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A B S T R A C T 

The Eridanus II (EriII) ‘ultra-faint’ dwarf has a large (15 pc) and low-mass (4.3 × 10 

3 M �) star cluster (SC) offset from its 
centre by 23 ± 3 pc in projection. Its size and offset are naturally explained if EriII has a central dark matter core, but such a 
core may be challenging to explain in a � CDM cosmology. In this paper, we revisit the survival and evolution of EriII’s SC, 
focusing for the first time on its puzzlingly large ellipticity (0 . 31 

+ 0 . 05 
−0 . 06 ). We perform a suite of 960 direct N -body simulations of 

SCs, orbiting within a range of spherical background potentials fit to ultra-f aint dw arf (UFD) galaxy simulations. We find only 

two scenarios that come close to explaining EriII’s SC. In the first scenario, EriII has a low-density dark matter core (of size 
∼70 pc and density � 2 × 10 

8 M � kpc −3 ). In this model, the high ellipticity of EriII’s SC is set at birth, with the lack of tidal 
forces in the core allowing its ellipticity to remain frozen for long times. In the second scenario, EriII’s SC orbits in a partial 
core, with its high ellipticity owing to its imminent tidal destruction. However, this latter model struggles to reproduce the large 
size of EriII’s SC, and it predicts substantial tidal tails around EriII’s SC that should have already been seen in the data. This 
leads us to fa v our the cored model. We discuss potential caveats to these findings, and the implications of the cored model for 
galaxy formation and the nature of dark matter. 

Key words: methods: numerical – galaxies: dwarf – galaxies: haloes – galaxies: individual: Eridanus II – galaxies: star clusters: 
general – galaxies: structure. 
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 I N T RO D U C T I O N  

he standard cosmological model ( � CDM) provides an excellent 
atch to the observed growth of cosmic structure on large scales 

e.g. Clowe et al. 2006 ; Springel, Frenk & White 2006 ; Tegmark
t al. 2006 ; Dawson et al. 2013 ; Oka et al. 2014 ; Planck Collaboration
VI 2014 ; Wang et al. 2016 ). Ho we ver, pure dark matter structure

ormation simulations in a � CDM cosmology deviate from observa- 
ions on galactic and sub-galactic scales, where ‘baryonic physics’ 

e.g. gas cooling, star formation, ‘feedback’ from massive stars –
ecomes important (Carignan & Freeman 1988 ; Flores & Primack 
994 ; Moore 1994 ; Klypin et al. 1999 ; Moore et al. 1999 ; McGaugh,
ubin & de Blok 2001 ; Sand, Treu & Ellis 2002 ; Okamoto & Frenk
009 ; Boylan-Kolchin, Bullock & Kaplinghat 2011 ). The earliest 
uch tension has become known as the ‘cusp-core problem’, and 
oncerns the central densities of dark matter haloes in dwarf galaxies. 
ure dark matter simulations in a � CDM cosmology predict the 
ormation of a complex web of cosmic structure punctuated by dense 
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aloes that have a self-similar density profile 1 (Navarro, Frenk & 

hite 1997 ). These density profiles are well fitted within an accuracy
f ∼10 per cent by the ‘NFW’ profile (Navarro, Frenk & White
996b ), which is described by a divergent inner density that goes as
∝ r −1 and outer density that goes as ρ ∝ r −3 . 
Analysis of real galaxies reveals a more complicated picture. Many 

warf galaxies fa v our a flatter central density than predicted by the
FW profile (Carignan & Freeman 1988 ; Flores & Primack 1994 ;
oore 1994 ; McGaugh et al. 2001 ; Read et al. 2017a ), while others

re consistent with a dense NFW cusp (Richardson & Fairbairn 
014 ; Strigari, Frenk & White 2017 ; Read, Walker & Steger 2018 ;
hi et al. 2021 ). Recently, Read, Walker & Steger ( 2019 ) found that

he densest dwarfs appear to be those with the least star formation,
hile the dwarfs with lower central densities hav e e xperienced more

tar formation. This is exactly what was predicted by models in which
This self-similarity is predicted to end at around an Earth-mass for a 
100 GeV/c 2 weakly interacting massive particle due to the free-streaming 

imit (Hofmann, Schwarz & St ̈ocker 2001 ; Diemand, Moore & Stadel 2005 ; 
ang et al. 2020b ). This is currently far below the resolution limit of most 

osmological simulations. 
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ark matter cusps are transformed to lower density cores by repeated
tellar -feedback-induced gra vitational potential fluctuations (e.g.
avarro, Eke & Frenk 1996a ; Read & Gilmore 2005 ; Mashchenko,
ouchman & Wadsley 2006 ; Mashchenko, Wadsley & Couchman
008 ; Pontzen & Go v ernato 2012 ; Di Cintio et al. 2014 ). Further
ynamical evidence for dark matter cusp-core transformations in
alaxies at higher redshift has been recently reported by Genzel et al.
 2020 ), Bouch ́e et al. ( 2022 ), and Sharma, Salucci & van de Ven
 2022 ). 

While gas cooling and stellar feedback can transform dark matter
usps to cores, it is energetically challenging for this process to create
arge dark matter cores (typically > 500 pc) in the very smallest ‘ultra-
 aint’ dw arfs, since they form so few stars ( M ∗ < 10 5 M �; Pe ̃ narrubia
t al. 2012 ; Garrison-Kimmel et al. 2013 ; Di Cintio et al. 2014 ;
axwell, Wadsley & Couchman 2015 ; O ̃ norbe et al. 2015 ; Tollet

t al. 2016 ). Ho we ver, smaller dark matter cores may still form
nside the half-light radius ( R 1/2 ∼ 20–200 pc for UFDs 2 ), where
he gravitational potential fluctuations are strongest (e.g. O ̃ norbe
t al. 2015 ; Read et al. 2016 ). Whether this is expected to happen
n a � CDM cosmology remains an active area of debate. Most
tudies to date find that cusp-core transformations are challenging
t the likely mass-scale of UFDs ( M 200 c ∼ 10 9 M �; M ∗ ∼ 10 5 M �;
.g. Chan et al. 2015 ; Wheeler et al. 2019a ; Gutcke et al. 2022 ).
o we ver, there are some notable exceptions. In recent work, Orkney

t al. ( 2021 ) studied cusp-core transformations for UFDs drawn
rom the ‘Engineering Dwarfs at Galaxy formation’s Edge’ (EDGE)
imulation project (with a mass, baryonic mass, and spatial resolution
f 120 M �, 20 M �, and 3 pc, respectively, sufficient to resolve dark
atter cores in UFDs larger than ∼20 pc). They found that UFDs can

ower their inner dark matter density by up to a factor ∼2 through
 combination of early heating due to star formation, followed by
ate-time heating from minor mergers. While none of their simulated
warfs formed a completely flat central core, their small sample
ize left open the possibility that this combination of mechanisms
ould form flatter cores for some rarer assembly histories. It is also
mportant to note that dark matter core formation on these mass scales
s v ery sensitiv e to small changes in the star formation and feedback
odelling. Pontzen et al. ( 2021 ) showed that a small increase in

ariability of the star formation rate on time-scales shorter than the
ocal dynamical time is sufficient to form a full dark matter core in an
ltra-faint, without significantly altering its stellar mass. As such, the
uestion of whether complete dark matter core formation is expected
n some or all UFDs in � CDM remains open. 

On the observational side, there is growing, albeit indirect,
vidence for small dark matter cores in at least some UFDs (e.g.
morisco 2017 ; Sanders, Evans & Dehnen 2018 ; Malhan, Valluri &
reese 2021 ), with the most compelling case being EriII (Amorisco
017 ; Contenta et al. 2018 ). Disco v ered by the dark energy surv e y
DES, Bechtol et al. 2015 ; Koposov et al. 2015 ), EriII is an UFD with
 stellar mass of 8 . 3 + 1 . 7 

−1 . 4 × 10 4 M � and a dynamical mass estimate of
 . 2 + 0 . 4 

−0 . 3 × 10 7 M � within its half-light radius (Li et al. 2017 ). Its low
etallicity implies an old stellar population and it is a good candidate

or being a ‘fossil’ galaxy that was quenched by reionization (Simon
t al. 2021 ). Deep imaging of EriII has revealed a lone SC offset
n projection from EriII’s photometric centre (Koposov et al. 2015 ;
rnojevi ́c et al. 2016 ; Simon et al. 2021 ), making it the faintest
NRAS 515, 185–200 (2022) 

 Whilst such cores would be small, they are none the less dynamically 
mportant by construction, since R 1/2 is the scale on which we can probe 
he inner gravitational potential of dwarfs via their stellar kinematics (Read, 
gertz & Collins 2016 ). 
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nown galaxy to host a SC. The large projected half-light radius of
his SC (15 ± 1 pc), and its large offset from EriII’s photometric
entre (23 ± 3 pc; Simon et al. 2021 3 ), can be naturally explained
f it is orbiting within a central dark matter core of size ∼70 pc and
ensity � 2 × 10 8 M � kpc −3 (Amorisco 2017 ; Contenta et al. 2018 ).
y contrast, a ‘pristine cuspy’ inner dark matter profile – as expected

n pure dark matter structure formation simulations in � CDM –
apidly destroys the SC, making such a scenario unlikely. 

