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ABSTRACT

In the era of precision cosmology and ever-improving cosmological simulations, a better under-
standing of different galaxy components such as bulges and discs will give us new insight into
galactic formation and evolution. Based on the fact that the stellar populations of the constituent
components of galaxies differ by their dynamical properties, we develop two simple models
for galaxy decomposition using the IllustrisTNG cosmological hydrodynamical simulation.
The first model uses a single dynamical parameter and can distinguish 4 components: thin
disc, thick disc, counter-rotating disc and bulge. The second model uses one more dynamical
parameter, was defined in a probabilistic manner, and distinguishes two components: bulge
and disc. The number fraction of disc-dominated galaxies at a given stellar mass obtained by
our models agrees well with observations for masses exceeding log,,(M./My) = 10. Sérsic
indices and half-mass radii for the bulge components agree well with those for real galaxies.
The mode of the distribution of Sérsic indices for the disc components is at the expected value
of n = 1. However, disc half-mass radii are smaller than those for real galaxies, in accordance
with previous findings that the IllustrisTNG simulation produces undersized discs.

Key words: methods: numerical — methods: statistical — galaxies: statistics — galaxies: kine-

matics and dynamics — galaxies: structure

1 INTRODUCTION

Galaxies exhibit a wide range of morphological features. Galaxy
morphology carries information about the galaxy’s evolutionary
history; morphology strongly correlates with color, star-formation
rate, the local environment and numerous intrinsic properties (Mo
et al. 2010; Guo et al. 2009; Lee et al. 2013; Oser et al. 2012;
Taylor et al. 2010; Tortora et al. 2010; Park & Choi 2005; Trujillo
et al. 2004). For instance, in bulge-dominated galaxies, the mo-
tions of stars are dispersion-dominated, while in disc-dominated
galaxies, the stellar motions are angular momentum-dominated.
Nevertheless, there are still open questions about galaxy forma-
tion and evolution, and the connection to galaxy morphology (Naab
& Ostriker 2017; De Lucia et al. 2014). For example, does the
environment play a dominant role in setting the morphology, or
does assembly bias pre-determine the morphology (Bamford et al.
2009)? Furthermore, galaxy color is known to correlate with the
magnitude of large-scale intrinsic alignments (Hirata et al. 2007),
which are an important contributor source of systematic uncertainty
for weak lensing (Krause et al. 2016). Explanations for this color
trend generally rely on the color-morphology correlation, identify-
ing red galaxies as dispersion-dominated and blue galaxies as an-
gular momentum-dominated (Heymans et al. 2013; Kiessling et al.
2015). Large-volume cosmological simulations of galaxy formation
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provide an opportunity to study these questions (Croft et al. 2009;
Feng et al. 2015; Bignone et al. 2020).

However, in order to study galaxy morphology in a cosmolog-
ical context, a method that can efficiently and accurately categorize
galaxies and decompose them into their constituent structural com-
ponents at moderate resolution is needed. Historically, observed
galaxies were classified by their visual characteristics. Galaxy mor-
phologies were first categorized by Edwin Hubble in 1926; in par-
ticular he identified 4 main categories: elliptical, disc, lenticular and
irregular galaxies. Additionally, Hubble identified substructures of
disc galaxies and drew parallels between the appearances of bulges
of disc galaxies and elliptical galaxies. In the following decades,
beyond just morphology, observations began to reveal the different
characteristics of the light intensity profiles of galaxy components.
De Vaucouleurs introduced the /4 law for describing the light
intensity profile of elliptical galaxies and spheroidal components of
disc galaxies (de Vaucouleurs 1948). Later in 1959, De Vaucouleurs
showed that for M31, the surface brightness profile is a sum of an
exponentially decaying disc and a bulge that follows the r~1/4 Jaw,
setting a precedent for all later photometric studies (de Vaucouleurs
1958). Later studies found additional structures such as pseudo-
bulges, bars, stellar halo and thick discs (Dalcanton & Bernstein
2002; Kormendy & Kennicutt 2004; Trujillo & Bakos 2013), which
pose some challenges for photometric fits.

More recently, studies using resolved spectroscopic informa-
tion have enabled galaxies to be decomposed into components based
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on their dynamics, rather than surface brightness profiles (e.g., Zhu
et al. 2018; Tabor et al. 2019). These studies rely on the assump-
tion that elliptical galaxies and bulge components in disc galaxies
are similar in their formation and evolution. Both are usually red
in color, quiescent, and dynamically dispersion-dominated. On the
other hand, discs are usually blue, star forming and dynamically
rotation-supported (Somerville & Davé 2015).

On the theoretical side, up until very recently cosmological hy-
drodynamical simulations had difficulty producing disc-dominated
galaxies that have properties consistent with those observed in real
data (Vogelsberger et al. 2020). The improved numerical meth-
ods and updated implementations of baryonic physics in the Illus-
trisTNG100 (Nelson et al. 2018; Pillepich et al. 2018b; Springel
et al. 2018; Naiman et al. 2018; Marinacci et al. 2018; Nelson et al.
2019) simulations produce optical morphologies of galaxies that
compare favorably to observed galaxies, thus allowing a reasonable
splitinto disc and elliptical galaxies (Rodriguez-Gomez et al. 2018).
Additionally, the fraction of disc galaxies from the IllustrisTNG100
simulation agrees with observations at z = 0 and stellar mass range
logio(Ms/Mg) = 9.5 — 11.5 (Tacchella et al. 2019). These prop-
erties of the [ustrisTNG100 simulation will enable studies of the
ensemble statistics of the different galaxy components, from which
we can get a hint into their evolutionary history. For instance, un-
derstanding how discs assemble and evolve is key to understanding
galaxy evolution as a whole, since discs carry a significant portion
of the angular momentum of the galaxy (van der Kruit & Freeman
2011).

The different components of disc galaxies are thought to form
and evolve by different mechanisms (Steinmetz & Navarro 2002).
Therefore, comparing the ensemble statistics of different compo-
nents may reveal new insight into the formation and evolution of
galaxies. Moreover, elliptical galaxies and disc galaxies are known
to exhibit different behaviors; for example, intrinsic alignments of
galaxy shapes with the large-scale density field have been detected
for red galaxies, which are predominantly elliptical, but not for
blue galaxies, which are predominantly disc-dominated (Joachimi
et al. 2015). The different kinematic mechanisms in the evolution
of the two types of galaxies are thought to be responsible for the
difference (Hirata & Seljak 2004). Several methods for dynamical
decomposition of galaxies have been demonstrated in the literature,
mostly on the outputs of cosmological zoom-in simulations These
methods have gradually improved over time, building on lessons
learned from previous dynamical morphological classifiers. Abadi
et al. (2003) first proposed the widely used circularity parame-
ter, which characterizes each star particle’s orbit and orientation in
the reference plane defined by the net angular momentum of the
galaxy. Later, Scannapieco et al. (2009) studied eight galaxies from
a high-resolution hydrodynamical simulation. This work found the
circularity parameter to be inadequate for a detailed study, and pro-
posed an additional cutoff based on distance from the center of the
galaxy. Next, Doménech-Moral et al. (2012) examined the photom-
etry (color) and chemistry of the components of seven disc galaxies
in a zoom-in simulation. The decomposition into substructures was
done using k-means clustering of various kinematic parameters.
Improving upon that method, Obreja et al. (2018) used Gaussian
Mixture Models on dynamical parameters of galaxies from zoom-in
simulation. Later, Du et al. (2019) used the same method on un-
barred disk-dominated galaxies of IllustrisTNG100, demonstrating
that multiple galactic substructures can be found in large-volume
simulations as well. Additionally, Brook et al. (2012) studied the
chemical composition and evolution of the bulge fraction over time

in a zoom-in simulation. Instead of kinematics, they used chemical
composition to distinguish the thin disc, thick disc and halo.

