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ABSTRACT

The study of cluster post starburst galaxies gives useful insights on the physical processes quenching
the star formation in the most massive environments. Exploiting the MUSE data of the GAs Stripping
Phenomena in galaxies (GASP) project, we characterise the quenching history of 8 local cluster galaxies
that were selected for not showing emission lines in their �ber spectra. We inspect the integrated
colors, and the H� rest frame equivalent widths (EW), star formation histories (SFHs) and luminosity-
weighted age (LWA) maps �nding no signs of current star formation throughout the disks of these
early-spiral/S0 galaxies. All of them have been passive for at least 20 Myr, but their SF declined on
di�erent timescales. In most of them the outskirts reached undetectable SFRs before the inner regions
(\outside-in quenching"). Our sample includes three post-starforming galaxies, two passive galaxies
and three galaxies with intermediate properties. The �rst population shows blue colors, deep H� in
absorption (EW>> 2.8 �A), young ages (8.8< log(LWA[yr]) < 9.2). Two of these galaxies show signs of
a central SF enhancement before quenching. Passive galaxies have instead red colors, EW(H� )< 2.8
�A, ages in the range 9.2< log(LWA[yr]) < 10. Finally, the other galaxies are most likely in transition
between a post starforming and passive phase, as they quenched in an intermediate epoch and have
not lost all the star forming features yet. The outside-in quenching, the morphology and kinematics of
the stellar component, along with the position of these galaxies within massive clusters (� cl = 550-950
km s� 1) point to a scenario in which ram pressure stripping has removed the gas, leading to quenching.
Only the three most massive galaxies might alternatively have entered the clusters already quenched.
These galaxies are therefore at the �nal stage of the rapid evolution galaxies undergo when they enter
the cluster environment.

Keywords: galaxies: clusters: general | galaxies: evolution | galaxies: formation | galaxies: general
| galaxies: star formation

1. INTRODUCTION

During their life, galaxies move from the star forming
blue cloud to the quiescent red sequence through a num-
ber of di�erent pathways (Barro et al. 2014; Schawinski
et al. 2014; Vulcani et al. 2015). The cessation of the
star formation can take place on di�erent time scales,

Corresponding author: Benedetta Vulcani
benedetta.vulcani@inaf.it

strongly dependent on a galaxy's growth history (Mar-
tin et al. 2007) and on a galaxy environment (Balogh
et al. 2004).

Galaxy clusters are relatively hostile environments
where the impact of environmental quenching should re-
veal itself most prominently. Many physical mechanisms
may act in clusters to both trigger and truncate star for-
mation in infalling galaxies (see Boselli & Gavazzi 2006,
for a review). The processes can be divided into two
categories: interactions between the galaxy gas and the
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hot (107 � 108 K), rare�ed (10 � 3 particles cm� 3) intr-
acluster medium (ICM), and gravitational interactions
either between the galaxy with other cluster members
or with the cluster's gravitational potential.

Ram pressure and viscous stripping (Gunn & Gott
1972; Nulsen 1982) are hydrodynamical interactions
that fall into the �rst category. They can easily re-
move the hot gas halo reservoir, thereby leading to a
gradual decline in star formation (strangulation Lar-
son et al. 1980; Bekki et al. 2002; Bekki 2009), al-
most without a�ecting the structure of the old stellar
population. Strong ram pressure stripping can also re-
move the cold disk gas that fuels star formation, leading
to a possible temporal enhancement of the star forma-
tion (e.g. Vulcani et al. 2018a) and to its quenching on
short timescales (Roediger & Br•uggen 2006; Bekki 2014;
Boselli et al. 2014; Lee et al. 2017). Numerical simula-
tions have shown that the truncation of star formation
(i.e. the quenching) after ram pressure stripping can
proceed outside-in (e.g. Kronberger et al. 2008; Bekki
2009, 2014) , that is galaxy outskirts reach undetectable
star formation levels before the inner regions. Gravita-
tional interactions include tides due to the cluster poten-
tial, other galaxies, or the combined e�ect (harassment,
Moore et al. 1996). These processes can disrupt both
the distribution of old stars and the gas in a cluster
galaxy, entailing transformations in the morphological,
kinematical, star formation, and active galactic nucleus
(AGN) properties of cluster galaxies (Byrd & Valtonen
1990; Bekki 1999). Galaxy-galaxy mergers are less fre-
quent in the cluster cores because of the high relative ve-
locities of the galaxies (Ghigna et al. 1998). Nonetheless,
almost half of the galaxies in massive clusters are ac-
creted through smaller, group-scale halos where mergers
are expected to be e�cient (McGee et al. 2009; Haines
et al. 2018; De Lucia et al. 2012).

Each of the aforementioned processes should have a
di�erent impact on the star formation of recently ac-
creted galaxies, and to act on di�erent timescales to shut
o� star formation.

Post starburst (PSB) galaxies are a peculiar class of
objects caught in the midst of a rapid transition from
star forming to quiescent. PSBs are currently quenched,
as indicated by their lack of signi�cant nebular emission
lines. Their spectra are characterised by strong Balmer
absorption lines that reveal a substantial population of
A stars, indication that these galaxies have experienced
either a \normal" star formation activity, or (in the cases
with the strongest lines) a burst of star formation some-
time in the past 1-1.5 Gyr (Dressler & Gunn 1983; Couch
& Sharples 1987; Poggianti et al. 1999). The spectra
also show signs of the presence of K-giant (older) stars,

that dominate early-type (E) galaxy spectra. Such de-
composition is at the origin of the names \k+a/a+k",
and \E+A", often used to describe PSB galaxies. Given
the known lifetime of A-type stars, the evolution of this
population can be used as a quenching clock.

