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Abstract

We present an in-depth analysis of gas morphologies for a sample of 25 Milky Way-like galaxies from the
MlustrisTNG TNGS50 simulation. We constrain the morphology of cold, warm, hot gas, and gas particles as a whole
using a local shell iterative method and explore its observational implications by computing the hard- to soft X-ray
ratio, which ranges between 10> and 102 in the inner ~50 kpc of the distribution and 10 °-10"* at the outer
portion of the hot gas distribution. We group galaxies into three main categories: simple, stretched, and twisted.
These categories are based on the radial reorientation of the principal axes of the reduced inertia tensor. We find
that a vast majority (77%) of the galaxies in our sample exhibit twisting patterns in their radial profiles.
Additionally, we present detailed comparisons between (i) the gaseous distributions belonging to individual
temperature regimes, (ii) the cold gas distributions and stellar distributions, and (iii) the gaseous distributions and
dark matter (DM) halos. We find a strong correlation between the morphological properties of the cold gas and
stellar distributions. Furthermore, we find a correlation between gaseous distributions with a DM halo that
increases with gas temperature, implying that we may use the warm-hot gaseous morphology as a tracer to probe
the DM morphology. Finally, we show gaseous distributions exhibit significantly more prolate morphologies than
the stellar distributions and DM halos, which we hypothesize is due to stellar and active galactic nucleus feedback.

Unified Astronomy Thesaurus concepts: the Milky Way (1054); Magnetohydrodynamical simulations (1966);
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Galaxy dark matter halos (1880); Circumgalactic medium (1879)

1. Introduction

Standard galactic morphology classification, with methods
such as the Hubble sequence (Hubble 1926a, 1926b, 1927,
1982), the Hubble comb (Cappellari et al. 2011), and the de
Vaucouleurs system (de Vaucouleurs 1959), differentiates
galaxies based on their physical appearance in optical bands
merely by tracing the main-sequence stellar distribution.
Galaxies are primarily separated into elliptical, spiral, barred
spiral, and irregular morphologies. In addition to the above
morphologies, the galaxies are also surrounded by roughly
spherical halos consisting of older Population II stars
(Caputo 1998), diffuse gas with a wide range of temperatures,
and dark matter (DM), each displaying their own unique
morphological properties (Emami et al. 2021, 2020). However,
unlike galactic stellar morphology, DM and gas shapes must be
gleaned from more inferential methods and cannot be directly
observed from optical data alone (Liang et al. 2018).

The properties of the Galactic gas in the Milky Way (MW)
have been probed using several methods. Miller & Bregman
(2013) examine the structure of the MW’s hot gas halo using
XMM-Newton Reflection Grating Spectrometer archival data.
They measure the absorption-line strengths along the line of sight
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in several active galactic nucleus (AGN) and extragalactic sources.
Miller & Bregman (2015) later refined their initial constraints on
the MW’s hot gas mass by examining multiply ionized oxygen
emission lines with a much larger sample size. Using this tech-
nique, they report hot gas masses of M (<50 kpc) =3.8703 x
109 M., and M (<250 kpc) = 4.3799 x 10'© M. To constrain
the hot gas halo density distribution, Zhezher et al. (2016)
examined the dispersion measure of pulsars with independently
known distances. Nakashima et al. (2018) used X-ray data from
Suzaku to constrain the spatial distribution of the hot gas
morphology for the MW, which consists of a dense disky
component and a diffuse spherical component. Wilde et al.
(2021) studied the morphology of the circumgalactic medium
(CGM) using COS+Gemini maps in a sample of 1689 galaxies.
From this, they estimated the radial extent of the CGM using the
HT covering fraction. Tchernyshyov et al. (2022) studied the
CGM of 126 galaxies with O VI from the CGM2 survey and
made some test sets on different CGM models. The properties of
stellar distributions and DM halos have also been probed
observationally. For example, Bertola & Galletta (1979) studied
ellipticity and isophote twisting in elliptical galaxies, and Allen
et al. (2001) used observations from the Chandra observatory to
constrain mass—temperature and temperature—luminosity rela-
tions, which confirmed a 40% offset between observed and
predicted mass distributions.

On the theoretical front, studies have used different
hydrodynamical simulations to constrain the structures of hot
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Table 1
Gaseous Classification in Our MW-like Galaxy Sample

Gas Classification Temperature Criterion

Cold T < 10**K
Warm 10%2 K < T< 0.5Ty;
Hot T> 05Ty

gaseous halos, stellar distributions, and DM halos. Kauffmann
et al. (2019) examined the CGM of MW-like galaxies in the
Nlustris and the IlustrisTNG simulations to probe feedback
physics. Hafen et al. (2019, 2020) probed the origin of the
CGM from the FIRE simulation. Li et al. (2021) also used
FIRE simulations and studied the structure and composition of
the gas in the CGM in low-redshift dwarf galaxies. Davé et al.
(2001) used six hydrodynamical simulations to study the
intergalactic medium in the temperature regime of 10° < T <
10" K. To probe the structure of DM halos, Bonamigo et al.
(2015) employed the Millennium XXL (a cosmological DM-
only simulation) and SBARBINE simulations to determine the
major and intermediate to major axis ratio distributions of a
wide range of DM halo masses. Pulsoni et al. (2020) explored
the shape of stellar halos of 1114 early-type galaxies (ETGs) in
both the IlustrisSTNG TNG100 and TNGS50 simulations,
finding that their sample widely represents observed kinematic
properties and intrinsic stellar halo shapes of ETGs.

Here, we examine the morphologies of galactic gas in
different temperature regimes in a sample made of 25 MW-
like galaxies in the TNGS50 simulation (Nelson et al.
2019a, 2019b; Pillepich et al. 2019), which displays the
highest resolution in the series of IllustrisTNG simulations. In
particular, we constrain the gas morphologies for cold, warm,
hot, and all gas (as defined in Table 1) in each of these 25
galaxies. We infer the radial profile of the galactic gas shape
using a local shell iterative method (LSIM; Emami et al.
2020, 2021). In each temperature regime, we classify galaxies
in the following categories: simple, twisted, stretched, and
twisted-stretched. Finally, we compare galaxy morphologies
between individual temperature regimes as well as the DM
and stellar distributions.

The paper is organized as follows. Section 2 outlines the MW-
like galaxy sample selection, temperature calculation and cuts,
and observational implications. Section 3 presents our analysis
of the shape of the gas particles from the TNG50 simulation.
Section 4 presents our classifications and definitions of the
various types of gaseous distributions. Section 5 compares
gaseous distribution morphologies in various temperature
regimes with the DM halos and stellar distributions. Section 6
puts this work in the context of current and future observations
and similar works with hydrodynamic simulations. Finally,
Section 7 summarizes the work, outlines our results, and
explores implications and future work. In addition, we comment
on the arbitrary nature of eigenvector orientation in Appendix A
and provide some supplementary figures in Appendix B to make
our classification scheme more intuitive.

For this work, we adopt the standard TNGS50 values for the
following cosmological parameters (Planck Collaboration et al.
2016): Q4= Qs + 2 = 0.3089, Q, =0.0486, 2, =0.6911,
Hy=100hkms 'Mpc ™', h = 0.6774, 03 =0.8159, and n,
= 0.9667.

Waters et al.

2. Methodology

Below, we briefly introduce the TNGS50 simulation (Nelson
et al. 2019a; Pillepich et al. 2019) and illustrate our
methodology for making a sample of MW-like galaxies,
following the approach chosen in Emami et al.
(2020, 2021, 2022). We also present temperature calculations
for gas particles and separate them into three temperature
regimes: cold, warm, and hot gas. Finally, we explore
observational implications by presenting a brief exploration
of the X-ray luminosity.