However, these morphological decomposition methods cannot
be applied to ensembles of galaxies with a variety of morphologies,
since they were specifically designed for disc-dominated galaxies.
Hence, when working with large samples of galaxies, studies of-
ten include a single parameter with a hard cut-off to separate the
populations (Vogelsberger et al. 2014; Tenneti et al. 2016; Huang
et al. 2018; Tacchella et al. 2019). These cut-offs do not capture
the underlying complexities of the substructures; as a consequence,
the separated populations suffer from considerable contamination
(Scannapieco et al. 2009). In order to compensate for this prob-
lem, Tacchella et al. (2019) used for each galaxy the fraction of the
angular momentum in the azimuthal direction in IlustrisTNG100
to study galaxy morphologies, and applied a global correction fac-
tor for the spheroidal component by arguing that this parameter
underestimates the spheroidal component.

Since the aforementioned decomposition models required pre-
selected sample of disc-dominated galaxies, our goal is to develop
a more general dynamic model for morphological composition of
mixed galaxy ensembles. This model should have a relatively small
number of parameters, to enable its application to ensembles of
galaxies from cosmological hydrodynamical simulations (not just
zoom-in simulations). We test the model presented in this work by
comparing it to current observational data and previous morpho-
logical decomposition methods.

Also, observational morphological decomposition models
conventionally do not decompose the halo stars into a separate
structure from the bulge. Even though the halo stars are a separate
population from the bulge, they usually constitute a very small frac-
tion of the mass content of the galaxy. Thus, in order to be consistent
with observational models, we do not attempt to identify a structure
for the halo stars.

The paper is organized as follows: In § 2 we briefly introduce
the simulation we have used: IllustrisSTNG. Next, in § 3, we dis-
cuss the dynamical parameters that are relevant for morphological
decomposition of galaxies, and introduce our 1D and 2D models
for morphological decomposition. In § 4 we present and discuss
ensemble statistics of the galaxy population in IllustrisTNG100 de-
rived using the model. Finally, we summarize our conclusions in
§5.

2 SIMULATED DATA

In this section, we briefly describe the IllustrisSTNG simulation
used throughout this work (for more information, please refer to
Nelson et al. 2018; Pillepich et al. 2018b; Springel et al. 2018;
Naiman et al. 2018; Marinacci et al. 2018; Nelson et al. 2019). The
IustrisTNG100-1 is a cosmological hydrodynamical simulation
that was run with the moving-mesh code Arepo (Springel 2010).
The box (with side length of 75 Mpc/h ) has 2 x 18203 resolution
elements with a gravitational softening length of 0.7 kpc/h for dark
matter and star particles. For gas cells, an adaptive comoving soft-
ening of a minimum value of ~ 0.2 kpc is used. The dark matter and
star particle masses are 7.46 X 106Mq and 1.39 x 100 M, respec-
tively. The physical models and processes for galaxy formation and
evolution include radiative gas cooling and heating; star formation in
the ISM; stellar evolution with metal enrichment from supernovae;
stellar, AGN and blackhole feedback; formation and accretion of
supermassive blackholes (Pillepich et al. 2018a). The halos within
the simulation are identified through friends-of-friends (FoF) meth-
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ods (Davis et al. 1985), and then the subhalos are identified using
the SUBFIND algorithm (Springel et al. 2001).

We chose to use this simulation for this work for the following
reasons. The g —r galaxy colors in the [llustrisTNG100-1 simulation
(the highest resolution publicly available data set) are in quantita-
tive agreement with observational data from SDSS at z < 0.1.
The simulation exhibits improved color bimodality that agrees with
SDSS data for intermediate mass galaxies compared to previous
simulations, such as Illustris (Nelson et al. 2017). Further, the g — r
colors for the galaxies are correlated with other galaxy properties;
for example, the red galaxies are quiescent, old, gas poor and less
rotationally-supported. Finally, the cosmological nature of the simu-
lation enables us to derive statistical properties of galaxy ensembles,
unlike zoom-in simulations.

Of the 100 snapshots of the simulation, we use the latest snap-
shot at z = 0 for our analysis. We initially employ a minimum stel-
lar mass threshold of log(M+/Mo) = 9 , roughly corresponding
to 10° star particles (Tenneti et al. 2016; Du et al. 2020). How-
ever, the results of our analysis in § 4.1 motivate a stricter cut of
logg(M+«/Mo) = 10 in order to avoid resolution limitations in
calculation of derived quantities such as galaxy sizes for individ-
ual galaxy components. In order to compare our measured galaxy
properties with observations, we employ a cut of five times the 3D
half-mass radius for all measurements, similar to Tacchella et al.
(2019); Du et al. (2020). We have confirmed that this radial mask
has very little effect (less than 0.1%) on measured quantities such
as the fraction of stars in the disc.

3 METHODS

In this section, we introduce dynamical parameters that were consid-
ered for the morphological decomposition model, and discuss their
suitability for such a model. We then discuss several potential kine-
matic decomposition methods that will be used in this work, along
with the statistical methods used to discriminate between models.

3.1 The kinematic phase space of the stars

In order to dynamically decompose a galaxy, we consider relevant
parameters of the phase space. We expect stars belonging to the
same structural component to cluster together in the dynamical
phase space. The correlation and dependence of these parameters
in the phase space will reveal the underlying physical structure of
the galaxy. For each galaxy we take the most bound particle of
the subhalo as the origin of the spatial coordinate system, and the
direction of the galaxy’s total angular momentum as Z.

First, in an effort to derive physically meaningful information
from various combinations of angular momentum-related parame-
ters that enable classification into different morphological compo-
nents, we define the following parameters:

® jstar is the angular momentum of a single star particle and jgar
is its magnitude.

o Jeirc(r) = 7 veire(r) = w is the expected angular mo-

mentum for a circular orbit at the same position as that star, where
M (r) is the total mass (across all types of particles — stars, gas, dark
matter) contained within that radius.

® jp = (Jstar — Jstar * 2)/Jcirc is the magnitude of the angular
momentum of a single star particle that is not aligned with the
galaxy’s angular momentum scaled by jcij... This parameter should
be close to zero for disc stars.
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jslar -2
jcirc (r)
widely in literature, since Abadi et al. (2003). Disc stars will tend to

be concentrated around & ~ 1. We note that the original definition
of Abadi et al. (2003) used j(E) (the maximum specific angular
momentum possible at the specific binding energy E of the star
particle), rather than j..(r). However, these two definitions yield
very similar 'results (Marinacci et al. 2014).

© V= e
Stars on circular orbits will have j; ~ 1, while those on elliptical
orbits can have j; either above or below 1.

& = is the circularity parameter that has been used

indicates the type of orbit taken by the star particle.

Galaxy components may exhibit patterns not only in the dy-
namical phase space, but also in configuration space. We therefore
introduce a second set of parameters quantifying the star particle
positions relative to the galactic plane and center:

e r, =1/Ry, where r is the 3D radial distance of the star from
the origin and Ry, is the half-mass radius. Star particles associated
with the disc may extend further from the origin than the bulge stars.

e cos S8 is the cosine of the angle between the position vector
of the star particle and the total angular momentum of the galaxy.
Since disc particles will tend to lie in the plane normal to the
galaxy angular momentum vector, a concentration of star particles
at cos 8 ~ 0 signals that the galaxy contains a disc structure.

e cos a is the cosine of the angle between the angular momentum
vector of the star particle and the total angular momentum of the
galaxy. A concentration of particles at cosa ~ 1 signals that the
galaxy contains a disc structure, since particles preferentially have
their angular momentum aligned with that of the galaxy overall.
Spread within the two angular parameters cos « and cos 3 signifies
the disordered motion among bulge stars.

