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The Large Magellanic Cloud
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• Unusually massive for a MW mass 
galaxy (expected ~10% of similarly 
sized galaxies). 

• Has 5% of the MW stellar mass (van 
der Marel + 2002), but potentially 
25% of the total mass (Pennarubia+ 
2016)

• The brightest MW satellite.

Credit: AAO / ROE.
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The EAGLE galaxy formation simulation
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Schaye+ 2015

EAGLE matches the observations for: 
• Galaxy mass function 
• Galaxy sizes 
• Galaxy morphologies
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The sample of LMC-sized dwarfs
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Shao, MC+ 2018

Stellar mass selected LMC-analogues:

286 Shao et al.
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Figure 1. The relation between stellar mass, M⋆, and total halo mass, M200,
for central galaxies in the EAGLE simulation. The colours indicate the number
of galaxies in each halo and stellar mass bin (see legend). The grey shaded
region shows galaxies with stellar masses in the range 1 − 4 × 109 M⊙,
which corresponds to our sample of field LMC-mass dwarfs (we also select
LMC-mass satellites, which are not shown in this diagram).

2.1 Sample selection

We select LMC-mass dwarfs by requiring that they have a stellar
mass in the range, M⋆ ∈ [1, 4] × 109 M⊙, which is motivated by the
following. First, due to uncertainties in the stellar mass to light ratio,
the LMC stellar mass is somewhat uncertain, with mass estimates
spanning the range 1.5 − 2.7 × 109 M⊙ (e.g. van der Marel et al.
2002; McConnachie 2012). Secondly, to have good statistics, we
need a large sample of LMC-mass dwarfs and thus a mass range as
wide as possible. A typical LMC-mass dwarf in EAGLE is resolved
with a thousand or more star particles and with hundreds of gas
particles, which allows for a robust quantification of its present day
properties as well as its formation history.

We split our LMC-mass dwarfs into two categories: (1) the satel-
lite galaxy sample, which consists of LMC-mass dwarfs within a
radius, R50, from a more massive halo, and (2) the field galaxy sam-
ple, which comprises central galaxies that are not within distance
R50 from a more massive halo. The R50 radius defines an enclosed
spherical overdensity of 50 times the critical density (it is approxi-
mately 22/3 × R200). We choose this bounding radius because MW
studies typically take 300 kpc as the Galactic halo radius, which for
an MW halo mass of 1012 M⊙, corresponds to R50. In EAGLE, we
find 3774 field1 galaxies and 2551 satellite galaxies. The sample of
field LMC-mass dwarfs is highlighted in Fig. 1 using a grey shaded
region, which corresponds to the stellar mass selection criteria.

We further select a subset of LMC-mass satellites that reside in
MW-mass haloes, which we define as any host halo with a mass
in the range, M200 ∈ [0.5, 2] × 1012 M⊙ (Cautun et al. 2014; Wang
et al. 2015; Peñarrubia et al. 2016). We find 381 LMC-mass dwarfs
within R50 of our MW-mass halo sample, with the MW-mass hosts

1We use the term ‘field’ to refer to galaxies that are not satellites of other
galaxies.

having a median halo mass ≈ 1.0 × 1012 M⊙ and a median R50 ≈
313 kpc.

To study the evolution of LMC-mass satellites, we make use of
the EAGLE snipshots, which are finely spaced (about every 70 Myrs)
simulation outputs that allow us to trace the orbits of satellites with
very good time resolution. We define the infall time for each dwarf
as the time when it first crosses R50 of the progenitor of its z = 0
host halo.

2.2 Galaxy morphology and colour

To quantify the morphology of LMC-mass dwarfs, we divide the
stellar mass of galaxies into two components: spheroid and disc,
which we identify using the procedure of Abadi et al. (2003, see
also Scannapieco et al. 2009; Crain et al. 2010; Sales et al. 2012).
We calculate the circularity parameter of each star, ϵ = jz/jcirc(E),
defined as the ratio between the component of the specific angular
momentum perpendicular to the disc, jz, and that for a circular orbit
with the same total energy, jcirc(E). The disc direction is given by
the angular momentum of all the star particles within twice the half
stellar mass radius, rh. If we assume that the spheroidal component
of each galaxy is fully velocity dispersion dominated, then the bulge
mass corresponds to twice the mass of the stars with ϵ < 0. Note
that ϵ < 0 corresponds to counter-rotating stars i.e. stars for which
the scalar product between the stars’ angular momentum and that
of the disc is negative.

We take the galaxy colours calculated by Trayford et al. (2015),
which are based on the GALAXEV population synthesis models of
Bruzual & Charlot (2003). The colours are estimated by modelling
the stellar populations of EAGLE star particles, which represent a
simple stellar population with a Chabrier (2003) initial mass func-
tion, taking into account their ages and metallicities. The galaxy
spectra were summed over all the stellar particles within a spherical
aperture of 30 kpc and convolved with the colour filter response
function. Here, we take the colour of each galaxy from the intrinsic
g − r colour without dust extinction. Trayford et al. showed that
these colours are in broad agreement with observational data and
that, in particular, EAGLE produces a red sequence of passive galaxies
and a blue cloud of star-forming galaxies.

3 G E N E R A L P RO P E RT I E S O F L M C - M A S S
DWARFS

We now study general properties, such as halo mass, morphology,
colour, and SFR of LMC-mass dwarf galaxies. In particular, we
focus on differences between the populations of field dwarfs and
satellite galaxies, with emphasis on satellites around MW-mass host
haloes.

3.1 Halo mass

We start by characterizing the EAGLE haloes that host the LMC-mass
dwarfs. From Fig. 1, we find that the typical field LMC-mass galaxy
resides in a halo with a total mass of ∼ 2 × 1011 M⊙, but the relation
is characterized by significant scatter. Most striking are the handful
of objects with the same stellar mass as the LMC that reside in a few
×1010 M⊙ mass haloes. These are not satellites, since Fig. 1 shows
only central LMC-mass dwarfs, and are likely ‘backsplash’ galaxies
which were, at least for some period of time, satellites around more
massive host haloes and thus were tidally stripped (Moore, Diemand
& Stadel 2004). We have checked that all the LMC-mass dwarfs
residing in haloes with M200 < 1010.5 M⊙ are backsplash galaxies.