2.1. TNG50 Simulation

The TNGS50 simulation is a cosmological, magnetohydro-
dynamical simulation used to simulate galaxy formation and
evolution. This simulation is the third in the series of
MlustrisTNG projects and evolves 2160° DM particles and
gas cells in a periodic box. It also evolves stars, magnetic fields,
and supermassive black holes using a periodic boundary
condition. The volume of the TNG50 is 51.7° cMpc® with a
softening length of 0.39 ckpch™' for z> 1 and 0.195 proper
kpch™" for z< 1. Consequently, TNG50 exhibits a high
numerical resolution comparable to zoom-in simulations
(Pillepich et al. 2019).

The initial conditions were chosen at z =127 using the
Zeldovich approximation, and the simulation is selected from a
set of 60 random iterations of the initial density field. The
initial conditions are evolved using the AREPO code
(Springel 2010). Finally, Poisson’s equations are solved with
a tree-particle-mesh algorithm. Furthermore, the TNGS50
models for unresolved astrophysical processes are identical to
the other IlustrisTNG simulations and are described in
Weinberger et al. (2017) and Pillepich et al. (2018).

2.2. Milky Way-like Galaxy Sample Selection

To choose our sample of MW-like galaxies, we follow the
procedures outlined in Emami et al. (2020, 2021). In the first
step, we select galaxies with DM halo masses in the range
(1-1.6) x 10" M. This subset contains a total of 71 galaxies.
We then narrow this subset further by choosing only the
galaxies that have more than 40% of their stellar populations
being rotationally supported. This selection is made by
implementing the orbital circularity parameter shown below:
j(t(Ei) =TIeVe = VGM(<rc)rc’ (1)

Jz,i

J(ED

Ei

where j,; is the z-component of the angular momentum of the
ith particle, j.(E;) corresponds to the circular angular momen-
tum with radius r, and energy E;, v, is the orbital velocity, G is
the gravitational constant, and M(< r,) refers to the mass within
r.. To limit our galaxy sample to those which have >40% of
stellar particles, we select galaxies with ¢; > 0.7. This ensures
that a substantial portion of stars in the galaxy resides in the
disk, resulting in a final sample size of 25 MW-like galaxies.

2.3. Gas Temperature Cuts

Having presented the sample of MW-like galaxies in the
TNGS0 simulation, here we compute the gas temperature
profile for each galaxy in our sample. As we are interested in
examining the morphology of the gaseous distributions in
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Figure 1. Temperature distributions of the cumulative gas particles from all 25 galaxies in our sample. The left panel displays a two-dimensional histogram showing
the logarithm of the temperature of the gas particles as a function of the galactic radii. The right panel displays a one-dimensional trimodal distribution of the logarithm
of the temperature of the gas particles. Overlaid on these distributions are the temperature demarcations for cold (7' < 10*2? K), warm (10** K < T < 0.5T;,), and hot
(T > 0.5T,;) gas in purple, red, and orange, respectively. The color bar indicates the number of particles at a given temperature and radius for the left panel and is

scaled logarithmically.

different temperature regimes (cold, warm, and hot gas), we
compute the temperature of the gas particles using the
following relation:

T=(v—1)-—pu, @
kg

where T is the temperature in kelvin, v (=5/3) is the adiabatic

index, u is the internal energy per unit mass, kg is the

Boltzmann constant in CGS units, and p is the mean molecular

weight. Here, we use the following definition of the mean

molecular weight:

= 4 m
1+ 3Xy + 4Xux,

I P> 3)

with Xy (=0.76) referring to the hydrogen mass fraction, X,
(=n,/ny) is the electron abundance, and m,, is the mass of the
proton.

To avoid arbitrary temperature demarcations, we define the
boundaries between gas temperature regimes with physically
motivated quantities. The boundary between the warm and hot
gas is defined with respect to the virial temperature (many
collaborations define the temperature of the hot gas to be equal
to, or some fraction of, the virial temperature). For example,
see Appleby et al. (2021), who define hot gas to have
temperatures above 0.57.;, and Bhattacharyya et al. (2023),
who define their hot gas to be at the virial temperature

(~10° K). Hereafter, we refer to the virial temperature as 7,
which is adapted from Li et al. (2017) and is defined below:

2 GMoo pt @)
3 Ryo kp

where M, is the total mass enclosed in a sphere with a mean
density being a factor of 200 above the critical density of the
Universe at z =0, Ry is the radius of a sphere with a mean
density being a factor of 200 above the critical density of the
Universe, p is the mean molecular weight, and my; is the mass

Ty =

of the hydrogen atom. We compute the virial temperature for
each galaxy in our sample separately, so the resultant hot cut is
unique to each galaxy.

To define cold gas, we select particles with a temperature
less than the HI recombination temperature (T~ 10*K;
Casares 2001). Here, we assume that this value is approxi-
mately 10*? K. This value is selected from Figure 1, where the
distribution shows a sharp drop-off after a local maximum at
~10**? K. It should be noted that the cold gas cut in Figure 1
lies slightly above the local minimum in the right panel. This
figure is composed of all galaxies in our sample, but the
temperature distributions of each galaxy are unique. We find
that the average local minimum across all galaxies in our
sample lies at 10*'%* K. Therefore, we round our cold gas
selection criterion to 7'< 10*? K, which does not result in a
significant increase in cold gas particles.

For warm gas, we choose particles with temperatures greater
than the H I recombination temperature and less than a factor of
0.5 of T,;, analogously to Appleby et al. (2021). Despite this
warm gas cut not occurring at a local minimum, which would be
the ideal method to separate gas regimes, our definition of warm
gas is in broad agreement with the literature. However, cuts
between cold, warm, and hot gas often differ widely in the
literature (both in theoretical and observational works).
Examples of these criteria include, but are not limited to, the
following: Appleby et al. (2021, theoretical) defines warm gas as
gas with temperatures 10*3 < T < 0.5T,;; Mathur et al. (2023,
observational) defines a warm—hot phase ranging between 10° K
and 10’ K; Bhattacharyya et al. (2023, observational) state that a
warm-hot phase of 10°°K and a hot phase of 10°*¥K is
required to reproduce observations; and Cen & Ostriker (1999),
a widely cited work, define warm gas to be 10° < T< 10" K.

With the lack of a robust physical differentiation between
warm and hot gas phases, our cut at 0.57,; could result in
similarities in the classifications and analyses of the warm and
hot gas. In addition, direct comparisons to observational works
may be difficult as there is no standard cut between warm and
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Figure 2. Projected surface density (3, top panels) and mass-weighted temperature (7, bottom panels) maps of the YZ projection for the MW-like galaxy with ID
number 479938 in our sample of 25 galaxies illustrated with its cold gas (T < 10** K) in the left panels, warm gas (10*? K < T < 0.5T,;,) in the middle panels, and
hot gas (T > 0.5T,;,) in the right panels. The projected particle density and mass-weighted temperature are given on logarithmic scales.

hot gas in the literature. However, our cut at 0.57; was chosen
to align as closely as possible with the literature and to maximize
the convergence of the LSIM for both warm and hot gas by
ensuring that there is a sufficient number of particles in each
regime. Specifically, there must be at least 10° particles per shell
for LSIM to converge. We also performed LSIM on gas chosen
with warm-hot cuts with factors of 0.2, 0.3, 0.8, and 1.0 of the
virial temperature. We found that 0.57,; was the ideal
temperature cut as it resulted in the convergence of LSIM in
all halos in both the warm and hot gas regimes. However, we
find that, when compared to a hot cut of 0.37;;, the convergence
of LSIM in each halo is limited to a smaller spatial extent (~10
to >200 ckpc on average for 0.37,; and ~10 to 150 ckpc on
average for 0.57;,). This may result in a less robust hot-gas-to-
DM comparison. Since both the virial temperature and the
overall particle temperature distributions are unique to each
galaxy, making a cut at a factor of 0.5 of the virial temperature
also ensures a more consistent warm/hot gas particle count than
a hard temperature cut. The convergence criteria are outlined in
more detail in Section 3.1. Finally, for hot gas we adopt particles
with temperatures greater than 0.57 ;.

