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ABSTRACT

Dark matter-deficient galaxies (DMDGs) discovered in the survey of ultra-diffuse galaxies (UDGs), in ap-
parent conflict with standard CDM, may be produced by high-velocity galaxy-galaxy collisions, the Mini-bullet
scenario. Recent observations of an aligned trail of 7−11 UDGs near NGC1052, including DMDGs DF2 and
DF4, suggesting a common formation event, ∼ 8.9± 1.5 Gyr ago, provide a test. Hydro/N-body simulations,
supplemented by galaxy orbit integrations, demonstrate that satellite-satellite collisions outside the host-galaxy
virial radius can reproduce the observed UDGs in the NGC1052 group. A trail of ∼ 10 DMDGs is shown to
form, including two massive ones that replicate the observed motions of DF2 and DF4. The linear relation,
vvv = Axxx+ vvv0, conjectured previously to relate positions (xxx) and velocities (vvv) of the aligned DMDGs as a sig-
nature of the collision event, is approximately obeyed, but individual DMDGs can deviate significantly from
it. The progenitors whose collision spawned the trail of DMDGs survive the collision without, themselves,
becoming DMDGs. We predict one progenitor is located at the end of the trail, testable by observing the dif-
ference between its stars, formed pre-collision, from those of the DMDGs, formed post-collision. By contrast,
stellar ages and metallicities of the DMDGs are nearly identical. We further offer a hint that the tidal field of
host NGC1052 may contribute to making DMDGs diffuse. ΛCDM simulation in a 100 cMpc box finds our
required initial conditions ∼ 10 times at z < 3. These results indicate current observations are consistent with
the Mini-bullet scenario.
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1. INTRODUCTION

In recent years, several galaxies have been observed to con-
tain a lower amount of dark matter than predicted by galaxy
formation theory in the standard Cold Dark Matter (“CDM”)
model. The latter posits that halo formation occurs in the
pressure-free, collisionless dark matter prior to the gravi-
tational infall of the baryonic component. On very small
mass scales, below the baryonic Jeans mass of the pregalac-
tic medium, gas pressure in the baryons can resist gravity,
making the baryon mass fractions of the lowest-mass halos
below the cosmic mean baryon-to-dark matter density ratio.
For objects well above this baryonic Jeans-filter scale, the
infall of baryons is supersonic and pressure forces are unim-
portant, so the baryons collapse along with the dark matter,
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and the baryon mass fraction inside virialized halos is close
to that cosmic mean density ratio. When gaseous baryons are
heated by feedback processes inside (e.g. SNe, AGNs) and/or
outside (e.g. reionization) of the halo to which they would
have been bound, pressure forces can suppress their infall
or reverse it, resulting in a baryon-to-dark ratio well below
the cosmic mean. However, in all these cases, the halos that
form are dark matter-dominated. It was notable, therefore,
when van Dokkum et al. (2018b, 2019) reported the existence
of two ultra-diffuse galaxies (UDGs), NGC1052-DF2 and
NGC1052-DF4 (hereafter DF2 and DF4, respectively), that
are located in close proximity to the massive elliptical galaxy
NGC1052 and exhibit a deficiency in dark matter, rather than
the dark matter-dominance described above1. Subsequently,

1 UDGs are defined to be dwarf galaxies with effective half-light radius
Reff ≥ 1.5 kpc and surface brightness µ(g,0) > 24 mag arcsec−2 (van
Dokkum et al. 2015)
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dark matter-de�cient galaxies (DMDGs) have been identi�ed
across various environments and mass scales. These include
the local group and isolated low-mass galaxies (Guo et al.
2020), a distant low-mass galaxy (Mancera Piña et al. 2022),
and even a massive early-type galaxy in a cluster environ-
ment (Comeŕon et al. 2023).

