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A simple sketch of massive galaxy growth
e.g., van Dokkum et al. (2010), Patel et al. (2013), Barro et al (2014), and many other studies
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A simple sketch of massive galaxy growth
van Dokkum et al. (2015)

28

Figure 27. The number density of galaxies as a function of size at
1.50 < z < 2.25, in two mass bins. Points with errorbars are the ob-
served values; black points show all galaxies and red points show
quiescent galaxies only. The lines are the predicted distributions
in our model, that is, the observed distribution at 2.25 < z < 3.00
evolved forward in time by 1.0 Gyr. The size distributions are well
reproduced in this model, in both mass bins (black lines). The match
to the subset of quiescent galaxies is very good at the smallest sizes
but shows systematic differences at intermediate and large sizes.

formation (Dekel & Burkert 2014). This apparent difference
may reflect a difference in approach: in this paper we are con-
cerned with the average evolution of the population of mas-
sive galaxies, whereas simulations such as those of Zolotov
et al. (2015) are able to follow the tracks of individual galax-
ies in the size-mass plane. Judging from the Zolotov et al.
(2015) tracks, Eq. 30 may simply be the time- and popula-
tion average of periods of proportional size and mass growth
(∆ logre ∼ ∆ logMstars), periods of compaction, and the ef-
fects of mergers.26
At lower redshifts massive galaxies evolve along a

markedly different track in the size-mass plane: van Dokkum
et al. (2010), Patel et al. (2013), and others find that the size
and mass evolution of massive galaxies are related through
∆ logre ∼ 2∆ logMstars at 0 < z < 2 (as indicated by the dot-
ted section of the red curve in Fig. 22). This evolution can be
explained by minor, gas-poor mergers building up the outer
envelopes of galaxies (Bezanson et al. 2009; Naab et al. 2009;
Hopkins et al. 2010; Hilz et al. 2013). In van Dokkum
et al. (2010) we showed that any physical process that de-
posits mass at r > re leads to a steep track in the size-mass
plane, due to the definition of the effective radius.

26 Note that the term “compaction” refers to the gas, not the stars; in the
Zolotov et al. models the (indirect) effect on the stellar effective radius is
generally much smaller than that on the gas radius.

A schematic of the growth of massive galaxies from z ∼ 3
to z ∼ 0 is shown in Fig. 28. After galaxies quench, their
mass growth per unit time is reduced, but their effective radii
continue to increase. This Figure suggests that there are mul-
tiple paths leading to large, massive, quiescent galaxies in the
local Universe, as was also noted in, e.g., Cappellari et al.
(2013) and Barro et al. (2014a). Their z ∼ 2 progenitors can
be large star forming (disk) galaxies, such as those studied ex-
tensively by, e.g., Genzel et al. (2008) and Förster Schreiber
et al. (2011), or compact, massive, quiescent galaxies that
have grown through mergers (e.g., Trujillo et al. 2011; Patel
et al. 2013; Ownsworth et al. 2014). As shown in Fig. 2 of
van Dokkum et al. (2014) massive z = 0 galaxies have a large
range of central densities at fixed total mass, as expected in
such scenarios. It is possible that massive S0 galaxies formed
from large star forming galaxies and massive elliptical galax-
ies formed from compact star forming galaxies, although it
remains to be seen whether the stellar populations of massive
early-type galaxies are sufficiently diverse to accommodate a
large range in formation histories (Gallazzi et al. 2005; van
Dokkum & van der Marel 2007).

Figure 28. Illustration of possible average tracks of galaxies in the
size-mass plane from z ∼ 3 to z ∼ 0. While they are forming stars,
galaxies grow mostly in mass and gradually increase their density.
After reaching a velocity dispersion or stellar density threshold (the
yellow line, whose location is redshift dependent) they quench, due
to AGN feedback or other processes that correlate with stellar den-
sity. The dominant mode of growth after quenching is dry merging,
which takes galaxies on a steep track in the size-mass plane.

