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Figure 1. Surface brightness profile shape in the SFR–mass diagram. A “structural main sequence” is clearly present at all observed epochs, and well approximated
by a constant slope of 1 and a zero point that increases with lookback time (white line). While SFGs on the MS are well characterized by exponential disks, quiescent
galaxies at all epochs are better described by de Vaucouleurs profiles. Those galaxies that occupy the tip and upper envelope of the MS also have cuspier light profiles,
intermediate between MS galaxies and red and dead systems.
(A color version of this figure is available in the online journal.)

Table 1
Overview Deep Lookback Surveys

Field Area Filtermorph Image Deptha Sample Depthb N0.5<z<1.5
c N1.5<z<2.5

c

(deg2) (AB mag, 5! ) (AB mag)

COSMOS 1.480 I814 27.2 25.0 106080 21430
UDS 0.056 H160 26.7 26.7 10443 6796
GOODS-S 0.041 H160 27.0 27.0 7008 3973
GOODS-N 0.042 z850 27.6 26.8 8797 3450

Notes.
a Point-source depth of the image on which the morphological analysis was performed.
b Magnitude (in i, H160, H160, and z850 for COSMOS, UDS, GOODS-S, and GOODS-N, respectively) down to which galaxies
were included in our sample.
c Sample size in the 0.5 < z < 1.5 and 1.5 < z < 2.5 redshift intervals.

be computed reliably, and unbiased by any completeness issues,
based on the objects observed in a given bin of SFR–mass space.

Our final sample comprises 639,924 galaxies at 0.02 < z <
0.2, 132,328 galaxies at 0.5 < z < 1.5, and 35,649 galaxies
at 1.5 < z < 2.5. The relative breakdown in galaxies of
different masses is determined by the depth of the observations,
and the stellar mass function at the respective redshifts. Above
M > 1010 M! our sample counts 53,2131, 31,127, and 8895
galaxies at z " 0.1, z " 1, and z " 2, respectively. Above
M > 1011 M!, the numbers drop to 147,922, 2767, and
1059 galaxies at z " 0.1, z " 1, and z " 2, respectively.
An overview of the sample size per field is provided in Table 1.

3. RESULTS ON GALAXY STRUCTURE

3.1. Profile Shape

We start by analyzing the surface brightness profile shape as
a function of position in the SFR–mass diagram in Figure 1.
The three panels show from left to right the z " 0.1, z " 1,
and z " 2 bins, respectively. Instead of indicating the relative
abundance of galaxies in different regions of the diagram, we
use the color-coding to mark the median value of the Sérsic
index n of all galaxies in each [SFR,M] bin. For displaying
purposes, we restrict the range of the color bar to 1 < n < 4,
and assign the same color as n = 1 and n = 4 to bins with
median n < 1 or median n > 4, respectively. The fraction
(fn<1; fn>4) of galaxies lying outside these bounds amounts to

(0.09; 0.24), (0.41; 0.14), and (0.41; 0.16) at z " 0.1, z " 1,
and z " 2, respectively. The fraction of [SFR,M] bins with
median n outside this range is small: (0.02; 0.11) at z " 0.1,
(0.14; 0.15) at z " 1, and (0.11; 0.11) at z " 2. The resulting
diagrams present a remarkably smooth variation in the typical
galaxy profile shape across the diagram. Moreover, despite the
loss of information on number densities, the so-called MS of star
formation is immediately apparent, and its presence persists out
to the highest observed redshifts. This “structural MS” consists
of galaxies with near-exponential profiles (n # 1) and shows a
similar behavior as the conventional “number MS” as identified
on the basis of number densities in the SFR–mass diagram
(e.g., Noeske et al. 2007; Elbaz et al. 2007; Daddi et al. 2007).
Namely, an upward shift of the zero point is observed with
increasing lookback time. At each epoch, the MS in Figure 1
is well approximated by a slope of unity (white line). The
SFR at which the median n reaches a minimum in a mass
slice around log(M) = 10 roughly coincides with the mode
of the log(SFR) distribution in that mass slice, but depending
on the fitting method and sample definition used to weed out
quiescent galaxies, a somewhat shallower slope than unity may
be measured for the “number MS” at the massive end (see, e.g.,
Rodighiero et al. 2010).

Below the structural MS, a cloud of galaxies with cuspy, near
de Vaucouleurs (n # 4) profiles is visible. This population of
massive quiescent galaxies is present at all observed epochs. Our
first and foremost conclusion from Figure 1 is therefore that
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(0.14; 0.15) at z " 1, and (0.11; 0.11) at z " 2. The resulting
diagrams present a remarkably smooth variation in the typical
galaxy profile shape across the diagram. Moreover, despite the
loss of information on number densities, the so-called MS of star
formation is immediately apparent, and its presence persists out
to the highest observed redshifts. This “structural MS” consists
of galaxies with near-exponential profiles (n # 1) and shows a
similar behavior as the conventional “number MS” as identified
on the basis of number densities in the SFR–mass diagram
(e.g., Noeske et al. 2007; Elbaz et al. 2007; Daddi et al. 2007).
Namely, an upward shift of the zero point is observed with
increasing lookback time. At each epoch, the MS in Figure 1
is well approximated by a slope of unity (white line). The
SFR at which the median n reaches a minimum in a mass
slice around log(M) = 10 roughly coincides with the mode
of the log(SFR) distribution in that mass slice, but depending
on the fitting method and sample definition used to weed out
quiescent galaxies, a somewhat shallower slope than unity may
be measured for the “number MS” at the massive end (see, e.g.,
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Figure 5. Size–stellar mass distribution of late- and early-type galaxies (same symbols as in Figure 2). A typical 1! error bar for individual objects in the higher-redshift
bins is shown in the bottom right panel. The lines indicate model fits to the early- and late-type galaxies as described in Section 3.1. The dashed lines, which are
identical in each panel, represent the model fits to the galaxies at redshifts 0 < z < 0.5. The solid lines represent fits to the higher-redshift samples. The mass ranges
used in the fits are indicated by the extent of the lines in the horizontal direction. Strong evolution in the intercept of the size–mass relation is seen for early-type
galaxies, and moderate evolution is seen for the late-type galaxies (also see Figure 6. There is no significant evidence for evolution in the slope (also see Figure 6).
The parameters of the fits shown here are given in Table 1.
(A color version of this figure is available in the online journal.)

a function of mass. We parameterize this following Shen et al.
(2003) and assume a log-normal distribution N (log r, !log r ),
where log r is the mean and !log r is the dispersion. Furthermore,
r is taken to be a function of galaxy mass:

r(m!)/kpc = A · m"
! , (3)

where m! " M!/7 # 1010 M$. As we will describe in
Section 3.3, it is reasonable to assume that !log r is indepen-
dent of mass.

The model distribution N (log r(m!), !log r ) prescribes the
probability distribution for observing Reff for a galaxy with
mass m!. If the measured Reff has a Gaussian, 1-! uncertainty
of # log Reff , then the probability for this observation is the inner
product of two Gaussians:

P = %N (log Reff, # log Reff), N(log r(m!), !log r )&. (4)

Thus, we compute for each galaxy the probabilities PET and PLT
for the respective size–mass distribution models for the early-
type and late-type populations. Incompleteness terms should
formally be included in these probabilities (as described by,
e.g., Huang et al. 2013), but because of our conservative sample
selection (see Section 2.4) we are not biased against faint, large
objects.

The uncertainty in size, # log Reff , is computed as outlined by
van der Wel et al. (2012). A random uncertainty of 0.15 dex
in m! is included in our analysis by treating it as an additional
source of uncertainty in Reff : for a size–mass relation with a
given slope, an offset in m! translates into an offset in Reff .
Hence, the calculation of P stays one-dimensional. The fiducial
slopes we use to convert # log Reff into #m! are " = 0.7 for
early-type galaxies and " = 0.2 for late-type galaxies.

We also take into account the misclassification of early-
and late-type galaxies. Despite the bimodal distribution in the
color–color diagram (Section 2.4; Figure 1), there are galaxies
in the region between the star-forming and quiescent sequences,
making their classification rather arbitrary and causing cross-
contamination of the two classes (also see Holden et al.
2012). Motivated by this work, we take this misclassification
probability to be 10%. We will comment on the effects of varying
this parameter below, when we describe the fitting results.

The misclassification probability precisely corresponds to the
early- and late-type contamination fractions in a sample in cases
where the two subsamples have an equal number of galaxies.
The actual contamination fraction scales with the early- and
late-type fractions, which depend on galaxy mass and redshift.
The evolution of the stellar mass function for the two types
is described by Muzzin et al. (2013), which we use here to
compute this ratio. We also allow for 1% of outliers: these are
objects that are not part of the galaxy population, for example,
catastrophic redshift estimates or misclassified stars. Finally, in
order to avoid being dominated by the large number of low-mass
galaxies, we also assign a weight to each galaxy that is inversely
proportional to the number density. This ensures that each mass
range carries equal weight in the fit. The number density is taken
from the Muzzin et al. (2013) mass functions.

Then, we compute the total likelihood for a set of six model
parameters (intercept A, slope ", and intrinsic scatter !log Reff ,
each for both types of galaxies):

LET =
!

ln[W · ((1 ' C) · PET + C · PLT + 0.01)] (5)

for early-type galaxies, and

LLT =
!

ln[W · ((1 ' C) · PLT + C · PET + 0.01)] (6)

7

In an early evolutionary stage of star-forming galaxies,
- galaxies grow in size with increasing stellar mass
- they are forming stars in larger disks than stellar continuum (inside-out growth)
- they never form a bulge component!
At some point (probably around the Schechter mass),
- star-forming region should become more compact than stellar continuum

M*-size plot (van del Wel et al. 2014) size compariosn (Nelson et al. 2016)
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used in the fits are indicated by the extent of the lines in the horizontal direction. Strong evolution in the intercept of the size–mass relation is seen for early-type
galaxies, and moderate evolution is seen for the late-type galaxies (also see Figure 6. There is no significant evidence for evolution in the slope (also see Figure 6).
The parameters of the fits shown here are given in Table 1.
(A color version of this figure is available in the online journal.)
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The actual contamination fraction scales with the early- and
late-type fractions, which depend on galaxy mass and redshift.
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algorithmically more straightforward method of Szomoru et al.
(2010). This method takes advantage of the GALFIT code,
which convolves models with the PSF to fit galaxy light
distributions (Peng et al. 2002). We begin by fitting the stacks
with Sérsic (1968) models using GALFIT (Peng et al. 2002).
These Sérsic fits are quite good, and the images show small
residuals. We use these fit parameters to create an unconvolved
model of the image stack. To account for deviations from a
perfect Sérsic fit, we add the residuals to this unconvolved
image stack. Although the residuals are still convolved with the
PSF, this method has been shown to reconstruct the true flux
distribution even when the galaxies are poorly fit by a Sérsic
profile (Szomoru et al. 2010). It is worth noting again that the
residuals in these fits are small, so the residual-correction step
in this procedure is not critical to the conclusions of this paper.

4. THE DISTRIBUTION OF H! AS A FUNCTION OF
STELLAR MASS AND RADIUS

The structure of galaxies (e.g., Wuyts et al. 2011b; van der
Wel et al. 2014b) and their specific star formation rates (sSFRs;
e.g., Whitaker et al. 2014) change as a function of stellar mass.
This means that both where a galaxy is growing and how
rapidly it is growing depend on how much stellar mass it has
already assembled. In this section, we investigate where
galaxies are building stellar mass by considering the average
radial distribution of H! emission in different mass ranges.

To measure the average spatial distribution of H! during this
epoch from z=1.5 to0.7, we create mean H! images by
stacking the H! maps of individual galaxies as described in
Section 3.3. The stacking technique employed in this paper
serves to increase the S/N, enabling us to trace the profile of
H! to large radii. An obvious disadvantage is that the H!
distribution is known to be different for different galaxies. As
an example, the H! maps of the galaxies shown in Figure 3 are
quite diverse, displaying a range of sizes, surface densities, and
morphologies. Additionally, star formation in the early
universe often appears to be clumpy and stochastic (Elmegreen
& Elmegreen 2005; Elmegreen 2009; Förster Schreiber et al.
2011b, Guo et al. 2012). Different regions of galaxies light up
with new stars for short periods of time. These clumps, while
visually striking, make up a small fraction of the total star
formation at any given time. Only 10%–15% of star formation
occurs in clumps, while the remaining 85%–90% of star
formation occurs in a smooth disk or bulge component (Förster

Schreiber et al. 2011b; Wuyts et al. 2012, 2013). Stacking H!
smooths over the short-timescale stochasticity to reveal the
time-averaged spatial distribution of star formation.
Figure 5 shows the radial surface brightness profiles of H!

as a function of stellar mass. The first and most obvious feature
of these profiles is that the H! is brightest in the center of these
galaxies: the radial surface brightness of H! rises mono-
tonically toward small radii. The average distribution of ionized
gas is not centrally depressed or even flat;it is centrally peaked.
This shows that there is substantial ongoing star formation in
the centers of galaxies at all masses at z!1.
With regard to profile shape, in log(flux)-linear(radius)

space, these profiles appear to be nearly linear, indicating that
they are mostly exponential. There is a slight excess at small
and large radii compared to an exponential profile. However,

Figure 5. Average radial distribution of H! emission in galaxies in bins of stellar mass indicated at the top of each panel. The filled circles show the radial profiles
measured directly from the stacked H! images. The open circles show the profiles corrected for the effect of the PSF. The lines show the best-fit exponentials for
0.5rs<r<3rs to the PSF-corrected profiles. There appears to be some excess flux over a pure exponential at small and large radii. The short vertical lines show the
corresponding H! effective radii.

Figure 6. Size–mass relations for H! ( *Br MH – ) stellar continuum ( * *r M– ). The
size of star-forming disks traced by H! increases with stellar mass as

rBr MH
0.23. At low masses, *_Br rH , as mass increases the disk scale length

of H! becomes larger than the stellar continuum emission as * *rBr r MH
0.054.

Interpreting H! as star formation and stellar continuum as stellar mass, this
serves as evidence that, on average, galaxies are growing larger in size due to
star formation.
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In a late evolutionary stage of star-forming galaxies,
(after a dense core is formed) 
- central region has lower specific star formation rates
- the suppression is more significant in galaxies below the main-sequence
- star formation is likely quenched from the inside out

Massive star-forming galaxies at z~2  
(Tacchella et al. 2015)

Massive star-forming galaxies at z~1 
(Nelson et al. 2016)

Inside-out quenching of galaxies

stops cooling in dark matter halos above a critical
mass [~1012 M⊙ (11)]. Morphological/gravita-
tional quenching proposes that the growth of a
central mass concentration (i.e., amassive bulge)
stabilizes a gas disk against fragmentation (12, 13).
Feedback from an accreting supermassive black
hole transfers either radiative (14) to the sur-
rounding gas, thereby suppressing gas accretion
onto the galaxy, or kinetic energy and momen-
tum (15), which causes the expulsion of gas from
the galaxy.
Quenchingmust soonoccur in themostmassive,

and thus formidably star-forming, galaxies on the
main sequence at z ~ 2, to avoid dramatically over-
shooting the highest observed masses of z = 0
galaxies (16). Yet no general consensus has emerged
on which of the above-mentioned processes is pri-
marily responsible for halting this star formation as
early as a few billion years after the Big Bang. De-
termining the distributions of the stellarmass and
SFR densities within individual z ~ 2 galaxies at
high spatial resolution is central to resolving
these issues. Together these distributions reveal
how stellar mass builds up and SFR is progres-
sively switched off inside these high-z galaxies,
which, given their high masses, will have to
evolve into “red and dead” systems by z = 0.
We measured such quantities for a sample of

22 star-forming galaxies at a median z of 2.2 [(17)
and section S1]. The sample spans a wide range
in stellar mass M ~ 4 ! 109 to 5 ! 1011 M⊙ and
SFR ~20 to 300M⊙ year−1 and broadly traces the

main sequence at these redshifts. The five most
massive galaxies lie slightly below the average
main sequence, a point we explore in more detail
in section S1.
For all galaxies we obtained adaptive optics

SINFONI (Spectrograph for INtegral Field Ob-
servations in the Near Infrared) spectroscopy
on the European Southern Observatory’s Very
Large Telescope, mapping the two-dimensional
rest-frame Ha emission at ~1 kpc spatial reso-
lution. These data reflect the gas ionized by
young stars within individual galaxies, which
allows us to construct spatially resolved distri-
butions of ionized gas kinematics and SFR sur-
face densities internal to the galaxy. We also
obtained Hubble Space Telescope (HST) imag-
ing in the J and H passbands (17, 18). At the
redshifts of the sample, the J and H filters strad-
dle the rest-frame Balmer/4000 Å break. This
spectral feature is strong in relatively old stars
and therefore provides a robust estimate of the
stellar mass already assembled in older stellar
populations. Thus, at a similar kiloparsec reso-
lution as the SINFONI SFR maps, the HST im-
ages provide maps of the stellar mass density
that is stored in such older underlying popula-
tions. Visual inspection of the two-dimensional
SFR distributions immediately reveals their no-
toriously irregular appearance, with bright clumps
at large radii, in contrast with their centrally
peaked and smooth stellar mass distributions
(figs. S4 to S6).

The shapes of the average surface SFR den-
sity (SSFR) profiles (Fig. 1, top panels) are very
similar regardless of total mass and are well
fitted by a Sérsic profile Sº exp(–b ! r1/n), with
the n ~ 1 value typical of disk-like systems. In
contrast, the surface stellar mass density (SM)
profiles become progressively more centrally con-
centrated with increasing total stellar mass. The
Sérsic index of the SM profiles increases from
n = 1.0 T 0.2 in the low-mass bin, to n = 1.9 T
0.6 in the intermediate-mass bin, up to n = 2.8 T
0.3 in the high-mass bin (uncertainties indicate
the 1s scatter). Within each mass bin, the mean
SM profiles are always more centrally concen-
trated than the SFR density profiles.
We then compared the SM profiles of our

sample of z ~ 2.2 galaxies with a mass-matched
sample of local z = 0 galaxies (Fig. 1, bottom
panels) (19). Consistent with the Sérsic fits,
the low-mass z ~ 2.2 galaxies have the same
radial stellar mass profiles of late-type disks
in the local universe. The z ~ 2.2 galaxies in
the most massive bin, however, have stellar
mass profiles that overlap with those of z = 0
early-type galaxies out to galactocentric distances
of a few kiloparsecs, corresponding to typically
~2 effective radii. At these high stellar masses
(~1011 M⊙), our sample of galaxies on the z ~ 2.2
have therefore already saturated their central stel-
lar mass densities to those of galaxies of sim-
ilar mass at z = 0, which are quenched systems
with a bulge-dominated morphology. Thus the
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Fig. 1. Stellar mass
and star-formation
rate surface density
distributions.The
three panels of (a) to
(c) show results for
the three bins of stellar
mass indicated at the
top of each column,
containing 9, 8, and 5
galaxies, respectively.
(A) (upper row) The
stellar surface mass
density profiles (red,
scale on the left verti-
cal axis) and SFR sur-
face density profiles
(blue, scale on the
right vertical axis) for
our z ~ 2.2 sample.
Thin lines represent
individual galaxies; the
mean values are given
by the solid circles
(with error bars indi-
cating the 1s scatter).
The derivations of
these profiles are
described in detail in
the supplementary
materials (17). (B) (middle row) The mean sSFR as a function of radius r (sSFRr; black line). In gray we show the 1s scatter. (C) (bottom row) The average
surface stellar mass density profiles of the star-forming z ~ 2.2 galaxies (red points with dashed line; error bars indicate the 1s scatter) overplotted on the
average profiles for the mass-matched samples of z = 0 galaxies (colors indicate morphological types: orange for early types, blue for late types).
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stops cooling in dark matter halos above a critical
mass [~1012 M⊙ (11)]. Morphological/gravita-
tional quenching proposes that the growth of a
central mass concentration (i.e., amassive bulge)
stabilizes a gas disk against fragmentation (12, 13).
Feedback from an accreting supermassive black
hole transfers either radiative (14) to the sur-
rounding gas, thereby suppressing gas accretion
onto the galaxy, or kinetic energy and momen-
tum (15), which causes the expulsion of gas from
the galaxy.
Quenchingmust soonoccur in themostmassive,

and thus formidably star-forming, galaxies on the
main sequence at z ~ 2, to avoid dramatically over-
shooting the highest observed masses of z = 0
galaxies (16). Yet no general consensus has emerged
on which of the above-mentioned processes is pri-
marily responsible for halting this star formation as
early as a few billion years after the Big Bang. De-
termining the distributions of the stellarmass and
SFR densities within individual z ~ 2 galaxies at
high spatial resolution is central to resolving
these issues. Together these distributions reveal
how stellar mass builds up and SFR is progres-
sively switched off inside these high-z galaxies,
which, given their high masses, will have to
evolve into “red and dead” systems by z = 0.
We measured such quantities for a sample of

22 star-forming galaxies at a median z of 2.2 [(17)
and section S1]. The sample spans a wide range
in stellar mass M ~ 4 ! 109 to 5 ! 1011 M⊙ and
SFR ~20 to 300M⊙ year−1 and broadly traces the

main sequence at these redshifts. The five most
massive galaxies lie slightly below the average
main sequence, a point we explore in more detail
in section S1.
For all galaxies we obtained adaptive optics

SINFONI (Spectrograph for INtegral Field Ob-
servations in the Near Infrared) spectroscopy
on the European Southern Observatory’s Very
Large Telescope, mapping the two-dimensional
rest-frame Ha emission at ~1 kpc spatial reso-
lution. These data reflect the gas ionized by
young stars within individual galaxies, which
allows us to construct spatially resolved distri-
butions of ionized gas kinematics and SFR sur-
face densities internal to the galaxy. We also
obtained Hubble Space Telescope (HST) imag-
ing in the J and H passbands (17, 18). At the
redshifts of the sample, the J and H filters strad-
dle the rest-frame Balmer/4000 Å break. This
spectral feature is strong in relatively old stars
and therefore provides a robust estimate of the
stellar mass already assembled in older stellar
populations. Thus, at a similar kiloparsec reso-
lution as the SINFONI SFR maps, the HST im-
ages provide maps of the stellar mass density
that is stored in such older underlying popula-
tions. Visual inspection of the two-dimensional
SFR distributions immediately reveals their no-
toriously irregular appearance, with bright clumps
at large radii, in contrast with their centrally
peaked and smooth stellar mass distributions
(figs. S4 to S6).

