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A B S T R A C T 

Collisional ring galaxies are produced by the collision of a disc galaxy with a compact galaxy plunging through the disc, 
forming a ring-shaped expanding density wave, triggering star formation at its w ake. The w ave expansion is expected to 

pr oduce neg ativ e st ellar age gr adients in r adial profiles of post-collision st ellar populations. Int egral field spectroscopy 

combined with stellar population synthesis allows us to spatially resolve the stellar populations, to separate the post- 
collision and pre- collision components, and to produce the radial pr ofiles. We analyse thr ee candidate g alaxies: Arp 143, 
NGC 2793, and VII Zw 466. Observations were performed with the Calar Alto 3.5 m telescope using the PMAS/PPak 

spectrophot omet er. NGC 2793 presents a positive stellar age gradient, dismissing the collision hypothesis. For Arp 143 and 

VII Zw 466, we found negative stellar age gradients for the youngest stellar populations, up to the ring radii, consistent with 

the collision hypothesis. We estimated that the collisions occurred ∼300 and ∼100 Myr (expansion velocities of 33 ± 10 

and 108 ± 26 km s −1 ), r espectively, befor e the density waves reached the observed ring radii. A spatially resolved analysis 
of the specific star formation hist ory (sSFH) rev eals an expect ed star formation enhancement following the collision. The 
sSFH also allowed us to identify the most probable intruder galaxy for VII Zw 466. We report new redshifts for its group 

members. Finally, radial profiles of light contributions from pre-collisional and post-collisional stars show that the density 

w ave dr agged old pr e-collisional stars along, as pr edicted by simulations. 

Key wor ds: g alaxies: interactions – galaxies: star formation – galaxies: structure. 
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 INTRODUCTION  

ing g alaxies ar e one of the less common morphological types
mong peculiar galaxies. They are believed to be produced by 
n infrequent kind of collision (E. M. Burbidge & G. R. Bur-
idge 1959 ; E. Athanassoula & A. Bosma 1985 ): a compact galaxy
lunging almost perpendicular through the equatorial plane of 
 disc galaxy. In this scenario the ring is formed by star-forming
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egions induced by the passage of a density wave produced by the
ollision. 

This hypothesis was supported by early N-body simulations 
e.g. R. Lynds & A. Toomre 1976 ; J. C. Theys & E. A. Spiegel
977 ; M. Mapelli et al. 2008 ). Later simulations including stellar
nd gas dynamics, reproduced different ring morphologies and 

ther associated structures, such as the spokes seen in the famous
artwheel ring galaxy (L. Hernquist & M. L. Weil 1993 ; C. Struck-
arcell & J. L. Higdon 1993 ). R. A. Gerber, S. A. Lamb & D. S.

alsara 1996 simulations considered the formation and pr opag a- 
ion of the ring based on a Milky Way-like galaxy to reproduce
he features of the Cartwheel. They found an expansion velocity 
 This is an Open Access article distributed under the terms of the 
/by/4.0/ ), which permits unrestricted reuse, distribution, and 
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f the ring ∼140 km s −1 and rotation speeds in the ring up to 450
m s −1 . How ev er, these predict ed expansion v elocities are much
igher compared to the 13–30 km s −1 obtained observationally
J. L. Higdon, S. D. Lord & G. Cecil 1996 ; P. Amram et al. 1998 ).
hese v elocities giv e Cartwheel kinematical ages between 150
nd 400 Myr. 

An observational consequence of star formation in an expand-
ng wave is the formation of a colour gradient in the disc galaxy
s a new generation of stars is formed at successively outer parts
s the density wave passes through. The youngest and brightest
lue stars of this new generation dominate the observed light of 
he star-forming ring in most bands. As the density wave, and
he corresponding star-forming ring, advances farther from the
entre, it leaves in its wake stellar remnants of massive stars and
ow-mass stars that mix with the stellar population of the pre-
ollisional disc. As a result, a colour gradient should be observed
ith bluer colours (pr o xy of younger stellar ages) at the position

f the ring, and redder colours (proxy of older stellar ages) closer
o the impact centre. Most of the observational att empts t o t est
his scenario have focused on the Cartwheel galaxy, given its
r o ximity and relatively large angular size (P. M. Marcum, P. N.
ppleton & J. L. Higdon 1992 ; V. Korchagin, Y. D. Mayya & E.
orobyov 2001 ; E. I. Vorobyov & D. Bizyaev 2001 ). 
As for other ring galaxies, the compilation by R. Romano, Y. D.
ayya & E. I. Vorobyov ( 2008 ) is the only systematic study to date

esting the collision hypothesis for a set of ring galaxy candidates,
aken from the P. N. Appleton & C. Struck-Marcell ( 1987 ) sample.
. Romano et al. ( 2008 ) measured the H α intensity and colour

adial profiles for fifteen ring galaxy candidates, showing that at
east nine of them present radial colour gradients consistent with
he pr opag ation of the star formation wav e. How ev er they found
hat the observed colour gradient has an important contribution
rom the intrinsic colour gradient existing in the discs of galaxies.

The last decade has seen drastic advances in both computa-
ional and observational fronts that are impacting all fields of 
stronomy. The most notable advancement in the simulation of 
ing galaxies is the one by F. Renaud et al. ( 2018 ), who carried out
ydrodynamical simulations of Cartwheel-kind of interactions
sing an adaptive mesh refinement code to couple the galactic
cale dynamics with star formation reaching spatial scales of 6 pc.
 ccor ding to these more realistic simulations, the newly formed

tars are dragged by the wave before falling back into the central
egions at later stages. In this expanding material wave scenario,
 wide range of ages are expected in the ring regions. 

J. Zaragoza-Cardiel et al. ( 2022 ) carried out such a study of 
he Cartwheel galaxy using the Multi Unit Spectroscopic Ex-
lorer (MUSE) data. They found that the radial gradient of the
r esent-day g as-phase metallicities supports the pr edictions of 
. Renaud et al. ( 2018 ) scenario of an expanding material wave.
or e r ecently, F. R. Ditrani et al. ( 2024 ) derived star formation

istory (SFH) from the same MUSE data. They concluded that
he observed spectral flux of the ring is dominated mostly by
he youngest, luminous post-collisional stars. On the other hand,
. D. Mayya et al. 2024 , using the UV images of the Cartwheel
 alaxy, r eported that the star-forming ring consists of stellar pop-
lations formed over the last 150 Myr. They also found evidence

or the presence of an age gradient of the populations formed
n the wake of the expanding wave as predicted by the classical
ensity wave models. These observations suggest that the correct
ictur e is somewher e in between with some of the stars formed by
he expanding wave remaining at the location of their formation
hile some stars are dragged by the wave. 
NRAS 547, 1–18 (2026) 
The most notable advance on the observational front is the
ntegral field spectroscopy (IFS, e.g. P. T. Zeeuw et al. 2002 ; S. F.
ánchez et al. 2012 ; K. Bundy et al. 2015 ), which allows spatially
esolved analysis of the spectra over the entire galaxy using stellar
opulation synthesis models (e.g. C. Conroy 2013 ; A. Vazdekis
t al. 2016 ; C. Maraston et al. 2020 ) to disentangle the current
tar formation rate (e.g. C. Catalán-Torrecilla et al. 2015 , 2017 ; S.
. Ellison et al. 2018 ; A. Morales-Vargas et al. 2020 ) as well as

he complete SFH (e.g. H. J. Ibarra-Medel et al. 2016 ; O. López-
Cruz et al. 2019 ; F. R. Ditrani et al. 2024 ). This technique allows

s to study the spatial distribution of the stellar populations and
heir properties such as their age, metallicity, and kinematics.
n this w ork, w e pr esent IFS observations of thr ee ring g alaxies

selected from the R. Romano et al. ( 2008 ) sample – in order
 o t est the collision hypothesis by searching for age gradients:
rp 143, NGC 2793 and VII Zw 466. While R. Romano et al. ( 2008 )
sed colour gradients as pr o xies for stellar age gradients, the IFS
bservations combined with stellar population synthesis models
llow us to infer the presence of stellar populations in the discs
rom both the post and pre-collisional star formation through the
etection of their characteristic spectral features. We found that
oth Arp 143 and VII Zw 466 are consistent with what is expected
or collisional ring galaxies, while NGC 2793 appears to be an
r dinary dwarf g alaxy. In or der to e xplain how we got to this
onclusion, we show here the analysis of these three galaxies. 

The paper is organized as follows: the observations and the
 eduction pr ocess ar e pr esented in Section 2 . Section 3 shows the

ethodology and analysis of the data. The results are described in
ection 4 . Finally, Section 5 discusses the conclusions. Through-
ut the paper, a standard cosmology, with a Hubble–Lemaitre
onstant of H 0 = 70 km s −1 , �� = 0 . 7 and �M 

= 0 . 3 is assumed.

