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A B S T R A C T 

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 F 450 W, F 606 W, and F 814 W 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 105 M�. 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 Mc = 6 . 2 × 105 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 ( δ ∼ 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 H α 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. 

Key words: galaxies: clusters: individual: Arp 147 – galaxies: interactions – galaxies: star clusters: general – galaxies: star 
formation. 
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 INTRODUCTION  

ollisional ring galaxies (CRGs) are peculiar objects that repre- 
ent ‘a special class’ of ring galaxies (RiGs). They are rare in the
ocal universe (only accounting ≈ 0.01 per cent of the observed 
alaxies, see e.g. E. Athanassoula & A. Bosma 1985 ; B. F. Madore,
. Nelson & K. Petrillo 2009 ) but are expected to be ubiquitous
t higher redshifts given the predominance of galaxy collisions. 
owever, T. Yuan et al. ( 2020 ) have reported a scarcity of the most
istant CRGs ( z > 0.1) as opposed to predictions from previous
orks (e.g. R. J. Lavery et al. 2004 ; E. D’Onghia, M. Mapelli & B.
oore 2008 ). The discrepancy may be due to the challenges of 

dentifying high- z CRGs that are usually not prone to fragmen-
ation. They are not bright enough to be detected in contrast to
he nearby ones hosting blue clumps with ages between 10- 100 
yr which make them easily identifiable. This inconsistency in 
he frequency of CRGs remains an open question and is worth
o be addressed to better constrain galaxy merger rates. It is also
elevant to study RiGs given that local CRGs have striking resem-
lances with high- z clumpy galaxies (D. M. Elmegreen et al. 2005 ;
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. M. Elmegreen & B. G. Elmegreen 2006 ). Although the latter
ave arc-like appearance such as in partial RiGs, they do not have
isible discs and with their clumpy structure bluer at all redshifts
han those of RiGs. Nearby CRGs are thus of great interest for
haracterizing the supposedly rare high- z CRGs and in an effort
o better understand the origin of star formation (SF) in clumpy
ystems (S. Inoue, N. Yoshida & L. Hernquist 2021 ). 
CRGs are formed through the head-on collision between two 
alaxies, in which a small galaxy companion passes through the 
arger disc galaxy in its central region (e.g. R. Lynds & A. Toomre
976 ; J. C. Theys & E. A. Spiegel 1977 ; P. N. Appleton & C. Struck-
arcell 1996 ; A. Elagali et al. 2018 ). As the intruder flies away
fter the impact, a bright structured ring forms from a radially
xpanding density wave. With a diameter that can reach up to a
undred kpc (K. K. Ghosh & M. Mapelli 2008 ), the high-density
as in the ring provides ideal sites of enhanced SF, since gas and
ust that migrated to form the ring are prone to collapse and
roduce starburst activities (R. Lynds & A. Toomre 1976 ; P. N.
ppleton & C. Struck-Marcell 1987 ; F. Renaud et al. 2018 ). These
ew episodes of SF, which last at least 100 Myr, are so intense that
hey favour the formation of young massive clusters (YMCs) and 
tar-forming clumps (the largest units of SF in a galaxy) along the
ing. 
This is an Open Access article distributed under the terms of the
/by/4.0/), which permits unrestricted reuse, distribution, and

https://doi.org/10.1093/mnras/stag739
http://orcid.org/0000-0003-2666-4158
http://orcid.org/0000-0001-7673-4850
mailto:zara@saao.ac.za
https://creativecommons.org/licenses/by/4.0/


2 Z. Randriamanakoto et al.

M

τ  

C  

M  

v  

o  

t  

W  

P  

e  

N  

A  

t  

t  

w
t  

b  

t  

C  

h  

i  

t  

f  

o
 

r  

1  

r  

O  

a  

(  

a  

A  

(  

(  

b  

C  

e  

t  

l  

r  

o  

J  

A  

o  

C  

a  

H  

2  

N  

M  

M  

w  

e  

o  

M  

a  

t  

d
 

c  

f  

w  

(  

m
b  

s  

o  

a  

(  

1  

p  

t  

S  

e  

A  

c  

n
 

r  

G  

F  

l  

b  

(  

t  

S  

2
A  

S  

d  

(  

t
e  

t  

u  

g  

7  

s  

r  

w
 

o  

r  

v  

h
b  

g  

n  

o  

h  

1  

l  

a  

G  

a  

n  

a  

a  

a  

o  

i  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/549/1/stag739/8659453 by Turku U
niversity user on 11 June 2026
YMCs are bright compact objects with a typical age range of 
∼ 10−100 Myr and total stellar masses Mcl � 104 M � (see B.
. Whitmore 2003 ; S. F. Portegies Zwart, S. L. W. McMillan &
. Gieles 2010 ; A. Adamo et al. 2020b , for comprehensive re-
iews). Although they are a common occurrence in various types
f galaxies, collisions and mergers between galaxies are known
o increase the number of these young blue knots (e.g. B. C.
hitmore et al. 1999 ; A. Burkert, J. Brodie & S. Larsen 2005 ; A.
ellerin et al. 2010 ; F. Renaud et al. 2018 ; Z. Randriamanakoto
t al. 2013a , 2019 ). In fact, previous works by Q. E. Goddard,
. Bastian & R. C. Kennicutt ( 2010 ), J. M. D. Kruijssen ( 2012 ),
. Adamo et al. ( 2020b ), and references therein have reported
hat the cluster formation efficiency ( � or CFE), which refers to
he fraction of SF occurring in bound stellar clusters, increases
ith an increasing star formation rate (SFR) density ( �SFR ) of 
he host galaxy. Hosts with extreme environments are found to
e ∼3−5 times more efficient in producing YMCs as compared
o the cases of gas-poor spiral galaxies. Other works by e.g. R.
handar et al. ( 2017 , 2023 ) and D. O. Cook et al. ( 2023 ), however,
ave reported that � remains constant and independent from the
ntensity of the host �SFR . Any correlation, in this case, between
he two parameters would thus simply be due to a subtle bias
rom age–extinction degeneracy and/or a mixed-age comparison
f observational data. 
In spite of CRGs known to host sites of strong SF with an SFR

ange of ≈0 . 1−20M� yr−1 (e.g. P. N. Appleton & A. P. Marston
997 ; O. I. Wong et al. 2006 ; M. Mapelli et al. 2010 ), their H ii
egions and blue star-forming knots are still poorly investigated.
nly a handful of observational works can be found in the liter-
ture: a sample of 11 CRGs by P. N. Appleton & A. P. Marston
 1997 ), a sample of eight northern CRGs by M. A. Bransford et
l. ( 1998 ), VII Zw 466 by L. A. Thompson & J. C. Theys ( 1978 ),
rp 143 by P. Beirão 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. Gómez-González et al. ( 2024 ), FM 287-14
y M. Faúndez-Abans et al. ( 2013 ), and AM 0035 −335 a.k.a. the
artwheel by e.g. J. Zaragoza-Cardiel et al. ( 2022 ) and Y. D. Mayya
t al. ( 2023 , 2024 ). The Cartwheel galaxy is one of the most spec-
acular objects that has been studied extensively at several wave-
engths. Its peculiar morphology, i.e. prominent inner and outer
ings linked together by faint spokes, emerged from the collision
f a spiral target with a much smaller intruder ∼ 300 Myr ago (e.g.
. L. Higdon 1996 ). With an SFR of≈20M� yr−1 (P. N. Appleton &
. P. Marston 1997 ; M. Mapelli et al. 2010 ), the high concentration
f bright H ii regions, H α, and radio continuum emission in this
RG archetype reveals that SF activity predominantly happens
cross its rings, especially in the outer ring hosting more than 200
 α-emitting knots (J. L. Higdon 1996 ; J. Zaragoza-Cardiel et al.
022 ). Unlike the relatively distant Cartwheel ( DL ∼ 133 Mpc),
GC 922 is one of the nearest CRGs known to date ( DL ∼ 43
pc). The encounter with a dwarf compact companion ∼ 330
yr ago resulted in the C-shape morphology of the galaxy along
ith an off-nuclear ring and an SFR of ≈8M� yr−1 (O. I. Wong
t al. 2006 ). A. Pellerin et al. ( 2010 ) found that the nuclear region
f NGC 922 harbours the older massive clusters ( τ > 50 Myr and
cl > 105 M�), while almost 70 per cent of the population with
ges younger than 7 Myr resides in the ring. Based on simula-
ions, the authors predict that the blue knots are prone to cluster
isruption and dissolution. 
Cluster analyses of both the Cartwheel and NGC 922 indi-
ate that the ring environment likely plays a role in the clump
NRAS 549, 1–23 (2026)
ormation and disruption mechanisms of CRGs. Theoretical
orks by e.g. M. Mapelli & L. Mayer ( 2012 ) and F. Renaud et al.

 2018 ) also reported evidence for enhanced SFRs in rings, which
ake CRGs potentially excellent birth sites for a large number of 
lue YMCs. How much influence do the expanding ring and the
ubsequent fragmentation process have in defining the lifetime
f these objects? Which types of clusters in terms of their mass,
ge, and spatial distribution can survive the ring fragmentation
occurring ∼ 100 Myr after the impact, J. C. Theys & E. A. Spiegel
977 ) combined with internal factors (e.g. supernova explosion
hase, and cluster evolutionary fading)? Answers to such ques-
ions provide valuable insights into the field of star clusters and
F in general. They can be addressed by studying CRGs with an
mpty ring in particular. Denoted as ‘RE’ by J. C. Theys & E.
. Spiegel ( 1976 ), these atypical and rare CRGs have no distinct
omponent that can be unambiguously identified as a central
ucleus. 
Arp 147 is a well-known prototype of RE galaxies located at

oughly 132 Mpc away ( z ∼ 0 . 03 , 1 arcsec corresponds to 640 pc,
. de Vaucouleurs et al. 1991 ; L. Fogarty et al. 2011 , hereafter
11 ). Its ring has a stellar mass of ∼6−10 × 1010 M� and a metal-
icity of 0 . 19−0 . 40 Z� ( F11 ). The impact of the head-on collision
etween a spiral galaxy (the target) and its minor companion
the intruder) that occurred≈ 40−80 Myr ago is believed to have
riggered the creation of the ring of gas and stars (R. A. Gerber,
. A. Lamb & D. S. Balsara 1992 , F11 ; M. Mapelli & L. Mayer
012 ). F11 have conducted spatially resolved kinematic study of 
rp 147 to investigate the properties of the ring including its
F activity. They found that the ring is almost circular with a
iameter of ∼ 12 kpc, i.e. relatively larger than most local CRGs
B. F. Madore et al. 2009 ). They also reported that the ring hosts
wo (young and old) stellar population components based on H α

quivalent width (EW) and a blue colour map. It is believed that
he collision triggered young population to form and gets mixed
p with a native old stellar population of the parent spiral disc
alaxy. Finally, the authors derived starburst ages younger than
0 Myr across the ring, which explain the existence of strongly
tar-forming H ii regions, regardless of the age gradient in the
ecent SF, i.e. the W-SW quadrant is bluer compared to the others
ith an increasingly redder colour counterclockwise. 
R. Romano, Y. D. Mayya & E. I. Vorobyov ( 2008 ) derived an SFR
f 4.1 and 8.6 M� yr−1 from H α and far-infrared (FIR) emission,
espectively. Other SFR values in a similar range, based on obser-
ations in the X-ray (∼ 9−12M� yr−1 by S. Rappaport et al. 2010 ,
ereafter R10 ), H α ( 4 . 7M� yr−1 by F11 ), and mid-IR ( 4 . 1M� yr−1 
y R10 ), are also found in the literature. Table 1 summarizes the
eneral physical properties of Arp 147. Hereafter, we will use the
ame Arp 147 mainly referring to the ring of the system. Based
n the derived values of SFR, which are moderately ∼2−3 times
igher than those of local spirals, it is not surprising that Arp
47 is a nursery for massive blue star-forming knots and ultra-
uminous X-ray sources (ULXs). The latter sources are off-centre
ccreting black holes with luminosities LX ≥ ×1039 erg s−1 (e.g.
. Fabbiano 1989 ). R10 reported that the most intense starburst
ctivity in Arp 147 may have ended some 15 Myr ago given that
one of its eight ULXs is more luminous than 1040 erg s−1 . They
lso found that the positions of ULXs and star-forming knots
cross the ring are strongly related in a way that regions with
 substantial number of ULXs host as well a large population
f blue knots. In particular, the X-ray sources are either near or
n 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 03087 + 0107 (1) 
Other names IC 298, CGCG 390-016 (1) 
(Sub)class RING, RE (2), (3) 
RA (J2000) 03 11 18.9 (1) 
Dec. (J2000) + 01 18 53 (1) 
DL 132 Mpc (2), (4) 
Physical scale 640 pc arcsec−1 (2), (4) 
Mring /Mintruder 0.57 (5) 
On sky separationa 10–13 kpc (4), (6) 

The ring 
Diameter ∼ 12 kpc (4) 
Inclination angle 25◦ (4) 
Photometric and kinematic PA 33◦, 70.5◦ (4) 
Expansion velocity 225 km s−1 (4) 
B −mag ∼ 15.9 mag (1) 
Stellar massb ∼6−10 × 1010 M� (4) 
SFRa ∼4−12M� yr−1 (4), (5), (6)
Agea ∼40−80 Myr (4), (6), (7)
Zb 0.19–0.40 Z� (4) 

