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Cold Dark Matter

Figure 1: The galaxy distribution obtained from spectroscopic redshift surveys and from mock
catalogues constructed from cosmological simulations. The small slice at the top shows the CfA2
“Great Wall”3, with the Coma cluster at the centre. Drawn to the same scale is a small section of the
SDSS, in which an even larger “Sloan Great Wall” has been identified100. This is one of the largest
observed structures in the Universe, containing over 10,000 galaxies and stretching over more than 1.37
billion light years. The wedge on the left shows one-half of the 2dFGRS, which determined distances
to more than 220,000 galaxies in the southern sky out to a depth of 2 billion light years. The SDSS
has a similar depth but a larger solid angle and currently includes over 650,000 observed redshifts
in the northern sky. At the bottom and on the right, mock galaxy surveys constructed using semi-
analytic techniques to simulate the formation and evolution of galaxies within the evolving dark matter
distribution of the “Millennium” simulation5 are shown, selected with matching survey geometries and
magnitude limits.
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Planck Collaboration [1303.5076] Springel, Frenk, and White [astro-ph/0604561]

Spectacular confirmation of cold dark matter hypothesis 
on the largest scales of the Universe



Cluster ScalesObservable Universe Galaxy Scales

Simulations: Andrew Z. Colvin

CDM must be stress-tested on all scales

Cold Dark Matter Paradigm

Galactic and sub-galactic scales are the next frontier



Outline

Galaxies in a CDM Framework

Self Interactions and Galaxy Formation

Current and Future Outlook of Observational Constraints



Galactic Evolution

Image Credit: C. Bickel/SCIENCE



Vogelsberger et al. (2016) Image Credit: J. Bullock, M. Geha, R. Powell

Dark Matter 

Halo & Subhalos

10 M. Vogelsberger et al.

Figure 6. DM density projections of the zoom MW-like halo simulations for four different DM models. The suppression of substructure, relative to the CDM
model, is evident for the ETHOS models ETHOS-1 to ETHOS-3, which have a primordial power spectrum suppressed at small scales. The projection has a
side length and depth of 500 kpc.

times, where the density is high enough to cause at least some par-
ticle collisions during a Hubble time. We can try to quantify this
already at the resolution level that our parent simulation allows. To
do this, we measure the central or core density for all resolved main
haloes in the uniform box simulations, similar to the analysis pre-
sented in Buckley et al. (2014). The mass resolution of our uniform
box is slightly better than that of Buckley et al. (2014), and we
probe at the same time a volume which is about 3.8 times larger.
We can therefore sample a larger range of halo masses and with bet-
ter statistics. We define the central (core) density within three times
the softening length (8.7 kpc). The upper panel of Fig. 4 shows
the actual core density, while the lower panel shows the ratio with
respect to the CDM case. We take the median value of the distri-

bution within each mass bin. The plot shows the familiar scale of
density with mass at a fixed radius, with core densities that vary
from ⇠ 106 h2M�kpc

�3 for halo masses around ⇠ 1010 h�1 M�
to ⇠ 108 h2M�kpc

�3 for halo masses around ⇠ 1014 h�1 M�.
Models ETHOS-1 (red) and ETHOS-2 (blue) have a significantly
reduced core density compared to the CDM case for low mass
haloes. We note that the effect is strongest in the former than in
the latter, which points to the primordial power spectrum suppres-
sion as the main culprit since the cross section is lower for model
ETHOS-1 than for model ETHOS-2. Low-mass haloes in ETHOS-
1 are therefore less dense than in CDM, mainly because they form
later (analogous to the WDM case). Interestingly, ETHOS-3 shows
a different behaviour. Here the core density is most reduced for
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Milky Way Dwarf Galaxies

Small-Scale Structure
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Figure 8. SHMF of the Milky Way out to 300 kpc compared to di↵erent alternative DM models to
illustrate the stringent bounds that the observed SHMF sets on deviations from the canonical CDM
scenario. We include SHMF measurements from the GD-1 and Pal 5 streams, corrected for the e↵ect
of baryonic disruption; from counts of classical satellites in the Milky Way; and from strong-lensing
measurements in external galaxies (these have been translated to Milky-Way SHMF constraints as
discussed in the text). We include models that acts as the canonical CDM model: WIMP CDM,
primordial black holes, and the QCD axion (black curve), as well as models that lead to a suppression
of the SHMF on small scales (WDM and FDM at the limit derived in this paper and an “atomic
SIDM” model that acts like WDM from Ref. [86]) or a higher abundance (the large-misalignment
axion DM model from Ref. [87]). The observed SHMF strongly constrains models that predict
di↵erent abundances of low-mass DM subhalos than the canonical CDM model.

double-counting of the data, but because Ref. [81] largely depend on satellites with masses
below those that we consider, this likely does not have a big e↵ect).

FDM models with masses & 10�23 eV have similarly been constrained using the SHMF
and the Ly-↵ forest data. Ref. [73] translated the stream measurements from B21 and
the strong-lensing constraints from Ref. [15] to a constraint on the FDM mass, finding
m22 > 21. This was similar to existing Ly-↵ forest constraints: m22 & 21 [88–90]. Ref. [76]
constrained m22 > 1.5 from the absence of heating due to the expected wave-interference
density fluctuations in low-mass FDM models. Recently, Ref. [66] used constraints from the
Milky Way satellite population to set a slightly more stringent lower bound of m22 > 29,
but a recent re-analysis of the Ly-↵ forest data gives m22 > 200, a much tighter constraint
than that coming from the SHMF. Our own constraint (m22 > 22) is similar to the existing
SHMF constraints, but falls far short of the Ly-↵ constraint. In our FDM modeling, we
have also only included DM substructure in the form of subhalos, but FDM halos contain
a fluctuating pattern of density fluctuations due to wave interference, which itself may heat

– 17 –

Banik et al. [1911.02663]

