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Dark matter physics imprints itself on 
P(k) throughout cosmic history: 

• Scales much smaller than 1 Mpc 
comoving are largely unexplored 

• New DM physics affects abundance, 
profiles, clustering of low-mass halos 

• Observational probes of small halos: 
dwarf galaxies and strong lensing 
(current), stellar streams (future)

Dark Matter Physics on Small Scales



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
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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
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Mhalo ⇠ 1010�106 M�
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Bullock &  
Boylan-Kolchin 2017

Pacucci et al. 2013

Cutoff in linear matter power spectrum → suppression in abundance of low-mass halos relative to CDM

Dark Matter Physics on Small Scales
Key observable: abundance of halos and galaxies throughout cosmic history



Qualitatively similar suppression of low-mass halos: free-streaming, DM interactions, ultra-light DM interference

Transfer function Subhalo mass function

EN & Drlica-Wagner et 
al. 2021 (2008.00022)

Key observable: abundance of halos and galaxies throughout cosmic history

Dark Matter Physics on Small Scales



Constraints from: Viel et al. 2005, Viel et al. 2006, Seljak et al. 2006, Polisensky et al. 2011, Kennedy et al. 2014, Birrer et al. 2017, Irsic et al. 2017, Jethwa et al. 2017, Murgia 
et al. 2018, Vegetti et al. 2018, Ritondale et al. 2019, Gilman et al. 2019a,b, Hseuh et al. 2019, Palanque-Delabrouille et al. 2020 Enzi et al. 2020, EN et al. 2019, 2021a,b

Excluded

Review of Small-scale Constraints
Credit: A. Drlica-Wagner

Independent small-scale structure 
probes yield similar constraints on 
the (lack of) a cutoff: 

• Lyman-α forest: mildly non-linear  
scales at intermediate redshifts 

• Milky Way satellites: non-linear 
scales in the local Universe 

• Strong gravitational lensing: non-
linear scales at low redshifts



Constraints from: Viel et al. 2005, Viel et al. 2006, Seljak et al. 2006, Polisensky et al. 2011, Kennedy et al. 2014, Birrer et al. 2017, Irsic et al. 2017, Jethwa et al. 2017, Murgia 
et al. 2018, Vegetti et al. 2018, Ritondale et al. 2019, Gilman et al. 2019a,b, Hseuh et al. 2019, Palanque-Delabrouille et al. 2020 Enzi et al. 2020, EN et al. 2019, 2021a,b

Excluded

Review of Small-scale Constraints
Credit: A. Drlica-Wagner

Independent small-scale structure 
probes yield similar constraints on 
the (lack of) a cutoff: 

• Lyman-α forest: mildly non-linear  
scales at intermediate redshifts 

• Milky Way satellites: non-linear 
scales in the local Universe 

• Strong gravitational lensing: non-
linear scales at low redshifts

this talk



Cold dark matter New dark matter physics

Lovell et al. 2012

Small-scale Probes: Milky Way Satellite Galaxies



Credit: K. Bechtol

The Milky Way Satellite Population



Wechsler & Tinker 2018

stellar to halo 
mass ratio

Ultra-faint galaxies occupy 
the smallest luminous halos: 
inevitable consequence of 
bottom-up structure formation



Milky Way Satellites: Constraints on the Cutoff

zoom-in simulations
semi-analytic model 

(no disruption)
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Milky Way satellite luminosity function
Milky Way subhalo mass function predictions 

Mhalo ⇠ 108 M�
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Drlica-Wagner & Bechtol et al. 
2020 (1912.03302)

EN et al. 2022 (2209.02675)

• Conservatively, subhalos down to ~109 M☉ must exist to host the faintest MW satellites in CDM 

• Inefficient galaxy formation, large scatter in the galaxy-halo connection, and disruption due to the MW 
galaxy (all predicted by hydrodynamic simulations) push this limit to even lower halo mass
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1. Resimulate Milky Way-  
    like halos from large   
    cosmological volume.

