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ABSTRACT

The collective properties of star clusters are investigated using a simulation of the collision between
two dwarf galaxies. The characteristic power law of the cluster mass function, N(M), with a slope
dlog N/dlog M ~ —1, is present from cluster birth and remains throughout the simulation. The
maximum mass of a young cluster scales with the star formation rate (SFR). The relative average
minimum separation, R(M) = N (M)'/? Dyin(M)/D(Moy), for average minimum distance Dy, (M)
between clusters of mass M, and for lowest mass, M.y, measured in projection (p = 2) or three
dimensions (p = 3), has a negative slope, dlog R/dlog M ~ —0.2, for all masses and ages. This agrees
with observations of R(M) in low-mass galaxies studied previously. Like the slope of N(M), R(M)
is apparently a property of cluster birth for dwarf galaxies that does not depend on SFR or time.
The negative slope for R(M) implies that more massive clusters are centrally concentrated relative
to lower mass clusters throughout the entire mass range. Cluster growth through coalescence is also
investigated. The ratio of the kinetic to potential energy of all near-neighbor clusters is generally
large, but a tail of low values in the distribution of this ratio suggests that a fraction of the clusters
merge, ~ 8% by number throughout the ~ 300 Myr of the simulation and up to 60% by mass for

young clusters in their first 10 Myr, scaling with the SFR above a certain threshold.

1. INTRODUCTION

Stars form in dense interstellar gas that has a hier-
archical structure from turbulence and self-gravity (e.g.,
Scalo| [1985; [Stanimirovic et al|[1999}; [Elmegreen et all
2001). Young stellar positions are similarly hierarchical
with star clusters forming in the mixed inner parts of the
densest regions (e.g., Zhang et al.|2001}; |[Elmegreen|2010;
|Guszejnov et al.|[2022). For a self-similar hierarchy, the
mass distribution function of concentrations has a power
law with a slope of around —2 (Fleck [1996; Elmegreen|
|& Falgarone|[1996), which explains the power law por-
tion of the mass function that is commonly observed for
clusters (Elmegreen & Efremov||1997} |Zhang et al.|[1999;
Krumbholz et al.[2019;[Cook et al.[[2019). The power-law
portion of the stellar mass function may have a simi-
lar origin (Elmegreen|[1997; Hennebelle & Chabrier|2008;
\Shadmehri & Elmegreen|[2011)).

Power laws from structure rather than self-regulated
processes have the property that the maximum mass of
an object that forms scales with the total number of ob-
jects (Elmegreen||1983)). Such scaling has been observed
for both star clusters (Larsen| 2002} [Billett et al.|[2002;
Whitmore [2002; [Hunter et al.[2003; Bastian|2008; [Cook
et al.|2023) and stars (Corbelli et al[[2009; Andrews et
al.||2014; |Jung et al|2023).

Another property of hierarchical structure is mass seg-
regation, as shown by [Elmegreen| (1999) for stars ran-
domly selected from a hierarchical mass distribution.
Stellar mass segregation inside star clusters may also
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arise over time from stellar interactions (Spitzer||1940)),
but its appearance in even the youngest clusters (Hillen-
brand & Hartmann|[1998} [Bonnell & Davies|[1998; |Gen-
naro et al.|2011; Elmegreen et al.[2014) suggests a pri-
mordial origin connected with the gas distribution. Such
stellar mass segregation caused us to wonder whether
whole star clusters are also mass segregated relative to
their neighboring clusters. Using 14 galaxies in the LE-
GUS survey, and several tidal dwarf galaxies in the
survey, we found that massive clusters
are more centrally concentrated relative to other clusters
in the dwarf galaxies but not in the spirals

2020). Numerous other galaxy observations report
radially varying cluster mass (e.g., Adamo et al.|[2015}

Randriamanakoto et al.|[2019).

