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ABSTRACT OF THE DISSERTATION

Testing Self-Interacting Dark Matter with Spiral and Early-Type Galaxies

by

Tao Ren

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

Dr. Hai-Bo Yu, Chairperson

In this dissertation, we explore the possibility of using a novel dark matter model,

i.e., self-interacting dark matter (SIDM), to address the challenges that the traditional

cold dark matter (CDM) paradigm has in explaining observations on galactic scales. For

example, in spiral galaxies, galactic rotation curves exhibit a diverse behavior in the inner

regions, while obeying an organizing principle, i.e., they can be approximately described by

a radial acceleration relation. However, current CDM simulations can not offer a satisfactory

explanation for both of them simultaneously. Additionally, in early-type galaxies (ETGs),

the smallness of dark matter fractions within their effective radii indicates no signs of

adiabatic contraction processes predicted by CDM simulations, and the nearly isothermal

total density profiles featured with small scatters within large radii are also beyond naive

expectations.

We apply the SIDM model to study kinematics and dynamics of these two main

types of galactic systems. For spiral galaxies, we analyze the rotation curve data from

the SPARC sample, and explicitly demonstrate that both the diversity and uniformity
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are naturally reproduced in a hierarchical structure formation model with the addition of

dark matter self-interactions. Meanwhile, other properties such as the concentrations of

dark matter halos, the stellar mass-to-light ratio distribution etc. are well consistent with

observations and theoretical considerations. We also compare the SIDM results with those

from hydrodynamical CDM simulations with strong baryonic feedback, and highlight the

importance of the diverse baryon profiles in fitting to the rotation curves. For ETGs, we

model the SIDM halos and baryon profiles with data from the SL2S sample. The total

density profiles are close to the isothermal style and the inferred dark matter fractions

match well with the data derived from strong lensing and stellar kinematics.

We show that SIDM can provide an economical explanation to the observations of

spiral galaxies and ETGs, while being consistent with CDM predictions on large scales. Our

results provide compelling arguments in favor of the idea that the inner halos of galaxies

are thermalized due to dark matter self-interactions.
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Chapter 1

Background

1.1 The Origin of Dark Matter

The modern hypothesis of dark matter (DM) originates from the observed anoma-

lies among astrophysical systems during the 1930s. While studying the dynamics of the

Coma cluster of galaxies, Fritz Zwicky first noticed the inconsistency between the observed

line-of-sight velocities of galaxies in the Coma cluster and the cluster mass inferred from the

observed luminosity [13, 14]. The large line-of-sight velocities indicated that the galaxies

were moving too fast to be bound by the inferred mass. Besides the observations of clusters,

rotation curves of spiral galaxies illustrated another controversy. Light distributions of spi-

ral galaxies are usually bright in their centers and gradually become dim to the edges [15].

If their masses follow the light, one can expect Keplerian declines at large radii of rotation

curves. However, the observed ones kept high velocity values until their edges of visible

regions rather than expected declines [16]. These anomalies imply there exists additional

and invisible matter (hence, DM) in galaxies and clusters of galaxies.
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The examination of spiral galaxies’ stability offered one new piece of theoretical

evidence for the existence of DM in galaxies. Jeremiah Ostriker and James Peebles found

the instability of stellar component-only disk galaxies using N-body simulations [17]. The

star particles in the simulated disks initially distributed in a round shape regularly and the

disk structure was supported mainly by circular motions. As one such system evolved under

the gravitational interactions, the shape of the round disk began to change, the motion of

star particles became more random, and the system was more like a pressure-supported

one in the end [17, 18, 19]. However, observed spiral galaxies, such as the Milky Way, are

largely rotation supported but much more stable than those in the simulations. In order to

stabilize the system, several solutions were discussed [17]. The most plausible one is that

the disk is not the only component in the galaxy and it is embedded in a large massive DM

halo.

The measurements of extended rotation curves within and beyond optical disks

serve as another solid evidence for DM from observations. During the 1970s, a number

of observations about galactic rotation curves were reported [20, 21, 22, 23, 24, 25]. All

of them pointed to the same conclusion that the flatness of rotation curves is common

for spiral galaxies. They showed the rotation curves maintain unexpected high rotation

velocities beyond the edges of their optical disks. One interpretation for this could be that

the stellar components in their outer region become dimmer but the mass-to-light ratio

(M/L) values are increasing dramatically, which is obviously unreasonable. If the stability

issue of stellar disks is considered simultaneously, the existence of DM is a more reasonable

explanation for the discrepancy between expected and observed rotation curves.
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1.2 The Cold Dark Matter Paradigm

Observations of large scale structures of the Universe offer further supporting ev-

idence for the existence of DM. The structure formation of the large scale Universe starts

after the decoupling between the cosmological background radiation (CMB) photons and

baryons [26]. However, the baryon density fluctuations inferred from the CMB anisotropy

are too small to evolve and form the current observed large scale structure of the Universe

from this cosmological moment of CMB [27, 28]. This strongly suggests there exists another

kind of matter (DM) that decoupled from baryons and photons long time before CMB and

started structure formations earlier [29].

The relic neutrinos are first chosen to be the DM, however they can’t explain the

structure formation completely. Neutrinos were moving close to the speed of light (hence,

known as hot DM) when they decoupled from the photons after the Big Bang. Their free

streaming would smooth out density fluctuations on a scale which evolve to superclusters

nowadays after the expansion of the Universe [29]. In such a scenario, the structure for-

mation started from large astrophysical systems, e.g., superclusters, and galaxies formed

later due to fragmentations. Nevertheless, this top-down picture indicates galaxies will form

relatively late around z ≈ 2 which is contradict to the observation of high redshift galax-

ies [30]. With such difficulties in the hot DM framework, Peebles and others proposed an

opposite theory, i.e., the cold DM (CDM) framework [31, 32, 33]. Different from the hot

DM, CDM particles were moving much slower when they decoupled from photons. This

feature makes the density fluctuations on small scales remained and a bottom-up structure

formation picture follows. N-body simulations show in the CDM framework, galaxies can
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form much earlier than z = 2 [30]. Further observations confirmed the success of CDM on

explaining the large scale structure of the Universe [34].

Because of the strong constrains on the property of CDM particles from astrophys-

ical and cosmological observations, the particle physics standard model (SM) fails to give

a satisfactory candidate. On the other hand, a new theory, supersymmetry, was proposed

with the goal of unifying fundamental forces, and introduced extra particles [35, 36]. In this

theory, each particle in the SM will get a supersymmetric counterpart and the most stable

one (neutralino) is possible to be a candidate of DM, called weakly interacting massive

particles (WIMPs) [37, 38]. The coincidence is that the annihilation cross section needed

for the relic abundance of DM in the Universe is on the weak scale 〈σv〉 ' 3× 10−26cm3/s

matching well with that of WIMPs. This makes the WIMP a potential candidate for the

CDM in the next several decades. Due to its particle physics origin, many direct detection

researches, e.g., Ref. [39], and collider experiments, e.g., Ref. [38], are set up to search for

the signals from WIMPs.

1.3 Small Scale Problems

While more simulations begin to focus on galaxy formations on the small scales,

a number of discrepancies between predictions from the CDM paradigm and observations

emerge. CDM-only simulations show that the DM density profiles can be approximately

described by a universal form, i.e., the Navarro-Frenk-White (NFW) profile [40, 41, 42, 43],

despite of the size of DM halos ranging from a dwarf galaxy to a galaxy cluster. A specific

feature for this profile is the density cusp close to the center ρ ∝ r−1, hence cuspy-like.
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However, many observed rotation curves of dwarf galaxies with low surface brightnesses

indicate shallower profiles than those expected from CDM simulations. This implies the DM

densities prefer core-like profiles in the central regions of these galaxies. This contradiction is

coined as the core-cusp problem [44, 45]. Though these systems are mainly DM dominated,

the existence and evolution of baryons may generate impacts on the distributions of DM. For

example, supernova explosions are possible to expel much gas from the center to the outer

region, and further lower the DM density through decreasing the gravitational potential

[46, 47]. As a result, dwarf galaxies are thought as good targets to test the CDM predictions

and baryonic feedback models.

After systematically studying a large sample of spiral galaxies, Oman et al. high-

lighted a more general problem, i.e., the diversity problem, related to the shapes of rotation

curves [48]. Oman et al. classified dwarf galaxies based on the magnitude of their last mea-

sured velocities. Each group consists of galaxies with similar last measured velocities which

indicates that they are hosted by similar-size DM halos. They found that the galaxies within

each group exhibit a great diversity in the shape of the rotation curves in the inner regions.

Some of them have rotation curves growing slowly and reaching the maximum velocity after

extending to several kpcs. Others may reach the flat region of the rotation curves within

1-2 kpc. However, hydrodynamical simulations [48] show the simulated results could match

the observed ones with steep rotation curves, but not those rising slowly.

There is also discrepancy between CDM predictions and observations of satellite

dwarf galaxies in the Milky Way. The observed satellite galaxies are expected to be hosted

by CDM halos with Vmax < 25 km/s based on the estimates from stellar velocity dispersions
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[49, 50], where Vmax is the maximum rotation velocity solely in a CDM halo. However, the

sub-halos of a Milky Way-size CDM halo in simulations contain ones with Vmax much larger

than 25 km/s [49, 50]. According to abundance matching, the most luminous satellites in

the Milky Way should be hosted by the most massive CDM sub-halos [51]. The mismatch

between the sub-halos from simulations and observations means either the CDM simulations

over produced the massive sub-halos or the massive sub-halos are too big to fail the star

formation.

1.4 Self-Interacting Dark Matter

SIDM was originally proposed to solve these small scale issues [52]. It departs

from the original CDM model mainly in the inner region of galaxies due to the introduction

of self-interactions between DM particles. In recent years, the idea of SIDM has received

significant attentions in the astrophysics and particle physics communities [53, 54, 55, 56,

57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71], demonstrates its great potential to

relieve the tension on small scales [72, 73] and offers alternative DM detection mechanisms

[74, 75, 76, 77, 78].

With a simple addition of self-interactions, characterized by the cross section per

unit mass O(1 − 100) cm2/g, between DM particles, the success of CDM on large scales

is preserved. On the other hand, DM particles with self-interactions experience sufficient

collisions in the center of a galaxy with high mass density and become thermalized during

the galaxy life time. This leads to two distinct predictions. Compared to a CDM halo, the

DM particles in the inner SIDM halo are thermally connected to the outer region with an
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almost constant velocity dispersion which is larger than that in a similar size CDM halo. In

an equilibrium state, this feature keeps the DM particles from condensating in the central

region of the halo and leads to a cored profile for DM dominated systems [79]. The other is

that the thermalization constructs a more direct connection between DM and baryons [80].

The deeper the baryon potential is, the higher the DM density could be. Such a feature

is exactly what is needed to explain the diversity problem. Additionally, non-equilibrium

SIDM halos under certain conditions would experience core collapses or expansions which

may offer new mechanisms about black hole and galaxy formations [81, 82, 83, 84].

In this dissertation, we test the SIDM model with spiral and ETGs. We explore

the possibility of applying the SIDM model to solve the small scale problems that the CDM

paradigm has while studying these galactic systems. In Ch. 2, we study the diversity

and uniformity feature in galactic rotation curves by fitting to the SPARC sample [1]. We

explore the physical reasons that lead to different abilities of the SIDM model and the CDM

model in fitting to the rotation curves, and explain the diversity in detail in Ch. 3. We

exam the smallness of DM fractions within effective radii and nearly isothermal total density

profiles in ETGs through a comparison between the SIDM model, the adiabatic contracted

NFW model and IllustrisTNG simulations in Ch. 4. Conclusions are given in Ch. 5.
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Chapter 2

Reconciling the Diversity and

Uniformity of Galactic Rotation

Curves

The text in Ch. 2 is based on the paper, “Reconciling the Diversity and Uniformity

of Galactic Rotation Curves with Self-Interacting Dark Matter”, written with Anna Kwa,

Manoj Kaplinghat and Hai-Bo Yu. It was published in Phys.Rev. X9 (2019) no.3, 031020.

2.1 Introduction

Galactic rotation curves of spiral galaxies show a variety of behavior in the inner

parts even across systems with similar halo and stellar masses, which lacks a self-consistent

explanation in the standard cold dark matter (CDM) model [44, 45, 85, 86, 87, 88, 89,

87, 90, 91, 92, 48, 6]. Along with this diversity, a long-standing observation is that many
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rotation curves can be understood in terms of Modified Newtonian Dynamics (MOND)

phenomenology [93, 94] (see [95] for a review), i.e., there exists a characteristic gravitational

acceleration scale, g† ≈ 10−10 m/s2 ∼ cH0/7 with H0 being the present Hubble expansion

rate, below which the observed acceleration can be approximated as
√
g†gbar with gbar

being the baryonic acceleration (a.k.a. Milgrom’s law). More recently, McGaugh et al. [96]

analyzed the Spitzer Photometry and Accurate Rotation Curves (SPARC) dataset [1] and

showed there is a tight relation between the total gravitational acceleration at any radius

and the acceleration contributed by the baryons, assuming a constant stellar mass-to-light

ratio Υ?,disk = 0.5M�/L� and Υ?,bulge = 0.7M�/L� in the 3.6 µm band. The scatter in

this radial acceleration relation (RAR) is around 0.1 dex, and the tightness of this relation

has been interpreted as a signature of MOND [97].

It has long been argued that the acceleration scale (including the cH0 dependence)

can emerge from hierarchical structure formation predicted in CDM [98, 99]. Recent hy-

drodynamical simulations of galaxy formation with CDM have clearly shown that a RAR

emerges [100, 101, 102]. However, these simulated galaxies do not represent the full range

of the diversity in the SPARC dataset and they cannot yet explain the rotation curves of

low and high surface brightness galaxies simultaneously.

In this chapter, we show that self-interacting dark matter (SIDM) provides a uni-

fied way to understand the diverse rotation curves of spiral galaxies, while reproducing the

RAR with a small scatter. We analyze the SPARC dataset based on the SIDM halo model

proposed in [80, 72] and demonstrate three key observations leading to this result.
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• For cross section per unit mass σ/m ∼ 1 cm2/g, dark matter self-interactions ther-

malize the inner regions at distances less than about 10% of the virial radius of

galactic halos, while the outer regions remains unchanged. Thus, SIDM inherits es-

sential features of the ΛCDM hierarchical structure formation model such as the halo

concentration-mass relation, which sets the characteristic acceleration scale of halos.

• In the inner halo, thermalization ties dark matter and baryon distributions together [80,

103, 104], and the SIDM halo can naturally accommodate the diverse range of ‘cored’

and ‘cusped’ central density profiles, depending on how the baryons are distributed.

Combined with the scatter in the concentration-mass relation, this provides the di-

versity required to explain the rotation curves [72, 73, 105].

• For the same σ/m that addresses the diversity problem, the baryon content of the

galaxies and the mass model of their host halos also lead to the RAR with a scatter

as small as the one in [96]. In our SIDM fits, the inferred stellar Υ?,disk values for

individual galaxies have a distribution peaked toward 0.5M�/L�, as expected from

stellar population synthesis models [106].

The rest of the chapter is organized as follows. In Sec. 2.2, we present the SIDM

fits to 135 galaxies from the SPARC sample, which exemplify the full range of the diversity.

In Sec. 2.3, we show the radial acceleration relation and the distribution of the stellar mass-

to-light ratios from our SIDM fits, compared to the MOND fits. In Sec. 2.4, we discuss

the host halo properties and the origin of the acceleration scale. In Sec. 2.5, we show the

predicted stellar – halo mass relation and the baryonic Tully-Fisher relation (BTFR). We

comment on future directions and conclude in Sec. 2.6. In Sec. 2.7 (Appendix), we provide
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detailed information about the SIDM model, the fitting procedure and additional results

that support the main text, including model fits to simulated halos. SIDM and MOND

fits to 135 individual galaxies from the SPARC sample are provided in Appendix A of the

dissertation.

2.2 The Diversity of Galactic Rotation Curves
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Figure 2.1: SIDM fits (solid) to the diverse rotation curves across a range of spiral galaxy
masses, where we take σ/m = 3 cm2/g. The data points with error bars are from the
SPARC dataset [1]. Each panel contains 14 galactic rotation curves that are selected to have
similar flat rotation velocities at their furthest radial data points, and the corresponding
Vf bins are 79–91, 91–126, 139–172 and 239–315 km/s, spanning the mass range of the
galaxies considered in this work. The galaxies are colored according to their relative surface
brightness in each panel from low (red) to high (violet).

11



We select 135 out of 175 galaxies in the full SPARC sample based on the criteria

that they must have a recorded value for the flat part of the rotation curve, Vf . In our

sample, 87, 42 and 6 galaxies have quality flags 1, 2 and 3, respectively. It spans a wide

range of galaxy masses and inner shapes of rotation curves with Vf ranging from 20 km/s to

300 km/s. In fitting to the data, we utilize the analytical SIDM halo model [72, 73], where

we assume the dark matter distribution in the inner halo follows the isothermal density

profile,

ρiso(R, z) = ρ0 exp
(
[Φtot(0, 0)− Φtot(R, z)] /σ

2
v0

)
, (2.1)

where ρ0 is the central dark matter density, σv0 is the one-dimensional dark matter velocity

dispersion, Φtot(R, z) is the total gravitational potential and R, z are cylindrical coordinates

aligned with the stellar disk. We match this isothermal profile to a Navarro-Frenk-White

(NFW) form [41, 42] at r1, where a dark matter particle has scattered O(1) times over the

age of the galaxy, assuming continuity in both the density and the enclosed mass at r1.

In this way, the isothermal parameters (ρ0, σv0) directly map on to the NFW parameters

(rs, ρs) or (rmax, Vmax). This model provides an approximate way to calculate the SIDM

distribution in a halo if its CDM counterpart is known, and vice versa. It correctly predicts

the halo central density and its scalings with the outer halo properties, stellar profiles and

cross section, as confirmed in both isolated and cosmological N-body simulations with and

without baryons, see, e.g., [72, 104, 105, 107, 108]. See Sec. 2.7.1 (Mothods) and Sec. 2.7.2

(Supplemental Material) for a detailed description of the model and additional comparisons

between model predictions and cosmological simulations.
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We adopt two independent but complementary approaches to perform the analy-

sis. In the controlled sampling (CS) approach, we demand that the host halos follow the

concentration-mass relation within a 2σ range predicted in cosmological simulations [2].

We model the stellar distribution as an axisymmetric thin disk as in [73], which directly

enters into the calculation of the density profile of SIDM through the gravitational potential

Φ(R, z). In the CS fits, we start with the outer NFW halo and find the SIDM density profile

that matches its mass and density at r1. In the second approach, we use the Markov Chain

Monte Carlo (MCMC) sampling (MS) to explore the full likelihood. To save computational

time, we assume spherical symmetry by spreading the mass within the disk at radius R into

a sphere of the same radius [80, 104]. The rotation curves generated from two approaches

agree well and the differences in the fits are small (see Appendix A). For our main results,

we show inferences from both of the approaches.

In Fig. 2.1, we show the SIDM fits to the diverse rotation curves from the controlled

sampling with σ/m = 3 cm2/g. In each panel, galaxies are selected to have similar flat

rotation velocities at their outermost data points. The rise up to Vf within their central

regions displays a wide variety of slopes and the SIDM halo model provides equally good

fits to the shallow and steeply rising rotation curves. The fits for the other galaxies in the

sample are as good as those in Fig. 2.1 (see Appendix A).

The success of the SIDM halo model stems from a combination of the following

effects. First, SIDM thermalization ties the baryon and dark matter distributions together.

For low surface brightness galaxies, thermalization leads to a shallow density core and a

circular velocity profile that rises mildly with radius [52, 109, 79, 110, 111, 112, 113]. While,
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for high surface brightness ones, the core shrinks in response to the deeper baryonic potential

and the central SIDM density increases accordingly [80, 104, 105, 108]. The galaxies in our

sample have a variety of central surface brightnesses, resulting in diverse central dark matter

densities. Second, scatter in the cosmological halo concentration-mass relation leads to

scatter in the characteristic SIDM core density and radius, which is reflected in the rotation

curves [72]. Ref. [73] fitted 30 galaxies and illustrated the importance of these effects in

explaining the diverse rotation curves. In this work, we fit a larger sample of galaxies and

demonstrate that the observed galaxies are fully consistent with the SIDM predictions.

We have assumed a constant cross section to fit the SPARC sample because it

is hard to pin down the cross section for individual galaxies. For low surface brightness

galaxies with a large core, a large cross section, such as σ/m = 3 cm2/g is preferred [73].

However, since the central SIDM density varies mildly with the cross section in range of

1–10 cm2/g [114, 115], a feature that is well-captured in our analytical model [72], an even

larger cross section may work as well. For high surface brightness galaxies, to which most

of galaxies with high Vf belong, the fits are insensitive to the cross section because of the

degeneracy between σ/m and Υ? [73]. The effect in the SIDM fits induced by varying

σ/m can be compensated by a minor change in the stellar mass-to-light ratio, and many

of these systems are actually compatible with an NFW profile. The cross section may

have a mild velocity dependence over the sample, as implied by the constraint from galaxy

clusters [72, 116, 117], but it is impossible to extract it from the SPARC dataset given the

reasons discussed above. In this work, we present the results for fixed σ/m = 3 cm2/g and

they remain the same qualitatively for other values larger than ∼ 1 cm2/g on galaxy scales.

14



An important consequence of the large cross section is that the SIDM profile is

driven quickly to be isothermal in the inner regions. This implies that the resultant SIDM

fits will not depend sensitively on the formation history of individual galaxies [73], but the

final stellar and gas distributions [80]. This has been explicitly confirmed in recent hydro-

dynamical SIDM simulations [107] and those with idealized disk growth [104]. Furthermore,

in our fits r1 is close to rs, which is well outside the stellar disk or budge in the galaxies. It

is unlikely that a viable baryonic feedback process could change the halo mass profile sig-

nificantly at that far distance. Thus, our analytical model takes into account the realistic

baryon distribution for individual galaxies and encodes this effect on the SIDM halo profile

through the matching procedure.

2.3 The Radial Acceleration Relation in SIDM

In the RAR described in Ref. [96], the gravitational acceleration gtot at radius r

is found to be related to the acceleration gbar at the same radius. This relation can be fit

to a functional form with a single parameter g†:

gtot(r) = gbar(r)
(

1− e−
√
gbar(r)/g†

)−1
. (2.2)

Their best-fit value of g† = 1.2× 10−10 m/s2 is the oft-quoted MOND acceleration scale.
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Figure 2.2: The radial acceleration relation from the SIDM fits, where gmod
tot and gmod

bar are
inferred from the σ/m = 3 cm2/g fits. The black solid line is the best fit to Eq. 2.2; the two
red dashed curves correspond to the 1σ deviation from this fit. The black dotted line is the
one-to-one reference line. Insets: Corresponding histograms of residuals after subtracting
the fit function with the best-fitting scale parameter g† = 1.38× 10−10 m/s2, together with
the Gaussian fits to the residuals, which have 1σ widths of 0.10 dex.

In Fig. 2.2, we show the inferred total and baryonic acceleration values from the

controlled sampling, where gmod
tot and gmod

bar are calculated from the SIDM fits, using the halo

parameters and the best-fit Υ? values for each galaxy. The intensity of color in Fig. 2.2

reflects the density of points. After fitting the data with the empirical relation given in

Eq. 2.2, we find the best-fit value of g† is 1.38 × 10−10 cm2/g and the resulting dispersion

in the residuals is 0.10 dex. Fig. 2.3 (left) shows Υ?,disk distribution from the SIDM fits

(solid). It is peaked toward Υ?,disk = 0.5M�/L�, in good agreement with predictions from

stellar population synthesis models [106]. This is remarkable because no priors based on
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the stellar population synthesis models were used. We have also reproduced the analysis

in Ref. [96] with Υ?,disk and Υ?,bulge were fixed to 0.5M�/L� and 0.7M�/L�, respectively.

For this fixed Υ? case, we obtained g† = 1.19 × 10−10 m/s2 and dispersion 0.12 dex, both

in agreement with previous work [96].
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Figure 2.3: Left: Inferred Υ?,disk distributions for the SIDM and MOND fits. Right: distri-
bution of χ2/d.o.f. values for individual galaxies from the SIDM and MOND fits.

