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Fig. 1. Dark matter may have non-gravitational interactions with one or more of four categories of particles: nuclear matter, leptons, photons and other bosons, and other
dark particles. These interactions may then be probed by four complementary approaches: direct detection, indirect detection, particle colliders, and astrophysical probes.
The lines connect the experimental approaches with the categories of particles that they most stringently probe (additional lines can be drawn in specific model scenarios).
The diagrams give example reactions of dark matter (DM) with standard model particles (SM) for each experimental approach.

to discriminate against backgrounds. Depending on the target
material, experiments can be sensitive to (a combination of) spin-
dependent and spin-independent WIMP interactions with matter.
The sensitivity of the current generation of detectors for spin-
independent (spin-dependent) cross sections for scattering off
protons is approaching �

p

SI ⇠ 10�45 cm2 (� p

SD ⇠ 10�39 cm2)
for WIMP masses of ⇠100 GeV, with orders of magnitude
improvement expected in the coming decade [42]. In the last years
a number of experiments have reportedpotential signals that could
be interpreted as very light (10 GeV) DM particles. Although this
interpretation is still inconclusive, it greatly motivates designing
experiments with low threshold energies.

Axions also have strong prospects for direct detection. Cos-
mological and astrophysical constraints restrict the allowed axion
mass range to be between 1 µeV and 1 meV. In a static magnetic
field, there is a small probability for cosmologically produced ax-
ions to be converted by virtual photons to real microwave photons
by the Primakoff effect [44]. This would produce a monochromatic
signal with a line width of dE/E ⇠ 10�6, which could be detected
in a high-Q microwave cavity tunable over GHz frequencies. In the
near future, these searches will be sensitive to models with axion
mass⇠ µeV, which is the favoredmass range if axions are a signif-
icant component of dark matter.

3.2. Indirect detection

In contrast to direct detection experiments, indirect detection
efforts do not aim to detect dark matter particles themselves. In-
stead, they attempt to detect the standard model particles that are
produced in their annihilations or decays. Signals for indirect de-
tection experiments include photons (gamma rays, X-rays, radio),
neutrinos and cosmic rays (including positrons, electrons, antipro-
tons, and antideuterons). Many types of detectors and telescopes
have beendesigned anddeployedwith these goals inmind, ranging
from space- and ground-based gamma-ray telescopes and cosmic-
ray detectors, to large underground, under-ice, and underwater
neutrino telescopes [45]. Current and planned indirect search ex-
periments are listed in [46].

Motivating the existing and planned indirect detection efforts
is the characteristic annihilation cross section of WIMP thermal
relics. Although the precise value of this cross section depends
on a number of model-dependent features, WIMP candidates that
annihilate to the correct relic density to be dark matter typically
have average cross sections (multiplied by the relative velocity of
the annihilating WIMPs) of h�vi ⇠ 3 ⇥ 10�26 cm3/s.

Excitingly, indirect detection experiments have started to reach
the level of sensitivity required to discover WIMPs with this an-
nihilation cross section (thermal WIMP). Current constraints from
the FermiGamma-Ray Space Telescope observations of someMilky
Way satellite galaxies have begun to exclude the low-mass region
of some thermal WIMP models [47]. On the other hand, there are
excesses seen in gamma rays andmicrowaves towards the Galactic
Center that are remarkably consistent with a thermal WIMP dark
matter interpretation, though other explanations have not been
ruled out.

Measurements of the cosmic-ray antiproton spectrum from
PAMELA also constrain some of the thermal WIMP models, with
further results expected from AMS-02 experiment on the Interna-
tional Space Station. Above about 10 GeV, there is an excess in the
cosmic-ray positron flux which is seen by PAMELA, Fermi and the
AMS-02 experiments. This has been interpreted as a sign of dark
matter annihilating to leptons, although nearby pulsars could also
provide an explanation. The indirect detection of dark matter is a
major science goal of the kilometer-scale neutrino telescope Ice-
Cube as well. In contrast to other indirect searches, neutrino tele-
scopes are most sensitive to WIMPs that annihilate in the core of
the Sun. Current constraints from IceCube data have begun to ex-
clude otherwise viable WIMP models.

