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ABSTRACT

We use N-body cosmological simulations and empirical galaxy models to study the merger history of dwarf-mass galaxies (with
Mo ~ 10" Mg,). Our input galaxy models describe the stellar mass—halo mass relation, and the galaxy occupation fraction. The
number of major and minor mergers depends on the type of dark matter; in particular, minor mergers are greatly suppressed in
warm dark matter models. In addition, the number of mergers that bring in stars is strongly dependent on the galaxy occupation
model. For example, minor mergers are negligible for stellar halo growth in models with a high mass threshold for galaxy
formation (i.e. 10°3 Mg at z = 0). Moreover, this threshold for galaxy formation can also determine the relative difference (if
any) between the stellar haloes of satellite and field dwarfs. Using isolated simulations of dwarf-dwarf mergers, we show that
the relative frequency of major and minor mergers predict very different stellar haloes: Typically, ‘intermediate’ dark matter
merger ratios (~1:5) maximize the growth of distant stellar haloes. We discuss the observability of dwarf stellar haloes and find
that the surface brightness of these features are incredibly faint. However, when several dwarfs are stacked together, models that
form particularly rich stellar haloes could be detectable. Finally, we show that stellar streams in the Galactic halo overlapping in
phase space with known dwarf satellites are likely remnants of their stripped stellar haloes. The mere existence of dwarf stellar

haloes can already put constraints on some small-scale models, and thus observational probes should be a high priority.
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1 INTRODUCTION

The hierarchical nature of structure formation predicts that haloes
grow from the aggregation of several lower mass ‘clumps’ (Frenk
et al. 1988). A natural consequence of this process is the existence of
an extended halo of stars surrounding galaxies, which is built up from
the debris of destroyed lower mass objects. The nature of these haloes
has been studied extensively from Milky Way-mass to cluster-mass
systems (e.g Bullock & Johnston 2005; Mihos et al. 2005; Abadi,
Navarro & Steinmetz 2006; Conroy, Wechsler & Kravtsov 2007;
Purcell, Bullock & Zentner 2007; Cooper et al. 2010). However,
the stellar haloes of dwarf galaxies have been given relatively little
attention. Indeed, it remains an open question as to whether or not
stellar haloes around dwarf galaxies even exist.

The best-studied stellar halo is probably our own Galactic one.
Here, we have access to a star-by-star view of this meagre stellar
component. The Galactic stellar halo only comprises ~1 per cent of
the stellar mass of the Milky Way (e.g Deason, Belokurov & Sanders
2019; Mackereth & Bovy 2020), but, arguably, provides the most
information on the Galactic assembly history and the underlying
dark matter potential (see e.g. Bland-Hawthorn & Gerhard 2016;
Helmi 2020, for recent reviews). The combination of hierarchical
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assembly and the (relatively) steep stellar mass—halo mass relation
below 102 M, naturally leads to (accreted) Galactic stellar haloes
having only a few main progenitors (e.g Cooper et al. 2010; Deason,
Mao & Wechsler 2016; Amorisco 2017b; Fattahi et al. 2020b). This is
also borne out observationally, with recent evidence suggesting that
the inner halo is dominated by one massive merger event (Belokurov
et al. 2018; Helmi et al. 2018). However, there is a strong radial
dependence, and it is predicted that the outer reaches of the halo are
likely populated by several, lower mass progenitors (e.g. Monachesi
et al. 2019; Fattahi et al. 2020b).

On dwarf mass scales, as mentioned above, the stellar haloes are
much less well studied. This is for several reasons. First, the fraction
of mass assembled via mergers reduces at low mass scales, and is
instead dominated by ‘smooth’ accretion (e.g. Genel et al. 2010).
Second, while for Milky Way (10'> M) and perhaps Magellanic
Cloud (10"~ M) mass-scales the stellar mass—halo mass (SMHM)
relation is reasonably well constrained (e.g. Behroozi, Wechsler &
Conroy 2013; Moster, Naab & White 2013), there is much greater
uncertainty at lower masses. For example, assuming a monotonic
relation M, o< My, , slopes between o = 1.4 and 3.1 have been
quoted in the literature for low halo masses Mpq, < 10'°Mg (e.g.
Brook et al. 2014; Garrison-Kimmel et al. 2014; Read et al. 2017).
Moreover, the scatter at the low-mass end is highly uncertain. At
higher masses (>10'" M), a 0.2-0.3 dex scatter in logMy, at fixed
halo mass is generally accepted (e.g. Behroozi et al. 2013; Moster
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et al. 2013). However, several works have suggested that the scatter
is much larger at low mass scales and may even increase as halo mass
decreases (e.g. Garrison-Kimmel et al. 2017; Munshi et al. 2021).
Third, and to complicate matters, it is not only the mass of stars in a
given halo that matters — it is also a question of whether the stellar
component exists at all! Not all dark matter haloes host galaxies, and
this occupation fraction strongly depends on halo mass. However, the
mass scale at which dark haloes are ‘starless’ is under serious debate,
with halo mass thresholds at z = 0 ranging from 107 to 10°3 Mg,
quoted in the literature (e.g. Sawala et al. 2016; Fitts et al. 2018;
Jethwa, Erkal & Belokurov 2018; Graus et al. 2019; Wheeler et al.
2019; Benitez-Llambay & Frenk 2020; Nadler et al. 2020; Kravtsov
& Manwadkar 2021).

The physical interpretation of the dwarf SMHM relation, and the
galaxy occupation depend on two fundamental influences on small-
scale galaxy formation: the star formation and stellar feedback at
low mass scales, and the effect of reionization. It has been realised
for some time that the epoch of reionization is a vital influence on
the number counts of surviving dwarf galaxies. Indeed, the apparent
mismatch between counts of observable satellite dwarf galaxies in the
Milky Way and subhaloes in numerical simulations (i.e. the ‘missing
satellites problem’), is largely due to the influence of reionization
raising the gas pressure and temperature, and thus suppressing star
formation at low mass scales (e.g. Bullock, Kravtsov & Weinberg
2000; Benson et al. 2003). More recently, Bose, Deason & Frenk
(2018) showed that reionization is imprinted in the luminosity
function of dwarf galaxies, and that the epoch of reionization, and
the dwarf mass-scale that is influenced by this event, can potentially
be derived from the number counts of dwarf galaxies.

The nature of the dark matter particle also has a significant impact
on dwarf mass scales. For example, warm dark matter (WDM)
particles have non-negligible thermal velocities at early times, which
leads to a strong suppression of the linear matter power spectrum on
low mass scales (e.g. Dodelson & Widrow 1994; Bode, Ostriker
& Turok 2001; Zentner & Bullock 2003; Benson et al. 2013).
Cosmological N-body WDM simulations show that the number
counts of haloes differ substantially from CDM for masses below
~10° Mg, (e.g. Colin, Avila-Reese & Valenzuela 2000; Schneider
et al. 2012; Lovell et al. 2014; Bose et al. 2016; Wang et al. 2017;
Lovell et al. 2021). Indeed, invoking WDM rather than cold dark
matter (CDM) is an alternative solution to the missing satellites
problem, without relying on baryonic influences. Of course, when
probing the number counts of dwarf galaxies there is an inherent
degeneracy between the dark matter and baryonic models, and a
robust answer will require several independent lines of evidence.

While the observed dwarf satellite galaxies present an excellent
point of comparison for fundamental dark matter and galaxy forma-
tion theories, the affect of halo-to-halo scatter, and environmental
effects mean that several more ‘data points’ are very much sought-
after. Clearly, an obvious, but largely unexplored, avenue is to
consider destroyed dwarf galaxies — particularly, those related to
known surviving dwarfs. Recent work by Chiti et al. (2021) has
been particularly persuasive at bringing dwarf stellar haloes to the
forefront. These authors find that the Tucana II ultra-faint dwarf
galaxy has an unusually extended stellar distribution, that could
potentially be related to (early) merger events. Indeed, Tarumi,
Yoshida & Frebel (2021) showed that early major mergers can form
an extended stellar halo similar to what is seen in Tucana II. On
slightly more massive scales, Johnson et al. (2020) use the H3 survey
(Conroy et al. 2019) to find a kinematically diffuse, low metallicity
population related to the disrupting Sagittarius (Sgr) dwarf galaxy.
These authors suggest that this could be the stellar halo of the Sgr
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dwarf progenitor. These compelling results, in addition to several
other lines of evidence for ‘stellar halo-like’ populations of dwarf
galaxies (e.g. Coleman et al. 2004; Martinez-Delgado et al. 2012;
Pace et al. 2020; Qi et al. 2021), suggest that this avenue for exploring
the lowest mass galaxies is starting to bear fruit.

