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ABSTRACT
We investigate the effects of self-interacting dark matter (SIDM) on the tidal stripping
and evaporation of satellite galaxies in a Milky Way-like host. We use a suite of five
zoom-in, dark-matter-only simulations, two with velocity-independent SIDM cross-
sections, two with velocity-dependent SIDM cross-sections, and one cold dark matter
(CDM) simulation for comparison. After carefully assigning stellar mass to satellites
at infall, we find that stars are stripped at a higher rate in SIDM than in CDM.
In contrast, the total bound dark matter mass-loss rate is minimally affected, with
subhalo evaporation having negligible effects on satellites for viable SIDM models.
Centrally located stars in SIDM haloes disperse out to larger radii as cores grow.
Consequently, the half-light radius of satellites increases, stars become more vulnerable
to tidal stripping, and the stellar mass function is suppressed. We find that the ratio
of core radius to tidal radius accurately predicts the relative strength of enhanced
SIDM stellar stripping. Velocity-independent SIDM models show a modest increase
in the stellar stripping effect with satellite mass, whereas velocity-dependent SIDM
models show a large increase in this effect towards lower masses, making observations
of ultrafaint dwarfs prime targets for distinguishing between and constraining SIDM
models. Due to small cores in the largest satellites of velocity-dependent SIDM, no
identifiable imprint is left on the all-sky properties of the stellar halo. While our results
focus on SIDM, the main physical mechanism of enhanced tidal stripping of stars apply
similarly to satellites with cores formed via other means.

Key words: methods: numerical — galaxies: haloes — dark matter

1 INTRODUCTION

The cold dark matter (CDM) paradigm is part of a sim-
ple model that successfully describes the Universe on large
scales. Assuming that gravity alone acts on dark matter par-
ticles, the theoretical CDM framework has been shown to ad-
equately explain halo mass functions, correlation functions,
and shapes of large galaxies, clusters, and filaments (for a re-
view, see Frenk & White 2012). On smaller scales, however,
tensions with observations still arise when using CDM to
predict properties of substructure and dwarf galaxies. For
instance, whereas simulations predict high central density
cusps in dark matter haloes (Navarro et al. 1997; Bullock
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et al. 2001; Wechsler et al. 2002), observations of low sur-
face brightness galaxies (de Blok & McGaugh 1997; de Blok
et al. 2001; Kuzio de Naray & Spekkens 2011), low-mass spi-
ral galaxies, (Gentile et al. 2004; Simon et al. 2005; Oh et al.
2011; Castignani et al. 2012; Adams et al. 2014), and Milky
Way dwarf spheroidal galaxies (Walker & Peñarrubia 2011;
Salucci et al. 2012; Breddels & Helmi 2013) indicate that
such galaxies have lower central densities and more shallow,
or cored, inner density profiles. This problem of the cen-
tral density of haloes is referred to as the cusp/core issue,
initially identified by Flores & Primack (1994) and Moore
(1994). Specifically, at low radii, d ln ρ(r)/d ln(r) ≈ −1 for
a cuspy density profile and d ln ρ(r)/d ln(r) ≈ 0 for a cored
profile.

These discrepancies have renewed interest in the idea
that dark matter may not be collisionless, but could scat-
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2 G. A. Dooley et al.

ter with particles of the same species. The idea of self-
interacting dark matter (SIDM) was first proposed by Carl-
son et al. (1992), Machacek et al. (1993), de Laix et al.
(1995), and further explored by Spergel & Steinhardt (2000)
and Firmani et al. (2000) in part to explain the cusp/core is-
sue. In these models, the local particle scattering rate scales
as

Γ(r) ∝ ρ(r)
σ

mx
vrms(r) (1)

where ρ is the local density, σ
mx

is the interaction cross-
section per unit mass, and vrms is the rms speed of dark
matter particles. Increased scattering in high-density regions
transfers energy from the outer halo to the inner halo, in-
creasing velocity dispersion and decreasing density (Burkert
2000; Yoshida et al. 2000a,b; Davé et al. 2001; Coĺın et al.
2002). Thus SIDM naturally leads to lower density cores that
may better fit observations.

SIDM also provides a solution to the so-called too big to
fail problem (Boylan-Kolchin et al. 2011, 2012), which refers
to a population of high-density subhaloes in Milky Way-like
simulations with no observed analogues. If such haloes did
exist as simulated, they would be too big to fail to form stars,
and as such should have visible counterparts. More specif-
ically, these haloes have a circular velocity profile which is
too large to match the kinematics of known satellites. The
problem exists for both the largest haloes at z = 0, initially
pointed out in Read et al. (2006), and the largest haloes
at infall and before reionization. For certain cross-sections,
SIDM offers a solution to this issue by reducing the circular
velocity profile of all haloes (Vogelsberger et al. 2012; Zavala
et al. 2013; Vogelsberger et al. 2016).

Other solutions to the cusp/core and too big to fail
issues have also been proposed that require no modifi-
cations to dark matter. Supernova driven outflows could
erase cusps, as suggested and described by Navarro et al.
(1996); Read & Gilmore (2005); Governato et al. (2010);
Oh et al. (2011); Governato et al. (2012); Pontzen & Gov-
ernato (2012); Teyssier et al. (2013); Madau et al. (2014)
and Pontzen et al. (2015). In order to simultaneously solve
“too big to fail” though, it may require an impossibly large
number of supernovae (Garrison-Kimmel et al. 2013). How-
ever, sufficiently early supernovae might create cores large
enough to solve the problem (Amorisco et al. 2014). Zolotov
et al. (2012) and Brooks & Zolotov (2014) also argue for
early supernovae, adding in a further reduction of satellite
central density due to tidal stripping to explain Milky Way
observations. Additionally, late and bursty star formation
could alleviate both cusp/core and too big too fail problems
(Oñorbe et al. 2015), but not solve them entirely. Further
possibilities include a combination of a reduced mass Milky
Way (as proposed in González et al. 2014), baryon loss due
to reionization and supernova outflows (Sawala et al. 2014),
or other combinations of these effects (Pontzen & Governato
2014; Brook & Di Cintio 2015; Wetzel et al. 2016).

In spite of several plausible purely baryonic explana-
tions, the too big to fail problem extends to the Local Group
(Garrison-Kimmel et al. 2014b), and may extend to the
nearby field (Klypin et al. 2015; Papastergis et al. 2015),
although that claim is sensitive to the methodology used
(Brook & Shankar 2016). Ultimately, uncertainty still re-
mains whether or not baryonic mechanisms alone can sys-
tematically erase all concerns. Read et al. (2016) for instance

argue that supernovae form cores in field galaxies the size
of ultrafaint dwarfs, but rely on a stellar mass to halo mass
relation consistent with the abundance matching model of
Behroozi et al. (2013c), which may greatly overpredict the
relationship for low-mass galaxies (Garrison-Kimmel et al.
2014a). When using lower stellar masses, Peñarrubia et al.
(2012) find no cores. Consequently, SIDM remains of interest
as it could provide an attractive non-baryonic solution.

Several studies have set constraints on the strength of
the SIDM interaction cross-section by searching for observ-
able signatures. Since SIDM produces more spherical halo
distributions, Miralda-Escudé (2002) used measurements of
the ellipticity of galaxy clusters to enforce a stringent con-
straint of σ/mx < 0.02 cm2/g. Randall et al. (2008) set an-
other constraint by considering the offset between the galaxy
centroid and peak position of total mass in the Bullet Clus-
ter. Yoshida et al. (2000b) used simulations of core sizes in
clusters, and Gnedin & Ostriker (2001) considered increased
rates of subhalo evaporation due to SIDM to set constraints.
A set of companion papers, Rocha et al. (2013) and Pe-
ter et al. (2013), reassessed these limits and added their
own constraints through studying the expected core sizes
of haloes and halo shapes, respectively. They relax previous
constraints, concluding that a cross-section σ/mx between
0.1 and 1 cm2/g is sufficient to produce large enough cores in
dwarfs to match observations and still withstand constraints.

At higher cross-sections, tension arises with the mea-
sured ellipticity of galaxy clusters and with overproducing
cores in large haloes. These tensions can be obviated with
a velocity-dependent cross-section. Motivated from parti-
cle theory, such particles could have a Yukawa potential in
which the cross-section decreases for higher relative parti-
cle velocities, as proposed by Feng et al. (2010); Buckley &
Fox (2010); Loeb & Weiner (2011), simulated initially by
Vogelsberger et al. (2012), and recently incorporated in an
encompassing effective theory of structure formation by Vo-
gelsberger et al. (2016) and Cyr-Racine et al. (2015). This
velocity dependence results in cores on the small scales as
needed, while mitigating effects on large scales where con-
straints are stronger (Rocha et al. 2013; Elbert et al. 2015;
Kaplinghat et al. 2016).

Since velocity-dependent cross-sections are as of yet not
well constrained, and velocity-independent models are still
viable, we seek to highlight a new approach where their ef-
fects could be observed. First, we investigate whether the
presence of a core influences how stars in satellites of a Milky
Way-like host are tidally stripped. The reduced central den-
sity of dark matter in satellites and increased central ve-
locity dispersion both occur where stars reside. These two
effects should have an impact on the stripping and distribu-
tion of stars based on the dynamics of tidal stripping and
tidal steams (see Bovy (2014) for instance). Peñarrubia et al.
(2010) have already demonstrated that cored satellites lose
mass more quickly than cusped ones. They, however, assign
cores manually and do not consider SIDM. They also em-
phasize tidal interactions of satellites with the disc of their
host galaxy, whereas we predominantly study tidal forces
arising from the host halo only.