MNRAS 479, 284–296 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/479/1/284/5033698
by University of Durham user
on 03 August 2018

M⋆ = [1 − 4] × 109M⊙

Three samples: 
• Field, i.e. dwarfs that are central galaxies  
• Satellites 
• Satellites of MW-mass hosts
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The LMC’s total mass
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• LMC was accreted about ~1.5 Gyrs ago when it 
had a ~10% lower stellar mass than today: 

•  Abundance matching (Moster + 2013): 

• EAGLE all LMC-sized dwarfs: 

• EAGLE LMCs with an SMC-sized satellite:

M200 = 1.8+0.5
−0.3 × 1011M⊙

M200 = 2.0+0.6
−0.5 × 1011M⊙

M200 = 3.2+1.0
−0.9 × 1011M⊙

M⋆ = 2.4 × 109M⊙

(only 2% have an SMC-sized satellite)
Shao+ 2018, MC+ (2019)
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Evolution of LMC/M33-mass dwarf galaxies 289
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Figure 5. The distribution of g − r colour for LMC-mass dwarfs found in
the field (dotted), satellites around all hosts (dashed), and satellites around
MW-mass host haloes (solid).
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Figure 6. The distribution of g − r colour for LMC-mass dwarfs as a
function of halo mass. For field galaxies, the halo mass is that of their own
halo and corresponds to the region left of the vertical dotted line. For satellite
galaxies, the halo mass corresponds to that of their host haloes. The dotted
vertical line at M200 = 1011.6 M⊙ approximately separates the field from
the satellite population.

3.5 Dependence on host halo mass

In order to understand the processes that shape the colour distribu-
tion of LMC-mass galaxies, we now explore the dependence on host
halo mass. Fig. 6 shows the g − r colour as a function of the halo
mass for centrals and of the host halo mass for satellites. Most field
LMC-mass dwarfs have M200 < 1011.6 M⊙, and this mass threshold
is shown as the dotted vertical line in the figure. The LMC-mass
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Figure 7. The fraction of red/quiescent LMC-mass dwarfs as a function of
halo mass. The vertical dotted line separates the field galaxies (to the left)
from the satellites (to the right). For field galaxies, the halo mass is that of
their own halo, while for satellites, the halo mass is that of their host haloes.
The symbols show the red fraction defined as galaxies with g − r > 0.6. The
line shows the quiescent fraction defined as dwarfs with log(sSFR/Gyr−1) <

−1.7. The error bars represent the 1σ bootstrap uncertainties and are roughly
the same for both fractions.

centrals can be broadly divided into two categories. First, there are
the objects with M200 < 1010.6 M⊙. These have a very low halo
mass for their stellar mass and mainly correspond to backsplash
galaxies (see discussion in Section 3.1). Tracing the merger tree of
these objects reveals that all of them were, at some time in the past,
part of a massive, M200 > 1013 M⊙, host halo. Secondly, there is
the main population of LMC-mass galaxies, characterized by halo
masses, 1010.7 M⊙ < M200 < 1011.6 M⊙. While these galaxies are
predominantly blue, with a broad peak at g − r = 0.45, the dis-
tribution has a red tail, with a 15 per cent fraction of red, g − r >

0.6, central galaxies (see Fig. 7). This population of passive central
galaxies could be the result of self-quenching or mostly consist of
backslash galaxies. To identify the main process, we followed the
merger tree of all red LMC-mass centrals to identify the fraction
that were satellites at any point during their formation history. We
find that at most 35 per cent of them were satellites in the past,
suggesting that the dominant process for producing LMC-mass red
centrals is self-quenching.

The colour distribution of LMC-mass satellites shows a distinct
trend with the mass of their host halo. Due to the limited volume
of EAGLE, there are only a few haloes more massive than 1014 M⊙
and each vertical strip at those masses corresponds to the satellites
in each of those hosts. Note that the average number of LMC-
mass satellites per host varies strongly with their host halo mass.
A cluster with M200 ∼ 1014 has on average around 30 LMC-mass
dwarfs, whereas only one out of five haloes with M200 ∼ 1012 has
an LMC-mass dwarf. With a few exceptions, there are hardly any
red satellites in haloes with M200 < 1012 M⊙, and most satellites of
∼1012 M⊙ haloes are blue (defined as g − r < 0.6). The fraction
of red satellites rapidly increases with higher host mass, with red
LMC-mass dwarfs becoming dominant in hosts more massive than
1012.6 M⊙ (see also Fig. 7).
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Evolution of LMC/M33-mass dwarf galaxies 289

0.0 0.2 0.4 0.6 0.8 1.0
0.00

0.05

0.10

0.15

0.20

0.0 0.2 0.4 0.6 0.8 1.0
g - r

0.00

0.05

0.10

0.15

0.20

PD
F

0.0 0.2 0.4 0.6 0.8 1.0

Field
Satellites: all

Satellites: MW-mass

LMC M33

Figure 5. The distribution of g − r colour for LMC-mass dwarfs found in
the field (dotted), satellites around all hosts (dashed), and satellites around
MW-mass host haloes (solid).
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Figure 6. The distribution of g − r colour for LMC-mass dwarfs as a
function of halo mass. For field galaxies, the halo mass is that of their own
halo and corresponds to the region left of the vertical dotted line. For satellite
galaxies, the halo mass corresponds to that of their host haloes. The dotted
vertical line at M200 = 1011.6 M⊙ approximately separates the field from
the satellite population.

