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A B S T R A C T 

We present a detailed analysis of the vertical and radial structure of mono-age stellar populations in three edge-on 

lenticular galaxies (F CC 153, F CC 170, and F CC 177) in the Fornax cluster, using deep MUSE observations. By measuring 

the half-mass radius ( R 50 ) and half-mass height ( z 50 ) across 1 Gyr-wide age bins, we trace the spatial ev olution of st ellar 
populations over cosmic time. All g alaxies e xhibit a remarkably constant disc thickness for all stars younger than ∼ 6 

Gyr, suggesting minimal secular heating and limited impact from environmental processes such as tidal shocking or 
harassment. Evidence of past mergers (8–10 Gyr ago) is found in the increase of z 50 for older populations. We find that 
accreted (metal-poor) stars have been deposited in quite thick configurations, but that the interactions only moderately 

thickened pr e-e xisting stars in the g alaxies, and only caused mild flaring in the outer r egions of the discs. The radial 
structure of the discs varies across galaxies, but in all cases we find that the radial extent of mono-age populations remains 
constant or grows over the past 8 Gyr. This leads us to argue that within the radial range we consider, strangulation, rather 
than ram-pr essur e stripping, is the dominant quenching mechanism in those g alaxies. Our r esults highlight the usefulness 
of analysing the structure of mono-age population t o uncov er the mechanisms driving galaxy evolution, and we anticipate 
broader insights from the GECKOS survey, studying 36 nearby edge-on disc galaxies. 

Key wor ds: g alaxies: elliptical and lenticular, cD – galaxies: evolution – galaxies: individual: IC 1963 – galaxies: individ- 
ual: NGC 1380A – galaxies: individual: NGC 1381 – galaxies: structure. 
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 INTRODUCTION  

alactic discs have a complex radial and vertical structure which 

 esults both fr om their cosmological accr etion histories and fr om
nternal processes. The radial structure of disc galaxies is often 

escribed as resulting from inside–out formation (R. B. Larson 

976 ). In this model, the inner regions of galaxies assemble first,
orming discs that are initially small and dense (H. J. Mo, S. Mao &
. D. M. White 1998 ). Then, as the Universe expands, the angular
omentum of the gas falling on to the disc increases, so that this
 as can pr ogr essively settle at larg er and larg er galactocentric ra-
ius, ultimat ely leading t o a pr ogr essive gr owth of the stellar disc.
imulations have shown that the picture is actually more com- 
lex: the evolution of angular momentum in galaxies is driven by 
he details of gas accretion (C. Pichon et al. 2011 ; K. R. Stewart
t al. 2013 ; M. Danovich et al. 2015 ; C. W. Trapp et al. 2022 ; R.
. Simons et al. 2025 ), by galaxy interactions (C. d. P. Lagos et al.
018 ; C. Cadiou, A. Pontzen & H. V. Peiris 2022 ), and by feedback
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nd galactic fountains redistributing the gas within galaxies (A. 
. Maller & A. Dekel 2002 ; A. A. Dutton & F. C. van den Bosch

009 ; C. B. Brook et al. 2012 ; R. J . J . Grand et al. 2019 ; F. G. Iza
t al. 2024 ). In addition to these processes, radial migration can
lter the radial distribution of stars in discs, change the angular
omentum and the scale length of stars after their birth (J. A.

ellwood & J. J. Binney 2002 ; N. F r ankel et al. 2019 ), and blur
ignatures of inside–out formation (I. Minchev et al. 2026 ). In
pite of all this, most simulations of Milk y Wa y mass disc galaxies
how a remarkably regular radial structure, with younger stars 
aving larger scale lengths (J. C. Bird et al. 2013 ; G. S. Stinson
t al. 2013 ; M. Martig, I. Minchev & C. Flynn 2014a ; I. Minchev
t al. 2015 ; T. Buck et al. 2020 ). Mergers can temporarily alter this
elation (M. Martig et al. 2014a ), but, at least in Milk y -Wa y type
alaxies, do not affect the overall trend over long time-scales. 

In observations, this inside–out growth manifests as negative 
 adial age gr adients, commonly observ ed in massiv e lat e-type
alaxies (P. Sánchez-Blázquez et al. 2014 ; D. M. Wilkinson et al.
015 ; T. Parikh et al. 2021 ; I. Pessa et al. 2023 ). This is also evi-
ent from studying spatially resolved star formation histories (R. 
id Fernandes et al. 2013 ; R. M. González Delgado et al. 2014 ;
 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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. Sacchi et al. 2019 ), or from slicing galaxies in different age
ins and showing that older stars are more concentrated towards
he centr e of g alaxies (T. Peterken et al. 2020 ; M. Martig et al.
021 ). Using observations of resolved stars with the Hubble Space
elescope , B. F. Williams et al. ( 2009 ) and S. M. Gogarten et al.
 2010 ) have also directly shown that the scale length of stellar
opulations increases for younger stars in M33 and NGC300. In
he Milky Way, measuring the scale lengths of stars of different
ges is a challenging task, but recent studies suggest that younger
opulations indeed have larger scale lengths (E. B. Amôres, A.
. Robin & C. Reylé 2017 ; M. Xiang et al. 2018 ) and it is well
stablished that metal-rich, low-[ α/Fe] stars have a larger scale
ength than metal-poor, high-[ α/Fe] stars which are generally
lder (T. Bensby et al. 2011 ; J. Bovy et al. 2012 ; J. Y. Cheng et al.
012 ; M. Martig et al. 2016 ; J. Imig et al. 2025 ). 

The vertical structure of discs is also complex. In many simu-
at ed galaxies, y oung populations are found in a thin disc com-
onent with a low velocity dispersion, and the scale height and
 ertical v elocity dispersion of mono-age populations increases
ith age (E. L. House et al. 2011 ; J. C. Bird et al. 2013 ; G. S. Stinson

t al. 2013 ; M. Martig et al. 2014a , b ; R. J. J. Grand et al. 2016 ; X.
a et al. 2017 ; T. Buck et al. 2020 ; O. Agertz et al. 2021 ; M. J. Park

t al. 2021 ). While this general tr end is well established, ther e is
or e disagr eement on the origin of this r elation, and in particular

ow much of it is due to the birth conditions of stars compared
 o lat er dynamical heating. 

While a few simulations report the birth of stars in thin discs
lready at early times (X. Meng & O. Y. Gnedin 2021 ; T. Tamfal
t al. 2022 ), in many simulated galaxies, stars are intrinsically
orn in thicker discs at high redshift. This might be due to an
arly period of gas-rich mergers (C. B . Br ook et al. 2004 ), but also
o high levels of turbulence in gas rich discs (F. Bournaud, B. G.
lmegreen & M. Martig 2009 ; D. Ceverino et al. 2017 ), with high

evels of feedback from supernovae and bursty star formation (S.
u et al. 2021 ). As time pr ogr esses, the decline in gas fraction
nd gravitational disc instability, together with a decrease in star
ormation rate and feedback, allow the formation of pr ogr essively
hinner discs (J. C. Bird et al. 2013 ; S. A. Kassin et al. 2014 ; R. J.
. Grand et al. 2016 ; D. Ceverino et al. 2017 ; X. Ma et al. 2017 ; Y.
ubois et al. 2021 ; F. Donkelaar, O. Agertz & F. Renaud 2022 ).

. Stern et al. ( 2021 ) and S. Yu et al. ( 2021 ) also propose that the
irialisation of the inner cir cumg alactic medium (when haloes
each a typical mass of ∼ 10 12 M �) confines the gas discs and
llows the formation of thin stellar discs. 

After birth, stars also undergo some later dynamical heating,
ia mergers and secular processes (P. J. Quinn, L. Hernquist & D.
. Fullagar 1993 ; Á. Villalobos & A. Helmi 2008 ; M. Martig et al.
014b ; X. Ma et al. 2017 ; T. Buck et al. 2020 ; O. Agertz et al. 2021 ;
. C. Bird et al. 2021 ; M. J. Park et al. 2021 ; S. Yu et al. 2023 ).
ow much of a stellar population’s thickness reflects its birth

roperties v ersus lat er heating varies with time (F. McCluskey et
l. 2024 ), and also varies fr om g alaxy to g alaxy, depending on each
alaxy’s history (F. Pinna et al. 2018 ) and mass (R. Leaman et al.
017 ). 

The smoothness of the transition from thick to thin popula-
ions can be assessed by studying the scale height (or velocity dis-
ersion) of stars as a function of their age. In particular, mergers
an create sharp vertical jumps in the relation between age and
elocity dispersion or thickness: this happens when populations
orn before the merger are thickened, while after the merger, gas
ools down again, and younger populations are formed with a
NRAS 547, 1–18 (2026) 
istinctly lower thickness (A. C. Quillen & D. R. Garnett 2001 ;
. L. House et al. 2011 ; M. Martig et al. 2014b ; R. J. J. Grand et al.
016 ; O. Agertz et al. 2021 ). 

