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ABSTRACT

The cuspy central density profiles of cold dark matter (CDM) haloes make them highly resilient to disruption by tides. Self-
interactions between dark matter particles, or the cycling of baryons, may result in the formation of a constant-density core
that would make haloes more susceptible to tidal disruption. We use N-body simulations to study the evolution of Navarro—
Frenk—White (NFW)-like ‘cored’ subhaloes in the tidal field of a massive host, and identify the criteria and time-scales for
full disruption. Our results imply that the survival of Milky Way satellites places constraints on the sizes of dark matter cores.
We find that no subhaloes with cores larger than 1 per cent of their initial NFW scale radius can survive for a Hubble time on
orbits with pericentres <10kpc. A satellite like Tucana 3, with pericentre ~3.5 kpc, must have a core size smaller than ~2 pc
to survive just three orbital periods on its current orbit. The core sizes expected in self-interacting dark matter models with a
velocity-independent cross-section of 1cm? g~! seem incompatible with ultrafaint satellites with small pericentric radii, such
as Tuc 3, Seg 1, Seg 2, Ret 2, Tri 2, and Wil 1, as these should have fully disrupted if accreted on to the Milky Way =10 Gyr
ago. These results suggest that many satellites have vanishingly small core sizes, consistent with CDM cusps. The discovery
of further Milky Way satellites on orbits with small pericentric radii would strengthen these conclusions and allow for stricter

upper limits on the core sizes.

Key words: dark matter — Galaxy: kinematics and dynamics — galaxies: evolution — galaxies: dwarf.

1 INTRODUCTION

In the Lambda cold dark matter (LCDM) cosmology, dark matter
structures are organized in a hierarchy of haloes and subhaloes
spanning a wide range of masses. LCDM halo density profiles are
‘universal’, in the sense that the profile shape does not depend on
mass, size, or redshift, and ‘cuspy’, in the sense that their central
densities formally diverge, approximately following a Navarro—
Frenk—White (NFW) profile (Navarro, Frenk & White 1996b, 1997).

The cuspy nature of haloes around galaxies has long been a matter
of controversy, with a large body of work arguing that this basic
LCDM prediction is inconsistent with the slowly rising rotation
curves of some dwarf and low-surface brightness galaxies (Flores &
Primack 1994; Moore 1994; de Blok et al. 2001; Oh et al. 2011; Read
et al. 2017; for a review, see de Blok 2010), as well as with the mass
profiles inferred from kinematic analyses of dwarf spheroidal (dSph)
galaxies (e.g. Gilmore et al. 2007; for a review, see Boldrini 2022), in
particular for the Fornax and Sculptor dSphs (Walker & Pefiarrubia
2011; Amorisco & Evans 2012; Amorisco, Agnello & Evans 2013;
Diakogiannis et al. 2017).

These studies have suggested that the rotation curve or velocity
dispersion data are best accommodated by dark matter haloes with a
constant density ‘core’, although this conclusion has been challenged
by other studies. In particular, Oman et al. (2015) argue that dwarf
galaxy rotation curves are diverse, and that only some dwarfs seem
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to indicate the presence of cores, whereas others are consistent with
cusps (see also Ghari et al. 2019). Further work has also hinted that
the observed rotation curve diversity may be at least partially driven
by non-circular motions in dwarf galaxy discs (Valenzuela et al. 2007;
Oman et al. 2019; Santos-Santos et al. 2020; Roper et al. 2022). The
presence of cores in dSphs has also been disputed, e.g. in the case of
the Sculptor dSph, by the models of Richardson & Fairbairn (2014)
and Strigari, Frenk & White (2017). This controversy is perhaps
not surprising, as dynamic models of the inner density structure of
dSphs are complicated by degeneracies introduced by the availability,
in most cases, of only line-of-sight velocities and projected positions
for individual stars (Strigari, Bullock & Kaplinghat 2007; Laporte,
Walker & Penarrubia 2013; Diakogiannis, Lewis & Ibata 2014;
Read & Steger 2017; Errani, Pefiarrubia & Walker 2018; Genina
et al. 2018, 2020).

Similarly, some studies have concluded that the dynamical friction
time-scales of globular clusters in the Fornax dSph (Read et al.
2006; Cole et al. 2012), as well as in the ultrafaint dwarf Eridanus 2
(Contenta et al. 2018), favour dark matter cores at their centres,
while others have argued that the existent data cannot be used
to conclusively rule out cuspy profiles (Angus & Diaferio 2009;
Meadows et al. 2020).

In spite of this unsettled state of affairs, constant-density cores
are of considerable theoretical interest. Baryonic feedback (e.g.
supernova explosions), for example, may drive gas out of dwarf
galaxy central regions, leading to fluctuations in the overall potential
that may soften the dark matter cusp and lead to the formation of a
core (see e.g. Navarro, Eke & Frenk 1996a; Mashchenko, Wadsley &
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Couchman 2008; Pefniarrubia et al. 2012; Pontzen & Governato 2012;
Oriorbe et al. 2015; El-Zant, Freundlich & Combes 2016; Read,
Agertz & Collins 2016; Read, Walker & Steger 2019; Orkney et al.
2021). On the other hand, if dark matter has a finite and sizable cross-
section for self-interaction, the repeated collisions between particles
could thermalize the inner halo region, resulting in an isothermal
central core (self-interacting dark matter or SIDM; see e.g. Burkert
2000; Spergel & Steinhardt 2000; Vogelsberger, Zavala & Loeb
2012; Rocha et al. 2013; Kahlhoefer et al. 2019; Kaplinghat, Ren &
Yu 2020). Cores are therefore potential probes of either the baryon
cycling during galaxy formation, or of the nature of dark matter, or
both.

Given this interest, it is desirable to identify additional tests
that may probe the presence of dark matter cores in the general
dwarf galaxy population. One possibility, which we explore in this
contribution, is to use the susceptibility of dark matter haloes to tidal
disruption, and its dependence on the inner density profile.

While cuspy NFW subhaloes appear to never fully disrupt when
orbiting in smooth tidal fields (Pefiarrubia et al. 2010; van den Bosch
et al. 2018; Errani & Pefarrubia 2020; Errani & Navarro 2021,
hereafter EN21), ‘cored’ subhaloes should be more vulnerable to
tides, and may eventually disrupt (Pefiarrubia et al. 2010). Cored
subhaloes are particularly prone to tidal disruption in the inner
regions of our Galaxy, where the Milky Way tidal field is strongest
(Errani et al. 2017). The discovery of Milky Way satellites with small
pericentric distances and short orbital periods, like the Tucana 3
dSph (hereafter Tuc 3; Drlica-Wagner et al. 2015; Shipp et al. 2018),
suggests that strong constraints on the presence of a core might be
inferred from the apparent long-term survival of such objects.

We explore in this paper the tidal evolution of cored subhaloes,
with the main goal of understanding under what conditions they
may fully disrupt due to tides. This work extends our previous work
on cuspy subhaloes (EN21; Errani et al. 2022), and explores a wide
range of subhalo masses, core sizes, and orbital parameters. We make
use of controlled N-body simulations where each subhalo is resolved
by 107 particles — a resolution currently inaccessible to cosmological
simulations.

