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ABSTRACT

We conduct a photometric study of star clusters (or knots) in the collisional ring galaxy (CRG) Arp 147 to trace the star for-
mation history across its empty ring. Using Hubble Space Telescope F450W, F606W, and F814W images, we find that Arp 147
hosts 211 knots and six kpc-size clumps, nearly 60 per cent of which have ages below 10 Myr, and two-thirds have masses
above 10° Mg,. The cluster mass function (CMF) of knots with ages between 10—200 Myr deviates from a power-law and
follows a Schechter function with a characteristic truncation mass of M. = 6.2 x 10° M. This shape of the CMF is more
prominent for a subsample of knots in the eastern region of the ring. Over the same age interval, we derive a low rate of
disruption (8 ~ 0.25) from the cluster age function and a cluster formation efficiency (CFE) of ~3 per cent. In contrast, the
CFE in the 1—-10 Myr age range is nearly 40 per cent. We note the lack of high-resolution ultraviolet and Ho observations
to help break age-extinction degeneracy which affects the derived ages for dusty young clusters and old ones with low red-
dening. Nevertheless, this study has shown, at least to a first-order approximation, that collision-triggered starburst events
happening across the CRG offer an ideal environment for a second generation of young blue knots to form in abundance.
It also suggests that the drop-through collision between the two galaxies can fuel at least mild cluster disruption over time.
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1 INTRODUCTION

Collisional ring galaxies (CRGs) are peculiar objects that repre-
sent ‘a special class’ of ring galaxies (RiGs). They are rare in the
local universe (only accounting ~0.01 per cent of the observed
galaxies, see e.g. E. Athanassoula & A. Bosma 1985; B. F. Madore,
E. Nelson & K. Petrillo 2009) but are expected to be ubiquitous
at higher redshifts given the predominance of galaxy collisions.
However, T. Yuan et al. (2020) have reported a scarcity of the most
distant CRGs (z > 0.1) as opposed to predictions from previous
works (e.g. R. J. Lavery et al. 2004; E. D’Onghia, M. Mapelli & B.
Moore 2008). The discrepancy may be due to the challenges of
identifying high-z CRGs that are usually not prone to fragmen-
tation. They are not bright enough to be detected in contrast to
the nearby ones hosting blue clumps with ages between 10-100
Myr which make them easily identifiable. This inconsistency in
the frequency of CRGs remains an open question and is worth
to be addressed to better constrain galaxy merger rates. It is also
relevant to study RiGs given that local CRGs have striking resem-
blances with high-z clumpy galaxies (D. M. Elmegreen et al. 2005;
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D. M. Elmegreen & B. G. Elmegreen 2006). Although the latter
have arc-like appearance such as in partial RiGs, they do not have
visible discs and with their clumpy structure bluer at all redshifts
than those of RiGs. Nearby CRGs are thus of great interest for
characterizing the supposedly rare high-z CRGs and in an effort
to better understand the origin of star formation (SF) in clumpy
systems (S. Inoue, N. Yoshida & L. Hernquist 2021).

CRGs are formed through the head-on collision between two
galaxies, in which a small galaxy companion passes through the
larger disc galaxy in its central region (e.g. R. Lynds & A. Toomre
1976; J. C. Theys & E. A. Spiegel 1977; P. N. Appleton & C. Struck-
Marcell 1996; A. Elagali et al. 2018). As the intruder flies away
after the impact, a bright structured ring forms from a radially
expanding density wave. With a diameter that can reach up to a
hundred kpc (K. K. Ghosh & M. Mapelli 2008), the high-density
gas in the ring provides ideal sites of enhanced SF, since gas and
dust that migrated to form the ring are prone to collapse and
produce starburst activities (R. Lynds & A. Toomre 1976; P. N.
Appleton & C. Struck-Marcell 1987; F. Renaud et al. 2018). These
new episodes of SF, which last at least 100 Myr, are so intense that
they favour the formation of young massive clusters (YMCs) and
star-forming clumps (the largest units of SF in a galaxy) along the
ring.
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YMCs are bright compact objects with a typical age range of
7 ~ 10—100 Myr and total stellar masses M > 10* M, (see B.
C. Whitmore 2003; S. F. Portegies Zwart, S. L. W. McMillan &
M. Gieles 2010; A. Adamo et al. 2020b, for comprehensive re-
views). Although they are a common occurrence in various types
of galaxies, collisions and mergers between galaxies are known
to increase the number of these young blue knots (e.g. B. C.
Whitmore et al. 1999; A. Burkert, J. Brodie & S. Larsen 2005; A.
Pellerin et al. 2010; F. Renaud et al. 2018; Z. Randriamanakoto
et al. 2013a, 2019). In fact, previous works by Q. E. Goddard,
N. Bastian & R. C. Kennicutt (2010), J. M. D. Kruijssen (2012),
A. Adamo et al. (2020b), and references therein have reported
that the cluster formation efficiency (I" or CFE), which refers to
the fraction of SF occurring in bound stellar clusters, increases
with an increasing star formation rate (SFR) density (Xspr) of
the host galaxy. Hosts with extreme environments are found to
be ~3—5 times more efficient in producing YMCs as compared
to the cases of gas-poor spiral galaxies. Other works by e.g. R.
Chandar et al. (2017, 2023) and D. O. Cook et al. (2023), however,
have reported that I" remains constant and independent from the
intensity of the host Xgrr. Any correlation, in this case, between
the two parameters would thus simply be due to a subtle bias
from age-extinction degeneracy and/or a mixed-age comparison
of observational data.

In spite of CRGs known to host sites of strong SF with an SFR
range of ~0.1-20 My yr~! (e.g. P. N. Appleton & A. P. Marston
1997; O. 1. Wong et al. 2006; M. Mapelli et al. 2010), their H 11
regions and blue star-forming knots are still poorly investigated.
Only a handful of observational works can be found in the liter-
ature: a sample of 11 CRGs by P. N. Appleton & A. P. Marston
(1997), a sample of eight northern CRGs by M. A. Bransford et
al. (1998), VII Zw 466 by L. A. Thompson & J. C. Theys (1978),
Arp 143 by P. Beirdo et al. (2009), NGC 922 by A. Pellerin et al.
(2010), AM 0644—741 by J. L. Higdon, S.J. U. Higdon & R. J. Rand
(2011) and V. M. A. Gomez-Gonzalez et al. (2024), FM 287-14
by M. Faundez-Abans et al. (2013), and AM 0035—335 a.k.a. the
Cartwheel by e.g. J. Zaragoza-Cardiel et al. (2022) and Y. D. Mayya
et al. (2023, 2024). The Cartwheel galaxy is one of the most spec-
tacular objects that has been studied extensively at several wave-
lengths. Its peculiar morphology, i.e. prominent inner and outer
rings linked together by faint spokes, emerged from the collision
of a spiral target with a much smaller intruder ~ 300 Myr ago (e.g.
J. L. Higdon 1996). With an SFR of ~20 M, yr—* (P. N. Appleton &
A.P.Marston 1997; M. Mapelli et al. 2010), the high concentration
of bright H 11 regions, He, and radio continuum emission in this
CRG archetype reveals that SF activity predominantly happens
across its rings, especially in the outer ring hosting more than 200
Hea-emitting knots (J. L. Higdon 1996; J. Zaragoza-Cardiel et al.
2022). Unlike the relatively distant Cartwheel (D, ~ 133 Mpc),
NGC 922 is one of the nearest CRGs known to date (D ~ 43
Mpc). The encounter with a dwarf compact companion ~ 330
Myr ago resulted in the C-shape morphology of the galaxy along
with an off-nuclear ring and an SFR of ~8 My yr~! (0. I. Wong
et al. 2006). A. Pellerin et al. (2010) found that the nuclear region
of NGC 922 harbours the older massive clusters (t > 50 Myr and
My > 10° My), while almost 70 per cent of the population with
ages younger than 7 Myr resides in the ring. Based on simula-
tions, the authors predict that the blue knots are prone to cluster
disruption and dissolution.

Cluster analyses of both the Cartwheel and NGC 922 indi-
cate that the ring environment likely plays a role in the clump
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formation and disruption mechanisms of CRGs. Theoretical
works by e.g. M. Mapelli & L. Mayer (2012) and F. Renaud et al.
(2018) also reported evidence for enhanced SFRs in rings, which
make CRGs potentially excellent birth sites for a large number of
blue YMCs. How much influence do the expanding ring and the
subsequent fragmentation process have in defining the lifetime
of these objects? Which types of clusters in terms of their mass,
age, and spatial distribution can survive the ring fragmentation
(occurring ~ 100 Myr after the impact, J. C. Theys & E. A. Spiegel
1977) combined with internal factors (e.g. supernova explosion
phase, and cluster evolutionary fading)? Answers to such ques-
tions provide valuable insights into the field of star clusters and
SF in general. They can be addressed by studying CRGs with an
empty ring in particular. Denoted as ‘RE’ by J. C. Theys & E.
A. Spiegel (1976), these atypical and rare CRGs have no distinct
component that can be unambiguously identified as a central
nucleus.

Arp 147 is a well-known prototype of RE galaxies located at
roughly 132 Mpc away (z ~ 0.03, 1 arcsec corresponds to 640 pc,
G. de Vaucouleurs et al. 1991; L. Fogarty et al. 2011, hereafter
F11). Its ring has a stellar mass of ~6—10 x 10'® M, and a metal-
licity of 0.19—0.40 Z,, (F11). The impact of the head-on collision
between a spiral galaxy (the target) and its minor companion
(the intruder) that occurred ~ 40—80 Myr ago is believed to have
triggered the creation of the ring of gas and stars (R. A. Gerber,
S. A. Lamb & D. S. Balsara 1992, F11; M. Mapelli & L. Mayer
2012). F11 have conducted spatially resolved kinematic study of
Arp 147 to investigate the properties of the ring including its
SF activity. They found that the ring is almost circular with a
diameter of ~ 12 kpc, i.e. relatively larger than most local CRGs
(B. F. Madore et al. 2009). They also reported that the ring hosts
two (young and old) stellar population components based on Ha
equivalent width (EW) and a blue colour map. It is believed that
the collision triggered young population to form and gets mixed
up with a native old stellar population of the parent spiral disc
galaxy. Finally, the authors derived starburst ages younger than
70 Myr across the ring, which explain the existence of strongly
star-forming H 11 regions, regardless of the age gradient in the
recent SF, i.e. the W-SW quadrant is bluer compared to the others
with an increasingly redder colour counterclockwise.

R.Romano, Y. D. Mayya & E. I. Vorobyov (2008) derived an SFR
of 4.1 and 8.6 M yr~! from Ho and far-infrared (FIR) emission,
respectively. Other SFR values in a similar range, based on obser-
vations in the X-ray (~ 9—12 M, yr~! by S. Rappaport et al. 2010,
hereafter R10), Ha (4.7 Mg yr~! by F11), and mid-IR (4.1 Mg yr~}
by R10), are also found in the literature. Table 1 summarizes the
general physical properties of Arp 147. Hereafter, we will use the
name Arp 147 mainly referring to the ring of the system. Based
on the derived values of SFR, which are moderately ~2—3 times
higher than those of local spirals, it is not surprising that Arp
147 is a nursery for massive blue star-forming knots and ultra-
luminous X-ray sources (ULXs). The latter sources are off-centre
accreting black holes with luminosities Ly > x10*° ergs™! (e.g.
G. Fabbiano 1989). R10 reported that the most intense starburst
activity in Arp 147 may have ended some 15 Myr ago given that
none of its eight ULXs is more luminous than 10* ergs~!. They
also found that the positions of ULXs and star-forming knots
across the ring are strongly related in a way that regions with
a substantial number of ULXs host as well a large population
of blue knots. In particular, the X-ray sources are either near or
in a blue knot. However, they did not explore whether the ages
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Table 1. Physical properties of Arp 147.

Parameter Value References
IRAS name 0308740107 (1)
Other names 1C 298, CGCG 390-016 (1)
(Sub)class RING, RE 2),03)
RA (J2000) 031118.9 )
Dec. (J2000) 401 18 53 (1)

Dy 132 Mpc (2),(4)
Physical scale 640 pcarcsec™! ),
Mring/Mintruder 0.57 ©)

On sky separation? 10-13 kpc (4),(6)
The ring

Diameter ~12kpc 4)
Inclination angle 25° 4)
Photometric and kinematic PA 33°,70.5° 4)
Expansion velocity 225km st 4)
B—mag ~15.9 mag 1)
Stellar mass? ~6—10 x 101 Mg )
SFR¢ ~4—12Mg yr! (4),(5),(6)
Age? ~40—80 Myr (4),(6),(7)
zb 0.19-0.40 Zg, (4)

Notes.“The listed value range of the parameter is drawn by combining the
works from multiple references. "The parameter spans a certain range of
values as derived by the work from a single reference.

Reference list. (1) NED Database; (2) G. de Vaucouleurs et al. (1991); (3) J.
C. Theys & E. A. Spiegel (1976); (4) F11; (5) R. Romano et al. (2008); (6)
R10; and (7) M. Mapelli & L. Mayer (2012).

and masses of the knots correlate with their ULX counterparts,
assuming the apparent proximity between these two SF tracers
are real.

Based on these previous works, Arp 147 is a perfect testbed
for assessing the role of the intense collision in shaping the key
characteristics of these knots. In particular, it is worth checking
whether their physical properties are in agreement with the ob-
servational studies (e.g. R10, F11) reporting the SF activity across
the ring. However, there are no detailed photometric analysis of
the CRG’s individual knots and clumpy regions published in the
literature. It is thus necessary to derive diagnostic tools such as
cluster mass function (CMF) and cluster age distribution function
(CAF) to trace past and ongoing mechanisms triggering their
birth and disruption.