In the literature, the term PSB is generally used not
only to refer to galaxies that indeed had a burst before
the recent quenching, but also to indicate both galaxies
that simply had a rapid truncation of the star formation,
without having a burst and galaxies that had an abrupt
reduction of the star formation, but that still show some
ongoing activity (e.g., Alatalo et al. 2016). To describe
the second and third subpopulations, terms like post
star-forming and low-level star forming galaxies would
be more appropriate. To avoid confusion, we will use
the term PSB when referring to literature results where
the selection is ambiguous,a + k=k + a when discussing
our own results.

Some PSBs are found in the \green valley" (e.g. Cald-
well et al. 1996; Zabludo� et al. 1996; Norton et al. 2001;
Pracy et al. 2009; Wong et al. 2012; Zwaan et al. 2013;
Wu et al. 2014; Yesuf et al. 2014; Vulcani et al. 2015;
Pattarakijwanich et al. 2016; Paccagnella et al. 2017,
2019) of the optical color-magnitude diagram, indicat-
ing stellar populations will redden and evolve passively
onto the red sequence, others are part of the blue cloud
or, in the most evolved cases, even the red sequence.
PSB morphologies (Poggianti et al. 1999; Yang et al.
2004, 2008; Poggianti et al. 2009) and spatially resolved
kinematics (Norton et al. 2001; Swinbank et al. 2012)
are also consistent with late-type galaxies evolving into
early-type galaxies.

Many evolutionary channels to quench PSB galax-
ies have been proposed, to account for the diversity of
galaxy properties (e.g., Pawlik et al. 2019). Two broad
scenarios can explain the formation of PSBs in di�er-
ent environments. The presence of PSBs in clusters,
where Dressler & Gunn (1982) �rst observed them, is
commonly believed to be due to ram-pressure stripping.
Gas-rich star-forming galaxies fall into clusters and their
gas is removed by the interaction with the ICM, sud-
denly quenching their star formation (Dressler & Gunn
1982; Couch & Sharples 1987; Dressler & Gunn 1992;
Poggianti et al. 1999; Balogh et al. 2000; Tran et al.
2003, 2004, 2007; Poggianti et al. 2009; Paccagnella et al.
2017). In this traditional scenario, as stellar morpholo-
gies are not a�ected by ram pressure stripping, the re-
sulting PSB galaxies still resemble disc galaxies, at least
until the e�ects of the past star formation fade away
leaving an S0 galaxy (Bekki et al. 2002). This interpreta-
tion holds also for PSB galaxies in massive groups, where
ram pressure is still e�ective (e.g., Poggianti et al. 2009;
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Paccagnella et al. 2019). In some cases cluster mecha-
nisms may quench galaxies without triggering any sig-
ni�cant burst of star formation (Socolovsky et al. 2018).

In the �eld PSB galaxies show disturbed kinematics
and tidal features indicative of violent relaxation due to
major, late-stage mergers (Zabludo� et al. 1996; Yang
et al. 2004; Blake et al. 2004; Tran et al. 2004; Goto
2005; Yang et al. 2008; Pracy et al. 2009; French et al.
2016). Merger induced supernova or AGN feedback can
also aid the expulsion of the gas that becomes too hot to
collapse further or is expelled altogether (Sanders et al.
1988; Hopkins et al. 2006). This merger scenario is sup-
ported also by the detection of Balmer gradients and
young stellar populations centrally concentrated with re-
spect to the old population (Norton et al. 2001; Pracy
et al. 2012, 2013 - but see Chilingarian et al. 2009; Yagi
& Goto 2006; Pracy et al. 2009; Swinbank et al. 2012
who failed to recover such trends). Moreover, �eld PSBs
show a range of angular momentum properties, consis-
tent with a variety of possible merger histories (Pracy
et al. 2009, 2013; Swinbank et al. 2012).

Intriguingly, �eld PSBs have been found to hold large
molecular (French et al. 2015; Rowlands et al. 2015) and
cold (Zwaan et al. 2013) gas reservoirs, ruling out com-
plete gas consumption, expulsion or starvation as the
primary mechanism that ends the star formation. Sig-
ni�cant gas reservoirs in PSB galaxies have also been
predicted by simulations (Davis et al. 2019), who found
that a variety of gas consumption/loss processes are re-
sponsible for the rapid evolution of this population, in-
cluding mergers and environmental e�ects, while active
galactic nuclei play only a secondary role. No observa-
tions of molecular gas of cluster PSBs are available to
date.

In this context, the advent of integral �eld spec-
troscopy (IFS) is extremely useful to characterise the
spatial distribution of the stellar populations and ob-
tain information about the mechanism responsible of the
PSB features. First studies focused on few tens of PSBs
and in most cases only the central regions of the galaxies
have been observed (Chilingarian et al. 2009; Pracy et al.
2009; Swinbank et al. 2012; Pracy et al. 2012, 2013).

With the advent of large IFU spectroscopic surveys,
more detailed analysis have been performed. Chen et al.
(2019) analyzed 360 galaxies with either central PSB re-
gions, or with o�-center ring-like PSB regions in the
Mapping Nearby Galaxies at APO (MaNGA, Bundy
et al. 2015) survey. They showed that these galaxies
are not simply di�erent evolutionary stages of the same
event, rather the former are caused by a signi�cant dis-
ruptive event that produced a rapid decline of star for-

mation in the central region, while the latter are caused
by disruption of gas fuelling to the outer regions.

