
Galactic Probes of Dark-Sector Physics

Copyright Jon Lomberg

Mariangela Lisanti

Princeton University



Theory of Dark Sectors
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Portals are restricted by Standard Model symmetries

provide a ``portal”

Theory of Dark Sectors



Some Important Portals

“Vector”

“Axion”

“Higgs”

“Neutrino”

ϵFμν
Y F′￼μν

1
fa

ϵFμνF̃μν a

λH2S2+μH2S

κ(HL)N

dark photon

axions & axionlike 

particles (ALPs)

dark Higgs

sterile neutrinos
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New dark forces?  Multiple dark matter states?


• affects dark matter production in early Universe

• leads to self interactions and/or dissipative interactions

• affects possible discovery channels

Theory of Dark Sectors
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A Toy Model

Dark sectors can lead to a spectacular range of signals



How do dark matter particles interact with each other?

DM DM

DM DM

mediator

DM DM

DM

mediator

DM

mediator

Are self interactions allowed?


If so, are they elastic?


Do they dissipate energy?

Galactic observables play an integral role in answering 
this fundamental question about dark sectors



Self Interactions in a Galaxy

Over the age of the Universe,  

~one self-interaction near galactic center if

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

Spergel and Steinhardt [astro-ph/9909386]
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Benchmark 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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L = {
gD χ̄ γμ χ ϕμ

gD χ̄ χ ϕint

αD

αD
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Benchmark SIDM Model

dσ
dθ

=
σ0 sin θ

2 [1 + v2

ω2 sin2 θ
2 ]

2
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Dwarfs Milky Way Clusters

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



Parameter Space

σ0m = σ0/mχ
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Constraints from Clusters & Groups

σ0m = σ0 /mχ

Groups and clusters place strong constraints for velocities ~1000-2000 km/s

Merging clusters:  cm2/gσ/mχ ≲ 2
Wittman et al. [1701.05877]

BCG oscillations:  cm2/gσ/mχ ≲ 0.39
Harvey et al. [1812.06981]

Relaxed groups:  cm2/gσ/mχ ≲ 0.5

Relaxed clusters:  cm2/gσ/mχ ≲ 0.19
Sagunski et al. [2006.12515]

0.0 0.5 1.0 1.5 2.0 2.5 3.0
1.5

2.0

2.5

3.0

3.5

Clusters

Groups Sagunski et al. [2006.12515]



Heat Transfer in an SIDM Galaxy

Dark Matter Halo

Heat Flow

Core

Stage 1: Core Formation

Self interactions transfer heat inwards


→ Formation of isothermal core

Vogelsberger et al. [1201.5892]

Zavala et al. [1211.6426]

Robles et al. [1903.01469]

Zavala et al. [1904.09998]



Core Formation

2 Victor H. Robles et al.

Figure 1. Dark matter density (left), circular velocity (middle) and velocity dispersion profiles (right) for the MW host. In the SIDM
DMO simulation (cyan) a large core develops due to the self-interactions thermalizing the center of the halo, whereas the collision-less
CDM DMO (gray) simulation displays the usual central cuspy profile. When the simulations include the contribution of the time-
dependent baryonic potential the SIDM density profile (magenta) becomes denser than CDM (black). The stellar contribution has a
strong impact on the DM velocity dispersion within the region of the disk in both CDM and SIDM simulations. The CDM+disk run
shows an additional steep rise within R? (2.5 kpc at z = 0) in the velocity dispersion profile, which is not present in the SIDM+disk run
because of the thermalization process.

ture of subhalos likely to host dwarfs with stellar masses of
M? ⇠ 105M� (Zolotov et al. 2012; Sawala et al. 2016; Wetzel
et al. 2016; Garrison-Kimmel et al. 2018). Garrison-Kimmel
et al. (2017) show that embedding a time-dependent galaxy
potential at the center of a high resolution MW-mass DMO
simulation yields substructure populations in good agree-
ment with fully hydrodynamical simulations of comparable
resolution, but at substantially less CPU cost.

We describe our simulations in section 2, section 3 de-
scribes the host dark matter density profile, sections 4 and
5 discuss the radial distribution and density profiles of the
subhalos, in section 6 we explain the key features of the den-
sity profiles using an analytic model, in section 7 we discuss
the orbits of the satellites and we conclude in section 8.

