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ABSTRACT

We present results of a Hubble Space Telescope (HST) UBVI-band study of star clusters in tidal tails, using new
WEFC3 and ACS imaging to complement existing WFPC2 data. We survey 12 tidal tails across seven merging systems,
deriving ages and masses for 425 star cluster candidates (SCCs). The stacked mass distribution across all systems
follows a power law of the form dN/dM o M?, with 8 = —2.02 4 0.15, consistent with what is seen in other star
forming environments. GALEX and Swift UV imaging provide star formation rates (SFRs) for our tidal tails, which
when compared with ages and masses of our SCCs, allows for a determination of the cluster formation efficiency
(CFE). We find the CFE increases with increasing SFR surface density, matching the theoretical model. We confirm
this fit down at SFR densities lower than previously measured (log Yspr (Mg yr—! kpe™2) &~ —4.2), as related to the
CFE. We determine the half-light radii for a refined sample of 57 SCCs with our HST WFC3 and ACS imaging, and
calculate their dynamical age, finding the majority of them to be gravitationally bound. We also provide evidence of
only low-mass (< 10* Mg) cluster formation in our nearest galaxy, NGC 1487, consistent with the theory that this
system is a dwarf merger.
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1 INTRODUCTION with the launch of the IR telescope IRAS. IRAS found that
many galaxies with high (> 10''Ly) IR luminosites have
disturbed morphologies, indicative of past merging events
(Sanders et al. 1988). The IR emission of these LIRGs sug-

gested star formation rates (SFRs) on the order of 100 Mg /

The gravitational origin of tidal tails was first realized with
the pivotal work by Toomre & Toomre (1972), who showed
that galactic tidal tails and warped disks could be simulated
as gravitational encounters with another galaxy. In a very

forward thinking section of their work, they suggested that
galaxy mergers may be able to produce large amounts of star
formation. This prediction was later borne out with the dis-
covery of luminous infrared galaxies (LIRGs), made possible
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yr (Schweizer 1987).

Galaxy mergers can produce collisions between clouds of
gas, which can provoke star formation. The high pressures
generated in these collisions will lead to enhanced star for-
mation efficiency (Jog & Solomon 1992) and the formation
of massive star clusters (Zubovas et al. 2014; Maji et al.
2017). Additionally, cloud collisions may provide external
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pressure to young clusters, keeping their contents gravitation-
ally bound, preventing their destruction (Elmegreen 2008).
The advent of high-resolution imaging, possible with HST,
has found evidence of such massive clusters within the inte-
riors of merging galaxies in the form of bright, blue, compact
objects (e.g. Zepf et al. 1999; Whitmore & Schweizer 1995;
Whitmore et al. 1993). These objects, labeled as young mas-
sive clusters (YMCs), show properties similar to what is ex-
pected for young globular clusters, such as mass and radius.
Therefore, by studying YMCs, we may be able to study the
formation of today’s globular clusters.

While the interiors of mergers have been well-studied in
the past, few surveys have looked at the tidal debris asso-
ciated with mergers. However, simulations are now showing
that star formation can occur in the extended regions of a
merger. Simulations with explicit stellar feedback indicate
that ~ 20 — 50% of a merger’s SFR can occur in extended
debris (Hopkins et al. 2013). Observations of the Tadpole
galaxy confirm this prediction, as ~ 30% of the system’s star
formation is occurring in tidal tail star clusters (Jarrett et al.
2006). Tidal tails also offer a relatively clean and unclut-
tered environment as compared to the interiors of galaxies.
Their sparse environments mean clusters will not be subject
to shocks and tides found in the dense nuclear region, and
may avoid disruption, surviving to the present day (Renaud
2018).

Despite the differences in location and interaction, several
common properties seem to exist between studies of YMCs
found in merging and quiescent galaxies. The slopes of the
mass and luminosity functions has been measured to be be-
tween —1.8 and —2.2 for both types of galaxies. The cluster
formation efficiency, a measure of the percentage of the SFR
occurring within star clusters, tracks the local SFR density
in both environments. Additionally, cluster radii are similar,
with half-light radii of ~ 0.5 — 10 pc (Portegies Zwart et al.
2010). Such similarities suggests common physics behind star
cluster formation.

This paper builds on previous work by Mullan et al. (2011)
and Knierman et al. (2003), who studied clusters in tidal
tails using the WFPC2 camera on HST. Both works found
statistically significant populations of clusters in a variety
of tails, with colours suggesting masses comparable to the
YMCs found in the interiors of mergers. Merging systems
with young interaction ages and bright tails produced the
most star clusters. However, analysis was limited by the lack
of multiband photometry. Our new observations of 12 tails in
seven interacting systems add F336W and F438W WFC3 and
F435W ACS imaging to existing WFPC2 F606W and F814W
observations, to allow for age and mass determination.

We will begin in Section 2 by describing our imaging
datasets and our analysis methods. In Section 3 we show our
results. In Section 4 we discuss our findings, and conclude
our chapter with the main points of our research in Section
5. We add notes for individual tails in Section A.

