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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, 5σ ) (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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Figure 7. Gas surface density and Q parameter in the disk. Shown are gas surface density (top), Qg, Qs, and the combined effective Q in the three phases of evolution.
The box side is 30 kpc. During the MQ phase, the effective Q is above 2 across most of the disk, but below 3–4 in extended areas. This explains the stability of
axisymmetric modes and the lack of bound clumps in this phase, while non-axisymmetric perturbations are clearly visible. In the early and late phases, Q drops below
unity in several extended areas, consistent with the appearance of strong axisymmetric perturbations and bound clumps in these phases. The effective Q is similar to
Qg in the MQ phase, where Qs is rather high. In the unstable phases, especially the late one, the stellar disk component helps destabilizing the disk.
(A color version of this figure is available in the online journal.)

result from different gas masses or densities, but from a different
depth of the gravitational potential measured by κ5 and from a
different contribution of stars Σs to the total disk density.

Note that the disk instability and the high level of star
formation at t = 3.5 Gyr are not artifacts due to relaxation
of initial conditions. Indeed, the galaxy has been evolved in
isolation for 500 Myr before being introduced in the simulation,
which is a long enough time for the initial disk to acquire
a realistic structure in the global galactic potential (see more
details in Martig & Bournaud 2008).

Maps of the Toomre parameter for the gas component (Qg),
the stellar component (Qs), and the combined parameter Q are
shown in Figure 7 for the blue galaxy at t = 3.5 Gyr, for the
inefficiently star-forming red ETG at t = 10 Gyr (i.e., during
the MQ phase), and the actively star-forming disk galaxy at t =
13.7 Gyr in the case without the final merger so that a disk can
be identified. These maps confirm that the star-forming disks
have a low Q parameter, with averaged values of Q around 2
in the star-forming regions, and local overdensities with Q < 1
in clumps and spiral arms. Regions with Q ∼ 1 are unstable

5 κ is computed in radial bins of 100 pc from a smoothed version of the
rotation curve.

against axisymmetric instabilities, reach high gas densities, and
form stars actively.

The gas disk in the red ETG differs by having somewhat larger
values of Qg in its dense regions, because of the change in κ ,
and more importantly by having Qs " 1, because of the lack
of stellar contribution Σs to the disk density and self-gravity. As
a result, the combined Q parameter remains significantly above
1 everywhere in the disk, preventing axisymmetric instabilities,
even though non-axisymmetric armlets are present in the disk
(Figure 8). During the MQ phase, the gas thus does not
reach high densities, and the star formation efficiency is low:
considering the global cold gas mass present in the galaxy, the
SFR could have been expected to be 10 times higher.

During the red phase of our simulation, the gas mass and
surface density increase by a factor of 3. Yet the SFR remains
constantly low and the galaxy remains red; the stability param-
eter Q indeed remains large, and no dense gas clumps form.
Only when the mass of the cold gas disk has increased above
9 × 109 M$, the disk becomes unstable again, so that the star
formation increases and the galaxy turns back blue: we find
an average Q % 3 with the densest regions reaching Q = 1
at t = 11 Gyr, when the galaxy begins to turn back to blue

Morphological quenching

stop gas accretion reduce star formation efficiency

AGN/SF feedback

remove gas from inner regions
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Figure 2. Averaged SINFONI spectra covering the Hα, [N ii], and [S ii] emission lines of the seven SINS/zC-SINF galaxies at log(M∗/M") ! 11 and best-quality
data. Left: averaged spectra of the inner nuclear/bulge (blue) and extranuclear/disk regions (red), after removing large-scale velocity gradients from Gaussian fits to
the narrow Hα profile in each spatial pixel. Right: zoom-in on the Hα+[N ii] complex (top) and the [S ii] doublet (bottom) of the nuclear spectrum, and best-fit broad
component (red lines). The FWHM of the broad nuclear emission is 1500 ± 240 km s−1, and the [N ii] λ6584/Hα ratio is 0.60 ± 0.01 for this average spectrum.
(A color version of this figure is available in the online journal.)

galaxies, we summed the emission over spectral intervals cho-
sen to maximize the respective contributions of the broad and
narrow emission (based on the average nuclear regions spec-
trum) while ensuring sufficient S/N per pixel. For the narrow
Hα emission maps, integrated in the interval ±100 km s−1

around the reference systemic velocity, the contamination by
the broad underlying emission is estimated to be ∼15%–20%.
For the broad emission maps, computed in the intervals [−1000,
−150] and [+150, +700] km s−1, the contribution by the nar-
row emission is ∼30%–40% (with respective contributions of
∼35%–45% on the blue side including [N ii] λ6548, and of
∼20%–30% on the red side). The size estimates based on these
maps should thus be representative of the broad emission, which
dominates in the adopted velocity intervals.

To independently verify the results based on the spectra
and maps extracted for individual galaxies, we followed a
second approach by creating a “stacked” data cube of the six
massive galaxies observed with AO from which we derived the
average Hα+[N ii] broad emission properties. The details of this
alternative method are presented in Appendix B. We note that
the results from the spectra and maps obtained as described
above and from the stacked cube agree well with each other.

3. RESULTS

3.1. Spectral Properties of the Broad Nuclear Emission

Figure 2 shows the high S/N averaged nuclear spectrum of
the Hα+[N ii] emission line complex and the [S ii] doublet of
the seven massive galaxies whose line profiles are unaffected
by telluric OH line emission. From our multiple Gaussian fit to
this spectrum, the broad component has a FWHM of 1500 ±
240 km s−1 in all of the lines and contributes about 40%
of the total Hα and [N ii] flux. The [N ii]/Hα ratio for the
broad and narrow components is 0.60 ± 0.01, at the upper

edge for pure stellar photoionization in metal-rich H ii regions
and overlapping with the “mixing” sequence of AGN and star
formation excitation (e.g., Kewley et al. 2006, 2013).

The fits to the nuclear spectra of individual galaxies yield
broad component FWHMs in the range ∼600 to ∼1700 km s−1

(median of ∼950 km s−1) and contributions to the total
Hα+[N ii] flux between 30% and 80% (median of 45%). The
[N ii]/Hα ratios range from 0.5 to 0.75 (median of 0.7). The
results are obviously more uncertain for the individual galaxies
because of the lower S/N, and the broad nuclear FWHM val-
ues tend to be somewhat lower compared to that obtained from
the averaged spectrum because the extended wings of the broad
low-amplitude component are less well constrained. However,
the range in properties derived from the nuclear spectra of the
galaxies shows that the results based on the averaged nuclear
spectrum are not dominated by a single galaxy, confirming the
visual assessment (Section 2.2; see also Appendix B).

Figure 2 also shows the averaged off-nuclear spectrum of the
same seven massive galaxies. Whereas the latter spectrum does
exhibit a broad component, it is weaker and has an FWHM of
485 ± 30 km s−1, more typical of the star formation-driven
outflows in the lower-mass SINS/zC-SINF galaxies (Newman
et al. 2012a). The off-nuclear narrow component has an
[N ii]/Hα ratio of 0.35 ± 0.01, well within the range spanned
by normal H ii regions of roughly solar oxygen abundances in
local SFGs (e.g., Kewley et al. 2006, 2013).