Notes.a The listed value range of the parameter is drawn by combining the 
works from multiple references. b 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 ). 
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1 Unsharp-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. 
2 We 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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nd masses of the knots correlate with their ULX counterparts, 
ssuming the apparent proximity between these two SF tracers 
re real. 
Based on these previous works, Arp 147 is a perfect testbed

or assessing the role of the intense collision in shaping the key
haracteristics of these knots. In particular, it is worth checking 
hether their physical properties are in agreement with the ob- 
ervational studies (e.g. R10 , F11 ) reporting the SF activity across
he ring. However, there are no detailed photometric analysis of 
he CRG’s individual knots and clumpy regions published in the 
iterature. It is thus necessary to derive diagnostic tools such as
luster mass function (CMF) and cluster age distribution function
CAF) to trace past and ongoing mechanisms triggering their 
irth and disruption. 
This paper builds on our preliminary results in Z. Randria- 
anakoto ( 2023 , 2025 ). Herewith, we provide a substantial ex-
ansion of the work which characterizes the properties of mas- 
ive clusters and star-forming clumps of Arp 147 using the Hub- 
le Space Telescope ( HST ) Wide Field and Planetary Camera 
 (WFPC2) data archive from the Mikulski Archive for Space 
elescopes (MAST). The cluster analysis is complemented with 
LX catalogues ( R10 ) and archival Spitzer Infrared Array Camera 
IRAC) data (ID 20369) to further investigate the star formation 
istory (SFH) of the CRG on sub-galactic scales. The paper is out-
ined as follows: in Section 2 , we describe the HST data and object
etection. Sections 3 and 4 outline the photometric catalogue and 
he source properties, respectively. We present our results and 
heir implications in Section 5 , compare the main findings with
ther CRG works in Section 6 , and provide a summary of this
ork in Section 7 . Throughout this work, we assume the follow-
ng cosmological parameters: H0 = 73 km s−1 Mpc−1 , �m 

= 0 . 24 , 
nd �	 = 1−�m 

(D. N. Spergel et al. 2007 ). 
 DATA  AND  SOURCE  EXTRACTION  

.1 HST observations 

e retrieved F 450 W, F 606 W, and F 814 W science images of 
rp 147 from MAST (GO Program: 11902, PI: M. Livio). With
 spatial sampling of 0.046 arcsec (equivalent to ∼29 pc at 
he distance DL = 132 Mpc), these images observed with the 
ST /WFPC2 Planetary Camera (PC) were mainly used to demon- 
trate science capabilities of the instrument after a brief hiatus 
n science operation. They are already processed and calibrated 
y the HST pipeline reduction software. Fig. 1 shows a red giant
ranch composite of Arp 147 with F 450 W, F 606 W, and F 814 W
lters in the blue, green, and red channels, respectively. Star- 
orming regions can be identified as bright blue stellar knots 
opulating the ring and the plume extending from the N −NE
egion of the galaxy. The reddish area on the S −SE side of the
ing is believed to host the displaced remnant nucleus of the
riginal spiral galaxy before the elliptical intruder on the east 
egion of the field has tidally stretched it into the observed ring-
ike structure (R. A. Gerber et al. 1992 ; M. Mapelli & L. Mayer
012 ). Table 2 provides a summary of the HST observations used
n this work. The average point spread function (PSF)/full width 
t half-maximum (FWHM) resolution of a point source is ∼0 . 15
rcsec in all three filters. 

.2 Object extraction and ring identification 

e run SExtractor (E. Bertin & S. Arnouts 1996 ) on the
nsharp-masked 1 version of an image combining F 450 W and 
 814 W observations to optimize source detection. We co-added 
mages from these two filters given that F 450 W has the deepest
xposure (8800 s), while F 814 W observations are less affected by
ust and extinction. Besides activating standard deblending pa- 
ameters to extract sources from crowded regions of the ring, we
lso applied a minimum detection limit of 3.5 σ above the back-
round (bg) rms noise as well as a minimum of nine contiguous
ixels. These best-fitting parameters led to the detection of 258 
bjects that are mainly located in the ring and the plume of the
ystem, i.e. within a circle radius of ∼17 arcsec from the centre
f the ring. 2 Had we increased the detection threshold to 5 σ , we
ould have missed ∼ 25 per cent of potential source candidates. 
urther visual inspection of the composite image was done to 
nsure that all potential cluster candidates were included in the 
utput catalogue. 
We adopt the following steps to define the ring and subse-
uently help separate the selected objects associated to the ring 
nd other regions such as the plume (see Section 3.1 ): (i) we first
erform a visual identification of the ring from the multicolour 
mage to serve as a starting point when defining the ring in a
ore robust way; (ii) we then derive a background map of the
RG using SExtractor and draw different contours to highlight
ts morphology; and (iii) we associate any region with a bg value
bove (below) 2 σ as part of the ring (outer region). We define
he bg value of an object as the median value of a 5 by 5 pixel
ackground region centred at its coordinates. 
MNRAS 549, 1–23 (2026)
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M

Figure 1. False-colour optical image of Arp 147 taken with the HST /WFPC2 F 450 W, F 606 W, and F 814 W 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 (PI: M. Livio). 

Filter Cent. wavelength Exp. time PSF/FWHM AG λ m0 , ac Mag. lim N 

(Å) (s) (pixel) (mag) (mag, mag) (mag) ( σm ≤ 0 . 20 mag) 

F 450 W 4556 8800 3.13 0.322 21.987, −0 . 906 26.62 253 
F 606 W 5997 6600 3.26 0.228 22.887, −1 . 017 26.14 267 
F 814 W 8012 6600 3.24 0.146 21.639, −1 . 017 25.64 236 
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.3 Aperture photometry 

e use iraf/phot task to perform aperture photometry on each
f the original multiband images. The source instrumental mag-
itudes 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
hosen to avoid sampling of nearby sources in the crowded re-
ions of the ring. To correct for the missing flux from the fixed
perture radius, we calculate aperture correction, ac , for each
and based on the curve of growth of four bright and isolated
ources in the field. The value of ac is derived by taking the me-
ian 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, m0 , and the Galactic foreground
xtinction, AG 

λ , were retrieved online and also applied to the
agnitudes of each source. The values of the aperture correc-
ion, the zero-point, and the Galactic extinction for the F 450 W,
 606 W, and F 814 W filters are listed in Table 2 . Uncertainties in
NRAS 549, 1–23 (2026)
he absolute magnitudes result from the iraf/phot photometric
rrors added in quadrature with the uncertainties in m0 and the
stimated ac . 

 SOURCE  SELECTION  AND  AGE  MODELLING  

.1 Terminology and source catalogue 

t the distance of Arp 147, most of the detected sources are YMC
omplexes rather than individual YMCs (Z. Randriamanakoto
t al. 2013b ). Hereafter, we refer to both objects as blue knots.
mong the star-forming regions spread across the ring are six
arge-scale star-forming complexes which we refer to as clumps
n this work. In nearby galaxies, blue kpc-sized clumps, which
ncorporate many smaller complexes and individual YMCs, host
he largest units of SF with masses generally above 106 M� (e.g.
. M. Elmegreen & B. G. Elmegreen 2006 ; A. Pellerin et al.
010 ). They are worth studying since they represent the smallest
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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. F 450 W F 606 W F 814 W log ( τ ) log (Mcl ) AV Flag 
(deg) (deg) (mag) (mag) (mag) (yr) (M�) (mag) (0 or 1) 

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 24.91 ± 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 23.98 ± 0.15 24.15 ± 0.17 6.90 4.79 0.25 0 
5 47.824462 1.314486 25.56 ± 0.15 25.27 ± 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 F 450 W, F 606 W, and F 814 W 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. 
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Figure 2. Spatial distributions of the knots (crosses) and the kpc-sized 
clumps (open squares) on the F 606 W image of Arp 147. The horizontal 
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tructures that can be resolved in high- z clumpy galaxies (e.g. D.
. Elmegreen et al. 2005 ; O. I. Wong et al. 2006 ). 
To identify the knots in Arp 147, we follow the selection process
eveloped by Z. Randriamanakoto et al. ( 2013a , b ). The main
ifference arises from cross-matching the resulting coordinates 
f the detected objects in all three filters instead of relying on
 criterion based on the concentration index CI versus FWHM 

lot. The value of CI is no longer reliable at the distance of 
he CRG ( DL ∼ 130 Mpc) where clusters mostly resemble point- 
ike sources (Z. Randriamanakoto et al. 2022 ). Prior to cross-
dentification, selection steps include rejection of objects detected 
utside the frame in Fig. 1 and removal of foreground Milky Way
tars and background galaxies. 
We only retain sources with signal-to-noise ratio (SNR) ≥ 5 

 σm ≤ 0 . 20 mag) in all three filters to construct a robust catalogue
f high confidence photometric candidates. We end our source 
election by visually inspecting the output catalogue to remove 
ny remaining false detections and sources associated with the 
ntruder. Out of the 211 selected objects, 81 per cent (171) belong
o the ring, and the rest (40) are found elsewhere, including the
lume on the N–NE side: they are, respectively, flagged as 0 and
 in the online photometric catalogue as sampled in Table 3 . We
ote that the classification is based on the corresponding bg value 
f the source as derived in Section 2.2 . 
After identifying the knots, we identify a clump as any kpc- 
cale star-forming region fulfilling the following conditions: (i) 
rst, a star-forming unit area larger than 0.2 kpc2 , i.e. a box size
arger than∼440 pc ( ∼ 0.7 arcsec). We chose this threshold using
ux contour cuts on the F 606 W image and for each clump to in-
lude at least two bright knots with an F 606 W magnitude brighter
han −12.3 mag located within 0.75 arcsec from each other. It is
mportant to detect the clumps in the the F 606 W image to avoid
ndersampling at redder wavelengths due to the clumps’ lower 
ontrast with the galaxy’s disc profile (S. Wuyts et al. 2012 ). (ii)
econdly, the closest neighbouring clump is located at least 2.5 
rcsec away. Because of a Jeans instability, star-forming clumps 
re found to be regularly spaced in circumnuclear rings, which 
epresent an environment similar to the CRG ring (e.g. R. Buta &
. A. Crocker 1993 ; B. G. Elmegreen & Y. N. Efremov 1997 ).
iii) Thirdly, the corresponding initial extinction estimate A0 

V of 
he region is below 1.3 mag to omit any clump located in the
eddish area of the ring. This area not only has a highly variable
ackground but it is also prone to large age and mass uncertain-
ies due to age–extinction degeneracy, which is a fundamental 
ias in cluster analysis and stellar population modelling. For in- 
tance, because of the degeneracy, the colour and derived age of 
 dusty young cluster resemble those of a genuinely older one
ithout extinction. Refer to Section 3.3 on how to derive A0 

V 
a parameter used to restrict the allowed extinction range in 
rder to minimize age-extinction degeneracy during cluster age 
tting. We end our identification with a visual inspection of the
hortlisted candidates for quality control. 
The open squares in Fig. 2 represent the positions of the se-

ected clumps across the ring, while the crosses denote the spa-
ial distribution of the knots. Finally, we perform box photome- 
ry on each clump to derive the corresponding multiband mag- 
itudes. Their ages and masses are computed in Section 3.3 
MNRAS 549, 1–23 (2026)
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Table 4. Physical parameters of the clumpy regions. 

ID RA Dec. Area Mbrightest 
F606W 

F 450 W F 606 W F 814 W log ( τ ) log (MCL ) AV 
(deg) (deg) (kpc2 ) (mag) (mag) (mag) (mag) (yr) (M�) (mag) 

C1 47.824708 1.314946 0.33 −13.60 20.44 20.18 20.28 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 
C5 47.828356 1.316999 0.20 −13.35 20.88 20.74 20.44 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 F 606 W absolute 
magnitude of the brightest knot within the clump; columns 6 − 8 : Vega-based apparent magnitudes of the clump in F 450 W, F 606 W, and F 814 W bands, 
respectively; columns 9 and 10: the fitted age and mass of the clump in logarithmic base; and column 11: the estimated visual extinction. 
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Figure 3. Recovered completeness fractions after applying a σm cut to 
the detected catalogues in the multiband images. Solid and dashed lines 
show the recovery rates outside and inside the ring, respectively. For 
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represent the fractions in the F 450 W, F 606 W, and F 814 W images. The 
dash-dotted and dotted horizontal lines denote the 50 and 80 per cent 
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2  

t  

s  

S

3

W  

k  

i  

a  

c  

F  

s  

a  

b  

a  

a  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/549/1/stag739/8659453 by Turku U
niversity user on 11 June 2026
sing least-square (LS) spectral energy distribution (SED) fitting.
able 4 summarizes the properties of the selected clumps which
re reported in Section 4.3 . We note that some of these objects
ould be giant star-forming H ii regions, i.e. ionized regions of 
he most recent SF from the intense UV radiation of newly formed
assive stars, rather than stellar clumps. In fact, using the Oxford
hort Wavelength Integral Field specTrograph (SWIFT) integral
eld spectrograph (IFS), F11 have reported in their work that
oth H α luminosities and electron densities in the four quadrants
f the ring have typical values for star-forming H ii regions, espe-
ially the ones in the eastern part. The optical IFS data, however,
re inadequate to measure e.g. EW (H α) in smaller regions like
ur clumps due to the poor seeing conditions and the coarse
paxel scale of the instrument. Follow-up observations with a
igh-resolution spectrograph such as the Very Large Telescope
ulti Unit Spectroscopic Explorer ( VLT /MUSE, to analyse the
bundance of nebular emission lines like H α and H β, see e.g. J.
aragoza-Cardiel et al. 2022 ) or James Webb Space Telescope Mid-
nframent Instrument (JWST /MIRI, to trace the IR dust emission
rom polycyclic aromatic hydrocarbon molecules, see e.g. O. V.
gorov et al. 2023 ) should be conducted to confirm the nature of 
hese bright kpc-sized objects. 

