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ABSTRACT
We perform high-resolution simulations of a MW-like galaxy in a self-interacting cold
dark matter model with elastic cross section over mass of 1 cm2/g (SIDM) and compare
to a model without self-interactions (CDM). We run our simulations with and without
a time-dependent embedded potential to capture effects of the baryonic disk and
bulge contributions. The CDM and SIDM simulations with the embedded baryonic
potential exhibit remarkably similar host halo profiles, subhalo abundances and radial
distributions within the virial radius. The SIDM host halo is denser in the center
than the CDM host and has no discernible core, in sharp contrast to the case without
the baryonic potential (core size ∼ 7 kpc). The most massive subhalos (with Vpeak >
20 km/s) in our SIDM simulations, expected to host the classical satellite galaxies,
have density profiles that are less dense than their CDM analogs at radii less than 500
pc but the deviation diminishes for less massive subhalos. With the baryonic potential
included in the CDM and SIDM simulations, the most massive subhalos do not display
the too-big-to-fail problem. However, the least dense among the massive subhalos in
both these simulations tend to have the smallest pericenter values, a trend that is not
apparent among the bright MW satellite galaxies.
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1 INTRODUCTION

Self-interacting dark matter is a well-motivated idea that
arises generically in hidden sector dark matter mod-
els (Spergel & Steinhardt 2000; Kaplinghat, Tulin & Yu
2016; Tulin & Yu 2018). It naturally retains all the successes
of the cold dark matter model on large scales (Springel,
Frenk & M. (2006); Trujillo-Gomez et al. (2011); Vogels-
berger et al. (2014a)), while modifying the dark matter halo
density profiles within 5 to 10% of the virial radius (Davé
et al. 2001; Vogelsberger, Zavala & Loeb 2012; Rocha et al.
2013; Peter et al. 2013; Zavala, Vogelsberger & Walker 2013;
Elbert et al. 2015; Vogelsberger et al. 2014b; Fry et al. 2015;
Robertson, Massey & Eke 2017; Robles et al. 2017).

These modifications to the halo density profile are in
agreement with the diverse shapes of galactic rotation curves
(Ren et al. 2018; Oman et al. 2015; Kamada et al. 2017;
Creasey et al. 2017) for cross section over mass, σ/m, in the
range of 1 − 10 cm2/g. They also alleviate the too-big-to-
fail problem in the Milky Way, Andromeda and the Local
Group (Boylan-Kolchin, Bullock & Kaplinghat 2011, 2012;
Tollerud, Boylan-Kolchin & Bullock 2014; Kirby et al. 2014;

? E-mail: roblessv@uci.edu

Garrison-Kimmel et al. 2014; Papastergis et al. 2015; Pa-
pastergis & Shankar 2016).

Previous works have explored MW host properties and
its response to baryons using a static potential for the
baryons (Elbert et al. 2018; Sameie et al. 2018). Di Cin-
tio et al. (2017) performed SIDM hydrodynamical simu-
lations to study the impact of super massive black holes,
stars and gas on a MW-mass halo at redshift z = 0.5, for
σ/m = 10 cm2/g. Their DM simulation particle mass was
mDM = 105M�, but a study of structural changes in low-
mass halos requires even higher resolution, both in CDM
(Fitts et al. 2017) and SIDM (Robles et al. 2017).

In this letter we simulate CDM and SIDM MW-mass
halos with an embedded time-dependent galaxy potential.
We discuss the structural changes in the host and subhalo
density profiles, and the implications for subhalo mass func-
tion and radial distribution. The SIDM model we simulate
has σ/m = 1 cm2/g; our predictions should not be extrapo-
lated to larger cross sections where the core sizes could be
different (larger and smaller) because of the possibility of
core collapse and the non-linear coupling between thermal-
ization and tidal effects.

The use of the baryonic potential overcomes the high
computational cost that is required to resolve the struc-
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2 Victor H. Robles et al.

Figure 1. Dark matter density (left), circular velocity (middle) and velocity dispersion profiles (right) for the MW host. In the SIDM
DMO simulation (cyan) a large core develops due to the self-interactions thermalizing the center of the halo, whereas the collision-less

CDM DMO (gray) simulation displays the usual central cuspy profile. When the simulations include the contribution of the time-

dependent baryonic potential the SIDM density profile (magenta) becomes denser than CDM (black). The stellar contribution has a
strong impact on the DM velocity dispersion within the region of the disk in both CDM and SIDM simulations. The CDM+disk run

shows an additional steep rise within R? (2.5 kpc at z = 0) in the velocity dispersion profile, which is not present in the SIDM+disk run

because of the thermalization process.

