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A B S T R A C T 

Nuclear star clusters (NSCs) are among the densest stellar systems in the Universe and are found at the centres of many spiral 
and elliptical galaxies, and up to ∼ 40 per cent of dwarf galaxies. Ho we ver, their formation mechanisms, and possible links to 

globular clusters (GCs), remain debated. This paper uses cosmological simulations of dwarf galaxies at a spatial resolution of 
∼ 3 pc to present a new formation mechanism for NSCs, showing they naturally emerge in a subset dwarfs with present-day halo 

masses of ∼ 5 × 10 

9 M �. The mechanism proceeds following reionization quenching that stops the supply of cold star-forming 

gas. Next, a major merger causes a central dense gas reservoir to form, eventually exciting rapid cooling, leading to a significant 
starburst. An NSC forms in this starburst that quenches star formation thereafter. The result is a nucleated dwarf that has two 

stellar populations with distinct age: pre- and post-reionization. Our mechanism is unique because of the low mass of the 
host dwarf, and because it naturally leads to NSCs that contain two stellar populations with a � 1 billion year age separation. 
The former means that NSCs, formed in this way, can accrete on to galaxies of almost all masses. If these accreted NSCs 
fall to the centre of their host galaxy, they could then seed the formation of NSCs everywhere. The latter yields a predicted 

colour–magnitude diagram that has two distinct main sequence turn-of fs. Se veral GCs orbiting the Milky Way, including Omega 
Centauri and M54, show similar behaviour, suggesting that they may be accreted NSCs. 

Key words: methods: numerical – galaxies: dwarf – galaxies: evolution – galaxies: haloes – galaxies: star clusters: general – dark 

matter. 
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 I N T RO D U C T I O N  

uclear star clusters (NSCs) are dense stellar systems with stel- 
ar masses and half-light radii in the range M � ∼ 10 5 −8 M � and
 1 / 2 ∼ 1 –30 pc, respectively (see Neumayer, Seth & B ̈oker 2020 for
 re vie w). They are most common within the centres of intermediate-
ass galaxies ( ∼90 per cent of M � ∼ 10 9 . 5 M � galaxies) but are also

ound in up to ∼40 per cent of dwarf galaxies [DGs; defined here
s galaxies with stellar mass M � < 10 9 M � (Collins & Read 2022 )],
ith an occupation fraction that decreases with the mass of the host
alaxy (S ́anchez-Janssen et al. 2019 ; Hoyer et al. 2021 ; Carlsten et al.
022 ). The common co-existence of these clusters with supermassive 
lack holes (SMBHs) suggests that they could be promising sites 
or the formation of SMBH seeds (e.g. Ferrarese et al. 2006 ). And,
hrough the mergers of stellar remnants, they are also crucibles for the
 E-mail: e g00451@surre y.ac.uk 
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ormation of gravitational waves (e.g. Antonini, Gieles & Gualandris 
019 ). 
Despite their ubiquity, the formation channels of NSCs remain 

ncertain. One key proposal is that NSCs in low-mass galaxies form
rom the in-fall and mergers of globular clusters (GCs; Tremaine, 
striker & Spitzer 1975 ). This is moti v ated by the observed

imilarities between massive GCs and NSCs [specifically, their 
tellar mass and luminosity (McLaughlin 1999 ; C ̂ ot ́e et al. 2006 ;
en Brok et al. 2014 )]. More massive GCs also have more rapid
ynamical friction time-scales, and this injection of less-enriched 
tars into galactic centres may provide an explanation for the origin
f metal-poor nuclei that are common in low-mass galaxies (e.g. 
pengler et al. 2017 ). This formation scenario is further supported by
bservations of early-type galaxies that show a lack of GCs within
heir inner regions, implying that these have fallen into the centre
Lotz et al. 2001 ; Capuzzo-Dolcetta & Mastrobuono-Battisti 2009 ). 
dditionally, there is a pro v en correlation between the frequency of
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ucleated early-type galaxies and GCs (Miller & Lotz 2007 ; Lim
t al. 2018 ; S ́anchez-Janssen et al. 2019 ). 

Ho we ver, GC mergers alone are not sufficient to explain the
ate-time star formation observed in the NSCs of more massive
alaxies (M � � 10 9 M �; Seth et al. 2006 , 2008a ; Walcher et al. 2006 ;
acharo v et al. 2018 ; F ahrion et al. 2022b ), including the Milky Way

Paumard et al. 2006 ; Lu et al. 2008 ; Feldmeier-Krause et al. 2015 ;
guyen et al. 2019 ) and M31 (Bender et al. 2005 ; Georgiev &
 ̈oker 2014 ; Carson et al. 2015 ). For these NSCs at least, some
echanisms for further gas accretion and star formation is required.
roposals include gas accretion and cooling in major mergers
Mihos & Hernquist 1994 ; Milosavljevi ́c 2004 ; Hopkins & Quataert
010 ; Guillard, Emsellem & Renaud 2016 ; Brown, Gnedin & Li
018 ), gas accretion along a non-axisymmetric stellar bar (Shlosman,
egelman & Frank 1990 ), tidal forces causing gas compression

Emsellem & Van De Ven 2008 ), and/or clumpy star formation at
igh redshifts (Bekki, Couch & Shioya 2006 ; Bekki 2007 ). The need
or late-time star formation in these NSCs is further supported by

-body simulations of GC mergers (Capuzzo-Dolcetta & Miocchi
008 ). These are able to explain some features of NSCs, such as
heir mass and size, but cannot account for their observed rotation
hat also implies at least some dissipation and in situ star formation
Seth et al. 2006 , 2008b ; Hartmann et al. 2011 ; Carson et al. 2015 ;
satsi et al. 2017 ; Nguyen et al. 2019 ). 
It is likely that some mix of gas accretion and GC mergers

s required to reproduce the full population statistics of NSCs,
s is supported by semi-analytic models (e.g. Gnedin, Ostriker &
remaine 2014 ; Antonini, Barausse & Silk 2015 ), and recent high-
esolution N -body hydrodynamical simulations (van Donkelaar et al.
024 ). The mass of the host galaxy likely dictates which of these
echanisms are dominant in each case, such that lower mass galaxies

a v our GC in-fall, whereas galaxies with M ∗ > 10 9 M � are better
xplained by the in situ star formation scenario (Neumayer et al.
020 ; Fahrion et al. 2021 , 2022a , b ). Ho we ver, it remains an open
uestion where the GCs come from in the first place. 
Previous simulations in the literature have studied NSC formation

n DGs. Guillard et al. ( 2016 ) use hydrodynamical simulations of
solated gas-rich dwarfs to introduce a ‘wet migration’ formation
cenario. The LYRA simulations (Gutcke et al. 2022b ) are cosmo-
ogical simulations of low-mass dwarfs ( M 200 ∼ 10 9 −10 M �) at a

ass resolution of M baryon = 4 M � and M DM 

= 80 M �. They report
he presence of an NSC in one of their low-mass dwarfs, but do not
irectly address NSC formation mechanisms (Gutcke et al. 2022a ). 
In this paper, we use simulations of a M 200c ∼ 5 × 10 9 M �1 DG,

rawn from the ‘Engineering Dwarfs at Galaxy formation’s Edge’
EDGE 

2 ) project, to present a new mechanism for the formation of
SCs. These dwarfs are more massive than those previously studied

n EDGE, reaching a post-reionization mass that has previously been
ound to stimulate renewed star formation (Rey et al. 2020 ). We find
hat, at this mass scale, a new phenomenon can occur: self-quenching
y stellar feedback following a major -merger -driven starb urst. The
ormation of an NSC is a natural result of this starburst. To fully
nderstand this new NSC formation mechanism, we consider three
genetically modified’ versions of the same galaxy, engineered to
ave the major merger earlier and later. We also resimulate the same
alaxy with a different random number seed to study the impact
NRAS 539, 1167–1179 (2025) 