9.2. Winds, Shocks, and AGN
In this paper we mostly ignored the effects of AGN, despite

the fact that nearly half of the 25 galaxies with Keck spec-
tra have X-ray luminosities above the canonical AGN limit of
LX > 1043 ergs s−1.27 The reason is that these effects are diffi-
cult to constrain and quantify. Barro et al. (2013) discuss the
high occurrence rate of AGN in compact star forming galaxies
extensively, and argue that they are the agent of quenching.
This may be true: in many galaxy formation models AGNs
27 The number of galaxies with active nuclei could be even higher, as the

X-ray selection is biased against Compton-thick AGN (see, e.g., Fiore et al.
2008).
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The star-forming phase of massive galaxies
Thomas et al. (2010)
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The star-forming phase of massive galaxies
Thomas et al. (2010)



A massive compact quiescent galaxy at z~2.1
Kriek, Conroy et al. (submitted)

Also includes data by
Belli et al. (2014) and

MOSDEF (Kriek et al. 2015)
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Abundance pattern: chemically extreme galaxy
Kriek, Conroy et al. (submitted), Choi et al. (2014), Conroy & van Dokkum (2012)
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What does this mean for the SFH?
Kriek, Conroy et al. (submitted)
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What does this mean for the SFH?
Kriek, Conroy et al. (submitted)
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An extreme star-forming galaxy at z=6.34
Riechers et al. (2013)

M is the mass within radius r and G is the gravitational constant. For
r 5 1.7 kpc and M 5 Mgas, this suggests e 5 0.06, which is a few times
higher than found in nearby starbursts and in giant molecular cloud cores
in the Galaxy18.

The properties of atomic and molecular gas in HFLS 3 are fully
consistent with a highly enriched, highly excited interstellar medium,

as typically found in the nuclei of warm, intense starbursts, but dis-
tributed over a large, ,3.5-kpc-diameter, region. The observed CO
and [C II] luminosities suggest that dust is the primary coolant of the
gas if both are thermally coupled. The L[CII]/LFIR ratio of ,5 3 1024 is
typical for high radiation environments in extreme starbursts and
active galactic nucleus (AGN) host galaxies19. The L[CII]/LCO(1–0) ratio
of ,3,000 suggests that the bulk of the line emission is associated with
the photon-dominated regions of a massive starburst. At the LFIR of
HFLS 3, this suggests an infrared radiation field strength and gas
density comparable to nearby ULIRGs without luminous AGN
(figures 4 and 5 of ref. 19).

From the spectral energy distribution of HFLS 3, we derive a dust
temperature of Tdust 5 56z9

{12K, ,10 K less than in Arp 220, but ,3
times that of the Milky Way. CO radiative transfer models assuming
collisional excitation suggest a gas kinetic temperature of Tkin 5
144z59

{30K and a gas density of log10(n(H2)) 5 3:80z0:28
{0:17 cm-3 (Sup-

plementary Information section 4 and Supplementary Figs 13 and 14).
These models suggest similar gas densities as in nearby ULIRGs, and
prefer Tkin?Tdust, which may imply that the gas and dust are not in
thermal equilibrium, and that the excitation of the molecular lines may be
partially supported by the underlying infrared radiation field. This is
consistent with the finding that we detect H2O and OH lines with upper
level energies of E/kB . 300–450 K and critical densities of .108.5 cm23

at line intensities exceeding those of the CO lines. The intensities and
ratios of the detected H2O lines cannot be reproduced by radiative trans-
fer models assuming collisional excitation, but are consistent with being
radiatively pumped by FIR photons, at levels comparable to those
observed in Arp 220 (Supplementary Figs 15 and 16)20,21. The CO and
H2O excitation is inconsistent with what is observed in quasar host
galaxies like Mrk 231 and APM 0827915255 at z 5 3.9, which lends
support to the conclusion that the gas is excited by a mix of collisions
and infrared photons associated with a massive, intense starburst, rather
than hard radiation associated with a luminous AGN22. The physical
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Figure 2 | Spectral energy distribution and Herschel/SPIRE colours of
HFLS 3. a, HFLS 3 was identified as a very high redshift candidate, as it appears
red between the Herschel/SPIRE 250-, 350- and 500-mm bands (inset). The
spectral energy distribution of the source (data points; lobs, observed-frame
wavelength; nrest, rest-frame frequency; AB mag, magnitudes in the AB system;
error bars are 1s r.m.s. uncertainties in both panels) is fitted with a modified
black body (MBB; solid line) and spectral templates for the starburst galaxies
Arp 220, M 82, HR 10 and the Eyelash (broken lines, see key). The implied FIR
luminosity is 2:86z0:32

