Explore the nature of dark matter in the context of galaxy
formation

Thesis by
Xuejian Shen

In Partial Fulfillment of the Requirements for the
Degree of
Doctor of Philosophy in Physics

Caltech

CALIFORNIA INSTITUTE OF TECHNOLOGY

Pasadena, California

2023
Defended May 19



©2023

Xuejian Shen
ORCID: 0000-0002-6196-823X

All rights reserved except where otherwise noted

11



11

ACKNOWLEDGEMENTS

I would like to express my profound gratitude to my advisor, Prof. Philip Hopkins,
for his invaluable guidance, support, and mentorship throughout the course of my
graduate research. His expertise, dedication, and patience have been indispensable
in shaping my academic and personal development. I am truly grateful for the

opportunity to work under his supervision.

I extend my appreciation to my thesis committee members, Prof. Kathryn Zurek,
Prof. Sunil Golwala, and Prof. Christopher Martin, for their insightful feedback,
constructive criticism, and valuable suggestions. Their expertise and commitment

to advancing the field have served as an inspiration to me.

My sincere thanks go to my colleagues in the Physics and Astronomy department
for their constant encouragement, camaraderie, and invaluable assistance in the
laboratory and fieldwork. Our stimulating discussions and shared experiences have

made this journey both enjoyable and enlightening.

I would like to express my gratitude to the Texas Advanced Computing Center for

granting me access to their computing facilities and invaluable resources.

I am immensely grateful for the unwavering support and love of my family. To my
parents, Pu Wang and Jixiang Shen, thank you for believing in me and providing a
strong foundation upon which I could build my dreams. Your constant encourage-

ment has been the driving force behind my pursuit of academic excellence.

Lastly, I would like to extend my deepest gratitude to my partner, Yihong Huang,
for her love, understanding, and patience throughout this journey. Your unwavering
support and shared laughter have been a source of strength and motivation during

challenging moments.

This thesis is dedicated to all those who have contributed to my growth as a researcher

and to the advancement of knowledge in the field of cosmology and galaxy formation.



iv

ABSTRACT

The nature of dark matter (DM) is a fundamental question in modern cosmology.
Despite its significant role in various physical processes throughout the Universe,
the particle nature of DM remains elusive. With the non-detection of classical
candidates (e.g. WIMPs), the theoretical space for DM is becoming increasingly
open. This thesis revolves around studying the nature of DM in the context of
structure formation and we will focus on a category of DM with self-interactions
(SIDM), which can be constrained only through astrophysical probes if DM has
no coupling with the standard model particles. Utilizing advanced cosmological
hydrodynamical simulations, we examine the effects of DM elastic and dissipa-
tive self-interactions on galaxy structure and their interplay with baryonic physics
processes. Our numerical studies encompass a range of systems, such as Local
dwarf galaxies, massive galaxy clusters in the Local Universe, and rare massive
quasar-host galaxies at high redshift (I & 6). In Local dwarf galaxies, we ana-
lyze the unique signatures of dissipative self-interacting DM (dSIDM) with typical
self-interaction cross-section ¥ < 0 1-10cm?g ! and dissipation factor 0 5.
We find a universal cuspy central density profile and systematic changes in halo
morphology in dSIDM. By comparing our results with observations, we derive con-
straints for effective parameters of dSIDM and identify the parameter space where
it remains viable and exhibits interesting observational implications. For a similar
type of dSIDM with fairly low £ < . 0 05cm?g !, we also explore the possibil-
ity that the direct collapse of dSIDM halos at high redshift can seed supermassive
black holes and serve as progenitors for massive bright quasars observed at high
redshift. This scenario predicts a large population of quiescent supermassive black
holes (SMBHs) at high redshift, which could be tested by future LISA observations.
Lastly, in Local massive galaxy clusters, we compare the X-ray morphology of hot
gas in observed clusters with simulations of elastic SIDM. Although SIDM models
with large interaction cross-sections (F < & 05 cm? g 1) are favored, uncertainties
from cooling and feedback physics in galaxy clusters must be taken into account.
This thesis summarizes the findings and constraints on DM properties, with a par-
ticular emphasis on its potential self-interactions, as derived from a combination of

research projects.
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Number
2.1

LIST OF ILLUSTRATIONS

Top: Relevant time scales of the physical processes involved in
dSIDM halos versus one-dimensional velocity dispersion of the
system. We have assumed that the local DM density is dgm = 2

105 M kpc?, a typical value at dwarf galaxy centers. We show
the collision time scale ((¢o1) and dissipation time scales ((giss) of all
the dSIDM models studied in this chapter as well as the dynamical
time scale ((gy,). All the time scales are normalized by the Hubble
time scale at | = 0 ((y 1 hg). The dissipation time scales are
calculated assuming bgiss = O 5. The shaded regions show the typical
one-dimensional velocity dispersions in the classical (e.g. Milky
Way satellites) and bright dwarf galaxies (e.g. LSB galaxies). In
dwarf galaxies, dissipation and collision time scales are much larger
than the dynamical time scale, but can become considerably shorter
than the Hubble time scale. The velocity-dependent model becomes
less dissipative ((giss (n becomes larger) in more massive galaxies
(with larger velocity dispersion) while models with constant cross-
sections become more dissipative. Bottom: Dissipation time scales
versus one-dimensional velocity dispersion of the system with 5y
varying from 0 1 to 0 9. The symbols are the same as the top panel.
For each model, the upper boundary of the shaded region corresponds
to the case 54iss = 0 1 and the lower boundary corresponds to the case
5diss =009, . e

viil
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ix
2.2 Visualizations of four DM halos in simulations with CDM ver-
sus dSIDM. The images are DM surface density maps, projected
along the z-direction of simulation coordinates, at | = 0 with a log-
arithmic stretch. The dynamical ranges are adjusted based on the
maximum/median intensities of the pixels (but remain the same for
the same halo). The side lengths of the images are all chosen to be
08 7 of the CDM run. In the first row, we show the halos in the
CDM. In the second row, we show the halos in the velocity-dependent
dSIDM model. In the third row, we show halos in the dSIDM model
with constant cross-section 1cm?g . The halos are ordered from
left to right by their virial masses. In each image, the outer dotted
circle indicates the radius 7 599 (the density enclosed is 500 times the
critical density at | = 0) which represents the overall size of the halo.
The inner dashed circle indicates the radius ”core 10 719 (the
mass enclosed in a sphere of radius (¢, is 0 1% the virial mass
of the halo) which represents the core size of the halo. Comparing
the core sizes, the halos in the dSIDM model are visibly more con-
centrated than their CDM counterparts. For the velocity-dependent
dSIDM model, since the self-interaction cross-section decreases in
more massive halos, the increased concentration of halo is less ap-
parent in more massive halos. For the dSIDM with constant cross-
section, halos of all masses are consistently more concentrated than
their CDM counterparts. . . . . . . . . . .. .. ... ... ... 18



2.3

2.4

A gallery view of the structural and kinematic properties of dwarf galaxies in simulations. From
top to bottom, in each row, we show the three-dimensional total mass density (di>¢ = Ogm » dscoa » Agas),
circular velocity (+¢jrc DW), the three-dimensional velocity dispersion of DM (g4
qm), velocity anisotropy of DM (V 1, f% . fé " 2fr2), and rotation velocity
versus velocity dispersion of DM (+y; T34) averaged in spherical shells as a function of galactocentric
distance for three simulated galaxies. We compare three categories of DM models: CDM, eSIDM
(elastic STDM model with a constant cross-section 1cm? g 1), and dSIDM (dissipative SIDM models
with various cross-sections, as defined in Table 2.1). The gray shaded regions in the first row of plots
indicate 0 2% 0 8% ~ sg‘rm, which is the aperture we will later use to measure the slopes of the density
profiles (see Section 2.4 and Figure 2.5-2.7). The gray dashed horizontal line in the fourth row is a
reference line, indicating isotropic velocity dispersion (V=0). In general, dSIDM models produce cuspy
central density profiles in the simulated dwarf galaxies, as opposed to the cored central density profile
in CDM and eSIDM models. As a consequence, the circular velocities at the center of the galaxies
increase. In dSIDM models with , £ <” 1 cm? g 1 coherent rotation of DM becomes prominent,
and random velocity dispersion is suppressed.

Stellar mass versus halo mass relation of galaxies in simulations.
The stellar masses and halo masses of simulated dwarf galaxies are
presented with open markers (as labeled). We compare them with
the observational results derived through abundance matching from
Moster et al. [1], Brook et al. [2], Garrison-Kimmel et al. [3]. The
black dashed lines show  95% inclusion contour assuming the scat-
ter of the relation estimated in Garrison-Kimmel et al. [3]. Regardless
of the DM model, the simulated galaxies are consistent with the ob-

servational relation.
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2.5 Left: Total mass density profiles of the classical dwarf galaxies

in simulations. The three classical dwarfs presented here are m10q,
ml0b and m10v. The total mass density profiles in different DM
models are shown (as labeled). They can be compared to the NFW
profiles derived by fitting the density profiles at large radii of the halos
05 Afdg‘ A 20 Afd;“), and the ratios of the density profiles to the
NFW fits are shown in the lower sub-panel. The gray shaded region
denotes the range of radii where we measure the slopes of the density
profiles below. The purple dotted vertical line indicates the average
convergence radius (70 pc) of the classical dwarfs (see Table 2.1).
Right: Local power-law slopes of density profiles of the classical
dwarf galaxies. The slopes are derived by fitting the nearby density
profile with the power-law. In these classical dwarfs, the CDM model
predicts cored central density profiles due to baryonic feedback. The
eSIDM model produces cores of slightly bigger sizes and shallower
slopes. The dSIDM model with , ¥ <” =0 1 cm? g Ustill produces
cored profiles but with higher central densities and steeper slopes than
their CDM counterparts. The dSIDM models with effective cross-
section j 0 1cm? g ! all produce cuspy central density profiles with

power-law slopes centering around 1 5. These profiles are even

steeper than the NFW profiles. . . . . . ... ... .. ... ....
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2.6 Left: Total mass density profiles of the bright dwarf galaxies in

simulations. The three bright dwarfs presented here are m11a, m11b,
and m11q. The notation is the same as Figure 2.5. The purple dotted
vertical line here indicates the average convergence radius (200 pc)
of the bright dwarfs (see Table 2.1). Right: Local power-law slopes
of the density profiles of the bright dwarf galaxies. In these
bright dwarfs, the CDM model again predicts cored central density
profiles with even larger cores ( kpc) than the classical dwarfs
due to stronger baryonic feedback. The eSIDM model produces
cores of similar sizes and slopes. The velocity-dependent dSIDM
model has relatively low effective cross-sections ( 0 0lcm?g !)
in these dwarfs. This model still produces cores but with slightly
higher central densities than their CDM counterparts. The dSIDM
models with relatively high effective cross-sections (0 01cm?g )

still produce cuspy and power-law-like central density profiles. The

power-law slopes center around 1 5 with a scatter from 2to 1.. .