Minimum Halo Mass

CDM predicts many halos down to Earth-scale masses 

Sharp prediction of the theory

Green et al. [astro-ph/0309621]; Diamond et al. [astro-ph/0501589]



Universal Profile in CDM
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Baryonic Physics

Astrophysical processes that play a key role in 
simulating realistic galaxies:

gas cooling

star formation

stellar feedback

interstellar medium

active galactic nuclei

radiation fields

black holes

magnetic fields

cosmic rays

4 Hopkins et al.

Figure 1. Mock images of two Milky Way (MW)-mass galaxies at z = 0 simulated using FIRE-2: (m12i and m12f). Each image is a mock Hubble Space
Telescope u/g/r composite with a logarithmic stretch, using STARBURST99 to determine the SED of each star based on its age and metallicity and ray-
tracing following Hopkins et al. (2005) with attenuation using a MW-like reddening curve with a dust-to-metals ratio of 0.4. We show face-on (top) and edge-on
(bottom) images. Both form thin disks, with clear spiral structure, clear dust lanes, and visibly resolved star-forming regions. Properties of each galaxy are in
Table 1.

corporate or retain only a small fraction of the universal baryon
fraction in stars and the ISM (Conroy et al. 2006; Behroozi et al.
2010; Moster et al. 2010). Observations of the intergalactic medium
(IGM) and circum-galactic medium (CGM) require that many of
those baryons must have been accreted into galaxies, enriched,
and then expelled in galactic super-winds with mass loading Ṁwind

many times larger than the galaxy SFR (Aguirre et al. 2001; Pet-
tini et al. 2003; Songaila 2005; Martin et al. 2010; Oppenheimer
& Davé 2006), and indeed such winds are ubiquitously observed

(Martin 1999, 2006; Heckman et al. 2000; Newman et al. 2012;
Sato et al. 2009; Chen et al. 2010; Steidel et al. 2010; Coil et al.
2011).

Until recently, numerical simulations treated stellar feedback
in highly-simplified fashion and have had difficulty reproducing
these observations. This is especially true of models which in-
voke only energetic feedback (thermal injection) via supernovae
(SNe), which typically found the energy was efficiently radiated
away (Katz 1992; Guo et al. 2010; Powell et al. 2011; Brook et al.

c� 0000 RAS, MNRAS 000, 000–000
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Figure 1. Mock images of two Milky Way (MW)-mass galaxies at z = 0 simulated using FIRE-2: (m12i and m12f). Each image is a mock Hubble Space
Telescope u/g/r composite with a logarithmic stretch, using STARBURST99 to determine the SED of each star based on its age and metallicity and ray-
tracing following Hopkins et al. (2005) with attenuation using a MW-like reddening curve with a dust-to-metals ratio of 0.4. We show face-on (top) and edge-on
(bottom) images. Both form thin disks, with clear spiral structure, clear dust lanes, and visibly resolved star-forming regions. Properties of each galaxy are in
Table 1.

corporate or retain only a small fraction of the universal baryon
fraction in stars and the ISM (Conroy et al. 2006; Behroozi et al.
2010; Moster et al. 2010). Observations of the intergalactic medium
(IGM) and circum-galactic medium (CGM) require that many of
those baryons must have been accreted into galaxies, enriched,
and then expelled in galactic super-winds with mass loading Ṁwind

many times larger than the galaxy SFR (Aguirre et al. 2001; Pet-
tini et al. 2003; Songaila 2005; Martin et al. 2010; Oppenheimer
& Davé 2006), and indeed such winds are ubiquitously observed

(Martin 1999, 2006; Heckman et al. 2000; Newman et al. 2012;
Sato et al. 2009; Chen et al. 2010; Steidel et al. 2010; Coil et al.
2011).

Until recently, numerical simulations treated stellar feedback
in highly-simplified fashion and have had difficulty reproducing
these observations. This is especially true of models which in-
voke only energetic feedback (thermal injection) via supernovae
(SNe), which typically found the energy was efficiently radiated
away (Katz 1992; Guo et al. 2010; Powell et al. 2011; Brook et al.

c� 0000 RAS, MNRAS 000, 000–000

Hopkins et al. [1702.06148]

Prescriptions are needed to model physics 
below the resolution limit of a simulation

Sub-resolution modeling introduces an inherent 
systematic uncertainty into the simulation

see Vogelsberger et al. [1909.07976] for a review



Internal Halo Properties
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Energy injection from baryonic feedback processes can 

`core’ the inner-most regions of CDM halos


Coring efficiency depends on subhalo mass



Dwarf Galaxy Orbital Evolution

Milky Way-like host

(cuspy)

Dwarf galaxy

(cored or cuspy)

Tidal forces strip mass from outskirts of

dwarf at a rate of

dMdwarf

dt
∝ −

Mdwarf( > tidal radius)
dynamical time

Equation of motion for dwarf galaxy

atot = − ∇Φ + aDF

dynamical

friction

host

potential



 Minimum halo mass


 Internal density distribution of host and satellite


 Satellite mass loss during orbit

Tidal disruption


 Drag forces felt by satellite during orbit

Dynamical friction


Where does dark matter physics play a key role in 
galactic evolution?
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Galaxies in a CDM Framework

Self Interactions and Galaxy Formation

Current and Future Outlook of Observational Constraints
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dark matter

Theory of Dark Sectors
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New dark forces?  Multiple dark matter states?