Indirect searches are not limited to dark matter in the form
of WIMPs. Sterile neutrinos, for example, are predicted to decay,
leading to potentially observable X-ray spectral lines [48]. Solar
axion searches are sensitive to axions produced in the Sun (because
of their coupling to photons) which then convert in the magnetic
field of the detector [49].

3.3. Particle colliders

Darkmattermay also be produced in high-energy particle colli-
sions. For example, if dark matter has substantial couplings to nu-
clear matter, it can be created in proton–proton collisions at the
Large Hadron Collider (LHC). Once produced, dark matter particles
will likely pass through detectors without a trace, but their exis-
tencemay be inferred froman imbalance in the visiblemomentum,
just as in the case of neutrinos. Searches for dark matter at the LHC
are therefore typified by missing momentum, and can be catego-
rized by the nature of the visible particles that accompany the dark
matter production. Because backgrounds are typically smaller for
larger values of missing momentum, collider searches tend to be
most effective for low-mass dark matter particles, which are more
easily produced with high momentum.
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Satellite galaxies in WDM 2321

Figure 3. Images of the CDM (left) and WDM (right) level 2 haloes at z = 0. Intensity indicates the line-of-sight projected square of the density and hue the
projected density-weighted velocity dispersion, ranging from blue (low velocity dispersion) to yellow (high velocity dispersion). Each box is 1.5 Mpc on a
side. Note the sharp caustics visible at large radii in the WDM image, several of which are also present, although less well defined, in the CDM case.

the mass they have at the time when they first infall into the main
halo (which is very close to the maximum mass they ever attain).
At this epoch it is relatively easy to match the largest substructures
in these three simulations as the corresponding objects have very
similar positions, velocities and masses.

The number of subhaloes that can be matched between the two
WDM simulations is much smaller than that between the corre-
sponding CDM simulations, and is also a much smaller fraction of
the total number of subhaloes identified by SUBFIND. The majority
of substructures identified in the WDM simulations form through
fragmentation of the sharply delineated filaments characteristic of
WDM simulations and do not have counterparts in the simulations
of different resolution. The same phenomenon is seen in hot dark
matter simulations and is numerical in origin, occurring along the
filaments on a scale matching the interparticle separation (Wang &
White 2007). This artificial fragmentation is apparent in Fig. 3.

We will present a detailed description of subhalo matching in
a subsequent paper but, in essence, we have found that matching
subhaloes works best when comparing the Lagrangian regions of
the initial conditions from which the subhaloes form, rather than
the subhaloes themselves. We use a sample of the particles present
in a subhalo at the epoch when it had half of the mass at infall to de-
fine the Lagrangian region from which it formed. We have devised
a quantitative measure of how well the Lagrangian regions of the
substructures overlap between the simulations of different resolu-
tion, and select as genuine only those subhaloes with strong matches
between all three resolutions. We find that these criteria identify a
sample of 15 relatively massive subhaloes with mass at infall greater
than 2 × 109 M⊙, together with a few more subhaloes with infall
mass below 109 M⊙. This sample of 15 subhaloes includes all of
the subhaloes with infall masses greater 109 M⊙.

We have also found that the shapes of the Lagrangian regions
of spurious haloes in our WDM simulations are typically very as-
pherical. We have therefore devised a second measure based on

sphericity as an independent way to reject spurious haloes. All 15
of the massive subhaloes identified by the first criterion pass our
shape test, but all but one subhalo with an infall mass below 109 M⊙
are excluded. For the purposes of this paper we need only the 12
most massive subhaloes at infall to make comparisons with the
Milky Way satellites.

For both our WDM and CDM catalogues, we select a sample
made up of the 12 most massive subhaloes at infall found today
within 300 kpc of the main halo centre. In the Aq-AW2 simulation,
these subhaloes are resolved with between about 2 and 0.23 million
particles at their maximum mass. We use the particle nearest the
centre of the gravitational potential to define the centre of each
subhalo and hence determine the values of Vmax and rmax defined in
Section 1.

