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A B S T R A C T 

The stellar halo of the Milky Way records the history of its interactions with dwarf galaxies, whose subsequent destruction 

results in the formation of an extended stellar component. Recent works have suggested that galaxies with masses comparable 
to the Large Magellanic Cloud (LMC, M � ∼ 10 

9 M �) may be the primary building blocks of the stellar halo of our Galaxy. 
We use cosmological simulations of the Lambda cold dark matter model to investigate LMC-mass galaxies at z = 1–2 using 

a semi-analytical model of galaxy formation. We find that LMC analogues at z = 2 evolve until the present day along three 
distinct pathways: (i) those that are destroyed in Milky Way-mass hosts; (ii) those that are themselves the main progenitors of 
Milky Way-mass galaxies; and (iii) those that survive until z = 0, with stellar mass ∼1.0 dex lower than typical Milky W ays. W e 
predict that the properties of these galaxies at z = 2 (stellar metallicities, sizes, gas content, etc.) are largely indistinguishable, 
irrespective of which of these pathways is eventually taken; a survey targeting such galaxies in this redshift range would struggle 
to tell apart a ‘destroyed’ stellar halo progenitor from a ‘surviving’ LMC analogue. The only factor that determines the eventual 
fate of these galaxies is their proximity to a neighbouring Milky Way main progenitor at z = 2: while the mean separation to 

a ‘surviving’ galaxy is around 7 Mpc, it is only 670 kpc to a ‘destroyed’ galaxy. This suggests that old stellar populations in 

the Milky Way may share intrinsic (i.e. non-dynamical) properties that are essentially indistinguishable from progenitors of its 
stellar halo. 

Key words: methods: numerical – Galaxy: formation – galaxies: dwarf – Local Group. 
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 I N T RO D U C T I O N  

he history of the Milky Way’s formation is a tumultuous one: it is
unctuated by the merger and accretion of smaller, dwarf galaxies, 
ach merger changing the mass, kinematics, and composition of our 
alaxy. Perhaps the most important record keeper of these events is

he so-called stellar halo, extending out to hundreds of kiloparsecs 
rom the Galactic Centre (Deason et al. 2020 ). While only a small
raction ( � 1 per cent) of the total stellar mass is contained within the
tellar halo (Carney, Latham & Laird 1989 ; Helmi 2008 ; Deason,
elokurov & Sanders 2019 ; Mackereth & Bovy 2020 ), the stellar
opulations comprising it are the remnants of ancient dwarf galaxies 
hat were accreted into the gravitational potential of the Milky Way’s 
ark matter halo. A stellar halo therefore acts as a fossil record for the
emographics and the properties of dwarf galaxies at high redshift 
see e.g. Naidu et al. 2020 , for a characterization of some of the
ubstructures building the stellar halo of the Milky Way). The very 
xistence of stellar haloes is a fundamental prediction of hierarchical 
heories of structure formation (e.g. Helmi & White 1999 ; Bullock &
ohnston 2005 ; Cooper et al. 2010 ), and their presence (or not)
n galaxies across a wide mass range may reveal important clues 
egarding structure formation on small scales, such as the merger 
istory and modes of feedback in dwarf galaxies (Fitts et al. 2018 ;
artin et al. 2021 ; Tarumi, Yoshida & Frebel 2021 ; Kado-Fong et al.
 E-mail: sownak.bose@durham.ac.uk 

i
 

c  

2023 The Author(s). 
ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whic
rovided the original work is properly cited. 
022 ), and perhaps even the nature of the dark matter (Deason et al.
022 ). 
The synthesis of high-precision observations of our own Galaxy 

nabled by surv e ys like Gaia , Apache Point Observatory Galactic
volution Experiment (APOGEE), and Sloan Digital Sky Survey 

SDSS), combined with modern generations of cosmological simu- 
ations, has helped develop an increasingly consistent picture of the 
ssembly history of the Milky Way. Among these events, perhaps 
he most readily observ ed e xamples are those of the Small and Large

agellanic Clouds (SMC and LMC), which are thought to have 
een accreted into the potential of the Milky Way’s halo 2–3 Gyr ago
nd which are now on their first orbit in the Galactic potential (e.g.
alli v ayalil, v an der Marel & Alcock 2006 ; Besla et al. 2007 ; Boylan-
olchin, Besla & Hernquist 2011 ; Sales et al. 2011 ; Besla 2015 ; Shao
t al. 2018 ). The archaeology of metal-rich halo stars identified in
aia data has provided evidence of yet another tantalizing event 

n the past history of our Galaxy: an ancient dwarf galaxy merger,
imilar in mass to the LMC, between 8 and 11 Gyr ago, roughly
round the time of the formation of the Galactic disc (Belokurov
t al. 2018 ; Helmi et al. 2018 ; Myeong et al. 2018 ; Gallart et al.
019 ). This merger e vent, kno wn as the Gaia -Enceladus-Sausage,
ot only provides a pointer to the early accretion history of the
alactic halo that shaped the subsequent growth of the Milky Way,
 ut may ha ve also altered the census of satellite galaxies that orbit
ts potential at present day (e.g. Bose et al. 2020 ). 

