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ABSTRACT

We report two secure (z = 3.775, 4.012) and one tentative (z ≈ 3.767) spectroscopic confirmations

of massive and quiescent galaxies close to their quenching epoch through K-band observations with

Keck/MOSFIRE and VLT/X-Shooter. The stellar continuum emission, the absence of strong nebular

emission lines and the lack of significant far-infrared detections confirm the passive nature of these

objects, disfavoring the alternative solution of low-redshift dusty star-forming interlopers. We derive

stellar masses of log(M?/M�) ∼ 11 and ongoing star formation rates placing these galaxies & 1−2 dex

below the main sequence at their redshifts. The adopted parametrization of the star formation history

suggests that these sources experienced a strong (〈SFR〉 ∼ 1200 − 3500 M� yr−1) and short (∼
50 Myr) burst of star formation, peaking ∼ 150−500 Myr before the time of observation, all properties

reminiscent of the characteristics of sub-millimeter galaxies (SMGs) at z > 4. We investigate this

connection by comparing the comoving number densities and the properties of these two populations.

We find a fair agreement only with the deepest sub-mm surveys detecting not only the most extreme
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starbursts, but also more normal galaxies. We support these findings by further exploring the Illustris-

TNG cosmological simulation, retrieving populations of both fully quenched massive galaxies at z ∼
3 − 4 and SMGs at z ∼ 4 − 5, with number densities and properties in broad agreement with the

observations at z ∼ 3, but in increasing tension at higher redshift. Nevertheless, as suggested by

the observations, not all the progenitors of quiescent galaxies at these redshifts shine as bright SMGs

in their past and, similarly, not all bright SMGs quench by z ∼ 3, both fractions depending on the

threshold assumed to define the SMGs themselves. This cautions against the blind application of the

assumption of a univocal connection between the two populations at high redshift.

Keywords: Galaxies: evolution, elliptical galaxies, stellar content, star formation, high-redshift —

Sources: submillimeter: galaxies

1. INTRODUCTION

Decades of investigations allowed astrophysicists to

clearly define a class of “quiescent” galaxies in the local

Universe. These systems are typically characterized by

their large stellar masses and sizes, several billion years

old stellar populations, red colors, little to no active

formation of new stars, very limited amount of cold gas

and dust, and an overdense surrounding environment

(Renzini 2006). The inferred old ages at z = 0 sug-

gest that these galaxies were already in place at high

redshift (e.g., Gallazzi et al. 2005; Thomas et al. 2005)

and, indeed, a numerous population of massive, compact

(∼ 1 kpc) quiescent galaxies that are Gyrs old already

at z > 2 has been firmly established from photometry

(e.g., Daddi et al. 2005; Trujillo et al. 2006; Toft et al.

2007; Cimatti et al. 2008; Cassata et al. 2013; Straat-

man et al. 2014; Tadaki et al. 2018), and now securely

detected with spectrographs (e.g. Kriek et al. 2009; van

Dokkum et al. 2009; van de Sande et al. 2013; Toft et al.

2012; Gobat et al. 2012; Belli et al. 2014, 2017a,b, M.

Stockmann et al., submitted). Their extreme stellar

densities suggest that these compact quiescent systems

at z ∼ 2 might be the remnants of an intense burst of

star formation triggered by the rapid collapse of a large

amount of gas occurred at z > 4. In this scenario, dis-

sipative gas-rich mergers, counter-rotating gas streams,

or disk instabilities would ignite star formation in high-

redshift and dusty star-forming galaxies detectable at

sub-millimeter wavelengths, quickly consuming the gas

and leaving compact and passive remnants (e.g. Cimatti

et al. 2008; Barro et al. 2013; Toft et al. 2014; Zolotov

et al. 2015; Gómez-Guijarro et al. 2018, 2019). The

matching number densities, sizes, masses, and forma-

tion timescales of sub-millimeter galaxies (SMGs) at

z ∼ 4−4.5 and quiescent galaxies at z ∼ 2 may support

this picture (Toft et al. 2014, and references therein).

On the other hand, the mechanism physically responsi-

ble for the cessation of star formation in these massive

systems is still matter of discussion, with several scenar-

ios still competing (see Man & Belli 2018 for a recent

discussion).

This evolutionary scheme has been recently challenged

by the spectroscopic confirmation of quiescent systems

with M? ∼ 1011 M� above z > 3 and up to z = 3.717

(Gobat et al. 2012; Glazebrook et al. 2017; Simpson

et al. 2017; Schreiber et al. 2018a,b, S18b hereafter, C.

D’Eugenio et al. in preparation), as part of a substan-

tial population of photometrically selected red galaxies

(e.g., Ilbert et al. 2013; Muzzin et al. 2013; Straatman

et al. 2014; Mawatari et al. 2016; Davidzon et al. 2017;

Merlin et al. 2018, to mention recent results). In at least

one case, their quiescent nature has been initially chal-

lenged by sub-millimeter observations (Simpson et al.

2017), but later confirmed with a high spatial resolu-

tion follow-up, necessary to disentangle the emission

of these galaxies from nearby companions (Schreiber

et al. 2018a). Systematic studies of larger samples of

z > 3 photometric candidates in the sub-millimeter

further support their average quiescence (Santini et al.

2019). The extreme masses, stellar densities, old ages,

low SFRs, and number densities appear to be hardly

reproducible by hydrodynamical simulations and semi-

analytical models at z > 3 (Steinhardt et al. 2016; Cec-

chi et al. 2019, S18b). Catching quenched and quenching

galaxies at the highest possible redshifts, thus, repre-

sents a formidable tool to test our galaxy formation

models and simulations and, ultimately, the cosmology.

For this scope, studying high-redshift galaxies allows us

to better estimate their ages, as they are limited by the

age of the Universe (Belli et al. 2018).

Here we report the discovery of three massive objects at

z = 3.77−4.01 with suppressed star formation, followed-

up with Keck/MOSFIRE and VLT/X-Shooter longslit

spectroscopy. In one case, the high-quality of the data

allowed us to estimate the stellar velocity dispersion in

the highest-redshift target, opening the way to the study

of its stellar dynamics and structure. We explored such

properties in a dedicated companion paper (Tanaka et
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al., submitted). Based on the observed properties, we

further investigated the expected characteristics of the

progenitors of our sample of massive quiescent galaxies

and compared them with dusty star-forming objects

from surveys at z > 4 selected based on their sub-

millimeter fluxes, testing the evolutionary connection

suggested for lower redshift systems. Incorporating

information about the previously confirmed quiescent

galaxies at z ∼ 3.5, we compared the number densities

of this population and the putative SMG progenitors.

Finally, we explored the content of the recent Illustris

TNG-300 cosmological simulation in order to look for

rare quenched systems at high-redshift and study their

connection with their star-forming progenitors.

This paper is structured as follows. In Section 2 we

introduce the sample that we followed up spectroscopi-

cally, with the observations described in Section 3. We

present the data analysis in Sections 4 to 6. In Section

7 we explore the connection between our sample of qui-

escent galaxies and their progenitors at higher redshift,

including the view offered by cosmological simulations

(Section 8). Concluding remarks are collected in Sec-

tion 9. We assumed a ΛCDM cosmology with Ωm = 0.3,

ΩΛ = 0.7, and H0 = 70 km s−1 Mpc−1 and a Chabrier

initial mass function (IMF, Chabrier 2003).

2. SELECTION

We based our search for suitable quiescent galaxy can-

didates on a combination of full modeling of the optical

and near-infrared light and a rest-frame color-color se-

lection. The former has proved to be a trustable way to

select quiescent objects up to z ∼ 2 (M. Stockmann et

al., submitted) and it naturally incorporates the whole

information available from the photometry, while rely-

ing on a set of assumptions on models and templates.

Color-color diagrams are flexible instruments to broadly

separate galaxy populations capturing the main features

with limited observations, but valuable information from

the rest of the spectrum might be discarded from the

analysis. By combining the two selections, we obviated

their weaknesses and checked for their consistency (Mer-

lin et al. 2018 for a recent detailed analysis).

Two members of our team fitted the optical/near-

infrared spectral energy distributions of potential tar-

gets: MT modeled galaxies in the Subaru-XMM New-

ton Deep Field (SXDS; Furusawa et al. 2008) and ID in

the COSMOS field (Scoville et al. 2007). Having been

designed for independent spectroscopic runs at different

facilities and epochs, the original selection of candidate

quiescent galaxies in the two fields was comparable, but

not identical.

2.1. SXDS/UDS field

We performed the SED modeling for galaxies in the

SXDS field as described in Kubo et al. (2018). Briefly,

we ran the custom Bayesian photometric code Mizuki

(Tanaka 2015) on a multiwavelength catalog compris-

ing u-band observations from CFHT/Megacam, opti-

cal BV Riz imaging from Subaru/Suprime-Cam (Furu-

sawa et al. 2008), JHK-bands from the UKIRT In-

frared Deep Sky Survey (UKIDSS; Lawrence et al. 2007,

DR10), and Spitzer coverage from the UKIDSS Ul-

tra Deep Survey (SpUDS, PI: J. Dunlop), covering an

area of ∼ 0.8 deg2. A subsample of red objects – in-

cluding the final target SXDS-10017, but not SXDS-

27434 (see below) – was further reimaged in the K ′

band with Subaru/InfraRed Camera and Spectrograph

(Tokunaga et al. 1998; Kobayashi et al. 2000, IRCS)

+AO188 (Hayano et al. 2010), confirming the previ-

ous magnitude estimate from UKIDSS and providing

a ∼ 0.2” resolution rest-frame optical image of the old

stellar populations (Kubo et al. 2018). We modeled the

SED adopting the Bruzual & Charlot (2003) models,

exponentially declining star formation histories, solar

metallicities, the Calzetti et al. (1994) dust attenua-

tion law, and the Chabrier (2003) initial mass function.

Emission lines are included using the intensity ratios

from Inoue (2011). The Lyman-α escape fraction is as-

sumed to be 0.1. Given the constraining power of the

data covering the full galaxies’ SEDs, we applied flat

priors. We then selected a sample of 5 candidate “quies-

cent” and 10 “quenching” or “post-starburst” galaxies,

based on their specific SFRs (sSFR ≤ 10−11 yr−1 and

10−11 ≤ sSFR ≤ 10−10 yr−1), redshift (4 < zphot < 4.6),

stellar masses (M? ≥ 1011 M�), and reliability of the

fit (reduced χ2 < 3). The adopted redshift cut would

have allowed us to observe the 4000 Å break in the K

band, providing a constraint on the age of the stellar

populations. In order to minimize the exposure time for

a spectroscopic follow-up, we finally selected the qui-

escent candidate SXDS-10017 at zphot = 4.07+0.07
−0.07 and

the quenching object SXDS-27434 at zphot = 4.12+0.03
−0.05,

the brightest galaxies among our initial pool of sources

(K = 22.5 and 21.9 mag, respectively). Consistently

with the sSFR cut and quality checks, SXDS-10017 falls

in the quiescent region of both the UV J (Williams et al.