3.2. Spatial Extent of the Broad Nuclear Emission

Figure 3 shows the spatial distribution of the broad emission
in the six log(M∗/M") ! 11 galaxies with deep high-resolution
SINFONI+AO data. The figure also shows the distribution of the
narrow Hα line emission tracing star formation and of the rest-
optical stellar continuum emission. The latter maps are from the
HST near-IR imaging available for five of the objects and from
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Figure 3. Fraction of massive galaxies (M > 1010 M!) that are quiescent (fquench), as a function of total stellar mass (left columns), bulge mass (middle columns),
and disk mass (right columns) for z ∼ 1 and z ∼ 2. Galaxies with sSFR < 1/3∗ tHubble are assigned as quiescent, the others are assigned as star-forming. In the middle
and bottom rows, we split the galaxy sample in bins of B/T for the two redshift bins. Uncertainties are derived from bootstrapping and include sample variance as
well as measurement uncertainties. A positive trend of fquench is seen with total stellar mass, with the trend becoming stronger when correlating fquench with the bulge
mass, whereas fquench shows no positive correlation with the mass of the disk component. At a given galaxy mass, fquench is increasing significantly with increasing
B/T ratio. The scatter in fquench among the different B/T bins is largely reduced when correlating against the bulge mass, implying that the mass within the bulge
of the galaxy is correlating best with quiescence. This trend is qualitatively similar for both redshift ranges, with the overall quenched fractions being lower at z ∼ 2
than at z ∼ 1.
(A color version of this figure is available in the online journal.)

the way to the present day, as demonstrated by Bluck et al.
(2014) who exploit the large number statistics of SDSS.

5. COMPARISON WITH SAMS

5.1. The Somerville Model

SAMs have a rich history of trying to reproduce galaxy scaling
relations and abundances, with the goal of guiding our interpre-
tation of the observational results. Here, we focus specifically on
the SAM developed by Somerville et al. (2008) and further up-
dated by Somerville et al. (2012) and L. A. Porter et al. (2014,
in preparation), which is rooted in the Bolshoi cosmological
dark matter simulation (Klypin et al. 2011).20 As is generic to

20 Hereafter, we refer to this model as the Somerville et al. SAM.

all SAMs, the model relies on simplified analytic prescriptions
for the dynamical and astrophysical processes down from entire
galaxy scales, rather than on kiloparsec to parsec scales (the res-
olution below which state-of-the-art cosmological and zoom-in
hydro-simulations resort to subgrid physics, respectively). This
limitation, however, yields the enhanced flexibility of a rela-
tively inexpensive runtime, allowing the straightforward gener-
ation of statistically significant model galaxy populations, and
the tuning of parameters to observational constraints, such as
mass functions and scaling relations (only empirical constraints
from the nearby universe were used in tuning the parameters of
the model considered here). The fact that SAMs conceptually are
formulated in units of bulge and disk components furthermore
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B/T ratio. The scatter in fquench among the different B/T bins is largely reduced when correlating against the bulge mass, implying that the mass within the bulge
of the galaxy is correlating best with quiescence. This trend is qualitatively similar for both redshift ranges, with the overall quenched fractions being lower at z ∼ 2
than at z ∼ 1.
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bulge formation can be key for quenching of star formation, whatever the cause
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Fig. 2.— Surface density vs. stellar mass for galaxies in the CANDELS/GOODS-S field at 0.5 < z < 3.0. Panels A and B show the
surface density within the effective radius, Σe, and within the inner 1 kpc, Σ1, respectively. The blue and red circles show SFGs and
quiescent galaxies selected using the SFR criterion of Figure 1. The thick blue and red lines depict the best-fit logΣ− logM! relations for
the two populations. The dashed red lines show the 2σ scatter around the quiescent relation. SFGs and quiescent galaxies exhibit clear
and distinct scaling relations since z ∼ 3, which are well-described by single power-laws. The scatter in the Σ1 relations is a factor of ∼ 2
smaller than that of Σe. The slopes of the scaling relations remains approximately constant with time. The zero-points of the star-forming
relations decline slowly with time (see Figure 3). Based on this smooth evolution, we speculate that SFGs follow, on average, evolutionary
paths along that relation. We define this track as a structural “main sequence” (Σ-MS) . At log(M/M!)! 10 we find an increasing number
of compact SFGs with high surface densities, similar to those of quiescent galaxies (green circles selected within the quiescent relation in
Σ1). We capture this trend by fitting a second-order polynomial to logΣ− logM!, which shows a steeper slope at the high-mass end (thin
blue line). These galaxies may deviate upwards from the Σ-MS due to dissipational “compaction” events that cause a rapid core growth
(see § 3.4.2). Fit parameters are given in Tables 1 and 2

in size-mass (aSF < 0.5) and a positive correlation be-
tween ΣSF

e and mass. The scatter in Σe is consistent with
∼2× that of the size-mass relations, σ(logΣe) ∼ 0.5 dex
and 0.3 dex, for SFGs and quiescent galaxies, as expected
from ∆ logΣe ∝ 2∆ log re. The redshift-dependent nor-
malizations decline from z = 3 to z = 0.5. Such decline is
much steeper for quiescent galaxies than for SFGs (1 dex
vs. 0.3 dex) as noted in previous works (Buitrago et al.
2008; Newman et al. 2012; van der Wel et al. 2014).
The bottom row (B panels) of Figure 2 shows the red-

shift evolution of the central surface mass density within
1 kpc, Σ1kpc = M(< 1 kpc)/π(1 kpc)2, versus the stel-
lar mass. Similarly to Σe, we characterize the observed
correlation in Σ1 as a log-linear relation:

logΣ1 = β
[

log
(M!

M!

)

− 10.5
]

+ log B(z) (3)

Again, we find clear correlations for both SFGs and qui-
escent galaxies at every redshift since z ∼ 3. The slopes
of these relations are positive and relatively constant
with time, βSF = 0.9 and βQ = 0.7. By comparison with
Σe, the dispersion is ∼ 2× tighter, σ(logΣ1) ∼ 0.25 dex
and 0.14 dex, for SFGs and quiescent galaxies, in good
agreement with the results of Fang et al. (2013) at z = 0.
The normalization of the star-forming ΣSF

1 relation de-

clines by ∼0.3 dex from z = 3 to z = 0.5 similar to the
evolution in ΣSF

e . Interestingly, for quiescent galaxies,
ΣQ

1 declines by a similar amount, in stark contrast with
the strong decline of ∼ 1 dex in ΣQ

e . The lower scat-
ter and weaker redshift evolution indicates that Σ1 is a
more robust and reliable structural parameter than Σe.
Note also that, by measuring the mass inside a fixed
physical core aperture, Σ1 is closer to the concept of a
cosmic clock, i.e., it only increases with a stellar mass
growth, unlike the effective size (re), which can also de-
crease (e.g., due to a substantial mass growth closer to
galaxy center, or to fading of a extended star-forming
region).
Two main conclusions arise from the distribution of

SFGs and quiescent galaxies in Figure 2: 1) the slopes
of the structural relations are almost constant with time,
and the normalizations decline for all of them; 2) at any
redshift, quiescent galaxies are denser than SFGs of the
same mass, although this difference declines with time
in Σe due to fast evolution of ΣQ

e . A reasonable assump-
tion based on the first conclusion is that the evolutionary
paths of individual SFGs approximately follow the best-
fit ΣSF

e relation which, by analogy with the SFR-MS, de-
fines a structural main sequence, Σ-MS, that could be
interpreted as phase of smooth structural growth. The

Barro et al. 2015, see also Tacchella et al. 2015b

(proto-bulge?) 