The formation model that explains DF2 and DF4's dark
matter de�ciency should also address their exceptionally lu-
minous globular cluster (GC) population (van Dokkum et al.
2018a, 2019). To account for both phenomena at the same
time, Silk (2019) proposed a “Mini-Bullet (cluster)” event or
a “Bullet dwarf” scenario, in which a high-velocity (&300
km s� 1) collision of low-mass (dwarf) galaxies dissociates
collisionless dark matter from baryons. As the name sug-
gests, this scenario was inspired by the famous example of
separation of dark matter and baryons observed in the Bul-
let Cluster, which has been explained by the collision of two
cluster-scale halos at a high velocity, greater than either of
their virial velocities, in which the collisionless nature of
CDM and stars allows those components of each colliding
halo to pass through each other, while the baryonic intraclus-
ter gas in each is prevented from doing so by its �uid behav-
ior, resulting in a bow shock seen in X-ray emission (Tucker
et al. 1998; Liang et al. 2000; Markevitch et al. 2002; Clowe
et al. 2006). In the analogousMini-Bullet collision, strong
shock compression is induced, which in turn triggers star for-
mation and the formation of massive star clusters. The large
mass and narrow mass range of the observed star clusters are
explained in this model by large gas surface densities that
lead to a large lower limit to the initial cluster mass func-
tion while large galactic shear limits their mass range from
above (Trujillo-Gomez et al. 2021). The galaxy collision pro-
duces these necessary conditions by strong radiative shocks
that compress the gas and large-scale motions.

The separation of dark matter and baryons on various
scales has been extensively studied on various scales, rang-
ing from the GC scale (Kim et al. 2018; Ma et al. 2020b;
Madau et al. 2020) to the galaxy cluster scale (Springel &
Farrar 2007; Milosavljevíc et al. 2007; Mastropietro & Burk-
ert 2008; McDonald et al. 2022), within the framework of
theLCDM cosmology, using theoretical modeling and sim-
ulations. With regard to the DMDGs, we previously demon-
strated thisMini-Bullet scenario using idealized galaxy col-
lision simulations in Shin et al. (2020, hereafter Paper I),
where we used two different N-body hydrodynamics codes
with distinct numerical schemes to constrain the collision pa-
rameter space. Furthermore, we showed that massive star
cluster formation is indeed triggered by high-velocity galaxy
collision and that the star cluster properties from the simula-
tion are roughly in line with the observations (Lee et al. 2021,
hereafter Paper II).

TheMini-Bullet model is not the only one advanced so far
to explain the DMDGs. One of the most frequently stud-
ied alternative mechanisms for the formation of these unique
systems is tidal interaction that transfers dark matter to the
more massive system (tidal stripping) (Ogiya 2018; Macci�o
et al. 2021; Jackson et al. 2021; Ogiya et al. 2022a; Moreno
et al. 2022; Montero-Dorta et al. 2023; Mitra�sinovíc et al.
2023; Katayama & Nagamine 2023). In the case of DF2 and
DF4, however, although there are measurements of their tidal
distortion, the results do not require that the galaxies' dark
matter was removed by tidal interaction (Keim et al. 2022).
Müller et al. (2019) also argued that there is no sign of stel-
lar streams induced by tidal interaction near DF2 and DF4,
which is also claimed by Montes et al. (2021) with respect to
DF2. On the other hand, Montes et al. (2020) claimed that
DF4 is undergoing tidal disruption. In any case, the tidal in-
teraction scenario cannot explain the exceptionally bright GC
population as a natural outcome of the scenario.

Another scenario is the tidal dwarf galaxy (“TDG”) forma-
tion mechanism, in which DMDGs formed from ef�ciently
cooled and fragmented gas after it was ejected during a strong
tidal encounter with a disk galaxy (Recchi et al. 2007; Duc
et al. 2014; van Dokkum et al. 2019; Haslbauer et al. 2019;
Fensch et al. 2019). This mechanism, too, has, so far, not
been shown to involve the simultaneous formation of bright
GCs, however.

Another idea, suggested by Trujillo-Gomez et al. (2022),
explains the dark matter de�ciency as a consequence of the
formation of those bright GCs and their back-reaction on
the gaseous galactic baryons, which in turn modi�ed the
dark matter distribution. They argued that powerful stel-
lar feedback from massive GC populations can induce a
gravitationally-coupled expansion of the dark matter content,
reducing its contribution to the dynamical mass of the galaxy
(also see Li et al. 2023, for similar work on the response of
dark matter to gas ejection).