Previous theoretical work exploring the accreted stellar popula-
tions of dwarf galaxies have focused on a small number of dwarf-
mass haloes, and/or considered only one galaxy formation model
(e.g. Fitts et al. 2018; Kado-Fong et al. 2021; Martin et al. 2021;
Tarumi et al. 2021). In this work, we take a different approach.
Namely, we use a large suite of high resolution, dark matter only
simulations and consider a wide range in galaxy formation models.
This ensures we can statistically examine the stellar accretion events
of dwarf galaxies, and discern how different galaxy models affect
the resulting dwarf stellar haloes. Moreover, we also explore both
cold and warm dark matter models; at the mass scales we are
investigating the nature of the dark matter particle can have a
significant influence (e.g. Lovell et al. 2014; Bose et al. 2016). In
Section 2, we describe the cosmological N body simulations used in
this work, and follow the merger histories of 10!° Mg mass haloes at
z = 0. Empirical galaxies models, which include the SMHM relation,
and the galaxy occupation model, are introduced in Section 3. We
use these empirical models, in combination with the cosmological N-
body simulations to probe the accreted stellar mass of dwarf galaxies.
In Section 4, we use isolated N-body simulations to investigate
how different merger events can build up a dwarf stellar halo. The
observability of such stellar haloes is discussed in Section 5, and
finally, we summarise our main conclusions in Section 6.

2 DARK MATTER SIMULATIONS

In this section, we explore the merger rates of low-mass (~10'"M)
dark matter subhaloes using cosmological N-body simulations. The
advantage of using dark matter only simulations is that we can probe
large volumes with high resolution, which is essential in order to
probe down to dwarf galaxy scales. We discuss the link between
these dark matter subhaloes and dwarf galaxies in Section 3.

2.1 Copernicus complexio (COCO)

The N body simulations used in this work are the Copernicus
Complexio (COCO) suite, which were first introduced in Bose et al.
(2016) and Hellwing et al. (2016). COCO is a zoom-in re-simulation
of a patch of a (100 Mpc)® low resolution volume (Copernicus
complexio Low Resolution, COLOUR). The high resolution volume
is approximately (40 Mpc)®, with dark matter particle mass,
m, = 1.6 x 10> M, and force softening € = 0.33 kpc. COCO was
run using the GADGET-3 code (Springel et al. 2001b; Springel 2005)
from z = 127 to z = 0, and dark matter particle velocities and
positions were saved for 160 equally spaced snapshots in log(1 +
Z). COCO assumes cosmological parameters derived from WMAP-7
(Komatsu et al. 2011), with Q,, = 0.272, Q, = 0.728, h = 0.704,
ny = 0.967, and og = 0.81. Note that COCO consists of two sets of
simulations: one with a CDM particle, and another with a WDM
particle. The WDM model (with rest mass 3.3 keV) is compatible
with current Lyman o constraints (Viel et al. 2013), but is the
‘warmest’ particle allowed by these measures. It is also very similar
to the coldest sterile neutrino model compatible with a particle
(Lovell et al. 2016). In this work, we make use of both simulations
and refer to them as COCO-COLD and COCO-WARM, respectively.
Dark matter haloes and subhaloes were identified using the
SUBFIND algorithm (Springel, Yoshida & White 2001a). Haloes

MNRAS 511, 4044-4059 (2022)

220z Aey vz uo Jasn sndwe) uopools - weylng 1o Ausiaaiun Aq 800619/vv0v/S/1L L S/81onie/Seluw/woo dno-oiwspese//:sdny woJj papeojumoq



A. J. Deason et al.

10.0 '—— Fakhouri+ 2010 110.0 - COCO-COLD: 110.0l—— coco-coLb "]
o - COCO-COLD = —— Centrals —— COCO-WARM
_CC\ZS —  Satellites
o)
o
0
()]
o2
(O]
e // |
ks / 7
2 >
= === = : TS
8 R
E 0.10 0.10 2
- — 0.05 0.3
© — 0.3 <<z;§<<1.o \
0.01 0.01 0.01 \
0.1 1.0 10.0 0.1 1.0 10.0 0.1 1.0 10.0
Redshift Redshift Redshift

Figure 1. The number of mergers (per halo) as a function of redshift for 10’ Mg mass haloes in the COCO simulations. The top panels show the cumulative
number, and the bottom panels show the differential number (dN/dz). The solid lines indicate major mergers with mass ratio 0.3 < ¢ < 1, and the dashed
lines show minor mergers with mass ratio 0.05 < ¢ < 0.3. The shaded regions for the cumulative numbers indicate the 1o uncertainties (assuming Poisson
noise). In the left-hand panel, we show the analytical (CDM) prediction from Fakhouri, Ma & Boylan-Kolchin (2010) with the pink coloured lines. There is
good agreement for minor mergers, but COCO predicts slightly fewer major mergers at this mass scale. In the middle-panel, we show the cumulative number of
mergers for satellite systems in COCO-COLD with the purple lines (centrals are shown with the black lines, as in the left- and right-hand panels). The total number
of mergers is very similar, but it is unusual for satellite systems to undergo mergers at low redshift (typically, after infall on to a host halo). The right-hand panel
compares the CDM and WDM models. The number of both major and minor mergers is smaller in COCO-WARM relative to COCO-COLD.

are initially identified using the friends-of-friends (FOF) algorithm
(Davis et al. 1985), and SUBFIND then analyses each FOF group to
find self-bound dark matter subhaloes. Throughout this work, the
subhalo mass is defined as the mass identified by SUBFIND that is
gravitationally bound to the subhalo.

2.2 Dark matter mergers

We now explore the merger histories of 10'° M mass haloes in the
Coco simulations (which are resolved with ~10° particles). Here,
we consider haloes with peak subhalo mass in the range 10°% <
Mﬁsﬁ,k /Mg < 10'%2 where ‘peak’ mass is defined as the maximum
mass that a subhalo reaches over cosmic time. It has been shown
that the peak mass is a much better proxy for stellar mass than z =
0 subhalo mass (e.g. Conroy, Wechsler & Kravtsov 2006; Behroozi
et al. 2013; Moster et al. 2013). Moreover, this definition allows
us to compare central and satellite subhaloes at z = 0 of similar
stellar mass (and hence similar M, ). It is particularly important to
consider M. for satellite galaxies, as they can undergo significant
tidal stripping, and their z = O halo masses can be much lower
than their peak mass. By default, we consider central haloes at z
= 0, and there are N = 3981(3822) haloes in COCO-COLD (COCO-
WARM) that satisfy our selection criteria. For comparison, we also
explore the z = 0 satellite population within the same M, range.
There are N = 1933(1971) equivalent satellite systems in COCO-
COLD (COCO-WARM). Note that we do not consider the central and
satellite systems together as they are fundamentally two different
populations that undergo different merger histories (despite having
similar M, values). This is explored in more detail in Section 3.2.
Unless otherwise stated, we show the properties of central haloes at
z = 0 throughout this work.
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For each of the 10'° M mass haloes, we track them back in time
and identify all the mergers that occur. Here, we consider a merger to
happen when a subhalo belonging to the main progenitor no longer
appears in the halo catalogue, and the particles belonging to that
descendant subhalo become part of the main progenitor. Note that
the definition of when a merger occurs is fairly arbitrary, but we
assume that the time at which the dark matter halo falls below the
resolution limit in SUBFIND is a reasonable approximation for the
time at which the stellar components of these subhaloes coalesce
(cf. Deason, Wetzel & Garrison-Kimmel 2014).