Other IFS studies did not targeted speci�cally PSBs,
but managed to characterise PSB features in star form-
ing galaxies (e.g., Poggianti et al. 2017; Gullieuszik et al.
2017; Poggianti et al. 2019). Roche et al. (2015) in-
vestigated a merging system in the Calar Alto Legacy
Integral Field Area (CALIFA, S�anchez et al. 2006) sur-
vey and found that much of the galaxy, especially the
outer tidal arms, has a PSB spectrum, evidence of a
more extensive recent episode of star-formation, trig-
gered by the previous perigalacticon passage. Rowlands
et al. (2018) have used data from MaNGA to derive
Star Formation Histories (SFHs) of di�erent galaxy sub-
populations �nding that PSB regions are more common
outside of the galaxy center, are preferentially found in
asymmetric galaxies, and have lower gas-phase metallic-
ity than other regions, consistent with interactions trig-
gering starbursts and driving low-metallicity gas into
regions at < 1.5 e�ective radii. Owers et al. (2019)
used the Sydney-AAO Multiobject Integral �eld spec-
trograph Galaxy Survey (SAMI, Bryant et al. 2015)
data to characterise the rare (� 2% of galaxies with
log(M � =M � ) > 10) population of galaxies showing PSB
features in more than 10% of their spectra. These galax-
ies are more frequent in clusters than in the low-density
environments, representing 15% and 2% of non-passive
galaxies, respectively. In clusters, PSB regions are con-
�ned to the galaxy external regions, while the centers
are still star forming. Conversely, in low density envi-
ronments the PSB signal is spread across the galaxies.
The Owers et al. (2019) study is the only one explicitly
focused on cluster galaxies.1 Also based on the analy-
sis of the location of these galaxies within their clusters,
they concluded that the galaxies recently entered the
clusters and are currently being quenched by ram pres-
sure stripping.

This paper presents the characterisation of the stellar
properties of eight cluster galaxies targeted by the GAs
Stripping Phenomena in galaxies with MUSE (GASP2,
Poggianti et al. 2017, Paper I) survey, an ESO Large
program aimed at characterizing where, how, and why
gas can get removed from galaxies. These galaxies were
chosen to show passive or PSB features in their �ber
spectra (Paccagnella et al. 2017). Their selection was
performed using the equivalent width of the H� . Thanks
to the extremely high quality of the data obtained with

1 The Pracy et al. (2009, 2013) samples did include 2 and 1 cluster
galaxies in their sample, but did not discuss the role of their
environments on shaping their properties.

2 http://web.oapd.inaf.it/gasp/index.html

http://web.oapd.inaf.it/gasp/index.html
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the integral �eld spectrograph Multi Unit Spectroscopic
Explorer (MUSE), we can investigate the quenching his-
tory of these galaxies. We note however that the MUSE
wavelength coverage does not allow to observe H� at
z � 0:06, therefore our analysis will be instead based on
the H� .

The galaxies presented in this paper were included in
the GASP survey as galaxies at the �nal stage of their
evolution. By construction, GASP allows us to study
galaxies in various stages of ram pressure stripping (Ja��e
et al. 2018, GASP IX), from pre-stripping (undisturbed
galaxies, e.g. Vulcani et al. 2018a - GASP XIV, Vulcani
et al. 2019 - GASP XX), to initial stripping, peak strip-
ping (Bellhouse et al. 2017 - GASP II, Bellhouse et al.
2019 - GASP XV, Gullieuszik et al. 2017 - GASP IV,
Paper I, Moretti et al. 2018 - GASP V, George et al.
2018 - GASP XI, George et al. 2019 - GASP XVII), and
post-stripping (Fritz et al. 2017, GASP III), passive and
devoid of gas (e.g., Vulcani et al. 2018b, GASP XIV).

We adopt a Chabrier (2003) initial mass function
(IMF) in the mass range 0.1-100 M� , and the cosmo-
logical constants 
 m = 0 :3, 
 � = 0 :7 and H0 = 70 km
s� 1 Mpc� 1.

2. THE SAMPLE

The eight GASP galaxies analysed in this work were
selected from the OMEGAWINGS survey (Gullieuszik
et al. 2015). According to their �ber spectra (diameter
2.0016) obtained with an AAOmega@AAT spectroscopic
campaign (Moretti et al. 2017), six of these galaxies pre-
sented a + k=k + a spectra, while two had k features
(Paccagnella et al. 2017). Speci�cally, all have no emis-
sion lines, but the former display a combination of sig-
natures typical of both K- and A-type stars with strong
H� in absorption (EW( H� ) > 3�A) - indicative of post-
starburst/post-starforming galaxies whose star forma-
tion was suddenly truncated at some point during the
last 0.5-1 Gyr, while the latter have weakH� in absorp-
tion (EW( H� ) < 3 �A) and present spectra resembling
those of K-type stars, normally found in passively evolv-
ing elliptical galaxies.

Given the lack of ionised gas (see below), it is not pos-
sible to assess the presence of the AGN using the stan-
dard diagnostic diagrams (Baldwin et al. 1981). Also
a search into the XMM and Chandra archives did not
retrieve any bright source (L X > 1042 erg/s) within 5 00

from the galaxy centers. Nonetheless, in the very un-
likely case that an AGN is present, it must be a very
low-luminosity one. For example, Gonzalez-Martin et al.
(2006, 2009) detected LINER-like emission due to AGN
activity in objects with X-ray luminosity in the range

138 � 142 erg/s. Therefore, it should not be the main
contributor to the removal of gas (Davis et al. 2019).

The whole OMEGAWINGS parent sample of PSB
galaxies is characterised in detail in Paccagnella et al.
(2017, 2019).

