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A B S T R A C T 

We use N -body cosmological simulations and empirical galaxy models to study the merger history of dwarf-mass galaxies (with 

M halo ∼ 10 

10 M �). 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. F or e xample, minor mergers are ne gligible for stellar halo growth in models with a high mass threshold for galaxy 

formation (i.e. 10 

9 . 3 M � at z = 0). Moreo v er, 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 dw arf–dw arf mergers, we show that 
the relativ e frequenc y 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. Ho we ver, when se veral dwarfs are stacked together, models that 
form particularly rich stellar haloes could be detectable. Finally, we show that stellar streams in the Galactic halo o v erlapping 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. 

Key words: Galaxy: halo – galaxies: interactions – Local Group – galaxies: star formation – dark matter – reionization. 
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 I N T RO D U C T I O N  

he hierarchical nature of structure formation predicts that haloes
row from the aggregation of se veral lo wer mass ‘clumps’ (Frenk
t al. 1988 ). A natural consequence of this process is the existence of
n extended halo of stars surrounding galaxies, which is built up from
he debris of destroyed lower mass objects. The nature of these haloes
as been studied e xtensiv ely from Milky Way-mass to cluster-mass
ystems (e.g Bullock & Johnston 2005 ; Mihos et al. 2005 ; Abadi,
avarro & Steinmetz 2006 ; Conroy, Wechsler & Kravtsov 2007 ;
urcell, Bullock & Zentner 2007 ; Cooper et al. 2010 ). Ho we ver,

he stellar haloes of dwarf galaxies have been given relatively little
ttention. Indeed, it remains an open question as to whether or not
tellar haloes around dwarf galaxies even exist. 

The best-studied stellar halo is probably our own Galactic one.
ere, we have access to a star-by-star view of this meagre stellar

omponent. The Galactic stellar halo only comprises ∼1 per cent of
he stellar mass of the Milky Way (e.g Deason, Belokurov & Sanders
019 ; Mackereth & Bovy 2020 ), but, arguably, provides the most
nformation on the Galactic assembly history and the underlying
ark matter potential (see e.g. Bland-Hawthorn & Gerhard 2016 ;
elmi 2020 , for recent re vie ws). The combination of hierarchical
 E-mail: alis.j.deason@durham.ac.uk 
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ssembly and the (relatively) steep stellar mass–halo mass relation
elow 10 12 M � naturally leads to (accreted) Galactic stellar haloes
aving only a few main progenitors (e.g Cooper et al. 2010 ; Deason,
ao & Wechsler 2016 ; Amorisco 2017b ; Fattahi et al. 2020b ). This is

lso borne out observationally, with recent evidence suggesting that
he inner halo is dominated by one massive merger event (Belokurov
t al. 2018 ; Helmi et al. 2018 ). Ho we ver, there is a strong radial
ependence, and it is predicted that the outer reaches of the halo are
ikely populated by se veral, lo wer mass progenitors (e.g. Monachesi
t al. 2019 ; Fattahi et al. 2020b ). 

On dwarf mass scales, as mentioned abo v e, the stellar haloes are
uch less well studied. This is for several reasons. First, the fraction

f mass assembled via mergers reduces at low mass scales, and is
nstead dominated by ‘smooth’ accretion (e.g. Genel et al. 2010 ).
econd, while for Milky Way (10 12 M �) and perhaps Magellanic
loud (10 10 −11 M �) mass-scales the stellar mass–halo mass (SMHM)

elation is reasonably well constrained (e.g. Behroozi, Wechsler &
onroy 2013 ; Moster, Naab & White 2013 ), there is much greater
ncertainty at lower masses. For example, assuming a monotonic
elation M star ∝ M 

α
halo , slopes between α = 1.4 and 3.1 have been

uoted in the literature for low halo masses M halo � 10 10 M � (e.g.
rook et al. 2014 ; Garrison-Kimmel et al. 2014 ; Read et al. 2017 ).
oreo v er, the scatter at the low-mass end is highly uncertain. At

igher masses ( > 10 10 M �), a 0.2–0.3 dex scatter in log M star at fixed
alo mass is generally accepted (e.g. Behroozi et al. 2013 ; Moster
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t al. 2013 ). Ho we ver, se veral works have suggested that the scatter
s much larger at low mass scales and may even increase as halo mass
ecreases (e.g. Garrison-Kimmel et al. 2017 ; Munshi et al. 2021 ).
hird, and to complicate matters, it is not only the mass of stars in a
iven halo that matters – it is also a question of whether the stellar
omponent exists at all! Not all dark matter haloes host galaxies, and
his occupation fraction strongly depends on halo mass. Ho we ver, the

ass scale at which dark haloes are ‘starless’ is under serious debate,
ith halo mass thresholds at z = 0 ranging from 10 7 . 5 to 10 9 . 3 M �
uoted in the literature (e.g. Sawala et al. 2016 ; Fitts et al. 2018 ;
ethwa, Erkal & Belokurov 2018 ; Graus et al. 2019 ; Wheeler et al.
019 ; Benitez-Llambay & Frenk 2020 ; Nadler et al. 2020 ; Kravtsov
 Manwadkar 2021 ). 
The physical interpretation of the dwarf SMHM relation, and the 

alaxy occupation depend on two fundamental influences on small- 
cale galaxy formation: the star formation and stellar feedback at 
ow mass scales, and the effect of reionization. It has been realised
or some time that the epoch of reionization is a vital influence on
he number counts of surviving dwarf galaxies. Indeed, the apparent 

ismatch between counts of observable satellite dwarf galaxies in the 
ilky Way and subhaloes in numerical simulations (i.e. the ‘missing 

atellites problem’), is largely due to the influence of reionization 
aising the gas pressure and temperature, and thus suppressing star 
ormation at low mass scales (e.g. Bullock, Kravtsov & Weinberg 
000 ; Benson et al. 2003 ). More recently, Bose, Deason & Frenk
 2018 ) showed that reionization is imprinted in the luminosity 
unction of dwarf galaxies, and that the epoch of reionization, and 
he dwarf mass-scale that is influenced by this event, can potentially 
e derived from the number counts of dwarf galaxies. 
The nature of the dark matter particle also has a significant impact

n dwarf mass scales. For example, warm dark matter (WDM) 
articles hav e non-ne gligible thermal v elocities at early times, which
eads to a strong suppression of the linear matter power spectrum on
ow mass scales (e.g. Dodelson & Widrow 1994 ; Bode, Ostriker
 Turok 2001 ; Zentner & Bullock 2003 ; Benson et al. 2013 ).
osmological N -body WDM simulations show that the number 
ounts of haloes differ substantially from CDM for masses below 

10 9 M � (e.g. Col ́ın, Avila-Reese & Valenzuela 2000 ; Schneider 
t al. 2012 ; Lo v ell et al. 2014 ; Bose et al. 2016 ; Wang et al. 2017 ;
o v ell et al. 2021 ). Indeed, invoking WDM rather than cold dark
atter (CDM) is an alternative solution to the missing satellites 

roblem, without relying on baryonic influences. Of course, when 
robing the number counts of dwarf galaxies there is an inherent 
e generac y between the dark matter and baryonic models, and a
obust answer will require several independent lines of evidence. 