The shapes of the average surface SFR den-
sity (SSFR) profiles (Fig. 1, top panels) are very
similar regardless of total mass and are well
fitted by a Sérsic profile Sº exp(–b ! r1/n), with
the n ~ 1 value typical of disk-like systems. In
contrast, the surface stellar mass density (SM)
profiles become progressively more centrally con-
centrated with increasing total stellar mass. The
Sérsic index of the SM profiles increases from
n = 1.0 T 0.2 in the low-mass bin, to n = 1.9 T
0.6 in the intermediate-mass bin, up to n = 2.8 T
0.3 in the high-mass bin (uncertainties indicate
the 1s scatter). Within each mass bin, the mean
SM profiles are always more centrally concen-
trated than the SFR density profiles.
We then compared the SM profiles of our

sample of z ~ 2.2 galaxies with a mass-matched
sample of local z = 0 galaxies (Fig. 1, bottom
panels) (19). Consistent with the Sérsic fits,
the low-mass z ~ 2.2 galaxies have the same
radial stellar mass profiles of late-type disks
in the local universe. The z ~ 2.2 galaxies in
the most massive bin, however, have stellar
mass profiles that overlap with those of z = 0
early-type galaxies out to galactocentric distances
of a few kiloparsecs, corresponding to typically
~2 effective radii. At these high stellar masses
(~1011 M⊙), our sample of galaxies on the z ~ 2.2
have therefore already saturated their central stel-
lar mass densities to those of galaxies of sim-
ilar mass at z = 0, which are quenched systems
with a bulge-dominated morphology. Thus the

SCIENCE sciencemag.org 17 APRIL 2015 • VOL 348 ISSUE 6232 315

Fig. 1. Stellar mass
and star-formation
rate surface density
distributions.The
three panels of (a) to
(c) show results for
the three bins of stellar
mass indicated at the
top of each column,
containing 9, 8, and 5
galaxies, respectively.
(A) (upper row) The
stellar surface mass
density profiles (red,
scale on the left verti-
cal axis) and SFR sur-
face density profiles
(blue, scale on the
right vertical axis) for
our z ~ 2.2 sample.
Thin lines represent
individual galaxies; the
mean values are given
by the solid circles
(with error bars indi-
cating the 1s scatter).
The derivations of
these profiles are
described in detail in
the supplementary
materials (17). (B) (middle row) The mean sSFR as a function of radius r (sSFRr; black line). In gray we show the 1s scatter. (C) (bottom row) The average
surface stellar mass density profiles of the star-forming z ~ 2.2 galaxies (red points with dashed line; error bars indicate the 1s scatter) overplotted on the
average profiles for the mass-matched samples of z = 0 galaxies (colors indicate morphological types: orange for early types, blue for late types).
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stops cooling in dark matter halos above a critical
mass [~1012 M⊙ (11)]. Morphological/gravita-
tional quenching proposes that the growth of a
central mass concentration (i.e., amassive bulge)
stabilizes a gas disk against fragmentation (12, 13).
Feedback from an accreting supermassive black
hole transfers either radiative (14) to the sur-
rounding gas, thereby suppressing gas accretion
onto the galaxy, or kinetic energy and momen-
tum (15), which causes the expulsion of gas from
the galaxy.
Quenchingmust soonoccur in themostmassive,

and thus formidably star-forming, galaxies on the
main sequence at z ~ 2, to avoid dramatically over-
shooting the highest observed masses of z = 0
galaxies (16). Yet no general consensus has emerged
on which of the above-mentioned processes is pri-
marily responsible for halting this star formation as
early as a few billion years after the Big Bang. De-
termining the distributions of the stellarmass and
SFR densities within individual z ~ 2 galaxies at
high spatial resolution is central to resolving
these issues. Together these distributions reveal
how stellar mass builds up and SFR is progres-
sively switched off inside these high-z galaxies,
which, given their high masses, will have to
evolve into “red and dead” systems by z = 0.
We measured such quantities for a sample of

22 star-forming galaxies at a median z of 2.2 [(17)
and section S1]. The sample spans a wide range
in stellar mass M ~ 4 ! 109 to 5 ! 1011 M⊙ and
SFR ~20 to 300M⊙ year−1 and broadly traces the

main sequence at these redshifts. The five most
massive galaxies lie slightly below the average
main sequence, a point we explore in more detail
in section S1.
For all galaxies we obtained adaptive optics

SINFONI (Spectrograph for INtegral Field Ob-
servations in the Near Infrared) spectroscopy
on the European Southern Observatory’s Very
Large Telescope, mapping the two-dimensional
rest-frame Ha emission at ~1 kpc spatial reso-
lution. These data reflect the gas ionized by
young stars within individual galaxies, which
allows us to construct spatially resolved distri-
butions of ionized gas kinematics and SFR sur-
face densities internal to the galaxy. We also
obtained Hubble Space Telescope (HST) imag-
ing in the J and H passbands (17, 18). At the
redshifts of the sample, the J and H filters strad-
dle the rest-frame Balmer/4000 Å break. This
spectral feature is strong in relatively old stars
and therefore provides a robust estimate of the
stellar mass already assembled in older stellar
populations. Thus, at a similar kiloparsec reso-
lution as the SINFONI SFR maps, the HST im-
ages provide maps of the stellar mass density
that is stored in such older underlying popula-
tions. Visual inspection of the two-dimensional
SFR distributions immediately reveals their no-
toriously irregular appearance, with bright clumps
at large radii, in contrast with their centrally
peaked and smooth stellar mass distributions
(figs. S4 to S6).

The shapes of the average surface SFR den-
sity (SSFR) profiles (Fig. 1, top panels) are very
similar regardless of total mass and are well
fitted by a Sérsic profile Sº exp(–b ! r1/n), with
the n ~ 1 value typical of disk-like systems. In
contrast, the surface stellar mass density (SM)
profiles become progressively more centrally con-
centrated with increasing total stellar mass. The
Sérsic index of the SM profiles increases from
n = 1.0 T 0.2 in the low-mass bin, to n = 1.9 T
0.6 in the intermediate-mass bin, up to n = 2.8 T
0.3 in the high-mass bin (uncertainties indicate
the 1s scatter). Within each mass bin, the mean
SM profiles are always more centrally concen-
trated than the SFR density profiles.
We then compared the SM profiles of our

sample of z ~ 2.2 galaxies with a mass-matched
sample of local z = 0 galaxies (Fig. 1, bottom
panels) (19). Consistent with the Sérsic fits,
the low-mass z ~ 2.2 galaxies have the same
radial stellar mass profiles of late-type disks
in the local universe. The z ~ 2.2 galaxies in
the most massive bin, however, have stellar
mass profiles that overlap with those of z = 0
early-type galaxies out to galactocentric distances
of a few kiloparsecs, corresponding to typically
~2 effective radii. At these high stellar masses
(~1011 M⊙), our sample of galaxies on the z ~ 2.2
have therefore already saturated their central stel-
lar mass densities to those of galaxies of sim-
ilar mass at z = 0, which are quenched systems
with a bulge-dominated morphology. Thus the
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Fig. 1. Stellar mass
and star-formation
rate surface density
distributions.The
three panels of (a) to
(c) show results for
the three bins of stellar
mass indicated at the
top of each column,
containing 9, 8, and 5
galaxies, respectively.
(A) (upper row) The
stellar surface mass
density profiles (red,
scale on the left verti-
cal axis) and SFR sur-
face density profiles
(blue, scale on the
right vertical axis) for
our z ~ 2.2 sample.
Thin lines represent
individual galaxies; the
mean values are given
by the solid circles
(with error bars indi-
cating the 1s scatter).
The derivations of
these profiles are
described in detail in
the supplementary
materials (17). (B) (middle row) The mean sSFR as a function of radius r (sSFRr; black line). In gray we show the 1s scatter. (C) (bottom row) The average
surface stellar mass density profiles of the star-forming z ~ 2.2 galaxies (red points with dashed line; error bars indicate the 1s scatter) overplotted on the
average profiles for the mass-matched samples of z = 0 galaxies (colors indicate morphological types: orange for early types, blue for late types).
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RESEARCH | REPORTSstops cooling in dark matter halos above a critical
mass [~1012 M⊙ (11)]. Morphological/gravita-
tional quenching proposes that the growth of a
central mass concentration (i.e., amassive bulge)
stabilizes a gas disk against fragmentation (12, 13).
Feedback from an accreting supermassive black
hole transfers either radiative (14) to the sur-
rounding gas, thereby suppressing gas accretion
onto the galaxy, or kinetic energy and momen-
tum (15), which causes the expulsion of gas from
the galaxy.
Quenchingmust soonoccur in themostmassive,

and thus formidably star-forming, galaxies on the
main sequence at z ~ 2, to avoid dramatically over-
shooting the highest observed masses of z = 0
galaxies (16). Yet no general consensus has emerged
on which of the above-mentioned processes is pri-
marily responsible for halting this star formation as
early as a few billion years after the Big Bang. De-
termining the distributions of the stellarmass and
SFR densities within individual z ~ 2 galaxies at
high spatial resolution is central to resolving
these issues. Together these distributions reveal
how stellar mass builds up and SFR is progres-
sively switched off inside these high-z galaxies,
which, given their high masses, will have to
evolve into “red and dead” systems by z = 0.
We measured such quantities for a sample of

22 star-forming galaxies at a median z of 2.2 [(17)
and section S1]. The sample spans a wide range
in stellar mass M ~ 4 ! 109 to 5 ! 1011 M⊙ and
SFR ~20 to 300M⊙ year−1 and broadly traces the

main sequence at these redshifts. The five most
massive galaxies lie slightly below the average
main sequence, a point we explore in more detail
in section S1.
For all galaxies we obtained adaptive optics

SINFONI (Spectrograph for INtegral Field Ob-
servations in the Near Infrared) spectroscopy
on the European Southern Observatory’s Very
Large Telescope, mapping the two-dimensional
rest-frame Ha emission at ~1 kpc spatial reso-
lution. These data reflect the gas ionized by
young stars within individual galaxies, which
allows us to construct spatially resolved distri-
butions of ionized gas kinematics and SFR sur-
face densities internal to the galaxy. We also
obtained Hubble Space Telescope (HST) imag-
ing in the J and H passbands (17, 18). At the
redshifts of the sample, the J and H filters strad-
dle the rest-frame Balmer/4000 Å break. This
spectral feature is strong in relatively old stars
and therefore provides a robust estimate of the
stellar mass already assembled in older stellar
populations. Thus, at a similar kiloparsec reso-
lution as the SINFONI SFR maps, the HST im-
ages provide maps of the stellar mass density
that is stored in such older underlying popula-
tions. Visual inspection of the two-dimensional
SFR distributions immediately reveals their no-
toriously irregular appearance, with bright clumps
at large radii, in contrast with their centrally
peaked and smooth stellar mass distributions
(figs. S4 to S6).

The shapes of the average surface SFR den-
sity (SSFR) profiles (Fig. 1, top panels) are very
similar regardless of total mass and are well
fitted by a Sérsic profile Sº exp(–b ! r1/n), with
the n ~ 1 value typical of disk-like systems. In
contrast, the surface stellar mass density (SM)
profiles become progressively more centrally con-
centrated with increasing total stellar mass. The
Sérsic index of the SM profiles increases from
n = 1.0 T 0.2 in the low-mass bin, to n = 1.9 T
0.6 in the intermediate-mass bin, up to n = 2.8 T
0.3 in the high-mass bin (uncertainties indicate
the 1s scatter). Within each mass bin, the mean
SM profiles are always more centrally concen-
trated than the SFR density profiles.
We then compared the SM profiles of our

sample of z ~ 2.2 galaxies with a mass-matched
sample of local z = 0 galaxies (Fig. 1, bottom
panels) (19). Consistent with the Sérsic fits,
the low-mass z ~ 2.2 galaxies have the same
radial stellar mass profiles of late-type disks
in the local universe. The z ~ 2.2 galaxies in
the most massive bin, however, have stellar
mass profiles that overlap with those of z = 0
early-type galaxies out to galactocentric distances
of a few kiloparsecs, corresponding to typically
~2 effective radii. At these high stellar masses
(~1011 M⊙), our sample of galaxies on the z ~ 2.2
have therefore already saturated their central stel-
lar mass densities to those of galaxies of sim-
ilar mass at z = 0, which are quenched systems
with a bulge-dominated morphology. Thus the
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Fig. 1. Stellar mass
and star-formation
rate surface density
distributions.The
three panels of (a) to
(c) show results for
the three bins of stellar
mass indicated at the
top of each column,
containing 9, 8, and 5
galaxies, respectively.
(A) (upper row) The
stellar surface mass
density profiles (red,
scale on the left verti-
cal axis) and SFR sur-
face density profiles
(blue, scale on the
right vertical axis) for
our z ~ 2.2 sample.
Thin lines represent
individual galaxies; the
mean values are given
by the solid circles
(with error bars indi-
cating the 1s scatter).
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described in detail in
the supplementary
materials (17). (B) (middle row) The mean sSFR as a function of radius r (sSFRr; black line). In gray we show the 1s scatter. (C) (bottom row) The average
surface stellar mass density profiles of the star-forming z ~ 2.2 galaxies (red points with dashed line; error bars indicate the 1s scatter) overplotted on the
average profiles for the mass-matched samples of z = 0 galaxies (colors indicate morphological types: orange for early types, blue for late types).
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as a function of mass. The definition is nearly identical when
the mode is used instead, indicating that it defines the most
common rate of growth. While we left 20% of star-forming
galaxies to probe the extremes of rapid and slow growth, only
7% of these galaxies live above the MS and nearly double that,
13%, live below it. This is a manifestation of the fact that the
distribution of SFRs at a given mass is skewed toward low
SFRs. Counting galaxies, however, understates the importance
of galaxies above the MS to galaxy evolution because they are
building stellar mass so rapidly. Considering instead the
contribution to the total star formation budget at this epoch,
galaxies above the MS account for >20% of star formation,
while galaxies below the MS only account for <3%.

5.2. Spatially Coherent Star Formation

One of the primary results of this paper is shown in Figure 9:
the radial distribution of H! on, above, and below the star-
forming MS. Above the MS, H! is elevated at all radii. Below
the MS, H! is depressed at all radii. The profiles are remarkably
similar above, on, and below the MS—a phenomenon that can

be referred to as “coherent star formation,” in the sense that the
offsets in the SFR are spatially coherent.
We quantify this spatially coherent star formation in the

following way. First, we determine the overall offset of the H!
flux above and below the MS. To do this, we divide the H!
surface brightness profiles above and below the MS by their MS
counterparts. These MS-normalized radial profiles are shown in
Figure 10. The mean offset of these profiles is roughly a factor of
2 (0.3 dex).
Next, we compare the offset from the MS at small radii to the

offset at large radii. The ratio of the offset between 1.5<r<3
and 3<r<4.5 is !1 for all mass bins above and below the
star-forming MS. Star formation is spatially coherent: the offset
is roughly a factor of 2 and nearly independent of radius. The
mean offsets, as well as the ratio of the offsets at large and small
radii, are listed in Table 3. Above the MS at the highest masses
where we have the S/N to trace the H! to large radii, we can see
that the H! remains enhanced by a factor of 2 even beyond
10 kpc. The most robust conclusion we can draw from the
offsets in the radial profiles of H! is that star formation from
!1.5 to4.5 kpc is enhanced coherently in galaxies above the MS

Figure 9. Radial surface brightness profiles of H!, HF140W, and their ratio EW(H!) as a function ofM* and SFR. The colors delineate position with respect to the star-
forming “MS”: above (blue), on (black), and below (red). Above the star-forming MS, the H! (as well as the HF140W and EW(H!)) is elevated at all radii. Below the
star-forming MS, the H! is depressed at all radii. The average radial profiles are always centrally peaked in H! and never centrally peaked in EW(H!).
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as a function of mass. The definition is nearly identical when
the mode is used instead, indicating that it defines the most
common rate of growth. While we left 20% of star-forming
galaxies to probe the extremes of rapid and slow growth, only
7% of these galaxies live above the MS and nearly double that,
13%, live below it. This is a manifestation of the fact that the
distribution of SFRs at a given mass is skewed toward low
SFRs. Counting galaxies, however, understates the importance
of galaxies above the MS to galaxy evolution because they are
building stellar mass so rapidly. Considering instead the
contribution to the total star formation budget at this epoch,
galaxies above the MS account for >20% of star formation,
while galaxies below the MS only account for <3%.