For a more detailed comparison, we also fit the sample of 135 SPARC galaxies

using the MOND relation in Eq. 2.2, where we fixed g† = 1.2 × 10−10 m/s2, but varied

Υ?,disk and Υ?,bulge in the range of 0.1 < Υ?/(M�/L�) < 10 (same as MCMC SIDM fits)

using MCMC sampling (see also [118]). The results look similar if we set g† to 1.0× 10−10

or 1.4 × 10−10 m/s2. The left panel of Fig. 2.3 shows the Υ?,disk distribution from the

MOND fits (dotted), which closely tracks the one from the SIDM fits. The right panel

shows the distribution of minimum χ2/d.o.f. values for individual galaxies from the SIDM

and MOND fits. The SIDM model provides a better fit than MOND for most of the galaxies
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(∼ 77%), while maintaining a tight RAR. In fact, 72% (45%) of them have χ2/d.o.f. ≤ 3 (1)

in the controlled SIDM fits and those with a large χ2/d.o.f. value have either tiny errors or

wiggles in the observed rotation curves that cannot be reproduced by MOND either. We

have also compared our fits with the MOND fits in Li et al. [97]. The major difference

is that they marginalized over both the distance and inclination uncertainties, while we

did not. The MOND fits in [97] are slightly better than our MOND fits due to the two

additional variables (distance and inclination), but still only about 20% of the galaxies are

fit with χ2/d.o.f. ≤ 1. For comparison, we have checked over 60% of the MCMC SIDM fits

have χ2/d.o.f. ≤ 1, which is vastly superior.

We emphasize that the diversity in the inner rotation curves is also reflected in

the gtot–gbar plane, as explicitly demonstrated in Sec. 2.7.2, where we show the gtot vs gbar

plot, but now split the sample into two sets: radii outside and inside 2Rd with Rd being

the scale radius of the stellar disk. The scatter is relatively large for radii < 2Rd, and this

is due to the different shapes in the inner rotation curves and not just the result of random

errors (see also [119]). On the other hand, there is a clear ordered behavior of gtot vs gbar

curves for radii > 2Rd, which is a reflection of the BTFR: the tight correlation between

the flat circular velocity, Vf , and the total baryonic mass, Mbar for spiral galaxies [120].

In this regime, gtot ≈
√
g†gbar, where gtot ≈ V 2

f /r and gbar ≈ GMbar/r
2, hence we have

V 4
f /(GMbar) ≈ g†. This is the success of MOND, i.e., if one assumes Mbar ∝ V 4

f , then the

normalization of the BTFR also predicts the rotation curve, which in many cases is a good

fit to the observed one. Many studies do find Mbar ∝ V s
f with 3 < s < 4 [4, 121, 122],

as we will also show in Sec. 2.5; s = 4 is not forced upon us by the data, but it is not
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ruled out either. However, the MOND relation (Eq. 2.2) cannot explain the full range of

the diversity in the inner rotation curves, while the success of SIDM is deeply rooted to

hierarchical structure formation, as we discuss in the next section.

2.4 The Concentration-Mass Relation and Origin of the Char-

acteristic Acceleration Scale

We have demonstrated that SIDM explains both the diversity and the tight RAR

exhibited in the rotation curves, as dark matter self-interactions thermalize the inner halo

in the presence of the baryonic potential. Here, we show the host halos in the SIDM fits are

consistent with predictions in the hierarchical structure formation model, see, e.g., [123, 124,

2]. Since the outer halo (r & r1) remains unchanged for σ/m = 3 cm2/g, we parameterize

an SIDM halo using the concentration and mass or, equivalently, the maximal circular

velocity (Vmax) and the associated radius (rmax) of its CDM counterpart. Ideally, one

would measure these halo parameters directly from the kinematics data and compare them

with simulations. Unfortunately, most rotation curves do not have the radial extent needed

to sufficiently constrain them. In this work, we impose the cosmological concentration-

mass relation [2] as a prior similar to Ref. [125] and examine the consistency between its

consequences and observations.
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Figure 2.4: rmax–Vmax distributions of the host halos in the SIDM fits with controlled
(circles) and MCMC (squares) samplings. We also show the mean relation (black solid) and
2σ scatter (gray shaded) predicted in cosmological CDM simulations [2].

In Fig. 2.4, we show the rmax–Vmax distributions from our controlled (circles) and

MCMC (squares) samplings. For the former, we intend to seek the best SIDM fits to the

rotation curves following the mean relation (solid) from simulations. For the sample we

consider, 97% galaxies can be fitted within the 2σ band (gray shaded), calculated from the

relation log10 c200 = 0.905− 0.101 log10(M200/1012h−1M�) with an intrinsic scatter of 0.11

(1σ) [2]. For the latter, we impose the c200–M200 relation as a top-hat prior within the

3σ range in our MCMC sampling, together with an additional constrain on Vmax, 1/
√

2 <

Vmax/Vf <
√

2. The resulting inferences (median and 1σ error) are shown in the figure.

The two results agree well with each other. It is remarkable that even with the stringent
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constraints on Vmax and rmax (through the c200–M200 relation), the SIDM halo model is

able to fit the diverse rotation curves, as illustrated in Figs. 2.1 and 2.2. Indeed, with the

concentration-mass relation, we find the Υ?,disk distribution is peaked toward 0.5M�/L� in

the fits, shown in Fig. 2.3 (left).

To see the MOND acceleration scale emerging from the hierarchical structure

formation model, we parametrize a CDM halo with its gravitational acceleration at r = 0

as gNFW(0) = GM/r2|r→0 ≈ 2πGρsrs ≈ 2πV 2
max/(1.26rmax), where Vmax ≈

√
0.58Gρsr2

max

and rmax ≈ 2.16rs. Taking the mean cosmological Vmax–rmax relation, rmax = 27 kpc(Vmax/

100 km/s)1.4, we have gNFW(0) ≈ 1.0×10−10 m/s2 (Vmax/240 km/s)0.6, which is close to the

MOND acceleration parameter g†. This is the underlying reason why the empirical MOND

relation captures the overall stellar kinematics of spiral galaxies well. In the presence

of dark matter self-interactions and baryons, the actual central acceleration deviates from

gNFW(0), but the general argument still holds. For example, we can characterize a halo with

the acceleration at the scale radius rs, where the impact of dark matter self-interactions and

influence of baryons tend to be small, gNFW(rs) ≈ 0.39gNFW(0), slightly smaller than gNFW

at the center. The characteristic halo acceleration has a mild dependence on Vmax, ranging

from 20 to 300 km/s in the sample, and it also varies with the scatter in the cosmological

relation. This variation is important, as shown in Fig. 2.4. Since MOND does not have

such flexibility (see also [126]), its overall fits are worse than the SIDM ones, as illustrated

in Fig. 2.3 (right). We emphasize that g† = 1.38× 10−10 m/s2 inferred from our SIDM fits

in Sec. 2.3 is an average quantity over the sample after fitting to Eq. 2.2, not a universal

value for all the galaxies as in MOND.
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The calculation of the acceleration due to dark matter toward the center is more

subtle. Inside a constant density core gSIDM(r) ∝ r, and we need to specify the radius

where the acceleration is being computed. The half-light radius (r1/2), which encloses half

the luminosity, is typically used to characterize the size of the stellar distribution, so that is

a natural radius to compute the acceleration at r1/2. On average, the stellar half-light radius

is empirically observed to track the virial radius as r1/2 ≈ 0.015rvir [127], and we have r1/2 ≈

1.7Rd for an exponential disk model. Without a significant contribution from baryons to the

gravitational potential, SIDM predicts that gSIDM(r1/2) = 10−11 m/s2(Vmax/100 km/s)0.2

for the median halo concentration, and its dependence on the halo mass is extremely mild.

When baryons contribute, gtot does not increase linearly with gbar since both the central

SIDM density and the core radius depend on the gravitational potential contributed by

the baryons. The net result is a strong correlation between gtot and gbar, which is clearly

evident in Fig. 2.2. The model predictions have a definite width in the gtot vs gbar plane

and we have shown clearly that this scatter is required to fully explain the diversity in the

rotation curve data.
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2.5 The Correlations between the Total Luminous and Dark

Matter Masses

We have seen the SIDM fits to the rotation curves require values for the halo

concentration parameter that are completely in line with N-body simulations of structure

formation using the cosmological parameters from the Planck experiment [128, 129]. In ad-

dition, the stellar mass-to-light ratios are consistent with the results from stellar population

models [106].
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Figure 2.5: Halo virial mass vs galaxy stellar mass from the SIDM fits. The black solid line
corresponds to the abundance matching inference from [3].
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This leads to a natural question: what is the predicted halo mass for a given

stellar mass in the SIDM model? Since we assume the primordial matter power spectrum is

unchanged from the CDM one for the scales we are interested in, there should be a relation

consistent with the abundance matching results in the literature. In Fig. 2.5, we show the

stellar mass vs halo mass relation derived using the mass-to-light ratios from controlled

(circles) and MCMC (squares) samplings. The error bars on the MCMC points denote

the 1σ widths from the posteriors (16th and 84th percentiles). Our results are consistent

with the overall trend in the relation from abundance matching (solid) [3] (see [119] for

the CDM case). We also note that there is tendency for our data points to lie a bit the

left of the abundance matching line. The halo masses inferred from our fits seem to be

systematically lower than those inferred in [3]. This could be due to different assumptions

on the cosmological parameters in deriving the halo concentration-mass relation, or other

differences in the analyses. A systematic investigation of this subject would be a fruitful

avenue for future research. In addition, there are a few outliers on the left side of the black

line in the low-mass regions, and many of them have low-quality observational data, as we

will discuss later.
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Figure 2.6: total baryonic mass vs flat circular velocity for the 135 galaxies, where Mbar

is inferred from our SIDM fits (circles and squares). For comparison, we also show the
case (triangles) when Υ?,disk and Υ?,bulge are fixed to 0.5M�/L� [4]. The black solid line
is the mean baryonic Tully-Fisher relation from [4], derived from 118 SPARC galaxies with
Υ?,disk = Υ?,bulge = 0.5M�/L�, at which the scatter is minimized.

We have already alluded to the importance of the BTFR in our discussion of the

RAR. Lelli et al. [4] selected 118 SPARC galaxies and found that their Vf–Mbar inferences

can be fitted with a simple relation: log(Mbar) = s log(Vf) + log(A), where s = 3.71± 0.08

and log(A) = 2.27 ± 0.18 for Υ?,disk = Υ?,bulge = 0.5M�/L�. Fig. 2.6 shows the Vf–Mbar

inferences with the Υ?,disk and Υ?,bulge values from the controlled (circles) and MCMC

(squares) fits. The error bars in Mbar on the MCMC points denote the 1σ widths in the

stellar mass-to-light ratios from the posteriors, and the errors in Vf are taken directly from

the SPARC dataset [1]. We also show the fit from [4] as the solid line of Fig. 2.6. Note
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that this fit used 118 galaxies and a few outliers at the low Vf end were not included. For

comparison, we plot the 135 galaxies in our sample as triangles by fixing Υ?,disk = Υ?,bulge =

0.5M�/L�. We see that their distribution in the Vf–Mbar plane is almost identical to the

one from our SIDM fits. This is not surprising, as the Υ?,disk values inferred from the SIDM

fits are peaked toward 0.5 M�/L� as shown in Fig. 2.3 (left). Thus, we conclude that the

SIDM fits also lead to a tight BTFR relation. For our fits, we find s ≈ 3.46 (CS), 3.27 (MS)

and 3.58 (0.5M�/L�), excluding six obvious outliers on the left side of the black line. Note

five of them, F 561-1, PGC 51017, UGC 04305, UGC 06628 and UGC 09992, have either

low-quality rotation curves or small inclination angles, and they may not be well-suited for

dynamical analysis. We have also checked that these galaxies are also the outliers in the

low-mass regions of the Mstar–Mhalo relation, shown in Fig. 2.5.

We note that there is no evidence in the data for s = 4 exactly, i.e., Mbar ∝ V 4
f ,

which is the motivation for MOND, in either the constant Υ? fits or in the SIDM fits. We

note that Vf may not be a good proxy for the asymptotic velocity of every galaxy in the

sample and systematic effects could lead to a shallower BTFR slope [130]. Many of the

recent CDM simulations with efficient baryonic feedback seem to get something akin to the

BTFR with s ≈ 3.6–3.8 [131, 132, 133, 134], but it is fair to say that this is still not well

understood theoretically, in particular, the smallness of the scatter in the BTFR, equivalent

to the one seen in the RAR [135]. We expect that there will be interplay between dark matter

self-interactions and baryonic feedback in changing the halo potential, and understanding

how the BTFR emerges in SIDM is fertile territory for research in galaxy formation.
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2.6 Discussion and Conclusions

In this work, we have investigated SIDM as a solution to two puzzles that are

present in galactic rotation curves: (1) the diversity of inner rotation curves in galaxies that

have similar baryon content and similar flat circular velocities, and (2) the small scatter

in the radial acceleration relation between the total gravitational acceleration and the one

inferred from the baryonic mass content, i.e., uniformity.

We have fitted our SIDM halo model to the rotation curves of 135 SPARC galax-

ies, and found that it reproduces the observed diversity in the inner regions. The dis-

tribution of resulting 3.6 µm stellar disk mass-to-light ratios for the sample peaks at

Υ?,disk ≈ 0.5 M�/L�, in good agreement with the stellar population models. Our fits lead to

a radial acceleration relation described by the characteristic acceleration scale ∼ 10−10m/s2,

with tight scatter of 0.10 dex. The host halos are fully consistent with the Planck cosmol-

ogy. The inferred stellar mass-halo mass relation agrees with the result from the abundance

matching method, and the fits also predict a tight BTFR. These results provide compelling

arguments in favor of the idea that the inner halos of galaxies are kinematically thermalized

due to dark matter self-interactions.

The SIDM model automatically inherits all of the successes of the CDM model on

large scales, as the predictions are indistinguishable at distances larger than about 10% of

the virial radius of galactic halos. The required cross section is similar to the proton-neutron

elastic scattering cross section and this may be a strong hint that the dark matter sector

replicates some elements of the standard model. The large cross section keeps the inner

halo isothermal and this makes the predictions for the central halo profile at later times
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insensitive to the star formation history, as confirmed in recent hydrodynamical N-body

simulations [107, 136]. This implies that a large variety of feedback models, e.g, [47, 137,

138, 139, 140, 5], can be compatible with the SIDM model we have discussed here. The

predictions are quantitatively the same for σ/m & 1 cm2/g. This makes our results robust,

but it makes hard to precisely determine the cross section from kinematic datasets on galaxy

scales [73].

There are a number of promising directions that can further test SIDM and explore

galaxy formation and evolution in this framework. Here, we highlight a few of them. SIDM

simulations predict a correlation between the half-light radius of the stars and the dark

matter core size in dwarf and low surface brightness galaxies [103], which should be further

explored and may provide an observational test of SIDM. Similarly, the ultra-diffuse galaxies

in the clusters could be a test laboratory [141]. A related issue is the origin of the large

spread in the surface brightness of galaxies, which remains poorly understood. Interestingly,

hydrodynamical simulations of galaxy clusters show that the stellar density profiles in SIDM

are more diverse than in their CDM counterparts [107]. Is this a more general feature in

SIDM due to the dynamical interplay between core formation and feedback? How does this

interplay impact the emergence of the BTFR? Finally, at the lowest mass end, the dwarf

spheroidal galaxies, including the so-called ultra-faint dwarfs, in the Local Group could

provide a key test of SIDM (see [142, 143]). Dedicated SIDM simulations with the baryons

will be required to explore these exciting topics.

The predictive power of the SIDM model, the clear connection to cosmology, and

its rich implications for other astrophysical observations and particle physics phenomenol-
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ogy [144], all taken together make a clear case that it should be treated on the same footing

as the CDM model. The economical explanation, with the addition of just one parameter,

for the diverse rotation curves across the entire range of observed galaxies argues in favor

of the idea that the dark matter particles have a large affinity for the self-interactions.
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2.7 Appendix

2.7.1 Methods

We provide a detailed description of the analytical model developed previously [72,

73] and the fitting procedure in this section. We divide the halo into an inner and an outer

region [79] with the aim that the outer halo is not significantly changed by the self-scattering

process. In the inner region, dark matter self-interactions thermalize the halo in the presence

of the baryonic potential, and we model the dark matter distribution using the isothermal

density profile, ρiso ∝ exp(−Φtot(R, z)/σ
2
v0). Poisson’s equation relates Φtot to the dark

matter and baryon profiles as

∇2Φtot(R, z) = 4πG[ρiso(R, z) + ρb(R, z)]. (2.3)

For the outer halo, where the self-scattering effect becomes negligible, we model the dark

matter distribution with an NFW profile ρNFW(r) = ρsr
3
s/r(r + rs)

2. To construct the full

SIDM halo profile, we define a radius r1, where dark matter particles had one interaction on

average over the age of the galaxy. We join the spherically-averaged isothermal (ρiso) and

spherical NFW (ρNFW) profiles at r = r1 such that the mass and density are continuous at

r1. Thus, the isothermal parameters (ρ0, σv0) directly map on to the NFW parameters (rs,

ρs) or (rmax, Vmax).

The value of r1 is determined by the following condition,

〈σvrel〉 ρNFW(r1)tage/m = Nsc, (2.4)

where σ is the self-scattering cross section, m is the dark matter particle mass, vrel is

the dark matter relative velocity in the halo, 〈...〉 denotes averaging over the Maxwellian
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velocity distribution, tage is the age of the galaxy, and Nsc is a factor of order unity, to

be determined by calibrating to simulations. In this work, we have set tage = 10 Gyr and

Nsc = 1, which reproduce simulation results well; see Sec. 2.7.2. In principle, we should

use different ages for each galaxy, say between 10 Gyr and 13 Gyr. However, our model

can only constrain the combination of the cross section and the age. More importantly,

we have set σ/m to a large enough value that the SIDM density profile is insensitive to

small changes in the cross section. We assume that this cross section is a constant over

the SPARC sample, so 〈σvrel〉 = σ(4/
√
π)σv0. In this work, we present our results for

σ/m = 3 cm2/g on galaxy scales, which can be naturally realized in particle physics models

of SIDM [53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71].

We take two independent but complementary approaches. In the first one, we as-

sume a thin-disk profile for the stellar disk in solving Eq. (2.3), ρb(R, z) = Σ0 exp(−R/Rd)δ(z),

where Σ0 is the central surface density and Rd is the scale radius. For each galaxy, we re-

construct the Σ0 and Rd values by fitting the profile to the disk contribution of the rotation

curve as in [73]. We neglect the baryonic influence on the SIDM halo from the gas and

bulge potentials, but include all the mass components in modeling the total circular veloc-

ity. This is a reasonable approximation for the following reasons: (1) the gas is less centrally

concentrated and so its impact on the SIDM density profile is smaller, (2) the bulge (when

present) mainly affects the innermost region, while the disk contributes in this region as well

as at farther radii. Ref. [73] solved Eq. (2.3) with the thin-disk approximation and created

numerical templates for the isothermal density profile on the grid of a ≡ 8πGρ0R
2
d/(2σ

2
v0)

and b ≡ 8πGΣ0Rd/(2σ
2
v0). When the stellar profile is known, the parameters a and b give
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the central density and dispersion of the isothermal dark matter halo, which completely

specify the inner density profile. We interpolate the templates to generate rotation curves

for any set of (ρ0, σv0,Σ0, Rd). The fixed value of the cross section allows us to match this

density profile to the outer spherically-symmetric NFW density profile. Since r1 ∼ rs � Rd

in our fits, the influence of the baryons on the SIDM halo shape becomes negligible and the

SIDM halo recovers spherical symmetry at r1; see Sec. 2.7.2.

In fitting to the SPARC sample with the templates, we take a controlled sampling

approach. For a given galaxy, we start with the mean rmax–Vmax relation from cosmological

ΛCDM simulations [2] and an NFW profile that matches the flat part of the rotation curve.

Then, we choose an appropriate Υ?,disk (Υ?,bulge) value to reproduce the inner rotation

curve. We calculate a χ2/d.o.f. value for each fit and iterate this process manually by

adjusting the parameters until a good fit is achieved. For most galaxies, the very first step

provides decent fits, showcasing the simplicity of the model and its ability to fit the observed

data simultaneously. For each galaxy, we demand the (rmax, Vmax) values to be within the

∼ 2σ band. In this way, we have good control over the halo parameters in the fits. The

goal is to see to what degree are the galaxy halos of the SPARC sample consistent with

predictions of the hierarchical structure formation scenario, and the extracted Υ? values

consistent with stellar population synthesis model results [106].

In our second approach, we perform a MCMC sampling of the SIDM model param-

eter space. Since it is computationally expensive to use the templates, we use a spherical

approximation to model the baryon distribution [80, 104]. We create a spherical baryonic

mass profile from the stellar and gas masses, such that the baryonic mass within a sphere of
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radius r is Mb(r) = (V 2
disk +V 2

bulge +V 2
gas)r/G, where Vdisk is the contribution to the rotation

curve from the disk at radius r and similarly for the bulge and gas. Below the smallest radii

at which the baryonic contribution is tabulated in the SPARC database, we assume that

the density in baryons is constant. Outside the last tabulated radii, we assume that mass

is constant. We have tested some galaxies where we change the constant central density to

a smoothly matched Hernquist sphere [80] and found no difference.

We solve Eq. (2.3) in the spherical limit by taking r =
√
R2 + z2 using the python

module scipy.integrate.odeint, which uses LSODA from the FORTRAN library odepack.

We compute ρiso(r) starting at a small radius (10% of the innermost data point) assuming a

core, i.e., dρiso/dr = 0, and integrate the equation to larger radii using the default settings

in scipy.integrate.odeint. We compared the isothermal halos from this spherical ap-

proximation to those from the axisymmetric case (templates) and found agreement within

10–20%. Thus, while we expect some variance in the inferred parameters between the two

methods, the overall features should be very similar. This expectation is borne out by our

final fits.

We match the isothermal density profile ρiso, parameterized by (ρ0, σv0), to the

NFW density profile at r1, and this determines (Vmax, rmax). Thus, the spherical model has

four parameters, two for the entire halo and two for the mass-to-light ratios: (ρ0, σv0,Υ?,disk,

Υ?,bulge). We use the emcee implementation of the Affine invariant MCMC ensemble sam-

pler [145] to infer the posteriors of these four model parameters. To streamline the calcu-

lation of r1 at each point in parameter space for matching onto the outer NFW radius,
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we use the rate of scatterings, Γ0 = ρ0(σ/m)(4/
√
π)σv0, within the isothermal core as the

MCMC parameter in lieu of the core density ρ0.

The prior distributions used for the halo parameters and the mass-to-light ratios

in the MCMC scan are as follows:

• Γ0: Uniform prior on log10 Γ0 in the range of 2 < Γ0 × 10 Gyr < 105.

• σ0: Uniform prior on log10 σ0 in the range of 2 < σ0/(km/s) < 500.

• Υ?: Uniform prior on both Υ?,disk and Υ?,bulge in the range of 0.1 < Υ?/(M�/L�) <

10. The parameter Υ?,bulge is only included for galaxies whose surface brightness pro-

files have a stellar bulge decomposition provided in the SPARC dataset. All galaxies

have Υ?,disk as a parameter describing their stellar disk.

We have also added a term to the χ2 that imposes the c200–M200 relation. This term has

a mean value for log10 c200 given by the relation 0.905− 0.101 log10(M200/1012h−1M�) [2],

with an error of 0.33 dex.

Additionally, we also impose two regularization priors.

• We add 5% of Vf in quadrature for calculating the likelihood function. This allows

the code to disregard the points deep within the central regions and those with tiny

errors, so that they do not skew the fits. We have checked that it doesn’t change the

inference of cores/cusps. We do not include this regularization error when quoting χ2

values.

• We impose a uniform regulation prior on Vmax: 1/
√

2 < Vmax/Vf <
√

2. For most of

the galaxies (∼ 80%), our MCMC program can find physical fits without this prior.
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However, the MCMC sampler tends to pick up fits not consistent with hierarchical

structure formation predictions in some cases; typically the dark matter density is

unreasonably low in the central regions. This is due to the lack of an extended

rotation curve to fully constrain the halo parameters. The additional regularization

prior fixes this issue. We have also checked that the results are similar if we consider

a more generous range 1/2 < Vmax/Vf < 2 (see Sec. 2.7.2).

2.7.2 Supplemental Material

We provide additional information and results to supplement the results in the

main text.

• In Table 2.1, we list the galaxies that are shown in Fig. 1 of the main text.

• Fig. 2.7 shows the total acceleration vs the baryonic acceleration for the inner and

outer regions.