2009) and NUV rJ (Ilbert et al. 2010) rest-frame color

diagrams (Figure 1). On the other hand, consistently

with the looser constraint on the sSFR, SXDS-27434

falls outside the canonical UV J and NUV rJ limits for

quiescent galaxies (Ilbert et al. 2010; Muzzin et al. 2013),

showing rather blue U − V and NUV − r colors. How-

ever, this is not unexpected for recently and abruptly

quenched galaxies at high redshift (Merlin et al. 2018).
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Figure 1. Rest-frame colors. Left: UVJ colors for a sample of 3 < z < 4 galaxies in the UDS (7, 277 objects) and
COSMOS (11, 653) fields (background gray color), our observed z = 3.77 − 4.01 quiescent objects (red filled and open stars,
red open diamond), and the spectroscopic and photometric sample from Schreiber et al. (2018b, filled and open orange circles,
respectively). The background color scales as the density of UDS+COSMOS points from the parent samples in bin of 0.2 mag
on both axes, smoothed over 2 × 2 bins with a boxcar average filter. Right: NUVrJ colors for the same objects in the right
panels. The same symbols and colors apply here. The background color scales as the density of UDS+COSMOS points from
the parent samples in bin of 0.2 mag on both axes. The tracks in both panels show the evolution of synthetic Bruzual & Charlot
(2003) models of rapidly quenched galaxies (exponentially declining SFH with τ = 0.1 Gyr, Z = Z�, no dust, orange line),
with possible residuals of late star formation (pink line), or systems characterized by a constant SFHs (blue line), the latter
simulating an active SFG. The plus symbols mark the time steps as indicated by the blue labels, identical for all the tracks.

A posteriori, using the spectroscopic or photometric red-

shift estimates does not significantly change the loca-

tion of our targets in the color-color diagrams. In Fig-

ure 1 we show the expected color evolution for galaxies

with an exponentially declining star formation history

(τ = 0.1 Gyr) compared with objects with the same

SFH, but residuals of late star formation and active

SFGs with a constant SFH of 10 M� yr−1. The tracks

are based on Bruzual & Charlot (2003) models with no

dust and a Z� metallicity (see Belli et al. 2018 for a

similar attempt with different parameters and at lower

redshift). We therefore expected SXDS-27434 to show

younger stellar populations than SXDS-10017, allowing

us to probe the post-starburst or quenching epoch at

z ∼ 4.

2.2. COSMOS field

We re-modeled the SEDs of galaxies in the COSMOS

field (∼ 1.8 deg2) with LePhare (Arnouts et al. 1999;

Ilbert et al. 2006) following Davidzon et al. (2017), based

on the 30-band photometric catalog by Laigle et al.

(2016). We adopted Bruzual & Charlot (2003) stellar

population models, exponentially declining and delayed

star formation histories, solar and subsolar metallicities

(Z = 0.4Z�), and a Chabrier (2003) initial mass func-

tion. For the estimate of the photometric redshifts, we

adopted an SMC extinction law (Prevot et al. 1984) and

three different flavors of the Calzetti et al. (2000) pre-

scription, including the bump at 2700 Å. On the other

hand, we used the Calzetti et al. (2000) (allowing for the

bump) and Arnouts et al. (2013) extinction laws when

estimating the physical parameters. We then selected 2

quenching candidates at 4 < zphot < 4.5, Ks < 23 mag

andNUV rJ colors consistent with a sSFR < 10−10 yr−1

(Figure 1), excluding solutions at χ2 > 10. We finally

chose the brightest among our candidates at z > 4

(COS-466654, zphot = 4.11+0.04
−0.1 and Ks = 22.26), so

to target the 4000 Å break in the K band. In agree-

ment with the initial constraint on the NUV rJ colors,

COS-466654 falls in the post-starburst or quenching re-

gions of the rest-frame color diagrams as in the case of

SXDS-27434 (Figure 1, Section 2.1).

3. SPECTROSCOPIC OBSERVATIONS

3.1. Keck/MOSFIRE observations of the UDS field
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SXDS-10017

SXDS-27434

COS-466654

Figure 2. Spectra of the quiescent galaxies. Top: Keck/MOSFIRE K-band spectrum of SXDS-10017, rebinned to a
wavelength bin of 8.7 Å. Center : Keck/MOSFIRE K-band spectrum of SXDS-27434 at its original 2.17 Å resolution. Bottom:
VLT/X-Shooter VIS+NIR spectrum of COS-466654, rebinned to a wavelength bin of 72 Å. In every panel, the 2D frame is
smoothed with a Gaussian kernel of 2 pixels of width. The orange and gold areas mark the optimally extracted 1D spectrum
and its noise, respectively. The spectra are rebinned differently to reach comparable levels of S/N. The best SED model with
z = zspec obtained modeling the ∼ 2 Å resolution spectrum is shown in red. Each SED model is broadened as mentioned in
Section 4. The location of the main absorption features is labeled. The darker areas indicate the wavelengths of poor atmospheric
transmission between the observed bands. Right: The black and red solid lines indicate the probability distribution functions
for the photometric and spectroscopic redshift, respectively.

We observed the two targets in the UDS field with the

Multi-Object Spectrometer For Infra-Red Exploration

(McLean et al. 2012, MOSFIRE) at the Keck I tele-

scope on two separate runs. On November 23rd 2017,

we collected a total of 4 hours of observations of SXDS-

10017 out of a complete night initially granted, with

an average seeing of FWHM = 0.8” during the night,

as estimated from individual stars in the field. We ob-

served SXDS-27434 on December 20th-21st 2018 for 7.75

hours, with an average seeing of FWHM = 0.7” over

two half-nights. In both cases, we observed the tar-

gets in K-band with a slit width of 0.7”, ensuring a

nominal initial spectral resolution of R ∼ 3600. We

adopted the standard ABBA nodding technique with a

dithering of 1.5” and 180 s exposures to allow for an

optimal background subtraction. We reduced the data

with the MOSFIRE pipeline and obtained a final flux

calibrated, optimally combined 2D spectrum. We cor-

rected for aperture losses modeling the galaxies as 2D

Gaussian curves with FWHM = FWHMseeing and cal-

culating the light lost outside a 0.7” wide rectangular

slit. The measured effective major axis of the targets
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(Reff,maj = (0.95 ± 0.32) kpc and (0.76 ± 0.20) kpc for

SXDS-10017 and 27434, respectively, Kubo et al. 2018,

Tanaka et al., submitted) effectively allows us to treat

the targets as a point sources and to adopt this sim-

ple approach. We further checked for possible residual

telluric absorptions due to the varying airmass during

the night by calibrating the spectra of several stars ob-

served simultaneously with our science target, resulting

in a negligible effect. We rebinned the 2D spectra by

2×, 4×, and 30× to a final resolution of 4.3, 6.5, and

65 Å, for testing and displaying purposes. We applied

a running optimal weighted mean, providing the maxi-

mal signal-to-noise ratio among the several approaches

we attempted (median, mean, and clipped mean). We

simultaneously increased the noise to account for the

possible correlation among adjacent spectral elements

by forcing the reduced χ2
red = 1 computed in regions of

the 2D frame of pure background. This approach is ap-

plicable since the noise variations due to sky lines occur

on scales smaller than the absorption features we aim

to detect. We optimally extracted the spectrum and its

associated noise following Horne (1986). We finally cor-

rected the 1D spectrum for possible residual flux losses

by computing the synthetic photometry and anchoring

it to the best model reproducing the photometry (Sec-

tion 5). The data reduction process for SXDS-10017

resulted in a final median S/N = 6.7 and a maximum

of S/N = 11.6 for bins of 65 Å, comparable with the

performances reported in S18b for similar integrations

andK-band luminosities. Consistently with the brighter

K-band magnitude and the ∼ 2× longer integration,

we find a final median S/N = 16.4 and a maximum of

S/N = 30.0 for bins of 65 Å for SXDS-27434. The 2D

frames and the optimally extracted spectra are shown

in Figure 2.

3.2. VLT/X-Shooter observations of the COSMOS

field

We observed the target in the COSMOS field with the

cross-dispersed echelle spectrograph X-Shooter (Vernet

et al. 2011) mounted on UT2 at the Very Large Tele-

scope (VLT). The observations were carried out in ser-

vice mode over March-April, 2018. A total of 8.6 hours

of spectroscopic integration were spent on target, with

an average seeing of FWHM = 0.66”. We observed

the target with slit widths of 1.0”, 0.9”, and 0.9” in the

UVB, VIS, and NIR arms, respectively, ensuring a lower

limit on the resolving power of 4350, 7450, and 5300 in

the three arms, given the average seeing smaller than

the slit widths. The chosen configuration and the see-

ing conditions allowed us to cover the wavelength range

from 3000 Å to 24, 800 Å with minimal slit losses. We

adopted the standard ABBA dithering technique with

a nod throw of 4.5” and a jitter width of 1”. We op-

timized the observing time for 1 hour observing blocks

(OB) exposing for 420, 448, and 480 s in the UVB, VIS,

and NIR arms, respectively. For the only OB of 0.5

hours we integrated for 534, 563, and 600 s, in the three

arms. The spectra have been bias-corrected, flat-fielded,

wavelength calibrated, rectified and flux calibrated using

observations of spectrophotometric standards with the

VLT/X-Shooter pipeline (Modigliani et al. 2010). We

supplemented the pipeline with optimal frame combina-

tion, telluric correction, and slit flux loss estimate using

the customized scripts described in Selsing et al. (2018)

and publicly available online1. We rebinned the 2D

spectrum using a weighted mean to a final wavelength

step of 1.8 Å in the NIR arm to match the resolution of

MOSFIRE and ensure a minimum signal-to-noise ratio

to measure the redshift. We further rebinned the spec-

trum up to 72 Å for displaying purposes. We optimally

extracted the spectrum (Horne 1986) and corrected the

residual flux losses due to seeing variations over the

epochs of observations by computing the synthetic pho-

tometry in the available optical and near-infrared bands

and tying them to best model representing the observed

photometry (Section 5). The 72 Å rebinned combined

frame and the optimally extracted spectrum are shown

in Figure 2. The final median S/N over bins of 72 Å

is 3.3, 1.7, 3.8 and 4.1 in the VIS arm, J, H, and K

bands, with a maxima of S/N = 7.4, 3.7, 6.7, and 9.4,

respectively. We did not detect significant emission in

the UVB arm.

4. REDSHIFT ESTIMATE

We estimated the redshift using Slinefit2, a flexi-

ble algorithm based on χ2-minimization that allows for

simultaneous continuum template matching and emis-

sion line measurements. We initially fit the spectra

with the best SED models obtained fixing z = zphot.