Figure 1 shows the two-dimensional temperature histogram
as a function of galactic radius (left) and the one-dimensional

distribution of the gas temperature (right) for all 25 MW-like
galaxies in our sample, respectively. The right panel displays a
trimodal temperature distribution with our temperature demar-
cations overlaid on the plot where cold, warm, and hot gas are
shown with purple, red, and orange regions, respectively.

The first peak from the bottom on the right panel refers to the
cold, star-forming, gas particles located mostly in the galactic
disk. This is followed by the second peak describing HII
regions, and finally the third peak corresponds to the warm—hot
gas. As can be seen in Figure 1, a hot cut of 0.5T,;, provides a
sufficient number of particles in both the warm and hot
temperature regimes. Table 1 summarizes the above temper-
ature cuts across different regimes.

Figure 2 presents three projections of the cold, warm, and
hot gas particles for one galaxy in our sample (with ID number
479938). In the top row, we show the surface density. In the
bottom row, we present the mass-weighted temperature. The
difference in the spatial distribution of gas particles is evident
by examining Figure 2, where the definition of the spiral
structure in the galaxy becomes less apparent as the temper-
ature is increased beyond the cold gas threshold (i.e.,
T>10*?K).
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Figure 3. Hard-to-soft X-ray luminosity ratio as a function of gas temperature.
The X-ray fluxes are calculated using the APEC model (see the main text),
assuming that the hot gas is in collisional-ionization equilibrium. The virial
temperatures of the 25 MW-like galaxies in the sample are shown as red points,
and the distribution function of virial temperatures is shown in the bottom
subpanel. The hot gas temperature criteria 729" = 0.5 Ty;, are shown as the
vertical orange dashed line (median), with the shaded region showing lo
dispersion.

2.4. X-Ray Luminosity

To explore the observational implications, we compute the
hard-to-soft X-ray luminosity ratios for the hot gas identified in
simulations. The X-ray spectral templates are generated using
the Astrophysical Plasma Emission Code (APEC; Smith et al.
2001) model implemented in the PYATOMDB code,® which
utilizes the atomic data from AtomDB v3.0.9 (last described in
Foster et al. 2012). The model gives the emission spectrum of a
collisionally ionized diffuse gas in equilibrium with a given
temperature and metal abundance pattern. The temperature of
gas cells in simulations is calculated following Equation (2).
For simplicity, the abundance pattern is set to solar values
following Anders & Grevesse (1989) and the intracluster
medium metallicity is set to 0.25 (e.g., McDonald et al. 2016;
Mantz et al. 2017). For the hot intracluster gas considered here,
the emission is dominated by thermal bremsstrahlung and the
broad X-ray band flux is insensitive to the details of the
abundance pattern. Then, we account for Galactic absorption
with the photoelectric absorption cross section given by
Morrison & McCammon (1983), assuming a fixed Galactic
hydrogen column density of Njy =2 x 10*° cm 2.

In Figure 3, we show the hard-to-soft X-ray luminosity ratio
as a function of gas temperature. The luminosity ratio decreases
monotonically as temperature drops due to the movement of
the cut-off energy of the thermal bremsstrahlung spectrum. The
virial temperatures of the chosen MW-like galaxies are
typically in the range 10°-10%° K, which implies a typical
hard-to-soft X-ray luminosity ratio ~10~*. Meanwhile, the
temperature criterion for hot gas, Té}ﬁt =057, 1is

8 PYATOMDB documentation  (https://atomdb.readthedocs.io/en /master/

index.html).
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Figure 4. Map of the ratio of the projected surface brightness in hard X-ray vs.

soft X-ray. For illustrative purposes, the map is created for the MW-like galaxy
with ID number 479938 in our sample of 25 galaxies.

appropriately chosen to include most of the shock-heated hot
gas in the galaxy around the virial temperature.

Figure 4 presents an image of the ratio of the projected
surface brightness in hard X-ray versus the soft X-ray for a
galaxy with an ID number 479938 from our sample. The
distribution of the ratio roughly follows the morphology of the
hot gas distribution shown in Figure 2. The typical hard-to-soft
X-ra;y ratio at the outskirts of the gas distribution is around
107°-10"%, and the corresponding temperature is close to the
virial temperature of the distribution. In the central ~50 kpc
part of the distribution, the hard-to-soft X-ray ratio reaches
around 10°-107>.

3. Shape Analysis

In this section, we present our method for computing the
shape of the gas particles, the LSIM, and present the results of
our analysis of the resultant shape parameters.

3.1. The Local Shell Iterative Method

To compute the shape of the galactic gas in our galaxy
sample, we employ the LSIM as introduced in Emami et al.
(2021). The shape parameters s and g are defined as follows:

&)

=)
Il

a b
) q )
C C

where a, b, and ¢ refer to the semiminor, intermediate, and
semimajor axes of the ellipsoid, respectively. We begin by
splitting the distribution into 100 logarithmic, radially thin
shells in the range between 2 and 202 kpc. These shells are
initially spherical with a = b = ¢ = rp,, Where rp, refers to the
mean spherical radius of the shell. We iteratively compute the
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reduced inertia tensor (Equation (6)) and distort each initially
spherical shell until the algorithm converges. The criteria for
convergence are described later in this section. The reduced
inertia tensor is defined below:

N,
1 Ly mnxn,ixn,j
Iij(grsph) = ( )Z >

2
Mgas n=1 Rn (rsph)

where Mg, is the total mass of gas particles inside the shell
(with the axis lengths a(rgn), b(rpn), and c(rpn)), Npar is the
corresponding particle number, m,, is the associated gas mass,
X,,,; is the ith coordinate of the nth particle, and R, (vspn) is the
elliptical radius of the nth particle. R, (7spn) is defined as

i,j=(1,2,3), (6

2 2 2
xn yl‘l Z n

A (rpn)  D2(rpn)  A(rpn)

where x,, y,, and z, are the Cartesian coordinates of the nth
particle.

As the axis lengths a(rn), b(repn), and c(rgp) are initially
unknown, we compute each at a given radius r,p, by iteratively
determining the reduced inertia tensor for all particles within
that shell. We then diagonalize the reduced inertia tensor to
obtain the eigenvalues and eigenvectors used to deform the
initial sphere to an ellipsoid, while keeping the enclosed
volume of the shells fixed. Using the eigenvalues of the
reduced inertia tensor, we infer the axis lengths of the ellipsoid
as follows:

RZ(rpn) = (7

(abe)t/3

LU

B (abc)!/?

Ty
c=—2_/x, ®)

(abc)!/3

where \; (i =1, 2, 3) are the eigenvalues of the reduced inertia
tensor.

We then rotate the coordinates of all gas particles within the
shells to the frame of the principal axes given by the
eigenvectors of the reduced inertia tensor. We compute the
shape parameters s and g for each iteration. In addition, the
residuals of both s and ¢ are computed at each iteration and the
algorithm converges when the residuals drop to values below
max[((s — so1a)/5)* (¢ = qug)/9)*] < 107, where the
“max” refers to the greater value of the two aforementioned
quantities, and 5,14 and g4 are the shape parameters computed
from the prev1ous iteration. Furthermore, convergence requires
that at least 107 particles be present in each shell (Zemp et al.
2011). Finally, we compute the triaxiality parameter:

1 — g?
T=—2%1 9
T2 9

where s and g are defined in Equation (5).