 M 200c is the mass within the virial radius (r 200c ), which is defined as the 
adius at which the mean enclosed density of the dwarf equals 200 × the 
ritical density of the Universe. 
 https:// edge-simulation.github.io/ 
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f stochasticity (that impacts both when stars form, and when they
xplode) on the starburst and the final galaxy properties. We show
hat in all cases, except where the host galaxy is not fully quenched
y reionization, an NSC forms with two distinct stellar populations
ith distinct ages. We explore the observational properties of our

imulated NSCs, including their luminosity , size, chemistry , and
inematics, and we discuss how these predictions compare to the
atest data for nearby NSCs and GCs. 

This paper is organized as follows. In Section 2 , we describe the
DGE suite and the specific simulations that we study in this work. In
ection 3 , we present the results from our simulations including the
mergence of NSCs in EDGE, how they form, and their observational
roperties. In Section 4 , we discuss the broader implications of these
ndings for both GC and NSC formation. Finally, in Section 5 we
resent our conclusions. 

 M E T H O D  

e study an isolated DG of virial mass M 200c = 5 . 79 × 10 9 M � at
edshift z = 0, drawn from a suite of cosmological high-resolution
oom simulations: EDGE (introduced in Agertz et al. 2020 ). All of
he EDGE simulations presented here are run until z = 0 assuming
 Lambda cold dark matter cosmology with cosmological param-
ters as determined by the Planck satellite mission: �m 

= 0 . 309,
� 

= 0 . 691, �b = 0 . 045, and H 0 = 67 . 77 kms −1 Mpc −1 (Planck
ollaboration XVI 2014 ). 
EDGE utilizes the adaptive mesh refinement hydrodynamics code,

AMSES (Teyssier 2002 ), to track the evolution of stars, dark matter,
nd gas. We have a maximum spatial resolution of 3 pc and a mass
esolution of M gas = 161 M �, M � = 300 M �, and M DM 

= 945 M � for
he fiducial simulations. The galaxy formation model implements star
ormation, stellar feedback, cosmic reionization, and gas cooling and
eating. Cosmic reionization is modelled as a time-dependent source
f heating spread uniformly across our simulation box (Haardt &
adau 1995 ; Rey et al. 2020 ). 
We adopt the following star formation relation, shown in equation

 1 ) (Schmidt 1959 ; Kennicutt 1998 ): 

�̇ = ε ff 
ρg 

t ff 
for ρg > ρSF and T g < T SF , (1) 

here ρ̇� is the star formation rate (SFR), ε ff is the star formation
fficiency per free-fall time, ρg is the gas density in the cell, t ff is the
ocal gas free-fall time, ρSF is the density threshold for star formation,
 g is the gas temperature in the cell, and T SF is the maximum allowed

emperature for star formation. ρSF and T SF are set to 300 m H cm 

−3 

nd 100 K, respectively. t ff is calculated as 
√ 

3 π/ 32G ρ and ε ff is
xed to 10 per cent, as per Grisdale et al. ( 2019 ). For each cell that
atisfies the star formation criteria, equation ( 1 ) is used along with
he cell volume and time-step to calculate the probability of forming
tars (e.g. Rasera & Teyssier 2006 ; Dubois & Teyssier 2008 ). Poisson
ampling is then used to find the number of star particles of discrete
00 M � masses (see Agertz et al. 2013 for a detailed explanation of
he procedure we adopt). 

Due to the high spatial and mass resolution of the EDGE
imulations, we can track the impact of individual supernovae on
heir surrounding interstellar medium accurately (Kimm et al. 2015 ),
ithout the need for delayed cooling (e.g. Stinson et al. 2006 ),

dditional momentum injection, or similar (Read, Agertz & Collins
016 ; Agertz et al. 2020 ). At each time-step, if a star’s mass is abo v e
 M �, it has a probability of undergoing core-collapse due to the
andom sampling of equation (6) in Agertz et al. ( 2013 ). This ensures
 continuous but discrete injection of energy, momentum, and metals

https://edge-simulation.github.io/
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Table 1. Key information about the EDGE-simulated dwarfs and their NSCs, including the half-light radius from the S ́ersic fits (see Fig. 1 ), the virial radius 
(of the dwarf), masses, and the average [Fe/H] and [O/Fe]. For the dwarfs, the masses and metallicities are within the virial radius, whereas for the NSCs 
these are within the 4 half-light radius. The v -band magnitude within four times the half-light radius is added for the NSCs. The redshift the major merger 
occurs and its total mass ratio in comparison to the main halo is recorded. 

Dwarf r 1 / 2 r 200 M tot ( < r 200 ) M � ( < r 200 ) M gas ( < r 200 ) [Fe/H] [O/Fe] Merger Merger 
(pc) (pc) (M �) (M �) (M �) (dex) (dex) redshift ratio 

Reference 365.4 ± 4.4 3.8 × 10 4 5.8 × 10 9 3.2 × 10 6 3.0 × 10 7 −2.0 ± 0.4 0.6 ± 0.2 2.33 0.93 
Diff. Seed 127.0 ± 2.4 3.7 × 10 4 5.6 × 10 9 9.6 × 10 6 5.1 × 10 5 −1.8 ± 0.3 0.5 ± 0.2 2.33 0.91 
Later 75.8 ± 1.3 3.7 × 10 4 5.3 × 10 9 3.3 × 10 6 2.0 × 10 7 −2.0 ± 0.5 0.7 ± 0.1 1.27 0.36 
Earlier 331.8 ± 8.8 3.8 × 10 4 5.7 × 10 9 4.4 × 10 6 5.5 × 10 7 −2.0 ± 0.6 0.5 ± 0.3 3.35 0.62 

NSC r 1 / 2 M tot ( < 4r 1 / 2 ) M � ( < 4r 1 / 2 ) M gas ( < 4r 1 / 2 ) [Fe/H] [O/Fe] M v ( < 4r 1 / 2 ) 
(pc) (M �) (M �) (M �) (dex) (dex) (mag) 

Reference 9.9 ± 1.3 3.1 × 10 5 2.8 × 10 5 5.2 −1.9 ± 0.1 0.5 ± 0.1 −8.06 
Diff. Seed 9.8 ± 0.2 1.4 × 10 6 1.3 × 10 6 50 −1.9 ± 0.1 0.4 ± 0.1 −9.64 
Later 4.4 ± 0.8 7.7 × 10 5 6.9 × 10 5 53 −2.0 ± 0.5 0.6 ± 0.1 −9.23 
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rom supernova, as described in Agertz et al. ( 2013 ) and Agertz
t al. ( 2020 ). Energy from supernovae is injected purely thermally,
f the cooling radius is well resolved ( > 90 per cent of the time).
f not, some additional momentum is also injected to compensate 
or o v ercooling (see Agertz et al. 2020 ). Alongside supernovae,
e account for stellar winds from massive stars ( � 5 M �) through

ontinuous injection. We do not explicitly model radiative transfer 
photoionization or photoheating) from young stars. For a more in- 
epth description of the physics and sub-grid model employed in the 
DGE simulations, see Rey et al. ( 2019 ), Agertz et al. ( 2020 ), Rey
t al. ( 2020 ), and Orkney et al. ( 2021 ). 