The paper is structured as follows: We begin by outlining our
numerical set-up in Section 2. Then, in Section 3, we study the
systematics of the tidal evolution of cored subhaloes, and examine
the relation between subhalo mass, core size, and orbit as well as
their relation to the criteria and time-scale for tidal disruption. We
apply these results to the (surviving) satellites of the Milky Way in
Section 4 and discuss the constraints they place on potential core
sizes and the consistency of such constraints with current SIDM
models. Finally, we summarize our main conclusions in Section 5.

2 NUMERICAL SIMULATIONS

We outline in this section the set-up of our N-body models, discussing
in Section 2.1 the subhalo model, in Section 2.2 the host galaxy and
orbits, and in Section 2.3 the N-body code.

2.1 Subhalo models

CDM subhaloes have been shown to follow a ‘universal’ density
profile whose shape is well described by the NFW formula,

onew(r) = ps (r/r) " (L +r/r) 7% . 1)

The profile has two parameters, which may be chosen to be the scale
density, ps, and the scale radius, r;. The profile is ‘cuspy’, with a
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central density that nominally diverges as dln p/dlnr — —1 for r —
0.

In this work, we consider subhaloes that are NFW-like at radii
larger than their scale radius r, but deviate from equation (1) in the
inner regions, where they exhibit a small central constant-density
core, i.e. dln p/dln r — 0O for r — 0. We adopt the parametrization of
Pefarrubia et al. (2012), which adds a single ‘core size’ parameter,
T, to the original NFW formula:

Pnew(r) = ps (re/r +r/r) " (L+r/r) 2 . 2)

This parametrization is adequate to describe cores that are small
relative to the scale radius r,. For r. = 0, equation (2) reduces to the
original NFW formula. For r, > 0, the central density converges to
a finite value,

Po = Ps Ts/Tec . (3)

At the core radius,' r., the density equals ponpw(re) = po(1 +
relry)~2/2. This implies that for r./ry — 0, the core radius approxi-
mates the distance where the density drops to about 1/2 of the central
value: ponpw () = po/2. We shall hereafter refer to haloes satisfying
equation (2) as ‘cored NFW’ or ‘cNFW’ haloes, for short.

The three parameters ps, rs, and r. fully determine the density
profile. Instead of using p and ry directly, we will characterize a
subhalo using its maximum circular velocity, Vi, = max [V.(r)] =
max [«/GM (< r)/r], and the radius, r,, where this maximum is
reached.

The relation between ry, ', and core size r, is well approximated
by the following relation:

Fx /s 2 2.16 (1 + 6.65 1 /rg)™> | 4)

with an accuracy of better than 1 per cent for O < r./ry < 1. Forr, =
0, the NFW limit, rpx &~ 2.16 7.

The circular velocity corresponding to equation (2) has a closed
analytical form (Pefiarrubia et al. 2012, equation 3). For convenience,
we provide a fit for Vi,

Vinx/ Vs 2 1.65 (1 + 3.1 r¢/ry) % | .

where V; = rg4/Gps. The fitting formula is accurate to better than
0.5 percent for 0 < r./ry < 1. For the NFW limit, V;,, ~ 1.65 V..
For reference, we also define the mass enclosed within ry,

Mu = rinc Vi G ©)
as well as the period of a circular orbit of radius ryy,
Tnx = 27'”"mx/me . (7)

We shall refer to Vi, x> My, and Ty as the characteristic velocity,
radius, mass, and time of a subhalo, respectively. The relation
between My, and the virial mass, Mg, of the halo depends weakly
on the halo concentration, defined as ¢ = ryoy/rs. For the NFW limit
ro/rs = 0, for example, My, = 0.31 Myy and 0.22 Mg, for ¢ = 10
and 20, respectively.

Density profiles using equation (2) are shown in the left-hand panel
of Fig. 1 for different choices of the core size, r./r. Radii are normal-

ICore sizes of dark matter haloes are frequently expressed through their
equivalent Burkert (1995) core radius, ry, defined as the radius where the
density drops to one quarter of the central value. To facilitate the comparison
with prior work, we note that for the density profiles used in this work
(equation 2), the core radius parameter r. is related to ry, through r./rs =
rolrs [4(1 + ro/rg) ™2 — 1171, e for ry < 75, re — rv/3. All our models have
re/rs < 1, which translates to ry/rs < 0.59.
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Figure 1. The family of cuspy and cored subhalo density profiles given by equation (2). The left-hand panel shows the density as a function of radius, normalized
by pmx = 3/(4m) merr;)? and rmyy, respectively. The NFW limit (r, = 0) is shown in red, while cored profiles for 1/100 < r./r¢ < 1 are shown in blue. The
central panel shows the radial velocity dispersion o (computed assuming isotropy), normalized by Vix. The cored models have a finite non-zero central velocity
dispersion, whereas for the NFW limit, o, — 0 for » — 0. The right-hand panel shows the periods of circular orbits 7, within the different subhaloes, normalized
by Tmx. For cored subhaloes, 7. flattens off towards the centre and converges to a finite non-zero value: orbits in the central core all have very similar orbital

periods independent of radius.

ized to ry, and densities are normalized to pp, = 3/(47) merr;f.
The NFW profile is shown in red, and cored profiles are shown in
blue.

The central panel shows the radial velocity dispersion, o, for the
same profiles (assuming isotropy). For NFW, o, — 0 for r — 0,
while the cored models have a finite and non-zero central velocity
dispersion.

Finally, the circular orbit period, T.(r) = 27 r/V,(r), is shown as a
function of radius in the right-hand panel of Fig. 1. Note that for the
NFW limit, 7. — O for r — 0, while for r, > 0, the orbital time has
a well-defined central minimum,

. 3\ "2 3rre \ V2
To = lim 27r/Ve(r) = | — = . 8)
r—0 Gpo G psrs

We generate N-body realizations of equation (2) with isotropic
velocity dispersion by (i) computing the corresponding distribution
function through Eddington inversion and by (ii) sampling from
this distribution function. We make use of the implementation of
Errani & Pefiarrubia (2020), available online.? The density profiles
are exponentially tapered beyond 10 r¢ to obtain numerical models
with finite total mass. Each subhalo model is constructed with 107 N-
body particles, although we have also run selected simulations with
10° particles to check for convergence. The convergence tests are
presented in Appendix A.

2.2 Host galaxy model and orbits

We evolve our N-body subhalo models in a spherical, static, isother-
mal host potential,

Ppost = Vi In(r/r0) ©9)

with a constant circular velocity of Vi = 220kms™' (ry denotes
an arbitrary reference radius). This choice of a scale-free host
model allows straightforward re-scaling of our simulation results,
and provides a good approximation to the rather flat Milky Way
circular velocity curve inferred between 5 and 25 kpc (see fig. 3 in

Zhttps://github.com/rerrani/nbopy
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Eilers et al. 2019). The corresponding host virial mass and virial
radius are Moy = 3.7 x 10'2 Mg and ray = 325 kpc, respectively.

Subhalo models are placed either on circular orbits or on eccentric
orbits with a peri-to-apocentre ratio of 1:5. The value of 1:5 is close
to the average peri-to-apocentre ratio of many Milky Way satellites
(Li et al. 2021).

In the potential of equation (9), the period of a circular orbit with
an orbital radius of 40 kpc equals 7o, = 1.1 Gyr. On an eccentric 1:5
orbit with rpe; = 40kpc and ryp, = 200 kpc, the radial period equals
2.5 Gyr. Note that these values are given for illustration only, and,
since the simulations are scale free, they may be re-scaled as needed
to other physical values.