3.2. Shape Analysis Results

Here, using the LSIM algorithm described in Section 3.1, we
compute the shape parameters for all of the galaxies in our
sample. Table 2 summarizes the median and 16th (84th)
percentile for shape parameters. From top to bottom, we
present the results for cold, warm, hot, and all gas, respectively.
In addition, we computed and displayed the shape parameters
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Table 2
Median and 16th—84th Percentiles for the Shape Parameters of Each Gas
Distribution Type, the Stellar Distributions, and the Dark Matter Halos of all 25
MW-like Galaxies in Our Sample

s q T
Cold gas 0.31550197 0.6867042) 0.61970433
Warm gas 0.305*5437 0.697+91% 0.635+924¢
Hot gas 0.499709% 0.77473902 05707033
All gas 0.380*0-37 0.752*9:133 0.568793%
Stellar distribution 0.543231%) 0.913239%4 0.27010122
Dark matter 0.7397598} 091279939 0.333023¢
Table 3

Types of Ellipsoids as Determined by Their Triaxiality Parameter Defined in
Equation (9)

Triaxiality Parameter

Oblate spheroid T=0
Oblate ellipsoid T<0.33
Triaxial ellipsoid 0.33 < T<0.66
Prolate ellipsoid T > 0.66
Prolate spheroid T=1

for the stellar distributions and the DM halos with the LSIM
algorithm for the sake of comparison (see Section 5).

After obtaining the median values of the triaxiality
parameter, 7, for the gaseous distributions, we use the criteria
from Emami et al. (2021, summarized in Table 3) to classify
the shape of the gaseous distributions. From the median T
values in Table 2, we find that cold gas, warm gas, hot gas, and
all gas distributions typically display triaxial ellipsoid
morphologies.

We also present the median values for each shape parameter
s, ¢, and T and their 16th and 84th percentiles as a function of
the galactic radius in Figure 5. From top to bottom, the radial
profiles of these shape parameters are shown for cold, warm,
hot gas, and all gas, where the columns correspond to s, ¢, and
T, from left to right. Also overlaid on these plots are the median
and 16th and 84th percentiles of the shape parameters for the
stellar distributions (yellow, top row) and the DM halos (black,
remaining rows).

4. Gaseous Distribution Shape Classification

In the following sections, we analyze the shapes of the
individual gaseous distributions in our sample of galaxies.
Figure 6 presents the radial profiles of the axes to radii ratios,
the angles between the eigenvectors’ of the reduced inertia
tensor (principal axes), and the total angular momentum with
respect to the Cartesian unit vectors i J,and k for two galaxies
in our sample.

Using the method described in Sections 4.1, 4.3, 4.2, and
4.4, we implement these radial profiles in the classifications of
the shape of the individual gaseous distributions for each

 See Appendix A for information concerning the orientation of these
eigenvectors.
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Figure 5. Radial profiles of the median values, shown as solid lines, of the shape parameters s, ¢, and T for all 25 MW-like galaxies in our sample as a function of the
galactocentric radius with their 16th and 84th percentiles illustrated by the filled bands. Row 1 shows the radial profile of the median values of the shape parameters for
the cold gas (purple) and the stellar distributions (yellow; Emami et al. 2020). Rows 2—4 show the radial profiles of the median values of the shape parameters for the
warm (red), hot (orange), and all gas (blue) distributions and the DM halos (black; Emami et al. 2021).

temperature regime (summarized in Table 1) into the following
categories: simple, twisted, stretched, and twisted-stretched
distributions (adapted from the classification scheme originally
presented in Emami et al. 2020 for stellar distributions and
Emami et al. 2021 for DM halos). The results of these
classifications are summarized in Table 4.

As was first addressed in Emami et al. (2021), LSIM
produces slightly noisier radial profiles than other methods,
such as the enclosed volume iterative method (EVIM), due to

local fluctuations. These small-scale fluctuations can lead to
additional crossings of the eigenvalues and artificially inflate
the number of distributions classified as stretched (see
Section 4.3). To prevent spurious results, we employ a
Savitzky—Golay filter (Savitzky & Golay 1964) with SciPy_-
python (Oliphant 2007) to smooth each radial profile.

In Figure 6, we show a collection of profiles that display all
three of our major classification schemes: simple, twisted, and
stretched, which correspond to cold, warm, and hot gas,
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Figure 6. Radial profiles of the axis lengths (a, b, and c¢) to radii ratios and the angles between the eigenvectors of the reduced inertia tensor and the total angular
momentum of three galaxies within our sample. Row 1 shows the radial profile of a simple cold gas distribution, row 2 shows the radial profile of a twisted hot gas
distribution, row 3 shows the radial profile of a stretched hot gas distribution, and row 4 shows the radial profile of a twisted-stretched distribution composed of all gas
particles. The first panel in each row shows the ratios of each axis length to the radius as a function of galactocentric radius. Panels 2—4 in each row show the angles for
the minimum, intermediate, and maximum eigenvalues of the reduced inertia tensor to the i s f , and k unit vectors as a function of galactocentric radius. Rows 1-3 are
taken from various profiles showing the three major classification schemes: simple, twisted, and stretched in the cold, warm, and hot gas temperature regimes,
respectively. Unlike the other gas regimes, the radial profile of hot gas begins at 10 ckpc and ends at ~150 ckpc. This is due to an insufficient number of particles at
smaller and larger radii, so the LSIM algorithm does not converge. The final row shows a distribution that displays signals of both stretching and twisting in its radial

profile of all gas particles.

respectively. For the gas as a whole, we present a distribution
that displays signals of both twisting and stretching.

4.1. Simple Distributions

The first category that we consider is simple distributions.
Simple distributions are those whose radial profiles display the
eigenvector associated with the smallest eigenvalue that is
parallel to the total angular momentum throughout the radial
profile with little or no change in angle as a function of the
radius. In addition, the remaining eigenvectors also show little
to no directional changes. These profiles also typically display
well-separated eigenvalues, whose ordering of their magnitude
does not change with radius. Since the requirement of well-
separated eigenvalues (which was originally introduced in
Emami et al. 2021) will favor triaxial distributions, we also

classify distributions whose eigenvalues are approximately
equal (and may frequently cross), as would be the case in
nearly spherical distributions, but show little to no rotation
(after smoothing with the Savitzky—Golay filter) in their radial
profiles as simple distributions.

In our sample of 25 MW-like galaxies, we find that
only cold gaseous distributions and distributions composed
of all gas have an entirely simple profile. Specifically, four
cold gas distributions and three all gas distributions display
simple radial profiles. An example of a simple distribution
is presented in the first row of Figure 6. We also
show alternative visualizations of simple distributions in
Figures 7 and 10 in Appendix B. Galaxies part of the simple
class experience a very mild level of rotation in their radial
profiles.
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Summary of Shape Classifications for all 25 MW-like Galaxies for Each Temperature Regime, Stellar Distributions (Emami et al. 2020), and Dark Matter (Emami
et al. 2021) Halos Computed with the LSIM Algorithm in the Following Categories: Simple, Twisted, Stretched, and Twisted-stretched Distributions

ID Cold Gas Warm Gas Hot Gas All Gas Stellar Distribution Dark Matter
476266 Twisted Twisted Stretched Twisted-stretched Twisted Stretched

478216 Not converged Stretched Twisted-stretched Simple Twisted-stretched Twisted

479938 Simple Twisted Stretched Twisted Twisted Stretched

480802 Not converged Twisted Twisted-stretched Twisted-stretched Twisted-stretched Twisted-stretched
485056 Stretched Twisted Twisted Twisted Twisted Twisted-stretched
488530 Twisted Twisted-stretched Stretched Twisted-stretched Twisted Twisted-stretched
494709 Twisted Twisted-stretched Twisted-stretched Simple Twisted-stretched Twisted

