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Abstract

The morphology and structure of galaxies reflect their star formation and assembly histories. We use the framework of
mutual information (MI) to quantify the interdependence among several structural variables and to rank them
according to their relevance for predicting the specific star formation rate (SSFR) by comparing the MI of the predictor
variables with the SSFR and penalizing variables that are redundant. We apply this framework to study ~3700 face-on
star-forming galaxies (SFGs) with varying degrees of bulge dominance and central concentration and with stellar mass
M, ~10° M,—5 x 10" M_, at redshift z = 0.02—0.12. We use the Sloan Digital Sky Survey (SDSS) Stripe 82 deep i-
band imaging data, which improve measurements of asymmetry and bulge dominance indicators. We find that star-
forming galaxies are a multiparameter family. In addition to M,, asymmetry emerges as the most powerful predictor of
SSER residuals of SFGs, followed by bulge prominence/concentration. Star-forming galaxies with higher asymmetry
and stronger bulges have higher SSFR at a given M,. The asymmetry reflects both irregular spiral arms and
lopsidedness in seemingly isolated SFGs and structural perturbations by galaxy interactions or mergers.

Unified Astronomy Thesaurus concepts: Star formation (1569); Galaxy structure (622); Galaxy bulges (578);
Irregular galaxies (864); Spiral arms (1559); Galaxy interactions (600); Galaxy mergers (608)

1. Introduction

What are the fundamental sets of variables that indepen-
dently describe galaxies? We still do not know. To give an
analogy, for a single star, its mass, radius, luminosity, chemical
composition, and rotation are fundamental variables. Stellar
structure and evolution models describe the properties of a star
at different stages, from its formation and its evolution off the
main sequence to its final demise as a stellar remnant. The
models use the star’s initial mass and composition as inputs and
its luminosity and effective temperature (Hertzsprung—Russell
(HR) diagram) as constraints. The theories of galaxy formation
and evolution are not as mature as those of stellar evolution,
and an ordering of input and output variables as clean as that
for the star-forming galaxies has yet to be identified.

On the observation side, analogous to the HR diagram, the sets
of galaxy properties that are strongly constraining and highly
informative for developing models are also unclear. Significant
progress, however, has been made in the last few decades in
understanding galaxies (for recent reviews, see Kennicutt &
Evans 2012, Kormendy & Ho 2013, Conselice 2014, Somerville
& Davé 2015, Naab & Ostriker 2017, Wechsler & Tinker 2018,
Sanchez 2020, Tacconi et al. 2020). We know that galaxies are
born in dark matter halos; it is likely that some of the observable
properties of galaxies will characterize the properties of halos, while
others may reflect only the baryonic physics within halos. For
example, the stellar mass (M,) is thought to be closely related to the
halo mass (Mj,; Wechsler & Tinker 2018). One of the discoveries
that improved our understanding of galaxies is the tight relationship
(scatter of ~0.3-0.4 dex) between M, and star formation rate (SFR;
Brinchmann et al. 2004; Daddi et al. 2007; Elbaz et al. 2007;
Noeske et al. 2007; Elbaz et al. 2011; Speagle et al. 2014). By
analogy to that of stars, this relation is called the star-forming main
sequence (SEMS). It is often interpreted as indicating that galaxies

exhibit a self-regulated quasi-equilibrium between external gas
accretion, star formation, and gas outflow (Bouché et al. 2010;
Davé et al. 2011; Lilly et al. 2013; Forbes et al. 2014; Peng &
Maiolino 2014; Rodriguez-Puebla et al. 2016; Belfiore et al. 2019).
Just as scatter about the zero-age main sequence (ZAMS) for stars
revealed the existence of additional parameters for stars besides
mass, so might an analysis of scatter about the SFMS reveal the
existence of additional parameters besides M, for galaxies. This
hope is what motivates this investigation.

Galaxy size, which is often quantified by the half-light radius,
Rsp, has been proposed as the second important variable after M,
(Omand et al. 2014; Chen et al. 2020; Lin et al. 2020b). Several
papers have studied the evolution of stellar population properties
in the Rso—M, plane (Shen et al. 2003; van der Wel et al. 2009;
Cappellari et al. 2013; Scott et al. 2017; Li et al. 2018; Lange et al.
2016; D’Eugenio et al. 2018; Barone et al. 2020). For example,
Omand et al. (2014) studied the trends of the quiescent fraction on
the Rso—M, plane and showed that some SFGs coexist with
quenched galaxies at the same M,. But the scatter about the mean
Rso—M, relation was found to have only a weak correlation with
the residuals of the SFMS (Lin et al. 2020b). Furthermore, Barone
et al. (2020) showed that the stellar ages and metallicities (Z) of
SFGs depend additionally on Rsy; the M,—Z relation is well
known (e.g., Tremonti et al. 2004; Gallazzi et al. 2005). In
particular, Barone et al. (2020) found that the stellar age correlates
best with stellar surface mass density wo< M, /R%, and Z
correlates best with M, /Rsp, which is proportional to the
gravitational potential or the velocity dispersion (o< ¢?). In
addition, Chen et al. (2020) showed that the Rso—M, plane maps
to the >2;—M, plane, where X, is the central mass density within
1 kpc. ¥ is strongly correlated with o (Fang et al. 2013; Yesuf
et al. 2020). Chen et al. (2020) advocated that Rs is an important
second parameter in shaping the life histories of galaxies and the
masses of their black holes. SFGs with larger radii at fixed M, are
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expected to have lower black hole masses due to lower central
densities (van den Bosch 2016). In NIHAO® galaxy simulations,
just as M, maps onto M,, the halo viral radius (R;;) and halo
concentration (Cj) map onto the galaxy radius Rsg o< Ry G, 0.7
(Jiang et al. 2019). The dependence on C,, arises because higher
C), halos accrete a larger fraction of their mass early thereby
forming smaller and denser galaxies at the centers of halos.

1.1. Theoretical Views of the SFMS Residuals

The residuals of the SFMS are thought to be linked to halo
formation time and mass accretion rate, gas flows, burstiness of
star formation, active galactic nucleus (AGN) feedback, or/and
satellite quenching processes (Lilly et al. 2013; Dekel &
Mandelker 2014; Rodriguez-Puebla et al. 2016; Tacchella et al.
2016; Behroozi et al. 2019; Matthee & Schaye 2019). The
evolution timescales of galaxies along and across the SFMS are
not well constrained. Both short (<1 Gyr; Tacchella et al. 2016;
Torrey et al. 2018; Caplar & Tacchella 2019; Wang &
Lilly 2020a, 2020b) and long (Gladders et al. 2013; Abramson
et al. 2016; Dressler et al. 2016; Matthee & Schaye 2019; Iyer
et al. 2020) evolution timescales have been proposed.

Using zoom-in cosmological VELA simulations of massive
galaxies at z > 1, Tacchella et al. (2016) found that the high-
redshift SFGs oscillate about the ridge SFMS on timescales
0.4 X ty, where t is the Hubble time. The excursion upward is
due to gas compaction, triggered possibly by minor mergers,
counterrotating streams, and/or violent disk instabilities. The
motion downward is driven by central gas depletion by star
formation and outflows. Simulated galaxies with ASSFR >0
tend to be compact blue nuggets with high gas fractions and
short depletion times while those with ASSFR < 0 have lower
gas fractions and longer depletion times (Tacchella et al. 2016).
In agreement with Tacchella et al.’s (2016) findings, observa-
tions show that the ASSFR depends on gas fraction and
depletion time (e.g., Genzel et al. 2015; Saintonge et al. 2017;
Tacconi et al. 2018; Janowiecki et al. 2020; Ellison et al. 2020;
Morselli et al. 2020; Wang et al. 2020).

Using EAGLE cosmological simulations, Matthee & Schaye
(2019) found that the SFMS scatter at z = 0.1 originates from a
combination of fluctuations on short (<0.2-2 Gyr) and long
(~10 Gyr) timescales (see also Iyer et al. 2020; Wang &
Lilly 2020a, 2020b). Most of the SFMS scatter in the EAGLE
simulations is driven by the long-timescale fluctuations related
to halo mass and halo formation time (i.e., assembly bias). For
galaxies with M, < 10'° M., there is a clear trend that halos
that form later tend to host galaxies with higher SSFRs. While
individual galaxies likely cross the whole SFMS multiple times
during their evolution, distinct populations of SFGs fluctuate
around median tracks associated with their halo properties such
that those above/below the SFMS tend to be above/below the
main sequence for much longer than 1 Gyr (see Figure5 in
Matthee & Schaye 2019). These authors also showed that the
fluctuations on short timescales may be associated with the
self-regulation of star formation (feedback). At M, = lOmM@,
the black hole formation efficiency (Mpy/M;) was shown to
correlate with ASSFR . Wang & Lilly (2020a, 2020b) deduced
that SFR fluctuations on timescales <1 Gyr may be due to
variations in gas accretion rates.

