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A B S T R A C T 

We report a correlation between the presence of a Gaia -Sausage-Enceladus (GSE) analogue and dark-matter (DM) halo spin in 

the ARTEMIS simulations of Milky Way-like galaxies. The haloes which contain a large population of accreted stars on highly 

radial orbits (like the GSE) have lower spin on average than their counterparts with more isotropic stellar velocity distributions. 
The median modified spin parameters λ

′ 
differ by a factor of ∼1.7 at the present day, with a similar value when the haloes far 

from virial equilibrium are remo v ed. We also show that accreted stars make up a smaller proportion of the stellar populations in 

haloes containing a GSE analogue, and are stripped from satellites with stellar masses typically ∼4 times smaller. Our findings 
suggest that the higher spin of DM haloes without a GSE-like feature is due to mergers with large satellites of stellar mass 
∼10 

10 M �, which do not result in prominent radially anisotropic features like the GSE. 

Key words: galaxies: formation – galaxies: haloes – galaxies: kinematics and dynamics – galaxies: structure. 
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 I N T RO D U C T I O N  

ngular momentum is one of the fundamental properties of dark 
atter (DM) haloes. It is traditionally quantified by the dimensionless 

pin parameter (Peebles 1971 ), defined as 

≡ J | E| 1 / 2 
GM 

5 / 2 
, (1) 

here J, E, and M are the total angular momentum, energy, and
ass of the halo, respectively. A halo’s spin results from a com-

ination of tidal torques from the surrounding mass distribution, 
nd accumulation of angular momentum from accreted matter. Tidal 
orque theory (Hoyle 1951 ; Peebles 1969 ; Doroshkevich 1970 ; White 
984 ) describes how haloes gain their initial angular momentum via 
idal torques from neighbouring o v erdensities. These arise due to 

isalignment between the halo’s inertia tensor and the gravitational 
idal tensor. 

Numerical simulations predict that the distribution of λ (or the 
odified spin parameter λ

′ 
, see Section 3.2 ) across many haloes is

oughly log-normal in shape, with a median of λ ∼ 0.05 and standard 
eviation in ln λ of σ ∼ 0.5 (Barnes & Efstathiou 1987 ; Bullock et al.
001 ; Gardner 2001 ; Bailin & Steinmetz 2005 ; Mu ̃ noz-Cuartas et al.
011 ). 
The spin of DM haloes also evolves due to accretion and merger

vents. Major merger events tend to increase the average spin 
Gardner 2001 ; Maller, Dekel & Somerville 2002 ) due to acquisition
f the accreted satellites’ angular momentum. Vitvitska et al. ( 2002 )
ound that a halo’s spin usually sharply increases during a major 
erger, but gradually decreases while small satellites are accreted. 
 E-mail: amd206@cam.ac.uk 
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his can be modelled as a random walk. It is therefore, expected that
wo samples of galaxies with different accretion histories would have 
istinct spin distributions. Ho we ver, D’Onghia & Navarro ( 2007 )
rgued that this difference is due to recently merged haloes being out
f virial equilibrium. The surrounding large-scale structure (LSS) of 
 halo can also affect its spin. F or e xample, the Milk y Way (MW)
ies in a structure known as the ‘Local Sheet’ (Tully et al. 2008 ).
ragon-Calvo, Silk & Neyrinck ( 2022 ) found that simulated haloes

ocated in such sheets tend to have lower spins, with strong alignment
etween the sheets and the haloes’ angular momentum. Obreja, 
uck & Macci ̀o ( 2022 ) recently compared the angular momentum of
M and stellar components of haloes in simulations, and derived a

elation between them. This was used to predict the spin of the MW’s
M halo, although accretion history was not directly considered in 

his calculation. 
The Gaia -Sausage-Enceladus (GSE) is a population of compar- 

tively metal-rich stars on highly eccentric orbits in the stellar 
alo of the MW. It was disco v ered by Belokurov et al. ( 2018 ),
nd confirmed by Helmi et al. ( 2018 ) using data from the second
ata release (DR2) of the Gaia space telescope (Gaia Collaboration 
t al. 2016 ). Comparisons with cosmological simulations have shown 
hat these stars must have originated in a massive satellite of total