The z = 0 halo mass function of COCO shows good agreement
with analytical fits to the CDM mass function (Sheth & Tormen
1999; Jenkins et al. 2001) down to halo masses of ~5 x 10° M, (see
fig. 7 in Bose et al. 2016). The mass resolution of COCO allows us
to track 10'° M, mass subhaloes at z = 0 back to high redshift, and
explore both their major and minor mergers. For example, a typical
halo in our sample has a mass of ~ 108 M, at z ~ 10. Thus, we can
study minor mergers with mass-ratio 1:20 up to this redshift (i.e. at
z ~ 10 a 1:20 merger event is resolved with ~600 and ~30 particles,
respectively). However, the numbers of minor mergers at very high
redshift (z 2 10) are likely lower limits. Indeed, the rapid drop-off in
minor merger rates at z = 10 (see bottom panels of Fig. 1) is likely
a consequence of resolution effects. Encouragingly, our estimated
numbers of minor mergers for z S 10 are in good agreement with
analytical predictions (see text below, and Fig. 1), so we do not
believe our results are strongly influenced by numerical effects in
this regime.

The mass-ratios of the mergers, ¢ = Mpaellic /preentral are defined
by considering the peak mass of the merging satellite, and the mass of
the central at the time of the merger. Again, we use M, here as the
satellites have normally undergone significant stripping before being
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destroyed, and their masses just before destruction are significantly
lower than their peak mass. Throughout this work, the mass-ratios
of the mergers, ¢, are defined based on the dark matter masses
of the merger events. In Fig. 1, we show the number of mergers
(per halo) as a function of redshift for the 10'° M mass haloes in
our sample. The top panels show the cumulative number, and the
bottom panels show the differential number (dN/dz) as a function of
redshift. The solid lines indicate major mergers with, 0.3 < ¢ < 1,
and the dashed line indicates minor mergers with 0.05 < ¢ < 0.3.
For comparison, in the left-panel of Fig. 1 we show the analytical
estimates of these (CDM) merger rates from Fakhouri et al. (2010)
derived from the Millennium-II simulation. There is good agreement
for minor mergers, but the number of major mergers is slightly
lower in coCO (by ~30 per cent). There are a number of possible
reasons for the (relatively) low major merger rates. COCO is a higher
resolution simulation with a different cosmology to Millennium-II,
and we are also adopting a different merger mass-ratio definition (i.e.
peak mass) in our approach. In addition, the COCO zoom-in region
is slightly underdense compared to the cosmic mean, and there is a
clear environmental trend with the formation redshift of haloes (e.g
Hellwing et al. 2021). Indeed, Hopkins et al. (2010) showed that
subtle changes in mass definition, environment, cosmology etc. can
lead to variations in halo-halo merger rates by factors of ~2.

The middle panel of Fig. 1 compares the merger properties of
central and satellite systems at z = 0 in COCO-COLD. The overall
number of mergers are very similar, but when these mergers occur can
differ. In particular, both major and minor mergers are less common
in satellite systems at low redshift, but they can be slightly more
common at higher redshift. This is because mergers are unlikely
for satellite systems after infall on to a host halo. Moreover, the
frequency of mergers can be higher for z = 0 satellite dwarfs at higher
redshift because the satellites reach their peak mass (M. ) at earlier
times. Conversely, central haloes can accrete mass at later times
and typically reach their peak mass at z &~ 0. This subtle difference
between centrals and satellites, despite having similar Mpea Or M
at z = 0, can have important implications for their accreted stellar
properties. We explore this more thoroughly in Section 3.2.

Our estimates from the COCO-COLD simulation suggest that
10'° Mg, haloes at z = 0 have typically undergone N ~ 1.6 major
mergers, and N ~ 7 minor mergers. The merger frequencies are
reduced by a factor of ~3 in COCO-WARM, with the dwarf-mass haloes
experiencing N ~ 0.6 major mergers, and N ~ 2 minor mergers (see
the right-hand panel of Fig. 1). In the following section, we introduce
empirical galaxy models that allows us to link these dark matter
merger rates to the stellar merger rates of these dwarf galaxies.

3 EMPIRICAL GALAXY MODELS

In this section, we transform the halo mergers derived from COCO
to the predicted galaxy mergers. For this, we use empirical galaxy
models that can be straightforwardly applied to the dark matter
merger trees. Note, here we only consider stellar mergers (i.e. dry
mergers) and do not consider the contribution of gas to the merger
events. Our galaxy models comprise two components: (1) a stellar
mass—halo mass (SMHM) relation, where stellar mass can be mapped
on to (peak) halo mass analytically and (2) a galaxy occupation model
which describes the probability of a dark matter halo hosting a galaxy.

We use two different SMHM relations (labelled with ‘1’ and
2’). Both models are normalized to have the same stellar mass
(106 Mg) at My, = 10'0 M,,. This stellar mass (~107 M) roughly
corresponds to the Fornax dwarf satellite of the Milky Way (Mc-
Connachie 2012). This normalization of the SMHM relation coin-
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cides with the Moster et al. (2013) abundance matching relation, and
also agrees with constraints from hydrodynamical simulations (e.g.
Munshi et al. 2013; Sawala et al. 2015). Moreover, we find that in
€oCo, Milky Way-mass systems (with My ~ 0.9—1.6 x 1012 Mg)
typically have 2 = 2 satellite systems with Mpea > 10' Mg, which
is in good agreement with the number of Fornax-mass systems in the
Milky Way.

The first SMHM model (1) has a constant slope () and log-scatter
(o) with halo mass:

logIO(Mslar) = a(loglthalo - 10) + 693 (1)

with 0 = oy = 0.3 dex. The second model (2) has a halo mass-
dependent slope and log-scatter (see e.g. Munshi et al. 2021), where

_ al(loglthalo — 10) + 6.9 loglthalo > 10
10g(Msar) = {az(loglthak, “10)+ 69 logyM, <10, %
o = oo + y(logioMhao — 10), 3)

where y describes the rate at which the scatter grows. The models
are chosen to roughly bracket the range of SMHM relations adopted
in the literature (e.g. Brook et al. 2014; Garrison-Kimmel et al. 2017;
Read et al. 2017; Munshi et al. 2021). However, we stress that we are
not advocating a certain model, but rather exploring how different
assumptions about the SMHM relation can dictate the accreted
stellar mass growth of dwarf galaxies. Note that our adopted SMHM
relations do not evolve with redshift. This assumption is motivated
by the apparent lack of strong evolution found in slightly more
massive systems (Wake et al. 2011; Leauthaud et al. 2012; Hudson
et al. 2015; Tacchella et al. 2018), and there is little theoretical or
observational evidence to suggest that we should assume otherwise
for lower masses (e.g. Fattahi, Navarro & Frenk 2020a).

We adopt galaxy occupation models that are motivated by both
theoretical and observational inferences. The parametrization of the
galaxy occupation fraction follows previous work (Graus et al. 2019;
Nadler et al. 2020), and is given by the following functional form

log,, My0 — log,o M.
|+ erf | 2E102fhalo 7 081050 ) | )
\/Eagal

where M5 is the characteristic mass-scale at which 50 per cent of
haloes contain a galaxy, and o 4, determines how quickly the galaxy
occupation fraction changes as a function of halo mass. For simplic-
ity, we adopt 0 4 = 0.2, which is admittedly chosen rather arbitrarily,
but is qualitatively consistent with constraints from hydrodynamic
simulations (Sawala et al. 2016) and observations (Nadler et al.
2020). The (redshift-dependent) Ms, parameter is described by the
following relation: logjoMso(z) = loglOMSZO:0 + ¢,z + ¢2z%, where
the parameters c¢; and ¢, are chosen to approximately follow the
redshift dependence predicted by cosmological simulations (Sawala
et al. 2016).

In this work, we adopt two different galaxy occupation models
(labelled ‘A’ and ‘B’). Model A is a fair approximation of the
models given in Sawala et al. (2016) and Benitez-Llambay & Frenk
(2020), which have a fairly high mass threshold for galaxy formation
(M = 10°3 My,). The halo occupation fraction at z = 0 depends
strongly on the redshift of reionization (e.g. Bose et al. 2018; Benitez-
Llambay & Frenk 2020; Kravtsov & Manwadkar 2021). For example,
the studies by Sawala et al. (2016) and Benitez-Llambay & Frenk
(2020) assume z, = 11.5 (Planck Collaboration XVI 2014). A
later epoch of reionization would result in a lower mass threshold
for galaxy formation. Our second model (Model B) has a much
lower threshold for galaxy formation (M3, 9= 10" My), which
would perhaps be deemed unphysical given the theoretical insights

fgal =05
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Table 1. Parameters for the four different empirical galaxy models used in this work.

