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A B S T R A C T 

In this work, we carry out a suite of specially designed numerical simulations to shed light on dark matter (DM) subhalo 

survi v al at mass scales rele v ant for gamma-ray DM searches, a topic subject to intense debate nowadays. We have employed 

an impro v ed v ersion of DASH, a GPU N -body code, to study the e volution of lo w-mass subhaloes inside a Milky-Way-like 
halo with unprecedented accuracy, reaching solar-mass and sub-parsec resolution. We simulate subhaloes with varying mass, 
concentration, and orbital properties, and consider the effect of baryons in the host. We analyse the evolution of the bound 

mass fraction and annihilation luminosity, finding that most subhaloes survive until present, yet losing in some cases more than 

99 per cent of their initial mass. Baryons induce a much greater mass-loss, especially when the subhalo orbit is more parallel 
to the Galactic disc. Many of these subhaloes cross the solar Galactocentric radius, making it easier to detect their annihilation 

fluxes from Earth. We find subhaloes orbiting a DM-only halo with a pericentre in the solar vicinity to lose 70–90 per cent 
of their initial annihilation luminosity at present, which increases up to 99 per cent when including baryons. We find a strong 

relation between subhalo’s mass-loss and the ef fecti ve tidal field at pericentre. Indeed, much of the dependence on all considered 

parameters can be explained through this single parameter. In addition to shedding light on the survi v al of lo w-mass Galactic 
subhaloes, our results can provide detailed predictions that will aid current and future quests for the nature of DM. 

Key words: galaxies: haloes – cosmology: theory – cosmology: dark matter – methods: numerical. 
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here is strong evidence to believe that there should exist something 
lse apart from the matter we are able to observe in the Universe.
ndeed, there are completely independent cosmological and 
strophysical observations which point that, if our theory of gravity 
s correct, the mass of the matter we can detect electromagnetically 
s not enough to explain certain phenomena, but by adding a 
ew matter component, dark matter (DM), it is possible (Bertone, 
ooper & Silk 2005 ; Garrett & Duda 2011 ; Bertone & Hooper
018 ; Aghanim et al. 2020 ). 
Despite our efforts, the nature of the DM is yet unknown. There

re three main different yet complementary methods to look for DM:
irect production (using collider experiments in particle accelera- 
ors), direct detection (that look for traces of interactions between 
M and baryonic matter at the laboratory) (Kahlhoefer 2017 ), and 

ndirect detection (Bertone & Merritt 2005 ). The indirect detection 
ethod aims to observe the radiation (gamma-rays and neutrinos) 

nd antimatter (e.g. positrons) produced by DM annihilation or decay 
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nto Standard Model particles which could be detected through 
patial or terrestrial observatories, such as H.E.S.S. (Hinton & 

ESS Collaboration 2004 ), MAGIC (Flix & MAGIC Collaboration 
004 ), VERITAS (Weekes et al. 2002 ), Fermi -LAT (Gehrels &
ichelson 1999 ), IceCube (Achterberg et al. 2006 ), AMS (Battiston

008 ), and PAMELA (Picozza et al. 2007 ). A detection of these
nnihilation products might give a hint about DM properties (Porter, 
ohnson & Graham 2011 ). Moreo v er, all evidence we have on DM is
strophysical as of today, thus indirect searches are the only ones that
ave the potential not only to make the necessary connection between
he nature of the DM and the astrophysical observations, but also to
rovide direct information about the actual DM distribution in the 
niverse. 
Standard � cold dark matter cosmology predicts a hierarchical 

rocedure for structure formation, starting with low-mass virialized 
bjects, or haloes , which later in time merge forming larger struc-
ures (Springel, Frenk & White 2006 ; Frenk & White 2012 ; Zavala &
renk 2019 ). As a consequence, there is a huge amount of low-
ass subhaloes inside larger haloes like our Galaxy, the Milky Way

MW). The dwarf satellite galaxies are hosted by the most massive
ubhaloes, while there are also dark satellites (less massive subhaloes 
ith no stars or gas at all) which do not possess visible counterparts.
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Using cosmological N -body simulations with a large number of
articles per virialized object and a high time and force resolution
akes it possible to study the formation of cold DM haloes and

heir substructure in the non-linear regime in great detail (Diemand,
uhlen & Madau 2007 ; Vogelsberger et al. 2020 ; Angulo & Hahn
022 ). Some of them are done assuming that all the matter is dark,
hat is, baryons are not included. Hence, they are collisionless N -body
imulations, and even though they are not so precise near the centre of
he galaxies, they give an accurate solution of the idealized problem
nd are by far the best tool we have to understand structure formation
nd halo structural properties at present. Hydrodynamical simula-
ions are also available nowadays (Vogelsberger et al. 2014 ; Fattahi
t al. 2016 ; Sawala et al. 2016 ), which include baryonic material in-
ide the host, thus being more realistic. None the less, the basic prop-
rties of subhaloes such as their ab undance, distrib ution, and structure
emain unclear for the less massive subhaloes due to the limited
esolution in the simulations (Angulo et al. 2014 ). These simulations
ypically output subhaloes of at least one million solar masses (Die-
and et al. 2008 ; Springel et al. 2008 ; Ishiyama et al. 2021 ), i.e. 12

rders of magnitude larger than the minimum halo mass expected in
any DM scenarios. Also, finite numerical resolution implies that at

east some subhaloes will be artificially destroyed in simulations. 
Indeed, it is unclear whether small subhaloes will survive the

trong tidal forces within their hosts since their accretion times to
resent (Hayashi et al. 2003 ; van den Bosch et al. 2018 ; van den
osch & Ogiya 2018 ). Some authors claim that almost all subhalo
isruption is of numerical origin and a bound remnant should al w ays
urvi ve (v an den Bosch et al. 2018 ; Ogiya et al. 2019 ; Errani &
e ̃ narrubia 2020 ; Amorisco 2021 ; Green, van den Bosch & Jiang
021 ; St ̈ucker et al. 2022 ), while other studies suggest that the
bundance of small subhaloes is severely reduced due to the effect
f tidal forces and of other dynamical agents such as the presence of
aryonic material (Garrison-Kimmel et al. 2017 ; Kelley et al. 2019 ;
rand et al. 2021 ; Grand & White 2021 ). There is about five times
ore DM than baryonic matter, hence the first one often go v erns the

ynamics. Baryons are particularly important in the centres of large
aloes, where galaxies form. 
Both subhaloes hosting dwarf satellite galaxies and dark satellites

re known to be excellent targets for gamma-ray DM searches since
ome of them may be close enough to yield large DM annihilation
uxes at Earth (Ackermann et al. 2015 ; Coronado-Bl ́azquez et al.
019a , b ). Also, the DM-annihilation flux is related to the annihilation
uminosity, which is proportional to the DM density squared. Thus,
he clumpy distribution of subhaloes will considerably boost the total
M annihilation in their host haloes, reaching values of up to a factor
60 for galaxy clusters (S ́anchez-Conde & Prada 2014 ; Molin ́e et al.

017 ; Hiroshima, Ando & Ishiyama 2018 ; Okoli, Taylor & Afshordi
018 ; Ando, Ishiyama & Hiroshima 2019 , and references therein).
ote that having more resilient subhaloes would impact not only this
oost computation but also almost every DM constraint obtained to
ate, as subhaloes are expected to play a key role in almost every
M target.
Here, we carry out a suite of specially designed numerical

imulations to shed further light on subhalo survi v al at all mass
cales rele v ant for DM searches. Specifically, we have employed
he DASH 

1 simulation code (Ogiya et al. 2019 ) to study the
volution of subhaloes inside an MW-like halo with unprecedented
ccuracy. DASH is a fast tree-code optimized for GPU clusters
NRAS 518, 93–110 (2023) 

 While DASH is actually the name of the simulation library, we are calling 
he code used in our work this way for simplicity. 
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hich features both high performance and scalability. It simulates
he dynamical evolution of subhaloes with the N -body method and
nalytically describes the gravitational potential of the host. In
his way, computational resources are focused on a single subhalo,
hich allows its simulation with extremely high force and mass

esolution, which would not be possible in standard cosmological
imulations. More precisely, we will throw a subhalo inside the host
nd follow its dynamics under different initial configurations such as
oncentrations, masses, orbital parameters, and accretion redshifts.
e will also analyse the effect of taking into account the baryonic

isc in the host potential. 
Our work is expected to be particularly rele v ant for DM searches

hich, indeed, represent one of our ultimate goals. On one hand, we
ay get significantly larger DM fluxes at Earth from astrophysical

bjects, such as entire galaxies or galaxy clusters, if we can pro v e that
 significant amount of small subhaloes survive the tidal forces they
ndergo since their accretion times till present time. This would also
mpact the computation of the subhalo boost, which could be now
alculated in a more realistic way considering the actual abundance
nd properties of low-mass subhaloes. On the other, some of the
urviving, tiny subhaloes closest to Earth would be excellent DM
argets by themselves. In this sense, our suite of simulations and
btained results help enlightening the current debate on whether a
onsiderable amount of subhaloes disrupt due to the tidal forces they
xperience or, on the contrary, we can still hope to look for them
ith our telescopes. 
The work is organized as follows. In Section 2 , we describe the

ode we have used and the modifications we have implemented
or this work. The results of our study are depicted in Section 3 ,
iving special attention to two quantities, the bound mass fraction,
nd the annihilation luminosity, both for runs without and with
aryons. In Section 4 , we discuss our main findings and compare
hem to the results in the companion paper, St ̈ucker et al. ( 2022 ),
here we present an analytical model that treats tidal stripping in the

diabatic limit to predict lower bounds on the asymptotic remnants
f subhaloes. Finally, we conclude in Section 5 . 

