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ABSTRACT

Tracing the emergence of the massive quiescent galaxy (QG) population requires the build-up of reliable quenched samples by
distinguishing these systems from red, dusty star-forming sources. We present Hubble Space Telescope WFC3/G141 grism spectra of
ten quiescent galaxy candidates selected at 2.5 < z < 3.5 in the COSMOS field. Spectroscopic confirmation for the whole sample is
obtained within one to three orbits through the detection of strong spectral breaks and Balmer absorption lines. When their spectra are
combined with optical to near-infrared photometry, star-forming solutions are formally rejected for the entire sample. Broad spectral
indices are consistent with the presence of young A-type stars, which indicates that the last major episode of star formation has taken
place no earlier than ~300-800 Myr prior to observation. This confirms clues from their post-starburst UVJ colors. Marginalising over
three different slopes of the dust attenuation curve, we obtain young mass-weighted ages and an average peak star formation rate (SFR)
of ~10° M,, yr’1 at Zformation ~ 3.5. Although mid- and far-IR data are too shallow to determine the obscured SFR on a galaxy-by-galaxy
basis, the mean stacked emission from 3 GHz data constrains the level of residual-obscured SFR to be globally below 50 M, yr!, three
times below the scatter of the coeval main sequence. Alternatively, the very same radio detection suggests a widespread radio-mode
feedback by active galactic nuclei (AGN) four times stronger than in z ~ 1.8 massive QGs. This is accompanied by a 30% fraction
of X-ray luminous AGN with a black hole accretion rate per unit SFR enhanced by a factor of ~30 with respect to similarly massive
QGs at lower redshift. The average compact, high Sérsic index morphologies of the galaxies in this sample, coupled with their young
mass-weighted ages, suggest that the mechanisms responsible for the development of a spheroidal component might be concomitant

with (or preceding) those causing their quenching.

Key words.
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1. Introduction

The formation channels that lead to the build-up of the red
sequence of massive, quiescent galaxies (QGs) are still to
be fully understood. In the present-day Universe, 75% of
the total stellar mass budget is locked into spheroids, either
elliptical galaxies or bulges in spirals. These are several Gyr
old, pressure-supported stellar systems that are unable to host
a significant amount of star formation (Renzini 2006). The
majority of massive galaxies (log(M,/Mg)>10.5) in the local
Universe appears to be quenched, with QGs outnumbering
star-forming galaxies by a factor of 10 at log(M,/My) > 11.5
(Baldry etal. 2004). Fossil record studies have established

galaxies: elliptical and lenticular, cD — galaxies: formation — galaxies: evolution — galaxies: high-redshift —

that the most massive galaxies are those in which the oldest
stellar populations are found, implying an anti-correlation
between their stellar mass and the duration of their main star
formation episode (Gallazzietal. 2005; Thomas et al. 2005;
Citro et al. 2016). These results have been reinforced by the
first identifications of QGs at increasing redshifts (Dunlop et al.
1996; Franx et al. 2003; Cimatti et al. 2004; Daddi et al. 2005)
allowed by near-infrared (NIR) sensitive detectors that sample
the rest-frame optical at z > 1.5. These advances were essential
to show that the assembly and quenching of massive systems
took place at z > 1-1.5, with little evolution thereafter of the
high-mass end of their stellar mass function, especially compared
to the progressive rise of the low-mass end (Fontana et al. 2004;
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Cimatti et al. 2006; Arnoutsetal. 2007; Droryetal. 2009;
Pozzetti et al. 2010; van Dokkum et al. 2014; Gargiulo et al.
2016; Davidzonetal. 2017; Kawinwanichakijetal. 2020).
The growth of the lower-mass end of the red sequence can
be thought of as the result of the generalised progressive
decline in global star formation rate (SFR) density through gas
consumption, cluster-related processes, and cosmic starvation
affecting the star-forming population mostly at z < 1.5 (e.g.,
Emsellem et al. 2011; Saracco et al. 2011; Carollo et al. 2013;
Madau & Dickinson 2014; Sargent et al. 2014; Schreiber et al.
2015; Wild et al. 2016; Maltby et al. 2018; Matharu et al. 2019;
Kawinwanichakij et al. 2020). On the other hand, understand-
ing how massive galaxies quenched in an epoch in which
galaxies were generally gas rich and prodigiously star-forming
(2 < z < 4, Daddi et al. 2010; Tacconi et al. 2010; Genzel et al.
2010; Madau & Dickinson 2014) is in itself non-trivial.

Historically, the progressive discovery of populations
of massive QGs already in place at high-z (Dunlop et al.
1996; Franx et al. 2003; Cimatti et al. 2004; Daddi et al. 2005;
Kriek et al. 2009; Gobat et al. 2012; Glazebrook et al. 2017)
posed challenges to hierarchical models of structure forma-
tion (e.g., Cimatti et al. 2006; Steinhardt et al. 2016). Hydrody-
namical simulations and semi-analytical models have struggled
to reproduce the comoving number densities of massive, pas-
sively evolving galaxies at z > 2-3, falling short by roughly
an order of magnitude (Wellonsetal. 2015; Nelson et al.
2015; Steinhardt et al. 2016; Davé et al. 2016; Cecchi et al.
2019; Schreiber et al. 2018). In recent years, however, con-
firmations of quiescent galaxies extended up to z ~ 4
(Glazebrook et al. 2017; Schreiber et al. 2018; Valentino et al.
2020; Forrest et al. 2020a,b) while cosmological simulations
progressively increased in volume, spatial and mass resolution,
as well as in improvements of feedback schemes and subgrid
physics regulating star formation (Illustris: Vogelsberger et al.
2014a,b; Genel et al. 2014; Nelson et al. 2015; Illustris TNG:
Pillepich et al. 2018; Nelson et al. 2019; EAGLE: Schaye et al.
2015; SIMBA: Davé et al. 2019). The most recent estimates
of the number density of QGs, either from observational sam-
ples or from state-of-the-art cosmological simulations, appear to
broadly agree on the number density of quiescent galaxies up
to z ~ 3, but it is unclear whether this holds at z ~ 4 and if
a population of passive objects exists as early as z ~ 5 in sig-
nificant numbers. Additionally, the degree to which this agree-
ment is robust against systematics, such as the exact details of
sample selection, is not firmly established (Merlin et al. 2019;
Valentino et al. 2020).

Despite the major progress accomplished so far in this field,
it remains unclear whether there is a dominant process that
causes quenching (Man & Belli 2018). The extreme stellar den-
sities of compact quiescent systems at z ~ 2 (Franx etal.
2003; Daddi et al. 2005; van Dokkum et al. 2008; Newman et al.
2012) suggest that they are remnants of an intense burst of star
formation triggered by the rapid collapse of a large amount
of gas that occurred at z > 4. This could be resulting, for
instance, from starbursts plunging down into quiescence after
dissipative gas-rich mergers (Cimatti et al. 2008; Elbaz et al.
2018; Gémez-Guijarro et al. 2018, 2019; Puglisi et al. 2019) or
from a more ‘“secular-like” evolution of high-redshift dusty
star-forming galaxies that quickly accrete and consume gas
through disk instabilities, leaving compact passive remnants
(e.g., Dekeletal. 2009; Barroetal. 2013; Toftetal. 2014;
Zolotov et al. 2015). Increased consensus among semi-analytic
models and hydrodynamical simulations has been reached on
ascribing the shut-down of star formation in massive galaxies
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to active galactic nucleus (AGN) feedback (De Lucia & Blaizot
2007; Henriques et al. 2017; Girelli et al. 2020). Major mergers
or violent disk instabilities can compress the gas into massive
compact cores and trigger starburst events that rapidly con-
sume the gas of the system (Dekel & Silk 1986; Murray et al.
2005). Quasar activity is ignited by these processes, launch-
ing powerful outflows into the circumgalactic medium and
depleting the host galaxy from its reservoirs (Sanders et al.
1988; Di Matteo et al. 2005; Hopkins et al. 2006). However,
AGN feedback is not the only process that can halt or reduce
star formation in high-z galaxies. Cosmological starvation
(Feldmann & Mayer 2015) and the development of a stable virial
shock in sufficiently massive haloes (Dekel & Birnboim 2006;
Cattaneo et al. 2006) could play a role, followed by mainte-
nance processes such as radio-mode feedback from radiatively
inefficient accretion onto a supermassive black hole (SMBH,;
Best et al. 2005; Croton et al. 2006), gravitational heating of
the diffuse medium from infalling satellites (Dekel & Birnboim
2006; Khochfar & Ostriker 2008; Johansson et al. 2009, 2012)
or morphological quenching (Martig et al. 2009). The detailed
study of large, statistically relevant samples of massive quies-
cent galaxies is crucial to distinguish among these mechanisms.
Robust samples of quiescent galaxies are challenging to build
up, however: the spectra necessary to reject low-redshift inter-
lopers or star-forming contaminants become increasingly more
difficult to obtain at z > 1.4 because it requires either long
integrations in 8—10m class ground-based telescopes or space-
based observations. Moreover, the rapid drop in number den-
sity of massive quenched objects at z > 1.5 requires large
areas covered by deep observations. On a positive note, on the
other hand, the boundedness of the age of the Universe can be
used to investigate the demographics of the quiescent popula-
tion across cosmic time as it keeps emerging. As the popula-
tion becomes younger and younger at increasing redshift, the
discerning power of rest-frame optical spectra at mapping the
early star formation of massive QGs surpasses the one at low
redshift. This is because around z > 2, the Universe starts to be
young enough to make stellar age differences of ~1 Gyr, down
to few hundreds Myr, visible through the rapid appearance of
Balmer absorption lines in stellar populations of ages <1 Gyr,
when A-type stars enter the turn-off, increasingly dominating
the integrated stellar spectra. Relatively large samples of QGs
have been assembled up to z ~ 2.5 in COSMOS and the CAN-
DELS fields exploiting large telescopes (e.g., Bezanson et al.
2013; Belli et al. 2015, 2019; Onodera et al. 2015; Kriek et al.
2016; Stockmann et al. 2020) or the Hubble Space Telescope
(HST) in combination with strong lensing (Whitaker et al. 2012,
2013; Newman et al. 2018a). These studies have been tracing the
progressive decrease in stellar age of log(M,/My) > 11 QGs
with look-back time, revealing an increasing spread in stellar
age and dust extinction with bulk values of about 1-2 Gyr and
Ay = 0-1.0mag at z ~ 2, respectively. This is apparently hap-
pening while keeping high metallicities and with velocity dis-
persions up to a factor of two higher than local scaling rela-
tions (Toft et al. 2012; Onodera et al. 2012; van de Sande et al.
2013; Bellietal. 2015; Kriek etal. 2016; Bellietal. 2017,
Estrada-Carpenter et al. 2019, 2020; Stockmann et al. 2020;
Tanaka et al. 2019). The progressive appearance of the quenched
population can therefore be quantified through the relative frac-
tion of young versus old systems once an age threshold is defined
(e.g., age > 1Gyr, Whitaker et al. 2013). At even higher red-
shifts, the colour selections generally applied to photometric
samples already indicate a substantial migration of QGs towards
bluer colours (Whitakeretal. 2011; Muzzinetal. 2013),
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accompanied by the drop by roughly one order of magnitude
of their number densities (Straatman et al. 2014; Davidzon et al.
2017). Spectroscopic follow-ups have the advantage of refining
this picture by testing the colours of selected galaxies against
photometric errors, star-forming interlopers, or AGN interfering
with their spectral energy distribution (SED). Moreover, detailed
spectra allow us to potentially break or at least reduce the degen-
eracy between age, dust extinction, and metallicity if the signal-
to-noise ratio and spectral coverage are high enough. Here we
present one of the largest samples of spectroscopically con-
firmed QGs at 2.4 < z < 3.3 obtained with HST dedicated obser-
vations. In Sect. 2 we describe the sample selection. In Sect. 3
we give details on the observational strategy and data reduc-
tion. In Sect. 4 we present the spectral analysis and the spectro-
scopic confirmation of our targets. Section 5 presents their for-
mal classification, the effect of adding COSMOS2015 photome-
try with or without calibration of zero-points, as well as the use
of marginalising over multiple attenuation laws. In Sect. 7 we
constrain their recent star formation history (SFH) by comparing
the relative strength of the Balmer and 4000 A breaks. In Sect. 8
we investigate the incidence of AGN in our sample. In Sect. 9
we discuss our results in the context of the current literature.
Finally, in Sect. 10, we summarise our results and conclusions.
We assume a ACDM cosmology with Hy = 70kms~! Mpc~!,
Qu =0.27, Qx = 0.73, and a Salpeter (1955) initial mass func-
tion (IMF), unless otherwise specified. Magnitudes are given in
the AB photometric system.