More recently, kinematic analysis of spectroscopic observations
rom the MUSE-faint surv e y has confirmed that the SC in EriII is
ndeed a self-bound object and is within the host galaxy (Zoutendijk
t al. 2020 ). Expanding on this work, Zoutendijk et al. ( 2021b ) use
ass-modelling techniques on 92 tracer stars to show that a solitonic

ore dark matter model provides the best match for the potential
rofile of EriII (but that alternative DM models cannot be ruled
ut). This, then, can be considered direct and independent evidence
a v ouring a core in EriII, which serendipitously supports a core radius
n excess of the projected orbital offset observed for the SC ( > 47 pc
t 68 per cent confidence level). 

In this paper, we revisit the survival and evolution of EriII’s SCs,
ocusing for the first time on its puzzlingly large ellipticity (0 . 31 + 0 . 05 

−0 . 06 ;
imon et al. 2021 ). The ellipticity is a key new piece of information
ecause, at first sight, it appears to pose an immediate problem
or models in which the SC orbits within a constant density core.
his is because: (i) the SC’s short relaxation time ( t relax ∼ 2 Gyrs;
ontenta et al. 2018 ) should rapidly erase any birth ellipticity through

wo-body effects (e.g. Agekian 1958 ; Shapiro & Marchant 1976 ;
ongaretti & Lagoute 1996 ; Einsel & Spurzem 1999a ; Bianchini
t al. 2013 ), and (ii) it is challenging to induce a high ellipticity with
ides, since tidal forces formally vanish inside a constant density
ore 4 (e.g. Contenta et al. 2018 ). As such, we set out in this paper to
nswer the question: can we form a SC as larg e , offset, and elliptical
s that in EriII within realistic UFDs in � CDM? To address this
uestion, we first select a number of ‘ultra-faint’ dwarfs from the
DGE simulation project (Rey et al. 2019 ; Agertz et al. 2020 ; Rey
t al. 2020 ; Orkney et al. 2021 ; Pontzen et al. 2021 , 2022 ; Rey et al.
022 ), chosen to be most similar to EriII. We then set up a suite
f 960 collisional NBODY6DF follow-up simulations that model SCs
rbiting within spherically symmetric potentials fit to these dwarfs,
ampling o v er a grid of initial properties and orbits. We consider a
tatic pristine cold dark matter cusp, a static weakened cusp, a static
artial dark matter core, and a mildly time-evolving partial core, each
t to a representative UFD drawn from the EDGE simulation suite.
e also include, for comparison, the lower density cored potential

rom Contenta et al. ( 2018 ). This is more cored than any of the EDGE
warfs presented in Orkney et al. ( 2021 ), but has properties similar to
he cored UFD presented and discussed in Pontzen et al. ( 2021 ). We
iscuss whether such a cored model is likely in a � CDM cosmology
n Section 4 . 

This paper is organized as follows. In Section 2 , we describe
he EDGE simulations used in this paper, and the moti v ation and
etup for our collisional N -body simulation suite. We discuss the
esults of our cosmological simulations in Section 3.1 , and present
alf-light radius, and a larger ellipticity. 
 The tidal radius of a point mass SC of mass M SC moving on a radial orbit in a 
ower law background potential, ρ ∝ r −γ , is given by (e.g. Read et al. 2006a ): 
r t 
r B 

� 

[ 
M SC 

M B (1 −γ ) 

] 1 / 3 
, where M B is the background mass enclosed within r B 

valid for γ < 1). Thus, for a constant density core, γ = 0, r t � r B , and inside 
he core ( r < r B ) there will formally be no tidal stripping. 
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he results for our N -body simulation suite in Section 3.2 . Our
iscussion is presented in Section 4 . In Section 4.1 , we examine
he core formation mechanisms in our EDGE simulations and 
onsider whether alternative star formation and feedback physics, 
r alternative cosmologies could provide larger cores. In Section 4.2 
nd Section 4.3 , we discuss possible pathways for the formation, 
 volution, and survi v al of the SC in EriII. Finally, in Section 5 we
resent our conclusions. 

 M E T H O D  

.1 Cosmological simulations of ultra-faint dwarfs 

e analyse a selection of UFD galaxy simulations taken from 

he wider suite of cosmological zoom-in simulations that form the 
DGE project (debuted in Agertz et al. 2020 ), modelled using the
daptive mesh refinement (AMR) tool RAMSES (Teyssier 2002 ). Our 
osmological parameters are based on data from the Planck satellite 
Planck Collaboration XVI 2014 ), and are �m 

= 0.309, �� 

= 0.691, 
b = 0.045, and H 0 = 67 . 77 km s −1 Mpc −1 . Our baryonic physics

ecipe, zoom-halo selection criteria, and our simulation methods are 
ll described in detail in Agertz et al. ( 2020 ). For completeness, we
riefly summarize them here. 
The fiducial baryonic physics model includes Schmidt-law star for- 
ation (Schmidt 1959 ), stellar evolution and stellar feedback budgets 

dopted from Agertz et al. ( 2013 ). Our feedback scheme models the
njection of energy, momentum, and metals from supernovae (SNe) 
nto the interstellar medium. A time-dependent, uniform ultraviolet 
ackground is used to model the epoch of reionization (based on 
aardt & Madau 1996 with modifications as described in Rey et al.
020 ). The hydrodynamic grid spatial resolution approaches ∼3 pc 
nd ∼ 20 M � within the zoom region, allowing us to resolve the
mpact of individual SNe on the intergalactic medium (Kimm et al. 
015 ; Wheeler et al. 2019b ; Agertz et al. 2020 ). 
All simulations are initialized with the GENETIC code (Stopyra 

t al. 2021 ) which allows us to forensically explore the impact of
ssembly history on galaxy properties using the genetic modification 
GM) approach (Roth, Pontzen & Peiris 2016 ; Rey & Pontzen 
018 ). This involves altering the initial conditions of a cosmological 
imulation in a way that maximizes the chance that those alterations 
rise from a random Gaussian draw from a � CDM cosmology. 

Detailed analysis was performed using the TANGOS data base 
ackage (Pontzen & Tremmel 2018 ) and the PYNBODY analysis 
ackage (Pontzen et al. 2013 ). We analyse four haloes previously 
escribed in Rey et al. ( 2019 ) and Orkney et al. ( 2021 ), all of which
ave a final stellar mass of O(10 5 ) M � and are selected from the
DGE suite to be most similar to the observed properties of EriII (see
able 1 ). Halo1459 GM:Later and Halo1459 GM:Latest are based 
pon the initial conditions of Halo1459, but have been modified with 
ur GM treatment. Halo1459 GM:Later (Halo1459 GM:Latest) has 
ad its formation delayed such that it is a third (a half) times less
assive than Halo1459 at the time of reionization. 
We find that bound ensembles of stellar particles, which we 

entatively identify as SCs, form naturally within all of our EDGE 

imulations. We will investigate the formation physics and properties 
f these SCs in forthcoming work (Taylor et al. 2022 in prep.).
ere, we note that the long-term dynamical evolution of these SCs

annot be relied upon because the stars are not individually resolved, 
nd the intra-particle forces are artificially damped by the ∼3 pc 
orce-softening. Therefore, SCs that develop in EDGE (and other 
imilar cosmological simulations) are prone to artificial dissolution. 
urthermore, our small sample of SCs in EDGE is not sufficient 
MNRAS 515, 185–200 (2022) 
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M

Table 2. Overview of the parameter grid used for the NBODY6DF simulation suite. From left to right, the columns give: the initial star numbers 
in the cluster and the corresponding total mass; the initial 3D half-mass radius used to initialize the cluster; the initial galactocentric distance of 
the cluster orbit; the initial tangential orbital velocity; and the central slope parameter γ of the Dehnen model used for the host potential (where 
γ = 0 is a core and γ = 1 is a cusp), alongside a description of the potential. In total, this table describes 960 unique simulations. 

N M ini [M �] R halfmass,ini [pc] R g,ini [pc] v ini / v circ Host γ Description 

2 16 4.18 × 10 4 2.5 45 1 1 Halo1459 DMO: pristine � CDM cusp 
2 15 2.08 × 10 4 5 100 0.75 0.75 Halo1445: weakened cusp 
2 14 1.00 × 10 4 10 200 0.50 0 Halo1459: partial core 
2 13 5.14 × 10 3 15 – 0.25 0 Halo1459 GM:Later: partial, time-evolving core 

0 Fcore: full core 
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o predict the probability distribution function of their initial sizes,
asses, and orbits. For these reasons, we model the SCs instead with

ollow-up simulations using an accurate direction summation code,
BODY6DF . We describe these follow-up simulations, next. 