Massive cluster formation is common in dwarf galaxy
collisions (Adamo et al.[[2020a; Kimbro et al.[|2021; Miéid|
et al.| [2023|). The purpose of the present paper is to
look for cluster mass segregation in a solar-mass reso-
lution simulation of two colliding dwarf galaxies (Sect.
Lahén et al.|[2019; Lahén et al,|2020). We use the
method of our previous study, which involves the mass-
derivative of a dimensionless function equal to the ratio
of the average minimum separation between clusters of a
particular mass and the expected average for a uniform
density. Section [3] discusses the cluster mass function,
Section [d] the segregation and radial dependence of clus-
ter mass, and Section [f] the possibility that some clusters
coalesce. Some implications of hierarchical assembly and
radial segregation are in Section [6] while the conclusions
are in Section
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F1G. 1.— Left: The star formation rate (blue, measured as the
mass of new stars formed in Myr intervals) and the clustered star
formation rate (red, total cluster mass formed per Myr) are shown
as functions of time in the simulation. Five black circles indicate
star formation rates at five fiducial times used in other figures be-
low. Right: The cluster formation efficiency (CFE), which is the
ratio of the CFR to the SFR in each Myr interval, has been aver-
aged over 10 Myr intervals and plotted as a function of the SFR,
which was also averaged over 10 Myr intervals, with straight lines
connecting the sequence of time. The instantaneous CFE and SFR
are shown as points. The CFE increases with the SFR beyond a
SFR of ~ 103 Mg (which may be an artificial limit as clusters with
less than ~ 200 M were not cataloged).

2. SIMULATION

The cluster data used here comes from the hydrody-
namical simulation project GRIFFIN (Galaxy Realizations
Including Feedback From INdividual massive stars) in-
troduced in |Lahén et al.| (2019)) and [Lahén et al. (2020).
The simulation models star and star cluster formation
throughout a low-metallicity (Z ~ 0.1 Zg) starburst, oc-
curring as two identical gas-rich dwarf galaxies interact
and merge. The initial galaxy models have virial masses
of 2 x 10*° Mg, including a 2 x 107 M, stellar disk and
a 4 x 107 Mg, gaseous disk initially set in hydrostatic
equilibrium following [Springel et al.| (2005a). Gas mass
resolution is 4 Mg and gravitational softening is 0.1 pc
for gas and stars. When new stars form, the stellar initial
mass function of [Kroupa, (2001) is sampled and masses
between 1-50 Mg, are stored, to be used for instance
in stellar feedback. All stars more massive than 4 Mg
are treated as individual stellar particles and lower mass
stars are grouped in particles with a minimum mass of 4
Mg.

The simulations were run with SPHGAL (Hu et al.|[2017,
and references therein) that is a modern smoothed par-
ticle hydrodynamics (SPH) code based on GADGET-3
(Springel| |2005b) with significant improvements to the
SPH method as outlined in [Hu et al| (2014). SPH-
GAL models non-equilibrium cooling and heating pro-
cesses in the low-temperature interstellar medium using
a chemical network (Nelson & Langer||1997; |Glover &
Mac Low|[2007; (Glover & Clark [2012). Star formation
occurs stochastically when the local Jeans-mass is be-
tween 0.5-8 SPH kernel masses (100 neighbours ~ 400
Mp) at 2% efficiency per free-fall time. For gas where the
Jeans-mass subceeds 0.5 SPH kernel masses, star forma-
tion is enforced and such gas is immediately turned into
stars. Stellar feedback in the simulation, modelled ac-
cording to the initial mass and metallicity of each star, in-
cludes the spatially varying far-ultraviolet radiation field
(with dust and gas self-shielding), photoionizing radia-
tion, core-collapse supernovae (Chiefi & Limongi|2004))
and asymptotic giant branch winds (Karakas|2010|). Stel-
lar lifetimes were adopted from |Georgy et al.| (2013)).
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F1G. 2.— The mass functions of clusters at the 5 fiducial times
in increasing order of the colors: blue, red, green, black, cyan.
The mass functions for all clusters are on the left and for clusters
younger than 10 Myr are on the right. Power-law fits to the de-
clining parts of the functions are shown in the same colors. The
slopes are all around —1, as indicated in Table 1.

The integrated SFR, repeated here in Figure [} spans
three orders of magnitude from a few 10=% My yr~! to
a few 107! Mg yr—!. The evolving SFR provides a wide
range of cluster-forming environments. Star clusters with
gravitationally bound masses up to ~ 8 x 10° Mg, form
in hierarchically structured cluster-forming regions. Cat-
alogues of gravitationally bound star clusters with at
least 50 stellar particles (~ 200 My) were constructed
in [Lahén et al| (2020) using the structure finding algo-
rithm SUBFIND (Springel et al.[|[2001) built in GADGET-3.
The cluster catalogues were recorded every 1 Myr. Here
we utilize the mass, centre of mass, velocity and mass-
weighted mean stellar age of the clusters.

