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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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Dwarfs in the Milky Way

Pace, Erkal, and Li [2205.05699]

What are their masses and concentrations? 
How are they distributed spatially?  What are their orbits?

Proper Motions and Orbits of MW dSphs 15
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Figure 5. Comparison of the pericenter (rperi) with and without the LMC influence (left panel and right panel, respectively)
versus the average density within the half-light radius calculated from the stellar kinematics (⇢1/2). The black line shows twice
the enclosed MW density as a function of radius. If the satellite sits below this line, its Jacobi radius will be larger than the
half-light radius and it will likely be tidal disrupting. Satellites near or below the curve are labeled. Orange symbols denote
dSphs which are clearly tidally disrupting: Ant II, Sgr, and Tuc III. Whereas green symbols denote dSphs that are potentially
undergoing tidal disruption and near the MW average density: Boo I, Boo III, Cra II, Gru II, Seg 2, and Tuc IV (see text for
details).

Figure 6. Correlation plots of dSphs in terms of their densities, ellipticies, pericenters, and half-light radii. Symbols and colors
are the same as Figure 5. Left panel: Ellipticity (✏) versus the average dSph density divided by the average MW density at
the dSph’s pericenter (⇢1/2/⇢MW (r = rperi)). Center panel: Ellipticity (✏) versus pericenter (rperi). Right panel: Half-light
radius (r1/2) vs pericenter (rperi). There is no clear trend for pericenter or the average density ratio with ellipticity (left and
middle panel). The dSphs with evidence of tidal disruption and the smallest ⇢1/2/⇢MW (r = rperi) ratios have larger half-light
radii at a fixed pericenter than the general dSph population (right panel).

an explanation for why is o↵set from the stellar mass-
metallicity relation (Kirby et al. 2013). No detailed
tidal stripping models have been carried out for Boo III,
Gru II, Seg 2, or Tuc IV. These dSphs are prime targets
for searches for direct evidence of tidal disruption and/or
detailed dynamical modeling.

There are other satellites that have small pericenters
(rperi < 30 kpc; Car III, Dra II, Seg 1, Tri II, and Wil 1),
but they all have larger average densities and are there-
fore resilient to the tidal influence of the MW. We note
that if the velocity dispersion was over-estimated these
satellites could be undergoing tidal disruption by the
MW (e.g., from unresolved binaries Minor et al. 2019,



Dark subhalos 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]

Dark Substructure in the Milky Way

Credit: C. Bickel/SCIENCE



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]

dynamical evidence of a dark halo substructure 3

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



Beyond the Milky Way

Mao et al. (SAGA Collaboration)  [2404.14498]

THE SAGA SURVEY. III. 3
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Figure 1. A schematic overview of the SAGA Survey in relation to other surveys of MW-mass satellite systems. Each gray circle represents
a satellite system, and the colored points represent the satellites that are observable with current observational capacity. As the cosmological
distance increases from left to right, the volume and the number of systems increase, but the depth and the number of satellites that can be
surveyed in each system decrease. The SAGA Survey fills in the regime where we can survey hundreds of MW-mass satellite systems and still
obtain a sizable satellite population per system. The distances and sizes shown are not to scale.

then present the main science results in Section 5, including
the stellar mass functions, quenched fraction, radial distribu-
tions, satellite abundance, and co-rotating signals. In Sec-
tion 6, we discuss the MW satellite system in the context of
the SAGA results, considerations for comparing SAGA re-
sults with simulations, and planned follow-up work. Readers
who are familiar with previous SAGA work or want to navi-
gate the main results of this paper quickly can read Section 7,
the summary section, first.

As in Paper I and Paper II, all distance-dependent parame-
ters are calculated assuming H0 = 70 km s-1 Mpc-1 and ⌦M =
0.27. Magnitudes and colors are extinction-corrected (de-
noted with a subscript ‘o,’ e.g., ro; using a combination of
Schlegel et al. 1998 and Schlafly & Finkbeiner 2011; see
Section 2.3). Absolute magnitudes are k-corrected to z = 0
using Chilingarian et al. (2010).

2. THE SAGA SURVEY

2.1. Overview of the SAGA Survey Design

The primary goal of the SAGA Survey1 is to character-
ize the satellite galaxy populations around more than 100
Milky Way-mass galaxies down to an absolute magnitude of
Mr,o = -12.3. As of this data release, we have completed

1 sagasurvey.org

the survey for 101 systems. To balance depth and volume,
the SAGA Survey focuses on the regime slightly outside the
Local Volume, selecting systems from 25 to 40.75 Mpc, as
shown in Figure 1. The survey depth in apparent magnitude
is roughly ro < 20.7. The primary galaxies in these systems
are selected by stellar masses and environments, which we
detailed in Section 2.2. We then identify potential satellite
galaxy candidates based on photometric information, using
the photometric catalogs from DESI Legacy Imaging Sur-
veys DR9 (Section 2.3, Section 2.5). We obtain redshifts
for the candidates, including redshifts from existing litera-
ture, but mostly with new observations (Section 3), to con-
firm whether the candidates have comparable redshifts as the
primary galaxies.