2 SIMULATIONS

We simulate 4 cosmological MW-mass halos: CDM DMO,
CDM+disk1, SIDM DMO and SIDM+disk, all of them
evolve in a Planck cosmology (Planck Collaboration 2015),
with h = 0.675, ⌦m = 0.3121, ⌦b = 0.0488 and ⌦⇤ =
0.6879. We apply the ‘zoom-in’ technique (Katz & White
1993; Oñorbe et al. 2014) to simulate a high-resolution re-
gion (with dark matter particle massmDM ⇡ 30, 000M� and
physical Plummer equivalent softening ✏DM = 37pc) of the
same cosmological volume of a box length of 50 Mpc/h such
that the region contains a single MW-mass halo (1012M�)
within 10Rvir ⇠ 3Mpc from the selected halo at z=0.

We run all simulations using the code GIZMO (Hopkins
2015)2, we identify halos using Rockstar (Behroozi, Wech-
sler &Wu 2013) and use the halo catalogs that we build from
the merger trees using consistent-trees (Behroozi et al.

1 We will refer to the simulations that have an embedded bary-
onic potential as ‘disk’ simulations for simplicity, however, these
simulations also include a bulge component.
2 http://www.tapir.caltech.edu/ phopkins/Site/GIZMO.html

2013), all initial conditions were generated at z = 125 using
MUSIC (Hahn & Abel 2011) with second-order Lagrangian
perturbation theory. In the CDM+disk and SIDM+disk sim-
ulations, we include a baryonic disk following the same pro-
cedure described in Kelley et al. (2018) to generate initial
conditions starting at z = 3 from the DMO simulations.
As in Kelley et al. (2018), our disks are composed of two
components, gas and stellar, we additionally include a bulge
component modeled by a Hernquist sphere (Hernquist 1990)
with constant bulge-to-disk mass ratio set by present values,
all the baryonic components are chosen to agree with z = 0
MW observations.

The stellar disk mass and disk size increase with time in
the CDM+disk and SIDM+disk runs, the disk mass begins
to grow at z = 3 at the same rate as the halo mass follow-
ing the abundance matching relation (Behroozi, Wechsler &
Conroy 2013).

The MW baryonic gas and stellar disks are modeled
as exponential disks. In the simulations we achieve this, for
each component, by using three overlapping Miyamoto &
Nagai (1975) potentials that yield an e↵ective exponential
disk (Smith et al. 2015). The exponential radial and vertical
scale lengths and total masses at z=0 of the stellar and gas
disks are R? = 2.5 kpc, h? = 0.35 kpc, M? = 4.1⇥ 1010M�
and Rgas = 7 kpc, hgas = 0.084 kpc, Mgas = 1.86⇥1010M�,
in agreement with current constraints (Bland-Hawthorn &
Gerhard 2016). The bulge mass and scale radius at z = 0
are 9⇥ 109M� and 0.5 kpc.

The dark matter self-interaction implementation is the
same as the one used in Rocha et al. (2013); Robles et al.
(2017), i.e., we assume identical dark-matter particles under-
going isotropic, velocity-independent, elastic, hard-sphere
scattering with a cross section �. Our SIDM runs assume
�/m = 1 cm2/g to maximize any di↵erence with CDM while
remaining in the range of current constraints (Kaplinghat,
Tulin & Yu 2016).

c� 2018 RAS, MNRAS 000, 1–8

SIDM core

(DM-only sim)

SIDM core

(DM+disk)

Robles et al. [1903.01469]

Dark-matter dominated systems:

cored profile


Baryon-dominated systems:

approx. cuspy profile


Kaplinghat et al.  [1311.6524]; Sameie et al. [1801.09682]

SIDM responds to gravitational potential of baryons in galaxy



Galaxy Diversity Problem

SIDM yields wide variation of halo distributions, depending on galaxy mass

Can explain observed diversity of rotation curves

2
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FIG. 1: SIDM fits (solid) to the diverse rotation curves across a range of spiral galaxy masses, where we take �/m = 3 cm2/g. The data
points with error bars are from the SPARC dataset [18]. 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).

relation (BTFR). We comment on future directions and conclude in Sec. VI. In the appendix, Methods, we provide detailed
information about the model and the fitting procedure. In Supplementary Materials, we present SIDM and MOND fits to 135
individual galaxies from the SPARC sample and additional results that support the main text, including model fits to simulated
halos.