5.2. Spatially Coherent Star Formation

One of the primary results of this paper is shown in Figure 9:
the radial distribution of H! on, above, and below the star-
forming MS. Above the MS, H! is elevated at all radii. Below
the MS, H! is depressed at all radii. The profiles are remarkably
similar above, on, and below the MS—a phenomenon that can

be referred to as “coherent star formation,” in the sense that the
offsets in the SFR are spatially coherent.
We quantify this spatially coherent star formation in the

following way. First, we determine the overall offset of the H!
flux above and below the MS. To do this, we divide the H!
surface brightness profiles above and below the MS by their MS
counterparts. These MS-normalized radial profiles are shown in
Figure 10. The mean offset of these profiles is roughly a factor of
2 (0.3 dex).
Next, we compare the offset from the MS at small radii to the

offset at large radii. The ratio of the offset between 1.5<r<3
and 3<r<4.5 is !1 for all mass bins above and below the
star-forming MS. Star formation is spatially coherent: the offset
is roughly a factor of 2 and nearly independent of radius. The
mean offsets, as well as the ratio of the offsets at large and small
radii, are listed in Table 3. Above the MS at the highest masses
where we have the S/N to trace the H! to large radii, we can see
that the H! remains enhanced by a factor of 2 even beyond
10 kpc. The most robust conclusion we can draw from the
offsets in the radial profiles of H! is that star formation from
!1.5 to4.5 kpc is enhanced coherently in galaxies above the MS

Figure 9. Radial surface brightness profiles of H!, HF140W, and their ratio EW(H!) as a function ofM* and SFR. The colors delineate position with respect to the star-
forming “MS”: above (blue), on (black), and below (red). Above the star-forming MS, the H! (as well as the HF140W and EW(H!)) is elevated at all radii. Below the
star-forming MS, the H! is depressed at all radii. The average radial profiles are always centrally peaked in H! and never centrally peaked in EW(H!).
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as a function of mass. The definition is nearly identical when
the mode is used instead, indicating that it defines the most
common rate of growth. While we left 20% of star-forming
galaxies to probe the extremes of rapid and slow growth, only
7% of these galaxies live above the MS and nearly double that,
13%, live below it. This is a manifestation of the fact that the
distribution of SFRs at a given mass is skewed toward low
SFRs. Counting galaxies, however, understates the importance
of galaxies above the MS to galaxy evolution because they are
building stellar mass so rapidly. Considering instead the
contribution to the total star formation budget at this epoch,
galaxies above the MS account for >20% of star formation,
while galaxies below the MS only account for <3%.

5.2. Spatially Coherent Star Formation

One of the primary results of this paper is shown in Figure 9:
the radial distribution of H! on, above, and below the star-
forming MS. Above the MS, H! is elevated at all radii. Below
the MS, H! is depressed at all radii. The profiles are remarkably
similar above, on, and below the MS—a phenomenon that can

be referred to as “coherent star formation,” in the sense that the
offsets in the SFR are spatially coherent.
We quantify this spatially coherent star formation in the

following way. First, we determine the overall offset of the H!
flux above and below the MS. To do this, we divide the H!
surface brightness profiles above and below the MS by their MS
counterparts. These MS-normalized radial profiles are shown in
Figure 10. The mean offset of these profiles is roughly a factor of
2 (0.3 dex).
Next, we compare the offset from the MS at small radii to the

offset at large radii. The ratio of the offset between 1.5<r<3
and 3<r<4.5 is !1 for all mass bins above and below the
star-forming MS. Star formation is spatially coherent: the offset
is roughly a factor of 2 and nearly independent of radius. The
mean offsets, as well as the ratio of the offsets at large and small
radii, are listed in Table 3. Above the MS at the highest masses
where we have the S/N to trace the H! to large radii, we can see
that the H! remains enhanced by a factor of 2 even beyond
10 kpc. The most robust conclusion we can draw from the
offsets in the radial profiles of H! is that star formation from
!1.5 to4.5 kpc is enhanced coherently in galaxies above the MS

Figure 9. Radial surface brightness profiles of H!, HF140W, and their ratio EW(H!) as a function ofM* and SFR. The colors delineate position with respect to the star-
forming “MS”: above (blue), on (black), and below (red). Above the star-forming MS, the H! (as well as the HF140W and EW(H!)) is elevated at all radii. Below the
star-forming MS, the H! is depressed at all radii. The average radial profiles are always centrally peaked in H! and never centrally peaked in EW(H!).
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Missing link

bulge components of these massive galaxies are
already fully in place while their hosts are still
vigorously forming stars farther out in the sur-
rounding (disk) regions [Figs. 1 and 2, center
panels; see also (13)].
Specifically, the ratio between the star forma-

tion rate and stellar mass surface density profiles
[i.e., sSFRr = SSFR(r)/SM(r)] indicates suppression
of the inner sSFRr at the highest masses and
generally outward-increasing radial profiles of
sSFRr (Fig. 1, center panels). By examining the
surface stellar mass density within 1 kpc, SM,1kpc,
as a function of total stellar mass M, we see that
the massive galaxies at z ~ 2.2 in our sample have
substantially suppressed star-formation activity
in their centers relative to lower-mass galaxies at
the same epochs. We show in the supplementary
materials (17) that this cannot be entirely due
to dust effects. The sSFR1kpc values range from
sSFR1kpc ~ 5 per billion years (Gy−1) (correspond-
ing to a mass-doubling time of ~200 My at a
galaxy stellar mass of 1010 M⊙) down to negligible
values of ~0.1 Gy−1 at 1011 M⊙. The key conclusion
is therefore that these galaxies sustain their high
total SFRs at large radii, far from their central
dense cores, whereas in such cores the sSFRr is
about two orders of magnitude lower.
A further important consideration that emerges

from the analysis of Fig. 2 is that our galaxies lie
around the identical tight SM,1kpc-M sequence
that is traced by galaxies at z ~ 0 (20). This im-
plies that the increase in total M of individual
galaxies along the main sequence must be ac-
companied by a synchronized increase in central
SM,1kpc, until the maximal central stellar densi-
ties of today’s massive spheroids are reached at
a stellar mass scale on the order of ~1011 M⊙.
Below this galaxy mass scale, dense stellar bulges
are therefore built concurrently with the outer
galactic regions. At z = 0, the global relation
curves, because the quenched galaxies have a
shallower slope than the star-forming galaxies,
and a clear “ridge” emerges (Fig. 2) (21). We
have too few galaxies to track this curvature at
earlier times, but this trend would be consistent
with z ~ 2.2 galaxies slightly increasing their total
M through declining star-formation at large radii
while maintaining their already quenched inner
SM,1kpc values.
These results provide insight into the bulge

formation process. The high stellar densities that
are already present in their cores indicate that
at least some massive star-forming galaxies at
z ~ 2.2 have today’s massive spheroids as their
descendants. We are seeing, however, neither
classical bulges formed by dissipationless merg-
ing nor pseudo-bulges formed by the slow secu-
lar evolution of a stellar disk. Such a dichotomy
is often invoked to explain the structural variety
observed in nearby galactic bulges [(22); see,
however, (23)]. The high central stellar densities
of the massive galaxies in our sample argue for
a gas-rich, dissipative bulge formation process
at even earlier epochs. This is consistent with
theoretical predictions (24) that either mergers
or violent disk instabilities in gas-rich galactic
structures at high redshifts lead to a compaction

phase of the gas component, which possibly even
drags any preexisting stellar component within
the inner few kiloparsecs.
Furthermore, the suppressed central sSFRs in

such massive systems argue for a quenching en-
gine also at work. As this apparently acts from
the inner galactic regions outward, it echoes find-
ings recently reported for massive galaxy pop-

ulations in a more recent era, at z ~ 0.5 to 1.5, or
~1.5 to 5.5 Gy later (25, 26). Our results reveal
that similar signatures are seen as early as z ~ 2.2,
implying that the same physical processes that
lead to a phase of suppressed star formation from
the inside out started acting on massive star-
forming galaxies as early as ~3 Gy after the Big
Bang. We also estimate the time scale for an
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Fig. 2. Central stellar
mass density sequence.
We plot the stellar mass
surface density within
1 kpc, SM,1kpc, as a function
of the total stellar mass M.
The black points show the
z ~ 0 ZENS sample, and
the blue and red contours
their density on the
SM,1kpc-M plane split for
star-forming (blue) and
quiescent (red) galaxies.
The correspondingly
colored solid lines indicate
the best fits to these z = 0
star-forming (SM,1kpc º
M~1.0) and quiescent
(SM,1kpc º M~0.7) galaxies.
The dashed black line
shows the fit to the ridge of passive galaxies in the Sloan Digital Sky Survey z = 0 sample of Fang et al.
(20). The error bars at the bottom right indicate the systematic uncertainty in the derivation of SM,1kpc

and M. The large points are the z ~ 2.2 galaxies, color coded according to specific star-formation rate
within 1 kpc, sSFR1kpc.The z ~ 2.2 galaxies lie on the tight SM,1kpc-M locus traced by the z = 0 population.
In contrast with total SFRs increasing with stellar mass along the main sequence, the z ~ 2.2 galaxies
have central sSFRs that strongly decrease with stellar mass.

Fig. 3. Outward progression
of the quenching wave.The
quenching time tquench in
star-forming ~1011 Mʘ galaxies at
z ~ 2.2 as a function of galacto-
centric distance. Such galaxies
quench from inside out on
time scales in the inner cores
much shorter than 1 Gy after
observation, up to a few billion
years in the galactic peripheries.
The galaxies will be fully quenched
by z ~ 1.The solid orange line indicates the mean quenching time for all galaxies in the highest-mass bin,
whereas the orange-shaded region marks the 1s scatter.

Fig. 4. Proposed sketch of the evolution of massive galaxies. Our results suggest a picture in
which the total stellar mass and bulge mass grow synchronously in z ~ 2 main sequence galaxies,
and quenching is concurrent with their total masses and central densities approaching the highest
values observed in massive spheroids in today’s universe.
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as a function of mass. The definition is nearly identical when
the mode is used instead, indicating that it defines the most
common rate of growth. While we left 20% of star-forming
galaxies to probe the extremes of rapid and slow growth, only
7% of these galaxies live above the MS and nearly double that,
13%, live below it. This is a manifestation of the fact that the
distribution of SFRs at a given mass is skewed toward low
SFRs. Counting galaxies, however, understates the importance
of galaxies above the MS to galaxy evolution because they are
building stellar mass so rapidly. Considering instead the
contribution to the total star formation budget at this epoch,
galaxies above the MS account for >20% of star formation,
while galaxies below the MS only account for <3%.

5.2. Spatially Coherent Star Formation

One of the primary results of this paper is shown in Figure 9:
the radial distribution of H! on, above, and below the star-
forming MS. Above the MS, H! is elevated at all radii. Below
the MS, H! is depressed at all radii. The profiles are remarkably
similar above, on, and below the MS—a phenomenon that can

be referred to as “coherent star formation,” in the sense that the
offsets in the SFR are spatially coherent.
We quantify this spatially coherent star formation in the

following way. First, we determine the overall offset of the H!
flux above and below the MS. To do this, we divide the H!
surface brightness profiles above and below the MS by their MS
counterparts. These MS-normalized radial profiles are shown in
Figure 10. The mean offset of these profiles is roughly a factor of
2 (0.3 dex).
Next, we compare the offset from the MS at small radii to the

offset at large radii. The ratio of the offset between 1.5<r<3
and 3<r<4.5 is !1 for all mass bins above and below the
star-forming MS. Star formation is spatially coherent: the offset
is roughly a factor of 2 and nearly independent of radius. The
mean offsets, as well as the ratio of the offsets at large and small
radii, are listed in Table 3. Above the MS at the highest masses
where we have the S/N to trace the H! to large radii, we can see
that the H! remains enhanced by a factor of 2 even beyond
10 kpc. The most robust conclusion we can draw from the
offsets in the radial profiles of H! is that star formation from
!1.5 to4.5 kpc is enhanced coherently in galaxies above the MS

Figure 9. Radial surface brightness profiles of H!, HF140W, and their ratio EW(H!) as a function ofM* and SFR. The colors delineate position with respect to the star-
forming “MS”: above (blue), on (black), and below (red). Above the star-forming MS, the H! (as well as the HF140W and EW(H!)) is elevated at all radii. Below the
star-forming MS, the H! is depressed at all radii. The average radial profiles are always centrally peaked in H! and never centrally peaked in EW(H!).
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as a function of mass. The definition is nearly identical when
the mode is used instead, indicating that it defines the most
common rate of growth. While we left 20% of star-forming
galaxies to probe the extremes of rapid and slow growth, only
7% of these galaxies live above the MS and nearly double that,
13%, live below it. This is a manifestation of the fact that the
distribution of SFRs at a given mass is skewed toward low
SFRs. Counting galaxies, however, understates the importance
of galaxies above the MS to galaxy evolution because they are
building stellar mass so rapidly. Considering instead the
contribution to the total star formation budget at this epoch,
galaxies above the MS account for >20% of star formation,
while galaxies below the MS only account for <3%.

5.2. Spatially Coherent Star Formation

One of the primary results of this paper is shown in Figure 9:
the radial distribution of H! on, above, and below the star-
forming MS. Above the MS, H! is elevated at all radii. Below
the MS, H! is depressed at all radii. The profiles are remarkably
similar above, on, and below the MS—a phenomenon that can

be referred to as “coherent star formation,” in the sense that the
offsets in the SFR are spatially coherent.
We quantify this spatially coherent star formation in the

following way. First, we determine the overall offset of the H!
flux above and below the MS. To do this, we divide the H!
surface brightness profiles above and below the MS by their MS
counterparts. These MS-normalized radial profiles are shown in
Figure 10. The mean offset of these profiles is roughly a factor of
2 (0.3 dex).
Next, we compare the offset from the MS at small radii to the

offset at large radii. The ratio of the offset between 1.5<r<3
and 3<r<4.5 is !1 for all mass bins above and below the
star-forming MS. Star formation is spatially coherent: the offset
is roughly a factor of 2 and nearly independent of radius. The
mean offsets, as well as the ratio of the offsets at large and small
radii, are listed in Table 3. Above the MS at the highest masses
where we have the S/N to trace the H! to large radii, we can see
that the H! remains enhanced by a factor of 2 even beyond
10 kpc. The most robust conclusion we can draw from the
offsets in the radial profiles of H! is that star formation from
!1.5 to4.5 kpc is enhanced coherently in galaxies above the MS

Figure 9. Radial surface brightness profiles of H!, HF140W, and their ratio EW(H!) as a function ofM* and SFR. The colors delineate position with respect to the star-
forming “MS”: above (blue), on (black), and below (red). Above the star-forming MS, the H! (as well as the HF140W and EW(H!)) is elevated at all radii. Below the
star-forming MS, the H! is depressed at all radii. The average radial profiles are always centrally peaked in H! and never centrally peaked in EW(H!).
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stops cooling in dark matter halos above a critical
mass [~1012 M⊙ (11)]. Morphological/gravita-
tional quenching proposes that the growth of a
central mass concentration (i.e., amassive bulge)
stabilizes a gas disk against fragmentation (12, 13).
Feedback from an accreting supermassive black
hole transfers either radiative (14) to the sur-
rounding gas, thereby suppressing gas accretion
onto the galaxy, or kinetic energy and momen-
tum (15), which causes the expulsion of gas from
the galaxy.
Quenchingmust soonoccur in themostmassive,

and thus formidably star-forming, galaxies on the
main sequence at z ~ 2, to avoid dramatically over-
shooting the highest observed masses of z = 0
galaxies (16). Yet no general consensus has emerged
on which of the above-mentioned processes is pri-
marily responsible for halting this star formation as
early as a few billion years after the Big Bang. De-
termining the distributions of the stellarmass and
SFR densities within individual z ~ 2 galaxies at
high spatial resolution is central to resolving
these issues. Together these distributions reveal
how stellar mass builds up and SFR is progres-
sively switched off inside these high-z galaxies,
which, given their high masses, will have to
evolve into “red and dead” systems by z = 0.
We measured such quantities for a sample of

22 star-forming galaxies at a median z of 2.2 [(17)
and section S1]. The sample spans a wide range
in stellar mass M ~ 4 ! 109 to 5 ! 1011 M⊙ and
SFR ~20 to 300M⊙ year−1 and broadly traces the

main sequence at these redshifts. The five most
massive galaxies lie slightly below the average
main sequence, a point we explore in more detail
in section S1.
For all galaxies we obtained adaptive optics

SINFONI (Spectrograph for INtegral Field Ob-
servations in the Near Infrared) spectroscopy
on the European Southern Observatory’s Very
Large Telescope, mapping the two-dimensional
rest-frame Ha emission at ~1 kpc spatial reso-
lution. These data reflect the gas ionized by
young stars within individual galaxies, which
allows us to construct spatially resolved distri-
butions of ionized gas kinematics and SFR sur-
face densities internal to the galaxy. We also
obtained Hubble Space Telescope (HST) imag-
ing in the J and H passbands (17, 18). At the
redshifts of the sample, the J and H filters strad-
dle the rest-frame Balmer/4000 Å break. This
spectral feature is strong in relatively old stars
and therefore provides a robust estimate of the
stellar mass already assembled in older stellar
populations. Thus, at a similar kiloparsec reso-
lution as the SINFONI SFR maps, the HST im-
ages provide maps of the stellar mass density
that is stored in such older underlying popula-
tions. Visual inspection of the two-dimensional
SFR distributions immediately reveals their no-
toriously irregular appearance, with bright clumps
at large radii, in contrast with their centrally
peaked and smooth stellar mass distributions
(figs. S4 to S6).

The shapes of the average surface SFR den-
sity (SSFR) profiles (Fig. 1, top panels) are very
similar regardless of total mass and are well
fitted by a Sérsic profile Sº exp(–b ! r1/n), with
the n ~ 1 value typical of disk-like systems. In
contrast, the surface stellar mass density (SM)
profiles become progressively more centrally con-
centrated with increasing total stellar mass. The
Sérsic index of the SM profiles increases from
n = 1.0 T 0.2 in the low-mass bin, to n = 1.9 T
0.6 in the intermediate-mass bin, up to n = 2.8 T
0.3 in the high-mass bin (uncertainties indicate
the 1s scatter). Within each mass bin, the mean
SM profiles are always more centrally concen-
trated than the SFR density profiles.
We then compared the SM profiles of our

sample of z ~ 2.2 galaxies with a mass-matched
sample of local z = 0 galaxies (Fig. 1, bottom
panels) (19). Consistent with the Sérsic fits,
the low-mass z ~ 2.2 galaxies have the same
radial stellar mass profiles of late-type disks
in the local universe. The z ~ 2.2 galaxies in
the most massive bin, however, have stellar
mass profiles that overlap with those of z = 0
early-type galaxies out to galactocentric distances
of a few kiloparsecs, corresponding to typically
~2 effective radii. At these high stellar masses
(~1011 M⊙), our sample of galaxies on the z ~ 2.2
have therefore already saturated their central stel-
lar mass densities to those of galaxies of sim-
ilar mass at z = 0, which are quenched systems
with a bulge-dominated morphology. Thus the
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Fig. 1. Stellar mass
and star-formation
rate surface density
distributions.The
three panels of (a) to
(c) show results for
the three bins of stellar
mass indicated at the
top of each column,
containing 9, 8, and 5
galaxies, respectively.
(A) (upper row) The
stellar surface mass
density profiles (red,
scale on the left verti-
cal axis) and SFR sur-
face density profiles
(blue, scale on the
right vertical axis) for
our z ~ 2.2 sample.
Thin lines represent
individual galaxies; the
mean values are given
by the solid circles
(with error bars indi-
cating the 1s scatter).
The derivations of
these profiles are
described in detail in
the supplementary
materials (17). (B) (middle row) The mean sSFR as a function of radius r (sSFRr; black line). In gray we show the 1s scatter. (C) (bottom row) The average
surface stellar mass density profiles of the star-forming z ~ 2.2 galaxies (red points with dashed line; error bars indicate the 1s scatter) overplotted on the
average profiles for the mass-matched samples of z = 0 galaxies (colors indicate morphological types: orange for early types, blue for late types).
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stops cooling in dark matter halos above a critical
mass [~1012 M⊙ (11)]. Morphological/gravita-
tional quenching proposes that the growth of a
central mass concentration (i.e., amassive bulge)
stabilizes a gas disk against fragmentation (12, 13).
Feedback from an accreting supermassive black
hole transfers either radiative (14) to the sur-
rounding gas, thereby suppressing gas accretion
onto the galaxy, or kinetic energy and momen-
tum (15), which causes the expulsion of gas from
the galaxy.
Quenchingmust soonoccur in themostmassive,

and thus formidably star-forming, galaxies on the
main sequence at z ~ 2, to avoid dramatically over-
shooting the highest observed masses of z = 0
galaxies (16). Yet no general consensus has emerged
on which of the above-mentioned processes is pri-
marily responsible for halting this star formation as
early as a few billion years after the Big Bang. De-
termining the distributions of the stellarmass and
SFR densities within individual z ~ 2 galaxies at
high spatial resolution is central to resolving
these issues. Together these distributions reveal
how stellar mass builds up and SFR is progres-
sively switched off inside these high-z galaxies,
which, given their high masses, will have to
evolve into “red and dead” systems by z = 0.
We measured such quantities for a sample of

22 star-forming galaxies at a median z of 2.2 [(17)
and section S1]. The sample spans a wide range
in stellar mass M ~ 4 ! 109 to 5 ! 1011 M⊙ and
SFR ~20 to 300M⊙ year−1 and broadly traces the

main sequence at these redshifts. The five most
massive galaxies lie slightly below the average
main sequence, a point we explore in more detail
in section S1.
For all galaxies we obtained adaptive optics

SINFONI (Spectrograph for INtegral Field Ob-
servations in the Near Infrared) spectroscopy
on the European Southern Observatory’s Very
Large Telescope, mapping the two-dimensional
rest-frame Ha emission at ~1 kpc spatial reso-
lution. These data reflect the gas ionized by
young stars within individual galaxies, which
allows us to construct spatially resolved distri-
butions of ionized gas kinematics and SFR sur-
face densities internal to the galaxy. We also
obtained Hubble Space Telescope (HST) imag-
ing in the J and H passbands (17, 18). At the
redshifts of the sample, the J and H filters strad-
dle the rest-frame Balmer/4000 Å break. This
spectral feature is strong in relatively old stars
and therefore provides a robust estimate of the
stellar mass already assembled in older stellar
populations. Thus, at a similar kiloparsec reso-
lution as the SINFONI SFR maps, the HST im-
ages provide maps of the stellar mass density
that is stored in such older underlying popula-
tions. Visual inspection of the two-dimensional
SFR distributions immediately reveals their no-
toriously irregular appearance, with bright clumps
at large radii, in contrast with their centrally
peaked and smooth stellar mass distributions
(figs. S4 to S6).