3 R ESULTS

In this section, we study the central masses of the substructures
found within 300 kpc of the centres of the CDM and WDM Milky
Way like haloes. These results are compared with the masses within
the half-light radii, inferred by Walker et al. (2009, 2010) and Wolf
et al. (2010) from kinematic measurements, for the nine bright (LV >

105 L⊙) Milky Way dwarf spheroidal galaxies.
Following the study by Boylan-Kolchin et al. (2011), in Fig. 4

we plot the correlation between Vmax and rmax for the subhaloes
in Aq-AW2 and Aq-A2 that lie within 300 kpc of the centre of
the main halo. Only those WDM subhaloes selected using our
matching scheme are included, whereas all Aq-A2 subhaloes are
shown. The CDM subhaloes are a subset of those shown in fig. 2 of
Boylan-Kolchin et al. (2011), and show Vmax values that are typi-
cally ∼50 per cent larger than those of WDM haloes with a similar
rmax. By assuming that the mass density in the subhaloes containing
the observed dwarf spheroidals follows an NFW profile (Navarro,
Frenk & White 1996b, 1997), Boylan-Kolchin et al. (2011) found

C⃝ 2012 The Authors, MNRAS 420, 2318–2324
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS

Lovell et al. (2012)

Warm Dark MatterCold Dark Matter

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 ⇠ 10

6 h2
M�kpc

�3 for halo masses around ⇠ 10

10 h�1
M�

to ⇠ 10

8 h2
M�kpc

�3 for halo masses around ⇠ 10

14 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

MNRAS 000, 1–18 (2015)

Vogelsberger et al. (2016)
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Figure 1. Projected surface densities around the MW-mass host in the Latte simulation at z=0: the dark-matter-only simulation (left);
dark matter (middle) and stars (right) in the baryonic simulation. Color scales are logarithmic, both spanning 104�108 M� kpc�2. The
baryonic simulation contains ⇡ 3⇥ fewer subhalos than the dark-matter-only simulation at fixed V

circ,max

, with 13 satellite galaxies at
M

star

>8⇥ 104 M�.

Figure 2. Left: profiles of circular velocity, v
circ

(r) =
p

Gm
total

(< r)/r at z = 0. Points show observed satellites of the MW with
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Dark Matter  
(Dark Matter + Baryons)

Stars  
(Dark Matter + Baryons)

High-resolution cosmological simulations are now able to robustly 
include core elements of baryonic physics at Milky Way scales (e.g., 

FIRE/Latte, EAGLE/APOSTLE, etc.)

Astrophysical processes also impact halo structure

*Jargon: Astrophysicists use “baryons” to refer to all standard model particles
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Warm Dark Matter
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Satellite galaxies in WDM 2321

Figure 3. Images of the CDM (left) and WDM (right) level 2 haloes at z = 0. Intensity indicates the line-of-sight projected square of the density and hue the
projected density-weighted velocity dispersion, ranging from blue (low velocity dispersion) to yellow (high velocity dispersion). Each box is 1.5 Mpc on a
side. Note the sharp caustics visible at large radii in the WDM image, several of which are also present, although less well defined, in the CDM case.

the mass they have at the time when they first infall into the main
halo (which is very close to the maximum mass they ever attain).
At this epoch it is relatively easy to match the largest substructures
in these three simulations as the corresponding objects have very
similar positions, velocities and masses.

The number of subhaloes that can be matched between the two
WDM simulations is much smaller than that between the corre-
sponding CDM simulations, and is also a much smaller fraction of
the total number of subhaloes identified by SUBFIND. The majority
of substructures identified in the WDM simulations form through
fragmentation of the sharply delineated filaments characteristic of
WDM simulations and do not have counterparts in the simulations
of different resolution. The same phenomenon is seen in hot dark
matter simulations and is numerical in origin, occurring along the
filaments on a scale matching the interparticle separation (Wang &
White 2007). This artificial fragmentation is apparent in Fig. 3.