3. CLUSTER MASS FUNCTIONS

Figure 1] (left) shows the SFR and the clustered SFR
(mass of clusters forming in each Myr interval, or clus-
ter formation rate CFR) versus time for the simulation.
Five fiducial points indicated by black circles occur at
the main peaks and valleys. The selected epochs corre-
spond to the first small burst of star formation in the
tidal bridge after the first pericentric passage, the inter-
mediate stage between the first and second passage, the
peak of star formation after the second passage, the post-
starburst period of relatively low activity, and a later
time ~ 100 Myr after the starburst when star forma-
tion again picks up in the highly turbulent post-merger
galaxy%l

The CFR generally traces the SFR, except when there
is so little star formation that no massive enough (2 200
Mg ) star clusters form and the cluster formation rate is
zero. The ratio of the CFR to the SFR, which is the
cluster formation efficiency, CFE, increases with SFR in
these simulations (Figure |1[right); shown also in Fig. 8
of [Lahén et al.2020). The line segments in this figure
connect 10 Myr average values for both quantities and
the dots show the values at each time, in Myr intervals.
For the 10 Myr averages, this means the average of all the
CFE ratios and all the SFRs in that 10 Myr, and not the
total mass of clusters formed divided by the total mass

3 See https://wwwmpa.mpa-garching.mpg.de/~naab/

griffin-project/movies.html for a visualization
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TABLE 1
MaAss FUNCTION SLOPES AT FIDUCIAL TIMES
Time (Myr) Slope intercept
75 —0.94 +£0.65 3.52 + 1.96
128 —1.33 £0.47 4.93 +1.42
169 —0.87£0.10 4.65£0.39
211 —0.86 £0.11 4.73 £ 0.45
277 —0.94 £0.11 5.19 £0.43

of stars formed in the 10 Myr, which is closer to what
is observed in real galaxies. We show the average of the
CFE ratios because that is closer to the physical process
of star formation, which works on 1 Myr timescales. Ob-
servations are ambiguous whether the ratio of the CFR
to the SFR increases with SFR as clearly as in Figure
|T| (Chandar et al.|[2017; [Randriamanakoto et al.|[2019;
Adamo et al.[[2020a]bj; |Cook et al.[[2023; |(Chandar et al.
2023)).

Figure [2] plots the cluster mass functions at the five
fiducial times in the following sequence of colors: blue
for the first time, 78 Myr, followed by red (128 Myr),
green (169 Myr), black (211 Myr), and cyan for the last
time, 277 Myr. The mass functions for all the clusters
regardless of age are on the left and for clusters younger
than 10 Myr are on the right. The straight lines are linear
fits (on these log-log plots) to the right of the peaks.
The slopes « of these lines are the power law indices of
the mass functions. They are tabulated in Table |1l For
a mass function written in linear intervals of mass, the
negative slope is 1 greater than a, i.e., n(M) oc M~*+1
for masses between M and M + dM. The highest-mass
cluster is the single peak on the far right of these plots;
it appears around the time of the peak in the SFR.

Figure[3|shows the time dependence of the slope of the
mass function for all clusters (blue) and clusters younger
than 10 Myr (red). The slope has a lot of scatter at first
because there are not many clusters, but after the burst
of star formation at ~ 150 Myr, it settles down. The
slope hovers around a ~ —0.8 to —1 for all times and for
both young clusters and all clusters. This consistency
implies that the slope is a product of star formation.
It also implies that highly chaotic gas motions during
the galaxy collision and cluster feedback do not alter the
property of the interstellar medium that determines the
mass function. This is consistent with the idea that gas
density structure from turbulence contributes to the uni-
versal mass function of star clusters. A similar result was
shown in|Lahén et al.| (2022]), who also account for obser-
vational effects such as crowding and source confusion.