Secondly, we investigate whether cores or subhalo evap-
oration change the total mass-loss rate of dark matter in
satellites. Particles bound to subhaloes may be ejected af-
ter colliding with a dark matter particle in the background

MNRAS 000, 1–20 (2016)
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environment. The resulting mass-loss is called subhalo evap-
oration. Rocha et al. (2013) demonstrate hints of this, with
the subhalo maximum circular velocity function suppressed
in the inner half of a host’s virial radius.

Finally, we search for signatures of SIDM imprinted on
the stellar halo, and observable implications of any changes
in stellar and total mass-loss rates. With these goals in mind,
we run simulations of four different models of SIDM to
search for their impact on the disruption of satellites. By
running our simulations with DM only, we isolate the effects
of SIDM core formation. A complete picture would require
including baryons in addition to SIDM, but such simula-
tions are computationally more expensive and sensitive to
the strength of the baryonic feedback implemented (Vogels-
berger et al. 2014; Fry et al. 2015). As such, a suite of full
hydrodynamic simulations with SIDM that resolve Milky
Way-like substructure is beyond the scope of this paper.

This paper is organized as follows. Section 2 introduces
the simulations, Section 3 discusses our method of tagging
stellar mass to dark matter particles, Section 4 presents
the differences in stellar tidal stripping between CDM and
SIDM, Section 5 discusses subhalo evaporation, Section 6
provides a simple theory to explain and predict SIDM-driven
enhancements in stellar stripping, and Section 7 investigates
how these in turn affect the stellar halo, stellar mass func-
tion, and half-light radii. Finally, Section 8 summarizes our
results.

2 SIMULATIONS

We use a suite of five simulations, each of which takes its
initial conditions from the Aquarius Project Aq-A-3 halo
of Springel et al. (2008). Two simulations are run with
a velocity-independent cross-section (the v-i models), two
with a velocity-dependent cross-section (the v-d models),
and one is run with pure CDM as the baseline for compar-
ison. Using the same initial conditions allows us to isolate
the effects of each SIDM model. All of the simulations are
the same as those initially used in and described in Vogels-
berger et al. (2012). A summary of the simulations is found
in Table 1. In the v-i cases, σmax

T /mχ is the collisional cross-
section per unit mass. In the v-d cases, it is the cross-section
achieved when the relative particle velocity is vmax,σ, which
is the velocity at which the quantity σv is maximized.

The transfer cross-section as a function of relative par-
ticle velocity for each of our four models is shown in Fig. 1,
similar to fig. 1 of Zavala et al. (2013). Our velocity-
dependent cross-sections scale approximately as σ ∝ v−4

at high velocity, and σ ∝ v−0.7 at low velocity for the
range plotted. The full form of the transfer cross-section can
be found in equation 1 of Vogelsberger et al. (2012). Our
SIDM10 model, with a constant-cross section of 10 cm2/g is
ruled out by constraints on the ellipticity of galaxy clusters,
but we include it simply to more easily highlight the effects
of SIDM. Each of the other three models are not ruled out,
and are compatible with observed kinematics of the Milky
Way dwarf spheroidal galaxies, including resolving too big
to fail, as shown in Vogelsberger et al. (2012).

Each simulation has a particle mass of mp = 4.911 ×
104 M�, and Plummer equivalent gravitational softening

Table 1. Summary of Simulations

Name σmax
T /mχ(cm2/g) vmax,σ(km/s)

CDM · · · · · ·

SIDM10 10 · · ·

vdSIDMa 3.5 30

vdSIDMb 35 10

SIDM1 1 · · ·

Note. — CDM and SIDM simulations listed with

cross-section parameters used in this study. vmax,σ ,

is the velocity at which the quantity σv is maximized
in the velocity-dependent cases. Naming scheme

adopted from Vogelsberger & Zavala (2013) and

Zavala et al. (2013) for consistency.
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Figure 1. Cross-section as a function of relative particle velocity

for each SIDM model considered (see Table 1). The colour scheme
used here is repeated throughout the paper to more easily identify

each model.

length of ε = 120.5 pc. The cosmological parameters used
are Ωm = 0.25, ΩΛ = 0.75, h = 0.73, σ8 = 0.9, and ns = 1.

All self-bound haloes are found using a modified ver-
sion of rockstar halo finder (Behroozi et al. 2013a). The
modifications include adding full iterative unbinding to im-
prove halo finding accuracy, as described in Griffen et al.
(2016), and returning all bound particle IDs for each halo in
order of boundedness. Merger trees were produced by rock-
star consistent trees (Behroozi et al. 2013b). We use the
Bryan & Norman (1998) definition of the virial radius, rvir,
which at z = 0 for our cosmological parameters is the radius
such that the mean enclosed halo density is 94.2 times the
critical density of the universe, 3H2

0/8πG. Unless otherwise
clarified, any mention of mass refers to mvir, the gravita-

MNRAS 000, 1–20 (2016)



4 G. A. Dooley et al.

tionally bound mass within rvir. The main halo at redshift
z = 0 in each simulation has a mass of ∼ 2.2×1012 M�, and
radius of 330 kpc.

3 METHODS

3.1 Particle Tagging

To study the stellar component of satellites in dark-matter-
only simulations, we tag particles with stellar mass. We
choose to use particle tagging over hydrodynamical simula-
tions due to the tremendous computational time saved. This
allows us to better explore SIDM parameter space via run-
ning more simulations. Additionally, while particle tagging
is an imperfect method, hydrodynamical simulations are not
without their own uncertainties that depend on which bary-
onic physics models are implemented.

In developing a tagging technique, we take guidance
from a long precedent of particle tagging in simulations.
Dark matter particles in the most central part of subhaloes
have been assigned stellar mass at the time of subhalo accre-
tion (De Lucia & Helmi 2008; Rashkov et al. 2012), subhalo
peak mass (Bailin et al. 2014), and through live tagging
where mass is added at each snapshot (Bullock & Johnston
2005; Cooper et al. 2010; Le Bret et al. 2015). The fraction of
stars tagged varies from the most bound 1% (Cooper et al.
2010; Rashkov et al. 2012; Bailin et al. 2014), to 5% (Le
Bret et al. 2015), to 10% (De Lucia & Helmi 2008). Mass
may be split evenly among particles per halo (De Lucia &
Helmi 2008; Rashkov et al. 2012; Bailin et al. 2014), or may
be split differently among dark matter particles to mimic the
light profile of galaxies (Bullock & Johnston 2005; Cooper
et al. 2010).

A consensus on what fraction of particles is best to tag
does not exist. Bailin et al. (2014) find that tagging 1% ver-
sus 10% results in little qualitative difference in the stellar
halo, Cooper et al. (2010) recommend 1 − 3 per cent to
avoid stellar profiles that are too concentrated or too dif-
fuse, and Le Bret et al. (2015) suggest 5% is better than 1%
to reproduce realistic stellar density profiles. Furthermore,
there are cautions that particle tagging generically produces
less concentrated, more structured, and more prolate galax-
ies (Bailin et al. 2014) and that live tagging schemes are
superior at reproducing realistic stellar density and energy
profiles (Le Bret et al. 2015).

While these studies demonstrate that particle tagging
is an imperfect method for producing reliable quantitative
results, they are still able to pick up on trends and qual-
itative results, which are of interest to the present study.
The diversity of tagging prescriptions and conflicting rec-
ommendations on what fraction of most bound particles to
tag suggests that any scheme needs to be tested within the
context of the project goals.

We aim to tag enough particles for good resolution, and
to probe a realistic range of where stars reside, particularly
making sure to target where a core forms in SIDM. For field
haloes at z = 0, we find that cores extend to ∼ 3% of the
most bound particles in 108 M� haloes. In 1010 M� haloes,
cores extend to 0.5% in vdSIDMb on the low end, and 1.5%
in SIDM10 on the high end for our models (see Section 6 for
our calculation of core sizes). Thus, based on previous stud-
ies of tagging, to probe satellite cores, and to ensure good

resolution, we would ideally tag all stars up to the ∼ 2%
most bound particle in all satellites, satellites of satellites,
etc. throughout cosmic history.

However, tagging particles in SIDM simulations intro-
duces a new obstacle. Dark matter particles can elastically
scatter, whereas stars should never scatter. We deal with
this problem by only assigning mass to particles which do
not scatter between their time of tagging and the final z = 0
snapshot. Consequently, only a fraction of the central 2%
most bound particles can be tagged. In order to avoid reso-
lution problems, we resort to still tag 2% of the total bound
particles, tagging all unscattered ones in order of bounded-
ness until we reach our 2%. This, however, creates an ad-
ditional problem. In haloes with high rates of interaction,
stellar mass would be assigned at unrealistically large dis-
tances from the halo’s centre. We solve this new issue by
enforcing a cut-off at 5%. No particles that are greater than
5% in their boundedness ranking can be tagged. If fewer
than 2% of the total number of halo particles can be tagged
within the interval of the 5% most bound particles, then
fewer than 2% are tagged. This represents a compromise
between resolution and tagging the truly central regions of
satellites.

