3 0117-412 NED01 − 5052±36 −

4 0117-412 NED02 − 5267±53 −

5 2055-492 NED01 (R)SB(r)a 6912±28 −

6 2055-492 NED02 (R)SAB0∧+ 6725±62 −

7 1926-393E Pec 2755±30 −

8 1926-393SE Pec 2772±25 −

9 1926-393W Pec 2820±43 −

10 2339.661 NED01 (R’−SB(s)bc 10168±10 Sy2
11 2339.661 NED02 (R’)SB(rs)b 10574±18 −

12 0207-233 Sbc 5332±9 H II
13 0408-561 (L)SB(rs)0∧0 790±5 Liner
14 2034-274 NED01 SB(r)b: 606±9 −

15 2316-395 Interacting 26662±120 H II

3. The Starlight Code

STARLIGHT is a code used to fit an observed spectrum (Oλ)
with a model (Mλ) in terms of a linear combination of simple
stellar populations (SSPs). We use a base of N* = 150 elements
of 25 different ages between 1Myr and 18 Gyr, and 6 metallici-
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Figure 1: Example of spectral synthesis. Top panels: observed spec-
trum (Oλ, black line, corrected by redshift and Galactic reddening) and
synthesized spectrum (Mλ, red line, the ‘best fit’ population synthe-
sis model) normalized to unit at 5870Å. Bottom panels: residual spec-
trum after starlight subtraction. Both Oλ and Mλ are given in units of
erg cm−2 s−2 Å−1.

ties: Z* = 0.005, 0.02, 0.2, 0.4, 1.0 and 2.5 Z�, summing up 150
SSPs (see Mateus et al. 2006; Cid et al. 2007; Asari et al. 2007
for more details). STARLIGHT has a suite of reddening-laws
options and we have used some of them to model the extinc-
tion in a multi-dimensional chi-square fit: CCM: (Cardelli et al.
1989) and CAL: (Calzetti et al. 994, 995).

4. Results and Conclusions

The long-term observational programme OP2012A-LP12 aims
to study the properties of peculiar galaxies in the local universe
(z < 0.1). We provide the spectral classification for most of them:
ID = 2, 3, 4, 5, 6, 9, 11 and 14. We confirm the previous classifica-
tion for ID = 10, 12,13 15 and we suggest ID = 1 as a Seyfert 2
galaxy. The radial heliocentric velocities are located within ±1σ,
which confers the potential of the spectroscopic observations.
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Observatório do Pico dos Dias (LNA/MCTIC), Brazil, for their assistance during
the observations. We acknowledge UEFS/PPPG (Editais 001/2009 UEFS and
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Abstract. In this proceeding is presented a study of the physical properties and nuclear activity of interacting galaxies selected
from Arp & Madore catalogue (1987). In order to determine their nuclear activity and compare them with isolated galaxies we built
diagnostic diagrams (DGs) using emission lines spectra.We found that interacting galaxies have an excess (of 30%) of composite
type spectrum with respect to the isolated ones. Furthermore isolated have more star-burst type than the interacting.

Resumo. Neste proceeding é apresentado um estudo das propriedades físicas e atividade nuclear de galáxias em interação sele-
cionadas do cátalogo Arp & Madore (1987). Com o objetivo de determinarmos suas atividades nucleares e compará-las com galáxias
isoladas construímos diagramas de dignóstico (DGs) usando espectros de linhas de emissão. Obtemos que galáxias interagentes
possuem um excesso (de 30%) de espectro do tipo composto em relação a galáxias isoladas. Além disso galáxias isoldas apresentaram
mais tipo star-burst do que as interagentes.

Keywords. Galaxies: interactions – Galaxies: active – Galaxies: nuclei

1. Introduction

Interactions between galaxies are a key fenomen in evolution
of galaxies. N-body and hydrodinamical simulations found that
mergers of galaxies disturb the velocity field of gas, conduz-
ing to distortions in rotational curves (Kronberger et al. 2006).
The gas motion caused by interactions can change their metal-
licity (Dalcanton 2007), due to gas inflow to the galaxy center
(Krabbe et al. 2008). This gas flux can trigger star formation and
nuclear activity. Through the analysis of nuclear activity we in-
tend understand the effect of interactions in the nuclear regions
of galaxies.

2. Pairs and control sample

In this work we studied a sample of physical pairs presented
in a work of this conference (see Interacting galaxies I: New
Detected Systems from Arp-Madore Catalogue) and a control
sample of isolated galaxies with similar r’ magnitude, redshift
and morphology of the interacting galaxies selected from SDSS
DR9 (Ahn et al 2012). In order to determine the physical condi-
tion of the ionized gas and the nuclear activity of each galaxy,
a central 2kpc spectrum, free from stellar population contribu-
tion, was obtained. The same procedure was used to built a pure
emission line spectrum of a isolated control sample galaxies.
For all galaxies, of both samples (physical pairs and isolated)
the emission lines were identified and their fluxes were mea-
sured. The lines fluxes were corrected by dust extinction accord-
ing (Osterbrock & Ferland 2006).

3. Nuclear activity with diagnostic diagrams (DGs)

Once the intensity of the emission line spec-
trum is sensible to radiation field, electron density
and temperature, one can use diagnostic diagrams
(Baldwin,Phillips,Terlevich 1981),(Osterbrock & Ferland 2006)

to classify the sources according to their nuclear activity
(Seyferts, LINERs, Starburst, and composite spectrum - which
may indicate the presence a weak AGN component). We built
several diagnostic diagrams with the emission line ratios:
[OIII] 5007Å/Hβ 4861 Å vs [NII] 6584 Å/ Hα 6563 Å , [OIII]
5007Å/Hβ 4861 Å vs [SII] 6717,6730 Å/ Hα 6563Å,[OIII]
5007Å/Hβ 4861 Å vs [OI] 6300 Å/ Hα 6563 Å and [OIII]
5007Å/[OII] 3727 Å vs [OI] 6300 Å/ Hα 6563 Å. The theo-
rical and empirical divisions curves of (Kewley et al. 2001),
(Kauffmann et al. 2003) and (Kewley et al. 2006) were used.

The BPT diagram (upper left panel in figure 1) shows the
predominance of starburst and composite spectrum in the pairs
sample (black points). In others DGs,that can’t separate com-
posite from the others types, we noted an increasing number of
black points in AGN and starburst regions.

4. Conclusions

The upper left panel of figure 2 present the histogram of the
fraction of star-burst,composite and AGN galaxies in both sam-
ples given by the [OIII]/Hβ vs [NII]/Hα emission lines ratio.
We can see in this panel that the interacting galaxies have an
excess(30%) of composite type with respect to isolated galax-
ies, while the isolated galaxies have 30% more star-burst than
interacting ones.These results suggest that, interaction would be
an efficient mechanism to triggering nuclear activity in galaxies.
The others histograms which do not include composite type, the
frequency of AGNs and star-burst are similar, for both samples.

129



P. C. de Macedo et al.: Physical properties and nuclear activity of interacting galaxies

−1.25 −1.00 −0.75 −0.50 −0.25 0.00 0.25 0.50
log ([NII]/Hα)

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

lo
g
([
O
III
]/
H
β)

Seyfert

Starburst
Composite

LINER

Kewley 01 - extreme starburst
Kauffmann 03 - pure star formation
Kauffmann 03 - Seyfert/Liner separation

interacting
control

−1.25 −1.00 −0.75 −0.50 −0.25 0.00 0.25 0.50
log ([SII]/Hα)

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

lo
g
([
O
III
]/
H
β)

Seyfert

Starburst

LINER

Kewley 01 - extreme starburst
Kewley 06 - Seyfert/Liner separation

interacting
control

−2.25 −2.00 −1.75 −1.50 −1.25 −1.00 −0.75 −0.50 −0.25
log ([OI]/Hα)

−1.00

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

1.00

lo
g
([
O
III
]/
H
β)

Seyfert

Starburst

LINER

Kewley 01 - extreme starburst
Kewley 06 - Seyfert/Liner separation

interacting
control

−2.0 −1.5 −1.0 −0.5 0.0
log ([OI]/Hα)

−1.5

−1.0

−0.5

0.0

0.5

1.0

lo
g
([
O
III
]/
[O

II]
)

Seyfert

Starburst

LINER

Kewley 06 - separate AGNs from starburst 
 and composites
Kewley 06 - Seyfert/LINERs separation

interacting
control

Figure 1. Diagnostic diagrams for interacting galaxies (black
dots) and isolated (red dots) samples.
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Abstract. The S-PLUS is a photometric survey which will observe 8000 deg2 of the Southern Sky along with 5 broad band (similar
to those used in SDSS) and 7 narrow band filters covering important stellar features. Currently, we have analysed only a small region
(∼160 deg2) of the sky known as Stripe-82, where we found 285 quasar candidates up to 19 magnitudes in rsplus band. This could be
done by analysing color-color diagrams of S-PLUS filters and WISE channels, where F0395 − W1 × zsplus − W2 was found to be
one of the best filter combinations for star-quasar separation and for separating high and low redshift quasars.

Resumo. O S-PLUS é um survey fotométrico que irá observar 8000 deg2 do hemisfério celestial sul com 5 bandas largas (similares
àquelas usadas no SDSS) e 7 bandas estreitas que cobrem importantes características estelares. Atualmente, analisamos apenas uma
pequena região (∼180 deg2) do céu conhecido como Stripe-82, encontrando 285 candidatos a quasar até 19 magnitudes na banda
rsplus. Isso foi possível ao analisar diagramas cor-cor com os filtros do S-PLUS e do WISE, em que F0395 − W1 × zsplus − W2
apresentou uma boa separação entre estrela e quasar e entre quasares de alto e baixo redshift.

Keywords. quasars – Surveys – Methods: data analysis

1. Introduction

Pâris et al. (2017) used Sloan Digital Sky Survey (SDSS) data
to produce a catalog of more than half a million spectroscopic
confirmed quasars. However, the SDSS quasar sample does not
cover bright quasars owing to saturation limits. In particular,
very bright quasars with 2 < z < 5 are essential for an ongoing
experiment developed in University of Florida to direct measure
the the cosmic acceleration, which may give new insights into
the nature of Dark Energy. In this context, we plan to use the
Southern Photometric Local Universe Survey (S-PLUS) data of
the Stripe-82 to find very bright high-redshift quasars.

2. Database and Methodology

The S-PLUS will cover 8000 deg2 of the Southern Sky using 5
broad band filters and 7 narrow band filters that cover impor-
tant stellar features (Mendes de Oliveira et al. submitted). In this
work, we show the results for a smaller area of the sky known
as Stripe-82 (∼180 deg2). We used the S-PLUS data along with
information in infrared from WISE, where the known QSOs
(6 866) and stars (28 354) were retrieved from SDSS. We called
as UNKNOWN every point-like source objects with no classifi-
cation found in SDSS, resulting in a total of 413 968 objects for
this class.

To find new quasars using photometric data, we need to per-
form a star/QSO separation, as both groups have a point-source
appearance in optical images. Our analyses are based on color-
color diagrams, in order to distinguish different loci for quasars
and for stars. We used the EzMag python code written by S.
Jeram (UF) to simulate the AB magnitude of some stars mod-
els (Coelho 2014) and a QSO template (Hernán-Caballero et al.
2016) shifted through redshift 0 to 5 by 0.25 steps in a given
filter.

3. Results

Figure 1 shows the simulated AB magnitudes generated with the
EzMag code for star models in a rainbow color scale with respect
to their temperature and a QSO template shifted through redshift
0 to 5 shown in red curve. We can see a good separation of stars
and QSOs, as well for high (solid red curve) and low redshift
(dashed red curve) QSOs.

Known stars observed with S-PLUS are shown in pink plus
symbols, whereas known QSOs are shown in filled circles whose
colours correspond to their spectroscopic redshift that are known
from SDSS.

We have found 285 quasar candidates up to 19 magnitudes
photometrically observed with S-PLUS in the Stripe-82 region.
Those correspond to the objects of the UNKNOWN class in the
QSOs loci of F0395 − W1 × zsplus − W2 color-color diagram
showed in Fig. 1. More than 99% objects classified spectroscop-
ically as star or QSO fall in their correspondent locus, as ex-
pected.

We are currently working on estimating their redshifts pho-
tometrically and we will spectroscopically follow the brightest
ones up in the next semester with SOAR observations.

Acknowledgements. LMIN acknowledges the financial support of the Brazilian
funding agency CAPES.
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Figure 1. Known stars from S-PLUS up to 19 magnitudes are shown in pink crosses, in the loci of the stars models which temper-
atures are in respect with the left color sidebar. Known QSOs are shown as filled circles in shades of brown respecting the right
color sidebar for spectroscopic redshift. They appear mostly in the locus of the QSO model following the expected trend of high to
low redshift. The black line separates the star (right) and quasar (left) loci. Observed known stars are shown in pink plus symbols
(known stars) and known QSOs are shown in filled circles in respect to their spectroscopic redshift.
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Spectroscopic analysis of accretion/ejection signatures in Herbig Ae/Be
stars
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Abstract. Herbig Ae/Be stars (HAeBes) are the intermediate-mass analogs of low-mass T Tauri stars. Both groups present IR
excess that is related to circumstellar disks. The morphology and variability of emission lines that are formed in the circumstellar
environment of young stellar objects can be used as tools to understand the physics of the accretion/ejection processes. In general,
the magnetospheric accretion model can be applied to the T Tauri stars, that are known to have magnetic fields strong enough to form
a magnetosphere, but since few HAeBes have magnetic fields detected, one cannot say HAeBes have a similar structure of accretion
as T Tauri stars. Our goal is to analyze how accretion occurs in HAeBes and how the internal structure relates to the processes of
accretion and ejection of mass. We have observed a sample of 15 members, among them HAeBes and T Tauri stars, of the young
(∼ 3 Myr) open cluster NGC 2264. This sample was observed with the high resolution (R ∼ 47000) UVES/ESO spectrograph
(4800 − 6800 Å) over 20 non-consecutive nights. We checked all stars of our sample with indications of sufficient circumstellar
material for accretion and ejection processes to occur and we selected two HAeBes - Mon-000631 (HAe) and Mon-000392 (HBe).
We determined stellar parameters for these two stars with synthetic spectra, and also analyzed and classified all the circumstelar lines
such as Hα, Hβ, He I λ5875 according to their morphologies. Finally we modelled the Hα mean line profile, using the MHD model
described by Lima et al. (2010) and we found signatures of outflows and magnetospheric accretion in these two selected systems.
Finally, we verified if the parameters estimated for the two HAeBes, like the dipole component of the stellar magnetic field, the stellar
rotation period and the truncation radius are compatible with those commonly found in the literature for HAeBes.

Resumo. Estrelas Herbig Ae/Be (HAeBes) são estrelas jovens de massa intermediária análogas às estrelas T Tauri de baixa massa.
Ambos os grupos apresentam excesso no infravermelho associado aos discos circunstelares. A morfologia e variabilidade das linhas
de emissão, que são formadas no ambiente circunstelar desses objetos, podem ser usadas como ferramenta para entender a física dos
processos de acreção/ejeção de massa. Em geral, o modelo de acreção magnetosférica pode ser aplicado às estrelas T Tauri, que são
conhecidas por terem campos magnéticos suficientemente fortes para formar uma magnetosfera porém, poucas HAeBes possuem
campos magnéticos detectados, não sendo possível afirmar que esses sistemas tenham uma estrutura similar de acreção como as
estrelas T Tauri. Nosso objetivo é analisar como ocorre a acreção do disco nas HAeBes e como a estrutura interna se relaciona com
os processos de acreção e ejeção de massa. Observamos uma amostra de 15 estrelas jovens, entre eles HAeBes e T Tauri, membros
do aglomerado jovem (My 3 Myr) NGC 2264. Esta amostra foi observada com o espectrógrafo UVES/ESO de alta resolução (R∼
47000), com uma faixa espectral de 4800 a 6800 Å em 20 noites não consecutivas. Verificamos todas as estrelas da nossa amostra
com indícios de material circunstelar suficiente para os processos de acreção e ejeção ocorrerem e selecionamos duas HAeBes -
Mon-000631 (HAe) e Mon-000392 (HBe). Determinados parâmetros estelares para estas duas estrelas com espectros sintéticos,
analisamos e classificamos todas as linhas circunstelares tais como Hα, Hβ, He I λ5875 de acordo com as suas morfologias.
Finalmente, modelamos o perfil da linha de Hα, usando o modelo MHD descrito por Lima et al. (2010) e encontramos indícios de
acreção magnetosfera nesses dois sistemas selecionados. Finalmente, verificamos se os parâmetros estimados para as duas HAeBes,
como o componente dipolar do campo magnético estelar, o período de rotação estelar e o raio de truncamento, são compatível com
os comumente encontrados na literatura para HAeBes.

Keywords. Herbig Ae/Be stars – accretion disk – magnetospheric accretion – disk winds – line profiles

1. Introduction

Herbig Ae/Be (HAeBe) stars are optically visible Pre-Main-
Sequence (PMS) stars with masses ranging from 2 e 10 M�
(Pogodin et al. 2015) analogous to the counterparts low-mass
T Tauri stars (Reiter et al. 2018). These stars were first identified
by Herbig (1960).

The interaction between Classical T Tauri stars (CTTS) and
their disks is magnetically controlled, causing accretion flows
and wind/outflows (Bouvier et al. 2007). This scenario of the
magnetospheric accretion and wind/outflows is well established
with observations and models for CTTS. But for HAeBe systems
there are many issues about how the circumstellar disk evolution
occurs.

In this work we intend to provide a study on the spectro-
scopic properties of HAeBe stars and understand how we can re-
late these spectroscopic characteristics to the accretion/ejection

of the circumstellar disk in these systems. Besides that we used
models as tools for extracting parameters that are limited to ob-
servations, reproducing Hα profiles considering a scenario with
magnetospheric accretion and magnetically controlled wind. We
used the CTTS systems as basis for comparison with our HAeBe
systems and we checked if there are similarities or not between
these systems from spectroscopic analysis.

2. Observations

Observations were performed over two different periods, first
between 2011 December and 2012 February with 20 observa-
tions and between 2013 December and 2014 January with 13
observations. Both periods were observed using the Very Large
Telescope (VLT/ESO), Cerro Paranal, Chile, equipped with the
high resolution optical spectrograph with R ∼ 47000 Ultraviolet
and Visual Echelle Spectrograph (UVES). UVES provides spec-
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tra covering a wavelength range of 4800-6800 Å, split into two
arms: the “lower arm” (L), 4800-5800 Å and the ”upper arm“
(U), 5800-6800 Å. In total 15 targets were observed, including
HAeBe systems, HAeBe candidates and CTTS members of the
young cluster NGC 2264.

The reduction of data was performed using the Reflex soft-
ware, provided by ESO, and the UVES own reduction pipelines.
Bias subtraction, flat field correction and wavelength calibration
were performed. For spectra processing, IDL routines were used.

3. Selection of objects

In order to analyze processes of accretion and ejection of mat-
ter from our systems, it is necessary to know beforehand which
of these systems have sufficient circumstellar material for these
processes to occur.

3.1. Color-Color Diagram

To selected the HAeBe stars we apply the color-color classifi-
cation of Hillenbrand et al. (1992) and selected stars with J -
H > 0.3 and, simultaneously, H - K > 0.3 (Fig. 1). Stars with
measures below these values are objects belonging to Group III,
according to Hillenbrand et al. (1992) and, consequently, lack
significant IR excesses.

Stars that have insufficient material on their inner disks do
not have material for accretion and ejection thus escaping the
scope of this work and therefore will be eliminated for the anal-
ysis in the following sections. Stars that are inside the dotted box
have no disk.We found 8 systems with the inner disk and only 2
are HAeBe systems, Mon-000392 and Mon-000631.

Figure 1. J - H and H - K colors for our sample. The area within
the dashed lines contains objects without significant IR excess
and classified as Group III (Hillenbrand et al. 1992). Each color
represents a star and dot symbols follow this representation.

3.2. SED model

To confirm our selected stars, we have modelled Spectral Energy
Distribution (SED) for 15 sources in our sample using litera-
ture data. We used the Python fitting code sedfitter (Robitaille
2017) based on Hyperion, an open-source parallelized three-
dimensional dust continuum radiative transfer code by Robitaille
(2011). This model confirmed the diagram color-color selection.
Fig. 2 shows the selected stars with the best SED fit.

Figure 2. Spectral energy distribution of the two stars selected
from our sample. Dots show literature observed data from 0.2 to
24 mµ (Wright et al. 2010). The black solid line is the best data
fit of the Hyperion SED model and the dashed lines are stellar
(blue) and dust emission (red) components (Robitaille 2017)

4. Physical Parameters

4.1. Synthetic Spectra

To construct the synthetic spectra, we used the code BinMag4
(Kochukhov 2007), the atmosphere model ATLAS9 (Kurucz
1993) and the VALD3 database (Ryabchikova & Pakhomov
2015). In our analysis we assume for the selected stars a solar
abundance and consider a microturbulence (vmic) of 2 km s−1

and macroturbulence (vmac) of 5 km s−1 (Dunkin et al. 1997).
For the resolution, we used the value represented by the UVES
instrument (R ∼ 47000) for the broadening of the spectral lines.
For each star, synthetic spectra were constructed with a set of

Table 1. Set parameters of the synthetic spectra

Object Te f f [K] log g vrad [km/s] v sin i [km/s]
Mon-000392 12500 4.5 40 150
Mon-000631 8500 3.5 22 120

Figure 3. The synthetic spectrum, in red, represents the best fit
for Mon-000631 system compared with the observed mean spec-
trum, in black.

parameters which had the lowest χ2, in comparison with the ob-
served spectrum.

Tab. 1 shows the best set parameters for the selected stars
and the Fig. 3 exhibits one of the regions of the Mon-000631 star
with an observed spectrum (black line) and its chosen synthetic
spectrum (red line). It is possible to see a good fit between the
observation and the theoretical adjustment.
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Mon-000392 star does not have strong enough spectral fea-
tures in photometric region and to guide the construction of
the synthetic spectrum we used the parameters calculated by
Fairlamb et al. (2015). Considering the values of the best effec-
tive temperature value found in the synthetic spectrum for each
star, the Mon-000392 is a HBe star (Te f f ' 12500 K) and the
Mon-000631 is a HAe star (Te f f ' 8500 K).

After constructing the synthetic spectrum of each star, we
subtracted the photospheric contribution from the entire spec-
trum observed, night by night of observation for each star. The
result of this subtraction gives us information about the circum-
stellar region of each star and indications of the physical pro-
cesses that are occurring in the systems.

5. Spectroscopic Variability Analysis

We investigated the temporal behavior of some spectral lines, to
analyze the variability of the intensity and the morphology of the
lines and detected red and blue absorption components in some
of these lines below the continuum level.

5.1. Circumstellar Lines

The components that coming from the circumstellar environ-
ment can carry signatures of the physical processes that are oc-
curring in the young systems. We have analyzed spectral lines
such as Hα, Hβ, HeI λ5875.7, NaD λ5889.9 and NaD λ5895.9.
We presented the results below, individually, for both our stars.

5.1.1. Mon-000392

The Mon-000392 system is a HBe star with Te f f = 12500 K,
log g = 4.5 and v sin i = 150 km/s. It is a star with radiative enve-
lope and convective core structure. The large amount of circum-
stellar material of this young system will somehow be accreted
to the star, and its circumstellar lines give the indications of a
possible scene of magnetosphere accretion.

The Hα line, Fig. 4 (a), is an intense and wide line. With 13
non-consecutive observations (each color represents one obser-
vation), this line does not have large variations on its morphol-
ogy and intensity. The width of the Hα line (∼ 450 km/s) indi-
cates that the material in its environment is being accelerated at
high speeds. However, these profiles do not show great variabil-
ity in its morphology and intensity, which is a common behavior
in system with magnetosphere accretion. It is also possible to see
an absorption in red side of the line.

The unlike the Hα line, Hβ line, Fig. 4 (b), has more variabil-
ity in its morphology and intensity with lower intensity profiles.
This line also has a wide profile and an absorption on the red
side.

The Helium line λ5875.7, Fig. 4 (c), shows up absorption
in red side in all the observed profiles. Redshift absorptions can
occur in regions where the material moves away from our line
of sight and this kind of absorption can be produced by infall, as
an indication that this system is composed of a magnetosphere.

Other lines that have signatures of a system composed of a
magnetosphere is the NaD doublet. In Fig. 4 (d) it is possible to
see a redshift in both lines below the continuum. Generally, The
NaD doublet are photospheric lines, most of them in absorption.
But, considering the variability present in redshifted wing, these
lines can carry circumstellar contribution.

(a) (b)

(c) (d)

Figure 4. Circumstellar spectral lines of the Mon-000392 system
of the Hα (a), Hβ (b), He I λ5875.7 (c) and NaD doublet lines
(d). Each color represents one of the 13 observed nights.

5.1.2. Mon-000631

The Mon-000631 system is a HAe star with Te f f = 8500 K, log g
= 3.5 and v sin i = 120 km/s. Fig. 5 (a) represents the Hα that
coming from the circumstellar region. It is possible to see a great
variability in the intensity and morphology night by night of ob-
servations. This variability is more prominent in blue side of the
line, indicating a possible wind region. This line also has a large
width (∼ 400 km/s), indicating material being accelerated at high
speeds.

The Hβ line, Fig. 5 (b), presents great variability with blue
and redshift absorptions, thus indicating regions of wind and
magnetosphere. The Helium line λ5875.7, Fig. 5 (c), shows up
absorption in red side in all the observed profiles as Mon-000392
system.

The NaD doublet, Fig. 5 (d), in this system is probably pho-
tometric lines because these lines do not have variation.

6. Hα model

Magnetic fields affect stellar formation and angular momentum
evolution thus influencing the physical processes of young stars.
In order to endorse the already analyzed indications of magnetic
field that possibly acts in our young systems, we will present
here an attempt to model the Hα line emission using the code
described in Lima et al. (2010).

We checked how each parameter described in Lima et al.
(2010) influences the Hα profile of each star, in relation to the
intensity, width and morphology of the Hα line and we compared
with the respective profiles observed. We checked the contribu-
tion of the magnetosphere and disk wind together and separately
to analyze possible preferential region responsible for the emis-
sion of the Hα line and the result of both contribution.

The best fit for Mon-000392 is represented in Fig. 6 and the
parameters used in this fit can be seen in Tab. 2. The red line
represents the profile of the model and in gray all the profiles
observed, night by night.
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(a) (b)

(c) (d)

Figure 5. Circumstellar spectral lines of the Mon-000631 system
of the Hα (a), Hβ (b), He I λ5875.7 (c) and NaD doublet lines
(d). Each color represents one of the 18 observed nights.

It is possible to see in Fig. 4 (a) that the profiles observed by
the UVES on each day of observation of the Mon-000392 star
that the morphological and intensity of Hα profile do not present
strong variation at all nigths of observations. All profiles have the
same structure: approximately the same intensity and width on
all nights, a significant absorption of the red side of the line and
a smaller absorption on the blue side of the line. The modelled
profile is within the observed limits of intensity and width, but
the peaks morphologies could not be reproduced.

Table 2. Parameters obtained from Hα line model - Mon-000392

Variable parameters Best Value
rmi 3.7 R∗
rmo 4.5 R∗
rdo 20 R∗
θ 33.42◦

Tmag 10000 K
Twind 11000 K

i 5◦

Ṁac 2.2 x 10−7 M�/yr
Ṁwind 2.2 x 10−8 M�/yr

The best fit for Mon-000631 is represented in Fig. 7 and the
parameters used in this fit can be seen in Tab. 3. The red line
represents the profile of the model and in gray all the profiles
observed, night by night.

