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ABSTRACT
We present a new set of cosmological zoom-in simulations of a MW-like galaxy which
for the first time include elastic velocity-dependent self interacting dark matter (SIDM) and
IllustrisTNG physics. With these simulations we investigate the interaction between SIDM and
baryons and its e�ects on the galaxy evolution process. We also introduce a novel set of modified
DMO simulations which can reasonably replicate the e�ects of fully realized hydrodynamics
on the DM halo while simplifying the analysis and lowering the computational cost. We find
that baryons change the thermal structure of the central region of the halo to a greater extent
than the SIDM scatterings for MW-like galaxies. Additionally, we find that the new thermal
structure of the MW-like halo causes SIDM to create cuspier central densities rather than cores
because the SIDM scatterings remove the thermal support by transferring heat away from the
center of the galaxy. We find that this e�ect, caused by baryon contraction, begins to a�ect
galaxies with a stellar mass of 108 M� and increases in strength to the MW-mass scale. This
implies that any simulations used to constrain the SIDM cross sections for galaxies with stellar
masses between 108 and at least 1011 M� will require baryons to make accurate predictions.
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1 INTRODUCTION

The favored ⇤CDM cosmology provides a simple and e�ective ex-
planation for many features of our Universe. These features range
from large scale structure (Hopkins et al. 2014) and halo forma-
tion (Vogelsberger et al. 2014c; Grand et al. 2017) to explaining
the bullet cluster (Clowe et al. 2006) and baryon acoustic oscil-
lations (Planck Collaboration et al. 2014). However, discrepancies
between simulations and observations motivate consideration for
alternative dark matter (DM) models (Bullock & Boylan-Kolchin
2017; Vogelsberger et al. 2020). Some DM models have been ruled
out from constraints placed from direct detection experiments in
particle colliders and from astrophysical constraints. However, a
wide range of models still contain viable DM alternatives (Boveia
& Doglioni 2018). The simplicity of the CDM model, especially
when compared to the light sector, raises the question of whether
these discrepancies are indicative of nuances missing from the CDM
framework.

The most widely discussed problems with CDM lie in the pop-
ulation and characteristics of dwarf galaxies. These problems were
first noted in N-body simulations, henceforth referred to as dark
matter only (DMO) simulations. These simulations predicted many
more satellites, large enough that they should contain stars, around
Milky Way (MW) like galaxies than had been observed (missing

¢ E-mail: j.rose@ufl.edu

satellites; Klypin et al. 1999). Additionally, there were too many
satellites with high central densities that do not have an observed
counterpart (too big to fail; Boylan-Kolchin et al. 2011). These
satellites appear cored in observations, but remain cuspy in CDM
simulations (core-cusp; de Blok & McGaugh 1997). Finally, the
satellite population in observations shows much more diversity in
their rotation curves than those expected from simulations (diver-
sity; Oman et al. 2015).

There are two main classes of solutions that have been proposed
to solve these problems in simulations, change the properties of the
light sector or change the properties of the dark sector. Modified
Newtonian dynamics also poses another possible solution, however,
we do not discuss this here and instead point the reader to the review
by McGaugh (2015). Changing the properties of the light sector can
occur through hydrodynamical simulations which augment DMO
simulations by adding baryons that abide by the laws of fluid dy-
namics and allow for additional galaxy formation physics. Adding
baryons, in the form of gas, stars, and black holes, allows for a more
realistic galaxy formation process, adds additional observables to
compare to observations, and can have a dynamical impact on the
DM (Chan et al. 2015; Callingham et al. 2020). These additional
features allow hydrodynamical simulations to improve upon the ini-
tial predictions from DMO simulations and have helped alleviate
some of the small-scale problems. These simulations have shown
that not all DM halos will be populated with a luminous galaxy
(Simpson et al. 2018), baryons can induce core formation (Chan
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et al. 2015), and the number of satellites around MW-like galax-
ies can vary between halos (Engler et al. 2021). These simulations
show progress toward alleviating the missing satellite and core-cusp
problems. However, the addition of baryons in simulations without
bursty feedback has not helped to alleviate the core-cusp problem,
and has even increased the central densities in a wide range of galax-
ies (Lovell et al. 2018). Other baryonic prescriptions, namely those
which include burstier stellar feedback, have alleviated this problem
in bright dwarf galaxies (107 - 109 M�), however the problem may
still remain in smaller dwarfs (Fitts et al. 2019). Together, the addi-
tion of baryons with explicit feedback models provide a promising
outlook on the small-scale problems in ⇤CDM.

While hydrodynamic simulations have begun to alleviate some
of the small-scale tensions in ⇤CDM, discussion continues on if
baryons alone can solve these problems. In dwarf galaxies, feedback
becomes ine�cient at lower mass scales and does not form cores
under 106 M� (Oñorbe et al. 2015; Fitts et al. 2017; Lazar et al.
2020). Additionally, changes to the star formation history in models
with burstier feedback can lead to variations in otherwise similar
halos (Read et al. 2016; Sawala et al. 2016; Fitts et al. 2017). These
variations can make it di�cult to understand the details on how a
particular physics model will a�ect the DM halo.

The impact of baryons depends on the feedback model imple-
mented (Chan et al. 2015; Lovell et al. 2018; Callingham et al. 2020;
Lazar et al. 2020). Non-bursty feedback leads to strong adiabatic
contraction (Blumenthal et al. 1986) and bursty feedback can expand
the halo and lead to core formation (Brooks & Zolotov 2014). In
non-bursty feedback models, baryons are more likely to condense in
the center of their halo through an adiabatic process. In this case, the
DM halo is una�ected by the baryons other than changes induced by
the deeper potential of the centrally-concentrated baryons (Calling-
ham et al. 2020). If the gas cools rapidly or is explosively expelled
from the inner regions of the halo, which is common in models with
burstier feedback, the adiabatic assumption can be violated. The
properties of dark matter halos then depend on the frequency and
severity of the bursty feedback. The IllustrisTNG simulations fea-
ture a subgrid model for stellar feedback. This model allows gas to
cool, but does not explicitly model the detailed structure of the ISM
(Pillepich et al. 2018a; Hopkins et al. 2018). Lovell et al. (2018)
found that the strength of the DM contraction in the IllustrisTNG
simulations varied with the mass of the galaxy and resulted in DM
concentration in all galaxies between 108 and 1012 M� with the
largest contraction in MW-like galaxies. The Auriga simulations
employ a galaxy formation model similar to that of IllustrisTNG
on MW-like galaxies and found the adiabatic assumption underes-
timated the contraction in their simulations by ⇠8% (Callingham
et al. 2020). The FIRE simulations di�er from IllustrisTNG-style
physics by including explicit feedback routines (Hopkins et al. 2014;
Muratov et al. 2015). The explicit feedback routines aim to resolve
star formation sites and deposit the feedback locally. This feedback
often leads to burstier star formation, especially at early times and
in gas-rich environments. Lazar et al. (2020) found that baryon
contraction in MW-like galaxies often leads to an increase in DM
density near the stellar half-light radius in the FIRE simulations.
However, smaller galaxies (108 - 109 M�) showed less dense DM
in this region due to stronger stellar feedback and the formation of
larger cores (Lazar et al. 2020).