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

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

2 SIMULATIONS

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

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

1 We will refer to the simulations that have an embedded bary-

onic potential as ‘disk’ simulations for simplicity, however, these
simulations also include a bulge component.
2 http://www.tapir.caltech.edu/ phopkins/Site/GIZMO.html

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

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

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

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

c© 2018 RAS, MNRAS 000, 1–8



Milky Way’s halo and subhalos in SIDM 3

Figure 2. Left: Cumulative number of subhalos at z = 0 above a given maximum circular velocity within 300 kpc of the SIDM DMO
(cyan), SIDM disk (magenta), CDM DMO (gray) and CDM disk (black) hosts. Middle: Cumulative counts of subhalos within a given

radius for all resolved subhalos with Vmax > 4.5kms−1 (bound mass ∼ 5×106M�). Right: Same as middle panel but for Vmax > 15kms−1.
At z = 0 and within 20 kpc from the respective hosts, we find 2 surviving subhalos with Vmax > 4.5kms−1 in both CDM and SIDM

disk simulations, and less than 10 subhalos in the SIDM DMO run, whereas there are ∼ 40 in the CDM DMO simulation. Comparing

the subhalo populations and radial distributions for the SIDM and CDM embedded disk runs does not reveal a substantial difference for
Vmax > 4.5kms−1, or Vmax ≥ 15kms−1 subhalos.

3 DENSITY PROFILE OF THE MILKY WAY
HALO

In the absence of baryons, self-interactions (SI) form a ∼
7 kpc core in the Milky-Way mass halo (Figure 1), and its
inner halo density is an order of magnitude smaller than
the CDM DMO host density at 1 kpc. However, we find
that SIDM has no inner core and it is actually ∼ 2 − 3
times denser within ∼ 1 kpc than CDM (and a factor of
∼ 5 denser than CDM DMO) when the baryonic potential
is included. This was predicted by Kaplinghat et al. (2014)
and is a consequence of thermalization in the presence of the
baryonic gravitational potential.

The response to the baryonic potential is shown in Fig.
1. The contraction leads to a higher rotation velocity max-
imum in SIDM, but the changes are too small to a de-
tectable difference given the uncertainties in the concentra-
tion of the halo, modeling the baryons and inferring the
rotation curve in the inner parts. The velocity dispersion,
σdisp, shows a larger variation between the two DM mod-
els. For SIDM+disk, σdisp rises mildly within R?, and this
negative temperature gradient leads to outward heat flow
and an increasing central density (gravothermal collapse),
which has been noted before (Elbert et al. 2018). Notably,
we find CDM has a stronger response to the stellar con-
tribution than SIDM; we find that the cold center observed
without baryons (CDM DMO) has been dynamically heated
by the presence of the stellar potential and there is a steep
upturn in its velocity dispersion at ∼ R?. It would be inter-
esting to compare this expectation to a full hydrodynamical
CDM simulation.

4 MASS FUNCTION AND RADIAL
DISTRIBUTION OF SUBHALOS

In Figure 2, we show the abundance of subhalos within
300 kpc (about the virial radius) of the host, as a func-
tion of the maximum subhalo circular velocity, Vmax (left

panel). We observe only small differences in the total num-
ber of subhalos between the SIDM and CDM disk runs once
the galaxy potential is included. A larger difference occurs
in the DMO runs, where SIDM has less substructure than
CDM for smaller Vmax < 15 kms−1 subhalos.

Comparing the number of massive subhalos (Vmax >
15 kms−1, which would host the bright MW satellites) in
SIDM and CDM for simulations that include the galaxy
potential, we find remarkably similar abundances. The
small difference in the subhalo populations above Vmax >
15 kms−1 is consistent with variations in the individual
subhalo orbits arising from the non-linear evolution; we
find that none of these subhalos had pericenter distances
rperi < 15 kpc (rperi < 20 kpc) for the DMO (disk) runs.