While we expect there to be several merger events that have
ontributed to the o v erall structure of the stellar halo as we observe it
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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oday (e.g. Forbes 2020 ; Kruijssen et al. 2020 ), it has been suggested
hat the properties of the Milky Way’s stellar halo are, to first order,
et largely by the properties of the most massive ancient dwarf
alaxy merger it experiences in its lifetime (see e.g. Deason, Mao &
echsler 2016 ; D’Souza & Bell 2018 ). There is also evidence from

he age–metallicity distribution of globular clusters in the Milky
ay (Kruijssen et al. 2019 ), as well as from metal-poor stars near

he Galactic Centre (Horta et al. 2021 ), that the most massive ancient
erger was with a galaxy in the mass range 5 × 10 8 to 2 × 10 9 M �,

ometimes dubbed the ‘Kraken’. While evidence for such an event is
nder debate (e.g. Belokurov & Kravtsov 2022 ; Orkney et al. 2022 ),
t is not too much of a stretch to state that the most significant dwarf
alaxy merger in the Milky Way corresponds to the accretion of a
alaxy with mass comparable to that of the LMC. It is interesting
herefore to consider the properties of these progenitors of the stellar
alo at high redshift – during an epoch in which they were isolated
alaxies in their own right, long before being destroyed within the
alactic halo. Are there any identifiable physical properties that set

hese galaxies apart from the remainder of the population at high
edshift? If so, could they be distinguished using multiwavelength
bservations at these redshifts in a way that allows us to separate
 galaxy that is about to be ‘destroyed’ (i.e. become a stellar halo
rogenitor) from one that ‘survives’? These questions are particularly
ertinent in the era of the JWST , which, with its NIRCam instrument,
ay be capable of identifying these progenitor galaxies at z � 1

Evans et al. 2022 ). 
The questions abo v e moti v ate our present work. In order to

enerate a statistically complete census of Milky Way- and LMC-
ass objects in a cosmological context, we make use of a ( 100 Mpc ) 3 

eriodic dark matter-only simulation. We then augment this volume
ith a physically moti v ated model of galaxy formation, generating
 realistic population of galaxies (as predicted by the Lambda cold
ark matter model) across cosmic time. Finally, we construct galaxy
erger trees (built on the merger trees of the haloes and subhaloes) in

rder to track the time evolution and eventual fate of the LMC-mass
alaxies of interest. 

This paper is organized as follows. In Section 2 , we describe the
imulations and the semi-analytical model of galaxy formation used
n this work, as well as lay out the criteria we use to identify the
otential progenitors of stellar haloes in our galaxy catalogues. Our
ain results are presented in Section 3 , in which we contrast the

roperties of these galaxies with analogues at the same mass that
re not destroyed, but rather survive until the present day . Finally ,
ection 4 provides a summary. 

 N U M E R I C S  

n this section, we describe the set of numerical simulations used
n this work (Section 2.1 ) as well as the semi-analytical model of
alaxy formation, GALFORM , that is used to populate dark matter
aloes identified in our simulation with a realistic galaxy population
Section 2.2 ). 

.1 Cosmological simulations 

e make use of the Copernicus complexio Low Resolution ( COLOR )
imulation, a cosmological N -body simulation presented in Hellwing
t al. ( 2016 ) and Bose et al. ( 2016 ). This is a dark matter-only
imulation performed in a periodic box of side length 100 Mpc
sing 1620 3 dark matter particles, corresponding to a mass resolution
f m p = 8 . 8 × 10 6 M � per particle. The initial conditions for this
un were set after assuming cosmological parameters derived from
NRAS 522, 5013–5021 (2023) 
MAP-7 data (Komatsu et al. 2011 ), with �m 

= 0.272, �� 

=
 . 728, and h = 0.704, where h is related to the present-day Hubble
onstant, H 0 , by h = H 0 /100 km s −1 Mpc −1 . The spectral index of
he primordial power spectrum is n s = 0.967, and the linear power
pectrum is normalized at z = 0 taking σ 8 = 0.81. We evolve the
imulation from z = 127 until the present day using the P-GADGET-3
ode (Springel, Yoshida & White 2001a ; Springel 2005 ). 

