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Abstract. In this project, we used a new approach in order to understand which physical processes are the main responsible for
quenching star formation in galaxies and how these processes can be related to galactic morphological evolution. Our methodology
consists of the determination and analysis of Star Formation Acceleration – SFA – as a function of morphology, for different color
bins. Briefly, the SFA can be interpreted as the time derivative of the star formation rate, allowing for the identification of cases of
bursting or quenching for the past 300 Myrs. Our main sample comes from Sloan Digital Sky Survey Data Release 12 combined
with and Galaxy Evolution Explorer, from which we obtained photometric and spectroscopic information, for the local Universe
(0.020 ≤ z ≤ 0.120). For morphological classification, we used a combination of Galaxy Zoo and a catalog based on Deep
Learning technique, with 22, 757 spirals and 5, 535 ellipticals. Our results show, with statistical support, that spirals and ellipticals
have different SFA average values in the green valley region, with elliptical galaxies showing higher averages for transitional color
bins. This result conforms to the scenario where major merger plays an important role in galaxy evolution, not only quenching star
formation in a smaller time scale but also playing a role in morphological transformation.
Resumo. Neste projeto, usamos uma nova abordagem para entender quais processos físicos são os principais responsáveis pela
cessação da formação estelar nas galáxias e como esses processos podem estar relacionados à evolução morfológica galáctica.
Nossa metodologia consiste na determinação e análise do Star Formation Acceleration - SFA - em função das morfologias, para
diferentes bins de cores. Resumidamente, o SFA pode ser interpretado como a derivada temporal da taxa de formação estelar,
permitindo a identificação de casos de cessação ou surto da mesma nos últimos 300 Myrs. Nossa amostra principal vem do Sloan
Digital Sky Survey Data Release 12 combinado com e Galaxy Evolution Explorer, do qual obtivemos informações fotométricas e
espectroscópicas, para o Universo local (0, 020 ≤ z ≤ 0, 120). Para a classificação morfológica, nós usamos uma combinação
do Galaxy Zoo e um catálogo com classificação morfológica baseada na técnica de Deep Learning, com 22.757 espirais e 5.535
elípticas. Nossos resultados mostram, com evidências estatísticas, que espirais e elípticas têm diferentes valores médios de SFA na
região do vale verde, com galáxias elípticas mostrando médias mais altas para bins de cores de transição. Este resultado está de
acordo com o cenário em que grandes fusões desempenham um papel importante na evolução das galáxias, não apenas cessando a
formação estelar em menores escala de tempo, mas também desempenhando um papel na transformação morfológica
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1. Introduction
Although there is a general picture of how galaxies evolve, understanding the whole scenario of evolution is still one of the
main goals of extragalactic astrophysics. There are a number of
tools to do this, and one of them is the color-magnitude diagram
(CMD), where we can easily visualize a dichotomous behavior,
where the blue cloud is mostly populated by star-forming spirals and the red sequence is mostly populated by passive ellipticals. (e.g. Baldry et al. 2004; Schawinski et al. (2014); NogueiraCavalcante et al. (2018)). In between these two regions we have
what was denominated as the green valley, recognized to be
a fast transition region between star-forming galaxies and passive ones (e.g. Gonçalves et al. 2012; Nogueira-Cavalcante et al.
2018).
There are many possible processes that can be responsible
for this rapid transition. Major mergers have been quoted as one
of the main responsible for it (Schawinski et al. 2014, NogueiraCavalcante et al. 2018), where the hydro dynamical instabilities
could trigger star-burst in the whole galaxy and lead to a gas exhaustion, followed by a rapid quench (Di Matteo et al. 2005),
and could also drive gas inflow to the center of the galaxy, feeding the AGN. In addition, mergers can also affect morphology by
leading to a bulge growth and change the galaxy structure (e.g.
Springel et al. 2005). Understanding how these processes can affect SFR and morphology and how galaxies evolve through the

green valley is still a hard task since these processes can not only
quench but also trigger the star formation.
Martin et al. (2017) introduced a new non-parametric
methodology to understand how galaxies evolve and showed that
there is a fraction o galaxies in the green valley that are actually
bursting, although the total flow is towards the red sequence.
The authors also introduced a new variable: Star Formation
Acceleration (SFA), which can be understood as the instantaneous time derivative of the star formation rate (SFR) of the
galaxies over the past 300 Myr. In order to investigate evolutionary pathways for different morphologies and understand whether
or not physical processes can affect galaxy structure, we applied
this methodology analyzing the average SFA behavior for spiral
galaxies vs. elliptical galaxies.