It is possible to see in Fig. 5 (a) that the profiles observed by
the UVES on each day of observation of the Mon-000631 star
have the morphological and intensity of Hα profile vary strongly
at all nigth of observations. For more intense profiles no absorp-
tions are observed, but for profiles less intense absorptions on the
red side of the line arise. The best fit for this star was done for
a less intense profile. The width is within the observed profiles
and it was possible to reproduce two different peaks, as seen in
some observed profiles.

Figure 6. Hα line observed by UVES in grey of the Mon-000392
system and the red solid line represent the best fit from Lima
et al. (2010), adjusted with the parameters listed in Tab. 2.

Table 3. Parameters obtained from Hα line model - Mon-000631

Variable parameters Best Value
rmi 3.5 R∗
rmo 4.0 R∗
rdo 10 R∗
θ 14.57◦

Tmag 7000 K
Twind 7200 K

i 85◦

Ṁacc 3.0 x 10−6 M�/yr
Ṁwind 3.0 x 10−7 M�/yr

Figure 7. Hα line observed by UVES in grey of the Mon-000631
system and the red solid line represent the best fit from Lima
et al. (2010), adjusted with the parameters listed in Tab. 2.

Even with the approximations and limitations of the code
used and the possible complexity of the accretion and ejection
processes in the young systems, the model was able to repro-
duce a possible scenario of magneto accretion and magneto-
centrifugal disk winds for both stars.

7. Conclusion

– Both stars with circunstellar material of our sample, Mon-
000631 and Mon-000392, have indications in their spectral
lines of magnetospheric accretion.

– Only the Mon-000631 system features disk wind signatures.
– The good fit of the Hα model for both systems, which

considers a magnetosphere coupled radiatively to a disk
wind, reaffirms that these systems have magnetic field strong
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enough to truncate the circumstellar disk and accrete the
matter from the magnetic field, similiar to CTTS systems.
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Abstract. Dwarf Spheroidal Galaxies (dSph) are structurally simple systems, but with a complex evolution not yet fully understood.
A striking feature of these objects is the complete absence of neutral gas. Different physical mechanisms, both internal (stellar
feedback) and external (ram pressure, tidal stripping), have already been proposed as being responsible for the removal of the gaseous
content of dSph. A physical process, however, not yet explored in the dSph galaxies is the outflow due to an intermediate-mass black
hole (IMBH) in the center of these galaxies. Recent observational evidence indicates the presence of black holes of intermediate
masses (M ∼ 104 – 106 M�) at or near their center. In this work, using a 3D hydrodynamic simulation code adjusted for a typical
Dwarf Spheroidal Galaxy, the interplay between the outflow of the IMBH and the interstellar medium of the galaxy in its central
region (up to 300 pc) was studied, both in an homogeneous medium and in one disturbed by supernova explosions. By adopting a
ratio of baryonic matter-dark matter derived from cosmic background radiation and a static and cored dark matter potential, the gas
distribution in the central region of the galaxy is allowed to evolve over 300 Myr taking into account the outflow of the black hole.

Resumo. As galáxias anãs esferoidais (dSph) são sistemas estruturalmente simples, mas com uma evolução complexa ainda não
totalmente compreendida. Uma característica marcante desses objetos é a completa ausência de gás neutro. Diferentes mecanismos
físicos, internos (feedback estelar) e externos (pressão de arrasto, força de maré), já foram propostos como responsáveis pela remoção
do conteúdo gasoso das dSph. Um processo físico, no entanto, ainda não explorado nas galáxias dSph é o outflow devido a um
buraco negro de massa intermediária (IMBH) no centro dessas galáxias. Evidências observacionais recentes indicam a presença de
buracos negros de massas intermediárias (M ∼ 104 – 106 M�) no ou próximo ao centro de dSphs. Neste trabalho, usando um código
tridimensional de simulação hidrodinâmica ajustado para uma típica esférica anã esferoidal, estudou-se a interação entre o outflow do
IMBH e o meio interestelar da galáxia em sua região central (até 300 pc), tanto em um meio homogêneo quanto em um perturbado
por explosões de supernovas. Ao adotar uma proporção de matéria bariônica — matéria escura derivada da radiação cósmica de
fundo e um potencial de matéria escura estático e nucleado, a distribuição de gás na região central da galáxia foi evoluída por mais
de 300 milhões de anos levando em conta o outflow do buraco negro.

Keywords. Galaxies: dwarf – Galaxies: evolution – Hydrodynamics

1. Introduction

The Dwarf Spheroidal Galaxies of the Local Group (LG) are rel-
atively simple objects, but with complex evolution, characterized
by different star formation histories, different stellar populations
and different chemical enrichment. They exhibit no visible struc-
ture (nucleus, spiral arms, bulge, bars), are characterized by low
total masses (106 - 108 M�), small radius (∼ 1 kpc), are poorly
enriched and contain mostly old stellar populations, with stars
with ages larger than 10 Gyr (Mateo 98, Tolstoy, Hill & Tosi
2009). Several recent studies indicate that the evolution of these
galaxies is much more complex than their properties suggest. A
common feature to all these galaxies is the complete absence
of neutral gas (Grcevich & Putman 2009), yet not satisfactorily
explained. There is not a consensus regarding which physical
processes are responsible for the removal of the gas in dSph
galaxies. Several works argue in favor of external processes such
as ram pressure and tidal stripping. On the other hand, hydro-
dynamic simulations demonstrated that galactic winds triggered
by SNe are very efficient in expelling the gas out of the galaxy,
but not able, alone, to remove it completely (Ruiz et al 2013,
Caproni et al. 2015, 2017). A remaining internal physical pro-
cess, not yet taken into account, is the effect of an outflow from
a central black hole in these galaxies. Both the radiation emit-
ted by matter falling into the black hole and the jet of parti-
cles of the nucleus of active galaxies can remove the gas from
the central region of the galaxy generating a galactic wind, as
observational evidence suggests in larger galaxies (Tombesi et

al. 2015). Recent observational studies suggest that also dwarf
galaxies could harbor central black holes of intermediate mass -
104 - 106 M� (Moran et al. 2004, Lora et al. 2009). The effects
of a IMBH on the internal dynamics of these galaxies, however,
have not yet been studied neither from the theoretical nor the
observational point of view.

In this work, we for the first time: examine the effects of the
outflow from the IMBH in the galaxy and its interaction with the
ISM in an homogeneous medium and in a medium disturbed by
SNe explosions; and analyze the interplay between the IMBH
outflow and the SNe feedback.

2. Results

The effects of an IMBH outflow in the internal dynamics of a
classical dSph galaxy started to be analyzed by means of a hy-
drodynamic code already used in previous works of the group
(Caproni et al. 2015, 2017). The initial setup of the code is the
same as the one used in Caproni et al. (2017) for the dSph galaxy
Ursa Minor. Starting from this point, an outflow was created by
inserting a density in the central cell with a velocity in the z axis
at t = 0 yr. It was simulated the central region (300 pc) of the
galaxy, for 300 Myr, inside a computational cube with 120 cells
in each side.

Starting from a hydrostatic equilibrium between the dark
matter potential and the interstellar gas (Figure 1), the outflow
was created and its propagation analyzed. In the case of a per-
turbed medium, the SNe rate adopted was the one from the
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Figure 1. Cut in the yz plane in t = 0 yr, for the density profile.

chemical evolution models of Lanfranchi & Matteucci (2010),
following the prescriptions described in Caproni et al. (2017).

Figure 2. Cut in the yz plane for the density of the gas at t = 16
Myr (left), 20 Myr (center), and 80 Myr (right), for an homoge-
neous medium.

From the hydrostatic equilibrium in t = 0 yr, the propagation
of the outflow was analyzed in an homogeneous ISM, free from
perturbations. It was inserted in the central cell a density of ρ
= 3×10−3 particles.cm−3 with a velocity of v = 1000 km/s in z
axis, both directions. In this scenario, the outflow moves freely
in a straight line, with symmetry in both directions (left panel,
Figure 2). In the line of the propagation appears a high density
region that pushes the ISM gas, leaving behind a stream of very
low density compared to the surroundings (center panel, Figure
2). After a few million years, the outflow leaves the simulated
region without disturbing the medium of the galaxy (right panel,
Figure 2).

Figure 3. Cut in the yz plane for the density of the gas at t = 16
Myr (left), 20 Myr (center), and 80 Myr (right), for a disturbed
medium.

In the case of a disturbed medium, besides the outflow, it
was taken into account the energy of SNe that is released in the
ISM. The values of the main parameters (v and ρ) of the outflow
are the same as in the homogeneous case. In these conditions,
there is a substantial change in the propagation of the outflow:
the symmetry is lost, the velocity is lower, and it is even halted
eventually (Figure 3). The energy injected in the medium by SNe
is responsible for these differences. The shock waves created by

the SNe give rise to regions of pressure and velocity much higher
than the ones created by the outflow, disrupting its propagation
in some points.

Differences in the ISM changes the propagation velocity of
the outflow. In a homogeneous medium the velocities are higher
(∼ 50 km/s compared to 10 km/s) and the same in both di-
rections, whereas in the heterogeneous medium the velocities
change regularly, are lower, reaching sometimes zero (Figure 4).

Figure 4. Velocity (in 20 km/s) of the outflow in z axis in t = 0
yr (up left), 8 Myr (up right), 10 Myr (bottom left) and 40 Myr
(bottom down), for the case of an homogeneous medium (left
panel) and a disturbed medium (right panel).

3. Conclusions

It has been found that an outflow with density of 3 ×10−3

particles.cm−3 with an initial velocity of 1000 km/s propagates
both in a homogeneous medium as in a medium disturbed by
SNe. In the latter case, however, the propagation is more dif-
ficult; the jet symmetry is lost, its propagation speed is smaller
(∼ 5 times), and the outflow can even be interrupted in a few mo-
ments. These changes are caused by the displacement of gas due
to supernova explosions, which inject large amounts of energy
into the medium in small regions.
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Abstract. One of the mostly interest aspects of compact radio sources is the variability. This preliminary study examines the
possibility of using a machine learning method called XGBoost to explore OV236 (PKS 1921-293) periodicity, through flux density
treatment and analysis in light curves, on data from the University of Michigan Radio Astronomy Observatory (UMRAO), acquired
at 4.8 GHz, 8.0 GHz, and 14.5 GHz, between 1975 to 2011 years. EXtreme Gradient Boosting (XGBoost) is a scalable end-to-end
tree boosting system effective and used machine learning method, which is used widely by data scientists to achieve state-of-the-art
results. XGBoost was used both to in the creation of a regularly-spaced temporal series of density flux data, and to identify accented
activity ranges, that are outburst-characteristic.

Resumo. Um dos principais aspectos de interesse das radiofontes compactas é a variabilidade. Este estudo preliminar examina a
possibilidade de usar um método de aprendizado de máquina chamado XGBoost para explorar a periodicidade do OV236 (PKS 1921-
293), por meio do tratamento e análise da densidade de fluxo nas curvas de luz, em dados do Observatório de Radioastronomia da
Universidade de Michigan (UMRAO) obtidos em 4, 8 GHz, 8, 0 GHz e 14, 5 GHz, entre os anos de 1975 e 2011. O EXtreme Gradient
Boosting (XGBoost) é um sistema de árvore otimizado escalonável de ponta a ponta e eficaz método de aprendizado de máquina, que
é amplamente utilizado por cientistas de dados para obter resultados no estado da arte. O XGBoost foi usado tanto na criação de uma
série temporal regularmente espaçada de dados de fluxo de densidade, quanto na identificação de faixas de atividade acentuadas, que
são características de outburst.

Keywords. (Galaxies:) quasars: general – Methods: data analysis

1. Motivation & Background

The Catalog of Quasars and Active Galactic Nuclei (AGN) by
Véron-Cetty, M.-P., & Véron (2010) shows that these object
make up around 7% of all observed galaxies. A quasi-stellar ra-
dio source (quasar) is an AGN with broad emission lines at high
redshift. Around 5% to 10% of quasars are strong radio sources
(D’Onofrio, Marziani & Sulentic 2012).

The radio source OV236 (PKS 1921-293) is a quasar that
shows great variability and one of the most compact known
Tornikoski (1996), emits in all energy range. It is also classified
as a BL Lacertae object (Impey, Brand, Wolstencroft & Williams
1982), due to its polarization about 14% and variability 2.2 µm

(137 THz, in the mid-infrared range). It has an emission-line
spectrum at a redshift z = 0.3525 (Wills & Wills 1981).

Multi-frequency studies explore distinct aspects of compact
radio sources, in particular, flux density variations, to deter-
mine periodicities in light curves (Botti 1990; Gastaldi 2017).
Methods for determining periodicities in the radio range in-
clude Fourier Transform, Lomb-Scargle Periodogram, Wavelet
Transform and Cross Entropy, among others (Cincotta & Nunez
1995).

Advances in Artificial Intelligence have provided machine
learning algorithms, such as Neural Networks, Ensemble and
Deep Learning, that have entered astrophysical studies and pro-
vided computational approaches dissimilar to previous meth-
ods, including potential applications for radio source analyses
(Witten, Frank, Hall & Pal 2016).

EXtreme Gradient Boosting (XGBoost) is a set of machine
learning methods boosted tree based, packaged in a library de-

signed and optimized for the creation of high performance algo-
rithms (Chen & Guestrin 2016).

2. Data source & objective

In this first exploratory study, the aim was to apply XGBoost
in the characterization of the radio source OV236, through
flux density treatment and analysis in light curves, using
data from the University of Michigan Radio Astronomy
Observatory UMRAO (2018), acquired at 4.8 GHz, from 1980
to 2011; 8.0 GHz, from 1975 to 2011 and 14.5 GHz, from 1976
to 2011. The radio source OV236 data at UMRAO operating
frequencies comprises an irregular sampling time series, due to
several factors that influence astronomical data acquisition from
terrestrial stations, such as meteorological conditions, mainte-
nance of system, receivers etc. These sampling difficulties pro-
duce unevenly spaced time series, which impose limitations on
more conventional analysis methods.

3. Methodological procedures & computational
screening

In this approach, XGBoost was applied to two tasks. First, in the
creation of a regularly-spaced temporal series (Fig. 1), and, sec-
ond, in the analysis of the temporal evolution of the light curve
in each frequency, to discover ranges of accentuated flux den-
sity and distinctive outburst features, and, thus, determine the
periodicity of these events (Fig. 2). During data processing, by a
number of experimentation feature trainings, XGBoost was able
to capture light curve behavior, allowing for the circumvention
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14.5 GHz (1976−2011)
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Figure 1. Light curves with 4.8 GHz, 8.0 GHz and 14.5 GHz
from UMRAO, after regularly-spaced temporal series process by
XGBoost 1st phase computational screening.
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Figure 2. Light curves with 4.8 GHz, 8.0 GHz and 14.5 GHz
normalization, detrended and peaks detected and successive im-
proved accuracy by XGBoost 2nd phase computational screen-
ing.

of possible distortions and unwanted smoothing, typical of tra-
ditional periodicity calculation methods.

4. Preliminary results

The analysis phase, which initially provided training data for
the algorithm created with the XGBoost library, was identified
data segments that allowed for estimations of the occurrence fre-
quency of events between 14, 36, 62 months in the 1975 to 2011

time series, at 4.8 GHz; 15, 31, 57 months at 8.0 GHz and 15, 53,
76 years at 14.5 GHz, with an accuracy of about 78% calculated
by the algorithm (Fig. 1).

5. Future Prospects

This are preliminary and partial results of a study under devel-
opment. Improvements in the computer codes, refinements in
the periodicities, and attach additional frequencies data are some
of next steps needed. In order to continue this research, similar
analysis carried out for other energy range such as X-rays, to
deepen knowledge on periodicity and possible correlations be-
tween components of the OV236 radio source in particular, and
quasars in general, provided by flux density analyses (Fig. ??).

XGBoost robustness provided the opportunity to inves-
tigated statistical correlations between the data acquisition
UMRAO frequencies in 4.8 GHz, 8.0 GHz and 14.5 GHz.
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Effects of supernovae in the central region of dwarf spheroidal galaxies
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Abstract. The total absence of gas is a distinct feature of all the Local Group Dwarf Spheroidal Galaxies (dSph). How this gas was
consumed, however, it is still a matter of debate. External physical processes such as ram pressure or tidal stripping could remove
a fraction of the gas from the dSphs. On the other hand, galactic winds triggered by supernova explosions can eject material from
the interstellar medium of the galaxy. In this work, the effects of supernovae explosions on the dynamics of the gaseous content of a
classical Dwarf Spheroidal Galaxy is investigated by means of a 3D hydrodynamic simulation code. Adopting a ratio of baryonic
matter-dark matter derived from cosmic background radiation and a static and cored dark matter potential, the gas distribution in the
central region of the galaxy (up to 300 pc) is allowed to evolve over 300 million years. The explosion of a single, 10, 100 or 1000
supernovae located at the center of the galaxy at time t = 0 yr were considered, and their effects on the gas dynamics were studied.

Resumo. A ausência total de gás é uma característica distinta de todas as galáxias esferoidais anãs do grupo local (dSph). Como este
gás foi consumido, no entanto, ainda não se sabe. Processos físicos externos como a pressão de arrasto ou a força das marés poderiam
remover uma fração do gás das dSphs. Por outro lado, ventos galácticos desencadeados por explosões de supernovas podem ejetar
material do meio interestelar da galáxia. Neste trabalho, os efeitos das explosões de supernovas sobre a dinâmica do conteúdo gasoso
de uma galáxia esferoidal anã clássica são investigados por meio de um código tridimensional de simulação hidrodinâmica. Adotando
uma razão entre matéria escura e matéria bariônica derivada da radiação cósmica de fundo e um potencial de matéria escura estático
e nucleado, a distribuição de gás na região central da galáxia (até 300 pc) é evoluída ao longo de 300 milhões de anos. A explosão de
uma única, 10, 100 ou 1000 supernovas localizadas no centro da galáxia no tempo t = 0 anos foram consideradas, e seus efeitos na
dinâmica do gás foram estudados.

Keywords. Galaxies: dwarf – Galaxies: evolution – Hydrodynamics

1. Introduction

Soon after the discovery of the first dSphs galaxies (Shapley
1938, Wilson 1955), astrophysicists believed they were simple
systems, very similar to globular clusters, with a single stel-
lar population and without complex structures. As information
about these systems increased, the scenario changed dramati-
cally. It is now known that these galaxies, although structurally
simple, are characterized by complex star formations, different
stellar populations, chemical enrichment not yet fully explained,
and exhibit a large amount of dark matter (Tolstoy, Hill & Tosi
2009). All of them share a common property still unexplained:
the total absence of detectable neutral gas (Grcevich & Putman
2009). One fundamental question in the studies of the evolution-
ary process of the dSph is what type of mechanism is responsible
for the removal of the gaseous content of this type of galaxy.

The chemical properties observed in these galaxies indi-
cate that a low efficiency of star formation and the occurrence
of intense galactic winds are necessary to explain its evolution
(Lanfranchi & Matteucci 2003, 2004, 2010). Several theoretical
studies suggest that these winds, triggered by SNe, are not able
to completely remove the gas from the dSph medium, and this
is only possible for systems with masses up to ∼ 105 − 106 M�
(Fragile et al. 2003). However, these conclusions strongly de-
pend on the history of star formation adopted (Ruiz et al. 2013):
an intense stellar formation with high supernovae (SNe) explo-
sion rate can give rise to an efficient galactic wind, whereas a
low SNe rate is not sufficient for the removal of the interstellar
gas from the galaxy.

In this work we: investigate the interaction between the en-
ergy released by one SNe with the ISM of a dSph galaxy; study
the effects of several SNe exploding simultaneously in the cen-
tral region of the dSph galaxy; analyze the hydrodynamic evolu-

Figure 1. Cut in the yz plane in t = 0 yr, for the density profile.

tion of the galactic gas in those conditions; evaluate the possible
occurrence of galactic winds in different scenarios for the SNe
explosions.

2. Results

The analyses of the interaction between the energy released by
SNe with the ISM of a dSph galaxy is performed by means of
a 3D hydrodynamic code already fitted to the Ursa Minor dSph
galaxy (Caproni et al. 2015, 2017). Two different scenarios were
adopted: one with the explosion of 10 SNe in the central point
of the galaxy at t = 0 yrs and another one with the explosion
of 1000 SNe in the central point. The dynamics of the gas in the
central region (up to 300 pc) of the galaxy was simulated for 300
Myr, using a computational cube divided in 1203 cells.
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Figure 2. Cut in the yz plane for the density of the gas at t = 2
Myr (left), 10 Myr (center), and 200 Myr (right).

Figure 3. Cut in the yz plane for the density of the gas at t = 2
Myr (left), 10 Myr (center), and 200 Myr (right)

Initially (t = 0 yr), the interstellar gas is in hydrostatic equi-
librium with the gravitational potential. The density, pressure
and temperature distribution profiles of the gas are all homo-
geneous at the beginning of the simulation (Figure 1). Starting
from this point, the energy of the SNe (1051 erg per SN) is in-
jected in the central cell of the cube.

2.1. 10 Supernovae

When the energy of 10 SNe is injected in the central point at
t = 0 yr, almost instantaneously a shock wave is created (left
panel Figure 2). The shock wave propagates spherically toward
outer regions. At the same time is formed a thin region of high
pressure and high temperature that follows the shock wave. This
pushes initially a fraction of the gas (> 20%) outward to external
regions. However, after a few hundreds Myr, the gas falls back
and the density in the central region increases again (right panel
Figure 2).

2.2. 1000 Supernovae

The situation changes drastically when the energy of 1000 SNe
is injected in the central cell at t = 0 yr. The effect seen in pre-
vious case is amplified by the higher number of SNe: the shock
wave is more intense (left panel — Figure 3), the velocity gained
by the gas is higher, and a region with a higher pressure is cre-
ated. The shock wave carries away all the gas to external regions
instantaneously. However, at the end of the simulation, almost
45% of the initial mass returns to the 300 pc volume (right panel
— Figure 3).

2.3. Mass fraction

The mass fraction as a function of time inside two volumes (100
pc and 300 pc) is estimated in both cases. In the case of 10 SNe,
in the 100 pc region, the mass fraction drops fast below 80 %
but increases again soon, and remains varying between 90 and
100%, whereas in the 300 pc volume, it is almost constant, with
no change (Figure 4 — left). For 1000 SNe the mass fraction
drops fast to 0% in the 100 pc volume, but increases again, re-
maining varying between 50 and 60%. In the 300 pc region it

Figure 4. Mass fraction vs. time in the case of 10 SNe (left) and
1000 SNe (right).

decreases to 60% during the first 100 Myr, and then remains
constant (Figure 4 — right).

3. Conclusion

Different SNe configurations affect the ISM of a dSph galaxy in
different manners: the higher the energy inserted in the interstel-
lar medium the faster the gas moves and the higher the amount
of gas that is pushed outward to external regions of the galaxy.
When 10 SNe are considered, a small fraction of the gas (∼ 10
%) is blown away from the central region at the beginning of the
simulation, but almost all gas (∼ 90 %) returns at the end of 300
Myr. When the energy of 1000 supernovae is injected into the
central region of the galaxy at t = 0 yr, virtually all gas is ini-
tially removed from the central region and almost 45% returns
at the end of the simulation.
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Abstract. We present an optical study of the OH Megamaser Galaxies (OHMGs) IRAS15587+1609 and IRAS11506−3851 using
spectroscopy data obtained with the Gemini Multi-Object Spectrograph (GMOS) as well as Hubble Space Telescope (HST) i band
(F814W) images. Our HST i band images show that IRAS15587+1609 is a double interacting system, while IRAS11506−3751 is
a spiral galaxy with numerous compact regions of ongoing circum-nuclear star formation. The spectral diagnostics reveal that the
interacting pair of the IRAS15587+1609 system are both Hii galaxies. The IRAS11506−3751 system has a central source dominated
by a strong active galactic nucleus (AGN) and its circum-nuclear region shows evidence of shock ionization driven by either starburst
super winds or by galaxy collisions.

Resumo. Este trabalho mostra um estudo de duas galáxias Megamaser de OH (OHMGs), IRAS15587+1609 e IRAS11506−3851, em
comprimento de onda do óptico. Foi usado dados espectroscópicos observados com o Gemini Multi-Object Spectrograph (GMOS)
e imagens na banda i (F814W) do Hubble Space Telescope (HST). A imagem na banda i da IRAS15587+1609 mostra que esse é
um sistema duplo interatuante e a IRAS11506−3751 é uma galáxia espiral com numerosas regiões compactas de formação estelar
circum-nuclear. Usando diagrama de diagnóstico foi posível concluir que ambos núcleos do sistema IRAS15587+1609 são galáxias
Hii, e o sistema IRAS11506−3751 hospeda um intensa fonte de ionização não estelar, núcleo ativo (AGN), circundado por formação
estelar e ionização por choques oriundo de interação e/ou super ventos de atividade starburst.

Keywords. Galaxies: interactions – Galaxies: active – Galaxies: individual: IRAS15587+1609, IRAS11506−3751 – Line: identifica-
tion – Masers – Radio continuum: galaxies

1. Introduction

OH Megamaser Galaxies (OHMGs) form a sub-class accounting
for approximately 20% of (Ultra-)Luminous Infrared Galaxies
([U]LIRGs), which emit OH maser lines at 1665 and 1667 MHz
with luminosities ∼ 102−4 L� (Lo 2005). As these galaxies are
found in gas-rich mergers, it has been suggested that OHMs can
be used to trace galaxy merger rates and associated processes
(dust obscured star formation and black hole growth) over a
wide redshift range (e.g. (Lo 2005), and references therein).
Frequently, the OH maser emission is found in galaxies with
high concentrations of dense, n(H2) = 105−7cm−3 molecular
gas, sometimes in edge-on rotating disks or rings on scales of
< 100pc. In addition, the OH lines often show broad asym-
metric profiles and velocity shifts suggestive of outflows (Bann,
Haschick, & Henkel 1989; Rovilos et al. 2002; Parra et al.
2005; Momjian et al. 2006). Keeping this in mind, OHMGs

may therefore represent a critical, short-lived transition phase in
which massive, dense concentrations of molecular gas are trig-
gering intense episodes of star formation and the onset of AGN
fueling, resulting in rapid black-hole growth.

One outstanding question is whether starburst or AGNs
are the dominant sources of dust and gas heating, hence, the
main goal of this study is investigate the dominant excita-
tion mechanisms of the two OHMGs, IRAS15587+1609 and
IRAS11506−3851 in relation to their merger stage. We used op-
tical spectroscopic data obtained with the Gemini Multi-Object

Spectrograph (GMOS) as well as i band (F814W) images taken
with the Hubble Space Telescope (HST). From this we aim to an-
alyze their large scale morphology and to derive the relative con-
tribution of AGN and/or Starburst activities using optical spec-
tral diagnostic diagrams.

2. Observation and data reduction

The optical spectroscopy observations were obtained by
Gemini/GMOS, through project GS-2013B-Q-90 (PI: Dinalva
A. Sales). The data were taken in long-slit mode with a 1′′ slit
width. IRAS15587+1609 was observed using the Gemini South
(GS) telescope and the Position Angle (PA) of the long-slit was
30◦ (see Fig. 1). IRAS11506−3851 was also observed by GS,
and the P.A. of the long-slit was 59◦ (see Fig. 1).

The spectroscopic data reduction was performed using
the Image Reduction and Analysis Facility (IRAF) software,
along with the sub-packages developed for specifically the
Gemini/GMOS instrument. We present extracted spectra of
IRAS15587+1609 and IRAS11506−3851 in Fig. 2.