ass ∼10 11 M �, which merged with the MW 8–11 Gyr ago (e.g.
elokurov et al. 2018 ; Fattahi et al. 2019 ). This merger had a

ransformative impact on the MW, ejecting stars from the disc into
he stellar halo (the ‘Splash’; see Bonaca et al. 2017 ; Belokurov et al.
020 ). Due to the merger’s high-total mass ratio of around 1:2.5
Naidu et al. 2021 ), it likely had a large impact on the DM halo of
he MW, such as reshaping or reorientation (Dillamore et al. 2022 ).
t is also reasonable to expect that the halo’s spin was affected. In
his Letter , we investigate whether the presence or absence of a GSE-

http://orcid.org/0000-0003-0807-5261
http://orcid.org/0000-0002-0038-9584
http://orcid.org/0000-0001-8405-9883
mailto:amd206@cam.ac.uk


L88 A. M. Dillamore et al. 

M

l  

W  

o  

s  

2
 

d  

m  

i  

fi

2

T  

n  

d
 

t  

s  

2  

i  

m
 

b  

T  

o  

t  

c

a  

P  

h  

2
 

g  

m

3

3

W  

a  

o  

(  

s
 

s  

a  

g  

w  

m
 

c  

t  

a  

h  

a  

e  

(  

h  

(  

p  

w  

h
 

m  

o  

o

3

D  

e  

(

λ

w  

t  

t  

m
 

w  

u

3

F  

w  

b  

b  

w  

a  

p  

p
 

s  

r  

u  

c

4

4

T  

s  

a  

s  

1  

d  

v  

v  

s  

s
 

i  

s  

s  

v  

h  

o  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nrasl/article/519/1/L87/6886546 by Liverpool John M
oores U

niversity user on 04 January 2023
ike feature in a MW-like galaxy correlates with its DM halo’s spin.
e use the ARTEMIS set of 45 high-resolution zoom-in simulations

f MW-mass galaxies (Font et al. 2020 ), which have already been
tudied in relation to the GSE’s impact on the MW (Dillamore et al.
022 ). 
The Letter is arranged as follows. In Section 2 , we briefly

escribe the ARTEMIS simulations used in this study. We explain the
ethods for selecting halo samples and calculating spin parameters

n Section 3 , before presenting our results in Section 4 . Finally, our
ndings are summarized and discussed in Section 5 . 

 SIMULATIONS  

he ARTEMIS suite (Font et al. 2020 ) consists of zoom-in hydrody-
amical simulations of 45 galaxies with MW-mass haloes. A detailed
escription is given by Font et al. ( 2020 ) and is summarized below. 
The simulations were run in a WMAP � CDM cosmology with

he Gadget-3 code (Springel 2005 ), using the same hydrodynamics
olver and sub-grid physics as the EAGLE project (Schaye et al.
015 ; Crain et al. 2015 ). Ho we ver, the stellar feedback was recal-
brated to obtain a better match to the observed stellar mass–halo

ass relation (for details, see Font et al. 2020 ). 
The 45 haloes were selected from a collisionless simulation in a

ox of side length 25 Mpc h −1 with periodic boundary conditions.
his selection was purely based on the total mass of the haloes, all
f which lie in the range 0.8 < M 200 /10 12 M � < 1.2. Here M 200 is
he mass enclosed within a volume of mean density 200 times the
ritical density at redshift z = 0. 

The final simulations have DM particles of mass 1.17 × 10 5 M �h −1 

nd baryon particles with initial mass 2.23 × 10 4 M �h −1 . The
lummer-equi v alent softening length is 125 pc h −1 . Haloes and sub-
aloes were identified with the SUBFIND algorithm (Dolag et al.
009 ). 
The simulated haloes match observed properties of MW-mass

alaxies, including stellar masses, sizes, luminosities, and average
etallicities (see Font et al. 2020 ). 

 M E T H O D  

.1 Selection of galaxy samples 

e divide the 45 galaxies into two samples based on the presence of
 GSE-like feature in the kinematics of accreted stars. The sample
f 23 GSE-containing haloes is taken from Dillamore et al. ( 2022 )
called Sample GS/all and shown in fig. 3 in that study), and its
election is described briefly below. 