At each snapshot output during the course of the simulation, we
rst identify candidate dark matter haloes using a friends-of-friends
lgorithm (Davis et al. 1985 ), which connects dark matter particles
eparated by at most 20 per cent of the mean interparticle separation,
nd subsequently identify bound structures within these groups using
he SUBFIND algorithm (Springel et al. 2001b ). SUBFIND identifies
ubsets of the particle distribution that are bound gravitationally, and
ay therefore be plausible sites for galaxies to form. We retain only

UBFIND structures containing at least 20 bound particles, thereby
ielding a minimum ‘resolved’ halo mass of 1 . 8 × 10 8 M � in COLOR .
hroughout this paper, we define the physical extent of a dark matter
alo by the radius r 200 , which is the radius within which the mean
ensity of the halo is 200 times the critical density of the Universe.
nless specified otherwise, the mass of haloes is quoted in terms of
 200 , the total mass in dark matter particles enclosed within r 200 . 
Augmenting a population of dark matter haloes with semi-

nalytical galaxies requires knowledge of their growth histories, and
 census of important merger events that shape these histories. To this
nd, we use the substructures identified by SUBFIND to serve as the
oots for building merger trees. Associations between (sub)haloes
n subsequent output times are established by identifying pairs of
bjects that share some fraction of their most-bound particles from
ne output time to the next. The method is described in detail in Jiang
t al. ( 2014 ). The (sub)halo merger trees are then traversed to generate
alaxy populations using the GALFORM semi-analytical model of
alaxy formation, which we describe in the following section. 

.2 Semi-analytical galaxy formation 

e use the GALFORM semi-analytical model of galaxy formation to
dd galaxies to the dark matter (sub)haloes identified in the COLOR

imulation. A semi-analytical model provides a computationally
heap (relative to hydrodynamical simulations) and methodologi-
ally flexible way to generate a synthetic galaxy population to a dark
atter-only simulation in post-processing (e.g. Kauffmann, White &
uiderdoni 1993 ; Cole et al. 1994 , 2000 ; Somerville & Primack
999 ; Croton et al. 2006 ; Benson 2012 ; Henriques et al. 2015 ; Lagos
t al. 2018 ). 

GALFORM , first presented in Cole et al. ( 1994 , 2000 ), follows the
roperties of subhalo merger trees and populates them with galaxies
y solving coupled differential equations that encapsulate the physics
f gas cooling in haloes, star formation, feedback from stars and black
oles, the evolution of stellar populations, and chemical enrichment
nd recycling. In this paper, we make use of the version of GALFORM

escribed in Lacey et al. ( 2016 ), which combines several features
rom previous versions of the model, such as the inclusion of a
op-heavy initial mass function in starbursts, which is required to
eproduce the abundance of star-forming submillimetre galaxies
Baugh et al. 2005 ); the model of feedback from active galactic
uclei introduced by Bower et al. ( 2006 ), which regulates the growth
f massive galaxies; and a star formation law that depends on the
olecular gas abundance within the interstellar medium (Lagos

t al. 2011 ). GALFORM also makes predictions for the broad-band
uminosities of its synthetic galaxies using the stellar population
ynthesis model of Maraston ( 2005 ). 
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Table 1. Demographics of the galaxy populations of interest in this work as 
extracted from the COLOR simulation. For descriptions of how each galaxy set 
is defined, we refer the reader to the discussion in Section 2.3 . The number 
in bold corresponds to the population of ‘destroyed’ galaxies that we use 
as proxies for progenitors of the stellar haloes of Milky Way-mass galaxies. 
Note that condition in the fourth row (number of objects that are satellites by 
z = 1) searches for satellite galaxies across hosts of all masses, and not just 
Milky Way-like hosts (the number is 94 in the latter instance). 

Type Number 

Milky Way-mass analogues at z = 0 329 
whose main progenitors were LMC-mass analogues at z = 2 146 

LMC-mass analogues at z = 2 16 999 
which become satellites by z = 1 5082 
and are hosted by Milky Way-mass haloes 94 
and are destroyed by z = 0 91 

Figure 1. The fraction of Milky Way-mass hosts, f MW 

, that have accreted 
a certain number of LMC-mass galaxies, N mergers,LMC , since z = 2 that are 
ultimately destroyed by z = 0. Note that in this figure, we consider destroyed 
LMC-mass galaxies that have been accreted at any point in the past, i.e. they 
do not have to be identified as satellites at z = 1. Just over half the Milky 
Way-mass hosts contain one or more destroyed LMC-mass galaxies, while 
just under half either never accrete such an object or, if they do, that satellite 
survives until the present day. 
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The free parameters in the Lacey et al. ( 2016 ) model are calibrated
n order to reproduce existing constraints on the (present-day) optical 
nd near-infrared luminosity functions, the black hole–bulge mass 
elation, the H I mass function and the fraction of early- and late-
ype galaxies. The GALFORM model also includes prescriptions for 

odelling cosmic reionization and its effects on the star-forming 
apacity of galaxies; it also includes a methodology for tracking 
alaxies formed in subhaloes that are disrupted below the resolution 
imit of the simulation (so-called orphan galaxies). Ho we ver, the 

ass scales where these are rele v ant correspond to the regime of the
ltrafaints, which we do not consider in this work. For details about
ow these processes are modelled, we refer the reader to Bose et al.
 2020 ). 

In what follows, we will refer to a ‘central’ galaxy as a GALFORM

alaxy that has formed within the largest subhalo of a friends-
f-friends group. ‘Satellites’ of this central galaxy are defined as 
ALFORM galaxies that are located within a distance of r 200 from the
entral. 

