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ABSTRACT

It has been proposed that gravothermal collapse due to dark matter self-interactions (i.e. self-interacting dark matter, SIDM) can
explain the observed diversity of the Milky Way (MW) satellites’ central dynamical masses. We investigate the process behind
this hypothesis using an N-body simulation of a MW-analogue halo with velocity-dependent SIDM (vdSIDM) in which the
low-velocity self-scattering cross-section, or/m,, reaches 100 cm? g~!; we dub this model the vd100 model. We compare the
results of this simulation to simulations of the same halo that employ different dark models, including cold dark matter (CDM)
and other, less extreme SIDM models. The masses of the vd100 haloes are very similar to their CDM counterparts, but the
values of their maximum circular velocities, Vi, are significantly higher. We determine that these high Vj,,x subhaloes were
objects in the mass range [5 x 10°, 1 x 103] M, at z = 1 that undergo gravothermal core collapse. These collapsed haloes have
density profiles that are described by single power laws down to the resolution limit of the simulation, and the inner slope of
this density profile is approximately —3. Resolving the ever decreasing collapsed region is challenging, and tailored simulations

will be required to model the runaway instability accurately at scales <1 kpc.
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1 INTRODUCTION

Self-interacting dark matter (SIDM) has been proposed to resolve
conflicts between observations and the predictions of cosmological
N-body simulations under the collisionless, cold dark matter (CDM)
model. Despite the CDM model’s significant achievements in ex-
plaining the distribution of matter on scales >1 Mpc (Spergel et al.
2003; Eisenstein et al. 2005; Planck Collaboration XIII 2016), it falls
short in its ability to explain observations of smaller scale structures,
and in particular the distribution of mass in Local Group dwarf
galaxies. We discuss these challenges in detail below; for a general
review see Bullock & Boylan-Kolchin (2017).

First, one would expect the central masses of the observed Milky
Way (MW) satellites to be consistent with those of the most massive
CDM subhaloes in N-body simulations. However, Boylan-Kolchin,
Bullock & Kaplinghat (2011, 2012) compared CDM subhaloes from
the Aquarius simulation suite (Springel et al. 2008) with the observed
masses of MW satellite galaxies (Walker et al. 2009; Wolf et al.
2010) and reported that the subhaloes are too centrally dense under
the CDM model to host the luminous MW satellites. They showed
that each of the Aquarius MW-halo analogue simulations hosted
at least four subhaloes with a central density 2¢ higher than every
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observed MW satellite galaxy; this tension has become known as the
‘too-big-to-fail’ (TBTF) problem.

A further small-scale issue encountered by the CDM model is the
cusp versus core problem, plus the apparent diversity in the central
density of MW dwarf satellites. Whilst the CDM model predicts
haloes with an inner density profile that is well described as a power
law with a slope of —1 (Navarro, Frenk & White 1996b, 1997;
Moore et al. 1998; Klypin et al. 2001), or the marginally shallower
Einasto profile (Einasto 1965) in the case of subhaloes (Springel
et al. 2008), observations provide evidence for a significant number
of haloes exhibiting cored density profiles with a constant central
density (see Spergel & Steinhardt 2000; Davé et al. 2001; Gilmore
etal.2007; Walker & Pefiarrubia 2011), although this interpretation is
disputed (Strigari, Frenk & White 2010, 2017), and could instead be
an expression of non-spherical symmetry in these galaxies (Hayashi,
Chiba & Ishiyama 2020). Recent studies into the diversity of satellite
densities (Kamada et al. 2017; Zavala et al. 2019) and isolated
dwarf rotation curves (Oman et al. 2015, 2019; Santos-Santos et al.
2020) for fixed halo properties show an open issue in relation to the
apparently diverse nature of dwarf galaxy rotation curves.

The SIDM model has been shown to have the potential to resolve
these issues both with N-body and full hydrodynamic simulations
(e.g. Davé et al. 2001; Colin et al. 2002; Vogelsberger, Zavala
& Loeb 2012; Rocha et al. 2013; Zavala, Vogelsberger & Walker
2013; Fitts et al. 2019; Vogelsberger et al. 2019). The introduction
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of self-interactions with a cross-section of order 1cm?g~! creates

cores in MW satellite subhaloes, thus solving the core versus cusp
problem directly and at the same time decreasing the central densities
sufficiently to alleviate the TBTF tension. Many of these studies
found that a velocity dependence of the self-interaction cross-section,
or velocity-dependent SIDM (vdSIDM) model (Vogelsberger et al.
2012), was required in order to obtain cores in dwarf galaxies while
simultaneously preventing MW-mass haloes from becoming more
spherical than observations permit (see Vogelsberger et al. 2012;
Peter et al. 2013; Zavala et al. 2013).

The next challenge for such models was to ensure that they could
match the densities of all MW satellites simultaneously. Zavala et al.
(2019) argued that this was unlikely to be the case for the SIDM
models that had been considered previously: models with large values
of the cross-section at low velocities (~3 cm? g~!) oversuppressed
the central densities in ultrafaint dwarfs, whereas lower cross-section
would be indistinguishable from CDM and therefore suffer from
the TBTF problem in the classical dwarfs. In summary, it was not
possible for these models to match the densities of both the ultrafaint
satellites and the classical satellites simultaneously.