We convolved these models with a Gaussian curve to

reach a stellar velocity dispersion of 230 and 214 km s−1

for SXDS-10017 and COS-466654 respectively, follow-

ing the σvel-M? relation as in S18b (Belli et al. 2017b).

This is an assumption, as we cannot constrain the stel-

lar velocity dispersion given the available combination

of signal-to-noise and spectral resolution. On the con-

trary, for SXDS-27434 we used the measured dispersion

of σvel = 268±59 km s−1 (Tanaka et al., submitted). We

further took into account the possible presence of emis-

1 https://github.com/jselsing/XSGRB reduction scripts
2 https://github.com/cschreib/slinefit

https://github.com/jselsing/XSGRB_reduction_scripts 
https://github.com/cschreib/slinefit
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sion lines with fixed velocity widths ranging between 60

and 300 km s−1. However, the redshift search returns

the same results with or without the presence of emis-

sion lines. We explored the redshift range 2 < z < 5

and then refined the redshift measurement within ±0.2

from the best fit over the large interval. We ran the

code on the ∼ 2 Å resolution spectra and on 2× and 3×
binned frames. This did not impact the final solution

of 4.0127+0.0005
−0.0005 for SXDS-27434 consistently with the

one-peak redshift probability distribution (RPD) and

the high probability associated with it (p = 100%, inte-

grating the RPD within ±0.01 from the best fit, Beńıtez

2000; Brammer et al. 2008; reduced χ2 = 1.3). Using

the penalized Pixel Fitting algorithm (pPXF, Cappel-

lari & Emsellem 2004; Cappellari 2017) and a slightly

different set of assumptions returns a fully consistent es-

timate (Tanaka et al. submitted). Similarly secure is the

solution of z = 3.775+0.002
−0.003 for COS-466654 (p = 98%,

reduced χ2 = 1.1). On the other hand, the solution

for SXDS-10017 z = 3.767+0.103
−0.001 is more uncertain and

varies by 0.015 when using the native resolution or the

mildly binned spectra. This uncertainty manifests itself

as second peak of the RPD and with a lower probabil-

ity associated with the best solution (p = 81%, reduced

χ2 = 1.6). We conservatively adopt the solution derived

with the native resolution, despite the significant im-

prove in probability (p ∼ 100%) when running Slinefit

on the 3× binned spectrum. In every case we rescaled

the RPD by the empirical factor C = 2 as described in

S18b (P (z) ∝ exp
[
(χ2(z)− χ2

min)/2C
]
), in order to take

into account the noise on scales of few spectral elements

relevant for the template matching. We derived inde-

pendent symmetrical uncertainties randomly perturb-

ing and refitting the spectrum 1000 times, obtaining

consistent results (z = 4.0127+0.0004
−0.0004, z = 3.775+0.004

−0.004

and z = 3.767+0.051
−0.051 for SXDS-27434, COS-466654 and

SXDS-10017, respectively). We finally refit the spectra

with the best SED models obtained fixing z = zspec. In

every case we find that our initial photometric redshift

overestimated the spectroscopic determination (Figure

2). As a result, the initial choice of zphot > 4 candidates

to measure the 4000 Å break in the K band did not

have success. This is likely due to the choice of follow-

ing up the brightest targets, biasing against breaks fully

enclosed in the K band. Based on the criteria defined in

S18b, we can consider “robust” the redshifts for SXDS-

27434 and COS-466654, while “uncertain” the estimate

for SXDS-10017.

5. MODELING OF THE SPECTRAL ENERGY

DISTRIBUTION

In order to derive detailed physical properties, we re-

modeled the photometry and the rebinned spectra si-

multaneously with Fast++3, fixing z = zphot,spec and

the maximum possible age to t = tobs(z = zphot,spec).

The results are robust against the use of the photomet-

ric or the spectroscopic redshift. We assumed Bruzual &

Charlot (2003) stellar population models, the Chabrier

(2003) initial mass function, and the Calzetti et al.

(2000) dust attenuation law, allowing for extinction val-

ues in the range AV = 0 − 6 mag. We fixed the metal-

licity to solar Z = Z� = 0.02, as reasonable for very

massive objects. We then adopted multiple analytical

parametrizations of the star formation histories (SFHs):

• the delayed exponentially declining form SFR(t) ∝
te−t/τ where t is time, widely adopted in the liter-

ature. We allowed τ to vary within steps of 0.1 dex

within log (τ/yr−1) = [6.5, 10] and set a minimum

age of 100 Myr

• a truncated model, consisting in a constant SFR(t)

over an interval tCSF starting at an onset time

tonset and then instantaneously switched to SFR =

0 M� yr−1. The duration tCSF is free to vary

within log (tCSF/yr−1) = [6.5, 10] in steps of 0.1

dex.

• the composite star formation history (SFH) de-

scribed in S18b, so to allow direct comparison with

their sample of massive quiescent galaxies at sim-

ilar redshifts. This SFH consists of exponentially

rising and declining phases with e-folding times

free to vary:

SFRbase(t) ∝

{
e(tburst−t)/τrise for t > tburst

e(t−tburst)/τdecl for t ≤ tburst

(1)

and t is the lookback time. We adopted the same

grid of possible parameters as in S18b: tburst =

[10 Myr, tobs] with (logarithmic) steps of 0.05 dex,

τrise, τdecl = [10 Myr, 3 Gyr] with steps of 0.1 dex.

As in S18b, we further included an extra degree

of freedom to decouple the current SFR from the

previous history of formation, allowing for a burst

or abrupt quenching on a short period of duration

tfree (Ciesla et al. 2016):

SFR(t) = SFRbase(t)×

{
1 for t > tfree,

RSFR for t ≤ tfree.

(2)

3 https://github.com/cschreib/fastpp

https://github.com/cschreib/fastpp
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Figure 3. Spectral energy distribution of the quiescent galaxies. The gray and black solid lines show the best modeling
of the spectral energy distribution with fixed zphot and zspec, respectively. In both cases we show the results obtained with the
composite SFH parametrization by Schreiber et al. (2018b). Red open circles and arrows mark the photometric points and 3σ
upper limits.

Figure 4. Star formation history from modeling of the SED. The black line shows the composite SFH (Eq. 1, 2)
corresponding to the best model representing the SED in Figure 3. The blue vertical line and shaded area mark the main
formation epoch tform and duration of the star formation episode ∆tform of the galaxy. The red line indicates the quenching time
tquench. The blue horizontal line shows the mean 〈SFR〉main during the main formation epoch. The dashed and dotted-dashed
gray lines mark the best truncated and delayed SFHs. The blue and red bands in the top insets mark the formation and
quenching redshifts zform and zquench and their 90% confidence intervals, respectively (Table 1).

where tfree is free to vary between 10 and 300 Myr

with steps of 0.5 dex, and RSFR within 10−2 and

105 with steps of 0.2 dex.

In order to properly compare the results from the dif-

ferent SFH parametrizations, we computed several inte-

grated quantities (e.g., Pacifici et al. 2016; Belli et al.

2018, S18b). We adopt the same terminology as in S18b

to simplify the comparison between the two works. We

define the epoch of assembly as the half-mass forma-

tion time tform, i.e., the time at which 50% of the to-

tal stellar mass was formed, excluding mass loss and

recycling, obtained integrating SFR(t) over time. The

duration of the main formation epoch ∆tform is the con-

tiguous period enclosing tform and 68% of the total in-

tegrated SFR, i.e., limited by the 16% and 84% per-

centiles of the integral of SFR(t) over time. We as-

sumed the mean 〈SFR〉main during this period as rep-

resentative of the typical SFR during the main mass

assembly episode. We finally computed the quenching

epoch tquench as the initial point of the longest con-

tiguous time interval starting from the time of obser-

vation tobs (at z = zspec) and going backwards, where

SFR < 10%〈SFR〉main. We finally estimated the uncer-

tainties adopting the ∆χ2 = (χ2 −min{χ2}) < 2.71 cri-

terion to encompass the 90% confidence interval (Avni
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1976). In practice, we computed the errors as the differ-

ence between the maximum and minimum best-fit values

for the all models in the grid meeting the ∆χ2 criterion.

We further computed the uncertainties by bootstrapping

100 (1000) Monte Carlo simulations for COS-466654 and

SXDS-27434 (SXDS-10017) with Fast++. The num-

ber of simulations for COS-466654 and SXDS-27434 was

limited by the available computational time, as their

spectra have > 2000 individual elements. The numeri-

cal approach results in less conservative error bars than

the analytical one. We therefore adopted the χ2 crite-

rion as the final estimate for uncertainties derived from

the modeling of the SED.

We show the best-fit SEDs in Figure 3, resulting from

the composite SFHs in Figure 4. The best models based

on the three parametrizations of the SFHs are virtually

indistinguishable and the resulting parameters are fully

consistent with each other within the uncertainties (Ap-

pendix A). From here on we therefore adopt the double

exponential SFH as a reference in order to facilitate the

comparison with the sample in Schreiber et al. (2018b).

The best-fit parameters are reported in Table 1. We find

that all three sources went through a major burst of star

formation with log(〈SFR〉main [M�yr−1]) ∼ 3.07 − 3.54

(〈SFR〉main ∼ 1200 − 3500 M� yr−1) over a short pe-

riod of time ∆tform ∼ 50 Myr. Notice that this refers

only to the last episode of star formation. The abrupt

quenching following the rapid formation occurred earlier

in time for SXDS-10017 (zquench = 5.02+0.62
−0.61) than for

SXDS-27434 and COS-466654 (zquench = 4.41+0.13
−0.31 and

4.37+0.21
−0.39, respectively). This naturally follows our ini-

tial selection and the rest-frame colors, once ascertained

the spectroscopic redshift of the sources and excluded

the contamination of low-redshift interlopers.

6. QUIESCENCE

From the SED modeling we estimate stellar masses of

log(M?/M�) = 10.89+0.05
−0.06, 10.82+0.03

−0.03, and 11.06+0.04
−0.04

and SFR of log(SFR/M�yr−1) < 0.05 (90% upper

limit), 0.46+0.13
−0.69, and 1.38+0.28

−1.25 for SXDS-10017, COS-

466654, and SXDS-27434 respectively. These estimates

place the galaxies < 2.1, 1.6, and 1.0 dex below the

main sequence of galaxies at their redshift, adopting the

parametrization of Schreiber et al. (2015). We show the

location of our targets in the M?–SFR plane in Figure 5,

along with the sample of similarly selected massive qui-

escent galaxies at 3 < z < 4 from Schreiber et al. (2018b)

and the passive galaxy at z = 2.99 confirmed through

HST/WFC3 slitless spectroscopy by Gobat et al. (2012).