The shapes of the average surface SFR den-
sity (SSFR) profiles (Fig. 1, top panels) are very
similar regardless of total mass and are well
fitted by a Sérsic profile Sº exp(–b ! r1/n), with
the n ~ 1 value typical of disk-like systems. In
contrast, the surface stellar mass density (SM)
profiles become progressively more centrally con-
centrated with increasing total stellar mass. The
Sérsic index of the SM profiles increases from
n = 1.0 T 0.2 in the low-mass bin, to n = 1.9 T
0.6 in the intermediate-mass bin, up to n = 2.8 T
0.3 in the high-mass bin (uncertainties indicate
the 1s scatter). Within each mass bin, the mean
SM profiles are always more centrally concen-
trated than the SFR density profiles.
We then compared the SM profiles of our

sample of z ~ 2.2 galaxies with a mass-matched
sample of local z = 0 galaxies (Fig. 1, bottom
panels) (19). Consistent with the Sérsic fits,
the low-mass z ~ 2.2 galaxies have the same
radial stellar mass profiles of late-type disks
in the local universe. The z ~ 2.2 galaxies in
the most massive bin, however, have stellar
mass profiles that overlap with those of z = 0
early-type galaxies out to galactocentric distances
of a few kiloparsecs, corresponding to typically
~2 effective radii. At these high stellar masses
(~1011 M⊙), our sample of galaxies on the z ~ 2.2
have therefore already saturated their central stel-
lar mass densities to those of galaxies of sim-
ilar mass at z = 0, which are quenched systems
with a bulge-dominated morphology. Thus the
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Fig. 1. Stellar mass
and star-formation
rate surface density
distributions.The
three panels of (a) to
(c) show results for
the three bins of stellar
mass indicated at the
top of each column,
containing 9, 8, and 5
galaxies, respectively.
(A) (upper row) The
stellar surface mass
density profiles (red,
scale on the left verti-
cal axis) and SFR sur-
face density profiles
(blue, scale on the
right vertical axis) for
our z ~ 2.2 sample.
Thin lines represent
individual galaxies; the
mean values are given
by the solid circles
(with error bars indi-
cating the 1s scatter).
The derivations of
these profiles are
described in detail in
the supplementary
materials (17). (B) (middle row) The mean sSFR as a function of radius r (sSFRr; black line). In gray we show the 1s scatter. (C) (bottom row) The average
surface stellar mass density profiles of the star-forming z ~ 2.2 galaxies (red points with dashed line; error bars indicate the 1s scatter) overplotted on the
average profiles for the mass-matched samples of z = 0 galaxies (colors indicate morphological types: orange for early types, blue for late types).

A(a) A(b) A(c)

B(a) B(b) B(c)

C(a) C(b) C(c)

Mass M

RESEARCH | REPORTS

stops cooling in dark matter halos above a critical
mass [~1012 M⊙ (11)]. Morphological/gravita-
tional quenching proposes that the growth of a
central mass concentration (i.e., amassive bulge)
stabilizes a gas disk against fragmentation (12, 13).
Feedback from an accreting supermassive black
hole transfers either radiative (14) to the sur-
rounding gas, thereby suppressing gas accretion
onto the galaxy, or kinetic energy and momen-
tum (15), which causes the expulsion of gas from
the galaxy.
Quenchingmust soonoccur in themostmassive,

and thus formidably star-forming, galaxies on the
main sequence at z ~ 2, to avoid dramatically over-
shooting the highest observed masses of z = 0
galaxies (16). Yet no general consensus has emerged
on which of the above-mentioned processes is pri-
marily responsible for halting this star formation as
early as a few billion years after the Big Bang. De-
termining the distributions of the stellarmass and
SFR densities within individual z ~ 2 galaxies at
high spatial resolution is central to resolving
these issues. Together these distributions reveal
how stellar mass builds up and SFR is progres-
sively switched off inside these high-z galaxies,
which, given their high masses, will have to
evolve into “red and dead” systems by z = 0.
We measured such quantities for a sample of

22 star-forming galaxies at a median z of 2.2 [(17)
and section S1]. The sample spans a wide range
in stellar mass M ~ 4 ! 109 to 5 ! 1011 M⊙ and
SFR ~20 to 300M⊙ year−1 and broadly traces the

main sequence at these redshifts. The five most
massive galaxies lie slightly below the average
main sequence, a point we explore in more detail
in section S1.
For all galaxies we obtained adaptive optics

SINFONI (Spectrograph for INtegral Field Ob-
servations in the Near Infrared) spectroscopy
on the European Southern Observatory’s Very
Large Telescope, mapping the two-dimensional
rest-frame Ha emission at ~1 kpc spatial reso-
lution. These data reflect the gas ionized by
young stars within individual galaxies, which
allows us to construct spatially resolved distri-
butions of ionized gas kinematics and SFR sur-
face densities internal to the galaxy. We also
obtained Hubble Space Telescope (HST) imag-
ing in the J and H passbands (17, 18). At the
redshifts of the sample, the J and H filters strad-
dle the rest-frame Balmer/4000 Å break. This
spectral feature is strong in relatively old stars
and therefore provides a robust estimate of the
stellar mass already assembled in older stellar
populations. Thus, at a similar kiloparsec reso-
lution as the SINFONI SFR maps, the HST im-
ages provide maps of the stellar mass density
that is stored in such older underlying popula-
tions. Visual inspection of the two-dimensional
SFR distributions immediately reveals their no-
toriously irregular appearance, with bright clumps
at large radii, in contrast with their centrally
peaked and smooth stellar mass distributions
(figs. S4 to S6).

The shapes of the average surface SFR den-
sity (SSFR) profiles (Fig. 1, top panels) are very
similar regardless of total mass and are well
fitted by a Sérsic profile Sº exp(–b ! r1/n), with
the n ~ 1 value typical of disk-like systems. In
contrast, the surface stellar mass density (SM)
profiles become progressively more centrally con-
centrated with increasing total stellar mass. The
Sérsic index of the SM profiles increases from
n = 1.0 T 0.2 in the low-mass bin, to n = 1.9 T
0.6 in the intermediate-mass bin, up to n = 2.8 T
0.3 in the high-mass bin (uncertainties indicate
the 1s scatter). Within each mass bin, the mean
SM profiles are always more centrally concen-
trated than the SFR density profiles.
We then compared the SM profiles of our

sample of z ~ 2.2 galaxies with a mass-matched
sample of local z = 0 galaxies (Fig. 1, bottom
panels) (19). Consistent with the Sérsic fits,
the low-mass z ~ 2.2 galaxies have the same
radial stellar mass profiles of late-type disks
in the local universe. The z ~ 2.2 galaxies in
the most massive bin, however, have stellar
mass profiles that overlap with those of z = 0
early-type galaxies out to galactocentric distances
of a few kiloparsecs, corresponding to typically
~2 effective radii. At these high stellar masses
(~1011 M⊙), our sample of galaxies on the z ~ 2.2
have therefore already saturated their central stel-
lar mass densities to those of galaxies of sim-
ilar mass at z = 0, which are quenched systems
with a bulge-dominated morphology. Thus the
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individual galaxies; the
mean values are given
by the solid circles
(with error bars indi-
cating the 1s scatter).
The derivations of
these profiles are
described in detail in
the supplementary
materials (17). (B) (middle row) The mean sSFR as a function of radius r (sSFRr; black line). In gray we show the 1s scatter. (C) (bottom row) The average
surface stellar mass density profiles of the star-forming z ~ 2.2 galaxies (red points with dashed line; error bars indicate the 1s scatter) overplotted on the
average profiles for the mass-matched samples of z = 0 galaxies (colors indicate morphological types: orange for early types, blue for late types).
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as a function of mass. The definition is nearly identical when
the mode is used instead, indicating that it defines the most
common rate of growth. While we left 20% of star-forming
galaxies to probe the extremes of rapid and slow growth, only
7% of these galaxies live above the MS and nearly double that,
13%, live below it. This is a manifestation of the fact that the
distribution of SFRs at a given mass is skewed toward low
SFRs. Counting galaxies, however, understates the importance
of galaxies above the MS to galaxy evolution because they are
building stellar mass so rapidly. Considering instead the
contribution to the total star formation budget at this epoch,
galaxies above the MS account for >20% of star formation,
while galaxies below the MS only account for <3%.

5.2. Spatially Coherent Star Formation

One of the primary results of this paper is shown in Figure 9:
the radial distribution of H! on, above, and below the star-
forming MS. Above the MS, H! is elevated at all radii. Below
the MS, H! is depressed at all radii. The profiles are remarkably
similar above, on, and below the MS—a phenomenon that can

be referred to as “coherent star formation,” in the sense that the
offsets in the SFR are spatially coherent.
We quantify this spatially coherent star formation in the

following way. First, we determine the overall offset of the H!
flux above and below the MS. To do this, we divide the H!
surface brightness profiles above and below the MS by their MS
counterparts. These MS-normalized radial profiles are shown in
Figure 10. The mean offset of these profiles is roughly a factor of
2 (0.3 dex).
Next, we compare the offset from the MS at small radii to the

offset at large radii. The ratio of the offset between 1.5<r<3
and 3<r<4.5 is !1 for all mass bins above and below the
star-forming MS. Star formation is spatially coherent: the offset
is roughly a factor of 2 and nearly independent of radius. The
mean offsets, as well as the ratio of the offsets at large and small
radii, are listed in Table 3. Above the MS at the highest masses
where we have the S/N to trace the H! to large radii, we can see
that the H! remains enhanced by a factor of 2 even beyond
10 kpc. The most robust conclusion we can draw from the
offsets in the radial profiles of H! is that star formation from
!1.5 to4.5 kpc is enhanced coherently in galaxies above the MS

Figure 9. Radial surface brightness profiles of H!, HF140W, and their ratio EW(H!) as a function ofM* and SFR. The colors delineate position with respect to the star-
forming “MS”: above (blue), on (black), and below (red). Above the star-forming MS, the H! (as well as the HF140W and EW(H!)) is elevated at all radii. Below the
star-forming MS, the H! is depressed at all radii. The average radial profiles are always centrally peaked in H! and never centrally peaked in EW(H!).
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stops cooling in dark matter halos above a critical
mass [~1012 M⊙ (11)]. Morphological/gravita-
tional quenching proposes that the growth of a
central mass concentration (i.e., amassive bulge)
stabilizes a gas disk against fragmentation (12, 13).
Feedback from an accreting supermassive black
hole transfers either radiative (14) to the sur-
rounding gas, thereby suppressing gas accretion
onto the galaxy, or kinetic energy and momen-
tum (15), which causes the expulsion of gas from
the galaxy.
Quenchingmust soonoccur in themostmassive,

and thus formidably star-forming, galaxies on the
main sequence at z ~ 2, to avoid dramatically over-
shooting the highest observed masses of z = 0
galaxies (16). Yet no general consensus has emerged
on which of the above-mentioned processes is pri-
marily responsible for halting this star formation as
early as a few billion years after the Big Bang. De-
termining the distributions of the stellarmass and
SFR densities within individual z ~ 2 galaxies at
high spatial resolution is central to resolving
these issues. Together these distributions reveal
how stellar mass builds up and SFR is progres-
sively switched off inside these high-z galaxies,
which, given their high masses, will have to
evolve into “red and dead” systems by z = 0.
We measured such quantities for a sample of

22 star-forming galaxies at a median z of 2.2 [(17)
and section S1]. The sample spans a wide range
in stellar mass M ~ 4 ! 109 to 5 ! 1011 M⊙ and
SFR ~20 to 300M⊙ year−1 and broadly traces the

main sequence at these redshifts. The five most
massive galaxies lie slightly below the average
main sequence, a point we explore in more detail
in section S1.
For all galaxies we obtained adaptive optics

SINFONI (Spectrograph for INtegral Field Ob-
servations in the Near Infrared) spectroscopy
on the European Southern Observatory’s Very
Large Telescope, mapping the two-dimensional
rest-frame Ha emission at ~1 kpc spatial reso-
lution. These data reflect the gas ionized by
young stars within individual galaxies, which
allows us to construct spatially resolved distri-
butions of ionized gas kinematics and SFR sur-
face densities internal to the galaxy. We also
obtained Hubble Space Telescope (HST) imag-
ing in the J and H passbands (17, 18). At the
redshifts of the sample, the J and H filters strad-
dle the rest-frame Balmer/4000 Å break. This
spectral feature is strong in relatively old stars
and therefore provides a robust estimate of the
stellar mass already assembled in older stellar
populations. Thus, at a similar kiloparsec reso-
lution as the SINFONI SFR maps, the HST im-
ages provide maps of the stellar mass density
that is stored in such older underlying popula-
tions. Visual inspection of the two-dimensional
SFR distributions immediately reveals their no-
toriously irregular appearance, with bright clumps
at large radii, in contrast with their centrally
peaked and smooth stellar mass distributions
(figs. S4 to S6).

The shapes of the average surface SFR den-
sity (SSFR) profiles (Fig. 1, top panels) are very
similar regardless of total mass and are well
fitted by a Sérsic profile Sº exp(–b ! r1/n), with
the n ~ 1 value typical of disk-like systems. In
contrast, the surface stellar mass density (SM)
profiles become progressively more centrally con-
centrated with increasing total stellar mass. The
Sérsic index of the SM profiles increases from
n = 1.0 T 0.2 in the low-mass bin, to n = 1.9 T
0.6 in the intermediate-mass bin, up to n = 2.8 T
0.3 in the high-mass bin (uncertainties indicate
the 1s scatter). Within each mass bin, the mean
SM profiles are always more centrally concen-
trated than the SFR density profiles.
We then compared the SM profiles of our

sample of z ~ 2.2 galaxies with a mass-matched
sample of local z = 0 galaxies (Fig. 1, bottom
panels) (19). Consistent with the Sérsic fits,
the low-mass z ~ 2.2 galaxies have the same
radial stellar mass profiles of late-type disks
in the local universe. The z ~ 2.2 galaxies in
the most massive bin, however, have stellar
mass profiles that overlap with those of z = 0
early-type galaxies out to galactocentric distances
of a few kiloparsecs, corresponding to typically
~2 effective radii. At these high stellar masses
(~1011 M⊙), our sample of galaxies on the z ~ 2.2
have therefore already saturated their central stel-
lar mass densities to those of galaxies of sim-
ilar mass at z = 0, which are quenched systems
with a bulge-dominated morphology. Thus the
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Fig. 1. Stellar mass
and star-formation
rate surface density
distributions.The
three panels of (a) to
(c) show results for
the three bins of stellar
mass indicated at the
top of each column,
containing 9, 8, and 5
galaxies, respectively.
(A) (upper row) The
stellar surface mass
density profiles (red,
scale on the left verti-
cal axis) and SFR sur-
face density profiles
(blue, scale on the
right vertical axis) for
our z ~ 2.2 sample.
Thin lines represent
individual galaxies; the
mean values are given
by the solid circles
(with error bars indi-
cating the 1s scatter).
The derivations of
these profiles are
described in detail in
the supplementary
materials (17). (B) (middle row) The mean sSFR as a function of radius r (sSFRr; black line). In gray we show the 1s scatter. (C) (bottom row) The average
surface stellar mass density profiles of the star-forming z ~ 2.2 galaxies (red points with dashed line; error bars indicate the 1s scatter) overplotted on the
average profiles for the mass-matched samples of z = 0 galaxies (colors indicate morphological types: orange for early types, blue for late types).
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Figure 5. Size–stellar mass distribution of late- and early-type galaxies (same symbols as in Figure 2). A typical 1! error bar for individual objects in the higher-redshift
bins is shown in the bottom right panel. The lines indicate model fits to the early- and late-type galaxies as described in Section 3.1. The dashed lines, which are
identical in each panel, represent the model fits to the galaxies at redshifts 0 < z < 0.5. The solid lines represent fits to the higher-redshift samples. The mass ranges
used in the fits are indicated by the extent of the lines in the horizontal direction. Strong evolution in the intercept of the size–mass relation is seen for early-type
galaxies, and moderate evolution is seen for the late-type galaxies (also see Figure 6. There is no significant evidence for evolution in the slope (also see Figure 6).
The parameters of the fits shown here are given in Table 1.
(A color version of this figure is available in the online journal.)

a function of mass. We parameterize this following Shen et al.
(2003) and assume a log-normal distribution N (log r, !log r ),
where log r is the mean and !log r is the dispersion. Furthermore,
r is taken to be a function of galaxy mass:

r(m!)/kpc = A · m"
! , (3)

where m! " M!/7 # 1010 M$. As we will describe in
Section 3.3, it is reasonable to assume that !log r is indepen-
dent of mass.

The model distribution N (log r(m!), !log r ) prescribes the
probability distribution for observing Reff for a galaxy with
mass m!. If the measured Reff has a Gaussian, 1-! uncertainty
of # log Reff , then the probability for this observation is the inner
product of two Gaussians:

P = %N (log Reff, # log Reff), N (log r(m!), !log r )&. (4)

Thus, we compute for each galaxy the probabilities PET and PLT
for the respective size–mass distribution models for the early-
type and late-type populations. Incompleteness terms should
formally be included in these probabilities (as described by,
e.g., Huang et al. 2013), but because of our conservative sample
selection (see Section 2.4) we are not biased against faint, large
objects.

The uncertainty in size, # log Reff , is computed as outlined by
van der Wel et al. (2012). A random uncertainty of 0.15 dex
in m! is included in our analysis by treating it as an additional
source of uncertainty in Reff : for a size–mass relation with a
given slope, an offset in m! translates into an offset in Reff .
Hence, the calculation of P stays one-dimensional. The fiducial
slopes we use to convert # log Reff into #m! are " = 0.7 for
early-type galaxies and " = 0.2 for late-type galaxies.