For a mass function slope of & = —1, the largest cluster
mass is proportional to the number of clusters. Figure [4]
shows the maximum cluster mass versus time in the left-
hand panel, total stellar and cluster mass in the middle
panel, and SFR in the right-hand panel. In the left and
right-hand panels, the blue curves are for all cluster ages
and the red curves are for clusters younger than 10 Myr.
The maximum mass of a young cluster follows the SFR
even as the SFR increases and decreases. The maximum
mass for all ages does not follow the varying SFR because
this mass does not decrease when the SFR drops.

4. RELATIVE AVERAGE MINIMUM SEPARATION AND
PROJECTED SEPARATION
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F1G. 3.— The slopes «a of the mass functions for all clusters (blue)
and young clusters (red) are shown versus time. They hover around
a=—0.8 to —1.

Clusters that are uniformly distributed in a volume V'
have an average separation equal to the inverse cube-
root of the density. This is true for all masses, which
means that clusters in the mass range M to M + dM
have an average separation equal to (N (M)dM/V)~1/3
for mass function N (M), equal to the number of clusters
per unit mass. Clusters in a particular mass range that
have a smaller average separation than expected from
their number are systematically overdense. This prop-
erty can be measured by N1/3D3D7min(M) for average
minimum separation Dsp min between all pairs of clus-
ters of mass M to M +dM. The average minimum sepa-
ration is the average over all clusters (in that mass range)
of the distances to the nearest cluster (in the same mass
range). This quantity would be independent of mass if
all clusters were randomly distributed in the volume, but
it will decrease with increasing mass if massive clusters
are more concentrated than low-mass clusters. Because
galaxies vary in their numbers of detectable clusters, it
is useful to normalize this quantity to the average mini-
mum separation between all clusters at the lowest mass
in the power-law part of the cluster mass function, Moy -
Thus we use the quantity

R(M) = N(M)l/BDSD,min (M)/DBD,min(Mmin) (1)

where the 3D represents the 3D spatial distribution of
clusters. A similar quantity can be defined for the pro-
jected, 2D distribution, or the deprojected 2D distribu-
tion (and with a power of N equal to 1/2). For the
simulation, we consider both 3D and 2D distributions.
In [Elmegreen et al.| (2020)) we used the deprojected 2D
distribution for observed galaxies, and referred to this
quantity as the Relative Average Minimum Projected
Separation (RAMPS).

Figure [5| shows R(M) for 3D (top) and 2D (bot-
tom) distributions, and for all clusters (left) and clusters
younger than 10 Myr (right). In each panel, R(M) is
given at the 5 fiducial times with the same color code as
in Figure [2l R(M) decreases with mass once there are
enough clusters to obtain a meaningful slope, which is
starting with the main starburst and for times of 169 Myr
or later in the figure. Because both 3D and 2D curves
have their minimum average separations D normalized
at the lowest masses, their absolute values in these plots
are proportional to N(M) to the corresponding powers
1/3 or 1/2, making the 2D curves higher.
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F1G. 4.— The maximum cluster mass is shown versus time (left), total stellar or cluster mass (middle), and SFR (right). On the left and
right, the blue curve is for all clusters and the red curve is for clusters younger than 10 Myr. The maximum mass of a young cluster follows

the SFR even as it varies.

The maximum mass for all clusters does not follow the SFR as well because massive clusters that formed in

previous SFR bursts are still around when the SFR has dropped (this is why the blue horizontal segments appear in the left and right-hand

plots).

Figure [6] shows the slope dlogR(M)/dlog M versus
time for 3D (blue) and 2D (red) distributions and for all
clusters (top) and young clusters (bottom). Once there
are enough clusters to have a reasonable slope, this slope
is clearly negative even for young clusters. The 2D slope
is slightly steeper than the 3D slope for the same rea-
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F1G. 5.— The relative average minimum separation (R(M) in eq.
between equal-mass clusters is plotted as a function of cluster
mass for mass intervals of 0.2 dex. Three-dimensional separations
are in the top two panels and two-dimensional (projected) sepa-
rations are in the bottom, while all clusters are shown on the left
and young clusters are on the right. In all cases, when there are
enough clusters to cover a wide mass range (fiducial times of 169,
211 and 277 Myr), the relative average minimum separation de-
creases with mass, indicating that for all cluster masses, the more
massive clusters are closer to each other (at average minimum sepa-
ration Dp,in (M)) than the average separation at their mass (which
is proportional to N=1/? for p = 2 and p = 3 in two and three
dimensions). The colors correspond to the times, as in Figure

son that the 2D function R(M) is larger than the 3D
function, namely the larger value of N(Myi,)'/? than
N(Mmin)l/g-

