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in our case due to the existence of possible star-forming solutions
with p > 5 per cent. In addition, a non-negligible number of our
candidates in the reference sample fall outside (below) of the passive
region, in the region where recently quenched sources are expected
to lie (as discussed in Section 3). This con�rms that the adoption
of simple � -models and colour criteria may fall short in singling
out a complete sample of red and dead objects, and we therefore
conclude that the choice of a more sounded SFH analytic shape like
the top-hat we adopted in this study can have signi�cant impact on
the selection of realistic candidates of passively evolving objects at
high redshift.

In the same Fig.6, we also code the objects according to their es-
timated sSFR in the� �t. We selected as red and dead candidates the
objects having speci�c rates sSFR< 10Š11 yrŠ1: with this criterion,
and again requiringzCANDELS > 3 andKs+3.6+4.5 1� detection,
we single out only 10 objects, marked as open circles in the �gure.
We notice that only 5 out of 10 are present in the TH selection:
they are IDs 2782, 7526, 8785, 17749 and 18180. Their best-�tting
values are similar to those obtained with the TH libraries. Snapshots
showing the other �ve sources included in the� selection andnot
in the reference TH selection are shown in Fig.E1; we note that
ID 34275 is only clearly visible in theH-band image and might
be a spurious detection from a close-by star, while IDs 2032, 5501,
22515 and 34636 have not been included in the TH selection despite
having best �ts as passive objects, because star-forming solutions
with p > 5 per cent are present.

Interestingly, none of the �vez > 4 red and dead candidates in
the reference selection is identi�ed as passive with the� -models
criteria. Two of them, IDs 3912 and 23626, are �tted as sources
of � 1.3 Gyr and� 500 Myr, respectively, missing the selection
because of estimated sSFR slightly higher than the chosen thresh-
old (6.3 × 10Š11 and 4.2× 10Š11 yrŠ1). The other three objects
(IDs 5592, 6407, 9209) are �tted as young (age< 800 Myr) star-
forming sources with sSFR> 10Š10 yrŠ1. The	 2 of the �ts with the
� -models and the TH models are similar. Again, if our modelling
is correct, all these are good examples of the kind of objects dis-
cussed in Section 3: young galaxies in the early Universe which
have quenched their short SF activity abruptly, just before the
time they are observed, and are identi�ed as still (slightly) star-
forming in a standard� �t because of the limitation of the chosen
�tting model.

Fig.7 (top panel) displays the shifts in theUVJdiagram positions
for the objects belonging to the reference sample, when �tted with
different libraries of models. The shifts are typically small, of the
order of 0.1–0.3� mag (generally consistent with the uncertainties
in the relevant observed colours). Noticeably, they tend to affect
the V Š J colour more than theU Š V colour. This is basically
due to the fact that the �t is much more robustly constrained in the
region of the observed visible and NIR (covered by the ACS and
WFC3 bands), which straddle the rest-frameU Š V break atz � 3,
than in the reddest part of the spectrum, since the two 5.6–8.0µm
IRAC bands have the poorest S/N. This allows larger variations
in the V Š J colour, as shown by the two examples reported in
the bottom panels of the same �gure. We also note a systematic
effect between the two libraries, as most of the candidates with a
red [U Š V]rest have bluer [V Š J]rest using the TH than using the
� library, while galaxies with bluer [U Š V]rest are shifted towards
redder [V Š J]rest colours – implying a shallower mid-IR pro�le in
all cases, as it can be seen in the two SEDs examples. To de�nitively
solve this ambiguity, deeper data longward of 3µm are necessary;
this anticipates the need forJWSTobservations, which will be the
target of Section 6.

Figure 7. In the top panel we show the shifts on theUVJ diagram of the
objects in the reference sample, when �tted with different libraries of models.
Blue dots: exponentially declining (� ) library; red squares: TH library. The
shifts are small (� 0.3 � mag) and typically more pronounced in theV Š J
colour. The bottom panels show two examples explaining the described
trend: the �tted SEDs substantially coincide in the optical – NIR, but differ
in the IRAC region. See the text for more details. [A colour version of this
�gure is available in the online version.]