Model SMHM Galaxy occupation
Model Al a=16,0=03 M0 = 103 Mg, ¢ = —0.226, ¢ = 0.014, 04y = 0.2
Model A2 o) =1.6,0p =28,00=03,y =04 Mgo‘o =102 Mo, ¢| = —0.226, ¢; = 0.014, 5 gy = 0.2
Model B2 o) =160, =28,00=03,y =04 ME" =107 Mg, ¢ = —0.226, ¢ = 0.014, 04 = 0.2
Model B1 a=160=03 MZ0 = 1075 Mg, ¢ = —0.226, ¢ = 0.014, 0 4 = 0.2
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Figure 2. The empirical galaxy models used in this work. The left-hand panel shows the stellar mass—halo mass relation, and the right-hand panel shows the
(redshift-dependent) galaxy occupation fraction. The models are chosen to roughly cover the range of models adopted in the literature. The parameters used in

these models are given in Table 1.

described in Benitez-Llambay & Frenk (2020). However, recent
observational inferences based on the Milky Way satellite population
have argued for low galaxy formation mass-thresholds (e.g. Jethwa
etal. 2018; Graus et al. 2019; Nadler et al. 2020), so it is instructive to
also consider this model here. In summary, our Model A and Model
B roughly span the range of galaxy occupation models, or adopted
epochs of reionization (e.g. 6 < z,. < 11), in the literature. The
parameters we use for our empirical models are given in Table 1, and
the forms of these galaxy models are shown in Fig. 2.

3.1 Stellar mergers

‘We now consider how the galaxy models described above impact the
number of major and minor mergers that contribute stars to dwarf-
mass haloes. First, we examine the effect of the galaxy occupation
model in Fig. 3. Here, each merger event is given a probability
of contributing stars to the central halo. For example, very low
mass haloes will be given a low weight, as they are unlikely to
host a galaxy. Note that here we are considering mergers that
contribute any stars at all — even if the stellar content is very low
(i.e. 1 solar mass!). The total accreted stellar content is investigated
more thoroughly in Section 3.3, where we find that the SMHM
can have a strong influence on the total accreted stellar mass, and
typical progenitor stellar masses. The black lines in Fig. 3 are for
Jea = 1, ie. all haloes can host galaxies, and the lines are the
same as in Fig. 1. The blue lines are for Model B, which has a
low mass threshold for galaxy formation (MZ;° = 107 My). Here,
the number of both major and minor mergers are reduced slightly,
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but the impact of these models is fairly small in COCO-COLD and
negligible in COCO-WARM. On the other hand, Model A, which has
a high mass threshold (MZ; 0 = 10%% M), significantly impacts the
number of (stellar) mergers. This is particularly true for minor dark
matter mergers, which only contribute ~0.3—0.4 (stellar) events per
halo. The drastic reduction (by a factor of ~7—16 relative to the
Jea = 1 model) is because a significant number of the minor dark
matter mergers in these models are ‘dark’, and do not contribute any
accreted stars to the central halo. Indeed, the relative importance
of minor versus major mergers for accreted stellar mass growth
is in stark contrast between Models A and B: Minor mergers are
dominant (by number) over major mergers when there is a low
mass threshold for galaxy formation (Model B), whereas the reverse
is true when there is a highmass threshold for galaxy formation

(Model A).

Note that the predicted number of stellar mergers for Model
A is very similar between COCO-COLD and COCO-WARM. This is
because the threshold for galaxy formation in these models roughly
corresponds to the mass-scale at which COCO-COLD and COCO-WARM
begin to diverge (~10° Mg), so, in this case, the haloes that typically
host galaxies are actually very similar. On the other hand, there
can be significant differences between COCO-COLD and COCO-WARM
for Model B as here haloes can host galaxies down to lower mass
scales, and this is the regime where the warm and cold dark matter
subhalo properties differ. It is also interesting to note that the relative
number of (stellar) mergers predicted by different galaxy formation
models are more similar in COCO-WARM relative to COCO-COLD. This
is because the impact of allowing low mass haloes to form a galaxy
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reduced number of stellar mergers; this is particularly true for minor mergers.
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Figure 4. The number of stellar mergers (per halo) as a function of redshift
for coco-coLD. Here, central and satellite systems at z = 0 are shown with
the black and purple lines, respectively. Each column shows a different galaxy
occupation model (left-hand panel = Model A, right-hand panel = Model B).

matters less when there are very few low mass haloes around to begin
with.

3.2 Centrals versus satellites

Until now, we have compared different galaxy models (and dark
matter models) using central haloes at z = 0. We now consider
satellite systems in the same context. In Fig. 4, we compare the
cumulative number of stellar mergers (per halo) between central

and satellite systems in COCO-COLD. The black lines are for the
central haloes, which are equivalent to the lines shown in the left-
hand panel of Fig. 3. The numbers of major and minor mergers for
Model B (right-hand panel) are very similar between centrals and
satellites. Indeed, as the halo mass threshold for this model is fairly
low (M3; 9 = 107 M) the merger rates are very similar to the dark
matter merger rates shown in the middle panel of Fig. 1. As mentioned
earlier, the satellites have lower numbers of mergers at low redshift,
but slightly higher numbers at intermediate/high redshift because
they reach Mpea ~ 10'° M, at earlier times.

The difference in halo mass assembly between centrals and
satellites has a much greater effect on the stellar mergers predicted
by Model A (left-hand panel of Fig. 4). Here, the mass threshold
for galaxy formation is fairly high (M5, =0 =10°°M;) and has a
significant influence on the number of major and minor mergers
that contribute stars (see previous subsection). At higher redshifts,
the z = O satellites typically have higher halo mass relative to
the z = O central haloes, which gives them a higher probability
of accreting subhaloes that host galaxies. The larger number of
mergers at higher redshift combined with the evolution of the galaxy
occupation fraction, leads to a larger number of mergers that contain
stars. The total number for present-day satellites is increased by a
factor of 1.3(2) for major(minor) mergers relative to central haloes at
z=0.

These findings raise an important corollary. For some galaxy
formation models (e.g. Model A), central and satellite systems with
similar present-day stellar mass can have different accreted stellar
mass properties (and hence stellar haloes). In contrast, the accreted
stellar properties will be more similar for other models (e.g. Model
B). Thus, potentially, comparing the relative stellar halo properties
of satellite and central systems at z = 0 may give some insight into
the underlying galaxy formation model at low mass scales. This
inference is considered further in the following subsection.
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Figure 5. The assembly of accreted stellar mass in 10'° M, (z = 0) haloes from coco. Different galaxy models are shown in each row. COCO-COLD results are
shown in grayscale and gold contours, while COCO-WARM is shown in blue. Left-hand panel: the distribution of total accreted stellar mass relative to present-day

stellar mass accross all 10'° My coco haloes. The 16-50-84 percentiles for
average progenitor stellar mass versus (weighted) average redshift for major

100 x Mé\lg:' / MST&‘fl are given in the top left corner. Middle panel: the (weighted)

(¢ > 0.3) dark matter mergers. The contours encompass 50, and 90 per cent of the

haloes, respectively. Right-hand panel: the (weighted) average progenitor stellar mass versus (weighted) average redshift for minor (0.05 < ¢ < 0.3) dark matter
mergers. The accreted stellar mass of dwarf galaxies can vary substantially between different galaxy formation models and different types of dark matter.