The distribution of particles that remain unscattered
within the 5% most bound interval varies between each
SIDM simulation, and as a function of halo mass and in-
fall time. For an unbiased comparison with CDM, it is im-
perative to tag particles in CDM in as similar a fashion
as possible to the corresponding SIDM case. We divide all
haloes into bins according to their infall time and infall mass.
Each halo has a distribution recorded for it, cataloguing the
fraction of particles that remain unscattered as a function
of rank order particle boundedness. We consider particles,
starting with the most bound, in intervals of 0.5% of the to-
tal number of bound particles, recording the fraction of un-
scattered particles in each interval. The distributions of all
haloes within an infall scale and mass bin are then averaged.
An example of four averaged distributions for the SIDM1
and vdSIDMa simulations are shown in the left-hand panel
of Fig. 2. As expected, satellites which are more massive
(higher central density) and fall in earlier experience more
scattering and have fewer remaining particles to tag. This
procedure results in a look-up table used to tag the CDM
simulation in four ways, once for each of the four SIDM
simulations. An infalling satellite in the CDM simulation
is tagged to reproduce the right look-up table distribution,
with specific particles within a particle boundedness inter-
val being selected uniformly at random. In cases such as the
0.99 < zinfall < 1.47, 109.7 M� < M < 1010.5 M� bin in the
left-hand panel of Fig. 2, fewer than 2% of all bound parti-
cles can be tagged on average. Correspondingly, such haloes
in the CDM simulation are tagged with fewer than 2% of all
particles.

After completing this procedure, we verify that our tag-
ging did not introduce significant biases. One particular test
is shown in the right-hand panel of Fig. 2. This shows the
normalized distribution of the boundedness percentile at
which particles were tagged for all tagged particles in all
subhaloes. We present the cases of vdSIDMa (solid green
line), SIDM1 (dashed magenta line), and each of their corre-
sponding CDM instances (solid black and dashed black lines
respectively). Whereas the left-hand panels shows the un-
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Figure 2. Left-hand panel: distribution of the fraction of particles that do not scatter between infall and z = 0 (and can thus be tagged)

as a function of their rank order boundedness in satellites at infall. A sample of two infall time bins and two infall mass bins are shown
for the SIDM1 simulation in magenta (dashed lines), and the vdSIDMa simulation in green (solid lines). See Table 1 for differences

between the SIDM models. The unscattered distributions of all satellites within an infall mass and time bin are averaged to produce a

look-up table used to tag the corresponding CDM case. Right-hand panel: the normalized distribution of the fraction of tagged particles
per boundedness percentile at the time of tagging for all tagged particles in the simulation. We verify that our tagging of the CDM

simulations mirror that of the target SIDM simulation. The dashed-line CDM distribution mirrors that of the corresponding SIDM1

distribution (dashed magenta line) and the solid-line CDM distribution mirrors that of the corresponding vdSIDMa distribution (solid
green line).

normalized distribution of unscattered particles, this panel
shows the normalized distribution of actually tagged parti-
cles. Importantly, the CDM simulation is tagged in different
ways to mimic the features of the different SIDM cases. The
dashed CDM line mirrors that of SIDM1, and the solid CDM
line mirrors that of vdSIDMa. Imperfections in the match
are due mostly to slight differences in merger history.

Other tagging attempts which did not produce matches
between CDM and SIDM pairs resulted in biases, such as
stars tagged at systematically larger radii in SIDM than in
CDM, resulting in them being more easily tidally stripped.
For full confidence in our tagging method, we perform a vari-
ety of additional tests verifying that our primary results are
not simply an artefact of our tagging technique. A summary
of these robustness tests can be found in Appendix A.

Upon selecting particles for tagging, we assign to them
each a stellar mass according to the abundance matching
prescription of stellar mass to halo mass in Moster et al.
(2013). Since this defines a relationship for haloes at infall,
we tag particles at infall. Infall is the snapshot before a halo
first becomes a subhalo of the main host. A subhalo is de-
fined as a halo that resides within the virial radius of its
larger host. Given the virial mass of a halo at infall, we use
the abundance matching relationship to specify total stellar
mass, then split that evenly among particles tagged within
the halo. This means particles within a halo have the same
stellar mass, but particles in different haloes have different
stellar masses.

At a halo mass of 108 M�, the stellar mass is only
80 M�. Due to this negligible contribution, we do not tag
haloes with an infall mass below that value. In fact, the more

recent stellar mass to halo mass investigation by Brook et al.
(2014) suggests that 80 M� is a great overestimate. They
find a much steeper slope going towards lower stellar masses
below a halo mass of 1010.3 M�. Models by Behroozi et al.
(2013a) and Sawala et al. (2015) on the other hand, predict
much higher stellar mass to halo mass values. Sawala et al.
(2015) for instance predicts a stellar mass of 8 × 104 M�
for 108 M� DM haloes at z = 0 that host galaxies, but ar-
gue that nearly all haloes that size and smaller remain dark
since reionization suppresses star formation entirely. None
the less, the uncertainty in what stellar mass to assign to
low mass galaxies does not affect our primary results in Sec-
tions 4-6 since they are based on the ratio of mass in a satel-
lite after infall to the mass at infall, which is independent of
the stellar mass to halo mass ratio used. Uncertainty in this
relationship does somewhat impact the implications of our
findings in Section 7, and is accordingly discussed there.

A visual of a sample of our haloes with and without
stellar tagging is shown in Fig. 3. Dark matter is shown from
low to high density in blue to silver, and stars in magenta
to yellow.

4 STELLAR STRIPPING

Using the particle tagging technique described in Section 3,
we quantify the stripping of stars in each of our SIDM mod-
els compared to the baseline CDM simulation. In Figs 4-6,
we present the fraction of stellar mass remaining in satellites
as a function of time since infall for the models vdSIDMa,
vdSIDMb, and SIDM1, respectively. Since stripping will de-
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6 G. A. Dooley et al.

CDM CDM vdSIDMa SIDM1

Figure 3. Logarithmic density projections of dark matter and tagged stellar mass in our simulations. From left to right: dark matter
in the CDM simulation, dark matter with overlaid tagged stellar mass in the CDM simulation, dark matter with overlaid tagged stellar

mass in the vdSIDMa simulation, dark matter with overlaid tagged stellar mass in the SIDM1 simulation. Due to core formation in the

host of SIDM1, orbits are altered relative to the CDM simulation and the stellar halo deviates in appearance from that of CDM. In
vdSIDMa, only a small core forms in the host, resulting in little difference in the stellar halo’s appearance. All images have a box length

of 500 kpc.

pend on the satellite orbit, infall time, and mass, we divide
our samples into bins of different infall mass and mean peri-
centre achieved. The fraction of stars remaining versus time
is then averaged over all subhaloes within each bin.

All satellites that fell into the host, whether extant at
z = 0 or destroyed, are included in the sample. In total,
there are around 800 satellites considered per simulation.
Most satellites eventually merge with the host, i.e. they are
no longer found by the halo finder, or fall in more recently
than 10 Gyr ago. Consequently, as time increases, there are
fewer and fewer remaining satellites to average over for each
data bin. We enforce a cut-off beyond 10 Gyr where the data
become particularly limited.

The mean pericentre of satellite orbits is well corre-
lated with the strength of disruptive tidal forces exerted on
a satellite, even though it ignores the complexity of a full or-
bit. We therefore divide our sample into bins of 0− 30 kpc,
30 − 70 kpc, and > 70 kpc mean pericentre crossing. We
choose 30 kpc as the upper limit of the first bin since it
corresponds approximately to the radius at which a Milky
Way-like disc causes divergent tidal stripping in cored ver-
sus cuspy subhaloes as studied in Peñarrubia et al. (2010).
Both cored and cuspy satellites experience more disruption
with a disc, but cored satellites with low pericentres experi-
ence a much greater increase in disruption than cuspy ones.
Since our simulations do not include a disc in the host, the
effects of stripping in both CDM and SIDM cases in the
dperi < 30 kpc bin will be underestimated relative to the
other bins.

We choose our infall mass bins as 108.0 M� < Minfall <
108.5 M�, 108.5 M� < Minfall < 109.1 M�, and 109.1 M� <
Minfall < 1010 M� to highlight interesting ranges of the halo
mass dependence for each SIDM model, and to have enough
satellites per bin to see trends of the average effect. Specif-
ically, the mass Minfall < 109.1 M� is chosen to highlight a
transition in tidal effects on the v-d models from significant
to insignificant. On halo mass scales above 1010 M�, there
are only ∼ 10 subhaloes that ever enter the host. In these
cases, the specific orbits of the satellites drive the differences
in evolution more than SIDM, and cannot be averaged out.
Additionally, dynamical friction drags massive haloes more

rapidly to low pericentre orbits, leaving few examples with
large orbits.

Due to the difficulty of particle tagging in a simulation
with scattering particles, there are a few considerations that
must be taken into account.

First, in the model SIDM10, there are too few non-
scattered particles to tag as stars to extract meaningful re-
sults. Our goal of tagging 2% of all bound particles within
the interval of the 5% most bound particles can only be
achieved for satellites falling into the host within ∼ 0.9 Gyr
of z = 0. Tagging 1% of particles is no longer possible for in-
falls earlier than∼ 2.5 Gyr before z = 0. At earlier times, the
fraction of particles that can be tagged quickly approaches
0%. We therefore do not include SIDM10 in our results here,
but expect that its effects will be a more extreme version of
SIDM1.

