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Why study dwarf galaxies?



Dwarf galaxies are <adjective> <plural noun> of galaxy formation. They 
also are the <adjective> place to test CDM, as <adjective> of the most 
<adjective> challenges to the model are found in the dwarf regime. 
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Small-scale issues: ΛCDM vs dwarf galaxies

?

Cuspy density profiles, but observations indicate cored density profiles 
(cusp-core problem; Moore et al. 1994, Flores & Primack 1994)

Vast spectrum of substructure, but only a handful of dwarf galaxies 
(missing satellites; Klypin et al. 1999, Moore et al. 1999)

Simulated dark matter halos are generically too abundant and too 
dense compared to observations of low-mass galaxies

Measurable masses of brightest dwarfs: much smaller than expected for 
biggest dark matter subhalos (too big to fail; MBK et al. 2011, 2012)



Issues persist independent of environment

AA55CH09-Bullock ARI 3 August 2017 10:7
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Figure 10
The too-big-to-fail problem. (a) Data points show the circular velocities of classical MW satellite galaxies with M ⋆ ≃ 105−7 M⊙
measured at their half-light radii r1/2. The magenta lines show the circular velocity curves of subhalos from one of the (dark
matter–only) Aquarius simulations. These are specifically the subhalos of a Milky Way–sized host that have peak maximum circular
velocities V max > 30 km s−1 at some point in their histories. Halos that are this massive are likely resistant to strong star-formation
suppression by reionization and thus naı̈vely too big to have failed to form stars. The existence of a large population of such satellites
with greater central masses than any of the MW’s dwarf spheroidals is the original too-big-to-fail problem. Modified from Boylan-
Kolchin et al. (2012) with permission. (b) The same problem—a mismatch between central masses of simulated dark matter systems and
observed galaxies—persists for field dwarfs (magenta points), indicating it is not a satellite-specific process. The field galaxies shown all
have stellar masses in the range of 5.75 ≤ log10(M ⋆/M⊙) ≤ 7.5. The gray curves are predictions for "CDM halos from the fully
self-consistent hydrodynamic simulations of Fitts et al. (2016) that span the same stellar mass range in the simulations as the observed
galaxies. Modified from Papastergis & Ponomareva (2017) with permission. Abbreviation: MW, Milky Way.

pointed out for more isolated low-mass galaxies, first based on HI rotation curve data (Ferrero et al.
2012) and subsequently using velocity width measurements (Papastergis et al. 2015, Papastergis &
Shankar 2016). This version of too-big-to-fail in the field is also manifested in the velocity function
of field galaxies [Zavala et al. (2009), Klypin et al. (2015), Schneider et al. (2016), Trujillo-Gomez
et al. (2016); though see Macciò et al. (2016) and Brooks et al. (2017) for arguments that no
discrepancy exists]. We note that the mismatch between the observed and predicted velocity
functions can also be interpreted as a missing dwarfs problem if one considers the discrepancy as
one in numbers at fixed V halo. We believe, however, that the more plausible interpretation is a
discrepancy in V halo at fixed number density. The generic observation in the low-redshift Universe,
then, is that the inferred central masses of galaxies with 105 ! M ⋆/M⊙ ! 108 are ∼50% smaller
than expected from dissipationless "CDM simulations.

The too-big-to-fail and cusp-core problems would be naturally connected if low-mass galaxies
generically have DM cores, as this would reduce their central densities relative to CDM expecta-
tions. (For a sense of the problem, the amount of mass that would need to be removed to alleviate
the issue on classical dwarf scales is ∼107 M⊙ within ∼300 pc.) However, the problems are, in
principle, separate: One could imagine galaxies that have large constant-density cores yet still
with too much central mass relative to CDM predictions (solving the cusp-core problem but not
too-big-to-fail) or having cuspy profiles with overall lower density amplitudes than CDM (solving
too-big-to-fail but not cusp-core).
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A
nn

u.
 R

ev
. A

st
ro

n.
 A

st
ro

ph
ys

. 2
01

7.
55

:3
43

-3
87

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 U
ni

ve
rs

ity
 o

f T
ex

as
 - 

A
us

tin
 o

n 
08

/1
8/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 

Bullock & Boylan-Kolchin 2017



Why study dwarf galaxies?
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Figure 6
Abundance matching relation provided by P. Behroozi. Gray (magenta) shows a scatter of 0.2 (0.5) dex about
the median relation. The dashed line is power-law extrapolation below the regime where large sky surveys
are currently complete. The cyan band shows how the extrapolation would change as the faint-end slope of
the galaxy stellar mass function (α) is varied over the same range illustrated by the shaded gray band in
Figure 5. Note that the enumeration of M ⋆ = 105 M⊙ galaxies could provide a strong discriminator on
faint-end slope, as the ±0.15 range in α shown here maps to an order of magnitude difference in the halo
mass associated with this galaxy stellar mass and a corresponding factor of ∼10 shift in the galaxy/halo counts
shown in Figure 3.

Bright dwarfs:
M ⋆ ≈ 108 M⊙,
M vir ≈ 1011 M⊙,
M ⋆/M vir ≈ 10−3

Classical dwarfs:
M ⋆ ≈ 106 M⊙,
M vir ≈ 1010 M⊙,
M ⋆/M vir ≈ 10−4

Ultra-faint dwarfs:
M ⋆ ≈ 104 M⊙,
M vir ≈ 109 M⊙,
M ⋆/M vir ≈ 10−5

best-fit αg = −1.47 down to the stellar mass regime of Local Group dwarfs. Also shown is the
range for the two other faint-end slopes shown in Figure 5: αg = −1.62 and −1.32.

Figure 6 allows us to read off the virial mass expectations for galaxies of various sizes. We
see that bright dwarfs at the limit of detection in large sky surveys (M ⋆ ≈ 108 M⊙) are naı̈vely
associated with M vir ≈ 1011 M⊙ halos. Galaxies with stellar masses similar to that of the classical
dwarfs at M ⋆ ≈ 106 M⊙ are associated with M vir ≈ 1010 M⊙ halos. As we discuss in Section 3,
galaxies with M ⋆/M vir ≈ 10−4 are at the critical scale where feedback from star formation may
not be energetic enough to alter halo density profiles significantly. Finally, ultra-faint dwarfs with
M ⋆ ≈ 104 M⊙, M vir ≈ 109 M⊙, and M ⋆/M vir ≈ 10−5 sit at the low-mass extreme of galaxy
formation.

1.5.2. Kinematic measures. An alternative way to connect to the DM halo hosting a galaxy
is to determine the galaxy’s DM mass kinematically. This, of course, can only be done within a
central radius probed by the baryons. For the small galaxies of concern for this review, extended
mass measurements via weak lensing or hot gas emission are infeasible. Instead, masses (or mass
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M? =
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Mhalo



“Zoom-in” simulations
State of the art for Milky Way simulations:   

Latte (Wetzel et al. 2016; image 
from Hopkins et al. 2017)

Current version: mgas~7000 Msun 
Forthcoming: mgas~900 Msun (1 billion particles!)