The assembly history of a galaxy is not just encoded in the
verage scale heights of mono-age populations, but also in how
hese scale heights vary with radius. Simulated galaxies show a
arge diversity in the radial profiles of their scale heights, from
ases where mono-age populations do not flare, to cases where
hey all flare strongly, and cases where either the old or young
opulations flare the most (J. C. Bird et al. 2013 ; I. Minchev et al.
015 ; R. J. J. Grand et al. 2017 ; X. Ma et al. 2017 ; T. Buck et al.
020 ; O. Agertz et al. 2021 ; J. García de la Cruz et al. 2021 ; D.
otillo-Ramos et al. 2023 ). This does not necessarily translate into
aring for the overall stellar disc, which can be flat even when all
ono-age populations flare (I. Minchev et al. 2015 ; J. García de la
ruz et al. 2021 ). Flaring can in some cases already be imprinted
t birth if the gas disc itself is flared (J. C. Bird et al. 2013 ; R. J.
. Grand et al. 2017 ), but can also be due to secular evolution (I.

inchev et al. 2012 ), or mergers (F. Bournaud et al. 2009 ; Y. Qu
t al. 2011 ). In detail, D. Sotillo-Ramos et al. ( 2023 ) propose that
he relation between merger history and flaring is complicated,
ith a weak indication that galaxies with recent major mergers

 end t o hav e y oung populations that ar e mor e flar ed than older
opulations. 
Observationally, the vertical structure of the disc has been

xt ensiv ely studied in the Milky Way. It has been shown that
etal-poor, α-enhanced (i.e. older) stars have larger scale heights

han metal-rich, α-poor (i.e. younger) stars (J. Bovy et al. 2012 ).
or e r ecently, J. T. Macker eth et al. ( 2017 ) and M. Xiang et al.

 2018 ) have also directly shown that scale height increases with
ge. Similarly, the v ertical v elocity dispersion of stars increases
ith age (A. C. Quillen & D. R. Garnett 2001 ; C. Soubiran et al.

008 ; J. L. Sanders & P. Das 2018 ; F. Anders et al. 2023 ). This
esults in an increase of the averag e ag e of stars as a function
f height above the mid-plane (L. Casagrande et al. 2016 ; M.
artig et al. 2016 ). In terms of radial structure, the geometric

hick disc of the Milky Way has a negative radial age gradient
M. Martig et al. 2016 ; F. Anders et al. 2023 ; J. Imig et al. 2023 ),
hich is consistent with being formed from the superposition of 
ared mono-age populations (as proposed by I. Minchev et al.
015 ). Dir ect measur ements of the radial pr ofiles of mono-age
opulation lat er show ed that they do indeed flare. The strength of 
aring as a function of age is debated: while early papers showed

hat the youngest populations are the most strongly flared (J. Bovy
t al. 2016 ; J. T. Mackereth et al. 2017 ), mor e r ecent works seem to
how the opposite (J. Imig et al. 2025 ; S. Khoperskov et al. 2025 ),
ossibly because of the different r adial cover age of the data used.
In e xternal g alaxies, thick discs usually have older populations

han thin discs (J. Mould 2005 ; P. Yoachim & J. J. Dalcanton 2008 ;
. Rejkuba, M. Mouhcine & R. Ibata 2009 ; S. Comerón et al. 2015 ,

016 ; A. V. Kasparova et al. 2016 ; A. Eigenbrot & M. A. Bershady
018 ; F. Pinna et al. 2019a , b ; A. V. Kasparova, I. Y. Katkov & I. V.
hilingarian 2020 ; M. Martig et al. 2021 ; N. Scott et al. 2021 ; N.
attler et al. 2023 , 2025 ), but detailed measurements of the thick-
ess or velocity dispersion of stars as a function of age are rare. In
31, observations of individual stars (C. E. Dorman et al. 2015 )

nd planetary nebulae (S. Bhat tachary a et al. 2019 ) show that the
ine- of- sight velocity dispersion increases as a function of age.
his is also found in M33 using observations of star clusters (M.
. Beasley et al. 2015 ). For edge-on galaxies slightly further away,

he pr operties of r esolved stars can be studied with deep Hubble
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Table 1. Main properties of F CC 153, F CC 170 and FCC 177: distance (J. P. Blakeslee et al. 2009 ), effective radius in the r-band (E. Iodice et al. 2019a ), 
optical radius in the B -band (G. Vaucouleurs et al. 1991 ), stellar mass (E. Iodice et al. 2019a ), maximum circular velocity (A. G. Bedr eg al et al. 2006 ). 

D (Mpc) R e (") R e (kpc) R 25 (") R 25 (kpc) M ∗ ( 10 9 M �) V c (km s −1 ) 

FCC153 20.8 19.8 2.0 77.1 7.8 7.6 165 
FCC170 21.9 15.9 1.7 80.5 8.6 22.5 280 
FCC177 20.0 35.9 3.5 72 6.9 8.5 120 
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pace Telescope images. These show that older stars have larger 
cale heights (A. C. Seth, J. J. Dalcanton & R. S. de Jong 2005 ;
. A. Tikhonov & O. A. Galazutdinova 2005 ), and for three low-
ass galaxies, D. Streich et al. ( 2016 ) show that the youngest stars

ave a constant scale height as a function of radius, while older
opulations exhibit a mild flaring. 
For galaxies even further away, spectroscopy is the only way 

 o det ermine the age structure of discs, but this r equir es deep
bservations to reach adequate signal-to-noise ratios in the thick 

isc-dominated regions. A. Poci et al. ( 2019 , 2021 ) used such
eep observations, and with the help of dynamical modelling 
easured the age- velocity -dispersion relation for four galaxies in 

otal, showing an increase of velocity dispersion with age. A few 

ther papers (A. Guérou et al. 2016 ; F. Pinna et al. 2019a , b ; M.
artig et al. 2021 ) show maps of stars of different ages, where it

s apparent that younger stars are in thinner (sometimes possibly 
ared) discs, but this effect has not been quantified. 
I. Martín-N avarr o , G . van de Ven & A. Y ıldırım ( 2019 ) showed

ow Integral Field Spectroscopy (IFS) can be used to quantify the
orphology of stellar populations of different ages, and applied 

his approach to massive early-type galaxies (‘red nuggets’). In 

his paper, we present the first detailed analysis of the radial and
ertical structure of mono-age populations in external disc galax- 
es, using IFS data from the Multi-Unit Spectroscopic Explorer 
MUSE; R. Bacon et al. 2010 ) on the Very Large Telescope. We
ocus on three lenticular galaxies first presented in F. Pinna et al.
 2019a , b ), and also studied in A. Poci et al. ( 2021 ) and Y. Ding
t al. ( 2023 ) with dynamical models. These galaxies are ideal for
his first analysis as they are now well studied, and they have a
 egular structur e, with a mid-plane unobscur ed by dust and no
mission lines complicating the analysis of spectra. The MUSE 

bservations were obtained by the Fornax3D survey (M. Sarzi 
t al. 2018 ), a survey of the 33 brightest galaxies within the virial
adius of the Fornax cluster. At a distance of ∼ 20 Mpc, Fornax
as a total mass of 7 × 10 13 M � with a projected radius of 1.4
pc (M. J. Drink w ater, M. D. Gregg & M. Colless 2001 ). The

igh density of galaxies in the core of the cluster, and the hot
ntracluster gas (detected in X-rays, Y. Su et al. 2017 ) both affect
he evolution of galaxies in the cluster (E. Iodice et al. 2019b ; M.
pavone et al. 2022 ): we do not necessarily expect them to follow
he relations between age, scale height and scale length observed 

n Milk y Wa y -lik e galaxies. In particular, they might not ha ve
ormed inside–out: stars in their inner disc are typically younger 
han in the outer disc (A. G. Bedr eg al et al. 2011 ; Y. Ding et al.
023 ). Stellar discs might also be partially disrupted by galaxy 
arassment (B . Moor e, G . Lake & N . Katz 1998 ; D. Bialas et al.
015 ) and tidal shocking (G. D. Joshi et al. 2020 ; Y. Ding et al.
024 ), which could affect their vertical structure. In this paper, 
e e xplor e the possible impact of those processes on the detailed

tructure of mono-age populations. 
In Section 2 , we introduce the three galaxies studied in this

aper. In Section 3 , we then describe the data, the method used
o extract the properties of the stellar populations, and the way 
e
e quantify the radial and vertical structure of the galaxies. In
ection 4 , we present our results on the radial and vertical struc-
ure of mono-age populations, and discuss our findings and the 
imitations of our analysis in Section 5 . 

 GAL AXY  P RO P E RT I E S  

e study three S0 galaxies that are part of the Fornax3D survey
M. Sarzi et al. 2018 ). Their kinematics, stellar populations and
ormation hist ories hav e been studied in detail by F. Pinna et al.
 2019a ) for FCC 170 and F. Pinna et al. ( 2019b ) for FCC 153 and
77. The main properties of the galaxies are listed in Table 1 . 