2. Sample selection

Since the expected number density of high-z massive quies-
cent galaxies is low, large fields with deep photometric cover-
age are required to identify these systems and reliably assess
their SEDs. For this reason, we exploited the 2 deg> COSMOS
field. Sources with Ko, < 22.5 were extracted from the cata-
logue of McCracken et al. (2010), limiting the selection to those
satisfying the observed-frame BzK colour criterion for passive
systems (Daddi et al. 2004). Targets formally classified as star-
forming BzK (sBzK) with a signal-to-noise ratio S/N < 5 in
the B and z bands were retained since these photometric candi-
dates are degenerate with quiescent galaxies becoming fainter in
these bands with increasing redshift and decreasing mass. Pho-
tometric redshifts specifically calibrated for high-z QGs were
derived with EAZY (Brammer et al. 2008) as in Onodera et al.
(2012) and Strazzullo et al. (2015). This calibration was based
on the sample of 34 spectroscopically confirmed passive galax-
ies at 1.3 < zgpee < 2.1 observed with VLI/VIMOS that
later appeared in Gobat et al. (2017) and the sample of 18 pas-
sive galaxies at 1.4 < zgee < 1.9 of Onoderaetal. (2012)
observed with Subaru/MOIRCS. The calibrated zph,c Were used
to select galaxies within 2.5 < zphot < 3.5 and to remove objects
with UV] rest-frame colours inconsistent with passive evolution
(Pozzetti & Mannucci 2000; Labbé et al. 2005; Williams et al.
2009). SED fitting was performed using FAST (Kriek et al.
2009), allowing for constant and delayed exponentially declin-
ing SFHs. Optical dust attenuation was left free to vary up
to Ay = S5mag assuming a Calzetti et al. (2000) attenuation
law. Fits were repeated by adopting purely quiescent templates
only. All passive UVJ candidates whose SED fits to optical-
NIR photometry could not reject dusty star-forming solutions
at high confidence were further discarded. Contamination from
dusty star-forming galaxies was further minimised by remov-
ing objects with Spitzer/MIPS 24um S/N > 4 detections in

the Le Floc’h et al. (2009) catalogue, except for galaxies with
high-confidence passive SEDs, which are indicative of mid-
infrared (MIR) emission caused by a central dusty AGN torus.
This selection provided a total of 174 passive candidates with
UVlJ-quiescent colours (47 of which were pBzK in the origi-
nal selection, plus 67 and 60 uncertain sBzK with and with-
out significant MIPS detections, respectively). The maximum
required magnitude to obtain HST/G141 spectra with sufficient
S/N in order to secure spectroscopic confirmation within one
to two orbits was assessed by simulating their grism spectra
based on their best-fitting SED templates. This yielded a mag-
nitude cut of Hsp < 22, which narrowed the sample down to 23
objects. A total of 10 galaxies were targeted for HST WFC3/IR
G141 near-IR observations: 9 randomly drawn galaxies with
Hyp < 22 (M, > 1.1 x 10'! M) plus 1 robust candidate with
Hyp = 22.9 (M, = 8x10'" M) selected to be the highest-z can-
didate based on its high-confidence passive SED. More details
about the selection are available in Lustig et al. (2021).

3. HST WFC3 F160W imaging and G141 grism
spectroscopy

Ground-based observations have already confirmed the exis-
tence of quiescent galaxies at z ~ 4 (Schreiber et al. 2018;
Valentino et al. 2020; Forrest et al. 2020a,b). However, in the
framework of high-z galaxy evolution, their statistical power
is mostly modulated by the time-expensiveness of these cam-
paigns. Moreover, OH sky emission lines and related back-
ground notoriously affect the quality of the spectra, sometimes
effectively cutting them in correspondence to spectral regions
that are crucial to estimate stellar ages. Space-based observa-
tions, on the other hand, ensure extended and continuous spec-
tral coverage. The HST WFC3 G141 slitless spectrograph has a
spectral coverage from 1.1 to 1.7 um, reaching maximum trans-
mission at 1.45 um. This allows access to the rest-frame near-
UV/optical and specifically to the Balmer/4000 A break region
up to z ~ 3.2. The G141 dispersion in the first spectral order
is 46.5 A pixel™! and R ~ 130 for unresolved sources and com-
pact objects such as those considered in this paper. For resolved
sources, the spectral resolution is determined by their morphol-
ogy, namely their size along the dispersion axis. For these rea-
sons, HST WFC3 observations of the selected sources include
F160W imaging exposures. As this paper focuses mostly on the
spectroscopic analysis, we refer to Lustig et al. (2021) for a thor-
ough analysis of their morphology.

3.1. Observing strategy

Observations for program GO 15229 took place from January
11, 2018, to December 2, 2018. Each pointing was observed
from one to three orbits according to each target Hyp magni-
tude for a total of 17 orbits (see Table 1). For each target the first
orbit was split into a direct F 160W exposure (for a total of 984 s)
and a grism G141 exposure (for a total of 1498 s) adopting the
WEFC3-IR-DITHER-LINE-3PT dither pattern. For targets with
two orbits, the second orbit was also split in two, with a total
exposure of 73s in F160W and 2496s in G141, adopting the
WEFC3-IR-DITHER-BLOB dither pattern. The third orbit for ID
4 was a repetition of the second orbit. The ORIENT was care-
fully chosen for each target in order to avoid any contamination
from neighbouring sources.
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Table 1. Coordinates and orbit details for the targeted galaxies.

ID  IDprage RA Dec Hot " Zphotecat @ Nowis  Total int. time (s)
F160W G141
1 135730 10:01:39.9790 +01:29:34.49 21.99*210 2.6 +0.2 1 983.8  1497.7
2 137182 10:00:57.3452 +01:29:39.46 21.32*002  2.7+0.1 1 983.8  1497.7
3 252568 09:57:48.5727 +01:39:57.82 21.887010 2.8+0.2 2 1056.7  3993.9
4 361413  10:02:0.9700  +01:50:24.30 23.37*3%  3.2+0.1 3 1129.7  6490.1
5 447058 09:59:11.7700 +01:58:32.96 22.20*292  2.5+0.1 2 1056.7  3993.9
6 478302 09:59:1.3123  +02:01:34.15 2223*302 2.6+0.2 2 1056.7 3993.9
7 503898 10:01:31.8594 +02:03:58.79 21.60*013  2.6+0.1 1 983.8  1497.7
8 575436 10:00:43.7668 +02:10:28.71 22.30709% 2.8+0.2 2 1056.7 3993.9
9 707962 09:59:32.5170  +02:22:21.99  21.66*315 2.6 +0.1 1 983.8  1497.7
10 977680 10:00:12.6549  +02:47:23.47 22.39709%  25+0.1 2 1056.7 3993.9

Notes. Y H-band magnitudes are taken from Lustig et al. (2021) and result from fitting the F160W images of our sources with PSF-convolved
Sérsic profiles. ®Calibrated Zphot Used for the sample selection (see Sect. 2).

3.2. Data reduction

The data reduction of direct F160W and grism G141 exposures
was performed by adopting the pipeline grizli, version num-
ber 0.7.0-34-g91c9412". After relative alignment of each direct
and grism exposures, absolute astrometric registration was per-
formed, providing the pipeline with COSMOS ACS [-band ref-
erence catalogues of RA-Dec positions of sources brighter than
Ixp < 27 mag within a radius of 5’ from each target. Grism sky
background subtraction was performed by grizli by means of the
Master sky images from Brammer et al. (2015), applying a grey
correction using the F160W flat field for the G141 grism. The
residuals of the background subtraction are generally of the order
of 0.5-1% of the overall background level and are further sub-
tracted, removing a column-average of the sky pixels in the grism
exposures. During this phase, the pipeline also runs Astrodrizzle
to reject cosmic rays, persistence, and other artifacts. The final
drizzling parameters were kept as default. A segmentation map
is produced out of the drizzled and combined direct exposure.
This is later used to identify and model the spectral trace of each
object in each of the grism exposures and to generate model con-
taminants to be subtracted from the target cutout. The reduced
and decontaminated 2D spectra of our targets are presented in
Fig. 1 together with their relative F160W cutouts. At this stage,
the detector’s FOV is parsed and modelled assuming simple linear
continua for all objects in the field (brighter than 25 mag).

Grizli then refines the modelling of the brightest objects
([16, 24] mag) with a second-order polynomial fit, fitting spec-
tra directly after subtracting the model for contaminants. At this
stage, the background was further fitted for in each of the target
beams to account for further residuals. The coefficients of this
fit were used to optimally extract any residual background level,
which was subtracted from the optimally extracted 1D spectrum
of the target. The final scale of the extracted 1D spectra is 0.8 in
units of the native dispersion of the G141 spectrograph. Sources
brighter than Hyp < 22 provide a mean S/N ~ 15 over 100 A
at 1.6 um within a relatively low number of one to two orbits per
target.

In the following sections we give a detailed description of
the method we used to measure the redshifts, as well as the crite-
ria we adopted to establish the nature of our sources. In brief,
we first fitted the spectra alone to extract zge. and check the

! https://github.com/gbrammer/grizli
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quality of the zppo calibration (Sect. 4). Secondly, we added
COSMOS2015 photometry from Laigle et al. (2016) adopting
the newly derived zy,.. for SED fitting. We tested the perfor-
mance of the combined fits when the zero-point (ZP) corrections
were dropped as proposed in Laigle et al. (2016) (Sect. 5.1) and
when different dust attenuation laws were used (Sect. 5.2). After
the best configuration was identified, we tested the quiescence
of individual targets on the basis of their rest-frame UV-to-NIR
emission as well as judging from the constraints from the MIR,
far-infrared (FIR), and radio emission on dust-obscured star for-
mation (Sect. 6). Lastly, using the combined information from
both spectroscopy and photometry, we characterised our targets
in terms of mass-weighted age and dust extinction (Sect. 7). We
also attempted a direct estimation of the relative light-weighted
strength of the Balmer and 4000 A breaks to determine the post-
starburst (PSB) nature of individual sources suggested by their
UV]J colours.