We will present a detailed description of subhalo matching in
a subsequent paper but, in essence, we have found that matching
subhaloes works best when comparing the Lagrangian regions of
the initial conditions from which the subhaloes form, rather than
the subhaloes themselves. We use a sample of the particles present
in a subhalo at the epoch when it had half of the mass at infall to de-
fine the Lagrangian region from which it formed. We have devised
a quantitative measure of how well the Lagrangian regions of the
substructures overlap between the simulations of different resolu-
tion, and select as genuine only those subhaloes with strong matches
between all three resolutions. We find that these criteria identify a
sample of 15 relatively massive subhaloes with mass at infall greater
than 2 × 109 M⊙, together with a few more subhaloes with infall
mass below 109 M⊙. This sample of 15 subhaloes includes all of
the subhaloes with infall masses greater 109 M⊙.

We have also found that the shapes of the Lagrangian regions
of spurious haloes in our WDM simulations are typically very as-
pherical. We have therefore devised a second measure based on

sphericity as an independent way to reject spurious haloes. All 15
of the massive subhaloes identified by the first criterion pass our
shape test, but all but one subhalo with an infall mass below 109 M⊙
are excluded. For the purposes of this paper we need only the 12
most massive subhaloes at infall to make comparisons with the
Milky Way satellites.

For both our WDM and CDM catalogues, we select a sample
made up of the 12 most massive subhaloes at infall found today
within 300 kpc of the main halo centre. In the Aq-AW2 simulation,
these subhaloes are resolved with between about 2 and 0.23 million
particles at their maximum mass. We use the particle nearest the
centre of the gravitational potential to define the centre of each
subhalo and hence determine the values of Vmax and rmax defined in
Section 1.

3 R ESULTS

In this section, we study the central masses of the substructures
found within 300 kpc of the centres of the CDM and WDM Milky
Way like haloes. These results are compared with the masses within
the half-light radii, inferred by Walker et al. (2009, 2010) and Wolf
et al. (2010) from kinematic measurements, for the nine bright (LV >

105 L⊙) Milky Way dwarf spheroidal galaxies.
Following the study by Boylan-Kolchin et al. (2011), in Fig. 4

we plot the correlation between Vmax and rmax for the subhaloes
in Aq-AW2 and Aq-A2 that lie within 300 kpc of the centre of
the main halo. Only those WDM subhaloes selected using our
matching scheme are included, whereas all Aq-A2 subhaloes are
shown. The CDM subhaloes are a subset of those shown in fig. 2 of
Boylan-Kolchin et al. (2011), and show Vmax values that are typi-
cally ∼50 per cent larger than those of WDM haloes with a similar
rmax. By assuming that the mass density in the subhaloes containing
the observed dwarf spheroidals follows an NFW profile (Navarro,
Frenk & White 1996b, 1997), Boylan-Kolchin et al. (2011) found

C⃝ 2012 The Authors, MNRAS 420, 2318–2324
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS

Lovell et al. (2012)

Warm Dark MatterCold Dark Matter
e.g., Sterile Neutrino
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Baryon Scattering Fuzzy Dark Matter

Dark matter models that suppress small-scale 
structure are probed by the existence of the smallest 

dark matter halos

Nadler et al. (2019)

Armengaud et al. (2017)
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Satellite galaxies in WDM 2321

Figure 3. Images of the CDM (left) and WDM (right) level 2 haloes at z = 0. Intensity indicates the line-of-sight projected square of the density and hue the
projected density-weighted velocity dispersion, ranging from blue (low velocity dispersion) to yellow (high velocity dispersion). Each box is 1.5 Mpc on a
side. Note the sharp caustics visible at large radii in the WDM image, several of which are also present, although less well defined, in the CDM case.

the mass they have at the time when they first infall into the main
halo (which is very close to the maximum mass they ever attain).
At this epoch it is relatively easy to match the largest substructures
in these three simulations as the corresponding objects have very
similar positions, velocities and masses.

The number of subhaloes that can be matched between the two
WDM simulations is much smaller than that between the corre-
sponding CDM simulations, and is also a much smaller fraction of
the total number of subhaloes identified by SUBFIND. The majority
of substructures identified in the WDM simulations form through
fragmentation of the sharply delineated filaments characteristic of
WDM simulations and do not have counterparts in the simulations
of different resolution. The same phenomenon is seen in hot dark
matter simulations and is numerical in origin, occurring along the
filaments on a scale matching the interparticle separation (Wang &
White 2007). This artificial fragmentation is apparent in Fig. 3.