Sales et al. (2010) proposed the use of kot = Krot/K, where K
is the total kinetic energy of the star and Kyor = m/2(jstar - 2/r)?
is the rotational kinetic energy. However, this quantity is equivalent
to cos® @, consequently neglecting the counter-rotating particles
altogether. We therefore omit it due to its redundancy once we use
cosa.

Finally, we consider a single energy-related parameter:

e ¢y, is the specific binding energy of the star scaled by absolute
binding energy of the most bound stellar particle in the subhalo,
|e|max. as defined in Obreja et al. (2018). e;, should exhibit a strong
correlation with distance, due to trends in the gravitational potential
with distance. Consequently, bulge star particles will have lower
binding energies compared to disc star particles, making this pa-
rameter a viable option for bulge-disc separation.

In Fig. 1 we present a corner plot of these parameters for
a typical disc-dominated galaxy of mass log;o(M«/Mo) ~ 10.
The 1D histogram of cos @ exhibits a high concentration of stars
approaching cos @ ~ 1, whereas the angle 8 exhibits a concentration
of stars around cos § ~ 0. « is a kinematic angle that also contains
information about the star particle angular momentum direction
with respect to the galaxy angular momentum direction, which is
useful for studying counter-rotating discs and disordered motion.
For this reason, we chose cos « for decomposition.

Next are the set of parameters relating to angular momenta of
the star particles. Stars with j. ~ 1 are on circular orbits, while stars
with elliptical orbits exhibit a wide range of j values, including
ones that are both near and far from 1. As a result, we may use this
parameter to distinguish particles based on their orbital shape. The
Jp parameter should be close to zero for disc stars and should essen-
tially carry the same information for bulge stars as j. In particular,
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Figure 1. Corner plot of the kinematic phase space of 7 parameters described in § 3.1 for one typical disc-dominated galaxy of mass log;y(M./Mg) ~ 10.
The logarithmic color scale is common across the panels. For description and discussion about the parameters please refer to § 3.1 of the text.

Jp encodes information about motion in the equatorial plane of the
galaxy, but this information is already captured by the cos« pa-
rameter. Also, jp does not exhibit any bimodality corresponding to
different components, which suggests that it does not add significant
information for morphological decomposition.

The circularity parameter € has been used with a constant cutoff
of 0.7 to distinguish between the bulge and the disc components of
simulated galaxies (Marinacci et al. 2014; Tenneti et al. 2016). As
illustrated in Fig. 2, it arbitrarily and severely undercuts the disc

component, whilst also contaminating the disc with bulge stars.
In order to overcome this shortcoming, Scannapieco et al. (2009)
proposed to additionally use distance r, as shown in Fig. 1 subfig. 20.
However, the methodology of Scannapieco et al. (2009) requires
two-component galaxies to exhibit two distinct populations in the
plane of € and r,. Neither the specific galaxy shown in Fig. 1 nor the
broader galaxy population in this simulation exhibits this feature.
For this reason, we do not use the combination of ¢ and rp, for
morphological decomposition.
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In addition, two-population separation (or bimodality in 1D) is
also not common among two-component galaxies in e, In addition,
Fig. 1 subfig. 15 shows that distance and binding energy are highly
correlated as expected, consequently the aforementioned arguments
for r, applies to ep, as well. Another reason that binding energy may
not be an optimal choice of a parameter for identifying dynamical
substructures is that smaller substructures such as spiral arms, bars
and globular clusters may complicate the distribution, since these
are regions of high stellar concentration.

In summary, after considering a wide range of parameters
quantifying the spatial and kinematic distributions of star particles
within galaxies, we investigate kinematic decomposition based on
cos a, and later add jy, as it provides additional information about
the orbital shape.

3.2 1D kinematic decomposition model

We begin our exploration of kinematic decompositions as simply as
possible, with methods based on a single dynamical parameter from
amongst those discussed in § 3.1. Before developing new methodol-
ogy, we illustrate how a commonly-used 1D decomposition method
works in IlustrisTNG.

The ¢ parameter has been widely used in literature (e.g., Abadi
et al. 2003); typically stars with &€ > 0.7 are identified as disc stars,
and the rest as bulge stars. Applying this method to IllustrisTNG, we
calculate the fraction of disc stars fgisc in each galaxy and identify
galaxies with fgise > 0.3 as disc-dominated galaxies. As shown
in the left panel of Fig. 2, which illustrates this methodology for
one individual galaxy (a typical disc-dominated galaxy of medium
mass), decomposition into components based on the & parameter
provides results that are not physically meaningful. The 2D his-
togram of the star particle in the cos @ versus j; plane shows that
there is a locus of star particles that clearly corresponds to the disc
component (near cos @ = 1). However, the curve with & = 0.7 cuts
this locus into two parts, omitting some disc particles from the disc
and therefore underestimating the disc fraction significantly. At the
same time, it includes a significant part of the 2D plane that does
not appear to be part of the disc, thereby contaminating the disc
with bulge stars. As shall be seen in § 4.1 this effect is pervasive
within the galaxy sample, rather than being a feature of this specific
galaxy. Based on the discussion in § 3.1 about disc star particles’
behavior in kinematic phase space, as a first step to estimate the
fraction of disc stars, we consider a simple 1D model based on the
cos @ parameter defined in § 3.1. This model compared to GMM,
k-means and other multi-parameter methods is easy to interpret, as
it is based on a clear single dynamical parameter; and compared
to ¢ it discriminates more effectively between the components. For
disc-dominated galaxies, we expect to see a population that sharply
rises towards cos @ = 1 identified as the thin disc, a second popula-
tion that slowly rises towards cos @ = 1 identified as the thick disc,
a third population with cos @ ~ —1 identified as a counter-rotating
disc, and a uniformly distributed population identified as the bulge.
Hence we consider a model of the form:

p(COsa/):A-eBCOS“+D-eFC°S‘Y+ G~e_HCOSQ + C
— S~——— N e’ ——

thin disc thick disc counter-rotating disc  bulge
M

where A,B,C,D,F,G,H > 0 and B > F. Since disc stars appear
to “grow” towards cos @ = 1, we choose the exponential function
on an empirical basis. We fit the model to the data using the maxi-
mum likelihood method, using initial parameter guesses from least
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squares fit to the histograms. An illustration of this model is given
in Fig. 3 for four different galaxies atlog((M«/Me) ~ 10. The first
galaxy has noticeable populations in all four components mentioned
above, the second galaxy lacks the counter-rotating disc, the third
galaxy exhibits a statistical preference for only one disc component,
and the last galaxy appears to be dominated by a bulge component.
Simply by considering the direction of the stars’ movement with
respect to the overall galaxy angular momentum, we can identify
as many as four components. Further, the statistical robustness of
this method will be explored in § 4.3. Using the best-fitting models,
we can define the mass fraction of each component (fhin = sthick
or bulge

cos @+ Jeos @ ) Dy integrating the corresponding term. We also de-

disc thin thick cr

fine feosy = feosa + feos o T feos o as the total mass fraction of the
stars in the disc. In § 4, we discuss the ensemble statistics of the
population based on use of this 1D decomposition model.