2.3 N-body code

We use the particle mesh code SUPERBOX (Fellhauer et al. 2000) to
evolve our N-body models in the analytical host potential. The code
uses two cubic grids that are moving with and are centred on the
subhalo, as well as a static grid containing the full simulation volume.
The linear resolution of the two co-moving high- and medium-
resolution grids is Ax & rp/128 and 10r,,/128, respectively.
The static grid has a lower resolution of ~500 kpc/128. Individual
simulations have been repeated at higher grid resolution (Ax =~
rmx/256) to test for numerical convergence of our results.

Time integration is done using a leapfrog integrator with a constant
time-step At = min (Tperi, Tmx)/400. A circular orbit within an NFW
subhalo at a radius equal to the grid resolution Ax & ry,,/128 is then
resolved by A16 time-steps. The same orbit in a cored subhalo with
ro/rs = 1/3 is resolved by &52 time-steps.

3 TIDAL EVOLUTION

3.1 Tidal evolution of cored and cuspy subhaloes

We begin our analysis by comparing the tidal evolution of a cuspy
(NFW) and a cored (cNFW) subhalo in the host potential described
in Section 2.2. The two subhaloes are chosen to have identical initial
characteristic mass (Mpxo), radius (rmxo), and velocity (Vinxo). The
cored subhalo in this example is chosen to have r./ry = 1/3 (see
equation 2).
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Figure 2. Simulation snapshots of the tidal evolution of a cuspy (top row) and a cored (bottom row) dark matter subhalo on an orbit with a peri-to-apocentre
ratio of 1:5. Snapshots are taken at different apocentres after (from left to right) 2, 10, 18, 20, and 22 orbital periods Tom. Both subhaloes have the same initial
characteristic mass, size, and velocity. The cuspy subhalo is an NFW model, while the cored subhalo has a core size of r./ry = 1/3 (equation 2). Particles bound
to the respective subhalo are shown in blue, while unbound particles are shown in grey. A circle of radius rpy, computed for the bound particles, is shown in
black. While the cuspy subhalo converges relatively fast to a stable remnant state, the cored subhalo disrupts after 18 orbital periods. A video of this simulation

is available on the journal website.

The subhalo characteristic mass and velocity are chosen to be
much smaller than those of the host in order to prevent effects
like dynamical friction or orbital decay due to tides (White 1983;
Hernquist & Weinberg 1989; Fellhauer & Lin 2007; Miller et al.
2020), and to ensure that the orbital parameters of the bound remnant
remain largely unchanged during evolution, simplifying the analysis.

For convenience, we scale the results to physical values
corresponding to My, = 100 Mg, rmxo = 0.42kpe, and Vi =
3.2kms™!, respectively, but note that the results are scale free and
may be scaled as needed to other values, keeping Vo < Vhost- The
two subhaloes are injected in the host potential at apocentre, and
placed on an orbit with a pericentre rp.; = 40kpc and an apocentre
rapo = 200 kpc.

Fig. 2 shows snapshots taken at different apocentric passages,
after 2, 10, 18, 20, and 22 radial orbital periods Toy (from left to
right, respectively). The evolution of the subhalo density profiles
and circular velocity curves are shown in Fig. 3. Dashed curves
correspond to the initial profiles, and other curves are shown every
two apocentric passages. Thick lines correspond to the snapshots
highlighted in Fig. 2.

As discussed in detail by EN21, the NFW subhalo (top row)
evolves quickly towards a well-defined stable bound® remnant. The
cored subhalo (bottom row), on the other hand, disrupts fully* after
~18 orbital periods, leaving behind no self-bound remnant.

This illustrates the main difference between the tidal evolution of
cored and cuspy subhaloes: although NFW subhaloes are expected

3We compute self-bound particles by iteratively (i) determining the subhalo
centre through the shrinking spheres method (Power et al. 2003), (ii) comput-
ing the particles’ energies E = v%/2 + ®(r) under the assumption of spherical
symmetry for the subhalo potential ®(r), and (iii) removing those particles
with positive total energy. The steps are repeated until convergence.

4We define “full disruption’ as the time, t4is, when the bound mass M
drops to less than 1/1000 of its initial value and we are unable to resolve any
remaining bound remnant. Since mass-loss accelerates before full disruption,
our measure of 745 is well defined and insensitive to numerical resolution.

log;g 7/Tmx0

log;g 7/Tmx0

Figure 3. Evolution of the density (left-hand panel) and circular velocity
(right-hand panel) of the cuspy (NFW) and cored (r¢/rs = 1/3) subhalo models
of Fig. 2. Radii are normalized by the initial subhalo characteristic size rmxo,
densities by pmxo = 3/(4m) meor;fo, and circular velocities by Vinxo, which
are identical for the cuspy and cored models. Each curve corresponds to a
snapshot taken at apocentre (#/Tor, = 0, 2, 4, . . .). Snapshots shown in Fig. 2
are highlighted using thick lines. Initial profiles are shown using dashed lines.
While the cuspy subhalo converges relatively fast to a stable remnant state,
the cored subhalo in this example continues to lose mass until, after 18 orbital
periods, no bound particles remain.

to always leave behind some stable bound remnant, cored subhaloes
are subject to full disruption under certain conditions.

3.2 Tidal disruption criteria for cored subhaloes

Under what conditions do cored subhaloes disrupt fully, and how long
does the disruption process take? We explore this by first varying
the core size of the cNFW subhaloes discussed in the previous
subsection, while keeping the orbit unchanged. The evolution of
the characteristic mass and time of the bound remnants of these
subhaloes is shown in Fig. 4 for r./ry = 0, 1/100, 1/30, 1/10, and 1/3.
All of these systems have identical initial mean densities, i.e. equal
values of ryyo and V.

MNRAS 519, 384-396 (2023)
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Figure 4. Evolution of the characteristic mass (top panel) and time (bottom
panel) of the bound remnants of subhaloes on 1:5 eccentric orbits. All
subhaloes have the same initial characteristic mass, size, and velocity but
different core radii. The models shown in Fig. 2 (NFW and r./rs = 1/3) are
highlighted using thick curves. Cores make subhaloes more susceptible to
tides, leading in some cases to full disruption. With increasing core size rc, it
takes fewer orbits to disrupt a subhalo. On the other hand, if the core size is
sufficiently small, a stable bound remnant can be reached even in the presence
of a core.

As tides strip the NFW (7./ry = 0) subhalo, they leave behind a
bound remnant with lower mass but higher characteristic density (i.e.
shorter characteristic time) than the initial object. The NFW subhalo
appears to converge to a stable remnant whose characteristic time
approaches asymptotically Tj.i/4, where Tper is the circular orbital
time at pericentre. As discussed by EN21, this is indeed the final fate
of an NFW subhalo subject to heavy tidal stripping.

The cNFW subhalo with the smallest core in the series (r./rs =
1/100) follows a similar evolution to that of the NFW system,
although the remnant seems to converge to a final density slightly
lower (larger Tpx) than the NFW remnant (see the bottom panel of
Fig. 4).

For larger core sizes, the evolution is qualitatively different;
after initially decreasing, the characteristic time (density) of the
remnant is seen to reach a minimum (maximum) and then gradually
increase (decrease). This time (marked with small crosses in Fig. 4)
corresponds to a saddle point in the evolution of the bound mass
beyond which the rate of mass-loss starts to accelerate and the
characteristic density of the remnant starts to decrease (i.e. Ty starts
to increase). The bound remnant becomes gradually less and less
dense, and it eventually fully disrupts.?