 SI MULATI ON  M O D E L  

e simulate the dynamical evolution of a DM subhalo orbiting within
he MW potential, which consists of a DM host halo, stellar and gas
iscs, and a bulge. The subhalo is modelled as an N -body system,
hile a time-evolving analytical potential is employed to model the
W. In this section, we describe our simulation model and parameter

hoice. 

.1 Subhalo 

n this study, we consider subhaloes that do not host any stars, and
hus they purely consist of DM. Due to the cosmic UV background
adiation, star formation in haloes with a virial mass � 10 8 M � is
uppressed and the gas within such haloes e v aporates (e.g. Bullock,
ravtsov & Weinberg 2000 ; Okamoto, Gao & Theuns 2008 ). While
e employ the subhalo mass of m sub = 10 6 M � in our main

imulations, the simulation results can be, in principle, scaled down
o arbitrarily small halo masses (St ̈ucker et al. 2022 ). Specifically,
n this work we have tested subhalo masses down to 1 M � (see
ection 3.1.2 ). 
We suppose that prior to accretion, the subhalo is spherical and

ollo ws the Nav arro–Frenk–While (NFW) density profile (Nav arro,
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Table 1. Input parameters for the host potential. They are the values at z = 

0. 

(1) M 200, host 1.0 × 10 12 [ M �] 

(2) M d, stellar 4.1 × 10 10 [ M �] 

(3) R d, stellar 2.5 [kpc] 

(4) h d, stellar 0.35 [kpc] 

(5) M d, gas 1.9 × 10 10 [ M �] 

(6) R d, gas 7.0 [kpc] 

(7) h d, gas 0.08 [kpc] 

(8) M bulge 9.0 × 10 9 [ M �] 

(9) R bulge 0.5 [kpc] 

Notes . Description for each row: (1) mass of the DM host halo, (2) mass of 
the stellar disc, (3) scale radius of the stellar disc, (4) scale height of the stellar 
disc, (5) mass of the gas disc, (6) scale radius of the gas disc, (7) scale height 
of the gas disc, (8) mass of the bulge, (9) scale length of the bulge. Note that 
the spatial scale r s of the DM host halo is determined with equation ( 2 ) and 
the concentration–mass–redshift relation. Parameters taken from Kelley et al. 
( 2019 ). 
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renk & White 1997 ), 

( r) = 4 ρs ( r/r s ) 
−1 (1 + r/r s ) 

−2 , (1) 

here r represents the distance from the centre of the halo, and ρs 

nd r s are the scale density and radius, respectively. The pair of the
tructural parameters ( ρs and r s ) can be derived from another pair
f parameters, and we employ a pair of the virial mass, 2 M 200 , and
he halo concentration, c , to specify the internal structure of the DM
alo in what follows. The virial mass of the halo is given as 

 200 ≡ (800 π/ 3) ρcrit ( z) r 3 200 , (2) 

here ρcrit ( z) is the critical density of the Universe at redshift z, and
 200 is the virial radius of the halo within which the mean density
orresponds to 200 ρcrit ( z). The halo concentration is defined as c ≡
 200 / r s . 

The initial positions of N -body particles with respect to the 
entre of the subhalo are stochastically drawn using the acceptance–
ejection sampling method (Press et al. 2002 ). We draw r of a particle
ased on equation ( 1 ) in the radial range of r = [10 −4 , 1] × r 200, sub ,
here r 200, sub is the virial radius of the subhalo at accretion, and its
D position vector is specified with a randomly drawn unit vector. 
ote that the truncation of the density distribution in the initial set-
p does not affect the main results as particles in the outskirts will
e stripped from the subhalo shortly after accreting into the host
van den Bosch & Ogiya 2018 ). We stochastically draw the particle
nergy, e , based on the phase-space distribution function, f ( e ). Here,
 ( e ) is numerically computed using the Eddington ( 1916 ) formula.
hen we compute the velocity of the particle, v, with e and the
ravitational potential of the subhalo. The subhalo has an isotropic 
elocity dispersion 3 since f ( e ) is assumed to depend only on the
nergy, and we specify the 3D velocity vector of the particle with
nother randomly drawn unit vector. In isolation, the N -body system
eeps the initial configuration for a long enough time. 

.2 The host potential 

he host potential is composed of a spherical DM host halo and
he MW Galaxy that consists of stellar and gas discs and a spherical
ulge. The structural parameters of each component evolve with time, 
ased on the empirical relations from cosmological simulations and 
bservations. We input the masses of the DM halo and baryons and
arameters introducing their spatial scales at z = 0. These are all
ummarized in Table 1 . The centre of the host potential is fixed
t the origin of the coordinate system in the entire simulations,
.e. simulations are performed in the host-centric frame. Note that
ynamical friction is absent in our simulations as the host is
odelled with an analytical potential. Neglecting dynamical friction

s justified for the low-mass subhaloes we explore in this paper, as
he deceleration of dynamical friction is proportional to the subhalo

ass (Chandrasekhar 1943 ).
 This includes only DM mass, as well as (1) in Table 1 , so that the total host 
ass is smaller in runs without baryons. 
 While the velocity structure in the halo outskirts is radially biased, that in the 
alo centre ( r � r s ) is almost isotropic (e.g. Wojtak et al. 2009 ; Navarro et al. 
010 ). The radially biased velocity structure could enhance the mass-loss rate 
t the beginning of simulations, when the subhalo outskirt is tidally stripped. 
o we ver, our model should be fine in the later phase in which the subhalo 

entre has suffered from the tidal effects. 
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.2.1 Host halo 

he DM host halo is assumed to be spherical in the entire simulation
nd is modelled with an analytical NFW potential. The virial mass of
he host halo potential grows with the model for the mass assembly
istory of DM haloes by Correa et al. ( 2015 ). The concentration of
he host halo is derived with the concentration–mass–redshift relation 
y Ludlow et al. ( 2016 ). These structural parameters are updated at
very time-step in the simulation (explained in Section 2.4 ; see also
giya, Taylor & Hudson 2021 ). Note that the DASH simulations
erformed by Ogiya et al. ( 2019 ) employed a static NFW potential
o model the DM host halo. 

.2.2 The MW potential 

s an important update from the original DASH simulations (Ogiya 
t al. 2019 ), our simulations now can include not only the DM host
alo but also the baryonic components, the central bulge and stellar
nd gas discs, of the host potential following the recipe of Kelley
t al. ( 2019 ). We employ a Hernquist ( 1990 ) potential to represent
he central bulge, 

 Hq ( r) = − G M bulge

r + R bulge 
, (3) 

here M bulge and R bulge are the mass and the scale radius of the bulge,
espectively. Each of the stellar and gas discs is supposed to be an
xponential disc, and the mass, scale radius, and scale height of the
xponential discs at the present time are listed in Table 1 . Flynn,
ommer-Larsen & Christensen ( 1996 ) showed that an exponential 
isc is well approximated by combining separated Miyamoto–Nagai 
MN) discs (Miyamoto & Nagai 1975 ) whose potential is given as 

 MN ( r, z) = − G M MN √ 

r 2 + 

(√ 

z 2 + b 2 + a 
)2

, (4) 

here M MN is the mass of the MN disc and a and b are the MN disc
cale radius and thickness, respectiv ely. F ollowing the prescription 
y Smith et al. ( 2015 ), an exponential disc is approximated with
hree separated MN discs, and the exponential disc parameters ( M d ,
 d , and h d ) are converted to the parameters of three MN discs (three
ets of M MN , a , and b ). Since two exponential discs (stellar and gas)
re included in the simulations, we have six MN discs in total. 
MNRAS 518, 93–110 (2023) 



96 A. Aguirre-Santaella et al.

M

 

i  

b  

m  

s  

s  

p  

t  

l  

d  

T  

c  

s  

m  

m  

r  

s  

p  

c  

o  

s  

B  

c  

p  

s

2

W  

a  

(  

A  

s  

o  

a  

t  

o

x

w  

o  

r  

t

η

w  

o  

E  

G

4

s
N
c
b
i
i
b

Figure 1. Top: evolution of the various baryon components, similar to Kelley 
et al. ( 2019 ). We can see the evolution of the stellar mass in blue, the gas mass 
in red, and the bulge mass in green. The sum of these three is the black solid 
line and accounts for the total baryonic mass, and the DM mass corresponds 
to the dashed black line. Bottom: values of the potential at z = 0 for the 
different components with respect to the radius, normalized to the host virial 
radius. 
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The mass of the stellar components, i.e. the stellar disc and bulge,
ncreases with time by following the abundance-matching model
y Behroozi et al. ( 2019 ), as the DM host halo mass grows. The
ass ratio between the two is fixed as the ratio at z = 0 (9/41,

ee Table 1 ). The gas mass also increases with time, based on the
tellar mass and the gas mass fraction by Popping et al. ( 2015 ). The
arameters introducing the spatial scale of the baryon potentials (i.e.
he exponential disc scale radius and height, and the bulge scale
ength) are determined as follows. First, the scale radius of the stellar
isc is derived by an empirical relation by van der Wel et al. ( 2014 ).
hen the others are determined to keep the proportion of the baryonic
omponents, e.g. the ratio of the scale radius of the stellar disc to the
cale radius of the gas disc is kept. There is another requirement in the
odel by Kelley et al. ( 2019 ). The time-varying baryon parameters
ust be matched by the input parameters at z = 0. To ensure this

equirement, we need three scaling factors, 4 namely, ∼2 for the
tellar mass, ∼0.75 for the gas mass, and ∼0.35 for the spatial scale
arameters of the baryonic components. They are multiplied by the
orresponding parameters. The second scaling factor is within the
bserved scatter (Popping et al. 2015 ), while the first (third) one
eems to be larger (smaller) than the scatter (van der Wel et al. 2014 ;
ehroozi et al. 2019 ). The mass evolution of each host halo baryonic
omponent, as well as its mass in form of DM, is shown in the top
anel of Fig. 1 , while the potential of each component at z = 0 is
hown in its bottom panel. 

