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ABSTRACT

We have used the final data from the VIPERS redshift survey to extract an unparalleled sample of more than 2000 massive M  > 1011 M0 passive 
galaxies (MPGs) at redshift 0.5 < z < 1.0, based on their NUVrK colours. This has enabled us to investigate how the population of these objects 
was built up over cosmic time. We find that the evolution of the number density depends on the galaxy mean surface stellar mass density, £. In 
particular, dense (£ > 2000 M0 pc-2) MPGs show a constant comoving number density over this redshift range, whilst this increases by a factor 
of approximately four for the least dense objects, defined as having £ < 1000 M0 pc-2. We estimated stellar ages for the MPG population both 
fitting the spectral energy distribution (SED) and through the D4000n index, obtaining results in good agreement. Our findings are consistent with 
passive ageing of the stellar content of dense MPGs. We show that at any redshift the less dense MPGs are younger than dense ones and that their 
stellar populations evolve at a slower rate than predicted by passive evolution. This points to a scenario in which the overall population of MPGs 
was built up over the cosmic time by continuous addition of less dense galaxies: on top of an initial population of dense objects that passively 
evolves, new, larger, and younger MPGs continuously join the population at later epochs. Finally, we demonstrate that the observed increase in the 
number density of MPGs is totally accounted for by the observed decrease in the number density of correspondingly massive star forming galaxies 
(i.e. all the non-passive M  > 1011 M0 objects). Such systems observed at z -  1 in VIPERS, therefore, represent the most plausible progenitors of 
the subsequent emerging class of larger MPGs.

Key words. galaxies: elliptical and lenticular, cD -  galaxies: evolution -  galaxies: formation -  galaxies: high-redshift

1. Introduction

One o f the m ost debated issues in m odern astrophysics concerns 
the form ation and evolution o f passive galaxies (PGs). From  a 
theoretical point o f view, it is still debated whether these systems 
assem bled their stellar mass m ostly by mergers (e.g. N aab et al. 
2009; Qu et al. 2017), or through other “in-situ” processes, such 
as the accretion of clumps through the disc (e.g. Dekel et al. 
2009).

From  an observational point o f view, deep imaging 
and dynam ical studies have shown that the PGs already in 
place at z ~  2 have average sizes smaller than com parable

* Based on observations collected at the European Southern Obser
vatory, Cerro Paranal, Chile, using the Very Large Telescope under 
programs 182.A-0886 and partly 070.A-9007. Also based on obser
vations obtained with MegaPrime/MegaCam, a joint project of CFHT 
and CEA/DAPNIA, at the Canada-France-Hawaii Telescope (CFHT), 
which is operated by the National Research Council (NRC) of Canada, 
the Institut National des Sciences de l’Univers of the Centre Na
tional de la Recherche Scientifique (CNRS) of France, and the Uni
versity of Hawaii. This work is based in part on data products pro
duced at TERAPIX and the Canadian Astronomy Data Centre as part 
of the Canada-France-Hawaii Telescope Legacy Survey, a collaborative 
project of NRC and CNRS. The VIPERS web site is 
h t tp : / /w w w .v ip e r s . in a f . i t /

galaxies at the current epoch (Cim atti et al. 2004; 
D a d d ie ta l. 2005; Trujillo et al. 2006; Longhetti et al. 2007; 
van D okkum  et al. 2008; C im atti e t al. 2008; van der Wel et al. 
2008; Bezanson et al. 2009; C a ssa tae ta l. 2011; Belli e ta l. 
2014) . For example, high-z PGs with M  ~ 1011 M 0 have an 
average effective radius o f R e ~  1 -2  kpc w ith a m ean stellar 
mass density £  = M /(2nR e2) o f 2000 < £  < 6000 M 0 pc-2 
while local PGs w ith sim ilar stellar mass have Re ~  5 kpc and 
£  ~  1000 M 0 pc-2 (e.g. Shen et al. 2003; Kauffmann et al. 2003)

These data have been widely interpreted within a two- 
phases scenario (com m only called “inside-out”). During the 
first phase, a highly dissipative process (e.g. a gas-rich 
merger; Hopkins et al. 2008) or in situ accretion o f cold streams 
(Keres et al. 2005; Dekel et al. 2009) forms the com pact passive 
cores we observe at high redshift. Subsequently, as tim e goes 
by, this com pact galaxy assembles an external and low-density 
halo through m any dry m inor mergers. The overall effect o f these 
mergers is to increase the galaxy radius till it m atches the typical 
dim ension o f a local PG (e.g. N aab et al. 2007, 2009; Hilz et al. 
2013; van D okkum  et al. 2008) .

This scenario is supported by the drastic decrease (more 
than two orders o f m agnitude) in the num ber density of 
com pact PGs over time, observed in some studies (e.g. 
C a ssa tae ta l. 2013; van der Wel et al. 2014) . However, other
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analyses have found a very m ild decrease (e.g. Poggianti et al. 
2013b; Valentinuzzi et al. 2010), or even a constant num ber den
sity evolution (e.g. Dam janov et al. 2014, 2015; S aracco e ta l. 
2010; Gargiulo e ta l. 2016). A good summary o f the different 
results is provided in Dam janov et al. (2014) and Gargiulo et al. 
(2016) (see their Figs. 7 and 2 respectively). This disagreem ent 
casts doubts on the necessity o f a size-growth for individual 
com pact PG. Differences in the selection criteria o f passive 
galaxies (morphology vs. colour-colour diagram  vs. specific star 
form ation rate [sSFR] cut), in the selection of its dense sub
population (e.g. cut at constant R e, 2 , or at 1 - 2 ^  below the 
size-mass relation (SMR)), and in the rest-fram e waveband used 
to derive the effective radius, have been found to play a m ajor 
role in the observed discrepancy (Gargiulo et al. 2016). This ev
idence highlights the necessity o f a homogeneous analysis over 
the cosm ic tim e to draw robust conclusions on this relevant issue.

Evidence shows that in conjunction with an increase in the 
m ean radial size o f PGs by a factor o f ~4  from  z ~  1 .5 -2  to 
z = 0, the num ber of PGs per unit volume increases by a factor 
o f approxim ately ten (e.g. Pozzetti et al. 2010; Ilbert et al. 2010; 
Bram m er et al. 2011) . If the num ber density of high-z dense PGs 
drastically falls, as observed by some authors, because they in 
crease their size, their contribution to the whole population of 
local PGs would have to be less then 10%, since high-z PGs are 
ten times less num erous than local PGs. Consequently, the m a
jority  o f local PGs w ould need to have form ed through a m echa
nism  other than the inside-out m odel. On the other hand, if  all lo 
cal PGs were assem bled according to the inside-out model, new 
com pact PGs would need to form  continuously at z < 1 .5 -2  
and then increase their sizes in order to sustain the num erical 
growth of the whole population. This picture could help to ex
plain the works that show a m ild or null evolution in the num ber 
density o f com pact PGs. However, if  this were the case, further 
evidence would be expected: the age o f dense PGs should not 
evolve significantly over time, since this sub-population would 
be constantly refreshed by new galaxies. In fact, if  the num ber 
density o f com pact PGs is confirmed to evolve slowly, a third hy
pothesis is also viable: com pact PGs m ight passively age and the 
increase both in m ean Re and in the num ber o f PGs over the time 
could then m ostly be due to the fact that galaxies that quench at 
later epoch are larger (e.g. Valentinuzzi et al. 2010; Cim atti et al. 
2008; Carollo et al. 2013). It is com m on habit to refer to this last 
scenario as progenitor bias (e.g. Franx & van D okkum  1996) . In 
this picture the age o f the stellar population o f com pact PGs over 
cosm ic tim e should be consistent w ith passive evolution. Thus, 
valuable insights into the build up o f the PG population can be 
gained by studying the evolution o f the num ber density and the 
age of the stellar population together.