2 DATA ANALYSIS

Our analysis consists of two parts: HST imaging to identify
tidal tail star clusters and determine their ages and masses,
and UV imaging with GALEX and Swift to derive the local
star formation rates. Both efforts are described below.

MNRAS 000, 1-26 (2021)

2.1 HST

Our optical and near-IR observations consist of WFPC2,
ACS, and WFC3 imaging from HST across multiple cycles;
the full sample is shown in Figure 1. Properties of our sample
are highlighted in Table 1, with systems ordered according to
their interaction age. We sample not only major disk mergers,
but minor and dwarf mergers as well.

WFPC2 F555W and F814W data were taken in Cycle
7 (GO 7466) Knierman et al. (2003) for NGC 3256. The
remaining samples of AM1054-325, MCG-03-068-13, NGC
1487, NGC 2992, NGC 2993, NGC 6872, and NGC 1614 were
observed with WFPC2 in Cycle 16 (GO 11134), in F606W
and F814W Mullan et al. (2011). Galaxies from Mullan et al.
(2011) represent an extension of the original sample in Knier-
man et al. (2003), designed to sample a variety of ages, mass
ratios, and optical properties. Our survey adds WFC3 F336W
and WFC3 F438W /ACS F435W imaging to galaxies lying in
the Southern hemisphere, which have also been observed with
the Gemini-South GMOS detector, and will be the subject
of a forthcoming paper on the diffuse light in the tidal de-
bris. Archival ACS F438W and WFC3 F336W data for NGC
1614N/S are used from Cycle 14 (GO 10592) and Cycle 23
(GO 14066). A full description of our HST observations is in
Table 2. We refer to our F606W, F814W, F336W, F438W,
and F435W observations as Veos, Is14, Usss, Bass, and Buass,
respectively.

WEFPC2 data were reduced in IRAF and corrected for de-
graded charge transfer effects (CTE) using Dolphin (2000).
We refer the reader to the respective papers (Mullan et al.
2011; Knierman et al. 2003) for a more in depth discussion
on WFPC2 data reduction. WFPC2 magnitudes were taken
from Mullan et al. (2011) and Knierman et al. (2003). Objects
in Knierman et al. (2003) were transformed from the WFPC2
Vegamag photometric system to the Johnson-Cousins system
using transformations found in Holtzman et al. (1995), going
from F555W and F814W to V and I. Rather than convert-
ing back to WFPC2 magnitudes, we keep them in their trans-
formed system. Data from Mullan et al. (2011) were provided
in WFPC2 Vegamag magnitudes (Vgos and Isi4).

ACS and WFC3 images were downloaded from the HST
archive, which have been processed through the standard
ACS and WFC3 pipelines. ACS images have a scale of 0.05”
per pixel, while WFC3 observations have a scale of 0.04” per
pixel. This is compared to the WFPC2 WF scale of 0.1” per
pixel; objects on the WFPC2 PC were not analyzed due to
its larger readnoise.

We perform aperture photometry on all our objects us-
ing the DAOPHOT.PHOT (Stetson 1987) task in IRAF.
We choose to match the aperture settings in Mullan et al.
(2011), which uses radii of 2, 5, and 8 pixels for object, in-
ner background, and outer background annuli, respectively.
When translated to the WFC3 scale, this results in radii of
5, 12.5, and 20 pixels. For ACS, we use radii of 4, 10, and
16 pixels. In this manner, we are assured that we are mea-
suring our clusters to the same physical extent, camera to
camera. Aperture corrections to bright, isolated stars were
performed out to a radius of 10 pixels for WFC3 and ACS
imaging. Due to the lack of adequate stars in the NGC 1487
field, we take the average aperture corrections from all other
fields and apply them to NGC 1487W and NGC 1487E. 10
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Table 1. System information. Interaction age gives the most recent interaction, which produced the visible tidal features.

System Interaction Age Distance Merger Type Tidal Features Tidal Features puy
(Myr) (Mpc) (mag arcsec™1)

NGC 1614N/S 50 65.6 Major Tidal tails 22.27/23.00
AM1054-325/ESO 376-28 85 52.9 Major Tidal tails and tidal dwarf 22.65/22.76

NGC 2992/3 100 36.6 Major Tidal tails and tidal bridge = 23.47/24.78
MCG-03-13-063 100 46.2 Minor Extended spiral arm 23.91

NGC 6872 150 62.6 Minor Tidal tails 24.06

NGC 3256E/W 400 42.8 Major Tidal tails 24.04/23.75

NGC 1487E/W 500 10.8 Dwarf Tidal tails 24.02/24.57

NGC 1487E

MCG-03-13-063

ESO 376-28

NGC 1487W

AM1054-325

Figure 1. Snapshots of our sample from the Digitized Sky Survey (DSS). Red outlines indicate WFPC2 pointings from Mullan et al.
(2011) and Knierman et al. (2003). Blue and cyan squares show the WFC3 and ACS footprints, respectively.

pixel zeropoints of 23.392, 24.895, and 25.762 were used for
Usse, Bass, and Bass, respectively.

