
ALMA reveals rapid formation of a dense 
core for massive discs at z~2

Ken-ichi Tadaki (MPE)
R. Genzel, T. Kodama, S. Wuyts, E. Wisnioski, N.M. Forster Schreiber, A. Burkert, 
P. Lang, L. J. Tacconi, D. Lutz, S. Belli, B. Hatsukade, M. Hayashi, R. Herrera-Camus, 
S. Ikarashi, S. Inoue, K. Kohno, Y. Koyama, K. Nakanisi, R. Shimakawa, T. Suzuki, 
Y. Tamura, I. Tanaka, H. Uebler, and D. J. Wilman

Bulge-forming galaxies



Origin of the Hubble sequence

Star-forming galaxies -> disc-dominated (n~1)
Quiescent galaxies     -> bulge-dominated (n>2)
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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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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.)
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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
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1059 galaxies at z ∼ 0.1, z ∼ 1, and z ∼ 2, respectively.
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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,
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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

5

quenching!

SFGs have to change 

their morphologies 

before the time of quenching

Wuyts+2011



From disc-nominated to bulge-dominated
extended star-forming discs

compact quiescent bulges 

n~1

n~4compact starbursts
1. reduce R1/2
2. increase n

Our goal is
``to study the spatial distribution of star formation 
within SFGs at z~2’’



Sample: Subaru narrow-band imaging

Subaru telescope
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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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Indirect evidence of central dusty star formation

 white contour: Hα map
 ○: central red clump
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the central red clump 
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A serious problem is dust extinction
Galaxy properties for Hα-selected SFGs at z~2

what we want to know is the spatial distribution of star formation within galaxies

UV can trace only ~1% of total star formation even with Hα emission, A(Hα)~3 mag

we need to spatially resolve the dust emission with ALMA

for massive galaxies with logM*>11



From indirect to direct evidence with ALMA
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ALMA 870 μm observations in CANDELS-UDS

Target: 
25 Hα-selected SFGs at z=2.2 or z=2.5
Observations: 
ALMA/Band-7 (870μm), 0.2″ resolution
Result:
16/25 are detected 
12 have reliable size measurements

Tadaki et al. in prep
Credit: ALMA(ESO/NAOJ/NRAO)
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HST & ALMA composite images
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Fig. 1.—HST NIC2 images of the nine spectroscopically confirmed quiescent galaxies from Kriek et al. (2006). Each panel spans 3.8! # 3.8!; north isz 1 2
up, and east is to the left. The small panels below each galaxy show the best-fitting Sérsic model (convolved with the PSF) and the residual after subtraction of
the best-fitting model. The red ellipses are constructed from the best-fitting effective radii, axis ratios, and position angles. Note that the ellipses are significantly
smaller than 10 kpc, which is the effective diameter of typical massive elliptical galaxies in the nearby universe. Gemini GNIRS spectra from Kriek et al. (2006)
are also shown. Insets show Keck LGS/AO images of three galaxies.

TABLE 1
Structural Parameters

ID z

are

(kpc) ! n ! b/a !

1030-1813 . . . . . . . . . . 2.56 0.76 0.06 1.9 0.5 0.30 0.03
1030-2559 . . . . . . . . . . 2.39 0.92 0.18 2.3 0.6 0.39 0.04
1256-0 . . . . . . . . . . . . . . 2.31 0.78 0.17 3.2 0.9 0.71 0.10
1256-1967 . . . . . . . . . . 2.02 1.89 0.15 3.4 0.1 0.75 0.07
1256-142 . . . . . . . . . . . 2.37 0.93 0.04 0.9 0.3 0.35 0.04
ECDFS-5856 . . . . . . . 2.56 1.42 0.35 4.5 0.4 0.83 0.07
ECDFS-11490 . . . . . . 2.34 0.47 0.03 2.8 0.8 0.63 0.07
HDFS1-1849 . . . . . . . 2.31 2.38 0.11 0.5 0.2 0.29 0.02
HDFS2-2046 . . . . . . . 2.24 0.49 0.02 2.3 0.8 0.76 0.08

a Circularized effective radius.

filter using the NIC2 camera on HST, from 2006 June– 2007
June. Two orbits were used for each of the brightest two gal-
axies, and three orbits for each of the remaining seven. Each
orbit was split in two (dithered) exposures. The reduction fol-
lowed the procedures outlined in Bouwens & Illingworth
(2006) and R. Bouwens et al., in preparation. Before combin-
ing, we drizzled the individual exposures to a new grid with
0.0378! pixels to ensure that the point-spread function (PSF)
is well sampled. Images of the nine galaxies are shown in
Figure 1.

Three of the galaxies (1030-1813, 1256-0, and 1256-1967)
were also observed with Keck, using LSG AO to correct for
the atmosphere. The data were obtained on 2007 May 14 and
2008 January 13 using the NIRC2 wide-field camera, which
gives a pixel size of 0.04!. The reduction followed standard
procedures for near-IR imaging data. The Keck images are
shown as insets in Figure 1. They show the same qualitative
features as the NICMOS data.