5Similar to their NFW counterparts, the cored subhaloes studied here follow
‘tidal evolutionary tracks’, i.e. mono-parametric functions that describe

MNRAS 519, 384-396 (2023)
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Figure 5. Like Fig. 4, for cNFW subhaloes with identical initial core size
(rc/rs = 1/3), but for eight different values of the initial density contrast
between subhalo and the host halo at pericentre, expressed by Tixo/Tperi-
For subhaloes with small Tyxo/Tperi (in this example, for log Tixo/Tperi <
—0.4), the cNFW subhalo converges to a bound remnant. Subhaloes with
larger initial Tinxo eventually fully disrupt. The larger Tinxo/Tperi, the shorter
the time it takes till full disruption.

The core size needed to avoid total disruption is likely to depend
on the strength of the tidal perturbation experienced by the subhalo.
To first order, the relative strength of the tides may be characterized
by the density contrast between subhalo and host at pericentre, which
may be quantified by the ratio between the initial characteristic
subhalo time and the orbital period at pericentre, Tinxo/T peri-

We therefore explore in Fig. 5 the evolution of subhaloes with
given initial core size (r./r; = 1/3) on a fixed orbit (rpei = 40kpc,
apo = 200kpc, i.e. constant Tj.;), for a range of initial subhalo
characteristic times Tyyo. The model with Ty o/Tperi = 0.7, identical
to the one shown in Fig. 4, is shown in blue, while other orbits are
shown in grey. For sufficiently small values of Tyxo/Tperi, the cored
subhaloes seem to converge to a bound remnant and should survive
indefinitely. On the other hand, cored subhaloes disrupt for large
values of Tinxo/Tperi- The larger Tinxo/Tperi, the shorter the time to
disruption.

3.3 Disruption times

The results of the previous subsection suggest that the final fate
of a ¢cNFW subhalo depends on the interplay between the initial

the evolution of subhalo structural parameters with respect to their initial
conditions (Penarrubia, Navarro & McConnachie 2008; Penarrubia et al.
2010). We refer to Appendix B for a discussion of the tracks corresponding
to cNFW density profiles.
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Table 1. Overview of the initial N-body parameters. All subhalo
models are spherical and have an isotropic velocity dispersion.
We run 160 N-body models on a grid over 16 log-spaced values
for the initial density contrast between subhalo and host as
expressed through Tinxo/Tperi, five different core sizes re/rg, and
two orbits with peri-to-apocentre ratios 1:1 and 1:5. All physical
quantities, like, e.g. the subhalo mass Mpyx or host circular
velocity Vhogt, are given for illustration only and may be re-
scaled, keeping Vinxo << Vhost. For convergence tests, the models
with rc/rg = 0 and 1/100 on circular orbits were also run with a
grid resolution of ryx0/256 (see table entries marked with a star).

Subhaloes Profile cNFW (equation 2)
relrs 0*, 1/100*, 1/30, 1/10, 1/3
Tinx0/Tperi 0.3,...,44
Mumxo 10° Mg
N 107
Ax Fmx0/128, *rmx0/256
At min (Txo, Tperi )/400
Host Profile Isothermal (equation 9)
Vhost 220kms~!
Tperi 40kpc
Fperi:Fapo 1:1, 1:5

characteristic time(s) of the subhalo and the orbital time at pericentre.
Cored subhaloes are characterized by two different time-scales, one
corresponding to its initial central density, Ty, and another one, T},
that describes its initial mean density. Our simulation suite, listed in
Table 1, covers a wide range of T and T},x0, as well as a broad range
of pericentric radii, or, equivalently, 7.

Fig. 6 presents our full simulation grid (see Table 1), after
scaling Ty and Tyxo t0 Tpei. The top panel shows subhaloes
evolved on eccentric orbits with a peri-to-apocentre ratio of 1:5,
and the bottom panel shows the same models evolved on circular
orbits. Each simulation is coloured by the value of 74 (crosses
are used for systems that disrupt in less than the total simulated
time, or have accelerating mass-loss at the end of the simulation;
circles otherwise). Crosses of similar colour denote systems with
similar fgqs, which evolve nearly indistinguishably from each
other.

It is clear from Fig. 6 that, for given Ty, the fate of a cNFW
subhalo is tied to a combination of both 7j and Ti,xo. In particular,
the product TyTinxo/ szeri seems to be the sole parameter needed to
describe the disruption time (or survival) of a subhalo. In other words,
for given Ty, a single characteristic time,

Toeo = (To Trx0)'/* (10)

i.e. the geometric mean between 7Ty and 7T},xo, seems to characterize
fully the tidal evolution of a cNFW subhalo.

Do these results depend on the assumed eccentricity (1:5) of
the simulated orbits? Our earlier work on NFW subhaloes (EN21)
suggests that the primary effect of the eccentricity is to delay the
effect of tides on eccentric orbits relative to circular orbits with the
same pericentre by some factor: fo.c & 5 for 1:5 orbits, 6.5 for
1:10, and ~8 for 1:20. In other words, systems with equal values
Of Tgeo/Tperi should require foee & 5 times more orbits till disruption
when evolved on the 1:5 eccentric orbits presented in Fig. 6 than on
circular ones.

This is apparently also the case for the cored models studied here,
as shown in Fig. 7. This figure shows the number of orbits needed
to fully disrupt a system as a function of Tgeo/Tperi- Orange circles
correspond to circular orbits (feec = 1) and purple symbols to the 1:5
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Figure 6. Initial central times 7 and characteristic times Tyxg, normalized
by the circular time at pericentre, Tperi, of all simulation runs listed in Table 1.
Models of equal initial core size rc/rs fall on the same diagonal line in this
plane. Lines corresponding to different constant values of r./r¢ are parallel.
Subhaloes on orbits with a peri-to-apocentre ratio of 1:5 are shown in the
top panel, and those on circular orbits in the bottom panel. Subhaloes that
have fully disrupted within the simulated time (20 and 30 orbital periods for
the circular and eccentric orbits, respectively), as well as those that at the
end of the simulation have ‘accelerating’ mass-loss (d2Mpy/d? < 0), are
shown using crosses (‘disruption’). The time of disruption (defined as the
time when the bound remnant has less than 0.1 per cent of the initial mass,
and can no longer be resolved) is colour coded. Subhaloes that at the end
of the simulation have converged to a stable bound remnant or whose mass-
loss is steadily decelerating (d>Mp,,/d7? > 0) are shown using green circles
(‘survival’). Neither the initial central time T, nor the initial characteristic
time Tixo is on their own sufficient to predict whether a subhalo will survive
or disrupt. The line Tyeo = (ToTmx0)'/? & 0.15 Tperi (shown in grey in both
panels) roughly separates the two regimes; i.e. for a given T}y, the geometric
mean Tgeo = (ToTmx0) "2 may be used to predict the survival or eventual
disruption of a subhalo.

eccentric orbits (feee & 5). Disruption times on eccentric orbits are
clearly just delayed by roughly f... relative to circular, as shown by
the overlap between symbols of different colours.

In addition, in all cases the number of orbits needed for disruption
increases with decreasing Tgeo/Tperi» and steepens as Toeo/Tperi Values
approach 0.15. The following function (shown as a solid curve in
Fig. 7) reproduces the simulation results quite well:

- —1

e 3t if Tyeo > 0.15 Ther

fiT _ (0'15 Tpe‘_i I Lgeo > per (11)
ecc Lorb 00 otherwise.