{0:31 3 1013 Lsun. The dust in HFLS 3 is not optically thick at
wavelengths longward of rest-frame 162.7mm (95.4% confidence;
Supplementary Fig. 12). This is in contrast to Arp 220, in which the dust
becomes optically thick (that is, td 5 1) shortward of 234 6 3mm (ref. 20).
Other high-redshift massive starburst galaxies (including the Eyelash) typically
become optically thick around ,200mm. This suggests that none of the

detected molecular/fine-structure emission lines in HFLS 3 require correction
for extinction. The radio continuum luminosity of HFLS 3 is consistent with the
radio–FIR correlation for nearby star-forming galaxies. b, Flux density ratios
(350mm/250mm and 500mm/350mm) of HFLS 3. The coloured lines are the
same templates as in a, but redshifted between 1 , z , 8 (number labels
indicate redshifts). Dashed grey lines indicate the dividing lines for red
(S250mm , S350mm , S500mm) and ultra-red (S250mm , S350mm and
1.3 3 S350mm , S500mm) sources. Grey symbols show the positions of five
spectroscopically confirmed red sources at 4 , z , 5.5 (including three new
sources from our study), which all fall outside the ultra-red cut-off. This shows
that ultra-red sources will lie at z . 6 for typical shapes of the spectral energy
distribution (except those with low dust temperatures), whereas red sources
typically are at z , 5.5. See Supplementary Information sections 1 and 3 for
more details.

Table 1 | Observed and derived quantities for HFLS 3, Arp 220 and
the Milky Way

HFLS 3 Arp 220* Milky Way*

z 6.3369 0.0181
Mgas (Msun){ (1.04 6 0.09) 3 1011 5.2 3 109 2.5 3 109

Mdust (Msun){ 1:31z0:32
{0:30 3 109 ,1 3 108 ,6 3 107

M* (Msun)1 ,3.7 3 1010 ,(3–5) 3 1010 ,6.4 3 1010

Mdyn (Msun) || 2.7 3 1011 3.45 3 1010 2 3 1011 (,20 kpc)
fgas (%)" 40 15 1.2
LFIR (Lsun)# 2:86z0:32

{0:31 3 1013 1.8 3 1012 1.1 3 1010

SFR (Msun yr21)q 2,900 ,180 1.3
Tdust (K)** 55:9z9:3

{12:0
66 ,19

For details see Supplementary Information section 3.
*Literature values for Arp 220 and the Milky Way are adopted from refs 20 and 27–30. The total
molecular gasmass of the Milky Way is uncertain by at least a factor of 2. Quoteddust massesand stellar
masses are typically uncertain by factors of 2–3 owing to systematics. The dynamical mass for the Milky
Way is quoted within the inner 20 kpc to be comparable to the other systems, not probing the outer
regions dominated by dark matter. The dust temperature in the Milky Way varies by at least 65 K
around the quoted value, which is used as a representative value. Both Arp 220 and the Milky Way are
known to contain small fractions of significantly warmer dust. All errors are 1s r.m.s. uncertainties.
{Molecular gas mass, derived assuming aCO 5 Mgas/L9CO 5 1 Msun (K km s21 pc2)21 (see
Supplementary Information section 3.3).
{Dust mass, derived from spectral energy distribution fitting (see Supplementary Information section
3.1).
1 Stellar mass, derived from population synthesis fitting (see Supplementary Information section 3.4).
||Dynamical mass (see Supplementary Information section 3.5).
"Gas mass fraction, derived assuming fgas 5 Mgas/Mdyn (see Supplementary Information section 3.6).
#FIR luminosity as determined over the range of 42.5–122.5mm from spectral energy distribution
fitting (see Supplementary Information section 3.1).
qSFR, derived assuming SFR (in Msun yr21) 5 1.0 3 10210 LFIR (in Lsun) (see Supplementary
Information section 3.2).
**Dust temperature, derived from spectral energy distribution fitting (see Supplementary Information
section 3.1).