II. THE DIVERSITY OF GALACTIC ROTATION CURVES

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 [26, 29], where we assume the dark matter distribution in the inner halo follows the
isothermal density profile,

⇢iso(R, z) = ⇢0 exp
�
[�tot(0, 0)� �tot(R, z)] /�2

v0
�
, (1)

where ⇢0 is the central dark matter density, �v0 is the one-dimensional dark matter velocity dispersion, �tot(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 [32, 33] 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 (⇢0, �v0)
directly map on to the NFW parameters (rs, ⇢s) 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., [26, 28, 30, 34, 35]. See Methods and Supplementary Materials for a detailed
description of the model and additional comparisons between model predictions and cosmological simulations.

High Surface Brightness: 

SIDM halo is cuspier

Low Surface Brightness: 

SIDM halo is cored

Ren et al. [1808.05695]

data: SPARC galaxies

lines: SIDM theory

Kamada et al. [1611.02716]; Creasey et al. [1612.03903]; Kaplinghat et al. [1911.00544]; Santos-Santos et al. [1911.09116]



Galaxy Diversity Problem

Lazar et al. [2004.10817] Feedback-induced DM core profile 2397

Figure 2. The impact of feedback physics on the inner dark matter densities. Shown is the inner dark matter density slope, α, averaged over [0.01–0.02] × rvir,
as a function of the stellar mass fraction, M"/Mhalo, at z = 0. Cored profiles have α ∼ 0, while cuspy inner density profiles have lower values of α ! −1. The
open circles are the DMO analogues, which all have α ≈ −1.5 as expected from a NFW profile. The pink-shaded region shows the 1σ dispersion about the
smoothed binned median. As a comparison, the fits from (green; Di Cintio et al. 2014a) and (blue; Tollet et al. 2016) are also plotted using a constant width
of $α = ±0.2 relative to the mean relation (Tollet et al. 2016). The curve from Di Cintio et al. (2014a) was only fitted to down to a stellar mass fraction of
M"/Mhalo % 4 × 10−5, so we restrict the curve to that mass limit. The dispersion in α increases from the stellar mass fraction from M"/Mhalo " 10−4, the regime
of classical dwarfs and the brightest dwarfs, to the MW-mass haloes with M"/Mhalo % 10−1. Feedback-induced core formation peaks at M"/Mhalo % 5 × 10−3,
the regime of the brightest dwarfs. At M"/Mhalo ! 10−4, the regime of classical dwarfs and ultrafaints, the impact of stellar feedback is negligible.

and converging baryonic physics rather than having to do with the
number of particles enclosing a specific region. With this, rconv from
the DMO analogues are applied to the galaxies of the FIRE-2 haloes
throughout this paper as a conservative estimate. For more details
regarding the numerical convergence study of FIRE-2 haloes, we
refer to Hopkins et al. (2018).

3 ST E L L A R FR AC T I O N R E L AT I O N W I T H T H E
INNER DENSITY SLOPE

We begin by comparing our catalog of galaxies with previous results
in the literature. The stellar mass fraction, which we define as the ratio
between the stellar mass and halo mass, M"/Mhalo, has a relationship
with the slope of the dark matter density profile found at the innermost
radii (Di Cintio et al. 2014a; Chan et al. 2015; Tollet et al. 2016).
Following the convention of Di Cintio et al. (2014a), the effect of
feedback on the inner dark matter halo density can be captured by
exploring the best-fitting power law for the dark matter density profile
over a specific radial range, ρ(r) ∝ rα . Di Cintio et al. (2014a)
suggested using α fitted over the radial range r ∈ [0.01–0.02] × rvir

since the lower limit of 1 per cent of rvir satisfied the Power et al.
(2003) radius criterion of convergence for the majority of their halo
sample.