3. FITTING

Each galaxy was fitted with a Sérsic (1968) radial surface
brightness profile, using the two-dimensional fitting code GAL-
FIT (Peng et al. 2002). The Sérsic n-parameter allows for a
large range of profile shapes and provides a crude estimate of
the bulge-to-disk ratio. For each galaxy, a synthetic NIC2 PSF
was created by generating subsampled PSFs with Tiny Tim 6.3
(Krist 1995), shifting them to replicate the location of the gal-
axy on the individual exposures, binning these to the native
NIC2 resolution, and finally drizzling these “observations” to
the grid of the galaxy images. The resulting fit parameters are
listed in Table 1; ellipses corresponding to the best-fit param-
eters are indicated in red in Figure 1. The (circularized) effec-
tive radii were transformed to kiloparsecs using kmH p 700

s!1 Mpc!1, , and .Q p 0.3 Q p 0.7m L

compact quiescent galaxies
(van Dokkum+08)?

3″



Size measurements of 870 μm emission
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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 Hα 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 Hα emission
misses 90-95% of star formation, corresponding to a dust
extinction of AHα ∼3 mag (Figure 1). Therefore, the
870 µm maps tracing dust emission itself therefore have
a great advantage over Hα 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 Hα 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 differences 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 affect 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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dashed line indicate the best fitting linear relation (in the log-log plane) and the calibration by Scoville et al. (2016).
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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).
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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 Hα 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-
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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 differences 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 ×
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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 affect 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-
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Bulge-forming galaxies (BFGs)

1. Star-forming regions are extremely compact (R1/2<1.5kpc)
2. BFGs have an extended exponential disc (R1/2~3 kpc)
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3D-HST sample of SFGs at z~2 (Momcheva+15) 

10.8 11.0 11.2 11.4
log M *  [Msola r]

0.5

1

2

4

8

R
1/
2 [

kp
c]

Bulge-forming
galaxies

HST/H
ALMA/870um

stellar mass-size relation2336 A. Zolotov et al.

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
100 Myr (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.

SFR peak, reflecting the constancy of the central stellar mass, there
is a continuous decline in sSFR, namely quenching.

In the vicinity of the SFR peak, the rates of inflow and outflow
from the central region also tend to peak, and from then onwards,
throughout the quenching phase, they are all declining and remain
comparable to each other. In particular, near the onset of quench-
ing and somewhat after it, there is marginal evidence for certain
enhancement of the outflow rate compared to the inflow rate, but
no evidence for a dramatic burst of outflow that could serve as the
dominant driver of the quenching. The onset of central quenching
is due to the tilt of the balance from a state where the inflow to the
centre is dominant to a state where the inflow rate is insufficient for
balancing the sum of SFR and outflow rate, which naturally leads
to depletion.

We note that during compaction the central region makes a dras-
tic transition from being dominated by the dark matter to becom-
ing governed by the self-gravitating baryons. This can be seen by
comparing the red and black curves in the second-from-right pan-
els of Figs 2 and 3. The fact that the quenching occurs in the
self-gravitating phase may be an important clue for the origin of
quenching, to be discussed in Section 7.

The right-most panels of Fig. 2, referring to the whole galaxy
within 10 kpc, show that the overall SFR also reaches a peak at the
same time as the SFR in the inner 1 kpc, and the whole galaxy is also
gradually quenching from the SFR peak onward. However, in this
post-compaction phase, the overall SFR quenching rate is slower
than the inner quenching, with the gas mass declining even slower,
reflecting the development of an extended gaseous ring forming
stars around the quenched bulge (see images in Figs 6–8). This
implies that the quenching process in the post-compaction phase
progresses inside-out (see a detailed analysis in Tacchella et al.,

in preparation). This is consistent with preliminary observational
indications for inside-out quenching based on sSFR profiles of a
sample of galaxies at z ∼ 2.2 (Tacchella et al. 2015).

In the left-hand panels of Fig. 2, major mergers (with stellar
mass ratios larger than 1: 3) and minor mergers (1: 10 to 1: 3)
are indicated by open blue upside-down triangles and open purple
squares, respectively. These are based on merger trees described
in Tweed et al. (2009) and Tweed et al. (in preparation). Another
merger indicator is provided by jumps in the evolution of mass in
ex-situ stars, those that formed outside the galaxy, shown in green
curves in the right-hand panels, especially within the whole galaxy.
The merger times are identified by the two indicators only in a
crude way. The role of mergers seems to be different in the different
galaxies and at different times. For example, galaxy V07 has a major
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 major 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 associated 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 compaction
and quenching could be triggered by one of different 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 Section 7.
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Summary
ALMA high-resolution observations reveal compact 
starbursts in extended rotating discs at z~2. 
This process can explain evolution from star-forming 
discs to quiescent bulges.

extended star-forming discs

compact quiescent bulges 

n~1

n~4 fast rotators
 at z=0 

1. compact starbursts
change galaxy morphologies
2. τbulge~τdepl
naturally quench star formation 
after the bulge formation