5.2 Diagnostic planes with observed colours

Fig. 8 shows the result of the selections on diagnosticVJLandiHM
observed colour–colour planes, which are the equivalent of theBzK
diagram (Daddi et al.2004) for selection of quiescent galaxies at
z � 3 andz � 4. In each diagram, the upper right region (delimited
by the diagonal solid line and the horizontal dashed line) is expected
to be populated by passive sources. The grey dots are individual ob-
jects from the whole G13 catalogue, while red dots are galaxies
having zCANDELS in the interval of interest for the corresponding
diagram. Larger �lled dots are the reference sample sources, again
colour-coded depending on their photo-z (see the caption of the
�gure). While some of the selected objects lie in the passive region
of the diagram, many others are found having slightly bluer ob-
served colours. Therefore, a straightforward colour selection would
exclude them from the sample (see Grazian et al.2007, for similar
discussions on theBzKselection).

5.3 Comparison with previous samples

Another interesting comparison can be made with the results from
previous published studies. Rodighiero et al. (2007) used the
Giavalisco et al. (2004) multiwavelength imaging data to extract
photometric data, performed a magnitude selection requiring no
detection inHSTbands,K > 23.5, and IRAC 3.6µm < 23.26, and
identi�ed 20 objects as massive galaxies with high probability of
being high-redshift, passive sources (with 14 of them also having

MNRAS 473,2098–2123 (2018)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/473/2/2098/4160102 by guest on 21 January 2021



Red and dead galaxies in Goods-S2109

Figure 8. Diagnostic colour–colour diagrams. In both panels, grey dots are
the whole G13 catalogue, and red dots are the sources havingzCANDELS in the
interval of interest for the corresponding diagnostic diagram: 2.5< z< 3.5
for theVJLplot (top panel), 3.5< z< 4.5 for theiHM plot (bottom panel).
Black and blue dots are the reference sample red and dead candidates,
respectively, having redshift within the interval of interest and outside it
(arrows are upper limits). Empty squares and circles refer to the� selection
(Section 5), again, respectively, having redshift within the interval of interest
and outside it. [A colour version of this �gure is available in the online
version.]

a lower redshift, dust-obscured star forming solution). We can now
check the nature of those objects using our new deeper photome-
try. Using theH-detected catalogue, we can identify 18 out of 20
sources via spatial cross-correlation. As it turns out, none of these
objects has a strong passive solution in our new analysis; the conclu-
sion can be strengthened analysing the SEDs of these objects, even
obtained with the� library (they generally show very weak 4000 Å
breaks, blue band detections and rising FIR �ux), and by the cross-
correlation with the 24µm catalogue by Magnelli et al. (2013), with
12 out of 18 objects having an association with a 24µm prior within
0.6 arcsec. Clearly the classi�cation by Rodighiero et al. (2007) was
heavily affected by the lower quality of the imaging data available
at that time.

We then check the correspondence between our selection and
two of the most recent similar works, S14 and N14. S14 use aUVJ
criterion to single out six quiescent candidates in the GOODS-South
�eld, which we cross-correlate with the G13 catalogue. Among
these, three (CANDELS IDs 4503, 17749, 18180) belong to our
reference sample as well, while the other three (IDs 5479, 6294
and 19883) have a star-forming best �t. Indeed, they are assigned
rather high sSFR in the S14 �t too (27.5× 10Š11, 18.6× 10Š11 and
4.47× 10Š11 yrŠ1, respectively); they are also �agged as probable
AGNs in the Cappelluti et al. (2016) catalogue, and the �rst two
are identi�ed as AGNs by Xue et al. (2011) as well; they all have
con�rmed spectroscopic redshift consistent with thezCANDELS we
use (Szokoly et al.2004).

N14 identify 16 evolved (post-starburst) galaxies using anH Š K
colour selection to probe the 4000 Å break – a selection that in

principle includes both star-forming and passive galaxies. Five
objects in their selection also belong to our reference sample (IDs
2782, 7526, 12178, 17749, 18180). Of the other 11 objects in the
N14 selection, 2 (IDs 9177 and 16671) havezCANDELS < 3, one (ID
6189) is a low-redshift (zCANDELS = 0.6) dust-obscured star-forming
galaxy in the CANDELS catalogues while it is �tted as a passive
z = 4.0 object by N14, and eight (IDs 4356, 4624, 9286, 10479,
12360, 13327, 18694 and 19195) have star-forming best �ts in our
analysis; �ve of them are also identi�ed as AGNs in the catalogue
by Cappelluti et al. (2016) (with three also included in the Xue
et al.2011catalogue).