• Fig. 2.8 shows rmax–Vmax, Mstar–Mhalo, and Mbar–Vflat relations, similar to Fig. 3 of

the main text, but we impose the top-hat prior on the concentration-mass relation

with a wider Vmax regulation, 1/2 < Vmax/Vf < 2. In addition, we show the results

with a Gaussian prior on the concentration-mass relation and 1/
√

2 < Vmax/Vf <
√

2.

• Fig. 2.9 shows the SIDM density profiles predicted in the analytical model, compared

to cosmological N-body simulations from Elbert et al. MNRAS 453 (2015) no. 1,

29-37, and Creasey et al., MNRAS 468 (2017) no. 2, 2283-2295.
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• Fig. 2.10 shows the SIDM density profiles predicted in the analytical model, compared

to cosmological N-body simulations from Rocha et al. MNRAS 430 (2013) no. 1, 81-

104.

• Fig. 2.11 shows the SIDM fit to NGC 6503 with the numerical templates and the

corresponding dark matter density contours.

• Fig. 2.12 and 2.13 shows the MCMC SIDM fits to four galaxies and the corresponding

posterior distributions.

• Fig. 2.14 shows the MCMC SIDM fits to two galaxies with and without the regular-

ization prior 1/
√

2 < Vmax/Vf <
√

2.
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Name Vf [km/s] Name Vf [km/s] Name Vf [km/s] Name Vf [km/s]

UGC06923 79.6 UGC04278 91.4 F571-8 139.7 NGC7331 239.0
UGC05721 79.7 NGC0247 104.9 NGC4138 147.3 NGC3992 241.0
UGC06446 82.2 NGC0024 106.3 NGC3198 150.1 NGC6674 241.3
UGC08286 82.4 UGC06930 107.2 UGC09037 152.3 IC4202 242.6
NGC2915 83.5 UGC06917 108.7 NGC2683 154.0 UGC06787 248.1
UGC06667 83.8 NGC1003 109.8 NGC6015 154.1 NGC6195 251.7
UGC06399 85.0 NGC4183 110.6 NGC4051 157.0 NGC5005 262.2
NGC2976 85.4 F568-V1 112.3 NGC4100 158.2 UGC02953 264.9
NGC0055 85.6 UGC05986 113.0 NGC6946 158.9 UGC11455 269.4

F583-1 85.8 NGC6503 116.3 NGC3949 163.0 NGC2841 284.8
UGC02259 86.2 NGC3769 118.6 NGC1090 164.4 UGC11914 288.1
NGC0100 88.1 NGC4559 121.2 NGC3726 168.0 UGC02885 289.5
NGC5585 90.3 NGC4010 125.8 NGC3877 168.4 NGC5985 293.6
UGC04325 90.9 UGC03580 126.2 NGC4088 171.7 ESO563-G021 314.6

Table 2.1: Galaxies shown in Fig. 2.1 of the main text.
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Figure 2.7: Upper: the total acceleration vs the baryonic acceleration (colored) for the
inner (r ≤ 2Rd, left) and outer (r > 2Rd, right) regions, where Rd is the scale radius of the
stellar disk. Lower: The gtot–gbar relation with a different color scheme, where the intensity
is proportional to the density of points. The scatter in the gtot–gbar relation of the inner
regions is visibly larger (black solid).
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Figure 2.8: Upper: Similar to Fig. 2.4 2.5 and 2.6 of the main text, but we impose the top-hat
prior on the concentration-mass relation with a wider Vmax regulation, 1/2 < Vmax/Vf < 2.
Lower: Similar to Fig. 2.4 2.5 and 2.6 of the main text, but with a Gaussian prior on the
concentration-mass relation (with width 0.11 dex) and 1/

√
2 < Vmax/Vf <

√
2.
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Figure 2.9: Upper: Density profiles predicted in the analytical model (dotted), compared
with simulations (solid) from Elbert et al., MNRAS 453 (2015) no. 1, 29-37, based on the
SIDM code developed Rocha et al. MNRAS 430 (2013) no. 1, 81-104. Lower: A similar
comparison with simulations from Creasey et al., MNRAS 468 (2017) no. 2, 2283-2295,
which used the code developed in Vogelsberger et al., MNRAS 423 (2012) no. 4, 3740-
3752. Despite the fact that we impose the exact matching condition at r1, i.e., ρiso = ρNFW

and Miso = MNFW, and the agreement is better than ∼ 5–20% for σ/m ≥ 1 cm2/g and
the results change very mildly from tage = 10 Gyr to 13 Gyr. Sokolenko et al., JCAP
1812 (2018) no.12, 038, also showed the core sizes predicted in this analytical model are
consistent with their simulations, see the core size comparison in Fig. 22 (left panel); the
other comparisons in that paper are for different analytic models. The agreement can be
further improved through tweaks to this model by including small halo mass or cross section
dependence in the r1 definition or allowing freedom in the matching at the level of ∼ 5%.
In the paper, we take σ/m = 3 cm2/g, tage = 10 Gyr and the exact matching condition.
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Figure 2.10: Density profiles predicted in the analytical model (dotted), compared with
simulations (solid) from Rocha et al. MNRAS 430 (2013) no. 1, 81-104. Our model
reproduces the simulation results over a wide range of halo masses.
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Figure 2.11: Left: SIDM fit to NGC 6503 with the numerical templates. Right: Contours
for the normalized dark matter density, log10[ρ(r, z)/ρ0]. For this galaxy, the scale radius of
the NFW profile is rs = 10 kpc, r1 = 12.7 kpc and the scale radius of the disk rd = 1 kpc.
At r1, the SIDM halo profile is spherically symmetric (red) and it matches to the outer
NFW profile naturally.
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Figure 2.12: Left: Example MCMC SIDM fits to two galaxies. Right: the corresponding
posterior distributions in 2D with contours enclosing probabilities p = 1 − exp(−x2/2) for
x = 0.5, 1, 1.5 and 2.
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Figure 2.13: Left: Example MCMC SIDM fits to two galaxies. Right: the corresponding
posterior distributions in 2D with contours enclosing probabilities p = 1 − exp(−x2/2) for
x = 0.5, 1, 1.5 and 2.
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Figure 2.14: MCMC SIDM fits with (top) and without (bottom) the regularization prior
1/
√

2 < Vmax/Vf <
√

2 for NGC 3521 and UGC 0435. For the two galaxies, the regu-
larization prior is important to achieve fits consistent with expected from the hierarchical
structure formation model. These examples demonstrate that the MCMC scans without
the regularization prior can get stuck in regions of parameter space that have very low
density of dark matter, which is not consistent with expectations based on the standard
cosmological model.
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2.7.3 Diversity and Uniformity: Two Sides of One Coin

In the main text, we have discussed how the gtot and gbar are related in the outer

region of galaxies with the Tully-Fisher relation, how the dark matter halos from the hi-

erarchical structure formation roughly determine the fundamental acceleration scale, and

why the SIDM model performs better than MOND on fitting to the rotation curves. In this

subsection, we build a link between the SIDM formalism and the whole functional form of

MOND. The idea is from the following observation. The MOND formula actually offers a

way to calculate the gtot from gbar. On the other side, gtot is linked to Φtot, the total gravita-

tional potential, through gtot = −∇Φtot in Newtonian gravity. More importantly, Φtot plays

an important role in the SIDM model, that is, it determines the dark matter density distri-

bution in the thermalized region in a large sense through ρiso(~x) = ρ0 · exp(−Φtot(~x)/σ2
0).

These links make us imagine that in the Newtonian gravity, the MOND formula is actually

describing a tight correlation between baryons and dark matter, which is realized through

the thermalization of dark matter particles with self-interactions.

Fig. 2.15 shows the first supporting evidence to the above argument. In Fig. 2.15,

the gtot and gbar from 3012 total data points in SIDM model are divided into two groups

based on whether it is within r1 (left) or out of r1 (right). It shows 87.6% of the total data

points are in the thermalized region within r1. These data points occupy the most part and

weight of the RAR and play an important role to determine the g† in the fitting formula,

i.e., the black fitting curves and statistical deviation as shown in Fig. 2.15 (left). On the

contrary, the data points out of r1 are less dominant and are mainly located at the low left
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corner of the fitting curve as shown in Fig. 2.15 (right). They may effect the location of

the fitting curve and standard deviations sightly, but are not in a determining role.
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Figure 2.15: Left: Similar to the radial acceleration relation shown in Fig. 2.2 but only with
the data points within r1 in each galaxy. Right: gmod

tot and gmod
bar for data points outside of

r1. In both plots, the color intensity is proportional to the local number density of data
points. The black solid line, two red dashed curves and the black dotted line in each plot
are the same as those in Fig. 2.2.

Then we derive a more clear link between a thermalized SIDM halo and the

MOND formula (RAR). The dark matter density in the isothermal region, ρiso(~x) = ρ0 ·

exp(−Φtot(~x)/σ2
0), and the relation gtot = −∇Φtot together imply:

gtot = −σ
2
0

rd

1

rn

dln(ρiso)

dln(r)
, rn = r/rd (2.5)

We can write it in a more concise way:

gtot = g0 · f(rn) (2.6)

with

g0 =
σ2

0

rd
, f(rn) = | logSlope(rn)

rn
|, logSlope(rn) =

dln(ρiso)

dln(r)
. (2.7)
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On the MOND side, the formula from RAR is

gobs =
gbar

1− exp(−
√
gbar/g†)

(2.8)

After simplification, it becomes following:

gobs = g† · f(x) (2.9)

with

x = gbar/g†, f(x) =
x

1− exp(−
√
x)

(2.10)

The similarity is obvious from the comparison between Eq. 2.6 and Eq. 2.9.

g0 = σ2
0/rd and fSIDM in the SIDM model correspond to g† and fMOND in the MOND theory.

However, the meanings of them are different. In the MOND theory, g† is a fundamental

acceleration scale which is fixed. fMOND is a determined function that is used to calculate

the total acceleration from the baryon contribution. They are the same for all the galaxies.

If there is any difference, that would be the different input and output from various galaxies.

In the SIDM model, g0 is an acceleration scale related to the dark matter velocity dispersion

and galaxy scale, which would be unique to each galaxy. fSIDM contains the logarithmic

slope and radial information of dark matter density profile, which also varies among different

galaxies.
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Figure 2.16: Left: The 135 selected SPARC rotation curves and SIDM σ/m = 3 cm2/g fits.
Each of them is color coded based on its Mbar/r

2
d value. From small to large Mbar/r

2
d value,

the galaxies are shown from red to violet. Right: Similar to the radial acceleration relation
shown in Fig. 2.2, the data points for each galaxy are shown directly and color coded based
on its Mbar/r

2
d value as Left.

In Fig. 2.16, we distinguish different galaxies in RAR plot by color coding each

galaxy based on its value of Mbar/r
2
d, which can be converted to a featured acceleration for

the baryon component in each galaxy directly by multiplying G, the gravitational constant,

and which is also proportional to the surface brightness of that galaxy. Mbar/r
2
d will usually

be small (red) for extended dwarfs and be large (purple) for compact galaxy with high

luminosities. This point is illustrated in Fig. 2.16 (left), where colors of galaxies with small

to large flat velocities changes from red to purple gradually. In Fig. 2.16 (right), from

upper right to lower left, the color changes from purple to red which indicates the RAR

are a combined result from compact massive galaxies on the upper right to dark matter

dominated dwarf galaxies on the low left.
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Figure 2.17: The relation between normalized total and baryon accelerations. The gmod
tot

and gmod
bar for each galaxy inferred from the σ/m = 3 cm2/g fits are normalized by its

characteristic acceleration scale g0 = σ2
0/rd. The galaxies are color coded as in Fig. 2.16.

In the MOND formalism with gobs = g† · f(x) and x = gbar/g†, we can change it

to y = f(x) with y = gobs/g† and x = gbar/g†, so that all the accelerations are normalized.

This inspires us to do the same transformation to the SIDM formula Eq. 2.6, that is, to

normalize gobs and gbar by g0 = σ2
0/rd. The normalized results are shown in Fig. 2.17. Since

g0s are usually unique to each galaxy, we don’t expect the total and baryon acceleration

after normalization still hold a tight relation. To our surprise, the gtot/g0s and gbar/g0s

are still correlated to each other and the correlations are well described by fMOND. This

indicates from SIDM’s point of view, fMOND actually is an approximate description of how

the baryon (gbar/g0) will effect the shape of dark matter profiles (gtot/g0 = | logSlope(rn)
rn

|).

We can show that 〈g0 =
σ2
0
rd
〉 = 1.33× 10−10 m/s2 in the sample, where 〈...〉 means normal

average here. If we treat this averaged acceleration 〈g0〉 = 1.33× 10−10 m/s2 as g† and use

fMOND to approximate fSIDM, then we make our MOND from the SIDM model. We should
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also notice deviations between the SIDM results and fMOND are obvious for some dwarf

galaxies (yellow to red) with relatively low stellar surface densities. It’s these differences

that cause the inability of MOND to fit the rotation curves of those galaxies as illustrated

by the MOND fitting results in Appendix A.
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Chapter 3

A Challenge from Diverse Baryon

Distributions

3.1 Introduction

The cold dark matter (CDM) paradigm has been exceedingly successful in explain-

ing the matter distribution of the Universe on large scales [34] and many important aspects

of galaxy formation [146, 147]. However, challenges emerge on galactic scales. The CDM

paradigm predicts a universal cuspy dark matter (DM) density profile, i.e., Navarro-Frenk-

White (NFW) profile, when baryons are not taken into account [40, 41, 42, 43]. On the

contrary, the observation of rotation curves in dwarf galaxies where baryons are thought to

be unimportant expects DM density profiles with large cores near the center [44, 45]. This

is the famous “core vs cusp” problem. Recently, this “core vs cusp” issue is generalized to

the diversity problem by Oman et al. after they examined a sample of dwarf galaxies [48].
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The diverse behaviors in galactic rotation curves revealed in Ref. [48] show that not only

galaxies of different sizes can have rotation curves with dissimilar shapes, but even with

similar flat circular velocities, the rotation curves could show various growth rates in the

inner regions. Some may rise gently and extend to several kpcs, while others may just grow

rapidly and reach the flat region within 1-2 kpc. This diversity feature is captured by the

scatter of circular velocities at 2 kpc when the maximum circular velocity is roughly fixed.

By comparing observed rotation curves with those from cosmological hydrodynamical sim-

ulations (e.g., EAGLE and LOCAL GROUPS), Oman et al. illustrated that the rotation

curves with similar maximum circular velocities from the simulations show significantly less

variations and that the ratio between the highest and lowest velocity at 2 kpc is ∼ 4 in

observations but it is only ∼ 2 in the simulations. Their results also indicate the observed

dwarf galaxies could enclose much less mass in the central regions than what expected from

CDM halos. This implies these simulations lack a mechanism to remove the inner baryons

and DM mass outwards.

Modeling realistic galaxy formation processes in CDM simulations is a possible

solution to explain the diversity in the rotation curves. The baryons can contract the

inner DM halo through adiabatic contraction [148, 149, 150]. However, strong supernovae

explosions can generate shallow DM cores by causing the outflow of gas from the halo central

region and further perturbing the underlying gravitational potential [46, 47, 151, 132]. Di

Cintio et al. showed the net result of these two opposite effects from baryons on the DM

halo can be captured by a mass-dependent halo density profile in which the expansion of

DM halo due to the baryon feedback effect is parameterized by the ratio between the stellar
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mass and halo mass [151]. This profile is used in Ref. [152, 125] to explore the diversity

feature of rotation curves analytically. They concluded that the diversity in rotation curves

is possible to be reproduced in the CDM paradigm. To test this, the rotation curves from

SPARC dataset and those from NIHAO simulations are compared [5]. I. Santos-Santos

et al. showed both the average trend and the scatter (not for each individual galaxy)

in rotation curve shapes of NIHAO galaxies are in reasonable agreement with those from

SPARC galaxies with DM core expansions. Though the simulation results get the overall

features of observed galaxies, there are still about 11 outliers couldn’t get explained and the

majority of them are starbursts or emission-line galaxies [153], with steep rotation curves

and small effective radii. In contrast to Oman et al.’s result, the rotation curves from

NIHAO simulations need more baryons or DM in the central regions in order to explain the

outliers.

On the other hand, Ren et al. have shown that SIDM can explain the diversity of

spiral galaxies in the SPARC sample [154]. The inner region of a DM halo is thermalized

because of sufficient collisions over the age of galaxy. As a result, the final DM distribu-

tion is related to the baryon potential thermally. The deeper the baryon potential is, the

steeper the DM density profile becomes. We implemented two independent ways in the

previous work [154]. With suitable constrains (like a regulator for Markov Chain Monte

Carlo sampling), we recovered the cosmological relation [2] and abundance matching result

[3]. Stellar mass-to-light ratios (M/L) have a peak around 0.5 M�/L�, the value suggested

by stellar population synthesis models [155, 106] and color-magnitude diagrams of resolved

stellar populations [156]. The previous work is based on the analytical modeling, and it
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would be interesting to test the results in simulations with realistic feedback environment.

Though a related simulation work [105] reproduced the diversity by mainly considering the

gravitational effect from baryonic disks in isolated runs, whether baryonic feedback effects

would limit the formation of diverse baryon disks in SIDM halos and change the final result

need further investigations.

In this work, we compare the SIDM fitting results with those from CDM simula-

tions in detail. Our focus is on figuring out the key differences in the properties of DM and

baryon profiles in both cases. By exploring the baryonic influence on the inner shapes of

DM density profiles in both SIDM framework and CDM simulations, we highlight existing

challenges. The structure of this paper is organized as follows. In Sec. 3.2, we briefly review

the galaxy sample and methods used in [154] (Ch. 2) and discuss the effect of different

self-interaction cross sections on the SIDM fits including ones with the collissionless NFW

profiles. In Sec. 3.3, we compare the rotation curves and detailed components of the outlier

galaxies. In Sec. 3.4, we study the shapes of inner DM halos in terms of the logarithmic

slopes of their density profiles. The correlations between the logarithmic slope and other

model parameters in SIDM are checked in Sec. 3.5. In Sec. 3.6, we conclude with potential

challenges and point out possible future directions.

3.2 The SIDM fits

In this section, we briefly review the galaxy sample selected from the SPARC

dataset, SIDM halo modeling and methods used to fit to rotation curves based on our pre-

vious work [154] (Ch. 2). The SPARC dataset contains 175 disk galaxies in the nearby
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Universe with both high quality rotation curves and near-infrared (3.6µm) surface photom-

etry. These galaxies cover very wide ranges in luminosity, surface brightness and rotation

curve shapes. These features make it an ideal testing ground for the studies of diversity in

rotation curves. For this work, we select 135 galaxies from the full SPARC sample by requir-

ing each galaxy to have a measured velocity for the flat region of its rotation curve. When

fitting to these galaxies, we model the baryon contribution by scaling the disk and bulge

circular velocity data using the mass-to-light ratios of disk (Υ?,disk) and bulge (Υ?,bulge),

i.e., Vbar = (V2
gas + Υ?,disk ∗ V2

disk + Υ?,bulge ∗ V2
bulge)

1/2. For the SIDM contribution, the

inner halo is assumed to be thermalized due to strong self-interactions [72, 70] and it follows

the isothermal density profile ρiso(~r) = ρ0 × exp[−Φtot(~r)/σ
2
v0], where ρ0 is the central DM

density, Φtot = ΦBar + ΦDM is the total gravitational potential from DM and baryons (we

set Φtot(~0) = 0) and σv0 is the one dimensional DM velocity dispersion. This profile is

matched to the density and enclosed mass of an NFW halo [41, 42] continually at r1, where

the average scattering times for one DM particle over the age of a galaxy is O(1).

The baryon and DM distributions are couple to each other through the Poisson

equation ∇2Φtot = 4πG(ρiso + ρb) in the isothermal region within r1. In order to solve

this equation and perform the fitting process, we adopted two independent methods. In

the controlled sampling (CS), we use an axisymmetric exponential thin disk to model the

stellar distribution [73] and constrain the DM halo concentration within the 2σ range of

the concentration-mass relation predicted in cosmological simulations [2]. We start with

an NFW halo, solve the SIDM profile, and iterate manually until the rotation curve gets

a wonderful fit. This method captures the thin and axisymmetric baryon distribution,
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however it is relatively slow to perform. In Markov Chain Monte Carlo (MCMC) sampling

(MS), we adopt a uniform prior for Υ?,disk and Υ?,bulge, and another uniform prior to

encode the concentration-mass relation. The difference from CS is that we assume spherical

symmetry for baryons by spreading the mass within the disk at one radius into a sphere

of the same radius [80, 104]. This method is so fast to implement that makes us able to

explore a large parameter space and probability distributions. See Sec. 2.7.1 in Ch. 2 for

more details.
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Figure 3.1: Upper: The χ2/d.o.f. distributions. For massive galaxies with Vf > 120 km/s,
three SIDM results and NFW fits have similar χ2/d.o.f. distributions. A larger σ/m value
leads to slight improvements on the fitting quality. While for those with Vf ≤ 120 km/s,
the increase of the σ/m value results in more significant improvements on the χ2/d.o.f.
distributions. Lower: Distributions of c200 deviations with respect to the mean values in a
unit of the standard deviation from the cosmological simulations [2]. For massive galaxies
with Vf > 120 km/s, all the fitting results have c200 deviation distributions with broad
peaks around the medium value. While for those with Vf ≤ 120 km/s, the peaks of c200

deviation distributions shift from a region around ∼ −2 to the medium value region ∼ 0 by
increasing the σ/m value.
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The self-interaction cross section per unit mass (σ/m) is an important quantity

measuring the significance of dark matter self-interactions. Though it maybe hard to de-

termine the magnitude precisely with rotation curve data due to uncertainties, we study

the effect of different cross sections (3.0, 0.5, 0.2 and 0 cm2/g) on the fitting results of

the selected sample. Especially, the none self-interaction case indeed corresponds to fitting

with the NFW profiles. Fig. 3.1 upper panels show the fitting quality in terms of χ2/d.o.f.

distributions. The whole sample is divided into small (left) and large (right) mass groups

in terms of whether the galaxy’s Vf is smaller or larger than 120 km/s. For small galaxies

(upper left), from the NFW case to the SIDM result with σ/m = 3.0 cm2/g, the larger

the cross section is, the better the fitting results are. For large galaxies (upper right), the

fitting quality are close to each other, however the SIDM result with a large cross section

still performs slightly better. The lower panels show the distribution of deviations from the

mean cosmological halo concentration-mass relation [2]. For small galaxies (lower left), re-

sults with the NFW profiles prefer less concentrated halos. When the σ/m value increases,

the concentration of halos increase and more galaxies shift to the region around the medium

concentration. For large galaxies (lower right), the changes of the deviation distributions

corresponding to different σ/m values are not as large as those in small galaxies (lower

left). A qualitative explanation for the shift in concentration distributions among small

galaxies could be that many dwarf galaxies in the small galaxy group need a cored profile

to get a good fit. The NFW profile can only lower the concentration to decrease the inner

DM contribution, however the SIDM profile could also lower the DM component through

strong self-interactions. The core size of an SIDM halo usually will increase with the self-
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interaction strength. Fig. 3.2 (left) restates the differences in halo concentrations of the

NFW and SIDM (σ/m = 3.0 cm2/g) results with a tophat prior on the concentration-mass

relation using the rmax − Vmax plot, where rmax is the radius of the maximum rotation

velocity Vmax based solely on the NFW profile. The markers of large galaxies from two

fitting results roughly overlap with each other. However, among small galaxies, the NFW

halos (purple diamonds) locate systematically above the mean rmax − Vmax relation (solid

black line) and are less concentrated comparing to the SIDM halos (green squares). Similar

results but with a gaussian prior on the concentration-mass relation are shown in Fig. 3.2

(right). Thus, the conclusion, i.e., the NFW halos are less concentrated than the SIDM

halos in fitting the small galaxies, is independent of the priors we use.
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Figure 3.2: Medium rmax–Vmax distributions with 1σ errors inferred from the SIDM
(σ/m = 3 cm2/g, squares) and NFW (diamonds) fits, using the tophat (left) and Gaussian
(right) priors on the concentration-mass relation. The hosting halos in the NFW fits are sys-
tematically less concentrated than their SIDM counterparts for galaxies with Vf ≤ 120 km/s.
The results are independent of the priors we choose.
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The fits in Ch. 2 are the results with σ/m = 3.0 cm2/g. Our fits demonstrate

the diversity in the SPRAC rotation curves can be successfully reproduced in the SIDM

framework. No matter the galaxy is a dwarf with low surface brightnesses or a big one

with large bulge contributions, the SIDM model is able to provide excellent fits to their

rotation curves. Furthermore, other galaxy properties from the fits are also consistent with

the observations, theoretical considerations and simulation results. For example, our results

recovered a correlation between the total and baryon accelerations with small scatters, i.e.,

the radial acceleration relation [96], and generated a tight baryonic Tully-Fisher relation [4].