3. Results

From Fig. 1 we clearly see that IRAS15587+1609 system
is an interacting pair of galaxies. We can also see that
IRAS11506−3851 has a very extended spiral morphology
with extensive circum-nuclear star forming regions. Therefore,
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Figure 1. Left-panel: HST ACS F814W (i band) image of IRAS15587+1609. Right-panel: composite image of IRAS11506−3851
constructed with SDSS 4680Å (red), HST F814W (green) and HST Hα+[N ii] (yellow) images (Sales et al. in prep.)
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Figure 2. Left-panel: extracted one-dimensional spectra of the East (IRAS15587a; black) and North-West (IRAS15587b; red) nuclei
of the IRAS15587+1609 system. Right-panel: extracted one-dimensional spectra of a circum-nuclear star forming region North-
West of the nucleus (IRAS11506b; blue) and of the nucleus (IRAS11506a; green) of the IRAS11506−3851 galaxy. The wavelength
calibration still needs to be applied.

we set the Gemini/GMOS PA to observe both nuclei of
IRAS15587+1609 (Fig. 1). In the case of IRAS11506−385, we
observed the nucleus as well as the circum-nuclear star forming
regions (Fig. 1).

Fig. 2 shows spectra, in the wavelength range between
roughly 4500Å and 7200Å, of IRAS15587+1609 taken from
the east (IRAS15587a) and north-west (IRAS15587b) nuclei.
Both spectra clearly show Hα and [Nii] emission lines. An
more weaker emission of [Oiii]5007, [Oi]6300, and [Sii]6717,31,
can be seen in the detected limits. Fig. 2 also shows the nu-
clear spectrum of IRAS11506−3851 (IRAS11506a) as well as
a circum-nuclear star forming region north-West of the nucleus
(IRAS11506b). The same emission lines were detected in both
spectra of the IRAS11506−3751 system, but we can see a more
intense Hβ absorption line in the star-forming region which may
indicate a young stellar population.

4. Conclusion

We measured the Hα equivalent widths(EW) and the fluxes of
the Hα and [Nii]6583 emission lines from the one-dimensional
spectra of both the IRAS15578+1609 and IRAS11506−3851
systems, in order to construct a diagnostic diagram using WHα
versus [Nii]/Hα (WHAN,(Cid Fernandes et al. 2011)). From
Fig. 3 we can conclude that both nuclei of the IRAS15578+1609
system host star forming (Hii) regions. On the other hand,
IRAS11506−3751 hosts in its nucleus a strong AGN, whereas
the circum-nuclear region seems also to be consistent with pho-
toionization by the AGN. However more investigation need to
be addressed order to compare whether this shock ionization is
driven by either AGN and starburst super winds or galaxy colli-
sions.
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Figure 3. WHAN diagram of the IRAS15587+1609 and
IRAS11506−3751 systems. IRAS15587a is represented by the
black circle, while IRAS15587b, IRAS11506a and IRAS11506b
are represented by a red cross, blue star and green empty cir-
cle, respectively. The SF, sAGN, wAGN and RGs are delimited
regions corresponding to star-formation, weak-AGN, strong-
AGNs and retired galaxies, respectively.
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Abstract. Clusters of galaxies that have suffered recent collisions exhibit remarkable disturbances in gas morphology seen on
X-rays. In particular, non-frontal collisions give rise to the sloshing phenomenon, in which the gravitational perturbation generates
a spiral pattern in the gas. This appears to be the case of Abell 1644, a nearby galaxy cluster (z = 0.047) composed mainly by two
substructures. The aim of this work is to recover the temperature map of the cluster through numerical simulations and compare the
results with observational data, in order to obtain a theoretical model that explains its current morphological features. The initial
conditions of both structures observed in A1644 were created following the Hernquist density profile, for the gas distribution and
dark matter halo. The simulations were performed using the smoothed particle hydrodynamics (SPH) code Gadget-2. In this study
we focus on two scenarios that best match the observed temperature map: Scenario A, an off-axis collision between A1466-S and
A1644-N with two clusters of comparable masses; and scenario B, an off-axis collision between A1644-S and a galaxy group, with
mass ratio of 10. Preliminary analysis from gravitational weak lensing suggests that this might be a feasible model.

Resumo. Aglomerados de galáxias que sofreram colisões recentes exibem notáveis distúrbios na morfologia do gás, observados
em raios-X. Em particular, colisões não-frontais dão origem ao fenômeno de sloshing, no qual a perturbação gravitacional gera
um padrão espiral no gás. Este aparenta ser o caso do aglomerado Abell 1644, um aglomerado em redshift z=0.047 composto
principalmente por duas subestruturas. O trabalho tem como objetivo reconstruir a história dinâmica do aglomerado através de
simulações computacionais, e comparar os resultados obtidos com dados observacionais, de modo a obter um modelo teórico que
explique suas características atuais. As condições iniciais de ambas estruturas observadas em A1644 foram construídas seguindo
o perfil de Hernquist, para o gás e o halo de matéria escura. As simulações foram realizadas utilizando código Gadget-2. Nesse
estudo focamos em dois cenários que melhor reproduzem o mapa de temperatura observado: Cenário A, uma colisão não-frontal
entre A1644-S e A1644-N, com dois aglomerados de massas comparáveis; e cenário B, uma colisão não-frontal entre A1644-S e
um grupo de galáxias, com razão de massas de 10. Estudos preliminares de lentes gravitacionais sugerem que este é um modelo viável.

Keywords. Galaxies: clusters: individual: A1644 – Galaxies: clusters: intracluster medium – Methods: numerical

1. Introduction

The largest gravitationally bound structures in the Universe are
galaxy clusters. In the hierarchical formation scenario objects
with smaller masses merge earlier, while more massive objects
grow from accretion of minor systems. These collisions induce
disturbances in the gas of the intracluster medium (ICM), in the
form of shocks and cold fronts, that can be observed in the ir-
regular morphology of the X-ray emission. The ICM is a highly
ionized plasma with temperatures of 1 – 10 keV, which produces
X-ray emission through thermal bremsstrahlung radiation.

Cold fronts are contact discontinuities, which implies con-
tinuous pressure but discontinuous temperature and density.
Sometimes a cold front exhibit an interesting spiral morphol-
ogy that stems from the cluster core and reaches out to large
distances. These spiral cold fronts are understood as a conse-
quence of an off-axis collision. In this case the gravitational
disturbance makes the gas of cluster center oscillate, resulting
in a spiral of dense, cool, low entropy gas that was removed
from the cluster core. The sloshing mechanism was proposed
by Markevitch & Vikhlinin (2007). Several studies have been
performed through hydrodynamical simulations to reveal details
of the sloshing mechanism, as seen in Ascasibar & Markevitch
(2006) and ZuHone, Markevitch & Johnson (2010).

This spiral pattern is observed in Abell 1644, a nearby galaxy
cluster at redshift z = 0.047. A1644 is composed mainly by two
substructures: a main cluster in the south (A1644-S) with mass
of M500 = (3.1 ± 0.4) × 1014 h−1 M�, and a northern sub-cluster
(A1644-N) of M500 = (2.6 ± 0.4) × 1014 h−1 M� (Johnson et al.

2010). The projected separation between clusters is ∼ 12.4′, or
∼ 700 kpc. These mass estimates are derived from X-ray data
and depend on certain equilibrium assumptions. The deepest
X-ray data available for A1644 are observations with Chandra
(Johnson et al. 2010). Before that, it had been studied in X-rays
with observations from XMM-Newton (Reiprich et al. 2004) and
Einstein (Jones & Forman 1999).

The aim of this work is to recover the temperature map of the
cluster through numerical simulations and compare the results
with observational data, in order to obtain a theoretical model
that explains its current morphological features.

2. Initial conditions

We consider the collision of two spherically symmetric galaxy
clusters, initially in hydrostatic equilibrium. The method for gen-
erating initial conditions is similar to those used in Machado &
Lima Neto (2015) and Ruggiero & Lima Neto (2017).

The dark matter haloes and gas distributions follow a
Hernquist (1990) density profile:

ρh(r) =
Mh

2π
rh

r(r + rh)3 (1)

where Mh is the total dark matter mass, and rh is a scale length.
Similarly, Mg and rg for the total gas mass and scale length. The
initial parameters of the objects used in simulations are summa-
rized in Tab. 1.
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Figure 1. Combined 70 ks Chandra ACIS-I image over the en-
ergy range 0.5–2.5 keV. The two bright cores are A1644-N and
A1644-S. The spiral pattern of the gas sloshing is seen in A1644-
S. Figure taken from Johnson et al. (2010)

Table 1. Initial condition parameters of the simulations.

M500(M� ) rh(kpc) rg(kpc) fgas

A1644-S 4.43 × 1014 550 200 0.13
A1644-N 3.71 × 1014 500 250 0.13

Group 4.43 × 1013 210 0 0

In order to explore the parameter space of possible off-axis
collisions, a large set of simulations was performed. In this study
we focus on two scenarios that best match the observed morphol-
ogy (Fig.1):

– Scenario A: off-axis collision between A1466-S and A1644-
N, with an initial separation of 3000 kpc along the x-axis, an
initial relative velocity of 1000 km/s, and impact parameter
of 1500 kpc.

– Scenario B: off-axis collision between A1644-S and a galaxy
group, also with an initial separation of 3000 kpc along the
x-axis, an initial relative velocity of 600 km/s, and impact
parameter of 500 kpc.

Simulations were carried out with Gadget-2 (Springel 2005),
a code that represents fluids by means of smoothed particle hy-
drodynamics (SPH), and the analysis of the output was done us-
ing the YT code (Turk et al. 2011). For each scenario, we per-
formed a large suite of simulations, in search of a best-fitting
model. Several combinations of parameters were explored, vary-
ing initial velocity, impact parameter and inclination.

3. Results

We obtain two preliminary regimes that adequately reproduce
some desired features:

The first scenario is where the disturbing subcluster is the
northern cluster (A1644- N). In this case, the two clusters have
comparable masses and we observe large shock waves that are
not present on observational data, as can be seen in Fig. 2.
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Figure 2. In scenario A, the disturber is the northern cluster. In
scenario B, the disturber is a low-mass gasless group. Total pro-
jected mass is shown as contours.

However it was possible to recover the spiral morphology of
the gas when the separation between the structures was about
700 kpc. We estimate that A1644 is observed approximately 0.4
Gyr after the pericentric passage, and that the collision axis is
inclined by i ≈ 30o with respect to the plane of the sky.

In the second case the disturbing subcluster is a gasless
galaxy group ∼ 10 times less massive than the southern clus-
ter. In this scenario, temperatures are lower and there are smaller
shock waves (Fig. 2). The morphology of the gas was recovered
when the separation between the structures was about 550 kpc.
This is estimated after 1.4 Gyr of the pericentric passage, with
the collision axis inclined by i ≈ 60o. Preliminary analysis from
gravitational weak lensing suggests that this might be a feasible
model. Further simulations are required to reach a more quanti-
tative agreement with observational constraints.
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Abstract. Primordial magnetic fields are amplified by turbulent dynamo effects, as well as by the processes of formation and
evolution of stars in the Interstellar Medium (ISM). At the same time, galactic outflow streams are generated by the energetic
feedback from stars and supernovae (SN) explosion, along with large-scale dynamic events (e.g. galaxy mergers and tidal interactions
between galaxies). In massive galaxies, energetic winds are also produced by accretion of gas in central supermassive black holes,
and resulting in the feedback from Active Nuclei of Galaxies (AGN). The magnetic fields in the ISM are pushed out by strong galactic
outflows over time, magnetically enriching the InterGalactic Medium (IGM) at larger cosmological distances. These magnetic fields
permeate the turbulent IGM and can influence the formation of structures on large scales. The origin of the large-scale diffuse
InterGalactic Magnetic Fields (IGMFs) is not known. IGMFs could be either generated primordially in the early Universe, or
produced locally in galaxies and efficiently transported by galactic outflows to fill a significant volume fraction of the IGM, or both.
For the later, the contribution of SN-driven versus AGN-driven outflows in the transport of magnetic fields is also unknown. The
properties of the magnetic fields are very difficult to measure directly, especially in the low density diffuse regions of the IGM. We
used cosmological hydrodynamical simulations and computed magnetic fields in the IGM to investigate the origin of the IGMFs, to
compute the contributions of galactic outflows (driven by SN versus AGN) in the advection of magnetic fields from the galaxies to
the IGM and to explore the evolution of IGMFs through cosmic times. From the data analysis, we concluded about the contribution
of Black Hole feedback in the IGM magnetic field, the correlation between the IGM density and the magnetic field, and also the
evolution of the IGMF over cosmic time.

Resumo. Os campos magnéticos primordiais são amplificados por efeitos de dínamo turbulentos, bem como pelos processos de
formação e evolução de estrelas no Meio Interestelar (InterStellar Medium – ISM). Ao mesmo tempo, ventos galácticos são gerados
pelo feedback energético da explosão de estrelas em supernovas (SuperNovae – SN), juntamente com eventos dinâmicos em larga
escala (por exemplo, fusões de galáxias e interações de maré entre galáxias). Em galáxias massivas, os ventos energéticos também
são produzidos por acreção de gás em buracos negros supermassivos centrais e resultando em feedback dos núcleos de galáxias
ativas (Active Galactic Nuclei – AGN). Os campos magnéticos no ISM são empurrados por fortes fluxos (ventos e jatos) galácticos
ao longo do tempo, enriquecendo magneticamente o meio intergaláctico (InterGalactic Medium – IGM) em distâncias cosmológicas
grandes. Esses campos magnéticos permeiam o IGM turbulento e podem influenciar a formação de estruturas em grandes escalas.
Não se conhece a origem dos campos magnéticos intergalácticos difusos (InterGalactic Magnetic Field – IGMFs) em larga escala.
Os IGMFs poderiam ser gerados primordialmente no Universo inicial, ou produzidos localmente em galáxias e transportados de
forma eficiente pelos ventos e jatos galácticos para preencher fração significativa de volume do IGM, ou ambos. Para o segundo caso,
também é desconhecida a contribuição relativa dos ventos impulsionados por SNs e pelo AGN (por SN-driven versus AGN-driven) no
transporte de campos magnéticos. As propriedades dos campos magnéticos são muito difíceis de medir diretamente, especialmente
nas regiões difusas de baixa densidade do IGM. Fez-se uso de simulações computacionais hidrodinâmicas cosmológicas e campos
magnéticos no IGM, objetivando investigar a origem dos IGMFs, calcular as contribuições dos fluxos galácticos (conduzidos por SN
e por AGN) na advecção de campos magnéticos das galáxias ao IGM e explorar a evolução dos IGMFs através dos tempos cósmicos.
A partir da análise dos dados, concluí-se sobre a contribuição do feedback de Black Hole no campo magnético do IGM, a correlação
entre a densidade do IGM e o campo magnético, e também a evolução do IGMF sobre o tempo cósmico.

Keywords. AGN Feedback – SN Feedback – IGM – Magnetic Field

1. Introduction

The Universe can be subdivided into two large regions, the in-
terstellar medium (ISM) within the galaxies and the intergalactic
medium (IGM) between galaxies (Draine 2010). The magnetic
field is present throughout the universe, permeating from more
compact objects, such as stars and black holes, to galactic scales,
as in our own Milky Way, clusters of galaxies, and finally in the
intergalactic medium (Katz et al. 2018). In all these scales the
magnetic field has already been observed or inferred by indirect
methods and yet its evolution and origin remain unknown (Beck
2012; Katz et al. 2018).

Primordial magnetic fields of higher intensity (order of µG)
are observed in galaxies and galaxy clusters cores. This can be
explained by the amplification of primordial magnetic fields.

Some widely accepted theories are that primordial magnetic
fields were generated during the Big Bang or during the early

cosmological phases of the Universe. These primordial fields
are amplified by converting rotational kinetic energy of gas into
magnetic energy. Also, magnetic fields in galaxies are dragged
out of the Interstellar Medium (ISM) by powerful galactic out-
flows generated by local star-formation, Supernova (SN) explo-
sion, Active Galactic Nuclei (AGN) accretion, and galaxy merg-
ers de Gouveia dal Pino (2009).

This research aims to investigate the origin of the
InterGalactic Magnetic Fields (IGMFs) by computing the con-
tributions of SN versus AGN driven galactic outflows in the ad-
vection of magnetic fields from the galaxies to the IGM. The
magnetic fields in the intergalactic medium are expected to vary
with cosmic epoch. This project will explore the evolution of the
IGMFs through cosmic times, as well estimate the amplitude and
the filling factor of the cosmic magnetic fields.
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Figure 1. Projected 2D maps of the gas overdensity and the mag-
netic field, respectively.

Figure 2. Diagrams of correlation of magnetic field with over-
density, left: SN+BH run, right: SN only run.

2. Numerical Method and Results

We analysed cosmological hydrodynamical simulations (e.g.
Barai 2013), performed using the code GADGET-3. The cosmo-
logical volume is a (2Mpc)3 box, undergoing Hubble expansion,
and evolved with periodic boundary conditions Springel (2005);
Barai (2008)

We assume that there is equipartition of energy between the
thermal energy of gas and the magnetic energy:

u =
uE

2
=

B2

8π
(1)

where u is the energy density of the magnetic field, uE is the
energy density of the gas particles and B is the magnetic field.

The following figures were obtained for the magnetic field
in the (2Mpc)3 cosmological volume at the cosmic epoch with
redshift 6.5:

The left side of Figure 1 shows the projected 2D map of
the gas overdensity – overdensity is ratio of density of the gas
particle and the average density of the Universe – in the whole
(2Mpc)3 volume. It is possible to note the intergalactic medium
(dark and red regions), and the galaxies and clusters of galaxies
(yellow and white filaments) as the high density regions.

It is possible to note that the magnetic field is distributed
in the cosmological volume according to the concentration of
matter (Figure 1, right side).

In Figure 2 it is possible to see the correlation between the
magnetic field and the density.

The limiting overdensity of 103 divides the cosmic gas into
two regions. In the right side is possible to see a high-density
region, where the highest probability of star formation occurs
(inside the galaxies), while on the left side it encounters the low
density region, which represents mainly the IGM.

Figure 3. Evolution of magnetic field as a function of the
Redshift, in a run with only SN, left: slope of correlation of mag-
netic field with overdensity, right: linear coefficient of correla-
tion of magnetic field with overdensity.

Finally, Figure 3 shows how the magnetic field evolves in
time for a simulation where only star formation and SN ex-
plosion outflows were included (no AGN formation was in this
case).

Acknowledgements. To my advisors and Fapesp.

References
Draine, B. T. 2010, Physics of the interstellar and intergalactic medium (Vol. 19),

Princeton: Princeton University Press
Katz, H., Martin-Alvarez, S., Devriendt, J., Slyz, A., & Kimm, T. 2018,

arXiv:1810.08619
Beck, R. 2012, Magnetic fields in galaxies. Space Science Reviews, Springer,

vol. 166.
de Gouveia Dal Pino, E. 2009, in The Sun, the Stars, the Universe and General

Relativity: Proceedings of Sobral 2009; eds. S.E. Perez Bergliaffa, M. Novello
and R. Ruffini, Cambridge Scientific Publishers, 2011. ISBN 978-1-908106-
12 , pp.37-52

Barai, P., Viel, M., Borgani, S., Tescari, E., Tornatore, L., Dolag, K., & Cristiani,
S. 2013, MNRAS, 430, 3213

Springel, V. 2005, MNRAS, 364, 1105
Barai, P. 2008, ApJL, 682, L17

149



Boletim da Sociedade Astronômica Brasileira, 31, no. 1, 150-151
c© SAB 2019

Using cross-entropy optimization to model AGN light curves from VLBA
MOJAVE images
Vitoriano, R. P.1 e Botti, L. C. L.1,2,3

1 CRAAM — Center for Radio Astronomy and Astrophysics Mackenzie, Engineering School, Mackenzie Presbyterian University,
Rua da Consolação, 896 - São Paulo - SP, 01302-907, Brazil e-mail: rvitoriano@terra.com.br

2 DAS/CEA/INPE/MCTIC - National Institute for Space Research, Av. dos Astronautas, 1758 - São José do Campos - SP, 12227-010,
Brazil e-mail: luizquas@yahoo.com.br

3 ROI/INPE - Itapetinga Radio Observatory, Estrada do Mackenzie S/N - Atibaia - SP, 12950-570, Brazil

Abstract. We present in this article a new method to derive the observed properties of outbursts in relativistic jets. We use the VLBI
MOJAVE maps to obtain the light curves, based on the principle that the variability of extragalactics sources, in this case 3C 279
and 4C +29.45, should appear in high resolution observations since 1996 until 2016. The use of the Cross Entropy method (CE) can
accurately determine the ranges of parameters for a sequence of outbursts based on shock wave model (Marscher & Gear, 1985),
where the decay/rise timescale ratio has a small spread and the use of an unique index 1.3 generates a good fit modeled by functions
of outbursts (Valtaoja et al., 1999). With this, we can model the shock waves with reference to the distance at the core of AGN to
obtain the brightness temperature, the Doppler factor, the Lorentz factor and the viewing angle of the jets. (Hovatta et al., 2009).

Resumo. Apresentamos neste artigo um novo método para derivar as propriedades observadas de explosões em jatos relativísticos.
Utilizamos os mapas VLBI MOJAVE para obter as curvas de luz, com base no princípio de que a variabilidade das fontes
extragalácticas, neste caso 3C 279 e 4C +29.45, devem aparecer em observações de alta resolução desde 1996 até 2016. O uso do
método Cross Entropy (CE) pode determinar com precisão os intervalos de parâmetros para uma sequência de explosões com base
no modelo de onda de choque (Marscher & Gear, 1985), onde a taxa de tempo de decaimento/subida “Rise Time” tem um intervalo
de variação pequeno e o uso de um índice único 1,3 gera um bom ajuste na modelagem das funções de explosões (Valtaoja et al.,
1999). Com isso, podemos modelar as ondas de choque com referência à distância do núcleo do AGN para estimar a temperatura de
brilhância, o fator Doppler, o fator de Lorentz e ângulo de visualização do jatos. (Hovatta et al., 2009).

Keywords. galaxies: active – galaxies: jets – galaxies: nuclei – radio continuum: galaxies – techniques: interferometric – methods:
statistical.

1. Introduction

The radio observations obtained from the MOJAVE (2 cm Survey)
(Lister et al., 2009), FERMI−LAT (Hayashida et al., 2015) and OVRO
40 m telescope monitoring program (Richards et al., 2011) show ev-
idence of prominent structures or outbursts, propagating from high to
low frequencies. Modelling the variability of blazars has been the sub-
ject of several studies. A general form of understanding the outbursts
was made by Marscher & Gear (1985). Valtaoja et al. (1988) attempted
to separate the quiescent from the flaring flux through multiwavelength
flux-density curves (several frequencies from 4.8 to 90 GHz) where the
authors examined the spectrum of each source at periods of minimum
flux density between outbursts (what they considered as the ‘constant’
flux density of the jet) and a recent work (Liodakis et. al, 2017) pre-
sented a bimodal radio variability through OVRO 40m telescope. In
this work we will demonstrate a similar behavior for the OVV blazar
3C 279 and the blazar 4C +29.45. An innovative method in this work
is the use of a statistical accuracy algorithm, called Cross Entropy (CE)
(Rubinstein, 1997), where it is possible to infer details of the behaviour
of light curves. The peaks of outbursts observed in the light curves at
4.8, 8.0 and 14.5 GHz (UMRAO Database), 1.7, 22, 37, 90, 150, 230
and 375 GHz (Lindfors et al., 2006) show the individual outbursts as a
sum of smaller peaks decomposed by the shock wave model. We started
with 24 up to 33 outbursts, with this incremental coverage it is possible
to be estimated the number of such events. In this article only the results
for 33 outbursts will be shown. Another object shown in this work is
the 1156+295 (4C +29.45), which also has VLBI maps available in the
MOJAVE, whose period of observations are between 07/04/1995 until
02/11/2012. For this object we use 24 outbursts. In Hovatta (2009), the
1156+295 flux curve was decomposed into exponential outbursts at 22

Figure 1. Results by the decomposition of about 33 outbursts for 3C
279. The main properties of light curve are observed.

GHz. The method of approach and decomposition of the outbursts for
this object follow the same standards as described for 3C 279.

2. Results

The figs. 1 and 2 show the results by the decomposition of about 33
outbursts for 3C 279 and ≈ 24 outbursts for 4C +29.45 respectively.
The main properties of light curve are observed. Fig. 1 shows the fitting
found for decomposition into smaller components based on self similar
formations at 15.3 GHz.

Figures 1 to 5 showing the convergence of the parameters
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Figure 2. The CE method calculated the best fit for ≈ 24 outbursts for
4C +29.45.

Figure 3. Convergence of ∆S max values for each estimated outburst. The
limits were fixed from 8.5 to maximum of 50.0 Jy. The CE found values
between ≈ 8.5 to ≈ 16.02 Jy for individual outburst. Each line represents
the evolution in the search for better results, in this case for ∆S max of
each shock wave. CE starts by varying values until it finds a better and
more stable value. A stable value means that automatically the sigma
value of each parameter for each outburst has decreased enough to ob-
tain the best values when the variations end.

Figure 4. Interval found for the smallest and largest rise time for 3C
279 (MOJAVE), as a dispersion.

3. Conclusions

The decomposition of curves by a statistical method such as CE can be a
useful tool to estimate both the amplitudes (flux density) as the rise time
of the outbursts. The results obtained in this article show values close
to those described in previous articles (Lindfors et al., 2006), where
the variations of rise time are between 0.30 to 3.57 years at 43 GHz.
The equations to obtain the Doppler and Lorentz factors are sensitive
to log(Tb), which have imposed to CE a number of iterations enough to
get a rise time. The brightness temperatures found in this work, at least
for 3C 279, depending on the rise time, are in agreement with previous
works (Hovatta et al., 2009).. For 4C +29.45 a minimum of ≈ 40 days
was found for τ, and for this parameter the results are predominant in
the range 100-230 days, suggesting a lower brightness temperature.

Figure 5. Calculation of convergence for the quiescent jet flux density.

Table 1. Values found by the CE method for Log(Tb), Dvar, Γvar and
θvar obtained by ∆S and τ minimum and maximum depending on the
variation found by parameters of each outburst. The table also shows the
results from (Prev.) analyses for comparison obtained from Hovata et
al. (2009). The z values are 0.536 and 0.729 for 3C 279 and 4C +29.45
respectively.

Name Ref. Log(Tb) Dvar βapp Γvar θvar

3C 279 Min. 14.82 23.71 20.64 20.86 2.39
4C +29.45 Min. 14.43 17.59 24.85 26.38 3.07
3C 279 Max. 13.51 8.66 20.64 28.99 4.72
4C +29.45 Max. 13.27 7.22 24.85 46.47 4.25
3C 279 Prev. 14.84 24.00 20.64 20.90 2.40
4C +29.45 Prev. 15.06 28.50 24.85 25.10 2.00
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Abstract. A considerable fraction of the carbon in the interstellar medium (ISM), 20% or more, is in the form of polycyclic aromatic
hydrocarbons (PAHs). The mid-infrared (MIR) spectra of galactic and extragalactic objects are dominated by strong emission bands
at 3.3, 6.2, 7.7, 8.6, 11.3 and, 12.7µm, generally attributed to PAHs and related species. Despite the significant progress made in our
understanding of these emission bands, the specifics of their chemical structure and size are unclear mainly in extragalactic source.
This lack of detailed knowledge hampers our understanding of the PAH emission bands and their use as a diagnostic tool for probing
the physical-chemical conditions of the ionization source of galaxies. We therefore present here a robust methodology to determine
physical properties of PAH molecules in a sample of 252 starburst-dominated galaxies taken from Spizer/ATLAS MIR data. We
introduce a new method to derive PAH properties of galaxies based on Fast Fourier Transform (FFT) and spatial analysis method
(SAM) using theoretical PAH molecules taken from NASA Ames PAH database. PAH species presented in our sample are mostly
formed by small molecules, however, we could note that their contribution to the total radiant flux is very low (< 15%). On the other
hand, we have small fraction of very larger PAHs in our sample, but they have considerable contribution to the total flux (> 60%).