We also show the radial distribution for all well-resolved
subhalos Vmax > 4.5 kms−1 (equivalent bound mass > 5 ×
106 M�) and more massive subhalos Vmax > 15 kms−1 in
Fig. 2. The radial distributions of subhalos are very simi-
lar in CDM and SIDM once the baryonic potential are in-
cluded. This is consistent with the disk preferentially de-
stroying subhalos that have orbits with small pericenters.
In particular, the distribution of the most massive subha-
los (Vmax > 15 kms−1) is remarkably consistent across the
four simulations. For lower mass halos (Vmax > 4.5 kms−1),
the presence of the baryonic potential mutes the differences
between CDM and SIDM, indicating that number counts
of subhalos alone will not be sufficient to constrain cross
sections σ/m < 1 cm2/g.

5 DENSITY PROFILES OF THE SATELLITES

Our simulations resolve the inner ∼ 300 pc of the most
massive subhalos. Figure 3 shows the z = 0 density pro-
files and circular velocity profiles of ten subhalos with the
largest peak circular velocity (> 20 km/s) for the DMO and
disk runs. In the CDM simulations, the subhalos are cuspy
as expected and the influence of the disk does not substan-
tially alter their inner densities. The data points in Fig. 3

c© 2018 RAS, MNRAS 000, 1–8
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Figure 3. Comparison of the density (upper row) and circular velocity (bottom row) profiles for the ten subhalos with the largest peak

velocity in the simulations with the disk and bulge potentials (right) and the DMO simulations (left). The five densest subhalos in the

SIDM DMO simulations have core sizes ∼ 400 pc and are less dense than the five densest subhalos in CDM, whose central densities
increase as ρ ∝ r−1 (as shown by the gray dashed line). A similar, but milder, difference in the central densities is also observed in the

simulations including the disk and bulge potentials. While in the DMO runs SIDM has less scatter in the density profiles than CDM,

this is increased in the presence of the embedded potential (top panels). In the bottom panels, squares are MW satellites brighter than
2× 105 L� (Wolf et al. 2010); the point sizes are proportional to the logarithm of their stellar masses and are color coded by the inferred

pericenters given in (Fritz et al. 2018) using Gaia DR2. Gray symbols are satellites whose inferred pericenters we consider unreliable,

having errors of the same order as their mean value. The circular velocity curves for the simulated CDM (solid) and SIDM (dashed)
subhalos are color coded by their pericenters, and the dotted lines indicate unresolved regions in our simulations. While our CDM halo

halo has three subhalos as dense as Draco, the SIDM with σ/m = 1 cm2/g does not have any. In both dark matter models, subhalos
with smaller pericenters (cyan lines) have lower densities. When the embedded potential is present, the same trend holds. However, the

data do not seem to follow this trend.

are from inferences of the dynamical mass at the half-light
radius r1/2 for the MW dwarf spheroidals (dSphs) (taken
from (Wolf et al. 2010), who used data from (Walker &
Peñarrubia 2011; Muñoz et al. 2005; Simon & Geha 2007;
Mateo, Olszewski & Walker 2008; Koch et al. 2007)).

The impact of the disk on the central densities of the
dwarf spheroidals has been proposed as the solution to the
too-big-to-fail problem, in conjuction with stellar feedback
(Zolotov et al. 2012; Brooks & Zolotov 2014; Sawala et al.
2016). Our work provides a clean demonstration of the im-
pact of just the disk on the central densities of the subhalos,
and it shows that the tidal effects of the disk can reduce the
circular velocities at 300pc by 20-30% for most subhalos,
thereby alleviating the too-big-to-fail problem.

In our SIDM DMO (disk) run, the five (three) most
massive halos (M > 109M�) develop a mild central core
within r < 400 pc, these cores have comparable sizes to those
found in cosmological dwarf halos in the field for the same
value of σ/m (Robles et al. 2017). The lower mass SIDM
subhalos have smaller cores and look cuspy over the range
of scales that are resolved in our simulations. For σ/m =
1 cm2/g, most of the SIDM subhalos that host the classical
dwarf spheroidals would have core sizes < 300pc (unresolved
in our simulations). MW dwarf spheroidals with stellar half-
light radii ∼ 300 pc (McConnachie 2012) could be the best
targets to discriminate between SIDM and CDM. In fact, the
high density inferred for Draco cannot be explained by the
subhalos in our σ/m = 1 cm2/g simulation (with or without

c© 2018 RAS, MNRAS 000, 1–8



Milky Way’s halo and subhalos in SIDM 5

the baryonic potential), consistent with the recent results of
Read, Walker & Steger (2018).