LETTER RESEARCH

1 8 A P R I L 2 0 1 3 | V O L 4 9 6 | N A T U R E | 3 3 1
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~2900 Msol / yr
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How does this galaxy evolve between z~2 and z~0?
Kriek, Conroy et al. (submitted), Choi et al. (2014), Conroy & van Dokkum (2012)
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A simple sketch of massive galaxy growth
e.g., van Dokkum et al. (2010), Patel et al. (2013), Barro et al (2014)
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Size difference quiescent and post-starburst galaxies
Whitaker, Kriek, et al. (2012)

Massive Compact Recently Quenched Galaxies at z > 1 5

Fig. 5.— The stacked ACS I-band postage stamps and surface
brightness profiles of young (blue) and old (red) quiescent galaxies
at 1.5 < z < 2.0, and the PSF (black). The individual galaxies are
“mass” (top) or “flux” normalized (bottom) before stacking. The
younger quiescent galaxies are more centrally concentrated with
marginally smaller sizes (arrows/circles).

these redshifts where the former effect is less likely to be
important.
The structural evolution of young and old galaxies

looks similar, but to do a more thorough analysis we
stack the ACS F814W -band (I-band) and the WIRDS
KS-band images. We create the stacked images by
adding normalized, masked images of the individual
galaxies at 1.5 < z < 2.0. The postage stamps of the in-
dividual objects are normalized in two separate methods:
all individual galaxies are “mass” normalized to a stel-
lar mass of 1011 M⊙ and a redshift of z=1.5, and “flux”
normalized to the average total flux of the entire qui-
escent sample before stacking. The mass normalization
will be sensitive to any intrinsic brightness differences,
whereas the flux normalization will emphasize any size
differences.
The flux normalized observed ACS I-band stacks are

shown in the top panel of Figure 5. We show the surface
brightness profiles of the stacks for both normalization
methods below the postage stamps, with arrows indicat-
ing the mean sizes determined using GALFIT (see §2).
We determine the mean using bisquare weighting and the
resistant estimate of the dispersion (robust sigma) for
the effective radius and sersic index distributions from 50
bootstrapped stacks. We present the structural param-
eters measured from this stacking analysis for both the

I-band and KS-band in Table 1. The surface brightness
profiles are very similar within 5 kpc for all quiescent
galaxies, but we do detect subtle differences. On aver-
age, the younger quiescent galaxies are more centrally
concentrated and may have somewhat smaller sizes. If
the mass-to-light (M/L) ratio is constant, this implies
that younger quiescent galaxies may have slightly differ-
ent mass profiles or they may have lower central M/L
ratios.
As the mass normalization takes into account any

brightness differences due to redshift, the remaining dif-
ference of ∼1 mag between the central surface brightness
of young and old galaxies is intrinsic. The surface bright-
ness profiles of the flux normalized stacks begin to diverge
at radii >2 kpc, with measured sizes in agreement with
the mass normalized stacks.

6. DISCUSSION

We study the growth of the red sequence through the
number density and structural evolution of a sample of
young and old quiescent galaxies selected from the NEW-
FIRM Medium-Band Survey. Due to the higher resolu-
tion photometry of the NMBS, we can now — for the
first time — study the general properties of young qui-
escent galaxies at the peak of their existence. We do not
see massive young galaxies that have recently quenched
their star formation locally or even at low to intermedi-
ate redshifts. In fact, we only begin to see a dramatic rise
in the population of recently quenched galaxies at z > 1,
finding an order of magnitude increase in their number
densities between z=0.9 and z=1.2. The observed num-
ber densities of young and old quiescent galaxies are con-
sistent with a simple model where all quiescent galaxies
at z > 1 have passed through the post-starburst evolu-
tionary phase. As this simple model does not take into
account growth due to mergers, we repeat the analy-
sis selecting galaxies (both quiescent and star-forming)
at a constant number density of 2 × 10−4 Mpc−3, fol-
lowing van Dokkum et al. (2010). When taking into ac-
count mass growth on the red sequence by both mergers
and the transformation of star-forming galaxies, we find
an even more pronounced rise in the number density of
young quiescent galaxies from < 10−6 Mpc−3 at z < 1
to 4× 10−5 Mpc−3 at 1.5 < z < 2.
Somewhat surprisingly, the younger quiescent galax-

ies are not larger, and perhaps somewhat smaller, than
the older galaxies at a fixed redshift. This result di-
rectly contradicts the theory that the average size of qui-
escent galaxies increases over time due to the continuous
quenching and migration of larger, star-forming galaxies
(e.g., van der Wel et al. 2009). Rather, as both young
and old galaxies appear to have similar sizes, the size
growth of quiescent galaxies from z = 2 to the present
must be the result of mergers and accretion (or some
other yet unknown mechanism), consistent with the re-
cent results from Guo et al. (2011). This growth rate can
be directly inferred from the slope of the size-time rela-
tion. Our findings are consistent with the theoretical pre-
dictions of Robertson et al. (2006) and Khochfar & Silk
(2006), where quiescent galaxies have smaller sizes and
slightly flatter shapes at higher redshifts.
The lack of a difference between the sizes of young