 O B S E RVAT I O N S  AND  DATA  REDUCTION  

he observations were carried out with the 3.5 m telescope at the
alar Alto Observatory (Almería, Spain), using the PMAS/PPak

pectrophot omet er, across tw o nights (2016 March 28 th and 30 th ).
e observed eight g alaxies fr om the R. Romano et al. ( 2008 )

ample. Three of them are presented in this paper (see Table 1 ). 
During the observations, there were acceptable weather condi-

ions with a mean seeing full width at half-maximum (FWHM)
f 1.5 arcsec. We used the V500 ( R ∼850) and V1200 ( R ∼1650)
ratings for the three objects, with integration times of 900 and
800 s, r espectively, with thr ee e xposur es per field per grating .
his allowed us to adopt the three-pointing dithering scheme
sed by the CALIFA survey (The Calar Alto Legacy Integral Field
rea Survey, S. F. Sánchez et al. 2012 ). This scheme reaches a 100
er cent filling factor across the entire field of view by combining
hree slightly offset pointings of the telescope, compensating for
he spaces between the instrument optical fibres. In addition, sky
ats and spectra of standard stars were acquired for the reduction
rocess. 
The reduction was performed using the pipeline described in

. Husemann et al. ( 2013 ), R. García-Benito et al. ( 2015 ) and S. F.
ánchez et al. ( 2016 ), following the CALIFA reduction scheme:
he raw observation pass through a semi-automatic reduction,
ncluding bias subtr action, cosmic r ays remov al, arc lamp cali-
r ation, w avelength solution and flux calibr ation. 

The three dithering exposures of each field for each grating
 ere combined int o a single data cube. Then, the V1200 data

ubes were spectrally combined with the V500 into a combined
COMB) data cube by averaging the flux in the overlapping wave-
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Table 1. General description of the sample of observed galaxies. For VII Zw 466 we observed two offset but overlapped fields to analyse the companion 
galaxies in the group, searching for the possible colliding companion. Coordinates and B r magnitudes (in Vega system) are taken from the P. N. Appleton & 

C. Struck-Marcell ( 1987 ) catalogue. These coordinates are close to but not exactly at the centre of the image, nor at the centre of the galaxy. Ring radii 
were taken from R. Romano et al. ( 2008 ) and correspond to semimajor axes derived from ellipses fitted to H α emission. 

Galaxy RA Dec. Redshift Redshift Distance B r Ring Exp. Time Mean 
(h m s) ( ◦ ′ ′′ ) Reference (Mpc) (mag) radius ( ′′ ) (h) Airmass 

Arp 143 07 46 52 + 39 00 36 0.01295 L. Galbany et al. 2018 59 13.6 36 2.25 1.04 
NGC 2793 09 16 47 + 34 25 47 0.00563 C. M. Springob et al. 2005 28 14.2 20 2.25 1.05 
VII Zw 466 12 31 56 + 66 24 41 0.04833 J. Corwin, R. J. Buta & G. de 

Vaucouleurs 1994 
215 14.6 11 4.50 1.15 
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ength region and resampling the V1200 spectr al r ange to V500
esolution. This strategy compensates for internal vignetting in 

he blue range (3745–4240 Å) of the V500 grating (see S. F.
ánchez et al. 2012 for details). The resulting spectral sampling 
s 2.0, 0.7, and 2.0 Å for the V500, V1200, and COMB data cubes,
espectively. For this work, we used only the resulting COMB data 
ubes with a combined spectral range from 3745 to 7501 Å. The
ominal resolution of these combined spectra is FWHM ∼ 6.5 Å, 
ctually the same as V500. 

 AN  A LY S I S  ME  THODS  

.1 Stellar population synthesis 

e performed the stellar population synthesis using the 
TARLIGHT code (R. Cid Fernandes et al. 2005 ). STARLIGHT 

ts each spectrum to a combination of simple stellar populations 
SSPs), by estimating the percentage of each SSP contributes to 
he spectrum starlight flux, to the ‘present-day’ stellar mass, and 

o the initial stellar mass. 
We used a selection of SSPs based on the work of A. Mateus

t al. ( 2006 ), comprising 150 SSPs covering 25 ages (logarithmi-
ally spaced from 1 Myr to 18 Gyr) and 6 metallicities: Z = 0.005,
.02, 0.2, 0.4, 1.0, and 2.5 Z �. The chosen age and metallicity
 anges include v alues e xpected for both pr e- and post-collision
tar formation events. These SSPs correspond to the 2016 version 

f the G. Bruzual & S. Charlot ( 2003 ) stellar population mod-
ls 1 , at a resolution with an FWHM of 2.3 Å. While we follow
he general approach of A. Mateus et al. ( 2006 ), we introduce a

odification by adopting the MILES stellar library (P. Sánchez- 
lázquez et al. 2006 ; A. Vazdekis et al. 2010 ; J. Falcón-Barroso
t al. 2011 ). We retain the original Padova st ellar ev olutionary
racks (G. Bertelli et al. 1994 ) and the G. Chabrier ( 2003 ) Ini-
ial Mass Function (IMF), and apply the reddening law of J. A.
ardelli, G. C. Clayton & J. S. Mathis ( 1989 ) with R V = 3 . 1 . This

ecipe has satisfactorily been used by A. Morales-Vargas et al. 
 2020 ) for PMAS/PPak data. 

The spectra extracted from the COMB data cubes were pre- 
ared for the STARLIGHT fitting process by shifting the spectra 
o the g alaxy r est frame, r esampling t o a wav elength int erval of 
λ = 1 . 0 Å and masking out the emission lines, following the
 TARLIGHT manual 2 Err ors wer e pr opag ated using a covariance
atrix accounting for both the fraction of flux within each new 

λ interval and the quadrature sum of the uncertainties from the 
riginal spectra (see A. C. Carnall 2017 for details). 
 http://www.bruzual.org/bc03/Updat ed _ v ersion _ 2016/ 
 Available at http://www.starlight.ufsc.br/ 
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l

STARLIGHT then uses a Markov chain Monte Carlo (MCMC) 
ethod to fit a linear combination of the SSPs to the observed

pectrum. The resulting fitted continuum is convolved by a Gaus- 
ian kernel whose FWHM is determined by the MCMC. That 
WHM is similar (but not exactly equal) to the instrumental
WHM of the observed spectrum combined in quadrature with 

he FWHM of the SSP spectra used for the linear combination. 
The fit ting w as restrict ed t o the spectr al r ange from 3800 to

200 Å in order to avoid edge effects. The correction for galactic
xtinction was applied by using the dust maps produced by D.
 . Schlegel, D . P. Finkbeiner & M. Davis 1998 . We only accepted
TARLIGHT solutions for spaxels with a signal-to-noise ratio 
S/N) > 10 in the stellar continuum, computed in the window
rom 5075 to 5125 Å. Representative examples of the spectral fits
r e pr esented in Fig . 1 . 

We calculated the light-weighted mean age 3 〈 log t � 〉 L and mass- 
 eight ed mean age 〈 log t � 〉 M 

, as defined by N. V. Asari et al.
 2007 ): 

 log t � 〉 L = 

N � ∑ 

j=1 

x j log 10 t �, j (1) 

nd 

 log t � 〉 M 

= 

N � ∑ 

j=1 

μ j log 10 t �, j , (2) 

here x j and μ j are the starlight flux fraction and stellar mass
raction corresponding to the j-th SSP, respectively, while t �, j is 
he age of the j-th SSP and N � is the total number of SSPs. Equa-
ions ( 1 ) and ( 2 ) tend to highlight different stellar populations: the
ight-w eight ed mean ages tend to yield younger populations, as
hort-liv ed massiv e stars (O, B, and A types) dominate the optical
ux when present, despite being less numerous than low-mass 
tars. 

On the other hand, the mass-w eight ed mean ages t end t o yield
ong-lived low-mass stars (such as G, K, and M stars), because of 
heir large mass-to-light ratio as well as because of their typically
arge numbers in giant galaxies. The core of these tends is in the
tatistical nature of the definitions of 〈 log t � 〉 L and 〈 log t � 〉 M 

. For a
eeper discussion on this topic, see R. C. Cid F ernandes, J . R. S.
eão & R. R. Lacerda ( 2003 ) and R. Cid Fernandes et al. ( 2004 ). 
STARLIGHT estimat es sev eral properties of the stellar 

opulations as output for each spectrum, including mass, 
t ellar extinction, v elocity shift and v elocity dispersion. The
TARLIGHT solution also produces a synthetic spectrum for 
MNRAS 547, 1–18 (2026) 

 Weighted by the light contribution of the j-th population to the wave- 
ength range of the spectrum. 

http://www.bruzual.org/bc03/Updated_version_2016/
http://www.starlight.ufsc.br/
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Figur e 1. Repr esentative spectral fits for thr ee spax els in Arp 143. The locations of these spax els, labelled as A, B, and C, ar e indicated in Fig . 2 , top-left 
panel. The flux of each spectrum is normalized at λ = 5100 Å. The observed spectrum is plotted with a solid-black line and the synthetic spectrum 

with the best-fitting solution is plotted with a red-dashed line. The individual SSP spectra contributing to the solution are plotted as solid coloured lines. 
Each of these lines r epr esents an SSP spectrum of a giv en age, int egrat ed ov er the six metallicities, and scaled by its corresponding population v ect or 
component, x j . The colour of each line corresponds to the age of that st ellar population, as indicat ed by the colour bar at the bott om. In each panel, the 
central inset legend lists the ages of the three SSPs that most significantly contribute to the synthetic spectrum (the top three components). The solid grey 
line r epr esents the sum of these three SSPs. The shaded regions indicate the spectral intervals that were masked out during the STARLIGHT fit to e x clude 
emission lines. The g oodness -of-fit parameters, χ2 / ndf and the RMS, are shown in the top-left corner, along with the light-w eight ed and mass-w eight ed 
mean stellar ages for each spaxel, computed using equations ( 1 ) and ( 2 ). 
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he stellar continuum, which is the sum of the flux contribution
f all the SSPs to each wavelength (including dust extinction), 
eing a good appr o ximation to the observed stellar continuum
ithout the emission features. 