In addition to the dynamical mass estimates of the MW
dwarfs, properties like stellar mass, size, star formation his-
tory, chemical enrichment and metallicity spread could be
different in SIDM and CDM models, perhaps providing fur-
ther handles on DM particle physics. This motivates running
hydrodynamical SIDM simulations and their CDM pairs.

6 ANALYTIC SIDM DENSITY PROFILE

A simple working model for the SIDM halo profile is that the
inner profile is isothermal, while the outer parts are the same
as in CDM (Rocha et al. 2013; Kaplinghat et al. 2014). In-
terpolating between the two profiles by smoothly joining the
mass profile at a radius where (on average) SIDM particles
have interacted once does a good job of matching simula-
tion results for field halos that aren’t in the core collapse
phase (Kaplinghat, Tulin & Yu 2016; Elbert et al. 2018;
Sameie et al. 2018; Robertson et al. 2018). As expected the
SIDM DMO density profile is almost perfectly reproduced
by the Kaplinghat, Tulin & Yu (2016) analytic model. We
also found that the same model explains the core densities
of subhalos reasonably well (see Appendix for details).

In the SIDM+disk run, the host halo has developed a
negative temperature gradient (core density is increasing)
and the analytic model underpredicts the densities at inter-
mediate radii, as expected (Elbert et al. 2018). Interestingly,
matching the isothermal profile exactly to the NFW pro-
file fails for these core-collapsed systems. Taking a cue from
that, we solved the Jeans equation (starting with a con-
stant density core at a small radius as before) allowing for
the 1-d SIDM dispersion to decrease mildly with radius. We
found the smallest gradient to get an exact match between
the density and mass of the solution to the Jeans equation
and a NFW profile. Using this gradient resulted in a good
match to the simulated SIDM+disk profile (see Appendix
for details). The generality of this modification remains to
be investigated.

7 ORBITS OF SATELLITES

Figure 3 shows both the data and simulations colored by
their pericenters of the satellite and subhalo orbits. We use
the inferences of the pericenter values for the dSphs using
Gaia data from Fritz et al. (2018) for their Milky Way halo
mass of 8× 1012M�, which is close to our simulated halo.

The comparison of the orbits of the subhalos to the
measured pericenter distances from Gaia for the satellites
presents an interesting puzzle. In the presence of the disk,
the central density of the CDM subhalos is reduced (as ex-
pected). In this case, the two densest satellites Draco and
Ursa Minor have to be hosted in halos that have pericen-
ter distances at the upper end of the distribution. However,
Gaia measurements suggest that these two satellites have
likely come as close as 30 kpc to the center of the halo. On
the other hand, the lower density satellites (e.g. Sextans)
are hosted in subhalos that have been significantly affected
by tidal interactions (smaller pericenters). Statistically as-
sessing the too-big-to-fail problem in CDM and SIDM mod-

els and determining whether the mismatch between the ob-
served satellite pericenters and the simulated subhalos is a
strong discrepancy are issues that remain to be addressed.

8 CONCLUSIONS

We have presented results from high-resolution cosmologi-
cal simulations of a Milky Way like galaxy in models with
no dark matter self-interaction (CDM) and self-interaction
cross section over mass 1 cm2/g (SIDM). We included a re-
alistic contribution of the stellar disk and bulge with an
evolving embedded potential that grows in mass and size
from z = 3 to the present. The simulated disk and bulge
properties at z = 0 agree with MW observations.

We find that in the absence of a baryonic potential, a
MW halo with dark matter self-interaction strength σ/m =
1 cm2/g develops a large core at its center and is nearly ten
times less dense within 1 kpc than its corresponding CDM
DMO halo. When the disk and bulge potential is included,
the behavior is inverted: the SIDM halo is a factor of 2-3
denser than its equivalent CDM halo. This behavior can be
understood by considering the thermalization of the inner
region.

We find the substructure abundance and the overall ra-
dial distribution of subhalos are similar once the baryonic
potential is included suggesting that matching the number
of observed satellites via abundance matching would yield
same results for SIDM and CDM.

We find that the internal structure of the most massive
subhalos in both DMO and disk SIDM simulations reveal
shallow profiles within about 500 pc, comparable to the ef-
fective stellar half-light radii of some MW and M31 dwarf
spheroidal satellite galaxies (McConnachie 2012; Tollerud,
Boylan-Kolchin & Bullock 2014). The gravitational impact
of the disk is sufficient to lower the simulated subhalo densi-
ties within a kpc to be consistent with the range of densities
inferred for the MW dwarf spheroidals. The lowest density
subhalos are those with the smallest pericenters, a trend
that doesn’t seem to be reflected in the measurements of
densities and pericenters of the bright MW satellites.