4. Spectroscopic confirmation

In this section we describe the procedure we adopted to obtain
our grism redshifts. We also compare our results with the cal-
ibrated zpho used for the sample selection as well as with Zphot
available in Muzzin et al. (2013).

4.1. Fitting setup

The optimally extracted spectra were fitted with a custom IDL
routine that compares the 1D spectra with composite stellar
population templates by y?-minimisation. These templates were
generated on the fly by combining a grid of Bruzual & Charlot
(2003, hereafter BC03) simple stellar population (SSP) mod-
els with a set of parametric SFHs: a constant, an exponentially
declining, a delayed exponentially declining, and a truncated
SFH. In the latter, the initial SFR drops to zero after a cutoff time
T from the onset of star formation. In standard T-models, how-
ever, 7 is the e-folding timescale of the SFH. The ratios of #/7 and
t/Ty, when above unity, approximate the description of an SSP.
Due to an apparent systematic excessive broadening when the
imaging cutouts are used to estimate the line spread function, the
adopted templates were smoothed to the G141 resolution adopt-
ing a FWHM computed by fitting the stacked absorption lines
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Fig. 1. F160W imaging cutouts (left) and 2D G141 spectra (right) at the native WFC3 pixel scale. Redshift increases from top to bottom. The

colour scale is in linear scale.

of each galaxy with the IRAF task splot, resulting in relatively
good agreement after visual inspection. The variety in SFHs was
chosen in order to allow for both passive and dusty star-forming
solutions. The routine fits the observed spectra simultaneously
with a set of emission lines complexes using standard line ratios
(Anders & Fritze-v. Alvensleben 2003) and the SFR-Ha cali-
bration of Kennicutt (1998), where the SFR is taken from the
model grid (see Gobat et al. 2012 for further details). In Table 2
we list the grid of parameters we used for the fit. To identify the
redshift, the Calzetti et al. (2000) attenuation law was adopted,
and the stellar metallicity was left free to vary from 0.4 Z; to
2.5 Zs. The age of templates was constrained to be younger than
the age of the Universe at a limiting redshift as described in the
following: in order to reduce the computational cost, we fitted
the observed spectra through a first pass from z = 0.01 toz = 5.0
with a low-resolution redshift grid (dz = 0.01). The probability

of a given redshift was computed by comparing the y? differ-
ence between the best-fitting solution and all other solutions fol-
lowing Avni (1976) to determine the 10~ confidence range. After
the most probable peaks were identified, we narrowed down the
redshift grid around the 1o peaks, allowing for an interval of
Az ~ 0.2 with a step of dz = 0.001. This time, we limited the
template library to the age of the Universe corresponding to the
lowest redshift among the identified 1o peaks. This approach
led to the redshift probability distributions shown in the upper
panels of Fig. 2.

4.2. Redshift identification

Seven of our sources showed unambiguous redshift solutions at
a 30 confidence already during the low-resolution pass (dz =
0.01). Two show a secondary peak within the same confidence
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Table 2. Grid of parameters for the spectral fit and the optical-to-NIR
SED modelling.

Parameter [units] Min Max Step
z 0.01 5 0.01 (first pass)
0.001 (second pass)

Age [Gyr] 0.1 Agep(z) 0.1

7 [Gyr] 0.001 1 0.005-0.05 for 7 < 0.1
0.1 for 7 > 0.1

Ay [mag] 0 8 0.1

7|76 04,1,2.5

¢ attenuation curve
(Noll et al. 2009)
IMF
Stellar population templates

~0.7, —0.4, 0 (Calzetti)

(Salpeter 1955)
(Bruzual & Charlot 2003)

Notes. All steps are constant in linear scale.

level, and one (ID 7) lacks a marked spectral break. Nine galax-
ies out of ten are consistent with single solutions at 1o-. Despite
the low resolution of the G141 spectrograph, a redshift identifi-
cation is made possible based on prominent spectral breaks and
strong absorption lines for most of the targets (see Fig. 2). For
the highest-redshift sources, namely ID 3, 4 and 8, Mgl and Mgl
2640 — 2850 A absorption lines also enter the spectrograph, but
with a relatively low S/N. Notably, ID 7 lacks absorption fea-
tures that are as strong as for the remaining sample. This makes
the spectrum formally consistent with multiple redshift solutions
(0.4 < z < 3.5) within 1o confidence. We verified the consis-
tency of the lowest redshift solutions with the available COS-
MOS2015 photometry, placing z > 1.5 as a lower-limit, con-
firmed by its SED, which rises in flux from J to H band. The
final spectroscopic confirmation of this source was obtained by
performing the combined fit of its photometry and grism spec-
trum across the 1 < z < 3.5 redshift range at high resolution
(dz = 0.001). This test confirmed the previously derived best-
fit solution and reduced the error bars on zge. at all confidence
levels. At 1o, it yields z = 2.6747099 whereas at 30, it yields

~0.009°
7 =2.6747002L, showing the stability of the best-fit solution com-
pared to the information derived from spectroscopy alone (see
Fig. 2). In the remaining analysis, we refer to the former confi-
dence level, as done for the remaining sources.

ID 10 shows excess flux at 11870 A. The secondary peak in
the redshift probability distribution is placed at z = 2.3, where
the fitting routine attempts to reproduce the two most prominent
absorption lines with Hé and Hy instead of He and H¢ that are
favoured by the best-fitting template. This redshift is not low
enough to explain the excess flux with a [OII[]A3727 emission
line. This line would have to be placed at z = 2.18, but it would
not match any of the absorption features present in the spectrum.
We therefore interpret it as a spurious noise-driven feature.

4.3. Performance of photometric redshifts

We compared the resulting zge With the calibrated photomet-
ric redshifts used for the sample selection to assess the quality
of the latter (Fig. 3). The quoted normalised median absolute
deviation of the adopted photo-zs> was onmap = 0.025, esti-
mated on the spectroscopically confirmed sample at z ~ 1.5.
This decreased to 0.018 after galaxies with less reliable zgpec

2 onmap = 1.48 -median(|zphot — Zspeel/ (1 +Zspec)), Hoaglin et al. (1983).
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were excluded. As clarified in Strazzullo et al. (2015), the accu-
racy is maximum for bright objects (such as those used for spec-
troscopic confirmation) and decreases for fainter ones (either
less massive sources or at higher z). In order to take this into
account, in Fig. 3 we show the error bars computed using the
Zphot accuracy estimated by the authors for faint objects, as a
function of the K-band magnitude in McCracken et al. (2010).
For objects between K = [20.8,22], such as in our case, the
expected uncertainty is ~0.040(1+z). The zpno: used for the selec-
tion of our sample largely agree with the zy,e. derived here, with
a small systematic underestimation of 0.04%. We included the
performance of photometric redshifts from Muzzin et al. (2013)
as well. ID 1 and ID 2 are outside the UltraVISTA area and there-
fore are absent in this latter catalogue. The nominal o-xmap We
derived here by comparison with our spectroscopic sample are
0.057 and 0.033 for the two catalogues. We ascribe this dif-
ference in redshift accuracy to the different depths and num-
ber of photometric bands of the two catalogues. As noted in
Strazzullo et al. (2015), already at z ~ 1.5, the same photo-z cali-
bration method yielded an accuracy similar to that independently
provided by Muzzin et al. (2013) (Az/(1 + z) = 0.015) when the
photometry of Muzzin et al. (2013) was used instead of that of
McCracken et al. (2010).

5. Combining spectroscopy and NUV-NIR
photometry

In order to characterise the physical properties of the targets,
the HST grism spectroscopy was combined with COSMOS2015
broad-band photometry from CFHT/u* to IRAC/5.8um?®
(Laigle et al. 2016). A lower limit of 0.05mag was used for
the photometric errors in all the bands. The two data sets were
fit separately and were later combined by adding the y? matri-
ces of the two fits. This procedure allows determining the solu-
tion that best fits both data sets, minimising the effect of resid-
ual mismatches in normalisation between the spectrum and
the photometric SED. The same range of model parameters
as was used for the spectral fitting is used in Fig. 4 except
for the redshift grid, which was fixed to the 1o range around
the best-fitting zgpec. At this stage, the metallicity was fixed to
the solar value according to the normalisation and scatter of
the local ETG mass-metallicity relation (Thomas et al. 2010).
Recent clues from HST/G102 grism spectra of 1 < z < 1.8
QGs as part of the CLEAR survey seem to support the idea
that massive quenched galaxies were enriched to approximately
solar metallicity already at z ~ 3 (Estrada-Carpenter et al. 2019).
As we describe in Sect. 6.1, the results we obtained were tested
against the choice of template metallicities.

5.1. Photometric zero-point calibrations

When the mass-weighted ages and dust extinction values
obtained from the modelling of the grism data alone are com-
pared with the grism data combined with broad-band photome-
try (see Sect. 5), we find them to be inconsistent at more than
30 in most cases. Our SED fits to total fluxes resulted in rela-
tively high reduced y? Q\/IZ?), as shown in Fig. 5. Specifically, the
probability associated with the total y? is ~0.5%, given the total
degrees of freedom of the photometric fit of the whole sample.
Changing the IMF or leaving the metallicity of templates free
did not improve the y% distribution.

3 IRAC/8 um was excluded from the fit due to higher probabilities of
AGN contamination.
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Fig. 2. continued.

As shown in Fig. 6, the means of the distributions of the
normalised residuals in each band appear to show systematic
shifts, namely B, V, i*, z** (marginally), J, H, IRAC/3.6 um, and
IRAC/4.5 um. As noted in Capozzi et al. (2016), the procedure
of recalibrating photometric zero-points (ZPs) to optimise pho-
tometric redshift retrieval (commonly performed when building
photometric catalogues) can affect the results of SED fitting.
These tweaks can introduce systematics in several bands because
the recalibrations are often based on specific samples at a spe-
cific redshift. In the case of COSMOS2015 these were tailored
on various samples of spectroscopically confirmed QGs at z <
2.5 (Onodera et al. 2012; Krogager et al. 2014; Stockmann et al.
2020), among a much larger number of star-forming galaxies.
In addition to this, the templates used to derive these adjust-
ments can also have a role in introducing systematics. In partic-
ular, those used in COSMOS2015 are two BCO3 templates with
an exponentially declining SFH with a timescale 7 = 0.3 Gyr
and extinction-free templates as in Ilbert et al. (2013), a set
of 31 templates including spiral and elliptical galaxies from
Polletta et al. (2007), and 12 BCO3 templates of young blue star-
forming galaxies.
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The offsets that we find in our data suggest that model
fluxes tend to overestimate observed fluxes when COSMOS2015
ZP corrections subtract flux from the observed signal and vice
versa (see Fig. 7). Dropping ZP corrections reduces most of
the wavelength-dependent systematics, producing a better agree-
ment between models and the originally observed fluxes. Fig-
ures 6 and 5 show that dropping ZP offsets has the largest effect
compared to changing grid parameters at reducing the median of
the )(12e distribution. With this choice, the probability associated
with the resulting total y? is 9%. A high X12e might also indi-
cate systematically low photometric errors. A common practice
in this case is to rescale photometric errors to reach a )(i ~ 1.
However, given the behaviour highlighted in Figs. 6 and 5, a
rescaling like this appears to be unnecessary. When the rescaled
ZP offsets are not used, the median X,% is very close to 1.