This paper builds on our preliminary results in Z. Randria-
manakoto (2023, 2025). Herewith, we provide a substantial ex-
pansion of the work which characterizes the properties of mas-
sive clusters and star-forming clumps of Arp 147 using the Hub-
ble Space Telescope (HST) Wide Field and Planetary Camera
2 (WFPC2) data archive from the Mikulski Archive for Space
Telescopes (MAST). The cluster analysis is complemented with
ULX catalogues (R10) and archival Spitzer Infrared Array Camera
(IRAC) data (ID 20369) to further investigate the star formation
history (SFH) of the CRG on sub-galactic scales. The paper is out-
lined as follows: in Section 2, we describe the HST data and object
detection. Sections 3 and 4 outline the photometric catalogue and
the source properties, respectively. We present our results and
their implications in Section 5, compare the main findings with
other CRG works in Section 6, and provide a summary of this
work in Section 7. Throughout this work, we assume the follow-
ing cosmological parameters: Hy = 73km s™! Mpc™!, Q,, = 0.24,
and 2, = 1-Q,, (D. N. Spergel et al. 2007).

Star clusters and clumps in Arp 147 3
2 DATA AND SOURCE EXTRACTION

2.1 HST observations

We retrieved F450W, F606W, and F814W science images of
Arp 147 from MAST (GO Program: 11902, PI: M. Livio). With
a spatial sampling of 0.046 arcsec (equivalent to ~29pc at
the distance D; = 132Mpc), these images observed with the
HST/WFPC2 Planetary Camera (PC) were mainly used to demon-
strate science capabilities of the instrument after a brief hiatus
in science operation. They are already processed and calibrated
by the HST pipeline reduction software. Fig. 1 shows a red giant
branch composite of Arp 147 with F450W, F606W, and F814W
filters in the blue, green, and red channels, respectively. Star-
forming regions can be identified as bright blue stellar knots
populating the ring and the plume extending from the N—NE
region of the galaxy. The reddish area on the S—SE side of the
ring is believed to host the displaced remnant nucleus of the
original spiral galaxy before the elliptical intruder on the east
region of the field has tidally stretched it into the observed ring-
like structure (R. A. Gerber et al. 1992; M. Mapelli & L. Mayer
2012). Table 2 provides a summary of the HST observations used
in this work. The average point spread function (PSF)/full width
at half-maximum (FWHM) resolution of a point source is ~0.15
arcsec in all three filters.

2.2 Object extraction and ring identification

We run SEXTRACTOR (E. Bertin & S. Arnouts 1996) on the
unsharp-masked! version of an image combining F450W and
F814W observations to optimize source detection. We co-added
images from these two filters given that F450W has the deepest
exposure (8800 s), while F814W observations are less affected by
dust and extinction. Besides activating standard deblending pa-
rameters to extract sources from crowded regions of the ring, we
also applied a minimum detection limit of 3.50 above the back-
ground (bg) rms noise as well as a minimum of nine contiguous
pixels. These best-fitting parameters led to the detection of 258
objects that are mainly located in the ring and the plume of the
system, i.e. within a circle radius of ~17 arcsec from the centre
of the ring.2 Had we increased the detection threshold to 50, we
would have missed ~ 25 per cent of potential source candidates.
Further visual inspection of the composite image was done to
ensure that all potential cluster candidates were included in the
output catalogue.

We adopt the following steps to define the ring and subse-
quently help separate the selected objects associated to the ring
and other regions such as the plume (see Section 3.1): (i) we first
perform a visual identification of the ring from the multicolour
image to serve as a starting point when defining the ring in a
more robust way; (ii) we then derive a background map of the
CRG using SEXTRACTOR and draw different contours to highlight
its morphology; and (iii) we associate any region with a bg value
above (below) 20 as part of the ring (outer region). We define
the bg value of an object as the median value of a 5 by 5 pixel
background region centred at its coordinates.

1Unsharp-masking is a common technique used to enhance the contrast
of an image so that diffuse and extended sources become sharper and
stand a chance to be detected.

2We estimate the centre of the ring by eye where RA = 03:11:18.3 and
Dec. = +01:18:56 in J2000 coordinates.
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The intruder

The ring

Figurel. False-colour optical image of Arp 147 taken with the HST/WFPC2 F450W, F606 W, and F814W broad-band filters. The intrusion of the elliptical
galaxy (east) into the field of the spiral galaxy tidally stretched the latter into a ring-like structure with bright star-forming regions. A plume extending
from the N-NE of the ring also hosts trails of blue knots. The extinguished area on the S-SE side of the ring is believed to host the nucleus of the original
spiral galaxy before its collision with the intruder. The ~ 0.7 by 0.7 arcmin image is oriented with North pointing up and East to the left. The horizontal

line marks a scale bar of 1 kpc.

Table 2. HST/WFPC2 observation log of Arp 147 obtained in 2008 under GO Program 11902 (PL: M. Livio).

Filter Cent. wavelength Exp. time PSF/FWHM AS Mo, Ac Mag. lim N

A) ® (pixel) (mag) (mag, mag) (mag) (om < 0.20 mag)
FA50W 4556 8800 3.13 0.322 21.987, —0.906 26.62 253
Fe06W 5997 6600 3.26 0.228 22.887, —1.017 26.14 267
F814W 8012 6600 3.24 0.146 21.639, —1.017 25.64 236

2.3 Aperture photometry

We use IRAF/PHOT task to perform aperture photometry on each
of the original multiband images. The source instrumental mag-
nitudes were computed using a fixed aperture radius of 2 pixels
(0.1 arcsec) and sky background annuli between 5 and 8 pixels
(0.25 and 0.4 arcsec, respectively). The small aperture radius is
chosen to avoid sampling of nearby sources in the crowded re-
gions of the ring. To correct for the missing flux from the fixed
aperture radius, we calculate aperture correction, a., for each
band based on the curve of growth of four bright and isolated
sources in the field. The value of a, is derived by taking the me-
dian of the difference in magnitudes between 2 pixels to infinity
(equivalent to ~ 10 pixels or 0.5 arcsec in this work).

The Vega mag zero-point, my, and the Galactic foreground
extinction, Af, were retrieved online and also applied to the
magnitudes of each source. The values of the aperture correc-
tion, the zero-point, and the Galactic extinction for the F450W,
F606W, and F814W filters are listed in Table 2. Uncertainties in
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the absolute magnitudes result from the IRAF/PHOT photometric
errors added in quadrature with the uncertainties in m, and the
estimated a..

3 SOURCE SELECTION AND AGE MODELLING

3.1 Terminology and source catalogue

At the distance of Arp 147, most of the detected sources are YMC
complexes rather than individual YMCs (Z. Randriamanakoto
et al. 2013b). Hereafter, we refer to both objects as blue knots.
Among the star-forming regions spread across the ring are six
large-scale star-forming complexes which we refer to as clumps
in this work. In nearby galaxies, blue kpc-sized clumps, which
incorporate many smaller complexes and individual YMCs, host
the largest units of SF with masses generally above 10° Mg, (e.g.
D. M. Elmegreen & B. G. Elmegreen 2006; A. Pellerin et al.
2010). They are worth studying since they represent the smallest
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Star clusters and clumps in Arp 147 5

Table 3. General properties of the blue knots in Arp 147 listed in order of increasing RA. The full table is available online in a machine-readable format.

ID RA Dec. FA50W F606W F814W log(7) log (M) Ay Flag
(deg) (deg) (mag) (mag) (mag) () Mo) (mag) (0or1)
1 47.823622 1.316880 24.93 £0.09 24.60 £ 0.06 24.59 £0.11 6.85 4.90 0.73 1
2 47.823664 1.316752 25.39 £0.11 25.28 £ 0.09 2491 £0.13 7.30 4.98 0.44 1
3 47.824436 1.314504 25.60 £0.13 25.56 +£0.18 25.13£0.18 7.30 4.87 0.43 0
4 47.824459 1.315070 24.39 £ 0.11 2398 £0.15 24.15£0.17 6.90 4.79 0.25 0
5 47.824462 1.314486 25.56 £0.15 2527 +£0.13 24.89 £0.15 7.48 5.28 0.67 0
6 47.824496 1.314693 25.20 £0.13 24.80 £ 0.13 24.40 £0.11 8.48 5.78 0.17 0
7 47.824503 1.315232 23.19 £0.05 22.78 £0.03 23.60 £ 0.07 6.30 4.93 0.00 0
8 47.824517 1.316116 24.96 £ 0.09 24.70 £ 0.08 24.48 £0.11 6.85 4.33 0.02 0
9 47.824551 1.315903 23.85 £ 0.06 23.71 £0.05 24.00 £ 0.09 6.60 4.87 0.25 0
10 47.824555 1.314801 24.06 £ 0.11 23.53 £ 0.06 23.45 £ 0.09 6.85 4.84 0.14 0

Notes. Column 1: source identification; columns 2 and 3: J2000 equatorial coordinates; columns 4 — 6: Vega-based apparent magnitudes with their
uncertainties in F450W, F606W, and F814W bands, respectively; columns 7 and 8: the source age and mass in logarithmic base; column 9: the estimated
visual extinction; and column 10: additional information about the source position in the field of Arp 147 where 0 refers to any source inside the ring

and 1 elsewhere including the plume.

structures that can be resolved in high-z clumpy galaxies (e.g. D.
M. Elmegreen et al. 2005; O. I. Wong et al. 2006).

To identify the knots in Arp 147, we follow the selection process
developed by Z. Randriamanakoto et al. (2013a, b). The main
difference arises from cross-matching the resulting coordinates
of the detected objects in all three filters instead of relying on
a criterion based on the concentration index CI versus FWHM
plot. The value of CI is no longer reliable at the distance of
the CRG (D, ~ 130 Mpc) where clusters mostly resemble point-
like sources (Z. Randriamanakoto et al. 2022). Prior to cross-
identification, selection steps include rejection of objects detected
outside the frame in Fig. 1 and removal of foreground Milky Way
stars and background galaxies.

We only retain sources with signal-to-noise ratio (SNR) > 5
(o < 0.20 mag) in all three filters to construct a robust catalogue
of high confidence photometric candidates. We end our source
selection by visually inspecting the output catalogue to remove
any remaining false detections and sources associated with the
intruder. Out of the 211 selected objects, 81 per cent (171) belong
to the ring, and the rest (40) are found elsewhere, including the
plume on the N-NE side: they are, respectively, flagged as 0 and
1 in the online photometric catalogue as sampled in Table 3. We
note that the classification is based on the corresponding bg value
of the source as derived in Section 2.2.

After identifying the knots, we identify a clump as any kpc-
scale star-forming region fulfilling the following conditions: (i)
first, a star-forming unit area larger than 0.2 kpc?, i.e. a box size
larger than ~440 pc (~ 0.7 arcsec). We chose this threshold using
flux contour cuts on the F606W image and for each clump to in-
clude at least two bright knots with an F606W magnitude brighter
than —12.3 mag located within 0.75 arcsec from each other. It is
important to detect the clumps in the the F606 W image to avoid
undersampling at redder wavelengths due to the clumps’ lower
contrast with the galaxy’s disc profile (S. Wuyts et al. 2012). (ii)
Secondly, the closest neighbouring clump is located at least 2.5
arcsec away. Because of a Jeans instability, star-forming clumps
are found to be regularly spaced in circumnuclear rings, which
represent an environment similar to the CRG ring (e.g. R. Buta &
D. A. Crocker 1993; B. G. Elmegreen & Y. N. Efremov 1997).
(iii) Thirdly, the corresponding initial extinction estimate AY of
the region is below 1.3 mag to omit any clump located in the
reddish area of the ring. This area not only has a highly variable

1 kpc

Figure 2. Spatial distributions of the knots (crosses) and the kpc-sized
clumps (open squares) on the F606W image of Arp 147. The horizontal
line marks a scale bar of 1 kpc.

background but it is also prone to large age and mass uncertain-
ties due to age-extinction degeneracy, which is a fundamental
bias in cluster analysis and stellar population modelling. For in-
stance, because of the degeneracy, the colour and derived age of
a dusty young cluster resemble those of a genuinely older one
without extinction. Refer to Section 3.3 on how to derive A%
- a parameter used to restrict the allowed extinction range in
order to minimize age-extinction degeneracy during cluster age
fitting. We end our identification with a visual inspection of the
shortlisted candidates for quality control.

The open squares in Fig. 2 represent the positions of the se-
lected clumps across the ring, while the crosses denote the spa-
tial distribution of the knots. Finally, we perform box photome-
try on each clump to derive the corresponding multiband mag-
nitudes. Their ages and masses are computed in Section 3.3
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6 Z. Randriamanakoto et al.

Table 4. Physical parameters of the clumpy regions.

D RA Dec. Area Mgt F450W F606W F814W log (r) log (Mcr) Ay
(deg) (deg) (kpe?) (mag) (mag) (mag) (mag) ) Mo) (mag)
c1 47.824708 1.314946 0.33 ~13.60 2044 20.18 2028 6.90 6.28 0.25
c2 47.824777 1.316591 0.42 ~14.66 19.80 19.67 19.94 6.60 6.40 0.25
c3 47.825391 1.317175 0.72 ~14.17 19.61 19.38 19.60 6.60 6.48 0.25
c4 47.828234 1.314605 0.88 ~12.63 20.11 19.96 19.83 6.85 6.83 0.83
cs 47.828356 1.316999 0.20 ~13.35 20.88 2074 2044 6.85 5.95 0.06
c6 47.828392 1.316096 0.56 ~13.98 19.88 19.60 19.39 6.85 6.37 0.09

Notes. Column 1: source identification; columns 2 and 3: J2000 equatorial coordinates; column 4: area of the clump; column 5: Vega-based F606 W absolute
magnitude of the brightest knot within the clump; columns 6 — 8: Vega-based apparent magnitudes of the clump in F450W, F606W, and F814W bands,
respectively; columns 9 and 10: the fitted age and mass of the clump in logarithmic base; and column 11: the estimated visual extinction.

using least-square (LS) spectral energy distribution (SED) fitting.
Table 4 summarizes the properties of the selected clumps which
are reported in Section 4.3. We note that some of these objects
could be giant star-forming H1I regions, i.e. ionized regions of
the most recent SF from the intense UV radiation of newly formed
massive stars, rather than stellar clumps. In fact, using the Oxford
Short Wavelength Integral Field specTrograph (SWIFT) integral
field spectrograph (IFS), F11 have reported in their work that
both He luminosities and electron densities in the four quadrants
of the ring have typical values for star-forming H 11 regions, espe-
cially the ones in the eastern part. The optical IFS data, however,
are inadequate to measure e.g. EW (Hw) in smaller regions like
our clumps due to the poor seeing conditions and the coarse
spaxel scale of the instrument. Follow-up observations with a
high-resolution spectrograph such as the Very Large Telescope
Multi Unit Spectroscopic Explorer (VLT/MUSE, to analyse the
abundance of nebular emission lines like Ho and Hp, see e.g. J.
Zaragoza-Cardiel et al. 2022) or James Webb Space Telescope Mid-
Inframent Instrument (JWST/MIRI, to trace the IR dust emission
from polycyclic aromatic hydrocarbon molecules, see e.g. O. V.
Egorov et al. 2023) should be conducted to confirm the nature of
these bright kpc-sized objects.