.3 Subhalo orbit 

e take only the potential of the spherical DM host halo into
ccount to set the initial subhalo orbit in the host-centric frame
baryon potentials are ignored in setting the initial subhalo orbit).
n advantage of this scheme is that the initial velocity vector of the

ubhalo is identical when fixing the orbital parameters. The subhalo
rbit is characterized with the orbital energy, the angular momentum,
nd the orbital plane. We employ the following three parameters in
his study. The first one describes the orbital energy of the subhalo
rbit in the host-centric frame, 

 c ≡ r c ( E) /r 200 , host ( z acc ) , (5) 

here r c ( E ) and r 200, host ( z acc ) are the radius of a circular orbit of the
rbital energy, E , and the virial radius of the host halo at the accretion
edshift of the subhalo, z acc , respectively. The second one controls
he angular momentum of the orbit, 

≡ L/L c ( E) , (6) 

here L and L c ( E ) are the actual angular momentum of the subhalo
rbit and the angular momentum of the circular orbit of the energy,
 . The third parameter is the inclination angle with respect to the
alactic plane, θ . 
NRAS 518, 93–110 (2023) 

 The evolution of the structural parameters, M 200, host ( z) and c , is fully 
pecified as a function of redshift by the empirical relations from cosmological 
 -body simulations. Based on the obtained M 200, host and observationally 
onstrained relations, we can get the expected structural parameters of 
aryons (mass, scale length, and height, etc.) as a function of z. Ho we ver, it 
s not guaranteed that the derived baryon parameters are consistent with the 
nput parameters at z = 0. To guarantee the consistency, we need to multiply 
y the mentioned scaling factors. 
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.4 Numerical techniques 

or N -body computation, we use a code that adopts an oct-tree
lgorithm (Barnes & Hut 1986 ) and is accelerated with Graphics
rocessing Units (Ogiya et al. 2013 ). The gravitational potential
eld of particles is smoothed with a Plummer ( 1911 ) force softening
f ε = 0 . 0003 r 200 , sub , where r 200, sub is the virial radius of the subhalo
t accretion. The code employs the cell opening criteria of Springel
 2005 ) with the force accuracy parameter of α = 0.01. The position
nd v elocity v ectors of particles are updated with the second-order
eapfrog scheme in each N -body iteration, and a time-stepping is
etermined with the prescription of Power et al. ( 2003 ) and is equal
or all particles. The centre of the subhalo and its bulk velocity in the
ost-centric coordinate system is tracked with the scheme outlined
n van den Bosch et al. ( 2018 ). The evolution of the mass bound to
he subhalo is also computed. Only bound particles are considered
n drawing the spherically averaged density profile of the subhalo. 

.5 Parameter choices 

he high numerical accuracy will enable us to study with great detail
ubhalo survi v al and its impact in gamma-ray DM searches using
he set of parameters that suit best our purposes. We simulate sub-

art/stac2921_f1.eps
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Figure 2. Probability distribution function of the orbital parameters of 
subhaloes, d 2 p /(d x c d η). The fitting function of Jiang et al. ( 2015 ) is used. The 
evolution of the orbital parameters due to the growth of the MW potential 
is modelled with the prescription of Ogiya et al. ( 2021 ). Original pairs (i.e. 
prior to the evolution) to give an orbit crossing the solar Galactocentric radius, 
R � = 8.5 kpc, between the accretion redshift, z acc = 2, and the present time 
are considered, as such subhaloes are promising targets of DM annihilation 
signal surv e ys. 

Table 2. Set of parameters used in this work, described in Section 2.5 . First 
column: fiducial parameters. Second column: studied range of each parameter 
in the full suite. 

Fiducial Suite 

m sub [M �] 10 6 [1, 10 9 ] 
z acc 2 [1,4] 
c 10 [5,50] 
η 0.3 [0.1,0.8] 
x c 1.2 [0.8,1.6] 
θ [deg] 45 [0,90] 

Table 3. Examples of mass resolution (c), mean inter-particle distance (d), 
and softening length (e) for some subhalo masses (a) and number of particles 
(b) used in this work. All cases assume z acc = 2.

m sub [M �] a N 

b m resol [M �] c d ip [pc] d ε [pc] e 

10 6 2 18 3.81 0.16 0.304 
10 6 2 20 0.95 0.099 0.304 
10 6 2 21 0.48 0.078 0.304 
10 3 2 20 0.00095 0.046 0.0304 
1 2 21 4.77 × 10 −7 0.017 0.00304 
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aloes with varying mass, concentration, and orbital properties, thus 
o v ering the different properties expected in a realistic cosmological 
cenario. We use six parameters to simulate the subhalo: 

(i) The initial subhalo mass, m sub . Since we want to study
ubhaloes not hosting baryonic material, we have chosen m sub = 

0 6 M �. We could use even smaller subhalo masses, but this
ould increase the computational cost significantly so as to co v er
 much wider dynamical range. In any case, as we will see later, the
esults both without and with a baryonic host potential are essentially 
ndependent on the subhalo mass. 

(ii) The subhalo accretion redshift, z acc . We have chosen z acc =
 for most cases since the subhalo accretion distribution in Yang 
t al. ( 2011 ) peaks around that value when considering the host
nd subhalo masses we are working with. It also gives a reasonable
mount of subhaloes crossing the solar Galactocentric radius at some 
oint along their history, i.e. those expected to be most rele v ant for
M searches (Coronado-Bl ́azquez et al. 2019a ). 
(iii) The initial subhalo concentration, c . Note that the subhalo is

 halo until the moment of accretion, thus the standard definitions 
f mass and concentration used for haloes are still valid till this
appens. As stated in Ludlow et al. ( 2016 ), the concentration is
round 10 for one million solar masses subhaloes (or haloes) being 
ccreted at z = 2. Ho we ver, the associated scatter can be considerably
arger for smaller subhaloes, so we will study concentration values 
anging from 5 to 50. This way we would also co v er larger
oncentration values expected for lower mass subhaloes below with 
 sub = 10 6 M �. 
(iv) Orbital parameters:

(a) The orbital energy parameter, x c , as described in Sec- 
tion 2.3 . 

(b) The orbit circularity, η, as described in Section 2.3 .
(c) The orbit inclination angle, θ , as described in Section 2.3 .

It is only rele v ant for runs with baryons, when the host spherical
symmetry is broken. 

Fig. 2 presents the probability distribution of x c and η at the time
f subhalo accretion. We employ the fitting function of Jiang et al.
 2015 ) normalized in the 2D parameter space of x c = [0.5, 2] and
= [0, 1]. As we have a particular interest in subhaloes emitting
M annihilation signals with a detectable flux, subhaloes crossing 

he solar Galactocentric radius, R �, at some point since its accretion
re considered. After accretion, the subhalo orbit shrinks as a result
f the host growth and the pair of the orbital parameters evolves with
ime. This effect is taken into account using the model by Ogiya et al.
 2021 ). We find that subhaloes passing R � typically have x c = 1.2
nd η = 0.3 at accretion and adopt this pair as our fiducial choice. 

Our choice of orbital parameters, together with the typical initial 
oncentration of haloes at a given redshift, as described above, will 
onstitute what will be called our fiducial set of parameters from
o w on. Ne vertheless, we will v ary significantly this fiducial set-up
n our work by changing the involved parameters to (still reasonable) 
maller or larger values, so as to understand the impact of a particular
arameter in the results. We summarize both the fiducial setting and 
he full suite in Table 2 . 

Finally, we note that our ef fecti ve mass resolution will depend on
he number of particles, N . In particular, m resol = m sub / N . We choose
 such that we try to ensure convergence of results (see later below)

or the particular set of parameters under consideration within our 
uite, sometimes increasing it significantly to fulfil this requirement 
rom accretion time to present. Some of the adopted values in this
ork are listed in Table 3 . In this same table, we also show the mean
nter-particle distance, d ip , assuming N particles are homogeneously 
istributed in a sphere of r 200 . Some authors advocate d ip sets the
inimum value of the softening parameter to ensure the nature of

ollisionless systems (Melott et al. 1997 ; Splinter et al. 1998 ; Romeo
t al. 2008 ). Ho we ver, in current cosmological N -body simulations,
he softening is typically larger than some rele v ant radii, such as
he virial radius of a halo resolved with ∼100 particles, which is

0.3 d ip (Angulo & Hahn 2022 ). The numbers in Table 3 show that
ur mean inter-particle distance fulfils that requirement in most cases,
.e. that it is smaller than the softening length. As expected, the lower
he subhalo mass the harder to satisfy the condition.
MNRAS 518, 93–110 (2023) 
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Figure 3. Bound mass fraction as a function of a = 1/(1 + z) for a one- 
million-solar-mass subhalo orbiting a host halo without baryons. We compare 
two cases: the solid black line corresponds to a scenario in which the DM 

host potential evolves, while the dashed pink line is for a static host with no 
evolution. The static mass and concentration are M 200, host = 2.82 × 10 11 M �
and c host = 5.14, respectively, which are the evolving case initial values, i.e. 
the y are fix ed as those at z = z acc . In both cases we have used our fiducial set 
of parameters given in Table 2 . 
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 RESU LTS  

n this section, we summarize the main findings in our analyses. We
ave mainly studied two rele v ant quantities: the bound mass fraction,
 b , which corresponds to the fraction of the initial subhalo mass that
emains bound at a given redshift, and the annihilation luminosity, L ,
hich is defined as the integral of the subhalo density profile squared.