Recently, van Dokkum et al. (2022a) presented a new clue
that supports the “Mini-bullet” scenario in the case of DF2
and DF4 by measuring their line-of-sight velocities. The au-
thors conclude that both UDGs were formed from a single
event that occurred about 8 Gyr ago, likely a high-velocity
galaxy collision, which has been shown to be capable of pro-
ducing the observed lack of dark matter and bright GC popu-
lations (Paper I; Paper II). Using the HST observation of DF2
and DF4 and a catalog of low-surface brightness galaxies in
the NGC1052 group studied by Román et al. (2021), the au-
thors identi�ed an alignment of 7� 11 UDGs as a possible
“trail of DMDGs” (see Figure 1 in van Dokkum et al. 2022a).
This argument is further substantiated by follow-up observa-
tion performed by the same group, which revealed that the
GCs of DF2 and DF4 have the same color (van Dokkum et al.
2022b). Additionally, age measurements of the GCs and stel-
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lar bodies by Fensch et al. (2019) (DF2 only) and Buzzo et al.
(2022) (DF2 and DF4) yielded consistent results of� 8 Gyr
for the age of the GCs and stellar bodies.

More recently, Buzzo et al. (2023) studied the large-scale
structure of GCs in the NGC1052 group and found that the
GC distribution is consistent with scenarios involving a sin-
gle galaxy-galaxy interaction event and subsequent coeval
formation of the GCs and the DMDGs, which includes the
tidal dwarf galaxy scenario and theMini-bullet scenario. To
distinguish the two scenarios, a possible “smoking gun” sig-
nature of theMini-bullet scenario was suggested by Gannon
et al. (2023), a linear relationship between the line-of-sight
velocities of the aligned DMDGs produced by the collision
and their distance from their common point of origin in the
collision; the further a galaxy was from this point, the larger
must its launch velocity have been to reach that distance in
the same elapsed time. The authors noted that the known ve-
locities and projected distances from NGC1052 of DF2 and
DF4 were consistent with such a linear relationship. To test
this further, Gannon et al. (2023) used spectroscopy to mea-
sure the stellar age, stellar metallicity, and line-of-sight ve-
locity of one more DMDG in the trail, NGC1052-DF9 (DF9).
They concluded that the age and metallicity of the galaxy
are similar to those of DF2 and DF4, consistent with the
Mini-bullet scenario, but the observed line-of-sight velocity
of DF9 deviates signi�cantly from the expected linear rela-
tionship.

In response to the observations, Ogiya et al. (2022b)
claimed theMini-bullet scenario may face challenges due to
the strong tidal forces exerted by the host galaxy, NGC1052,
which can strip GCs from the formed DMDGs shortly af-
ter their formation. This argument is supported by two main
factors. Firstly, the spatial distribution of the observed GCs
in DMDGs DF2 and DF4 is extended, and taking into ac-
count their orbital decay due to dynamical friction, their for-
mation epoch-distribution should have been even more ex-
tended than their current distribution (Dutta Chowdhury et al.
2019, 2020). Secondly, the galaxy-galaxy collision occurs
at or within the virial radius of NGC1052. The authors ar-
gue that the combined effect of the extended distribution of
GCs and the strong tidal �eld exerted by NGC1052 makes
theMini-bullet scenario implausible.

In this paper, we shall explore the ability of theMini-bullet
scenario to account for the enigmatic characteristics of the
UDGs in the NGC1052 group, their dark matter de�ciency,
and alignment. Our investigation will be carried out through
a series of gravitohydrodynamic simulations and galaxy or-
bit integrations using theENZO code and theReboundcode,
respectively. The initial conditions of the simulations will
be designed to match the observed physical properties, in-
cluding stellar masses and kinematics, and alignment of the
NGC1052 group UDGs. Our results will demonstrate that

appropriate initial structural and orbital parameters of the
colliding satellite progenitor galaxies can produce a “trail
of DMDGs” that includes two massive DMDGs withM? >
108M � corresponding to DF2 and DF4, whose motions
agree with the observed values. We will show that while the
positions and velocities of the DMDGs on the trail generally
follow a linear relationship, as previously suggested to be
a signature of their collision origin, there can be deviations
in the positions and velocities of individual DMDGs from
that simple relation. We will �nd that the stellar ages and
metallicities of the DMDGs are nearly identical, but we will
also examine the scatter in their values. We will compare the
simulated DMDGs with observed UDGs and discuss which
physical processes need to be taken into account. We will
also quantify the occurrence of suchMini-bullet events in the
Universe using a large simulation of galaxy formation from
cosmological initial conditions, TNG100-1.