3.5 Dependence on host halo mass

In order to understand the processes that shape the colour distribu-
tion of LMC-mass galaxies, we now explore the dependence on host
halo mass. Fig. 6 shows the g − r colour as a function of the halo
mass for centrals and of the host halo mass for satellites. Most field
LMC-mass dwarfs have M200 < 1011.6 M⊙, and this mass threshold
is shown as the dotted vertical line in the figure. The LMC-mass
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Figure 7. The fraction of red/quiescent LMC-mass dwarfs as a function of
halo mass. The vertical dotted line separates the field galaxies (to the left)
from the satellites (to the right). For field galaxies, the halo mass is that of
their own halo, while for satellites, the halo mass is that of their host haloes.
The symbols show the red fraction defined as galaxies with g − r > 0.6. The
line shows the quiescent fraction defined as dwarfs with log(sSFR/Gyr−1) <

−1.7. The error bars represent the 1σ bootstrap uncertainties and are roughly
the same for both fractions.

centrals can be broadly divided into two categories. First, there are
the objects with M200 < 1010.6 M⊙. These have a very low halo
mass for their stellar mass and mainly correspond to backsplash
galaxies (see discussion in Section 3.1). Tracing the merger tree of
these objects reveals that all of them were, at some time in the past,
part of a massive, M200 > 1013 M⊙, host halo. Secondly, there is
the main population of LMC-mass galaxies, characterized by halo
masses, 1010.7 M⊙ < M200 < 1011.6 M⊙. While these galaxies are
predominantly blue, with a broad peak at g − r = 0.45, the dis-
tribution has a red tail, with a 15 per cent fraction of red, g − r >

0.6, central galaxies (see Fig. 7). This population of passive central
galaxies could be the result of self-quenching or mostly consist of
backslash galaxies. To identify the main process, we followed the
merger tree of all red LMC-mass centrals to identify the fraction
that were satellites at any point during their formation history. We
find that at most 35 per cent of them were satellites in the past,
suggesting that the dominant process for producing LMC-mass red
centrals is self-quenching.

The colour distribution of LMC-mass satellites shows a distinct
trend with the mass of their host halo. Due to the limited volume
of EAGLE, there are only a few haloes more massive than 1014 M⊙
and each vertical strip at those masses corresponds to the satellites
in each of those hosts. Note that the average number of LMC-
mass satellites per host varies strongly with their host halo mass.
A cluster with M200 ∼ 1014 has on average around 30 LMC-mass
dwarfs, whereas only one out of five haloes with M200 ∼ 1012 has
an LMC-mass dwarf. With a few exceptions, there are hardly any
red satellites in haloes with M200 < 1012 M⊙, and most satellites of
∼1012 M⊙ haloes are blue (defined as g − r < 0.6). The fraction
of red satellites rapidly increases with higher host mass, with red
LMC-mass dwarfs becoming dominant in hosts more massive than
1012.6 M⊙ (see also Fig. 7).
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Figure 6. The distribution of g − r colour for LMC-mass dwarfs as a
function of halo mass. For field galaxies, the halo mass is that of their own
halo and corresponds to the region left of the vertical dotted line. For satellite
galaxies, the halo mass corresponds to that of their host haloes. The dotted
vertical line at M200 = 1011.6 M⊙ approximately separates the field from
the satellite population.

3.5 Dependence on host halo mass

In order to understand the processes that shape the colour distribu-
tion of LMC-mass galaxies, we now explore the dependence on host
halo mass. Fig. 6 shows the g − r colour as a function of the halo
mass for centrals and of the host halo mass for satellites. Most field
LMC-mass dwarfs have M200 < 1011.6 M⊙, and this mass threshold
is shown as the dotted vertical line in the figure. The LMC-mass
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Figure 7. The fraction of red/quiescent LMC-mass dwarfs as a function of
halo mass. The vertical dotted line separates the field galaxies (to the left)
from the satellites (to the right). For field galaxies, the halo mass is that of
their own halo, while for satellites, the halo mass is that of their host haloes.
The symbols show the red fraction defined as galaxies with g − r > 0.6. The
line shows the quiescent fraction defined as dwarfs with log(sSFR/Gyr−1) <

−1.7. The error bars represent the 1σ bootstrap uncertainties and are roughly
the same for both fractions.

centrals can be broadly divided into two categories. First, there are
the objects with M200 < 1010.6 M⊙. These have a very low halo
mass for their stellar mass and mainly correspond to backsplash
galaxies (see discussion in Section 3.1). Tracing the merger tree of
these objects reveals that all of them were, at some time in the past,
part of a massive, M200 > 1013 M⊙, host halo. Secondly, there is
the main population of LMC-mass galaxies, characterized by halo
masses, 1010.7 M⊙ < M200 < 1011.6 M⊙. While these galaxies are
predominantly blue, with a broad peak at g − r = 0.45, the dis-
tribution has a red tail, with a 15 per cent fraction of red, g − r >

0.6, central galaxies (see Fig. 7). This population of passive central
galaxies could be the result of self-quenching or mostly consist of
backslash galaxies. To identify the main process, we followed the
merger tree of all red LMC-mass centrals to identify the fraction
that were satellites at any point during their formation history. We
find that at most 35 per cent of them were satellites in the past,
suggesting that the dominant process for producing LMC-mass red
centrals is self-quenching.

The colour distribution of LMC-mass satellites shows a distinct
trend with the mass of their host halo. Due to the limited volume
of EAGLE, there are only a few haloes more massive than 1014 M⊙
and each vertical strip at those masses corresponds to the satellites
in each of those hosts. Note that the average number of LMC-
mass satellites per host varies strongly with their host halo mass.
A cluster with M200 ∼ 1014 has on average around 30 LMC-mass
dwarfs, whereas only one out of five haloes with M200 ∼ 1012 has
an LMC-mass dwarf. With a few exceptions, there are hardly any
red satellites in haloes with M200 < 1012 M⊙, and most satellites of
∼1012 M⊙ haloes are blue (defined as g − r < 0.6). The fraction
of red satellites rapidly increases with higher host mass, with red
LMC-mass dwarfs becoming dominant in hosts more massive than
1012.6 M⊙ (see also Fig. 7).
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To quantify how many LMC-mass dwarfs are passive, we split
the population into red and blue galaxies, according to whether g
− r > 0.6 or g− r < 0.6, respectively. The fraction of red galaxies
as a function of host halo mass is shown in Fig. 7 and, as Fig. 6,
it combines in one plot both field and satellite galaxies. We find
that few field galaxies are red (∼15 per cent on average) and that
the field red fraction shows a small, but statistically significant,
trend with halo mass: an LMC-mass dwarf is slightly more likely
to be red if it resides in a lower mass halo. This trend is driven
by backsplash galaxies, which, on average, are both redder and,
due to tidal stripping, have lower halo masses. Interestingly, the
fraction of red galaxies does not show any discontinuity as halo
mass increases and we switch from centrals to satellites in low
mass hosts. Furthermore, this transition region is where we find the
smallest fraction of red dwarfs. As the host halo mass increases,
we find a larger fraction of red satellites, with most (∼90 per cent)
of LMC-mass galaxies in clusters (M200 > 1014 M⊙) having red
colours.

