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ABSTRACT OF THE DISSERTATION

Halo Formation in Self-Interacting Dark Matter Models

by

Omid Sameie

Doctor of Philosophy, Graduate Program Physics
University of California, Riverside, September 2019

Dr. Hai-Bo Yu, Chairperson

The standard model of cosmology assumes that dark matter (DM) is cold and collisionless. This

collisionless Cold DM (CDM) model has been extremely successful in explaining various ob-

servational phenomena on scales larger than galaxies. Despite the successes on large scales,

the CDM model faces several challenges on smaller scales that have puzzled the community

for many years. One of the most intriguing discrepancies between CDM predictions and ob-

servations is about the DM content in dwarf and spiral galaxies. While CDM predicts radially

divergent DM density cusps at the halo centers, many observations suggest constant DM density

cores. Abundance of the observed Milky Way satellite galaxies has also been at odds with the

predictions from CDM. While observations suggest that the number of luminous Milky Way satel-

lites is less than 100, CDM N-body simulations predict 1-2 orders of magnitude more subhalos

for a Milky Way-like galaxy.

As an alternative to CDM, self-interacting dark matter (SIDM) models are proposed as poten-

tial solutions to some of these cosmological issues. In this class of DM models, DM-DM scattering

leads to distributions of energy at the center of the halo such that after a few dynamical times,

the inner halo reaches an isothermal state. This results in the re-distribution of DM particles,

which, in principle, can form constant density cores opposite to the cusps predicted by the CDM
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model. The interaction between dark matter particles can be extended to the scenarios where

DM scatters off from some other relativistic dark sector particles (e.g. dark photons), leading

to suppressions in the matter power spectrum. This results in the depletion of DM halos in

the regime corresponding to this cutoff in the matter power spectrum, which provides another

channel to address the tension between theoretical predictions and observations.

In this dissertation, I study the impact of non-gravitational interactions in the dark sector

on the distribution and evolution of DM halos. I find that when entangled with the baryonic

potentials, SIDM models possess rich phenomenology for the formation of structures in the

universe. For isolated DM halos with low baryonic content, like many dwarf-sized galaxies, DM-

DM interactions lead to a cored DM density profile, as expected from the isothermal behavior

of SIDM. On the other hand, in isolated halos with a more significant contribution of baryons,

closer to the mass scale of the Milky Way, DM self-interactions trigger a phase of core contraction,

leading to a high central density. For subhalos within a main host, the environmental effects,

such as tidal stripping and tidal shocking, can dramatically change the fate of these objects.

While gravitational tides remove mass from outskirts of the satellite halos, the heat transport due

to the DM self-interactions can speed up core collapse. The transition from the core expansion

phase to core collapse phase is controlled by the orbit and pre-infall halo parameters.

In the DM models, where DM experiences interactions with dark photons, the suppression

in the matter power spectrum causes a depletion of DM halos in the regime of dwarf galaxies. In

this dissertation, I develop an analytical Press-Schechter approach to compute halo abundance

for SIDM models in a more computationally efficient way compared to the conventional numer-

ical simulations. I calibrate and test this analytical model with cosmological simulations, and

show that it is robust over different SIDM models, halo mass regimes, and cosmological time-

scales. I use this formalism to constrain the parameter space of DM-dark photon interactions.
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Chapter 1

Introduction

Since its first discovery (Zwicky, 1933, 1937; Rubin and Ford, 1970), the nature of Dark Matter

(DM) has remained elusive. The current standard model of cosmology assumes dark matter is a

massive particle with negligible relic thermal velocity, and interacts only through gravity (Planck

Collaboration et al., 2018). This collisionless Cold DM (CDM) paradigm has been a cornerstone

to galaxy formation models (Springel, 2005; Vogelsberger et al., 2014b; Schaye et al., 2015;

Wang et al., 2015; Hopkins et al., 2018). Current theoretical models for how galaxies form

and evolve agree well with a plethora of observations such as large-scale clustering, lensing,

and scaling relations. Despite its successes in many different large-scale observations (Planck

Collaboration et al., 2014; Percival et al., 2007), CDM has faced different challenges on the

scales relevant to galaxies smaller than the Milky Way (MW) (see Bullock and Boylan-Kolchin,

2017, for a review). Most of these inconsistencies have roots in the fact that the prediction of

CDM for the distribution of DM, characterized by Navarro-Frenk-White (NFW) profile (Navarro

et al., 1997), is radially divergent at the center of DM halos, i.e. density cusps. In contrast, the

observations of many dwarfs and spiral galaxies prefer shallower DM distributions, i.e. density

cores (Moore, 1994; Flores and Primack, 1994; de Blok et al., 2008; Oh et al., 2011, 2015).

This so-called “core-cusp" issue can be promoted to the diversity in the shape of galactic

rotation curves. Oman et al. (2015) compared circular velocities of observed galaxies, defined as

Vcirc(r) =
«

GM(r)
r , to the predictions of the CDM model inferred from cosmological simulations.
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They found that the scatter in the DM content of these galaxies at the central region within few

kpc is systematically larger than that predicted by the CDM model.

One possibility to reconcile the observations with numerical simulations is to invoke bary-

onic processes, such as stellar feedback mechanisms (Navarro et al., 1996; Binney et al., 2001;

Mo and Mao, 2004; Read and Gilmore, 2005; Mashchenko et al., 2006, 2008; Pontzen and Gov-

ernato, 2012; Brooks and Zolotov, 2014). Stellar feedback generates substantial gas outflows,

which can cause fluctuations in the gravitational potential, reducing the central DM density.

However, uncertainties in the sub-resolution physics associated with the feedback processes

have left the parameter space of these mechanisms largely unconstrained, imposing the ques-

tion of whether feedback can address these small-scale issues (Gnedin and Zhao, 2002; Ceverino

and Klypin, 2009; Schaye et al., 2015; Zhu et al., 2016). Moreover, for the least massive galactic

systems, i.e. dwarf spheroidals and ultra faint dwarfs, the relative contribution of baryons to the

total mass is sub-dominant such that feedback mechanisms are unlikely to alter the DM density

profiles (Garrison-Kimmel et al., 2013; Bose et al., 2019).

An alternative approach is to modify the underlying assumptions about the nature of DM.

In a pioneering study, Spergel and Steinhardt (2000) proposed that DM self-interactions can

potentially alleviate the tension in the observed central DM density (Tulin and Yu, 2018). The

basic idea involves the thermalization of central region due to the DM self-interactions where

the cuspy density profile predicted by the CDM model turns into a cored profile. DM particles

with a large self-interaction cross section per unit mass, �/m ⇠ 1 cm2/g, experience multiple

scatterings in the inner halo over the cosmological timescale, making distinct departures from

the CDM predictions. The outer halo, in the contrary, remains collisionless, and therefore retains

the large-scale predictions of the CDM (Spergel and Steinhardt, 2000; Yoshida et al., 2000b;

Davé et al., 2001; Colín et al., 2002; Vogelsberger et al., 2012; Rocha et al., 2013).

Following the first cosmological simulations of the SIDM models (Yoshida et al., 2000b,a;

Davé et al., 2001; Firmani et al., 2001), several authors pointed out that a single cross section

cannot satisfy the observed central densities in both dwarf galaxies and more massive systems

such as galaxy clusters (Miralda-Escudé, 2002; D’Onghia and Burkert, 2003). However, these
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concerns may be avoided by considering a velocity-dependent DM cross section (Feng et al.,

2009; Vogelsberger et al., 2012; Rocha et al., 2013). Moreover, Peter et al. (2013) showed

that previous analysis regarding the impact of DM self-interaction on the halo shape of galaxy

clusters has been overestimated. Overall, these works suggest that a DM model with a velocity-

dependent cross section �/m (v) equal to ⇠ 1 � 10 cm2/g in the regime of dwarf galaxies

and ⇠ 0.1 cm2/g in the mass-scale of galaxy clusters would pass any current observational

constraints (Kaplinghat et al., 2016).

One of the shortcomings of these simulations was the absence of baryonic effects. Inclusion

of the baryonic gravitational potential results in the adiabatic contraction of DM halos (Blumen-

thal et al., 1986; Abadi et al., 2010; Gnedin et al., 2011). In addition, star formation followed

by stellar feedback may remove some of these DM particles from the galactic center. Kaplinghat

et al. (2014) used the Jeans model to study the impact of DM self-interactions and baryons on

the shape and distribution of DM particles in the halos. Their analysis shows that the DM density

profile inferred from the isothermal solution is controlled by the total gravitational potential,

⇢dm(r)/ exp
�
� �tot(r)

�2
0

�
. As a result, a significant contribution from the baryons can change

both the DM density slope and the 3D shape of the halo. However, only a few full hydrodynam-

ical SIDM simulations have been performed to test these analytical predictions (Robles et al.,

2017a; Fitts et al., 2018; Robertson et al., 2018b,a). The main challenge is that hydrodynamical

SIDM simulations are computationally expensive, and the force/mass resolution necessary to

probe the inner region of dwarf galaxies requires state of the art computational resources.

The gravitational effects of baryons can be modeled as analytical potentials in the idealized

N-body simulations, which has been demonstrated to be fruitful for the CDM model (Johnston

et al., 1995; Muñoz et al., 2008; Peñarrubia et al., 2008; Kazantzidis et al., 2009; D’Onghia

et al., 2010; Garrison-Kimmel et al., 2017). It is worth noting that this method neglects the

back-reaction of the DM distribution on the baryons and the impact of the stellar feedback on

the DM density profile. The latter approximation, however, is justified by a couple of studies

showing that in the presence of thermalized cores, feedback doesn’t alter the shape of the DM

density profiles (Robles et al., 2017a; Robertson et al., 2018b). As a result, The analytical

3



potentials have been implemented in numerical simulations for both CDM and SIDM models.

Lastly, DM might have also experienced scattering from relativistic particles in the early

universe. In this class of SIDM models, the interactions between DM and other relativistic com-

ponents in the dark sector (e.g. dark photons) would have suppressed the linear matter power

spectrum (Chacko et al., 2016; Cyr-Racine et al., 2016; Brust et al., 2017; Feng et al., 2009).

This consequently changes the abundance of the DM halos in the regime relevant to the cutoff

in the power spectrum (Buckley et al., 2014; Vogelsberger et al., 2016; Murgia et al., 2017).

In this dissertation, I use both analytical methods and numerical simulations to study SIDM

in the context of galaxy formation. I perform both cosmological and controlled N-body simu-

lations to investigate the effects of dark matter interactions on the abundance and structure of

DM halos. In a series of papers (Creasey et al., 2017; Sameie et al., 2018, 2019), I use some

of these tools to study 1) the impact of SIDM plus baryons on the shape of the circular velocity

in the field galaxies, Chapter 2, 2) impact of the baryonic distribution on the 3D shape and

density profile of SIDM halos, Chapter 3, and 3) the fate of MW satellites in the presence of DM

self-interactions, Chapter 4. In Chapter 5, I consider the general approach of the extended Press-

Schechter formalism (Press and Schechter, 1974; Bond et al., 1991; Bower, 1991) to examine

whether this framework can accurately calculate the halo abundance in the SIDM models with

DM-dark photon interactions. I calibrate the Press-Schechter formalism to N-body simulations,

and show that it can accurately predict the number density of halos (halo mass function) in the

mass regime where the power spectrum is suppressed.
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Chapter 2

Creating diverse rotation curves via

baryonic and self-interaction effects

2.1 Introduction

⇤CDM makes testable predictions at galactic scales that can be contrasted with observations.

Among the most fundamental of them is for the structure of dark matter halos, with a density

profile parameterised by a Navarro-Frenk-White (NFW) profile (Navarro et al., 1997), which at

the inner radii scales as a power law r�↵ with ↵ ⇡ 1. Observations, however, of the rotation

curves of spiral galaxies, including dwarf and low surface brightness galaxies, often exhibit an

inner circular velocity of stars and gas that increases more mildly than expected from a CDM

halo (e.g. Flores and Primack, 1994; Moore, 1994; Persic et al., 1996; Kuzio de Naray et al.,

2008; Oh et al., 2015), indicating an inner density profile shallower than the NFW cusp, i.e.,

↵ < 1. This discrepancy can be further generalised as the mass deficit problem: the CDM

halo contains too much dark matter mass in the inner regions than inferred from observa-

tions (Boylan-Kolchin et al., 2011; Ferrero et al., 2012; Papastergis et al., 2015; Papastergis

and Shankar, 2016; Schneider et al., 2016).

A more intriguing observation is that the galactic rotation curves exhibit a large diversity.

Individual fits to galaxy rotation curves span a spectrum from cores ↵ ⇡ 0 (e.g. Côté et al.,
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2000; de Blok et al., 2008; Kuzio de Naray et al., 2010) to cusps (e.g. van den Bosch et al.,

2000; Swaters et al., 2003; Spekkens et al., 2005), and in the case of cored profiles, the central

densities can differ by factor of 10 for galaxies inhabiting similar halos (Kuzio de Naray et al.,

2010). Recently, Oman et al. (2015) quantified this diversity in rotation curves by comparing

V2kpc for a fixed Vmax, where V2 kpc is the circular velocity at 2 kpc and Vmax is the peak circu-

lar velocity. For Vmax in the range of 50–250 kms�1, the scatter in V2 kpc is a factor of 3-4 and

consequently the mechanism invoked to generate cored profiles must also accommodate this

large variations in rotation curve shapes. Notably mass modelling is subject to significant un-

certainties, especially at the scale of low mass dwarfs where pressure support effects, triaxiality,

inclination, hidden bars and other irregularities hamper the utility of circular velocity profiles

for mass modelling (Hayashi et al., 2004; Rhee et al., 2004; Pineda et al., 2017; Read et al.,

2016b), making it hard to assess the precise spread in the rotation curves. In this paper, we take

the result reported in Oman et al. as our reference.

The distribution of rotation curves is clearly too heterogeneous to be indexed with a single

parameter. For example, several different galaxy formation models seem able to reproduce

the Tully-Fisher (Tully and Fisher, 1977) relation within ⇤CDM (McCarthy et al., 2012; Brook

et al., 2016; Di Cintio and Lelli, 2016; Sales et al., 2017; Ferrero et al., 2017; Santos-Santos

et al., 2016; Katz et al., 2017) provided the stellar feedback populates dark matter halos with

the right stellar mass and size (though see also Pace, 2016), yet despite this global consensus

the circular velocity profiles predicted by each model differ in detail, with some cases leading

to the formation of cores (e.g. Governato et al., 2010; Pontzen and Governato, 2012; Di Cintio

et al., 2014; Read et al., 2016a; Wetzel et al., 2016) whereas other simulations preserve the

inner dark matter cusps (e.g. Sawala et al., 2015; Vogelsberger et al., 2014a; Schaller et al.,

2015). The disagreement may arise from the inclusion of different physical processes, different

numerical implementation or may even vary with star formation histories (e.g. Oñorbe et al.,

2015; Tollet et al., 2016).

In particular, the feedback model applied by Oman et al. (2015) appears unable to explain

the scatter in observations within the ⇤CDM framework. On the other hand, Brook (2015) finds
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good agreement between simulations and observations when looking at the scatter in the ratio

between the circular velocity at 1 kpc and Vmax. Similarly Read et al. (2016b) has also found

consistency between baryon induced cores within ⇤CDM and the shape of observed rotation

curves. It is unclear, however, that this baryonic solution would hold if the size of the cores

measured in observations is ⇠>1 kpc (see for instance Tollet et al., 2016). In fact, this may

represent a serious limitation of this solution. For example IC 2574 has an inferred cored inner

halo which extends for 8 kpc, well beyond the radius of the stars, with a stellar half-mass radius

of 5 kpc. This type of object is a challenge to the hypothesis of feedback generated cores since,

by construction, the extent of the cores in such scenarios is limited to the region where stars

form and deposit their energy (Di Cintio et al., 2014).

An alternative solution is to consider cores formed out of self-interacting dark matter (SIDM),

which we explore in this paper. The SIDM model retains important features of the CDM model

including the distribution of halo concentrations as a function of mass (Rocha et al., 2013).

SIDM differs, however, in that scattering between dark matter particles leads to heat transfer

and the generation of dense cores in the inner regions of halos (Spergel and Steinhardt, 2000;

Firmani et al., 2001). Recent high-resolution N-body simulations have shown that the self-

interaction cross-section per unit mass �T/m� ⇠ 1 cm2 g�1 is required to have core densities

that are preferred by galaxy observations (Vogelsberger et al., 2012; Zavala et al., 2013; Rocha

et al., 2013; Elbert et al., 2015). Kaplinghat et al. (2016) finds�T/m� ⇡ 1–3 cm2 g�1 by directly

fitting the rotation curves of dwarf galaxies. On the other hand, there are various constraints

on �T/m� , including merging clusters (Randall et al., 2008; Kahlhoefer et al., 2014; Robertson

et al., 2017; Kim et al., 2017b), shapes of elliptical galaxies and galaxy clusters (Miralda-Escudé,

2002; Feng et al., 2009; Peter et al., 2013), core sizes of clusters (Yoshida et al., 2000b; Rocha

et al., 2013; Kaplinghat et al., 2016; Elbert et al., 2018), and survival of dwarf halos from evap-

oration (Gnedin and Ostriker, 2001).

Among these constraints the strongest limit is�T/m�⇠<0.1 cm2 g�1 in galaxy clusters (Yoshida

et al., 2000b; Kaplinghat et al., 2016; Elbert et al., 2018), where the relative dark matter ve-

locity v ⇠ 1500 km s�1. As such, the self-interaction cross-section should have a mild velocity
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dependence, which can be naturally realised in a class of hidden sector dark matter models with

a light force mediator (e.g. Feng et al., 2009, 2010; Buckley and Fox, 2010; Loeb and Weiner,

2011; Tulin et al., 2013a,b; Boddy et al., 2014, 2016). A velocity-dependent SIDM model, based

a Yukawa potential, has been implemented in zoom-in N-body simulations (Vogelsberger et al.,

2012, 2016), and further generalised in the ETHOS (Effective Theory of Structure Formation)

framework, mapping underlying particle physics parameters to astrophysical observables (Vo-

gelsberger et al., 2016; Cyr-Racine et al., 2016).

This approach has several distinct features that help explain the rotation curve diversity.

Firstly, the scatter in the halo concentration leads to variations in core density directly (Kapling-

hat et al., 2016). Secondly, the self-interactions thermalize the inner halo with its central dark

matter density dependent upon the baryonic extent. In dark matter dominated galaxies, a dense

core forms whose density is determined by the self-interaction cross-section and the halo mass.