and old quiescent galaxies contradicts the results of
Saracco et al. (2009). They find that while younger
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quenching and migration of larger, star-forming galaxies
(e.g., van der Wel et al. 2009). Rather, as both young
and old galaxies appear to have similar sizes, the size
growth of quiescent galaxies from z = 2 to the present
must be the result of mergers and accretion (or some
other yet unknown mechanism), consistent with the re-
cent results from Guo et al. (2011). This growth rate can
be directly inferred from the slope of the size-time rela-
tion. Our findings are consistent with the theoretical pre-
dictions of Robertson et al. (2006) and Khochfar & Silk
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must be the result of mergers and accretion (or some
other yet unknown mechanism), consistent with the re-
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circles depict the compact SFGs observed with ALMA. The subpanels in the bottom-left corner show the 5′′ ×5′′ ACS/WFC3 zJH images
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(red circles). Right: mass–size distribution for the same galaxies as in the left panel. The dashed line marks the compactness threshold,
log(Σ1.5) = 10.4 M⊙kpc−1.5.

SFR profiles and the stellar mass profiles of 6 compact
SFGs at z ∼ 2.5. Throughout this paper, we quote mag-
nitudes in the AB system, assume a Chabrier (2003) ini-
tial mass function (IMF), and adopt the following cos-
mological parameters: (ΩM ,ΩΛ,h) = (0.3, 0.7, 0.7).

2. DATA AND SAMPLE SELECTION

The 6 galaxies analyzed in this paper are drawn
from the sample of compact SFGs in the CANDELS
(Grogin et al. 2011) GOODS-S region presented in
Barro et al. (2014). The UV to near-IR spectral energy
distributions (SEDs) include extensive multi-band data
ranging from U to 8µm (Guo et al. 2013). Furthermore,
we include Spitzer/MIPS 24 and 70 µm data (30 µJy
and 1 mJy, 5σ) from Pérez-González et al. (2008), and
PACS 70, 100 and 160 µm (0.7 mJy, 5σ), and SPIRE 250,
350 and 500 µm (1 mJy, 5σ) from the GOODS-Herschel
(Elbaz et al. 2011) and PEP (Magnelli et al. 2013) sur-
veys.
The compact SFGs were identified following the

method described in Barro et al. (2013, 2014). Briefly,
we require galaxies to be massive (log(M/M⊙)>
10.5), star-forming (log(sSFR/Gyr−1)> −1), and we
impose a compactness criterion (Barro et al. 2013),
log(M/πr1.5e ) = 10.4 M⊙kpc−1.5, to identify galaxies
with similar structural properties as quiescent galax-
ies at that redshift. Lastly, we choose FIR bright
galaxies detected in Spitzer and Herschel with predicted
ALMA 870 µm fluxes above ∼1 mJy. Figure 1 illustrates
the selection criteria by showing the location of the com-
pact SFGs (blue circles) observed with ALMA overlaid in
the SFR-mass and mass-size diagrams for galaxies more
massive than log(M/M⊙)> 9 at 2 < z < 3 in the CAN-
DELS GOODS-S catalog.
The sub-mm observations of the 6 targets were taken as

part of an ALMA cycle-2 campaign (ID: 2013.1.00576.S;
PI: G. Barro) aimed at studying the dust emission con-

tinuum in compact SFGs at z = 2 − 3. The observa-
tions were carried out on 2015-08-29 and 2015-09-07 in
band 7 using four spectral windows in the largest band-
width mode. The on-source integration time was 1800s
in the longest array configuration, C34-7. Flux, phase,
and band-pass calibrators were also obtained, for a total
time of ∼ 3 hr. We used the CASA software to pro-
cess and clean the data. The cleaning algorithm was run
using a natural weighting for the u-v visibility plane.
The average angular resolution of the observations is
FWHM = 0.′′14× 0.′′11, with a major-axis position angle
ranging from 3◦ − 65◦ (see Figure 3). The rms noise of
the observations is σ = 40 µJy/beam or 2.4mJy/arcsec2.
The depth of the ALMA observations allow reliable mea-
surements of the surface brightness profile at a 3σ level
down to a radius of at least 5× the half-width at half-
maximum of the ALMA clean beam. We find and cor-
rect an average systematic offset between the HST and
ALMA astrometry12 of∆RA =−0.′′08 and∆DEC = 0.′′27
with an rms∼ 0.′′06.