497557 Simple Twisted-stretched Twisted Twisted-stretched Twisted Twisted

501208 Twisted Twisted-stretched Twisted Twisted-stretched Twisted-stretched Twisted-stretched
501725 Twisted-stretched Twisted Twisted-stretched Twisted Twisted Twisted

502995 Twisted Twisted Twisted-stretched Twisted Twisted Twisted

503437 Twisted Twisted-stretched Twisted-stretched Twisted Twisted Twisted-stretched
505586 Twisted Stretched Twisted-stretched Stretched Twisted Twisted-stretched
506720 Twisted Twisted-stretched Twisted-stretched Twisted-stretched Twisted-stretched Twisted-stretched
509091 Twisted Stretched Twisted Twisted-stretched Twisted Twisted-stretched
510585 Simple Stretched Twisted Twisted Twisted Twisted-stretched
511303 Twisted Twisted Twisted Twisted Twisted-stretched Twisted

513845 Not converged Twisted-stretched Twisted-stretched Twisted Twisted-stretched Stretched

519311 Twisted Twisted-stretched Twisted-stretched Twisted-stretched Twisted-stretched Twisted

522983 Twisted Twisted Twisted-stretched Twisted-stretched Twisted-stretched Twisted

523889 Not converged Stretched Twisted Simple Twisted Twisted

529365 Simple Twisted-stretched Twisted Twisted Twisted-stretched Twisted

530330 Twisted Twisted Twisted Twisted Twisted-stretched Twisted

535410 Twisted Twisted Twisted Stretched Twisted-stretched Twisted

538905 Twisted-stretched Stretched Twisted-stretched Twisted-stretched Twisted Stretched

Note. Distributions labeled “Not converged” are those distributions that do not converge in the LSIM algorithm (see Section 3.1 for LSIM convergence criteria).

4.2. Twisted Distributions

The next classification that we consider is twisted distribu-
tions. The members of this class display significant rotation in
the radial profiles of their eigenvectors. More specifically, the
minimum, intermediate, and maximum eigenvectors experience
a gradual rotation of approximately 50°~100° throughout their
radial profile with respect to the fixed i f , and k unit vectors
and the total angular momentum. In some cases, twisted
distributions display the eigenvalues approaching each other,
yet the axes-to-radii ratios do not cross. However, as was noted
in Section 4.1, distributions with approximately equal eigen-
values, such as spherical distributions, may display frequent
eigenvalue crossings. These distributions are still classified as
twisted if they display gradual rotation in their radial profiles
after smoothing with the Savitzky—Golay filter.

A large percentage of distributions in our sample exhibit
purely twisted radial profiles. Our sample of purely twisted
distributions consists of 14 cold gas distributions, 10 warm

distributions, 10 hot gas distributions, and 10 all gas
distributions. An example of a twisted distribution is shown
in the second row of Figure 6. We also show alternative
visualizations of twisted distributions in Figures 8 and 11 in
Appendix B.

4.3. Stretched Distributions

The next category of distributions that we present is the
stretched class, defined as when two eigenvalues of the reduced
inertia tensor approach each other with a reversal of their
orders. Since their corresponding eigenvectors are orthogonal,
the stretching of their axis lengths is seen in terms of an abrupt
rotation of approximately 90° in their eigenvectors. As was
addressed in Section 4, the frequent crossing of eigenvalues
due to two approximately equal axes could introduce false
classifications of stretched distributions in oblate, prolate,
nearly spherical, or disk-like morphologies. For these classi-
fications, we consider only those distributions with significant
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eigenvalue crossings accompanied by clear, abrupt ~90°
rotations after smoothing with the Savitzky—Golay filter. One
limitation of this classification scheme is distributions that have
axes that stretch but their eigenvalues do not cross. With our
current classification scheme, these distributions will be either
classified as simple or twisted, depending on the change in
orientation of their eigenvectors. However, for the purposes of
this work, we consider stretched distributions as only those
with crossings of eigenvalues that result in abrupt ~90°
rotations.

In our sample, we have one cold gas distribution, six warm
gas distributions, three hot gas distributions, and two all gas
distributions in this class. An example of a stretched
distribution is shown in the third row of Figure 6. We also
show alternative visualizations of stretched distributions in
Figures 9 and 12 in Appendix B.

4.4. Twisted-stretched Distributions

The final classification we group our gaseous distributions
into is the twisted-stretched category, which displays both
distinct stretching and twisting in their radial profiles. As
defined above, the stretched portions of these distributions
show a crossing in the eigenvalue profiles as one principal axis
stretches in magnitude and exceeds the magnitude of another,
which as mentioned above is accompanied by an approxi-
mately 90° rapid rotation in their associated eigenvectors. In
addition, these distributions also experience some level of
gradual rotation in their aforementioned eigenvectors.

In our sample of 25 MW-like galaxies, two cold gas
distributions, nine warm gas distributions, 12 hot gas
distributions, and 10 all gas distributions are part of the
twisted-stretched class. An example of a twisted-stretched
distribution is shown in the last row of Figure 6.

5. Comparisons

Here, we present quantitative and qualitative comparisons
between the following items: gaseous distributions in our
individual temperature regimes (Section 5.1), cold gas
distributions and stellar distributions (Section 5.2), and warm,
hot, and all gas distributions to DM halos (Section 5.3). The
DM halos and stellar distributions are described in more detail
in Emami et al. (2020, 2021), respectively.

5.1. Gas Temperature Regime Comparison

Here, we present a comparison between gaseous distribu-
tions in the cold, warm, hot, and all gas temperature
demarcations, as defined in Section 2.3, Table 1. The first set
of comparisons that we consider is the gaseous distribution
morphology classifications presented in Section 4. The
morphology classifications for each galaxy in our sample of
25 MW-like galaxies for each temperature regime (see Table 1)
are summarized in Table 4.

We find that the vast majority (77%) of all distributions
show twisting at some point in their radial profiles. Specifically,
64% of cold gas distributions, 76% of warm gas distributions,
88% of hot gas distributions, and 80% of all gas distributions
show twisting in their radial profiles and are classified as either
twisted or twisted-stretched distributions. Of these distribu-
tions, nearly half (44%) experience purely twisted radial
profiles. Interestingly, all gas distributions experience the
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lowest number of purely twisted distributions (40%), while
cold gas has the most purely twisted distributions (56%).

Furthermore, we conclude that gaseous distributions tend to
become more stretched at higher temperatures. Only 12% of
cold gas distributions experience stretching at some point,
while warm and hot gas experience some form of stretching in
60% of their distributions. Furthermore, when we look at the
gas as a whole, nearly half (45%) of distributions experience
stretching at some point in their radial profiles. This high rate of
twisting in the cold gas is likely influenced by the rotation of
the disk, while the more extended warm and hot gas is less
affected by this rotation and, thus, exhibits more stretching in
their radial profiles.

Considering purely stretched and simple distributions for all
galaxies in each temperature regime, we conclude that the
minority of distributions exhibit these features. Specifically,
only 12% of gaseous distributions are classified as purely
stretched. Specifically, only 4% of cold gas, 24% of warm gas,
12% of hot gas, and 8% of all gas distributions are purely
stretched. The least common distribution type in our sample is
simple distributions. Only 7% of distributions are classified as
simple. These distributions appear only in cold gas and all gas
temperature regimes at 16% and 12%, respectively.

Next, we present a comparison between the individual
temperature regimes by examining the shape parameters s, g,
and 7, with a primary focus on the triaxiality parameter 7
(Equation (9)). For this comparison, we employ Table 2 and
Figure 5.