While the observed dwarf satellite galaxies present an excellent 
oint of comparison for fundamental dark matter and galaxy forma- 
ion theories, the affect of halo-to-halo scatter, and environmental 
ffects mean that several more ‘data points’ are very much sought-
fter. Clearly, an obvious, but largely unexplored, avenue is to 
onsider destro yed dw arf galaxies – particularly, those related to 
no wn survi ving dwarfs. Recent work by Chiti et al. ( 2021 ) has
een particularly persuasive at bringing dwarf stellar haloes to the 
orefront. These authors find that the Tucana II ultra-faint dwarf 
alaxy has an unusually extended stellar distribution, that could 
otentially be related to (early) merger events. Indeed, Tarumi, 
oshida & Frebel ( 2021 ) showed that early major mergers can form
n extended stellar halo similar to what is seen in Tucana II. On
lightly more massive scales, Johnson et al. ( 2020 ) use the H3 surv e y
Conroy et al. 2019 ) to find a kinematically dif fuse, lo w metallicity
opulation related to the disrupting Sagittarius (Sgr) dwarf galaxy. 
hese authors suggest that this could be the stellar halo of the Sgr
warf progenitor. These compelling results, in addition to several 
ther lines of evidence for ‘stellar halo-like’ populations of dwarf 
alaxies (e.g. Coleman et al. 2004 ; Mart ́ınez-Delgado et al. 2012 ;
ace et al. 2020 ; Qi et al. 2021 ), suggest that this avenue for exploring

he lowest mass galaxies is starting to bear fruit. 
Previous theoretical work exploring the accreted stellar popula- 

ions of dwarf galaxies have focused on a small number of dwarf-
ass haloes, and/or considered only one galaxy formation model 

e.g. Fitts et al. 2018 ; Kado-Fong et al. 2021 ; Martin et al. 2021 ;
arumi et al. 2021 ). In this work, we take a different approach.
amely, we use a large suite of high resolution, dark matter only

imulations and consider a wide range in galaxy formation models. 
his ensures we can statistically examine the stellar accretion events 
f dwarf galaxies, and discern how different galaxy models affect 
he resulting dwarf stellar haloes. Moreo v er, we also e xplore both
old and warm dark matter models; at the mass scales we are
nvestigating the nature of the dark matter particle can have a
ignificant influence (e.g. Lo v ell et al. 2014 ; Bose et al. 2016 ). In
ection 2, we describe the cosmological N body simulations used in

his work, and follow the merger histories of 10 10 M � mass haloes at
 = 0. Empirical galaxies models, which include the SMHM relation,
nd the galaxy occupation model, are introduced in Section 3. We
se these empirical models, in combination with the cosmological N -
ody simulations to probe the accreted stellar mass of dwarf galaxies. 
n Section 4, we use isolated N -body simulations to investigate
o w dif ferent merger e vents can build up a dwarf stellar halo. The
bservability of such stellar haloes is discussed in Section 5, and
nally, we summarise our main conclusions in Section 6. 

 DA R K  MATTER  SI MULATI ONS  

n this section, we explore the merger rates of low-mass ( ∼10 10 M �)
ark matter subhaloes using cosmological N -body simulations. The 
dvantage of using dark matter only simulations is that we can probe
arge volumes with high resolution, which is essential in order to
robe down to dwarf galaxy scales. We discuss the link between
hese dark matter subhaloes and dwarf galaxies in Section 3. 

.1 Copernicus complexio ( COCO ) 

he N body simulations used in this work are the Copernicus
omplexio ( COCO ) suite, which were first introduced in Bose et al.
 2016 ) and Hellwing et al. ( 2016 ). COCO is a zoom-in re-simulation
f a patch of a (100 Mpc) 3 low resolution volume (Copernicus
omplexio Low Resolution, COLOUR ). The high resolution volume 
s approximately (40 Mpc) 3 , with dark matter particle mass, 
 p = 1 . 6 × 10 5 M �, and force softening ε = 0.33 kpc. COCO was

un using the GADGET-3 code (Springel et al. 2001b ; Springel 2005 )
rom z = 127 to z = 0, and dark matter particle velocities and
ositions were saved for 160 equally spaced snapshots in log(1 +
). COCO assumes cosmological parameters derived from WMAP-7 
Komatsu et al. 2011 ), with �m 

= 0.272, �� 

= 0.728, h = 0.704,
 s = 0.967, and σ 8 = 0.81. Note that COCO consists of two sets of
imulations: one with a CDM particle, and another with a WDM
article. The WDM model (with rest mass 3.3 keV) is compatible
ith current Lyman α constraints (Viel et al. 2013 ), but is the

warmest’ particle allowed by these measures. It is also very similar
o the coldest sterile neutrino model compatible with a particle 
Lo v ell et al. 2016 ). In this work, we make use of both simulations
nd refer to them as COCO-COLD and COCO-WARM , respectively. 

Dark matter haloes and subhaloes were identified using the 
UBFIND algorithm (Springel, Yoshida & White 2001a ). Haloes 
MNRAS 511, 4044–4059 (2022) 
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M

Figure 1. The number of mergers (per halo) as a function of redshift for 10 10 M � mass haloes in the COCO simulations. The top panels show the cumulative 
number, and the bottom panels show the differential number (d N /d z). The solid lines indicate major mergers with mass ratio 0.3 < ζ < 1, and the dashed 
lines show minor mergers with mass ratio 0.05 < ζ < 0.3. The shaded regions for the cumulative numbers indicate the 1 σ 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 . 
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re initially identified using the friends-of-friends (FOF) algorithm
Davis et al. 1985 ), and SUBFIND then analyses each FOF group to
nd self-bound dark matter subhaloes. Throughout this work, the
ubhalo mass is defined as the mass identified by SUBFIND that is
ravitationally bound to the subhalo. 

.2 Dark matter mergers 

e now explore the merger histories of 10 10 M � mass haloes in the
OCO simulations (which are resolved with ∼10 5 particles). Here,
e consider haloes with peak subhalo mass in the range 10 9 . 8 <
 

peak 
halo / M � < 10 10 . 2 , where ‘peak’ mass is defined as the maximum
ass that a subhalo reaches o v er cosmic time. It has been shown

hat the peak mass is a much better proxy for stellar mass than z =
 subhalo mass (e.g. Conroy, Wechsler & Kravtsov 2006 ; Behroozi
t al. 2013 ; Moster et al. 2013 ). Moreo v er, this definition allows
s to compare central and satellite subhaloes at z = 0 of similar
tellar mass (and hence similar M peak ). It is particularly important to
onsider M peak for satellite galaxies, as they can undergo significant
idal stripping, and their z = 0 halo masses can be much lower
han their peak mass. By default, we consider central haloes at z
 0, and there are N = 3981(3822) haloes in COCO-COLD ( COCO-
ARM ) that satisfy our selection criteria. For comparison, we also
xplore the z = 0 satellite population within the same M peak range.
here are N = 1933(1971) equi v alent satellite systems in COCO-
OLD ( COCO-WARM ). Note that we do not consider the central and
atellite systems together as they are fundamentally two different
opulations that undergo different merger histories (despite having
imilar M peak values). This is explored in more detail in Section 3.2.
nless otherwise stated, we show the properties of central haloes at
 = 0 throughout this work. 
NRAS 511, 4044–4059 (2022) 
For each of the 10 10 M � mass haloes, we track them back in time
nd identify all the mergers that occur. Here, we consider a merger to
appen when a subhalo belonging to the main progenitor no longer
ppears in the halo catalogue, and the particles belonging to that
escendant subhalo become part of the main progenitor. Note that
he definition of when a merger occurs is fairly arbitrary, but we
ssume that the time at which the dark matter halo falls below the
esolution limit in SUBFIND is a reasonable approximation for the
ime 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
ith analytical fits to the CDM mass function (Sheth & Tormen
999 ; Jenkins et al. 2001 ) down to halo masses of ∼5 × 10 6 M � (see
g. 7 in Bose et al. 2016 ). The mass resolution of COCO allows us

o track 10 10 M � mass subhaloes at z = 0 back to high redshift, and
xplore both their major and minor mergers. For example, a typical
alo in our sample has a mass of ≈ 10 8 M � at z ∼ 10. Thus, we can
tudy minor mergers with mass-ratio 1:20 up to this redshift (i.e. at
 ∼ 10 a 1:20 merger event is resolved with ∼600 and ∼30 particles,
especti vely). Ho we ver, the numbers of minor mergers at very high
edshift ( z � 10) are likely lower limits. Indeed, the rapid drop-off in
inor merger rates at z � 10 (see bottom panels of Fig. 1 ) is likely
 consequence of resolution effects. Encouragingly, our estimated
umbers of minor mergers for z � 10 are in good agreement with
nalytical predictions (see text below, and Fig. 1 ), so we do not
elieve our results are strongly influenced by numerical effects in
his regime. 