Mhalo = 1012 M�



“Zoom-in” simulations
State of the art for (isolated) dwarf galaxy simulations:  
mgas~500 Msun (with 30-60 Msun simulations imminent)

10 A. Fitts et al.
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Figure 8. Left: 2D projected density map (gray-scale) of the dark matter for dwarf m10b_low (halo m10b at our lower resolution) at z = 0. Stars are plotted on
top of the density map in magenta. m10b_low’s completely dark satellite companion can be seen in the lower left corner. Middle: Same as left plot except at
our fiducial resolution. We can see that the companion now has a population of bound stars. Right: Same as previous two plots except for m10b_high (m10b at
our higher resolution); the satellite companion again is apparent in both dark matter and stars. Though all three versions of m10b have a prominent dark matter
satellite, the companion is only luminous in the fiducial and high resolution versions.

Table 2. Global properties at z = 0 for satellites of simulated field galaxies with Mvir ⇡ 1010 M�. Columns: (1) Virial mass of satellite; (2) Maximum
amplitude of rotation curve; (3) Stellar mass of the satellite galaxy; (4) Mass of gas ; (5) Redshift of initial accretion onto main dwarf; (6) 3D stellar half-mass
radius; (7) Satellite distance to host; (8) Ratio of virial mass of satellite to virial mass of host galaxy; (9) Ratio of stellar mass of satellite to stellar mass of host
galaxy.

Mvir Vmax M? Mgas zacc r1/2 Rto host Mvir,sat/Mvir,host M?,sat/M?,host
[M�] [km s�1] [M�] [M�] – [pc] [kpc] – –

Host Halo (1) (2) (3) (4) (5) (6) (7) (8) (9)

m10b_low 6.81 ⇥ 108 18.58 0 7.89 ⇥ 103 0.485 – 33.672 0.073 0
m10b 7.38 ⇥ 108 18.72 4.24 ⇥ 103 1.50 ⇥ 103 0.485 412 32.499 0.079 0.009
m10b_high 6.63 ⇥ 108 18.92 1.02 ⇥ 104 2.25 ⇥ 103 0.485 148 26.981 0.071 0.022

m10e_low 4.80 ⇥ 108 15.66 5.98 ⇥ 103 3.99 ⇥ 103 0.367 783 32.621 0.047 0.011
m10e 4.78 ⇥ 108 15.85 1.36 ⇥ 104 1.00 ⇥ 103 0.367 311 36.508 0.047 0.007

ence of a metallicity gradient in dwarfs (Benítez-Llambay et al.
2016) and the rekindling of star formation in ‘two-component’
dwarfs (Benítez-Llambay et al. 2015). The former of these e↵ects
has already been found with m10q in El-Badry et al. (2016) while
the latter can be directly seen in halo m10b: around z ⇠ 1, the
main progenitor experiences a galaxy merger (see Fig. 3) that spurs
new star formation. Halo mergers have also been shown to give a
strong rise in the star formation rate of a dwarf (Starkenburg et al.
2016a). To have a significant impact, a dark satellite must have at
least 10% of the mass of the host. We witness such an interaction in
our suite: at z ⇠ 2, the main progenitor of halo m10v merges with
5 dark halos, each with a merger ratio > 1 : 10. This interaction is
synchronized with a compression of the gas in the main halo and a
subsequent up-tick in star formation.

Previous studies have relied on dissipationless simulations
to make statements on the galaxy formation of dwarfs (though
see Munshi et al. 2017). Deason et al. (2014) studied the fre-
quency of dwarf mergers using the dissipationless ELVIS simula-
tions (Garrison-Kimmel et al. 2014). They assigned a stellar mass
to each halo by using a modified stellar mass to (sub)halo dark

matter mass relation from Behroozi et al. (2013). Their results are
comparable to the black line in Fig. 9, which depicts the halos in
our simulation that satisfy their criteria for a halo major merger.
Using this framework, we predict that one of our halos would have
experienced a major merger since z = 1. However, if we instead use
the actual galaxy major mergers that occur in our simulations, we
conclude that no galaxy major merger has occurred in over 12 Gyr.
Since Deason et al. (2014)’s definition of a galaxy major merger is
dependent on the specific modified stellar mass to (sub)halo dark
matter mass relation they utilize, we also derive our own major
galaxy merger criteria using the stellar mass to (sub)halo dark mat-
ter mass relation from our simulation suite. Using this criteria, we
obtain a result (green line) that matches the halo major merger pre-
diction (black) quite well. Fig. 9 demonstrates that while DMO
simulations are accurate at determining the timing of major merg-
ers in the majority of dwarfs, a statistical sample of hydrodynamical
dwarf simulations will be necessary to constrain the exact fraction
of dwarf galaxies with major mergers after early comic times.

Dissipationless simulations have also been used to try to in-
fer the number of ultra-faint satellites we should expect around

MNRAS 000, 1–12 (2018)

Fitts, MBK et al. 2018

Mhalo = 1010 M�



Adding Baryons: zoom-in simulations

FIRE in the Field 7

Figure 5. Star formation rate, averaged over 50 Myr time intervals, as a function of time for a low-mass galaxy (left; M? = 4.7⇥105 M�), an intermediate-mass
galaxy (center; M? = 4.1 ⇥ 106) and a high-mass galaxy (halo m10k, M? = 1.0 ⇥ 107 M�) from our simulated sample. Dashed horizontal lines show the
average star formation rate for each galaxy over the age of the Universe. Galaxies with higher stellar mass at z = 0 have higher star formation rates, which in
turn drive larger gravitational potential fluctuations. Star formation in all of the galaxies is bursty, with significant variations around the mean.
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Figure 6. Density profiles for the three halos plotted in Figure 5. Dotted vertical lines mark the galaxy half-mass radius in each case. The gray hatched region
shows where numerical relaxation may a↵ect the density profiles according to the Power et al. criterion. The dashed gray (solid black) line corresponds to the
density profile for the DMO (hydrodynamical) run for each halo. The amount of central density reduction and size of any core produced is proportional to the
stellar mass of the galaxy.

tribution of their host halos, while galaxies with lower stellar mass
cannot.

To better understand the modification of the central dark mat-
ter structure in our simulated sample, Fig. 7 shows the ratio of
each galaxy’s density profile in the hydrodynamical run to ⇢(r) ob-
tained from its DMO version. The horizontal axis is scaled by the
galaxy half-mass radius, r1/2. The density profile ratios are colored
by M?(z = 0), identically to previous figures; below the Power
(2003) radius, the line coloring is changed to gray. A number of
interesting trends appear in the Figure. On large scales (r � r1/2),
the amplitude of the ⇢hydro(r) is very similar to ⇢DMO(r), indicating
that baryonic physics has minimal e↵ects there. On small scales
(r<⇠ r1/2), however, the density profiles in many runs are systemati-
cally lower in the hydrodynamical simulations relative to the DMO
simulations, pointing to the e�cacy of stellar feedback at modify-
ing the central gravitational potential even in dwarf galaxy halos.