.2 Direct summation N -body simulations 

e simulate the evolution of SCs in the EDGE dwarfs using a
ariant of the NBODY6 code (Aarseth 1999 ) – a graphics processing
nit (GPU) enabled direct N -body simulation tool (Nitadori &
arseth 2012 ), which uses regularization to model multiple-order

tellar encounters. Stellar evolution is implemented with the standard
Eggleton, Tout and Hurley’ option in NBODY6 (Eggleton, Fitchett &
 out 1989 ; T out et al. 1997 ; Hurley, Pols & T out 2000 ; Hurley, T out &
ols 2002 ; Hurley 2008 ). 
Our chosen variant is NBODY6DF 5 (Petts, Gualandris & Read

015 ; Petts, Read & Gualandris 2016 ), which introduces the effects
f dynamical friction (first described in Chandrasekhar 1943 ).
ynamical friction is a drag force which acts on a body as it passes

hrough a background of lighter bodies, and would normally manifest
s a result of interactions between a SC and background stars,
as, and dark matter. NBODY6DF uses a semi-analytic approach to
alculate the orbital decay of a SC due to dynamical friction against
he background, eliminating the need to simulate the full galactic
ontext. The code relies upon a distribution function to calculate the
ynamical friction force, which is analytic for a Dehnen potential
Dehnen 1993 ): 

Dehnen ( r) = ρ0 

(
r 

r s 

)−γ (
1 + 

r 

r s 

)γ−4 

, (1) 

here ρ0 is the central density, r s is the scale radius, and γ is a
ariable used to set the logarithmic slope of the inner density profile
 γ = 0 corresponds to a core and γ = 1 corresponds to a cusp).
 range of options for the variable γ are already implemented in
BODY6DF based on the analytic solutions from Dehnen ( 1993 ). As
uch, we make use of these by fitting the Dehnen profiles to the
DGE dwarf density profiles, as described in Section 3.1.3 . 
Critically, the semi-analytic dynamical friction model in

BODY6DF is able to reproduce the ‘core-stalling’ phenomenon
hereby dynamical friction ceases when the orbital radius of the
C approaches its tidal radius (Goerdt et al. 2006 , Read et al. 2006b ,
010 ; Petts et al. 2015 , 2016 ; Kaur & Sridhar 2018 ; Banik & van den
osch 2021 ). For a Dehnen potential, this radius can be estimated
s: 

 stall = 

[
M SC 

M g 

(
r 2 −γ

s + r s γ
)]1 / (3 −γ ) 

, (2) 
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l  

w  
here M SC / M g is the ratio of the SC mass to the host galaxy mass. 
The initial conditions for each SC were constructed with the tool

CLUSTER (K ̈upper et al. 2011 ) using a spherical Plummer density
odel (Plummer 1911 ) and a Kroupa IMF (Kroupa 2002 ; K ̈upper

t al. 2010 ) with stellar masses in the range 0.1 ≤ M � ≤ 100. This
orresponds to a mean stellar mass of ≈0 . 63 M �. We use an initial
ean metallicity of 1 × 10 −4 , the lowest available in native NBODY6 .
e assume zero primordial binaries and that stars which evolve

nto black holes have no natal kick velocity. Both of these choices
emo v e potential sources of dynamical heating and so maximize SC
urvi v ability. We retain unbound stars in the full integration of the
ystem as we find that mass-loss rates are slightly reduced. All our
Cs survive longer than a Hubble time when simulated in isolation. 
We create initial conditions for SCs o v er a grid of masses (star

umbers: N = 2 13 , 2 14 , 2 15 , 2 16 , yielding the initial masses given in
able 2 ), initial half-mass radii ( R 1/2 /pc = 2.5, 5, 10, 15), orbital radii
 R g /pc = 45, 100, 200), and orbital eccentricities ( v ini / v circ = 0.25,
.50, 0.75, 1.00), where v circ is the circular velocity in a Dehnen
otential: 

 

2 
circ ( r ) = 

GM g r 
2 −γ

( r + r s ) 3 −γ
. (3) 

he combinations of initial parameters are described in Table 2 . Each
ermutation was then inserted into a background potential described
y spherically symmetric Dehnen profile fits, which are discussed
urther in Section 3.1.3 . These profile fits were chosen to represent a
ariety of central density slopes. Each simulation in the suite was run
or either a Hubble time (13.8 Gyr) or until SC dissolution, which
as determined as the time when the number of bound cluster stars
rops below 10. 
The centre of each SC was determined using the mass-weighted

hrinking spheres method of Power et al. ( 2003 ), limited to stars
ith masses � 10 M �. All luminosities were converted to V -band
ith bolometric corrections based on fits from Reed ( 1998 ), after
hich we performed a cut on stars with luminosities 0.1 ≥ L V /L �, V 

100. This is because o v erly bright stars are normally remo v ed
rom observational analysis, and faint stars escape detection. Half-
ight radii were calculated with bootstrapping analysis based on the
otal bound V -band luminosity. Black holes and compact remnants
ere excluded from our analysis when calculating optically derived
alues, such as the half-light radius. 

Note that, although it is most similar to EriII’s observed properties
see Table 1 ), we do not consider SC survi v al within Halo1459
M:Latest. This is because, due to a late low-stellar mass, cuspy
erger, its final density profile ends up being rather cuspy (see the

iscussion of this in Orkney et al. 2021 ). As such, its behaviour
n terms of SC survi v al is already co v ered by Halo1445. None the
ess, it would be interesting to explore this galaxy further in future
ork. It has a half-light radius and stellar content similar to EriII,

https://github.com/JamesAPetts/NBODY6df
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Figure 1. The star formation rate (left-hand y -axis, histogram) and mass 
assembly history (right-hand y -axis, lines) for our EDGE UFD simulations, 
at early times. The star formation rate is av eraged o v er bin sizes of 0.02 Gyr 
and takes into account all stars formed within the virial radius R 200c of the 
main progenitor halo. The mass assembly history considers the total mass 
contained within the inner 1 kpc of the main progenitor halo. A dashed line 
indicates the start of reionization. The dwarfs continue to form stars until 
their remaining cold gas is depleted (see Rey et al. 2020 ). Only more massive 
EDGE dwarfs (not included in this paper) are able to accrete sufficient gas 
after reionization to reignite star formation. 
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recisely because it assembles late from many minor mergers (see 
ey et al. ( 2019 )). These minor mergers themselves may interact with

he central SC, potentially explaining some of its puzzling properties. 
xploring this is beyond the scope of this present work. 

 RESULTS  

.1 Cosmological simulations 

.1.1 EDGE ultra-faint dwarf candidates 

he key observational properties of our EDGE UFDs are presented 
n Table 1 . For comparison, we include properties for the UFD EriII,
ith values taken from the literature. The chosen EDGE galaxies are 

elected because they compare best to EriII in terms of their virial
ass, stellar mass, and their status as isolated reionization fossils, 

ut they are not intentionally designed to resemble EriII. Indeed, 
he EDGE stellar masses are somewhat greater than the upper limit

easured for EriII. Notice that for Halo1459, the stellar mass and 
tellar metallicity drop as formation time is delayed (see GM:Later 
nd GM:Latest). A delayed formation time also leads to a larger 
alf-light radius and stellar velocity dispersion. These trends are a 
irect result of the assembly history and are described fully in Rey
t al. ( 2019 ). The later forming versions of Halo1459 approach more
nd more closely the observed properties of EriII in just about every
espect – M ∗, R 1/2 , [Fe/H], σ LOS and even the dynamical mass within
 1/2 . This suggests that EriII is likely a late-former, following the
rguments in Rey et al. ( 2019 ), which could be key to understanding
ts puzzling SC. 

In our EDGE simulations, galaxies that form later are larger and 
ave lower metallicity because their stellar content comprises a larger 
raction of accreted stars. This is why, as we genetically engineer 
alo1459 to form later, its size grows and its metallicity drops (Rey

t al. 2019 ). Note, ho we ver, that forming late is not sufficient on its
wn. Halo1445 forms even later than Halo1459 GM:Latest, yet its 
alf stellar mass radius is a relatively compact 100 pc. This occurs
ecause Halo1445 forms late but from fragments that have little/no 
tellar mass. Hence, its resulting size remains compact, while its 
etallicity is not as low as Halo1459 GM:Latest. For the abo v e

easons, the galaxies drawn from EDGE that are most similar to 
riII are those that form late and whose stellar populations comprise 
 high fraction of accreted stars, like Halo1459 GM:Latest. We 
xpect these trends would be replicated across different simulations, 
lthough alternative galaxy-formation models may find that EriII is 
etter-matched by galaxies with a median assembly history, with late 
ssemblers being even larger and more metal poor. 

.1.2 Mass assembly and star formation 

ur EDGE haloes attain M 200c halo masses of approximately 1 . 5 ×
0 9 M � by z = 0, where we define M 200c as the mass within a
pherical volume encompassing 200 times the critical density of the 
niverse. All haloes form stars when baryonic physics is switched on, 
lthough this star formation is confined to early times ( z > 4). Star
ormation continues for some time after the onset of reionization, but 
s quenched after the remaining cool gas within the halo is exhausted
as shown in Rey et al. 2020 , and see also Susa & Umemura 2004 ;
 ̃ norbe et al. 2015 ). 
The star formation (left-hand axis) and mass growth histories 

right-hand axis) are shown in Fig. 1 up to z = 3. The mass growth
s defined as the mass enclosed within 1 kpc rather than the virial

ass M 200c , because the central mass is what is most important
or the survi v al of lo w-orbit SCs, and because M 200c undergoes
 pseudo-growth due to the lowering background density of the 
niverse as it expands (Diemand, Kuhlen & Madau 2007 ; Diemer,
ore & Kravtsov 2013 ). The mass enclosed within 1 kpc remains

oughly constant after 1 Gyr, despite the continued accretion of 
ark matter. The star formation in all haloes is bursty, which is
 necessary quality in driving the gaseous flows responsible for 
ark matter core formation (Pontzen & Go v ernato 2012 ). Indeed,
e observe a fluctuating central gas mass in all haloes at early

imes (Orkney et al. 2021 ). Halo1459 assembles its central mass
ost rapidly and has the highest final central mass, along with

he most substantial star formation. The larger dynamical potential 
ell aids in the compression of gas into star-forming clouds. This

s a consequence of the well-established concentration-formation 
elation (e.g. Wechsler et al. 2002 ; Ludlow et al. 2014 ; Wang et al. 
020a ). 