Figure 1 compares the integrated properties of our
galaxies to those discussed in Paccagnella et al. (2017).
The determination of such properties is deferred to
Section 3. The eight galaxies span the absolute
magnitude range -20< MV < -18 and the mass range
8.5< log(M � /M � )< 10.4. They are therefore located
in the central part of the distributions of the en-
tire OMEGAWINGS population. The Kolmogorov
Smirnov tests detects di�erences only when comparing
the magnitude distribution (statistic=0.99, pvalue=5e-
08), while in the other cases distributions are indistin-
guishable (pvalue> 0.3). The color magnitude diagram
reveals that all the galaxies are quite close to the bor-
der between the red and blue population ((B � V )rf =
� 0:045� V � 0:035, Paccagnella et al. 2017), highlight-
ing the transitioning phase of this class of objects. More
speci�cally, three galaxies are already red, three are still
blue, two are in the green valley. It is interesting to
note that one of the previously selected ask galaxy is
still on the blue side. The morphological analysis re-
veals that two galaxies (onek and one k + a) are S0s,
while the rest are early-spirals. For two galaxies the
morphologies could not be determined. Morphologies
were derived with MORPHOT (Fasano et al. 2012), an
automatic tool designed to reproduce as closely as pos-
sible the visual classi�cations.

The properties of the galaxies discussed in this paper
are therefore consistent with the general cluster PSB
population and can be considered as representative of it.
Their analysis could therefore improve our understand-
ing of the galaxy quenching mechanisms in clusters.

3. METHODS, OBSERVATIONS

The galaxies were observed in service mode using the
MUSE spectrograph mounted on the Very Large Tele-
scope (VLT) in Paranal. A complete description of the
survey strategy, observations, data reduction and anal-
ysis procedure is presented in Paper I.

Most of the analysis presented in this paper is based
on the outputs of our spectrophotometric codesinop-
sis (Paper III). This code searches the combination of
Single Stellar Population (SSP) model spectra that best
�ts the equivalent widths of the main lines in absorp-
tion and emission and the continuum at various wave-
lengths, minimizing the � = 1 using an adaptive simu-
lated annealing algorithm (Fritz et al. 2007, 2011). The
star formation history is let free with no analytic pri-
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Figure 1. Absolute V magnitude, stellar mass, morphological distribution and color magnitude plot of the galaxies dis-
cussed in this paper (coloured histograms and points), compared to the results presented in Paccagnella et al. (2017)
(OW=OMEGAWINGS, light grey histograms and points). In the color-magnitude plot k galaxies are represented by stars,
k + a=a + k galaxies by squares. Galaxies are rainbow-colored by increasing EW(H� ), as measured on the integrated spectra
(see Tab.2). The same color scheme will be adopted throughout the paper.

Table 1. Galaxy name, coordinates, redshift, stellar mass, cluster, inclination, e�ective radius, ellipticity, position angle,
spectral type according to the �ber OmegaWINGS spectrum and morphology of the sample analysed in the paper.

id RA DEC z Mass Cluster i r e " PA TYPE T M

(J2000) (J2000) (109 M � ) (deg) (00) (deg)

A3158 B 0223 03:41:59.80 -53:28:04.240 0.05621 23.4 A3158 20 3.2+0 :1
� 0:1 0.05� 0.06 150 k S

A3128 B 0248 03:29:23.42 -52:26:02.871 0.05302 19.3 A3128 67 1.9+0 :1
� 0:1 0.59� 0.02 24 k+a S0

A500 22 184 04:38:46.41 -22:13:22.368 0.07248 0.34 A500 67 1.4+0 :1
� 0:1 0.60� 0.03 169 a+k ?

A1069 B 0103 10:39:36.49 -08:56:34.822 0.06348 22.5 A1069 70 1.8+0 :1
� 0:2 0.64� 0.04 98 k S0

A3158 11 91 03:41:16.75 -53:24:00.580 0.06135 13.9 A3158 29 4.6+0 :3
� 0:3 0.12� 0.04 4 a+k ?

A500 F 0152 04:38:21.25 -22:13:02.197 0.06951 1.4 A500 61 2.6+0 :3
� 0:3 0.50� 0.04 23 a+k S

A3158 B 0234 03:42:24.68 -53:29:25.989 0.06602 7.1 A3158 50 2.5+0 :1
� 0:1 0.35� 0.05 126 a+k S

A3376 B 0214 06:00:43.18 -39:56:41.641 0.04728 7.7 A3376 64 2.8+0 :1
� 0:1 0.54� 0.01 10 k+a S
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ors. sinopsis uses a Chabrier (2003) IMF with stellar
masses in the 0.1-100 M� limits, and they cover metal-
licity values from Z = 0.0001 to 0.04. The metallicity
of the best �t models is constant and homogeneous (i.e.
all the SSPs have the same metallicity independently of
age). The best �t model is searched using SSP models
at three di�erent metallicity values (sub-solar, solar and
super-solar). Dust extinction is accounted for by adopt-
ing the Galaxy extinction curve (Cardelli et al. 1989).
sinopsis uses the latest SSP models from S. Charlot
& G. Bruzual (in prep.) based on stellar evolutionary
tracks from Bressan et al. (2012) and stellar atmosphere
spectra from a compilation of di�erent authors, depend-
ing on the wavelength range, stellar luminosity, and ef-
fective temperature. sinopsis also includes the nebu-
lar emission lines for the young (i.e., age< 2� 107 yr)
SSPs computed with the Cloudy code (Ferland et al.
2013). The code provides for each MUSE spaxel rest
frame magnitudes, stellar masses, luminosity-weighted
and mass-weighted ages and SFHs in twelve �ne age
bins. These bins have also been combined in four loga-
rithmically spaced age bins in such a way that the dif-
ferences between the spectral characteristics of the stel-
lar populations are maximal (Paper III). We consider
as reliable only spaxels with S/N> 3 across the entire
spectrum.

Equivalent widths (EW) were measured using
SPLAT ,3 a publicly available graphical tool. Observed
EWs are converted to rest-frame values dividing the
measurements by (1 + z). We adopt the usual conven-
tion of identifying absorption lines with positive values.
As explained later, EWs were measured only on spec-
tra integrated across portions of galaxies, to reduce the
noise.