In this context, m assive ( M  > 1011 M0) PGs (MPGs) 
deserve particular attention. These systems are expected to 
evolve m ainly through (dry) mergers (e.g. Hopkins et al. 2009; 
D e L ucia & Blaizot 2007) . If  this is the case, in this m ass range 
we should detect a stronger signal o f the size-growth with r e 
spect to a lower m ass range. So far, because M PGs are ex
trem ely rare, there have been very few studies that have investi
gated the com bined evolution o f the num ber density and of the 
age of M PGs as a function o f their com pactness (Carollo et al. 
2013; F ag io lie ta l. 2016). Carollo e ta l. (2013) found that the 
num ber density of m assive quiescent and elliptical galaxies 
with Re < 2.5 kpc decreases by about 30% from  z ~  1 to 
z ~  0.2 and that their U -  V  colours are consistent with pas
sive evolution. They concluded that the driving m echanism  for 
the average size-growth o f the whole population is the appear
ance at later epochs o f larger quiescent galaxies. M ore recently,

F a g io lie ta l. (2016, hereafter F16) analysed the spectroscopic 
properties o f ~500 M PGs (defined as galaxies with absent or 
very weak em ission lines and no M IPS detections) at 0.2 < z < 
0.8 in the zCO SM O S-bright 20 K  catalogue (L illy et al. 2007). 
From  the analysis o f stacked spectra o f small and large MPGs, 
they dated the stellar content o f these groups and found that the 
two sub-populations have sim ilar ages. The authors concluded 
that, in this mass regim e, the size growth o f individual galax
ies through dry mergers is the m ost likely explanation for the 
increase in the m ean effective radius o f the whole population. 
A recent analysis by Zahid et al. (2016) on the physical proper
ties o f com pact post starburst galaxies at 0 .2 < z < 0.8 with M  > 
1011 M 0 provides new insights. On the basis o f both theirnum ber 
density and o f their ages, which have been found to be <1 Gyr, 
the authors suggest that this class o f objects are the progenitors 
o f com pact quiescent galaxies. They conclude that a substantial 
fraction of dense quiescent galaxies at z < 0.8 are newly formed.

D espite the efforts and improvements o f recent years, the 
overall picture is far from  clear. W hat is still m issing is a hom o
geneous analysis o f the num ber density and stellar population 
age at z ~  0.8, that is over the redshift range where less com 
pact M PGs start to dom inate the Universe (e.g. Cassata et al. 
2010, 2013) . For this goal to be achieved the following three 
requirem ents m ust be met: significant samples o f M PGs at dif
ferent redshifts, in order to have good statistics in each redshift 
and 2  bin; a  large volume to m inim ise the effect o f the cosmic 
variance (which is known to affect the COSM OS field); robust 
estimates o f the ages o f stellar populations.

The VIM OS Public Extragalactic Redshift Survey (VIPERS) 
represents an ideal benchm ark for this kind o f study. D espite the 
fact galaxies with M  > 1011 M0 are rare, the w ide area (~16 ef
fective deg2 over the W1 and W 4 CFHTLS fields, m ore details 
in Sect. 2) and high sampling rate of the survey (~40% ) result 
in a sample o f ~2000 M PGs with spectroscopic redshifts over 
the redshift range 0.5 < z < 1.0 (see Sect. 2). The unprecedented 
quality o f statistics over this redshift range allows us to study 
the evolution o f the num ber density o f M PGs as a function of 
2  (see Sect. 4). U sing D 4000n as a spectroscopic diagnostic and 
by fitting the spectral energy distribution (SED) we constrained 
the age of the stellar population o f M PGs as a function both 
o f z and 2  (Sect. 5). This inform ation, together w ith the evo
lution o f the num ber density, allowed us to put constraints on 
the mass accretion scenarios and on the origin o f new M PGs 
(Sect. 6). We summ arise all o f our results in Sect. 7. Through
out the paper we adopt the Chabrier (2003) initial mass func
tion (IMF) and a flat cosm ology with Qm = 0.3, Q a  = 0.7 and 
H 0 = 70 k m s-1 M pc-1 . M agnitudes are in the AB system. E f
fective radii are circularised, m eaning that Re = Vob, w here a 
and b are the sem i-m ajor and sem i-m inor axis o f the isophote 
containing half o f the total light, respectively.

2. Data

2.1. The VIPERS project

In this w ork we analyse a beta version o f the final public data re
lease o f VIPERS. The data set used here is alm ost identical to the 
publicly released PDR-2 catalogue (Scodeggio et al. 2017), with 
the exception of a sub-set o f a  few redshifts (mostly at z > 1.2), 
which were revised close to the release date. This has no ef
fect on the analysis presented here. VIPERS has m easured red- 
shifts for 89 128 galaxies to iAB = 22.5, distributed over a  total 
area o f 23.5 deg2. This reduces to an effective area o f 16.3 deg2 
once detector gaps and m asked areas such as those with bright
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stars are accounted for. Spectroscopic targets w ere selected in 
the W1 and W 4 fields o f the Canada-France-Hawaii Telescope 
Legacy Survey (CFHTLS) W ide. The star-galaxy classification 
criterion was defined after extensive tests on the VVDS sur
vey (Le Fevre et al. 2005; G arill ie ta l. 2008, 2014) . In detail, 
stars were classified as those systems with i) iAB < 21 and rh < 
jurh + 3 ^ rh or ii) ;'ab »  21, rh < jurh + 3 ^ rh and l o g ^ ^ a r )  < 
log10(xgal) + 1, where rh is the half-light radius as derived from 
SExtractor (Bertin & Arnouts 1996), jurh and <rxh are the mean 
and standard deviation of the rh distribution, w hile Xtar and ̂ g al
are the x 2 o f the SED fitting applied to the ugriz CFHTLS pho
tometry. A robust colour-colour pre-selection in the ugri plane 
was used to identify galaxies at z > 0.5. In particular, among 
all o f the objects classified as galaxies, w ere flagged as spectro
scopic target those with:

(r -  i) > 0.5(u -  g) V (r -  i) > 0.7. (1)

Spectroscopic observations were carried out with VIM OS at the 
VLT using the low-resolution red grism  (R -  220), which covers 
the wavelength range 5500-9500 A. The rms error o f the m ea
sured redshifts has been estim ated to be ^ z(z) = 0.00054 x  (1 + z) 
(Scodeggio et al. 2017). In the same paper, a  com plete descrip
tion of the PDR -2 data release can be found, while m ore infor
m ation on the original survey design and data reduction proce
dures are found in Guzzo et al. (2014) and Garilli et al. (2014).

For each galaxy o f the VIPERS spectroscopic sample, phys
ical properties such as the m ulti-band lum inosity and the total 
stellar m ass w ere derived through the SED fit. The photom et
ric m ulti-wavelength coverage com bines improved ugriz-bands 
photom etry based on the T0007 release o f the CFH TLS 1 and 
K s-band observations from  the VIPERS M ulti-Lam bda Survey 
(VIPERS-M LS2, M outard e t al. 2016a) or, when available, from 
the VISTA D eep Extragalactic Observations (VIDEO; Jarvis 
et al. 2013) survey (more details in D avidzon et al. 2013, 2016; 
M outard et al. 2016b) .

The fit was perform ed with the Hyperzm ass software 
(Bolzonella et al. 2000) . The tem plate libraries adopted in the 
fit procedure are fully described in D avidzon et al. (2013) and 
are based on Bruzual & Charlot (2003) models, w ith exponen
tially declining star form ation history (^ e -t/T, where t  is the 
tim escale o f the star formation), t  in the range [0.1-30] Gyr, sub
solar (0.2 Zq ) and solar metallicity, and the Chabrier (2003) IMF. 
The im pact o f dust extinction on the input galaxy templates was 
m odelled according to two different prescriptions (Calzetti et al. 
2000; Prevot et al. 1984) with the extinction param eters AV rang
ing from  0 (no dust) to 3 mag.

The structural param eters (effective radius Re, Sersic index 
n) for -8 5 %  o f the VIPERS sources were derived with GALFIT 
(Peng et al. 2002) fitting the i-band CHFTLS-W ide images with 
a 2D -psf convolved Sersic profile (K ryw ult et al. 2017) . The 
CFHTLS public images have a pixel-scale o f -0 .1 8 7 " /p x  and 
the full width at half m axim um  (FW HM ) of point-like sources 
varies from  - 0 .5 "  to 0 .8" in the i band. To control the variability 
o f the PSF over the w ide CCD area o f CFHTLS images (1° x  1°) 
K rywult e ta l.  (2017) selected a set o f -2 0 0 0  stars uniform ly 
distributed over each field and m odelled their profiles using a 
2D Chebychev approxim ation o f the elliptical M offat function. 
This approach allowed the PSF to be successfully described over 
-9 5 %  o f the whole VIPERS area. Only regions w ithout bright 
and unsaturated stars, or at the edge o f the images (hereafter bad

1 h ttp ://w w w .cfh t.haw aii.edu /S cience /C F H T L S /
2 h t tp : / /c e s a m .la m .f r /v ip e r s - m ls /

PSF regions) w ere excluded. Since these regions are well de
fined, we have rem oved them  from  our analysis. Taking this into 
consideration the effective final area we used in this analysis is 
- 1 4  deg2.

K ryw ult et al. (2017) tested the reliability o f Re and n derived 
from  ground-based CFHTLS images. They found that the typical 
effective galaxy radius is recovered within 4.4% and 12% for 
68% and 95% o f the total sample respectively. We refer to their 
paper for further details.

