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CIT-SUT Keck renewal

• Agreement in place since 2008

• Now renewed 2018B – 2023A

• 10 nights p.a.
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Extras

• $16K (AUD 20K) p.a. reserved for collaborative 
activities

Workshops, Exchanges, internships

• CIT researchers get priority access to SUT g3 
supercomputer (new in Oct, 4000 cores)

• 1–2 nights reserved p.a. for pilot studies for CIT-
SUT collaborative projects (SUT, COO 
Directors)

• Annual workshop: 2018 Data Science in Hawaii?



The population of quiescent 
(or not?) galaxies at z~4.

    

Karl Glazebrook

and the population of 
red nuggets at z~4
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Massive galaxies as 
probes of ΛCDM: a 

short history



Back to 2001
COLORS OF HIGH-REDSHIFT GALAXIES

E/S0

Sbc

SFR=const.

Caltech FRS LBGs

EROs?

M~1010 M

All Keck redshifts! (Cohen and Steidel)



Massive Galaxies as a probe of �CDM
6 Baugh et al.

Fig. 4. Top: The evolution of the stellar mass function with redshift. The lines show the
model predictions at different redshifts, as indicated by the key. The datapoints show
the present day stellar mass function inferred from the KS-band luminosity function by
Cole et al . (2001). Bottom: The evolution with redshift of the observer frame KS-band
luminosity function. The symbols and shaded region show the present day KS-band
luminosity function estimated with 2MASS photometry.
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Massive galaxies form last

Massive galaxies are rare at high-z

Baugh et al. (2002)
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Massive red (and blue) galaxies at z~2

• Franx+2003, 
Labbé+2003, 
Glazebrook+2004, 
Cimatti+2004, 
McCarthy+2004, van 
Dokkum+2004,Förster
 Schreiber+2004, and 
many others…

• K20, GDDS, MUSYC,
…

• DROs, EROs, pBZKs, 
DRGs

Glazebrook,  Abraham, McCarthy+2004…

GDDS

Cole et al. 2001

GALFORM

Dickinson et al. (2003)

Fontana et al. (2003)
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Fig. 8.— Postage-stamp images showing the morphologies of the 54 galaxies in our sample with log10(M/M⊙) >
10.5, sorted in order of decreasing redshift. Early-type galaxies are circled. Each image is 5 arcsec X 5 arcsec in
size, and labeled with the galaxy’s ID number, spectroscopic classification, redshift confidence class, rest-frame (U-
B) color, redshift, and stellar mass inferred from our best-fit model. Objects without high-confidence spectroscopic
redshifts have their redshifts labeled in parentheses. The border of each galaxy image is colored according to the
galaxy’s spectroscopic classification, as described in the caption to Figure 5. Gray regions surrounding groups of
postage stamps indicate which of three broad redshift bins the objects fall within. These bins are used to calculate the
cumulative stellar mass function described in the text.
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Abraham et al. (2004): 30  ksec Gemini observations 

Age of Universe: 4 billion years 
Stellar mass: ~1011 Msun 

size< 1 kpc ‘Red nugget’
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DISCOVERY OF MASSIVE EVOLVED GALAXIES AT z > 3 IN THE HUBBLE ULTRA DEEP FIELD1

Hsiao-Wen Chen2, 3 and Ronald O. Marzke4

Receivved 2004 May 20; accepted 2004 July 26

ABSTRACT

We have identified six early-type galaxies at z > 2:8 in the central 5.76 arcmin2 Hubble Ultra Deep Field
NICMOS region based on a pronounced broadband discontinuity between the NICMOS F110W and F160W
bandpasses. These galaxies have red observed optical and near-infrared colors (ABF775W ! ABF160W " 2) that
cannot be explained entirely by dust reddening (indicating advanced age), and their luminosities at rest-frame
optical wavelengths suggest a substantial stellar mass. One of the galaxies is detected in the X-ray and is likely to
have an active nuclear region, while the rest are estimated to be at least 1 Gyr old at z # 3 and contain a total stellar
mass of (0:4 9:1) ; 1010 h!2 M$. We calculate a cumulative comoving stellar mass density of !star ¼ (0:7 1:2) ;
107 h M$ Mpc!3 for massive evolved galaxies of M > 109 h!2 M$ at z > 2:5. Comparison of the stellar mass
density confined in galaxies of different types shows that massive evolved galaxies contribute#16%–28% of total
stellar mass density even at these early epochs. Finally, an analysis of their morphology observed in the ACS and
NICMOS images shows that the active galaxy has compact structure, while the rest are less concentrated. The
presence of massive evolved galaxies at z & 3, when the universe was only 2 Gyr old, suggests that early star
formation may have been particularly efficient in massive halos.

Subject headinggs: cosmology: observations — galaxies: evolution

1. INTRODUCTION

The Hubble Ultra Deep Field (HUDF; S. Beckwith et al.
2004, in preparation)5 imaging observations have recorded by
far the deepest images of the distant universe using the Ad-
vanced Camera for Surveys (ACS). These observations cover
30 ; 30 of sky area and reach 10 " detection limits of AB ¼
29:3, 30.0, 29.7, and 28.7 in the F435W, F606W, F775W, and
F850LP bandpasses, respectively. Near-infrared images of com-
parable depths in the inner 2A4 ; 2A4 region of the HUDF have
also been obtained using the NICMOS camera (R. Thompson
et al. 2004, in preparation). The NICMOS images reach 10 "
detection limits of AB ¼ 28:3 in F110W and AB ¼ 27:8 in
F160W, more than 2 mag deeper than the deepest near-infrared
images from the ground (e.g., Labbé et al. 2003).

A particularly exciting development is the opportunity to
identify evolved galaxies at epochs earlier than z ¼ 2, where
the presence of massive galaxies becomes difficult to explain
as the result of time-consuming hierarchical galaxy assembly
(e.g., Baugh et al. 2003; Somerville et al. 2004). Over the past
2 years, galaxy samples selected in the near-infrared have
shown that evolved galaxies are not rare at z > 1 (e.g., Chen
et al. 2003; Pozzetti et al. 2003) and that at least 40% of the
stellar mass density found locally was in place by z ¼ 1
(Fontana et al. 2003; Rudnick et al. 2003; Glazebrook et al.
2004). Together these results indicate that much of the as-
sembly of stellar mass occurs at epochs much earlier than
z ¼ 1.

Detection of massive galaxies beyond z ¼ 2 pushes back
the epoch of early-type galaxy formation even further and
thus offers stronger constraints on models of galaxy formation.
Deep ground-based imaging in the near-infrared has recently
revealed a significant number of star-forming galaxies at z ¼
2:2 2:4 with total stellar mass comparable to local early-type
galaxies (Daddi et al. 2004; van Dokkum et al. 2003). Here we
report the detection of six massive, evolved galaxies identified
at hzi ¼ 3:2 in the HUDF/NICMOS images using photometric
redshift techniques. Our analysis of the photometric properties
of these red galaxies indicates that they are evolved stellar
populations and that some massive galaxies are already largely
assembled by z ¼ 3.

We adopt a ! cosmology, "M ¼ 0:3 and "! ¼ 0:7, with a
dimensionless Hubble constant h ¼ H0=(100 km s!1 Mpc!1)
throughout the paper.

2. A CATALOG OF NEAR-INFRARED–SELECTED
HUDF GALAXIES

We have performed an independent analysis of the drizzle-
stacked optical and near-infrared images provided by the
HUDF team and the NICMOS treasury team. The object de-
tection algorithm was similar to those described in Chen et al.
(2002). In summary, we first performed object detection in
individual images using SExtractor (Bertin & Arnouts 1996)
and set the detection parameters such that no detections were
found in the negative images. Catalogs of individual band-
passes were then combined to form a final catalog with flags
indicating the presence/absence of flux in respective band-
passes. We identified 1833 objects of AB(F160W) ' 28:5 over
the central 5.76 arcmin2 sky area.

We have also measured the redshifts and redshift likeli-
hood functions for all the objects using a photometric redshift
analysis outlined in Chen et al. (2003). The algorithm com-
pares the observed spectral energy distribution (SED), estab-
lished from photometric measurements in the ACS F435W,
F606W, F775W, and F850LP and NICMOS F110Wand F160W

1 Based on observations with the NASA/ESA Hubble Space Telescope,
obtained at the Space Telescope Science Institute, which is operated by the
Association of Universities for Research in Astronomy, Inc., under NASA con-
tract NAS5–26555.

2 Center for Space Research, Massachusetts Institute of Technology, Cam-
bridge, MA 02139-4307; hchen@space.mit.edu.

3 Hubble Fellow.
4 Department of Physics and Astronomy, San Francisco State University,

San Francisco, CA 94132-4163; marzke@stars.sfsu.edu.
5 For the HUDF project, see http://www.stsci.edu/hst /udf.
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bandpasses, with a grid of model templates calculated at dif-
ferent redshifts. We have considered a suite of galaxy templates
that include E/S0, Sab, Scd, and Irr templates, two starburst tem-
plates, and a QSO template, as well as a suite of stellar templates
that range from early O stars through late-type T dwarfs. Pho-
tometric redshift techniques are particularly successful when
either the intrinsic continuum absorption at the Lyman or 40008
breaks or the external continuum absorption due to the inter-
vening Ly! forest is observed in the broadband SEDs (e.g.,
Fernández-Soto et al. 2001; Abraham et al. 2004). These broad
features are easy to identify and are only mildly sensitive to
differences in the gas and dust content of the galaxies.

Figure 1 presents the observed F775W and F160W color
(I ! H ) versus photometric redshift for all galaxies in the
HUDF observed with NICMOS. While it is not surprising to
find evolved galaxies with ABF775W ! ABF160W > 2 at z > 1 in
the HUDF images, it is intriguing to see that nine such galaxies
lie at z > 2:5. These objects exhibit a pronounced discontinuity

between the F110W and F160W bandpasses that is matched in
each case with the rest-frame 4000 8 break in either an E/S0 or
Sab galaxy template.

3. PROPERTIES OF MASSIVE, OLD GALAXIES
AT z > 2:8

Galaxies dominated by evolved stars are least affected by
the details of recent star formation and therefore allow the
most reliable measurements of accumulated stellar mass. Con-
sequently, these evolved galaxies are particularly useful in
discriminating between galaxy formation scenarios. For hierar-
chical models (e.g., Kauffmann & Charlot 1998), evolution in
the number density of massive galaxies constrains the merging
sequence, while the age of the underlying stellar population
constrains the epoch when the first stars formed.
Our photometric redshift analysis identified nine early-

type galaxies at z > 2:8 by associating the pronounced broad-
band discontinuity between the NICMOS F110W and F160W

Fig. 1.—Observed ACS/F775W ! NICMOS/F160W color vs. photometric redshift measurements for 1833 galaxies identified in the HUDF/NICMOS images.
Different symbols represent different best-fit template types, from early-type templates (stars), through intermediate to late type (open circles) and through starburst
templates (squares). Larger symbols represent galaxies with an observed F160W flux brighter than AB ¼ 23:9 (1 "Jy), and smaller ones are for the fainter galaxies.
The curves show the expected optical and near-IR color evolution with redshift for a nonevolving elliptical/S0 template (solid curve), an exponentially declining
SFR model with a formation redshift of zf ¼ 30 and e-folding times of 1 Gyr (dotted curve) and 2 Gyr (short-dashed curve), and a constant-SFR model (long-dashed
curve). The apparent segregation of points at zphot # 0:9 and 2.6 is due to the lack of U-band photometry for the HUDF galaxies, which leads to confusion between
the 4000 8 discontinuity from low-redshift galaxies and the Ly! discontinuity from high-redshift galaxies. These galaxies have relatively blue SEDs and thus do not
contribute to the evolved galaxy population at all redshifts.

CHEN & MARZKE604 Vol. 615

Fig. 2.—Summary of our photometric redshift analysis for the six evolved massive galaxies identified at z > 2:8 in the HUDF. In each panel, the combined ACS
and NICMOS images are presented on the left. The image extent is 4B5 on a side. The observed SED established based on optical and near-IR broadband
photometric measurements is presented in the upper right corner of each panel, together with the best-fit template (solid curve) and model fluxes (open squares). The
redshift likelihood function for each galaxy is presented in the lower right corner of each panel, indicating the most likely photometric redshift according to the
likelihood analysis. We see in every case that the large flux decrement between the NICMOS F110W and F160W bandpasses is identified as the 4000 8 break in
the rest frame.

Fig. 2.—Summary of our photometric redshift analysis for the six evolved massive galaxies identified at z > 2:8 in the HUDF. In each panel, the combined ACS
and NICMOS images are presented on the left. The image extent is 4B5 on a side. The observed SED established based on optical and near-IR broadband
photometric measurements is presented in the upper right corner of each panel, together with the best-fit template (solid curve) and model fluxes (open squares). The
redshift likelihood function for each galaxy is presented in the lower right corner of each panel, indicating the most likely photometric redshift according to the
likelihood analysis. We see in every case that the large flux decrement between the NICMOS F110W and F160W bandpasses is identified as the 4000 8 break in
the rest frame.
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New ideas: ‘cold flows’uniformly in r, using the fact that the velocity along the streams is
roughly constant (Supplementary Information, sections 5 and 6).
This is convolved with the halo mass function23, n(Mv), to give

n ( _MM)~

ð?

0

P( _MM jMv)n(Mv) dMv

The desired cumulative abundance, n(. _MM), obtained by integration

over the inflow rates from _MM to infinity, is shown at z5 2.2 in Fig. 4.

Assuming that the SFR equals _MM , the curve referring to _MM lies safely
above the observed values,marked by the symbols, indicating that the

gas input rate is sufficient to explain the SFR. However, _MM and the
SFR are allowed to differ only by a factor of ,2, confirming our
suspicion that the SFR must closely follow the gas input rate. The
simulated SFR indeed traces the accretion rate to within a factor of
two, but, given that our disks are poorly resolved, we focus here on
the accretion as the more robustly simulated quantity. Because at
z< 2.2 the star-forming galaxies constitute only a fraction of the
observed ,1011M[ galaxies24,25, the requirement for a SFR almost

as great as _MM , based on Fig. 4, becomes even stronger.
By analysing the clumpiness of the gas streams, using the sharp

peaks of inflow in the _MM(r) profiles, we address the role of mergers
versus smooth flows. We evaluate each clump mass by integrating
Mclump~

Ð
( _MM(r)=vr (r)) dr across the peak, and estimate amass ratio

for the expected merger as m5Mclump/fbMv, ignoring further mass
loss in the clump on its way in and deviations of the galaxy baryon
fraction from fb. We use ‘merger’ to describe any major or minor
merger with m$ 0.1, as distinct from ‘smooth’ flows, which include
‘mini-minor’ mergers with m, 0.1. We find that about one-third of
the mass is flowing in as mergers and the rest as smoother flows.
However, the central galaxy is fed by a clump with m$ 0.1 less than
10% of the time; that is, the duty cycle for mergers is g= 0.1. A
similar estimate is obtained using EPS merger rates7 and starburst
durations of,50Myr at z5 2.5 from simulations26 (Supplementary
Information, section 5).