.1 Bound mass fraction 

he bound mass fraction comprises the information about how much
ass the subhalo has lost when a certain amount of time has passed

ince its accretion. We define it as the fraction of mass that remains
ound at time t with respect to the initial subhalo mass (van den
osch et al. 2018 ): 

 b = 

M( t) 

M 200 , sub 
, (7) 

here M ( t ) is the bound mass of the subhalo at time t , and M 200, sub 

 M ( < r 200, sub ) = m sub is the initial virial mass of the subhalo. This
irial radius will not be a good parameter to define the subhalo after
ccretion, since the mass at the outskirts will be eventually lost and
ts profile will be consequently truncated. 

This quantity allows us to elucidate if the subhalo has been
isrupted or if it survives after several orbits. We study f b for the
ases in which the host is made of DM alone as well as the one
n which baryons are also included following our prescription in
ection 2.2.2 . These cases are detailed, respectively, in the next
ections 3.1.1 and 3.1.2 . Furthermore, we study the values of f b that
an be trusted in our analyses via the definition of strict convergence
riteria in either case, which are nailed down in Appendix A1 for the
nterested reader. 

.1.1 Non-baryonic case 

irst, we study the effect that the time evolution of the DM host
otential has in the mass-loss process. This is a new feature of our
ode, neither included in DASH nor shown before. The difference
etween including this effect or not is illustrated in Fig. 3 for a
articular example. A larger subhalo depletion and a larger number of
ericentric passages are observed in this more realistic scenario. Most
ignificant changes occur at the pericentre, when a larger fraction
f material from the subhalo is stripped by the host (appearing as
brupt ‘steps’ in this figure). In this particular case, the subhalo
hose host evolves loses more mass mainly because it experiences a
igher number of pericentric passages. The apocentre is smaller and
ecreases with time as well. We have checked different cases finding
ssentially the same results. From now on, we will al w ays adopt
he case of an evolving host as the fiducial one, unless specified 
therwise. 
In Fig. 4 , we show f b as a function of the scale factor, a =

/(1 + z), for different subhalo configurations. In each of them, we
ary a parameter among those defining our fiducial set-up specified
n Table 2 . In particular, in the upper panels of Fig. 4 , we show
he evolution of f b for different concentrations and circularities,
espectively. From these panels one can see that less concentrated
ubhaloes at accretion lose mass more quickly, which agrees with the
xpectations. Also, more radial orbits, i.e. those with smaller η, imply
 larger mass-loss. Note that we are comparing different eccentricities
ere while fixing x c . Therefore, our orbits with higher eccentricities
ave smaller pericentres and experience a stronger tidal field. In the
ower left-hand panel of Fig. 4 different orbital energy parameter
NRAS 518, 93–110 (2023) 
alues are displayed. In this case, a smaller x c leads to a larger
umber of orbits in the same time interval and thus to a greater mass-
oss as well. Finally, the lower right-hand panel shows examples for
ifferent accretion redshifts, and we can see that a larger z acc has also
he effect of inducing more mass-loss: the subhalo completed more
rbits and it initially had a smaller pericentre because the host halo
as smaller at earlier cosmic epochs. Indeed, subhaloes accreted at
ifferent times landed on different orbits and later-accreted subhaloes
ave spent less time within the host. We use N = 2 18 particles
n most cases, increasing this number up to N = 2 21 whenever 
eeded. 

A general picture of f b results at z = 0 in the non-baryonic case,
hich can be seen in the upper left-hand panel of Fig. 5 . In this plot,
e fix x c = 1.2 and z acc = 2 and vary both the concentration and η
arameters. The summary is that subhaloes lose less mass when any
f these two parameters is larger. These results are expected to be
cale-free when the subhalo mass is small enough. More specifically,
esults will be identical for ratios M 200, host / m sub � 10 3 , since self-
riction becomes negligible (Ogiya et al. 2019 ; Miller et al. 2020 ).
ctually, dynamical friction would work more significantly than self-

riction in decaying subhalo orbits (Miller et al. 2020 ). Nevertheless,
hen considering subhaloes of low enough masses, this drag force
ould be negligible as well. 

.1.2 Baryonic case 

ecent hydrodynamical simulations have shown a significant de-
rease of the number of subhaloes when baryons are taken into
ccount (Garrison-Kimmel et al. 2017 ; Kelley et al. 2019 ; Grand &

hite 2021 ; Green et al. 2021 ). Ho we ver, this could still be due
o numerical artefacts related to insufficient mass and/or force
esolution (van den Bosch et al. 2018 ; van den Bosch & Ogiya
018 ). In our w ork, we w ant to give an answer to this ongoing
ebate by performing a variety of simulations including the baryonic
omponent of an MW-size halo as well. Therefore, in order to obtain
ore realistic simulations we now add baryonic material to the host
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Figure 4. Bound mass fraction, f b , as a function of a = 1/(1 + z) for different subhalo configurations. Each of them corresponds to a case in which we vary 
one parameter among those representing our fiducial set-up in Table 2 . The latter is depicted as a solid black line in all panels for reference. Upper left-hand 
panel: different initial subhalo concentrations ( c ). Upper right-hand panel: different initial circularities ( η). Lower left-hand panel: different orbital energies ( x c ). 
Lo wer right-hand panel: dif ferent accretion redshifts ( z acc ) using two dif ferent circularity v alues. The black horizontal dotted line sets the convergence value for 
f b , explained in Appendix A1 . When it does not appear, this value is below the chosen y -axis lower limit. Note that f b is al w ays well abo v e e xcept in the lower 
right-hand panel, for which no convergence is achieved at present time for the case of z acc = 4, η = 0.1. 
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5 We have checked that using a larger concentration, c = 20, as they do, 
diminishes this difference significantly. We also note that their host potential 
consists of an NFW DM halo and a single Miyamoto–Nagai disc to account 
for baryons, both being static, while ours is more elaborated as described in 
Section 2.2 . 
otential. This has been done as described in Section 2.2.2 , in a way
uch that the baryonic analytical potential also evolves with time, 
rom accretion until the present. 

First of all, we want to understand if also in the case of including
aryons the results are scale-free when the subhalo mass is small
nough. This was only shown before for the DM-only case (Ogiya 
t al. 2019 , see also St ̈ucker et al. 2022 ). Our findings are depicted
n the left-hand panel of Fig. 6 . We can see that results are very
imilar for masses ranging from one solar mass up to 10 million solar
asses. We have also checked the impact of self-friction (Miller et al.

020 ) for larger masses. Indeed, this effect starts to be noticeable at
0 8 M � – the orbits become smaller, which leads to more mass- 
oss – and it is significant for 10 9 M � subhaloes, the difference in 
 b at z = 0 being a factor ∼1.5. In contrast, Ogiya et al. ( 2019 )
ound no noticeable difference up to 10 9 M � for runs without 
aryons. 
We have also investigated the influence of the orbit inclination 

ngle in subhalo depletion, also studied in Green et al. ( 2021 ).
imilarly to the latter work, our results, depicted in the right-hand 
anel of Fig. 6 , show that subhaloes with orbits more parallel to
he baryonic disc lose more mass. Yet, we report more substantial 
ass-loss for parallel orbits. 5 Other works (D’Onghia et al. 2010 ;
arrison-Kimmel et al. 2017 ) suggested that the mass-loss for a
ore perpendicular orbit would be greater due to disc shocking 
hen the subhalo suddenly enters or leaves the baryonic tidal field.
ere, we find the rele v ance of this potential effect to be negligible.

nstead, we found that another parameter, namely the force accuracy, 
ecomes particularly rele v ant for parallel orbit runs, since the subhalo
n these orbits can deviate from the disc plane after several pericentric
assages if the force accuracy is not good enough, which, in turn,
auses a small difference in f b . 

In Fig. 7 , we compare the impact that adding baryons or not to the
ost potential has on the bound mass fraction. We adopt an inclination
ngle of 45 deg in this example as an intermediate choice. As it can
e seen, the presence of baryonic material can have a huge impact on
MNRAS 518, 93–110 (2023) 
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M

Figure 5. Left-hand panel: bound mass fraction, f b , at present time for different initial subhalo concentrations and circularities in the non-baryonic case (top) 
and in case of including baryons (middle). The ratio between the two previous panels, i.e. f b, baryons / f b, DMO at z = 0, is shown in the bottom panel. Right-hand 
panel: annihilation luminosity results at z = 0 varying both the concentration and η parameters, both for the case of excluding baryons (top panel) and with 
baryons included (middle). The bottom panel shows the ratio between the two previous panels, i.e. L baryons / L DMO at z = 0. We adopt a one-million-solar-mass 
subhalo, with x c = 1.2 and z acc = 2 in all cases, and fix the inclination angle of the subhalo orbit to 45 deg in the case of baryons. Non-converged runs are not 
shown and are the cause of the blank regions in these plots. 
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Figure 6. Checks including baryons. Left-hand panel: bound mass fraction, f b , as a function of a = 1/(1 + z) for a subhalo described with our fiducial set of 
parameters (Table 2 ), but different initial mass and orbiting an MW-like host with baryonic material. In all cases, the orbit inclination angle with respect to the 
Galactic disc is 45 deg. Right-hand panel: same as in the left-hand panel, this time for a one-million-solar-mass subhalo orbiting its host with different inclination 
angles as given in the legend. Zero degree means that the orbit is parallel to the disc, while 90 deg represents a perpendicular orbit. Also shown for comparison 
are the lines corresponding to the non-baryonic case (grey line) and a run with four times higher resolution (dot–dashed line). In both panels, the horizontal 
dotted lines represent the convergence limit (for the N = 2 20 and N = 2 21 resolution cases in the left- and right-hand panels, respectively; see Appendix A for 
details). 