3.3 Model discrimination using Akaike Information
Criterion

For the 1D model, in order to discriminate galaxies with two disc
components from one disc component, and to identify galaxies with
a counter-rotating disc component, we employ the Akaike informa-
tion criterion (AIC) for selecting the model. The AIC was developed
by Akaike (1974) and is widely used in statistical astrophysics. The
AIC is defined

AIC = -2 -In(L) + 2k, )

where ln(Z) is the log-likelihood of the data set evaluated at the best-
fitting model parameters, and k is the number of free parameters in
the model. The second term is a penalty for the number of parameters
introduced in the fitting function, which helps avoid overfitting. For
a given galaxy, the model with the smaller AIC is chosen. Thus,
AIC basically measures how far a model is from the truth. However,
if the AIC values of two models are very close, then choosing the
statistically preferred model becomes hard. Therefore, to account
for the possibility of selecting the less preferred model, a threshold
value is adopted, so that models that are within this threshold are
considered to be of equal rank. We use a threshold value of 10 for
the difference in AIC values to discriminate between models, in
order to ensure the selected model is truly the statistically preferred
one (Liddle 2007).

3.4 2D kinematic decomposition model

In this subsection we extend the previous model by considering an
additional parameter in order to achieve more accurate results as
discussed in § 3.1. When applying this model, we choose to prob-
abilistically assign each particle to a galaxy component. However,
when doing so, this 2D model identifies two components, compared
to the 1D model, which can identify as many as four components.
The model identifies components through two physically-motivated
assumptions:

(i) Disc stars’ angular momentum is aligned with the total angu-
lar momentum of the galaxy, while the orientation of bulge stars’
angular momentum is random.

(ii) Disc stars’ orbits are approximately circular, while bulge
star’s orbits are elliptical.

Assumption (i) is captured by use of the cosa parameter in the
model. For assumption (ii), we adopt the parameter j; as described
in § 3.1. To build this 2D model, we consider Fig. 1 subfig. 3, which
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Figure 2. Mass density distribution of a typical two-component disc-dominated galaxy of log;o(M./Mg) ~ 11 in the cos a versus j,- plane, the colorbars are
in units of M per bin with arbitrary normalization. The black line is the £ = 0.7 cut that is widely used in the literature to separate disc stars from bulge stars.
Since the black line cuts the locus of disc particles in half, it underestimates the disc fraction, and in the process contaminates both populations. The middle
and right plots show the bulge and disc components, respectively, after Monte Carlo separation (described in § 3.4) The red curves are the maximum likelihood
fit to the 1D marginal distributions. In b) we fit the marginal distribution using a Gamma distribution for j; and uniform for cos . For c), the correlation
coefficient between the variables is +0.1. We fit the 1D marginal distributions using a Gaussian distribution for j,- and a Beta distribution for cos . Together
with the copula (Eq. 5) quantifying correlations in this 2D space, these distributions fully specify the distribution of stellar particles in the disc.
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Figure 3. The 1-dimensional distributions for cos @ for four galaxies exhibiting different levels of substructure at approximately equal stellar mass,
log;o(M./Mo) ~ 11. The ID numbers given in the title for each panel are the subhalo IDs from TNG100. Galaxy-17199 exhibits four substructures;
Galaxy-392725 statistically favors a fit with a bulge and two disc components, whereas Galaxy-387438 favors a bulge with a single disc; finally, Galaxy-208781
appears to be a dispersion-dominated elliptical galaxy. The red curve is the least-squares fit to the histogram using Eq. (3) Also, the contribution from each
term is plotted separately.

shows a 2D histogram of star particles in the cos & versus j; plane
for a single galaxy. There is a semi-ellipse-shaped population at
cos @ ~ 1, and another population that stretches the whole interval
of cos @. We assume bulge stars should exhibit a flat distribution in
cos(a), so their distribution in this plane should be solely dependent
on j,. On the other hand, we assume the distribution of disc stars
depends on both parameters, consistent with what is shown in this

figure. Hence, we consider the following model for the probability
distribution of star particles in the (jr, cos @) space

disc Pdisc (Jr» cOs @)

3

where ppylge and pisc are the normalized probability that a given
star belongs to the bulge or the disc. In Fig. 5 we show three bulge-

Pstar (Jirs c0s @) = (1= FU5) pputoe (e, cos @)+ f
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dominated galaxies of various mass. These three galaxies illustrate
the universal signatures of bulge-dominated galaxies. As expected,
the star particles are found to be uniformly distributed in cos @ and
to mostly follow an elliptically shaped orbits as evidenced by the
skewed distribution of j; with a peak around j; = 0.5. Based upon
the aforementioned signature, we build our model for the bulge
component. Also, our assumptions regarding the bulge component
lead to an assumption of independent distributions for the two pa-
rameters:

Pbulge (Jr, cos @) = I'(jr) - U(cos @) )

where I'(j;) is the Gamma distribution and U (cos «) is the Uniform
distribution on the interval [-1,1]. The Gamma distribution was cho-
sen empirically to fit the skewed distribution in j;. For the distri-
bution of the star particles in the disc we will use non-parametric
representation via kernel density estimation to infer p gjgc-

It is useful for the purpose of plotting and for future studies in
identifying additional structures to derive a parametric form of the
joint distribution pgisc (Jr, cos @) to complement the non-parametric
model. We therefore model the marginal distributions of p g;sc (jr)
and pgjsc(cos @) individually using a Gamma distribution for the
former and a uniform distribution for the latter. The fitting is done
using maximum likelihood estimation. In order to form a joint dis-
tribution pgisc (Jr, cos @) using the fitted models for the marginals,
we use a copula model (Sklar 1959)

Pdisc (Jr, c0s @) = c(Pyisc (Jr)» Pdisc (€08 @))-pdisc (Jr)*Pdisc (COs @) .

&)

Here ¢(Pgisc (Jr), Pgisc (cos @)) is the cupola density and Pgisc (jr)
and Pgjsc(cos @) are the cumulative distribution functions of the
aforementioned marginals pgjsc(jr) and pgisc (cos @). The cupola
density is used to model the correlation between two random vari-
ables to form a joint distribution. In this work we assume a Gaussian
correlation structure and therefore use a Gaussian cupola as defined
in Scherrer et al. (2010) and Takeuchi (2010). We refer the reader
to the literature for more details on the cupola method. Besides
the cumulative distribution function of the marginals, the cupola
density depends on the correlation matrix between j; and cos a.
We estimate this with the Pearson r correlation coefficient. For our
case, as seen in Fig. 4, the correlation coefficient is low with a mean
value of ~+0.1 for the j; and cos @ parameters in the disc structure
for the whole sample.

Now we list the steps necessary to build the deterministic 2D
model for each galaxy:

(i) To determine ppy|ge (Jr, cOs @), we need a sample of particles
that has a flat distribution in cos «. To do so, based on the 1D model,
we make a cut on the cos @ parameter to use only the particles with
cos a values that are dominated by the bulge component. The cut
is carried out in an automated way based on identifying the value
of cos @ at which the exponential term (representing the disk) has a
value equal to 10% of the flat term (representing the bulge)l.

(i) We then fit a Gamma distribution to the j; distribution for
these cut-out particles, using maximum likelihood estimation. After
doing so, we have the full explicit form for pyyige (Jr, cOS @).

' One caveat of making such a cut is that sometimes too few particles are
left after the cut. In our sample, about 10 per cent of the galaxies suffer from
this issue, with fewer than 500 particles after the cut. However, all of these
galaxies have log(M./My) < 10 and in § 4.1 our exploration of the entire
galaxy sample will motivate us to exclude these low-mass galaxies entirely
from our analysis.
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Figure 4. Distribution of Pearson r correlation coefficients for j; and cos a
parameters in the disc component (Fig. 2c) for the whole galaxy ensemble.
This correlation is captured by the copula structure. Since the correlation is
weak for the whole galaxy population at ~ +0.1.