The GENETIC software (Stopyra et al. 2021 ) provides the initial 
onditions for these galaxies while also implementing a genetic 
odification framework that allows us to investigate different mass 

ccretion histories for each galaxy within cosmic variance (Roth, 
ontzen & Peiris 2016 ; Rey & Pontzen 2018 ). We change the density
eak of the main halo progenitor at redshift z = 4, but ensure the
ean density of the associated Lagrangian region is kept constant. 
his allows us to modify the halo mass at around reionization while
eeping halo mass at redshift z = 0 fixed. 

Haloes are selected using the HOP halo finder (Eisenstein & 

ut 1998 ) from a ‘void’ simulation (a 512 3 resolution dark-matter- 
nly simulation that co v ers a 50 Mpc 3 patch of the universe) to be
imulated at a higher resolution (Katz & White 1993 ; O ̃ norbe et al.
014 ; Agertz et al. 2020 ). To ensure selected haloes are isolated, the
irial radius (r 200 ) is used to find pairwise distances. Halo data are
ead and analysed using a combination of the PYNBODY (Pontzen 
t al. 2013 ) and TANGOS (Pontzen & Tremmel 2018 ) packages. 

The four simulated dwarfs utilized in the paper are described in 
able 1 . Our initial unmodified simulated dwarf is referred to as
Reference’. 3 We engineered this dwarf to begin forming later and 
arlier using the genetic modification framework. ‘Later’ refers to the 
warf that started its assembly history at a later epoch (o v erdensity
f −20 per cent at z = 4, and + 20 per cent at z = 0), whereas
Earlier’ refers to a dwarf that had longer to form before reionization
o v erdensity of + 30 per cent at z = 4, and no modification at z = 0).
dditionally, to study the effects of stochasticity, we rerun the 
nmodified simulation with the same initial conditions but a different 
andom number seed (that impacts both when stars form and when 
he y e xplode; see Section 2 ). This dwarf is referred to as ‘Different

eed’. 

 Known as ‘Halo 383 Fiducial’ in the EDGE suite. 

t  

c  

q  

s  
 RESULTS  

.1 The emergence of NSCs in EDGE 

ig. 1 shows the surface brightness contours of the simulated dwarfs,
roviding an insight into the structure of the stellar population of the
warfs and their NSCs at z = 0. The Reference, Different Seed, and
ater simulations contain a dense nucleus (or NSC) – this is not seen

or the Earlier simulation. The structural differences between the 
eference and Different Seed simulations show how stochasticity 

mpacts the size and stellar mass of our simulated NSCs. The NSC
ize is in good agreement between these runs but the stellar mass is
ifferent by a factor of 5, while the host galaxy size also differs by a
actor of 3. 

The c ylindrically av eraged radial surface brightness profiles of 
ach simulation are shown in the bottom panels of Fig. 1 – the
lignment of the dwarf does not affect the surface brightness profile.
wo S ́ersic profiles were fit to the nucleated dwarfs to provide an
stimate for both the NSC and host galaxy half-light radii, with
ncertainties. These values are given in Table 1 . From here onwards,
e define the NSC spatially as containing all stars within 4 NSC half-

ight radii, corresponding to the inflection in the surface brightness 
rofiles (see Fig. 1 ). This double-S ́ersic profile is typical of real DGs
ontaining NSCs (C ̂ ot ́e et al. 2006 ). A single S ́ersic profile was fit to
he non-nucleated Earlier simulation. The Later simulation has the 
mallest NSC radius and reaches the highest surface brightness. In 
his simulation, it is less clear at what radius we transition from the
SC to the host DG. This difficulty in separating the NSC from its
ost is also seen in some real nucleated dwarfs (C ̂ ot ́e et al. 2007 ). 

.2 The formation of NSCs via a self-quenching starburst 

n Fig. 2 , we show graphically how an NSC forms in our Reference
imulation. From top to bottom, the rows show images of stars, dark
atter density, and gas density (in a 0.1 kpc thick slice along the z-

irection) across multiple snapshots around the major merger event, 
hich triggers the NSC-forming starburst. In the leftmost panels, 

he two proto-galaxies (the main halo and the major merger, a ∼1:1
erger for this simulation, see Table 1 ) that will eventually form the
nal dwarf are shown. These experienced early star formation that 
as quenched by cosmic reionization and are not yet to a point where

heir star formation can reignite (see Rey et al. 2020 , figs 3 and 4). As
an be seen in the second column, ∼2 billion years after reionization
uenching, the main halo begins to merge with the companion of
imilar total mass. This causes a dense central gas reservoir to form
MNRAS 539, 1167–1179 (2025) 
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M

Figur e 1. The emer gence of NSCs in EDGE. Top: surface brightness contours ( μv ) o v erlay RGB images of the stars in our simulated dwarfs at redshift z = 0. 
A dense NSC is visible at the centres of the Reference, Different Seed, and Later simulations, but not the Earlier one. The images are aligned such that the 
angular momentum vector of the gas within 5 kpc corresponds to the z-axis that points towards the reader. Surface brightness contours are in the range 18–38 
mag arcsec −2 . The RGB images span values in the range 23–28 mag arcsec −2 in which the red, blue, and green channels are weighted by the I, V, and U bands, 
respectively. The blue, dark red, and red circles denote the total stellar population half-light radius, the NSC half-light radius, and the NSC radius, respectively. 
Bottom: surface brightness profiles of all the dwarfs at redshift z = 0. The black dotted curves show double S ́ersic profile fits used to obtain the half-light radii. 
These are marked by the dark red dashed and blue dashed vertical lines, respectively (see also Table 1 ). The vertical red line denotes the NSC radii, which 
is 4 NSC half-light radii. The grey band to the left of each plot marks the simulation spatial resolution of 3 pc. Notice that the NSC is visible in the surface 
brightness profiles of Reference and Different seed as a high central surface brightness, with a point of inflection. For the Later simulation, the high central 
surface brightness still indicates the presence of an NSC, but the inflection is now less pronounced. The Earlier simulation has no NSC and its central surface 
brightness profile is lower than in the other simulations. 
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n the main halo, eventually exciting rapid cooling and a significant
tarburst. The NSC forms in this starburst from a mix of smooth
nd clumpy star formation, producing dense star clusters (middle
anels) that eventually merge into the galaxy’s centre, joining the
SC (upper right panel). This starburst event is so sudden and strong

hat it exhausts all the remaining star-forming gas, self-quenching
he galaxy. 