Xii
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Xiii
2.7 Slopes of the central density profiles of dwarf galaxies in the
simulation suite. The slopes are measured at 02 0 8% ’\C/?rm.
The slopes measured in simulations with different DM models are
shown in open markers (as labeled). Galaxies are ordered from
left to right based on their stellar-to-halo mass ratios ("" ""ha0)
and are classified as classical dwarfs and bright dwarfs. (The ultra-
faint dwarf m09 in the suite also has its ** ""4, value lying in the
classical dwarfregime.) The asymptotic behaviors of the slopes at the
low mass end are clearly different between different DM models. In
low-mass dwarf galaxies, the density profiles in dSIDM models with
,F <’ lcm?g ! and the velocity-dependent model converge to a
slopeof 1 5 (indicated by the thick red horizontal line). The slope
is steeper than the asymptotic slope 1 of the NFW profile( 1 1 at
the radii we measure the slope, indicated by the thick black horizontal
line). In contrast, the dSIDM model with ,F <” = 0 1 cm? g 1
can still produce small cores in some dwarf galaxies with relatively
strong baryonic feedback, with U 1 at the radius of measurement
and becoming even shallower at smaller radii as shown in the right
panels of Figure 2.5 and 2.6. In the bright dwarfs, the velocity-
dependent dSIDM model produces cored profiles with U 05.
The dSIDM models with constant cross-sections still produce cuspy
density profiles with slopes centering around 15 but scattering
from 2to 1. Unlike dSIDM models, density profiles in CDM are
shallower than the NFW profile and are shallower in more massive
dwarf galaxies, due to stronger baryonic feedback there (indicated by
the thick cyan line). The eSIDM model consistently produces cored
density profiles with slope 0 2 in most of the dwarf galaxies
(indicated by the thick gray horizontal line). We note that all the
thick reference lines are meant to label different “tracks” and are

rigorous fits to the simulationresults. . . . . . . ... ... ... .. 29
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2.10

Top: Slope change versus e [eckive self-interaction cross-section
of dwarf galaxies in simulations. U is defined as the difference in
slopes measuredat 02 0 8% \C,?rm between galaxies in dSIDM and
CDM. The red dashed line labels the qualitative trend (not rigorous
fitting). In the regime where , ¥ <”.z 1cm”g !, the steepening of
central profiles induced by dissipative DM self-interactions becomes
progressively stronger in systems with higher effective cross-sections.
In the regime where , ¥ <"t j 1cm?g !, the steepening of central
profiles saturates. Bottom: Slope change versus dissipation time
scale at halo center. When log ,,Cfﬁss (h” i 1, the density profiles
become steeper as (. decreases while the steepening saturates when
log ,,Cgiss Cp” ) S
Coherent rotation velocity relative to velocity dispersion of DM
in simulations. The coherent rotation velocities and the velocity
dispersions are measured in spherical shells as discussed in the main
text. We present the results in CDM and dSIDM with , ¥ <” =1
and 10cm? g !. For each model, we show the results of five dwarf
galaxies: m10q, m10b, m10v, m11a, and m11b. The coherent rota-
tion becomes more prominent inside 1% 7 ;; as the self-interaction
cross-section increases, but not in every galaxy. The two galaxies
that have rotation velocities comparable to velocity dispersions are
mlOgandmllb. . . . .. ... o
Velocity anisotropy profiles of DM in simulated dwarf galax-
ies. The velocity anisotropies are calculated using Equation 2.13.
We present the results in CDM and dSIDM with , ¥ <” = 1 and
10 cm? g 1 For each model, we show the results of the same five
galaxies as in Figure 2.9. The velocity anisotropy decreases as the
self-interaction cross-section increases and eventually becomes nega-
tive, suggesting that the velocity dispersion is more dominated by the
tangential component. This is consistent with more coherent rotation

foundinFigure 2.9.. . . . . . ... L o oo
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2.11

2.12

Phase space distribution function of DM in simulated classical
dwarfs. We present the two-dimensional density distribution of DM
in the Eq  E; phase space, ddgym dE.dEq. In the three columns,
we show the distribution in three radial bins: central, A A‘f‘hzn 3,
intermediate, Aidg’ 3 A 3Aid§‘, and “outskirt”, 3Afd§1 A

05 ’sfrm, respectively. From inside out, each contour is determined
such that it encloses a certain percentile of DM particles in the bin.
The percentiles range from 10% to 90% with 20% as interval, as
labeled on the contours. The dots represent the locations where
the velocity distribution function peaks. DM in dSIDM models
exhibit positive median Eq while the phase space distribution is almost
isotropic in CDM. The differences consistently show up in the three
radial bins and suggest a coherent rotation built up in dSIDM halos.

The phase space distribution in the dSIDM model is also more peaky

XV

than the CDM case, at least for the central and intermediate radial bins. 34

Velocity distribution functions of DM in the classical dwarfs.
Top left: Velocity distribution function at small galactocentric radii
(A Afdzm 3). We show the velocity distributions in CDM and
dSIDM with ,F <” = 1and 10cm? g ! (as labeled). As a reference,
a Maxwell-Boltzmann distribution is shown with the thick gray line.
Compared to CDM, the velocity distribution functions in dSIDM
models are more suppressed at the high-velocity tail as the cross-
section increases and the peaks of the distributions also decrease
systematically. Top right: Same velocity distribution functions as
the top left panel but in log-log scale to highlight the asymptotic
behavior at the low-velocity tail. Both CDM and dSIDM models
have velocity distribution functions that decrease slower than the
Maxwell-Boltzmann distribution at the low-velocity tail. Dissipation
has limited impact at low velocities due to small interaction rates
there. Bottom left: Velocity distribution function at intermediate
galactocentric radii (A‘l’dg1 3 A 3A‘1’d12n). Similar differences in
the velocity distribution of CDM and dSIDM are found compared to
the one at small radii. Bottom right: The same velocity distribution
function as the bottom left panel but in log-log scale. Both CDM and

dSIDM models have velocity distributions that overall resemble the

Maxwell-Boltzmann distribution at the low-velocity tail. . . . . . . .
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2.13

2.14

Top: Axis ratios of DM halos at central kpc in simulations at
I = 0. We show the minor/intermediate axis ratio (2 1) versus
the intermediate/major axis ratio (2 0) of DM mass distribution in
different simulations. The axes are measured iteratively while fixing
the volume of an ellipsoid as 4cC 3A13im, where Aj; 1s chosen to be
lTkpc. When 2 1 (1 0) is close to unity, the system is a prolate
(oblate) spheroid. When both 2 1 and 1 O are close to unity, the
system is spherically symmetric. In CDM, DM halos are triaxial
ellipsoids with a clear hierarchy of minor, intermediate and major
axes. The CDM halos lean towards prolate shapes, driven by mild
radial dispersion anisotropy. In the dSIDM model with , ¥ <” =1
and 10cm? g !, DM halos behave as oblate spheroids, driven by the
coherent rotation of DM. In the extreme cases (e.g., m10q in dSIDM
with ,F <" = 10cm2g 1), 2 1 drops to as low as 05 while
1 O stays around unity. At larger radii (A kpc), the qualitative
trends are similar but the differences between DM models become
rapidly smaller. Bottom: Evolution of the axis ratios of m10q at
central kpc from 1 ” 2 2 to | = 0. The markers with darker colors
represent measurements at lower redshifts. The CDM halo stays
triaxial since | * 2 2 while the eSIDM halo becomes more spherical
at late times. The halo in dSIDM with , ¥ <” = 1 cm? g Lis already
more spherical than CDM and eSIDM counterparts at | > 2 2 and it
becomes extremely spherical at | = 0. However, the halo in dSIDM
with ,F <” = 10cm?g ! initially follows the track of becoming
more spherical but then turns oblate in shape. . . . . . . . ... ...
DM energy transfer rates via “thermal conduction” (DM colli-
sional energy transfer) versus dissipation energy loss rates, mea-
sured in spherical shells, as a function of galactocentric radii. We
show the heat gain or loss of DM via collisions (/con, Equation 2.26)
versus the energy dissipation rate (/diss, Equation 2.27) in circles (red
for /coll i 0, blue for /Cou 0). We present the results in one of the
classical dwarfs m10q and in one of the bright dwarfs m11a. In both
galaxies, with 54iss = 0 5, the collisional energy transfer rate is always

roughly an order of magnitude lower than the energy dissipation rate.

XVi
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2.15

2.16

Top left: Total mass density profiles of m09 in dSIDM mod-
els with other combinations of 54 and £ <. We choose three
combinations of 5455 and £ < that give the same dissipation time
scale: Sgis =05 F <=1cm’g !; Sgiss =01 F <=5cm?g |;
Sgiss = 09 F < =056cm?g '. Other panels: Collisional en-
ergy transfer rates versus energy dissipation rate of DM (as Fig-
ure 2.14). The energy transfer rate via collisions is subdominant
compare to dissipation in the model with 5455 = 05 or 0 9. In the
model with b5 = O 1, collisional heating overtakes dissipation at the
center of the galaxy. This model actually produces a denser and cus-
pier central density profile, as the halo experiences the gravothermal
collapse and a dense core in the SMFP regime emerges at the center.
In all models, at large radii ( 10kpc), collisional energy transfer

rates become comparable to the dissipation rate, but the absolute

values of both terms at these radii are too small to make a difference.

A cartoon of the dSIDM parameter space. The dSIDM model is
parameterized with ¥ < and b4iss. When ¥ < is small enough,
both elastic and dissipative SIDM models become analogous to
CDM in the lifetime of the Universe. When b4 becomes small
enough, dSIDM becomes essentially eSIDM-like since collisional
energy transfer dominates over dissipation in this regime. When the
product of ¥ < and bg;ss becomes large enough, the dissipation time
scale could drop below the local dynamical time scale of the system
and result in the fragmentation of dSIDM into compact dark objects.
Effectively, baryon-like models are located at the low bgjgs, high £ <
corner of the plot. The dSIDM models studied in this chapter live
in the parameter space, which is not immediately ruled out but can

still give rise to unique phenomena different from CDM or eSIDM

models. . .. e

XVvii

46



2.17 Total mass density profiles of galaxies in DMO simulations and

3.1

full physics simulations. We present the density profiles of m10q
and m11q in CDM and dSIDM with ,F <” = 1cm?g '. The results
of full physics simulations are shown in solid lines while the results of
DMO simulations are shown in dashed lines. The purple dotted verti-
cal line indicates the convergence radius in DMO runs (see Table 2.1).
In CDM, the central density profiles in DMO simulations are similar
to the NFW profile before reaching the convergence radii. The full
physics simulation of m11q produces a kpc size core at the center
due to strong baryonic feedback there. However, in the dSIDM model
with ,F <”=1cm?g !, the DMO and full physics simulations pro-
duce almost identical results, indicating that dissipative interactions
of DM completely determine the evolution of the DM halo and the
impact of baryonic feedback becomes negligible. This is generally
true when the dissipation time scale becomes significantly shorter
than the Hubble time scale. . . . . . ... ... ... ... .....
Visualizations of two simulated classical dwarfs. Each column
corresponds to one DM model studied. The images are mock Hubble
Space Telescope composites of u,g,r bands with a logarithmic surface
brightness stretch. We use the STARBURST99 model to determine
the SED of each stellar particle based on its age and initial metallicity
and use ray-tracing [4] to model dust attenuation assuming a Milky
Way-like reddening curve and a dust-to-metal ratio of 0 4. The
side lengths of the images are chosen to be 8 A; , of the CDM
run. The dSIDM models with , £ <” = 1 cm? g I and the velocity-
dependent cross-section produce visibly more concentrated stellar
content compared to the CDM case (the effective cross-section as
defined in Shen et al. [5] of our velocity-dependent model in classical
dwarfs is about 0 3cm?g ). However, the model with , £ <” =

10cm? g ! produces overall fluffier stellar distribution. . . . . . . .
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3.2 Visualizations of three simulated bright dwarfs. The images are

33

generated in the same way as those in Figure 3.1. Since some of the
bright dwarfs develop disk-like structures, we show both face-on and
edge-on images here. Compared to the CDM case, the stellar disks
in the dSIDM model with ,F <” = 1 cm? g I"are more well-defined
and exhibit more concentrated central regions. On the other hand, the
velocity-dependent dSIDM model produces galaxies that are visibly
similar to the CDM case given its small effective cross-section at this
mass scale (,Fox <” 001cm?g ). Interestingly, the model with
,F <” =10cm?g ! produces stellar disks accompanied by overall

fluffier stellar distribution compared to the model with , £ <” =

lem?g 'andCDM. . . . . . ... . ...