Gladders et al. (2013) showed that the SFHs of observed
galaxies are well characterized by a log-normal function in
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time, implying a slow evolution. Diemer et al. (2017) explored
the connection between the SFHs, parameterized by the log-
normal distribution, and several galaxy parameters such as halo
mass and environment in Illustris simulations. Although the
log-normal form ignores short-lived features such as starbursts
and rapid quenching, the authors found that it fits very well the
SFHs of the majority of the simulated galaxies and reproduces
well how they evolve in M,—SSFR space. But it was a poor fit
to galaxies that rapidly quenched after becoming satellites.
Moreover, the authors found that SFHs in Illustris simulations
are diverse and are not determined by a single physical property
of galaxies. The scatter between galaxy properties (e.g., halo
mass and environment) and the log-normal (SFH) parameters is
large. Nevertheless, the formation history of the halo has the
strongest influence on peak time and width of the SFH, as also
found in other work (e.g., Behroozi et al. 2019). Diemer et al.’s
(2017) findings indicate that, at fixed M,, earlier-forming
galaxies live in early-forming halos, dense environments, and
massive halos; host massive black holes; and have small galaxy
sizes. Galaxies with high halo mass exhibit a short period of
very intense star formation and then quench, whereas lower-
mass halos experience much more extended SFHs.

1.2. Limited Observational Insights of the SFMS Residuals

Observationally, the multivariate dependence of SSFRs on
variables other than M, for SFGs has only been systematically
quantified in a few studies (e.g., Reichard et al. 2009; Cibinel et al.
2019; Berti et al. 2020). Furthermore, some of the few attempts
have failed to find additional dependence, for example, on radius
or environment (e.g., Peng et al. 2010; Fang et al. 2018; Lin et al.
2020b). However, the SSFR is correlated with several structural
parameters when considering star-forming and quiescent galaxies
together (e.g., Strateva et al. 1861; Kauffmann et al. 2003;
Brinchmann et al. 2004; Franx et al. 2008; Wuyts et al. 2011;
Cheung et al. 2012; Fang et al. 2013; Wake et al. 2012; Bell et al.
2012; Bluck et al. 2020; Yesuf et al. 2020). A clear picture that
emerged from these studies is that M, does not adequately predict
the diversity of SFRs in galaxies as a whole; how the mass is
distributed across the galaxies (i.e., morphology) is more
predictive. Which morphological variable, however, is superior
in its ability to predict a galaxy’s SFH and how it actually relates to
the physics of SF quenching are still unclear. According to
previous studies, the best predictor might be the global Sérsic
index (n,; Bell et al. 2012) or velocity dispersion (o; Wake et al.
2012; Cappellari et al. 2013; van Dokkum et al. 2015; Bluck et al.
2020), or central mass density within the half-light radius
(Kauffmann et al. 2003), or 3; (Cheung et al. 2012; Fang et al.
2013; van Dokkum et al. 2014; Woo et al. 2015; Barro et al. 2017,
Whitaker et al. 2017). All of the above properties have been
associated to varying degrees with the relative importance of the
“bulge” or “spheroid” in a galaxy’s mass/light distribution
(Gadotti 2009; Gao et al. 2020; Luo et al. 2020; Sachdeva et al.

2020; Yesuf et al. 2020), which is reasonable as this in turn has
been linked to black hole mass (Kormendy & Ho 2013), and thus
to AGN quenching. However, among these bulge-linked variables,
no single one has as yet stood out. Moreover, other studies have
found that the asymmetry, clumpiness, and other substructures
(bars and spiral arms) of the stellar disk are also linked to the SFR
(Conselice et al. 2000; Reichard et al. 2008; Wang et al. 2012;
Kaviraj 2014; Bloom et al. 2017; Yu & Ho 2019; Lin et al. 2020a;
Yu et al. 2021). For example, it is well-known that starburst
galaxies are highly disturbed, gas-rich, and lie above SFMS (e.g.,
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Sanders & Mirabel 1996; Veilleux et al. 2002; Yesuf et al. 2014,
Larson et al. 2016; Shangguan et al. 2019). Simulations also show
that starbursts are triggered by galaxy mergers, which drive cold
gas to the centers of galaxies (e.g., Barnes & Hernquist 1991;
Mihos & Hernquist 1996; Hopkins et al. 2006; Hani et al. 2020;
Moreno et al. 2021). Furthermore, Yu et al. (2021) found that
spiral arm strength correlates well with the ASSFR and gas
fraction. Arms are stronger above the SEMS and weaker below it.
The authors argued that their results support the physical picture in
which spiral arms are maintained by dynamical cooling provided
by gas damping. In short, it is becoming apparent that the star
formation properties of galaxies are influenced by several structural
factors, but their overlaps and relative importance have not yet
been measured quantitatively.

Furthermore, the aforementioned observational studies at least
have one of the following limitations: (1) the criterion for
identifying the best parameter(s) is not optimal. In fact, most
studies used qualitative or less rigorous criteria. On the other hand,
some studies used more sophisticated machine-learning techniques
such as random forest but the ranking (the variable importance)
from these techniques can be impacted by the presence of highly
correlated covariates, which are not properly handled. (2) Deep
images, which are essential to characterize substructures in
galaxies, are not available for large samples of nearby galaxies.
All the studies of nearby galaxies mentioned above are based on
shallow images. Even in large-sample studies of distant galaxies
based on deep Hubble images, there are not many studies that
quantitatively or comprehensively ranked the relevance of
substructures (variables of bulge prominence and disk asymmetry)
to predict the SFR. (3) Mixing galaxies of different M, and SFR
may result in correlations with structural variables that may not be
causally linked to the SFR evolution because galaxies today are
products of both recent and ancient evolution. Some of the
aforementioned studies did not subdivide their samples into star-
forming (SFGs) and quiescent galaxies (QGs) of different masses
to assess the ranks of their structural variables.

1.3. The Scope of This Paper

This paper explores the residuals of the SEFMS. Namely, it tries
to answer which structural parameters best predict whether a star-
forming galaxy is above or below the SFMS. Our new
contributions are (1) we adopt the statistical framework of mutual
information (MI) to rigorously quantify the interdependence
among several structural variables and to rank their relevance to
predicting ASSFR , taking their interdependence into account. MI
can accurately quantify nonmonotonic trends as well as
monotonic trends. A tight relation has a high MI, regardless of
its shape. (2) We use deep imaging data in SDSS Stripe 82 to
study a large sample of galaxies. The Stripe 82 data improve the
reliability of measurements of variables such as asymmetry
(Bottrell et al. 2019). (3) We focus on SFGs and rank the
importance of six variables in addition to M, in predicting their
SFRs in narrow mass ranges. As a result of the improvements
above, we find that, in SFGs, the residuals of SFMS depend on
morphological variables such as asymmetry and central concen-
tration. After M,, asymmetry is the best predictor of ASSFR.
Star-forming galaxies with higher asymmetry and higher central
concentration have higher ASSFR .

The rest of the paper is structured as follows: Section 2
presents the data used in this study and the mutual information
framework. Section 3 presents our results. To interpret our
results in the context of previous studies, Section 4 discusses
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the effects of mergers /interactions and diffuse gas accretion on
SFR and galaxy structure. Section 5 presents the summary and
conclusions of our work.

2. Data and Methodology

This section describes the Sloan Digital Sky Survey (SDSS)
data, our sample selection, and the statistical framework of
mutual information.

2.1. The Sloan Digital Sky Survey
2.1.1. SDSS Stripe 82

Stripe 82 is a special region® in SDSS, which was imaged
multiple times. The coadded images in Stripe 82 reach ~1.7-2
mag deeper than the single-epoch SDSS legacy images (Annis
et al. 2014; Fliri & Trujillo 2016). We use the bulge plus disk
decomposition catalogs’ of galaxies in Stripe 82 that were
recently produced by Bottrell et al. (2019). The authors
provided quantitative morphological parameters for 16,908
galaxies that are a subset of the general SDSS DR7 spectro-
scopic sample, which were previously analyzed by Simard
et al. (2011) in the same way. In both studies (i.e., Simard et al.
2011; Bottrell et al. 2019), structural variables were measured
using the parametric surface-brightness decomposition GIM2D
software (Simard et al. 2002). But Simard et al. (2011) used
regular-depth SDSS images as their analysis was not focused
on Stripe 82. Next, we give a brief summary of the GIM2D
model and its outputs that are relevant for this study. Detailed
information can be found in the references above.

The two-dimensional galaxy model used by GIM2D has a
maximum of 12 parameters, which include the bulge-to-total ratio
B/T, the bulge semimajor axis effective radius r,, the bulge
ellipticity e (e =1 — b/a, where a is the semimajor axis and b is
semiminor axis), the disk exponential scale length r; the disk
inclination angle 7, and the Sérsic index n (Simard et al. 2002). The
GIM2D software uses a Bayesian Metropolis Monte Carlo sampling
algorithm to constrain the model parameters. Bottrell et al. (2019)
provide morphological parameters for every galaxy in their sample
by fitting, using GIM2D, three models of varying complexity: a
single-component Sérsic profile, a two-component profile with a
fixed bulge Sérsic index (1, = 4) plus an exponential disk, and a
two-component free bulge Sérsic index plus an exponential disk.

The bulge or the single component of the surface-brightness
model used by GIM2D is a Sérsic profile of the following form:

1(r) = Lexp[=b,((r/r)'/" — D), ey

where n is the Sérsic index, 1, is the intensity at r,, and b,, is a
constant set to b, = 1.9992n — 0.3271 so that r, is the projected
radius enclosing half of the light (e.g., Graham & Driver 2005).
To differentiate the Sérsic index of the bulge from the galaxy-
wide index, we denote the latter as n,.