2.2. SAGA Host Selection and SAGA Footprint

The selection of the SAGA MW analogs (“hosts”) remains
the same as described in Section 2.1 of Paper II. We briefly
summarize the selection criteria here and refer the readers to
Paper II for detail. Our selection is primarily based on dis-
tance, K-band luminosity, and local environment. The selec-
tion criteria are:

Stellar Mass: - 23 > MK > -24.6; (1a)
Stellar Foreground: |b|� 25�; (1b)

Stellar Foreground: Hp(<300 kpc)
brightest star > 5; (1c)
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Obtain robust theory predictions for sub-galactic observables 
with well-quantified uncertainties 



Challenge #1: Halo-to-Halo Variance

Credit: https://structures.uni-heidelberg.de/blog/posts/2022_12_cw/ 
adaptions of images of NASA, theskylive.com, GAIA and the CLUES project

https://structures.uni-heidelberg.de/blog/posts/2022_12_cw/


Challenge #1: Halo-to-Halo Variance

Gray: Milky Way stars    Red: Merger stars

Credit: Denis Erkalx
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Gaia Sausage Enceladus (GSE) 

Credit: https://osr.org/blog/news/large-magellanic-cloud-wake-reveals-dark-matter/

Large Magellanic Cloud (LMC)

Milky Way appears to be defined by two key events in its history



An IllustrisTNG (50 Mpc)3 volume contains ~100 isolated 
Milky Way-mass halos of which:

~30 have had a GSE-like event(s) 

~2 have had a GSE and LMC-like event 

Challenge #1: Halo-to-Halo Variance
Dylan 

Folsom

D. Folsom, ML, L. Necib, D. Horta, M. Vogelsberger, and L. Hernquist [2408.02723]

We are Rare

See also Buch et al. [2404.08043]



χ

CDM GAS STARS

Credit: Sandip Roy

A Primer to Hydro Codes

Challenge #2: Baryonic Physics

Supernova explosions redistribute baryons and dark matter in galaxies

Remains a significant source of uncertainty in galaxy simulations
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Challenge #2: Baryonic Physics
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The DREAMS Project
J. Rose, P. Torrey, F. Villaescusa-Navarro, ML, et al. [2405.00766]

Producing the largest-ever hydro simulation suites that vary over  
astro and particle physics uncertainties

Suites will be created for different targets (Milky Way, dwarf, …) and  
different dark matter models

Jonah 
Rose



Outline

Beyond Cold Dark Matter

Modeling Challenges

Galaxy Dynamics and Cold Dark Matter
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What if new forces allow dark matter to interact with 
itself either elastically or inelastically?

Theory of Dark Sectors



Elastic Self Interactions

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]

Self interactions enable heat flow in a halo, redistributing dark matter

Stage 1: Isothermal Core Formation

Heat flows inwards



Elastic Self Interactions

Heat Flow

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: Isothermal Core Formation

Heat flows inwards

Stage 2: Core Collapse

Heat flows outwards

Self interactions enable heat flow in a halo, redistributing dark matter



SIDM 1

Dwarf Population Statistics
Oren 
Slone

Central Density of Dwarf Galaxy

Pr
ob

ab
ili

ty
De

ns
ity

CDM

SIDM 2

O. Slone, ML, M. Kaplinghat, and R. Wechsler [in prep]

Gravothermal collapse can lead to a mixture of cores and dense 
cusps across a population of dwarf galaxies

Spread for Population of Field Dwarfs

cores 
form

collapse 
occurs



Sagittarius Stream
Oren 
Slone

C. Hainje, O. Slone, ML, and D. Erkal [in prep]

Connor 
Hainje

preliminary

Dark matter self interactions between satellite halo and its host 
affect tidal mass loss, impacting stream morphology



Inelastic Self Interactions

χ

Example: Atomic Dark Matter (ADM)

D. Kaplan et al. [0909.0753], Cyr-Racine and Sigurdson [1209.5752], J. Fan et al. [1303.1521, 1303.3271], A. Ghalsasi and M. McQuinn [1712.04779]