Visualization of the gas content of three simulated bright dwarfs.
The images are logarithmically-weighted gas surface density projec-
tions. Each column corresponds to one DM model studied and each
row corresponds to one bright dwarf simulated. For each dwarf, both
the face-on and edge-on images are shown. The side lengths of the
images are chosen as 12 A‘fdzm. Each image is a composite of gas
distribution in three phases characterized by the gas temperature. The
magenta color represents the “cold” neutral gas with ) . 8000 K; the
green color represents the “warm” gas with)  1-3  10* K; the red
color represents the “hot” ionized gas in the CGM with ) & 10° K.
The neutral gas disks are promoted in the dSIDM-c1 and c10 models,

even in m11a which is strongly perturbed by supernovae feedback in

Xix
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3.4 Leftcolumn: Stellar density profiles of simulated classical dwarfs.

3.5

The density profiles from different DM models are presented as la-
beled. The short vertical lines indicate the stellar-half-mass-radius
of the galaxy in each model. The m10q and m10v halos show dif-
ferent responses to DM dissipation. In m10q (top), which forms
its stars early, a cuspy stellar profile appears with moderate dSIDM
cross-sections accompanied by shrinking galaxy size, and then the
profile turns shallower when the cross-section further increases. In
m10v (bottom), which forms quite late, the profile becomes more
concentrated monotonically as the cross-section increases, and the
decline of galaxy size is less dramatic. This is related to the distinct
star formation histories of the two galaxies as shown on the right.
Right column: Archaeological star formation history of simulated
classical dwarfs. This is computed as the age distribution of stellar

» cdm
vir
star formation history peaked at | ” 3. The stars have more time

to react to the underlying DM distribution. On the other hand, the

particles within 10% at | = 0. The galaxy m10q has an early

galaxy m10v with a relative late period of star formation does not
exhibit this. The late time star formation and feedback also puffs up

the stellar content and make it less dependent on the underlying DM

distribution. . . . . . . .. ..

Left column: Stellar density profiles of simulated bright dwarfs.
The notation is the same as Figure 3.4. In both m11a and m11b, the
stellar density profiles become cuspy in dSIDM models with mod-
erate cross-sections while turning shallower as we further increase
the cross-section. This largely reflects similar behavior seen in the
DM density profiles in Shen et al. [S] — in particular, at very high
cross-sections the central DM profiles are flattened via dark rotation.
Right column: Archaeological star formation history of simulated
bright dwarfs. The notation is the same as Figure 3.4. The galaxy
mlla has a relatively flat star formation history and is not signifi-

cantly affected by the DM physics. However, in m11b, dips in star

formation history at low redshifts appear in dSIDM models. . . . . .
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3.6 Size-mass relation of simulated (isolated) dwarf galaxies. The
stellar half-mass radius versus stellar masses of simulated dwarfs are
shown with open markers (as labeled). We compare them with several
observations of dwarf galaxies in the Local Universe: gray points with
error bars, the Local Group dSphs compiled in McConnachie [6]; blue
contours, the NGFS dwarfs in Eigenthaler et al. [7]; green contours,
the SPARC galaxies presented in Lelli et al. [8, 9]; red contours, the
UDGs in the Coma and Virgo cluster from van Dokkum et al. [10]
and Mihos et al. [11]; purple (red) line, the size-mass relation of
the observed “normal” late-type (early-type) galaxies [12, 13]. The
simulated dwarfs are consistent with the median size-mass relation
of LTGs in observations and its extrapolation. With mild DM self-
interaction ( ,F <” . 1cm?g 1), the sizes and masses of galaxies,
in general, do not vary much from the CDM case. In some cases,
the dSIDM models can produce compact dwarfs at " 10°M ,
in better agreement with Local Group observations. However, in the
dSIDM-c10 model, dwarf galaxies have apparently more extended
stellar content and are located at the diffuse end of the observed
distribution. . . . . . . ... 66



3.7

3.8

Circular velocity profiles of simulated classical dwarfs compared
with the observed field dwarfs in the Local Group. Top left:
Circular velocity profiles of the simulated dwarfs in different DM
models. The circular velocities are enhanced at the sub-kpc scale
in dSIDM models. In the model with ,F <” = 10cm? g 1 the
normalization of the circular velocity profile decreases. Top right:
We compare the results in CDM and dSIDM models with , £ <” =
01 1cm?g ! with the observed field dwarfs in the Local Group (we
show two measurements for Tucana, connected by gray line; see text
for details). The A; , of these galaxies are shown by solid circles. We
highlight the observed dwarfs of similar sizes to the simulated one
(0 2kpc - Ay 2 - 0 9kpc) with the purple shaded region. The CDM
results are consistent with the majority of the observed dwarfs, but
lower compared to the most compact dwarfs (NGC6822 and the older
measurement of Tucana). The +¢c,A1 27 A; 2 of these two dSIDM
models are still marginally consistent with the observed dwarfs of
similar sizes and improve the agreement for compact dwarfs. The
circular velocities in the dSIDM models are about two times higher
than the observed ones at small radii A . 02kpc. Bottom left:
We show the results of the velocity-dependent dSIDM model and
compare them to the observed dwarfs with O 1 kpc - A; , - 1 2kpc.
Bottom right: We show the results of the model with , ¥ <” =
10cm? g ! and compare them to the observed dwarfs with 0 7 kpc -
Ay 2 - 1 Skpc. The results from these two models are also consistent
with observations. . . . . . ... ... L oo
Circular velocity profiles of simulated bright dwarfs compared
with observed LSBs in the Local Universe. Right: Circular velocity
profiles of the bright dwarf galaxies in simulations. We compare the
results with the measured circular velocities of LSBs observed in the
field (see Section 3.4 for details of the observed sample and selection
criteria). Models with constant ¥ < that are consistent with in the
classical dwarfs (with low +;) generally produce too concentrated
galaxies at high +, but the velocity-dependent model is consistent

over the entire range we consider here. . . . . . . . .. ... ... ..
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3.9 Circular velocity profiles of satellite galaxies of simulated Milky
Way-mass galaxies and compared with observations. The circular
velocity profiles in each DM model are shown in each column re-
spectively. The solid lines and the shaded regions show the median
and the 1 5F scatter (86% of the sample) of the curves. The dashed
lines highlight the three circular velocity profiles with the highest
(and the three with the lowest) circular velocities at A = 1 kpc. Gray
circles with error bars show the ,+; , A; ,” of observed Milky Way
and M31 satellites compiled in Section 3.4. The A; ,’s of simulated
satellites are marked by solid circles. The identified subhalos in sim-
ulations are selected as satellites if they have galactocentric distance
20kpc 3 300kpc, and with at least 200 DM particles and 10
associated stellar particles (equivalently "* 10 <p). The selected

satellites are in the mass range 10°-108M , in concordance
with the observed sample. The circular velocity profiles in different
models are almost indistinguishable compared to the scatter among
the observed satellites, despite the slightly larger median rotation ve-
locities and upper scatter in the dSIDM-c0.1 model. Circular velocity
profiles from all three models are consistent with the bulk of the ob-
served dwarfs, although the predicted galaxy sizes are systematically
larger. The smallestA; , reached in the two dSIDM models is smaller
than the CDM case, down to about 500 pc. As indicated by the
dashed lines, the most compact satellites in the dSIDM-c0.1 model
agree better with the observed compact dwarfs in the Local Group,

though the stellar content is still puffier compared to observations. . . 73



3.10

Size-mass relation of satellite galaxies. We show the stellar-half-mass-radius
versus the stellar mass of satellites of the simulated Milky Way-mass host(s). Only
the high-resolution runs are considered here. The satellites from simulations follow
the same selection criteria as in Figure 3.9. The solid points show satellite sizes
corrected for the surface brightness limit in observations. The black dotted lines
indicate the surface brightness limit 30 m06 arcsec 2 for the SDSS surveys and the
limit with an order of magnitude increasing sensitivity. For reference, the Local
Group dwarfs [6] are shown by gray points and the NGFS dwarfs [7] are shown by
the gray shaded contours. The purple dashed line is the extrapolation of the size-
mass relation of local late-type galaxies [12]. The left shaded region indicates the
mass resolution limit of the simulated satellites. The horizontal cyan dashed line
indicates radius limit where the enclosed DM particle numberis 200 for a typical
satellite central density dg, ” 107°M kpc 3. The markers encircled highlight
the three most compact dwarfs (with the highest rotation velocities at A = 0 5 kpc)
in each run. A significant population of low-mass satellites in simulations are
not detectable in current observations. For those in the observed regime, no
obvious difference is found between CDM and dSIDM models. Massive satellites
in dSIDM models are slightly more compact than their CDM counterparts, but
they are still systematically puffier than the observed ones. In all the models, the
satellites with the most compact DM content (highest circular velocities identfied
in Figure 3.9) also have the most compact stellar content. However, despite similar
stellar masses, they have about three times larger A; , than the observed compact

L EEIE)

dwarf elliptical galaxies. For reference, the ,A; s of simulated classical
dwarfs (isolated systems) are shown as open stars. With an order-of-magnitude
better mass resolution, the isolated dwarfs have slightly more compact stellar

content that is in better agreement with the observed samples. This hints the

resolution-dependent uncertainties, which will be discussed in Appendix 3.7. . . .
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3.11

3.12

3.13

Satellite stellar mass function. The satellite stellar mass functions
of different DM models are shown in solid lines with different colors
(as labeled). The purple and orange dashed lines show the satellite
stellar mass functions of the Milky Way and M31, respectively. The
gray dashed lines with shaded regions show mass function of Milky
Way-like systems in the SAGA survey with 1F scatter. Each panel
corresponds to one simulated Milky Way-mass galaxy in the suite.
The vertical dotted line indicates the resolution limits of satellite
stellar mass (set as 10 times the baryonic mass resolution of the
simulation). Strong diversity shows up in the stellar mass function of
both observed satellites and the satellites of simulated galaxies. The
counts of satellites get enhanced slightly in the dSIDM models, but
the differences are still too small compared to the observed scatter to
effectively rule out any of the models studied. . . . . ... ... ...
Cumulative count of satellites above a given stellar 3-D velocity
dispersion. The notation is the same as Figure 3.11. Similar to the
stellar mass function, we find strong diversity here in both observed
and simulated systems. The satellite 34 distributions of m12i (l.r.)
and m12f are in good agreement with the Milky Way and M31 sam-
ples at ¥39 . 20kms ! but do not produce enough dynamically hot
satellites. On the contrary, in m12i (h.r.) and m12m, the high 3 end
is in better agreement with the observed sample, but they tend to over-
predict the number of satellites with ¥3¢ _ 25kms !. In terms of the
DM physics tested, the dSIDM models (especially the dSIDM-c0.1
model) predict systematically higher velocity dispersions of satellites.
We compare satellite circular velocity profiles from the high and low-
resolution simulations of m12i. The notation follows the top panel.
Although the median circular velocity profile and the scatter do not
differ appreciably between high and low-resolution simulations, the
Ay 2’s of satellites in simulations are systematically smaller in the
high-resolution simulation. Compared to the observed dwarfs, even
the high-resolution simulation produces fluffier stellar content for

these satellites. . . . . . . . . . . ...
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3.14 We compare the high- and low-resolution simulations on the plane of

4.1

the size-mass relation. They are all corrected for the surface bright-
ness limit at “y = 30 magarcsec 2. The horizontal lines indicate the
radius enclosing 200 DM particles assuming the typical satellite cen-
tral density dgm = 107°M kpc 3. Satellites in the low-resolution
simulations are systematically more diffuse than their high-resolution
counterparts. The resolution dependence could explain the discrep-
ancy between the simulations with observations in this plane.