One proposed solution to this problem is the counter-intuitive
suggestion to make the cross-section much larger than ~3 cm? g~
If the cross-section is >10cm”g~!, then the halo can undergo a
process known as gravothermal collapse. The gravothermal collapse
of an object, synonymous with the gravothermal catastrophe coined
by Lynden-Bell & Wood (1968), describes the way in which a
system develops a negative heat capacity through the constant
outwards transfer of energy. In the context of the MW satellite-
analogue subhaloes orbiting a MW-size halo, this process proceeds
as follows. The subhalo is initially cored, and since the majority of
self-interactions occur within the central, core, most of the energy re-
distribution (heat transfer), occurs there. The core radius increases
proportionally with the inflow of heat until an isothermal core is
formed that reaches the outer parts of the subhalo. This ‘colder’
region has a negative temperature gradient so acts as a ‘thermal
reservoir’ and as such, triggers the onset of gravothermal core
collapse as in-flowing heat drives the core to lower temperatures,
preventing the realization of a thermal equilibrium (see Colin et al.
2002; Glass 2010; Huo, Yu & Zhong 2020). The net result of this
effect is to change the shape of the profile from cored to a very steep
cusp.

Gravothermal core collapse has been cited to be a trigger for
the formation of super massive black holes in the centre of dark
matter haloes, without the need for the presence of baryons or a
pre-existing black hole seed mechanism, if the core mass at the time
of collapse is between 1078 and 1076 times that of the total halo
mass (Balberg & Shapiro 2002). Furthermore, it has been proposed
by Nishikawa, Boddy & Kaplinghat (2020; see also Kahlhoefer et al.
2019; Kaplinghat, Valli & Yu 2019) that mass-loss as a result of tidal
stripping may act to accelerate the evolution towards a gravothermal
core collapse and eventually black hole formation for dwarf haloes
with a self-scattering cross-section of op/my, > Scm?g~!. Using
idealized (i.e. non-cosmological) simulations, Sameie et al. (2020)
argue that the latter effect might be sufficient to create a diverse
subhalo population in a constant cross-section SIDM model, e.g.

or/my, = 3cm?g~!, with cored and cuspy subhaloes, depend-
ing on whether or not their orbit has triggered the gravothermal
collapse.

With the potential for gravothermal collapse in mind, Zavala
et al. (2019) simulated a vdSIDM model with a cross-section at
relative velocities <20kms™! of 100cm? g~! in the Aquarius A

halo; this is the highest cross-section value performed in any SIDM
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N-body simulation to date. This comparatively large value of the self-
scattering cross-section increases the rate of particle collisions within
subhaloes and therefore shortens the time required for gravothermal
collapse to within a Hubble time. They showed that this model
provides a viable explanation for the broad distribution of cusped
and cored density profiles of dark matter subhaloes, and also for
the discrepancy between N-body simulation predictions on the one
hand and observational data on the other: under this model, the
classical dwarf spheroidal galaxies are hosted in cored subhaloes,
whereas the subhaloes in which ultrafaint galaxies reside have instead
undergone gravothermal collapse to become cuspy. A similar result
has been obtained using a semi-analytic model of gravothermal
collapse (Correa 2020).

Zavala et al. (2019) briefly presented the existence of a population
of very dense haloes in their vdSIDM simulation; in this paper, we
study this simulation run in detail, considering the structure of the
satellite subhaloes and looking for evidence as to whether the dense
subhaloes presented in Zavala et al. (2019) did indeed originate from
gravothermal collapse. The structure of this paper is organized as
follows. We discuss our simulations in Section 2, present our results
in Section 3, and conclusions in Section 4.

2 SIMULATIONS

We consider a sample of MW-analogue mass DM-only halo sim-
ulations, all corresponding to the Ag-A halo first presented in the
Aquarius Project (Springel et al. 2008). Most of the simulations
were run with the P-GADGET-3 galaxy formation code (Springel et al.
2008), the one exception is the run introduced by Zavala et al.
(2019). All of the simulations were performed with cosmological
parameters consistent with the cosmological parameters of WMAP-1
(Spergel et al. 2003). The dark matter particle mass and Plummer
equivalent gravitational softening lengths are 4.9 x 10* and Mg
and 120.5 pc, respectively; they are resolution level 3 under the
Aquarius scheme. Haloes are identified within the friends-of-friends
(FoF) algorithm and are decomposed into gravitationally self-bound
subhaloes with the SUBFIND halo finder code (Springel et al. 2001).
We require 20 or more bound particles to identify a subhalo. In
order to effect comparisons with observations, we select only objects
within 300kpc of the centre of the host halo. The virial mass
of the host halo, May, is 1.88 x 102 Mg, in the original CDM
simulation, where M, is defined as the mass enclosed within the
radius of mean density 200 times the critical density for collapse.
The values of My in all of the simulations are presented in
Table 1: the variation in this quantity between simulations is less
than 5 per cent.