With a cored profile, the features in the baryon distribution are more prominently reflected in

the rotation curves. In contrast, in galaxies where the baryon component dominates the po-

tential, the thermalization process lead to a denser central core with sizes influenced by the

baryonic scale radius (Kaplinghat et al., 2014). Analytical calculations to address the diversity

problem have been carried out by Kamada et al. (2017) using isothermal approximations to

the effects of SIDM with a baryonic potential in order to construct fits for a diverse range of

individual spiral galaxies.

In this work we explore the combined effects of SIDM and baryonic potentials by performing

a series of numerical experiments. Our focus is on global trends but we include a pair of indi-

vidual fits to test our results on the strongest outliers from observations. We sample a realistic

range of concentrations and halo masses taken from cosmological simulations together with ob-

served trends in the mass-size relation of galaxies. Our numerical approach and the analytical

one presented in Kamada et al. (2017) complement each other in addressing the diversity prob-

lem in the SIDM model. The structure of this paper is as follows. In Section 2.2 we introduce

in detail our simulations. Sections. 2.3.1 and 2.3.2 explore the diversity problem for a large

sample of halos with Vmax = [30-250] km s�1 with the latter including the effect of baryons. In
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Sec. 2.3.3 we confirm that we can find rotation curves that are reasonable matches to a pair of

extreme (one cusp-like and one core-like) observed rotation curves. In Sec. 2.4 we summarise

and conclude.

2.2 Numerical simulations

We use a combination of N-body simulations and analytical tools to study the mass profile of

galaxies within the SIDM framework including the effects driven by their baryons. The main

focus of this work is on disk dominated galaxies, which we model with a disk component em-

bedded within a massive and more extended dark matter halo (i.e. no bulge). For the N-body

simulations we must produce discretised initial conditions which we describe for the halo in

Section 2.2.2 in addition to the baryonic potential in 2.2.3. We evolve these initial conditions

with and without the effect of a baryonic disk and also with and without self-interaction terms

using the simulation code described in Section 2.2.1.

2.2.1 N-body code

We use the AREPO code Springel (2010) with the modifications of Vogelsberger et al. (2012) and

Vogelsberger et al. (2016) to account for dark matter self-interactions. This methodology uses a

Monte-Carlo approach to model the scattering of dark matter via the probabilistic scattering of

the macroscopic dark matter particles in the simulation, where the density distribution due to an

individual particle is smoothed over some kernel which extends over the k-nearest neighbours.

Such an explicit method requires a time step limit�tsidm such that only ⇠<1 scattering can occur

per particle per timestep. Notably in the cusp region of an NFW halo (i.e. ⇢ ⇠ r�1 as r ! 0) as

one moves towards the centre one finds that�tsidm/ 1
⇢� ⇠ r

1
2 (with� the velocity dispersion),

i.e the centre of the halo is so dynamically cold and dense that the mean-free path is below the

particle separation. To avoid such small time steps one additionally needs to limit them to a

small fraction of the acceleration time step.
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We have modified this code to include a baryonic potential of a Miyamoto-Nagai (hereafter

MN) disk (Section 2.2.3) and used a constant self-interaction cross-section for scattering, which

is a good approximation in the dark matter low velocity limit, e.g., v⇠<400 kms�1 as shown in

Fig. 1 of Kaplinghat et al. (2016).

In our calculations we assume a Hubble constant H0 = 70 kms�1 Mpc�1. Our simulation

period is fixed at 10 Gyr, slightly shorter than the Hubble time (H�1
0 ⇡ 13.96 Gyr) in order

to account, in an approximate way, for the assembly time of such galactic disks. It should be

emphasised that isolated simulations with a static disk potential is well-motivated in the SIDM

model; for �T/m�⇠>1 cm2/g, dark matter self-interactions occur multiple times in the inner

halo over the age of galaxies, which drive thermalization of the inner halo in the presence of

the stellar disk, and as such the final inner SIDM halo profile is more robust to changes in the

formation history (given a known baryon distribution) than that of CDM.

2.2.2 Isolated halo initial conditions

For each of our galaxies, we generate a large set of compound galaxies consisting of an exponen-

tial disk embedded in a dark matter halo using the code MAKEDISK (Hernquist, 1993; Springel

et al., 2005). The systems are set up in near equilibrium by requiring a joint solution to the

combined phase space of both disk and halo component. In particular, the density profile of the

halo is set up with a Hernquist (1990) density profile:

⇢dm(r) =
Mdmrhq

2⇡r
�
r + rhq
�3 , (2.1)

with rhq the scale radius of the halo. Hernquist (1990) profiles show a r�1 slope in the inner

density profile and r�4 in the outskirts, in close agreement with the inner/outer slopes of �1

and �3, respectively, of the cosmologically inspired NFW profiles (Navarro et al., 1997). The

Hernquist profile has the extra advantage of having an analytic expression for its distribution

function, which facilitates the process of setting up the initial conditions.
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Hernquist halos can be “scaled” to match a given NFW profile quite closely and we therefore

report our results in terms of virial mass1 M200 and concentration parameter c corresponding

to NFW halos. Finding the equivalent halo (by matching the dark matter mass within r200 and

the asymptotic density profile as r ! 0) gives the relation between parameters

Mdm = M200 �Md (2.2)

rhq =
✓

GM200

100H2
0

◆1/3
c�1

vt
2 ln(1+ c)� 2c

1+ c
(2.3)

dependent upon the baryonic component Md and the redshift zero Hubble constant H0.

The matching of the internal regions of our Hernquist profile to the desired NFW is less

accurate as we move close to the scale radius of the NFW rs, with the density of a Hernquist

halo falling off more steeply beyond that point. In terms of the velocity dispersion profile,

the Hernquist halo has a peak velocity dispersion shell that is more compact and this velocity

dispersion is lower than the NFW value. This can affect the heat exchange, which stops once

the isothermal core has been established. As a consequence of the lower velocity dispersion

peak, Hernquist profiles can be more prone to the so called “core collapse” phenomena, or the

runaway collapse in the inner regions that ultimately reverses the process of mass scattering

away from the core and condenses instead more mass in the inner regions. This process would

be exacerbated by the presence of baryons and as �T/m� increases.

We have extensively tested this scenario and we include some comparisons in Appendix 2.5.2.

We find that it makes a negligible difference in most of our simulations except for extreme cases

with concentrated halos, however as we shall see later it is the low concentration halos where

most of the interesting discrepancy between CDM and SIDM predictions lie, i.e. these halos

are expected to host the low central (dark matter) density galaxies that are most challenging to

CDM. As such our approach of using Hernquist halos is conservative, as the effect will be small

and any deviations will cause us to underestimate our conclusions.

For the simulations showed in Sec. 5.3, we set up our halos using np = 105 particles to

1 Virial quantities are defined at the virial radius r200, where the enclosed density is 200 times the critical density
of the Universe.
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model the dark matter distribution, which results in a spread for the mass per particle mp =

8.97⇥ 104–2.66⇥ 107 M� according to the mass of the simulated halo. We use a gravitational

softening length ✏ = 50 pc, and we have tested for numerical convergence using a halo with

M200 = 1.1⇥1011 M� and increasing/decreasing the particle number by a factor 10 with respect

to our fiducial runs and find agreement within 10% in the (dark matter only) circular velocity

profiles (and by proxy mass) for all radii outside 1.0 kpc.

2.2.3 Disk potential

The baryonic component of our galaxies is modelled by a fixed disk potential, which is not only

computationally cheaper, but also allows us to maintain full control on the exact distribution of

the baryons. This is particularly important for dwarf galaxies which undergo hundreds of orbits

over a Hubble time and are thus particularly sensitive to (unphysical) discretisation-induced

instabilities. We therefore strip the disk particles created in our initial conditions, and use in-

stead an extra component in the gravitational force that accounts for the removed disk particles.

This approach is not fully self-consistent since it ignores the back-reaction of the halo onto the

baryons, but it provides a useful tool to explore the evolution of halo potentials in SIDM in a set

of controlled experiments where the final baryonic distribution is known.

We implemented a static potential in AREPO following a Miyamoto and Nagai (1975) disk:

�MN(R, z) =
�GMdr

R2 +
�
Rd +
p

zd
2 + z2
�2 , (2.4)

for a disk of mass Md and scale radius Rd and we keep the disk relatively thick in all cases by

setting zd/Rd = 0.3 (appropriate to model dwarf irregular galaxies). Note that the half-mass

radius of the flat (zd = 0) MN disk is
p

3Rd which is very close to the ratio of half-mass to scale

radius of an exponential disk of 1.678 and so unless ones disk is extremely thick, the scale radius

of an exponential fit will be within a few percent2. From here on we will use Rd interchangeably

2 The differences are much more pronounced in the tails of the distribution, indeed one cannot choose to corre-
spond a flat exponential to a MN density profile via for example the mass weighted root-mean square radii since for
the latter that is a divergent quantity.
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to refer to either the scale length of our baryonic disks in simulations (the MN scale radius) or

the exponential disks associated with observed late-type dwarf galaxies.

Notice that the initial conditions are created assuming an exponential profile while the fixed

potential uses an MN model for the disk. We have tested that this small inconsistency does

not affect our results. Due to the diffusive nature of SIDM the resulting deviations due to non-

equilibria are of the order of a few percent and quickly damped. Alternative approaches include

that of Elbert et al. (2018) where the MN disk is ‘grown’ adiabatically (compared to the orbital

timescale) from an initially halo-only setup. We have tested the extreme case of inserting the

fixed potential instantaneously and find that after 10 Gyr evolution in SIDM at 2 kpc this makes a

relative difference in the V2 kpc of �0.2 kms�1 or 0.6%. Our method, being closer to equilibrium,

is expected to be lower than these bounds.

We run the simulations for 10 Gyr and compute the circular velocity profiles. For the CDM

cases this is in the most part a straightforward numerical test since the initial conditions are

created in equilibrium and we do not see significant evolution of the mass distribution with time.

For the most extended disks (Rd = 6 kpc), however, the centre-of-mass is not well ‘tied’ to the

centre of the (shallow) baryonic potential, and the centre-of-mass can ‘drift’ on the order of a kpc

over 10 Gyr (i.e. an average of 0.1 kms�1) from the centre of the baryonic disk potential, making

the assessment of the mass distribution within 2 kpc problematic. This evolution is expected

due to discretisation of ICs and asymmetry in tree-based gravitational methods, and is relatively

hard to suppress even with a tight timestep criteria. This process can of course also occur to the

SIDM halos, although it is somewhat suppressed since their profiles have less compact centres.

Since evolving CDM halos in extreme cases is somewhat tangential to the purpose of this paper,

however, we have tested the CDM evolution on the more compact (Rd = 0.5 and 1.5 kpc) halos,

whose V2kpc evolve by an average of �7.7% over 10 Gyr. For the Rd = 6 kpc CDM halos we will

use the initial conditions, as we believe those to be more accurate.
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V200 M200 concentration rs (kpc) ⇢s (106 M� kpc�3)? Md med. Rd
(kms�1) (M�) (�2�,median,+2�) �2�,med.,+2� �2�,med.,+2� (M�) (kpc??)

15 1.12⇥ 109 9.99, 15.60, 24.38 2.15, 1.37, 0.88 6.07, 18.42, 57.80 † †
30 8.97⇥ 109 8.32, 12.99, 20.30 5.15, 3.30, 2.11 3.89, 11.63, 36.04 1.71⇥ 108 (1.93)
50 4.15⇥ 1010 7.27, 11.36, 17.74 9.83, 6.29, 4.03 2.82, 8.32, 25.52 8.84⇥ 108 (2.53)
70 1.14⇥ 1011 6.65, 10.39, 16.23 15.04, 9.62, 6.16 2.29, 6.69, 20.36 2.79⇥ 109 (3.03)
100 3.32⇥ 1011 6.05, 9.46, 14.78 23.60, 15.11, 9.67 1.84, 5.31, 16.05 1.09⇥ 1010 (3.60)
150 1.12⇥ 1012 5.44, 8.50, 13.28 39.41, 25.22, 16.14 1.43, 4.10, 12.27 3.72⇥ 1010 (4.09)
200 2.66⇥ 1012 5.04, 7.88, 12.30 56.69, 36.28, 23.22 1.20, 3.42, 10.15 6.22⇥ 1010 (4.53)

Table 2.1: Parameters for the halos used in our diversity analysis. V200 and M200, concentrations
with ±2� relative to the median relation from Ludlow et al. (2014), and in NFW parameters
we give the scale radius rs and density ⇢s for this range of concentrations. For the simulations
where we include a baryonic disk, Md refers to the total baryonic disk mass.
? NFW density ⇢s is computed in the dark matter-only halo case. For the simulations with bary-
onic disks we fix M200 but add a baryonic component, and thus ⇢s is multiplied by the dark
fraction Mdm/M200.
?? We quote median baryonic disk radii only for reference, since we attempt to span the distri-
bution with 0.5-6 kpc as described in the main text.
† This halo was simulated in DM-only.

2.3 Results

2.3.1 Circular velocity profiles in dark matter only halos

To illustrate the effect of dark matter self-interactions on the density profile of a dwarf halo

without the influence of baryons, we use the analytical Jeans method proposed in (Kaplinghat

et al., 2014, 2016) and tested against simulations in (Rocha et al., 2013; Elbert et al., 2015). We

have further checked that its accuracy is within 10–20% compared to the results from our N-body

code (Vogelsberger et al., 2012). The details of the formalism can be found in Appendix 2.5.1.

Our suite of halos aims to span the ‘dwarf’ galaxy distribution with 7 halos of V200 from 15-

200 kms�1, the upper limit being near Milky Way-like (where velocity dependent corrections

may play some role) down to dwarfs so baryon-poor that we expect negligible deviations from

the DM-only results. To encompass the diversity in concentrations we sample ±2� deviations

from the cosmological mass-concentration relation presented in Ludlow et al. (2014), whose
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median is well approximated by the linear fit

c = 10.51⇥
Å

M200

1011 M�

ã�0.088
, (2.5)

and at each halo mass the distribution is approximately log-normal where 1� corresponds to

a ratio of ⇡ 1.25. The corresponding halo mass (M200) and NFW rs and ⇢s are given for the

70 kms�1 Mpc�1 cosmology in Table 3.1.

Figure 2.1: Left panel: core formation in a dark matter only halo (NFW) with different �T/m� .
Dark matter density profile evolution for SIDM over 10 Gyr in blue, magenta and green for
�T/m� = 2, 5 and 10 cm2 g�1 respectively, with CDM (�T/m� = 0 cm2 g�1) in black dashed.
Vertical dotted lines indicate r1 (the radius of unit scattering). Right panel: effects of SIDM on
the V2 kpc vs Vmax relation compared to CDM for dark matter onlyhalos. Black line is the CDM
case, blue the �T/m� = 2 cm2 g�1 where the shaded regions denote ±1� scatter (due to halo
concentrations; we have interpolated the values from the ±2� runs in Table 3.1). Magenta and
green denote �T/m� = 5 cm2 g�1 and 10 cm2 g�1 respectively. Green points indicate observed
values collated in Oman et al. (2015) Table 1, from which we also include the mass deficits,
5⇥ 108 and 109M�and their effect on V2kpc in blue shaded regions.

The left panel of Fig. 2.1 shows the density profiles of a halo with V200 = 70 kms�1 (M200 =

1.1 ⇥ 1011 M�) and a concentration c = 6.65 after 10 Gyr evolution with CDM (�T/m� =

0 cm2 g�1, black dashed line) vs. SIDM with �T/m� = 2, 5 and 10 cm2 g�1 (see solid lines

according to labels). The radius of unit scattering, r1 (see also Appendix 2.5.1) outside of which
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the halo is undisturbed is marked for the three cases. This radius grows with cross-section, and

in the interior we see all three cross-sections produce cores for this halo that extend beyond

2 kpc.

Fig. 2.1 (right panel) shows the circular velocity of the SIDM halo profiles evaluated at 2 kpc

as a function of Vmax. For the comparison, we also plot the corresponding CDM one with the

mass-concentration relation from Ludlow et al. (2014) and the range spanned by a compilation

of the observed rotation curves in galaxies taken from Oman et al. (2015). It is clear that V2 kpc

increases steadily with Vmax in the case with CDM, although the relation stays below the 1 : 1

line. In contrast, SIDM predicts a much shallower relation. V2kpc is almost independent of Vmax

in the range explored, and the median V2kpc value at a given Vmax depends mildly on cross-

section. For low mass halos (low circular velocity), Vmax tends to converge to near V2kpc, since

the objects are small and the core size becomes much less than 2 kpc and Vmax is measured near

2 kpc. It is interesting to note this is a common feature in CDM as well as SIDM halos. Shaded

regions indicate ±1� in concentration (we interpolate from the ±2�).

The range of V2kpc and Vmax statistics of the galaxy rotation curve distribution is shown in

Fig. 2.1 (taken from Oman et al., 2015). The scatter found in the data is significantly larger than

derived purely from that of concentration variations (in either CDM or SIDM). A large fraction

of the observed V2 kpc scatter below the relation expected for CDM, suggesting that such objects

have a lower dark matter density in the inner regions than predicted by the model. Instead,

self-interactions seem to have the opposite behaviour, providing a better match to these low

density objects but predicting too low a V2 kpc to explain most of the data. These calculations,

however, ignore the contribution of the baryons, and as we argue below, the mass and radial

extent of the gas and stars in galaxies may significantly change this prediction to bring SIDM in

closer agreement with observations.

2.3.2 Circular velocity profiles in the presence of baryons

For collisionless dark matter halos, the presence of baryons may change the shape of the total

circular velocity profile by adding the contribution from the gas and the stars. This contribution
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Figure 2.2: Left three panels: Dark matter contribution to the circular velocity profile for a
dwarf galaxy (V200 = 70 km s�1, c = �2�) with a fixed baryonic disk component with scale
radii 0.5, 1.5 and 6 kpc from left to right respectively, simulated for 10 Gyr with a cross-section
�T/m� = 2 cm2 g�1. Red lines indicate the baryonic contribution, grey the dark matter (SIDM),
and thick solid black the total. For comparison, the thick dashed black lines indicate the CDM
total. Right panel combines the three profiles, with the CDM comparisons in grey dashed lines.

may or may not change the overall profile, depending on the relative fraction of baryonic mass

and also the spatial distribution of these baryons3. If gas and stars are very centrally concen-

trated, they will dominate the contribution to the circular velocity modifying the profile to rise

more steeply than the original NFW halo. On the other hand, if the baryons are fairly extended,

their contribution could be sub-dominant to the dark matter, in which case the total velocity

profile including baryons does not deviate significantly from that of the original NFW halo.