From the difference between the two curves of Fig. 4, we learn that
only one-quarter of the galaxies with a given _MM are to be seen during a
merger. The fact that the SFGs lie well above the merger curve even if
the SFR is , _MM indicates that in most of them the star formation is
driven by smooth streams. Thus, ‘SFG’ could also stand for ‘stream-
fed galaxy’. This may explain why these galaxies maintain an
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Figure 1 | Entropy, velocity and inward flux of cold streams penetrating hot
haloes. a, b, Maps referring to a thin slice through one of our fiducial
galaxies withMv5 1012M[ at z5 2.5. The arrows describe the velocity field,
scaled such that the distance between the tails is 260 km s21. The circlemarks
the halo virial radius, Rv. The entropy, logK5 log(T/r2/3), in units of the
virial quantities, highlights (in red) the high-entropymedium filling the halo
out to the virial shock outside Rv. It exhibits (in blue) three radial, low-
entropy streams that penetrate the inner disk, seen edge-on. The radial flux
per solid angle is _mm5 r2rvr, in solarmasses per year per square radian, where
r is the gas density and vr the radial velocity. It demonstrates that more than
90% of the inflow is channelled through the streams (blue), at a rate that

remains roughly the same at all radii. This rate is several times higher than
the spherical average outside the virial sphere, _mmvir < 8M[ yr21 rad22,
according to equation (1). The opening angle of a typical stream at Rv is
20u230u, so the streams cover a total angular area of,0.4 rad2, namely a few
per cent of the sphere. When viewed from a given direction, the column
density of cold gas below 105 K is above 1020 cm22 for 25% of the area within
the virial radius. Although the pictures show the inner disk, the disk width is
not resolved, so associated phenomena such as shocks, star formation and
feedback are treated in an approximate way only (see density maps and
additional cases in Supplementary Figs 3–5). Kvir, virial entropy.

Figure 2 | Streams in three dimensions. The map shows radial flux for the
galaxy of Fig. 1 in a box of side length 320 kpc. The colours refer to inflow rate
per solid angle of point-like tracers at the centres of cubic-grid cells. The
dotted circle marks the halo virial radius. The appearance of three fairly
radial streams seems to be generic in massive haloes at high redshift, and is a
feature of the cosmic web that deserves an explanation. Two of the streams
show gas clumps of mass on the order of one-tenth that of the central galaxy,
but most of the stream mass is smoother (Supplementary Fig. 6). The
>1010M[ clumps, which involve about one-third of the incomingmass, are
also gas rich—in the current simulation only 30% of their baryons turn into
stars before they merge with the central galaxy.
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Dekel et al. (2009) (see also Keres et al., van der Voorte et al.)  

2 Dekel et al.

Figure 1. Analytic prediction for the regimes dominated by cold flows and shock-heated
medium in the plane of halo mass and redshift, based on Fig. 7 of DB06. The nearly
horizontal curve marks the robust threshold mass for a stable shock based on spherical
infall analysis, Mshock(z). Below this curve the flows are predicted to be predominantly
cold and above it a shock-heated medium is expected to extend out to the halo virial
radius. The inclined solid curve is the conjectured upper limit for cold streams, valid at
redshifts higher than zcrit ∼ 2. The hot medium in haloes of Mv > Mshock at z > zcrit is
predicted to host penetrating cold streams, while haloes of a similar mass at z < zcrit are
expected to be all hot, shutting off most of the gas supply to the inner galaxy. Also shown
is the characteristic Press-Schechter halo mass M∗(z); it is much smaller than Mshock at
z>2.

value as a function of redshift have been confirmed by the analysis of cosmological simu-
lations.10,9,22,6 However, at high redshifts, even above the threshold mass, a shock is not
expected to develop along narrow, cold, radial streams that penetrate through the halo,
because the cooling there is more efficient than in the surrounding halo.

The appearance of intense streams at high z, as opposed to their absence at low z, is
likely to reflect the interplay between the shock-heating scale and the independent charac-
teristic scale of nonlinear clustering, i.e., the Press-Schechter36 mass M∗ that corresponds
to the typical dark-matter haloes forming at a given epoch. The key difference between the
two epochs is that the rapid growth of M∗ with time, as seen in Fig. 1, makes Mshock≫M∗

at z>2 while Mshock∼M∗ at lower redshifts.

Cosmological N -body simulations10,37 reveal that while the rare dark-matter haloes of
Mv ≫M∗ tend to form at the nodes of intersection of a few filaments of the cosmic web,
the typical haloes of Mv∼M∗ tend to reside inside such filaments. Since the filament width

www.nature.com/nature
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How do galaxies assemble in the past  
11 Gyr ?


Stellar Mass Functions

Star Formation Histories

Scaling Relations (e.g. size evolution)
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Fig. 17.— Top: Photometric redshifts from ZFOURGE versus
spectroscopic redshifts in CDFS. The NMAD scatter, the fraction
of objects with ∆z/(1 + zspec) > 0.15, and the number of galaxies
with matches in both catalogs are shown in the upper left of the
plot, while the histograms of ∆z/(1+zzspec) are shown as an inset
in the bottom right of the plot. Bottom: the residual between the
photometric and spectroscopic redshifts, divided by 1+ zspec. The
red solid, dashed and dotted lines indicate, respectively, ∆z/(1 +
zspec) = 0± 0, ±0.05, and ± 0.15.

∆zpairs/(1 + zmean) in the left panel of Figure 20, for
pairs of galaxies with use=1 and total Ks-band magni-
tude < 23.5, in four redshift bins. The pairs have an-
gular separations between 2.′′5 and 15 ′′. To each distri-
bution we fit a Gaussian and determined the standard
deviation. As this is the standard deviation for the red-
shift differences, we divide by

√
2 to obtain the average

redshift uncertainty for individual galaxies, σz,pairs, for
a particular redshift bin, i.e., σz,pairs is obtained from
∆zpairs/(

√
2(1 + zmean)). In the right panel we show σz

as a function of redshift. σz increases with redshift, but
in general is excellent: varying from 1% to 2% going from
z = 0.5 to z = 2.5. Calculating σz requires fairly large
samples. This partly explains the scatter between results
on individual ZFOURGE fields. Other reasons for differ-
ences between the fields are different image filter sets and
image depths.
An analysis of σz,pairs can be affected by sys-

tematic errors in the photometric redshifts, lead-
ing to underestimates of the true redshift uncer-
tainty. For example, because of systematic photo-
metric errors, many sources could be fit with similiar,
but wrong, redshifts. This is discussed in more detail
by Quadri & Williams (2010). Furthermore, it is im-
portant to keep in mind that if all redshifts are
systematically overestimated or underestimated,
this will not be detected by this method. We tested
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Fig. 18.— Photometric versus spectroscopic redshifts for COS-
MOS (see caption of Figure 17).
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Fig. 19.— Photometric versus spectroscopic redshifts for UDS
(see caption of Figure 17).

Excellent ~1% photo-z’s!

Straatman et al. (2016)
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Figure 1. Left: comparison of spectroscopic to photometric redshifts across all three pointings of ZFOURGE. Only secure spectroscopic redshifts of objects at
S/N160 > 10 are considered. We find a NMAD scatter of 0.018 in ∆z/(1 + z) shown by the red dotted lines with about 3% of sources being catastrophic outliers
(|∆z/(1 + zspec)| > 0.15). Right: redshift distributions in each ZFOURGE field corresponding to our estimated magnitude limit (black) as well as the magnitude limits
of UltraVISTA (purple; McCracken et al. 2012) and NMBS (orange; Brammer et al. 2011).
(A color version of this figure is available in the online journal.)

To obtain stellar masses, we use the FAST code (Kriek et al.
2009) which fits stellar population synthesis models to the
measured SEDs of galaxies to infer various galactic properties.
Specifically, we use models from Bruzual & Charlot (2003)
following an exponentially declining star-formation history
assuming a Chabrier (2003) initial mass function (IMF). We
assume solar metallicity and allow Av to vary between [0, 4].

We note here that stellar masses derived from SED-fitting are
dependent on assumed parameters in the models (metallicity,
dust law, stellar population models, etc.). Variations in these
assumptions have been shown to lead to systematic offsets in
stellar masses as opposed to random errors (e.g., Maraston 2005;
Marchesini et al. 2009; Conroy et al. 2009); however, a full
investigation of these effects is beyond the scope of this paper.

2.3. Stellar Mass Completeness

Understanding the mass-completeness limits of our data set
is crucial to our analysis. Marchesini et al. (2009) describe a
technique whereby a sample of galaxies below the nominal flux-
completeness limit is taken from a deeper survey. These galaxies
were then scaled up in flux and mass to the completeness
limit of their survey. The resulting distribution in mass forms a
representative sample of the most massive galaxies that could
just escape detection in their sample. The upper envelope of this
distribution will therefore represent an empirical determination
of the redshift-dependent mass-completeness limit.

In the absence of deeper data, Quadri et al. (2012) modified
this technique slightly by using a sample that lies above the flux
completeness limit and scaling the fluxes and the masses down;
this is the method adopted here. We start with all galaxies that
are a factor of 2–3× above our S/N threshold (S/N160 > 10)
and scale down their masses by the appropriate factor. From
this scaled down sample, we take the upper envelope that
encompasses 80% of the galaxies as the redshift-dependent
mass-completeness limit, shown in blue in Figure 2.

To obtain another measurement of the mass-completeness
limit, we employ a similar technique to that described by

Figure 2. Galaxy stellar mass as a function of redshift for our H160-selected
sample. Our empirically derived 80% mass-completeness limits from down-
scaling galaxies to our S/N limit and from magnitude–mass diagrams are shown
in blue and green, respectively (see Section 2.3). Both techniques yield nearly
identical limits. Also shown is the completeness limit determined from passively
evolving an SSP with a formation redshift zf = 5, which we adopt as a separate
mass-completeness limit for the quiescent population.
(A color version of this figure is available in the online journal.)

Chang et al. (2013). First, we estimate the magnitude limit
corresponding to our S/N threshold to be H160 ≈ 25.9. Then,
in narrow bins of mass, we calculate the fraction of galaxies
that are brighter than this magnitude at all S/Ns. At the highest
stellar masses, this is 100% but gradually decreases as we probe
toward lower masses. We search for the mass bin where this
fraction is 80% at various redshifts, which we take as the mass-
completeness limit. The results from this technique are shown
in green in Figure 2.

Both of the empirical techniques above are performed on
all galaxies (i.e., without distinguishing star-forming/quiescent)
and yield nearly identical values which gives us confidence in

3

Stellar mass - redshift

Tomczak et al. (2014)

Various completeness limits
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Stellar Mass Function (UVJ class)
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Figure 6. Stellar mass functions for all galaxies between 0.2 < z < 3 with error bars representing total 1σ uncertainties. We compare our SMFs to those from other
recent studies: Moustakas et al. (2013, Mo13), Santini et al. (2012, S12), Ilbert et al. (2013, I13), and Muzzin et al. (2013, Mu13). Data are only shown above the
reported mass-completeness limit for each study. There is excellent agreement where the SMFs overlap except with the z > 2 SMF from Santini et al. (2012).
(A color version of this figure is available in the online journal.)

Figure 7. Stellar mass functions in sequential redshift bins for all (black), star-forming (blue), and quiescent (red) galaxies. Open symbols correspond to data below
each subsample’s respective mass-completeness limit. We have used data from NMBS to supplement the high-mass end of each SMF down to the limits indicated by
the orange arrows. Best-fit Schechter functions to the total SMF are plotted as black lines. Even as far as z ∼ 2, the total SMF exhibits a low-mass upturn. Furthermore,
we show a clear decline in the quiescent SMF below M∗ toward high-z, which cannot be attributed to incompleteness.
(A color version of this figure is available in the online journal.)

where M = Log(M/M⊙), ∆M is the size of the mass bin, N
is the number of galaxies in the mass bin between the redshift
limits (zmin, zmax), and Vc is the comoving volume based on
the survey area and redshift limits. We refrain from using the

1/Vmax formalism (Avni & Bahcall 1980) to avoid introducing
any potential bias associated with evolution in the SMF over our
relatively wide redshift bins. Since we do not apply a 1/Vmax
correction, Vc is the same for all galaxies in a given redshift bin.

7

SF / QU

Tomczak+2014

ZFOURGE+NMBS
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Illustris comparison
8 Genel, S. et al.
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Figure 4. The ratio between stellar mass functions in Illustris
for a range of redshifts between z = 0.2 and z = 2.5, and the
corresponding observed mass functions given by Tomczak et al.
(2014). We find that the deviations of the simulated mass func-
tions from the observed ones have a characteristic ’S’ shape, which
is generally preserved across this large redshift range. The error
bars for the most massive bins represent the quoted error on the
observational results. They are only shown for the most massive
bins for visual clarity. For less massive bins, the error bars are
similar to the ones shown for the 1011 M� bin.

et al. (2013), and where both abundance matching results
agree, the agreement is shared by Illustris as well. There-
fore, we conclude that the stellar mass-halo mass relation
obtained in Illustris is evolving in very good agreement with
what is inferred from observations.

It is interesting to note that all the abundance matching
studies we considered find a non-evolving (within the uncer-
tainties) stellar mass-halo mass relation at masses beyond
the peak of the ‘baryon conversion e�ciency’ curve (but see
Leauthaud et al. 2012b). This is a feature that Illustris repro-
duces in good agreement with the empirical models, without
involving any tuning. This calls for a better understanding
of the physical origins of this non-evolution. We make a first
step in this direction by examining this relation in simula-
tions that vary the physical models compared to our fiducial
model. Such simulations, based on a 35.5Mpc box, and with
a mass resolution ⇡ 8 times lower than in Illustris, were pre-
sented in Vogelsberger et al. (2013).

In Fig. 6(b) we first show that this lower mass resolu-
tion is well-enough converged in this respect by showing the
same relation based on Illustris-2, a lower-resolution version
of Illustris that was evolved with 2⇥9103 resolution elements
(thick solid curves). In the high-mass regime we are inter-
ested in, this simulation agrees very well with the higher-
resolution Illustris-1. Next, we show the relation based on a
simulation where no radio-mode AGN feedback was included
but where otherwise the model is identical to the one used in
Illustris (dashed curves). We find that the stellar mass-halo

Figure 5. Resolution study of the Illustris stellar mass function,
which is shown for three di↵erent redshifts using the three reso-
lution levels of the Illustris simulation suite. Three corresponding
vertical lines denote the mean mass of a single baryonic resolution
element in each of these simulations, mb. It can be seen that a
consistent level of convergence holds all the way down to & mb,
and only at that scale the mass function is abruptly cut.

mass relation evolves strongly with redshift at all masses, in-
cluding at the massive end. At high masses, these curves are
similar to ones derived from a simulation with no feedback at
all (not shown), as galactic winds have low mass-loading fac-
tors for high masses. This demonstrates that the constancy
of the high-mass end of the ‘baryon conversion e�ciency’ in
Illustris is not a natural result of cosmological accretion and
radiative cooling, but requires some feedback. We then ex-
amine a simulation that does include radio-mode feedback
but lacks galactic winds (thin solid curves with circles). We
find the surprising result that the direction of the redshift
evolution is reversed at the high-mass end, such that at low
redshift the ‘baryon conversion e�ciency’ is lower than at
high redshift. This can be interpreted as a result of the late
operation of the radio-mode feedback, which kicks in only
when the accretion rates drop. Compared to this simula-
tion, the galactic winds that are included in the full fidu-
cial model eject gas at high redshift that is later recycled at
lower redshift, thereby canceling out the reverse dependence
on redshift that is caused by the radio-mode feedback (Op-
penheimer et al. 2010). Thus, we find that it is only a com-
bination of galactic winds and radio-mode AGN feedback
conspiring together that results in a non-evolving ‘baryon
conversion e�ciency’ at high masses.