.3 Selecting progenitors of the stellar halo 

ur primary goal in this work is to track the properties of galaxies
hat could feasibly act as progenitors of stellar haloes in Milky Way-

ass galaxies. To this end, we define a Milky Way-mass galaxy as
eing 

(i) a central galaxy at z = 0, with 
(ii) stellar mass in the range 10 ≤ log[ M � /M �] ≤ 10.7, and 
(iii) hosted in dark matter haloes in the mass range 11.8 ≤

og[ M 200 /M �] ≤ 12.3. 

Furthermore, we define a candidate stellar halo progenitor as being 

(i) a central galaxy at z = 2, with 
(ii) stellar mass in the range 7.9 ≤ log[ M � /M �] ≤ 9.3, which 
(iii) becomes a satellite (i.e. is accreted into the virial radius) of a

arger host galaxy between 1 ≤ z ≤ 2, and whose 
(iv) merger tree points to a Milky Way-mass galaxy (as defined 

bo v e) as its descendant galaxy at z = 0. 

These conditions guarantee that the sample of interest consists of 
bjects that have merged on to a central, Milky Way-mass galaxy 
y the present day (i.e. they are ‘destroyed’) but were LMC-mass
bjects at the time of their accretion 8–10 Gyr ago, i.e. such that they
ecame part of larger systems between 1 ≤ z ≤ 2. Note that GALFORM

oes not track a separate stellar halo component; the stellar mass of
n accreted satellite that is destroyed is just assigned to the stellar
ass of the central galaxy of the host halo. 
We summarize the total number of galaxies identified using these 

lassifications in Table 1 . We adopt a somewhat generous range 
or the stellar mass of the progenitor galaxy at z = 2 in order to
oost the statistics of our sample. While we identify nearly 17 000
alaxies at z = 2 in the stellar mass range appropriate to an LMC-
ike progenitor, only 91 ( ≈0 . 5 per cent ) galaxies fulfil the full set
f criteria that we use to determine a potential progenitor of a Milky
ay stellar halo. In what follows, we will refer to this smaller set

f galaxies as the subset of ‘destroyed’ galaxies; the remainder of
he set will be referred to as ‘surviving’ galaxies. Interestingly, of
he 5082 LMC-mass galaxies that are identified as satellites at z =
, only 94 of these are satellites of Milky Way-mass galaxies (or,
ore specifically, their progenitors at z = 1); the remainder end 

p as satellites of systems more massive than the mass range used
o identify Milky Ways. 91 out of those 94 satellites are destroyed
etween z = 1 and z = 0, showing that LMC-mass satellites that
re accreted relatively early on are not expected to survive until the
resent day. This is consistent with estimates of the infall redshift
f the LMC itself, which is estimated to have been accreted into the
alo of the Milky Way relatively recently (see e.g. Besla 2015 ; Shao
t al. 2018 ; Evans et al. 2020 ). Finally, we also note that 146 out of
29 Milky Way-mass analogues at z = 0 ( ≈44 per cent ) had main
rogenitors that were LMC-mass analogues at z = 2. 
The statistics listed in Table 1 make it clear that destroyed LMCs

based on the criteria we have set out earlier in the section) are
elatively infrequent. It is worth considering how often a Milky 

ay-mass host accretes (and subsequently destroys) an LMC-mass 
alaxy at all . In other words, we can remo v e condition (iii) in
he list of criteria defining a stellar halo progenitor and consider
MC-mass galaxies that become satellites at any point after z =
. Fig. 1 shows the fraction of Milky Way-mass hosts at z = 0,
 MW 

, that hav e e xperienced a certain number of LMC-mass mergers,
 mergers,LMC , since z = 2. We find that almost half the Milky Way

ample ( ∼46 per cent of 329 total hosts) hav e ne ver e xperienced
 merger of this kind (or, if it has, the satellite is not destroyed by
MNRAS 522, 5013–5021 (2023) 

art/stad1123_f1.eps
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M

Figure 2. The halo (black) and stellar (red) mass growth histories of the 
Milky Way-mass (darker shade) and LMC-mass analogues (lighter shade). 
The vertical green line shows the stellar mass range (at z = 2) that is used to 
select our candidate LMC-mass stellar halo progenitors. The shaded regions 
mark the 68 per cent scatter around the median (shown as the solid lines). 
The relatively wide mass bin we adopt results in some o v erlap with objects 
that are more consistent with being the main progenitor of a Milky Way-mass 
galaxy at z = 0. Any galaxy identified as such is remo v ed from our list 
of surviving/destroyed LMC-mass galaxies. Note that the lighter shade red 
curv es e xtend to z = 0 for just the surviving LMCs. 
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 = 0 1 ). Of the remainder that do experience such events, 38 per cent
ave accreted one satellite; 13 per cent have accreted two satellites;
.7 per cent have accreted three satellites; and 0.3 per cent (i.e. one
ilky Way) has accreted four such satellites since z = 2. 
Fig. 2 shows the redshift evolution of stellar (red) and halo (black)
asses for our sample of Milky Way-mass and ‘surviving’ progenitor