.2.1 The impact of assembly history and stochasticity 

o help us understand our new NSC formation mechanism further, we
tudy the effects of different assembly histories, and of stochasticity,
sing our full simulation suite. Fig. 3 shows the build-up of DM
top) and stellar (bottom) mass in each of our simulations. First,
otice that the dark matter assembly histories for the Reference and
ifferent Seed simulations almost perfectly o v erlap, as e xpected.
ut, the y hav e dif ferent stellar mass gro wth curves (compare the
lue and purple lines in the top and bottom panels). This difference
n stellar mass occurs due to a different random number seed both
hen forming stars and when the most massive stars explode (see
ection 2 ). The results are particularly sensitive for the second burst,
riving a difference in the final stellar mass of a factor of ∼ 3 just due
o these stochastic effects (see Table 1 ). None the less, the formation
f an NSC occurs in both cases. 
Furthermore, the Reference and Earlier assembly histories lie

ithin the 68 per cent confidence intervals of expected assembly
rajectories: they are common (compare the blue and orange lines
n Fig. 3 to the dark grey band). By contrast, the Later simulation
ies outside the 95 per cent intervals and is therefore rarer. All of
NRAS 539, 1167–1179 (2025) 
he simulations were designed to reach the same final dark matter
ass by z = 0 but hav e v ery different final stellar masses due to

heir distinct assembly histories, similar to what has been reported
or lower mass EDGE dwarfs in Rey et al. ( 2019 ). 

Fig. 4 shows how these different assembly histories impact the star
ormation histories for each of our simulations (top panel) and the
 I gas mass (bottom panel). In all cases, there is a pre-reionization

tar formation. Ho we ver, star formation in the Reference, Different
eed, and Later runs are sufficiently quenched by reionization. Their
tar formation only reignites again following a major merger after
eionization (as marked by the crosses; for more information about
hese mergers, see Table 1 ). The bottom panel sho ws ho w gas builds
p due to the major merger in each simulation. H I gas is able to
uild up in the main halo of each NSC forming case. Ho we ver,
nly after this major merger is fully completed does the gas density
each high enough to excite cooling. This results in a significant
SC-forming starburst (with SFRs > 10 −2 M �yr −1 ) shortly after the
erger that then expels most of the gas, quenching star formation for

he remainder of the simulation. The two resulting stellar populations
orming at different epochs are subsequently referred to as the ‘pre-
eionization’ and ‘starburst’ stars. 

The major merger event for the Earlier simulation also causes an
ncrease in gas mass and a more mild increase in the SFR. Ho we ver,
he gas build-up is less than in the other simulations, reaching a

aximum H I gas mass of ∼ 5 × 10 6 M � in comparison to > 10 7 M �
see Fig. 4 bottom panel). To better understand the differences
etween the NSC-forming starburst in the Reference simulation and
arlier simulation in which no NSC forms, we now analyse the gas
roperties in each simulation in more detail. Fig. 5 shows images
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Figure 2. A new mechanism for forming NSCs in low-mass DGs. The panels show the stars (top row), dark matter mass density (middle row), and gas mass 
density in a 0.1 kpc slice along the z-direction (bottom row) of the Reference simulation for multiple snapshots centred on the main halo. The stars are shown 
using RGB images in the range 23–28 mag arcsec −2 in which the red, blue, and green channels are weighted by the I, V, and U bands, respectively. The panels 
show the major merger event, which is representative of all the simulations that form an NSC. As the ∼1:1 mer ger mer ges with the main halo, the gas builds up 
and is pushed abo v e the star formation threshold, triggering a giant starburst – visible as bright blue stars. At the same time, this drives a significant gas blowout 
(see the middle column). This starburst forms small clusters that fall to the galaxy’s centre, forming the NSC. 
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f the gas density in a 20 kpc box, and gas phase diagrams, for the
eference (top two rows) and Earlier former (bottom two rows). 
In both cases, as the merger begins, it compresses the halo gas

nd allows it to begin cooling. In Reference, this begins to fill a
entral gas reservoir, which lies abo v e the density threshold but is
ot yet cool enough to trigger star formation (first panel). This is
ue to a combination of reionization shutting off the supply of cold
tar-forming gas and feedback from old stars (AGB winds and Type 
a superno va; Re y et al. 2020 ), keeping the e xisting gas too hot for
t to cool and form stars. It is only after the major merger has fully
ompleted that this central density can increase even further, exciting 
 cooling instability (second panel). All the gas in the reservoir is
hen able to suddenly form stars, resulting in a significant starburst
n which the NSC forms (third panel). The resulting large blowout 
f hot gas from the starburst can be seen in the final panel. 
By contrast, the Earlier former, being modified to be more massive 

t these early times, can induce cooling and continuously form stars
hroughout its merger (Rey et al. 2020 ). As a result, it does not form a
eservoir of gas. The lack of a dense gas reservoir makes its merger-
nduced starburst much less dramatic than in the other simulations 
with a peak SFR ∼an order of magnitude less, see Fig. 4 top panel).
s a result, it does not form an NSC. Of all the simulations, only

he Earlier former is able to reignite star formation after its major
erger. This is due to the fact that it has a weaker starburst. 
Our formation mechanism relies on the formation of a central 

ense gas reservoir. To build this reservoir, the supply of cold gas
efore the merger must be halted (through reionization quenching), 
hile feedback from old stars keeps the existing gas hot. Thus,
hether or not a galaxy is able to form an NSC this way is ultimately
ictated by the halo’s mass at reionization. 

.3 Obser v ational properties 

n this section, we characterize our NSCs in more detail, presenting
ock colour–magnitude diagrams (CMDs; Section 3.3.1 ), metallic- 

ties and abundances (Section 3.3.2 ), and stellar kinematics (Section 
.3.3 ). We define the NSCs spatially as containing all stars within 4
SC half-light radii, similarly to observed NSCs. This means that 

he NSCs will contain both ‘pre-reionization’ and ‘starburst’ stars. 
o we ver, for some plots we choose to select stars out to an extended

adius of 400 pc. This is due to the finite mass resolution of our
imulations that leads to undersampling of the pre-reionization stars 
t small radii. 

.3.1 Colour–ma gnitude dia grams 

n Fig. 6 , we show mock CMDs for the Reference dwarf, coloured
y both density (left), star age, and [Fe/H](right). To generate these,
e used the PY-ANANKE (Thob et al. 2023 ) code, which utilizes star
article data from cosmological simulations to generate synthetic 
hotometric data. We select data (including positions, velocities, 
ges, masses, and [Fe/H]) for stars within radii < 400 pc of the
alactic centre. We use the Gaia photometric system and do not
nclude any photometric uncertainties within our CMD plots. 