The mass-ratios of the mergers, ζ = M 

Satellite 
halo /M 

Central 
halo , are defined

y considering the peak mass of the merging satellite, and the mass of
he central at the time of the merger. Again, we use M peak here as the
atellites have normally undergone significant stripping before being

art/stab3524_f1.eps
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estroyed, and their masses just before destruction are significantly 
ower than their peak mass. Throughout this work, the mass-ratios 
f the mergers, ζ , are defined based on the dark matter masses
f the merger events. In Fig. 1 , we show the number of mergers
per halo) as a function of redshift for the 10 10 M � mass haloes in
ur sample. The top panels show the cumulative number, and the 
ottom panels show the differential number (d N /d z) as a function of
edshift. The solid lines indicate major mergers with, 0.3 < ζ < 1,
nd the dashed line indicates minor mergers with 0.05 < ζ < 0.3.
or comparison, in the left-panel of Fig. 1 we show the analytical
stimates of these (CDM) merger rates from Fakhouri et al. ( 2010 )
erived from the Millennium-II simulation. There is good agreement 
or minor mergers, but the number of major mergers is slightly
ower in COCO (by ∼30 per cent ). There are a number of possible
easons for the (relatively) low major merger rates. COCO is a higher
esolution simulation with a different cosmology to Millennium-II, 
nd we are also adopting a different merger mass-ratio definition (i.e. 
eak mass) in our approach. In addition, the COCO zoom-in region 
s slightly underdense compared to the cosmic mean, and there is a
lear environmental trend with the formation redshift of haloes (e.g 
ellwing et al. 2021 ). Indeed, Hopkins et al. ( 2010 ) showed that

ubtle changes in mass definition, environment, cosmology etc. can 
ead to variations in halo–halo merger rates by factors of ∼2. 

The middle panel of Fig. 1 compares the merger properties of
entral and satellite systems at z = 0 in COCO-COLD . The o v erall
umber of mergers are very similar, but when these mergers occur can 
iffer. In particular, both major and minor mergers are less common 
n satellite systems at low redshift, but they can be slightly more
ommon at higher redshift. This is because mergers are unlikely 
or satellite systems after infall on to a host halo. Moreo v er, the
requency of mergers can be higher for z = 0 satellite dwarfs at higher
edshift because the satellites reach their peak mass ( M peak ) at earlier
imes. Conversely, central haloes can accrete mass at later times 
nd typically reach their peak mass at z ≈ 0. This subtle difference
etween centrals and satellites, despite having similar M peak or M star 

t z = 0, can have important implications for their accreted stellar
roperties. We explore this more thoroughly in Section 3.2. 
Our estimates from the COCO-COLD simulation suggest that 

0 10 M � haloes at z = 0 have typically undergone N ∼ 1.6 major
ergers, and N ∼ 7 minor mergers. The merger frequencies are 

educed by a factor of ∼3 in COCO-WARM , with the dwarf-mass haloes 
xperiencing N ∼ 0.6 major mergers, and N ∼ 2 minor mergers (see 
he right-hand panel of Fig. 1 ). In the following section, we introduce
mpirical galaxy models that allows us to link these dark matter 
erger rates to the stellar merger rates of these dwarf galaxies. 

 EM P IRIC A L  G A L A X Y  M O D E L S  

n this section, we transform the halo mergers derived from COCO 

o the predicted galaxy mergers. For this, we use empirical galaxy 
odels that can be straightforwardly applied to the dark matter 
erger trees. Note, here we only consider stellar mergers (i.e. dry 
ergers) and do not consider the contribution of gas to the merger

vents. Our galaxy models comprise two components: (1) a stellar 
ass–halo mass (SMHM) relation, where stellar mass can be mapped 

n to (peak) halo mass analytically and (2) a galaxy occupation model 
hich 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
10 6 . 9 M �) at M halo = 10 10 M �. This stellar mass ( ∼10 7 M �) roughly
orresponds to the Fornax dwarf satellite of the Milky Way (Mc-
onnachie 2012 ). This normalization of the SMHM relation coin- 
ides with the Moster et al. ( 2013 ) abundance matching relation, and
lso agrees with constraints from hydrodynamical simulations (e.g. 
unshi et al. 2013 ; Sawala et al. 2015 ). Moreover, we find that in

OCO , Milky Way-mass systems (with M halo ∼ 0 . 9 −1 . 6 × 10 12 M �)
ypically have 2 ± 2 satellite systems with M peak > 10 10 M �, which
s in good agreement with the number of Fornax-mass systems in the

ilky Way. 
The first SMHM model (1) has a constant slope ( α) and log-scatter

 σ ) with halo mass: 

og 10 ( M star ) = α( log 10 M halo − 10) + 6 . 9 , (1) 

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

og ( M star ) = 

{
α1 ( log 10 M halo − 10) + 6 . 9 log 10 M halo > 10 
α2 ( log 10 M halo − 10) + 6 . 9 log 10 M halo ≤ 10 , 

(2) 

= σ0 + γ ( log 10 M halo − 10) , (3) 

here γ describes the rate at which the scatter grows. The models
re chosen to roughly bracket the range of SMHM relations adopted
n the literature (e.g. Brook et al. 2014 ; Garrison-Kimmel et al. 2017 ;
ead et al. 2017 ; Munshi et al. 2021 ). Ho we ver, we stress that we are
ot advocating a certain model, but rather exploring how different 
ssumptions about the SMHM relation can dictate the accreted 
tellar mass growth of dwarf galaxies. Note that our adopted SMHM
elations do not evolve with redshift. This assumption is moti v ated
y the apparent lack of strong evolution found in slightly more
assive systems (Wake et al. 2011 ; Leauthaud et al. 2012 ; Hudson

t al. 2015 ; Tacchella et al. 2018 ), and there is little theoretical or
bserv ational e vidence to suggest that we should assume otherwise
or lower masses (e.g. Fattahi, Navarro & Frenk 2020a ). 

We adopt galaxy occupation models that are moti v ated by both
heoretical and observational inferences. The parametrization of the 
alaxy occupation fraction follows previous work (Graus et al. 2019 ;
adler et al. 2020 ), and is given by the following functional form 

 gal = 0 . 5 

[ 

1 + erf 

( 

log 10 M halo − log 10 M 50 √ 

2 σgal 

) ] 

, (4) 

here M 50 is the characteristic mass-scale at which 50 per cent of
aloes contain a galaxy, and σ gal determines how quickly the galaxy 
ccupation fraction changes as a function of halo mass. For simplic-
ty, we adopt σ gal = 0.2, which is admittedly chosen rather arbitrarily,
ut is qualitatively consistent with constraints from hydrodynamic 
imulations (Sawala et al. 2016 ) and observations (Nadler et al.
020 ). The (redshift-dependent) M 50 parameter is described by the 
ollowing relation: log 10 M 50 ( z) = log 10 M 

z= 0 
50 + c 1 z + c 2 z 

2 , where
he parameters c 1 and c 2 are chosen to approximately follow the
edshift dependence predicted by cosmological simulations (Sawala 
t al. 2016 ). 

In this work, we adopt two different galaxy occupation models 
labelled ‘A’ and ‘B’). Model A is a fair approximation of the
odels given in Sawala et al. ( 2016 ) and Benitez-Llambay & Frenk

 2020 ), which have a fairly high mass threshold for galaxy formation
 M 

z= 0 
50 = 10 9 . 3 M �). The halo occupation fraction at z = 0 depends

trongly on the redshift of reionization (e.g. Bose et al. 2018 ; Benitez-
lambay & Frenk 2020 ; Kravtsov & Manwadkar 2021 ). For example, 

he studies by Sawala et al. ( 2016 ) and Benitez-Llambay & Frenk
 2020 ) assume z re = 11.5 (Planck Collaboration XVI 2014 ). A
ater epoch of reionization would result in a lower mass threshold
or galaxy formation. Our second model (Model B) has a much
ower threshold for galaxy formation ( M 

z= 0 
50 = 10 7 . 5 M �), which

ould perhaps be deemed unphysical given the theoretical insights 
MNRAS 511, 4044–4059 (2022) 
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Table 1. Parameters for the four different empirical galaxy models used in this work. 