4.2 Stellar components in the most massive halos

The exact definition of what constitutes the stellar mass
of a simulated galaxy becomes relevant to the comparison
with observations at low redshift, where the observational

c� 0000 RAS, MNRAS 000, 000–000
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Figure 6. Left panel: The fraction of baryons that turned into stars as a function of halo mass, or the ‘baryon conversion e�ciency’,
for central galaxies at redshifts 0 6 z 6 4. Two curves are shown for each redshift, corresponding to the two types of curves in Fig. 3:
for the full stellar mass inside R200c excluding satellites (solid curves), and for the stellar mass within the fiducial galactic radius r?,
again excluding satellites (dashed curves). The halo masses we use are the halo masses of individually-matched halos from Illustris-Dark,
in order to make a fair comparison to abundance matching results, which use DM-only simulations for the halo mass (Sawala et al.
2013, Rodriguez-Gomez et al. in prep.). Right panel: The same quantity is shown for several simulations that use a factor of 8 lower
mass resolution: the Illustris volume simulated with 2⇥ 9103 resolution elements instead of 2⇥ 18203 (thick solid curves), the 35.5Mpc
box from Vogelsberger et al. (2013) with the same physical modeling as Illustris except the lack of radio-mode AGN feedback (dashed
curves), and the same 35.5Mpc box with the full physical modeling except the lack of galactic winds (solid thin curves with circles).

uncertainties are smaller. In Fig. 3 we show the stellar mass
functions for two such definitions. The solid curves are based
on the full stellar mass associated with the SUBFIND halo of
each galaxy, which for central galaxies includes all the bound
mass out to roughly the virial radius of their host halo, ex-
cluding satellite galaxies. The dashed curves are based on
an assignment of the stellar mass for each galaxy as the
stellar mass that is enclosed within twice the stellar half-
mass radius of its SUBFIND halo, which is the radius that
we use as a fiducial ‘galactic radius’ and denote r?. Indeed,
neither of these definitions corresponds exactly to observa-
tional criteria, but they may reasonably capture the typical
variation that is expected due to various radial cuts (for a
recent detailed discussion of the ‘edge’ of simulated galaxies,
see Stevens et al. 2014). In fact, the ‘edge’ of observed galax-
ies is not well-defined either, and in particular for massive
galaxies the radius out to which the mass is integrated can
strongly a↵ect the measured stellar mass (Bernardi et al.
2013). We find that for low-mass galaxies, there is negligi-
ble di↵erence between the mass functions derived with these
two definitions, while for massive galaxies, the resulting mass
function can be shifted by up to ⇡ 0.2 dex in the horizontal
direction, a di↵erence that is sub-dominant compared with
observational uncertainties except at z = 0. The local Uni-
verse, z = 0, is also the only epoch for which a significant
investigation of this kind has been performed observation-

ally. This is demonstrated by the large di↵erences between
the various z = 0 observational points (black symbols), and
in particular in the di↵erence between the Bernardi et al.
(2013) results (black circles) and the other z = 0 data points.
Bernardi et al. (2013) have performed a careful analysis in
which they improved on SDSS background subtraction for
massive galaxies, and also integrated the stellar profiles out
to larger radii. This resulted in estimates for the total stel-
lar mass associated with massive galaxies that revised earlier
estimates significantly upwards. The Illustris z = 0 stellar
mass function for the ‘full’ masses results is in better agree-
ment with the Bernardi et al. (2013) mass function with re-
spect to a comparison between the mass function based on
our ‘fiducial’ masses inside r? and the earlier estimates. This
may be expected, as the latter are not necessarily integrated
out to the same radii between Illustris and observations.

In Fig. 6(a) we show the relation between stellar mass
and halo mass for both mass definitions as in Fig. 3. How-
ever, a direct comparison to observations that do not con-
sider the full stellar mass will require a significantly more de-
tailed and careful approach in the analysis of simulations to
match the procedures used by observers, given the systemat-
ics involved with di↵erent definitions for the ‘edge’ of galax-
ies. To circumvent such complications, we show in Fig. 7
(green) the baryon conversion e�ciency at z = 0 using the
‘full’ stellar masses of the central component (i.e. excluding

c� 0000 RAS, MNRAS 000, 000–000

stellar MF ratio baryon conversion efficiency

~10% for z>2

Sims under predict z>2

(Genel+2014)
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Fig. 1.— Left: Rest-frame UVJ diagram of galaxies with log10M/M⊙ ≥ 10.6 at 3.4 ≤ z < 4.2. The red solid line separates quiescent
galaxies (top-left region) from star-forming galaxies. Galaxies with≥3 sigma far-IR detections are indicated with gray filled symbols and tend
to be found amongst dusty star-forming galaxies. 19 objects are classified as quiescent, with 15/19 far-IR undetected. Right: 24µm, 100µm
and 160µm stacks (48′′ × 48′′) of undetected quiescent galaxies. Stacking yields no detection: S24µm < 0.002mJy, S100µm < 0.090mJy
and S160µm < 0.140mJy (1σ).

total mag (5σ) in J1, J2, J3 and ∼ 25 mag in Hs, Hl and
Ks). We combine the ZFOURGE data with public data,
including HUGS (PI:Fontana) HAWK-I and CANDELS
(Grogin et al. 2011; Koekemoer et al. 2011) HST/WFC3
imaging, over a wavelength range of 0.3-8 µm. Full pho-
tometric Ks−band selected catalogs will be presented in
Straatman et al. (in preparation).
We use Spitzer/MIPS 24µm data from GOODS-South

(PI: Dickinson), COSMOS (PI: Scoville) and SPUDS
(PI: Dunlop) and ultradeep Herschel/PACS 100µm
and 160µm imaging from the GOODS-Herschel (El-
baz et al. 2011) and the CANDELS-Herschel program
(PI:Dickinson), to independently place constraints on the
on-going SFR. The ultradeep PACS 160µm imaging cur-
rently provides the best sensitivity for far-IR light from
star-formation at high redshift, trading off k-correction
and source confusion due to increasing beam size (Elbaz
et al. 2011), while 24µm data are more sensitive to the
presence of hot dust associated with AGN activity.
Photometric redshifts and rest-frame colors were de-

rived with EAZY (Brammer et al. 2008) and stel-
lar population properties by fitting Bruzual & Charlot
(2003) models with FAST (Kriek et al. 2009), assum-
ing a Chabrier (2003) initial mass function (IMF), expo-
nentially declining star-formation histories (SFHs) with
timescale τ and solar metallicity.

3. SELECTION OF QUIESCENT GALAXIES AT Z ∼ 4.

We use a two-color criterion (rest-frame U − V versus
V − J ; Figure 1) to separate quiescent galaxies, which
are red in U − V , but blue in V − J , from star-forming
galaxies, which tend to be blue or red in both U −V and
V − J colours (e.g., Labbé et al. 2005; Williams et al.
2009). This technique has been shown to isolate the red
sequence of galaxies at z < 3 (e.g., Whitaker et al. 2011)
and was spectroscopically confirmed to identify quiescent

galaxies at z ∼ 2 (e.g. Whitaker et al. 2013).
We focus on the redshift range 3.4 ≤ z < 4.2, where the

medium-bandwidth filters straddle the Balmer/4000Å
break. At z > 3.4 the break enters the Hl filter (1.7µm),
while at z < 4.2 the Ks−band (2.2µm) still probes light
redward of the break. We limit the sample to a signal-
to-noise of >7 in Ks and stellar masses of log10M/M⊙ ≥
10.6, where we are complete for passively evolving stel-
lar populations formed at z < 10. This yields 44 galaxies
with high quality photometry, of which 15 fall in the UVJ
quiescent region and are undetected in the FIR, a signif-
icant fraction: 34 ± 9% (15/44). A summary of their
properties is presented in Table 1. The photometric red-
shifts of the sample range from z = 3.46 to z = 4.05
with a mean of z = 3.7 and low uncertainties, with on
average dz/(1 + z) ≈ 0.036, leading to well constrained
rest-frame colors.

4. PROPERTIES OF QUIESCENT GALAXIES AT Z ∼ 4

4.1. Spectral energy distributions

We show representative SEDs of seven galaxies in Fig-
ure 2. The bottom-middle panel of Figure 2 shows the
median SED, constructed by de-redshifting the photome-
try of 15 (far-IR undetected) quiescent galaxies and nor-
malising them to the flux density at 4500Å.
The observed SEDs are exceedingly faint in the optical

(I ∼ 27 magnitude) and extremely red throughout the
near-IR (median I−Ks ∼ 3.5). The SEDs are character-
ized by a sharp break, betweenHl andKs, peaking inKs,
with a blue spectral slope in the mid-IR Spitzer/IRAC
bands. The break is reminiscent of the strong break
found in quiescent galaxies at lower redshift, where it is
caused by combination of the Balmer and 4000Å absorp-
tion features, indicative of a combination of relatively old
stellar populations and suppressed star formation. Ad-

‘rest-frame UVJ classification’  
z>3.5 massive galaxies

Straatman et al. (2014)

14 galaxies

30 kpc

Colour Filters 1.5, 1.7, 2.1 µm

Re<1 kpc
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pronounced Balmer/4000Å breaks, similar to the old post-starburst model.
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The solid curve is the median of the best-fit template SEDs. Dashed lines mark the interquartile range. Bottom-right: Four model SEDs
with constant star-formation or a single stellar population (SSP) and ages from 200Myr to 1Gyr. The observed SEDs are characterized by
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Declining quiescent galaxy abundance
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Fig. 3.— Left: Number density of quiescent galaxies in ZFOURGE. Middle: Stellar mass density. Right: Quiescent fraction. Errors
are a combination of the Poisson uncertainty and cosmic variance. Horizontal errorbars indicate the width of the redshift bins. The red
symbols denote the 15 UVJ selected and far-IR undetected galaxies. We compare with Bell et al. (2003) at z = 0.1, Brammer et al. (2011)
to z ! 2 and Muzzin et al. (2013b) at 0 < z < 4. The overall trend is a decrease in number density towards z ∼ 4, consistent with the
earlier NMBS and UltraVISTA results. However, the larger depth and sampling of ZFOURGE allows for much better constraints on the
evolution at 2 < z < 4. Surprisingly, at z = 3.7, 34 ± 9% of the galaxies with log10M/M⊙ ≥ 10.6 could be quiescent, suggesting that the
decline of the quiescent fraction could flatten at z " 2− 3.

5. IMPLICATIONS

From hereon we adopt as operational definition of “qui-
escent”: galaxies that satisfy the UVJ criterium and are
not detected in the far-IR (e.g. Bell et al. 2012). We note
however, that the current data do not allow to deter-
mine conclusively whether the galaxies have completely
stopped forming stars as the sample is too faint for spec-
trographs on large telescopes.

5.1. Number densities

From the 14 quiescent galaxies we estimate the volume
and stellar mass density, finding 1.8± 0.9× 10−5Mpc−3

and 1.2± 0.6× 106M⊙Mpc−3, respectively. Uncertain-
ties are the quadratic sum of the Poission uncertainty
and variations due to large scale structure (Moster et al.
2011). The volume density in the 11′ × 11′ area in
the ZFOURGE−UDS field is ∼ 3× higher than in the
ZFOURGE−COSMOS field, underscoring the need for
probing mulitple pointings to faint limits.
For comparison with other surveys, we integrated the

mass function at 3 < z < 4 for quiescent galax-
ies of Muzzin et al. (2013b), based on the COS-
MOS/UltraVISTA survey (Muzzin et al. 2013a) and a
similar UVJ classification, to log10M/M⊙ ≥ 10.6. Ultra-
VISTA produces a number density of 2.7× 10−6Mpc−3

and a mass density of 3.1× 105M⊙Mpc−3. These are
factors of ∼ 7 and ∼ 4, lower (albeit at only ∼ 1.6σ sig-
nificance). This is likely a completeness effect, as UltraV-
ISTA is only complete to M " 1011M⊙. Indeed, Muzzin
et al. (2013b) select galaxies with Ks,tot,AB < 23.4, while
50% of the galaxies here have Ks,tot,AB > 23.4.
The number and stellar mass densities of quiescent

galaxies at 0.6 ≤ z < 4.2 are shown in Figure 3. These
were obtained from the full ZFOURGE catalogs (Straat-
man et al., in prep), using the same selection criteria as
described in section 3. The number density decreases
rapidly towards z ∼ 4 (∼ 10× lower than at z = 2 and
∼ 80× than at z = 0.1), suggesting that a small fraction
(10 − 15%) of z ∼ 2 quiescent galaxies was already in
place at z ∼ 4. The last panel of Figure 3 shows the
fraction of quiescent galaxies with log10M/M⊙ ≥ 10.6.

This strongly declines with redshift between 0.6 < z < 3.
Therefore, we would expect a quiescent fraction close to
zero at z ∼ 4, but we find a surprisingly high fraction of
34±9%. This is similar to the value at z ∼ 2.2 (30±8%),
suggesting a flat quiescent fraction at 2 < z < 4.