The stellar mass-to-light ratios get a distribution as expected from the stellar population

models [106]. The DM halos are in good agreement with the Planck cosmology, and the

stellar mass-halo mass relation matches well with the abundance matching method [3]. In

the following sections, we compare the results with σ/m = 3.0 cm2/g to those from CDM

simulations.
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3.3 Outliers
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Figure 3.3: Comparisons of rotation curves for outlier galaxies. The observational data from
the SPARC dataset [1] are shown as colored dots with error bars. The colored solid curves
are fits from the SIDM (CS) results. Simulated rotation curves from NIHAO [5] are shown
in light gray curves with the outmost measured velocities ranging from 47 to 90 km/s.

Although NIHAO CDM simulations with strong baryonic feedback can reproduce

the general trend and scatter of the diversity feature in the rotation curves of the SPARC

sample, there are still several galaxies whose rotation curves are either too steep or too

flat [5] to be explained. In this section, we select nine SPARC galaxies whose velocity at 2

kpc is more than ±3σ away from the corresponding mean value at that radius of similar-

size galaxies in the NIHAO simulations [5]. We then compare the data of these outlier

galaxies, their SIDM fits and NIHAO rotation curves. In Fig. 3.3, nine rotation curves
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for the outlier galaxies from observations are shown as colored dots with error bars. Light

gray lines denote predicted rotation curves from NIHAO simulations, and the colored solid

curves denote fits using the SIDM model. These nine galaxies have similar flat velocities in

the range of 50-80 km/s, however their inner parts of rotation curves demonstrated diverse

shapes. For example, the rotation velocity around 2 kpc spreads from the lowest one (dark

green, IC2574) ∼ 20 km/s to the highest one (light green, NGC7793) ∼ 80 km/s. This is

almost a factor of 4 and illustrates the diversity feature in the rotation curves.

The rotation curves of IC2574 (dark green) and UGC5750 (blue) rise most slowly.

Their shallow rotation curves imply that not only the baryon distributions are extended,

but their DM components should contain a large core as well. Though the simulated ones

(light gray) are slightly higher than both rotation curves in the inner region (e.g. r . 5 kpc),

I. Santos-Santos et al. argued that a remarkable agreement with observational data could

be achieved by using the true circular velocity that takes into account the precise mass

distribution of the galaxy [5]. In contrast to the slowly rising behavior in IC2574 and

UGC5750, other outliers have more steep rotation curves. Only two galaxies, DDO064

(pink) and UGC05764 (red), are within the range of the simulation results. Other galaxies

(NGC7793 (light green), UGC05721(yellow), UGC08490 (purple), NGC1705 (orange) and

UGC07603 (magenta)) are so steep that those simulated rotation curves even can’t match

the observed ones from the most inner points. In term of the velocity contributions, this

means either the baryons or the DM components are very concentrated in these observed

galaxies, but this is not the case for the NIHAO simulations. On the contrary, the SIDM

model (the colored solid curves) does a better job in fitting to the outliers. The predicted
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rotation curves from the SIDM fits can not only extend out and go as shallow as that of

IC2574 (dark green) but also grow rapidly like that of NGC1705 (orange). Apparently, the

predicted rotation curves from the SIDM framework demonstrate more diversity than those

from NIHAO simulations. More quantitatively, the ratio of the maximum to minimum

circular velocity at 2 kpc is almost 4 in the SIDM model while 2 in the simulations.
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Figure 3.4: Comparisons between the decomposed SIDM (CS) fits in Fig. 3.3 to the sim-
ulated rotation curves. The thick dashed curves stand for baryon velocity contributions.
The dotted curves are velocity contributions from SIDM. The colors follow those of observed
rotation curves in Fig. 3.3. The gray curves are the total rotation curves from the NIHAO
simulations.

The differences in the SIDM and simulated fits can be traced back to baryon and

DM distributions. We extract the baryon and DM velocity contributions for each outlier

galaxy from the SIDM fits, and compare them to the total NIHAO rotation curve since the
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detailed DM and baryon components from the simulations are not available to the public

yet. In Fig. 3.4, the baryon contributions from SIDM fits are shown as dashed lines and

the DM contributions are shown as dotted lines. The baryon velocity contributions from

IC2574 (dark green) and UGC05750 (blue) are extended as expected. The DM velocity

curves also spread out just like the baryon ones, and they are relatively shallow compared

to other galaxies. DM dominates in both galaxies and whether there is a link between the

baryon expansion and the DM core expansion in these systems is an interesting question to

explore. Meanwhile, the galaxies with steep rotation curves have baryon components that

are comparable to the total simulated rotation curves from NIHAO, such as DDO064 (pink),

UGC07603 (magenta) and UGC05764 (red). The corresponding DM contributions that

make up the good fits already touch the upper bound of the simulation results. NGC7793

(light green), UGC05721 (yellow), UGC08490 (purple) and NGC1705 (orange) all have very

steep baryon and DM contributions. Their baryon contributions could even reach 2 times of

the total simulated ones in the region around 0.5-1 kpc, such as NGC1705 (orange). These

concentrated baryon distributions also contract the thermalized DM profiles through their

deep baryon potentials. Thus, the SIDM model also explain the rotation curves with steep

rising.

For the outliers with steep rising rotation curves, we can assume if the baryon

contributions are lower than those in the SIDM fits, then in order to get a good fit, the

DM contribution should be higher, but what makes the contraction of DM will be unclear

theoretically. From this point of view, large baryon contributions are required for reasonable

fits to these starburst galaxies. This again indicates that the baryon distributions in the
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NIHAO simulations are quite different from the observed ones. For many dwarf galaxies, the

observed ones are more concentrated, while the ones from NIHAO are relatively extended.

NIHAO simulations span a wide range of masses and merger histories, but it seems they

still miss galaxy analogs with high baryon concentrations. Since the NIHAO simulations

can reproduce the flat ones somehow, this implies that either the baryonic feedback effect

is too strong to form concentrated baryon distributions, or some other feedback processes

are missing in the simulations.
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3.4 Inner Dark Matter Density Profiles
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Figure 3.5: The logarithmic slope (α) of the inner DM density profile at r = 1.5%Rvir as a
function of log(M?/Mvir). Large α values (e.g., α & −0.8) correspond to cored profiles , and
small α values (e.g., α . −0.8) indicate cuspy ones. The slope values from the DM-only
simulations, i.e., results that correspond to the Navarro-Frenk-White (NFW) profiles, are
shown in the gray band with concentration scatters [6]. Results from the NIHAO simulations
are shown in red stars and the purple band is a fit with 1σ scatter [6]. The blue stars are
results from FIRE-2 simulations [7, 8]. SIDM CS results are shown in the left panel with
blue dots, and those from MS are in the right panel shown as green squares with error bars.
Small markers denote galaxies with Vf ≤ 120km/s, while large ones with Vf > 120km/s.
The brightness of the marker color is positively correlated with the average surface stellar
mass density of galaxies.

While using the velocity rotation curve is one way to capture the diversity visually

and to see the relative contribution of baryons and DM, the logarithmic slope of a DM halo

in the inner region (e.g., at ∼ 1.5% of the halo virial radius Rvir) is another signature to

show some additional information. The slope indicates the shape of the inner density profile

and it captures the influence of baryons on DM halos. If the DM halo contains a big core

in the center, the slope would be close to 0, while if it contains a cusp, the slope would be

a negative values (e.g., −1.5). Different DM models can have different DM density profiles.
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For example, the DM-only simulations show the inner slope for a CDM halo is intrinsically

∼ −1.5 while the slope of an SIDM-only halo is ∼ −0.5. In the presence of baryons, the

final DM profile can be modified from its original form. Thus, by looking at the degree of

the modification, we can infer information about the relative weight of baryons, baryon-DM

interplay and so on.

Fig. 3.5 shows the DM density logarithmic slope (α) at 1.5%Rvir from different

models and methods as a function of the ratio of stellar to halo masses, i.e., log(M?/Mvir).

The gray band (−1.63 . α . −1.24) is from CDM-only simulations (NFW profiles) with

concentration scatters [6]. The red stars and the purple band are from NIHAO simulations

[157] while the light blue stars are from FIRE-2 [7, 8]. Though they belong to two com-

pletely different sets of simulations, their results are consistent with each other in term of

the logarithmic slope trend. When log(M?/Mvir) is below −3 corresponding to classical and

ultra-faint dwarfs, the slope is close to that from the results with NFW profiles due to the

small baryon component and negligible feedback effects. When log(M?/Mvir) is between −3

and −2, baryons are able to generate influential feedback effects to create DM cores. How-

ever in larger galaxies, the profile becomes cuspy again because the contraction effects from

large baryon mass begins to play a dominant role and gradually beats the core expansion

due to the baryonic feedback effect. We include two SIDM results in Fig. 3.5. In the left

panel, the blue dots are from the CS, while in the right panel, the green squares with 1σ

errors are from the MS. There are two properties attached to both SIDM data, the marker

size and the brightness of color. The galaxies with flat velocities (Vf) less than 120 km/s

are plotted in small markers (71 galaxies), and larger markers (64 galaxies) for those with
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Vf greater than 120 km/s. The lightness and darkness of color indicates the average surface

stellar mass density (∝ M?/R
2
d) of the galaxy. The larger the average surface stellar mass

density is, the brighter the marker color is.

Both SIDM results show consistent distribution patterns in Fig. 3.5. In the region

where most of SIDM points are located, i.e., −2.5 ≤ log(M?/Mvir) ≤ −1.0, the slopes spread

from ∼ −0.5 to −2.8, while results from the NIHAO and FIRE-2 simulations mainly located

within a range between −0.5 to −1.5. This huge difference indicates the significant variation

in the form of DM density profiles. The simulated one are more alike to each other and

show less variations. In contrast, the wide spread in the SIDM results indicates the SIDM

density profiles vary from large cores to sharp cusps. There are 75 (CS, left) and 80 (MS,

right) galaxies whose slopes are larger than −1.2, or above the upper bound of the results

from NFW profiles (the gray band). These galaxies are shown in darker color, meaning low

average surface stellar mass densities, especially for those with logarithmic slopes ∼ −0.5.

Among them, 51 (CS) and 60 (MS) are small galaxies (small markers) with Vf < 120 km/s.

On the other side, there are 60 (CS) and 55 (MS) galaxies have slope values smaller than

−1.2. Their markers look more bright indicating their high average surface stellar mass

densities. Among them, 40 (CS) and 44 (MS) are large galaxies with Vf > 120 km/s. A

slight difference between two SIDM results is the marker locations in the regions above

and below α ≈ −1, 2. In the upper region, the MS results are slightly shifted rightward

comparing to the CS results. The MS markers crowd at where −1.5 ≤ log(M?/Mvir) ≤ −2,

while CS markers locate around −2 ≤ log(M?/Mvir) ≤ −1.5. In the lower region, the

situation is reversed. The CS markers have a collection center around log(M?/Mvir) ∼ −1.6

69



while log(M?/Mvir) ∼ −2 for MS markers. These location differences on the horizontal

direction can be traced back to the detailed components of baryons and DM. We address

this point in the next section.

From Fig. 3.5, we see the agreement between the SIDM and simulation results are

acceptable in the upper region (α & −1.2), at least the marker groups from the both SIDM

results match with the NIHAO purple band. This is a region where galaxies tending to

have density cores. In the CDM simulations, the core is formed through active baryonic

feedback effects (indicated by log(M?/Mvir)) and weak baryon contractions (indicated by

the low surface mass density). The core in the SIDM model is a result from the strong

self-interactions and weak baryon effects due to a shallow baryon potential. The dramatic

deviation happens in the lower region (α . −1.2). The slope values from the SIDM fits get

a spread from −1.2 to −2.8 without changing log(M?/Mvir) that much. These sharp density

profiles are mainly driven by the deep baryon (and DM) potential indicated by the large

average surface stellar mass density. In order to get similar slope values in the simulations,

one needs to get log(M?/Mvir) close to -1 as shown in Fig. 3.5 so that the baryon contraction

effect is enhanced and overcomes the feedback core expansion. This comparison points to a

potential problem in the current CDM simulations. To generate steep DM density profiles,

the method could be not only the contraction effect from huge baryon mass (i.e., large

log(M?/Mvir)), but the contraction effect from baryons’ condensation even if it is a dwarf

galaxy. We use 4 outlier galaxies (NGC7793, NGC1705, UGC08490, UGC05721), which are

the ones with most steep inner rotation curves and below the NFW gray band (see Fig. 3.5

left), to illustrate this point. If their rotation curves get fitted but the baryon components
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are smaller than those from the SIDM fits, the DM profile should be more concentrated

(though it may be impossible theoretically). If the baryon components are comparable or

even larger in the simulations, the contraction effect should dominate in the inner region

for baryons and DM, and the DM gets a steeper density profile. In other words, the DM

density profiles are not cored as expected from the NIHAO purple band in these galaxies.

It seems current CDM simulations do not reproduce dwarf galaxies with high

baryon concentrations. The discrepancy between the observed and simulated rotation curves

shown in Fig. 3.3 are an indication of the lack of diversity in both baryon and dark matter

distributions. In the SIDM case, the baryon contributions are not generated through sim-

ulations but taken from observations directly, and they are scaled with Υ?,disk and Υ?,bulge

so that their condensations are preserved in the fitting processes. The SIDM inner halos

are thermalized and respond to the baryonic potential thermally. Thus, in the SIDM fits,

the diverse slope spread in fact is a reflection of the diverse baryon components.
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3.5 Slope Correlations
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Figure 3.6: Correlations between the logarithmic slopes (αs) of inner DM density profiles
and disk mass-to-light ratios.

In the last section, we have studied the correlation between the logarithmic slope

in the inner region of DM halos and the ratio of stellar to halo masses, here we further

examine the correlation between the logarithmic slope and other parameters in the SIDM

model. In Fig. 3.6, the logarithmic slopes are plotted against stellar mass-to-light ratio

(Υ?,disk). We can see the M/Ls from both SIDM results are mainly distributed from 0.2

to 1 and most of fits have M/L values around 0.5. There are minor differences between

two SIDM results. In the upper region (α & −1.2), M/Ls from MS show wider scatters

and prefer larger values. This makes the galaxies in the upper region obtain larger stellar
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masses compared to those in CS. In the lower region (α . −1.2), though MS M/Ls still

contain wider scatter, CS results are slightly larger in values and so are the stellar masses.

These are the main reasons that lead to the minor differences in the distributions of SIDM

fits shown in Fig. 3.5. Given that our sample is large and covers a very broad range in

galaxy properties, we conclude that the logarithmic slope is not determined by or strongly

correlated to the stellar mass-to-light ratio.
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Figure 3.7: Correlations between the inner DM density slopes (αs) and the M?/R
2
d values.

M?/R
2
d measures how much baryons one galaxy has and how concentrated they distribute

at the same time, and it is proportional to the average surface density and baryon potential
directly. The single blue point with log(M?/R

2
d) ' 7.3 is PGC51017, which is an ultra-faint

galaxy with a tiny stellar mass and a large gas contribution.

In Fig. 3.7, we plot the logarithmic slope against log(M?/R
2
d). The stellar mass M?

is inferred from the observed total luminosity and the M/L from the SIDM fits. Rd is taken
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from observations directly. M?/R
2
d is a quantity that is directly proportional to the average

surface stellar mass density. It measures not only how much stellar mass the galaxy has,

but also how concentrated the stars are distributed. It includes the additional gravitational

information when compared to the average surface brightness. We can see there is a clear

correlation. When log(M?/R
2
d) is small (∼ 7.5), which indicates a tiny dwarf galaxy (M?

is small) or an extended stellar distribution (Rd is large), the logarithmic slope is round

−0.5 with small scatters, and the halos prefer cores. For these galaxies, the baryons have

little influence on the halo and dark matter self-interactions produce a density core. When

log(M?/R
2
d) increases and so as the baryonic influence, the value of the slope gets larger,

which means the core of the density profile shrinks and the profile becomes more and more

cuspy. At the same time, we see the scatter is also getting larger. Since the surface stellar

mass density is related to M? or Mhalo, the logarithmic slope has a correlation with them

as well, as indicated in Fig. 3.8. However, we found the correlations are not as tight as

the one with the average surface stellar mass density (∝ log(M?/R
2
d)). Small galaxies with

Vf ≤ 120 km/s have stellar masses roughly ranging from ∼ 107 to 109.5M� and halo masses

ranging from ∼ 109 to 1011.5M�. Most of them have low surface stellar mass densities and

prefer cored profiles with α between −0.5 to −1.0. Larger galaxies with Vf ≥ 120 km/s

have stellar masses mainly from 109.5 to 1011.5M� and halo masses ranging from ∼ 1011.5

to 1013M�. Although the spread in the slopes is relatively large, both plots show a pattern,

that is, the larger the stellar mass or halo mass is, the smaller the slope value is. This

pattern can be traced back to the abundance matching relation and a positive correlation

between the surface stellar mass density, the stellar mass and the halo mass.
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Figure 3.8: The correlations between the logarithmic slope (α) of DM density profiles, the
stellar mass (left) and the halo mass (right) from two SIDM models.

The tight correlation between the logarithmic slope and the average surface stellar

mass density is consistent with expectations from the SIDM model. As we can see from

the isothermal expression for the DM density distribution ρiso(~r) = ρ0 × exp[−(ΦDM(~r) +

ΦBar(~r))/σ
2
v0] where the ΦBar term is directly proportional to the average surface stellar mass

density, the diverse baryon density profiles from the observations lead to different ΦBar and

ΦDM weights in each individual system. For a dwarf with a small and extended baryon

component (small log(M?/R
2
d)), ΦDM is dominant and a cored profile follows. Since this is

intrinsic to the SIDM model, a small scatter is expected. In a galaxy with a relative large

and condensed baryon component (large log(M?/R
2
d)), ΦBar is more important resulting in

a cuspy profile. However, log(M?/R
2
d) is such a simple quantity that can’t stand for the

baryon potential completely. Other galactic properties like the radial dependence of the

baryon potential will also effect the shape of the DM halo. This is the reason for the large
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scatter in Fig. 3.7 when log(M?/R
2
d) is large. All of these lead to the diverse behaviors in

the total rotation curves. They also indicates the broad spread of the logarithmic slope

distribution is necessary for explaining the diversity with the SIDM model as well as for

other DM models or simulations since the observed baryon distribution is almost fixed up

to the M/L factor.
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Figure 3.9: The correlation between M?/R
2
d and log(M?/Mvir) inferred from the SIDM CS

fits (blue) and the SIDM MS fits (green). Nine outliers are shown in red based on the SIDM
CS fits.

We have shown in Fig. 3.5 that how the logarithmic slopes (αs) of DM density

profiles follow the ratios of the stellar to halo masses (log(M?/Mvir)) for the SIDM and

simulation results. We also illustrates a clear correlation between the logarithmic slope (α)

and M?/R
2
d calculated from each galaxy. The ratio of stellar to halo masses (log(M?/Mvir))

76



is important to parameterize the feedback effect in the simulations. The log(M?/R
2
d) values

are inferred from the SIDM fits and they are closely related to the observations. We take

one more step further to show how M?/R
2
d changes with M?/Mvir, as shown in Fig. 3.9.

When log(M?/Mvir) is small around −2.5, the log(M?/R
2
d) values scatter around 8.0, and

the deviations are close to one order of magnitude. However, when log(M?/Mvir) increases

to about −2, there is a steep increase for the scatter of log(M?/R
2
d), and the values could

be from 7.5 to 10.0 beyond two orders of magnitude. The nine outliers are in this transition

region. It remains to be seen whether CDM simulations with strong baryonic feedback can

reproduce such a scatter for log(M?/Mvir) ≈ −2.

3.6 Discussion and Conclusions

In this work, we used results from the SIDM fits to the SPARC rotation curves

as references and pointed out that the challenges of the current CDM simulations in fully

explaining the diverse rotation curves of spiral galaxies, especially those with high baryon

concentrations. We have compared SIDM fitting results with different self-interaction cross

sections including the collisionless case (i.e., using the NFW profiles). The SIDM model

with a large cross section (e.g., σ/m = 3.0 cm2/g) demonstrates better performance on

the fitting quality as well as better consistence with constraints from observations (e.g., the

M/L distribution) and simulations (e.g., the cosmological relation).

We have shown the SIDM model can fit both slow and steep rising rotation curves,

including those outliers for the NIHAO simulations. For some galaxies, the baryon contri-

butions to the total rotation velocities inferred from the SIDM fits are higher than the
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total predicted velocities in NIHAO analogs. Through the comparison of the DM inner

density profile characterized by the logarithmic slope around the central region, we showed

the slope values from the SIDM model have a much wider spread covering both cored and

cuspy profiles than those inferred from the simulations which prefer cores in the domain of

dwarf galaxies. This spread of slope values is closely correlated to the average surface stel-

lar mass density in the SIDM model. We argued that the existence of rich average surface

stellar mass density, i.e., the diverse baryon profiles, around dwarf galaxy scales could lead

to diverse DM profiles and therefore the diverse feature of the rotation curves.

The advantage for the simulations with baryonic feedback effects is that the re-

sults are generated under more realistic situations. However current simulations do not

reproduce the most slow and steep rising rotation curves at the same time. Our results em-

phasize that rather than focusing on the diversity in the total rotation curves as originally

proposed, the detailed baryon and DM components and their interplay offer more valuable

information. For example, the diverse rotation curves in the dwarf galaxies actually imply

rich baryon profiles, while the important baryon profiles are generated through the galaxy

formation process in the simulations. The lack of variations among them makes the simu-

lations couldn’t address the diversity problem throughly. More importantly, these profiles

are observable and could be directly compared to those from the simulations. Modifying

current baryonic feedback models in the simulations is necessary to accommodate with the

observations. On the other hand, the SIDM results are from an analytical model with the

isothermal assumption for the inner region of a DM halo. The baryon contributions are

from observations and scaled by two factors Υ?,disk and Υ?,bulge. We expect that the SIDM
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fits are robust to the baryon feedback, because the final SIDM distributions are determined

by the final baryon distributions, but not detailed formation histories due to the SIDM

thermalization.

There are a number of promising directions to explore and test different DM models

and galaxy formation models. For example, generating the extended and contracted baryon

profiles simultaneously is the key for the CDM simulations to fully explain the diversity.

This requires various strengths of baryonic feedback effects rather than a monotonic model

in similar galactic systems. Such variations could be due to different formation histories. In

SIDM simulations, we expect SIDM halos and baryons will behave differently from those in

CDM simulations. Unlike collisionless CDM particles, the disturbed SIDM particles due to

feedback effects can relax quickly due to strong self-interactions. Whether this effect will

help maintain more baryons in the halo inner region and generate desired diverse baryon

profiles needs tests from future researches. Especially, when the baryon mass is small and

the gravitational potential is shallow, e.g., log(M?/Mvir) ≤ −2.5, the SIDM halo tends to

have a core, i.e., the logarithmic slope is between −0.5 and 0, while the CDM simulations

predict a cusp, i.e., the slope will be close to the NFW case. The former one is mainly

caused by strong self-interactions, and the later one is an intrinsic prediction from the

CDM simulations due to little feedback and contraction effects. This difference can be used

to test different DM models through observations of ultra-faint dwarf galaxies.
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Chapter 4

Dark Matter and Baryon

Conspiracy in Early-Type Galaxies

4.1 Introduction

Early-type galaxies (ETGs) are composed of ellipticals and lenticulars which are

much rounder, more smooth and featureless in term of their observed visual appearance

when compared to spiral galaxies. The characteristic stellar disks and rich cold gas in spiral

galaxies facilitate the measurement of stellar dynamics and further study of the hosting dark

matter (DM) halos. ETGs, however, don’t have enough HI gas for dynamical measurements,

have weak star formation activity and contain mainly old stars. Most of current observed

results for ETGs are from dynamical studies using stellar kinematics, planetary nebulae

etc. [158, 159, 160, 161] and strong gravitational lensing [162, 163, 10, 164].
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With various dynamical tracers, we are able to get insights of the stellar compo-

nents and total dynamical mass distributions in ETGs. One of the most famous results is

the fundamental plane [165]. It describes a tight correlation between the structure (effective

radius), the dynamics (line-of-sight velocity dispersion) and the luminosity (average surface

brightness) of these galaxies. Recently ETGs are found to have nearly isothermal total

density profiles extending to several effective radii, i.e., ρtot ∝ r−γ where the logarithmic

slope (log-slope) γ approximates to 2 with small scatters [166, 12, 167, 168]. Interestingly,

when it comes to the DM and stellar components separately, neither of them is expected to

have density profiles like the isothermal type and to offer any clues for the small scatters.