Resumo. Uma fração considerável do carbono no meio interestelar (ISM), aproximadamente 20% ou mais, está na forma de
hidrocarbonetos aromáticos policíclicos (PAHs). Os espectros do infravermelho médio (MIR) de objetos galácticos e extragalácticos
são dominados por bandas de emissão fortes a 3.3, 6.2, 7.7, 8.6, 11.3 e 12.7 µm, geralmente atribuídas a PAHs e espécies relacionadas.
Apesar do progresso significativo feito em nosso entendimento a cerca dessas bandas de emissão, as especificidades de sua estrutura
química e tamanho não são claras principalmente no meio extragaláctico. Essa falta de conhecimento detalhado dificulta nossa
compreensão das bandas de emissão de PAH e seu uso como uma ferramenta de diagnóstico para sondar as condições físico-químicas
da fonte de ionização de galáxias. Portanto, apresentamos aqui uma metodologia robusta para determinar as propriedades físicas de
moléculas PAH em uma amostra de 252 galáxias starbursts derivadas de dados do Projeto Spizer / ATLAS MIR. Introduzimos um
novo método para derivar as propriedades de PAH em galáxias com base em Transformada de Fourier (FFT) e método de análise
espacial (SAM) usando moléculas teóricas PAHs retiradas da base de dados Ames PAH da NASA. As espécies apresentadas em
nossa amostra são em sua maioria formadas por pequenas moléculas, no entanto, podemos notar que sua contribuição para o fluxo
radiante total é muito baixa (< 15%). Por outro lado, temos uma pequena fração de PAHs muito grandes em nossa amostra que
possuem uma contribuição considerável para o fluxo total (> 60%).

Keywords. galaxies: starburst – infrared: ISM – techniques: spectroscopic

1. Introduction

Polycyclic Aromatic Hydrocarbons (PAHs) represent an effec-
tive arrangement to accumulate carbon in the Universe and are
the dominant organic material in space (Ehrenfreund et al. 2006).
The mid-infrared (MIR) spectra of galaxies either with an active
galactic nuclei (AGN) and a Starburst show emission features
attributed to PAH molecules, which can be considered to orig-
inate in very small amorphous carbon dust grains or very large
carbon-rich ring molecules (Puget & Leger, 1989) (Draine &
Li, 2001).

The most prominent, well-known PAH emissions are the
6.2µm, 7.7µm, 8.6µm, 11.2µm, and 12.7µm bands (Roche et
al. 1991) (Genzel et al. 1998). The differences among the PAH
profiles in such astrophysical environments have been attributed,
for example, to the local physical conditions and of the PAH’s
molecule size, charge, geometry, and heterogeneity (Draine &
Li, 2001) (Sales et al. 2012).

2. Observation and data analysis

For a better understanding of the PAHs properties in the
Universe, Starburst galaxies are the best targets since they carry
different burst of young stellar population and, consequently,
present strong PAH emission in the MIR spectral wavelengths.
We therefore selected objects from the ATLAS MIR starburst-
dominated galaxies (MIRSB sample), which is composed of 252
sources observed by Spitzer/Infrared Spectrograph (IRS) previ-
ously classified as starburst-dominated by Hernán-Caballero &
Hatziminaoglou (2011).

3. Result

In order to derive physical-chemical properties of PAH
molecules in our sample we used roughly 700 theoretical PAH
species from NASA Ames Database version 2.0 (Boersma
et al. 2014). These PAH sample are composed by theoretical
molecules with a size range between 6 to 384 carbon atoms and
we divide them into 4 classes: (i) very small class are composed
by molecules with less than 30 carbon atoms; (ii) small class has
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Figure 1. SAM diagrams of our Starburst sample for those 3
PAH’s theoretical classes. Solid line are the reference PAH’s
classes and points are our galaxy sample. Differente classes of
PAH molecules are labeled.

between 31 to 150 carbon atoms; (iii) middle class has 151 to
225 carbon atoms; (iv) large class has 226 to 300 carbon atoms
and (v) very large has PAHs larger than 300 carbon atoms.

Our methodology requests following steps be applied to
galaxy as well as theoretical PAH spectra in order to derive how
much each PAH classes contribute to the total flux of a galaxy,
which are: (i) to sample spectra of targets; (ii) to average and
normalize them; (iii) to measure their covariance matrix; (iv) to
apply Fast Fourier Transformation; (v) to derive their eigenvec-
tors and eigenvalues. Once that we have previous information
we can compare observed galaxy spectra with theoretical PAH
classes using spectral angle mapping (SAM) technique (see Fig.
1 and 2).

.

Figure 2. The same as previous figure to large (226 to 300C) and
very large (> 300C) PAH’s classes.

4. Summary And Conclusions

From results showed in Fig. 1 and 2 we can conclude that it
was possible to infer physicalchemical properties of the PAH
molecules of 252 Starburst dominated galaxies with proposed
new robust methodology. PAH species presented in our sample
are mostly formed by small molecules, however, we could note
that their contribution to the total radiant flux is very low (<
15%). On the other hand, we have small fraction of larger PAHs
in our sample, but they have large contribution to the total flux
(> 60%). This study is in progress and we will investigate how
PAH’s properties change with galaxy’s activity.
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Abstract. In a recent work, Gribel et al. (2017) proposed a unified scenario describing both the cosmological star formation, from
redshift 20 up to the present, and the local (Galactic) star formation. In particular, the consistency between these two star forming
rates shows that most of the star formation occurs in dark matter minihalos with typical masses ∼ 106 to 109 M�. In these structures,
the stars are more concentrated, while the dark matter extends beyond the stellar distribution encompassing the star forming regions
– this kind of structure resembles globular clusters. In the present work, we discuss the consistency of this unified scenario with the
observational data of star forming regions.

Resumo. Em recente trabalho, Gribel et al. (2017) propuseram um cenário unificado descrevendo tanto a formação estelar
cosmológica, no intervalo de deslocamento para o vermelho de 20 até o presente, quanto a formaçao estelar local (ou Galáctica). A
consistência entre estas duas taxas de formação estelar mostra que a maior parte das estrelas se forma em minihalos de matéria escura
com massas típicas ∼ 106 a 109 M�. Nestas estruturas, as estrelas estão mais concentradas, enquanto a matéria escura estende-se
além da distribuição estelar englobando as estrelas formadas – este tipo de estrutura assemelha-se a aglomerados globulares. Neste
trabalho, discutimos a consistência deste cenário unificado a partir de dados associados com regiões de formação estelar.

Keywords. Cosmology: theory – large-scale structure of Universe – Galaxies: halos – Galaxies: star formation – globular clusters:
general

1. Introduction

The formation of globular clusters (GCs) is a fascinating mys-
tery in astrophysics (Freeman 2017). All the works discussed
over the last 50 years in the literature can be grouped into four
different possibilities to explain the formation of GCs. The first
proposal made by Peebles & Dicke (1968) evokes the formation
of GCs before the formation of the galaxies themselves. Thus,
the formation of the GCs should have occurred at high redshifts
in an environment with low metallicity. In this scenario, it would
be natural for GCs to be formed within the first dark matter ha-
los, which probably began to decouple from the expansion of
the universe at redshifts ∼ 20 − 30. Several works over the years
have followed this scenario through different modifications (see,
for example, Fall & Rees 1985; Katz & Ricotti 2014).

The second proposal suggests that the formation of GCs oc-
curred in wet mergers. In this case, GCs formed in the early uni-
verse in a metal-poor environment. After, at intermediate red-
shifts, a new generation of GCs are formed from a metal-rich
environment. In this proposal, there will be a bimodality in the
distribution of GCs. That is, two different populations in terms of
age-metallicity will be formed in the universe (see, for example,
Ashman & Zepf 1992; Schweizer 1987).

The third proposal, which is known in the literature as multi-
phase collapse, was originally proposed by Forbes et al. (1987).
It considers that GCs form during the collapse of proto-galaxies
at intermediate redshifts. A second step starts when the forma-
tion of the galactic discs makes the interstellar medium dense
enough to resume the formation of globulars. Similar to the pre-
vious proposal, this produces a bimodality in the distribution of
the GCs. However, this effect arises in intermediary redshifts
contrary to the previous proposal whose first phase occurs be-
fore the formation of the proto-galaxies.

The last proposal considers in situ formation (see,
Armandroff & Zinn 1988; Côté et al. 1998). In this sce-
nario, there will also be a bimodality in the distribution of GCs.

Those metal-poor will form in the halos of galaxies while metal-
enriched GCs will form in galactic bulges. It is possible to verify,
from the four scenarios above, that regardless of the particular
choice there is a common denominator between these scenarios.
That is, the formation of GCs is intrinsically connected with the
very formation of the large-scale structures of the universe.

Since the large-scale structures of the universe originate from
the evolution of perturbations in dark matter, it is natural, at
least in principle, to suppose that GCs may have originally been
formed within structures similar to dark matter minihalos. As
there are several GCs in the Milky Way, the question we intend
to evaluate in this work is whether it would be possible to de-
scribe the formation of systems similar to GCs from the evolu-
tion of the large-scale structures of the universe. Certainly, to ad-
vance in this direction it is necessary to have a model that allows
treating in a consistent way both the cosmological star formation
and the Galactic star formation. Perhaps from a unified model of
star formation, it is possible to obtain some clues to answer the
question proposed in the title of this work.

Recently Gribel et al. (2017) tried to go in that direction,
proposing a model that unifies the descriptions of the cosmolog-
ical and Galactic star formation rates. In particular, their model
permits to describe the cosmological star formation from redshift
20 up to the present, while at the same time it allows describing
the star formation of the Galaxy. The result is an interesting uni-
fied scenario showing: the role of the supersonic turbulence in
the formation of the large-scale cosmological structures, the ori-
gin of the so-called Larson’s law for the star formation of the
Galaxy (which happens to be a natural consequence of the for-
mation of the large-scale structures of the universe) and brings
as an additional result the formation of systems similar to GCs
embedded in dark matter minihalos. It is this last result, a possi-
bility of globular clusters embedded in dark matter halos, which
we intend to explore in this work.

This paper is organized as follows: in Section 2, we review
the model of Gribel et al. (2017). In Section 3, we present our re-
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sults, and we present a summary and our conclusions in Section
4.

2. The unified scenario for star formation

The model developed by Gribel et al. (2017) starts from the
ansatz that there is a perfect mapping between the cosmic star
formation rate (CSFR) and the local rate of star formation (SFR).
This can be represented by the equation

ρ̇?(z)
〈ε〉

= ρ̇SFR =
ρg

τs

∫ ∞

scrit

exp
(

3
2

s
)

phk(s)ds, (1)

where ρ̇?(z) is the CSFR, 〈ε〉 is the efficiency for star formation
(a function of the redshift), ρg is the gas density at z = 0, τs is
the timescale for star formation (∼ 2Gyr).

The integral represents the SFR, in particular, describing the
so-called ‘multi-freefall model’. The function phk(s) describes
the probability distribution function used by Hopkins (2013) to
study the density fluctuations induced in the clouds (local SFR)
by the turbulence (see, for details, Gribel et al. 2017). The s
parameter is related to the gas density used for star formation
through s ≡ ln(ρg/ρ0), while scrit considers that there should
be a minimum density contrast in the molecular clouds for star
formation to begin.

As discussed by Hopkins (2013), the function phk(s) is con-
siderably good when compared to data on a large Mach number
range, and variance in numerical simulations related to Galactic
star formation. Its functional form is given by

phk(s) = I1

(
2
√
λω(s)

)
exp [−(λ + ω(s))]

√
λ

θ2ω(s)

λ ≡
σ2

s,V

2θ2 ; ω(s) ≡
λ

(1 + θ)
−

s
θ

(ω(s) ≥ 0), (2)

where I1(x) is the modified Bessel function of the first kind,
σs,V is the volume-weighted standard deviation of the logarith-
mic density fluctuations, and θ is the intermittency parameter. In
the zero-intermittency limit (θ → 0), Equation (2) takes the form
of a lognormal distribution.

In order to obtain the SFR from non-isothermal PDF
(Equation 2), it is necessary to adequately characterize σs,V. To
do this, we use the Rankine-Hugoniot conditions to obtain the
following equation for the density contrast x ≡ ρg/ρ0

xΓ + Γb2M2
(

1
x
− 1

)
− 1 = 0, (3)

where Γ is the polytropic index.
Solving the transcendental Equation (3), we obtain the vari-

able s = ln(ρg/ρ0) and its logarithmic density variance, which is
given by

σ2
s ' ln

(
1 +

ρg

ρ0

)
, (4)

where for Γ = 1, the non-trivial solution of Equation (3) yields
x ≡ ρg/ρ0 = b2M2.

The connection between σs,V and σs is made through the
intermittency parameter (θ), which in turn is related to Γ (Γ , 1)
by a power law. That is

θ = 0.035bMΓ2, (5)

which in turn produces

σ2
s,V = σ2

s (1 + θ)3/2 . (6)

Once the set of previous equations is solved consistently, it
becomes possible to produce a mapping that connects the left
side of equation (1), which describes the CSFR, to the right side
of this equation describing the SFR (Galactic star formation).
Figures 1 and 2 show the mapping of the CSFR made through
the SFR. See that on the left side of equation (1) we find the
‘cosmology’. Thus, the values of the parameters ρ̇? and 〈ε〉 vary
with redshift as described in Gribel et al. (2017). On the right
side of the equation, the gas density is fixed with its value at
redshift z = 0. Thus, the value of the integral must be adjusted
to reproduce the variations of the parameters dependent on the
redshift. For consistency, at z = 0 the integral must be equal
to 1. The numerical exploration of the integral is searched for
the value for the Mach number that maintains the equality of
this equation. The procedure is repeated for each redshift value
of the CSFR, enabling the Mach number to keep equation (1)
always satisfied. As can be seen in the figures, the mapping is
perfect between the two star-formation rates.
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Figure 1. The solution of the Equation (1) with scrit = 2 and
polytropic index Γ = 1. The evolution of the CSFR, weighted by
the average efficiency, as a function of the redshift, is presented
in the y1 − x1 axes (in red). The axes y2 − x2 (in blue) show the
SFR obtained with the frozen value of ρg at z = 0, and looking
for the value of the Mach number that satisfies the equality of
this equation (see Gribel et al. 2017 for details).

Since it is possible to have a unifying scenario describing the
two star formation rates, as shown in Figures 1 and 2, one can
analyze the consequences and implications intrinsically associ-
ated with this unification. The main conclusions drawn by Gribel
et al. (2017) are:
• At high redshifts (z ∼ 20), begins the conversion of bary-

onic matter to form stars. The baryonic matter falls into the
gravitational potential of the dark halos. In this phase, the gas
presents low Mach numbers (subsonic scaleM ∼ 0.5).
• As redshift decreases, halos with greater mass are formed.

The density of both the gas and the stars increases, causing the
degree of gas turbulence parameterized byM to increase as well.
• The turbulence shows a dual feature, inducing the star for-

mation with high values of 〈ε〉, until reaching a certain Mcrit
(see Gribel et al. 2017). ForM >Mcrit, a strong decrease in the
efficiency of star formation occurs.
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Figure 2. Similar to Figure 1 but with the polytropic index Γ =
1.3.

•Using the CSFR as a map for the SFR, we find a relation for
the velocity dispersion of the gas that is directly involved with
the star formation within the dark matter halos. This relationship
is similar to that obtained by Larson in 1981 (see Larson 1981).
It associates the internal motions with the structure of the molec-
ular clouds where the star formation takes place, being known in
the literature as Larson’s law.
• The formulation that allowed Gribel et al. (2017) to ob-

tain Larson’s law implicitly suggests that the halos of greater
mass are composed of a number of halos with much smaller
masses. Therefore, the star formation at high redshifts would be
processed, in part, in structures similar to globular clusters.

3. Dark matter in globular clusters

Since the cosmological star formation is tied to the formation
of the large-scale structures of the universe, it is natural that the
baryonic matter that forms stars will be concentrated in the in-
nermost regions of the dark matter halos. On the other hand, gas
not converted to stars will distribute more diffusely inside the ha-
los. Looking now from the side of the local star formation, one
can use the specific formalism of the Galactic star formation to
obtain relations involving physical parameters such as gas ve-
locity and temperature in the cosmological star-forming regions.
As the size of the cosmological structures increases over time,
it becomes possible to identify the relationship involving the gas
mass converted into stars with the characteristic size scale where
the star formation processes. In particular, Gribel et al. (2017)
proposed that

〈R?(z)〉 =
ρ?
ρg
〈RV(z)〉, (7)

where ρg is the total gas entering the halos and being distributed
in the virial radius (〈RV(z)〉) of these structures. As before, ρ? is
the density of stars formed in the halos. Thus, 〈R?(z)〉 represents
the characteristic size of the star formation regions.

The functional form of equation (7) clearly shows that the
star formation processes inside dark matter halos. Thus, the stars
are enveloped by a distribution of non-baryonic matter contained
in 〈RV(z)〉 and characterized by the total dark mass 〈MDM〉. Note
that the virial radius is defined when the dark matter density con-
trast is ∼ 200. Thus, the dark mass contained into 〈RV(z)〉 is

〈RV(z)〉 =

(
3 〈MDM〉

800πρB(z)

)1/3

, (8)

where ρB(z) is the background density (dark matter component)
at redshift z.

On the other hand, following Hennebelle & Chabrier (2008,
2009), we can write for the gas velocity dispersion

〈V2
rms〉 =M2c2

s , (9)

where cs represents the thermal sound speed.
Considering a polytropic equation of state and that the gas

behaves as a perfect gas, we obtain

P = κρΓ
mol =

kB

µmH
ρmolT (ρmol), (10)

producing

κ =
kB

µmH
ρ1−Γ

mol T (ρmol), (11)

where ρmol is the star-forming gas that lies in the innermost part
of the halos. The corresponding equation for the temperature of
the gas becomes

T (ρmol) = T0

(
ρ0

ρmol

)1−Γ

, (12)

and the thermal sound speed can be written as

cs =

√
∂P
∂ρmol

=

(
Γ

kB

µmH
ρ1−Γ

0 T0

)1/2

ρ(Γ−1)/2
mol , (13)

where kB is the constant of Boltzmann, mH is the mass of the
hydrogen atom, µ ∼ 0.5 is the average molecular weight of the
gas, and ρ0 and T0 correspond to the average values for the gas
density and temperature, respectively.

The estimate for the value of ρ0 can be obtained from s =
ln(ρg/ρ0). Assuming that, within 〈RV〉, the gas has a typical den-
sity contrast of the order of scrit (〈s〉 ' scrit), then one can express
ρ0 as a function of ρg and as a function of ρmol.

Now, defining the value of the characteristic temperature, T0,
we can estimate the thermal sound speed as a function of the red-
shift. As we have the solutionM versus z, then one can calculate
〈Vrms〉 in Equation (9). Once ρmol is converted to ρ? on the scale
〈R?〉, the solution 〈Vrms〉 versus 〈R?〉 can be determined.

The Figures (3) and (4) show the result of this analysis. The
observational data indicated in these Figures were obtained from
the survey of Heyer et al. (2001). The original catalog corre-
sponds to 10,156 molecular clouds, and we selected 5,400 spec-
tra whose peaks in temperature are higher than 3.5K1.

Once we have selected the molecular clouds, we binned the
data determining median and error (as indicated in the Figures).
The blue and red lines present two different results of our model
(dependence with Γ and T0). It is possible to verify that our
model, within 2σ, reproduces very well the Vrms versus R? data
of the Heyer et al. (2001) molecular cloud catalog in the range
0.1 − 30 pc.

When Larson developed his work in the 1980s (see Larson
1981), he obtained a relation between 〈Vrms〉 and 〈R?〉 of the type

〈Vrms〉 = V0

(
〈R?〉

1pc

)η
, (14)

1 The choice of line temperatures greater than 3.5K is a criterion to
obtain an optimal signal-to-noise ratio in the CO spectra. For these
clouds, this will probably correspond to kinetic temperatures T0 ∼

10 − 20 K.
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Figure 3. Observational data of molecular clouds from Heyer et
al. (2001) catalog. The data were binned and were determined
mean and median as indicated in the Figure. The blue and red
lines indicate two different solutions of our model for different
values of Γ and T0. As shown, there is good fit of the model to
the data within 2σ. The curves are displayed for critical density
scrit = 2 and driving mechanism b = 0.4 (the driving mechanism
is associated with the supersonic turbulence).
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Figure 4. Similar to Figure 3 but with scrit = 3.

with V0 ∼ 1 kms−1 in the range ∼ 1 − 30 pc.
Regarding the η parameter, there are two different ranges of

values discussed in the literature. The former considers that η lies
in the range 0.40−0.50 (see Hennebelle & Chabrier 2008, 2009).
The second discussed in Padoan et al. (2016) and using the same
data set of Figure (3) yield η in the interval 0.21 − 0.27. Our
results presented in Figures (3−4) reproduce the Larson’s law in
the range 1 − 30 pc with V0 = 0.75kms−1 and 0.20 ≤ η ≤ 0.25.
In addition, our model shows good agreement with the data on
the scales where Larson’s law is not satisfactory (that is, in the
range ∼ 0.1 − 1 pc).

4. Final remarks

The unified scenario proposed by Gribel et al. (2017), and de-
scribed in the preceding sections, shows that it is possible to con-
sistently describe both CSFR and SFR in the same model. As a
consequence, Larson’s law, originally treated empirically in lit-
erature, arises as a consequence of the formation of large-scale

structures of the universe. The star formation is processed from
redshift ∼ 20 into low mass halos. As the universe evolves, larger
mass halos are formed, but the first structures maintain a simi-
lar appearance to GCs, that is, star forming regions with radii of
parsecs but embedded by minihalos of dark matter with typical
masses ∼ 106 to 109M� (see in particular equations 7−8).

This paper does not close the question about the existence or
not of non-baryonic dark matter in GCs, but provides a strong
indication that there is dark matter, in the form of minihalos,
around the stars of the GCs. The presence of non-baryonic dark
matter in globular clusters has recently been discussed by several
authors (see, e.g., Sollima et al. 2016 and Peñarrubia et al.
2017). Our work shows consistency with these analyses so, at
least in principle, our model shows physically healthy properties
to jointly describe the CSFR and the SFR, which motivates us
to analyze in more depth, in future publications, if GCs may be
embedded in dark matter minihalos.
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Can the anomalous X-ray pulsar 4U 0142+61 be described as an
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Abstract. The persistent emission of the anomalous X-ray pulsar 4U 0142+61 extends over a broad range of energy, from
mid-infrared up to hard X-rays. In particular, this object is unique among soft gamma-ray repeaters and anomalous X-ray pulsars in
presenting simultaneously mid-infrared emission and also pulsed optical emission. In spite of having many propositions to explain
this wide range of emission, it is still lacking one that reproduces simultaneously all the observations. Filling this gap, we present
a model that is able to reproduce the entire spectral energy distribution of 4U 0142+61 using plausible physical components and
parameters. We propose that the persistent emission comes from an accreting white dwarf (WD) surrounded by a debris disk. This
model assumes that: (i) the optical and infrared emission is mainly caused by the optically thick dusty disk, the WD photosphere; (ii)
the hard X-rays are due to the post-shock region of the accretion column, and (iii) the soft X-rays are originated by the heating of the
WD surface. In this scenario, 4U 0142+61 harbors a fast-rotator near-Chandrasekhar WD, which is highly magnetized. Such a WD
can be formed by a merger of two less massive WDs. This WD merger event is also proposed as progenitor of the double-degenerated
supernovae (SN) Ia scenario. In this case, 4U 0142+61 can be in a previous stage of a SN Ia and hence can give hints of the origin of
these important astrophysical events.

Resumo. A emissão do pulsar anômalo de raios-X 4U 0142+61 estende-se em uma ampla faixa de energia, do infravermelho médio
até os raios-X duros. Em particular, este objeto é único em sua classe, apresentando simultaneamente emissão de infravermelho
médio e emissão ótica pulsada. Apesar de ter muitos modelos para explicar este amplo espectro de emissões, nenhum reproduz
simultaneamente todas as observações. Preenchendo essa lacuna, apresentamos um modelo que é capaz de reproduzir toda a
distribuição de energia espectral de 4U 0142+61 usando componentes e parâmetros físicos plausíveis. Nós propomos que a emissão
persistente vem de uma anã branca circundada por um disco de detritos. Este modelo assume que: (i) a emissão ótica e infravermelha
é causada pelo disco de poeira opticamente espesso e pela fotosfera da anã branca; (ii) os raios X duros são devidos à região
pós-choque da coluna de acreção, e (iii) os raios-X moles são originados pelo aquecimento da superfície da anã branca. Neste cenário,
4U 0142+61 abriga uma anã branca rápida próxima ao limite de Chandrasekhar e altamente magnetizada. Tal anã branca pode ser
formada pela coalescência de duas anãs brancas menos massivas. Este evento de coalescência também é proposto como um dos
possíveis progenitores de supernovas Ia. Neste caso, 4U 0142+61 pode contribuir para o entendimento da origem desses importantes
eventos astrofísicos.

Keywords. Accretion, accretion disks — Magnetic fields — Stars: rotation — White dwarfs

1. Introduction

The anomalous X-ray pulsars and soft gamma-ray repeaters
(AXP/SGRs) are observationally characterized by a quiescent
soft X-ray (2 – 10 keV) luminosity in the range 1029 – 1035

erg.s−1, period of 2 – 12 s, and spin-down of 10−15 to 10−10

s.s−1. In outburst, the luminosity can reach 1043 erg.s−1 (see, e.g.,
Olausen & Kaspi, 2014). Some AXP/SGRs also present emis-
sion in other energy ranges, such as radio, optical, infrared and
hard X-rays, as well as soft gamma-ray flares events .

The emission nature of AXP/SGRs is still reason for de-
bate and several scenarios have been proposed to explain their
observed spectra and properties. The most accepted scenario is
the magnetar model (Duncan & Thomson, 1992; Thomson &
Duncan, 1995). In this model, the AXP/SGRs present a huge
magnetic field (B), in the range of 1013 − 1015 G, and their per-
sistent X-ray luminosity, as well as the bursts and flares typical
of these sources, are believed to be powered by the decay of
their ultra strong magnetic fields. However, some limitations of
the model, such as the discovery of the low-B (< 1013 G) source
SGR 0418+5729 (Rea et al. 2010), have increased the interest
for alternative scenarios in the past few years.

The most accepted alternative model invokes accreting NSs
and was proposed by van Paradijs, Taam & van den Heuvel
(1995). In this model, the X-ray emission is consequence of in-
falling gas reaching a isolated NS. Moreover, there are models
considering quark stars (Ouyed, Leahy & Niebergal 2011), in
which the object would have magnetic fields of the order of
1015 G, or WD pulsars (Malheiro, Rueda & Ruffini 2012), in
which the emission comes from a very massive, rapid and mag-
netic WD pulsar.