We also take into account the misclassification of early-
and late-type galaxies. Despite the bimodal distribution in the
color–color diagram (Section 2.4; Figure 1), there are galaxies
in the region between the star-forming and quiescent sequences,
making their classification rather arbitrary and causing cross-
contamination of the two classes (also see Holden et al.
2012). Motivated by this work, we take this misclassification
probability to be 10%. We will comment on the effects of varying
this parameter below, when we describe the fitting results.

The misclassification probability precisely corresponds to the
early- and late-type contamination fractions in a sample in cases
where the two subsamples have an equal number of galaxies.
The actual contamination fraction scales with the early- and
late-type fractions, which depend on galaxy mass and redshift.
The evolution of the stellar mass function for the two types
is described by Muzzin et al. (2013), which we use here to
compute this ratio. We also allow for 1% of outliers: these are
objects that are not part of the galaxy population, for example,
catastrophic redshift estimates or misclassified stars. Finally, in
order to avoid being dominated by the large number of low-mass
galaxies, we also assign a weight to each galaxy that is inversely
proportional to the number density. This ensures that each mass
range carries equal weight in the fit. The number density is taken
from the Muzzin et al. (2013) mass functions.

Then, we compute the total likelihood for a set of six model
parameters (intercept A, slope ", and intrinsic scatter !log Reff ,
each for both types of galaxies):

LET =
!

ln[W · ((1 ' C) · PET + C · PLT + 0.01)] (5)

for early-type galaxies, and

LLT =
!

ln[W · ((1 ' C) · PLT + C · PET + 0.01)] (6)
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(A color version of this figure is available in the online journal.)

a function of mass. We parameterize this following Shen et al.
(2003) and assume a log-normal distribution N (log r, !log r ),
where log r is the mean and !log r is the dispersion. Furthermore,
r is taken to be a function of galaxy mass:

r(m!)/kpc = A · m"
! , (3)

where m! " M!/7 # 1010 M$. As we will describe in
Section 3.3, it is reasonable to assume that !log r is indepen-
dent of mass.

The model distribution N (log r(m!), !log r ) prescribes the
probability distribution for observing Reff for a galaxy with
mass m!. If the measured Reff has a Gaussian, 1-! uncertainty
of # log Reff , then the probability for this observation is the inner
product of two Gaussians:

P = %N (log Reff, # log Reff), N (log r(m!), !log r )&. (4)

Thus, we compute for each galaxy the probabilities PET and PLT
for the respective size–mass distribution models for the early-
type and late-type populations. Incompleteness terms should
formally be included in these probabilities (as described by,
e.g., Huang et al. 2013), but because of our conservative sample
selection (see Section 2.4) we are not biased against faint, large
objects.

The uncertainty in size, # log Reff , is computed as outlined by
van der Wel et al. (2012). A random uncertainty of 0.15 dex
in m! is included in our analysis by treating it as an additional
source of uncertainty in Reff : for a size–mass relation with a
given slope, an offset in m! translates into an offset in Reff .
Hence, the calculation of P stays one-dimensional. The fiducial
slopes we use to convert # log Reff into #m! are " = 0.7 for
early-type galaxies and " = 0.2 for late-type galaxies.

We also take into account the misclassification of early-
and late-type galaxies. Despite the bimodal distribution in the
color–color diagram (Section 2.4; Figure 1), there are galaxies
in the region between the star-forming and quiescent sequences,
making their classification rather arbitrary and causing cross-
contamination of the two classes (also see Holden et al.
2012). Motivated by this work, we take this misclassification
probability to be 10%. We will comment on the effects of varying
this parameter below, when we describe the fitting results.

The misclassification probability precisely corresponds to the
early- and late-type contamination fractions in a sample in cases
where the two subsamples have an equal number of galaxies.
The actual contamination fraction scales with the early- and
late-type fractions, which depend on galaxy mass and redshift.
The evolution of the stellar mass function for the two types
is described by Muzzin et al. (2013), which we use here to
compute this ratio. We also allow for 1% of outliers: these are
objects that are not part of the galaxy population, for example,
catastrophic redshift estimates or misclassified stars. Finally, in
order to avoid being dominated by the large number of low-mass
galaxies, we also assign a weight to each galaxy that is inversely
proportional to the number density. This ensures that each mass
range carries equal weight in the fit. The number density is taken
from the Muzzin et al. (2013) mass functions.

Then, we compute the total likelihood for a set of six model
parameters (intercept A, slope ", and intrinsic scatter !log Reff ,
each for both types of galaxies):

LET =
!

ln[W · ((1 ' C) · PET + C · PLT + 0.01)] (5)

for early-type galaxies, and

LLT =
!

ln[W · ((1 ' C) · PLT + C · PET + 0.01)] (6)
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algorithmically more straightforward method of Szomoru et al.
(2010). This method takes advantage of the GALFIT code,
which convolves models with the PSF to fit galaxy light
distributions (Peng et al. 2002). We begin by fitting the stacks
with Sérsic (1968) models using GALFIT (Peng et al. 2002).
These Sérsic fits are quite good, and the images show small
residuals. We use these fit parameters to create an unconvolved
model of the image stack. To account for deviations from a
perfect Sérsic fit, we add the residuals to this unconvolved
image stack. Although the residuals are still convolved with the
PSF, this method has been shown to reconstruct the true flux
distribution even when the galaxies are poorly fit by a Sérsic
profile (Szomoru et al. 2010). It is worth noting again that the
residuals in these fits are small, so the residual-correction step
in this procedure is not critical to the conclusions of this paper.

4. THE DISTRIBUTION OF H! AS A FUNCTION OF
STELLAR MASS AND RADIUS

The structure of galaxies (e.g., Wuyts et al. 2011b; van der
Wel et al. 2014b) and their specific star formation rates (sSFRs;
e.g., Whitaker et al. 2014) change as a function of stellar mass.
This means that both where a galaxy is growing and how
rapidly it is growing depend on how much stellar mass it has
already assembled. In this section, we investigate where
galaxies are building stellar mass by considering the average
radial distribution of H! emission in different mass ranges.

To measure the average spatial distribution of H! during this
epoch from z=1.5 to0.7, we create mean H! images by
stacking the H! maps of individual galaxies as described in
Section 3.3. The stacking technique employed in this paper
serves to increase the S/N, enabling us to trace the profile of
H! to large radii. An obvious disadvantage is that the H!
distribution is known to be different for different galaxies. As
an example, the H! maps of the galaxies shown in Figure 3 are
quite diverse, displaying a range of sizes, surface densities, and
morphologies. Additionally, star formation in the early
universe often appears to be clumpy and stochastic (Elmegreen
& Elmegreen 2005; Elmegreen 2009; Förster Schreiber et al.
2011b, Guo et al. 2012). Different regions of galaxies light up
with new stars for short periods of time. These clumps, while
visually striking, make up a small fraction of the total star
formation at any given time. Only 10%–15% of star formation
occurs in clumps, while the remaining 85%–90% of star
formation occurs in a smooth disk or bulge component (Förster

Schreiber et al. 2011b; Wuyts et al. 2012, 2013). Stacking H!
smooths over the short-timescale stochasticity to reveal the
time-averaged spatial distribution of star formation.
Figure 5 shows the radial surface brightness profiles of H!

as a function of stellar mass. The first and most obvious feature
of these profiles is that the H! is brightest in the center of these
galaxies: the radial surface brightness of H! rises mono-
tonically toward small radii. The average distribution of ionized
gas is not centrally depressed or even flat;it is centrally peaked.
This shows that there is substantial ongoing star formation in
the centers of galaxies at all masses at z!1.
With regard to profile shape, in log(flux)-linear(radius)

space, these profiles appear to be nearly linear, indicating that
they are mostly exponential. There is a slight excess at small
and large radii compared to an exponential profile. However,

Figure 5. Average radial distribution of H! emission in galaxies in bins of stellar mass indicated at the top of each panel. The filled circles show the radial profiles
measured directly from the stacked H! images. The open circles show the profiles corrected for the effect of the PSF. The lines show the best-fit exponentials for
0.5rs<r<3rs to the PSF-corrected profiles. There appears to be some excess flux over a pure exponential at small and large radii. The short vertical lines show the
corresponding H! effective radii.

Figure 6. Size–mass relations for H! ( *Br MH – ) stellar continuum ( * *r M– ). The
size of star-forming disks traced by H! increases with stellar mass as

rBr MH
0.23. At low masses, *_Br rH , as mass increases the disk scale length

of H! becomes larger than the stellar continuum emission as * *rBr r MH
0.054.

Interpreting H! as star formation and stellar continuum as stellar mass, this
serves as evidence that, on average, galaxies are growing larger in size due to
star formation.
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question: how did galaxies form 
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method: study the spatial 
distribution of star formation for 
massive galaxies at z~2
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Why ALMA?
Galaxy properties of Hα-selected SFGs at z~2

- what we want to know is the spatial distribution of star formation within galaxies
- UV/Hα light is strongly attenuated by dust extinction for massive galaxies

UV light traces ~1% of 
total star formation

even Hα trace ~5%
A(Hα)~3 mag

Tadaki et al. 2016, arXiv:1608.05412
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ALMA is the most powerful tool for resolving dust emission

MIPS/24um PACS/160um ALMA/870um

6″ 12″ 0.2″

Tadaki et al. 2016, arXiv:1608.05412

Why ALMA?



ALMA Band-7 observations
Target 25 SFGs on main-sequence at z~2

Frequency 345 GHz (870 um)

On-source 
time 6-8 minutes

Spatial 
resolution 0.18″

Result 16/25 are detected
12 have reliable size measurements

Tadaki et al. 2016, arXiv:1608.05412
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Fig. 2.— Comparison of the rest-850 µm luminosities with stellar mass (left), SFR (center), and gas mass from the scaling relation (right).
Red circles and yellow triangles show our ALMA sample of 16 SFGs and the Scoville et al. (2016) sample, respectively. A blue solid and
dashed line indicate the best fitting linear relation (in the log-log plane) and the calibration by Scoville et al. (2016).

how much stars are formed within galaxies at the ob-
served epoch. Previous studies using the rest-frame UV
or H! maps have revealed that high-redshift galaxies con-
sist of clumpy or ring-like star-forming region (e.g., Gen-
zel et al. 2011). However, !99% of the total SFR is ob-
scured by dust for massive galaxies and even H! emission
misses 90-95% of star formation, corresponding to a dust
extinction of AH! !3 mag (Figure 1). Therefore, the
870 µm maps tracing dust emission itself therefore have
a great advantage over H! to approximately provide the
spatial distribution of star formation within galaxies. In
this section, exploiting the ALMA data taken in the ex-
tended configuration, we study the spatial distributions
of star formation within galaxies. We used a subsam-
ple of 12 SFGs which are detected both in LR and HR
maps as the detections in a wide range of uv distance al-
low us to constrain the spatial extent of dust continuum
emission. Using the similar spatial resolution maps with
HST/WFC3, we directly compare dusty star-forming re-
gions with the rest-optical light mainly from old stars
(and young but unobscured).

4.1. High-resolution 870 µm maps
First, we visually inspect the high-resolution ALMA

maps for our sample before quantitatively measure sizes
of the 870 µm emission. Figure 3 shows the HR maps
along with the similar resolution ACS/I814 (rest-UV) and
WFC3 H160 (rest-optical) ones. For about half of our
sample, there is very little UV emission probably due
to a strong dust extinction. A common remarkable fea-
ture is that 870 µm emission is radiated from a single
region close to the rest-optical center rather than multi-
ple components like star-forming clumps in disks, often
seen in the rest-UV or H! maps. Given that they are
highly obscured, the concentrated component at 870 µm
is primarily responsible for star formation in the galax-
ies. An absence of dust emission in UV clumps means
their 870 µm flux density could be below the lower limit
of our ALMA observations. We assess impacts by faint
components and/or extended ones in next section. For
U4-24817 and U4-20704, the 870 µm emission appear to
be faint in the HR maps in spite of a relatively large
flux (Saper = 1.7, 3.0 mJy). They are likely to be asso-

ciated with extended emission as they are more robustly
detected in the LR maps.

4.2. Size measurements for 870 µm continuum emission
We measure half-light radii (R1/2) of the primary com-

ponent for dust emission, identified in the HR maps. As
interferometric telescopes do not directly provide images,
deconvolution with a Gaussian beam and the Fourier
transform must be performed to reconstruct maps (clean
algorithm). Then, image qualities such as rms level, spa-
tial resolution and source structures depend on clean pa-
rameters. To avoid these uncertainties, we perform vis-
ibility fitting with a circular exponential profile as seen
in the rest-optical light. In previous studies, a Gaussian
model is commonly used for size measurements in u " v
plane (Ikarashi et al. 2015; Simpson et al. 2015; Tadaki
et al. 2015). However, a radial profile of galaxy disks
is approximately described by an exponential function,
n = 1 (e.g., Wuyts et al. 2011a). As our concern in
this paper is primarily size di!erences between the rest-
optical and 870 µm emission, an exponential model is
preferred for the fair comparison.

For a decaying exponential function in image plane,
f(R) = exp("1.678R/R1/2), the Hankel transform
(equivalent to a two-dimensional Fourier transform of a
rotationally symmetric function) is given by

g(u) = Smodel #
k3
0

(u2 + k2
0)3/2

, (3)

where Smodel is a total flux of the model and k0 is a spa-
tial frequency to characterize a spatial extent. For the
visibility fitting, we use the UVMULTIFIT tool (Mart́ı-
Vidal et al. 2014), which outputs full width at half max-
imum (FWHM) of a two-dimensional flux distribution
(FWHM=0.826 R1/2). In some cases, unexpected 870
µm sources are serendipitously detected within the pri-
mary beam. As they a!ect the visibility amplitudes of
our main targets, we create a model of the interlopers
and subtract it from the observed visibilities in advance.
Figure 4 shows the observed visibility amplitudes after
binning and the best-fit models, whose size and flux den-
sity are summarized in Table 1. 9 SFGs are associated
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how much stars are formed within galaxies at the ob-
served epoch. Previous studies using the rest-frame UV
or H! maps have revealed that high-redshift galaxies con-
sist of clumpy or ring-like star-forming region (e.g., Gen-
zel et al. 2011). However, !99% of the total SFR is ob-
scured by dust for massive galaxies and even H! emission
misses 90-95% of star formation, corresponding to a dust
extinction of AH! !3 mag (Figure 1). Therefore, the
870 µm maps tracing dust emission itself therefore have
a great advantage over H! to approximately provide the
spatial distribution of star formation within galaxies. In
this section, exploiting the ALMA data taken in the ex-
tended configuration, we study the spatial distributions
of star formation within galaxies. We used a subsam-
ple of 12 SFGs which are detected both in LR and HR
maps as the detections in a wide range of uv distance al-
low us to constrain the spatial extent of dust continuum
emission. Using the similar spatial resolution maps with
HST/WFC3, we directly compare dusty star-forming re-
gions with the rest-optical light mainly from old stars
(and young but unobscured).

4.1. High-resolution 870 µm maps
First, we visually inspect the high-resolution ALMA

maps for our sample before quantitatively measure sizes
of the 870 µm emission. Figure 3 shows the HR maps
along with the similar resolution ACS/I814 (rest-UV) and
WFC3 H160 (rest-optical) ones. For about half of our
sample, there is very little UV emission probably due
to a strong dust extinction. A common remarkable fea-
ture is that 870 µm emission is radiated from a single
region close to the rest-optical center rather than multi-
ple components like star-forming clumps in disks, often
seen in the rest-UV or H! maps. Given that they are
highly obscured, the concentrated component at 870 µm
is primarily responsible for star formation in the galax-
ies. An absence of dust emission in UV clumps means
their 870 µm flux density could be below the lower limit
of our ALMA observations. We assess impacts by faint
components and/or extended ones in next section. For
U4-24817 and U4-20704, the 870 µm emission appear to
be faint in the HR maps in spite of a relatively large
flux (Saper = 1.7, 3.0 mJy). They are likely to be asso-

ciated with extended emission as they are more robustly
detected in the LR maps.

4.2. Size measurements for 870 µm continuum emission
We measure half-light radii (R1/2) of the primary com-

ponent for dust emission, identified in the HR maps. As
interferometric telescopes do not directly provide images,
deconvolution with a Gaussian beam and the Fourier
transform must be performed to reconstruct maps (clean
algorithm). Then, image qualities such as rms level, spa-
tial resolution and source structures depend on clean pa-
rameters. To avoid these uncertainties, we perform vis-
ibility fitting with a circular exponential profile as seen
in the rest-optical light. In previous studies, a Gaussian
model is commonly used for size measurements in u " v
plane (Ikarashi et al. 2015; Simpson et al. 2015; Tadaki
et al. 2015). However, a radial profile of galaxy disks
is approximately described by an exponential function,
n = 1 (e.g., Wuyts et al. 2011a). As our concern in
this paper is primarily size di!erences between the rest-
optical and 870 µm emission, an exponential model is
preferred for the fair comparison.

For a decaying exponential function in image plane,
f(R) = exp("1.678R/R1/2), the Hankel transform
(equivalent to a two-dimensional Fourier transform of a
rotationally symmetric function) is given by

g(u) = Smodel #
k3
0

(u2 + k2
0)3/2

, (3)

where Smodel is a total flux of the model and k0 is a spa-
tial frequency to characterize a spatial extent. For the
visibility fitting, we use the UVMULTIFIT tool (Mart́ı-
Vidal et al. 2014), which outputs full width at half max-
imum (FWHM) of a two-dimensional flux distribution
(FWHM=0.826 R1/2). In some cases, unexpected 870
µm sources are serendipitously detected within the pri-
mary beam. As they a!ect the visibility amplitudes of
our main targets, we create a model of the interlopers
and subtract it from the observed visibilities in advance.
Figure 4 shows the observed visibility amplitudes after
binning and the best-fit models, whose size and flux den-
sity are summarized in Table 1. 9 SFGs are associated
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Why not size measurements in image plane?

A talk slide by David, J. Wilner in 15th Synthesis Imaging Workshop

Visibilities

715th Synthesis Imaging Workshop

• each V(u,v) is a complex quantity
– expressed as (real, imaginary) or (amplitude, phase)

• each V(u,v) contains information on T(l,m) everywhere,                                    
not just at a given (l,m) coordinate or within a particular subregion

T(l,m) V(u,v) amplitude V(u,v) phase

Inner and Outer (u,v) Boundaries

3415th Synthesis Imaging Workshop

V(u,v) amplitude V(u,v) phase T(l,m)

V(u,v) amplitude V(u,v) phase T(l,m)

Inner and Outer (u,v) Boundaries

3415th Synthesis Imaging Workshop

V(u,v) amplitude V(u,v) phase T(l,m)

V(u,v) amplitude V(u,v) phase T(l,m)only short baseline data only long baseline data



Size measurements of 870 μm emission
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Bulge-forming galaxies with an extended disk
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- They have an extended, exponential disk (R1/2~3 kpc, n~1)
- Star-forming regions are extremely compact (R1/2<1.5kpc)
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When are bulges formed?

- they can complete bulge formation by z~2
- it does not necessarily require additional gas accretion
- they can naturally quench star formation soon after the 
dense core is formed

τbulge = 300 Myr, τbulge/τdepl=1.2 for R1/2,870um<1.5 kpc

Tadaki et al. 2016, arXiv:1608.05412
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pens. However, centrally-concentrated star formation re-
duces the half-light or half-stellar-mass radii of galaxies
and their Sérsic index would increase by central bulge
formation.