Secondly, due to the different distributions of particles
tagged in each SIDM model, it is important to only make
comparisons with the CDM data tagged in accordance with
the corresponding SIDM model. In spite of this caution, the
stripping of particles in CDM is not substantially altered
between different tagging instances, as seen by the black
lines in Figs 4-6. Any differences that do exist are small
compared to the difference in stripping due to the SIDM
effects. This indicates that primarily dark matter physics
drives the signals we study, not our tagging technique.

Thirdly, we combine all satellites regardless of infall
time. Satellites with an earlier infall time have systematically
higher rates of stripping in both SIDM and CDM. This is not
physical, but instead due to particles being tagged further
from the subhalo centre as compared to recently accreted
satellites. Fewer unscattered particles remain in satellites
that fall in early since there is more time for scattering to
occur between infall and z = 0. Consequently, we must go to
larger distances on average to find unscattered particles. In
spite of this effect, the relative difference between SIDM and
CDM stripping remains the same independent of infall time.
It does, however, mean that the fraction of stars stripped in
our simulation data is likely an overestimate of the fraction
that would be stripped in a real Milky Way satellite.

With concerns of tagging artefacts assuaged, we look
at the physical effects of SIDM. In the v-d models, we see
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Figure 4. Fraction of stellar mass remaining in satellites as a function of time since infall, averaged over all satellites for vdSIDMa
compared to CDM. Satellites are divided into different bins according to their mean pericentre distance, dperi (columns), and infall

mass, Minfall (rows). Satellites with dperi < 30 kpc would pass through the host’s disc in a real Milky Way analogue, but do not in our

dark-matter-only simulations. Stripping in both CDM and SIDM should therefore be increased in this interval. Stellar mass stripping is
enhanced in the vdSIDMa model relative to CDM for all orbit bins, particularly for lower-mass satellites.

Figure 5. Same as Fig. 4, except for model vdSIDMb. Stellar mass stripping is enhanced for all orbit bins in vdSIDMb relative to CDM,
with a strong dependence on satellite mass. The effect is the largest of all our models for low-mass haloes, and the smallest for high-mass

haloes.
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Figure 6. Same as Fig. 4, except for model SIDM1. Stellar mass stripping is enhanced in SIDM1 relative to CDM for orbit bins with
dperi > 30 kpc, with a weak dependence on satellite mass. More massive satellites experience a greater enhancement. Below 30 kpc, a

reduced tidal field due to the host halo’s core in SIDM counteracts the effects of a core in the subhaloes. The combined effect makes

stripping looks similar to CDM.

a large effect of SIDM enhancing tidal stripping relative
to CDM for low mass haloes, and the effect diminishing
for higher mass haloes. The high cross-section in vdSIDMb
at low relative velocities typical for haloes with Minfall ≤
108.5 M� (for vmax ≤ 13.5 km/s, σ/mx ≥ 25.6 cm2/g), re-
sults in a very large effect, even for haloes with a mean peri-
centre > 70 kpc, where tidal forces are small. The strength
of stripping for halo masses below 109.1 M� in vdSIDMa
is weaker in comparison, particularly for mean pericentres
above 30 kpc.

In SIDM1, for our intermediate range of mean pericen-
tres, there is a clear enhancement of tidal stripping relative
to CDM. This effect gradually increases with larger mass
haloes. Furthermore, this enhancement overtakes the effect
seen in vdSIDMa and vdSIDMb for haloes between 109.1 M�
and 1010 M�.

For haloes in SIDM1 with mean pericentre above 70 kpc,
there is neither appreciable stripping in SIDM nor in CDM.
For haloes with mean pericentre below 30 kpc, we see an
interesting effect where self-interactions do not cause any
additional enhancement in stripping. This is dramatically
different than the velocity-dependent models where a strong
enhancement is apparent. A large core forms in the host in
SIDM1, reducing the local tidal field that causes stripping,
whereas only a small core forms in the host of the v-d models.

Extending the trend of diminishing enhancement of
stripping towards higher halo masses in the v-d models,
there should be little difference between SIDM and CDM
for haloes above 1010 M�. Indeed, by matching individual
haloes to each other via identifying common particle IDs be-

tween simulations, we find no significant difference in strip-
ping in the few haloes that follow similar orbits. For SIDM1,
the opposite effect of enhanced stripping increasing towards
higher masses exists. We therefore expect some difference to
exist for haloes above 1010 M�, but the SIDM effect is sub-
dominant to the more critical orbital parameters and infall
time. By matching large subhaloes to each other in SIDM1
and CDM, we could not isolate a clear SIDM related effect.
The implications of stellar stripping in these largest systems
on the stellar halo are discussed in Section 7.3.

5 SUBHALO EVAPORATION AND DM
STRIPPING

Historical interest in SIDM stems from subhalo evaporation.
As a satellite orbits within the background dark matter in
the host, high velocity collisions with background particles
can eject subhalo particles. Consequently, subhalo evapora-
tion could suppress the subhalo mass function and allevi-
ate the missing satellite problem, as originally proposed in
Spergel & Steinhardt (2000).

We therefore investigate the strength of subhalo evap-
oration in our models by studying the mass-loss rate of the
total bound mass of subhaloes. In turn, we assess whether
it plays an important role in causing the increased rate of
stellar mass-loss in SIDM already reported in Section 4. Sig-
nificant subhalo evaporation can reduce the total mass of a
satellite, lowering its binding energy, and increasing the like-
lihood of stars being stripped. However, tidal forces alone
could also increase the total mass-loss rate of cored SIDM
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satellites relative to cuspy CDM ones, and we must disen-
tangle the two effects. Fortunately, as will become clear, we
see no significant effect of tidal forces causing divergent total
mass-loss rates for the subhaloes we study, and can therefore
isolate the effects of subhalo evaporation.

Previously, Vogelsberger et al. (2012) studied the ef-
fect of subhalo evaporation on the subhalo mass function
in the models SIDM10, vdSIDMa, and vdSIDMb and found
no change in the two v-d models. They did, however, find
mass function suppression in SIDM10, especially for sub-
haloes closer to the host’s centre. Rocha et al. (2013) also
investigated subhalo evaporation, but in the context of the
cumulative maximum circular velocity function. They find a
small suppression in SIDM1 for subhaloes in 1012 M� hosts,
again magnified for subhaloes in the inner regions.

We expand upon these studies, looking at total mass-
loss over time as a function of mean orbital pericentre, dperi,
and mass, Minfall, as in Section 4, instead of a static z = 0
subhalo count. Since we track all mass, not just stellar mass,
particle tagging does not affect the results. Whereas previ-
ously we had to eliminate haloes in which no unscattered
particles remained for tagging, now we can include all haloes
in our sample. Consequently, we can study the SIDM10
model, shown in Fig. 7. Here, we see significant effects of
subhalo evaporation. In all cases where dperi > 30 kpc, there
is a clear and consistent break from CDM 1 Gyr after infall.
In the lowest mass bins, the separation continues with SIDM
haloes having an additional 10% of their original mass lost.
By 10 Gyr, this translates into having only half of the mass
of their CDM counterparts. In the highest mass bins, there
are hints of increased mass-loss, but with only ∼ 20 sub-
haloes per bin, the statistics are weak and subject to orbit
dependent variations. In contrast, our lowest mass bins have
∼ 200 haloes per bin. For satellites with dperi ≤ 30 kpc, no
SIDM satellites last longer than 6 Gyr, whereas some CDM
satellites remain throughout the duration of accretion activ-
ity for nearly 11 Gyr.

Fig. 8 shows results for vdSIDMa. Aside from halo find-
ing noise at low pericentres, the SIDM results are strikingly
similar to those of CDM. Similarly, nothing different hap-
pens in the case of vdSIDMb. This indicates that subhalo
evaporation is not significant for the v-d models, and also
that tidal stripping does not affect the DM loss rate dif-
ferently in cored versus cuspy subhaloes in the regime pre-
sented. Only for subhaloes with low pericentre will a core
cause increased tidal stripping in the total DM mass, as dis-
cussed in Fig. 12. Without the added tidal forces of a disc
in the host (see Section 7.5) and with few subhaloes ever
achieving very low pericentre, rperi < 10 kpc, the average
mass-loss over time is not substantially altered by differen-
tial tidal stripping in cored and cuspy subhaloes. Lastly, in
Fig. 9, SIDM1 shows hints of a weak effect in some instances,
with stripping increased relative to CDM by just a few per-
cent after 10 Gyr in orbit. However, as with SIDM10, the
highest mass bins have a limited sample of haloes and orbits
are perturbed relative to CDM more in the v-i models than
in the v-d models. In particular, the extra mass-loss seen in
the highest mass and largest pericentre bin of SIDM1 arises
mostly due to different satellite orbits, not because of sub-
halo evaporation.

These results all fit expectations when considering the
typical time-scale for a subhalo particle to collide with the

background under different orbits. Using the scattering rate
of equation (1), cross-sections shown in Fig. 1, and assum-
ing constant orbital velocity, vorbit, the mean time between
collisions for a given particle, τ , is given by

τ =

(
ρ(r)

σ(vorbit)

mχ
vorbit

)−1

(2)

This time-scale is shown in Fig. 10 for each of our SIDM
models as a function of radius for circular orbits. The value
of ρ(r) is taken from each simulation’s respective host at
z = 0, averaging out spherical asymmetries, and used in
turn to compute vorbit. Since we do not use an evolving
host potential, yet host haloes grow in time, τ is under-
predicted for a true dynamical system. We draw a line at
tHubble = 13.7 Gyr to highlight the maximum length of time
a satellite can spend in a Milky Way-like system and expe-
rience evaporation. Subhalo evaporation becomes important
for all radii where τ < tHubble.