Note that Tgeo/Tperi = 0.15 is the same boundary shown with a grey
band in Fig. 6, which neatly separates cNFW subhaloes that fully
disrupt from those that survive for at least 30 full orbits. We interpret
this as implying that Tye, A 0.15 Tp,ei is a simple but robust criterion
determining the ultimate survival or disruption of a cNFW subhalo.

MNRAS 519, 384-396 (2023)
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Figure 7. Number of (circular) orbits till full disruption, fgis/Torb, as a
function of the initial density contrast between subhalo and host, expressed
through Teo/Tperi (orange circles). If the initial Tgeo/Tperi is sufficiently
small, an asymptotic remnant is reached and the subhalo does not disrupt.
The threshold for the existence of an asymptotic remnant is shown as a
vertical grey bar. Models with initial conditions that fall to the right of
this bar disrupt eventually. The number of orbits till disruption decreases
as Tgeo/Tperi increases. Purple circles show the results for eccentric orbits
(peri-to-apocentre ratio 1:5), scaled by fece & 5 (EN21). The overlap between
orange (feee = 1) and purple (fecc & 5) points suggests that the main effect
of orbital eccentricity is to delay disruption compared to a circular orbit of
equal pericentre by a factor f... The fit of equation (11) is shown as a solid
black curve.

4 APPLICATION TO MILKY WAY SATELLITES

The observed satellite population of the Milky Way may be compared
with our results to derive upper limits on the core sizes of the
subhaloes they inhabit (or, more precisely, on their Ty, values) by
assuming that they inhabit subhaloes that have survived disruption.
We illustrate this in Fig. 8, where the grey diagonal curves in the
top-left panel show the circular orbit time-scale, Tperi = 277 Fperi/ Vhost
as a function of pericentric radius for two different Milky Way mass
models (Bovy 2015; Errani & Pefiarrubia 2020), both of which
are adequately approximated by the simple isothermal potential
introduced in Section 2.2.

To survive indefinitely, subhaloes must have Ty, <0.15 Toeri,
which defines the green zone labelled ‘indefinite survival’ in Fig. 8.
Cored subhaloes with T, above that zone will in principle disrupt
on a time-scale given by equation (11). Assuming a 1:5 orbital
eccentricity, we can identify which cNFW subhaloes would disrupt
in less than 10 Gyr (those in the zone coloured white). Those with
initial Ty, and Ty in the pink zone labelled ‘temporary survival’
would eventually disrupt but they may still have a self-bound remnant
after 10 Gyr of evolution.

We compare these constraints with the Ty, times expected for
cNFW haloes with cores of different sizes in the top right-hand panel
of Fig. 8. The four blue curves correspond to four different choices
of r./r spanning the range 1/100-1/3. The calculation assumes that
cNFW haloes follow the same initial mass—concentration relation (or,
equivalently, the same ry,x0—Vmxo relation) as cuspy LCDM haloes,
computed® following Ludlow et al. (2016) for z = 0.

OWe note that LCDM haloes have characteristic times, Tmx., that depend only
weakly on mass: Tx ~ 1 Gyr for My, = 108 Mg, increasing (decreasing)
by less than a factor of ~1.4 for My, = 10'"Mg (10° Mg) (see fig. 13 in
EN21).
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Figure 8. Top left: Survival/disruption criteria for Milky Way subhaloes.
The grey curves show Tperi as a function of pericentric radius rperi for various
models of the inner regions of the Milky Way. The green shaded area indicates
the values of Tge, of subhaloes expected to survive indefinitely (‘indefinite
survival’). Subhaloes with an initial Ty, in the pink-shaded area may survive
for up to 10 Gyr on an orbit with a peri-to-apocentre ratio of 1:5 (‘temporary
survival’). Subhaloes with even larger values of Ty, disrupt in less than
10 Gyr (‘disruption’, white area). For each initial value of Tge,, there is a well-
defined minimum pericentric distance necessary for the temporary survival
of a subhalo: two example values (for Tge, = 0.08 and 0.25 Gyr) are depicted
as blue horizontal lines. Top right: This panel shows T, as a function of
initial subhalo mass for cNFW subhaloes with four different core radii r./rs,
assuming that they follow the redshift z = 0 LCDM mass—concentration
relation (grey-shaded bands correspond to successive £0.1dex scatter in
concentration). Bottom: This panel indicates, as a function of subhalo mass,
the pericentric radii inside which subhaloes would disrupt in less than 10 Gyr
on a 1:5 orbit. At the solar circle, Ry = 8kpc, virtually all subhaloes with
masses Mo = 1 Mg would have disrupted if they had core sizes larger than
relrs 2, 1/100. A dashed curve shows the same threshold derived using the
z = 2 mass—concentration relation.

This panel shows that even for initial core sizes as small as
1 percent of the scale radius (i.e. r./ry = 1/100), Ty, is of the
order of ~0.25 Gyr for an My, ~ 10'° M, subhalo, which implies
that no such subhalo could survive on an orbit with rpe; < 20kpc
for ~10 Gyr. This case is indicated by a solid horizontal blue line
in the top-left panel of Fig. 8, and corresponds to a core size of just
re A~ 60 pc. This constraint becomes even more restrictive for larger
core sizes. For r./ry = 1/3, or ~2 kpc for M, ~ 10! Mg, no such
subhalo could survive for 10 Gyr on orbits with rpe; < 30 kpc.

Because of the weak dependence of T},x on mass, not even cNFW
subhaloes with masses as small as 1 M, could survive on orbits with
Tperi < 10kpc. This is shown in the bottom panel of Fig. 8 where we
plot, as a function of subhalo mass, the minimum pericentre allowed
if ctNFW subhaloes are to survive for at least 10 Gyr in the Milky
Way (MW) tidal field. As in other panels, different curves correspond
to different values of r./rs. The dashed curve labelled ‘z = 2’ shows
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how much the r./ry = 1/100 curve shifts when using the redshift z =
2 LCDM mass—concentration relation. Subhaloes accreted early by
the Milky Way would be slightly denser, increasing their chance of
survival, but the effect on the minimum pericentre is rather small.

We conclude that any mechanism that may impose a core as small
as r./ry 2 1/100 on LCDM haloes would lead to a remarkably smooth
inner Milky Way halo, with virtually no dark matter substructures
more massive than 1 Mg surviving till the present day (see also
Pefiarrubia et al. 2010). The presence of satellites with small peri-
centric radii and relatively short orbital times thus places particularly
strong constraints on any potential core radius. We examine next
the particular case of Tucana 3, a satellite with unusually small
pericentric distance, to quantify better these constraints.

4.1 The case of Tucana 3

Tuc 3 is a low-luminosity satellite of the Milky Way (L ~ 10*Lg;
Drlica-Wagner et al. 2015) with an associated stellar tidal stream
spanning ~5° on the sky (Li et al. 2018; Shipp et al. 2018). The com-
bined measurements of velocity dispersion (o}, = 0.1t8} kms™';
Simon et al. 2017) and half-light radius (44 = 6 pc; Drlica-Wagner
et al. 2015) suggest an upper limit on the mass-to-light ratio within
the half-light radius of M/L < 240 (Simon et al. 2017). These data are
consistent with Tuc 3 being a dark matter-dominated dSph galaxy, but
it does not exclude the possibility that it may have been an unusually
large globular cluster before disruption. On the other hand, Tuc 3
has stars that are unusually rich in r-process elements (Hansen et al.
2017; Marshall et al. 2019), and such stars are not known to exist in
globular clusters. The argument below assumes that Tuc 3 is a dark
matter-dominated dSph in the process of being tidally disrupted.