2. Galaxy Sample
We select our original sample of ∼ 240, 000 galaxies from Sloan
Digital Sky Survey (SDSS) Data Release 12 (Alam et al. 2015),
from which we obtain spectroscopic and photometric information. We match our sample with the Galaxy Explorer Survey
(Martin et al. 2005) – GALEX GR6, within a 3” maximum distance, reducing our sample to ∼ 120, 000 galaxies.
In order to ensure sample completeness due to SDSS
magnitude limits, we made a cut in absolute magnitude
(Mr 6 −20.40) and redshift (0.020 6 z 6 0.120) which
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Figure 1. Absolute Magnitude vs. spectroscopic redshift of our
sample with ∼ 120, 000 galaxies (black dots). The red solid lines
indicate the cuts to avoid the Malmquist bias (Mr 6 −20.40,
0.020 6 z 6 0.120) and the magenta dashed line indicates
the value of M ∗ from Blanton et al. (2001). The dark red dots
indicate our final sample with ∼ 68, 000 galaxies.
can be seen in Figure 1. After the new cut, our sample is reduced
to ∼ 66, 000 galaxies.
Lastly, we obtain Star Formation Acceleration (SFA) values
according to Martin et al. (2017). Since their sample is from
GALEX Medium Imaging Survey – MIS, our final sample is reduced to ∼ 32, 000 galaxies.
Because we are mostly interested in objects in the transition
region, it is important to correct for reddening due to the galaxies’ intrinsic extinction, as it has been demonstrated that galaxies
with high star formation rates and high dust content may contaminate the green valley artificially, not representing an actual
state of transitioning between populations (e.g. Sodré et al. 2013;
Gonçalves et al. 2012). We follow the Calzetti et al. (1994) dust
model, which is based on the Balmer decrement (i.e. Hα /Hβ ):
τlB

!
Hα/Hβ
,
= τβ − τα = ln
2.88
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– Deep Learning catalogue approach:
– we considered the classification coming from Galaxy
Zoo 1 (spirals or ellipticals);
– next, we added galaxies with classification coming
from the deep learning catalogue, but only the ones that were
classified as "Uncertain" by Galaxy Zoo 1;
– we considered only the ones with percentage of classification above 80%;
– in this sample (that we will call from now on as
GZ+DL) we have 22,757 spirals and 5,535 ellipticals.
To learn more about the morphological classification using
the Machine Learning and Deep Learning approaches, and to
know more about these catalogues, we direct the reader to Barchi
et al. (2019). The color-magnitude of this sample can be seeing
in Figure 2

(1)

where the superscript l indicates that τB was calculated based
on emission lines, and the reference value 2.88 is the theoretical prediction for the unreddened ratio Hα /Hβ (Osterbrock &
Ferland 2006).
Since high-resolution spectroscopy is necessary to correctly
measure the Balmer emission lines, due the presence of strong
metal and Balmer absorption features, we followed the methodology introduced by Groves et al. (2011) based on equivalent
width measures.
For last, for the K-correction we used the open code calculator based on redshift and color from Chilingarian et al. (2010)
and Chilingarian et al. (2011)1 . From now on, every (NUV − r)0
color will be dust- and k-corrected to redshift = 0.
1

Using the photometric identification from SDSSDR12, we are
able to cross-identify our sample with Galaxy Zoo 1 data release2 (Lintott et al. 2008; Lintott et al. 2010), from which
we obtain the morphological classification between Spirals and
Ellipticals with 80% of confidence. The ones that don’t reach
the criterion are classified as Uncertain. For more information
we refer the reader to Lintott et al. (2008).
In this sample we have 15, 248 Spiral galaxies, 3, 329
Elliptical galaxies and 13, 214 that did not reach the fraction criterion of classification and were classified as Uncertain.
Since we are using the 80% criterion for morphological classification, we expect little contamination in the separation between spirals and ellipticals. On the other hand, we do lose approximately 40% of our sample due to the same criterion. To
increase our sample of spirals and ellipticals, we also use catalogues considering Machine Learning and Deep Learning techniques to classify galaxies between spirals and ellipticals.
Seeking to increase our sample, we also used the catalogues
from Barchi et al. (2019), based on Machine and Deep Learning
algorithms to morphological classification. In the first, they used
the traditional machine learning approach and used morphological parameters (C, A, S, H and G2) to classified galaxies that
didn’t reached the classification criteria at Galaxy Zoo 1 (i.e.
"Uncertain"). In the second, they used a deep convolutional neural network approach, with a twenty-two layer network and imbalanced datasets to classified all the galaxies, not only the the
ones considered as "Uncertain" by the Galaxy Zoo 1.
To assemble our catalogs we did the following:

3. Star Formation Acceleration
In order to quantify whether a galaxy is quenching or bursting,
we use the parameter known as Star Formation Acceleration
(SFA), introduced by Martin et al. 2017. The SFA can be interpreted as the instantaneous Star Formation Rate (SFR) time
derivative and it is defined in the equation 2, where (NUV − i)0
is corrected for extinction and dt is the past 300 Myr:
S FA =

d(NUV − i)0
dt

(2)