Star particles in the ARTEMIS simulations are flagged as either ‘ in
itu ’ or ‘accreted’. In situ stars are those born in the host halo, defined
s the most massive sub-halo in the most massive friends-of-friends
roup (Font et al. 2020 ). Accreted star particles are therefore those
hich have been stripped from lower mass satellites, usually during
erger events. 
The velocities of accreted star particles were calculated in spherical

oordinates, and a two-component Gaussian mixture model was fitted
o the distributions within a Solar neighbourhood region. This is
 cylindrical shell between radii R = 5 kpc and 15 kpc, between
eights of z = ±9 kpc (abo v e and below the galactic plane). The
nisotropy parameter β = 1 − ( σ 2 

φ + σ 2 
θ ) / 2 σ 2 

r was calculated for
ach Gaussian, where σ i is the velocity dispersion in the i th direction
see Binney & Tremaine 2008 ). The GSE sample consists of all
aloes, where the more radially anisotropic Gaussian component
larger β) has a contribution of > 40 per cent and β > 0.8. This
NRASL 519, L87–L91 (2023) 
rocedure is based on that of Fattahi et al. ( 2019 ), and provides us
ith a set of galaxies that contain a significant accreted feature with
ighly radial kinematics. 
We emphasize that this selection was purely based on the kine-
atics of accreted star particles, with no consideration of DM or any

ther properties of the haloes. Examples of the velocity distributions
f accreted stars can be seen in fig. 1 of Dillamore et al. ( 2022 ). 

.2 Calculation of spin parameters 

ue to the computational difficulties associated with calculating the
nergy for the spin parameter λ (equation 1 ), we follow Bullock et al.
 2001 ) and instead use the modified spin parameter, 

′ ≡ J DM , vir √ 

2 M DM , vir V vir R vir 

, (2) 

here, J DM, vir is the total angular momentum of DM particles within
he virial radius R vir , of total mass M DM, vir . The circular velocity at
he virial radius is V vir = 

√ 

GM vir /R vir , where M vir is the total virial
ass. 
We use the virial mass and radius values computed by SUBFIND,

hile the DM angular momentum and mass within R vir are calculated
sing particle data. 

.3 Testing for equilibrium 

ollowing Macci ̀o et al. ( 2007 ) and D’Onghia & Navarro ( 2007 ),
e quantify the haloes’ level of equilibrium using the distances
etween their centres of mass and potential (i.e. location of most
ound particle). We define the parameter s ≡ | r CoM 

− r CoP | /R vir ,
here r CoM 

and r CoP are the position vectors of the centre of mass
nd potential, respectively. The centre of mass is calculated from all
articles belonging to the halo, while the centre of potential is the
osition of its most bound particle (McAlpine et al. 2016 ). 
Haloes in virial equilibrium tend to have very small values of

 , while those with large s are unrelaxed, often having undergone
ecent mergers (Macci ̀o et al. 2007 ). This quantity is therefore a
seful proxy for measuring the virial equilibrium of a halo, and is
omputationally easy to e v aluate. 

 RESULTS  

.1 DM spin distributions 

he present-day distributions of λ
′ 

are shown in Fig. 1 for the halo
amples with and without a GSE analogue. The two distributions
ppear to be distinct, with the spin of the GSE DM haloes being
maller on average; the median values of λ

′ 
differ by a factor of about

.7. The results of a two-sample Kolmogoro v–Smirno v (KS) test are
isplayed in the lower panel. The KS statistic D is the maximum
ertical distance between the cumulative distributions, while the p -
alue is the probability that the two samples are drawn from the
ame probability distribution. The reasonably small p -value of 0.012
upports the hypothesis that these distributions are truly distinct. 