We will present a detailed description of subhalo matching in
a subsequent paper but, in essence, we have found that matching
subhaloes works best when comparing the Lagrangian regions of
the initial conditions from which the subhaloes form, rather than
the subhaloes themselves. We use a sample of the particles present
in a subhalo at the epoch when it had half of the mass at infall to de-
fine the Lagrangian region from which it formed. We have devised
a quantitative measure of how well the Lagrangian regions of the
substructures overlap between the simulations of different resolu-
tion, and select as genuine only those subhaloes with strong matches
between all three resolutions. We find that these criteria identify a
sample of 15 relatively massive subhaloes with mass at infall greater
than 2 × 109 M⊙, together with a few more subhaloes with infall
mass below 109 M⊙. This sample of 15 subhaloes includes all of
the subhaloes with infall masses greater 109 M⊙.

We have also found that the shapes of the Lagrangian regions
of spurious haloes in our WDM simulations are typically very as-
pherical. We have therefore devised a second measure based on

sphericity as an independent way to reject spurious haloes. All 15
of the massive subhaloes identified by the first criterion pass our
shape test, but all but one subhalo with an infall mass below 109 M⊙
are excluded. For the purposes of this paper we need only the 12
most massive subhaloes at infall to make comparisons with the
Milky Way satellites.

For both our WDM and CDM catalogues, we select a sample
made up of the 12 most massive subhaloes at infall found today
within 300 kpc of the main halo centre. In the Aq-AW2 simulation,
these subhaloes are resolved with between about 2 and 0.23 million
particles at their maximum mass. We use the particle nearest the
centre of the gravitational potential to define the centre of each
subhalo and hence determine the values of Vmax and rmax defined in
Section 1.

3 R ESULTS

In this section, we study the central masses of the substructures
found within 300 kpc of the centres of the CDM and WDM Milky
Way like haloes. These results are compared with the masses within
the half-light radii, inferred by Walker et al. (2009, 2010) and Wolf
et al. (2010) from kinematic measurements, for the nine bright (LV >

105 L⊙) Milky Way dwarf spheroidal galaxies.
Following the study by Boylan-Kolchin et al. (2011), in Fig. 4

we plot the correlation between Vmax and rmax for the subhaloes
in Aq-AW2 and Aq-A2 that lie within 300 kpc of the centre of
the main halo. Only those WDM subhaloes selected using our
matching scheme are included, whereas all Aq-A2 subhaloes are
shown. The CDM subhaloes are a subset of those shown in fig. 2 of
Boylan-Kolchin et al. (2011), and show Vmax values that are typi-
cally ∼50 per cent larger than those of WDM haloes with a similar
rmax. By assuming that the mass density in the subhaloes containing
the observed dwarf spheroidals follows an NFW profile (Navarro,
Frenk & White 1996b, 1997), Boylan-Kolchin et al. (2011) found

C⃝ 2012 The Authors, MNRAS 420, 2318–2324
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the mass they have at the time when they first infall into the main
halo (which is very close to the maximum mass they ever attain).
At this epoch it is relatively easy to match the largest substructures
in these three simulations as the corresponding objects have very
similar positions, velocities and masses.

The number of subhaloes that can be matched between the two
WDM simulations is much smaller than that between the corre-
sponding CDM simulations, and is also a much smaller fraction of
the total number of subhaloes identified by SUBFIND. The majority
of substructures identified in the WDM simulations form through
fragmentation of the sharply delineated filaments characteristic of
WDM simulations and do not have counterparts in the simulations
of different resolution. The same phenomenon is seen in hot dark
matter simulations and is numerical in origin, occurring along the
filaments on a scale matching the interparticle separation (Wang &
White 2007). This artificial fragmentation is apparent in Fig. 3.

We will present a detailed description of subhalo matching in
a subsequent paper but, in essence, we have found that matching
subhaloes works best when comparing the Lagrangian regions of
the initial conditions from which the subhaloes form, rather than
the subhaloes themselves. We use a sample of the particles present
in a subhalo at the epoch when it had half of the mass at infall to de-
fine the Lagrangian region from which it formed. We have devised
a quantitative measure of how well the Lagrangian regions of the
substructures overlap between the simulations of different resolu-
tion, and select as genuine only those subhaloes with strong matches
between all three resolutions. We find that these criteria identify a
sample of 15 relatively massive subhaloes with mass at infall greater
than 2 × 109 M⊙, together with a few more subhaloes with infall
mass below 109 M⊙. This sample of 15 subhaloes includes all of
the subhaloes with infall masses greater 109 M⊙.