FCC170 (NGC 1381) is the most massive of the three galaxies.
n its centre, it possibly hosts a classical bulge (M. J. Williams et al.
011 ) but the dominant component is a boxy, X-shaped bulge (R.
ütticke, R. J. Dettmar & M. Pohlen 2000 ; M. Bureau et al. 2006 )

ndicating the presence of a bar. A small nuclear disc is visible
n the kinematics maps presented in (F. Pinna et al. 2019a ), and a
uclear star cluster was detected by M. L. Turner et al. ( 2012 ). The
tellar disc is well fitted by the superposition of a thin and a thick
omponent (S. Comerón, H. Salo & J. H. Knapen 2018 ). In spite of 
his morphological complexity, the stellar populations in FCC170 
r e r elatively simple. The spectra do not show any emission lines
M. J. Williams et al. 2011 ), and the stellar age map presented by F.
inna et al. ( 2019a ) is very uniform: most of the stars in the galaxy
re very old, with very few regions younger than 8 Gyr. From a
etailed study of the stellar populations in FCC170, F. Pinna et al.
 2019a ) highlighted the presence of stars that are younger and

ore metal-poor than the bulk of the g alaxy. They pr opose that
hese stars were accreted, and that FCC 170 had a merger with a

2 . 5 × 10 9 M � galaxy, possibly 10 Gyr ago (see also P. M. Galán-
e Anta et al. 2023 ). The ov erall ev olution of this galaxy was also
r obably str ongly affected by its large-scale environment, as it is
urrently within a high-density region of the Fornax cluster (the 
orth-south clump, E. Iodice et al. 2019b ). 
The other g alaxies, FC C 153 (IC 335) and FCC 177 (NGC

380A) are about three times less massive than FCC 170. Their
ulges were classified as elliptical (for FCC 153) and as boxy (for
CC 177) by R. Lütticke et al. ( 2000 ), with no signs of nuclear
t ellar discs. How ev er, both galaxies host a blue nuclear star
luster (M. L. Turner et al. 2012 ). Their stellar discs can both
e decomposed into a thin and a thick component (S. Comerón
t al. 2018 ). For both galaxies, F. Pinna et al. ( 2019b ) report the
r esence of accr eted stars, contributing about 4 per cent of the
 otal st ellar mass. The main difference betw een these tw o galaxies
nd FCC 170 is that they have extended star formation histories,
nd a thin disc that is significantly younger than the thick disc
F. Pinna et al. 2019b ). This is possibly related to the fact that
hey ar e curr ently in lower density regions of the Fornax cluster
ompared to FCC 170, with FCC 153 being the furthest away from
he cluster core (E. Iodice et al. 2019b ). They also probably fell into
he Fornax cluster at a later time compared to FCC 170 (Y. Ding
t al. 2023 ). 
MNRAS 547, 1–18 (2026) 
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This paper aims t o bett er understand the formation history of 
hose thr ee g alaxies by studying the radial and vertical structure
f their mono-age populations. 

 DA  T  A  AND  ANALYSIS  

.1 Observations and data reduction 

e use data from the Fornax3D survey (M. Sarzi et al. 2018 ),
hich used MUSE (R. Bacon et al. 2010 ) on the Very Large
elescope. The observation strategy, data quality and position of 
ointings are described in M. Sarzi et al. ( 2018 ). Each galaxy is
overed by two pointings: the central one has an on-source time
f 1 h for all galaxies, and the outer one has an on-source time of 
.5 h for FCC 153 and FCC 177, and 2 h for FCC 170. 

Data reduction was performed using the MUSE reduction
ipeline version 1.6.2 (P. M. W eilbacher , O. Streicher & R. Palsa
016 ; P. M. Weilbacher et al. 2020 ) and the pointings were stitched
ogether, as described in detail in M. Sarzi et al. ( 2018 ) and F.
inna et al. ( 2019a ). The mosaics were released in 2023, 1 and are
ublicly available from the ESO archive. 

.2 Stellar populations analysis 

e follow the general steps described in F. Pinna et al. ( 2019a ).
his starts with performing a Voronoi binning of the combined
ube (M. Cappellari & Y. Copin 2003 ), aiming for a signal-to-
oise ratio of 60 per spatial bin in the range from 4750 to 5500
(including all spaxels with an individual signal-to-noise ratio

bove 1). This results in 4863 bins for FCC 170, 3583 bins for
CC 153 and 3213 bins for FCC 177. Of those, w e lat er discard
pectra for which no good fit can be obtained, or which were
ontaminated by for egr ound stars. 

The extraction of stellar populations properties for the galaxies
s simplified by the absence of emission lines in their spectra.
his means that we can simply fit the spectra using the Penal-

zed Pixel-Fitting code described in M. Cappellari & E. Emsellem
 2004 ) and M. Cappellari ( 2017 ), without masking or subtracting
mission lines first. For simplicity, we fit the stellar kinematics
nd populations at the same time (F. Pinna et al. 2019a verified
hat this did not affect their results), using 8 th order multiplicative
olynomials to account for uncertainties in the spectral calibra-
ion, which might artificially distort the shape of the spectra. 

To fit the spectra, we use the MILES single stellar population
odels (SSPs) in their [ α/Fe]-variable version based on BaSTI

sochrones (A. Vazdekis et al. 2015 ), assuming a Kroupa Uni-
ersal IMF, with a slope of 1.30 (as described in Appendix A of 
. Vazdekis et al. 2003 ). We restrict ourselves to a range of ages

nd metallicities which are deemed safe and reliable: we include
alues of total metallicity [M/H] from −1.79 to 0.4 dex, and values
f age between 0.1 and 14.0 Gyr. [ α/Fe] can only take two values,
ither 0.0 or 0.4 dex. We fit the spectra from 4750 to 5500 Å using
his set of SSPs, using a regularization parameter of 0.5. 

To estimate the uncertainties in stellar population properties,
fter this first fit we perform 50 Monte Carlo iterations. For each
t eration, w e add Gaussian noise to each spectrum. For this, we
rst compute the difference between each spectrum and its best
t, and measure the standard deviation of those residuals. Then
NRAS 547, 1–18 (2026) 
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e draw a vector of random numbers following a Gaussian dis-
ribution centred on zero, and with a standard deviation equal
o the standard deviation of the residuals. This noise v ect or is
dded to the initial spectrum, and the new spectrum is fitted using
he exact same procedure as described previously. This process is
epeated 50 times for each Voronoi bin. 

.3 Maps of mono-age populations 

e aim to study the spatial distribution of mono-age populations,
hich we here choose to be populations within age bins that are
 Gyr wide, from 0 to 14 Gyr. This r equir es to cr eate maps of the
ass distribution for each mono-age population. To do this, we

eed to estimate the total stellar mass in each spaxel, and then
ompute the fraction of that mass that belongs to each mono-age
opulation. 
The total mass in each spaxel is computed following the exact

ame pr ocedur e as described in F. Pinna et al. ( 2019a ). In sum-
ary, this inv olv es first computing the absolut e V-band surface

rightness for each spaxel, by converting a g -band image from
he Fornax Deep Survey (E. Iodice et al. 2019a ) to the V-band and
omparing it to our MUSE data. Then, we compute the mass-to-
ight ratio of each Voronoi bin from the best-fitting combination
f SSPs r epr oducing its spectrum, and assign this mass-to-light
atio to all spaxels within a Voronoi bin. Finally, the mass in each
paxel is given by equation 1 in M. Cebrián & I. Trujillo ( 2014 ),
sing their absolute V-band surface brightness and mass-to-light
atio. 

The mass weights from pPXF can then be used to give for each
oronoi bin the fraction of the total mass in a given age range

summing over all possible values of [M/H] and [ α/Fe]). By mul-
iplying this fraction with the total mass in each spaxel, we finally
btain the mass belonging to each mono-age population. From
his, we can build maps such as the ones shown in Fig . 1 : ther e
e show surface-density maps for each galaxy for 4 r epr esentative
ono-age populations, from old t o y oung . For each g alaxy, we

ave 14 such surface density maps (see Appendix A for all these
aps), which we then use to quantify the spatial structure of 
ono-age populations. 
We perform this whole process not just for the best fit from

PXF, but also for each of our 50 Monte Carlo iterations, so that
 e can estimat e the uncertainties in our recov ery of the spatial
istribution of the mono-age populations. 

.4 Quantification of the radial structure 

rom the surface density maps of each mono-age population,
e first quantify the radial structure of our thr ee g alaxies. This

ould be done by fitting the maps with a sum of parametrized
omponents r epr esenting a disc, a bulge, a nuclear disc, or any
ther necessary component. How ev er, this w ould be a complex
r ocedur e, particularly in the case of noisy data for populations
hat are not v ery massiv e. Inst ead, w e choose a much simpler ap-
roach which is to measure the half-mass radius, R 50 (the radius
nclosing half of the mass). We compute both a global value of R 50 
or the whole galaxy, and a value for each mono-age population.

e note that these are not the true half-mass radii of the galaxies,
s we do not observe the whole extent of the discs. However, the
alues we measure are still useful to compare populations within
 given galaxy. 

We determine R 50 by computing a cumulative mass profile for
ll the individual spaxels, using their distance from the minor axis

https://www.eso.org/sci/publications/announcements/sciann17540.html
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Figure 1. The top row shows the average mass-w eight ed age distributions for the three galaxies studied here, while the rest of the figure shows the 
surface density for four different mono-age populations in each galaxy (12–13 Gyr old, 8–9 Gyr old, 4–5 Gyr old, and finally 0–1 Gyr old). In all panels, 
the vertical lines enclose the central bulge or bar-dominated region, while the horizontal lines delimitate the thin- and thick disc-dominated regions (F. 
Pinna et al. 2019a , b ). In all galaxies, we find strong differences in the spatial distribution of stars of different ages: one striking aspect is the much thinner 
distribution of young stars compared to older stars. 
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f the galaxies (we call this distance ‘radius’ from now on). The
ointings do not cover each side of the galaxies symmetrically, 
nd in particular on one side of the galaxies the shape of the
eld-of-view restricts the range of vertical distances covered by 

he data. To ensure that this does not bias our analysis, we restrict
urselv es t o r egions of the g alaxies that ar e fully cover ed by the
USE field-of view ( x < 30 arcsec for FCC 153 and FCC 170,

nd x > −10 arcsec for FCC 177). This leaves us with significant
ifferences in the extent of the r adial cover age of the two sides
f the galaxies. One solution would be to use only the side with
he most ext ended cov erage t o comput e R 50 . Inst ead, t o improv e
ur statistical uncertainties, we symmetrize the data based on 

he most complet e side: w e assume that, on the side with the
arrow est radial cov erage, the mass profile in the region not
overed by the pointing is the same as on the other side of the
alaxy. This allows to build a cumulative mass profile using all 
he information available to us. 