Quenching by a core with high Σ1kpc

Σ1kpc: stellar mass within a central 1 kpc region
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Wet (gas rich) compaction

Compaction and Quenching 11

Figure 6. Compaction and quenching in V07. Shown are images of face-on projected density of the cold component made of gas and stars younger than
100Myr (top) and of the stellar component (bottom), in a cubic box of side 40 kpc. The snapshots from left to right correspond to (a) prior to or during the
compaction phase, (b) the blue nugget phase near maximum gas compaction, (c) the “green nugget” phase during the quenching process, and (d) the red nugget
phase after quenching. A BN with a dense core of gas and stars develops via dissipative compaction. It leads to gas depletion in the core while an extended
ring develops. The dense stellar core remains intact from the BN to the RN phase, while in this case an extended stellar envelope develops around the RN core.

merger prior to z ∼ 4, which may or may not be associated
with the onset of compaction at z ∼ 3.5. It then has a minor
merger prior to z ∼ 3, which may be associated with either
the compaction or the quenching. In V12 there is no ma-
jor or minor mergers that could trigger the compaction, but
there is a major merger near z ∼ 4, which may be associated
with the onset of quenching. Galaxy V14 has a minor merger
near z ∼ 3 that could trigger its long-term compaction, and
another minor merger just prior to z ∼ 2 that could be as-
sociated with the onset of quenching. Finally, V26 does not
show evidence for major or minor mergers associated with
the compaction or the quenching. It thus seems that the com-
paction and quenching could be triggered by one of differ-
ent mechanisms, including major mergers in a fraction of
the cases, minor mergers in another fraction, and something
else, possibly related to counter-rotating streams or recycled
inflows and possibly associated with VDI in a third fraction
of the cases. We will return to the role of mergers and VDI
in compaction and quenching in §7.

4.2 Less Massive Galaxies

Figure 3 shows the evolution of four galaxies of lower
stellar mass that end their compaction and start their final
quenching at lower central surface densities, near Σ1 "
109M! kpc−2. These galaxies do go through events of com-
paction followed by quenching, similar to the characteris-
tic chain of events seen in the high-Σmax examples shown
in Fig. 2. However, in the low-mass, low-Σmax cases these
events tend to occur at later redshifts, and the L-shape evolu-
tion track is more fluctuative. In particular, the quenching is

less decisive: the sSFR fluctuates down and up several times
before it eventually quenches beyond the green valley.

An inspection of Fig. 5 indicates that while the mas-
sive galaxies that compactify earlier do so to effective radii
smaller than 1 kpc, the effective radii of the low-mass galax-
ies that compactify later tend not to drop to below 1 kpc.

4.3 Images and Compactness of Blue and Red Nuggets

Figures 6 to 8 show two-dimensional images of the den-
sity of the cold component of gas and stars younger than
100Myr and of the stellar density at 4 snapshots in the his-
tory of three of the massive galaxies, V07, V12 and V26.
The cold component of the disc refers to the mass that is
directly involved in VDI, which is typically roughly twice
the gas mass alone. The cold mass density could serve as a
crude proxy for the density measured from Hα or UV obser-
vations. The projections are face-on in a cubic box of side 40
kpc. The 4 snapshots correspond to (a) prior to or during the
early stages of compaction, (b) the peak blue-nugget phase
near maximum compaction and beginning of quenching, (c)
the green-nugget phase during the quenching process, and
(d) the red-nugget phase after quenching.

The pre-compaction phase is characterized by a clumpy
gas appearance, typically associated with a major merger
(V12), minor mergers (V07), and no mergers (V26).

The blue-nugget phase shows a high gas density associ-
ated with a high stellar density in the inner 1 kpc, with only
low-density gas left at large radii.

The quenching phase is characterized by a massive, cen-

c© 2002 RAS, MNRAS 000, 1–30
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FIG. 5.— The average radial distribution of Hα 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 Hα 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 Hα effective radii.
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FIG. 6.— Size-mass relations for Hα (rHα −M∗) stellar continuum (r∗ −
M∗). The size of star forming disks traced by Hα increases with stellar
mass as rHα ∝M0.23. At low masses, rHα ∼ r∗, as mass increases the disk
scale length of Hα becomes larger than the stellar continuum emission as
rHα ∝ r∗M0.054

∗ . Interpreting Hα 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.

to increase the S/N ratio, enabling us to trace the profile of
Hα to large radii. An obvious disadvantage is that the Hα
distribution is known to be different for different galaxies. As
an example, the Hα maps of the galaxies shown in Fig. 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. Differ-
ent regions of galaxies light up with new stars for short peri-
ods 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 clumpswhile the re-
maining 85−90% of star formation occurs in a smooth disk or
bulge component (Förster Schreiber et al. 2011b; Wuyts et al.

2012, 2013). Stacking Hα smoothes over the short-timescale
stochasticity to reveal the time-averaged spatial distribution
of star formation.
Fig. 5 shows the radial surface brightness profiles of Hα as

a function of stellar mass. The first and most obvious fea-
ture of these profiles is that the Hα is brightest in the center
of these galaxies: the radial surface brightness of Hα rises
monotonically toward small radii. The average distribution of
ionized gas is not centrally depressed or even flat, it is cen-
trally peaked. This shows that there is substantial on-going
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 they
are mostly exponential. There is a slight excess at small and
large radii compared to an exponential profile. However, the
profile shape is dependent on the stacking methodology: if
the profiles are deprojected and normalized by their effective
radius (as derived from the HF140W data) they are closer to
exponential (see appendix). We do not use these normalized
profiles as the default in the analysis, as it is difficult to ac-
count for the effects of the PSF.
We quantify the size of the ionized gas distribution in two

ways: fitting exponential profiles and Sérsic models. For sim-
plicity, we measure the disk scale lengths (≡ rs) of the ion-
ized gas by fitting the profiles with an exponential between
0.5rs < r < 3rs. These fits are shown in Fig. 5. It is clear that
over the region 0.5rs < r < 3rs the Hα distribution is reason-
ably well-approximated by an exponential. Out to 5rs,∼ 90%
of the Hα can be accounted for by this single exponential disk
fit. This implies that most of the Hα lies in a disk.
The scale length of the exponential disk fits increases with

mass from 1.3 kpc for 9.0 < M∗ < 9.5 to 2.6 kpc for 10.5 <
M∗ < 11.0. With re = 1.678rs, this corresponds to effective
(half-light) radii of 2.2 kpc and 4.4 kpc respectively. We fit the
size-mass relation of the ionized gas disks (rHα −M∗) with:

rHα(m∗) = 1.5m0.23∗ (2)

where m∗ = M∗/1010M". Fitting the HF140W surface bright-
ness profiles in the same way shows the exponential disk scale
lengths of the stellar continuum emission vs. the ionized gas.
We parameterize this comparison in terms of the stellar con-
tinuum size:

r∗(m∗) = 1.4m0.18∗ (3)