It is interesting to note that none of the previous cited works
includes our best candidates, IDs 10578 and 22085, in their se-
lections. S14 only include sources atz > 3.4, while ID10578 has
zCANDELS = 3.06 and ID22085 haszCANDELS = 3.36. On the other
hand, both galaxies fail N14 colour selection criteria ([YŠ J] versus
[H Š Ks]). In the case of ID22085,J105 band photometry is not
available in the CANDELS GOODS-South data set (this actually
shows one more point of strength of the SED �tting approach, in
that the lacking of one band data does not compromise the whole
study of one potentially interesting object); in ID10578, the object
falls immediately outside the selection area of their colour–colour
diagram.

6 LOOKING FORWARD: THE JWST
PERSPECTIVE

As our study shows, there are still many sources of uncertainty that
conspire to make the search for passive objects atz> 3 problematic
and the selection uncertain: depending on the tightness of the se-
lection criteria, one may end up with very different samples (e.g. in
our case we can go from 30 to 2 objects). In particular, the spectral
range centred on the 4000 Å break is crucial, both to determine with
good accuracy the photometric redshift but especially to distinguish
between the star-forming and passive objects; atz> 3, inferring the
spectral slope both below and above the 4000 Å break demands
a good coverage of the whole wavelength range from theJ to the
redderSpitzerbands, ideally up to 8µm.

TheJames Webb Space Telescopeappears to be perfectly suited
to �ll these gaps. The NIRCam and MIRI instruments4 will include
a large set of �lters in the near- to mid-infrared wavelength range,
allowing for a detailed photometric reconstruction of the mentioned
important spectral features and, hopefully, for a much easier disen-
tanglement between degenerate solutions from SED-�tting.

It is interesting to try a rough evaluation of the potential of the
JWSTcapabilites in this context. To this aim, we have created a
sample of synthetic spectra using our TH library. The full sam-
ple consists of 1686 simulated objects, of which 828 correspond
to star-forming models (having age< � tburst), 230 have quenched
the SF activity since less than 100 Myr, and 628 are red and dead
(age> � tburst + 100 Myr). Each of these spectra has been placed at
redshifts from 3 to 7 (with the additional constraint that the age of
the galaxy is not larger than the age of the Universe at that redshift)
at steps of 0.1 in redshift. We then created observational catalogues
corresponding to such models, reproducing both the �lter sequence
and depths of the CANDELS catalogue used in this work, as well
as an idealized catalogue reproducing a possible survey executed
with JWST. To this purpose we have replaced all the CANDELS
�lters redward of Y (included) with a combination of 12JWST

4 See the webpagehttp://www.stsci.edu/jwst/instruments/for full informa-
tion.
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Figure 9. Comparison of theUVJdiagrams from mock observed catalogues, where the rest-frame magnitudes are obtained via SED-�tting using CANDELS
(left panels) andJWST(right panels) �lter sets. The mock catalogues have been created starting from the TH library of spectra, simulating 1686 objects
including passive and star-forming galaxies, computing the observed �uxes in all the relevant bands rescaled to three reference magnitudes (each row in the
�gure corresponds to one of them – from top to bottom, m4.5µm = 23, 24 and 25), and including observational noise. In each panel, models having ongoing SF
activity in the input library are plotted as blue stars, recently quenched objects as green squares, and passively evolving galaxies as red dots. The dashed lines
de�ne a ‘green valley’ used to quantify the contamination between the different samples. It is clear that theJWSTpass-bands set removes almost completely
the contamination in the �tted colours between the three different populations, which is severe in the CANDELS case. See the text for more details. [A colour
version of this �gure is available in the online version.]

bands (F090W, F115W, F150W, F200W, F277W, F356W, F444W,
F560W, F770W, F1000W, F1130W andF1280W), as described in
the MIRI and NIRCam documentation webpages. The resulting cat-
alogue mimicks a survey executed (redward of F090) withJWST
on the GOODS-S �eld, building upon the existent ACS data. In
particular, we created three catalogues by normalizing the magni-
tudes to three reference values,m4.5µm = 23, 24 and 25, covering
the magnitude range of our candidates. Noise has been added to
these catalogues accordingly to the observed S/N versus magnitude
relation in the CANDELS �lters (see Castellano et al.2012); in the
JWST-simulated bands, we have assumed the depth expected in the
case of an extragalactic survey for high redshift galaxies described
in Finkelstein et al. (2015). For the three reddestJWST�lters that
were included there, we have computed the expected signal-to-noise
ratio assuming a total exposure time per �lter comparable to each
of the otherJWST�lters.