Bottrell et al. (2019) performed the image decompositions
simultaneously in pairs of bands, where one of the two bands is
always the r band. Some of the structural variables in pairs of
bands are forced to be the same. The tied parameters are r,, e,
Ny, 74, 1, and the bulge and disk position angles. B/T, the total
flux, and centroid offsets are free to vary in each band of a

6 Itisa stripe along the celestial equator in the Southern Galactic Cap. It is

located at — 1925 < § < + 1225 and — 50° < R. A < +60° and covers an
area of about 275 deg”

7 http://orca.phys.uvic.ca/~cbottrel /share/Stripe82 /Catalogs /
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pairwise fit. In addition, except for the Sérsic index in the
single-component model, the structural variables for the ur, ir,
and zr pairwise fits were fixed to values first derived in gr
decompositions. We adopt the ir band fits so that the
measurements reflect more faithfully the stellar-mass distribu-
tion galaxies and are not strongly biased by the dominant
emission from young stars that account for a small fraction of
the mass.

We use the effective surface mass density, p, and the central
concentration, C,, as additional bulge morphology indicators.
The latter quantity is taken from Bottrell et al.’s (2019) catalog.
We define ;1 = 0.5M, /(7R%), where M, is the total stellar
mass and Rso is the i-band Petrosian half-light radius (e.g.,
Kauffmann et al. 2003). C; is defined as follows (Abraham
et al. 1994; Trujillo et al. 2001; Graham & Driver 2005; Simard
et al. 2002; Bottrell et al. 2019):

Zi,jGE(ar(,)Iij

G= @)

Zi,jEE(rg)Iij

E(r,) is an elliptical isophote that encloses half of the total light,
E(ar,) is the isophote at a radius a x r,, and aa=0.3. The
subscript in C; emphasizes that the concentration is measured
within one half-light radius.

GIM2D also computes several image indices from a residual
image, which can be used to characterize the substructures left after
the best galaxy image model has been subtracted. We adopt the
residual asymmetry indices R, as the standard measure of
asymmetry. Here the residuals are remnants of a single-component
Sérsic model. We checked the other asymmetry indices give
similar results. R, is the summed difference over all pixels between
the residual image and its 180° rotated residual image. This sum is
normalized by the total flux and corrected for the background noise
by similarly subtracting the background image and its 180° rotated
counterpart. It has the form

Ra = (Ra)raw — (Ra)bkg
>i1/2 1R — R;*

21
>1/2 1By — B &
2 ’
where R;; is a residual flux value in the residual image of the

(i, )th pixel, and the R}jgo is a pixel value in the residual image

rotated by 180°. Similarly, B;; is a background pixel value in
the residual image, and B,},SO is a background pixel value in the
rotated residual image. The background corrections term
(R4)pkg 1s computed over pixels flagged as background pixels
in the SExtractor segmentation image. I;; is the background-
subtracted pixel flux.

We use R, measured within three times the circular half-light
radius as the fiducial measure of asymmetry (Bottrell et al.
2019) and denote it as R43. The difference between R4, and Ry,
indicates that the asymmetries mostly occur beyond Rso. We
checked that using R4, instead does not change our conclu-
sions. Furthermore, a comparison of R, in different bands with
SSFR indicates that the R4 in the i band is not trivially
reflecting the SSFR traced by the galaxy color; the ARy;
between r and i bands does not show trends with SSFR but
AR, between g and r bands shows a significant correlation.
Reichard et al. (2008) also showed that galaxies have similar
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distributions of r- and i-band lopsidedness and that the weak
color dependence of lopsidedness implies that lopsidedness
primarily traces the asymmetry in the underlying stellar-mass
distribution. We also checked that our main results do not
change if we use Ry3; computed from residuals of a two-
component Sérsic + disk model instead of our adopted single-
component model. Similarly, we checked that our main results
do not change if we adopt other asymmetry indicators: the
residual asymmetry A, and the rotational asymmetry (A;
Abraham et al. 1994, 1996; Conselice et al. 2000).

Figure 1 illustrates some example images, their fits, and
residuals. The fits and residuals are generated using GalSim
software (Rowe et al. 2015) using Bottrell et al.’s (2019) best-
fit values because the image outputs from GIM2D are not
readily available.

To summarize, we take all the structural parameters (R4, i,
C, ng, and Rsp) from Bottrell et al.’s (2019) Stripe 82 catalog
and SDSS legacy catalogs (o, M,, and SFR, as described next).

2.1.2. Ancillary Data from SDSS Legacy Catalogs

We use the publicly available Catalog Archive Server® to
retrieve some of the measurements used in this work (e.g.,
stellar velocity dispersion o). These data are supplemented with
M, and SFR taken from version 2 of the GALEX-SDSS-WISE
Legacy Catalog’ (GSWLC-2; Salim et al. 2016, 2018). M, and
SFR are derived by spectral energy distribution (SED) fitting of
UV-optical photometry+ IR luminosity constraints using the
Code Investigating GALaxy Emission (CIGALE; Noll et al.
2007). Salim et al. (2018) estimated the total infrared
luminosities from WISE 22 ym or 12 yum photometry using
luminosity-dependent infrared templates of Chary & FElbaz
(2001) and calibrations derived from a subset of galaxies that
have Herschel far-infrared photometry. For a narrow-line AGN,
its IR luminosity is corrected using O IlI 5007 A line equivalent
width before it is used in the SED fitting. Only ~10% of the
current sample are narrow-line AGNs according to their optical
emission-line ratios (Kewley et al. 2001). Broad-line AGNs are
not in the current sample since their SFRs are not estimated
reliably. The SED fitting uses template superposition of two
exponential star formation histories of an old stellar population
(formed 10 Gyr ago) and a younger population (100 Myr to
5 Gyr old). The young mass fraction varies between zero and
50%. The stellar population models are calculated for four stellar
metallicities(0.2-2.5 Z.)) using Bruzual & Charlot (2003) models
and assuming a Chabrier (2003) stellar initial mass function.

2.2. Sample Selection

From the Stripe 82 catalog of Bottrell et al. (2019), we select
6,787 face-on galaxies at 0.02<z<0.12 with good SFR
measurements (flag_ SED =0). The axis-ratio (b/a > 0.5) cut
aims to minimize dust and projection effects, and it removes
~36% of galaxies from the total sample of ~10, 550 at
0.02 < 7 < 0.12. We focus our analysis on ~3700 face-on SFGs
in the sample in the entire mass range M, ~ 10° — 5 x 10" M,

8 http://skyserver.sdss.org/casjobs/ We use the archive in the context of
DRI15 to retrieve various ancillary measurements in different catalogs.
However, the sample of galaxies we use is restricted to those in DR7, because
the Bottrell et al. (2019) sample is restricted to DR7. The following tables are
queried: photoobjall, galSpecInfo, and specDR7.

° The Galaxy Evolution Explorer (GALEX)-SDSS-Wide-field Infrared
Survey Explorer (WISE) legacy catalog can be found here: http://pages.iu.
edu/3alims/gswlc/
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Figure 1. Example galaxies with different residual asymmetries. The left
images show the SDSS Stripe 82 i-band data. The top three galaxies illustrate
asymmetry due to lopsidedness, mergers, or asymmetric spiral arms. The black
circles are defined by three times the half-light radii. The middle images show
the Sérsic models while the right images show the residuals after fitting the
Sérsic models. The residual asymmetry within three half-light radii, R,s, is
computed using the residual image and its rotated image according to
Equation (3). We adopt the R,3 measured by Bottrell et al. (2019) as the
fiducial measure of asymmetry. As discussed in Section 2.1.1, we have checked
that the details of how asymmetry is measured or defined do not affect our main
conclusions.

We define SFGs as galaxies with A log SSFR > —0.5 dex. The
difference from the ridge line of the SFMS, Alog SSFR, is
calculated by fitting a simple linear relation of the form
log (SSFR/Gyr™ ) = (a — 1)[log(M, /M) — 10.5] + 3 to
face-on galaxies at 0.02 <z<0.12 in the legacy SDSS with
SSFR > 0.01 Gyr '. We fix o = 0.48 based on the estimate of
Speagle et al. (2014) and derive = — 1.24 from the median of
the residuals. The fit is shown as the blue line in Figure 2.

2.3. Statistical Methods: Mutual Information

The mutual information (MI) of two random variables
quantifies their mutual dependence, the amount of information
one random variable contains about another (Cover &
Thomas 2012). In other words, it is the reduction in the
uncertainty of one random variable given the knowledge of the
other. In contrast to the linear or monotonic correlation
measures such as Pearson’s or Spearman’s (p) correlation
coefficient, MI is a more general measure that can precisely

Yesuf, Ho, & Faber

z=0.02-0.12

log (SSFR/Gyr ™)

SDSS Stripe 82 SNSRI 1)
—4{ —— SDSS © TV IATEREEL L

9.0 9.5 10.0 10.5 11.0 11.5

log (M. /M)
Figure 2. Comparison of stellar mass and SSFR of Stripe 82 face-on galaxies
(black points) at redshift z = 0.02-0.12 with those of the general SDSS
galaxies (contours) at similar redshifts. The blue solid line shows the best fit to

the SFMS. As indicated by the blue dotted line, a simple offset of —0.5 dex
from the blue line is used to approximately define SFGs.

quantify nonlinear or/and nonmonotonic trends. In other
words, it does not make assumptions on the distributional
form of the variables or the nature of their dependence. We use
MI to rigorously quantify the interdependence among several
structural variables and to rank their relevance to predicting
ASSFR . A few previous studies have used MI to study other
aspects of galaxies: spectral classification (Slonim et al. 2001)
or environmental effects (Pandey & Sarkar 2016; Alpaslan &
Tinker 2020; Sarkar & Pandey 2020).