Enclosed mass fraction as a function of radius (normalized to the scale
radius Ag), for 8 and 7 different 5- and 3-F halos (upper and lower
panels, respectively) including DM dissipation with cross-section
lecm?g !, Different halos are labeled with the mass (in units of
10'"" ) and redshift. The high spin curve corresponds to _ = 0 1
at | = 10, while other halos have spin parameter _ = 0 03. In these
figures, the more dense 5 ¥ halos show core collapse, indicated
by the region of constant density at small radii, while 3 ¥ halos
have not been destabilized, consistent with Fig. 4.2. In the collapsed

halos, the collapse fraction is found universally tobe 3 10 3.
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4.2

4.3

left panel: Shown as shaded contours, minimum halo mass *" to
seed an SMBH (labeled “SMBH seeds”) immediately at redshift of
halo formation |5, for a fixed tdSIDM cross-section (¥ < in units of
cm? g). The solid curves show the massofaa =1 3 5haloina
spherical collapse model formed at redshift 5. A halo is available
in the cosmological history to seed an SMBH (for a given cross-
section) if the shaded region corresponding to that cross-section is
above a solid curve. For comparison, we show as dashed curves the
cosmological history of the Main Progenitors of a Milky Way Mass
and Cluster Mass galaxy, as given in Eq. (4.19). Interestingly, the
main progenitor of a1 ¥ haloat | = 0, canbe a3 ¥ halo at
I 10, which is more likely to form SMBHs. right panel: Mass
"" of a a = 5 halo, again for fixed cross-section corresponding to
colored regions, that may seed an SMBH at a lower redshift |~ I;.
We can see that rare halos that do not seed an SMBH immediately
may do so later in the history of the Universe. During the evolution
of these halos, we assume the central density and the halo mass are
fixed; we will track the assembly history of halos more completely in
Sec. 4.3 utilizing merger trees. . . . . . . . ... ...
Halo mass function. The reconstructed halo mass functions at
| =4 6 8 based on the weighted abundance of halos in the merger
trees (shown by circles of different colors). They are compared to
the halo mass functions determined analytically using the HMF code
(shown by dashed lines), which itself is calibrated based on numerical
cosmological simulations [14]. The halo mass functions determined
by the merger trees agree reasonably well with the analytic ones up
to 1012M (10'35M )at | = 8 (I = 6), which covers the mass range

of quasar host halos of interest. . . . . . ... .. ... ......
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4.4 SMBH mass function. Top: Number density of SMBHs as a func-

4.5

tion SMBH mass at | = 6, calculated from the weighted abun-
dance of SMBHs in the merger trees. The prediction assuming
f<=01,005" cng Iand "*o = 0 is shown and compared to
the halo mass function multiplied by the collapse fraction 5. The
massive end of the BHMF is coupled with the seeding mechanism,
and the shape of the SMBH mass function resembles the exponential
cut-off in the halo mass function. Low-mass SMBHs have decou-
pled from the seeding mechanism and the low-mass end of the mass
function deviates from the halo mass function. The choice of self-
interaction cross-section does not affect the massive end but changes
the characteristic mass where the SMBH mass function deviates from
the halo mass function. The shaded region indicates the abundance
of observed massive quasars (""gy & 10°M ) at high redshift and
the abundance of underlying SMBH population should at least be
larger. Bottom: We show the SMBH mass functions in the model
with F <=0 lcrnzg I'and "o =0,10""M . The baryonic ac-
cretion arguably only has an impact at the low-mass end (shifting
the lowest mass of the seeds produced by the mechanism), hardly
changing the abundance of the most massive SMBHs. . . . . . ..
Bolometric quasar luminosity function at | = 6. Top: Model
predictions, varying ¥ < and "";. The predictions are derived
by convolving the SMBH mass function with a log-normal ERDF,
tuning the duty-cycle to match the abundance of luminous quasars.
The solid circles represent observational constraints compiled in [15].
The prediction assuming ¥ < = 005cm?g ! is compatible with
the observations and produces the observed abundance of luminous
quasars at | = 6, assuming a relatively low duty-cycle. On the other
hand, the model with ¥ < =005cm? g ! will overproduce quasars
of 1y  10%7 erg s. Bottom: We show the predictions with a cut-
off power-law as the ERDF. The duty-cycle is assumed to be unity.
The faint-end slope of the ERDF (U) is tuned to make the predicted
quasar luminosity function close to observations. Both models can
agree well with the luminous quasar abundances in observations. But
the model ¥ < = 005cm?g ! does not fit perfectly with the faint
end luminosity function regardless of the U adopted. . . . . . . ..
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4.6

4.7

Mass growth history of SMBHs. The blue solid lines show the
mass of SMBHs as a function of redshift in our model assuming
f <=01cm’g !. These SMBHs are selected from merger trees
with ""gg 101°M . The red points are the observed massive
quasars at | & 6 compiled in [16, 17] with the mass estimated using
the virial method. The gray points are a more complete set of 196
quasars at | & 6 compiled in [18], with the mass estimated indirectly
from UV luminosity. The red dotted lines indicate the growth history
of the observed quasars assuming they exhibit the same Eddington
ratio as the measured value at the redshift of discovery. The typical
mass and formation redshift of SMBH seeds from classical seeding
mechanisms are shown in shaded regions, with the Eddington-limit
growth tracks of these seeds in dashed lines for reference. Seeds
formed in canonical mechanisms need to accrete at rates near the
Eddington limit in order to produce billion solar mass SMBHs at
I > 6 8. This is in tension with the low Eddington ratios of some
observed quasars, which require seed masses of 10" implied
by their observed Eddington ratio. However, such quasars can be
accommodated in our seeding model. . . . . ... ... ... ...
The *"gg T, relation of high redshift SMBHs. We show SMBHs
in the merger trees selected at | = 7 in solid circles, with the marker
size scaling with the statistical weight. Red and blue circles corre-
spond to the model with ¥ < =01 and 0 05cm? g !, respectively.
The local ""gyg F

\%

relation [19] is shown with the purple dashed
line. The orange dashed line shows the relation ""gyg 501" "vir, aS-
suming the relation between ""y;; and F, (Eq. (4.23) and Eq. (4.24))
holds. Observational samples based on the [C II] line observations
of the quasar host galaxies compiled in [17] (originally from [20])

are shown in orange circles. . . . . . ... .. ... ... .. ...

XXiX



4.8

4.9

4.10

The comoving SMBH mass density in the Universe versus red-
shift. The cumulative mass density of SMBHs integrated over the
mass function. The results with different model parameters are
shown as labeled and compared to the local SMBH mass density,
44 59 10°M Mpc 3[21], asindicated by the horizontal line. The
mass density from the model with ¥ < = 0 1cm?g ! approaches
the local mass density already at I * 6, which is potentially prob-
lematic since the integrated quasar luminosity density matches the
local SMBH mass density [15] (at O 5 dex level, assuming n. = 0 1).
Therefore, the mass density at high redshift needs to be significantly
lower than the local value in order to be consistent with the observa-

tion of quasar luminosity functions, unless n, is larger (i.e. SMBHs

are rapidly rotating). . . . . . . .. ..o

Top: Mass growth history of halo progenitors. The growth tracks
of relatively massive progenitors are color-coded by their concentra-
tions. Low-mass progenitors are shown by the gray cloud. The main
progenitor is indicated by the cyan solid line. The green dashed line
shows an analytic model for the main progenitor mass growth history
[22]. The gray solid lines show the mass of the halo corresponding to
a certain rareness of fluctuations. Bottom: Ratio (g4 C, of halo pro-
genitors versus redshift. The cross-section ,F <” =005cm?g !
is assumed here. Progenitors that are more massive than 101°M

are color-coded by their halo masses. The labeling is the same as
the top row. The green dashed lines show analytic expectations for
the timescales of the low and high redshift branches (as discussed
in the main text). The horizontal dashed line indicates the threshold

where SMBH seeding will occur assuming ,F <” = 005cm?g !

and N =01. . . . ..

Enclosed mass profile of two 5 ¥ halos at | = 10 with the same
NFW parameters but different simulation parameters. Solid curves
represent the mass profile at different times for the fiducial run, while
the dashed curves are for a run with a factor of 4 improved resolution
(improving both mass and force resolution accordingly). The vertical

dashed lines indicate the gravitational force softening length for both

the fiducial run and the high-resolutionrun. . . . . ... ... ...
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4.11

5.1

5.2

Enclosed mass profile of three collapsed 5 ¥ halos at | = 10 with
the same NFW profile parameters. The collapse of those halos is
simulated with different cross-sections but the same mass and force
resolution. The enclosed profiles are flat at small radii, suggesting
the formation of SMBHs. Therefore, the universality of the collapse
fraction is not violated by changing the cross-section of tdSIDM.

Redshift and temperature distributions of the observed clusters and
temperature distribution for the simulated clusters. Left: Redshift dis-
tribution of the observed clusters. The distributions of the “peaky”
and “non-peaky” samples are shown in red and blue. For both dis-
tributions, most of the clusters fall in the range 0 1 - | . 05, with
a few outliers out to I 1. Right: Temperature distribution of the
observed (red and blue) and the simulated clusters (green). The me-
dian temperature of each sample is shown by a corresponding vertical
dashed line. On average, the temperatures of simulated clusters are
fairly consistent with the observed samples, despite having a smaller
dispersion in temperature. . . . . . . ... ...l
DM mass density profiles of the simulated clusters. For each DM
model, we show the median and 1F dispersion of the density profiles
of the simulated clusters. The grey dotted line with a shaded region
indicates the conservative estimation of the convergence radii of DM
properties with its error. SIDM halos develop thermalized cores with
flat central density profiles, in contrast to the cuspy central profile
in CDM. The core size increases with greater self-interaction cross-

sections. These differences exist outside the convergence radius, but

XXX1
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eventually become negligible at the outskirts of the halos (& 5% 7 70g). 138
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54

Gas mass density profiles of the simulated clusters. The labeling is the
same as in Figure 5.2. The convergence radius for hydrodynamical
properties of the gas is ambiguous, so we choose 16 times the hydro
spatial resolution  as a reference, indicated with the grey dashed
line (see Figure 5.4 and the discussion at the end of Section 5.5 for
the convergence criterion). The colored short dashed lines show gas
density profiles inferred from the gravitational potential of the gas,
assuming that the intracluster gas is isothermal and in hydrostatic
equilibrium. A zoom-in subplot is included to compare density
profiles at the center. Unlike DM, the gas density profiles show
little difference between DM models. The central densities are also
lower than expected from the hydrostatic equilibrium predictions.