(i) 1 — f95¢ can be estimated from the 1D model, i.c.
fd%sc = fdisc after which we have the full bulge term (1 —
fcd(;ss'ca)l’bulge (Jr, cos @).

(iv) Next, in order to determine the total probability (1 —
fc%igc(x) Pbulge (Jr, cos a)"'fcdoigc(y Pdisc (Jr, €0s @), we need to estimate
the joint probability distribution of the 2D plane for all particles.
We already determined the first term in step (iii). The second term
with pgisc can be estimated non-parametrically by kernel density
estimation.

(v) Thus, we have the probability that a star particle is in the
bulge based on its j; and cos « values:

(1- fg)igcw)pbulge(].r, cos @)
(1- féi(;gcaf) Pbulge (Jr,cosa) + féi(;gca Pdisc (Jr» cOs @)

Upon building the 2D model deterministically, we can generate
Monte Carlo realizations of the model, assigning star particles to
the bulge by comparing 77py)ge from Eq. (6) (evaluated at each star
particle’s value of j; and cos ) to uniformly-distributed floats in
the range [0, 1]. The remaining particles are identified as belong-
ing to the disc. A single realization of this simulation for a single
galaxy is shown in Fig. 2. Recall that Fig. 2 has the same axis as
Fig. 1 subfig. 3; it shows all the particles before the Monte Carlo
simulation, in the form of a mass density distribution in the cos a
versus j; plane. The subplots b) and c) show the bulge and disc
components, respectively, after the Monte Carlo separation process
described above.

In Fig. 2b, the bulge component isolated by the Monte Carlo
method has the same structure in the cos @ versus j; plane as el-
liptical galaxies in Fig. 5 by construction. Similarly, in Fig. 2c,
the Monte Carlo simulation picks out the locus of particles near
cosa ~ 1 and j; ~ 1, also by construction. For the disc component
of this galaxy, the correlation coefficient between cos @ and j; is
+0.1, as measured by the Pearson r coefficient. As discussed ear-
lier in this section, the correlation is captured by the copula; hence
we have the full explicit functional form for the stellar particles in
the disc. Also, both Figs. 2b and 2c¢ show how using a cutoff on
the circularity parameter (denoted by the black curve) contaminates
the two components, whilst undercutting the disc component. As a
quantitative illustration of this claim, the disc fraction values of the

Moulge = (6)
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different methods for the specific galaxy in Fig. 2 are flise = .44,
e, =0.72, filise = .74,

We calculate the fraction of disc stars fzd]i;c in each galaxy by
summing over the particles assigned to the disc population in a single
realization, and compare it with other methods. We therefore have
three different f3i5¢ methods, where x = &, cos @, 2D. However,
one should keep in mind that by construction the expected value for

dise s 2‘115“, assuming model sufficiency.

Statistical uncertainties on ensemble quantities such as number
fraction of disk-dominated galaxies at a given stellar mass are ex-
pected to be very small because uncertainties on a per-galaxy basis
scale with I/W

Also, systematic uncertainties due to the baryonic physics im-
plementation, and statistical uncertainty due to cosmic variance
should be much higher. On the other hand, statistical uncertainties
on measured quantities for individual galaxies will demonstrate the
probabilistic nature of the 2D model, and could potentially help us
identify regions of parameter space where measurements of indi-
vidual galaxy properties maybe not be reliable. We demonstrate and
investigate the probabilistic elements of the model in § 4.5.

4 RESULTS - ENSEMBLE STATISTICS

Here we investigate the ensemble statistics derived using the 1D
and the 2D kinematic decomposition models. First, we compare
number fraction of disc-dominated galaxies at a given stellar mass
bin derived from the 1D and 2D models with observational data.
Second, we study the distribution of £31¢ for the whole ensemble,
and its dependence on mass and color. Third, we investigate the
contribution from the decomposed components to the total galaxy
mass budget and compare with observed values. Fourth, using a
1D radial surface density profile of classified/decomposed galaxies
we validate the model against observation. Lastly, we explore the
probabilistic nature of the 2D model and present uncertainties on
the measured quantities.

4.1 The number fraction Ngjs. versus stellar mass

Using the three kinematic decomposition methods described in § 3,
we can now calculate Ngisc, the number fraction of disc-dominated
galaxies at a given stellar mass. The cutoff used for fgisc to clas-
sify disc-dominated galaxies varies from study to study; here we
chose fgisc > 0.3, or a bulge-to-total ratio (BTR) < 0.7 for disc-
dominated galaxies. For the other two methods, as will be explored
in more detail in the following section, we define disc-dominated
galaxies as those with bulge-to-total ratio (BTR) < 0.5. In Fig. 6
we show the three curves for Ngjs. versus stellar mass, along with
observational data from Bluck et al. (2019), which uses r-band data
from the SDSS data release 7 (SDSS-DR7), and Conselice (2006),
which uses data from Reference Catalog 3 (RC-3; de Vaucouleurs
et al. 1995). Conselice (2006) generated a nearly volume limited
sample from RC-3 by employing absolute magnitude and redshift
cuts on the galaxies. The SDSS-DR7 sample yields statistics that are
expected for a volume limited sample by applying weights based on
the inverse of the volume over which any given galaxy would be vis-
ible in the survey. Imposing a lower mass cut of log(Ms/Mp) =9
on all samples enables a reasonable comparison to IllustrisTNG100
data. Also, the SDSS-DR7 data allows a direct comparison to the
results of our 1D and 2D models, since Bluck et al. (2019) used the
same BTR< 0.5 threshold, but based on a decomposition of light
profiles to define the sample of disc-dominated galaxies. On the

other hand, disc-dominated galaxies in the RC-3 catalog were iden-
tified by eye, which provides a more approximate but independent
method.

From this panel we see that & underestimates the disc fraction
compared to the observational data and the other methods, despite
the fact that the BTR<0.7 cut in principle should identify more disc-
dominated galaxies, so the fact that it is below the other methods is
indicative of a problem. Nevertheless, it exhibits a similar trend with
mass as the other methods. The two methods of cos a and 2D Monte
Carlo provide very similar results, by construction. At high mass,
log o(Ms/Mg) > 11, the difference is about 5%, but for intermedi-
ate mass of logo(Mx/Mo) ~ 10.25 and lower, the 2D methods is
higher by about 20%. Conversely the observational data from SDSS-
DR?7 is slightly higher than the 1D and the 2D methods by 10% at
high mass, and then at logo(M+«/Me) ~ 10.7 meets the curves
from TNG100. Nonetheless, at low mass, log;q(M./Mg) < 9.7,
the curves start to diverge, with the curves from IllustrisTNG100-1
declining significantly to roughly 0.4 at log;(M+/Mp) =9, while
the curves from observational data reach 0.9. For this reason we
suspect that at masses lower than logo(M:/Mg) = 9.5, the reso-
Iution effects may start to suppress the number of disc-dominated
galaxies. Supporting evidence and investigation into this issue has
been presented in Tacchella et al. (2019). As stated in Tacchella
et al. (2019), the resolution of the simulations may have an effect on
the exact values of the spheroid-to-total ratio (which is 1 — f discy
but the overall trends with stellar mass are robust. Further, they
state that the growth in time of disc fractions of low-mass galaxies
is underestimated in the simulations. Hence, we conclude that the
curves for disc fractions from our bulge-disc decomposition method
as applied to TNG100-1 agree well with observational values down
to log o (M«/Mp) = 10, below which the resolution of the simula-
tion may be affecting the results. We therefore restrict ourselves to
logyo(M«/Mo) > 10 in the rest of the paper.