If dark matter can cool, it can collapse into dark compact objects

Cooling occurs in dark sector 
because of new dark photon ( )γ′ 

e′ 

p′ 

e′ 

Dark Hydrogen

γ′ 



GIZMO + ADM Hydro Framework

χ

CDM

GAS STARS

Physics Particles

Gravity 

Supernovae feedback 

Cooling & collapse

All 

Baryons 

Baryons & 
ADM

GAS CLUMPS

ADM

Sandip 
Roy

Xuejian 
Shen



S. Roy,  X. Shen, J. Barron, ML, D. Curtin, N. Murray, and P. Hopkins [today]

Properties of Field Dwarfs 

First simulation suite of isolated dwarf galaxies for CDM + 5% ADM

9

Figure 3. The first three columns (from the left) show the two-dimensional surface densities, ⌃, of CDM, aDM clumps, and
aDM gas for the superfast simulation at redshift z = 0. The present-day temperature projection of aDM gas is shown in the
right-most column. The top row shows face-on projections while the bottom row shows side-on projections. CDM forms a halo-
like distribution and dominates the overall dark matter density beyond ⇠ 0.5 kpc. The aDM clumps are centrally concentrated,
dominating at smaller radii. The aDM gas forms a disk in the central halo, settling to a temperature of T 0

⇠ 0.5⇥104 K, similar
to the dark atomic cut-o↵ temperature for this aDM model (see Fig. 1). The dark disk is surrounded by shock-heated aDM gas
at the dark virial temperature of the halo.

a thick-disk distribution with ✏̃ ⇠ 0.5, while the aDM gas
forms a thin-disk distribution with ✏̃ ⇠ 1. There is also a
similar relationship between aDM gas and clumps with
the value of R1/2 being greater for aDM gas but Z1/2

being greater for clumps. The main di↵erence between
the aDM distribution in Milky Way-mass halos and the
distribution in these dwarf halos is that the values of
R1/2, Z1/2 are larger in the Milky Way-mass halos, as
one would expect given the larger virial radius.
The morphology metrics for the aDM clump and gas

distributions for all simulations in the suite are pro-
vided in App. D. The results are consistent with those of
the superfast simulation. Generally, the aDM clumps
have a thick-disk-like distribution and dominate cen-
trally. The aDM gas is distributed in a thin disk and is
more extended radially than the clumps. The only ex-
ception is the slow simulation in which the aDM gas disk
has completely collapsed into clumps by z = 0, likely
because the surrounding gas doesn’t cool fast enough
to “feed” the central disk. The fraction of aDM gas to
clumps, f 0

gas
, in the inner 0.5 kpc varies between 0.001

and 0.09, so the aDM clumps clearly dominate over gas.
In the expanded region r  5 kpc, f 0

gas
varies between

0.2 and 0.9, so the aDM gas distribution becomes more
important. However, the total aDM contribution is still
sub-dominant to CDM in this region.
Given that aDM clumps dominate the inner densities

for all the halos in this suite, understanding their for-
mation history is critical to understanding the main fea-
tures of the aDM distribution in these dwarfs. The top

panel of Fig. 4 shows the number of clumps that form
at a given redshift, while the bottom panel shows the
redshift dependence of the cooling timescale t

0
cool

/tH.7

For all the simulations shown, clump formation begins
roughly when dark cooling becomes e�cient. This cor-
responds to the redshift where the dwarf’s halo mass
is large enough for the virial temperature to ionise the
dark gas. Thus, at high redshifts, dark atomic cooling
becomes e�cient and the dark gas can proceed to cool
rapidly and collapse into clumps in the central halo. As
argued in Roy et al. (2023), all of these qualitative pro-
cesses are analogous to what is seen in baryonic simula-
tions with e�cient cooling, but lacking a strong source
of ‘feedback’ from collapsed objects.
Figure 4 demonstrates that the clump formation de-

pends on the choice of E
0
b,e↵ , as expected. Compar-

ing the total clump formation history and the cooling
timescale evolution for the most massive halo in the sim-
ulation region for superfast and superfast-Ebindlow,
clump formation begins earlier when the e↵ective bind-
ing energy is lower (z ⇠ 15 versus z ⇠ 11). For similar
initial conditions, a lower E

0
b,e↵ means that the aDM

gas can start cooling and forming clumps earlier in time
when the virial mass (or, equivalently, virial tempera-
ture) of the most massive halo is lower. This process

7 To calculate t0
cool

/tH, we use the Rockstar halo finder (Behroozi
et al. 2011) to obtain the virial mass of the most massive halo in
the zoom-in region and its virial temperature.