3.3 Accreted stellar mass

We now incorporate the full galaxy models and apply both galaxy
occupation probabilities and a SMHM relation. Here, as well as
having a galaxy occupation probability, the dark matter haloes are
assigned a stellar mass according to the SMHM relation. Note that as
we include scatter in the SMHM relations, we use 1000 Monte Carlo

MNRAS 511, 4044-4059 (2022)

trials to compute the stellar mass associated with dark matter mergers
(assuming the scatter in stellar mass at fixed halo mass is normally
distributed in log-space). In Fig. 5, we consider the assembly of
accreted stellar mass in these (central) dwarf-mass (10'° M) haloes,
where different galaxy models are shown in each row. Results for
both COCO-COLD (greyscale, gold contours) and COCO-WARM (blue)
are shown.
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The left-hand panels of Fig. 5 show the total accreted stellar mass
relative to the stellar mass of the central galaxy (at z = 0). This is
computed using the SMHM relations (Models 1 and 2) to calculate
stellar masses for each halo, and fy,; (Models A and B) gives the
probability of a subhalo hosting a galaxy: MEE = Y, feali Mstar,is
where fya; and Mg, are the occupation probabilities and stellar
masses for each destroyed subhalo. The total accreted stellar mass
can vary significantly, owing both to the galaxy formation models
and the intrinsic halo-to-halo scatter. However, it is worth noting
that the models with high mass threshold for galaxy formation are
less likely to have a discernible stellar halo: for example, in COCO-
COLD =15-30 per cent of the haloes have accreted stellar mass
MES /MIA < 0.1 per cent in the high mass threshold models. In
comparison, only < 5 per cent of the haloes have such small accreted
stellar masses in the low mass threshold models. In addition, models
with a shallower SMHM slope tend to have larger accreted stellar
masses (by a factor of ~6). Thus, these simple empirical models
predict that the contribution of accreted stars to dwarf galaxy haloes
(i.e. their stellar haloes) is strongly dependent on the galaxy formation
model. Indeed, even the mere detection of a stellar halo surrounding
a dwarf galaxy can likely tell us something about galaxy formation
at low mass scales. The total amount of accreted stellar mass is also
dependent on the dark matter model; there is typically less accreted
stellar material (by a factor of ~2) in COCO-WARM relative to COCO-
COLD.

The middle and right-hand panels of Fig. 5 show the typical
progenitor stellar mass versus average redshift for major (middle),
and minor (right) dark matter mergers. Here, we show the weighted
average values for each halo, where the ‘weight’ is given by
Sears €.8. () = D ixifeari/Y feai- The models with high halo mass
threshold for galaxy formation (Models A1 and A2), typically have
a low number ((N) < 1) of relatively massive accretion events
(logio(Mgar/ M) ~ 5—6) at low/intermediate redshift (z ~ 0—4).
The models with low mass threshold tend to have more ({(N) ~
6) low mass mergers (log 1o(Msar/ Mg) ~ 3—5) at higher redshifts
(z ~ 3—06). In addition, the typical progenitor stellar masses, and
hence the overall accreted stellar mass, are higher for models with
shallower SMHM slopes (Models A1, B1). This exercise shows that
the typical contributors to the accreted components of dwarf galaxies
can vary considerably between different galaxy models. In particular,
the galaxy occupation model has a big influence, as this essentially
dictates whether or not minor (stellar) mergers can occur at the
dwarf mass scales. This is an important point, as the phase-space
distribution of accreted stars can vary substantially between major
and minor mergers. We explore this more thoroughly in the following
section.

As mentioned earlier, COCO-COLD and COCO-WARM give very
similar predictions for galaxy models with a high threshold for galaxy
formation (Models A1 and A2). Here, the haloes that host galaxies are
typically above the mass-scale at which we see differences between
the two dark matter models. However, for galaxy models with a low
threshold for galaxy formation (Models B1 and B2) we see important
differences between COCO-COLD and COCO-WARM. The number of
major and minor mergers are reduced by factors of 2 and 3 in COCO-
WARM, respectively. In addition, the mergers in COCO-WARM typically
occur at lower redshift than cocO-cOLD. This is likely because the
formation times of low mass haloes in COCO-WARM are delayed
relative to COCO-COLD (see Bose et al. 2016, fig. 4).

In Fig. 5, we compared the accreted stellar properties for different
galaxy formation and dark matter models for dwarf galaxies at z
= 0 that are centrals. We now consider how satellite systems at
z = 0, which have similar M. values, compare. Here, we only
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show COCO-COLD but the relative differences we find can also be
seen in the COCO-WARM model. The greyscale and gold contours
in Fig. 6 are for the central haloes (the same as in Fig. 5), and
the purple shades and contours are for the satellites. In general,
for each galaxy formation model, the total accreted stellar mass is
higher for the satellite systems. However, this difference is especially
prominent for Models A1 and A2. Here, the fact that the satellites
have higher halo mass at higher redshift enables more mergers to
occur that include stars. The middle and right-hand panels show
that both minor and major mergers tend to happen at higher redshift
for the z = 0O satellites. Again, the differences are more subtle for
Models B1 and B2, because here most merger events are able to
contribute accreted stars. However, this bias in redshift enables more
major and minor mergers that contribute stars to occur in Models
Al and A2. The difference in minor mergers may be particularly
important. For central haloes at z = 0, the contribution of minor
mergers to the accreted stellar mass is fairly insignificant, and the
chance of finding cold features in the stellar halo of these dwarfs
seems unlikely. However, the satellite systems are twice as likely
to experience minor mergers that create stellar streams. Importantly,
the relative difference between the stellar haloes of centrals and
satellites may be an important discriminator between different galaxy
formation models.

4 DWARF-DWARF MERGERS

In this section, we explore how merger events influence the build-
up of dwarf galaxy stellar haloes. To this end, we use a suite of
isolated models of merger events between dwarf haloes. Here, we
only consider dry mergers, and employ a dark matter ‘tagging’
technique to model the stellar components embedded within the
dark matter haloes (cf. Cooper et al. 2010).

4.1 Gadget simulations

We use the publicly available GADGET-2 code to simulate collision-
less mergers between satellites and centrals. Here, we assume that
the dark matter haloes have spherically symmetric Navarro—Frenk—
White (NFW, Navarro, Frenk & White 1997) density distributions.
Throughout, we adopt a halo concentration cyg9 = rp0/rs = 10,
which is appropriate for (CDM) dwarf galaxies at low/intermediate
redshift. We check that our results are not significantly changed if
we adopt different halo concentrations (i.e. similar qualitative results
are seen for haloes with cy90 = 5 and 20). This is important because
the typical halo concentrations can change with redshift and varies
between WDM and CDM (e.g. Ludlow et al. 2016). Thus, to first
order, our illustrative results are relevant for both the CDM and WDM
cases we consider in this work, but a more detailed analysis would
require more realistic halo profiles. All haloes (satellites and centrals)
are generated with N = 10° particles, and the initial conditions are
generated' using an exponentially truncated NFW profile (Springel
& White 1999), with decay parameter d = 10r; (see e.g. Pefarrubia
et al. 2010). After initializing the particles in phase space, each halo
is run in isolation for 7 = 2 Gyr to enable it to dynamically relax
before any merger events occur.

!nitial conditions are generated using the ICICLE python package (Drakos,
Taylor & Benson 2017).
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Figure 6. Same as Fig. 5, but comparing central (greyscale, gold contours) and satellite (purple) haloes at z = 0 in COCO-COLD.

We consider three different central halo masses,”> My =
10'°,10%3, 10° M, which roughly represent a present-day 10'° Mg
mass halo at z = 0, 2, and 4, respectively. We adopt force softenings
of € = 50, 35, 25 pc for each central halo mass. Using the relation
derived in Ludlow, Schaye & Bower (2019), the convergence radius
is given by: reony = 1.1r200/ N30, Where Nao gives the number
of particles within the virial radius, rpp0. Thus, in our simulation
runs, reony ~ 4 X €. Given that we are mainly interested in the
outer regions of the dwarf galaxies, we find that our results are not

2Here, Msgo is the mass contained within the radius, 20, which encloses a
mean density equal to 200 times the critical density of the universe.

MNRAS 511, 4044-4059 (2022)

significantly affected by changes in the particle number and/or force
softening.

For each central, we simulate satellite mergers with 14 equally
spaced log-mass ratios in the range, —1.3 < logo¢ < 0. Note that
this mass-ratio is the key dynamical quantity, which will shape where
the accreted material will end up (see below). The initial orbits of the
satellites are described by their energy and angular momentum. We
assume that the orbital energy of the satellites at infall is equivalent
to the energy of a circular orbit at the virial radius of the host halo,
i.e. Epnr = Ecire(Feire), Where repe & Co007s = Fao. This assumption
is motivated by the work by Jiang et al. (2015) (also see Amorisco
2017a), who show that this relation is approximately true for satellite
orbits in cosmological simulations. Finally, for the initial angular
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Figure 7. Left-hand panel: the half mass radius versus stellar mass for Local
Group dwarfs (data from McConnachie (2012). The orange dashed line is a
polynomial fit to the relation, which we use to tag dark matter particles for any
given stellar mass. Right-hand panel: the fraction of most bound dark matter
particles that are tagged as ‘stars’ as a function of stellar mass. Each line
shows the relation for different mass haloes. This procedure ensures that the
tagged stellar component approximately has the correct spatial distribution.

momentum, we adopt a circularity, j = J/J(E) = 0.5, which is
approximately the median value found in cosmological simulations
(e.g Benson 2005; Jiang et al. 2015). Note that we also consider other
values of circularity (j = 0.2 and 0.8) for comparison, and find that
our results are not significantly changed.