Alternative to modifying the baryon physics model used in
the simulations, various modifications to DM have been proposed
to alleviate some of the small-scale problems present in ⇤CDM.
The most common modifications to DM include warm dark matter
(WDM; Kusenko 2009) and self interacting dark matter (SIDM;

Carlson et al. 1992; Spergel & Steinhardt 2000). WDM dampens
the small-scale structure found in CDM simulations that led to the
missing satellite problem. The model allows for greater DM thermal
velocities at early times which allows the DM to overcome small per-
turbations in the initial density field. The particle streaming velocity
and thus the scales over which power is suppressed are dependent
on the model chosen. SIDM allows for interactions between dark
matter particles which modify the internal structure of DM halos.
These interactions increase the velocity dispersion near the center
of the halo and can increase the e�ciency of heat transfer within
the halo (Vogelsberger et al. 2012; Rocha et al. 2013; Vogelsberger
et al. 2016). Both of these DM models show promise in alleviating
the small-scale problems in ⇤CDM; however, most (but not all, as
discussed below) of the results come from DMO simulation with
few simulations including both baryons and modified DM.

DMO simulations remain a powerful tool astronomers can
use to simulate a wide range of systems at a low computational
cost. They are especially useful to test di�erent properties of dark
matter, such as warm dark matter (Polisensky & Ricotti 2011; Lovell
et al. 2014), self-interacting dark matter (Vogelsberger et al. 2016;
Tulin & Yu 2018), and fuzzy dark matter (Schive et al. 2014; Hui
et al. 2017), since the parameter space for these models is large.
However, including baryons in these simulations provides a more
accurate result and can significantly change the galaxy properties
and formation process (Fry et al. 2015; Kamada et al. 2017). Thus,
it is important to understand the regimes in which DMO results will
remain robust once baryons are included.

Self interacting dark matter (SIDM) provides one example
where many DMO simulations have been performed, but not many
baryonic simulations. SIDM has been shown to be a promising
candidate to resolve some of the small scale problems apparent in
cosmological simulations (Vogelsberger et al. 2016; Rocha et al.
2013). Namely, the core-cusp and the TBTF problems. SIDM alle-
viates these problems by causing an e�ective heat transfer toward
the center of the halo to form an iso-thermal core.

Some work investigating how baryons a�ect SIDM halos has
been done at both the dwarf scales and at the MW-mass scale. At
the dwarf scale, Vogelsberger et al. (2014b) found little di�erence
in the SIDM density profiles for 108 - 109 M� halos once non-
bursty baryons were included. However, they did find substantial
di�erences to the baryonic distributions in the inner 1kpc. Robles
et al. (2017) simulated smaller dwarf galaxies (106 - 107 M�)
with baryon physics from the FIRE-2 model (Hopkins et al. 2014).
They also found minimal di�erences once baryons are added to
these smaller dwarf halos. Shen et al. (2021) and Shen et al. (2022)
simulated a suite of dwarf galaxies (105 - 109 M�) with the FIRE-
2 physics model and dissipative SIDM models. Unlike the elastic
SIDM models, Shen et al. (2021) found that DM energy dissipation
can dominate over baryonic feedback for their fiducial models in
dwarf galaxies. Thus far, two simulation suites have been presented
that include SIDM and baryons at the MW mass scale (Sameie et al.
2021; Shen et al. 2021). There has been no analysis presented on the
MW-like galaxies in Shen et al. (2021) so we do not discuss results
on these galaxies here. In the simulations presented in Sameie et al.
(2021), with the FIRE physics model, the SIDM halos had a greater
response to the presence of baryons than the CDM halos which led to
denser central regions. At larger mass scales, Robertson et al. (2019)
found the cores that were produced by SIDM were diminished once
baryons were added in 1014 - 1015 M� halos. They also found
that the addition of baryons relaxed the constraints on SIDM cross
sections at this scale.

In this paper we extend previous work by addressing the mech-
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anism in which baryons a�ect SIDM halos. Our goal is to understand
where SIDM predictions are most a�ected by introducing baryons.
To this end, we introduce an idealized model which changes the
potential without baryons and study how these results change from
DMO and hydrodynamic simulations. This paper is organized as
follows. In Section 2, we outline the methods used in this paper
which include the introduction of our simulation suite and a de-
scription of the SIDM model we simulate. In Section 3, we present
the results from the simulations, focusing on how the addition of
baryons and SIDM change t.he predictions about MW-like galaxies
from other simulations. In Section 4, we discuss our results. Finally,
in Section 5 we conclude.

2 METHODS

In this paper we introduce six simulations of the same MW-like
galaxy with di�erent physics regimes. Each simulation is a zoom-in
simulation where the MW halo and all of its satellites are contained
in a high-resolution region. The volume outside this region is simu-
lated at a lower resolution to speed up computation without greatly
a�ecting the target of this investigation. The halo used in this pa-
per matches the halo used in Vogelsberger et al. (2016) which was
chosen from a periodic 100 cMpc dark matter only (DMO) simula-
tion with a DM mass resolution of 7.8 ⇥ 107 h�1 M� and a spatial
resolution of 2 h�1 kpc. The halo was selected randomly from the
halos between masses 1.58 ⇥ 1012 and 1.61 ⇥ 1012 M� and those
which do not have another halo greater than 50% their mass within
2 h�1 Mpc. We note that this mass and isolation criteria mean this
is a MW-sized galaxy but not a local group analog.

The DM mass and baryon mass resolution in our high-res
simulations are 1.9 ⇥ 105 M� and 2.3 ⇥ 104 M� , respectively. The
spatial resolution from gravitational softening is 158 pc at redshift
0 with a minimum cell size of 18 pc. The zoom-in initial conditions
were formed at redshift 127 with ����� (Hahn & Abel 2011). We
adopt cosmological parameters from Planck Collaboration et al.
(2016), where ⌦< = 0.301712, ⌦

1
= 0.046026, ⌦⇤ = 0.698288,

and H0 = 100 h km s�1 such that h = 0.6909.
We use the ����� code (Springel 2010) for these simulations

and employ the physics from the IllustrisTNG model (Pillepich et al.
2018b; Weinberger et al. 2018). The IllustrisTNG model improves
upon the Illustis model (Vogelsberger et al. 2014a; Torrey et al.
2014) and has been tested thoroughly to show that it can generally
reproduce realistic galaxies (Pillepich et al. 2018c; Springel et al.
2018). The physics model includes star formation and feedback with
galactic outflows, black hole formation and feedback, and gas en-
richment and cooling (Pillepich et al. 2018a). Section 3.1 compares
the general properties of the galaxies in this paper with observations.