For SIDM10, τ < tHubble for all orbits within 60 kpc of
the host. Many subhaloes spend a large proportion of their
time within this distance, meaning evaporation should no-
ticeably increase the mass-loss rate. SIDM1 has the next
strongest level of interaction, a full order of magnitude
weaker. Here τ = tHubble at a radius of 25 kpc. Haloes that
spend a Hubble time within this distance will be fully dis-
rupted due to tidal forces and thus not exist today. Yet the
radius is still large enough for satellites to pass within during
pericentre and survive with a few percent increase in mass-
loss. The v-d models have such long time-scales for scattering
that this simple time-scales argument suggests that subhalo
evaporation should not have an observable effect on total
mass-loss. All three of these predictions agree with the re-
sults of Figs 7-9. Interestingly, due to the host halo density
flattening out in the core of our v-i simulations, τ plateaus
and even rises as R decreases below 10 kpc.

Since subhalo evaporation does not substantially affect
satellites in our viable SIDM models, we rule out the pos-
sibility of evaporation contributing to the enhanced loss of
stars. Additionally, the lack of change in total mass-loss rate
in the v-d models also indicates that tidal stripping does
not affect cored SIDM subhaloes more than CDM subhaloes
with regard to total DM mass-loss. Instead, another mech-
anism involving an outward migration of stars must exist.
Since tidal stripping preferentially removes mass from the
outer halo, but stars originate in the inner halo, any out-
ward transport of stars can lead to increased stellar mass-
loss without a simultaneous increase in total mass-loss. We
discuss this mechanism in the next section.

6 ANALYTIC EXPLANATION FOR
ENHANCED STELLAR STRIPPING

To explain the results of Section 4 without subhalo evapora-
tion, we turn to the fundamental physics of tidal stripping.
External to subhaloes, the strength of the gravitational tidal
field controls how much mass is stripped from satellites. This
plays a role in determining the tidal radius, rt, which defines
an approximate distance beyond which mass is no longer
bound to a subhalo. Naturally, a smaller tidal radius results
in more stripping. Internal to subhaloes, which stellar par-
ticles are stripped is controlled by dynamics at the centre of

MNRAS 000, 1–20 (2016)



10 G. A. Dooley et al.

Figure 7. Total mass remaining in satellites over time binned by mean pericentre, dperi, and infall mass, Minfall. Scattering is high
enough for subhalo evaporation to reduce the mass of satellites in SIDM10 faster than in the CDM case.

Figure 8. Total mass remaining in satellites over time binned by mean pericentre, dperi, and infall mass, Minfall. Subhalo evaporation is
small enough to render no observable difference between vdSIDMa and CDM. Simulation vdSIDMb (not shown) shows identical results

with no difference with CDM.
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Figure 9. Total mass remaining in satellites over time binned by mean pericentre, dperi, and infall mass, Minfall. Subhalo evaporation
has a very weak effect in increasing the rate of mass-loss in SIDM1 relative to CDM. The extra mass-loss seen in the highest mass and

largest pericentre bin arises mostly due to different satellite orbits of a limited sample, and not due to subhalo evaporation.
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Figure 10. Mean time between collisions between background

host halo particles and particles within a subhalo on a circular
orbit as a function of orbital radius. The black horizontal line is

the age of the universe.

the halo. To compare CDM against SIDM, the size of the
halo core, rcore, is critical since it correlates with the strength
of dynamical differences due to self-interactions. SIDM re-
duces halo central density and increases halo central velocity
dispersion, reducing the binding energy of particles within
the core. Consequently, an increase in stellar mass-loss man-
ifests in two ways.

First, stars initially formed in the centre of the subhalo
are more likely to disperse out to larger radii, and thus more
likely to pass beyond the tidal radius. In a hydrodynami-
cal simulation of a field dwarf galaxy with SIDM, Vogels-
berger et al. (2014) demonstrated that the distribution of
stars within the core is tied to the dark matter distribution,
and that the dark matter halo core size grows with time. As
a result, stars tend to spread out over time. We show this for
our simulations in Fig. 11, plotting the ratio of the half-mass
radius of the stellar component, r1/2, as a function of time
to the half-mass radius of the stellar component at infall.
Just as in Figs 4-6, we take the average of this radius ratio
for all haloes belonging to a certain infall mass and mean
pericentre bin. In the vdSIDMa case, stars quickly puff out
to larger radii whereas in the corresponding CDM case, r1/2

grows at a much slower rate over time or remains constant.
The relative strength with which SIDM stars spread out in
each infall mass and mean pericentre bin is well correlated
with the strength of the enhancement of stellar stripping for
all SIDM models. As such, we only include the example of
vdSIDMa.

Secondly, for a fixed subhalo mass and tidal field, the
tidal radius is diminished in cored haloes for orbits where
rt ≤ rcore. Since the tidal radius lies within the core only
for strong tidal fields at low galactocentric radii, the second
effect is applicable only for a small fraction of satellites. We
highlight this effect in Fig. 12, showing the tidal radius of a
satellite at 30, 15, and 5 kpc from the host halo centre for a
cored SIDM and a cuspy CDM subhalo.

With rt and rcore as controlling factors, we postulate
that the relative strength of stellar mass stripping will follow
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Figure 11. The ratio of the half-mass radius of stars that remain bound to a satellite as a function of time to the half-mass radius at
infall. Satellites are binned into groups of different mean orbital pericentre and infall mass, and their distributions averaged per bin.

Stars in SIDM disperse out to larger radii than in CDM, starting immediately after tagging. This is a primary driver of the increase in
stellar mass stripping.

the ratio rcore/rt, an indicator of how close stripping is to
where stars reside. Using simple models, we compute this
ratio as a function of subhalo mass and dark matter model.

As discussed in Rocha et al. (2013), the radius of the
cores in SIDM satellites can be estimated by the radius at
which particles are expected to scatter once per Hubble time,
or approximately once per 10 Gyr halo lifetime since haloes
first form after a few Gyr. They find this predicts the mag-
nitude of core sizes well for the equivalent of our SIDM1
simulation. However, Rocha et al. (2013) fit haloes with a
Burkert profile (Burkert 1995) and use the Burkert scale ra-
dius, rb, to define the core size for SIDM1, commenting that
it is likely a lucky coincidence that this works for SIDM1, and
would not work as well for other models. We instead choose
to define core sizes as the radius at which the density profile
of an SIDM satellite diverges from that of a CDM satellite
with otherwise equivalent conditions. This definition then
accurately probes where binding energies will differ due to
SIDM.

By matching isolated field haloes from the same initial
overdensity of SIDM with those in CDM, we find the SIDM
density profile typically breaks away from that of CDM when
the slope of the log-log profile is

d ln ρ(r)/d ln r = −1. (3)

Our simulation’s core sizes measured in this manner best
align with the purely analytic estimate when we choose the
core size as the radius at which particles scatter once per
Gyr instead of once per 10 Gyr. Each of these two methods
agree roughly in magnitude, and agree with the scaling of

rcore with halo mass. Thus we define rcore as the distance
where

ρ(rcore)

mχ
〈σv〉(rcore) = 1 Gyr−1. (4)

The value 〈σv〉(r) is the local thermal average of the trans-
fer cross-section times the relative velocity, estimated as in
Vogelsberger et al. (2012) by an average over a Maxwell
Boltzman distribution function:

〈σv〉(r) =
1

2σ3
vel(r)

√
π

∫
(σv)v2e−v2/4σ2

vel(r) dv, (5)

where σvel(r) is the local velocity dispersion.
Following Vogelsberger et al. (2012), we model our

haloes as Hernquist profiles (Hernquist 1990) with density
varying as

ρ(r) =
Ma

2πr

1

(r + a)3
(6)

and velocity dispersion σ2
vel(r, a,M) taken directly from

Hernquist (1990). M is an indication of the halo mass, and
a is the scale radius. Using our CDM simulation and defi-
nition of virial radius, we find that the halo concentration

c ≡ rvir/a varies as c = 80.1 ×
(

M
M�

)−1/11

at z = 0. The

value of M in terms of our virial mass, mvir is computed as

M = mvir
(1 + c)2

c2
(7)

and the scale radius is simply a = rvir/c.
Now for any mvir we use equation (4) to compute the
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Figure 12. Approximate tidal radius of subhaloes in the gravi-

tational field of a 2.2× 1012 M� Hernquist profile CDM-like host
at distances of 30, 15, and 5 kpc. Shown in blue is the tidal radius

for subhaloes with cores of the size predicted for vdSIDMb. At

low orbital distances and low halo masses, the tidal radius begins
to lie within the low density core, resulting in a reduction in rt
compared to cuspy haloes (solid black lines). If the host halo in-

cludes a disc potential (bottom panel), tidal forces are increased
at low radii and rt is reduced even further compared to cuspy

haloes. We assume a disc of mass 1× 1011 M� of the same form
as used in Peñarrubia et al. (2010). For orbital distances larger

than 30 kpc in all SIDM models, rt is negligibly affected by cores

in subhaloes.

core sizes of each of our SIDM models, as shown in Fig 13.
In the two velocity-independent models, the core size scales
with halo mass. As central density increases, scattering in-
creases. In the velocity-dependent models, there is a com-
peting effect of higher densities and higher velocity disper-
sions (and thus lower cross-section, see Fig. 1) making the
core size vary only slightly with halo mass. Consequently,
core sizes of vdSIDMa and vdSIDMb are lower than that of
SIDM1 for high mass haloes, then overtake SIDM1 between
109 and 1010 M� going towards lower halo mass. Due to its
cross-section’s steep dependence on velocity, vdSIDMb even
overtakes SIDM10 for haloes smaller than 108 M� in spite
of having the smallest cores above 1010 M�.