.2 Emission line analysis 

he fitted synthetic stellar continuum from each spaxel was sub- 
racted from the observed spectrum to obtain a ‘pure emission’ 
pectrum. We fitted single-Gaussian models to the profiles of the 
ifferent emission lines, using a Levenberg–Marquardt algorithm 

K. Levenberg 1944 ; D. W. Mar quar dt 1963 ) and the LAPACK
ortr an libr aries (E. Anderson et al. 1999 ). Extinction correction
f the emission line fluxes was performed using the Balmer flux
atio F Hα/F Hβ = 2 . 86 for case B recombination (M. Brocklehurst
971 ), using the J. A. Cardelli et al. ( 1989 ) extinction law. 

In this first paper, we used the H α emission as a tracer for
tar formation. The detailed analysis of the ionized gas properties 
sing other emission lines will be presented in a future paper 
Robleto-Orús et al., in preparation). We applied a threshold of 
/N > 3 to the H α emission line in all spaxels. 

 R E S U LT S  

ig. 2 (left panels) shows synthetic RGB images of the three galax-
es, produced by combining the extracted fluxes of the Johnson–
ousins BV R bands from the data cubes. The H α luminosity is a
ood tracer for the ring position in this kind of galaxy, as shown
y R. Romano et al. ( 2008 ). We plotted the H α emission contours

n all maps for brightness at 0.1 L � kpc −2 obtained from spaxels
ith S/N > 3 for the line flux. 
Light-w eight ed age 〈 log t � 〉 L and mass-w eight ed age 〈 log t � 〉 M 

aps of the three galaxies are shown in the centre and right
olumns of Fig . 2 , r espectively. For all galaxies, the location of 
he youngest populations in the light-weighted maps is consistent 
ith the H α contours, serving as a sanity check of the pr ocedur e

ollowed in this work. On the other hand, the mass-weighted ages 
re almost uniform across the disc, with these ages systematically 
arger than the light-w eight ed ages. As a result, and as it was

entioned in Section 3.1 , the light-w eight ed maps show younger
ean ages than mass-w eight ed maps. 
The difference between the light-weighted and mass-weighted 

ges is easily discernible in Fig. 3 , which shows box plots of the
istribution of the light-w eight ed and mass-w eight ed ages for the
paxels of each galaxy. In the three cases, the median of the total
istribution of light-w eight ed ages ( ∼ 10 8 yr) is almost two orders
f magnitude lower than the mass-weighted age ( ∼ 10 10 yr). 

In the context of the collisional scenario of ring formation, 
he light-w eight ed ages correspond t o those of the populations
hat formed after the collision, whereas the mass-w eight ed ages 
orrespond to those of the pre-collisional disc populations. In the 
est of this section, we carry out a detailed analysis of the relative
istribution of these two populations as a function of the distance
rom the ring centre. 

.1 Age profiles 

n order to produce age profiles we need to consider projection 

ffects in the plane of the sky. R. Romano et al. ( 2008 ) accounted
or these by fitting ellipses in both B -band (Johnson–Cousins) 
nd H α images. The first is more consistent with the stellar disc,
hereas the second bet ter tr aces the ring. The parameters of 

hese ellipses (centres, semi-major axes, ellipticities and position 
ngles) are listed in table 4 by R. Romano et al. ( 2008 ). In this
 ork w e use their H α image paramet ers t o de-project the radial
istances of the spaxels with respect to the ring, since their images
av e bett er spatial resolution than our IFS data. 
In the density wave scenario of ring formation (R. Lynds & A.

oomre 1976 ), the wave expands around the impact point result-
ng in an expanding star formation wave. The star formation is
uenched in the wake of the expanding wave due to the consump-
ion of gas and the negative feedback from dying stars resulting
n the youngest stars located at the ring position and successively
lder stellar populations towards the inner regions. In the more 
ecent ring simulations by F. Renaud et al. ( 2018 ) some of the
ormed stars are dragged by the expanding wave, resulting in 

he appearance of post-collisional stars of all ages, not just the
oungest, at the ring position. In order to test these models, we
eed to ideally construct age profiles radially symmetric around 

he impact point. How ev er, since locating the impact point in ring
alaxies is a non-trivial exercise, in this analysis we consider the
entre of the ellipses as the impact point. The possibility of off-
entre collisions and the nature of the ring they produce will be
iscussed in Section 5 . 
We used the R. Romano et al. ( 2008 ) H α ellipse parameters

 o calculat e the de-project ed radial distances of the spax els. Fig .
 shows the mean light-w eight ed age v ersus de-project ed radial
istance profiles for each spaxel in the three galaxies within the
adial distance of 1.2 times the semi-major axis of the ring. The
osition of the ring from R. Romano et al. ( 2008 ) is shown by
he vertical blue dashed line. For each galaxy, the plot shows the

edian age of all spaxels (in green) and a least-squares fit (in
ed). St ellar populations cov er a larg e rang e of ag es at each radial
istance. Under the collision interpretation for ring galaxies, the 
pper boundary corresponds to the pre-collisional old disc stars 
nd the lower boundary denotes the age of the last episode of star
ormation at that radius. To probe if this is the case, we need to
nalyse the radial gradient of the youngest populations (the ones 
ssumed to be created during the collision, which is presented in
ection 4.2 ). 

In order t o illustrat e bett er the radial and azimuthal distribu-
ions of median ages of the stellar populations from the impact
oint up to the ring, we use box plots in Fig. 5 , selecting the
paxels in bins of 3.0 arcsec (twice the FWHM of the seeing).

e restricted the analysis of the azimuthal distributions to four 
uadr ants. The quadr ants follow the Cartesian quadrants with 

he centres fixed to the centre of the R. Romano et al. ( 2008 ) H α

llipses, which is the assumed impact point. The top-most panel 
or each galaxy shows the profile for the whole galaxy, which is
enceforth r eferr ed to as the ‘general pr ofile’, with the bottom

our panels showing it for the quadrant indicated in the bottom-
eft inset in each panel. 

.2 Profiles of the youngest populations 

ig. 5 shows that even for 〈 log t � 〉 L – which should be biased
 owards y oung ages – many spaxels close to the centre of the ring,
he assumed impact point, show median ages well above 10 8 yr,
he ring lifetime expected from the models of Cartwheel-like ring 
alaxies (F. Renaud et al. 2018 ). This is most likely due to a mix of 
he old populations present in the g alaxy befor e the collision with
he new populations created by the passage of the ring density
 ave. R. R omano et al. ( 2008 ) arrived at similar conclusions in the

ase of the colour gradients. As the density wave generated after
he ring-making impact expands, it forms stars at the position 
MNRAS 547, 1–18 (2026) 
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Figure 2. Left panels: RGB images of the observed galaxies produced by extracting the BVR Johnson synthetic bands from the IFS data cubes. Central 
panels: light-w eight ed mean age maps ( 〈 log t � 〉 L ). Right panels: mass-w eight ed mean age maps ( 〈 log t � 〉 M 

). Contours in all maps r epr esent H α surface 
brightness at 0.1 L � kpc −2 obtained fr om spax els with S/N > 3 for H α. Ellipses were taken from the R. Romano et al. ( 2008 ) fit over the H α band, 
with the crosses marking the centr es of those ellipses. The r elative coor dinates of these maps are in relation to the IFS image centre (see coordinates in 
Table 1 ). North is up and East is to the left. For Arp 143 (top-left panel), the labels A, B, and C correspond to the position of the spax els pr esented in Fig . 1 . 

o  

w  

s  

2  

a  

r  

c  

n
 

d  

w  

l  

t  

t  

t  

t  

d  

o  

f  

y  

t  

a  

t
 

a

∇

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/547/4/stag511/8524014 by guest on 02 M
ay 2026
f the wave. The star formation is eventually quenched in the

ake of the wave due to negative feedback from the exploding
upernovae, as well as due to gas consumption (V. Korchagin et al.
001 ). Under such a scenario, the age of the youngest population
t any given radius could be appr o ximated as the epoch when the
ing passed that radius, with the youngest age at the impact point
orresponding to the epoch of impact. Such a scenario predicts a
egative radial age gradient of the youngest populations. 
We take advantage of the box plot profiles to isolate the spaxels

ominated by the youngest populations at each radius. For this
e considered only those spaxels with ages contained within the

ower whisker and the first quartile (Q1) in Fig. 5 . By convention,
he lower whisker of a box plot begins at Q1 (top) and ends at
he low est observ ed data point of the distribution that is still 1.5
imes the inter-quartile range [IQR = Q 3 − Q 1 , the range within
NRAS 547, 1–18 (2026) 
he first and third quartiles (Q1 and Q3)] from Q1 (bottom). All
ata points outside the whisker boundaries are considered as
utliers. This is a pure statistical definition that accounts only
or the distribution in each bin of the box plots in Fig. 5 . The
oungest populations defined in this way in each quadrant of the
hr ee sample g alaxies ar e shown in Fig . 6 . A comparison of the
ges of the youngest population at the normalized radius in the
hr ee g alaxies is carried out in Fig . 7 . 