To define MI precisely, let X and Y be two continuous
variables whose joint probability density function (PDF) is
p(x, y) and whose marginal PDFs are p(x) and p(y),
respectively. The entropy H of X quantifies the amount of
information required on the average to describe X and it is
defined as:

HX) =~ [p()logp@)dx = —(log p(x)) )

For example, let X be a random Bernoulli variable, which
takes the value 1 with probability € and the value 0 with
probability 1 — 6. The Bernoulli distribution is a special case of
the binomial distribution when the number of trials is n=1.
The entropy of X is H(X) = —f0log 6 — (1 — 0)log(1 — ).
Therefore, H(X) =0 when 6 =1 or § =0, and H(X) = 0 when
0 € (0, 1), reaching maximum at 6=0.5. Simply put, the
outcome of a fair coin is the most uncertain; there is no
advantage to be gained with prior knowledge of 6 in this case.
But knowing 0.5 <8< 1, one can still predict the outcome
correctly more often than not. Likewise, the entropy of a
normal random variable Y is H(Y) = %(1 + log(2nVar(Y))),
where Var(Y) is the variance of Y. In other words, if we know
the mean and the variance of Y, how uncertain we are about the
outcomes of Y depends only on Var(Y), as expected.
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The MI of X and Y is the relative entropy or the Kullback-
Leibler distance between p(x, y) and p(x)p(y).

1Y) = Py
X, Y) ffp(xy) og——— ()()

— H(X) — HX|Y)
— (1og L&) 5
o or() ©)

H(X|Y) denotes the conditional entropy, which is the entropy of
X conditional on the knowledge of Y'°. In general, H(X V) <H
(X). The MI I(X;Y) corresponds to the intersection of the
entropy of X with entropy of Y. MI is a nonnegative number
and it is zero if and only if X and Y are independent (i.e., p(x,
y) =px)p()). In the simple case when p(x, y) is a bivariate
normal distribution, (X, ¥) = —1/2log(1 — r2), where r is
the Pearson’s correlation coefficient.

Furthermore, MI can be used to subsequently select more
relevant variables (e.g., Estévez et al. 2009) by comparing the
mutual information of the predictor variables with the response
variable (in our case ASSFR ) and by penalizing variables that
are redundant with already selected predictors. Let us denote
the set of all predictor variables as F, the subset of already
selected predictors variables as S, one of the already selected
predictor as f; € S, and the response variable as R. The score
function that selects a new candidate variable f; is given by:

G=I1IR:f)— B alfi,f) x I(f; 1) (6)

f €S

I(R; f;) quantifies the relative entropy between R and f; and
thus is a measure of how closely related f; is to R. Similarly,
I(f;; f,) quantifies the relative entropy between f; and one of the
previously selected predictors, f;. In other words, the first term
on the right quantifies the relevance of a structural parameter
to predicting ASSFR while the second term quantifies the
redundancy of this parameter with the previously selected
structural parameters. The goal is to select variables that
maximize this function (maximize relevance and minimize
redundancy). The function « and the parameter § attempt to
balance both terms to the same scale. We use the normalized
MI variable selection model proposed by Estévez et al. (2009),
which sets a(f, f,) = 1/min{H (), H(f,)} and 5= 1/n(S),
where n(S) is the number of elements in set S.

We use the varrank package (Kratzer & Furrer 2018) in R
to compute MI and G. varrank estimates MI using PDFs
estimated from the counts of empirical frequencies (histo-
grams) with a plug-in estimator based on entropy. It is a
common and efficient approach to estimate H by partitioning
the range of a variable into bins of equal size, and
approximating Equation (4) by finite sums. To that end, we
adopt Scott’s rule for optimal construction of a histogram.
According to this rule, which gives the optimal bin size for data
drawn from the normal distribution, the number of bins of an
equally spaced histogram of a continuous variable X is given by
Npin = (max{ X } — min{X})/3.5 0,N;'/3), where N, is the
sample size and o, is the sample standard deviation. Although
the MI values and the exact rank orders change quantitatively
(in detail) if we adopt instead the Doane or Sturges or

10 The second equality of Equation (5) can be easily shown using simple
algebraic manipulations and the conditional probability formula p(x|y) = p(x,
)/p(y) (Cover & Thomas 2012).
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Figure 3. The mutual information matrix for galaxy parameters of face-on star-
forming galaxies in SDSS Stripe 82 at redshift 0.02 < z < 0.12. Some of the
variables are highly correlated (dark colors) and carry similar information while
others are more independent. The variables are specific star formation rate
(SSFR), stellar mass (M,), deviation from the SFMS (ASSFR ), half-light
radius (Rs), stellar velocity dispersion (o), mass surface density (u), central
concentration (C;), global Sérsic index (n,), and residual asymmetry (R43).

Freedman-Diaconis rule, our conclusion that asymmetry and
bulge prominence/concentration are important predictors of
SSFR is broadly valid regardless of the rule used.

The varrank package implements both forward and
backward sequential variable selection algorithms. In the
forward selection, the first variable is selected by computing
I(R: f;) for all the variables and choosing the largest. Then, the
following variables are selected sequentially by computing
the score G (Equation (6)) and selecting the variable with the
highest score at each step. The backward selection prunes the
full set F by minimizing Equation (6). We use the forward
selection scheme because it is less computationally intensive.

3. Results

This section starts by quantifying the interdependence
among galaxy parameters of SFGs and their ranking using
the MI framework. The section ends with data visualizations in
order to show that the results of the quantitative analysis are
intuitively reasonable.

Figure 3 shows the MI of gal axy parameters for the Stripe 82
face-on SFGs at z=0.02-0.12."" The figure conveys several
trends, most of which are not unexpected but in a new way. First,
M, has the highest MI ~ 0.6 with SSFR, as expected from our
previous knowledge of the existence of the tight SFMS. R,3 has
the lowest MI = (.13 with M,, and thus likely provides the most
complementary information to M, about processes related to SFR
evolution. In fact, R43 has the highest MI =0.22 with ASSFR.
Although o, u, and Rsg have high MI = 0.25-0.35 with SSFR,
they are redundant with M, (MI ~0.4-0.6). Note that Ru3
also has MI~0.2 with structural parameters such as Rs.
We discussed in the introduction that previous studies suggested
that Rsy might be the second important variable after M,.

1 We use corrplot in R to visualize the MI and scores matrices.
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Figure 4. The scores for predicting ASSFR in Stripe 82 SFGs in two narrow mass ranges. The columns contain the G scores (Equation (6)) at the successive variable
selection steps. The first column shows the scores of the first step, the second column those of the second step, and so on. At each step, the variable with the highest
score is selected (the diagonal values). The names of the variables on the left and top are ordered by decreasing importance, after sequentially comparing the relevancy
versus redundancy of information. A positive score indicates that a variable is more relevant than it is redundant; a negative score indicates otherwise. The variable
selected at each step is the one with the highest score. The score at each selection step can be read from the diagonal elements. All diagonal values are positive
indicating all variables are relevant for predicting SSFR. The rank probabilities shown in the bottom panels are estimated from 1000 score recalculations based on
resampling 90% of the data of a given mass range without a replacement. Comment for the referee: we changed the color bar text overlap.

Lin et al. (2020b) found that Rsy, though an important second
structural variable, is not related to SSFR. In a moment, we will
further show that R4z is a better predictor of ASSFR than Rs,
although the two parameters are related. In addition to recovering
the well-known correlation between M, and Rsy, Figure 3
indicates that Rs, has lower MI with most of the morphological
indicators (e.g., MI=0.13 with n, or M[=0.16 with o). In
contrast, Rso and C; have high MI ~ 0.5; they anticorrelate with
each other (Spearman p = — 0.5).

Having shown the high overlap among structural variables, next
we take this interdependence (redundancy) into account and
quantify the relevance of the variables to predicting ASSFR in
narrow mass ranges. Figure 4 shows the G scores computed
according to Equation (6) in Section 2.3 for the SFG samples in
two mass ranges. The process for computing this score matrix is
different from Figure 3. The columns contain the scores at the
successive selection steps. The first column shows the scores at
the first step, the second column the scores at the second step, and
so on. At each step, the variable with the highest score is selected
(the diagonal values). So, the names of the variables down the
left and across the top are ordered in decreasing relevance to
ASSFR . A positive score for a variable indicates its relevancy of
information dominates over its redundancy; a negative score
indicates otherwise. Note that the score is equivalent to MI for the
first column, by definition, for the forward variable selection we

adopted. To assess the stability of the rankings, we use resampling
simulations to recalculate the scores and the ranks 1000 times for
each stellar-mass bins. The bottom panels of Figure 4 show the
rank probabilities calculated from resampling 90% of the SFGs in
a given M,, without a replacement.