All simulations are run for 7 = 15 Gyr to ensure the mergers are
completed, and we analyse the outputs at the end of the simulation.
In the following subsection, we describe how we assign stars to these
dark matter mergers.

4.2 Dark matter tagging

The setup we have described above follows an N-body collision
between two dark matter haloes. We now discuss how we assign
stars to these dark matter-only simulations. A common technique
that has been used in the literature is ‘dark matter tagging’, whereby
a certain fraction of the most bound dark matter particles are tagged
as stars (e.g. De Lucia & Helmi 2008; Cooper et al. 2010). It has
been shown that such dark matter tagging schemes result in roughly
exponential profiles, and give a reasonable approximation to the true
stellar density profiles of dwarf galaxies (e.g. Cooper et al. 2017; Le
Bret et al. 2017). The advantage of this method is that the tagging
is performed after the simulations have run, so, in principle, the
stellar component assigned to each halo can be changed ad hoc.
This is particularly useful when considering SMHM relations with
significant scatter.

Our approach is to consider a particle tagging method that
approximately represents the rrue sizes of known dwarf galaxies.
In the left-hand panel of Fig. 7, we show the relation between
half-light radius and stellar mass for a compilation of local dwarf
galaxies (McConnachie 2012). The dashed orange line shows a
polynomial fit to the relation, and we use this to inform our particle
tagging method. Essentially, for a given stellar mass, we tag the
fraction of most bound dark matter particles, fyg, that is able to
reproduce this size—mass relation. The right-hand panel of Fig. 7
shows the resulting relation between fyp and stellar mass for a range
of halo masses. Note that we ensure that each stellar component is
represented with at least 100 particles, which sets a lower limit of fyig
= 10~* (as our simulations are run with N = 10° particles). Thus, the
spatial distributions of very low stellar mass dwarfs (M, < 103 Mg)
embedded in massive haloes are only very approximate, as we cannot
properly resolve these systems. However, we find that, while the inner
spatial distributions of such cases are poorly resolved, this limitation
does not significantly affect our analysis of the outer halo properties.
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Figure 8. Examples of dwarf—dwarf mergers. The left-hand panels show the
distribution of stars in the x—y plane. The red points are the central, and the
black points the destroyed satellite. The right-hand panel shows the projected
radial distribution of the stars. The dotted black line shows the initial profile
of the central galaxy, and the blue dashed line shows a fit to an exponential
profile. Major mergers can cause the stellar distribution to extend, but owing
to the large binding energy have little material at very large distances in the
halo.

This tagging method has significant limitations, and the evolution
of half-mass radius during/after merger events can be non-trivial.
This is especially true as we do not take into account gas in our
simulations, which can have an important effect on the sizes of
dwarf galaxies, particularly for major mergers at early times (e.g.
Benitez-Llambay et al. 2016; Tarumi et al. 2021). However, for our
purposes, we are mainly interested in the stellar distribution in the
very outskirts of dwarf haloes, and we only use the half-light (or half-
mass) radius in our tagging approach. We consider the ‘stellar halo’
component as material beyond ~0.1ry0, which is typically 5—20 x
further out than the half-light radius.

4.3 Dwarf stellar haloes

In Fig. 8, we show some examples of the resulting stellar distribution
from different dark matter mass merger ratios 7 = 15 Gyr after
infall for 10'° Mg, centrals. The left-hand panels show the projected
distribution in the x, y plane (red = central, black = satellite), and
the right-hand panel shows the surface density profile. The top panel
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shows a major merger (1:2 in dark matter), the middle panel shows
an ‘intermediate’ merger (1:5 in dark matter), and the bottom panel
shows a minor merger (1:10 in dark matter). This figure highlights an
important difference between major and minor mergers. For major
mergers, the central galaxy can be ‘heated’ and the combination of the
central and satellite stellar material forms an extended distribution.
However, the fraction of stellar material beyond ~0.1r, (relative to
the total stellar mass) is fairly small (0.4 per cent in the example given
in the top panel). This is because the binding energy of the satellite
merger is relatively high. On the other hand, for minor mergers the
stellar component of the central is hardly affected, but, as the satellite
has a lower binding energy, stripped material from the satellite can
be splayed out to larger distances from the central galaxy. Thus,
the amount of stellar material at large distances in the halo is largely
determined by two competing effects: (1) the amount of stars brought
in by the satellite galaxy, and (2) the binding energy of the infalling
satellite. In addition, dynamical friction plays a key role, as typically
major mergers decay and then get stripped, whereas minor mergers
get stripped before they can decay, and are thus more populous in
the halo outskirts. Note that these findings are not restricted to dwarf
mass-scales. In particular, the dynamical influence of major versus
minor mergers were discussed in detail in Amorisco (2017a). Indeed,
it is the mass-ratio rather than the mass scale that drives the relative
differences between the two merger processes.

The fraction of stellar material at large distances (relative to total
stellar mass) is explored more thoroughly in Fig. 9. Here, we show
the stellar fraction at (projected) distances greater than 0.1y as
a function of dark matter mass ratio. Each column shows different
SMHM models, and each row has a different mass central halo.
The scatter in the SMHM relation is included by running N = 5000
Monte Carlo trials. Models with a relatively shallow SMHM slope at
low mass scales have larger stellar halo fractions, this is because they
typically assign larger stellar masses for a given halo mass. However,
when there is significant scatter in the SMHM relation, even models
with a fairly steep SMHM slope can sometimes lead to cases with
very high stellar fractions. This can be seen in the right-hand panels
of Fig. 9; here, the median values are fairly low, but the large scatter
in the model allows for very high fractions within the 95 per cent
confidence regions. Moreover, the scatter increases for lower halo
masses because the SMHM relation for this model (Model 2) has a
growing scatter with decreasing halo mass (see Fig. 2).

For both SMHM models, the stellar halo fraction is maximised
when the dark matter mass ratio is ~1:4 to 1:8. This is because these
‘intermediate’ mass-ratio cases do not have such high binding energy
that material is confined to the inner regions (cf. major mergers), but
they can still have have enough stellar mass to make a significant
contribution (cf. minor mergers). We also show in Fig. 9 the galaxy
occupation fraction with the red dotted line. Note this is not shown
for Models B1 and B2 because here fy,; ~ 1 in all cases. The inclusion
of the galaxy occupation models highlights another important point:
for models with a high halo mass threshold for galaxy formation, it
is typically only major mergers that can contribute accreted stars.