Theory of Dark Sectors



Theory of Dark Sectors
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Portal

Some important portals being actively studied:



Broad Program of Study Needed

DM Production in Colliders

SM

mediator
SM DM

DM

time SM SM

DM DM

mediator

DM Scattering in Laboratory

SM

mediator
SMDM

DM

DM Annihilation

Self-Interacting DM

DM DM

mediator

DM DM

Dissipative DM

DM DM

mediator

DM DM

Interplay between different phenomena is highly non-trivial



Self-Interacting Dark Matter (SIDM)

This is a typical cross section for dark sectors with light mediators


e.g., ~10 GeV dark matter with ~10 MeV mediator ( )αD ∼ 0.01

Over the age of the Universe,  

~one self-interaction near galactic center if

Spergel and Steinhardt [astro-ph/9909386]
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Kaplinghat et al. [1508.03339]



SIDM Model

Dark matter particles interact via a light mediator

Self scattering described by Yukawa potential

in non-relativistic limit

χ

Feng et al.  [0905.3039]; Loeb and Weiner [1011.6374]; Kaplinghat, Tulin and Yu [1508.03339]
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Anisotropic, velocity-dependent 
self scattering

Two free parameters  


σ0 ≡ 4πα2
Dm2

χ /m4
ϕ

ω ≡ mϕ/mχ

see Tulin and Yu [1705.02358] for review



Heat Transfer in an SIDM Galaxy

Dark Matter Halo

Heat Flow

Core

Vogelsberger et al. [1201.5892]; Zavala et al. [1211.6426]; Robles et al. [1903.01469]; Zavala et al. [1904.09998]

Stage 1: Core Formation

Self interactions transfer heat inwards


→ Formation of isothermal core



Heat Transfer in an SIDM Galaxy

Heat Flow

Stage 2: Core Collapse

Self interactions transfer heat outwards


→ Core heats up and shrinks

→ Tidal stripping reduces collapse time

Core

Balberg et al. [astro-ph/0110561]; Koda and Shapiro [1101.3097]; Elbert et al. [1412.1477];  

Essig et al. [1809.01144]; Nishikawa et al. [1901.0049]; Kahlhoefer et al. [1904.10539]; Turner et al. [2010.02924]

Dark Matter Halo

Stage 1: Core Formation

Self interactions transfer heat inwards


→ Formation of isothermal core



Orbital Evolution 

Milky Way-like host

(cuspy)

Dwarf galaxy

(cored)

Tidal Stripping


Mass-loss more pronounced for cored 
dwarf galaxies

SIDM can affect orbital evolution of dwarf galaxies
O. Slone, F. Jiang, ML, M. Kaplinghat [2108.03243]

Dooley et al. [1603.08919];  Kummer et al. [1706.04794]; Nadler et al. [2001.08754]; Correa [2007.02958]

Oren

Slone

Ram-Pressure Evaporation


Additional mass loss from scattering 
between dark matter in dwarf and host



 Minimum halo mass


 Internal density distribution of host and satellite


 Satellite mass loss during orbit

Tidal disruption

Ram-pressure evaporation


 Drag forces felt by satellite during orbit

Dynamical friction

Ram-pressure deceleration


Where does dark matter physics play a key role in 
galactic evolution?
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Galaxies in a CDM Framework

Self Interactions and Galaxy Formation

Current and Future Outlook of Observational Constraints



Internal Halo Properties

Dark matter self interactions can transfer heat throughout halo,

redistributing the matter distribution
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Figure 1. Rotation curve data for six example galaxies in the SPARC catalog. Curves for the NFW, DC14, and SIDM models
are indicated by the solid yellow, red, and aqua lines, respectively. In each case, the central curve and colored band correspond
to the 16–50–84th percentile of the posterior distribution. Note the change in axis range between panels. (Top Row) NGC0055
is a low surface brightness galaxy in the SPARC sample where the SIDM and DC14 model do equally well and are both better
fits than the NFW model. All three models fit the data well for NGC3741 and NGC3769, which are examples of low and high
surface brightness galaxies, respectively. (Bottom Row) When performing a model comparison using rotation curve data, there
can be considerable galaxy-to-galaxy scatter. It is important to keep in mind that the variability of the data between galaxies
can contribute to this and to therefore look for trends across an ensemble of galaxies. Provided here are three illustrative
examples: the UGC06787 curve is highly non-monotonic, the IC2574 curve does not include much data in the region where it
is expected to flatten, and the NGC4013 curve does not extend down to low radii.

as provided in Di Cintio et al. (2014), but since up-
dated.3

Sec. 5 explores several variations on these benchmark
priors and their e↵ects on the conclusions of the study.

4. BEST-FIT ROTATION CURVE EXAMPLES

The procedure described in Sec. 3 has been performed
for all 90 galaxies within the SPARC catalog that pass
the quality cuts. For each galaxy, and for each of the
three models considered in this study, we recover pos-
teriors of the free parameters and a best-fit rotation
curve. Fig. 1 provides examples of six galaxies from
the SPARC catalog together with their best-fit rotation
curves. These examples are not meant to represent av-
erage trends, but rather have been chosen to highlight

3 Private communication with A. DiCintio.

some relevant aspects of our analysis. The full set of
rotation curves are publicly available (see Footnote 1).
Many galaxies in the dataset prefer the DC14 or SIDM

models over NFW, while other galaxies show either no
preference or some preference for NFW. These results
may depend on a galaxy’s surface brightness, defined as
⌃0 = ⌥�1

M⇤/(2⇡R2
d), where Rd is the disk scale radius

and the mass-to-light ratio is taken to be ⌥ = 1M�/L�.
Throughout, we consider low surface brightness galaxies
to be those with log10

�
⌃0/

�
L�/pc2

��
< 2.5 and high

surface brightness galaxies to be those with values above
this range.
In the top row of Fig. 1, NGC0055 is an example

of a low surface brightness galaxy where clearly the
NFW model struggles to reproduce the measured ro-
tation curve at small galactic radii. However, NGC3741
is a counter example where all three models fit the data
well. The galaxy NGC3769 is a high surface brightness

SIDM and Field Galaxies

Zentner, Dandavate, Slone, and ML [2202.00012]