We present a summary of the vdSIDM simulation first per-
formed in Zavala et al. (2019). This Aquarius A halo simulation
used a vdSIDM model with a self-scattering cross-section, or/miy,
of 100cm?g~! at V, = 14 kms™!, and of 2cm?g™! at V=
100 kms~! (labelled as vd100). We compare this model to the
original CDM Aquarius A halo (Springel et al. 2008) and to the
suite of SIDM models first presented in Vogelsberger et al. (2012):
velocity independent SIDM models with a cross-section of 1 cm? g~!
(SIDM1) and 10cm? g~!' (SIDM10); and vdSIDM models labelled
vdA and vdB with parameters o7 /m, = 6.7 cm?> g~ and 24 cm? g~ !,
respectively, both at Vi,y = 14kms™'). The velocity-dependent self-
interaction cross-sections are presented in Fig. 1, and summaries of
the parameters of the six models are given in Table 1.

The vdSIDM model is based on a simplified particle physics
model where the self-scattering interactions are elastic and driven
by an attractive Yukawa-like potential. The self-scattering transfer
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Table 1. Properties of the models considered in this paper: simulation name; the cosmology of the simulation; the maximum self-scattering transfer
cross-section per unit mass (cm? g’l); the simulation dark matter particle mass (mpw); host halo mass (Mhao); the Plummer equivalent gravitational
softening length (¢); and the original reference describing each simulation. For the velocity-dependent models we also supply the relative velocity

(V1) under the cross-section heading.

Name Cosmology or/myx (cm? g~ !)

mpm (Mg)

Mg (10'2 M) € (pc) Reference

CDM
SIDM1
SIDM10

WMAP-1 -
WMAP-1 1
WMAP-1 10

4.9
4.9
4.9

vdA WMAP-1 6.7 (Vyel = 140kms™") 49

vdB WMAP-1 24 (Ve = 14kms™!) 4.9

vd100 WMAP-1 100 (Ve = 14kms™1) 4.9

X

X

X

10*
10*
10*

1.88
1.90
1.82

120.5
120.5
120.5

Springel et al. (2008)
Zavala et al. (2013)
Vogelsberger et al.
(2012)

Vogelsberger et al.
(2012)

Vogelsberger et al.
(2012)

Zavala et al. (2019)

10* 1.91 120.5

10* 1.91 120.5

10* 1.84 120.5

SIDM1 _
SIDM10
vd100

100.0F

10.0

or/m, [em?®/q]

0.1 ] ] ] ]
50 100 200
vrel [km/s]

500

Figure 1. Cross-sections of the SIDM models used in this paper, presented
as a function of relative velocity. These models are SIDM1 (green), SIDM10
(blue), vd100 (red), vdA (grey), and vdB (cyan).

cross-section resulting from this potential can be approximated by a
formula originally used in plasma physics, and introduced in Feng,
Kaplinghat & Yu (2010) and Loeb & Weiner (2011), in the context
of SIDM. The assignment of a post-scattering particle velocity
maintains the conservation of both linear momentum and energy
(see Vogelsberger et al. 2012 for the algorithm implementation of
SIDM used in the simulations in Table 1).

We present images of the simulations used in this study to
provide an illustration of how the effect caused by the change
in dark matter model. Fig. 2 shows images of the six haloes,
where the image intensity indicates the dark matter column den-
sity and the image hue is related to the velocity dispersion.
The most striking difference is how the SIDM10 model results
in a halo that is markedly more spherical than is the case in
CDM. It is also apparent that the abundance of subhaloes in the
centre of the SIDMI10 suppression is suppressed, which is due
to evaporation as shown by Vogelsberger et al. (2012). SIDM1
constitutes an intermediate case between SIDM10 and CDM. By
contrast, all three vdSIDM models have very similar appearances
to CDM down to the precise locations of the more massive sub-
haloes.

Given that most SIDM models are tailored to alter the density
profiles of haloes without having a measurable impact on the
halo mass function, we would anticipate that only regions of very
high density exhibit differences between CDM and the vdSIDM
simulations, either in their abundance or in their spatial distribution.
Therefore, we recompute the images of Fig. 2 with a very high
threshold density filter, in order to present the number and distribution
of high-density peaks (in projection). We present these modified
images in Fig. 3; the red circles mark sets of pixels in which the
integrated column density is higher than that of 99.92 percent of
pixels in the CDM image, and we refer to these regions as ‘dense
peaks’.

The CDM and vdSIDM models result in host haloes with a central
cusp, whilst the velocity independent SIDM models result in a halo
core as conveyed by the lower image intensity in the latter two
simulation images. The number of dense peaks in SIDM10 is only a
third or lower of any of the other simulations for two reasons: first,
the higher cross-section independently of the velocity of the particles
evaporates some subhaloes (due to collisions between particles in the
subhalo with those in the host), and secondly, the self-interactions
between particles in the centre of subhaloes carve out lower density
cores in the subhaloes that do not evaporate. In contrast to Fig. 2, there
are clear differences between the vdSIDM models and CDM. vdB
shows only half as many peaks as CDM, as a result of core creation
by its large maximum cross-section, and vdA has only 50 per cent
more peaks then vdB. Most notably, the vd100 run shows twice
as many as even CDM; a first piece of evidence that a fraction of
vd100 subhaloes are undergoing gravothermal collapse, with cores
collapsing to form very high density, cuspy profiles.