2.2 GALEX

The Galazy Ewvolution Ezplorer (GALEX) operated from
2003 to 2012 as an orbiting UV telescope. Its 50 cm diameter
mirror imaged a 1.25° FOV with two separate microchannel-
plate detectors, designated as the near-ultraviolet (NUV) and
far-ultraviolet (FUV) channels. The telescope has a pixel
scale of 1.5” per pixel. GALEX conducted several surveys,
including the All-Sky Imaging survey (AIS), Medium Imag-
ing Survey (MIS), Deep Imaging Survey (DIS), and Nearby
Galaxy Survey (NGS), to varying depths. Our targets are
drawn from AIS (AM1054-325, ESO 376-28, MGC-03-13-063,
NGC 1487E/W) and NGS (NGC 6872, NGC 2992, NGC
2993). Our GALEX observations are listed in Table 3, along
with our Swift observations (described below).

We use images taken in the FUV (Aeg = 1538.6) ob-
tained from the MAST archive. These have been pipeline
processed. While background subtracted images are available
via MAST, we do not use these because the background sub-
traction can be inaccurate for extended objects. Photome-
try was performed on the entire flux enclosed within the tail
boundary, as described in Section 2.4. The sky background
was determined by sampling five nearby regions of 30 x 30

pixels and taking the mean value. For NGC 2992, a bright,
blue star visible in the FUV image was manually masked.

We corrected for Galactic extinction using coefficients from
Yuan et al. (2013) for GALEX FUYV.

2.3 Swift

NGC 3256 and NGC 1614 do not have FUV exposures with
GALEX; instead, we have opted to use NUV data from Swift,
downloaded from the MAST archive. The Swift satellite oper-
ates the 30 cm UltraViolet-Optical Telescope (UVOT), with
a FOV of 17 x 17 arcmin. Images were taken in 2 x 2 binned
mode, with a pixel scale of 17 per pixel. The UVOT CCD
operates as a photon counter, which is susceptible to coinci-
dence loss if two or more photons arrive within a single frame.
The effect of this scales with brightness, and past analysis has
shown that coincidence loss becomes greater than 1% when
the count rate is greater than 0.007 counts sec™! pixel™!;
for 2 x 2 binned images, as we use, the count rate threshold
is then 0.028 counts sec™! pixel™'. The faint tails of these
two systems, NGC 3256 and NGC 1614, fall well below this
threshold, and we can discount effects from coincidence loss.

Swift offers three UV filters, wvwl!, uvw2, and uvm?2. We
use the wvm?2 filter (Aeg = 2221) as the other two filters
have extended red tails which leak optical light into the UV.

MNRAS 000, 1-26 (2021)
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Table 2. HST observations.

System Filter Exposure time (s) Date Program ID  Camera
NGC 1614N/S F336W 6510 2015 Dec 12 14066 WFC3
F438W 1260 2006 Aug 14 10592 ACS
F606W 1900 2007 Nov 15 11134 WEFPC2
F814W 1900 2007 Nov 15 11134 WEFPC2
AM 1054-325/ESO 376-28 F336W 3440 2017 Nov 6 14937 WFC3
F435W 1520 2017 Nov 7 14937 WFC3
F606W 1900 2008 Feb 24 11134 WEFPC2
F814W 1900 2008 Feb 24 11134 WEFPC2
NGC 2992 F336W 2230 2018 Nov 27 15083 WFC3
F438W 2100 2018 Apr 19 15083 ACS
F606W 1000 2007 Dec 28 11134 WEFPC2
F814W 900 2007 Dec 28 11134 WEFPC2
NGC 2993 F336W 2230 2018 Apr 19 15083 WFC3
F438W 2100 2018 Nov 27 15083 ACS
F606W 1000 2007 Dec 3 11134 WEFPC2
F814W 900 2007 Dec 3 11134 WEFPC2
MCG-03-13-063 F336W 3420 2017 Sep 27 14937 WFC3
F435W 1520 2017 Sep 28 14937 WFC3
F606W 1000 2007 Nov 24 11134 WEFPC2
F814W 900 2007 Nov 24 11134 WEFPC2
NGC 6872¢ F336W 3920 2018 Jul 24 15083 WFC3
F435W 1760 2018 Jul 24 15083 WFC3
F606W  2100/1900 2008 Feb 23/2008 May 16 11134 WEFPC2
F814W  2100/1900 2008 Feb 23/2008 May 16 11134 WEFPC2
NGC 3256E F336W 3520 2018 Jun 15 15083 WFC3
F435W 1600 2018 Jun 15 15083 WFC3
F555W 1000 1999 Oct 11 7466 WEFPC2
F814W 1000 1999 Oct 11 7466 WEFPC2
NGC 3256W F336W 3520 2018 Jan 15 15083 WFC3
F435W 1600 2018 Jan 15 15083 WFC3
F555W 1000 1999 Mar 24 7466 WEFPC2
F814W 1000 1999 Mar 24 7466 WEFPC2
NGC 1487E F336W 3520 2017 Nov 25 15083 WFC3
F435W 1600 2017 Nov 25 15083 WFC3
F606W 1000 2008 Aug 9 11134 WEFPC2
F814W 900 2008 Aug 9 11134 WEFPC2
NGC 148TW F336W 3520 2019 Mar 24 15083 WFC3
F435W 1600 2019 Mar 24 15083 WFC3
F606W 1000 2008 Aug 31 11134 WEFPC2
F814W 900 2008 Aug 31 11134 WFPC2