Fig. 2.2 (leftmost three panels) illustrates this point using the N-body simulations set up

described in Sec. 2.2. For a fixed halo with V200 = 70 km s�1, Md = 2.8⇥ 109 M� (according

to abundance matching relations from Behroozi et al. (2013)) and a concentration �2� below

the median. We plot the equivalent ‘circular velocity’ inferred for a spherically averaged mass

distribution

V 2
cir = GM(r)/r = V 2

cir,dm + V 2
cir,bar (2.6)

which is an approximation for non-spherical distributions (for a pure thin MN disk without a

3 Notice that baryons could additionally cause the dark halo to contract (Blumenthal et al., 1986), but given our
initial condition set-up, the halos will be created already in equilibrium with the baryonic potential
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Figure 2.3: N-body simulations in the presence of galactic disks. Left panel shows the individual
simulations with disk scale lengths Rd = 0.5, 1.5 and 6 kpc in stars, squares and triangles re-
spectively, where each is repeated for the three different �2�, median, and +2� concentrations
and SIDM in solid magenta and CDM in open blue symbols. Dashed black line indicates the CDM
relation without baryons, and solid black the corresponding SIDM (with ±1� shading).

halo these deviations are at maximum ⇡ 15%). We assume that the baryons distribute in a MN

disk with scale length equivalent Rd = 0.5, 1.5 and 6 kpc (left to right). The long-dashed lines

indicate the final profiles including the baryons for CDM, which show different shapes according

to Rd, with the differences tracing back to the contribution of the baryons in each case.
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As expected, a more concentrated baryonic distribution (small Rd) shows a steep raise of the

circular velocity curve, whereas larger Rd values grow more gently. The case with Rd = 0.5 kpc

results in a declining circular velocity profile which might not be the typical galaxy included in

studies of rotation curves (probably representing a bulge dominated object instead). However,

we include this case for illustration of the possible extremes and how CDM and SIDM would

react to the presence of such a compact galaxy.

The same exercise of considering a fixed halo and baryonic content but changing the spatial

distribution can be done assuming the SIDM scenario. The three left panels in Fig. 2.2 show the

expected total profiles assuming a self-interaction cross-section �T/m� = 2 cm2 g�1 (see solid

black lines). The dark matter component still shows a cored profile due to the self-interactions

(see thin grey line) but this is obscured in the total velocity profile. In fact, the inclusion of

baryons creates a fair amount of diversity in the shapes of the circular velocity profiles for CDM

and SIDM (see right panel in the same figure). For example, if we measure V2kpc in these halos

(vertical red shaded region), CDM covers a range ⇡ 45 � 83 km s�1 which is comparable to

that spanned by SIDM, V2 kpc ⇡ 30� 75 kms�1. Encouragingly, the effect of baryons in the case

with self-interactions creates a wide range of (total) rotation curves but also maintains a lower

central density (in the cases where baryons are extended), allowing better accommodation of

the low V2kpc values that are occur in observations (see right panel Fig. 2.1) and for which CDM

alone has no explanation.

We generalise this by simulating all halos introduced in Sec. 2.3.1 but including a baryonic

disk. The mass of the disk is the sum of a stellar and gaseous component, with the first set by

the abundance matching relation between M⇤ and M200 introduced in Behroozi et al. (2013)

and the gas mass computed from the Mgas-M? relations of Huang et al. (2012). To account for

variations in halo concentration c, we sample three different halos of median and ±2� extremes

according to the mass-concentration relation from Ludlow et al. (2014). Table 3.1 summarises

the main properties of all our runs. Each halo is then set up in equilibrium with their baryonic

MN disk of scale lengths Rd = 0.5, 1.5, and 6.0 kpc. We fix the scale height of the disks

to zd = 0.3Rd, a slightly hotter structure than for Milky-Way-like galaxies but that provides a
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reasonable description of lower mass galaxies, the main target of this study.

We run our simulations for 10 Gyr assuming i) collisionless cold dark matter (CDM) and ii)

a fiducial self-interaction cross-section �T/m� = 2 cm2 g�1 for the SIDM case. We investigate

the relation between Vmax and V2kpc of our halos in CDM and SIDM in the left panel of Fig. 2.3.

Symbol shapes (square, star, triangle) indicate the different scale lengths sampled whereas open-

blue and filled-magenta differentiate between CDM and SIDM runs. A quick inspection suggests

that self-interactions are able to generate a wider range of V2 kpc at fixed Vmax which is in better

agreement with observed values from the compilation in Oman et al. (2015) (green dots). The

diversity in both cases, CDM and SIDM, arises from different contribution by the baryons. Since

SIDM cores imply a lower dark matter density in the inner regions, the contribution of baryons

is more important that in the collisionless case, creating a larger variety in V2kpc. Notice that for

the more compact disks (Rd = 0.5 and 1.5 kpc) the predictions from CDM and SIDM are not

that different, and in both cases V2 kpc can be very close to Vmax, which suggests these rotation

curves are relatively flat. One should also note that in a cosmological context the central density

would be even further promoted by the adiabatic contraction introduced by baryonic collapse

(e.g. Elbert et al., 2018), which occurs even in the models with bursty feedback (Tollet et al.,

2016). In the case with non-dominant baryonic components (triangles) the points stay close

to the dark matter-only case (thin solid lines), which is significantly lower in the case of self-

interactions, as discussed in Sec. 2.3.1.

The lower envelope of points in either scenario corresponds to the most extended disks

populating the �2� outliers in halo concentration. A few of the observed points in the left

panel of Fig. 2.3 still remain unexplained (Vmax ⇡ 70 kms�1 and V2kpc ⇡ 20 kms�1) showing

central densities even lower than can be obtained in SIDM with �T/m� = 2 cm2 g�1. This could

be suggesting the need for a larger cross section for self-interactions or more extreme outliers

on the mass-concentration relation. We should also bear in mind the possibility of observational

errors as discussed in Sec. 2.1.

We have probably overstated the extremity of these outliers since we have at zero-th order

ignored correlations between halo and disk properties that would alleviate the tension. For
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instance, if more compact disks systematically populate more concentrated halos whereas ex-

tended disks live in low concentration halos, the shaded areas could be larger. We have also

not made an attempt to account for observational biases in these calculations. Regardless of

the absolute value, however, we emphasise that at fixed assumptions, SIDM seems to always

provide a larger range of diversity than CDM (with scatter at least 150% of the latter).

An interesting corollary of the analysis above is that, fixing the relation Vmax-V2 kpc, a given

halo in CDM and SIDM would be predicted to have different contribution from the baryons at

2 kpc, since in SIDM the baryonic matter will have to “compensate” for the lower density of the

cored dark matter halo. It is therefore important to compare the dark matter fractions predicted

in both models to check that they are consistent with observed galaxies. Fig. 2.4 shows the dark

matter fractions fdm = Mdm/Mtot measured at 2 kpc for our CDM and SIDM halos (open and

filled symbols, respectively) compared to a subsample of galaxies taken from the rotation curves

presented in (Oh et al., 2015) and Kuzio de Naray et al. (2008). For the former we use their

disk-halo decomposition from the stellar, HI and kinematic data, and for Kuzio de Naray et al.

(2008) we use their ‘popsynth’ mass modelling rather than the extremal fits. In a couple of cases

the last-measured point does not reach 2 kpc and for these we used the dark matter fraction at

the last measured point.

There is a significant overlap between the collisionless and the self-interacting scenarios.

Also, spatial resolution coupled to uncertainties in the mass-to-light ratios for the observed

objects makes fdm probably not a good enough indicator to distinguish between these alternative

models. Nonetheless, it is reassuring that the same SIDM objects that reproduce better the

observations in the Vmax-V2 kpc plane, seem to have dark matter fractions that are consistent

with current observations.

2.3.3 Two extreme examples: IC 2574 and UGC 5721

In Sec. 2.3.2, we presented a detailed statistical analysis of a sample of objects simulated within

the SIDM paradigm. This, however, left unexplained one of the main motivations of this work,

which is the existence of extreme outliers which are not possible to accommodate within the
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Figure 2.4: Dark matter contribution to the rotation curve at 2 kpc for SIDM simulations and
observed dwarfs (see main text). Filled magenta squares are the SIDM simulations, in compar-
ison to the CDM in open blue squares. Greyscale symbols refer to observed galaxies from (Oh
et al., 2015) (dark circles), Kuzio de Naray et al. (2008) (light circles), de Blok et al. (2001)
(light squares) and de Blok et al. (2008) (dark squares).

standard CDM scenario. We turn then our attention to two particular examples highlighted in

Oman et al. (2015), UGC 5721 and IC 2574. These two galaxies have similar circular velocity

measured at the outermost point of the rotation curve ⇡ 80 kms�1, which probably indicate

that they populate dark matter halos with similar mass, but the shapes of the inner regions are

remarkably different: whereas UGC 5721 is consistent with a ‘cuspy’ NFW profile, IC 2574 has

a very extended core. This pair is an interesting case of the aforementioned diversity and we

can use it as benchmark for our SIDM scenario.

In Figs. 2.5 and 2.6 we show the data together with the best fit CDM (dashed line) and

SIDM (solid black) curves. For UGC 5721 (NGC3724) we use the rotation curve data from

Swaters et al. (2003) and stellar and gas densities from Andrew Pace (priv. communication, for
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Property Symbol IC 2574 UGC 5721
Disk scale length Rd 3.0 0.50 kpc
Disk scale height zd 0.9 0.15 kpc
Stellar mass M? 3.00⇥ 108 4.48⇥ 108 M�
Gas mass† Mgas 2.72⇥ 109 8.47⇥ 108 M�
Halo mass M200 9.78⇥ 1010 5.15⇥ 1010 M�
Concentration c 6.2 (�2.3�) 13.6 (+0.9�)
DM cross-section �T/m� 3 3 cm2 g�1

NFW radius rs 15.4 5.65 kpc
NFW density ⇢s 1.9⇥ 10�3 0.013M� pc�3

Table 2.2: Parameters for the SIDM halos and baryonic potentials for the two galaxies in
Fig. 2.5 and 2.6.
† The gaseous component as added in post-processing due to its disturbed nature, see also
main text in Sec. 2.3.3.

comparison one can see Fig. 1 in Swaters et al., 2010 which has a slightly higher mass-to-light

ratio).

For IC 2574 we use the rotation curve, gas and stellar densities from Oh et al. (2011). We

multiply the stellar velocity contribution by 0.5 (mass-to-light ratio lower by a factor 4), so the

stellar contribution lies between that in Sanders and McGaugh (2002) and Oh et al. (2011). For

both cases our SIDM halo is run using a cross section for self-interactions of �T/m� = 3 cm2 g�1

following Kamada et al. (2017).

Our fitting process relied upon making an initial guess for the halo mass using Vmax and

sampling the concentration with ±2.5� of the mass-concentration relation in Eqn. (2.5). The

combined stellar plus gaseous disks in these dwarfs are not well represented by a single MN

disk (especially their gas profiles which exhibit a much more extended, nearly constant surface

density), however since these differences are primarily in the outer regions where we expect

the effects of self-interactions to be sub-dominant, we chose to approximate only the stellar

distribution with an MN disk and apply the gas contribution to the rotation curve in a post-

processing step (i.e. add in quadrature as in Eqn. 2.6), and after several iterations with the

disk component we find the parameters indicated in Table 2.2. As noted in Appendix 2.5.2,

the initial conditions are constructed with Hernquist profiles converted from the corresponding
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NFW parameters, but if one is using a real NFW then in the higher concentration case using a

lower rs would give a slightly better match.

Figure 2.5: Observations for UGC 5721 along with SIDM and CDM simulations. Red points indi-
cate the stellar contribution, cyan the gas and grey squares with error bars the observed rotation
curve. The SIDM simulation (with parameters from Table 2.2) has the baryonic mass contri-
bution indicated by the green line, which is a composition of the interpolated gas distribution
along with an MN fit to the stellar disk. The halo contribution is given in the dotted blue line
and the total curve in solid black. The comparison curve for CDM is given in the dashed black
line.

Fig. 2.5 shows that the SIDM fit for UGC 5721 including all components has an overall

“cuspy” profile (see black solid line), which is steeper than the circular velocity expected for

the corresponding NFW halo without self-interactions (dashed line). For this fit we need a

concentrated halo at +1� above the median mass-concentration relation, which together with

the observed compact stellar disk (scale radius of 0.5 kpc) combine to create a steeply raising

velocity curve. This is an excellent example of the importance of baryons in the shape of the

rotation curves, even for dwarf galaxies. The �2/dof of the SIDM fit is 3.04 (4.44 below the

initial, which is of course not the best individual CDM halo fit). The visual impression of a

superior fit is likely due to This �2 is largely driven by the ⇠<0.3 kpc data with tight error bars
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Figure 2.6: Observations for IC 2574 along with SIDM and CDM simulations. Red points indicate
the stellar contribution, cyan the gas and grey squares with error bars the observed rotation curve.
The SIDM simulation (with parameters from Table 2.2) has the baryonic mass contribution
indicated by the green line, which is a composition of the interpolated gas distribution along
with an MN fit to the stellar disk. The halo contribution is given in the dotted blue line and the
total curve in solid black. The comparison curve for CDM is given in the dashed black line.

over a non-monotonic feature, contributing to a visually impression of a superior fit. Clearly

a more accurate fit to such features would require additional parameters (particularly for the

stellar components), however this is outside the scope of this paper. Without the presence of

baryons, UGC 5721 is a challenge for SIDM due to the development of an extended low density

core at the centre. In our simulations, however, the SIDM thermal transfer in cooperation with

the baryon dominance in the central 1.5 kpc causes the halo to shrink even further than the

pure NFW model. The compact stellar component excavates a potential well sufficient that

thermalisation of the dark component leads to an almost-NFW final configuration (see also

Kamada et al., 2017).

On the other hand, Fig. 2.6 presents the rotation curve fit for IC 2574 with an extended

and slowly rising core in its centre. The gas has a disturbed profile, but the baryons as a whole

contribute little to the total density except within the innermost 0.5 kpc, and make a modest
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contribution at r > 6 kpc. For such a dark matter dominated galaxy to deviate so far from a

cusp-like profile is clearly a challenge for vanilla CDM (Blais-Ouellette et al., 2001; Sanders and

McGaugh, 2002; Swaters et al., 2003, 2010). Notice that any baryonic solution to this problem

within CDM – for instance assuming that supernova feedback can create a core– would not work

for such object, since the core extends well beyond where the stars are (see discussion in Oman

et al. 2015). The �2/dof of the SIDM fit is 1.57, (1.39 below the initial conditions), which

reflects the introduction of the core and quantifies the capacity of SIDM as a solution to this

conundrum.

Whilst SIDM is relatively efficient in producing cores, this process becomes increasingly

sedate as the core size approaches the scale radius of the halo (in this case 15.4 kpc) and so we

have had to choose a relatively large scale radius (i.e. low concentration) halo. The V2 kpc of

our CDM halo is around 35 kms�1 whilst in SIDM it is around 27 km s�1, bringing it in better

agreement with the observed rotation curve V2 kpc ⇡ 23 km s�1.

We note that for IC 2574 both the low concentration and self-interactions are required to

achieve a good fit. As such one way to test our model is to perform a statistical study of extreme

outliers like IC 2574. Since we assume the SIDM model inherits the halo mass-concentration

relation of the CDM one, such a study also provides a direct test for ⇤CDM on galactic scales.

We have shown that the SIDM model in the presence of baryons can provide good fits to

two extreme outliers. We demonstrate that with SIDM the halo concentration, the baryon con-

centration and the back-reaction of baryons on the density profile play roles in explaining the

rotation curves of these two extremes. SIDM halo profiles are flexible enough to accommodate

the diverse rotation curves of spiral galaxies.

2.4 Summary

The SIDM model modifies the CDM paradigm by inclusion of non-gravitational interactions

between dark matter particles in the halo evolution, and these self-interaction effects are most

significant in the regions of halos with the high densities and velocity dispersions, i.e. within
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the scale radius of the halo. In the outer halo and at large scales SIDM is almost collisionless

and retains the successes of ⇤CDM. In the inner regions of halos the dark matter is redistributed

into a central core, whose density and size depend on the microscopic particle interaction cross-

section, the halo mass and even the baryon concentration. The mass profiles inferred from

astronomical observations of the rotation curves of spiral galaxies thus offer an avenue to both

constrain the self-interaction cross-section of dark matter and falsify or support specific self-

interaction models.

Observationally, the shapes of the rotation curves of galaxies exhibit a wide diversity. We

follow Oman et al. (2015) by quantifying the range in the rotation curves using the relation

between the total circular velocity measured within 2 kpc and at the peak, V2 kpc–Vmax. For a

given Vmax, the spread in V2kpc can be a factor of four, which is difficult to reconcile in the pre-

vailing ⇤CDM paradigm (Oman et al., 2015), where dark matter is assumed to be collisionless

over the cosmological timescale. This problem stems from the hierarchical structure formation

in ⇤CDM which produces a self-similar halo density profile, which is essentially parameterised

by one parameter, the halo mass (or concentration). After we determine the halo mass by Vmax,

the halo circular velocity is completely fixed at all radii, up to the scatter, including the inner

density cusp that is in contrast to the shallow (cored) one preferred by many dwarf galaxies. In

addition, the enclosed mass of a CDM halo cusp tends to overwhelm the baryonic contribution

and consequently also the scatter in V2 kpc caused by the spread in the baryon concentration.

This inflexibility in CDM may be alleviated by introducing particular prescriptions of baryonic

feedback processes that can dynamically heat the dark matter (Navarro et al., 1996; Pontzen

and Governato, 2012, and others), however SIDM offers an attractive alternative solution.

In this paper we have used controlled N-body simulations as a numerical experiment to

test the SIDM model’s ability to address the diversity problem. We use the AREPO code to run

isolated simulations of a live halo in the presence of a static baryonic disk in order to assess the

gravitational impact of gas and stars on the halo evolution. This approach is suited to the SIDM

model as dark matter self-interactions thermalise the inner halo and the final (inner) density

profile is largely insensitive to the formation history. We sample a wide range of halo masses

27



spanning about three orders of magnitude and vary the halo concentration within ±2� from

the its mean value. For each halo mass, we use abundance matching relations to choose the

disk mass and we take three disk scale radii to span the baryon distributions. This sampling of

the model parameter domain enables us to make concrete predictions of the rotation curves in

the SIDM model.