These simulations are clearly simpli�ed, since (a) they use the
same library to compute the ‘true’ galaxy colours and to derive their
photomeric redshifts and SED properties from the SED-�tting, and
(b) because we ignore, on the one hand, the additional gain to
the overall photometry that will be possible using the improved
resolution ofJWSTcompared toSpitzer, and on the other hand
any possible complication due to the blending of sources and other

systematics. Regardless of these limitations, these tests can give us
a preview of the improvements thatJWSTwill make possible.

We have repeated on these simulated catalogues the same anal-
ysis that we did on real data. We �rst �tted catalogues with our
SED-�tting code, and then computed the rest-frame properties
at the photometric redshift. For simplicity, we show here the re-
sults obtained in theUVJ plane, for the CANDELS-like and the
JWST-like catalogues separately. They are shown in Fig.9, for
all objects having 3< zphot < 7. In each panel, models having
ongoing SF activity in the input library are plotted as blue stars,
recently quenched objects as green squares, and passively evolv-
ing galaxies as red dots. The results on the CANDELS simu-
lated data show that there is a strong contamination in the �t, as
many passive and star-forming galaxies end up in the same re-
gions of theUVJ diagram. For example, one can de�ne a ‘green
valley’ as the region of the diagram for whichV Š J > 0.5 and
0.88× [V Š J] + 0.44< U Š V < 0.88× [V Š J] + 0.69 (see the
dashed lines in Fig.9): considering the three data sets with reference
magnitudesm4.5µm = 23, 24 and 25, the CANDELS simulation, re-
spectively, yields� 3.6, 7.2 and 10.0 per cent star-forming galaxies
erroneously falling within or above the green valley; conversely, the
passive models falling within or below the green valley in the three
cases are� 3.0, 16.7 and 31.4 per cent.
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This contamination increases (as expected) when input galax-
ies are fainter. This simulation con�rms that the identi�cation of
passive galaxies in the CANDELS data set is potentially prone to
misidenti�cation due to the still inadequate depth of the photometry.

Conversely, the situation is much more de�ned using theJWST
�lters: the three populations are robustly �tted and separated, with
almost no contamination even down to the faintest magnitudes (the
observed ‘arched’ distributions on the diagram derive from the in-
put true colours, which the �tted ones closely resemble). This is
an exciting demonstration of the future capabilities with the new
instrument.

It is interesting to note that some red objects again fall outside the
passive region of the diagram, as discussed in the previous sections:
this shows again how theUVJ colour selection can be prone to the
risk of missing objects that have quenched their SF activity in recent
times, even using a much more accurate photometric data set.

7 SUMMARY AND CONCLUSIONS

In this paper we have presented the methods and results of a study
aimed at searching passive galaxies in the early Universe. The sum-
mary of the work is the following.

(i) We search for high-redshift, red and dead (i.e. passively evolv-
ing) galaxies in the GOODS-South �eld, using an updated version
of the Guo et al. (2013) photometric catalogue that includes CAN-
DELS HST �uxes, HUGS Ks data, and new IRAC images and
improved photometric measurements (Section 2). We pre-selectH-
detected objects havingKs, IRAC 3.6 and 4.5µm � 1 � detection,
and zCANDELS > 3. We also add a new sample of 178K/IRAC-
detected sources from Boutsia et al. (in preparation) and Wang
et al. (2016).