We must address whether this distinction in spin distributions
s due to the non-GSE hosts being further from equilibrium, as
uggested by D’Onghia & Navarro ( 2007 ). The off-centre parameters
 are indeed larger on average for the non-GSE hosts. The median
alue is s = 0.055, compared to 0.036 for the GSE hosts. The
aloes without a GSE analogue therefore typically have a larger
ffset between their centres of mass and potential, implying that they
re on average further from virial equilibrium. This suggests that a
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Figure 1. Distributions of spin ( λ
′ 
) for DM halo samples with (blue) and 

without (orange) a GSE analogue, smoothed with Epanechnikov kernels 
(Epanechnikov 1969 ). The lower panel shows the cumulative distributions, 
with f hosts ( < λ

′ 
) being the fraction of hosts in each sample with a spin 

parameter less than λ
′ 
. The vertical-dashed lines mark the medians of the two 

populations. Haloes containing a GSE analogue have lower spin parameters 
on average, with the median λ

′ 
being a factor of 1.7 smaller. The Kolmogorov–

Smirnov (KS) statistic D and p -value are printed in the lower panel. 
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Figure 2. Top panel: median DM spin parameters (solid lines) of the halo 
samples with (blue) and without (orange) a GSE analogue as functions of 
lookback time t L . The grey bands enclosed by the dashed lines indicate the 
ranges between 16th and 84th percentiles. At 10 Gyr ago, the medians are 
similar, before the value for the non-GSE sample increases markedly from 8 
to 6 Gyr ago. At present day, the median lies outside the 84th percentile of the 
GSE sample. Bottom panel: median virial mass of each sample as functions 
of time. The non-GSE haloes initially have lower mass, before growing more 
rapidly between 8 and 6 Gyr ago to catch up with the GSE sample. 
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ack of equilibrium may be a factor causing the higher spins of the
on-GSE hosts. 
Alternatively, we can check whether cutting the samples based 

n s affects the spin distributions. We remo v e all haloes from both
amples with s > 0.1, the upper threshold for virial equilibrium used
y D’Onghia & Navarro ( 2007 ). This remo v es 3 haloes from the GSE
ample and 7 from the non-GSE sample. After this cut, the median
alues of λ

′ 
are 0.024 and 0.046 for the GSE and non-GSE samples

especti vely, a dif ference of a factor of 1.9. Hence, the median values
av e actually mo v ed further apart. The KS statistic is now 0.43 and
he p -value is 0.061 (the larger p -value is partly due to the smaller
ample sizes). Though the probability of distinct distributions is 
lightly reduced, there remains a clear difference between the average 
pins of the two samples when the out-of-equilibrium haloes are 
emo v ed. This suggests that lack of virialization alone may not be
he cause of the distinction. 

In the top panel of Fig. 2 , we show the evolution of the spin
arameters across lookback time t L . The medians and 16th and 84th
ercentiles of λ

′ 
are plotted for each sample. The bottom panel shows

he median virial masses M vir . 
The two distributions are clearly distinct at t L ≈ 11 Gyr, with 

ome non-GSE hosts exhibiting very large values of λ
′ 
. However, 

uring this time the haloes are accreting mass rapidly, so may be far
rom virial equilibrium. This may explain the high spins; D’Onghia 
 Navarro ( 2007 ) found that out-of-equilibrium haloes have higher 

pins on average. The virial radius and mass is also more difficult to
efine if a halo is rapidly accreting and far from equilibrium, so λ
′ 

as defined by equation 2 ) may not be meaningful. 
At t L ≈ 9 −10 Gyr, the two λ

′ 
distributions are more alike than

t present, with similar median values. They then diverge over the
e xt sev eral billion years, with the non-GSE median increasing
rom λ

′ ≈ 0.03 to ≈0.05. Much of this change (particularly in 
he median) happens between 8 and 6 Gyr before present. This
eriod coincides with an interval during which the non-GSE hosts 
xperience particularly rapid mass growth. Until t L ≈ 8 Gyr, the GSE
osts have larger virial masses on average, with the others lagging
ehind. This changes o v er the ne xt 2 Gyr, when the median virial
ass of the non-GSE hosts increases significantly and o v ertakes that

f the GSE hosts. The two averages then remain relatively close until
he present. 