For the SFGs with log M, /M, = 9.75 — 10 (Figure 4a), for
example, R43 has the highest score (MI = 0.33) with ASSFR
among all the variables and it is selected first. C; and n, are
selected second and third and they have G ~ 0.15. Then, o is
ranked fourth with G ~ 0.12. Although i and Rsy have high MI
with ASSFR (see the first column in Figure 4(a)), 1 and Rsg
contain highly overlapped information with C; (MI & 0.8) in
this mass range. In contrast, I(Cy; o) =~ (0.2 is about four times
smaller than I(Cy; 1) and I(Cy; Rso) (see also Figure 3 for the
whole mass range). Thus, o contains the complementary
information for predicting ASSFRafter C; and n, All
structural variables have G > 0, indicating that the relevancy
term dominates over the redundancy term. In other words, all
variables are useful for predicting ASSFR although some have
minor contributions. Similarly, the scores for SFGs with
logM,. /M., = 10.75 — 11 are presented in Figure 4(b). For
this subsample, R43, o, and n, are the top three variables.

Figure 5 summarizes the rankings of the G scores of the
various variables as a function of M,. R,; is the highest-ranked
variable in 6 of the 7 subsamples of narrow stellar-mass
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Figure 5. The ranks of the variables based on average scores (the number in each box) for predicting ASSFR of Stripe 82 SFGs in different narrow mass ranges from
Ml: log(M, /M) = 9.5-9.75 to M7: log(M, /M) = 11-11.25 with AM, increasing by 0.25 dex. The average scores are calculated using the scores of 1000

resampled galaxies in each mass, similar to Figure 4.

(0.25 dex) ranges between log M, /M, = 9.5 — 11.25. Besides,
C; and n, are generally among the top three parameters at low
mass (log M, /M, < 10.5), while ¢ and n, are more important
than C; at high M,. The results are substantially the same if we
bin the sample by M, of 0.5 dex. We have also checked the
results are similar if we screen out satellites from the samples
and redo the analysis for centrals only (see the appendix).

Figure 6 visualizes trends of Rs3, Cy, 0, and n, on M, versus
SSFR space. In each panel, the figure presents the data as
LOESS-smoothed curve color-coded by one of the structural
variables above, to emphasize average trends. We use the
loess Python package (Cappellari et al. 2013) to smooth the
data by fitting a local linear regression. We use a smoothing
span of 30% and set the ranges of the color bars such that they
enclose 10 — 90 percentile ranges of the data. The main points
we want the reader to notice in this figure are: (1) none of the
structural variables correlate linearly or very strongly with the
residual of SSFR about the mean SFMS. In other words, they
are not strong predictors of ASSFR individually. However, as
shown in panel (a) R43 is the best on average (spearman
p =~ 0.4, see the plot of R45 versus ASSFR in the Appendix). At
fixed M,, SFGs with high R,3 have high ASSFR on average;
(2) the SEMS is populated by galaxies with diverse structures,
even at a given M,. There are significant numbers of SFGs with
high C,, o, and n,. This would have been clearer if we had
instead plotted the sample as individual points without the
LOESS smoothing. Anyway, later plots of ASSFR with Ry3,
Cy, and o also show this point (see the appendix); (3) the
patterns of structural variables vary with M., which is why their
ranking in Figure 5 depends on mass. SFGs with high C; have
high ASSFR at fixed M, (and R,3) especially at low M, (see
panels (b) and the appendix). At the high M, end, the average
relationship between ASSFR and o and n, is curved; SFGs
with high ¢ and n, have slightly lower ASSFR on average
(panels (c) and (d)). The relationship of ASSFR with o,
however, is not monotonic and has a large spread—o increases
both above and below the(black) ridge line (see panel (c) and
the appendix). For SFGs, o shows a strong correlation with M,,
while R,z shows a weak correlation with M,.

We have also checked the correlations or trends in Figure 3
and Figure 4 are not completely driven by a small number of

peculiar objects with particularly high ASSFR by restricting the
sample to within 0.5 dex of the SFMS ridge line. Our results are
still valid for this sample and are not confined just to the highest
star-forming galaxies. Likewise, excluding SFGs that are
dominated by narrow-line AGNs (~10%) does not change the
main conclusions. In summary, our analysis indicates that the
offset from the ridge of SFMS depends on asymmetry (R43) and
bulge prominence variables such as Cy, o, and/or n,.

The violin plots in Figure 7 further illustrate the point above
using SFGs with log M, /M, = 10.0-10.5 and z=0.02-0.12.
Figure 7(a) plots the probability density function (PDF) of
ASSEFR after subdividing the sample into four bins by R43 and
C (using their medians for the whole SFG sample). The widths
of the violin plots span the values of the PDFs of ASSFR and
their mirror images, which are the reflected duplications of the
ASSFR PDFs across the vertical lines that split the violin plots
into halves.'? The plots show that the distributional properties
(e.g., median, quartiles, and skewness) of ASSFR depend both
on Ry3 and C;. The distribution of ASSFR of SFGs with high
R 43 shifts to high values (i.e., SSFR is relatively enhanced by
~0.15-0.2 dex) compared to SFGs that have low R,3 and C;.
The bin where both R43 and C; are high has the highest median
ASSFR . The distribution of ASSFR shifts relatively to lower
values when the SFGs have lower R,; but higher C;. This
distribution is also wider and flatter than that of high R,; and
high C; SFGs. Figure 7(b) shows similar trends for the
distribution of ASSFR split by R43 and o. The trends presented
in Figure 7 are similar for different mass ranges, and for the
pairing of R43 with n,, i, or Rs.

In the introduction, we discussed the context in which Rs is
the second parameter (e.g., Omand et al. 2014; Chen et al.
2020; Lin et al. 2020b). In comparison, our MI analysis in this
section indicates that R3 is the second useful parameter
for predicting ASSFR and that Rs is one of the least important
parameters in this regard. To visually compare Rs3 and Rsg
in the context of M—ASSFR, Figure 8 shows the M,—
ASSFR plot color-coded by Rsq in panel (a) and by R43 in
panel (b), and the Rsq—M, relation color-coded by ASSFR in
panel (c) and by R43 in panel (d). There is only a weak trend

12 We use the seaborn Python package to make the violin plots.
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Figure 6. Trends of residual asymmetry R,3, central concentration within the half-light radius C, global Sérsic index n,, and the stellar velocity dispersion o in M,-
SSFR space for SDSS Stripe 82 face-on bulges at z = 0.02-0.12. The data are LOESS-smoothed to reveal mean trends. The black lines denote the ridge line of the
SEMS and its £0.5 dex offsets. Morphological asymmetry R,3 is most strongly linked to ASSFR , followed by three bulge-related parameters (concentration, velocity
dispersion, and global Sérsic index). Comment for the referee: we removed non-star-forming galaxies.

between Rso and ASSFRat a fixed M,. Namely, SFGs with
ASSFR 2 0.5 dex and log M, /M, ~ 10 — 11 are smaller than
SFGs that lie within 0.3 dex of the SFMS ridge line at a similar
M,. The trend between Rsy and ASSFR is not as strong as that of
R43 and ASSFR . Figures 8(a) and (b) confirm that the second
parameter in the context of M,—ASSFRis R,3; and not Rsy.
Likewise, there is no clear trend of ASSFR on Rsy—M, relation
(panel (c)). In contrast, the pattern of R,z is correlated with
Rs—M, (panel (d)), as expected from the MI values in Figure 3.
In other words, small galaxies at a fixed M, are on average less
asymmetric than big galaxies, and Rsq is redundant with Ru3
(and is also highly redundant with C;). Although R,3 is the best
predictor of ASSFR, Figure 8 also shows our earlier point that
the correlation between ASSFR and R, is only moderate.

To summarize, we analyzed the multivariate SDSS Stripe 82
data of ~3700 face-on SFGs using the framework of mutual
information. We find that galaxies are a multiparameter family;
the variation in SFRs of Stripe 82 galaxies is not fully

explained by one or two variables. The most predictive variable
for ASSFR after M, is asymmetry, R,3. This is true in most
(~60% — 85%) mass slices (0.25 dex) in the range 3 x 10° M,
to 2 x 10" M, (see also the Appendix that repeats the analysis
for centrals only). In a few cases when C is the most predictive
variable, R,3 is ranked second. From inspection of individual
images, we see that R,; reflects multiple factors, including
irregular clumps and spiral arms composed of young stars,
lopsidedness in seemingly isolated galaxies, and structural
perturbations by galaxy interactions or mergers (see Figure 9).
After asymmetry (R43), Ci, ng, and o are, overall, the highest-
ranked variables. These variables predominate at different
masses. The two next-leading parameters for galaxies below <
3 % 10" M., are likely C; and ng, whereas the two next-leading
variable terms for massive galaxies are ¢ and n,. Our analysis
does not indicate that Rs, is the second important parameter
after M, for predicting ASSFR in SFGs.
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Figure 7. The distributions of deviations of SSFR, ASSFR, from the SFMS for four sets of SFGs binned by R,3 and Cj, or o. The mass range of the subsample is
logM, /M, = 10-10.5. The violin plots (VPs) show the kernel density estimates of the distributions, and the dashed lines denote the median and quantiles of the
distributions for each bin. The widths of the VPs span the values of the PDFs of the ASSFR and their mirror images. More asymmetric galaxies (orange and green
VPs) are more likely to have enhanced SSFR than less asymmetric and lower C; (or lower o) SFGs (blue VP). The SFR enhancements fade as the asymmetries
disappear in concentrated or high-o SFGs (red VP). These trends may indicate the evolution of the SFR that is driven by a quenching mechanism that involves bursts

of star formation and morphological disturbances.