4U 0142+61 is an AXP that presents quiescent emission in
a broad range of energy, from mid-infrared up to hard X-rays. In
particular, this object is unique among SGR/AXPs in presenting
simultaneously mid-infrared emission and pulsed optical emis-
sion, which are rare features for the class. Its period is 8.68 s,
the spin-down is around 2.0 × 10−12 s.s−1 and the soft X-rays
luminosity is about 1035 erg.s−1 (Olausen & Kaspi 2014).

All the current models fail to explain the entire spectral range
of 4U 0142+61. That problem is not exclusive of 4U 0142+61,
since no scenario presents a complete model for the SGR/AXPs
class. In this context, we propose that the persistent emission
comes from an accreting isolated WD surrounded by a debris
disk, having gas and dusty regions. This scenario is inspired
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by the periodic flux modulation and by the presence of mid-
infrared emission, which is rare for NSs. In fact, apart from the
SGR/AXP class (in which only 1E 2259+586 and 4U 0142+61
have mid-infrared; Kaplan et al. 2009; Wang, Chakrabarty &
Kaplan 2006), only three isolated NSs have detected mid-
infrared: the radio pulsars Crab, Vela, and Geminga (Sandberg
& Sollerman 2009; Danilenko el al. 2011). Thus, mid-infrared
appears in about 0.3% of all isolated NSs. On the other hand,
the presence of mid-infrared in WDs is quite common. Debes et
al. (2011) found that about 7% of all isolated WDs presents an
excess of mid-infrared detected by WISE, which reinforces the
WD origin for 4U 0142+61.

This proceedings presents a study of 4U 0142+61 emission
in the context of a WD nature. It is organized as follows. In sec-
tion 2, we show the spectral fit of 4U 0142+61 and discuss the
derived parameters. In Section 3, we derive the magnetic field
of 4U 0142+61 from the spin-down. In Section 4, we discuss
the probable origin and evolution of the object in our scenario.
Finally, in section 5, we summarize our findings.

2. An accreting WD model for 4U 0142+61

We propose that the persistent emission components are the
WD photosphere, a disk, and an accretion column. The disk
is formed by a dusty external region and a gaseous internal re-
gion. The dusty disk is optically thick and emits such as a multi-
temperature blackbody. The temperature of its inner radius is the
grain sublimation temperature, which is about 1500 K for sili-
cates. Conversely, the internal gaseous disk is optically thin and
its emission can be neglected. The inner radius of the gaseous
disk is equal to the magnetosphere radius. From that point on,
the matter flows into the WD surface following the magnetic
field lines and the debris disk ceases to exist.

Close to the WD photosphere, the in-falling flow of matter
produces a shock, forming an extremely hot region, the so called
post-shock region that emits bremsstrahlung. About half of that
energy reaches the WD surface, where it is reprocessed, forming
a hot spot. Once the high-energy emission for 4U 0142+61 is
pulsed, with two peaks per phase, the most plausible option is
that we see the emission from two different accreting regions.
Thus, we can express the total flux by:

Ftotal = Fdisk + Fwd + Fspot + Fbrem. (1)

The WD photosphere (Fwd) and the hot spots (Fspot) emit
such as blackbody whereas the post-shock region emits by ther-
mal bremsstrahlung (Fbrem). According to Mewe, Lemen & van
der Oord (1986), the bremsstrahlung emitted power is:

P(λ,Tbrem) = 2.051 × 10−22g f f n2
eλ
−1T−1/2

brem exp

−143.9
λTbrem

. (2)

The parameters ne, Tbrem, λ, and g f f are the electrons num-
ber density, the temperature of the bremsstrahlung emission, the
wavelength, and the Gaunt factor, respectively. Equation 3 gives
the flux of the bremsstrahlung emission.

Fbrem(ne,Rbrem,H,Tbrem, d) =
hPλ,Tbrem

4

(
Rbrem

d

)2

, (3)

in which we assume that the region is optically thin and cylin-
drical, with a height h and radius Rbrem.

At last, we have the multi-temperature disk component
(Fdisk):

Fdisk(ν,Tin,Tout,Twd,Rwd, d) = 12π1/3 cos(i)

Rwd

d

2

×

2kTwd

3hν

8/3hν3

c2

 ∫ xout

xin

x5/3

ex − 1
dx. (4)

In this equation, x = hν/kT , where T is the debris disk tem-
perature which ranges from Tout to Tin and Twd is the WD effec-
tive temperature. The model, as well as the parameters for each
flux component, are described thoroughly in Borges (2018).

2.1. Fitting 4U 0142+61 SED

As the model parameters for each spectral region are not the
same, we opted to fit spectral regions separately. To fit the SED
of 4U 0142+61 we use the data presented in Figure 1. All
the fitted data are dereddened and deabsorbed. We have used
Markov Chain Monte Carlo (MCMC Goodman & Weare 2010)
to estimate the parameters and their uncertainties. The parame-
ters of the fit and the resulting SED are shown in Table 4 and
Figure 1. We consider the distance of 2.57 kpc (Borges 2018)
and NH = 6.4 × 1021 cm−2(Durant & van Kerkwijk 2006a).

The fit quality of the hard X-rays increases for high
bremsstrahlung temperatures, which we can only achieve for
near-Chandrasekhar white dwarfs. The highest temperature we
can reach for the limiting mass of 1.41 M� and radius of 1021 km
(Carvalho, Marinho & Malheiro 2018) is 670.3 keV. Thus, we
fixed the temperature in 670.3 keV in order to guarantee the best
fit for a WD scenario.

After modelling the hard X-rays, we find the best fit for soft
X-rays. The bremsstrahlung component is also included in the fit
of the soft X-ray SED. To be consistent with the double peak in
the soft X-rays light curve and to increase the quality of the fit,
we use two black bodies components, which can have different
temperatures and radii. The flux for each hot spot is a blackbody
component.

To fit the optical and infrared emission, we use the
WD photosphere blackbody and the debris disk. The tail of
bremsstrahlung component from the post-shock region also con-
tributes to the optical emission as shown in Figure 1. The WD
photosphere emits such as a blackbody and the flux of the disk
is given by eq. 4. We use same values of Rwd derived from the
bremsstrahlung fit.

2.2. Post-shock region

To fit the data, we need a high value of temperature for the ac-
cretion structure, around 670 keV. Such a high temperature is not
observed for any known cataclysmic variable (accreting WD in
a binary system). However, those high values are theoretically
possible for a massive WD composed by carbon. Furthermore,
D. Belloni (private communication) has implemented a shock
solution for accreting WDs. Their results show that shock tem-
perature as high as 1000 keV can be found for massive WDs
accreting C-O material, which corroborates the temperature of
our fitting.
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Figure 1. Left panel: X-rays fit of 4U 0142+61. The dotted lines are the blackbody components, the dashed line is the bremsstrahlung
component and the bold black line is the total emission The data of 4U 10142+61 are deabsorved. The green crosses are soft X-rays
from Enoto et al. (2010, Suzaku); and magenta crosses are the 2003.12 data from Wang, Tong & Guo (2014, INTEGRAL). Right
panel: Optical/infrared fit of 4U 0142+61. The filled line is the disk component, the dot-dashed line is the blackbody emitted by
the WD photosphere, the dashed line is the hard X-rays bremsstrahlung tail and the bold black line is the total emission. The black
crosses are from Wang, Chakrabarty & Kaplan (2006, mid-infrared), Durant & van Kerkwijk (2006b, near-infrared) and Muñoz-
Darias, de Ugarte Postigo & Casares (2016, optical); and the red crosses are from Hulleman, van Kerkwijk & Kulkarni (2000,
2004).

2.3. WD cooling age

From the effective WD temperature, we can estimate the WD
age. Hurley & Shara (2003) present an improved version of the
Mestel cooling law, which for t < 9,000 Myr is:

L =
300MZ0.4[

A(t + 0.1)
]1.18 . (5)

In this equation, L is the luminosity of the WD photosphere
in solar units, M is the WD mass in solar units, A is the average
atomic number, t is the age in Myr, and Z is the photosphere
metallicity. We consider a core composition of 60% carbon and
40% oxygen, and Z = 0.001 (Althaus et al. 2010; Rueda et al.
2013), which results in a cooling age of 31 kyr.

2.4. Debris Disk

The inner temperature of the debris disk is 1937 K (see Table 4),
larger than the silicate sublimation temperature (Ts) of about
1,300 – 1,500 K (Lodders 2003). However, this Ts is based on
the solar abundance and is mainly used to model protoplane-
tary disk of young stars. Rafikov & Garmilla (2012) argue that
those values of Ts provide underestimated values of Tin for disk
around WDs once the composition and evolution of these disks
are distinct from those around young stars. In fact, some WDs
have Tin larger than 1500 K, such as He 1349−2305 (Girven et
al. 2012), with Tin = 1700 K. Moreover, according to Rafikov &
Garmilla (2012), Tin is larger for WD with higher accretion rates
and TWD, in line with the larger Tin of 4U 0142+61 compared to
Tin of other isolated WDs.

3. Spin-down, propeller regime, and the magnetic field

4U 0142+61 is slowing down. Thus, in this section, we estimate
the possible magnitude of the magnetic field of 4U 0142+61 to
reproduce the spin-down for an accreting regime.

The corotational radius is the disk position in which the par-
ticles rotational velocity is equal to stellar rotation. According to
Ekşi, Hernquist & Narayan (2005), the corotational radius (Rc -
eq. 6) must be larger than both Rwd and Rm (which is the mag-
netosphere radius, defined by equation 7) for the system to be in
the accretor region. Moreover, Rm must be higher than Rwd for
magnetic accretion.

Rc =

(
GMwd

ω2

)1/3

. (6)

Rm

Rwd
' 13.4

[
B(1 + 3 sin2 β)1/2

3 × 107

]4/7( f
10−3

)2/7

×

×

(
Mwd

M�

)−8/21( Ṁ
1016

)−2/7

(7)

On the other hand, the total spin-down is given by eq. 8.

Ṗ = −
P2

2π

[
2πṀR2

c

PI
n(ωs) −

2Ω3µ2

3Ic3 sin2 β

]
. (8)

The parameters µ (G.cm3) and I (g.cm2) are the magnetic
moment and the moment of inertia, respectively. n(ωs) can be
obtained in Wang (1987), whereωs = Rm/Rc. The second term is
always positive (spin-down) whereas the first term must have the
relation between the magnetosphere radius and the corotational
radius in the range of 0.971 to 1.0 (Wang 1987) to be in a spin-
down behavior.

For β = 90◦, we must have B = 3.91 × 107 G to reach 2 ×
10−12 s.s−1. Conversely, if we consider β = 0◦, we must have
B = 7.82 × 107 G. Thus, the magnetic field range in the WD
accreting model is 3.91 × 107 < B < 7.82 × 107 G. This spin-
down requires Rm/Rc = 0.995, which is extremely close to 1 but
still consistent with the criteria to be in the accreting regime.
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Table 1. Parameters of the fitting of 4U 0142+61 in the accreting WD model

Parameter Description Value
X-rays

Fixed parameters
d (kpc) distance of 4U 0142+61 2.57

NH (1021 cm−2) columnar density of hydrogen 6.4
Tbrem (keV) temperature of the emission for the accretion column 670.3

Fitted parameters
Mwd (M�) mass of the white dwarf 1.41

Rwd (105 cm) radius of the white dwarf 1.021
Ṁ (1017g.s−1) accretion rate 2.66
Rbrem (105 cm) radius of the hard X-ray emission 9.62

H (104 cm) height of the accretion column 4.47
ne (1019 cm−3) electrons number density 3.38
χ2

brem/do f reduced chi square for the hard X-rays 0.86
Tspot1 (keV) temperature of the spot 1 0.336 (11)

Rspot1 (105 cm) radius of the spot 1 9.49 (48)
Tspot2 (keV) temperature of the spot 2 0.632(32)

Rspot2 (105 cm) radius of the spot 2 1.62 (28)
χ2/do f reduced chi square for the soft X-rays 1.05

Optical/Infrared
Fitted parameters

Twd (105 K) effective temperature of the white dwarf 2.87(28)
Tin (K) inner temperature of the debris disk 1937(170)
Tout (K) outer temperature of the debris disk 120(109)
Rin (R�) inner radius of the debris disk 1.14
Rout (R�) outer radius of the debris disk 47

Note. The fixed parameters were derived before the fit by independent methods. For the infrared/optical fit all the X-rays parameters are considered
fixed, therefore, Rwd is not a fitted parameter for this range of energy. The 1σ uncertainties for the last digit for the fitted parameters are in
parenthesis.

4. Possible origin and evolution of the object

If this accreting WD model is correct, 4U 0142+61 is a fast-
spinning, isolated, magnetic, hot, and extremely massive WD.
Even though those characteristics are very uncommon for an
WD, sources with similar characteristics have already been ob-
served. Re J0317-853, for example, is in an binary system with-
out any interaction with the secondary. This object has a period
of 725.4 s, a estimated mass of 1.35 M�, an effective tempera-
ture of ∼ 50.000 K, and magnetic field of ∼ 340 MG (Barstow et
al. 1995). The most plausible origin for that source is the merger
of two less massive CO WDs (Ferrario et al. 1997). This merger
can occur between WDs with different cores compositions and
lead to several final results (Dan et al. 2014). However our in-
terest is in two CO WD progenitors, which results in a near-
Chandrasekhar mass product. The remnant consists in a cold
core formed by the primary, a hot envelope made by a fraction
of the secondary mass and a disk containing the remaining of
the secondary. Just a small fraction of mass (about 10−3M�) is
ejected and leaves the system (Lorén-Aguilar, Isern & García-
Berro 2009). The exact percentage of the secondary in the disk
varies according to the mass of the progenitors. According to
previous simulations, a good estimate for this percentage is
∼ 50% of the less massive progenitor (Becerra et al. 2018),
which gives a initial mass of the disk in the order of 10−1 M�.

This newborn WD is also expected to have a short period
right after the coalescence. Becerra et al. (2018) state that the
remnant (cold core+envelope) spins as a rigid body. In contrast,
Yoon, Podsiadlowski & Rosswog (2007) argue that the cold core
rotates as a rigid body whereas the envelope spins deferentially
leading the photosphere to present almost a Keplerian angular
velocity. This differential rotation, however, vanishes quickly
and the remnant eventually starts to rotate uniformly. It is also

expected the growth of a magnetic field during the coalescence
(Ji et al. 2013; Zhu et al. 2015) and in the early years after the
merger (García-Berro et al. 2012). All those properties - pres-
ence of the disk, small spin period, and huge magnetic field -
are consistent with the observations of 4U 0142+61 . Thus, if
the accreting WD model for 4U 0142+61 is correct, this object
probably is a young product of a merger of two less massive CO
WDs.

In addition, the remnant is expected to accrete matter from
the disk during its early years, which is also consistent with the
proposed model. Yoon, Podsiadlowski & Rosswog (2007) ar-
gue that the disk is more likely to be thermal-pressure supported
and the initial accretion rate is of the order of 10−7M�.yr−1

(Becerra et al. 2018). Considering the initial spin period of about
2.5 s (Becerra et al. 2018) and an accretion rate smaller than the
Eddington limit, we have Rm > Rc in the early years. Thus, the
remnant would initially pass trough a propeller phase. This pro-
peller phase spun-down the remnant, preventing it from break.
As a consequence of the spin-down, the period and, hence, the
corotational radius increases thus enabling the WD to accrete
matter from the disk.

To predict how this very massive WD would evolve after ac-
cretion starts is a hard task, once neither the evolution for the
post-merger product nor the fate of very massive accreting WDs
are well understood. In either case, 4U 0142+61 would be a great
candidate to become a NS, by collapse or SN Ia. It is also possi-
ble for 4U 0142+61 to become an extremely massive WD, such
as Re J0317-853.

For the accreting WD model, both the spin-down and in-
falling matter can also disturb its stability. Saio & Nomoto
(2004) argues that a WD with the same origin of 4U 0142+61
probably would not explode as a SN Ia because it would in-
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evitably become a O-Ne-Mg WD. In this case, the accretion
could lead 4U 0142+61 to exceed the limiting mass and become
a NS by carbon deflagration collapse (Nomoto & Kondo 1991).
However, they consider a 10−5 – 10−6 M�.yr−1 and do not take
into account the effect of the magnetic field nor the spin period,
which are essential parameters to predict the evolution of WD
merger products.

Conversely, Yoon, Podsiadlowski & Rosswog (2007) con-
sidered an accretion rates smaller than 10−6 M�.yr−1 and taken
into account the spin period. They found that the remnant of two
CO WD can lead to a SN Ia after ∼ 105 yr. Moreover, Becerra et
al. (2018) simulate the evolution of a 1.45 M� WD remnant for
a thermal pressure supported disk. For a 107 G magnetic field
(see sec. 3), the object would suffer a carbon ignition after a few
104 yr. Therefore, the age to explode as a SN 1a is higher than
the derived cooling age but extremely closer. Thus, if the accret-
ing WD model were correct, 4U 0142+61 is a good candidate
to explode as a SN Ia in a small amount of time. Conversely, if
the fate of 4U 0142+61 were the collapse into a NS or a very
massive WD, it is still a priceless object, since it provides clues
of how the merger of two CO WDs evolves.

5. Conclusions

We obtained a good fit for the entire SED of 4U 0142+61 . The
optical/infrared emission of 4U 0142+61 comes from the WD
itself and from the debris disk with a non-negligible contribution
from the low-energy tail of the post-shock region. The hard X-
rays is emitted by the accretion column and the soft X-rays by
two hot spots in the WD photosphere.

The hard X-rays bremsstrahlung implies a near-
Chandrasekhar WD, assumed to have a mass of 1.41 M�
and a radius of 1 021 km. Moreover, from the optical/infrared
emission, we obtain an WD effective temperature of 287,000 K.
Those radius and temperature point out to an young WD, with
an estimate age of 31 kyr. The inner and outer disk temperatures
are 1937 and 120 K, which leads to a minimum mass of about
1026 g. From the spin-down, we can estimate a magnetic field of
∼ 107 G, which is consistent with several magnetic WDs.

In short, we were able to present a model that explains all the
quiescent emission of 4U 0142+61, as well as the observed spin-
down. Such a WD can be understood as the result of a recent
merger of two less massive WDs. In this scenario, 4U 0142+61
is a good candidate to becoming a SN Ia.
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Abstract. Pulsars are modeled as neutron stars originated from the collapse of a progenitor one. In the canonical model they are
described by spherical magnetized dipoles that rotate with the magnetic axis usually misaligned relative to the rotation axis, and such
misalignment would explain the observation of radiation emitted in pulses in a certain direction rendering the typical observational
characteristic of this kind of star. The frequency of such pulses decays with time and it can be quantified by the braking index
(n). In the canonical model n = 3 for all pulsars but observational data show that n , 3. In this work we present a model for the
understanding of the frequency decay of the rotation of a pulsar adapting the canonical one. We consider the pulsar a star that rotates
in vacuum and has a strong magnetic field but, in contrast to the canonical model, we assume that its moment of inertia changes
in time due to a uniform variation of a displacement parameter in time. We found that the braking index results smaller than the
canonical value as a consequence of an increase in the star’s displacement parameter. We relate this variation to neutron vortices’
creep in rotating superfluids, indicating a possible reason for this coincidence.

Resumo. Os pulsares são modelados como estrelas de nêutrons originadas do colapso de um progenitor. No modelo canônico eles
são descritos por dipolos esféricos magnetizados que giram com o eixo magnético geralmente desalinhado em relação ao eixo de
rotação, e tal desalinhamento deveria explicar a observação da radiação emitida em pulsos em uma certa direção, uma característica
observacional comum deste tipo de estrela. A frequência de tais pulsos decai com o tempo e pode ser quantificada pelo índice de
frenagem (n). No modelo canônico n = 3 para todos os pulsares, mas os dados observacionais mostram que n , 3. Neste trabalho
apresentamos um modelo para a compreensão do decaimento de frequência da rotação de um pulsar adaptando o modelo canônico.
Consideramos o pulsar uma estrela que gira no vácuo e tem um forte campo magnético, mas, em contraste com o modelo canônico,
assumimos que seu momento de inércia muda no tempo devido a uma variação uniforme de um parâmetro de deslocamento no
tempo. Descobrimos que o índice de frenagem é menor do que o valor canônico como consequência de um aumento no parâmetro
de deslocamento da estrela. Nós relacionamos essa variação com o movimento de vórtices de nêutrons em superfluidos girantes,
indicando uma possível razão para essa coincidência.

Keywords. Stars: neutron – Stars: rotation – Stars: magnetic field

1. Introduction

Pulsars are considered neutron stars that emit electromagnetic
radiation in well-defined time intervals, rotate rapidly and are
highly magnetized. The observed magnetic radiation is gener-
ated from its magnetosphere and is emitted due to the misalign-
ment of the axis of rotation with respect to the magnetic axis of
the star in the pattern from a rotating beacon (Gold 1968).

The model to explain the frequency of the neutron stars’
pulses (Gunn & Ostriker 1969), which we will call the canonical
model, predicts a gradual deceleration of the rotation of these
stars, quantified by a dimensionless parameter known as brak-
ing index, represented by “n”. In that model this parameter has
a theoretical value equal to 3 (Glendenning 2000), but results
derived from the observation are different from that predicted in
the theoretical model, indicating that the canonical model needs
improvement.

To this end the pulsar wind model (Xu & Qiao 2001) was
presented in recent times yielding n = 1 such that, when com-
bined with the contribution due to the magnetic dipole (n = 3),

has presented interesting results although insufficient. A similar
reasoning is followed in the work by Kou & Tong (2015).

In another investigation a phenomenological function was
proposed in the energy conservation formula with the introduc-
tion of parameters which, although unrelated to known physi-
cal variables, allowed the prediction of ranges for braking in-
dices (Magalhaes et al. 2012). A different approach by Allen &
Horvath (1997) proposed an increase in the angle between the
magnetic moment and rotation axis as the cause of the evolu-
tion of the torque, while Magalhaes et al. (2016) investigated the
possibility of an effective force acting on the star which varies
with the first power of the tangential velocity of the crust of the
pulsar.

In this work we focus on the internal dynamics of the pulsar:
the interior of these stars present a significant amount of matter
in the form of superfluid neutrons (Baym et al. 1969) and it is
also expected that the coupling and decoupling of this matter
alter the long-term dynamics that leads to the measurement of
the braking index and therefore producing changes in the pure
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dipole model or deviations in the “normal” dipolar deceleration
(Ho & Andersson 2012).

We present an approach to investigate the decay of the ro-
tational frequency of pulsars that leads to the star’s core and
its evolution modifying an assumption of the canonical model.
We introduce a time-varying parameter that accounts for an in-
creasing moment of inertia in the pulsar core and relate it to
the motion of superfluid vortices. Details on the results reported
here can be found elsewhere, as a longer paper was accepted for
publication during the preparation of this article (Oliveira et al.
2018).

2. Pulsar as a rotating magnetized conducting sphere:
summary of the canonical model

For a rotating sphere the kinetic energy of rotation is equal to
(Shapiro & Teukolsky 2008):

Erot =
1
2

IΩ2, (1)

whose time derivative is

Ėrot = IΩΩ̇, (2)

where Ω is the star’s angular velocity and I is its moment of
inertia.

The star’s magnetic radiation energy is believed to originate
from the rotating magnetic dipole (Shapiro & Teukolsky 2008)

Ėmr =
2

3c3 |m̈|
2, (3)

with the magnetic dipole moment being given by

m =
BPR3

2
(cosαk̂ + sinα cos(Ω · t)î + sinα sin(Ω · t) ĵ), (4)

where BP is the magnetic dipole field in the pole, R is the radius
of the pulsar and α is the angle between the magnetic dipole axis
and the rotation axis.

The angular velocity of the pulsar varies with time, as shown
in Table 1. This could reflect on the behavior of the magnetic
field with time since in this model it has the following expression
when sinα = 1 (Glendenning 2000):

BP =

√
12c3M

5R4
0

√
−Ω̇

Ω3 . (5)

In the canonical model, its rotating energy changes into elec-
tromagnetic energy:

Ėrot = −Ėmr, (6)

implying

Ω̇ = −kΩ3, (7)

where k a positive constant.
The canonical model predicts a gradual slowdown of the

star’s rotation, which can be quantified by a dimensionless pa-
rameter, the braking index n, defined by:

n ≡
ΩΩ̈

Ω̇2
. (8)

In the canonical model this parameter assumes a single value
(n = 3) for all pulsars. However, all the observational values for
n are different from the one given by the canonical model (see
table 1).

3. Inside a neutron star: summary of the dynamics of
superfluid cores

3.1. Motion of neutron vortices

In order to characterize the flow type of a fluid it is important to
analyze the circulation, defined as the line integral along a path C
that surrounds the vortex circulation (Landau & Lifshitz 1980):

κ =

∮
C

vs · dl, (9)

where vs is the fluid velocity and dl is the line element along κ.
The polar decomposition ansatz for the condensate wave

function allows us to describe the general shape of the Cooper
pair (Sauls 1989), from which the velocity of the fluid can be
found:

ψ(R) = |ψ|eiθ(R), (10)

where |ψ| is a thermodynamic state variable and the phase θ is a
scalar.

Consequently the superfluid velocity is (Ghosh 2007)

vs =
~

2mn
∇θ, (11)

with 2mn being the mass of a pair of neutrons and ~ being
Planck’s constant divided by 2π.

A velocity field described by the gradient of a function is
called the potential flow, and it is found that the flow of a super-
fluid is irrotational:

∇ × vs =
~

2mn
∇ × (∇θ) = 0. (12)

This indicates that the condensate cannot withstand a circu-
lation except at certain points (singularities) within the fluid
(Sauls 1989), generating an isolated configuration of singular-
ities known as vortex lines, where the circulation does not need
to disappear (Ghosh 2007). In this configuration with non-zero
circulation the vortex lines carry angular momentum.

3.2. Dynamics of fluid rotation inside neutron stars

The angular velocity Ω of a rotating superfluid is determined by
distribution of quantized vortex lines in relation to an azimuthal
symmetry about the rotation axis. In this case the linear velocity

vs(r) ≡ rΩ(r) (13)

at distance r from the rotation axis is determined from equation
9 as∮

v · dl = 2πΩ(Rn)R2
n = κ0

∫ Rn

0
2πr′n(r′)dr′, (14)

being κ0 the vorticity quantum carried by each vortex line.
In fluid mechanics the mass conservation analog for vortices

is called the vortex conservation law (Ghosh 2007):

∂nv

∂t
+ ∇ · (nvvRr̂) = 0, (15)

where nv is the density of vortices and vR is the radial velocity
in relation to the rotation axis of the neutron star. When this law
is associated to other superfluid properties (Sauls 1989; Alpar et
al. 1984) one finds an expression for the brake in the superfluid
rotation, Ω̇s:

Ω̇s = −
κ0nvvR

Rn
. (16)
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Table 1. Rotation frequency (ν) and its first and second time derivatives for the sample of pulsars.