3.2 Completeness limits

We estimate the detection limits and test the reliability of our
source identification and selection algorithm by running custom-
made Monte Carlo completeness simulations. The full descrip-
tion of the simulation code can be found in Z. Randriamanakoto
et al. (2013b, 2019). Briefly, the code is composed of five consec-
utive steps: creation of artificial clusters from point-source PSF
models, object detection, aperture photometry and calibration,
source selection, and final outputs. We use IRAF/PSF task to con-
struct the PSF models from a catalogue of bright and isolated
stars in the field. By adopting the same procedures, we compute
the completeness limits of our data in the F450W, F606W, and
F814W images between 21 and 27 mag range. For each filter, we
run the pipeline twice by considering regions inside and outside
(except the companion) the ring. Fig. 3 shows the predicted com-
pleteness fractions of the source catalogue in the FA450W (blue
lines), F606W (green), and F814W (red) images. The solid and
dashed lines correspond to the recovered rates for the regions
outside and then inside the ring, respectively. We find that the
photometric catalogue in Section 3.1 is 80 per cent complete down
to Mpssow = 25.2, Mpgoew = 25.1, and Mpg1aw — 24.8 mag. If we
were to consider a blue knot at 10 Myr of age, these magnitude
limits respectively translate to lower mass limits of 2.6 x 104,
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Figure 3. Recovered completeness fractions after applying a oy, cut to
the detected catalogues in the multiband images. Solid and dashed lines
show the recovery rates outside and inside the ring, respectively. For
each linestyle, the outermost, middle and innermost lines respectively
represent the fractions in the F450W, F606W, and F814W images. The
dash-dotted and dotted horizontal lines denote the 50 and 80 per cent
completeness limits, respectively.

2.9 x 10*, and 4.1 x 10* M, assuming the mass-to-light ratio at
that age and Yggdrasil models (E. Zackrisson et al. 2011). The
set of parameters used to retrieve the models are presented in
Section 3.3.

3.3 Age and mass least-square fitting

We derive the ages and masses of the star-forming knots and the
kpc-sized clumps using the LS-fitting technique fully described
in Z. Randriamanakoto et al. (2019) following A. Bik et al. (2003)
and P. Anders et al. (2004). The code is based on a one-to-one
comparison between a set of observed magnitudes (from F450W,
F606W, and F814W filters in this work) and a grid of single-age
stellar population (SSP) models. We use Yggdrasil evolution-
ary tracks with ages between 1 Myr and 3 Gyr to determine the
best-fitting parameters (E. Zackrisson et al. 2011). We assume
a Kroupa initial mass function (IMF), an instantaneous burst,
and PADOVA AGB (asymptotic giant branch) isochrones. We also
adopt a starburst attenuation law of Ry = 4.05 (D. Calzetti et al.
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2000), a metallicity of Z = 0.004 and then Z = 0.008, and a gas
covering factor f,,, 3 =0, 0.5 and 1. Unlike f,,, where we explore
all options available, we only retrieve models assuming these two
metallicities to align with the derived values of Z = 0.19—0.40 Z
(i.e. Z ~ 0.004—0.008 for Z, = 0.02) for Arp 147 (F11). Nonethe-
less, we note that previous works by e.g. J. Z. Gazak et al. (2014)
and B. Davies et al. (2017) have reported a higher metallicity
of Z ~ 0.02 (i.e. solar) in their YMC studies. Such values are
indeed expected if red supergiants (RSGs) dominate the NIR
light of a ~ 7 Myr old cluster. The resulting output parame-
ters depending on the values of Z and f., are investigated in
Section 4.2.

In an effort to better estimate the extinction Ay for each source,
we account for the uneven distribution of the extinction across
the ring. This is done by constraining the input extinction range
as a function of an initial extinction parameter A),. The value
of AY is computed from the extinction map in Fig. Al that we
built based on a broadband F450W —F814W colour map with
a smoothed background. Further details of the method can be
found in Z. Randriamanakoto et al. (2019). Based on the derived
extinction map, we expect star-forming knots in the S-SE region
(potential host of the nuclear remnant) to be highly extinguished
(A% > 1.5 mag), while the rest of the objects mostly have A% <
0.5 mag. We note that our approach of assigning an initial extinc-
tion parameter to each knot only minimizes but does not entirely
resolve inaccurate ages due to reddening.

4 GLOBAL PROPERTIES OF THE BLUE KNOTS
AND KPC-SIZED CLUMPS

4.1 Colours

Fig. 4 (left panel) shows the F606W versus F450W —F606W
colour-magnitude diagram (CMD) for the selected knots. Sources
flagged as 0 and 1 in Table 3 are represented by the solid cir-
cles and the solid squares, respectively. Knots embedded in the
reddish area of the ring are shown as solid triangles. Dash-
dotted, dashed, and solid lines overplotted on the CMD denote
Yggdrasil models assuming synthetic clusters with masses of
103, 10°, and 107 Mg, respectively. They were retrieved using Z
= 0.008 and f.,v = 0.5. Different ages of the synthetic cluster
are marked with multicolour squares between 5 Myr to 1 Gyr.
The data points are mostly enclosed in between the evolutionary
tracks associated with masses My = 10°—107 M. From this first-
order approximation, Arp 147 seems to host the most massive
form of SF (Mg > 10* M), even if we were to consider SSP
models with A, = 1.

The right panel of Fig. 4 displays F450W —F606W versus
F606W —F814W colour-colour diagram (CCD). Yggdrasil
models with the same input parameters as in the CMD are over-
plotted on the CCD for an extinction Ay = 0 (solid line) and
Ay = 1 (dashed line). F450W —F606W colours of the sources lie
between 0 and 1.7 with a mean value of ~0.5 as illustrated by
the solid contour plots. The CCD plot suggests that blue knots
with ages as young as ~5—10 Myr mostly dominate the clus-
ter population of the CRG. In addition, the solid triangles are
concentrated in the upper right quadrant of the CCD (0.86 <
F450W —F606W < 1.71and 0.57 < F606W —F814W < 1.05),

3This input parameter regulates the relative contribution of photoionized
gas from nebular emission and continuum to the predicted SED.

Star clusters and clumps in Arp 147 7

which suggest that the reddish area hosts highly extinguished
knots with Ay > 1. The consistency with which the data agree
with SSP models is generally the same regardless of the set of Yg-
gdrasil models used. The main difference occurs at t < 5—10
Myr. This is not surprising given the sensitivity of Yggdrasil
to the relative contribution of nebular line + continuum emis-
sion from bright massive stars of the youngest clusters (see Sec-
tion 4.2.1).

We note that using optical F450W, F606W, and F814W fil-
ters alone cannot break age-extinction degeneracy. Estimated
ages of the knots based on CCD and/or SED fitting tend to be
younger or older than their real ages. One would require UV
observations to derive more accurate results, especially for cases
where 7 < 10 Myr (D. Calzetti et al. 2015). They are sensitive
to young light primarily emitted by newly formed massive OB
stars still embedded in their dust cocoons. UV data can thus
help distinguish between highly extinguished young clusters and
any older population with low reddening. There are publicly
available UV data e.g. from Galex and SWIFT/UltraViolet and
Optical Telescope in MAST. However, with an angular resolu-
tion of ~5 arcsec, which translates to a physical scale of ~3
kpc at the distance of Arp 147, they cannot resolve our indi-
vidual knots as in the high-resolution HST observations. Al-
though we could not extract the UV magnitude of each de-
tected knot, we still use these archival data to cross-validate
our derived ages with the spatial distribution of the UV emis-
sion imaged across the ring (see Section 4.2.2). For instance,
clusters with derived ages younger than 10 Myr are expected
to inhabit regions with strong UV emission (D. Calzetti et al.
2015).

In addition to broad-band UV observations, including a
narrow-band filter that traces Ho emission line is also highly rec-
ommended to get robust results during SED fitting. He emission
originates from massive and short-lived O-stars by ionizing the
surrounding hydrogen gas clouds. B. C. Whitmore et al. (2020)
have shown that Ho photometry is more important than broad-
band UV measurements to resolve age-extinction degeneracy
when age dating old red clusters (> 100 Myr) in actively star-
forming galaxies. The inclusion of Ha data prevents these sources
from being misclassified as dusty knots younger than 10 Myr,
especially if the extinction is a free parameter that cannot be
constrained in the LS fitting. Red clusters with concentrated or
partially exposed He are expected to have young ages (5-10 Myr)
given that their redness arises from extinction. Because of the low
resolution of available He observations to date (with a physical
scale as large as ~ 400 pc), which were used by R. Romano et al.
(2008) and F11, it is not possible to conduct a one-to-one iden-
tification of knots with or without Hoe emission. Nevertheless,
the published spatial distributions of Hx on a global scale can
also serve as a benchmark for validating the fitted ages reported
in Section 4.2.2. For instance, we expect a substantial number of
knots younger than 10 Myr in the quadrant of the ring with the
largest EW(Ha) (see table 3 in F11).

The F450W —F814W colour range varies from —0.4 to 2.6.
Fig. A1 also displays the spatial distribution of the detected knots
as a function of their F450W —F814W colour. Blue knots with
F450W —F814W < 0 dominate the northern part of the ring
while the red ones (F450W —F814W >1) are mostly found in
the eastern region. The trend is still prominent even if we adopt
slightly different cutoffs while defining the colour-coded labels.
If not caused by the reddening effect, the distribution in the
northern region is a reflection of ongoing SF activity, and/or a
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Figure 4. CMD (F606W versus F450W —F606W, left) and CCD (F450W —F606W versus F606W —F814W, right) of the star-forming knots inside
(circles) and outside (squares) the ring of Arp 147. Solid triangles represent the knots in the dusty S-SE region. Density contour plots are overlaid
to show the distribution of the clusters. The scale bars represent F606W magnitude (F450W —F606W colour index) where darker shades correspond to
brighter (bluer) knots and lighter shades indicating fainter (redder) ones. The different lines show Yggdrasil SSP models of synthetic clusters with
Z = 0.008, feoy = 0.5, and masses of 10° (dash-dotted), 10° (dashed), and 107 M, (solid) overplotted on the CMD for comparison. The solid and dashed
lines on top of the CCD, respectively, represent the models with Ay = 0 and 1 assuming a starburst attenuation law. Few key ages between 5 Myr and 1
Gyr of the predicted evolutionary tracks are also indicated using different markers. The arrows indicate the directions in which the data points will move
with a reddening Ay = 1. The line plots on the top right of each panel denote the median values of the associated error bars to the data points.
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Figure 5. Distributions of the derived cluster ages (left), masses (mid-
dle), and extinctions (right) depending on the assumed metallicity Z and
the gas covering factor f.oy. Top and bottom panels correspond to metal-
licities of Z = 0.004 and 0.008, respectively.

combination of both. The prominence of dust in the eastern re-
gion, however, explains the concentration of red sources in that
area, especially in the S-SE. We explore further the reasons be-
hind the colour gradient in Section 5.6.

4.2 Ages, masses, and extinctions of the blue knots

4.2.1 Which Yggdrasil models to consider?

Fig. 5 compares the derived ages (left panel), masses (middle),
and extinctions (right) assuming Yggdrasil SSP models with
a metallicity of Z = 0.004 (top panel) and Z = 0.008 (bottom).
Outputs using different values of f.. are also overplotted for each
distribution. We find that, irrespective of the input parameters
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Z and f.y, more than one third of the cluster population are
younger than 10 Myr. The SSP model with Z = 0.008 and f.ov = 1
returns the highest number (62 per cent) of clusters with 7 <
10 Myr. We make note, however, of a narrow ‘chimney’ near
log (7 /yr) ~ 6.8, instead of the cluster ages being evenly spread
out over a wider time interval. This high concentration can be
explained by the appearance of RSGs which dominate the stellar
population ages around this time (e.g. R. de Grijs et al. 2013;
Z. Randriamanakoto et al. 2019). In terms of mass, the mass—
metallicity degeneracy does not seem to have a strong influence
on the derived values for all f.,, model parameters. There is no
prominent trend of increasing cluster mass for higher metallici-
ties. In fact, the median values of the derived cluster masses for
Z = 0.008 tend to be smaller than the ones for Z = 0.004, regard-
less of the values of f.,, and whether or not we apply an upper
mass cut-off. Finally, distributions of the derived extinctions are
very similar for all models. At least half of the population have
AV < 0.5.