Our main conclusion (see Fig. 2.3) is that the SIDM mechanism accommodates galaxies with

a wide range of V2kpc over the domain of Vmax from 30–250 km s�1. The spread in core densities

is due in part to the variance in concentration (within ±2� from the mean), however this alone

is insufficient to account for the large relative scatter of the observed values. Including self-

interactions allows lower V2kpc, which requires low central densities in both baryons and dark

matter. High values of V2 kpc are still achieved with compact baryonic disks where thermalisation

into the deep baryonic potentials can induce NFW-like densities. As a result the predicted range

of V2 kpc for a fixed Vmax in SIDM is 50% larger than the CDM one, leading to a better agreement

with the observed rotation curve distribution.

Some observed galaxies in the range Vmax = 60–80 kms�1 and V2kpc = 20–30 kms�1 are

still challenging. These cases might require assumptions about the structure of the copula of

the combination of halo concentrations and baryonic disk sizes, in particular that very extended

disks populate the most under-concentrated halos to reproduce the very low V2kpc, which is not

an unrealistic assumption to first order. Nevertheless, the SIDM prediction is an improvement

over CDM in all cases.

To further test our results, we have performed simulations to provide individual fits for two

of the most extreme outliers highlighted in Oman et al. (2015), UGC 5721 and IC 2574, cusp-

and core- dominated galaxies respectively, both with similar Vmax ⇡ 80 km s�1 (see Figs. 2.5

and 2.6). Picking extreme +0.9� and �2.3� concentrations from the halo concentration-mass

relation, together with a compact Rd = 0.5 kpc and extended Rd = 3.0 kpc baryonic distribution

respectively, we find good fits in the SIDM paradigm. Interestingly, we find that the SIDM density

profile can be as dense as the NFW one in a baryon-concentrated galaxy such as UGC 5721,

because SIDM particles follow an isothermal distribution within the deep baryon potential. Our
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simulation result confirms the theoretical expectation first predicted in Kaplinghat et al. (2014).

At the other extreme, IC 2574 with an inferred central dark matter dominated core is more

straightforwardly tractable with a model that allows dark matter thermalisation, and is more

challenging to the collisionless CDM model.

The implication of these elements is that with the inclusion of realistic baryonic components,

SIDM models can produce quantitatively superior fits to rotation curves, both at the level of

individual rotation curves and over the statistical distribution of a quantitative measure of their

shapes. As one would expect, fitting the most extreme outliers requires an interplay between

the combinations of halo concentration, the baryon distribution, and the influence of baryons

on the SIDM halo profiles. The results from our numerical experiments fit well with the previous

theoretical calculations of Kamada et al. (2017).

A number of avenues for future research are apparent. On the observational side, more

detailed observations for mass modelling would allow tighter constraints on the dark matter

distribution and consequently the interaction cross-section. Orthogonally, larger sample sizes

would allow the V2 kpc–Vmax distribution to better discriminate between CDM and SIDM. On the

computational side, we have ignored the effects of the hierarchical assembly of dark matter

halos. Whilst this is not expected to play a large role in the inner halo, it will nevertheless

introduce additional scatter as a function of assembly time. Finally, all these will likely show

strong correlations with the baryonic statistics, and investigations of galaxy formation in SIDM

using full hydrodynamical cosmological simulations with the baryonic feedback processes are

already being explored (e.g. Vogelsberger et al., 2014a; Fry et al., 2015).

2.5 Appendix

2.5.1 Jeans analysis

In order to accelerate the analysis of the spherically symmetric cases we have employed ‘Jeans

analysis’ (Kaplinghat et al., 2016) which gives a very good approximation to the final density

distribution of halo-like systems. For the benefit of the astrophysics reader we discuss the self-
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similar evolution of the dark matter only case here, for more complex cases one should consult

the aforementioned reference.

For the spherically-symmetric dark matter only case, the distribution function of dark mat-

ter can be written as f (r, vk, v?) with density ⇢ini(r). An approximation to the effects of self-

interaction, referred to as Jeans analysis, is to assume that those regions of the halo with ⇠<1

scattering over the evolution are unperturbed, whilst those with ⇠>1 have become fully colli-

sional (i.e. act as an ideal gas) and isothermal (i.e. erased any thermal gradient). Whilst this

approximation may seem relatively severe, one should recall that a dark matter halo encom-

passes many orders of magnitude in density and velocity dispersion, and so the majority of

the volume is either highly collisional or nearly collisionless. Finding the radius r1 at which

approximately 1 scattering per evolution time T occurs is determined implicitly via

h�Tvi
m�

⇢ini (r1) T = 1 , (2.7)

and subsequently the evolved profile (assuming fini was a stationary state) is the piecewise

solution

⇢(r) =

8
<
:
⇢iso (r) r < r1

⇢ini (r) r � r1

(2.8)

where ⇢iso(r) is the isothermal solution to the Jeans equation (see below) with ⇢iso! a constant

as r ! 0 that matches the density and mass enclosed ⇢1 and M1 at r1.

Solution for ⇢iso

Consider Poisson’s equation for an isothermal self gravitating spherically symmetric halo

�2
0r2 ln⇢ = �4⇡G⇢ (2.9)

As a second order differential equation this has 2 unknowns, which extends to a third if we

consider �0 (the velocity dispersion) to be unknown. If we know two values, e.g. ⇢1 and M1
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at some radius r1, then we need an additional constraint, but this can be provided by choosing

the ‘cored’ solution with ⇢! a constant as r ! 0.

Denoting this constant ⇢c a good choice for similarity function turns out to be for the ratio

of the mean enclosed density ⇢̄ to this, i.e. ✓ = ⇢̄
⇢c

. Expanding the Taylor series about r = 0

tells us the leading order non-constant term is O(r2), i.e. w.l.o.g we can write ✓ ⇠ 1� r2

r2
c

(for

some core size rc) as r ! 0. This suggests the use of the dimensionless variable

µ=
r2

r2
c

, (2.10)

as a parameter for ✓ (µ), and by substitution

✓ (0) = �✓ 0(0) = 1 (2.11)

where the prime denotes differentiation w.r.t. µ, and we have chosen rc to satisfy

�2
0 =

2⇡
5

Gr2
c⇢c . (2.12)

By substitution into Eqn. (2.9) we determine that ✓ (µ) obeys the 2nd order nonlinear ODE

✓ = �3
5

d
dµ

ln
�
3✓ + 2µ✓ 0
�

. (2.13)

We plot this function in the left panel of Fig. 2.7. In order to determine the density we may

wish to tabulate ✓ along with the dimensionless density ratio function we will refer to as ⌧,

determined from ✓ by

⌧(µ) =
⇢

⇢̄
= 1+

2µ✓ 0

3✓
. (2.14)

which is monotonically decreasing.

Given some point r1 at which we know the density ⇢1 and the mass enclosed M1, then we
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Figure 2.7: Upper panel: ✓ (µ) and ⌧(µ) functions. Lower panel, example Jeans solution for
⌧1 =

1
2 , i.e. at r1 the density is half the mean density

know the mean density and can simply read off the µ1 that gives us this ⌧1, i.e.

⌧(µ1) = ⌧1 =
4⇡r3

1⇢1

3M1
(2.15)

and then substitute to find the density at any r < r1, i.e.

⇢iso(r) = ⇢̄⌧= ⇢1

⌧
⇣
µ1r2

r2
1

⌘

⌧1

✓
⇣
µ1r2

r2
1

⌘

✓1
. (2.16)

and we plot an example in the right panel of Fig. 2.7

Scale dependence

Since the halos in cosmological simulations are self-similar, the features are broadly speaking

common to all halo masses. In particular in Eqn. (2.7), for a fixed halo concentration (at all

halo masses) the density ⇢ini (r/r200) is fixed, and so the scale dependent differences occur

due to the increasing velocity dispersions and falling concentrations of larger halos. Increasing

velocity dispersion increases the scattering rate and causes core formation to progress faster,

whilst lower concentrations reduce the central densities, and consequently the scattering rate

and core formation. Overall the velocity dispersion effect dominates and larger halos tend

to grow their cores faster, up to some limit where velocity dependent cross-sections become

important, although we do not discuss that case here.
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Figure 2.8: Comparison of the evolution of ‘equivalent’ Hernquist and NFW halos in the presence
of baryonic disks. Upper panel is a low concentration halo very similar to our IC 2574 fit, whilst
lower panel is high concentration setup similar to that of UGC 5721. The total rotation curves
for the Hernquist halo are shown in solid red vs. the NFW in solid blue, with the dark matter
contributions in dotted lines respectively.

2.5.2 NFW vs. Hernquist ICs

As mentioned in Section 2.2.2, the NFW and Hernquist initial conditions can evolve slightly

differently in SIDM, driven by their velocity dispersion profiles (the NFW profile has somewhat

increased velocity dispersion just beyond the scale radius rs). In particular once the radius

of unit scattering r1 has saturated rs, the Hernquist halo has slightly less ‘heat’ (i.e. velocity

dispersion) for SIDM to transfer than NFW. Since halos in cosmological N-body simulations

have profiles closer to NFW than to Hernquist, we wish to test whether there are systematic

differences due to the use of Hernquist halos for our SIDM simulations.

In order to test this, we performed simulations similar to those of the IC 2574 and UGC 5721

cases (although not actually our final best-fits given in Table 2.2). We created NFW halos using

the publicly available SPHERIC4 code (Garrison-Kimmel et al., 2013) and equivalent Hernquist

halos matched via Eqn. (2.3). Notably the mass distributions are not the same outside the

scale radius rs even in the ICs, so we do not expect perfect fits even ignoring the differences in

velocity dispersion profiles. In Fig. 2.8 we have plotted the profiles after 10 Gyr of evolution with

�T/m� = 3 cm2 g�1 with the the dark matter contribution and the total rotation curves implied

4 https://bitbucket.org/migroch/spheric
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by a realistic baryonic contribution. One can see that for the low concentration halo (upper

panel), the differences are truly negligible. On the other hand, for the higher concentration

halo (lower panel, very similar to the +0.9� of UGC 5721), the extra velocity dispersion (and

consequently larger core radius) of the evolved NFW case becomes apparent, albeit only at the

level of ⇡ 10%. From this we infer that the central densities from high concentration halos are

overestimated with the Hernquist model, and if one wishes to use equivalent NFW halos one

should increase the concentration (use a shorter rs) by a few percentage points, including those

parameters in Section 2.3.3.
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Chapter 3

Impact of Dark Matter Self-Interactions

On Milky Way-like Halos

3.1 Introduction

DM self-interactions kinematically thermalize the inner halo and lead to distinct features in the

halo properties. For dwarf galaxies, where DM dominates over all radii, SIDM thermalization

leads to a large density core, and the stellar distribution is more extended in SIDM than CDM

and there is tight correlation between the DM core size and the stellar one (Vogelsberger et al.,

2014b). Instead, for baryon-dominated systems, the thermalization can significantly increase

the central SIDM density and the inner halo shape follows the baryonic distribution due to the

influence of the baryonic potential (Kaplinghat et al., 2014), a radical deviation from SIDM-

only simulations. Moreover, Kaplinghat et al. (2014) argued that once the inner halo reaches

equilibrium the inner SIDM profile can be modeled as an isothermal distribution that is sensitive

to the final baryonic potential, but not the formation history. This has motivated a number of

isolated simulations to test the response of the SIDM halo to the baryonic potential (Elbert et al.,

2018; Creasey et al., 2017), where they assumed a CDM halo and a stellar potential as the initial

condition. Recently, Robertson et al. (2018b) performed cosmological hydrodynamical SIDM
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simulations of galaxy clusters and explicitly confirmed this expectation. In addition, although

in the presence of strong baryonic feedback both CDM and SIDM could lead to similar density

profiles (Fry et al., 2015), the internal structure of the SIDM halo is more robust to the inclusion

of baryonic feedback, compared to its CDM counterpart, due to the rapid energy redistribution

caused by the DM collisions (Robles et al., 2017b).

In this chapter, we utilize isolated simulations to study the response of the SIDM halo in

the presence of the baryonic potential for Milky Way (MW)-sized galaxies, where the baryonic

contribution to the potential is important. Our goal is to understand the interplay between the

DM self-scattering strength and the baryonic concentration in shaping the SIDM distribution,

and the significance of the potential in altering evolution history of the SIDM halo. In the first

two sets of simulations, we vary both the baryonic concentration and �x/mx in the range of

0.5–5 cm2/g, and study the variation of the SIDM predictions in the density profile and shape

as a function of the cross section. In the presence of baryons, the central density of an SIDM

halo no longer decreases monotonically with increasing �x/mx, as expected in the SIDM-only

case for �x/mx we take. Accordingly, the SIDM halo shape varies with �x/mx even for the

same baryonic potential. Our results indicate that inferring �x/mx from stellar kinematics of

luminous galaxies, where the baryons dominate the potential, could be challenging.

In our third set of simulations, we construct a realistic MW mass model, including an SIDM

halo, a stellar bulge and disk. We fix �x/mx = 1 cm2/g and carefully adjust the model pa-

rameters to reproduce the mass model inferred from the stellar kinematics. We then make a

detailed comparison between the halo shape predicted in our model and those inferred from

observations.

The structure of this chapter is as follows. In Sec. 3.2, we discuss the numerical details of

our simulations and the methodology used to quantify the halo shapes. In Sec. 3.3, we use our

code to explore the evolution of a MW-sized halo with a stellar disk and measure the effect of

the radial length scale of the disk. In Sec. 3.4, we compare our predictions for a SIDM MW halo

against those from CDM simulations and those inferred from observations of stellar streams.

We conclude and summarize our results in Sec. 3.5.
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3.2 Simulations and halo shape algorithms

3.2.1 Numerical Simulations

We carry out N-body simulations using the code AREPO (Springel, 2010). Gravity modules

in Arepo are a modified version of GADGET-2 and GADGET-3 (Springel, 2005). We use the

algorithm developed in Vogelsberger et al. (2012, 2016) to model DM self-interactions. This

is a Monte Carlo-based method, where at each time step a particle may pairwise scatter with

any of its nearest neighbors. We assume a velocity-independent constant cross section in our

simulations. This is a good approximation, since the observationally self-scattering cross section

varies mildly across galactic scales (Kaplinghat et al., 2016) and we mainly focus on isolated

simulations for a given halo mass. We evolve our simulations for 10 Gyr, slightly shorter than

Hubble time scale (H�1
0 ⇡ 13.96 Gyr) in order to account for the assembly of the primordial

galactic halo.

Following Creasey et al. (2017), we model the baryonic component in our simulations as a

static potential. This approach ignores the back-reaction of the halo evolution on the baryons,

an effect expected to be sub-dominant, since we are interested in the systems that the final

baryonic distribution is known. We consider two models for the baryonic potential. One is the

Miyamoto-Nagai (MN) disk (Miyamoto and Nagai, 1975),

�MN(R, z) =
�G Md»

R2 +
Ä
Rd +
q

z2
d + z2
ä2 , (3.1)

where Md is the disk mass, Rd the disk scale length and zd the disk scale height. The imple-

mentation of the MN disk in AREPO is as described in Creasey et al. (2017). We also consider a

Hernquist bulge potential (Hernquist, 1990)

�Hernquist = �
GMH

r + rH
, (3.2)

where MH is the bulge mass and rH is the scale length.
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We run three sets of simulations, varying the baryonic component and the strength of the

cross section. In the first two sets, we only include the MN disk (Md = 6.4⇥1010 M�) with two

disk scale lengths, Rd = 3 kpc (compact disk) and Rd = 6 kpc (extended disk). In both cases,

we fix zd = 0.3Rd. The DM self-scattering cross section is chosen to be �x/mx = 0, 0.5, 1, 3,

and 5 cm2/g, i.e., 10 simulations in total. For the initial halo component, we assume a spherical

NFW profile Navarro et al. (1997), and take the halo parameters as rs = 37.03 kpc and ⇢s =

2.95⇥ 106M�/kpc3. The mass ratio of the disk to the halo is motivated by the baryonic Tully-

Fisher relation (Lelli et al., 2016). We use the publicly available code SPHERIC, introduced

in Garrison-Kimmel et al. (2013), to generate the initial conditions. It truncates the outer halo

profile exponentially at rcut to avoid mass divergence. We take rcut ⇡ 250 kpc, close to the virial

radius of our initial CDM halo. We fix the gravitational softening length to be ✏ = 125 pc and

the mass resolution mp = 1.32⇥106M�. We include 2 million mass particles in our simulations,

necessary for resolving the innermost regions, resulting in a halo mass of 2.64⇥ 1012M�.

For the third set, we include both an MN disk and a Hernquist bulge to model the baryon

distribution in the MW. The disk parameters are Md = 6.98 ⇥ 1010 M�, Rd = 3.38 kpc and

zd = 0.2Rd for the disk. The bulge ones are MH = 1.05 ⇥ 1010 M� and rH = 0.46 kpc. The

initial halo parameters are rs = 42.18 kpc and ⇢s = 1.39⇥ 106M�/kpc3. We have chosen these

parameters to reproduce the MW mass model presented in McMillan (2011) (hereafter McM11),

see Sec. 3.4 for details. The baryon-model parameters used in our simulations are summarized

in Table 3.1. We choose rcut = 100 kpc, ✏ = 125 pc and mp = 5.76 ⇥ 105M�. We simulate 2

million mass particles and the total halo mass is 1.15⇥ 1012M�.

Additionally, we have run cosmological zoom-in SIDM simulations for 5 MW-mass Aquarius

halos (Springel et al., 2008) with the initial conditions taken from (Vogelsberger et al., 2012;

Zavala et al., 2013). We will present these simulation results in Sec. 3.4 for comparison.

3.2.2 Halo shape algorithm

We use the method introduced in Dubinski and Carlberg (1991) (see also Allgood et al., 2006)

to calculate the ellipticity of the simulated halos. It constructs the axial ratio for the best-fitting
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Component Mass (1010 M�) Length scale (kpc)
Extended Disk 6.4 6.0
Compact Disk 6.4 3.0
MW-like Disk 6.98 3.38

MW-like Bulge 1.05 0.46

Table 3.1: Parameters of static potentials used in the three sets of simulations.