Nelson et al. 2015, Tacchella et al. 2015a

star-forming disks are larger than stellar disks

Size-mass relation for z~1 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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Figure 1. Grayscale K-band images of the 27 bright (S/N > 10σ ) ALMA-identified SMGs in our sample. The images are in order of decreasing 870 µm flux density,
except for the final four panels, which are classed as potentially lensed SMGs (images are separated by a blank panel). Each panel is 5′′× 5′′ and we contour the
ALMA maps over the images of the galaxies. The green contours on each image represent ALMA 870 µm emission at 4, 8, 12, .... ×σ , and a single red contour
represents where the ALMA 870 µm surface brightness is 50% of the peak value; for an ideal point source this contour should be identical to the size of the ALMA
beam FWHM (bottom right of each panel). We note that the red contour appears more extended than the beam, indicating that these SMGs are resolved in the 0.′′3
resolution ALMA data. Overall, 15% of the SMGs are not detected in the K-band imaging (5σ detection limit 25.0 mag).

of the raw data does not drive our conclusion that the sources
are resolved.

The observing strategy for our targets was such that each
SMG was observed five separate times through the observing
block, with phase calibration observations between each repeat
observation. First, we test for variations in the source size as
a function of time, as might be expected if the phase solution
applied to the data does not correctly model fluctuations. To do
so, we separately image each repeat observation of UDS 204.0,
the brightest SMG in our sample (the integration time is
sufficient to detect the source at 8σ–10σ in an individual scan).
The SMG appears resolved in all five images, with an intrinsic
source size in the range 0.′′52–0.′′63, and all sizes consistent
within the associated 1σ uncertainties (∼0.′′05).

Second, we reclassify an observation of the phase calibrator
as a science target observation in the observing sequence and
repeat the calibration of the data set. If an error in the calibration
of the raw data, due to phase variations, are causing the SMGs
in our sample to appear resolved, then the phase calibrator will
also appear resolved in this scan. We image this phase calibrator
scan in the same manner as the SMG observations and model
the emission using the imfit routine. In the individual scan the
phase calibrator has an intrinsic size of FWHM = 0.′′06 ± 0.′′01,
which is marginally higher that the intrinsic size measured in an
image combining all scans (FWHM = 0.′′03 ± 0.′′01). However,
by removing a phase calibrator scan we have introduced a 10
minute gap in our calibration observations, which is double that
used throughout the observations. Hence any difference in the

size of the phase calibrator should be classed as an upper limit
on the uncertainty due to errors in the phase calibration of the
data. Taken together these tests indicate that the SMGs in our
sample do not appear resolved due to errors in the calibration of
the raw data.

In our analysis in Section 3.1, we use the imfit routine in
casa to fit an elliptical Gaussian model (convolved with the
synthesized beam) for the 870 µm emission from each SMG.
However, before applying this approach to the bright SMGs in
our sample, we now test the reliability of the fits as a function of
S/N using simple simulated galaxies. To do so, we create 20,000
elliptical Gaussian model sources with a uniform distribution of
peak S/N from 4 to 30 (covering the range of SMGs in our full
sample) and a major-axis size distribution that is uniform from
0′′ to 1′′. The model sources are distributed uniformly in S/N
at 0.′′8 resolution, reflecting the selection function of our full
SMG catalog. In order to use realistic noise maps we add these
models to a randomly chosen position in one of the residual
(source-subtracted) ALMA maps.

We use casa to fit an elliptical Gaussian to each injected
model source and derive the best-fit size for each. We note that
the imfit routine can return a point source solution if this is the
best model. For each model parameter we calculate the fractional
offset between the input model value and the recovered value. As
expected we find that the precision of the recovered parameters
is a function of S/N. To ensure that the sizes we derive for
the SMGs are reliable we define a selection limit that the 1σ
spread in ( FWHMModel−FWHMTrue)/FWHMTrue < 0.3, i.e.,

4

ALMA 870um maps on K-band image for z=2-4 SMGs



How can we verify the wet compaction?

1. Identification of a compact starburst in extended stellar disks 
for normal SFGs at z~2
 ↑ this talk

2. Looking at a correlation between angular momentum and 
compact starburst

3. Statistical studies with a larger sample
from MAHALO-ALMA to SWIMS-18-ALMA
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MApping HAlpha and Lines of Oxgen with Subaru (PI: Kodama)
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Narrow-band survey in CANDELS-SXDF

Star-forming galaxies at z>2 have a clumpy structure
The Astrophysical Journal, 780:77 (11pp), 2014 January 1 Tadaki et al.

24µm NB209-6 V606 I814 J125 H160 M *

24µm NB209-7 V606 I814 J125 H160 M *

24µm NB209-12 V606 I814 J125 H160 M *

24µm NB2315-1 V606 I814 J125 H160 M *

24µm NB2315-4 V606 I814 J125 H160 M *

Figure 2. Five examples of our clumpy HAEs. From left to right, MIPS 24 µm images, three-color images of V606/I814/H160, V606 band, I814 band ACS images, J125
band, H160 band images by WFC3, and the estimated spatial distribution of stellar mass (see the text for the estimation technique). The size of each image is 3′′ on
each side, except for the MIPS images (40′′ × 40′′). Circles indicate the position of identified clumps.
(A color version of this figure is available in the online journal.)

of multiple components, no matter if a second component (or
an additional component) is a clump formed by gravitational
collapse or an external small galaxy. We find that 41 out
of 100 HAEs (∼41%) have sub-clumps along with the main
component. Such clumpy galaxies are seen everywhere on and
around the main sequence over a wide range in stellar mass, but
the fraction of clumpy galaxies peaks in M∗ ∼ 1010.5 M% and
SFR ∼ 100 M% yr−1 (Figure 1). The fraction of clumpy galaxies
noted here is the lower limit because non-clumpy galaxies could
consist of a few smaller clumps that are not resolved in the
0.′′18 resolution images, especially for less massive galaxies.
On the other hand, the fraction seems to decrease in the most
massive galaxies with M∗ > 1011 M%, although clumps, if they
exist, could be more easily resolved in those larger galaxies.
If clumps are continuously formed by gravitational collapse,
their host disks should be gas rich so as to be able to collapse
by overcoming a large velocity dispersion and the shear of
differential rotation. Given that a gas supply through a cold
stream is prevented by a virial shock in a massive halo, our
HAEs with M∗ > 1011 M% would exhaust the bulk of their
gas and would become unable to form new clumps. In fact,
the specific SFRs (=SFR/M∗) of massive HAEs are suppressed
compared with other HAEs, suggesting that they may be just
quenching their star-formation activities.