2. Paint satellite galaxies   
    onto subhalos using    
    galaxy—halo model.

4. Calculate likelihood of  
    observed satellites  
    given galaxy—halo  
    connection parameters.

3. Apply observational  
    selection functions  
    based on imaging data.
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Simulated LMC

M50
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Probabilistic forward modeling of 
the Milky Way satellite population: 

• Calibrate on simulations of MW-
like systems with realistic LMC 
analogs and merger histories 

• Conservatively marginalize over 
uncertain baryonic physics, with 
priors informed by larger-scale 
data and hydro simulations 

• Jointly infer DM properties and 
galaxy-halo connection

EN & Wechsler et al. 2020 (1912.03303)

MW

LMC



Milky Way

Large Magellanic Cloud

Gaia-Enceladus

Visualization: Ralf Kaehler Simulation: EN, Y.-Y. Mao 
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Milky Way Satellites: Constraints on the Cutoff

EN & Wechsler et al. 2020 (1912.03303)



EN & Drlica-Wagner et al. 2021 (2008.00022); also see Newton et al. 2021 (2011.08865)

Jointly infer subhalo mass function suppression, 
galaxy-halo connection, and MW halo properties 
to derive conservative DM constraints

Transfer function

Subhalo mass function

Satellite luminosity function

mWDM > 6.5 keV at 95% confidence, comparable 
to constraints from other small-scale probes
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EN & Drlica-Wagner et al. 2021 (2008.00022)

Sterile Neutrino Constraints

• MW satellite abundances disfavor nearly 
all viable parameter space for 100% 
resonantly-produced sterile neutrino DM

• Interpretation of the 3.5 keV X-ray line as 
annihilation of 100% sterile neutrino DM 
is ruled out at high confidence

• The DM free-streaming length must be 
smaller than the halos of ultra-faints:

�fs . 10 kpc
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Sterile Neutrino Constraints
• Active neutrino self-interactions allow lower mixing angles: 

• For heavy (light) mediators, sterile neutrinos are produced mainly 
through active neutrino self-interactions (mediator decays) 

• Heavy mediator scenario is ruled out by combining MW satellite, X-
ray, and particle collider limits (An, Gluscevic, EN, Zhang in prep.)

Rui An (USC)

heavy  light �
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• DM-baryon scattering suppresses power on 
small scales; Plin(k) can be similar to WDM

• Minimum halo mass corresponds to the size 
of the horizon when

• Linear theory prediction: 

Dark Matter–Baryon Interaction Constraints

Hubble rateMomentum 
transfer rate

EN, Gluscevic, Boddy, Wechsler 2019 (1904.10000)

analytic minimum halo  
mass predictions



EN & Drlica-Wagner et al. 2021 (2008.00022); also see Rogers et al. 2022 (2111.10386)

Dark Matter–Baryon Interaction Constraints

• MW satellite abundances improve 
cosmological DM-proton scattering 
limits by orders of magnitude 

• Similar improvements for velocity-
dependent scattering, interactions 
with electrons, radiation, etc. 

• Complementary to direct detection 
at low masses/high cross sections



DM–baryon interaction initial conditions Halo and subhalo mass functions

50+ high-resolution Milky Way-like zoom-in 
simulations: warm, interacting, fuzzy ICs

Beyond-CDM Milky Way-like Simulations

MW

LMC

Preliminary

with R. An, A. Benson, X. Du, V. Gluscevic

 

 



Simulating Dark Matter–Baryon Interactions

with K. Maamari, V. Gluscevic

Preliminary

Karime Maamari  
(USC)



Ultra-light Axion Constraints

• MW satellite abundances strongly 
disfavor DM masses below 10-21 eV

• ULA models that create ~kpc-scale 
cores are difficult to reconcile with 
MW satellite abundances