Using Table 2, we find that all temperature regimes show
similar values for the triaxiality parameter 7, with median
values of 0.619, 0.635, 0.570, and 0.568 for cold gas, warm
gas, hot gas, and all gas, respectively. Using the median values
and the types of ellipsoids as defined in Table 3, we find that
cold gas, warm gas, hot gas, and all gas distributions show
median values of the triaxiality parameter 7 that correspond to
triaxial ellipsoids.

The radial profiles of the median values of the shape
parameters (shown in Figure 5) for each temperature regime are
also remarkably similar. Perhaps the most striking similarity is
that the radial profiles of warm, hot, and all gas distributions for
the triaxiality parameter 7 all begin to align with 7~ 0.6 at
r~ 150 kpc. However, the warm gaseous distribution radial
profile shows the largest deviation from the norm. When
considering the radial profile of T for warm gas, we find that the
warm gas is incredibly prolate in the region between
approximately 50 and 125kpc. Cold gas, to a lesser degree,
also appears to be prolate between approximately 45 and
60 kpc and traces a profile similar to that of the warm gas.
However, the radial scales between these two temperature
regimes are not directly comparable. Another interesting aspect
is that the radial profile of T for hot gas appears to be, in
general, the approximate inverse of the other gas temperature
regime radial profiles. This is likely due to the lack of hot gas in
the inner ~10 kpc of the disk, which is evident in Figure 5. The
hot gas profile does not display the initial decrease in T from
the center to the edge of the disk. This is particularly evident in
the cold gas radial profile, which shows a significant decrease
in T in the inner ~15 kpc.

5.2. Cold Gas to Stellar Distribution Comparison

Next, we present a comparison of the cold gas distributions
to the stellar distributions. Again, we consider Tables 2 and 4
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and Figure 5 in our comparisons. We adopt the morphology
classifications for the stellar distribution from Emami et al.
(2020, included for reference in Table 4). Emami et al. (2020)
also employs the LSIM algorithm (see Section 3.1). We use the
data that were generated in their shape calculations to
determine the median values and 16th (84th) percentiles
utilized in Table 2 and Figure 5.

Considering the gaseous distribution shape classifications
(summarized in Table 4), the majority (56%) of cold gas
distributions are purely twisted. Interestingly, the majority of
stellar distributions (52%) presented in Emami et al. (2020) are
also purely twisted. However, when including twisted-stretched
distributions, we find that 64% of cold gas distributions and
100% of stellar distributions show twisting at some point in
their radial profiles. Therefore, most galaxies tend to show
twisting in both the cold gas distributions and the stellar
distributions. This is not particularly surprising considering that
our sample of galaxies is MW-like and shows significant
rotation in the disks. Furthermore, cold gas is closely coupled
to the star-forming regions within the disk. However, we do
observe some deviation from the stellar distribution in the cold
gas distribution morphologies, with 16% of distributions being
classified as simple and 4% of distributions being classified as
purely stretched. It should be noted, though, that 16% of cold
gas distributions do not converge with the LSIM algorithm.

Next, considering a direct distribution-to-distribution com-
parison using Table 4 and Emami et al. (2020), we find that
61.5% of the galaxies are classified as purely stretched in both
cold gas and stellar distributions. Interestingly, zero galaxies
are classified as twisted-stretched in both cold gas and stellar
distributions, but 66.7% of twisted-stretched stellar distribu-
tions are purely twisted in the cold gas distributions. Very few
cold gas distributions deviate from the morphology of the
stellar distributions completely, with 8.3% twisted-stretched
stellar distributions being classified as simple in cold gas and
7.7% purely twisted stellar distributions being classified as
simple in cold gas distributions. The remaining deviation is the
nonconvergent cold gas distributions.

Finally, by examining Table 2 and Figure 5, there seems to
be a correlation between the morphological properties of stellar
distributions and cold gas. Remarkably, cold gas displays a
significantly more prolate morphology than the stellar distribu-
tion, with median triaxiality parameters of 7" = 0.619 and
T = 0.270, respectively. While a majority of cold gas resides in
the disk (as is apparent from Figure 2), there is a significant
amount of cold gas that drives the overall morphology to be
much more prolate than the disky, oblate stellar distributions.
This is very apparent when we examine the first row of
Figure 5. Although the cold gas has a radial profile similar to
the stellar distribution, the median 7 of the cold gas is
significantly higher than the median 7 for the stellar
distribution throughout the entire radial profile. However,
these values do begin to slightly align with 7~0.4 at
r~ 90 kpc. In addition, the decrease in the median value of T
from r=0kpc to r~ 15kpc in the cold gas radial profile is
almost entirely parallel to the stellar distribution, suggesting
that the cold gas traces the central bulge of the stars nearly
exactly, but with a significantly more prolate morphology.

5.3. Gas to Dark Matter Comparison

In this section, we compare the morphology classifications of
the gaseous distributions in each temperature regime to those of
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the DM halos. As Emami et al. (2021) uses the EVIM as their
main algorithm to determine the morphology of the DM halos,
we use the LSIM algorithm to compute the radial profiles and
classify each DM halo using our classification scheme (as
outlined in Sections 3 and 4). From the LSIM DM radial
profiles, we determine that there are zero simple, 12 twisted,
four stretched, and nine twisted-stretched DM halos. We
summarize these classifications in Table 4. In addition, we
computed the median and 16th (84th) percentiles with data
generated from the LSIM algorithm.

Upon direct comparison of the individual gaseous distribu-
tions to the DM halos classified with the LSIM algorithm using
Table 4, we find a strong correlation between the gas and DM
morphology classifications with increasing gas temperature.
For purely twisted gaseous distributions, we find that 50% of
cold gas, and 60% of warm gas and hot gas distributions are
also twisted in DM. For purely stretched gaseous distributions,
0% of cold gas, 16.7% of warm gas, and 66.7% of hot gas
distributions are stretched in DM. Twisted-stretched distribu-
tions also display this correlation, with 0% of cold gas, 44.4%
of warm gas, and 33.3% of hot gas distributions sharing the
same classification as the DM halos. However, gaseous
distributions that contain twisting at some point in their radial
profile correlate to DM halos that show twisting at 87.5%,
84.2%, and 90.9% for cold, warm, and hot gas, respectively.
Similarly, for stretching at some point in the radial profiles,
66.7%, 66.7%, and 46.7% of cold, warm, and hot gas also
show stretching in the DM halos. When considering gaseous
distributions composed of all gas particles, we find that 50% of
twisted all gas distributions are twisted in DM, 0% of stretched
all gas distributions are stretched in DM, and 50% of twisted-
stretched all gas distributions are twisted-stretched in DM.
Again, when considering twisting or stretching at some point in
the radial profiles, 80% of all gas distributions and DM show
twisting, and 72.7% of all gas distributions and DM halos show
stretching.

Considering the triaxiality parameter T presented in Table 2
and Figure 5, we find that the gas of all temperature regimes,
and as a whole, is significantly more prolate than the DM halos.
Table 2 shows a median T for gaseous distributions of 0.619,
0.635, 0.570, and 0.568 for the cold, warm, hot, and all gas
regimes, respectively. With an average value of 0.609, the
gaseous distributions have a median 7 2.8 times greater than
the median 7 for the DM halos.

A comparison between warm, hot, and all gas to DM halos is
also presented in Figure 5, where the radial profiles of the
median values (and their 16th and 84th percentiles) of the
shape parameters s, ¢, and T for all 25 galaxies are presented.
While we have also compared cold gas to DM, we omit cold
gas from the following due to the difference in the radial extent
of cold gas and DM. The most striking difference in these
profiles is in the first two columns, showing the shape
parameters s and ¢, where the gas radial profiles deviate
significantly from the DM radial profiles. The final column,
showing the radial profile of the triaxiality parameter 7, shows
lesser of a degree of deviation from DM. Here, the higher
degree of prolate morphologies, as illustrated by Table 2, is
also apparent. While warm, hot, and all gas show radial profiles
of T that are higher on average, warm gas shows the most
extreme deviation from the DM T radial profile.