Figure 7. Comparison between adding baryons to the host halo potential 
or having only DM, for both different concentration and orbital circularity 
values. The fiducial set-up of Table 2 is shown as a black line. Non-baryonic 
runs are depicted as dash–dotted lines, while baryonic ones are in solid. 
The black dotted horizontal line corresponds to the convergence limit; see 
Appendix A . In all cases, we set x c = 1.2, z acc = 2, and m sub = 10 6 M �. 
When baryons are included, the inclination angle is 45 deg. 
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6 We have tried to improve the convergence using different values of N , up 
to 2 21 , but did not succeed. We note though that enlarging N even more 
drastically should allow to reach a convergent run in the end for most cases; 
ho we ver, the computational resources needed to do so were too expensive. 
he subhalo depletion, especially when the pericentre of the orbit is
maller (e.g. decreasing η while fixing x c ). This typically leads to a
uch smaller f b for the same time after accretion when compared to

he non-baryonic case. Indeed, Fig. 7 shows that some non-baryonic 
uns with smaller η but larger c can lead to comparatively less mass-
oss, while this is not necessarily the case when baryons are included.

A general picture of f b results at z = 0 for the runs including
aryons can be seen in the middle left-hand panel of Fig. 5 . In this
lot, we fix the inclination angle of the subhalo orbit to 45 deg,
dopt x c = 1.2 and z acc = 2, and vary both the concentration and η
arameters. Again, we conclude that subhaloes lose less mass when 
ny of these two last parameters is larger. We note that we cannot
chiev e numerical conv ergence for a few cases in our grid, 6 although
e do for most of them. An example of the latter can be actually

een as the blue solid line in Fig. 7 as well. The lower left-hand panel
f Fig. 5 shows the ratio between baryonic and DM-only runs, and
onfirms again the larger impact of baryons, especially for subhaloes 
n more radial orbits. We find the largest differences in the lower left
rea for the lowest c and η values considered. Besides, on the bottom
ight corner, where c is large but η is small, this ratio reaches values
0.25, while the ratio is ∼0.3 on the upper left corner. When both c

nd η are large (upper right area), both values are similar.

.2 DM annihilation luminosity 

tudying the annihilation luminosity of Galactic subhaloes is es- 
ential to understand their potential as targets for gamma-ray 
earches (Ackermann et al. 2012 ; Strigari 2013 ; Hooper & Witte
017 ). For instance, current DM constraints obtained from the 
crutiny of unidentified gamma-ray sources in search of potential 
ubhaloes with no visible counterparts depend, in the first place, on
he number of detectable subhaloes predicted from a combination 
f simulations and instrumental sensitivity (Coronado-Bl ́azquez 
t al. 2019a , 2021 , 2022 ). More specifically, these DM constraints
ould be o v erly optimistic if a significant fraction of subhaloes

n the solar vicinity disrupt or lose a significant fraction of their
uminosity. Having more resilient subhaloes than those in current 
imulations would also impact the mentioned DM constraints, this 
ime in the opposite way. Thus, for these studies it is important
o ha ve rob ust predictions of the number of subhaloes, probably
own to scales as low as 1000 solar masses (Coronado-Bl ́azquez
t al. 2019a ). In particular, knowing both the precise abundance 
MNRAS 518, 93–110 (2023) 
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Figure 8. Fraction of the total annihilation luminosity in the region contained 
inside a radius r , normalized to the subhalo virial radius, for different initial 
subhalo concentrations. The black dotted line corresponds to the relaxation 
radius for N = 2 24 particles, as indicated in Section 3.2 and explained in 
Appendix A2 . 
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nd radial distribution of the subhalo population within an MW-
ik e host w ould be of utmost importance, not only from a purely
osmological perspective and for current DM constraints, but also
.g. to understand the role of subhaloes for the so-called subhalo
nnihilation boost (S ́anchez-Conde & Prada 2014 ; Molin ́e et al. 2017 ;
ndo et al. 2019 ).
The way to compute the subhalo luminosity is via the radial density

rofile ρ( r ); more specifically, we define the annihilation luminosity
n our study as the integration of the DM density profile squared:
 = 

∫ 
V 

ρ2 ( r) d V . 7 The fraction of this annihilation luminosity that
eaches the Earth and we can potentially measure with our telescopes
s the annihilation flux. We note, ho we ver, that the latter cannot be
redicted without knowing the exact distance between the subhalo
nd us. 

The fraction of the annihilation luminosity contained inside a
ormalized (sub)halo radius x , adopting an NFW DM density profile,
s shown in Fig. 8 for different initial subhalo concentrations. It
an be seen that, even for small concentration values, more than
0 per cent of the total luminosity is inside 1 per cent of the virial
adius, and can be more than half for larger concentrations. Therefore,
he lack of numerical resolution in the innermost part of the subhalo
ogether with the effect of particle relaxation (explained in detail
n Appendix A2 ) makes the study of the annihilation luminosity a
ifficult task. Indeed, no particle data are available inside 0.1 per cent
f the initial virial radius of the subhalo, and we lose some of
hese inner particles – up to 1–3 per cent of the initial virial radius,
epending on N – after several pericentric passages. 8 This happens
pecially when the initial concentration is small. To shed further light
n this potential issue for annihilation luminosity, we have analysed
he change in the density profile of a subhalo as the number of
NRAS 518, 93–110 (2023) 

 Note that this actually corresponds to the annihilation luminosity in the case 
f a velocity-independent annihilation cross-section. If a velocity dependence 
as included, additional factors may come in. 
 The fraction of lost particles within the innermost 1 per cent of the subhalo 
nitial radius depends on the specs of the particular run, reaching up to 

80 per cent in some cases.

9

s
s
e
A
a
T
n

articles increases, and found that the inner cusp remains when N
s large enough ( N � 2 22 ; see Fig. A4 ), but becomes a core when it
s not. This implies a significant, non-physical luminosity loss. To
olve this problem, we reconstruct the inner cusp in each snapshot in
 semi-analytical way by adopting the prescription in Green & van
en Bosch ( 2019 ). In particular, we integrate this semi-analytical
unction from x = 5 × 10 −3 (i.e. the smallest radius for which we
 xplicitly pro v ed it to be accurate) up to the corresponding relaxation
adius, and then we trust the data beyond that point. Full details of this
usp reconstruction can be found in Appendix A2 . We note that our
articular choice of minimum integration radius in the computation
f the annihilation luminosity yields conserv ati v e results. Inte grating
he profile down to a radius smaller than the adopted x = 0.005 would
ndeed lead to larger L / L ini values (e.g. up to a factor 2 for our fiducial
ase). 

In Fig. 9 , we show the evolution of the annihilation luminosity
ormalized to its initial value at accretion, L / L ini , as a function of the
cale factor, a = 1/(1 + z), for different subhalo configurations. 9 In
ach panel of this figure, we vary one single parameter with respect to
he fiducial set-up of Table 2 . The first four panels show runs without
aryons. In particular, in the upper panels we show the evolution for
ifferent concentrations and circularities, respectively. We conclude
hat less concentrated subhaloes at accretion get reduced to a smaller
raction of their initial luminosity (by e.g. a factor ∼4 in the fiducial
ase), which is in tune with expectations. Also, more radial orbits, i.e.
hose with smaller η, experience the same effect. Note that we are
omparing different eccentricities here while fixing x c . Therefore,
ur orbits with higher eccentricities have smaller pericentres and
ndergo a stronger tidal field. In the middle left-hand panel, different
rbital energy parameters are displayed. We observe that smaller x c 
alues lead to a larger number of orbits in the same time interval
nd a larger luminosity decrease as well. The middle right-hand
anel shows results for different accretion redshifts: larger z acc also
llows for more orbits and a smaller pericentre (because the host
alo was smaller at younger cosmic epochs) and thus the luminosity
s significantly lower at present for earlier accreted subhaloes. A
omparison between runs without and with baryons is shown in
he lower left-hand panel. Notice again that η becomes rele v ant
hen baryons are included, since a small value induces a greater

hange in the luminosity . Lastly , the lower right-hand panel shows the
uminosity for orbits with different inclination angles with respect to
he baryonic disc, confirming that subhaloes in parallel orbits become
ess luminous after several pericentric passages. 