*NGC 6872 was measured in two pointings with WEFPC2.

Table 3. GALEX and Swift observations.

Exposure time (s)

Observation ID Observation date

System Observatory  Filter

NGC 1614N/S Swift UVM2 3271.5
AM1054-325/ESO 376-28 GALEX FUV 108
NGC 2992/3 GALEX FUV 1045.5
MCG-03-13-063 GALEX FUV 204
NGC 6872 GALEX FUV 3371.3
NGC 3256E/W Swift UVM2 1867.2
NGC 1487E/W GALEX FUV 108

00046270001; 00046270002 2012 May 10; 2012 Jul 6

6386924688810967040 2007 Feb 3
2485918962089459712 2005 Feb 12
6381260060739239936 2006 Jan 8
2505622210593423360 2006 Jun 29
00049720003; 00049720012 2013 Sep 15; 2014 Sep 18
6385833989382340608 2007 Jan 5

Images were co-added together using the HEASOFT software
package.

Photometry was performed using the previously mentioned
procedure for GALEX imaging. Extinction coefficients were
taken from Roming et al. (2009) for the wvm? filter.

MNRAS 000, 1-26 (2021)

2.4 Tail definition

Regions defined as tidal debris are taken from Mullan et al.
(2011). The “in-tail” and “out-of-tail” regions were defined
using images taken with the WFPC2 Vg filter. Images were
smoothed with a Gaussian kernel at 5 - 7 pixels FWHM, and
a contiguous region one count above background was defined
as “in-tail”, using SAO DS9; all other regions were defined as



“out-of-tail”. In the cases of NGC 1487W, AM1054-325, ESO
376-28, and NGC 6872, the centre of the galaxy is imaged as
well. The boundary between the centre and the tail is found
where the radial light profile changes in scale length.

2.5 Cluster Detection

Objects were detected using the DAOPHOT.DAOFIND
(Stetson 1987) task in IRAF. Selection criteria for the ini-
tial WFPC2 cluster list required 2 counts per object in both
Veos and Is14, a signal-to-noise (S/N) ratio of at least 3, error
in F606W less than 0.25 mag, and detections in at least one
dither position. For our ACS/WFC3 imaging, we require an
S/N of at least 3 in both Usss and Bass/Bass. Objects had
to be detected in all four filters. We further excluded objects
which were fit to our simple stellar population cluster models
(Marigo et al. 2008) with a x? > 3.

Magnitude and colour cuts were applied to our source cat-
alogue to separate potential clusters from contaminant stars
and background galaxies. Objects which met these require-
ments are defined as Star Cluster Candidates (SCCs). We
apply a magnitude cut of My < —8.5 (Mpeosw < —8.6) de-
signed to eliminate individual stars. Magnitude cuts between
—8 < My < —9 are commonly used in studies of star clusters
(Konstantopoulos et al. 2010). Whitmore et al. (2010) found
that even at fainter magnitudes, down to My = —7, more
than 60% of detected objects were clusters as opposed to in-
dividual stars, adding confidence to our selection criteria. In
addition to discriminating against non-clusters, a magnitude
cut allows a uniform measurement standard across our sys-
tems, most of which have nearly complete samples of SCCs
down to the My = -8.5 cutoff, as shown in Section 2.6. A
colour cut of V. — T < 2.0 (Veos - Is1a < 1.4) is added as
well; this will still allow for old globular clusters which have
reddened as they evolve, while eliminating individual stars.

2.6 Completeness

Completeness curves from Mullan et al. (2011) show that our
WEFPC2 data are on average 50% complete at myg,s ~ 25.5
and mig,, ~ 24.5. To measure the completeness of our WFC3
and ACS imaging, we perform a similiar analysis as in Mullan
et al. (2011); we add 10,000 fake stars to each individual
image, 100 at a time, with DAOPHOT.ADDSTAR (Stetson
1987), and calculate how many are recovered above a 3o limit.
Our completeness curves are shown in Figure 2. For systems
AM1054-325, ESO 376-28, NGC 3256, NGC 1487, MCG-03-
13-063, and NGC 6872, we are complete at 50% at mp,,5 =
25.5 and mug,,, = 24.8. NGC 2992 and NGC 2993 are 50%
complete at mp,;; = 26.5 and muy,,, = 24.5. NGC 1614,
observed with program GO-14066 and GO-10592 is complete
at mpy,s = 26.5 and mu,,, = 25.4.