We quantitatively assess the possibility of bulge forma-
tion in our sample of the 12 massive galaxies with reliable
size measurements of dust continuum emission. Quies-
cent galaxies generally have a dense core with high stellar
mass surface densities within 1 kpc of galaxy centers of
log(!M!,1kpc/M" kpc#2) = 10 while star-forming galax-
ies mostly do not (van Dokkum et al. 2014; Barro et al.
2015). For our sample, we create stellar mass maps by
spatially resolved SED modeling with multi-band HST
data (Wuyts et al. 2012; Lang et al. 2014) to calculate
stellar mass surface densities within 1 kpc from the 870
µm center. None of our sample satisfy the criterion of a
dense core at the current moment (Table 2). The spatial
distribution of star formation within galaxies allows us
to understand when the dense core is formed by subse-
quent star formation. Exploiting the geometric infor-
mation of the best-fit exponential models at 870 µm,
we derive the SFR surface densities within the central
1 kpc (!SFR1kpc) from the Spitzer/Herschel-based to-
tal SFRs over galaxies. For nine galaxies with compact
dust emission of R1/2,870µm < 1.5 kpc, they are intensely
forming stars in the central region with !SFR1kpc=40
(19–65) M"yr#1kpc#2 (Table 2). Then, bulge formation
timescales to reach log(!M!,1kpc/M"kpc#2) = 10 are
estimated by

!bulge =
1010 ! !M!,1kpc

w " !SFR1kpc
, (3)

taking into account mass loss due to stellar winds
(w = 0.6 in Chabrier initial mass function, see also van
Dokkum et al. 2014). The estimated bulge formation
timescales are #log !bulge$ = 8.47 (8.16–8.79) for the nine
galaxies with R1/2,870µm < 1.5 kpc. They can complete
the dense core formation by z = 2 when the current level
of star formation is maintained for several hundred Myr.
Galaxies forming stars in disks as extended as the rest-
optical light would have to keep the current star forma-
tion for a longer time (%2 Gyr). This is not consistent
with stellar populations obtained in high-redshift qui-
escent galaxies, where timescales for star formation are
! < 1 Gyr (e.g., Belli et al. 2015; Onodera et al. 2015).

We also estimate gas depletion timescales for our
ALMA sample using the Genzel et al. (2015) scaling
relations, combining CO-based, Herschel far-infrared-
dust based and submillimeter-dust based estimates, in
order to average over the systematic uncertainties in-
herently present in all of these techniques. We use
the updated version of this scaling relation (Tacconi
et al. in prep), log(Mgas/SFR) = 0.15 ! 0.79 log(1 +
z)!0.43 log(sSFR/sSFRMS)+0.06(log M!!10.5) where
sSFRMS is the specific star formation rate on the main-
sequence line of Whitaker et al. (2014) at given redshift
and stellar mass. We adopt uncertainties of ±0.24 dex
for the log(Mgas/SFR) (Genzel et al. 2015). The gas is
partly consumed by star formation and partly ejected by
outflows from the central region with comparable rates
to SFR, ""SFR (" % 1), especially for massive galaxies
(Genzel et al. 2014a). Thus, gas depletion timescales are
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Figure 6. Specific angular momentum of disks versus stellar mass
for our ALMA sample. Magenta pentagons and red circles denote
galaxies with R1/2,870µm < 1.5 kpc and with R1/2,870µm > 2.0
kpc, respectively. The kinematic properties are derived from ion-
ized gas. Gray circles indicate the KMOS3D sample of galaxies at
z = 0.8! 2.6 along with their median values in stellar mass bins of
0.4 dex (dashed line). The relations for local spiral and elliptical
galaxies are shown by a blue and red solid line, respectively (Fall
& Romanowsky 2013). Here, the redshift dependence is removed
by multiplying jdisk with H(z)1/3.

re-defined as

!depl =
Mgas

SFR(1 + ")
. (4)

The gas depletion timescales are, on average, similar to
the bulge formation timescales, #!bulge/!depl$ % 1.2 for
the nine galaxies with R1/2,870µm < 1.5 kpc, suggesting
that the formation of a dense core does not necessarily
require additional gas accretion onto the galaxies.

Next, we look at the kinematic properties for nine
galaxies that were observed as part of the KMOS3D pro-
gram. Six out of them have 870 µm size measurements
(Table 1). We note that they are all rotation-supported
(vrot/#0 > 3). Figure 6 shows specific angular momenta
as a function of stellar mass for galaxies at z = 0.8! 2.6
from the KMOS3D survey (Burkert et al. 2016). They
span a range of disk angular momenta from local spirals
to ellipticals (Fall & Romanowsky 2013). A lower o"set
at fixed stellar masses suggests that galaxies have lost
a significant fraction of their original angular momen-
tum (e.g., major mergers Naab et al. 2014; Genel et al.
2015) or that they had a small initial angular momen-
tum. We find the specific angular momentum of galax-
ies with R1/2,870µm < 1.5 kpc to be broadly consistent
with a large sample of primarily mass-selected galaxies
from the KMOS3D survey. Our result plausibly indicates
that these galaxies as a group are not all galaxies with
very low angular momentum, either due to large angular
momentum loss of the baryonic component or due to a
small initial dark matter angular momentum parameter.
The compact nuclear dust components we have detected

HST map: stellar mass surface density within a central 1 kpc (                )
ALMA map: SFR surface density within a central 1 kpc (                 )

Bulge formation timescale Gas depletion timescale
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pens. However, centrally-concentrated star formation re-
duces the half-light or half-stellar-mass radii of galaxies
and their Sérsic index would increase by central bulge
formation.

We quantitatively assess the possibility of bulge forma-
tion in our sample of the 12 massive galaxies with reliable
size measurements of dust continuum emission. Quies-
cent galaxies generally have a dense core with high stellar
mass surface densities within 1 kpc of galaxy centers of
log(!M!,1kpc/M" kpc#2) = 10 while star-forming galax-
ies mostly do not (van Dokkum et al. 2014; Barro et al.
2015). For our sample, we create stellar mass maps by
spatially resolved SED modeling with multi-band HST
data (Wuyts et al. 2012; Lang et al. 2014) to calculate
stellar mass surface densities within 1 kpc from the 870
µm center. None of our sample satisfy the criterion of a
dense core at the current moment (Table 2). The spatial
distribution of star formation within galaxies allows us
to understand when the dense core is formed by subse-
quent star formation. Exploiting the geometric infor-
mation of the best-fit exponential models at 870 µm,
we derive the SFR surface densities within the central
1 kpc (!SFR1kpc) from the Spitzer/Herschel-based to-
tal SFRs over galaxies. For nine galaxies with compact
dust emission of R1/2,870µm < 1.5 kpc, they are intensely
forming stars in the central region with !SFR1kpc=40
(19–65) M"yr#1kpc#2 (Table 2). Then, bulge formation
timescales to reach log(!M!,1kpc/M"kpc#2) = 10 are
estimated by

!bulge =
1010 ! !M!,1kpc

w " !SFR1kpc
, (3)

taking into account mass loss due to stellar winds
(w = 0.6 in Chabrier initial mass function, see also van
Dokkum et al. 2014). The estimated bulge formation
timescales are #log !bulge$ = 8.47 (8.16–8.79) for the nine
galaxies with R1/2,870µm < 1.5 kpc. They can complete
the dense core formation by z = 2 when the current level
of star formation is maintained for several hundred Myr.
Galaxies forming stars in disks as extended as the rest-
optical light would have to keep the current star forma-
tion for a longer time (%2 Gyr). This is not consistent
with stellar populations obtained in high-redshift qui-
escent galaxies, where timescales for star formation are
! < 1 Gyr (e.g., Belli et al. 2015; Onodera et al. 2015).

We also estimate gas depletion timescales for our
ALMA sample using the Genzel et al. (2015) scaling
relations, combining CO-based, Herschel far-infrared-
dust based and submillimeter-dust based estimates, in
order to average over the systematic uncertainties in-
herently present in all of these techniques. We use
the updated version of this scaling relation (Tacconi
et al. in prep), log(Mgas/SFR) = 0.15 ! 0.79 log(1 +
z)!0.43 log(sSFR/sSFRMS)+0.06(log M!!10.5) where
sSFRMS is the specific star formation rate on the main-
sequence line of Whitaker et al. (2014) at given redshift
and stellar mass. We adopt uncertainties of ±0.24 dex
for the log(Mgas/SFR) (Genzel et al. 2015). The gas is
partly consumed by star formation and partly ejected by
outflows from the central region with comparable rates
to SFR, ""SFR (" % 1), especially for massive galaxies
(Genzel et al. 2014a). Thus, gas depletion timescales are
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& Romanowsky 2013). Here, the redshift dependence is removed
by multiplying jdisk with H(z)1/3.

re-defined as

!depl =
Mgas
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. (4)

The gas depletion timescales are, on average, similar to
the bulge formation timescales, #!bulge/!depl$ % 1.2 for
the nine galaxies with R1/2,870µm < 1.5 kpc, suggesting
that the formation of a dense core does not necessarily
require additional gas accretion onto the galaxies.

Next, we look at the kinematic properties for nine
galaxies that were observed as part of the KMOS3D pro-
gram. Six out of them have 870 µm size measurements
(Table 1). We note that they are all rotation-supported
(vrot/#0 > 3). Figure 6 shows specific angular momenta
as a function of stellar mass for galaxies at z = 0.8! 2.6
from the KMOS3D survey (Burkert et al. 2016). They
span a range of disk angular momenta from local spirals
to ellipticals (Fall & Romanowsky 2013). A lower o"set
at fixed stellar masses suggests that galaxies have lost
a significant fraction of their original angular momen-
tum (e.g., major mergers Naab et al. 2014; Genel et al.
2015) or that they had a small initial angular momen-
tum. We find the specific angular momentum of galax-
ies with R1/2,870µm < 1.5 kpc to be broadly consistent
with a large sample of primarily mass-selected galaxies
from the KMOS3D survey. Our result plausibly indicates
that these galaxies as a group are not all galaxies with
very low angular momentum, either due to large angular
momentum loss of the baryonic component or due to a
small initial dark matter angular momentum parameter.
The compact nuclear dust components we have detected

η: outflow mass loading (~1)w: mass loss (~0.6)
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pens. However, centrally-concentrated star formation re-
duces the half-light or half-stellar-mass radii of galaxies
and their Sérsic index would increase by central bulge
formation.

We quantitatively assess the possibility of bulge forma-
tion in our sample of the 12 massive galaxies with reliable
size measurements of dust continuum emission. Quies-
cent galaxies generally have a dense core with high stellar
mass surface densities within 1 kpc of galaxy centers of
log(!M!,1kpc/M" kpc#2) = 10 while star-forming galax-
ies mostly do not (van Dokkum et al. 2014; Barro et al.
2015). For our sample, we create stellar mass maps by
spatially resolved SED modeling with multi-band HST
data (Wuyts et al. 2012; Lang et al. 2014) to calculate
stellar mass surface densities within 1 kpc from the 870
µm center. None of our sample satisfy the criterion of a
dense core at the current moment (Table 2). The spatial
distribution of star formation within galaxies allows us
to understand when the dense core is formed by subse-
quent star formation. Exploiting the geometric infor-
mation of the best-fit exponential models at 870 µm,
we derive the SFR surface densities within the central
1 kpc (!SFR1kpc) from the Spitzer/Herschel-based to-
tal SFRs over galaxies. For nine galaxies with compact
dust emission of R1/2,870µm < 1.5 kpc, they are intensely
forming stars in the central region with !SFR1kpc=40
(19–65) M"yr#1kpc#2 (Table 2). Then, bulge formation
timescales to reach log(!M!,1kpc/M"kpc#2) = 10 are
estimated by

!bulge =
1010 ! !M!,1kpc

w " !SFR1kpc
, (3)

taking into account mass loss due to stellar winds
(w = 0.6 in Chabrier initial mass function, see also van
Dokkum et al. 2014). The estimated bulge formation
timescales are #log !bulge$ = 8.47 (8.16–8.79) for the nine
galaxies with R1/2,870µm < 1.5 kpc. They can complete
the dense core formation by z = 2 when the current level
of star formation is maintained for several hundred Myr.
Galaxies forming stars in disks as extended as the rest-
optical light would have to keep the current star forma-
tion for a longer time (%2 Gyr). This is not consistent
with stellar populations obtained in high-redshift qui-
escent galaxies, where timescales for star formation are
! < 1 Gyr (e.g., Belli et al. 2015; Onodera et al. 2015).

We also estimate gas depletion timescales for our
ALMA sample using the Genzel et al. (2015) scaling
relations, combining CO-based, Herschel far-infrared-
dust based and submillimeter-dust based estimates, in
order to average over the systematic uncertainties in-
herently present in all of these techniques. We use
the updated version of this scaling relation (Tacconi
et al. in prep), log(Mgas/SFR) = 0.15 ! 0.79 log(1 +
z)!0.43 log(sSFR/sSFRMS)+0.06(log M!!10.5) where
sSFRMS is the specific star formation rate on the main-
sequence line of Whitaker et al. (2014) at given redshift
and stellar mass. We adopt uncertainties of ±0.24 dex
for the log(Mgas/SFR) (Genzel et al. 2015). The gas is
partly consumed by star formation and partly ejected by
outflows from the central region with comparable rates
to SFR, ""SFR (" % 1), especially for massive galaxies
(Genzel et al. 2014a). Thus, gas depletion timescales are
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Figure 6. Specific angular momentum of disks versus stellar mass
for our ALMA sample. Magenta pentagons and red circles denote
galaxies with R1/2,870µm < 1.5 kpc and with R1/2,870µm > 2.0
kpc, respectively. The kinematic properties are derived from ion-
ized gas. Gray circles indicate the KMOS3D sample of galaxies at
z = 0.8! 2.6 along with their median values in stellar mass bins of
0.4 dex (dashed line). The relations for local spiral and elliptical
galaxies are shown by a blue and red solid line, respectively (Fall
& Romanowsky 2013). Here, the redshift dependence is removed
by multiplying jdisk with H(z)1/3.

re-defined as

!depl =
Mgas

SFR(1 + ")
. (4)

The gas depletion timescales are, on average, similar to
the bulge formation timescales, #!bulge/!depl$ % 1.2 for
the nine galaxies with R1/2,870µm < 1.5 kpc, suggesting
that the formation of a dense core does not necessarily
require additional gas accretion onto the galaxies.

Next, we look at the kinematic properties for nine
galaxies that were observed as part of the KMOS3D pro-
gram. Six out of them have 870 µm size measurements
(Table 1). We note that they are all rotation-supported
(vrot/#0 > 3). Figure 6 shows specific angular momenta
as a function of stellar mass for galaxies at z = 0.8! 2.6
from the KMOS3D survey (Burkert et al. 2016). They
span a range of disk angular momenta from local spirals
to ellipticals (Fall & Romanowsky 2013). A lower o"set
at fixed stellar masses suggests that galaxies have lost
a significant fraction of their original angular momen-
tum (e.g., major mergers Naab et al. 2014; Genel et al.
2015) or that they had a small initial angular momen-
tum. We find the specific angular momentum of galax-
ies with R1/2,870µm < 1.5 kpc to be broadly consistent
with a large sample of primarily mass-selected galaxies
from the KMOS3D survey. Our result plausibly indicates
that these galaxies as a group are not all galaxies with
very low angular momentum, either due to large angular
momentum loss of the baryonic component or due to a
small initial dark matter angular momentum parameter.
The compact nuclear dust components we have detected
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the nine galaxies with R1/2,870µm < 1.5 kpc, suggesting
that the formation of a dense core does not necessarily
require additional gas accretion onto the galaxies.

Next, we look at the kinematic properties for nine
galaxies that were observed as part of the KMOS3D pro-
gram. Six out of them have 870 µm size measurements
(Table 1). We note that they are all rotation-supported
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at fixed stellar masses suggests that galaxies have lost
a significant fraction of their original angular momen-
tum (e.g., major mergers Naab et al. 2014; Genel et al.
2015) or that they had a small initial angular momen-
tum. We find the specific angular momentum of galax-
ies with R1/2,870µm < 1.5 kpc to be broadly consistent
with a large sample of primarily mass-selected galaxies
from the KMOS3D survey. Our result plausibly indicates
that these galaxies as a group are not all galaxies with
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Barro+16: mainly compact galaxies
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Ionized gas kinematics with VLT/KMOS
The KMOS3D survey (Wisnioski+2015)

Disk angular momentum (Burkert+2016)

- they are all rotation-dominated
- their angular momenta are broadly 
consistent with those of mass-limited 
galaxies in the KMODS3D sample
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dispersion that closely follows the evolution of specific SFR and
gas fractions, consistent with the “equilibrium” or “regulator”
model and providing evidence that disk turbulence is being set
by the balance of gas fueling and star formation as predicted by
marginally stable disk theory.

The new multi-IFU KMOS instrument allows us to take the
next major step in IFS surveys of distant galaxies, enabling
sensitive observations of large samples across a broad range
of redshifts with wider and more uniform coverage of galaxy
parameter space. The first-year data and results from our
KMOS3D survey and other surveys open up new avenues in
investigating the early evolution of galaxies. As more data are

collected over the next few years, better constraints on the
kinematic and star-forming properties should provide a much
more complete picture of the processes driving the growth and
star formation shutdown of galaxies at the crucial z ! 0.5–3
epochs.

We thank the ESO staff, and in particular the staff at Paranal
Observatory, for their helpful and enthusiastic support during the
many observing runs over which the KMOS GTO were carried
out. We thank the entire KMOS instrument and Commissioning
team for their hard work, which allowed our observational
program to be carried out so successfully. We also thank the
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Summary

bulge components of these massive galaxies are
already fully in place while their hosts are still
vigorously forming stars farther out in the sur-
rounding (disk) regions [Figs. 1 and 2, center
panels; see also (13)].
Specifically, the ratio between the star forma-

tion rate and stellar mass surface density profiles
[i.e., sSFRr = SSFR(r)/SM(r)] indicates suppression
of the inner sSFRr at the highest masses and
generally outward-increasing radial profiles of
sSFRr (Fig. 1, center panels). By examining the
surface stellar mass density within 1 kpc, SM,1kpc,
as a function of total stellar mass M, we see that
the massive galaxies at z ~ 2.2 in our sample have
substantially suppressed star-formation activity
in their centers relative to lower-mass galaxies at
the same epochs. We show in the supplementary
materials (17) that this cannot be entirely due
to dust effects. The sSFR1kpc values range from
sSFR1kpc ~ 5 per billion years (Gy−1) (correspond-
ing to a mass-doubling time of ~200 My at a
galaxy stellar mass of 1010 M⊙) down to negligible
values of ~0.1 Gy−1 at 1011 M⊙. The key conclusion
is therefore that these galaxies sustain their high
total SFRs at large radii, far from their central
dense cores, whereas in such cores the sSFRr is
about two orders of magnitude lower.
A further important consideration that emerges

from the analysis of Fig. 2 is that our galaxies lie
around the identical tight SM,1kpc-M sequence
that is traced by galaxies at z ~ 0 (20). This im-
plies that the increase in total M of individual
galaxies along the main sequence must be ac-
companied by a synchronized increase in central
SM,1kpc, until the maximal central stellar densi-
ties of today’s massive spheroids are reached at
a stellar mass scale on the order of ~1011 M⊙.
Below this galaxy mass scale, dense stellar bulges
are therefore built concurrently with the outer
galactic regions. At z = 0, the global relation
curves, because the quenched galaxies have a
shallower slope than the star-forming galaxies,
and a clear “ridge” emerges (Fig. 2) (21). We
have too few galaxies to track this curvature at
earlier times, but this trend would be consistent
with z ~ 2.2 galaxies slightly increasing their total
M through declining star-formation at large radii
while maintaining their already quenched inner
SM,1kpc values.
These results provide insight into the bulge

formation process. The high stellar densities that
are already present in their cores indicate that
at least some massive star-forming galaxies at
z ~ 2.2 have today’s massive spheroids as their
descendants. We are seeing, however, neither
classical bulges formed by dissipationless merg-
ing nor pseudo-bulges formed by the slow secu-
lar evolution of a stellar disk. Such a dichotomy
is often invoked to explain the structural variety
observed in nearby galactic bulges [(22); see,
however, (23)]. The high central stellar densities
of the massive galaxies in our sample argue for
a gas-rich, dissipative bulge formation process
at even earlier epochs. This is consistent with
theoretical predictions (24) that either mergers
or violent disk instabilities in gas-rich galactic
structures at high redshifts lead to a compaction

phase of the gas component, which possibly even
drags any preexisting stellar component within
the inner few kiloparsecs.
Furthermore, the suppressed central sSFRs in

such massive systems argue for a quenching en-
gine also at work. As this apparently acts from
the inner galactic regions outward, it echoes find-
ings recently reported for massive galaxy pop-

ulations in a more recent era, at z ~ 0.5 to 1.5, or
~1.5 to 5.5 Gy later (25, 26). Our results reveal
that similar signatures are seen as early as z ~ 2.2,
implying that the same physical processes that
lead to a phase of suppressed star formation from
the inside out started acting on massive star-
forming galaxies as early as ~3 Gy after the Big
Bang. We also estimate the time scale for an
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Fig. 2. Central stellar
mass density sequence.
We plot the stellar mass
surface density within
1 kpc, SM,1kpc, as a function
of the total stellar mass M.
The black points show the
z ~ 0 ZENS sample, and
the blue and red contours
their density on the
SM,1kpc-M plane split for
star-forming (blue) and
quiescent (red) galaxies.
The correspondingly
colored solid lines indicate
the best fits to these z = 0
star-forming (SM,1kpc º
M~1.0) and quiescent
(SM,1kpc º M~0.7) galaxies.
The dashed black line
shows the fit to the ridge of passive galaxies in the Sloan Digital Sky Survey z = 0 sample of Fang et al.
(20). The error bars at the bottom right indicate the systematic uncertainty in the derivation of SM,1kpc

and M. The large points are the z ~ 2.2 galaxies, color coded according to specific star-formation rate
within 1 kpc, sSFR1kpc.The z ~ 2.2 galaxies lie on the tight SM,1kpc-M locus traced by the z = 0 population.
In contrast with total SFRs increasing with stellar mass along the main sequence, the z ~ 2.2 galaxies
have central sSFRs that strongly decrease with stellar mass.