A general picture of annihilation luminosity results at z = 0 varying
oth the concentration and η parameters can be seen in Fig. 5 , both
or the case of excluding baryons (top right-hand panel) and with
aryons included (middle right). We adopt x c = 1.2 and z acc = 2
n all cases, and fix the inclination angle of the subhalo orbit to 45
eg in the case of baryons. As in the case of f b , we do not reach
umerical convergence for a few cases in our grid, although we do
or most of them. For our fiducial subhaloes (Table 2 ) there is al w ays
 significant reduction of luminosity, the subhalo retaining about
5 per cent and 2 per cent of its initial luminosity in the non-baryonic
 We noticed that a spike arises right before several pericentric passages for 
ome runs. After performing some checks, we do find a fast increase of the 
ubhalo density profile in the intermediate region 10 −2 < x < 10 −1 . This L 
nhancement around the pericentric passage is induced by tidal compression. 
t the same time, kinetic energy is injected into the subhalo and it expands 

fter passing the pericentre, inducing the density reduction for a short time. 
hese processes are physical and the evolution of the density profile is 
umerically converged. 
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Figure 9. Evolution of the annihilation luminosity normalized to its initial value at accretion, L / L ini , as a function of the scale factor, a = 1/(1 + z), for 
different subhalo configurations. In each panel (except for the lower left), we vary one single parameter with respect to the fiducial set-up in Table 2 . The latter 
corresponds to the black solid line in all panels. Comparison for different initial subhalo concentrations, c (upper left); different initial circularities, η (upper 
right); orbital energies, x c (middle left); accretion redshifts, z acc (middle right); comparison for runs with and without baryons (lower left); and different orbit 
inclination angles for the baryonic case (lower right). 
MNRAS 518, 93–110 (2023) 
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Figure 10. Top: bound mass fraction at present time as a function of the 
subhalo pericentric distance in units of the host virial radius at z = 0, 
r peri / r 200, host , as found in different runs with an initial subhalo concentration 
c = 10. Each point corresponds to different orbital parameters and accretion 
redshifts. The dashed purple and brown lines correspond to fits to equation ( 8 ) 
using the best-fitting parameters collected in Table 4 for both the cases 
without and with baryons, respectively. Bottom: annihilation luminosity at 
present time, normalized to the initial one, as a function of the subhalo 
pericentric distance in units of the host virial radius, r peri / r 200, host , as found 
in different runs with an initial subhalo concentration c = 10 and varying 
the orbital parameters and accretion redshifts. The dashed purple and brown 
lines correspond to fits to equation ( 10 ) using the best-fitting parameters 
collected in Table 4 for both the cases without and with baryons, respectively. 
In both panels, the grey area corresponds to the solar vicinity, defined as the 
Galactocentric region within 8.5 ± 5 kpc. The black dotted line shows the 
radius at which the baryonic tidal field is comparable to the DM halo one; 
see discussion in Section 4.1 and Fig. 11 . 

Table 4. Best-fitting parameters and uncertainties for the power-law function 
relating the pericentres with f b , given by equation ( 8 ), and for the function 
relating the pericentres and L z = 0 / L ini , described in equation ( 10 ), both for 
the cases without and with baryons. These fits are for a particular value of 
concentrations, namely c = 10, and are shown in Fig. 10 together with the 
nd baryonic cases, respectively. More in general, it can be seen
hat the concentration is the most rele v ant parameter when baryons
re not considered, the subhalo not losing a significant luminosity
raction when c is large enough, while also η plays a major role
hen baryons are added to the game. More specifically, baryons
ave a large impact on the annihilation luminosity when the orbits
re more radial (smaller η) since the subhalo gets closer to the host
alo centre, where baryons are mostly located, thus enhancing the
isruption. This is more clearly visible in the bottom right-hand
anel of the same Fig. 5 , which shows the ratio between annihilation
uminosities found at z = 0 in the baryonic and DM-only cases. The
argest differences are located in the lower left area for the lowest c
nd η values considered. But still on the bottom right corner, where
 is large but η is small, this ratio reaches values ∼0.3. In contrast,
he ratio for c = 5 and η = 0.8 is ∼0.5 (upper left corner of the plot).

hen both c and η are large (upper right), both values are similar. 

 DISCUSSION  

n this section, we try to simplify the parameter space of tidal strip-
ing by summarizing it into a single parameter. First, in Section 4.1 ,
e show that most dependence of the mass-loss on orbital parameters

an be summarized through its dependence on the pericentre radius
f the orbit. As a further simplification, we show in Section 4.2
hat baryonic and DM-only cases follow the same relation when the
ericentre tidal field is considered as the primary parameter instead,
nd further that also the concentration dependence can be explained
y defining a single ef fecti ve tidal field parameter that takes into
ccount the structure-tide de generac y (St ̈ucker et al. 2022 ). 

.1 On the pericentres 

hile it is necessary to know the exact orbital configuration of a
ubhalo and the exact potential structure of the host to make an exact
rediction of its mass-loss, good approximate predictions can still be
btained only through knowledge of a small subset of the parameters.
ere, we try to understand what the single most predictive parameter

or estimating the mass-loss is. First, we investigate the orbital
ericentre as a candidate which has been proposed by several other
tudies (Pe ̃ narrubia et al. 2010 ; Drakos, Taylor & Benson 2020 ). 

In the top panel of Fig. 10 , we show f b at present time as a function
f the pericentre of the orbit 10 for different orbital parameters and
ccretion redshifts, We adopt c = 10 in all cases. Our results show
hat these points are roughly aligned in log–log space: 

 b = e( r peri /r 200 , host ) 
m , (8) 

here r peri / r 200, host is the value of the pericentre in each case, i.e.
he minimum distance between the subhalo and the host in each
imulation, in terms of the virial radius of the host at z = 0. Our
est-fitting parameters for those data, for both the non-baryonic and
aryonic cases, are listed in Table 4 . The corresponding fits are also
hown in the top panel of Fig. 10 together with their respective scatter.

As expected, a smaller pericentre induces a larger mass-loss in
eneral. This effect is much greater when baryons are taken into
ccount, since they strongly enhance the tidal field in the centre of
he host. Interestingly, the scatter is significant in both cases, with
NRAS 518, 93–110 (2023) 

0 To be precise, among all pericentres since accretion, we select the one 
ith the minimum distance to the host halo centre. Some small variations 

re indeed observed among pericentres in the same run, of the order of 10–
0 per cent. 

data used to perform the fits. See Section 4.1 for details. 

Without baryons With baryons 

m 1.07 ± 0.07 1.77 ± 0.16 
log 10 e 0.25 ± 0.10 0.58 ± 0.17 

n 1.43 ± 0.04 3.0 ± 0.4 
d 1.3 ± 0.1 5 ± 1 
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Figure 11. Values of the largest eigenvalue of the pericentric tidal field at 
z = 0 for the different components with respect to the distance to the host 
centre, normalized to the host virial radius. We are measuring tidal fields in 
units of λ200 , i.e. the tidal field that is necessary to create a saddle point in an 
NFW potential at r 200 at redshift z = 0; see equation ( 9 ) for details. 

r
c
i
e  

w  

i  

w

t  

t  

c  

o  

t
t

λ

w  

o  

s  

r
t  

a

T  

n  

u  

fi  

s  

t  

i  

i  

9
 

t

L

1

N

 

w
f

 

s  

e
o  

m

4

A  

i  

d  

h
 

c  

p  

e  

t
a  

t

M

λ

 

t  

l
t  

w  

f  

m
a  

c
i

t  

m  

v  

t  

e
 

t  

c
a
f  

t  

i
t  

d
t  

12 We note that, in the baryonic case and because of the Galactic disc, this 
maximum tidal field may be reached at a point that does not exactly correspond 
to the actual pericentre, yet it will be typically very close. 
13 In particular, we noticed that (i) x c is the driving parameter producing the 
anges 0.13–0.29 and 0.54–0.85 dex for the DM-only and baryonic 
ases, respectively. This suggests that, even if the pericentric distance 
s the driving effect in the mass-loss, there are other, second-order 
ffects also present in the process. It is also worth mentioning that
e do not have points for small pericentric distances for the case of

ncluding baryons because of the lack of resolution, i.e. these points
ould lie below our convergence criteria. 
Notice that both the non-baryonic and baryonic cases agree when 

he pericentre is sufficiently large. To get a better understanding of
his behaviour, we need to introduce the notion of tidal field. We
onsider the tidal tensor, T , which has three eigenvalues. The largest
f them, λ, is the most rele v ant one for our purposes, while the other
wo might just introduce second-order corrections. Fig. 11 shows the 
idal field in units of 11 

200c = 

∂ r φNFW 

( r 200 )

r 200 
= 100 H 

2 
0 , (9) 

here H 0 is the Hubble parameter at redshift z = 0, as a function
f the normalized distance with respect to the host centre. We can
ee that the tidal field due to baryons is not rele v ant anymore for
 / r 200, host � 0.2, since as said they are mostly located in the centre of
he host. This explains that results in Fig. 10 for both the DM-only
nd baryonic cases are similar for large pericentric distances. 

We have done the same analysis for the annihilation luminosity. 
he bottom panel of Fig. 10 shows its value at present time
ormalized to the initial one versus the pericentre of the orbit. We
sed the same runs that were used for the top panel of the same
gure. From this e x ercise we can estimate the luminosity loss of
ubhaloes in the solar vicinity, depicted as a grey shaded region in
he bottom panel of Fig. 10 . In particular, if we only consider DM
nside the host, subhaloes lose between 70 and 90 per cent of their
nitial L . When we add baryons, this percentage can increase up to
9 per cent. 
We did not find a power-law behaviour in this case. We propose

he following fitting function: 

 /L = d · n 
−1 /

√ 

r peri /r 200 , host . (10) 
z = 0 ini 

1 λ200c is the tidal field that is necessary to introduce a saddle point in an 
FW potential at r 200 at redshift z = 0. 

v
x
(
a

Our best-fitting parameters are also listed in Table 4 . In this case,
e observe again that both DM-only and baryonic results converge 

or large pericentric distances. 
While it is intriguing to see that mass-loss and luminosity follow

imple relations as a function of the pericentre radius, we want to
mphasize here that the obtained relations will additionally depend 
n the initial concentration of the subhalo and on parameters that
odify the host potential. 