Tuc 3 has the smallest pericentre of all known Milky Way ultra-
faints. Taking into account the effect of the Large Magellanic Cloud
(LMC) on Tuc 3’s orbit, Erkal et al. (2018) report a remarkably small
pericentric distance of ~3.5kpc and an apocentre of r,,, ~ 56 kpc.
The same authors argue that to reproduce its stream length, Tuc 3
must have completed at least three pericentric passages. Although it
is difficult to completely exclude the possibility that Tuc 3 has only
completed one orbit on the basis of its tail morphology, the short
orbital time (~0.65 Gyr) also favours the completion of multiple
orbits.

We can use these properties to derive an upper limit to the size
of a potential core in Tuc 3. The argument follows closely our prior
discussion of Fig. 8. Indeed, the left-hand panel of Fig. 9 is equivalent
to Fig. 8, but extended to smaller pericentric radii, shorter values of
Toeo, and orbits with a peri-to-apocentre ratio of 1:16. As in Fig. 8,
subhaloes initially in the green-shaded region have core radii small
enough to survive indefinitely. To survive more than three orbits,
Toeo S 0.13 Gyr, which corresponds to a core radius not greater
than ~2 pc, assuming an initial subhalo mass in the range of 10%—
10'° Mg, The constraint may be relaxed if Tuc 3 is completing its
first pericentric passage (unlikely as that might be), but even in that
case the core size should not exceed 200 pc, or roughly 3 per cent of
rs at My, = 10'© Mg, These are rather strict constraints, which may
be compared with the core sizes expected, for example, in SIDM
models, an issue we address in Section 4.3.

4.2 Overview of constraints for Milky Way dwarf galaxies

We now extend the discussion on the tidal survival and disruption of
cored subhaloes to a wider sample of Milky Way satellite galaxies.
For this, we make use of the orbital parameters derived by Li et al.
(2021) using Gaia EDR3. The Li et al. (2021) sample consists of
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Figure 9. As Fig. 8, but for a peri-to-apocentre ratio of 1:16 (foee = 7.6;
see EN21), chosen to approximate the nearly radial orbit of the Tuc 3
dwarf galaxy. Subhaloes with initial 7ge, in the green-shaded region survive
indefinitely, while those in the red and pink-shaded regions survive for
more than one or three orbits, respectively. At the pericentric distance of
Tuc 3 (rperi & 3.5kpc), this requires a core size of less than ~200 pc for an
Mnxo ~ 10° M subhalo, assuming that Tuc 3 has passed through pericentre
at least once. If Tucana 3 has been on the current orbit for three orbital periods
(unlikely given its well-developed tidal tails), the maximum allowed core size
shrinks to ~2 pc.

46 Milky Way dwarf galaxies in total. Here, we use the orbits of
galaxies for which at least four member stars with spectroscopic
measurements are included in the EDR3 catalogue. Further, we
include only systems with pericentric distances rpei < 100kpc and
apocentres 7,p, < 300kpc (25 in total).

As shown in Fig. 7 (see also equation 11), disruption times, #4s,
are proportional to the orbital time, with a proportionality constant
that depends on orbital eccentricity and on the ratio Tgeo/Tperi- This
implies that the condition #4;;, = 10 Gyr may be used to identify which
subhaloes would be able to survive (or disrupt), depending on their
apocentric and pericentric distances.

The blue curves in Fig. 10 show the result of using equation (11)
to compute which subhaloes should have disrupted/survived over
10 Gyr of evolution for different values of Ty,. Each curve divides
the rperi Versus r,p, plane into two regions: one of disruption, to the
left of the curve, and one of survival, for at least 10 Gyr, to the right
of it.

The particular nature of the Tuc 3 orbit is striking, requiring Ty, <
0.05 Gyr (for a survival time of 10 Gyr). The ultrafaint dwarfs Seg 1
and Seg 2 require Ty, S 0.2 Gyr to survive, which constrains their
core sizes to r. < 20pc (see the right-hand panel of Fig. 9). For
classical Milky Way satellites, like the Fornax dSph, the constraints
are weaker: the limiting values of T, exceed those of cNFW haloes
with typical LCDM concentrations even for cores as large as r./ry ~
1 (see the right-hand panel of Fig. 8).

We use next the results of Fig. 10 to discuss the tidal survival of
Milky satellites in the context of SIDM.

4.3 SIDM-induced cores

Constant-density cores in NFW-like haloes may arise as a conse-
quence of dark matter self-interactions (i.e. ‘collisions’), which may
‘heat up’ the inner cusp, reducing the central densities and leading
to core formation (Burkert 2000; Spergel & Steinhardt 2000; Colin
et al. 2002; Vogelsberger et al. 2012; Rocha et al. 2013; Kahlhoefer
et al. 2019; Sameie et al. 2020). The size of such cores in individual
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Figure 10. Constraints on the tidal survival and disruption of cNFW
subhaloes with different initial values of Tgeo, assuming an evolution of
10 Gyr in an isothermal potential with Vioe = 220km s~!. For given Tgeo,
the rperi—rapo plane splits into two regions: one of survival, to the right of
each line, and one of disruption, to the left. Filled black circles with errorbars
show rperi versus rypo of Milky Way satellites, as computed by Li et al. (2021)
using the Gaia EDR3 data. The orbit of Tuc 3 is strikingly different from
those of other known Milky Way dwarfs, and places strong upper limits on its
Tgeo. The orbits of Seg 1 and Seg 2 constrain their re%pective values of Tgeo
to be <0.2 Gyr, which corresponds to a core size of r. < 20 pc, assuming a
subhalo mass of Myyo = 1031010 M, (see the right-hand panel of Fig. 9).

haloes is closely related to the self-interaction cross-section, which is
usually assumed to lie in the range 0.1 < si/(cm? g~!) < 1 on galaxy
scales, where s = osipm/m is the specific self-interaction cross-
section (for a review, see Tulin & Yu 2018). Values in this range lead
to tangible changes in the inner density profiles of dark matter haloes
that may help to explain the observational results in apparent tension
with cuspy dark matter haloes discussed in Section 1.

The formation of cores through self-interactions should make
subhaloes more vulnerable to tidal effects. Typically, larger self-
interactions lead to larger cores, although the trend may reverse for
extreme values of the cross-section because of the possibility of
promoting the ‘core collapse’ of the inner regions. The studies of
Elbert et al. (2015) and Zeng et al. (2022) suggest that, for dwarf
galaxy haloes, this only occurs for (velocity-independent) cross-
sections exceeding 10cm? g~!, outside the range we consider here.
We note, however, that this conclusion has recently been challenged
by Nishikawa, Boddy & Kaplinghat (2020), who have argued that
tidal mass-losses may actually facilitate core collapse for velocity-
dependent interaction cross-sections.

