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ABSTRACT

Three billion years after the big bang (at redshift z = 2), half of the most massive galaxies were
already old, quiescent systems with little to no residual star formation and extremely compact with
stellar mass densities at least an order of magnitude larger than in low redshift ellipticals, their
descendants. Little is known about how they formed, but their evolved, dense stellar populations
suggest formation within intense, compact starbursts 1-2 Gyr earlier (at 3 < z < 6). Simulations
show that gas-rich major mergers can give rise to such starbursts which produce dense remnants.
Sub-millimeter selected galaxies (SMGs) are prime examples of intense, gas-rich, starbursts. With a
new, representative spectroscopic sample of compact quiescent galaxies at z = 2 and a statistically well-
understood sample of SMGs, we show that z = 3− 6 SMGs are consistent with being the progenitors
of z = 2 quiescent galaxies, matching their formation redshifts and their distributions of sizes, stellar
masses and internal velocities. Assuming an evolutionary connection, their space densities also match
if the mean duty cycle of SMG starbursts is 42+40

−29 Myr (consistent with independent estimates),
which indicates that the bulk of stars in these massive galaxies were formed in a major, early surge of
star-formation. These results suggests a coherent picture of the formation history of the most massive
galaxies in the universe, from their initial burst of violent star-formation through their appearance as
high stellar-density galaxy cores and to their ultimate fate as giant ellipticals.
Subject headings: cosmology: observations – galaxies: evolution – galaxies: high redshift – galaxies:

starburst – galaxies: formation– submillimeter: galaxies
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One of the most remarkable discoveries in galaxy evo-
lution studies in the past years is that up to half of the
most massive galaxies (log(M∗/M�) > 11) at z ≈ 2 are
old quiescent systems with extremely compact structure,
corresponding to stellar densities orders of magnitudes
higher than seen in local elliptical galaxies (e.g. Toft
et al. 2007; van Dokkum et al. 2008; Szomoru et al. 2012).
Much effort has gone into confirming their extreme prop-
erties and investigating their evolutionary path to the lo-
cal universe. Virial arguments and simulations indicate
that the most important process is likely to be minor
dry merging (e.g. Bezanson et al. 2009; Oser et al. 2012;
Cimatti et al. 2012; Toft et al. 2012), but observations
suggest that other processes are likely also important,
e.g. the continuous addition of increasingly larger newly
quenched galaxies to the quenched population with de-
creasing redshift (e.g. Newman et al. 2012; Carollo et al.
2013; Cassata et al. 2013; Krogager et al. 2013). The
formation path of these extreme systems is largely un-
known. Simulations indicate that highly dissipational
interactions on short timescales provide plausible mech-
anisms for creating compact stellar populations, either
through major mergers (e.g. Naab et al. 2007, 2009), or
dynamical instabilities fed by cold gas accretion (Dekel
et al. 2009). A possible scenario is major gas-rich merg-
ers at high redshift (Wuyts et al. 2010), in which the gas
is driven to the center, igniting a massive nuclear star-
burst, followed by an AGN/QSO phase that quenches
the star formation, and leaves behind a compact rem-
nant (Sanders et al. 1988; Hopkins et al. 2006; Wuyts
et al. 2010). This is consistent with local stellar archae-
ology studies which imply that massive ellipticals must
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have short formation timescales of less than 1 Gyr, (e.g.
Thomas et al. 2005).

Several authors have pointed out that sub-millimeter
galaxies (SMGs) may be examples of the above scenario
(e.g. Blain et al. 2004; Chapman et al. 2005; Tacconi
et al. 2006; Toft et al. 2007; Cimatti et al. 2008; Capak
et al. 2008; Tacconi et al. 2008; Schinnerer et al. 2008;
Coppin et al. 2008; Micha lowski et al. 2010a; Smolčić
et al. 2011), but see Riechers (2013) for a counter ex-
ample. The SMG population is dominated by galaxies
undergoing intense, dust enshrouded starbursts. A large
fraction of SMGs with measured CO profiles, show dou-
ble peaked profiles, evident of ongoing major mergers or
rotation (Frayer et al. 1999; Neri et al. 2003; Sheth et al.
2004; Kneib et al. 2005; Greve et al. 2005; Tacconi et al.
2006; Riechers et al. 2011b; Ivison et al. 2013; Fu et al.
2013). The auto-correlation length of SMGs is similar to
that of optically selected QSOs, suggesting that SMGs
and QSOs live in similar mass haloes and that the igni-
tion of a QSO could be the event that quenches the star
formation in SMGs (Hickox et al. 2012). This is consis-
tent with observations suggesting that the hosts of the
most luminous QSOs, i.e those likely associated with the
formation of massive quiescent galaxies, are found to be
primarily major mergers (Treister et al. 2012; Riechers
et al. 2008), a result which is cooborated by Olsen et al.
(2013) who find that luminous AGN in massive z ∼ 2
galaxies must be triggered by external processes. Inter-
estingly, Olsen et al. (2013) also finds evidence for low
luminosity AGN in the vast majority of massive quiescent
galaxies at z ∼ 2, suggesting that AGN play an active
role in the quenching their star-formation. The correla-
tion length of SMGs is similar to that of z ∼ 2 galax-
ies with M∗ > 5× 1010 M� (r0 = 7.66± 0.78), while
z∼ 2 galaxies with M∗ > 1011 M� cluster more strongly
(r0 = 11.49± 1.26 Wake et al. 2011).

Recent advances in near infrared (NIR) spectroscopy
have made it possible for the first time to accurately con-
strain the age, dust content and past star formation his-
tory of the brightest z ∼ 2 quiescent galaxies through ab-
sorption line diagnostics and spectral fitting in the rest
frame-optical (Kriek et al. 2009; Onodera et al. 2010; van
de Sande et al. 2011; Toft et al. 2012; Onodera et al. 2012;
van de Sande et al. 2012). These galaxies have spectra
typical of post starburst galaxies, with no detected emis-
sion lines, but with strong Balmer absorption lines, sug-
gesting that they underwent major starbursts which were
quenched 1-2 Gyr prior to the time of observation (i.e.
at 3 < z < 6). Several of these galaxies show evidence of
significant dust abundance (with AV’s up to ∼ 1 mag-
nitude), and they are baryon dominated, as is the case
for local post starburst galaxies (Toft et al. 2012). In
combination with their extremely compact stellar pop-
ulations these observations suggest that the majority of
the stars in z ∼ 2 quiescent galaxies formed in intense,
possibly dust enshrouded nuclear starbursts, a scenario
very similar to what is observed in z ∼ 2 SMGs.

Velocity dispersions of z ∼ 2 quiescent galaxies mea-
sured from the width of absorption lines are in the range
300 − 500 km s−1 (e.g. Toft et al. 2012; van de Sande
et al. 2012), significantly higher than in local ellipticals
of similar stellar mass, but comparable to the FWHM
of molecular lines in 2 < z < 3 SMGs (in the range

350− 800 km s−1, with a mean equivalent rotational ve-
locity 〈vc〉 = 392± 134km/s; Tacconi et al. 2006). The
line emitting gas of SMGs, as traced by high-J CO lines,
is found to be spatially very compact, with a mean size of
〈Re〉 = 2.0± 0.3kpc (Tacconi et al. 2006), comparable to
the mean spatial extent 〈Re〉 = 1.96± 0.8kpc, of the stel-
lar populations in the quiescent z ∼ 2 galaxies (Krogager
et al. 2013). We note however that studies of lower-J CO
lines suggest that some SMGs may have more extended
CO-disks (Ivison et al. 2011; Riechers et al. 2011a).
The median dynamical masses measured from CO(1-0)
for z ∼ 2 SMGs, 〈Mdyn〉 = (2.3± 1.4)× 1011 M� (Ivison
et al. 2011), is similar to that measured for z ∼ 2 quies-
cent galaxies 〈Mdyn〉 = (2.5± 1.3)× 1011 M� (Toft et al.
2012).