The six simulations can be categorized in three groups, each
with a CDM simulation and a SIDM simulation. The three groups,
which will be discussed further in this section consist of: DMO
simulations, modified DMO simulations (described below), and hy-
drodynamical (baryonic) simulations. The CDM simulations are
used as the baseline for comparison in each group to understand the
e�ects of SIDM. The DMO simulations are used as the baseline to
understand how baryons change the predictions from other simu-
lations. And the modified DMO simultions are used to disentangle
the various baryonic e�ects on the DM halo.

The model for the self interacting dark matter (SIDM) is iden-
tical to the one described in Vogelsberger et al. (2012) and imple-
mented in Vogelsberger et al. (2016). Generally, this approach uses
a Monte Carlo algorithm to give each particle a probability of scat-
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Figure 1. The one velocity dependent SIDM cross section we use in this
paper. The plot is reproduced in a reduced form from Vogelsberger et al.
(2016).

tering with its 32 ± 5 nearest neighbors. This number was chosen
empirically to run the neighbor search e�ciently without greatly af-
fecting the results (Vogelsberger et al. 2012). Simulation time steps
are chosen such that at most one scattering occurs in a single time
step or determined from dynamical constraints. In the elastic case,
which we simulate here, once two particles scatter, their speed is
taken to be equal in the center of mass frame and their directions
are chosen at random. This technique conserves energy and linear
momentum, but not angular momentum.

In this paper, we present one velocity-dependent cross sec-
tion with elastic collisions taken from the ETHOS framework (Cyr-
Racine et al. 2016). The ETHOS framework creates a mapping from
the dark matter particle properties to the linear matter power spec-
trum and the DM transfer cross sections relevant in cosmological
simulations. We do not present simulations of the entire ETHOS
framework, including both the velocity dependent cross sections
and the modified initial matter power spectrum. Instead, we present
simulations with only the velocity-dependent self interactions to
decouple the e�ects from the two and to focus on the changes to the
internal halo structure from SIDM.

The SIDM model we use corresponds to ETHOS-3 in Vogels-
berger et al. (2016) and will be referred to here as ‘SIDM’. For
reference, the velocity-dependent cross section is shown in Figure
1. The cross section from ETHOS-3 was chosen for this paper be-
cause it has the largest average cross section and causes the largest
changes to the internal structure of the halo of the four ETHOS
models presented in (Vogelsberger et al. 2016).

In this paper, we aim to understand how baryons a�ect DM
halos in SIDM simulations. This will prove to be a di�cult task
as baryons undergo complex dynamics and their e�ects cannot al-
ways be intuitively understood. To aid in our understating, we have
developed a new set of simulations that simplify the baryonic evo-
lution and allow us to better understand how baryons couple to the
SIDM halo. These simulations are similar to the DMO simulations
in that they do not include any baryonic matter, but they are modi-
fied to include a massive inactive particle at the center of the central
halo. Henceforth, these simulations will be referred to as ‘modified
DMO’ simulations. The massive particle is seeded into the central
halo at redshift 6 with a seed mass of 108

"� . The mass of the par-
ticle is updated artificially at each time step to match the baryonic
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Figure 2. This figure shows the mass of the massive tracer used in the
modified DMO simulations and the mass in the central 5kpc of the baryonic
CDM simulation over time. The massive particle grows smoother than the
baryon mass and does not align exactly. Overall, the two masses grow at
very similar rates over 12 Gyr.

mass in the inner 5 kpc of our fiducial baryonic central halo. A plot
of the particle mass vs time in modified DMO simulations and a
plot of the inner 5 kpc baryonic mass in our fiducial baryon simu-
lation vs time are shown in Figure 2. While the mass of the tracer
matches the baryonic mass reasonably, the tracer does not match the
shape of the baryonic potential. Instead of being concentrated to a
disc which spans ⇠10 kpc, the massive tracer is a constant density
sphere with a radius of 1 kpc surrounded by a sphere of decreasing
density out to 2.8 kpc. As will be discussed later in Section 3.4, we
find that this setup reasonably recreates the e�ects of baryons on
the DM halo. These simulations include the same resolution levels
as the DMO and baryonic simulations discussed previously, one
set includes SIDM and the other does not. The initial conditions
are the same as the ones that are used in the DMO and baryonic
simulations.

An important note is that mass conservation is not maintained
in the modified DMO simulations. However, the deviation intro-
duced by the single additional particle creates a 3⇥10�5% deviation
from conservation and is not expected to have a large e�ect on the
simulation outside the host halo discussed here.

3 RESULTS

3.1 Impact of Model Variations

First, we validate these models through a visual inspection and a
comparison of the simulations to observations. We present images
of the central MW-like galaxy from our baryonic simulations at z=0
in Figure 3. The face-on view of the galaxies was taken such that the
angular momentum vector of the stars within 10 kpc of the center
align with the vertical direction of the simulation box. The edge-on
view is the same as the face-on view but rotated 90 degrees. The
image is composed of the luminosities from the Sloan g, r, i filters
for the blue, green, red frames respectively.

Each image covers a 60x60x20 kpc region which depicts a
disc-dominated central galaxy with a bright central region and a
spiral structure of young stars. The size, shape, and color of the
disc structure in both galaxies are similar. Both galaxies support a

Table 1. A comparison of values between the DMO and baryonic MW-like
DM halo. The first column gives the name of the simulation. ‘dm’ refers
to dark matter only imsulations, ‘SIDM’ refers to the self-interacting cross
section shown in Figure 1. The second column gives the mass of the galaxy
within 200 ⇥ the critical density in units of M� . The third column gives
the radius of a sphere centered on the halo with a mean density of 200 ⇥
the critical density in units of kpc. The fourth column gives the maximum
circular velocity of the halo in units of km/s. The fifth column gives the
radial distance from the center of the halo to Vmax in units of kpc.

Name M200 (M�) R200 (kpc) Vmax (km/s) Rmax (kpc)

CDM 1.526 ⇥1012 239.6 219.3 12.22
SIDM 1.512 ⇥1012 238.9 223.0 0.584
CDM dm 1.586 ⇥1012 242.7 175.1 51.54
SIDM dm 1.593 ⇥1012 243.1 178.4 45.49

thin disc of young blue stars surrounded by a thicker disc of older
red stars. In both simulations, the depicted central galaxy has just
started a minor merger with an infalling satellite that is not shown
here. The satellite’s proximity has caused some vertical warping in
both galaxies which is more prominent in the SIDM galaxy as the
satellite is slightly closer to the central.

Figure 4 shows the DM halos for all six fiducial simulations.
The first (second) row shows the DM halos from the three CDM
(SIDM) simulations. From left to right, the simulations are DMO,
modified DMO, and baryonic. Qualitatively, there are no major
di�erences between the six simulations other than some satellites
being in di�erent locations around the central halo.

Next, we show that the galaxies produced in our baryonic simu-
lations represent real MW-like galaxies through various observable
relations in Figure 5. Shown from left to right, these relations in-
clude the baryonic Tully Fisher relation (McGaugh et al. 2000), the
stellar-mass halo-mass relation (Moster et al. 2013), and the disc
radial scalelength-stellar mass relation (Gadotti 2009).