alaxies (darker and lighter shades, respectively). Since the two sets
f galaxies survive until the present day, both show sustained growth
n both stellar and halo masses with the rate of stellar mass growth
lo wing do wn from around z = 2. While the median halo mass at z =
 differs by 0.5 dex, the median stellar mass shows a larger disparity,
iffering by more than an order of magnitude. This difference in the
elati ve gro wth of the stellar and dark matter components of the two
opulations of objects is simply a reflection of the slope of the stellar-
o-halo mass relation in this regime. This is discussed in more detail
n Section 3.2 . The set of ‘destroyed’ galaxies tracks the evolution
f the ‘surviving’ set until these galaxies become satellites at z =
; thereafter, they no longer grow in stellar or halo mass. This will
e discussed in more detail in Section 3.2 . Note that a ‘surviving’
alaxy at z = 0 may be a central or a satellite, although centrals
 v erwhelmingly dominate the population. 
The comparison of the mass growth histories of the destroyed and

urviving galaxies suggests a divergence in the evolutionary path-
ays of these two categories. Both sets of galaxies are descendants
f progenitors of the same mass at high redshift (until z = 1); whereas
he survivors continue to grow in mass, the objects that are accreted
nto the dark matter haloes of Milky Way-mass galaxies halt further
tellar mass growth until their eventual disruption forming stellar
aloes. In this sense, the progenitors of the stellar halo of Milky
ay-mass galaxies may themselves be thought of as ‘failed’ Milky
ays – i.e. were they not accreted into a bigger galaxy, their eventual
NRAS 522, 5013–5021 (2023) 

 We find that 83 out of our 329 Milky Way-mass hosts ( ∼25 per cent ) contain 
n undestroyed satellite of this kind at z = 0. This corresponds to a total of 
6 satellite galaxies at the present day. 
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 ate w ould not be dissimilar to our own Galaxy. In f act, the main
rogenitors of ∼45 per cent of the Milky Way-mass galaxies at z =
 (146 out of 329, see Table 1 ) fall in the LMC analogue range at
 = 2. We examine this further in the following section, where we
nalyse the properties of the destroyed galaxies in more detail. 

 RESULTS  

aving outlined the criteria used to define candidate progenitors
f stellar haloes in Milky Way-mass galaxies, we now present our
ain results regarding their observable properties, and the evolution

f these properties from z = 2 until the present day. In particular,
e consider their evolution in the plane of colour–stellar mass and

he stellar-to-halo mass relation with respect to the o v erall galaxy
opulation. We also consider the differences in the properties, if any,
etween those galaxies that end up being ‘destroyed’ and those that
urvive and grow until z = 0. 

.1 The evolution of galaxy colours 

e begin by considering the distribution of galaxy colours for the
destroyed’ galaxy set (as defined in Section 2.3 ) compared to the
 v erall galaxy population. Fig. 3 shows the distribution of ( g − r )
olours as a function of stellar mass, M � , measured in the galaxy
atalogues at z = 2 (top left), z = 1 (top right), z = 0.5 (bottom left),
nd z = 0 (bottom right). The g − r colours at each redshift have been
onverted from the rest frame of the galaxy to the observer’s frame
nd have been corrected for extinction by dust using the methodology
escribed in Lacey et al. ( 2016 , section 3.9.2). Galaxies identified
s centrals are shown in blue, while those identified as satellites are
arked in red. 
The grey histogram in the background represents the population of

ll central galaxies identified at z = 2 that are identified in the mass
ange 7.9 ≤ log[ M � /M �] ≤ 9.3, while the circles correspond to the
ubset of these objects that are destroyed by z = 0; by definition, all of
hese galaxies are identified as centrals initially. The familiar bimodal
istribution of galaxy colours is immediately evident. It is interesting
o note that the set of galaxies that are ultimately destroyed (which,
e remind, are the ones considered to be potential progenitors of

he stellar haloes of Milky Way-mass hosts) spans the full range
f colours, albeit with them predominantly ( > 90 per cent ) being
ke wed to wards bluer colours. 

By z = 1 each of these galaxies have fallen into larger haloes
which themselves grow to the mass range corresponding to the

ilky Way at z = 0) and are therefore now labelled as satellites.
tar formation in these objects now largely shuts off resulting in the
ast majority of these galaxies now appearing red, although a small
ortion ( � 5 per cent) are still located among the bluer population.
ndeed, we find that the specific star formation rate of these galaxies
og[sSFR/Gyr −1 ] ≤ 1.0, which is shorter than the typical mass
oubling time-scale of galaxies at these redshifts (e.g. Feulner et al.
005 ). 
As the galaxy population evolves to z = 0.5 (bottom-left panel

n Fig. 3 ), we once again find that the set of progenitor galaxies
e have been tracking since z = 2 are split between centrals and

atellites. The ones that are marked as centrals once again correspond
o galaxies that have been completely destroyed after infall; their
escendant in the merger tree is now the central galaxy of the host
alo that the erstwhile satellite fell into. We mark these ‘centrals’
n green to indicate that these are destroyed galaxies that have
erged with the central galaxy of the Milky Way host. We find