Despite the many similarities between SMGs and z ∼ 2
quiescent galaxies, a major obstacle in establishing an
evolutionary link between the two galaxy types is their
similar redshift distribution. While the quiescent na-
ture and derived ages for z ∼ 2 quiescent galaxies sug-
gest they formed at z & 3 the peak of the known SMG
population was until recently found to be at z ∼ 2 with
very few examples known at z & 3 (e.g. Chapman et al.
2005), rendering an evolutionary link between the two
populations unlikely. Recently, improved selection tech-
niques have however uncovered a substantial tail stretch-
ing out to redshifts of z ∼ 6 (Capak et al. 2008; Schin-
nerer et al. 2008; Daddi et al. 2009a,b; Knudsen et al.
2010; Carilli et al. 2010, 2011; Riechers et al. 2010; Cox
et al. 2011; Combes et al. 2012; Yun et al. 2012; Smolčić
et al. 2012a; Micha lowski et al. 2012b; Hodge et al. 2012,
2013a; Riechers et al. 2013).

In this paper we present evidence for a direct evolution-
ary link between the two extreme galaxy populations, by
comparing the properties of two unique samples in the
COSMOS field: (i) a spectroscopically confirmed, rep-
resentative sample of compact z ∼ 2 quiescent galaxies
with high resolution HST/WFC3 imaging, and (ii) a sta-
tistical sample of z & 3 SMGs. In Section 2 we introduce
the samples, and in Section 3 we present our results. In
particular, in Section 3.1 we show that the distribution
of formation redshifts for the z ∼ 2 quiescent galaxies
is similar to the observed redshift distribution of z & 3
SMGs, and in Section 3.2 we compare the co-moving
number densities of the two populations. In Section 3.3
we derive structural properties of the z & 3 SMGs and
in Section 3.4 show that their stellar mass-size relation
is similar to those of z ∼ 2 quiescent galaxies. In Sec-
tion 3.5 and 3.6 we show that the duty cycle of the z > 3
SMG starburst (derived assuming they are progenitors of
z ∼ 2 quiescent galaxies), is consistent with independent
estimates, and with the formation time scale derived for
z ∼ 2 quiescent galaxies, assuming they formed in Ed-
dington limited starbursts. In Section 4 we summarize
and discuss the results.

Throughout this paper we assume a standard
flat universe with Ωλ = 0.73, Ωm = 0.27 and
H0 = 71kms−1Mpc−3. All stellar masses are derived
assuming a Chabrier (2003) IMF.

2. SAMPLES

2.1. Sample of z & 3 SMGs
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Table 1
Sample of z > 3 submillimeter galaxies in COSMOS. The top 11

galaxies constitute the S/N limited, relatively complete statistical
sample we use for estimating the comoving number density. The
bottom two are spectroscopically confirmed z > 3 galaxies which

we add to the sample for structural analysis only. We refer to
Smolčić et al. (2012a) for details about the sample. The listed

effective radii reported are circularized, i.e. re,c = re,m
√

b/a,
where re,m is the effective radius along the major axis, and b/a is

the axis ratio. re,FIR[kpc] are restframe FIR sizes from the
litterature, measured from high resolution mm observations (see
table notes). For easy comparison to the NIR effective radii, we

here quote Gaussian HWHMs.

z re,NIR note re,FIR
(kpc) (kpc)

AzTEC 1 4.64a < 2.6 unresolved 1.3 − 2.7c

AzTEC 3 5.299a < 2.4 unresolved < 3 ± 2d

AzTEC 4 4.93+0.43
−1.11 < 2.5 unresolved -

AzTEC 5 3.971a 0.5 ± 0.4 HST/WFC3 -
AzTEC 8 3.179a < 3.0 unresolved -
AzTEC 10 2.79+1.86

−1.29 0.7 ± 0.1 - -

AzTEC 11-S > 2.58b - not detected -
AzTEC 13 > 3.59b - not detected -
AzTEC 14-E > 3.03b - not detected -
AzTEC 15 3.17+0.29

−0.37 5.0 ± 0.8 very faint -
J1000+0234 4.542a 3.7 ± 0.2 - -
Vd-17871 4.622a 1.3 ± 1.4 - -
GISMO-AK03 4.757a 1.6 ± 0.6 HST/WFC3 -

a Spectroscopic Redshift
b mm-to-radio flux ratio based redshift
c Younger et al. (2008)
d Riechers et al. (2010)

Based on dedicated follow-up studies with sub-mm-
interferometers (PdBI, SMA, CARMA) and optical/mm-
spectroscopy (with Keck/DEIMOS, EVLA, PdBI) to-
wards 1.1 mm and 870 µm selected sources in the COS-
MOS field Smolčić et al. (2012a) presented the redshift
distribution of SMGs. This sample shows a tail of z & 3
SMGs, corresponding to a significantly larger number
density at these high redshifts than found in previous
surveys (e.g. Chapman et al. 2005; Wardlow et al. 2011;
Yun et al. 2012; Micha lowski et al. 2012b). A possible
reason for the difference is that previous surveys did not
have (sub)-mm followup interferometry, and therefore
may be subject to identification biases. E.g. Hodge et al.
(2013b) show that many of the galaxies in the Wardlow
et al. (2011) sample break up into multiple sources when
studied at high resolution, which enevitably lead to mis-
identifications for some of the sources.

Here we use the Smolčić et al. (2012a) sample to esti-
mate the comoving number density and other properties
of z & 3 SMGs. Our starting point is a 1.1 mm-selected
sample, drawn from the AzTEC/JCMT 0.15 square de-
gree survey of the COSMOS field (Scott et al. 2008),
and observed with the SMA at 890 µm and ∼ 2′′ angular
resolution to unambiguously associate multi-wavelength
counterparts (Younger et al. 2007, 2009). The 17 SMGs
identified by the SMA follow-up form a statistical sam-
ple as they are drawn from a signal-to-noise limited
(S/N1.1mm > 4.5), and flux-limited (F1.1mm & 4.2 mJy),
1.1 mm-selected sample, drawn from a contiguous area
of 0.15 square degrees. We include one more SMG
in this sample, J1000+0234 (F1.1mm = 4.8 ± 1.5 mJy,
S/N1.1mm ∼ 3), which is confirmed to be at z = 4.542
(Capak et al. 2008; Schinnerer et al. 2008, 2009). Nine

out of these 18 interferometrically detected galaxies have
spectroscopic redshifts (four are confirmed to be at z & 3;
Capak 2009; Capak et al. 2010; Schinnerer et al. 2009;
Riechers et al. 2010; Karim et al., in prep), while for the
remainder precise photometric redshifts (σ∆z/(1+zspec) =
0.09) were computed by Smolčić et al. (2012a). The
z & 3 SMGs from this sample are listed in Table 1. The
top 11 objects constitute our statistical sample. We will
use these in the following sections to estimate the red-
shift distribution and comoving number density of z & 3
SMGs. The bottom two objects, are additional spectro-
scopically confirmed z & 3 SMGs in the COSMOS field
which we add to the sample for structural analysis only.

The flux-limited sub-mm selection ensures a relatively
homogenous sample of the most intensely starforming
dust obscured galaxies at z & 3: Due to the negative k-
correction, the sub-mm flux detection limit corresponds
roughly to a cut in SFR over the considered redshift
range. Note that while a fraction of single dish detected
SMGs break up into multiple components when studied
with interferometry at ≤ 2′′ resolution, this is only the
case for two of the galaxies studied here (AzTEC 11 and
14). In the present study we assume that the close indi-
vidual components are related and count them as one in
the number density calculations (thus assuming they will
eventually merge into one galaxy). As the galaxies are
not resolved in the MIR-mm photometry, derived prop-
erties (infrared luminosities, star formation rates, dust
masses etc) are for the combined systems. Neither of
the two galaxies are detected in the optical-NIR so the
derived sizes and stellar masses for the sample are not
affected.

2.2. Far-infrared emission of the z & 3 SMGs

In order to directly constrain the SFRs, dust and gas
masses of the z & 3 SMGs, we made use of the (sub)-mm
(AzTEC, LABOCA, MAMBO, SMA, CARMA, PdBI)
and FIR (Spitzer MIPS, Herschel PACS and SPIRE) ob-
servations of the COSMOS field (Sanders et al. 2007;
Lutz et al. 2011; Oliver et al. 2012; Scott et al. 2008;
Aretxaga et al. 2011; Bertoldi et al. 2007; Younger et al.
2007, 2008; Smolčić et al. 2012a,b). The Herschel data
consist of deep PACS 100 and 160µm observations, taken
as part of the PACS Evolutionary Probe (PEP, Lutz
et al. 2011) guaranteed time key programme, and SPIRE
250, 350 and 500µm observations taken as part of the
Herschel Multi-tiered Extragalactic Survey (HerMES,
Oliver et al. 2012).