In each plot in Figure 5, the results from the simulations pre-
sented in this paper are shown as points and the lines show expected
values from observed data. Our galaxies fall within the scatter of the
observed relations for each comparison. Although, they are near the
top of Tully-Fisher and stellar mass - halo mass relations. This result
is consistent with the results from the Auriga simulations (Grand
et al. 2017) which also used these tests to determine if their simu-
lations produced realistic galaxies. They also found that MW-like
halos that were simulated with IllustrisTNG physics tend to fall near
to upper end of the observed Tully-Fihser and stellar mass - halo
mass relations. The galaxies in our simulations fall near the center
of the size-mass relation, but show the largest scatter of the three
relations. We adopt the same definition of scalelength as Grand et al.
(2017) who analyzed the Auriga simulations: the inverse slope of an
exponential fit to the outer 5kpc of the stellar surface density profile.
This result again agrees with the Auriga results which find a large
spread in scalelength between di�erent MW-like galaxies. The two
galaxies presented here are nominally the same galaxy, as they have
the same initial conditions. However, the large spread in the the
Auriga radial scalelengths suggests that changes to the formation
of the galaxy, here induced by including SIDM, strongly a�ect the
radial scalelength. The relations shown here provide a sample of
observables we used to compare our simulation to observations. We
examined many other relations and found a similar level of agree-
ment to the ones we show here over multiple redshifts including:
stellar half-luminosity radius vs stellar mass, velocity dispersion
profiles, SFR vs stellar mass and more.

MNRAS 000, 1–14 (2022)
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Figure 3. Composite g, r, i image of the central MW-like galaxy for the CDM (left) and SIDM (right) baryonic simulations. Both simulations create galaxies
with a clear spiral structure and thin disc. The SIDM simulation shows signs of perturbations in the edge-on disc from a nearby satellite that will soon merge.

In Table 3.1 we list various parameters of the galaxies in the
DMO simulations and compare them to the same values in the bary-
onic simulations. Given that these values in the DMO simulations
are similar to those in the baryonic simulations, and that our bary-
onic simulations produce realistic galaxies, we conclude that our
DMO simulations have produced generally realistic halos. There is
some scatter between the DMO simulations and the baryonic sim-
ulations, but this is expected as the di�erent physics regimens will
produce slight di�erences in the halo properties.

3.2 Impact of Baryons on Dark Matter

In this subsection, we investigate how adding baryons to these
simulations a�ects the MW-like halo when SIDM is included by
considering the spherically average DM density, potential slope,
and velocity dispersion profiles. The left plot in Figure 6 shows
the spherically averaged radial DM density profile for both sets of
CDM (blue) and SIDM (orange) simulations each with a DMO
(dashed) and baryonic (solid) counterpart. The DM density profile
is calculated by sampling the density field at 30 logarithmic-spaced
locations with each location being the median of 900 density sam-
ples evenly spaced on a sphere. The SIDM DMO simulation shows
the formation of a three kpc core while the CDM DMO simulation
remains cuspy in this region. The two profiles from the baryonic
simulations agree very well up to 300 pc where the SIDM halo
becomes slightly denser. There is approximately a half dex di�er-
ence between the CDM DMO and baryonic profiles in the inner one

kpc with convergence further out. While the density profiles of the
DMO and baryonic simulations are nearly converged at 3 kpc, it is
not until closer to 25 kpc where they actually converge.

The spatial resolution from gravitational softening is shown
as a dashed line at 153 pc. Inside this line, the shape of the poten-
tial, and therefore particle dynamics, are significantly influenced by
gravitational softening. This gravitational softening weakens parti-
cle interactions at short distances, which influences the recovered
density, potential, and volocity dispersion profiles. Additionally, a
dot-dashed line is shown at 2.8 ⇥ softening length (428 pc) which
marks the spline softening length where gravity returns to being
fully Newtonian (Ludlow et al. 2020).

The middle panel in Figure 6 shows the first derivative of the
potential with respect to radial distance of the baryonic simulations.
The potential derivative is given rather than the potential to highlight
how the addition of baryons increase the gravitational acceleration
toward the center of the halo. The first derivative of the potential is
taken using a second-order numerical approximation. The potential
derivatives agree between the DMO and baryonic simulations out-
side of 20 kpcs, but deviate greatly inside this region. The potential
slope in the SIDM DMO simulation decreases slightly compared
to the CDM DMO simulation due to the formation of a core. The
CDM and SIDM baryonic simulation agree quite well up to a few
hundred parsecs where there is a slight deviation.

The right plot in Figure 6 shows the dark matter velocity dis-
persion profile for the baryonic and DMO CDM simulations. The

MNRAS 000, 1–14 (2022)
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to right both rows show the DMO, modified DMO, and baryonic simulations. The projections are made from a 300x300x300 kpc box centered on the central
MW-like halo.
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Figure 5. This figure shows a sample of observable properties from the two baryonic simulations to illustrate that these simulations form realistic galaxies. All
plots use the same observational data as the Auriga simulations which also showed that their simulations produced reasonable galaxies (Grand et al. 2017).
The results of the Auriga simulations are also presented here as gray points. (left) The Tully-Fisher Relation, observational data is taken from McGaugh &
Schombert (2015). (middle) The stellar mass - halo mass relation, observational data is taken from Moster et al. (2013). (right) Disc radial scalelength vs stellar
mass, observational data is taken from Gadotti (2009). For all three relations, which cover dynamics, size, and shape; both simulations fall within the observed
scatter.

velocity dispersion is calculated via

fv =
q

std(EG)2 + std(EH)2 + std(EI)2 (1)

where std(E8) is the standard deviation of the DM velocity distribu-
tion in the G, H, or I direction. Again, there is a di�erence between
the DMO and baryonic velocity dispersion profiles within ⇠60 kpc
for both the CDM and SIDM simulations. The SIDM DMO simu-

lation shows that the inner two kpc have formed an isothermal core,
characterized by the flat velocity dispersion profile, consistent with
the core formed in the DM density profile. Both the CDM and SIDM
baryonic simulations show a larger thermalized region, extending
to four or five kpc. However, this thermalized region does not cor-
respond to a similar DM density core. Unlike the DM density and
potential derivative profiles, the baryonic and DMO velocity dis-
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Figure 6. This figure shows how baryons a�ect the structure of the DM halo both with and without SIDM. ‘SIDM’ refers to the simulation which uses the
ETHOS-3 velocity dependant cross section, but not the modified initial matter power spectrum. The black lines shown in the middle panel depict the softening
length for these simulations (dashed line) and 2.8 times the softening length (dot-dashed line). Inside 2.8 times the softening, numerical e�ects begin to a�ect
the data. Inside the softening length, the data are greatly a�ected by the softening length. The left plot shows the DM density profiles for the central halo in
each of the four simulations. The middle panel shows the slope of the DM potential profile. The right plot shows the velocity dispersion profiles.

persion profiles do not converge until 80-100 kpc, showing an even
larger divergence once baryons are included.