It is not surprising to observe different age distributions for
clusters younger than 10 Myr. Cluster SEDs are sensitive to the
relative contribution from nebular continuum and emission at
the youngest ages (E. Zackrisson et al. 2001). SSP models that
take into account this factor (f.,, = 1) thus return more objects
younger than ~ 3 Myr than the ones without nebular treatment
(feov = 0). For this reason, our main analysis and discussion are
based on results considering models with a gas covering factor of
feov = 0.5 which is a good compromise between the two cases. As
for metallicity, we consider, hereafter, the best-fitting results (that
correspond to the minimum x?2 value) from the two SSP models
of Z = 0.004 and 0.008. Given that these values were chosen to
be consistent with F11’s stellar population analysis of the CRG,
we can then minimize bias while comparing our findings with
their work in Sections 4.2.2 and 5.1. We note that adopting an
SSP model with Z = Z, returns a slightly older population with
a median age of ~ 12 Myr as opposed to ~ 8 Myr assuming
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Figure 6. Mass versus age distribution of the cluster population. Solid
triangles represent the knots embedded in the dusty area of the ring.
The solid and dashed lines mark the mass limits assuming 80 per cent
completeness limits in the F606W and F814W filters, respectively.

the chosen metallicities. However, we find that the discrepancy
in the results does not significantly affect our conclusions in
Section 7.

4.2.2 Output results from the SED fitting

Fig. 6 shows the resulting mass versus age distribution of the blue
knots considering SSP models of both Z = 0.004 and 0.008, and
feov = 0.5. To help investigate where the knots form and how they
move along the expanding ring, we also plot in Fig. 7 the spatial
distributions of the blue knots split into different age (left), mass
(middle), and extinction (right) bins with the derived values of
the parameters listed in Table 3.

Overall, Arp 147 has a young cluster population with an
age range spread between ~1—1000 Myr and a median age of

Star clusters and clumps in Arp 147 9

~ 8 Myr. More than half (58 per cent) of the sources have ages
below 10 Myr. Before interpreting further the values of the fitted
parameters, we should keep in mind that our photometric anal-
yses lack UV and He observations. It implies that age-extinction
degeneracy is only minimized but not entirely broken, though
effort has been made to constrain the extinction range during the
SED-fitting procedure (see Section 3.3). In that case, it is possible
that the fraction of clusters younger than 10 Myr is overestimated
and the median value of ~ 8 Myr is biased toward a younger age,
i.e. the fitting algorithm wrongly assigns ages younger than 10
Myr to old knots with low extinction. The degeneracy will overes-
timate as well critical parameters such as the CFE, I (Section 5.5).
Nevertheless, because of the overabundance of blue colours in
Fig. Al and especially the bright UV (see Fig. 1, bottom-left panel
in R10) and He (see Fig. 7, top panel in F11) emissions mostly
spread across the ring, we expect the majority of the fitted ages
to be younger than 10 Myr. This is irrespective of the strong
peak near log (t/yr) ~ 6.8 in the age-mass plane in Fig. 6. The
youngest candidates (t < 5 Myr, open stars) are mainly located
in the NE quadrant and the western region of the CRG, which
are in agreement with the detection of bright hotspots of UV
emission in these regions (R10). Knots in the age range 5—10 Myr
(grey circles) are found everywhere, especially the SE quadrant
of the ring (see Fig. 7, left panel). Such distribution is consistent
with that of Ho emission (which is more or less uniformly dis-
tributed across the ring; see R. Romano et al. 2008 and F11) and
the EW(Hw)-based starburst age range of each quadrant by F11.
The authors record as well the youngest age range of the recent
SF of ~1—2 Myr in the SE quadrant of the ring. Clusters in the
age range 10-100 Myr (solid triangles) that constitute 21 per cent
of the whole sample are also concentrated in the NE quadrant.
The rest of the population, i.e. © > 100 Myr (solid diamonds)
accounting for 21 percent of the sample, mostly reside along
the northern part of the ring. The spatial concentration of knots
with similar ages suggests that they must have been born in
the same SF episode. Even if the low number of clusters with
ages T > 10 Myr in the S-SE dusty region can be explained by
the challenges of detecting these fading clusters in such highly
extinguished regions, the use of only three filters and the lack
of UV and Ha data to break age-extinction degeneracy should
also be kept in mind (see e.g. D. Calzetti et al. 2015; R. Chandar
et al. 2023).

T
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Figure 7. The spatial distributions of the star-forming knots as a function of their age (left), mass (middle), and extinction (right). The different labels
correspond to four different bin ranges as shown in the legend of each panel. The cross marks the centre of the ring which is defined by the grey area.
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The masses of the blue knots span a range between
4.29 < log(My/Mg) > 7.40 with a median value of ~ 2 x
10° M. Arp 147 hence appears to have a slightly more mas-
sive cluster population compared to the usual mass range of
~10°—107 M, for clusters in nearby starburst environments (e.g.
B. C. Whitmore 2003). In spite of a rigorous selection of SEXTRAC-
TOR detection parameters and a small aperture radius to perform
photometry, resolution bias cannot be avoided at the distance
D; > 100 Mpc of Arp 147 (Z. Randriamanakoto et al. 2013b). In
particular, sources with masses My > 10%° M, labelled as solid
diamonds in Fig. 7 (middle panel) and which represent 8 per cent
of the sample, should be interpreted with caution. Both blending
effects and age-extinction degeneracy tend to overestimate the
derived mass. The latter bias applies especially to those hosted
by the highly extinguished reddish area of the ring. However,
the cluster sample should be less susceptible to stochastic IMF
sampling which primarily affects derived ages of sources with
masses My < afew x 10* M, (e.g. M. Fouesneau & A. Lancon
2010). This is because our least massive source has an estimated
value of My ~ 2 x 10* M. Finally, we notice a clear trend in
the cluster position as a function of mass. While 69 per cent of
sources with M, < 10° M, (open stars) reside in the northern
region, the SE quadrant alone hosts 36 per cent of clusters with
masses above this value. There is also a distinct trail of sources
with My < 10° Mg, across the thin component in the western
part of the ring. The clustering could indicate that there may be
a physical connection between the knot properties and its host
environment, assuming statistical bias and uncertainties do not
dominate over plausible external factors.

The fitted extinctions of the knots have a median value
Ay =0.46 mag or E(B—V)=0.11 mag where the majority
(86 per cent) of the population has extinction values Ay < 1mag.
While 73 per cent of the least extinguished sources (Ay < 0.25
mag, open stars) reside in the northern side of the CRG, 29
sources with Ay > 1 mag (solid diamonds) are mainly found in
its eastern part. In particular, the most obscured ones (Ay > 1.5
mag) are highly concentrated in the S-SE reddish area, as ex-
pected. Besides age-extinction degeneracy, the observed cluster-
ing could be evidence linking the extinction and the cluster host
environment.

Why do we find sources older than the ~50 Myr dynamical age
of the ring? Are the higher mass values of the detected sources
solely caused by systematic bias? What is (are) the main reason(s)
behind the distinct clustering in the age and mass spatial distri-
butions? To address these questions and get more insight into the
CRG SFH, we conduct more thorough investigations in Section 5.

4.2.3 STARBURST99 versus Yggdrasil fitted parameters

We also assess any systematic bias introduced by our choice of
the evolutionary track models when performing SED fitting to
the source photometric catalogues. This is done by comparing the
LS-fitted parameters based on Yggdrasil and STARBURST99
SSP models (C. Leitherer et al. 1999, 2014) of a subset of 70
star-forming knots. With an initial extinction estimate of A?, <
0.25 mag, these 70 sources lie in regions less affected by dust,
specifically the western and northern parts of the ring. They serve
as our testbed for assessing the dependence of the output results
on the chosen SSP models.

STARBURST99 models with ages between 1 Myr and 3 Gyr were
retrieved assuming similar input parameters as for Yggdrasil,
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Figure 8. Comparisons of the knot parameters obtained from fitting
Yggdrasil (solid circles and filled histograms) and STARBURST99 (open
circles and hatched histograms) SSP models. Displayed are the age-mass
plane (top-left panel) and the distributions of the cluster mass (top right),
age (bottom left), and extinction (bottom right) parameters. The solid and
dashed lines in the age-mass plane represent the mass limits assuming 80
per cent completeness limits in the F606 W and F814 W filters, respectively.

i.e. asingle instantaneous burst of SF with a Kroupa IMF, PADOVA
AGB SSPs, and the same metallicities of Z = 0.004 and then Z =
0.008. We select STARBURST99 among many others for compar-
ison, since the SSP model is also considered appropriate in the
context of star cluster analysis (see e.g. N. Bastian et al. 2005; R.
de Grijs et al. 2013; Z. Randriamanakoto et al. 2019; W. Waldron
et al. 2023). We note, however, that STARBURST99 does not take
into account nebular emission from the warm and ionized gas
that is mostly associated to star clusters younger than 10 Myr.

Black and grey markers (or histograms) in Fig. 8 represent
results assuming Yggdrasil and STARBURST99 models, respec-
tively. The distribution of the data points in the age-mass plane
(top-left panel) reveals that STARBURST99 ages mainly converge
into a narrow range creating a prominent chimney at log(z /yr) ~
6.8. Although such a distribution (due to the appearance of RSGs
at this age) also exists for Yggdrasil ages, it is, however, less
pronounced as the data points extend to ages as young as 1 Myr.
In fact, 29 out of the 70 knots (41 per cent) have Yggdrasil ages
below 5 Myr versus none for STARBURST99 ages. With median
values of log (M /Mg) ~ 4.90 (STARBURSTY9) and ~ 5.06 (Yg-
gdrasil), the ranges of the resulting masses (top-right panel)
are nevertheless generally consistent with each other. As for the
derived Ay shown on the bottom-right panel, the values peak at
Ay ~ 0.01 and ~ 0.27 mag considering STARBURST99 and Yg-
gdrasil models, respectively. The discrepancy, which corre-
lates with the age distributions, is a signature of the effects of
the age-extinction degeneracy, i.e. reddening is underestimated
while age is overestimated, and vice versa. The bias seems to
be more prominent for STARBURST99 results where more than
65 per cent of the fitted data points have A, ~ 0 leading to the
age overestimate of the youngest clusters. Finally, the data points
are better reproduced by the latter model based on the y? statistic
of the LS fitting.

Models with (Yggdrasil) and without (STARBURST99)
emission-line treatments in the early stages of cluster evolution
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indeed return different values of the fitted parameters. The for-
mer is expected to better reflect the evolutionary track of clusters
younger than 10 Myr, not yet free from extinction, since they
are still associated with the surrounding nebular emission from
their massive OB-type stars. Based on these comparisons and
given that Arp 147 likely consists of a young cluster population,
the fitted results from Yggdrasil models are more suitable as
reference values in this work.

4.3 Properties of the clumps

The estimated values of Ay < 0.25 indicate that the sources are
relatively free from extinction, except C4 where Ay = 0.83. This
is expected given its location, and hence the inferred AY, from
the extinction map. The bright kpc-sized clumps have areas be-
tween 0.20 and 0.88 kpc? (with a diameter range from ~ 510
to 1060 pc) and masses larger than 10° M, except C5 having a
slightly smaller mass of ~ 8.9 x 10° Mg, The size of the largest
(A~ 1100 by 780 pc) and most massive (~ 6.8 x 10° M) clump,
C4, follows the relation established by D. M. Elmegreen et al.
(1994), i.e. the size of the largest clump is expected to scale with
the B-band absolute magnitude of its host galaxy. This implies
that clumps form from giant clouds, which are the product of
gravitational instabilities in the ambient interstellar medium.
The masses of clumps observed in Arp 147 are comparable with
those (a dozen) of the CRG NGC 922 with masses between
~ 9 x 10°-3 x 10" Mg, (A. Pellerin et al. 2010) taking into ac-
count the ~1 mag difference in their absolute magnitudes. Both
CRGs have larger and more massive clumps than the ones of
local spirals with similar absolute magnitudes because of their
original galaxy’s disc stirred up by the collision, which in turn
triggers a much larger scale for gravitational collapse (S. C. Gal-
lagher et al. 2010). In other words, clump sizes and masses are
tightly related to the local velocity dispersion in the gas. Finally,
our clump ages are all younger than 10 Myr. Hence, these star-
forming regions must have formed within the ring, not being
ejected into it from the field of the distorted spiral galaxy. Unlike
Arp 147, both young (> 10 Myr) and relatively older (45—90
Myr) clumps are found in the field of NGC 922. The N-body
simulations by O. I. Wong et al. (2006) have suggested that the
drop-through collision of an intruder through the disc of the
larger spiral occurred ~ 330 Myr ago to form NGC 922. It is thus
normal to detect intermediate-age clumps given its dynamical
age.

The clumpy structure of local CRGs is not only ideal to help
establish the differences and similarities of SF of galaxies as a
function of redshift. These bright sources, which are large scale
SF sites of YMCs, are also useful for investigating the SF effi-
ciency (SFE) on non-nuclear sub-galactic scales. Unfortunately,
we could not derive accurate SFRs at the spatial scale of our
clumps. At the distance of Arp 147, archival Spitzer/IRAC data
can only give rough estimates of the parameter associated to areas
larger than ~ 15 kpc? (see Section 5.6).

4.4 Any association with ULXs?

CRGs are recognized as ideal ULX nurseries because of the en-
hanced SF triggered by the drop-through collision (see e.g. D. A.
Swartz, A. F. Tennant & R. Soria 2009; P. Kaaret, H. Feng & T.
P. Roberts 2017; A. Wolter, A. Fruscione & M. Mapelli 2018). In
the case of the Cartwheel, C. Salvaggio et al. (2023) have recently
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detected at least 29 ULXs across its rings. This is the largest num-
ber ever discovered in a single galaxy. For Arp 147, the excellent
angular resolution of Chandra X-ray observations (~ 0.5 arcsec)
has led R10 to identify eight ULXs around its ring and another
belonging to the plume. The powerful sources have unabsorbed
X-ray luminosities in the range of Ly ~ 1.5—7.5 x 10%*° ergs™' (A.
Wolter et al. 2018) and they reside in the eastern part of the ring,
except ULX-1 which is located in the NW region. This spatial
distribution could either merely be random, or a reflection of the
post-collision SFH of the galaxy. According to R10, the high X-
ray activity of Arp 147 in the eastern region suggests a most recent
(and possibly current) SF activity occurring in that area as a result
of the collision. In fact, with typical ages < 10 Myr (Y. Gao et al.
2003; P. Kaaret et al. 2004), ULXs are good tracers of the most
recent SF activity of their host galaxies. The spatial distribution is
consistent with the findings from our work, where more than half
of the sources are younger than t < 10 Myr in the same region.