Fig. 7 also shows the fraction of quiescent galaxies, which are
defined as those with sSFR < 0.02 Gyr−1. The quiescent fraction
is roughly equal to the red fraction, and both show the exact same
dependence on mass. While most quiescent dwarfs have red colours,
this is not the case for every galaxy, with some having low sSFR and
blue colours and vice versa. This is due to the sSFR being a measure
of instantaneous star formation, while the colour is sensitive to the
integrated recent star formation history.

The results presented in Fig. 7 are consistent with observations,
which report that it is extremely rare to find field dwarfs with no
active star formation (e.g. Geha et al. 2012). The observations also
support the trend with host halo mass: most LMC-mass satellites
around faint centrals are blue, whereas most satellites in rich groups
and clusters are red (e.g. Weinmann et al. 2006; Wang et al. 2014;
Sales et al. 2015; Geha et al. 2017; Wang et al. 2018).

Fig. 8 presents the fraction of red satellites at various times after
infall as a function of their host halo mass. At infall, which cor-
responds to t = 0 Gyr in the figure, most LMC-mass satellites are
blue; the only exception are the high mass haloes, M200 > 1013 M⊙,
which accrete a non-negligible fraction of red dwarfs. Most of these
dwarfs correspond to preprocessed satellites, which, before falling
into their z = 0 host, were satellites of another halo (McGee et al.
2009; Wetzel et al. 2013; Hou, Parker & Harris 2014). Higher
mass haloes accrete, on average, more haloes with M200 ! 1012 M⊙,
which can host LMC-mass satellites themselves, and thus accrete
more preprocessed LMC-mass dwarfs.

The results shown in Fig. 8 can be used to estimate the quenching
timescale for LMC-mass dwarfs as a function of their host halo
mass. For this, we follow, at fixed halo mass, the change in the red
fraction as a function of time after infall. Hosts with masses, M200 ∼
1012 M⊙, have a very slowly increasing red fraction such that, even
5 Gyr after infall, only ∼5 per cent of LMC-mass satellites are red.
Thus, these hosts have very long timescales for quenching LMC-
mass dwarfs. This is in good agreement with SDSS observations
that predict quenching timescales larger than 9 Gyr (Wheeler et al.
2014), and with the trends observed in the Local Group, where
the quenching time increases rapidly with the satellite stellar mass
(Fillingham et al. 2015; Wetzel, Tollerud & Weisz 2015; Simpson
et al. 2018). These long quenching times suggest that starvation is
the main quenching process, with satellites not being able to accrete
new gas. For example, the LMC had an average SFR of 0.2 M⊙ yr−1

over the past 2 Gyr and, given that it has an HI gas mass of at least
0.5 × 109 M⊙, it can keep forming stars at the same rate for at least
another 2.5 Gyr. By then, the LMC would have orbited the MW for
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Figure 8. The fraction of red LMC-mass satellites as a function of their
host halo mass. The curves show the red fraction at various times after infall
into the host halo, with t = 0 corresponding to the time of infall. The fraction
is shown only for M200 bins with 10 or more LMC-mass dwarfs. Thus, lines
corresponding to infall times of 6 Gyr or more do not extend down to low
M200 values ("1012.5 M⊙).

about 4 Gyr, which is around the time when it will merge with the
MW (Cautun et al. 2014).

For hosts more massive than the MW, the quenching timescales
decrease rapidly. For example, half of the LMC-mass satellites of
hosts with masses, M200 ∼ 1013 M⊙, are already red 5 Gyr after
infall. For cluster mass haloes, M200 ∼ 1014 M⊙, the quenching is
even more rapid, with half of their dwarfs being red 2−3 Gyr af-
ter infall. This is in agreement with the SDSS-based quenching
timescales derived by Wetzel et al. (2013), who also found that
quenching progresses faster in more massive haloes. This indicates
that the dominant quenching process varies with host halo mass,
from starvation in the case of MW-mass hosts to ram pressure strip-
ping for cluster mass hosts. The latter process becomes important
when ram pressure, which depends on the satellite velocity and
gas density of the host halo, overcomes the restoring gravitational
force generated by the satellite’s mass distribution (McCarthy et al.
2008). In MW-mass haloes ram pressure does not overcome the
gravitational restoring force of LMC-mass dwarfs (Simpson et al.
2018), but ram pressure increases rapidly with host halo mass, since
the satellites of more massive hosts are moving more rapidly inside
a denser gas medium.

4 LMC-MASS DWARFS IN M W-MASS HOSTS

In this section, we investigate in more detail the properties and
evolution of LMC-mass satellites around MW-mass host haloes. In
particular, we investigate differences between infall time, pericentre
and evolution of red and blue LMC-mass dwarfs, and relate these
properties to the brightest Galactic satellite, the LMC.