3 RESULTS

3.1 Subhaloes at z =0

3.1.1 The subhalo population

We begin our presentation of the results with a discussion of the
subhalo mass function, for subhaloes located within 300kpc of
the host halo centre irrespective of their FOF group membership.
We define the subhalo mass, M, as the total mass gravitationally
bound to each subhalo as determined by SUBFIND. Fig. 4 shows the
differential subhalo mass functions for each of the six simulations,
including a second panel that shows the ratio of the SIDM mass
functions relative to CDM. The approximate shape of the mass
function is the same for all six models in the mass range [10%,
10'°] Mg, which is consistent with the results of previous studies
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Figure 2. Images of the six haloes used in this study. The image intensity correlates with the dark matter column density and the colour traces the velocity
dispersion. Each image is 400 kpc on a side. The six simulations, from left to right and top to bottom, are CDM, SIDM10, SIDM1, vd100, vdB, and vdA.

(e.g. Vogelsberger et al. 2012; Rocha et al. 2013; Zavala et al.
2013). The bottom panel of Fig. 4 shows the ratio of SIDM subhalo
counts in relation to that of the CDM model while factoring out
the steepness of the mass function. All of the SIDM models predict
fewer low mass subhaloes (<4 x 107 M) than the CDM model. The
suppression is strongest for SIDM 10, at 60 per cent of the CDM halo
mass function due to the evaporation demonstrated by Vogelsberger
et al. (2012). Of the other SIDM models, vd100 model predicts
the fewest subhaloes, with 90 percent of CDM at M, ~ 10% Mg
and 75 percent at Mgy, ~ 107 Mg. This demonstrates part of the
way in which the vdSIDM model addresses the TBTF problem by
predicting fewer subhaloes capable of hosting luminous galaxies,
with the aforementioned mass range being synonymous with the
dark matter halo mass of ‘problematic’ dwarf galaxies such as Tucana
(Gregory et al. 2019).

Of particular interest in the properties of subhaloes in the vdSIDM
models is the change in the subhalo mass function between different
distances from the host halo centre. Previous studies have shown that
subhalo evaporation is most pronounced close to the host halo centre
(Vogelsberger et al. 2012) and others have argued that close orbit
pericentres hasten the onset of gravitational collapse (Nishikawa
et al. 2020). A careful study would require that we follow the orbits
of subhaloes with more time resolution than we have available in
our stored output. We therefore instead compute halo mass functions
for three radial bins: in addition to all haloes within 300 kpc as
featured in Fig. 4, we consider all subhaloes within 150kpc of the
host centre and all haloes within 50kpc, and present the results
in Fig. 5. For clarity we omit the vdA and vdB simulations from
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this figure, and thus only include CDM, SIDMI1, SIDMI10, and
vd100.

The difference between the four models is strongest in the smallest
radial bin, especially between SIDM10 and CDM as was expected
for the combination of such a large, velocity independent cross-
section on the one hand and the dense inner host halo environment
on the other. The vd100 model shows a much smaller difference,
which is consistent with previous claims that subhalo destruction
from high-velocity collisions with the parent halo at a higher self-
scattering cross-section is mitigated when a velocity dependence
of the cross-section is introduced (Zavala et al. 2019). It instead
produces approximately the same number of subhaloes as SIDM1.

The value of the bound subhalo mass is sensitive to the halo finder
(Onions et al. 2012). It has therefore been common to use a further
parameter as a proxy for mass: the maximum circular velocity, Viy,x.
This measurement refers to the velocity of a test particle moving in
a circular orbit around a subhalo, and is given by
v: o — GM (rmax)

max

M
rmﬂX
where G is the universal gravitational constant, M(r) is the enclosed
bound mass of the subhalo as a function of radius, and r,x is the
radius from the centre of the subhalo that corresponds to Vi,.x. This
parameter has historically been a useful proxy for halo mass in CDM
haloes, which are described well by the Navarro—Frenk—White profile
(Navarro et al. 1996b, 1997): this profile can be collapsed into a one
parameter model that depends only on halo mass, and its shape is
altered little by stripping. However, the density profile of dark matter
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38 peaks

47 peaks

Figure 3. Images of the highest density peaks in the six haloes used in this study. The density range used to make each image is restricted to pixels with a higher
integrated column density than 99.92 per cent of CDM pixels; the velocity dispersion—colour relation is the same as in Fig. 2. Each density peak that passes the
filter is enclosed with a red circle, and the number of such peaks is given in the panel. Each image is 400 kpc on a side. The six simulations, from left to right

and top to bottom, are CDM, SIDM10, SIDM1, vd100, vdB, and vdA.

haloes changes significantly for dark matter models that are not CDM
(e.g. Lovell et al. 2021, Fig. B1) and therefore the interpretation of
Vimax @s @ mass proxy in these models can be unclear. In this study,
we are able to test whether V), is still appropriate as a mass proxy
for the novel vd100 model.