It is also interesting to note that the size of this e↵ect depends on
stellar mass, echoing the results shown in Figure 6. The galaxies
with the lowest M? (darkest curves) show the least central den-
sity reduction – including no reduction at all for 2 of the systems
– while the highest M? galaxies show the largest central density
reduction. Furthermore, r1/2 is an excellent indicator of the radial
scale at which any density modification occurs. Our simulations
therefore predict that the density profiles of low-mass dwarf galax-
ies in ⇤CDM should be virtually unmodified (relative to DMO pre-
dictions) on scales larger than r1/2.

As an alternate way of looking at the central density reduction
as a function of stellar mass, Figure 8 shows the ratio of density
in the hydrodynamical run to the DMO run for each halo at a fixed
physical radius of 500 pc (as opposed to Figure 7, which shows cen-
tral density reduction as a function of r/r1/2). The density reduction
at a fixed physical radius also shows a clear correlation with M?.

MNRAS 000, 1–15 (2016)

Dark Matter Only 
Hydrodynamical

radius [kpc]

Fitts, MBK et al. (2017)

Mhalo = 1010 M�
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average star formation rate for each galaxy over the age of the Universe. Galaxies with higher stellar mass at z = 0 have higher star formation rates, which in
turn drive larger gravitational potential fluctuations. Star formation in all of the galaxies is bursty, with significant variations around the mean.
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tribution of their host halos, while galaxies with lower stellar mass
cannot.

To better understand the modification of the central dark mat-
ter structure in our simulated sample, Fig. 7 shows the ratio of
each galaxy’s density profile in the hydrodynamical run to ⇢(r) ob-
tained from its DMO version. The horizontal axis is scaled by the
galaxy half-mass radius, r1/2. The density profile ratios are colored
by M?(z = 0), identically to previous figures; below the Power
(2003) radius, the line coloring is changed to gray. A number of
interesting trends appear in the Figure. On large scales (r � r1/2),
the amplitude of the ⇢hydro(r) is very similar to ⇢DMO(r), indicating
that baryonic physics has minimal e↵ects there. On small scales
(r<⇠ r1/2), however, the density profiles in many runs are systemati-
cally lower in the hydrodynamical simulations relative to the DMO
simulations, pointing to the e�cacy of stellar feedback at modify-
ing the central gravitational potential even in dwarf galaxy halos.

It is also interesting to note that the size of this e↵ect depends on
stellar mass, echoing the results shown in Figure 6. The galaxies
with the lowest M? (darkest curves) show the least central den-
sity reduction – including no reduction at all for 2 of the systems
– while the highest M? galaxies show the largest central density
reduction. Furthermore, r1/2 is an excellent indicator of the radial
scale at which any density modification occurs. Our simulations
therefore predict that the density profiles of low-mass dwarf galax-
ies in ⇤CDM should be virtually unmodified (relative to DMO pre-
dictions) on scales larger than r1/2.

As an alternate way of looking at the central density reduction
as a function of stellar mass, Figure 8 shows the ratio of density
in the hydrodynamical run to the DMO run for each halo at a fixed
physical radius of 500 pc (as opposed to Figure 7, which shows cen-
tral density reduction as a function of r/r1/2). The density reduction
at a fixed physical radius also shows a clear correlation with M?.

MNRAS 000, 1–15 (2016)

Minimum mass scale for core formation / density reduction:  
M★ ~ 3x106 M⦿

Dark Matter Only 
Hydrodynamical

Fitts, MBK et al. (2017)
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Baryonic effects: sensitive to stellar mass
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Baryons have 
little to no effect

Minimum mass scale for core formation: Mvir=1010 M⦿ (M★ ~ 3x106 M⦿) 



Alternative Dark Matter Models
Modify linear physics or non-linear physics



Beyond CDM: dark matter self-interactions
Modifies dark matter physics in the non-linear regime. SIDM exchanges 
energy among DM particles in center of DM halo, reduces central density:

Vogelsberger et al. 2012

3744 M. Vogelsberger, J. Zavala and A. Loeb

Figure 2. Density (left-hand panels) and velocity dispersion profiles (right-hand panels) of haloes of different masses. The top panels are for the case of
a constant cross-section (σmax

T /mχ = 10 cm2 g−1) showing the profiles after 25t0. Bottom panels are for the case of a velocity-dependent cross-section
(vmax = 30 km s−1, σmax

T /mχ = 10 cm2 g−1) after 1 Gyr. In scaled units, the constant cross-section curves for all masses collapse to a single one. For the
velocity-dependent case, evolution progresses faster for lower mass systems, because (σTv) peaks at a velocity of 30 km s−1.

an upper limit to the DM scattering cross-section which is below
the value used in the RefP1 case: σ T/mχ < 1.25 cm2 g−1 (Randall
et al. 2008).3 RefP2 and RefP3, on the other hand, do not violate any
constraints and potentially have a significant effect on the density
profiles of low-mass subhaloes. The latter two reference points are
therefore the ones we will mainly focus on.

3 A large constant cross-section model will also create a core and isotropize
the central part of galaxy clusters. There are stringent constraints on the
cross-section for these systems, for instance, Miralda-Escudé (2002) derived
a limit of σT/mχ < 0.02 cm2 g−1 by analysing the ellipticity of a cluster
core.

In the following, we investigate the effects of DM self-interaction
on the present-day properties of the MW-like halo and its subhaloes,
which consist of self-bound groups of particles identified by the
SUBFIND algorithm (Springel et al. 2001) down to a group with a
minimum of 20 particles.

3.2 Main halo

A first visual impression of the structure of the halo in the differ-
ent DM models is given in Fig. 3, where we show density pro-
jections of the halo for the models given in Table 1. Clearly, the
disfavoured RefP1 model with a large constant cross-section has a
very different density distribution with a spherical core in the centre.

C⃝ 2012 The Authors, MNRAS 423, 3740–3752
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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On large scales: ΛSIDM = ΛCDM
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Subhaloes in Self-Interacting Galactic Dark Matter Haloes 9

Figure 7. Circular velocity profiles at z = 0 for the top 15 most massive subhaloes (largest peak circular velocity) of the Aquarius-A halo for the different
SIDM reference models as given in the legends. The upper left panel shows the standard CDM case, while the bottom panels show two examples of the
vdSIDM models described in section 2.1. Observational estimates of Vcirc(r1/2) for the MW dSphs are shown with black circles with error bars (Walker et al.
2009; Wolf et al. 2010). All SIDM results are shown at level 3 resolution which is sufficient for convergence due to the subhalo density cores that form in these
models (see Figures 6 and 8). RefP0 is shown at level 2 resolution (2.8� 65.8 ⇥ 184 pc spatial resolution), because the CDM subhaloes form cuspy profiles
which require higher numerical resolution for convergence (see Figure 8). Clearly, the most massive subhaloes in the CDM model are dynamically inconsistent
with the MW dSphs, whereas the SIDM subhaloes are consistent with the data. We note that the constant cross section RefP1 case is ruled out by different
observations at the scale of galaxy clusters and is shown here only as a reference. One of the shown subhaloes of RefP1 entered already the core-collapse
regime clearly visible from the circular velocity profiles (see also Figure 6 for the corresponding steep density profiles).