Subhaloes in SIDM are also vulnerable to ‘evaporation’ through
the collision-mediated heat transfer from the hot host halo to the
cooler substructures as subhaloes orbit the host. Indeed, this was one
of the main arguments that led to scepticism about the viability of
SIDM after it was proposed by Spergel & Steinhardt (2000). The
analytical arguments of Gnedin & Ostriker (2001) placed strong
constraints on the allowed values of the cross-section, although such
constraints were later relaxed by the results of direct N-body studies,
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Figure 11. Characteristic times, Tgeo = (ToTmx)'?, for haloes in the
APOSTLE SIDM simulations, as a function of halo mass, My, . The haloes are
selected to be isolated (i.e. not subhaloes) and to have circular velocities in the
range 20 < Vi /kms™! < 40 (assumed to be the typical circular velocities
of the subhaloes hosting Milky Way dwarf satellites; Fattahi et al. 2018).
Values are measured for simulations with two different self-interaction cross-
sections: 10cm? g~! (orange, open circles) and 1cm? g~ (purple, filled
circles). The medians are shown as dotted lines. In addition to the APOSTLE
data, we show values of Tge, measured from the Elbert et al. (2015) haloes
for 10, 1, and 0.1 cm? g~ (orange, purple, and green crosses, respectively).
The median values of Ty, for the Zavala et al. (2013) subhaloes are also
shown using dashed lines. For reference, upper limits on 7ge, as constrained
by MW satellites (see Fig. 10) are shown in the right-hand panel.

which reported that subhalo evaporation was much weaker than
analytical estimates (Rocha et al. 2013).

We focus below on the constraints that the tidal disruption of
subhaloes described in earlier sections places on subhalo core sizes,
without considering the effects of ‘evaporation’. Neglecting subhalo
evaporation makes any constraint on SIDM cross-sections we are
able to place rather conservative, as its inclusion could only help
dissolve substructure faster.

4.3.1 Cross-section dependence of Tg,, in SIDM

The tidal survival of subhaloes depends on the value of T, imposed
by the formation of a core. The mass and cross-section dependence
of Ty, may be estimated through direct numerical simulation of
the collisional effects introduced by self-interactions. A number of
cosmological SIDM simulations have been published in the recent
past, although few have targeted the dwarf galaxy halo regime. We
analyse here the published results of Rocha et al. (2013), Elbert
et al. (2015), and a resimulation of one of the APOSTLE volumes
(APO1-L1 in the notation of Fattahi et al. 2016) using the SIDM
modifications to the EAGLE code described in Robertson, Massey &
Eke (2017) and Robertson et al. (2018).

We measure Ty and Ty, (and, hence, Ty,) for isolated haloes (i.e.
‘centrals’; excluding subhaloes of larger systems), approximating the
central densities by the mean densities within the innermost 300 pc.
Fig. 11 shows the estimated values of Ty, as a function of halo mass
for sg = 1 cm? ¢~ (SIDM,, shown using purple filled circles), and
for s = 10cm” g~! (SIDM,, shown using orange open circles).
These results are consistent with those estimated from the published
density profiles of Elbert et al. (2015), who follow the formation
of two SIDM; and two SIDM;, dwarf galaxy haloes (orange and
purple crosses in Fig. 11). Smaller cross-sections are expected to
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lead to smaller cores, and, consequently, smaller values of Ty, at
given mass. Indeed, the green crosses in Fig. 11 show the values of
Ty, measured for the dwarf galaxy halo of Elbert et al. (2015) for
sq = 0.1cm? g~! (SIDM,)).

In addition to the above estimates obtained from individual
isolated haloes, we show values of T,, computed from the
median density profiles of subhaloes of the simulations of Zavala,
Vogelsberger & Walker (2013) for SIDMy ;, SIDM,, and SIDM,,
shown using dashed lines in green, purple, and orange, respectively.
Note that these values of Ty, for subhaloes are slightly lower than
those of isolated haloes. This is expected for tidally stripped systems,
as Ty decreases in the early stages of tidal evolution (see Figs 4
and 5).

4.3.2 SIDM cores and the survival of Milky Way satellites

We can now compare the Ty, values shown Fig. 11 to the constraints
illustrated in Fig. 10. For SIDM;, for example, subhaloes should
have Ty, in the range of 0.3-0.5 Gyr. This seems consistent with
most Milky Way satellites, except for a group of satellites with small
pericentres and short orbital times (i.e. relatively small apocentres)
that should have disrupted in less than 10 Gyr. The group includes
Seg 1, Seg 2, Ret 2, Tri 2, and Wil 1, as well as the Tuc 3 dSph
discussed earlier in Section 4.1.

Reducing the cross-section results in smaller core radii and
enhances the ‘survival’ region. However, even for SIDMy , Ty, is
still of the order of 0.2—0.3 Gyr, and there is still a group of satellites
in apparent conflict with SIDM-induced cores.

Before concluding that this conflict means that SIDM with cross-
sections in the range of 0.1-1 cm? g~! may be rejected, it is important
to list some important caveats and qualifications.

(i) Dark matter may be self-interacting with a cross-
section smaller than 0.1cm? g=!. This would improve the survival
of subhaloes on small pericentric orbits, but at the cost of making
SIDM-induced cores much smaller, hindering the ability of SIDM
to explain, for example, the slowly rising rotation curves of some
dwarfs.

(i1) Satellite galaxies apparently in conflict with SIDM may have
been accreted on to the Milky Way much more recently than 10 Gyr,
and therefore be transient systems in the process of being disrupted.
This seems unlikely given the short orbital times of these objects,
which suggest an early accretion into the Milky Way halo.

(iii) Satellite galaxies apparently in conflict with SIDM may
correspond to subhaloes made more resilient to tides after having
undergone ‘core collapse’ (Colin et al. 2002; Kaplinghat, Valli &
Yu 2019; Zavala et al. 2019; Sameie et al. 2020). Initial studies
suggested the time-scales for core collapse to likely exceed the Hub-
ble time, at least for velocity-independent cross-sections (Balberg,
Shapiro & Inagaki 2002). The more recent simulations by Zeng
et al. (2022) confirm this and show that evaporation, triggered by
the interaction of subhalo and host halo particles, may further delay
core collapse. However, for models with velocity-dependent cross-
sections, Nishikawa et al. (2020) argue that tides may shorten the
time-scale for core collapse significantly.

(iv) The observed satellites might be the high-density tail of
an otherwise disrupted population. Application of our criteria for
disruption to tidal streams without known progenitor may allow to
infer properties of this disrupted population. We plan to explore this
in a future contribution.
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Fully cosmological SIDM N-body simulations of the tidal evolu-
tion of dwarf subhaloes on small pericentric orbits are likely needed
to settle conclusively these questions.

5 SUMMARY AND CONCLUSIONS

We have used N-body simulations to study the tidal evolution of
NFW-like dark matter subhaloes with constant-density cores. These
cored subhaloes differ from cuspy NFW profiles because of a
finite and non-zero central velocity dispersion, and a well-defined
minimum in the orbital time-scale at the centre. We evolve numerical
realizations of cored subhaloes orbiting a host potential modelled as
an isothermal sphere with a circular velocity Vi = 220kms~'. Our
suite of simulations explores a broad range of possible core sizes,
orbital eccentricities, and pericentric radii. Our main findings may
be summarized as follows:

(1) In agreement with previous studies, we find that, although
well-resolved cuspy NFW haloes apparently always leave a bound
remnant, cored subhaloes may fully disrupt in smooth tidal fields.

(ii) In the case of cuspy subhaloes heavily affected by tides,
mass-loss gradually slows down as the remnant approaches a
characteristic density determined by the host mean density at
pericentre. On the other hand, as cored haloes get stripped beyond
a certain point, their mass-loss rate accelerates, leading to full
disruption.