To continue our estimate of rcore/rt, we need to compute
the tidal radius. In a three body system of host, satellite,
and star, the last closed effective potential surface indicates
the region in which stars will still be bound to the subhalo.
The distance to this surface at the L3 Lagrange point is a
good approximation of rt. For a circular orbit and spheri-
cally symmetric host and subhalo, rt is given in Binney &
Tremaine (2008) and rewritten here as

rt = R0

(
m(rt)

M(R0)(3− d lnM
d lnR

|R=R0)

)1/3

, (8)

where R0 is the radius of the satellite’s orbit, m(rt) is the
mass enclosed by the satellite at a distance rt from its centre,
and M(R) is the mass enclosed by the host at distance R
from the host’s centre.

Isolating how the tidal radius varies with satellite mass,
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Figure 13. Core sizes as a function of virial mass predicted for
haloes in each SIDM model. Core size is estimated as the radius

where particles scatter on average once per Gyr for an isolated

halo.

we compute and plot in Fig. 12 the tidal radius for subhaloes
within a 2.2× 1012 M� CDM-like host at various fixed dis-
tances to the host halo’s centre. The tidal radius increases
with both satellite mass, msat, and galactocentric distance,
R0, closely following the approximate equation

rt ≈ 0.7

(
msat

Mhost

)1/3

R0 (9)

for Hernquist haloes. Since the tidal radius depends on the
mass enclosed within a satellite at a given radius, and the
mass enclosed is reduced within a core, the tidal radius is
suppressed for SIDM haloes when rt ≤ rcore. Just beyond
the core radius, there is a buildup of excess mass in SIDM
haloes relative to their equivalent CDM haloes since mass
displaced from the halo centre is not removed entirely. As
a result, the same total mass is enclosed at all larger radii,
and there is no difference in rt for SIDM and CDM haloes.
We verify this effect by modifying the Hernquist profile for
our satellites to enforce d ln ρ(r)/d ln r = −0.3 within rcore

while preserving the same total virial mass. While a true
core has a logarithmic density profile slope of 0.0, the profile
of satellites in our simulations is rarely completely flat and
instead closer to −0.3.

As seen in the blue dashed lines of Fig. 12, the tidal ra-
dius of cored satellites is reduced relative to that of a cuspy
halo (black solid lines) for orbits where R0 . 30 kpc, and the
reduction becomes increasingly important for lower galacto-
centric radii. The effect is also magnified as the satellite core
size increases relative to the tidal radius of the same mass
cuspy satellite. For the vdSIDMb model illustrated, this hap-
pens towards lower satellite masses. The bottom panel of
Fig. 12 illustrates how the presence of a disc in the host halo
would enhance these effects. Here, we assume a disc of mass
1 × 1011 M� of the same form as used in Peñarrubia et al.
(2010), and reduce the host’s dark matter mass so the sum
total of halo plus disc mass is still 2.2 × 1012 M�. Beyond
30 kpc for all SIDM models, the change in rt is negligible
even with the presence of a disc.

In Fig. 14, we now compute the ratio rcore/rt with rt
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Figure 14. Ratio of the core size of subhaloes to tidal radius

in a 2.2 × 1012 M� host with subhaloes placed at a distance of
45 kpc from the host’s centre. Higher values of this ratio indi-

cate a higher propensity for stellar mass stripping. The inverse

dependence of cross-section on relative velocity in vdSIDMa and
vdSIDMb leads to more enhanced stripping in low-mass satellites,

while the opposite is true in constant cross-section models.

found for a satellite at a distance of 45 kpc from the host.
The ratio shows the intricacies of the effects of each SIDM
model and the mass dependence of the tidal radius. In the
v-i models, due to rcore/rt increasing as a function of halo
mass, we expect the disparity in stripping relative to CDM
to increase with halo mass. Indeed, as shown in Section 4,
SIDM1 does have a higher rate of stripping relative to CDM
for larger mass haloes when dperi > 30 kpc. This is driven by
core sizes that increase in size faster than the tidal radius for
more massive subhaloes. The opposite is true of the v-d mod-
els. Here, core sizes vary only weakly with mass, allowing for
larger haloes to more effectively shield their inner region via
larger tidal radii. The vdSIDMb model particularly demon-
strates this where haloes above 1010 M� should exhibit little
difference with stripping in CDM, but haloes with a mass of
108 M� magnify the effects of SIDM enhanced stripping the
most of any model, including the high cross section case of
SIDM10. This is precisely what the simulation data in Fig-
ures 4 and 5 show. The SIDM enhancement of tidal stripping
is large for low mass haloes, and quickly drops to become a
small effect for more massive haloes.

By itself, Figure 14 does not explain the different stel-
lar stripping behaviour in SIDM1 from the v-d models for
the interval of dperi ≤ 30 kpc. The behaviour arises from dif-
ferences in the host halo potential. In the v-i models, the
host halo develops a substantial core, as can be imagined by
extrapolating the core sizes of Fig. 13 to a 2.2 × 1012 M�
halo. In SIDM1, this core causes a reduction in the mass en-
closed versus radius profile relative to CDM out to 17 kpc.
In the v-d models, the collisional cross-section drops enough
in the high velocity dispersion region of the host’s centre to
affect only ∼ 2 kpc in vdSIDMa and ∼ 1 kpc in vdSIDMb.
Since the strength of the tidal force, as approximated in
equation (8), depends on the mass enclosed in the host for a
fixed radius, haloes in the SIDM1 experience a reduction in

rt relative to the v-d models when they pass near or within
17 kpc. Since haloes have extended distributions, a subhalo
need only pass near 17 kpc for part of its extremities to pass
within the critical radius where tidal forces are reduced rel-
ative to CDM. Therefore, any subhalo in SIDM1 orbiting in
this range will face competing effects of the subhalo core in-
creasing the likelihood for stars to escape relative to CDM,
but also the host halo core reducing tidal forces and decreas-
ing this likelihood. The result seen in the first two rows of
column 1 in Fig. 6 suggests that these effects cancel each
other out enough to produce a CDM level of stripping. In
the case of the highest mass bin at low pericentre, low num-
ber statistics lead to more chaotic behaviour.

7 IMPLICATIONS

In this section, we highlight the consequences of SIDM on
the z = 0 ensemble of satellites, and the stellar halo.

7.1 Mass Functions

As demonstrated in Section 4, SIDM causes an increase in
the mass-loss rate of stellar material but does not change sig-
nificantly the mass-loss rate of the total dark matter mass.
In turn, the subhalo mass function in terms of dark mat-
ter is not affected, but the stellar mass function should be
suppressed. Due to limitations of not tagging the same total
number of haloes in SIDM as in CDM, however, we cannot
directly show the suppression.

Instead, in Fig. 15 we show the fraction of stars stripped
since infall for z = 0 satellites in SIDM, fSIDM, divided by
the fraction of stars stripped since infall for z = 0 satellites
in CDM, fCDM, versus the infall mass of satellites. For ref-
erence, we include the approximate stellar mass per satellite
on the upper axis based on Moster et al. (2013) abundance
matching. The signals seen for all satellites over the entire
accretion history of the host persist at the single snapshot
of the present day. In all three SIDM models, there is a clear
increase in stellar mass stripped relative to CDM. In the v-d
models, the velocity dependence of the cross-section shows
its effects clearly. Lower mass satellites with larger cross-
sections lead to increased core sizes relative to their subhalo
radius and a stronger enhancement of stripping. The effect
of SIDM1 is more constant with mass. While these trends do
appear, there is also tremendous scatter from halo to halo
arising from different infall times and orbits.

In spite of nearly all stripping occurring while satellites
are within 50 kpc of the host, there is not a strong correla-
tion of fSIDM/fCDM with the z = 0 galactocentric distance of
satellites all the way out to 300 kpc. Beyond that, satellites
in both SIDM and CDM are stripped by just a few percent,
if at all. Orbits are elliptical enough to disperse affected
satellites out to large radii. We caution that due to the na-
ture of our particle tagging, we cannot definitely declare the
magnitude of the signal, only the trends. A full hydrody-
namical simulation, or careful injection of high resolution,
non-scattering star particles would be needed to establish
the magnitude properly.
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Figure 15. Ratio of the fraction of stars remaining in SIDM
haloes to that in CDM haloes at z = 0 as a function of halo

infall mass. SIDM haloes lose more stars, which in turn causes

a suppression in the stellar mass function. The strength of this
effect correlates well with the size of the core radius relative to

the tidal radius as a function of mass (see Section 6). The upper

axis shows the approximate stellar mass per satellite based on
Moster et al. (2013) abundance matching.

