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A multiwavelength study of the OH megamaser galaxy
The cases of IRAS16399-0937, IRASF23199+0123, IRAS03056+2034 and
IRAS11506-3851
Dinalva A. Sales1 , Andrew Robinson2 , Rogemar Riffel3 , Hekatelyne Carpes3 , Jack Gallimore4 , Preeti Kharb5 , Thaisa
Storchi-Bergmann6 , Chris O’Dea7 , Stefi Baum7 , & Lara Gatto1
1
2
3
4
5
6
7

Instituto de Matemática, Estatística e Física, Universidade Federal do Rio Grande, Rio Grande 96203-900, Brazil
e-mail: dinalvaires@gmail.com,laragatto01@gmail.com
School of Physics and Astronomy, Rochester Institute of Technology, 84 Lomb Memorial Drive, Rochester, NY 14623, USA
e-mail: axrsps@rit.edu
Department of Physics, Bucknell University, Lewisburg, PA 17837, USA e-mail: jack.gallimore@bucknell.edu
National Centre for Radio Astrophysics, Pune University Campus, Pune, India e-mail: preeti.kharb@gmail.com
Departamento de Física, Universidade Federal de Santa Maria, Santa Maria, RS, Brazil
e-mail: rogemar@ufsm.br,hekatelyne.carpes@gmail.com
Departamento de Astronomia, Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil e-mail: thaisa@ufrgs.br
University of Manitoba, Winnipeg, MB R3T 2N2, Canada e-mail: odeac@umanitoba.ca, Stefi.Baum@umanitoba.ca

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
6
discovered that IRASF23199+0123 hosts a Seyfert 1 nucleus, with a black hole mass of MBH = 3.8+0.3
−0.2 × 10 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
6
MBH = 3.8+0.3
−0.2 × 10 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 undergoing strong interactions or mergers. The most luminous systems,

ultra-luminous infrared galaxies (ULIRGs), have quasar-like luminosities (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 starbursts 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 luminous 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 embedded 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 associated processes (dust obscured star formation and black hole
growth) over a wide redshift range (e.g., Lo 2005, and references therein). Moreover, studies of local OH megamaser galaxies (OHMG) seem likely to provide important insights into processes 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 interferometric 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
100

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), narrow (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 individual images using the IRAF task lacosim (van Dokkum 2001).
Standard IRAF tasks were used to yield the final reduced images (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
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level subtraction, flatfielding, trimming and wavelength calibration. We used the CuAr arc lamps as reference in order to apply 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 resolution 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 band pass− f ilter.pro2 .
The filtering process does not change the angular resolution of
the data and all measurements presented in the forthcoming sections were done using the filtered cube.

3. Results and discussion
Figure 2. Fits to the 0.4 − 500µm spectral energy distributions
of the North nucleus of IRAS16399-0937. The symbols with error 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 models (orange band, Silva et al. 1998), the ISM dust + PAH models (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 (700 )
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 observations 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 deconvolved using the Cotton-Schwab variant of the CLEAN algorithm. Imaging included simultaneous deconvolution of neighboring 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 (GMOSIFU, 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 5.00 0×3.00 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 routines of IRAF. The basic steps of data reduction comprise bias

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 ∼ 600 (3.4 kpc) and have previously been identified based on optical spectra as a Low
Ionization Nuclear Emission Line Region (LINER) and starburst 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 somewhat 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 northeastsouthwest 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 complexes. 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).

Figure 5. Flux maps for Hα (left), [N ii]λ6583 (left) emissionlines of IRAS03056. The green circle delimits a ring where we
have extracted a spectra in order to characterize the star formation. The blue circles labelled as N, A and B represent the circular regions where were extracted spectra shown in Fig. 5 of
Hekatelyne et al. (2018b). The color bars show the fluxes in logarithmic units of erg s−1 cm−s spaxel−1 (image from Hekatelyne
et al. 2018b).
zoomed image shows a strip of emission that extends from 100
north to 100 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 southeast 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 1.00 5 north and another at 1.00 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 radius 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

3.8+0.3
−0.2

which we derive a black hole mass of MBH =
× 10 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, supporting 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 association with the active nucleus and its interaction with the surrounding gas. The gas velocity field can be partially reproduced
by rotation in a disk, with residuals along the north-south direction being tentatively attributed to emission from the front walls
of a bipolar outflow (see Hekatelyne et al. 2018a).
6

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
102

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 classified 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 IRAS115063851 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, respectively. 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.
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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 better 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 starburst activity. We have obtained HST/ACS continuum and emission 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 extending 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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