Lastly, a high X;za could be caused by broad residual distri-
butions produced, for example, by some outliers in the sample.
Visual inspections of imaging cutouts relative to each object
in each band did not reveal peculiarities. We therefore con-
clude that use of the ZP recalibrations derived in Laigle et al.
(2016) increase the inconsistencies between our spectroscopic
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Fig. 3. Comparison of calibrated zyn.s and spectroscopic redshifts.
Black squares mark the original calibrated z,pqs used for the selection.
Red squares mark zphos from Muzzin et al. (2013). The solid black line
and relative shaded area mark the 1:1 relation and the nominal disper-
sions between the original calibrated zpho and the newly derived Zgpec
(see text). Redshifts from Muzzin et al. (2013) are shifted horizontally
by —0.005 for clarity.

and photometric data. For these reasons, the remaining analysis
was performed on the original COSMOS2015 photometry, that
is, without making use of any ZP correction.

5.2. Dust attenuation laws

After the effect of photometric recalibrations was reduced, we
explored whether any inconsistency in terms of Ay? between the
best-fit spectroscopic solution and the combined solution could
be ascribed, for example, to an unsuitable attenuation law or to
an SFH that was too smooth to simultaneously reproduce the
NUYV emission from young stellar populations and the NIR emis-
sion arising from the bulk of the stellar mass. The use of attenu-
ation laws steeper than Calzetti has been suggested to depend
on the SSFRs of galaxies (Kriek & Conroy 2013; Salim et al.
2018). The slope of the curve is generally dependent on the
grain size distribution and geometry, with steeper curves asso-
ciated with differential attenuation according to the age of stel-
lar populations. To test the role of dust attenuation recipes, we
included in the fitting library alternative attenuation curves in
addition to Calzetti et al. (2000). We adopted the method pro-
posed in Salim et al. (2018), following from Noll et al. (2009),
in which the Calzetti curve is multiplied by a power-law term
with an exponent ¢ that sets the slope of the curve itself. Nega-
tive ¢ values imply a steeper slope in A,/Ay than in the Calzetti
law at rest frame A < 5500 A. In this formalism, the Calzetti law
has 6 = 0 by definition, whereas ¢ = —0.4 is similar to the SMC
curve. The curve is further modified by introducing the UV bump
(Fitzpatrick & Massa 1986), modelled as a Drude profile D,,
with fixed central wavelength 1y = 2187 A, FWHM = 274 A
from the best-fit results in Noll et al. (2009) in GMASS galax-

ies at 1.5 < z < 2.5, for which the bump was clearly spectro-
scopically detected. The amplitude of the bump was linked to ¢
according to the linear relation found by Kriek & Conroy (2013,
see their Eqs. (4) and (5) solving for Wy, ). Hence the law was
constrained mainly by one parameter, its slope, which we let free
to vary between 0, —0.4 and —0.7. This latter value was intro-
duced to test the expected behaviour of local quiescent galaxies
as shown in Salim et al. (2018). In Fig. 8 we show the distribu-
tion of the X,zg of spectroscopic, photometric, and combined fits
(upper panels), as well as the y? difference between their respec-
tive best-fit solutions obtained with ¢ = 0 and the best-fit solu-

tions using 6 = —0.4 and —0.7 (e.g.,)(iﬂn(é = 0)_/\/1211111(5 =-04),
lower panels). The curve with 6 = —0.4 appears to reduce

the dispersion of the )(12e distribution for the combined fits and

also shows systematically a smaller y? with respect to ¢ = 0.
When we tested the overall goodness of fit in terms of the slope,
0 = —0.4 was the best-fit solution preferred by the majority of the
targets in Fig. 8. Five galaxies out of nine tend to reject 6 = —0.7
at a 5% level (but not at 1%). However, given the overall similar
)(1?e distributions of the combined fits, it was not possible to reject
any of the adopted curves consistently for the entire sample. The
probabilities associated with the median combined /\(123 are 89, 76,
and 67% for 6 = 0,6 = —0.4, and 6 = —0.7, respectively. For
the remaining analysis, we therefore let § to vary, marginalising
over it when we derived physical parameters.

6. Quiescence of individual targets

We tested the quiescence of our galaxies based on the emis-
sion from their stellar component. First we tested the informa-
tion that can be extracted solely from the grism spectra, then
we compared with the results obtained by adding the available
broad-band NUV-NIR photometry. We further extended the test
to longer wavelengths to probe possible obscured star formation.

6.1. Results from the stellar component

We tested the quiescent versus dusty star-forming nature of each
galaxy by comparing the goodness-of-fit of the best-fitting con-
stant star-forming (CSF) template with a free dust extinction
parameter with that of a solution defined as passive by constrain-
ing the best-fitting SFH as follows: 759 > 0.3 Gyr, Ay < 0.8 mag,
and t/7 > 3, where t5 is the lookback time at which the galaxy
formed half of its stellar mass (our mass-weighted ages), ¢ is
the lookback time at the onset of star formation, and 7 is the
timescale of the SFH. This ratio corresponds to a drop in SFR
of about a factor of 20 with respect to the initial value for an
exponentially declining SFH. To classify a galaxy as quiescent,
the probability of a CSF solution relative to the passive solu-
tion has to show a probability of <0.01, as inferred from their
x? difference. This simple parametrisation is able to discern to
a zero-order level the consistency of both the spectrum and the
photometry with a heavily dust-attenuated star-forming compo-
nent, whether it fits better than the passive solution and the confi-
dence level of its consistency. The test was performed fixing the
redshift to zgpec. We first tested the spectra alone and then com-
bined the photometric information by summing the x> matrices
of the two fits. In Fig. 9 we show the results of the test. We ver-
ified that letting zspec vary within its 1o~ confidence range does
not affect the probabilities significantly. Letting the metallicity
of the templates vary (adopting 0.4, 1, and 2.5 Z;;) has a similarly
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Fig. 4. Photometry from the Laigle et al. (2016) catalogue (black dots).
tion. The observed-frame grism spectra are superimposed, rebinned for

negligible effect. When the redshift of the target can be con-
strained to a sufficient accuracy, the addition of the photometry,
with its wide wavelength coverage and overall quality, can help
rejecting an SFH when spectroscopy alone is not able to robustly
distinguish between the two.

The test on ID 7 was performed letting zspec vary within its
30 confidence level of the combined fit used for its spectro-
scopic confirmation (see Sect. 4.2). Because prominent (emis-
sion or absorption) lines are lacking, the spectrum alone is not
able to reject star-forming solutions. The combined fit, however,
rejects these solutions (P = 0, Ay?> = 183, X12e,SF = 2.0, and
X12e,P ass = 0.9), even when tighter constraints on the passive solu-
tion are adopted (e.g., #/T > 10 and ¢ > 0.5). The second object
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Grey curves show the best-fitting templates smoothed to the G141 resolu-
clarity.

showing the highest consistency with a star-forming template is
ID 10. Despite the addition of photometry rejecting star-forming
solutions, it should be noted that this object lies in a region of
the UVJ diagram in which contamination is expected to be more
frequent (see Lustig et al. 2021). Moreover, its best-fitting com-
bined mass-weighted age and Av still indicate a very young and
dust-reddened stellar content (r5o = 0.370 and Av = 1.6*)}). We
discuss very young sources with MIPS and Chandra detections
in the following sections. We anticipate here that we consider
ID 10 in particular an AGN host and likely an object close to its
quenching phase. Based on the arguments presented above, we
conclude with reasonable confidence that all of our galaxies can
be classified as passive on the basis of their UV-to-NIR emission.
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6.2. SFR constraints from multi-wavelength data sets

The stellar component of our galaxies suggests that they are
inconsistent with being highly attenuated star-forming galaxies.
SFRs estimates based on near-UV/optical tracers can nonethe-
less be underestimated in the presence of complex dust geome-
tries (Poggianti & Wu 2000). This is particularly compelling
in our case because our galaxies appear to be very recently
quenched. We explore here the realistic constraints on the pos-
sible presence of obscured star formation or AGN activity by
taking advantage of the recently released IR to (sub)millimetre
Super-deblended catalogue of Jin et al. (2018, hereafter J18)
and of the Chandra COSMOS-Legacy Survey catalogue of
Civano et al. (2016). First, we convert the flux densities of our
24 um detections into the SFRs expected from z ~ 3 similarly
massive MS galaxies and compare them to the available FIR
constraints. Afterwards, we convert the very same flux densi-
ties into hard X-ray luminosities to determine whether they are
consistent with being powered by AGN. Finally, we derive indi-
vidual 30 upper limits on the obscured SFR from VLA 3GHz
flux densities.

The prior-extraction method used in J18 fits the PSF of
MIPS 24 um, VLA 1.4, and 3 GHz images (Smolci¢ et al. 2017)
at the positions of known Kg-selected (plus radio 3 GHz-
selected) sources. This procedure improves faint-source identi-
fication with respect to blindly extracted catalogues such as in
Le Floc’h et al. (2009) by significantly reducing flux errors (by
roughly a factor of two) while also improving source deblend-
ing. This allows us to investigate in more detail individual
mid- or FIR detections that could have been missed by pre-
vious catalogues or judged to be of low significance. In par-
ticular, we recall here that our sample selection allowed for
objects with Spitzer/MIPS 24 um detections (S/N > 4) from
the Le Floc’h et al. (2009) catalogue, or of higher S/N in case
of SEDs with no acceptable star-forming solutions suggestive
of an AGN-driven MIR flux. We refer to Appendix A, where
we report the multi-wavelength cutouts as well as the available

reliable detections and upper limits for our sources. SED fitting
attempts were performed only for galaxies for which priors were
available for source deblending. We caution that the best-fitting
AGN components are only intended to display the maximum
AGN contribution allowed by the 24 um detections.

6.2.1. IR

The super-deblended catalogue marks five of our galaxies as
detections in the MIPS 24 um band (ID 1, 5, 6, 7, and 10,
see Table 3). None of them is significantly detected in the
FIR. Specifically, all of them have an S/Npgrimm < 5, Where
S /NrR+mm 18 the square root of the quadratic sum of the S/N
computed in each band from 100 um to 1.2mm. ID 1 formally
counts multiple detections in Spitzer/MIPS and Herschel/PACS
bands, but it is flagged as unreliable because it lies in a region
of COSMOS that is affected by incomplete prior coverage and
underestimated flux uncertainties. Visual inspection of its MIR
and FIR cutouts did not reveal any detection at the source posi-
tion (see Appendix A). We thus consider the IR detections of ID
1 as unreliable and exclude it from the following test.

At the mean redshift of this sample, observed-frame 24 um
emission corresponds approximately to 6 um rest frame. Emis-
sion at these wavelengths can arise from a range of processes:
star formation (policyclic aromatic hydrocarbons (PAH) emis-
sion lines and/or warm dust continuum), a dusty torus obscuring
a central AGN, and warm diffuse cirrus clouds heated by old
stellar populations or circumstellar dust around asymptotic giant
branch (AGB) stars (Draine & Li 2007; Béthermin et al. 2015;
Fumagalli et al. 2014). The ~6” FWHM of Spitzer/MIPS PSF is
larger than the typical optical projected size of our galaxies (<1”
at 5000 A rest frame) and prevents us from determining whether
the emission is extended or centrally concentrated.