5.2. Star-forming progenitors

Given average stellar ages of 0.8Gyr and masses of 0.8×
1011M⊙, the galaxies likely started forming their stars
much earlier than z = 5, with SFRs well in excess of
100M⊙/yr. This raises the question what are the likely
progenitors. In recent years, UV-luminous galaxies have
been found in large numbers to z ∼ 10 (e.g. Bouwens
et al. 2013; Ellis et al. 2013). These are actively star-
forming, although even the most luminous galaxies found
so far at z > 4 have relatively modest UV-derived SFRs
(< 100M⊙/yr) (Smit et al. 2012).
The expected number density at z > 4 of the progen-

itors depends on the assumed star-formation timescale
(gray shaded area in Figure 4). If the progenitors were
visible at all times (i.e. a formation timescale of ∼1 Gyr
and number density of 1.8± 0.9× 10−5Mpc−3), then we
can use the SFR functions at z = 4−7 (Smit et al. 2012)
to select progenitors with sufficiently high SFRs on fixed
cumulative number density (van Dokkum et al. 2010).
As shown in Figure 4, this number density falls ∼ 1.2

dex short. If we assume shorter formation timescales
(e.g. a few 100 Myr), the progenitors require much
higher SFRs and are predicted to be found in smaller
numbers. Comparing to UV-luminosity functions from
wide-field surveys, using the redshift window as the for-
mation timescale, the number densities are > 1.5 dex
too low, reflecting that sufficiently luminous UV-bright
galaxies are extremely rare.
Alternatively, the main star-formation episode is ob-

scured by dust. There exists a population of high-redshift
sub−mm detected galaxies, that include highly obscured
gas-rich mergers (e.g. Younger et al. 2007), with large
SFRs (" 1000M⊙/yr), that could be progenitors of z ∼ 4
quiescent galaxies. Based on the 870µm source counts of
Karim et al. (2013), and tentatively assuming that 10%
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Fig. 3.— Left: Number density of quiescent galaxies in ZFOURGE. Middle: Stellar mass density. Right: Quiescent fraction. Errors
are a combination of the Poisson uncertainty and cosmic variance. Horizontal errorbars indicate the width of the redshift bins. The red
symbols denote the 15 UVJ selected and far-IR undetected galaxies. We compare with Bell et al. (2003) at z = 0.1, Brammer et al. (2011)
to z ! 2 and Muzzin et al. (2013b) at 0 < z < 4. The overall trend is a decrease in number density towards z ∼ 4, consistent with the
earlier NMBS and UltraVISTA results. However, the larger depth and sampling of ZFOURGE allows for much better constraints on the
evolution at 2 < z < 4. Surprisingly, at z = 3.7, 34 ± 9% of the galaxies with log10M/M⊙ ≥ 10.6 could be quiescent, suggesting that the
decline of the quiescent fraction could flatten at z " 2− 3.

5. IMPLICATIONS

From hereon we adopt as operational definition of “qui-
escent”: galaxies that satisfy the UVJ criterium and are
not detected in the far-IR (e.g. Bell et al. 2012). We note
however, that the current data do not allow to deter-
mine conclusively whether the galaxies have completely
stopped forming stars as the sample is too faint for spec-
trographs on large telescopes.

5.1. Number densities

From the 14 quiescent galaxies we estimate the volume
and stellar mass density, finding 1.8± 0.9× 10−5Mpc−3

and 1.2± 0.6× 106M⊙Mpc−3, respectively. Uncertain-
ties are the quadratic sum of the Poission uncertainty
and variations due to large scale structure (Moster et al.
2011). The volume density in the 11′ × 11′ area in
the ZFOURGE−UDS field is ∼ 3× higher than in the
ZFOURGE−COSMOS field, underscoring the need for
probing mulitple pointings to faint limits.
For comparison with other surveys, we integrated the

mass function at 3 < z < 4 for quiescent galax-
ies of Muzzin et al. (2013b), based on the COS-
MOS/UltraVISTA survey (Muzzin et al. 2013a) and a
similar UVJ classification, to log10M/M⊙ ≥ 10.6. Ultra-
VISTA produces a number density of 2.7× 10−6Mpc−3

and a mass density of 3.1× 105M⊙Mpc−3. These are
factors of ∼ 7 and ∼ 4, lower (albeit at only ∼ 1.6σ sig-
nificance). This is likely a completeness effect, as UltraV-
ISTA is only complete to M " 1011M⊙. Indeed, Muzzin
et al. (2013b) select galaxies with Ks,tot,AB < 23.4, while
50% of the galaxies here have Ks,tot,AB > 23.4.
The number and stellar mass densities of quiescent

galaxies at 0.6 ≤ z < 4.2 are shown in Figure 3. These
were obtained from the full ZFOURGE catalogs (Straat-
man et al., in prep), using the same selection criteria as
described in section 3. The number density decreases
rapidly towards z ∼ 4 (∼ 10× lower than at z = 2 and
∼ 80× than at z = 0.1), suggesting that a small fraction
(10 − 15%) of z ∼ 2 quiescent galaxies was already in
place at z ∼ 4. The last panel of Figure 3 shows the
fraction of quiescent galaxies with log10M/M⊙ ≥ 10.6.

This strongly declines with redshift between 0.6 < z < 3.
Therefore, we would expect a quiescent fraction close to
zero at z ∼ 4, but we find a surprisingly high fraction of
34±9%. This is similar to the value at z ∼ 2.2 (30±8%),
suggesting a flat quiescent fraction at 2 < z < 4.

5.2. Star-forming progenitors

Given average stellar ages of 0.8Gyr and masses of 0.8×
1011M⊙, the galaxies likely started forming their stars
much earlier than z = 5, with SFRs well in excess of
100M⊙/yr. This raises the question what are the likely
progenitors. In recent years, UV-luminous galaxies have
been found in large numbers to z ∼ 10 (e.g. Bouwens
et al. 2013; Ellis et al. 2013). These are actively star-
forming, although even the most luminous galaxies found
so far at z > 4 have relatively modest UV-derived SFRs
(< 100M⊙/yr) (Smit et al. 2012).
The expected number density at z > 4 of the progen-

itors depends on the assumed star-formation timescale
(gray shaded area in Figure 4). If the progenitors were
visible at all times (i.e. a formation timescale of ∼1 Gyr
and number density of 1.8± 0.9× 10−5Mpc−3), then we
can use the SFR functions at z = 4−7 (Smit et al. 2012)
to select progenitors with sufficiently high SFRs on fixed
cumulative number density (van Dokkum et al. 2010).
As shown in Figure 4, this number density falls ∼ 1.2

dex short. If we assume shorter formation timescales
(e.g. a few 100 Myr), the progenitors require much
higher SFRs and are predicted to be found in smaller
numbers. Comparing to UV-luminosity functions from
wide-field surveys, using the redshift window as the for-
mation timescale, the number densities are > 1.5 dex
too low, reflecting that sufficiently luminous UV-bright
galaxies are extremely rare.
Alternatively, the main star-formation episode is ob-

scured by dust. There exists a population of high-redshift
sub−mm detected galaxies, that include highly obscured
gas-rich mergers (e.g. Younger et al. 2007), with large
SFRs (" 1000M⊙/yr), that could be progenitors of z ∼ 4
quiescent galaxies. Based on the 870µm source counts of
Karim et al. (2013), and tentatively assuming that 10%
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Figure 1. Top left panel: threshold stellar masses for a cumulative number density of F = 10�6 Mpc�3. If a survey found that galaxies with stellar masses
larger than the black line had a cumulative number density higher than 10�6 Mpc�3, it would rule out LCDM. Similarly, if galaxies with stellar masses above
the red line were observed to have a cumulative number density above 10�6 Mpc�3, it would likely require rethinking the physics of stellar feedback in
galaxies. Top right panel: same, for a cumulative number density threshold of F = 10�8 Mpc�3. Bottom left panel: same, for the entire observable Universe
(i.e., all sky survey with Dz = ±0.5). Bottom right panel: Cumulative number density thresholds as a function of stellar mass and redshift; observed galaxy
cumulative number densities exceeding these thresholds would require unusual baryonic physics to explain.

the highest possible host galaxy mass (via M? < 0.3 fbMh). Hence,
given the number density of black holes of a given mass, we can de-
rive a lower limit for their M•/M? ratios without requiring difficult
observations of the host galaxy.

Throughout, we assume a flat, LCDM cosmology with WM =
0.309, Wb = 0.0486, s8 = 0.816, h = 0.678, ns = 0.967, corre-
sponding to the best-fit Planck cosmology (Planck Collaboration
et al. 2015). For halo masses, we use the virial overdensity defini-
tion of Bryan & Norman (1998).

2 METHODOLOGY

We adopt cumulative halo mass functions (Fh) from Behroozi et al.
(2013) and define two maximum cumulative galaxy mass functions,
both functions of redshift:

F?,LCDM(M?,z) ⌘ Fh(M?/ fb,z) (1)
F?,feedback(M?,z) ⌘ Fh(M?/(0.3 fb),z) (2)

If the observed cumulative number density of galaxies (F?,obs)
exceeds F?,LCDM, it rules out our adopted LCDM model (pro-
vided that the observations are correct). Likewise, if F?,obs exceeds
F?,feedback, it could imply either that our understanding of stellar
feedback is incorrect or that our adopted LCDM model is incor-
rect. As our understanding of stellar feedback is much less certain,

we assume that F?,obs exceeding F?,feedback but not F?,LCDM most
likely implies a deficit in our knowledge of stellar feedback.

Similarly, we define two cumulative supermassive black hole
(SMBH) mass functions:

F•,max(M•,z) ⌘ Fh(M•/(0.02 ·0.3 fb),z) (3)
F•,median(M•,z) ⌘ Fh(M•/(0.005 ·0.3 fb),z) (4)

If F•,obs exceeds F•,max, the observed black holes must have
M•/M? ratios of >2% (assuming that galaxies do not exhibit new
physics), potentially implying that unusual accretion physics grows
the SMBH quickly relative to its host galaxy (Volonteri et al. 2015)
or that massive seeds had high initial M•/M? ratios (Bromm &
Loeb 2003; Banik et al. 2016). If F•,obs exceeds F•,median, then
the SMBHs have M•/M? ratios above the z = 0 median relation.
Our choice of the highest z = 0 median relation makes the latter
statement as conservative as possible—i.e., if M•/M? is higher than
Kormendy & Ho (2013), then it will also be higher than all other
determinations (e.g., Häring & Rix 2004; McConnell & Ma 2013).

3 RESULTS

Similar to CANDELS (Koekemoer et al. 2011; Grogin et al. 2011)
with Hubble, a future JWST survey may probe galaxy cumula-
tive number densities down to nJ ⇠ 10�6 Mpc�3. WFIRST has
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Figure 1. Top left panel: threshold stellar masses for a cumulative number density of F = 10�6 Mpc�3. If a survey found that galaxies with stellar masses
larger than the black line had a cumulative number density higher than 10�6 Mpc�3, it would rule out LCDM. Similarly, if galaxies with stellar masses above
the red line were observed to have a cumulative number density above 10�6 Mpc�3, it would likely require rethinking the physics of stellar feedback in
galaxies. Top right panel: same, for a cumulative number density threshold of F = 10�8 Mpc�3. Bottom left panel: same, for the entire observable Universe
(i.e., all sky survey with Dz = ±0.5). Bottom right panel: Cumulative number density thresholds as a function of stellar mass and redshift; observed galaxy
cumulative number densities exceeding these thresholds would require unusual baryonic physics to explain.

the highest possible host galaxy mass (via M? < 0.3 fbMh). Hence,
given the number density of black holes of a given mass, we can de-
rive a lower limit for their M•/M? ratios without requiring difficult
observations of the host galaxy.

Throughout, we assume a flat, LCDM cosmology with WM =
0.309, Wb = 0.0486, s8 = 0.816, h = 0.678, ns = 0.967, corre-
sponding to the best-fit Planck cosmology (Planck Collaboration
et al. 2015). For halo masses, we use the virial overdensity defini-
tion of Bryan & Norman (1998).

2 METHODOLOGY

We adopt cumulative halo mass functions (Fh) from Behroozi et al.
(2013) and define two maximum cumulative galaxy mass functions,
both functions of redshift:

F?,LCDM(M?,z) ⌘ Fh(M?/ fb,z) (1)
F?,feedback(M?,z) ⌘ Fh(M?/(0.3 fb),z) (2)

If the observed cumulative number density of galaxies (F?,obs)
exceeds F?,LCDM, it rules out our adopted LCDM model (pro-
vided that the observations are correct). Likewise, if F?,obs exceeds
F?,feedback, it could imply either that our understanding of stellar
feedback is incorrect or that our adopted LCDM model is incor-
rect. As our understanding of stellar feedback is much less certain,

we assume that F?,obs exceeding F?,feedback but not F?,LCDM most
likely implies a deficit in our knowledge of stellar feedback.

Similarly, we define two cumulative supermassive black hole
(SMBH) mass functions:

F•,max(M•,z) ⌘ Fh(M•/(0.02 ·0.3 fb),z) (3)
F•,median(M•,z) ⌘ Fh(M•/(0.005 ·0.3 fb),z) (4)

If F•,obs exceeds F•,max, the observed black holes must have
M•/M? ratios of >2% (assuming that galaxies do not exhibit new
physics), potentially implying that unusual accretion physics grows
the SMBH quickly relative to its host galaxy (Volonteri et al. 2015)
or that massive seeds had high initial M•/M? ratios (Bromm &
Loeb 2003; Banik et al. 2016). If F•,obs exceeds F•,median, then
the SMBHs have M•/M? ratios above the z = 0 median relation.
Our choice of the highest z = 0 median relation makes the latter
statement as conservative as possible—i.e., if M•/M? is higher than
Kormendy & Ho (2013), then it will also be higher than all other
determinations (e.g., Häring & Rix 2004; McConnell & Ma 2013).

3 RESULTS

Similar to CANDELS (Koekemoer et al. 2011; Grogin et al. 2011)
with Hubble, a future JWST survey may probe galaxy cumula-
tive number densities down to nJ ⇠ 10�6 Mpc�3. WFIRST has
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UV selected z>4 galaxies 
show the same trends
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z>4 UV-selected LBGs:  
M(1500) < –21

log Mh = 11.9
log Ms = 9.9

log Mh = 11.4
log Ms = 9.8

Finkelstein et al. (2015)

Harikane+2016

where � = -log 1.85, =Mlog 11.501 , a = -1.39, d = 3.76,
and g = 0.33 at ~z 0 (P. Behroozi 2015, private commu-
nication). We fit this parameterized SHMR function to our
SHMR–Mh data of the z ∼ 4–7 LBGs.

Removing the dependent results of our mUV,th subsamples
whose bright LBGs are repeatedly included in the subsamples,
except for the HSC and some HUDF data, we only use the
independent SHMR data in our fitting.

We use the subsamples of <m 27.6 magUV
aper and

<m 29.8 magUV
aper ( <m 25.0 magUV

aper , <m 28.0 magUV
aper , and

<m 29.2 magUV
aper ) for ~z 4 ( ~z 5). Similarly, the

<m 28.4UV
aper subsamples are fitted for ~z 6, 7.
Because our ~z 5 SHMR estimates are obtained in the wide

halo mass range, which allows us to investigate the SHMR and
Mh evolution simultaneously, we perform fitting to the ~z 5
SHMR estimates with the SHMR function varying Mpivot and
SHMRpivot. The best-fit function and the error contours are
presented in the left and right panels of Figure 10, respectively.
We compare these results with those at ~z 0 obtained by
Behroozi et al. (2013a). The left panel of Figure 10 indicates
that the SHMRs of ~z 0 and 5 are similar at :~M M10h

11 ,
but different at :~M M10h

12 . The massive end of our data
makes a difference in the fitting result shown in the right panel
of Figure 10.