3. OPTICAL/NIR AND MIR/SUBMM SED FITS: M⋆, SFR,
MDUST AND MGAS

3.1. models and assumptions

We fit the optical/NIR SEDs to calculate stellar
masses using FAST (Kriek et al. 2009) and assuming
Bruzual & Charlot (2003) stellar population synthesis
models, and the Calzetti et al. (2000) dust law with at-
tenuation 0 < AV < 4. We also assume an exponentially-
declining star formation history with timescale τ and age
t (see Santini et al. (2015) for more details).
We fit the mid-to-FIR SEDs to the dust emission tem-

plates of Chary & Elbaz (2001), Dale & Helou (2002),
and Rieke et al. (2009). Moreover, we fit the models by

12 The offsets are consistent with recent results from a JVLA
survey of GOODS-S (Rujopakarn in prep.)
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below the UV and FIR detection limits. The orange lines show possible IR-SFR profiles undetected by ALMA. The arrows show the mean
effective radii and the horizontal bars indicate their lower/upper limits determined from the ±1σ profiles. The bottom panels show the
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pact, the FIR profiles have, on average, lower (disk-like)
Sérsic indices with n870µm ∼ 1 than the optical profiles
with nF160W ∼ 2. Figure 4a compares the FIR and op-
tical re ans shows no clear correlation. Furthermore, the
FIR sizes exhibit a tighter size distribution, that sug-
gests a relatively homogeneous population of compact,
dusty, starbursts confined to the nuclear regions. The
small star-forming regions with integrated SFRs consis-
tent with the SF-MS imply that the nuclear starbursts
have ⟨ΣSFR⟩ = SFR/πr2e up to 25× larger than a typical
SF-MS disk with re,SFR ∼ 5 kpc (Nelson et al. 2015).
The remarkable compactness of the dust continuum

emission is consistent with recent results on SMGs and
other IR-bright galaxies which report small FIR sizes
(Gaussian FHWM ∼ 0.′′12) compared to the typical rest-
frame optical sizes of SFGs at z ∼ 2 − 3 (Simpson et al.
2015; Ikarashi et al. 2015; Tadaki et al. 2015). Nonethe-
less, joint studies of both the UV- and IR- SFRs, and
the stellar mass profiles are required to fully constrain
the regions where stars are being formed and to under-
stand their role in the structural evolution of SFGs.

4.2. Stellar mass, UV- and IR- SFR surface density
profiles

Figure 4b shows the average stellar mass and SFR
profiles of the compact SFGs as computed from their
deconvolved, surface density profiles. The UV-SFR
and IR-SFR profiles are determined by scaling the rest-
frame luminosity profiles, probed by ACS/F850LP and
ALMA 870 µm, to an integrated SFR using the con-
version in Equation 1. The stellar mass profiles are de-
termined from the rest-frame optical luminosity probed
by WFC3/F160W (approximately g-band, Lg) by using
an empirical correlation between the stellar mass-to-light
ratio, M⋆/Lg, and the rest-frame (u − g) color as deter-
mined from F125W and F160W (see e.g., Szomoru et al.

2012). We account for resolution effects in the color pro-
file by using the best-fit GALFIT models of the F125W
and F160W brightness profiles.
The average (UV+IR) SFR profile is approximately

1.5× more concentrated than the average stellar mass
profile and it is strongly dominated by the IR emission
(UV/IR ! 100) up to r ∼ 5 kpc. The specific SFR
(sSFR = SFR/M) is highest at r " 2.5 kpc and thus
imply that most of the stellar mass growth is taking place
within the inner few kpc of the galaxy. At r ! 5 kpc,
the sSFR is ∼100× lower thus indicating that the SFR
has an almost negligible contribution to the stellar mass
growth at large radii.
Note that the UV- and IR- SFR profiles are detected

only up to r ∼ 3 − 4 kpc (ΣSFR ∼ 1M⊙ kpc−2 and ∼
0.1M⊙ kpc−2). Therefore, the results at larger radii are
based on the best-fit Sérsic profiles. Nonetheless, we ver-
ify that even if the IR-SFR profiles had secondary compo-
nents undetected by ALMA with ΣSFR(r = 8 kpc) ∼10×
and 100× lower than the detection limit (orange lines in
Figure 4b), the re would only increase by ∼5% and 20%
and thus the SFR would still be more concentrated than
the stellar mass.