3.3 Impact of Baryons on Self-Interactions

In order to investigate the e�ects of baryons on the relative impor-
tance of SIDM scatterings, Figure 7 shows the median cross section
(left), mean free path (center), and time to scatter (right). Because
the SIDM cross sections we present are velocity dependent (see Fig-
ure 1), the average cross section profile varies with radius and the
velocity dispersion profile. Particle cross sections are calculated by
taking the relative velocity of each particle with respect to each of
its 32 closest neighbors and converting it to a cross section for each
particle using the velocity dependent cross section. We then group
the particles in log-spaced bins from the center of the galaxy, take
the median cross section of those bins to determine the cross section
radial profile. This profile is shown in the left panel of Figure 7. We
note that the DMO profile inside 300 pc is not well constrained be-
cause are only 32 particles. The baryonic simulation does not su�er
from the same information deficit as there are ⇠1500 particles in the
same region. Outside of 30 kpc, the DMO and the baryonic SIDM
simulations have similar average cross sections. The cross section
profile in both simulations remains relatively constant within 10kpc.
At the center of the halo (i.e. A < 10 kpc), there is a factor �4 reduc-
tion in the average cross section in the baryonic SIDM simulation
compared to the DMO simulation.

The middle panel of Figure 7 shows the spherically averaged
mean free path for the DM particles as a function of radius from the
galactic center. This calculation is done in the same pair-wise man-
ner as the calculation for the average cross section profile discussed
in the previous paragraph. Here, once the cross section for each
pair of particles is computed, the mean free path for that particle is
calculated by multiplying its cross section by the number density
of DM particles in that area. The DMO simulation has a mean free
path ⇠1 dex larger than the baryonic simulation at the center of the
halo. On average, the particles in the DMO simulation may interact
once with another particle in the halo because the mean free path is
on the order of the size of the halo. However, for the baryonic sim-
ulation, the mean free path at the center of the halo is much smaller
than the virial radius. Since the average cross section is smaller in
the baryonic simulations, the decrease to its mean free path is due

to the increase in density shown in Figure 6. Outside this region,
the mean free path profiles are similar for both simulations.

The right panel of Figure 7 calculates the current average time
until a DM particle is expected to scatter with another DM particle
("Time to Scatter") as a function of radius. The Time to Scatter
is calculated by dividing the mean free path of each particle by
that particle’s velocity in the halo’s reference frame. The time to
scatter for both simulations agree well outside 2 kpc. The DMO
profile begins to plateau inside 3kpc, where the constant density
core begins, with the particles scattering after 2-3Gyr on average.
The time to scatter for the baryonic simulation decreases steadily
within 3kpc, reaching one per 100 Myr ath the center, indicating that
many scatterings are still occurring at redshift 0. Adding baryons to
the simulation increases the number of scatterings in this halo by a
factor of ⇠20 compared to the DMO simulation.

3.4 Modified DMO Simulations

Figure 8 shows the same plots as Figure 6 for the two modified
DMO simulations (‘CDM mod’ and ‘SIDM mod’). The results from
our fiducial baryonic and DMO simulations, presented in Figure
6, are reproduced here for comparison as transparent lines. We
also provide an additional plot, the potential profile, to illustrate
the changes made to the DM halo and the agreement between the
baryonic and modified DMO simulations.

The top left panel shows the potential profiles for all six simu-
lations. Similar to the potential derivative profiles, shown in Figure
6, the profiles for the DMO and baryonic simulations deviate inside
20 kpc where the majority of baryons are present. In this region,
potential profiles of the modified DMO simulations agree well with
the baryonic potential profiles. The vertical dashed lines on this plot
indicate the size of the tracer particle. Inside 1 kpc (dashed line),
the tracer has a constant density, between 1and 2.8 kpc (dot-dashed
line), the tracer decreases in density away from the center of the
halo.

The top right plot of Figure 8 shows the derivative of the
potential for the modified DMO simulations. The modified DMO
simulations show an increased potential slope inside 10 kpc relative
to the DMO profiles as expected from the decrease in potential
shown in the top left panel. This increase is comparable to the
fiducial baryonic simulation up to 1kpc where the tracer reaches its
constant density. Inside 1kpc, the potential slope is still increased
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Figure 7. This figure shows the di�erence in the SIDM scatterings between the baryonic (solid) and DMO (dashed) SIDM simulations. The left panel shows
the radial profiles of the average SIDM cross section calculated on a per-particle basis in logarithmic bins. The middle panel shows the average mean free path
each DM particle sees. The right panel shows the average time between SIDM scatterings for each particle ("Time to Scatter"). Each plot is a median of all
particles in the same logarithmic bins. The DMO simulation only contains 32 particles within 300pc, so results inside this region are not well defined. The
baryonic simulation does not su�er from this deficiency.
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Figure 8. This figure reproduces the plots from Figure 6 with all six fiducial simulations. The results from Figure 6 are repeated for reference with greater
transparency. The modified DMO simulations contain a particle with mass equal to the baryonic mass within 5kpc and are represented with dot-dashed lines.
The potential profile, which is not shown in Figure 6, is also included to illustrate the agreement between the modified DMO and baryonic DM halos.
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from the DMO profiles, but not as much as the baryonic profiles.
The CDM and SIDM modified DMO simulations agree well with
each other, which is to be expected since both simulation have the
same massive tracer placed at the center of their halos.

The bottom left panel of Figure 8 shows the spherically av-
eraged DM density profile for the two modified DMO simulations
and the results from Figure 6. The results of the modified DMO
simulations show an increase in the DM density from the DMO
simulations inside 5 kpc. The profiles align well with the density
profile from the baryonic simulations between 5 and 1 kpc, but de-
viate inside 1kpc where the massive tracer has a constant density.
The CDM and SIDM modified DMO simulations agree very well
up to 2.8 ⇥ the softening length where the physics can be a�ected
by numerical e�ects.

The bottom right panel of Figure 8 shows the velocity disper-
sion profile for the two modified DMO simulations and the results
from Figure 6. Again, the profile from the modified simulations
deviate from the unmodified DMO simulations and are in better
agreement with the full baryonic simulations, but have slightly dif-
ferent shapes. Both modified DMO simulations show an isothermal
core of⇠2 kpc. The velocity dispersion profile in the modified DMO
simulation is suppressed in the outer regions compared to the fidu-
cial baryonic simulations. However, they are still increased from the
DMO profiles. Similarly to the baryonic simulations, the increase
to the velocity dispersion profiles does not correspond to a decrease
in the density profiles. The SIDM and CDM modified DMO simu-
lations agree well with each other across the entire profile.

3.5 More SIDM cross sections

In this section, we introduce three new modified DMO simulations.
Each of these simulations contains an SIDM model with a constant
cross section of either 5, 1, or .1 cm2/g. The massive tracer placed
at the center of these simulations is the same as those in the other
modified DMO simulations.