We have found that, owing to the high binding energy, major
mergers do not contribute many stars to the outer halo (Z0.1r50).
However, we are neglecting an important effect — gas-rich mergers.
Previous work has shown that mergers involving gas-rich dwarfs
can have a considerable affect on the star formation and stellar
distribution of the merger remnant. For example, Benitez-Llambay
etal. (2016) (see also Genina et al. 2019) show how major (wet) dwarf
mergers can form the ‘two-halo’ populations seen in classical dwarf
galaxies: i.e. a centrally concentrated young component and a more
extended older component. This extended old component is akin to
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Figure 9. The (percentage) fraction of stellar material at large distances in
the halo (>0.1r00) as a function of dark matter merger ratio (1/¢). The thick
black line indicates the median, and the dark and light grey shaded regions
show the 68 and 95 percentiles, respectively. Each panel shows a different
mass central halo at different redshift (roughly chosen to mimic the mass
evolution of a present-day 10' M, halo). The columns indicate two different
stellar mass—halo mass relations. Models with a shallower stellar mass—halo
mass relation tend to have larger fractions of stars at large distances in the
halo. Interestingly, the stellar material at large distances is maximised for
dark matter merger ratios of ~1:5. Here, the binding energy is not too high
(cf. major mergers), but there is still significant stellar material brought in (cf.
minor mergers). The red dashed line shows the galaxy occupation fraction for
a high mass threshold model (Model A — note Model B has approximately

feat = 1 in all these figures). Here, one can see that, regardless of the SMHM

relation, minor mergers are largely ineffective at bringing in stars, which
limits the amount of stellar mass that can be found at large distances in the
halo.

the radially extended populations we have seen from the dry mergers
in this work. In addition, Tarumi et al. (2021) showed that the amount
of stellar material dispersed to large radii after a major merger can
be enhanced when the merger is wet. These findings suggest that
we are likely underestimating the impact of major mergers on the
(distant) stellar halo. However, it is worth emphasizing that all of
the galaxy models we are considering predict some major mergers,
albeit there is a difference in number by a factor of 2-3 between
different models. On the other hand, the difference in the number of
minor mergers is much more impactful: here, the numbers can differ
by a factor of 20. Thus, searching for signatures of minor mergers
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Figure 10. Example surface brightness profiles of 10'° M, mass dwarfs. Each panel shows an illustrative example for a given galaxy model. To construct
these, we adopt the typical dark matter mass ratio, accreted stellar mass and number of mergers for each empirical galaxy model. The thick solid line is the
average profile for an individual dwarf, and the different line styles indicate the profile if different numbers of dwarfs are stacked together. The dotted orange
line indicates 0.1r0p of the central. The shaded grey band shows the approximate surface brightness limit of the Vera Rubin Observatory LSST (Brough et al.
2020). In order to detect these features several dwarf galaxies would need to be stacked, and only Model B1 would likely produce a detectable stellar halo at

these mass-scales.

(e.g. tidal features, cold stellar streams, very low metallicity stars)
at dwarf mass scales will likely provide the biggest discriminator
between different galaxy formation models.

5 OBSERVING DWARF STELLAR HALOES

We now discuss the observability of the predicted dwarf galaxy stellar
haloes based on our N body simulations and empirical galaxy models.
First, we consider the surface brightness levels of the dwarf stellar
haloes. To do this, we adopt typical merger event characteristics
from COCO-COLD for each empirical galaxy model (see Section 3),
and apply this to our isolated GADGET simulations. For Models A1l
and A2, a 10'°M,, field dwarf today has typically experienced N
< 1 major mergers, and no, or very few, minor mergers. For these
cases, we assume 1 major merger with mass-ratio 1:2, and adopt
the progenitor masses of My, = 10°3 Mg and Mg, = 10%° Mg,
respectively (see Fig. 5). In Models B1 and B2, there is typically
N ~ 1 major merger, and N ~ 6 minor mergers. For these, we also
assume 1 major merger with dark matter mass-ratio 1:2, and adopt
the progenitor masses of My, = 10°° and 10°° M, respectively.
However, we also include the 6 minor mergers; assuming 1:8 dark

matter ratios and progenitor masses of 10%*Mg and 10*° Mg,
respectively.

The resulting surface brightness profiles are shown in Fig. 10.
Here, we have assumed a mass-to-light ratio of 1 in order to convert
surface mass density to surface brightness. As well as a typical
individual halo profile, we have also indicated stacked profiles with
the different line styles. It is clear that for any of the models the
stellar halo of an individual dwarf galaxy will be extremely difficult,
if not impossible, to detect. However, there is some hope if several
dwarf galaxies can be stacked together. Importantly, the only model
that would likely produce stellar haloes detectable by the Vera Rubin
Observatory Legacy Survey of Space and Time (LSST Brough et al.
2020) is Model B1. This model has a fairly shallow faint end slope to
the SMHM and a low mass threshold for galaxy formation. However,
it is worth noting that cold tidal features, such as streams and shells,
will have larger surface brightness than the spherically averaged
profiles. Nonetheless, these features will only be seen at large
projected distances when the dwarfs experience minor/intermediate
mergers (i.e, for low mass threshold galaxy occupation models).

Note, here we only consider the CDM predictions, but there are
also differences with the WDM models. The number of mergers
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Figure 11. The evolution of dwarf satellite stellar haloes in a Milky Way potential. Here, the dwarfs experience a 1:5 (top panel) or 1:10 (bottom panel) dark
matter merger, and then fall into a Milky Way mass (10'2 M) halo. The grey and orange dashed lines indicates the r of the Milky Way, and dwarf satellite,
respectively. In both cases, the central galaxy (red points) remains intact, but the dwarf stellar halo (black points) is stripped after ~4 Gyr. Interestingly, the
path of the satellite stellar halo debris intersects with the central dwarf satellite galaxy. Thus, the existence of stellar streams overlapping in phase space with a
known dwarf satellite galaxy could indicate that it was once a dwarf stellar halo.

are reduced in COCO-WARM, so, as for COCO-COLD, in most cases
the dwarf stellar haloes are likely undetectable. However, while the
signal will be reduced for Model B1 (typically 2 minor mergers
in COCO-WARM relative to 6 in COCO-COLD), there is still a chance
of detection when several dwarfs are stacked together. Note that
also differences in halo concentration between WDM and CDM
(we only consider co9 = 10 here) could also lead to discernible
differences in the observed profiles. It is worth noting that there
is an inevitable degeneracy between the dark matter particle and
galaxy formation model: both WDM and a high mass threshold
for galaxy formation can reduce minor mergers. However, there are
still important differences between these scenarios, such as when
and how many merger events occur, which will produce different
observational signatures. Of course, tangential lines of evidence,
from, for example, properties of surviving dwarf galaxies will also
help provide more quantitative assessments of any models.

It is important to stress that there are several limitations to this
exercise. First, we are only considering illustrative examples for each
model, and there can be significant halo-to-halo variation. Second,
our GADGET runs are isolated and do not allow for smooth dark
matter mass growth. Thus, our analysis is based purely on a fixed z
= 0 halo, which is clearly not the case in reality. Clearly, the way
forward is to employ a tagging scheme directly on to a cosmological
dark matter simulation suite. This is beyond the scope of the current
paper, but is something we aim to pursue in future work. Finally, we
are also ignoring wet mergers, and the many effects this may have
on the central galaxy, and, potentially, the stellar halo. Indeed, our
dark matter tagging scheme may be missing important mechanisms
that could ‘kick out’ stars to the outer halo, from e.g. wet major
mergers and/or feedback fluctuations. These can be explored in
the future with hydrodynamical simulations (see e.g. Tarumi et al.
2021).

5.1 Streams associated with Milky Way dwarf satellites?
Until now, we have considered dwarf merger events occurring in

isolation. However, the most well-studied dwarf galaxies in our local
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vicinity are the satellites of the Milky Way. Indeed, there are several
classical dwarfs that coincide with the halo mass scale that we have
been studying (10'° M,). Moreover, as we showed in Section 3, there
can be important differences between the accreted stellar material of
central and satellite dwarf galaxies with the same peak halo mass.
This warrants the question: what happens to the stellar haloes of
dwarf galaxies after falling into a MW mass halo? To address this
question, we use two example mergers from our GADGET runs, and
allow them to evolve inside a MW-mass potential. Thus, the initial
conditions are determined by the (final) output of the dwarf-dwarf
merger, and a 1 x 10'> My NFW halo (with ¢y = 10). As before,
the initial orbital energy and angular momentum of the dwarf satellite
system are chosen from the typical orbits in cosmological simulations
(Jiang et al. 2015). For illustration, we show two examples, a 1:5
(dwarf—dwarf) dark matter merger, and a 1:10 (dwarf-dwarf) dark
matter merger, which are shown in the bottom two panels of Fig. 8.
In both cases, the central dwarf galaxy has a 10'° M, halo, and the
Milky Way host has a 10'2 M, halo.