7.2 Stellar half-mass radius

In Section, 6 we demonstrated that stars migrate to larger
distances on average in SIDM than in CDM. This results
in an increased half-light radius, r1/2, an effect also seen
for cored haloes in Vogelsberger et al. (2014) and Errani
et al. (2015). We therefore measure the half-mass radius, a
proxy for half-light radius, of all satellites in our simulations
at z = 0. We then take the ratio of the half-mass radius for
SIDM to that of CDM and plot it as a function of the subhalo
infall mass in Fig. 16. Once again we see the same ordering
of effects for each of our SIDM models. In all cases, SIDM
leads to a larger r1/2. For masses above 1010 M�, SIDM1 has
the largest effect, then vdSIDMa, then vdSIDMb. Towards
lower halo masses, the effect increases rapidly for the v-d
models. We caution that the magnitude of the increase rel-
ative to CDM is not independent of our tagging technique.
The trends and relative effect of each model however, rein-
forced visually by the dashed lines, are much more robust.
As in Fig. 15, we include the approximate stellar mass per
satellite on the upper axis based on Moster et al. (2013)
abundance matching.

7.3 Stellar Halo

The stellar halo consists of all stars beyond the influence of
the host halo’s disc. Since our simulations only trace stars
formed in accreting satellites, we focus our predictions on the
outer halo where accreted stars dominate over stars formed
within the host halo. Pillepich et al. (2015) find that beyond
∼ 30 kpc, more than 95% of stellar mass comes from accreted
stars in a Milky Way-like host. We therefore consider the
stellar halo as the region between 30 kpc and rvir of our
hosts.
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Figure 16. SIDM to CDM ratio of the half-mass radius of stars

in all satellites at z = 0 as a function of their infall halo mass. The

half-mass radius increases relative to that of CDM in all SIDM
models due to stars drifting outwards as satellite cores grow. The

upper axis shows the approximate stellar mass per satellite based

on Moster et al. (2013) abundance matching.
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Figure 17. Stellar density profile of tagged particles in our host

halo due to satellite accretion for our vdSIDMb and corresponding
CDM simulations in the outer halo. For comparison we show the

stellar density profile of the hydro Aquarius run (Marinacci et al.

2014) when scaled down in magnitude by a factor of 11 to match
the Moster et al. (2013) stellar mass-halo mass relationship. Our

tagging technique reproduces the slope very well between 50 and

100 kpc where effects of the disc are unimportant. We do not see
differences in the stellar density profile between CDM and SIDM

in of our simulations.

MNRAS 000, 1–20 (2016)



16 G. A. Dooley et al.

0

200

400

600

800

N
p
ix

108.0 Minfall<109.0 M¯

25 R<70 kpc

108.0 Minfall<109.0 M¯

70 R<500 kpc

CDM

vdSIDMb

1 0 1
log10(ρ/ρ̄)

0

200

400

600

800

N
p
ix

Minfall≥1010.0 M¯

25 R<70 kpc

1 0 1
log10(ρ/ρ̄)

Minfall≥1010.0 M¯

70 R<500 kpc

Figure 18. Histogram of the density of all stripped stellar mass
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the infall mass of the satellite where they came from. We remove
stars bound, thus not yet stripped, in subhaloes above 108M� in

this sample. Density is given as log10(ρ/ρ̄). Shown is the case of

vdSIDMb.

One major result is the lack of an effect the v-d mod-
els have on the stellar halo. In Fig. 17, we show the stellar
density profile of vdSIDMb compared to the corresponding
CDM case. The two profiles are remarkably similar, with
no apparent effect on the density profile due to SIDM. We
find the same result for the radial velocity dispersion pro-
file of stars (not shown). To verify that our particle tagging
properly reflects features of the stellar halo, we compare the
z = 0 stellar density profile of our host halo to that of the
Marinacci et al. (2014) simulation, which is a hydrodynamic
resimulation of the same initial conditions we used but at a
lower DM particle resolution, Aq-A-4. From looking at their
z = 0 field haloes, we find that the slope of their stellar
mass-halo mass function is consistent with that of Moster
et al. (2013), but is a factor of 11 higher in magnitude. Af-
ter uniformly scaling their stellar masses down by that factor
of 11 to better mimic the Moster et al. (2013) relation, our
stellar density profile matches reasonably well the hydro run
(orange line) between 50 and 100 kpc.

The v-d models make such little influence due to their
small interaction cross-sections in haloes of mass scales
above 1010 M�. The host halo forms only a very small core,
leading to minimal perturbations of the orbits of satellites
and the spherically averaged DM dynamics of the host halo
in the outer regions. As discussed in Sections 5 and 6, satel-
lites with Minfall > 1010 M� have a low rcore/rt ratio, expe-
riencing minimal enhancement in stellar stripping, and have
no subhalo evaporation. Yet 90% of the stellar mass accreted
on to the host comes from such satellites. Thus the stellar
halo is dominated by of the order of 10 large satellites which
are not substantially affected by SIDM, in a host halo po-
tential which is minimally changed, resulting in no global
changes to the stellar halo.

In order to observe any effects of the v-d models, smaller
satellites must be isolated. We highlight one such instance
of extracting a signal for vdSIDMb in Fig. 18. Here, we show

a measure of the smoothness of tidally stripped stars across
the sky inspired by methods in Bell et al. (2008). We pixelate
the sky into 12288 pixels and find the total amount of stellar
mass per pixel that is not bound to an identifiable subhalo.
We then compute the ratio of the stellar mass density, ρ,
to the mean stellar mass density per pixel, ρ̄, and take the
logarithm to yield log10(ρ/ρ̄). We plot a histogram of these
values for stars that came from satellites with infall mass
between 108 < Minfall < 109 M� (top row), and stars from
satellites with infall mass between 1010 < Minfall < 1013 M�
(bottom row). Consistent with expectations, no difference
exists in the distribution for stars coming from the larger
satellites which dominate the total signal. For the lower mass
satellites, we do find enhanced stellar stripping. With more
stars dispersed across the sky, there is a greater tail of sky
patches with a lower than mean density of stars, and fewer
sky patches completely devoid of tidally stripped stars (60
per cent for vdSIDMb versus 70 per cent for CDM).

Both of these distributions hold independent of the ra-
dial range of the stellar halo studied. In spite of nearly all
stars being stripped from satellites while they are within
50 kpc of the host, elliptical orbits carry the effect of en-
hanced stellar stripping to much larger radii. This is seen in a
comparison of the left-hand column which isolates the stellar
halo between 25 ≤ R < 70 kpc, and the right-hand column
which isolates the stellar halo between 70 ≤ R < 500 kpc.
We caution that this figure serves primarily to illustrate a
point and not to find a regime of maximal signal. Different
scale sizes of patches on the sky should produce different
signals. With limited particle resolution, particularly from
stars originating in low-mass satellites, any further investi-
gation is difficult.

In the case of SIDM1, some differences do arise in the
stellar density profile and velocity dispersion profile, but pri-
marily result from perturbations of satellite orbits due to a
core in the host halo. These perturbations are visually ap-
parent in Fig. 3. The largest satellites in SIDM1 do have
significant cores and consequently have enhanced stripping
relative to CDM for a fixed orbit. They also produce tidal
streams with a higher velocity dispersion perpendicular to
the orbital plane, as demonstrated in Errani et al. (2015)
for satellites with cores. However, the global level charac-
teristics of the stellar halo considered are dominated by the
particular orbits of the handful of most massive satellites.
We are unable to isolate effects directly indicative of SIDM
without detailed knowledge of the orbits. On smaller mass
scales, SIDM1 does not produce large enough cores as in the
v-d models to create significant features like those shown in
Fig. 18 for the vdSIDMb model.

7.4 Alternate Abundance Matching Models

Due to limited observations, and stochasticity in the stel-
lar mass halo mass relation, abundance matching for haloes
with total dark matter mass below 1010 M� is very uncer-
tain. For the sake of assigning approximate stellar masses,
we used the Moster et al. (2013) abundance matching re-
lationship which influences only Figs 17 and 18, and the
upper x-axis of Figs 15 and 16. A steeper stellar mass halo
mass relationship as suggested in Brook et al. (2014) would
mean the largest satellites dominate the stellar halo even
more, washing out any signals from v-d models more than
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already presented. A more shallow relationship, as suggested
in Behroozi et al. (2013a), would do the opposite. What stel-
lar mass is associated to haloes also affects the luminosity
of galaxies in the Milky Way which probe the regimes of in-
fluence by each SIDM model. For instance, where v-d mod-
els produce the greatest signal, in haloes with infall mass
between 108 and 109 M�, Moster et al. (2013) suggests a
stellar mass of 102 < M∗ < 2 × 104 M�, coinciding with
ultrafaint dwarfs. The relationship of Eq. 2 in Brook et al.
(2014) extrapolated to lower masses suggests a stellar mass
of 2 < M∗ < 2 × 103 M�, perhaps too low to be observed.
In contrast, the relationship in fig. 4 of Sawala et al. (2015)
suggests such haloes could host galaxies of approximately
M∗ = 105 M�, making observations much more tractable.

7.5 Effect of a Disc

A significant effect not modelled in our simulations is the
presence of a baryonic disc in the host halo. Peñarrubia
et al. (2010) show that a disc increases the tidal forces on
all satellites, and widens the gap in tidal stripping between
cuspy and cored satellites. As demonstrated in Fig. 12, when
the tidal radius starts to probe within a satellite core, it
drops to lower values with cores than with cusps. Strong
tidal forces during low pericentric passages are needed to
reach this regime. Since a disc + DM halo increases tidal
forces relative to just a DM halo at low radii, it serves to
enhance the separation of stellar stripping in cored versus
cusped systems.

We therefore expect all satellites with pericentre rperi .
30 kpc to have more stellar stripping, with SIDM satellites
affected more than CDM satellites. Approximately 1/3 of
all existing z = 0 subhaloes with msub > 108 M� within
the virial radius of 330 kpc have passed within 30 kpc of the
host. To fully quantify the effect, a set of simulations with
a disc is needed.