Name J name ν ν̇ ν̈ n Refs.
(s−1) (×10−10 s−2) (×10−21 s−3)

B 0531+21 J0534+2200 29.946923 -3.77535 11.147 2.342(1) 1
B 0540-69 J0540-6919 19.7746860321 -1.8727175 3.772 2.13(1) 2
B0833-45 J0835-4510 11.200 -0.15375 0.036 1.7(2) 3

J1119-6127 J1119-6127 2.4512027814 -0.2415507 0.6389 2.684(2)a 4
J1208-6238 J1208-6238 2.26968010518 -1.6842733 0.33 2.598(1) 5
B1509-58 J1513-5908 6.611515243850 -0.6694371307 1.9185594 2.832(3) 6

J1734-3333 J1734-3333 0.855182765 -0.0166702 0.0028 0.9(2) 7
J1833-1034 J1833-1034 16.15935711336 -0.52751130 0.3197 1.857(1) 8
J1846-0258 J1846-0258 3.059040903 -0.665131 3.17 2.64(1)b 9,10,11

(1) Lyne et al. (2015); (2) Ferdman et al. (2015); (3) Espinoza et al. (2016); (4) Weltevrede et al. (2011); (5) Clark et al. (2016); (6) Livingstone &
Kaspi (2011); (7) Espinoza et al. (2011); (8) Roy et al. (2012); (9) Livingstone & Kaspi (2011); (10) Livingstone et al. (2007), (11) Archibald et
al. (2015)
Notes. Besides these references, information regarding associations and most rotational parameters were taken from the ATNF Pulsar catalogue
(http://www.atnf.csiro.au/research/pulsar/psrcat/; Manchester et al. 2005). Uncertainties (1σ) on the last quoted digit are shown between parenthe-
ses.
a A possible reduction of about 15% is observed after a large glitch Antonopoulou et al. (2015).
b The braking index was found to decrease to n = 2.19 after a large glitch Livingstone et al. (2011b); Archibald et al. (2015).

Therefore, when the superfluid rotation decays in time the vor-
tices move outward with velocity vR. One can show that (Hall
1960) nvκ0 = 2Ωs, allowing the above equation to be rewritten
as

Ω̇s

Ωs
= −

2vR

Rn
. (17)

It is expected that the star’s core and crust reach the same
angular velocity at large time scales (Paschalidis & Stergioulas
2017).On such scales the magnetic torque about the crust is then
transmitted to the core, implying Ω̇s ≡ Ω̇. Therefore the equation
17 can be rewriten as

Ω̇

Ω
= −

2vR

Rn
. (18)

We assume that the crust of a pulsar is thin, with the core
occupying approximately 80% of its radius, allowing for 1.4 M�
stars with physical equations of state. Then for a total radius of
10 km the core’s radius is Rn ≈ 8 km.

In the next section we will use this physical mechanism and
the radiation due to the rotating magnetic dipole to present a new
model to vR that allows the calculation of the radial velocity of
the flow of the superfluid vortices without using vortex conser-
vation hypotheses. In particular, this variation is of the order of
neutron vortices’ creep in rotating superfluids.

4. Magnetic dipole radiation and the displacement
parameter

The possibility of the stretching of a pulsar in response to ro-
tation (Hartle & Thorne 1968) inspired this investigation of the
behavior of the braking index in the presence of a variation in
time of a displacement parameter, which we will argue that is the
radial velocity flow discussed in the previous section. This flow
of vortices would promote the transfer of the angular momen-
tum of the star’s core generating the variation of the moment of
inertia between the core and the crust of the neutron star. This as-
sumption differs from the canonical model’s approach (Ostriker
& Gunn 1969).

As in the canonical model we assume that the pulsar changes
its rotational energy (Erot) into electromagnetic dipole radiation

(Emr) as in equation 6 and that it consists of a thin, solid crust
with constant moment of inertia Ic. However, differently from
that model we will consider that its large spherical core with
total constant mass, Mn, made basically of superfluid neutrons,
has moment of inertia given by

In(t) ≡ λMnR2(t). (19)

In this expression R is a displacement parameter that sum-
marizes in its mathematical behavior all physical factors that in-
fluence the moment of inertia other than the core’s total mass.
We assume that the core’s moment of inertia may change with
time but not due to a change in its total mass or physical radius;
instead, any change in In will be due to internal displacements
of mass that are quantified by R(t).

We can perform a Taylor expansion of the displacement pa-
rameter and we will assume that this expansion can be truncated
after its second term due to negligible higher R derivatives:

R(t) ≈ Rn + tṘ. (20)

Physically this implies that the displacement parameter varies
at a nearly constant rate in time, Ṙ. This constant with units
of speed is expected to vary from pulsar to pulsar as it informs
about the inner dynamics of the star.

Differentiating the expression for the rotational energy, equa-
tion (1), with respect to time, in view of the assumptions of our
model results in

Ėrot =
1
2

d
dt

(IcΩ
2
c + InΩ2

n). (21)

Since any changes in the angular velocity of the crust, Ωc,
are rapidly transmitted to the core, in practice the angular veloc-
ity of the latter, Ωn, will be considered equal to Ωc ≡ Ω. As the
moment of inertia of the thin crust is expected to be much less
than the moment of inertia of the large, heavy core, we approxi-
mate Ic + In ≈ In. Similarly, we consider Mn practically equal to
the total mass of the pulsar, M. We will further admit that for the
duration of typical observational time intervals, τ, the condition
τṘ << Rn holds such that equation (20) yields the typical value
for R:

R = Rn

(
1 + τ

Ṙ
Rn

)
⇒ R ≈ Rn. (22)
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Finally, assuming a core that occupies the vast majority of the
pulsar’s volume we have Rn ≈ R0 and the expression for the
rotation power becomes

Ėrot = λMR2
0Ω2

(
Ω̇

Ω
+

Ṙ
R0

)
. (23)

The above assumptions regarding our model can be used to
find the following expression for the magnetic radiation power
from equations (3) and (4)

Ėmr =
sin2 αB2

PR6
0Ω4 + 24 sin2 αB2

PR4
0Ṙ2Ω2 + 36B2

PR2
0Ṙ4

6c3 . (24)

Therefore, we are again assuming that the quantity Ṙ, which
does not correspond physically to a change in the star’s radius,
describes mathematically all unknown physical influences that
may affect the magnetic radiation power.

Substituting equations (23) and (24) in equation (6) yields

λMR2Ω2
(
Ω̇

Ω
+

Ṙ
R

)
= −

sin2 αB2
PR6Ω4

6c3

−
24 sin2 αB2

PR4Ṙ2Ω2 + 36B2
PR2Ṙ4

6c3 , (25)

where we dropped the sub index 0 in R0 such that R henceforth
corresponds to the typical star radius.

Solving this equation for the time variation of the angular ve-
locity, Ω̇, we can obtain the braking index n using the definition
(8):

n =
(3 sin2 αB2

PR5Ω2)

(12λc3ṘM + sin2 αB2
PR5Ω2)

. (26)

Solving this equation for Ṙ we find the expression for the time
variation of the displacement parameter:

Ṙ = −
sin2 αB2

P(n − 3)R5Ω2

12λc3nM
. (27)

We will estimate the values of Ṙ assuming the following typ-
ical values, applied to the pulsars given in Table 1: star radius R
= 10 km; total mass M = 1.4 M� (where M� denotes one solar
mass). These values imply a moment of inertia I0 = 2MR2/5 =
56 M� km2 when the pulsars were born.

The expression for the magnetic field for pulsars in our
model is biven by

BP =

√
6λc3M

R4sin2(α)

√
−Ω̇

Ω3 −
Ṙ

RΩ2 . (28)

In this expression, when Ṙ = 0 and sinα = 1 the canonical
expression (5) is recovered. The second term under the second
square root of this equation, which has the contribution of the Ṙ,
will be negligible when

|Ṙ| � |
Ω̇

Ω
R|. (29)

Substituting (28) in (26) yields

n = 3
Ω̇/Ω + Ṙ/R
Ω̇/Ω − Ṙ/R

. (30)

This equation can be inverted, yielding an expression for the
variation in time of the displacement parameter:

Ṙ =
Ω̇

Ω
R

n − 3
n + 3

. (31)

Table 2. Time variation of the radius (Ṙ) and magnetic field at
the pole according to our model (BP) for our sample of pulsars.

Pulsar Ṙ BP
(cm s−1) (G)

B0531+21 1.2 × 10−6 1.1 × 1013

B0540-69 1.3 × 10−6 1.4 × 1013

B0833-45 3.0 × 10−7 9.0 × 1012

J1119-6127 4.4 × 10−7 1.2 × 1014

J1208-6238 3.8 × 10−7 1.2 × 1014

B1509-58 2.4 × 10−7 4.8 × 1013

J1734-3333 8.6 × 10−7 1.1 × 1014

J1833-1034 6.1 × 10−7 9.8 × 1012

J1846-0258 2.7 × 10−6 1.4 × 1014

We used this equation to obtain the values of Ṙ presented in
Table 2, which show that for this sample of pulsars the condi-
tion (29) is not completely fulfilled. The values of the magnetic
field given by the canonical model have the same order of mag-
nitude of the values obtained with our model from equation (28).
Nevertheless, canonical values of the magnetic field should not
be used in equations (26) and (27), as they would yield canonical
results. The small difference between the values of the magnetic
field in the two models is essential to yield observational braking
indices.

4.1. When angular momentum is conserved

From the angular momentum definition, L = IΩ, when angular
momentum is conserved then L̇ = İΩ + IΩ̇ = 0. In our case the
moment inertia of the core (In) is changing in time and is much
larger than the crust’s moment of inertia (Ic, which is constant).
Therefore, angular momentum conservation implies:

İnΩ = −InΩ̇. (32)

As In is given by equation 19 we can rewrite this equation as:

Ω̇

Ω
=
−2Ṙ
Rn

, (33)

which allows us to identify: Ṙ = vR.

5. Conclusions

In this work we modified the canonical model for pulsars includ-
ing changes in moment of inertia, expecting to provide a better
explanation for pulsars’ braking indices. The moment of iner-
tia would change due to mass motions inside the star, quantified
by a displacement parameter. We found that the displacement
parameter relates to the velocity of superfluid neutron vortices
when n=1. Our model assumes that the a time-varying moment
of inertia changes uniformly in the radial direction which coin-
cides with the direction of motion of neutron superfluid vortex
lines. In this work we introduced the displacement parameter Ṙ
and its estimates were found based on observational data.

We conjecture that the increase in moment of inertia in this
model may be related to the dynamics of superfluid vortex lines
in the pulsar’s core due to the coincidence between the estimated
value for Ṙ and the approximate speed of travel of vortex lines
in the core (less than the cm/day).

As consequences of this study other questions are unfolding,
such as calculation of pulsars’ ages and the relation between
torque and the angle between magnetic moment and rotation
axis, which are under investigation.
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Abstract. Accretion disks are commonly found around young stars, such as T Tauri stars, and are responsible for transporting
matter to the central object in low-mass stars, as the Sun. However, this transportation requires a mechanism for angular momentum
transport. So far, the most promising mechanism is the magneto-rotational instability, MRI, which demands the particles to be
coupled with the magnetic field lines. As the temperatures of the particles throughout the disk, considering only the viscous
dissipation, as proposed by the standard model, are too low, the ionization rates are also very small. In that sense, in order to increase
the temperature of the disk, we simulated the disk considering the coupling of three extra damping mechanisms of Alfvén waves,
the turbulent, non linear and dust-cyclotron damping, along with the viscous dissipation, that could maximize the energy dissipation,
heating the accretion disk. We considered two cases, a dusty and non-dusty accretion disk. For the dusty disk, we obtained that the
dust-cyclotron damping generates very low temperatures when compared to those from the turbulent and non-linear mechanisms. For
the non-dusty disk, the mechanism derived that couples the turbulent and non linear damping mechanisms proved to be very efficient,
generating temperatures almost one order of magnitude higher than those mechanisms considered independently.

Resumo. Discos de acreção são, comumente, observados ao redor de estrelas jovens, como as estrelas T Tauri, e são responsáveis
por transferir matéria em direção ao objeto central em estrelas de baixa massa, i.e., estrelas de tipo solar. Entretanto, este transporte
requer a atuação de um mecanismo de transporte de momento angular. Atualmente, o mecanismo mais aceito é a Instabilidade
Magneto-Rotacional, a IMR, a qual exige que as partículas estejam congeladas às linhas de campo magnético. Como as partículas do
disco, considerando apenas a dissipação viscosa, conforme proposto pelo modelo padrão, são muito baixas, os níveis de ionização
também são muito pequenos. Dessa forma, para aquecer o disco, nós o simulamos considerando o acoplamento de 3 mecanismos
de amortecimento de ondas Alfvén, o turbulento, o não linear e o amortecimento cíclotron da poeira, além da dissipação viscosa, de
forma a maximizar a energia dissipada, aquecendo o disco. Foi considerado dois casos, um disco empoeirado e outro sem poeira.
Para o disco empoeirado, obtemos que o amortecimento cíclotron da poeira gera temperaturas muito baixas, quando comparado
àquelas geradas pelos mecanismos turbulento e não linear. Já para o disco não empoeirado, o mecanismo obtido que acopla os
amortecimentos não turbulento e linear provou-se muito eficiente, gerando temperaturas quase uma ordem de magnitude maiores do
que quando estes mecanismos foram considerados independentemente.

Keywords. Stars: pre-main sequence — Stars: formation — Magnetohydrodynamics (MHD) — Plasmas

1. Introduction

Accretion disks are common structures in astrophysics, being
present around pre-main sequence (PMS) stars, active galactic
nuclei, black holes and other astrophysical objects. Specially, for
low-mass PMS stars - the T Tauri stars- those disks play an im-
portant role in transporting matter towards the central objects: a
net inward transference is responsible for the matter transport, at
the same time that an outward angular momentum transference
takes place. Moreover, the presence of turbulence in these struc-
tures are also of exterme importance in models of disk evolution,
having a key part in the growth and evolution of solids in the first
phases of planet formation Armitage (2011).

Throughout the years, multiple mechanism responsible
for the angular momentum transport in accretion disks have
been proposed, such as the baroclinic instability (Klahr &
Bodenheimer 2003), a hydrodinamical instability associated
with the thermal structure of the disk and the self-gravity, (e.g.
Lin & Pringle (1987)). However, nowadays, the most accepted
mechanism is a MHD instability, proposed by Balbus & Hawley
(1991), the Magneto-Rotational Instability (MRI), which, be-

sides promoving the angular momentum transportation, also is
responsible for invoking the turbulence in the disk. However,
in order to arise, the MRI demands the particles to be coupled
with the magnetic field lines. Thus, the temperatures must be
high in the regions affected by the MRI, which do not occur in

the T Tauri disks when only the viscous dissipation of the stan-
dard model, proposed by Shakura & Sunyaev (1973), is act-
ing. Thereby, extra heating mechanisms acting in the disk are
required to guarantee the occurrence of the MRI.

The damping of Alfvén waves was considered in multiple
works in the literature as a possible extra heating source in disks
associated with low-mass PMS stars (e.g. Vasconcelos, Jatenco-
Pereira & Opher (2000), Jatenco-Pereira (2013) and Jatenco-
Pereira (2015)). In the present work, we consider the coupling
of two of the mechanisms considered by Vasconcelos, Jatenco-
Pereira & Opher (2000): the turbulent and non-linear dampings,
as an extra hating mechanism of T Tauri accretion disks.

2. The model

It was considered a disk that follows both the α-parametrization
proposed by Shakura & Sunyaev (1973) and the layered model
of Gammie (1996). Furthermore, if we assume that we are treat-
ing a geometrically thin and optically thick disk, we get that the
released energy for each of the heating mechanims is related to
the temperature accordingly to the black-body law:

T 4 =
D
σ
, (1)

where D corresponds to the released energy and σ is the Stefan-
Boltzmann constant.



N. F. S. Andrade & V. Jatenco-Pereira: Heating sources of protostellar accretion disks

It was also assumed that the quadractic velocity dispersion is
given by:

< δv2 >= f
(1
4

v2
AB3

A2c2
sρ

2

)
, (2)

where f is a free parameter related to the flux of Alfvén waves
in the medium, vA is the Alfvén velocity, B is the magnetic field
strenght, cs is the sound velocity, ρ is the volumetric density and
A is a numerical constant, yielding to a damping rate of

Γ =
(cs/vA)ρ < δv2 > +B3/2 < δv2 >1/2

B
. (3)

for the mechanism that couples both the turbulent and non-linear
dampings.

3. Results and discussion

Using the damping rate given in Equation 3, it was obtained the
amount of energy dissipated by the coupled mechanim, through

D =

∫ H

0

Φ

vA
Γdz, (4)

where Φ is the Alfvén wave flux, Φ =< δv2 > /ρ and H is the
scale height of the disk.

In Figure 1, we show one of our results, consisting of a disk
with M∗ = 0.5 M�, Ṁ = 10−8 M�/yr, α = 0.02 and f = 0.002.

4. Conclusions

In order to achieve the coupling of the non-linear and turbulent
damping and maximize the heating, it was necessary to aban-
don the equipartition proposed by Vasconcelos, Jatenco-Pereira
& Opher (2000), which made the models constant with the disk
parameters except for the free parameter, f . From Figure 1, we
can conclude that the new damping mechanism of Alfvén wave
proposed by us, generate higher temperatures that when the tur-
bulent and non-linear mechanisms are considered independently.
Thus, this new mechanism, although quite simple in its defini-
tion, proved itself to be of good importance in heating the disk,
and, consequently, diminishing the size of the quiescent zone
Gammie (1996), improving, significantly, the area in which the
MRI can occur.

In the future, we intend to improve this coupling mechanism,
through the consideration of new heating sources, such as the
resonant damping of surface Alfven waves.
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Figure 1. In the plot, it is shown the behaviour of some properties
of the damping mechanisms, as a function of the radial distance.
For comparison purposes, we show the evolution of the parame-
ters for the three mechanisms considered: the non-linear, turbu-
lent and coupled mechanism. In (a), we show the profiles for the
damping length, in (b) the profiles for the damping rate and in
(c) and (d), the temperatures without and with the viscous dissi-
pation, as proposed by Shakura & Sunyaev (1973), respectively.
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Abstract. Journey to the Sky through the Eyes of Science is an institutional extension program of the Federal University of São João
Del Rei – UFSJ (Alto Paraopeba Campus – CAP) that promotes Astronomy and related fields in the Alto Paraopeba region, around
the Ouro Branco town – MG. It supports the teaching of astronomy in schools through their actions (seminars, workshops, lectures,
sky observations, mini-courses, and tutoring lessons for young students who want to participate in the Brazilian Astronomy and
Astronautics Olympiads – OBA), besides to support the UFSJ concerning the divulgation of their engineering courses proposed in
the CAP.

Resumo. Viagem ao Céu pelo Olhar da Ciência é um programa de extensão da Universidade Federal de São João Del Rei (Campus
Alto Paraopeba – CAP) que promove Astronomia e áreas afins na região do Alto Paraopebaa, em torno da cidade de Ouro Branco –
MG. O programa apoia o ensino de astronomia nas escolas através de suas ações (palestras, oficinas, palestras, observações noturnas
e aulas para jovens estudantes que queiram participar das Olimpíadas Brasileira de Astronomia e Astronáutica - OBA), além de
apoiar a UFSJ em relação à divulgação dos cursos de engenharia do CAP.

Keywords. Teaching of Astronomy

1. Introduction

Man’s fascination with the universe has been present since the
beginning of civilization. Initiated when our ancestors began to
contemplate the celestial vault and let the imagination wander
through its luminous points. Moving to draw symbolic figures
in the sky, flourish in religion, folklore, and myths of different
peoples around the world. From the observation of the sky al-
lied to the reasoning, the man was able to establish calendars
to organize plantations cultivation cycles and guide him in trips.
Thus he began to establish the first astronomical discoveries that
influenced the human life (Cardoso 1998). Besides, Astronomy
have been given humanistic, educational and technological con-
tributions of great value to society, along with the development
of industry and medicine (Yun 2004).

Astronomy has a high interdisciplinary character. Its con-
tents can favor the union of several areas of knowledge, allow-
ing teachers to assist students in understanding of history, geog-
raphy, mathematics, physics, chemistry, biology, art, languages,
science and evolution of scientific and philosophical thinking, as
well as characteristics of studies of the planet Earth (Bucciarelli
2011).

In practice, in relation to the astronomy teaching in the
Brazilian basic education, there is no direct application of the
National Curricular Parameters (PCN 1998) requirements in the
elementary and high schools. The basic skills for the evolution
of knowledge are not worked according to what is proposed in
that document (Amarante 2010), indicating that the the teaching
of astronomy still needs support.

From this perspective, the extension program of the Alto
Parapeba Campus (CAP) at the Federal University of São João
Del Rei (UFSJ), Minas Gerais state - Brazil, called Journey to
the sky through the eyes of science was created. The main aim
is to assist the astronomy teaching in schools and foment the as-
tronomy knowledge and related fields for anyone. Their actions

have been permitting an integration with the region’s commu-
nity, started in 2014 and in development until now.

This program is based on the model proposed by the Federal
Universtity of Minas Gerais (UFMG) and the Federal Institute of
Minas Gerais - Ouro Preto Campus (IFMG-OP). The UFMG’s
project resides in the Astronomical Observatory of the Serra
da Piedade, in the Caeté town, MG, since 1986, where it regu-
larly attends schools and public monthly visits. While the IFMG-
OP’s project, The sky within reach of everyone, offers astronom-
ical observations and documentary shows to students of public
schools around it.

This work presents all actions developed by this program
since 2014, as well as their results.

2. Methodology

This program has two lines of action: (a) one focused on young
students from the public and private schools of Ouro Branco
town, where it is intended, through the study of astronomy, to
arouse interest and curiosity in science and mathematics, to fur-
ther increase the demand for exact sciences courses at universi-
ties. (b) another aspect focus on senior citizens, where our work
aims to rescue their curiosity on the subject, and to bring them
specific knowledge that many have not had an opportunity to
obtain throughout their life.

For the first target audience, schools are invited to partici-
pate and are presented with the activities we provide. They can
choose which actions they would like to engage and when. All
actions proposed here are developed at the school’s building, ex-
cept the university tours, which is happening at the CAP/UFSJ.
For the second group (senior citizens) the Astronomy ans
Astrophysics Introductory course is developed in the Açominas
Association of Retirees (AAA).

The actions proposed in this program are (a) tutoring lessons
for those who want to participate in the Brazilian Astronomy and
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Figure 1. OBA lectures provided to the students of the Batista
School (left) and Municipal School Livremente (right), both held
in 2016. Source: Authors

Astronautics Olympiad (OBA 2018) ; (b) astronomical work-
shops; (c) technical visits into the CAP/UFSJ’s buildings (class-
rooms; physics, chemistry and computation labs; library, and
restaurant). During the visits in the labs they may perform exper-
imental practices themselves with academic monitor helpers; (d)
seminars in schools and/or CAP; (e) observations of the sky, with
the support of the Amateur Astronomers of Ouro Branco, and
the IFMG – OP Project called The Sky within Reach of Everyone
(f) Astronomy and Astrophysics Introductory course for senior
citizens.

The Brazilian Astronomy and Astronautics Olympiad is an
annual open event destined to Brazilian students (of elemen-
tary and high schools), whose purpose is to stimulate the inter-
est of young people in astronomy, astronautics, and related sci-
ences through the dissemination of basic knowledge in a play-
ful way (OBA (2018)). For this action, the target audience is
quite broad, comprising students from the first year of elemen-
tary school through the senior year of high school. The event
takes place within the school itself, in a single phase (usually
in April) and the tests are applied at four different levels. The
program described here offers tutoring lessons for public and
private schools in the Ouro Branco town (Fig. 1). The number
of tutoring lessons will depend on the possibilities and needs of
each school. The lessons are based on the review of the contents
proposed by the Olympic Committee and solution of questions
from the previous years. The didactic material includes classes
in digital resources, prepared by the program staff. The classes
are conducted in an environment where it preserves the dialogi-
cal interaction between the program staff and the students.

The astronomical workshops consist of a playful method of
teaching science and astronomy for children and adolescents in
a happy way. The program offers workshops in planetary art, ce-
lestial rotating planisphere, solar clock, and constellation draw-
ing.

Technical visits to the CAP/UFSJ (including activities in the
chemistry, physics and computations labs) seek to promote a
close interaction between students and university (CAP/UFSJ),
through a first contact with the campus environment. At this mo-
ment, it is sought to attract teachers and students to take interest
in the engineering courses offered by it. Visits are conducted in a
way that introduces visitors (teachers and students) to a physico-
chemical and computing contents that applies not only to the lab-
oratories but also to their daily life, in a playful and open space
so that doubts are healed (Fig. 2) . The university visit starts with
a one-hour tour in the company of the scholarship students and
volunteers of this program.

For the celestial planisphere workshop, a rotating celestial
planisphere is set up for the local latitude, showing the image
of the visible local sky at a certain time. The goal is to develop
a student’s creative ability, identify the constellations of the sky,
find the cardinal points and learn how to make and handle it. The

Figure 2. Technical visit to the computer (left) and
Biotechnology (right) labs. Source: Authors.

Figure 3. Celestial planisphere workshop held in 2016 at the
Comes to be Project (left). Planetary art workshops held in 2015
at the Arquidiocesano School of Ouro Branco (right) Source:
Authors.

Figure 4. Mercury transit observation carried in May 2016 (left)
and Black Holes Seminar, both carried out at the CAP/UFSJ.
Source: Authors.

activity carried out in a day has a duration of 2h, the attending
public encompasses all elementary school (Fig. 3).

For the planetary art workshop, the target audience is the 5th
to 9th-grade elementary school. The goal is to awaken students’
interest in astronomy through a model of the solar system which
planets are made from papier mâché. In reproducing the planets,
students are able to identify them, determine their main charac-
teristics and their location within the solar system (Fig. 3).

The observation of the sky aims to recognize some celes-
tial bodies in the sky (stars, planets, and clusters), identify con-
stellations using the Stellarium Software, and to learn how to
handle telescopes. Eventually, daytime observations such as the
Mercury transit was observed in 2016. This activity counts with
the support of the Amateur Astronomers of Ouro Branco and the
IFMG - OP project The Sky within Reach of Everyone (Fig. 4).

The seminars offered at CAP/UFSJ and schools aim to dis-
seminate scientific knowledge in Astronomy and Astrophysics
(Fig. 4).

The Astronomy and Astrophysics Introductory course for
senior citizens was offered in 2016, in partnership with the
Açominas Association of Retirees (AAA). The course lasts
for 12 hours, including topics on: Astronomy before the tele-
scopes; Modern telescopes and Instruments; The Solar System;
Stars: Measurements, Classification and Evolution; Stars: Birth
and Death, Interstellar Medium; The Milky Way; Galaxies and
Universe; Institutes and Research Laboratories in Brazil. The
course aims to satisfy the curiosity of people interested in
Astronomy, who did not have the opportunity to obtain such
knowledge during their school education.
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Figure 5. Number of medals obtained at the OBA event, for the
Livremente School, Batista School, and Arquidiocesano School,
from 2015 until 2017. Source: Authors.

3. Results

Our results consist mainly in the number of students and insti-
tutions attended by the program, as well as the analysis of the
students’ performance in the Brazilian Astronautics Astronomy
Olympics before and after participating in the monitoring.

During these three years, a total of 11 institutions were
attended: CAP/UFSJ, Arquidiocesano School, Batista Mineiro
School, Livremente Municipal School, Cônego Luiz Vieira da
Silva State School, Levindo Costa Carvalho State School, Pio
XII Municipal School, Raimundo Campos Municipal School,
and the Come and Be Project (all located in Ouro Branco town)
and the Narciso de Queiroz State School (located in Conselheiro
Lafaiete town).

In 2015, 360 people were assisted by our actions; 291 in
2016, and 748 in 2017. It can be seen that in a short period of
time the number of people supported by this program has dou-
bled in comparison with 2015.

From 2014 until 2017, three schools of Ouro Branco town
has participated in the OBA Olympic evaluation. They are
Arquidiocesano School, Batista Mineiro School, and Livremente
Municipal School, evidencing an expressive increase in grades
obtained for each school since the program’s beginning, as well
as the number of medals and the number of participants in the
OBA event (Fig. 6).