We further estimated an upper limit on the SFR from

Hβ and [O II] emission lines, when covered by our obser-

vations. We do not identify any significant detections

�

Figure 5. Location with respect to the main sequence
of galaxies. The red stars and diamond indicate the loca-
tion of our z = 3.77− 4.01 quiescent galaxies in the M?-SFR
plane. The golden symbols mark the 〈SFRmain〉 of their pro-
genitors at zform, fixing the mass to 50% of the total final
stellar mass. The magenta filled square indicates the quies-
cent galaxy at z = 2.99 reported in Gobat et al. (2012). The
filled and open orange circles mark spectroscopically con-
firmed and unconfirmed quiescent sources at 3 . z . 4 from
Schreiber et al. (2018b). The yellow circles show 〈SFRmain〉
of the progenitors at zform from S18b. The location of the
main sequence at z = 3−4 as parametrized in Schreiber et al.
(2015) is shown by the blue shaded area. The thin blue line
marks the position of sources 10× below the main sequence
at z = 3− 4. The golden solid lines indicate the position of
the main sequence and 4× above it at z = 5 (∼ zform). The
dashed lines show the extrapolation of the main sequence
to masses larger than log(M?/M�) = 11.5. Blue diamonds
mark SMGs at z > 4 from da Cunha et al. (2015), blue
crosses from Micha lowski et al. (2017), and blue open squares
from Miettinen et al. (2017).

from the line search in the original resolution and the

∼ 2 Å binned spectra. No evident residual emission

appears when subtracting the best stellar SED contin-

uum model from the spectra. We therefore put upper

limits on the line fluxes as
√∑

i σi
2 where σi is the

noise per i-th spectral bin covered by the potential line.

As line widths we assumed the FWHM of the stellar

models we adopted to estimate the redshift (Section 4).

We then converted the upper limits into SFR following

Kennicutt (1998), modified according to our Chabrier

(2003) IMF. We adopted the AV extinction from the

best SED model to correct for the dust attenuation.
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Table 1. Physical properties of the quiescence galaxies.

Propertiesa SXDS-10017 SXDS-27434 COS-466654

Coordinates (RA, Dec)/deg. (34.756250,−5.308038) (34.29871,−4.98987) (149.419583, 2.007550)

zphot 4.07+0.07
−0.07 4.12+0.03

−0.05 4.11+0.04
−0.1

zspec 3.767+0.103
−0.001 4.0127+0.0005

−0.0005 3.775+0.002
−0.003

log(M?/M�) 10.89+0.05
−0.06 11.06+0.04

−0.04 10.82+0.03
−0.03

log(SFRSED/M�yr−1) < 0.05 1.38+0.28
−1.25 0.46+0.13

−0.69

log(SFRHβ/M�yr−1) < 0.53 — < 0.92

log(SFR[O II]
/M�yr−1) — — < 0.41

AV/mag 0.2+0.2
−0.2 0.7+0.1

−0.1 0+0
−0

tform/Gyr 1.08+0.09
−0.27 1.33+0.04

−0.06 1.28+0.04
−0.05

zform 5.34+1.34
−0.37 4.51+0.16

−0.11 4.64+0.15
−0.12

tquench/Gyr 1.15+0.22
−0.14 1.37+0.11

−0.05 1.38+0.14
−0.08

zquench 5.02+0.62
−0.61 4.41+0.13

−0.31 4.37+0.21
−0.39

∆tform/Myr 50+730
−27 32+140

−10 56+140
−41

log(〈SFR〉main/M�yr−1) 3.21+0.64
−0.40 3.54+0.19

−0.35 3.07+1.22
−0.30

log(τdecl/yr) 7.1+1.3
−0.1 7.2+0.2

−0.2 7.0+0.6
−0.0

aThe uncertainties on the quantities derived from the SED modeling represent the 90% confidence interval

computing following Avni (1976, and Section 5 of this work).

To be more conservative we also computed a final up-

per limit using the 90% upper limit on AV and includ-

ing a possible extra-absorption for emission lines follow-

ing the correction described in Kashino et al. (2018)

(Eneb(B − V ) = Estar(B − V )/0.69 adopting a Calzetti

et al. 2000 extinction law for both nebular and stellar
emission). For SXDS-10017 we derive SFR(Hβ) < 2.3

M� yr−1 (< 3.4 M� yr−1 for the 90% conservative up-

per limit), placing the galaxy 1.8 (> 1.6) dex below the

main sequence at its redshift. For COS-466654 we es-

timate SFR(Hβ) < 8.3 M� yr−1 and SFR([O II]) < 2.6

M� yr−1 (90% confidence interval), corresponding to

> 1.2 and > 1.7 dex below the main sequence. No us-

able emission lines are covered for SXDS-27434.

We finally looked for possible far-infrared/sub-

mm emission associated with the three galaxies.

SXDS-10017 and SXDS-27434 are not detected in

Spitzer/MIPS 24 µm (SpUDS survey, PI: James Dun-

lop), Herschel/SPIRE 250, 350, and 500 µm bands

from the HerMES survey (Oliver et al. 2012), nor in

the SCUBA-2 870 µm maps from the SCUBA-2 Cos-

mology Legacy Survey (Geach et al. 2017, S2CLS) or at

VLA/1.4 GHz (Simpson et al. 2006). Similarly, COS-

466654 is not detected in any of the mid-infrared (24

µm) to radio (1.4 GHz) bands collected in the “super-

deblended” catalog of the COSMOS field by Jin et al.

(2018), resulting in a combined infrared signal-to-noise

ratio of SNIR = 1.8. At the current sensitivity and

spatial resolution limits, this further confirms the qui-

escence of the two galaxies and excludes the presence

of bright dusty star-forming companions in their imme-

diate proximity, at odds with at least one previously

reported case (Glazebrook et al. 2017; Simpson et al.

2017; Schreiber et al. 2018a).

7. PROGENITORS

After putting on solid ground the existence and the

properties of our targets, we now explore their past his-

tory. The number of quiescent galaxies at 3 < z < 4,

their epoch of formation and its duration, the quench-

ing time, and the average SFR can be used to look for

plausible progenitors. The short formation intervals ∆t

and the large 〈SFR〉main are reminiscent of the depletion

timescales and the observed SFR of dusty star-forming

galaxies (DSFGs) at high-redshift (Daddi et al. 2010;

Tacconi et al. 2010; Casey et al. 2014). To quantify such
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possible connection, we first computed the abundance of

these two populations in terms of their comoving num-

ber densities. Figure 6 shows a compilation of values

from recent works in the literature.

7.1. Number densities of quiescent galaxies at

3 < z < 4

For the quiescent samples, we report the number den-

sities for UV J-selected galaxies at M? > 4 × 1010 M�
and 3 < z < 4 from UltraVISTA (Muzzin et al. 2013)

and from ZFOURGE as in Straatman et al. (2014) (see

Spitler et al. 2014 for an earlier estimate). The latter

has been then updated by S18b after their spectroscopic

follow-up and corrected for contamination of low red-

shift interlopers. Notice that S18b computes the number

density to a 25% smaller threshold in stellar mass, com-

patibly with their completeness limit (M? = 3 × 1010

M�). We then included the calculation based on the

latest version of the COSMOS catalog as in Davidzon

et al. (2017), who presented an extensive comparison

with previous works (see references therein); and finally

from the CANDELS GOODS-South field by Merlin

et al. (2018), also including the impact of the emission

lines on the photometry and, thus, on the estimate of

the number density (see Santini et al. 2019 for the re-

cent confirmation of the quiescence of a subsample of

these galaxies). We recomputed the number densities

and their uncertainties whenever necessary to match

the criteria above, i.e., by integrating the stellar mass

functions in Muzzin et al. (2013) and Davidzon et al.

(2017). For the other works, we reported the original

values.

Figure 6 shows a wide range of measurements for the

quiescent population, with variations up to a factor of

10×. The values derived integrating the stellar mass

functions over large area surveys (Muzzin et al. 2013;

Davidzon et al. 2017) are systematically lower than com-

puted by counting red galaxies in smaller fields (Straat-

man et al. 2014; Schreiber et al. 2018b; Merlin et al.

2018). We estimated the impact of the cosmic vari-

ance on COSMOS (1.8 deg2) and ZFOURGE-like (0.1

deg2) areas as in Davidzon et al. (2017), both adopting

the analytic approach by Moster et al. (2011) and by

comparing with the mock galaxy catalogs from 24 real-

izations in the Millenium simulations (Henriques et al.

2015; Springel et al. 2005; Boylan-Kolchin et al. 2009),

the latter including Poisson noise. For masses & 3×1010

M�, we estimate a σcv = 9.3% (9.8%) uncertainty due

to cosmic variance from the analytical (heuristic, includ-

ing Poissonian noise) approach in the COSMOS field at

3 < z < 4. For the area covered by the ZFOURGE

survey for the same redshift range and M? threshold,

we compute a σcv = 15.3% (a factor of 1.5×) uncer-

tainty from the analytical (heuristic, including Poisso-

nian noise) approach. Besides the variations induced

by cosmic and sample variance, the difference among

the various estimates of number densities is affected by

the classification method, based on colors and/or sSFR

with different thresholds (Davidzon et al. 2017; Merlin

et al. 2018); the contamination of lower redshift inter-

lopers (see the discussion in S18b) and AGN (Davidzon

et al. 2017); the slightly different lower stellar mass inte-

gration limits and redshift intervals considered; and the

depth of the observations.

7.2. A conservative lower limit from spectroscopy

For the sake of completeness, we finally derived a con-

servative lower limit on the comoving number densities

of quiescent objects at 3.219 < zspec < 4.012 combining

our sample and the objects in S18b. Considering the

8 robust detections over an area of 2.6 deg2 covered by

the COSMOS, UDS, and ZFOURGE fields4, we obtain

n = 3.4 × 10−7 Mpc−3 at face value and a 3σ lower

limit of > 8.8× 10−8 Mpc−3 assuming a Poissonian dis-

tribution (Table 2 in Gehrels 1986). Including 5 extra

uncertain redshift estimates, we derive n = 5.5 × 10−7

and > 2.0×10−7 Mpc−3 at face value and as a 3σ lower

limit, respectively. These estimates represent the most

conservative limits on the number of quiescent objects at

these redshift, being purposely not corrected for any un-

certain completeness effect. Given the low spectroscopic

sampling and the predictions from simulations (see be-

low), these values are currently of little use. However,

with the steady growth of the number of confirmed qui-

escent objects, their constraining power is destined to

increase in the immediate future.