This indicates the isothermal density profiles in ETGs are probably a result of the interplay

and “conspiracy” between DM and stellar components during the galaxy formation process.

The inner DM mass fractions and inner log-slopes of DM density profiles in ETGs

are two important but not well understood properties. The DM-only simulations predict

a universal DM density profile, i.e., the NFW profile, which has an inner log-slope value

commonly around -1. However, the existence of baryons is able to make the DM distribution

more condensed through adiabatic contraction [148, 149], and also lower the slope value by

repelling the DM from the central region through supernova feedback at the same time

[151, 132, 125]. The information contained in the amount of DM and the slope of density

profile are closely related to these two competing effects, which offers the possibility to test

the validity of DM models, baryon feedback mechanisms and galaxy formation theories.

There are numerous studies showing the smallness of DM fractions in the central regions of

ETGs. Cappellari et al. inferred a 3D median DM fraction fDM(r = Re) around 13% within
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the effective radius Re from the ALTAS3D 260 early-type galaxies [159]. Sonnenfeld et al.

used 78 strong leasing and stellar velocity dispersion data from SL2S and SLACS lenses [10]

and found that the average inner slope of the DM halos is consistent with that of an NFW

profile and the mean projected DM fraction within Re is fDMe = 33%. However no consistent

results are shown in CDM simulations. Xu et al. indicate with Illustris simulations that

the centrally concentrated baryon component is able to make the inner DM slope notably

steeper than the NFW prediction, and that the central DM fraction is relatively higher

than those inferred from observations and stellar dynamical studies [169]. Similar results

appear again in the recent work from IllustrisTNG simulations [11, 170]. Lovell et al. in

[11] showed that the simulated ETGs get larger DM fractions than those from Cappellari

et al.’s work [159] and Barnade et al.’s results [171] using the Chabrier IMF, but they are

more comparable to Barnade et al.’s outcomes [171] when the Salpeter IMF is applied. It

seems the contracting effect on DM halos from concentrated baryons doesn’t appear in the

observations with stellar dynamical studies. These inconsistent results from observations

and simulations are actually indicating potential challenges to the stellar formation theory,

feedback models or even DM properties adopted in the studies.

A successful DM theory should be able to explain observations in different galactic

systems. In this work, we apply the SIDM model to understand DM distributions in ETGs.

DM self-interactions thermalize the inner halos in the presence of the baryons over the age

of galaxies. This will lead to a thermal connection between DM and baryon distributions

[80]. If the final baryon distribution is observed and the halo parameters are chosen, the

DM distribution could be determined for a halo in equilibrium. We introduce the data and
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modeling methods for baryon density profiles, SIDM halos and adiabatically-contracted

NFW profiles in Sec. 4.2. In Sec. 4.3, we analyze one example in detail and compare the

DM fractions from our modelings and IllustrisTNG simulations. In Sec. 4.4, we discuss the

mechanism behind the isothermal total density profiles and compare results from SIDM and

adiabatic contracted NFW modelings. We conclude in Sec. 4.5.

4.2 Modeling Baryon and Dark Matter Distributions

In this section, we briefly review the data and the methods we use for modeling

baryon, SIDM and adiabatically-contracted NFW density distributions. We take the data

of 29 early-type galaxies from the work of Sonnenfel et al. [10]. These data contain the

properties of ETGs, including the redshifts, effective radii, stellar mass for reproducing

baryon density profiles, and DM mass and fractions within a certain radius for comparison

purposes.

The surface-brightness profiles of ETGs can be effectively described by the Sersic

model [172, 173] as following,

Σ(R) = Σ0 × exp

(
−bn

(
R

Re

) 1
n

)
, bn = 2n− 1/3 + 0.009876/n. (4.1)

In this work, we fix Sersic index n = 4 and take the effective radius (Re) and stellar mass

(M?) directly from [10]. Different stellar profiles, such as Hernquist and Jaffe profiles, and

variations in the effective radius have been tested in [10] which shows consistent results. To

get the 3 dimensional (3D) baryon distribution, we assume spherical symmetry and apply
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the inverse Abel transformation to deproject the Sersic model as following,

ρb(r) = − 1

π

∫ ∞
r

dR√
R2 − r2

dΣ

dR
. (4.2)

We consider the DM halo under the influence of the baryon component and assume

the ratio of stellar-to-halo masses to be 1.5% [174]. With DM self-interactions, scatterings

between DM particles are more prevalent in the relative inner region where the DM density

is high. It is useful to divide the halo into two regions, separated by a characteristic radius

r1 where the average scattering rate per particle times the age of galaxy (tage) is close to

unity, i.e.,

rate× time ≈ 〈σv〉
m

ρ(r1)tage ≈ 1. (4.3)

In Eq. 4.3, σ is the scattering cross section, m is the DM particle mass, v is the relative

velocity between DM particles, 〈...〉 denotes ensemble average over the isothermal velocity

distritution and tage = 10 Gyr is set for ETGs.

For the outer halo (r ≥ r1), where scatterings have occurred less than once per

particle on average, we expect the DM density to be close to an NFW profile. For the

halo within r1 (r ≤ r1), DM particles are thermalized. Under the complete hydrostatic

equilibrium assumption, the gravitational attraction gets balanced by the repelling pressure

gradient due to the random motions of DM particles, i.e., ∇p = −ρiso∇Φtot, with p =

ρiso × σ2
0, where p and ρiso are the DM dynamical pressure and mass density, σ0 is the

one-dimensional velocity dispersion, and Φtot is the total gravitational potential of DM

and baryons, which satisfies Poisson’s equation ∇2Φtot = 4πG(ρiso + ρb), where G is the

gravitational constant and ρb is the baryon mass density. We solve the SIDM density

profile ρiso by requiring the continuity of density and mass to the outer NFW profile. The
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full SIDM profile are described as following:

ρ(r) =


ρiso(r), r < r1

ρNFW(r), r > r1.

(4.4)

Similar to the SIDM halo, we treat the NFW profile as a base line to model the

CDM halo modified by the baryons. Since ETGs are at a stage with little gas and rare

star formation, we assume the baryon effects on the DM halos are mainly in the form

of adiabatic contraction. We apply the improved analytical adiabatic contraction model

[149] to calculate the contracted CDM density profile. Compared to the original adiabatic

contraction model proposed by Blumenthal et al. [148], the improved version is able to

avoid over-predicting the DM density within 5% of the virial radius and account for the

orbital eccentricities of DM particles. During the contraction process,

M(r̄)r = constant (4.5)

is conserved, where r is radius, M is the total mass within r̄ and r̄ = Arw with A =

0.85± 0.05 and w = 0.8± 0.02 [149]. By assuming an NFW profile for the DM and baryon

distribution at the very begin and choosing a reasonable baryon to total mass fraction

within the virial radius, i.e., MB/(MB +MDM), the final DM mass profile can be calculated

from the following equation

(MDM(r̄f) +MB(r̄f)) · rf = (M ′DM(r̄i) +M ′B(r̄i)) · ri (4.6)

with MDM(r̄f) = M ′DM(r̄i), and hence the final contracted density profile. In Eq. 4.6, MDM

is the final DM mass distribution, MB is the final baryon mass distribution from the Sersic
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modeling, M ′DM and M ′B are the initial mass profiles for DM and baryons based on their

assumed initial NFW density profiles.

4.3 Dark Matter Fractions

The interplay between DM and baryons during the galaxy formation process is

complex. After severe mergers between galaxies, the DM and baryon components begin to

settle down and finally become the ETGs we observe today. Since ETGs are usually poor of

gas and have old star populations, the influence of baryons on the DM distribution can be

considered always from their gravitational effect. With different DM properties, however,

DM particles will go through different histories. In the CDM case, the collisionless DM

particles are theoretically proposed to experience the adiabatic contraction due to the sink

of baryon as described in the previous section. If there exist self-interactions between DM

particles, collisions among them would happen in the central regions with high DM densities.

A direct consequence is the thermalization of the inner halo. Typically, the pressure from

the random motions of DM particles could keep the DM distribution from condensation to

some degree. This leads to the expectation that the SIDM halo would be less contracted

due to the baryon effect than the CDM halo through the adiabatic contraction.

Fig. 4.1 illustrates different responses of an SIDM halo and a CDM halo to the

same baryon distribution taken from the SL2S data. The yellow curve is the NFW profile

describing a CDM halo with Mhalo = 2.2× 1013M� and a medium concentration, which is

what one can usually expect from the CDM-only simulations. The stellar density distri-

bution is shown as the green curve. It corresponds to the stellar profile of an ETG with
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Figure 4.1: Different density profiles in an ETG with stellar mass M? = 3.3× 1011M�, halo
mass Mhalo = 2.2× 1013M�, halo concentration = medium, effective radius Re = 4.82 kpc
and Sersic index n = 4. The green, red, blue and yellow solid lines denote the stellar
component, adiabatically-contracted NFW profiles, SIDM profile and NFW profile. The
red, green, blue, and yellow dashed lines denote 0.1Re, 10Re, r1 and rs.

stellar mass M? = 3.3 × 1011M�, effective radius Re = 4.82 kpc and Sersic index n = 4.

The blue and red curves denote the DM density profiles for the SIDM and CDM halo re-

spectively, after taking into account the effects from the baryons. The red, green, blue, and

yellow dashed curves indicate some important radiuses for reference, i.e. 0.1 Re, 10 Re, r1

and rs. The adiabatically-contracted NFW (ACNFW) density is increased by a factor of

80 in the inner region r < 0.1 kpc and is gradually approaching the original NFW profile

towards the outer regions. The SIDM density is enhanced by a factor of 10 near 0.1 kpc

compared to the NFW profile. It is relatively flat in the central region (r < 0.1 kpc) due

to the thermalization, and then quickly drops and approaches the NFW profile. The SIDM

density becomes smaller than that of the NFW profile after around 10 kpc and match onto
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the NFW profile at r1. This shape is intrinsic to the SIDM model under the constrains of

the matching condition for its density and mass. By contrast, the ACNFW profile can have

higher density than the NFW profile all the way towards r1 and beyond.
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Figure 4.2: Left: DM fractions within 2D effective radii. SL2S data are shown in blue dots
with error bars. SIDM data are represented by red diamonds. Black and gray triangles
correspond to data from adiabatically-contracted NFW profiles with medium and −2σ con-
centrations. Right: Comparison between DM fractions in half-mass radii from IllustrisTNG
simulations and those shown in the left panel. 3D half-mass radius is used in the simulation
result. Data in the left panel is based on 2D half-mass radius, i.e., the effective radius. The
solid orange curve indicates the median DM fraction of simulated ETGs and the yellow band
denotes 1σ deviation. The dashed orange curve denotes the corresponding DM fraction in
simulation runs only with DM.

We have shown that the SIDM and CDM halos respond to the presence of the

baryons differently. The ACNFW profile has a higher DM density than that of SIDM within

r1. In Fig. 4.2, we show the detailed DM fractions in such systems and compare them with

results from CDM simulations. Fig. 4.2 (left) shows the projected DM mass fractions within

the effective radius (2D half-mass radius). The blue dots with error bars denote the results

inferred from the measurements of strong lensing and stellar velocity dispersions [10]. They

88



exhibit a general trend that when the effective radius increases so does the DM fraction

within it. The red diamonds denote the SIDM predictions. For each galaxy, we vary the

halo concentration within ±2σ range [2] for the SIDM model. The black and gray triangles

denote the results for the ACNFW profiles with medium and −2σ halo concentrations. Both

models match the general trend of data distribution, i.e., the DM fraction increases with the

effective radius. There could be several factors determining the DM fraction, such as the

total mass of baryons and DM and their distribution condensations. Fig. 4.2 (left) shows

the effect from the condensation of the baryon distributions qualitatively. The smaller

the effective radius is, the more compact the baryon distribution is. This means with a

small effective radius value, much more baryon mass is in the inner region so that the DM

fraction gets smaller. For extended baryon distribution like Reff > 7.5kpc, both ACNFW

and SIDM results have close DM fractions and match well with the medium values from

SL2S data. However, for the relatively compact ones, the ACNFW model predicts higher

DM fractions than the SIDM model. Even for low halo concentrations (−2σ), the values

from the ACNFW model barely reach as low as 30%. On the other hand, by varying the

halo concentration, we show that the SIDM predictions are consistent with the overall trend

of the observations.

In Fig. 4.2 (right), we compare the SL2S, ACNFW and SIDM results with Illus-

trisTNG simulations. We note that the DM fractions in the simulations are inferred within

the 3D half-mass radii. If the 3D DM fraction is transferred to 2D projected one, it will

increase by 5 − 15% accordingly based on the ACNFW and SIDM analysis. The solid

orange curve denotes the median DM fraction of the simulated ETGs in the full physics
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environment and the yellow band denotes ±1σ range. The dashed orange curve indicates

the corresponding DM fraction if the halos are taken from DM-only simulations. Under

the baryons’ influence, the DM fraction is obviously higher than that in the DM-only runs,

which indicates the halo is contracted due to the existence of the baryons. However, these

values from the IllustrisTNG simulations are significantly larger than 80% of the SL2S re-

sults. They are even larger than the analytical results from the adiabatic contraction with

median halo concentrations. This indicates when the stellar mass is given for one ETG,

either the DM gets more contracted in the IllustrisTNG simulations than those in the ana-

lytical cases, or the baryon component is relatively extended comparing to those got from

the SL2S analysis.
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Figure 4.3: Left: Comparison between half-mass radii from the IllustrisTNG simulations
and SL2S data. The blue and green dashed curves [9] correspond to 3D half-mass radii in
TNG100 with z = 0 and z = 1. The thin and thick red solid curves [9] denotes 2D half-mass
radii in TNG100 with z = 0.1 and z = 1. 2D effective radii from the SL2S data [10] are
shown as black dots. Right: Comparison of DM fractions in the half-mass radii from the
IllustrisTNG simulations and adiabatically-contracted NFW profiles. The difference is that
the simulation results use the 3D half-mass radii and ones from adiabatically-contracted
NFW profiles adopt the 2D half-mass radii, i.e., the effective radii. The solid orange curve
[11] indicates the median DM fraction in the simulations and the yellow band [11] denotes
the ±1σ deviations. The dashed orange curve denotes the corresponding DM fractions from
DM-only simulations [11]. The black and gray triangles represent results calculated with
original effective radii, while dark and light green triangles denote results with doubled
effective radii.

To explore the reasons for the discrepancy between the DM fractions from the

simulations and observations, we examine the half-mass radii of the baryon profiles from

the IllustrisTNG simulations with those from the SL2S samples in Fig. 4.3 (left). The 3D

half-mass radii (the blue and green dashed curves) are larger than those 2D ones (red curves)

in general. This is because when the 2D definition is changed to the 3D one, the baryon

mass within a 2D half-mass radius leaks to the outside so that it’s necessary to enclose more

mass by increase the radius. By comparing the curves from the simulations and the dots
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from the SL2S samples, we find the effective radii from the SL2S samples are systematically

smaller than those from the Illustris simulations, indicating that the baryon profiles in the

SL2S samples are more compact for given stellar mass values. To test whether this will

cause high DM fractions in the simulations, we apply the adiabatic contraction algorithm

to the same halos but adjust the stellar effective radii to be two times of the initial values.

We show the results in Fig. 4.3 (right). The dark and light green colors correspond to the

medium and −2σ halo concentrations. Compared to the black and gray triangles calculated

from the original baryon profiles, the dark and light green ones are systematically shifted

upward and are more consistent with the yellow band from the IllustrisTNG simulations.

Despite the expected difference between the 2D and 3D projected DM fractions, about

5− 10%, the agreement is still much better compared to the results with the initial baryon

profiles.
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Figure 4.4: Correlation between DM fractions within effective radii and stellar condensa-
tions measured by M?/R

2
eff . The results from the SL2S samples are shown as blue dots

with error bars. Red diamonds represent the SIDM results. Black and gray triangles cor-
respond to results from the adiabatically-contracted NFW profiles with medium and −2σ
halo concentrations.

Thus, it seems that the illustrisTNG simulations do not produce galaxy analogs

with high baryon concentrations, similar to the NIHAO and FIRE-2 simulations for spiral

galaxies. Another supporting evidence is shown in Fig. 4.4, where we see there is a strong

anti-correlation between the DM fraction and the stellar surface density, M?/R
2
e , measuring

the compactness of the baryon distribution. However, the galaxies with small DM fractions

indicating high baryon concentrations are missing in the simulations as shown in Fig. 4.2

(right).
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Figure 4.5: Left: DM mass within effective radii (Re). Right: DM mass within 5 kpc.
In both plots, blue dots with error bars denote the results from the SL2S sample. Red
diamonds represent the SIDM results. Black and gray triangles correspond to data from
adiabatically-contracted NFW profiles with medium and −2σ concentrations.

For completeness, we compare the projected DM masses within Res and 5 kpc

with those from the SIDM and ACNFW models. Fig. 4.5 (left) shows an obvious positive

correlation between Res and the projected DM mass. As the Re increases, the enclosed

region gets larger and contains more DM. Fig. 4.6 (right) illustrates that the project DM

mass within 5 kpc. We see the variation for different galaxies is small and there is no obvious

correlation between the Res and the DM masses. From the both panels, we see that the

DM fractions predicted in the ACNFW model are all towards the upper end of the SL2S

results, even if the halo concentration is 2σ below the cosmological mean. On the other

hand, the SIDM predictions match with the SL2S results reasonably well.

94



4.4 Isothermal Density Profiles

In the last section, we discussed the fraction of DM in the total enclosed mass and

the discrepancy between the results from the observations and cosmological simulations.

In this section, we focus on the universal isothermal total density profiles of ETGs. The

isothermal density profile describes the distribution of ideal gas under the influence of gravity

and has a uniform log-slope value of −2. Since the total density profile of an ETG consists

of contributions from DM and baryons, the total density slope should implicitly depend on

those of DM and baryon profiles. We use the normalized density forms as introduced in

Ref. [12] and define the local log-slope of DM, stellar, and total density profiles to be α, β,

and γ,

d(log10(
ρDM

ρeDM
)) = α× d(log10(

r

Re
)), (4.7)

d(log10(
ρstar

ρestar
)) = β × d(log10(

r

Re
)), (4.8)

d(log10(
ρtot

ρetot
)) = γ × d(log10(

r

Re
)), (4.9)

where ρe is the corresponding density value at Re (effective radius). The relationship

between three density profiles is,

ρtot

ρetot
=

ρDM + ρstar

ρeDM + ρestar
. (4.10)

From Eq. 4.10, taking derivative of Eq. 4.9 leads to a simple result,

γ =
α× 1 + β × f(r)

1 + f(r)
, (4.11)

where f(r) = ρstar/ρDM, the ratio of the local stellar-to-DM densities at radius r. This

formula states that the log-slope of the total density profile is the density-weighted average

of the DM and stellar density ones.
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Figure 4.6: Left: The log-slope profiles for different components of the ETG example in
Fig. 4.1. The blue, red and green dashed curves denote the SIDM, ACNFW and stel-
lar models respectively. The log-slope for total density profiles are shown as blue solid
(SIDM+baryons) and red solid (ACNFW+baryons). The gray band is the result from Cap-
pellari et al. [12] within 1σ scatter. Right: The normalized density profiles for different
colored components in the left panel. The purple, black and yellow dotted lines are for ref-
erence and denote the following density profiles ρ ∝ r−1, ρ ∝ r−2 and ρ ∝ r−3 respectively.

In Fig. 4.1, we have shown the density profiles of different components for a typical

ETG. The stellar density dominates in the region (r . 10 kpc). From 0.1Re to 1Re, the

ratio of stellar-to-DM densities varies roughly from 20 to 10. According to Eq. 4.11, we

expect the total density log-slope will be mainly controlled by the stellar component in this

region for both the SIDM and ACNFW models. In the region where r & 10 kpc, the SIDM

and ACNFW profiles gradually merge onto the NFW profile. The stellar profile drops much

faster than that of DM, and the stellar-to-DM density ratio is less than 0.01 beyond r1 or

100 kpc. This ratio is so small that the DM component determines the log-slope of the total

density.

The left panel of Fig. 4.6 shows the log-slope curves (from 0.1Re to 10Re) of the

different density profiles in Fig. 4.1. The ACNFW profile (red dashed) has a log-slope close
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to −1.5 over the whole range. Similarly, the log-slope of the SIDM profile (blue dashed)

is around −1.5 but with obvious wiggles. Both of them show a tendency to have smaller

log-slopes beyond 10Re. In contrast to the almost constant slope values of both DM profiles,

the log-slope of the stellar profile (dashed green) drops along the radius. The stellar density

profile becomes more and more steep from ∼ −2.0 at 0.1Re to smaller than −4.0 round

10 Re. The log-slope of the total density profile stays in the middle between the curves

of DM and stellar components. Within Re, it is close to the stellar curve since the stellar

component dominates in this region. At a larger radius, the log-slope curve of the total

density profile gradually deviates from the stellar curve and approaches the DM ones due

to the much quicker drop of the stellar density.

In the right panel of Fig. 4.6, we show the normalized density profiles. Their

behaviors closely follow the results shown in the left panel. Within Re, the SIDM profile

(blue dashed) is slightly steeper than the ACNFW one (red dashed). Both of them are

below the ρ ∝ r−2 reference line. Outside of Re, the SIDM profile becomes less steeper

than the ACNFW one and deviates from the ρ ∝ r−2 line due to the imposed matching

conditions. The stellar curve (green dashed) starts between the ρ ∝ r−2 and ρ ∝ r−3

lines, gradually matches onto and even becomes steeper than the ρ ∝ r−3 line. None of

them shows the feature of an isothermal profile for a long range. However, for both SIDM

and ACNFW models, the total normalized density profile shows a surprisingly consistent

isothermal feature and follows the ρ ∝ r−2 line closely all the way from 0.1 Re to 10 Re. We

have discussed that this is due to a combined result of the log-slope values and the relative

density magnitudes. In the inner region (e.g., within Re), the stellar density dominates
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and has a log-slope around −2. For DM profiles, their reasonable log-slope values should

be in the range from −3 to 0. As long as the stellar component dominates in this region,

the total log-slope value should be close to −2. In the outer region (e.g., outside of Re),

since the stellar density drops much faster, the DM component begins to be dominant. The

DM profile finally matches onto or approaches the NFW profile in the outer region. This

limits the log-slope value of the DM profile in this range to be around −2, the log-slope

value of the NFW profile at rs. (For DM halos of ETGs, we usually have rs & 10Re.) As a

consequence, the total log-slope value is maintained around −2 for a large range. We can

also find in Fig. 4.6 (left) that around 10Re the total log-slope values are approximately −1.5

following the log-slope values of the DM profile. These values will approach −2 because of

the constrains from the NFW profile, so that we can expect the isothermal density profiles

continues to radii beyond rs ∼ O(100) kpc. This is the mechanism behind the DM-baryon

conspiracy.
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Figure 4.7: Left: The log-slope profiles for DM and stellar components respectively. The
blue solid curves represent for 49 SIDM density profiles. The red solid curves denotes 58
ACNFW profiles with medium or −2σ halo concentrations. The green solid curves stands
for all the stellar components which overlap with each other due to the normalization, Sersic
model and index. Right: The log-slope profiles for the total density. 49 curves from the
SIDM case are in blue and 58 ones from the ACNFW case are in red.

After discussing the slope and density profiles of one typical ETG example in

detail, we focus on the whole sample and pay attention to the responses of DM halos to

different baryon profiles in this section. Fig. 4.7 (left) shows the log-slope curves along the

normalized radius. It contains 58 log-slope curves from the ACNFW profiles (red). Each of

them correspond to an individual SL2S sample with a medium or −2σ halo concentration.

The stellar log-slope curves (green) overlap with each other due to the normalization and the

common Sersic model and index. Though the original stellar density profiles are different

from each other, the ACNFW log-slope curves show a remarkable similarity in the plot.

All of them are crowded around the log-slope value ∼ −1.5. On the contrary, 49 SIDM

log-slope profiles exhibit a great diversity. This demonstrates that the SIDM halos are more

responsive to the variation of baryon density profiles. The log-slope curves for two kinds of
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total density profiles as shown in Fig. 4.7 (right). These curves have values centered around

−2. The scatter in the SIDM model has decreased, but it is still larger than that in the

ACNFW model even if its scatter has increased after combining the ACNFW profiles and

baryons.