hat this is true for more than half the population ( ∼65 per cent )
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Figure 3. Evolution of galaxies in the plane of colour and stellar mass between z = 2 and z = 0. The grey histogram shows the abundance of all galaxies 
identified in the mass range 7.9 ≤ log[ M � /M �] ≤ 9.3 at z = 2. The coloured dots represent ‘destroyed galaxies’: those objects that are identified as candidate 
progenitors of the stellar halo for Milky Way-like galaxies at z = 0 (see main text for the full list of criteria used to distinguish this population). Blue and red 
colours, respectiv ely, cate gorize central and satellite galaxies at each output time, with their corresponding counts displayed with contours. Once an accreted 
dwarf is destroyed, its stellar mass is added to that of the central galaxy of the host Milky Way-mass halo; we mark these ‘centrals’ with green dots. 

w
o  

g  

t  

L  

t  

t  

t
(

3

N
a
d  

t
g  

t  

a  

7

s  

i

o
z  

m  

s  

i  

i  

p  

m  

t  

m  

g  

g  

a  

I  

f  

h  

g
 

g  

p
t
c
t

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/522/4/5013/7146832 by U
niversity of D

urham
 user on 24 M

ay 2023
e have tracked until now. If these destroyed galaxies are indeed 
nes that dominate the mass of the stellar haloes of Milky Way-like
alaxies, our model predicts that the bulk of the stellar halo may
herefore already be in place by z = 0.5. On the other hand, the
MC-mass progenitors are still identifiable as satellites in a third of

he Milky Way-mass hosts (i.e. they have not yet been destroyed by
he tidal forces or by merging on to the central galaxy) suggesting
hat the stellar halo in these hosts only assemble relatively recently 
 z ≤ 0.5). 

.2 The evolution of the stellar-to-halo mass relation 

ext, we consider the range of halo masses hosting galaxies that 
re potentially the progenitors of stellar haloes, and compare their 
istribution to their counterparts that survive. In Fig. 4 , we consider
he stellar-to-halo mass evolution of the destroyed LMC-mass pro- 
enitors from z = 2 to z = 0. The colour scheme chosen is identical
o that in Fig. 3 . The grey histogram and coloured contours, once
gain, show the distribution of all central galaxies in the mass range
.9 ≤ log[ M � /M �] ≤ 9.3 that were identified at z = 2. 
We see that the destroyed galaxies are distributed in much the 

ame way as the o v erall galaxy population in this mass range; there
s no obvious systematic tendency for them to live in overmassive 
r undermassive dark matter haloes given their stellar mass. At 
 = 2, the galaxies we track are typically hosted in haloes with
ass 10.5 ≤ log[ M 200 /M �] ≤ 12.0. Once they transition to being

atellites from z = 1 to z = 0.5, these galaxies are frozen in position
n this diagram due to the fact that there is no further growth
n stellar mass (apart from any residual star formation that takes
lace in the cold gas reservoir of these galaxies), while the halo
ass also does not change. The exceptions to this are the galaxies

hat are already destroyed by z = 0.5, with their stellar and halo
asses now assigned to the stellar and halo masses of the central

alaxy of the Milky Way host. Finally, by z = 0 all destroyed
alaxies are clustered on the right-hand side of the diagram as
ll satellites have by now merged on to the central, by definition.
n addition to masses, we have also checked that, on average, the
ormation time of haloes (defined as the epoch at which they reach
alf their final mass) is very similar between these populations of
alaxies. 

It is clear to see from Figs 3 and 4 that the evolution of
alaxies from z = 2 to z = 0 is very similar between stellar halo
rogenitor galaxies and the remainder of the galaxy population in 
he corresponding mass range. In the following section, we will 
onsider the possibility of identifying stellar halo progenitors before 
hey are accreted on to a more massive host system. 
MNRAS 522, 5013–5021 (2023) 
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M

Figure 4. The evolution of galaxies in the plane of M � versus M � / M halo . For central galaxies, M halo is just the M 200 of the friends-of-friends group at the current 
time; for satellites, M halo is the mass of the halo when it was last identified as a central (i.e. at the time of infall). Symbol styles and colours are identical to those 
in Fig. 3 . 
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.3 The obser v ed pr operties of stellar halo pr ogenitors at z = 2 

e now consider the observational properties of stellar halo pro-
enitor galaxies at z = 2. Our aim is to identify what differences,
f any, there are between the galaxies at z = 2 (i.e. before they
ecome satellites) that contribute to the stellar haloes of Milky Way-
ass galaxies and the surviving population that includes the main

rogenitors of the Milky Way themselves. 
Fig. 5 shows probability distributions of a selection of galaxy

roperties for the destroyed (blue), surviving (black), and Milky Way
rogenitor (red) populations. In particular, we consider distributions
f the bulge size r bulge (top left), disc size r disc (top right), and stellar
etallicity Z � (bottom left), with each panel showing the predictions

rom GALFORM at z = 2. The probability distributions shown are
ased on kernel density estimates from the GALFORM data for each
opulation. 
It becomes immediately evident from Fig. 5 that the distribution