Although the mass ranges of our SHMR data are limited, the
SHMR results of ~z 4 and 7 show large differences from
those of ~z 0 at :~M M10h

11 . We quantify the differences
by two extreme scenarios of Mpivot-fixed and SHMRpivot-fixed
cases that bracket the realistic scenario including both Mpivot
and SHMRpivot evolutions. Adopting the best-fit Mpivot or
SHMRpivot value at ~z 5, we carry out the SHMR function
fitting in these two cases. The left panel of Figure 10 presents
the best-fit SHMR functions for Mpivot-fixed and
SHMRpivot-fixed cases with the solid and dashed lines,
respectively. These two cases show very similar best-fit SHMR
functions in the left panel of Figure 10, because the Mh ranges
for the fitting are narrow and limited to :~M M10h

11 .
Moreover, the notable differences between ~z 0, 4, and 7
curves are identified, suggesting the evolution of SHMR and/
or Mh from ~z 0 to ~z 4 (z∼0–4) and from ~z 4 to ~z 7
(z ∼ 4–7). In the Mpivot-fixed (SHMRpivot-fixed) case, the
differences of z ∼ 0–4 and z ∼ 4–7 are found at the s5.6 and

s3.1 ( s3.3 and s2.5 ) levels, respectively. In the calculations of
these significance levels, we use the statistical error presented
in Behroozi et al. (2010) as the error of the ~z 0 SHMR,
because Behroozi et al. (2013a) do not provide the statistical
errors. Behroozi et al. (2010) use a similar data set to that of
Behroozi et al. (2013a). We also investigate the *M ,pivot-fixed
case with varying Mpivot, where *M ,pivot is the pivot stellar
mass, not the pivot halo mass of Mpivot. We find that the
differences at the redshift ranges of z∼0–4 and z ∼ 4–7 are

s4.8 and s2.7 significance levels, respectively. In addition, we
adopt the best-fit Mpivot or SHMRpivot value of ~z 0, instead of
~z 5, and confirm that the arguments above are unchanged. In

any cases of these scenarios, we find the SHMR evolutions at
the redshift ranges of z ∼ 0–4 and z ∼ 4–7 at the >99% and
>98% confidence levels, respectively. These SHMR evolu-
tionary trends at z ∼ 0–4 and z ∼ 4–7 are identified, for the first
time, based on the clustering analyses.
We examine whether these results are produced by

systematic biases in our HOD model fitting, where we fixed
some parameters and the analytic relations. First, we have
assumed the fixed parameter of s = 0.2Mlog over z = 4–7 in
Section 5, although it is known that s Mlog could vary with the
redshift and the halo mass. According to the formulation of
Behroozi et al. (2013a), s Mlog values of ~z 4 and 7 galaxies of

:~M M10h
11 are 0.3 and 0.5, respectively. Adopting

s = 0.3Mlog for our ~z 4 LBGs, we find negligible differences
from the original s = 0.2Mlog results in the SHMR evolution
from ~z 0 to 4. We also estimate SHMR and Mh values with
s = 0.5Mlog for our ~z 7 LBGs. Although the estimated Mh
values are larger than those of the original s = 0.2Mlog results
by a factor of 1.5, the SHMR evolution from ~z 4 to 7 is still
found at the s~2 significance level. Second, we have adopted
the analytic relations of Equations (54) and (55) to derive M0
and ¢M1 in Section 5. Here we fit our ACFs with varyingM0 and
¢M1 as free parameters in the ranges of < ¢ <M9 log 141 and
< <M8 log 140 , respectively, to evaluate the impacts of the

M0 and ¢M1 values on our results. For all subsamples that we use
in the SHMR evolution discussion, we find that the new Mmin
values from these fitting analyses agree with our best-estimate
values (Table 6) within the uncertainties. For example, the
subsample of z ∼ 4 <m 27.6 magUV gives the new Mmin value
of = -

+Mlog 11.4min 0.1
0.1, which is consistent with our best-

Figure 10. SHMR evolution. The left panel shows the results of our SHMR function fittings. The green curve represents the best-fit SHMR function at ~z 5. We fit
SHMR functions to our ~z 5 SHMR–Mh data (green circles) by parametrizing the ~z 0 SHMR function of Behroozi et al. (2013a) with a pivot mass, M ,pivot and an
SHMR amplitude at the pivot mass, SHMR .pivot The blue, orange, and red solid (dashed) curves describe the best-fit SHMR functions of ~z 4, 6, and 7, respectively,
in the Mpivot-fixed (SHMRpivot-fixed) case. These curves are shown only in the range where measurements are available. The details of the fitting are presented in
Section 6.2. In the right panel, the green contours represent the 1.0σ, 1.5σ, and s2.0 confidence levels of Mpivot and SHMRpivot at ~z 5. The green cross in the
contours corresponds to the best-fit values at ~z 5. The gray cross shows the values of Mpivot and SHMRpivot at ~z 0 (Behroozi et al. 2013a).
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z~5

evolution at z ∼ 0–4 suggests that the early galaxies at z ∼ 4–7
have gas outflow conditions clearly different from those of
mature galaxies at ~z 0.

We compare our SHMRs with results of the theoretical
studies and investigate whether the theoretical models explain
the SHMR evolution at z ∼ 0–7. In Figure 12, we plot the
SHMRs at :=M M10h

11 predicted by the hydrodynamic
simulation (Thompson et al. 2014) and the semianalytic model
(Somerville et al. 2015). These theoretical studies predict
evolutionary trends of the SHMR decrease from ~z 0 to 4 that
are similar to our observational results. On the other hand, the
theoretical studies cannot reproduce the SHMR increase from
~z 4 to 7 found in our observational study. This discrepancy

may pose a challenge in the current theoretical study of galaxy
formation.

7.2. Baryon Conversion Efficiency (BCE)

In Section 6.2, we find that SHMR and Mh at z ∼ 0–7 have
positive correlations in the mass range around :~M M10h

11

(Figure 9). To understand more details of these positive
correlations, we calculate the BCE of the ~z 4 subsamples
that have high statistical accuracies. BCE is the ratio of the SFR
to the baryon accretion rate, Ṁb:

˙ ( )=
M

BCE
SFR

. 64
b

Because most of the accreting baryons have a form of gas (e.g.,
Scoville et al. 2015), we adopt ˙ ˙�M Mg b. Thus, Equation (64)
can be written as ˙� MBCE SFR g, indicating that BCE is the
conversion rate from gas to stars.

We define the cosmic baryon fraction as ºfb
W W = 0.15b m . The baryon accretion rate is computed with
fb by

˙ ˙ ( )= ´M f M , 65b b h

where Ṁh is the median halo mass accretion rate, which is a
function of halo mass and redshift. We estimate Ṁh with the
analytic formula obtained from the N-body simulation results
(Behroozi et al. 2013a). The SFRs are derived from the
threshold total absolute magnitude in the rest-frame UV band,
MUV,th. We correct for the dust extinction with two empirical
relations. One is the attenuation–UV slope ( )bUV relation

(Meurer et al. 1999), and the other is the b -MUV UV relation
(Bouwens et al. 2014).
Figure 13 presents BCEs of our ~z 4 subsamples as a

function of the dark matter halo mass. The errors of these BCE
estimates do not include the halo mass accretion rate scatters,
but the halo mass estimates. Although moderately large
uncertainties exist in the results of our ~z 4 subsamples in
Figure 13, there is a signature of positive correlation between
BCE and Mh. We compare BCE estimates of Behroozi et al.
(2013a) in Figure 13 and confirm that our results including the
positive correlation signature are consistent with those of
Behroozi et al. (2013a). This consistency would indicate that
the abundance matching technique provides results similar to
our clustering analysis (see Section 7.3).
This positive correlation signature indicates the low conver-

sion efficiency from gas to stars in low-mass halos, suggesting
inefficient star formation in low-mass halos. The inefficient star
formation probably originates from the mass dependence of
feedback and/or gas cooling. In low-mass halos, star formation
activities associated with SNe, stellar wind, and radiation
produce outflowing gas that suppresses next-generation star
formation as the feedback process. Moreover, in low-mass
halos, the gas cooling is slow (Silk & Wyse 1993). The
combination of these effects would make the positive
correlation between BCE and Mh.

Figure 11. SHMR as a function of circular velocity. The blue, green, orange,
and red circles represent the SHMRs of our subsamples at ~z 4, 5, 6, and 7,
respectively. The gray solid curve is the SHMR of Behroozi et al. (2013a)
at ~z 0.

Figure 12. SHMRs predicted by theoretical studies. The red and cyan lines are
SHMRs at :=M M10h

11 predicted by Thompson et al. (2014) and Somerville
et al. (2015), respectively. The black filled and open circles are the SHMRs at

:=M M10h
11 obtained in this study and in Behroozi et al. (2013a),

respectively. To compare the trend with the obtained SHMR evolution, the
amplitudes of the red and cyan lines are normalized to the ~z 0 SHMR.

Figure 13. BCE as a function of dark matter halo mass. The blue circles
represent the BCEs of our subsample at ~z 4. The open blue circles at

=M 10h
11 and :M1012 describe the BCEs of Behroozi et al. (2013a) at ~z 4.

BCEs at ~z 3 (Bian et al. 2013) are shown with purple circles.
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Number of z>4 UV galaxies stays high
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z~4 QGs: A challenge to models?
368 S. Wellons et al.

Figure 6. Stellar mass against stellar half-mass radius (top) and SFR (bottom) of the entire galaxy population in the simulation at four different redshifts, with
the compact galaxies and their progenitors picked out in coloured symbols. Orange points indicate non-compact galaxies which reach the same range of stellar
mass at z = 2. Two lines in each panel follow the formation of the two galaxies from Fig. 5, with the colour of the line at a given point indicating the redshift
when the galaxy reached that location. Each compact galaxy (or its progenitor) is represented by a symbol whose colour represents its dominant formation
mechanism. The variety in formation channels is evident here – some galaxies form their stars at high redshift and subsequently fall off the star formation main
sequence (red symbols), and others lag behind, catching up quickly during a burst of star formation (blue symbols). (The different shades within red and blue
are not significant other than to differentiate the galaxies.)

Figure 7. Tracks across the M–R diagram for each of the 14 galaxies, separated into those which formed early (right-hand panel), and those which experienced
a starburst before (middle panel) or after (left-hand panel) z = 3. Symbol colour indicates the redshift when the galaxy reached that point, and the symbol size
indicates its SFR at that time. In the left-hand and middle panels, all the galaxies experience a drop in radius coincident with a high SFR, indicating a compact
starburst. In the right-hand panel, each galaxy had high SFR at high redshift, reaching its ∼1011-M⊙ stellar mass very early.

surrounding gas. As a result, the BHs at the centres of the com-
pact galaxies are more massive than those residing in non-compact
galaxies, by about a factor of 2. Because the large BH mass and
the compactness of the galaxy are both consequences of the high
central gas density, the two go hand in hand. Relatively large masses
of the BHs are ubiquitous among the compact ellipticals in the sim-
ulation, regardless of the details of their formation. These periods
of high BH accretion rate coincide with the periods of high SFR,
similar to recent Herschel observations of distant radio galaxies

by Drouart et al. (2014). Therefore, it is possible that star-forming
compact galaxies are preferentially contaminated by AGN, making
them more difficult to observe and accounting for their observa-
tional scarcity.

Fig. 8 shows how the sizes of galaxies throughout the 1–3 × 1011

M⊙ sample depend on the redshift at which they formed. Here, we
define the formation redshift to be the median formation redshift
of all the star particles in the galaxy (for simplicity, both in situ
and ex situ), weighted by the particles’ initial masses. The smallest

MNRAS 449, 361–372 (2015)
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Are they really at z~4?
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Fig. 2.— Observed SEDs of UVJ selected quiescent galaxies. Red datapoints correspond to the FourStar medium-bandwidth filters. The
solid curve is the fitted model template from FAST. Downward pointing arrows are 1σ upper limits. Bottom-middle: Rest-frame SED of
the 15 far-IR undetected galaxies (open symbols), normalized at rest-frame 4500Å, with gray symbols corresponding to 1σ upper limits.
The solid curve is the median of the best-fit template SEDs. Dashed lines mark the interquartile range. Bottom-right: Four model SEDs
with constant star-formation or a single stellar population (SSP) and ages from 200Myr to 1Gyr. The observed SEDs are characterized by
pronounced Balmer/4000Å breaks, similar to the old post-starburst model.
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MOSFIRE as a null detector…

4–8 hrs NIR spectra on  
sample of massive z~4  
quiescent galaxies in  
EGS, UDS & COSMOS.  
 

Deepest COSMOS Mask: 8 hrs
Plan: rule out huge emission lines in K 
band
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Nine z~4 Quiescent Galaxies
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Optimum binning & extraction…

zspec=3.717 – PSB spectrum! K(AB)=22.4
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source (approximately 6 effective radii distant). This source, if part 
of a more extended system, would give an obscured star-formation 
limit of < (50–200)M⊙ yr−1, which corresponds to at most 4%–15% of 
the stellar mass forming within the previous 200 Myr. However, this 
does not change the formation history derived for the massive stellar 
 population revealed by the MOSFIRE spectrum.

There are a number of important implications from this spectro-
scopic confirmation of the existence of a quiescent galaxy  population15 
at z ≈  4 with stellar masses of approximately 1011M⊙ and a space 
density of 1.8 ±  0.7 ×  10−5 Mpc−3. These are not seen in modern 
 hydrodynamical (that is, dark matter and baryon physics) simulations 
of galaxy formation7,9,10, whose simulated volumes now approach about 
106 Mpc3. In these simulations galaxies do exist at z ≈  4 with similar 
stellar masses and abundances but they are still actively forming stars 
owing to cosmic accretion18. They do not exist in either mode at z >  5. 
The age and rapid formation time of ZF-COSMOS-20115 points to 
the formation of the majority of the stellar mass in a single starburst 
event at z >  5, perhaps triggered by a single major merger, as opposed 
to a series of mergers of galaxies with different star-formation histories. 
Such rapid formation is not ruled out by dynamical arguments: the 
compact size implies a freefall timescale (Gρ)−1/2 of only a few million 
years.

Where are the ancestors of galaxies like ZF-COSMOS-20115, which 
must have had a star-formation rate exceeding 1,000M⊙ yr−1 at z >  5? 
Such galaxies are not seen in rest-frame ultraviolet censuses19,20. We 
make a plausible connection to dust-obscured star-forming  galaxies11, 
since a handful have been spectroscopically confirmed12–14 at z >  5 
owing to their intense sub-millimetre emission corresponding to 
 similar star-formation rates (exceeding 1,000M⊙ yr−1). In one well 
characterized case13 at z =  6.3 the stellar mass would have to increase 
fivefold to match ZF-COSMOS-20115, but given the object’s star- 
formation rate this would only take 50 Myr. Compact sub-millimetre 
galaxies at 3 <  z <  5 have also been identified21,22 as likely ancestors of 
similar compact quiescent galaxies at z ≈  2. Recent deep sub- millimetre 
surveys23 find a space density of 3 ×  10−6 Mpc−3 for 5 <  z <  6  galaxies 
with star-formation rates exceeding 300M⊙ yr−1 (noting that most 
 redshifts were approximately estimated from the position of the 
sub-millimetre SED peak). The ratio of space densities would imply 
a short star-formation duty cycle of about 40 Myr. However none of 
these z >  5 objects, in a survey volume of about 20 ×  106 Mpc3, has 

the necessary star-formation rate (exceeding 1,000M⊙ yr−1) and the 
reported stellar mass density growth contributed by the sub-millimetre 
sources is only a third of that required to make the quiescent galaxies15. 
Deeper and wider sub-millimetre surveys with more complete spec-
troscopic confirmation are required to investigate this further. In any 
case, our spectroscopic confirmation establishes that there must be a 
number of such extreme early events, which have a substantial space 
density at 5 <  z <  8 (we strongly rule out redshifts z >  10, not yet probed 
by optical/infrared surveys) and are not seen in simulations7,9,10.