We follow the same pr ocedur e t o comput e R 50 for mono-age
opulations, using the individual mass maps created for each 

opulation, and use our 50 Monte Carlo iterations to estimate an 

ncertainty on those values. 
.5 Quantification of the vertical structure 

he vertical structure of mono-age populations is often anal- 
sed by fitting the vertical density profiles by exponential or 
ech 

2 functions to measure a scale height, or by measuring the
alf-mass height z 50 . Given that those measurements are of- 

en equivalent (e.g. D. Sotillo-Ramos et al. 2023 ), we choose
ere to use the half-mass height z 50 : this is easier to compute
nd less model dependent than scale heights, and is meaning- 
ul even if density profiles do not follow a perfect exponential or
ech 

2 shape. 
To study how the thickness of the disc varies as a function

f radius, w e comput e radial profiles of z 50 for the galaxy as
 whole and for mono-age populations. We define radial bins 
hat are within a given distance of the minor axis, up to 65 arc-
ec in distance for FCC 153 and FCC 170, and up to 55 arcsec
or FCC 177. Each bin has a width of 5 arcsec: we find that
his is a good compromise, as smaller bins give noisier profiles
nd larger bins erase some of the inter esting structur es. Within
ach radial bin, we compute a cumulative vertical mass profile, 
hich allows us to directly determine z 50 for that radius. We do
MNRAS 547, 1–18 (2026) 
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Figure 2. The first and second columns show R 50 and z 50 as a function of age for F CC 153, F CC 170, and F CC 177. The black dots represent the values 
obtained from our best fit to the spectra, while the blue violin plots r epr esent the distribution of values obtained from the 50 Monte Carlo iterations (the 
upper and lower limits of the violin plots correspond to the full range of values from the 50 iterations, while the shape of the blue r egion r epr esents the 
distribution of the values). The grey dots represent the values from the best fits, but e x cluding the very central regions of the galaxies, where nuclear star 
clusters are found. The third column represents z 50 as a function of R 50 , colour-coded by age, for each g alaxy. Her e, the err or bars r epr esent the 16 th −84 th 
percentile range. 
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his both for the total mass distribution, and for all mono-age
opulations. 
We also compute an average z 50 for each mono-age popula-

ion, as an indicator of disc thickness for that age. This is mean-
ngful because, as we will later show, there is a region in each
 alaxy wher e the z 50 of mono-age populations does not vary much
ith radius: we e x clude both the inner galaxy (dominated by

he bulge and/or the bar as shown by F. Pinna et al. 2019a , b ,
ee vertical lines in Fig. 1 ) and the outer galaxy (where mono-
ge populations start flaring). We thus compute these average
alues of z 50 by building cumulative vertical mass profiles us-
ng all spaxels within 6 < | x| < 40 arcsec for FCC 153, 20 <
 x| < 50 arcsec for FCC 170 and 13 < | x| < 40 arcsec for FCC
77. 
NRAS 547, 1–18 (2026) 

n  
 R E S U LT S  

.1 Global structure of mono-age populations 

n the first column of Fig. 2 , we show R 50 as a function of age
or mono-age populations in F CC 153, F CC 170, and F CC 177.
he black dots r epr esent the values obtained from our best fit to

he spectra, while the blue violin plots r epr esent the distribution
f values obtained from the 50 Mont e Carlo it er ations. For F CC
53, we find a nearly constant R 50 as a function of age, with only
light variations for stars younger than 3–4 Gyr . W e inv estigat e
he possible origin of those variations by re-computing R 50 after
 x cluding the central 0.8 arcsec of the g alaxy, wher e a blue nu-
lear star cluster (NSC) is found (M. L. Turner et al. 2012 ): these
ew values are shown with grey dots in Fig. 2 . We find that the
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SC cannot fully explain the variations observed in the values of 
 50 for young stars. In FCC 170, we find that R 50 increases signif-

cantly from old to young populations, with large uncertainties 
or populations younger than 6 Gyr (this is because of the low-

ass fractions in those younger populations, see F. Pinna et al. 
019a ). By contrast, in FCC 177, R 50 is highest for 14 Gyr old stars,
hen decreases until it reaches a constant value for stars between 

 and 3 Gyr old, and finally drops sharply for younger stars. In
his case, the decrease of R 50 for young stars can be attributed
o the presence of a young NSC (also visible in the maps shown
n Fig. 1 ): this drop is entirely absent if we exclude the inner 0.8
rcsec. It thus seems that in FCC 177, R 50 is essentially constant
or young and intermediate-age stars within the main body of the
 alaxy (e x cluding the NSC). This str ong influence of the NSC on
he age distribution in the inner region of FCC 177 is consistent
ith the surface brightness profile shown in M. L. Turner et al.

 2012 ), where the NSC dominates the light in the centre. The
hr ee g alaxies w e study thus show quit e different ev olutions of 
 50 with age: in FCC 153 R 50 is nearly constant, in FCC 170 it

ncreases for younger stars, while in FCC 177 it first decreases 
hen stays constant. We note that this might not exactly reflect the
ehaviour of R 50 in the overall galaxies as we do not cover the full
adial extent of the discs. However, in all cases our observations
each ∼ 70 per cent of the optical radius, so even though we
o not reach the outer disc, we cover the main regions of the
alaxies. 

While w e hav e just shown that there is some div ersity in the
adial structures of the galaxies, their global vertical structures 
r e mor e similar to each other . W e show in the middle column
f Fig. 2 the evolution of z 50 as a function of age. In all three
ases, z 50 decr eases fr om old t o y oung stars, with small differences
r om g alaxy to g alaxy. In FC C 153, z 50 first decr eases sharply
rom 14 to 8 Gyr old populations, then remains quite constant
or younger stars. In FCC 170, the old stars (8–14 Gyr old) have
 nearly constant z 50 , which then decreases in younger popu-
ations (with again large uncertainties for those populations). 
n FCC 177, z 50 smoothly decreases from 14 to 6 Gyr old pop-
lations, and then remains constant for young stars. We note 

hat the constant z 50 measured for young stars is not an artifi-
ial effect due to a lack of spatial resolution, which would pre-
ent us from detecting thinner discs if they existed. Indeed, in
he thinnest g alaxy, FC C 153, the young stars have a z 50 of ∼ 5
rcsec: this is well above the seeing of our observations, and 

he v ertical ext ent of the disc is covered by many Voronoi bins
see Fig. 1 ). 

We summarize our results on the evolution of R 50 and z 50 in the
ight column of Fig. 2 , showing z 50 as a function of R 50 colour-
oded by age. This is reminiscent of the figure produced by J.
ovy et al. ( 2012 ), showing the scale height as a function of scale

ength for mono-abundance populations in the Milk y Wa y (their
g. 5). In the Milk y Wa y, the scale height decreases and the scale

ength increases when going from old α-rich stars t o y oung α-
oor stars (this is an appr o ximation, because the r elation between
ono -abundance and mono -age populations is complex, see I. 
inchev et al. 2017 ). A similar trend is only found here for FCC

70, because, among our galaxies, it is the only one showing
n increased R 50 for younger stars. By contr ast, F CC 153 mostly
hows a vertical trend in this plane, due to a nearly constant R 50 
s a function of age. Finally, the evolution of FCC 177 seems to
orrespond to three different phases: first, a decrease of R 50 with
 mild decrease of z 50 (for stars older than 9 Gyr), then a sharp
ecrease of z 50 at nearly constant R 50 (from 9 to 3 Gyr old), and
nally a smaller R 50 but no change of z 50 for stars younger than
 Gyr. This final phase (with a small R 50 ) is connected to the NSC,
s previously discussed in this section. 

In the next section, we will discuss how z 50 changes with ra-
ius, and how this impacts the global age structure of the three
alaxies. 

.2 Radial structure of mono-age populations and radial 
ge profiles 

e present in the first column of Fig. 3 the radial profiles of z 50 
or mono-age populations in the three galaxies. In each panel, 
he vertical lines delimit the region we used to compute the av-
r age z 50 v alues shown in Fig. 2 . In the middle column, we show
he fraction of the mass in each population, at each radius. In
hose first two columns, for clarity, we only r epr esent mono-age
opulations that contain at least 1 per cent of the total mass of 
ach galaxy (this mostly affects FC C 170, wher e very few stars are
ounger than 8 Gyr, see F. Pinna et al. 2019a ). Finally, in the third
olumn, we show the averag e mass -w eight ed age as a function of 
adius, computed along the mid-plane (using spaxels within ±1 
rcsec along the major axis), and in thick disc-dominated regions 
above 6 arcsec in FCC 153, and 10 arcsec in FCC 170 and in FCC
77, see F. Pinna et al. 2019a , b ). 