4 SUBHALO POPULATION: COMPARISON WITH THE
BRIGHT MW DWARF SPHEROIDALS

To check the the consistency between the subhalo population of
our SIDM simulations and the kinematic data of the MW dSphs we
construct circular velocity curves for the most massive subhaloes
within 300 kpc halocentric distance for RefP0-3. The dSphs sam-

ple consists of the 9 galaxies used in Boylan-Kolchin et al. (2011b):
Fornax, Leo I, Sculptor, Leo II, Sextans, Carina, Ursa Minor, Canes
Venatici I and Draco, selected with the criterion LV > 105M�.
The Sagittarius dwarf was removed from this sample since it is
in the process of interacting strongly with the galactic disc. This
sample of bright dSphs (plus Sagittarius) is complete within the
virial radius of the MW (excluding the possibility of undiscovered
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Figure 4. Dark matter density profiles for our FIRE-2 hydro simulations that form M? = 105.6�6.6M� (left panel) and for the most
massive galaxy (M? = 107M�; right panel). Dwarf galaxy haloes in CDM retain their cusp for M? < 106.6M�; only in our most massive
galaxy both CDM and SIDM display a large core (⇠ 1 kpc).

d log ⇢/d log r of the hydro (filled symbols) and DMO (empty
symbols) simulations as a function of the stellar mass of
the galaxy (top row). Also shown is the slope of the pro-
files versus radial distance from the halo centers (bottom
row), with arrows marking the stellar half-mass radii for
each halo. For the estimation of the central slope, we var-
ied the fitting range and the bin size and found slopes that
do not di↵er by more than 0.1 dex; this uncertainty is ac-
counted for by the size of the symbols in the figure. We find
that only one of the CDM-Hydro simulations in our sample
truly becomes “cored” (defined here as ↵ > �0.3), and even
then, this happens only at very small radii (r . 300 pc). As
the stellar mass of the galaxies decreases, the inner slopes
in the CDM-Hydro simulations decrease to the mild-cusp
�0.6 6 ↵ < �0.3 and to the cuspy region (↵ < �0.6). The
cuspy inner slopes in the CDM-DMO runs remain largely
una↵ected by stellar feedback from FIRE for galaxies with
logM?/M� < 6.2 and have only a mild change for the galaxy
with logM?/M� ⇠ 6.6.

In contrast, all SIDM simulations (DMO and Hydro)
exhibit central density cores. Despite varying in an order
of magnitude in M?, the SIDM-Hydro simulations all have
central density profiles with slopes of ↵ > �0.5. More im-
portantly, the slopes in the hydro runs closely follow their
DMO values, even for the highest stellar masses. The close
similarity between the density profiles of the SIDM-DMO
and SIDM-Hydro runs – including the similar shape of ↵(r)
across all values of M? – indicates that independently of
the galaxy mass and SFH, core formation and reduction
of central densities in SIDM simulations are set mainly by
dark matter physics rather than by galaxy formation physics
(for the cross section �/m = 1 cm2 g�1 studied here). This
provides a striking contrast to the major role that feed-
back plays in forming cores in CDM simulations. In fact,
the stellar mass dependence of the density profile slope in
CDM-Hydro simulations is seen at radii of up to ⇠ 1 kpc.

SIDM predictions regarding the central gravitational poten-

tial of M? ⇠ 106 M� dwarf galaxies appear relatively robust

to the e↵ects of stellar feedback, while CDM predictions de-

pend sensitively on it.

The changes in DM densities found in SIDM-Hydro ver-
sus CDM-Hydro simulations are quantified in more detail
in Figure 6, which shows the di↵erence in ↵(r) between
these runs. For the same FIRE physics, the SIDM densities
are more than 25% di↵erent from the CDM densities for
r < 500 pc (and can be over 50% di↵erent at 250 pc). This
ratio shows little dependence on M?. The left panel shows
that less massive galaxies exhibit larger di↵erences in the
slope, with the largest change happening within the SIDM
half-mass radii (where self-interactions form the core). The
smallest di↵erence in the slope occurs for the most massive
galaxy, as feedback in the CDM version of this halo is strong
enough to create a core similar to its SIDM analog.

3.4 Shapes

Many studies have shown that CDM haloes in DMO simula-
tions are triaxial (Vega-Ferrero et al. 2017; Schneider et al.
2012; Springel et al. 2004). SIDM haloes are expected to be
closer to spherical in the region for which self-interactions
are important, as the interactions tend to isotropize the
density distribution (Spergel & Steinhardt 2000; Kapling-
hat et al. 2014; Rocha et al. 2013; Peter et al. 2013; Zavala
et al. 2013; Elbert et al. 2015). The shapes of low-mass dark
matter haloes and their dwarf galaxies may therefore contain
important clues about the nature of dark matter.

We show a visualization of the DM distribution corre-
sponding to one of our simulations (m10d in Table 1) in
Figure 7. The SIDM-DMO run indeed exhibits a distinctive
roundness within the half-mass radius (⇠ 1 kpc), while the
CDM-DMO run is noticeably more triaxial. In both mod-
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do not di↵er by more than 0.1 dex; this uncertainty is ac-
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dark matter physics rather than by galaxy formation physics
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3.4 Shapes

Many studies have shown that CDM haloes in DMO simula-
tions are triaxial (Vega-Ferrero et al. 2017; Schneider et al.
2012; Springel et al. 2004). SIDM haloes are expected to be
closer to spherical in the region for which self-interactions
are important, as the interactions tend to isotropize the
density distribution (Spergel & Steinhardt 2000; Kapling-
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Simulating Warm Dark Matter

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

CDM WDM (~2 keV)

Lovell et al. 2012
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Dwarf galaxy formation in WDM

Bozek, Fitts, MBK et al. (in prep)

gray: CDM

WDM halo form later (left) and are therefore less dense (right)

Sterile Neutrino Dark Matter on FIRE 3

Figure 2. Top Panel: The density profiles of the WDM halos
(curves) from the DMO simulations and their CDM halo coun-
terparts (grey patch). The line color is the same as in Figure 1.
The downward shift of the curves relative to the grey band indi-
cates the WDM halos are less dense than their CDM counterparts
out to 10 kpc where the curves and grey band overlap. The stellar
mass of the galaxy at z = 0 correlates with the central density
of the halo to first order, i.e. denser DMO halos host brighter
galaxies. Bottom Panel: The ratio of WDM and CDM density
profiles in the top panel. There is a 15 � 40% reduction in the
central density of WDM halos relative to CDM at 500 pc (dashed
vertical line) and and the ratios remains below 20% out to a few
kpc for all WDM halos. Halo M is the one exception with an up-
sloping density profile for r < 1 kpc due to a late merger. The
degree of the WDM halo density reductions is independent of the
halo’s central density.