The space density of massive galaxies at high redshift is an  important 
constraint on cosmological models8,24 as dark matter halos are growing 
rapidly and have to be massive and abundant enough to host them. 
Our quiescent galaxy space density at z ≈  4 corresponds to a dark 
matter halo mass25 of about 3 ×  1012M⊙. Thus, given the stellar mass 
of ZF-COSMOS-20115 and a cosmic baryon fraction26 of 16%, this 
requires 35% of all the halo baryons to form into stars. If the  galaxy 
formed at z ≈  5 then it would require 80% of the halo baryons. If we 
plot the bound on mass growth of such halos (Fig. 3), it increases very 
similarly with redshift to the best-fit stellar mass growth from the 
SED, implying that the galaxy could not have formed significant mass 
before z ≈  7. We require a very rapid and efficient conversion of halo 
 baryons to stellar mass at 5 <  z <  6, which is why they are not produced 
in current theoretical models. Conversely, after z ≈  4 this must then 
quickly become much less efficient. The most massive galaxies at z ≈  0 
have substantially lower stellar baryon fractions27 of only 5%–10% (a 
 constraint that current theoretical models tune their star-formation 
efficiencies to match), so the halo must continue to grow at z <  4 
 without much further conversion of baryons to stellar mass. Rest-frame 
ultraviolet surveys24,28,29 of z >  5 galaxies with lower star-formation rate 
have also found stellar baryon fractions of about 30% at z >  5; these 
are lower than needed for our ancestral population but are still much 
higher than in the local Universe.

What is clear is that either substantial revisions of the physical 
ingredients of galaxy formation and possibly our standard model of  
cold-dark-matter halo assembly are needed to explain the rapid 
 formation, and sudden and deep quenching, of massive galaxies in 
the very early Universe in a manner reminiscent of pre-cold-dark-
matter pictures of galaxy formation30. Stellar mass is not a transitory 
 phenomenon and so this observation suggests that extreme star- 
formation events in the early Universe are not just rare events, they 
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Figure 1 | Spectrum of ZF-COSMOS-20115 in the near-infrared  
K band. The wavelength axis is the same in all three panels. The galaxy 
was also observed in the H band, but a continuum was not detected, which 
is consistent with the level expected from the photometric break between 
the H and K bands. a, Original two-dimensional sky-subtracted K-band 
spectrum from MOSFIRE at its native resolution (λ/∆ λ =  3,200). The 
vertical white lines show where strong night-sky residuals were masked.  
b, The same two-dimensional spectrum optimally smoothed with a boxcar 
filter to a lower resolution of 70 Å, to enhance visibility of the continuum 

and broad absorption lines. c, The optimally extracted one-dimensional 
spectrum, both binned at 20 Å resolution and smoothed by a boxcar filter 
of 70 Å to enhance the main absorption features, as in b. Three strong 
hydrogen Balmer absorption lines (Hβ, Hγ and Hδ) are clearly seen, 
characteristic of a post-starburst spectrum. Balmer emission lines are not 
seen, confirming the lack of current star formation. An example post-
starburst template fit is overlaid. The grey band indicates the 1σ noise 
level, and the regions most affected by telluric corrections are indicated by 
blue shading.
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have an important role in early mass assembly and there must exist a 
substantial population that will be systematically uncovered by future 
surveys. We note that this is just the first spectroscopic confirmation 
of a bright, massive example of the z ≈  4 quiescent galaxy population. 
Future spectroscopic studies of the fainter quiescent population will 
reveal whether ZF-COSMOS-20115 is typical. When launched, the 

James Webb Space Telescope will be able to obtain high signal-to-noise 
rest-frame optical spectroscopy of these galaxies and will enable the 
measurement of detailed elemental abundances and star-formation 
histories for this dim red population.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 2 | Allowed age and formation timescales of ZF-COSMOS-20115. 
These constraints are derived purely from the strength of the absorption 
lines in the spectrum. To accommodate an age even as young as  
200–700 Myr, the galaxy must have solar metallicity and an early star-
formation rate > 1,000M⊙ yr−1. More extended formation times require a 
much older age. The shaded areas (labelled by metallicity, with the solar 
metallicity case Z =  0.02 plotted on top for clarity) show the age and star-
formation time values (tobs and tsf as defined in the Methods) allowed 
within 1σ by the equivalent width measurement, for models where star 
formation is totally shut off during quiescence. For solar metallicity 
we also show the more limited range allowed if the star-formation 
rate truncation is only a factor of 100. (Smaller truncation factors are 
inconsistent with the line strengths). The top and right axes relate the 
age and star-formation time to redshift and early star-formation rate 
respectively. The blue dashed lines show lines of constant quiescence time.

Table 1 | Physical parameters of ZF-COSMOS-20115
Parameter Value Comment

Photometric 
redshift

3.55 ±  0.06 From ref. 15

Spectroscopic 
redshift

3.717 ±  0.001

Stellar mass (1.46–1.82) ×  1011M⊙ From equivalent-width- 
constrained SED fit at  
spectroscopic redshift

Effective radius 0.49 ±  0.12 kiloparsecs Radius enclosing half the 
stellar mass, from ref. 16

Current  
star-formation rate

< 0.2M⊙ yr−1 Hβ  emission line flux limit 
gives < 4M⊙ yr−1

Age, tobs 500− 1,050 Myr

Formation  
timescale, tsf

< 250 Myr

Peak  
star-formation rate

> 990M⊙ yr−1 (and > 350M⊙ yr−1 at 95% 
confidence)

Truncation 
amount, fdrop

< 10−4

Metallicity — No significant constraint

Extinction, AV 0.4–0.6 mag
Error ranges from SED fits (plus spectrum constraint) are based on 16, 84 percentiles (two-sided) 
and 68 percentiles (one-sided). tobs, tsf and fdrop are parameters of our general star-formation 
history models and are defined in the Supplementary Information.
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Figure 3 | Stellar mass assembly history of ZF-COSMOS-20115. These 
constraints are derived from the full spectroscopic and photometric data, 
and marginalized across the grid of star-formation history models with rapid 
formation, followed by deep quiescence. The red line shows the median 
stellar mass content as a function of redshift in the model grid, with the 
arrow denoting the epoch of observation. The coloured bands show the 
68% and 95% confidence limits on the stellar mass at each redshift. For 
comparison, the mass growth of a set of constant star-formation rate models, 
starting at different arbitrary redshifts, are shown as blue dashed lines. The 
green line shows the maximum mass of baryons allowed in dark-matter 
halos with the same number density as the z ≈  4 quiescent galaxy population. 
ZF-COSMOS-20115 is robustly constrained to have been quiescent since 
z ≈  5 with a rapid earlier assembly. The slow decline in stellar mass at late 
times is caused by mass loss from stellar evolution.
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have an important role in early mass assembly and there must exist a 
substantial population that will be systematically uncovered by future 
surveys. We note that this is just the first spectroscopic confirmation 
of a bright, massive example of the z ≈  4 quiescent galaxy population. 
Future spectroscopic studies of the fainter quiescent population will 
reveal whether ZF-COSMOS-20115 is typical. When launched, the 

James Webb Space Telescope will be able to obtain high signal-to-noise 
rest-frame optical spectroscopy of these galaxies and will enable the 
measurement of detailed elemental abundances and star-formation 
histories for this dim red population.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 2 | Allowed age and formation timescales of ZF-COSMOS-20115. 
These constraints are derived purely from the strength of the absorption 
lines in the spectrum. To accommodate an age even as young as  
200–700 Myr, the galaxy must have solar metallicity and an early star-
formation rate > 1,000M⊙ yr−1. More extended formation times require a 
much older age. The shaded areas (labelled by metallicity, with the solar 
metallicity case Z =  0.02 plotted on top for clarity) show the age and star-
formation time values (tobs and tsf as defined in the Methods) allowed 
within 1σ by the equivalent width measurement, for models where star 
formation is totally shut off during quiescence. For solar metallicity 
we also show the more limited range allowed if the star-formation 
rate truncation is only a factor of 100. (Smaller truncation factors are 
inconsistent with the line strengths). The top and right axes relate the 
age and star-formation time to redshift and early star-formation rate 
respectively. The blue dashed lines show lines of constant quiescence time.

Table 1 | Physical parameters of ZF-COSMOS-20115
Parameter Value Comment

Photometric 
redshift

3.55 ±  0.06 From ref. 15

Spectroscopic 
redshift

3.717 ±  0.001

Stellar mass (1.46–1.82) ×  1011M⊙ From equivalent-width- 
constrained SED fit at  
spectroscopic redshift

Effective radius 0.49 ±  0.12 kiloparsecs Radius enclosing half the 
stellar mass, from ref. 16

Current  
star-formation rate

< 0.2M⊙ yr−1 Hβ  emission line flux limit 
gives < 4M⊙ yr−1

Age, tobs 500− 1,050 Myr

Formation  
timescale, tsf

< 250 Myr

Peak  
star-formation rate

> 990M⊙ yr−1 (and > 350M⊙ yr−1 at 95% 
confidence)

Truncation 
amount, fdrop

< 10−4

Metallicity — No significant constraint

Extinction, AV 0.4–0.6 mag
Error ranges from SED fits (plus spectrum constraint) are based on 16, 84 percentiles (two-sided) 
and 68 percentiles (one-sided). tobs, tsf and fdrop are parameters of our general star-formation 
history models and are defined in the Supplementary Information.

456789
Redshift

0.0

0.5

1.0

1.5

2.0

2.5

3.0

S
te

lla
r m

as
s 

(1
011

M
գ

)

95%

68%

60
0M

գ
 yr

 –
1 

70
0M

գ
 y

r 
–1

 
90

0M
գ

 y
r 

–1
 

1,
40

0M
գ

 y
r 

–1
 

Maximum mass of baryons in halo

500 700 1,000 1,500
Cosmic time (Myr)

Figure 3 | Stellar mass assembly history of ZF-COSMOS-20115. These 
constraints are derived from the full spectroscopic and photometric data, 
and marginalized across the grid of star-formation history models with rapid 
formation, followed by deep quiescence. The red line shows the median 
stellar mass content as a function of redshift in the model grid, with the 
arrow denoting the epoch of observation. The coloured bands show the 
68% and 95% confidence limits on the stellar mass at each redshift. For 
comparison, the mass growth of a set of constant star-formation rate models, 
starting at different arbitrary redshifts, are shown as blue dashed lines. The 
green line shows the maximum mass of baryons allowed in dark-matter 
halos with the same number density as the z ≈  4 quiescent galaxy population. 
ZF-COSMOS-20115 is robustly constrained to have been quiescent since 
z ≈  5 with a rapid earlier assembly. The slow decline in stellar mass at late 
times is caused by mass loss from stellar evolution.
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Extended Data Figure 3 | SED and model fits of ZF-COSMOS-20115. 
The fit is performed with PEGASE.2, and is constrained by the 
spectroscopic redshift and equivalent widths obtained from the  
MOSFIRE spectrum. a, The SED in AB magnitude (equivalent to logfv). 
b, The same SED in fλ. In both plots the SED is shown as a function of 
logλ, and the points with error bars show the photometry measurements 
and their respective 1σ uncertainties. The black line is the best-fit model, 

which has tsf =  50 Myr and tobs =  700 ±  255 Myr (that is, effectively 
forming in a near-instantaneous burst at z =  5.8). The age is strongly 
constrained by the peak at 2 µ m in fλ and the decline redwards.  
We also note the galaxy is a well detected source in the Spitzer/IRAC  
3–6 µ m images, and although the point spread function there is coarse  
and does not allow us to resolve the galaxy, the fluxes suffer negligible  
flux contamination from neighbouring galaxies.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Figure 2. Left: both the analytical and stepwise SFR functions derived in this study from dust-corrected UV LFs. The stepwise SFR functions (individual points)
were derived using the UV LF results from Bouwens et al. (2007, 2011b), as described in Section 2.1. The solid lines are the SFR functions derived in Schechter
form as described in Section 2.2 with parameters listed in Table 2. The lines are not fits to the points. The excellent agreement between the two approaches provides a
useful cross-check. We have indicated the SFRs (>∼150 M⊙ yr−1: equivalent to a bolometric luminosity >1012 L⊙) where we expect our SFR functions to be more
uncertain due to incompleteness in the UV selections and possible unreliability of the IRX–β relation (e.g., Reddy et al. 2006). The best estimates at high SFRs may
come from searches in the mid-IR/far-IR (black point from Daddi et al. 2009, see also Marchesini et al. 2010). The SFR function therefore may fall off more slowly
than we infer (dashed line). Right: a comparison of the SFR functions with similar functions derived from the bolometric LF of Reddy et al. (2008, gray region), the
IR LF of Magnelli et al. (2011, black open squares), and the Hα LF from Sobral et al. (2012, black dashed line) at z ∼ 2. The trend in the SFR function, derived from
our dust-corrected UV LFs at z ∼ 4–7, clearly extends to z ∼ 2. The smooth evolution in the SFR function provides some corroboration for the dust corrections we
apply.
(A color version of this figure is available in the online journal.)

et al. (2007, 2011b). For convenience, we include our stepwise
SFR functions in Table 1.

2.2. Analytical SFR Functions

In this section, we use an analytical Schechter-like approxi-
mation to represent SFR functions at z ∼ 4–7.

We assume that the IRX–β relation for individual galaxies
is described by AUV = C0 + C1 β and the distribution of
galaxies at a certain MUV is given by a Gaussian with µβ = ⟨β⟩
(Equation (2)) and width σβ , which gives

⟨AMUV⟩ = C0 + 0.2 ln 10 C2
1 σ 2

β + C1⟨β⟩. (4)

This expression is only valid in the limit that the distribution
of UV-continuum slopes β does not extend to β ! −2.3 since
such blue β formally give negative dust corrections (a clearly
non-physical result) using the Meurer et al. (1999) relation.
For the Meurer et al. (1999) relation Equation (4) simplifies to
⟨AMUV⟩ = 4.43 + 1.82 σ 2

β + 1.99⟨β⟩.
To compute SFR functions we start with the UV LF, described

in Schechter form (Schechter 1976):

φ(L) dL = φ∗
(

L

L∗

)α

exp
(

− L

L∗

)
dL

L∗ . (5)

Substituting SFR for L (and SFR∗ for L∗), using
Equations (2)–(4) yields

φ(SFR) dSFR = φ∗

1 − C1
dβ
dM

(
SFR
SFR∗

) α+C1
dβ
dM

1−C1
dβ
dM

× exp
(

− SFR
SFR∗

)
dSFR
SFR∗ , (6)

where we have made the simplifying assumption that the cutoff
in the Schechter function is exponential and not some slightly
shallower high-end cutoff (the modified functional form is
consistent with the observations). This gives the conversions

αSFR =
αUV,uncorr + C1

dβ
dM

1 − C1
dβ
dM

(7)

φ∗
SFR =

φ∗
UV,uncorr

1 − C1
dβ
dM

. (8)

We calculate SFR∗ using Equations (2)–(4), i.e., we use
log10 SFR∗ = −0.4 (M∗

UV,uncorr − ⟨AM∗
UV

⟩) − 7.25. Though
Equation (4) is a reasonable approximation for ⟨AMUV⟩, our
estimate of SFR∗ is slightly more accurate when we estimate
⟨AM∗

UV
⟩ as described in Section 2.1, by setting A1600 = 0 when

A1600 < 0. Therefore, we will use this more accurate estimate
of SFR∗ quoted in Table 2.