Fig. 2 summarizes the relation between α and the stellar mass
fraction at z = 0 for our simulations and compares to results from
(Di Cintio et al. 2014a; the green band) and (Tollet et al. 2016;
the blue band). The analysis performed in green (Di Cintio et al.
2014a) included only stellar mass fractions down to M"/Mhalo %
4 × 10−5, so we restrict their curve to that limit. The differences
between the two curves included differences in cosmological models

used, as noted in (Tollet et al. 2016). The black-filled circles are our
simulated FIRE-2 galaxies and the black open circles are the results
for the DMO simulations (for which we use the stellar mass of their
galaxy analogues). For all values of M"/Mhalo, the DMO analogues
are cuspy, with α ≈ −1.5, which is expected when assuming the
behaviour of an analytic NFW profile along with scatter induced
by the mass–concentration relation (see Bullock & Boylan-Kolchin
2017).

The pink band captures our results using the fitting-formula shape
suggested by Tollet et al. (2016):

α(x) = n − log10

[
n1

(
1 + x

x1

)−β

+
(

x

x0

)γ
]

, (2)

where x = M"/Mhalo. We find that n = −1.60, n1 = 0.80, x0 =
9.18 × 10−2, x1 = 6.54 × 10−3, β = 5, and γ = 1.05 matches our
results in the median. The general purpose of this fit is to guide the
eye. We also binned by M"/Mhalo to compute a rough estimate of
the standard deviation found at each stellar fraction. The width of
the pink band roughly corresponds to the 1σ dispersion about the
median. The width of the green and blue bands are set at a constant
$α = ±0.2.

Ultrafaint and classical dwarf galaxies, with low stellar mass
fractions of M"/Mhalo ! 10−3, have inner densities slopes of α ≈
−1.5, the same as their DMO analogues. From there and increasing
to M"/Mhalo % 5 × 10−3, the inner dark matter densities of the
bright dwarf galaxies transition to more cored profiles. At M"/Mhalo

% 5 × 10−3, our galaxies reach efficient core formation (shown more
directly next), with α ≈ −0.25. The diversity in core strength, as
quantified by α, is largest from M"/Mhalo ≈ 10−3 to 5 × 10−3, with
a variance of $α ≈ ± 0.35 about the median. Note that one bright

MNRAS 497, 2393–2417 (2020)
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Baryonic feedback can also result in coring of CDM halos,

depending on the mass of the system 

SPARC Galaxies



Galaxy Diversity Problem

Dandavate, ML, Slone, and Zentner [in prep]

We use rotation curves of 90 SPARC galaxies to compare SIDM, 
NFW, and CDM with baryonic feedback (DC14)

NFW disfavored relative 
to DC14 and SIDM

No preference between 
models

No preference between 
models

Low Surface 
Brightness

Low Surface 
Brightness

High Surface 
BrightnessPRELIMINARY



Galaxy Diversity Problem

Dandavate, ML, Slone, and Zentner [in prep]

PRELIMINARY

No strong preference for SIDM or feedback-affected CDM models

NFW model disfavored for low surface brightness galaxies



Heat Transfer in an SIDM Galaxy

Dark Matter Halo

Heat Flow

Core

Stage 2: Core Collapse

Self interactions transfer heat outwards


→ Core heats up and shrinks

→ Tidal stripping reduces collapse time

Stage 1: Core Formation

Self interactions transfer heat inwards


→ Formation of isothermal 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]



Gravothermal Core Collapse

Gravothermal collapse can potentially explain the range of observed

central densities for Milky Way dwarf galaxies

Kaplinghat et al. [1904.04939]

Draco and Ursa Minor are

the most dense satellites and

also have the smallest

pericenters

we can use the fact

that these two dwarfs

exist to constrain regions
of parameter space where
SDM interactions would be

so strong that they would

destroy the inner density
of the dwarf

Kaplinghat ,Valli , Yu 1904.04939
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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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Draco Isothermal Constraint

σ0m = σ0/mχ

F. Jiang, M. Kaplinghat, ML, O. Slone [2108.03243]

Heating of isothermal core should not reduce Draco’s present-day 
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Orbital Evolution 

Milky Way-like host

(cuspy)

Dwarf galaxy

(cored)

SIDM can significantly affect the orbits of dwarf galaxies
F. Jiang, M. Kaplinghat, ML, O. Slone [2108.03243]

Tidal Stripping


• Dark matter in dwarf galaxy can 
interact with dark matter from host


• Mass-loss more pronounced for 
cored density profile

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



Orbital Evolution 

Milky Way-like host

(cuspy)