Top: Gas temperature profiles of the simulated clusters. The label-
ing is the same as in Figure 5.3. The vertical dashed line shows an
estimate of the convergence radius for hydrodynamical properties.
The horizontal dashed lines indicate the median virial temperatures
of the halos in each DM model. Gas temperatures rise monotonically
towards halo centers with the central temperature being slightly lower
in SIDM models. Bottom: Thermal pressure gradient versus gravita-
tional potential gradient as a function of radius. The thermal pressure
support balances the gravitational attraction at A & 10% 7 ¢, indi-
cating that the hydrostatic equilibrium is perfectly respected. At
small radii, the dispersion in D% D  gradually becomes larger.
The convergence radius for hydrodynamical properties is estimated
as 16 times the hydro spatial resolution  and is indicated with the
grey vertical dashed line. Within the convergence radius, the median

value of D% D shows order of magnitude fluctuations. . . . . .
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5.5

5.6

Three-dimensional axial ratios of the DM (gas) distribution of the
simulated clusters. The left (right) column shows the axial ratios for
DM (gas). The top row shows the minor-to-major axial ratio, 2 0,
and the bottom row shows the intermediate-to-major axial ratio, 1 0.
The shaded vertical regions on the left and dashed lines on the right
indicate the convergence radii for DM and gas properties, respectively.
Considerable differences between SIDM and CDM show up in the
DM shape out to large radii, while the distinct signature of SIDM
in the gas shape is much weaker. Meanwhile, the gas distribution
is systematically rounder than the DM one, as a consequence of the
X-ray emitting gas tracing more directly the isopotential surface of
the matter distribution rather than the mass distribution. . . . . . .
Soft X-ray surface brightness profiles of the simulated clusters in
different DM models. For each model, we show the median and
1F dispersion of the surface brightness profiles. A zoom-in subplot
of the central surface brightness profiles is included. The hydro
convergence radius is shown with the grey vertical dashed line. The
surface brightness profile is basically insensitive to DM physics, due
to a combination of projection effects and the weak response of the

intracluster gas distribution to SIDM physics. . . . . . . . ... ..
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5.7

5.8

XXX1V

Comparisons of the soft X-ray surface brightness profiles of the sim-
ulated and observed clusters. Top: Surface brightness profiles (with
observational error bars) of individual clusters. The observed clus-
ters are grouped as the low-redshift “peaky” and “non-peaky” clusters
[23], and the three SPT-selected clusters at | & 1 2 [24] which do not
exhibit cool-cores. The surface brightness profiles are normalized
with the units defined in Equation 5.9. The shaded region indicates
the radial range of interest, 0 1-0 2 ”599. The cuspy central pro-
files of the low-redshift observed clusters, in particular the “peaky”
sample, are not present in the simulated clusters with the absence of
cooling processes. The high-redshift SPT-selected clusters appear to
agree better with the simulations, due to the different thermodynam-
ical properties compared to the low-redshift clusters. At large radii,
including the radial range of interest for shape measurements, we find
reasonable agreement in terms of normalization and slope between
the simulated and observed profiles. Bottom: Median and 1¥ disper-
sion of each group of surface brightness profiles. It is clear that the
simulated clusters agree better with the “non-peaky” sample at the
outskirts of the clusters. Based on the surface brightness in the radial
range of interest (0 1 -0 2 759, indicated with the shaded region), we
pick the flux levels of the isophotes for morphology analysis. They
are marked by the purple dashed lines. . . . . . ... .........
Ellipticity profiles of the simulated clusters compared to the observa-
tional results. We show the ellipticity of the isophotes as a function
of the effective radius of the isophote. The median values and 1F
dispersions of the simulated samples are shown as solid lines and
shaded regions. The results of the observed “non-peaky” (“peaky”)
samples are shown by open black (grey) markers with error bars. The
vertical dashed line on the left indicates the hydro convergence ra-
dius. The SIDM-c0.5 and SIDM-c1 models predict lower ellipticities
and agree better with the observational results. However, the signal

is smeared by large statistical uncertainties. . . . . . . . . ... ...
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5.10

5.11

Left: Cumulative distribution function of the ellipticities of the X-ray
isophotes. The fit to the isophotes is performed at 0 1-0 2 7, for
each viewing angle of each simulated halo. In the lower subpanel,
we show the median ellipticities and 1F dispersions for the different
DM models and the observed cluster samples. Top right: Probability
distribution function of the ellipticities. For simplicity, we only show
PDFs of the CDM and SIDM-c1 models compared to observations.
Bottom right: ? value of the two-sample KS and AD tests. The
tests are performed on the ellipticity distributions of observed and
simulated clusters. The ? value is the likelihood that the two samples
are drawn from the same underlying continuous distribution function.
Compared to the “non-peaky” sample, the KS and AD tests reject the
CDM and SIDM-c0.1 models at about 90% confidence level.

Ellipticity CDFs and statistics from the bootstrapped samples. Top:
Ellipticity CDFs of the bootstrapped samples for the CDM and SIDM-
cl models and the “non-peaky” sample from observations. The 1F
dispersions of the CDFs are shown by the shaded regions. The
discrepancy found between CDM and the observed sample is larger
than the statistical uncertainties illustrated here. Bottom: The ?
values of KS and AD tests for the bootstrapped samples. The median
? values and the 1F scatters are shown by solid circles with error
bars. The ? values from the measurements of the original samples
are shown by crosses. Since the numerical implementation of the
AD test only covers the ? values from 0 1% to 25%, the bootstrapped
results are thus capped, as marked by the arrows in the figure. Even
taking into account the scatter in ? value, the CDM and SIDM-c0.1
models are rejected with a 68% confidence level. . . . . . . .. ..
Top: Ellipticity versus redshift of the observed clusters. The ellip-
ticity does not show any apparent dependence on redshift. Note that
these clusters have been pre-selected as dynamically relaxed objects
through the SPA criteria. Bottom: Ellipticity versus temperature. No
apparent dependence on temperature is found either. However, the

simulated clusters have a narrower distribution in temperature. . . .
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5.12  Top: Ellipticity CDFs when varying the radial aperture of the mea-
surements. The CDF when increasing (decreasing) the radial aperture
by 25% is shown as the solid (dotted) lines. The original CDMs are
shown as transparent lines. The comparison demonstrates that the
results are robust against aperture shifts. Middle: Ellipticity CDFs
when excluding outliers in the ICM temperature distribution. The
CDFs of the temperature-limited samples are presented in dashed
lines while those of the original samples are shown in solid lines.
The impact of the temperature outliers is small. Bottom: The ?
value of KS and AD tests when varying the radial aperture of the
measurements or applying a temperature selection criterion. The
conclusion that the CDM and dSIDM-c0.1 models are disfavored at
68% confidence level is not altered by either the aperture shift or the

temperature selection criterion. . . . . . ... ... L. 154
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2.1

LIST OF TABLES

Simulations of the FIRE-2 dSIDM suite. The simulated galaxies

are labeled and grouped by their halo masses. They are classified

into four categories: ultra-faint dwarfs; classical dwarfs, with typ-

ical halo mass . 10!°M ; bright dwarfs, with typical halo mass
1010 1'M ; Milky Way-mass galaxies, with typical halo mass
10'2M . These halos are randomly picked from the standard

FIRE-2 simulation suite [25], sampling various star formation and

merger histories. All units are physical.

(1) Name of the simulation. “Lr.” (“h.r.”) indicates low (high)-

resolution version of the simulation.

2" ﬁg{g Virial mass of the halo (definition given in Section 2.4) in

the CDM simulation with baryons at | = 0.

3’ s‘ijrm: Virial radius of the halo (definition given in Section 2.4) in

the CDM simulation with baryons at | = 0.

(4) ""m: Galaxy Stellar mass (see Section 2.4) in the CDM simula-

tionat | = 0.

(5) Afdlzn: Galaxy stellar half mass radius (see Section 2.4) in the

CDM simulation at | = 0.

(6)Ag: Radius of convergence in DM properties at | = 0 (calculated

for the CDM DMO simulations in the standard FIRE-2 series [25]

based on the Power et al. [26] criterion). As shown in Hopkins et al.

[25], the convergence radii in simulations with baryons can in fact

extend to much smaller radii.

(7-11) Parameters of the DM models. ¥ (with the number after it)

indicates the self-interaction cross-section, ¥ <, in unit of cm? g 1

T,E” denotes the velocity-dependent cross-section, introduced in

Section 2.2. by indicates the dimensionless degree of dissipation.

(12) Notes: Additional information of each simulation. . . . . . .
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5.1 Simulated cluster-mass halos in the suite.

(a) Each halo is simulated in CDM, SIDM-c0.1, SIDM-c0.5, and
SIDM-cl. The bulk properties of these halos are indistinguishable
in different DM models, so we only list the properties in the CDM
simulations here.

(b) The radius of convergence of DM properties (based on the Power
et al. 26 criterion discussed in Section 5.2). We present the maxi-
mum convergence radius for simulations in all four DM models as a
conservative estimate.

(c) Due to a technical issue, the simulation was stopped at | 7 0 18

instead of | = 0. We approximate the | = O results with this snapshot. 132



Chapter 1

INTRODUCTION

1.1 Motivations for DM alternative to collisionless cold DM

Despite its veiled nature, dark matter (DM) is considered the main driver of structure
formation in the Universe. The current paradigm — the cosmological constant plus
cold DM ( CDM) cosmological model — has been successful in describing the
large-scale structures in the Universe [27, 28]. This model assumes that DM is non-
relativistic and is effectively collisionless, apart from its gravitational interactions
with itself and Standard Model particles. However, in recent decades, evidence from
astrophysical observations and the absence of signals from particle physics experi-
ments have motivated conjectures on alternative DM models. On the astrophysics
side, the CDM model faces significant challenges in matching observations at
small scales [see a recent review 29]. For example, the core-cusp problem states
that the central profiles of DM-dominated systems, e.g. dwarf spheroidal galaxies
(dSphs) and low surface brightness galaxies (LSBs), are cored [e.g., 30—43], in
contrast to the universal cuspy central density profile found in DM only (DMO)
simulations [44-49]. The too-big-to-fail (TBTF) problem states that a substantial
population of massive concentrated subhalos appears in DMO simulations, which
is incompatible with the stellar kinematics of observed satellite galaxies around
the Milky Way or M31 [50-52]. This mismatch has been extended to field dwarf
galaxies in the Local Group [53, 54] and beyond [55]. Although the inclusion of
bursty star formation and feedback processes has been shown to alleviate the ten-
sions [e.g., 56—62], a population of compact dwarf galaxies in the local Universe
are missing in cosmological simulations of CDM (plus baryons) that can produce
DM cores [e.g., 62—-64]. Relate to this, the rotation curves of dwarf galaxies appear
to be more diverse than CDM predictions in the field [65] and Milky Way satel-
lites [66]. Therefore, it is important to explore how non-standard DM models — in
conjunction with baryonic physics — could help solve the small-scale anomalies.
On the particle physics side, one of the most popular candidates for CDM (the
class of Weakly Interacting Massive Particles, WIMPs) has not been discovered
despite decades of efforts and a significant proportion of its parameter space being
ruled out [e.g., 67-69]. The null results in collider production and direct/indirect

detection experiments of classical CDM candidates have motivated ideas about al-
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ternative DM models [e.g., 70-73] and explorations of the rich phenomenology
from potential non-gravitational DM interactions. Many of these alternative DM
models could behave dramatically differently from CDM at astrophysical scales and

could potentially solve the small-scale problems mentioned above.