Model SMHM Galaxy occupation 

Model A1 α = 1.6, σ = 0.3 M 

z= 0 
50 = 10 9 . 3 M �, c 1 = −0.226, c 2 = 0.014, σ gal = 0.2 

Model A2 α1 = 1.6, α2 = 2.8, σ 0 = 0.3, γ = −0.4 M 

z= 0 
50 = 10 9 . 3 M �, c 1 = −0.226, c 2 = 0.014, σ gal = 0.2 

Model B2 α1 = 1.6, α2 = 2.8, σ 0 = 0.3, γ = −0.4 M 

z= 0 
50 = 10 7 . 5 M �, c 1 = −0.226, c 2 = 0.014, σ gal = 0.2 

Model B1 α = 1.6, σ = 0.3 M 

z= 0 
50 = 10 7 . 5 M �, c 1 = −0.226, c 2 = 0.014, σ gal = 0.2 

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 co v er the range of models adopted in the literature. The parameters used in 
these models are given in Table 1 . 
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escribed in Benitez-Llambay & Frenk ( 2020 ). Ho we ver, recent
bservational inferences based on the Milky Way satellite population
ave argued for low galaxy formation mass-thresholds (e.g. Jethwa
t al. 2018 ; Graus et al. 2019 ; Nadler et al. 2020 ), so it is instructive to
lso consider this model here. In summary, our Model A and Model
 roughly span the range of galaxy occupation models, or adopted
pochs of reionization (e.g. 6 � z re � 11), in the literature. The
arameters we use for our empirical models are given in Table 1 , and
he forms of these galaxy models are shown in Fig. 2 . 

.1 Stellar mergers 

e now consider how the galaxy models described abo v e impact the
umber of major and minor mergers that contribute stars to dwarf-
ass haloes. First, we examine the effect of the galaxy occupation
odel in Fig. 3 . Here, each merger event is given a probability

f contributing stars to the central halo. For example, very low
ass haloes will be given a low weight, as they are unlikely to

ost a galaxy. Note that here we are considering mergers that
ontribute any stars at all – even if the stellar content is very low
i.e. 1 solar mass!). The total accreted stellar content is investigated
ore thoroughly in Section 3.3, where we find that the SMHM

an have a strong influence on the total accreted stellar mass, and
ypical progenitor stellar masses. The black lines in Fig. 3 are for
 gal = 1, i.e. all haloes can host galaxies, and the lines are the
ame as in Fig. 1 . The blue lines are for Model B, which has a
ow mass threshold for galaxy formation ( M 

z= 0 
50 = 10 7 . 5 M �). Here,

he number of both major and minor mergers are reduced slightly,
NRAS 511, 4044–4059 (2022) 
ut the impact of these models is fairly small in COCO-COLD and
egligible in COCO-WARM . On the other hand, Model A, which has
 high mass threshold ( M 

z= 0 
50 = 10 9 . 3 M �), significantly impacts the

umber of (stellar) mergers. This is particularly true for minor dark
atter mergers, which only contribute ∼0.3 −0.4 (stellar) events per

alo. The drastic reduction (by a factor of ∼7 −16 relative to the
 gal = 1 model) is because a significant number of the minor dark
atter mergers in these models are ‘dark’, and do not contribute any

ccreted stars to the central halo. Indeed, the relative importance
f minor versus major mergers for accreted stellar mass growth
s in stark contrast between Models A and B: Minor mergers are
ominant (by number) o v er major mergers when there is a low
ass threshold for galaxy formation (Model B), whereas the reverse

s true when there is a highmass threshold for galaxy formation 
Model A). 

Note that the predicted number of stellar mergers for Model
 is very similar between COCO-COLD and COCO-WARM . This is
ecause the threshold for galaxy formation in these models roughly
orresponds to the mass-scale at which COCO-COLD and COCO-WARM

egin to diverge ( ∼10 9 M �), so, in this case, the haloes that typically
ost galaxies are actually very similar. On the other hand, there
an be significant differences between COCO-COLD and COCO-WARM

or Model B as here haloes can host galaxies down to lower mass
cales, and this is the regime where the warm and cold dark matter
ubhalo properties differ. It is also interesting to note that the relative
umber of (stellar) mergers predicted by different galaxy formation
odels are more similar in COCO-WARM relative to COCO-COLD . This

s because the impact of allowing low mass haloes to form a galaxy

art/stab3524_f2.eps
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Figure 3. The number of stellar mergers (per halo) as a function of redshift for COCO-COLD (left-hand panel) and COCO-WARM (right-hand panel). As in Fig. 1 , 
the solid/dashed lines indicate major/minor mergers, where ζ denotes the (dark matter) mass ratio. Here, we show different galaxy occupation fractions with 
coloured lines. The black lines with f gal = 1 are the same as in Fig. 1 . Models with a high mass threshold for galaxy formation (e.g. Model A) have a significantly 
reduced number of stellar mergers; this is particularly true for minor mergers. 

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). 
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atters less when there are very fe w lo w mass haloes around to begin
ith. 

.2 Centrals versus satellites 

ntil now, we have compared different galaxy models (and dark 
atter models) using central haloes at z = 0. We now consider

atellite systems in the same context. In Fig. 4 , we compare the
umulative number of stellar mergers (per halo) between central 
nd satellite systems in COCO-COLD . The black lines are for the
entral haloes, which are equi v alent to the lines shown in the left-
and panel of Fig. 3 . The numbers of major and minor mergers for
odel B (right-hand panel) are very similar between centrals and 

atellites. Indeed, as the halo mass threshold for this model is fairly
ow ( M 

z= 0 
50 = 10 7 . 5 M �) the merger rates are very similar to the dark

atter merger rates shown in the middle panel of Fig. 1 . As mentioned
arlier, the satellites have lower numbers of mergers at low redshift,
ut slightly higher numbers at intermediate/high redshift because 
hey reach M peak ∼ 10 10 M � at earlier times. 

The difference in halo mass assembly between centrals and 
atellites has a much greater effect on the stellar mergers predicted
y Model A (left-hand panel of Fig. 4 ). Here, the mass threshold
or galaxy formation is fairly high ( M 

z= 0 
50 = 10 9 . 3 M �) and has a

ignificant influence on the number of major and minor mergers 
hat contribute stars (see previous subsection). At higher redshifts, 
he z = 0 satellites typically have higher halo mass relative to
he z = 0 central haloes, which gives them a higher probability
f accreting subhaloes that host galaxies. The larger number of 
ergers at higher redshift combined with the evolution of the galaxy

ccupation fraction, leads to a larger number of mergers that contain
tars. The total number for present-day satellites is increased by a
actor of 1.3(2) for major(minor) mergers relative to central haloes at
 = 0. 