The early appearance of negative slopes in Figure [f]
implies that cluster mass segregation is a result of star
formation, like the mass function. Figure|[7|confirms this
by plotting the average slope versus cluster age for a
simulation time interval near the end, between 250 Myr
and 299 Myr, and for cluster ages in intervals of 10 Myr.
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Fi1G. 6.— The slope of the power-law relation between the
relative average minimum separation and the cluster mass,
dlog R(M)/dlog M, is shown versus time for all clusters (top) and
young clusters (bottom) and for projected, 2D (red) and 3D (blue)
separations. The slope hovers around —0.2.
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Fic. 7.— The slope of the power-law relation between the
relative average minimum separation and the cluster mass,
dlog R(M)/dlog M, is shown versus cluster age for the time in-
terval between 250 Myr and 299 Myr. Two-dimensional and three-
dimensional cluster separations are shown in red and blue.

The dotted lines signify the uncertainties in the slopes.
The uncertainty gets larger for larger ages because there
are fewer old clusters at this time. Even the youngest
clusters are segregated by mass.

The global distribution of clusters is highly irregular
in this interacting pair with the center of the cluster
coordinates moving nearly a kpc in distance while the
interaction is taking place. Figure [§] shows the center
at each Myr interval. The segregation of massive clus-
ters illustrated by the negative slopes in Figures [5| and
[6] corresponds to a centralization within the entire dis-
tribution of clusters, which, as seen in Figure [8] is dis-
tinct from a centralization in the galaxy-pair relative to
the dark matter center of mass. Figure [9] shows the
average cluster mass versus distance from the instanta-
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Fic. 8.— The motion of the center of cluster positions is shown
by a dot at each Myr interval. The beginning point is denoted by
a red circle and the ending point by a blue circle. The center of
mass for the dark matter moves a very small amount, as indicated
by the overlapping cyan crosses. The three panels show three per-
spectives. The (z,y) perspective in the lower left is used for the
2D calculations in this paper.
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F1G. 9.— The average cluster mass is shown as a function of dis-
tance to the center of the cluster distribution, which is the moving
position mapped in Fig. @ The five fiducial times are indicated by
colors as in Fig. [

neous center of the cluster distribution, i.e., from the
points in Figure There is a decreasing trend show-
ing a segregation of more massive clusters toward this
center. To check whether the entire segregation effect
shown by R(M) is the result of this radial mass depen-
dence, Figure [10|shows a modified R(M) function where
only clusters considered within the same radial interval
are used to search for near neighbors. That is, the radial
range is divided into 500 pc bins (0-500pc, 500pc-1000pc,
etc.) and near neighbors for each cluster are searched en-
tirely within its bin, and also within a maximum distance
proportional to the bin radius, namely within 250pc for
the 0-500 pc bin, within 750 pc for the 500-1000pc bin,
etc., to prevent cluster pairs from opposite sides of the
galaxy. The result in Figure still shows a slight neg-
ative slope, which implies that the mass segregation is
somewhat three-dimensional.

5. CLUSTER COALESCENCE

The clusters in this galaxy collision are moving rapidly
so relatively few are gravitationally attracted to each
other strongly enough to coalesce. To determine the
fraction of close cluster pairs that might coalesce, we
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F1G. 10.— The relative average minimum separation is shown as a
function of cluster mass, as in Figure [5] but now considering only
cluster pairs at the same distance from the center of the cluster
distribution, to remove the radial gradient of cluster mass shown
in Fig. @ The slope is still slightly negtive.
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Fic. 11.— (top left) The ratio of the kinetic energy to the po-
tential energy is shown as a function of cluster mass for pairs of
nearest-neighbor clusters with similar masses, as divided into 0.2
dex mass intervals. The ratio is generally high, >> 10, but the
distribution functions of this ratio, shown for the fiducial times
in the other panels, indicate a few cluster pairs with low ratios,
log(KE/PE) < 0. Such low-ratio clusters are prone to coales-
cence.