.1.3 Density profiles 

n Fig. 2 , we present spherically symmetric Dehnen profile fits to the
otal mass distribution of our EDGE haloes after the cessation of star
ormation. The raw density profiles of the dark matter distribution 
ere reported previously in Orkney et al. ( 2021 ). For Halo1445 and
alo1459, we fit the halo density profiles at z = 3.2, by which

ime the inner halo is fully assembled and stable until z = 0 (see
ig. 1 ). For Halo1459 GM:Later, which experiences additional late 

ime heating from minor mergers, we make a fit both at z = 4 and
 = 0, interpolating between them to obtain a time varying potential
hat matches the simulation data at all times (using the method
escribed in Orkney et al. 2019 ). We also produce a fit for Halo1459
MNRAS 515, 185–200 (2022) 
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Figure 2. Fits to the total inner 3D density profiles of EDGE haloes at z = 

3.2. The fits to Halo1459 GM:Later are shown as a filled region, with the upper 
(lower) limit representing the fit at z = 4 ( z = 0). We also show constraints 
on the density profile of EriII based on the ‘core + tides’ profile fit from 

Zoutendijk et al. ( 2021a ), where the dark and light shaded bands correspond 
to the 68 per cent and 95 per cent confidence limits, respectively. 
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Figure 3. The projected half-light radius versus the orbital radius of all 
surviving SCs from our simulation suite after a Hubble time. The marker 
style indicates the initial number of stars, N , in each SC, while the colour 
indicates the host mass profile model, as marked in the legend. Each point 
represents the average projected half-light radius of the current SC orbit, with 
the ‘error bars’ marking the orbital apocentre and pericentre. Also included 
is a red box marking the properties of the SC in EriII Simon et al. ( 2021 ). 
No SCs from Halo1445 or Halo1459 DMO survive after a Hubble time and 
so these two host potentials do not appear on the Figure. A small number of 
SCs in the Fcore potential lie beyond the 70 pc limit of this plot. 
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MO at z = 3.2 to provide a γ = 1 cusp reference, but do not fit
rofiles to the other DM-only simulations. These fits are produced
ith the PYTHON module LMFIT (Newville et al. 2016 ), considering
nly the portion of the profile that is unaffected by numerical
elaxation (as discussed in Orkney et al. 2021 , Appendix A). Our fits
ccurately reproduce the simulation density o v er the ranges shown,
ut deviate from the data in the outer regions because a Dehnen
rofile density falls off as r −4 in its outskirts whereas our simulated
aloes fall off as r −3 . These fits are, none the less, suitable for our
urpose here, since we limit our analysis to initial orbital radii of 
00 pc or less. 
Included in Fig. 2 is the cored Dehnen profile from Contenta et al.

 2018 ). Those authors found that SCs evolving in this profile were
est able to match the properties of the SC in EriII. Hereafter we
efer to this profile as ‘Fcore’; it has a substantially lower density
ore than any of our EDGE haloes. We also show observational
onstraints on the dark matter density profile of EriII in red, based
pon the ‘core + tides’ fit performed by Zoutendijk et al. ( 2021a ),
ssuming a CDM cosmology. This fit is made with pyGravSphere
Read & Steger 2017 ) using stellar line-of-sight velocities as mea-
ured by the MUSE-F aint surv e y. The shaded bands correspond to
8 per cent and 95 per cent confidence limits. The Dehnen profiles fit
o our EDGE dwarfs are mostly contained within the 68 per cent
imits, and the Fcore profile sits at the edge of the 95 per cent
imits. Therefore, the profiles we consider are well bracketed by 
bservational fits. 

.2 N -body star cluster simulations 

.2.1 SC properties after a Hubble time 

e find that only those SCs hosted by cored potentials (models:
alo1459, Halo1459 GM:Later and Fcore) survive for a full Hubble

ime. Just two SCs in a weakened cusp potential (Halo1445) survive
onger than 6 Gyr, while only three SCs in the pristine cusp potential
NRAS 515, 185–200 (2022) 
Halo1459 DMO) survive longer than 3 Gyr. Therefore, we confirm
he results of prior work that SC survi v al is e xtremely sensitiv e to
he inner potential slope of the host (e.g. Amorisco 2017 ; Contenta
t al. 2018 ; Orkney et al. 2019 ). 

The projected half-light and orbital radius of all surviving SCs are
resented in Fig. 3 . The values are averaged over the last pericentre-
pocentre passage, where the most recent pericentre and apocentre
re marked by the horizontal ‘error bars’. The observed properties of
he SC in EriII, with uncertainties, are indicated by a red box. 

The orbital response to dynamical friction is so strong that the
ajority of SCs approach to their core-stalling limit within a few
yrs. Ho we ver, some SCs in the Fcore potential have yet to reach

his limit by a Hubble time. The orbital radius then continues to
ecay as the SC is stripped of mass, as predicted by equation ( 2 ).
Cs inhabiting the Fcore potential adopt a wider range of final
rbital radii depending on their initial orbits and retain a larger
egree of their initial orbital eccentricity, whereas the orbits of
Cs in other host potentials are rapidly circularized. Despite a
tronger dynamical friction force, the most massive SCs maintain
lightly higher final orbital radii due to their larger core-stalling 
adius. 

As found in prior work, SCs within the Fcore model grow to
ignificantly larger sizes due to the low background potential and
educed tidal stripping (Contenta et al. 2018 ). Amongst these,
he very largest SCs are those with the largest R halfmass,ini , with
 halfmass , ini = 15 pc bracketing the size of the SC in EriII. 
Following the premise that harsher gravitational tides act to destroy

rbiting SCs more rapidly, it is natural to assume that there are simple
elationships between SC survi v al and the initial orbit. Normally, it is
xpected that more eccentric orbits, which plunge the SC in and out
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Figure 4. The Hubble time survi v al of SCs in two host potentials. Each 
circle represents the survi v al percentage of SCs in Halo1459 and Halo1459 
GM:Later, partitioned by initial velocity and orbital radius. We have omitted 
SCs with R halfmass , ini = 15 pc because these rarely surviv e, re gardless of their 
initial orbital parameters. 
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Figure 5. The evolution of the SC shape for a single example simulation 
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bootstrapping. For eccentric orbits, the SC shape and orientation is highly 
dependent on the position along the orbit. 
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f a stronger background potential, result in shorter-lived SCs due 
o the impact of tidal shocks (Weinberg 1994 ; Kundic & Ostriker
995 ; Gnedin, Hernquist & Ostriker 1999 ; Baumgardt & Makino 
003 ; Webb, Reina-Campos & Kruijssen 2019 ). To explore this, in
ig. 4 we compare the survi v al of a selection of SCs in the Halo1459
nd Halo1459 GM:Later host potentials, grouped by initial orbital 
elocity and radius. As expected, survi v al is improved with lower
nitial orbital radii. Ho we ver, survi v al is largely independent of initial
rbital eccentricity, with variation mostly below the level of Poisson 
oise. 
Whilst it is generally the case that eccentric orbits encourage SC

issolution, it is also the case that dynamical friction is enhanced on
ccentric orbits (which in turn acts to circularize the orbit). If the
rbit of a SC decays to within the core region of the host potential,
hich typically occurs o v er Gyr time-scales, then it is better able

o survive. In the case of the host potentials considered here, these
wo competing processes balance each other remarkably well. This 
s not the case for our steeper host potentials (models: Halo1445 and
alo1459 DMO), in which SCs survive the longest when on more 

ircular orbits. 

.2.2 SC shape after a Hubble time 

he ellipticity of the SC in EriII is 0 . 31 + 0 . 05 
−0 . 06 (Simon et al. 2021 ),

hich is exceedingly high when compared to Milky Way globular 
lusters (Harris 2010 ). In this section we investigate the shapes of
ur simulated SCs in terms of their ellipticity and orientation. We 
efine the ellipticity, e , as 1 − b / a , where a and b are the long-
xis and short-axis of an ellipse fit to the SC stars. The orientation,
, is defined as the inclination in the long-axis of the SC ellipse
ith respect to the centre of the host potential (and is distinct from

he ‘alignment’ measurement reported in Simon et al. 2021 ). Both
alues are calculated in projection, and are consistent with literature 
efinitions. Our calculations are performed with the shape finder in 
YNBODY , modified for use with projected stellar distributions. We 
erform bootstrapping analysis o v er 1000 iterations for every shape 
t, generally finding low uncertainties except for the degenerate 
rientation angles of near-circular SCs. We investigate the robustness 
f our method in Appendix A , and show that it compares well to a
ypical observational method. 
Throughout, we orient our SCs face-on to the orbital plane. This
oes not materially affect our results and conclusions. We explore 
his explicitly in Appendix B , where we consider the other extreme
f orienting the SCs edge-on to the orbital plane. In this case, we
nd that tidally stripped debris along the line of sight can generate
igher ellipticities (with a secondary sub-dominant effect caused by 
idal compression). Ho we ver, this occurs only for models in which
he SCs are too small and not offset enough to be consistent with the
C in EriII. 
In Fig. 5 , we sho w the e volution of the ellipticity e and the

rientation θ for one example SC over a Gyr. The initial properties of
ur chosen example are M ini = 2 . 08 × 10 4 M �, R halfmass , ini = 5 pc ,
 g , ini = 200 pc , and v ini / v circ = 0.50, orbiting in the Halo1459 model.
he SC undergoes total dissolution after 1.8 Gyr. This example was
hosen purely because it clearly exhibits periodic trends, but there 
re comparable patterns for other simulations on non-circular orbits. 
he figure shows that e (upper panel) and θ (middle panel) vary
eriodically with the orbital radius (lower panel). e is maximized 
t apocentre, at which time the cluster is most aligned with the
alactic centre ( θ = 0). The periodicity in e is a consequence of
he tidal material sloshing around the SC body, and is strongest for
imulations where there is significant tidal material. There are also 
ub-dominant long-term evolutionary trends in all simulations. 