Once we have the profiles, we define the gradient of the mean
ge of the youngest populations (as defined above) as 

t � y = 

〈 log t � 〉 R = R ring 
y − 〈 log t � 〉 R =0 . 5 R ring 

y 

0 . 5 R ring 
, (3) 
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the median, while the notches r epr esent the confidence interval around 
that median. The S/N > 10 criterion was applied beforehand. For VII Zw 

466, only spaxels on the ring galaxy were included. 
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here 〈 log t � 〉 R = R ring 
y and 〈 log t � 〉 R =0 . 5 R ring 

y are the mean ages of the
youngest’ populations, for the bin at the ring location and for
alf the ring radius, respectively. Both values were obtained by 

nterpolating the ages of the spaxels contained by the two bins
losest to such locations. We computed the mean gradient di- 
ectly instead of deriving it from linear regression because we 
re analysing not a dispersed set of points but the extreme values
f the lower whisker in box plots. Calculating the difference be-
w een tw o w ell-separat ed points pr ovides a mor e r obust estimate,
s int ermediat e points could be influenced by internal trends
ithin the profiles. 
The choice of determining the gradient between R = 0 . 5 R ring 

nd R ring rather than the entir e e xtent of the ring is based on
he following thr ee r easons: (1) the difficulty in isolating the
oungest population close to the central regions as they are af-
ected by older populations by a greater extent as compared to
uter regions, (2) the central regions have lesser number of spax-
ls for a statistically significant analysis, and (3) the assumption
f the ellipse centre as the impact point makes a lesser effect
t outer radii, especially in small angular sized galaxies such 

s VII Zw 466. The quantity ∇t � y has units of log 10 ( Age[yr] ) ,
nd coincides with the gradient if we use the normalized radius
t R ring . 

Table 2 lists the values of ∇t � y for the whole g alaxy pr ofiles and
or the four quadrants for each galaxy. In the case of VII Zw 466,
s mentioned previously, only w est ern quadrants w ere used to
omput e ∇t � y , despit e the values of each quadrant were indicated
n the table. In general, Arp 143 and VII Zw 466 show the most
ignificant gradients, both with ∇t � y ≤ −1 . 0 , while NGC 2793 is
onsistent with a flatter gradient. 

We use the plots in Figs 3 –7 to discuss the three galaxies
nder the collisional scenario of ring formation following the 
lassical models of J. C. Theys & E. A. Spiegel ( 1976 ) and the
or e r ecent simulation of F. Renaud et al. ( 2018 ) in the ne xt
MNRAS 547, 1–18 (2026) 
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.3 Ages of post-collisional stellar populations in the 
ample galaxies 

.3.1 Arp 143 

rp 143 exhibits a ring formed by knots of star formation and
isrupt ed mat erial (see Fig. 2 ). Notably, the B-band emission pre-
iously reported by R. Romano et al. ( 2008 ) as a tracer for stars
n the disc, reaches larger galactocentric distances than the H α

mission. This B-band emission ext ends bey ond our field of view.
evertheless, the star formation ring traced by the H α emission is
ostly contained within our field of view e x cept for parts of the

orth-east quadrant, marked by the green ellipse in Fig. 2 . The
ompanion is located to the north-west (outside of the observed
eld) and the original bulge of Arp 143 is located in the inner
 egion, although pr esenting a slight offset towards the companion
ith respect to the centre of the ring. 
NRAS 547, 1–18 (2026) 

o  
Consistent with R. Romano et al. ( 2008 ) and J. L. Higdon, R. J.
and & S. D. Lord ( 1997 ), we also det ect ed H α emission from the
ucleus, pointing to the existence of star formation in that region.
. L. Higdon et al. ( 1997 ) suggested that the collision could have
roduced a long H i tidal tail that funnels gas towards the centre
f Arp 143, which could be fuelling the star formation. The fact
hat the apparent bulge has an offset with respect to the centre
f the ring is consistent with an off-centred collision scenario,
esulting in important asymmetries in the age maps (see Fig. 2 ). 

The box plot profiles present negative gradients for all quad-
ants, with the north-west quadrant (red) being the one with
he flat test gr adient and the north-east quadr ant (blue) being
he steepest. The lower boundary of points for Arp 143 (Fig. 4 )
resents a much steeper negative age gradient as compared to the
edian ages, with the populations being the youngest at the posi-

ion of the ring, as expected for ring galaxies. A systematic ageing
f the population towards the centre of the ring is easily notice-
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Figur e 6. Pr ofiles for the radial distribution of the youngest spax els, i.e. any spax el betw een the low er whisker and the quartile Q1 of the box plots of 
Fig. 5 . Colours indicate the profile in the direction of the corresponding quadrant indicated in the inset of each panel. The general profile is marked with 
hatched black. Grey dashed lines indicate the semi-major axis radius of the rings. We include the (de-projected) physical radius at the upper axis and the 
observed angular radius at the lower axis. For VII Zw 466, the general profile only includes the western quadrants. 

Figure 7. Comparison of the youngest population age profiles for the 
thr ee g alaxies, with their radii normalized at the ring position ( R Norm 
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ble in radial profiles for all the four quadrants. The youngest ages
or the four quadrants at the same radius span almost an order of 

agnitude spread with the ages in the north-w est ern quadrant
red) being systematically younger. The systematic difference of 
ges in the four quadrants at a given radius suggests different
mounts of contamination from pre-collisional disc populations 
n different quadrants. We take the profile of the quadrant with
he youngest ages to determine the minimum age elapsed since 
he collision. This age corresponds to 300 Myr at the ring centre,
eaching 100 and 50 Myr at 25 per cent and 50 per cent ring radius.

.3.2 NGC 2793 

ith a mass of 4 × 10 9 M � (R. Romano et al. 2008 ), NGC 2793 is
he lowest mass ring galaxy candidate of our sample. The phys-
cal size of the ring in NGC 2793 is only 2.1 kpc, in spite of its
elatively large angular size of 22.5 arcsec (the second largest of 
ur sample). The physical size of the galaxy (4.2 kpc) is also small
nd is typical of a dwarf galaxy. 

The inner regions of NGC 2793 are characterized by young and
nt ermediat e age populations (Fig. 2 ). This is consistent with R.
omano et al. ( 2008 ), who found NGC 2793 to be the galaxy with

he highest B-band intensity of their sample in the inner regions
 > 0.2 mag at the centre). The supposed ring -structur e is clearly
raced by the H α emission e x cept for the south-west quadrant,
here it is almost absent. The age profile of NGC 2793 (Fig. 4 ,

entr e) pr esents a positive gradient inconsistent with the collision
ypothesis. 
The age profile in NGC 2793 is dominated by spaxels with ages

f 10 7 −7 . 3 yr at the first bin (1.5 arcsec) in Fig. 5 (top panel), but the
ispersion increases and older ages dominate at larger radii. The 
QR goes from 0.4 dex at the first bin to 0.9 dex at the 22.5 arcsec
in. There is also a little increment in the median, from 10 7 . 3 to
0 7 . 8 yr, consistent with the positive age gradient in Fig. 4 . The box
lot profile shows that it is almost flat in the inner regions up to
he 13.5 arcsec bin, when it ascends up to a maximum at the 16.5
rcsec bin (where the IQR is 0.8 dex). This maximum is therefore
esponsible for the positive gradient in Fig. 4 . 

The maximum at the 16.5 arcsec bin is visible in the gen-
ral profile (dark grey in Fig. 5 ), in the north-west (red), in
he north-east (blue), and in the south-east (orange) quadrants. 
he south-west (green) quadrant is the only one that does not
how this feature in its profile, but the stellar age gradient is
learly positive there too. Remarkably, the young est ag e profiles
n Fig. 6 (centre) follow a similar trend to the box plot profiles
n Fig. 5 . 