Total masses are obtained by summing the values of
stellar mass obtained fromsinopsis on the single spaxels
belonging to the galaxy, i.e. the region containing the
spaxels whose near-H� continuum ux is � 1� above
the background level (as in Vulcani et al. 2018a).

We will also discuss the properties of the stellar com-
ponent. The stellar kinematic was derived from the
analysis of the characteristics of absorption lines, us-
ing the pPXF software (Cappellari & Emsellem 2004),
which works in Voronoi binned regions of given S/N (10
in this case; see Cappellari & Copin 2003). The value of
the stellar radial velocity was further smoothed using the
two-dimensional local regression techniques (LOESS) as

3 http://star-www.dur.ac.uk/ � pdraper/splat/splat.html

implemented in the Python code developed by M. Cap-
pellari.4

The structural parameters of the galaxies (e�ective
radius Re, ellipticity " , position angle PA and inclina-
tion i ) were obtained from the analysis of the images
achieved from the integrated MUSE datacubes, using
the Cousins I-band �lter response curve, as explained
in Franchetto et al. (submitted). Briey, they were ob-
tained using the ellipse task (Jedrzejewski 1987) of the
software IRAF. We measured the radius of an ellipse in-
cluding half of the total light of the galaxies. Then, from
the surface brightness pro�le we selected the isophotes
that trace the stellar disk to measure their meanPA, "
and corresponding errors.i is derived from the apparent
attenging assuming an intrinsic axis ratio of 0.15 and
will be also used to deproject galaxy properties when
studying galaxy gradients (sec. 5 and 6).

Table 1 presents some properties of the targets, that
will be discussed in the rest of the paper. Spectral types
are based on �ber spectra (Paccagnella et al. 2017). It is
interesting to note that the two k galaxies are also the
most massive ones of the sample. In the following we
will provide a new classi�cation scheme, based on the
spatially resolved properties of the galaxies.

4. GALAXY MORPHOLOGIES

Figure 2 shows the galaxy images based on the recon-
structed g, r , i �lters from the MUSE cube. Each galaxy
is surrounded by a color that will be used through-
out the paper to identify galaxies. This Figure shows
that galaxies present either an early spiral or an S0
morphology, with both bulges and disks clearly distin-
guishable. Galaxies are also characterized by a wide
range of inclinations, going from 30 to 70 degrees. They
do not present evident signs of interaction with com-
panions. The object visible on the north-west side of
A3158 B 0223 is a background passive galaxy (z=0.064).
Since the object has no emission lines, ita presence does
not a�ect the forthcoming results it will not be masked.
A3376 B 0214 also contains two background galaxies to-
wards north-west. These galaxies are star forming, at a
redshift of 0.7596 and they will be masked in the forth-
coming analysis.

Figure 3 shows the photometric decomposition of the
galaxies, performed on the I band MUSE images. De-
tails on the procedure adopted to obtain the parame-
ters of the di�erent components are given in Franchetto
et al. (in prep.) and in Appendix A. The Figure un-
veils that galaxies are composed by many subcompo-

4 http://www-astro.physics.ox.ac.uk/ � mxc/software

http://star-www.dur.ac.uk/~pdraper/splat/splat.html
http://www-astro.physics.ox.ac.uk/~mxc/software
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Figure 2. RGB images of the galaxies used in this paper, sorted by increasing stellar mass. The reconstructedg, r , i �lters
from the MUSE cube have been used. North is up, and east is left. Magenta ellipses show the e�ective radius of the galaxies.
The black arrows in the lower right corners show the direction of the cluster center. Galaxies are rainbow-colored by increasing
EW(H � ), as measured on the integrated spectra (see Tab.2).

nents. All galaxies but A3376 B 0214 are characterised
by the presence of a non-negligible bulge, whose size
ranges from 100 to 800 at � I = 25 mag=arcesc2. Only
A3128 B 0248 can be decomposed just in terms of a
bulge and a disk, while all the other galaxies present
a more complex structure that includes either a bar or
a lens and are characterised by a broken disk (Type II).

This �nding might suggest that bars and other inter-
nal structures may play a signi�cant role in triggering
bursts of star formation in these galaxies or, viceversa,
that during the quenching process or the SF enhance-
ment prior to it a bar or another structure is formed.

No signs of interactions are evident from Fig. 4, which
shows the stellar velocity map of the galaxies. Galaxies
present a rather undisturbed morphology and kinemat-
ics and regular rotation. Some distortions are evident
in A3158 11 91 and A3376B 0214 but these are most
likely due to the presence of bars and lenses. Stellar
velocity dispersions are also generally quite low (< 50
km s� 1, plots not shown).

In what follow, when measuring gradients, we will not
take into account the galaxy internal structure, but it
will be important to keep in mind the coexistence of
di�erent components.

5. EQUIVALENT WIDTH OF ABSORPTION LINES

Fig. 5 shows the integrated spectra obtained from
MUSE. Galaxies show no emission lines, therefore
ionised gas, demonstrating that there is no signi�cant
level of star formation throughout the whole galaxy,
and not only in the regions probed by the �ber spectra
(Paccagnella et al. 2017). Figure 5 also highlights how

Table 2. Rest frame EW(H � ) measured on the integrated
spectra.

id EW(H � )
(�A)

A3158 B 0223 2.28� 0.05
A3128 B 0248 2.65� 0.06
A500 22 184 3.10� 0.05
A1069 B 0103 3.12� 0.04
A3158 11 91 3.12� 0.04
A500 F 0152 3.74� 0.04
A3158 B 0234 4.38� 0.05
A3376 B 0214 5.25� 0.07

all galaxies show deep H� in absorption, as well as a
number of other lines. Unfortunately, the MUSE wave-
length coverage does not allow us to sample the H� line,
upon which most of the PSB analysis in the literature
relies. In what follows we will therefore characterise the
H� instead. Table 2 gives the values of the rest frame
EW(H � ) for the galaxies, measured on the integrated
spectrum. Values are the average of ten measurements,
obtained independently shifting each time the contin-
uum bands of few�A and the H� band of few tenths of
�A. Reported uncertainties are the standard errors on the
means.