• Conservative assumptions: infall halo 
mass function suppression and lack 
of solitonic disruption; ~1-2 order-of-
magnitude improvement possible

EN & Drlica-Wagner et al. 2021 (2008.00022); also see Rogers et al. 2021 (2007.12705)



Glennon, EN et al. 2022 (2205.10336)

Axion self-interactions can impact soliton evolution due to large phase-space density

almost always ignored!
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Mau & EN et al. 2022 (2201.11740)

• DM lifetimes < 20 Gyr that may alleviate S8 
are disfavored by MW satellite abundances 
assuming complete stellar disruption

Decaying Dark Matter Constraints

Sidney Mau 
(Stanford)

• Two-body DM decays inject energy into 
subhalos, coring them and making them 
susceptible to tidal disruption 
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• Simulations (even dark matter-only plus empirical galaxy-halo modeling) are prohibitively 
slow for cosmological inference beyond setting conservative limits  

• Current semi-analytic models are also not feasible: only ~0.1% of Milky Way-mass halos 
satisfy constraints needed to model the full MW satellite population accurately 

• Galacticus-MW: an ePS-based semi-analytic model that efficiently and accurately 
generates constrained MW satellite population realizations

Towards P(k) Constraints



LMC

Halo mass

Ti
m

e

MW

Towards P(k) Constraints

unconstrained

MW constraint

• Solve constrained excursion set problem using 
Brownian bridges (constrained random walks) 

• Analytically guarantees a desired merger history 

• Solutions are fully integrated in Galacticus-MW

EN, Benson, Driskell, Du, Gluscevic, to appear



LMC

Halo mass

Ti
m

e

MW

Towards P(k) Constraints
• Solve constrained excursion set problem using 

Brownian bridges (constrained random walks) 

• Analytically guarantees a desired merger history 

• Solutions are fully integrated in Galacticus-MW

EN, Benson, Driskell, Du, Gluscevic, to appear



constrained

A brief detour: JWST High-z Galaxy Candidates

EN, Benson, Driskell, Du, Gluscevic, to appear

constrained halo

• Match constraints to JWST galaxy 
candidates’ estimated halo properties; 
~105 times faster than standard ePS  

• High-z JWST candidates likely merge 
~2 Gyr after observation epochs

unconstrained

 



Galacticus-MW is already reasonably consistent with MW-like CDM simulations; recalibration 
in progress, including for non-CDM models (direct constraints on ePS window function)

Towards P(k) Constraints



Preliminary

subhalo mass function 

galaxy-halo connection

• Model-independent subhalo mass function 
forecast disfavors more than 75% suppression 
relative to CDM at ~108 M☉ 

• For models with enhanced subhalo mass 
functions, baryonic physics degeneracies are 
significant at low halo masses



Forecasted sensitivity, 
current DES+PS1 data

Towards P(k) Constraints

• Current MW satellite abundances 
can place model-independent P(k) 
limits on unexplored scales

• MW satellite abundances are less 
sensitive to enhanced P(k): baryonic 
physics can ‘hide’ extra structure

• Sensitivity to negative running ns is 
competitive with Planck, with kpivot 
orders of magnitude smaller

Preliminary

Andrew Benson 
(Carnegie)

Vera Gluscevic 
(USC)
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LSST is expected to discover ~100 new Milky Way satellites in the Southern 
hemisphere and many ultra-faint dwarf galaxies beyond the Milky Way

Future Ultra-faint Dwarf Galaxy Constraints

Fit to Milky Way  
Satellite 

Census 2020
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Drlica-Wagner et al. 2019, 
incl. EN (1902.01055)

Mhalo ⇠ 108 M�
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Cold dark matter

Credit: Simon Birrer
New dark matter physics

Hubble Space Telescope

quadruply imaged quasar

Small-scale Probes: Strong Gravitational Lensing



Flux Ratio Statistics Constraints
Gilman et al. 2020

• Flux ratio statistics of quadruply-imaged 
quasars, lensed by lower-redshift galaxies, 
probe the abundance and density profiles of 
low-mass subhalos and line-of-sight halos 