PACS and SPIRE flux densities were measured using
a PSF fitting analysis (Magnelli et al. 2009; Roseboom
et al. 2010), guided by the position of sources detected in
the deep COSMOS 24 µm observations from the Multi-
band Imaging Photometer (MIPS; Rieke et al. 2004) on-
board the Spitzer Space Observatory (3σ∼ 45µJy; Le
Floc’h et al. 2009). We cross-matched our z & 3 SMGs
sample with this MIPS-PACS-SPIRE catalogue using a
matching radius of 2′′. Results of these matches were
all visually checked. For z & 3 SMGs not included in
the MIPS-PACS-SPIRE catalogue because of a lack of
MIPS counterpart, we compute their PACS and SPIRE
flux densities using a PSF fitting analysis guided by their
positions. Further details of the FIR photometry are pre-
sented in Smolčić et al. (in prep.).
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Table 2
Far-infrared SED properties of the z & 3 SMG sample.

log(M?)a qPAH
b γb Umin

b log(Mdust)
b log(LIR)b SFR b,e log(Mgas)b FIR detectiond log(Mgas)CO

f

[M�] [M�] [L�] [M�yr−1] [M�] [M�]

AzTEC 1 10.9+0.1
−0.1 0.47% 0.070 25.0 9.1 ± 0.1 13.36 ± 0.09 2291 ± 528 11.7 ± 0.1 secure

AzTEC 3 11.2+0.1
−0.1 0.47% 0.290 25.0 9.3 ± 0.1 13.37 ± 0.04 2344 ± 226 11.3 ± 0.1 secure 10.7

AzTEC 4 11.2+0.1
−0.1 4.58% 0.080 25.0 9.6 ± 0.2 13.25 ± 0.15 1778 ± 733 11.6 ± 0.2 tentative

AzTEC 5 10.9+0.5
−0.5 0.47% 0.190 25.0 9.4 ± 0.1 13.43 ± 0.02 2692 ± 127 11.4 ± 0.1 secure

AzTEC 8 11.5+0.1
−0.1 0.47% 0.090 25.0 9.7 ± 0.1 13.45 ± 0.01 2818 ± 66 11.7 ± 0.1 secure

AzTEC 10 10.5+0.1
−0.1 2.50% 0.060 5.00 9.6 ± 0.1 12.58 ± 0.10 380 ± 98 11.8 ± 0.1 secure

AzTEC 11-S - 0.47% 0.040 25.0 9.6 ± 0.1 13.30 ± 0.01 1995 ± 46 - secure
AzTEC 13 - 4.58% 0.160 2.00 9.9 ± 0.3 12.70 ± 0.20 501 ± 293 - upper limits
AzTEC 14-E - 0.47% 0.290 0.70 9.8 ± 0.2 12.48 ± 0.18 302 ± 155 - upper limits
AzTEC 15 11.2+0.1

−0.1 3.19% 0.010 20.0 9.3 ± 0.1 12.73 ± 0.08 537 ± 108 11.4 ± 0.1 secure

J1000+0234 10.7+0.1
−0.1 1.77% 0.150 25.0 9.3 ± 0.1 13.17 ± 0.09 575 ± 275 11.8 ± 0.4 tentative 10.4

Vd-17871 10.9+0.1
−0.1 4.58% 0.250 25.0 9.1 ± 0.1 13.09 ± 0.06 1230 ± 182 11.2 ± 0.2 secure

GISMO-AK03 12.1+0.1
−0.1 4.58% 0.290 3.00 9.5 ± 0.2 12.66 ± 0.19 457 ± 250 11.5 ± 0.2 secure.

a Derived using MAGPHYS from the optical-FIR SED. The errors are the formal errors associated with the fit, and do not include systematic errors which
can be up to ±0.5 Dex , see Section 2.3
b The DL07 model describes the interstellar dust as a mixture of carbonaceous and amorphous silicate grains. Here we list the best fitting values of its 4
free parameters: (i) qPAH which controls the fraction of dust mass in the form of PAH grains. (ii) γ which controls the fraction of dust mass exposed to a
power-law (α = 2) radiation field ranging from Umin to Umax; the rest of the dust mass (i.e., 1−γ) being exposed to a radiation field with a constant intensity
Umin. (iii) Umin which controls the minimum radiation field seen by the dust (Umax is fixed to a value of 106). (iv) Mdust which controls the normalization
of the SED.
b Quantities derived from the best fitting DL07 models (see Section 2.2).
d “Secure”: The source is relatively isolated and detected at S/N > 3. “Tentative”: The source is detected at S/N > 3, but the flux density estimates may be
affected by bright closeby objects. “Upper limit”: The source is not detected at S/N > 3.
e SFRs are notoriously model dependent, e.g, from a detailed analysis of all available data for AzTEC-3, and assuming a top heavy IMF, Dwek et al. (2011)
found a significantly lower SFR than derived here from the DL07 fits.
f Gas masses derived from CO observations (Schinnerer et al. 2008; Riechers et al. 2010)

Among the 13 z & 3 SMGs, 9 have secure mid/far-
infrared detections, 2 have tentative mid/far-infrared de-
tections and 2 are undetected at infrared wavelengths.
From the FIR–mm SED of the z & 3 SMGs, we infer
their infrared luminosities and dust masses using the
dust model of Draine & Li (2007, hereafter DL07) as de-
scribed in detail in Magnelli et al. (2012). The infrared
luminosity (LIR) is derived by integrating the best fitting
normalized SED templates from the DL07 library from
rest-frame 8 to 1000µm. From these we can accurately
estimate the star-formation activity of the z & 3 SMGs,
using the standard LIR-to-SFR conversion of (Kennicutt
1998), assuming a Chabrier IMF :

SFR [M� yr−1] = 10−10 LIR [L�]. (1)

Finally we estimate the gas
masses of the sample through
log(Mgas/Mdust) = −0.85 ∗ Z + 9.4 (Leroy et al. 2011),
where Z = 2.18× log(M?)−0.0896 ∗ log(M?)

2 − 4.51
(Erb et al. 2006; Genzel et al. 2012) 18. This method
has been used successfully in the local Universe (e.g.
Leroy et al. 2011; Bolatto et al. 2011) as well as at
high redshift (Magdis et al. 2011, 2012; Magnelli et al.
2012). Assumptions and limitations of this method
in the case of high redshift galaxies are extensively
discussed in Magnelli et al. (2012). Results of the
FIR SED fits and derived quantities are summarized
in Table 2, and used in the following analysis to es-
tablish an evolutionary link between z & 3 SMGs and
quiescent z ∼ 2 galaxies. The derived gas masses are

18 thus making the assumption that the mass-metallicity relation
at z ∼ 2 apply to galaxies at z > 3

comparable to or larger than the derived stellar masses:
〈fg〉 = 〈Mgas/(M? + Mgas)〉 = 0.71± 0.03, in agreement
with the high gas fractions found in previous studies
of high redshift SMGs (e.g. Carilli et al. 2010; Riechers
et al. 2011a). We caution however, that gas masses
estimated from FIR SED fits are relatively uncertain
(potentially up to a factor of 5 -10). E.g. in Table 2 we
list gas masses for two objects in our sample which have
independent estimates derived from CO line emission.
These are significantly different from our SED estimates.
The main factors contributing to the uncertainties in
the SED estimates are that the sub-mm measurements
dont trace cold gas very well, in which the (sub)mm/CO
flux ratio is much lower than in the starburst nucleus,
but where a lot of the gas mass may reside. The others
are the metallicity correction (which has a large scatter)
and the assumption about the gas-to-dust ratio. The
main factors contributing to the uncertainty of the
CO measurements is the assumed αCO which can be
uncertain by a factor > 2, and the excitation corrections,
which can be uncertain by a factor of ∼ 2− 4.