We also searched for possible ULX counterparts of blue stellar
clusters considering a search radius of r = 0.5 arcsec (~ 300 pc)
after performing IRAF/CCMAP astrometry calibration to the HST
images using Guide Star Catalogue II. The value of r is chosen to
take into account the relative uncertainty in the ULX positions
derived from Chandra coordinate systems (~0.3—0.5 arcsec as
per R10), while minimizing the inclusion of spurious counter-
parts. It is also possible that an ULX has been ejected up to ~
300 pc from a nearby cluster that could have been its birthplace
(J. Poutanen et al. 2013). In that case, any separation below our
chosen value of r can still be treated as a true ULX—cluster associ-
ation. Each X-ray source has at least one nearby cluster younger
than 10 Myr within the search radius, except ULX-3 and ULX-4
with much older neighbouring clusters of ~ 200 Myr old. In all
cases, the immediate neighbouring clusters are located at least ~
0.15 arcsec away, i.e. not coincident to the ULX positions. ULX-1
and ULX-5 are also associated with clumps C3 (r ~ 4 Myr) and
C6 (t ~ 7 Myr), respectively. Table B1 summarizes the properties
of the clusters near the positions of the ULXs. We note however
that at the adopted 0.5 arcsec matching radius, a simple Poisson
estimate following the standard approach used in counterpart-
identification studies (e.g. A. Georgakakis et al. 2004) and based
on the surface density of catalogued knots yields a per-source
chance alignment probability of pchance ~ 0.25—0.35, implying
that ~2—3 of the 9 ULX-knot associations may be spurious. The
knot and clump ages below 10 Myr are comparable with the
young ages of clusters (< 6 Myr) associated with X-ray sources in
the Antennae galaxies (J. Poutanen et al. 2013). However, source
ages around 200 Myr imply that the relatively old knots are less
likely to be related with the X-ray sources unless there is an
overestimate in the cluster age from age-extinction degeneracy.
In fact, the colour of a dusty young cluster appears red and it can
be misidentified as an old one without extinction because of the
degeneracy.

We did not find any prominent correlation between the intrin-
sic luminosity of the ULX sample and the properties of their po-
tential cluster counterparts. Nevertheless, the detection of young
blue knots and clumps within the search radius from the X-ray
source positions could suggest that these objects are none other
than the ULX birth sites (Y. D. Mayya et al. 2023; V. M. A. Gomez-
Gonzalez et al. 2024). The nature of any ULX-knot association
is still a matter of debate and thus requires sufficient evidence
involving spectroscopic observations, especially at the distance of
Arp 147 where the individual knots have finite physical sizes of
~350 pc and given the relatively low value of pchance ~ 0.25—0.35.
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5 VARIOUS DIAGNOSTIC TOOLS AND THEIR
IMPLICATIONS

5.1 Azimuthal age distribution

In Fig. 9 (left panel), we plot the azimuthal (AZ) distribution of
the blue knots against their computed ages to assess the dom-
inant SF mechanism across the CRG and to check whether its
ring-like structure is long-lived or a transient feature. We exclude
sources older than 200 Myr to avoid statistical bias, since the
cluster population is significantly incomplete beyond that age.
The AZ distance is measured counterclockwise from the ring’s
fitted major axis which is the 0° AZ in this work. The black solid
points represent the mean age per 30° AZ bin size. Unlike clusters
in the circumnuclear ring of NGC 2328 (P. Viisinen, S. Barway &
Z. Randriamanakoto 2014) or the ones along the spiral arms of
NGC 1566 (F. Shabani et al. 2018), there is no evidence for any
prominent age sequence across the ring of Arp 147 apart from a
bump at AZ distances of ~0°—60°. The absence of data points at
AZ distances between —150° and —180° is explained by the poor
knot detection in the most diffuse region near the reddish area of
the ring.

The most common explanation for the lack of an AZ age
(colour) gradient, assuming the observed pattern is real, arises
from the occurrence of an outwardly self-propagating SF mech-
anism across the ring as a result of the drop-through collision.
A gradual increase of the gas density in the ring would then
trigger a gravitational collapse and massive SF once it reaches
critical density at some stage. In this scenario, the knots can
form anywhere throughout the ring due to local gravitational
instabilities (e.g. R. Lynds & A. Toomre 1976; J. C. Theys & E. A.
Spiegel 1977; R. A. Gerber et al. 1992). The bump within ~0°—60°
AZ is most likely real given that this AZ bin coincides with the
locations of the point of impact (F11) and an extending plume N—
NE side of the ring. This implies that although a self-propagating
SF might trigger the formation of knots across the ring, there is a
possibility that the process is coupled with some external factors
in this particular region (e.g. any residual tidal interaction with
the companion) or even further beyond.

In fact, ULX properties of Arp 147 do not support a radially self-
propagating SF. The relatively high number of ULXs with a popu-
lation lacking extremely bright ones, i.e. Ly > 10% ergs~?, rather
defines the large rate of SF as a collision-driven intense starburst
that likely reached its peak ~10—40 Myr ago (R10). These bright
sources are believed to emerge from the same burst that produced
the young blue knots across the ring, and hence the detection of
the latter in their vicinity (see Section 4.4). Furthermore, previ-
ous works focusing on the SF activity of Arp 147 by F11 have
reported the presence of a colour (age) gradient in the recent SF
across the CRG’s ring. They found that the W-SW quadrant of the
ring is bluer compared to the others with an increasingly redder
colour counterclockwise. The existence of such pattern can be
interpreted as a direct visual record of a coherent and large-scale
collision-triggered starburst event happening all around the ring.
The triggering of a synchronized recent SF is known to be a strong
evidence of a radially propagating star-forming density wave as
opposed to a self-propagating SF mechanism (P. N. Appleton & A.
P. Marston 1997; M. A. Bransford et al. 1998). This is consistent
with the combined stellar and gas-dynamical model by R. A. Ger-
ber et al. (1992) to predict the formation of a system resembling
Arp 147. Their numerical works suggest that an outward-moving
density wave, which is induced by an off-centre collision, sweeps

MNRAS 549, 1-23 (2026)

up the surrounding gas along way. The process enhances SF by
triggering a strong starburst activity that creates the expanding
ring. Thereafter, bursts of SF are found in high gas density re-
gions furthest away from the nucleus. Recent hydrodynamical
simulations of a Cartwheel-like CRG by F. Renaud et al. (2018)
support as well an enhanced SF being triggered by compression
from high-pressure shock waves, expanding outward at a con-
stant speed. Their model predicts a reversed radial age gradient
which indicates a distinct SF sequence across the post-collision
features of the simulated CRG. Note that their proposed mate-
rial wave model differs from the classical density wave scenario
whereby the expanding ring drags gas and the stars it forms to
its current location instead of simply passing through and not
carrying them along.

Based on these observational and theoretical works, the lack
of AZ age gradient likely stems from possible bias. The internal
effects of light absorption may be responsible for the absence
or the weakness of an AZ age (colour) gradient (F. Schweizer
1976). Such a process can smear out the colour gradient as the
bluer colour indices towards the inner edge of the ring are com-
pensated by increasing light absorption. Alternatively, the age
sequence can also be smeared out if the collision-triggered star-
burst event gets superimposed with an apparent stochastic SF
process. Driven by stellar feedback (e.g. SN explosions, and stellar
winds), stochastic SF is a self-propagating random process that
compresses surrounding molecular clouds and thereby igniting a
chain reaction mechanism of more massive star birth (H. Gerola
& P. E. Seiden 1978). Robust age dating including UV and Ho
observations will hopefully help to resolve these conflicting sce-
narios behind the AZ age distribution across the ring. In any case,
both radially expanding star-forming wave and self-propagating
SF are associated with a ring that is short-lived, making it a
transient feature that will fade away in one galactic year. It is
predicted that the expanding ring will fragment into large clumps
by strong perturbations to finally disappear almost completely in
about ~0.2—1 Gyr (J. C. Theys & E. A. Spiegel 1977; F. Renaud
et al. 2018; S. Inoue et al. 2021). Otherwise, differential rotation
(which causes the gas to move at different speeds) could also be
the underlying factor for stretching and breaking apart a ring that
formed by self-propagation within ~100—200 Myr (H. Gerola &
P. E. Seiden 1978).

5.2 Radial mass distribution

The right panel of Fig. 9 shows the cluster masses plotted against
their distances from the highly extinguished S-SE side of the
ring. Black solid points denote the mean mass per 2.5 kpc bin
size. We find a decreasing mass with an increasing distance from
the reddish area. Such a trend is similar to the cluster mass-
galactocentric radius relation based on observational works by
e.g. A. Adamo et al. (2015), M. Messa et al. (2018a), and Z. Ran-
driamanakoto et al. (2019), except that the reference point to
estimate the radial distance is not at centre of the galaxy but
rather within the most extinguished region of the empty ring.
The location is chosen under the assumption that it hosts the
displaced remnant nucleus of the distorted spiral galaxy (e.g. R. A.
Gerber et al. 1992; M. Mapelli & L. Mayer 2012). We still observe
a radially varying cluster mass even if we were to exclude objects
more massive than 10° Mg,

W. Sun et al. (2016) suggested a stochastic cluster formation
process to explain the observed relation as a result of size-of-
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Figure 9. The AZ age (left) and radial mass (right) distributions of the knots. The solid points represent the mean ages and mean masses per 30° AZ
bin size and per 2.5 kpc bin size, respectively. The major axis of the ring refers to the 0° AZ. The dusty S-SE area is the reference point used to estimate

the radial distance.

sample effect. Galaxies with higher SFR stand a higher chance
to form a larger cluster population and, thus, they are more likely
to sample the high-mass bins of the cluster IMF. On the other
hand, given that the collision occurred ~ 50 Myr ago, and that
two galaxies are still relatively close with a projected separation
of ~13 kpc, the elliptical intruder is likely to be still deep within
the potential well of the distorted spiral, and hence can bear some
influence on the gas dynamics in the empty ring. The ongoing
interaction would trigger the concentration of high-gas density in
the nearby S-SE side of the ring, which is a necessary key ingredi-
ent for the birth of the most massive knots in an environmentally
dependent cluster formation scenario (e.g. A. Adamo et al. 2015;
Z. Randriamanakoto et al. 2019).

This second scenario is in agreement with numerical predic-
tions by F. Renaud et al. (2018). The authors have reported that
clusters that formed after the collision are predominantly more
massive than the ones before the collision. In particular, the most
massive clusters inhabit regions with high gas densities and low
shear, and thus favouring the concentration of intense SF. For a
Cartwheel-like system, these regions are found in the opposite
side of the nucleus, across the outer ring, where SF is less efficient
because of high shear-driven turbulence that stretches and heats
gas clouds. This distinct distribution of the SF activity generates
a strong asymmetry in the AZ distribution of the stellar mass
formed in the ring. It is then reasonable to use the AZ and/or
radial mass distribution to trace the SFH of the CRG as well as
the epoch when the SF peaked.

5.3 Luminosity and mass functions

Cluster luminosity function (CLF) and its corresponding mass
function (CMF) are measurable traits used to better understand
the physical properties of a cluster population. Their shape and
any distinct features encode past and ongoing processes trigger-
ing the YMC birth and subsequent evolution. Both functions are
generally consistent with power-laws (PL) of the form dN/dL «
L~ with @ ~ 2 and dAN/dM o« M~# with B ~ 2, respectively (see
e.g. B. G. Elmegreen & Y. N. Efremov 1997; B. C. Whitmore et al.
1999 for CLFs and Q. Zhang & S. M. Fall 1999; A. Bik et al. 2003
for CMFs).

5.3.1 Multiband CLFs

In this work, we use cumulative distribution to construct un-
binned CLFs of Arp 147 using the F450W, F606W, and F814W
observations. Cumulative methods are deemed more appropriate
to test the hypothesis of any truncated distribution (especially for
galaxies with a small number of clusters; see e.g. N. Bastian et al.

Table 5. Fitted slopes of the completeness-corrected cumulative CLFs.

Filter Cut-off (mag) ars QBayes
F450W —10.43 2.19 2.01
F606W —10.52 2.15 1.94
F814W —10.83 2.21 2.01

Note. For each filter, we derive the slope of a pure PL fit to the
completeness-corrected CLF up to the 80 per cent completeteness level
listed in the second column. Least-square (LS) and Bayesian (Bayes) fit-
ting techniques are used to estimate the slopes ars and apayes, respec-
tively.

2012; M. Messa et al. 2018b; S. T. Linden et al. 2021). We fit asingle
PL function to the data using LS method and Bayesian (Bayes)
fitting technique. Refer to e.g. M. Messa et al. (2018a, b) for a
comprehensive description of the Bayes-fitting method. Before
fitting a single PL to the CLFs, we first apply a completeness
correction to the data using the predicted completeness fractions
in Section 3.2. The process is necessary to avoid any spurious
turnover at the faint end of the distribution due to the instru-
mental detection limit from the observations. Table 5 lists the
80 per cent completeness limits, until which we perform the fit,
and the resulting PL slopes of ars and apayes USing least-square
and Bayesian methods, respectively.

For both fitting techniques and for all three filters, the val-
ues of the PL slopes are o > 2 (with their uncertainties ranging
between 0.03—0.10), except for the Bayes-fitted CLF in F606W
with agayes = 1.94. Nevertheless, the values of g = 2.15-2.21
are steeper by ~0.2 than those of ogayes = 1.94—2.01. This dis-
crepancy is due to LS giving more weight to data points at the
upper end of the CLFs, and hence a steeper slope, as opposed to
the Bayes-fitting process. Since the latter is deemed more robust
when fitting a PL (or other functions) to the cluster distribution,
our discussions are mainly based on Bayes-fitted parameters of
the CLFs (and CMFs) hereafter.