1.0 0.5 0.0 0.5 1.0
log(R/Re)

2.0

1.5

1.0

0.5

0.0

0.5

1.0

1.5

2.0

2.5

lo
g(

/
e)

SIDM
ACNFW
Baryons

r 1

r 2

r 3

1.0 0.5 0.0 0.5 1.0
log(R/Re)

2.0

1.5

1.0

0.5

0.0

0.5

1.0

1.5

2.0

2.5

lo
g(

/
e)

SIDM+Bar
ACNFW+Bar

r 1

r 2

r 3

Figure 4.8: Left: Density profiles for different components. The blue solid curves represent
for 49 SIDM density profiles. The red solid curves indicates 58 ACNFW profiles with
medium or −2σ concentrations. The green solid curves denote all the stellar components
which overlap with each other due to the normalization, Sersic model and index. Right:
Total density profiles for the SIDM and ACNFW models. 49 curves from the SIDM model
are in blue and 58 ones from the ACNFW model are in red.

The normalized density profiles for different components are shown in Fig. 4.8

(left). The SIDM profiles (blue) are much more diverse than the ACNFW ones (red).

The ACNFW profiles stay close to each other and are slightly shallower than the ρ ∝ r−2

reference line. The normalized total density profiles are shown in Fig. 4.8 (right). The total

density profiles in the SIDM model have a slightly larger scatter than those in the ACNFW

model. For reference, we fit ρ ∝ r−γ to the total density profiles in both models. We find

〈γ〉 = 2.00 with σ = 0.24 for the SIDM model and 〈γ〉 = 2.07 with σ = 0.16 fo the ACNFW
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model. Though the ACNFW model achieves a better result than the SIDM model in terms

of the smallness of the scatter, both results are consistent with each other and with the

results from Cappellari et al. [12]. Lastly, we comment that we did not directly impose the

constraints on the density profiles from strong lensing and stellar kinematics.

4.5 Discussion and Conclusions

Our results suggest that the SIDM model can simultaneously explain the observed

DM fractions within effective radii and the nearly isothermal total density profiles in ETGs.

Not only the inferred DM fractions from the SIDM halos match the general growing trend

of DM fractions while increasing the effective radius, but the values of DM mass within

certain radius, e.g., Re or 5 kpc, match well with the data. We found that the total

log-slope actually is the density-weighted average of the DM and baryon log-slopes and

the subdominant role of DM in the central regions of ETGs is necessary to explain the

isothermal density profiles. The dominant baryon has log-slope values slightly smaller than

−2 in the inner region and builds up the trend of the total density profile from this region.

The DM density becomes dominant when the baryon density drops rapidly towards large

radii, and its profile matches onto the NFW profile whose log-slope value decreases slowly

to −2 at rs, a large radius compared to Re (rs & 10 Re).

We compared the DM fractions from the SIDM model, the ACNFW model, the

IllustrisTNG simulations and the SL2S data together and showed the SIDM model can

explain the data better. The values from the ACNFW profiles are systematically higher

than those inferred from the SL2S data, especially for the compact ETGs. Thus, the
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adiabatically-contracted halo profile is incompatible with the observations. Additionally,

we also found that the observed and the ACNFW values are also systematically lower than

those from the IllustrisTNG simulations. This tension is probably caused by the more

extended baryon profiles in the simulations compared to those from the SL2S data. We

also studied the total density profiles from the SIDM and ACNFW models. We found that

in the ACNFW model, the normalized DM density profiles show less variations and the

total density profiles are possible to have a smaller scatter compared to the SIDM model.

However, considering the performance in reproducing both the smallness of DM fractions

and nearly isothermal total density profiles, we conclude the SIDM model works better.

We could further improve our analysis. Our SIDM model is completely analytical

and based on the equilibrium assumption. The matching condition for the DM density and

mass at r1 is not perfectly satisfied. The uncertainties are about 5% for the most of cases.

It would be of great interest to implement the SIDM model in cosmological simulations

and further test our predictions. In addition, we did not directly include the lensing and

kinematic data in our analysis. And there is a degeneracy effect between the galaxy age

and the cross section. More work is needed to further test the SIDM model with ETGs.
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Chapter 5

Conclusions

Our findings indicate that the novel DM model, SIDM, has the strong potential

to solve the challenges the traditional CDM paradigm has while studying spiral galaxies

and ETGs. By fitting to the rotation curve data from the SPARC sample, we reproduce

the observed diversity and uniformity in the spiral galaxy sample. In addition, the required

concentrations of the DM halos are fully consistent with the concentration-mass relation

predicted by the Planck cosmological model. The inferred stellar M/Ls (3.6 µm) scatter

around 0.5M�/L�, as expected from population synthesis models, leading to a tight radial

acceleration relation and a baryonic Tully-Fisher relation. The inferred stellar-halo mass

relation is consistent with the expectations from the abundance matching. Similarly, we

adopt the SL2S data to model the SIDM halos and baryon density profiles in ETGs. We

demonstrate the DM fractions from the SIDM model agree better with the data from

lensing and kinematic studies than those predicted in the CDM model. The total density

profiles show isothermal behaviors and are consistent with observations. We also show the
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DM-baryon conspiracy is closely associated with the log-slope and the weights of DM and

baryons in different regions.

The comparison between the SIDM fitting results and those from simulations, such

as NIHAO simulations, illustrated the importance of diverse baryon profiles in reproducing

the rotation curves. Especially, the lack of condensed baryon distributions is an important

reason for the inability to cover the steep outliers in NIHAO simulations. Similar results

appear in the study of ETGs, when we compare the effective radii derived from lensing

and stellar kinematics with those in IllustrisTNG simulations. The simulated ETGs are

less condensed with larger effective radii and this could be partial reasons for the high DM

fractions in these systems. Such a coincidence makes us to suspect that some important

factors are missing to generate condensed baryon profiles in simulations. In the analytical

SIDM model, the baryon contributions are taken from observations and scaled by the stellar

M/Ls. In the future, it would be of great interests to test whether hydrodynamical SIDM

simulations could reproduce observed baryon distributions. In addition, we could further

improve our analysis for ETGs by including both stellar kinematics and strong lensing data

together.

We conclude that the diversity and uniformity in spiral galaxies, and the DM frac-

tions and nearly isothermal total density profiles in ETGs that are not well understood in

the CDM paradigm can be reasonably reproduced and explained with the SIDM model.

These results suggest the thermalization of the inner halos in different galaxies is highly

possible. Though improved baryon physics in the CDM paradigm, such as baryonic feed-

back mechanisms, is conventionally expected to offer solutions, it would be constructive to
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increase the weight of SIDM in galaxy formation research among simulations and analytical

studies.
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formation of ultra-diffuse galaxies in cored dark matter haloes through tidal stripping
and heating,” Monthly Notices of the Royal Astronomical Society, vol. 485, no. 1,
pp. 382–395, 2019.

[142] M. Valli and H.-B. Yu, “Dark matter self-interactions from the internal dynamics of
dwarf spheroidals,” Nature Astronomy, vol. 2, no. 11, p. 907, 2018.

[143] J. Read, M. Walker, and P. Steger, “The case for a cold dark matter cusp in draco,”
Monthly Notices of the Royal Astronomical Society, vol. 481, no. 1, pp. 860–877, 2018.

[144] S. Tulin and H.-B. Yu, “Dark matter self-interactions and small scale structure,”
Physics Reports, vol. 730, pp. 1–57, 2018.

[145] D. Foreman-Mackey, D. W. Hogg, D. Lang, and J. Goodman, “emcee: the mcmc
hammer,” Publications of the Astronomical Society of the Pacific, vol. 125, no. 925,
p. 306, 2013.

[146] V. Springel, C. S. Frenk, and S. D. White, “The large-scale structure of the universe,”
Nature, vol. 440, no. 7088, p. 1137, 2006.

[147] S. Trujillo-Gomez, A. Klypin, J. Primack, and A. J. Romanowsky, “Galaxies in λcdm
with halo abundance matching: Luminosity-velocity relation, baryonic mass-velocity
relation, velocity function, and clustering,” The Astrophysical Journal, vol. 742, no. 1,
p. 16, 2011.

[148] G. R. Blumenthal, S. Faber, R. Flores, and J. R. Primack, “Contraction of dark
matter galactic halos due to baryonic infall,” The Astrophysical Journal, vol. 301,
pp. 27–34, 1986.

[149] O. Y. Gnedin, A. V. Kravtsov, A. A. Klypin, and D. Nagai, “Response of dark matter
halos to condensation of baryons: cosmological simulations and improved adiabatic
contraction model,” The Astrophysical Journal, vol. 616, no. 1, p. 16, 2004.

117



[150] M. G. Abadi, J. F. Navarro, M. Fardal, A. Babul, and M. Steinmetz, “Galaxy-induced
transformation of dark matter haloes,” Monthly Notices of the Royal Astronomical
Society, vol. 407, no. 1, pp. 435–446, 2010.

[151] A. D. Cintio, C. B. Brook, A. A. Dutton, A. V. Macciò, G. S. Stinson, and A. Knebe,
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SIDM and MOND Fitting Results
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Figure A.1: Detailed SIDM fits to the 135 SPARC galaxies with the controlled (left) and
MCMC (tophat prior, middle) sampling methods, with σ/m = 3 cm2/g. The model pa-
rameters and χ2/d.o.f. values are collected in Table A.1. The MOND fits (right) are also
shown for comparison. The observational data are taken from Lelli et al. Astron. J. 152,
157 (2016), 1606.09251.
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Figure A.1: Continued.
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Figure A.1: Continued.
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Figure A.1: Continued.
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Figure A.1: Continued.
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Figure A.1: Continued.
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Figure A.1: Continued.
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Figure A.1: Continued.
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Figure A.1: Continued.
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Figure A.1: Continued.
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Figure A.1: Continued.
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Figure A.1: Continued.
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Figure A.1: Continued.
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Figure A.1: Continued.
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Figure A.1: Continued.
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Figure A.1: Continued.

148



0 10 20 30 40 50 60
radius (kpc)

0

50

100

150

200

ro
ta

tio
n 

sp
ee

d 
(k

m
/s

)

UGC06614

Baryons
Disk
Model

0 2 4 6 8
radius (kpc)

0

10

20

30

40

50

60

70

80

ro
ta

tio
n 

sp
ee

d 
(k

m
/s

)

UGC06628

Baryons
Disk
Model

0 2 4 6 8
radius (kpc)

0

20

40

60

80

100

ro
ta

tio
n 

sp
ee

d 
(k

m
/s

)

UGC06667

Baryons
Disk
Model

0 10 20 30
radius (kpc)

0

50

100

150

200

250

ro
ta

tio
n 

sp
ee

d 
(k

m
/s

)

UGC06786

Baryons
Disk
Model

Figure A.1: Continued.
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A.2 Parameters

Name Vmax rmax ρ0 × 107 σ0 −α Υ?,disk Υ?,bulge χ2/d.o.f.
[km/s] [kpc] [M�/kpc3] [km/s] [M�/L�] [M�/L�]

(1) (2) (3) (4) (5) (6) (7) (8) (9)

D631-7 60.96 14.56 1.10 38.15 0.30 0.20 0.00 0.49
82.92 47.16 1.16 47.56 0.57 0.10 0.00 0.47

75.88+4.56
−7.87 40.36+7.01

−9.02 1.36+0.22
−0.13 44.49+2.17

−3.07 0.63+0.04
−0.04 0.19+0.18

−0.07 0.00+0.00
−0.00

DDO064 54.42 11.61 3.47 35.00 0.73 0.72 0.00 0.59
45.76 4.37 5.45 31.69 0.64 0.11 0.00 0.31

46.06+13.59
−9.17 9.48+9.26

−5.47 3.60+1.88
−1.17 34.96+6.01

−5.24 0.73+0.11
−0.08 1.08+0.91

−0.71 0.00+0.00
−0.00

DDO154 44.09 6.33 2.47 28.13 0.52 0.64 0.00 2.05
48.71 12.94 2.29 32.11 0.58 0.36 0.00 1.14

48.46+5.28
−3.53 13.69+6.63

−3.93 2.34+0.54
−0.43 31.99+2.28

−1.81 0.62+0.07
−0.06 0.54+0.50

−0.32 0.00+0.00
−0.00

DDO161 63.21 32.15 0.94 35.19 0.40 0.16 0.00 1.31
72.26 52.61 0.93 43.53 0.57 0.23 0.00 0.70

64.29+3.23
−3.17 36.35+4.01

−5.69 1.11+0.10
−0.07 41.75+1.38

−1.33 0.53+0.04
−0.02 0.18+0.15

−0.07 0.00+0.00
−0.00

DDO168 53.51 10.96 3.16 34.03 0.64 0.56 0.00 6.25
70.01 17.90 2.82 46.15 0.68 0.11 0.00 4.44

65.78+7.21
−9.38 19.45+7.33

−5.90 2.77+0.77
−0.46 43.98+3.58

−4.48 0.76+0.08
−0.07 0.50+0.70

−0.31 0.00+0.00
−0.00

DDO170 55.05 19.38 1.66 32.44 0.50 0.25 0.00 1.74
56.55 19.98 1.34 35.88 0.40 0.11 0.00 1.15

55.60+5.10
−4.00 23.93+7.82

−7.90 1.23+0.37
−0.18 36.63+2.19

−1.96 0.45+0.05
−0.04 0.55+0.70

−0.35 0.00+0.00
−0.00

ESO079-G014 153.58 44.87 3.58 115.72 0.72 0.64 0.00 1.47
165.46 22.68 3.67 113.59 0.60 0.22 0.00 0.70

162.49+22.66
−19.97 35.15+55.56

−12.41 2.68+0.95
−1.14 120.49+16.36

−8.39 0.60+0.03
−0.04 0.57+0.30

−0.29 0.00+0.00
−0.00

ESO116-G012 113.95 25.61 5.58 77.55 1.03 0.67 0.00 1.28
104.95 19.08 5.56 76.18 0.97 0.56 0.00 0.90

110.29+25.78
−9.27 27.11+28.07

−13.74 4.63+2.17
−1.75 79.80+13.09

−6.99 0.96+0.09
−0.09 0.71+0.28

−0.32 0.00+0.00
−0.00

ESO563-G021 267.60 65.44 11.13 205.71 1.31 0.49 0.00 9.84
292.22 40.31 10.98 208.25 1.18 0.19 0.00 6.47

281.45+8.75
−9.10 47.24+12.28

−4.14 9.32+1.30
−1.34 209.22+5.14

−4.28 1.13+0.05
−0.05 0.28+0.10

−0.05 0.00+0.00
−0.00

F561-1 42.29 11.40 2.03 24.97 0.51 0.04 0.00 0.30
40.98 9.20 2.36 26.82 0.51 0.10 0.00 0.23

39.05+5.31
−2.87 8.65+8.44

−5.27 2.33+3.34
−0.92 27.22+2.67

−2.24 0.52+0.16
−0.04 0.22+0.18

−0.09 0.00+0.00
−0.00

Table A.1: Model parameters and χ2/d.o.f. values for the SIDM fits shown in Fig. A.1,
with controlled sampling (first row associated with each galaxy) and MCMC sampling with
the tophat prior (best-fit value, second row; medium with 1σ errors, third row). The α
value is the logarithmic slope of the dark matter density profile at r = 1.5%rvir. Galaxies
are listed alphabetically, corresponding to the order in Fig. A.1.
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F563-1 100.10 27.27 3.21 68.87 0.75 2.25 0.00 0.73
104.81 10.30 4.57 67.19 0.63 0.11 0.00 0.55

100.94+9.62
−8.30 19.38+31.98

−7.60 2.93+1.53
−1.35 71.28+8.27

−5.12 0.70+0.11
−0.10 2.08+1.67

−1.40 0.00+0.00
−0.00

F563-V2 102.17 20.74 9.70 75.08 1.22 1.96 0.00 0.13
94.30 22.72 4.38 82.37 1.01 3.05 0.00 0.11

106.32+34.97
−17.90 31.48+40.48

−19.15 3.71+3.03
−1.48 87.69+13.82

−10.20 1.00+0.11
−0.11 3.00+1.13

−1.18 0.00+0.00
−0.00

F568-V1 108.27 16.51 5.58 73.29 0.82 0.81 0.00 0.71
102.58 9.94 7.74 73.83 0.93 1.22 0.00 0.06

97.71+19.49
−13.16 21.45+35.39

−10.42 4.21+2.80
−2.01 82.47+11.12

−8.55 0.87+0.09
−0.07 2.76+1.01

−1.16 0.00+0.00
−0.00

F571-8 140.18 22.20 6.41 91.65 0.93 0.20 0.00 1.65
145.52 21.49 5.08 94.57 0.79 0.13 0.00 0.29

148.95+11.65
−9.57 24.02+5.56

−3.97 4.80+1.22
−0.92 97.01+7.18

−5.85 0.78+0.10
−0.09 0.15+0.06

−0.04 0.00+0.00
−0.00

F571-V1 77.02 18.90 2.15 49.39 0.50 0.36 0.00 0.11
79.36 19.21 1.63 52.39 0.38 0.11 0.00 0.02

78.03+15.09
−9.60 28.65+21.93

−14.77 1.34+1.04
−0.37 55.86+7.15

−5.38 0.49+0.09
−0.08 0.77+0.91

−0.51 0.00+0.00
−0.00

F574-1 91.22 20.25 3.86 63.50 0.70 0.74 0.00 0.42
91.51 9.72 4.85 60.55 0.71 0.26 0.00 0.05

85.45+7.35
−9.60 13.47+16.47

−3.83 3.59+1.48
−1.67 63.01+6.93

−3.26 0.74+0.06
−0.08 0.94+0.70

−0.60 0.00+0.00
−0.00

F579-V1 90.25 11.89 13.18 70.42 1.10 0.90 0.00 0.90
76.31 6.37 6.02 71.35 0.79 1.51 0.00 1.02

84.25+9.92
−4.32 10.06+27.07

−2.20 4.94+0.87
−3.24 77.86+12.91

−5.20 0.76+0.03
−0.08 1.43+0.40

−0.37 0.00+0.00
−0.00

F583-1 76.74 18.80 2.26 49.39 0.52 0.72 0.00 0.21
79.06 13.67 2.20 51.11 0.42 0.10 0.00 0.11

78.17+7.31
−6.17 18.43+13.89

−5.02 1.87+0.53
−0.50 53.16+5.52

−4.29 0.46+0.06
−0.05 0.93+1.11

−0.64 0.00+0.00
−0.00

IC2574 62.59 36.95 1.28 31.51 0.59 0.25 0.00 21.85
73.23 58.24 0.83 34.83 0.52 0.11 0.00 7.78

63.04+4.58
−3.80 36.79+4.74

−4.21 1.01+0.08
−0.08 33.87+2.25

−1.86 0.46+0.02
−0.02 0.14+0.09

−0.03 0.00+0.00
−0.00

IC4202 185.86 27.82 18.76 151.11 1.35 0.56 0.07 8.42
211.98 22.01 17.70 157.58 1.33 0.26 0.14 7.08

208.11+9.55
−10.18 28.42+2.46

−2.11 14.88+2.53
−2.15 160.27+2.59

−2.38 1.25+0.09
−0.10 0.31+0.10

−0.09 0.22+0.03
−0.03

Table A.1: Continued
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KK98-251 32.46 10.60 2.59 17.89 0.74 0.25 0.00 1.99
45.88 26.23 1.27 26.95 0.63 0.11 0.00 0.28

35.25+6.89
−5.55 15.01+5.11

−4.44 1.52+0.26
−0.12 23.59+3.14

−2.94 0.54+0.04
−0.03 0.36+0.51

−0.21 0.00+0.00
−0.00

NGC0024 106.13 21.22 19.65 77.38 1.70 1.00 0.00 1.48
154.15 120.65 4.60 97.34 1.25 1.79 0.00 0.37

103.94+33.22
−10.28 37.62+50.07

−25.81 12.74+14.16
−6.45 81.65+10.90

−7.53 1.76+0.15
−0.35 1.39+0.31

−0.70 0.00+0.00
−0.00

NGC0055 80.13 29.60 1.71 51.06 0.52 0.36 0.00 0.77
83.06 29.55 1.33 59.49 0.44 0.20 0.00 0.18

82.76+9.60
−6.76 34.71+17.03

−11.32 1.24+0.34
−0.23 60.50+4.39

−3.68 0.48+0.05
−0.04 0.36+0.25

−0.19 0.00+0.00
−0.00

NGC0100 85.39 11.59 4.11 54.88 0.67 0.16 0.00 0.12
85.57 17.34 3.07 59.07 0.67 0.34 0.00 0.07

91.25+21.20
−9.19 26.56+28.11

−13.08 2.41+1.18
−0.78 63.12+10.20

−6.70 0.71+0.08
−0.07 0.51+0.24

−0.29 0.00+0.00
−0.00

NGC0247 88.11 25.20 3.07 61.33 0.64 0.77 0.00 9.15
73.11 47.03 0.86 71.59 0.50 1.76 0.00 3.69

81.09+10.34
−5.38 38.98+15.29

−21.86 1.07+0.96
−0.18 70.99+5.65

−7.84 0.50+0.01
−0.01 1.37+0.23

−0.44 0.00+0.00
−0.00

NGC0289 158.44 43.87 69.18 126.18 2.47 0.36 0.00 2.21
152.87 44.78 39.97 129.36 2.18 0.36 0.00 1.75

156.52+4.42
−5.20 39.79+19.07

−11.25 49.87+483.68
−22.93 127.90+4.44

−3.69 2.22+0.30
−0.22 0.24+0.17

−0.11 0.00+0.00
−0.00

NGC0300 93.39 24.75 3.31 63.73 0.80 0.76 0.00 0.65
99.26 39.03 2.37 70.89 0.83 1.01 0.00 0.42

91.74+23.19
−7.08 29.08+38.18

−16.95 2.81+1.73
−1.02 67.14+9.75

−6.95 0.81+0.07
−0.07 0.93+0.31

−0.48 0.00+0.00
−0.00

NGC0801 182.79 101.00 46.42 176.42 2.49 0.42 0.00 4.46
202.83 27.23 78.13 156.62 2.37 0.10 0.00 4.38

181.04+17.13
−16.30 34.55+66.24

−6.68 42.94+28.59
−31.26 161.94+14.85

−5.82 2.15+0.19
−0.36 0.33+0.20

−0.18 0.00+0.00
−0.00

NGC0891 209.68 54.97 32.61 149.04 1.89 0.20 0.58 4.22
213.12 59.83 149.33 158.32 2.02 0.11 0.29 4.65

233.80+21.54
−12.71 83.64+26.10

−13.62 110.29+57.63
−48.71 168.13+10.59

−6.13 1.69+0.18
−0.23 0.15+0.07

−0.04 0.48+0.11
−0.10

NGC1003 106.61 38.65 2.15 72.70 0.80 0.49 0.00 5.86
118.71 92.26 1.73 81.31 1.01 0.76 0.00 2.16

110.58+6.36
−5.87 63.27+17.36

−17.58 1.94+0.32
−0.25 78.41+2.25

−2.66 0.92+0.07
−0.08 0.62+0.10

−0.11 0.00+0.00
−0.00

Table A.1: Continued
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NGC1090 140.44 23.86 13.59 109.15 1.31 0.34 0.00 1.38
147.65 16.51 10.55 109.37 1.11 0.22 0.00 0.78