We show e and θ for all surviving SC simulations in Fig. 6 .
oti v ated by the results in Fig. 5 , we estimate the SC shape at

he most recent orbital apocentre. The coloured Gaussian kernel 
ensity estimations show the contributions from the different host 
otential profiles. This shows that, whilst all SCs show a preference
or aligning with the centres of their host galactic potentials, their
llipticity remains much lower than that of the SC in EriII. As
nticipated in Section 1 , this is because all of the surviving SCs orbit
lose to the centre of γ = 0 background potentials and, therefore,
MNRAS 515, 185–200 (2022) 
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Figure 6. The orientation θ versus ellipticity e for all surviving SC simula- 
tions after a Hubble time, as viewed face-on to the orbital plane, calculated at 
the orbital apocentre (maximizing e and minimizing | θ | ). Histograms, which 
include Gaussian kernel density estimations for each host profile, are shown 
at the borders. The red region indicates the observed properties of the SC in 
EriII from Simon et al. ( 2021 ). 
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Figure 7. Evolution of the projected ellipticity for initially rotating and 
elliptical SCs in a partial core (Halo1459; green) and full core (Fcore; 
magenta) background potential. The data have been smoothed to remo v e 
periodic trends. The solid (dashed) lines represent orbits starting at a radius 
of 45 pc (200 pc). The SC in the ‘Halo1459’ potential at an initial orbital 
radius of 200 pc dies shortly after 2 Gyr. 
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xperience little tidal perturbation. We explore the implications of
his in Section 4 . 

.2.3 Primordial ellipticity 

n Section 3.2.1 and Section 3.2.2 , we have shown that SCs survive
or long times in all cored potentials, while only in the shallower
core potential do they reach a size and offset comparable to EriII’s
C. Ho we ver, due to the lack of tidal forces within the core, these
Cs retain their initial sphericity and fail to match the high ellipticity
f EriII’s SC. This appears to present a significant problem for the
ull core scenario since prior work suggests that any initial ellipticity
n EriII’s SC should be rapidly erased, given its short relaxation
ime (see Section 1 and Agekian 1958 ; Shapiro & Marchant 1976 ;
ongaretti & Lagoute 1996 ; Einsel & Spurzem 1999a ; Bianchini
t al. 2013 ). 

In this section, we examine the above concern in more detail.
irstly, we note that young SCs are typically born elliptical due to
otational flattening, pressure anisotropies and/or SC–SC mergers
e.g. Fall & Frenk 1983 ; Bianchini et al. 2018 ; Ferraro et al. 2018 ;
amann et al. 2018 ), with ‘primordial’ birth ellipticities often higher

han e > 0.3 (Getman et al. 2018 ). Pressure anisotropies, which arise
hen systems form the violent relaxation of an aspherical collapse,

re lost on relaxation timescales (Aarseth & Binney 1978 ). Ellipticity,
ue to rotational flattening, should also be reduced on a relaxation
ime-scale as two-body scattering mo v es high angular momentum
tars (which are responsible for the elliptical shape) to the outskirts
f the cluster, where they are lost to tides (Einsel & Spurzem 1999b ;
iongco, Vesperini & Varri 2017 ). Ho we ver, the tidal forces vanish

nside a constant density core and there is no mechanism to carry
way the high angular momentum material. This suggests that in a
eak tidal field, primordial ellipticity should be ‘locked in’, surviving

or long times (Goodwin 1997 ). 
NRAS 515, 185–200 (2022) 
To test the abo v e idea, we deform one of our SCs and add a rotation
urve about the deformation axis of the following form: 

 rot = 

2 V peak 

R peak 

R 

1 + ( R/R peak ) 2 
, (4) 

here V peak is the maximum velocity and R peak is the radius of
aximum velocity (as in Lynden-Bell 1967 ; Mackey et al. 2013 ). We

nsure that virial equilibrium and the o v erall SC volume are main-
ained. Through this, we create a SC with M ini = 2 . 08 × 10 4 M �,
 halfmass,ini = 5, e ini = 0.31 and rotation with a peak of 1 . 75 km s −1 at

he half-mass radius. In Fig. 7 , we sho w the e volution of the ellipticity
f this SC when evolved in two different background potentials. In
oth cases, we initialize the SC on a circular orbit at two different
nitial orbital radii of 45 pc (solid lines) and 200 pc (dashed lines).
 high ellipticity is maintained for o v er a Hubble time in the Fcore
otential, and is rapidly lost in the Halo1459 potential when at an
nitial offset of 200 pc. This suggests that the high ellipticity of EriII’s
C does not in fact present a problem for the Fcore model. In such
 model, it must simply reflect the ellipticity of EriII’s SC at birth,
hich would be consistent with that of young SCs (Getman et al.
018 ). Given the much larger parameter space required to explore
he ellipticity and orbit of EriII’s SC, we leave a more thorough
nvestigation of how ellipticity affects the survi v al and e volution of
Cs to future work. 

.2.4 Star clusters in ultra-faint dwarfs via recent accretion 

e now explore an alternative scenario for EriII’s SC in which it
as been recently accreted rather than surviving with its current
roperties for long times. Whilst our EDGE dwarfs assemble their
entral mass by z = 4, there are still a significant number of mergers
hroughout their lives. Indeed, EriII is most similar to the very latest
ssembling EDGE dwarfs (see Section 3.1.1 and Table 1 ). These
ergers can contribute to late time dark matter heating as with
alo1459 GM:Later (Orkney et al. 2021 ), but could also act as
ehicles for depositing SCs. There are a total of five star-rich mergers
hich occur after z = 1, ho we ver only one is massive enough to

ompare fa v ourably to the SC in EriII. A SC that is donated via a
ub-halo merger would be protected from much of the destructive
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Figure 8. The projected half-light radius versus the orbital radius of our SCs 
simulation suite, shown at the time in their evolution when they pass the lower 
mass estimate for the SC in EriII. The figure format is otherwise identical to 
that of Fig. 3 . 
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Figure 9. The orientation θ versus ellipticity e for our SCs simulation suite, 
shown at the time in their evolution when they pass the lower mass estimate 
for the SC in EriII. The figure format is otherwise identical to that of Fig. 6 . 
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orces of gravitational tides until the dark matter envelope is stripped 
e.g. Mashchenko & Sills 2005a , b ; Boldrini & Vitral 2021 ; Vitral &
oldrini 2021 ). The increased system mass would also cause the 
C orbits to decay faster due to dynamical friction. Assuming that 
reviously accreted SCs fall to the centre of EriII without yielding a
etectable central SC (cf. Shao et al. 2021 ), it is possible that EriII
xperienced a long chain of such accretions of which only the most
ecent remains detectable. 

So far, we have considered only SCs which hav e surviv ed within
heir host potential for a Hubble time, but recently accreted SCs
ould not need to survive this long. Here, we instead consider SCs

t a time when their bound mass drops just below the lower mass
stimate of the SC in EriII (which we take to be 2 . 5 × 10 3 M �,
ollo wing Crnoje vi ́c et al. 2016 ; Contenta et al. 2018 ), with the
ne additional constraint that they survive for at least 100 Myr.
any of the SCs in this low-mass re gime hav e been e xposed to

heir host potentials for only a short time, and are close to total
issolution. In Fig. 8 , we once again show the projected half-light
adius against orbital radius. Since we are now, including SCs that are
lose to dissolution from tides, there are contributions from SCs in 
he steeper background potential models (models: Halo1459 DMO 

nd Halo1445). Notice, ho we ver, that the half-light radii of the SCs
n these steeper potentials never grow beyond ∼10 pc and so they 
emain inconsistent with EriII’s SC. In Fig. 9 , we once again show
 and θ . There is now a spray of SCs at higher e , predominantly
ormed by simulations in the densest potentials. There are also a 
mall number of highly elliptical SCs in the Fcore potential, which 
re diffuse SCs with high R halfmass,ini and are therefore more sensitive 
o gravitational tides. The spray is clustered around an orientation 
f θ = 0 at low e , but then begins to fa v our more misaligned θ
t increasingly high e . This is because the presence of tidal tails
ontribute to the measured ellipticity, and these originate at the 
agrange points of the SC (which are al w ays aligned with the galactic
entre; e.g. Klimentowski et al. 2009 ). As the tidal tails grow longer
he y be gin to trail and lead the SC orbit, which leads to a higher
erceived e and a larger orientation angle with respect to the galactic
entre. We discuss the implications of this phenomenon, next. 

.2.5 Star cluster tidal tails 

he SC ellipticities and orientations presented in Figs 6 and 9 are
s viewed in the plane of the SC orbit. Ho we ver, the SC orbit in
riII may be viewed from an edge-on perspective, or somewhere in-
etween. This could change the perceived orientation and ellipticity. 
We illustrate this key point in Fig. 10 , which shows an example SC

imulation at orbital apocentre (thereby maximizing its ellipticity). 
he left-hand panels show the SC at an early stage in its evolution. At

his time, it is well aligned with the centre of the host potential and has
nly a low tidal tail brightness. The ellipticity ( e ≈ 0.2) is clear when
iewed face-on to the orbital plane (upper panel), but is diminished
 e ≈ 0.07) when viewed edge-on to the orbital plane (lower panel).
he right-hand panels show the same SC in the final few Myrs before
issolution, at which stage it grows long tidal tails. These long tidal
ails begin at the Lagrange points of the SC, then trail and lead the
rbit. This leads to a shape fit that is highly elliptical ( e ≈ 0.48) and
isaligned with the centre of the host potential when viewed face-on

o the orbital plane (upper panel). The SC now continues to appear
ighly elliptical ( e ≈ 0.53) when viewed edge-on to the orbital plane
lower panel). 