These findings raise an important corollary. For some galaxy 
ormation models (e.g. Model A), central and satellite systems with 
imilar present-day stellar mass can have different accreted stellar 
ass properties (and hence stellar haloes). In contrast, the accreted 

tellar properties will be more similar for other models (e.g. Model
). Thus, potentially, comparing the relative stellar halo properties 
f satellite and central systems at z = 0 may give some insight into
he underlying galaxy formation model at low mass scales. This 
nference is considered further in the following subsection. 
MNRAS 511, 4044–4059 (2022) 

art/stab3524_f3.eps
art/stab3524_f4.eps


4050 A. J. Deason et al. 

M

Figure 5. The assembly of accreted stellar mass in 10 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 10 M � COCO haloes. The 16-50-84 percentiles for 100 × M 

Acc . 
Star /M 

Total 
Star are given in the top left corner. Middle panel: the (weighted) 

average progenitor stellar mass versus (weighted) average redshift for major ( ζ > 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 < ζ < 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. 
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.3 Accreted stellar mass 

e now incorporate the full galaxy models and apply both galaxy
ccupation probabilities and a SMHM relation. Here, as well as
aving a galaxy occupation probability, the dark matter haloes are
ssigned a stellar mass according to the SMHM relation. Note that as
e include scatter in the SMHM relations, we use 1000 Monte Carlo
NRAS 511, 4044–4059 (2022) 

a

rials to compute the stellar mass associated with dark matter mergers
assuming the scatter in stellar mass at fixed halo mass is normally
istributed in log-space). In Fig. 5 , we consider the assembly of
ccreted stellar mass in these (central) dwarf-mass (10 10 M �) haloes,
here different galaxy models are shown in each row. Results for
oth COCO-COLD (greyscale, gold contours) and COCO-WARM (blue)
re shown. 
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1 Initial conditions are generated using the ICICLE python package (Drakos, 
Taylor & Benson 2017 ). 
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The left-hand panels of Fig. 5 show the total accreted stellar mass
elative to the stellar mass of the central galaxy (at z = 0). This is
omputed using the SMHM relations (Models 1 and 2) to calculate 
tellar masses for each halo, and f gal (Models A and B) gives the
robability of a subhalo hosting a galaxy: M 

Acc . 
Star = 

∑ 

i f gal , i M Star, i ,
here f gal,i and M Star,i are the occupation probabilities and stellar 
asses for each destroyed subhalo. The total accreted stellar mass 

an vary significantly, owing both to the galaxy formation models 
nd the intrinsic halo-to-halo scatter. Ho we ver, it is worth noting
hat the models with high mass threshold for galaxy formation are 
ess likely to have a discernible stellar halo: for example, in COCO-
OLD ≈15–30 per cent of the haloes have accreted stellar mass
 

Acc . 
Star /M 

Total 
Star � 0 . 1 per cent in the high mass threshold models. In

omparison, only � 5 per cent of the haloes have such small accreted
tellar masses in the low mass threshold models. In addition, models 
ith a shallower SMHM slope tend to have larger accreted stellar
asses (by a factor of ∼6). Thus, these simple empirical models 

redict that the contribution of accreted stars to dwarf galaxy haloes 
i.e. their stellar haloes) is strongly dependent on the galaxy formation 
odel. Indeed, even the mere detection of a stellar halo surrounding
 dwarf galaxy can likely tell us something about galaxy formation 
t low mass scales. The total amount of accreted stellar mass is also
ependent on the dark matter model; there is typically less accreted 
tellar material (by a factor of ∼2) in COCO-WARM relative to COCO-
OLD . 
The middle and right-hand panels of Fig. 5 show the typical 

rogenitor stellar mass v ersus av erage redshift for major (middle), 
nd minor (right) dark matter mergers. Here, we show the weighted 
verage values for each halo, where the ‘weight’ is given by 
 gal , e.g. 〈 x 〉 = 

∑ 

i x i f gal,i / 
∑ 

f gal,i . The models with high halo mass
hreshold for galaxy formation (Models A1 and A2), typically have 
 low number ( 〈 N 〉 ≤ 1) of relatively massive accretion events
log 10 〈 M star / M �〉 ∼ 5 −6) at low/intermediate redshift ( z ∼ 0 −4).
he models with low mass threshold tend to have more ( 〈 N 〉 ∼
) low mass mergers (log 10 〈 M star / M �〉 ∼ 3 −5) at higher redshifts
 z ∼ 3 −6). In addition, the typical progenitor stellar masses, and
ence the o v erall accreted stellar mass, are higher for models with
hallower SMHM slopes (Models A1, B1). This e x ercise shows that
he typical contributors to the accreted components of dwarf galaxies 
an vary considerably between different galaxy models. In particular, 
he galaxy occupation model has a big influence, as this essentially 
ictates whether or not minor (stellar) mergers can occur at the 
warf mass scales. This is an important point, as the phase-space 
istribution of accreted stars can vary substantially between major 
nd minor mergers. We explore this more thoroughly in the following 
ection. 

As mentioned earlier, COCO-COLD and COCO-WARM give very 
imilar predictions for galaxy models with a high threshold for galaxy 
ormation (Models A1 and A2). Here, the haloes that host galaxies are 
ypically abo v e the mass-scale at which we see differences between
he two dark matter models. Ho we ver, for galaxy models with a low
hreshold for galaxy formation (Models B1 and B2) we see important 
ifferences between COCO-COLD and COCO-WARM . The number of 
ajor and minor mergers are reduced by factors of 2 and 3 in COCO-
ARM , respectively. In addition, the mergers in COCO-WARM typically 
ccur at lower redshift than COCO-COLD . This is likely because the
ormation times of low mass haloes in COCO-WARM are delayed 
elative to COCO-COLD (see Bose et al. 2016 , fig. 4). 

In Fig. 5 , we compared the accreted stellar properties for different
alaxy formation and dark matter models for dwarf galaxies at z 
 0 that are centrals. We now consider how satellite systems at
 = 0, which have similar M peak values, compare. Here, we only
how COCO-COLD but the relative differences we find can also be
een in the COCO-WARM model. The greyscale and gold contours 
n Fig. 6 are for the central haloes (the same as in Fig. 5 ), and
he purple shades and contours are for the satellites. In general,
or each galaxy formation model, the total accreted stellar mass is
igher for the satellite systems. Ho we ver, this dif ference is especially
rominent for Models A1 and A2. Here, the fact that the satellites
ave higher halo mass at higher redshift enables more mergers to
ccur that include stars. The middle and right-hand panels show 

hat both minor and major mergers tend to happen at higher redshift
or the z = 0 satellites. Again, the differences are more subtle for

odels B1 and B2, because here most merger events are able to
ontribute accreted stars. Ho we ver, this bias in redshift enables more
ajor and minor mergers that contribute stars to occur in Models
1 and A2. The difference in minor mergers may be particularly

mportant. For central haloes at z = 0, the contribution of minor
ergers to the accreted stellar mass is fairly insignificant, and the

hance of finding cold features in the stellar halo of these dwarfs
eems unlikely. Ho we ver, the satellite systems are twice as likely
o experience minor mergers that create stellar streams. Importantly, 
he relati ve dif ference between the stellar haloes of centrals and
atellites may be an important discriminator between different galaxy 
ormation models. 

 D  WA R F – D  WA R F  M E R G E R S  

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

.1 Gadget simulations 

e use the publicly available GADGET-2 code to simulate collision- 
ess mergers between satellites and centrals. Here, we assume that 
he dark matter haloes have spherically symmetric Navarro–Frenk–

hite (NFW, Navarro, Frenk & White 1997 ) density distributions. 
hroughout, we adopt a halo concentration c 200 = r 200 / r s = 10,
hich is appropriate for (CDM) dwarf galaxies at low/intermediate 

edshift. We check that our results are not significantly changed if
e adopt different halo concentrations (i.e. similar qualitative results 

re seen for haloes with c 200 = 5 and 20). This is important because
he typical halo concentrations can change with redshift and varies 
etween WDM and CDM (e.g. Ludlow et al. 2016 ). Thus, to first
rder, our illustrative results are relevant for both the CDM and WDM
ases we consider in this work, but a more detailed analysis would
equire more realistic halo profiles. All haloes (satellites and centrals) 
re generated with N = 10 6 particles, and the initial conditions are
enerated 1 using an exponentially truncated NFW profile (Springel 
 White 1999 ), with decay parameter d = 10 r s (see e.g. Pe ̃ narrubia

t al. 2010 ). After initializing the particles in phase space, each halo
s run in isolation for T = 2 Gyr to enable it to dynamically relax
efore any merger events occur. 
MNRAS 511, 4044–4059 (2022) 
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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 . 
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We consider three different central halo masses, 2 M 200 =
0 10 , 10 9 . 5 , 10 9 M �, which roughly represent a present-day 10 10 M �
ass halo at z = 0, 2, and 4, respectively. We adopt force softenings

f ε = 50, 35, 25 pc for each central halo mass. Using the relation
erived in Ludlow, Schaye & Bower ( 2019 ), the convergence radius
s given by: r conv = 1 . 1 r 200 /N 

0 . 4 
200 , where N 200 gives the number

f particles within the virial radius, r 200 . Thus, in our simulation
uns, r conv ∼ 4 × ε. Given that we are mainly interested in the
uter regions of the dwarf galaxies, we find that our results are not
NRAS 511, 4044–4059 (2022) 

 Here, M 200 is the mass contained within the radius, r 200 , which encloses a 
ean density equal to 200 times the critical density of the universe. 

i  

i  

2  

o  
ignificantly affected by changes in the particle number and/or force
oftening. 