A deviation from a PL can be observed in the cumulative
competeness-corrected CLFs shown in Fig. 10, especially for the
F606W data points. Given that unbinned CLFs are less sensitive
to statistical bias compared to binned ones, other factors could
also play a role in shaping this truncated feature, especially if we
were to detect the same trend in the CMFs (see Section 5.3.2).

5.3.2 CMFs of the knots in different age intervals

The purple points in Fig. 11 represent a cumulative CMF for all
clusters younger than 200 Myr. Besides excluding sources with
M, > 10%° Mg, (to minimize resolution bias), we also exclude
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Table 6. Fitted parameters of the completeness-uncorrected CMFs as-
suming pure PL and Schechter functions.
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Figure 10. Cumulative CLFs corrected from observational incomplete-
ness using the FA50W (top curve), F606W (middle), and F814W (bottom)
photometric data points. The open circles represent the original CLFs be-
fore applying completeness correction. The dashed and solid lines denote
a single PL fit to the sources brighter than the 80 per cent completeness
limits (vertical lines) using LS- and Bayes-fitting techniques, respectively.
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Figure 11. Cumulative CMFs of the knots with age intervals of 1 -

200 Myr (top curve), 1 - 10 Myr (middle) and 10 - 200 Myr (bottom).
Solid and dash-dotted lines respectively represent Bayes PL and Sch
fits to the CMFs for knots with M > M. The vertical lines denote
log(Mcut /M@ ) = 4.46 (dotted line) and 5.37 (dashed) to get mass-limited
samples for r < 10 and < 200 Myr, respectively.

the old ones (r > 200 Myr in this work) to minimize statisti-
cal bias from incompleteness. We did not apply a completeness
correction to the CMF since deriving cluster mass completeness
limits is highly uncertain because of the limited availability of
filters in this work. The solid line represents a PL fit to data points
more massive than My, = 10*7 Mg, which is the highest peak of
the CMF if we were to use a binned distribution. We find a slope
BrL = 1.68, a smaller value than the canonical slope of 8 ~ 2. We
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Region At log(Mcut) Na BrL Bsch M,
(Myr) Mo) (x 10°Mp)
1—200 4.70 137  1.68 1.49 1.51
Arp 147 1-10 4.46 113 1.78 1.66 1.23
10 — 200 5.37 27 1.80 0.56 0.62
1—200 4.50 77 1.73 1.60 1.48
North 1-10 4.46 53 2.15 1.93 0.36
10 — 200 5.37 14 1.89 1.05 1.00
1—200 4.54 77 1.59 1.36 1.29
South 1-10 4.46 60 1.64 141 0.89
10 — 200 5.37 12 1.68  0.60 0.66
1—200 4.53 75 1.56 1.35 1.44
East 1-10 4.46 50 1.77 1.66 1.32
10 — 200 5.37 19 1.75 0.51 0.62
1—200 4.50 79 1.64 1.48 1.05
West 1-10 4.46 63 1.77 1.59 0.91
10 — 200 5.37 7 1.87 0.44 0.54

Notes. For each region (whole field and per sub-galactic area) and age
interval At, we derive the pure PL slope Bpr, of the cumulative CMF by
considering N data points more massive than the cut-off mass Mcy¢. The
cut-off value is necessary given that the function is not completeness-
corrected. We also fit a Schechter function to the CMF to derive the PL
slope Bsch and the truncated mass M,.

also perform a Schechter (Sch) fit to the cumulative CMF. The two
component function (dash-dotted line) is of the form dN/dM
(M/M,)Pseh eM/Mo) writh Bg, = 1.49 the PL slope at the low-mass
end, and M, = 1.51 x 10° Mg, the characteristic truncation mass
at high masses. Based on the posterior probability distributions
(PDFs) in Appendix B1, the CMF of Arp 147 is better represented
by a pure PL than a Schechter function in spite of a turnover
observed at the upper end of the CMF, i.e. around ~10° M.

To check whether the turnover is real, we split the cluster pop-
ulation in two subsamples based on the source ages: At; = 1-10
Myr (cyan) and At, = 10—200 Myr (orange). We consider con-
servative mass-limited samples to mitigate observational incom-
pleteness when fitting the CMFs. Based on the age-mass plane
in Fig. 6, we thus perform the fit up to log (Mcu1/Mg) = 4.46 and
5.37 for the corresponding MFs of sources of ages within A¢f; and
At,, respectively. Again, the solid and dashed lines respectively
represent PL and Sch fits to the data. While the CMF of sources
younger than 10 Myr can still be represented by a PL with a slope
BrL = 1.78, especially if we were to omit the data points above
log (M/Mg) ~ 6.2, the CMF of the older age interval At, clearly
deviates from the PL function well below that value. In fact, it
is best described by a Schechter fit where Bs., = 0.56 and M,
~ 6.17 x 10° Mg, (refer to the PDF distributions in Appendix B2).
Table 6 summarizes the fitted parameters of the CMFs.

Resolution bias is a known factor behind an artificial upper
cutoff in the CMF. If the observed turnover at the high-mass end
of our CMFs is due to blending effects, then the chosen upper
cut-off of 1055 Mg, to minimize such bias is not enough to ex-
clude most of the blended sources. To explore further whether
the apparent turnover is real, we then applied an upper cutoff
value of 10° M. Again, a Schechter function with M, > (5—6) x
10° M, fits better the CMF than a PL distribution. Furthermore,
numerical simulations by R. A. Gerber et al. (1992) have shown
that an off-centre collision between a gas-rich disc galaxy and its

920z aunp || uo Jasn Ausiaaiun Ny Aq £S¥6598/6€.0681S/1/61S/010niE/Seiulw/woo dnoolwapeoe//:sdiy Woll papeojumod



equal-mass companion produces an Arp 147-like CRG with an
empty ring, of which presents some generic features. In partic-
ular, they have predicted the appearance of hot spots with ele-
vated gas densities and shocks across the ring, especially on the
opposite sides away from the displaced nucleus. These regions
are primed of strong starburst events, which explain enhanced SF
and thereby the extensive birth of young massive blue knots in the
empty ring. In that case, it should not be a surprise to detect knots
more massive than 10 Mg, in Arp 147 regardless of its distance. In
fact, nearby LIRGs such as NGC 4149 (39 Mpc, A. Adamo et al.
2020a), Arp 299 (45 Mpc, Z. Randriamanakoto et al. 2019), and
NGC 1614 (70 Mpc, M. Caputo et al. 2024) have been reported to
host star clusters as massive as 10’ M. In that case, it is plausible
that the high-mass truncation of the CMF that corresponds to
At, = 10—200 Myr is real and thus worth investigating, especially
that the mass-limited sample should be free from rapidly expand-
ing young associations and less prone to incompleteness. The
measured truncation of the CMF is believed to be environment-
dependent (see e.g. S. S. Larsen 2009; A. Adamo et al. 2015). High-
SFR host galaxies such as interacting systems have their CMF
truncation at the high-mass end (as massive as 10 My ) compared
to their normal star-forming galaxy counterparts (with a mass
turnover at 10° My). Given the nature of Arp 147 (a CRG with
enhanced SF, R. A. Gerber et al. 1992) and the measured value
of its characteristic truncation mass (M, = 1.51 x 10® M), our
CMFs tend to follow this observed trend in the literature, i.e. an
increasing M, for higher SFRs. In other words, SF intensity in Arp
147 is high enough to allow very massive knots to form.

The CMFs of young (cyan) and intermediate-age (orange)
knots have distinct trends and values of M, (1.23 x 10°® M, ver-
sus 0.62 x 10° My,). This could be evidence for an evolving CMF
where the two populations undergo different dissolution rates
over time (S. Li et al. 2015). Nevertheless, we should note the
small number statistics of 27 used to fit PL and Schechter func-
tions to the CMF for the age interval of 10—200 Myr (see Table 6).
We also emphasize that age-extinction degeneracy could also
lead to cluster mass overestimates besides blending, and hence
should be taken into account when interpreting the CMF shape
and especially the value of M,. Furthermore, Monte Carlo mass
completeness simulations should be conducted once more multi-
band data become available to accurately constrain the lower end
of the CMF.

5.4 Cluster age distribution function

The CAF is defined as the differential number of clusters per time
interval of a mass (or luminosity)-limited sample. CAFs can be
approximated by a PL of the form dN/dt oc 7% with § varying
between 0 and 1 and where a steeper PL index indicates a more
rapid cluster dissolution (see e.g. S. M. Fall, R. Chandar & B. C.
Whitmore 2005; B. C. Whitmore, R. Chandar & S. M. Fall 2007;
M. Fouesneau et al. 2014; Z. Randriamanakoto et al. 2019; S. T.
Linden et al. 2021).

Fig. 12 shows the CAF of knots with masses above
log(M/Mg) = 5.37 assuming equally space temporal bins
of 0.3 dex in widths. The mass cut leads to a complete mass-
limited sample of sources with log(My/Mg) > 5.37 and 7 <
200 Myr. We exclude knot candidates with My > 105> Mg which
are likely affected by imperfect extinction correction and/or the
result of a significant resolution bias. The cluster age distribution
has a PL index of § = 0.25 between the age interval of 10—200
Myr. The value of § becomes 0.42 and 0.37 if we bin the data by
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Figure 12. Cluster age function of a mass-limited sample more massive
than log(M. /Mg ) = 5.37. Solid, dashed, and dotted lines mark the ages
at 10, 50, and 200 Myr. The dash-dotted line represents a PL fit to the
distribution within the age range 10—200 Myr with the recovered slope §
included in the inset. The dashed area marks the ages above 200 Myr at
which incompleteness artificially steepens the distribution.

0.35 and 0.4 dex in widths, respectively. The age interval of 1-10
Myr is most likely contaminated by gravitationally unbound
clusters like OB associations (N. Bastian et al. 2012; A. Adamo
et al. 2020a) and a mass-independent loss of very young objects
known as infant mortality (S. M. Fall et al. 2005), and thus is not
taken into account in order to derive a more accurate value for
the CAF slope.

The CAF shape between 10—50 Myr appears to be steep and
can be interpreted as an increase in the formation rate of clusters
(CFR, the total mass formed in clusters per unit time over a given
age interval) since the collision (i.e. &~ 50 Myr ago) to the present
day. In that case, it is a piece of evidence for a strong starburst
event that likely happened in the ring within that timeframe as
predicted by the simulated collision of the CRG (e.g. R. A. Gerber
et al. 1992; M. Mapelli & L. Mayer 2012). However, the age dis-
tribution is rather flat between 50—200 Myr implying a roughly
constant CFR within this age interval, prior to the collision. The
observed trends (steep and then flat distributions) persist even
if we use other bin widths. We prefer not to attempt interpreta-
tions of the steep decline of the distribution beyond 200 Myr (log
T < 8.3),since it is strongly affected by incompleteness. We note
that the detection of knots older than the dynamical age of the
ring ( > 50 Myr) is rather unusual. Recent works on star clusters
and stellar populations in merging systems (e.g. M. Rodruck et al.
2023; P. Aromal et al. 2025) and CRGs (e.g. L. Fogarty et al. 2011;
F. R. Ditrani et al. 2024) have suggested that massive objects older
than the epoch of interaction or collision, if present, could have
survived the cluster dissolution mechanisms triggered by the vi-
olent interaction between the galaxies. They would then migrate
away from their birth sites rather than having formed in-situ in
their current location. However, the authors have highlighted
as well that the detection of such an older population is by no
means certain and hence, some caution must be taken in their
interpretations. In fact, the presence of older knots in our anal-
ysis can be mainly attributed to age-extinction degeneracy (the
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derived ages of reddened knots are biased toward larger values),
or other artefacts such as Milky Way foreground star contami-
nation or misidentification of remnants of the disturbed spiral
galaxy’s nucleus that resemble knotty-like objects.

The decreasing rate of sources as a function of time in Fig. 12
is expected due to the gradual mass loss through a variety of
internal processes (e.g. evolutionary fading, two-body relaxation).
However, the PLslope § > 0 does not support the hypothesis of a
constant disruption rate in the age range 10—200 Myr. The value
of § =0.25—0.42 is comparable to the CAF slopes of galaxies
undergoing mild disruption from internal effects and/or outside
influence (e.g. E. Silva-Villa & S. S. Larsen 2011; A. Adamo &
N. Bastian 2018). In fact, any residual tidal forces between the
distorted spiral and the hit-and-run companion galaxy likely con-
tribute to the cluster dissolution across the ring over the last
50 Myr. Finally, if the star-forming ring is indeed a transient
feature, which only lasts for ~ 500 Myr, then its fragmentation
into large clumps would also be an external factor affecting the
long-term evolution of its cluster population, especially the low-
mass ones.

Due to the limitations of this work and because we did not
disentangle the contributions of cluster formation and disrup-
tion rates to the overall cluster age distribution, we prefer not to
explore further the ongoing disruption model at play. We need
more filters for a more robust mass estimation from our cluster
age-dating analysis.

5.5 Cluster formation efficiency

CFE can be expressed as the ratio between CFR and the host SFR
(N. Bastian 2008). In this work, we constrain the value of the CFE
(or I') by comparing the mass of clusters above the observational
mass limit and within a certain age range to the galaxy SFR. We
remind the reader that blue knots with masses My > 10%° M
are excluded to minimize overestimation of the CFR (and hence
the CFE) from resolution bias. In this work, we derive I" assuming
SFR (FIR, R. Romano et al. 2008) = 8.6 My yr~!, a value com-
parable to SFR ~ 7 M, yr~! which is the mean of the parameter
taken from the literature. We do not use Ho-based SFR to avoid
overestimating the CFE because of nearby and/or unbound clus-
ters usually younger than 10 Myr easily contaminating the Ho
emission (e.g. K. Hollyhead et al. 2016; A. Adamo et al. 2020a).
In addition, FIR luminosity provides a more reliable measure of
the SFR since it is less affected by the dust extinction than Ho
emission is.