The presence of tidal tails, long or short, means that the apparent
llipticity will increase when considering larger cluster-centric radii, 
 behaviour that has been reported for EriII’s SC (see the discussion
n section 4 of Simon et al. 2021 ). Ho we ver, e ven our lo west mass
C simulations in this ‘recent accretion’ scenario possess tails with 
urface brightness comparable to or exceeding the central brightness 
n EriII (27.2 mag/arcsec 2 ; Crnojevi ́c et al. 2016 ) and should therefore
e present in the observations of the galaxy. Yet, there is no sign of
idal material beyond two-times the half-light radius of the SC (see
ig. 11 , Simon et al. 2021 ). This appears to rule out recently accreted
Cs where the high ellipticity is due to significant tidal disruption. 
MNRAS 515, 185–200 (2022) 
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M

Figure 10. Kernel density estimate plots of the V -band surface brightness 
for a SC simulation at two stages in its e volution, sho wn with two dif ferent 
orientations. A surface brightness background of 27.2 mag/arcsec 2 is included 
to mimic the central brightness of EriII (Crnojevi ́c et al. 2016 ). The white star 
indicates the centre of the host potential, a black dashed line represents the 
SC orbit, and white solid/dashed lines represent a shape fit to the SC shown 
at 1 ×/2 × the half-light radius. The left-hand panels represent a younger 
SC with relatively short tidal tails coming from the Lagrange points. The 
right-hand panels represent the SC on the verge of total dissolution, which 
has become smeared across its orbit. 

Figure 11. The energy ( 	 W ) required to transform a central cusp into 
coreNFW profiles fit to EDGE galaxies at z = 4 (see Appendix C for details of 
how this is calculated). The halo concentration parameters have been varied, 
corresponding to WDM o v er a range of particle masses. Horizontal dashed 
lines mark the values of 	 W from Table C1 , which shows the energy required 
to lower the central density cusp in a CDM cosmology. 
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 DISCUSSION  

.1 A full dark matter core in EriII 

e have shown that a substantial dark matter core allows for the
table existence of large, elliptical, and radially offset SCs, like that
NRAS 515, 185–200 (2022) 
een in EriII, o v er man y Gyrs. Such a core would support both in situ
nd accreted SCs. Ho we ver, none of the UFDs in EDGE produce a
entral dark matter core of sufficient size and low enough density.
e discuss next how such a large, low density, core might arise. 

.1.1 Growing a full dark matter core 

.1.2 Full cores in � CDM 

n Orkney et al. ( 2021 ), we showed that haloes with significant early
tar formation and late minor mergers are the most likely to have
hallow inner dark matter density profiles in EDGE. However, none
f the EDGE dwarfs considered here lie outside of the 68 per cent
onfidence intervals of mass assembly histories in � CDM: they are
ll rather common. Rarer haloes could concei v ably gro w larger dark
atter cores (though this is not guaranteed). We will consider this

ossibility in future work. 
Alongside rarer assembly histories, we should also consider the

ensitivity of dark matter core formation to the sub-grid baryonic
hysics model. Pontzen et al. ( 2021 ) find that a very small increase
n the burstiness of star formation (and therefore, in the mass of
nflowing and outflowing gas) can form a substantial dark matter
ore in an UFD – rather similar to the Fcore model we have explored
ere – without significantly increasing its stellar mass. Thus, it is
ossible that going to even higher numerical resolution, or including
urther physics not currently modelled in EDGE, could lead to the
ormation of larger dark matter cores in UFDs in � CDM. 

.1.3 Full cores in � WDM 

 full dark matter core could also indicate a departure from a � CDM
osmology. One possibility is warm dark matter (WDM). While
DM does not in itself produce significant dark matter cores, it

oes lower the concentration of dark matter haloes such that core
ormation via baryonic effects is more easily facilitated (Macci ̀o
t al. 2012 ; Fitts et al. 2019 ). In Fig. 11 , we quantify the energy
equired to form cores in � WDM as compared to � CDM, all
ther things being equal. Specifically, we show the energy difference
 	 W , as calculated in Appendix C ) between cuspy and dynamically
eated potential profile fits, but varying the concentration parameter
 according to predictions for a thermal relic WDM particle (as in
chneider et al. 2012 ). Notice that 	 W plummets by ∼2 orders of
agnitude for the lowest WDM particle masses (we truncate the
gure at m WDM 

= 3 keV since this is the conserv ati ve limit set by
ecent data constraints; e.g. Banik et al. 2021 ; Enzi et al. 2021 ;
adler et al. 2021 ). Ho we ver, there is an important caveat here that

he reduction in central density in WDM as compared to CDM could
lso result in delayed star formation (as in Lo v ell et al. 2020 ) – which
 ould mak e core formation more difficult again. Secondly, the halo

ormation time, and therefore the final stellar mass, are different in a
DM cosmology (i.e. Elahi et al. 2014 ; Dhoke & Paranjape 2021 ).
e will consider these points using dedicated WDM simulations, in

uture work. 

.1.4 Full cores in � SIDM 

he presence of a dark matter core in EriII could point to a
elf-interacting dark matter (SIDM) cosmology. In some models,
hermalization occurs due to scattering between dark matter particles
ithin dense halo centres. This leads to a density core that grows with

ime. Read et al. ( 2018 ) find that ‘coreNFW’ density profiles (Read
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Figure 12. The probability (equation 5 ) of observing a SC at a projected 
radius R ≤ R p , where R p = 23 pc, o v er a range of orbital velocities and 
apocentres. White lines show contours of constant probability. 
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t al. 2016 ) provide an excellent match to the form of haloes in
imulations of a velocity-independent SIDM cosmology, assuming 
nteraction cross-sections within the range of current observational 
onstraints. Using the methodology described in §3.2 of Read et al. 
 2018 ), which is calibrated to the Vogelsberger, Zavala & Loeb ( 2012 )
IDM cosmological simulations, we find that an interaction cross- 
ection of > 0 . 28 cm 

2 / g is suf ficient to lo wer the central density of
ur dwarf galaxy simulations as far as the Fcore model. Interestingly, 
his is consistent with the latest constraints on SIDM from dwarf 
alaxy scales (e.g. Read et al. 2018 ; Correa 2021 ). 

In other SIDM models, core formation proceeds via dark particle 
nnihilation in dense halo centres. In Zoutendijk et al. ( 2021b ), an
nnihiliation cross-section is derived based on observational fits to 
he density profile of EriII assuming the velocity-independent SIDM 

odel of Lin & Loeb ( 2016 ). The lower-bounds of this fit are not
issimilar to the Fcore model. Following Zoutendijk et al. ( 2021b ),
he annihilation cross-section σ / m = 
 /2 v , where v is the typical
elocity. We find that an annihilation cross-section of σ/m < 1 . 7 ×
0 −35 ( f / 10) −1 ( v/ 10 km 

−1 ) −1 cm 

2 eV 

−1 c 2 is sufficient to lower the
entral density of our dwarf galaxy simulations as far as the Fcore
odel, which is roughly a factor of four greater than the 95 per cent

onfidence constraint derived in Zoutendijk et al. ( 2021b ). 

.2 A recently accreted SC in EriII 

n alternative model to the ‘full core’ scenario explored above is
hat EriII has a partial core. Ho we ver, a SC in this model is unlikely
o survive a Hubble time without falling into the potential centre. 
nstead, the SC must be recently accreted, perhaps via a late minor
erger. Then, an inflated half-light radius may be attained as the SC

pproaches tidal disruption. Such a donation may be entirely natural. 
ecall that galaxies drawn from our EDGE simulations were most 

imilar to EriII’s observed properties if they assembled late from star-
ich minor mergers (see Section 3.1.1 and Table 1 ). In this scenario,
he properties of EriII’s SC may owe more to the initial conditions
f its orbit and mass than to the density profile of EriII’s inner dark
atter halo. 
Firstly, we note that even in this model a ‘pristine’ dark matter cusp

n EriII remains too destructive. As shown in Fig. 8 , the Halo1459
MO model is unable to host SCs as large as that seen in EriII, even if
nly momentarily. A partial core, ho we ver, as in Halo1459GM:Later 
an support reasonably large, offset, SCs. As shown in Fig. 9 , the
ides experienced by SCs disrupting in this potential can naturally 
enerate ellipticities similar to that seen in EriII’s SC. Ho we ver,
his same model fails to produce a size or offset compatible with
riII’s SC (Fig. 8 ). Furthermore, it yields tidal tails bright enough

hat we should have seen them in current data. Therefore, the notable
bsence of such tails appears to be a strong indicator that the SC in
riII is not consistent with this scenario. It may be worth considering
hether tidal tails could be obscured. This might occur if the tails are
iewed along the line-of-sight, if the luminosity of stripped stars is
ower due to mass se gre gation within the SC, or if the tail material is
pread o v er a wider track. The first scenario is possible, but demands
ne-tuning and an unlikely chance orientation of the SC orbit. As
hown in Balbinot & Gieles ( 2018 ), mass se gre gation is greatest in
enser SCs, which we find do not grow to the large size observed
or the SC in EriII. The mass se gre gation for our more diffuse SCs
as a negligible influence on tail brightness within the range of our
uminosity cuts. 