To obtain the SFA (and other physical parameters) Martin et
al. (2017) used semi-analytical models (De Lucia et al. 2006)
coupled up with the cosmological N-body Millenium simulation
2
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Figure 2. Color-magnitude diagram for GZ+DL sample, color
coded for morphology

(Springel et al. 2005) generating a catalogue of simulated galaxies that lies in redshift between 0 < z < 6. Later, they related
the physical properties of these galaxies to their simulated observables, creating a matrix of linear coefficients that acts as a
translator. With this, this translator can be applied to real galaxies, allowing to extract their physical properties.
In our analysis we are only interested in the physical parameter SFA (units of [Gyr−1 ]), defined in the equation 2. By definition, a positive SFA indicates that the galaxy is quenching for the
past 300 Myr, whereas a negative value indicates that the galaxy
is bursting. For more details about the method, see Martin et al.
(2017).

4. Results and discussion
In the upper panel in Figure 3, we focus in the GZ+DL sample,
where we show the SFA vs. (NUV − r)0 behavior, separating
spirals (blue) and ellipticals (red), with the average SFA value
in each color bin together with the 1σ statistical deviation for
that color bin. We can visualize the contrast between the SFA
trends for spirals and ellipticals, where we can verify that for
the green valley region (between 2.70 ≤ NUV − r ≤ 5.40), in a
given color, we have greater SFA average value for ellipticals, indicating faster quenching processes for this group. Since the 1σ
bars are overlapping for spirals and ellipticals, we performed two
statistical tests (Kolmogorov-Smirnov and Anderson-Darling) to
verify whether or not we could consider the samples as statistically different. The results for both tests are at the bottom panel
at Figure 3, where we have the log10 (p − value) for KolmogorovSmirnov (KS - blue circles) and Anderson-Darling (AD - orange
triangle) tests with color; the horizontal dashed red lines are for
eye-guide of p − value = 0.05 and p − value = 0.10; and
the black curve is the mean behavior considering both tests. For
p − value < 0.05 and p − value < 0.10 we can consider the
SFA distributions of spirals and ellipticals in that color bin as statistically different with 5% and 10% of chance of error, respec-
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Figure 3. Top panel: SFA vs. (NUV − r)0 for GZ+DL sample.
The dots and triangles are the SFA average values for ellipticals
and spirals, respectively, at each color bin, and the bars are 1σ
deviation; bottom panel: p-value with color for KolmogorovSmirnov (KS - blue circles) and Anderson-Darling (AD - orange triangle) tests. In here we defined the blue cloud and the
red sequence (gray shadows) with 1σ from the maximum value.
For last, the horizontal dashed red lines are for eye guide where
p − value = 0.05 and p − value = 0.10.
tively. If p − value > 0.10 (above the upper line) we shouldn’t
draw strong conclusions.
As one can see in the bottom panel of Figure 3, the SFA average behavior is different for spirals and ellipticals at the green
valley, since we have all the p − values < 0.05. That is, we
can affirm that ellipticals and spirals indeed experience different
processes at the transition region, with different SFH for the last
300 Myrs, with maximum of 5% of chance of error. Together
with that, elliptical galaxies show higher SFA values, that is: elliptical galaxies quench "faster" than spiral galaxies.
Although we can not linearly associate the SFA value to
a quenching/bursting timescale, we can interpret the physical
meaning of the results qualitatively, especially in order to compare spirals and ellipticals.
These results are in accordance with various works, such
as Schawinski et al. (2014), that reached the same conclusion
using a exponential-decay SFH for the green valley. The authors showed that ellipticals quench faster and mostly because
of mergers (after a short time of enhanced star formation) for the
local universe, according with Di Matteo et al. (2007). NogueiraCavalcante et al. (2018) reached the same conclusions for intermediate redshifts (0.5 ≤ z ≤ 1.0). One possibility is the scenario where, while the wet major merger takes place, the sum of
the angular moments of the galaxies allows the gas to be driven
to the center of the reminiscent object, inducing a nuclear starburst and feeding the super-massive black hole within it, initiating a active galactic nucleus (AGN) state. In its turn, the AGN
feedback is capable of quenching the star formation, either mechanically (expelling the gas), or by heating the ISM, ensuring
the maintenance of the quench by strangulation (e.g. Schawinski
23
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et al. 2009); Nogueira-Cavalcante et al. 2019), and forming a
compact and passive galaxy (e.g. Hopkins et al. 2006). Besides
that, gas-rich major mergers and other processes, such as stripping, are capable of triggering star formation and exhaust all the
gas (e.g. Di Matteo et al. 2005). The most complete picture for
galaxy evolution includes these others mechanisms, and to fully
understand the role of these secondary mechanisms in our sample, further analysis is still required.
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