It is not obvious from the RGB images (left panels of Fig. 2 )
or from the age maps (right panels of Fig. 2 ) what is causing

he maximum. The ring position, as determined by R. Romano 
t al. ( 2008 ) is located at 20 arcsec, so this maximum does not
verlap with the ring. In Fig. 2 we can see what appears to be the
ulge close to the east part of the ring, which could explain that
his increment in age is the highest for the south-east quadrant
orange in Fig. 6 .), but this should have no effect in the western
uadrants. 
MNRAS 547, 1–18 (2026) 
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M

Table 2. ∇t � y taken fr om Fig . 6 ; for the gener al gr adient and for each quadrant in the anticlockwise sense, where colour description coincides with such 
figures. All gradient units are in log 10 (yr). 

Galaxy R ring ∇t � y ∇t � y 1 ∇t � y 2 ∇t � y 3 ∇t � y 4 
(kpc) (black) (red) (blue) (orange) (green) 

Arp 143 10.0 −2 . 2 ± 1 . 0 −1 . 6 ± 0 . 8 −2 . 6 ± 0 . 7 −2 . 0 ± 0 . 7 −2 . 5 ± 0 . 6 
NGC 2793 2.3 0 . 5 ± 0 . 7 −0 . 3 ± 0 . 4 0 . 4 ± 0 . 5 1 . 3 ± 0 . 6 1 . 0 ± 0 . 7 
VII Zw 466 11.0 −1 . 3 ± 0 . 4 −0 . 9 ± 0 . 4 −0 . 1 ± 0 . 3 0 . 1 ± 0 . 3 −1 . 4 ± 0 . 2 
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We also want t o not e that in the south-west (green) quadrant
the only one without the maximum) the H α emission is scarcer
han in the other quadrants. Considering this, we propose a pos-
ible explanation for this stellar age maximum: The whole galaxy
ormerly had a positive stellar age gradient throughout the outer
egions, similar to the south-west quadr ant. Afterw ards, when the
urrent star formation burst appeared in the outskirts, it caused
he median age values to go down in those regions, consequently
roducing a local descend in the profile. This scenario could
ffectively explain the maximum observed in the two eastern
uadrants and in the north-west quadrant (i.e. where the H α

mission is prominent). As for the south-west quadrant – devoid
f prominent H α emitting regions – the recent star formation
urst probably did not have a significant effect ther e, pr eserving
he original positive gradient all the way outwards, as observed.
lthough most low -redshift dw arf galaxies show flat to slightly
egativ e st ellar age gradients – both in the inner and out er regions
cases with positive gradients also e xist (e.g . see fig . 8 by M. Cano-
íaz et al. 2025 ). 
Reg ar ding the increment in the IQR towards larger radii, it

ould be explained by the increment in the number of spaxels
sed in each bin. 
Observed star formation characteristics, namely the presence

f star formation inside the ring and the positive age gradients,
ule out this galaxy as a genuine collisional ring galaxy, in spite
f a ring present in the H α image. 

.3.3 VII Zw 466 

II Zw 466 is part of a system formed by (apparently) four galaxies
nd shows an evident ring morphology (Fig. 2 , bottom panels).
n order to unveil which of the four galaxies was the one that
ollided with VII Zw 466, we captured the whole system with
wo fields of the instrument, with part of them overlapping (see
he top panel of Fig. 8 ). The group is catalogued by the Uppsala
eneral Catalogue of Galaxies (P. Nilson 1973 ) as UGC 07683. 
Despite VII Zw 466 showing the smallest angular size of the

hr ee g alaxies, it pr esents a larger H α luminosity. Up to 92
er cent of the H α emission originates in the western half of the
ing . A small r egion with r edder colours and mass-w eight ed ages

10 10 yr is present in the inner border of the west side of the
ing, which could be associated with the bulge of the original disc
alaxy. 

This galaxy has the most complete ring in the sample, with a
emi-major axis distance of 9.3 arcsec. With the S/N > 10 crite-
ion for the continuum, many spaxels in the inner regions get
 x cluded. Indeed, in J. C. Theys & E. A. Spiegel ( 1976 ), VII Zw
66 was classified as a ‘RE’ galaxy, i.e. elliptical ring with empty
nterior. VII Zw 466 shows a clear negative age gradient, as ex-
ected from a collision scenario. 
The interior of the ring appears empty, with only the red quad-

ant containing a bin at 1.5 arcsec. In its general pr ofile (Fig . 5 ) VII
NRAS 547, 1–18 (2026) 
w 466 exhibits a negative gradient. This trend is also observed
n the w est ern quadrants (r ed and gr een) but not in the eastern
nes (blue and orange), where the gradient appears to be flat. The
bsence of a gradient in the eastern quadrants may result from
he limited number of spaxels with S/N ≥ 10 available to resolve
he profile in that direction, in contrast to the western quadrants.
onsequently, these r egions ar e not r epr esentative of the ring and
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ould not be suitable for gradient determination. Ther efor e, we 
 x clude the eastern quadrants from further computations. 

VII Zw 466 has a st eep y oungest-population profile ∇t � y (see Ta-
le 2 ). As e xplained befor e, and despite all quadrants being taken

nto account in Fig. 5 (right-panel) and in Table 2 , only western
uadrants were considered for the general profile. Indeed, the 
rofiles of the eastern quadrants (Fig. 6 , blue and orange) appear
 o be flatt er. Due t o the projection in the line of sight, we ar e pr ob-
bly observing only the outer side of the ring of these quadrants,
hich could explain why we observe younger ages. As a result,

he general profile appears to be similar to the western profiles,
hich ar e mor e consistent with that produced after the collision.
The w est ern quadrants (r ed and gr een) pr esent mor e dramatic

r adients, with v alues of ∇t � y ∼ −1 . 0 and a minimum age of 
10 7 . 5 yr. The first quadrant (the red one) is hosting what appears

o be the original bulge (Fig. 2 ). This could introduce older pop-
lations from the bulge. Despite that, the fourth quadrant (green 

ne), where we do not expect bulge contamination, has even a 
arger negative value of ∇t � y . 

The youngest populations close to the ring centre in the west-
rn half suggest the post-collisional star formation happened 

round 100–300 Myr ago. In comparison, the star formation in 

he eastern half stopped as recently as ∼20 Myr ago. 

.4 Profile comparison 

ig. 7 shows a comparison of the general profiles of the three
alaxies normalizing the radii by the semi-major axis of their 
ings ( R Norm 

). The figure shows that Arp 143 and VII Zw 466
rofiles have similar steep value of ∇t � y of −2.2 and −1.3, respec-
ively, both doubling the error range. It is important to note that
he youngest population at low R Norm 

are old in comparison with 

he estimated lifetime for the ring from simulations ( ∼ 10 7 yr).
or both Arp 143 and VII Zw 466 it is obvious that the youngest
tars of the whole g alaxy ar e located in the rings. This is consistent
ith the collision hypothesis, and, indeed, the internal regions 

eem t o hav e halt ed the star formation after the passage of the
ensity wave of the ring. 
Meanwhile, the general profile for NGC 2793 (Fig. 6 , centre)

s almost flat ( ∇t � y = 0.5 ±0.7). Compared with the other two
 alaxies (Fig . 7 ), this flatness is evident. Such a flat profile is not
onsistent with the collision hypothesis. Ther efor e, NGC 2973 is
robably not a collisional ring galaxy. 

.5 Expansion velocity of the wave 

btaining expansion velocities of density waves in ring galaxies is 
 challenge (E. I. Vorobyov & D. Bizyaev 2003 ). Previous attempts
o measur e e xpansion velocities use g as velocities either fr om C O
r HI lines from the ring (e.g. P. N. Appleton, V. Charmandaris &
. Struck 1996 ; J. L. Higdon et al. 1997 ). The spatially resolved
ges provide an alt ernativ e method t o infer the expansion veloc-
ty. 

The lower limit for the expansion velocity of the wave can be
omputed by assuming that the age of the youngest population at 
he impact point (here assumed as the centre of the ellipses, see
ection 5.1 ) corresponds to the epoch of the collision and that the
ave has been expanding uniformly since then. With an age of 

he youngest population at the impact point of 300 Myr and ring
adius of 10 kpc for Arp 143, and 100 Myr and 11 kpc for VII Zw
66, w e estimat ed expansion velocities of 33 ±15 and 108 ±30 km
 

−1 , respectively. 
For both galaxies, we find that our measured velocities differ 
rom those reported in the literature. In the case of Arp 143, our
alue is significantly lower than the expansion velocity of 118 ±30
m s −1 of the C O g as in the ring r eported by J. L. Higdon et al.
 1997 ). 

In the case of VII Zw 466, our velocity estimation of 108 ±30 km
 

−1 is about three times higher than the one by P. N. Appleton
t al. ( 1996 ). They r eported an e xpansion velocity of 32 km s −1 for
II Zw 466 using the HI gas in the ring. In this case, the authors
id not provide an uncertainty estimation. 
St ellar v elocities estimat ed in this w ork trace the time-av eraged

elocity of the pr opag ating star formation wave, whereas the ve-
ocities of the gas in the ring trace the instantaneous velocity of 
he expanding density wave. For a uniformly expanding density 
av e, the tw o v elocities ar e e xpect ed t o coincide. The differences

uggest non-uniform expansion of the density waves. It should 

lso be considered that the radio beams used for measurement of 
 as velocities ar e large, so as to be affected by effects of stellar
eedback. Higher spatial resolution observations in both these 
racers ar e r equir ed to carry out an elaborate discussion on the
ature of the expansion of the density wave. 