We find that tidally-induced ellipticity occurs preferentially for 
igher apocentre orbits ( > 100 pc) than the projected offset observed
or EriII’s SC. It is, therefore, reasonable to question the likelihood 
f observing EriII’s SC at its current projected distance if the true
eparation from the centre of EriII is > 100 pc. To quantify this
ikelihood, we calculate the probability, described in Cole et al. 
 2012 ): 

( R � R p | E, L ) = 

∫ r apo 

r peri 

[ 
1 − (1 − R 

2 
p /r 

2 ) 1 / 2 + 

] 

× d r 

v r 

/ ∫ r apo 

r peri 

d r 

v r 
, (5) 

here r apo and r peri are the orbital apo- and pericentre, v r is the
adial velocity and ( ·) + 

≡ max { 0, ·} . This gives the probability of
bserving an orbit at a projected radius R ≤ R p , assuming a constant
rbital energy E and angular momentum L . In Fig. 12 , we calculate
( R � R 23 pc | E, L ) for a grid of orbits o v er a range of apocentres
nd initial tangential velocities. The background potential is fixed to 
ur ‘Halo1459’ Dehnen model, though the results are near-identical 
or our other background profiles. By construction, p = 1 when R ≤
3 pc. Ho we v er, p rapidly drops to � 0.1 be yond R � 100 pc. 
It may also be possible that a SC is so recently accreted to a ‘partial-

ore’ host potential that it retains both a high primordial ellipticity and
arge half-light radius, and is not yet greatly disturbed by gravitational 
ides. We find that SCs with an initial half-light radius of 15 pc are
xtremely vulnerable to the tides within partial-core potentials, with 
nly our most massive SCs ( M ini = 4 . 18 × 10 4 M �) surviving longer
han a few Myrs. Such a SC could not be close to the centre of the
ost potential without experiencing significant tidal disruption, and 
s discussed abo v e, the chance of observing a high-orbit realization at
he projected radius observed in EriII become increasingly unlikely 
t high radii. Determining a more exact likelihood would require 
imulations with higher initial orbital radii. 

.3 Could EriII’s SC be a luminous sub-halo? 

n the end, neither the ‘full core’ nor ‘recent accretion’ scenarios are
ntirely satisfactory. Only the full core scenario is able to support in
itu SCs of the size seen in EriII. Ho we ver, such a host potential may
e challenging to explain in � CDM (see Section 4.1.1 ). Furthermore,
uch a large and low-density core is in mild tension with the observed
tellar kinematics for EriII (see Fig. 2 ). By contrast, the ‘recent
ccretion’ scenario supports large SCs for our partial core and 
MNRAS 515, 185–200 (2022) 
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eakened cusp models, and naturally reproduces the ellipticity and
rientation of the SC in EriII. But, it struggles to consistently support
Cs as large as in EriII, and it predicts the formation of denser tidal

ails that are absent in observations (Simon et al. 2021 ). 
Ho we ver, it is interesting to note that the observed properties

f the SC in EriII ( M v = −3 . 6 ± 0 . 6 mag; Crnojevi ́c et al. 2016 ,
 half = 23 ± 3 pc; Simon et al. 2021 ) place it in an uncertain regime
etween Milky Way globular clusters and potential dwarf galaxy
andidates (see e.g. Fig. 2 . of Simon 2019 ). Therefore, perhaps the SC
n EriII is not a true SC, but rather a luminous sub-halo (or the nucleus
f a luminous sub-halo) – the remnant of a dwarf galaxy merger. In
his scenario, the sub-halo’s stellar distribution is shielded from the
ravitational tides of EriII by its surrounding dark matter, similar
o the behaviour of SCs in dark matter mini-haloes (Boldrini &
 itral 2021 ; V itral & Boldrini 2021 ). This could explain the lack of
isible tidal tails, the comparatively large half-light radius and the
igh ellipticity, as the latter two are more natural properties of dwarf
alaxies (Martin, de Jong & Rix 2008 ; Sanders & Evans 2017 ; Higgs
t al. 2021 ). Under this scenario, there are looser restrictions on both
he infall time and slope of the host potential profile in EriII, so long
s the dark matter envelope can ef fecti vely shield its stellar content. 

With the simplistic assumption that haloes of mass M 200 < 10 9 M �
re well-fit by extrapolating stellar-to-halo mass relation (e.g. Moster,
aab & White 2013 ; Read et al. 2017b ), a galaxy of M ∗ =
.3 × 10 3 M � would be hosted by a halo of approximately M 200 ∼
.3 × 10 8 M �. Stars in a dispersion-supported dwarf galaxy inherit
hat velocity dispersion. Assuming that the velocity anisotropy has

inimal impact within a small radius, the mass within the half-light
adius can be estimated using the following formula (Wolf et al.
010 ): 

 1 / 2 = 3 G 

〈
σ 2 

los 

〉
R 1 / 2 , (6) 

here σ los is the line-of-sight velocity dispersion. This can be
earranged to give the velocity dispersion based on the half-light
adius and corresponding enclosed mass. Assuming EriII’s SC (with
alf-light radius of 15 pc; Simon et al. 2021 ) inhabits a dark matter
ub-halo with an NFW density profile, with a concentration at the
edian of the expected distribution in � CDM (Molin ́e et al. 2017 ),

his yields σlos ∼ 4 . 2 km s −1 . This is consistent with the constraints
rom the MUSE-Faint survey of σlos < 7 . 6 km s −1 (Zoutendijk et al.
020 ). The dispersion is larger, ho we ver, than would be expected
or a dark matter-free SC ( σlos < 1 . 5 km s −1 ; e.g. Contenta et al.
018 ) and so this scenario could be tested in future with more radial
elocities for SC member stars. 

Low-mass luminous sub-haloes with properties comparable to the
C in EriII are present within the EDGE simulation suite (Taylor
t al, in prep). Ho we ver, there are no examples of such sub-haloes
hich survive infall on to the EDGE galaxies presented here, perhaps
ue to a need to go to even higher resolution. We will explore such
deas in future work. 

 C O N C L U S I O N S  

e have used a large suite of 960 direct N -body simulations
f SCs orbiting within spherically symmetric profiles fit to UFD
alaxies, simulated as part of the ‘Engineering Dwarfs at Galaxy
ormation’s Edge’ (EDGE) project, to model the survi v al, e volution
nd properties of EriII’s lone SC. We focused, for the first time,
n the puzzlingly large ellipticity (0 . 31 + 0 . 05 

−0 . 06 ; Simon et al. 2021 ) of
riII’s SC, asking the question: Can we form a SC as larg e , offset
nd elliptical as that in EriII within realistic UFDs in � CDM? 
NRAS 515, 185–200 (2022) 
As found in prior work, the large size and offset of EriII’s SC
re naturally explained if it orbits within a central dark matter core
f size ∼70 pc and density � 2 × 10 8 M � kpc −3 . Such a flat dark
atter core does not form naturally in the EDGE simulations and

equires, therefore, either rarer assembly histories than explored in
DGE, additional physics currently missing from EDGE, or a shift to
lternative dark matter models (see the discussion in Section 4.1.1 ).
urthermore, due to the absence of tidal forces within the core, the
ored model cannot explain the high ellipticity of EriII’s SC through
idal stripping/deformation. Ho we ver, this same lack of tidal forces
auses any primordial birth ellipticity to become ‘frozen in’ for long
eriods of time (see Section 3.2.3 and Fig. 7 ). A high ellipticity
ay also be found if the SC orbit is observed close to edge-on (see
ppendix B ), though we find that this is unlikely to explain the

llipticity of the SC in EriII. As such, in the ‘full core’ model, the
llipticity of EriII’s SC must reflect its birth ellipticity, which would
e consistent with that of young SCs (Getman et al. 2018 ). 
We also considered whether EriII’s SC can be explained if it fell

n recently and is currently on the verge of tidal disruption. This
equires a central dark matter density for EriII that is not too-cusped
nd not-too-cored, exactly as predicted for late forming UFDs in the
DGE project (see discussion in Section 4.2 ). A recent infall may
e expected given that our EDGE simulations most similar to EriII
ssembled late from star-rich minor mergers. If the SC is observed
uring tidal disruption, then the orientation and ellipticity of EriII’s
C are naturally reproduced. Ho we ver, the primary problems with

his model are that it struggles to explain the large size of EriII’s SC
nd, in order to generate an ellipticity as high as that reported for
riII’s SC, it produces more significant tidal tails that should have
lready been detected in current data (see Section 4.2 ). Such a model
equires fine-tuning of the orbit, history and current orientation of
riII’s SC. 
A mixture of these scenarios may also provide possible solutions

or the SC in EriII, but we stress that the presence of a core (or at
east a partial-core) is a required feature in all models. Therefore, we
urrently fa v our the cored model. Ho we ver, the ‘recent accretion’
odel could be salvaged if EriII’s star cluster is actually a luminous

warf galaxy and, therefore, tidally protected by a surrounding dark
atter halo (see Section 4.3 ). We will consider this idea in more

etail in future work. 
At present, the model that comes closest to explaining all the

ata for EriII’s SC requires it to orbit in a large and low-density
ark matter core. Such a core is not expected in pure dark matter
tructure formation simulations in � CDM, though it could possibly
e explained by baryonic effects (see the discussion in Section 4.1.1 ).
f baryonic effects cannot explain such a core, EriII’s puzzling SC
ay call for us to mo v e be yond the Cold Dark Matter model. 
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Figure A1. Comparison of the projected half-light radius, ellipticity and 
orientation angle for a single example SC using different methods and 
luminosity cuts. Stars represent results using the direct analytical methods 
(direct calculation of the projected half-light radius and an iterative fit for the 
shape properties), whereas crosses represent results yielded by an MCMC 

method. The luminosity cuts are: Cut 1 (blue): 0.1 ≥ L V /L �, V ≥ 20, Cut 
2 (green): 0.1 ≥ L V /L �, V ≥ 100, Cut 3 (red): 0.5 ≥ L V /L �, V ≥ 20, 
Cut 4 (gold): 0.5 ≥ L V /L �, V ≥ 100. Error bars represent the one-sigma 
uncertainties. 
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Figure B1. The orientation θ versus ellipticity e for all surviving SC 

simulations after a Hubble time, as in Fig. 6 , but as viewed edge-on to 
the orbital plane. A combination of tidal debris, which is denser when viewed 
edge-on to the orbit, and tidal compression leads to a greater ellipticity for 
many SCs. 
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he case for many of the simulations presented here, then the results
epend on the size of the region that is fitted to. In our calculations, the
efinition of this region involves the half-light radius of the SC. This
alf-light calculation may itself be sensitive to the chosen luminosity 
uts of the SC stars. 