The plots shown in Figure 9 are the same as Figures 6 and 8.
The baryonic results from Figure 6 and the modified DMO results
from Figure 8 are reproduced as transparent lines. The profiles for
the new modified DMO simulations are still represented as dot-
dashed lines. Each cross section is represented as number next to
‘SIDM’ in the legend (eg. ‘SIDM5’ is a simulation with a constant
cross section of 5 cm2/g).

The left panel of Figure 9 shows the density profiles of each
central halo at redshift 0. All modified DMO simulations have
the same general shape, however, SIDM1 aligns most closely with
the velocity-dependent modified DMO profile. The SIDM.1 profile
shows a reduction in density in the inner few kpc and the SIDM5
profiles shown an increase in the same region. The densities within
the central 2-3 kpc increase with greater scattering cross section,
indicating these halos may be in core collapse. Outside 3kpc, the
density profiles converge.

The central panel of Figure 9 shows the potential derivative
for the three constant cross section simulations. Again, the modified
DMO simulation with constant cross section 1 cm2/g aligns best
with the velocity dependent modified DMO simulation. The three
constant cross section profiles also have the same general shape,
but increase with increasing cross section, similar to the density
profiles.

The right panel of Figure 9 shows the velocity dispersion pro-
files for the three constant cross section simulations. Unlike the other
plots in this figure, all three profiles agree nearly identically from
.1 kpc to 100 kpc independent of the cross section. Additionally,

the three profiles also agree very well with the CDM and SIDM
modified DMO velocity dispersion profiles from Section 3.4.

3.6 Mass Dependence

Figure 10 shows the relative change in central DM density between
the DMO and baryonic simulations as a function of stellar mass for
satellites around the central halo with stellar masses greater than 105

M� . The ‘Central DM Growth’ is a comparison of the baryonic and
DMO density profiles of the same satellite between the baryonic and
DMO simulations. We define DM growth to be the ratio of the DM
density profile at 428 pc (2.8 ⇥ the softening length) in the baryonic
simulations and the same region of the density profile from the DMO
simulation. A dashed line is shown at ⌦</(⌦< +⌦

1
) where there

is no di�erence between the DMO and baryonic density profiles. A
value greater than the dashed line indicates that the density in the
baryonic simulation has increased from that in the DMO simulation.
The IDs of the DM particles that make up each satellite galaxy are
matched between the DMO and corresponding baryonic simulation.
Each satellite in Figure 10 is required to contain at least 50% of the
same DM particles in both simulations. Roughly 80% of satellites
with stellar mass above 1 ⇥ 105

"� match this criterion.
To illustrate the change occurring in these satellites we provide

two density profiles in Figure 11 for two sets of matched satellites
in the CDM baryonic and DMO simulations. The first satellite has a
stellar mass of 6.55 ⇥ 108 M� and shows no deviation between the
DMO and baryonic profiles. The o�set where the baryonic profile
is slightly less dense than the DMO profile is due to the reduction in
the matter density attributed to DM once baryons are included. The
second satellite has a stellar mass of 6.55 ⇥ 108 M� . Within ⇠1-
2kpc the density profiles deviate substantially as the baryonic profile
becomes denser. This deviation corresponds to a greater central DM
growth depicted in Figure 10 for galaxies greater than ⇠ 108 M� .

We find that baryons have little e�ect on the DM density pro-
files up to 108 M� , then steadily increase in strength up to the
central halo at ⇠ 7 ⇥ 1010 M� . Up to the most massive satellites,
⇠ 109 M� , there is not a large di�erence between the CDM and
SIDM DM fraction. At the MW mass scale there is a large (1 dex)
di�erence between the SIDM and CDM DM fractions. As we have
seen in Figure 6, the density profiles of the baryonic simulations
agree very well, but the large increase in DM fraction comes from
the reduced central density core from the SIDM DMO simulations.

4 DISCUSSION

It is apparent from Figure 6 that the DM density, potential slope, and
velocity dispersion change drastically when baryons are included in
the simulations. Baryons have the strongest e�ect in the central few
kpc, but also a�ect these properties tens of kpc from the center,
outside the central disc. The general shapes of these properties also
change to produce qualitatively di�erent halos than those in the
DMO simulations.

The isothermal core common to SIDM halos, and the related
constant density core, can be seen in the DMO SIDM profiles in
Figure 6. However, we find a similar, although hotter and larger,
isothermal core to the one in the DMO SIDM simulation, but no
corresponding constant-density core. This opens two questions that
can be asked.

First, why do the density profiles in the baryonic simulations
not contain a constant-density core when the velocity dispersion
profiles contain an isothermal core? We see from Figure 6 that the
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Figure 9. This figure reproduces the results from Figures 6 and 8, and introduces three additional modified DMO simulations with constant cross sections.
The three new constant cross sections are 0.1 (yellow), 1 (pink), and 5 (purple) cm2/g.
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Figure 10. The central DM growth vs stellar mass relation for the CDM
and SIDM simulations. ’Central DM Growth’ refers to the ratio of DMO
and baryonic density profiles at 430 pc. This figure only includes galaxies
that contained > 50% of the same DM particles between the baryonic and
DMO simulations.

potential slope, density, and velocity dispersion all increase in the
central region once baryons are included. The velocity dispersion
profile specifically has increased enough to have a fundamentally
di�erent shape once baryons are included. In the DMO simulations,
the velocity dispersion profile turns over inwards of 10kpc so the
SIDM scatterings allow heat to transfer from the outer regions of
the halo into the central few kpc. This increased heat forms the
isothermal core present in SIDM DMO simulations and the addi-
tional pressure pushes DM out to create the constant-density core.
In the baryonic simulations, the velocity dispersion profile is greatly
increased from the DMO profiles and now forms an isothermal core
solely from the presence of baryons. At this point, there is no excess
heat in the outer regions of the halo for SIDM to transfer to the
center to increase support. Without additional support, the decrease
in potential from condensing baryons causes the density to increase
and prevents the formation of a constant-density core. Because of
this, the role of SIDM in simulations that include baryons can be
fundamentally di�erent from its role in DMO simulations, but a
detailed investigation into the heat transfer induced by SIDM can
lead to an understanding of how the baryons and SIDM interplay to
a�ect halo evolution.

Second, what is the relative impact of including baryons versus
SIDM on galaxy halo structure? As discussed in reference to Figure
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Figure 11. This figure provides an example of the change to the DM density
profile that is measured in Figure 10. The two satellites chosen here represent
one satellite whose density profile has not undergon any changes due to the
presence of baryons (top). The second satellite has enough baryonic mass
to increase the density profile in the central regions (bottom).