2.3. Stellar Mass Estimates for the z & 3 SMGs

We estimate stellar masses of the z & 3 SMGs from
their UV-MIR (8µm) broad band photometry as de-
scribed in Smolčić et al. (in prep.). Briefly, stellar
masses were derived by fitting the observed broadband
UV-MIR spectral energy distributions with the MAG-
PHYS code (da Cunha et al. 2008). The stellar com-
ponent in the MAGPHYS models is based on Bruzual
& Charlot (2003) stellar population synthesis models as-
suming various star formation histories (exponentially-
declining SFHs (with random timescales) + superim-
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posed stochastic bursts) and a Chabrier (2003) IMF.
The stellar masses for the SMGs, and their formal uncer-
tainties drawn from the probability distribution function
(generated from the χ2 fit values by MAGPHYS) are
given in Tab. 2. We note however, that stellar masses
for SMGs are strongly dependent on the assumed star
formation histories, and may lead to systematic discrep-
ancies of ±0.5 dex given different assumptions and stellar
population synthesis models (see Table. 1 in Micha lowski
et al. 2012a), and whether or not emission lines are in-
cluded in the templates (Schaerer et al. 2013). For ex-
ample, using the double SFHs implemented in GRASIL
(Silva et al. 1998; Iglesias-Páramo et al. 2007), we find
systematically higher stellar masses, consistent with the
results from Micha lowski et al. (2010b). On the other
hand, dynamical mass considerations based on CO line
observations for two objects in our sample (Schinnerer
et al. 2008; Riechers et al. 2010) suggest lower stellar
masses than inferred by MAGPHYS. Hence, here we
adopt the middle values, i.e. the stellar masses computed
by MAGPHYS+BC03, noting that these may be sub-
ject to systematic uncertainties.

2.4. Sample of z ∼ 2 Compact Quiescent Galaxies

It is well established from deep multi-waveband pho-
tometric surveys, that a substantial population of qui-
escent massive galaxies with extremely compact struc-
ture exists at z ∼ 2 (Daddi et al. 2005; Toft et al. 2005;
Trujillo et al. 2006; Toft et al. 2007; Franx et al. 2008;
Toft et al. 2009; Williams et al. 2010; van Dokkum et al.
2010; Brammer et al. 2011; Szomoru et al. 2011; Dam-
janov et al. 2011; Szomoru et al. 2012; Newman et al.
2012; Cassata et al. 2013). Samples of spectroscopically
confirmed, z ∼ 2 quiescent galaxies with accurate stel-
lar population model fits and high angular resolution
space based NIR imaging are much more sparse (van
Dokkum et al. 2008). As a high quality comparison set
to the z > 3 SMGs we use the sample of Krogager et al.
(2013, K13 hereafter). This sample consist of 16 spectro-
scopically confirmed massive quiescent galaxies, selected
from the 3DHST survey in the COSMOS field by re-
quiring strong 4000Å breaks in the grism observations.
As shown in K13 this effectively selects a representative
sample of massive (logM>10.9) evolved quiescent galax-
ies around z ∼ 2. The high S/N grism spectra around the
break in combination with multi-waveband photometry
from the COSMOS survey allows for strong constraints
on the stellar populations including stellar masses, dust
contents, mean stellar ages, i.e the time elapsed since
the last major episode of star formation, as well as for-
mation redshifts (derived from the stellar ages). The
sample is also covered by high resolution NIR imaging
with HST/WFC3 from the CANDELS survey (Grogin
et al. 2011; Koekemoer et al. 2011) yielding accurate
constraints on the rest-frame optical surface brightness
profiles, and effective radii (re).

3. RESULTS

3.1. Redshift Distributions

From the spectroscopic redshifts and mean stellar ages
available for the quiescent z ∼ 2 galaxy sample described
in Section 2.4 we can estimate the distribution of their
formation redshifts. In Figure 1 this distribution is com-
pared to the observed redshift distribution of the sample

of z & 3 SMGs described in Section 2.1. Due to the small
number of galaxies in both samples, a one to one corre-
spondence is not expected. However, we stress that the
two distributions are similar, with a peak at z ∼ 3 and a
tail towards higher redshifts. A two-sample Kolmogorov-
Smirnov (K-S) test yields a statistic of 0.29 with a p-value
of 54%, and is thus not inconsistent with the two redshift
distributions being drawn from the same parent distribu-
tion.

Figure 1. Comparison of the redshift distribution of z & 3 SMGs
and the formation redshifts of z ∼ 2 quiescent galaxies. The
red histogram shows the distribution of formation redshifts esti-
mated for a spectroscopically confirmed sample of compact qui-
escent galaxies at z ∼ 2, from their observed redshift and derived
luminosity weighted ages of their stellar populations (K13). The
blue histogram shows the distribution of redshifts of the statis-
tical sample of z & 3 SMGs. Note that the galaxies which only
have lower limits on the redshifts have been placed in the bins cor-
responding to those limits, and that the histogram includes two
galaxies where the best fitting redshift is slightly below 3, but for
which a z > 3 photometric redshift solution falls within the 99%
confidence interval. The smooth curves shows probability density
distributions (kernel density estimates (KDEs)) of the two popu-
lations. The two redshift distributions are similar, consistent with
the hypothesis that z & 3 SMGs are the direct progenitors of z ∼ 2
cQG.

3.2. Co-moving Number Densities

The next step in establishing an evolutionary connec-
tion between z & 3 SMGs and quiescent galaxies at z ∼ 2
is to compare their co-moving number densities. The
comoving number density of massive quiescent galaxies
as a function of redshift is well constrained from photo-
metric redshift and stellar population model fits to deep
multi-waveband photometry (e.g. Williams et al. 2010;
Brammer et al. 2011). Brammer et al. (2011) studied the
number density evolution of star forming and quiescent
galaxies (separated using their rest-frame UVJ colors) in
a sample complete at stellar masses log(M/M�) > 11 out
to z ∼ 2.2. Here we estimate a comoving number density
of 6.0± 2.1× 10−5Mpc−3 for quiescent galaxies at z ∼ 2
with log(M/M�) > 11 as the mean of the densities mea-
sured at z = 1.9 and z = 2.1 by Brammer et al. (2011).
The error includes a contribution of cosmic variance of
12% (Moster et al. 2011).

To derive the surface number density of z & 3 SMGs we
take all SMGs from the 1.1 mm-selected COSMOS sam-
ple that could lie at z > 3 given their lower or upper 99%
confidence levels of the photometric redshift (reported in
Tab. 4 in Smolčić et al. 2012a). We then derive an aver-
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age value of the surface density by taking the most proba-
ble photometric redshift (or spectroscopic redshift where
available)19, and the lower20 and upper21 surface den-
sity values by taking the limiting redshifts correspond-
ing to the 99% confidence intervals of the photometric
redshifts. This yields a surface density of z & 3, bright
(F1.1mm & 4.2 mJy) SMGs of 60 ± 10 deg−2. Note that
conservatively excluding from the analysis all 3 SMGs in
the sample that are not significantly detected at other
wavelengths (AzTEC11S, AzTEC13, AzTEC14E), and
thus only have lower redshift limits, yields a surface den-
sity of 40 deg−2.

The derived surface density values for z & 3 SMGs may
be subject to systematic effects. The completeness of
the AzTEC/JCMT COSMOS survey, shown in Fig. 8
in Scott et al. (2008), is roughly 50%, 70%, and 90%
at F1.1mm = 4.2, 5, and 6 mJy. Taking this into ac-
count in combination with the deboosted 1.1 mm fluxes
of the SMGs (see Younger et al. 2007, 2009) yields that
the derived surface densities could be roughly a factor
of 1.5 higher than that reported above. On the other
hand, the AzTEC/JCMT COSMOS field may be over-
dense (Austermann et al. 2009), which would imply that
the true z & 3 SMG surface density averaged over larger
area would be lower.

Our best estimate of the co-moving number density of
3 < z < 6 SMGs is 2.1± 0.4× 10−6 Mpc−3, significantly
lower than the space density of z ∼ 2 quiescent galaxies.
This is expected as z & 3 galaxies only enter the mm-
selection criterion during their intense starburst phase.
In Section 3.5 we use the observed difference in co-moving
number densities to constrain the duty cycle of the SMG
starbursts.