The upper-left panel of Fig. 3 shows that FCC 153 has a very
 egular structur e: in most r egions of the g alaxy e x cept the outer
isc, z 50 increases with age, and mono-age populations have 
ostly flat z 50 radial profiles, over most of the disc. Flaring starts

o be noticed at distances larger than ∼ 4 kpc (marked by the sec-
nd vertical line), and flaring is significantly stronger for younger 
tars: for the youngest stars, z 50 increases by a factor of ∼ 6 over
 kpc, while for the oldest stars z 50 increases only by a factor of 

1 . 5 in that same region. This means that a distance of 5 − 6 kpc
rom the centre of the galaxy, the correlation between z 50 and age
isappears. This strong flaring is also seen in the global z 50 profile
or FCC 153 (black line in the top left panel of Fig. 3 ), computed
ncluding stars of all ages: this global z 50 gently incr eases fr om
he centre to ∼ 5 kpc, and then sharply incr eases, r eflecting the
ehaviour of mono-age populations. The distribution of the mass 
ithin each population is also very r egular: overall, ther e is more
ass in older populations, at all radii. Outside of 5 kpc, we notice
 slight increase in the fraction of very old stars. These mass dis-
ributions combine with the radial profiles of z 50 to produce the
verag e ag e profiles shown in the upper right panel of Fig. 3 . In
he mid-plane, the averag e ag e is roughly constant at 8.5–9.5 Gyr
cross most of the disc (with a slight positive gradient), and then
harply increases outside of 5 kpc, reaching nearly 12 Gyr at
 kpc: this increase is due to the combination of a high z 50 for
oung stars in this region (decreasing their contribution to the 
id-plane), and the higher mass fraction overall of old stars. By

ontrast, the age profile in the thick disc is essentially flat at
1.5 Gyr. 

In FCC 170 (the second row of Fig. 3 ), the radial profiles of z 50 
rst show a bump in the inner region: this follows the shape of 

he box/peanut bulge in this region. This peak is strongest for 8–
 Gyr old stars. Outside of the inner 2 kpc, populations of all ages
av e similar z 50 (not e again that w e do not show here populations
ounger than 8 Gyr) and z 50 remains essentially flat as a function
f radius for all mono-age populations, with a small but coherent
ncrease only in our outermost radial bin. The mass within each
opulation is very regular, with most of the mass in older stars,
nd we notice an increase in the mass fraction of the very oldest
MNRAS 547, 1–18 (2026) 
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Figur e 3. Structur e of FC C 153 (top r ow), FC C 170 (middle), and FC C 177 (bottom). The first column shows radial profiles of z 50 for mono-age 
populations, with each line colour-coded by the age of the corresponding population. The thick black line r epr esents the radial evolution of the global 
z 50 for each galaxy. The vertical dashed lines delimit the regions of the galaxies we use to compute the mean z 50 values shown in Fig. 2 . The second 
column shows the mass fraction in each mono-age population, at each radius. In this column as in the first one, we only plot populations containing at 
least 1 per cent of the total mass of each galaxy. The last column shows radial profiles of the averag e mass -w eight ed age along the mid-plane (blue solid 
line) and the thick disc (violet dashed line). The thin lines r epr esent measur ements obtained fr om the 50 individual Mont e Carlo it erations, while the 
thicker lines r epr esent the median of those values. 
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tars in the inner disc. The simplicity of the stellar populations
n this galaxy is reflected in the radial age profiles: both the mid-
lane and the thick disc have a nearly constant average age of 

11 . 5 Gyr. There is a small increase of the mean age towards
he centre of the galaxy, in the mid-plane: this corresponds to the
maller z 50 and larger mass fraction for the oldest stars within the
nner 2 kpc of the galaxy. 

Finally, in FCC 177 (bottom row of Fig. 3 ), we also find very flat
nd regular radial profiles for the z 50 of mono-age populations,
ith no sign of flaring. On the other hand, the global z 50 increases

ery slightly as a function of radius: this is due to the increased
ominance of old stars (with a larger z 50 ) in the outer disc. This
an be seen in the middle panel of the last row in Fig. 3 : stars older
han 12 Gyr r epr esent ∼ 25 per cent of the mass in the centre of 
he galaxy, and 50 per cent in the outer disc. This means that we
NRAS 547, 1–18 (2026) 
ee radial age gradients in FCC 177, both in the mid-plane and in
he thick disc. 

By comparing those three galaxies, we confirm that the overall
tructure of the disc (in terms of global z 50 and age gradients) is
etermined both by the radial profiles of z 50 for mono-age popula-
ions, and by the mass contributed by each mono-age population
t each radius. 

.3 Spatial distribution of metal-rich and metal-poor stars 

. Pinna et al. ( 2019a , b ) discovered complex stellar populations
n these thr ee g alaxies. In particular, they found that in the
hick discs, 8–11 Gyr old stars are on average more metal-poor
han older stars. One possible interpretation is to identify those
ounger metal-poor stars as accreted from a low-mass galaxy.
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Figure 4. R 50 (top row) and z 50 (bottom row) as a function of age for F CC 153, F CC 170, and F CC 177. The grey dots represent the values obtained for the 
global population (they are the same as the black dots in Fig. 2 ), while the blue and red dots correspond to metal-poor and metal-rich stars, respectively. 
The surface of each blue and red dot is proportional to the fraction of the mass in this metallicity range at a given age. F. Pinna et al. ( 2019a , b ) proposed 
that the 8–11 Gyr old metal-poor stars could be accreted from small galaxies: we indeed find that these stars have a different spatial distribution compared 
to the metal-rich stars (possibly formed in situ ). 
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ndeed, lower mass galaxies are overall more metal-poor, so at a 
iv en age w e w ould e xpect accr et ed stars t o be more metal-poor
han stars born in situ (see also A. Boecker et al. 2020 ; T. A. Davi-
on et al. 2021 ; M. Martig et al. 2021 for similar ideas). F. Pinna
t al. ( 2019a , b ) find that in all thr ee g alaxies those accreted stars
 ould hav e mean ages betw een 8 and 11 Gyr, a mean metallicity
f -0.6 and a mean [Mg/Fe] of around 0.35, and would r epr esent
–5 per cent of the total mass of the galaxies. 

To uncover the possible effects of those past mergers on the
tructure of the three galaxies, we re-compute R 50 and z 50 for
etal-rich and metal-poor stars separately. We place a somewhat 

rbitrary limit between the two components at [M/H] = −0 . 3 , as
 rough separation between metal-poor accreted stars and metal- 
ich in situ stars (the reality is sur ely mor e comple x, we only
im here to see a difference between two populations of stars).
e show in Fig. 4 the evolution of R 50 and z 50 as a function of 

ge for the overall population, as well as for the metal-poor and
etal-rich stars. As expected, most of the overall trends observed 

re driven by the trends seen in the metal-rich (possibly in situ )
tars, which are the most abundant in those galaxies. How ev er,
t is also int eresting t o notice that, at a given age, metal-rich
nd metal-poor stars tend to have different spatial distributions. 
n all cases, metal-poor stars are thicker than metal-rich stars, 
nd they also t end t o be more centrally concentrated (e x cept in
C C 177 wher e all stars hav e the same radial distribution, ev en

hough they have different vertical distributions). We also find 

hat, while the metal-rich stars show a very smooth and regular
ncrease of z 50 with age, the metal-poor stars have a more complex
volution, with an increased z 50 for populations 8–10 Gyr old. 
his corresponds to the time of the mergers initially proposed by 
. Pinna et al. ( 2019a , b ). 
We thus suggest that stars from those accr eted g alaxies wer e de-
osit ed in quit e thick and disc-like configurations (with a smaller
adial extent than in situ stars, except in FCC 177), and also that
he in situ stars have not been significantly perturbed by the in-
eraction: their z 50 profiles rise very smoothly with age and show
o sign of a sharp increase at the time of the interaction. 

 DISCUSSION  

.1 Stellar population analysis 

he same MUSE data was independently analysed by A. Poci 
t al. ( 2021 ) and I. Martín-N avarr o et al. ( 2021 ), using different
et-ups of pPXF (e.g . differ ent or der of the multiplicative poly-
omial and regularization parameter used for the fit), different 
SP libraries, and different wavelength ranges for the fits. In spite
f this, the resulting age and metallicity maps are very similar
etween all studies: the main difference is that A. Poci et al.
 2021 ) and I. Martín-N avarr o et al. ( 2021 ) show light-w eight ed
uantities (while we use mass-weighted quantities), so that, as 
xpected, their mean ages are 1–2 Gyr younger than ours. Y. Ding
t al. ( 2023 ) also verified that the age and metallicity gradients are
imilar in the maps presented by I. Martín-Navarro et al. ( 2021 )
nd F. Pinna et al. ( 2019a , b ), used here. 