We computed the individual SFRs expected from the remain-
ing four 24 um detections under the hypothesis that their emis-
sion is powered by star formation at the MS level emitting at the
observed flux density. We corrected the flux densities by a factor
of 1.7, as recommended in J18, and adopted conversions from
Magdis et al. (2012). These conversions were driven from tem-
plate SEDs of MS galaxies whose variation as a function of red-
shift is mainly driven by the strength of the mean radiation field
(U), which maps the sSFR evolution. These templates assume a
fraction of dust mass into PAH of gpag = 2.5% for z > 1.5 MS
galaxies.

The results can be found in Table 3, where we also report
individual 30 upper limits for undetected sources. The 24 um
derived SFRs range between ~300 and 900 My yr~'. This is
the same order of magnitude as for z ~ 3 log(M./My) ~ 11
MS galaxies, but somewhat higher and inconsistent with FIR
non-detections. These MS galaxies typically show FIR Herschel
flux densities of about a few to 10 mJy (Schreiber et al. 2015;
Liuetal. 2018; Jin et al. 2018), which would be detected in
Herschel/SPIRE. ID 10, 6, and 5 appear to tentatively show
SPIRE/250- and 350 um signal at the source position, as revealed
by visual inspection. For the latter two, the contamination by
nearby projected FIR-bright sources due to poor spatial reso-
lution is evident. For ID 10, the J18 catalogue formally pro-
vides non-detections at 100 and 160 wm and no deblending at
longer wavelengths. In postage stamps, the SPIRE/250 wm signal
appears to show emission centred on the source position in the
middle between two other 24 um bright sources. J18 attributed
the 250- and 350 um signal to the severe blending of these two
sources within the SPIRE large PSF, larger than the distance
of these sources from our target (~10”). For the sources that
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Fig. 7. Mean residuals of photometric bands as a function of the sys-
tematic offset to be applied to correct photometric ZPs. Error bars mark

the standard error on the mean shown in Fig. 6.

remain individually undetected at 24 um, the 30 upper limits
are too shallow to reject milder (but substantial) SFRs. Stack-
ing the remaining sample at 24 um results in 0.036 + 0.018 mJy,
which translates into a shallow upper limit of <200 Mg yr~'.
We caution that the available 30~ depth of the super-deblended
data from Spitzer/MIPS, Herschel/SPIRE, and Herschel/PACS
in COSMOS is not sufficient to securely reject sub-MS levels of
obscured star formation on a galaxy-by-galaxy basis.

6.2.2. X-rays

ID 10, ID 6, and ID 7 have counterparts in the hard
X-ray domain with rest-frame luminosities of the order
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Fig. 8. Top: reduced y? distributions of the fits to the spectroscopy (left),
photometry (middle), and the combined data sets (right panel) as a func-
tion of the extinction law. Vertical lines mark the medians of the dis-
tributions. Bottom: x? difference of the best-fitting solutions obtained
using § = —0.4 and 6§ = —0.7 with respect to § = 0. Grey dashed lines
mark the levels of +Ay? = 2.3.

of log(Lxa-10kevlerg sT1])~43.7, 44.3, and 44.3 respectively,
assuming a photon index I' = 1.4 (e.g., Gilli et al. 2007). We
tested whether their 24 um emission is consistent with being
powered by an accreting black hole by converting the observed-
frame 24 um flux densities into unobscured rest-frame X-ray
(2-10keV) luminosities, adopting the relation of Fiore et al.
(2009, see their Eq. (1)). This relation assumes that the 2—-10 keV
luminosity, computed directly from the observed fluxes with-
out any correction for intervening absorption, can be considered
representative of the intrinsic X-ray luminosity. The relation
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Fig. 9. Probability of constant star-forming solutions relative to that of
passive solutions. Blue bars mark the results from spectroscopy alone.
Red bars show the probabilities from the combined fit. Bars with relative
probabilities lower than 107 are not shown.

has a scatter of 0.2dex and outliers in the case of significant
X-ray absorption. The expected L(2—10keV)24,m of these three
sources agree with the observed ones within the uncertainties
(see Table 3). Although we cannot reject the scenario in which
some level of star formation would contribute to the rest-frame
6 um emission, we therefore conclude that our data are fully
explained by an AGN that is obscured by a dusty absorber.

Lastly, ID 5 shows a 0.1 mJy 24 pm detection at 100" signif-
icance that is not matched by an X-ray detection. Its spectrum
and photometry both indicate a passive nature, therefore we tend
to favour the hypothesis according to which strong obscuration
might be playing a role in hiding X-ray photons from the central
engine.

6.2.3. Radio

We derived individual 30~ upper limits on the obscured SFR from
the super-deblended VLA 3 GHz flux densities using the FIR-
radio correlation of Delvecchio et al. (2021), assuming that radio
emission is given by star formation alone. One galaxy is detected
at 3GHz at 190 (ID 1). The unphysically high SFR estimated
for it (~10* My yr~!, see Table 3) implies that the origin of its
radio emission is to be ascribed to AGN radio jets. Otherwise, the
inferred upper limits result in <120-190 M, yr~!, which does not
conclusively rule out sub-MS levels of star formation on a galaxy-
by-galaxy basis. Finally, as derived in D’Eugenio et al. (2020),
the peak flux density of Ssgu, = 2.72 + 0.93 uJy obtained by
mean-stacking 3 GHz-undetected sources translates into an upper
limit on the global obscured SFR of ~50—-60 M yr~'. This level
of star formation is a factor of 5-6 lower than the coeval MS.

In summary, the average obscured SFR of our sample has
been constrained to be below ~50-60 Mg yr~!' by a mean-stack
detection at 3 GHz. However, individual 3 GHz radio upper lim-
its to the obscured SFR are <120-190 M, yr“, which is not
sufficient to reject, on a galaxy-by-galaxy basis, star forma-
tion at 1o below the estimated value for the MS at z ~ 2.8

Table 3. Best fit values and their 1o uncertainties.
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Notes. Observed 24 um and 3 GHz flux densities. Upper limits are given at 3¢-. ”Stellar masses are taken from Lustig et al. (2021) and converted to a Salpeter IMF. ®Upper limits for the observed

bolometric Ly were derived median-stacking all undetected sources.”Obtained with the addition of NUV-to-NIR broad-band photometry as described in Sect. 4.2.ID 2 is absent from the J18

catalogue due to the absence of K, and VLA 3 GHz priors.
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corresponding to our stellar masses. Our sample contains four
secure MIPS 24 um detections (f24um ~ 0.1-0.2mly) with no
FIR counterparts, also considering the shallow upper limits at
these redshifts. Three of these detections are consistent with
being AGN-powered judging from their luminous X-ray coun-
terparts. The combined passive stellar emission for the remain-
ing MIPS source suggests that a galaxy like this is a likely
obscured AGN host. The lack of individual strong constraints
on the residual obscured SFR at these redshifts, combined with
very young mass-weighted ages and high dust extinction values
for some of our targets, renders the classification on a galaxy-
by-galaxy basis somewhat ambiguous. We argue that extended
spectral coverage (e.g., covering Ha and [NII]) could be of help
on this matter and that conclusive evidence on the nature of these
high-z QGs can only be obtained with targeted deep millimetre
observations.

7. Age determination
7.1. Spectral fit

Recent works suggest that to estimate age and optical dust
extinction, relatively simple parametrisations of the SFH per-
form similarly as more flexible ones and, all in all, behave
in a relatively stable way at high redshift (Belli etal. 2019;
Valentino et al. 2020). We conservatively marginalised over the
different SFHs adopted here to render the best-fitting values and
their uncertainties more robust. Figure 10 shows the resulting
tso and Ay extracted from the grism spectra (blue points) com-
pared to those derived including COSMOS2015 photometry (red
points). Light to dark shading marks 3, 2, and 1o level confi-
dence values, obtained following Avni (1976) with two interest-
ing parameters. The degeneracy between t5y and Ay appears to
be strongly mitigated by the addition of the photometry when
the redshift is constrained with sufficient accuracy to the spec-
troscopic value. The bulk of our targets is consistent with having
formed half of their stellar mass relatively recently, systemat-
ically having t50 below 1Gyr. In some cases, such as ID 6
and 10, the best-fitting combination suggests dust enshrouded
young stellar populations. Intriguingly, these two galaxies are
also detected in X-rays and 24 um, as discussed in Sects. 6.1
and 6.2, and might be galaxies that just entered into their qui-
escent phase or have residual star formation below the levels
probed our FIR data.

7.2. Relative strength of spectral breaks

The choice of SFH to infer evolutionary parameters intrinsically
carries a degeneracy with the adopted functional form. A more
direct approach is to quantify the light-weighted contribution of
recent star formation by measuring the relative contribution to
the integrated stellar spectrum of short-lived massive stars with
respect to long-lived lower-mass stars. Balmer absorption lines
reach their maximum strength in A-type stars with a spectral
break at 3646 A . Stars of lower mass and lower effective tem-
perature produce metal absorption lines (Call H & K, Fe, and
Mg) which result in a sharp spectral break at 4000 A. More-
over, the underlying continuum changes shape with time, pro-
gressively losing emission in the NUV-blue spectral range while
flattening in the NIR. The different evolutionary rates of the stars
producing the lines and their fractional contribution to the opti-
cal light at fixed mass enable tracing the evolutionary stage of a
galaxy. In Fig. 11 (upper panels) we show the evolution of the
spectral break measured through the Dg definition (Kriek et al.
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2006) and the D,4000 definition (Balogh et al. 1999), as well
as the relative strength (the ratio) between the two (lower left
panel). Lighter shaded curves show the variation with increas-
ing duration of star formation. The ratio is shown as a function
of age of composite templates built with a short truncated SFH.
The ratio is only mildly dependent on dust reddening because
the two indices share a similar wavelength range. Moreover, the
two indices are fairly robust against low resolution. The ratio
varies strongly during the first 1 Gyr or so, reaching its maxi-
mum around 0.3-0.5 Gyr. Eventually, it drops below 1 when the
light-weighted contribution from A-type stars fades away. Con-
stant star formation instead results in a ratio of ~1.1 that is rather
constant with time. Varying the metallicity of the input templates
has the effect of anticipating the transition to Dg/D,4000 > 1.
This effect is strongest when supersolar metallicity (2.5Z;) is
adopted in which case the transition is reached at 0.9 Gyr. We
suggest that this ratio could be used to spot PSB galaxies with
high dust attenuation along and across the UVJ diagram when
high-resolution spectra are unavailable.

In Fig. 11 (upper right) we show the two indices computed on
our targets. The dashed grey line highlights the transition where
the PSB ratio equals 1. The mean error in each side band was
divided by the square root of the number of pixels within it. For
ID 4, whose rest-frame spectrum does not cover the entire wave-
length range required to compute the D,4000 red sideband, the
average flux density was taken as the mean of the best-fitting
template in the same range. The error was computed as the
mean of the noise spectrum taken on the last ten spectral bins.
We flagged this galaxy with a red diamond. The red star marks
the values obtained on the average spectrum in D’Eugenio et al.
(2020). Despite the large uncertainties driven by the S/N of our
spectra, the indices all lie well above the 1:1 relation, thus mark-
ing the presence of young stellar populations in all of our tar-
gets. This supports the results of the spectral modelling, high-
lighting that some of the most massive high-z QGs appear to be
only recently quenched (Stockmann et al. 2020; Valentino et al.
2020; Forrest et al. 2020b). An overview of the physical param-
eters derived for our target galaxies can be found in Table 3.