f the z = 2 galaxy properties is very similar for both the surviving
nd the destroyed galaxies, both in the median and in the scatter.
t z = 2, the median bulge and disc sizes, respectively, are

round 1.5 and ∼3 kpc. Interestingly, the model suggests that
ome discs as large as 6 kpc or bigger may already be in place at
his time. The distribution of stellar metallicities (as shown in the
ottom-left corner of Fig. 5 ) is nearly identical for the surviving
nd destroyed galaxies, with the distribution peaking around
og[ Z � / Z �] ≈ −1.4. 
NRAS 522, 5013–5021 (2023) 
The main progenitors of Milky Way-mass galaxies are somewhat
istinct in their distribution of galaxy properties at this time. Most
otably, the probability density functions (PDFs) for the bulge and
isc sizes are broader than those for the LMC-mass progenitors and
n fact the median bulge size in the Milky Way progenitor case is
hifted to slightly lo wer v alues ( ≈1 kpc), although still statistically
onsistent with the destroyed and surviving populations. More clear
ifferences are noted in the distribution of stellar metallicities, where
part from the larger scatter, the distribution also peaks at much
arger metallicity (log[ Z � / Z �] ≈ −0.7) in the Milky Way progenitor
opulation. This is not unexpected given the stellar mass–metallicity
elationship of galaxies, in which entities with larger stellar masses
re found to be more metal-rich. As we have seen in Fig. 2 , the
ain progenitors of Milky Way-mass galaxies are typically an order

f magnitude more massive than the LMC-mass analogues at z =
. That said, in the narrow range of stellar masses when the two
opulations o v erlap, the properties are indeed v ery similar. 
Seeing as the observable properties of surviving and destroyed

alaxies at z = 2 are nearly indistinguishable, it raises the question
f what ultimately determines whether or not a z = 2 galaxy ends up
s a progenitor of a bigger galaxy or survives until the present day.
erhaps the most obvious factor is the proximity of each galaxy to

ts nearest Milky Way-mass progenitor at z = 2. We quantify this in
he bottom-right panel of Fig. 5 , in which we compare histograms
f the mean distance to the nearest Milky Way-like galaxy, r min,MW 

,
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Figure 5. A selection of galaxy properties measured at z = 2. The quantities we consider are bulge size, r bulge ; disc size, r disc ; metallicity, Z � ; and distance to 
the nearest progenitor of a Milky Way-like galaxy, r min,MW 

. The black histogram shows the distribution of these properties for galaxies in the mass range 7.9 ≤
log[ M � /M �] ≤ 9.3 at z = 2 that survive until present day; the histogram in blue shows galaxies in that mass range that are destroyed before z = 0 (i.e. potential 
stellar halo progenitors). Finally, the histogram in red shows the properties of galaxies identified as progenitors of Milky Way-like hosts. The dashed vertical 
lines indicate the median value of each quantity for the corresponding galaxy population. 
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etween the destroyed and surviving populations. We now see a stark
ontrast between these two populations. The median distance at z = 

 for the surviving galaxies is of the order of 7 Mpc, while that for the
estroyed galaxies is just ≈670 kpc – within a factor of a few of the
ean virial radius of Milky Way-mass host haloes at these redshifts.
he near-total exclusion of the two histograms is interesting to note. 
ll but two of the destroyed galaxies are located within 1.5 Mpc of

heir nearest Milky Way-mass neighbour; on the other hand, more 
han 97 per cent of the surviving galaxies are identified at distances
reater than 1.5 Mpc from their nearest Milky Way-mass neighbours. 
In addition to the properties examined in this section, we have also

ompared the total gas mass, gas metallicity, and star formation rates
f the surviving and destroyed galaxies at z = 2. Our conclusions are
onsistent with what we have observed above: there are no demon- 
trably different properties that distinguish one galaxy population 
rom the other. According to our model, it is only the proximity to
 neighbouring massive galaxy that determines the future evolution 
f these galaxies. Given the relatively small separation between the 
MC-mass progenitor and the main progenitor of the Milky Way, it

s likely that a surv e y that searches for these objects at z = 2 will
nd them in the same field of view (see e.g. Evans et al. 2022 ). 

 DISCUSSION  A N D  C O N C L U S I O N S  

e have presented an analysis of the properties of galaxies at z =
 with mass comparable to that of the LMC by se gre gating this
opulation into two categories: those that survive until the present 
ay and the (smaller) set of galaxies that are destroyed before z = 0
ithin the host halo of a Milky Way-mass galaxy. The latter category

s especially interesting as this mass range is expected to dominate
he stellar haloes of Milky Way-like galaxies, which are formed 
hrough the accretion and subsequent destruction of dwarf galaxies. 
o this end, we make use of the GALFORM semi-analytical model
f galaxy formation, run on the ( 100 Mpc ) 3 COLOR dark matter-only 
imulation to select the populations of interest based on the criteria
isted in Section 2.3 . Our main findings are as follows: 