Also, we investigate the fraction of HAE clumpy galaxies
with 109.5 M% < M∗ < 1010.8 M% as a function of the offset
from the main sequence at a fixed stellar mass: ∆ log(SFR) =
log(SFR) − log(SFRMS). The AGN fraction is likely to be
small in this mass range (Tadaki et al. 2013). Here, the
main sequence is defined as SFRMS = 238(M∗/1011 M%)0.94

(Tadaki et al. 2013). However, there is no clear evidence for
a difference between clumpy and non-clumpy galaxies on the
stellar mass–SFR diagram. To identify any systematic difference
in the physical properties between clumpy/non-clumpy galaxies,
we would need to investigate other quantities such as the local
velocity dispersion. In this paper, we simply conclude that
the clumpy signature is common among star-forming galaxies
at z > 2.

3.2. Distribution of Stellar Components

To derive the spatial distribution of stellar components within
a galaxy with high precision, we take into account the mass-to-
light ratio at each position within the galaxy. We therefore first
establish a relation between the I814 −H160 color and the stellar
mass-to-light ratio in the H160 band by using the population
synthesis bulge-disk composite model of Kodama et al. (1999).
We note that the relation between color and mass-to-light ratio
does not depend much on the assumed star-formation histories,
metallicity, or dust extinction because of the age-metallicity-
dust extinction degeneracy (Kodama & Bower 2003), assuming
that the IMF is fixed. The stellar mass at each position within
galaxies is then calculated from the H160-band luminosity and
the mass-to-light ratio derived from the I814 − H160 color. We
used the following conversion equations:

log(M∗/1011) = −0.4(H160 − H11) (1)

∆logM∗ = a exp[b(I814 − H160)], (2)

where H11 = 22.8, a = −2.3, and b = −1.4 at z = 2.2
and H11 = 23.0, a = −2.4, and b = −1.5 at z = 2.5.
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Tadaki et al. 2014, see also Wuyts et al. 2012

‣ ~40% show clumpy structure
‣ stellar mass distribution is smooth

HST images of Hα emitters at z>2 (~24×24 kpc2)



Narrow-band survey in CANDELS-SXDF

Star-forming galaxies at z>2 have a clumpy structure

‣ ~40% show clumpy structure
‣ stellar mass distribution is smooth

closeup view (~24×24 kpc2)
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A nuclear clump is redder than off-center clumps

Tadaki et al. 2014, see also Foerster Shreiber et al. 2011, Guo et al. 2012
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Figure 4. Stellar-mass-size relation of the HAEs at z = 2.2 and 2.5 with
H160 < 24 (green circles) and with H160 = 24–26 (gray points). The blue
solid and dashed curves indicate the local relation for late-type galaxies and its
1σ scatter, respectively (Shen et al. 2003). The red solid line shows the local
relation for early-type galaxies. The orange line represents the typical location
of the compact quiescent galaxies at z = 1.5–2.0 (Newman et al. 2012a). Blue
and red circles indicate the two compact HAEs, SXDF-NB209-17 and SXDF-
NB2315-7 (Section 4.2).
(A color version of this figure is available in the online journal.)

the local relation. Even if faint galaxies with H160 = 24–26
(gray points in Figure 4) are included in the sample, such a
trend is not changed. Some other processes other than secular
processes are needed for these less massive HAEs to evolve into
local star-forming/quiescent galaxies. We also find two massive,
compact HAEs and we will discuss these interesting objects in
detail in Section 4.2.

4. RESULTS

4.1. Dusty Star-forming Clumps

A lot of HAEs at z > 2 have kiloparsec-scale clumps, as
shown in Figure 2. The fate of these clumps is an important issue
and a matter of hot debate in relation to the bulge formation of
galaxies. In numerical simulations, clumps formed in rotational
disks can migrate toward galaxy centers as a result of their
mutual interactions and dynamical friction against the host
disk and coalesce into central young bulges (Ceverino et al.
2010; Inoue & Saitoh 2012). This is a very efficient process for
carrying a large amount of gas from the galactic disks to the
bulge components. On the other hand, the momentum-driven
galactic winds due to massive stars and supernovae can disrupt
giant clumps with Mclump = 108–9 M! before they migrate
toward galaxy centers (Genel et al. 2012). Genzel et al. (2011)
and Newman et al. (2012b) find the empirical evidence for gas
outflows originating in massive luminous clumps in z ∼ 2 disks
by deep AO-assisted integral field spectroscopic observations.
Whether the scenario for clump-origin bulge formation is viable
depends sensitively on the longevity of clumps. If the clumps
contain a large amount of gas, they would survive and exhibit
an age gradient as a function of distance from galaxy centers.
The Hα equivalent width (EWHα) is relatively insensitive to dust
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Figure 5. Color gradients in I814 −H160 of the clumps as a function of projected
distance from the galactic center. The clumpy HAEs with a red clump of
I814 − H160 > 1.5 are presented. We also display other clumpy HAEs as
gray symbols.
(A color version of this figure is available in the online journal.)

extinction if the line and continuum emission both originates in
the same regions and is thus the most useful measure of variation
in stellar ages. Förster Schreiber et al. (2011b) measured EWHα

for clumps in one massive galaxy at z ∼ 2 and found a
correlation between EWHα and galactocentric distance. This
suggests that the clumps near the galactic center tend to be
older than the outer clumps, supporting the clump migration
scenario. All other previous studies of clumps have relied on
the colors of galaxies and SED fitting with multi-wavelength
photometries. Wuyts et al. (2012) performed a detailed analysis
of spatially resolved SEDs for a complete sample of star-forming
galaxies at 1.5 < z < 2.5. They found the trend of having
redder colors, older stellar ages, and stronger dust extinction in
the clumps near galactic centers compared with the off-center
clumps. Guo et al. (2012) have also shown the same obvious
radial gradients in color, age, and dust extinction for clumpy
galaxies at z = 1.5–2.0.

In our sample, there are some clumpy HAEs with red clumps
of I814 − H160 > 1.5, which are often seen in the stellar mass
range of 1010.5 M! < M∗ < 1010.8 M! (Figure 1). We focus
on these HAEs with a red clump to investigate the clump
properties and test the viability of the clump migration scenario.
Figure 5 shows the radial gradient of clump colors across the
host galaxies. An aperture magnitude within a diameter of 0.′′36
(= 2 times the PSF size) is used to derive the color of a
clump. The stellar mass-weighted center is adopted to define
a galactocentric distance. We find that the clumps closer to
the centers are redder compared with the off-center clumps, in
agreement with previous studies. The nuclear red clump seems
to be a proto-bulge component, which would become an old
bulge seen in local early-type galaxies.