For each central, we simulate satellite mergers with 14 equally
paced log-mass ratios in the range, −1.3 < log 10 ζ < 0. Note that
his mass-ratio is the key dynamical quantity, which will shape where
he accreted material will end up (see below). The initial orbits of the
atellites are described by their energy and angular momentum. We
ssume that the orbital energy of the satellites at infall is equi v alent
o the energy of a circular orbit at the virial radius of the host halo,
.e. E inf = E circ ( r circ ), where r circ ≈ c 200 r s = r 200 . This assumption
s moti v ated by the work by Jiang et al. ( 2015 ) (also see Amorisco
017a ), who show that this relation is approximately true for satellite
rbits 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. 
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Figure 8. Examples of dw arf–dw arf 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. 
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omentum, we adopt a circularity, j = J / J circ ( E ) = 0.5, which is
pproximately the median value found in cosmological simulations 
e.g Benson 2005 ; Jiang et al. 2015 ). Note that we also consider other
alues of circularity ( j = 0.2 and 0.8) for comparison, and find that
ur results are not significantly changed. 
All simulations are run for T = 15 Gyr to ensure the mergers are

ompleted, and we analyse the outputs at the end of the simulation.
n the following subsection, we describe how we assign stars to these
ark matter mergers. 

.2 Dark matter tagging 

he setup we have described abo v e follows an N -body collision
etween two dark matter haloes. We now discuss how we assign
tars to these dark matter-only simulations. A common technique 
hat has been used in the literature is ‘dark matter tagging’, whereby
 certain fraction of the most bound dark matter particles are tagged
s stars (e.g. De Lucia & Helmi 2008 ; Cooper et al. 2010 ). It has
een shown that such dark matter tagging schemes result in roughly 
 xponential profiles, and giv e a reasonable approximation to the true
tellar density profiles of dwarf galaxies (e.g. Cooper et al. 2017 ; Le
ret et al. 2017 ). The advantage of this method is that the tagging

s performed after the simulations have run, so, in principle, the 
tellar component assigned to each halo can be changed ad hoc. 
his is particularly useful when considering SMHM relations with 
ignificant scatter. 

Our approach is to consider a particle tagging method that 
pproximately represents the true sizes of known dwarf galaxies. 
n the left-hand panel of Fig. 7, we show the relation between
alf-light radius and stellar mass for a compilation of local dwarf 
alaxies (McConnachie 2012 ). The dashed orange line shows a 
olynomial fit to the relation, and we use this to inform our particle
agging method. Essentially, for a given stellar mass, we tag the 
raction of most bound dark matter particles, f MB , that is able to
eproduce this size–mass relation. The right-hand panel of Fig. 7 
hows the resulting relation between f MB and stellar mass for a range
f halo masses. Note that we ensure that each stellar component is
epresented with at least 100 particles, which sets a lower limit of f MB 

 10 −4 (as our simulations are run with N = 10 6 particles). Thus, the
patial distributions of very low stellar mass dwarfs ( M star � 10 3 M �)
mbedded in massive haloes are only very approximate, as we cannot 
roperly resolve these systems. Ho we ver, we find that, while the inner
patial distributions of such cases are poorly resolved, this limitation 
oes not significantly affect our analysis of the outer halo properties. 
This tagging method has significant limitations, and the evolution 
f half-mass radius during/after merger events can be non-trivial. 
his is especially true as we do not take into account gas in our
imulations, which can have an important effect on the sizes of
warf galaxies, particularly for major mergers at early times (e.g. 
en ́ıtez-Llambay et al. 2016 ; Tarumi et al. 2021 ). Ho we ver, for our
urposes, we are mainly interested in the stellar distribution in the
ery outskirts of dwarf haloes, and we only use the half-light (or half-
ass) radius in our tagging approach. We consider the ‘stellar halo’

omponent as material beyond ≈0.1 r 200 , which is typically 5 −20 ×
urther out than the half-light radius. 

.3 Dwarf stellar haloes 

n Fig. 8 , we show some examples of the resulting stellar distribution
rom different dark matter mass merger ratios T = 15 Gyr after
nfall for 10 10 M � centrals. The left-hand panels show the projected
istribution in the x , y plane (red = central, black = satellite), and
he right-hand panel shows the surface density profile. The top panel
MNRAS 511, 4044–4059 (2022) 
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Figure 9. The (percentage) fraction of stellar material at large distances in 
the halo ( > 0.1 r 200 ) as a function of dark matter merger ratio (1/ ζ ). 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 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 
f gal = 1 in all these figures). Here, one can see that, regardless of the SMHM 

relation, minor mergers are largely inef fecti ve at bringing in stars, which 
limits the amount of stellar mass that can be found at large distances in the 
halo. 
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hows a major merger (1:2 in dark matter), the middle panel shows
n ‘intermediate’ merger (1:5 in dark matter), and the bottom panel
hows a minor merger (1:10 in dark matter). This figure highlights an
mportant difference between major and minor mergers. For major

ergers, the central galaxy can be ‘heated’ and the combination of the
entral and satellite stellar material forms an extended distribution.
o we ver, the fraction of stellar material beyond ∼0.1 r 200 (relative to

he total stellar mass) is fairly small (0.4 per cent in the example given
n the top panel). This is because the binding energy of the satellite
erger is relatively high. On the other hand, for minor mergers the

tellar component of the central is hardly affected, but, as the satellite
as a lower binding energy, stripped material from the satellite can
e splayed out to larger distances from the central galaxy. Thus,
he amount of stellar material at large distances in the halo is largely
etermined by two competing effects: (1) the amount of stars brought
n by the satellite galaxy, and (2) the binding energy of the infalling
atellite. In addition, dynamical friction plays a key role, as typically
ajor mergers decay and then get stripped, whereas minor mergers

et stripped before they can decay, and are thus more populous in
he halo outskirts. Note that these findings are not restricted to dwarf

ass-scales. In particular, the dynamical influence of major versus
inor mergers were discussed in detail in Amorisco ( 2017a ). Indeed,

t is the mass-ratio rather than the mass scale that drives the relative
ifferences between the two merger processes. 
The fraction of stellar material at large distances (relative to total

tellar mass) is explored more thoroughly in Fig. 9 . Here, we show
he stellar fraction at (projected) distances greater than 0.1 r 200 as
 function of dark matter mass ratio. Each column shows different
MHM models, and each row has a different mass central halo.
he scatter in the SMHM relation is included by running N = 5000
onte Carlo trials. Models with a relati vely shallo w SMHM slope at

ow mass scales have larger stellar halo fractions, this is because they
ypically assign larger stellar masses for a given halo mass. Ho we ver,
hen there is significant scatter in the SMHM relation, even models
ith a fairly steep SMHM slope can sometimes lead to cases with
ery high stellar fractions. This can be seen in the right-hand panels
f Fig. 9 ; here, the median values are fairly low, but the large scatter
n the model allows for very high fractions within the 95 per cent
onfidence re gions. Moreo v er, the scatter increases for lower halo
asses because the SMHM relation for this model (Model 2) has a

rowing scatter with decreasing halo mass (see Fig. 2 ). 
For both SMHM models, the stellar halo fraction is maximised

hen 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
hat material is confined to the inner regions (cf. major mergers), but
hey can still have have enough stellar mass to make a significant
ontribution (cf. minor mergers). We also show in Fig. 9 the galaxy
ccupation fraction with the red dotted line. Note this is not shown
or Models B1 and B2 because here f gal ≈ 1 in all cases. The inclusion
f the galaxy occupation models highlights another important point:
or models with a high halo mass threshold for galaxy formation, it
s typically only major mergers that can contribute accreted stars. 