(i) While we find several candidate galaxies ( ∼17 000) that are in
he appropriate mass range to be LMC analogues, only a very small
raction of these ( ≈0 . 5 per cent ) satisfy the full set of conditions we
et out to identify potential stellar halo progenitors (Table 1 ). In the
ast majority of cases when an LMC-mass dwarf has been accreted
y z = 1, this satellite is destroyed by z = 0. Around 46 per cent
f the Milky Way-mass hosts in our sample contain no destroyed
MC-mass galaxies at all (Fig. 1 ). 
(ii) On the other hand, the LMC-mass dwarfs that do not become

atellites and survive until present day continue to grow in stellar
nd dark matter masses. At z = 0, their median halo and stellar
asses, respectively, are 0.5 and 1.0 dex smaller than an average
ilky Way-mass galaxy (Fig. 2 ). 
(iii) We then investigate the evolution of the destroyed and 

urviving galaxies in the colour–stellar mass diagram. At z = 2,
he majority of galaxies are identified as blue, star-forming galaxies; 
nce they are identified as satellites at z = 1, they transition to redder
MNRAS 522, 5013–5021 (2023) 
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 − r colours with specific star formation rates that are consistent with
hem being quenched (Fig. 3 ). This is an outcome of the GALFORM

odel in which gas accretion is shut off as a galaxy becomes a
atellite. A handful of satellites are still identified as blue. 

(iv) Around 65 per cent of the stellar halo progenitor galaxies are
estroyed by z = 0.5, suggesting that the bulk of the stellar halo mass
n Milky Way-mass galaxies may already be in place by this time. 

(v) The distribution of halo masses hosting stellar halo progenitors
s consistent with that of the surviving population. We find that at z =
, these galaxies are found in haloes with mass 10.5 ≤ [ M 200 /M �] ≤
2.0 (Fig. 4 ). 
(vi) Finally, we investigate a variety of observable galaxy prop-

rties at z = 2 in an attempt to identify characteristics of destroyed
alaxies that may distinguish them from the rest of the population
n a targeted surv e y. In general, we find that these galaxies are fully
epresentative of typical LMC-mass analogues at z = 2, and we do
ot find any unique observational characteristics distinguishing these
alaxies (Fig. 5 ). The only marked difference between a destroyed
alaxy and one that survives until present day is their proximity
o a neighbouring object that is a progenitor of a Milky Way-mass
alaxy. At z = 2, the median distance between a surviving galaxy
nd its closest Milky Way progenitor is around 7 Mpc, whereas
his distance reduces to around 670 kpc for destroyed galaxies. This
ifference in the immediate environments of the two sets of galaxies
s ultimately all that determines the divergent evolutionary pathways
f LMC-mass galaxies after z = 2. 

One can draw some interesting conclusions from our observations.
espite the fairly generous mass range we have adopted for identify-

ng potential stellar halo progenitor galaxies, we find that a very small
umber of these objects (91, ≈0 . 5 per cent of the total population)
atisfy the full set of conditions we have defined in Section 2.3 to
ark destroyed galaxies. Even if we were to drop the timing condition

iii) and simply count all LMC-mass galaxies that are destroyed in
 Milky Way-mass host by z = 0, this number increases from 91 to
37, or ≈1 . 4 per cent of the full population of LMC-mass galaxies at
 = 0. As shown in Fig. 1 , just o v er half the Milky Way-mass hosts in
ur sample contain one or more destroyed LMCs at all (i.e. accreted
t any time since z = 2). If the formation of stellar haloes in Milky
ay-mass galaxies is ubiquitous, this suggests that their assembly

hrough the accretion of one or a few LMC-mass dwarf galaxies may
ot be the only formation channel (see e.g. Monachesi et al. 2019 ;
attahi et al. 2020 , for estimates of the number of dwarf galaxy
ergers comprising stellar haloes in hydrodynamical simulations of
ilky Ways). 
It is also interesting to note the near-identical distribution of

alaxy properties in the destroyed and surviving galaxy populations.
n particular, the only feature (according to our model) that truly
etermines the trajectory of a z = 2 galaxy along one of these
iverging pathways is its environment – i.e. how close it happens
o be to a neighbouring massive galaxy. A destroyed dwarf is simply
nlucky enough to be accreted into a larger galaxy. As the surviving
alaxies themselves follow evolutionary tracks not dissimilar to the
ilky Way (albeit ending at lower final mass), the progenitor galaxies

f stellar haloes can be considered to be ‘failed’ Milky Ways. The
imilarity of their properties at z = 2 indicates that the old stellar
opulations in the Milky Way today may be largely indistinguishable
rom the progenitors of the stellar halo in intrinsic properties like
ass, metallicity, etc. Due to differences in how they accumulate
ithin the Milky Way, ho we ver, there may be substantial differences

n their spatial and kinematic arrangements. The prospect of drawing
his connection between high-redshift progenitors and the present
NRAS 522, 5013–5021 (2023) 
tate of our Galaxy offers an exciting moti v ation for targeted surv e ys
f galaxies at z � 1. 
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