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Fig. 1.— Left panel: SFR–mass diagram for all galaxies in the parent galaxy catalog in GOODS-S and -N at 2 < z < 3. The checkered
gray scale illustrates the location of the star-forming main sequence. The solid and dashed-dotted lines depict the best fit and 1 σ scatter
to the massive end (log(M/M!)>10 ) of the main-sequence. The 13 compact and 67 extended SFGs observed with NIR spectroscopy are
shown in blue and cyan colors, respectively. X-ray detected galaxies are indicated with a white star symbol. The red star depicts the
galaxy in common with Belli et al. (2014b, see § 4.3). The dashed line illustrates the selection threshold in sSFR (log(sSFR)< −1 Gyr−1).
The red markers show the quiescent population . Right panel: mass–size distribution for the same galaxies in the left panel. The dashed
line illustrates the compactness threshold (Σ1.5 = 10.4 M!kpc−1.5). The green line shows the expected location of galaxies with constant
velocity dispersion σ = 250 km s−1, as inferred from Equation 3, assuming Mdyn=M!. These panels illustrate our selection criteria
for compact SFGs aimed at identifying normal main-sequence SFGs following a more compact mass-size relation, similar to that of the
quiescent population.

that the observed number density of compact SFGs can
reproduce the build up of the compact quiescent popu-
lation since z ∼ 3, if they quench star-formation in a few
108yr. This led us to propose an evolutionary picture in
which compact SFGs are formed from larger SFGs as a
result of gas-rich processes (mergers or disk-instabilities)
that induce a compact starburst which quench on dynam-
ical timescales fading into a compact quiescent galaxy. So
far the similarities between compact SFGs and quiescent
galaxies are already very encouraging. However, they are
based on photometric and structural properties and thus
have yet to be verified from kinematic data to confirm
the connection.
This paper presents near-IR (NIR) spectroscopic

follow-up of a sample of massive compact SFGs at
2 ≤ z ≤ 3 presented in Barro et al. (2013,14)
to measure their kinematic properties and compare
them against those of compact quiescent galaxies to
test whether they support the picture of a rapid fad-
ing into the red sequence. We also estimate stel-
lar and dynamical masses for compact SFGs to infer
their gas fractions and gas depletion timescales, and
we analyze their stacked spectra for signs of outflow-
ing gas. While several other surveys have already pre-
sented emission line measurements and kinematic prop-
erties for SFGs at z ! 1.5 (Erb et al. 2006; Law et al.
2007; Law et al. 2009; Förster Schreiber et al. 2009;
Epinat et al. 2012; Newman et al. 2013b; Masters et al.
2014; Buitrago et al. 2014; Williams et al. 2014), this is
the first observational effort to target specifically mas-
sive, yet small, compact SFGs, which may be notoriously

missing in those surveys.
Throughout the paper, we adopt a flat cosmology with

ΩM=0.3, ΩΛ=0.7 and H0 = 70 km s−1 Mpc−1 and we
quote magnitudes in the AB system.

2. DATA & SAMPLE SELECTION

Our targets are compact SFGs at z ! 2 to be mea-
sured for kinematic properties using their emission lines.
These galaxies, first identified in Wuyts et al. (2011b)
and Barro et al. (2013), have been proposed to be the
immediate precursors of compact quiescent galaxies at
z ∼ 2 as they share structural properties while spanning
a range in SFRs, from main-sequence to almost quenched
(Barro et al. 2014).