Rotation curves of 90 SPARC galaxies show no strong statistical 
preference for SIDM vs. feedback-affected CDM models
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Figure 5. Redshift evolution of DM central densities computed at A=0.5 ±
0.05 kpc (top) and the DM density slope measured at A=1-0.5 kpc (bottom),
since I=6, for the m12f simulated galaxies with full baryonic physics (solid)
DMO (dashed) in CDM (black) and SIDM10 (red). While the SIDM halos
have cores even at the highest redshifts probed here, they end up with cuspy
profiles at I = 0 owing to the response of the SIDM halo to the stellar
distribution at the center of the halo. Conversely, the CDM halo starts out
cuspy (both with and without baryonic physics) and becomes cored after
I ⇡ 2 owing to the e�ects of stellar feedback.

largest stellar half-mass radius and lowest central DM density (table
1). The lower DM and baryonic concentration in the m12m SIDM1
halo gives rise to a central gravitational potential �pot (A=0) 7 that
is shallower than the other two simulations (table 1). This picture is
consistent with the analytical model of (Kaplinghat et al. 2014), in
which the SIDM density profile is related to the total gravitational
potential by dSIDM / exp (��pot/f2

0 ) (f0 is the central DM ve-
locity dispersion) and suggests that a larger (smaller) �tot leads to
a higher (lower) central density in the SIDM haloes. In addition,
controlled #-body simulations of SIDM haloes have shown that
SIDM systems with higher baryonic concentration will transition
faster from a “core-expansion" phase to “core-contraction" phase
(Elbert et al. 2018; Sameie et al. 2018).

As discussed in the previous section, SIDM10 models show
such a transition from cored to cuspy profiles over the course of
cosmological evolution (see top row panels of Fig. 3). We find a
correlation in the assembly of baryons and DM around the centers of
our simulated galaxies. In the top panels of Fig. 4 we show the red-
shift evolution of the mean stellar densities d¢ = " (< A)/(4cA3/3)
of the CDM (black) and SIDM10 (red) haloes computed at 3D half-
mass radius A1/2. The middle and bottom rows show the redshift
evolution of DM central density computed at A = 0.5 ± 0.05 kpc
and the DM density slope computed at A = 0.5-1 kpc 8. At I = 2,
SIDM10 haloes have lower stellar densities and more cored and

7 We compute the gravitational potential by direct summation of all particles
inside of virial radius, neglecting the contribution of boundary and distant
particles.
8 We have checked that our results are not sensitive to the radius we chose

shallower DM density profiles than the CDM haloes. However, at
lower redshift (I . 1), SIDM10 galaxies reach higher stellar densi-
ties, and their DM density profiles become denser and cuspier than
the CDM simulations, indicating that the SIDM haloes are in the
core-contraction phase.

It is interesting to observe that the stellar densities and DM
density profile amplitudes in the SIDM10 haloes become higher
than the CDM models around the same redshift, I ⇠ 1.0-0.5. The
growth of the stellar densities in SIDM10 haloes come from both
increase in the central stellar mass and decrease in A1/2 relative
to the CDM models; the latter e�ect is a response to SIDM halo
contraction. A higher baryon concentration leads to higher SIDM
interaction rates and more halo contraction. The decrease in the
SIDM density amplitudes at I < 0.5 is always accompanied by
a decrease in the stellar central densities. This is consistent with
analytical predictions where the SIDM density profiles are uniquely
determined by the stellar gravitational potential in the regime�¢ �
�dm (Kaplinghat et al. 2014). Our results are in agreement with the
previous works and a�rm that in the presence of massive and dense
baryonic distribution the SIDM haloes can develop higher and more
cuspy DM density profiles. In fully isolated halos, this combination
of galaxy and halo contraction generates a run-away process that
eventually leads to core collapse (Balberg et al. 2002; Koda &
Shapiro 2011; Sameie et al. 2018; Essig et al. 2019).

Thus far, we have discussed the importance of baryon mass
assembly in shaping the DM density profiles at late times (I . 2).
At higher redshifts, I > 2, the baryonic potential does not contribute
significantly to the total gravitational potential, and therefore it can-
not a�ect the evolution of central densities. In Fig. 5 we compute the
redshift evolution of DM central densities computed at A=0.5±0.05
kpc (top) and the DM density slope measured at A=0.5-1 kpc (bot-
tom) for the m12f galaxies (solid) in CDM (black) and SIDM10
(red) models since I = 6. We also compute these quantities for the
DMO version of these haloes (dashed). At high redshifts, density
profiles of the simulated haloes in full physics and DMO suites
show good agreement in their amplitude and slope for both CDM
and SIDM models. In the top panel, the central density in the CDM
halo remains quite similar between full physics and DMO suite for
the full redshift range plotted, while SIDM halo in the full physics
suite shows a significant boost in its central density after I = 2
(following a drop in density that comes from the e�ects of self-
interactions). In the lower panel, the DM density slope of the full
physics CDM system at I = 6 (which has "¢/"200 ⇠ 10�3 at
that redshift) agrees well with its DMO version, while by I = 2
("¢/"200 ⇠ 10�2), the DM density profile becomes significantly
flattened owing to stellar feedback.

Our results for the CDM halo are consistent with those in
Lazar et al. (2020), in which haloes with stellar-halo mass ratios
of "¢/"200 ⇠ 10�3 have DM density slopes roughly equal to the
DMO simulations, while haloes with "¢/"200 ⇠ 10�2 have much
flatter DM density slopes. For the SIDM10 halo, the DM density
slope also agrees well with its SIDM-only version at I > 3; as a
result of the self-interactions, both have much shallower inner den-
sity profiles compared to the CDM halo (see also Fig. 3). At lower
redshifts, the CDM and SIDM10 density profiles evolve strikingly
di�erently: around I = 2, the time at which the stellar feedback
begins to flatten the DM density profile, the SIDM10 halo starts to
develop a steeper density profile (due to interplay between baryons

to compute DM densities, and the cumulative DM densities computed, for
example, at 3D stellar half-mass radius also follow the same trend.