4.2 Disc fraction dependence on mass and color

In an effort to further understand how our models perform on the
whole galaxy sample, we investigate how the values of disc frac-
tion obtained by our model depends on mass and color; as a re-
minder, here ‘disc fraction’ refers to the mass fraction of stars that
are in the disc. We explore how disc fraction changes with mass.
In Fig. 7, we show 2D histograms of the values of disc fraction
versus mass, with marginal distributions shown on the sides. The
three panels show results for the three different methods of esti-
mating the disc fraction. The first thing to note here is the absence
of obvious bimodality in any of the disc fraction distributions at
fixed mass. For this reason, the separation between bulge-dominated
and disc-dominated galaxies is non-trivial. However, for the 1D
and 2D models we consider galaxies that have more than half of
their mass in the disc to be disc-dominated, hence we employ an
(somewhat arbitrary, but popular in the literature) cut of 0.5 to
identify the disc-dominated population. For consistency, we will
be comparing our results with observational data that define disc-
dominated populations with the same cut, but through the use of
light profile decomposition. The main trend shown on all three pan-
els is that the disc-dominated population is concentrated between
log1o(Ms+/Mg) = 10 and log;y(M+/Mp) = 10.5; and the bulge
dominated population spans the whole range of mass. We also in-
vestigated color-dependence of the disc fractions, since from obser-
vations we know that morphology and color are strongly correlated
(Strateva et al. 2001). Fig. 8 shows disc fraction calculated by the
Monte Carlo method against the g — r rest-frame color. Evidently,
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Figure 5. Mass density distribution of three elliptical galaxies with different masses in the cos @ versus j,- plane. The three panels show all star particles in
the galaxy, like Fig. 2a. Since cos @ measures alignment with the total angular momentum, even for a dispersion-dominated galaxy, at least a small fraction of
the star particles will be distributed closer to cos @ ~ 1 degrees; that is also why there is a mild deficit at negative cos @, which is most easily visible in the
1D histograms on the side of each panel. The mostly flat distribution in cos @ and the skewed distribution in j,- are universal signatures for elliptical galaxies

(excluding tidally disturbed and irregular galaxies).
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Figure 6. Number fraction of disc-dominated galaxies as a function of
stellar mass. The dashed lines show the results for IlustrisSTNG100 using
the three different kinematic decomposition methods presented in the text,
while the solid lines are from observations. The agreement is good at high
mass (log;o(M./Mg) > 10), but for the IllustrisTNG100-1 at low mass,
the fraction decreases, which may be attributed to the resolution limits of the
simulation. In the following sections we will impose a log;o (M. /Mg) > 10
mass cut, indicated by the black dotted line.

at g —r ~ 0.7 and high fzd]i)SC are the red disc-dominated popu-
lation which is more abundant than expected. This excess amount
may be attributed to IlustrisTNG100 producing more red galaxies
at logo(M«/Me) = 10.5 — 11.5 range compared to the real Uni-
verses, as evidenced by the SDSS data (Nelson et al. 2018). The
1D histogram in g — r also reveals that red discs are more common
than red bulge galaxies at g — r ~ 0.7. Fortunately, this unphysi-
cal aspect of the color-morphology relation does not substantially
affect our study, which is focused primarily on morphology alone.
We therefore focus primarily on validation of the morphologies in
the remaining subsections.

4.3 Thin disc, thick disc and counter-rotating disc

In this subsection, we investigate the contribution from each struc-
tural component to the total mass budget of galaxies which is given
by 3\; My ;/3; M. ; for N galaxies indexed by i inside a stellar mass
bin. Here y = thin disc, thick disc, thin+thick disc (2 component
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disc), 1 component disc, total disc and bulge. These quantities are
plotted in Fig. 9, where we demonstrate the population scatter in
the individual galaxy values of My ;/M., ; for the total disc and
bulge contribution with shaded regions from the 16th to the 84th
percentiles. As expected, at high mass, the bulge component dom-
inates the mass budget, while the disc structure dominates at low
mass. The curves cross at logo(M«/Mo) = 10.8, when the two
components contribute equally. For comparison we show a compa-
rable quantity from GAMA survey observations (Moffett et al. 2016)
using a photometric bulge/disc decomposition. GAMA is a com-
bined spectroscopic and multi-wavelength imaging survey designed
to study both galaxies and large-scale structure. The simulations and
observations exhibit similar trends.

At high mass the disc component does not approach the low
value expected from the GAMA data. One contributing factor to
this effect is that our dynamical model will always have some non-
negligible fraction of particles pointing the direction of the total
angular momentum of the galaxy. For example, we found that in
a spherically symmetric dispersion-dominated system on average
this effect is ~ 3 per cent. Additionally, as the ellipticity is increased
and the dispersion is no longer the same along the three axes (to
resemble a realistic bulge-dominated galaxy), this effect increases as
well. However, these may not fully explain the large disc fraction at
high mass. We suspect that this may indicate an over-production of
massive disc structures within the simulation, possibly related to the
the over-production of red disc-dominated galaxies. The one-disc
component contributes fairly equally ~ 0.2 at all mass ranges, except
for a shallow dip at around log; (M« /M) = 10.25, where the thin
and thick curves peak. Thin and thick disc structures follow the
same trend starting high at high mass. Thus, our results qualitatively
agrees with observational data with some minor differences at high
mass.

In Fig. 10 we present My ; /M. ;, the per galaxy mass fraction
of various disc components in disc-dominated galaxies determined
by the 1D model. The disc-related substructures identified through
the 1D method all are found to contribute constant mass fraction over
the range 10 < log((M./Mp) < 11.5. For galaxies with two disc
components (thin and thick), the disc structure contributes roughly
70% of the total mass budget. At higher mass (logo(M./Me) >
11) it starts to exhibit a mild dependence on mass, decreasing to
0.6. The thick disc roughly makes up 30% of the total mass budget
and appears to be responsible for the decrease at higher mass. In
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Figure 7. The top, middle, and bottom panels show the 2D planes of fgdi“,

disc and fzgsc versus stellar mass. There is no obvious bimodality in f,415¢
at fixed mass in any of the methods. f;liSC typically produces lower disc
fractions than the other two methods; we have previously demonstrated that
this is due to its exclusion of some disc particles from the disc (Fig. 2a). The
2D histograms of £.35¢ and fzgsc versus stellar mass appear very similar to

each other due to the fact that the £.35¢ and le%isc are highly correlated. The
colorbar indicates the number of galaxies in each bin. The blue dashed line
denotes the cut for disc dominated galaxies; for details please refer to § 4.2.

The red curve corresponds to the median £,915¢ in a given stellar mass bin.

contrast, the thin disc component stays at ~ 0.4 with no apparent
dependence on mass.