1.2 DM with self-interactions
Self-interacting DM (SIDM) is an important category of alternative DM models
that have been proposed and discussed in the literature for about three decades [e.g.,
71,74-76]. Itis well motivated by hidden dark sectors as extensions to the Standard
Model [e.g., 77-85]. The introduction of SIDM could potentially solve some small-
scale problems [see the review of 86, and references therein]. DM self-interactions
enable effective heat conduction and could result in an isothermal distribution of
DM with cores at halo centers, which alleviates the core-cusp problem. Meanwhile,
it could also make DM halos (subhalos) less dense and alleviate the TBTF prob-
lem. Previous DMO simulations have found that a self-interaction cross-section of
Iecm?g ! could solve the core-cusp and TBTF problems in dwarf galaxies si-
multaneously [e.g., 87-90]. In addition, SIDM with comparable cross-sections also
has the potential to explain [e.g., 91-93] the diversity of rotation curves of dwarf
galaxies [65, 66]. Following studies of galaxy clusters in SIDM suggested a cross-
sectionof 0 1cm?g ! [e.g., 94, 95], which motivates the velocity-dependence of

the self-interaction cross-section.

These previous studies on SIDM focused on elastic DM self-interactions. How-
ever, in many particle physics realizations of SIDM, DM particles have inelastic (or
specifically dissipative) self-interactions [e.g., 78, 81, 83, 85, 96—-106]. The impact
of dissipative processes of DM has not yet been explored in the context of cosmolog-
ical structure formation. In addition, the focus on purely elastic SIDM (eSIDM) in
previous studies has been motivated by solving some small-scale problems (making
galaxy centers less dense). Since dissipative DM self-interactions tend to make
centers of halos denser to first-order consideration, dSIDM was largely omitted in
previous studies of SIDM. However, apart from DM physics, some baryonic physics
processes, including bursty star formation, stellar/supernovae feedback, and tidal
disruption, have also been shown to strongly impact the structure of DM halos
and help alleviate some small-scale problems. Specifically, gas outflows driven by
stellar/supernovae feedback could create fluctuations in the central potential, which
irreversibly transfer energy to CDM particles and generate DM cores [56-58, 107].

Some more recent CDM simulations could resolve the small-scale problems by
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more realistic modeling of gas cooling, star formation, and stellar/supernovae feed-
back [e.g., 59-62, 108—-110]. The interplay between baryons and SIDM in galaxy
formation has been more carefully considered in subsequent SIDM simulations
that include baryonic physics [e.g., 90, 111-116]. The inclusion of baryons sub-
stantially reduces the distinct signatures in dwarf galaxies caused by elastic DM
self-interactions, especially in bright dwarfs with A; , & 400 pc [115]. This could
hide DM physics that lead to enhanced central density originally, other than those
proposed specifically to lower the central density. The parameter space for dSIDM,
as an example of such models, reopens due to these recent developments. The con-
traction of the halo driven by dSIDM interactions could help produce the compact
dwarf galaxies found in the local Universe that are missing in CDM simulations plus

baryons [e.g., 62—-64] and increase the diversity of dwarf galaxy rotation curves.

A finite self-gravitating system has negative heat capacity and the heat conduction
will eventually result in the “gravothermal catastrophe” of the system [e.g., 117, 118].
In the eSIDM case, effective heat conduction is realized by DM self-interactions and
the inner cores of isolated eSIDM halos will ultimately experience gravothermal col-
lapse and cuspy density profiles will reappear [e.g., 87, 90, 119—-124]. However, for
the most favored elastic self-interaction cross-sections 0 1-1cm?g ! (assuming
velocity-independent), the “gravothermal catastrophe” would not have enough time
to happen in halos within their typical lifetime. In the presence of dissipative self-
interactions, the gravothermal evolution of a halo can be accelerated significantly,
which affects the structure of dwarf galaxies within a Hubble time. Essig et al. [125]
recently used a semi-analytical fluid model to investigate the structure of isolated
spherically symmetric halos in dissipative SIDM (dSIDM) and presented the first
constraint on the energy loss and cross-section of dSIDM. This work was followed
by Huo et al. [126] with non-cosmological N-body simulations of isolated DM
halos with the NFW profile [127] initially. Moreover, when the dissipation of DM
self-interaction is strong enough, a patch of DM could lose its kinetic energy faster
than rebuilding hydrostatic equilibrium with surrounding matter. Substructures of
dissipative DM, e.g. dark disks and dark stars, could be generated under this circum-
stance. For example, DM scenarios with a highly dissipative component (sourced
by an *,1” -like hidden sector) have been studied by Foot and Vagnozzi [100], Fan
et al. [128, 129, 130], Randall and Scholtz [131], Foot [132], Foot and Vagnozzi
[133], Hyeok Chang et al. [134]. Randall and Scholtz [131] claimed that a dark
disk composed of highly dissipative DM could appear and help explain the exotic
mass-to-light ratios of some Milky Way satellites. However, the analytical or semi-
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analytical studies discussed above were limited to isolated DMO halos with various
geometrical simplifications. The influences of baryonic physics, hierarchical halo
mergers, and deviations from simple fluid approximations in DM halos were not
properly captured in these previous studies. In addition, multi-component DM with
inelastic interactions has been considered in simulations in Todoroki and Medvedev
[135], Vogelsberger et al. [136], but the dominant process is exothermic in these

studies.

Meanwhile, continuous improvements in observations of local dwarf galaxies and
other small-scale baryonic structures have enabled great opportunities to constrain
the nature of DM. For example, the census of ultra-faint satellite galaxies in the Local
Group through optical imaging surveys has been boosted in recent years, using the
data from the Dark Energy Survey [DES; 137-140], the Panoramic Survey Telescope
and Rapid Response System [Pan-STARRS; 141, 142], and others [e.g., 143, 144].
Many of the recently detected ultra-faints appear to be clustered around the Large
Magellanic Cloud (LMC; Drlica-Wagner et al. 138, Koposov et al. 145). These
candidate LMC satellites are attractive targets for ongoing and future observations
to test the CDM model [146]. The structural and dynamical properties of the
Local Group satellites with resolved stellar populations have been measured [see
for example compilations by 6, 52, and references therein]| and play a key role in
understanding the TBTF problem [50]. In the near future, the Legacy Survey of
Space and Time [LSST, 147] at the Vera Rubin Observatory has the potential to
substantially expand the discovery space of faint dwarf galaxies, being sensitive to
galaxies one hundred times fainter than Sloan Digital Sky Survey [SDSS, 148] at the
same distance [29]. Beyond the Local Group, the Dark Energy Camera [DECam,
149] and Subaru (Hyper) Suprime-Cam [e.g., 150, 151] are being used to search for
faint companions of nearby galaxies [e.g., 152—-154], as well as the LSBs and ultra-
diffuse dwarf galaxies (UDGs) in cluster environment [e.g., 7, 10, 11, 155, 156].
In addition, for relatively massive disky dwarfs (late-type), radio observations have
reported the HI rotation curves and mass models of a few hundred of them in the
Local Universe [e.g., 8, 39, 41, 157]. The time is therefore ripe to make testable

predictions from different DM model parameter space.

In Chapter 2 and Chapter 3 of this thesis, I will present two projects that focus on
dSIDM in Local dwarf galaxies and their analogs in simulations. These chapters
will explore the impact of dSIDM on galaxy structures and discuss the resulting

observational signatures and constraints.



1.3 Beyond Local dwarf galaxies

Historically, the study of SIDM has been primarily focused on Local dwarf galaxies
due to their dark matter dominance and the related observational implications.
However, assuming a constant self-interaction cross-section, the interaction rate and
the resulting signatures of SIDM should be more pronounced in systems with higher
densities and velocity dispersions. Such systems include massive galaxy clusters
and their host halos in the Local Universe, as well as rare massive halos at high

redshift, which could act as the hosts of bright quasars.

Massive halos in the Local Universe

Due to the strong signature of SIDM in high-density and velocity systems, the
most stringent constraints on SIDM naturally come from massive galaxy clusters.
For instance, constraints around 0 4-2cm”g ! (95% confidence level) have been
obtained from the lack of a spatial offset between the total mass peak and galaxy
centroid [e.g., 158—162] in merging bullet-like clusters, or the strength of wobbles
of the bright central galaxy [BCG; 163]. The robustness of these constraints is
still under debate due to the difficulty in measuring and interpreting observables
given the complexity of the baryonic physics and their interplay with the SIDM
physics [e.g., 94,95, 111, 113, 115, 164].

DM halo shape is a promising avenue to constrain SIDM with several studies made
in the past. For example, Miralda-Escudé [165] argued that DM halos should
be spherical inside the radius where DM particles would collide with each other
once during a Hubble time on average. Based on the shape of the galaxy cluster MS
2137-23 as inferred from strongly gravitationally-lensed arcs, Miralda-Escudé [165]
obtained a stringent constraint on the SIDM cross-section, ¥ < . 002cm?g .
Such a strong constraint was later shown to be incorrect by Peter et al. [166], by
demonstrating that one collision event of DM particles on average is not enough
to make halos completely spherical and that projection effects need to be properly
considered to interpret observations. As a result, the constraint on SIDM was
weakened to ¥ < . 1cm?g !. Inrecent years, high-resolution X-ray imaging data
have provided rich information on the intracluster gas over a large dynamical range
and have been used to infer the shapes of matter distributions in galaxy clusters [e.g.,
167, 168], which has direct implications for SIDM constraints. In addition, X-ray
morphological studies are also a powerful tool to assess the dynamical state of the
intracluster medium (ICM). Samples of massive relaxed clusters have been identified

through quantitative studies of the morphology of X-ray selected clusters [e.g.,
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23, 169-173]. These clusters are ideal to compare to simulated counterparts in near
equilibrium states in order to place significant constraints on SIDM based on their

shapes.

In Chapter 4 of this thesis, I will present a project that compares the X-ray morphol-
ogy of observed nearby galaxy clusters with the ones in cosmological hydrodynam-
ical simulations. Through this comparison, we aim to derive constraints on elastic

dark matter self-interactions.

Massive halos at high-redshift
The implication of SIDM is not restricted to the Local Universe. Observations of
quasars at | & 6 indicate that SMBHs with masses greater than  10°"" formed
in the early Universe (e.g. [174—178]). The discovery of such SMBHs is puzzling
in the current understanding of SMBHs, i.e., how did the first SMBHs grow so
large so quickly?  One possible scenario is that the SMBHs were seeded by
the remnants of the Population IIT (Pop III) stars, which are expected to form in
10° 6** DM minihalos through primordial gas undergoing molecular hydrogen
cooling. Since the primordial gas is significantly warmer than the usual star-forming
molecular clouds at low redshift, the cooling is less efficient, leading to inefficient
fragmentation [179-186]. Therefore, Pop III stars are expected to be more massive
than stars in the Local Universe, and simulations have suggested a mass range of
10 . ""¢ "" . 10°[187]. If SMBH growth is dominated by Eddington-limited
accretion, SMBH seeds will grow exponentially within an 4-folding time (eqq 50
Myr, assuming a radiative efficiency N,  10%. In the Eddington-limit, a 100 **
Pop III seed will need 0 8 Gyr to reach a billion solar mass, a time greater than
the age of the universe at | = 7 even assuming a duty-cycle 1 over eight orders
of magnitude growth in mass, making it impossible to explain the mass growth of
SMBHs with masses 10°"" at | = 7. A high duty-cycle ( 1) is also disfavored
by the feedback effects from accretion onto the SMBH, as well as displacement of
the gas reservoir by UV radiation and supernovae explosions of the Pop III stars in

the shallow gravitational potential of minihalos [188—191].