7.3. Number densities of sub-millimeter galaxies at

z > 4

We collected recent results from large surveys of “sub-

millimeter” galaxies (SMGs) with detailed modeling of

the optical and near-infrared counterparts, a necessary

step to derive at least a photometric estimate of the

redshift and stellar masses. The definition of a “sub-

millimeter galaxy” is purely observational and it hides

a certain degree of diversity of the underlying popula-

tion. However, it overlaps with the physical definition

of DSFGs at the highest redshifts explored so far, there-

fore capturing suitable candidates to be the progenitors

4 Two of the ZFOURGE fields are included in COSMOS and
UDS. Therefore, we did not account for their area in this calcula-
tion.
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COSMOS

ALESS

S2CLS

Figure 6. Number densities of high-redshift quies-
cent galaxies and SMGs. The red ticks mark the observed
number densities of massive (M? & 4 × 1010 M�) quiescent
galaxies at 3 . z . 4 from the works and projects reported
on the Y-axis. The rose areas indicate the uncertainties,
when available. The blue open ticks mark the number den-
sities of variously selected z > 4 SMGs available in the liter-
ature. The blue filled ticks include a correction of the duty
cycle of SMGs (ρcorr = ρ × tobs/tburst, where tburst = 200
Myr), following Ivison et al. (2016). The blue shaded ar-
eas indicate the uncertainties reported in the original works
(Cooke+18, Michalowski+17 (4 < z < 5), Michalowski+17
(5 < z < 6)) or recomputed in this work based on the
zphot uncertainties of the samples (Michalowski+17, Miet-
tinen+17, da Cunha+15). The calculations for the Illustris
and Illustris TNG (300-1) simulations were performed in the
snapshots corresponding to the labeled redshifts. The co-
moving number densities of SMGs in both suites are based on
the catalogs by C. Hayward et al. (in preparation) down to
a threshold of 1 mJy, similar to the ALESS limiting flux and
∼ 3 − 4× higher than for S2CLS/COSMOS. No duty cycle
correction is applied to simulations. For the simulated qui-
escent galaxies, the rose area indicates the variation between
estimates including only “quenched” (sSFR < 10−11 yr−1)
or also “quenching/post-starburst” objects (sSFR < 10−10

yr−1, red ticks).

of massive quiescent galaxies. In this work we compiled

results from recent surveys on large fields:

• The (ALMA) Laboca Extended Chandra Deep

Field South Survey ((A)LESS, Weiß et al. 2009;

Hodge et al. 2013; Simpson et al. 2014; da Cunha

et al. 2015; Danielson et al. 2017): 99 securely

detected sources down to 0.4 mJy beam−1 with

ALMA Band 7, originally selected at 870 µm with

the Large Apex BOlometer Camera (LABOCA)

on the APEX telescope in the Extended Chandra

Deep Field South field. The optical/near-infrared

follow-up includes 19 bands, with a 3σ detection

limit inKs = 24.4 mag (Simpson et al. 2014). Here

we use the results of the full SED modeling with

Magphys (da Cunha et al. 2008) presented in da

Cunha et al. (2015). Including the uncertainties

on the zphot, 17+26
−15 sources lie at zphot ≥ 4 over a

0.25 deg2 area (Simpson et al. 2014). We further

take into account the 2× underdensity of SMGs in

the field (Weiß et al. 2009) for the number density

calculation.

• The SCUBA-2 Cosmology Legacy Survey (S2CLS,

Geach et al. 2017; Micha lowski et al. 2017): '
650 sources detected at ≥ 4σ at 850 µm with

SCUBA-2 at the James Clerk Maxwell Telescope

with secure fluxes & 4 mJy in the COSMOS and

UDS fields (area of 2.17 deg2) and 1.1 mm cover-

age from ASTE AzTEC. Roughly ∼ 70% of this

sample has a mass estimate obtained modeling

the optical/near-infrared photometry with Mag-

phys, notably assuming a double-component SFH

(Micha lowski et al. 2014). The limiting 3σ depth

in the Ks band is 24.0/24.9 mag from the UltraV-

ISTA DR3 deep and ultradeep stripes in COSMOS

and 25.2 mag in UDS. Considering only the objects

above the completeness limit of SFR = 300 M�
yr−1and taking into account the uncertainties on

zphot, 91+63
−77 sources lie at zphot ≥ 4, but only 16+7

−6

with a photometric redshift from the optical/near-

infrared, the rest being determined from the far-

infrared SED only.

• The ALMA follow-up of 124 SMGs in COS-

MOS, selected at 1.1 mm with ASTE AzTEC

down to SAzTEC
1.1 mm = 3.5 mJy at > 4σ, and with

optical/near-infrared counterparts (Brisbin et al.

2017; Miettinen et al. 2017). The ALMA follow-up

at 1.3 mm reaches an rms of ∼ 0.1 mJy beam−1.

The SED has been modeled with Magphys to

obtain stellar masses and SFR (Miettinen et al.

2017) and with Hyperz (Bolzonella et al. 2000)

to estimate the photometric redshifts (Brisbin

et al. 2017). Five sources are spectroscopically

confirmed above z > 4, consistently with their

photometric redshifts (Smolčić et al. 2015; Gómez-

Guijarro et al. 2018). Over a covered area of 0.72

deg2, we count 17+16
−9 sources with zphot ≥ 4.

We then computed the number densities of SMGs

above a redshift threshold z = zthresh = 4 as described

in Ivison et al. (2016):

n =
N

Vcom
Cduty [Mpc−3] (3)
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whereN is the number of galaxies detected at z > zthresh

and Vcom is the comoving volume spanned by the ob-

servations detecting the SMG population. Cduty =

tobs/tburst corrects for the typically short duty cycle

of SMGs (tburst), which shine in the far-infrared/sub-

mm regime only for a fraction of their whole existence

or, in this case, of the cosmic time probed by the obser-

vations tobs (e.g., Toft et al. 2014). In Figure 6 we show

the number densities both uncorrected and introduc-

ing Cduty(tburst = 200 Myr) as a reference (see Section

7.4.2 below). We included the uncertainties on the pho-

tometric redshift estimates by counting galaxies with

zup, zlow > zthresh, where zup, zlow are the upper and

lower boundary of the redshift uncertainties as reported

in the original works. This uncertainty dominates the

error budget. We did not include further corrections

for completeness of the surveys beyond what reported

in the literature works (see Miettinen et al. 2017 for

a caveat for the COSMOS sources). For reference,

we also report two recent results from the literature,

namely number densities for ultra-red galaxies selected

from the Herschel Astrophysical Terahertz Large Area

Survey (H -ATLAS, Ivison et al. 2016) and for a sub-

sample of spectroscopically confirmed SMGs at z ∼ 4.5

from the S2CLS survey (Cooke et al. 2018), along with

the number densities originally reported in Micha lowski

et al. (2017).

Figure 6 shows that large variations are present in

the observed number densities of SMGs. This is likely

due to the variety of selection criteria, the depths, and

the completeness of the various surveys, plus the intrin-

sic diversity of the SMG population. The choice of the

sub-mm band for the initial selection corresponds to the

sampling of a specific portion of the far-infrared SED.

A selection based on Herschel bands or at ∼ 870 µm

(170 µm rest-frame at z = 4) maps the SED closer to

the peak of the dust emission, being sensitive to the

temperature and total IR luminosity (∝ SFR). Opting

for a cut at 1.1 mm (220 µm rest-frame at the same

redshift) results into the sampling of the optically thin

dust emission in the Rayleigh-Jeans tail of the SED, thus

being mildly sensitive to the effective temperature and

privileging large dust masses over large SFR, even if ul-

timately the two quantities are correlated. The depth

of the observations likely has an even stronger impact

than the selection criterion: shallow limits allow us to

capture only the rarest and strongest starbursting sys-

tems. Moreover, the necessity to identify a counterpart

in the optical/near-infrared to estimate stellar masses

and redshift biases the results against the most dusty

and highest redshift objects. This is evident for the

S2CLS sample, for which only ∼ 20% of the galaxies

with zphot > 4 have an optical/near-infrared redshift es-

timate, the rest being determined from the far-infrared

SED only (Micha lowski et al. 2017). However, adopt-

ing the best available photometric redshifts allows us

to improve previous estimates based on the simple as-

sumption of a fixed fraction of SMGs above z = 4 (e.g.,

Straatman et al. 2014; Ivison et al. 2016).

7.4. Standard evolutionary connection

We now explore the possible evolutionary connection

between SMGs and quiescent galaxies (see previous re-

sults in the literature at similar or lower redshift Cimatti

et al. 2008; Simpson et al. 2014; Toft et al. 2014; Straat-

man et al. 2014; Miettinen et al. 2017; Gómez-Guijarro

et al. 2018). Here we test the common and extreme as-

sumption that all SMGs at z > 4 turn into a quiescent

object at 3 < z < 4 by matching their number densities

(e.g., Toft et al. 2014). For the calculation, we adopt a

final number density for quiescent galaxies at 3 < z < 4

of n = 1.4 × 10−5 Mpc−3 from S18b. We compute re-

sults for the samples of SMGs with optical/near-infrared

counterparts from the ALESS (da Cunha et al. 2015),

S2CLS (Micha lowski et al. 2017), and COSMOS (Miet-

tinen et al. 2017) surveys.

7.4.1. Stellar masses and SFR distributions

First, we can compare the distributions of the stellar

masses and SFRs of SMGs and the progenitors of qui-

escent galaxies. In Figure 7 we present the (Gaussian)

kernel density estimation (KDE) of the observed dis-

tributions. We derived the expected properties of the

QG progenitors from the SED modeling of SXDS-10017,

SXDS-27434, and COS-466654 and the sample in S18b.

We adopted 〈SFR〉main as the average SFR during the

main formation epoch and 50% of the final stellar mass

as M? for the progenitors (excluding mass loss and recy-

cling, Section 5). Notice that the choice of the SFH does

not impact 〈SFR〉main within the uncertainties (Figure

9). For the SMGs, we compiled the stellar masses from

da Cunha et al. (2015), Micha lowski et al. (2017), and

Miettinen et al. (2017) and the SFRs they derived from

the far-infrared luminosities. Given the best-fit values

for ∆tform, the far-infrared luminosities and 〈SFR〉main

probe similar timescales for star formation. Not all the

SMGs have an optical/near-infrared counterpart, nec-

essary to derive a stellar mass. Therefore, the results

are biased towards the less dust-obscured objects, either

at lower masses or more advanced stages of formation,

when the dust shrouding the cocoons of star formation

starts fading away.
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Figure 7. Stellar masses and SFRs of candidate progenitors of high-redshift quiescent galaxies. Kernel Density
Estimator (KDE) of the density probability distributions of stellar masses (left panel) and SFRs (right panel) for the progenitors
at zform of massive quiescent galaxies at 3 < z < 4 (this work+S18b, golden line) and SMGs at z > 4 from the ALESS, COSMOS
and S2CLS surveys (da Cunha et al. 2015; Miettinen et al. 2017; Micha lowski et al. 2017, blue lines). For reference, we show
the stellar mass distribution of the QGs (red thin line). The areas under the curves are normalized to the number density of
each population (Figure 6).