MNRAS 000, 1–11 (2020)

Sameie et al. [2102.12480]
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Figure 5. Distribution of �BICvalues for all SPARC galaxies with log10
�
⌃0/

�
L�/pc

2
��

< 2.5 (left) and > 2.5 (right).
Positive values indicate a preference for SIDM over NFW (orange) and DC14 (red). The vertical gray band indicates regions
of �BICwhere the preference for either model is not strong. For each panel, the colored box and whisker plots summarize the
spread of the corresponding histogram. The box extends from the first to the third quartile of �BIC values, with the median
indicated by the vertical black line. The whiskers extend a factor of 1.5 times the interquartile range. In general, the SIDM
model provides a better fit to the rotation curve data than the NFW model, especially for low surface brightness galaxies.
Additionally, there is no significant preference for either the SIDM or DC14 models for either the low or high surface brightness
galaxies.

percentiles of the �BIC values being -6.46, -0.37, and
8.23. These results underscore that the SIDM model is
more successful at fitting the rotation curves than the
NFW model, but that this behavior is ameliorated when
using the DC14 model, which allows for coring due to
baryonic feedback.
To better understand how our conclusions depend on

some key assumptions, we perform several variations
of the benchmark analysis. For one test, we consider
the e↵ect of imposing the abundance-matching relation
from Behroozi et al. (2019) at the prior level, as op-
posed to the prior on Mb,tot/Mvir. Specifically, we use
the best-fit parameters associated with all star-forming
galaxies (row 6 in their Table J1) and assume a con-
stant scatter on the stellar mass of � ⇠ 0.3 as a func-
tion of Mvir. For a separate test, we follow Tab. 1, but
use a linear-flat prior on the disk and bulge mass-to-
light ratios: ⌥⇤,disk,⌥⇤,bul 2 [0.1, 10]. For both tests,
the results are highly consistent with those presented in
Figs. 3–5. All relevant plots for these tests are available
at the web address in Footnote 1.

6. CONCLUSIONS

In this paper, we use the SPARC dataset to study
several solutions to the galaxy diversity problem. We

focus on three specific models that capture the relevant
physics of SIDM and CDM with/without baryonic feed-
back. For the latter, we use the DC14 model (Di Cintio
et al. 2014) as an example of a feedback-a↵ected halo
and an NFW model as an example of a CDM halo with
no (or weak) feedback. Improving upon the statistical
methodology used in previous studies of SPARC galax-
ies, we perform a comprehensive model comparison to
better understand the preference for the three models
we consider.
Our benchmark analysis, which takes the Planck

concentration-mass relation of Dutton & Macciò (2014)
as a prior, roughly recovers the SMHM relation
of Behroozi et al. (2019) for all three scenarios. Both
the SIDM and DC14 cases return profiles that are more
cored at low surface brightness than the NFW expecta-
tion. For high surface brightness galaxies, all three mod-
els predict cuspier profiles, although the SIDM model
results in the largest spread in best-fit inner slopes.
Because of galaxy-to-galaxy variance in the model

preferences, it is important to consider the trends of
the sample in aggregate. Overall, we find that the high
surface brightness galaxies in the SPARC catalog have
no strong statistical preference for SIDM and the DC14
model and only a weak preference for SIDM over NFW.
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FIG. 3. Dark matter density profiles of Draco (orange) and
Fornax (cyan) analogs in our simulations, where the orbital
parameters are consistent with measurements using the Gaia
DR2 data [45, 52, 53]. The dashed curves denote initial
dark matter density profiles. The shaded bands show cored
isothermal density profiles from the fits to stellar kinematics
of Draco and Fornax at 95% CL [33].

of 2 longer than Dwarf 1’s due to the small di↵erence
in c200. Thus, we have demonstrated the critical condi-
tion for SIDM core collapse, i.e., a subhalo must have
a high concentration. This has important implications
for understanding Draco’s high dark matter content in
SIDM, as we will show later.
Mass loss. The interplay between dark matter self-
interactions and the MW’s tides can lead to diverse in-
ner density profiles. However, overall tidal evolution
histories for the cases we consider are remarkably sim-
ilar. Fig. 2 (right) shows the ratio of the total mass of
bound particles to the initial halo mass vs. time. In all
cases, the halo loses 80% of its initial mass within the
first 2 Gyr. Moreover, for a given initial halo and its
pericenter, the mass loss rate is almost independent of
the self-scattering cross section for the cases we study.
We also find that the mass-loss rate is sensitive to the
halo concentration. Dwarf 1 and Dwarf 2 have the same
pericenter and initial mass, but the former is a factor
of 2 more massive than the latter after t = 10 Gyr’s
tidal evolution as Dwarf 1 has a higher initial c200 value.
These results reflect the fact that a subhalo with high
concentration is more resilient to tidal stripping.
A case for Draco and Fornax. Fig. 3 shows the
density profiles for Draco (orange) and Fornax (ma-
genta) analogs from our simulations, where we take
�/m = 3 cm2/g for the SIDM runs. The simulated
dark matter density profiles agree well with those in-
ferred from the stellar kinematics of Draco and For-
nax [33]. The Draco subhalo has a high concentration,
2.5� above the median [62], and it experiences core col-

lapse as Dwarf 1, resulting in a high central density. We
have further checked that even in case of CDM Draco’s
host has a similar c200 value to fit the data. What
we have shown is that with the same high concentra-
tion SIDM can also produce a high central density due
to core collapse triggered by tidal stripping. The For-
nax subhalo has a higher initial mass but lower con-
centration, close to the median. It is still in the core-
expansion phase after tidal evolution and dark matter
self-interactions lead to a shallow density profile. The
total stellar masses after the evolution are 1.9⇥105 M�
and 2 ⇥ 107 M� for the Draco and Fornax analogs, re-
spectively, overall consistent with the observations.