quently impacts the star formation histories of the central
galaxies (Hoeft et al. 2006; Noh & McQuinn 2014; Skill-
man et al. 2014; Weisz et al. 2014; Skillman et al. 2017).
Fitts et al. (2016) studied a suite of halos at this mass scale
and demonstrated the combination of stellar feedback and
UV-suppression e↵ects provides a diversity of star formation
histories that range from continuous star formation to early
self-quenching to halos that do not form any stars by z = 0.
They also identified a critical threshold in the stellar mass-
halo mass ratio of 2 ⇥ 10�4 for 1010 M� halos: halos above
this threshold are able to significantly modify their density
profile, while halos below are not. The resulting galaxies are
classical dwarf galaxy analogues with clear predictions for
the resolution of the TBTF and core-cusp problems within
the CDM paradigm.

Previous hydrodynamical simulations of dwarf galaxies
in the WDM paradigm have focused on larger mass halos
or have been limited to a single Mh = 1010M� halo and
therefore have not explored the range of star formation his-
tories that are possible at this mass scale (add cites). Ad-
ditionally, previous works have used other galaxy formation
prescriptions which can result in di↵erent galaxy proper-
ties at this mass scale, as discussed above for CDM. A goal
of this paper is to explore that galaxy formation thresh-
old in a resonantly produced sterile neutrino WDM model
where the halo mass is also near the half-mode mass where
free-streaming e↵ects are significant. We seek to answer sev-
eral questions: How does the central density profile respond
when both stellar feedback and free-streaming e↵ects are
prevalent? What happens to the star formation histories in
galaxies that sit at both dark matter and galaxy formation
thresholds? Can galaxy properties in dwarf galaxies where
DM e↵ects are so prevalent be used to discriminate between
DM models?

To address these questions, we resimulate 8 of the 12
dwarf galaxies from Fitts et al. (2016) in a resonantly-
produced sterile neutrino cosmology in order to make a one-
to-one comparison between CDM and WDM e↵ects in our
simulations. All of our simulations use the GIZMO code and
the FIRE-2 galaxy formation and feedback model (Hopkins
et al. 2017; Hopkins 2017). We provide an overview of our
simulations and the sterile neutrino model in Section 2. In
Section 3 we present our results for the WDM halo prop-
erties and their central galaxies in a WDM cosmology. We
discuss these results in Section 4 and conclude in Section 5.

2 SIMULATION DETAILS AND WDM
STRUCTURE FORMATION THEORY

Cold dark matter structure formation proceeds hierarchi-
cally where larger halos are built-up through the merging of
smaller dark matter halos that collapse first in the early uni-
verse. As a result of free-streaming e↵ects, WDM structure
formation may proceed di↵erently depending on the WDM
model parameters (Schneider et al. 2012, 2013). The two
scales of interest in WDM structure formation are the free-
streaming and half-mode scales. Below the free-streaming
scale (kfs), primordial pertubations will be erased, prevent-
ing dark matter halos from collapsing. The half-mode scale,
k1/2, is defined as: Trel(k1/2) =

p
PWDM/PCDM = 0.5, where

Trel is the ‘relative’ transfer function that describes the rela-
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Figure 1. The assembly history of the WDM halos (curves) of
the DMO simulations. The range of assembly histories for the
CDM counterparts of the WDM halos are shown by the gray
swath. WDM halos collapse later and collapse with a larger mass
than their CDM counterparts. The larger initial WDM halo mass
allows for an abbreviated rapid collapse period as shown by the
convergence of the WDM and CDM assembly histories for all
halos by z ⇠ 3.The color of the curves corresponds to the stellar
mass of the galaxy that resides in each halo at z = 0 in the
corresponding hydrodynamical simulations. The galaxy’s M?(z =
0) is correlated with the halo mass at the end of the rapid collapse
phase.

large scale predictions of the CDM model, but incorporate
a non-negligible velocity distribution that erases primor-
dial pertubations below a model dependent scale. This free-
streaming e↵ect of WDM matter models results in fewer
low-mass halos with a reduced central density that can ac-
count for the observed properties of nearby dwarf galaxies.
In this work we consider a specific WDM particle model: a
resonantly-produced sterile neutrino (RPSN). In addition to
resolving small-scale issues, the RPSN model is motivated
as a potential source of the recent, but tentative, detection
of a 3.5 keV line in the X-ray flux observed in the center of
the MW, MW, the Perseus cluster, and stacked observations
of other clusters. A RPSN with the right mixing angles and
a mass of 7.1 keV can decay via the Shi-Fuller mechanism
into two E = 3.5keV photons. This interpretation and the
line itself is highly contested in the literature and may be of
astrophysical origin, but if not it is a revolutionary signal.

A key threshold for galaxy formation within the CDM
paradigm is a halo mass of 1010M�. This scale roughly
marks the transition mass where SN feedback e↵ects are ef-
fective at converting cusps to cores in larger mass halos and
predict that all lower mass halos will feature a cuspy central
density profile. These halos are also susceptible to reioniza-
tion e↵ects whereby about 50% of the baryonic content on
average of these halos is lost from photoevaporation by the
UV background. Fitts et al. showed that both the SN winds

Figure 2. Top Panel: The density profiles of the WDM halos
(curves) from the DMO simulations and their CDM halo coun-
terparts (grey patch). The line color is the same as in Figure 1.
The downward shift of the curves relative to the grey band indi-
cates the WDM halos are less dense than their CDM counterparts
out to 10kpc where the curves and band overlap. The stellar mass
of the galaxy at z = 0 correlates with the central density of the
halo to first order, i.e. denser halos host brighter galaxies. Bot-
tom Panel: The ratio of WDM and CDM density profiles in the
top panel. There is a 15� 40% reduction in the central density of
WDM halos relative to CDM at 500 pc (dashed vertical line) and
remains below 20% out to a few kpc for all WDM halos. Halo M is
the one exception with an up-sloping density profile for r < 1kpc.
The degree of the WDM halo density reductions is independent
of the halo’s central density and the galaxy stellar mass.
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Figure 15