To match our age intervals to previous observations and to
assess the evolution of I" over time, we consider two different in-
tervals of 1—10 Myr (At;) and 10—100 Myr (Ats), implying mass
limits down to log(M./My) = 4.46 and 5.21, respectively. We
assume the cluster catalogues to be complete above these mass
limits. We also include At, = 10—200 Myr to be consistent with
our CAF and CMF analyses. We find that I's,, ~ 35.6 percent,
[ar, ~ 3.4 percent, and I's,, ~ 3.9 per cent. Had we considered
an Hoa-based SFR instead, the value of I'y,, is equal to ~65
per cent which is almost a factor of 2 higher than that of an FIR-
based SFR. Finally, to quantify the impact of the head-on collision
on the SFH, the values of T" that correspond to the time intervals
Aty = 50—100 Myr and Ats = 1—50 Myr are also estimated, i.e.
around 50 Myr before and then after the collision. We find I' s, ~
6.7 percent and I'a;; ~ 9.5 per cent. The decreasing fraction of
stars forming in bound clusters is consistent with the declining
shape of the CAF in Section 5.4.
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Figure 13. The CFE (I") plotted against the SFR density (Xspr). The
open symbols denote the data points from this work. The grey and black
solid markers, respectively, represent data points taken from the literature
assuming age intervals of 1—10 and 10—100 Myr when deriving the value
of I'. Solid and dashed black lines represent the predicted fiducial model
from J. M. D. Kruijssen (2012) assuming the global Kennicutt-Schmidt
law and then sub-kpc F. Bigiel et al. (2008) conversion between Xgas
and XgspR, respectively. The 20 uncertainty of the theoretical models are
enclosed by the dotted and dash—dotted lines. The horizontal line marks
the constant value of I' = 24 per cent from R. Chandar et al. (2017).

Fig. 13 shows the positions of some of our derived CFEs (open
symbols) in one of the most up-to-date versions of the CFE— Xgpg
relation established for the first time by S. S. Larsen & T. Richtler
(2000) and Q. E. Goddard et al. (2010). The solid grey (At; = 1—10
Myr) and black (At; = 10—100 Myr) symbols denote previous
literature data compiled by D. O. Cook et al. (2023) and refer-
ences therein. In our case, Zsgg = 0.07 Mg yr~—! kpc~2 using the
same method as D. O. Cook et al. (2012), i.e. by normalizing
SFR over a projected area of A ~ 118 kpc? that coincides with
the spatial distribution of the blue knots in the CRG. Theoret-
ical predictions of I' with respect to the SFR density are also
shown as black lines with the 20 lower and upper limits indi-
cated by the dotted and dash-dotted lines. The fiducial models
are built based on a formulation from J. M. D. Kruijssen (2012)
with the solid line adopting the global Kennicutt-Schmidt law
(R. C. Kennicutt 1998), i.e. a universal relation between Xgrr
and X, at all scales. The dashed line, however, represents a
modified version of the original J. M. D. Kruijssen (2012) model
as suggested by L. C. Johnson et al. (2016). They have considered
the assumptions from F. Bigiel et al. (2008) of a varying relation
at sub-kpc scales between the two parameters, i.e. a decreasing
Yspr for lower Xy, where HI dominates the gas environment
over H,.

Finally, work by R. Chandar et al. (2017) proposed a constant
value of I" ~ 24 percent in all host galaxies when using At} =
1—10 Myr. This would indicate that the efficiency to form stars
in clusters is independent of the galactic environment and that
any observed I'—Xgpg relation is merely a result of mixing data
sets derived from different age intervals. The constant value is
represented by the horizontal dashed line in the CFE-SFR den-
sity plot.

Compared to various host environments (e.g. Large and Small
Magellanic Cloud, normal spirals, dwarf irregular galaxies, star-
burst and interacting luminous IR galaxies) represented in the
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CFE-SFR density plot, the efficiency of Arp 147 to form bound
clusters during the 1—10 Myr age interval is relatively higher than
those of quiescent dwarfs and gas-poor spirals. These galaxies
are labelled, for instance, as grey triangle-right markers (D. O.
Cook et al. 2012) or a grey hexagon (K. Hollyhead et al. 2016) in
Fig. 13. P. N. Appleton & C. Struck-Marcell (1987) reported that
recent SF level in RiGs is more extreme and higher than that of
normal galaxies. Their findings are based on the comparison of
FIR luminosities (Lgr) and IR to optical luminosity ratios of a
sample of 26 RiGs (including Arp 147) with those of normal disc
galaxies. A high value of Lgy is due to the predominant IR excess
from of a large population of young OB stars. Thereafter, the
authors suggest that intense and coherent starbursts across the
ring must have triggered the birth of these massive blue stars.
This would then explain the high value of T'y, in this work.
In fact, it is consistent with similar estimates for targets with
extreme SF activity such as galaxy mergers (grey stars, A. Adamo
et al. 2020a) and blue compact galaxies (grey diamond markers,
A. Adamo, G. Ostlin & E. Zackrisson 2011). According to R10,
the major epoch of starburst activity in Arp 147 occurred over
the last 15 Myr, which is then likely to trigger more significant
cluster formation. Previous star cluster works have also reported
that dense gas-rich environments with high gas pressures result
in elevated SFEs and, subsequently, in a higher CFE (e.g. Q. E.
Goddard et al. 2010; J. M. D. Kruijssen 2012; A. Adamo et al.
2020a; M. Rodruck et al. 2023). The primary mechanism that can
generate such high gas densities is rapid gas accretion resulting
from an encounter of an intruder with a larger galaxy’s disc.
Although the high value of I's;, ~ 36 percent is in agreement
with a recent episode of SF triggered by a head-on collision, and
also considering our conservative approach of utilizing a mass-
limited subsample with a non-Ho based SFR, it is still, never-
theless, plausible that blended unbound clusters and old knots
erroneously fitted with young ages could partially contaminate
the catalogue leading to an overestimation of the CFE.

The value of I's; (10 percent) is almost 2 times higher than
that of ', (7 percent). This means that fewer bound clusters
have been formed before the collision as opposed to the CFE of
a second generation of massive blue knots post-collision. This
trend, which can be explained by the abundance of high gas
densities as a result of the collision, is in agreement with a re-
cent numerical work by N. Lahén et al. (2020). The authors find
the CFE to vary with the merging phase, increasing from 20 to
80 per cent between the early merger stage and at the peak of
the starburst. The difference between I's;, and I';, can also be
explained by a cessation of SF happening in star clusters older
than 50 Myr (and hence a relatively lower I's,) due to cluster
dissolution over time via two-body relaxation and/or secular evo-
lution (e.g. R. Chandar et al. 2017; D. O. Cook et al. 2023). The
decrease in I" over the 1—100 Myr timescale (36 percent in the
first 10 Myr, then dropping to 4 per cent during the 10—100 Myr
interval) can also be attributed to the same mechanism. This has
also been observed by, e.g. R. Chandar et al. (2017, from 27 down
to 7 percent) and D. O. Cook et al. (2023, from 24 down to 5
per cent) using the same age intervals. Finally, the corresponding
CFE of the age interval At; falls within 20 uncertainty of the J. M.
D. Kruijssen (2012) model assuming the Kennicutt-Schmidt law.
This can be interpreted by the cluster formation process in Arp
147 to be driven by the surface gas density. None of the estimated
CFE values clearly match the F. Bigiel et al. (2008) curve nor
within the same range as the constant CFE value of 24 per cent
from R. Chandar et al. (2017).
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Figure 14. Cumulative CMFs on sub-galactic scales: N/S (left panel) and
E/W regions (right). The open circles represent data points associated
with the northern or eastern region, and the crosses those of the southern
or western region. Three age intervals of 1-200 Myr (top curve), 1—10
Myr (middle), and 10—200 Myr (bottom) were considered for each sub-
galactic sample. Other labels the same as in Fig. 11. Knots with masses
> 10%> M, are excluded for consistency. Table 6 reports the fit results.

Based on these comparisons and the simulations predicting
the formation of the ring and the major epoch of SF, we suggest
that an outward-moving ring-like density enhancement has con-
densed to form massive gravitationally bound clusters in large
numbers across the ring, at least during the last 10-50 Myr (A.
Burkert et al. 2005). Overall, our results are more consistent with
I' being dependent of the galactic environment. We note, how-
ever, that the derived CFEs are upper limits because of uncer-
tainties and possible bias from blending (at the distance of the
CRG, not all sources with masses below 10%°> M, are a single
cluster detection), age-extinction degeneracy (an underestimate
in the age of genuinely old knots leads to their inclusion when
computing the CFR), and unbound cluster contamination.

5.6 Knot properties on sub-galactic scales

We also built CMFs and estimated the CFE on sub-galactic scales
to further investigate the cluster formation and disruption mech-
anisms of Arp 147. To this end, we split the cluster catalogue
based on the source positions across the field: sources in the
North (N) versus South (S) and then East (E) versus West (W). To
minimize statistical bias, the regions (N/S and E/W) are delim-
ited in a way that they have equal number of knots rather than
conforming to the centre of the ring.

Purple data points in Fig. 14 show the cumulative CMFs of
various regions of the CRG for all knots younger than 200 Myr.
We also draw the corresponding CMFs for 7 < 10 Myr (cyan) and
10 < 7 < 200 Myr (orange). The derived distributions of the N
and S regions (left panel) are similar in shape regardless of the
age interval, though the fitted paramaters of the N region are
generally larger than those of the S area (see Table 6). A PL
function is still a reasonable fit to the MFs of knots younger
than 10 Myr while the distributions are best represented by a
Schechter function within the age range 10—200 Myr. There is
a turnover of the CMF at ~ 1 x 10° Mg (N) and ~ 6.6 x 10° Mg,
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(S) for the latter age interval. The CMF shapes of the E and W
regions (right panel) are different, especially for At, = 10—200
Myr where the CMF shape of the E region clearly deviates from
a PL as opposed to that of the W region. The former is best
described by a Schechter fit with a truncated characteristic mass
of M, = 6.2 x 10° M, (see Table 6).

By adopting the same method as in Z. Randriamanakoto et al.
(2013a), we used Spitzer/IRAC 8 um data to estimate the flux
from each region. The 8 pm mid-IR luminosity of the ring was
then redistributed with respect to the estimated ratio for each re-
gion. We get the following SFR values in units of Mg yr=1: 2.5 (N),
2.8(S),3.5(E), and 1.8 (W), and hence SFR densities of 0.03, 0.03,
0.04, and 0.02 Mg, yr—* kpc~2, respectively. Based on mass-limited
subsamples with At, = 10—200 Myr and the derived SFRs, the
values of the CFE are respectively I'N ~ 3.3, TS ~ 2.8, I'E ~ 3.5,
'V ~ 2.0 percent for N, S, E, and W regions. The CFE varies
between 4.3 and 7.4 percent had we used At; = 10—100 My,
with the smallest value of T" associated with the western region.
We also add to the CFE —Xgpg distribution in Fig. 13 the data
points associated with the E/W regions (open circle and open
diamond) given the discrepancy of their CMFs. Although the
two data points do not fall within the 2o uncertainty of both
theoretical models, they seem to follow the trend of increasing
I' for hlgher ESFR-

It has been shown that measured truncation masses M, in-
crease systematically with SF level, not only on galaxy-wide
scales, but within individual galaxies as well (e.g. A. Adamo et al.
2015). In that case, the eastern and northern regions having larger
M, ~ 1.5 x 10° M, (for T < 200 Myr) are expected to host more
intense SF activity than the other parts of the CRG. This is in
agreement with the distribution of ULXs (R10) and previous
numerical simulations (R. A. Gerber et al. 1992) which indicate
that the dominant star-forming sites are found in these regions.
It is thus not surprising to observe the age spatial distribution in
Fig. 7 (where the youngest knots mostly inhabit these regions)
and to derive relatively high CFE associated with the regions. The
differences in the observed CMFs can also be interpreted such
that the sub-galactic regions (especially the eastern area) undergo
different levels of disruption. Based on the truncated CMF shape
of the E region and assuming that age-extinction degeneracy
does not significantly affect our mass estimation, knots in this
region are then the most vulnerable to the mild cluster disruption
reported in Section 5.4. In fact, this side of the ring is closest to
the intruder, ~13 kpc away, and hence the most affected by any
residual disruption caused by the intruder exiting the potential
well of the distorted spiral.

The plume on the N-NE side of the ring hosts 25 knots out
of the 40 outside the ring (i.e. the ones flagged as 1 in Table 3).
The sources in that region have a median age of ~5 Myr with the
majority (80 per cent) younger than 50 Myr. Such a distribution
implies that the plume is an ideal star-forming site in the CRG,
which makes sense given the substantial filamentary structures
as traced by Hu in that particular area (R. Romano et al. 2008).
It also suggests that this young and outflowing feature from the
ring (F11) likely formed as a result of the collision. In that case,
the few clusters with ages older than the dynamical age of Arp
147 could have migrated from their original birthplaces or they
are merely misidentified as bound star clusters, if not severely
affected by age—extinction degeneracy (see Section 5.5). The clus-
ter masses are all smaller than 10° M with a median value of
~ 8.1 x 10* M. The absence of the most massive objects can be
expected if the gas density within the plume is lower than that of
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regions with strong gas compressions, like the S—-SE reddish area
of the ring.

6 COMPARISON WITH OTHER CRGS

Here, we systematically compare the SF activity (as traced by
the blue knots and/or other star-forming regions) of Arp 147
with other CRGs studied with HST or instruments of similar
resolution. This is essential to ensure unbiased comparisons not
affected by artificial differences from instrument limitations. We
note that there are no prior CFE analyses of CRGs in the literature
that could have been used for comparison.