.2 Completeness limits 

e estimate the detection limits and test the reliability of our
ource identification and selection algorithm by running custom-
ade Monte Carlo completeness simulations. The full descrip-
ion of the simulation code can be found in Z. Randriamanakoto
t al. ( 2013b , 2019 ). Briefly, the code is composed of five consec-
tive steps: creation of artificial clusters from point-source PSF
odels, object detection, aperture photometry and calibration,
ource selection, and final outputs. We use iraf/psf task to con-
truct the PSF models from a catalogue of bright and isolated
tars in the field. By adopting the same procedures, we compute
he completeness limits of our data in the F 450 W, F 606 W, and
 814 W images between 21 and 27 mag range. For each filter, we
un the pipeline twice by considering regions inside and outside
except the companion) the ring. Fig. 3 shows the predicted com-
leteness fractions of the source catalogue in the F 450 W (blue
ines), F 606 W (green), and F 814 W (red) images. The solid and
ashed lines correspond to the recovered rates for the regions
utside and then inside the ring, respectively. We find that the
hotometric catalogue in Section 3.1 is 80 per cent complete down
o mF450W 

= 25 . 2 , mF606W 

= 25 . 1 , and mF814W 

= 24 . 8 mag. If we
ere to consider a blue knot at 10 Myr of age, these magnitude
imits respectively translate to lower mass limits of 2 . 6 × 104 ,
NRAS 549, 1–23 (2026)
 . 9 × 104 , and 4 . 1 × 104 M�, assuming the mass-to-light ratio at
hat age and Yggdrasil models (E. Zackrisson et al. 2011 ). The
et of parameters used to retrieve the models are presented in
ection 3.3 . 

.3 Age and mass least-square fitting 

e derive the ages and masses of the star-forming knots and the
pc-sized clumps using the LS-fitting technique fully described
n Z. Randriamanakoto et al. ( 2019 ) following A. Bik et al. ( 2003 )
nd P. Anders et al. ( 2004 ). The code is based on a one-to-one
omparison between a set of observed magnitudes (from F 450 W,
 606 W, and F 814 W filters in this work) and a grid of single-age
tellar population (SSP) models. We use Yggdrasil evolution-
ry tracks with ages between 1 Myr and 3 Gyr to determine the
est-fitting parameters (E. Zackrisson et al. 2011 ). We assume
 Kroupa initial mass function (IMF), an instantaneous burst,
nd padova AGB (asymptotic giant branch) isochrones. We also
dopt a starburst attenuation law of RV = 4.05 (D. Calzetti et al.
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000 ), a metallicity of Z = 0 . 004 and then Z = 0 . 008 , and a gas
overing factor fcov 3 = 0, 0.5 and 1. Unlike fcov where we explore 
ll options available, we only retrieve models assuming these two 
etallicities 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-
ess, we note that previous works by e.g. J. Z. Gazak et al. ( 2014 )
nd B. Davies et al. ( 2017 ) have reported a higher metallicity
f Z ∼ 0 . 02 (i.e. solar) in their YMC studies. Such values are
ndeed expected if red supergiants (RSGs) dominate the NIR 

ight of a ∼ 7 Myr old cluster. The resulting output parame-
ers depending on the values of Z and fcov are investigated in
ection 4.2 . 
In an effort to better estimate the extinction AV for each source,
e account for the uneven distribution of the extinction across 
he ring. This is done by constraining the input extinction range 
s a function of an initial extinction parameter A0 

V . The value 
f A0 

V is computed from the extinction map in Fig. A1 that we
uilt based on a broadband F 450 W−F 814 W colour map with
 smoothed background. Further details of the method can be 
ound in Z. Randriamanakoto et al. ( 2019 ). Based on the derived
xtinction map, we expect star-forming knots in the S–SE region 
potential host of the nuclear remnant) to be highly extinguished 
 A0 
V > 1.5 mag), while the rest of the objects mostly have A0 

V < 

.5 mag. We note that our approach of assigning an initial extinc-
ion parameter to each knot only minimizes but does not entirely
esolve inaccurate ages due to reddening. 

 GLOBAL  PROPERTIES  OF  THE  BLUE  KNOTS  

ND  KPC-SIZED  CLUMPS  

.1 Colours 

ig. 4 (left panel) shows the F 606 W versus F 450 W−F 606 W 

olour–magnitude diagram (CMD) for the selected knots. Sources 
agged as 0 and 1 in Table 3 are represented by the solid cir-
les and the solid squares, respectively. Knots embedded in the 
eddish area of the ring are shown as solid triangles. Dash–
otted, dashed, and solid lines overplotted on the CMD denote 
ggdrasil models assuming synthetic clusters with masses of 
05 , 106 , and 107 M �, respectively. They were retrieved using Z 
 0.008 and fcov = 0.5. Different ages of the synthetic cluster
re marked with multicolour squares between 5 Myr to 1 Gyr. 
he data points are mostly enclosed in between the evolutionary 
racks associated with masses Mcl = 105 −107 M �. From this first- 
rder approximation, Arp 147 seems to host the most massive 
orm of SF ( Mcl > 104 M �), even if we were to consider SSP
odels with AV = 1 . 
The right panel of Fig. 4 displays F 450 W−F 606 W versus

 606 W−F 814 W colour–colour diagram (CCD). Yggdrasil 
odels with the same input parameters as in the CMD are over-
lotted on the CCD for an extinction AV = 0 (solid line) and
V = 1 (dashed line). F 450 W−F 606 W colours of the sources lie
etween 0 and 1.7 with a mean value of ∼0 . 5 as illustrated by
he solid contour plots. The CCD plot suggests that blue knots
ith ages as young as ≈5−10 Myr mostly dominate the clus- 
er population of the CRG. In addition, the solid triangles are 
oncentrated in the upper right quadrant of the CCD ( 0 . 86 <
 450 W−F 606 W < 1 . 71 and 0 . 57 < F 606 W−F 814 W < 1 . 05 ),
 This input parameter regulates the relative contribution of photoionized 
as from nebular emission and continuum to the predicted SED. 

t  

s
I  

n  
hich suggest that the reddish area hosts highly extinguished 
nots with AV > 1 . The consistency with which the data agree
ith SSP models is generally the same regardless of the set of Yg-
drasil models used. The main difference occurs at τ � 5−10 
yr. This is not surprising given the sensitivity of Yggdrasil
o the relative contribution of nebular line + continuum emis- 
ion from bright massive stars of the youngest clusters (see Sec-
ion 4.2.1 ). 
We note that using optical F 450 W, F 606 W, and F 814 W fil-

ers alone cannot break age–extinction degeneracy. Estimated 
ges of the knots based on CCD and/or SED fitting tend to be
ounger or older than their real ages. One would require UV
bservations to derive more accurate results, especially for cases 
here τ < 10 Myr (D. Calzetti et al. 2015 ). They are sensitive
o young light primarily emitted by newly formed massive OB 

tars still embedded in their dust cocoons. UV data can thus
elp distinguish between highly extinguished young clusters and 
ny older population with low reddening. There are publicly 
vailable UV data e.g. from Galex and SWIFT /UltraViolet and 
ptical Telescope in MAST. However, with an angular resolu- 
ion of ∼5 arcsec, which translates to a physical scale of ∼3 
pc at the distance of Arp 147, they cannot resolve our indi-
idual knots as in the high-resolution HST observations. Al- 
hough we could not extract the UV magnitude of each de-
ected knot, we still use these archival data to cross-validate 
ur derived ages with the spatial distribution of the UV emis-
ion imaged across the ring (see Section 4.2.2 ). For instance,
lusters with derived ages younger than 10 Myr are expected 
o inhabit regions with strong UV emission (D. Calzetti et al.
015 ). 
In addition to broad-band UV observations, including a 
arrow-band filter that traces H α emission line is also highly rec-
mmended to get robust results during SED fitting. H α emission 
riginates from massive and short-lived O-stars by ionizing the 
urrounding hydrogen gas clouds. B. C. Whitmore et al. ( 2020 )
ave shown that H α photometry is more important than broad- 
and UV measurements to resolve age–extinction degeneracy 
hen age dating old red clusters ( > 100 Myr) in actively star-
orming galaxies. The inclusion of H α data prevents these sources 
rom being misclassified as dusty knots younger than 10 Myr, 
specially if the extinction is a free parameter that cannot be
onstrained in the LS fitting. Red clusters with concentrated or 
artially exposed H α are expected to have young ages (5–10 Myr)
iven that their redness arises from extinction. Because of the low
esolution of available H α observations to date (with a physical 
cale 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-
ification of knots with or without H α emission. Nevertheless, 
he published spatial distributions of H α on a global scale can
lso serve as a benchmark for validating the fitted ages reported
n Section 4.2.2 . For instance, we expect a substantial number of 
nots younger than 10 Myr in the quadrant of the ring with the
argest EW(H α) (see table 3 in F11 ). 
The F 450 W−F 814 W colour range varies from −0.4 to 2.6.
ig. A1 also displays the spatial distribution of the detected knots
s a function of their F 450 W−F 814 W colour. Blue knots with
 450 W−F 814 W ≤ 0 dominate the northern part of the ring
hile the red ones ( F 450 W−F 814 W > 1 ) are mostly found in
he eastern region. The trend is still prominent even if we adopt
lightly different cutoffs while defining the colour-coded labels. 
f not caused by the reddening effect, the distribution in the
orthern region is a reflection of ongoing SF activity, and/or a
MNRAS 549, 1–23 (2026)
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Figure 4. CMD ( F 606 W versus F 450 W−F 606 W , left) and CCD ( F 450 W−F 606 W versus F 606 W−F 814 W , 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 F 606 W magnitude ( F 450 W−F 606 W 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 , fcov = 0.5, and masses of 105 (dash–dotted), 106 (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 AV = 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 AV = 1 . The line plots on the top right of each panel denote the median values of the associated error bars to the data points. 

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 fcov . Top and bottom panels correspond to metal- 
licities of Z = 0 . 004 and 0 . 008 , respectively. 
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ombination of both. The prominence of dust in the eastern re-
ion, however, explains the concentration of red sources in that
rea, especially in the S–SE. We explore further the reasons be-
ind the colour gradient in Section 5.6 . 

.2 Ages, masses, and extinctions of the blue knots 

.2.1 Which Yggdrasil models to consider? 

ig. 5 compares the derived ages (left panel), masses (middle),
nd extinctions (right) assuming Yggdrasil SSP models with
 metallicity of Z = 0 . 004 (top panel) and Z = 0 . 008 (bottom).
utputs using different values of fcov are also overplotted for each
istribution. We find that, irrespective of the input parameters
NRAS 549, 1–23 (2026)
 and fcov , more than one third of the cluster population are
ounger than 10 Myr. The SSP model with Z = 0 . 008 and fcov = 1
eturns the highest number (62 per cent) of clusters with τ < 

0 Myr. We make note, however, of a narrow ‘chimney’ near
og (τ/yr ) ∼ 6 . 8 , instead of the cluster ages being evenly spread
ut over a wider time interval. This high concentration can be
xplained by the appearance of RSGs which dominate the stellar
opulation ages around this time (e.g. R. de Grijs et al. 2013 ;
. Randriamanakoto et al. 2019 ). In terms of mass, the mass–
etallicity degeneracy does not seem to have a strong influence
n the derived values for all fcov model parameters. There is no
rominent trend of increasing cluster mass for higher metallici-
ies. In fact, the median values of the derived cluster masses for
 = 0 . 008 tend to be smaller than the ones for Z = 0 . 004 , regard-
ess of the values of fcov and whether or not we apply an upper
ass cut-off. Finally, distributions of the derived extinctions are
ery similar for all models. At least half of the population have
V < 0 . 5 . 
It is not surprising to observe different age distributions for
lusters younger than 10 Myr. Cluster SEDs are sensitive to the
elative contribution from nebular continuum and emission at
he youngest ages (E. Zackrisson et al. 2001 ). SSP models that
ake into account this factor ( fcov = 1 ) thus return more objects
ounger than ≈ 3 Myr than the ones without nebular treatment
 fcov = 0 ). For this reason, our main analysis and discussion are
ased on results considering models with a gas covering factor of 
fcov = 0.5 which is a good compromise between the two cases. As
or metallicity, we consider, hereafter, the best-fitting results (that
orrespond to the minimum χ2 value) from the two SSP models
f Z = 0 . 004 and 0.008. Given that these values were chosen to
e consistent with F11 ’s stellar population analysis of the CRG,
e can then minimize bias while comparing our findings with
heir work in Sections 4.2.2 and 5.1 . We note that adopting an
SP model with Z = Z� returns a slightly older population with
 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 F 606 W and F 814 W filters, respectively. 
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he chosen metallicities. However, we find that the discrepancy 
n the results does not significantly affect our conclusions in 
ection 7 . 