Dark matter phenomenology in the halo of the Milky Way. (a) Three images showing the same Milky Way–sized dark
matter halo simulated with CDM, SIDM (σ/m = 1 cm2g−1), and WDM (a Shi–Fuller resonant model with a thermal
equivalent mass of 2 keV). (b) The dark matter density profiles, and (d) the subhalo velocity functions of the three halos
shown in panel a. (c) Although the host halos have virtually identical density structure in CDM and WDM, individual
subhalos identified in both simulations have smaller Vmax values in WDM (Bozek et al. 2016). The dashed line shows a fit
to the simulated (magenta) points given by equation 4 of Bozek et al. (2016). This effect can explain the bulk of the
differences seen in the Vmax functions (d). Note that SIDM does not reduce the abundance of substructure (unless the
power spectrum is truncated), but it does naturally produce large constant-density cores in the dark matter distribution.
However, WDM does not produce large constant-density cores at Milky Way–mass scales but does result in fewer subhalos
near the free-streaming mass and reduces Vmax of a given subhalo (through reduced concentration) near the half-mode
mass (Mhalo ! 1010 M⊙ for the plotted 2 keV thermal equivalent model). Abbreviations: CDM, cold dark matter; SIDM,
self-interacting dark matter; WDM, warm dark matter.
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Simulated star formation histories of dwarf galaxiesSterile Neutrino Dark Matter on FIRE 7
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Figure 5. Left Panel: The star formation histories of the galaxies in WDM halos (curves) and the CDM counterparts (grey band).
The onset of star formation in WDM galaxies is delayed relative to their CDM counterparts. The final stellar mass of the galaxy and
the start of star formation are not correlated. The largest galaxy (Halo K) begins forming stars around z = 5 while two of the smaller
galaxies with similar final masses begin forming stars at very discrepant times (Halo D at z ⇠ 7 and Halo E at z ⇠ 3.5). Right panel: The
cumulative star formation histories (SFH) of the WDM galaxies (colored curves) measured in an “archaeological” manner by measuring
the birth times of stars in the galaxy at z = 0. Many of the galaxies have SFH that are similar to observed dwarf galaxies and their CDM
counterparts (grey curves) including two galaxies in WDM halos that have experienced quenching events. The two smallest galaxies have
SFH that are outliers where over 90% of stars are formed after z = 1.

Figure 6. The relationship between the half-light radius and the
stellar mass of the WDM and CDM galaxies at z = 0. The dashed
lines are fits from Robles (2017) to SIDM (cyan) and CDM (ma-
genta) halos and our fit to WDM halos (grey). WDM galaxies
(circles) are smaller than their CDM counterparts (squares) but
follow a similar M? � r1/2 relation as in CDM and SIDM.

WDM halo features a ⇠ 30% density reduction relative to
CDM independent of the overall density of the CDM halo.
This corresponds to a ⇠ 10% reduction in the WDM halo’s
Vmax. The Vmax(zf)�M?(z = 0) relation for CDM could, in
principle, be used to predict the corresponding WDM halo
stellar mass. We note that the Vmax(zf)�M?(z = 0) relation
has been determined for halos at a fixed halo mass hosting
low mass dwarfs and at higher halo masses this relation may
not hold. Another caveat to this prescription are cases like
Halo B that does not form stars in WDM. We explore the
galaxy formation histories, including the edge case of Halo
B, in the following sections.

3.3 Galaxy Properties in a Warm Dark Matter
Cosmology

The left-hand panel in Figure 5 shows the star formation
histories of the galaxies residing in the WDM halos. The
stellar mass growth histories are varied in detail and span
a wider range of assembly tracks than their CDM counter-
parts as can be seen by comparing the curves to the grey
band. The WDM galaxies can be simply divided into two
groups: high stellar mass (M? � 106 M�) and low stellar
mass (M? < 106 M�). In the previous section, we estab-
lished the halo’s Vmax at the time of formation as the main
determinant of the galaxy’s stellar mass. The high stellar
mass galaxies all have a Vmax(zf) > 25 km s�1, while lower
Vmax(zf) halos form significantly fewer stars or do not form
stars at all.

MNRAS 000, 1–14 (2015)

CDM galaxies 
WDM galaxies

Unique to WDM; 
testable via LSST + JWST

Bozek, Fitts, MBK et al. 2018 (in prep.)



Summary
• On large scales, the Universe is well-described by ΛCDM.  

• Several issues exist on smaller (sub-galactic scales): nearby galaxies are 
generically less abundant & less dense than naive predictions of ΛCDM. 

• As a result: resurgence of interest in Warm, Self-Interacting Dark Matter. 
Allowed parameter space for both WDM and SIDM models is 
relatively narrow, providing encouraging targets. Understanding 
baryonic physics is crucially important 

• Mvir=1010 M⦿ (M★ ~ 3x106 M⦿) is a crucial scale for galaxy formation and 
testing ΛCDM 

• If cores are robust in generic for low-mass galaxies — or if gravitational 
lensing shows there are no low-mass dark subhalos — we will need to 
move beyond ΛCDM
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The future (?): gravitational detection of “dark” (sub)halosSUBSTRUCTURE IN SDP.81 15

Figure 11. The errorbars indicate the 95% confidence limits on the projected
differential number density of subhalos around SDP.81, derived using the
non-detection regions shown in Figure 10 and the detection of the 109 M�
subhalo. For comparison, the shaded band shows the 90% confidence region
from Dalal & Kochanek (2002).

Figure 12. Limits on the normalization (A) and slope (⌘) of the mass func-
tion dn/d logM = A(M/Mpivot)-⌘ , using the bounds in Figure 11. Here we
use Mpivot = 109

M�. The grey contours show constraints derived using Equa-
tion (26), while the red contours show how the constraints change if we ne-
glect the marginally detected subhalo with M ⇡ 108

M�. The top panel shows
the probability at ⌘ = 0.9. The red and black curves simply show a slice of
the probability of the lower panel at ⌘ = 0.9. For comparison, the histograms
show the distribution of A using assumptions based on ⇤CDM simulations
assuming two different values of csubs/chost, which are intended to be repre-
sentative. These values assume ⌘ = 0.9 and a distribution of host halo masses
and concentrations given by abundance matching. See Section 6 for details.

use the same set of high-resolution zoom-in simulations de-
scribed in Mao et al. (2015) with the addition of a very high-
resolution cosmological box, (40963 particles in a 400 Mpc/h

box, ds14_i) from the Dark Sky Simulations (Skillman
et al. 2014)14. This calibration is done by first assuming a
constant log–log slope (⌘), then finding the best-fit M0 for
each host halo in the simulations, and finally for all host ha-
los, finding the best-fit values of (↵,�,�) in

M0 = ↵M
�
hostc

�
host. (28)

With this model, we can then predict the subhalo mass func-
tion given the host halo mass and concentration and the log–
log slope.

The subhalo abundance predicted in the procedure de-
scribed above is for all subhalos within the virial radius of the
host halo. To convert our prediction to the relevant quantity
probed by strong lensing measurements, we need to assume
a spatial distribution for the subhalos. Here we make three
simplifying assumptions: (1) the subhalo spatial distribution
is independent from the subhalo mass function (i.e., subhalos
of different mass halos have the same spatial distribution); (2)
the angular distribution of subhalos is isotropic (see, however,
Nierenberg et al. 2011); and (3) the radial distribution of sub-
halos within their host halos follows an NFW profile with a
characteristic concentration csubs. In other words, we assume
the subhalo abundance factorizes into a mass dependence and
radial dependence, n(M,r) = n(M) f (r), where the radial de-
pendence f (r) is an NFW profile of concentration csubs.