2.2. The sample of massive passive galaxies

From  the VIPERS spectroscopic catalogue we selected all galax
ies w ith highly accurate redshift m easurem ents, i.e. with quality 
flag 2 < z f la g  < 9.5 (a confidence level >95% ; 75479  galax
ies in the W 1+W 4 field). We defined galaxies as passive on 
the basis o f their location in the rest-fram e colour NUV-r vs. 
r-K  diagram, which is a powerful alternative to the U V J  d ia
gram  (W illiams et al. 2009) to properly identify passive galaxies 
(for m ore details see Arnouts et al. 2013; D avidzon et al. 2016; 
M outard e ta l. 2016a,b ) . Following D avidzon et al. (2016), we 
defined quiescent galaxies as those satisfying the following 
conditions:

NUV -  r  > 3.75, (2)

NUV -  r  > 1.37 x  (r -  K) + 3.2, (3)

r  -  K  < 1.3. (4)

Among all galaxies satisfying these three conditions (7606
in W1 and 3939 in W 4, respectively) -9 5 %  have sSFR  <
10-11 yr-1 . From  the quiescent population we selected the sub
sample with M  > 1011 M q (hereafter M PGs; 1905 galaxies in 
the W1 field, and 902 in W 4) which is com plete up to z = 1.0 
(see e.g. D avidzon et al. 2013; Fritz et al. 2014; D avidzon et al. 
2016) . Below z = 0.5, VIPERS is highly incom plete due to the 
ugri colour cuts im posed in the selection o f spectroscopic tar
gets. Thus the following analysis is lim ited to the redshift range 
0.5 < z < 1.0. Finally, we excluded from  our analysis galaxies 
that are in bad PSF regions (see Sect. 2.1). These further cuts 
leaves us with a sample of 2022 M PGs.

For each o f these galaxies we need to derive its m ean stel
lar m ass density 2 . In the redshift range 0.5 < z < 1.0, the i- 
band filter covers the spectral region across the 4000 A break. 
In particular, it samples the -V -b an d  (5000 A) rest-fram e at 
z = 0.5 and the -U -b a n d  (3500 A) rest-fram e at z = 1.0. 
Given the presence o f radial colour variations in passive galaxies 
both at high and low redshift (see e.g. L a Barbera & de Carvalho 
2009; Saglia et al. 2010; Gargiulo et al. 2012; Guo et al. 2011), 
the variation o f the rest-fram e band used to derive Re can induce 
a spurious trend in the evolution of the radius with redshift. To 
quantify this bias, the structural param eters for the whole W 4 
field (and for -4 0 %  o f the W1 field) have been derived in the r- 
band (FW H M  -  0 .8", -U -b a n d  rest-fram e at z < 0.8). F igure 1 
shows the ratio between the Re o f M PGs in the r  and i band 
(Re,r /R e,i) as a function of their R ej  at z < 0.8. For a rigorous anal
ysis, we derived the relations in three finer redshift bins (0.5 < 
z < 0 .6 ,0 .6  < z < 0 .7 ,0 .7  < z < 0.8). The general trend, as derived 
from  the best-fit relations, is that for M PGs R ei  < Re,r , m eaning 
that the internal regions are redder than the outskirts, as expected 
for passive systems (e.g. La Barbera & de Carvalho 2009) . For 
the sm allest galaxies the difference between the two radii can be 
up to -2 0 % . We note that a  portion o f M PGs (especially at large
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Fig. 1. Ratio between the effective radius in r band (Rer) and the effective radius in i band (Re i) as a function of Rei for MPGs in three bins of 
redshift as indicated in the top left corner of each plot. In the three panels, the solid blue lines are the best fit relations derived with a sigma-clipping 
algorithm. Dashed blue lines set the 1ix deviation. The typical dimension of half of the PSF-FWHM of both i-band and r-band images is indicated 
in the top right corner of each plot with also the number of objects. Open red circles are galaxies at >3ix from this fit.

Fig. 2. Fraction of MPGs with available Re in the W1 field (magenta 
filled points), in the W4 field (blue filled points) as a function of z. At 
z < 0.8, MPGs with Re derived from i-band images are included. Red 
filled points indicate the completeness for the W1+W4 field.

Re) has R ei  > Re,r , suggesting the presence o f a blue core. How 
ever, a  detailed study on the internal colour variation in M PGs is 
beyond the scope o f this paper. G iven the evidence presented in 
Fig. 1, in the derivation o f 2  we referred to the effective radius in 
the r  band for M PGs at z < 0.8, and to Re in the i band for those 
at z > 0.8. By doing this, we w ere able to approxim ately sam 
ple the same U band rest-fram e over the whole redshift range 
we probe. For those M PGs at z < 0.8 w ithout an R e,r estimate 
(mostly in the W1 field), we estim ated R ej  using the relations 
of Fig. 1. We checked that the addition o f galaxies with Re,r de
rived from  R e i does not change the 2  distribution o f the sample 
of M PGs at z < 0.8.

In Fig. 2  we show the fraction o f M PGs with available and 
reliable structural param eters for W1 and W 4 fields and for the 
total area as a  function of redshift.

Overall, ~85%  o f M PGs in the two fields have a reliable Re. 
For ~  15% o f M PGs structural param eters are not available since 
in some cases we are unable to fit the surface brightness profile. 
This is either because the algorithm  does not converge, mostly 
because of very close companions, or the best-fit values of n 
<0.2 are unphysical (see K ryw ult e ta l. 2017) . Once these ob
jects have been excluded, the final sample o f M PGs with reli
able Re (hence 2) in the redshift range 0 .5 -1 .0  is com posed of 
1758 galaxies.
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Table 1. Best-fit values (a, p )  of the size mass relation log Re = 
a  log(M /1011) + p  of VIPERS MPGs.

z a p R e ,1 1 [kpc]

0.5 < z < 0.7 0.59 ± 0.07 0.60 ± 0.01 4.0
0.7 < z < 0.9 0.70 ± 0.08 0.53 ± 0.02 3.4
0.9 < z < 1.0 0.52 ± 0.10 0.52 ± 0.02 3.3

Notes. Re11 indicates the value of Re at M  = 1011 M0 as predicted by 
the best-fit relation.

3. The size mass relation of MPGs in VIPERS 
for 0.5 < z  <1.0

In Fig. 3 we show the SM R for the VIPERS M PGs in the low
est and highest redshift bins o f our sample, that is 0 .5 < z <  

0 .7 and 0 .9 < z < 1.0. We fitted a SM R of M PGs o f the form 
log R e = a  log (M /1 0 11) + p  adopting an ordinary least squares 
fit w ithout taking into account errors on R e . The best-fit re
sults are reported in Table 1. We also added the result for the 
interm ediate bin (0 .7 < z <  0 .9). In agreem ent with previous 
studies (e.g. Dam janov et al. 2011; van der Wel et al. 2014), we 
find that at 1^  there is alm ost no evolution o f the slope of the 
SM R with time. However, there is an offset among the zero- 
points. On average, at fixed stellar mass, M PGs at (z) = 0 .6 
have Re ~ 1.25 larger than those at z = 1.0. This increase 
shows that the growth in the mean Re of the passive popula
tion is gradual and continuous, extending out to z <  1. The 
increase in R e is in agreem ent with w hat has been found by 
other authors. Dam janov et al. (2011), for a sample o f early- 
type galaxies at 0 .2 <  z <  2 .7, found (Re ) ^  (1 + z)-L62±0 '3 4 , 
independently o f the stellar mass o f the galaxy, that is an in
crease by a factor ~ 1 .4 ± 0 . 1 in the redshift range 0 .6-1 .0 . Sim 
ilarly, W illiams e ta l. (2010) found (Re ) ^  (1 + z)- 1 3  for pas
sive galaxies (UVJ selected) with M  >  1011 M 0 which results 
in an increase o f a factor ~1.3 in our redshift range. From  the 
analysis o f passive galaxies (UVJ colour selected) with M  >  

2 x  1010 M0 , van der Wel et al. (2014) found (Re ) ^  (1 + z)- 148 

over the redshift range 0 <  z <  3, still in fair agreem ent with our 
results.

In Fig. 4 we directly show the distribution o f R e o f M PGs in 
the same redshift bins as Fig. 3 . A lthough the two distributions 
are significantly different (KS test probability < 10- 8 ), the figure
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Fig. 3. Size-mass relation of passive VIPERS galaxies (grey open + red 
open points) in the two extreme redshift bins of our analysis (0.5 < z < 
0.7 in the lower panel, and 0.9 < z < 1.0 in the upper panel). Blue open 
points are the MPGs analysed in this paper (vertical lines indicate the 
mass cut). Horizontal lines indicate half of the FWHM at that redshift, 
while magenta lines are the best fit of the size-mass relation of MPGs. 
Black diagonal lines are lines of constant £  (2000 and 1000 M0 pc-2).

Fig. 4. Distribution of the effective radius for MPGs in our lowest (blue 
histogram) and highest (red histogram) redshift bins. The solid lines 
indicate the median values of the two distributions. The probability p 
that the two distributions are extracted from the same parent sample are 
reported in the label.

shows that they cover the same range o f R e. This suggests that 
the population o f com pact M PGs does not totally disappear with 
cosm ic time. In the next section we w ill quantify this qualitative 
trend by estim ating the com oving num ber density o f M PGs with 
different 2.