None of the subhalos in the SIDM simulation was dense
enough to match the inferred density of Draco. Our results
suggest a detailed comparison of the stellar properties of
classical dwarf spheroidals, including their orbital histories,
could be used to discriminate between the two models. In-
cluding the ultra-faint satellites of the Milky Way, the dwarf
spheroidals in Andromeda and the other Local Group dwarf
galaxies should further sharpen this test.
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APPENDIX: ANALYTIC FITS TO SIDM HALOS

The halo profile of SIDM halos can be understood using a
simple analytic model(Kaplinghat, Tulin & Yu 2016). The
inner profile is isothermal, which implies that the halo den-
sity ρ(r) ∝ exp(−3Φ(~r)/σ2

disp) where σdisp is the 3D ve-
locity dispersion. In the region where interactions have not
had time to thermalize the halo, the density profile will be
the same as in CDM. The CDM profile will be close to the
NFW profile in regions sufficiently far from the influence of
baryons. This picture works well for σ/m & 1 cm2/g.

A simple ansatz for interpolating between the isother-
mal and NFW profiles is to match the mass and density
at a radius r1 where the halo particles have had on av-
erage one interaction. Thus, r1 is defined by the relation
Γ(r1)× tage = 1, where tage is halo age. We show the results
from this analytic model (assuming σ/m = 1 cm2/g and
tage=13 Gyr) in Fig. 4 (dotted lines) obtained by matching
the isothermal solution to NFW fits to the CDM subhalos in
Fig. 3. We used the Colossus Python package to obtain the
NFW fits. The analytic profiles are compared to the subhalo
profiles in the simulations with and without the baryonic po-
tential. The SIDM analytic profiles inferred from CDM sub-
halos are remarkably similar (less than ∼ 10% difference) to
the simulated SIDM profiles, showing that the core forma-
tion in SIDM subhalos can be understood from the thermal-
ization of the dark matter caused by self-interactions.

It was pointed out by Kaplinghat et al. (2014) that
the isothermal requirement in the presence of a sufficiently
compact stellar disk (or a massive bulge) would drive the
SIDM density profile to be dense (thereby reducing the core
size). The analytic model discussed above was shown to work
well for N-body SIDM simulations with a static disk (Elbert
et al. 2018; Sameie et al. 2018), except when the velocity
dispersion profile has a negative gradient. In this case, it
was not possible to get a good match to both mass and
density at r1.

Our MW disk and bulge potentials increase the SIDM
density, shorten the interaction timescale and bring the
halo into the phase where the central density is increas-
ing and the core is shrinking. In order to get a better
match at r1 than in Elbert et al. (2018), we allow for a
small negative gradient in the σdisp profile using the ansatz
σdisp,0(1 + α tanh(r/30 kpc)). The value of 30 kpc was cho-
sen to be comparable to r1, with the expectation that the
required gradients will be small. We decreased α (starting
from zero) until the SIDM profile could match on to a NFW
profile exactly at r1 (in both mass and density). Thus, the
slope of the σdisp is automatically set by this procedure. The
required value of α is about −0.2, which implies dσdisp(r)/dr
is about −6% at 10 kpc, consistent with the mild tempera-
ture gradient seen in the simulation. For less dense disks, no
gradients are required to match the inner and outer profiles
at r1 and hence we will revert back to the construction in
Kaplinghat, Tulin & Yu (2016).

The inferred analytic profiles for the MW host from the

SIDM simulations (DMO and with the embedded potential)
are shown in Fig. 5 (dashed lines), and the simulation re-
sults are included for reference (solid lines). The profiles are
obtained as described above by matching on to a NFW pro-
file that is fit to the CDM simulation results at r > 5kpc
using the Colossus Python package. The agreement is re-
markably good for both simulations (with and without the
baryonic potential). When the bulge and disk are present,
there is excellent agreement between the analytic and sim-
ulated profiles in the baryon-dominated region (r ≤ 1 kpc)
and in the asymptotic DM-dominated regime (r > 10 kpc);
in the transition region between these two regimes the fit is
less good but still within about 25%.
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Walker M. G., Peñarrubia J., 2011, ApJ, 742, 20
Wetzel A. R., Hopkins P. F., Ji-hoon K., Faucher-Giguere
C.-A., Keres D., Quataert E., 2016, The Astrophysical
Journal Letters, 827, L23

Wolf J., Martinez G. D., Bullock J. S., Kaplinghat M.,
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Cume #433 Kristian Finlator

Instructions

Welcome to Cume #433. This exam will address subjects related to extragalactic astronomy, galaxy formation,
and cosmology. It makes frequent reference to Robles et al. 2018. Go ahead and read the paper but don’t
bother with the Appendix.