If the Draco-like subhalo is in the field, the central
density will be 1.1⇥108 M�/kpc3, too low to be consis-
tent with the observations. This explains why the earlier
analyses [30, 32], where they did not model the core col-
lapse, found �/m <⇠ 0.3 cm2/g for Draco. We also note
cosmological simulations of a MW-like system in [43] do
not show the evidence of core collapse in subhalos. This
is because the cross section of 1 cm2/g is too low to in-
duce core collapse in even their most concentrated sub-
halos. It’s worth emphasizing that the core collapse of
SIDM subhalos has been observed in other cosmological
simulations [17], where one of 15 top massive subhalos
experiences the collapse for �/m = 10 cm2/g.

We have demonstrated that the interplay between
SIDM thermalization and tidal stripping can lead to di-
verse central densities for subhalos in accord with obser-
vations. Our analyses indicate Draco’s host halo must
have a high concentration. As inferred from observa-
tions, it has the most dense inner halo among the nine
bright satellite galaxies of the MW [33, 63]. Further tak-
ing into account the population of the ultra-faint satel-
lites, Draco stands out as an overdense subhalo in both
CDM and SIDM scenarios. To fully determine the like-
lihood of accretion of such highly-concentrated halos,
cosmological simulations with a statistically significant
number of hosts will be necessary. Our results in this
work provide useful constraints on the infall properties
of the satellite galaxies.

Conclusions. We have shown that the interaction be-
tween the SIDM subhalos and the MW’s tides can lead
to diverse dark matter density profiles. In particular,
our simulations show the SIDM core-collapse condition
is extremely sensitive to the initial halo concentration.
We demonstrated that the SIDM model with a fixed
cross section, proposed for field galaxies, can accommo-
date the MW dSphs Draco and Fornax as well, although
their dark matter contents di↵er significantly. For the
cases we studied, the overall mass loss rates are almost
identical for SIDM and CDM subhalos. In the future,
we could explore the stellar distribution of MW dSphs
and its correlation with the core size and the pericenter,
including the ultra-faint satellites; see [33, 64]. It would
also be interesting to perform hydrodynamical simula-
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Figure 10. Total density within 150 pc (⇢150) versus the
pericenter (rperi) for the classical satellites (Car, Dra, For,
Leo I, Leo II, Scl, Sxt, and UMi.) and CVn I. The top
and bottom panels show pericenter with and without the
influence of the LMC. Overlaid is the correlation for a cuspy
dark matter from Kaplinghat et al. (2019).

than more distant subhalos (Moliné et al. 2021). This
observed trend between pericenter and dark matter den-
sity has been used to probe self-interacting dark matter
(e.g., Jiang et al. 2021). Pericenter and orbital analysis
will be useful priors for dynamical analysis (Robles &
Bullock 2021) however, we caution that the LMC needs
to be included for MW orbital analyses.

5.7. Dominant Source of Orbital Uncertainty

In this work we have considered many sources of er-
ror when evaluating the dwarf orbits: uncertainties in
the present-day phase space coordinates of the dwarfs

(i.e. proper motions, distance, and radial velocity7), in
the LMC model (i.e. its present day proper motions,
distance, radial velocity, and mass), and the Milky Way
potential. In order to explore which of these sources
dominates the orbital uncertainty (i.e. in rperi and rapo),
and thus which would be the most helpful to improve,
we repeat our analysis and build three di↵erent suites
with di↵erent assumptions about the uncertainties. We
note that in this analysis, we use the Milky Way poten-
tial and associated uncertainties from McMillan (2017).
In reality, there are larger uncertainties depending on
what tracers and modelling techniques are used (e.g.
Wang et al. 2020) and thus our Milky Way potential
uncertainties should be seen as a conservative.

For the first suite, we start with the present day er-
rors (i.e. the fiducial analysis of this work), and sequen-
tially turn o↵ each individual source of error, leaving
the other errors at their present day values. We dub
this the ‘present day’ suite. This results in 4 simula-
tions where we (respectively) turn o↵ the uncertainty
in proper motion, distance, LMC, and MW potential.
We show the present-day distance of each satellite com-
pared to the relative reduction in orbital uncertainty
when each source of uncertainty is fixed to zero (e.g.,
�rperi, fixed/�rperi) in Figure 11. The relative reduction in
error on the pericenter and apocenter shows how much
of the current error is due to the fixed quantity (i.e.
if �rperi, fixed distance/�rperi is close to 0 most of the er-
ror on the pericenter is due to the distance uncertainty
and if it is close to 1 the uncertainty is due to other
properties). In general for our dSph sample, the error
in the pericenter is dominated by either the distance or
systemic proper motion uncertainty. Whereas for the
apocenter, the error is dominated by the distance or po-
tential uncertainties. We note that we choose to plot
this relative reduction in error versus distance to give a
sense of where in the Milky Way each uncertainty domi-
nates. We include the relative reduction in error for each
dwarf in Table 5. We note that previous works have also
explored the dominant source of uncertainty, but these
have examined the uncertainty in the transverse velocity
(Battaglia et al. 2022) instead of the orbital uncertainty
as in this work.

In the second suite, we consider a future version of the
first suite where the proper motions and distances are
improved to a level we expect in the next 5 years. For
the proper motions, we assume uncertainties based on
10 years of Gaia data (DR5). For the distances, we as-

7
The errors on the line-of-sight velocity and ↵, � are minuscule

compared to the listed properties.
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Dark matter subhalos in the Milky Way halo can perturb stellar streams

In some cases a subhalo can actually break the stream by flying through it
e.g., Ngan and Carlberg [1311.1710]; Erkal et al. [1606.04946]
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Do perturbations in GD-1 provide first evidence of a 

dark matter subhalo in Milky Way?
Price-Whelan & Bonaca [1805.00425]; Bonaca  et al. [1811.03631]
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Figure 1. (Top) Likely members of the GD-1 stellar stream, cleanly selected using Gaia proper motions and PanSTARRS
photometry, reveal two significant gaps located at �1 ⇡ �20� and �1 ⇡ �40�, and dubbed G20 and G40, respectively. There
is a long, thin spur extending for ⇡ 10� from the G40 gap. (Bottom) An idealized model of GD-1, whose progenitor disrupted
at �1 ⇡ �20� to produce the G20 gap, and which has been perturbed by a compact, massive object to produce the G40 gap.
The orbital structure of stars closest to the passing perturber is distorted into a loop of stars that after 0.5Gyr appears as an
underdensity coinciding with the observed gap, and extends out of the stream similar to the observed spur.