4. The number density of MPGs in VIPERS 
as a function of redshift and mean stellar 
mass density

In order to derive the num ber density o f the M PGs as a 
function of £  we subdivided our sample into a “high-£

Table 2. Total number of massive quiescent galaxies and of the high-£ 
sample, intermediate-£ sample, and low-£ sample in the four redshift 
bins 0.5 < z < 0.7, 0.7 < z < 0.8,0.8 < z < 0.9, 0.9 < z < 1.0.

z Ntot Nhigh-£ Nint-£ Nlow-£
0.5-0 .7 782 165 185 352
0.7-0.8 482 144 128 163
0.8-0 .9 386 103 92 116
0.9-1 .0 372 112 97 101

Notes. At each redshift the sum of the high+intermediate+low £  galax
ies is smaller than the total number of objects since not all the MPGs 
have a reliable Re.

sample” , consisting o f galaxies with £  > 2000 M 0 pc-2, an 
“in te rm ed ia ted  sample” , consisting o f galaxies with 1000 < £  < 
2000 M0 pc-2, and a  “low -£ sam ple” consisting of galaxies with 
£  < 1000 M0 pc-2 . The choice o f a  cut at 2000 M 0 pc-2 was de
term ined by the characteristics of the CFHTLS images. In Fig. 3, 
the horizontal solid lines indicate half o f the FW H M  of the PSF. 
We note that all the M PGs with R e below half the FW HM  of the 
images, at any redshift, have £  > 2000 M0 pc-2 . Adopting this 
cut ensures that all galaxies with radii lower than the resolution 
o f the im age (i.e. galaxies for w hich Re could be overestimated), 
are in the same £  bin and do not spuriously contam inate other 
bins. We stress that this is a conservative choice. Effective radii 
are derived by deconvolving the data for the real PSF o f the im 
ages. A t the typical S/N o f our galaxies, m easurem ents o f Re 
lower than the im age resolution are robust as shown in the A p
pendix of K ryw ult et al. (2017) .

In Table 2, we list the total num ber o f galaxies in each bin 
o f stellar mass density, and for each redshift bin. Their sum is 
smaller than the total num ber o f galaxies (Col. 1, Table 2) since 
for a fraction o f galaxies we do not have a reliable estim ate of 
their structural param eters (see Sect. 2.2).

The VIPERS final sam ple (and hence our final sample of 
M PGs) suffers from  three sources o f incompleteness. These are 
the target sampling rate (TSR), the success sampling rate (SSR), 
and the colour sampling rate (CSR). The TSR is given by the 
ratio o f galaxies effectively observed w ith respect to the photo
metric parent sample. The SSR is the fraction o f spectroscopi
cally observed galaxies with a redshift measurem ent. The CSR 
takes into account the com pleteness due to the colour selection 
o f the survey. These statistical weights (hereafter TSR(i), SSR(i), 
CSR(i)) depend on the m agnitude of the galaxy, on its redshift, 
colour, and angular position. They have been derived for each 
galaxy in the full VIPERS sample (for a  detailed description of 
their derivation see Garilli et al. 2014; Scodeggio et al. 2017). In 
the derivation o f the num ber density, we weighted each M PG  i 
in our sample by the quantity w(i) = 1/(TSR(i)*SSR(i)*CSR(i)).

Beside these sources o f incompleteness, a fraction o f M PGs 
is lacking reliable structural parameters. In Fig. 2 we show 
this fraction as a function o f redshift. We checked whether the 
galaxies w ithout structural param eters belong mainly to a sub
population of galaxies o f a  given £. To address this issue, we 
com pared the fraction o f high-, intermediate- and low -£ M PGs 
in different redshift bins (which have different levels of com 
pleteness). We did not find any significant variation between red- 
shift bins. G iven that there is no dependence of the lack o f struc
tural param eters on £  (or vice versa), we corrected the num ber 
densities o f M PGs for this source of incompleteness, using the 
values in Fig. 2 .

In Fig. 5 we show the num ber density o f M PGs as a function 
o f redshift and m ean stellar m ass density, both in the W1 and W 4
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Fig. 5. Number densities for massive passive galaxies with £  > 2000 M 0  pc - 2 (right panel, dark red symbols), 1000 < £  < 2000 M 0  pc - 2 (central 
panel, orange symbols), and £  < 1000 M 0  pc - 2 (left panel, green symbols), for the W1 field (filled circles) and W4 one (open circles). Number 
densities for the W4 field are shifted in redshift to better visualize them. The error bars correspond to 1ix.

fields. Error bars were derived taking into consideration Poisson 
fluctuations, and the uncertainties on the R e  estimates. To con
sider this last source o f uncertainty, we com puted the standard 
deviation <r (z, £ ) over 100 num ber density estimates obtained 
by replacing for each galaxy the effective radius R e  with a value 
random ly drawn from  a Gaussian distribution with m ean value 
R e  and standard deviation the typical error on R e  (i.e. 0.05 R e , 
see Sect. 2.1).

The estimates o f the num ber density in the W 1 and W 4 fields 
are in very good agreement, indicating that the wide area of 
VIPERS reduces the effect o f cosm ic variance even for the m ost 
massive galaxy sample. This result is in agreem ent with the ex
pected cosm ic variance o f ~10%  derived for VIPERS m assive 
galaxies in D avidzon et al. (2013) . In Fig. 6 we report the num 
ber density o f M PGs as a function o f £  (plus the num ber density 
for the whole population o f M PGs) in the total VIPERS area 
(W1 + W 4). E rror bars are derived as described above. The evo
lution o f the num ber density o f the whole population o f M PGs 
is well fitted by a function p  k  (1 + z)a, w ith a  = -3 .3  ± 0.9. 
In the ~2.5 G yr from  z = 1.0 to z = 0.5, the num ber density of 
M PGs increases by a factor ~2.5. Similarly, we fitted the num ber 
density evolution o f the three sub-populations with a power law, 
and found a  = -5 .0  ± 0.4 for low -£ M PGs, a  = -1 .8  ± 0.7 for 
in te rm ed ia ted  M PGs and a  = -0 .7  ± 0.9 for h igh-£ M PGs. We 
find that the evolution o f the num ber density strongly depends 
on the m ean stellar m ass density o f the system. In particular, the 
lower the m ean stellar mass density, the faster the evolution. The 
num ber density o f the densest M PGs is approxim ately constant 
over the whole redshift range, while the num ber density o f less 
dense M PGs constantly increases with tim e by a factor o f ap
proxim ately four.

Figure 6 shows that we are looking at a crucial m om ent in 
the build up of the M PG  population, that is when less com pact 
galaxies, w hich constitute the bulk o f the local M PG  population, 
start to dominate. In fact, at z > 0.8, the population o f M PGs is 
com posed in equal parts o f high, interm ediate and low -£ galax
ies. A t lower redshift, the contribution o f low -£ M PGs steadily 
increases. A t z = 0.5 com pact quiescent galaxies account for ju st

Fig. 6. Number density of MPGs with different mean stellar mass den
sity in VIPERS field as a function of the redshift. Dark red triangles 
refer to high-£ MPGs, orange circles refer to intermediate-£ MPGs, 
and green squares to low-£ MPGs. Black circles show the number den
sity for the total sample of MPGs. Number densities for the three sub
populations are shifted in redshift to better visualize them. The error 
bars correspond to 1ix. We fitted the data with a power law and solid 
lines are the best-fit relations.

~15%  o f the whole population. Less com pact systems, on the 
other hand, account for m ore than half o f the whole population. 
This result is in agreem ent with the analysis by Cassata et al. 
(2011) who found that norm al (i.e. less dense) passive (sSFR  < 
10-11 yr-1) and elliptical galaxies with 1010 < M  < 10115 M 0 
start to becom e the dom inant sub-population at z ~  0.9.
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O ur results are in good agreem ent also with Carollo et al. 
(2013) who found that the num ber density o f passive (sSFR < 
10-11 yr-1) and elliptical galaxies w ith M  > 1011 M 0 and Re < 
2.5 kpc decreases by ~30%  in the 5G yr between z ~  1 and 
z ~  0.2. D am janov et al. (2015) found an alm ost constant num ber 
density over the redshift range 0.2 < z < 0.8 for colour selected 
passive com pact galaxies with M  > 8 x  1010 M0 . Gargiulo et al. 
(2016) found p(z) ^  (1 + z)0'3±0'8 for a sample o f m orphologi
cally selected elliptical dense galaxies (2  > 2500 M 0 pc-2) with 
M  > 1011 M0 in the redshift range 0 < z < 1.6, consistent with 
our results. Cassata et al. (2013) found a very m ild decrease of 
com pact galaxies (1 ^  below the local SMR), and a m ild increase 
in the num ber density o f norm al galaxies (consistent at 1 ^  with 
the local SM R) from  z ~  1 to z ~  0.5, in qualitative agreem ent 
with our results. However, they found that the num ber density of 
ultra-com pact galaxies (0.4 dex smaller than local SDSS coun
terparts o f the same mass) dram atically decreases. A detailed 
com parison with our results is not possible given the different 
selection o f the samples. Nonetheless, we verified that the con
stant trend for high-2 M PGs we show in Fig. 6 is not related to 
the adopted cut 2  = 2000 M 0 pc-2 . We estim ated the num ber 
density for the sub-sam ple o f M PGs with 2  > 3000 M 0 pc-2 and 
2  > 4000 M0 pc-2 and found a  = -0 .5  ± 1.4 and a  = -1 .3  ± 1.5. 
These results are consistent at 1 ^  with the results we found for 
the high-2 sub-population.