Some HAEs with a red clump are detected in the public
MIPS 24 µm image (PI: J. Dunlop). Because the PSF size of
the MIPS 24 µm image is ∼6′′, we cannot spatially resolve
the infrared emission within galaxies for most of the HAEs,
nor can we resolve the structures from clump to clump. The
five HAEs presented in Figure 2 each have a blue clump of

6

color gradients of clumps

galaxy center

red clump (proto-bulge?)

blue clump

outer region

Narrow-band survey in CANDELS-SXDF

nuclear red clump 
is 

dusty star-forming?



A center clump has high Hα/UV ratio

 white contour: Hα map
 ○: nuclear red clump

UV optical

The Astrophysical Journal, 780:77 (11pp), 2014 January 1 Tadaki et al.

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Av [mag]

0

5

10

N
um

be
r

0.5 1.0 1.5 2.0 2.5 3.0 3.5

log (age [Myr])

0

5

10

15

N
um

be
r

blue clump
red clump

Figure 6. Histograms of dust extinction and age of clumps divided according to
color: I814 − H160 > 1.5 (red hatched) and I814 − H160 < 1.5 (blue hatched).
Only HAEs with a red clump are included.
(A color version of this figure is available in the online journal.)

I814 − H160 " 1.0 as well as a red clump. It is worth stressing
that these objects are bright in the infrared, which indicates that
a dusty starburst is occurring somewhere within them. If the
blue clumps contain a large amount of dust, they should appear
much redder due to dust extinction. To pin down where the dusty
star-forming regions are located within the galaxies, we fit the
SEDs of individual clumps with the stellar population synthesis
model of (Bruzual & Charlot 2003) using hyperz (Bolzonella
et al. 2000). Since only four broadband photometric bands
(V606, I814, J125, and H160) are used for the fitting, constant star-
formation histories and solar metallicity are assumed to estimate
the amount of dust extinction and the luminosity-weighted age
of the clumps. In Figure 6, we plot histograms of dust extinction
and luminosity-weighted age of the clumps. We divide the
clumps into red and blue clumps at I814 −H160 = 1.5. It is clear
from the distributions that the red clumps are dustier and older
than the blue clumps. The Kolmogorov–Smirnov test suggest
that the null hypothesis—that they are drawn from the same
distribution—is proven to be false at a significance level of 1.0%
both in Av and age. Therefore, it is likely that dusty starburst
activity is concentrated in the red clumps toward galaxy centers
rather than in the blue clumps or in the inter-clump regions.

As an alternative approach, the Hα flux maps are created from
the NB (line+continuum) and K-band (continuum) images of the
clumpy HAEs. Since the Hα flux extends over entire galaxies in
most cases, we cannot identify the internal star-forming regions
from which strong Hα emission is actually radiated. However,
there are a few cases where we can resolve clumps even in the
seeing-limited Hα images. In Figure 7, we show the HST images
of four such clumpy HAEs that can be spatially resolved in the
Hα maps. If only the rest-frame UV luminosities are used as SFR
indicators, the blue clumps would be seen as major contributors
of the intense star formation within these galaxies. However,
the peak of Hα distribution is clearly located at or near the red
clump rather than at the blue clumps. Although Hα luminosities
are sensitive to massive stars compared with UV luminosities,
the two SFR indicators provide consistent results for old stellar
population systems with age > 100 Myr (Wuyts et al. 2013).

NB209-8

V606+Hα H160+Hα
NB2315-1

V606+Hα H160+Hα
NB2315-4

V606+Hα H160+Hα
NB2315-14

V606+Hα H160+Hα
Figure 7. Four HAEs with resolved dusty star-forming clumps. From left to
right, three-color V606/I814/H160, V606-band images, and H160-band images
are presented. Contours display the Hα flux density maps derived from NB
(MOIRCS) and K-band (WFCAM; Lawrence et al. 2007) images whose PSF
sizes are matched to ∼0.′′7. The red and black circles in right panels indicate
the positions of the reddest clump nearest to the galactic center and other bluer
clumps, respectively.
(A color version of this figure is available in the online journal.)

Since the red clumps are older (Figure 6), the high flux ratios
of Hα to UV is a robust evidence for dusty star formation in
the red clumps. The Hα emission line is much less attenuated
by dust compared with UV continuum emission and penetrates
through the dusty star-forming regions. If we can correct for
the differential dust extinction among clumps, the intrinsic Hα
line strength in the red clumps would be significantly larger
and the star-formation map would become quite different from
the UV luminosity map. It should be noted that AGNs at the
centers of galaxies may be contributing to the MIPS 24 µm
fluxes and the Hα flux densities. At least for SXDF-NB209-
6, 7, and 11, however, the line ratios of Hα/[N ii] indicate that
they are more like star-formation dominated galaxies rather than
AGN-dominated ones (Tadaki et al. 2013).

Our results suggest that some HAEs at z > 2 have a
dusty star-forming proto-bulge component. How is such a
dusty starburst triggered at the centers of galaxies? What is
the feeding process of a proto-bulge component? Although
a major merger is a viable process for inducing a nucleated
starburst, other processes should be required in the case of
normal star-forming galaxies with ordinary rotational disks.
Such star-forming clumps embedded in the disks are thought
to be produced by gravitational instabilities of gas-rich disks
(Genzel et al. 2011). However, clumps are seldom formed at the
galactic center due to the large velocity dispersion there. Clump
migration is a more preferable process than galaxy mergers,
which can transport a large amount of gas from the rotational
disks to the galactic center. If gas-rich clumps migrate to a
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Figure 10. Spatial distributions of the HAEs at z = 2.2 (top) and z = 2.5
(bottom). Green filled circles indicate the HAEs, while small gray dots show all
the objects detected in the NB images. The contours present the smoothed local
number density of the HAEs (Σ5th =2, 4, 6, 8, 10 Mpc−2).
(A color version of this figure is available in the online journal.)

star-forming nuggets. The fundamental questions are how they
evolve afterward and what their descendants are in the present-
day universe. The constant number density method is a useful
approach with which we can link high-redshift galaxies to
local galaxies (e.g., Leja et al. 2013). As shown in Figure 1,
the completeness limit of our survey almost reaches down to
M∗ > 1010 M#. The stellar masses of the HAEs with red clumps
and the star-forming nuggets are M∗ > 1010.5 M# (Figures 1
and 9), which corresponds to the number density of n =

(5–6) × 10−4 Mpc−3 (Patel et al. 2013). At a constant number
density, their descendants would be massive galaxies with M∗ >
1011 M# at z ∼ 0 and dominated by red, quiescent galaxies
(Baldry et al. 2004). Moreover, our HAEs are inhomogeneously
distributed and constitute large-scale structures at z > 2
(Figure 10). The galaxies existing in such overdense regions
at high redshifts are most likely the progenitors of massive,
quiescent galaxies like giant ellipticals in the local clusters/
groups, rather than late-type galaxies that dominate in less dense
environments. In this section, we will discuss the evolutionary
paths of our sample of star-forming galaxies at high redshifts to
the massive quiescent galaxies at later epochs.