In 2014, 30 students subscribed to take the OBA test, and the
highest grade was 8.4; in 2015, 58 students registered, and the
highest result was 8.8; in 2016, 88 students took the test and the
highest grade was 9.0.

In 2017, the program reached the maximum of their results.
The Batista Mineiro School’s students got 4 gold, 2 silver, and
9 bronze medals, totaling 15 medals. The Livremente Municipal
School’s students obtained 5 bronze, and 3 silver medals. total-
ing 8 medals. The Arquideocesano School obtained 9 silver and
7 bronze, totaling 16 medals (Fig. 6). In addition, more than 60%
of the grades obtained were above the mean value required (Fig.
5).

In 2015 and 2016, 38 people aged 55 years old, participated
in the Astronomy and Astrophysics Introductory course for se-
nior citizens.

In 2017, 693 people were assisted by this program activities.
Four Schools, (2 private schools and 2 public schools) joined us
in our actions; 43% participated in the tutoring for the OBA;
21% participated in the workshops, 24% participated in the
seminars; 12% participated in the technical visit at CAP/UFSJ
University.

Besides, four lectures on Astronomy and Astrophysics were
given in 2017, titled Stars (taught by the scholarship students
of the project staff), Black Holes (taught by PhD T. Armond
- DEFIM/CAP/UFSJ – see Fig. 4); Galactic Archaeology: The

Figure 6. Grades obtained at the OBA event for the Livrement
School, Batista School, and Arquidiocesano School. Source:
Authors.

Search for the Oldest Stars in the Galaxy (by PhD S. Daflon -
National Observatory – RJ); Engineering in Astronomy (by PhD
V. Bawden - National Laboratory of Astrophysics).

During this program execution, it was verified that the private
schools obtained better results in the OBA event, then the public
schools. Possibly, it is due to a greater support of the school staff
and greater commitment with the delivery of the OBA’s grade
results to the program.

Concerning the public schools of the region, only one
was interested in the tutoring for the OBA event (Livremente
Municipal School, which had the participation of all their stu-
dents). The other public schools in the region only attended
workshops held throughout the year, since they were not will-
ing to participate in the tutoring action.

4. Conclusion

Since the creation of this program, it has been possible to ver-
ify the impact of their actions in the community, which shows
a quantitative increase of people interested in Astronomy and
Astrophysics, as well as an increase in the number of partici-
pants and medalists in the OBA event. The program provided
the opportunity for diffusion of new knowledge in Astronomy,
Astrophysics, Sciences, and Engineering, through seminars,
mini-courses, tutoring, workshops, and technical visits. It is
aimed, from now on, the optimization of the methods to pub-
licize its actions, and increase the number of people benefited by
this program.

172



K. B. V. Torres et al.: Astronomy in the alto paraopeba region

In a social context, for young students of a high level of so-
cioeconomic vulnerability, the actions proposed here gave the
possibility of a new perspective for a future academic study
(never thought before). Concerning students of private schools,
these actions constitute a different opportunity, among those al-
ready available for them.

Regarding the teaching of Astronomy and Astrophysics in
schools, it is noticed that the little-studied is in the curriculum.
Students have little knowledge about the theoretical basis of the
study, its importance in everyday life and also in the scientific
knowledge currently developed.

Through this extension program, the engineering students
(who worked as scholarship or volunteer holders) have the op-
portunity to put into practice the academic knowledge acquired,
verify the application of engineering in astronomy, organize sci-
entific events, workshops, and technical visits. Besides, they may
get abilities to teaching and didactic skills for high school and el-
ementary students.
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Abstract. The inclusion of Women in Science and Technology is an institutional extension project of the Federal University of São
João Del Rei — UFSJ (Alto Paraopeba Campus — CAP) which encourages young girls from 11 to 18 years-old to pursue careers
in the areas of Science, Technology, Engineering, and Mathematics. This project aims to show to young women the innumerable
possibilities of careers in any area of knowledge both in Brazil and abroad, valuing the woman and her untapped potential. In the
long run, this initiative aims to contribute to increasing the number of women in careers who are predominantly male and to better
exploit the worldwide intellectual capacity of women, which is currently wasted. This project is developed in the Minas Gerais State
(Alto Paraopeba region), more precisely in Ouro Branco and Congonhas historical towns, and has the cooperation of the international
NGO, Greenlight for Girls — G4G (Brussels, Belgium) since 2011. The actions comprise scientific visits of the project members in
public and private schools and the international annual event called Greenlight for Girls in Brazil, organized in partnership with the
Greenlight for Girls NGO. As a result of this project, it was observed that 25% of participants girls like to study exact sciences in
school, and less than 20% pretend to follow careers in science and technology areas. The testimonials of the participants evidenced
that there is still resistance by family members and teachers at schools in the entry of women in popularly male areas/careers.

Resumo. Inclusão das Mulheres nas Ciência e Tecnologia é um projeto de extensão da Universidade Federal de São João Dei
Rei — UFSJ (Campus Alto Paraopeba — CAP) que incentiva jovens de 11 a 18 anos a seguirem carreiras nas áreas de Ciência,
Tecnologia, Engenharia e Matemática. Este projeto visa mostrar às jovens as inúmeras possibilidades de carreira em qualquer área de
conhecimento tanto no Brasil quanto no exterior, valorizando a mulher e seu potencial inexplorado. A longo prazo, esta iniciativa
visa contribuir para o aumento do número de mulheres em carreiras que são predominantemente do sexo masculino e melhor
aproveitamento intelectual mundial, atualmente desperdiçado. Este projeto é desenvolvido no Estado de Minas Gerais (Região do
Alto Paraopeba), mais precisamente nas cidades históricas de Ouro Branco e Congonhas, em cooperação com a ONG internacional
Greenlight for Girls — G4G (Bruxelas, Bélgica) desde 2011. As ações compreendem visitas científicas dos membros do projeto
em escolas públicas e privadas e o evento anual internacional chamado Greenlight for Girls in Brasil, organizado em parceria com
a ONG Greenlight for Girls. Como resultado deste projeto, observou-se que 25% das meninas participantes gostam de estudar
ciências na escola, e menos de 20% pretendem seguir carreira em áreas das ciências e tecnologia. Os depoimentos das participantes
evidenciaram que ainda há resistência por parte de membros da família e professores em escolas no que se refere à entrada de
mulheres em áreas/carreiras popularmente masculinas.

Keywords. Teaching of Astronomy

1. Introduction

The representativeness of women in academic courses of com-
puting has been decreasing since 2001 (Oliveira, Moro & Prates
2014). According to the latest report released by the Brazilian
Computer Society (SBC), it can be observed that in 2015, in
computer courses, 14.65% of those registered are women, of
which 16% finished their studies. In an attempt to increase the
proportion of women in the STEM areas, including Information
Technology, there is a concern in several universities, develop-
ment institutions, and companies to create incentive measures
that promote the increase of the women representation in these
areas. Experts in the study of Gender and Science claim that the
factors which cause this reality are complex, but the most rele-
vant causes are the prejudice and discrimination subtly embed-
ded in the cultural conditioning of our premature society.

From the earliest years of schooling, girls are directed to the
care and human areas and are little encouraged to enjoy science,
which causes less concentration of women in scientific careers
and jobs (Olinto 2011; Oliveira & Salva 2010) . Prejudice about
the lack of cognitive abilities for scientific performance is one
of the most common arguments to justify women’s withdrawal
from scientific careers. The scarcity of appropriate role mod-

els prejudice over women’s intellectual abilities appears early
in childhood. According to Bian, Leslie & Cimpian (2017), girls
learn to underestimate their gender from the age of six when
they begin to associate people described as particularly intel-
ligent or exceptional to males. Other studies point out that the
social stereotype that men are better at math than women actu-
ally detracts from performance and undermines their (women)
interest in Science, Technology, Engineering, and Mathematics
areas (STEM).

These ideas accompany girls throughout elementary and
high school, as well as in the crucial phase of career deci-
sion. This panorama makes many of them ending up opting for
courses traditionally associated with a socially constructed fem-
inine vocation (caring and teaching) because it remains the idea
that women are not fit for careers in exact sciences. This has
negative consequences, encouraging the systematic devaluation
of the highly feminine professions in the labor market (Olinto
2011).

According to Klame, Whitney & Simard (2009), initiatives
undertaken for pre-undergraduate studies, involving activities
which enable contact with successful women in the computing
careers and technology, overturn myths and stereotypes asso-
ciated with them. Besides, it can provide accurate information
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about these areas for people who exert great influence on girls
(eg parents and teachers), it uses the potential of technology im-
pact as a form of motivation, and promotes the engagement of
female academic students and university teachers in works with
elementary and high schools.

In view of the above, this proposal intends to contribute
with actions beamed at increasing the number of women in the
STEM, from the contact of young girls with graduates female
students of the Campus Alto Paraopeba (CAP - UFSJ) engineer-
ing courses, teachers and professionals from Brazilian univer-
sities. It is also to show promising young women the innumer-
able career possibilities in any area of knowledge in Brazil and
abroad, valuing the woman, her latent potential and discussing
the difficulties of associating family, maternity and work in the
present day. The objective is also to attenuate the cultural condi-
tioning and enable access to information by all social classes, es-
pecially those less favored economically. Assisting and working
together with the school (Education) to change the social reality
of women (Society) is our goal. Education and society are about
cause and consequences bound because one is dependent on the
other.

Our efforts are to perform the Convention on the Elimination
of All Forms of Discrimination against Women (written in
1979 and coordinated after 2008 by the Office of the High
Commissioner for Human Rights in Geneva): (1) elimination of
any concept stereotyping of male and female roles at all levels
and forms of education; (2) assisting to eliminate discrimination
against women by ensuring equal rights to freely choose their
profession and employment; (3) the right to equal remuneration;
(4) the right to the same employment opportunities, as well as
the same evaluation criteria; (5) the right to equal treatment in
the workplace.

2. Methodology

An important component of our actions is the availability of fe-
male models (public and private sector professionals, undergrad-
uates female students of the CAP Engineering course) to give a
successful career perspective within the STEM areas for young
girls and their families (who will receive from their daughters
examples of successful citizens in their careers, especially those
in which the number of women is still small).

Thus, this project propose activities only for girls, which
provides an atmosphere of confidence in themselves and with
the project’s members. Scientific topics inherent in each area of
knowledge as well as women’s human rights and their intersec-
tions of social class and generation will be addressed.

The young girls are placed in a direct contact with female
undergraduate’s students of the CAP Engineering courses. This
contact provides (a) knowledge of the Sciences, Engineering,
Mathematics and Technologies recently developed by the teach-
ers/researchers members of this team; (b) understand the sym-
biosis between basic research (Science and Mathematics) and
applied research (Engineering and Technologies). (c) knowledge
of government programs to support overseas scholarship stu-
dents and foreign programs for emerging countries; (d) exchange
of information on the Brazilian and foreign labor market in the
STEM areas (e) discussions about the relationship between fam-
ily, work and maternity, highlighting the experiences of each
speaker in this regard; (f) the importance of knowledge of a lan-
guage as a channel for opening up possibilities of work and en-
richment. (g) and exchange of personal experiences.

The actions consist of (a) 3 scientific visit at participat-
ing schools, with themes involving the STEM areas, women’s
human rights, family, career, and motherhood aimed at young

Figure 1. Scientific visit at school. Source: authors

Figure 2. IV Greenlight for Girls in Brazil event.

women from schools of Ouro Branco and Congonhas - MG,
informing and encouraging them, in a fun and attractive way
to pursue a career in areas where there is a lack of women.
Workshops will be prepared by the UFSJ’s undergraduates fe-
male students; (b) activities developed at the CAP during the
Greenlight for Girls in Brazil event. The lectures and workshops
will be taught by public and private sector professionals and for-
eign lecturers (members of the international NGO Greenlight for
Girls).

Each participating school will be able to elect an coordinat-
ing teacher, that will be part of the project team, with the mission
to support the girls during the school year, informing the fami-
lies of the work done by the women, contributing to eliminate
the cultural conditioning, prejudices, and discriminations. The
coordinating teacher will be a facilitator and an important link
of communication between the UFSJ and the school. We chose
to include the possibility of a coordinating student since we ob-
served that few teachers adhere to this proposal and we felt it
was extremely necessary to have a project collaborator within a
school.

3. Results

After five years of activity, (2012, 2013, 2016, 2017 and 2018),
the project assisted 1111 girls, 23 female teachers,13 schools
at Ouro Branco and Congonhas towns (where 10 were pub-
lic schools and 3 private schools). Besides, it counted on the
collaboration of more than 20 undergraduate students of the
UFSJ/CAP and 23 women researchers of federal universities
in Brazil and 3 foreign lecturers, members of the international
NGO Greenlight for Girls.

Fig. 1 shows a scientific visit at one of the participating
school and Fig. 2 shows a picture taken during the IV Greenlight
for Girls in Brazil, held at CAP/UFSJ in november 2017.

From questionnaires filled by students during the first scien-
tific visit, it was possible to map their preferencing areas/careers.
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Figure 3. Preferred professions (by area of knowledge) by
boys and girls of schools participating in the project dur-
ing 2017. Maths and Natural Science: physics, chemistry,
math, and astronomy; Human Science: physiology and peda-
gogy; Agronomic and Veterinary Sciences: veterinary medicine
and agronomy; Applied Social Sciences: administration, ar-
chitecture, law, design, economics, and advertisement; Health
Sciences: nursing, medicine, nutrition, and dentistry; Others 1:
fashion designer, actress, fashion model, photography, perform-
ing arts, gastronomy, dancer. Others 2: soccer player and a po-
liceman. Source: IMCT project data, obtained by a questionnaire
answered by students of both sexes.

Based on our results in 2016, it was observed that 25% of
participating girls enjoy studying exact sciences, and less than
20% wants to pursue careers in Science and Technology areas.
Besides, 77% believe there are few women in those areas due
to lack of information, fewer opportunities in the labor market,
and to consider themselves less capable than men (Torres et al
2017).

Fig. 3 shows the results obtained by the project regarding
their preference for careers between boys and girls of participat-
ing schools in 2017. Our results are in agreement with those pro-
vided by correlated literature (Soares 2001; Torres et al 2017).
In this survey, only 11% of the participating girls preferred en-
gineering and computer science as a career. No girls choose ca-
reers in math and natural science, while 35% of them claimed
professions in biological areas. Moreover, it was noticed a lack
of incentive or support to study exact sciences in the fundamen-
tal and high school. It consequently affects their learning, as well
as make them feel disinterested and insecure in choosing a ca-
reer in that area, stating that the exact courses are "very difficult
and possible only to very smart people". These results evidence
a typical case of gender segregation in career choice (Fig. 3).

The girl’s drawings required during the first school visit in
2016 evidenced gender stereotypes in career choice. For some-
one who performs an engineering work, 82% of the partici-
pating girls drew men figures, attributing them characteristics
such as "good in making calculus, like mathematics, clever,
smart, and intelligent". For medicine, the participants attributed
the same feminine characteristics, but they drew men doctors.
Personalities related to the care, patience, and gently, which
are behaviors popularly associated with women, were present in
89% of the characteristics of persons exercising a nursing pro-
fession. Testimonials of the participants evidenced that there is
still resistance by family members and teachers to accept women
in male careers (Torres et al 2017).

Figure 4. Participants’ drawings (2016) for someone who per-
forms the nursing profession (top panel), medicine (middle
panel) and engineering (bottom panel). Source:(Torres et al
2017)

4. Conclusion

The actions proposed in this extension program have provided a
paradigm change for girls and the community contributing to the
reduction of the cultural conditioning of the society regarding the
choice of the career by women. This work evidenced that girls
are influenced by the gender stereotypes of our society (family,
school, and community), making it difficult to focus on subjects
of the exact sciences and professional future in these areas.
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Abstract. In this work we sought to verify the knowledge of students of a class from the first period of a Licentiate degree in Physics
of a federal teaching institution in the interior of Minas Gerais about planets and dwarf planets of the Solar System.The research
was set up as a case study and had the participation of 26 students who answered a questionnaire with six questions, among them
objective and discursive. A highlight in the research was the reclassification of Pluto as of 2006 by the International Astronomical
Union (IAU) and the dynamic character of Science in the perception of these students. The categorization by similarity of responses,
proposed by Bardin, was used as analysis methodology. Starting from the study of the answers it was noticed a great difficulty of the
students in answering some of the questions of research, appearing with this some alternative conceptions. It was realized that the
students had little knowledge about dwarf planets and did not fully understand the dynamic character of science.

Resumo. Neste trabalho buscou-se verificar, o conhecimento de estudantes de uma turma do primeiro período de um curso de
Licenciatura em Física, de uma instituição federal de ensino do interior de Minas Gerais, sobre planetas e planetas anões do Sistema
Solar. A pesquisa configurou-se como um estudo de caso e teve a participação de 26 estudantes que responderam um questionário
com seis questões, entre objetivas e discursivas. Um ponto destacado na pesquisa foi a reclassificação de Plutão a partir de 2006,
pela União Astronômica Internacional (IAU) e o caráter dinâmico da Ciência na percepção desses estudantes. Utilizou-se como
metodologia de análise a categorização por semelhança de respostas, proposta por Bardin. Com o estudo das respostas percebeu-se
uma grande dificuldade dos alunos em responder algumas das questões de pesquisa, surgindo com isso algumas concepções
alternativas. Percebeu-se que os discentes tinham pouco conhecimento sobre planetas anões e não entendiam bem o caráter dinâmico
da Ciência.

Keywords. Planets and satellites: general – Teaching of Astronomy

1. Introduction

It is common the presence of Astronomy contents in the National
Curricular Parameters (PCNs; BRASIL 2007) of Elementary
and Middle School, however, it is also common for students
to complete High School and to engage in a higher educa-
tion course without any contact with this subject (Langhi &
Nardi 2007), or for non-compliance with the national curricu-
lum suggested by NCPs in schools. Regarding to this problem,
this research involves a study, through a research questionnaire
composed of six objective and discursive questions, applied to
a group of students who are new to a Bachelor’s degree in
Physics. These students are from an IFET (Federal Institute of
Technological Education) in the interior of Minas Gerais, and
the research will have as its central theme the planets and dwarf
planets of the Solar System.

2. Objectives

To check the students’ knowledge and alternative conceptions
on the theme "planets and dwarf planets of the Solar System",
and still having the reclassification of the planet Pluto as a dwarf
planet in 2006 as an example, check if they perceive the dynamic
character of Science as a unfinished process and in constant evo-
lution of its concepts.

3. Methodology

This work is characterized as a case study because it involves
only a beginner group of undergraduates in Physics. A research

Figure 1. Representative graph of data collected from question 1.

questionnaire was applied with six questions being objective and
discursive. A total of 26 students participated in the study. The
analysis of the answers of the applied questionnaire was carried
out based on the techniques of content analysis, by categoriza-
tion (Bardin 2011).

4. Results and Discussions

Here we will present and discuss some of the answers given
by the students to the research questionnaire. The first question
of the work asked the students to list the names of the planets
that compose the Solar System. Figure 1 shows a graph with the
quantitative answers given to this question.
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Figure 2. Representative graph of data collected in question 2.

Figure 3. Representative graph of the answers given to question
five of the questionnaire.

It was observed that many students are unaware of the eight
planets of the Solar System and others still consider Pluto as
one of these planets, characterizing the previous version of 2006
model of the Solar System, composed of nine planets. In the
chart it was observed that only the planets Earth, Mars, Jupiter
and Saturn were remembered by all 26 students participating in
the research. Four students quoted Pluto as a planet, since it was
represented in the other item and presented as the most recurrent
alternative conception in this question. Question two asked stu-
dents to choose up to two sources of information about the Solar
System planets: (Internet, Internet and school, Youtube videos,
Books, Magazines, School). Figure 2 shows the graph with the
quantitative answers given to this question.

It is noticed that the majority of the students interviewed-
chose "Internet and school" and "Internet" as the main sources
of obtaining the concepts linked to planets of the Solar System.
Itwas observed that they mention school as source of obtaining
these concepts as the fourth in the order of choice. Question
five cited that Pluto is far away from the Sun and has its sur-
face covered with ice and therefore could be considered a comet
of the Solar System. In this question the student should know a
little about the definition and the main characteristics of a comet.
Figure 3 represents the quantitative answers given to this ques-
tion.

It was verified that the majority of the students did not an-
swer this question, certainly for not knowing the characteristics
that define a comet and with that to be able to differentiate it
from Pluto. Question six questioned students about their knowl-
edge of the dynamic character of Science. The case of reclassi-
fication of Pluto was used as an example. This was the question
with the lowest response rate, since only six students among the
twenty-six interviewed answered. Among the answers, all cited
developments in the areas of medicine and pharmacy.

5. Final Considerations

It was noticed that the students interviewed had difficulties in
answering questions related to planets and dwarf planets of the
Solar System, often ignoring these concepts or even mixing
them, confusing concepts of planet with "dwarf planet" or even
comets. Another concern was the lack of knowledge and in-
sight of the students regarding the dynamics of the nature of the
Sciences.
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Abstract. In this work, a survey was carried out in researches that present experimental practice as a tool for teaching astronomy in
schools, through a bibliographical review of the works published between 2011 to 2015 editions at the Simpósio Nacional de Ensino
de Física (SNEF). Among the main results obtained, it was verified that there was no significant increase in the number of proposals
that bring the experimental practice as a teaching method. In most cases, experimental practice was used as a demonstration tool for
a specific concept. In addition, it was verified that there are studies that seek to develop proposals that allow the inclusion of students
with visual and hearing disabilities.

Resumo. Neste trabalho, foi realizado um levantamento em pesquisas que apresentam a prática experimental como ferramenta de
ensino da astronomia nas escolas, através de uma revisão bibliográfica dos trabalhos publicados entre as edições de 2011 a 2015
do Simpósio Nacional de Ensino de Física (SNEF). Entre os principais resultados obtidos, verificou-se que não houve aumento
significativo no número de propostas que trazem a prática experimental como método de ensino. Na maioria dos casos, a prática
experimental foi usada como uma ferramenta de demonstração para um conceito específico. Além disso, verificou-se que existem
estudos que buscam desenvolver propostas que possibilitem a inclusão de alunos com deficiência visual e auditiva.

Keywords. Teaching of Astronomy – Publications – Bibliography

1. Introduction

In the last decades, there has been a considerable increase in the
academic work on the teaching of astronomy (Langhi & Nardi
2014). However, this increase does not imply that astronomy

teaching has become better or more efficient, but it does demon-
strate that this theme has gained ground in science education
research. This aspect can be explained by the incentive of the
teaching of astronomy contents present in official documents,
such as in the Parâmetros Curriculares Nacionais (PCN) (Brasil
1997), and PCN+ proposals (Brasil 2002).

Despite the efforts of researchers in this area to propose pos-
sible solutions to the problems of astronomy teaching, there is
still a gap between the results obtained and the effectiveness in
the classroom of these proposals for improvement. Among these
proposals, one has the use of practical activities to work on a
particular astronomy theme.

2. Main Goals

In this work we have realized a survey of the types of proposals
that bring the experimental practice as instrument for the teach-
ing of astronomy. In addition, the objective is to verify the nature
of the proposals of the experimental activities in relation to the
methodology used. Therefore, it was decided to carry out a bib-
liographic review in articles published in the years 2011, 2013
and 2015 at the Simpósio Nacional de Ensino de Física (SNEF).

3. Methodology

To simplify the presentation of the methodology, we elaborated a
diagram that shows the steps made during this study, in Figure1
we present this diagram.

Figure 1: Here we present the methodology by means of a diagram.

4. Results and Analysis

Table1 shows the number of papers selected for each of the an-
alyzed editions of the SNEF. In Figure 1 we have the analy-
sis of how these experiments are being proposed and what type
of approach is being used, where it was evaluated according to
the definitions proposed by the authors Araújo & Abib (2003).
These are the modality of demonstration, that of verification and
that of investigation.

When analyzing the graph of Fig.3, we can see a greater
occurrence of proposals with experimental approaches of the
demonstrative type, which can be explained by the fact that this
type of approach has a more simplified methodology, since its
main characteristic is to illustrate a certain physical phenomenon
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(a) (b)

Figure 2: Fig.2a shows the graph of the distribution of the verification activities that propose as a proposal the measurements of the angles of stars,
in relation to the total number of works found with this type of approach. In Fig.2b we have the relation of the proposals with inclusion activities.

Table 1: Distribution of analyzed articles

EDITION WORKS WITH PERCENTAGE
(year) ON EXPERIMENTAL (%)

ASTRONOMY ACTIVITIES

XIX (2011) 33 09 27
XX (2013) 39 09 23
XXI (2015) 44 10 22

Figure 3: Graph of the classification of the experiments

Figure 4: Graph of the distribution of demonstration activities.

that intends to be studied (Araújo & Abib 2003). However,
this type of approach can contribute more significantly to the
teaching-learning process of individuals, provided that a strat-
egy is adopted that allows students to hypothesize about the phe-
nomena that are being demonstrated. To do so, these proposals
should present a greater openness to discussions, being this type
of proposal defined as "Demonstrações do Tipo Fechadas" by
the researchers Araújo & Abib (2003).

However, when analyzing the methodology proposed in
these activities, it was verified that the majority presents a strat-
egy of experimental activity focused on the simple observation
of the phenomenon (Fig.4), In which most of the proposed activ-
ities were the use or preparation of a model of the solar system.
For the researchers Araújo & Abib (2003) this type of activity is
classified as "Demonstrações do Tipo Fechadas".

In relation to the verification activities, which has as main
characteristic the search for the verification or validation of a

physical law, or even the limits of validity of such law (Araújo &
Abib 2003), it was verified that the analyzed proposals have ap-
proaches that allow to the students only a verification of the phe-
nomenon that was being studied. So the topic covered in most
of the proposals was the measurement of angles in the celestial
sphere of some stars, such as the Moon and the Sun (Fig.2a).
So, only 3 articles were found that presented different themes,
with the following topics: the measurement of the polarization
of light; electromagnetic spectrum verification; verification of
the local value of gravitational acceleration.

In relation to the proposals that address experiments aimed
at the inclusion of people with disabilities, only 3 proposals were
found in all the analyzed editions of the SNEF. It is worth men-
tioning that these 3 proposals were also evaluated in terms of the
type of approach presented and were recorded in the previous
analyzes related to demonstration, verification and investigation
activities.

5. Conclusion

In this work, it was verified how the experimental activities for
the teaching of astronomy are being used. A decrease in the pro-
portion of articles of this nature was observed in relation to the
total number of works found (Table 1), which may be indica-
tive of a reduction in the interest of the authors in the use of
experimental practices for the teaching of astronomy. It was also
verified the preference in the use of the demonstrative approach.
However, practical activities may offer more to students than the
mere observation of a phenomenon, where other types of ap-
proaches must be explored that can contribute more significantly
to the process of teaching and learning of students.
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Abstract. The elegant activity Planetário de Pobre, proposed by Brazilian physicist Rodolpho Caniato, allows us to introduce a
series of astronomical concepts in a practical and highly educational manner. In this activity it is possible to incorporate the apparent
movement of stars and planets, including the Sun, as seen from anywhere on Earth at any moment of the year. It materializes
observations done by human beings from a remote past that at the same time instigated and enabled them to conceive different models
of the Universe throughout time. In our work, we are trying to broaden the array of basic concepts addressed by the introduction
of two elements that were not present on the original proposal of this activity. As presented below, introducing the zenith and local
meridian allow us to talk about, in an equally concrete manner, concepts like the rotation of the Earth and apparent and mean solar
day.