.6 The companions of VII Zw 466 

s mentioned, VII Zw 466 is part of a group of apparently four
alaxies known as UGC 07683 (P. Nilson 1973 ). While the in-
ividual g alaxies ar e r egister ed in the N ASA/IPAC Extr agalactic
atabase with proper names, we followed the P. N. Appleton et al.

 1996 ) nomenclature to label the group members G1 and G2, and
he back gr ound g alaxy B1 while w e assigned the ID R t o VII Zw
66. The NED identifiers, ID and properties of the field galaxies
re shown in Table 4 . 

We observed the whole system using two pointings of the tele-
cope (with their fields of view overlapped) to determine which of 
he galaxies is the one that collided with VII Zw 466. The complete
roup of VII Zw 466 is shown in the top panel of Fig. 8 . This RGB
econstruction was obtained similarly to the RGB images in Fig. 
 . 

We determined the optical continuum and emission radial 
elocities of the system ( v c and v e , respectively) by integrating
he central spaxels (SN ≥ 30) of each galaxy in a radius of 3
r csec. The measur ements wer e obtained using the X CSA O and
MSAO tasks from the rvsao package (D . J . Mink & M. J. Kurtz
998 ) within IRAF (D. Tody 1993 ). These tasks perform cross-
orrelation between our spectra and a library of e xtrag alactic
bjects to account for the continuum. Whenever possible, v e was 
irectly estimated by fitting the emission lines. The results are 
resented in Table 4 . 
The optical velocity we derived for VII Zw 466 is consistent

ith the HI velocity reported by P. N. Appleton et al. ( 1996 ). We
lso measured optical velocities for galaxies G1 and B1, which 

ack pr eviously r eported HI emission. Our r esults r epr esent a
ignificant improv ement ov er the appr o ximat e optical v elocities
rom J. C. Theys & E. A. Spiegel ( 1976 ) for these two galaxies.
n agreement with their w ork, w e find that B1 exhibits a signifi-
antly different radial velocity compared to the other members of 
he system. This discrepancy confirms that B1 is a background 

alaxy rather than a gravitationally bound component of the 
roup. 

On the other hand, for the suspected companion G2, our ve-
ocity is 14 224 km s −1 , which is clearly outside the 14334–14516
m s −1 velocity range reported by P. N. Appleton et al. ( 1996 ).
MNRAS 547, 1–18 (2026) 
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nter estingly, G2 r eappears in their HI channel map (their fig . 8)
n just one channel (14221 km s −1 ) consistent with our optical
elocity. This points to the possibility that the HI structure as-
ociated with G2 by P. N. Appleton et al. ( 1996 ) was part of the
lume connecting G2 with VII Zw 466, and that the real velocity
f G2 was the one measured by the H α line. This would make G2
iffer by as much as 350 km s −1 in velocity with respect to the ring
alaxy, suggesting an impact at a higher velocity than previously
hought. 

P. N. Appleton et al. ( 1996 ) suggested G2 as the most likely
ntruder. How ev er, they did not rule out the possibility of G1
laying some role. To inv estigat e this possibility, we analyse the
pecific star formation history (sSFH) of the three group members
, G1, and G2. The sSFH traces the evolution of the specific star

ormation rate (sSFR; star formation rate per unit stellar mass) of 
he galaxy over time. Following N. V. Asari et al. ( 2007 ), the sSFR
s defined as 

SFR ( t � ) = 

1 
M 

c 
� 

dM 

c 
� ( t � ) 

dt � 
∼ log e 

t � 
μc 

s ( t � ) 
� log t � 

, (4) 

where t � is the age of the SSP, sSFR (t � ) is the specific star for-
ation rate at t � , M 

c 
� (t � ) is the mass of gas conv ert ed int o stars at

hat age, and μc 
s (t � ) is the fraction of the stellar mass accumulated

ver the galaxy’s history at that age. 
Since the three galaxies (R, G1, and G2) are at about the

ame redshift, they are observed at the same lookback time.
his allows us to directly compare their SFH with their stellar
ges being consistent among them. In addition, the sSFR was
onv olut ed with a Gaussian filter in log t � with an FWHM of 
 dex, in order to smooth the sSFH curves accounting for the
elatively high uncertainties in time of the population synthesis
echnique. 

These curves are shown in the bottom panel of Fig . 8 , wher e the
SFR of the three galaxies is plotted against the stellar age. The
lotted sSFHs were taken as the median by bin of the sSFH from
ll the spaxels of each galaxy. The curve for G1 (red) clearly differs
rom the other two galaxies. At large stellar ages ( ∼ 10 10 yr), the
hr ee g alaxies had similar sSFR. This is not surprising since they
orm a group, and they are expect ed t o originat e and ev olv e in a
ommon environment. 

At more recent stellar ages their evolutionary paths di-
erge. The elliptical companion galaxy G1 reaches its peak at
arly times in its formation history and is dominated by old stellar
opulations, with little recent star formation. This star formation
istory is typical of early-type galaxies observed in surveys such
s SDSS and CALIFA (i.e. N. V. Asari et al. 2007 ; R. Cid Fernandes
t al. 2013 ). 

On the other hand, both the ring galaxy (black) and the sus-
ected companion G2 (blue) reach their highest peak of sSFR at
or e r ecent times ( < 10 9 yr). The sSFR for the ring galaxy and G2

tart deviating strongly from that for G1 at a stellar age of a few
undreds of million years, which is consistent with the collision
poch derived from radial age profiles (Fig. 5 ). 

The plot points to both R and G2 passing through a recent
pisode of high star formation that did not affect G1. The tempo-
al synchronization of the sSFR curves of these two galaxies re-
eals compelling evidence for a common recent evolution, likely
riggered by the same event: the collision. 
NRAS 547, 1–18 (2026) 
 DISCUSSION  

.1 On the collision geometry 

s mentioned in Section 3 , we assume a centred collision with
he impact point close to the centre of mass, implying that the
entre of the ring is also the impact point. Scenarios with the
ompact galaxy impacting the disc galaxy off-centre were consid-
red in simulations by A. Toomre ( 1978 ) and were explored in
ore detail by P. N. Appleton & C. Struck-Marcell ( 1987 ). Their

esults show that in the case of an off-centre collision, the shock
ave is expected to produce a ring with azimuthal asymmetries

n the star formation rate, H α luminosity, etc. As a result, rings
ould have a radially asymmetrical appearance, where the col-
ision effects will be more important in some directions than in
thers. 

For our sample, the thr ee g alaxies show important asymme-
ries in the H α emission – and hence in star formation – dis-
ribution along the rings, evident from the contours in Fig. 2 .
n the case of Arp 143 these asymmetries were studied by P.
eirão et al. ( 2009 ) using Spitzer IR bands and GALEX UV bands.
hey confirm the origin of the star formation knots of the ring
s being simultaneously produced by a shock wav e det ect ed with
 2 emission. They find their results consistent with the off-centre

ollision scenario by P. N. Appleton & C. Struck-Marcell ( 1987 ),
ith the formation of the ring r esulting fr om a combination of an

xpanding wave and a disc rotation movement. 
That said, we want to argue in favour of our decision to assume

he centred collision scenario to measure the gradients. For Arp
43 the youngest age profiles in Figs 6 and 7 show that the old-
st among the youngest spaxels are located closer to the origin,
r oducing the neg ative age gradient that we report. In the case
f VII Zw 466, we see the same trend for the western quadrants
r ed and gr een in Fig . 6 ) with the oldest among the youngest
ges being closer to the centre of the ring and a clear negative
ge gradient, consistent with the centred-collision hypothesis.
n the case of the eastern quadrants, the lack of spaxels in the
nner regions prevents us from obtaining conclusions. Since we
o longer consider NGC 2793 as a collisional ring, we will not
iscuss its case. 
Considering other kinds of asymmetries is also relevant for

ur sample. A. Toomre ( 1978 ) showed that off-centre collisions
roduce rings with the centre separated from the original bulge
f the disc galaxy. The possible original bulge of either of our two
ollisional ring galaxies is not exactly at the centre of its ring.
her efor e it is possible that the intruder galaxy did not impact
roperly in the ring centre in either of the two cases. In the
ase of Arp 143, the bulge is slightly de-centred. This points to
he possibility that even if the impact was off-centre, it was only
lightly so (similar to row 5 in fig. 5 by A. Toomre 1978 ). 

In addition, we are limited by the spatial resolution of our data
 ∼1.5 arcsec seeing and 1 ar csec spax el size), comparable with
he projected distances from the bulges of the two galaxies to the
entres of their rings (a few arcsec); this could effectively blur the
ffects of this asymmetry on the gradients for the central regions.