By definition, the integral of each probability density

curve is equal to
∫ +∞
−∞ P (x) dx = 1. In order to compare

the various populations, we normalized the KDE to the

number density of each sample (
∫ +∞
−∞ nP (x) dx = n

[Mpc−3]). Therefore, the area under each curve in Fig-

ure 7 is exactly equal to the number density of each

sample, with Cduty = 1 for the SMGs (no correction for

duty cycle).

The left sides of the distributions are in first approxi-

mation related to the completeness of the observations.

The Ks band limits are similar for all the surveys and,

indeed, the stellar mass distribution for the quiescent

galaxies and their progenitors, the ALESS (da Cunha

et al. 2015) and the COSMOS surveys (Miettinen et al.

2017) show a fairly consistent lower mass limit. The

only exception is the S2CLS survey (Micha lowski et al.

2017), which – even sharing a similar Ks band depth

with all the other surveys – results in a non-negligible

probability of low stellar masses. However, this tail

of low-mass galaxies disappears when considering only

zphot estimates from the optical/near-infrared. Its exis-

tence may therefore be a spurious effect due to wrong

redshift estimates from the far-infrared SED, which we

therefore discarded. For clarity, we show the stellar

mass distribution without this low-mass tail in Figure

7. For what concerns the SFRs, it is evident the effect

of the cut imposed by the sensitivity limits of the SMG

surveys, resulting in a lower limit on the LIR ∼ SFR.

On the other hand, the lower limit of the distribution of

the progenitors mainly depends on the modeling of the

SED and the best SFH.

The peaks of the distributions of the stellar masses

are roughly consistent for the ALESS survey and the

progenitors of the quiescent galaxies, while the mod-

eling of the S2CLS and the COSMOS sources results
in larger stellar masses than the quiescent (and star-

forming) population at lower redshift, as already re-

ported in Miettinen et al. (2017) and Micha lowski et al.

(2017). Under the initial assumption that all SMGs at

z > 4 become quiescent at 3 < z < 4, the massive SMGs

cannot be considered only a tail of the overall distribu-

tion (Appendix B). Notice that here we do not include

the stellar mass that the ongoing episode of star for-

mation will add to SMGs, which would further increase

the discrepancy with the quiescent population. On the

other hand, all the distributions of SFRs roughly peak

at the same value, even if the KDE for the progenitors

of quiescent galaxies allows for significant probability

densities at low SFRs, not being hampered by an obser-

vational limit. The extension of the distribution of the

progenitors towards low SFRs points towards the ne-

cessity of including less extreme systems to explain the
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existence of red, quiescent galaxies at 3 < z < 4. Inde-

pendent structural and dynamical arguments suggest a

similar conclusion on the origin of quiescent galaxies at

z ∼ 2, whose precursors might be compact blue SFGs

with properties typical of objects on the main sequence

(Barro et al. 2013, 2017; Popping et al. 2017; Gómez-

Guijarro et al. 2019) or a dust-obscured population so

far overlooked (Wang et al. 2019). This shows the rele-

vance of pushing our search for DSFGs at lower SFRs,

and not limit it to classical starbursting SMGs. We come

back to this point later, providing supporting evidence

from cosmological simulations (Section 8).

7.4.2. The duty cycle of SMGs

As mentioned in Section 7.3, only a fraction of the

global star-forming population shines as SMGs at a spe-

cific time, this fraction depending on the sub-mm flux

threshold to define an SMG. With the usual assump-

tion that all such systems at z > 4 turn into the quies-

cent population at 3 < z < 4, we can therefore derive

the duty cycle correction Cduty necessary to make the

number densities of the two populations exactly equal

(e.g., Toft et al. 2014). Here we do this by matching

the number densities (i.e., the area under the curves

in Figure 7) and the stellar mass or SFR distributions

(i.e., the shape of the curves) of the quiescent progeni-

tors and the samples of SMGs (see Appendix B for the

details). We derive tburst ∼ 200 − 400 Myr for the

sources in the ALESS survey. For the COSMOS and

S2CLS surveys we find similar tburst ∼ 100 Myr match-

ing the SFR distributions, but substantially shorter val-

ues down to tburst ∼ 10 Myr when matching the M?

KDEs. The values for tburst are consistent with the typ-

ical depletion timescales of strongly star forming galax-

ies at high-redshift (tduty ∼ 100− 200 Myr, Daddi et al.
2010; Tacconi et al. 2010; Casey et al. 2014) and with

the formation timescales via the archeological approach

(e.g., Thomas et al. 2005; Renzini 2006; Choi et al. 2014;

Onodera et al. 2015). However, at least for the self-

consistent values of the ALESS sources, we find duty

cycle corrections Cduty ∼ 5× smaller than estimated by

Toft et al. (2014) for the range 2 < z < 3. Notice that

this is partly due to the longer tburst we estimate, and

partly it is a natural consequence of observing higher

redshift sources as the time spanned between 4 < z < 6

is half of the interval between 2 < z < 3.

These calculations depend on a set of assumptions

that we specified at each step and they are affected by

several sources of uncertainties. An extended discussion

is reported in Appendix B. Here we stress once again

that the evolutionary connection we tested here relies

on the extreme assumption that all SMGs at z > 4 be-

come quiescent at 3 < z < 4, driving to the introduction

of a duty cycle correction. Looser conditions (e.g., only

X% of the SMGs turn into quiescent galaxies) result to

the first order in longer duty cycles by a similar amount.

Similar rescaling factors apply when considering a value

different than our reference estimate of the comoving

number density of quiescent galaxies.

8. CAN COSMOLOGICAL SIMULATIONS

CAPTURE THE FORMATION OF QUIESCENT

GALAXIES AT z ∼ 4?

8.1. Realistic comoving number densities of quiescent

galaxies

Previous attempts of reproducing the population of

quenched galaxies at z > 3 with cosmological simula-

tions and semi-analytical models fall short in producing

enough systems by up to an order of magnitude in the

majority of cases (S18b, Cecchi et al. 2019). Here we

explore the content of the recent Illustris TNG cosmo-

logical simulation public release (Marinacci et al. 2018;

Naiman et al. 2018; Springel et al. 2018; Pillepich et al.

2018; Nelson et al. 2018a,b), in comparison with the

previous Illustris project (Vogelsberger et al. 2014a,b;

Genel et al. 2014; Nelson et al. 2015). As for the obser-

vations presented above, we structured our search in two

steps: we first looked for the quiescent galaxies in the

largest boxes available TNG 300 (205/h comoving Mpc)

and TNG 100 (75/h comoving Mpc), so to build enough

statistics of these rare systems. We subsequently stud-

ied the progenitors of the quenched systems possibly

shining as SMGs in these boxes (C. Hayward et al. in

preparation, Hayward et al. 2013). Illustris TNG 100

has a similar box size to the old Illustris-1, so we drew

comparisons among these two to test the performances

of the new simulations.

To mimic our observational selection, we identified

quiescent galaxies in the z = 3.7 snapshot based on the

sSFR within twice the stellar half-mass radius (INRAD

quantities in the catalogs). The SFR is averaged over

10 Myr, but we checked for the consistent quiescence in

the descendant subhalos down to z = 2, in order to ex-

clude contamination of temporary low-activity galaxies.

We selected both quenched and quenching (or post-

starburst) galaxies fixing a threshold of sSFR ≤ 10−11

yr−1 and 10−11 < sSFR ≤ 10−10 yr−1, respectively,

and imposing a minimum M? = 4× 1010 M� similar to

the mass completeness limits in the observations (Sec-

tion 7.1). Note that such a selection in sSFR is robust

against variations of the timescale over which the SF is

averaged in simulations in the range ∼ 10 − 200 Myr

and the measurement of quantities in different apertures
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Table 2. Number densities of quiescent galaxies and their progenitors in the Illustris and Illustris TNG cosmological simulations.

Illustris-1 Illustris TNG 100-1 Illustris TNG 100-2 Illustris TNG 300-1

Box size [cMpc] 75/h 75/h 75/h 205/h

Dark matter mass resolution [106M�] 6.3 7.5 59.7 59

Quiescent galaxiesa

N<−11, N[−11,−10] (z = 3) 1, 3 45, 10 25, 6 631, 123

n<−11, n[−11,−10] (z = 3) [10−6 Mpc−3] 0.8, 2.4 36.6, 8.1 20.3, 4.9 25.1, 4.9

N<−11, N[−11,−10] (z = 3.7) 0, 1 8, 0 0, 1 53, 12

n<−11, n[−11,−10] (z = 3.7) [10−6 Mpc−3] –, 0.8 6.5, – –, 0.8 2.1, 0.5

Sub-millimeter galaxiesb

N>1 mJy, N>3.5 mJy (z = 4) 49, 0 51, 2 59, 2 1224, 48

n>1 mJy, n>3.5 mJy (z = 4) [10−6 Mpc−3] 39.8, – 41.5, 1.6 48.0, 1.6 48.7, 1.9

N>1 mJy, N>3.5 mJy (z = 5) 11, 1 15, 0 17, 1 393, 11

n>1 mJy, n>3.5 mJy (z = 5) [10−6 Mpc−3] 8.9, 0.8 12.2, – 13.8, 0.8 15.6, 0.4

aNumber of galaxies in the z = 3 and z = 3.7 snapshots with M? ≥ 4×1010 M� and sSFR ≤ 10−11 yr−1 (N<−11, quenched)

or 10−11 < sSFR ≤ 10−10 yr−1 (N[−11,−10], quenching). All the quantities are computed within twice the stellar half-mass

radius (INRAD in the Illustris data releases). The comoving number densities n of quenched and quenching galaxies,

obtained dividing N<−11, N[−11,−10] by the comoving volume of the box (Size3, adopting h = 0.7).

bNumber of galaxies in the z = 4 and z = 5 snapshots with S850 flux > 1 mJy and > 3.5 mJy within 25 kpc, computed

following Hayward et al. (2013), Hayward et al. (in preparation).

(Sparre et al. 2015; Davidzon et al. 2018).

We summarize the results of the search in Table 2 and

Figure 6. The comoving number densities n of quenched

galaxies in the Illustris TNG boxes are roughly con-

sistent only with the lowest observational estimates at

z = 3.7, while the old Illustris run does not contain

enough of these objects, as previously noted (Wellons

et al. 2015, S18b) and in line with similar previous

attempts in smaller boxes (e.g., Mufasa, Davé et al.

2016). On the contrary, we retrieve a numerous enough

population of quiescent galaxies in the z = 3 snapshot

(i.e., the lower limit of the redshift range explored here

with spectroscopy) of the Illustris TNG simulations,

while the old Illustris still fails at reproducing the ob-

served number densities. This is likely due to the new

feedback scheme implemented in the TNG simulations.