2.1. Photometric data, stellar properties and SFRs

We select galaxies from the CANDELS (Grogin et al.
2011; Koekemoer et al. 2011) WFC3/F160W (H-band)
multi-wavelength catalogs in GOODS-S, GOODS-N and
COSMOS (Guo et al. 2013; Barro et al. in prep.;
Nayyeri et al. in prep.). The galaxy spectral
energy distributions (SEDs) include extensive multi-
band data ranging from the UV to the near-IR.
We also include complementary mid-IR photometry in
Spitzer/MIPS 24 and 70 µm (30 µJy and 1 mJy,
5σ) from Pérez-González et al. (2008), and far-IR from
the GOODS-Herschel (Elbaz et al. 2011) and PEP
(Magnelli et al. 2013) surveys. For each galaxy, we fit
photometric redshifts using EAzY (Brammer et al. 2008)
and calculate stellar masses using FAST (Kriek et al.
2009) assuming Bruzual & Charlot (2003) stellar pop-
ulation synthesis models, a Chabrier (2003) initial mass
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Figure 1. HST NICMOS/NIC2 H160 maps of the galaxies, probing the broadband emission around rest-frame 5000 Å. The target name and Hα redshift are labeled in
the top corner of each panel. The color coding scales linearly with flux density from white to black for the minimum to maximum levels displayed (varying for each
galaxy). The FWHM of the effective PSF is indicated by the filled circle at the bottom left of each corner; the angular resolution is 0.′′145, or ≈1.2 kpc at the median
z = 2.2 of the sources. The angular scale of the images is shown with the 1′′ long vertical bar next to each galaxy. The black solid circle overlaid on each map shows
the aperture used to extract the integrated H160-band flux density (diameter of 3′′). In all maps, north is up and east is to the left.
(A color version of this figure is available in the online journal.)

5 kpc (hereafter “BX 389−S”; see Sections 4 and 7). No other
source is detected in the NIC2 images within ≈2′′ or projected
≈15 kpc of our primary targets; this area corresponds to the
deeper part of the SINFONI data, where we can search for line
emission to faint levels of candidate companions to determine a
physical association.

Other characteristics of note include the broad curved features
reminiscent of spiral arms seen in the outer isophotes of BX 610,
on the northwest (NW) and southeast sides. In addition, the
inner isophotes in this galaxy show a significant and systematic
increase in ellipticity and change in position angle (P.A.). From
fitting elliptical isophotes to the NIC2 image using the task
ellipse in IRAF, the apparent (uncorrected for beam smearing)
ellipticity and P.A. vary from ∼0.8 and ∼35◦ at radii r ! 0.′′5
(or 4 kpc) to ∼0.1 and ∼0◦ at r ∼ 1′′ (8 kpc). The interpretation
of the inner isophotal feature is complicated by the presence of
the clumps, which are mostly aligned along a similar P.A., but
it is suggestive of a bar-like structure as seen in local barred
spirals.

3.2. Photometric Properties

The new H160-band photometry from our HST/NICMOS data
constitutes a significant addition to that available for our targets,
especially for BX 482 without any previous near-IR imaging and
MD 41 for which the existing K-band data are fairly shallow.
Published data include ground-based optical Un GR imaging
for all sources, and near-IR JKs imaging for a subset, presented
by Erb et al. (2006; see also Steidel et al. 2004). The photometry
was measured in matched isophotal apertures determined from
the R-band images and corrected to “total” magnitudes in
elliptical apertures scaled based on the first moment of the
R-band light profiles (Steidel et al. 2003). Spitzer/IRAC mid-
IR photometry has subsequently been obtained for all objects

except BX 482 (Reddy et al. 2010). To construct the broadband
SEDs and derive the global stellar and extinction properties
of our targets, we however excluded the IRAC data for the
following reasons. The optical and near-IR photometry provides
the most uniform data sets among the six galaxies in terms of
wavelength coverage whereas of the five objects with IRAC
data, only three were observed in all four channels. Moreover,
contamination by AGN emission in BX 663 and BX 610
becomes important at the longer wavelengths probed by IRAC
and would affect the modeling results.

To include the H160 band in the SEDs of our targets,
we measured the total magnitude in a circular aperture of
diameter 3′′ on the NIC2 images (indicated in Figure 1).
Because of the small NIC2 field of view, the accuracy of
the measurements in the R-band isophotal aperture used for
the ground-based photometry on the PSF-matched H160-band
images is compromised by the difficulty of determining the
local background sufficiently reliably: the area empty of sources
signal after convolving to the optical seeing of ∼1′′ is too small.
The median difference between the total magnitudes based
on the fixed circular aperture measurement on unconvolved
NIC2 maps and that in the isophotal apertures on PSF-matched
NIC2 maps is −0.16 mag, with the maximum for BX 389
(−0.51 mag) and best agreement for BX 528 (−0.002 mag).
The photometry is given in Table 1 and the optical/near-IR
SEDs are plotted in Figure 2.