3.3. Rest-frame UV-Optical Structure of z>3 SMGs:
Disks, Spheroids or Mergers?

The high redshifts and large amounts of dust in the
z & 3 SMGs renders them extremely faint in the rest-
frame UV and optical, despite their high stellar masses
and star formation rates. This makes it challenging to
constrain their structure. To achieve the least biased
estimates of the distribution of stellar mass one would
need to study the surface brightness distributions in the
rest-frame optical/NIR, or as close to these wavebands
as possible. Ideally, the observations would be done in
the observed mid infrared, but at the low spatial resolu-
tion of current facilities (e.g. Spitzer) the galaxies remain
unresolved. Until JWST becomes operational the best
that can be achieved is to study the galaxies in the ob-
served NIR. For most of the galaxies in the sample this
wavelength range probes rest-frame wavelengths around
the 4000 Å break, and thus should be a relatively good
tracer of the stellar mass distribution. For two galaxies
(AzTEC5 and GISMO-AK03) we use space based NIR
imaging with HST/WFC3, which is available from the
CANDELS survey. This is preferable to groundbased

19 Taking the most probably photometric redshift yields that
9 SMGs (AzTEC1, AzTEC3, AzTEC4, AzTEC5, AzTEC8,
AzTEC13, AzTEC14E, AzTEC15 & J1000+0234), are at z>3

20 In this case 8 SMGs (AzTEC1, AzTEC3, AzTEC4, AzTEC5,
AzTEC8, AzTEC13, AzTEC14E & J1000+0234), are at z>3

21 In this case 10 SMGs (AzTEC1, AzTEC3, AzTEC4,
AzTEC5, AzTEC8, AzTEC10, AzTEC11S, AzTEC13, AzTEC14E
& J1000+0234), are at z>3

imaging given the higher resolution (FWHM∼ 0.2′′). For
the remaining galaxies we use deep NIR imaging pro-
vided by the UltraVista survey (5σ AB depths range
from 23.7 in the K-band to 24.6 in the Y-band, Mc-
Cracken et al 2012). The resolution of these observa-
tions is lower (FWHM∼0.8′′), but it has been demon-
strated that relatively unbiased sizes (down to a fraction
of the FWHMPSF ) can be derived from such data when
the S/N is high and the PSF is well known (e.g. Tru-
jillo et al. 2006; Toft et al. 2009; Williams et al. 2010).
To increase the S/N we stack the Y, J, H and K band
images.

Postage stamp images of the galaxies are shown in the
top panel of Figure 2. NIR counterparts of 10 of the
13 sources are detected, 8 of which have relatively high
signal to noise (the faintest ones have S/N∼ 10). We fit
2D Sersic models to their surface brightness distributions
with galfit (Peng et al. 2002), using similarly stacked
images of nearby stars as PSF models. We find the ser-
sic n to be relatively poorly constrained from the data.
Leaving it free in the fits in all cases results in low values
n < 2, with a median value of 〈n〉 = 0.6± 0.1, but with
relatively large errors. To limit the degrees of freedom
in the fits we therefore fix it to n = 1. The reduced χ2

of these fits are in all cases similar to those with n free,
and better than fits with n fixed to 4.

The best fitting effective radius encompassing half the
light of the model, are reported in Table 1. Half of the
detected galaxies (5) have close companions. In these
cases we model both components simultaneously and re-
port the parameters for the main component (closest to
the center of the mm-emission). Also listed in Table 1
are restframe FIR sizes for two galaxies in our sample de-
rived from interferometric sub-mm imaging observations.
These agree with the sizes derived from the NIR data.
The restframe FIR sizes directly measures the extend
of the starforming regions which we hypothesize evolves
into the compact stellar populations at z=2, so the agree-
ment is encouraging.

Our analysis shows, that apart from being very com-
pact, the z > 3 SMGs are not isolated, smooth single
component galaxies. All the detected galaxies show evi-
dence of close companions or clumpy sub-structure (see
Figure 2). From these observations alone, it is not possi-
ble to deduce whether this is due to chance projections,
ongoing minor/major mergers, or perhaps multiple star
forming regions in individual galaxies, as resolved pho-
tometry and spectroscopy is not available. We note how-
ever that the two galaxies with HST/WFC3 data appear
to have well separated individual components of com-
parable brightness, favoring the merger interpretation.
This is consistent with direct observational evidence for
SMGs being major mergers, i.e. having multiple close
components at the same redshift (e.g. Fu et al. 2013; Ivi-
son et al. 2013). Simulations suggest that the timescale
for major mergers are typically 0.39 ± 0.30 Gyr (Lotz
et al. 2010). The cosmic time available between the ob-
served epoch of the SMGs at z=3-6 and their proposed
remnants at z=2 is 1-2 Gyr. If (some of) the SMGs are
major mergers, there is thus sufficient time available for
them to coalesce to a single quiescent remnant at z = 2.

In the local universe most star forming galaxies are
well fit by exponential disk profiles corresponding to n=1
(Wuyts et al. 2011), while irregular galaxies and (pre-
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Figure 2. Gallery of z > 3 SMGs. Top: NIR images, 8” on a side. For AzTEC5 and GISMO-AK03 we show HST/WFC3 F160W images
from the CANDELS survey. For the rest we show stacked Y, J, H and K band images from the UltraVISTA survey. Middle: Sersic n = 1
galfit models of the 2D surface brightness distributions of the SMGs and their nearby companions. Bottom: Residual images, i.e. the
original images in the top panel, subtracted the best fitting models in the middle panel.

coalescence) mergers are often best fit by models with
lower n-values (n<1). At the S/N and resolution of
the galaxies in the Ultravista data the confidence in de-
rived Sersic parameters are limited. However, the per-
sisting low values found for the whole z > 3 SMG sam-
ple, including the two galaxies with the higher resolution
HST/WFC3 data, suggests that the galaxies are more
consistent with disks or mergers than spheroids. A sim-
ilar conclusion was found for a sample of 22 SMGs at
1 < z < 3 with HST/WFC3 data (Targett et al. 2012)
for which the majority were best fit by low n Sersic mod-
els, with a mean 〈n〉 = 1.2± 0.1. If z > 3 SMGs are pro-
genitors of z ∼ 2 quiescent galaxies, then their evolution
must include a transformation of their surface bright-
ness profiles which increase their Sersic indices, as sur-
face brightness profiles of quiescent galaxies at z ∼ 2 are
more centrally concentrated (Wuyts et al. 2011; Szomoru
et al. 2011; Bell et al. 2012), e.g. the sample of K13 has
〈n〉 = 4.0± 0.1. We discuss a possible mechanism for this
transformation in Section 4.

3.4. Mass-Size relation

Combining the derived stellar masses and effective
radii of the 3 < z < 6 SMGs, in Figure 3 we compare
their stellar mass-size distribution to that of z = 2 quies-
cent galaxies and of massive early type galaxies in the lo-
cal universe. Two of the ten NIR-detected SMGs are rel-
atively extended with effective radii comparable to those
in local galaxies of similar mass. Both of these (AzTEC
10 and AzTEC 15) appear from their NIR images to be
ongoing mergers. The remaining 8 galaxies are extremely
compact, with re . 2.5 kpc. Four are unresolved in the
Ultravista data. For these we adopt upper limits on their
effective radii corresponding to 0.5× FWHMPSF.

The stellar mass-size distribution of the 3 < z <
6 SMGs is similar to that of z ∼ 2 quiescent galax-
ies. Both populations are smaller by an average fac-
tor of ∼ 3 than local galaxies of similar mass. From
the derived quantities we can infer the mean inter-
nal stellar mass surface densities within the effective
radius (Σ = 0.5M?/πr2

e) of the z > 3 SMGs and
z = 2 compact quiescent galaxies (cQGs) which we
find to be similar 〈log(Σ)〉SMGs ∼ 9.9± 0.1M�kpc−2,

〈log(Σ)〉cQGs ∼ 9.8± 0.1M�kpc−2 more than an order of
magnitude higher than in local early type galaxies of sim-
ilar mass. This is consistent with a picture where the
SMGs passively evolve into compact quiescent galaxies
after their starbursts are quenched.