4. Discussion

This section discusses the possible role of recent gas accretion
in explaining the observed link between galaxy structure and
ASSFR. Gas might be accreted directly into galaxies or brought
in by mergers. Both dynamical perturbations or direct gas acc-
retions can induce asymmetries, drive gas to the center, elevate
SFR, and build a central concentration of stars. Mergers and gas
accretions are regulated by galaxy environments, which might
also explain the link between star formation and galaxy structure.
Observational studies like this one do not yet have measure-
ments of all potentially important parameters (e.g., gas contents
and flows, and environmental parameters) for a particular galaxy
sample. We thus synthesize available results from previous
studies to assemble a preliminary picture that can be tested in
future work.

4.1. The Role of Wet Mergers and Interactions on Asymmetry
and SFR Enhancements

It is generally observed that galaxy mergers and interactions
impact the asymmetry and structure of galaxies (e.g., De Propris
et al. 2007; Casteels et al. 2014; Patton et al. 2016;
Cibinel et al. 2019) and also lead to central SFR enhancements

(Barrera-Ballesteros et al. 2015; Knapen et al. 2015; Chown et al.
2019; Thorp et al. 2019; Pan et al. 2019; Steffen et al. 2021). For
example, at 7= 0.1, high-ASSFR galaxies such as starbursts or
luminous infrared galaxies (LIRGs) are highly disturbed merger
remnants (Sanders & Mirabel 1996; Veilleux et al. 2002; Yesuf
et al. 2014; Ellison et al. 2013; Larson et al. 2016; Pawlik et al.
2016; Shangguan et al. 2019). Likewise, most high-redshift
starbursts and LIRGs are also mergers or irregular galaxies
(Kartaltepe et al. 2012; Cibinel et al. 2019). At 0.2<z<2,
Cibinel et al. (2019) found that the ASSFR distribution of
mergers spans the whole range of SFMS, but it is skewed toward
high ASSFR, with the median being ASSFR ~0.2-0.25. Almost
all galaxies with ASSFR > 0.6 (i.e., starbursts) in Cibinel et al.’s
(2019) sample are ongoing mergers. The majority of these
galaxies are morphologically disturbed, late-stage mergers close
to the coalescence phase. Using the DEEP2 survey, Lin et al.
(2008) classified wet, dry, and mixed mergers according to the
colors of the individual components in close pairs. These authors
showed that wet mergers dominate merger events since z ~ 1.2,
reaching ~40%—60%. Dry and mixed mergers, however, become
more important over time, especially at z <0.2.

The fraction of asymmetric galaxies that are disturbed by
mergers is not constrained well observationally, especially for
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Figure 8. Top: the M,—ASSFR relation color-coded by Rsq in panel (a) and by R,43 panel (b). Bottom: the Rsq—M, relation is color-coded by ASSFR in panel (c) and
by R,3 in panel (d). There is only a weak trend between Rsy, and ASSFR . On the other hand, the pattern of R,3 is correlated with Rsy and ASSFR; there is a
redundancy between Rs, and R,3, and the latter is a better predictor of ASSFR .

asymmetries caused by minor mergers. Using the GAMA'"?
survey, Casteels et al. (2014) found a significant increase in the
mean asymmetries of mergers for projected separations less than
the sum of the individual galaxies’ Petrosian 90% radii. For major
merger pairs (with mass ratios >1/4), both galaxies show high
asymmetries. In contrast, in minor merger pairs (with mass ratios
<1/4), the lower-mass companion is highly asymmetric, but the
massive galaxy is less affected. The authors also found that the
fraction of highly asymmetric galaxies that are ongoing major
mergers is only ~2%—4%. In comparison, the minor merger rate
(mass ratios of 1/4-1/10) is ~3-7 times higher than the major
merger rate (e.g., Lotz et al. 2011; Rodriguez-Gomez et al. 2015).
Therefore, roughly ~10%—-30% of asymmetric galaxies might be

13 Galaxy And Mass Assembly (GAMA) survey (Driver et al. 2011).
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the results of minor mergers. Kaviraj (2014) inferred that around
40% of the star formation activity in the z < 0.07 spiral galaxies is
triggered by minor mergers. These authors used SDSS Stripe 82
imaging to visually classify bright (r < 16.8) galaxies into spirals
and E/SOs and then calculated the SSFR enhancements in
disturbed spirals by comparing them with a sample of undisturbed
spirals. Although the merger rates are quite uncertain, it is
indisputable that some of the observed asymmetries/disturbances
in SFGs are linked to galaxy mergers or interactions (De Propris
et al. 2007; Casteels et al. 2014; Kaviraj 2014).

Reichard et al. (2009) investigated the link between lopsided-
ness“, central SSFR, metallicity, and the presence of AGN

1% The authors defined lopsidedness as the radially averaged m = 1 Fourier
amplitude between the radii enclosing 50% and 90% of the galaxy light.
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Figure 9. Example i-band Stripe 82 images of star-forming galaxies with high asymmetries. All galaxies have log M, /M, = 10-10.5 and z = 0.05-0.1. The images
are displayed using asinh scaling (with @ = 0.05 parameter), which is logarithmic at high surface brightness and linear at low surface brightness. The images show that
the asymmetries arise from mergers/interactions, lopsidedness, or asymmetric spiral arms.
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using shallow SDSS images. These authors also found strong
links between lopsidedness and recent/ongoing central star
formation: the more lopsided a galaxy, the younger its stellar
population. Starburst galaxies are on average the most lopsided.
The observed correlation between lopsidedness and SFR
(Rudnick et al. 2000; Reichard et al. 2009) suggests a mutual
triggering event.

In general, lopsidedness is common in SFGs and may be
triggered by several phenomena (Richter & Sancisi 1994; Rix
& Zaritsky 1995; Zaritsky & Rix 1997; Bournaud et al. 2005;
Mapelli et al. 2008; Reichard et al. 2008; Jog & Combes 2009;
Zaritsky et al. 2013) including mergers and interactions.
Asymmetric gas accretion, gravitational instability, and/or
asymmetric (off-center) dark matter halo are some of the other
physical mechanisms that explain the origin of lopsidedness in
galaxies. The simultaneous occurrence of the m =1 lopsided
asymmetry and the m =2 spiral arm modes is also common
(Bournaud et al. 2005; van Eymeren et al. 2011; Zaritsky et al.
2013). The observation that lopsidedness is more frequent in
late-type galaxies than in early-type galaxies was also used as
evidence against the sole merger origin (Bournaud et al. 2005);
galaxy mergers/interactions transform galaxies into early types
after the interactions.

Previous estimates, albeit very uncertain, indicate that the
morphological asymmetries are fairly long lived (~0.2-2 Gyr
Lotz et al. 2010a, 2010b; Whitney et al. 2021). Using
simulations of mergers of varying mass ratios and gas fractions,
Lotz et al. (2010a) found that the timescale for detecting a
merger with high asymmetry depends strongly on the gas
fraction of the primary galaxy. For major mergers, the authors
found that the timescale is ~0.3-0.7 Gyr for fy,, ~ 20%—-40%.
For minor mergers, it may be <0.06 Gyr for fy.s S 20% or
similar to that of the major mergers for higher f,,,. Using the
Mlustris TNG300 simulations, Whitney et al. (2021) recently
found that the mean merger timescale for mergers identified
using the concentration, asymmetry, and smoothness (CAS)
system is 0.567073 Gyr. Furthermore, the lack of strong
correlation between the strength of lopsidedness with the tidal
interaction parameter or the presence of nearby companions
indicates that lopsidedness must be a long-lived event if it is
caused by galaxy interactions/mergers (~1-2 Gyr; Wilcots &
Prescott 2004; Bournaud et al. 2005; Saha et al. 2007; Jog &
Combes 2009; van Eymeren et al. 2011; Yozin & Bekki 2014;
Ghosh et al. 2021). Incidentally, the time gas takes to fall in
from the halo virial radius to the position of a simulated galaxy
is also in the range ~0.1-2 Gyr (Nelson et al. 2015).

We have attempted to quantify the relationship between
mergers and asymmetry for our galaxies. A preliminary visual
inspection and a neighbor count for our sample indicate that
about 65% of SFGs with Ry3 > 0.1 in our sample do not have
close neighbors within 10-100 kpc and that 280% of the SFGs
with R,3 > 0.1 are not conspicuous merger remnants. Most of
these galaxies are asymmetric due to asymmetric spiral arms
and/or lopsidedness (see also Figure 9). Moreover, we find that
the anticorrelation between R,; and the first nearest neighbor
distance is weak (p =~ —0.05). Furthermore, ~70% of galaxies
with R43 > 0.05 (the median for SFGs) do not also have close
neighbors within 10-100kpc. We defer more quantitative
analysis of different modes of asymmetry and their relationship
with the environment for future work. In general, our visual
estimates agree with published studies suggesting that observed
asymmetries are due to multiple causes with some preponderance
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of the evidence suggesting that most asymmetries are not caused
by mergers. With better estimates and understanding of the asy-
mmetry timescale, the observed correlation between ASSFR and
asymmetry in SFGs may help constrain the evolution timescales
of galaxies across the SFMS. As discussed in the introduction,
different galaxy evolution models predict drastically different
SFR variability timescales (e.g., Iyer et al. 2020). Overall, the
existing evidence points to fairly long-term variations in SFR,
~0.2-2 Gyr, for merger perturbations and similarly for perturba-
tions due to diffuse gas accretion.