.2 Accretion histories 

he concurrence of the increases in spin and virial mass of the non-
SE hosts hints that mergers may play an important role in the

pin evolution (e.g. Gardner 2001 ; Vitvitska et al. 2002 ; Peirani,
ohayaee & de Freitas Pacheco 2004 ; D’Onghia & Navarro 2007 ).

n Fig. 3 , we show the spin and virial mass evolution for two
ndividual galaxies in each sample. The two haloes in the left-hand
olumn (G07 and G41) show close correspondence between the virial 
ass and spin. During major mergers when the virial mass increases

apidly, the spin also increases sharply o v er the same period. In
oth of these cases, the spin remains high after the merger has
oncluded. The stability of the spin (for 6 Gyr in G41) suggests
hat the increase is not merely due to a lack of virial equilibirum, but
s truly driven up by the accretion. Ho we ver, this is not universally
he case. Some haloes (including G23 and G35) do not experience 
MNRASL 519, L87–L91 (2023) 
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M

Figure 3. Virial masses (blue) and DM spin parameters (orange) plotted 
together against time for four haloes. Those in the top row (G07 and G23) 
belong to the GSE sample, while the others (G41 and G35) do not. In both 
samples, there are clear examples of large increases in virial mass and spin 
coinciding (e.g. G07 and G41), but also those where λ

′ 
changes little or 

decreases when M vir rises (G23 and G35). 

Figure 4. Left column: differential (top) and cumulative (bottom) 
distributions of the mass fractions of stars which are flagged as accreted 
(smoothed with Epanechnikov kernels, Epanechnikov 1969 ). f hosts ( < α) is 
the fraction of hosts with mass fraction less than α. The medians are marked 
by dashed lines. The haloes with no GSE analogue have larger fractions 
of accreted stars by more than a factor of 2 on average. Right column: 
distributions of the median peak stellar mass of the progenitors to which the 
accreted stars belonged before they were stripped. This is a measure of the 
typical masses of accreted satellites. The stars in the non-GSE sample tend 
to originate in galaxies with higher stellar mass, on the order of 10 10 M �
compared to 10 9 M � for the GSE sample. 
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arge-spin increases during major accretion episodes. Both galaxy
amples exhibit examples of both behaviours. Ho we ver, the fact that
igh spins tend to arise after major accretion events suggests that
 difference in accretion history may be a dominant factor in the
istinct present-day spin distributions. 
If this is the case, it is expected that the populations of accreted stars

ill also show differences. Properties of stellar populations are more
irectly observable than those of the DM halo, so any relation here is
ore readily applicable to the MW. In Fig. 4 , we show distributions of

wo properties of the accreted stellar populations. First, we calculate
NRASL 519, L87–L91 (2023) 
he accreted stellar mass fraction (i.e. total mass of accreted stars
ivided by total stellar mass). This is shown in the left-hand column,
ith the cumulative distribution in the lower panel. For each star, we

lso consider the peak stellar mass of any progenitor halo to which it
as bound before it was accreted onto the host. The median of this
uantity across all accreted stars is calculated for each galaxy, and the
istributions are plotted in the right-hand column of Fig. 4 . This is a
easure of the typical stellar mass of satellites accreted by the hosts.
The accreted stellar mass fraction tends to be much greater in the

on-GSE hosts, with a median value of 0.33 compared to 0.13 in the
SE hosts. The right-hand column shows that the stars accreted
nto the non-GSE hosts tend to originate in much higher mass
rogenitors; accreted stars in GSE hosts mostly come from haloes
f stellar mass � 3 × 10 9 M �. By comparison, the non-GSE hosts
ccrete satellites with typical masses of ∼7 × 10 9 M � and up to
ore than 10 10 M �. The ARTEMIS hosts themselv es hav e present-day

tellar masses of typically 2–4 × 10 10 M � (Font et al. 2020 ), so some
f these satellites are only slightly smaller than the hosts. The non-
SE accreted fractions are also significantly larger than that of the
W; the MW’s stellar halo makes up only about 2 per cent of its

otal stellar mass (Licquia & Newman 2015 ; Deason, Belokurov &
anders 2019 ), so its accreted fraction is even less than this. It appears

hat a lack of a GSE analogue tends to indicate higher mass mergers
nd accreted fractions. We have found that accreted stellar haloes in
he non-GSE sample tend to have lower radial anisotropy across all
edshifts, and experience mergers with mass ratios of typically ∼0.5.

e therefore, postulate that mergers with such a high-mass ratio do
ot give rise to a GSE analogue, instead resulting in a more isotropic
ccreted velocity distribution. 