4.1 Abundance

We first study the abundance of LMC-mass dwarfs around MW-
mass haloes. As discussed in Section 2, we found 381 EAGLE LMC-
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Figure 12. The formation history of two LMC-mass dwarfs which by the present have become satellites of two MW-mass haloes. The left and right columns
show LMC-mass dwarfs that, at z = 0, have blue and red g − r colours, respectively. Top row: the distance between the dwarf and its present day host halo, with
dotted lines indicating the evolution of the host radii, R200 and R50, and the vertical dashed line indicates the moment of infall into the MW-mass host. Middle
row: the evolution of the LMC-mass dwarf’s gas fraction (left axis) and g − r colour (right axis). Colours are available only for galaxies with M⋆ > 5 × 108 M⊙
and for a limited number of redshifts. Bottom row: the evolution of the LMC-mass dwarf SFR (left axis) and stellar mass (right axis).

and reddest-third subsets. The distribution peaks around ∼50 kpc
and drops sharply for smaller distances, while for distances larger
than 50 kpc there is a more gradual decrease. We find a clear differ-
ence between the pericentre distances of the bluest-third and those
of the reddest-third subset, with the former typically closer to the
halo centre. This suggests that, on average, satellites that get close
to the central galaxy are more likely to experience gas compression
and thus form more stars.

Fig. 14 also shows the predicted LMC and M33 pericentres of 50
and 105 kpc, respectively (Patel et al. 2017). These measurements
are in good agreement with the simulation predictions. In particular,
the LMC pericentre is near the peak of the distribution. Interestingly,
the McConnachie et al. (2009) scenario of a close encounter between
M33 and M31 in order to explain the warped HI disc and the
extended stellar structure of M33 requires a pericentric passage
of ∼50 kpc; this value is favoured more by the EAGLE data than
the ∼100 kpc pericentre suggested by the M31 and M33 proper
motions.

5 C O N C L U S I O N S

We have investigated the properties of LMC-mass dwarf galaxies in
the main EAGLE cosmological hydrodynamics simulations of galaxy
formation. By LMC-mass dwarfs, we mean the population of galax-
ies in the simulation that have a stellar mass similar to the LMC
i.e. in the range [1, 4] × 109 M⊙. EAGLE is well suited to this study
because of its rare combination of high resolution and large vol-
ume, and because it produces a population of galaxies with realistic
masses, sizes, SFRs, colours, and gas content. To understand the ef-
fects of environment, the LMC-mass dwarfs were split into satellite
and field galaxy samples. The former are dwarfs which are inside
the halo of a brighter galaxy, while the latter are central galaxies. In
order to focus on objects similar to the LMC and M33, which are the
brightest satellites of the MW and M31, respectively, we selected a
further subset of LMC-mass satellites hosted by MW-mass haloes.

Our main conclusions are summarized as follows:

(i) Field LMC-mass dwarfs reside in haloes with M200 ∼ 2 ×
1011 M⊙ and have a stellar-to-halo mass ratio of 1.03+0.50

−0.31 × 10−2,
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Figure 12. The formation history of two LMC-mass dwarfs which by the present have become satellites of two MW-mass haloes. The left and right columns
show LMC-mass dwarfs that, at z = 0, have blue and red g − r colours, respectively. Top row: the distance between the dwarf and its present day host halo, with
dotted lines indicating the evolution of the host radii, R200 and R50, and the vertical dashed line indicates the moment of infall into the MW-mass host. Middle
row: the evolution of the LMC-mass dwarf’s gas fraction (left axis) and g − r colour (right axis). Colours are available only for galaxies with M⋆ > 5 × 108 M⊙
and for a limited number of redshifts. Bottom row: the evolution of the LMC-mass dwarf SFR (left axis) and stellar mass (right axis).

and reddest-third subsets. The distribution peaks around ∼50 kpc
and drops sharply for smaller distances, while for distances larger
than 50 kpc there is a more gradual decrease. We find a clear differ-
ence between the pericentre distances of the bluest-third and those
of the reddest-third subset, with the former typically closer to the
halo centre. This suggests that, on average, satellites that get close
to the central galaxy are more likely to experience gas compression
and thus form more stars.

Fig. 14 also shows the predicted LMC and M33 pericentres of 50
and 105 kpc, respectively (Patel et al. 2017). These measurements
are in good agreement with the simulation predictions. In particular,
the LMC pericentre is near the peak of the distribution. Interestingly,
the McConnachie et al. (2009) scenario of a close encounter between
M33 and M31 in order to explain the warped HI disc and the
extended stellar structure of M33 requires a pericentric passage
of ∼50 kpc; this value is favoured more by the EAGLE data than
the ∼100 kpc pericentre suggested by the M31 and M33 proper
motions.

5 C O N C L U S I O N S

We have investigated the properties of LMC-mass dwarf galaxies in
the main EAGLE cosmological hydrodynamics simulations of galaxy
formation. By LMC-mass dwarfs, we mean the population of galax-
ies in the simulation that have a stellar mass similar to the LMC
i.e. in the range [1, 4] × 109 M⊙. EAGLE is well suited to this study
because of its rare combination of high resolution and large vol-
ume, and because it produces a population of galaxies with realistic
masses, sizes, SFRs, colours, and gas content. To understand the ef-
fects of environment, the LMC-mass dwarfs were split into satellite
and field galaxy samples. The former are dwarfs which are inside
the halo of a brighter galaxy, while the latter are central galaxies. In
order to focus on objects similar to the LMC and M33, which are the
brightest satellites of the MW and M31, respectively, we selected a
further subset of LMC-mass satellites hosted by MW-mass haloes.

Our main conclusions are summarized as follows:

(i) Field LMC-mass dwarfs reside in haloes with M200 ∼ 2 ×
1011 M⊙ and have a stellar-to-halo mass ratio of 1.03+0.50

−0.31 × 10−2,
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Figure 12. The formation history of two LMC-mass dwarfs which by the present have become satellites of two MW-mass haloes. The left and right columns
show LMC-mass dwarfs that, at z = 0, have blue and red g − r colours, respectively. Top row: the distance between the dwarf and its present day host halo, with
dotted lines indicating the evolution of the host radii, R200 and R50, and the vertical dashed line indicates the moment of infall into the MW-mass host. Middle
row: the evolution of the LMC-mass dwarf’s gas fraction (left axis) and g − r colour (right axis). Colours are available only for galaxies with M⋆ > 5 × 108 M⊙
and for a limited number of redshifts. Bottom row: the evolution of the LMC-mass dwarf SFR (left axis) and stellar mass (right axis).

and reddest-third subsets. The distribution peaks around ∼50 kpc
and drops sharply for smaller distances, while for distances larger
than 50 kpc there is a more gradual decrease. We find a clear differ-
ence between the pericentre distances of the bluest-third and those
of the reddest-third subset, with the former typically closer to the
halo centre. This suggests that, on average, satellites that get close
to the central galaxy are more likely to experience gas compression
and thus form more stars.