To put these numbers in context, we have measured
the EW(H � ) of a set of model spectra. These spectra
were built from the same set of SSP models used in
sinopsis (see x3), and using a solar metallicity value,
assuming a two-parameters analytical SFH, represented
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Figure 3. Surface brightness pro�les and errors as derived from the I band images of the eight galaxies, sorted by increasing
stellar mass. For each galaxy, the main panel shows the decomposition, the bottom panel the residual of the data with respect
to the �t. Black points with errors are the data, the red lines represent the estimated surface brightness pro�le. The di�erent
components used to decompose the galaxies are represented with di�erent colors, as indicated in the labels. Galaxies are
rainbow-colored by increasing EW(H � ), as measured on the integrated spectra (see Tab.2)
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Figure 4. Stellar velocity map for Voronoi bins with S/N > 10 of the 8 galaxies. Stellar radial velocities were further smoothed
using the two-dimensional local regression techniques (LOESS). Galaxies are surrounded by squares colored following the scheme
of Fig.1. Galaxies are rainbow-colored by increasing EW(H � ), as measured on the integrated spectra (see Tab.2).

Figure 5. Integrated spectrum of the galaxies in the sample. Spectra are arbitrarily shifted for display purposes. Galaxies
represented by thicker lines have k �ber spectra. Numbers in parenthesis are the mean S/N ratio as measured on the entire
integrated spectrum. Galaxies are rainbow-colored by increasing EW(H � ), as measured on the integrated spectra (see Tab.2)
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by a log-normal distribution (Gladders et al. 2013):

SFR(t) =
1

t�
p

2�
� exp�

(ln t � t0)2

2� 2 (1)

where t is the time in yr since the big bang, t0 the log-
arithmic delay time and � the parameter that sets the
initial SFR timescale.

The �nal model spectrum is obtained by summing the
SSPs of di�erent ages, each one weighted by a given stel-
lar mass value calculated from the SFH. For the sake of
simplicity, we did not include dust extinction. The age
of the SSP goes from 104 to Tmax , where the latter is cal-
culated based on the age of the Universe at the model's
redshift, and assuming a galaxy formation redshift of
20. We choose a model redshift of 0.06, similar to that
of the galaxies in the sample, which givesTmax = 12:25
Gyr in the adopted cosmology.

We explored model spectra obtained from a combina-
tion of the free parameters of the log-normal prescrip-
tion that allows us to simulate SFH of galaxies across
the whole Hubble sequence: from elliptical (� = 0 :1 and
t0 = 20:7, representing a short burst at the formation
epoch), to actively star forming spiral (e.g. � = 1 :0 and
t0 = 22:1). Furthermore, for each of the SFHs, we have
created a similar model but applying also a truncation in
the SFR at epochs of 108, 5� 108, and 109 years ago, to
simulate a sudden quenching at di�erent epochs. Trun-
cation at 1010 yr ago replicates the spectrum of elliptical
galaxies. A schematic view of the di�erent set of mod-
els along with the di�erent parameters is presented in
the label of Fig. 6

We then measured the EW(H� ) on the model spectra
and found that SFHs representative of elliptical galax-
ies produce spectra with EW(H� )� 2:5 �A, while SFHs
representative of actively star forming galaxies have, as
expected, H� in emission. Spectra of star forming galax-
ies whose star formation has been truncated have in-
stead H� in absorption whose magnitude depends on the
epoch of the truncation. Fig. 6 shows that star form-
ing galaxies (represented by model SFHs with� = 1 :0)
whose star formation was truncated around 109 yr ago or
even more recently have always EW(H� )� 2:8 �A (cor-
responding to the green point at t=109 yr in Fig. 6).
This value can be adopted as a lower limit to identify
galaxies in a post-starforming phase. Galaxies having a
burst prior to quenching will have even larger EW(H� )
values.

We are now in the position of interpreting the inte-
grated EW values shown in Table 2: A3128B 0248, and
A3158 B 0223 have EW(H� ) measured< 2:8 �A, while
A1069 B 0103, A315811 91 and A50022 184 have a
value slightly above the threshold. The EW(H� ) is

Figure 6. EW(H � ) as a function of truncation time mea-
sured on a set of model spectra, obtained from a combina-
tion of the free parameters of a log-normal prescription that
allows us to simulate SFH of a range of galaxies. The cor-
responding SFHs are shown in the inset. SFHs have been
truncated at di�erent epoch (see vertical dashed lines) to
simulate a sudden quenching at di�erent epochs (see text for
details). The horizontal dotted line shows the value adopted
to separate k + a=a+ k from k spectra.

Figure 7. Rest frame EW(H � ) gradients in units of r e,
for each galaxy of the sample. A small horizontal shift has
been applied to the points for display purposes. Galaxies
represented by stars havek integrated spectra, galaxies rep-
resented by squares havek + a=a+ k integrated spectra. The
thick vertical lines on the bottom indicate the size of 1 kpc in
unit of r e for each galaxy. The horizontal dotted line shows
the value adopted to separate k + a=a+ k from k spectra.

therefore consistent with a scenario where the star for-
mation of the former galaxies ended more than� 109 yr
ago, that in the latter galaxies slightly earlier.

The rest of the sample is characterised by EW(H� )
between 3.1 and 5.2�A, consistent with populations
quenched few 108 yr ago and possibly having experi-
enced a burst prior to the truncation.