Fig. 3. Outward progression
of the quenching wave.The
quenching time tquench in
star-forming ~1011 Mʘ galaxies at
z ~ 2.2 as a function of galacto-
centric distance. Such galaxies
quench from inside out on
time scales in the inner cores
much shorter than 1 Gy after
observation, up to a few billion
years in the galactic peripheries.
The galaxies will be fully quenched
by z ~ 1.The solid orange line indicates the mean quenching time for all galaxies in the highest-mass bin,
whereas the orange-shaded region marks the 1s scatter.

Fig. 4. Proposed sketch of the evolution of massive galaxies. Our results suggest a picture in
which the total stellar mass and bulge mass grow synchronously in z ~ 2 main sequence galaxies,
and quenching is concurrent with their total masses and central densities approaching the highest
values observed in massive spheroids in today’s universe.
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as a function of mass. The definition is nearly identical when
the mode is used instead, indicating that it defines the most
common rate of growth. While we left 20% of star-forming
galaxies to probe the extremes of rapid and slow growth, only
7% of these galaxies live above the MS and nearly double that,
13%, live below it. This is a manifestation of the fact that the
distribution of SFRs at a given mass is skewed toward low
SFRs. Counting galaxies, however, understates the importance
of galaxies above the MS to galaxy evolution because they are
building stellar mass so rapidly. Considering instead the
contribution to the total star formation budget at this epoch,
galaxies above the MS account for >20% of star formation,
while galaxies below the MS only account for <3%.

5.2. Spatially Coherent Star Formation

One of the primary results of this paper is shown in Figure 9:
the radial distribution of H! on, above, and below the star-
forming MS. Above the MS, H! is elevated at all radii. Below
the MS, H! is depressed at all radii. The profiles are remarkably
similar above, on, and below the MS—a phenomenon that can

be referred to as “coherent star formation,” in the sense that the
offsets in the SFR are spatially coherent.
We quantify this spatially coherent star formation in the

following way. First, we determine the overall offset of the H!
flux above and below the MS. To do this, we divide the H!
surface brightness profiles above and below the MS by their MS
counterparts. These MS-normalized radial profiles are shown in
Figure 10. The mean offset of these profiles is roughly a factor of
2 (0.3 dex).
Next, we compare the offset from the MS at small radii to the

offset at large radii. The ratio of the offset between 1.5<r<3
and 3<r<4.5 is !1 for all mass bins above and below the
star-forming MS. Star formation is spatially coherent: the offset
is roughly a factor of 2 and nearly independent of radius. The
mean offsets, as well as the ratio of the offsets at large and small
radii, are listed in Table 3. Above the MS at the highest masses
where we have the S/N to trace the H! to large radii, we can see
that the H! remains enhanced by a factor of 2 even beyond
10 kpc. The most robust conclusion we can draw from the
offsets in the radial profiles of H! is that star formation from
!1.5 to4.5 kpc is enhanced coherently in galaxies above the MS

Figure 9. Radial surface brightness profiles of H!, HF140W, and their ratio EW(H!) as a function ofM* and SFR. The colors delineate position with respect to the star-
forming “MS”: above (blue), on (black), and below (red). Above the star-forming MS, the H! (as well as the HF140W and EW(H!)) is elevated at all radii. Below the
star-forming MS, the H! is depressed at all radii. The average radial profiles are always centrally peaked in H! and never centrally peaked in EW(H!).
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stops cooling in dark matter halos above a critical
mass [~1012 M⊙ (11)]. Morphological/gravita-
tional quenching proposes that the growth of a
central mass concentration (i.e., amassive bulge)
stabilizes a gas disk against fragmentation (12, 13).
Feedback from an accreting supermassive black
hole transfers either radiative (14) to the sur-
rounding gas, thereby suppressing gas accretion
onto the galaxy, or kinetic energy and momen-
tum (15), which causes the expulsion of gas from
the galaxy.
Quenchingmust soonoccur in themostmassive,

and thus formidably star-forming, galaxies on the
main sequence at z ~ 2, to avoid dramatically over-
shooting the highest observed masses of z = 0
galaxies (16). Yet no general consensus has emerged
on which of the above-mentioned processes is pri-
marily responsible for halting this star formation as
early as a few billion years after the Big Bang. De-
termining the distributions of the stellarmass and
SFR densities within individual z ~ 2 galaxies at
high spatial resolution is central to resolving
these issues. Together these distributions reveal
how stellar mass builds up and SFR is progres-
sively switched off inside these high-z galaxies,
which, given their high masses, will have to
evolve into “red and dead” systems by z = 0.
We measured such quantities for a sample of

22 star-forming galaxies at a median z of 2.2 [(17)
and section S1]. The sample spans a wide range
in stellar mass M ~ 4 ! 109 to 5 ! 1011 M⊙ and
SFR ~20 to 300M⊙ year−1 and broadly traces the

main sequence at these redshifts. The five most
massive galaxies lie slightly below the average
main sequence, a point we explore in more detail
in section S1.
For all galaxies we obtained adaptive optics

SINFONI (Spectrograph for INtegral Field Ob-
servations in the Near Infrared) spectroscopy
on the European Southern Observatory’s Very
Large Telescope, mapping the two-dimensional
rest-frame Ha emission at ~1 kpc spatial reso-
lution. These data reflect the gas ionized by
young stars within individual galaxies, which
allows us to construct spatially resolved distri-
butions of ionized gas kinematics and SFR sur-
face densities internal to the galaxy. We also
obtained Hubble Space Telescope (HST) imag-
ing in the J and H passbands (17, 18). At the
redshifts of the sample, the J and H filters strad-
dle the rest-frame Balmer/4000 Å break. This
spectral feature is strong in relatively old stars
and therefore provides a robust estimate of the
stellar mass already assembled in older stellar
populations. Thus, at a similar kiloparsec reso-
lution as the SINFONI SFR maps, the HST im-
ages provide maps of the stellar mass density
that is stored in such older underlying popula-
tions. Visual inspection of the two-dimensional
SFR distributions immediately reveals their no-
toriously irregular appearance, with bright clumps
at large radii, in contrast with their centrally
peaked and smooth stellar mass distributions
(figs. S4 to S6).

The shapes of the average surface SFR den-
sity (SSFR) profiles (Fig. 1, top panels) are very
similar regardless of total mass and are well
fitted by a Sérsic profile Sº exp(–b ! r1/n), with
the n ~ 1 value typical of disk-like systems. In
contrast, the surface stellar mass density (SM)
profiles become progressively more centrally con-
centrated with increasing total stellar mass. The
Sérsic index of the SM profiles increases from
n = 1.0 T 0.2 in the low-mass bin, to n = 1.9 T
0.6 in the intermediate-mass bin, up to n = 2.8 T
0.3 in the high-mass bin (uncertainties indicate
the 1s scatter). Within each mass bin, the mean
SM profiles are always more centrally concen-
trated than the SFR density profiles.
We then compared the SM profiles of our

sample of z ~ 2.2 galaxies with a mass-matched
sample of local z = 0 galaxies (Fig. 1, bottom
panels) (19). Consistent with the Sérsic fits,
the low-mass z ~ 2.2 galaxies have the same
radial stellar mass profiles of late-type disks
in the local universe. The z ~ 2.2 galaxies in
the most massive bin, however, have stellar
mass profiles that overlap with those of z = 0
early-type galaxies out to galactocentric distances
of a few kiloparsecs, corresponding to typically
~2 effective radii. At these high stellar masses
(~1011 M⊙), our sample of galaxies on the z ~ 2.2
have therefore already saturated their central stel-
lar mass densities to those of galaxies of sim-
ilar mass at z = 0, which are quenched systems
with a bulge-dominated morphology. Thus the
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Fig. 1. Stellar mass
and star-formation
rate surface density
distributions.The
three panels of (a) to
(c) show results for
the three bins of stellar
mass indicated at the
top of each column,
containing 9, 8, and 5
galaxies, respectively.
(A) (upper row) The
stellar surface mass
density profiles (red,
scale on the left verti-
cal axis) and SFR sur-
face density profiles
(blue, scale on the
right vertical axis) for
our z ~ 2.2 sample.
Thin lines represent
individual galaxies; the
mean values are given
by the solid circles
(with error bars indi-
cating the 1s scatter).
The derivations of
these profiles are
described in detail in
the supplementary
materials (17). (B) (middle row) The mean sSFR as a function of radius r (sSFRr; black line). In gray we show the 1s scatter. (C) (bottom row) The average
surface stellar mass density profiles of the star-forming z ~ 2.2 galaxies (red points with dashed line; error bars indicate the 1s scatter) overplotted on the
average profiles for the mass-matched samples of z = 0 galaxies (colors indicate morphological types: orange for early types, blue for late types).
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stops cooling in dark matter halos above a critical
mass [~1012 M⊙ (11)]. Morphological/gravita-
tional quenching proposes that the growth of a
central mass concentration (i.e., amassive bulge)
stabilizes a gas disk against fragmentation (12, 13).
Feedback from an accreting supermassive black
hole transfers either radiative (14) to the sur-
rounding gas, thereby suppressing gas accretion
onto the galaxy, or kinetic energy and momen-
tum (15), which causes the expulsion of gas from
the galaxy.
Quenchingmust soonoccur in themostmassive,

and thus formidably star-forming, galaxies on the
main sequence at z ~ 2, to avoid dramatically over-
shooting the highest observed masses of z = 0
galaxies (16). Yet no general consensus has emerged
on which of the above-mentioned processes is pri-
marily responsible for halting this star formation as
early as a few billion years after the Big Bang. De-
termining the distributions of the stellarmass and
SFR densities within individual z ~ 2 galaxies at
high spatial resolution is central to resolving
these issues. Together these distributions reveal
how stellar mass builds up and SFR is progres-
sively switched off inside these high-z galaxies,
which, given their high masses, will have to
evolve into “red and dead” systems by z = 0.
We measured such quantities for a sample of

22 star-forming galaxies at a median z of 2.2 [(17)
and section S1]. The sample spans a wide range
in stellar mass M ~ 4 ! 109 to 5 ! 1011 M⊙ and
SFR ~20 to 300M⊙ year−1 and broadly traces the

main sequence at these redshifts. The five most
massive galaxies lie slightly below the average
main sequence, a point we explore in more detail
in section S1.
For all galaxies we obtained adaptive optics

SINFONI (Spectrograph for INtegral Field Ob-
servations in the Near Infrared) spectroscopy
on the European Southern Observatory’s Very
Large Telescope, mapping the two-dimensional
rest-frame Ha emission at ~1 kpc spatial reso-
lution. These data reflect the gas ionized by
young stars within individual galaxies, which
allows us to construct spatially resolved distri-
butions of ionized gas kinematics and SFR sur-
face densities internal to the galaxy. We also
obtained Hubble Space Telescope (HST) imag-
ing in the J and H passbands (17, 18). At the
redshifts of the sample, the J and H filters strad-
dle the rest-frame Balmer/4000 Å break. This
spectral feature is strong in relatively old stars
and therefore provides a robust estimate of the
stellar mass already assembled in older stellar
populations. Thus, at a similar kiloparsec reso-
lution as the SINFONI SFR maps, the HST im-
ages provide maps of the stellar mass density
that is stored in such older underlying popula-
tions. Visual inspection of the two-dimensional
SFR distributions immediately reveals their no-
toriously irregular appearance, with bright clumps
at large radii, in contrast with their centrally
peaked and smooth stellar mass distributions
(figs. S4 to S6).

The shapes of the average surface SFR den-
sity (SSFR) profiles (Fig. 1, top panels) are very
similar regardless of total mass and are well
fitted by a Sérsic profile Sº exp(–b ! r1/n), with
the n ~ 1 value typical of disk-like systems. In
contrast, the surface stellar mass density (SM)
profiles become progressively more centrally con-
centrated with increasing total stellar mass. The
Sérsic index of the SM profiles increases from
n = 1.0 T 0.2 in the low-mass bin, to n = 1.9 T
0.6 in the intermediate-mass bin, up to n = 2.8 T
0.3 in the high-mass bin (uncertainties indicate
the 1s scatter). Within each mass bin, the mean
SM profiles are always more centrally concen-
trated than the SFR density profiles.
We then compared the SM profiles of our

sample of z ~ 2.2 galaxies with a mass-matched
sample of local z = 0 galaxies (Fig. 1, bottom
panels) (19). Consistent with the Sérsic fits,
the low-mass z ~ 2.2 galaxies have the same
radial stellar mass profiles of late-type disks
in the local universe. The z ~ 2.2 galaxies in
the most massive bin, however, have stellar
mass profiles that overlap with those of z = 0
early-type galaxies out to galactocentric distances
of a few kiloparsecs, corresponding to typically
~2 effective radii. At these high stellar masses
(~1011 M⊙), our sample of galaxies on the z ~ 2.2
have therefore already saturated their central stel-
lar mass densities to those of galaxies of sim-
ilar mass at z = 0, which are quenched systems
with a bulge-dominated morphology. Thus the
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Fig. 1. Stellar mass
and star-formation
rate surface density
distributions.The
three panels of (a) to
(c) show results for
the three bins of stellar
mass indicated at the
top of each column,
containing 9, 8, and 5
galaxies, respectively.
(A) (upper row) The
stellar surface mass
density profiles (red,
scale on the left verti-
cal axis) and SFR sur-
face density profiles
(blue, scale on the
right vertical axis) for
our z ~ 2.2 sample.
Thin lines represent
individual galaxies; the
mean values are given
by the solid circles
(with error bars indi-
cating the 1s scatter).
The derivations of
these profiles are
described in detail in
the supplementary
materials (17). (B) (middle row) The mean sSFR as a function of radius r (sSFRr; black line). In gray we show the 1s scatter. (C) (bottom row) The average
surface stellar mass density profiles of the star-forming z ~ 2.2 galaxies (red points with dashed line; error bars indicate the 1s scatter) overplotted on the
average profiles for the mass-matched samples of z = 0 galaxies (colors indicate morphological types: orange for early types, blue for late types).
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stops cooling in dark matter halos above a critical
mass [~1012 M⊙ (11)]. Morphological/gravita-
tional quenching proposes that the growth of a
central mass concentration (i.e., amassive bulge)
stabilizes a gas disk against fragmentation (12, 13).
Feedback from an accreting supermassive black
hole transfers either radiative (14) to the sur-
rounding gas, thereby suppressing gas accretion
onto the galaxy, or kinetic energy and momen-
tum (15), which causes the expulsion of gas from
the galaxy.
Quenchingmust soonoccur in themostmassive,

and thus formidably star-forming, galaxies on the
main sequence at z ~ 2, to avoid dramatically over-
shooting the highest observed masses of z = 0
galaxies (16). Yet no general consensus has emerged
on which of the above-mentioned processes is pri-
marily responsible for halting this star formation as
early as a few billion years after the Big Bang. De-
termining the distributions of the stellarmass and
SFR densities within individual z ~ 2 galaxies at
high spatial resolution is central to resolving
these issues. Together these distributions reveal
how stellar mass builds up and SFR is progres-
sively switched off inside these high-z galaxies,
which, given their high masses, will have to
evolve into “red and dead” systems by z = 0.
We measured such quantities for a sample of

22 star-forming galaxies at a median z of 2.2 [(17)
and section S1]. The sample spans a wide range
in stellar mass M ~ 4 ! 109 to 5 ! 1011 M⊙ and
SFR ~20 to 300M⊙ year−1 and broadly traces the

main sequence at these redshifts. The five most
massive galaxies lie slightly below the average
main sequence, a point we explore in more detail
in section S1.
For all galaxies we obtained adaptive optics

SINFONI (Spectrograph for INtegral Field Ob-
servations in the Near Infrared) spectroscopy
on the European Southern Observatory’s Very
Large Telescope, mapping the two-dimensional
rest-frame Ha emission at ~1 kpc spatial reso-
lution. These data reflect the gas ionized by
young stars within individual galaxies, which
allows us to construct spatially resolved distri-
butions of ionized gas kinematics and SFR sur-
face densities internal to the galaxy. We also
obtained Hubble Space Telescope (HST) imag-
ing in the J and H passbands (17, 18). At the
redshifts of the sample, the J and H filters strad-
dle the rest-frame Balmer/4000 Å break. This
spectral feature is strong in relatively old stars
and therefore provides a robust estimate of the
stellar mass already assembled in older stellar
populations. Thus, at a similar kiloparsec reso-
lution as the SINFONI SFR maps, the HST im-
ages provide maps of the stellar mass density
that is stored in such older underlying popula-
tions. Visual inspection of the two-dimensional
SFR distributions immediately reveals their no-
toriously irregular appearance, with bright clumps
at large radii, in contrast with their centrally
peaked and smooth stellar mass distributions
(figs. S4 to S6).