.2 Mass-loss and the pericentre tidal field 

s we have seen in Fig. 10 , the pericentre versus mass-loss relation
s different for host potentials that consider baryons and those which
o not. This makes sense since tidal fields are much stronger in the
ost centre in the baryonic cases than in the DM-only case. 
In St ̈ucker et al. ( 2022 ), we have proposed that both of these

ases may be unified into a single relation if we consider their
ericentre tidal fields instead of their radii as the important param-
ters. Additionally, we have proposed in St ̈ucker et al. ( 2022 ) that
he concentration dependence of the tidal stripping problem should 
dditionally disappear if we measure tidal fields in units of the scale
ide λs and masses in units of the scale mass M s : 

 s = 

ln (2) − 1 / 2 

ln (1 + c) − c/ (1 + c) 
M 200 , (11) 

s = 

ln (2) − 1 / 2 

ln (1 + c) − c/ (1 + c) 
c 3 λ200 . (12) 

In St ̈ucker et al. ( 2022 ), we hav e dev eloped a simple model
hat describes NFW haloes that are exposed to a tidal field, the
atter increasing so slowly that the halo responds adiabatically. In 
he adiabatic limit (and assuming an isotropic tidal field), M b / M s ,
here M b is the remaining mass in such limit, is exactly only a

unction of the ef fecti ve tidal field, λ/ λs . No w, in realistic set-ups
any additional dependencies exist, but we would still expect that 

t first order most of the host potential dependence and most of the
oncentration dependence should disappear if results are presented 
n this way. Here, we want to test this expectation. 

We measure the three eigenvalues λ1 ≥ λ2 ≥ λ3 of the tidal tensor 
hat the subhalo is exposed to at each time-step. Then, we infer the

aximum value of λ1 among all of the time-steps and we define this
alue as the pericentre tidal field, λperi . 12 Using the maximum of the
idal field as λperi has the advantage that it is al w ays well defined
ven in cases of anisotropic or evolving host potentials, etc. 

We show the mass-loss M / M s as a function of λperi / λs in the
op panel of Fig. 12 , where we have combined runs with different
oncentrations, orbital parameters, and accretion redshifts, both with 
nd without baryons. Strikingly, the cases with and without baryons 
ollow the same relation when shown in this manner. This shows
hat the largest encountered tidal field is indeed the single most
mportant parameter for understanding tidal mass-loss. Of course, 
here is a sizeable scatter in the relation, which shows that secondary
ependencies exist. 13 Yet, the relation is now considerably tighter 
han the one shown in the top panel of Fig. 10 . In the same top panel of
MNRAS 518, 93–110 (2023) 

ertical scatter, in such a way that for the same pericentric distance, different 
 c v alues gi ve a significantly dif ferent mass-loss e ven for the same v alues of η; 
ii) the horizontal scatter is explained since subhaloes in more circular orbits
nd with a small x c are closer to the host centre for longer times compared
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M

Figure 12. Top: subhalo mass at present divided by the initial scale mass 
(equation 11 ), as a function of the ef fecti ve tide, i.e. the largest tidal tensor 
eigenvalue at the pericentre divided by the scale-tide λs (equation 12 ), for 
different subhalo concentrations (for z acc = 2), redshifts (for c = 10), and 
orbital parameters, both with (diamonds) and without (plus signs) baryons. 
The dotted line is the adiabatic limit of St ̈ucker et al. ( 2022 ), which represents 
the absolute maximum mass-loss expected after an infinite number of orbits. 
Bottom: remaining subhalo mass at present time divided by the scale mass, for 
different concentrations and effective tides at the pericentre. Iso-contours are 
now almost horizontal in contrast to those in Fig. 5 . Note that both the bottom 

left and top right corners are in blank because they cannot be populated with 
our simulation suite (described in Table 2 ). 
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ig. 12 , we show a line corresponding to the adiabatic limit of St ̈ucker
t al. ( 2022 ), which represents the absolute maximum expected mass-
oss in this parameter space. We note that our measured values here
till lie quite far from the adiabatic limit. This is expected, as these
ubhaloes have orbited for much shorter times than what is necessary
o reach the mentioned limit. Additionally, we may be o v erestimating
he pericentre tidal field here a bit, by taking the maximum across
he full history. 

In the bottom panel of Fig. 12 , we show the mass-loss as a function
f the ef fecti ve tide and concentration. When presented in these
educed units, the concentration dependence indeed disappears, i.e.
he iso-contours in this plot are approximately horizontal. This shows
hat much of the parameter space of the tidal mass-loss problem
NRAS 518, 93–110 (2023) 

o subhaloes in radial orbits with large x c values: the former ones have larger 
ericentres but suffer the same mass-loss in the end. 

l  

m

d  
an be simplified and generalized. The dependence on the initial
oncentration is degenerate with the dependence on the amplitude
f the tidal field and we can summarize these two into one ef fecti ve
arameter λperi / λs – we call this phenomenon the ‘structure-tide’
e generac y and we explain in St ̈ucker et al. ( 2022 ) how this arises
rom the invariance of the Vlasov–Poisson system to time-rescalings.
ote that we are not able to populate the lower left corner of this

urface plot (bottom panel of Fig. 12 ), since we cannot reach such low
alues of the effective tide for small concentrations with the orbital
onfigurations we are allowing in this work. A similar situation
ccurs for large tidal fields and concentrations. 
The adiabatic limit prediction of this plot can be seen in the top

eft-hand panel of fig. 14 in St ̈ucker et al. ( 2022 ). Again, we note
hat the scenarios considered here have lost much less mass than the
diabatic limit in St ̈ucker et al. ( 2022 ), as expected (see explanation
bo v e). 

 C O N C L U S I O N S  

osmological N -body simulations are computationally e xpensiv e
nd they are prone to both mass and spatial resolution limits, which
akes it very difficult to properly resolve subhaloes and follow their

volution within their hosts. In contrast, employing an analytical
rescription when modelling the host halo potential gives plenty of
oom to simulate a subhalo and to track its evolution with great
ccuracy and numerical resolution. 

This work uses DASH, a code specifically designed to perform
his task with unprecedented accuracy, reaching solar-mass and sub-
arsec resolution in our simulations. In particular, in this work we
ave implemented a few important novelties with respect to the
riginal version in Ogiya et al. ( 2019 ), which have made our results
ore realistic and useful. The most rele v ant ones are the inclusion

f the evolution of the DM host potential; the implementation of the
aryonic potential, which also evolves with time; and a new routine to
elect those orbital parameters that lead to a greater probability for a
ubhalo to cross the solar Galactocentric radius, i.e. those potentially
ost rele v ant for DM searches. 
We have studied the evolution of subhaloes in an MW potential, the

atter described as an NFW DM halo plus three baryonic components
stellar and gas discs, and bulge). We have explored different
ubhalo configurations, adopting a fiducial set of parameters as the
epresentative case, but also varying one or some of these parameters
o understand the role of each of them in the evolution of the subhalo.

e have focused on studying two quantities particularly rele v ant
or our purposes, the bound mass fraction and the DM annihilation
uminosity. We have also performed several important convergence
hecks that allow us to confidently derive robust conclusions. Our
ain findings can be summarized as follows: 

(i) Contrary to Kelley et al. ( 2019 ) and Grand & White ( 2021 ),
e find that subhaloes do survive in the innermost 15 kpc of our
alaxy, although they typically lose more than 90 per cent of their

nitial masses (see top panel of Fig. 10 ). 
(ii) Subhaloes with lower concentrations and subhaloes on orbits

ith smaller pericentric distances are more depleted. Similarly,
ubhaloes accreted earlier or with lower orbital energies have smaller
rbits and have lost more mass at z = 0. This is illustrated, e.g. in
ig. 4 . Including baryonic material in the host induces a significantly

arger mass-loss in most cases as well, e.g. an order of magnitude
ore in the fiducial case (see e.g. left bottom panel of Fig. 5 ). 
(iii) Subhaloes in parallel orbits with respect to the Galactic

isc lose significantly more material than those orbiting in more
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erpendicular orbits, similarly to that found in Green et al. ( 2021 ).
et, the latter still lose significantly more mass than subhaloes 
rbiting a DM-only host. We also report more substantial mass-loss 
or parallel orbits compared to Green et al. ( 2021 ); see the right-hand
anel of Fig. 6 . Indeed, our results suggest that the rele v ance of disc
hocking may be negligible compared to the undergoing baryonic 
idal field during the whole evolution of the subhalo. 

(iv) Subhaloes orbiting a DM-only halo with a pericentre in the
olar vicinity have lost 70–90 per cent of their initial annihilation 
uminosity at z = 0. This percentage increases up to 99 per cent
hen baryons are included in the host (bottom panel of Fig. 10 ). In
ther words, we expect nearby low-mass subhaloes to be around 10 
imes less luminous with respect to those in DM-only. 

(v) We emphasize that our results are virtually independent of
ubhalo mass for subhaloes lighter than 10 8 M � (Fig. 6 ). This was
lready stated by Ogiya et al. ( 2019 ) for the DM-only case and it is
ow confirmed for the baryonic scenario as well. 
(vi) We have found new ways of summarizing the most important

ependencies on the parameter space into a single parameter. First, 
e have found that the orbital dependence of subhalo mass-loss can 
e summarized at first order into its dependence on the pericentre 
adius. We have found simple power-law relations for a c = 10
ubhalo that orbits in a Milky-Way-like host – with different relations 
or baryonic and DM-only cases. We note that these relations are not
eneral though, but rather hold only for the specific concentration 
 = 10 that we investigated. 

(vii) Moti v ated by the analytical arguments of St ̈ucker et al.
 2022 ), we have additionally found that the problem can be further
implified, by summarizing the concentration and host-potential 
ependence into the single parameter λ/ λs – the ef fecti ve tidal field
t pericentre. The host-potential dependence (e.g. baryons versus 
M-only) is captured, using the pericentre tidal field instead of the 
ericentre radius, since the tidal field is ultimately the cause of the
ass-loss. Further, the concentration dependence is captured, by 

ormalizing to the scale tide λs which depends on the concentration 
nd is degenerate in its effects with the amplitude of the tidal field
. We refer to this as the ‘structure-tide’ de generac y and e xplain in
t ̈ucker et al. ( 2022 ) how it naturally arises from the time-rescaling

nvariance of the Vlasov–Poisson system. 