The size and shape of observed stellar distributions are typically 
stimated using fits like in Martin et al. ( 2008 ), Martin et al. ( 2016 ).
o confirm that our numerical properties are analogous to such 
ethods, we compare using a method developed by Goater et al 

in prep). This method is based upon the af fine-inv ariant Markov
hain Monte Carlo (MCMC) ensemble sampler EMCEE (Foreman- 
ackey et al. 2013 ), and assumes a surface brightness profile which

s fit to the simulated stellar data. Once appropriately normalized, 
t represents the mass-weighted probability of finding a star, i , at a
iven position, r i , as, 

 i = 

882 N 

625 πR 

2 
1 / 2 (1 − ε) 

exp 

( −42 r i 
25 R 1 / 2 

)
m i 

M 

, (A1) 

here N is the number of stars in the sample, M is the total stellar
ass, m i the individual stellar mass, ε is the ellipticity defined as ε =
 − b / a , with b / a as the minor -to-major -axial ratio of the system, θ
s the position angle of the major axis, and R 1/2 is the projected half-
ight radius of the exponential radial profile. The elliptical radius is
elated to the stellar positions as: 

 i = 

[ (
1 

1 − ε
( x i cos θ − y i sin θ ) 

)2 

+ ( x i sin θ + y i cos θ ) 2 
] 

1 
2 

. 

(A2) 

he total likelihood is the product of all probabilities, which is then
alculated as: 

ln L = 

∑ 

i 

ln l i . (A3) 

e place flat priors for ε, θ , and R 1/2 such that the 0 ≤ ε < 1,
π ≤ θ ≤ π , and R 1/2 > 0. When fitting SCs we use the addi-

ional constraint that R 1 / 2 � 2 × R 1 / 2 , numerical , where R 1 / 2 , numerical is
he numerically calculated projected half-light radius. Whilst this 
unction is technically fit to the stellar mass distribution rather than 
he light distribution, it is often assumed that observed systems have 
niform stellar populations unaffected by mass se gre gation (Martin 
t al. 2016 ). This approximation may be dubious for globular cluster
ystems (see Bolte 1989 ; Bonnell & Davies 1998 ; Allison et al.
009 ). 
In Fig. A1 , we compare the size and shape for a single example,
C as calculated using different methods and luminosity cuts. When 
sing the MCMC method, we use 100 w alk ers with 500 burn-in
teps and 2000 main steps. The one-sigma uncertainties are similar 
etween methods and luminosity cuts. The estimated ellipticity 
nd orientation are almost identical between methods, ho we ver the
CMC method o v erestimates the projected half-light radius by a

ew sigma when compared to the direct analytical method. This 
 v erestimate can be very large for SCs that are close to dissolving, but
s otherwise � 1 pc across our simulation suite. Therefore, whilst the
wo methods are not formally in agreement, the expected systematic 
rror of � 1 pc does not influence our results. The choice of luminosity
ut has a small effect on the size, ellipticity and orientation of the SC,
ut the magnitude of this effect is within the one-sigma uncertainties.

PPENDI X  B:  STAR  CLUSTER  SHAPE  F RO M  

N  E D G E - O N  PERSPECTIVE  

 SC in a cored potential can experience negligible gravitational 
ides in the face-on plane of its orbit, yet still experience a tidal
ompression across its z-axis (see equation 21, Renaud, Gieles & 

oily 2011 ). Therefore, it is necessary to consider the SC shape from
oth face-on and edge-on orientations for a complete understanding 
f the SC ellipticity. 
In Fig. B1 , we reconsider the SC shapes from Fig. 6 , but as viewed

dge-on to the orbital plane. Now, there is a sharp spike of SCs
t higher ellipticities. This is due in part to a tidal compression
cross the z-axis, but primarily contamination from tidally stripped 
tars which form a dense track when viewed edge-on. If we exclude
ll unbound stars from our analysis, then only sev en e xamples (in
odels Halo1459 and Halo1459 GM:Later) exceed e = 0.15. The 

llipticities of SCs in the Fcore potential remain low in almost all
ases, because the flatter potential liberates fewer stars. A single data
MNRAS 515, 185–200 (2022) 
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oint in the Fcore potential achieves an ellipticity comparable to that
f the SC in EriII, but it is a near-destroyed SC that does not match
riII in any other respect. 
These increased ellipticities are predominantly a consequence of

ur idealized simulations, where the SC orbit remains in the same
 –y plane and the unbound stars remain dynamically cold for a full
ubble time. Even then, the SC must be viewed extremely close to

dge-on before the perceived ellipticity increases notably. 

PPENDIX  C :  E N E R G Y  REQU IREMENTS  F O R  

A R K  MATTER  C O R E  F O R M AT I O N  IN  T H E  

D G E  U F D S  

e perform a simple comparison of the energy required to unbind
ur dark matter cusps with the available energy provided by SNe
xplosions, following prior work in Pe ̃ narrubia et al. ( 2012 ), Read
t al. ( 2016 ), Contenta et al. ( 2018 ), Trujillo-Gomez et al. ( 2021 ).
e make this comparison at z = 4 because star formation has

ermanently quenched by this time, noting, ho we ver, that this does
ot account for the additional late-time coring due to minor mergers
n Halo1459 GM:Later. 

We estimate the SNe energy from the IMF as follows: 

 SF = 

M ∗ξE SN 

〈 m ∗〉 , (C1) 

here M ∗ is the total stellar mass of the galaxy at z = 4, 〈 m ∗〉 is
he expectation value for the stellar mass, ξ is the number fraction
f stars that become SNe ( m ∗ > 8 M �) and E SN = 10 51 erg is the
nergy per SNe. Our implementation of RAMSES utilizes a Chabrier
MF (Chabrier 2003 ), for which we e v aluate 〈 m ∗〉 and ξ by integrating
 v er the range 0.1 < m ∗/M � < 120 as 0.680 and 0.00802, respectively.
his is an imperfect representation of the SNe energy because it does
ot consider that some SNe could have occurred whilst an accreted
tellar particle was still ex situ , and may not have contributed directly
o the dynamical heating of the main progenitor. 
NRAS 515, 185–200 (2022) 
able C1. Comparison of the estimated total SNe energy ( E SN ), the energy
equired to lower the central density cusp (cusp gravitational binding energy
inus core gravitational binding energy, 	 W ), and the coupling efficiency

 εDM 

) for the chosen EDGE haloes at z = 4. For the calculation of E SN ,
e consider only stars within the core radius (taken from coreNFW profile
ts, Read et al. 2016 ), as stars exterior to this radius do not contribute to the
eating of the dark matter cusp. 

ame E SN [erg] 	 W [erg] εDM 

alo1445 7.28 × 10 53 1.10 × 10 50 1.51 × 10 −4 

alo1459 1.17 × 10 54 1.09 × 10 50 9.37 × 10 −5 

alo1459 GM:Later 2.72 × 10 53 7.07 × 10 49 2.60 × 10 −4 

The energy needed to depress the central density can be found
y analysing the enclosed mass profiles of the haloes at z = 4. We
t a coreNFW profile (Read et al. 2016 ) where the concentration
arameter c is constrained based on fits from Dutton & Macci ̀o
 2014 ). A cuspy profile is approximated by setting the parameter
 = 0 (equi v alent to an NFW profile Navarro et al. 1997 ). Then, the
nergy difference 	 W between the cuspy NFW and fitted coreNFW
rofiles is calculated as in equation (22) of Read et al. ( 2016 ): 

W = −1 

2 

∫ ∞ 

0 

G ( M 

2 
NFW 

− M 

2 
coreNFW 

) 

r 2 
d r. (C2) 

 coupling efficiency between the SNe energy and dark matter is
efined as 	 W / E SF . The results are summarized in Table C1 . 
Although Halo1459 and Halo1459 GM:Later are based upon the

ame modified initial conditions, Halo1459 GM:Later requires less
nergy to unbind its dark matter cusp. This is because the later
ssembly of Halo1459 GM:Later has left it with a diminished central
ensity at the earliest times. Halo1445 exhibits a similar coupling
fficiency to Halo1459 GM:Later, which also owes to its delayed
ass growth. 
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