In conclusion, given the clear negative gradients of the
oung est ag e profiles and the limitations in spatial resolution
f our data, the centred collision scenario is good enough for
ur purpose. Further studies with higher spatial resolution and
et ter spectr al resolution (t o det ermine kinematics) could help
o localize the impact point, as suggested by P. N. Appleton & C.
truck-Marcell ( 1987 ). 
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Figure 9. sSFH functions on the RGB negative map of Arp 143. Each box shows the median sSFH function produced by the contributing spaxels, 
drawing on them. The contributing spax els corr espond to an 8 × 8 array of spaxels, just where the box is locat ed. S/N crit erion was relaxed to incorporate 
all spaxels in the internal region of the ring. The scale of these plots is shown in the bottom-left corner, also showing the median sSFH of all spaxels of the 
galaxy (in green). H α luminosity contours are shown in red, and the R. Romano et al. ( 2008 ) ellipse is shown in violet. sSFH plot axes are in logarithmic 
scale. 
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.2 Spatially resolved specific star formation rates 

he IFS data allows us to carry out a spatially resolved analysis
f the sSFH (i.e. sSFR v ersus st ellar age, see Section 4.6 ). Such
aps could help us to analyse the – up to one order of magnitude
age differences for the youngest populations between the four 

uadrants of our classical ring galaxies Arp 143 and VII Zw 466
see Fig. 6 ), despite all quadrants presenting similar steep nega- 
ive gradients in their youngest age profiles. As discussed before, 
hese negative gradients are due to star formation radially prop- 
g ating outwar ds over the last ∼ 10 8 yr and ar e e xpected in ring
alaxies. 

Both galaxies have ∇t � y < −1 . 0 dex. The ‘traditional’ colli- 
ion hypothesis would explain these gradients as follows: the 
assage of the density wave through a region produces a local 
tarburst and the light-w eight ed ages are dominated by the young
assive stars produced in the process. As the wave abandons 

he region and the starburst stops, the most massive stars die 
nd the light-w eight ed ages ar e pr ogr essiv ely dominat ed by a
ix of the young low-mass stars generated by the wave and the

ld low-mass stars formed before the collision. Therefore the 
ing w ave natur ally produces an inside-out quenching of star
ormation in its wake and a light-w eight ed mean-age gradient
s formed between the location of the ring dominated by the
oung est ag es and the centre (or the impact point) dominated by
lder ages. 

In order to understand the differences in ages of the most
ecent star formation activity between the four quadrants, we 

apped the sSFH of each of our sample galaxies. We consider the
SFR as a pr o xy for the SFR, and use these maps to understand
he morphology of post-collision star formation. We divided each 

mage into an array of sectors formed by 8 ×8 spaxels for Arp 143
nd NGC 2793 to increase the S/N ratio. For VII Zw 466, we used a
maller array of 5 ×5 due to the smaller angular size of that galaxy.
he grouping compensates for the lower S/N spaxels, allowing 

or a more robust coverage of the disc. The resulting median
SFH for each sector is plotted in bo x es on (inverted colour) RGB
aps (Figs 9 , 10 , and 11 for Arp 143, NGC2793, and VII Zw 466,

espectively). The median sSFH for each galaxy is included as 
n inset for r efer ence. The positions of the dott ed v ertical and
orizontal lines are the same in all subplots as in the insets. 
As the density wave created by the collision expands, it is

xpect ed t o locally increase the sSFR in the sect ors of the disc
t which it arrives. The median sSFH of the whole galaxy for
rp 143 (bottom-left inset in Fig. 9 ) best illustrates the effect
f expanding wave. It shows two main peaks of high star for-
ation. The peak corresponding to older ages ( > 10 9 yr) r epr e-
MNRAS 547, 1–18 (2026) 
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M

Figure 10. Same as Fig. 9 for NGC 2793. It is important to figure out that the scale is different. 
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ents clearly the stellar populations of the pre-collision (bulge-
ominated) galaxy, with the high sSFR at the beginning of galaxy

ormation followed by a decr ease. However, e x cept for very well-
ound regions like the bulge, this ‘first’ peak is generally not
 epr esentative of the r egions wher e these stars now reside. This
s because stars formed in such early star-forming episodes are
nlikely to remain in their original regions due to the disc rotation
r other kinds of migration (e.g. the one induced by the collision).
e refer to the first peak as the ‘pre-collisional peak’ and the more

ecent maximum as the ‘post-collisional peak’. The monotonic
ecrease is halted at around log 10 ( Age [ yr ] ) = 8.5, the estimated
poch of the ring-making collision. The sSFR smoothly increases
hereafter. 

The sSFH in most of the sectors at the position of the
ing – especially at the H α-emitting r egions (r ed contours)

follows the global trend (the median sSFH of the galaxy
s shown in the inset in the figure), with the peak at the
urrent epochs ( log 10 ( Age [ yr ] ) < 7.0) being stronger than the
SFR corresponding to populations of the pre-collisional peak
 log 10 ( Stellar Age [ yr ] ) > 9.5). 

The age when the minimum in the sSFH occurs varies only
lightly in the zones with and without H α. This suggests that
ven the zones in the ring, far from the impact point, contain
tellar populations formed just after the collision. In the classical
ensity wave models of J. C. Theys & E. A. Spiegel ( 1976 ), this
ould not be possible, since the stellar populations formed during
NRAS 547, 1–18 (2026) 
he passage of the wave are left behind at their formation sites. On
he other hand, the stellar populations are dragged by the wave
n the recent simulations by F. Renaud et al. ( 2018 ), allowing
s to find the first stellar populations formed by the impact as

ar out as the ring position. This scenario is consistent with our
bservations. 

The sSFH show a distinct shape in the southern part of Arp 143,
uggesting an asymmetric expansion of the ring. Some enhance-
ent in the sSFR over the last ∼ 10 8 yr is seen, but only mildly

n comparison with the northern regions. It is worth noting that
he northern regions are currently closer to the companion galaxy
han the southern regions. The boxes belonging to the bulge and
he surrounding zones also show minimum enhancements fol-
owing the collision. 

Fig. 9 also plots some boxes to the north and outside of the
ing . Ther e is a tidal bridge of stars connecting both galaxies, also
isible in Fig. 2 . Their sSFHs and the young values of the mean
ight-w eight ed ages are consistent with the presence of young

assive stars formed as a consequence of the impact. A detailed
inematics study of this region, in synergy with the results pre-
ented here, could reveal if these stars were formed in situ inside
his bridge from gas dragged from the disc by tidal forces, or if 
hey were formed first in the disc – most possibly in the ring –
nd were tidally dragged out afterwards. 

From the earlier discussion, NGC 2793 does not appear to
ollow the collision scenario, both for the ring and the inner re-
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Figure 11. Same as Fig. 9 for VII Zw 466. Now the number of contributing spaxels was reduced to a 5 ×5 array to compensate for the smaller angular 
size of this galaxy. 
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ions. Indeed, according to Fig. 10 , it suffered recent intense star
ormation across the whole galaxy, with the oldest peak of sSFH
ot distinguishable in most bo x es. This is consistent with the flat
oung est ag e pr ofile shown in Fig . 7 in comparison to the other
wo galaxies (and the almost zero ∇t � y in Table 2 ). Therefore, this
vidence appears to confirm that NGC 2793 is not a collisional
ing galaxy. 

For the empty-ring galaxy VII Zw 466, the two peaks in the
SFR are not easily discernible (Fig. 11 ). The first peak – corre-
ponding to the formation of the pre-collision stellar populations 

can be noticed only in a few bo x es to the south and south-
est outside the ring. Many of the rest of the boxes show abrupt

nhancement of sSFR at ∼ 10 8 yr, the estimated collision epoch. 
emarkably, this enhancement in the star-forming activity is not 

ust restrict ed t o the ring regions, but is also present in the empty
nner regions. The time at which the enhancement occurred 

oes not have a clear radial dependence, suggesting that the ring
ontains stellar populations dragged by the wav e, similar t o the
ehaviour found in Arp 143. 
a
.3 Current location of the density wave 

he decomposition of light in stellar populations of distinct ages 
t each spaxel allows us to construct the radial profile of intensi-
ies from stars formed before the collision and after the collision.
o do that, we separated the flux contribution of populations 
ith pre-collision ages from those with post-collision ages in each 

paxel. The flux (dust-corrected) was integrated in the range of 
800–7200 Å, i.e. the same range used for the stellar population
ynthesis. We then produced radial profiles that are shown in Fig.
2 , keeping NGC 2793 for the sake of completeness. 