The shapes of the average surface SFR den-
sity (SSFR) profiles (Fig. 1, top panels) are very
similar regardless of total mass and are well
fitted by a Sérsic profile Sº exp(–b ! r1/n), with
the n ~ 1 value typical of disk-like systems. In
contrast, the surface stellar mass density (SM)
profiles become progressively more centrally con-
centrated with increasing total stellar mass. The
Sérsic index of the SM profiles increases from
n = 1.0 T 0.2 in the low-mass bin, to n = 1.9 T
0.6 in the intermediate-mass bin, up to n = 2.8 T
0.3 in the high-mass bin (uncertainties indicate
the 1s scatter). Within each mass bin, the mean
SM profiles are always more centrally concen-
trated than the SFR density profiles.
We then compared the SM profiles of our

sample of z ~ 2.2 galaxies with a mass-matched
sample of local z = 0 galaxies (Fig. 1, bottom
panels) (19). Consistent with the Sérsic fits,
the low-mass z ~ 2.2 galaxies have the same
radial stellar mass profiles of late-type disks
in the local universe. The z ~ 2.2 galaxies in
the most massive bin, however, have stellar
mass profiles that overlap with those of z = 0
early-type galaxies out to galactocentric distances
of a few kiloparsecs, corresponding to typically
~2 effective radii. At these high stellar masses
(~1011 M⊙), our sample of galaxies on the z ~ 2.2
have therefore already saturated their central stel-
lar mass densities to those of galaxies of sim-
ilar mass at z = 0, which are quenched systems
with a bulge-dominated morphology. Thus the
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Fig. 1. Stellar mass
and star-formation
rate surface density
distributions.The
three panels of (a) to
(c) show results for
the three bins of stellar
mass indicated at the
top of each column,
containing 9, 8, and 5
galaxies, respectively.
(A) (upper row) The
stellar surface mass
density profiles (red,
scale on the left verti-
cal axis) and SFR sur-
face density profiles
(blue, scale on the
right vertical axis) for
our z ~ 2.2 sample.
Thin lines represent
individual galaxies; the
mean values are given
by the solid circles
(with error bars indi-
cating the 1s scatter).
The derivations of
these profiles are
described in detail in
the supplementary
materials (17). (B) (middle row) The mean sSFR as a function of radius r (sSFRr; black line). In gray we show the 1s scatter. (C) (bottom row) The average
surface stellar mass density profiles of the star-forming z ~ 2.2 galaxies (red points with dashed line; error bars indicate the 1s scatter) overplotted on the
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2. extreme starburst!
preferred for 
(1) morphological transformation from n=1 to n=4
(2) BH growth?
(3) bottom heavy IMF in local ellipticals?
(4) enhanced α/Fe in local ellipticals?

as a function of mass. The definition is nearly identical when
the mode is used instead, indicating that it defines the most
common rate of growth. While we left 20% of star-forming
galaxies to probe the extremes of rapid and slow growth, only
7% of these galaxies live above the MS and nearly double that,
13%, live below it. This is a manifestation of the fact that the
distribution of SFRs at a given mass is skewed toward low
SFRs. Counting galaxies, however, understates the importance
of galaxies above the MS to galaxy evolution because they are
building stellar mass so rapidly. Considering instead the
contribution to the total star formation budget at this epoch,
galaxies above the MS account for >20% of star formation,
while galaxies below the MS only account for <3%.

5.2. Spatially Coherent Star Formation

One of the primary results of this paper is shown in Figure 9:
the radial distribution of H! on, above, and below the star-
forming MS. Above the MS, H! is elevated at all radii. Below
the MS, H! is depressed at all radii. The profiles are remarkably
similar above, on, and below the MS—a phenomenon that can

be referred to as “coherent star formation,” in the sense that the
offsets in the SFR are spatially coherent.
We quantify this spatially coherent star formation in the

following way. First, we determine the overall offset of the H!
flux above and below the MS. To do this, we divide the H!
surface brightness profiles above and below the MS by their MS
counterparts. These MS-normalized radial profiles are shown in
Figure 10. The mean offset of these profiles is roughly a factor of
2 (0.3 dex).
Next, we compare the offset from the MS at small radii to the

offset at large radii. The ratio of the offset between 1.5<r<3
and 3<r<4.5 is !1 for all mass bins above and below the
star-forming MS. Star formation is spatially coherent: the offset
is roughly a factor of 2 and nearly independent of radius. The
mean offsets, as well as the ratio of the offsets at large and small
radii, are listed in Table 3. Above the MS at the highest masses
where we have the S/N to trace the H! to large radii, we can see
that the H! remains enhanced by a factor of 2 even beyond
10 kpc. The most robust conclusion we can draw from the
offsets in the radial profiles of H! is that star formation from
!1.5 to4.5 kpc is enhanced coherently in galaxies above the MS

Figure 9. Radial surface brightness profiles of H!, HF140W, and their ratio EW(H!) as a function ofM* and SFR. The colors delineate position with respect to the star-
forming “MS”: above (blue), on (black), and below (red). Above the star-forming MS, the H! (as well as the HF140W and EW(H!)) is elevated at all radii. Below the
star-forming MS, the H! is depressed at all radii. The average radial profiles are always centrally peaked in H! and never centrally peaked in EW(H!).
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stops cooling in dark matter halos above a critical
mass [~1012 M⊙ (11)]. Morphological/gravita-
tional quenching proposes that the growth of a
central mass concentration (i.e., amassive bulge)
stabilizes a gas disk against fragmentation (12, 13).
Feedback from an accreting supermassive black
hole transfers either radiative (14) to the sur-
rounding gas, thereby suppressing gas accretion
onto the galaxy, or kinetic energy and momen-
tum (15), which causes the expulsion of gas from
the galaxy.
Quenchingmust soonoccur in themostmassive,

and thus formidably star-forming, galaxies on the
main sequence at z ~ 2, to avoid dramatically over-
shooting the highest observed masses of z = 0
galaxies (16). Yet no general consensus has emerged
on which of the above-mentioned processes is pri-
marily responsible for halting this star formation as
early as a few billion years after the Big Bang. De-
termining the distributions of the stellarmass and
SFR densities within individual z ~ 2 galaxies at
high spatial resolution is central to resolving
these issues. Together these distributions reveal
how stellar mass builds up and SFR is progres-
sively switched off inside these high-z galaxies,
which, given their high masses, will have to
evolve into “red and dead” systems by z = 0.
We measured such quantities for a sample of

22 star-forming galaxies at a median z of 2.2 [(17)
and section S1]. The sample spans a wide range
in stellar mass M ~ 4 ! 109 to 5 ! 1011 M⊙ and
SFR ~20 to 300M⊙ year−1 and broadly traces the

main sequence at these redshifts. The five most
massive galaxies lie slightly below the average
main sequence, a point we explore in more detail
in section S1.
For all galaxies we obtained adaptive optics

SINFONI (Spectrograph for INtegral Field Ob-
servations in the Near Infrared) spectroscopy
on the European Southern Observatory’s Very
Large Telescope, mapping the two-dimensional
rest-frame Ha emission at ~1 kpc spatial reso-
lution. These data reflect the gas ionized by
young stars within individual galaxies, which
allows us to construct spatially resolved distri-
butions of ionized gas kinematics and SFR sur-
face densities internal to the galaxy. We also
obtained Hubble Space Telescope (HST) imag-
ing in the J and H passbands (17, 18). At the
redshifts of the sample, the J and H filters strad-
dle the rest-frame Balmer/4000 Å break. This
spectral feature is strong in relatively old stars
and therefore provides a robust estimate of the
stellar mass already assembled in older stellar
populations. Thus, at a similar kiloparsec reso-
lution as the SINFONI SFR maps, the HST im-
ages provide maps of the stellar mass density
that is stored in such older underlying popula-
tions. Visual inspection of the two-dimensional
SFR distributions immediately reveals their no-
toriously irregular appearance, with bright clumps
at large radii, in contrast with their centrally
peaked and smooth stellar mass distributions
(figs. S4 to S6).

The shapes of the average surface SFR den-
sity (SSFR) profiles (Fig. 1, top panels) are very
similar regardless of total mass and are well
fitted by a Sérsic profile Sº exp(–b ! r1/n), with
the n ~ 1 value typical of disk-like systems. In
contrast, the surface stellar mass density (SM)
profiles become progressively more centrally con-
centrated with increasing total stellar mass. The
Sérsic index of the SM profiles increases from
n = 1.0 T 0.2 in the low-mass bin, to n = 1.9 T
0.6 in the intermediate-mass bin, up to n = 2.8 T
0.3 in the high-mass bin (uncertainties indicate
the 1s scatter). Within each mass bin, the mean
SM profiles are always more centrally concen-
trated than the SFR density profiles.
We then compared the SM profiles of our

sample of z ~ 2.2 galaxies with a mass-matched
sample of local z = 0 galaxies (Fig. 1, bottom
panels) (19). Consistent with the Sérsic fits,
the low-mass z ~ 2.2 galaxies have the same
radial stellar mass profiles of late-type disks
in the local universe. The z ~ 2.2 galaxies in
the most massive bin, however, have stellar
mass profiles that overlap with those of z = 0
early-type galaxies out to galactocentric distances
of a few kiloparsecs, corresponding to typically
~2 effective radii. At these high stellar masses
(~1011 M⊙), our sample of galaxies on the z ~ 2.2
have therefore already saturated their central stel-
lar mass densities to those of galaxies of sim-
ilar mass at z = 0, which are quenched systems
with a bulge-dominated morphology. Thus the
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Fig. 1. Stellar mass
and star-formation
rate surface density
distributions.The
three panels of (a) to
(c) show results for
the three bins of stellar
mass indicated at the
top of each column,
containing 9, 8, and 5
galaxies, respectively.
(A) (upper row) The
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density profiles (red,
scale on the left verti-
cal axis) and SFR sur-
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(blue, scale on the
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our z ~ 2.2 sample.
Thin lines represent
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mean values are given
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cating the 1s scatter).
The derivations of
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described in detail in
the supplementary
materials (17). (B) (middle row) The mean sSFR as a function of radius r (sSFRr; black line). In gray we show the 1s scatter. (C) (bottom row) The average
surface stellar mass density profiles of the star-forming z ~ 2.2 galaxies (red points with dashed line; error bars indicate the 1s scatter) overplotted on the
average profiles for the mass-matched samples of z = 0 galaxies (colors indicate morphological types: orange for early types, blue for late types).
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Figure 5. Size–stellar mass distribution of late- and early-type galaxies (same symbols as in Figure 2). A typical 1! error bar for individual objects in the higher-redshift
bins is shown in the bottom right panel. The lines indicate model fits to the early- and late-type galaxies as described in Section 3.1. The dashed lines, which are
identical in each panel, represent the model fits to the galaxies at redshifts 0 < z < 0.5. The solid lines represent fits to the higher-redshift samples. The mass ranges
used in the fits are indicated by the extent of the lines in the horizontal direction. Strong evolution in the intercept of the size–mass relation is seen for early-type
galaxies, and moderate evolution is seen for the late-type galaxies (also see Figure 6. There is no significant evidence for evolution in the slope (also see Figure 6).
The parameters of the fits shown here are given in Table 1.
(A color version of this figure is available in the online journal.)

a function of mass. We parameterize this following Shen et al.
(2003) and assume a log-normal distribution N (log r, !log r ),
where log r is the mean and !log r is the dispersion. Furthermore,
r is taken to be a function of galaxy mass:

r(m!)/kpc = A · m"
! , (3)

where m! " M!/7 # 1010 M$. As we will describe in
Section 3.3, it is reasonable to assume that !log r is indepen-
dent of mass.

The model distribution N (log r(m!), !log r ) prescribes the
probability distribution for observing Reff for a galaxy with
mass m!. If the measured Reff has a Gaussian, 1-! uncertainty
of # log Reff , then the probability for this observation is the inner
product of two Gaussians:

P = %N (log Reff, # log Reff), N (log r(m!), !log r )&. (4)

Thus, we compute for each galaxy the probabilities PET and PLT
for the respective size–mass distribution models for the early-
type and late-type populations. Incompleteness terms should
formally be included in these probabilities (as described by,
e.g., Huang et al. 2013), but because of our conservative sample
selection (see Section 2.4) we are not biased against faint, large
objects.

The uncertainty in size, # log Reff , is computed as outlined by
van der Wel et al. (2012). A random uncertainty of 0.15 dex
in m! is included in our analysis by treating it as an additional
source of uncertainty in Reff : for a size–mass relation with a
given slope, an offset in m! translates into an offset in Reff .
Hence, the calculation of P stays one-dimensional. The fiducial
slopes we use to convert # log Reff into #m! are " = 0.7 for
early-type galaxies and " = 0.2 for late-type galaxies.

We also take into account the misclassification of early-
and late-type galaxies. Despite the bimodal distribution in the
color–color diagram (Section 2.4; Figure 1), there are galaxies
in the region between the star-forming and quiescent sequences,
making their classification rather arbitrary and causing cross-
contamination of the two classes (also see Holden et al.
2012). Motivated by this work, we take this misclassification
probability to be 10%. We will comment on the effects of varying
this parameter below, when we describe the fitting results.

The misclassification probability precisely corresponds to the
early- and late-type contamination fractions in a sample in cases
where the two subsamples have an equal number of galaxies.
The actual contamination fraction scales with the early- and
late-type fractions, which depend on galaxy mass and redshift.
The evolution of the stellar mass function for the two types
is described by Muzzin et al. (2013), which we use here to
compute this ratio. We also allow for 1% of outliers: these are
objects that are not part of the galaxy population, for example,
catastrophic redshift estimates or misclassified stars. Finally, in
order to avoid being dominated by the large number of low-mass
galaxies, we also assign a weight to each galaxy that is inversely
proportional to the number density. This ensures that each mass
range carries equal weight in the fit. The number density is taken
from the Muzzin et al. (2013) mass functions.

Then, we compute the total likelihood for a set of six model
parameters (intercept A, slope ", and intrinsic scatter !log Reff ,
each for both types of galaxies):

LET =
!

ln[W · ((1 ' C) · PET + C · PLT + 0.01)] (5)

for early-type galaxies, and

LLT =
!

ln[W · ((1 ' C) · PLT + C · PET + 0.01)] (6)
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Figure 5. Size–stellar mass distribution of late- and early-type galaxies (same symbols as in Figure 2). A typical 1! error bar for individual objects in the higher-redshift
bins is shown in the bottom right panel. The lines indicate model fits to the early- and late-type galaxies as described in Section 3.1. The dashed lines, which are
identical in each panel, represent the model fits to the galaxies at redshifts 0 < z < 0.5. The solid lines represent fits to the higher-redshift samples. The mass ranges
used in the fits are indicated by the extent of the lines in the horizontal direction. Strong evolution in the intercept of the size–mass relation is seen for early-type
galaxies, and moderate evolution is seen for the late-type galaxies (also see Figure 6. There is no significant evidence for evolution in the slope (also see Figure 6).
The parameters of the fits shown here are given in Table 1.
(A color version of this figure is available in the online journal.)

a function of mass. We parameterize this following Shen et al.
(2003) and assume a log-normal distribution N (log r, !log r ),
where log r is the mean and !log r is the dispersion. Furthermore,
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! , (3)

where m! " M!/7 # 1010 M$. As we will describe in
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dent of mass.
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e.g., Huang et al. 2013), but because of our conservative sample
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objects.
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given slope, an offset in m! translates into an offset in Reff .
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slopes we use to convert # log Reff into #m! are " = 0.7 for
early-type galaxies and " = 0.2 for late-type galaxies.

We also take into account the misclassification of early-
and late-type galaxies. Despite the bimodal distribution in the
color–color diagram (Section 2.4; Figure 1), there are galaxies
in the region between the star-forming and quiescent sequences,
making their classification rather arbitrary and causing cross-
contamination of the two classes (also see Holden et al.
2012). Motivated by this work, we take this misclassification
probability to be 10%. We will comment on the effects of varying
this parameter below, when we describe the fitting results.

The misclassification probability precisely corresponds to the
early- and late-type contamination fractions in a sample in cases
where the two subsamples have an equal number of galaxies.
The actual contamination fraction scales with the early- and
late-type fractions, which depend on galaxy mass and redshift.
The evolution of the stellar mass function for the two types
is described by Muzzin et al. (2013), which we use here to
compute this ratio. We also allow for 1% of outliers: these are
objects that are not part of the galaxy population, for example,
catastrophic redshift estimates or misclassified stars. Finally, in
order to avoid being dominated by the large number of low-mass
galaxies, we also assign a weight to each galaxy that is inversely
proportional to the number density. This ensures that each mass
range carries equal weight in the fit. The number density is taken
from the Muzzin et al. (2013) mass functions.

Then, we compute the total likelihood for a set of six model
parameters (intercept A, slope ", and intrinsic scatter !log Reff ,
each for both types of galaxies):

LET =
!

ln[W · ((1 ' C) · PET + C · PLT + 0.01)] (5)

for early-type galaxies, and

LLT =
!

ln[W · ((1 ' C) · PLT + C · PET + 0.01)] (6)
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algorithmically more straightforward method of Szomoru et al.
(2010). This method takes advantage of the GALFIT code,
which convolves models with the PSF to fit galaxy light
distributions (Peng et al. 2002). We begin by fitting the stacks
with Sérsic (1968) models using GALFIT (Peng et al. 2002).
These Sérsic fits are quite good, and the images show small
residuals. We use these fit parameters to create an unconvolved
model of the image stack. To account for deviations from a
perfect Sérsic fit, we add the residuals to this unconvolved
image stack. Although the residuals are still convolved with the
PSF, this method has been shown to reconstruct the true flux
distribution even when the galaxies are poorly fit by a Sérsic
profile (Szomoru et al. 2010). It is worth noting again that the
residuals in these fits are small, so the residual-correction step
in this procedure is not critical to the conclusions of this paper.

4. THE DISTRIBUTION OF H! AS A FUNCTION OF
STELLAR MASS AND RADIUS

The structure of galaxies (e.g., Wuyts et al. 2011b; van der
Wel et al. 2014b) and their specific star formation rates (sSFRs;
e.g., Whitaker et al. 2014) change as a function of stellar mass.
This means that both where a galaxy is growing and how
rapidly it is growing depend on how much stellar mass it has
already assembled. In this section, we investigate where
galaxies are building stellar mass by considering the average
radial distribution of H! emission in different mass ranges.

To measure the average spatial distribution of H! during this
epoch from z=1.5 to0.7, we create mean H! images by
stacking the H! maps of individual galaxies as described in
Section 3.3. The stacking technique employed in this paper
serves to increase the S/N, enabling us to trace the profile of
H! to large radii. An obvious disadvantage is that the H!
distribution is known to be different for different galaxies. As
an example, the H! maps of the galaxies shown in Figure 3 are
quite diverse, displaying a range of sizes, surface densities, and
morphologies. Additionally, star formation in the early
universe often appears to be clumpy and stochastic (Elmegreen
& Elmegreen 2005; Elmegreen 2009; Förster Schreiber et al.
2011b, Guo et al. 2012). Different regions of galaxies light up
with new stars for short periods of time. These clumps, while
visually striking, make up a small fraction of the total star
formation at any given time. Only 10%–15% of star formation
occurs in clumps, while the remaining 85%–90% of star
formation occurs in a smooth disk or bulge component (Förster

Schreiber et al. 2011b; Wuyts et al. 2012, 2013). Stacking H!
smooths over the short-timescale stochasticity to reveal the
time-averaged spatial distribution of star formation.
Figure 5 shows the radial surface brightness profiles of H!

as a function of stellar mass. The first and most obvious feature
of these profiles is that the H! is brightest in the center of these
galaxies: the radial surface brightness of H! rises mono-
tonically toward small radii. The average distribution of ionized
gas is not centrally depressed or even flat;it is centrally peaked.
This shows that there is substantial ongoing star formation in
the centers of galaxies at all masses at z!1.
With regard to profile shape, in log(flux)-linear(radius)

space, these profiles appear to be nearly linear, indicating that
they are mostly exponential. There is a slight excess at small
and large radii compared to an exponential profile. However,

Figure 5. Average radial distribution of H! emission in galaxies in bins of stellar mass indicated at the top of each panel. The filled circles show the radial profiles
measured directly from the stacked H! images. The open circles show the profiles corrected for the effect of the PSF. The lines show the best-fit exponentials for
0.5rs<r<3rs to the PSF-corrected profiles. There appears to be some excess flux over a pure exponential at small and large radii. The short vertical lines show the
corresponding H! effective radii.

Figure 6. Size–mass relations for H! ( *Br MH – ) stellar continuum ( * *r M– ). The
size of star-forming disks traced by H! increases with stellar mass as

rBr MH
0.23. At low masses, *_Br rH , as mass increases the disk scale length

of H! becomes larger than the stellar continuum emission as * *rBr r MH
0.054.

Interpreting H! as star formation and stellar continuum as stellar mass, this
serves as evidence that, on average, galaxies are growing larger in size due to
star formation.
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