5. DISCUSSION

In a simplified picture of galaxy growth, the aver-
age structural evolution of SFGs proceeds roughly along
their well-defined scaling relations (blue arrows in Fig-
ure 5; e.g., van Dokkum et al. 2015; Barro et al. 2016b).
In this picture, massive compact quiescent galaxies at
z ∼ 2 would be descendants of smaller SFGs at higher-z
that achieve such high stellar densities by continuously
growing in stellar mass and size fueled by extended SFR
profiles. Alternatively, these SFGs could deviate from
the smooth track due to dissipative processes that would
rapidly increase their concentrations and potentially de-

Star formation more concentrated than mass
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crease their half-mass radii in strong nuclear starbursts
(Dekel & Burkert 2014; Wellons et al. 2015). The sec-
ular and dissipation-driven scenarios are not mutually
exclusive. However, we aim to understand whether the
massive dense cores of compact quiescent galaxies are
primarily formed in dissipative processes.
The strong nuclear starbursts embedded in larger stel-

lar mass profiles found in compact SFGs are indeed an
excellent match to the dissipation-driven scenario. The
light-to-dark green lines and circles in Figure 5 show the
predicted change in the stellar mass profile and the evo-
lutionary tracks in re and central mass density for com-
pact SFGs due to star formation, assuming that their
SFR profiles remain constant during ∆t = 200 Myr (ap-
proximately tdpl). The significant stellar mass growth
within the inner r ! 2 kpc decreases the half-mass ra-
dius by 1.6× from re,mass = 1.9 to 1.2 kpc, while the
central density within r ≤ 1 kpc increases by ∼ 4× from
log(Σ1) = 9.7 to 10.3 M⊙ kpc−2. If compact SFGs had
more extended star formation at r " 3 kpc the evolution
of Σ1 would be the same, while re,mass would decrease
less (e.g., ∼7% for the magenta line).
These evolutionary tracks are very similar to the pre-

dictions of the Vela simulations during the “wet com-
paction” phase (black arrows; e.g., Zolotov et al. 2015;

Tacchella et al. 2016) and contrast with the expected
evolution for typical SF-MS galaxies, which have ex-
tended SFR profiles with ∼ 100× lower central ΣSFR
(cyan line in Figure 5a) and thus favor a more gradual
increase of Σ1 and a positive size evolution.
The short depletion times of compact SFGs and the

similarity with the mean stellar mass profile of quiescent
galaxies at z ∼ 2 (red dashed line in Figure 5a) suggest
that the nuclear starburst is unlikely to continue for more
than a few hundred Myrs, either because no further gas
is accreted into the galaxy center or because the dense
stellar component stabilizes the gas to prevent further
star formation and eventually leads to galaxy quench-
ing. This scenario is consistent with previous results in-
dicating that the formation of a dense core precedes the
shut down of star formation (e.g., Cheung et al. 2012;
van Dokkum et al. 2014), and suggests that, at high red-
shift, both quenching and the dense cores are simultane-
ous consequences of enhanced periods of nuclear star for-
mation that cause a rapid depletion of the gas reservoirs.
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Figure 27. The number density of galaxies as a function of size at
1.50 < z < 2.25, in two mass bins. Points with errorbars are the ob-
served values; black points show all galaxies and red points show
quiescent galaxies only. The lines are the predicted distributions
in our model, that is, the observed distribution at 2.25 < z < 3.00
evolved forward in time by 1.0 Gyr. The size distributions are well
reproduced in this model, in both mass bins (black lines). The match
to the subset of quiescent galaxies is very good at the smallest sizes
but shows systematic differences at intermediate and large sizes.