Fig. 14 also shows the predicted LMC and M33 pericentres of 50
and 105 kpc, respectively (Patel et al. 2017). These measurements
are in good agreement with the simulation predictions. In particular,
the LMC pericentre is near the peak of the distribution. Interestingly,
the McConnachie et al. (2009) scenario of a close encounter between
M33 and M31 in order to explain the warped HI disc and the
extended stellar structure of M33 requires a pericentric passage
of ∼50 kpc; this value is favoured more by the EAGLE data than
the ∼100 kpc pericentre suggested by the M31 and M33 proper
motions.

5 C O N C L U S I O N S

We have investigated the properties of LMC-mass dwarf galaxies in
the main EAGLE cosmological hydrodynamics simulations of galaxy
formation. By LMC-mass dwarfs, we mean the population of galax-
ies in the simulation that have a stellar mass similar to the LMC
i.e. in the range [1, 4] × 109 M⊙. EAGLE is well suited to this study
because of its rare combination of high resolution and large vol-
ume, and because it produces a population of galaxies with realistic
masses, sizes, SFRs, colours, and gas content. To understand the ef-
fects of environment, the LMC-mass dwarfs were split into satellite
and field galaxy samples. The former are dwarfs which are inside
the halo of a brighter galaxy, while the latter are central galaxies. In
order to focus on objects similar to the LMC and M33, which are the
brightest satellites of the MW and M31, respectively, we selected a
further subset of LMC-mass satellites hosted by MW-mass haloes.

Our main conclusions are summarized as follows:

(i) Field LMC-mass dwarfs reside in haloes with M200 ∼ 2 ×
1011 M⊙ and have a stellar-to-halo mass ratio of 1.03+0.50

−0.31 × 10−2,
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Figure 12. The formation history of two LMC-mass dwarfs which by the present have become satellites of two MW-mass haloes. The left and right columns
show LMC-mass dwarfs that, at z = 0, have blue and red g − r colours, respectively. Top row: the distance between the dwarf and its present day host halo, with
dotted lines indicating the evolution of the host radii, R200 and R50, and the vertical dashed line indicates the moment of infall into the MW-mass host. Middle
row: the evolution of the LMC-mass dwarf’s gas fraction (left axis) and g − r colour (right axis). Colours are available only for galaxies with M⋆ > 5 × 108 M⊙
and for a limited number of redshifts. Bottom row: the evolution of the LMC-mass dwarf SFR (left axis) and stellar mass (right axis).

and reddest-third subsets. The distribution peaks around ∼50 kpc
and drops sharply for smaller distances, while for distances larger
than 50 kpc there is a more gradual decrease. We find a clear differ-
ence between the pericentre distances of the bluest-third and those
of the reddest-third subset, with the former typically closer to the
halo centre. This suggests that, on average, satellites that get close
to the central galaxy are more likely to experience gas compression
and thus form more stars.

Fig. 14 also shows the predicted LMC and M33 pericentres of 50
and 105 kpc, respectively (Patel et al. 2017). These measurements
are in good agreement with the simulation predictions. In particular,
the LMC pericentre is near the peak of the distribution. Interestingly,
the McConnachie et al. (2009) scenario of a close encounter between
M33 and M31 in order to explain the warped HI disc and the
extended stellar structure of M33 requires a pericentric passage
of ∼50 kpc; this value is favoured more by the EAGLE data than
the ∼100 kpc pericentre suggested by the M31 and M33 proper
motions.

5 C O N C L U S I O N S

We have investigated the properties of LMC-mass dwarf galaxies in
the main EAGLE cosmological hydrodynamics simulations of galaxy
formation. By LMC-mass dwarfs, we mean the population of galax-
ies in the simulation that have a stellar mass similar to the LMC
i.e. in the range [1, 4] × 109 M⊙. EAGLE is well suited to this study
because of its rare combination of high resolution and large vol-
ume, and because it produces a population of galaxies with realistic
masses, sizes, SFRs, colours, and gas content. To understand the ef-
fects of environment, the LMC-mass dwarfs were split into satellite
and field galaxy samples. The former are dwarfs which are inside
the halo of a brighter galaxy, while the latter are central galaxies. In
order to focus on objects similar to the LMC and M33, which are the
brightest satellites of the MW and M31, respectively, we selected a
further subset of LMC-mass satellites hosted by MW-mass haloes.

Our main conclusions are summarized as follows:

(i) Field LMC-mass dwarfs reside in haloes with M200 ∼ 2 ×
1011 M⊙ and have a stellar-to-halo mass ratio of 1.03+0.50

−0.31 × 10−2,
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Most LMC-mass satellites were accreted in 
the last 7 Gyrs, much more recently than the 
MW classical satellites. This is because: 

• It takes longer for massive satellites to 
grow. 

• Enhanced dynamical friction => rapid 
orbital decay and merger with their 
central galaxy.

M33LMC
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LMC
Andromeda

MC+ 2019a

MLMC
200 = 0.5 × 1011M⊙

• Light LMC:
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What is the LMC fate?
— current values of LMC mass —
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MC+ 2019a

MLMC
200 = 2.5 × 1011M⊙

• Fiducial LMC:

MLMC
200 = 0.5 × 1011M⊙

• Light LMC:

tmerger = 2.7 ± 1.0 Gyrs
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What are the consequences 
of a MW-LMC merger?

 13

Investigate similar mergers in EAGLE:

Select mergers that took place between 1 and 8 Gyrs ago. 

Require that the LMC-analogue has the LMC’s stellar mass. 