For the 1D model, about ~1000 galaxies (5% of the whole
sample) were chosen by AIC hosting a counter-rotating disc com-
ponent. Interestingly, the counter-rotating disc fraction follows the
same flat trend in stellar mass as did the other disc components,
albeit contributing a very small fraction of less than 5% to the total
mass budget for the galaxies that host them. A very small number
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Figure 8. Rest-frame color g — r as a function of stellar disc fraction. Blue
dashed line at 0.5 is the cutoff for disc-dominated galaxies. The majority of
the galaxies here are blue disc-dominated galaxies centered around g —r =
0.4. There is a significant number of red disc galaxies at g — r ~ 0.7. This
excess amount corresponds to IllustrisTNG100 producing red galaxies of
intermediate mass (log;o(M./Mo) = 10.5 — 11.5 ) more than expected
(Nelson et al. 2018).
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Figure 9. Contribution of galaxy components to the total stellar mass budget
at a given stellar mass. The solid lines represent the fractional contribution
for a given component, while solid colors represent the 16th and the 84th
percentiles of the population. The bulge and total disc fraction is compared
with observational data from GAMA, with errorbars representing uncertain-
ties on the mean. The dot-dashed blue line represents the contribution from
those galaxies chosen by AIC as having only one disc component; similarly
the purple dotted line represents the contribution from the subset of galaxies
chosen by AIC as having two disc components. Further, the two component
model (purple dotted) is broken down into thin and thick disc contributions,
in green and orange dotted lines, respectively. The counter-rotating disc
component is not shown here, since its contribution to the total mass budget
is negligible.

of galaxies (~70) include a significant counter-rotating component
with 20-30% of their total stellar mass.

4.4 Comparing surface profiles of bulges and discs against
observational data

In order to further explore the 2D model’s efficacy, we fit the surface
mass density profiles to parametric models, which enables us to
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Figure 10. Mass fraction of disc components in disc-dominated galaxies,
defined on a per-galaxy basis. The lines represent medians, while filled colors
represent 1o scatter in the population. The dashed blue line represents the
subset of galaxies identified as having a single disc component, while purple
solid lines represent the total for galaxies with two disc components. Further,
the contributions of the thin and thick disc components are shown as green
and orange lines, respectively, for the two-component galaxies. The dotted
grey line indicates the counter-rotating disc fraction for galaxies that contain
them (chosen by AIC).

quantify the features of these components for comparison with real
data. We choose an arbitrary axis with reference to the simulation
box, and project the 3D mass profiles for all galaxies onto the 2D
plane. We then construct profiles of the surface mass density in
circular annuli about the galaxy centroid position. For the whole
sample we impose circular symmetry on the surface mass density
profiles and fit a 1D, two-component surface density profile: a Sérsic
profile for the bulge component and an exponential (i.e., Sérsic
n = 1) profile for the disc component.

In Fig. 11, we compare the resulting fits with CANDELS data
from HST from the Dimauro et al. (2018) catalog and SDSS-
DR?7 data from the Meert et al. (2015) catalog. For the Dimauro
et al. (2018) catalog, we select a volume-complete sample by tak-
ing galaxies with z < 1 and log;(Mx/Mo) > 10. The Meert et al.
(2015) catalog has an atypical mass distribution due to selection cri-
teria that are difficult to reproduce in the simulation, so we resample
from the catalog, so that the mass distribution is similar to both II-
lustrisTNG100 and Dimauro et al. (2018) catalog. One should note
that this is only an approximate way to generate a volume-complete
sample because of the implicit assumption that the galaxies were
removed randomly through a process that does not depend on any
of their properties other than mass. In this section we will focus
on the 2D model, and use a BTR < 0.5 cut for the disc-dominated
galaxies (BTR > 0.5 cut for the bulge-dominated galaxies) both in
the simulation and in the observational datasets.

The distribution of half-mass radii of bulge-dominated galax-
ies from TNGI100 quantitatively compares well with SDSS-DR7
catalog, with modes coinciding at 1.9 kpc and with medians at 3
kpc and 2.2 kpc respectively. The shapes of the distributions are
similar as well, despite a longer tail for TNG100. The CANDELS
catalog’s curve follows a similar trend as TNG100’s curve above 3
kpc, however it differs below 3 kpc, where it is considerably flatter.

The distribution of half-mass radii of the bulge component for
disc-dominated galaxies is also in good quantitative agreement with
both observational datasets. All three distributions follow a similar
shape. The distributions for SDSS-DR7 and CANDELS exhibit a
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longer tail, so their medians are located slightly to the right at ~ 1.8
kpc compared to the distribution for TNG100 at 1.5 kpc.

The median Sérsic index of the bulge components for disc-
dominated galaxies for TNG100 using our model is at n = 4.1,
which is remarkably close to the value of n = 4 (De Vaucouleurs
law), albeit with a very long tail. However, CANDELS and SDSS-
DR7 have lower medians of n = 1.6 and n = 2.1 respectively,
with the overall distributions shifted slightly to the left compared
to TNG100. Based on these results for the bulge components, we
assert that our kinematically decomposed bulge components com-
pare favorably with prior expectation for bulges (De Vaucouleurs
law), despite the disagreement with photometric decompositions
of real galaxies in Sérsic index. Perhaps the disagreement could
be explained by the challenges of measuring the bulge of a disc-
dominated galaxy effectively in real observations, since the Sérsic
index comparison for bulge-dominated galaxies is in agreement both
in distribution shape and median values within ~ 20%. To further
test the effectiveness of our model, we fit a Sérsic profile to the
disc component by setting n free. We could not find two-component
Sérsic fits of real galaxies for which the disc component is not set
to n = 1 so as to compare with observations. However, the mode is
around 1 with a median of 1.9, which is not far off from the expected
n = 1. Additionally, the bulges and discs of disc-dominated galaxies
have different Sérsic index distributions which hints at the structural
difference of the two components.

Finally, we compare the sizes of the disc components obtained
through our model against observational data. We calculated the
half-mass radii for the IllustrisTNG100 sample using two methods:
first, with the disc Sérsic index set to n = 1, and then with the disc
Sérsic index is set free. When fixing disc n = 1, the size distribution
is narrower, with median and mode at ~2.5 kpc. In contrast, when n
is free, the mode remains unchanged and the median approximately
doubles to ~5.2 kpc due to the long tail to the right. The median of
disc half mass radii at 2.5 kpc in [ustrisTNG100 is smaller by a
factor of 2 and 4 than the median in SDSS-DR7 and CANDELS data,
respectively, due to an overall shift in the distribution. However, the
median size of disc components in TNG100 increases when 7 is
free, and is similar to the SDSS-DR7 median at ~ 5.2 kpc, though
the mode is unchanged. The smaller sizes of discs in the simulation
shown here is broadly consistent with what was found in previous
studies (Rodriguez-Gomez et al. 2018). The similarities between
the distributions of the sizes and Sérsic indices of bulge-dominated
galaxies (between the simulation and observations) suggest that
the simulated galaxy population is fairly realistic and our model
effectively identifies a bulge-dominated population.

All in all, the half-mass radii of bulge components of disc-
dominated galaxies compare well with those in the observations,
despite the disagreement in their Sérsic index distribution. Addition-
ally, when the disc components are fit to a general Sérsic function,
the mode of the Sérsic index distribution is at the expected value of
1. However, the characteristic disc sizes do differ; we suspect the
difference arises from the simulation producing undersized discs.