Dwarf galaxy

(cored)

SIDM can significantly affect the orbits of dwarf galaxies

Ram-Pressure Evaporation


• Mass loss from scattering between 
dark matter in dwarf and host


• Efficient mass removal over entire 
extent of dwarf

F. Jiang, M. Kaplinghat, ML, O. Slone [2108.03243]

Dooley et al. [1603.08919];  Kummer et al. [1706.04794]; Nadler et al. [2001.08754]; Correa [2007.02958]
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FIG. 1. Satellite evolution around a 1012 M� host. (Left) Time evolution of satellite mass, assuming minit = 1010 M�, for
CDM (dashed) and SIDM (solid) for initially isothermal profiles. The SIDM parameters {�0m,!} correspond to: �small =
{4 cm2/g, 160 km/s}, �TS = {25 cm2/g, 315 km/s}, and �RPe = {125 cm2/g, 315 km/s}. We contrast results for an eccentric
orbit with pericenter rperi ⇡ 20 kpc with that of rperi ⇡ 45 kpc. Relative to CDM, SIDM results in increased mass loss,
especially in the case of more radial orbits. (Right) Comparison of satellite mass loss in various scenarios. Initial satellite
masses are considered in the range minit 2 [109, 1010.5] M� corresponding to the width of each band. Satellites are placed
on orbits with varying pericenters and evolved for one pericentric passage. The ratio of final to initial mass is given on the
horizontal axis; the four bands correspond to CDM, �small, �TS and �RPe. The inset shows the velocity dependence of the
transfer cross section for each SIDM scenario.

45 kpc (with the initial radius and velocity fixed to the
virial radius and velocity of the host). The dashed curves
show the results for CDM, while the solid curves show the
results for three di↵erent sets of SIDM parameters, de-
noted as �small, �TS, and �RPe (defined in the caption).
�small gives results that are similar to CDM. For �TS,
tidal stripping e↵ects are more important for SIDM than
for CDM. For �RPe, the ram-pressure evaporation rate
strongly exceeds that of tidal stripping. Generally, satel-
lite mass loss is more pronounced for SIDM than CDM,
especially for larger interaction cross sections and more
eccentric orbits.

The example of �RPe is particularly noteworthy. After
its first pericentric passage, ⇠80% of the satellite’s mass
is removed. The primary di↵erence relative to �small and
�TS is that mass loss due to ram-pressure evaporation
dominates over tidal stripping, enhancing even further
the di↵erence between CDM and SIDM. While the latter
preferentially removes mass from the outermost regions
of the galaxy, the former has a more noticeable impact
on its inner regions. This suggests that one can use the
observation of a dwarf galaxy with low pericenter and
high central density to constrain SIDM.

The right panel of Fig. 1 demonstrates in more de-
tail how mass loss over one pericentric passage varies as
a function of the SIDM parameters, the initial satellite
mass, minit, and the pericentric radius, rperi. Such re-
sults can potentially be used to infer the microscopic

properties of DM from observations such as the distri-
bution of satellites around their hosts. The four bands
correspond to CDM (dashed) and the three example
SIDM cross sections of the left panel (solid). From
right to left across each band, the initial masses span
minit 2 [109, 1010.5]M�. The results show that tidal
stripping is more e↵ective at creating di↵erences between
SIDM and CDM for larger mass satellites with smaller
pericenters. The reason for this is two-fold. First, the
more massive a satellite, the more dynamical friction it
experiences causing its orbit to decay and its pericenter to
decrease. This e↵ect becomes even more pronounced af-
ter additional pericentric passages. Second, more massive
satellites have larger values of rc, which further enhance
tidal stripping. For �RPe, a sizable di↵erence is already
observed for large pericenters. For small pericenters, the
di↵erence between SIDM and CDM is dramatic, with the
SIDM satellite losing a large fraction of its mass.
Next, we build a conceptual map in SIDM parame-