Match the MW-analogue to the following present day properties of the 
MW: 

1. Halo mass 
2. Supermassive black hole mass 
3. Cold gas mass 

8 MW—LMC analogues

12 F. A. Gomez et al.
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Figure 9. Time evolution of the inner disc orientation with re-

spect to its orientation at t = �5 Gyr. Di↵erent colours corre-

spond to di↵erent simulated galaxies, as indicated in the legend.

formation of the stellar warp in NGC 4565. Using observa-
tion from the Hubble Space Telescope, Radburn-Smith et al.
(2014) showed that stars older than 1 Gyr lie in a symmet-
rical distribution around the disc plane. In contrast, a clear
and strong warp can be seen in stellar populations younger
than 600 Myr and correlates well with the observed HI warp.

In Figure 11 we show hZi maps obtained from stars
with ages between 4 and 6 Gyr in four discs that have un-
dergone strong satellite interactions during the last ⇠ 4 Gyr;
namely S6, S7, S14 and S11. In all cases, very strong verti-
cal patterns can be seen in these older stellar populations.
The shape and amplitude of these patterns are very similar
to those obtained when all stars are included (see Fig. 2),
in good agreement with expectations for tidally excited fea-
tures. Note that the vertical patterns in these old popula-
tions also correlate well with those seen in the distribution
of cold star-forming gas. This indicate that patterns in the
gas and stellar components of a disc can remain coincident
for more than 1 Gyr. Similar results are found for halos S9,
S15 and S16.

hZi maps for old star particles (ages between 4 and 6
Gyr) in the remaining simulations with strong, present-day
vertical patterns are shown in the top panels of Figure 12.
With the exception of S10, these galaxies have not inter-
acted with any satellite more massive than 1010.5 M� over
the last ⇠ 5 Gyr. In contrast to the galaxies just discussed,
they show at most weak signatures of vertical structure in
their old stellar populations. Some structure is seen in S12,
but it is much weaker and less complex than when all stars
are considered (compare with Fig. 2). The bottom panels
of Figure 12 show hZi maps for these same galaxies con-
structed using only stars younger than 2 Gyr. These panels
show much stronger vertical patterns which correlate well
with those found for the full stellar populations (Fig. 2)

Figure 10. As in Figure 6, but for S15. At t ⇠ �1 Gyr this

galaxy has a close encounter with a massive companion with an

infall mass of ⇠ 10
11.5

M�

showing that present-day vertical structure in these discs
is dominated by young stars.

S8 is a particularly clear example of a warp dominated
by newly formed stars. The bottom panel of Figure 7 shows
surface density profiles for this disc made using star parti-
cles that, at each time, are younger than 1 Gyr. Formation
is evidently inside-out, as expected for a disc that grows
continuously by smooth accretion of gas (see, for example,
Naab & Ostriker 2006). At t ⇠ �5 Gyr, star formation is
centrally concentrated. However, as cold gas is consumed in
the inner regions, a central depression develops in the star
formation rate (SFR). At later times, stars are formed at
progressively larger galactocentric distances from newly ac-
creted, high angular momentum gas, producing a dominant
population of young stars at large radii where the warp is
seen. This is the opposite of the behaviour discussed above
for S3 (top panel of Fig. 7) where a merger with a massive
companion at t ⇠ �4 Gyr triggered an inflow of cold gas to
the inner regions, boosting star formation there.

In Figure 13 we show hZi maps of the S8 disc at two
recent times; t = �0.33 and �0.66 Gyr (left and right
columns, respectively). The bottom and top rows are based
on stars younger than 2 Gyr, and with ages between 4 and 6
Gyr, respectively. While the warp in the younger component
becomes stronger with time, the older component remains
quite flat.

S12 is another interesting case. Comparing Figures 2
and 12 we see that the hZi map for the total stellar mass
combines the vertical patterns found in the older and the
younger populations, The former is apparently due to tidal
e↵ects, while the latter results from accretion of misaligned
gas. Note that the hZi maps found for the two subsets of
stars are very di↵erent,

S13 and S10 are rather similar to S3. Each merges with
a massive companion (at t = �5 and 4.2 Gyr, respectively).

c� 2015 RAS, MNRAS 000, 1–16
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Figure 9. Time evolution of the inner disc orientation with re-

spect to its orientation at t = �5 Gyr. Di↵erent colours corre-

spond to di↵erent simulated galaxies, as indicated in the legend.

formation of the stellar warp in NGC 4565. Using observa-
tion from the Hubble Space Telescope, Radburn-Smith et al.
(2014) showed that stars older than 1 Gyr lie in a symmet-
rical distribution around the disc plane. In contrast, a clear
and strong warp can be seen in stellar populations younger
than 600 Myr and correlates well with the observed HI warp.

In Figure 11 we show hZi maps obtained from stars
with ages between 4 and 6 Gyr in four discs that have un-
dergone strong satellite interactions during the last ⇠ 4 Gyr;
namely S6, S7, S14 and S11. In all cases, very strong verti-
cal patterns can be seen in these older stellar populations.
The shape and amplitude of these patterns are very similar
to those obtained when all stars are included (see Fig. 2),
in good agreement with expectations for tidally excited fea-
tures. Note that the vertical patterns in these old popula-
tions also correlate well with those seen in the distribution
of cold star-forming gas. This indicate that patterns in the
gas and stellar components of a disc can remain coincident
for more than 1 Gyr. Similar results are found for halos S9,
S15 and S16.

hZi maps for old star particles (ages between 4 and 6
Gyr) in the remaining simulations with strong, present-day
vertical patterns are shown in the top panels of Figure 12.
With the exception of S10, these galaxies have not inter-
acted with any satellite more massive than 1010.5 M� over
the last ⇠ 5 Gyr. In contrast to the galaxies just discussed,
they show at most weak signatures of vertical structure in
their old stellar populations. Some structure is seen in S12,
but it is much weaker and less complex than when all stars
are considered (compare with Fig. 2). The bottom panels
of Figure 12 show hZi maps for these same galaxies con-
structed using only stars younger than 2 Gyr. These panels
show much stronger vertical patterns which correlate well
with those found for the full stellar populations (Fig. 2)

Figure 10. As in Figure 6, but for S15. At t ⇠ �1 Gyr this

galaxy has a close encounter with a massive companion with an

infall mass of ⇠ 10
11.5

M�

showing that present-day vertical structure in these discs
is dominated by young stars.