Fig. 6 shows the differential subhalo maximum circular velocity
function for all six simulations. As was previously shown in Vo-
gelsberger et al. (2012), the SIDM1 model behaves quite similarly
to the CDM model in terms of maximum circular velocity, as do
the vdA and vdB models. The number of subhaloes in the SIDM10
model is significantly lower than that of the other dark matter models
considered in this paper, again likely due to subhalo destruction from
high velocity collisions. The most striking aspect of this figure is the
very large number of vd100 subhaloes with Vx> 10 km s7!: this
model exhibits twice as many number of subhaloes with a Vy,x of
~20kms~! as the CDM simulation, despite there being marginally
fewer subhaloes in total as shown in Fig. 4. This phenomenon is a
potential indicator as to the onset of gravothermal core collapse: in
a fraction of the vd100 subhaloes, the inner regions of an initially
cored subhalo collapse to form a cuspy profile.

We demonstrate this phenomenon explicitly in Fig. 7, which
shows the circular velocity profiles of CDM and vd100 subhaloes
at z = 0. We select subhaloes that are within 300 kpc of the host
centre and that have a Vi, value in the range 25-35km s~!. The
number of CDM and vd100 subhaloes with ry,x > 1kpc in this

range are approximately the same, with Fig. 7 showing eight CDM
subhaloes and nine vd100 subhaloes. These regular vd100 haloes
have cores and so are less dense than the CDM haloes but there
is also a collapsed population present, where the circular velocity
peak radius is significantly smaller than 1 kpc. In particular, V,,.x can
change drastically once the gravothermal collapse phase is triggered,
since the collapse of the core makes the central regions even ‘hotter’
dynamically and thus the value of V,, increases (as can be inferred
from Fig. 7). There are 24 collapsed vd100 subhaloes, three times
the number of uncollapsed subhaloes. We caution that the peaks of
these collapsed curves lie within the gravitationally softened regime,
and therefore the shapes of the circular velocity curves around the
peak are highly uncertain.

In this situation, and in the context of equation (1), we anticipate
a decrease in ry.x and an increase in Vi, at roughly constant M.
Therefore, we compute the distributions of Vi« and ry.x for the
CDM, vdB, SIDM10, and vd100 models, and present the results for
our simulations in Fig. 8; the SIDM1 and vdA versions of this plot
are almost identical to the CDM version and are therefore omitted.

The Viax—"max distributions for vdB and SIDM10 are broadly
similar to that of CDM. SIDM10 exhibits marginally larger rp,y at
fixed Vpnax than is the case for CDM at the level of a few 10s of
per cent, which is consistent with the self-interactions carving out a
core. vdB does not show a similar increase, and instead presents a
small population of Vi ~ 10kms~' haloes that have collapsed
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Figure 4. Differential subhalo abundance as a function of enclosed mass for
all dark matter models considered. The SIDM1, SIDM10, vd100, vdA, and
vdB models are denoted as the green, blue, red, grey, and cyan solid lines,
respectively. The CDM model is denoted by a black-dashed line. The bottom
panel shows the mass function of all SIDM models as a ratio to that of the
CDM model.
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Figure 5. Differential subhalo mass function for all dark matter models
considered, binned by radii from the centre of the host halo. Our three radial
bins, <50, <150, and <300kpc are denoted by the dotted, dot—dashed,
and solid lines, respectively. The SIDM1, SIDM10, and vd100 models are
denoted as the green, blue, and red solid lines, respectively. The CDM model
is denoted by the black lines.
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Figure 6. Differential subhalo V.« function for all SIDM models con-
sidered, plus the CDM model. The SIDMI, SIDM10, vd100, vdA, and
vdB models are denoted as the green, blue, red, grey, and cyan solid lines,
respectively. The CDM model is denoted by a black-dashed line. The dotted
vertical line shows the resolution limit of the simulations. The bottom panel
shows the Vihax function of all SIDM models as a ratio to that of the CDM
model.
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Figure 7. Circular velocity profiles of CDM and vd100 subhaloes at z = 0.
‘We select subhaloes that are within 300 kpc of the host centre and that have a
Vmax value in the range 25-35 km s~1. CDM curves are shown in black and
vd100 in red. The vd100 curves for which rmax <1 kpc have been faded to
improve legibility. The dotted line denotes 2.8 x the gravitational softening
length.
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to rmax values smaller than the softening. This trend increases
dramatically for vd100 subhaloes: a large fraction of subhaloes in the
mass range [107, 10%] My have undergone collapse. We caution that
many of these haloes have obtained values of r,,« that are smaller
than the softening resolution limit. We are therefore able to show that
collapse occurs and dramatically changes the density profile, but the
accurate values of V.« and ry, are highly uncertain; we anticipate
that the ‘true’ rp. would be smaller than we measure and thus V.
even larger.

This shift to a higher Vi,.x and lower ry,, is characteristic of
gravothermal core collapse as the inner regions of the subhalo
shrink in an accelerated collapse while retaining their mass. Fig. 8
identifies the bound masses of the populations undergoing this
gravothermal collapse in the vd100 model. It is evident that these
are comparably lower to intermediate mass objects (within the range
of approximately [5 x 10, 1 x 10%] M.

3.1.2 Halo-by-halo

We have shown that the vd100 model predicts a subhalo mass
function that is only marginally suppressed relative to CDM, yet
generates a novel population of high V.« (>10km S™H-10W Fimax
(<1kpc) subhaloes that are completely absent in CDM and the other

SIDM models. We therefore hypothesize that a fraction of vd100
haloes undergo gravothermal collapse, retaining most of their mass
while their rp,x shrinks dramatically. We examine this hypothesis
further via two routes. First, we match a sample of subhaloes between
vd100 and the other simulations, and secondly we consider how the
properties of vd100 haloes change between z = 1 and the present
day.