3 RESULTS
3.1 Colour-colour diagrams

In Figures 3-14 we show the Ussg - Bass vs Veos - Is14 colour-
colour diagrams for all our observed systems. Systems are
ordered in reference to the age of the tidal debris (see Table
1). The interaction age of the merger is plotted as a yellow
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circle. Objects which fulfill our SCC criteria in Section 2.5
are shown as dark blue circles. For completeness, we show
objects which do not meet our criteria as gray boxes, with
arrows indicating upper and lower limits.

Data are plotted against simple stellar population (SSP)
models from Marigo et al. (2008), with logarithmic ages
overplotted on the evolutionary track. We use a Salpeter
IMF; however, the choice of IMF is negligible in determin-
ing ages, and the tracks are also consistent expectations for
a Chabrier (Chabrier 2001) or Kroupa (Kroupa 2001) IMF.
We corrected for foreground Galactic extinction using an
Ry = A\/E(B — V) reddening law, with Ry = 3.1, with
data from Schlafly & Finkbeiner (2011). Internal cluster ex-
tinction is not corrected for when plotting our colour-colour
diagrams. However, this is taken into account when SED fit-
ting our clusters (Section 3.3). We also include a reddening
arrow in the lower right hand corner of our plots for Ay =
0.5.

The area inside and outside the tail was calculated using
SAO DS9 regions of the tail, as defined in Section 2.4. We sub-
tract the cluster density outside the tail (NSLSC /Aout) from
inside the tail (NiiCC /Ain) to determine the excess cluster
density, Yscc. Errors are determined from Poisson statistics.
Half of our tails show excesses above the 30 level, indicat-
ing significant amounts of SCCs. It is important to note that
while some systems may not contain significant numbers of
SCCs, some individual objects in tails may still be real star
clusters. The data are shown in Table 4.

We perform Kolmogorov—Smirnov (KS) tests on the distri-
butions Of U336 - B438, B438 - V606, and VSOG - 1814 colours
between in-tail and out-of-tail objects for all detected objects
and for SCCs only. This is another way to determine the likeli-
hood that objects within the tail are unique and independent
from those outside the tail region, in addition to measuring
cluster excess. Recorded p-values are shown in Table 5. Our
Veos - Is14 colour is most useful in discriminating between
tail and non-tail objects. Of the eight systems which contain
enough SCCs for a KS test, five of them show p-values less
than 0.04, indicating the data are drawn from independent
distributions.

3.2 Addition of nebular flux

Clusters less than 10 Myr old can show strong emission lines,
as the surrounding hydrogen gas from cluster formation is
ionized and undergoes recombination. An example of these
systems is shown in Figure 15 for NGC 1614. As clusters will
expel their hydrogen gas via stellar feedback on timescales
of several million years (Pang et al. 2020), the presence of
recombination lines indicates recent star formation.

Our SSP model (black solid line in Figures 14 - 3) does not
contain nebular continuum emission, nor flux from emission
lines; we use Starburst99 (Leitherer et al. 1999) to calculate
contributions from the nebular continuum, as well as the Ha
and Hp emission lines. We include the H~ line, with the flux
ratio of Hy / HB = 0.47 (Osterbrock 1989), and the O[III] and
O[I1] lines as well. The oxygen lines are determined from the
KPNO International Spectroscopic Survey (KISS) sample of
nearby, low-mass star forming galaxies (Salzer et al. 2005);
we take the median log ratio of these lines to the Hf line,
O[III]/HB = 0.08 and O[II]/HB = 0.56.

The effect of the emission lines depends on the filter. The

MNRAS 000, 1-26 (2021)
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Figure 2. Completeness data for our WFC3 F336W /F435W and ACS F438W imaging. Solid curves

represent data for F438W, dotted

curves represent data for F336 W, and dashed curves represent data for F435W.

Table 4. Cluster excesses.

System N, iSnCC N, guctc Ain Aout Densityi,  Densityout 2scc

(kpc?)  (kpc?)  (kpe™?)  (kpc™?) (kpc™2)
NGC 1614N 21 11 304.6 483.6 0.069 0.023 0.046 4+ 0.017
NGC 1614S 33 11 327.8 483.6 0.101 0.023 0.078 +0.019*
AM1054-325 135 23 129.5 869.5 1.042 0.026 1.016 £+ 0.090*
ESO 376-28 1 23 88.9 869.5 0.011 0.026 —0.015 £ 0.013
NGC 2992 22 4 242.4 193.9 0.091 0.021 0.070 4+ 0.022*
NGC 2993 9 0 179.1 90.0 0.050 0 0.050 +0.017
MCG-03-13-063 10 9 12.8 400.0 0.781 0.023 0.76 £+ 0.25*
NGC 6872 158 19 890.3 662.7 0.179 0.029 0.150 £+ 0.016*
NGC 3256E 11 5 246.0 473.2 0.045 0.011 0.034 +0.014
NGC 3256W 24 9 199.9 519.9 0.120 0.017 0.103 £+ 0.025*
NGC 1487E 0 0 124 28.5 0 0 0
NGC 1487TW 1 0 13.7 33.3 0.073 0 0.073 £ 0.073

*Signifies excess at 3o or above.