If  the global population o f dense passive galaxies were to 
evolve in size, then in order to m aintain a constant num ber den
sity o f the com pact sub-population over cosm ic time, new dense 
galaxies would have to appear at low er redshift. In particular, 
the tim escale o f the size-growth mechanism s and that o f the ap
pearance o f new dense m assive quiescent galaxies would need 
to be very sim ilar (e.g. Carollo et al. 2013). The other possibility 
is that the dense M PGs passively evolve w ithout changing their 
structure. One way to discrim inate between these two possibili
ties is to study o f the age o f the stellar population as a function 
of the m ean stellar m ass density.

5. The stellar population age of MPGs as a function 
of the redshift and mean stellar mass density

For any individual galaxy, we constrained its stellar population 
age fitting the photom etric SED (ageSED). Since we are aware of 
the age-m etallicity degeneracy which can affect the SED fitting 
estimates, we adopted the independent m easurem ents o f D 4000n 
to validate our conclusions.

The D 4000n index (Balogh et al. 1999) is an age sensitive 
spectral feature (Kauffmann et al. 2003) defined as the ratio  be
tween the continuum  flux densities in the blue region [3850
3950] A and red  region [4000-4100] A across the 4000 A break:

D4000„ =

. \ rred
(T2lue -  F y dT

/ \ Tblue
( 4 ed -  T f U b L  Fv dT

(5)

A com plete description o f the D 4000n m easurem ents for 
VIPERS galaxies is presented in G arill ie ta l. (2014) . 
S iu d ek e ta l. (2017), using stacked spectra, have already 
investigated the star form ation epoch o f all o f VIPERS passive 
galaxies through the analysis o f both the D 4000n and the H  
Lick index. The authors selected passive galaxies using an 
evolving cut in the rest-fram e U -  V colour and found that, over 
the full analysed redshift and stellar m ass range (0.4 < z < 1.0

and 10 < log(M /M 0) < 12, respectively), the D 4000n index 
increases with redshift, while H  gets lower. Here, instead of 
looking for trends of D 4000n with stellar m ass and z, we focused 
our analysis on a given stellar m ass bin, and investigate within 
this bin the trend o f D 4000n with 2  and z. We selected M PGs 
with the error on D 4000n smaller than 8% in order to restrict the 
analysis to galaxies with a highly accurate estim ate o f D 4000n. 
This criterion further reduces the sample by ~10% , but does not 
alter the distribution in 2 . F igure A.1 shows how the conversion 
o f the D 4000n into a stellar population age depends both on 
m etallicity Z  and on the tim escale t  o f the star form ation of 
the galaxy (we report the trend in the case o f an exponentially 
declining star form ation history). Given the spectral coverage 
and resolution o f our spectra, we can accurately m easure 
D 4000n for each individual galaxy but conversely we cannot 
constrain either Z  or the tim escale. Instead o f m aking a blind 
assum ption o f Z  and t , we exploited the capabilities o f our 
spectroscopic+photom etric dataset. We firstly constrained the 
evolution o f stellar population ages as derived from  SED fitting. 
Starting from  the best-fit models o f the SED, we derived the 
m ean value o f AgeSED(z, 2 ) for M PGs in each bin o f z and 2  
and investigated its evolution over the cosm ic time. Since the 
estim ate of the Age from  the SED fitting could be biased by 
the age-m etallicity degeneracy, we com pared the predictions 
we obtained with the independent m easurem ents o f stellar 
population ages obtained by the spectroscopic index D 4000n. 
In details, together w ith AgeSED(z, 2), we derived ZSED(z, 2), 
and tsed(z, 2 ) from  the best-fit models o f the SED. Using 
low-resolution (lr) BC03 models (i.e. the same as those used to 
perform  the SED fitting), we derived the D 4000n corresponding 
to these m ean values, D 4000n,SED(z, 2), and com pared these 
estimates with the m ean value o f the distribution o f D 4000n of 
all o f the M PGs in that bin o f z and 2. For sim plicity we focus 
this part o f our analysis on the two extrem e 2  sub-populations, 
the low -2 and high-2 M PGs. Results for interm ediate-2 M PGs 
are in between.

In Fig. 7 filled points show the m ean values o f AgeSED 
and the m ean value o f D 4000n (left and right panels, respec
tively) o f low -2 (green filled squares) and high-2 (dark red tri
angles) M PGs. Error bars indicate the error on the mean. The 
left panel o f Fig. 7 shows that for high-2 M PGs the evolution 
o f the stellar population ages derived from  the SED fitting is 
consistent w ith a passive evolution o f the population. In fact, 
their AgeSED increases by ~2  Gyr during the 1.8 G yr of evo
lution between z = 0.95 and 0.6. A t any redshift, the mean 
value o f the tim escale o f star form ation t , as constrained by the 
SED fitting, is ~0.4 Gyr, and the best-fit models have a mean 
Z  ~  0.5 ± 0.3 Z03. U sing these constraints on age/T/Z and BC03 
models, we derived D 4000n,SED. Actually, BC03 models provide 
the theoretical SED for discrete values o f Z  (e.g. Z  = 0.2 Z0 , 
0.4 Z0 , Z0). Thus, to derive the D 4000n,SED we interpolated the 
estimates of the two models which encompass the m ean values 
o f Z. The resolution o f BC03 lr models is 20 A while VIPERS 
spectra have a  resolution o f ~  17 A around the 4000 A break. U s
ing the high resolution (3 A) BC03 models we verified that this 
difference affects the D 4000n by ~0.01 (see Appendix A). This 
is well below the typical error on D 4000n and for this reason we 
did not correct for it. The values o f D 4000n,SED are shown in the 
right hand panel o f Fig. 7 with open dark red  triangles. They are

3 We caution that this value refers to the whole galaxy, not just to the 
central region known to have Z > ZSun (e.g. Gallazzi et al. 2005). This 
value is in agreement with the mean metallicity within Re of local mas
sive ETGs (0.7+015 Z0, see Appendix C).
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Fig. 7. Left panel: mean stellar population ages of MPGs as derived from the SED fitting as a function of redshift and mean stellar mass density for 
high- and low-E MPGs (filled points). The colour and symbols code is the same as in Fig. 6. Error bars indicate the error on the mean. Points refer 
to the redshift bins 0.5 < z < 0.7,0.7 < z < 0.9, 0.9 < z < 1.0. The arrows track the increase of the ages in case of passive evolution from z = 0.95 
to z = 0.6. Right panel: filled points: the mean values of D4000n directly measured on spectra for MPGs with different E (symbol and color code 
the same as in the left panel). Open dark red triangles indicate the values of D4000n of high-E MPGs derived from a BC03 model with age/r/Z 
equal to the mean values derived from the SED fitting of this sub-population (D4000n,SED). Open green squares are the equivalent for low-E MPGs, 
once the aperture bias is taken into account. Actually, for high-E MPGs the slit aperture samples approximately the whole galaxy (see Fig. 8 ), thus 
D4000n measured directly from the spectra and D4000n,SED can be fairly compared. For low-E MPGs Fig. 8 shows that the slit samples just the 
region within 0.5 Re. In the comparison of D4000n and D4000n,SED hence, we have to take into account the effect of colour gradients (see more 
details in Sect. 5.2). Open green circles indicate the values of D4000n,SED of low-E without any correction for aperture bias.

Fig. 8. Ratio between half of the aperture of the slit and effective radius 
of the galaxies as a function of the mean stellar mass density and z . The 
colour code is the same as in Fig. 6 .

in good agreem ent with the m ean value o f D 4000n m easured on 
real spectra. The results seen in Figs. 7 and 6 , thus, show that 
both the evolution o f the num ber density and o f the age o f stellar 
population o f dense M PGs, are coherent with passive evolution 
since z = 1.0.