8. Tracing AGN activity

We investigated the incidence and strength of BH activity on
newly quiescent galaxies in the framework of SMBH-galaxy
coevolution. In particular, we assessed the level of mechanical
feedback on our galaxies by studying the rest-frame 1.4 GHz
luminosity averaged over the entire sample and the incidence
of radiatively efficient accretion by constraining the fraction of
X-ray detected galaxies and their rest-frame hard X-ray
luminosity.

8.1. Radio

As mentioned, one galaxy (ID 1) is securely detected at
3 GHz. Because of the unphysically high SFR estimated for
it (~10* My yr™!), we ascribe the origin of its radio emis-
sion to AGN radio jets. Stacking the radio-undetected sources,
D’Eugenio et al. (2020) obtained a peak flux density of S3gu, =
2.72 + 0.93 uJy. This translates into a K-corrected rest-frame
luminosity of L(1.4 GHz) = (2.0 + 0.7) x 10 W Hz™!, which
we interpret in this section as arising from low-luminosity AGN
activity. Figure 12 shows the observed 3 GHz flux density of
our targets, compared to the observed stacked SED of z ~
1.8 analogues presented in Gobat et al. (2018, hereafter G18).
Under the assumption that z ~ 2.8 quiescent galaxies share
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Fig. 10. Mass-weighted ages and dust extinction values for our targets. Blue squares mark the confidence regions (3 to 1 o going from light to
dark points) extracted from the spectra alone. Red points show the solutions of the combined fit. Blue and red stars in each panel mark the best-fit
solution from the spectroscopic fit and the combined fit, respectively. The relative probabilities of the extinction laws are shown for each galaxy.
As a reference, we report the best-fitting combined solution at fixed extinction law as black and grey dots. Their colour-coding follows that of the

aforementioned relative probabilities.

this FIR-to-radio SED similar to that of z ~ 1.8 analogues, our
observed flux density appears to be a factor of 2.7 higher than
the best-fit model in G18 rescaled to our redshift and average
SFR. The 1.4 GHz luminosity expected from residual star for-
mation according to the FIR-radio correlation is Lyoq = 1.64 X
102 W Hz™!. Our observed L(1.4 GHz) is 12 times higher than
Linod» implying an excess of 1.9 x 102 W Hz~!. This excess, in
turn, is a factor of 3.8 higher than the excess found in z ~ 1.8
similarly massive QGs (5 x 10>> W Hz"!, G18).

The low statistics implied by our sample size prevents us
from making meaningful considerations on the overall duty
cycle of AGN activity. It is worth mentioning, however, that the
0.66 duty cycle estimated in G18 from z = 1.4 to z = 2.5 implied
a burst duration of 1.2 Gyr, which is 1.6 times longer than our
observational window (the cosmic time spanned by our sample
is 0.72 Gyr). Together with the ensemble radio detection, this

might imply that we are sampling an epoch when low-level AGN
activity is almost always on in newly quiescent galaxies, with a
stronger radio AGN activity with respect to what is inferred for
lower-z massive analogues.

8.2. X-ray

Lx can be viewed as a tracer of the typical rate of black hole
growth in a given galaxy sample. A recent stacked analysis of
quiescent galaxies in COSMOS has constrained the average level
of rest-frame hard X-ray emission to be Ly = 2 x 10¥ ergs™!
(Carraro et al. 2020, hereafter C20)*. While our non-detections
are consistent with C20, our mean rest-frame L(2—10)keV

4 QOur stellar masses were converted into a Chabrier IMF for
consistency.
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yellow and black hexagons, respectively.

obtained as

N,
X,uplim X Nnondet + Zizdin LX,i

L
L(2—10)keV =
Nnondet + Ndet

is higher by a factor of 2-3 at face value (see Fig. 13). The error
bar on the average is computed as the error on the weighted
mean.

Assuming the Lusso et al. (2012) bolometric corrections and
a Mgy = M, /500 conversion as in Hiring & Rix (2004), we
computed Eddington ratios for each target, defined as the bolo-
metric X-ray luminosity (or its 30~ upper limit) divided by the
Eddington luminosity expected at the stellar mass of the galaxy.
We obtain Eddington ratios of Agpp ~ 2—11% for detected
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sources and 30 upper limits lower than 1% for all the unde-
tected ones. When we repeated the test using 24 um derived
L(2-10)keV, we obtained Agpp that were a factor of 2 higher
on average.

This Agpp translate into black hole accretion rates (BHAR)?
that largely agree with C20 at z ~ 3. Dividing the mean
(BHAR) by the average (SFR|op) estimated from the 5o [OII]
detection from the average spectrum of nine of our targets
(see D’Eugenio et al. 2020), we obtain an increase by a fac-
tor of ~30 with respect to 1.3 < z < 2.25 QGs at the same
mass (see Fig. 14), consistent with the lower limit for massive

> BHAR(M,, z)=(1-€)-L;-jorev- kbol(My, z)/(éc*) = Agpp - Lepp X
10748 M, yr~!, where the efficiency of mass conversion is e=0.1.
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Fig. 12. Radio excess observed in our galaxies compared to the aver-
age FIR-to-radio SED of similarly massive QGs at intermediate red-
shift. Top: observed 3 GHz flux for our sample (red dot) compared to
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of Gobat et al. (2018) is shown as a black curve. The same template,
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shown as a red curve. Bottom: observed flux normalised to the respec-
tive model at the corresponding wavelength.
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Fig. 13. X-ray luminosity in the 2-10keV band as a function of stel-
lar mass for quiescent (red squares), star-forming (cyan diamonds), and
starburst galaxies (violet circles) at 2.25 < z < 3.50. Adapted from
Carraro et al. (2020).

2.3 < 7 < 3.5 QGs inferred from the same paper. Our mean Ly is
marginally consistent with that star-forming galaxies in the same
mass and redshift range, whereas the [OII]-derived dereddened
SFR lies around ~60 times below the MS. This translates into
(BHAR)/(SFR) being a factor of ~60 higher than the high-mass
end of the MS at z ~ 3. We recall that this ratio would be even
higher if even part of the oxygen ionisation were powered by
AGN activity rather than actual star formation. This supports the
idea that while the stellar mass growth of the host galaxy has
already ceased, the BH mass growth in high-z QGs takes longer
to fade away, as already pointed out in C20, and might have had
arole in quenching.

The stochastic nature of detectable AGN activity implies that
it is usually only observed in a small fraction of galaxies at a
given time. Aird et al. (2019) reported that high-z massive QGs
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Fig. 14. BHAR (fop) and BHAR per unit SFR (bottom) as a function of
stellar mass for quiescent galaxies (greyscale points) in COSMOS. Dif-
ferent symbols mark different redshift bins. Main-sequence galaxies in
the same redshift range as studied in this work are added in the bottom
panel as cyan stars. Error bars on the average BHAR reflect the disper-
sion of the weighted mean on the rest frame L(2-10keV) of the sample.
The average SFRo;; was converted into a Chabrier IMF. Adapted from
Carraro et al. (2020).

exhibit enhanced AGN fractions compared to low-z SF galaxies
hosting an equivalent SFR, suggesting that AGN activity in QGs
might be fuelled and sustained by stellar mass loss rather than
the availability of cold gas. Their fraction of highly accreting
quiescent galaxies (dspgar > 0.1, i.e., at more than 10% the
Eddington limit) reaches 2-3% around z ~ 3. The fraction of
normally accreting AGN (Asguar > 0.01) reaches 20-30% in
the quiescent population with SFRs of about 0.5—-1 My yr~!.
Schreiber et al. (2018) reported 18% of X-ray detections in
3.2 < z < 3.7 massive UVJ-quiescent galaxies, plus an addi-
tional 30% in the young-quiescent (lower left) region of the UVIJ
diagram. Several of their young-quiescent SEDs show similari-
ties with our ID 5 and 6 in terms of SED shape and possibly young
age. Olsen et al. (2013) reported a 19%+9% luminous AGN frac-
tion in a mass-complete sample of massive UVJ-selected qui-
escent galaxies at 1.5 < z < 2.5, with a total low-luminosity
AGN fraction up to 70%—-100%, which argues in favour of the
scenario in which episodic AGN activity maintains a low SFRs
in quiescent galaxies. Including a possibly Compton thick source,
our sample likely contains a fraction of 40% of luminous AGN.
We currently do not know in which direction the incompleteness
due to the sample selection will affect the AGN fraction because
we focus on high-mass quiescent galaxies while excluding the
strongest 24 um detections. As noted in Aird et al. (2019), stellar
mass-loss and AGN feedback tend to be disfavoured mechanisms
for causing relatively high accretion rates and high AGN fractions
in sub-MS and quiescent galaxies. The former could sustain the
accretion onto the central BH by providing a relatively stable sup-
ply of low-angular momentum gas, but is expected to result in
relatively low accretion rates. Moreover, stellar mass loss is most
efficient soon after star formation (2—5 Myr) and declines expo-
nentially afterwards, meaning that its contribution is likely not
sufficient to explain the highest Agpp measured for some of our
objects (unless non-negligible SF occurs). Instead, AGN feed-
back assumes that the gas supply, once used by the galaxy to
sustain SF, is accreted by the central SMBH. However, even the
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Fig. 15. Comparison of our mass-weighted ages and the morphological
parameters derived in Lustig et al. (2021), namely Sérsic index n and
effective radius R, at 5000 A rest frame.

youngest ages shown by our stellar populations would imply a
stability of the radiatively efficient AGN feedback of several hun-
dred Myr, whereas radiatively efficient accretion is expected to be
stable on timescales of 0.1 Myr. One other mechanism proposed
by Aird et al. (2019) could be the build-up of a compact bulge,
which would increase the stellar density of the host galaxy, hence
increasing the rate at which the AGN is triggered by infalling gas,
as also supported by observations (Barro et al. 2013). Figure 15
shows that our likely AGN hosts are among the most compact
ones in the sample, but they also show the lowest Sérsic indices
(n = 1.2-2.6), implying that no clear-cut connection between
radiative AGN feedback and central stellar density can be estab-
lished with the present sample. Globally, the 30-40% fraction
of AGN that are tentatively associated with young objects (seen
also as young quiescent galaxies in Schreiber et al. 2018) might
suggest that episodic AGN feedback might be triggered before a
completely passive stellar core is settled.

9. Discussion

We have characterised one of the largest representative samples
of ten high-z massive QGs in terms of spectroscopic confir-
mation and age estimation. We showed that HST observations
are able to probe the (H-band) brightest end of the massive
QG population providing access to clear spectral breaks in the
majority of the objects. These breaks can be used to quantita-
tively compare the amplitude of the Balmer absorption lines with
metal lines, hence quantifying the light-weighted contribution of
young versus old stars at fixed stellar mass in early QGs. In other
words, with relatively few HST orbits, it is possible to both per-
form spectroscopic confirmation of QGs up to z ~ 3.2 and start
quantifying the incidence of newly quenched objects within the
population.

The particular configuration of spectral breaks characteris-
ing our sample (strong Dp and weak D,4000) is due to the
presence of luminous A-type stars. These often indicate a rel-
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atively recent shutdown of star formation, but they have been
also linked to galaxies hosting substantial amounts of obscured
star formation that contaminates the rest-frame colours that are
commonly used when high-z quiescent galaxies are selected
(Poggianti & Wu 2000; Lemaux et al. 2017). The quiescence of
our targets was first tested and confirmed through their com-
bined spectral (rest-frame NUV/optical) and photometric (rest-
frame UV-to-NIR) emission, rejecting the presence of catas-
trophic photometric errors or prominent emission lines. They are
consistent with very young mass-weighted ages, however, which
makes their final interpretation less clear.