(ii) We then analyse this selection using dedicatedtop-hat li-
braries for SED-�tting. We assume that a single star forma-
tion event took place and abruptly stopped in the past, fol-
lowed by passive evolution ever since, and we �t the observed
�uxes with models having different values for the duration of the
burst, the UV extinction and the metallicity. The selection crite-
rion is based on two stringent requirements: the selected objects
must have at least one passive model solution (i.e. SFR= 0
and age larger than the burst duration) withp(	 2) > 30 per cent,
and do not have any star-forming solution with a probability
p(	 2) > 5 per cent.

(iii) We �rst use a library without nebular lines emission and only
consider the CANDELS redshifts. This way we select 30 candidates,
all of which areH-detected (see Figs.B1 andC1).

(iv) Including nebular lines in the top-hat library used for
the SED-�tting procedure, only 10 of these candidates sur-
vive the probabilistic selection process: in many cases, the lines
weaken the �tted continuum redward of the 4000 Å break,
yielding a star-forming best-�t; in other cases, the probabilis-
tic approach causes the exclusion of galaxies with alternative
solutions.

(v) If we repeat the analysis letting the redshift free to vary
around the best-�tting value, only two galaxies (IDs 10758 and
22085) retain their passive status as the only robust solution. All the
other objects show alternative star-forming solutions (at different
redshifts) with a probabilityp(	 2) > 5 per cent.

(vi) Since it is not possible to completely rule out strongly
obscured star-forming solutions for any of the selected sources
(see Fig. D1), as a basic sanity check we perform a cross-
correlation of the reference sample with the 24µm catalogue by

Magnelli et al. (2013), onHerschelPEP-GOODS (Lutz et al.2011)
and HerMES (Smith et al.2012) blind catalogues, and on Wang et al.
(2016) new catalogue based onH-detected priors. Two objects in
our selection are associated with strong FIR emitters. Interestingly,
they are also identi�ed as optical counterparts ofX-ray emitters
(Xue et al.2011; Cappelluti et al.2016); we therefore speculate that
they might be recently quenched galaxies, hosting a dust-obscured
AGN. No other object in the reference sample has a clear association
with an FIR source.

(vii) By means of a direct selection on the full G13 catalogue us-
ing a standard exponential� -models �t with BC03, we then identify,
for comparison, 10 sources asz> 3 passive candidates (we require
sSFR< 10Š11 yrŠ1). Five objects are in common between this se-
lection and the reference sample (IDs 2782, 7526, 8785, 17749,
18180).

A clear outcome of our analysis is that the selection of passive
galaxies, at least in the considered range of redshifts, is still prone to
signi�cant uncertainties, due to the limitations in the assumptions
used in the SED �tting models and the relatively modestS/ N of the
objects. Nevertheless, considering the weakest among our selection
criteria, we can at least derive an upper limit for the number density
of these objects, �nding� 0.173 arcminŠ2 (or � 2.0× 10Š5 MpcŠ3

for 3 < z < 5).
The limitations in the SED modelling hampers our chances to

derive robust physical information on the selected sample. Ages
are poorly constrained, and thus so are the SF rates necessary to
assemble such objects. We can try some educated guess on the min-
imum sSFR of the selected sources (assuming isolated evolution,
i.e. no mergers) by taking their estimated stellar masses, and di-
viding them by the age of the Universe at the time the SF activity
ceased (minus 300 Myr, to crudely exclude the dark ages), in the
TH best-�tting models (we consider the �t without nebular lines,
for simplicity). This yields a typical lower threshold for the sSFR
of � 7 × 10Š10 yrŠ1, which is fairly consistent with the observed
values of main-sequence star-forming galaxies, in the same redshift
and mass regimes (e.g. Salmon et al.2015; Schreiber et al.2017).
This is the sSFR estimatedat the endof the activity, i.e. when the
mass has been completely assembled; we note that, since in our
scheme the rate of star formation of the models is constant before
the quenching, if we had observed the galaxies during the star for-
mation phase they would have been classi�ed as starbursts, because
having lower stellar mass they would beabovethe Main Sequence
�M Š M relation.

By means of a dedicated simulation, we have shown howJWST
will yield a major improvement in this perspective, allowing for
a much more effective detachment of high-z passive objects from
dust-obscured low-zones, thanks to an effective coverage of crucial
regions of the observed spectra – namely, the 4000 Å break and the
20µm rest-frame regions.