While the recovery of the average ages in each Voronoi bin
shown in the maps), is relatively stable, recovering full star for-

ation histories is a much mor e comple x endeavour: this is an
ll-conditioned problem because of strong degeneracies between 

pectra of different stellar populations (e.g. P. Ocvirk et al. 2006 ;
. Zibet ti, E. R ossi & A. R. Gallazzi 2024 ). After analysing in
etail the information content within spectra, S. Zibetti et al. 
MNRAS 547, 1–18 (2026) 
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 2024 ) recommend that the age bins used to extract star formation
istories should have a relative width of at least 30 per cent:

his means a bin width of ∼ 3 Gyr at old ages. For our mono-
ge populations, we chose a width of only 1 Gyr, which might
eem too narrow, particularly at old ages where spectr a v ary very
ittle with age. How ev er, our analysis shows that some age in-
ormation is present in the spectra, even at old ages: we find a
mooth increase of z 50 as a function of age (particularly for FCC
53 and FCC 177), even for populations older than 9 Gyr. Note
lso that we fit every spatial bin independently, but still recover
mooth variations in z 50 across the galaxies (Fig. 3 ). This justifies
 posteriori the validity of our choice of 1 Gyr-wide age bins. 

Still, we acknowledge that the uncertainties we report for z 50 
nd R 50 in Fig. 2 are probably severely underestimated, as they
nly correspond to statistical uncertainties. Systematic uncertain-
ies due to details of the fitting technique (e.g . or der of the mul-
iplicative polynomial, or regularization parameter) have been
hown by F. Pinna et al. ( 2019a ) to be relatively small, but the
roperties of the SSPs used have a much stronger impact on
he results. Exploring this fully is a difficult and costly task, far
eyond the scope of this paper . W e thus caution the reader against
utting too much trust into the absolute values we measure for
 50 and z 50 , but point out that the general trends we derive are
or e r obust. 

.2 Projection effects 

he measurement of the structure of edge-on galaxies is affected
y projection effects, particularly towards the centre of galaxies
here in the same line of sight, stars from the outer disc are

uperimposed on stars from the inner disc. This might have an
mpact on the measurement of a global R 50 , as well as on any

easurement of radial gradients. H. J. Ibarra-Medel et al. ( 2019 )
 xplor ed this effect by using simulated galaxies and showed that
ge pr ofiles ar e artificially flattened in highly inclined galaxies.
e also expect that the same geometric effect could in some cases

rtificially flatten the radial profiles we measure for z 50 . Indeed,
f a disc is intrinsically flar ed, towar ds the centre of the galaxy we
bserv e thick out er disc populations superimposed on thin inner
isc populations: in such a case, the thickness we measure in the

nner region is ov erestimat ed. 
It is possible t o estimat e the full 3D structure of galaxies by

sing dynamical models, as done for our three galaxies by A.
oci et al. ( 2021 ) and Y. Ding et al. ( 2023 ). While powerful, these
ynamical models are also associated of course with additional
ncertainties. Still we can compare our projected radial age gra-
ients to the intrinsic age gradients shown by Y. Ding et al. ( 2023 )
sing the full orbital structure of the galaxies. For FCC 153, they
nd a mostly flat overall intrinsic radial age profile, with a de-
rease in the centre of the galaxy. This decrease is present both
n the profiles for stars on cold and hot orbits, but is strongest
or the cold disc, where a clear age decrease is seen in the inner

1 . 5 kpc. This matches the younger ages we see in projection
or stars in the mid-plane in the inner ∼ 1 . 5 kpc. For FCC 170, Y.
ing et al. ( 2023 ) report uniformly old ages throughout the galaxy

nd flat age profiles for cold and hot stars, with possibly a very
mall age increase towards the centre for stars on hot orbits. This
lso corresponds well to what we see in the projected profiles.
inally, for FCC 177 they find a mostly flat intrinsic age profile
verall, with a clear decrease at radii smaller than 1 kpc. Stars
n cold orbits have a flat age profile, while stars on hot orbits
how a positive age gradient throughout the disc, with a strong
NRAS 547, 1–18 (2026) 
rop of ages in the inner 1 kpc. They note that this is partially
ue to the young nuclear star cluster, which contributes to the hot
omponent. We also see this positive age gradient in our projected
ata. 
We can also compare the vertical structure we infer for mono-

ge populations to the measur ements pr esented by A. Poci et al.
 2021 ) of the vertical velocity dispersion ( σz ) as a function of age
nd metallicity. Indeed, σz and scale height are closely related.
t vertical equilibrium, the vertical velocity dispersion for stars
istributed in an isothermal sech 

2 density profile with a scale
eight z 0 is 
2 
z = 2 πG �z 0 , (1) 

here � is the surface density (P. C. der Kruit 1988 ). A. Poci
t al. ( 2021 ) find a systematic increase of σz with age: this is
ualitativ ely consist ent with the increase of z 50 with age we show

n Fig. 2 . They also find that at fixed age, metal-poor stars have
 larger σz , which matches the results we show in Fig. 4 of an
ncreased z 50 for metal-poor stars. 

This means that while projection effects might flatten the gra-
ients we measure, the general agreement between our results
nd those coming from dynamical models is reassuring. 

.3 Vertical heating of the disc 

hile the number of existing observational studies on disc thick-
ess as a function of age is limited, it is useful to compare our
esults to what has been found for the Milky Way and nearby
alaxies. 

First, we find that the ∼1 Gyr old stars have a z 50 between 50
nd 150 pc (Fig. 2 , middle column). While other studies often re-
ort values of scale heights obtained from fitting exponential den-
ity pr ofiles (wher e the scale height is called h z ) or fitting sech 

2 

r ofiles (wher e the scale height is called z 0 ), we can convert those
alues into half-mass heights: for an exponential density profile,
 50 = ln (2) h z , and h z = z 0 / 2 (P. C. der Kruit & L. Searle 1981 ).
sing these conversions, in the Milk y Wa y, 2 Gyr old stars have
 z 50 of ∼ 150 pc (J. T. Mackereth et al. 2017 ), while in the three
dge-on galaxies studied by D. Streich et al. ( 2016 ) the youngest
tars (with ages typically below 0.5 Gyr) have a z 50 between 70 and
40 pc. The values we find are thus quite typical of young stars in
he Milky Way and other nearby galaxies. 

The general increase of thickness with age is also consistent
ith observations of other nearby galaxies (A. C. Seth et al. 2005 ;
. A. Tikhonov & O. A. Galazutdinova 2005 ; C. E. Dorman et al.
015 ; D. Streich et al. 2016 ) and of the Milky Way (J. T. Mackereth
t al. 2017 ; M. Xiang et al. 2018 ). In the Milky Way, the most stud-
ed relation is actually the correlation between vertical velocity
ispersion and age: the vertical velocity dispersion rises smoothly
s a function of age, following a power -la w form σz ∝ t β with β

etween 0.4 and 0.5 (B. Nordström et al. 2004 ; M. Aumer & J. J.
inney 2009 ; J. L. Sanders & P. Das 2018 ; F. Anders et al. 2023 ).

n addition to this smooth incr ease, ther e is possibly a jump of σz 
o larger values at old ages (A. C. Quillen & D. R. Garnett 2001 ;
. Anders et al. 2023 ; P. Das et al. 2024 ; L. Thulasidharan et al.
024 ). We can further compare our results to these observations
y using equation ( 1 ): if σz ∝ t β , then we would expect z 0 ∝ t 2 β . In
ummary, if vertical heating happened similarly in our galaxies as
n the Milky Way, w e w ould observ e z 50 t o increase as a function
f age as a power law with an exponent between 0.8 and 1. 

What we find is very different: for none of our three galaxies
he relation between z 50 and age is a single pow er law. Inst ead,
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n F CC 153, F CC 170, and F CC 177 z 50 is relatively constant for
tars from 0 to ∼ 6 Gyr old, followed by an incr ease towar ds older
ges. The constant z 50 for an extended period of time is consistent
ith an absence of secular disc heating in these galaxies. Indeed, 

nteractions of disc stars with Giant Molecular Clouds (L. Spitzer 
 M. Schwarzschild 1951 , 1953 ) or with the spiral structure in a

alaxy (R. G. Carlberg & J. A. Sellwood 1985 ) are possible sources
f secular heating, but our lenticular galaxies do not contain 

assive molecular clouds (they are undetected in H i and CO, 
ee N. Zabel et al. 2019 and A. Loni et al. 2021 ), and probably
ave a very weak spiral structure. Given their low star formation
ates for the past few Gyrs, it is very likely that their molecular gas
ontent has been low for a while, with few massive clouds. This
eans that sources of secular heating are limited, and explains 
hy z 50 can remain constant ov er sev eral Gyr. This result is still

omewhat surprising given the dense environment our galaxies 
ive in. In particular, simulations show that when galaxies orbit 
ithin a cluster, tidal shocking at pericentre passage thickens 

and possibly destroys) cold discs (G. D. Joshi et al. 2020 ; P. M.
alán-de Anta et al. 2022 ; Y. Ding et al. 2024 ). Galaxy harassment

s also expected to drive morphological changes in disc galaxies 
B . Moor e et al. 1998 ). Our thr ee g alaxies ha ve lik ely resided
ithin the Fornax cluster for longer than 6 Gyr (E. Iodice et al.

019b ; Y. Ding et al. 2023 ): the constant z 50 we observe for stars
ver this long period of time suggests that tidal shocking and 

arassment have not been efficient at heating the cold discs, at 
east within their inner regions. 