ter space showing where various mechanisms dominate a
satellite’s mass-loss evolution. In Fig. 2 (left), the colored
areas demarcate the regions of interest for satellites with
minit 2 [109, 1010] M� orbiting about a 1012 M� host.
The orbital parameters are the same as the rperi ⇡ 20 kpc
example in Fig. 1, and each satellite is evolved for 7 Gyrs.
The concentration of each satellite corresponds to the
best-fit concentration-mass relation of Ref. [45] at z = 1.
The comparison between SIDM and CDM is done by av-
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FIG. 1. Satellite evolution around a 1012 M� host. (Left) Time evolution of satellite mass, assuming minit = 1010 M�, for
CDM (dashed) and SIDM (solid) for initially isothermal profiles. The SIDM parameters {�0m,!} correspond to: �small =
{4 cm2/g, 160 km/s}, �TS = {25 cm2/g, 315 km/s}, and �RPe = {125 cm2/g, 315 km/s}. We contrast results for an eccentric
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especially in the case of more radial orbits. (Right) Comparison of satellite mass loss in various scenarios. Initial satellite
masses are considered in the range minit 2 [109, 1010.5] M� corresponding to the width of each band. Satellites are placed
on orbits with varying pericenters and evolved for one pericentric passage. The ratio of final to initial mass is given on the
horizontal axis; the four bands correspond to CDM, �small, �TS and �RPe. The inset shows the velocity dependence of the
transfer cross section for each SIDM scenario.
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sults can potentially be used to infer the microscopic
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SIDM cross sections of the left panel (solid). From
right to left across each band, the initial masses span
minit 2 [109, 1010.5]M�. The results show that tidal
stripping is more e↵ective at creating di↵erences between
SIDM and CDM for larger mass satellites with smaller
pericenters. The reason for this is two-fold. First, the
more massive a satellite, the more dynamical friction it
experiences causing its orbit to decay and its pericenter to
decrease. This e↵ect becomes even more pronounced af-
ter additional pericentric passages. Second, more massive
satellites have larger values of rc, which further enhance
tidal stripping. For �RPe, a sizable di↵erence is already
observed for large pericenters. For small pericenters, the
di↵erence between SIDM and CDM is dramatic, with the
SIDM satellite losing a large fraction of its mass.
Next, we build a conceptual map in SIDM parame-

ter space showing where various mechanisms dominate a
satellite’s mass-loss evolution. In Fig. 2 (left), the colored
areas demarcate the regions of interest for satellites with
minit 2 [109, 1010] M� orbiting about a 1012 M� host.
The orbital parameters are the same as the rperi ⇡ 20 kpc
example in Fig. 1, and each satellite is evolved for 7 Gyrs.
The concentration of each satellite corresponds to the
best-fit concentration-mass relation of Ref. [45] at z = 1.
The comparison between SIDM and CDM is done by av-
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Draco Ram-Pressure Constraint

σ0m = σ0/mχ

Ram-pressure evaporation should not remove so much mass from 
the central regions of Draco to be inconsistent with observations

conservatively assumes 
initially fully gravothermally 
collapsed halo

F. Jiang, M. Kaplinghat, ML, O. Slone [2108.03243]
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Next Steps

σ0m = σ0/mχ

F. Jiang, M. Kaplinghat, ML, O. Slone [2108.03243]

Velocity-dependent cross sections that lead to gravothermal 
collapse are favored within SIDM framework

To Target Remaining 
Parameter Space: 

• Carefully analyze properties of  
individual Milky Way dwarf galaxies


• Study population statistics of satellites 
around Milky-Way like hosts


• Understand implications for lenses in 
galaxy clusters

works in progress with D. Folsom, F. Jiang, M. Kaplinghat, 
C. Leinz, O. Slone, …



The Local Group

Carlsten et al. [2006.02444]

6 Carlsten et al.

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.

 Observational data rapidly becoming available on abundance of 
dwarf galaxies around Milky Way-like galaxies 

see also SAGA survey, Mao et al. [2008.12783]



Gravitational Lenses about 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 theory interpretation
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F. Jiang, M. Kaplinghat, ML, O. Slone [2108.03243]

Velocity-dependent cross sections that lead to gravothermal 
collapse are favored within SIDM framework

To Target Remaining 
Parameter Space: 

• Carefully analyze properties of  
individual Milky Way dwarf galaxies


• Study population statistics of satellites 
around Milky-Way like hosts


• Understand implications for lenses in 
galaxy clusters

works in progress with D. Folsom, F. Jiang, M. Kaplinghat, 
C. Leinz, O. Slone, …