.2.2 Output results from the SED fitting 

ig. 6 shows the resulting mass versus age distribution of the blue
nots considering SSP models of both Z = 0 . 004 and 0 . 008 , and
fcov = 0.5. To help investigate where the knots form and how they
ove along the expanding ring, we also plot in Fig. 7 the spatial
istributions of the blue knots split into different age (left), mass
middle), and extinction (right) bins with the derived values of 
he parameters listed in Table 3 . 
Overall, Arp 147 has a young cluster population with an 
ge range spread between ≈1−1000 Myr and a median age of 
igure 7. The spatial distributions of the star-forming knots as a function of t
orrespond to four different bin ranges as shown in the legend of each panel. T
8 Myr. More than half (58 per cent) of the sources have ages
elow 10 Myr. Before interpreting further the values of the fitted
arameters, we should keep in mind that our photometric anal- 
ses lack UV and H α observations. It implies that age–extinction 
egeneracy is only minimized but not entirely broken, though 
ffort has been made to constrain the extinction range during the
ED-fitting procedure (see Section 3.3 ). In that case, it is possible
hat the fraction of clusters younger than 10 Myr is overestimated
nd the median value of ∼ 8 Myr is biased toward a younger age,
.e. the fitting algorithm wrongly assigns ages younger than 10 
yr to old knots with low extinction. The degeneracy will overes-
imate as well critical parameters such as the CFE, � (Section 5.5 ).
evertheless, because of the overabundance of blue colours in 
ig. A1 and especially the bright UV (see Fig. 1 , bottom-left panel
n R10 ) and H α (see Fig. 7 , top panel in F11 ) emissions mostly
pread across the ring, we expect the majority of the fitted ages
o be younger than 10 Myr. This is irrespective of the strong
eak near log (τ/yr ) ∼ 6.8 in the age–mass plane in Fig. 6 . The
oungest candidates ( τ < 5 Myr, open stars) are mainly located
n the NE quadrant and the western region of the CRG, which
re in agreement with the detection of bright hotspots of UV
mission in these regions ( R10 ). Knots in the age range 5−10 Myr
grey circles) are found everywhere, especially the SE quadrant 
f the ring (see Fig. 7 , left panel). Such distribution is consistent
ith that of H α emission (which is more or less uniformly dis-
ributed across the ring; see R. Romano et al. 2008 and F11 ) and
he EW(H α)-based starburst age range of each quadrant by F11 .
he authors record as well the youngest age range of the recent
F of ≈1−2 Myr in the SE quadrant of the ring. Clusters in the
ge range 10–100 Myr (solid triangles) that constitute 21 per cent
f the whole sample are also concentrated in the NE quadrant.
he rest of the population, i.e. τ > 100 Myr (solid diamonds)
ccounting for 21 per cent of the sample, mostly reside along
he northern part of the ring. The spatial concentration of knots
ith similar ages suggests that they must have been born in
he same SF episode. Even if the low number of clusters with
ges τ > 10 Myr in the S–SE dusty region can be explained by
he challenges of detecting these fading clusters in such highly 
xtinguished regions, the use of only three filters and the lack
f UV and H α data to break age–extinction degeneracy should 
lso be kept in mind (see e.g. D. Calzetti et al. 2015 ; R. Chandar
t al. 2023 ). 
MNRAS 549, 1–23 (2026)

heir age (left), mass (middle), and extinction (right). The different labels 
he cross marks the centre of the ring which is defined by the grey area. 

sity user on 11 June 2026
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The masses of the blue knots span a range between
 . 29 < log (Mcl / M�) > 7 . 40 with a median value of ∼ 2 ×
05 M�. Arp 147 hence appears to have a slightly more mas-
ive cluster population compared to the usual mass range of 
103 −107 M� for clusters in nearby starburst environments (e.g.
. C. Whitmore 2003 ). In spite of a rigorous selection of SExtrac-
or detection parameters and a small aperture radius to perform
hotometry, resolution bias cannot be avoided at the distance
L > 100 Mpc of Arp 147 (Z. Randriamanakoto et al. 2013b ). In
articular, sources with massesMcl > 106 . 5 M�, labelled as solid
iamonds in Fig. 7 (middle panel) and which represent 8 per cent
f the sample, should be interpreted with caution. Both blending
ffects and age–extinction degeneracy tend to overestimate the
erived mass. The latter bias applies especially to those hosted
y the highly extinguished reddish area of the ring. However,
he cluster sample should be less susceptible to stochastic IMF
ampling which primarily affects derived ages of sources with
asses Mcl � a few × 104 M� (e.g. M. Fouesneau & A. Lançon
010 ). This is because our least massive source has an estimated
alue of Mcl ∼ 2 × 104 M�. Finally, we notice a clear trend in
he cluster position as a function of mass. While 69 per cent of 
ources with Mcl ≤ 105 M� (open stars) reside in the northern
egion, the SE quadrant alone hosts 36 per cent of clusters with
asses above this value. There is also a distinct trail of sources
ith Mcl ≤ 105 M� across the thin component in the western
art of the ring. The clustering could indicate that there may be
 physical connection between the knot properties and its host
nvironment, assuming statistical bias and uncertainties do not
ominate over plausible external factors. 
The fitted extinctions of the knots have a median value
V = 0 . 46 mag or E(B −V ) = 0 . 11 mag where the majority
86 per cent) of the population has extinction values AV < 1 mag.
hile 73 per cent of the least extinguished sources ( AV < 0 . 25
ag, open stars) reside in the northern side of the CRG, 29
ources with AV > 1 mag (solid diamonds) are mainly found in
ts eastern part. In particular, the most obscured ones ( AV > 1 . 5
ag) are highly concentrated in the S–SE reddish area, as ex-
ected. Besides age–extinction degeneracy, the observed cluster-
ng could be evidence linking the extinction and the cluster host
nvironment. 
Why do we find sources older than the∼50 Myr dynamical age
f the ring? Are the higher mass values of the detected sources
olely caused by systematic bias? What is (are) the main reason(s)
ehind the distinct clustering in the age and mass spatial distri-
utions? To address these questions and get more insight into the
RG SFH, we conduct more thorough investigations in Section 5 .

.2.3 starburst99 versus Yggdrasil fitted parameters 

e also assess any systematic bias introduced by our choice of 
he evolutionary track models when performing SED fitting to
he source photometric catalogues. This is done by comparing the
S-fitted parameters based on Yggdrasil and starburst99
SP models (C. Leitherer et al. 1999 , 2014 ) of a subset of 70
tar-forming knots. With an initial extinction estimate of A0 

V ≤
.25 mag, these 70 sources lie in regions less affected by dust,
pecifically the western and northern parts of the ring. They serve
s our testbed for assessing the dependence of the output results
n the chosen SSP models. 
starburst99 models with ages between 1 Myr and 3 Gyr were

etrieved assuming similar input parameters as for Yggdrasil ,
NRAS 549, 1–23 (2026)
.e. a single instantaneous burst of SF with a Kroupa IMF, padova
GB SSPs, and the same metallicities of Z = 0 . 004 and then Z =
 . 008 . We select starburst99 among many others for compar-
son, since the SSP model is also considered appropriate in the
ontext of star cluster analysis (see e.g. N. Bastian et al. 2005 ; R.
e Grijs et al. 2013 ; Z. Randriamanakoto et al. 2019 ; W. Waldron
t al. 2023 ). We note, however, that starburst99 does not take
nto account nebular emission from the warm and ionized gas
hat is mostly associated to star clusters younger than 10 Myr. 
Black and grey markers (or histograms) in Fig. 8 represent

esults assuming Yggdrasil and starburst99 models, respec-
ively. The distribution of the data points in the age–mass plane
top-left panel) reveals that starburst99 ages mainly converge
nto a narrow range creating a prominent chimney at log (τ/yr ) ∼
.8. Although such a distribution (due to the appearance of RSGs
t this age) also exists for Yggdrasil ages, it is, however, less
ronounced as the data points extend to ages as young as 1 Myr.
n fact, 29 out of the 70 knots (41 per cent) have Yggdrasil ages
elow 5 Myr versus none for starburst99 ages. With median
alues of log (Mcl / M�) ∼ 4.90 ( starburst99 ) and ∼ 5.06 ( Yg-
drasil ), the ranges of the resulting masses (top-right panel)
re nevertheless generally consistent with each other. As for the
erived AV shown on the bottom-right panel, the values peak at
V ∼ 0 . 01 and ∼ 0.27 mag considering starburst99 and Yg-
drasil models, respectively. The discrepancy, which corre-
ates with the age distributions, is a signature of the effects of 
he age–extinction degeneracy, i.e. reddening is underestimated
hile age is overestimated, and vice versa. The bias seems to
e more prominent for starburst99 results where more than
5 per cent of the fitted data points have AV ∼ 0 leading to the
ge overestimate of the youngest clusters. Finally, the data points
re better reproduced by the latter model based on the χ2 statistic
f the LS fitting. 
Models with ( Yggdrasil ) and without ( starburst99 )
mission-line treatments in the early stages of cluster evolution
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ndeed return different values of the fitted parameters. The for- 
er is expected to better reflect the evolutionary track of clusters
ounger than 10 Myr, not yet free from extinction, since they 
re still associated with the surrounding nebular emission from 

heir massive OB-type stars. Based on these comparisons and 
iven that Arp 147 likely consists of a young cluster population,
he fitted results from Yggdrasil models are more suitable as 
eference values in this work. 

.3 Properties of the clumps 

he estimated values of AV ≤ 0 . 25 indicate that the sources are
elatively free from extinction, except C4 where AV = 0 . 83 . This
s expected given its location, and hence the inferred A0 

V from 

he extinction map. The bright kpc-sized clumps have areas be- 
ween 0.20 and 0.88 kpc2 (with a diameter range from ≈ 510 
o 1060 pc) and masses larger than 106 M�, except C5 having a
lightly smaller mass of ∼ 8 . 9 × 105 M�. The size of the largest 
 ≈ 1100 by 780 pc) and most massive (∼ 6 . 8 × 106 M�) clump, 
4, follows the relation established by D. M. Elmegreen et al. 
 1994 ), i.e. the size of the largest clump is expected to scale with
he B -band absolute magnitude of its host galaxy. This implies
hat clumps form from giant clouds, which are the product of 
ravitational instabilities in the ambient interstellar medium. 
he masses of clumps observed in Arp 147 are comparable with
hose (a dozen) of the CRG NGC 922 with masses between 
9 × 105 −3 × 107 M� (A. Pellerin et al. 2010 ) taking into ac- 

ount the ∼1 mag difference in their absolute magnitudes. Both 
RGs have larger and more massive clumps than the ones of 
ocal spirals with similar absolute magnitudes because of their 
riginal galaxy’s disc stirred up by the collision, which in turn
riggers a much larger scale for gravitational collapse (S. C. Gal- 
agher et al. 2010 ). In other words, clump sizes and masses are
ightly related to the local velocity dispersion in the gas. Finally, 
ur clump ages are all younger than 10 Myr. Hence, these star-
orming regions must have formed within the ring, not being 
jected into it from the field of the distorted spiral galaxy. Unlike
rp 147, both young ( > 10 Myr) and relatively older ( 45−90
yr) clumps are found in the field of NGC 922. The N -body
imulations by O. I. Wong et al. ( 2006 ) have suggested that the
rop-through collision of an intruder through the disc of the 
arger spiral occurred ∼ 330 Myr ago to form NGC 922. It is thus
ormal to detect intermediate-age clumps given its dynamical 
ge. 
The clumpy structure of local CRGs is not only ideal to help
stablish the differences and similarities of SF of galaxies as a 
unction of redshift. These bright sources, which are large scale 
F sites of YMCs, are also useful for investigating the SF effi-
iency (SFE) on non-nuclear sub-galactic scales. Unfortunately, 
e could not derive accurate SFRs at the spatial scale of our
lumps. At the distance of Arp 147, archival Spitzer /IRAC data 
an only give rough estimates of the parameter associated to areas
arger than ∼ 15 kpc2 (see Section 5.6 ). 

.4 Any association with ULXs? 