141.51+6.36
−7.52 21.28+19.24

−3.84 8.87+2.21
−3.09 113.25+7.15

−3.00 1.09+0.07
−0.06 0.35+0.16

−0.09 0.00+0.00
−0.00

NGC1705 71.66 10.21 69.18 50.87 1.88 1.21 0.00 0.24
73.83 15.79 75.78 54.08 1.83 1.22 0.00 0.14

72.85+17.45
−7.17 15.68+13.90

−7.82 75.52+98.38
−38.99 53.58+7.74

−3.92 1.85+0.47
−0.53 1.18+0.70

−0.71 0.00+0.00
−0.00

NGC2366 44.05 7.52 3.86 28.05 0.71 0.25 0.00 0.91
45.73 6.93 3.09 32.56 0.50 0.10 0.00 0.34

46.30+3.48
−2.47 8.65+4.07

−2.18 2.79+0.61
−0.51 33.57+2.46

−1.80 0.55+0.07
−0.05 0.25+0.24

−0.11 0.00+0.00
−0.00

NGC2403 130.63 39.52 9.55 91.16 1.42 0.64 0.00 32.70
126.53 40.62 9.27 96.24 1.34 0.65 0.00 12.07

139.26+10.38
−7.84 58.27+15.74

−12.33 6.33+1.30
−1.17 101.17+4.14

−3.37 1.23+0.05
−0.07 0.69+0.06

−0.06 0.00+0.00
−0.00

NGC2683 149.14 34.11 94.04 124.68 2.57 0.34 0.34 2.54
147.83 52.47 22.77 134.89 2.49 0.47 0.13 1.65

150.71+12.58
−13.00 53.03+47.64

−20.26 24.40+23.05
−10.19 135.24+6.20

−5.02 2.53+0.16
−0.13 0.44+0.14

−0.17 0.45+0.57
−0.27

NGC2841 249.68 67.87 32.11 193.13 2.07 0.64 0.64 1.83
280.92 160.58 24.98 221.07 2.16 0.69 0.67 1.13

273.98+29.19
−9.23 120.57+97.93

−48.81 32.64+22.73
−15.27 216.19+12.30

−8.15 2.18+0.13
−0.14 0.52+0.29

−0.27 0.60+0.19
−0.24

NGC2903 188.71 63.79 98.48 138.77 2.31 0.25 0.00 12.38
177.88 36.63 134.66 135.82 2.46 0.10 0.00 2.66

177.72+2.59
−2.63 37.36+3.12

−1.79 122.39+17.83
−14.79 135.70+1.64

−1.68 2.43+0.04
−0.05 0.11+0.02

−0.01 0.00+0.00
−0.00

NGC2915 81.64 10.68 15.61 53.80 1.21 0.60 0.00 0.88
81.16 6.69 13.19 53.13 1.17 0.15 0.00 0.36

81.00+2.65
−2.54 7.88+1.47

−0.71 13.84+6.73
−3.78 54.03+1.69

−1.66 1.18+0.20
−0.15 0.28+0.16

−0.12 0.00+0.00
−0.00

NGC2976 79.44 11.82 19.95 56.75 1.62 0.36 0.00 0.79
113.17 18.00 10.18 76.89 1.36 0.37 0.00 0.29

102.81+13.92
−21.15 20.91+21.58

−8.70 9.55+4.58
−3.99 69.87+7.99

−10.31 1.48+0.33
−0.28 0.46+0.19

−0.25 0.00+0.00
−0.00

NGC2998 189.80 119.95 12.02 158.81 1.83 0.64 0.00 3.99
202.55 184.01 3.95 175.02 1.47 0.74 0.00 3.70

168.11+16.47
−12.99 58.49+71.71

−34.46 8.69+13.08
−3.90 159.82+12.71

−10.44 1.59+0.13
−0.08 0.65+0.15

−0.22 0.00+0.00
−0.00
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NGC3109 68.89 16.16 1.82 42.94 0.44 0.72 0.00 0.27
77.74 26.29 1.56 49.99 0.51 1.23 0.00 0.21

78.87+10.55
−9.46 28.24+12.66

−9.79 1.51+0.40
−0.24 50.56+5.05

−5.06 0.52+0.06
−0.04 1.44+1.17

−0.97 0.00+0.00
−0.00

NGC3198 134.72 39.92 6.21 102.08 1.10 0.49 0.00 0.93
135.97 24.37 6.42 103.86 0.79 0.37 0.00 0.74

136.66+4.99
−4.61 23.87+14.90

−6.05 6.56+0.99
−1.37 104.06+4.78

−2.86 0.81+0.03
−0.03 0.38+0.17

−0.13 0.00+0.00
−0.00

NGC3521 228.02 100.34 59.34 159.34 1.87 0.44 0.00 0.68
314.48 166.16 12.70 206.17 0.95 0.54 0.00 0.27

258.19+35.56
−72.68 143.85+35.74

−81.18 35.96+169.40
−17.90 174.70+19.25

−30.39 1.41+0.97
−0.31 0.48+0.05

−0.27 0.00+0.00
−0.00

NGC3726 148.53 40.09 5.84 110.22 1.08 0.30 0.00 3.72
169.62 144.06 1.40 129.81 0.98 0.48 0.00 2.19

149.74+27.73
−13.65 68.32+62.93

−42.98 1.99+1.62
−0.56 120.52+10.56

−11.45 0.85+0.09
−0.11 0.38+0.08

−0.15 0.00+0.00
−0.00

NGC3741 52.82 13.18 2.55 32.60 0.52 1.00 0.00 1.09
54.32 20.01 2.71 33.36 0.65 1.46 0.00 0.41

55.00+6.38
−4.88 20.75+8.33

−5.67 2.68+0.71
−0.52 33.59+2.51

−2.09 0.65+0.07
−0.06 1.51+0.55

−0.49 0.00+0.00
−0.00

NGC3769 111.57 21.93 14.68 80.26 1.53 0.25 0.00 0.44
111.81 18.60 9.25 83.74 1.37 0.20 0.00 0.40

112.23+6.38
−5.71 21.77+16.40

−7.40 8.65+3.55
−2.47 85.17+4.72

−3.70 1.44+0.19
−0.19 0.24+0.13

−0.09 0.00+0.00
−0.00

NGC3877 145.00 19.56 12.40 106.58 1.18 0.20 0.00 2.69
151.85 15.15 12.43 109.70 1.13 0.15 0.00 2.02

142.83+12.01
−12.73 17.86+4.09

−2.41 9.97+1.22
−1.58 111.60+4.32

−3.59 1.01+0.05
−0.06 0.25+0.09

−0.07 0.00+0.00
−0.00

NGC3893 158.31 34.67 54.95 121.49 2.29 0.27 0.00 0.60
161.90 31.10 33.78 126.23 2.02 0.22 0.00 0.30

166.89+35.07
−10.83 43.59+61.83

−19.76 26.10+19.34
−14.19 129.69+16.12

−7.04 1.95+0.22
−0.32 0.30+0.18

−0.15 0.00+0.00
−0.00

NGC3917 127.48 20.10 5.41 87.31 0.80 0.25 0.00 1.16
128.53 12.50 5.50 86.36 0.71 0.15 0.00 0.64

117.39+12.10
−13.32 18.74+35.44

−5.02 3.50+1.20
−1.79 91.17+11.17

−4.44 0.62+0.05
−0.06 0.59+0.30

−0.29 0.00+0.00
−0.00

NGC3949 155.51 37.41 26.71 112.93 1.88 0.34 0.00 0.58
132.21 14.62 39.46 100.01 2.10 0.10 0.00 0.26

161.96+53.52
−34.50 57.43+49.94

−36.42 11.30+16.99
−5.53 118.60+25.48

−15.36 1.79+0.38
−0.54 0.36+0.11

−0.19 0.00+0.00
−0.00
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NGC3953 173.19 36.76 19.95 141.92 1.60 0.36 0.00 0.61
172.65 21.66 17.76 139.84 1.67 0.26 0.00 0.07

177.20+37.02
−16.06 44.51+107.94

−20.45 8.59+6.87
−5.07 151.02+18.53

−9.29 1.47+0.13
−0.11 0.42+0.17

−0.16 0.00+0.00
−0.00

NGC3972 126.66 25.34 6.21 91.16 0.99 0.49 0.00 1.24
117.65 12.73 7.94 82.95 0.95 0.24 0.00 0.80

121.44+38.95
−17.73 30.65+51.01

−16.45 4.27+2.85
−1.90 92.22+18.62

−8.86 0.92+0.06
−0.06 0.64+0.26

−0.30 0.00+0.00
−0.00

NGC3992 201.85 65.63 9.26 172.84 1.23 0.64 0.00 0.64
214.01 27.14 5.46 169.69 0.70 0.43 0.00 0.66

201.99+20.67
−19.81 54.19+92.83

−22.95 2.60+1.68
−1.17 180.91+16.43

−9.26 0.60+0.10
−0.10 0.70+0.16

−0.22 0.00+0.00
−0.00

NGC4010 131.32 64.25 2.59 90.06 0.92 0.56 0.00 2.68
119.88 15.03 4.68 81.67 0.73 0.11 0.00 1.34

128.14+31.00
−14.76 34.26+40.51

−16.66 2.85+1.52
−1.04 91.75+16.07

−9.38 0.79+0.09
−0.09 0.37+0.21

−0.19 0.00+0.00
−0.00

NGC4013 159.70 47.38 20.57 121.46 1.85 0.36 0.36 1.60
217.63 207.84 2.44 149.00 1.71 0.36 1.37 0.81

191.39+18.02
−21.46 139.74+39.55

−55.64 3.18+1.20
−0.58 142.28+4.88

−7.02 1.67+0.16
−0.22 0.29+0.15

−0.12 1.34+0.60
−0.63

NGC4051 118.96 19.53 12.59 96.85 1.18 0.30 0.00 0.69
112.83 11.55 12.83 98.82 1.37 0.33 0.00 0.57

127.71+29.75
−12.83 30.92+59.63

−15.56 6.58+4.45
−3.33 110.64+13.91

−8.81 1.00+0.21
−0.11 0.37+0.11

−0.11 0.00+0.00
−0.00

NGC4085 151.60 27.51 8.58 103.48 1.19 0.23 0.00 2.76
131.89 15.73 13.68 91.63 1.36 0.10 0.00 1.09

143.55+28.41
−20.99 26.88+20.26

−9.44 9.27+4.98
−3.16 100.68+15.89

−11.29 1.30+0.20
−0.17 0.20+0.12

−0.08 0.00+0.00
−0.00

NGC4088 149.23 47.56 14.23 118.54 1.64 0.25 0.00 0.81
144.18 16.09 10.23 113.23 1.05 0.15 0.00 0.50

146.82+34.32
−14.15 43.60+84.67

−24.16 4.92+3.58
−2.16 123.75+14.47

−8.32 1.05+0.25
−0.09 0.26+0.07

−0.09 0.00+0.00
−0.00

NGC4100 153.98 39.05 23.62 120.87 1.86 0.40 0.00 1.57
149.06 21.71 13.51 121.19 1.38 0.36 0.00 0.76

147.52+8.82
−9.19 26.11+34.41

−6.95 10.58+4.11
−4.67 122.90+8.50

−3.31 1.33+0.11
−0.07 0.45+0.18

−0.13 0.00+0.00
−0.00

NGC4138 149.14 34.11 98.48 112.92 2.44 0.28 0.28 3.35
145.78 69.66 31.10 123.38 2.60 0.59 0.12 1.24

149.83+27.34
−20.15 60.39+51.63

−24.96 41.15+107.59
−21.67 123.07+8.07

−6.06 2.57+0.38
−0.52 0.36+0.22

−0.18 0.43+0.55
−0.25
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NGC4157 166.13 39.68 21.54 127.03 1.81 0.25 0.25 0.60
217.48 193.46 4.04 154.23 1.53 0.43 0.10 0.26

177.84+38.45
−15.59 87.17+85.28

−52.40 7.62+6.80
−3.05 142.09+12.17

−11.14 1.57+0.11
−0.12 0.33+0.07

−0.13 0.52+0.56
−0.31

NGC4183 93.14 22.30 5.58 69.74 0.90 0.64 0.00 0.35
92.87 66.34 1.21 90.51 0.68 1.36 0.00 0.44

88.64+7.88
−7.02 18.49+29.72

−8.14 2.83+1.88
−1.38 77.27+9.85

−5.37 0.67+0.04
−0.03 0.97+0.30

−0.39 0.00+0.00
−0.00

NGC4214 106.14 17.81 15.14 70.24 1.13 1.21 0.00 0.96
106.07 30.67 15.18 71.14 1.16 1.15 0.00 0.96

93.89+14.54
−17.05 25.03+10.52

−11.70 23.48+26.90
−9.32 64.71+7.44

−8.19 1.42+0.54
−0.30 0.99+0.27

−0.37 0.00+0.00
−0.00

NGC4217 154.58 25.50 19.95 115.25 1.62 1.00 0.07 0.86
166.44 37.12 16.34 127.18 1.68 0.61 0.10 0.85

182.36+39.57
−17.40 77.24+67.03

−32.72 9.03+5.58
−4.05 137.41+15.89

−8.19 1.54+0.13
−0.13 1.14+0.44

−0.49 0.13+0.04
−0.02

NGC4559 107.30 30.04 5.84 78.82 1.09 0.36 0.00 0.32
106.84 30.72 3.86 86.02 0.88 0.39 0.00 0.31

107.68+12.16
−5.49 31.47+37.14

−15.80 3.84+2.01
−1.39 86.11+8.62

−6.52 0.92+0.07
−0.07 0.42+0.12

−0.17 0.00+0.00
−0.00

NGC5005 195.91 53.42 100.00 154.97 2.60 0.25 0.41 0.43
352.23 181.33 28.13 236.99 1.28 0.50 0.49 0.06

305.59+46.72
−46.99 145.02+86.92

−51.93 78.18+123.51
−47.71 210.68+24.36

−22.55 1.57+0.37
−0.30 0.39+0.13

−0.17 0.45+0.12
−0.12

NGC5033 200.95 67.82 57.54 146.86 2.20 0.36 0.39 14.22
197.73 33.86 119.13 148.03 2.20 0.10 0.10 9.19

198.91+3.58
−3.37 51.43+12.84

−7.50 221.85+102.26
−67.03 152.85+3.23

−2.62 2.20+0.07
−0.10 0.16+0.11

−0.05 0.15+0.05
−0.03

NGC5055 172.76 58.29 64.07 138.45 2.47 0.22 0.00 44.40
174.33 26.64 47.67 134.34 1.97 0.11 0.00 11.55

167.71+4.64
−4.53 43.06+25.33

−12.47 50.30+14.73
−12.79 139.19+4.84

−3.47 1.98+0.13
−0.12 0.22+0.08

−0.07 0.00+0.00
−0.00

NGC5371 154.58 25.50 16.09 144.62 1.15 0.38 0.00 9.02
160.21 17.31 19.78 155.09 1.37 0.38 0.00 8.81

151.71+7.27
−4.44 21.21+86.08

−3.10 16.27+2.33
−12.36 162.41+24.73

−3.65 1.32+0.05
−0.31 0.47+0.09

−0.05 0.00+0.00
−0.00

NGC5585 83.75 13.19 5.09 56.57 0.86 0.36 0.00 9.39
95.47 34.21 2.94 67.75 0.78 0.59 0.00 5.09

89.31+11.28
−6.03 24.01+15.00

−8.04 3.53+1.05
−0.92 64.29+5.68

−3.90 0.77+0.05
−0.05 0.49+0.11

−0.11 0.00+0.00
−0.00
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NGC5907 183.88 37.36 12.02 147.11 1.25 0.42 0.00 5.82
194.34 168.66 1.58 179.58 1.04 0.77 0.00 6.25

176.57+12.08
−12.49 46.00+80.23

−20.43 3.62+2.94
−1.79 162.38+15.69

−8.66 0.90+0.11
−0.08 0.65+0.16

−0.20 0.00+0.00
−0.00

NGC5985 225.66 44.24 15.85 187.19 1.34 0.81 1.16 11.33
264.71 38.63 26.44 190.84 1.81 0.10 0.95 1.34

246.81+14.68
−19.90 42.22+12.10

−5.70 21.74+4.81
−5.06 193.67+4.81

−3.32 1.71+0.11
−0.13 0.38+0.25

−0.19 1.42+0.63
−0.38

NGC6015 139.51 46.23 16.09 108.83 1.74 0.61 0.00 11.43
173.65 155.11 4.22 128.81 1.56 0.88 0.00 10.29

160.26+16.68
−20.22 109.75+34.22

−52.11 5.12+2.45
−0.88 125.50+4.38

−7.07 1.54+0.06
−0.09 0.81+0.05

−0.10 0.00+0.00
−0.00

NGC6195 180.79 80.12 2.51 141.48 0.67 0.38 0.69 3.50
309.53 317.14 10.33 212.69 1.30 0.23 0.70 1.94

250.13+47.41
−36.12 170.28+87.99

−70.74 17.80+12.82
−6.77 195.65+14.90

−11.49 1.58+0.20
−0.24 0.22+0.10

−0.08 0.59+0.08
−0.09

NGC6503 109.01 26.00 56.67 81.60 2.18 0.34 0.00 2.30
108.41 18.01 22.45 81.79 1.98 0.25 0.00 1.06

109.10+2.27
−2.13 18.62+8.39

−5.01 23.35+6.53
−4.97 82.39+2.55

−1.95 2.02+0.12
−0.11 0.27+0.10

−0.08 0.00+0.00
−0.00

NGC6674 209.63 133.23 10.47 187.73 1.66 0.96 0.96 7.79
238.32 222.88 30.16 207.85 1.94 0.75 2.35 2.45

221.93+11.62
−12.62 95.22+71.63

−41.93 58.28+316.31
−40.23 196.00+8.71

−10.00 2.19+0.28
−0.36 0.53+0.27

−0.21 0.92+0.88
−0.61

NGC6946 136.89 35.77 20.89 111.28 1.79 0.38 0.38 3.25
175.07 100.49 124.81 133.29 1.60 0.42 0.52 1.61

154.55+24.32
−8.41 68.54+61.59

−30.13 173.07+181.24
−94.80 126.12+8.42

−6.16 1.67+0.07
−0.05 0.39+0.09

−0.12 0.46+0.05
−0.05

NGC7331 239.40 107.29 44.33 175.21 2.21 0.27 0.27 0.63
257.96 172.91 12.98 189.80 1.80 0.33 0.19 0.51

238.25+36.39
−16.83 116.95+85.49

−45.14 21.42+14.95
−9.89 181.91+13.39

−8.43 1.97+0.21
−0.33 0.24+0.09

−0.09 0.50+0.44
−0.28

NGC7814 210.88 53.59 8.19 145.21 1.29 0.95 0.54 1.90
268.62 162.68 165.61 183.88 1.49 1.26 0.43 0.60

251.66+38.64
−19.83 123.50+55.20

−37.53 414.31+1267.93
−302.97 175.93+17.91

−9.52 1.61+0.24
−0.31 0.79+0.53

−0.42 0.38+0.11
−0.20

PGC51017 14.77 2.60 9.70 8.83 1.29 0.06 0.00 3.01
14.89 0.59 15.33 10.84 1.05 0.12 0.00 0.93

13.93+1.36
−0.66 0.80+0.96

−0.19 10.42+2.57
−5.09 11.30+0.89

−0.83 0.85+0.11
−0.11 0.18+0.14

−0.06 0.00+0.00
−0.00
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UGC00128 117.63 33.05 2.26 79.67 0.54 0.64 0.00 5.67
116.55 87.69 1.04 92.52 0.72 2.04 0.00 6.05

115.88+4.61
−4.80 51.16+24.20

−19.82 1.42+0.44
−0.28 87.05+4.84

−4.84 0.66+0.07
−0.12 1.47+0.53

−0.76 0.00+0.00
−0.00

UGC00731 64.73 9.48 4.04 41.36 0.65 1.00 0.00 1.31
52.68 25.40 1.37 47.62 0.68 9.93 0.00 0.17

57.63+5.35
−4.29 13.19+13.78

−5.90 2.30+1.71
−0.94 44.44+4.47

−3.14 0.65+0.04
−0.06 6.08+2.63

−3.71 0.00+0.00
−0.00

UGC01230 96.05 15.47 5.09 66.43 0.74 0.64 0.00 0.29
104.96 10.23 4.82 68.22 0.66 0.11 0.00 0.20

91.88+10.70
−11.48 15.61+18.76

−4.73 3.35+1.60
−1.53 72.20+6.81

−5.35 0.72+0.08
−0.10 1.14+0.92

−0.74 0.00+0.00
−0.00

UGC01281 55.59 11.96 2.75 35.59 0.61 0.64 0.00 0.21
57.88 10.53 2.72 38.50 0.47 0.11 0.00 0.17

62.47+10.29
−8.31 16.94+11.15

−6.46 2.13+0.71
−0.47 42.07+5.22

−4.72 0.55+0.08
−0.06 0.67+0.66

−0.44 0.00+0.00
−0.00

UGC02259 77.34 10.25 10.80 55.11 1.16 0.98 0.00 6.07
72.83 5.92 9.38 54.68 1.04 1.03 0.00 4.23

70.37+12.23
−6.94 15.91+26.06

−9.06 4.23+3.82
−1.89 62.09+7.43

−5.71 1.00+0.06
−0.05 2.17+0.61

−0.75 0.00+0.00
−0.00

UGC02487 285.69 64.85 10.63 231.08 1.25 0.71 0.96 6.98
320.18 320.70 2.76 278.26 1.55 1.39 0.19 4.26

312.04+21.21
−18.51 127.09+144.72

−61.46 6.84+7.77
−3.16 256.07+17.02

−11.88 1.62+0.21
−0.22 0.65+0.37

−0.38 0.67+0.48
−0.38

UGC02885 259.19 119.66 2.88 192.89 0.87 0.52 1.11 0.88
297.16 225.11 19.18 228.32 1.37 0.49 0.97 1.02

284.22+25.03
−14.16 166.10+105.93

−63.63 28.75+29.92
−14.04 220.68+13.21

−11.26 1.47+0.19
−0.16 0.41+0.17

−0.20 0.91+0.13
−0.13

UGC02916 140.97 43.94 4.43 113.60 0.78 1.00 0.50 12.78
144.94 15.73 4781.21 143.60 2.37 1.23 0.10 8.89

143.11+16.16
−10.38 27.81+57.66

−10.14 73.52+183.88
−53.27 146.38+17.62

−5.27 2.23+0.22
−0.43 1.15+0.34

−0.45 0.32+0.12
−0.20

UGC02953 255.96 129.11 36.31 199.43 2.31 0.53 0.53 9.43
324.83 279.95 103.90 229.56 1.87 0.59 0.56 12.89

330.49+13.90
−14.85 316.67+37.76

−48.14 95.30+25.98
−19.27 228.41+4.34

−4.28 1.80+0.08
−0.08 0.59+0.03

−0.04 0.59+0.03
−0.03

UGC03205 179.76 52.32 15.85 144.83 1.63 0.61 0.61 5.88
196.31 31.72 123.02 150.24 2.25 0.11 0.24 1.08

194.32+4.70
−5.71 36.52+7.56

−4.67 111.13+22.28
−19.46 152.71+2.64

−2.26 2.15+0.09
−0.10 0.19+0.09

−0.06 0.35+0.12
−0.10
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UGC03546 178.92 45.52 35.21 134.67 2.10 0.34 0.34 1.88
230.62 189.25 152.50 163.96 1.62 0.63 0.25 1.63

213.72+31.98
−13.31 110.03+79.05

−36.08 498.07+684.56
−324.78 155.63+11.85

−6.24 1.68+0.22
−0.28 0.36+0.18

−0.16 0.25+0.10
−0.10

UGC03580 116.82 28.65 3.11 79.29 0.86 0.36 0.36 5.24
125.58 60.33 4.41 90.41 1.06 0.57 0.13 2.10

121.15+9.33
−6.27 45.50+19.52

−13.25 6.55+2.83
−1.95 87.65+4.32

−3.72 1.05+0.06
−0.07 0.42+0.10

−0.11 0.23+0.05
−0.05

UGC04278 89.10 20.96 2.59 58.45 0.63 0.74 0.00 0.80
134.98 49.70 1.40 87.92 0.45 0.95 0.00 0.48

110.36+14.73
−20.38 35.29+14.16

−14.50 1.67+0.47
−0.27 74.14+7.90

−11.25 0.48+0.06
−0.05 0.80+0.35

−0.32 0.00+0.00
−0.00

UGC04305 25.67 5.67 3.26 14.92 0.72 0.09 0.00 2.55
22.45 1.91 6.13 16.90 0.71 0.28 0.00 1.82

25.18+1.36
−0.79 2.08+1.16

−0.54 7.13+2.53
−2.50 17.92+0.81

−0.72 0.79+0.12
−0.12 0.16+0.09

−0.05 0.00+0.00
−0.00

UGC04325 77.35 9.72 18.20 57.88 1.45 1.00 0.00 2.68
73.05 5.40 11.16 58.53 1.03 1.16 0.00 2.68

71.03+10.32
−5.40 8.74+25.95

−2.49 7.66+2.02
−4.59 62.88+8.42

−3.28 0.99+0.12
−0.08 1.72+0.65

−0.53 0.00+0.00
−0.00

UGC04499 65.11 14.93 3.69 43.46 0.76 0.49 0.00 0.34
63.75 8.91 3.61 45.74 0.60 0.31 0.00 0.26

64.99+9.88
−5.29 13.58+19.17

−6.06 2.81+1.49
−1.06 48.58+7.26

−4.11 0.66+0.10
−0.10 0.60+0.41

−0.36 0.00+0.00
−0.00

UGC05005 91.58 43.02 1.15 55.65 0.45 0.42 0.00 0.28
101.17 68.28 0.72 60.33 0.38 0.33 0.00 0.05

92.83+13.16
−10.66 48.57+17.85

−17.45 0.90+0.31
−0.17 59.70+6.59

−5.92 0.38+0.06
−0.05 0.32+0.38

−0.17 0.00+0.00
−0.00

UGC05253 209.69 89.40 5.01 155.56 1.16 0.64 0.64 7.99
240.52 118.96 460.62 183.03 1.87 0.38 0.46 8.74

247.39+14.28
−12.53 200.92+37.91

−44.40 320.05+133.69
−83.50 185.99+4.57

−4.47 1.76+0.09
−0.09 0.58+0.07

−0.10 0.54+0.03
−0.04

UGC05716 66.30 13.84 4.37 45.05 0.88 1.17 0.00 15.88
69.53 24.68 2.26 49.90 0.82 1.48 0.00 2.08

69.13+8.67
−4.57 24.84+17.53

−11.53 2.38+0.98
−0.58 50.32+4.07

−3.95 0.84+0.10
−0.11 1.64+0.56

−0.71 0.00+0.00
−0.00

UGC05721 74.18 9.00 78.22 52.47 2.00 0.90 0.00 0.92
73.74 5.95 53.39 52.93 1.96 0.46 0.00 0.48

74.82+3.27
−2.95 7.53+2.57

−1.05 48.75+12.98
−9.96 54.40+2.06

−1.78 1.88+0.13
−0.13 0.66+0.26

−0.13 0.00+0.00
−0.00
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UGC05986 110.35 18.18 7.36 76.00 1.10 0.56 0.00 7.18
109.44 11.01 9.34 74.92 1.05 0.26 0.00 0.80