Figure 3.1: Comparison between ellipsoids (dashed) and isodensity contours (solid) for the
simulation with �x/mx = 1 cm2/g and Rd = 6 kpc. The horizontal axis is the major axis, while
the vertical one is the minor axis aligned with the symmetry axis of the baryonic disk. The color
bar shows the density scale to ⇢max, the maximal central DM density.

ellipsoid as a function of the major axis length. This method is an iterative one where at each

iteration the reduced inertia tensor is determined for the set of particles within the previous

ellipsoid, and then a new ellipsoid is determined from this tensor. Specifically, if we denote the

major axis length a, then at each iteration the reduced inertia tensor is given by

Iij =
X

k:dk<a

rk,i ⇥ rk,j

d2
k

(3.3)
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where rk,i denotes the coordinate i of particle k, and dk is the elliptical radius found from the

previous inertia tensor. We have dk =
q

x2
k + (yk/q)2 + (zk/s)2, where x , y and z are the coor-

dinates along the major-, intermediate- and minor-axes of the ellipsoid, and q = b/a, s = c/a

are the axial ratios of the intermediate- and minor-to-major axes, respectively. After diagonal-

izing the inertia tensor with eigenvalues (ascending) {�1,�2,�3}, we have q =
p
�2/�3 and

s =
p
�1/�3. In the initial iteration, the ellipsoid is set to a sphere, i.e. q = s = 1. This process

is continued until some convergence criteria, which we take it to be 10�6 on the difference be-

tween successive iterations is satisfied. We note that if the number of DM particles in an ellipsoid

is too small, typically less than 1000, the result from this method is not accurate.Fig. 3.1 shows

a comparison between isodensity contours and ellipsoids for an example, where Rd = 6 kpc and

�x/mx = 1 cm2/g. We see the overall agreement between the two methods is excellent.

Figure 3.2: Simulated DM density (top, solid) and velocity dispersion (bottom) profiles for
�x/mx = 0 (gray), 0.5 (red triangles), 1 (blue squares), 3 (green stars), and 5 cm2/g (magenta
pentagons), in the presence of compact (left) and extended (right) discs. On the top panels, we
also plot the corresponding NFW initial condition (short dashed) and the SIDM density profiles
derived from the analytical method without including the stellar potential (long dashed, the
same color scheme as the solid ones), together with the disc mass profile (dash dotted). For
comparison, we also show the SIDM density profiles derived from the analytical method with a
thin-disc model for �x/mx = 0.5 and 1 cm2/g (open triangles and squares).
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Figure 3.3: Projected SIDM distributions in edge-on views for compact (left) and extended
(right) disks with different SIDM cross sections as given in the legend.

Figure 3.4: Ratio of minor-to-major axes, c/a, vs. the elliptical radius for the compact
(left) and extended (right) disks with different cross sections (solid). We also plot c/a for
the isothermal profile when the disk dominates the gravitational potential (dashed), ⇢DM /
exp[��MN(R, z)/�2

v], where we take the central DM velocity dispersion for �x/mx = 0.5 cm2/g,
i.e., �v = 168 (compact) and 150 km/s (extended), as shown in Fig. 3.2 (bottom). The arrow
denotes the scale radius of the stellar disk. We calculate the numerical errors using the boot-
strapping method.
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Figure 3.5: Time evolution of the DM density (left) and the halo shape (right) profiles for three
representative examples, including simulations with the extended disc for �x/mx = 0.5 cm2/g
(top) and 5 cm2/g (middle), and the compact one for �x/mx = 5 cm2/g (bottom). Different
colors and marker styles denote different evolution epochs, and both left and right panels have
the same color and marker scheme.
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3.3 SIDM halo properties with a stellar disk

3.3.1 Density profiles

Fig. 3.2 shows the DM density (top) and velocity dispersion (bottom) profiles for Rd = 3 kpc

(left) and 6 kpc (right). The solid curves are from our simulations for different values of �x/mx

in the presence of the stellar disk. For comparison, we also plot the SIDM density profiles

(dashed) without the disk potential, calculated with the analytical method in Kaplinghat et al.

(2014, 2016).

In both cases, the presence of a baryonic potential increases the SIDM density profile and

reduces the core size, and the effect is more significant if the baryonic concentration is higher.

For Rd = 3 kpc, a larger cross section leads to a higher DM density (0.5–5 cm2/g), opposite to

the case without baryons. For the extended disk with Rd = 6 kpc, the SIDM density profiles

are almost identical, even though the �x/mx value changes by a factor of 10. A deep baryonic

potential also increases the DM velocity dispersion in the inner halo, as shown in the bottom

panels. In the case of compact disk, it is evident that the SIDM halos are close to the threshold

of mild core collapse, as the velocity dispersion profiles start to develop a negative gradient.

The significance is continuously enhanced when �x/mx changes from 0.5 to 5 cm2/g. We have

checked simulation results using the analytical method, where we assume a thin disk model and

use the numerical templates developed in Kamada et al. (2017). They agree within 5–20% in

the central DM density and velocity dispersion.

The SIDM halo has a distinct evolution history. It first undergoes a core expansion phase,

during which the DM collisions transport heat towards the inner region and a central density

core forms. Since a self-gravitating system has a negative heat capacity, the core will eventually

contract and collapse to a singular state (Balberg et al., 2002). In cosmological SIDM-only

simulations, mild core collapse is observed within 10 Gyr when�x/mx⇠>10 cm2/g (Vogelsberger

et al., 2012; Elbert et al., 2015). There is also a hint that mild core collapse could occur in

hydrodynamical SIDM simulations with �x/mx = 10 cm2/g (Di Cintio et al., 2017)1. We have

1 The simulation results in Di Cintio et al. (2017) are consistent with the predictions from the analytical method
in Kaplinghat et al. (2014) when the baryon distribution is properly taken into account.
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also checked that for isolated SIDM-only ones with an NFW profile as the initial condition, the

core contraction does not occur within 10 Gyr for �x/mx = 0.5–5 cm2/g, consistent with the

results in Koda and Shapiro (2011). However, the SIDM thermalization with a deep baryonic

potential can speed up this process, as shown in our simulations (see also Elbert et al., 2018).

We see that the presence of the stellar potential breaks the monotonic relation between the

value of �x/mx and the central SIDM density. The effect depends on the baryon concentration

and the size of the self-scattering cross section. Our results indicate that it could be challenging

to extract the �x/mx information from stellar kinematics of galaxies dominated by baryons.

3.3.2 Halo shapes

In Fig. 3.3, we show the SIDM halo surface densities for Rd = 3 kpc (left) and Rd = 6 kpc (right).

The density contrast for the compact case is higher for different cross sections, compared to the

extended one, as expected from the density profiles shown in Fig. 3.2. It is also evident that

the simulated halos are not spherically symmetric, although their initial conditions are exactly

spherical.

Fig. 3.4 shows the ratio of minor-to-major axes vs. elliptical radius
p

R2 + (z/s)2 for Rd =

3 kpc and Rd = 6 kpc with different cross sections (solid). In all cases, the c/a value deviates

from 1 and decreases towards the center (b/a remains close to 1). However, the SIDM halos

are more responsive to the presence of the baryonic disk than their collisionless counterpart,

and their shapes are more aligned with the axisymmetric disk potential (dashed). Interestingly,

for the compact case, c/a increases when the cross section increases from 0.5 to 5 cm2/g and

the inner halo becomes rounder mildly. We can see a similar trend in the case of Rd = 6 kpc,

although the errors in measuring c/a, calculated using bootstrap method, for r⇠<Rd are large

due to the lack of enough DM particles in the central region of the halos.

The behavior in Fig. 3.4 can be understood as follows. Since the DM self-interactions ther-

malize the inner halo, the DM density can modeled by the isothermal distribution (Kaplinghat

et al., 2014), ⇢DM / exp
⇥
�(�DM +�MN)/�2

v

⇤
, where �DM and �MN are the DM and disk po-

tentials, respectively. �MN induces the deviation from spherical symmetry of the initial NFW
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halo, as indicated in Fig. 3.4 (dashed), and the significance depends on its magnitude relative

to �DM and �2
v . In the compact-disk case, the central DM density increases when �x/mx in-

creases from 0.5 to 5 cm2/g, as well as the DM dispersion (very mildly), as shown in Fig. 3.2

(left). Accordingly, the baryonic potential becomes less dominant and the inner halo becomes

more spherical. Note in the compact-disk case the simulated c/a profile for �x/mx = 0.5 cm2/g

agrees well with the isothermal profile due to the baryonic potential, because of the strong dom-

inance of the disk in the inner regions. In addition, for �x/mx = 5 cm2/g (compact), both the

inner DM density and velocity dispersion are higher, compared to the CDM case, but the SIDM

halo is more aspherical and aligned with the disk than the CDM one. In the extended-disk case,

the halo c/a profiles also follow the disk one, but not as close as the compact case, since the

disk does not dominate the potential at all radii, as shown in Fig. 3.2 (right).

3.3.3 Evolution history

In this section, we take a closer look at the evolution of the SIDM halo and explicitly show that

the presence of the baryonic potential does speed up core contraction and shorten the expansion

phase.

Fig. 3.5 shows the density and c/a profiles at different epochs for three examples: the low-

est (top) and highest (middle) cross sections in the simulations with the extended disk, and

the highest cross section for the compact disk case (bottom). For Rd = 6 kpc and �x/mx =

0.5 cm2/g, the simulated halo is on the core expansion phase over the 10 Gyr span of the sim-

ulation. In this case both central DM density and the c/a ratio decrease continuously. When

we increase the cross section to 5 cm2/g (middle), the duration of the core expansion phase

becomes much shorter. After about 1 Gyr, the halo enters the core contraction phase and the

central DM density increases, as well as the ratio of minor-to-major axes. A more compact stellar

disk can change the halo evolution even more dramatically, as shown in the bottom panel. The

simulated halo almost never gets into the expansion phase and the central density and c/a in

the regions increases over time monotonically. In this case, the inner SIDM halo contains even

more DM mass than its CDM counterpart.
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We conclude that the evolution history of the SIDM halo is sensitive to the presence of the

baryonic potential. The final halo properties, such as the density profile and the ellipticity,

depend on the baryonic concentration and the strength of DM self-interactions.

3.4 Implications for the shape of the Milky Way Halo

The effect of baryons on the SIDM halo can potentially be tested with observations of the MW.

Here, we construct a model for the MW potential consisting of an SIDM halo, a baryonic bulge

and disk. The DM halo is chosen initially as a spherical NFW profile with rs = 42.18 kpc and

⇢s = 1.39⇥106M�/kpc3. We model the disk following an MN potential as in Eq. 3.1, with disk

length scale and mass specified in Table 3.1 and bulge following a spherical Hernquist profile.

We take the cross section as �x/mx = 1 cm2/g.

Top panel of Fig. 3.6 shows the DM density profiles for our SIDM halo (blue), the initial

NFW model (gray), and the halo model in McM11 (black). Our MW model reproduces well the

estimates for the local DM density near the solar neighborhood from Bovy and Tremaine (2012)

(red). Note the initial halo concentration is about 1.5� lower than the average for the MW mass

object according to Dutton and Macciò (2014) and also lower than that in McM11. This is a

necessary choice to be consistent with observations, since SIDM thermalization significantly

increases the DM density in the inner regions due to the presence of the baryonic potential.

Although the inner density profile of the SIDM halo deviates from the McM11 one, our MW

mass model produces a circular velocity profile, consistent with the one in McM11 within 10 %

uncertainties, as shown in Fig. 3.6 (bottom).

Fig. 3.7 shows the ratio of minor-to-major axes as a function of the elliptical radius, predicted

in our SIDM MW halo model with �x/mx = 1 cm2/g (blue solid). Since we assume a spherical

NFW initial halo, the deviation from c/a = 1 is caused by the disk potential. We see the disk

induces a mild asphericity in the inner regions of the halo, c/a ⇠ 0.7–0.8, in good agreement

with the result based on the analytical model in Kaplinghat et al. (2014), where the spherical

boundary condition is imposed at 10 kpc. Our simulations also show the effect is quite extended,
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Figure 3.6: Top: DM density profiles of simulated SIDM halo with baryons (blue dashed), best-
fitting halo model in McM11 (black dashed), and the NFW initial condition (gray dashed). The
data point with error bars indicates the local DM density near the solar position from Bovy and
Tremaine (2012). Bottom: Total circular velocity profiles of our MW mass model (blue solid)
and best-fitting model in McM11 (black solid) with 10% uncertainties (shaded band). Plotted
also DM halo (dashed) and baryon (thin dashed) contributions.

with c/a converging back to unity only at the distance ⇠ 50 kpc. We also present cosmological

SIDM-only simulations of 5 Aquarius halos with�x/mx = 1 cm2/g. Our results are in agreement

with the previous ones (Peter et al., 2013; Brinckmann et al., 2018). For the roundest halos (Aq-

A and Aq-C), c/a⇠>0.85 for r⇠<30 kpc, lending support to our assumption of an initially spherical
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Figure 3.7: Halo shape measurement in different numerical simulations: our MW SIDM halo
model (blue solid), cosmological CDM-only (black dashed) and hydrodynamical simulations
(orange solid) from the NIHAO project (Butsky et al., 2016) (the shaded area represents the 1�
scatter for the halos with mass ⇠ 1012 M�), and zoom-in cosmological SIDM-only simulations
of 5 Aquarius halos (long dashed). Data points with error bars are the measurements of the MW
halo shape using the stellar streams, GD-1 (c/a = 1.3+0.5

�0.3 at r ⇡ 14 kpc, square), Pal 5 (c/a =
0.93±0.16 at r ⇡ 19 kpc, pentagon), and the combined analysis of the two (c/a = 1.05±0.14
for r⇠<20 kpc, diamond), taken from Bovy et al. (2016).

NFW halo. Since the DM self-scattering rate increases by a factor of 100 from 30 kpc to inner

few kpc, as indicated by the DM density profile shown in Fig. 3.6 (top), we expect the spherical

assumption is well-justified in the inner halo.

The MW halo shape has been inferred from observations of stellar streams such as GD-1

and Pal 5 (e.g., Koposov et al., 2010; Bowden et al., 2015; Pearson et al., 2015; Küpper et al.,

2015; Bovy et al., 2016). In Fig. 3.7, we show the results presented in Bovy et al. (2016) for

GD-1, Pal 5 and the combined one, where an axisymmetric NFW density profile with b/a = 1

was used to model the DM distribution in the MW. We see that the phase-space tracks of the
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streams are consistent with a spherical DM halo in the MW at intermediate radii, r ⇠ 20 kpc,

which indicates any asphericity either intrinsic to the DM distribution or induced by the disk

should be at most weak on that scale in order to accommodate the measurements. Our model

predicts c/a ⇠ 0.85 at r ⇡ 20 kpc, consistent with the combined constraint on c/a within

⇠ 1.5�. Note that our scale height in the MN disk is zd ⇡ 0.68 kpc, higher than the best-fit

value⇠ 0.3 kpc in Bovy et al. (2016). We have estimated that taking their zd value would reduce

c/a by 5% at most in the inner regions and the difference becomes negligible around 10 kpc.

In addition, in our MW model, the total halo mass within 20 kpc is 1.28⇥ 1011M�, consistent

with Mhalo(r < 20 kpc) = 1.1 ± 0.1 ⇥ 1011M� measured in Bovy et al. (2016), although our

initial NFW halo has lower concentration, compared to theirs (rs = 18.0±7.5 kpc). It would be

interesting to analyze the stream data with the SIDM halo model.

For comparison, we also plot cosmological CDM-only (gray) and hydrodynamical (red) sim-

ulations from the NIHAO project (Butsky et al., 2016). As is well-known, CDM halos from

cosmological simulations are strongly triaxial (Frenk et al., 1988; Jing and Suto, 2002; Hayashi

et al., 2007; Kuhlen et al., 2007; Vera-Ciro et al., 2011; Diemand and Moore, 2011). Taken at

face value, CDM predictions (gray) could look at odds with the observations. However, baryons

can make the CDM halo shapes more spherical (red) (see also, Dubinski, 1994; Debattista et al.,

2008; Kazantzidis et al., 2010; Abadi et al., 2010; Tissera et al., 2010), an effect partially at-

tributed to the change of orbits from boxy to tube or rounder loop as a result of the central

concentration of baryons (Debattista et al., 2008). In the NIHAO simulations, the mean value

of c/a is 0.7 for the CDM halos after including baryons, and it can reaches 0.8 at the 1� level

of the scatter, consistent with the observations reasonably well.

Although the sphericity created by the baryons helps CDM to accommodate more easily the

observational constraints, the trend with radius could be different in the two models. It seems

that CDM halos plus baryons become more spherical at all radii, whereas the effects explored

here in SIDM plus baryons would anticipate a flattening of the shapes towards the inner regions

that follows that of the disk. Such premise, of course, ignores any effect of feedback or cosmo-

logical assembly, which may cause deviations of the system from equilibrium. Therefore, the
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exciting premise of using halo shape profiles to differentiate DM candidates awaits confirmation

from cosmological hydrodynamical SIDM simulations. We hope such experiments will become

available in the near future.

3.5 Summary

We use isolated N-body simulations of DM halos with static disk potentials to explore the gravi-

tational effect of baryons on SIDM halos. We model the disk as a Miyamoto-Nagai potential em-

bedded within an initially NFW halo with mass⇠ 1012 M�. We consider different self-scattering

cross sections, �x/mx = 0.5, 1, 3, and 5 cm2/g besides the special case, �x/mx = 0 cm2/g. In

addition, we vary the radial length scale of the disk, Rd, to study in detail how the DM halo

responds to the baryons as a function of how relevant their contribution is to the total potential

at a given radius.

In the absence of baryons, SIDM halos develop a central flat core with its density and size

that depend mostly on the self-scattering cross section. We confirm that the inclusion of a disk

potential can change this behavior due to SIDM thermalization with the potential, resulting in a

higher core density and a smaller core than expected without the disk, a crucial effect in solving

the diversity problem in SIDM (Kamada et al., 2017; Creasey et al., 2017),

We highlight two phases of evolution during our numerical experiments: a first stage of

core expansion, during which the density core gets established due to the turn-on of the self-

interactions, and a second stage of core contraction due to the gravitational effects of the baryons.

The timescale for these two phases of evolution is a function of both, the cross section and the

relative importance of the baryons inside the core. Higher cross sections and more compact

baryonic disks (encoded in a smaller length scale) speed up the transition between the two

phases and make the timescale of core expansion shorter.