determined the ratio of the kinetic energy, KF, to the
potential energy, PFE, for nearest-neighbor pairs,

KE _ 0.5uv%R (2)
PE  GMM,’

where p = M Ms/(M; + Ms) is the reduced mass for
cluster masses M7 and Ms, R is the cluster separation,
and v is the relative velocity given by, v? = (vy —vy2)? +
(vy1 — vy2)? + (Va1 — v,2)%. We first do this for 0.2 dex
intervals of mass, where the nearest neighbors are in the
same mass interval, and then we consider all nearest-
neighbor pairs, regardless of mass.

Figure[l1]shows the average value of the log of the ratio
of KE to PE as a function of mass for the first case, where
each cluster in the pair has about the same mass. The
five fiducial times are plotted separately with the same
color code as in previous figures. The decreasing trend in-
dicates that low-mass clusters typically move too fast to
deflect each other gravitationally (KE/PE ~ 10%), but
high mass clusters come close to being mutually gravi-
tating (KE/PE ~ 10). Because these are averages and
there is a dispersion of values for each average, we plot
in the other panels the distribution functions of K E/PFE
for the last three fiducial times, which have the most clus-
ters. Each curve is a different mass interval (curves for
lower masses have higher K'F/PFE). We note that several
clusters have KE/PE ~ 1, at which point these clusters
should strongly attract each other, deflect in their mo-
tion, and possibly coalesce.

To track such incidences in more detail, we plot in Fig-
ure [[2 the summed mass versus the time for all cluster
pairs that have KE/PE < 1, regardless of mass. Each
point in the plot indicates a cluster pair that is likely to
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F1G. 12.— The summed mass of a cluster pair is shown versus
time in the simulation for all cluster pairs that are nearest neigh-
bors regardless of mass, and which also have a ratio of relative
kinetic energy to potential energy less than 1. Such near-neighbor
pairs are likely to coalesce. Most of the thin horizontal streaks
are single cluster pairs that have KE/PE < 1 for the entire time
of the streak; the clusters coalesce at the right-hand end of the
streak. Compared to all nearest-neighbor cluster pairs, those with
KE/PE < 1 represent a fraction of 8.3%. The cyan curve rep-
resents the total cluster mass with KE/PE < 1 as a function of
time, using the right-hand axis.

coalesce. The points produce thin horizontal streaks in
this plot when cluster pairs maintain KE/PE < 1 over
a period of time. The last time in a streak corresponds
either to coalescence of the clusters or disruption of the
pair. The cyan curve in the figure is the summed mass
of clusters with KE/PE < 1 as a function of time, us-
ing the right-hand ordinate for the scale. The number
of nearest-cluster pairs with KE/PE < 1 in the figure
is 8821, which is 8.3% of the total number of nearest-
cluster pairs at any K E/PE value in all timesteps. If
KE/PE < 1 is an indication of eventual coalescence,
then about this fraction of clusters coalesce.

The fractional mass of cluster pairs with KE/PE < 1
is shown versus the SFR and CFE in Figure The
fractional mass of all cluster pairs, regardless of cluster
age, is shown in blue, and the fractional mass for just the
youngest clusters, where both members of the pair have
ages less than 10 Myr, is shown in red. The lines in the
plots connect the values calculated with 10 Myr averages,
and the dots are for 2 Myr averages, showing the tem-
poral scatter around the blue lines. The mass fraction
susceptible to coalescence (KE/PE < 1) is essentially
zero for SFRs less than ~ 10* Mg Myr~! and then it
rises rapidly with SFR, reaching a peak mass fraction
of about 0.6 at 10° Mg Myr~!. For the young clus-
ters (red dots), the fractional mass tracks the SFR above
this limit. Note that the mass fraction of KE/PE < 1
cluster pairs is much larger than the number fraction of
KE/PE < 1 cluster pairs, which was discussed in the
previous paragraph. This is because massive clusters are
more likely to coalesce than low-mass clusters (Fig. .