(2018) in selecting stars consistent with an old and
metal-poor population at a distance of 8 kpc, and mov-
ing retrograde with respect to the Galactic disk, with
proper motions in the GD-1 reference frame (µ�1 , µ�2) ⇡
(�7, 0) mas yr�1. The spatial distribution of these stars
in the �2 direction (i.e. perpendicular to the stream) is
modeled as a combination of a constant background, a
stream component at the location of the main stream
track, and one additional Gaussian component on ei-
ther side of the main stream to capture stream features
beyond the main track. We solved for the normaliza-
tion, position and width of every component by explor-
ing the parameter space with an ensemble MCMC sam-
pler (Foreman-Mackey et al. 2013). We used 256 walkers
that ran for a total of 1280 steps, and kept the final 256
steps to generate posterior samples in these parameters.
The above procedure is a full-stream generalization of
the calculation in (Price-Whelan & Bonaca 2018) that
quantified the fraction of stars in the additional compo-
nents at the locations of the spur and the blob. Finally,
we define a stream membership probability, pmem, as
the joint probability of a star belonging either to the
main stream or the additional feature, evaluate these
probabilities using MCMC samples and apply them to
every star. The upper panel of Figure 1 shows stars with
pmem > 0.5, with larger and darker points representing
stars with a higher membership probability.
Most likely GD-1 members trace a thin stream, whose

width varies between � ⇡ 100 and 300. As noted by

Price-Whelan & Bonaca (2018), the stellar density along
the stream is not uniform, and there are two signifi-
cant underdensities, or gaps, located at �1 ⇡ �40� and
�1 ⇡ �20�, which we refer to as G40 and G20, respec-
tively. The main focus of this work are structures related
to the G40 gap, so if not specified, the gap refers to G40.
The additional, feature components are above the back-
ground density in the spur region, �1 ⇡ �35�, and the
blob region, �1 ⇡ �15�, and consistent with zero along
the rest of the stream. In the following section we present
a model of GD-1 that simultaneously explains the gap
in the stream and the spur extending from the stream.

3. MODELING THE PERTURBED GD-1 STREAM

3.1. Setup and the fiducial model

Unlike the observed GD-1, a globular cluster disrupt-
ing on the GD-1 orbit in a simple — analytic and smooth
— galaxy creates a stream that is also smooth (Price-
Whelan & Bonaca 2018). This model follows stars as
they leave the progenitor, and accounts for their epicylic
motion relative to the progenitor’s orbit (Küpper et al.
2008, 2010; Fardal et al. 2015). The resulting pattern
of over- and underdensities is much more uniform than
the observed stream, so the full extent of density varia-
tions in GD-1 cannot be simply explained by the process
of globular cluster disruption alone. As inhomogeneities
can also be introduced into a stellar stream by adding a
perturbation to the gravitational potential (e.g., Siegal-
Gaskins & Valluri 2008), in this Section we present a

Bonaca  et al. (2018)

The GD-1 Stream
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Figure 6. Comparison of inferred mass and scale radius of the GD-1 perturber (following a Hernquist profile, light gray shaded
region) to the known dwarf galaxies (squares), globular clusters (triangles), and molecular clouds in the outer disk (circles). For
dwarf galaxies and globular clusters we show the total mass and half-light radius, while for molecular clouds we show total mass
and total size. Molecular clouds are too di↵use to have caused features in the GD-1 stream, while orbital properties rule out
globular clusters and dwarf galaxies. The dark shaded region is showing masses and scale radii of dark matter subhalos (following
an NFW profile) and the expected 3� scatter (the inner and outer dotted lines denote the 1� and 2� scatter, respectively).
GD-1 perturber is on the dense, or high-concentration, end of dark matter subhalos.

the Galactic bulge (Kurtev et al. 2008; Bonatto & Bica
2008), and are therefore unlikely GD-1 perturbers. Out
of 49 dwarf galaxies present in the up-to-date catalog of
McConnachie (2012), only 24 objects have their orbits
determined. In summary, present data rule out all lumi-
nous satellites with known orbits as GD-1 perturbers,
but follow-up spectroscopy is required to test the re-
maining 25 satellites.
As it orbits the Galaxy, GD-1 crosses the disk at

timescales comparable to the inferred time of pertur-
bation (the lightest line in Figure 5 is the distance from
the Galactic plane). While strong disk shocking can fa-
cilitate disruption of a di↵use globular cluster (Dehnen
et al. 2004), GD-1 disk crossings are between 13 kpc and
23 kpc from the Galactic center, where the disk density
is too low to significantly impact the stream, or produce
sharp features such as the gap and the spur. Still, gi-
ant molecular clouds (GMCs) that are orbiting in the
disk plane can perturb cold stellar streams (Amorisco
et al. 2016). To test whether GMCs are viable can-
didates for the GD-1 perturber, in Figure 6 we com-
pare the inferred mass and size of the GD-1 perturber
(gray shaded region) to known objects in the Milky Way,
including molecular clouds. Dwarf galaxies are shown
as light squares (McConnachie 2012), globular clusters