This paper is structured as follows. In Section 2, we de-
scribe our effort to constrain the initial conditions by using
idealized galaxy-galaxy collision simulations and backward
(i.e. time-reversed) orbit integration. Section 3.1 presents
the simulation results, including the stellar masses and orbits
(positions and velocities) of the DMDGs that formed. In Sec-
tion 3.2, we discuss the stellar properties, stellar metallicities,
ages, and sizes of the product DMDGs. We compare these
results with previous observational and theoretical work in
Section 4.1. Section 4.2 discusses the statistical likelihood
of theMini-bullet satellite-satellite galaxy collision in a large
cosmological simulation ILLUSTRISTNG. Our summary and
conclusions are presented in Section 5.

2. SIMULATIONS

We present a three-step methodology aimed at aligning hy-
drodynamic simulations with the observational �ndings of
van Dokkum et al. (2022a), focusing on the formation of
multiple DMDGs through a singleMini-bullet collision be-
tween two progenitor galaxies orbiting around the massive
host halo of NGC1052. Our primary objectives are to match
(i) the stellar mass of DF2 and DF4, the two most massive
DMDGs among the NGC1052 group UDGs,(ii) the line-of-
sight velocity difference of DF2 and DF4,(iii) the positions
of DF2 and DF4, and(iv) the number of resultant DMDGs.

In the �rst step, we conduct idealized galaxy-galaxy colli-
sion simulation experiments similar to what we have done
in Paper I and Paper II to explore the parameter space of
progenitor galaxy properties, such as the dark matter halo
mass (MDM), gas mass (Mgas), gas distribution, and colli-
sion con�guration, including relative collision velocity (vcol)
and pericentric distance (rmin), that can produce� 10 aligned
DMDGs after the collision. As the second step, utilizing the
information obtained from the previous step regarding colli-
sion con�gurations capable of generating aligned DMDGs
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and their associated positions and velocities, we conduct
backward orbit integrations to determine the initial condi-
tions for the hydrodynamic simulations based on the observa-
tion of the NGC1052 group UDGs. Finally, in the third step,
we perform hydrodynamic simulations using the established
initial conditions to examine the feasibility of theMini-bullet
scenario in producinga trail of DMDGs and predict their
characteristics. In the following sections, we elaborate on
each step in detail.

2.1. Con�ning parameter space—idealized galaxy-galaxy
collision simulations

In the idealized galaxy-galaxy collision simulations, we
use the publicly available adaptive mesh re�nement (AMR)
codeENZO (Bryan et al. 2014; Brummel-Smith et al. 2019)
with its hydrodynamics solverZEUS (Stone & Norman
1992a,b). TheGRACKLE library (Smith et al. 2017) is used to
compute radiative gas cooling and heating assuming the ho-
mogeneous ultraviolet (UV) background of Haardt & Madau
(2012) atz = 0, by interpolation of the lookup table gener-
ated from theCLOUDY code (Ferland et al. 2017)2. We re-
�ne the simulation box of(2:621 Mpc)3 down to a spatial
resolution ofDx = 10 pc (levellmax = 12), which is eight
times coarser than the simulations carried out in Paper II. It
is necessary here to reduce the computational cost of simu-
lating a larger box over a longer time than before, so we must
relax the resolution, aware that it cannot resolve star cluster
formation as was a primary goal of Paper II, with its spatial
resolution ofDx = 1:25 pc, but is suf�cient to resolve the
galaxy formation properties we need here. Our re�nement
strategy is super-Lagrangian, meaning if a cell contains more
mass than the mass threshold (i.e. its mass density exceeds
a density threshold), that cell splits into eight child cells.
At re�nement levell , for gas with star formation threshold
gas number densitynth, Ml

ref;gas = 2� 0:333(l � 12) � M12
ref;gas,

where M12
ref;gas = 10000 M� = nthDx3 ' 2:5 MJeans(T =

100K; n = 400cm� 3), and for (dark matter and stellar) par-
ticles, Ml

ref;part = 2� 0:107(l � 12) � M12
ref;part, whereM12

ref;part =
16000 M� . We note that, while re�nement proceeds down
to a cell size that is small enough not to contain more than a
�xed physical mass of either gas or particles, this re�nes the
force length resolution of the gravity and gas pressure forces
but does not re�ne the particle mass resolution. Dark matter
and stellar particles (after releasing stellar feedback) have a
�xed mass, at all times and do not re�ne.