Several different scenarios have been proposed to ease the timescale constraints (see
[18] for a review of the assembly of SMBHs at high redshift). Generally, one can
increase either the SMBH seed mass or the growth rate. One possibility is that a
small fraction of SMBH seeds in rare massive halos may be able to sustain Eddington

accretion over most of the history of the Universe or even grow at a super-Eddington
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rate [192]. Super-Eddington accretion at a few times the Eddington-limited rate
could be maintained with duty-cycles 20 30% in some accretion disk models
(e.g. [193]), which could explain the existence of billion solar mass SMBHs at
I & 7. Another popular scenario relies on the formation of massive SMBH seeds
with mass  10* ** formed through collapse of chemically pristine primordial
gas in so-called “atomic cooling halos” with virial temperature )yir 10*k at
I 7 15-20 [186, 194-199]. However, even in these models, an Eddington-limit
accretion has to be sustained for most of the lifetime of the seeds, which implies
a very high duty-cycle of SMBHs in the early Universe. Thus, such a scenario is
hard to reconcile with some of the massive quasars at | & 6 with low measured
Eddington ratios [200, 201] as well as the short quasar lifetimes ( 10* 3 yr) found

in observations of quasar proximity zones at | 6 [202-206].

SIDM halos have the potential to seed massive SMBHs in a much more accelerated
way through the “gravothermal catastrophe” [123, 207-210]. Finite self-gravitating
systems (e.g. DM halos, globular clusters) have a negative heat capacity and
the heat conduction will eventually lead to the “gravothermal catastrophe” of the
system (e.g. [117, 118]). In a halo with elastic DM self-interactions, effective
heat conduction is realized by collisions between DM particles and the SIDM
halo cores could ultimately experience run-away collapse into compact objects
(e.g. [87, 119, 120, 122, 123, 207]). However, such eSIDM requires a cross-section
f <=5cm? g ! to seed SMBHs with masses 10°** at1  10[207], which is now
ruled out by observations of galaxy cluster collisions [159]. Those constraints are
derived at relative velocities 1000-2000 km/s, while the DM halos we are interested
in have virial velocities 200-2000 km/s. If the cross-section is velocity dependent,
those constraints might be avoided and a large cross-section that can seed SMBHs
efficiently is allowed, which we have not studied quantitatively. To accelerate the
“gravothermal catastrophe”, hybrid DM models were proposed where the bulk of
DM does not have any self-interaction, but a small fraction is SIDM with a large
cross-section [208, 211]. Alternatively, the presence of baryons in protogalaxies
has also been shown to accelerate the gravothermal collapse of eSIDM halos [16]

with a smaller cross-section.

If the self-interaction is totally inelastic (hit-and-stick), the collapse timescale can be
two orders of magnitude shorter than the prediction in elastic SIDM [125, 211, 212].
Therefore, totally dissipative self-interacting DM (tdSIDM) can greatly accelerate
the catastrophic collapse of halos, which leads to the formation of SMBHs in the
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early universe. Our study is motivated by the analysis of dark nuggets in Refs. [213—
215], based on the model of Refs. [216, 217] featuring hit-and-stick interactions
that are crucial for accelerating the catastrophic collapse of SIDM halos. Other
dissipative DM models, such as atomic DM, exciting DM, and composite strongly
interacting DM [98, 218-228], feature a constant kinetic energy loss in the center-
of-momentum frame, which needs to be tuned to accelerate the catastrophic collapse
efficiently. The proposal of Gresham et al. [213] was to consider rare, high density
fluctuations of dissipative DM which features hit-and-stick interactions as the seeds
of SMBHs at high redshift.

In Chapter 5 of this thesis, I will introduce a project aiming at testing this hypothesis
in detail using a combination of numeric simulations and semi-analytical models.
Though the timescale of seeding SMBHs in an isolated tdSIDM halo was well-
studied [211, 212], the cosmological abundance of SMBHs in the early Universe
has never been calculated. We want to determine whether a hit-and-stick dissipative
DM model that produces SMBHs through this mechanism can explain the SMBH
abundance in the early Universe while remaining consistent with observations of
DM halos (and their SMBHs) in the late Universe.



Chapter 2

DISSIPATIVE DM - SIMULATIONS

Xuejian Shen, Philip F. Hopkins, Lina Necib, Fangzhou Jiang, Michael Boylan-
Kolchin, and Andrew Wetzel. Dissipative dark matter on FIRE - I. Structural and
kinematic properties of dwarf galaxies. MNRAS, 506(3):4421-4445, September
2021. doi: 10.1093/mnras/stab2042.

2.1 Abstract of the chapter

In this chapter, we present the first set of cosmological baryonic zoom-in simulations
of galaxies including dSIDM. These simulations utilize the Feedback In Realistic
Environments (FIRE-2) galaxy formation physics, but allow the dark matter to have
dissipative self-interactions analogous to Standard Model forces, parameterized by
the self-interaction cross-section per unit mass, ,F <”, and the dimensionless de-
gree of dissipation, 0 Ddiss 1. We survey this parameter space, including
constant and velocity-dependent cross-sections, and focus on structural and kine-
matic properties of dwarf galaxies with "™, 10 ''M and "" 10° 3M .
Central density profiles (parameterized as d / AY) of simulated dwarfs become
cuspy when ,F <".4 & 0 1 cm? g ' (and 54iss = 0 5 as fiducial). The power-law
slopes asymptote to U 1 5 in low-mass dwarfs independent of cross-section,
which arises from a dark matter “cooling flow”. Through comparisons with DM-
only simulations, we find the profile in this regime is insensitive to the inclusion
of baryons. However, when , ¥ <"z 0 1cm?g !, baryonic effects can produce
cored density profiles comparable to non-dissipative CDM runs but at smaller radii.
Simulated galaxies with ,F <” & 10cm? g ! and the fiducial 5giss develop a signif-
icant coherent rotation of dark matter, accompanied by halo deformation, but this is
unlike the well-defined thin “dark disks” often attributed to baryon-like dSIDM. The
density profiles in this high cross-section model exhibit lower normalizations given
the onset of halo deformation. For our surveyed dSIDM parameters, halo masses,
and galaxy stellar masses do not show appreciable differences from CDM, but dark

matter kinematics and halo concentrations/shapes can differ.

The chapter is arranged as follows: In Section 2.2, we discuss the details of the
simulations and briefly introduce the dSIDM models we study. We derive relevant

time scales for dSIDM halos analytically in Section 2.3 and study the stellar masses
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Figure 2.1: Top Relevant time scales of the physical processes involved in
dSIDM halos versus one-dimensional velocity dispersion of the systemWe

have assumed that the local DM densitglig, = 2 10 M « kpc?, a typical value

at dwarf galaxy centers. We show the collision time sc@lg)and dissipation time
scales@jso of all the dSIDM models studied in this chapter as well as the dynamical
time scale Gyn). All the time scales are normalized by the Hubble time scale at

| =0(G 1ehp). The dissipation time scales are calculated assurhjgg—= 0e5.

The shaded regions show the typical one-dimensional velocity dispersions in the
classical (e.g. Milky Way satellites) and bright dwarf galaxies (e.g. LSB galaxies).
In dwarf galaxies, dissipation and collision time scales are much larger than the
dynamical time scale, but can become considerably shorter than the Hubble time
scale. The velocity-dependent model becomes less dissip&iye{ becomes
larger) in more massive galaxies (with larger velocity dispersion) while models with
constant cross-sections become more dissipaBegtom Dissipation time scales
versus one-dimensional velocity dispersion of the system withssvarying from

01 to 0<9. The symbols are the same as the top panel. For each model, the upper
boundary of the shaded region corresponds to the &se= 01 and the lower
boundary corresponds to the caggs = 0<9.

and host halo masses of simulated dwarf galaxies in Section 2.4. Then we present the
mass density pro les of simulated dwarf galaxies and quantitatively study the impact
of dissipation on galaxy structure in Section 2.4. We study the kinematic properties
of DM and the shapes of halos in simulations in Section 2.4 and Section 2.5.
Subsequently, in Section 2.6, we use analytical methods to explain the phenomena
in dSIDM simulations and summarize the evolution pattern of dSIDM halos in

di erent regimes. In Section 2.7, we explore the results of simulations with other
choices ofjissas well as the DMO simulations and compare their di erences from
the ducial simulations. The summary and conclusion of the chapter are presented
in Section 2.8.
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R R nw cdm + cdm nw cdm cdm conv
Simulation " 27 oir > o Notes

name »M Yo kpca M Ve kpca pcva
ultra-faint dwarf
mO09 2.5e9 35.6 7.0e4 0.46 65 par choices explored

Classical dwarfs
m10b 9.4e9 55.2 58e5 0.36 77 late-forming

m10q 7.5e9 51.1 1.7¢6 0.72 73 isolated, early-forming
m10v 8.5e9 535 1.4e5 0.32 65 isolated, late-forming

Bright dwarfs
mlla 3.6e10 86.7 3.7e7 1.2 310  diuse, cored
mllb 4.2e10 90.7 42e7 1.7 250 intermediate-forming
mllq 1.5e11 138.7 2.9e8 3.1 240 early-forming, cored
Milky Way-mass galaxies
m11f 45ell 200.2 1.0e10 2.9 280 guiescent late history

ml2ilr. 1l.1lel2 272.3 1.1ell 2.0 290 Milky Way like
ml12flr. 1.5el2 302.8 1.3ell1 4.1 310 Milky Way like
ml2mlr. 1.5el2 299.3 1.4ell 6.1 360 early-forming

ml2ih.r. 9.8ell 259.9 2.4el0 3.7 150 Milky Way like

Table 2.1: Simulations of the FIRE-2 dSIDM suite. The simulated galaxies are
labeled and grouped by their halo masses. They are classi ed into four categories:
ultra-faint dwarfs; classical dwarfs, with typical halo mas$0'°M ; bright dwarfs,

with typical halo mass 10° 1M : Milky Way-mass galaxies, with typical halo
mass 102M . These halos are randomly picked from the standard FIRE-2
simulation suite [25], sampling various star formation and merger histories. All
units are physical.

(1) Name of the simulation. Lr. (h.r.) indicates low (high)-resolution version
of the simulation.

2" ﬁg{g Virial mass of the halo (de nition given in Section 2.4) in the CDM
simulation with baryons dt = 0.

3 \‘jﬁm: Virial radius of the halo (de nition given in Section 2.4) in the CDM
simulation with baryons dt = 0.

(4) " °™ Galaxy Stellar mass (see Section 2.4) in the CDM simulatidn=a0.

(5) C?';”: Galaxy stellar half mass radius (see Section 2.4) in the CDM simulation
atl =0.

(6) A Radius of convergence in DM propertied at 0 (calculated for the CDM
DMO simulations in the standard FIRE-2 series [25] based on the Power et al. [26]
criterion). As shown in Hopkins et al. [25], the convergence radii in simulations
with baryons can in fact extend to much smaller radii.

(7-11) Parameters of the DM modeld. (with the number after it) indicates the
self-interaction cross-sectiohs<, in unit of cm?g 1. f LE° denotes the velocity-
dependent cross-section, introduced in Section Bigindicates the dimensionless
degree of dissipation.