as medium triangles (Baumgardt & Hilker 2018), and
outer-disk molecular clouds (beyond 10 kpc) as dark cir-
cles (Miville-Deschênes et al. 2017). This comparison is
rather conceptual as di↵erent classes of objects have dif-
ferent density profiles: for the GD-1 perturber we show
the mass and scale radius assuming a Hernquist profile,
for dwarf galaxies and globular clusters we show the to-
tal dynamical mass and half-light radius, and the total
(high) mass and full size for molecular clouds. Keeping
these caveats in mind, the most massive globular clus-
ters and the most compact dwarf galaxies have masses
and sizes comparable to the preferred values of the GD-
1 perturber, but GMCs are in general too di↵use (at a
given mass, their sizes are at least an order of magni-
tude larger than expected of the GD-1 perturber). To
additionally test for extremely dense, yet undiscovered
class of GMCs, we also created GD-1 models perturbed
by a 107 M� point mass moving on a circular disk or-
bit for the three most recent disk crossing times. These
configurations result in a spur that is below the stream
at �2 < 0, rather than above at �2 > 0 as observed in
GD-1. Based on their low central density and their ex-
pected orbits, we conclude that GMCs are unlikely to
have perturbed GD-1. A dense GMC orbiting outside of
the Milky Way disk at large Galactocentric radii is still

Bonaca  et al. [1811.03631]

If a dark subhalo, the GD-1 perturber may be more concentrated 

than expected of CDM halos of similar mass
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Figure 1. The 2D (projected) cumulative radial distributions of satellites (MV < �9) around the 12 LV hosts considered in
this work. All profiles are normalized by the total number of satellites in the surveyed area. Observed systems are shown in blue
while the analogous simulated systems from IllustrisTNG are shown in orange. The dark-orange dashed line shows the median
profile for the ELVIS DMO simulations. The simulations are forward-modelled using the area completeness of the surveys for
each host. For the simulations, the n most massive subhalos falling in the survey region are identified as the luminous satellites,
where n is the observed number of satellites in the survey region for that specific host. For the MW and M31, the shaded region
shows the e↵ect of di↵erent projection angles on the radial profile. For the other LV hosts, the shaded region encompasses any
uncertainty in membership of candidate satellites without distance information. The bottom row of hosts are the more massive
‘small-group’ hosts.

Note that the range of the x-axis is di↵erent for di↵erent hosts, depending on the radial coverage of its satellite census.

that have some unconfirmed candidate satellites, the un-
certainty in membership is accounted for as a spread in
possible radial profiles. Specifically, each possible com-
bination of the unconfirmed members is considered, and
that many radial profiles are generated. We plot the
median and ±1� spread in these profiles.

Since the scatter in the profile between hosts will de-
pend on how many satellites each host has, for a fair
comparison, we select the same number of subhalos from
each simulated host as is observed for a particular ob-
served host. The n most massive subhalos (considering
peak mass) that fall in the survey footprint are selected
as the luminous satellites where n is the number of ob-
served satellites for a specific host.

While there clearly is significant scatter between the
observed hosts in Figure 1, the observed hosts appear
to be generally more concentrated than the simulated
hosts. Several of the observed hosts (e.g. the MW,
M101, NGC 4258, NGC 4631, NGC 4565, and NGC
1023) have their profiles at or just within the �2� (i.e.
more centrally concentrated) scatter in the simulations

whereas no host is correspondingly outside the +2� (i.e.
less concentrated) scatter in the simulations. The ‘small-
group’ hosts are less discrepant with the simulations.
Indeed, both M81 and CenA closely follow the median
simulated profile.

Another way to assess the concentration of the satel-
lite population is the histogram of the satellites’ pro-
jected separations, rproj from their hosts. In Figure 2,
we show the distribution of all satellite projected sepa-
rations across all hosts combined. The histograms are
normalized such that the total area under the curve is
the average number of satellites per host6. Only satel-
lites within rproj < 150 kpc are included. We con-
sider the MW-like and small-group hosts separately and
look at all (MV < �9) satellites and just the brighter
(MV < �12) satellites. This luminosity threshold is

6 The bins are simply chosen to be 10 kpc wide. While di↵erent
binning schemes could significantly change the appearance of the
distributions, we discuss the significance of the disagreement of
the distributions using metrics that do not require binning below.

Dwarf Galaxies about MW-like Systems

Carlsten et al. [2006.02444]

Current and future observations are opening the possibility of 

studying the population statistics of dwarf galaxies around MW-like hosts



Gravitational Lenses in Clusters

Meneghetti et al. [2009.04471]

Cluster substructures lens more efficiently than expected for CDM

Figure 2: Comparison between an observed and a simulated gravitational lens: (A) The
projected mass map (called convergence) of MACSJ1206 (color bar), overlaid with the critical
lines for sources at redshift z = 7 (solid white lines). The dashed polygon delimits the region
of the HST image within which cluster galaxies were selected and included in the lens model.
(B) The caustics corresponding to the principal (in gray) and to the secondary critical lines (in
red) of MACSJ1206 (12). The dashed gray line shows the limits of the field-of-view in (A)
mapped into the source plane (12). The GGSL probability is calculated by dividing the area
of the secondary caustics by that enclosed by the dashed gray line. (C) The projected mass
map and the critical lines for sources at redshift z = 7 of a simulated cluster with a mass
similar to that of MACSJ1206 (12). The dashed polygon is the same as in (A). (D) Caustics of
the simulated cluster shown in (C). Although the main critical lines and caustics have similar
extents, the secondary critical lines and caustics are larger and more numerous in the lens model
of MACSJ1206 than in the simulation.
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Observed CDM Simulation

see Yang and Yu [2102.02375] for possible SIDM interpretation



Conclusions

Dark sector physics leads to rich phenomenology on galactic 

and sub-galactic scales

Current and future astrophysical observations providing important 
tests of self-interacting dark matter

Self-interactions in dark sector directly impact galactic evolution 
in a variety of ways