The left panel of Figure 2 compares the analytical SFR
functions (solid lines) with the corrected stepwise UV LFs
described in Section 2.1. They are in excellent agreement,
providing a useful check on the analytic description used here.
We would expect our derived SFR functions to be more uncertain
at high bolometric luminosities (Lbol > 1012 L⊙: indicated in
Figure 2), where dust corrections are likely less reliable (e.g.,
Reddy et al. 2006) and our Lyman break selections may be
more incomplete to dusty star-forming galaxies (e.g., Daddi
et al. 2009; Michałowski et al. 2010). While this should not
affect the turnover in the SFR function, the SFR function may
fall off less steeply than the exponential form adopted here.

The analytical Schechter parameters are presented in Table 2.
The SFR∗, φ∗

SFR, and αSFR are calculated assuming the z ∼ 4–7
UV LF parameters from Bouwens et al. (2007, 2011b), the
dβ/dM , βMUV=−19.5, and σβ = 0.34 from Bouwens et al. (2012)
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have an important role in early mass assembly and there must exist a 
substantial population that will be systematically uncovered by future 
surveys. We note that this is just the first spectroscopic confirmation 
of a bright, massive example of the z ≈  4 quiescent galaxy population. 
Future spectroscopic studies of the fainter quiescent population will 
reveal whether ZF-COSMOS-20115 is typical. When launched, the 

James Webb Space Telescope will be able to obtain high signal-to-noise 
rest-frame optical spectroscopy of these galaxies and will enable the 
measurement of detailed elemental abundances and star-formation 
histories for this dim red population.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 2 | Allowed age and formation timescales of ZF-COSMOS-20115. 
These constraints are derived purely from the strength of the absorption 
lines in the spectrum. To accommodate an age even as young as  
200–700 Myr, the galaxy must have solar metallicity and an early star-
formation rate > 1,000M⊙ yr−1. More extended formation times require a 
much older age. The shaded areas (labelled by metallicity, with the solar 
metallicity case Z =  0.02 plotted on top for clarity) show the age and star-
formation time values (tobs and tsf as defined in the Methods) allowed 
within 1σ by the equivalent width measurement, for models where star 
formation is totally shut off during quiescence. For solar metallicity 
we also show the more limited range allowed if the star-formation 
rate truncation is only a factor of 100. (Smaller truncation factors are 
inconsistent with the line strengths). The top and right axes relate the 
age and star-formation time to redshift and early star-formation rate 
respectively. The blue dashed lines show lines of constant quiescence time.

Table 1 | Physical parameters of ZF-COSMOS-20115
Parameter Value Comment

Photometric 
redshift

3.55 ±  0.06 From ref. 15

Spectroscopic 
redshift

3.717 ±  0.001

Stellar mass (1.46–1.82) ×  1011M⊙ From equivalent-width- 
constrained SED fit at  
spectroscopic redshift

Effective radius 0.49 ±  0.12 kiloparsecs Radius enclosing half the 
stellar mass, from ref. 16

Current  
star-formation rate

< 0.2M⊙ yr−1 Hβ  emission line flux limit 
gives < 4M⊙ yr−1

Age, tobs 500− 1,050 Myr

Formation  
timescale, tsf

< 250 Myr

Peak  
star-formation rate

> 990M⊙ yr−1 (and > 350M⊙ yr−1 at 95% 
confidence)

Truncation 
amount, fdrop

< 10−4

Metallicity — No significant constraint

Extinction, AV 0.4–0.6 mag
Error ranges from SED fits (plus spectrum constraint) are based on 16, 84 percentiles (two-sided) 
and 68 percentiles (one-sided). tobs, tsf and fdrop are parameters of our general star-formation 
history models and are defined in the Supplementary Information.
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Figure 3 | Stellar mass assembly history of ZF-COSMOS-20115. These 
constraints are derived from the full spectroscopic and photometric data, 
and marginalized across the grid of star-formation history models with rapid 
formation, followed by deep quiescence. The red line shows the median 
stellar mass content as a function of redshift in the model grid, with the 
arrow denoting the epoch of observation. The coloured bands show the 
68% and 95% confidence limits on the stellar mass at each redshift. For 
comparison, the mass growth of a set of constant star-formation rate models, 
starting at different arbitrary redshifts, are shown as blue dashed lines. The 
green line shows the maximum mass of baryons allowed in dark-matter 
halos with the same number density as the z ≈  4 quiescent galaxy population. 
ZF-COSMOS-20115 is robustly constrained to have been quiescent since 
z ≈  5 with a rapid earlier assembly. The slow decline in stellar mass at late 
times is caused by mass loss from stellar evolution.
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Fig. 1. Spectra and imaging of Jekyll & Hyde. Top left: ALMA spectrum of Hyde. Bottom left: MOSFIRE spectrum of Jekyll. The two spectra
are shown on the same velocity scale. The emission above and below the continuum level is shaded to emphasize the lines. The gray shaded area
in the background is the 1� flux uncertainty. We show the models best fitting these spectra with red lines. At the bottom of each plot we give the
normalized model residual �, i.e., the di↵erence between observed and modeled flux divided by the uncertainty. Right: image of the Jekyll & Hyde
system. The background image (green tones; false colors) is the near-IR H-band emission as observed by Hubble; the bright source at the center
is Jekyll. We overlay the ALMA 740 µm continuum emission with white contours (starting from half of the peak emission); the source detected
here is Hyde. The full width at half maximum of the Hubble and ALMA point spread functions are given on the bottom left corner, followed to
the right by the deconvolved profiles of the two galaxies (half-light area). Lastly, the inset on the bottom right corner shows the position of the two
velocity components of Hyde with respect to Jekyll (the blue contours correspond to the most blueshifted component), and a gray line connects
the two galaxies.

Fig. 2. ALMA 744 µm continuum emission (left) and residual (right)
after subtracting the best-fit exponential disk model with imfit. The
position of Jekyll is indicated with a red cross.

2.3. Fluxes and spatial profiles

We used imfit1 v1.5 (Erwin 2015) to model the dust continuum
emission, assuming an exponential disk profile (Hodge et al.
2016) and Gaussian noise. Since we model the dirty image di-
rectly, the correct point-spread function to use in the modeling
is the dirty beam. However since this beam has a zero integral,
one should not re-normalize it at any stage of the modeling. We
therefore had to disable the re-normalization of the PSF in imfit

1
https://github.com/perwin/imfit

using the --no-normalize flag. We cross-checked our results
by modeling the continuum emission in line-free channels using
both uvmodelfit and uvmultifit (Martí-Vidal et al. 2014),
which both analyze the emission directly in the (u, v) plane rather
than on reconstructed images, and found similar results.

To compute uncertainties in the model parameters, we ran
imfit on simulated data sets with the same noise as the ob-
served data (i.e., a white Gaussian noise map convolved with the
dirty beam and re-normalized to the RMS of the observed im-
age), where we artificially injected a source with the same size
and flux as our best-fit model. The uncertainties were then de-
termined from the standard deviation of the best fits among all
simulated data sets.

The ALMA emission and residual are shown in Fig. 2. We
measured a total continuum flux of S 744 µm = 2.31 ± 0.14 mJy,
o↵set from Jekyll by �↵ = �0.200 ± 0.01000 and �� = +0.436 ±
0.00800, which is consistent with the o↵set previously mea-
sured in the shallower data. This corresponds to a distance of
0.480 ± 0.00800, i.e., 3.44 ± 0.06 kpc. We showed in section
2.2 that this o↵set is highly significant: the dust emission must
therefore originates from another object, Hyde. This source is
marginally resolved, with a half-light radius of 0.10±0.0200 (i.e.,
the source is about half the size of the dirty beam). At z = 3.7,
this corresponds to 0.67 ± 0.14 kpc.

No significant continuum emission is detected at the location
of Jekyll (0.09±0.06 mJy, assuming a point source, and account-
ing for deblending and astrometry uncertainty using the proce-
dure described in section 3.1). As illustrated in Fig. 1 (right), the
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Fig. 4. Cutouts of the Hubble F160W, VISTA Ks, IRAC 3.6 and 4.5 µm
(from left to right). The first row shows the original images, the second
row shows our best model, the third row shows all sources subtracted
except Jekyll, while the fourth row shows the same thing for Hyde. Each
image is 1800 ⇥ 1800, and the color table is the same for all images in a
given column. The position of Jekyll is indicated with a blue cross.

lines. The dominant source of uncertainty on the velocity o↵set
is thus the statistical uncertainty quoted above.

The total line flux is S [C ii] = 1.85 ± 0.22 Jy.km/s, which
translates into a luminosity of L[C ii] = (8.4 ± 1.0) ⇥ 108 L�. The
inclination is relatively low, i = 19 to 55�, while the turnover
radius is essentially unresolved, rt = 0+0.16

�0 kpc. The half-light
radius of the [C ii] emission is consistent with being the same as
that of the dust continuum: 0.11 ± 0.0300 or 0.80 ± 0.24 kpc. The
disk is rotating rapidly, with a period of only trot = 8.4+7.9

�2.8 Myr
and a high velocity of v2.2 = 781+218

�366 km/s. Consequently the
inferred dynamical mass is also high: Mdyn = 1.3+1.2

�0.8 ⇥ 1011 M�.
The [C ii]-to-FIR ratio of log10(L[C ii]/LFIR) = �2.91+0.19

�0.13 is a
factor 3.6±1.3 lower than the normal value in the local Universe
(Malhotra et al. 1997), which clearly places this galaxy in the
“[C ii] deficit” regime (see Fig. 11). This is discussed further in
section 4.4.

3. Stellar emission

3.1. Photometry

Since Jekyll and Hyde are extremely close, we performed a care-
ful deblending to see if we could detect the stellar emission of
Hyde. We did this by modeling the profile of all galaxies within
a radius of 1500 with GALFIT (Peng et al. 2002) on the Hub-
ble F160W image, using single Sérsic profiles of varying posi-
tion, total flux, half-light radius, position angle and Sérsic index.
Since Hyde is not detected on the Hubble images, we assumed
instead the disk profile obtained by modeling its dust emission
(see section 2.3). We then used these profiles to build the models
of all galaxies on the other bands using the appropriate point
spread function (PSF), and fit the images as a linear combi-
nation of all these models plus a constant background (fluxes

Fig. 5. Residuals of the Spitzer IRAC 3.6 (top) and 4.5 µm (bottom)
images, without (middle) and with (right) Hyde in the fit. The original
image before model subtraction if shown on the left column for refer-
ence. Each cutout is 1200 ⇥1200, and the centroids of Jekyll and Hyde are
shown with blue and green crosses, respectively.

were allowed to be negative). Prior to the fit, the neighboring
bright elliptical was modeled with four Sérsic profiles, adjusted
with all other sources masked (including a lensed galaxy close
to the core of the elliptical), and was subtracted from each im-
age. A star spike was also removed from the Hubble images.
Using this method, we extracted fluxes on all the Subaru, Hub-
ble, ZFOURGE, VISTA and Spitzer IRAC broad-band images,
covering � = 0.45 to 8 µm. The result of this deblending de-
pends on the assumption that the shape of all galaxies (including
Jekyll) does not vary strongly between the HST H band and the
other bands, in particular Spitzer IRAC. The clean residuals (see
below and Fig. 4) suggest that this is not a major issue.

To estimate uncertainties, we performed a Monte Carlo sim-
ulation where we varied the noise in each image by extracting
a random portion of empty sky from the residual image, and
co-adding it on top of Jekyll & Hyde. This naturally accounts
for correlated noise and large-scale background fluctuations. The
PSFs were obtained by stacking stars in the neighborhood of our
two galaxies, performing sub-pixel alignment using bicubic in-
terpolation, except for Spitzer IRAC where we built a custom
PSF by co-adding rotated version of the in-flight PSF match-
ing the orientation of the telescope through the various AORs,
weighted by their respective exposure time (Labbé et al. 2015).
Photometric zero points were matched to that of ZFOURGE
(Straatman et al. 2016).

Obtaining an accurate de-blending of the Jekyll & Hyde pair
required not only an excellent knowledge of the PSF, but also of
the astrometry. To ensure our astrometry was correct, we slightly
shifted the WCS coordinate system of all the images until no
residual remained for all the bright sources surrounding our two
galaxies (to avoid biasing our results, the residuals at the loca-
tion of Jekyll & Hyde were ignored in this process). These shifts
were no larger than 0.05 00 for all bands but Spitzer IRAC, where
they reached up to 0.1 00. Since the relative astrometry between
ALMA and Hubble is known only to ⇠ 0.0400 (see section 2.2),
we also randomly shifted the position of Hyde’s model in the
Monte Carlo simulations used to estimate flux uncertainties.
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(from left to right). The first row shows the original images, the second
row shows our best model, the third row shows all sources subtracted
except Jekyll, while the fourth row shows the same thing for Hyde. Each
image is 1800 ⇥ 1800, and the color table is the same for all images in a
given column. The position of Jekyll is indicated with a blue cross.
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�0.13 is a
factor 3.6±1.3 lower than the normal value in the local Universe
(Malhotra et al. 1997), which clearly places this galaxy in the
“[C ii] deficit” regime (see Fig. 11). This is discussed further in
section 4.4.