4.2. The Relationship of Gas, Asymmetry, and SFR

Numerous observations indicate that the SFR is linked to or
regulated by the amount of gas in galaxies (e.g., Kennicutt 1998;
Gengzel et al. 2015; Saintonge et al. 2017; Catinella et al. 2018;
Yesuf & Ho 2020). Although directly observing gas accretion is
difficult, the observed short gas depletion timescale (~1-2 Gyr)
indicates the need for continuous gas accretion to sustain the
observed cosmic star formation (e.g., Sancisi et al. 2008;
Sanchez Almeida et al. 2014). Current observational estimates
indicate that gas accretion rates from minor mergers are not
enough (~0.1-0.3 M., yr ") to sustain the observed SFR in local
galaxies (Sancisi et al. 2008; Di Teodoro & Fraternali 2014).
Furthermore, galaxy simulations indicate that gas infall rates
onto dark matter halos are dominated by the diffuse component
over the merger contribution, at least for galaxies in low-mass
halos M, < 10"* M_'® (Fakhouri & Ma 2010; van de Voort
et al. 2011; L’Huillier et al. 2012; Wright et al. 2021). Some
simulations indicate that the variation in gas accretion rates
may offer a physical explanation for the stratification of the
SEMS; at fixed M,, simulated central galaxies in halos
experiencing high gas accretion rates preferentially lie above
the SFMS (Sdnchez Almeida & Dalla Vecchia 2018; Wright
et al. 2021). While the details are not yet well understood,
asymmetric but diffuse gas accretion rates of a few M. yr'
along cosmological filaments may plausibly explain the
ubiquity of asymmetries in strongly star-forming galaxies
(Keres et al. 2005; Bournaud et al. 2005; Sancisi et al. 2008;
Jog & Combes 2009; Cen 2014).

Consistent with the possibility of recent gas accretion, Wang
et al. (2011) found a correlation between the asymmetry of the
stellar disk and the HI mass fraction in SDSS galaxies with
M, >10"M_, and z < 0.05. The asymmetric galaxies have both
enhanced SSFR (as traced by NUV—r color) and gas content.
Note that the typical galaxies in Wang et al.’s (2011) sample are
not mergers, and their asymmetry measurements are based on
shallow SDSS images. Moreover, Espada et al. (2011) found
tentative evidence that isolated galaxies with high FIR emission
(>10"L.) show higher HI asymmetry than isolated galaxies
with low FIR emission. The prevalent HI asymmetry in isolated
galaxies cannot be due to recent galaxy interactions (see also
Baldwin et al. 1980; Richter & Sancisi 1994; Haynes et al. 1998;
Matthews et al. 1998; Vulcani et al. 2018). In comparison, (post)
mergers also on average exhibit elevated atomic and molecular
gas amounts compared to isolated galaxies (Lisenfeld et al. 2011;
Stark et al. 2013; Silverman et al. 2015; Ellison et al. 2018;
Violino et al. 2018). Using the GOALS'® sample, Shangguan
et al. (2019) found that luminous infrared galaxies (LIRGs)

15 Based on existing group catalogs (Tinker 2020; Yang et al. 2021), most
galaxies in our sample live in low-mass halos below this limit.

' The Great Observatories All-sky LIRG Survey
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have higher gas fractions than those of main-sequence SFGs.
The most gas-rich LIRGs are late-stage mergers. The merger
stage for the GOALS galaxies was determined from HST
images. In addition, a small but significant difference between
the HI asymmetry distributions of close pairs and isolated
galaxies was also observed (Bok et al. 2019). In short, existing
data suggest that both diffuse gas accretion and wet mergers are
contributing to the asymmetry and ASSFR enhancements.

Furthermore, it is well known that mergers and disturbed
galaxies also exhibit low gas-phase metallicities compared to
isolated galaxies of similar M, (Ellison et al. 2008; Reichard
et al. 2009; Hwang et al. 2019a; Thorp et al. 2019; Bustamante
et al. 2020). This is interpreted as metallicity dilution by recent
gas accretion (Forbes et al. 2014; Torrey et al. 2019;
Collacchioni et al. 2020). Reichard et al. (2009) found that
lopsided galaxies have lower gas-phase metallicity than the
average mass—metallicity relation at a given M,. Hwang et al.
(2019a) argued that the low-metallicity ionized gas in their
sample originates from a combination of galaxy interactions,
mergers, and gas accretions from the circumgalactic media.
They used the SDSS MaNGA'” data of late-type SFGs to
identify regions in which the gas-phase metallicity is low
compared to the expectation from the mass—metallicity relation.
The authors found that the incidence rate of the low-metallicity
gas is significantly higher in low-mass (M < 3 x 10'°M_) and
asymmetric SFGs, which are mostly not interacting or mergers.
In short, the observed metallicity and asymmetry connection
indirectly supports the role of diffuse gas accretion in some
galaxies in establishing the observed relationship between
ASSFR and asymmetry.

In summary, morphological asymmetries are commonly
observed in galaxies, and they are associated with SFR
enhancements. Many processes such as galaxy merging, tidal
interactions, and asymmetric gas accretion can cause asym-
metric stellar disks. The dominant process has yet to be
identified. Gas coming into galaxies from both direct accretion
and from mergers is certainly important. Based on the synthesis
of previous results, we consider the alternative that diffuse gas
accretion can lead to both asymmetry in the stellar distribution
and SFR enhancement. Future observational constraints on the
gas content of our sample are needed to distinguish between (1)
enhanced gas supply from diffuse accretion, which increases
both ASSFR and asymmetry versus (2) enhanced ASSFR at a
fixed gas fraction in asymmetric galaxies relative to normal
galaxies.

4.3. Signature of Compaction and Movement across
the SFMS'?

In accordance with the compaction scenario (Dekel &
Burkert 2014; Zolotov et al. 2015; Tacchella et al. 2016), a
galaxy on the SFMS may experience some trigger (merger,
interaction, or some jolt) and/or a fresh infusion of gas, the gas
falls to the center, the SFR in the center goes up, thereby
enhancing the central stellar concentration. Then, the galaxy
exhausts its fuel or the fuel is ejected by feedback, and the
galaxy traverses the SFMS quickly and drops below it.

Are galaxies actually crossing the SFMS in large numbers?
This would be difficult with major mergers, which not only are
rare but also permanently alter the galaxy structure; mergers
move mass to the center and destroy disks. Because SFGs with

17 Mapping Nearby Galaxies at Apache Point Observatory.
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both bulges and disks are prevalent, the disks would need to
rebuild. In contrast, diffuse gas variations inject gas without
major perturbations. It is at least plausible that variations in
diffuse infall might move galaxies up and down in
ASSFR without perturbing their morphologies. The prevalence
of asymmetry (lopsidedness and spiral arms) in relatively
isolated galaxies might indicate that galaxies probably cross the
SEMS in large numbers in ~1-2 Gyr timescales. But if long-
term perturbations related to dark matter halos are dominating,
then galaxies do not bob up and down about the SFMS on short
timescales—they stay above or below the SFMS for long times
(Abramson et al. 2016; Diemer et al. 2017; Matthee &
Schaye 2019; Iyer et al. 2020; Berti et al. 2020).

In general, the ASSFRis anticorrelated with the clustering
amplitude of SFGs measured on scales of 2 1 Mpc (Li et al.
2008; Berti et al. 2020). Galaxies above the ridge of the SFMS
are less clustered than those below it, at a fixed M,, implying a
very long-lived evolutionary effect. On scales < 100 kpc,
however, Li et al. (2008) found that the clustering amplitude
for SFGs is not monotonic (i.e., it is V-shaped) with SSFR; it
increases with increasing SSFR for SSFR between ~0.1 —
1 Gyr ! and decreases with SSFR between ~0.01—0.1 Gyr'
(see also Gunawardhana et al. 2018). Li et al. (2008) interpreted
this trend as a signature of tidal interactions, which led to
enhancement in star formation and morphological transforma-
tion. Furthermore, Wuyts et al. (2011) found that the Sérsic
index n does not vary monotonically with ASSFR . It also shows
a reversal in the high end of ASSFR . We find similar trends in
our analysis for various morphological variables, the most
remarkable being the central concentration, Cy, for galaxies with
M, <3 x 10'° M. Figure 6(b) shows that C; is lowest on the
SFMS, but it increases above and below the SFMS. Note that
some previous studies did not find compact SFGs at the high end
of ASSER (e.g., Morselli et al. 2019; Cook et al. 2020).

Although gas compaction events are expected to be rare in
the nearby universe (Dekel & Burkert 2014), where gas
fractions are low and mergers are infrequent, some local
galaxies (e.g., starburst and post-starburst galaxies) may still
experience such events (Mclntosh et al. 2014; Yesuf et al.
2014; Yesuf & Ho 2020; Wang et al. 2020). Recently, Wang
et al. (2020) studied how HI inside galaxies fuels star
formation in late-type disk galaxies and found trends that are
generally consistent with the compaction model. In particular,
they found that the ASSFR is well correlated with the inner H1
surface density and inner H1 mass-to-stellar-mass ratio. The
highest gas density and the fastest depletion of HI within the
stellar disks are found in the most compact SFGs, at a given
M,. Wang & Lilly (2020a, 2020b) have modeled the SFR
fluctuations of MaNGA galaxies and concluded that the stellar
populations and line strengths of these local galaxies are
consistent with fairly rapid fluctuations of SFR in a gigayear or
shorter timescale.