8.2. The impact of the mass resolution

Interestingly, the largest TNG 300 box contains 2.5×
and 1.5× less quenched/quenching galaxies per unit co-

moving volume than TNG 100 at z = 3.7 and z = 3,

respectively (Table 2). We checked for the effect of the

∼ 8× lower mass resolution in TNG 300 than in TNG

100, which might not result in full convergence. As dis-

cussed in Pillepich et al. (2018), the lower resolution

of TNG 300(-1) translates into lower stellar masses and

SFR than in TNG 100(-1), which might bias our number

densities. Therefore we compared the number of galax-

ies above our mass threshold (M? ≥ 4 × 1010 M�) in

TNG 100-1 and TNG 100-2, the latter having a reso-

lution similar to TNG 300-1. We retrieve ∼ 25% less

galaxies in TNG 100-2 than in TNG 100-1, this fraction

increasing when selecting quenched/quenching galaxies,

so that we find only 1 (31) objects with sSFR ≤ 10−10

yr−1 at z = 3.7 (z = 3) in TNG 100-2, a factor of 8×
(1.7×) less than TNG 100-1. Therefore, while at z = 3.7

the low number statistics and the cosmic variance likely

dominate the difference between TNG 300-1 and TNG

100-1, the mass resolution explains the discrepancy at

z = 3 for our selection.

8.3. Simulated sub-mm galaxies and their properties

We then traced the evolution of the main subhalo

progenitor of each quenched galaxy back to the main

formation epoch derived for the observed targets (z ∼ 5,

Section 5). In Figure 8 we show the evolutionary tracks

in the M?-SFR plane for TNG-300, but similar conclu-
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Figure 8. Stellar mass and SFR plane for the Illus-
tris TNG-300 simulation. The red circles indicate the
location of quenched galaxies (sSFR ≤ 10−10 yr−1 within
twice the half-mass radius) in the z = 3.7 snapshot (the
empty symbols represent upper limits fixed at SFR = 10−3

M� yr−1 for display purpose). The location of the main
sequence at z = 3 − 4 as parametrized in Schreiber et al.
(2015) is shown by the blue shaded area. The blue solid line
marks the position of sources 10× below the main sequence
at z = 3− 4. The golden solid lines indicate the position of
the main sequence and 4× above it at z = 5 (∼ zform). The
dashed lines show the extrapolation of the main sequence to
masses larger than log(M?/M�) = 11.5 in order to facilitate
the comparison with Figure 5. Dark and light blue crosses
mark SMGs with S850µm ≥ 1 mJy at z = 5 and z = 4, re-
spectively, as simulated by Hayward et al. (in preparation).
The gray and red diamonds show SFGs with S850µm ≤ 1 mJy
at z > 4 and quenched objects at z = 4, respectively. The
gray tracks show the evolution of z = 3.7 quenched objects
back to z = 5, while the black solid line shows the median
evolution in the same interval.

sions hold for TNG-100. In order to directly compare

with the operational definition of SMGs widely spread

among observers, we also show the modeling of the 850

µm emission of z = 4− 5 galaxies by Hayward et al. (in

preparation). The authors compute mock 850 µm fluxes

for all the sources with M? > 4 × 109 M�, based on a

relation derived from full radiative transfer calculations

on idealized discs and mergers at a spatial resolution in-

accessible for a cosmological simulations (Hayward et al.

2011, 2013). The calculation is performed by integrat-

ing the ISM and the SFR within 25 kpc (and not within

twice the half-mass radius) excluding the particles in

satellites, in order to compare with typically resolved

SMGs (Hayward et al. in prep.). A significant difference

between SFR(25 kpc) and SFR(INRAD) is the reason

why a minority of objects display bright S850 fluxes

while being formally quiescent in our selection (Figure

8). Notice that the 850 µm emission depends not only

on the SFR, but also on the dust mass and its tempera-

ture: highly star-forming galaxies might thus not shine

as SMGs due to a lower dust content and, thus, hotter

dust temperature (e.g., Hayward et al. 2012; Safarzadeh

et al. 2016). As a reference, we adopt here cuts at

S850µm > 1 mJy and > 3.5 mJy, comparable with the

ALESS and the COSMOS/S2CLS limiting sensitivities,

respectively.

While differing in principle, the SMGs have similar

M? and SFR to the progenitors of the quenched galax-

ies at z = 3 − 3.7. However, they are consistent with

being the tail of most massive galaxies on the main se-

quence at their redshift, without reaching the extreme

values of observed starbursts (Figure 5). The choice of

the S850 flux thresholds has a strong impact on the stel-

lar mass of the selected SMGs, while the redshift does

not. Flux cuts at > 1 and > 3.5 mJy results in me-

dian log(M?/M�) = 10.5 and 11.1, respectively, both

at z = 4 and z = 5 in TNG 300. This naturally arises

from the fact that, by definition, a higher S850 threshold

selects for higher SFR and Mdust values, both of which

correlate with M?. Therefore, a S850-M? relation is in

place at least for main-sequence galaxies, matching the

observations (Hayward et al. 2013).

8.4. Number densities of simulated sub-mm galaxies

We further calculated the number densities for the

SMGs with S850 > 1 and > 3.5 mJy in the snapshots

at z = 4 and z = 5 (Table 2 and Figure 6). To avoid

overpopulating the latter, we show only the number

densities for a threshold of S850 = 1 mJy, similar to

the ALESS limiting flux. At face value, the simula-

tions slightly overshoot the empirical number densities

uncorrected for the duty cycle, but we find an overall

good agreement within the observational uncertainties.

Notice that no correction is needed for the simulated

number densities. Similar conclusions hold when com-

paring simulations with the COSMOS/S2CLS surveys

at the corresponding depth. The comoving number den-

sities for SMGs with > 1 mJy are all consistent within

20% among the three suites of simulations, while we

find a sizable sample of objects with > 3.5 mJy only

in TNG-300. We further checked for the dependence

on the mass resolutions of the simulations as for the

quenched galaxies (Section 8.2) by comparing TNG

100-1 and TNG 100-2, which has a similar resolution
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to TNG 300-1. We retrieve ∼ 10 − 15% less galaxies

with S850 fluxes > 0.1− 0.5 mJy, but ∼ 15− 30% more

SMGs in TNG 100-2 at z = 3 − 5 than in TNG 100-1.

The low number statistics dominate the comparison for

higher S850 flux thresholds. These fractions should be

considered as the typical uncertainties on the number

densities we derived for TNG 300-1.

Moreover, Hayward et al. (in preparation) find that

Illustris TNG systematically underpredicts the 850 µm

cumulative number counts (therefore, integrated over

redshift) with respect to observations and the old Il-

lustris run at similar mass resolution, owing to the in-

creased efficiency of AGN feedback reducing the number

of massive strongly star-forming systems. The difference

between the two simulation sets is not evident at z ≥ 4.

This is likely due to the fact that SMGs at these red-

shifts have not reached yet the critical black hole mass

to trigger efficient AGN feedback. Therefore, the dis-

crepancy between Illustris and Illustris TNG reported

by Hayward et al. is due to the later evolution, while

systems at z > 4 constitute only a minor fraction of the

SMG population.

8.5. Not all progenitors are sub-mm galaxies

The comparison between the comoving number den-

sities of quiescent galaxies at z = 3− 3.7 and the SMGs

at z = 4 − 5 (Table 2) shows that only a fraction of

the SMGs at high redshift turn quiescent at z = 3− 3.7,

this fraction depending on the sub-mm flux threshold.

In TNG-300, 88 − 90% of the SMGs with S850 > 3.5

mJy at z = 4 − 5 are quenched (sSFR < 10−10 yr−1)

at z = 3, but only 20 − 30% at z = 3.7. These frac-

tions drop significantly when considering a lower flux

threshold of S850 > 1 mJy: 45 − 60% of the SMGs

above this limit at z = 4 − 5 are quenched at z = 3

(5 − 15% at z = 3.7). We do not attempt the compar-

ison in TNG-100 and Illustris-1 due to the low or even

absent statistics. The difference due to the flux thresh-

old likely mirrors the mass selection mentioned above:

larger S850 fluxes correspond to larger masses, therefore

closer to the threshold to ignite efficient AGN feedback

and a rapid quenching. The shorter time interval be-

tween z = 4 and z = 3.7 concurs to the drop of the

fractions of SMGs quenching between these two limits,

compared with quenching occurring in the z = 3−5 pe-

riod. Finally, at the spatial and time resolution Illustris

TNG, lower S850 appear to be sustainable for longer

timescales. Dedicated simulations at higher resolution,

necessary to capture the stochasticity of the processes

igniting the brightest SMGs, could test this result, but

they are beyond the scope of this paper.

Inverting the order of the terms of comparison, we

find that only a fraction of the progenitors of quenched

galaxies at z = 3− 3.7 shine as SMGs at z = 4− 5, this

fraction depending on the sub-mm flux threshold. As

Figure 8 shows, 80% of the quenched galaxies at z = 3.7

have S850 > 1 mJy at z = 4 (70% at z = 5) in TNG-300,

while 12% (0%) were already quenched at z = 4 (z = 5).

The fraction of sub-mm bright progenitors drops when

considering higher flux thresholds: 14% of the quiescent

galaxies at z = 3.7 have S850 > 3.5 mJy at z = 4 (5%

at z = 5).

This comparison suggests a more complex connection

between the progenitors of high-redshift quiescent galax-

ies and SMGs than previously assumed (e.g., Section

7.4). While the majority of extremely bright SMGs at

z = 4−5 detectable by shallow surveys quench by z = 3,

a substantial fraction of the highest redshift quenched

systems have less extreme progenitors, lying on the main

sequence during their epoch of main stellar mass assem-

bly and emitting sub-mm fluxes partially detectable only

by the deepest surveys currently available.

9. CONCLUSIONS

In this work we reported the discovery and the de-

tailed analysis of three quiescent galaxies at 1.5 Gyr af-

ter the Big Bang. Dedicated spectroscopic follow-up in

the optical/near-infrared allowed us to securely confirm

the redshift of two of the sources (z = 3.775, 4.012) and

to put tentative constraints on the third one (z ≈ 3.767).

Their quiescence is supported by the modeling of their

SED, by the absence of emission lines, and the non-

detections in the far-infrared/sub-millimeter regimes.

Given their large stellar masses of ∼ 1011 M�, these

objects are located & 1 − 2 dex below the main se-

quence at their redshifts. The combined modeling of

the SED and the spectra suggests that these galaxies

went through a short phase (∼ 50 Myr) of intense star

formation (∼ 1200−3500 M� yr−1) peaking ∼ 150−500

Myr prior the time of observation, followed by an abrupt

decrease of their SFRs and the cessation of any relevant

formation of new stars.