For w hat concerns the low-E M PGs, the left-hand panel o f 
Fig. 7 shows that a t any redshift they are system atically younger 
than high-E M PGs. In particular their ages increase by just
0.4 G yr in the 1.8 G yr o f tim e that passes between z = 0.95 
and 0.6. Before com paring the observed value o f D4000n with 
D 4000b,s e d  it is im portant to note that the D 4000n we used refers 
to the portion o f the galaxy that falls into the 1" slit. Consid
ering the different dimensions o f high, intermediate, and low-E 
M PGs, the slit samples a different fraction o f total light for the 
three sub-populations. In Fig. 8, the points indicate the portion 
of galaxy covered by the slit in R e  unit for the high-E and low 
E sub-populations, as a function o f redshift. A lm ost all o f the 
light from  high-E M PGs is included in the slit, thus the D4000n

provides constraints on the age of the whole galaxy, similarly 
to the SED fitting. For low-E M PGs, the slit samples the inner 
0 . 5 R e . Given the known presence o f m etallicity gradients in pas
sive galaxies both in local Universe and at interm ediate redshift, 
this implies that at any redshift i) we cannot directly com pare the 
D4000n o f high- and low-E M PGs; and ii) for low-E M PGs, we 
cannot directly com pare the results from  SED fitting with those 
derived from  the spectral features as we did for high-E MPGs. 
A lthough a direct com parison at fixed redshift is not straightfor
ward, we highlight that the region which is sam pled by the slit is 
approxim ately constant over our redshift range (see Fig. 8) and 
this assures us that the evolutionary trends o f D4000n are not 
affected by aperture effects.

Taking advantage of the spatially resolved inform ation on 
stellar population properties provided by ATLAS 3 D  survey 
(Cappellari et al. 2011) for a sample o f 260 local elliptical galax
ies (ETGs), we quantified that for low-E local m assive ETGs 
the m etallicity in the central (r  <  0 . 5Re , ZRe/ 2 ) region is -2 0 %  
greater than the m etallicity within R e  (see Appendix C). A t the 
same time, we found that there is no significant trend with ra 
dius of the tim escale o f the star form ation or age4 . Taking this 
into consideration, we derived D 4000n, S E D  applying the correc
tion we derived from  local U niverse to the m ean values o f Z  (we 
note that Gallazzi et al. (2014) do not find any evolution in the 
m etallicities o f m assive quiescent galaxies since z -  0 . 8). Results 
are shown as open green squares in the right panel o f Fig. 7 . As 
for high-E M PGs, they are in good agreem ent with the D 4000n 
values m easured on real spectra. To qualitatively show the ef
fect o f slit aperture, we report in the figure also the values of 
D 4000b,s ED not corrected for the aperture bias. There is clear dis
agreem ent between these values and the m ean values m easured 
from  real spectra.

4 The population of passive galaxies and elliptical galaxies are not co
incident (see e.g. Tamburri et al. 2014; Moresco et al. 2013). However, 
at first order, the two populations share the same properties.
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Summarizing, both the evolution o f the num ber density and 
of the stellar population ages o f low -£ M PGs strongly support 
a picture in which younger low -£ M PGs continuously appear at 
lower redshift. These results indicate that the increase both in 
num ber and in m ean size o f the population of M PGs is due to 
the continuous addition of larger and younger quiescent galaxies 
over cosm ic time.

We stress that the com parison between D4000 n  and 
D 4000Bised in Fig. 7 is m eaningful only between the m ean val
ues of the distributions and not for any single galaxy. Conven
tionally SED m odelling uses a coarse grid o f Z /t, that can
not accurately reproduce the m ore realistic smooth distributions 
of m etallicity and tim escale o f star formation o f real galaxies. 
Nonetheless, although the single values o f stellar population pa
rameters could be biased, the m ean values are m ore representa
tive o f the truth as suggested by the consistency between D 4000n 
and D 4000BisED in Fig. 7 . A lthough the consistency between 
spectroscopic and photom etric data confirms the robustness o f 
our conclusions, we are conscious o f the issues related to the 
Age and Z  derived from  SED fitting. For this reason we derived 
the stellar population ages also using only the D4000n  m easure
m ents. To do this, we followed the standard approach of assum 
ing some fiducial values for Z  and t  from  local studies (e.g. 
F a g io lie ta l. 2016; Z a h id e ta l. 2016) . We caution that in this 
analysis we are interested ju s t in relative values o f stellar pop
ulation ages, i.e. in the AAge from  z  = 1.0 and z = 0.5, and not 
in the absolute values. This relaxed requirem ent alleviates the 
issue related to the unknown value o f t .  In fact, Fig. A.1 shows 
that at fixed m etallicity and in the range o f ages we are interested 
in, the curves with different t  are alm ost parallel (see the figure 
for models in w hich Z  = Z0 and t  = 0 .3 ,0 .4 , and 0.6 Gyr respec
tively). This fact implies that the AAge does not depend m uch on 
t  but m ostly on Z. Using our analysis on ATLAS3D survey, we 
fixed Z  = 0.85Z0 for low -£ M PGs (see Appendix C, [Z /H ]Re/2). 
In Fig. A .1, the evolution o f D 4000n as a function o f age for this 
Z  value is plotted. We obtained the curve interpolating the m od
els w ith Z  = Z0 and Z  = 0.4 Z0 . The value o f D 4000n for low-£ 
M PGs at z = 1.0 and z = 0.5 (i.e. 1.74 and 1.84, see Fig. 7) is 
also shown. We observe that the corresponding AAge is <1 Gyr,
i.e. the evolution o f the stellar population ages is slower than 
that expected in case of passive evolution (AAge = 2 Gyr), as 
we found in Fig. 7 . We notice that this conclusion is still valid 
also for solar and super-solar metallicity. Following the same 
scheme, we repeat the analysis for high-£ M PGs. In this case 
we fixed Z  = 0.7 Z0 (see A ppendix C, [Z /H ]Re). As before, in 
Fig. A.1 we indicate the evolution o f D 4000n for this Z  value and 
also p lot the value o f D 4000n at z = 1.0 and z = 0.5 (i.e. 1.67 
and 1.80, see Fig. 7). The figure shows that AAge is ~1.7 Gyr, 
which is consistent within the errors with the AAge expected in 
case o f a  passive evolution, in agreem ent w ith our conclusions of 
Fig. 7 . For com pleteness, we also plot the evolution o f D 4000n  

as a  function o f age for Z  = 0.5 Z0 , that is for the Z  value we 
obtained from  the best fit o f the SED.

Evidence for older ages of the densest galaxies has been 
found by m any authors both in the local Universe and at 
high-z (e.g. Shankar & Bernardi 2009; Saracco et al. 2009; 
Valentinuzzi et al. 2010; W illiams et al. 2010; Saracco e ta l. 
2011; Poggianti et al. 2013a; C a ro llo e ta l. 2013; F ag io lie ta l. 
2016). However m ost o f these works investigated a larger stellar 
mass range, not focusing their analysis on the m assive end.

In the same mass range, using UV colour to date stel
lar population ages o f passive com pact m assive ellipticals, 
C a ro llo e ta l. (2013) found that they are consistent w ith pas
sive evolution, in agreem ent with our results. Using a set o f

L ick absorption indices, Onodera et al. (2015) investigated stel
lar population properties for a sample o f m assive quiescent 
galaxies (U VJ  colour selected) at (z) = 1.6. They found a mean 
age o f 1.1+0 2 Gyr. As stated by the authors, this value is in excel
lent agree-m ent with the age of local counterparts, if  h igh-z m as
sive quiescent galaxies evolve passively. We verified that m ore 
than 8 0 % of their sample is com posed o f m assive passive galax
ies with £  > 2000 M 0 p c-2, thus we can reasonably com pare 
their results with ours. If  we assum e passive evolution between 
z = 1.6 and z = 0.95, the m ean age o f their m assive quiescent 
galaxies rises to 3.1+0 3 Gyr. This is in fair agreem ent with the 
m ean age o f high-£ M PGs we find at z = 0.95 (3.7 ± 0.2 Gyr) 
(see also W hitaker et al. 2013) .

D ifferent conclusions were reached by F16. Using stacked 
spectra, the authors constrained the stellar population ages for 
dense and less dense passive galaxies in the zCOSM OS sample 
from  z  = 0.8 to z  = 0.2. They found that the age o f dense m as
sive quiescent galaxies increases less than would be expected 
from  passive evolution alone. M oreover, they found no correla
tion between the age o f stellar population and the dim ension of 
the source. The present analysis differs from  the F16 analysis in 
a num ber o f ways: the selection o f passive galaxies (no emission 
lines plus no M IPS in F16 vs. N U V rK  colour in our work); the 
selection of the dense sub-population (cut a t fixed R e or along 
the SM R vs. cut a t fixed £); and the procedure adopted to con
strain the stellar population age. Unfortunately, we cannot ex
actly reproduce their analysis w ith our data set. In A ppendix B, 
we checked how our results change if  we adopt the same criteria 
used by F16 to select dense and less dense galaxies. We found 
that the m ean age o f dense M PGs is consistent w ith passive evo
lution and that less dense M PGs are younger than dense MPGs, 
independently o f the criteria used to divide the sub-populations. 
However, as stated above, we stress that the previous checks rely 
on a sample o f M PGs selected in a different way and adopt differ
ent techniques to constrain the stellar population age. In fact, we 
cannot repeat the same analysis w ith our data set, so we cannot 
fully account for the effect o f these two factors on the results.