formation (Dekel & Burkert 2014). This apparent difference
may reflect a difference in approach: in this paper we are con-
cerned with the average evolution of the population of mas-
sive galaxies, whereas simulations such as those of Zolotov
et al. (2015) are able to follow the tracks of individual galax-
ies in the size-mass plane. Judging from the Zolotov et al.
(2015) tracks, Eq. 30 may simply be the time- and popula-
tion average of periods of proportional size and mass growth
(∆ logre ∼ ∆ logMstars), periods of compaction, and the ef-
fects of mergers.26
At lower redshifts massive galaxies evolve along a

markedly different track in the size-mass plane: van Dokkum
et al. (2010), Patel et al. (2013), and others find that the size
and mass evolution of massive galaxies are related through
∆ logre ∼ 2∆ logMstars at 0 < z < 2 (as indicated by the dot-
ted section of the red curve in Fig. 22). This evolution can be
explained by minor, gas-poor mergers building up the outer
envelopes of galaxies (Bezanson et al. 2009; Naab et al. 2009;
Hopkins et al. 2010; Hilz et al. 2013). In van Dokkum
et al. (2010) we showed that any physical process that de-
posits mass at r > re leads to a steep track in the size-mass
plane, due to the definition of the effective radius.

26 Note that the term “compaction” refers to the gas, not the stars; in the
Zolotov et al. models the (indirect) effect on the stellar effective radius is
generally much smaller than that on the gas radius.

A schematic of the growth of massive galaxies from z ∼ 3
to z ∼ 0 is shown in Fig. 28. After galaxies quench, their
mass growth per unit time is reduced, but their effective radii
continue to increase. This Figure suggests that there are mul-
tiple paths leading to large, massive, quiescent galaxies in the
local Universe, as was also noted in, e.g., Cappellari et al.
(2013) and Barro et al. (2014a). Their z ∼ 2 progenitors can
be large star forming (disk) galaxies, such as those studied ex-
tensively by, e.g., Genzel et al. (2008) and Förster Schreiber
et al. (2011), or compact, massive, quiescent galaxies that
have grown through mergers (e.g., Trujillo et al. 2011; Patel
et al. 2013; Ownsworth et al. 2014). As shown in Fig. 2 of
van Dokkum et al. (2014) massive z = 0 galaxies have a large
range of central densities at fixed total mass, as expected in
such scenarios. It is possible that massive S0 galaxies formed
from large star forming galaxies and massive elliptical galax-
ies formed from compact star forming galaxies, although it
remains to be seen whether the stellar populations of massive
early-type galaxies are sufficiently diverse to accommodate a
large range in formation histories (Gallazzi et al. 2005; van
Dokkum & van der Marel 2007).

Figure 28. Illustration of possible average tracks of galaxies in the
size-mass plane from z ∼ 3 to z ∼ 0. While they are forming stars,
galaxies grow mostly in mass and gradually increase their density.
After reaching a velocity dispersion or stellar density threshold (the
yellow line, whose location is redshift dependent) they quench, due
to AGN feedback or other processes that correlate with stellar den-
sity. The dominant mode of growth after quenching is dry merging,
which takes galaxies on a steep track in the size-mass plane.

9.2. Winds, Shocks, and AGN
In this paper we mostly ignored the effects of AGN, despite

the fact that nearly half of the 25 galaxies with Keck spec-
tra have X-ray luminosities above the canonical AGN limit of
LX > 1043 ergs s−1.27 The reason is that these effects are diffi-
cult to constrain and quantify. Barro et al. (2013) discuss the
high occurrence rate of AGN in compact star forming galaxies
extensively, and argue that they are the agent of quenching.
This may be true: in many galaxy formation models AGNs
27 The number of galaxies with active nuclei could be even higher, as the

X-ray selection is biased against Compton-thick AGN (see, e.g., Fiore et al.
2008).



How well do we actually recover sizes?
Price, Kriek, Feldmann et al. (in prep) - MassiveFIRE, Feldmann et al. (2016)
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Recovered light sizes are too large
Price, Kriek, Feldmann et al. (in prep) - MassiveFIRE, Feldmann et al. (2016)
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Correction using M/L gradients help
Price, Kriek, Feldmann et al. (in prep) - MassiveFIRE, Feldmann et al. (2016)
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• Deep continuum spectroscopy provides an undiluted view into the
star formation histories of massive galaxies:

‣ The most massive galaxies may have formed their stars over a period
~0.2 Gyr with an average past SFR of a few thousand solar masses / yr

‣ The resulting extreme abundance pattern will likely be diluted by minor
mergers over cosmic time

• Many high-z galaxies transition through a compact phase:

‣ z~1.5-2.0 post-starburst galaxies are smaller than both quiescent and
star-forming galaxies at similar redshift

‣ Compact star-forming galaxies primarily grow their cores

• Beware though: size measurements, in particular from just light suffer from
systematic uncertainties, which may differ per galaxy type

Take away points