(12) Notes: Additional information of each simulation.
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2.2 Simulations

Overview of the simulation suite

We present the new FIRE-2 dSIDM simulation suite, which consists4® cosmo-
logical hydrodynamical zoom-in simulations of galaxies chosen at representative
mass scales with CDM, eSIDM, and dSIDM models. The simulations here are
part of the Feedback In Realistic Environments project [FIRE, 229], speci cally
the FIRE-2 version of the code with details described in Hopkins et al. [25].
The simulations adopt the cod#zmo[230], with hydrodynamics solved using the
mesh-free Lagrangian Godunov MFM method. The simulations include heating
and cooling from a meta-galactic radiation background and stellar sources in the
galaxies, star formation in self-gravitating molecular, Jeans-unstable gas, and stel-
lar/supernovae/radiation feedback. The FIRE physics, source code, and numerical
parameters are identical to those described in Hopkins et al. [25], Garrison-Kimmel
et al. [231]. For dwarf galaxies, the baryonic particle masses of simulations are
<p ' 250-2000M. For Milky Way-mass galaxies, the high-resolution latte'
runs have<p = 7000 M while the low-resolution runs have, = 56000M . In

all simulations, the DM particle masses are roughly ve times larger, according
to the universal baryon fraction. For dwarf galaxies, the minimum gravitational
force softening length reached by gas in the simulations,is 05-2pc For

Milky Way-mass galaxies, the value ig ' 03 - 05 pc(1+4 pg for high-resolution
(low-resolution) runs. The physical DM force resolution of the simulations of dwarf
(Milky Way-mass) galaxies isym = 40 pc(30pqg. Force softening for gas uses
the fully conservative adaptive algorithm from Price and Monaghan [232], meaning
that the gravitational force assumes the identical mass distribution as the hydrody-
namic equations (resulting in identical hydrodynamic and gravitational resolution).
The simulations are identi ed with the main target halo around which the high-
resolution zoom-in region is centered. In post-processing, we identify subhalos
(of the main target halo) with théRockstar [233] halo nder and create merger
trees of halos (subhalos) with the cadensistent Trees [234, 235]. As shown in
Table 2.1, the simulation suite consists of one ultra-faint dwarf (m09), three classi-
cal dwarf galaxies (m10g, m10b, m10v), three bright dwarf galaxies (m11la, m11b,
m11q) and four Milky Way-mass galaxies (m11f, m12i, m12f, m12m). The analysis
in this chapter will primarily focus on the classical and bright dwarf galaxies and
we defer analysis on Milky Way-mass galaxies to a follow-up work.
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Dissipative DM parameterization

DM self-interactions are simulated in a Monte-Carlo fashion following the imple-
mentation in Rocha et al. [88] and the scattering process is assumed to be isotropic.
In this chapter, we study a simpli ed empirical dSIDM model: two DM particles lose

a constant fractiong;ss, Of their kinetic energy in the center of momentum frame
when they collide with each other. The extreme version of this type of interaction is
the fusion processjss = 1) of DM composites. Such a model has been discussed
in the context of self-interacting asymmetric DM [e.g., 99, 106, 236 238]. Self-
interaction mediated by a scalar mediator can give rise to strong attractive forces,
and large bound states of DM ( nuggets) can form in the absence of competing
repulsive forces [99, 106]. These dark nuggets are the smoking gun signature of
fermionic asymmetric DM [see 239, for a review]. The residual self-interaction
between nuggets is highly dissipative and mimics the fusion process of nucleons.

Beyond this, dissipative portals present in other SIDM models as well. For strongly-
interacting dark composites in a hidden non-Abelian sector [e.g., 85, 96, 98], DM
will consist of dark baryons/mesons and glueballs (or glueballinos if incorporating
super-symmetry). For example, inelastic scattering to excited state(s) and glueball
emission will be possible when glueballinos have mags [98]. Hyper ne-
transitions of dark mesons/baryons have been suggested in Alves et al. [96, 240]
and the late time up-scattering to excited states can induce dissipation. Excited
states and dissipative (endothermic) processes are also ubiquitous in generic SIDM
models [e.g., 78, 81], models featuring a dark SU(2)-like sector [e.g., 241, 242]
or a dark U(1)-like sector [e.g., 97, 101, 128, 243]. However, the exact behavior
of dissipation is model-dependent and could be quite di erent from what we are
modeling here.

For each galaxy, we run simulations with a default dissipation frachige= 05 1
and with constant self-interaction cross-sectiéhs<© = 0sl¢1¢10 cntg * or a
velocity-dependent cross-section model

f 1P 1f e< 9

< 1 iER? (2.1)

where the ducial choice of parametersiise<° = 10cnfg tandg = 10kms L.

The velocity dependence of the self-interaction cross-section is empirically moti-
vated by the relatively tight constraints on SIDM at galaxy cluster scale [e.g.,
94, 159, 244] and the relatively high cross-section needed to solve some small-scale

L0ther choices ofyiss are explored with m09 in Section 2.7.
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problems [e.g., 87 90, 94]. Meanwhile, velocity dependence is a generic feature
of many particle physics realizations of DM. The asymptéfi€E,° 4 velocity
dependence we adopt is motivated by particle physics models featuring DM self-
interactions mediated by light gauge bosons [e.g., 79, 83, 97, 102, 104]. The sharp
decline in cross-section could also appear in some models of strongly interacting
composites. In these models, when the de Broglie wavelength of the particle be-
comes smaller than the characteristic length scale of the interactibn, gm, the
self-interaction cross-section is expected to drop signi cantly [e.g., 85, 86, 98].

2.3 Relevant time scales

In this section, we derive analytical formulae for relevant time scales in dSIDM halos,
including the dynamical time scale, the collision time scale, and the dissipation
time scale. These analytical formulae can be used to understand the in uence of
dissipation on galaxy structures in di erent circumstances. We will present results
for models with constant and velocity-dependent cross-sections, respectively.

Dynamical time scale
The local dynamical time scale in a system is de ned as

1.2

= 000042 Gyr (2.2)

d
10°M « kpc®
where s the gravitational constant awlds the local matter density. At the centers
of dwarf galaxies, the mass density is dominated by DMd $® simply the local
DM mass density.

Collision time scale
The collision time scale of DM self-interaction is

Goll —1f_— (2.3)

I’1'“-:|relz|
whered is local DM mass densit¥;e is the relative velocity between DM particles
andbre¢ denotes the average over all possible encounters. This measures the time
scale that one DM patrticle is expected to have one self-interaction with any other
DM particles. For simplicity, we assume that the velocities of DM particles locally
obey the Maxwell-Boltzmann distribution. Therefore, the average can be treated as
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a thermal average
1

: 1 L .
hi=—p=—r  dEeER4 Fa ¥ io— (2.4)
2°ct3 o

wheref 14 is the local one-dimensional velocity dispersion of DM. After taking the
thermal average, the collision time scale is

d 1 1f e<0 1 f 14 1
1°M ekpc® lcmPg?!  10kms?

»constant cross-sectigin

d 1 1fe<0 1 foqqy 1

10°M skpc®  10cn?fg!  10kms?

Gon = 0206 Gyr

Goll = 0661 Gyr

#1
fig 4 . . .
1 2Ci 5 cos 5 . sin E c 2Si 5
B 4f 2, af 2, 4f 2, 4f 2,
1 1f e<oy 1 f 14 1
' 0165 Gyr
Y 1°M e kpc®  10cnfg!  10kms?
figd, f 1
éj In %’ of ¢ BY
»elocity-dependent cross-sectién (2.5)
where SI1@ = OGdCSinl(B-Cand cit@ = Gl dCcos CeCare sine and cosine

integrals,f <% and kg are parameters of the velocity-dependent cross-section.
For our ducial choice offy = 10km s 1, galaxies of masse® 10''M (massive
dwarfs/Milky Way-mass galaxies) will have velocity dispersions in the limg

BE. We can see that the collision time scale of the velocity-dependent model is
usually much larger than the constant cross-section model after the thermal average.
This is due to the velocity suppression of collisions between particles with high
relative velocities, which contribute more to the total interaction rate. In addition,
the collision time scale in di erent models scales with velocity dispersion in opposite
ways. For the models wittonstantross-sections, the collision time scalsh®rter

in systems with higher densities or higher velocity dispersions, which indicates that
self-interaction has a stronger impact in more massive syste@s the other
hand, for thevelocity-dependemhodel, the collision time scale sharphcreasesn
systems with higher velocity dispersions, which indicatesdbHtinteraction has a
weaker impact in more massive systems
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Dissipation time scale
The dissipation time scale here is de ned as the time scale for an order-unity fraction
of local DM kinetic energy to be dissipated away through DM self-interactions

3
Giss édf 12d. - (2.6)
wheref 14 is the one-dimensional velocity dispersion ands the e ective cooling
rate de ned as D E D E
_1dE f_o — d2 f_ E‘ loss _ (2 7)
- eI< loss — < el < .

where=is the local number density of DM particles;oss is the kinetic energy

loss per collision in the center of momentum frame, &d again denotes the

thermal average. For the fractional dissipation model we study in this chapter,
los® < = 11e4° 5iissEr2e|- The dissipation time scale measures how fast the kinetic

energy is dissipated away from the system and, after order one dissipation time

scale, the local DM structure is expected to be dramatically a ected.

After taking the thermal average, the dissipation time scale is

3
@lss— Kissgou
Qlss 1 d 1 1fe<o 1
= 0310 Gyr
y 05 10°M -« kpc lcn?g !
f 14 1
10kms?

»constant cross-sectign
Qiss 1 d 1M e< 1
05  10°M <kpc®  10cn?g?!

(aiss = 7.926 Gyr

f1d 1f1d68f1d2 o°Ci E B
—_— — — i sin
10kms1 =) B 4f 2, 4f 2,

2 g
coOS —— Cc 2Si —
4f 2, 4f 2,
Qiss 1 d 1 M e<9 1
" 0991 Gyr
y 05 10°M « kpc 10cn?g !

f 14 1fqg 4
—_— - - f Y,
10kms1? B i B

»elocity dependent modai (2.8)

In the model with a constant cross-section, the dissipation time scale has the same
scaling behavior as the collision time scale de ned in Equation 2.5 and di ers only
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by a factor of0<75 5jiss In the velocity-dependent model, the scaling behaviors of
the dissipation and collision time scales are also quite similar Whgn E. The
dissipation time scale of the velocity-dependent model is usually much larger than the
constant cross-section model after thermal average. This again can be attributed to
the velocity suppression of collisions between particles with high relative velocities,
which not only contribute more to the total collision rate but also induce higher
energy loss per collision. Similar to what has been found for the collision time
scale, dissipation imore signi cant in more massive systemsthe models with
constantcross-sections. Dissipation, however)ass signi cant in more massive
systemsn the velocity-dependemhodel.

In Figure 2.1, we show the relevant time scales discussed above as a function of
the one-dimensional velocity dispersion of the system; in particular, we show the
collision and dissipation time scales of the dSIDM models studied in this chapter
as well as the dynamical time scale, assuming that the local DM mass density is
d=2 10 M «kpc?, which is a typical value at dwarf galaxy centers. The time
scales are all normalized by the Hubble time scale=aD, roughly representing the
lifetime of the system. In the top panel, the dissipation time scales are calculated
assumingSjiss = 05 while, in the bottom panel, the shaded regions indicate the
variation of Giss With Hjiss = 01 -029. With the vertical shaded regions in both
panels, we show the typical ranges of one-dimensional velocity dispersions of the
classical (e.g., Milky Way satellites) and bright dwarf galaxies (e.g., LSB galaxies).
For the dSIDM models with constant cross-sections, the collision time scales are
always proportional to the dissipation time scales and, they are order of magnitude
comparable to each other. Both of them are shorter than the Hubble time scale but
larger than the dynamical time scale in dwarf galaxies. The dissipation time scale
decreases in systems with higher velocity dispersions, so we expect these constant
cross-section models to become more dissipative in more massive dwarfs. For the
velocity-dependent dSIDM model, the collision and dissipation time scales are no
longer proportional to each other, and they both increase as the velocity dispersion
increases, opposite to the behavior of models with constant cross-sections. The
dissipation time scale of the velocity-dependent model is comparable to the Hubble
time scale in the classical dwarfs but becomes at least an order of magnitude larger
than the Hubble time scale in the bright dwarfs, suggesting negligible e ects of
dissipation in this case.