Because the upper limits on the obscured SFR placed by
the current Spitzer/MIPS and Herschel/PACS and SPIRE data
are shallow, we relied on the mean-stacked shallow detection at
3 GHz to constrain the potential obscured SFR to be on aver-
age below 50-60 M, yr~! (D’Eugenio et al. 2020), which is five
to six times lower than the coeval MS at most. The individual
24 um flux densities of three 5—100 detections in the J18 super-
deblended catalogue were converted into hard X-ray luminosi-
ties, compared to Chandra COSMOS Legacy X-ray detections,
and judged to be consistent with being powered by AGN. A con-
version of individual 3 GHz 30 upper limits into SFRs results
in <120-190 M, yr~!, which is not conclusive to exclude sub-
stantial obscured star formation on a galaxy-by-galaxy basis.
We also note that the origin of the MIR emission is in principle
unclear because it can arise from multiple phenomena such as a
dusty AGN torus, star formation, hot circumstellar dust around
AGB stars, and/or the presence of diffuse cirrus clouds heated
by hot stellar populations (Fumagalli et al. 2014) or a combi-
nation thereof. From the broad agreement between the promi-
nent Balmer breaks and the mass-weighted ages of our galaxies,
we conclude that they have quenched relatively recently prior
to observation. However, dedicated millimetre observations are
required for 40% of our objects to conclusively assess the level
of residual star formation. These objects might represent exam-
ples of rapidly transitioning galaxies that underwent a sharp trun-
cation of their star formation, possibly through AGN feedback.

9.1. Emergence of massive quiescent galaxies at high-z

Despite the overall stability of the spectral fitting mentioned
above, we recall that age estimates still rely upon the spec-
tral fitting scheme adopted, on the assumptions made in the
choice of template libraries, and ultimately, on the shape of the
SFH used. Keeping these caveats in mind, we can start mak-
ing meaningful statements on the ages of our QGs through
relative comparisons of the mass-weighted ages within our sam-
ple. The bulk of our targets is consistent with having suppressed
their star formation very recently, between 300-800 Myr prior
to observation. The median value is 0.5 Gyr with a dispersion
of 0.2 Gyr. Two outliers are present, ID 6 and ID 10, showing
younger ages than the bulk of the sample, 0.1 and 0.25 Gyr,
respectively. Although for ID 10 the Dg/D,4000 ratio appears
to be strongest (hence suggesting the highest contribution of
A-type stars with respect to the underlying stellar population),
the S/N of our spectra prevents us from identifying significant
differences among our galaxies. Moreover, the downward trend
of the Dg/D,4000 ratio at ts9 < 0.1 Gyr precludes the possi-
bility of testing the age inferred from the spectral fit, such as
for ID 6. Assuming an exponentially declining SFH and our
best-fit 59, our galaxies are consistent with having formed half
of their stellar mass around zZform ~ 3.5 at an SFR ~ 1800-
3000 Mg yr~!, similarly to what was reported in Valentino et al.
(2020), but shifted at a later epoch. We caution, however, that
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these simple representations of SFHs are unlikely to be repre-
sentative of the peak SFR if the true SFH were more complex,
as in the case of multiple phases in the SFR (Barro et al. 2016) or
mergers (which imply a degeneracy with mass assembly, hence
in lower SFRs split between the progenitors). Interestingly, the
common selection of high-z QGs preferentially selects bright
blue UVJ quiescent objects where “dust-poor” PSBs often lie.
In some cases, it extends to a bluer region outside the standard
quiescent boundaries (either in the UVJ or in the NUV1J selec-
tion) where compact transitioning galaxies are thought to lie
along their fast drop in SFR (Belli et al. 2019; Schreiber et al.
2018; Valentino et al. 2020; Forrest et al. 2020a). This implies
that high-z quiescent galaxies are selected more or less in the
same evolutionary phase, namely after O and B stars exited
the turn-off and before the same happens for A-type stars. This
appears to be manifesting through similar distributions of (mass-
weighted) ages in the highest-z samples (perhaps unsurprisingly,
see Fig. 16). This also means that the magnitude cut neces-
sary for spectral acquisition biases the selection of high-z QGs
against dusty PSBs or galaxies that transition more slowly into
quiescence (Belli et al. 2019). Moreover, considering the cos-
mic time between z = 2.8 and z = 1.8, the mass-weighted
ages inferred for our targets appear to be broadly consistent
with passive evolution into old QGs at intermediate redshifts
(Whitaker et al. 2013). This is not the case for higher-z mas-
sive QGs, confirming that the high-z selection directly probes the
continuous injection of new compact quiescent galaxies into the
passive population. The enhanced fraction of PSBs (60%—-70%,
D’Eugenio et al. 2020; Lustig et al. 2021) among photometri-
cally selected log(M,/My) > 11 QGs at z ~ 3 is linked to the
progressive migration of the red sequence towards bluer colours
with increasing redshift. PSBs represent a increasing fraction of
the whole QGs population with redshift (Wild et al. 2016). In
particular, because the transition from Balmer to Call absorption
lines is fast compared to the overall lifetime of a galaxy at low
redshift (at the epochs spanned in this work, this phase instead
naturally represents a much larger fraction of a galaxy lifetime).
When the growth of the red sequence is considered, the observed
fraction of PSBs in massive QGs remains low <1-3% from z = 0
to z ~ 0.5 (Tran et al. 2003) and increases between z ~ 1 — 2
to ~20%-50%, with percentage variations mirroring different
selection criteria (Le Borgne et al. 2006; Whitaker et al. 2013;
Wild et al. 2016). The mounting fraction of massive QGs with
evidence of recent quenching already accounts for half of the
population at z ~ 2, when their number densities start to match
(Whitaker et al. 2012). This is further supported by the growth
rate of log(M,/My) > 10.8 PSBs of less than 1 Gyr at z ~ 2,
which accounts for half that of the whole quiescent population
(Belli et al. 2019). The decrease in cosmic time allows us to
study the width of the distribution in quenching times of QGs: in
the emerging picture, a continuous injection of objects into the
quenched population manifests in the fast increase in the num-
ber density of young quiescent galaxies starting at z ~ 1.5-2
(Whitaker et al. 2011, 2013) with a reversal of their relative
contribution to the red sequence with respect to old galaxies
by z ~ 3. This trend appears to continue towards higher red-
shifts, at which relatively old quiescent galaxies appear to be
still unobserved (Forrest et al. 2020b; Marsan et al. 2020). The
latest spectroscopic constraints at z ~ 3.5 appear to find quasars
or star-forming redshift interlopers among the reddest objects in
the passive UVJ region, but the long integrations required limit
the number and quality of these spectra (Forrest et al. 2020b).
The question of whether PSBs scatter also into the reddest area

Belli+19
Schreiber+18b
Forrest+20a
Forrest+20b
Valentino+20

0.0

Gobat+12
Gobat+17

Estrada-Carpenter+20 (compact)
+  Estrada-Carpenter+20 (extended)
light - weighted ages.

Barro+16

Onodera+12

Onodera+15

Jorgensen & Chibucas+13
Whitaker+13 PSB

log(tso[Gyrl)
4ottt

-0.5

-1.0
Whitaker+13 Old
Sargent+15
Bezanson+18

mass - weighted ages
Morishita+19
Stockmann+20
Saracco+20

-15

%49 eehbBot+eo

Fig. 16. Stellar ages as a function of observed redshift of
log(M,/My)>10.5 quiescent galaxies. Adapted from Onodera et al.
(2015). Here mass-weighted ages from the literature differ from 5o in
that they do not specifically refer to the lookback time at which 50%
of M, is formed. The four targets selected from Schreiber et al. (2018)
correspond to those recently followed up by Esdaile et al. (2021). Solid
grey lines show, from thin to thick, the age of simple stellar populations
made at a gy, from 1.5 to 5. The dotted red line marks the age of the
Universe as a function of redshift.

of the passive UVJ region® due to photometric errors or intrin-
sic properties such as dust or metallicity (which can also be read
to mean whether the z ~ 3 population is missing the descen-
dants of any z ~ 4—5 massive quiescent galaxies) can currently
only be addressed with very expensive targeted observations.
The enhanced sensitivity of the JWST will enable mapping the
full distribution of PSBs in the UVJ diagram to the highest red-
shifts. Establishing a detailed demographics of z ~ 3 (or higher)
QGs to the faintest magnitudes will help clarify the distribution
of dust attenuation in spectroscopically confirmed extremely red
objects and in turn provide insights into the global star formation
history of high-z QGs.

9.2. Morphology of quiescent galaxies at z~ 3

We here use the results obtained by Lustig et al. (2021) on
the H-band imaging of our targets to interpret their plausible
evolutionary stage considered their ages and morphology. When
we exclude our only object with a Sérsic index n = 1.2
(IDS5), nine (eight) of our galaxies have n > 2 (2.5), even
those objects with an axis ratio of about 0.5-0.6. This indi-
cates that a centrally peaked, bulge-like stellar component is
already established in these recently quenched galaxies. Simi-
larly, Almaini et al. (2017) showed that photometrically selected
log(M,/My)>10.5 PSBs at 1 < z < 2 consist of compact proto-
spheroids, with Sérsic indices consistent with the established
passive galaxy population at the same epoch and significantly
larger than those of star-forming galaxies. They reported evi-
dence that PSBs are more compact on average than fully pas-
sive galaxies at the same epoch. Based on these elements, they
argued that for z > 1 PSBs structural transformation preceded
(or accompanied) the quenching event, leaving a compact rem-
nant that later grew in size. Although the small number statis-
tics prevents us from finding any significant correlation between