We have also found that the shapes of the Lagrangian regions
of spurious haloes in our WDM simulations are typically very as-
pherical. We have therefore devised a second measure based on

sphericity as an independent way to reject spurious haloes. All 15
of the massive subhaloes identified by the first criterion pass our
shape test, but all but one subhalo with an infall mass below 109 M⊙
are excluded. For the purposes of this paper we need only the 12
most massive subhaloes at infall to make comparisons with the
Milky Way satellites.

For both our WDM and CDM catalogues, we select a sample
made up of the 12 most massive subhaloes at infall found today
within 300 kpc of the main halo centre. In the Aq-AW2 simulation,
these subhaloes are resolved with between about 2 and 0.23 million
particles at their maximum mass. We use the particle nearest the
centre of the gravitational potential to define the centre of each
subhalo and hence determine the values of Vmax and rmax defined in
Section 1.

3 R ESULTS

In this section, we study the central masses of the substructures
found within 300 kpc of the centres of the CDM and WDM Milky
Way like haloes. These results are compared with the masses within
the half-light radii, inferred by Walker et al. (2009, 2010) and Wolf
et al. (2010) from kinematic measurements, for the nine bright (LV >

105 L⊙) Milky Way dwarf spheroidal galaxies.
Following the study by Boylan-Kolchin et al. (2011), in Fig. 4

we plot the correlation between Vmax and rmax for the subhaloes
in Aq-AW2 and Aq-A2 that lie within 300 kpc of the centre of
the main halo. Only those WDM subhaloes selected using our
matching scheme are included, whereas all Aq-A2 subhaloes are
shown. The CDM subhaloes are a subset of those shown in fig. 2 of
Boylan-Kolchin et al. (2011), and show Vmax values that are typi-
cally ∼50 per cent larger than those of WDM haloes with a similar
rmax. By assuming that the mass density in the subhaloes containing
the observed dwarf spheroidals follows an NFW profile (Navarro,
Frenk & White 1996b, 1997), Boylan-Kolchin et al. (2011) found
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Self-Interacting Dark Matter
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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 ⇠ 10

6 h2
M�kpc

�3 for halo masses around ⇠ 10

10 h�1
M�

to ⇠ 10

8 h2
M�kpc

�3 for halo masses around ⇠ 10

14 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

MNRAS 000, 1–18 (2015)

Vogelsberger et al. (2016)

Self-Interacting Dark MatterCold Dark Matter

e.g., Dark photon



Halo Density Profiles
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Radius from Galactic Center

Bullock & Boylan-Kolchin (2017)
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SIDM surpasses central density… but so do baryons

Radius from Galactic Center
r (kpc)

Fitts et al. (2016)

DM Only
DM + baryons



Too Big To Fail
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Dark Matter Only Dark Matter + Baryons

The central regions of dwarf galaxies are less 
dense than CDM-only simulations

Garrison-Kimmel et al. (2014) Garrison-Kimmel et al. (2019)

Adding baryons largely resolve this discrepancy



Diversity of Rotation Curves
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Oman et al. (2015)

Rotation curves of 
dwarf spiral 

galaxies show more 
diversity than 

expected from CDM

SIDM thermalizes 
inner regions of 
halos, tying the 

baryonic and dark 
matter distributions



Joint Sensitivity Projections for LSST
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LSST

30m Telescopes

Cyr-Racine et al. (from 1902.01055)

Next-generation experiments will be sensitive to 
WDM and SIDM properties simultaneously

Recover SIDM/WDM properties with 
satellite galaxies discovered by LSST

Simulation



Summary

• Astrophysics and cosmology probe 
fundamental particle physics of dark matter 
via gravity.

• Observations and simulations continue to 
improve our ability to disentangle dark matter 
physics from baryonic effects.

• Exciting new experiments are under 
construction!
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