6, the addition of baryons increases both the velocity dispersion
and density in the central region of the halo. As a consequence of
the ⇠10kpc isothermal core that forms from baryon contraction, the
SIDM scatterings no longer move heat from the outer regions of the
halo inwards. Now, DM scatterings will move heat from the hot inner
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region outwards. For SIDM, the density and velocity dispersion
profiles also a�ect the probability that two DM particles will scatter.
An increase to the velocity dispersion will increase the relative speed
between the DM particles, changing the velocity dependent cross
section and decreasing the number of scatterings. An increase to
the density will decrease the mean free path between two particles
and increase the number of scatterings. Figure 7 shows that the
increase to the velocity dispersion and density profiles results in a
⇠20⇥ increase in the number of scatterings at the center of the halo
compared to the DMO simulation. Hence, adding baryons to an
SIDM simulation increases the number of scatterings in the central
region of the halo due to the increase in central density, but the
increased velocity dispersion induced by baryon contraction makes
it so that the scatterings will transport heat out from the center of
the halo. Since baryons maintain the isothermal core the center of
the halo while SIDM transfers heat out, we find that SIDM plays a
subdominant role in galaxy evolution to the e�ects of baryons for
our SIDM model.

Figure 10 shows that the results presented here do not hold
equivalently for galaxies of all masses. We find that baryons have
the largest a�ect in MW-like galaxies with diminishing e�ect down
to a stellar mass of ⇠ 108 M� . Galaxies with stellar mass less than
⇠ 108 M� are una�ected by baryon contraction and preserve their
density profiles from the DMO simulations. This leaves SIDM as a
promising candidate to alleviate the core-cusp and TBTF problems
which reside in the 105 - 107 M� range.

We do not simulate any galaxies larger than the MW and thus
cannot say how this trend will continue in larger galaxies. While
these galaxies are not included in the small scale problems, they are
important for SIDM theory. Galaxy mergers and clusters help to de-
fine the constraints on the SIDM cross section. Modification to the
results from DMO simulations could impact the SIDM cross section
constrains and could change the allowed cross sections. Robertson
et al. (2019) has simulated galaxy clusters with SIDM and baryons.
They found that the inclusion of baryons changed the lensing prop-
erties of galaxy clusters and imposed di�erent constraints on SIDM
cross sections. The baryon component in these clusters, with DM
masses 1014 - 1015 M� , is comparable to the DM mass, however
more concentrated than smaller galaxies (Lovell et al. 2018). Sim-
ilarly for a MW-like galaxy, the baryon mass dominates the DM
mass in the central regions and can have e�ects down to 108 M� .
This tells us that including baryons in SIDM simulations of nearly
all galaxy sizes, especially above 108 M� , will be imperative to
accurately constrain SIDM cross sections.

There are other ways in which SIDM can change the properties
of the halo which are not discussed in this paper. For example,
SIDM has been shown to make DM halos more spherical (Tulin
& Yu 2018; Sameie et al. 2018). An interesting question of how
the addition of baryons into SIDM simulations will change this
prediction at the MW scale remains open. Vargya et al. (2021)
investigated this question with the FIRE-2 model and found that
SIDM played a subdominant role in shaping the DM and stellar
halos once baryons were included. We have also shown, in regard to
the density profiles, that the e�ect of baryons can outweigh changes
induced by SIDM. Since both SIDM and baryons make the DM
halo more spherical (Chua et al. 2019, 2021a; Vogelsberger et al.
2012), a detailed understanding of the MW halo shape may allow
us to distinguish between various models for both.

With the addition of the massive tracer in the modified DMO
simulations, we see that the three profiles shown in Figure 8 agree
much more with the baryonic simulations than the DMO simula-
tions. This result is generally unsurprising as the only way the DM

interacts with baryons is through gravity, so adding the same amount
of mass to the inner part of the halo, even if it is in a di�erent form,
produces a similar result. If more matter is added to the inner 10
kpc then the potential, pressure (velocity dispersion) or density will
have to change in response. We see in Figure 8 that all three of
these profiles change dramatically once baryons are added to the
simulations.

In both the CDM and SIDM modified DMO simulations, we
see an increase in the potential slope, DM density, and velocity
dispersion profiles from their respective DMO simulations, similar
to the increase from the addition of baryons. Additionally, the dif-
ferences that were present in the DMO profiles between CDM and
SIDM are no longer present. However, the massive tracer that was
added to the modified DMO simulations does not provide the same
potential profile as the fully-realized implementation of baryons.
This is most apparent in the left plot of Figure 8. The di�erence
in the potential shape most likely accounts for the deviations in the
density profile and velocity dispersion profile from the baryonic
simulations.

Thus, the addition of constant cross section simulations, us-
ing the modified DMO approach presented in Section 3.5, provide
insights into how the changes to the SIDM cross section will af-
fect MW-like halos and help disentangle halo modifications from
baryons and SIDM. As described previously, the addition of baryons
increased the velocity dispersion profiles from their DMO counter-
parts and made the center of the halo the hottest region. The modified
DMO simulations have the same changes to the velocity dispersion
profile shape as the baryonic simulations. Therefore, it is unsurpris-
ing that larger SIDM cross sections increase the central DM density
because any additional heat added to the center is transferred away
and cannot add additional support.

This phenomenon, known as core collapse (Lynden-Bell &
Wood 1968), should also be present in the velocity-dependent cross
section simulations since they share similar velocity dispersion pro-
file shapes to the constant cross section simulations. However, there
is no di�erence between the CDM and SIDM density profiles pre-
sented in Figure 6. This discrepancy likely comes from the velocity
dependent cross section present in our fiducial SIDM simulations. In
these simulations, as the velocity dispersion increases in the center
of the halo, their cross section will decease, hindering the e�cient
transfer of heat out of the center of the galaxy. Carton Zeng et al.
(2021) shows that large enough velocity dependent cross section
can induce core collapse, however, this phenomenon does not ap-
pear to be present for the MW-like galaxy and velocity dependent
cross section we present here.

The results and discussion presented here rely on the TNG
physics model we have implemented. The TNG model does not
include an explicit stellar feedback model which can repeatedly
expel matter from the centers of the halos (Pontzen & Governato
2012). This formulation closely matches the implementation of the
massive tracer in the modified DM simulations where the tracer sits
in the center of the halo slowly accruing more mass. This similarity
most likely accounts for the agreement seen in Figure 8 between
the modified DMO and baryonic simulations. If the physics model
instead included bursty feedback, the potential at the center of the
galaxy could drastically change over short time scales, working to
push DM out from the center rather than pull it in. This change
would work to decrease the gravitational potential and increase the
velocity dispersion, the opposite e�ect of what we see with the TNG
model.

Sameie et al. (2021) has presented the only other suite of
simulations which focus their analysis on MW-like galaxies with
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SIDM and baryons. Their simulations follow the FIRE-2 model
(Hopkins et al. 2014) and di�er from ours in that they include an
explicit feedback model and constant cross sections for their SIDM.
They found that the di�erence between the DM density profiles in
DMO and baryonic simulations was larger in SIDM simulations than
CDM simulations. They reasoned that this larger increase in SIDM
DM profiles was caused by baryon contraction causing the SIDM
halos to transition faster from core-expansion to core-contraction.
From this, they concluded that SIDM halos have a stronger reaction
to the presence of baryons than CDM halos.