To predict the projected abundance of substructure, our
model requires a prescription for the concentration of the
subhalo distribution, csubs. In ⇤CDM simulations, gener-
ally the radial distribution of subhalos is less centrally con-
centrated than the dark matter distribution of the host halo
(i.e., csubs/chost < 1) (e.g., Nagai & Kravtsov 2005; Gao et al.
2012), and at small radii the subhalo distribution may become
shallower than an NFW profile (e.g., Xu et al. 2015a). Ob-
servational results for real galaxies are less clear: some are
consistent with csubs/chost ' 1 (e.g., Guo et al. 2012; Yniguez
et al. 2014), while others imply that galaxies are less concen-
trated (e.g., Hansen et al. 2005) than the total mass distribu-
tion in their hosts. Also note that our assumption of spher-
ical symmetry might lead us to underestimate the average
substructure abundance around lenses, since strong lenses are
preferentially viewed along the major axis of their host halos
(Rozo et al. 2007; Hennawi et al. 2007).

Given the uncertainty in predictions for csubs, we treat it as
a free parameter, along with other parameters describing the
lens halo: the host halo mass and concentration (Mhost, chost),
and the log–log slope (⌘) of the subhalo mass function. Us-
ing these model ingredients, we can predict dn/d logM pro-
jected at the Einstein radius. The histograms in the top panel
of Figure 12 show an example, the distribution of A, i.e.,
dn/d logM at M = 109

M� computed with this model. For
this figure, we assume the mass function slope is ⌘ = 0.9, and
we show two possible values for the subhalo concentration,
csubs/chost = 0.2 and 1.0, which should span the range of un-
certainty described above. For the other two parameters, we
marginalize over possible values of the host halo mass and
concentration using the following prior. We first assign galaxy
luminosity to dark matter halos and subhalos with the abun-
dance matching technique (e.g., Conroy et al. 2006; Reddick
et al. 2013), and find the joint distribution of mass and con-

14 http://darksky.slac.stanford.edu

Hezaveh et al. 2016

Current detections: 
comparable in mass 
to Sagittarius / SMC
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Subhalo counts:  
WDM: significant suppression 
SIDM: very little difference
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Density profiles:  
WDM: very little difference 
SIDM: large core



But: still have cuspy dark matter centers (cores on scales of 10s of pc)

WDM halos: less centrally concentrated

Bullock & Boylan-Kolchin 2017
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Simulation of Milky Way 
mass halo



Predicted circular velocities
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this scatter is driven by the variation in halo mass accretion history (Wechsler et al. 2002, Ludlow
et al. 2016), with early-forming halos having higher concentrations at fixed final virial mass.

The dependence of halo profile shape on a mass-dependent concentration parameter and
the correlation between formation time and concentration at fixed virial mass are caused by the
hierarchical buildup of halos in !CDM: Low-mass halos assemble earlier, when the mean density
of the Universe is higher, and therefore have higher concentrations than high-mass halos (e.g.,
Navarro et al. 1997, Wechsler et al. 2002). At the very smallest masses, the concentration–mass
relation likely flattens, reflecting the shape of the dimensionless power spectrum (see Figure 1
and the discussion in Ludlow et al. 2016); at the highest masses and redshifts, characteristic of
very rare peaks, the trend seems to reverse (a < 0; Klypin et al. 2016).

Figure 4 summarizes the median NFW density profiles for z = 0 halos with masses that
span those of large galaxy clusters (M vir = 1015 M⊙) to those of the smallest dwarf galaxies
(M vir = 108 M⊙). We assume the c −M vir relation from Klypin et al. (2016). These profiles are
plotted in physical units (unscaled to the virial radius) to emphasize that higher-mass halos are
denser at every radius than are lower-mass halos (at least in the median). However, at a fixed small
fraction of the virial radius, small halos are slightly denser than larger ones. This is a result of the
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Figure 4
(a) The density profiles of median NFW dark matter halos at z = 0 with masses that span galaxy clusters (M vir = 1015 M⊙, black) to the
approximate HI cooling threshold that is expected to correspond to the smallest dwarf galaxies (M vir ≈ 108 M⊙, yellow). The lines are
color-coded by halo virial mass according to the bar on the right and are separated in mass by 0.5 dex. We see that (in the median)
massive halos are denser than low-mass halos at a fixed physical radius. However, at a fixed small fraction of the virial radius, smaller
halos are typically slightly denser than larger halos, reflecting the concentration–mass relation. This is demonstrated by the dotted line,
which connects ρ(r) evaluated at r = ϵRvir for halos over a range of masses. We have chosen ϵ = 0.015 because this value provides a
good match to observed galaxy half-light radii over a wide range of galaxy luminosities under the assumption that galaxies occupy halos
according to abundance matching (see Section 1.5). Interestingly, the characteristic dark matter density at this galaxy radius varies only
by a factor of ∼6 over almost seven orders of magnitude in halo virial mass. (b) The equivalent circular velocity curves
V circ(r) ≡

√
GM (< r)/r for the same halos plotted in panel a. The dashed line connects the radius Rmax, where the circular velocity is

maximum (V max), for each rotation curve. The dotted line tracks the Rvir–V vir relation. The ratio Rmax/Rvir decreases toward smaller
halos, reflecting the concentration–mass relation. The ratio V max/V vir also increases with increasing concentration. Abbreviation:
NFW, Navarro–Frenk–White.

352 Bullock · Boylan-Kolchin

A
nn

u.
 R

ev
. A

st
ro

n.
 A

st
ro

ph
ys

. 2
01

7.
55

:3
43

-3
87

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 U
ni

ve
rs

ity
 o

f T
ex

as
 - 

A
us

tin
 o

n 
08

/1
8/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 

Bullock & Boylan-Kolchin 2017



Vmax determines stellar mass
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Figure 1. Top: the 3D stellar half-mass radius r1/2 as a function of z = 0
stellar mass. Middle: ratio of total (dynamical) mass to M∗ within r1/2 as a
function of M∗(z = 0). Bottom: 1D stellar velocity dispersion (computed as
σ⋆,3D/

√
3) as a function of M∗(z = 0). Our simulated galaxies are plotted

as cyan squares; data for observed satellite dwarf spheroidals (grey circles)
and non-satellite dwarf irregular galaxies (black circles) in the Local Group
(from Kirby et al. 2013 and Kirby et al. 2014) are also plotted for comparison.
In each panel, the simulations follow the same trends as the observations
and fall in the same part of parameter space.

mass at early times (t ≈ 2–4 Gyr, or z ≈ 3.1–1.7). This correlation
persists, in slightly weakened form, to z = 0.