We have also studied the role of the disk potential in shaping the SIDM halo. To explore

this subtle effect, we assumed an exact spherical initial NFW profile such that any departure

from sphericity is due to the influence of the baryonic potential. Compared to the case of
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�x/mx = 0 cm2/g, the SIDM halos are more responsive to the potential due to the thermal-

ization, and their final flattening is more aligned with the orientation of the disk, consistent

with the expectation from the analytical method. Our simulations clearly demonstrate that the

induced asphericity is mainly sensitive to the contribution of the disk to the total potential,

relative to the DM one. We further confirmed this by checking the evolution history of the

SIDM halos. The flattening effect is maximized during the epoch when the core has the lowest

density, which coincides with the time when the disk contribution to the total potential is also

maximized.

We have constructed a mass model for the MW and explored the shape prediction with

observations. The model consists of a stellar disk and a bulge, embedded within a spherical

SIDM halo. It reproduces observed stellar kinematics of the Galaxy within the uncertainties and

the local DM density reported in the solar neighborhood. We find that the baryons are able to

induce a mild flattening (c/a ⇠ 0.7–0.8) in the inner regions but the effect weakens at larger

radii. At r ⇠ 20 kpc where observational constraints seem to suggest an almost spherical halo,

the effects of the disk are not strong, in agreement with the observations. We propose that the

quasi sphericity of the halo at large distance is easier to accommodate in SIDM models than

within the strongly triaxial structures predicted by CDM, although considering the effects of

baryons might help to reconcile CDM models with observed spherical halos. Furthermore, we

argue that a study of halo shapes as a function of radius might be able to help distinguish the

nature of DM, although a more stringent comparison to cosmological simulations are needed to

confirm this last point. On the observational side, future surveys capable of inferring the shape

of the Galactic halo within the inner 20 kpc regions are promising avenues to make progress on

establishing the non-canonical nature of DM.
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Figure 3.8: Ratio of minor- (solid) and intermediate-to-major (dashed) axes for the convergence
test runs.

3.6 Appendix

3.6.1 Convergence test for halo shape analysis

To evaluate accuracy of the shape measurement, we follow Vera-Ciro et al. (2011) to determine

the convergence radius where shape measurements are robust in our simulations. We consider

the convergence radius rconv (Power et al., 2003; Navarro et al., 2010),

(rconv)⌘
trelax

tcir(r200)
=
p

200
8

N(rconv)
ln N(rconv)

Å
⇢(rconv)
⇢crit

ã�1/2

where trelax is the two-body relaxation time scale due to gravitational encounters, tcir is the

circular orbit timescale at r200, N is number of DM particles and ⇢ is the average density inside

the convergence radius. We take (rconv) = 7 as in Vera-Ciro et al. (2011). In addition, we

require ⇠ 70% of the particles to be inside the virial sphere and at least 2000 DM particles
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Resolution Level mp (M�) Ntot ✏ (pc) rconv (kpc) Nconv

Low 2.18⇥ 108 1.6⇥ 105 500 6.08 1190
Intermediate 3.97⇥ 106 8.8⇥ 105 250 2.99 1813

High 1.31⇥ 106 2⇥ 106 125 2.18 2192

Table 3.2: Summary of simulations for convergence test. mp is mass of each particle in each sim-
ulation, Ntot is total number of particles, ✏ is gravitational softening length, rconv is convergence
radius, and Nconv is number of particles inside rconv.

inside of convergence radius.

The first requirement is satisfied if we choose a large cutoff radius in the SPHERIC code, at

which the density profile transits from an NFW one to an exponentially decaying one to avoid the

divergence of the mass. Then we run three simulations with different values of the DM particle

number and the gravitational softening length as a convergence test with details summarized in

Table 3.2. The convergence radius decreases with increasing the number of total DM particles.

Thus, to probe the shape of the inner halo, down to few kpc, we need at least 2 million particles

in simulations. Fig. 3.8 shows the b/a (top) and c/a (bottom) profiles for different resolutions,

we take a static MN potential as stellar disk similar to Sec. 3.3, with a MW-sized halo with

M200 ' 2.6 ⇥ 1012 M�. We see that the convergence improves when Ntot increases. We take

high-resolution run in the results presented in Sec. 3.3 and 3.4.
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Chapter 4

Self-interacting dark matter subhalos

in the Milky Way’s tides

4.1 Introduction

Self-interacting dark matter models provide novel solution to puzzles associated with dwarf

spheroidal galaxies (dSphs) in the Milky Way (MW), e.g., the most massive subhalos predicted

in CDM are too massive to host the bright MW dSphs (Boylan-Kolchin et al., 2011; Boylan-

Kolchin et al., 2012). SIDM simulations show that dark matter self-interactions can lower the

central density of the subhalos and alleviate the tension (Vogelsberger et al., 2012; Zavala et al.,

2013). Despite this success, a detailed analysis of stellar kinematics of the bright MW dSphs

shows the preferred dark matter self-scattering cross section per mass, �/m, varies within a

wide range (Valli and Yu, 2018). The spread in the cross section reflects diverse dark matter

contents of MW dSphs’ halos, beyond the scatter predicted in CDM-only simulations as in Vo-

gelsberger et al. (2016). For example, Draco and Ursa Minor are much denser than Fornax

and Sextans (Valli and Yu, 2018; Read et al., 2019; Read et al., 2018; Kaplinghat et al., 2019).

Unlike spiral galaxies in the field, we expect environmental effects to play a relevant role in

shaping MW subhalos. Indeed, in the case of CDM, the tidal effects can lower central densities

for massive subhalos (Hayashi et al., 2003; Peñarrubia et al., 2008, 2010; Brooks and Zolotov,
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2014; Wetzel et al., 2016) and reduce the number of small ones (Sawala et al., 2016; Fattahi

et al., 2016; Garrison-Kimmel et al., 2017; Robles et al., 2019).

Cosmological simulations have shown that SIDM subhalos have a larger spread in the inner

dark matter content for�/m= 10 cm2/g Vogelsberger et al. (2012), compared to the CDM case.

In particular, with such a large cross section, subhalos could experience SIDM core collapse,

resulting in high central densities. More recently, it has been suggested that Draco’s host could

be in the core-collapse phase for �/m⇠>5 cm2/g (Nishikawa et al., 2019), as it has a small

pericenter distance to the MW estimated from Gaia data (Fritz et al., 2018) and the tidal effect

could trigger the core collapse. Intriguingly, for the bright MW dSphs, there is an anti-correlation

relation between their central densities and pericenters Kaplinghat et al. (2019), which seems

to support this scenario.

In this chapter, we explore tidal evolution of SIDM subhalos in the MW’s tides, using N-body

simulations implemented with realistic MW potentials. The SIDM thermalization coupled with

the MW tidal field can lead to diverse dark matter distributions in subhalos. And they can be in

either core-collapse or -expansion phases, depending on the cross section, pericenter and initial

halo concentration. We demonstrate that Draco and Fornax, two extremes in the dark matter

content among the bright MW dSphs, can be explained in the SIDM model with�/m= 3 cm2/g,

the value used to fit the diverse rotation curves of spiral galaxies in the field (Kamada et al.,

2017; Creasey et al., 2017; Ren et al., 2018). We further explicitly show the mechanism leading

to core collapse in the tidal field and study mass loss for both SIDM and CDM subhalos.

4.2 Simulation setup.

We carry out N-body simulations using the code AREPO (Springel et al., 2001) with a module

developed in Vogelsberger et al. (2012) for modeling dark matter self-interactions, and use

SUBFIND (Springel et al., 2001) to follow the evolutionary track of the subhalo, defined as the

set of gravitationally self-bound particles. Following (Sameie et al., 2018), we model the baryon

and dark matter distributions of the MW with static potentials, while treating dwarf subhalos
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Figure 4.1: Dark matter density and velocity-dispersion (inset) profiles at t = 10 Gyr for Dwarf
1 (left) and Dwarf 2 (right). The orange bands show cored isothermal density profiles from the
fits to stellar kinematics of Draco (left) and Fornax (right) at 95% CL (Kaplinghat et al., 2019).

with the N-body code.

We include both the disk and bulge components in our MW model since they present in the

MW and can play a significant role in tidal evolution of the subhalos (Robles et al., 2019). For the

stellar disk, we use the Miyamoto-Nagai potential�MN = �GMd/
r

R2 + (Rd +
q

z2
d + z2)2 (Miyamoto

and Nagai, 1975), where Md = 6.98⇥ 1010 M� is the disk mass, Rd = 3.38 kpc is the disk scale

length, and zd = 0.3 kpc is the disk scale height. In addition, we include a Hernquist bulge po-

tential �H = �GMH/(r + rH) (Hernquist, 1990), where MH = 1.05⇥1010 M� is the bulge mass

and rH = 0.46 kpc. We model the main halo using an NFW profile (Navarro et al., 1996) with

the maximal velocity Vmax = 200.5 km/s and the associated radius rmax = 43.4 kpc, and the

corresponding halo mass is M200 = 1.4⇥ 1012 M�. With these parameters chosen for the main

halo and the baryonic component, we can reproduce the MW mass model presented in McMillan

(2011), in accord with measurements of MW stellar kinematics and the local dark matter den-

sity. In principle, one should also include the self-scattering effect for the main halo. However,

for a MW-like galaxy, where the baryons dominate the central regions, an SIDM halo profile can

be similar to an NFW one, because SIDM thermalization with the baryonic potential increases

the central dark matter density (Kaplinghat et al., 2014; Elbert et al., 2018; Sameie et al., 2018;

Robles et al., 2019). We have checked that the NFW halo we take here is a good approximation
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to the SIDM MW halo constructed in Sameie et al. (2018). We also note that the host potential

does not evolve with time.

We use an NFW profile to model the initial dark matter distribution in subhalos and choose

the following three sets of initial conditions. Dwarf 1: its characteristic maximal circular ve-

locity and associated radius are Vmax = 28.8 km/s and Rmax = 1.9 kpc, respectively. And the

corresponding halo mass is M200 = 2⇥109M� and concentration c200 = 29.5, evaluated at red-

shift 0; Dwarf 2: Vmax = 47.6 km/s and Rmax = 6.8 kpc, or equivalently M200 = 1.5⇥ 1010 M�

and c200 = 16.5; Dwarf 3: Vmax = 26.7 km/s and Rmax = 2.5 kpc, or M200 = 2⇥ 109 M� and

c200 = 22.9. Note Dwarf 3 has the same initial halo mass as Dwarf 1, but its concentration

is slightly lower. We use the code SPHERIC (Garrison-Kimmel et al., 2013) to generate initial

conditions for the subhalos.

For Dwarf 1 and 3, we simulate CDM and SIDM cases with �/m = 3 cm2/g, 5 cm2/g and

10 cm2/g, and fix the pericenter as 26.5 kpc to be consistent with Draco’s, 28+12
�7 kpc, estimated

from Gaia DR 2 Fritz et al. (2018). For Dwarf 2, we perform the CDM run as well as SIDM

with �/m= 3 cm2/g, and take the pericenter as 46 kpc, motivated by Fornax’s 58+26
�18 kpc (Fritz

et al., 2018). We place the initial subhalo at a distance of 230 kpc from the center of the main

halo at t = 0, and confine the orbit in the plane of the stellar disk. For each subhalo, we choose

a “kick" velocity, which is perpendicular to the line connecting the center of the main halo and

the subhalo, so that we can obtain the desired pericenter distance; see Appendix for the orbital

trajectory of Dwarf 1. We perform simulations with total number of particles Np = 2 ⇥ 106

for Dwarf 1 and 3, and Np = 5 ⇥ 106 for Dwarf 2, yielding equivalent-Plummer gravitational

softening length of 25 pc.

4.3 A case for Draco and Fornax.

We first highlight that the SIDM model with a fixed cross section could explain both Draco and

Fornax, although their central dark matter densities differ significantly.

Fig. 4.1 (left) shows the density and velocity-dispersion profiles (solid) at t = 10 Gyr for
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Figure 4.2: Left: Dark matter density and velocity-dispersion (inset) profiles for Dwarf 3. It has
the same initial mass as Dwarf 1, but slightly lower concentration. The orange band is the same
as the left panel of Fig. 4.1. Right: dark matter velocity-dispersion and density (inset) profiles
at different evolution times, t = 0, 2, 4, 8 and 10 Gyr for Dwarf 1 with �/m = 10 cm2/g.
The symbol “ " (“!") denotes the heat-flow direction in the SIDM core-expansion (-collapse)
phase.

Dwarf 1. In all cases, the MW’s tides significantly strip away halo masses and lower densities in

the outer regions. All of them have similar density profiles for r⇠>1 kpc, but their central densities

are different. For CDM, the inner profile is resilient to tidal stripping and remains cuspy as the

initial one (dashed), consistent with earlier findings (Hayashi et al., 2003; Peñarrubia et al.,

2008, 2010). While for SIDM, the central density increases with the cross section, opposite to

the trend found in field halos (Elbert et al., 2015; Vogelsberger et al., 2016). In fact, all the SIDM

halos are in the core-collapse phase after 10 Gyr’s tidal evolution, as their velocity dispersions

are larger than the CDM counterpart and profiles have negative gradients in the inner regions,

r⇠<1 kpc, an indication of SIDM core collapse (Balberg et al., 2002; Elbert et al., 2015; Essig

et al., 2018; Nishikawa et al., 2019). For a field halo with the same halo parameters as Dwarf 1,

we can use equation 4 in Essig et al. (2018) to estimate the core-collapse time to be tc ⇠ 16 Gyr

for �/m= 10 cm2/g and it becomes even longer for a smaller cross section, as tc/ 1/(�/m).

Thus, the MW tides can significantly accelerate the onset of core collapse for SIDM subhalos.

For SIDM with �/m = 3 cm2/g, the dark matter density profile after tidal evolution agrees

with the cored isothermal density profile inferred from the stellar kinematics of Draco (Kapling-
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hat et al., 2019). For a field halo with the same initial NFW profile as Dwarf 1, dark matter

self-interactions create a large density core and the central density is 8.5 ⇥ 107M�/kpc3 esti-

mated using the analytical model in (Kaplinghat et al., 2016), too low to be consistent with

observations of Draco. This explains why the earlier analyses (Valli and Yu, 2018; Read et al.,

2018), which did not take into account the tidal effects, found�/m⇠<0.3 cm2/g for Draco. While

for two other SIDM simulations with larger cross sections, the predicted central densities are

actually too high to explain Draco, opposite to the expectation for the field halo. We have also

checked that for Dwarf 1 with �/m= 3 cm2/g, the inner density is reduced by 20% if we allow

for pre-evolution for 3 Gyr outside of the main halo and then another 10 Gyr’s tidal evolution.

Fig. 4.1 (right) shows the density and velocity-dispersion profiles at t = 10 Gyr for Dwarf 2.

We take �/m= 3 cm2/g for the SIDM run, and the halo is still in the core-expansion phase after

10 Gyr’s evolution. Dwarf 2 has higher halo initial mass but lower concentration, compared to

Dwarf 1. In this case, the interplay between dark matter self-interactions and gravitational tides

leads to a large SIDM density core and a shallow density profile, reproducing the cored density

profile inferred from Fornax Kaplinghat et al. (2019) reasonably well. We could adjust its halo

parameters and pericenter to further improve the agreement in the range of 0.5–1 kpc.

We have demonstrated that the interplay between SIDM thermalization and tidal stripping

can lead to diverse central densities for subhalos, in accord with observations. Draco’s host has

high concentration and experiences core collapse when it evolves in the MW’s tidal field, result-

ing in a high central density. On the other hand, Fornax’s host halo concentration is lower, and it

is in the core-expansion phase after tidal evolution, leading to a shallow density core. Thus, we

expect SIDM can accommodate diverse dark matter contents in MW dSphs, as we have shown for

the two extremes, Draco and Fornax, consistent with theoretical predictions (Nishikawa et al.,

2019; Kaplinghat et al., 2019). In our simulations, we have deliberately chosen the halo param-

eters for Dwarf 1 and 2 such that the SIDM model with �/m = 3 cm2/g (Kamada et al., 2017;

Ren et al., 2018; Creasey et al., 2017) can reproduce the observations after the tidal evolution.

For other �/m values, we would need to adjust the initial parameters to match observations.

Dwarf 1’s initial halo concentration is on the higher end of the distribution predicted in
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cosmological simulations (Pilipenko et al., 2017), but we emphasize this is a necessary condition

for the core collapse to occur, as tc is extremely sensitive to c200 (Nishikawa et al., 2019; Essig

et al., 2018; Kaplinghat et al., 2019), tc / (�/m)�1M�1/3
200 c�7/2

200 . A small difference in c200 could

lead to a huge difference in tc . To see this, we simulate Dwarf 3 that has the same initial mass

as Dwarf 1 but slightly lower concentration. As shown in Fig. 4.2 (left), all SIDM cases have

similar shallow density profiles and there is no clear evidence of core collapse, even though c200

is only reduced by 20%. In this case, even CDM predicts a density too low to be consistent with

observations for r⇠>0.2 kpc, indicating that Draco’s host could be indeed highly-concentrated.

On the other hand, since there is a degeneracy between tc and �/m, one may reduce c200 mildly

by increasing �/m. In addition, smaller c200 could be allowed if the actual pericenter distance

is smaller than the one we take in simulations.

4.4 Tidal evolution and core collapse.

To further appreciate dynamics triggering SIDM core collapse in the tidal field, we take a close

look at the evolution history of Dwarf 1 with �/m = 10 cm2/g, the most extreme case in our

study.

Fig. 4.2 (right) shows the velocity-dispersion profiles at different times during the evolution.

Overall, the �v value at large radii, say r = 1 kpc, decreases gradually, due to tidal stripping

from the MW. Initially, inner �v has a positive gradient in the radius as predicted by the NFW

profile. At early stages of the evolution, dark matter self-interactions lead to heat transfer from

the outer to inner regions, denoted by the “ " symbol, the core size increases and the central

density decreases, similar to the case of a field SIDM halo. At the same time, the maximal value

of�v, the height of the heat reservoir of the dwarf halo, decreases over time due to the mass loss

of the dwarf halo in the MW tidal field. Thus, a negative gradient, a necessary condition for the

onset of SIDM core collapse, can be more easily satisfied for a subhalo than a field halo. For the

example we consider, the transition occurs around 4 Gyr, at a time when the inner dispersion

profile is almost flat. Then, the heat flow reverses its direction towards the outer region (“!").
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Figure 4.3: Time evolution of the bound mass, normalized to the initial halo mass.

As a self-gravitating system, the inner halo has negative heat capacity, the more heat is extracted

by dark matter collisions, the further it collapses to convert its gravitational energy to kinetic

energy (Binney and Tremaine, 2008). Thus, both the inner dispersion and density increases at

late stages, t = 8–10 Gyr. We have also simulated Dwarf 1 with �/m = 10 cm2/g, but a larger

pericenter, 46 kpc, and found the core-collapse transition occurs around 8 Gyr.