Ha, HB, and O[III] lines are covered by the F606W filter,
while the H+ line falls in the middle of the B4ss and Byss fil-
ters. The O[II] line is at the edge of the F435W and F336W
filters. The result is that the Vgog filter is most strongly af-
fected by the presence of emission lines, due to the strong Ha
and Hg lines, while the effect in the other filters is relatively
inconsequential. This shifts the Vggs - Is14 colour towards
bluer colours in our colour-colour plots. The resulting evolu-
tionary track is degenerate with extinction for ages < 10 Myr
for our Usse - Bass vs Vo - Is14 diagrams. The effect is more
apparent when we plot Bass - Veos vs Veos - Is14; the evolu-
tionary track dramatically swings upward in our plots as the
Buass - Veoe colour trends towards redder values. This effect is

MNRAS 000, 1-26 (2021)

seen for similar young clusters in interacting systems as well,
using the Vgoe filter (Fedotov et al. 2015, 2011; Gallagher
et al. 2010).

Data for NGC 3256 were taken from Knierman et al.
(2003). For NGC 3256W/E, we determined the magnitudes
in the F555W and F814 filters, and then transformed these to
the Johnsons-Cousins system, as in Knierman et al. (2003),
using transformations from Holtzman et al. (1995). The shape
and wavelength boundaries of the F555W filter transmission
are noticeably different from the Veoe filter in that the Ha
line falls at the edge of the filter, thus it has a much less of
an effect on our model magnitudes. Therefore, on the colour-
colour diagrams for NGC 3256W /E, there is less of a differ-
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Figure 3. Top left: HST Byss-band image of NGC 1614N, with the tail region outlined with a black, dashed curve. In-tail SCCs are
shown as blue circles, while out-of-tail SCCs are red circles. Non-SCC detected objects are shown as crosses. Top middle: Colour-colour
diagrams for in-tail and out-of-tail sources plotted against stellar evolutionary tracks from Marigo et al. (2008) in solid black; the dashed
light blue line is the same track with nebular continuum and emission lines added. The yellow circle indicates the age of the merger.
Blue/red circles represent SCCs for in-tail/out-of-tail sources, and gray boxes are non-SCC detected objects. The total area enclosed in
each in-tail or out-of-tail region in kpc? is indicated on the upper left, along with median error bars. Top right: Ages and masses for
detected objects. SCCs are shown in blue, non-SCCs in gray. The solid black curve is our magnitude limit of My = -8.5, while the red,
green, purple, and cyan curves show 50% completeness limits. The vertical yellow line marks the interaction age of the system, and the
horizontal dashed line marks our mass cut-off of log Mass = 4.3 for our CFE determinations. Bottom row: age and mass distributions for
our SCCs. A vertical dashed line marks the median distance from the centre. We find 21 in-tail SCCs, and 11 out-of-tail SCCs for NGC
1614N. The tail curls to the North from the East, with young clusters scattered throughout the region.

Table 5. KS test results for our photometric data. We include results for all of our sources on the left, and SCC objects only on the right.

All SCC only
System Nin  Nour KSy-_p KSp_v KSy_s1 Nin  Nous KSy-p KSp_v KSy_g
NGC 1614N 26 14 0.025 0.020 6.6 x10~3 21 11 0.17 0.19 7.2 x1073
NGC 16148 40 14 0.068 2.0 x10™3  5.852 x10~% 33 11 0.65 0.045 1.2x10~%
AM1054-325 172 51 0.40 6.9 x10=6 6.6 x10~18 135 23 0.166 4.5 x1073  2.0x10~8
ESO 376-28 3 51 N/A N/A N/A 1 23 N/A N/A N/A
NGC 2992 61 15 0.058 0.42 0.75 22 4 0.73 0.87 0.50
NGC 2993 23 5 0.19 0.018 0.34 9 0 N/A N/A N/A
MCG-03-13-063 19 24 2.3 x1073  0.73 1.8 x10—3 10 9 2.1 x10~%  0.35 1.7 x10—3
NGC 6872 205 29 1.6 x10=3  0.031 0.012 158 19 0.026 0.049 0.025
NGC 3256E 71 53 0.74 0.021 0.061 11 5 0.92 0.17 0.23
NGC 3256W 92 74 0.055 8.1 x1073 6.7 x10~* 24 9 0.97 0.33 0.18
NGC 1487E 83 33 0.75 0.083 4.5 x1073 0 0 N/A N/A N/A
NGC 1487W 92 44 0.39 0.36 0.46 1 0 N/A N/A N/A
ence between the nebular emission evolutionary tracks and in Bik et al. (2003). This code compares a set of input mag-
the SSP models than for our other systems. nitudes to a grid of SSP models with ages between 10° and