For each galaxy, we can also characterise spatial trends
in H� as a function of the galactocentric distance. To
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reduce the noise, we compute EWs on stacked spectra.
We consider annuli, de�ned as the regions in between
elliptical apertures, which are chosen to match roughly
the surface brightness intensity of the stellar emission at
di�erent levels. For all galaxies we consider 10 equally
spaced annuli, but for the two smallest galaxies, for
which we consider only �ve annuli.

Figure 7 shows the EW as a function of the galac-
tocentric distance, normalised by r e. Di�erent trends
can be seen and galaxy-by-galaxy variations are ob-
served. EW(H� ) is lower than 2.8�A at all distances for
A3128 B 0248, and A3158B 0223. These galaxies are
therefore truly passive at all galactocentric distances.
A1069 B 0103 and A315811 91 have EW(H� ) < 3�A in
the galaxy center, then values are slightly higher in the
outskirts, but never exceed EW(H� )� 3:5�A. Overall
trends are rather at. A500 22 184 is instead charac-
terised by a very steep negative gradient. The EW(H� )
is 3.8�A in the galaxy center and then reaches values
< 2�A in the outskirts. The galaxy could therefore have
been passive for longer time in the outskirts and just re-
cently become quickly passive in the core or could have
had experienced a recent increase in the SF within the
core.

The other three galaxies have EW(H� ) >> 2:8�A at
all distances from the center. They also show higher
EW(H � ) values in the cores. A3376B 0214 is the
galaxy with the overall highest EW and also the highest
EW in the center, with values ranging between 4.1 and
5.9�A, followed by A500 F 152 that also shows a strong
EW(H � ) gradient. In contrast, A3158 B 0234 presents
a at trend.

Figure 7 also shows the size of 1 kpc in unit of re, a
region often inspected by other studies. The results will
be discussed inx7.

To summarise the results so far, our sample includes
two galaxies (A3128B 0248, A3158B 0223) that have
EW(H � )< 2.8 �A throughout the entire galaxy disks,
indicating they have stopped forming stars at early
epochs. These galaxies are also the two reddest galax-
ies in the sample (see Fig.1) and are among the most
massive galaxies. The sample also includes three galax-
ies (A500 F 0152, A3158B 0234 and A3376B 0214)
whose EW(H� ) measured on the integrated spectra is
>> 2.8 �A, suggesting a recent truncation of their star
formation ( < 109 yr ago). Two of these galaxies have
strong negative EW(H� ) gradients, suggesting the pres-
ence of a central burst before quenching. All these
galaxies still show blue colors in Fig.1. The remaining
three galaxies have EW(H� )� 3:1�A. A1069 B 0103 and
A3158 B 0234 have at EW(H � ) gradients and green
colors, while A50022 184 have a steep negative gradient

(EW(H � )� 3:8�A in the core) but redder colors. The last
galaxy could therefore have been passive in the outskirts
for a longer time, but have had an abrupt truncation of
the star formation in the core recently.

6. SPATIALLY RESOLVED PROPERTIES

6.1. Star formation Histories

A further characterisation of the quenching process
these galaxies underwent can be obtained inspecting
their spatially resolved SFHs , obtained usingsinopsis .

Figure 8 shows the variation of the SFR maps with
cosmic time in four age bins. Given that no emission
lines are detected, none of the galaxies have star forma-
tion in the youngest age bin (last 2� 107 yr), consistent
with the fact that they are all truly passive today. All
the galaxies have stopped forming stars at least 20 Myr
ago and were highly star forming in the oldest age bin.
In contrast, they present di�erent characteristics in the
two intermediate bins. A3376 B 0214 is the only galaxy
showing a clear sign of a central SF enhancement be-
tween 2:7� 107yr and 5:7� 108yr ago. The three galaxies
with the highest EW(H � ) (A500 F 0152, A3158B 0234
and A3376 B 0214) show only mild signs of star forma-
tion truncation in the galaxy outskirts in the second age
bin (between 2:7� 107yr and 5:7� 108yr ago) compared
to the third age bin (between 5:7� 108yr and 5:7� 109yr
ago), indicating that the bulk of the quenching process
occurred more recently than 2:7 � 107yr ago. In con-
trast, the other galaxies show clearly that the quench-
ing process started at earlier epochs and proceeded from
the external regions towards the galaxy cores (outside-
in quenching). The outside-in quenching is better ob-
served in Fig.9, which shows the ratio of the number
of spaxels that were star forming in the second age bin
to the number of spaxels that were star forming in the
third age bin, measured in annuli at di�erent galacto-
centric distances. These are the two age bins that bet-
ter capture the quenching: at older epochs all spaxels
were star forming, in the youngest age bin the galax-
ies are completely quenched. The �gure shows that in
the galaxy cores all spaxels are star forming in both age
bins, while as we proceed from the galaxy cores toward
the outskirts the fraction of star forming spaxels de-
creases, indicating that a larger portion of the galaxies
is already quenched. A3158B 0223 is the galaxy with
the strongest evidence of outside-in quenching, while the
trends for A328 B 0248 and A1069B 0103 have to be
taken carefully because the former galaxy is very small
and so there are not many spaxels in each galactocen-
tric distance bin and the latter has a high inclination
and annuli enclose portion of the galaxies that might be
physically di�erent.
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Figure 8. Stellar maps of di�erent ages, illustrating the average star formation rate per kpc 2 during the last 2 � 107 yr (left),
between 2� 107 yr and 5:7 � 108 yr (central left), 5 :7 � 108 yr and 5:7 � 109 yr (central right) and > 5:7 � 109 yr ago (right), for
each galaxy, separately. Galaxies are surrounded by squares colored following the scheme of Fig.1. Galaxies are rainbow-colored
by increasing EW(H � ), as measured on the integrated spectra (see Tab.2).
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Figure 9. Ratio of the number of spaxels that were star
forming in the second age bin (t2 = 2 :7 � 107yr - 5:7 � 108yr
ago) to the number of spaxels that were star forming in the
third age bin ( t3 = 5 :7� 108yr - 5:7� 109yr ago), as a function
of the galactocentric distance.