6. Where do new large MPGs come from?

The evidence that the new M PGs are systematically younger 
than high-£ M PGs contrasts with the hypothesis that all m as
sive galaxies are assem bled m ostly through dry mergers (e.g. 
Hopkins e ta l. 2009; Cappellari e t al. 2012) . In fact, dry m erg
ers should dilute any trend between stellar population age and 
tim e o f appearance by m ixing up the stellar population o f p re
existing systems. In fact, m ore recently new pieces o f evi
dence have com e to light supporting a scenario in which PGs 
are m ostly the final evolutionary stage of star-forming galaxies 
(SFGs) that progressively halt their star form ation until they be
com e quiescent (e.g. L illy & Carollo 2016; Driver e ta l.  2013; 
Huertas-Com pany et al. 2015, 2016). In fact, a t any z  and at fixed 
stellar mass, star-forming galaxies are larger than passive ones 
(e.g. van der Wel et al. 2014) . Thus, if  passive galaxies are just 
the quenched counterpart o f star-forming galaxies, we should ex
pect a correlation between the stellar population age o f PGs and 
their m ean stellar mass density in the direction o f younger age 
for less dense systems. This is exactly w hat we have shown in 
Fig. 7 . In this case, however, further evidence is expected: the 
num ber o f PGs that appear at any time, has to be sim ilar to the 
num ber o f SFGs that disappear. To test this sim ple hypothesis, in 
Fig. 9 w e com pare the num ber density o f the whole population o f 
M PGs, with the num ber density o f m assive star-forming galax
ies (M SFGs). We considered all non passive m assive galaxies to
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Fig. 9. Evolution of the number density of MPGs (filled red circles) 
and of star forming massive galaxies (MSFGs, blue filled stars). Open 
circles show the expected growth in the abundance of MPGs below z < 
0.8, assuming that this is fully due to the observed decline of MSFGs. 
Solid and open circles have been shifted for visualisation purposes.

be M SFGs. The figure shows that the num ber densities o f the 
two populations start to deviate at z < 0.8, that is when the U ni
verse becomes efficient at producing low -2 M PGs. In particular, 
the num ber density of M SFGs is alm ost flat at z > 0.8 and then 
drops by  a factor o f approxim ately 2  at lower z. The declining 
trend does not depend on the selection criterion used to iden
tify M SFGs. Haines et al. (2017) found the same trend study
ing the num ber density o f M  > 1011 M 0 VIPERS galaxies with 
D 4000n < 1.55. Starting from  the very sim ple assum ption that all 
the M SFGs that disappear at z < 0.8, m ust necessarily m igrate 
in the population of M PGs, we derived the num ber density of 
M PGs expected at z < 0.8 by considering their density at z = 0.8 
and the observed decrem ent o f M SFGs at z < 0.8. Open red sym 
bols report the results. In fact, they are in excellent agreem ent 
with the observed num ber density o f M PGs. In this basic test we 
did not take into account the fact that som e star-forming galax
ies with M  < 1011 M0 can enter into our sample at a  later time. 
Nevertheless, the com parison shown in Fig. 9 shows that, to first 
order, the m igration o f M SFGs to M PGs fully accounts for the 
increase in the num ber density o f M PGs with cosm ic time. In 
particular the ( R e ) o f M SFGs at z -  0.8 is - 5 .7  kpc, in agree
m ent with the value (Re) = 6.3±3 kpc o f low- and interm ediate-2 
M PGs at ( z ) = 0.5. If  a portion o f low -2 M PGs assem bled its 
stellar m ass inside-out, that is starting from  a com pact passive 
core, we should add the num ber o f these size-evolved M PGs to 
the open circles in Fig. 9, since the “progenitor” com pact core is 
not included in the population o f M SFGs. In fact, including other 
channels for M PG  production in the m odel would overestimate 
the num ber density o f the population. We can therefore exclude 
the possibility that the inside-out accretion scenario is the main 
channel for the build up o f the M PG  population. This evidence 
confirms in an independent way the results we found in Figs. 6 
and 7 and that we summ arise in the cartoon of Fig. 10. In the 
-2 .5  Gyr o f tim e from  z = 1.0 to z = 0.5, the num ber density of 
high-2 M PGs does not evolve, and the ages o f their stellar popu
lations are consistent w ith a passive evolution. In the same time

interval, the num ber density of low -2 M PGs increases by a fac
tor o f four. This increase is fully consistent w ith the decrem ent 
we observe in the num ber density o f M SFGs. If  the new low-2 
M PGs are the direct descendants o f M SFGs, we should expect 
to find that the new low -2 M PGs w ould have to be younger than 
low -2 M PGs and high-2 M PGs already in place at higher red- 
shift, as we found in Fig. 7 .

7. Summary and conclusions

We used the VIPERS data set to investigate how the population 
o f m assive passive galaxies (M PG s) has been built up over cos
m ic time.

We looked at the evolution o f both the num ber density and 
the m ean age o f the stellar population o f M PGs as a function of 
redshift, and of the m ean surface stellar m ass density. From  the 
VIPERS data set, we selected a  sample o f -2 0 0 0  M PGs over the 
redshift range 0.5 < z < 1.0. We divided this sample into three 
sub-populations according to their value o f 2 : high-2 MPGs, 
interm ediate-2 M PGs, and low -2 M PGs.

We studied the evolution o f the num ber density for the 
three sub-populations o f M PGs and found that it depends on 
2 : the lower 2  the faster the evolution (see Fig. 6) . In partic
ular, we found that the num ber o f dense galaxies per unit vol
um e does not increase from  z = 1.0 to z = 0.5. Instead, over 
the same tim e interval, the num ber density of less dense M PGs 
increases by a factor 4. This different evolution changes the 
com position of the population o f M PGs with time. A t z > 0.8, 
high-, intermediate- and low -2 M PGs contribute approxim ately 
equally to the population. A t z < 0.8, the num ber density o f low- 
2  M PGs progressively increases and this sub-population starts to 
dom inate over the other two classes.

We then investigated the evolution o f the stellar population 
ages as a function o f 2  (see Fig. 7) . We constrained the ages us
ing both photometry, that is fitting the spectral energy distribu
tion, and spectroscopy, through the D 4000n index (Balogh et al. 
1999) . These two independent estimates are in agreem ent and 
show that:

-  The evolution o f the age o f h igh-2 M PGs is fully consistent 
w ith a passive ageing o f their stellar population.

-  The evolution o f the age o f low -2 M PGs is slower than 
would be expected in the case o f passive evolution, i.e. new 
low -2 M PGs are younger than existing ones.

-  A t any redshift, dense M PGs are older than less dense MPGs.

Both the evolution o f the num ber density and o f the age o f the 
stellar population o f high-2 M PGs are consistent with passive 
evolution for this sub-population. On the other hand, the results 
we found for low -2 M PGs show that their num ber density con
tinuously increases with decreasing redshift, that is new low -2 
galaxies jo in  the population o f M PGs as tim e goes by. The study 
o f stellar population age shows that these new galaxies are sys
tem atically younger than the low -2 M PGs already in place.

These results indicate that the increase both in num ber den
sity and in typical radial size observed for the population of 
M PGs is m ostly due to the addition o f less dense and younger 
galaxies at later times. Taking the results for low- and high-2 
M PGs together we found that the population o f M PGs was built 
by the continuous addition o f less dense M PG s: on top o f pas
sively evolving dense M PGs already in place at z = 1.0, new, 
larger and younger quiescent galaxies continuously jo in  the pop
ulation o f M PGs at later times.