S8 is a particularly clear example of a warp dominated
by newly formed stars. The bottom panel of Figure 7 shows
surface density profiles for this disc made using star parti-
cles that, at each time, are younger than 1 Gyr. Formation
is evidently inside-out, as expected for a disc that grows
continuously by smooth accretion of gas (see, for example,
Naab & Ostriker 2006). At t ⇠ �5 Gyr, star formation is
centrally concentrated. However, as cold gas is consumed in
the inner regions, a central depression develops in the star
formation rate (SFR). At later times, stars are formed at
progressively larger galactocentric distances from newly ac-
creted, high angular momentum gas, producing a dominant
population of young stars at large radii where the warp is
seen. This is the opposite of the behaviour discussed above
for S3 (top panel of Fig. 7) where a merger with a massive
companion at t ⇠ �4 Gyr triggered an inflow of cold gas to
the inner regions, boosting star formation there.

In Figure 13 we show hZi maps of the S8 disc at two
recent times; t = �0.33 and �0.66 Gyr (left and right
columns, respectively). The bottom and top rows are based
on stars younger than 2 Gyr, and with ages between 4 and 6
Gyr, respectively. While the warp in the younger component
becomes stronger with time, the older component remains
quite flat.

S12 is another interesting case. Comparing Figures 2
and 12 we see that the hZi map for the total stellar mass
combines the vertical patterns found in the older and the
younger populations, The former is apparently due to tidal
e↵ects, while the latter results from accretion of misaligned
gas. Note that the hZi maps found for the two subsets of
stars are very di↵erent,

S13 and S10 are rather similar to S3. Each merges with
a massive companion (at t = �5 and 4.2 Gyr, respectively).

c� 2015 RAS, MNRAS 000, 1–16

Credit: Rudiger Pakmor
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• The presence of the SMC suggests that the LMC has a very 
massive halo for its stellar mass.

• LMC-mass dwarfs in MW-mass hosts are bluer than isolated 
analogues due to enhanced SF and long quenching timescales. 

• If the LMC is as massive as recently estimated, it will merge with the 
MW in ~2.5 Gyrs.

• Despite its puny stellar mass, the LMC collision will have large 
effects on our galaxy, increasing by many factors the mass of the 
central supermassive black hole and that of the stellar halo.

M200 = 3 ± 1 × 1011M⊙

Evolution of LMC/M33-mass dwarf galaxies 289
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Figure 5. The distribution of g − r colour for LMC-mass dwarfs found in
the field (dotted), satellites around all hosts (dashed), and satellites around
MW-mass host haloes (solid).
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Figure 6. The distribution of g − r colour for LMC-mass dwarfs as a
function of halo mass. For field galaxies, the halo mass is that of their own
halo and corresponds to the region left of the vertical dotted line. For satellite
galaxies, the halo mass corresponds to that of their host haloes. The dotted
vertical line at M200 = 1011.6 M⊙ approximately separates the field from
the satellite population.

3.5 Dependence on host halo mass

In order to understand the processes that shape the colour distribu-
tion of LMC-mass galaxies, we now explore the dependence on host
halo mass. Fig. 6 shows the g − r colour as a function of the halo
mass for centrals and of the host halo mass for satellites. Most field
LMC-mass dwarfs have M200 < 1011.6 M⊙, and this mass threshold
is shown as the dotted vertical line in the figure. The LMC-mass
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Figure 7. The fraction of red/quiescent LMC-mass dwarfs as a function of
halo mass. The vertical dotted line separates the field galaxies (to the left)
from the satellites (to the right). For field galaxies, the halo mass is that of
their own halo, while for satellites, the halo mass is that of their host haloes.
The symbols show the red fraction defined as galaxies with g − r > 0.6. The
line shows the quiescent fraction defined as dwarfs with log(sSFR/Gyr−1) <

−1.7. The error bars represent the 1σ bootstrap uncertainties and are roughly
the same for both fractions.

centrals can be broadly divided into two categories. First, there are
the objects with M200 < 1010.6 M⊙. These have a very low halo
mass for their stellar mass and mainly correspond to backsplash
galaxies (see discussion in Section 3.1). Tracing the merger tree of
these objects reveals that all of them were, at some time in the past,
part of a massive, M200 > 1013 M⊙, host halo. Secondly, there is
the main population of LMC-mass galaxies, characterized by halo
masses, 1010.7 M⊙ < M200 < 1011.6 M⊙. While these galaxies are
predominantly blue, with a broad peak at g − r = 0.45, the dis-
tribution has a red tail, with a 15 per cent fraction of red, g − r >

0.6, central galaxies (see Fig. 7). This population of passive central
galaxies could be the result of self-quenching or mostly consist of
backslash galaxies. To identify the main process, we followed the
merger tree of all red LMC-mass centrals to identify the fraction
that were satellites at any point during their formation history. We
find that at most 35 per cent of them were satellites in the past,
suggesting that the dominant process for producing LMC-mass red
centrals is self-quenching.

The colour distribution of LMC-mass satellites shows a distinct
trend with the mass of their host halo. Due to the limited volume
of EAGLE, there are only a few haloes more massive than 1014 M⊙
and each vertical strip at those masses corresponds to the satellites
in each of those hosts. Note that the average number of LMC-
mass satellites per host varies strongly with their host halo mass.
A cluster with M200 ∼ 1014 has on average around 30 LMC-mass
dwarfs, whereas only one out of five haloes with M200 ∼ 1012 has
an LMC-mass dwarf. With a few exceptions, there are hardly any
red satellites in haloes with M200 < 1012 M⊙, and most satellites of
∼1012 M⊙ haloes are blue (defined as g − r < 0.6). The fraction
of red satellites rapidly increases with higher host mass, with red
LMC-mass dwarfs becoming dominant in hosts more massive than
1012.6 M⊙ (see also Fig. 7).
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