We present a schematic chart of the two kinds of evolutionary
tracks from high-redshift galaxies to local quiescent ones in
Figure 11. In the numerical simulations, a gas-rich major merger
at high redshift can produce a massive, compact system (Wuyts
et al. 2009; Bournaud et al. 2011a). Our two star-forming
nuggets are likely to be in the phase of violent starburst or shortly
after that. They would subsequently quench star formation (and
become red nuggets) and further evolve from red nuggets into
large quiescent galaxies through a number of dry minor mergers.
From past dissipational processes such as a major merger, they
would be dispersion-dominated objects and would be observed
to be slow rotators and early-type galaxies in the present universe
(Emsellem et al. 2011). This evolutionary path would be most
efficient at high redshifts because almost all the star-forming
galaxies are no longer compact at z < 1 and therefore this path
can be called the early track (Barro et al. 2013).

Although the short duty cycle of star-forming nuggets can
explain the evolution of the number density of red nuggets
(Barro et al. 2013), the number density of massive quiescent
galaxies increases by a factor of two between z = 1 and
z = 0 (Brammer et al. 2011), at which point the nuggets
would be very rare. This means that there must be another
evolutionary path to form quiescent galaxies from the majority
of star-forming galaxies. The size evolution during the star-
forming phase before they quench their star formation is also
quite important as well as the later growth of their sizes by
minor mergers. We find a lot of star-forming galaxies with
extended disks at z > 2 (Figure 4). They are expected to evolve
into more massive galaxies just following the local mass-size

Figure 11. Schematic pictures of the proposed evolutionary tracks from high-redshift, star-forming galaxies to local, massive, quiescent galaxies. Blue, red, and
magenta colors indicate star-forming, quiescent, and dusty star-forming components, respectively.
(A color version of this figure is available in the online journal.)
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TABLE 1
Properties of 1.1 mm-detected SFGs

ID R.A. Decl. zNB M∗ SFRHα S1.1mm,aper Mgas fgas

(J2000) (J2000) (1010 M") (M"yr−1) (mJy) (1010 M") (%)
NB2315-02 02 17 40.53 −05 13 10.7 2.53±0.02 13.1+4.8

−8.0 495±95 2.06±0.13 10.3+1.7
−1.5 44+20

−8

NB2315-07 02 17 42.67 −05 13 58.4 2.53±0.02 8.9+0.9
−0.8 49±10 0.38±0.15 2.7+1.2

−1.0 23+8
−8

NB2315-12 02 17 41.11 −05 13 15.2 2.53±0.02 17.5+1.4
−2.2 174±20 1.34±0.15 8.1+1.8

−1.3 32+5
−4

estimate the gas mass of our sample using a modified
blackbody radiation model as,

Mgas = Mdust/δdgr =
Sνd2

L

κISMBν(Tdust)(1 + z)
, (1)

where δdgr is dust-to-gas ratio, κISM is the dust opacity
per unit mass of interstellar medium (∝ νβ), Bν is the
Plank function, Tdust is the dust temperature, and dL is
the luminosity distance. Here, κISM,850µm = 4.84× 10−3

g−1cm2 and β = 1.8 are adopted (Scoville et al. 2014).
We note that for local galaxies the scatter of dust-to-
gas ratio is ±0.28 dex at fixed metallicities (Rémy-Ruyer
et al. 2014). Although a conversion from monochromatic
submillimeter luminosity to gas mass (i.e., κISM) is not
straightforward, observations of dust emission still have
a big cost advantage over CO observations. Genzel
et al. (2015) present scaling relations of dust tempera-
ture, gas fraction, and gas depletion timescale, by com-
piling CO and dust continuum data for each ∼500 galax-
ies over 0 < z < 3, and find dust temperatures to only
change slowly with specific SFR (sSFR) in the narrow
range around the main sequence (see also Magnelli et al.
2014). This scaling relation of dust temperatures is used
for better estimates of the rest-frame 850 µm fluxes from
the observed 1.1 mm fluxes. The derived dust temper-
atures are 33+3

−2, 28±2, and 30±2 K for NB2315-02, 07,
and 12. The estimated gas masses and gas fractions,
fgas = Mgas/(Mgas + M∗), are summarized in Table 1.

The 2σ upper limit of our 1.1 mm survey corresponds
to a gas mass of log (Mgas/M#) = 10.2 in Tdust = 30 K at
z = 2.53. Surprisingly, we do not detect the 1.1 mm emis-
sion from relatively less massive SFGs around the main-
sequence although their gas mass is expected to be log
(Mgas/M#) = 10.1−10.8 based on the CO-based scaling
relations of gas fraction with redshift, SFR, and stellar
mass (Genzel et al. 2015). The non-detection could be
partly caused by the usage of the fixed κISM(= κdustδdgr)
where the term of δdgr is canceled out on the right side of
the equation (1). SFGs with lower metallicity should be
fainter at 1.1 mm due to a lower dust-to-gas ratio than
metal-rich ones, log δdgr = −2 + 0.85×(12+log(O/H)-
8.67), (Leroy et al. 2011) even if they have the same gas
mass. The mass-metallicity relation at z ∼ 2 predicts
log δdgr = −2.3 for SFGs with log (M∗/M#)=10 (Wuyts
et al. 2014). Moreover, although the used dust opac-
ity has been calibrated mainly by using outliers above
the main-sequence such as local ultraluminous infrared
galaxies and bright SMGs at z ∼ 2 (Scoville et al. 2014),
it is not necessarily appropriate for less massive nor-
mal SFGs at z ∼ 2. Diffuse dust distributions within
galaxies could lead to a low dust opacity (Dunne et al.
2003), resulting in faint 1.1 mm emission at fixed gas
mass. Also, dust SEDs of SFGs are better described by
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Fig. 4.— The visibility amplitudes averaged over uv distances
for the phase calibrator, J0215–0222 (top), NB2315-02 (middle),
and NB2315-12 (bottom). A blue solid line and a shaded region
indicate the best-fitting circular Gaussian component and the 1σ
error, respectively. A red dashed line presents the best-fitting point
source model as a reference.

a multi-temperature model including cool dust in diffuse
ISM (dominating a dust mass) and warm dust in birth
clouds (dominating a total infrared luminosity). Local
normal SFGs have a cold component with Tdust ∼ 20 K
in a two-temperature model while a single-temperature
model shows higher dust temperatures (Dunne et al.
2011).

Assuming log δdgr = −2.3, κdust,850µm = 0.4 g−1cm2

(Dunne et al. 2003), and Tdust = 20 K, the 2σ gas mass
limit of our observations would become log (Mgas/M#) =
11.0. As the non-detections for less massive galaxies can
be explained by a combination of these factors, it is dif-
ficult to determine whether the gas mass is actually as
small as log (Mgas/M#) = 10.2 with the 1.1 mm data
alone.