By their primary selection, all targets satisfy the Un GR
color criteria of “BX” or “MD” objects (Adelberger et al. 2004;
Steidel et al. 2004). Synthetic broadband colors measured on
the spectrum of the best-fitting stellar population model to the
observed SEDs (described in Section 3.3 below) suggest that all
targets would also satisfy the BzK = (z−K)AB − (B − z)AB >
−0.2 mag criterion of z > 1.4 “star-forming BzK objects”
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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
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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.
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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-
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Fig. 1.— Left panel: SFR–mass diagram for all galaxies in the parent galaxy catalog in GOODS-S and -N at 2 < z < 3. The checkered
gray scale illustrates the location of the star-forming main sequence. The solid and dashed-dotted lines depict the best fit and 1 σ scatter
to the massive end (log(M/M!)>10 ) of the main-sequence. The 13 compact and 67 extended SFGs observed with NIR spectroscopy are
shown in blue and cyan colors, respectively. X-ray detected galaxies are indicated with a white star symbol. The red star depicts the
galaxy in common with Belli et al. (2014b, see § 4.3). The dashed line illustrates the selection threshold in sSFR (log(sSFR)< −1 Gyr−1).
The red markers show the quiescent population . Right panel: mass–size distribution for the same galaxies in the left panel. The dashed
line illustrates the compactness threshold (Σ1.5 = 10.4 M!kpc−1.5). The green line shows the expected location of galaxies with constant
velocity dispersion σ = 250 km s−1, as inferred from Equation 3, assuming Mdyn=M!. These panels illustrate our selection criteria
for compact SFGs aimed at identifying normal main-sequence SFGs following a more compact mass-size relation, similar to that of the
quiescent population.

that the observed number density of compact SFGs can
reproduce the build up of the compact quiescent popu-
lation since z ∼ 3, if they quench star-formation in a few
108yr. This led us to propose an evolutionary picture in
which compact SFGs are formed from larger SFGs as a
result of gas-rich processes (mergers or disk-instabilities)
that induce a compact starburst which quench on dynam-
ical timescales fading into a compact quiescent galaxy. So
far the similarities between compact SFGs and quiescent
galaxies are already very encouraging. However, they are
based on photometric and structural properties and thus
have yet to be verified from kinematic data to confirm
the connection.
This paper presents near-IR (NIR) spectroscopic

follow-up of a sample of massive compact SFGs at
2 ≤ z ≤ 3 presented in Barro et al. (2013,14)
to measure their kinematic properties and compare
them against those of compact quiescent galaxies to
test whether they support the picture of a rapid fad-
ing into the red sequence. We also estimate stel-
lar and dynamical masses for compact SFGs to infer
their gas fractions and gas depletion timescales, and
we analyze their stacked spectra for signs of outflow-
ing gas. While several other surveys have already pre-
sented emission line measurements and kinematic prop-
erties for SFGs at z ! 1.5 (Erb et al. 2006; Law et al.
2007; Law et al. 2009; Förster Schreiber et al. 2009;
Epinat et al. 2012; Newman et al. 2013b; Masters et al.
2014; Buitrago et al. 2014; Williams et al. 2014), this is
the first observational effort to target specifically mas-
sive, yet small, compact SFGs, which may be notoriously

missing in those surveys.
Throughout the paper, we adopt a flat cosmology with

ΩM=0.3, ΩΛ=0.7 and H0 = 70 km s−1 Mpc−1 and we
quote magnitudes in the AB system.

2. DATA & SAMPLE SELECTION

Our targets are compact SFGs at z ! 2 to be mea-
sured for kinematic properties using their emission lines.
These galaxies, first identified in Wuyts et al. (2011b)
and Barro et al. (2013), have been proposed to be the
immediate precursors of compact quiescent galaxies at
z ∼ 2 as they share structural properties while spanning
a range in SFRs, from main-sequence to almost quenched
(Barro et al. 2014).