The Reference NSC has two main sequence turn-offs that owe, 
rimarily, to a distinct separation in age for the pre-reionization 
MNRAS 539, 1167–1179 (2025) 
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Figure 3. Top panel: the evolution of the total DM mass within the virial 
radius for all of the simulations (see the legend and Table 1 for a description 
of each simulation). The grey bands in the top panel show the 68 per cent 
and 95 per cent confidence intervals of the mass assembly trajectories of all 
subhaloes in the full EDGE volume. The Earlier simulation reaches a mass 
threshold at which it can continue to form stars through reionization by z = 4. 
Bottom panel: the evolution of the total stellar mass within the virial radius 
for all the simulations. The crosses indicate the time the virial radius of the 
major merger crossed that of the host galaxy and begins the merger event. 
The vertical dashed line marks the epoch of reionization quenching. 
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Figure 4. Top panel: star formation history. Bottom panel: H I gas mass 
evolution. The crosses indicate the beginning of the major merger event in 
each case. The Reference, Different Seed, and Later simulations all have early 
star formation, which then quenches due to reionization. A significant merger 
event causes a build-up of gas, which then excites a NSC-forming starburst, 
subsequently self-quenching the galaxy. By contrast, the Early simulation 
does not form an NSC and has continuous star formation. 
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 ∼13 Gyr) and starburst ( ∼9.5 Gyr) stellar populations (bottom
anel). While the pre-reionization stars are more metal-poor and
he starburst population is more metal-rich, this has a more minor
mpact on the CMD. The other NSCs behave similarly and so we
mit these for brevity. A key result of our model is that all NSCs
ormed in this way should contain at least two stellar populations in
heir CMDs separated by age and therefore at least two distinct main
equence turn-offs. 

As we mo v e outw ards from the dw arf’s centre, the younger
tarburst population becomes less prominent and the main sequence
ssociated with the, more spatially extended, older pre-reionization
tellar population increasingly dominates the CMD. We discuss this
urther, and how some nearby GCs exhibit similar behaviour, in
ection 4 . 

.3.2 Chemical composition 

DGE also allows us to characterize the oxygen and iron abundances
f our simulated dwarfs and NSCs. In Fig. 7 , we show the abundance
NRAS 539, 1167–1179 (2025) 
atios of oxygen relative to iron as a function of [Fe/H], as well
s the distributions of both [Fe/H] and [O/Fe], for each of our
imulated nucleated dwarfs. The pre-reionization and starburst stellar
opulations are shown in blue and red, respectiv ely. Ov erall, there
s an anticorrelation between [O/Fe] and [Fe/H] due to Type Ia
upernovae, during and after the pre-reionization star formation,
nriching the to-be-star-forming gas with iron and lowering the
O/Fe]. This is consistent with metal-complex clusters where iron-
ich stars tend to be depleted in oxygen. Ho we ver, our EDGE dwarfs
isplay a positive correlation for the post-reionization population at
ore metal-rich [Fe/H] values. This is due to the starburst occurring

oo quickly for Type Ia supernova to significantly contribute, thus
ausing the gas to rapidly reach high [O/Fe] found in typical core-
ollapse supernova ejecta. 

All [Fe/H] distributions contain a significant peak, with a tail
o wards higher v alues that enhances the average iron abundance
alues. Such [Fe/H] distributions are similar to those observed in
assive nearby GCs like Omega Centauri (OC; e.g. Johnson &
ilachowski 2010 ). While the peaks of the Reference and Differ-
nt Seed are at similar metallicities, around −2.0 dex, the Later
imulation peaks at an [Fe/H] value closer to −2.5 dex. This is
xpected because the Later simulation forms fewer pre-reionization
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Figure 5. Gas distributions at key output times in the Reference and Earlier simulations: prior to the major merger (left), before (middle left), during (middle 
right), and after (right) the starburst. The top panels for each simulation show the gas density in a 20 kpc 2 box centred on the main halo. If the major merger has 
not fully merged, its position is shown by a white cross. The bottom panels show phase diagrams of all gas within the virial radius of the main halo, weighted by 
gas mass. We mark the temperature and density thresholds required for star formation by black dashed lines. The shaded teal rectangles indicate the star-forming 
regions – gas here can form stars (where T gas < 100 K and ρgas > 300 m H cm 

−3 ). Key features are annotated. Before the starburst, the Reference simulation 
builds up a dense central gas reservoir that, despite being abo v e the density threshold, is only able to cool and form stars after the merger. The following snapshot 
shows a significant blowout of hot gas from the resulting starburst (in which an NSC forms). By comparison, dense gas in the Earlier simulation continually 
cools to form stars, preventing gas build-up. This leads to a much more mild merger-induced starburst. As a result, no NSC forms, while star formation is able 
to continue through to the present day. 
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tars (see Fig. 4 bottom panel) and therefore has a lower [Fe/H]
efore its starburst. The [Fe/H] values are systematically lower than 
xpected from literature trends for local volume dwarfs of similar 
agnitudes (Simon 2019 ). This is most likely due to a combination

f lo wer supernov a yields (Woosley & Weaver 1995 ) and the
ack of an explicit model for radiative transfer, which produces 
ess violent outflows, increasing metal retention (e.g. Agertz et al. 
020 ). The Different Seed simulation has the highest iron peak
alue and the smallest spread. This owes to its extremely short,
iolent, starburst as compared to the other simulations – see Fig. 
 . As all of our simulated nucleated dwarfs have only one [Fe/H]
eak, the split populations that naturally arise in our new NSC
MNRAS 539, 1167–1179 (2025) 
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M

Figure 6. Mock CMDs of the Reference simulation coloured by density (left), stellar age, and [Fe/H] (right). The synthetic photometric data were generated 
using the PY-ANANKE (Thob et al. 2023 ) code using star particle data within 400 pc of the galaxy’s centre. The Gaia photometric system is used with no added 
photometric errors. The two stellar populations within the EDGE dwarf result in two clear main-sequence turn-offs, primarily due to a distinct separation in age. 

Figure 7. Abundance ratios of oxygen relative to iron as a function of [Fe/H] for stars within 400 pc of all NSC-forming dwarfs. The pre-reionization and 
starburst populations are coloured by blue and red, respectively. [Fe/H] and [O/Fe] distributions for both populations are displayed abo v e and to the right of the 
centre plot, respectively. The pre-reionization population displays an anticorrelation in contrast to the younger starburst population. 
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ormation mechanism are not discernible from [Fe/H] measurements
lone. 

Our dwarfs display complex [O/Fe] distributions, with some
ontaining multiple peaks – even within just the starburst population.
his is due to the sensitivity of oxygen abundances to the local star

ormation conditions. All simulations display at least one epoch
f rapid enrichment during the starburst event, causing a sudden
ncrease of ∼0.2 dex in [O/Fe]. The Reference and Different Seed
imulations contain multiple such epochs of rapid enrichment, each
istinct in time and space. This leads to a broader [O/Fe] spread.
he starburst population for the Later simulation displays three clear
eaks. The two peaks at < 0 . 6 dex correspond to spatially distinct
tar-forming regions that have distinct [O/Fe]. Stars forming from
NRAS 539, 1167–1179 (2025) 
he gas enriched by these two star-forming regions then produces the
hird, broader, [O/Fe] peak at ∼0 . 7 dex. 