Resumo. A elegante oficina Planetário de Pobre, proposta pelo físico Rodolpho Caniato, permite a introdução de uma série de
conceitos astronômicos de forma prática e altamente didática. Nessa oficina é possível incorporar os movimentos aparentes dos astros,
inclusive do Sol, como vistos de qualquer lugar da Terra e em qualquer época do ano. Ela materializa as observações realizadas pelos
seres humanos desde um passado bastante remoto e que ao mesmo tempo os instigaram e permitiram que concebessem modelos de
Universo ao longo do tempo. Em nosso trabalho, buscamos ampliar o leque de conceitos básicos abordados através da introdução de
dois elementos não presentes na oficina originalmente proposta. Como apresentado a seguir, a introdução do zênite e do meridiano
local permitem abordar, de forma igualmente concreta, conceitos como rotação da Terra e dia solar verdadeiro e médio. Buscamos
assim, trazer à luz a potencialidade da oficina como instrumento didático para o ensino de conceitos básicos de Astronomia tão
presentes na vida escolar como na mídia em geral, com ênfase para a associação do que observamos com o que aprendemos e
ensinamos.

Keywords. Teaching of Astronomy – Earth movements – Celestial sphere

1. Introduction

In its initial concept the "Planetário de Pobre" (Caniato 1993)
has as a starting idea using a glass balloon, as shown in Figure
1 below, to represent the celestial sphere, seen from an outsider
perspective. The bottleneck materializes the rotation axis of the
celestial sphere and can be easily handled to depict the sky at dif-
ferent latitudes. We can also represent the horizon with the liquid
surface, celestial poles and equator and the ecliptic by outlining
the balloon, which can easily be decorated with stars from both
hemispheres of the Earth.

With this collection of elements, the activity acts as a power-
ful tool to give a concrete explanation about phenomena such as
the daily movement of stars, the apparent movements, daily and
annual, of the Sun, the seasons of the year and some coordinates
that determine the position of these objects.

Its application is an alternative way to learn these concepts
and can, at many times, be more elucidative than traditional ap-
proaches.

By adding new elements such as the zenith and local merid-
ian, we seek enhancing discussions brought by the original ac-
tivity and go a few steps further. These new elements will allow
to discuss other concepts also, related to the rotational and or-
bital movement of the Earth such as the non uniformity of the
Apparent Solar Time.

2. Development

The increased reach of this activity, "Planetário de Pobre",
comes from the incorporation of the two new elements: the
zenith and local meridian. However, as these elements must be

Figure 1. Overview on the original arrangement of the "Planetário de
Pobre" activity (Lucas Assis — PONTOCIENCIA).

used as references in our proposal, they needed to be fixed,
which means that they can not perform the daily movements as
other stars. Therefore, they can not be signed on the glass bal-
loon with the other elements already mentioned.

The solution we found at first was to incorporate an arching-
like wire that is steady right over the balloon, adding a small
twine tied to its highest point, representing both the local merid-
ian and zenith respectively, which does not allow them to partic-
ipate in the rotation of the celestial sphere.

This way we are able to discuss concepts associated to the ro-
tation of the Earth, as the culmination of celestial bodies and, for
example, the difference between time intervals of two consecu-
tive culminations of a star and of the Sun. We can go even further
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and discuss about the non-uniformity of a time scale based on the
Sun (Apparent Solar Time), the measure of solar time and the
concept of the Mean Solar Time that is the civil used approach,
as well as many others concepts.

3. Final considerations

By expanding the possibilities of exploring this activity it be-
comes simple, for example, to understand that the period of ro-
tation of the Earth is different from the one associated with the
concept of civil day (the one from the calendar). These aspects of
astronomical knowledge, as well as many others, though present
in our daily lives, are in general barely known, in a way that is
practically imposed a misbelief that "a day" corresponds to "a
rotation of the Earth".

The positive answer received from students as for the ap-
plication of the activity provides us with great expectation for
future reproductions of it, perfecting the adaptation of the "local
meridian and zenith" and deepening into its resources.
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Abstract. The proposal of this work is result of reflections, questions, readings and, above all, the intention to contribute with
teaching and dissemination of Astronomy in general and particularly the Seasons of the Year. It is not the goal of the present essay,
in any case, to criticise anyone or contents of a particular text, website or any material of scientific outreach. It is simply an invitation
to extend the horizons of these reflections and refine our statements when we teach or just talk about Seasons of the Year.

Resumo. A proposta desse trabalho resulta de reflexões, questionamentos, leituras e acima de tudo da intensão de contribuir com o
ensino e divulgação da Astronomia em geral e, particularmente, das Estações do Ano. Não objetivamos no presente ensaio, criticar
quem quer que seja ou o conteúdo de um determinado texto, “website” ou material de divulgação científica. Trata-se simplesmente
de um convite para estender os horizontes dessas reflexões e refinar nossas afirmações quando ensinamos ou simplesmente falamos a
respeito das Estações do Ano.

Keywords. Seasons of the year – Earth movements – Solstices – Equinoxes

1. Introduction

In spite of the theme Seasons of the Year be constantly present in
science and geography classes and textbooks, Astronomy books,
in academic texts aimed at teaching astronomy, in a large num-
ber of texts on the internet and in the media in general, there are
many students, teachers and people in general, who do not seem
to understand this phenomenon in all its extension and some of
them may have not reflected enough about it. Although the gross
error of explaining this phenomenon according to the variation
of the Earth-Sun distance throughout the year is less present in
schools and textbooks, there are still inaccuracies, subtle mis-
understandings or simply approaches that induce errors that are
perpetuating and can be found abundantly. In this case, however,
it does not seem to be a great misunderstanding, but rather a lit-
tle carelessness in using a more accessible or confusing language
between what has been taught and learned. Our aim is simply to
make explicit and draw attention to some of these subtle points
that constitute errors or induce conceptual errors when dealing
with the theme Seasons of the Year. We also suggest, with our
proposals, some directions or ways to approach the theme. We
hope, at least, to awake in our colleagues, some concern and re-
flection on this topic and even, possibly, with respect to other
concepts rooted and that seem totally well understood and as-
similated. The following topics illustrate our reflections about
some questions and present some suggestions on this subject.

2. Definition

What are the Seasons of the Year?
Are the Seasons of the Year the cyclical changes of the me-

teorological variables or are they a consequence of this phe-
nomenon? If the Seasons of the Year are the cyclical changes of
the meteorological variables does it mean to say that: the Winter
in the southern hemisphere in 2018, for exemple, began on June
21 at 07h 07min; in July, we are in the coldest season of the year
in Brazil. In other words, can we say that it is Winter across all
country? Or even, do we have four Seasons of the Year? Do the
Seasons of the Year depend on where we are?

Proposal:
The Seasons correspond to four distinct periods of total so-

lar irradiation which the Earth passes through over a year. In
each of the four seasons the total solar irradiation difference
between both hemispheres of the Earth increases or decreases,
passing through zeros, maxima and minima, sometimes favour-
ing one hemisphere, sometimes favouring the opposite hemi-
sphere. They begin and end when our planet is on one of four
remarkable points of its orbit: solstices and equinoxes.

3. Causes

Is the cause of the Seasons of the Year the inclination of the
Earth’s rotation axis relative to the plane of its orbit around
the Sun (ecliptic)?

If the Earth’s rotation axis were not tilted relative to the eclip-
tic, as it is roughly the case of Uranus, would we have Seasons of
the Year or not? If the Earth’s rotation axis were perpendicular
to the ecliptic, as, approximately, is the case of Jupiter, would we
have Seasons of the Year or not? Do cyclical changes in weather
patterns depend only on the inclination between Earth’s rota-
tional and translational movements? Do the Seasons of the Year
occur because of the variation at the distance between the Earth
and the Sun? Does the variation of this distance not explain the
seasons only because it is too small?

Proposal: The Seasons of the Year are a consequence of
the inclination between the rotational and translational move-
ments of the Earth. Or, in other words, they occur due to non-
perpendicularity of the axis of rotation of the Earth in relation to
the plane of its orbit around the Sun.

4. Graphic representation

Is Figure 1 below a good strategy to show the beginning and
the end of Winter and Summer?

Is the scale a problem? Is the exaggerated "ellipse" a prob-
lem? Do Winter and Summer begin in perihelion or aphelion?

Proposal:
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Figure 1. Usual graphic representation of the Earth on the vertices of
the elipse at the solstices.

Of course, we must always be aware of the problem of repre-
sentation and scale, but above all, we do not suggest to place the
Earth at the vertices of the ellipse at the beginning of Winter or
Summer to avoid inducing the misconception that these seasons
are associated with the perihelion and aphelion.

What about Figure 2?

Figure 2. Representation of the Earth outside the vertices (perihelion
and aphelion) of the ellipse at the solstices.

Why not Figure 3?

Figure 3. The same representation of Figure 2, but now, with the
Earth’s rotation axis in a "vertical" direction.

5. Final considerations

At the present essay we tried to draw attention and discuss some
aspects related to the theme Seasons of the Year where we find
inaccuracies that become more relevant in view of the great
frequency with which they appear. They are subtleties that in-
duce errors, which confuse and contribute negatively to the good
teaching of Astronomy.

We believe that in most cases it is carelessness or lack of
reflection. Another possible cause is because many authors of
texts may have consulted directly or indirectly the same sources
that for some reason already presented these inaccuracies.

In one way or another, we are dealing with a relevant fact
that involves the fidelity of how an important scientific concept
is translated into a simpler language.

The seasons of the year are a very rich theme that can and
should be approached and explored more carefully. Its good un-
derstanding is possible for everyone. Such inaccuracies in many
other domains can be also frequent and in this sense this work
should serve as a warning to alert researchers to be always care-
ful about others "very well known" subjects.
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The Earth-Moon Distance Through Parallax in Basic Education
Strategies for Physics Teaching
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Abstract. In this work we present a classroom strategy to approach the concept of parallax and the procedures to calculate distances
in Astronomy for high school students, relating these concepts with those learned in Physics at this level. We used images of the
Moon in total eclipse photographed simultaneously from Montreal (Canada) and Selsey (UK), and aligned using stars in the field.
We present a procedure using the DS9 software. Based on the average angular size of the lunar disk, we measure the relative angular
displacement of the Moon among the stars of the field, when observed from these different cities, students are encouraged to obtain
the trigonometric parallax of the Moon. From the parallax we calculate the distance between Earth and Moon. The students involved
obtained the Earth-Moon distance from the parallax in real measurements, directly and with inaccuracies lower than 10%.

Resumo. Neste trabalho nós indicamos uma estratégia de sala de aula para apresentar o conceito de paralaxe e os procedimentos para
calcular distâncias em Astronomia para estudantes do ensino médio, relacionando esses conceitos com aqueles aprendidos em Física.
Nós usamos imagens do eclipse total da Lua fotografadas simultaneamente de Montreal (Canada) e Selsey (Reino Unido), alinhadas
por meio de estrelas visíveis. Com base no tamanho angular médio do disco lunar, medimos o deslocamento angular relativo da Lua
entre as estrelas do campo, quando observada destas diferentes direções, estudantes determinaram a paralaxe trigonométrica da Lua.
Da paralaxe nós calculamos a distância entre a Terra e a Lua. Os alunos envolvidos obtiveram a distância da Terra à Lua a partir da
paralaxe em medidas reais, de forma direta e com imprecisões inferiores a 10%.

Keywords. Astronomy – Angular distance – Earth-Moon – Education

1. Astronomy in Basic Education

Astronomy teaching in High School may be a strategy to
rise the student curiosity about phenomena that allow the ba-
sic understanding of the technologies used in the space con-
quer (BRASIL, 2002). Among the basic question that involves
Physics one of them is the procedure to measure distances in
Astronomy. The determination of linear distances and sizes in
Astronomy is, in most cases, according to angular measurements
made in the sky and whose relations are important to be explored
with the young students. The most important example of this
type of relation is the case of trigonometric parallax. The same
triangulation which is learned in geometry to measure distances
of objects on Earth allows it to obtain much greater distances
(Figure 1).

2. Educational Objectives

General objectives: Construct a didactic sequence to determine
the Earth-Moon distance and correlate the subject with Physics
and Mathematics in an interdisciplinary way.

Specific Objectives: Conduct a discussion with the students, in-
volving the problem situation and present a short video about the
distances in the solar system; To compare the stellar fields about
two images of the Moon taken during a lunar eclipse observed
from two different cities: Montreal (Canada) and Selsey (UK);
Find, through the parallax method, the angular distance between
the Moon positions observed from Montreal and Selsey, using
the DS9; Elaborate and fill in a chart with the observational data;
Explain how to calculate the distance between Earth and Moon;
Compare the values found with the values of the specific litera-

Figure 1. Geocentric Parallax where two observers at different
positions of the Earth observe the Moon in different positions of
the sky in relation to the background of stars.

ture and with those of the other groups; Discuss the experimental
difficulties observed in the usage of the DS9 program and how
they may have affected the results; Awaken curiosity through the
questions involving the Astronomy study.

3. Proposed Activity and Classroom Strategies

First lesson: Building Links: In this lesson, beyond the presen-
tation of the theme and videos that involve Astronomy and dis-
tances in the celestial space, students make a practical demon-
stration based on Figure 2, to introduce the concept of parallax,
obtaining the angular distance among the apparent positions of
the object which is in the middle of the classroom; Next, the dis-
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Figure 2. Parallax identification through the apparent positions of
an object observed by each eye (one at a time) of the observer.

Figure 3. Measuring the pixel distance between the two images
using the ruler tool for the observed positions of the eclipsed
Moon from Montreal and Selsey.

tance X is calculated, using the distance between the eyes in the
calculations;

Second lesson: Using the DS9 for determining the Earth-Moon
distance The DS9 software, a professional program developed
for visualization and analysis of astronomical images, mainly
in the FITS (Flexible Image Transport System) format, is used
to determine the trigonometric geocentric parallax. We used the
images of Moon eclipses seen from Montreal (Canada) and
Selsey (UK). These observations were recorded by Lawrence
et al (2004) on December 6, 2004. The observations were ad-
equately adapted and made available by Scarano Jr (2017). To
execute the activity you must install the DS9 program through
SAOImage and then import the files from the Moon images to
the DS9 in Scarano Jr (2017) webpage. The data obtained with
the program must be recorded in the data table, which will pro-
vided to the students in the third class.To execute the activity stu-
dents import the images to DS9 SAOImage. The data obtained
with the program were recorded in the data table, which will be
presented by the students in the third class.

Using the equivalence between the angular diameter of the
Moon (obtained in pixels in DS9), and its apparent average value
in degrees, of 0.52 degrees (Oliveira Filho & Saraiva 2013) and
the value obtained by the ruler for the parallax in pixels, just use
the simple rule of three to get the parallax (p) in degrees;

p =
dDS 90, 52

2RL
(1)

Third lesson: Calculation of the Earth-Moon distance and
analysis of its results Students present their calculations and
compare the values found with the specific literature values (pre-
sented by the teacher) and those of the other groups; The class
should discuss the experimental difficulties encountered in us-
ing the DS9 program and how they may have affected the re-
sults; This meeting is finalized with the debate on the question
presented in the first lesson, involving the interaction forces be-
tween the celestial bodies and the relation with their distance,
through the Universal Gravitation Law; To calculate the angular

Figure 4. Measuring the pixel distance between the two images
using the ruler tool for the observed positions of the eclipsed
Moon from Montreal and Selsey.

distance between Montreal and Selsey, we used the θ = dMS /RT
where θ is the arc measuring the angular distance, in radians, be-
tween Montreal and Selsey; dMS is the distance between cities
(Selsey and Montreal) in km; RT is the Earth’s radius, in km.

To calculate the angle q and angle p, we consider the follow-
ing data defined as Selsey-Montreal distance: dMS = 5.218 km
and Earth’s radius: RT = 6.370,0 km (Oliveira Filho & Saraiva
2013, p.118).

Through the triangulation method, we calculate the distance
between Earth and Moon, according to Figure 4.

4. Results and Application

This activity was applied to four classes of professional mas-
ter degree in Physics teaching (MNPEF - Polo 11).The results
obtained had less than 10% of imprecision. The astrometric cal-
ibration of the images, uncertainties in the measurements using
the DS9 program, inaccuracies in the manipulation of the DS9
tools, the approximations of values used as reference for the dis-
tance between Montreal and Selsey, for the Earth’s radius, for
the angular diameter of the Moon and for the distance between
the Earth and the Moon were some discussed points in the anal-
ysis of the results. The distance between the Earth and the Moon
is the first step that allows us to answer the stimulating question
about the man’s travel time to the Moon, but does not respond to
it completely. This is a hook for a next step to be given, exploring
the concept of velocity by the average velocity escape.
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Experience with the Directory of Teaching of the Region of Mauá [DERM]
Orlando Rodrigues Ferreira1 & Marcos Rincon Voelzke1

1 Universidade Cruzeiro do Sul, São Paulo/SP, Brazil; e-mail: astromovel@ig.com.br, mrvoelzke@hotmail.com.br

Abstract. Report’s experience of the course Translation of scientific knowledge: Continuing education and training in Astronomy
and affiliated sciences for teachers, offered to 22 teachers of the Directory of Teaching of the Region of Mauá [DERM], of the
Secretary of Education of the São Paulo State, Brazil.

Resumo. Relato de experiência do curso Translação do conhecimento científico: Educação continuada e capacitação em Astronomia
e ciências afins para professores, oferecido para 22 professores da Diretoria de Ensino da Região de Mauá [DERM], da Secretaria de
Educação do Estado de São Paulo , Brasil.

Keywords. Astronomy – Capacitation – Teachers

1. Introduction

On May 10 2016, the author Ferreira carried out activities on
Astronomy and affiliated sciences for 196 teachers of the ju-
risdiction of the Directory of Teaching of the Region of Mauá
[DERM], attending teachers from state schools of municipali-
ties of Mauá, Ribeirão Pires, Santo André, São Caetano do Sul,
Suzano, Rio Grande da Serra and São Paulo, from the areas
of Chemistry, Mathematics, Physics, Geography, Pedagogy and
Sciences. At the time, they filled out the Prospective Sheet about
Teachers with information on profiles, formations, teaching, etc.
and to verify who was interested in participating in a more com-
prehensive training course, with 117 [59.7%] expressing favor-
ably.

2. Development

Twenty-two teachers were enrolled to take part in the 40 hours
course Translation of Scientific Knowledge: Continuing edu-
cation and training in Astronomy and affiliated sciences for
teachers, between October 8 and December 10 2016, prepared
and taught by the author Ferreira, as program [Table 1] es-
tablished in a project forwarded (São Paulo 2016a) and ap-
proved (São Paulo 2016b) by Secretary of Education of the São
Paulo State and applied to the DREM Knowledge Network. On
November 11 2016, five hours of technical visits were held at the
Astronomical Pole of Amparo, of the Sphaera Planetaria Ltd.,
guided by Ferreira and with the collaboration of Prof. Francisco
Pereira de Figueiredo, developing didactic and pedagogical ac-
tivities in the Planetarium "Prof. Romildo Póvoa Faria", solar
observations with filters for integral light and Hydrogen Alfa [H-
α], lecture on the theme Curious Sun and telescopic observations
of celestial objects of the occasion.

3. Prospecting of previous and subsequent knowledge

In the first class, on August 10 2016, a questionnaire was ap-
plied with 50 questions [optatives, opinionateds and discursives]
for the prospection of the previous knowledge of the cursists and,
in July 1 and August 12 2017, respectively 203 and 245 days of
the end of the course, another questionnaire with 48 questions

about the later knowledge, aiming to collect data to the analy-
sis of the teachers cognitive evolution from Ausubel educational
psychology (Ausubel, Novak Hanesian 1981). Also on July 1
2017, a technical visit was made to the Observatory "Abrahão
de Moraes" [OAM]/IAG-USP, in Valinhos/SP-Brazil, guided by
Prof. Dr. Ramachrsina Teixeira, and also the second techni-
cal visit to the Astronomical Pole of Amparo, in Amparo/SP-
Brazil, this time also contemplating activities in the ecological
trail and terrarium workshop ministered by Prof. Luiz Gustavo
dos Santos, thus associating Astronomy with the environment.
Therefore, there were an additional ten hours, totaling 50 hours
of course, that is, 25% beyond the 40 hours preliminarily estab-
lished.

4. Conclusion

The data collected are being plotted and analyzed for later to
verify the occurrence or not of the significant learning regarding
the knowledge gained by the teachers, however, considering also
the simple transposition, conception that the authors calls the
Translation of Scientific Knowledge.

Class Theme
1 - Presentation of the course [August 8 2016] and comple-

tion of the Free and Informed Consent Term.
- Presentation of the Pedagogical Commitment and the
Class Schedule.
- Application of the previous knowledge questionnaire on
Astronomy and related sciences.
- History and Philosophy of Astronomy and Science.

2 - Translating scientific knowledge to common knowledge:
moving from basic Astronomy research to Education and
Teaching.
- STS-Astro: Astronomy in the focus of Science,
Technology and Society (Ferreira & Voelzke 2012).
- Scientific literacy.

3 - Light polluition.
- Satellities and space debris.

4 - Astronomical measurements and standarts.
- Position Astronomy/Astronomical Geography.
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5 - Solar System.
- Earth-Moon system.
- Selene fecund: the history of the conquest of the Moon.

6 - Movements of the Earth; Earth and seasons.
- Solars and lunars eclipses.

7 - Technical visit [November 26 2016] to the Astronomical
Pole of Amparo, in Amparo/SP-Brazil, of the Sphaera
Planetaria Ltd.

8 - Asteroids and comets.
- Meteoroids, meteors and meteorites (Danger comes from
space: Impacts with Earth).
- Astrobiology and exoplanets: probabilities of life in the
Universe.

9 - Cosmology: nebulae, stellar evolution, stellars clusters,
galaxies and the Universe.

10 - Astronomy and related sciences in the National
Curricular Parameters for Fundamental Teaching [PCNEF
I and II], National Curricular Parameters for Medium
Teaching [PCNEM and PCN+], Curricular Proposals of
the State of São Paulo/Brazil and the National Curriculum
Base Common [BNCC] of the Brazil [the acronyms in
portuguese].
- Astronomy in didatics and paradidatics books: corrects
and errors.

11 - Astronomicals softwares.
- Astronomical workshop: Celestial Rotating Planisphere.

12 - Tecyhnical visit [July 1 2017] at the Observatory
“Abrahão de Moraes” [OAM]/IAG-USP, in Valinhos/SP-
Brazil, with the lecture Gaia: a new age of Astronomy
of the Universo in three dimensions, by Prof. Dr.
Ramachrisna Teixeira, director of OAM; presentation of
the structure, equipments and scientific and educational
activities of OAM.
- Technical visit and activities [July 1 2017] at the
Astronomical Pole of Amparo, in Amparo/SP-Brazil, with
observations of the Sun with filters for integral light and
H-α; sessions in the Planetarium “Prof. Romildo Póvoa
Faria”; ecological trail and terrarium workshop guided by
Prof. Luíz Gustavo dos Santos, demonstrating the envi-
ronmental the ecological aspects of the region integrated
with the Astronomy; recognition of the sky without sight;
telescopic observations of the Moon, Jupiter, Saturn and
stellars clusters.

13 On July 1 and December 12 2017, application of the ques-
tionnaire of the subsequent knowledge of the teachers par-
ticipating in the course.

Table 1. The themes of the course Translating scientific knowl-
edge: continuing education and training in Astronomy and af-
filiated sciences for teachers, developed and taught by Ferreira
to teachers from the jurisdiction of the Directory of Teaching of
the Region of Mauá from October 8 to December 10 2017, July
1 and August 8 2017.
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Abstract. The teaching of Astronomy in basic education is a theme that is present in the governmental directive documents. The
present work aims at the prospecting of the previous knowledge on Astronomy, of the incoming students in the Integrated Technical
Education to the Middle of the Technical Schools of the Centro Paula Souza. Therefore, a previous objective questionnaire was
applied with five alternatives each, specifically addressing the Sun-Earth-Moon system, referring to Astronomy topics to Elementary
School and early High School in students from public and private schools. After quantitative analysis, the data showed a satisfactory
prior knowledge about the evaluated subject, confirming a satisfactory background by the students, enabling a more in-depth work on
Astronomy with interdisciplinarity with other areas of knowledge, paving the way for a more in-depth study on the subject.

Resumo. O ensino de Astronomia na educação básica é tema que se faz presente nos documentos diretivos governamentais. O
presente trabalho objetiva a prospecção dos conhecimentos prévios sobre Astronomia, dos alunos ingressantes no Ensino Técnico
Integrado ao Médio das Escolas Técnicas Paulistas do Centro Paula Souza. Para tanto, aplicou-se um questionário prévio objetivo
com cinco alternativas cada, abordando especificamente o sistema Sol-Terra-Lua, referente a tópicos de Astronomia da Educação
Básica Fundamental (nível II) e iniciais do Ensino Médio, em alunos oriundos de escolas públicas e particulares. Após análise
quantitativa, os dados mostraram um conhecimento prévio satisfatório sobre o tema avaliado, constatando um embasamento
satisfatório trazidos pelos alunos, viabilizando um trabalho mais aprofundado relativo à Astronomia com interdisciplinaridade com
outras áreas do conhecimento, abrindo caminho para um estudo mais aprofundado sobre o assunto.

Keywords. Teaching of Astronomy

1. Introduction

The work was carried out in March 2018, aiming at the
prospecting of the previous knowledge on Astronomy of the
students entering the Technical Education Integrated to the
High School (TEIHS), in the discipline of Physics of the São
Mateus Technical School, of the Centro Estadual de Educação
Tecnológica Paula Souza (CEETPS), in São Paulo/SP. It was ap-
plied a questionnaire with basic contents referring to Astronomy
topics in Basic Education (BE), according to the Parâmetros
Curriculares Nacionais - PCN (BRASIL, 1998), to students
entering high school from state, municipal and private public
schools of the eastern district of São Paulo, aiming to deepen
the theme for the preparation of students at the 22nd Brazilian
Astronomy and Astronautics Olympiad (BAAO) in 2019.

2. Development

It was used a previous questionnaire containing ten objec-
tive questions with five alternatives each, on topics related to
Astronomy and focusing specifically on the Sun-Earth-Moon
system, concepts of stars, planets and galaxies (Table 1). During
the application of the questionnaire it was not allowed the use of
advisory material and communication between the students, to
guarantee a better quality in the results.

1. How many natural satellites does the Earth have?
2. The Solar System is made up of how many planets?
3. How many stars are there in the Solar System?
4. The Moon is responsible, among other things, for:
5. The seasons of the year occur due to:
6. What is the name of our Galaxy?

Figure 1. Graph of the number of students for questions marked
correct. Source: Pinto, N. R.

7. Have their own light:
8. Of the planets below they received probes or other objects of

investigation:
9. Galileo was the first to observe the stars using:

10. The planets, like the earth, are:

3. Results

After correction and analysis of the responses, the results pre-
sented in the graphs of Figures 1 and 2 were obtained.
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Figure 2. Gaussian sampling with a standard deviation of 1.5. I
= unsatisfactory; R = Regular; B = Good; MB = Very Good.
Source: Pinto, N.R.

The graph shows a satisfactory prior knowledge of the students,
on the evaluated subject.

The curve provides the cumulative normal distribution of hits,
with criteria for evaluation by track and not by grade, measured
by competence, where X = 6, 3.

4. Conclusion

The data show that there is a satisfactory foundation brought by
the students, thus enabling a more in depth work on the subject
of Astronomy and that can collaborate for a more dynamic, at-
tractive and meaningful learning (2), allowing the insertion of
technological tools and games that provide the interdisciplinar-
ity of Astronomy with other areas of knowledge.

In the preliminary phase for the Professional Master’s Degree in
Science and Mathematics Education, the work will continue as
a research for further development.
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