Figure 3. Comparison of the stellar mass-size plane of z & 3
SMGs, z ∼ 2 quiescent galaxies and local galaxies. The red points
represent z ∼ 2 quiescent galaxies. Black points represent z & 3
SMGs. For the latter, the solid error bars represent the errors
associated with the MAGPHYS SED fits. The dotted error bars
are possible systematic errors that extend to values we derive using
the Micha lowski et al. (2010a) templates. The grey cloud shows
the mass-size distribution of massive local galaxies in the SDSS
survey. The mass-size distributions of SMGs is similar to that of
z ∼ 2 quiescent galaxies, significantly offset from the local relation,
consistent with a direct evolutionary connection between the two
populations.

3.5. Duty Cycle of SMG Starbursts

The observed space density of z & 3 SMGs is a factor
of ∼ 30 lower than the space density of z ∼ 2 quiescent
galaxies (see Section 3.2). However, the SMGs only enter
the sub-mm selected (F1.1mm & 4.2 mJy) sample during
their intense starburst phase where they have very high
star formation rates. The duration of this phase, i.e.
the duty cycle tburst, which ends when the supply of gas
is depleted or the star formation is quenched, e.g. by
feedback from supernovae or active galactic nuclei, has
been estimated to be in the range 40-200 Myr, based
on gas depletion timescales (Greve et al. 2005; Tacconi
et al. 2006; Riechers et al. 2011c) and clustering analysis
(Hickox et al. 2012). If we assume that all the z & 3
SMGs evolve into z ∼ 2 quiescent galaxies, and that they
only undergo one SMG phase we can estimate the average
duty cycle of their starbursts from the observed comoving
number densities of the two populations, as

tburst = tobs × (nSMG,z&3/nq,z=2), (2)

where tobs is the cosmic epoch corresponding to the red-
shift interval 3 < z < 6 from which the z & 3 SMGs are
selected. Using the comoving number densities we can
thus constrain the duty cycle of the SMGs to tburst =
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42+33
−15Myr. This number however does not include pos-

sible systematics uncertainties on the number density of
SMGs discussed in Section 3.2. If we conservatively as-
sume the two extreme cases where (i) the SMG sam-
ple is 100% complete, and the field is three times over-
dense, and (ii) the sample is a factor of 1.5 incomplete
but not overdense, the derived timescale are in the range
14 < tSMG < 62 Myr. The systematic uncertainties on
the timescale is thus of the order of 24 Myr. There-
fore our constraints on the average dutycycle in z & 3
SMGs is tburst = 42+40

−29Myr, where the errors have been
added in quadrature. This value is consistent with the
independently estimated duty cycles based on gas deple-
tion time scales, thus affirming the idea that z & 3 SMGs
are progenitors of z ∼ 2 quiescent galaxies. The derived
timescale does not depend strongly on the z = 6 upper
limit adopted for the SMG redshift distribution. Adopt-
ing limits of z=5.5 or z=7 instead, leads to timescales of
44 and 37 Myr, respectively. We note that the validity
of the timescale calculation presented here, relies on the
assumption of a direct evolutionary connection between
the two populations, implying that all z = 2 quiescent
galaxies were once z > 3 SMGs, and all z > 3 SMGs
evolve into z = 2 quiescent galaxies.

3.6. Star formation Rate and Timescale of z=2
Quiescent Galaxies During their Formation

We can infer a lower limit on the star formation rate
of the z=2 quiescent galaxies during their formation by
assuming that they started forming stars at z = 10 and
did so at a constant rate until their inferred formation
redshifts. The minimum average SFR needed to acquire
their observed stellar masses at z=2 calculated in this
way is 〈SFRmin〉 = 115 ± 5M� yr−1. This is a factor of
> 3 larger than the observed average SFR in star-forming
Lyman break galaxies (LBGs) at z > 3 (Carilli et al.
2008). Furthermore, the space density of z ∼ 2 quiescent
galaxies with logM∗/M� > 11, is 5, 10 and > 100 times
larger than that of similar mass LBGs at z=4,5 and 6
respectively (Stark et al. 2009). Their progenitors must
therefore have had much larger SFRs and are missing
from LBG samples. This suggests that they must be
dust obscured starburst galaxies.

Based on the observed line widths and compact spatial
extent of molecular line emitting regions, SMGs are often
argued to be maximum starbursts, i.e to be forming stars
at a rate close to the Eddington limit. Assuming a spher-
ical symmetric geometry, an isothermal sphere density
structure, a small volume filling factor for molecular gas
and a Chabrier IMF, based on Thompson et al. (2005),
Younger et al. (2010) approximate this “maximum star
formation rate” as

SFRMAX = 480σ2
400Dkpc κ

−1
100 [M� yr−1] (3)

where σ400 is the line-of-sight gas velocity dispersion in
units of 400 km s−1, κ100 is the opacity in units of cm2g−1

(usually taken to be ≈ 1, Murray et al. 2005; Thompson
et al. 2005), and Dkpc is the characteristic physical scale
of the starburst (usually approximated as the Gaussian
FWHM of the line emitting region). In Figure 4, the
blue curves show probability distributions for a 1000 re-
alizations of ongoing SFRs in the z & 3 SMGs, estimated
from their total infrared luminosity and associated er-
rors, through Equation 1. The SMGs are forming stars

at high rates 500− 3000M�yr−1, close to the Eddington
limit. E.g. (Younger et al. 2010) estimated the maxi-
mum starformation rate of AzTEC4 and AzTEC8 to be
in the range 1900−3800M�yr

−1, comparable to the val-
ues derived here (see Tab.2).

In the following we investigate if the observed proper-
ties of z ∼ 2 quiescent galaxies are consistent with hav-
ing formed under such conditions. Assuming that z ∼ 2
quiescent galaxies formed in Eddington limited maxi-
mum starbursts, we can estimate the maximum SFR and
the duration of this burst, from the observed size, ve-
locity dispersion and stellar mass of the quiescent rem-
nants. In Figure 4 the red curve shows the distribution
of SFRMAX for the sample of z ∼ 2 quiescent galaxies
described in Section 2.4, calculated from Equation 3, as-
suming κ100 = 1, Dkpc = 2 re,c (where re,c are the ef-
fective radii measured for the individual galaxies) and
σ400 = 〈σ〉 /400 km s−1, where 〈σ〉 = 363± 100 km s−1 is
the mean velocity dispersion measured for z ∼ 2 quies-
cent galaxies in the litterature (Toft et al. 2012). We use
this mean value as measured velocity dispersions for the
K13 sample are not available.

There is a good general correspondence between the
SFRMAX distribution of quiescent z ∼ 2 galaxies, and the
SFR distribution of z & 3 SMGs. The SFRMAX distri-
bution peaks at higher SFRs than the observed distribu-
tion in z & 3 SMGs, indicating that some of the z ∼ 2
quiescent galaxies may have formed in starbursts with
sub-Eddington SFRs. Also plotted in Figure 4 (b) is the
duration of this “maximum starburst”

tburst = ∆M?/SFRMAX (4)

assuming a constant star fomation rate SFR = SFRmax

during the burst, and that all the stellar mass of the
z ∼ 2 quiescent galaxies was created during this burst,
i.e. ∆M? = M?. While consistent within the errors,
the mean derived timescales for Eddington limited star-
bursts is about a factor of two longer than the starburst
timescale derived from comparing comoving number den-
sities. This can be accounted for by changing some of the
assumptions, e.g., if the SMG starbursts are triggered
by major mergers, a fraction of the stellar mass must
have been formed in the progenitor galaxies, prior to the
merger. In Figure 4 (c) we show that if we assume that
only half of the observed stellar mass in z ∼ 2 quiescent
galaxies was created in a z & 3 Eddington limited star-
burst, i.e. ∆M? = 0.5 M?, there is excellent agreement
between the derived timescales, consistent with the idea
that z & 3 SMGs are the progenitors of z ∼ 2 quiescent
galaxies. Interestingly this is consistent with the results
of Micha lowski et al. (2010b) who found that on average
∼ 45% of the stellar mass in a sample of z > 4 SMGs
was formed in their ongoing starbursts. If half the stel-
lar mass formed prior to the merger that ignite the SMG
starburst, an implication is that the merger progenitors
must have been gas rich star forming galaxies, in agree-
ment with the high gas fractions found in high redshift
star forming galaxies (Tacconi et al. 2013)