101912 yr. It will apply an extinction to our observed magni-
tudes through a range of E(B — V) values, compare the set of
3.3 Ages and Masses model magnitudes and extincted, observed magnitudes, and
minimize the resulting x? value to determine the best fit ages

Ages and masses of clusters were determined using the 3DEF . A
and masses. We use an evolutionary track from Marigo et al.

spectral energy distribution (SED) fitting code, as described

MNRAS 000, 1-26 (2021)
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Figure 4. Same as 3, but for NGC 1614S. We find 33 in-tail SCCs, and 11 out-of-tail SCCs. This system has a statistically significant
excess cluster density above 30. The tail extends to the south from the center of the merging system. Young objects are found throughout
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Figure 5. Same as 3, but for AM1054-325. We find 135 in-tail SCCs, and 23 out-of-tail SCCs. This system has a statistically significant
excess cluster density above 3o0. A tidal dwarf is directly North of the center of the galaxy, while the tidal tail extends Northward from
the Western edge. Many SCCs show signs of emission lines, indicated by their large B — V values. Its interacting partner can be seen at
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Figure 6. Same as 3, but for ESO 376-28. We find 1 in-tail SCC, and 23 out-of-tail SCCs. Little structure is seen in this galaxy.
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Figure 11. Same as 3, but for NGC 3256E. We find 11 in-tail SCCs, and 5 out-of-tail SCCs. Emission line clusters do not clearly stand
out, as the NGC 3256 system was imaged with the F555W filter, which weakly covers the Ha line. Despite the old age of the interaction,
we see a few SCCs with young ages.
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Figure 12. Same as 3, but for NGC 3256W. We find 24 in-tail SCCs, and 9 out-of-tail SCCs. This system has a statistically significant
excess cluster density above 30. Many of the SCCs are clustered around the interaction age of the merger, suggesting they formed from

the interaction.
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Figure 13. Same as 3, but for NGC 1487E. We find 0 in-tail SCCs, and 0 out-of-tail SCCs. Note that as NGC 1487E has no detected
SCCs, age and mass distribution figures are not included. Although no SCCs are found in this system, a large number of non-SCC objects
are detected, which do not make the My < —8.6 cutoff. This suggests the presence of low-luminosity, low-mass objects.

(2008) with solar metallicity and a Salpeter IMF (Salpeter
1955), with nebular flux added to it (see Section 3.2). Our
models do not account for binary star evolution. Spectro-
scopic observations of clusters and merging systems have
found metallicities in the range of ~ 1.0 - 1.5 Z¢ (Rosa et al.
2014; Trancho et al. 2012; Bastian et al. 2009b; Trancho et al.
2007b,a). For comparison, we run our 3DEF algorithm for
NGC 6872, with 158 SCCs, using a tracks at 0.5 Zg and
2 Ze. We find the median ratio of ages and masses deter-
mined using solar and half solar metallicity to be 1 and 1.1,
respectively. The ratio of ages and masses between Zg and
2 Ze is 1.02 and 0.98, respectively. A comparison of the dif-

MNRAS 000, 1-26 (2021)

ferent metallicities and their effects on our Usse- Bass, Bass-
Veos, and Vgos- Is1acolours is shown in Figure 16. Here, we
plot data for NGC 6872 against SSP models and SSP models
with nebular emission added, for metallicities of Zg, 0.5 Zg,
and 2 Zg. The similarity between all three metallicities shows
that our age and mass estimates will not be sensitive to our
chosen metallicity.

The choice of IMF will influence the masses of our clusters,
but generally has little effect on the derived ages. A Chabrier
or Kroupa IMF will decrease the masses by a factor of ~ 2
relative to our assumed Salpeter IMF.

Ages and masses for all our systems are plotted ndividually
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Figure 14. Same as 3, but for NGC 1487W. We find 1 in-tail SCC, and 0 out-of-tail SCCs. Like NGC 1487E, we again find a number of
non-SCC objects in the tail, suggesting low-mass objects present in the tail.

Figure 15. Colour image of NGC 1614S. The data through filters
F435W (ACS), F606W (WFPC2), F814 (ACS), and F665N (ACS)
were stretched with a logarithm and bias/contrast adjustment in
CARTA®. Subsequently in GIMP? they were assigned the colours
blue, yellow-green, red and pink respectively and using a layering
schema blended with the screen algorithm (English 2017). Several
regions containing SCCs with emission lines are highlighted in yel-
low, showing that star cluster formation is ongoing in this tidal
tail.