This result agrees with our findings for our constant cross sec-
tion simulations (see Section 3.5) where the central DM density
increases with SIDM cross section. On face value, Figure 10 of
this paper also agrees with this result from Sameie et al. (2021) as
the SIDM halos show a larger central DM growth than CDM halos
at high stellar masses when comparing DMO to baryonic simula-
tions. However, as we discussed earlier, the DM density profiles for
the two central halos in the baryonic simulations are very similar,
even though the SIDM profile has a larger change from its DMO
profile (see Figure 6). The apparent increase in response to the pres-
ence of baryons in our fiducial SIDM simulations originates from
di�erences in the corresponding DMO simulations rather than dif-
ferences in the resulting baryonic simulations. Specifically, while
the DM density profiles in the baryonic simulations are nearly iden-
tical, the density profile in the SIDM DMO simulation is nearly
an order of magnitude less dense at the center of the halo due to
the constant density core. Because Figure 10 shows the increase
in the DM density from DMO to baryonic simulations, the order
of magnitude di�erence in density in the DMO simulations results
in an order of magintue increase in the Central DM Growth when
comparing CDM and SIDM simulations. This increase does not
come from a di�erence in the baryonic simulations as their density
profiles agree very well. Therefore, we do not see that our fiducial
SIDM halos are more responsive to the presence of baryons than the
CDM halos. Instead, we find that comparing the e�ects of adding
baryons to a DMO simulation gives one conclusion, but comparing
baryonic SIDM simulations to CDM simulations provides another.
From this we emphasize that comparing changes from DMO to
baryonic simulations alone may not provide a clear benchmark to
understand how baryons and SIDM interact during halo formation
and evolution.

The main di�erence between our fiducial simulations, where
we do not see a di�erent response to baryons in CDM and SIDM
halos, and our constant cross section simulations, where we do see
a di�erence in responsiveness, is the velocity-dependent nature of
the SIDM cross sections. Given that the DM density profiles in our
fiducial simulations do not show a di�erent reaction to the presence
of baryons in SIDM and CDM, we find that the claim that SIDM
halos have a stronger reaction to the presence of baryons does not
hold for all SIDM models. Instead, we find that a detailed view of
the heat transfer within a galaxy provides a more robust explanation
for the interaction between baryons and SIDM.

As discussed earlier, we find two main factors that contribute
to the DM density profile: SIDM scatterings which transport heat
either toward or away from the center and baryon contraction which
pulls DM toward the center of the halo. In CDM, baryon contraction
becomes less e�cient as the DM in the center of the halo heats up
and supplies support to resist additional DM being transported to
the center. Once SIDM is introduced, this heat can be transported
out from the center of the halo, removing the support, and allowing
DM to continue to fall into the center of the halo. This mechanism
can cause the SIDM DM profiles to be much steeper than the CDM

profiles, as seen in Sameie et al. (2021) and Section 3.5 of this
paper. However, this transport becomes less e�cient in models with
a velocity dependent cross section because the heat at the center
of the halo increases the relative velocity between particles and
decreases the number of SIDM scatterings.

Explicit feedback models, like the one used in Sameie et al.
(2021), have a third factor that contributes to the DM density profile:
stronger stellar feedback. The stronger feedback can push DM out
from the center of the halo, counteracting the e�ects of baryon
contraction which can from a constant-density core. This additional
feature complicates the picture outlined here, and since our models
do not contain an explicit feedback model, we do not explore the
interplay between explicit stellar feedback, baryon contraction, and
heat transfer through SIDM scatterings.

This analysis is limited to the one velocity dependent and
three constant elastic cross sections presented in Sections 2 and 3.5
respectively. Various other SIDM models have been tested at the
MW scale and shown to produce di�erent results from those shown
here (Vogelsberger et al. 2016; Carton Zeng et al. 2021; Sameie et al.
2021). Models with elastic collisions will likely behave similarly to
the models we present here, but with variation on a halo-to-halo
basis as seen in Sameie et al. (2021). Chua et al. (2021b) simulated
a MW-like galaxy with inelastic collisions and found that their
SIDM models produced larger cores in their galaxy. Including an
inelastic SIDM model in a hydrodynamic simulation may provide
additional insight into how baryons and SIDM can interact during
galaxy evolution.

5 CONCLUSIONS

We presented the first results from simulating a MW-like galaxy
with IllustrisTNG physics and SIDM to better understand how the
presence of baryons a�ect SIDM predictions. We also presented
the results from modified DMO simulations to help disentangle
the e�ects baryons and SIDM have on their host halo. Our main
conclusions are as follows:

(i) Including both SIDM and IllustrisTNG physics produces real-
istic MW-like galaxies. These models create disc-dominated galax-
ies that match a host of observations, such as the Tully Fisher rela-
tion, stellar mass - halo mass relation, and size - mass relation (see
Section 3.1).

(ii) Baryon contraction is the main mechanism which increases
the DM density, potential slope, and velocity dispersion profiles in
both CDM and SIDM simulations (see Section 3.2).

(iii) Baryon contraction increases the number of SIDM scatter-
ings by a factor of 40 in the inner 1kpc compared to the same galaxy
without baryons (see Section 3.3).

(iv) The e�ect of baryons following the IllustrisTNG framework
on the DM halo can be reasonably distilled to a deeper potential.
Simplified simulations which only include DM and a massive tracer
particle produce similar DM halos to a fully realized hydrodynam-
ical simulation for both CDM and SIDM (see Section 3.4).

(v) MW-like galaxies with constant cross section SIDM are more
likely to undergo core collapse than velocity dependent cross sec-
tions once baryons are included. The increased central densities
caused by condensing baryons decrease the mean inter-particle sep-
aration which cause more scatterings in constant cross section mod-
els. However, this e�ect is mitigated by an increased velocity dis-
persion which lowers the cross section for our velocity-dependent
models (see Section 3.5).
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(vi) The e�ects of baryon contraction are strongest for MW-like
galaxies and decrease until ⇠ 108 M� where there is a negligible
change from DMO simulations (see Section 3.6).

We find that the presence of baryons can strongly a�ect the pre-
dictions from DMO simulations for galaxies with stellar mass above
⇠ 108 M� . At the MW-mass scale, galaxies can form an isother-
mal core solely from the presence of baryons. This fundamentally
changes the nature of SIDM as it now transfers heat away from the
center of the galaxy. However, we find that the role of SIDM in MW-
like galaxies is subdominant to the e�ects of baryons in dictating
halo properties. The baryonic e�ects abate down to galaxies with a
stellar mass less than 108 M� where the results from baryonic and
DMO simulations agree. The small-scale problems present in CDM
simulations, namely the core-cusp and TBTF problems, lay below
this threshold (. 107 M�). This leaves SIDM as a strong contender
to alleviate these problems. However, above the ⇠ 108 M� thresh-
old, baryons must be included to accurately make predictions with
SIDM. This could change the currently allowed cross-sections for
SIDM that form the constraints from galaxy cluster simulations.
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