A thorough testing against theoretical expectations for the num-
ber density and properties of these kind of objects, at the considered
redshifts, is compelling and recommended.
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Red and dead galaxies in Goods-S2113

APPENDIX A: PHYSICAL PROPERTIES OF
THE SELECTED SAMPLE OF RED AND DEAD
CANDIDATES

Table A1. Physical properties of the red and dead candidates belonging
to the reference sample, as obtained from their best �t with the TH library
without emission lines. IDCANDELS is the identi�cation number in the G13
catalogue;zCANDELS is the of�cial CANDELS redshift.	 2

reducedis the nor-
malized (reduced)	 2 of the best �t. The SFR is always zero, by de�nition.
The table lists �rst the two most robust candidates, which have passed all
the selection criteria including the freez �t; second, the other 8 objects,
identi�ed as passive in the emission line �t as well (see TableA2); �nally,
the remaining 20 objects in the reference sample.

IDCANDELS zCANDELS 	 2
reduced Age (Gyr) Stellar mass (109 M� )

10578 3.06 1.97 0.63+ 0.37
Š0.31 239.70+ 108.80

Š54.40

22085 3.36 1.26 0.61+ 0.97
Š0.30 44.25+ 17.08

Š12.31

2717 3.04 1.13 1.58+ 0.00
Š0.97 162.70+ 56.80

Š69.01

2782 3.47 0.94 0.71+ 0.88
Š0.40 69.95+ 16.27

Š26.15

3912 4.08 1.32 1.25+ 0.05
Š0.94 36.27+ 25.08

Š15.79

8785 3.98 0.72 0.91+ 0.39
Š0.59 38.96+ 17.36

Š15.65

9209 4.55 1.61 0.41+ 0.74
Š0.21 91.51+ 27.69

Š44.79

17749 3.73 0.63 0.90+ 0.40
Š0.39 108.80+ 30.20

Š51.19

18180 3.61 1.36 0.91+ 0.39
Š0.50 90.11+ 22.29

Š37.97

23626 4.64 1.05 0.41+ 0.69
Š0.11 75.91+ 28.89

Š25.90

2608 3.58 1.36 0.63+ 0.42
Š0.43 4.51+ 1.23

Š1.83

3897 3.14 1.12 0.36+ 0.69
Š0.16 11.86+ 10.14

Š1.82

3973 3.67 1.84 0.91+ 0.39
Š0.30 186.10+ 16.40

Š85.20

4503 3.52 3.74 1.10+ 0.20
Š0.80 142.70+ 38.20

Š59.61

4587 3.58 2.55 0.41+ 0.85
Š0.21 5.48+ 4.34

Š1.72

5592 4.45 1.05 0.36+ 0.79
Š0.16 30.16+ 17.90

Š16.22

6407 4.74 1.31 0.36+ 0.69
Š0.16 15.98+ 11.26

Š3.71

7526 3.42 0.60 0.90+ 0.68
Š0.58 36.24+ 17.89

Š17.45

7688 3.35 0.69 0.61+ 0.97
Š0.31 22.76+ 12.09

Š11.71

8242 3.18 1.17 1.00+ 0.58
Š0.69 6.55+ 1.97

Š2.25

9091 3.30 2.22 0.36+ 0.90
Š0.16 2.81+ 2.69

Š0.81

10759 3.07 1.38 0.63+ 0.95
Š0.62 0.91+ 1.17

Š0.64

12178 3.28 1.02 1.10+ 0.20
Š0.79 41.20+ 16.64

Š10.46

15457 3.41 1.98 0.36+ 0.69
Š0.16 4.39+ 2.90

Š0.63

16506 3.34 3.68 0.36+ 0.69
Š0.16 5.06+ 3.62

Š0.67

19301 3.60 2.85 1.10+ 0.20
Š0.90 11.58+ 7.36

Š5.39

19446 3.25 2.89 1.00+ 0.58
Š0.80 20.07+ 3.37

Š10.73

19505 3.33 1.20 0.63+ 0.57
Š0.43 46.63+ 6.19

Š15.00

22610 3.22 0.74 0.63+ 0.63
Š0.43 9.49+ 4.40

Š3.09

26802 3.45 1.75 0.63+ 0.95
Š0.43 4.67+ 2.45

Š1.92

Table A2. Physical properties of the 10 red and dead candidates passing the
probabilistic selection including nebular lines emission in the �t. IDCANDELS

is the identi�cation number in the G13 catalogue;zCANDELS is the of�cial
CANDELS redshift.	 2

reducedis the normalized (reduced)	 2 of the best �t.
The SFR is always zero, by de�nition. The table lists �rst the two most
robust candidates, which have passed all the selection criteria including the
freez �t; then, the other eight objects identi�ed as passive in the emission
line �t.