Studying subhalo survi v al is crucial to elucidate the role of small
ubhaloes in indirect DM searches, which was one of the key mo-
i v ations to perform this work. Among potential future applications 
f our work we can mention, for instance, a more refined calculation
f the so-called subhalo boost factor to annihilation signals, more 
obust constraints on DM, especially for those scientific cases where 
ubhaloes play a central role, and the optimization of DM search 
bservation strategies for spatially extended DM targets. Regarding 
he boost in particular, we can already anticipate that, since we find

ost of our subhaloes to survive the tidal forces they are subject to,
nd since many of these subhaloes can exist in the solar vicinity, the
nnihilation signal will be boosted indeed (e.g. Molin ́e et al. 2017 ;
tref & Lavalle 2017 ; Ibarra, Kavanagh & Rappelt 2019 ; Facchinetti,
avalle & Stref 2020 ). Further work is needed though to accurately
ompute this factor, as we expect it to be not as high as most of
hese works may suggest. We recall that, according to our findings, 
n many cases the mass that subhaloes are able to retain is confined
n a radius much smaller than the formal tidal radius, which is the
ne typically used for the calculations of the boost. 
This work is still ongoing. In the near future, we will take a

loser look at the evolution of the subhalo concentration with time, 
s well as the impact of the latter for indirect DM searches. We
ould also like to understand the impact of our findings on both the
adial distribution and mass function of the MW subhalo population. 
esides, we are considering running more massive simulations with 
igher resolution, which will allow to track f b for more extreme c
ases, as well as calculating the annihilation luminosity with higher 
onfidence. 
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PPENDI X  A :  A  DEEPER  L O O K  I N TO  

O N V E R G E N C E  

1 Bound mass fraction 

e have taken into account two different numerical convergence
riteria in order to elucidate whether the subhalo has been physically
r numerically disrupted. The first one depends on the softening
ength, ε, and the second is related to the number of particles, N (van
en Bosch & Ogiya 2018 ). The maximum among the two of these
riteria for a given run is the one we finally adopt in each case. In
articular: 

f b > f 
min , 1
b = 1 . 12 

c1 . 26

f 2 ( c) 

(
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r s , 0 

)2

f b > f 
min , 2 
b = 0 . 32 

(
N acc 

1000 

)−0 . 8

f min 
b ≡ max 

(
f 

min , 1 
b , f 

min , 2
b 

)
(A1) 

We consider that the subhalo has been numerically disrupted and
o robust conclusions can be obtained from that simulation if the
ound mass fraction drops below that value before z = 0. We note
hough that this line lies al w ays below 10 −2 , i.e. the subhalo has
lready lost more than 99 per cent of its mass by then. None the less,
his does not necessarily mean that the subhalo has been physically
isrupted, but rather we do not have enough resolution to study
ccurately the mass-loss beyond. 

These criteria in equation ( A1 ) have been tested for runs without
aryons in van den Bosch & Ogiya ( 2018 ). Here, we have verified
hat they still hold when the baryonic components are added to the
ost potential as well, by performing several simulations employing
ur default setting and changing the numerical parameters, N and ε.
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Figur e A1. Conver gence checks including baryons. Left-hand panel: bound mass fraction for different initial number of particles, N , together with their 
corresponding convergence limits, the latter depicted as horizontal dotted lines coloured according to the legend. Right-hand panel: bound mass fraction for 
dif ferent v alues of the softening length ε , where ε 0 = 0.0003 × r 200, sub = 0.304 pc in the legend. W e adopt our fiducial set-up of T able 2 in all cases and the 
inclination angle is fixed to 45 deg in the baryonic runs. 

Figure A2. Ratio between both f b convergence criteria in equation ( A1 ), for 
different pairs N − ε and for two initial subhalo concentrations, c = 10 (top) 
and c = 20 (bottom). The dotted line corresponds to our default ε for z acc = 

2. See the text for details.

T  

i
w
a
l  

Figure A3. Relaxation time-scale for different concentrations and number of 
particles, using the initial snapshot for runs with z acc = 2, as a function of the 
normalized subhalo inner radius. The horizontal dotted black line corresponds 
to the time of the simulation, t sim 

, and indicates the radius abo v e which the 
simulation can be trusted. 
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he results are shown in Fig. A1 , where we can see that the mass-loss
s increased when either criterion is unsatisfied and that the criteria 
ork nicely with baryons, too, since the results converge – within 
 small scatter – when they are above their respective convergence 
ine. We have also found that increasing ε can result in less mass-
oss e ven belo w the conv ergence line. This can be e xplained since
he two-body relaxation time-scale also depends slightly on ε; the 
maller the ε, the shorter the relaxation time-scale. We will discuss
he effect of relaxation time-scale below. 

It is important to realize that a larger N or a smaller ε costs more
omputational time. Choosing the optimal N and ε values for each
imulation is a non-trivial but an important task, since we need to find
 compromise between computational time and numerical resolution. 
ince the critical value of f b is the maximum of the two criteria in
quation A1 , we can compute when these values are closer depending
n our numerical parameters. We have plotted this relation between 
he criteria in Fig. A2 for two different concentration values, c = 10
nd c = 20. We are only showing N values which are a power of 2
ecause we are using those in this work. The colourbar represents
ow close these values are, where the dark blue means they are
he closest, i.e. a smaller difference between both criteria, which is
ptimal for our purposes. Ho we ver, increasing N makes the optimal
MNRAS 518, 93–110 (2023) 
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igure A4. Example of subhalo DM density profile ρ, normalized to
00 times the critical density at accretion, after several pericentric passages
or runs with a different total number of particles, N . The red dashed line
orresponds to the hybrid, semi-analytical scheme we adopted to reco v er
he cusp in low-resolution runs in order to save computational time; see
ppendix A2 for details. 

 smaller. Therefore, the convergence value is not going to impro v e
elow the dark blue points. The same happens to the right. 
In our work, we use a different number of particles depending on

he case we are studying. On one hand, our N ranges from 2 18 to 2 21 .
e have also studied the fiducial case with larger values of N , up

o 2 24 , to verify the convergence of our results. On the other hand,
e are going to set ε = 0 . 0003 r 200 , sub from now on, which is good

nough for our purposes. 
As stated abo v e, we also hav e to take into account the relaxation

ime-scale. When a system is described with a finite number of
articles, the acceleration of each one eventually deviates from the
ean value when particles get close to each other (Power et al. 2003 ;
inney & Tremaine 2008 ). These ‘collisions’ drive changes of order
nity in energy on the relaxation time-scale, which is obtained as 

 relax � 

N ( < r) 

8 ln N ( < r) 
t cross ( r) , (A2) 

here t cross ( r) = 

2 πr 
V c ( r) = 2 π

√ 

r 3 

GM ( r ) is the crossing time, a rough
stimation of the orbital period of a particle at r in the subhalo.
fter one relaxation time, the cumulative small kicks from many

ncounters with other particles have changed the particle’s orbit
ignificantly from the one it would have had if the gravitational field
NRAS 518, 93–110 (2023) 
ad been smooth, meaning the particle has lost its memory of its
nitial conditions when a relaxation time has passed. This implies that
he larger the relaxation time, the more trustful the results obtained
t the innermost parts. More specifically, we can trust a simulation at
adius r if it satisfies t relax ( r ) > t sim 

, where t sim 

depends on z acc . This
elaxation time-scale is shown in Fig. A3 for different radii, subhalo
oncentrations, and number of particles, using the first snapshot in
very case. It is slightly larger for a larger concentration or number
f particles, which means we may need to use more particles when
he concentration is smaller. More specifically, we can trust our data
rom r / r 200, sub ∼ 5 × 10 −3 if N = 2 24 and z acc = 2 while, if N =
 

18 , the simulations are belie v able only from r / r 200, sub ∼ 3 × 10 −2 .
his will be particularly rele v ant when the subhalo experiences a
ignificant mass-loss. 

2 Annihilation luminosity 

s explained in Section 3.2 , we are facing numerical resolution
ssues when studying the evolution of the innermost regions of the
ubhalo. Indeed, when N is not large enough, the subhalo inner cusp
nds transforming into a core without any physical explanation. This
an be seen in Fig. A4 , where we show an example of a density
rofile for different values of N and our fiducial set of parameters,
ncluding baryons, some time after the subhalo has been accreted.
or a considerably large number of particles, N = 2 24 in our case of
tudy, we mostly reco v er a cusp in the subhalo centre, while this is
ot the case for a lower number of particles. Note that the subhalo
ets truncated in its outskirts as it orbits around the host and loses
ass, as physically expected, and this behaviour does not change for
 lower resolution run. 

Unfortunately, working with such large resolutions becomes
nsuitable in terms of the computational cost. Because of this, we
ave implemented a hybrid approach to recover the inner cusp even
n cases where the resolution is not sufficiently high. To do so, we
rst set a critical subhalo radius, x crit = r crit / r 200, sub , the radius from
hich we can trust our results according to the relaxation time-scale

or a given number of particles (see Appendix A1 ), and trust the
imulation data only beyond that point ( x > x crit ). As for the innermost
ubhalo region, which we recall is of special rele v ance for our DM
nnihilation studies, we use the semi-analytical model in Green &
an den Bosch ( 2019 ) to describe the evolution of the subhalo inner
usp with time, down to x = 5 × 10 −3 , which corresponds to the
elaxation time-scale for the higher resolution we have tested, N =
 

24 particles. The red dashed line in Fig. A4 shows how this hybrid
cheme fixes the internal part of the subhalo, giving a similar result
s the high-resolution, 2 24 particles run. 
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