RGs are recognized as ideal ULX nurseries because of the en-
anced SF triggered by the drop-through collision (see e.g. D. A. 
wartz, A. F. Tennant & R. Soria 2009 ; P. Kaaret, H. Feng & T.
. Roberts 2017 ; A. Wolter, A. Fruscione & M. Mapelli 2018 ). In
he case of the Cartwheel, C. Salvaggio et al. ( 2023 ) have recently
etected at least 29 ULXs across its rings. This is the largest num-
er ever discovered in a single galaxy. For Arp 147, the excellent
ngular resolution of Chandra X-ray observations ( ∼ 0.5 arcsec) 
as led R10 to identify eight ULXs around its ring and another
elonging to the plume. The powerful sources have unabsorbed 
-ray luminosities in the range of LX ∼ 1 . 5−7 . 5 × 1039 erg s−1 (A.
olter et al. 2018 ) and they reside in the eastern part of the ring,
xcept ULX-1 which is located in the NW region. This spatial
istribution could either merely be random, or a reflection of the
ost-collision SFH of the galaxy. According to R10 , the high X-
ay activity of Arp 147 in the eastern region suggests a most recent
and possibly current) SF activity occurring in that area as a result
f the collision. In fact, with typical ages � 10 Myr (Y. Gao et al.
003 ; P. Kaaret et al. 2004 ), ULXs are good tracers of the most
ecent SF activity of their host galaxies. The spatial distribution is
onsistent with the findings from our work, where more than half 
f the sources are younger than τ < 10 Myr in the same region. 
We also searched for possible ULX counterparts of blue stellar 
lusters considering a search radius of r = 0.5 arcsec ( ∼ 300 pc)
fter performing iraf/ccmap astrometry calibration to the HST 
mages using Guide Star Catalogue II. The value of r is chosen to
ake into account the relative uncertainty in the ULX positions 
erived from Chandra coordinate systems (∼0 . 3−0 . 5 arcsec as
er R10 ), while minimizing the inclusion of spurious counter- 
arts. It is also possible that an ULX has been ejected up to ∼
00 pc from a nearby cluster that could have been its birthplace
J. Poutanen et al. 2013 ). In that case, any separation below our
hosen value of r can still be treated as a true ULX–cluster associ-
tion. Each X-ray source has at least one nearby cluster younger
han 10 Myr within the search radius, except ULX-3 and ULX-4
ith much older neighbouring clusters of ≈ 200 Myr old. In all
ases, the immediate neighbouring clusters are located at least ∼
.15 arcsec away, i.e. not coincident to the ULX positions. ULX-1
nd ULX-5 are also associated with clumps C3 ( τ ∼ 4 Myr) and
6 ( τ ∼ 7 Myr), respectively. Table B1 summarizes the properties 
f the clusters near the positions of the ULXs. We note however
hat at the adopted 0.5 arcsec matching radius, a simple Poisson
stimate following the standard approach used in counterpart- 
dentification studies (e.g. A. Georgakakis et al. 2004 ) and based
n the surface density of catalogued knots yields a per-source 
hance alignment probability of pchance ∼ 0 . 25−0 . 35 , implying
hat∼2−3 of the 9 ULX–knot associations may be spurious. The 
not and clump ages below 10 Myr are comparable with the
oung ages of clusters ( � 6 Myr) associated with X-ray sources in
he Antennae galaxies (J. Poutanen et al. 2013 ). However, source
ges around 200 Myr imply that the relatively old knots are less
ikely to be related with the X-ray sources unless there is an
verestimate in the cluster age from age–extinction degeneracy. 
n fact, the colour of a dusty young cluster appears red and it can
e misidentified as an old one without extinction because of the
egeneracy. 
We did not find any prominent correlation between the intrin- 
ic luminosity of the ULX sample and the properties of their po-
ential cluster counterparts. Nevertheless, the detection of young 
lue knots and clumps within the search radius from the X-ray
ource positions could suggest that these objects are none other 
han the ULX birth sites (Y. D. Mayya et al. 2023 ; V. M. A. Gómez-
onzález et al. 2024 ). The nature of any ULX–knot association
s still a matter of debate and thus requires sufficient evidence
nvolving spectroscopic observations, especially at the distance of 
rp 147 where the individual knots have finite physical sizes of 
350 pc and given the relatively low value of pchance ∼ 0 . 25−0 . 35 .
MNRAS 549, 1–23 (2026)
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 VARIOUS  DIAGNOSTIC  TOOLS  AND  THEIR  

MPLICATIONS  

.1 Azimuthal age distribution 

n Fig. 9 (left panel), we plot the azimuthal (AZ) distribution of 
he blue knots against their computed ages to assess the dom-
nant SF mechanism across the CRG and to check whether its
ing-like structure is long-lived or a transient feature. We exclude
ources older than 200 Myr to avoid statistical bias, since the
luster population is significantly incomplete beyond that age.
he AZ distance is measured counterclockwise from the ring’s
tted major axis which is the 0◦ AZ in this work. The black solid
oints represent the mean age per 30◦ AZ bin size. Unlike clusters
n the circumnuclear ring of NGC 2328 (P. Väisänen, S. Barway &
. Randriamanakoto 2014 ) or the ones along the spiral arms of 
GC 1566 (F. Shabani et al. 2018 ), there is no evidence for any
rominent age sequence across the ring of Arp 147 apart from a
ump at AZ distances of ∼0◦−60◦. The absence of data points at
Z distances between −150◦ and −180◦ is explained by the poor
not detection in the most diffuse region near the reddish area of 
he ring. 
The most common explanation for the lack of an AZ age

colour) gradient, assuming the observed pattern is real, arises
rom the occurrence of an outwardly self-propagating SF mech-
nism across the ring as a result of the drop-through collision.
 gradual increase of the gas density in the ring would then
rigger a gravitational collapse and massive SF once it reaches
ritical density at some stage. In this scenario, the knots can
orm anywhere throughout the ring due to local gravitational
nstabilities (e.g. R. Lynds & A. Toomre 1976 ; J. C. Theys & E. A.
piegel 1977 ; R. A. Gerber et al. 1992 ). The bump within∼0◦−60◦

Z is most likely real given that this AZ bin coincides with the
ocations of the point of impact ( F11 ) and an extending plume N–
E side of the ring. This implies that although a self-propagating
F might trigger the formation of knots across the ring, there is a
ossibility that the process is coupled with some external factors
n this particular region (e.g. any residual tidal interaction with
he companion) or even further beyond. 
In fact, ULX properties of Arp 147 do not support a radially self-
ropagating SF. The relatively high number of ULXs with a popu-
ation lacking extremely bright ones, i.e. LX � 1040 erg s−1 , rather
efines the large rate of SF as a collision-driven intense starburst
hat likely reached its peak≈10−40 Myr ago ( R10 ). These bright
ources are believed to emerge from the same burst that produced
he young blue knots across the ring, and hence the detection of 
he latter in their vicinity (see Section 4.4 ). Furthermore, previ-
us works focusing on the SF activity of Arp 147 by F11 have
eported the presence of a colour (age) gradient in the recent SF
cross the CRG’s ring. They found that the W–SW quadrant of the
ing is bluer compared to the others with an increasingly redder
olour counterclockwise. The existence of such pattern can be
nterpreted as a direct visual record of a coherent and large-scale
ollision-triggered starburst event happening all around the ring.
he triggering of a synchronized recent SF is known to be a strong
vidence of a radially propagating star-forming density wave as
pposed to a self-propagating SF mechanism (P. N. Appleton & A.
. Marston 1997 ; M. A. Bransford et al. 1998 ). This is consistent
ith the combined stellar and gas-dynamical model by R. A. Ger-
er et al. ( 1992 ) to predict the formation of a system resembling
rp 147. Their numerical works suggest that an outward-moving
ensity wave, which is induced by an off-centre collision, sweeps
NRAS 549, 1–23 (2026)
p the surrounding gas along way. The process enhances SF by
riggering a strong starburst activity that creates the expanding
ing. Thereafter, bursts of SF are found in high gas density re-
ions furthest away from the nucleus. Recent hydrodynamical
imulations of a Cartwheel-like CRG by F. Renaud et al. ( 2018 )
upport as well an enhanced SF being triggered by compression
rom high-pressure shock waves, expanding outward at a con-
tant speed. Their model predicts a reversed radial age gradient
hich indicates a distinct SF sequence across the post-collision
eatures of the simulated CRG. Note that their proposed mate-
ial wave model differs from the classical density wave scenario
hereby the expanding ring drags gas and the stars it forms to
ts current location instead of simply passing through and not
arrying them along. 
Based on these observational and theoretical works, the lack
f AZ age gradient likely stems from possible bias. The internal
ffects of light absorption may be responsible for the absence
r the weakness of an AZ age (colour) gradient (F. Schweizer
976 ). Such a process can smear out the colour gradient as the
luer colour indices towards the inner edge of the ring are com-
ensated by increasing light absorption. Alternatively, the age
equence can also be smeared out if the collision-triggered star-
urst event gets superimposed with an apparent stochastic SF
rocess. Driven by stellar feedback (e.g. SN explosions, and stellar
inds), stochastic SF is a self-propagating random process that
ompresses surrounding molecular clouds and thereby igniting a
hain reaction mechanism of more massive star birth (H. Gerola
 P. E. Seiden 1978 ). Robust age dating including UV and H α

bservations will hopefully help to resolve these conflicting sce-
arios behind the AZ age distribution across the ring. In any case,
oth radially expanding star-forming wave and self-propagating
F are associated with a ring that is short-lived, making it a
ransient feature that will fade away in one galactic year. It is
redicted that the expanding ring will fragment into large clumps
y strong perturbations to finally disappear almost completely in
bout ∼0 . 2−1 Gyr (J. C. Theys & E. A. Spiegel 1977 ; F. Renaud
t al. 2018 ; S. Inoue et al. 2021 ). Otherwise, differential rotation
which causes the gas to move at different speeds) could also be
he underlying factor for stretching and breaking apart a ring that
ormed by self-propagation within ∼100−200 Myr (H. Gerola &
. E. Seiden 1978 ). 

.2 Radial mass distribution 

he right panel of Fig. 9 shows the cluster masses plotted against
heir distances from the highly extinguished S-SE side of the
ing. Black solid points denote the mean mass per 2.5 kpc bin
ize. We find a decreasing mass with an increasing distance from
he reddish area. Such a trend is similar to the cluster mass–
alactocentric radius relation based on observational works by
.g. A. Adamo et al. ( 2015 ), M. Messa et al. ( 2018a ), and Z. Ran-
riamanakoto et al. ( 2019 ), except that the reference point to
stimate the radial distance is not at centre of the galaxy but
ather within the most extinguished region of the empty ring.
he location is chosen under the assumption that it hosts the
isplaced remnant nucleus of the distorted spiral galaxy (e.g. R. A.
erber et al. 1992 ; M. Mapelli & L. Mayer 2012 ). We still observe
 radially varying cluster mass even if we were to exclude objects
ore massive than 106 M�. 
W. Sun et al. ( 2016 ) suggested a stochastic cluster formation
rocess 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. 
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Table 5. Fitted slopes of the completeness-corrected cumulative CLFs. 

Filter Cut-off (mag) αLS αBayes 

F 450 W −10.43 2.19 2.01 
F 606 W −10.52 2.15 1.94 
F 814 W −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 αLS and αBayes , respec- 
tively. 

2  

P  

fi  

c
fi  

c
i  

t  

m
8  

a
a

 

u  

b  

w  

a  

c  

u  

t
w  

o
t

 

c
F  

t
a  

w

5

T  

c
M

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/549/1/stag739/8659453 by Turku U
niversity user on 11 June 2026
ample effect. Galaxies with higher SFR stand a higher chance 
o form a larger cluster population and, thus, they are more likely
o sample the high-mass bins of the cluster IMF. On the other
and, given that the collision occurred ∼ 50 Myr ago, and that
wo galaxies are still relatively close with a projected separation 
f ∼13 kpc, the elliptical intruder is likely to be still deep within
he potential well of the distorted spiral, and hence can bear some
nfluence on the gas dynamics in the empty ring. The ongoing 
nteraction would trigger the concentration of high-gas density in 
he nearby S-SE side of the ring, which is a necessary key ingredi-
nt for the birth of the most massive knots in an environmentally
ependent cluster formation scenario (e.g. A. Adamo et al. 2015 ; 
. Randriamanakoto et al. 2019 ). 
This second scenario is in agreement with numerical predic- 

ions by F. Renaud et al. ( 2018 ). The authors have reported that
lusters that formed after the collision are predominantly more 
assive than the ones before the collision. In particular, the most
assive clusters inhabit regions with high gas densities and low 

hear, and thus favouring the concentration of intense SF. For a 
artwheel-like system, these regions are found in the opposite 
ide of the nucleus, across the outer ring, where SF is less efficient
ecause of high shear-driven turbulence that stretches and heats 
as clouds. This distinct distribution of the SF activity generates 
 strong asymmetry in the AZ distribution of the stellar mass
ormed in the ring. It is then reasonable to use the AZ and/or
adial mass distribution to trace the SFH of the CRG as well as
he epoch when the SF peaked. 

.3 Luminosity and mass functions 

luster luminosity function (CLF) and its corresponding mass 
unction (CMF) are measurable traits used to better understand 
he physical properties of a cluster population. Their shape and 
ny distinct features encode past and ongoing processes trigger- 
ng the YMC birth and subsequent evolution. Both functions are 
enerally consistent with power-laws (PL) of the form d N/ d L ∝
−α with α ∼ 2 and d N/ d M ∝ M−β with β ∼ 2 , respectively (see
.g. B. G. Elmegreen & Y. N. Efremov 1997 ; B. C. Whitmore et al.
999 for CLFs and Q. Zhang & S. M. Fall 1999 ; A. Bik et al. 2003 
or CMFs). 

.3.1 Multiband CLFs 

n this work, we use cumulative distribution to construct un- 
inned CLFs of Arp 147 using the F 450 W, F 606 W, and F 814 W
bservations. Cumulative methods are deemed more appropriate 
o test the hypothesis of any truncated distribution (especially for 
alaxies with a small number of clusters; see e.g. N. Bastian et al.
012 ; M. Messa et al. 2018b ; S. T. Linden et al. 2021 ). We fit a single
L function to the data using LS method and Bayesian (Bayes)
tting technique. Refer to e.g. M. Messa et al. ( 2018a , b ) for a
omprehensive description of the Bayes-fitting method. Before 
tting a single PL to the CLFs, we first apply a completeness
orrection to the data using the predicted completeness fractions 
n Section 3.2 . The process is necessary to avoid any spurious
urnover at the faint end of the distribution due to the instru-
ental detection limit from the observations. Table 5 lists the 
0 per cent completeness limits, until which we perform the fit,
nd the resulting PL slopes of αLS and αBayes using least-square 
nd Bayesian methods, respectively. 
For both fitting techniques and for all three filters, the val-
es of the PL slopes are α � 2 (with their uncertainties ranging
etween 0 . 03−0 . 10 ), except for the Bayes-fitted CLF in F 606 W
ith αBayes = 1 . 94 . Nevertheless, the values of αLS = 2 . 15−2 . 21
re steeper by ∼0 . 2 than those of αBayes = 1 . 94−2 . 01 . This dis-
repancy is due to LS giving more weight to data points at the
pper end of the CLFs, and hence a steeper slope, as opposed to
he Bayes-fitting process. Since the latter is deemed more robust 
hen fitting a PL (or other functions) to the cluster distribution,
ur discussions are mainly based on Bayes-fitted parameters of 
he CLFs (and CMFs) hereafter. 
A deviation from a PL can be observed in the cumulative
ompeteness-corrected CLFs shown in Fig. 10 , especially for the 
 606 W data points. Given that unbinned CLFs are less sensitive
o statistical bias compared to binned ones, other factors could 
lso play a role in shaping this truncated feature, especially if we
ere to detect the same trend in the CMFs (see Section 5.3.2 ). 