4.5 Mass loss of Milky Way Subhalos

As we have shown, the interplay between dark matter self-interactions and the MW’s tides can

lead to diverse inner density profiles. However, overall tidal evolution histories for the cases we

consider are remarkably similar. Fig. 4.3 shows the ratio of the total mass of bound particles

to the initial halo mass vs. time. For CDM and SIDM (�/m = 3 cm2/g) simulations of Dwarf

1, we present high-frequency time output results, while low-frequency ones for the others. In
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all cases, the halo loses 80% of its initial mass within the first 2 Gyr. Moreover, for a given

initial halo and its pericenter, the mass loss rate is almost independent of the self-scattering

cross section for the cases we study.

We also find that the mass-loss rate is sensitive to the halo concentration. For example,

Dwarf 1 has a smaller pericenter than Dwarf 2, but its mass-loss rate at later stages is less

pronounced than Dwarf 2. And Dwarf 1 and Dwarf 3 have the same pericenter and initial mass,

but the former is a factor of 2 more massive than the later after t = 10 Gyr’s tidal evolution as

Dwarf 1 has a higher initial c200 value. These results reflect the fact that a subhalo with high

concentration is more resilient to tidal stripping.

4.6 Summary

We have shown that the interaction between the SIDM subhalos and the MW’s tides can lead to

diverse dark matter density profiles in the inner region. The significance of the tidal effects de-

pends on several factors, including the subhalo concentration, mass, self-scattering cross section,

pericenter and infall time. In particular, our simulations show the SIDM core-collapse condition

is extremely sensitive to the initial halo concentration. After including the tidal effects, we have

demonstrated that the SIDM model with a fixed cross section, proposed for field galaxies, can

accommodate the MW dSphs Draco and Fornax as well, although their dark matter contents

differ significantly. For the cases we studied, the overall mass loss rates are almost identical for

SIDM and CDM subhalos. With our choice of orbits, all simulated dwarf halos lose 96–98% of

their original mass after 10 Gyr’s tidal evolution.

There are several promising directions we can explore in the future. It is natural to extend

our work to other MW dwarfs, including ultra-faint dwarf galaxies, to see if SIDM can fully

reproduce the observed trends in these systems (Kaplinghat et al., 2019). Moreover, we can

study the stellar distribution of MW dwarf galaxies and its correlation with the core size and the

pericenter. It would also be of great interest to perform hydrodynamical simulations to follow

the formation and growth of a MW-like galaxy and study the tidal effects on SIDM subhalos in
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the cosmological setup.

4.7 Appendix

4.7.1 Orbital trajectory

Figure 4.4: Orbital trajectory for Dwarf 1 with �/m= 3 cm2/g.

Fig. 4.4 shows the orbital trajectory for Dwarf 1, which has a pericenter of 26 kpc. In our

simulations, we place the initial subhalo at a distance of 230 kpc from the center of the main

halo and confine the orbit in the plane of the disk.
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Chapter 5

Halo abundance in self-interacting

dark matter models

5.1 Introduction

Despite the huge success of CDM on explaining large scale observations, there have been vari-

ous reports pointing toward both small-scale (Moore, 1994; Flores and Primack, 1994; Klypin

et al., 1999; Moore et al., 1999; Boylan-Kolchin et al., 2011; Oman et al., 2015) and large-scale

issues (MacCrann et al., 2015; Riess et al., 2016; Addison et al., 2018). While these anomalies

on different scales could be due to either systematic observational uncertainties (Kitching et al.,

2016; Joudaki et al., 2017; Kim et al., 2017a) or baryonic physics (Pontzen and Governato,

2012; Brooks et al., 2013; Santos-Santos et al., 2018; Garrison-Kimmel et al., 2017), there has

been a growing interest in work within the framework of non-CDM models to address these

difficulties (e.g. see Abazajian, 2017; Tulin and Yu, 2018; Buen-Abad et al., 2018).

For example, DM with non-zero free streaming velocities suppresses the matter power spec-

trum and delays halo formation, resulting in a lower number density of virialized structures and

less concentrated DM haloes (Lovell et al., 2014; Menci et al., 2018). Moreover, strong DM self-

interactions, through kinematic thermalization, tie the DM distributions to the baryonic ones

(Kaplinghat et al., 2014; Elbert et al., 2018; Sameie et al., 2018) such that it potentially reduces
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the tension in some of the small-scale puzzles (Vogelsberger et al., 2012; Zavala et al., 2013;

Rocha et al., 2013; Peter et al., 2013; Kamada et al., 2017; Creasey et al., 2017; Robertson et al.,

2018a,b; Vogelsberger et al., 2019; Valli and Yu, 2018; Ren et al., 2018). DM could also be cou-

pled to dark radiation such that this extra relativistic component could potentially explain the

tension in the measurements of H0 from local and CMB observations, and also, through damping

the power spectrum via dark acoustic oscillations (DAO), reduce the tension in�8 measurements

and possibly the missing satellites problem (e.g. see Vogelsberger et al., 2016; Chacko et al.,

2016; Brust et al., 2017). This rich phenomenology of “interacting" DM models has led several

authors to categorize different DM interactions based on their astrophysical predictions (Cyr-

Racine et al., 2016; Murgia et al., 2017), and study the astrophysical constraints on their model

parameters (Vogelsberger et al., 2016; Lovell et al., 2018; Huo et al., 2018; Pan et al., 2018;

Díaz Rivero et al., 2018).

A main feature of these DM models when compared to standard CDM is their predictions

for the abundance of DM structures in different mass regimes. Numerical simulations, and

semi-analytical modeling based on the extended Press-Schechter approach (Press and Schechter,

1974; Bond et al., 1991; Bower, 1991; Lacey and Cole, 1993) have been utilized to study halo

and subhalo mass functions within the context of non-CDM scenarios (Benson et al., 2013;

Schneider et al., 2013; Buckley et al., 2014; Schneider, 2015; Schneider et al., 2017). These

authors have shown that the cutoff in the linear theory power spectrum suppresses the halo

mass function at low masses, and hence it is possible to test these models with observations to

constrain the mass function. In practice, the semi-analytical approach needs to be calibrated

with numerical simulations to make reliable prediction for mass functions. Moreover, it is well-

known that the choice of window function in Press-Schechter formalism has a significant impact

on the predictions of the model for the suppression of the mass function in the small mass regime

where deviations from CDM are expected (see e.g. Benson et al., 2013; Leo et al., 2018).

In this paper, we use both the semi-analatyical method and N-body simulations to study

mass functions for interacting DM models, where DM is coupled to dark radiation via a force

mediator. For the sake of convenience, we mainly focus on the power spectra used in the ETHOS
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project (Cyr-Racine et al., 2016; Vogelsberger et al., 2016), and perform the calibration analysis

by comparing the analytical predictions with the simulations in the halo mass range above 3⇥

1010 M� at z = 0. We further perform cosmological simulations with improved mass resolution

to test the model in the low mass regime, 108–1010 M�, at different redshifts. The analytical

model exhibits remarkable universality, i.e., once calibrated with respect to joint data points

from CDM and ETHOS1 simulations in the high mass range at z = 0, it accurately predicts the

halo mass functions for other ETHOS models in different mass regimes at higher redshifts/earlier

times.

The prediction of the halo abundance at high redshifts is particularly interesting. Using the

observed abundance of ultra-faint high redshift galaxies (Menci et al., 2017; Livermore et al.,

2017), we apply our analytical model to constrain the interacting DM models and compare the

results with those derived from the Lyman-↵ observations (Huo et al., 2018). In addition, we

use the model to study the impact of suppression in matter power spectrum on the low mass

tail of the stellar-halo mass relation. We take the observed stellar mass function at z = 4 from

Song et al. (2016) and perform an “abundance matching" analysis (Vale and Ostriker, 2004,

2006; Moster et al., 2010; Guo et al., 2010; Moster et al., 2013; Behroozi et al., 2013) to assign

halo mass to the observed galaxies at the redshift for each of the DM models considered in this

work. Our goal is to show how these non-trivial DM interactions changes DM content of galactic

systems through the matching procedure.

The structure of this chapter is organized as follows: In Sec. 5.2, we introduce interacting

DM models and ingredients for constructing halo mass functions in the Press-Schechter frame-

work, and we also discuss cosmological simulations carried out in this work. We present our

main results in Sec. 5.3 and summarize in Sec. 5.4.

5.2 Methodology

We work within the framework of the Press-Schechter formalism to compute halo mass func-

tions. We use the following cosmological parameters: ⌦m = 0.302, ⌦⇤ = 0.698, ⌦b = 0.046,
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h = 0.69, �8 = 0.839, and ns = 0.967 consistent with Planck Collaboration et al. (2016).

Throughout this work, we define halo mass as the mass enclosed by a sphere with average den-

sity equal to the virial overdensity �vir(z) (Bryan and Norman, 1998) times the critical density.

This mass definition resembles closely the redshift evolution predicted by the analytic model

Despali et al. (2016). The Press-Schechter formalism requires three elements, i.e., the matter

power spectrum, barrier height in the excursion set approach and the solution for the distribu-

tion of first crossing events, as we will discuss in detail later. In our analysis, we use cosmological

simulations in Vogelsberger et al. (2016, hereafter V16) to calibrate the fitting formula for dis-

tribution of first crossing in mass scales above 3⇥ 1010 M�.

In order to resolve halo abundances on lower mass scales and at different redshifts, we run

cosmological N-body simulations for the benchmark models in V16. Note that we do not include

DM-DM self-interactions in the simulations, as their effect is negligible on the abundance of the

haloes. We compute the power spectra using a modified version of the Boltzmann code CAMB

(Lewis and Bridle, 2002; Cyr-Racine et al., 2016) to include DM-dark radiation interactions, and

generate the initial conditions at z = 127 with two different periodic box sizes L= 10 Mpc/h and

20 Mpc/h with the code N-GENIC (Springel et al., 2001; Springel, 2005). Our simulations are

performed using 2563 and 5123 particles yielding DM particle mass resolutions of 9.04⇥105 M�

and 7.18⇥ 106 M� and spatial resolutions of ✏ = 2.5 kpc/h and 5 kpc/h (Plummer-equivalent

softening length). In order to compare the halo mass functions predicted in the Press-Schechter

model, we use results from simulations with L=10 Mpc/h and mp = 7.18⇥ 106M� (referred to

as L10). Other simulations are used to perform convergence and resolution tests as shown in

Appendix 5.5.1. Table 5.1 summarizes the details of our simulations. We use the code AREPO

(Springel, 2010) to run simulations. Haloes and subhaloes are identified by the friends-of-

friends (Davis et al., 1985) and SUBFIND (Springel et al., 2001) algorithms which we use to

construct mass functions.
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Table 5.1: Parameters for our cosmological simulations.

DM model L (Mpc/h) Np mp(M�)
ETHOS1 10 2563 7.18⇥ 106

ETHOS1 10 5123 9.04⇥ 105

ETHOS2 10 2563 7.18⇥ 106

ETHOS3 10 2563 7.18⇥ 106

ETHOS3 20 5123 7.18⇥ 106

Note. The second column (L) is the simulation box size in Mpc/h, the third column (Np) is the
total number of particles, and the last column (mp) is the mass resolution in M�. Our
simulations take matter power spectra of the ethos models, but do not include DM
self-interactions that have negligible effects on the halo mass functions for the mass scales that
we are interested.

5.2.1 Power spectrum

In Fig. 5.1, we show the power spectra for the benchmark models in V16, as well as one in

Huo et al. (2018). In these models, DM particles are strongly coupled to relativistic particles

(“dark radiation”) in the early universe which results in oscillatory features in their power spec-

tra, analogous to baryonic acoustic oscillations. The damping effect on the power spectra can

be characterized by the kinetic decoupling temperature Tkd (van den Aarssen et al., 2012; Cyr-

Racine et al., 2016; Huo et al., 2018), at which DM particles kinematically decouple from the

radiation plasma (Tkd here is defined in terms of the photon temperature, as in Feng et al.

(2009)). For three ETHOS models, their kinetic decoupling temperatures are Tkd = 0.19 keV

(ETHOS1), 0.33 keV (ETHOS2) and 0.51 keV (ETHOS3), and the model taken from Huo et al.

(2018) has Tkd = 1 keV. Fig. 5.1 that the suppression on the power spectrum becomes signif-

icant as Tkd decreases. This is because small Tkd indicates a tight coupling between DM and

dark radiation, leading to a strong damping effect on the power spectrum. Since the shape

and amplitude of DAOs depends on the underlying particle physics of the DM models mostly

through the combination that results in the kinetic decoupling temperature, Tkd is a viable single

parameter to categorize different interacting DM models.
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Figure 5.1: Matter power spectra of CDM and interacting DM models, i.e., ETHOS1 (Tkd =
0.19 keV), ETHOS2 (Tkd = 0.33 keV) and ETHOS3 (Tkd = 0.51 keV) from V16, as well as a
model from Huo et al. (2018) (Tkd = 1 keV).

5.2.2 Mass variance and window function

An important ingredient in the Press-Schechter formalism is the mean-squared amplitude of

density fluctuations,

�2(M)⌘ S(M) =
1

2⇡2

Z 1

0
dkk2P(k)fW 2(k), (5.1)

where fW (k) is the Fourier transform of the window function. In general, we need to fix fW (k)

by comparing the model predictions with N-body simulations. The top-hat filer is a commonly

used window function that can successfully reproduce the halo mass function for CDM, see,

e.g., Tinker et al. (2008); Despali et al. (2016). It does, however, produce spurious haloes for

DM models with a suppressed power spectrum such as warm DM (Benson et al., 2013). An
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alternative is the sharp-k filter

fWsharp-k(k) =

8
><
>:

1 if k  ks(M)

0 if k > ks(M)
, (5.2)

where ks = c/R0 with R0 ⌘ (3M/4⇡⇢mean)1/3. The free parameter c can be fixed by comparing

with simulations. However, the sharp-k filter fails to reproduce the halo abundance for the

interacting DM models we consider, since it neglects contributions of the modes larger than ks,

as we will discuss in the next section and Appendix 5.5.2. Leo et al. (2018) proposed another

window function, named as the smooth filter,

fWsmooth(k) =
1

1+ (k/ks)�
, (5.3)

which has two free parameters � and c (implicit in ks) to be fixed. For large modes (small k),

it approaches to 1, similar to the top-hat and sharp-k filters. While for small modes (large k), it

has non-zero values. Thus, it takes into account large k modes, which are absent in the sharp-k

case. On the other hand, we can eliminate spurious haloes by choosing comparably large value

of � , avoiding the shortcomings of the top-hat filter. In this work, we will take the smooth filter

for our main results.

Lastly, we comment on the filter-independent approach proposed in Chan et al. (2017). It

constructs the shape of the window function using the density profiles of overdense regions,

destined to collapse to halos, in the initial linear density field. While this approach provides an

independent way to directly measure the shape of the filter, we find that for the interacting DM

models it tends to produce spurious haloes. This is because the reconstructed effective filter is

essentially the top-hat filter but with edges smoothed by a Gaussian profile and it over predicts

the halo abundance for DM models with a cutoff in their power spectra.
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Figure 5.2: Top: Halo mass functions from the calibrated Press-Schechter model with the
smooth filter (solid) and the simulations (dashed) in V16. Error bars are estimated by assuming
that the halo abundance in each mass bin follows Poisson statistics. The black arrow shows 300
times particle mass mp for simulations inV16, the lower limit of the mass range we considered
for our calibration analysis. Bottom: halo mass functions from the analytical model for ETHOS1
with the smooth (red solid) and sharp-k filters (orange dot-dashed) vs. L10 simulations carried
out in this work (red circles). Our analytical predictions agree with the simulations for the
smooth filter. While, the sharp-k filter fails to reproduce the simulation results in the low-mass
regimes.

5.3 Results

5.3.1 Calibrating the model for mass functions

We employ the fitting formula for the distribution of first crossing (Sheth and Tormen, 1999;

Sheth et al., 2001)

⌫ f (⌫) = 2A0

Ä
1+

1
⌫02p

äÅ⌫02
2⇡

ã1/2
e�

⌫02
2 , (5.4)

where ⌫0 =
p

a ⌫ and ⌫ = �c/�(M), to compute the number density of collapsed overdensity

peaks per logarithmic mass bins

dn
d ln (M)

=
1
2
⇢mean

M
⌫ f (⌫)

d log (⌫)
d log (M)

. (5.5)
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We determine the parameters (A0, a, p) along with c and � in Eq. 5.3 by calibrating the analytical

predictions to the N-body simulations. To fix (c,�) completely, it is necessary to simultaneously

include both CDM and interacting DM halo abundances in the calibration analysis.

We compute analytical halo mass functions and perform a �2 analysis using the joint data

points of the CDM and ETHOS1 mass functions from simulations in V16. We assume that the

abundance of the simulated haloes in each mass bin follows a Poisson distribution and, most

importantly, we only include in the calibration those mass bins larger than 300mp ' 3.34 ⇥

1010 M�, where mp ' 1.13⇥ 108 M� is the particle mass in the ETHOS simulations. We also

require the mass bins to contain at least 30 haloes to minimize the noise from cosmic variance

at the high-mass end. Our best-fit values are (A0, a, p) = (0.3,0.81, 0.3) and (c,�) = (3.7,3.5)

for the smooth filter, see Fig. 5.2 (top) for the comparison. We emphasize that although the fit

is performed for haloes more massive than Mh ⇠ 3⇥1010 M� in CDM and ETHOS1 simulations

at z = 0, we will use the model to predict the abundances of lower mass haloes as well, for

different ETHOS models at different redshifts and for wider range of halo masses.

To better understand the effects of different filters on the predicted halo mass functions,

we compare our simulated results (L10) with analytical predictions for the smooth and sharp-

k filters given a wider range of halos masses, as shown in Fig. 5.2 (bottom). Although the

analytical mass function with the sharp-k filter (c = 3.2) is in reasonable agreement with the

simulated one at the high-mass end, it exhibits significant oscillatory features and fails in low-

mass halo regimes. Indeed, for the sharp-k filter, dn(M)/d log10 (M)/ P(ks), i.e., the shape

of mass function closely follows the power spectrum. On the other hand, the smooth filter

smoothes out the dark acoustic peaks and the result agrees with the simulations remarkably

well. It has been shown that non-linear evolution of the modes erases the peaks in the power

spectrum predicted in interacting DM models (Buckley et al., 2014), resulting in a smooth decay

in halo number density. It seems the smooth filter accurately captures this effect by including

contributions of all modes to the mass variance, as we have shown.