We showed in Fig. 2 that the large-scale structure and the positions
of massive subhaloes are largely reproduced between the six models.
The most divergent simulation in this regard is SIDM10, given the
change in halo shape and the evaporation of massive haloes; never the
less, we have used the Lagrangian halo matching method of Lovell
et al. (2014, 2018) to identify 22 subhaloes that are present in four
of our simulations: CDM, vd100, SIDM1, and SIDM10. Given the
hypothesis outlined in the previous paragraph, we will determine
whether the subhalo mass My, is indeed constant between models,
and how Vp, increases / ry. decreases. We compare these three
subhalo properties between simulations in Fig. 9, where we only
consider haloes that have not been evaporated in any of the models.
This could be biased to haloes that are on orbits with large pericentres
or that have only recently fallen in, and have therefore not collapsed.
‘We caution that the values of r,,, are not as well defined as those
of Viax, and so could vary quite easily on a subhalo-by-subhalo
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basis even if the aggregate differences between the models are
small.

In the left-hand panel, we show the bound mass of subhaloes in
the SIDM1, SIDM10, and vd100 models in relation to the CDM
model. There exists a population of subhaloes in the CDM subhalo
massrange [2 x 108, 5 x 10%] M, that are considerably less massive
when simulated in vd100 than when modelled with CDM. We also
find that nearly all subhaloes are ~30 per cent less massive in the
vd100 model than in the matched CDM subhalo, and indeed at higher
masses are again much less massive than in all other considered
models. This apparent decrease in bound mass of a large fraction
of subhaloes in the vdSIDM model may be partially related to
gravothermal core collapse in this selection of objects, as the rapid
transfer of energy between inner and outer regions of each subhalo
allows the outer components of the subhaloes to become unbound
and so the total mass decreases. It is also possible that some of mass
is removed by interactions with the host halo, although to a much
less degree than for SIDM10.

In the middle panel of Fig. 9, we show the subhalo maximum
circular velocities in the SIDM1, SIDM10, and vd100 models in
relation to the CDM model, the latter of which sets a marker for
what vd100 haloes could look like if they did not collapse. A total
of 13 of the 22 matched subhaloes display a higher value of Vi,
when simulated in the vd100 model than in the CDM model and
six of these subhaloes show V., values considerably greater in the
vd100 model than in all others despite the fact that all of the vd100
subhaloes are less massive than their CDM counterparts. The right-
hand panel of Fig. 9 shows rp,, for the same subhaloes, and identifies
a population of five subhaloes with an 7, value less than 2.5 kpc
that, when modelled by the vd100 model, exhibit a significantly lower
value of rp,, than in all other models. We therefore conclude that
this population of high Vi—low ryax vd100 haloes are collapsed
versions of CDM haloes with Ve < 30 kms™'.

This approach is somewhat complicated by the uncertainty in
measuring My, and also the problem that r,,,« is only marginally
resolved, if at all, in collapsed objects. We therefore take a com-
plementary approach in which we instead measure the circular
velocity within an aperture of fixed physical size. We choose two
such apertures: 2 and 1kpc, and the circular velocities with these
apertures are labelled vy and voyp. In the case that matter is ejected
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by self-interactions, the circular velocity — which is directly related
to the enclosed mass — will decrease, and conversely if collapse
from outside into the aperture then the circular velocity will instead
increase. In order to obtain a larger sample of vd100 subhaloes,
we generate a new list that does not require a match in SIDM1 or
SIDM10; this approach returns 63 subhaloes. We plot the vd100-
CDM matched pair circular velocities at 1 and 2kpc apertures in
Fig. 10.

In the 1 kpc aperture there is a significant fraction of subhaloes that
have a higher vy, in the vd100 model than in the CDM model, whilst
a smaller number of the CDM subhaloes with vy, > 22km s~!
show a reduced mass in this aperture under vdSIDM constraints
relative to CDM. This result is consistent with the picture that
the more massive vd100 objects have had a core scooped out by
self-interactions, whereas in the lower mass haloes sufficient time
has elapsed for that core to collapse, with material from outside
the aperture flowing towards the subhalo centre. An interesting
corollary of this result is that the vd100 haloes have a much narrower
range of central masses than do their CDM counterparts: in this
extreme vd100 model, we therefore predict that the MW satellites
should inhabit a narrow range of masses, corresponding to 1kpc
ciruclar velocities of [15-30] km s~!. The right-hand panel of Fig. 10
instead uses an aperture of 2 kpc, within which there is scatter about
the 1:1 relation. We therefore conclude that the novel behaviour
of this model is largely confined to within 1kpc of the subhalo
centre.

3.2 Time evolution of the subhalo mass profile

We have shown thus far that there exists a large population of vd100
subhaloes that are much more concentrated than CDM subhaloes,
and that at least some of these subhaloes correspond to CDM haloes
where the mass has become concentrated within 1 kpc. From hereon
in we present the time evolution of the vd100 subhaloes, first in the
population as a whole and subsequently for a subsample of subhaloes.
First, in Fig. 11, we track the evolution of the mean Vj,ax—7max relation
for vdSIDM subhaloes from z = 1 to z = 0.