.3.2 CMFs of the knots in different age intervals 

he purple points in Fig. 11 represent a cumulative CMF for all
lusters younger than 200 Myr. Besides excluding sources with 
cl > 106 . 5 M � (to minimize resolution bias), we also exclude 
MNRAS 549, 1–23 (2026)
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M

Figure 10. Cumulative CLFs corrected from observational incomplete- 
ness using the F 450 W (top curve), F 606 W (middle), and F 814 W (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. 

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 Mcl ≥ Mcut . The vertical lines denote 
log (Mcut / M�) = 4 . 46 (dotted line) and 5.37 (dashed) to get mass-limited 
samples for τ < 10 and < 200 Myr, respectively. 
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Table 6. Fitted parameters of the completeness-uncorrected CMFs as- 
suming pure PL and Schechter functions. 

Region �t log (Mcut ) Ncl βPL βSch Mc 
(Myr) (M�) (× 106 M�) 

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 1.41 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 �t, we derive the pure PL slope βPL of the cumulative CMF by 
considering Ncl data points more massive than the cut-offmass Mcut . 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 βSch and the truncated mass Mc . 
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he old ones ( τ > 200 Myr in this work) to minimize statisti-
al bias from incompleteness. We did not apply a completeness
orrection to the CMF since deriving cluster mass completeness
imits is highly uncertain because of the limited availability of 
lters in this work. The solid line represents a PL fit to data points
ore massive than Mcut = 104 . 7 M�, which is the highest peak of 
he CMF if we were to use a binned distribution. We find a slope
PL = 1 . 68 , a smaller value than the canonical slope of β ∼ 2 . We
NRAS 549, 1–23 (2026)
lso perform a Schechter (Sch) fit to the cumulative CMF. The two
omponent function (dash–dotted line) is of the form d N/ d M ∝
(M/Mc )−βSch e(M/Mc ) with βSch = 1.49 the PL slope at the low-mass
nd, and Mc = 1 . 51 × 106 M� the characteristic truncation mass
t high masses. Based on the posterior probability distributions
PDFs) in Appendix B1 , the CMF of Arp 147 is better represented
y a pure PL than a Schechter function in spite of a turnover
bserved at the upper end of the CMF, i.e. around≈106 M �. 
To check whether the turnover is real, we split the cluster pop-
lation in two subsamples based on the source ages: �t1 = 1−10
yr (cyan) and �t2 = 10−200 Myr (orange). We consider con-
ervative mass-limited samples to mitigate observational incom-
leteness when fitting the CMFs. Based on the age–mass plane
n Fig. 6 , we thus perform the fit up to log (Mcut / M�) = 4.46 and
.37 for the corresponding MFs of sources of ages within �t1 and
t2 , respectively. Again, the solid and dashed lines respectively
epresent PL and Sch fits to the data. While the CMF of sources
ounger than 10 Myr can still be represented by a PL with a slope
PL = 1 . 78 , especially if we were to omit the data points above
og (Mcl / M�) ∼ 6.2, the CMF of the older age interval �t2 clearly
eviates from the PL function well below that value. In fact, it
s best described by a Schechter fit where βSch = 0.56 and Mc 
6 . 17 × 105 M� (refer to the PDF distributions in Appendix B2 ).
able 6 summarizes the fitted parameters of the CMFs. 
Resolution bias is a known factor behind an artificial upper
utoff in the CMF. If the observed turnover at the high-mass end
f our CMFs is due to blending effects, then the chosen upper
ut-off of 106 . 5 M� to minimize such bias is not enough to ex-
lude most of the blended sources. To explore further whether
he apparent turnover is real, we then applied an upper cutoff
alue of 106 M�. Again, a Schechter function with Mc > (5−6) ×
05 M� fits better the CMF than a PL distribution. Furthermore,
umerical simulations by R. A. Gerber et al. ( 1992 ) have shown
hat an off-centre collision between a gas-rich disc galaxy and its
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qual-mass companion produces an Arp 147-like CRG with an 
mpty ring, of which presents some generic features. In partic- 
lar, they have predicted the appearance of hot spots with ele- 
ated gas densities and shocks across the ring, especially on the
pposite sides away from the displaced nucleus. These regions 
re primed of strong starburst events, which explain enhanced SF 
nd thereby the extensive birth of young massive blue knots in the
mpty ring. In that case, it should not be a surprise to detect knots
ore massive than 106 M� in Arp 147 regardless of its distance. In
act, nearby LIRGs such as NGC 4149 (39 Mpc, A. Adamo et al.
020a ), Arp 299 (45 Mpc, Z. Randriamanakoto et al. 2019 ), and
GC 1614 (70 Mpc, M. Caputo et al. 2024 ) have been reported to
ost star clusters as massive as 107 M�. In that case, it is plausible
hat the high-mass truncation of the CMF that corresponds to 
t2 = 10−200 Myr is real and thus worth investigating, especially 
hat the mass-limited sample should be free from rapidly expand- 
ng young associations and less prone to incompleteness. The 
easured truncation of the CMF is believed to be environment- 
ependent (see e.g. S. S. Larsen 2009 ; A. Adamo et al. 2015 ). High-
FR host galaxies such as interacting systems have their CMF 
runcation at the high-mass end (as massive as 106 M�) compared 
o their normal star-forming galaxy counterparts (with a mass 
urnover at 105 M�). Given the nature of Arp 147 (a CRG with
nhanced SF, R. A. Gerber et al. 1992 ) and the measured value
f its characteristic truncation mass ( Mc = 1 . 51 × 106 M�), our
MFs tend to follow this observed trend in the literature, i.e. an
ncreasing Mc for higher SFRs. In other words, SF intensity in Arp
47 is high enough to allow very massive knots to form. 
The CMFs of young (cyan) and intermediate-age (orange) 
nots have distinct trends and values of Mc ( 1 . 23 × 106 M� ver-
us 0 . 62 × 106 M�). This could be evidence for an evolving CMF
here the two populations undergo different dissolution rates 
ver time (S. Li et al. 2015 ). Nevertheless, we should note the
mall number statistics of 27 used to fit PL and Schechter func-
ions to the CMF for the age interval of 10−200 Myr (see Table 6 ).
e also emphasize that age–extinction degeneracy could also 
ead to cluster mass overestimates besides blending, and hence 
hould be taken into account when interpreting the CMF shape 
nd especially the value of Mc . Furthermore, Monte Carlo mass 
ompleteness simulations should be conducted once more multi- 
and data become available to accurately constrain the lower end 
f the CMF. 

.4 Cluster age distribution function 

he CAF is defined as the differential number of clusters per time
nterval of a mass (or luminosity)-limited sample. CAFs can be 
pproximated by a PL of the form d N/ d τ ∝ τ−δ with δ varying
etween 0 and 1 and where a steeper PL index indicates a more
apid cluster dissolution (see e.g. S. M. Fall, R. Chandar & B. C.
hitmore 2005 ; B. C. Whitmore, R. Chandar & S. M. Fall 2007 ;
. Fouesneau et al. 2014 ; Z. Randriamanakoto et al. 2019 ; S. T.
inden et al. 2021 ). 
Fig. 12 shows the CAF of knots with masses above 

og (Mcl / M�) = 5 . 37 assuming equally space temporal bins
f 0.3 dex in widths. The mass cut leads to a complete mass-
imited sample of sources with log (Mcl / M�) > 5 . 37 and τ < 

00 Myr. We exclude knot candidates with Mcl > 106 . 5 M� which 
re likely affected by imperfect extinction correction and/or the 
esult of a significant resolution bias. The cluster age distribution 
as a PL index of δ = 0 . 25 between the age interval of 10−200
yr. The value of δ becomes 0.42 and 0.37 if we bin the data by
.35 and 0.4 dex in widths, respectively. The age interval of 1−10
yr is most likely contaminated by gravitationally unbound 
lusters like OB associations (N. Bastian et al. 2012 ; A. Adamo
t al. 2020a ) and a mass-independent loss of very young objects
nown as infant mortality (S. M. Fall et al. 2005 ), and thus is not
aken into account in order to derive a more accurate value for
he CAF slope. 
The CAF shape between 10−50 Myr appears to be steep and
an be interpreted as an increase in the formation rate of clusters
CFR, the total mass formed in clusters per unit time over a given
ge interval) since the collision (i.e. ≈ 50 Myr ago) to the present
ay. In that case, it is a piece of evidence for a strong starburst
vent that likely happened in the ring within that timeframe as
redicted by the simulated collision of the CRG (e.g. R. A. Gerber
t al. 1992 ; M. Mapelli & L. Mayer 2012 ). However, the age dis-
ribution is rather flat between 50−200 Myr implying a roughly 
onstant CFR within this age interval, prior to the collision. The
bserved trends (steep and then flat distributions) persist even 
f we use other bin widths. We prefer not to attempt interpreta-
ions of the steep decline of the distribution beyond 200 Myr (log

< 8 . 3 ), since it is strongly affected by incompleteness. We note
hat the detection of knots older than the dynamical age of the
ing ( > 50 Myr) is rather unusual. Recent works on star clusters
nd stellar populations in merging systems (e.g. M. Rodruck et al.
023 ; P. Aromal et al. 2025 ) and CRGs (e.g. L. Fogarty et al. 2011 ;
. R. Ditrani et al. 2024 ) have suggested that massive objects older
han the epoch of interaction or collision, if present, could have
urvived the cluster dissolution mechanisms triggered by the vi- 
lent interaction between the galaxies. They would then migrate 
way from their birth sites rather than having formed in-situ in
heir current location. However, the authors have highlighted 
s well that the detection of such an older population is by no
eans certain and hence, some caution must be taken in their
nterpretations. In fact, the presence of older knots in our anal-
sis can be mainly attributed to age–extinction degeneracy (the 
MNRAS 549, 1–23 (2026)
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Figure 13. The CFE ( �) plotted against the SFR density ( �SFR ). 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 �. 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 �gas 
and �SFR , respectively. The 2 σ uncertainty of the theoretical models are 
enclosed by the dotted and dash–dotted lines. The horizontal line marks 
the constant value of � = 24 per cent from R. Chandar et al. ( 2017 ). 
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erived ages of reddened knots are biased toward larger values),
r other artefacts such as Milky Way foreground star contami-
ation or misidentification of remnants of the disturbed spiral
alaxy’s nucleus that resemble knotty-like objects. 
The decreasing rate of sources as a function of time in Fig. 12

s expected due to the gradual mass loss through a variety of 
nternal processes (e.g. evolutionary fading, two-body relaxation).
owever, the PL slope δ > 0 does not support the hypothesis of a
onstant disruption rate in the age range 10−200 Myr. The value
f δ = 0 . 25−0 . 42 is comparable to the CAF slopes of galaxies
ndergoing mild disruption from internal effects and/or outside
nfluence (e.g. E. Silva-Villa & S. S. Larsen 2011 ; A. Adamo &
. Bastian 2018 ). In fact, any residual tidal forces between the
istorted spiral and the hit-and-run companion galaxy likely con-
ribute to the cluster dissolution across the ring over the last
0 Myr. Finally, if the star-forming ring is indeed a transient
eature, which only lasts for ∼ 500 Myr, then its fragmentation
nto large clumps would also be an external factor affecting the
ong-term evolution of its cluster population, especially the low-
ass ones. 
Due to the limitations of this work and because we did not
isentangle the contributions of cluster formation and disrup-
ion rates to the overall cluster age distribution, we prefer not to
xplore further the ongoing disruption model at play. We need
ore filters for a more robust mass estimation from our cluster
ge–dating analysis. 