A ccor ding to simulations (F. Renaud et al. 2018 ), the expanding
ensity wave not only triggers new star formation in the ring
ut may also transport pr e-e xisting disc stars. Consequently, the

ight distribution of these pre-collisional stars might also roughly 
race the density wave. Indeed, Fig. 12 shows that while the post-
ollisional young populations (black solid line) dominate the op- 
ical emission at the ring radius (grey dashed line), the old pre-
ollisional populations (red solid line) also exhibit enhanced flux 
MNRAS 547, 1–18 (2026) 

t that radius. 
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M

Figure 12. Comparison of the intensity profiles derived from the int egrat ed flux of population with pre-collisional (red) and post-collisional (black) 
ages in the three galaxies. The current position of the ring is shown by the dotted vertical line. See the description of results for each galaxy in the text 
for details. 
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For Arp 143 (left panel in Fig. 12 ) the peak at radius < 10
r csec corr esponds to light fr om the bulge, with contribution
rom both pre-collisional and post-collisional stellar populations,
ith the flux dominated by the former. The peak in the black

ine beyond the central bulge is consistent with the position of 
he ring and illustrates the current position of expanding density
 ave dr agging pr e-collisional stars. The figur e shows that this

econd flux peak of pre-collisional stars is consistent with a flux
eak of post-collisional stars formed by the passage of the wave.
his spatial coincidence indicates that the density wave (as traced
y pre-collisional stars) is effectively the most suitable cause for
he presence of a star formation in the ring (as traced by post-
ollisional stars and H α emission). The fact that the young popu-
ation’s profile enhancement ext ends w ell bey ond the ring radius
hile the older populations’ peak decays faster after that radius

an be explained by the presence of the tidal bridge in the north-
 est ern part of the ring dominated by young light-weighted

ges. 
For VII Zw 466, we can see a similar pattern as with Arp

43, with the pre-collisional stars profile growing towards the
ing along with the post-collisional profile, although with notable
iffer ences. First, since this g alaxy is an ‘empty’ ring, with the
ossible bulge located in the inward part of the ring (therefore
ot close to the ring centre), the low -r adius peak is not present.
econd, there is a clear misalignment of both peaks, with the
ost-collisional profile peaking at the ring position and the pre-
ollisional profile peaking ∼ 3 arcsec inward. This is explained by
he presence of the bulge, strongly dominated by pre-collisional
tars (like in Arp 143). Beyond this point the flux in the ring is
learly dominated by post-collisional stars (also like in Arp 143).
otice also that due to the small angular size of VII Zw 466,

patial resolution is poorer for this galaxy and the shape of the
rofiles is not clearly defined. Yet the effects described above are
learly discernible. 

Fig. 12 shows that the density wav e is, as expect ed, currently
t the position of the star-forming ring in both galaxies. IFS data
llowed us, for the first time, to isolate the light of pre-collisional
tars from that of the post-collisional stars thus addressing the
ong-standing question on the current location of the density
ave (see e.g. A. P. Marston & P. N. Appleton 1995 ; R. A. Gerber

t al. 1996 ). The r esults ar e in agr eement with F. R. Ditrani et al.
 2024 ), which found that most of the spectral luminosity at the
NRAS 547, 1–18 (2026) 

t  
ing location is dominated by such post-collisional stars for the
arthwheel galaxy. 
Our data show a density wave in the old stars, illustrating the

esponse of these pre-collisional stars to the ring-making colli-
ion. The limited spatial resolution and the presence of tidal fea-
ures in our data prevent us from examining whether the density
av e is effectiv ely ahead of the star -forming wa v e as expect ed in

lassical models (e.g. R. A. Gerber et al. 1996 ). Future IFS obser-
ations of these classic ring galaxies at higher spatial resolution
ill be invaluable in addressing this question. 

 SUMMARY  AND  CONCLUSIONS  

e t est ed the collision hypothesis of ring g alaxies thr ough a stel-
ar population analysis with IFS data of three ring galaxy candi-
ates. The galaxies come from the R. Romano et al. ( 2008 ) sample
nd they were observed with the Calar Alto 3.5 m telescope, using
he PMAS/PPaK spectrophot omet er. 

For each galaxy we produced an R GB map , the Mean Age
aps w eight ed by light and by mass (Fig. 2 ), w e found that light-
 eight ed mean age is the most appropriate to characterize the

oung populations created by the impact and hence the ring. 
The collision hypothesis predicts the presence of a negative

 adial age gr adient gener ated by the moving front of star forma-
ion triggered, which in itself is generated by the passage of the
ensity wave. We looked for this gradient by plotting radial pro-
les of light-w eight ed mean ages. We also plott ed radial profiles

or the different quadrants of each galaxy to account for possible
zimuthal asymmetries (Fig. 5 ). 

Then we produced another set of radial profiles that better
 epr esent the last major episode of star formation at each radius
y statistically selecting the youngest spaxels (in terms of light-
 eight ed mean age) at each radius (Fig. 6 ). This allowed us to

omput e the y oung est ag es gradient ( ∇t � y ) as a function its dis-
ance from the ring centre. With these gradients w e estimat ed the
ower limits for the age of the collision and for the radial velocity
f the wav e. These calculat ed quantities ar e pr esented in Table 3 .
n sSFH analysis was also performed using equation ( 4 ). 
We found that the Arp 143 and VII Zw 466 galaxies show

egative age gradients consistent with the collision hypothesis,
ith the youngest population ageing smoothly as w e mov e from

he ring position inwards. We estimated a lower limit for the
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Table 3. Parameters derived from the analyses performed in this study. 

Galaxy ∇t � y Collision age Expansion velocity 

log 10 ( yr ) (Myr) ago (km s −1 ) 
(kpc 

Gyr −1 ) 

Arp 143 −2.2 ±1.0 300 33 ±10 33 ±10 
NGC 2793 ∼ 0 . 0 ± 0 . 5 - - - 
VII Zw 466 −1.3 ±0.4 100 108 ±28 110 ±29 
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ollision age of 300 and 100 Myr for Arp 143 and VII Zw 466,
espectively, assuming that the youngest ages at the ring centres 
orrespond with the collision age. Assuming a uniform propaga- 
ion, this corresponds to average expansion velocities of 33 ± 10 
nd 108 ± 28 km s −1 , respectively, for Arp 143 and VII Zw 466
Table 3 ). 

An analysis of the population properties in the four quadrants 
uggests noticeable azimuthal variations in the ring which could 

oint to off-centre geometries for the collision. We created spa- 
ially resolved sSFH maps by dividing the galaxies into boxes 
ontaining a given number of spaxels to increase the SNR. These
aps show considerable azimuthal variations with some regions 

ot showing any enhancements in star formation corresponding 
o the pr opag ation of the wave. In zones wher e enhancements
n sSFRs are noticeable, the regions in the ring as well as those
ear the impact point, show enhancements at the same time. 
his suggests that the stellar populations formed during the prop- 
gation of the wave could have been dragged by the wave to
ts current position in the star-forming ring, as predicted in the
ecent models for Cartwheel-like rings by F. Renaud et al. ( 2018 ).

We also measured the redshifts of the four members of the
II Zw 466 group, confirming that one of them (B1) is really a
ack gr ound g alaxy. We used the sSFH of the other thr ee g alaxies,
hich showed that G2 has recent star formation activity consis- 

ent with the one in the ring, which is not the case with the other
r oup member, G1. Ther efor e, G2 was most likely the galaxy that
mpacted with VII Zw 466 causing the formation of the ring. This
s consistent with the HI bridge connecting both galaxies reported 

y P. N. Appleton et al. ( 1996 ), and confirming their results. 
In comparison, the behaviour of the stellar population ages in 

GC 2793 is differ ent fr om the other two galaxies. We notice that
his is a low-mass galaxy and one of the smallest rings of the
. Romano et al. ( 2008 ) sample, with only ∼ 2 kpc radius. Star

ormation is expected to be quenched as the wave moves outwards 
ue t o negativ e feedback effects of supernova explosions and gas
onsumption over a time-scale of a few tens of million years.
he recent star formation is very similar in all the regions of the
alaxy, both in the ring and in the inner regions. In addition, the
ge of the supposed ring is about 10 7 yr old Table 3 ), but its value
s in the range of the young populations across the whole galaxy
able 4. Galaxies in the group of VII Zw466. ID is the same as in Fig. 8 for con
elocities v c and v e are the continuum and emission lines (when possible) rad
paxels inside a radius of 3 arcsec. The estimation of v c and v e was obtained us
urtz 1998 ) from IRAF software (D. Tody 1993 ). Mean Age is the median age fo

alaxy NED identifier ID RA 

II Zw 466 R 12 h 32 m 04 . 4 s +6
GC 07683 NOTES02 NED02 G1 12 h 32 m 13 . 2 s +6
GC 07683 NOTES02 NED03 G2 12 h 32 m 11 . 7 s +6
GC 07683 NOTES02 NED01 B1 12 h 32 m 10 . 8 s +6
nd not only in the ring. All the evidence supports that NGC 2793
s not a true collisional ring galaxy. 

In this w ork, w e show ed that the combination of IFS and st ellar
opulation synthesis is an invaluable tool for observationally test- 

ng the predictions of different theoretical collisional scenarios. 
he application of these techniques to larger samples of colli- 
ional ring galaxy candidates combined with higher spatial and 

pectral resolution instruments will help to disentangle the de- 
ails and history of such e xtr eme collisions and the transforma-
ion suffered by galaxies that pass through this process. 
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