(iii) Disruption times depend strongly on core size and on the
orbital pericentre, and they approach infinity for small enough
core radii. We find a simple criterion to identify which cored
subhaloes survive indefinitely and which will fully disrupt. Cored
subhaloes survive indefinitely if their inner characteristic crossing
time satisfies Ty, = (ToTm)'/? < 0.15 Tperi» and they eventually
disrupt otherwise. We provide a simple fitting formula (equation 11)
that expresses disruption times solely in terms of T, (the geometric
mean between the initial central orbital time, 7y, and the initial
characteristic time, Tinxo = 27 Fmx0/ Vinxo, Of @ subhalo) and T}, the
circular orbital time at pericentre.

(iv) We apply these findings to subhaloes with structural parame-
ters consistent with LCDM, and find that, even for core radii as small
as 1 percent of their NFW scale radius, virtually all Milky Way
subhaloes with masses M,x 2 1 Mg would have fully disrupted in
the inner ~10 kpc of the Milky Way. This means that the central halo
of the Milky Way would be very smooth for dark matter models
that predict core sizes larger than 1 percent of the NFW scale
radius.

(v) Applying our results to the Tuc 3 dSph constrains its core size
to be no larger than ~2 pc if Tuc 3 has passed through pericentre at
least three times (as suggested by the clear presence of tidal tails),
and to less than ~200 pc if Tuc 3 has passed through pericentre only
once.

(vi) Applied to the core sizes expected for SIDM models with
specific velocity-independent cross-sections in the range of 0.1
< sq/(cm*g™") < 1, we find that they are inconsistent with the
long-term survival of a number of ultrafaint Milky Way satel-
lites with small pericentric radii. These satellites have therefore
either been accreted very recently (unlikely given their short
orbital times), have core collapsed to account for their sur-
vival, or represent the high-density tail of an otherwise disrupted
population.

Although definitive conclusions regarding the viability of SIDM
models need to await fully collisional cosmological N-body simula-
tions of the evolution of substructure in a Milky Way-like halo, the
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tight constraints on core sizes placed by the survival of Milky Way
dwarfs favour a simple interpretation where the subhaloes hosting
ultrafaint Milky Way satellites are cuspy, as expected in the LCDM
cosmological paradigm.
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APPENDIX A: CONVERGENCE TESTS

To test how numerical resolution affects our results, we compare
simulation runs with different numbers of N-body particles. For the
NFW models discussed in this work, we use the same numerical
set-up as in EN21, and refer to appendix A in EN21 for detailed
convergence tests of those models. For the cored models, we repeat
selected simulations of our simulation grid (Table 1) on orbits with
a peri-to-apocentre ratio of 1:5 with N = 107 and 10° particles, for
initial density contrasts between subhalo and host corresponding to
0.3 < Tinxo/Tperi < 1.5. The mass evolution of these models, for core
sizes of r./ry = 1/3 and 1/30, is shown in Fig. Al. Simulations with
N = 107 are shown as grey curves, while those with N = 10° are
shown as blue filled circles. For most models, the mass evolution
is virtually identical between the runs with 10® and 107 particles.
Deviations are visible for models that take =20 orbits to be stripped
to Myx/Myyo < 1/1000, though the difference in disruption times
remains less than ~20 per cent.
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Figure Al. Evolution of the bound mass fraction Mpx/Mmxo as a function
of time #/Tomp for subhaloes on an orbit with a peri-to-apocentre ratio of 1:5.
Top panel: mass evolution of 10 subhaloes with a fixed core size of rc/ry =
1/3 and different initial density contrasts corresponding to 0.3 < Tixo/Tperi
< 1.5. Models run with N = 107 particles are shown as grey lines, and those
with N = 10° as blue filled circles. Only snapshots taken at apocentres are
shown. Bottom panel: like the top panel, but for subhaloes with an initial
core size of ro/r¢ = 1/30. The mass evolution between the N = 10° and 107
runs is virtually indistinguishable for most models; the largest difference in
disruption times (amounting to less than 20 per cent) occurs for models that
take more than 20 orbits to disrupt.
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APPENDIX B: TIDAL EVOLUTIONARY TRACKS

Similar to their cuspy counterparts, cored subhaloes follow tidal evo-
lutionary tracks (Pefiarrubia et al. 2008, 2010), i.e. mono-parametric
functions that describe how the subhalo structural parameters change
during tidal mass-loss with respect to their initial values. The top
panel of Fig. B1 shows the evolution of the subhalo characteristic
velocity Vinx/Vmxo as a function of its characteristic size #pyx/Fmxo-
The evolution is shown for subhaloes with different initial core sizes
(blue curves). Cuspy (NFW) models are shown in red. The structural
properties are measured from snapshots taken at apocentres and are
shown for the simulations on 1:5 orbits listed in Table 1 with 0.3 <
Tiux0/Tperi < 1.5. Cored models that fully disrupt within the simulated
time span of 30 orbits are shown using lines, while those models
where a bound remnant is resolved at the end of the simulation are
shown using filled circles, each circle corresponding to an apocentre
snapshot. For reference, we also show the NFW track of EN21 as a
solid black curve. Tidal evolution progresses ‘from right to left’ in
these plots.

In the early stages of tidal evolution, the tracks of the cored
subhaloes coincide with the NFW model. The larger the core size,
the sooner the cored tracks start to deviate from the NFW track. With
increasing core size, the tracks deviate systematically towards lower
Vinx! Vinxo at fixed rmx/Fmxo-

The bottom panel of Fig. B1 shows the evolution of the subhalo
characteristic time, normalized to its initial value. For the NFW
model, 7, monotonously decreases during tidal stripping. The
cored models, initially, follow this trend. However, after some tidal
stripping, Ty starts to increase, triggering a runaway disruption.
The larger the core size r./r, the sooner a critical size 7y, crit/Tmxo0
is reached beyond which T,,, increases. This implies that for each
core size r./ry there is a minimum characteristic size 7y, crit/Tmxo
down to which a subhalo may be stripped before disruption becomes
inevitable. The existence of stable remnants for cored subhaloes
therefore hinges on their tidal evolution slowing down sufficiently
before surpassing that critical point. The final snapshots of those
simulations where a bound remnant is resolved at the end of the
simulation are marked using black open circles. Only those subhaloes
whose evolution stalls before reaching the critical point will never
fully disrupt. Numerically, we find that subhaloes with core size
parameters r./r = 1/100, 1/30, 1/10, and 1/3 that are stripped to a size
smaller than ryy rie/Tmxo = 10, 25, 40, and 50 per cent, respectively,
will eventually fully disrupt. These critical sizes are equivalent to
minimum bound mass fractions My oit/Mmxo of approx. 1, 5, 15,
and 20 per cent, respectively.
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Figure B1. Tidal evolutionary tracks of NFW (red) and cored subhaloes
(blue) of the models listed in Table 1 (with 0.3 < Tixo/Tperi < 1.5, on an orbit
with a peri-to-apocentre ratio of 1:5). Top panel: evolution of the characteristic
velocity Vinx as a function of the characteristic size rmy, normalized to their
initial values. For reference, the tidal track for NFW haloes is shown as a
black curve (EN21). Cored models have a lower Vix/Vinxo at fixed rpx/rmxo
than their NFW counterparts. Bottom panel: evolution of characteristic time
Tmx/Tmxo. While for NFW models the characteristic time monotonously
decreases with mass-loss, for cored systems, Tix/Tmxo increases once the
system has been stripped beyond some threshold value rpy, crit/Fmxo (black
arrows).
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