IDCANDELS zCANDELS 	 2
reduced Age (Gyr) Stellar mass (109 M� )

10578 3.06 1.97 0.63+ 0.37
Š0.47 239.60+ 108.70

Š83.80

22085 3.36 1.26 0.61+ 0.97
Š0.59 44.23+ 17.04

Š33.61

2717 3.04 1.13 1.58+ 0.00
Š0.97 162.50+ 56.70

Š62.89

2782 3.47 0.94 0.71+ 0.88
Š0.40 69.90+ 16.26

Š26.12

3912 4.08 1.32 1.25+ 0.05
Š0.94 36.26+ 25.07

Š15.78

8785 3.98 0.72 0.91+ 0.39
Š0.59 38.95+ 17.35

Š15.65

9209 4.55 1.61 0.41+ 0.74
Š0.40 91.49+ 27.61

Š77.82

17749 3.73 0.63 0.90+ 0.40
Š0.39 108.80+ 30.10

Š51.29

18180 3.61 1.36 0.91+ 0.39
Š0.50 90.04+ 22.26

Š38.04

23626 4.64 1.05 0.41+ 0.69
Š0.11 75.88+ 28.92

Š25.89
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APPENDIX B: SNAPSHOTS OF THE TH CANDIDATES

Figure B1. Snapshots of the 30 passive candidates selected in the reference sample, obtained with the TH library. Left to right:ACS B435+ V606+ I814
stack,WFC3 J125,WFC3 H160, Hawk-IKs, IRAC 3.6+ 4.5µm stack, IRAC 5.8+ 8.0µm stack. [A colour version of this �gure is available in the online
version.]
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Red and dead galaxies in Goods-S2115

Figure B1 – continued
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Figure B1 – continued
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APPENDIX C: SEDS OF THE TH REFERENCE SAMPLE CANDIDATES

Figure C1. SED-�tting for the objects in the reference sample. Shown is the best �t using the TH libraries, withz = zCANDELS, with (red line) and without
(black line) the inclusion of nebular emission; in many cases the two �ts almost coincide, so the two lines are superposed. The physical parameters of the
best-�tting models are reported on the bottom of each plot, with colours (blue or black) corresponding to the considered �t. [A colour version of this �gure is
available in the online version.]
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Figure C1 – continued
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Figure C1 – continued
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Figure C1 – continued
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Figure C1 – continued
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APPENDIX D: PROBABIL ITY AND EXTINCTION OF ALL THE MODEL SOLUTIONS OF THE TH
CANDIDATES

Figure D1. Probability and dust extinction as a function of [ageŠ � tburst] for all the possible solutions in the SED-�tting process, for all the candidates in the
TH selection. For each candidate, indicated by its ID, two panels are shown. In the upper one, dots represent the probabilityp(	 2) of each model solution; the
colours of the dots refer to the belonging of the source to the selection with (blue) or without (red) the inclusion of nebular lines; the dots (i.e. the models) are
shaded as a function of their density. The lower one shows the corresponding values of theE(B Š V). All the solutions have age> � tburst, as required to be
classi�ed as passive in this approach. Galaxies excluded from the selection, on the other hand, have been �tted by at least one model with age	 � tburst, i.e.
still star-forming, with a probabilityp > 5 per cent (not shown). [A colour version of this �gure is available in the online version.]
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APPENDIX E: SNAPSHOTS OF THE � -MODELS CANDIDATES

Figure E1. Snapshots of the �ve passive candidates selected with the� -models library which are not present in the reference sample. Left to right:ACS
B435+ V606+ I814 stack,WFC3 J125,WFC3 H160, Hawk-IKs, IRAC 3.6+ 4.5µm stack, IRAC 5.8+ 8.0µm stack. [A colour version of this �gure is
available in the online version.]
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