Figs 11 and 12 show how these systems evolve over time, both
spatially and in velocity space. The red points are the (original)
central dwarf galaxy, and the black points are the accreted dwarf
stellar halo (no MW particles are shown). Approximately, 3—4 Gyr
after infall the dwarf stellar halo begins to be tidally stripped. This is
because this material is less bound than the central stellar component
of the dwarf. After 10 Gyr, a significant fraction of the dwarf
stellar halo is stripped but the central dwarf galaxy remains in tact.
Interestingly, the stripped dwarf stellar halo forms a stellar stream
that intersects the central dwarf galaxy, both spatially and in velocity
space. This suggests that the existence of a stellar stream overlapping
in phase space with a known (surviving) dwarf satellite galaxy could
indicate that it was once a dwarf stellar halo. These streams also
appear more structured in phase space than the streams that are
usually formed from the bulk of the satellite itself, likely because
they are formed of material that was not entirely phase-mixed to
begin with. Importantly, this long-lived association is contrary to
what would happen to ‘satellites of satellites’. Here, the satellites of
satellites very quickly (after a few Gyr) lose phase-space coherence
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Figure 12. As Fig. 11 but in velocity space.

with their original host (see e.g Deason et al. 2015). In the case of
‘satellite stellar haloes’, the coherence can remain in the form of
stellar streams, even after several Gyr.

For comparison, we also perform the same exercise for a 1:2
(dwarf—dwarf) dark matter merger (shown in the top panel of Fig. 8).
Here, the majority of the accreted dwarf stellar halo remains bound
to the satellite, even ~10 Gyr after infall into the MW potential.
The difference here is that the accreted material is more tightly
bound to the dwarf, as it originates from a major merger. Thus, any
extended stellar streams associated with known (surviving) dwarf
satellites will likely be related to minor, rather than major, dwarf—
dwarf mergers. And, as we have seen previously, the mere existence
of (minor) dwarf—dwarf mergers significantly depends on the galaxy
occupation model.

The potential existence of satellite stellar haloes in the MW halo
is an exciting prospect, and in the current and upcoming era of Gaia
and wide-field spectroscopic surveys, such as DESI, WEAVE, and
4MOST, this is a testable prediction. Indeed, the stellar halo of the
(disrupting) Sagittarius has potentially already been uncovered by the
H3 survey (Johnson et al. 2020, but also see Pefarrubia & Petersen
2021). Interestingly, Johnson et al. (2020) identify the diffuse halo
component by selecting Sagittarius stars in angular momentum
space, in excellent agreement with the outputs of our toy models. It is
worth bearing in mind that there is a significant amount of parameter
space to explore in our models (we only discuss a few examples here).
As mentioned above, a fully-consistent tagging method applied to
cosmological simulations will provide more quantitative predictions.
None the less, our current exploration suggests that the detection of
these stripped satellite stellar haloes would strongly favour models
with a low halo mass threshold for galaxy formation.

6 CONCLUSIONS

In this work, we use a combination of cosmological N- body
simulations and empirical galaxy models to investigate the accreted
stellar mass of dwarf-mass haloes (M, ~ 10'°Mg). We also use
simulations of isolated dwarf—-dwarf mergers to infer how different
types of (stellar) merger events build up dwarf galaxy stellar haloes.
Our main conclusions are summarized as follows:

(i) Dwarf-mass haloes (My, ~ 10'° Mg at z = 0) in cold (warm)
dark matter simulations typically experience N = 1.6(0.6) major
mergers, and N = 7(2) minor mergers over their lifetime. Using
empirical galaxy models we investigate how many of these mergers
bring accreted stars into the halo. For models with high halo mass
threshold for galaxy formation (~10°3* M, at z = 0), minor mergers
are largely suppressed, and the number of (stellar) merger events is
reduced by a factor of ~7—16 relative to models with low halo mass
threshold for galaxy formation (~107° M, at z = 0).

(ii) The galaxy models we consider predict drastically different
stellar halo progenitors. Models with high halo mass threshold for
galaxy formation, typically have a low number (N < 1) of major
mergers at low/intermediate redshift (z ~ 0—4), while models with
low mass threshold tend to have more minor mergers at relatively
higher redshift (z ~ 3—6). In addition, models with a shallow
SMHM slope typically have higher progenitor stellar masses than
models with a steeper slope. Taken together, our results show that
the contribution of accreted stars is strongly dependent on the galaxy
model. The balance between minor and major mergers is particularly
important as the distribution of accreted stars is largely determined
by the satellite-central mass ratio.

(iii) At dwarf mass scales, WDM models have a lower frequency
of both major and minor mergers. However, differences between
WDM and CDM are only seen in galaxy models with low halo
mass thresholds for galaxy formation. If galaxies cannot occupy
low mass haloes (<10° M) then there is little difference between
the WDM and CDM predictions. Disentangling the affect of the
dark matter particle and galaxy formation physics will likely require
several lines of evidence. Our work shows that dwarf stellar haloes
are an important, but relatively unexplored, probe.

(iv) Satellite dwarfs at z = 0 with the same peak halo mass
(~10""M,) have a different mass assembly history to centrals.
They experience a similar number of total (major and minor)
mergers, but these typically occur at higher redshift, and the satellite
dwarfs commonly reach their peak mass earlier than centrals. As a
consequence, satellites are able to undergo more stellar mergers at
high redshift and tend to have richer stellar haloes than their central
counterparts. However, these differences are modest for galaxy
formation models with a low halo mass threshold, but are much
more significant for models with a high halo mass threshold. Hence,
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the relative differences between the accreted stellar populations of
central and satellite dwarf systems could be a key discriminator of
galaxy formation models.

(v) Using isolated models of dwarf-dwarf mergers we show that
the fraction of accreted stars at large distances in the halo (>0.1r5)
is dependent on the binding energy of the infalling satellite, and the
amount of stellar material it contains. For example, major mergers
can deposit a lot of stars, but owing to their high binding energy do not
disperse many stars to very large distances in the halo. Conversely,
minor mergers have much lower binding energy, and thus can deposit
material at large distances, but they, by definition, bring in far fewer
stars. In fact, ‘intermediate’ mass mergers (with dark matter ratio
~1:5) maximise the amount of stellar material deposited in the
dwarfs’ stellar halo, owing to this fine balance between binding
energy and quantity of stars.

(vi) In the galaxy models we consider, major mergers are not
uncommon (N ~ 0.4—1.5 per halo). This is in agreement with
observations, as there are several lines of evidence suggesting major
mergers have occurred in some known dwarf galaxies (e.g. Amorisco
& Evans 2012; Amorisco, Evans & van de Ven 2014). While our
isolated simulations suggest that these major mergers deposit little
material in the stellar halo (or at least beyond 0.1r), we are
not taking into account gas-rich mergers, which could enhance the
amount of material at large distances. Nonetheless, we conclude
that it is minor mergers which likely hold the strongest clues for
dwarf galaxy models. Indeed, the very existence of minor merger
features could rule out galaxy formation models with a high halo
mass threshold.

(vii) We consider the observability of dwarf galaxy stellar haloes,
and find that the surface brightness levels are likely well below
feasible detection limits. However, there is some hope if several dwarf
galaxies can be stacked together. Nonetheless, only models with a low
halo mass threshold for galaxy formation, and a relatively shallow
SMHM relation will likely produce observable surface brightness
features. The absence of such features may rule these models out.

(viii) Finally, we consider what happens to dwarf stellar haloes
after they infall into a Milky Way mass halo. Interestingly, unlike
satellites-of-satellites that quickly disperse in phase space, dwarf
stellar haloes can form stellar streams, which overlap in phase space
with the central (surviving) dwarf galaxy. Thus, observational probes
of stellar streams linked to known dwarf galaxy satellites in the Milky
Way could be the most feasible method to detect dwarf galaxy stellar
haloes.

We have found that the properties of dwarf galaxy stellar haloes
are very sensitive to low-mass galaxy formation models and the type
of dark matter particle. Indeed, the mere existence of these features
will likely rule out a significant amount of model parameter space.
Observational probes are challenging because of the incredibly low
surface brightness of these diffuse haloes. However, there is hope that
with stacking and/or detection of cold features these stellar haloes
can be revealed. Moreover, resolved stellar populations, such as in
our Local Group, hold a lot of promise. For example, the stellar
streams of ripped apart dwarf stellar haloes can remain coherent in
phase space with the central galaxy for sometime; thus known Milky
Way satellites may be the best testing ground. Of course, we also
have more work to do on the theoretical side, as we have taken a
relatively simple approach in this work. None the less, the search for
dwarf stellar haloes is on, and they may hold the strongest clues yet
as to the nature of galaxy formation and dark matter on the lowest
mass scales.
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