The subhaloes in the vd100 model show V. —rm.x parameters
comparable to that of those in the CDM model at a redshift of z =
1, but at later times there is a steady preference for rp, to decline
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Figure 11. The evolution of the simulated vd100 dark matter subhalo Viax—
rmax parameters over time. The circular velocity profile for the same subhaloes
modelled under the CDM regime can also be seen at redshift values of z =
1 and z = 0 for comparison, plotted as the dashed lines. The colours plotted
correspond to a redshift of z =1 (red), z = 0.8 (yellow), z = 0.6 (green), z =
0.4 (blue), z = 0.2 (violet), and z = 0 (black).

at fixed Viyax. The most dramatic of these departures occurs between
z =1 and z = 0.8 for subhaloes with a maximum circular velocity
that lies between 20 and 30 km s~'. This trend is the reverse of CDM,
in which the population of haloes of a given mass / V},,x becomes
less concentrated with time and therefore the mean ry,,, increases
fromz=1toz=0.

The path of individual haloes through the Viyux—7ma diagram
cannot be discerned directly from Fig. 11. In order to find the

direction in which haloes move from the CDM-like mean Vx—7max
relation into the population of highly concentrated vd100 subhaloes,
we identify a subsample of 11 subhaloes, plus the host halo, at the
11 output times that we have available. We then plot the evolution
tracks of these objects through the Via.x—7max in the redshift interval
[1,0] in Fig. 12. We also include 11 CDM subhaloes that span the
7 =1 Vyux range of the vd100 subsample.

All of the subhaloes bar 2 and 3 evolve towards a lower value of
rmax and, excluding subhalo 11, show an initial decrement in Vi,
which nevertheless increases again slightly by z = 0. Subhaloes 2 and
3 are outliers in that their Vy,, instead consistently decrease in value
roughly in line with the mean z = 1 V. —7"max relation, therefore
show similar tracks to the CDM subhalo evolution.

If these subhaloes were acting purely under the influence of
collapse, with all of the mass within the z = 1 ry.x retained to
z = 0, these subhaloes would have shifted to higher V};,x than we
found in this simulation, and therefore it would appear that tidal
stripping has taken place. We check the degree to which this is the
case by computing, for each of these subhaloes, the mass within 7,
at z = 1, and then calculating the V,,,« that each subhalo would have
had if the mass enclosed within r,x at each subsequent snapshot
were the same as we calculated at z = 1. We compute the ratio of
the measured Vi, to this ‘predicted’ Vi,ax and plot the results as a
function of ry,y in the right-hand panel of Fig. 12.

With the exception of a single subhalo at a redshift of z = 0.6,
all considered subhaloes lose mass between z = 1 and z = 0. The
mass-loss is between 20 per cent and 65 per cent, which we expect
is due to tidal stripping rather than to the change of the dark matter
density profile.

We end our presentation of the results by showing explicitly how
the matter distribution changes between z = 1 and z = 0 for nine of
the vd100 haloes discussed in Fig. 12. First, we present the density
profiles of these nine subhaloes in Fig. 13, with one curve per redshift,
i.e. per output time.

Three of the nine subhaloes — 2, 3, and 7 — all show classic SIDM
cored profiles at z = 1. This profile persists to z = O for subhalo 2,
albeit with plenty of stripping, and subhalo 3 is similar. The other
haloes instead show very different results: their z = 1 profiles are
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0.

slightly steeper than for the two subhaloes mentioned previously, and
over the rest of the simulation they evolve to a very cuspy profile with
a power-law index of y &~ —3; this change in density profile is again
indicative of gravothermal collapse. Given that the z = 1 profiles are
not as cored as haloes 2 and 3, we suspect that this process of collapse
may have begun at some earlier time; we are unable to check whether
this is the case because snapshot outputs were only stored from z =
1 onwards. There is some evidence that subhaloes that are relatively
close to the halo centre at z = 0 have shown a sharper collapse,
but on the other hand subhaloes 7 and 9 exhibit very similar profiles
despite differing in distance by a factor of 2. We therefore do not have
strong evidence at this stage to support the claim that gravothermal
collapse is induced/enhanced by tidal interactions: ultimately a
detailed study of the subhalo orbits will be required to answer this
question.

Finally, in Fig. 14 we present the circular velocity profiles for
the nine haloes from Fig. 13. For most of the subhaloes shown,
the maximum circular velocity (V,.x) remains almost constant, to
within a few tens of per cent, whilst the corresponding radius
(rmax) decreases from a redshift of z = 1 to z = 0. This is again
with the exception of subhaloes 2 and 3, which evolve to have a
circular velocity profile with a considerably lower Vp,,« and a slightly
decreased ryx, and this likely due to tidal stripping as stated above.
Subhalo 11 is also an exception as it evolves to have a considerably
increased maximum circular velocity. We also see how the 7y
value for subhalo 11 decreases dramatically between z = 1 and
z = 0.9 and then increases again at z = 0.8, which is unlike the
other subhaloes shown that demonstrate a fairly sequential decrease
in rp,,. We caution that for the collapsed objects, iy, Occurs around
the hard resolution limit of 2.8 x the Plummer radius. It is therefore
well within the Power radius (Power et al. 2003; Springel et al.
2008) that is typically assumed to provide a rigorous limit on the
resolution of the density profile in CDM N-body simulations. It is
not clear that this limit is appropriate for these simulations: we simply
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state that the interpretation for these simulations for the purpose of
comparison must be done with care, as it is not clear whether these
circular velocities are completely free of numerical artifacts around
the measured 7.y, although we not note that the overall behaviour
does follow the general expectations for the gravothermal collapse.