However, all of the shape parameter radial profiles align for
DM at larger radii. As the temperature of the gas increases, the
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alignment of the median values and 16th (84th) percentiles
happen at smaller radii, with this alignment beginning at
roughly 150 kpc and 100 kpc for s and 125 kpc and 45 kpc for
g, for warm and hot gas, respectively. When considering the
16th (84th) percentile for the triaxiality parameter, there is
significantly more overlap between hot gas and DM than
between warm gas and DM. Hot gas and DM overlap for
almost the entirety of the radial profile. Additionally, the
median value of the triaxiality parameter for hot gas and DM
have remarkably similar values after about 75 kpc. In contrast,
the warm gas and DM triaxiality parameters are initially within
0.2 of each other before beginning to deviate from one another
around 25 kpc, only until beginning to align again after about
60 kpc.

6. Connection to Observations and other Simulations

Thus far, we have presented a theoretical framework of gas
morphology with the IllustrisSTNG TNGS50 simulation using the
LSIM algorithm to compute quantitative shapes of gas
distributions in the cold, warm, and hot regimes. In this
section, we connect these results to current and future
observational constraints of galactic gas and the CGM and
the work done with other hydrodynamical simulations.

To study the CGM, there are typically five main methodol-
ogies: absorption-line studies of background sources, spectro-
scopic stacking, “down-the-barrel” spectroscopy, emission-line
maps, and hydrodynamic simulations. These five observational
methodologies each have significant challenges and
advantages.

Absorption-line studies are perhaps the most sensitive
method to the extremely low column densities of the CGM
(N=~10"cm %) and offer the advantage of probing a wide
range of densities while remaining invariant to redshift and
host-galaxy luminosity (Huber & Bregman 2022). This method
typically allows only one line of sight through the host CGM at
a random galaxy radius, however, so comparisons to hydro-
dynamic simulations can only be done after averaging (Smith
et al. 2019). Spectroscopic stacking and “down-the-barrel”
have similar limitations.

Emission-line maps, on the other hand, offer the ability to
get large-scale maps of CGM gas through direct emission,
making this the ideal method for comparison with our results
from the TNG50 simulation. This method is, however, one of
the most challenging methods mentioned thus far. The
emission measure scales as n* and ny in the CGM is typically
about 1072 or less, making detecting this emission quite
difficult. Some collaborations, such as Putman et al. (2012),
have applied this methodology with the HI-21 cm line to
external galaxies, but their results are limited to the inner
~10-20 kpc, significantly less than the spatial extent of the
cold gas (~100 ckpc) we find in our work. Sparke et al. (2009)
also generated an HI-21cm map of NGC 3178, finding
evidence of warping and twisting in the extended neutral
hydrogen disk out to ~35 kpc. HI-21 cm maps are also useful
in probing DM halo properties. Corbelli et al. (2014) used H I-
21 cm emission to a radius of ~25 kpc to compute the rotation
curves of M33 and found that the dynamically relevant baryons
at large radii are in gas form and the DM halo has a mass of
M=43(+1.0)x 10" M, assuming a Navarro—Frenk—White
profile and Lambda cold dark matter cosmology.

In this work, we find a strong correlation between hot gas
distributions and DM halos. Therefore, it is of particular
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interest to study the hot CGM with soft X-ray (ideal for gas
with T2 10° K) observations. However, the hot, diffuse CGM
typically has very low surface brightness, so observations with
soft X-ray telescopes are challenging and require long exposure
times. Nonetheless, several collaborations, such as Anderson
et al. (2016) and Humphrey et al. (2011), have used
observatories such as Chandra, Suzaku, and XMM-Newton
to observe individual hot gas halos. Like HI-21 cm observa-
tions, however, gas properties are reliably measured to a
smaller spatial extent (~80-100kpc) with these X-ray
observations than we find in our work for hot gas distributions
(~200 kpc). Despite the current challenges of X-ray emission
mapping, future X-ray missions have promising potential to
probe the extremely diffuse CGM gas at very large spatial
extents. The Line Emission Mapper X-ray probe, in particular,
is a promising mission that will study the hot, diffuse CGM at
scales well beyond the virial radii of galaxies (Kraft et al.
2022).

Hydrodynamical simulations offer the most detailed and
controlled studies of the gaseous distributions of galaxies and
are essential in a plethora of studies. These simulations,
however, rely on current knowledge of the physical processes
that shape galaxy formation and evolution, gas and DM
physics, stellar and AGN feedback, star formation and
supernovae, metal mixing and transport, cosmology, and many
other processes, some of which are unresolved (Tumlinson
et al. 2017; Pillepich et al. 2018). Even with these uncertainties,
the knowledge gleaned from hydrodynamic simulations is
powerful, especially when combined with observational data.

There are several high-resolution hydrodynamical simula-
tions currently being used to probe galaxy morphology and
other properties, including AURIGA (Monachesi et al. 2016;
Grand et al. 2018; Hani et al. 2019), EAGLE (Crain et al. 2015;
Schaye et al. 2015; Trayford & Schaye 2019; Trayford et al.
2019), FIRE (El-Badry et al. 2018; Garrison-Kimmel et al.
2018; Orr et al. 2020; Sanderson et al. 2020; Santistevan et al.
2020), NIHAO-UHD (Buck et al. 2018, 2020), and Illu-
strisTNG (Marinacci et al. 2018; Naiman et al. 2018; Nelson
et al. 2018; Pillepich et al. 2018; Springel et al. 2018; Merritt
et al. 2020; Vogelsberger et al. 2020). With such a wide
variety of hydrodynamical simulations, we can deeply explore
galaxy properties and produce realistic, reliable data, allowing
for robust comparisons between simulations and observational
data. For a more comprehensive overview of the metho-
dologies for observations and hydrodynamic simulations men-
tioned in this section, and the CGM in general, see Tumlinson
et al. (2017).

7. Summary and Conclusions

Here, we presented a detailed analysis of the morphology of
gaseous distributions from 25 MW-like galaxies from the
TustrisTNG TNGS50 simulation and how this work connects to
past, current, and future observations and other works done
with hydrodynamic simulations. We selected galaxies with
mass ranges of (1-1.6) x 10" M., that have more than 40% of
their stars rotationally supported.

We inferred the temperature of the gas particles and grouped
them into three temperature regimes: cold, warm, and hot gas
(see Table 1). We computed the hard-to-soft X-ray luminosity
ratios for gas with temperatures above 0.57.;.. We found that
the hard-to-soft X-ray ratio at the outer portion of the hot gas
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distribution ranges from 107> to 10~ and from 10 to 10~ in
the inner ~50 kpc of the distribution.

Next, we employed the LSIM algorithm to compute the
shape of the gas particles in our sample. The LSIM algorithm
iteratively computes the reduced inertia tensor (Equation (6))
for all particles within 100 (initially spherical) logarithmic,
radially thin shells. We then diagonalize the reduced inertia
tensor to obtain the eigenvalues and eigenvectors. Finally, we
employ the eigenvalues and eigenvectors to compute the
aforementioned shape parameters and to create radial profiles
of the axes/r ratios, the angles between the principal axes and
the Cartesian unit vectors (and the total angular momentum),
and the shape parameters s and q.

We inferred the shape of gas particles in four different
regimes: cold, warm, hot, and all gas. We then classified the
gas particles in each of these into three distinct categories:
simple, twisted, and stretched. Simple galaxies are those that
display radial profiles with well-separated eigenvalues and little
to no change in the orientation of the principal axes with
respect to the Cartesian unit vectors. Galaxies part of the
twisted class also show well-separated eigenvalues. In addition,
they show a significant, though gradual, rotation throughout
their radial profiles. Galaxies part of the stretched class display
a crossing of eigenvalues in their radial profiles, and thus, due
to the orthogonality of the eigenvectors, show an abrupt ~90°
rotation of the principal axes with respect to the Cartesian unit
vectors. As many gaseous distributions in our sample show
signals of both stretching and twisting, we group them into the
twisted-stretched category.