We find evidence that these new  M PGs are the direct descen
dants o f m assive star-forming galaxies (M SFGs) that quenched
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their star formation. In fact, in Fig. 9 we show that the observed 
increase in the num ber density o f M PGs is totally accounted for 
by the decrease in the num ber density o f M SFGs. This not only 
provides constraints on the origin o f M PGs, but also rules out 
inside-out accretion as the main channel for their build up, con
firming in an independent way our conclusions based on the evo
lution o f num ber density and stellar population age.
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Fig. 10. Schematic view of our results and findings. In the lower panels we plot the evolution of number density for low- and high-E MPGs (large 
green and small red dark spheroids, respectively). From z = 1.0 to z = 0.5 the number density of high-E MPGs does not increase, while over the 
same time period, the number of low-E MPGs increases by a factor 4. These new low-E MPGs are plausibly the direct descendants of MSFGs 
(blue spirals) that progressively halt their star formation until they become passive (see upper panels). In fact, we found that the observed increase 
in the number density of MPGs is totally accounted for by the observed decrease in the number density of MSFGs.
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Fig.A.1. D4000n  index as a function of the age for BC03 low resolution 
models with exponentially declining star formation history, the Chabier 
IMF (when not otherwise specified), and different t  and Z. Solid m a
genta, solid blue, solid green, solid red, red-dashed and solid cyan lines 
correspond to models with t  = 0 .4 Gyr and Z = 2 .5 Zq ,  Zq ,  0 . 85 Zq, 

0 . 7 Zq, 0 .5 Zq and 0 . 2 Zq . Dashed and dot-dashed blue lines indicate 
models with Z = Zq and t  = 0.3 Gyr and 0.6 Gyr, respectively. Dotted 
and dashed black lines indicate models with Z = 0 . 2 Zq ,  t  = 0 .4 Gyr 
and resolution 20 A and 17 A  respectively. Dot-dashed magenta line 
indicates the evolution of D4000n  index for models with Z = 2 .5 Zq, 
t  = 0 .4 Gyr and the Salpeter IMF (Salpeter 1955). Dashed horizontal 
green and red lines indicate the value of D4000n  at z = 1. 0 and at z = 0 .5 
for low- and high-E MPGs, respectively.

Appendix A: The dependence of D4000„ 
on metallicity, timescale of star formation, 
resolution and IMF.

In Fig. A.1 we report D 4000b for different BC03 models in order 
to show the dependence o f this quantity on metallicity, tim escale 
o f star formation, spectral resolution and IMF. We plot lines 
that track the evolution of D4000n with stellar population age 
for BC03 low resolution (lr) models w ith the same star form a
tion tim escale (t  = 0 .4 Gyr) and Z  = 0 . 2 ZQ, Z  = 0 . 5 ZQ, 
Z  = 0 . 7 Zq , Z  = 0 . 85 Zq , Z  = Zq , and Z  = 2 . 5 Zq . We also 
show the evolution o f D4000n for models with solar m etallicity 
and t  = 0 . 3 G yr and t  = 0 . 6 Gyr, along with D 4000b for two 
m odels with the same t  and m etallicity but different resolution. 
In particular, starting from  a high resolution BC03 m odel with 
t  = 0 . 4 G yr and Z  = 0 . 2 Zq  we downgrade it to 20 A and to 
17 A , the typical resolution o f VIPERS spectra. Finally, we plot 
the evolution o f the D 4000b index for a m odel with t  = 0 . 4 Gyr, 
Z  = 2 . 5 Zq  and the Salpeter IM F (Salpeter 1955) .

Appendix B: Comparison with the analysis 
by Fagioli et al.

In this section we repeat the analysis shown in Sect. 5 assum 
ing the same definition for dense and less dense passive galax
ies adopted by Fagioli et al. (2016) . As stated in Sect. 5, Fagioli 
et al. adopted two criteria to select dense and non dense galax
ies: i) cuts at constant R e  (i.e. R e  <  4 . 5 kpc for dense galaxies and 
R e  >  7 . 5 kpc for less dense galaxies); and ii) cuts parallel to the 
SMR. In this second case, the authors fixed the slope to 0.63 and, 
in any redshift bin, varied the zero-point such to split the sample 
in three sub-populations which account for the 35:30:35%  of the 
total num ber o f galaxies in the redshift bin under consideration.

Fig. B.1. Upper panels: selection criteria of dense and less dense MPGs 
in this work and in F16 work reported in the size mass plane, in two red- 
shift bins (0.5 < z < 0.7 in the left panel; and 0.9 < z < 1.0 in the right 
panel). Dashed cyan lines indicate the cut we apply in the analysis pre
sented in this paper (namely E = 1000 Mq pc-2  and E = 2000 Mq pc-2 ). 
Black lines indicate the two criteria adopted in F16: dashed horizontal 
lines are the selection at constant Re , while solid lines are the selec
tion along the SMR such to select the 35% of the densest (dark red 
points) and less dense (green points) galaxies in that redshift bin. This 
selection is redshift dependent. Middle panels: evolution of the age as 
derived by the fit of the SED (left panel) for MPGs with Re  < 4.5 kpc 
dark red points and with Re  > 7.5 kpc green points (left panel) and the 
corresponding evolution of the mean D4000n  (right panel). In the left 
panels the solid (dashed) arrow indicate the increase of the age in case 
of passive evolution since z = 0.95(0.8). In the right panel, open sym
bols indicate the value of D4000n ,S E D  expected from the best-fit values 
of SED. In both panels error bars indicate the errors on the mean. In the 
highest redshift bin the largest error for less dense galaxies is principally 
due to the smaller statistics of the sample (<30 galaxies) with respect 
to the others bins (>100 galaxies). Lower panels: as middle panels but 
for MPGs selected along the SMR (red and green points in the upper 
panels).

In the upper panels o f Fig. B.1 the selection criteria are shown 
for the two extreme redshift bins (0 . 5 < z <  0 . 7 in the left panel 
and 0 . 9 < z < 1. 0 in the right panel).

In the m iddle left panel o f Fig. B.1 we plot the evolution of 
ageS E D  for M PGs with R e  <  4 . 5 kpc and with R e  >  7 . 5 kpc. In 
the figure, we also track the evolution for the pure aging o f the 
stellar populations from  z = 0 . 95 to z = 0 . 6. The figure shows 
that the ageS E D  o f M PGs with R e  <  4 . 5 kpc are consistent with 
a passive evolution, and that at any z, less dense galaxies are 
younger. The m iddle right panel shows the evolution o f the mean 
D4000n for the two sub-populations. D4000n values expected 
from  the results o f the SED fitting (D4000b,sed , see Sect. 5 for 
m ore details on the procedure) are indicated in the right panel. 
The agreem ent between D 4000b and D 4000b,sed is overall good 
and confirms the results we found in Sect. 5 for our sample of 
dense and less dense MPGs.
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Lower panels in Fig. B.1 show the same o f the upper panels 
but for galaxies selected with cut parallel to the SMR. Even in 
this case, the general conclusions do not change.

Appendix C: Impact of the finite dimension 
of the slit on the estimate of D4000n 
for low-E MPGs

In Sect. 5 we m entioned that the 1" slit o f VIPERS spectra just 
samples the central (r  < 0.5Re) regions o f low -2 M PGs and up to 
1.5Re for high-2 M PGs. Given the presence o f m etallicity gradi
ents in passive galaxies, this peculiarity can invalidate the direct 
com parison of D 4000n for M PGs with different 2  and also the 
com parison between the stellar ages derived from  the fit o f the 
SED (considering the whole galaxy) and the D 4000n values for 
low -2 M PGs. In this section we w ant to quantify if  and how 
m uch the stellar population properties vary with the radius in 
passive galaxies, in order to interpret our results at the light o f 
these constraints.

We address this topic using the spatially resolved infor
m ation on stellar population properties provided by ATLAS3D

survey (Cappellari et al. 2011) for a  sample o f local ETGs. In 
particular we refer to the estimates of age, m etallicity and al
pha enhancem ent [a/Fe] within R e and whitin 0.5 R e presented in 
M cD erm id et al. (2015). Stellar m asses were not provided by the 
ATLAS3 D  team; for this reason we refer to the dynam ical m asses 
M jam derived as specified in Table 1 in Cappellari et al. (2013) 
(M /L jam x  L, the m edian dark m atter fraction is ju st 13%, see 
Cappellari e t al. 2013). From  the same table we took the R e val
ues and derived the m ean stellar mass density as M J A M /(2nR ; ;). 
From the whole sample o f 260 ETGs we selected the massive 
(log M jam > 10.9) and less dense galaxies 2  (<1000 M 0 pc- 2 ). 
We relaxed the m ass cut som ewhat with respect to the one used 
in the paper to have a higher statistic (considering that here we 
are using total mass). In Fig. C.1 we report the age, m etallicity 
and [a/Fe] m easured w ithin 0.5 R e versus their estimates within 
R e for local m assive less dense ETGs. Figure C.1 shows that 
the central regions of local ETGs have approxim ately the same 
age and [a/Fe] o f the external regions (AgeRe/A ge0 .5 Re -  1.05, 
[a/FeR6]/[a /F e 0 .5 r J  -  1.0) but are m ore m etal rich (Z 0.5 r 6/Z rb -  
1.2, for sim ilar results see also Spolaor et al. 2010) .

Fig. C.1. Left panel: stellar population age within 0.5 Re vs. the stellar population age within Re for local ETGs with dynamical mass log Mjam >
10.9 and 2  < 1000 M0 pc-2 (green points). Solid line is the 1:1 correlation. Mean value of ages at Re and at 0.5 Re are reported in the panel. Central 
and right panels: as left panel but for stellar metallicity and a  enhancement, respectively.
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