4 CONCLUSIONS

The relationship between the masses of MW satellite galaxies on
the one hand and the nature of the dark matter on the other remains
unclear, despite a plethora of explanations based on baryon physics
(Navarro, Eke & Frenk 1996a; Di Cintio et al. 2011; Pontzen &
Governato 2012; Sawala et al. 2016) and modifications to the dark
matter physics (Lovell et al. 2012; Vogelsberger et al. 2012; Zavala
et al. 2013; Cyr-Racine et al. 2016; Schewtschenko et al. 2016;
Vogelsberger et al. 2016). Zavala et al. (2019) showed that models of
SIDM can explain the full set of known satellite masses if the self-
interaction cross-section at low relative velocities is 100cm? g~ !,
likely through the gravothermal collapse of a fraction of subhaloes
to form very dense subhaloes. In this paper, we have studied the
possibility for this collapse in detail.

We have used N-body simulations of a MW-analogue halo to
analyse and compare SIDM models of both the velocity independent
and velocity-dependent varieties, and contrasted them with the CDM
model. We focus particularly on the extreme 100cm” g~! vdSIDM
model run by Zavala et al. (2019), which we refer to as vd100. We
also used four simulations run by Vogelsberger et al. (2012) and
Zavala et al. (2013), two velocity independent (1 and 10cm?g~')
and two velocity dependent, vdA and vdB (see Table 1 for their
descriptions).

The subhalo mass function (Fig. 4) differs only slightly between
CDM and vdSIDM models. What suppression there is relative to
the CDM model comes at My, < 10% Mgy, and these differences
do not become much stronger with distance to the host halo centre
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Figure 13. Density profiles for nine of the 11 haloes presented in Fig. 12, with the correspondence indicated by the number in the bottom left-hand corner
of each panel; we also include the z = 0 subhalo mass in units of 108 M and the z = 0 distance from the main halo centre. We show density profiles at 11
redshifts, which are shown with different colours evolving from red at z = 1 to black at z = 0. The dotted vertical lines indicate the radius equal to 2.8 times the
softening length, and therefore mark the hard resolution limit of our simulations. In the bottom left-hand panel we indicate power-law slopes with indicies —1,

—2, and —3 as the dotted, dashed, and dot—dashed lines, respectively.

(Fig. 5). However, pronounced differences between vd100 and all of
the other models occur when we instead consider the mass profile of
the subhaloes (Fig. 6). Our main conclusions are as follows:

(i) The vd100 halo mass function is suppressed at the 10 per cent
level for M, < 10% Mg, relative to CDM scenarios.

(i1) The vd100 model hosts a significantly greater number of
subhaloes with a higher value of maximum circular velocity
(Vmax = 10km s™") than in the CDM model (Fig. 6). These subhaloes
are part of the subhalo population that have values of r,,x much
smaller than is the case for either CDM or for other SIDM models
(Fig. 8). These properties are characteristic of gravothermal core
collapse as subhaloes that initially displayed a cored density profile
collapse to a cuspy profile. It is evident through subhalo tracking
that a fraction of individual subhaloes in the vd100 model that had
Vinax—Tmax parameters typical of CDM at z = 1, evolve to very low

Tmax — as low as the spatial resolution of the simulation — by z = 0
while roughly retaining their z = 1 Vi« value (Fig. 11).

(iii) Populations undergoing gravothermal core collapse are
shown to be the lower to intermediate mass subhaloes in the
simulation, all within the mass range of 5 x 10° < My, < 1 x
10® My, (Fig. 8).

We argue that our results demonstrate clear evidence of gravother-
mal core collapse occurring in a fraction of our simulated dark matter
subhaloes between redshifts of z = 1 and z = 0. The inclusion
of a velocity dependence on the self-scattering cross-section in the
vdSIDM model allows higher values of cross-sections to be explored
at low velocities, enabling an increased probability of gravothermal
collapse and leading to an appreciable diversity in circular velocity
profiles in our simulated subhaloes, as is in accordance with the
findings of Zavala et al. (2019).
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Figure 14. Same as Fig. 13 but for the circular velocity profiles.

Whilst beyond the scope of this paper, we note that the impact
of baryonic matter in a full hydrodynamic simulation of vdSIDM
is crucial for the evolution of dark matter subhaloes with a large
self-scattering cross-section and the onset of gravothermal col-
lapse as changes in the baryonic potential has been shown to
accelerate the expansion and subsequent contraction of the SIDM
core (see Sameie et al. 2018), similar to the effects we see in
our simulation due to tidal stripping. We also propose that con-
sideration of the initial properties of the subhaloes undergoing
gravothermal collapse may prove an interesting area for further
research.
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