• There are thirteen questions, and 52 points are possible. A score of 39/52 is a guaranteed pass.

• Please show all work and use a new piece of paper for each section or problem.

• If the exam asks you to obtain a number from the paper, then please indicate the number that you obtain
and where you obtained it from in the paper; the ability to do this efficiently is one of the things that is
being tested.

• Be very explicit. For example, if you need to invoke the concept of a “critical density”, don’t just use that
phrase, write down what it actually means.

• Please let me know if you’re hopelessly stuck; I may be able to help.

ρc =
H2

0

(8/3)πG

G = 6.672× 10−8 cm3g−1s−2

c = 2.99792458× 1010 cm/s

H = 100h km s−1Mpc−1

Mpc = 3.0855× 1024cm

π = 3.14159265359

M⊙ = 1.989× 1033g

year = 3.156× 107s

1 Background

1. (4 points) What does it mean to assume that dark matter is “cold” rather than “warm” or “hot”? Please
name one example each for a possible form of cold dark matter and hot dark matter. Two points:
CDM means that dark matter never moved at an appreciable fraction of the speed of light, for example
(although not necessarily) because it consists of particles that are too massive. One point each for
WIMP/MACHO/etc for CDM and neutrino/etc for HDM.

2. (2 points) What is “softening” (Section 2) and why is it required? In N -body simulations, matter is
discretized into lumps called “particles”. If two such “particles” pass too close, then the timestep that is
required to follow their motion accurately becomes prohibitively short because the acceleration becomes
very strong. To suppress this, the force of gravity is not permitted to increase once particles are closer
than the softening length.

3. (4 points) One of the parameters that Robles et al. use to specify their simulation is ΩM . What is that?
(two points) This is the ratio of the mean density of all matter in the Universe divided by the critical
density. (two points) The critical density is the energy density that yields a flat geometry; that is, the
Universe has no curvature on large scales (two points). Partial credit for noting that, if that energy
consists entirely of matter, then it would be barely sufficient to close the Universe given the current value
of H0. “Close the Universe” in this context means H(t = ∞) = 0.

1
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2 Qualitative

1. (6 points) List two ways in which this work could be improved upon or extended and comment on which
improvement would be more important. For the “list” part, I would accept any of: Model more than one
MW-mass halo; Higher mass resolution; larger “zoom” volume; different SIDM model; adding the hydro
back in in order to model the baryon mass distribution and stellar mass growth in the galaxies more
faithfully. Any reasonable argument regarding which improvement is acceptable, although I personally
would prefer to see the hydro accounted for.

2. (4 points) Figure 1 implies a relationship between galaxy rotation curves and their density profiles. Show
that, if a galaxy’s rotation curve is flat, then the total density ρ(r) must vary with radius r as 1/r2. The
circular velocity V (r) is related to the total enclosed mass M(r) as (1 pt)

V (r) =

[

GM(r)

r

]1/2

A flat rotation curve requires that the r dependence on the right-hand side vanishes, which in return
requires that M(r) ∝ r. This means that the derivative of M(r) with respect to r has to be a constant. If
we imagine that the mass is spherically distributed (which you’re permitted to assume), then this means
that:

dM(r)

dr
= 4πr2ρ(r)

= constant

This requires that ρ(r) ∝ r−2 (3 pts).

3. (4 points) You have just been awarded the first two nights on a high-resolution optical spectrograph (with
AO, why not) on the TMT. In four sentences, describe and justify a project that would use this time to
distinguish between the CDM+disk and SIDM+disk models. I recommend referring to Figure 3. The
bottom-right panel of Figure 3 shows that, at small distances (less than 300 pc), the CDM+disk model
predicts predominantly high circular velocities (implying cuspy density profiles) whereas the SIDM+disk
model predicts predominantly lower circular velocities (implying more cored profiles). Both models suggest
that high densities (as evidenced by high circular velocities) are associated with large pericenters, and
are challenged in this sense by observations of Draco and Ursa Minor, so there may be an argument for
improving their measured rotation curves as well. Two points for noting that the biggest difference is in
the rotation velocities at small radii and two points for describing a plan for leveraging this into a good
test.