.5 Cluster formation efficiency 

FE 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 �) by comparing the mass of clusters above the observational
ass limit and within a certain age range to the galaxy SFR. We
emind the reader that blue knots with masses Mcl > 106 . 5 M�
re excluded to minimize overestimation of the CFR (and hence
he CFE) from resolution bias. In this work, we derive � assuming
FR (FIR, R. Romano et al. 2008 ) = 8 . 6M� yr−1 , a value com-
arable to SFR ∼ 7M� yr−1 which is the mean of the parameter
aken from the literature. We do not use H α-based SFR to avoid
verestimating the CFE because of nearby and/or unbound clus-
ers usually younger than 10 Myr easily contaminating the H α

mission (e.g. K. Hollyhead et al. 2016 ; A. Adamo et al. 2020a ).
n addition, FIR luminosity provides a more reliable measure of 
he SFR since it is less affected by the dust extinction than H α

mission is. 
To match our age intervals to previous observations and to
ssess the evolution of � over time, we consider two different in-
ervals of 1−10 Myr ( �t1 ) and 10−100 Myr ( �t3 ), implying mass
imits down to log (Mcl / M�) = 4 . 46 and 5.21, respectively. We
ssume the cluster catalogues to be complete above these mass
imits. We also include �t2 = 10−200 Myr to be consistent with
ur CAF and CMF analyses. We find that ��t1 ∼ 35 . 6 per cent,
�t2 ∼ 3 . 4 per cent, and ��t3 ∼ 3 . 9 per cent. Had we considered
n H α-based SFR instead, the value of ��t1 is equal to ∼65
er cent which is almost a factor of 2 higher than that of an FIR-
ased SFR. Finally, to quantify the impact of the head-on collision
n the SFH, the values of � that correspond to the time intervals
t4 = 50−100 Myr and �t5 = 1−50 Myr are also estimated, i.e.
round 50 Myr before and then after the collision. We find ��t4 ∼
 . 7 per cent and ��t5 ∼ 9 . 5 per cent. The decreasing fraction of 
tars forming in bound clusters is consistent with the declining
hape of the CAF in Section 5.4 . 
NRAS 549, 1–23 (2026)
Fig. 13 shows the positions of some of our derived CFEs (open
ymbols) in one of the most up-to-date versions of the CFE−�SFR 
elation established for the first time by S. S. Larsen & T. Richtler
 2000 ) and Q. E. Goddard et al. ( 2010 ). The solid grey ( �t1 = 1−10
yr) and black ( �t3 = 10−100 Myr) symbols denote previous

iterature data compiled by D. O. Cook et al. ( 2023 ) and refer-
nces therein. In our case, �SFR = 0 . 07 M� yr−1 kpc−2 using the
ame method as D. O. Cook et al. ( 2012 ), i.e. by normalizing
FR over a projected area of A ∼ 118 kpc2 that coincides with
he spatial distribution of the blue knots in the CRG. Theoret-
cal predictions of � with respect to the SFR density are also
hown as black lines with the 2 σ lower and upper limits indi-
ated by the dotted and dash–dotted lines. The fiducial models
re built based on a formulation from J. M. D. Kruijssen ( 2012 )
ith the solid line adopting the global Kennicutt–Schmidt law
R. C. Kennicutt 1998 ), i.e. a universal relation between �SFR 
nd �gas at all scales. The dashed line, however, represents a
odified version of the original J. M. D. Kruijssen ( 2012 ) model
s suggested by L. C. Johnson et al. ( 2016 ). They have considered
he assumptions from F. Bigiel et al. ( 2008 ) of a varying relation
t sub-kpc scales between the two parameters, i.e. a decreasing
SFR for lower �gas , where H i dominates the gas environment
ver H2 . 
Finally, work by R. Chandar et al. ( 2017 ) proposed a constant
alue of � ∼ 24 per cent in all host galaxies when using �t1 =
−10 Myr. This would indicate that the efficiency to form stars
n clusters is independent of the galactic environment and that
ny observed �−�SFR relation is merely a result of mixing data
ets derived from different age intervals. The constant value is
epresented by the horizontal dashed line in the CFE–SFR den-
ity plot. 
Compared to various host environments (e.g. Large and Small
agellanic Cloud, normal spirals, dwarf irregular galaxies, star-
urst and interacting luminous IR galaxies) represented in the
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Figure 14. Cumulative CMFs on sub-galactic scales: N/S (left panel) and 
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FE–SFR density plot, the efficiency of Arp 147 to form bound
lusters during the 1−10 Myr age interval is relatively higher than
hose of quiescent dwarfs and gas-poor spirals. These galaxies 
re labelled, for instance, as grey triangle-right markers (D. O. 
ook et al. 2012 ) or a grey hexagon (K. Hollyhead et al. 2016 ) in
ig. 13 . P. N. Appleton & C. Struck-Marcell ( 1987 ) reported that
ecent SF level in RiGs is more extreme and higher than that of 
ormal galaxies. Their findings are based on the comparison of 
IR luminosities ( LFIR ) and IR to optical luminosity ratios of a
ample of 26 RiGs (including Arp 147) with those of normal disc
alaxies. A high value of LFIR is due to the predominant IR excess
rom of a large population of young OB stars. Thereafter, the
uthors suggest that intense and coherent starbursts across the 
ing must have triggered the birth of these massive blue stars.
his would then explain the high value of ��t1 in this work.
n fact, it is consistent with similar estimates for targets with
xtreme SF activity such as galaxy mergers (grey stars, A. Adamo 
t al. 2020a ) and blue compact galaxies (grey diamond markers,
. Adamo, G. Östlin & E. Zackrisson 2011 ). According to R10 ,
he major epoch of starburst activity in Arp 147 occurred over 
he last 15 Myr, which is then likely to trigger more significant
luster formation. Previous star cluster works have also reported 
hat dense gas-rich environments with high gas pressures result 
n elevated SFEs and, subsequently, in a higher CFE (e.g. Q. E.
oddard et al. 2010 ; J. M. D. Kruijssen 2012 ; A. Adamo et al.
020a ; M. Rodruck et al. 2023 ). The primary mechanism that can
enerate such high gas densities is rapid gas accretion resulting 
rom an encounter of an intruder with a larger galaxy’s disc.
lthough the high value of ��t1 ∼ 36 per cent is in agreement 
ith a recent episode of SF triggered by a head-on collision, and
lso considering our conservative approach of utilizing a mass- 
imited subsample with a non-H α based SFR, it is still, never- 
heless, plausible that blended unbound clusters and old knots 
rroneously fitted with young ages could partially contaminate 
he catalogue leading to an overestimation of the CFE. 
The value of ��t5 (10 per cent) is almost 2 times higher than

hat of ��t4 (7 per cent). This means that fewer bound clusters
ave been formed before the collision as opposed to the CFE of 
 second generation of massive blue knots post-collision. This 
rend, which can be explained by the abundance of high gas
ensities as a result of the collision, is in agreement with a re-
ent numerical work by N. Lahén et al. ( 2020 ). The authors find
he CFE to vary with the merging phase, increasing from 20 to
0 per cent between the early merger stage and at the peak of 
he starburst. The difference between ��t4 and ��t5 can also be 
xplained by a cessation of SF happening in star clusters older
han 50 Myr (and hence a relatively lower ��t4 ) due to cluster
issolution over time via two-body relaxation and/or secular evo- 
ution (e.g. R. Chandar et al. 2017 ; D. O. Cook et al. 2023 ). The
ecrease in � over the 1−100 Myr timescale (36 per cent in the
rst 10 Myr, then dropping to 4 per cent during the 10−100 Myr
nterval) can also be attributed to the same mechanism. This has
lso been observed by, e.g. R. Chandar et al. ( 2017 , from 27 down
o 7 per cent) and D. O. Cook et al. ( 2023 , from 24 down to 5
er cent) using the same age intervals. Finally, the corresponding 
FE of the age interval�t1 falls within 2 σ uncertainty of the J. M.
. Kruijssen ( 2012 ) model assuming the Kennicutt–Schmidt law. 
his can be interpreted by the cluster formation process in Arp
47 to be driven by the surface gas density. None of the estimated
FE values clearly match the F. Bigiel et al. ( 2008 ) curve nor
ithin the same range as the constant CFE value of 24 per cent
rom R. Chandar et al. ( 2017 ). 
Based on these comparisons and the simulations predicting 
he formation of the ring and the major epoch of SF, we suggest
hat an outward-moving ring-like density enhancement has con- 
ensed to form massive gravitationally bound clusters in large 
umbers across the ring, at least during the last 10–50 Myr (A.
urkert et al. 2005 ). Overall, our results are more consistent with
being dependent of the galactic environment. We note, how- 
ver, that the derived CFEs are upper limits because of uncer-
ainties and possible bias from blending (at the distance of the
RG, not all sources with masses below 106 . 5 M� are a single 
luster detection), age–extinction degeneracy (an underestimate 
n the age of genuinely old knots leads to their inclusion when
omputing the CFR), and unbound cluster contamination. 

.6 Knot properties on sub-galactic scales 

e also built CMFs and estimated the CFE on sub-galactic scales
o further investigate the cluster formation and disruption mech- 
nisms of Arp 147. To this end, we split the cluster catalogue
ased on the source positions across the field: sources in the
orth (N) versus South (S) and then East (E) versus West (W). To
inimize statistical bias, the regions (N/S and E/W) are delim- 
ted in a way that they have equal number of knots rather than
onforming to the centre of the ring. 
Purple data points in Fig. 14 show the cumulative CMFs of 
arious regions of the CRG for all knots younger than 200 Myr.
e also draw the corresponding CMFs for τ ≤ 10 Myr (cyan) and
0 ≤ τ < 200 Myr (orange). The derived distributions of the N
nd S regions (left panel) are similar in shape regardless of the
ge interval, though the fitted paramaters of the N region are
enerally larger than those of the S area (see Table 6 ). A PL
unction is still a reasonable fit to the MFs of knots younger
han 10 Myr while the distributions are best represented by a
chechter function within the age range 10−200 Myr. There is 
 turnover of the CMF at ∼ 1 × 106 M� (N) and ∼ 6 . 6 × 105 M�
MNRAS 549, 1–23 (2026)
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S) for the latter age interval. The CMF shapes of the E and W
egions (right panel) are different, especially for �t2 = 10−200
yr where the CMF shape of the E region clearly deviates from

 PL as opposed to that of the W region. The former is best
escribed by a Schechter fit with a truncated characteristic mass
f Mc = 6 . 2 × 105 M� (see Table 6 ). 
By adopting the same method as in Z. Randriamanakoto et al.

 2013a ), we used Spitzer /IRAC 8µm data to estimate the flux
rom each region. The 8µm mid-IR luminosity of the ring was
hen redistributed with respect to the estimated ratio for each re-
ion. We get the following SFR values in units of M� yr−1 : 2.5 (N),
.8 (S), 3.5 (E), and 1.8 (W), and hence SFR densities of 0.03, 0.03,
.04, and 0.02M� yr−1 kpc−2 , respectively. Based on mass-limited
ubsamples with �t2 = 10−200 Myr and the derived SFRs, the
alues of the CFE are respectively �N ∼ 3 . 3 , �S ∼ 2 . 8 , �E ∼ 3 . 5 ,
W ∼ 2 . 0 per cent for N, S, E, and W regions. The CFE varies
etween 4.3 and 7.4 per cent had we used �t3 = 10−100 Myr,
ith the smallest value of � associated with the western region.
e also add to the CFE −�SFR distribution in Fig. 13 the data
oints associated with the E/W regions (open circle and open
iamond) given the discrepancy of their CMFs. Although the
wo data points do not fall within the 2 σ uncertainty of both
heoretical models, they seem to follow the trend of increasing
for higher �SFR . 
It has been shown that measured truncation masses Mc in-
rease systematically with SF level, not only on galaxy-wide
cales, but within individual galaxies as well (e.g. A. Adamo et al.
015 ). In that case, the eastern and northern regions having larger
c ∼ 1 . 5 × 106 M� (for τ < 200 Myr) are expected to host more
ntense SF activity than the other parts of the CRG. This is in
greement with the distribution of ULXs ( R10 ) and previous
umerical simulations (R. A. Gerber et al. 1992 ) which indicate
hat the dominant star-forming sites are found in these regions.
t is thus not surprising to observe the age spatial distribution in
ig. 7 (where the youngest knots mostly inhabit these regions)
nd to derive relatively high CFE associated with the regions. The
ifferences in the observed CMFs can also be interpreted such
hat the sub-galactic regions (especially the eastern area) undergo
ifferent levels of disruption. Based on the truncated CMF shape
f the E region and assuming that age–extinction degeneracy
oes not significantly affect our mass estimation, knots in this
egion are then the most vulnerable to the mild cluster disruption
eported in Section 5.4 . In fact, this side of the ring is closest to
he intruder, ∼13 kpc away, and hence the most affected by any
esidual disruption caused by the intruder exiting the potential
ell of the distorted spiral. 
The plume on the N–NE side of the ring hosts 25 knots out
f the 40 outside the ring (i.e. the ones flagged as 1 in Table 3 ).
he sources in that region have a median age of ∼5 Myr with the
ajority (80 per cent) younger than 50 Myr. Such a distribution
mplies that the plume is an ideal star-forming site in the CRG,
hich makes sense given the substantial filamentary structures
s traced by H α in that particular area (R. Romano et al. 2008 ).
t also suggests that this young and outflowing feature from the
ing ( F11 ) likely formed as a result of the collision. In that case,
he few clusters with ages older than the dynamical age of Arp
47 could have migrated from their original birthplaces or they
re merely misidentified as bound star clusters, if not severely
ffected by age–extinction degeneracy (see Section 5.5 ). The clus-
er masses are all smaller than 106 M� with a median value of 
8 . 1 × 104 M�. The absence of the most massive objects can be
xpected if the gas density within the plume is lower than that of 
NRAS 549, 1–23 (2026)
egions with strong gas compressions, like the S–SE reddish area
f the ring. 