4.5 Exploring the probabilistic nature of the 2D model

Finally, we explore the probabilistic nature of the 2D model de-
fined in § 3.4. We choose a random subsample of 3000 galaxies
(about 16% of the ensemble) and repeat the Monte Carlo process
200 times to derive the standard deviation of measured individual
galaxy properties such as half-mass radii of bulge and disc com-
ponents and the fraction of stellar particles in the disc. In Fig. 12
we present the relative uncertainty or the coefficient of variation
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Figure 11. Distribution of Sérsic indices and half-mass radii of galaxy structural components identified using the 2D decomposition method in IllustrisTNG100-
1 compared with CANDELS (Dimauro et al. 2018) and SDSS-DR7 (Meert et al. 2015). The first column is for bulge-dominated galaxies only; the second
column is for the bulge components of disc-dominated galaxies, and the third column is for the disc components of disc-dominated galaxies. The vertical dashed
lines show the medians of each distribution. The grey shaded regions shows the range of values that lie between the two sets of observational results. Overall,
for bulge-dominated galaxies the shapes of Sérsic index distributions and the R/, distributions have similar shapes and the medians for the Sérsic indices are
within 20%. For the bulge component of disc-dominated galaxies, the bulge sizes agree both in shapes of the distributions and in medians to within 20%, while
the Sérsic index distribution for TNG100 is shifted to the right compared to the two observational curves, with a median exceeding those in observations by a
factor of ~2. The Sérsic index distribution of disc components has a mode of 1, roughly consistent with expectations. However, the comparison of sizes of disc
components of all three samples differ. The disc sizes of TNG100 are smaller than both CANDELS and SDSS-DR7, which may indicate unrealistic signatures
in the simulated disc population. The Sérsic indices for the CANDELS and SDSS-DR7 catalog were constrained not to exceed n = 8, whereas we did not place

any constraints on this quantity when modeling the galaxies in TNG. When plotting the distribution, all values greater than 8 were put into the last bin.

(CV), defined as the standard deviation divided by the mean value,
of the aforementioned measured quantities as a function of the stel-
lar mass. Generally, we should expect larger uncertainties for low
mass galaxies since they contain fewer particles. Also, we expect
small relative uncertainties for the fraction of stellar particles in
the disc since the few mislabeled star particles will not have a big
effect on the total mass of the disc (because we already excluded
galaxies with fewer than 1000 particles). However, the size of the
components is more sensitive to mislabeled star particles because
the position of the particles determines the size of the components,
so the relative uncertainty is expected to be higher.

Subfigures 12 a) and b) show the bulge R/, CV for bulge-
dominated and disc-dominated galaxies separately. Both exhibit
outliers with high CV values. The relatively high CV values (above
10%) for bulge Ry, could be explained by the fact that a stellar
particle in the disc (far away from the center) once in a while will
get classified as a bulge particle and in the process over-estimating
the size of the bulge. In contrast, for ¢) which presents the disc Ry />

and d) which presents the fzd]ijsc, all the CV values are under 10%.
Both exhibit decreasing trends with increasing mass, flattening out
at around log;((M./Mo) = 10. Interestingly, the bulge Ry, for
disc-dominated galaxies does not exhibit this trend, suggesting that
the high CV values have more to do with the stochastic nature of
the method, except above log;(M«/Mo) = 10.75 where there is a

decreasing trend. These trends of low relative uncertainties shown

above log;((M. /M) = 10 further supports our mass cut imposed in
§ 4.1. Overall, the disc fractions and disc sizes are determined with
small (few percent) uncertainties, while bulges sizes are typically
have larger uncertainties.

5 CONCLUSIONS

In this work, we have introduced two galaxy decomposition models
based on dynamics of star particles: a) a 1D model that can identify
up to four galaxy structural components - bulge, thin disc, thick
disc, and counter-rotating disc; b) a 2D model that has one more
dimension which we chose to make probabilistic. These models
improve upon existing models used in the literature to study large
populations of galaxies in terms of quality of decomposition. They
also bridge the gap between detailed models of disc galaxies from
high resolution zoom-in simulations and structural studies of large
galaxy ensembles in cosmological hydrodynamic simulations. We
developed and tested these models using the IlustrisTNG100-1
cosmological hydrodynamical simulation, which includes galaxies
of diverse morphologies.

Based on the distributions of dynamical parameters of indi-
vidual star particles within their host galaxies, we focused on two
parameters: 1) cos « - the alignment of a star particle’s angular mo-
mentum vector with the galaxy’s total angular momentum vector;
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Figure 12. Distribution of relative uncertainty (CV), expressed in terms of per cent, of half-mass radii and disc fraction for a randomly-selected subsample of
3000 galaxies (~16% of the whole sample). The colorbar indicates the number of galaxies in each bin. In a) the CV of bulge R/, for bulge-dominated galaxies
are below 20% for most galaxies with a long tail of high CV values for galaxies around logo(M./Mp) = 9. In b) the CV of bulge R, for disc-dominated
galaxies most galaxies have CV <20%, but with the outlier with high CV distributed uniformly across stellar mass. As seen in b) and c¢) the CV values are

below 10% for most galaxies, with decreasing trends with increasing mass.

and the 2) j; - which quantifies the star particle’s orbital shape. We
introduced two methods of galaxy classification/decomposition and
compared them with a commonly-used, pre-existing method in the
literature (Abadi et al. 2003). The first, simple 1D model based on
cos a can describe as many as four underlying galaxy substructures:
thin disc, thick disc, bulge and counter-rotating disc.

The second method adds one more dimension (j;) to the model;
we chose to implement the model with a probabilistic assignment
of each star particle’s domain based on its dynamics. Following
the definition of our dynamical decomposition methods, we applied
them to galaxy samples in IllustrisTNG100-1. When we explored
the probabilistic aspect of the model, we found decreasing trends
in uncertainties of measured quantities with increasing mass. The
measured disc fractions and disc sizes had for the most part uncer-
tainties less than 10%, whereas uncertainties in the bulge sizes were
higher.

Given our dynamical decompositions for the simulated galax-
ies, we first investigated the dependence of the fraction of disc-
dominated galaxies on stellar mass. Our results are in agreement
with observed values (Conselice 2006; Bluck et al. 2019) to within
~ 10% down to a stellar mass of log)o(M+«/Mp) = 10, below
which we believe the results differ due to resolution limitations of
the simulation. When exploring the simulated rest-frame colors of
the galaxies, we found two separate populations as expected (red and
blue galaxies); however, there was an excess of red disc-dominated
galaxies compared to expectations (Nelson et al. 2018).

Next, we investigated how various components of the disc
structure and the bulge contribute to the total stellar mass budget
at a given stellar mass. For disc-dominated galaxies, we found that
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contributions from the disc structures do not depend on stellar mass.
However, for the whole galaxy ensemble, the disc structure domi-
nates the mass budget at low stellar mass, while the bulge dominates
at higher mass, as expected.

Finally, we compared our results to photometrically decom-
posed galaxies in SDSS (Meert et al. 2015) and HST (Dimauro
et al. 2018). The 1D surface density results reflect agreement with
observations in some cases, but there are some features that may
indicate limitations in the simulations and/or the decomposition
methods. The half mass radii and Sérsic indices for bulges and
bulge-dominated galaxies are in good agreement. The distribution
of Sérsic indices for the disc components peaks at the expected
value of 1. Nevertheless, the physical sizes of disc components are
smaller than the sizes of observed disc components. One caveat of
our dynamical models is that halo stars were not separated from the
bulge component because halo stars are a small fraction of the mass
compared to more prominent structures such as discs and bulges
(Merritt et al. 2016).

In future studies, we look to use this model to study the statisti-
cal properties of individual galaxy components. One such property
is the intrinsic alignment, a key source of systematic bias in cosmo-
logical weak lensing measurements (Krause et al. 2016). Previous
studies of intrinsic alignments in simulations have used simulated
galaxy samples without any morphological decomposition (e.g.,
Chisari et al. 2015; Tenneti et al. 2015; Hilbert et al. 2017), or have
separated galaxy populations into disc and bulge populations using
a single-parameter cutoff scheme (e.g., Tenneti et al. 2016). Our
dynamical model for decomposing large simulated galaxy ensem-
bles robustly into substructures opens up the possibility of improved
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analysis of this and other physical effects involving individual galaxy
components in cosmological hydrodynamic simulations.
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