3 Quantitative

1. Let’s compare their mass resolution with telescopic sensitivity limits.

(a) (2 points) What is the mass of the smallest dark matter halo that their simulation resolves? From
caption to Figure 2 (1 pt), Mh = 5× 106M⊙ (1 pt).

(b) (4 points) What would be the mass of baryons in this halo? From their cosmology, (Ωb/ΩM )Mh =
781, 800M⊙. 1 point each for grabbing the Ω’s, 1 point for a reasonable setup, one point for a good
answer.

(c) (4 points) Suppose that 1% of these baryons formed into sun-like stars (MV,⊙ = 4.8). What would
the absolute magnitude of such a galaxy be? Note: if you couldn’t get an answer to part (b), then
just adopt Mb = 106M⊙. Solution:L = 7.82× 103L⊙, so

2
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M = −2.5 log

(

L

4π10pc2

)

= −2.5 log

[

L

L⊙

L⊙

4π10pc2

]

= −2.5

[

log

(

L

L⊙

)

+ log

(

L⊙

4π10pc2

)]

= −2.5 log(7.83× 103) + 4.83

= −4.9

Note that this is very similar to Canes Venatici II. Rubric: correct stellar mass (1pt); correct setup
for relating apparent and absolute magnitude (1pt); correct absolute magnitude given setup (1pt).

(d) (4 points) HST can detect galaxies with apparent magnitude m < 28.5. Out to what distance could
HST detect this galaxy? Note: if you couldn’t derive an answer to the previous problem, just leave
your solution in terms of an absolute magnitude of M . Two points for demonstrating how to relate
apparent and absolute magnitude; two points for a correct answer.

m = M + 5 log(d/10pc)

28.5 = −4.9 + 5 log(d/10pc)

d = 48Mpc

This should readily be visible to HST if, it’s compact enough.

2. Let’s demonstrate that a SIDM dark matter particle in their model would never actually scatter unless it
spent a Hubble time within a virialized halo.

(a) (4 points) SIDM only differs from CDM at densities where dark-matter particles scatter at least once
over a Hubble time tH . Suppose that a particle with cross-section per mass σ/m moves randomly
through a medium with uniform dark-matter density ρ at a constant speed v for time tH . Show that
the critical density for a particle to scatter at least once in this case is:

ρs =
1

(σ/m) v tH

four points for a sensible derivation; three points for “derivation” by dimensional analysis.

(b) (6 points) Compute the critical density ρs for scattering to happen assuming: (1) the SIDM model
adopted by the paper; and (2) that the particle moves randomly at the Milky Way’s circular velocity
(which you can recall or glean from the paper) for all tH (which you’ll have to compute or just know).
Convert your answer into the same units as the y-axis of Figure 1, left panel.

ρ−1

s = 1cm2g−1
× 200 km s−1

× 105cm km−1
× 1.4× 1010yr× 3.15× 107s yr−1

ρs = 10−25g cm−3

= 10−3M⊙pc
−3

1 point for identifying the circular velocity; 2 points for computing or quoting a sensible Hubble
time; 2 points for using them appropriately, 1 point for answer in correct units. No points off for
differences of order unity.

(c) (4 points) Compare this number to the characteristic physical density at which the density profile in
the SIDM DMO case departs from the CDM DMO case in Figure 1 (which you’ll need to identify
and convert to the same units). Write one to three sentences commenting on the possible source
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of any differences between the critical density that you just computed versus the density where the
CDM DMO and SIDM DMO cases depart in Figure 1. If the critical density was computed correctly,
it will lie somewhat below the density at which the velocity profile levels off. This is because the
SIDM particles do not spend a Hubble time at this density. Instead, they spend much of cosmic
time collapsing into sheets and then filaments, which have a velocity dispersion that is very small
compared to the MW circular velocity. The minimum density at which SIDM manifests therefore
roughly corresponds to the same calculation as above, but for a time that it is substantially shorter
than a Hubble time. Two points for a consistent comparison, two points for a reasonable speculation
as to what underlies the difference. Alternatively, if the dark matter near the halo’s core moves more
slowly than the circular velocity, then a higher density is required for scattering effects to become
visible. This is not obviously a big effect given the velocity dispersion profile in the right panel of
Figure 1.
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