.3.3 Stellar kinematics 

n this section, we separate the two stellar populations in our sim-
lated NSCs based on their formation epochs: pre-reionization and
tarburst. This allows us to investigate differences in their kinematic
roperties that could be tested observationally. Fig. 8 (left and middle
anels) shows the radial and tangential velocity dispersions as a
unction of radius for the stars created before reionization quenching
nd the stars created within the NSC-forming starburst. Notice that
he older stellar population is kinematically hotter than the starburst
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Figure 8. The radial (blue) and tangential (black) stellar velocity dispersions for the Reference, Different Seed, and Later simulations (at z = 0) for the stars 
formed before reionization quenching (left; < 2 . 5 Gyr from the start of the simulation), and stars formed during the starburst (right; > 2 . 5 Gyr from the start of 
the simulation). In both cases, we align the dwarf ‘face on’ such that the direction of the angular momentum vector of stars < NSC radii from the dwarf’s centre 
is along the z-axis. Radial bins are equal in the log scale. At smaller radii, we add data points with an equal number of stars in each bin ( ∼10 star particles). The 
grey band to the left of the plot marks the simulation spatial resolution of 3 pc. The third column shows projected velocity maps of the Reference, Different Seed, 
and Later nucleated dwarfs at z = 0 co v ering an area of 1 kpc. For each radial bin the average stellar velocity in the z-direction was found for all stars within 
the virial radius of the simulated dw arfs. Each dw arf w as aligned ‘side on’. The contours represent stellar densities. The Different Seed simulation displays the 
strongest rotation, with a rotational velocity that reaches 4 kms −1 at 100–200 pc from the dwarf’s centre. The Later simulation shows a much weaker rotation, 
while the Reference simulation has no detectable rotation signal. The red vertical line denotes the NSC radii in each case. This plot makes a clear prediction 
that, if an object is formed in this way, when sliced on the two populations, one is kinematically hotter than the other. 
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opulation. This difference in velocity dispersions could serve as an 
bservational test as to whether a galaxy has an NSC formed in a
ay similar to our model. 
Fig. 8 also shows that two out of three of our simulated NSCs are

otating. The right panels show 2D line-of-light velocity maps of all 
tars, oriented ‘side-on’. The Different Seed simulation is rotating, 
ising abo v e an amplitude of ∼2 . 5 km s −1 , while the Later simulation
lso shows some weak evidence of rotation. In both cases, the rotation 
ignal becomes most prominent at distances of ∼100–200 pc from 

he dw arf’s centre, f ar beyond the NSC’s half light radius. Ho we ver,
t can still, at least in principle, provide another observational test of
ur NSC formation scenario. 

 DISCUSSION  

.1 Model limitations 

n this section, we discuss the dependency of our results on the sub-
rid physics choices in the EDGE simulations. Our NSC formation 
echanism relies on the sufficient suppression of star formation 
rom cosmic reionization. The mass-scale at which this occurs is 
ensitive to the detailed balance between heating and cooling after 
eionization (e.g. Benitez-Llambay & Frenk 2020 ; Rey et al. 2020
nd references therein). Cooling will be enhanced in DGs with higher
etal retention, for example. This can occur due to the inclusion

f explicit photoionization feedback that enhances metal retention 
Agertz et al. 2020 ), or due to reasonable changes in the stellar yield
odel (e.g. Pillepich et al. 2018 ). Furthermore, key heating terms

re uncertain, including the strength of the UV background after 
eionization (UVB; e.g. Khaire & Srianand 2019 ; Puchwein et al.
019 ; Faucher-Gigu ̀ere 2020 ) or the importance of stellar feedback
rom evolved binary stars (Rey et al. 2020 ). None the less, we argue
hat all these uncertainties only act to shift the absolute mass-scale
t which our NSC formation mechanism occurs. For example, a 
tronger UVB than is assumed here would push reionization-driven 
uenching, and therefore the mass scale at which dwarfs can form
SCs via this mechanism, to higher mass. [Indeed, merger-driven 
uclear starbursts are well established in galaxy formation theory 
MNRAS 539, 1167–1179 (2025) 
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Springel, di Matteo & Hernquist 2005 ; Renaud, Se go via Otero &
gertz 2022 ), highlighting their robustness to sub-grid physics

hoices.] 
Despite our EDGE simulations being able to resolve individual

uperno vae e xplosions, the simulations presented in this work do not
ccount for radiative feedback from young stars. Since photoioniza-
ion and photoheating from stars are active as soon as they are born,
his feedback channel helps regulate starbursts and makes feedback
ess bursty and e xplosiv e in dwarfs (Agertz et al. 2020 ; Smith et al.
021 ). It remains to be seen how the nuclear starburst forming the
SC would proceed when including these additional physical effects.
e will quantify this in future work. 
Finally, it also crucial to consider the impact of different random

umber seeds on our results. We tested this with the ‘Reference’
nd ‘Different Seed’ simulations. These have nearly identical initial
onditions that lead to nearly identical dark matter halo density
rofiles throughout the simulations. There is good qualitative agree-
ent between the two simulations in their star formation histories

see Fig. 4 ), particularly before reionization. Ho we ver, the post-
eionization starburst is particularly sensitive to stochastic processes
n our sub-grid star formation and stellar feedback models (see
ection 2 ). This leads to Different Seed having a higher and narrower
tarburst that leads to an NSC that has a similar size to Reference,
ut is approximately five times more massive (see Table 1 ). Such
tochasticity may be una v oidable, at least at the numerical resolution
f our EDGE simulations. It means that it is challenging for us to
ccurately predict NSC properties, at least on a g alaxy-by-g alaxy
asis. We will explore this further in future work. 

.2 NSC formation across simulation studies 

n our simulations, NSCs form within DGs with host stellar masses
10 6 M � where the most dominant formation scenario is often

hought to be GC infall (e.g. Fahrion et al. 2022b ). Previous
bservations of dwarf NSCs, which tend to be more metal-poor than
heir surrounding galaxies, support this scenario as the properties of
hese NSCs align with those expected from accreted GCs. A detailed
omparison of the observational properties of our simulated NSCs
ith real observations is provided in Section 4.3 . 
Ho we ver, our NSC formation scenario aligns more closely with

he alternative in situ star formation mechanism. In situ formation
riggered by a major merger is not a new concept and has been
reviously proposed in the context of larger galaxies. Early numerical
odels, such as those by Mihos & Hernquist ( 1994 ), demonstrated
SC formation following the merger of gas-rich disc galaxies. More

ecent studies, such as the high-resolution GigaEris simulation of an
W-sized galaxy (Donkelaar et al. 2024 ), suggest a hybrid formation

cenario involving both in situ star formation and the accretion of
as-rich stellar clusters. The primary distinction between these MW-
ized simulations and our DG model is that while Donkelaar et al.’s
 2024 ) NSC formation relies on periodic in situ star formation driven
y bar-driven gas inflows, our dwarf NSCs form through a single,
ntense starburst triggered by a major merger. This starburst then
uenches further star formation. 
Other studies also propose wet merger scenarios for NSC for-
ation in dwarfs. For example, Guillard et al. ( 2016 ) use hy-