The Cartwheel. This prototypical CRG is well known to host
a large population of H1I regions, where ionizing star clusters
are actively forming (e.g. J. L. Higdon 1995; J. Zaragoza-Cardiel
et al. 2022; Y. D. Mayya et al. 2023, 2024). While J. L. Higdon
(1995) only detected 29 complexes of star clusters across the outer
ring, recent works by J. Zaragoza-Cardiel et al. (2022) resolved
these star-forming regions into 221 Ha-emitting individual knots
using HST and VLT/MUSE data. The presence of such a large
population associated with ionizing star clusters indicates that
the CRG is heavily populated by sources younger than 10 Myr.
The authors report that most of the HII regions are also HS-
emitters, with HB acting as a direct tracer of current SF. This is
in agreement with the works done by Y. D. Mayya et al. (2024)
and F. R. Ditrani et al. (2024), though these follow-up studies
also emphasize that star-forming regions in the Cartwheel have
a wide range of ages between ~20—170 Myr rather than a nar-
row range with an upper limit of ~10 Myr. Such distribution is
similar to that of Arp 147, i.e. predominant young knots com-
bined with a small fraction of post-collision sources younger
than the CRG’s dynamical age of ~50 Myr. Y. D. Mayya et al.
(2024) suggest that the wide age range in the Cartwheel arises
from bursty SF triggered by the dragging effect of the collision-
driven shock waves. Clusters that initially formed elsewhere were
pushed by the wave to their current location. Stellar populations
older than the Cartwheel’s dynamical age of 300 Myr are mostly
found in the spokes and the inner ring. These areas are HI de-
ficient (J. L. Higdon 1996) with a low level of SF activity (e.g.
F. R. Ditrani et al. 2024). For Arp 147, knots that formed after
the collision mostly reside in the northern part of the ring which
is opposite the remnant nucleus where the most massive and
young star clusters recently formed (see Fig. 7). The observed
pattern could be a mere reflection of age-extinction degeneracy
in our case, or otherwise explained by the same process as in the
Cartwheel.

As already reported in Section 5.1, while we did not find any
prominent knot age gradient along the ring of Arp 147 (see Fig. 9),
previous works have instead supported the presence of such trend
and discrediting a self-propagating SF (F11). The ages of the star-
forming regions in the Cartwheel are also known to vary along its
outer ring but also across its different structures. This is expected
since the level and distribution of SF are non-homogeneous on
sub-galactic scales. According to J. L. Higdon (1996), the inner
ring and the optical spokes are H1 deficient, which implies that a
weak or suppressed SF is occurring in these regions. In contrast,
a peak of massive SF associated with a high concentration of
radio continuum emission is registered along the outer ring, in
the southern quadrant more precisely. The enhanced cold gas
with a surface density well above the critical one, necessary for
strong starbursts to easily kick in, in a particular region sup-
plies the extensive birth of radio emitting OB stars. Follow-up
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observations of Arp 147 using high-resolution UV and/or Ho
sensitive instruments are definitely required to strengthen our
cluster analysis.

The cluster age functions of both Arp 147 and the Cartwheel
respectively show an abrupt increase in their cluster formation
rate over the last 50 and 150 Myr; see Fig. 12 for Arp 147 and refer
to Y. D. Mayya et al. (2024) for the Cartwheel. In particular, the
Cartwheel’s SFR further increased to ~ 18 Mg yr~! in the recent
~20 Myr while it used to be at a steady rate of ~ 5Mg yr—! over
the past 150 Myr. Before the collision, i.e. more than 300 Myr
ago, F. Renaud et al. (2018) reported an SFR of ~ 1Mgyr~1.
Recent studies by F. R. Ditrani et al. (2024) revealed that a small
fraction of stellar component that formed before the collision co-
exists with a large population of young stars within the outer
ring of the Cartwheel. Y. D. Mayya et al. (2024) and F. R. Ditrani
et al. (2024) explain the fluctuations in the SFR as a result from
bursty SF episodes triggered by the collision. For Arp 147, we
find the cluster formation rate to have increased in the recent
50 Myr, i.e. after the collision. Based on the shape of its CAF
and ULX work by R10, Arp 147 has also experienced a major
epoch of starburst activity in the last 15 Myr. For both CRGs, it
is thus clear that the head-on collision played a strong influence
in triggering a recently significant cluster formation arising from
strong starburst events. Their SFHs also reveal the presence of
two distinct stellar populations across their ring, i.e. older sources
that migrated away from their birth sites and the younger ones
that recently formed in-situ. Again, it is worth noting that the ages
of Arp 147’s ‘older’ sources might be attributed to age-extinction
degeneracy.

NGC 922. A. Pellerin et al. (2010) recovered more than 2000
UBVI-detected massive star clusters across the C-shaped ring and
off-centre bar of NGC 922. The latter structure along with the
eastern side of the ring are highly populated by star-forming re-
gions associated with strong He emission. They found that more
than two-thirds of the sources have ages younger than 7 Myr and
only 3 per cent are older than 100 Myr. Overall, the derived ages
of our knots are in agreement with the age range of the majority
of clusters in NGC 922. Based on numerical simulations (e.g. O.
I. Wong et al. 2006; M. Mapelli & L. Mayer 2012), both CRGs
experienced a strong starburst event triggered by the collision (as
reflected by their similar SFR levels of ~ 8 M yr~!), and hence
the overabundance of young clusters across their ring. Compared
with the CLF slopes of Arp 147 (atgayes ~ 2), this CRG’s CLF slopes
of o ~ 2.2 are slightly steeper. If the difference in the slopes is
not caused by statistical bias, then one may consider the distinct
periods over which the two CRGs entered in head-on collision
with their respective companion (~ 50 Myr for Arp 147 and
330 Myr for NGC 922). The cluster population of NGC 922 con-
sists of sources with masses smaller than 7 x 10° M, and massive
ones (> 1 x 10° My,) at older ages. This mass range is relatively
smaller than ours which spans between ~1.9 x 10*—107 My with
amedian value of ~ 2 x 10° M. Age-extinction degeneracy and
blending effects can overestimate our knot masses, especially for
masses larger than 10%> M. Alternatively, it could be that the
environment of Arp 147 presents more favourable conditions for
massive clusters to form than that of NGC 922. In fact, although
the CAFs of the two CRGs show that environment-dependent
disruption is at play, A. Pellerin et al. (2010) recovered a CAF
slope of § = 0.7 for NGC 922, which is three times steeper than
ours. It means that their clusters undergo stronger dissolution.
Such hypothesis is in agreement with their dynamical N-body
simulations, requiring the inclusion of cluster dissolution and
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disruption model to reconcile observations with the simulated
results.

AM 0644—741 (The Lindsay-Shapley RG). H1I regions across
the ring of AM 0644—741 have recently been studied by V. M. A.
Gomez-Gonzalez et al. (2024) to constrain the triggering mecha-
nisms of SF in the rings of this CRG. They explored the ionizing
mechanisms and chemical properties in the VLT/MUSE optical
spectra of 179 H1I regions. With a dynamical age of ~175 Myr
and an SFR of ~ 11 Mg yr~!, AM 0644—741 is best known for
its double-ringed structures hosting abundant He-emitting H 11
regions and young blue knots. The authors paired each MUSE-
identified H 11 region with a population of massive star clusters
from high-resolution HST images. They found that clusters with
ages of ~2—20 Myr are the ones to photoionize the H II regions of
the CRG. Both AM 0644—741 and Arp 147 thus host very young
knots that likely formed from recent bursts of SF being triggered
by the drop-through collision.

7 SUMMARY AND CONCLUSIONS

We have investigated the star-forming knots and clumpy regions
in one of the few known CRGs with an empty ring, Arp 147,
using HST FA50W, F606W, and F814W archival images. We de-
rived the fundamental parameters (age, mass, and extinction) of
the sources to explore the star cluster formation and evolution
scenarios of the galaxy. The main findings from this work are
summarized as follows.

(i) We recover 211 clusters and 6 kpc-sized clumps (= 0.2 kpc?)
with a clear overdensity of blue sources in the colour diagrams.
By fitting their SEDs with Yggdrasil SSP models, we find that
the clumps are all younger than 10 Myr and the blue knots have
a median age of ~ 8 Myr with more than half of the popula-
tion younger than 10 Myr. Overall, the fitted ages are consis-
tent with the global distribution of UV and Ho emissions across
the ring. Their masses range between 1.9 x 10*—2.5 x 107 Mg,
though clusters with My > 10%° Mg should be interpreted with
caution.

(ii) The overall AZ age distribution of the blue knots indicates
an absence of any age gradient. This likely stems from possible
bias smearing out the age sequence given that the CAF and knot
properties on sub-galactic scales are consistent with collision-
triggered starburst events happening across the ring. The mass
distribution reveals a decreasing mass with an increasing radial
distance from the dusty S-SE region of the ring. This could be
due to a varying distribution of the gas density triggered by the
collision.

(iii) PL slopes of the CLFs in the F450W, F606W, and F814W
filters are similar within their uncertainties. We find that the PL
slopes of o &~ 2 of the cumulative CLFs are consistent with the
canonical slope of 2 when adopting a Bayes-fitting technique.
Mass-limited samples were used to draw CMFs for different age
intervals. A PL function with a slope of § = 1.78 is still a reason-
able fit to the CMF of sources younger than 10 Myr. Sources of
ages between 10—200 Myr have a truncated CMF best described
by a Schechter function with a characteristic mass of M, = 6.2 x
10° M. The measured value of M, denotes Arp 147 as a host
galaxy with high SF intensity assuming the knot masses are not
highly overestimated.

(iv) We find that the cluster age function is steeper over the
past 50 Myr compared to its shape within the age range of 50—200
Myr, where it is rather flat. This suggests an increase in the cluster
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formation rate right after the collision. The dynamical interaction
of the disc galaxy with its companion must have played a role
behind the enhanced SF. The truncated CMF along with the
declining shape of the CAF between 10—200 Myr, however, could
be evidence for cluster evolutionary fading combined with mild
disruption over time. These interpretations should not be taken
at face value since we did not disentangle cluster formation from
disruption as both mechanisms are known to affect the shape of
the observed CAF.

(v) At the commonly used age intervals of 1—10 and 10—100
Myr, we find a CFE of I's;, ~ 36 percent and I's;, ~ 4 per cent.
The values of the CFE are respectively ~7 and ~ 10 per cent,
50 Myr before and after the collision. The fraction of SF hap-
pening in bound clusters for Arp 147 is thus not constant, but
rather decreases over time, likely caused by cluster dissolution.
These values also indicate that the collision is an external factor
influencing the CFE by triggering new starburst episodes, and
hence a larger fraction of recent SF occurring in clusters.

(vi) Cluster analyses on sub-galactic scales (N/S, E/W, and
plume) reveal that the northern and eastern regions have the
largest truncated masses of M. > 1.4 x 105M,, as well as the
highest CFE of I = 3.3 percent compared to other regions.
One would associate these trends as supporting evidence for
environment-dependent cluster formation and/or disruption, es-
pecially since the eastern region is likely affected by the gravita-
tional force from the nearby intruder. However, the presence of
a highly extinguished dusty region therein should be taken into
account.

Although careful constraints were applied to both extinction
and metallicity, age-extinction degeneracy is not entirely broken
due to the lack of e.g. HST/UVIS and VLT/MUSE high-resolution
observations. Results from this work should thus be viewed as
preliminary especially the derived ages of highly extinguished
young clusters and genuinely old ones with low intrinsic extinc-
tion. Nevertheless, they already provide insight into the SFH of
the CRG. With a high SFR of ~7 M, yr~1, all these elements taken
together suggest that Arp 147 is the birthplace of massive star
clusters and kpc-sized clumps. While the knot ages, which are
mostly below the age of the ring, are consistent with an intense
SF recently triggered by a coherent event all around the ring, spa-
tial/radial clustering, and a varying CFE on sub-galactic scales,
further hint towards a non-uniform environment-dependent SF.

Finally, this work has shown that archival data products can
be as important as the intended main science programs, though
additional data are required to strengthen the derived results in
our case. The comprehensive cluster analysis of Arp 147 is also
meant to establish the baseline of a much larger ongoing project
dubbed the Stellar Clusters in Collisional Ring Galaxies (SC2RG;
PI: Randriamanakoto et al., in preparation). SC2RG is a system-
atic study of a representative sample of nearby CRGs to better
understand SF mechanisms in these intriguing galaxies.
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Figure Al. Spatial distribution of the knots as a function of their
F450W—F814W colour index overplotted on the extinction map of
the CRG. The horizontal and vertical bars denote a linear scale
of FAS0W—F814W and extinction values, respectively. The most extin-
guished regions such as in the S-SE side of the ring are represented by
the darker shades for the latter scale bar.
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Figure B1. Left panel: one-dimensional posterior PDF of the PL slope
Bpr, for the CMF of knots younger than 200 Myr shown in Fig. 11. Right
panel: two-dimensional posterior PDF of the Schechter slope Bscn and
the truncation mass M, of the same CMF. Contours represent the 1o,
20, and 30 confidence intervals. The histograms show the marginalized
distributions of the fitted parameters.
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Figure B2. Posterior PDFs similar to the ones in Fig. B1, but for the
CMFs of 1-10 Myr (top panels) and 10—200 Myr (bottom) age intervals
shown in Fig. 11.
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Table B1. X-ray luminosities of the ULXs and the properties of their closest optical knots within 0.5 arcsec.

D RA, Dec. log Lx No. of YMCs F450W — F814W log (7) log (M)
(deg, deg) (ergs™) @<n (mag) ) (Mo)
ULX-1 47.825167, 1.317306 39.88 3 0.50 6.84 5.55
ULX-2 47.826417,1.317333 39.53 2 0.32 6.74 4.93
ULX-3 47.827375, 1.317222 39.17 1 0.89 8.30 5.55
ULX-4 47.827875, 1.316889 39.31 1 1.07 8.30 6.00
ULX-5 47.828333, 1.316028 39.56 4 0.74 8.11 6.59
ULX-6 47.827750, 1.315111 39.38 1 0.91 6.84 5.40
ULX-7 47.827875, 1.314306 39.75 2 1.70 6.87 6.53
ULX-8 47.826958, 1.313389 39.79 1 1.37 6.84 5.81
ULX-9 47.829750, 1.314889 39.74 2 0.45 6.90 5.12
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