We have found that, owing to the high binding energy, major
ergers do not contribute many stars to the outer halo ( � 0.1 r 200 ).
o we v er, we are ne glecting an important effect – gas-rich mergers.
revious work has shown that mergers involving gas-rich dwarfs
an have a considerable affect on the star formation and stellar
istribution of the merger remnant. F or e xample, Ben ́ıtez-Llambay
t al. ( 2016 ) (see also Genina et al. 2019 ) sho w ho w major (wet) dwarf
ergers can form the ‘two-halo’ populations seen in classical dwarf

alaxies: i.e. a centrally concentrated young component and a more
xtended older component. This extended old component is akin to
NRAS 511, 4044–4059 (2022) 
he radially extended populations we have seen from the dry mergers
n this work. In addition, Tarumi et al. ( 2021 ) showed that the amount
f stellar material dispersed to large radii after a major merger can
e enhanced when the merger is wet. These findings suggest that
e are likely underestimating the impact of major mergers on the

distant) stellar halo. Ho we ver, it is worth emphasizing that all of
he galaxy models we are considering predict some major mergers,
lbeit there is a difference in number by a factor of 2–3 between
ifferent models. On the other hand, the difference in the number of
inor mergers is much more impactful: here, the numbers can differ

y a factor of 20. Thus, searching for signatures of minor mergers
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Figure 10. Example surface brightness profiles of 10 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 0.1 r 200 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. 
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e.g. tidal features, cold stellar streams, very low metallicity stars) 
t dwarf mass scales will likely provide the biggest discriminator 
etween different galaxy formation models. 

 OBSERV ING  DWA R F  STELLAR  H A L O E S  

e now discuss the observability of the predicted dwarf galaxy stellar 
aloes based on our N body simulations and empirical galaxy models. 
irst, we consider the surface brightness levels of the dwarf stellar
aloes. To do this, we adopt typical merger event characteristics 
rom COCO-COLD for each empirical galaxy model (see Section 3), 
nd apply this to our isolated GADGET simulations. For Models A1 
nd A2, a 10 10 M � field dwarf today has typically experienced N

1 major mergers, and no, or very few, minor mergers. For these
ases, we assume 1 major merger with mass-ratio 1:2, and adopt 
he progenitor masses of M star = 10 5 . 5 M � and M star = 10 5 . 0 M �,
espectively (see Fig. 5 ). In Models B1 and B2, there is typically
 ∼ 1 major merger, and N ∼ 6 minor mergers. For these, we also
ssume 1 major merger with dark matter mass-ratio 1:2, and adopt 
he progenitor masses of M star = 10 5 . 0 and 10 5 . 5 M �, respectively.
o we ver, we also include the 6 minor mergers; assuming 1:8 dark
atter ratios and progenitor masses of 10 3 . 4 M � and 10 4 . 5 M �,
espectively. 

The resulting surface brightness profiles are shown in Fig. 10 .
ere, we have assumed a mass-to-light ratio of 1 in order to convert

urface mass density to surface brightness. As well as a typical
ndividual halo profile, we have also indicated stacked profiles with 
he different line styles. It is clear that for any of the models the
tellar halo of an individual dwarf galaxy will be extremely difficult,
f not impossible, to detect. Ho we ver, there is some hope if several
warf galaxies can be stacked together. Importantly, the only model 
hat w ould lik ely produce stellar haloes detectable by the Vera Rubin
bservatory Le gac y Surv e y of Space and Time (LSST Brough et al.
020 ) is Model B1. This model has a fairly shallow faint end slope to
he SMHM and a low mass threshold for galaxy formation. Ho we ver,
t is worth noting that cold tidal features, such as streams and shells,
ill have larger surface brightness than the spherically averaged 
rofiles. Nonetheless, these features will only be seen at large 
rojected distances when the dwarfs experience minor/intermediate 
ergers (i.e, for low mass threshold galaxy occupation models). 
Note, here we only consider the CDM predictions, but there are

lso differences with the WDM models. The number of mergers 
MNRAS 511, 4044–4059 (2022) 
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M

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 12 M �) halo. The grey and orange dashed lines indicates the r 200 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 o v erlapping in phase space with a 
known dwarf satellite galaxy could indicate that it was once a dwarf stellar halo. 
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re reduced in COCO-WARM , so, as for COCO-COLD , in most cases
he dwarf stellar haloes are likely undetectable. Ho we ver, while the
ignal will be reduced for Model B1 (typically 2 minor mergers
n COCO-WARM relative to 6 in COCO-COLD ), there is still a chance
f detection when several dwarfs are stacked together. Note that
lso differences in halo concentration between WDM and CDM
we only consider c 200 = 10 here) could also lead to discernible
ifferences in the observed profiles. It is worth noting that there
s an inevitable de generac y between the dark matter particle and
alaxy formation model: both WDM and a high mass threshold
or galaxy formation can reduce minor mergers. Ho we ver, there are
till important differences between these scenarios, such as when
nd how many merger events occur, which will produce different
bservational signatures. Of course, tangential lines of evidence,
rom, for example, properties of surviving dwarf galaxies will also
elp provide more quantitative assessments of any models. 
It is important to stress that there are several limitations to this

 x ercise. First, we are only considering illustrative examples for each
odel, and there can be significant halo-to-halo variation. Second,

ur GADGET runs are isolated and do not allow for smooth dark
atter 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

orward is to employ a tagging scheme directly on to a cosmological
ark matter simulation suite. This is beyond the scope of the current
aper, but is something we aim to pursue in future work. Finally, we
re also ignoring wet mergers, and the many effects this may have
n the central galaxy, and, potentially, the stellar halo. Indeed, our
ark matter tagging scheme may be missing important mechanisms
hat could ‘kick out’ stars to the outer halo, from e.g. wet major

ergers and/or feedback fluctuations. These can be explored in
he future with hydrodynamical simulations (see e.g. Tarumi et al. 
021 ). 

.1 Streams associated with Milky Way dwarf satellites? 

ntil now, we have considered dwarf merger events occurring in
solation. Ho we ver, the most well-studied dwarf galaxies in our local
NRAS 511, 4044–4059 (2022) 
icinity are the satellites of the Milky Way. Indeed, there are several
lassical dwarfs that coincide with the halo mass scale that we have
een studying (10 10 M �). Moreo v er, as we showed in Section 3, there
an be important differences between the accreted stellar material of
entral and satellite dwarf galaxies with the same peak halo mass.
his warrants the question: what happens to the stellar haloes of
warf galaxies after falling into a MW mass halo? To address this
uestion, we use two example mergers from our GADGET runs, and
llow them to evolve inside a MW-mass potential. Thus, the initial
onditions are determined by the (final) output of the dw arf–dw arf
erger, and a 1 × 10 12 M � NFW halo (with c 200 = 10). As before,

he initial orbital energy and angular momentum of the dwarf satellite
ystem are chosen from the typical orbits in cosmological simulations
Jiang et al. 2015 ). For illustration, we show two examples, a 1:5
dw arf–dw arf) dark matter merger, and a 1:10 (dw arf–dw arf) dark
atter merger, which are shown in the bottom two panels of Fig. 8 .

n both cases, the central dwarf galaxy has a 10 10 M � halo, and the
ilky Way host has a 10 12 M � halo. 
Figs 11 and 12 show how these systems evolv e o v er time, both

patially and in velocity space. The red points are the (original)
entral dwarf galaxy, and the black points are the accreted dwarf
tellar halo (no MW particles are shown). Approximately, 3 −4 Gyr
fter infall the dwarf stellar halo begins to be tidally stripped. This is
ecause this material is less bound than the central stellar component
f the dwarf. After 10 Gyr, a significant fraction of the dwarf
tellar halo is stripped but the central dwarf galaxy remains in tact.
nterestingly, the stripped dwarf stellar halo forms a stellar stream
hat intersects the central dwarf galaxy, both spatially and in velocity
pace. This sug g ests that the existence of a stellar stream overlapping
n phase space with a known (surviving) dwarf satellite galaxy could
ndicate that it was once a dwarf stellar halo. These streams also
ppear more structured in phase space than the streams that are
sually formed from the bulk of the satellite itself, likely because
hey are formed of material that was not entirely phase-mixed to
egin with. Importantly, this long-lived association is contrary to
hat would happen to ‘satellites of satellites’. Here, the satellites of

atellites very quickly (after a few Gyr) lose phase-space coherence
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Figure 12. As Fig. 11 but in velocity space. 
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ith 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
tellar streams, even after several Gyr. 