On the other hand, we see an increase of z 50 for older stars:
ome of this heating could come from tidal shocking and ha-
assment. How ev er, 10 Gyr ago, the Fornax cluster might have
nly assembled 10 per cent of its final mass (Y.-K. Chiang, R.
verzier & K. Gebhardt 2013 ), so that any environmental effects
 ould hav e been w eaker at that time (and, at least for FCC 177,

he infall into Fornax is more recent than this, see Y. Ding et al.
023 ). In addition to this, we measure a different thickness for
etal-poor and metal-rich stars in this age range (see Fig. 4 ):

here is no reason why tidal shocking and harassment should 

ffect differently stars of different metallicities. On the other 
and, as discussed in Section 4.3 , this period of increased heat-

ng coincides with possible mergers happening 8–10 Gyr ago in 

hose galaxies. One interpretation is that part of the increase in
hickness comes from the presence of metal-poor accreted stars, 
eing deposited throughout the galaxies in a thick configuration, 
nd the rest comes from heating of the in situ metal-rich stars.
e do not observe a sharp jump in z 50 , corresponding to the

eating of pr e-e xisting disc stars at the time of the merger, but
 jump could be erased by age uncertainties (M. Martig et al.
014b ), so we cannot draw strong conclusions from the absence 
f such a jump. Alt ernativ ely, the high z 50 for old in situ stars
nd its gradual decrease could also be due to disc settling, as
 alaxies transition fr om an early phase with a high star forma-
ion rate and a more turbulent disc, to a quiescent phase where
tars form in thinner configurations (J. C. Bird et al. 2013 ; S. A.
assin et al. 2014 ; R. J. J. Grand et al. 2016 ; D. Ceverino et al.
017 ; X. Ma et al. 2017 ; Y. Dubois et al. 2021 ; F. Donkelaar et al.
022 ). 

Finally, another possible difference between our measure- 
ents and other observations for nearby galaxies is the magni- 

ude of the increase in thickness from young to old stars. Indeed,
n the galaxies studied by D. Streich et al. ( 2016 ), old stars are
.5–3 times thicker than young stars, while in the Milk y Wa y, old
tars are 3 times thicker than young stars (J. T. Mackereth et al.
017 ). In our thr ee g alaxies, we find that old stars are between 3
nd 5 times thicker than young stars, which would be consistent
ith a more violent history in earlier type galaxies. We note that

. Yoachim & J. J. Dalcanton ( 2006 ) report that thick discs are 2–5
imes thicker than thin discs in early-type galaxies: this would be
onsistent with our results if we associate old stars with the thick
isc and young stars with the thin disc. The large difference in
hickness w e observ e betw een y oung and old stars suggests that

ergers, rather than simply disc settling, might be the reason for
he increased thickness of older stars. 

.4 Strength and origin of disc flaring 

he overall amount of disc flaring varies between the three galax-
es (see black lines in the left column of Fig. 3 ). In FCC 153, the
lobal z 50 first increases slowly (from a value of 0.18 kpc in the
nner disc to 0.25 kpc at a distance of 4 kpc from the centre), then
oubles over the final 2 kpc. In FCC 170, the global z 50 remains
onstant at 0.3 kpc for most of the disc, and rises by 50 per cent
ver the final kpc we observe. In FCC 177, the increase of z 50 is
ore gradual, going from 0.3 kpc in the inner disc, to 0.4 kpc in

he outskirts. This amount of flaring that we measure is possibly
ecr eased by pr ojection effects, as discussed in the previous sec-
ion, but also by the limited radial extent of the MUSE data, which
nly reaches about 70 per cent of the B -band optical radius of 
hose thr ee g alaxies (R C3, G . Vaucouleurs et al. 1991 ): this means
hat we might be missing flaring happening in the v ery out er disc.

e can estimate what we might be missing by comparing our
esults to the analysis done by E. Iodice et al. ( 2019a ), using deep
-band images from the Fornax Deep Surv ey. Aft er subtracting
rom those images a two - dimensional fit of the isophotes, they
tudy the shape of the residuals: they detect some flaring in all
hr ee g alaxies. In the r-band, the amount of disc flaring is similar
n FCC 153 and FCC 170, and much weaker in FCC 177. This

at ches w ell what w e deduce from our analysis of the global z 50 
n those three galaxies, and suggests that the very mild level of 
aring w e observ e in FCC 177 is not due to the limited radial
xtent of the MUSE data. 

The flaring we observed in the global z 50 results from the com-
lex combination of the z 50 of individual mono-age populations, 
nd the contribution from each population at each radius (as 
iscussed for simulated galaxies by I. Minchev et al. 2015 and J.
arcía de la Cruz et al. 2021 ). FCC 170 has the simplest structure:

ll populations shown in Fig. 3 have a very similar structure,
hich is then followed by the global z 50 . This results in a uniform

ge structure for the galaxy, with no age gradient in the thick
isc. In FCC 153, younger stars flare more than older stars, but
heir mass fraction is low in the outer disc. This means that these
ounger stars do not contribute significantly to the thick disc, so
hat the global z 50 follows the shape of the older populations and
o age gradient is present in the thick disc. Finally, in FCC 177,

he individual mono-age populations have flat ter r adial profiles 
f z 50 than the global disc. A global flaring is seen because old
tars, which have a larger z 50 , significantly increase their contri-
ution in the outer disc. This results in positive age gradients,
oth in the mid-plane and the thick disc. None of these situations
atches exactly a simulated g alaxy pr esented in I. Minchev et al.

 2015 ), J. García de la Cruz et al. ( 2021 ), or D. Sotillo-Ramos et
l. ( 2023 ). In particular, all the simulated galaxies in J. García de
a Cruz et al. ( 2021 ) hav e negativ e age gradients in their mid-
lane, which is very different from what we observe. However, 
hese simulations are focused on Milky Way- or M31-mass spiral 
MNRAS 547, 1–18 (2026) 
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alaxies outside of dense environments: it is not surprising that
enticulars in the Fornax cluster would have a different structure.

Still, the diversity of flaring structure we see in our three galax-
es is reminiscent of the diversity discussed in D. Sotillo-Ramos
t al. ( 2023 ): for simulated galaxies in TNG50, there are cases
here young populations are the most flared, cases where it is the

pposite, and cases with very lit tle flaring. Observ ational data on
his topic is e xtr emely rar e: for thr ee low-mass galaxies, D. Streich
t al. ( 2016 ) show that the youngest stars have a constant scale
eight as a function of radius, while older populations exhibit a
ild flaring. For the Milk y Wa y, while sev eral papers hav e shown

hat mono-age populations flar e, ther e ar e disagr eements on the
mount of flaring in populations of various ages (see J. Bovy et al.
016 ; J. T. Mackereth et al. 2017 ; J. Imig et al. 2025 ; S. Khoperskov
t al. 2025 ). 

Unveiling the cause of the flaring we observe is not trivial.
ergers can cause discs to flare (F. Bournaud et al. 2009 ), but

his effect can be suppressed if mergers are accompanied by large-
cale r adial migr ation (I. Minchev et al. 2012 ), so that there is no
ne-to - one correlation between merger activity and amount of 
aring (J. García de la Cruz et al. 2021 ; D. Sotillo-Ramos et al.
023 ). While all our g alaxies ar e e xpect ed t o hav e undergone
ergers 8–10 Gyr ago, their old populations are not strongly

ared, which could be consistent with r adial migr ation suppress-
ng flaring during mergers (I. Minchev et al. 2012 ). For stars
ounger than 8 Gyr, we have no evidence of mergers affecting
he galaxies, but we still find some flaring, particularly in the
 ery out er r egions of FC C 153. One possibility that would fit with
ur observation that when mono-age populations flare, they only
are in their very outer parts, is that the flaring is due to inter-
ctions with dark matter substructures (D. Yurin & V. Springel
015 ): this can heat discs in their outer parts, while leaving the
nner regions intact. The different amount of flaring seen in the
hr ee g alaxies would then correspond to different amounts of 
nt eractions, due t o differ ent positions of the thr ee g alaxies in the
luster. 

.5 Disc growth and star formation quenching 

ll thr ee g alaxies have star formation histories peaking at high
edshift, with some residual star formation down to the present
ime. FCC 170 is the most extreme case: most of its stars are older
han 8 Gyr (F. Pinna et al. 2019a , b ). This is consistent with the
iffer ent envir onments the g alaxies live in: FC C 170 is in a high-
ensity region of the Fornax cluster (the north–south clump),
CC 177 is further away from the core but still in the region traced
y X-ray emission, and FCC 153 (the bluest galaxy) is furthest
rom the centre, although still within the virial radius of Fornax
E. Iodice et al. 2019b ). 