The evolution of Vmax ≡ max[GM(< r)/r]1/2 with time is shown
in Fig. 3, again with colours indicating M∗(z = 0). The correlation
between Vmax and M∗(z = 0) is much stronger than that between
Mvir and M∗ and is established early in the universe’s history. This is
because Vmax is a measure of the central gravitational potential and
is set relatively early in a halo’s growth history (as opposed to Mvir,
which continues to grow even in the absence of physical accretion;

Figure 2. Dark matter halo mass assembly histories for our collection of
haloes. While all haloes have Mvir ≈1010 M⊙ at z = 0, their early evolution
is varied, with scatter that exceeds 1 dex for t ! 3 Gyr (z > 2). Each halo’s
line colour indicates its stellar mass at z = 0; halo m10a, which forms no
stars, is plotted in black. There is an excellent correspondence between the
virial mass at early times (t ! 3 Gyr or z " 2) and M∗(z = 0).

Figure 3. Maximum circular velocity Vmax (and equivalent virial temper-
ature Tvir, on right axis) as a function of time along the main progenitor
branch of each halo. As in Fig. 2, the line colour indicates the stellar mass at
z = 0. The maximum circular velocity of each galaxy is typically set early
(t ∼ 2 Gyr or z ∼ 3), and there is a strong correlation between M∗(z = 0)
and Vmax.

Diemer, More & Kravtsov 2013; van den Bosch et al. 2014). Since
our sample of haloes spans a narrow range of Mvir(z = 0), higher
Vmax is indicative of higher concentration, which in turn points to
earlier formation times. We see clear evidence of this correlation
in Fig. 3, confirming the existence of a strong connection between
a halo’s central gravitational potential and its final stellar mass for
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Figure 3. Vmax as a function of time for the WDM halos (curves)
and their CDM counterparts (grey band) for the hydrodynamical
simulations. The equivalent virial temperature, Tvir, is shown on
the right axis. Following the period of rapid collapse, the peak
Vmax sets in early at tf ⇠ 1� 4Gyr (zf = 5.8� 1.7) and remains
mostly constant until the present time, with the exception of a
late-time major mergers (example: Halo B in black). The line
color is the same as in previous figures and indicates the stellar
mass of the galaxy today, M?(z = 0), is set by dark matter halo
central potential, as measured by Vmax at tf . Halo B forms no
stars as it has a Tvir < 2⇥ 104 K for most of its history.

tive suppression of the WDM model relative to CDM. Warm
dark matter (WDM) halos with masses above the half-mode
mass,

M1/2 =
4⇡
3

✓
⇡

k1/2

◆
3

⇢ , (1)

are predicted to be built-up in a similar hierarchical fash-
ion as in CDM (Schneider et al. 2012). Below the half-mode
scale but above the free-streaming scale, free-streaming ef-
fects are significant such that the mass assembly history of
WDM halos may be far di↵erent than their CDM counter-
parts. Hierarchical formation may break down and WDM
halos may form instead through ellipsoidal collapse (Schnei-
der et al. 2013).

This work focuses on a Shi-Fuller model that describes
the resonant production of sterile neutrinos in the presence
of a large lepton asymmetry where the non-thermal momen-
tum distribution depends on a combination of the mixing an-
gle between sterile and ordinary neutrinos, the cosmological
lepton number, and the sterile neutrino mass. The model pa-
rameter choices set the momentum distribution and defines
the shape of the ‘relative’ transfer function. We calculate
the exact transfer function using the formulation of Venu-
madhav et al. (2015) for a m⌫ = 7.1 keV sterile neturino
and model parameters that are consistent with the observed
3.55 keV X-ray line. Our model choice is then defined by a
mixing angle of sin2(2✓) = 2.9⇥ 10�11 (hereafter, S229).

The S229 model is selected for its free-streaming be-
havior that addresses both the Missing Satellites and TBTF
problems, while remaining consistent with the current count
of galaxies in the Local Group (Bozek et al. 2016; Horiuchi
et al. 2016). The TBTF problem is not solved completely
by the free-streaming component of the model which fur-
ther motivates studying this model in a full hydrodynam-
ical simulation. The k1/2 of the S229 model is comparable
with a thermal WDM model of mTHM = 2keV with a free-
streaming mass and half-mode mass of: Mfs ⇠ 4 ⇥ 105 M�
and M1/2 ⇠ 109 M�. Given the final virial mass of the ha-
los we consider here is Mvir = 1010M�, the mass assembly
history of WDM halos may be far di↵erent than their CDM
counterparts since they form at a lower mass where these
free-streaming e↵ects are relevant.

Eight halos were selected to be simulated in a WDM
cosmology that were previously simulated in a CDM cos-
mology in Fitts et al. 2016. These halos were selected for
higher resolution zoom-in simulations from a parent box of
L = 25h�1 Mpc where the targeted halo is isolated from any
equally or more massive halo by at least 3 virial radii of the
closest more massive halo. This allowed us to study the for-
mation properties of the halo and the galaxy independent of
environmental e↵ects. Initial conditions for the simulations
are created with the MUSIC code (Hahn & Abel 2011). Ad-
ditional details on halo selection can be found in Fitts et al.
2016.

The simulations are run with the GIZMO code with
a WMAP7 cosmology: ⌦m = 0.266,�8 = 0.801,⌦⇤ =
0.734, ns = 0.963, and h = 0.71 (Larson et al. 2011; Hopkins
2017). We ran both dark-matter-only (DMO) and hydro-
dynamical simulations of each halo. The gas particle mass
and DM particle mass are 500M� and 2500M� respectively
with respective force softening lengths of hb = 2pc and
✏DM = 35pc . The hydrodynamic simulations are run with
the Feedback in Realistic Environments 2 (FIRE-2) galaxy
formation model (Hopkins et al. 2017). Further description
of the gas and star formation physics used in these simula-
tions can be found in Hopkins et al. 2017.

We use the Amiga Halo Finder (AHF) (Knollmann
& Knebe 2009) to identify self-bound dark matter halos.
Following Fitts et al. 2016 we use the iterative “shrink-
ing spheres” centering routine to identify halo centers. For
DMO simulations, we correct particle masses using mp !
(1 � fp)mp, where fp = ⌦b/⌦m is the cosmic baryon frac-
tion, which e↵ectively mimics maximal baryonic mass loss
for DMO runs.

3 RESULTS

3.1 Warm Dark Matter Halo Properties and
Assembly in DMO Simulations

(Need to address the true free-streaming scale for our model
- should be a smaller mass than in the thermal equivalent.
Also note the AHF minimal mass and the artificial halo
issue raised by both Dk and RF) This section focuses on the
assembly histories and halo properties of WDM halos in the
DMO simulations. We will highlight how WDM structure
formation proceeds di↵erently than in CDM and identify
dark matter halo features that will impact galaxy formation
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