3. Stellar emission

3.1. Photometry

Since Jekyll and Hyde are extremely close, we performed a care-
ful deblending to see if we could detect the stellar emission of
Hyde. We did this by modeling the profile of all galaxies within
a radius of 1500 with GALFIT (Peng et al. 2002) on the Hub-
ble F160W image, using single Sérsic profiles of varying posi-
tion, total flux, half-light radius, position angle and Sérsic index.
Since Hyde is not detected on the Hubble images, we assumed
instead the disk profile obtained by modeling its dust emission
(see section 2.3). We then used these profiles to build the models
of all galaxies on the other bands using the appropriate point
spread function (PSF), and fit the images as a linear combi-
nation of all these models plus a constant background (fluxes

Fig. 5. Residuals of the Spitzer IRAC 3.6 (top) and 4.5 µm (bottom)
images, without (middle) and with (right) Hyde in the fit. The original
image before model subtraction if shown on the left column for refer-
ence. Each cutout is 1200 ⇥1200, and the centroids of Jekyll and Hyde are
shown with blue and green crosses, respectively.

were allowed to be negative). Prior to the fit, the neighboring
bright elliptical was modeled with four Sérsic profiles, adjusted
with all other sources masked (including a lensed galaxy close
to the core of the elliptical), and was subtracted from each im-
age. A star spike was also removed from the Hubble images.
Using this method, we extracted fluxes on all the Subaru, Hub-
ble, ZFOURGE, VISTA and Spitzer IRAC broad-band images,
covering � = 0.45 to 8 µm. The result of this deblending de-
pends on the assumption that the shape of all galaxies (including
Jekyll) does not vary strongly between the HST H band and the
other bands, in particular Spitzer IRAC. The clean residuals (see
below and Fig. 4) suggest that this is not a major issue.

To estimate uncertainties, we performed a Monte Carlo sim-
ulation where we varied the noise in each image by extracting
a random portion of empty sky from the residual image, and
co-adding it on top of Jekyll & Hyde. This naturally accounts
for correlated noise and large-scale background fluctuations. The
PSFs were obtained by stacking stars in the neighborhood of our
two galaxies, performing sub-pixel alignment using bicubic in-
terpolation, except for Spitzer IRAC where we built a custom
PSF by co-adding rotated version of the in-flight PSF match-
ing the orientation of the telescope through the various AORs,
weighted by their respective exposure time (Labbé et al. 2015).
Photometric zero points were matched to that of ZFOURGE
(Straatman et al. 2016).

Obtaining an accurate de-blending of the Jekyll & Hyde pair
required not only an excellent knowledge of the PSF, but also of
the astrometry. To ensure our astrometry was correct, we slightly
shifted the WCS coordinate system of all the images until no
residual remained for all the bright sources surrounding our two
galaxies (to avoid biasing our results, the residuals at the loca-
tion of Jekyll & Hyde were ignored in this process). These shifts
were no larger than 0.05 00 for all bands but Spitzer IRAC, where
they reached up to 0.1 00. Since the relative astrometry between
ALMA and Hubble is known only to ⇠ 0.0400 (see section 2.2),
we also randomly shifted the position of Hyde’s model in the
Monte Carlo simulations used to estimate flux uncertainties.
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C. Schreiber et al.: Jekyll & Hyde: two phases of quenching 1.5 Gyr after the Big Bang
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Fig. 7. Left: Photometry of Jekyll (blue) and Hyde (green) from the UV to the sub-milimeter. The observed photometry is shown with diamonds
(downward pointing triangles indicate 2� upper limits for non-detections). The best fitting dust model is shown with an pale line, and the total
model (dust and stars) is shown with a darker line. The dust model for Jekyll is only illustrative, and was simply normalized to match the constraint
from the 744 µm flux. Right: Zoom-in on the stellar emission, shown in S � instead of S ⌫.

Fig. 8. Range of allowed values for the star-formation timescale (tsf ), defined as the time over which 68% of the star-formation happened, and
the quenching time (tqu), defined either as the time spent with less than 1% (left) or 30% (right) of the peak SFR. The parameter spaces allowed
for Jekyll and Hyde are shown in blue and green, respectively. The dark and light colored regions show the 68% and 95% confidence regions,
respectively. The hashed region at the top indicates the part of the parameter space that would imply a formation before the Big Bang; such
solutions were not explored.

sequence (Schreiber et al. 2017). The SFR averaged over the last
10 or 100 Myr could also be zero, meaning it is possible for the
dust emission to be entirely powered by non-OB stars.

Other parameters, like the formation timescale, are essen-
tially unconstrained when marginalizing over the allowed pa-
rameter space. However, the allowed values span di↵erent ranges
depending on whether Hyde has quenched or not (see Fig. 8).
For quenched models with tb<1% > 50 Myr, t68% can be at most
450 Myr (and less than 190 Myr at 68% confidence), and the
current SFR < 10 M�/yr. On the other hand, if the galaxy is
still forming stars (tb<30% = 0) the formation timescale must
be at least 300 Myr (and 630 to 770 Myr at 68% confidence)
and the SFR averaged over the last 100 Myr must be less than
200 M�/yr. Therefore, either the galaxy has quenched after a

brief but intense star-formation episode, or it has continuously
formed stars at moderate rates over longer timescales. As we dis-
cuss in section 4, the compactness of the galaxy and the deficit
of [C ii] emission favor the former hypothesis.

We have tried to fit a more complex model than Eq. 1 to our
galaxies by including a late exponentially rising burst active at
the moment of observation, of variable intensity and e-folding
time. The constraints for Jekyll were unchanged, and the only
di↵erence for Hyde was that additional solutions were allowed
where the bulk of the galaxy formed very early (z > 5) in a
short burst, and with a second burst of lower SFR ⇠ 80 M�/yr
at z = 3.7 generating the observed LIR. These solutions appear
unrealistic: with a main burst of star-formation older than that
in Jekyll, it is di�cult to see how such a large amount of dust
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(downward pointing triangles indicate 2� upper limits for non-detections). The best fitting dust model is shown with an pale line, and the total
model (dust and stars) is shown with a darker line. The dust model for Jekyll is only illustrative, and was simply normalized to match the constraint
from the 744 µm flux. Right: Zoom-in on the stellar emission, shown in S � instead of S ⌫.
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solutions were not explored.

sequence (Schreiber et al. 2017). The SFR averaged over the last
10 or 100 Myr could also be zero, meaning it is possible for the
dust emission to be entirely powered by non-OB stars.

Other parameters, like the formation timescale, are essen-
tially unconstrained when marginalizing over the allowed pa-
rameter space. However, the allowed values span di↵erent ranges
depending on whether Hyde has quenched or not (see Fig. 8).
For quenched models with tb<1% > 50 Myr, t68% can be at most
450 Myr (and less than 190 Myr at 68% confidence), and the
current SFR < 10 M�/yr. On the other hand, if the galaxy is
still forming stars (tb<30% = 0) the formation timescale must
be at least 300 Myr (and 630 to 770 Myr at 68% confidence)
and the SFR averaged over the last 100 Myr must be less than
200 M�/yr. Therefore, either the galaxy has quenched after a

brief but intense star-formation episode, or it has continuously
formed stars at moderate rates over longer timescales. As we dis-
cuss in section 4, the compactness of the galaxy and the deficit
of [C ii] emission favor the former hypothesis.

We have tried to fit a more complex model than Eq. 1 to our
galaxies by including a late exponentially rising burst active at
the moment of observation, of variable intensity and e-folding
time. The constraints for Jekyll were unchanged, and the only
di↵erence for Hyde was that additional solutions were allowed
where the bulk of the galaxy formed very early (z > 5) in a
short burst, and with a second burst of lower SFR ⇠ 80 M�/yr
at z = 3.7 generating the observed LIR. These solutions appear
unrealistic: with a main burst of star-formation older than that
in Jekyll, it is di�cult to see how such a large amount of dust
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Figure 1. Spectrum of ZF-COSMOS-20115 in the near-infrared K band. The wavelength axis

is the same in all three panels. The galaxy was also observed in H band, but continuum was

not detected, which is consistent with the level expected from the photometric break between the

H and K bands. a, Original 2D sky-subtracted K-band spectrum from MOSFIRE at its native

resolution (�/�� = 3200). The vertical white lines show where strong night sky residuals were

masked. b, Same 2D spectrum optimally smoothed with a boxcar filter to a lower resolution of

70Å, to enhance visibility of the continuum and broad absorption lines. c, The optimally-extracted

1D spectrum, both binned at 20Å resolution and smoothed by a boxcar filter of 70Å to enhance

the main absorption features, as in b. Three strong Hydrogen Balmer absorption lines (H�, H�

and H�) are clearly seen, characteristic of a post-starburst spectrum. Balmer emission lines are

not seen, confirming the lack of current star-formation. An example post-starburst template fit is
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Fig. 3.— HST + Spitzer/IRAC images for 5 candidate z ⇠ 9-10 galaxies which were confirmed as probable z � 9 galaxies (or partially
confirmed in the case of EGS910-2) using HST follow-up observations with our z9-CANDELS program. Fits to the SEDs of these sources
and the estimated redshift likelihood distributions are presented in Figure 4.

TABLE 4
Photometrically-Confirmed z ⇠ 9-10 Galaxies over the CANDELS Fields

ID R.A. Dec H160,AB zphot
b P(z > 8) Refa

z ⇠ 9 Sample
Two-Part Search Strategy (Preselection + Follow-up: §3, §4):

COS910-1 10:00:30.34 02:23:01.6 26.4±0.2 9.0+0.4
�0.5 0.99

EGS910-0 14:20:23.47 53:01:30.5 26.2±0.1 9.1+0.3
�0.4 0.92

EGS910-3 14:19:45.28 52:54:42.5 26.4±0.2 9.0+0.5
�0.7 0.97

UDS910-1c 02:17:21.96 �05:08:14.7 26.6±0.2 8.6+0.6
�0.5 0.74

Direct Search Strategy for z � 8.4 Galaxies (§5):
GS-z9-1 03:32:32.05 �27:50:41.7 26.6±0.2 9.3±0.5 0.9992 [1], [2]
GS-z9-2 03:32:37.79 �27:42:34.4 26.9 8.9+0.3

�0.3 0.83 [2]

GS-z9-3 03:32:34.99 �27:49:21.6 26.9 8.8+0.3
�0.3 0.95 [2], [3]

GS-z9-4 03:33:07.58 �27:50:55.0 26.8 8.4+0.2
�0.3 0.97 [2], [3]

GS-z9-5 03:32:39.96 �27:42:01.9 26.4 8.7+0.8
�0.7 0.55 [2]

GN-z9-1 12:36:52.25 62:18:42.4 26.6±0.1 9.2±0.3 >0.9999 [1], [2]

z ⇠ 10 Sample
Two-Part Search Strategy (Preselection + Follow-up: §3, §4):

EGS910-2c 14:20:44.31 52:58:54.4 26.7±0.2 9.6+0.5
�0.5 0.71

Direct Search Strategy for z � 8.4 Galaxies (§5):
GN-z10-1d 12:36:25.46 62:14:31.4 26.0±0.1 11.1±0.1 >0.9999 [1], [2], [4], [5]
GN-z10-2 12:37:22.74 62:14:22.4 26.8±0.1 9.9±0.3 0.9994 [1], [2]
GN-z10-3 12:36:04.09 62:14:29.6 26.8±0.2 9.5±0.4 0.9981 [1], [2]
GS-z10-1 03:32:26.97 �27:46:28.3 26.9±0.2 9.9±0.5 0.9988 [1], [2]

a References: [1] Oesch et al. 2014, [2] Bouwens et al. 2015, [3] McLure et al. 2013, [4] Oesch et al. 2016, [5] Bouwens et al. 2010
b 1� uncertainties are computed based on the z > 4 likelihood distributions.
c This candidate could only be partially confirmed, given the limited orbit allocation to our HST program.
d This source is now spectroscopically confirmed to lie at z = 11.1 (Oesch et al. 2016), but broadly lies within our z ⇠ 10 selection window.
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Figure 6: Revolutionary Insights with JWST/NIRSpec: Left – One of our primary targets will be
the recently discovered quiescent galaxy at z=3.7 from Glazebrook+17. The 7 hr MOSFIRE spectrum
(top) is compared to our simulated NIRSpec observation at the bottom. In only 1hr at R=1000, we will
discover all the key absorption features (e.g., Mg, Fe, Balmer lines) in this galaxy, constraining its
formation history in revolutionary detail. EXPRESS will contain ⇠ 15 quiescent galaxies at z>2. Right –
Our primary pointing includes one of only a handful of bright z⇠9 galaxies currently known, COS910-1
(Bouwens+16). The R=100 spectra will result in unprecedented continuum+line spectra. In particular, the
rest-frame optical continuum provides accurate constraints on the star-formation history of these galaxies,
and at R=1000 we will obtain detailed insights into the physical properties of the most distant galaxies.
Our program aims to target 4 of the brightest z⇠9�10 galaxy candidates known (from Bouwens+16).

(e.g., Williams+09) quiescent galaxies at z>2; and (3) extreme emission-line galaxies with
detectable auroral [OIII]�4363 emission at z=1.7�4. We additionally ensured that one point-
ing included a representative, z⇠2 “main-sequence” star-forming disk galaxy for NIRSpec
IFU follow up, with both prior KMOS-3D (Wisnioski+15) and MOSDEF (Kriek+15) cover-
age for robust surface-brightness predictions for multiple emission lines. To fill our pointings,
we drew from the public 3D-HST catalogs (Momcheva+16) and the Lyman Break Galaxy
(LBG) catalogs of Bouwens+15, selecting sources with either z

spec

or z
phot

>1.4. We will
target all 4 pointings with NIRSpec R⇠1000 MSA spectroscopy, as this mode optimally
addresses the maximum number of our key science goals. In addition, we will use NIRSpec
R⇠100 and 2700 MSA spectroscopy, NIRSpec R⇠1000 and 2700 IFU spectroscopy, NIRISS
R ⇠ 150 and NIRCam R⇠1500 slitless spectroscopy for the COSMOS-POS1 pointing.

Mask Planning Tool (MPT) simulations over a range of schedulable PAs indicate that
we will be able to assign slits to ⇠75-80 targets per mask (allowing for some small overlap).
We will use the tool msaviz to ensure that (1) no spectra overlap with our highest priority
targets and (2) truncated R = 2700 spectra cover the wavelengths of interest for most
slits. We will also target >300 [>600] sources down to H=24.5 with NIRISS [NIRCam]
slitless spectroscopy. The expected total sample numbers are listed in Tab. 1. Four NIRSpec
pointings are required at a minimum to achieve our main science and calibration goals.
They will include ⇠10 luminous z>6 sources, ⇠10 massive, quiescent z>2 galaxies, and ⇠10
high-redshift auroral line targets, as well as ⇠30 galaxies with prior MOSFIRE spectroscopy.

Choice of Instrumental Modes/Required Exposure Times: Our goal for EXPRESS
is to test the performance of JWST for faint-galaxy spectroscopy across all of its near-IR
(� 5 µm) spectroscopic modes and to reach faint limits for revolutionary physical insights.
In particular, to detect [OIII]�4363 auroral lines we need to reach line sensitivity limits of
⇠1⇥10�18 erg s�1 cm�2. At the same time, we aim to detect continua down to 26.5 mag
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Karl Glazebrook, SUT

Summary

• Can now probe massive galaxies to z~4 in complete 
samples, and low mass to z~2.5

• quiescent ‘red nuggets’ at z~4:

too abundant for comfort. 
NOT emission-line contaminants
one definitive spectroscopic confirmation
not enough massive halos: require very high baryon 
conversion efficiencies.  Are there enough ancestors? 
Obscured?
what is going on in SF at z>5? Or halo growth?