In summary, the bobbing of galaxies is an important open
question that will probably require a combination of kinematic
modeling, stellar population modeling, and environmental
statistics to finally resolve. If there is rapid bobbing, then
galaxies at the bottom of the SFMS are changing into galaxies
at the top, and vice versa. In our opinion, the current data do
not rule out bobbing of at least some galaxies. Hard-to-change
parameters like o and Rsq are fairly constant across the SFMS.
R,5 and C; do change, but they are light based (i band). They
might be affected by recent star formation that may fade on
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short timescales or that might have contributed only a small
fraction of the total mass. Mass-based concentration measure-
ments of galaxies, therefore, will be valuable to constrain the
timescales of fluctuations about the SFMS ridge line.

4.4. Future Work: Comparison with Simulations and Improved
Observations

It is very challenging to infer galaxy evolutionary histories
from the snapshot at z = 0 alone, which includes the end result
of recent and ancient evolution. We hope that the quantitative
approaches and results presented in our work inspire detailed
comparison with emerging state-of-the-art cosmological simu-
lations. Simulations now have capabilities to generate more
realistic mock images that mimic observations (e.g., Snyder
et al. 2015; Correa et al. 2017; Genel et al. 2018; Rodriguez-
Gomez et al. 2019; Bignone et al. 2020). They reproduce
galaxy properties that are in broad agreement with observa-
tions. Comparison with simulations will offer valuable insights
into the underlying physical processes that gave rise to the
complex trends observed in local galaxies (for excellent case
studies, see Cortese et al. 2019; Rodriguez-Gomez et al. 2019).

The current work does not examine the impact of
environment on star formation and galaxy structure. Numerous
observational and theoretical studies, however, show that
environment is important in shaping galaxy encounters, star
formation, morphology, and gas properties of galaxies (e.g.,
Dressler 1980; Postman & Geller 1984; Balogh et al. 1998;
Hashimoto & Oemler 2000; Angiras et al. 2006; Boselli &
Gavazzi 2006; Blanton & Moustakas 2009; Lin et al. 2008;
Ellison et al. 2010; Peng et al. 2010; Thomas et al. 2010;
Wetzel et al. 2012; Kampczyk et al. 2013; Woo et al. 2015; van
de Voort et al. 2017; Hwang et al. 2019b). For example, van de
Voort et al. (2017) used EAGLE simulations to study the
environmental dependence of gas accretion onto galaxies. They
found a strong suppression of gas accretion rates in massive
halos and in dense environments, especially for satellite
galaxies at smaller halocentric distances. The SFRs of both
centrals and satellites show similar behavior to their gas
accretion rates. The authors therefore concluded that the
environmental suppression of gas accretion could directly lead
to the quenching of star formation. On the other hand, low-
halo-mass galaxies (M), <3 x 10" M) are primarily fed by
cold, filamentary gas streams, especially if they live in low-
density environments (Kere§ et al. 2005, 2009; Fakhouri &
Ma 2010; van de Voort et al. 2017). The majority of galaxies in
our sample have low halo masses (are centrals) and live in the
field or in poor groups (Tinker 2020; Yang et al. 2021).
Therefore, both cold gas accretion and merging are viable
mechanisms for explaining the observed correlation between
ASSFR and asymmetry.

The structural parameters (Ry, pt, Cy, g, and Rso) may not be
sufficiently representative. In the future, more parameters such
as the Gini coefficient and the second-order moment of the
20% brightest pixels (G—M,p; Lotz et al. 2004) should be
included. Apparently, in addition to morphological parameters
based on high-quality images, measurements of the environ-
ment and cold gas are vital to disentangle the physical
processes that resulted in the diversity of SFHs and structures
of galaxies today. Hopefully, future studies will include all
these parameters in multivariate analysis like this one.
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5. Summary and Conclusions

We use the statistical framework of mutual information to
quantify the interdependence among several structural variables
and to rank their relevance to predicting ASSFR, controlling
for the redundancy within the selected variables. We apply this
framework to study ~3700 face-on SFGs in the SDSS Stripe
82 survey. The deep i-band imaging data from this survey
result in more reliable measurements of structural variables
such as asymmetry (Bottrell et al. 2019).

Our main conclusions are:

1. Multiple structural variables are helpful for predicting the
SFR of SFGs, although some have minor contributions.
After M,, morphological asymmetry (R,3) is the most
important predictor of variations in the SSFR on the
SFMS. SFGs with higher asymmetry have higher
ASSFR . The asymmetry reflects both asymmetric spiral
arms and lopsidedness in seemingly isolated galaxies and
structural perturbations by galaxy mergers or interactions.

2. The exact ranks of the variables may depend on how
the galaxy sample is subdivided (e.g., by M,). After
asymmetry (Ra3), Ci, ng, and o are, overall, the highest-
ranked variables. The two next-leading parameters for
galaxies below <3 x 10'°M. are likely C; and Ng,
whereas the two next-leading variables terms for massive
galaxies are o and n,.

3. The SEMS is populated by galaxies with diverse structures,
even at constant M,. There are significant numbers of bulge-
dominated, concentrated, and/or compact SFGs with
similar morphologies as QGs of similar M,. SFGs with
enhanced SSFR, some of which are starbursts, are likely
more concentrated and/or asymmetric.

4. Two interpretations are developed to explain the positive
correlation between high-asymmetry R4z and higher star
formation rate on the SFMS. One is that extra star
formation is driven by mergers and tidal encounters. The
other is that it is driven by enhanced diffuse gas accretion.
Present data do not permit a clear choice between these
two accretion modes and, indeed, both may be operating
in different cases. However, the two modes may have
different timescales: mergers and tidal perturbations have
short lifetimes, in which case the residence times above
and below the SFMS would be brief. Diffuse accretion
fluctuations might be longer lived and cause galaxies to
remain above and below the SFMS for longer periods. It
is hoped that improved galaxy simulations together with
more extensive environmental data will explain the origin
of galaxies’ SFMS residuals.

We speculate that the central concentration of gas and star
formation through these two channels also drives bulge
buildup. Some SFGs probably compactify by a mechanism
that is linked with enhanced star formation and morphological
asymmetries. At the moment, we do not know how much of the
bulge mass is built recently, perhaps ~5%-30% of the total
mass (Rudnick et al. 2000; Thomas & Davies 2006; Kaviraj
et al. 2007; Mendel et al. 2013). The buildup of the bulge, then,
may generate its own agent for quenching. But establishing this
picture would require much more evidence than we presented.
We hope future work will examine it in detail.
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Appendix
Correlations, Scores, and Ranks of Structural Variables for
Different Subsamples

In the main text, Figure 4 presented ranks and scores of
variables for predicting the ASSFR for only two narrow mass
ranges and using the forward variable selection. Figure 10
shows a similar figure for the backward selection for the two
mass ranges. The backward selection prunes the full set of
variables by minimizing Equation (6) and gives similar results
to the forward selection. Furthermore, Figure 11 similarly
presents the results for an additional four stellar-mass ranges
for the forward selection. Ry3 is the highest-ranked variable in
three of the four narrow mass subsamples presented in
Figure 11. In general, the bulge-related parameters C;, o, or
n, are among the top three variables.

Similar to Figure 5, Figure 12 shows the summary of the
ranks of the variables as a function of M,, now excluding
satellite SFGs. We use the satellite probability, P, < 0.5, from
the catalog by Tinker (2020). The results in the two figures are
similar. We defer detailed analysis of the environmental effects
on ASSFR for future work. Figures 13 and 14 further visualize
the trends of ASSFR with R,3, Cy, and o. Using a simple linear
regression, we show clearly that ASSFR depends on these
three variables.
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Figure 10. Similar to Figure 4 but for the backward variable selection. Here the important variables are found at the bottom. R,3 is still the most important variable.
The ranks for the other variables slightly change from those of the forward selection.
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Ranks and Average Scores for Central SFGs in Different Mass Ranges
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Figure 12. The ranks of the variables for predicting ASSFR. Similar to Figure 5, but for central galaxies only. The stellar-mass ranges from
Ml: log(M, /M) = 9.5 — 9.75 to M7: log(M,. /M) = 11-11.25 with mass increases of 0.25 dex.

(a) High C7  log(M,/Ms) = 9.5+ 10.5 (b) Low Cy log (M,/Mgs) = 9.5 —10.5
LOT p=oa4 L p =04

A log SSFR

(C) ngh o ]Og (M*/]W@) =10.5—11.25 (d) Low o
1.0 p 0.4 : .o L T p=~0.4

0.51

A log SSFR
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Figure 13. The relationship between R,3 and ASSFR for SFGs binned by M, and C; or o. All subsamples show a correlation between R,3 and ASSFR (p = 0.4), but
SFGs with high C; > 0.3 or high ¢ > 110 km s~ have higher ASSFR than those with low C; or low o in a given M, range.
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Figure 14. The relationship between ASSFR and C; or o, for SFGs binned by M, and color-coded by R,3. At a given M, range and R,3, there is a significant
dependence on C; or 0. We plotted linear regression fits for the illustrative purpose; some of the relationships are nonlinear and heteroscedastic (variable dispersion

with C; or o).
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