The low levels of star formation at late times are consistent
ith the very low gas fractions found in the galaxies: none of 

he galaxies is det ect ed in CO (N. Zabel et al. 2019 ) or H i , down
o a 3 σ sensitivity of M H i = 5 × 10 5 M � (A. Loni et al. 2021 ;
. Kleiner et al. 2025 ). This low gas content could be due to

am-pr essur e stripping, r emoving the e xisting cold g as fr om the
alaxies as they move through the hot intracluster medium (J.
. Gunn & J. R. Gott 1972 ). Another possibility is strangulation,
her e g alaxies simply consume their existing gas, while being

hut off from their supply of cold gas (R. B. Larson, B. M. Tinsley
 C. N. Caldwell 1980 ). Fornax is a relatively low-mass cluster,

o that ram-pr essur e stripping is expected to be less efficient than
n a cluster like Virgo. How ev er, using Fornax-analogues in the
NRAS 547, 1–18 (2026) 
NG50 simulation, Y. Ding et al. ( 2024 ) show that within 4 Gyr of 
alaxies falling into a cluster, 2/3 of galaxies see the radius of their
tar-forming gas disc decreasing by half. This is enough to sharply
ecrease star formation in the outer disc of simulated galaxies.
sing cold molecular gas observations of galaxies within Fornax,
. Zabel et al. ( 2019 ) have indeed shown that some galaxies are

urrently being affected by ram-pressure stripping. 
How ev er, for the three galaxies we study here, our measure-
ents of the radial structure of mono-age populations do not

how strong indications of ram-pressure stripping within the
 adial r ange we probe. In particular, in FCC 170 (which is in
he densest region of Fornax, so is possibly the most affected
y its envir onment), R 50 incr eases for younger stars, which is
he opposite of what is expected if quenching were due to ram-
r essur e stripping . For FC C 177, we see a decr ease of R 50 at very
arly times (for ages above 10 Gyr). This early decrease could be
onsistent with ram-pr essur e stripping, but Y. Ding et al. ( 2023 )
redict an infall time of FCC 177 into the cluster 6 ± 2 Gyr ago. If 
rue, this means that ram-pr essur e stripping cannot explain the
ize evolution of stellar populations born 10–13 Gyr ago. In any
ase, this probably corresponds to a time when the cluster would
ave been much less massive, so it is unclear if ram-pr essur e
tripping could an ywa y be responsible for the early evolution of 
 50 in this galaxy. On the other hand, for the past 8 Gyr, we find
 nearly constant R 50 for mono-age populations in both FCC 177
nd FCC 153: this is not consistent with a gradual truncation of 
he star-forming gas disc because of ram-pressure stripping (it is
till possible that stripping affected the very outer regions of the
alaxies). 

Even if it is not due to ram-pr essur e stripping, this nearly
onstant R 50 as a function of age is still probably due to an ef-
ect of the environment within Fornax. Indeed, normal inside–
ut formation would predict younger stars to be more extended
nd have larger scale lengths than older stars (J. C. Bird et al.
013 ; G. S. Stinson et al. 2013 ; M. Martig et al. 2014a ; T. Buck
t al. 2020 ), and this is what is observed for most galaxies (B.
. Williams et al. 2009 ; S. M. Gogarten et al. 2010 ; T. Peterken
t al. 2020 ) and for the Milky Way (E. B. Amôres et al. 2017 ;
. Xiang et al. 2018 ). A constant scale length as a function

f age could be due to an extended series of mergers (T. Buck
t al. 2020 ) but ther e ar e no signs of recent mergers in the stel-
ar populations of the galaxies (F. Pinna et al. 2019a , b ), and no
igns of accretion or disruption in deep images (E. Iodice et al.
019a ). Alt ernativ ely, v ery strong radial migration could cause
ono-age populations to end up with similar scale lengths (N.
 r ankel et al. 2019 ), but r adial migr ation is probably weak in

hese lenticular galaxies with thick discs and probably weak spiral
tructures. 

Our fav ourit e int erpr etation for the r ecent suppr ession of star
ormation, and the constant R 50 of mono-age populations as a
unction of age is simply strangulation: the slow consumption of 
he existing gas, in the absence of a supply of fresh cold gas. This

eans that the radial extent of the star-forming gas disc remains
onstant as a function of time, and that mono-age populations
ave then a very similar radial extent over many Gyrs. We simply
bserve the absence of inside–out growth, because there is no
upply of fresh gas with a high angular momentum. 

As a conclusion, our observations cannot rule out an effect of 
am-pr essur e stripping on the outer disc of FC C 153, FC C 170,
nd FCC 177, but the structure of the inner regions is most likely
ue to strangulation slowly decreasing the overall gas content
hile keeping constant the radial extent of the star-forming gas. 
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 CONCLUSION  

sing deep MUSE observations of three edge-on lenticular galax- 
es in the Fornax clust er, w e study the spatial distribution of stars
n mono-age populations. In particular, we measure the half-mass 
adius ( R 50 ) as well as the half-mass height ( z 50 ) for populations
ithin 1 Gyr wide age bins. In all three galaxies, we find that z 50 

s relatively constant for stars from 0 to ∼6 Gyr old, followed by
n incr ease towar ds older ages. The radial pr ofiles of z 50 for in-
ividual mono-age populations are mostly flat (or mildly flared) 

n all galaxies, with an increased flaring in the outer disc for FCC
53 and FCC 170. On the other hand, the galaxies have a different
 adial structure: F CC 153 has a constant R 50 as a function of age,
CC 170 shows an increasing R 50 with decreasing age, while in
CC 177, R 50 is highest for old stars, then decreases before staying
onstant for stars younger than 8 Gyr. 

Based on a detailed analysis of stellar populations in these 
alaxies, F. Pinna et al. ( 2019a , b ) proposed that all three galax-
es experienced some mergers 8–10 Gyr ago: we find further 
ints supporting this scenario in the different spatial distribu- 

ion of metal-poor (possibly accreted) and metal-rich (possibly 
n situ ) stars. We find that accreted stars w ere deposit ed in
uite thick and disc-like configurations, with a smaller radial 
xtent than in situ stars, except in FCC 177. We also find that
hose mergers had a limited impact on the structur e of pr e-
xisting stars: it seems that the in situ stars have not been sig-
ificantly perturbed by the interaction, since their z 50 profiles 
ise very smoothly with age. We also do not see strong flar-
ng in old populations present in the galaxy at the time of the

ergers. 
Apart from this increase of z 50 at old ages, we find that the

hickness of mono-age populations has remained remarkably 
onstant in all thr ee g alaxies for the past ∼ 6 Gyr. This is con-
istent with an absence of secular disc heating in these galaxies, 
ossibly due to the near absence of heating agents such as Giant
olecular Clouds or spiral arms. This also means that external 

ources of heating such as tidal shocking (when galaxies are at the
ericentre of their orbit within the cluster) or galaxy harassment 
ave been inefficient in these galaxies, allowing them to keep thin
iscs long after their infall into the cluster. 
The effect of the cluster environment is thus not obvious on the

ertical structure of the galaxies, but it is clear in the global star
ormation histories, and the radial distribution of stars. All three 
alaxies have star formation histories peaking at high redshift, 
ith some residual, low-level star formation down to the present 

ime. We cannot rule out an effect of ram-pr essur e stripping on
he very outer regions of the galaxies, outside of our field of view.
ow ev er, within the regions w e observ e, ram-pr essur e stripping

s probably not the main source of gas removal and quenching, 
s we find that mono-age populations have a radial extent that
emained constant for the past 8 Gyr. Our fav ourit e int erpretation
or the recent suppression of star formation, and the constant R 50 
f mono-age populations as a function of age is simply strangu-
ation: the slow consumption of the e xisting g as, in the absence
f a supply of fresh cold gas. This means that the radial extent of 
he star-forming gas disc remains constant as a function of time,
nd that mono-age populations have then a very similar radial 
xt ent ov er many Gyrs. We simply observ e the absence of inside–
ut gr owth, because ther e is no supply of fr esh g as with a high
ngular momentum. The effect of the cluster environment on 

ur three galaxies is thus rather indirect: by limiting the supply
n fr esh g as, it suppr esses g alaxy gr owth, and also indir ectly sup-
B

resses secular heating by limiting the amount of heating agents 
ithin the discs. 
On a final not e, w e w ould like t o highlight the usefulness of 

sing IFS data and full spectral fitting to study the detailed struc-
ure of mono-age populations. This gives us rich insights on how
he global structure of the galactic discs results from the complex
uperposition of individual mono-age populations. In particular, 
e find that global radial age gradients and the global shape of the
isc are not necessarily good tracers of the underlying structure
f stars. This is because these global observables are determined 

oth by the radial profiles of z 50 for mono-age populations, and
y the mass contributed by each mono-age population at each 

adius. In future studies, we plan to extend our analysis to a
arger sample of galaxies from the GECKOS survey (J. de Sande
t al. 2024 ). With deep MUSE observations of 36 nearby, edge-on,
ilk y Wa y -mass galaxies, GE CKOS is the perfect sample t o rev eal

he full diversity of galaxy structures along the Hubble sequence, 
nd should give us rich insights into the build-up of disc galaxies.
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Figure A1. This figure shows the surface density for all mono-age populations in FCC 153 (from 0–1 Gyr old in the top left panel, to 13–14 Gyr old in 
the bottom right panel). In all panels, the vertical lines enclose the central bulge or bar-dominated region, while the horizontal lines delimitate the thin- 
and thick disc-dominated regions (F. Pinna et al. 2019a , b ). 
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Figure A2. This figure shows the surface density for all mono-age populations in FCC 170 (from 0–1 Gyr old in the top left panel, to 13–14 Gyr old in 
the bottom right panel). In all panels, the vertical lines enclose the central bulge or bar-dominated region, while the horizontal lines delimitate the thin- 
and thick disc-dominated regions (F. Pinna et al. 2019a , b ). 
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Figure A3. This figure shows the surface density for all mono-age populations in FCC 177 (from 0–1 Gyr old in the top left panel, to 13–14 Gyr old in 
the bottom right panel). In all panels, the vertical lines enclose the central bulge or bar-dominated region, while the horizontal lines delimitate the thin- 
and thick disc-dominated regions (F. Pinna et al. 2019a , b ). 
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