For comparison, we also perform the same e x ercise for a 1:2
dw arf–dw arf) dark matter merger (shown in the top panel of Fig. 8 ).
ere, the majority of the accreted dwarf stellar halo remains bound 

o the satellite, even ∼10 Gyr after infall into the MW potential.
he difference here is that the accreted material is more tightly 
ound to the dwarf, as it originates from a major merger. Thus, any
xtended stellar streams associated with kno wn (survi ving) dwarf 
atellites will likely be related to minor, rather than major, dwarf–
warf mergers. And, as we have seen previously, the mere existence 
f (minor) dw arf–dw arf mergers significantly depends on the galaxy 
ccupation model. 
The potential existence of satellite stellar haloes in the MW halo 

s an exciting prospect, and in the current and upcoming era of Gaia
nd wide-field spectroscopic surv e ys, such as DESI, WEAVE, and 
MOST, this is a testable prediction. Indeed, the stellar halo of the
disrupting) Sagittarius has potentially already been unco v ered by the 
3 surv e y (Johnson et al. 2020 , but also see Pe ̃ narrubia & Petersen
021 ). Interestingly, Johnson et al. ( 2020 ) identify the diffuse halo
omponent by selecting Sagittarius stars in angular momentum 

pace, in excellent agreement with the outputs of our toy models. It is
orth bearing in mind that there is a significant amount of parameter

pace to explore in our models (we only discuss a few examples here). 
s mentioned abo v e, a fully-consistent tagging method applied to 

osmological simulations will provide more quantitative predictions. 
one the less, our current exploration suggests that the detection of

hese stripped satellite stellar haloes would strongly fa v our models 
ith a low halo mass threshold for galaxy formation. 

 C O N C L U S I O N S  

n this work, we use a combination of cosmological N- body 
imulations and empirical galaxy models to investigate the accreted 
tellar mass of dwarf-mass haloes ( M halo ∼ 10 10 M �). We also use
imulations of isolated dw arf–dw arf mergers to infer how different 
ypes of (stellar) merger events build up dwarf galaxy stellar haloes. 
ur main conclusions are summarized as follows: 
m  
(i) Dwarf-mass haloes ( M halo ∼ 10 10 M � at z = 0) in cold (warm)
ark matter simulations typically experience N = 1.6(0.6) major 
ergers, and N = 7(2) minor mergers o v er their lifetime. Using

mpirical galaxy models we investigate how many of these mergers 
ring accreted stars into the halo. For models with high halo mass
hreshold for galaxy formation ( ∼10 9 . 3 M � at z = 0), minor mergers
re largely suppressed, and the number of (stellar) merger events is
educed by a factor of ∼7 −16 relative to models with low halo mass
hreshold for galaxy formation ( ∼10 7 . 5 M � at z = 0). 

(ii) The galaxy models we consider predict drastically different 
tellar halo progenitors. Models with high halo mass threshold for 
alaxy formation, typically have a low number ( N ≤ 1) of major
ergers at low/intermediate redshift ( z ∼ 0 −4), while models with

ow mass threshold tend to have more minor mergers at relatively
igher redshift ( z ∼ 3 −6). In addition, models with a shallow
MHM slope typically have higher progenitor stellar masses than 
odels with a steeper slope. Taken together, our results show that

he contribution of accreted stars is strongly dependent on the galaxy
odel. The balance between minor and major mergers is particularly 

mportant as the distribution of accreted stars is largely determined 
y the satellite-central mass ratio. 
(iii) At dwarf mass scales, WDM models have a lower frequency 

f both major and minor mergers. Ho we ver, dif ferences between
DM and CDM are only seen in galaxy models with low halo
ass thresholds for galaxy formation. If galaxies cannot occupy 

ow mass haloes ( � 10 9 M �) then there is little difference between
he WDM and CDM predictions. Disentangling the affect of the 
ark matter particle and galaxy formation physics will likely require 
everal lines of evidence. Our work shows that dwarf stellar haloes
re an important, but relatively unexplored, probe. 

(iv) Satellite dwarfs at z = 0 with the same peak halo mass
 ∼10 10 M �) have a different mass assembly history to centrals.
he y e xperience a similar number of total (major and minor)
ergers, but these typically occur at higher redshift, and the satellite

warfs commonly reach their peak mass earlier than centrals. As a
onsequence, satellites are able to undergo more stellar mergers at 
igh redshift and tend to have richer stellar haloes than their central
ounterparts. Ho we ver, these dif ferences are modest for galaxy
ormation models with a low halo mass threshold, but are much
ore significant for models with a high halo mass threshold. Hence,
MNRAS 511, 4044–4059 (2022) 
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he relative differences between the accreted stellar populations of
entral and satellite dwarf systems could be a key discriminator of
alaxy formation models. 

(v) Using isolated models of dw arf-dw arf mergers we show that
he fraction of accreted stars at large distances in the halo ( > 0.1 r 200 )
s dependent on the binding energy of the infalling satellite, and the
mount of stellar material it contains. For example, major mergers
an deposit a lot of stars, but owing to their high binding energy do not
isperse many stars to very large distances in the halo. Conversely,
inor mergers have much lower binding energy, and thus can deposit
aterial at large distances, but they, by definition, bring in far fewer

tars. In fact, ‘intermediate’ mass mergers (with dark matter ratio
1:5) maximise the amount of stellar material deposited in the

warfs’ stellar halo, owing to this fine balance between binding
nergy and quantity of stars. 

(vi) In the galaxy models we consider, major mergers are not
ncommon ( N ∼ 0.4 −1.5 per halo). This is in agreement with
bservations, as there are several lines of evidence suggesting major
ergers have occurred in some known dwarf galaxies (e.g. Amorisco
 Evans 2012 ; Amorisco, Evans & van de Ven 2014 ). While our

solated simulations suggest that these major mergers deposit little
aterial in the stellar halo (or at least beyond 0.1 r 200 ), we are

ot taking into account gas-rich mergers, which could enhance the
mount of material at large distances. Nonetheless, we conclude
hat it is minor mergers which likely hold the strongest clues for
warf galaxy models. Indeed, the v ery e xistence of minor merger
eatures could rule out galaxy formation models with a high halo
ass threshold. 
(vii) We consider the observability of dwarf galaxy stellar haloes,

nd find that the surface brightness levels are likely well below
easible detection limits. Ho we ver, there is some hope if several dwarf
alaxies can be stacked together. Nonetheless, only models with a low
alo mass threshold for galaxy formation, and a relatively shallow
MHM relation will likely produce observable surface brightness
eatures. The absence of such features may rule these models out. 

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

aloes. 

We have found that the properties of dwarf galaxy stellar haloes
re v ery sensitiv e to low-mass galaxy formation models and the type
f dark matter particle. Indeed, the mere existence of these features
ill likely rule out a significant amount of model parameter space.
bservational probes are challenging because of the incredibly low

urface brightness of these dif fuse haloes. Ho we ver, there is hope that
ith stacking and/or detection of cold features these stellar haloes

an be rev ealed. Moreo v er, resolv ed stellar populations, such as in
ur Local Group, hold a lot of promise. For example, the stellar
treams of ripped apart dwarf stellar haloes can remain coherent in
hase space with the central galaxy for sometime; thus known Milky
ay satellites may be the best testing ground. Of course, we also

ave more work to do on the theoretical side, as we have taken a
elatively simple approach in this work. None the less, the search for
warf stellar haloes is on, and they may hold the strongest clues yet
s to the nature of galaxy formation and dark matter on the lowest
ass scales. 
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