8 CONCLUSION

SIDM may offer a resolution to the too big to fail problem
and cusp/core issues of satellite and field galaxies in the
Local Group (Vogelsberger et al. 2012; Zavala et al. 2013).
Scattering between particles drives mass away from dark
matter halo central density cusps, creating lower density
cores. Currently, constraints on velocity-independent SIDM
places the interesting range of the interaction cross-section
at 0.1 ≤ σ/mx ≤ 1 cm2/g (Rocha et al. 2013). However,
the class of velocity-dependent SIDM models, in which the
cross-section scales approximately as σ ∝ 1/vα for some α,
remain largely unconstrained. In this paper, we search for
new signatures of SIDM on satellite galaxies and their inter-
actions with a host halo to ultimately aid in identifying or
constraining SIDM.

We employ a suite of five cosmological DM simula-
tions of Milky Way sized galaxies from Vogelsberger et al.
(2012), two with velocity-dependent SIDM models, two
with velocity-independent SIDM models, and one with pure
CDM. We then carefully tag stellar mass to central parti-
cles in satellites at infall, and investigate how SIDM changes
their dynamics. Our main results are as follows.

(i) SIDM causes an enhanced level of stellar mass-
loss in satellites. Normalized by time since infall and mean
orbital pericentre, satellites lose stellar mass at a faster rate
in all SIDM models considered relative to CDM. The dis-
crepancy between CDM and SIDM grows towards lower
masses in velocity-dependent models, with large differences
in satellites with Minfall < 109.1 M�, and little difference in
satellites with Minfall > 109.1 M�. In velocity-independent
cases, the difference increases weakly with higher mass sub-
haloes.

(ii) Subhalo evaporation does not affect MW satel-
lites for viable SIDM models. Based on the mean time
for collisions between a satellite particle and a host halo
background particle, subhalo evaporation has virtually no
effect on the mass-loss rate of satellites in v-d SIDM mod-
els. In the v-i SIDM1 model, a very small effect may exist,
backed by simulations hinting at an increased mass-loss of
a few percent in satellites 10 Gyrs after accretion. The ef-
fect, however, is substantially less important than the pre-
cise orbit traversed by satellites. Only for the ruled out cross-
section of 10 cm2/g do effects of subhalo evaporation become
important.

(iii) The level of enhanced stellar stripping can be
predicted by the ratio rcore/rt. The relative strength of
the difference in stellar mass loss between SIDM and CDM
is proportional to the SIDM core radius, rcore, divided by
the tidal radius, rt. In v-d models, rcore grows much more
slowly with subhalo mass than rt, leading to more CDM-
like behaviour for larger haloes. In v-i models, rcore grows
slightly faster than rt.

(iv) In velocity-independent SIDM models, tidal
stripping is much less efficient for low pericentre or-
bits than in velocity-dependent models. A large core
forms in the host halo in v-i models, whereas only a small
core forms in the v-d models. Consequently, tidal forces in v-
i models are reduced for orbits with rperi . 20 kpc compared
to CDM and v-d SIDM. The reduced tidal forces counteract
the reduced central binding energy of stars in satellites re-
sulting in little stellar mass-loss relative to CDM. For very
low pericentre orbits, rperi . 15 kpc, and large satellite cores
in the v-d models, rt can lie within a halo’s core, reducing
rt relative to cuspy haloes and further accentuating the in-
crease in stellar stripping.

(v) SIDM suppresses the stellar mass function of
satellites. As a consequence of increased stellar mass-loss,
the stellar mass function is reduced at all satellite mass scales
in accordance with the ratio rcore/rt for some characteristic
orbit.

(vi) SIDM increases the half-light radius of satel-
lites. Due to growing core sizes, stars tend to disperse out to
larger radii in SIDM than in CDM. In addition to increasing
their likelihood of being tidally stripped, the dispersal leads
to larger half-light radii, which scales in accordance with the
size of rcore.

(vii) SIDM does not produce easily identifiable
global signatures on the stellar halo. The stellar halo is
dominated by ∼ 10 large accretions with Minfall > 1010 M�.
In our v-d models, these large satellites form small enough
cores to leave no imprint on the stellar density profile, veloc-
ity dispersion profile, nor spatial distribution of stars on an
all sky projection. In SIDM1, there are likely small imprints
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if all other variables remain unchanged, but the specific or-
bits of the largest accretions dominate any SIDM signal.

(viii) Ultrafaint dwarfs may be key to obser-
vationally distinguishing between v-i SIDM, v-d
SIDM, and purely baryonic core formation. Since the
cusp/core issue and too big to fail problem mostly concern
galaxies on the scale of the Milky Way classical dwarfs, lead-
ing theories of core formation all have mechanisms to resolve
the central density issues on mass scales of approximately
109.5 < Minfall < 1010.5 M�. Extending the theories to lower
mass satellites, in particular those with Minfall < 109.1 M�,
leads to divergent predictions among the possibilities. Find-
ing evidence of large cores in ultrafaint dwarfs would give
support to v-d SIDM. Finding small cores would be con-
sistent with v-i SIDM, and finding cuspy density profiles
would support pure CDM, and in turn strengthen the case
for purely baryonic means of core formation in galaxies with
sufficient star formation. By comparing half-light radii and
enclosed dynamical masses of ultrafaint dwarfs to those of
cored and cuspy satellites in simulations, Peñarrubia et al.
(2010) find stronger evidence for cuspy haloes. Cored satel-
lites lose too much mass to stripping at low galactocentric
distances. Further studies incorporating more recently dis-
covered ultrafaint dwarfs will be critical to solidify an an-
swer.

While our simulations and theory are sufficient to justify
each of these conclusions, full hydrodynamic simulations are
needed to better determine the precise magnitude of each
of effect, subject to uncertainty in the strength of baryonic
core formation mechanisms on top of SIDM. Additionally,
even though we discuss all consequences of cores in terms
of SIDM, similar concepts will apply to cores formed via
other means. In particular, the migration of stars to larger
radii, enhanced stellar stripping, suppression of the stellar
mass function, and increase in the half-light radius would all
apply generically to satellites with cores that grow gradually
over time. The ratio rcore/rt would still be an indicator of
the strength of each of these effects.
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APPENDIX A: PARTICLE TAGGING
VERIFICATIONS

In Section 3, we described our particle tagging technique
and the challenges arising from scattering particles in SIDM
simulations. In Fig. 2, we presented one test of our method-
ology, showing how particles were selected in similar fashion
according to their boundedness percentile in each SIDM-
CDM pair. In Section 7.3, we verified that the slope of the
stellar density profile in the outer halo matches that of a
hydro simulation. Here, we list the additional tests taken to
ensure our results do not arise from tagging artefacts.

(i) We checked the distance to the median tagged par-
ticle and the furthest tagged particle versus infall mass for
each CDM and SIDM simulation pair. Since the central den-
sity of haloes in SIDM is reduced relative to haloes in CDM,
there are fewer particles within a fixed radius. This raises the
concern that while particles are tagged in the same distribu-
tion in terms of rank order boundedness, particles in SIDM
haloes are tagged at systematically further radii. Thus, en-
hanced stripping could be due to star particles starting at
larger radii and nothing else. Per infall mass and infall time
bin, we find SIDM particles are either tagged at no further
distance than CDM particles or are tagged at fractionally
larger radii. These are small differences in all cases, which
are negligible compared to the growth in r1/2 in SIDM rel-
ative to CDM seen in Fig. 16.

(ii) We tested if haloes with large amounts of internal
scattering, and thus very few particles to tag, produce bi-
ased results. We isolated all infalling haloes where we could
tag < 100%, < 50%, and < 20% of our target of 2% of the
most bound particles. Hereafter, we call the fraction of the
target number particles to tag that can actually be tagged
the tagging yield. When removing each of these subsets, all
trends of enhanced stellar stripping as seen in Figs 4-6 re-
main the same.

(iii) We further tested if haloes with very few particles to
tag, either due to their small size or large fraction of scat-
tered particles produce biased results. We therefore removed
all haloes with < N particles tagged from our data, with N
ranging from 5 to 10, and again find the trends in enhanced
stellar stripping unchanged.

(iv) We tested for bias due to ranges of infall time and
infall mass where many SIDM haloes have zero particles to
tag. In our tagging process, we divide haloes into bins by
infall time and infall mass, and use the mean distribution
of what particles can be tagged in each bin in the SIDM
case to apply to the corresponding CDM case. As a result,
the group of CDM haloes in each bin are all tagged with the
same distribution, whereas the SIDM haloes are tagged with
some variation about that distribution. In bins where the
typical tagging yield is below 20%, a fraction of the SIDM
haloes have no particles to tag, and are thus not included in
further analysis, whereas the CDM haloes are all tagged with
the same low tagging yield. Concerned about this mismatch
in the number of haloes included in our two samples, we
investigated the trends in enhanced stellar stripping after
excluding bins with substantial mismatches. Once again, this
did not change the trends.

(v) We searched for biases in haloes with early and late
infall times. For a fixed infall halo mass, haloes with early
infall times have more internal scattering between infall and

z = 0 than those with late infall times. The early infall
haloes have particles typically tagged at larger distances,
and in turn the fraction of particles stripped is consistently
higher. However, the difference in the strength of stripping
between SIDM and CDM remains the same for both early
and late infall time samples.
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