Figure|13|left) resembles Figure (right) in the thresh-
old behavior for SFR, which is why figure [[3|(right) has
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F1G. 13.— The fractional mass of all clusters that have nearest
neighbors with KE/PE < 1 is shown versus the average star for-
mation rate and the average cluster formation efficiency. The blue
points and lines consider all clusters, and the red points and lines
are for clusters only younger than 10 Myr. The lines connect aver-
ages in both the abscissae and ordinates in 10 Myr intervals, and
the dots are for 2 Myr averages, showing shorter-time variations.

a nearly linear relation, although with a lot of tempo-
ral scatter. A plausible reason for the good correlation
between the K E/PFE < 1 mass fraction and the CFE is
that higher SFRs produce much higher densities of young
clusters, first because the gas densities in the regions
are higher, second because the density of young stars
is higher with both the higher density and the higher
SFR, and third because the cluster formation efficiency
is higher with the higher SFR. As a result, clusters are
closer to each other and more prone to coalescence at
higher CFE. Conversely, the higher CFE could be the re-
sult of increased cluster coalescence at higher SFR if non-
clustered stars are brought into the coalescence along
with clustered stars.

6. DISCUSSION

The details of how the hierarchical assembly of star
clusters proceeds may have a profound impact on the in-
ternal evolution of the clusters. The frequency of stellar
interactions in the central regions of star clusters depends
on the evolution of the density structure of the clusters
(Fujii & Portegies Zwart{[2013). For instance, the mass-
growth of stars and black holes through collisions in hi-
erarchical star-forming regions can be boosted compared
to monolithic star clusters (Rantala et al.|2024)). This
mass-growth impacts the chemical and radiation output
of the stellar population in the clusters. Hydrodynami-
cal simulations that include chemical enrichment through
single very massive stars (Lahén et al.|[2024)) call for ad-
ditional feedback channels to explain the large number of
light-element enriched stars observed in globular clusters
(Bastian & Lardo |[2018). Enhanced production of ac-
tive, very massive stars in hierarchically assembled mas-
sive star clusters could contribute to increased chemical
variations in those clusters.

The radial segregation of massive clusters could have
implications for the assembly of nuclear star clusters. Re-
cent observational surveys have found dwarf galaxies to
host nuclear clusters that possibly formed through accre-
tion of globular clusters instead of in-situ star formation
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(Fahrion et al.|2021] [2022). In the absence of a dark mat-
ter cusp or central massive black hole in our simulated
dwarf galaxies, the massive clusters that form in the cen-
tral starburst end up oscillating on almost radial orbits
within 1 kpc of the galactic centre. With a dark matter
cusp, dynamical friction should cause the massive star
clusters to sink further inward in the galaxy (Meadows
et al.2020; [Modak et al.[2023) and collide with other
clusters formed in the galaxy or brought in through suc-
cessive galaxy mergers. A cosmological simulation with
more complex assembly histories for dwarf galaxies (see
e.g. |Gutcke et al||2022)) would be needed to follow the
possible coalescence and growth of nuclear star clusters.

7. CONCLUSIONS

Star clusters that form in the dwarf galaxy collision
simulated by [Lahén et al.| (2020) have the usual power-
law mass function with slope a ~ —0.8 to —1 from the
time of their birth, with a maximum cluster mass that
scales with the instantaneous SFR. The clusters also seg-
regate in mass from the time of their birth, with more
massive clusters centrally concentrated relative to each
other than less massive clusters. Near-neighbor clusters
are generally moving too fast to deflect by gravitational
forces, but ~ 8% of them become significantly attracted
to each other during the simulation, with a relative ki-
netic energy less than their potential energy. These 8%
could coalesce. They represent up to 60% of the cluster
mass at the peak of the SFR.

The implications of these results are that the mass
distribution function and the spatial segregation of star
clusters according to their masses are products of their
birth that resist disruption for at least several hundred
Myr. These properties are continuously present as new
clusters appear, suggesting that the conditions for clus-
ter formation, such as the intrinsic structure and motion
of interstellar gas, are always present, regardless of how
chaotic these conditions get from the galaxy collision and
stellar feedback. Hierarchical cluster assembly has fur-
ther implications for the formation of supermassive stars
in cluster cores, while cluster mass segregation could pro-
mote the formation of nuclear star clusters.
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