To model feedback-regulated star formation, we adopt sub-
grid algorithms for under-resolved small-scale physical pro-
cesses, just as we did in Paper II, but with some adjustments

2 We tested with simulations and veri�ed that adopting the UV background at
z= 1, instead, does not alter the gas cooling and heating and star formation
physics signi�cantly.

for coarser resolution and an assumption of higher thermal
energy released by SNe associated with the massive stars. A
parcel of gas is determined to form stars, according to the
approach in Cen & Ostriker (1992), and the outcome of that
star formation is assumed to follow the star-forming molec-
ular cloud model (SFMC; for details, see Kim et al. 2013,
2019). In brief, an SFMC particle is created when the fol-
lowing criteria are met: (1) the density of a gas cell ex-
ceedsnth = 400 cm� 3, (2) the gas �ow is converging, (3)
the cooling time of the cell is shorter than its dynamical time
(tdyn), and (4) the mass in that cell is enough to create an
SFMC particle heavier thanmSFMC = 5 � 103M � (which
leads to a “permanent” star particle mass – i.e. total mass
that follows the initial mass function of the stars that form,
of m?;new = 103M � ). The SFMC particle returns 80% of its
original mass to the gas in a time equal to 12tdyn, according
to our assumed star formation ef�ciency for converting gas-
to-star mass (Krumholz & Tan 2007), along with supernova
thermal feedback of 1051 erg per 50M� of permanent star
mass that peaks at 1tdyn and 2% of metal yield (see also Kim
et al. 2011).

We follow the method used in Paper I and Paper II to ini-
tialize two progenitor galaxies by utilizing theDICE code
(Perret 2016). We place two identical progenitor galaxies
60 kpc apart and set their relative velocity to be 300� 600
km s� 1. Since the observed line-of-sight velocity difference
of DF2 and DF4 is 358 km s� 1 (van Dokkum et al. 2022a),
relative collision velocities need to be higher than that. The
pericentric distancesrmin is set to be 2 kpc.

While the parameters for these idealized galaxy-galaxy
collisions in Step 1 are similar to those adopted in Paper I,
there are several important distinctions between the simu-
lations here in Step 1 and those in Paper I. First, the pro-
genitors here are taken to be spherical halos with gaseous
baryons, which self-consistently form stars before their col-
lision, while in Paper I, the intention was to model the col-
lision of present-day galaxies with well-established disks.
Second, the spatial resolution here is much higher than in Pa-
per I, which makes a difference in the ability of the collision
simulations to produce the post-collision stellar systems. To
model the NGC1052 galaxy group, it is necessary to demon-
strate that a single collision with realistic parameters can nat-
urally produce a trail of� 10 DMDGs. The coarser spatial
resolution of simulations in Paper I, of 80 pc (as opposed to
this paper's 5 pc resolution) prevented us from forming� 10
DMDGs there, however. In those lower-resolution simula-
tions, fewer objects of higher mass were formed, in general,
and it was necessary to tune the choice of parameters just so
as to maximize this number. Even so, only up to 6 DMDGs
were formed. In the current paper, we believe we have con-
verged with spatial resolution, as demonstrated by the com-
parison of the runs with 5 and 10 pc resolution, respectively.
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Table 1. A suite of 10 pc-resolution idealized dwarf galaxy-dwarf galaxy collision pair simulations listed with their
initial con�gurations.

Run name vcol rmin Rs;gas Mtotal fgas M?;DMDG;max DvDMDG;max2 NDMDG tend

(km s� 1) (kpc) (kpc) (1010M� ) (108M� ) (km s� 1) (Gyr)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

1 300 2 2 1.95 0.12 3.7 123 8 0.6
2 400 2 2 1.95 0.12 2.8 202 7 0.7
3 500 2 2 1.95 0.12 0.61 278 7 0.7
4 600 2 2 1.95 0.12 1.1 306 7 0.9

NOTE— (1) run name, (2) relative velocity of the two progenitors at 60 kpc distance, (3) pericentric distance (i.e. distance at closest approach),
(4) scale radius of the PIS gas density pro�le, (5) the total mass of a progenitor, (6) gas fractionfgas= Mgas=Mtotal, (7) stellar mass of the
most massive DMDG formed, (8) the largest relative velocity difference between the DMDGs, (9) the number of formed DMDGs, (10) time
since the pericentric approach of the two progenitor galaxies when we end the simulation.