3.7. Additional Stellar Mass Growth and Quenching of
the z & 3 SMGs

The similar mass-size distribution of the z & 3 SMGs
and z ∼ 2 quiescent galaxies is in agreement with what
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Figure 4. Comparison of the SFRs and starburst timescales derived for the z & 3 SMGs z ∼ 2 quiescent galaxies. Left: The red curve
show the probability density distribution (KDE) of SFRs of the z ∼ 2 quiescent galaxies during their formation, calculated assuming they
formed in Eddington limited starbursts. The blue curves show probability distributions for 1000 realizations of ongoing SFRs in the z & 3
SMGs, estimated from their total infrared luminosity and associated errors. The two distributions span the same range, in support of
a evolutionary connection between quiescent galaxies and SMGs. Middle: Probability density distribution of the duration of the cQG
starbursts, calculated assuming all their observed stellar mass formed in Eddington limited bursts. The grey area indicates the constraints
on the duty cycle of the SMG starbursts derived from their number density. Right: Same as the middle plot, but assuming that only half
of the z ∼ 2 quiescent galaxies’ stellar mass formed in the Eddington limited burst. The two independent measures of tburst are consistent,
in agreement with z & 3 SMGs being progenitors of z ∼ 2 quiescent galaxies

one would expect if the z & 3 SMGs evolve passively into
z ∼ 2 quiescent galaxies, after they have been quenched.
Prior to the quenching however the ongoing starburst
will increase the stellar masses of the galaxies. In Fig-
ure 5 we show that the distribution of stellar masses in
the z & 3 SMGs is broader than that of log(M/M�) > 11
quiescent galaxies at z ∼ 2. We can estimate the growth
of stellar mass in the individual z & 3 SMGs from their
gas masses, inferred from the FIR SED fits (see Table 2).
From these we can estimate the final stellar masses of the
z & 3 SMGs if we assume a star formation effeciency, i.e
the fraction of gas that is turned into stars during the
starburst. In the simulations of Hayward et al. (2011)
the gas fraction decrease from 45% to 40% in isolated
disks and from 17.5% to 15% in merging galaxies, from
the peak of the starburst to when it ends, corresponding
to a decrease in gas mass of 5% and 15% during this time.
If we assume that this gas is turned into stars, and that
we are observing the SMGs at the peak of their starburst,
the models thus indicate that ∼ 10± 5% of the observed
gas mass in the z & 3 SMGs will be turned in to stars
during the remainder of the burst. In Figure 5 we com-
pare the final stellar mass distribution of the z & 3 SMGs
with that of quiescent z ∼ 2 quiescent galaxies, assum-
ing that 10% of the derived gas mass in the z & 3 SMGs
are turned into stars before the starbursts are quenched.
The two distributions are similar, with a K-S test statis-
tic of 0.33 and a probability of 67%, in agreement with
a direct evolutionary link between the two populations.
The mass increase from the time the SMGs are observed
up to the end of the starburst will likely not significantly
increase the effective radii, since the process is highly
dissipative, resulting in a slight horizontal shift in the
M? − re plane (blue points in Figure 3). The continued
starbursts and subsequent quenching, may also provide

the mechanism needed to transform the observed low-
n disk-like surface brightness profiles observed in SMGs
to the higher n bulge-like profiles observed in quiescent
galaxies at z ∼2 (Wuyts et al. 2011; Szomoru et al. 2011;
Bell et al. 2012). Most of the stellar mass will be added
in the nuclear regions of the SMGs, which is likely highly
obscured by dust. Once the quenching sets in and most
of the dust is destroyed or blown away, a more centrally
concentrated surface brightness distribution could be re-
vealed. Note that if, as assumed here, only 10% of the
large derived gas masses in the z & 3 SMGs is turned
into stars during the remainder of the burst, the following
quenching mechanism must be highly effecient at heating
or expelling the substantial amounts of leftover gas. A
possible mechanism for expelling the gas is through out-
flows, driven by strong winds associsted with the max-
imum starbursts. Tentative evidence for such outflows
have recently been observed in the 163µm OH line pro-
file in an SMG at z=6.3 (Riechers et al. 2013). We stress
that the large systematic uncertainties on the derived
stellar masses for the SMGs could potentially influence
our conclusions.

4. SUMMARY AND DISCUSSION

4.1. The Link between z & 3 SMGs and z ∼ 2 Compact,
Quiescent Galaxies

In this paper we presented evidence for a direct evo-
lutionary connection between two of the most extreme
galaxy types in the universe, the highest redshift (z & 3)
SMGs which host some of the most intense starbursts
known, and quiescent galaxies at z ∼ 2 which host the
densest conglomerations of stellar mass known. The
comparison was motivated by the recent discovery of a
significant population of SMG at 3 < z < 6 and high res-
olution imaging and spectroscopic studies of z ∼ 2 quies-
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Figure 5. Red histograms show the distribution of stellar masses
in log(M/M�) > 11 quiescent galaxies at z ∼ 2. In the top panel
the blue histogram show the distribution of stellar masses in the
z & 3 SMGs. In the bottom panel the blue histogram show the
final stellar masses of the z & 3 SMGs assuming that 10% ± 5% of
their derived gas mass is turned into stars during the remainder of
the ongoing starburst Hayward et al. (2011).

cent galaxies which show that the majority of their stars
likely formed in massive nuclear, possibly dust eshrouded
starbursts in this redshift range. From a unique flux-
limited statistical sample of z & 3 SMGs in the COS-
MOS field, we have put robust constraints on their co-
moving number density, which we then put in context
of the comoving number densities of quiescent galaxies
of similar mass at z ∼ 2. If z & 3 SMGs are progeni-
tors of z ∼ 2 quiescent galaxies, then our data implies
that the SMG duty cycle must be tburst = 42+40

−29Myr,
where the errorbars include our best estimates of the
effects of cosmic variance, photometric redshift errors
and incompleteness. This timescale is independent from,
but in good agreement with estimates based on SMG
gas depletion timescales tburst ∼ 40− 200 Myr, estimates
from hydrodynamical merger simulations tburst ∼ 50 Myr
(e.g. Mihos & Hernquist 1996; Cox et al. 2008), and
estimates based on the time, compact starburst galax-

ies spend above the main sequence of star formation
tburst < 70 Myr (Wuyts et al. 2011). Importantly, as our
estimate of the SMG starburst timescale is based only
on number density arguments, it is relatively indepen-
dent on assumptions of the underlying stellar inital mass
function (IMF), which is a large potential systematic un-
certainty, e.g. in depletion timescale estimates.

Based on stellar masses derived from UV-MIR pho-
tometry and sizes derived from deep NIR imaging,
we have shown that the mass-size distribution of the
z & 3 galaxies is remarkably similar to that observed
for compact quiescent massive galaxies at z ∼ 2, with
similar mean internal stellar mass surface densities
〈log(Σ)〉 ∼ 9.8M�kpc−2. The surface brightness distri-
butions of the z & 3 SMGs are best fit by Sersic models
with low Sersic n parameters, typical of local star forming
disk galaxies or mergers, and the majority show multiple
components or irregularities indicative of ongoing merg-
ing and/or clumpy structure.