 COMPARISON  WITH  OTHER  CRGS  

ere, we systematically compare the SF activity (as traced by
he blue knots and/or other star-forming regions) of Arp 147
ith other CRGs studied with HST or instruments of similar
esolution. This is essential to ensure unbiased comparisons not
ffected by artificial differences from instrument limitations. We
ote that there are no prior CFE analyses of CRGs in the literature
hat could have been used for comparison. 
The Cartwheel. This prototypical CRG is well known to host

 large population of H ii regions, where ionizing star clusters
re actively forming (e.g. J. L. Higdon 1995 ; J. Zaragoza-Cardiel
t al. 2022 ; Y. D. Mayya et al. 2023 , 2024 ). While J. L. Higdon
 1995 ) only detected 29 complexes of star clusters across the outer
ing, recent works by J. Zaragoza-Cardiel et al. ( 2022 ) resolved
hese star-forming regions into 221 H α-emitting individual knots
sing HST and VLT/MUSE data. The presence of such a large
opulation associated with ionizing star clusters indicates that
he CRG is heavily populated by sources younger than 10 Myr.
he authors report that most of the H ii regions are also H β-
mitters, with H β acting as a direct tracer of current SF. This is
n agreement with the works done by Y. D. Mayya et al. ( 2024 )
nd F. R. Ditrani et al. ( 2024 ), though these follow-up studies
lso emphasize that star-forming regions in the Cartwheel have
 wide range of ages between ∼20−170 Myr rather than a nar-
ow range with an upper limit of ∼10 Myr. Such distribution is
imilar to that of Arp 147, i.e. predominant young knots com-
ined with a small fraction of post-collision sources younger
han the CRG’s dynamical age of ∼50 Myr. Y. D. Mayya et al.
 2024 ) suggest that the wide age range in the Cartwheel arises
rom bursty SF triggered by the dragging effect of the collision-
riven shock waves. Clusters that initially formed elsewhere were
ushed by the wave to their current location. Stellar populations
lder than the Cartwheel’s dynamical age of 300 Myr are mostly
ound in the spokes and the inner ring. These areas are H i de-
cient (J. L. Higdon 1996 ) with a low level of SF activity (e.g.
. R. Ditrani et al. 2024 ). For Arp 147, knots that formed after
he collision mostly reside in the northern part of the ring which
s opposite the remnant nucleus where the most massive and
oung star clusters recently formed (see Fig. 7 ). The observed
attern could be a mere reflection of age–extinction degeneracy
n our case, or otherwise explained by the same process as in the
artwheel. 
As already reported in Section 5.1 , while we did not find any
rominent knot age gradient along the ring of Arp 147 (see Fig. 9 ),
revious works have instead supported the presence of such trend
nd discrediting a self-propagating SF ( F11 ). The ages of the star-
orming regions in the Cartwheel are also known to vary along its
uter ring but also across its different structures. This is expected
ince the level and distribution of SF are non-homogeneous on
ub-galactic scales. According to J. L. Higdon ( 1996 ), the inner
ing and the optical spokes are H i deficient, which implies that a
eak or suppressed SF is occurring in these regions. In contrast,
 peak of massive SF associated with a high concentration of 
adio continuum emission is registered along the outer ring, in
he southern quadrant more precisely. The enhanced cold gas
ith a surface density well above the critical one, necessary for
trong starbursts to easily kick in, in a particular region sup-
lies the extensive birth of radio emitting OB stars. Follow-up
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bservations of Arp 147 using high-resolution UV and/or H α

ensitive instruments are definitely required to strengthen our 
luster analysis. 
The cluster age functions of both Arp 147 and the Cartwheel 

espectively show an abrupt increase in their cluster formation 
ate over the last 50 and 150 Myr; see Fig. 12 for Arp 147 and refer
o Y. D. Mayya et al. ( 2024 ) for the Cartwheel. In particular, the
artwheel’s SFR further increased to ∼ 18 M� yr−1 in the recent 
20 Myr while it used to be at a steady rate of ∼ 5 M� yr−1 over
he past 150 Myr. Before the collision, i.e. more than 300 Myr
go, F. Renaud et al. ( 2018 ) reported an SFR of ∼ 1 M� yr−1 .
ecent studies by F. R. Ditrani et al. ( 2024 ) revealed that a small
raction of stellar component that formed before the collision co- 
xists with a large population of young stars within the outer
ing of the Cartwheel. Y. D. Mayya et al. ( 2024 ) and F. R. Ditrani
t al. ( 2024 ) explain the fluctuations in the SFR as a result from
ursty SF episodes triggered by the collision. For Arp 147, we 
nd the cluster formation rate to have increased in the recent 
0 Myr, i.e. after the collision. Based on the shape of its CAF
nd ULX work by R10 , Arp 147 has also experienced a major
poch of starburst activity in the last 15 Myr. For both CRGs, it
s thus clear that the head-on collision played a strong influence 
n triggering a recently significant cluster formation arising from 

trong starburst events. Their SFHs also reveal the presence of 
wo distinct stellar populations across their ring, i.e. older sources 
hat migrated away from their birth sites and the younger ones
hat recently formed in-situ . Again, it is worth noting that the ages
f Arp 147’s ‘older’ sources might be attributed to age–extinction 
egeneracy. 
NGC 922. A. Pellerin et al. ( 2010 ) recovered more than 2000
BVI -detected massive star clusters across the C-shaped ring and 
ff-centre bar of NGC 922. The latter structure along with the
astern side of the ring are highly populated by star-forming re-
ions associated with strong H α emission. They found that more 
han two-thirds of the sources have ages younger than 7 Myr and
nly 3 per cent are older than 100 Myr. Overall, the derived ages
f our knots are in agreement with the age range of the majority
f clusters in NGC 922. Based on numerical simulations (e.g. O. 
. Wong et al. 2006 ; M. Mapelli & L. Mayer 2012 ), both CRGs
xperienced a strong starburst event triggered by the collision (as 
eflected by their similar SFR levels of ∼ 8 M� yr−1 ), and hence 
he overabundance of young clusters across their ring. Compared 
ith the CLF slopes of Arp 147 ( αBayes ∼ 2 ), this CRG’s CLF slopes
f α ∼ 2 . 2 are slightly steeper. If the difference in the slopes is
ot caused by statistical bias, then one may consider the distinct
eriods over which the two CRGs entered in head-on collision 
ith their respective companion ( ∼ 50 Myr for Arp 147 and 
30 Myr for NGC 922). The cluster population of NGC 922 con-
ists of sources with masses smaller than 7 × 103 M� and massive 
nes ( > 1 × 105 M�) at older ages. This mass range is relatively
maller than ours which spans between≈1 . 9 × 104 −107 M� with 
 median value of ∼ 2 × 105 M�. Age–extinction degeneracy and 
lending effects can overestimate our knot masses, especially for 
asses larger than 106 . 5 M�. Alternatively, it could be that the 
nvironment of Arp 147 presents more favourable conditions for 
assive clusters to form than that of NGC 922. In fact, although
he CAFs of the two CRGs show that environment-dependent 
isruption is at play, A. Pellerin et al. ( 2010 ) recovered a CAF
lope of δ = 0 . 7 for NGC 922, which is three times steeper than
urs. It means that their clusters undergo stronger dissolution. 
uch hypothesis is in agreement with their dynamical N -body 
imulations, requiring the inclusion of cluster dissolution and 
isruption model to reconcile observations with the simulated 
esults. 
AM 0644 −741 (The Lindsay–Shapley RG). H ii regions across 

he ring of AM 0644 −741 have recently been studied by V. M. A.
ómez-González et al. ( 2024 ) to constrain the triggering mecha-
isms of SF in the rings of this CRG. They explored the ionizing
echanisms and chemical properties in the VLT/MUSE optical 
pectra of 179 H ii regions. With a dynamical age of ∼175 Myr
nd an SFR of ∼ 11 M� yr−1 , AM 0644 −741 is best known for
ts double-ringed structures hosting abundant H α-emitting H ii 
egions and young blue knots. The authors paired each MUSE- 
dentified H ii region with a population of massive star clusters
rom high-resolution HST images. They found that clusters with 
ges of ∼2−20 Myr are the ones to photoionize the H ii regions of 
he CRG. Both AM 0644 −741 and Arp 147 thus host very young
nots that likely formed from recent bursts of SF being triggered
y the drop-through collision. 

 SUMMARY  AND  CONCLUSIONS  

e have investigated the star-forming knots and clumpy regions 
n one of the few known CRGs with an empty ring, Arp 147,
sing HST F 450 W, F 606 W, and F 814 W archival images. We de-
ived the fundamental parameters (age, mass, and extinction) of 
he sources to explore the star cluster formation and evolution 
cenarios of the galaxy. The main findings from this work are
ummarized as follows. 

(i) We recover 211 clusters and 6 kpc-sized clumps ( � 0 . 2 kpc2 )
ith a clear overdensity of blue sources in the colour diagrams.
y fitting their SEDs with Yggdrasil SSP models, we find that
he clumps are all younger than 10 Myr and the blue knots have
 median age of ∼ 8 Myr with more than half of the popula-
ion younger than 10 Myr. Overall, the fitted ages are consis-
ent with the global distribution of UV and H α emissions across
he ring. Their masses range between 1 . 9 × 104 −2 . 5 × 107 M�,
hough clusters with Mcl > 106 . 5 M� should be interpreted with 
aution. 
(ii) The overall AZ age distribution of the blue knots indicates 
n absence of any age gradient. This likely stems from possible
ias smearing out the age sequence given that the CAF and knot
roperties on sub-galactic scales are consistent with collision- 
riggered starburst events happening across the ring. The mass 
istribution reveals a decreasing mass with an increasing radial 
istance from the dusty S–SE region of the ring. This could be
ue to a varying distribution of the gas density triggered by the
ollision. 
(iii) PL slopes of the CLFs in the F450W, F606W, and F814W
lters are similar within their uncertainties. We find that the PL
lopes of α ≈ 2 of the cumulative CLFs are consistent with the
anonical slope of 2 when adopting a Bayes-fitting technique. 
ass-limited samples were used to draw CMFs for different age 

ntervals. A PL function with a slope of β = 1 . 78 is still a reason-
ble fit to the CMF of sources younger than 10 Myr. Sources of 
ges between 10−200 Myr have a truncated CMF best described 
y a Schechter function with a characteristic mass of Mc = 6 . 2 ×
05 M�. The measured value of Mc denotes Arp 147 as a host
alaxy with high SF intensity assuming the knot masses are not
ighly overestimated. 
(iv) We find that the cluster age function is steeper over the
ast 50 Myr compared to its shape within the age range of 50−200
yr, where it is rather flat. This suggests an increase in the cluster
MNRAS 549, 1–23 (2026)
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ormation rate right after the collision. The dynamical interaction
f the disc galaxy with its companion must have played a role
ehind the enhanced SF. The truncated CMF along with the
eclining shape of the CAF between 10−200 Myr, however, could
e evidence for cluster evolutionary fading combined with mild
isruption over time. These interpretations should not be taken
t face value since we did not disentangle cluster formation from
isruption as both mechanisms are known to affect the shape of 
he observed CAF. 
(v) At the commonly used age intervals of 1−10 and 10−100
yr, we find a CFE of ��t1 ∼ 36 per cent and ��t3 ∼ 4 per cent.
he values of the CFE are respectively ∼ 7 and ∼ 10 per cent,
0 Myr before and after the collision. The fraction of SF hap-
ening in bound clusters for Arp 147 is thus not constant, but
ather decreases over time, likely caused by cluster dissolution.
hese values also indicate that the collision is an external factor
nfluencing the CFE by triggering new starburst episodes, and
ence a larger fraction of recent SF occurring in clusters. 
(vi) Cluster analyses on sub-galactic scales (N/S, E/W, and
lume) reveal that the northern and eastern regions have the
argest truncated masses of Mc � 1 . 4 × 106 M� as well as the
ighest CFE of � � 3 . 3 per cent compared to other regions.
ne would associate these trends as supporting evidence for
nvironment-dependent cluster formation and/or disruption, es-
ecially since the eastern region is likely affected by the gravita-
ional force from the nearby intruder. However, the presence of 
 highly extinguished dusty region therein should be taken into
ccount. 

Although careful constraints were applied to both extinction
nd metallicity, age–extinction degeneracy is not entirely broken
ue to the lack of e.g. HST /UVIS and VLT/MUSE high-resolution
bservations. Results from this work should thus be viewed as
reliminary especially the derived ages of highly extinguished
oung clusters and genuinely old ones with low intrinsic extinc-
ion. Nevertheless, they already provide insight into the SFH of 
he CRG. With a high SFR of∼7M� yr−1 , all these elements taken
ogether suggest that Arp 147 is the birthplace of massive star
lusters and kpc-sized clumps. While the knot ages, which are
ostly below the age of the ring, are consistent with an intense
F recently triggered by a coherent event all around the ring, spa-
ial/radial clustering, and a varying CFE on sub-galactic scales,
urther hint towards a non-uniform environment-dependent SF. 
Finally, this work has shown that archival data products can
e as important as the intended main science programs, though
dditional data are required to strengthen the derived results in
ur case. The comprehensive cluster analysis of Arp 147 is also
eant to establish the baseline of a much larger ongoing project
ubbed the Stellar Clusters in Collisional Ring Galaxies (SC2RG;
I: Randriamanakoto et al., in preparation). SC2RG is a system-
tic study of a representative sample of nearby CRGs to better
nderstand SF mechanisms in these intriguing galaxies. 
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Figure B1. Left panel: one-dimensional posterior PDF of the PL slope 
βPL for the CMF of knots younger than 200 Myr shown in Fig. 11 . Right 
panel: two-dimensional posterior PDF of the Schechter slope βSch and 
the truncation mass Mc of the same CMF. Contours represent the 1 σ , 
2 σ , and 3 σ confidence intervals. The histograms show the marginalized 
distributions of the fitted parameters. 

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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igure A1. Spatial distribution of the knots as a function of their
 450 W−F 814 W colour index overplotted on the extinction map of 
he CRG. The horizontal and vertical bars denote a linear scale
f F 450 W−F 814 W and extinction values, respectively. The most extin-
uished regions such as in the S–SE side of the ring are represented by
he darker shades for the latter scale bar. 
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Table B1. X-ray luminosities of the ULXs and the properties of their closest optical knots within 0.5 arcsec. 

ID RA, Dec. log LX No. of YMCs F 450 W − F 814 W log (τ ) log (M cl ) 
(deg, deg) (erg s−1 ) ( d ≤ r) (mag) (yr) (M�) 

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 

This paper has been typeset from a TE X/LA TE X file prepared by the author. 
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