rodynamical simulations of isolated gas-rich dwarfs (with stellar
asses ∼ 10 9 M � and total masses of ∼ 10 11 M �) to show that star

lusters with gas reservoirs can form in the disc and migrate to the
alactic centre via dynamical friction, forming NSCs. As with the
ther studies abo v e, the host dwarfs in Guillard et al. ( 2016 ) are
ore massive than those in our EDGE simulations, which focus on
NRAS 539, 1167–1179 (2025) 
ower mass dwarfs (with stellar mass, ∼ 10 6 M � and total mass,
10 9 M �). 
A key distinction of our new NSC formation mechanism, as

ompared to these earlier works, is that an additional condition is
equired for NSC formation, extra to a major merger. Sufficient
uenching of star formation due to reionization is necessary prior
o the merger, so that it is able to build up central gas mass. This is
nly possible for DGs that are quenched by reionization, making our
echanism unique to low-mass dwarfs. 
There is a notable lack of high-resolution simulations of DGs

imilar in mass to those in our study that include the formation of
lusters in a fully cosmological environment. The LYRA simulations
Gutcke et al. 2022b ), which are the most comparable, achieve even
igher resolution than EDGE for a smaller number of simulationed
w arfs. There are k ey differences in our sub-grid models that lik ely
ri ve dif ferences between our studies (LYRA does not include, for
xample, stellar winds). Almost all LYRA dwarfs are nucleated,
hich is in tension with observational data (e.g. Poulain et al. 2021 ).
he mechanism(s) for forming nuclei in LYRA have not yet been
xplicitly discussed. 

.3 A new mechanism for forming NSCs 

e have presented a new mechanism for forming NSCs (with
tellar mass M ∗ ∼ 0 . 3 − 1 . 3 × 10 6 M �) in low-mass DGs (M 200c ∼
 × 10 9 M �). Our model makes a number of key observational
redictions: 

(i) The NSCs should have (at least) two distinct stellar populations
ith a large separation ( ∼ 1 Gyr) in age. This yields a CMD with

wo (or more) distinct main sequence turn-offs. 
(ii) The younger NSC population should be more metal-rich than

he older population. 
(iii) The younger NSC population should be kinematically colder

han the older population. 
(iv) The younger NSC population should be more spatially com-

act than the older population. 

Ideally, we should compare our EDGE model predictions to
solated nucleated dwarfs in low-density environments. Our model
redicts that massive NSCs can form in dwarfs with stellar masses
n the range ∼ 3 –10 × 10 6 M �. We are beginning to explore such
ucleated dwarfs in low-density environments through new surv e ys
ike MATLAS (Poulain et al. 2021 ). Ho we ver, the best-studied
ucleated dwarfs to date are in cluster environments, for example,
he Virgo cluster (e.g. S ́anchez-Janssen et al. 2019 ) and the Fornax
luster (e.g. Turner et al. 2012 ). This creates additional complexity
hen making model comparisons because of the impact of tides,

nvironment quenching, and environmentally driven morphological
ransformations. 

Several dwarfs in the Virgo cluster have a similar stellar mass
o our dwarfs while also containing an NSC, with the smallest of
hese having a total stellar mass of M � = 10 5 . 2 M � containing an
 � = 10 4 . 8 M � NSC (S ́anchez-Janssen et al. 2019 ). The ratio of

otal galaxy stellar mass to NSC stellar mass on average for these
s higher than our dwarfs, indicating some tidal stripping of the
ost galaxy has likely decreased its total stellar mass. There are a
ouple that are more similar to our simulated dwarfs (e.g. NGVS
12:26:51.99 + 12:39:08.2 and NGVS J12:28:59.15 + 12:02:30.4);
o we ver, it is difficult to know for certain if these could be formed in
 similar way to our dwarfs due to the denser environment. Similarly,
oth KKs58 (M � = 7 . 8 × 10 6 M �) and KK197 (M � = 4 × 10 7 M �)
ithin the Centaurus group have NSCs of stellar mass of M � =
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Figure 9. V -band magnitude as a function of the half-light radius. The EDGE 

NSC data are displayed in large star symbols – the V -band magnitude for these 
has been calculated from the stars within 4 NSC half-light radii. Observational 
data for both GCs (Harris 2010 ; Laevens et al. 2015 ; Crnojevi ́c et al. 2016 ; 
Cerny et al. 2023 ) and DGs (Conn et al. 2018 ; Simon 2019 ; Collins et al. 
2022 , 2024 ; Sand et al. 2022 ; McQuinn et al. 2023 ) are shown in grey circles 
and teal diamonds, respectively. GCs identified as Type II from Milone et al. 
2017 are circled in red and listed on the right of the plot. These include the 
clusters OC and M54 (Siegel et al. 2007 ), which are directly labelled, in 
addition to Terzan 5 (Ferraro et al. 2009 ), NGC 1851, M22, NGC 5286, M2, 
NGC 362, NGC 1261, NGC 6388, and NGC 6934 (Piotto et al. 2012 ; Milone 
et al. 2017 ). The grey band to the left of the plot marks the simulation spatial 
resolution of 3 pc. 
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 . 3 × 10 5 M � and 1 . 0 × 10 6 M �, respectiv ely (F ahrion et al. 2020 ).
o we ver, in both cases the NSCs are more metal-poor ([Fe/H]
 −1.75 ±0.06 dex and −1.84 ±0.05 dex for KKs58 and KK197,

espectively) than the host galaxy ([Fe/H] = −1.35 ±0.23 dex and 
0.84 ±0.12 dex for KKs58 and KK197, respectively). This could 

a v our a GC inspiral scenario acting instead of, or in tandem, with
he mechanism we present here, or point to continued star formation 
fter the NSC forms that raises the metallicity of the host dwarf. 

.4 Could some nearby GCs actually be accreted NSCs? 

everal studies in the literature have proposed that at least some 
Cs in the Milky Way might actually be NSCs accreted from now-
issolved nucleated dwarfs (e.g. Freeman 1993 ; B ̈oker 2007 ). These
rguments include evidence of significant iron spreads in some GC- 
SC candidates (Da Costa 2016 ; Pfeffer et al. 2021 ), and the presence
f distinct populations in the CMDs (e.g. Carretta et al. 2010 ). For
nstance, Pfeffer et al. ( 2021 ) identify NGC 6723 as a candidate NSC
or Kraken based on its complex chemical and kinematic properties, 
ncluding multiple stellar populations with varied metallicity. 