We then explored their connection with star-forming

progenitors at higher redshifts, testing previous sug-

gestions of a direct link with strongly starbursting

SMGs. We compared the comoving number densities n

of 850 µm and/or 1.1 mm-selected SMGs at z > 4 and

quiescent galaxies at 3 < z < 4, compiling recent re-

sults in the literature. In general, a large scatter affects

the estimates of n for both populations, predominantly
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due to a combination of factors dominated by differ-

ent classification schemes and selection criteria and by

the uncertainties on the redshift. We find the number

densities of SMGs at z > 4 from the deepest surveys

(S850µm & 1 mJy) to be in broad agreement with the

estimates for quiescent galaxies at 3 < z < 4. Brighter

SMGs (S850µm & 3.5 mJy) are 6 − 20× less numerous.

Adopting the assumption of a univocal correspondence

between SMGs and the progenitors of quiescent galax-

ies, we attempted to estimate the duty cycle correction

necessary to match their comoving number densities.

The resulting duty cycle is of the order of the depletion

timescale estimated for strongly star-forming galaxies

at high-redshift (tburst ∼ 100 − 400 Myr), but this

value significantly drop to ∼ 10 Myr for the brightest

SMGs, questioning the underlying assumption. This is

reinforced by the comparison of the stellar masses and

SFRs of SMGs and quiescent galaxies. We find that

the current SED modeling tends to overpredict M? for

the brightest SMGs with respect to quiescent galax-

ies at lower redshift, while objects with lower sub-mm

fluxes can better reproduce the distributions of M? and

SFR expected for the progenitors of quiescent galaxies.

This points towards the necessity of including less ex-

treme systems to explain the existence of red, quiescent

galaxies at 3 < z < 4.

Finally, we tested our assumptions on the evolution-

ary path of high-redshift quiescent galaxies by compar-

ing our results with the recent Illustris TNG simula-

tion. We retrieve comoving number densities of massive

quiescent galaxies at z = 3 that are in fair agreement

with the broad range of observed values, surpassing the

performance of the previous generation of cosmological

simulations. This is especially due to the large box size

necessary to study these rare systems. However, we re-

port a growing inconsistency in the comoving numbers

densities at increasing redshift, so that at z = 3.7 the

simulated populations match only the lowest among the

observational estimates. Moreover, we traced their pro-

genitors at z = 4−5 and their mock sub-mm fluxes, find-

ing a population of SMGs as numerous as in the observa-

tions. We find that ∼ 90% of the SMGs with S850 > 3.5

mJy at z = 4−5 are quenched by z = 3, but this fraction

drastically decreases to ∼ 45− 60% for dimmer sources

with S850 > 1 mJy. In other words, we showed that not

all z = 3− 3.7 quiescent galaxies have an SMG progeni-

tor and, similarly, that not all SMGs at z = 4−5 quench

by z ∼ 3 − 3.7, the fractions mainly depending on the

sub-mm flux cut to select the dusty star-forming galax-

ies. Moreover, as suggested by the observations men-

tioned above, simulations indicate that the progenitors

of massive quiescent galaxies at z > 3 are not necessar-

ily prototypical extreme starbursting systems, but more

normal star-forming galaxies at the most massive end

of the main sequence. This highlights the importance

of obtaining deep sub-mm observations of high-redshift

galaxies, abandoning the original definition of “SMGs”

to focus on more physically meaningful categories.
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Figure 9. Main quantities derived from SED modeling varying the SFH. From top left (clockwise): Stellar mass, SFR,
AV dust attenuation, tquench, tform, 〈SFR〉main, and duration of the main formation epoch as a function of the SFH (delayed,
truncated, or composite as in Schreiber et al. 2018b) for the three sources studied in this work (open star: SXDS-10017; open
diamond: SXDS-27434; filled star: COS-466654). The definition of each quantity and the analytical expressions of the SFHs
are described in Section 5. The error bars corresponds to the 90% confidence intervals computed following Avni (1976).

APPENDIX

A. STAR FORMATION HISTORIES AND THEIR PARAMETRIZATION

In Figure 9 we show the main quantities derived from the SED modeling that we used in this work, obtained by fitting

the same set of data, but varying the parametrization of the SFH. The quantities we adopted to describe the formation

and quenching epochs of the studied objects are robust against the choice of the SFH. Notice that by definition the

current SFR for the truncated SFH is null. The error bars represent the 90% confidence intervals computed following

the χ2 criterion by Avni 1976 (Section 5).

B. PROPERTIES OF CANDIDATE PROGENITORS OF QUIESCENT GALAXIES

In Figure 7 we presented the (Gaussian) kernel density estimation (KDE) of the observed stellar mass and SFR

distributions of quiescent galaxies at 3 < z < 4 and SMGs at z > 4, each one normalized by the comoving number

density of the corresponding sample. In the central panels of Figure 10, we normalized all the distributions to the

same final number density of quiescent galaxies, n = 1.4× 10−5 Mpc−1 (S18b). This value is only for reference, as the

final results scale proportionally with the choice of this parameter (Section 7.4.2). To facilitate the comparison and

appreciate the difference between the different normalizations, we show the same panels of Figure 7 also in Figure 10.

The shape of the KDEs is identical in the left and central panels, but the areas are different.

First, the renormalization exacerbates the tensions among the stellar mass distributions discussed in Section 7.4.1,

pointing at inconsistencies in the modeling of the SMG population yet to be solved. Second, as mentioned in Section

7.4.2, we can derive a duty cycle for SMGs by assuming that all SMGs at z > 4 become quiescent at 3 < z < 4.

The right panels of Figure 10 show the tburst necessary to match the number density (i.e., the area under the curves)

and the stellar mass or SFR distributions (i.e., the shape of the curves) of the quiescent progenitors and the samples

of SMGs. Matching the distributions of stellar masses or SFRs provide consistent results for the ALESS survey as a

consequence of the overall agreement of both set of distributions with the progenitor properties. On the other hand,

as noted above, matching the M? KDEs for the COSMOS and S2CLS sources results in > 10× shorter tburst than
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matching the SFR distributions. Notice that the optical/near-infrared SED modeling to derive the stellar masses for

SMGs is in principle rather independent of the derivation of the SFRs, the latter being connected to the far-infrared

portion of the spectrum, allowing us to separate the two approaches to estimate tburst.

B.1. Caveats

We mentioned that the derivation of the duty cycle correction is valid only under the assumption that all SMGs at

z > 4 become quiescent at 3 < z < 4, but more hypotheses and limitations enter this analysis. First, the calculation

of the number densities depend on both the completeness of the surveys (i.e., depth of the observations) and the

redshift estimates. In particular, the latter are hard to obtain for SMGs, relying on the correct identification of

a optical/near-infrared counterpart and being naturally complicated by the extreme obscuration of these sources.

However, our attempt to include the photometric redshift information and its uncertainty represents an improvement

towards the determination of reliable number densities, rather than arbitrarily rescaling luminosity functions and the

ensuing number counts by fixed fudge factors (see Section 8). The comparison of the M? distributions of SMGs

and quiescent galaxies suffers from similar uncertainties, relying on the modeling of the optical/near-infrared part of

the spectrum. Moreover, the details of the modeling and the assumptions behind it notoriously generate systematic

differences among different results. An accurate reconstruction of the stellar masses of SMGs is beyond the scope of this

paper and we, thus, assumed results present in the literature (see Gómez-Guijarro et al. 2018 for a detailed assessment

of the optical/near-infrared properties of some of the z ∼ 4.5 SMGs in Miettinen et al. 2017 and about the importance

of spatial high-resolution observations). Here we stress only two salient differences among the various samples we

presented. First, the use of different stellar population synthesis codes for the quiescent population and the SMGs. In

particular, the SEDs of all the SMGs have been all modeled with Magphys, which enforces a global energy balance

between the UV/optical and the infrared part of the electromagnetic spectrum. On the other hand, the quiescent

galaxies, including the three sources presented in this paper, have been modeled with classical codes not assuming any

energy balance (Fast++, LePhare, Mizuki), but this should not play a major role for dust-poor quiescent galaxies.

The choice of the SFH is a second element of relevance when using Magphys for SMGs, driving variations up to

∼ 0.5 dex in the final stellar mass, as evident from Figure 5 and 10 (Micha lowski et al. 2014). Overall we find that

the current estimates of M? for SMGs are systematically larger than in lower redshift galaxies, quiescent or not (see

also Miettinen et al. 2017 and Micha lowski et al. 2017). Notice that we did not take into account the contribution of

the stellar mass assembled during the ongoing episode of star formation in SMGs at z > 4, which would even increase

the differences with the lower redshift objects. We further remark that also the expected properties of the progenitors

of quiescent galaxies fully depend on our implementation of the SED modeling, being therefore susceptible to possible

systematics due to the current assumptions. Finally, our calculations assume fixed comoving number densities at the

explored redshifts, while mergers might a priori change the mass ranking at the base of this technique (Torrey et al.

2017).
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Figure 10. Stellar masses, star formation rates, and duty cycle of candidate progenitors of high-redshift quies-
cent galaxies. Left: Kernel Density Estimator (KDE) of the density probability distributions of stellar masses (top panel) and
SFR (bottom panel) for the progenitors at zform of massive quiescent galaxies at 3 < z < 4 (this work+S18b, golden line) and
SMGs at z > 4 from the ALESS, COSMOS, S2CLS surveys (da Cunha et al. 2015; Miettinen et al. 2017; Micha lowski et al.
2017, blue lines). For reference, we show the stellar mass distribution of the QGs (red thin line). The areas under the curves
are normalized to the number density of each population (Figure 6). Center: KDE of the distributions of stellar masses (top
panel) and SFR (bottom panel) for the same populations of the left panel. The area under every curve is normalized to the
number density of the quiescent population at 3 < z < 4 by Schreiber et al. (2018b) (i.e., assuming that all SMGs at z > 4 turn
into quiescent galaxies at 3 < z < 4). Right: The blue color lines indicate the tburst to assume as a function of M? to match
the normalization (i.e., the number density) and the shape of the stellar mass (top panel) and SFR (bottom panel) distributions
of high-redshift SMGs (da Cunha et al. 2015; Miettinen et al. 2017; Micha lowski et al. 2017) and the quiescent descendants at
3 < z < 4 (this work+S18b), assuming that all SMGs become quiescent.
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Gómez-Guijarro, C., Magdis, G. E., Valentino, F., et al.

2019, arXiv e-prints, arXiv:1909.02572.

https://arxiv.org/abs/1909.02572

Hayano, Y., Takami, H., Oya, S., et al. 2010, in Proc. SPIE,

Vol. 7736, Adaptive Optics Systems II, 77360N

Hayward, C. C., Jonsson, P., Kereš, D., et al. 2012,
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