In our sample of 25 MW-like galaxies, we classify four cold
gas and three all gas as simple. No other temperature regimes
display simple profiles. Stretched galaxies appear in every
temperature regime, with one cold gas distribution, six warm
gas distributions, three hot gas distributions, and two all gas
distributions showing purely stretched radial profiles. Twisted
cases occupy a much more significant percentage of gaseous
distributions, with 14 cold gas, 10 warm gas, 10 hot gas
distributions, and 10 all gas distributions. The final category,
twisted-stretched distributions, occupies two cold gas distribu-
tions, nine warm gas distributions, 12 hot gas distributions, and
10 all gas distributions. In addition to computing the radial
profiles of the shape parameters, we compute the median values
and 16th (84th) percentiles of the shape parameters both as a
function of galactocentric radius and as a median over all
distributions in our sample. The resultant values for cold gas
are as follows: s=0.315, ¢=0.686, and T=0.619. The
median values for warm gas are s = 305, ¢ = 697, and T = 635.
The median values for hot gas are s =0.499, ¢ =0.774, and
T =0.570. Finally, the median values for all gas are as follows:
s=0.380, ¢=0.752, and T=0.568. To make a robust
comparison to previous works in this series (Emami et al.
2020 and Emami et al. 2021), we compute these values for the
stellar distributions and DM halos as well. For the stellar
distributions, we compute s = 0.543, ¢ =0.913, and 7= 0.270.
Finally, for DM, these values are s =0.739, ¢ =0.912, and
T =0.333. From the aforementioned values, we determined
that cold gas, warm gas, hot gas, and all gas distributions
display primarily triaxial ellipsoid morphologies.

Following the quantification of the morphology of the
gaseous distributions in our sample, we present detailed
comparisons between gaseous distributions in our individual
temperature regimes, comparing cold gas to stellar
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distributions, and gaseous distributions in each temperature
regime with the DM halos. In the gas-to-gas comparisons, we
find that the radial profiles of the median and 16th (84th)
percentiles of the shape parameters are remarkably similar
across temperature regimes, with the largest deviation being in
warm gas due to the nearly prolate ellipsoid morphology.

In the cold gas to stellar distribution comparison, we find a
strong correlation between gas and the stellar distribution
morphology. Considering that the cold gas is closely coupled to
the disk, this is not particularly surprising. Interestingly,
though, cold gas shows a much more prolate morphology than
the stellar distribution, with median T values of 0.619 and
0.270, respectively. This is also highly apparent in the radial
profile of the median and 16th (84th) percentiles of the cold
gas, as the radial profile of T for the cold gas resides above the
radial profile of T for the stellar distribution throughout the
profile.

The most interesting set of comparisons, however, is the
gaseous distributions to the DM halos comparisons. As the
previous morphology classification for DM from Emami et al.
(2021) employs the EVIM, we reclassify these halos with radial
profiles generated from the LSIM algorithm in order to present
an accurate comparison. Again, we find a strong correlation
between the gas morphology and the DM halo morphology.
Remarkably, this correlation gets stronger with increasing gas
temperature. For example, when considering twisted distribu-
tions, we find that 28% of cold gas, and 60% of warm gas and
hot gas distributions are twisted in both gas and DM. This
correlation holds for the remaining temperature regimes (see
Section 5.3).

In addition, the median value of the triaxiality parameter T
for the gaseous distributions compared to the DM halos may
shed light on a very physically interesting situation. Consider-
ing the average of the median values of T for each temperature
regime presented above, we find that gas as a whole is
significantly more prolate than DM. Specifically, the average
value of the median T for gas is 0.609 while the median T for
DM is 0.333. Since this value for gas is nearly a factor of 2
higher than that of DM, we hypothesize that the morphology of
the gas is highly influenced by stellar and AGN feedback.
Since the gas ejected in both stellar and AGN feedback is
typically multi-phase (Herrera-Camus et al. 2020) and
preferentially oriented perpendicular to the disk (Hartwig
et al. 2018), these phenomena could be driving gaseous
distributions of all temperature regimes into more prolate cases.
We hope to explore this hypothesis in a future publication, both
in the IustrisTNG TNGS50 simulation and observationally.
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Appendix A
Concerning Arbitrary Eigenvector Orientation

When computing the radial profiles of our distributions (see
Section 4 and Figure 6), it was important to account for the fact
that an eigenvector’s orientation, in general, is not uniquely
defined and can point in any of two possible directions. When
computing these profiles, we begin by arbitrarily fixing the
orientation of the eigenvectors corresponding to the computed
eigenvalues at the innermost radius. To select the orientation of
the eigenvectors for the second radial point, we compute the
rotation angles between the first set of eigenvectors and the
second set of eigenvectors. Since there are two possible sets of
orientations for the second set of eigenvectors, we select the
orientation corresponding to that which minimizes the
difference in the angles between the two sets of eigenvectors.
We then fix the orientation of the eigenvectors at the second
radial point. This process is then repeated for the remaining i
sets of eigenvectors at each radius, where the orientation of the
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ith eigenvector set is fixed by minimizing the rotation angles
between the eigenvector set i and eigenvector set i — 1. By
fixing the orientation of these eigenvectors from the minimum
rotation angles, we can obtain global rotation angles of up to
180° with respect to the fixed eigenvectors at the innermost
radius.

A major limitation of this method arises in the case of
stretched distributions, where the eigenvectors display a 90°
rotation. Following a 90° rotation, checking for the minimum
angle of rotation will return 90° for both orientations, resulting
in an arbitrary orientation for this set of eigenvectors. However,
LSIM is sensitive to the substructures within the gas (Emami
et al. 2020). As a result, the 90° rotations in the case of
stretched distributions are not instantaneous and contain several
eigenvalues throughout the rotation. Therefore, obtaining the
orientation of these eigenvectors is possible with the method
described above. However, in the event that an incorrect
orientation is chosen (choosing —90°, for example), the
Savitzky—Golay filter (see Section 4) will smooth out the
resultant sharp spike in the radial profile.

Appendix B
Alternate Visualizations

Here, we present alternate visualizations for the three gas
distribution classification schemes: simple, twisted, and
stretched, as outlined in Section 4. Figures 7, 8, and 9 show
two-dimensional projections of the particle density with
increasing radii for simple (cold gas), twisted (warm gas),
and stretched (hot gas) distributions, respectively. Figures 10,
11, and 12 show three-dimensional vector projections of the
eigenvectors of the reduced inertia tensor (see Section 3.1) for
simple (cold gas), twisted (warm gas), and stretched (hot gas)
distributions, respectively.
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Figure 7. Particle density () maps of the YZ projection for three-dimensional shells implemented in the LSIM algorithm (see Section 3.1) of increasing radii for a
cold gas simple distribution with ID 479938, showing very little variation in axes lengths or net rotation over 11.3 ckpc.
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Figure 8. Particle density (X) maps of the YZ projection for three-dimensional shells implemented in the LSIM calculations (see Section 3.1) of increasing radii for a
warm gas twisted distribution with ID 479938, showing an approximately 20° counterclockwise net rotation over 39.5 ckpc.
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Figure 9. Particle density (3) maps of the XY projection for three-dimensional shells implemented in the LSIM calculations (see Section 3.1) of increasing radii for a
hot gas stretched distribution with ID 479938, showing significant stretching in the minimum axis of the projected ellipse. This distribution also displays some level of

counterclockwise net rotation.
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