@*CARTA: Cube Analysis and Rendering Tool for Astronomy.
https://cartavis.org
bGnu Image Manipulation Program. https://www.gimp.org

in Figures 3 - 14, and collectively in Figure 17. We see a gap in
age from log Age = 7.0 to 7.5 yr in many of our systems; this is
an artifact of the fitting process and is seen in similar studies
of star clusters (e.g. Randriamanakoto et al. 2019; de Grijs

SSP only SSP + nebular emission

Usa - Bugs
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Figure 16. Comparison of SSP tracks at different metallicities,
plotted against data for NGC 6872. Data points are objects that
fall within the tail, as in Figure 10. Black lines correspond to Z
= Zp, red corresponds to Z = 0.5 Zg, and gold corresponds to
Z = 2 Z. On the left, we plot tracks from Marigo et al. 2008.
On the right, we include nebular emission (see Section 3.2) from
Starburst99 models (Leitherer et al. 1999); the inclusion of line
emission affects only ages < 10 Myr. In both cases, for a pure SSP
and one with nebular emission added to it, the tracks are similar
to one another; consequently, the ages and masses derived using
either metallicity will be similar.
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et al. 2013; Bastian et al. 2005b). The true ages are likely
spread over neighboring ages. It is worth noting, however,
that every system, with the exception of NGC 1487, contains
SCCs with ages < 10 Myr. This shows us that tidal debris
are capable of supporting cluster formation.

3.4 Cluster radii

The radii of our SCCs were found using the program ISHAPE
(Larsen 1999). ISHAPE requires that sources are isolated to
prevent PSF blending and at a high S/N. We perform an ad-
ditional cut on our SCCs by visually selecting objects which
are not in crowded regions and do not have highly ellipti-
cal shapes, which could indicate we are looking at blended
clusters. We choose objects with a S/N > 25 as determined
by ISHAPE, as the program also requires bright objects to
perform accurate measurements.

ISHAPE will deconvolve selected sources with a user sup-
plied PSF and a selected analytic model. Both an EFF (Elson
et al. 1987) and King (King 1962) model have been used in
the past to study star clusters. We use a King model as it
has been used to describe extragalactic and Galactic globu-
lar clusters (Correnti et al. 2021; Larsen et al. 2021; Chandar
et al. 2016; Bastian et al. 2012). ISHAPE will fit the model to
an ellipse and produce the FWHM of the major axis, and the
ratio between the minor and major axes (g), for each selected
source. We take the FWHM as the average between the major
and minor axes of the fit. We require that ¢ > 0.3 to elimi-
nate unrealistically elliptical sources, as in Brown & Gnedin
(2021). ISHAPE is able to reliably determine a FWHM for
sources at 10% of the size of the PSF, which for our WFC3
and ACS images, corresponds to = 0.2 pix (the pixel scale for
WFC3 is 0.04” per pixel, and 0.05” per pixel for ACS). We
remove objects smaller than this size. The result of our se-
lection criteria reduces the number of SCCs for analysis from
425 to 57, largely as a result of selecting isolated clusters.
Our furthest systems, NGC 6872 in particular, are suscepti-
ble to crowding as the angular separation for nearby objects
decreases, and this is borne out in our reduced number of
sources. As a result, we emphasize that our radii sample is
biased towards isolated, physically large SCCs.

This FWHM value is converted to a half-light radius rp
(also referred to as the effective radius Reyy) by multiplying
the FWHM by 1.48, as noted in the ISHAPE manual. We
note that while an EFF and King model will produce unique
FWHM values, the resulting half-light radii are similar to one
another (Larsen 1999). The minimum value of r, we are able
to detect, when combining our FWHM and axis ratio limits
and converting FWHM to rp, is 0.19 pix, corresponding to
0.0076” for WFC3 and .0095” for ACS. We use our Bass- and
Buss-band images to derive radii as they offer a better S/N
than our Ussg-band images.

Our cluster radii are shown in Figure 18, with interacting
pairs grouped together. The minimum detectable radius for
each system is shown as a vertical dashed line. The combined
distribution for all our sources is shown as the bottom left
plot. The distribution shows a peak at ~ 5.6 pc, with an
extended tail up to > 100 pc. Objects at the tail end of the
distribution are likely blended together, but are included for
completeness. While our objects peak at a larger value than
typical of Milky Way globular clusters (~ 3.2 pc, Baumgardt
& Hilker 2018), objects of this size are seen in both the Milky
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Way and in extragalactic systems (Baumgardt & Hilker 2018;
Ryon et al. 2017; Chandar et al. 2016).

Note that ESO 376-28 is not included as it only contained
one SCC, which was eliminated due to a low S/N in ISHAPE,
and NGC 1487W'’s single SCC did not have a good fit. We
address NGC 1487 in Section 4.6.

4 RESULTS AND DISCUSSION
4.1 Mass Function

A global mass function for all our systems is presented in
Figure 19. We stack our measured masses together for all our
SCCs and plot them with bins of constant number, at 20
per bin, with 235 SCCs total. The mass bins are modeled as
a power law with the form dN/dM oc M?. The slope, §, is
found with a linear fit to log (dN/dM) with §