• Recent flux ratio analyses use ~10 strong 
lens systems: sample will drastically increase 

Nierenberg et al. 2019 CDM WDM



Flux Ratio Statistics Constraints

Gilman et al. 2020a (1908.06983), 2020b (1909.02573); also see Hsueh et al. 2020 (1905.04182)

Constraints are sensitive to halo profiles

Analysis of 8 quadruply-imaged quasars; 
semi-analytic subhalo + LOS halo model



Constraints from: Viel et al. 2005, Viel et al. 2006, Seljak et al. 2006, Polisensky et al. 2011, Kennedy et al. 2014, Birrer et al. 2017, Irsic et al. 2017, Jethwa et al. 2017, Murgia 
et al. 2018, Vegetti et al. 2018, Ritondale et al. 2019, Gilman et al. 2019a,b, Hseuh et al. 2019, Palanque-Delabrouille et al. 2020 Enzi et al. 2020, Nadler et al. 2019,2021a,b

Excluded

Joint Analyses of Small-scale Probes

Combinations of small-scale 
probes currently set the most 
stringent constraints on a cutoff

Strong lensing + Milky Way satellites

Together, strong lensing and MW 
satellites simultaneously probe:  

• DM microphysics that affects 
halos at/below ~108 M☉ 

• The halo mass threshold for 
galaxy formation 

• The existence of dark halos
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Strong Lensing + Milky Way Satellite Constraints

EN, S. Birrer, D. Gilman et al. 2021 (2101.07810); also see Enzi et al. 2021 (2010.13902)
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• Combining marginalized posteriors from flux 
ratio and MW satellite analyses improves 
constraints on DM properties 

• WDM constraints improve by ~30%, yielding 
mWDM > 9.7 keV at 95% confidence 

• Additional constraining power comes from 
different degeneracies between (sub)halo 
mass function amplitude and WDM cutoff in 
the two analyses

Strong Lensing + Milky Way Satellite Constraints

EN, S. Birrer, D. Gilman et al. 2021 (2101.07810); also see Enzi et al. 2021 (2010.13902)



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

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

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
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Lovell et al. (2012)

Future Strong Lensing Constraints

Credit: Simon Birrer
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Number of strong lenses

LSST & Roman are expected to discover 
thousands of strong lenses, to be followed 

up spectroscopically for DM science

Drlica-Wagner et al. 2019 (1902.01055)

Probed by LSST

Mhalo ≲ 108 M☉ 

Roman, etc.

ELTs, etc.



Upcoming KITP Programs

DATES 
May 20, 2024 - Jul 12, 2024 

DATES 
Jun 3, 2024 - Jun 6, 2024 



• Dark matter microphysics generically affects small-scale structure via halo and galaxy 
abundances, density profiles, and clustering 

• Milky Way satellite abundances set stringent limits on the lack of a small-scale cutoff, and thus 
a variety of dark matter models: WDM, DM-baryon interactions, ultra-light DM, and more 

• These constraints will continue to improve in the era of next-generation observational facilities, 
and particularly the Vera C. Rubin Observatory

• Simulation-based inference on small scales is prohibitively slow; Galacticus-MW efficiently 
generates constrained, semi-analytic Milky Way subhalo population realizations 

• A modeling framework capable of joint analysis that combines small-scale data is crucial to 
extract maximum information and enable robust measurements of new physics



Thanks! 

Susmita Adhikari, Rui An, Arka Banerjee, Keith Bechtol, Andrew Benson,  
Simon Birrer, Kimberly Boddy, Alex Drlica-Wagner, Xiaolong Du,  

Vera Gluscevic, Yao-Yuan Mao, Sidney Mau, Risa Wechsler