Fig. 5.3 shows excellent agreement between our analytical predictions and L10 simulations

introduced in Sec. 5.2 at different redshifts. We emphasize again that our model parameters are
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constrained to reproduce ETHOS1 and CDM simulations at z = 0 for halo masses larger than

⇠ 3⇥ 1010 M�, and the higher redshift and lower-mass comparison demonstrate how well this

single model extends to these regimes. The analytical model slightly over predicts the number

density of haloes at z = 6. This 20–30% discrepancy toward high redshifts has been noted in

other works (e.g. Courtin et al., 2011; Despali et al., 2016). It is evident that the halo abundance

is more suppressed for DM models with a lower kinetic decoupling temperature, as expected.

Our model will allow us to make predictions for halo abundances at low and high redshifts

and for different cosmology assumptions. This is particularly interesting in light of the avail-

ability of the Wide Field Camera 3 (WFC3) on the Hubble Space Telescope (HST) combined

with gravitational lensing effects from clusters in the Hubble Frontier Fields, which have pro-

vided exquisite measurements of the galaxy luminosity function on the UV down to magnitudes

of MUV ' �15 (e.g. see McLure et al., 2013; Bouwens et al., 2015; Finkelstein et al., 2015),

comparable to what is possible only within the Local Volume. In what follows, we take advan-

tage of these high-z, volume-complete observational constraints for faint galaxies and use our

analytical approach to compare with the abundance of low mass haloes predicted for different

DM models.

5.3.2 Constraining the DM models with galaxy abundance at z = 6

In Fig. 5.4, we show the cumulative number density of haloes n(> M) derived from our analyt-

ical model, together with the constraints on the number density of galaxies from Menci et al.

(2017), which is based on the luminosity functions in Livermore et al. (2017). The horizontal

lines denote the confidence levels of the observational constraints. In the shaded region, where

the mass is below 108 M�, we expect DM haloes to have lost most of their baryons due to pho-

toheating caused by the ionizing background UV radiation at z = 6 (see, e.g., Okamoto et al.,

2008; Ocvirk et al., 2016). We see that ETHOS1 and ETHOS2 are outside of the 3� and 2�

limits, respectively, and ETHOS3 is marginally consistent within the 1� limit, Whilst the model

with Tkd = 1 keV is fully within the observational constraints. Interestingly, these lower bounds
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Figure 5.3: Analytical halo mass functions (solid) vs. simulation results (dashed) at four
different redshifts z = 0, 2, 4 and 6. The analytical model, after calibrated with the simulated
mass functions of CDM and ETHOS1 down to 3⇥ 1010 M� at z = 0, can successfully reproduce
the simulations with halo masses down to 108 M� at different redshifts for two other interacting
DM models, ETHOS2 and ETHOS3. It slightly over predicts the halo abundances at z = 6.

on Tkd from the galaxy counts are coincident with those from the Lyman-↵ forest observations

(Huo et al., 2018).

5.3.3 Stellar mass-halo mass relation

As another application, we derive the stellar-halo mass relation for the interacting DM models

using the abundance matching technique, i.e., matching cumulative halo plus subhalo mass
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Figure 5.4: Cumulative number density of haloes, n(> M), for different interacting DM models
vs. cumulative galaxy number density estimated from observed UV luminosity function nobs(>
M) at z = 6 (Menci et al., 2016), where the horizontal lines denote the confidence levels of
the lower bound on the galaxy counts. The shaded region denotes the halo mass scales, i.e.
Mh  108 M�, which have lost most of their baryons due to background UV radiation (Okamoto
et al., 2008; Ocvirk et al., 2016).

functions to the observed number density of galaxies in each stellar mass bin,

n(> M⇤) = nh(> M) + nsh(> M). (5.6)

Our analytical model does not include the presence of subhaloes deemed subdominant but im-

portant for these kinds of calculations. We therefore aim at estimating their effects as follows.
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Figure 5.5: Predicted stellar-halo mass relations for CDM, ETHOS models and the DM model
with Tkd = 1 keV at z = 4. We also show the results for CDM in Behroozi et al. (2013) and
Moster et al. (2013) (magenta dashed: extrapolated). The shaded region indicates the mass
scales with the extrapolated stellar mass function.

The CDM subhalo mass function in each mass is calculated as

nsh;CDM(m, z) =
Z 1

0
N(m|M , z)nh(M , z)dM , (5.7)

where N(m|M , z)dm = N(m|M , z = 0) f (z)dm is the total number of subhaloes in the mass

range m+dm for a parent halo with mass M at given redshift z. We take the analytical formula
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for the subhalo distribution for a given parent halo at z = 0 from Giocoli et al. (2008),

N(m|M , z = 0) =
N0

m
x�↵e�6.283x3

, x =
m
↵M

, (5.8)

where ↵ = 0.8 and N0 = 0.21. To extend this to earlier times we normalise Eq. 5.8 by the

redshift evolution factor f (z)⌘ fsub(z)/ fsub(z = 0) = 1� z/6 (Conroy and Wechsler, 2009) and

neglect mild dependence of f (z) on the halo mass. Note that the subhalo distribution function

given in Eq. 5.8 is calibrated with CDM simulations. In principle, one needs to recalibrate it for

the interacting DM models as well. For simplicity, we assume the depletion rate of subhaloes in

the non-CDM models is as the same as that of main halos, and estimate the subhalo distribution

as

nsh;non-CDM(m, z) =
nh;non-CDM(M , z)

nh;CDM(M , z)
nsh,CDM(m, z). (5.9)

We also neglect the effect on the subhalo mass function caused by the finite resolution of sim-

ulations (Guo and White, 2014). Since subhaloes have sub-dominant contributions to the total

mass function, we expect that our estimate of nsh;non-CDM(m, z) will provide a reasonable ap-

proximation.

For the number density of observed galaxies, we take the Schechter (Schechter, 1976) func-

tion
dn(M⇤)

d log10 (M⇤)
= ln (10)�⇤e�

M⇤
M0

ÄM⇤
M0

ä↵+1
, (5.10)

where (log10 (M0),↵, log10 (�⇤)) = (10.5,�1.55,�3.59) are the best-ft values after fitting to the

stellar mass function for their sample of galaxies at z ⇠ 4 (Song et al., 2016).

In Fig. 5.5, we show the stellar-halo mass relations for the DM models we consider after

matching the number density of galaxies to that of haloes. For comparison, we also plot the CDM

results from Behroozi et al. (2013) and Moster et al. (2013) (magenta solid: stellar-halo mass

relation in the mass range where observational data points exist; magenta dashed: extrapolation

to lower masses). Overall, our result for CDM is in reasonable agreement with previous works

in the mass region spanned by the observational data points. The small offset could be caused

77



by different choices of galaxy samples, halo mass definitions and window functions. We have

checked that using a top-hat filter slightly improves the agreement for the CDM case.

The suppression of the halo mass function results in more massive galaxies inhabiting a given

DM halo or, in other words, a higher star formation efficiency in the low mass end. This can be

seen clearly for the interacting DM models in Fig. 5.5, with ETHOS1 being the most strongly

suppressed and therefore exhibiting larger deviations from the CDM results. The red shaded

region shows the regime where the observed luminosity function has been extrapolated using

the Schechter function. Our results indicate that significant deviations from the other models

in the case of ETHOS1 could be achieved by reaching observational completeness in the range

M⇤ ⇠ 106-107 M�, about a dex fainter than current limits. On the other hand, the limits are

fainter for ETHOS2 (M⇤ ⇠ 105 M�), while ETHOS3 and the DM model with Tkd = 1 keV seem

indistinguishable from CDM stellar-halo mass relation down to very faint limits of M⇤ ⇠ 104 M�.

The effort, coupled with an alternative measurement of halo masses, such as clustering and

kinematics, could be used to further test DM models with suppressed matter power spectra.

And our methodology and prescriptions to fast compute halo mass functions may prove useful

for these kinds of assessments.

5.4 Summary

We have used the Press-Schechter formalism to study the halo mass functions for interacting DM

models with matter power spectra damped by dark acoustic oscillations. Taking three ETHOS

models as benchmark examples, we have demonstrated that this analytical approach can ac-

curately reproduce the result of N-body simulation results. The choice of a proper window

function plays a critical role in such as success. We found the smooth filter proposed in Leo

et al. (2018) works well in capturing relevant physics. The sharp-k filter, despite being a viable

choice for warm DM, fails in the low-mass regimes for interacting DM. Our model parameters

are constrained to match the CDM and ETHOS1 simulations at the high mass end of the z = 0

mass functions. In order to validate these we performed our own cosmological simulations with
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improved mass resolution. Our results indicate that the Press-Schechter formalism with the

smooth filter provides a simple but powerful tool to understand the suppression effect on the

halo mass functions induced by DM-dark radiation interactions, presented in many new DM

models beyond the CDM paradigm.

We have further applied our calibrated model to derive constraints on the DM models using

the observed stellar mass functions at high redshifts available in the literature. After compar-

ing the cumulative number density of haloes predicted in the DM models with that of galaxies

inferred from the measured UV luminosity functions at z = 6 (Menci et al., 2017; Livermore

et al., 2017), we found both ETHOS1 (Tkd = 0.19 keV) and ETHOS2 (Tkd = 0.33 keV) strongly

disfavored, as they produce too few halos due to host the observed galaxies, due to strong dark

acoustic damping. While ETHOS3 (Tkd = 0.51 keV) and the model with Tkd = 1 keV are within

the observational constraints. Interestingly, these UV luminosity constraints on the kinetic de-

coupling temperature of the interacting DM models are similar to those from the Lyman-↵ forest

measurements reported in Huo et al. (2018).

We have also performed an abundance matching analysis to derive the stellar-halo mass

relation for the interacting DM models, using the observed stellar mass functions of galaxies

at z = 4 (Song et al., 2016). Our results indicate appreciable suppression in the halo mass of

hosted galaxies at M⇤⇠<105-107 M� for ETHOS1 and ETHOS2 models, and ETHOS3 shows mild

suppression of halo mass only in the low-mass tail M⇤⇠<105 M�. In contrast, the DM model with

Tkd = 1 keV is almost indistinguishable from CDM. While it is of great interest to further push

observational limits to dwarf galaxies below M⇤ ⇠ 105 M�, our model provides a valuable tool

to explore interacting DM models quickly and with low computational demands; facilitating the

comparison between observations and theoretical expectations in the quest to determine the

nature of dark matter.
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Figure 5.6: Convergence test of our cosmological simulations for two different DM models
at different redshifts. Green lines denote the halo mass functions for ETHOS1 with box size
L = 10 Mpc/h and particle mass resolution mp = 7.18⇥ 106 M� (dashed) and 9.04⇥ 105 M�
(solid) at z = 0.2. Blue lines denote ETHOS3 simulations with box sizes L= 10 Mpc/h (dashed)
and 20 Mpc/h (solid) and the same mass resolution mp = 7.18⇥ 106 M� at z = 8.

Figure 5.7: Top: Mass variance calculated for the interacting DM models with the sharp-k
(dot-dashed) and smooth filters (solid). Bottom: d log10�

�1(M)/d log10 M for the DM mod-
els. Marker styles and color schemes are the same as in Fig. 5.1.
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5.5 Appendix

5.5.1 Convergence and resolution test

We test the numerical convergence of our simulations. In Fig. 5.6, we show simulated halo

mass functions for ETHOS1 with two different levels of mass resolution: mp = 7.18⇥ 106 M�

(green dashed) and 9.04⇥ 105 M� (green solid) at redshift z ⇠ 0.2. The cosmological box size

is L = 10 Mpc. We find good numerical convergence down to 108 M�. For lower halo masses,

the low resolution simulation cannot populate halos, while the high resolution one suffers from

spurious haloes. We also test the effect of cosmic variance by comparing the halo mass function

for two ETHOS3 simulations with the same mass resolution (mp = 7.18 ⇥ 106 M�) but with

different box sizes L = 10 Mpc/h (blue dashed) and 20 Mpc/h (blue solid) at z = 8. They

are well converged toward the low-mass end, but deviate for high halo masses because the

simulations with a small box size suffers from cosmic variance. We find good convergence of

the mass functions in the mass range 108–1010 M�, and we take this range in our analysis in

Sec. 3.

5.5.2 Mass variance and window function-continued

In Fig. 5.7 (top), we show the mass variance for the DM models considered in this work for

both the sharp-k space (c = 3.2; dot-dashed) and smooth filters (c = 3.7 and � = 3.5; solid).

As we have discussed in the Sec. 5.3.1, the prediction of the analytical model in the low-mass

regime is sensitive to the choice of the filter. To demonstrate the origin of this effect, we compute

d log10�
�1(M)/d log10 M , the key factor in Eq. 5.5, for each DM model with both smooth and

sharp-k filters, as shown in Fig. 5.7 (bottom). When computed with the sharp-k filter, the factor

has an oscillatory feature in the low mass end, a reminiscent of the acoustic peaks in the power

spectrum.
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Chapter 6

Conclusions

Throughout my Ph.D. I studied the effects of non-gravitational DM interactions on the formation

and abundance of DM halos and their substructures. To this end, I used a combination of

numerical simulations and analytical methods. My findings can be summarized in four different

sections as follows:

6.1 Creating diverse rotation curves via baryonic and dark matter

self-interaction effects

We performed a series of isolated N-body simulations for CDM and SIDM models with a wide

range of halo masses Vmax = 30� 250 kms�1 to study the shape of galactic rotation curves in

the SIDM models. The stellar disk is modeled as an static Miyamoto-Nagai potential. The DM

distribution at the center of each simulated system is quantified via its circular velocity at 2 kpc,

Vcirc(2 kpc). We compared the scatter in the plane of Vcirc(2 kpc)-Vmax for simulated halos and

observed galaxies. According to our results, the spread in Vcirc(2 kpc) for a fixed Vmax in SIDM

models is larger than the CDM counterpart.

We have performed simulations to provide individual fits to the most extreme cases, UGC5721

and IC2574, with either a very cuspy or cored inner circular velocity, both with similar Vmax ⇡

80 kms�1. These halos can be fitted well in the SIDM models with a constant cross section 3
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cm2g�1, in good agreement with the regime allowed by independent Tully-Fisher constraints.

The SIDM models may offer a closer match to the diversity observed in galaxies than the tradi-

tional CDM.

6.2 The impact of stellar disks on the shape and density profile of

dark matter halos

We performed a series of controlled N-body simulations to study the impact of baryonic distri-

butions on the evolution and final distribution of DM particles in the SIDM halos. The 3D shape

of the DM density profiles is sensitive to not only the strength of DM self-interactions, modeled

as �/m, but also the baryonic distribution. A sub-dominant contribution of baryons to the total

gravitational potential leads to a constant DM density core and an almost spherical halo shape.

Significant contribution from baryons, on the other hand, causes a more rapid thermalization

of the central region which in turn results in a high-central density and flattened shape for the

DM distribution, similar to the shape of baryons.

We applied our setup to the special case of the MW. We performed two simulations with the

CDM and SIDM models for a galactic system that comprises a DM halo, a stellar disk, and a bulge.

Our simulations indicate that the effect of the baryons counteracts those of the self-interactions,

resulting in a relatively high density inner cusp. Our model predicts that the addition of self in-

teractions and central baryons will tend to make dark matter halos spherical, in good agreement

with the current estimates of our own Galaxy.

6.3 Self-interacting dark matter subhalos in the Milky Way’s tides

The DM content of the MW satellites can be inferred from their stellar kinematic measurements.

Interestingly, the luminous MW satellites show a large scatter in their central DM densities.

Using numerical simulations, we conducted the first study to investigate the tidal evolution of

the SIDM subhalos associated with the MW Dwarf Spheroidals. We modeled the host by a static
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potential and considered subhalos with different orbits and pre-infall halo parameters. In the

presence of DM self-interactions and tidal fields, the central DM density in the subhalo can vary

from shallow to cuspy. While these subhalos suffer mass loss at all radii, a high pre-infall halo

concentration can trigger core-collapse, developing a high central DM density. On the other

hand, most of the accreted subhalos with lower pre-infall concentrations never enter the core-

collapse phase. For these subhalos, the interplay between tidal fields and DM self-interactions

establishes a shallow density core.

using two examples of the most extreme MW Dwarf Spheroidals, we constructed their orbits

and considered their evolutions under tidal fields of a MW-like halo. Interestingly, a constant

cross section with �/m = 3 cm2g�1 can reproduce the observed DM density profiles. The

novel mechanism proposed and implemented in our simulations can well explain the diversity

observed in halo properties of the MW satellites.

6.4 Halo Abundance in self-interacting dark matter models

Although DM-DM self-interactions only changes the distribution of DM particles at the center

of the halos, these SIDM models can be refined to alter the overall halo abundance in specific

mass regimes. I led a project which targeted the computation of halo abundance in models

with an extra relativistic particle such that it can scatter off from DM. These DM-dark photon

interactions will suppress the matter power spectrum at early time and consequently deplete the

abundance of collapsed halos in corresponding mass regime at later times. After a calibration to

the cosmological numerical simulations in the mass range Mvir � 1010 M�, we verified that our

model also predicts the correct halo abundance in a lower mass regime, Mvir ⇠ 108-1010 M�.

Our calibrated model was used to constrain the interaction rate between DM and dark photons.

We concluded that DM models with “kinetic decoupling temperature", Tkd less than 0.5 keV

are disfavored based on galaxy counts at z = 6. Additionally, we computed the stellar-halo

mass relation through abundance matching. Our analysis shows that the suppression in the

matter power spectrum must be compensated with a higher star formation efficiency to fully
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capture a one-to-one mapping between galaxies and halos. Our simulations predict that to

potentially detect any effects in the dwarf halo abundances, which depend on the channels of

DM interactions, observations should reach stellar masses of 105 � 106 M�.

In this Dissertation, I studied different DM interaction channels and their impacts on halo

formation and galaxy evolution. I discussed how inclusion of the baryonic gravitational po-

tentials and/or environmental effects into SIDM numerical simulations can lead to diverse 3D

shapes and central DM densities. I also developed a Press-Schechter analytical model to com-

pute the halo abundance in the SIDM models. Overall, I conclude that SIDM models provide

a novel explanation for some of the small-scale puzzles of the cosmology, which can be further

tested by the upcoming generations of surveys.
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