Figure 1. Illustrative Mini-Bullet collision, before and after.Snapshots of the time-history of theENZO simulation of an idealized collision of
two identical gas-rich dwarf galaxies, each withMtotal = 1:89� 1010M� , with a collision velocity of 500 km s� 1 (with black arrows indicating
the progenitors' moving directions; Run3 in Table 1), att = � 110 (initial time-slice of simulation), 90; 390; 690 Myr. t = 0 is set to the
moment when the two dwarf galaxies are at pericenter (i.e. closest approach). Surface densities of dark matter (top row), gas (middle row),
and only those stars that formed after the start of the simulation (110 Myrs before the orbits of the colliding haloes reached pericenter) (bottom
row) are presented. All projections are conducted in 100 kpc-depth layers. After the galaxy collision, seven DMDGs are formed and survive
(t = 690 Myr; fourth column).

And the formation of� 10 DMDGs did not require such �ne-
tuning as before, either.

Paper II, on the other hand, had even higher spatial resolu-
tion than the simulations here, but only by applying the AMR
to a limited “zoom-in” region surrounding the most massive
DMDG formed by an idealized galaxy-galaxy collision. As
such, it did not address the questions at issue here, of produc-
ing a trail of� 10 DMDGs.

The progenitors are initialized with only gas and dark mat-
ter. Their dark matter halos haveM200 = 1:66� 1010M � ,
J200 = 1:03� 1012M � kpc km s� 1, andR200 = 51:7 kpc, and
follow the NFW pro�les (Navarro et al. 1997), with con-

centration parameterc = 133. For the gas density pro�les,
instead of initializing the progenitor galaxies with exponen-
tial disks as in Paper I and Paper II, this time, we adopt the
pseudo-isothermal (PIS) pro�le without any rotation,

r (R) = r 0
1

1+ ( R=Rs)2 ; (1)

with a scale radius ofRs;gas = 2 kpc, which is more com-
monly observed and used to simulate low-mass satellite

3 The valuec= 13 was chosen to match the value adopted for the simulations
in Paper I.
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Figure 2. Illustrative Mini-Bullet Simulation: collision in-progress (collision-plane view).Same as Figure 1 but zoomed-in in time and
space to show snapshots of the galaxies in the midst of their collision,t = � 30; 0; 30; 60 Myr. The surface density of dark matter (�rst row),
surface density of gas with velocity vectors overplotted (second row), density-weighted average gas temperature (third row), and surface density
stars – just those formed after the start of the simulation – (fourth row) are presented. Gas velocity vectors are projected onto the image plane,
which is thexy plane to which the centers of mass of the colliding-galaxy orbits are con�ned. The velocity vectors are proportional to the
length of the velocity vector arrows and the largest arrow corresponds to� 300 km s� 1. Black arrows in the top-left panel show the progenitors'
moving directions. Dark matter and stars are projected in 50 kpc-depth layers and gas is projected in 10 kpc-depth layers.

galaxies, to initialize the gas density pro�le of the progenitors
(e.g., Kurapati et al. 2020). The total mass is 1:89� 1010M � ,
and the gas fraction isfgas= Mgas=Mtotal = 12:4%, with no

stars at the beginning.4 The gas is initially set to a temper-
ature of 104 K and metallicity ofZ = 0:1Z� = 0:002041 to
match the metallicity of a low-mass galaxy atz � 1� 2. We

4 While this gas fraction is between the cosmic mean baryon fraction (Planck
Collaboration et al. 2020) and the typical baryon fraction in low-mass
galaxies, it lies within the observed scatter for low-mass galaxies (cf. Wech-
sler & Tinker 2018; Crain & van de Voort 2023). Our choice is motivated
by the original suggestion of theMini-bullet model (Silk 2019) which in-
volved gas-rich colliding progenitors.
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