Many similarities between z ∼ 2 quiescent galaxies and
SMGs exist: they have similar stellar masses, charac-
teristic internal velocities, dynamical masses, sizes, cor-
relation lengths etc. Millimeter measurements of z & 3
SMGs in continuum and CO show signatures of merging
or rotation (Younger et al. 2008, 2010; Riechers et al.
2011b,a), with molecular emission line widths in the
range 300 − 700 km s−1 (with a few outliers), and a
mean 〈FWHM〉 = 456 ± 253 km s−1 (Schinnerer et al.
2008; Daddi et al. 2009a; Coppin et al. 2010; Riech-
ers et al. 2010, 2011b,a; Swinbank et al. 2012; Wal-
ter et al. 2012) similar to stellar velocity dispersions
σ = 300−500 km s−1 measured in z ∼ 2 quiescent galax-
ies. For example, for AzTEC 3, at z = 5.3, Riechers et al.
(2010) measured a CO linewith of 487km s−1, and a gas
depletion timescale of 30 Myr, similar to the SMG star-
burst timescale derived here. At the depth and resolu-
tion of the present data, it is impossible to make strong
claims about how many z & 3 SMGs are in the pro-
cess of merging. However all the detected galaxies show
evidence of close companions, multiple components or
clumpy structure, and have low derived Sersic indices,
consistent with expectations for merging galaxies. In
particular the two galaxies with HST/WFC3 data ap-
pears to be major mergers.

The evidence presented in this paper is in support of
a direct evolutionary connection between z & 3 SMGs,
through compact quiescent galaxies at z ∼ 2, to giant el-
liptical galaxies in the local universe. In this scenario (il-
lustrated in Figure 6) gas rich, major mergers in the early
universe, trigger nuclear dust enshrouded starbursts22,
which on average last 42+40

−29 Myr, followed by star for-
mation quenching, either due to gas exhaustion, feedback
from the starburst or the ignition of an AGN, leaving
behind compact stellar remnants to evolve passivly for
about a Gyr into the compact quiescent galaxies we ob-
serve at z ∼ 2. Over the next 10 Gyr, these then grow
gradually, primarily through minor merging, into local
elliptical galaxies.

22 The SMG image in the figure is adopted from Targett et al,
2013
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Figure 6. Schematic illustration of the formation and evolutionary sequence for massive galaxies advocated in this paper.

4.2. Connection to Compact Star Forming Galaxies at
2.5 < z < 3

Barro et al. (2013) found a population of relatively
massive (log(M/M� > 10) compact star forming galax-
ies (cSFGs) at 1.4 < z < 3, which show evidence of
quenching beginning to set-in (lower specific star for-
mation rates than typical star forming galaxies and in-
creased AGN fractions). Their masses, sizes and num-
ber densities (which increase with decreasing redshift, at
the same time the number density of quiescent galax-
ies increase), suggest that the highest redshift exam-
ples of these may be progenitors of compact quiescent
z ∼ 2 galaxies. These galaxies are thus good candidates
for transition objects in the evolutionary sequence sug-
gested here between the z & 3 SMGs and the z ∼ 2 qui-
escent galaxies. The comoving number density of the
most massive cSFGs (log(M/M� > 10.8) at 2.5 < z < 3
is ∼ 5.4± 2.5× 10−5 Mpc−3, comparable to the number
density for z ∼ 2 quiescent galaxies. However, the cSFGs
are not massive enough to be descendants of the bright-
est z & 3 SMGs, or progenitors of most of the massive
z ∼ 2 quiescent galaxies considered here, as none of the
cSFGs have log(M/M�) > 11 (Barro, private communi-
cation), but are likely decendents of less intense star-
bursts at z & 3 and progenitors of slightly lower mass
quiescent z = 2 galaxies.

4.3. Caveats and Outlook

One of the largest uncertainty in the derivables for
the z & 3 SMG sample are associated with their stellar
masses. As extensively discusses in Micha lowski et al.
(2012a) stellar masses for SMGs are highly dependent
on the assumed star formation history, and may differ
by up to ±0.5 dex given different assumptions and mod-
els. Dynamical mass considerations may set an upper
limit to stellar masses, however the z & 3 SMGs samples
with available dynamical mass estimates are still sparse,
as well as subject of their own biases.

The sample of z & 3 SMGs is still small, and only par-
tially spectroscopically confirmed. Future, larger and
deeper mm surveys, over multiple fields, will allow for
better constraints on the evolution of the co-moving num-
ber density of starburst galaxies, to the highest redshifts,
and to study the effects of cosmic variance. This will al-
low for more detailed tests and modeling of the proposed
scenario in different redshift and mass bins, rather that

in the single mass bin and two redshift ranges as possi-
ble with the present data. E.g., the proposed scenario
implies that the significant population of z ∼ 2 SMGs
should evolve into compact, ∼ 1 Gyr old, massive post
starburst galaxies at z ∼ 1.5. Interestingly Bezanson
et al. (2012) recently published a spectroscopic sample
of galaxies with exactly these properties. Similarly, if
compact quiescent galaxies at z & 3 are found in the fu-
ture, the properties of these should match those of the
highest redshift z > 5 SMGs. With deeper data it will
also be possible to push to lower star formation rates,
and not only consider the most extreme starbursts. This
will likely provide a way of fitting the 2.5 < z < 3 cSFG
discussed in Section 4.2 into the evolutionary picture.

Cosmological surface brightnes dimming and the
large amounts (and unknown distribution) of dust in
SMGs make them extremely faint in the rest-frame
UV and optical, and likely bias the sizes measured,
even in very deep NIR imaging data. However, we do
note that one of the galaxy in our sample (AzTEC1),
has been resolved in high resolution submillimeter
imaging (Younger et al. 2008), with a derived extend of
0.1−0.2′′, corresponding to physical size of 1.3−2.7 kpc,
consistent with the constraints on the effective radius
we measure from the UltraVISTA data (re < 2.6kpc,
see Table 1). ALMA will greatly improve estimates of
the sizes of high redshift SMGs, through high resolution
observations of the restframe FIR dust continuum. We
have argued in this paper that the observed structural
properties are consistent with the SMGs being disks or
mergers, but the constraints are uncertain, due to the
relatively low S/N and spatial resolution of the images,
e.g. the Sersic n parameters and effective radii could
be underestimated, due to obscuration by dust and
cosmological surface brightness dimming. With ALMA
it will be straightforward to determine redshifts from
molecular lines, and constrain the internal dynamics
of the galaxies, e.g. estimate velocity dispersions, ro-
tational velocities and search for evidence of merging.
This will provide powerful diagnostics to help map
the transformation of the most massive galaxies in the
universe from enigmatic starburst at cosmic dawn to
dead remnants, a few gigayears later.
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Smolčić, V., Navarrete, F., Aravena, M., et al. 2012b, ApJS, 200,

10
Stark, D. P., Ellis, R. S., Bunker, A., et al. 2009, ApJ, 697, 1493
Swinbank, M., Smail, I., Karim, A., et al. 2012, The Messenger,

149, 40
Szomoru, D., Franx, M., Bouwens, R. J., et al. 2011, ApJ, 735,

L22

Szomoru, D., Franx, M., & van Dokkum, P. G. 2012, ApJ, 749,
121

Tacconi, L. J., Neri, R., Chapman, S. C., et al. 2006, ApJ, 640,
228

Tacconi, L. J., Genzel, R., Smail, I., et al. 2008, ApJ, 680, 246
Tacconi, L. J., Neri, R., Genzel, R., et al. 2013, ApJ, 768, 74
Targett, T. A., Dunlop, J. S., Cirasuolo, M., et al. 2012, ArXiv

e-prints
Thomas, D., Maraston, C., Bender, R., & Mendes de Oliveira, C.

2005, ApJ, 621, 673
Thompson, T. A., Quataert, E., & Murray, N. 2005, ApJ, 630,

167
Toft, S., Franx, M., van Dokkum, P., et al. 2009, ApJ, 705, 255
Toft, S., Gallazzi, A., Zirm, A., et al. 2012, ApJ, 754, 3
Toft, S., van Dokkum, P., Franx, M., et al. 2005, ApJ, 624, L9
— 2007, ApJ, 671, 285
Treister, E., Schawinski, K., Urry, C. M., & Simmons, B. D. 2012,

ApJ, 758, L39
Trujillo, I., Förster Schreiber, N. M., Rudnick, G., et al. 2006,

ApJ, 650, 18
van de Sande, J., Kriek, M., Franx, M., et al. 2011, ApJ, 736, L9

van Dokkum, P. G., Franx, M., Kriek, M., et al. 2008, ApJ, 677,
L5

van Dokkum, P. G., Whitaker, K. E., Brammer, G., et al. 2010,
ApJ, 709, 1018

Wake, D. A., Whitaker, K. E., Labbé, I., et al. 2011, ApJ, 728, 46
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