The left panels of Fig. 10 and 11, show more in detail
the SFHs, both integrated over the whole galaxy disks
and in di�erent regions of the galaxies. Trends are shown
with errors, which are computed as standard deviation
on the plotted median values. Uncertainties on the SFR
measured on each spaxel are negligible.5

Considering integrated values, we observe that even
though all galaxies are quenched today, they reached
the passive state through di�erent paths.

The two a+ k=k+ a galaxies with strong EW gradients
(A500 F 0152 and A3376B 0214) show an increase of
the SFR in the second age bin before the quenching-
suggesting again an enhancement before the truncation
of the star formation, while A3158 B 0234 presents a
rather at trend. In contrast, all the other galaxies show
a steady decline of the SFR from the oldest towards the
youngest ages.

Moving the attention to portions of galaxies at dif-
ferent galactocentric distances, we observe that, at any
given epoch the median SFR is always the highest in
the core and then it decreases towards the outskirts, in
a monotonic manner. This behaviour is partially due to
the fact that the stellar mass is concentrated to the cen-
ter: if we inspect the sSFHs (plot not shown) we obtain

5 Following the approach explained in Fritz et al. (2007), for each
spaxel we have run sinopsis 11 times for each chosen value of the
SSP metallicity: the �nal results have been used to get lower and
upper limits for the SFR in the di�erent age bin. When these
are binned not only temporally but also spatially to get radial
pro�les, we have found that the dominant source of uncertainty
is the spaxel-to-spaxel variation, that we have reported in the
plots. We explained this in the text.

a smaller variation with distance. The remaining scat-
ter indicates that the galaxy outskirts have been always
less e�ective in forming new stars.

Secondly, we observe that the SFHs at a given dis-
tance do not follow exactly the integrated value indi-
cating that di�erent portions of the galaxy assembled
their mass di�erently. In particular, the outskirts of
A3158 11 91, A3128B 0248 and A3158B 0223 became
passive between 5:7 � 108 and 5:7 � 109 yr ago.

The right panels of Fig. 10 and 11 show the
luminosity-weighted age maps, that provide an estimate
of the average age of the stars weighted by the light,
therefore giving us an indication of when the last episode
of star formation occurred. An age spread among galax-
ies is detected, with galaxies showinga + k=k + a spec-
tra having systematically younger ages (between 8:8 <
log(age[yr ]) < 9:2) than the other galaxies (between
9:2 < log(age[yr ]) < 9:8). No particularly strong radial
variation with distance are observed. Figure 12 shows
in detail the variation of the luminosity-weighted ages
with distance, in units of r e, similarly to what shown
in Fig.7 for the EW(H � ). The Figure shows a mix of
at, positive, and negative gradients, which might sug-
gest a mix of outside-in, inside-out, and simultaneous
quenching. In particular, A3376 B 0214 - the galaxy
with the most outstanding EW(H � ) negative gradient -
presents a dip in the LWA gradient in the core, indica-
tive of a younger age, and then a rather at gradient.
Similarly, also the other galaxies with a + k=k + a spec-
tra and A500 22 184 show positive gradients, suggesting
the presence of younger ages in the cores. A500F 0152
shows a signi�cant younger age atr=r e < 1 than r=r e > 1.
This is consistent with what found in Fig.7, where this
galaxy showed a very steep EW(H� ) gradient.

The other galaxies present overall at or even negative
gradients. These results are supported by the Pearson r-
correlation test (see Tab. 3). Results of Fig.7 and Fig.
12 are therefore consistent and show how the EW(H� )
is a good age tracer.

7. DISCUSSION

In this paper we have characterised the spatially re-
solved properties of six galaxies showingk + a=a + k
�ber (central � 2 kpc) spectra and two having k �ber
spectra. The goal is to understand their pathway to the
quenching state, what are the mechanisms that a�ected
their star formation activity and on what timescales.

The �rst important result is that galaxies are entirely
quenched, and no signs of emission lines are detected
throughout the galaxy disks. As these galaxies were
selected on the basis of �ber spectra, it could have been
that only the central regions of the galaxies were char-
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Figure 10. Left: SFHs in equally spaced di�erent regions of 4 galaxies of the sample. The number of regions depends on the
extension of the galaxy and is indicated in the label. Black dots and dashed lines represent the SFH of the galaxy across the
entire galaxy disk. Shaded areas and black lines show the 1� dispersion of the curves. In the background, grey areas identify the
width of the bins. Right: Maps of luminosity weighted ages. Galaxies are surrounded by squares colored following the scheme
of Fig.1. Galaxies are rainbow-colored by increasing EW(H � ), as measured on the integrated spectra (see Tab.2).

acterized by k + a=a + k features, while star forming
regions were still present in the outskirts.

We investigated the integrated properties and the spa-
tial distribution of the stellar populations to obtain
information about the mechanism responsible of the
galaxy features.

The analysis of the surface brightness pro�les has
shown that most of the galaxies are characterised by the

presence of either bars , lens or truncated Type II disks.
Head et al. (2015) have found that the bar fraction is
considerably higher in galaxies hosting a Type II disk
than in galaxies whose disc remains unbroken. This im-
plies that either the truncation mechanism induces bar
growth, or that bars stabilise discs during truncation,
such that the detection of a disc break for bright galax-
ies is more likely if a bar is present. The signi�cant






