Here, we focus on a subset of GCs that show photometrically 
istinct main-sequence turn-offs, specifically the Type II GCs from 

ilone et al. ( 2017 ). Our model suggests that these GCs could
e accreted NSCs. (To a v oid confusion, the term ‘multiple main-
equence turn-offs’ is used in this paper, which refers specifically to 
he distinct main-sequence turn-offs observed in the CMD). This 
s distinct from the broader term ‘multiple stellar populations’, 
hich, in the context of GCs, often includes chemical abundance 

nomalies (e.g. Bastian & Lardo 2018 ).) One of the Type II GCs,
nd also the most likely NSC candidate, is M54, which has long
een thought to be the nucleus of the Sagittarius DG (e.g. Siegel
t al. 2007 ; Carretta et al. 2010 ; Carlberg & Grillmair 2022 ). M54
ho ws e vidence for multiple split main-sequence turn-of fs exactly as
redicted by our model (e.g. Alfaro-Cuello et al. 2019 ). Similarly, 
C has long been speculated to be a DG core disrupted from its host
alaxy (Hilker & Richtler 2000 ; Bekki & Freeman 2003 ; Kuzma,
erguson & Pe ̃ narrubia 2021 ). It too shows at least three distinct
ain sequence turn-offs in its CMD (e.g. Bellini et al. 2010 ). 
Alongside these, there are many other ‘split main-sequence turn- 

ff’ GCs that also show a significant iron spread. We have undertaken
 census and highlighted these in Fig. 9 , which shows the V -band
agnitude as a function of half-light radius for observed GCs (grey 

iamonds) and DGs (green diamonds) as compared to our EDGE 

SCs. Notice that our EDGE NSCs lie within the region occupied 
y bright GCs, particularly those identified as having clear split main- 
equence turn-offs. We speculate that many of these GCs could be 
ccreted NSCs that formed through the new mechanism presented 
ere. 
We can further test our NSC accretion hypothesis by comparing 

he spatial distributions, kinematics, and chemical compositions of 
he split populations in our model. Our model predicts that the pre-
eionization and starburst populations should be distinct, with the 
lder stars occupying a separate, redder, main sequence (Fig. 6 ).
he older stars are also kinematically hotter (Fig. 8 ), more metal-
oor (Fig. 7 ), and more extended than the younger NSC stars. It
s challenging to compare these predictions in detail with nearby 
Cs like M54 and OC because nearby GCs: (i) have experienced 

ignificant tidal forces that we do not model in our EDGE simulations
e.g. Kuzma et al. 2021 ); (ii) they undergo important two-body effects 
ike mass se gre gation and e v aporation that are not captured in EDGE
e.g. Dehnen & Read 2011 ; Zocchi, Gieles & H ́enault-Brunet 2019 );
nd (iii) both M54 and OC have more than two main sequences
nd so have lived more complex lives than our simulated NSCs.
ote that this latter point is not a problem for our model. Given

he low halo mass in which our NSCs form, we can expect that
hey will accrete on to larger galaxies where they will sink to the
entre, merging with other GCs and NSCs and possibly undergoing 
dditional star formation through further gas cooling. Such processes 
ill add further complexity to their observed properties today. 
With the abo v e cav eats in mind, we now compare our NSC model

o two well-studied GCs that are among the most likely to be NSCs:
54 and OC. M54 displays very similar qualitative behaviour to our
odel predictions. Alfaro-Cuello et al. ( 2020 ) report that the younger

tars are kinematically colder and more metal-rich than the older 
opulation, exactly as our model predicts, while Alfaro-Cuello et al. 
 2019 ) show that the younger stars are more centrally concentrated
han the intermediate-age stars (that they attribute to the host galaxy–
agittarius). The discussion surrounding OC is more complicated, 
ith some studies agreeing that the apparently ‘older’, redder, main 

equence is more metal-poor than the ‘younger’, bluer, one (Piotto 
t al. 2005 ; Latour et al. 2021 ), while others appearing to show the
pposite (Calamida et al. 2017 ; Nitschai et al. 2023 ). Some studies
eport more centrally concentrated metal-poor stars (Calamida et al. 
020 ), which contrast with others who claim a central metal-rich
omponent (van de Ven et al. 2006 ). Many studies find that the
ultiple populations can be reasonably explained by a large spread 

n metallicity rather than age (e.g. Tailo et al. 2016 ). 
Finally, we can look at rotation. Both OC and M54 show clear signs

f rotation of magnitude 5–10 km s −1 , particularly in the younger
tellar populations (Merritt, Meylan & Mayor 1996 ; Alfaro-Cuello 
t al. 2020 ). Some of our NSCs show a similar rotation amplitude
e.g. reaching ∼4 kms −1 for the Different Seed simulation), but on
MNRAS 539, 1167–1179 (2025) 
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arger radial scales [100 –200 pc as compared to ∼10 pc for OC and
54 (Merritt et al. 1996 ; Alfaro-Cuello et al. 2020 )]. This difference
ay owe to the additional complexity seen in both M54 and OC

s compared to our model. For M54 at least, there is a younger
opulation that could have formed from further gas dissipation and
ollapse that could then be more highly rotating (e.g. Alfaro-Cuello
t al. 2020 ). Ho we ver, it is important to note that we struggle to
esolve rotation on sub-10 pc scales given that our finest resolution
ells are of size 3 pc. As such, we will return to this point with higher
esolution simulations in future work. 

 C O N C L U S I O N S  

sing a suite of high-resolution simulations of DGs drawn from the
DGE project ( ∼ 3 pc spatial resolution), we have uncovered a new

ormation mechanism for NSCs. We find that massive NSCs (M ∗( <
r 1 / 2 ) ∼ 8 ± 4 × 10 5 M �) can form in surprisingly low halo mass
Gs (M 200c ∼ 5 × 10 9 M � at z = 0) at high redshift ( z ∼ 2). Our

ormation mechanism proceeds, as follows. First, the EDGE dwarf
s suf ficiently lo w mass that it is quenched by reionization. Next,
t some point after reionization, the dwarf undergoes a major ∼1:1
erger, causing the formation of a dense central gas reservoir. Once

he merger has fully completed, rapid cooling of this reservoir leads
o a major starburst. The NSC forms in the starburst that quenches
tar formation thereafter. This process naturally results in two stellar
opulations that have a ∼billion year age-gap and mock CMD that
esembles some nearby GCs like OC and M54 that have multiple,
istinct, main-sequence turn-offs. Further work will be required to
uantify what fraction of NSCs form through this mechanism. Note
n particular that other mechanisms may dominate at higher masses,
ar from the reionization scale. 

We went on to study the detailed observational properties of
ur simulated NSCs, including their surface brightness, chemical
omposition, mock CMDs, and stellar kinematics. Our key results
re as follows: 

(i) All of the surface brightness profiles for our nucleated EDGE
warfs can be fit using two S ́ersic profiles, one which corresponds to
he NSC and the other to the host galaxy. 

(ii) Mock CMDs of the inner stellar populations display clear
plit main-sequence turn-offs due to the large ( � 1 billion year) age
eparation in the pre-reionization and starburst stellar populations.
uch split populations have already been observed in many bright
Cs in the Milky Way. Our model suggests that these clusters,

specially those that also have a significant [Fe/H] spread, could
e accreted NSCs. 
(iii) The average [Fe/H] and [O/Fe] of our simulated NSCs

re ∼−2 ±0.1 dex and 0.5 ±0.1 de x, respectiv ely. We qualitativ ely
eproduce both the anticorrelation between iron and oxygen found
n GCs that show significant [Fe/H] spread, and the o v erall shape of
he [Fe/H] distribution. 

(iv) Our pre-reionization and starburst stellar populations are dis-
inct, with the older pre-reionization population being kinematically
otter. This could serve as an observational indicator as to whether a
alaxy has an NSC formed in a similar way to our model. 
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