111.74+25.20
−7.66 22.91+32.95

−10.25 6.40+2.57
−2.80 80.59+13.63

−5.49 1.13+0.10
−0.09 0.74+0.40

−0.35 0.00+0.00
−0.00

UGC06399 84.29 21.44 3.21 57.29 0.71 0.74 0.00 0.25
82.14 8.83 4.40 54.32 0.63 0.13 0.00 0.03

80.67+19.46
−11.87 20.11+26.75

−10.67 2.46+1.79
−0.89 60.75+9.77

−6.69 0.69+0.06
−0.08 1.03+0.55

−0.64 0.00+0.00
−0.00

UGC06446 75.73 9.94 8.07 51.96 1.03 1.00 0.00 0.72
75.85 25.78 4.02 61.02 0.99 2.37 0.00 0.17

73.44+16.26
−6.56 19.97+28.73

−11.57 4.58+3.26
−1.79 58.85+8.00

−5.97 1.00+0.11
−0.11 2.21+0.64

−0.90 0.00+0.00
−0.00

UGC06614 183.93 67.82 1.71 128.15 0.53 0.56 0.44 1.00
209.82 120.85 5.29 148.35 1.40 0.13 0.45 0.20

206.11+25.23
−20.67 135.39+54.49

−48.12 4.19+2.08
−1.38 150.51+9.42

−8.58 1.30+0.23
−0.21 0.31+0.27

−0.15 0.43+0.09
−0.09

UGC06628 32.62 7.93 2.71 18.98 0.64 0.09 0.00 0.62
34.14 3.17 6.68 22.65 0.83 0.10 0.00 0.16

33.24+5.66
−2.88 4.84+7.30

−2.43 3.91+4.09
−2.06 24.04+3.45

−2.72 0.66+0.19
−0.08 0.21+0.19

−0.09 0.00+0.00
−0.00

UGC06667 82.38 14.05 3.52 53.51 0.58 1.12 0.00 1.40
72.63 7.08 4.04 51.50 0.54 2.65 0.00 0.14

68.90+10.70
−7.56 8.31+5.57

−2.15 3.32+0.94
−1.36 52.85+5.42

−3.66 0.48+0.07
−0.08 4.35+2.50

−3.05 0.00+0.00
−0.00

UGC06786 205.29 43.62 16.85 148.82 1.64 0.58 0.58 3.08
217.51 45.08 230.54 157.33 1.86 0.12 0.42 0.56

220.52+10.46
−6.33 64.92+27.72

−14.42 186.53+66.86
−64.50 161.95+6.66

−4.18 1.81+0.07
−0.09 0.35+0.21

−0.16 0.54+0.09
−0.08

UGC06787 233.92 48.97 5.50 160.26 1.02 0.64 0.64 48.15
355.69 283.96 55.07 230.85 1.06 1.60 0.52 19.07

306.03+29.61
−30.71 191.27+43.55

−55.95 228.20+384.64
−126.73 207.86+13.87

−14.10 1.30+0.20
−0.18 1.10+0.20

−0.33 0.53+0.03
−0.05

UGC06818 89.57 24.95 1.42 55.87 0.40 0.16 0.00 1.04
99.79 36.28 1.24 62.54 0.40 0.16 0.00 1.01

87.36+10.38
−14.90 31.63+13.10

−11.20 1.45+0.45
−0.26 55.47+5.50

−7.66 0.49+0.10
−0.07 0.23+0.19

−0.10 0.00+0.00
−0.00

UGC06917 97.61 16.38 5.58 67.73 0.85 0.49 0.00 0.31
94.64 10.69 5.27 67.61 0.84 0.39 0.00 0.20

97.13+22.25
−10.01 21.02+41.46

−10.14 3.28+1.93
−1.49 74.19+13.43

−6.46 0.84+0.10
−0.09 0.80+0.34

−0.39 0.00+0.00
−0.00
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UGC06923 73.15 9.47 6.92 49.03 0.94 0.25 0.00 0.72
75.77 8.74 6.80 53.60 0.92 0.17 0.00 0.46

80.80+21.95
−13.62 18.62+19.50

−10.26 4.57+3.16
−1.50 59.43+10.40

−7.31 0.97+0.17
−0.15 0.42+0.29

−0.22 0.00+0.00
−0.00

UGC06930 93.14 22.30 4.30 67.49 0.78 0.64 0.00 0.33
92.28 10.36 4.55 66.56 0.75 0.41 0.00 0.20

89.01+9.49
−9.02 16.50+28.03

−6.47 2.94+1.80
−1.48 71.13+9.88

−5.08 0.76+0.09
−0.11 0.80+0.39

−0.42 0.00+0.00
−0.00

UGC06973 217.19 47.22 54.95 143.80 1.03 0.20 0.41 9.69
189.52 43.37 33.07 133.03 1.64 0.15 0.13 0.32

208.26+24.99
−23.52 47.60+5.87

−5.86 24.20+14.31
−7.49 143.11+13.95

−12.58 1.40+0.31
−0.23 0.14+0.05

−0.03 0.33+0.28
−0.17

UGC06983 96.05 15.47 10.15 68.87 1.24 0.64 0.00 0.44
96.06 12.30 6.17 70.59 1.05 0.60 0.00 0.42

97.17+8.88
−6.18 16.92+26.07

−6.27 4.93+2.00
−2.08 73.51+9.33

−4.36 1.07+0.14
−0.14 0.85+0.48

−0.36 0.00+0.00
−0.00

UGC07125 53.06 14.65 2.55 32.90 0.60 0.16 0.00 0.64
54.33 16.83 1.77 35.95 0.50 0.11 0.00 0.42

52.33+3.59
−3.36 19.78+6.94

−6.34 1.54+0.56
−0.28 36.91+1.83

−1.61 0.53+0.03
−0.02 0.29+0.25

−0.14 0.00+0.00
−0.00

UGC07151 64.12 7.31 12.40 45.15 1.20 0.36 0.00 1.26
59.49 5.21 9.44 46.44 1.07 0.52 0.00 0.88

60.80+13.79
−6.33 12.94+22.25

−7.23 4.84+3.75
−2.14 52.56+7.36

−5.51 1.03+0.05
−0.05 0.87+0.26

−0.32 0.00+0.00
−0.00

UGC07261 68.40 16.66 10.80 51.18 1.44 0.85 0.00 0.74
63.74 4.96 10.99 46.76 1.19 0.45 0.00 0.48

65.03+16.58
−8.14 12.32+24.66

−6.43 5.12+3.93
−2.39 52.64+8.24

−5.23 1.15+0.13
−0.14 0.86+0.36

−0.37 0.00+0.00
−0.00

UGC07399 92.48 13.67 19.05 65.91 1.60 1.96 0.00 1.05
92.02 11.03 19.13 66.82 1.49 1.22 0.00 0.51

99.50+22.91
−9.26 17.26+15.86

−6.89 13.87+6.98
−6.05 72.09+12.75

−5.80 1.35+0.20
−0.25 1.79+0.81

−0.68 0.00+0.00
−0.00

UGC07524 71.75 20.21 2.75 46.30 0.58 0.64 0.00 0.29
66.21 14.88 2.31 48.84 0.49 0.85 0.00 0.20

65.78+4.65
−5.19 16.39+10.48

−4.58 2.15+0.62
−0.61 49.36+3.38

−2.29 0.50+0.03
−0.04 1.08+0.50

−0.52 0.00+0.00
−0.00

UGC07603 60.05 6.66 12.59 40.34 1.27 0.64 0.00 0.50
59.73 4.76 13.41 40.55 1.21 0.24 0.00 0.12

62.98+11.24
−4.74 8.34+8.66

−3.07 10.07+3.56
−3.59 43.91+6.70

−3.14 1.19+0.13
−0.12 0.63+0.45

−0.31 0.00+0.00
−0.00
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UGC07690 48.85 5.14 48.60 36.49 2.05 0.42 0.00 0.35
47.38 3.50 33.64 38.71 1.96 0.46 0.00 0.18

49.37+13.77
−5.91 9.91+17.34

−5.80 15.64+13.97
−7.27 42.95+5.16

−3.55 1.73+0.25
−0.31 0.75+0.25

−0.25 0.00+0.00
−0.00

UGC08286 73.63 8.91 13.18 51.96 1.28 0.85 0.00 1.34
74.35 6.20 9.97 52.78 1.03 0.67 0.00 1.68

74.49+18.69
−5.46 15.35+36.85

−8.23 5.40+3.63
−2.56 58.35+9.46

−4.69 1.05+0.09
−0.06 1.72+0.60

−0.78 0.00+0.00
−0.00

UGC08490 72.31 11.49 29.74 52.99 1.84 1.10 0.00 0.21
72.49 12.22 19.47 55.82 1.63 0.96 0.00 0.16

73.42+5.24
−2.55 12.74+10.54

−4.74 19.03+6.15
−5.51 56.15+3.54

−2.27 1.62+0.12
−0.12 1.00+0.38

−0.33 0.00+0.00
−0.00

UGC08550 51.97 7.99 12.40 36.49 1.36 1.00 0.00 0.45
58.25 17.28 5.06 42.59 1.25 1.44 0.00 0.36

56.16+15.16
−5.90 14.95+17.98

−9.29 5.54+4.40
−2.10 41.49+6.22

−4.84 1.21+0.14
−0.15 1.36+0.46

−0.67 0.00+0.00
−0.00

UGC08699 162.57 48.57 22.56 122.97 1.91 0.61 0.61 2.38
203.09 131.52 356.10 146.93 1.42 0.74 0.51 0.54

185.61+36.54
−12.79 96.24+82.81

−42.66 468.81+583.50
−317.78 140.54+12.56

−7.10 1.58+0.31
−0.26 0.66+0.24

−0.33 0.41+0.11
−0.19

UGC09037 139.74 26.27 3.26 92.66 0.64 0.09 0.00 0.66
136.25 21.02 3.02 97.90 0.63 0.10 0.00 0.60

137.53+10.54
−6.53 31.32+28.54

−9.34 2.38+0.75
−0.70 103.09+9.43

−5.20 0.68+0.07
−0.07 0.17+0.09

−0.05 0.00+0.00
−0.00

UGC09133 205.74 63.14 19.95 171.26 1.76 0.53 0.53 8.09
209.05 103.39 203.95 194.32 2.27 0.58 0.30 11.33

216.70+5.82
−5.22 146.04+33.22

−27.43 242.96+91.07
−64.13 198.22+3.54

−3.56 2.19+0.08
−0.07 0.61+0.07

−0.08 0.39+0.04
−0.05

UGC09992 26.48 4.20 13.80 19.33 1.28 0.67 0.00 0.36
23.58 1.37 8.85 19.09 0.79 0.67 0.00 0.04

27.84+6.08
−3.20 4.26+6.15

−2.38 4.25+4.56
−2.08 22.72+4.21

−3.18 0.78+0.12
−0.08 0.52+0.53

−0.31 0.00+0.00
−0.00

UGC10310 61.44 10.84 6.31 43.27 0.90 0.64 0.00 0.11
61.35 5.58 5.17 43.78 0.67 0.48 0.00 0.07

58.75+9.31
−6.28 9.99+17.66

−4.47 2.91+2.16
−1.49 48.19+7.69

−4.93 0.63+0.06
−0.05 1.06+0.54

−0.59 0.00+0.00
−0.00

UGC11455 244.68 54.15 8.98 182.67 1.16 0.25 0.00 1.70
247.88 35.05 8.56 180.32 1.01 0.15 0.00 1.40

241.28+11.80
−11.50 49.44+66.45

−11.92 6.78+1.58
−2.81 186.62+14.79

−5.68 0.99+0.07
−0.04 0.26+0.15

−0.08 0.00+0.00
−0.00
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UGC11914 276.49 68.51 16.85 191.90 1.60 0.53 0.99 2.02
331.63 87.51 363.29 229.96 1.59 0.10 0.85 0.70

337.51+46.05
−37.08 104.72+27.77

−12.28 261.23+292.28
−154.72 232.68+26.55

−21.08 1.51+0.28
−0.28 0.25+0.18

−0.11 0.86+0.10
−0.20

UGC12506 181.13 36.58 10.96 156.50 1.07 1.00 0.00 1.00
195.24 23.37 6.71 159.72 0.89 0.76 0.00 0.96

180.42+15.65
−11.31 31.92+74.65

−6.79 4.54+1.28
−2.81 166.21+20.51

−5.17 0.79+0.06
−0.04 1.10+0.34

−0.29 0.00+0.00
−0.00

UGC12632 61.32 13.73 3.80 41.19 0.70 0.83 0.00 0.08
58.66 13.23 2.49 44.57 0.59 1.29 0.00 0.06

59.77+5.21
−5.94 14.73+13.07

−5.73 2.23+1.24
−0.82 45.22+4.24

−2.85 0.60+0.03
−0.05 1.50+0.75

−0.97 0.00+0.00
−0.00

UGCA442 56.71 12.30 2.40 35.72 0.54 0.85 0.00 1.46
58.53 18.42 2.19 40.51 0.67 1.52 0.00 0.90

60.84+10.87
−7.54 21.81+14.69

−9.66 2.01+0.81
−0.41 41.82+4.14

−3.56 0.69+0.10
−0.07 1.85+1.58

−1.27 0.00+0.00
−0.00

UGCA444 37.30 5.74 4.23 23.20 0.71 1.00 0.00 0.62
46.39 27.61 1.92 29.27 0.94 9.43 0.00 0.10

34.40+10.73
−5.85 10.91+8.33

−5.19 2.68+1.08
−0.51 25.21+4.08

−2.71 0.80+0.08
−0.08 6.19+2.73

−3.40 0.00+0.00
−0.00
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Re logM? z M?/Mhalo δc200 σ/m σ0 ρ0 fe3D f53D fe f5 logMDMe logMDM5 δρ(%) δM(%)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)

4.82 11.52 0.56 0.015 0.0 0.8 304.00 2.50E+10 0.19 0.19 0.31 0.32 10.87 10.89 4.5 -4.6
4.82 11.52 0.56 0.015 -0.5 0.8 299.45 2.50E+10 0.17 0.17 0.28 0.29 10.82 10.84 4.9 -5.0
4.82 11.52 0.56 0.015 -1.5 0.8 291.00 3.00E+10 0.15 0.15 0.25 0.26 10.74 10.76 4.3 -4.8
8.92 11.45 0.75 0.015 0.0 0.8 270.00 5.00E+08 0.29 0.17 0.52 0.37 11.18 10.75 2.2 0.0
17.67 11.97 0.72 0.015 0.0 0.8 387.00 2.00E+08 0.40 0.12 0.63 0.32 11.90 10.94 -1.0 4.5

6.29 11.60 0.61 0.015 0.0 0.8 316.00 5.00E+09 0.18 0.15 0.35 0.30 11.02 10.87 4.1 -3.8
6.29 11.60 0.61 0.015 1.5 0.8 340.00 6.00E+09 0.30 0.26 0.48 0.43 11.26 11.11 1.6 2.0
4.27 11.53 0.65 0.015 0.0 0.8 310.00 1.50E+11 0.22 0.23 0.31 0.33 10.88 10.96 5.1 -5.0
7.90 11.54 0.88 0.015 0.0 0.8 292.00 1.00E+09 0.20 0.13 0.42 0.30 11.09 10.76 3.2 -3.8
8.59 11.81 0.24 0.015 0.0 0.8 385.00 7.00E+10 0.54 0.52 0.62 0.57 11.72 11.48 -4.9 4.0

8.59 11.81 0.24 0.015 -1.5 0.8 352.00 2.50E+11 0.42 0.42 0.51 0.46 11.52 11.29 -4.2 3.2
8.59 11.81 0.24 0.015 -2.0 0.8 343.00 2.50E+11 0.39 0.39 0.48 0.43 11.47 11.25 -4.8 3.5
6.44 11.73 0.49 0.015 0.0 0.8 350.00 1.00E+10 0.19 0.16 0.34 0.29 11.13 10.97 3.0 -4.4
6.44 11.73 0.49 0.015 -0.5 0.8 345.00 1.05E+10 0.18 0.15 0.32 0.27 11.09 10.93 4.6 -2.8
4.78 11.36 0.35 0.015 0.0 0.8 272.00 7.50E+09 0.18 0.19 0.34 0.35 10.77 10.80 4.5 -5.0

4.78 11.36 0.35 0.015 -1.5 0.8 258.50 1.00E+10 0.15 0.16 0.28 0.29 10.66 10.69 4.6 -3.9
9.21 11.71 0.67 0.015 0.0 0.8 327.50 2.00E+09 0.31 0.20 0.50 0.36 11.41 10.99 -3.9 2.1
3.21 11.24 0.68 0.015 0.0 0.8 255.00 4.50E+11 0.24 0.26 0.32 0.38 10.60 10.82 5.8 -5.4
6.11 11.52 0.27 0.015 0.0 0.8 301.00 6.50E+09 0.26 0.23 0.43 0.39 11.10 10.97 -0.6 -0.8
16.81 11.55 0.61 0.015 0.0 0.8 277.00 1.00E+08 0.55 0.19 0.74 0.45 11.71 10.79 -3.9 2.3

13.08 11.41 0.78 0.015 0.0 0.8 258.00 8.00E+07 0.39 0.14 0.65 0.39 11.38 10.63 4.6 -4.3
13.08 11.41 0.78 0.015 -1.0 0.8 246.20 8.00E+07 0.34 0.12 0.61 0.35 11.30 10.55 4.8 -4.6
11.78 12.10 0.46 0.015 0.0 0.8 467.00 8.00E+10 0.55 0.54 0.63 0.57 12.02 11.67 -4.9 4.9
7.86 11.76 0.48 0.015 0.0 0.8 351.50 5.00E+09 0.26 0.20 0.43 0.34 11.34 11.05 -0.8 0.7
3.86 11.26 0.40 0.015 0.0 0.8 255.00 5.00E+10 0.26 0.29 0.38 0.42 10.74 10.88 2.9 -0.7

Table B.1: ETG and SIDM parameters. The meaning of each column is listed as following:
(1) Effective radius (2D). (2) Stellar Mass. (3) Redshift. (4) Ratio between stellar and halo
mass. (5) Deviation of c200 from the mean value in units of 1σ. (6) Self-interacting cross
section in units of cm2/g. (7) SIDM velocity dispersion. (8) SIDM central density. (9) 3D
SIDM fractions within the effective radii from (1). (10) 3D SIDM fractions within 5 kpc.
(11) 2D SIDM fractions within the effective radii from (1). (12) 2D SIDM fractions within
5 kpc. (13) 2D SIDM mass within the effective radii from (1). (14) 2D SIDM mass within
5 kpc. (15) Percentage error of SIDM density at r1. (16) Percentage error of SIDM mass
at r1.
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Re logM? z M?/Mhalo δc200 σ/m σ0 ρ0 fe3D f53D fe f5 logMDMe logMDM5 δρ(%) δM(%)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)

3.86 11.26 0.40 0.015 0.0 0.8 259.00 4.00E+11 0.35 0.36 0.43 0.47 10.84 10.96 2.6 -1.7
3.86 11.26 0.40 0.015 1.0 0.8 272.00 4.00E+11 0.41 0.42 0.49 0.53 10.94 11.06 3.7 -2.3
3.86 11.26 0.40 0.015 2.0 0.8 285.00 4.00E+11 0.46 0.48 0.54 0.58 11.03 11.15 4.6 -4.9
5.27 11.55 0.33 0.015 0.0 0.8 312.00 3.70E+10 0.29 0.29 0.41 0.40 11.10 11.07 -0.2 -0.7
4.35 11.60 0.72 0.015 1.0 0.8 342.00 1.00E+11 0.23 0.24 0.33 0.35 10.99 11.07 11.0 0.1

2.41 10.99 0.34 0.015 -1.5 0.8 212.00 1.00E+12 0.20 0.23 0.26 0.36 10.22 10.58 6.0 -6.2
2.41 10.99 0.34 0.015 -0.5 0.8 217.40 1.00E+12 0.23 0.26 0.29 0.40 10.30 10.66 7.4 -7.2
2.41 10.99 0.34 0.015 1.0 0.8 228.50 1.00E+12 0.29 0.34 0.36 0.48 10.44 10.80 9.6 -7.2
2.41 10.99 0.34 0.015 1.5 0.8 232.00 1.00E+12 0.31 0.36 0.38 0.50 10.48 10.84 9.1 -9.0
2.41 10.99 0.34 0.015 2.0 0.8 236.20 1.00E+12 0.33 0.38 0.41 0.53 10.52 10.88 9.4 -9.9

3.93 11.51 0.48 0.015 -2.0 0.8 305.50 4.00E+10 0.08 0.09 0.16 0.19 10.49 10.63 9.9 -8.5
3.04 11.28 0.32 0.015 -2.0 0.8 262.80 7.00E+10 0.09 0.11 0.16 0.23 10.26 10.56 9.7 -9.1
4.35 11.60 0.72 0.015 0.0 0.8 327.30 2.00E+11 0.21 0.21 0.29 0.30 10.90 10.97 6.2 -6.1
4.58 11.67 0.53 0.015 -1.5 0.8 338.00 6.00E+10 0.11 0.11 0.19 0.20 10.73 10.78 7.2 -9.3
3.47 11.28 0.55 0.015 -1.5 0.8 254.50 4.00E+10 0.11 0.13 0.20 0.26 10.37 10.60 7.2 -7.5

3.48 11.11 0.36 0.015 -1.5 0.8 217.00 4.00E+10 0.18 0.22 0.29 0.36 10.42 10.64 3.0 -2.2
3.48 11.11 0.36 0.015 -2.0 0.8 214.00 4.00E+10 0.17 0.19 0.27 0.33 10.37 10.59 2.2 -2.8
3.55 11.63 0.72 0.015 -1.5 0.8 346.00 2.00E+11 0.09 0.09 0.13 0.17 10.52 10.70 11.4 -11.2
3.55 11.63 0.72 0.015 -0.5 0.8 349.00 3.00E+11 0.11 0.12 0.17 0.20 10.63 10.80 12.7 -11.0
3.55 11.63 0.72 0.015 1.0 0.8 365.00 8.00E+11 0.19 0.20 0.26 0.30 10.87 11.03 22.2 -0.9

3.01 11.50 0.39 0.015 0.5 0.8 337.00 2.00E+11 0.11 0.13 0.18 0.25 10.54 10.84 25.7 -3.4
3.01 11.50 0.39 0.015 -0.5 0.8 328.00 1.00E+12 0.15 0.16 0.20 0.25 10.60 10.84 21.5 -3.6
3.45 11.36 0.57 0.015 -1.5 0.8 271.10 1.00E+11 0.13 0.14 0.20 0.25 10.46 10.67 8.0 -6.4
1.35 11.14 0.34 0.015 -2.0 0.8 304.00 5.00E+11 0.03 0.05 0.05 0.16 9.52 10.36 46.6 0.9

Table B.1: Continued
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