Sandip 
Roy
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to model the CDM. This model, despite its simplifying
assumptions, reproduces well the total dark matter den-
sity profile obtained from simulations.
To better understand the universal behavior of the

aDM clump density in this aggressively-cooling regime,
it would be beneficial to consider a greater number
of target halos, ideally also varying over the baryonic
physics implementation and aDM microphysics as well.
This could potentially be achieved with an approach
similar to Villaescusa-Navarro et al. (2021); Brown et al.
(2024); Rose et al. (2024). A larger sampling of dwarfs
would allow one to understand the impact of halo-to-
halo variance in setting properties of the aDM clump
density distribution, including its scale radius and outer
density profile.
The inner-density enhancements observed in the

aggressively-cooling regime can potentially have extreme
e↵ects on field dwarfs, increasing baryonic star and gas
rotation curves as well as the observed half-light circu-
lar velocities. As an illustration of these e↵ects, Fig. 9
shows the circular velocity profiles for the superfast

and fast-f12% simulations (Vcirc ⌘
p
GM(< r)/r).

Compared to the circular velocities computed using just
the CDM enclosed masses (dashed lines), the total cir-
cular velocities (solid lines) are enhanced by factors of
& 3 for radii r . 0.2 kpc. The enhancement grows with
larger aDM mass fractions.
Overlaid on the simulation curves in Fig. 9 are data

for the circular velocities (inferred from line-of-sight stel-
lar velocity dispersions) at stellar half-light radii for ob-
served field8 dwarfs in the Local Group. Specifically, we
use the same compilation from Shen et al. (2024), in-
cluding observations from Kirby et al. (2014) as well as
updated values for the dwarfs with observed circular ve-
locities from Garrison-Kimmel et al. (2014) and the Tu-
cana dwarf (Taibi et al. 2020). Clearly, the observations
prefer lower circular velocities than those in the two sim-
ulations shown. At the simulation stellar half-light radii
r1/2 in Fig. 9, the simulation’s circular velocities are
greater than the observed values by a factor of & 2.
These preliminary results suggest that the aggressively-
cooling aDM region may already be constrained by cur-
rent observational data. In future work, we intend to uti-
lize observed isolated dwarf galaxy rotation curves and
stellar velocity dispersions to more thoroughly map out
the constrained region. This approach will help refine
our understanding of aDM’s role in shaping the struc-
ture of dwarf galaxies and provide a benchmark for com-

8 These dwarfs are at least 300 kpc away from the Milky Way or
M31,following the definition in Garrison-Kimmel et al. (2014).

Figure 9. Circular velocity profiles (
p

GM(< r)/r) for
the superfast and fast-f12% simulations, including those
for CDM and aDM clumps and for just CDM. The total Vcirc

profiles are greater than the corresponding CDM profiles by
a factor of & 3 at radii r . 0.1 kpc because the strongly dis-
sipative aDM boosts the inner densities. We also display ob-
served stellar half-light circular velocity data from observed
local group field dwarfs (Kirby et al. 2014; Garrison-Kimmel
et al. 2014; Taibi et al. 2020). While the CDM velocities
are broadly consistent with the data, the velocity predic-
tions from the aDM + CDM profile are greater by factors
of & 2 particularly at the simulation stellar half light values
(displayed as dotted lines).

parison against upcoming observational data from the
Large Synoptic Survey Telescope (Collaboration et al.
2009) at the Vera Rubin Observatory, the Nancy Grace
Roman Space Telescope (Bailey et al. 2023) and Arrak-
ihs (Guzmán 2022).[ML: Aren’t there others? e.g., Me-
rien?][SR: I’ll look into this. . . ][ML: Jonah has a bunch
in the DREAMS paper]
It is important to emphasize that the aDM parame-

ter space is vast and while this work has identified the
aggressively-cooling parameter space as a distinctive tar-
get, much more remains to be explored. Indeed, mod-
els with lower aDM mass fractions (f 0 . 5%) and/or
less e�cient cooling (�0

cool
> 10�2) will likely lead to

smaller central density enhancements and thus be less
constrained by dwarf velocity data. This is suggested
partly by the inner density profiles of the slow simu-
lation in our suite, whose aDM density profile is more
cored and less centrally dense than the other simula-
tions. Delineating the regime of viable aDM parameter
space will determine relevant observables and potential
discovery avenues for upcoming observatories.
Additionally, there are regions of aDM parameter

space that cannot yet be properly simulated or mod-
eled. Investigating these regimes will require retooling
our simulation code to better incorporate dark molec-

Sandip 
Roy

Properties of Field Dwarfs 

Central density of dwarf galaxies can be significantly enhanced, 
providing sharp predictions for observables

S. Roy,  X. Shen, J. Barron, ML, D. Curtin, N. Murray, and P. Hopkins [today]



Conclusions

Wealth of upcoming data will allow us to test the impact of dark 
matter on sub-galactic scales

Long-term goal is to make robust theory predictions for CDM and 
non-CDM models to harness full potential of upcoming surveys 

Theory needs to catch up to observations: 
addressing baryonic uncertainties is a top priority
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