3.3. Size measurements of dust emission
We measure the size of the dust emission for two 1.1

mm bright galaxies (NB2315-02 and NB2315-12) by fit-
ting the visibility data in the uv plane. Their signal-to-
noise ratios in the 1.1 mm map are > 10 in the flux den-

intense star formation is occurring in a compact region（Σ1kpc,SFR>300 Msolyr-1）

ALMA maps on HST images
Visibility amplitude

Tadaki et al. 2015, ApJL, 811, 3L
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Uncertainties for size measurements at 870um

For objects with S/N>8, uncertainties for flux/size measurement are 15-20%.
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A compact starburst in extended stellar disks?
star-forming galaxies are disk-dominated
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GALFIT run on HAWKI/K image (HUGS: Fontana et al. 2014)

WFC3/H-band HAWKI/Ks-band mask model residual

1. 7″× 7″ cutout images are used for fitting
2. sources within 1.5″ radius are fitted simultaneously
3. other neighboring sources are masked
4. input parameters are taken from GALFIT outputs in WFC3/H-band (van der Wel et al. 2014)
- center position: almost fixed (±1.0 pixel ~ 0.01″)
- re,n, mag: free (0.05″<re<3.5″, 0.2<n<8.0)
- q,pa: fixed
- sky: fixed (median sky value is calculated in 7″× 7″ image where all objects are masked)
in case where the H-band counterpart does not exist, the SExtractor outputs are used as initial guess.

1.5″ radius masked

fitted simultaneously

A&A 570, A11 (2014)

Table 1. Layout and summary of observations for the UDS field.

Pointing Central RA Central Dec Area (arcmin2) Exp. time (s/h) Final seeing Maglima Maglimb

K-band
UDS1 02:17:37.470 �05:12:03.810 70 48 360/13.43 0.37 27.4 26.1
UDS2 02:17:07.943 �05:12:03.810 70 46 820/13.00 0.43 27.3 25.9
UDS3 02:18:06.896 �05:12:03.810 70 45 240/12.57 0.41 27.4 25.9

Y-band
UDS1 02:17:37.470 �05:12:03.810 70 28 800/8.00 0.45 28.4 26.9
UDS2 02:17:07.943 �05:12:03.810 70 28 800/8.00 0.50 28.3 26.7
UDS3 02:18:06.896 �05:12:03.810 70 29 400/8.17 0.48 28.2 26.6

H-band
UDS1 02:17:37.470 �05:12:03.810 70 13 800/13.83 0.44 N.A. N.A.

Br-�-band
UDS1 02:17:37.470 �05:12:03.810 70 5760/1.6 0.41 N.A. N.A.
UDS2 02:17:07.943 �05:12:03.810 70 5760/1.6 0.42 N.A. N.A.

Notes.

(a) At 1� arcsec�2; (b) at 5� in 1 FWHM.

Table 2. Layout and summary of observations for the GOODS-S field.

Pointinga Central RA Central Dec Area (arcmin2) Exposure time (s/h) Final seeing Maglimb Maglimc

K-band
GOODS-D1 03:32:36.835 �27:47:45.24 70 113 520/31.53 0.39 27.8 26.5
GOODS-D2 03:32:24.890 �27:48:33.22 70 112 800/31.33 0.38 27.8 26.5
GOODS-W1 03:32:41.080 �27:51:44.32 70 47 220/13.12 0.43 27.4 26.0
GOODS-W2 03:32:29.650 �27:44:37.26 70 40 800/11.33 0.38 27.3 26.0
GOODS-W3 03:32:31.796 �27:52:01.74 70 37 320/10.37 0.38 27.3 25.9
GOODS-W4 03:32:20.242 �27:44:59.97 70 41 880/11.63 0.42 27.3 25.8

H-band
GOODS-D1 03:32:36.835 �27:47:45.24 70 21360 / 5.93 0.42 N.A. N.A.

Notes.

(a) Each pointing has been rotated to PA = �19.5 deg. (b) At 1� arcsec�2. (c) At 5� in 1 FWHM.

This image currently provides a unique combination of depth
and area in the K-band.

During the earliest observations, several frames were ac-
quired in the H and Br-� filters, over the GD1 pointing. They
were taken accidently due to a temporarily miscalibration of the
Hawk-I filter wheel. We have also reduced these images, and
make them available, although they have not been calibrated nor
used in any scientific analysis.

Table 2 summarises the location and exposure time of the
various pointings.

3. Data acquisition and reduction

3.1. Observations

All imaging in the K-band was obtained with individual images
of 10 s of integration, averaged in sets of 12 images during ac-
quisition (in ESO jargon these two parameters are referred to as
DIT and NDIT, respectively). In the case of the Y-band images
we adopted DIT= 30 and NDIT= 4. A random dithering pat-
tern with a typical o↵set of 12 arcsec was applied in all cases.
Observations were scheduled in Observing Blocks of about 1 hr
of execution each, corresponding to about 45 and 48 min of
exposure in K and Y , respectively. The position angle of each
Observing Block (OB) was rotated by 90 degrees, so that the fi-
nal mosaics are the results of individual images obtained with

di↵erent physical regions of the detectors (which allowed us to
test the accuracy of the photometric and calibration procedures).

All observations were executed in Service Mode, over a se-
ries of ESO observing periods from P86 to P90. We retrieved
from the archive all the images obtained during these runs, in-
cluding those that were not graded within specifications during
the observations. All these images were then analysed with an
automated pipeline to assess their quality. We have included in
the final coadded frames also some of the images graded “out of
specs”, but have excluded those with wildly-discrepant seeing,
poor photometric quality or other cosmetic defects. For this rea-
son the actual exposure times listed in Tables 1 and 2 are slightly
di↵erent from pointing to pointing, even though we originally
planned identical exposure times.

3.2. Data reduction

We initially used two pipelines to independently reduce the im-
ages acquired in the first year of observations. One pipeline
has been developed at the Rome Observatory, and is derived
from a pipeline used to reduce LBT imaging data both in the
visible and in the infrared. In its former version it was used
to reduce the earliest Hawk-I data in GOODS-S (Castellano
et al. 2010a,b). The second pipeline has been developed at the
University of Edinburgh (originally to reduce UKIRT WFCAM
and Gemini NIRI data; Targett et al. 2011). We then compared
the two pipelines and the resulting reduced images, both in terms
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Uncertainties for size measurements
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we can measure sizes with <15% accuracy for K<24 galaxies



Mass-size relation for normal star-forming galaxies



Wet compaction?



From MAHALO to SWIMS-18
For massive normal SFGs with logM*>10.9, we can detect dust emission with ALMA 6-8 minutes integration 

MAHALO: ~20 massive Hα emitters in ~90 arcmin2 × 2 NB filters

SWIMS-18: ~720 Hα emitters in 1 deg2 × 2 NB filters

NB data is not necessarily deep (5σ~23 mag)

deep K-band images are needed to measure rest-frame optical sizes

seeing < 0.4″ -> K-band observations?
seeing =0.4-0.6″ -> SWIMS-18?

or WFIRST?