6 TFor example, (U - V) + (V —J) > 2.8.
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morphology (either R, or n) and f5y on a galaxy-by-galaxy basis,
the data at our disposal show that our galaxies have median
Sérsic indices and axis ratios of 4.5:’(1):2 and 0.73f8:(1)g, respec-
tively. The spectra, on the other hand, are consistent with our
sample being very recently quenched. Additionally, as noted in
Lustig et al. (2021, see their Fig. 6 and 8), our galaxies have sig-
nificantly higher Sérsic indices on average with respect to the
coeval star-forming population, and R. is about a factor of 3
smaller. Under the assumption that our mass-weighted ages are
not significantly underestimated and that PSB features are not
driven by minor rejuvenation effects leading to small variations
in stellar mass, the young ages retrieved for our galaxies sug-
gest that their average formation epoch is around Zormation ~ 3.5-
Under the assumption that typical star-forming galaxies at our
Zformation ~ 3.5 follow the extrapolation of the size evolution
in van der Wel et al. (2014) and rescaling at half of our stellar
mass, our galaxies would still be more compact by a factor of
2. Although the intrinsic scatter of the mass-size relation for
late-type galaxies would make the two populations marginally
consistent, the evolution of Sérsic indices with redshift for star-
forming galaxies indicates the prevalence of exponential pro-
files (n ~ 1-1.5) at least in the rest-frame UV (Shibuya et al.
2015). These aspects support the idea that the development
of a compact bulge-dominated structure is involved in creat-
ing quiescent systems and that this process precedes or at least
accompanies SFR suppression. The large uncertainties on our
median axis ratio make our sample consistent with both qui-
escent galaxies at lower redshift and star-forming samples at
2 < z < 3. Photometric samples at lower redshift indicate a
general flattening of the massive QG population approaching
Z ~ 2 or higher, judging from their rest-frame optical projected
axis ratio distributions (e.g., van der Wel et al. 2011). This flat-
tening has been interpreted as an increasing fraction of disk-
dominated QGs as opposed to classical triaxial spheroids (60%
at z ~ 2 at log(M,/My) 2 11.1 Chang et al. 2013a,b). We note,
however, that the distinction between bulge-dominated and disk-
dominated systems is not clear cut and it is often dependent on
the tracer used. Axis ratios, for example, do not fully take a
bulge component into account. The Sérsic indices in these works
are mostly n > 2-2.5 in the rest-frame optical, which indicates
that at least a spheroidal stellar component is already present
in massive quiescent galaxies at z ~ 2. Evidence in this regard
is also presented in Belli et al. (2017), Almaini et al. (2017),
Stockmann et al. (2020) at z ~ 2. Despite the small number
statistics that affects our sample, our data are inconsistent with
the majority of massive quiescent galaxies being ‘pure disks’ at
z ~ 3: the probability associated with finding only one object
with n ~ 1 (ID 5) in a sample of ten galaxies is 1% assuming
a 50% fraction of pure disks and assuming that these morpholo-
gies are evenly distributed in the passive UVJ diagram. Along the
same line, the fraction of pure disks that is consistent at 1o~ with
our data is lower than 30%. Interestingly, spectroscopically con-
firmed QGs z ~ 3-3.5 for which detailed morphology is avail-
able mostly show n = 3 —4 and with varying g (see Esdaile et al.
2021; Marsan et al. 2015; Saracco et al. 2020), with the excep-
tion of Gobat et al. (2012). One possibility could be that the
magnitude cut imposed for the spectroscopic confirmation biases
spectroscopic samples towards objects with a high Sérsic index.
This would reinforce the idea that recently quenched systems
generally undergo fast quenching, leaving a bulge-dominated
remnant, likely without much dust reddening, in most cases.
Another possibility could be that the rest-frame near-UV/optical
sampled by HST/F160W at z ~ 3-3.5 is more centrally peaked

than the rest-frame 5000 A sampled at z ~ 2. High-resolution
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NIR imaging at longer wavelengths than those sampled by
the present work will help clarify this point. Lastly, for ID 8,
Lustig et al. (2021) measured g = 0.33f8:8§ and n = 4.3f8:8§.
These values could be interpreted as due to a strong bar in a fast-
rotating compact SO galaxy lacking an extended and bright outer
disk, or alternatively, due to a compact spheroid surrounded by a
lower-mass edge-on disk. On a more general note, the question
of whether recently quenched galaxies at high-z are compact,
bulge-dominated objects with residual rotational support is very
interesting (Belli et al. 2017; Newman et al. 2018b). It appears
unlikely that high-z quiescent galaxies closely resemble low-z
slow rotators because the cosmic time interval for minor merg-
ers to fully cancel any rotational component is shorter. However,
the assessment of any rotational support is currently not feasible
with the data at our disposal.

10. Summary and conclusions

We have obtained HST WFC3/G141 grism spectra for one of the
first representative samples of ten log(M, /M) > 10.8 quies-
cent galaxies at high redshift (2.4 < z < 3.2). HST observations
efficiently provided us with the largest sample of QGs with a
full continuous coverage in the Balmer/4000 A spectral region at
these redshifts. This allowed us to perform spectroscopic confir-
mation of QGs up to z ~ 3.2, and based on widespread prominent
Balmer breaks, we were able to start quantifying the incidence
of newly quenched objects within the massive quenched popu-
lation against contamination by lower-redshift interlopers. The
quiescence of our targets was tested by means of the combined
information of our newly acquired rest-frame NUV/optical spec-
tra and COSMOS2015 UV-to-NIR photometry. In addition, we
also considered MIR, FIR, and radio detections from recently
released super-deblended photometry (Jin et al. 2018). Our main
conclusions are summarised below.

— Successful spectroscopic confirmation was achieved for the
full sample, confirming the quality of the original photomet-
ric selection.

— The joint analysis of our newly acquired rest-frame
NUV/optical spectra and COSMOS2015 broad-band UV-to-
NIR photometry confirms the quiescent nature of all our tar-
gets.

— Although IR-based constraints on the obscured SFRs of
our individual targets are weak with the available data
(<120-190 M, yr~"), the quiescent nature inferred from
grism spectra and optical/NIR SEDs is globally supported
from the 3GHz stack of the sample, yielding an obscured
SFR <50 M, yr‘1 (D’Eugenio et al. 2020).

— Photometric  zero-point recalibrations proposed in
Laigle etal. (2016) appear to be disfavoured by our
data. These corrections were derived on a set of spectroscop-
ically confirmed quiescent among a much larger number of
star-forming galaxies at intermediate redshifts and might not
be necessary to extract the SEDs of QGs at high-z.

— An attenuation curve with slope 6 = —0.4, which is steeper
than in Calzetti, tends to reduce the median and the disper-
sion of the X12e distribution for the photometric fits. It also
shows lower )(2 in general. Nonetheless, our data do not
allow us to securely distinguish among the different slopes
that were adopted.

— Marginalising the spectrophotometric fit over different atten-
uation curves and SFHs, we inferred the typical mass-
weighted ages our objects. They range from 300-800 Myr,
which indicates a recent rapid suppression of their SFR.
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Their global strength was quantified and compared to that of
the 4000 A break by means of the Dg/D,4000 ratio, which
is systematically higher than 1. This spectroscopically con-
firms on a galaxy-by-galaxy basis the PSB nature of mas-
sive bright QGs, which was pointed out before by means
of stacking (D’Eugenio et al. 2020) and by individual high-
resolution spectra (Forrest et al. 2020b). More observational
efforts are required to explore to which extent strong Balmer
absorption lines are spread among objects with a lower mass-
to-light ratio.

— When we interpret our MIR and X-ray individual detections
and the radio-stack shallow detection as a signature of AGN
activity, our results are consistent with a widespread radio
AGN activity that is a factor of 4 stronger than in similarly
massive QGs at intermediate redshifts, and a 30-40% inci-
dence of luminous AGN in which the BH mass growth is
substantially enhanced with respect to z ~ 2 quiescent ana-
logues (x30) and to coeval star-forming galaxies at the same
stellar mass (x60). This agrees with the recent results of
Carraro et al. (2020) for the stacked emission of photomet-
rically selected populations of QGs at 2.25 < z < 3.50.

— Our galaxies are globally characterised by a bulge-
dominated, compact morphology (Lustigetal. 2021).
Although we found no clear trend between mass-weighted
ages and R. or Sérsic indices in the sample, the young ages
yielded by their grism spectra and broad-band photometry
suggest that structural transformation may precede or be
concomitant with quenching in similarly selected high-z
galaxies.

The fast evolutionary phase probed by the magnitude-limited
colour selection seems the one in which the majority of z >
2.5 QGs are caught, systematically selecting newly quenched
(quenching) objects that enter the quiescent population. We
expect the number density of spectroscopically confirmed PSBs
(which already matched that of old systems at z ~ 2 based on
photometric selections (Whitaker et al. 2013)) to fully dominate
the QGs mass-function at z ~ 3. The JWST and ALMA will be
crucial to trace the full demographics the quiescent population
in an effort to map the distribution in quenching times, dust, and
molecular gas content to obtain further insights into the global
SFH of the emerging massive quenched systems.
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Appendix A: Additional plots

We here add the multi-wavelength cutouts (from K, band to
20 cm) of our sources together with their SED fits when avail-
able. SEDs for IDs 1 and 2 are not present because ID1 lies in
a region that is subject to unreliable IR fluxes and uncertainties,
while ID 2 is absent from the J18 catalogue due to lack of Ultra-
VISTA K and VLA 3 GHz radio priors. We recall that the plots
on the right are only intended to display the available data and

to show the maximum AGN component allowed by our 24 um
detections.

For completeness we recall that the SED fitting was car-
ried out by fixing the redshift to the best-fitting grism value of
each galaxy and includes two components: a stellar component
from BCO3 templates (black curve), and a MIR AGN torus from
Mullaney et al. (2011) (red curve). The downward arrows show
the 20~ upper limit at a given wavelength.
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Fig. A.1. NIR-to-radio photometry available for our sample. Left panel: multi-band cutouts of our targets. The green text marks the instrument, the
observed wavelength in units of um, and the size of the field of view. Right panel: fits to the SEDs of our galaxies. We do not report the SED of
ID1 because it lies in an area of UltraVista that is affected by unreliable flux uncertainties. ID2 is absent from the catalogue of Jin et al. (2018) due
to the lack of K, and VLA 3 GHz priors. The SEDs are fitted with a stellar component (blue curve; Bruzual & Charlot 2003) and an AGN torus
component (red curve; Mullaney et al. 2011). The fits where fixed to the grism redshifts derived as in the main text. Upper limits are at 20
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Fig. A.1. continued.

A32, page 24 of 26

A&A 653, A32 (2021)

100

0.1

Flux [mJy]

0.01

0.001

100

0.1

Flux [mJy]

0.01

0.001

JIREREE
FEZ JZCELEE

100

0.1

Flux [mJy]

0.01

0.001

0.0001
1

0.0001
1

0.0001
1

ID 4
zspec=3.230

10 100 1000 104 10°
Observed Wavelength [microns]

B e MAARL e ey e e
ID 5
zspec=2.665

10 100 1000  10% 10
Observed Wavelength [microns]

ID 6
zspec=2.801

10 100 1000  10% 10°
Observed Wavelength [microns]



Fig. A.1. continued.

C. D’Eugenio et al.: HST grism spectroscopy of z ~ 3 massive quiescent galaxies

100

0.1

Flux [mJy]

0.01

0.001

100

10

0.1

Flux [mJy]

0.01

0.001

100

0.1

Flux [mJy]

0.01

0.001

0.0001
1

0.0001
1

0.0001
1

ID 7
zspec=2.666

10 100 1000 104 10°
Observed Wavelength [microns]

S
ey

zspec=2.998

10 100 1000  10% 10
Observed Wavelength [microns]

S
©

zspec=2.667

A

10 100 1000  10% 10°
Observed Wavelength [microns]

A32, page 25 of 26



A&A 653, A32 (2021)

ID 10
zspec=2.393

100

0.1

Flux [mJy]

0.01

0.001

0.0001 T | R RTINS R ETTT M| FUTTTY R TTIT M
1 10 100 1000 104 10°

Observed Wavelength [microns]

Fig. A.1. continued.

A32, page 26 of 26



	Introduction
	Sample selection
	HST WFC3 F160W imaging and G141 grism spectroscopy
	Observing strategy
	Data reduction

	Spectroscopic confirmation
	Fitting setup
	Redshift identification
	Performance of photometric redshifts

	Combining spectroscopy and NUV-NIR photometry
	Photometric zero-point calibrations
	Dust attenuation laws

	Quiescence of individual targets
	Results from the stellar component
	SFR constraints from multi-wavelength data sets
	IR
	X-rays
	Radio


	Age determination
	Spectral fit
	Relative strength of spectral breaks

	Tracing AGN activity
	Radio
	X-ray

	Discussion
	Emergence of massive quiescent galaxies at high-z
	Morphology of quiescent galaxies at z3

	Summary and conclusions
	References
	Additional plots