The correlation between large numbers of accreted stars and mas-
ive accreted haloes is unsurprising. Less-massive (dwarf) galaxies
re DM dominated (e.g. Moster et al. 2010 ), so many minor mergers
ith these would not easily provide large quantities of accreted stars

o the host haloes. More massive haloes have proportionally much
arger stellar masses, so a merger with one of these could provide
he large accreted stellar fractions seen in the non-GSE sample. For
xample, a typical ARTEMIS stellar mass of 2 × 10 10 M � and accreted
tellar fraction of 0.35 could correspond to a single merger with a
atellite of stellar mass 7 × 10 9 M �, which is roughly average for the
on-GSE sample. 
In the top panel of Fig. 5 , we plot the halo spin parameters against

he accreted stellar mass fractions. This again shows that the GSE
osts have lower spin parameters and accreted fractions. It also
mphasizes that high-spin parameters ( � 0.6) only occur along with
igh-accreted mass fractions ( � 0.2), although there is a wide range
f λ

′ 
at high accreted fractions. 

In the bottom panel, we instead show the spins of the stellar
omponents of the galaxies. We define this in the same way as
′ 

(equation 2 ), but replace the DM angular momentum and mass
ith those of the stars, and e v aluate all quantities at the galaxy’s

f fecti ve radius (i.e. half-mass radius). This plot shows the opposite
rend: galaxies with higher fractions of accreted stars have lower net
tellar spin. This is unsurprising for two reasons: massive mergers
re able to disrupt stellar discs (see e.g. Hopkins et al. 2009 ), and a
arger proportion of accreted stars means a smaller proportion of in
itu stars, many of which occupy a disc and therefore have closely
orrelated angular momenta. 

 SUMMARY  

e have measured the spin distributions of MW-mass galaxies
n the ARTEMIS cosmological simulations, dividing the 45 haloes
ccording to the presence or absence of an analogue of Gaia -Sausage-
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igure 5. Top panel: present-day DM spin parameter λ
′ 

against accreted 
tellar mass fraction, for both halo samples. Higher accreted fractions allow a
ider range of λ

′ 
, with λ

′ � 0.6 only occurring when the accreted fraction is
reater than 0.2. Bottom panel: as mentioned abo v e, but stellar spin instead of
M halo spin. In this case the correlation is ne gativ e, with larger proportions
f accreted stars corresponding to lower spins. 

nceladus (GSE). A GSE analogue is defined as a set of accreted
tars on highly radial orbits, which has a large contribution to the
 v erall accreted population (as described by Dillamore et al. 2022 ).
e find that 

(i) The haloes containing a GSE analogue have lower spin parame- 
ers on average. The median dimensionless spin parameter λ

′ 
is 0.030 

or the GSE sample, and 0.052 for the others (a difference of a factor
f 1.7). The p -value of a two-sample KS test is 0.012, supporting the
onclusion that the spin distributions of the two samples are distinct. 

(ii) At earlier times (8–10 Gyr before present) the spin distribu- 
ions of the two samples are much more similar. They start to diverge
fter t L ≈ 8 Gyr, when the median λ

′ 
of the non-GSE hosts increases

rom ≈0.03 to ≈0.05. This coincides with an increased rate of growth
f the median virial mass of this sample. 
(iii) The GSE hosts have smaller fractions of accreted stars than 

he other hosts. A median of 13 per cent of the stellar mass in GSE
osts is accreted from other sub-haloes, compared to 33 per cent for 
he non-GSE hosts. This accreted stellar mass also tends to come from
maller satellites, typically ∼10 9 M � for the GSE hosts compared to 
0.7 × 10 10 M � for the others. 
(iv) High present-day DM spin parameters ( λ � 0.06) only occur 

hen the mass fraction of accreted stars is � 0.2, suggesting that
ergers may be necessary for driving large spins. 

Our results demonstrate the importance of a galaxy’s stellar 
omponent in the study of its DM halo. If we wish to constrain
he spin of the MW’s dark halo, consideration of the stellar halo and
ccretion history may be crucial. 
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