2.1. Photometric data, stellar properties and SFRs

We select galaxies from the CANDELS (Grogin et al.
2011; Koekemoer et al. 2011) WFC3/F160W (H-band)
multi-wavelength catalogs in GOODS-S, GOODS-N and
COSMOS (Guo et al. 2013; Barro et al. in prep.;
Nayyeri et al. in prep.). The galaxy spectral
energy distributions (SEDs) include extensive multi-
band data ranging from the UV to the near-IR.
We also include complementary mid-IR photometry in
Spitzer/MIPS 24 and 70 µm (30 µJy and 1 mJy,
5σ) from Pérez-González et al. (2008), and far-IR from
the GOODS-Herschel (Elbaz et al. 2011) and PEP
(Magnelli et al. 2013) surveys. For each galaxy, we fit
photometric redshifts using EAzY (Brammer et al. 2008)
and calculate stellar masses using FAST (Kriek et al.
2009) assuming Bruzual & Charlot (2003) stellar pop-
ulation synthesis models, a Chabrier (2003) initial mass
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Fig. 1.— Left panel: SFR–mass diagram for all galaxies in the parent galaxy catalog in GOODS-S and -N at 2 < z < 3. The checkered
gray scale illustrates the location of the star-forming main sequence. The solid and dashed-dotted lines depict the best fit and 1 σ scatter
to the massive end (log(M/M!)>10 ) of the main-sequence. The 13 compact and 67 extended SFGs observed with NIR spectroscopy are
shown in blue and cyan colors, respectively. X-ray detected galaxies are indicated with a white star symbol. The red star depicts the
galaxy in common with Belli et al. (2014b, see § 4.3). The dashed line illustrates the selection threshold in sSFR (log(sSFR)< −1 Gyr−1).
The red markers show the quiescent population . Right panel: mass–size distribution for the same galaxies in the left panel. The dashed
line illustrates the compactness threshold (Σ1.5 = 10.4 M!kpc−1.5). The green line shows the expected location of galaxies with constant
velocity dispersion σ = 250 km s−1, as inferred from Equation 3, assuming Mdyn=M!. These panels illustrate our selection criteria
for compact SFGs aimed at identifying normal main-sequence SFGs following a more compact mass-size relation, similar to that of the
quiescent population.

that the observed number density of compact SFGs can
reproduce the build up of the compact quiescent popu-
lation since z ∼ 3, if they quench star-formation in a few
108yr. This led us to propose an evolutionary picture in
which compact SFGs are formed from larger SFGs as a
result of gas-rich processes (mergers or disk-instabilities)
that induce a compact starburst which quench on dynam-
ical timescales fading into a compact quiescent galaxy. So
far the similarities between compact SFGs and quiescent
galaxies are already very encouraging. However, they are
based on photometric and structural properties and thus
have yet to be verified from kinematic data to confirm
the connection.
This paper presents near-IR (NIR) spectroscopic

follow-up of a sample of massive compact SFGs at
2 ≤ z ≤ 3 presented in Barro et al. (2013,14)
to measure their kinematic properties and compare
them against those of compact quiescent galaxies to
test whether they support the picture of a rapid fad-
ing into the red sequence. We also estimate stel-
lar and dynamical masses for compact SFGs to infer
their gas fractions and gas depletion timescales, and
we analyze their stacked spectra for signs of outflow-
ing gas. While several other surveys have already pre-
sented emission line measurements and kinematic prop-
erties for SFGs at z ! 1.5 (Erb et al. 2006; Law et al.
2007; Law et al. 2009; Förster Schreiber et al. 2009;
Epinat et al. 2012; Newman et al. 2013b; Masters et al.
2014; Buitrago et al. 2014; Williams et al. 2014), this is
the first observational effort to target specifically mas-
sive, yet small, compact SFGs, which may be notoriously

missing in those surveys.
Throughout the paper, we adopt a flat cosmology with

ΩM=0.3, ΩΛ=0.7 and H0 = 70 km s−1 Mpc−1 and we
quote magnitudes in the AB system.

2. DATA & SAMPLE SELECTION

Our targets are compact SFGs at z ! 2 to be mea-
sured for kinematic properties using their emission lines.
These galaxies, first identified in Wuyts et al. (2011b)
and Barro et al. (2013), have been proposed to be the
immediate precursors of compact quiescent galaxies at
z ∼ 2 as they share structural properties while spanning
a range in SFRs, from main-sequence to almost quenched
(Barro et al. 2014).

2.1. Photometric data, stellar properties and SFRs

We select galaxies from the CANDELS (Grogin et al.
2011; Koekemoer et al. 2011) WFC3/F160W (H-band)
multi-wavelength catalogs in GOODS-S, GOODS-N and
COSMOS (Guo et al. 2013; Barro et al. in prep.;
Nayyeri et al. in prep.). The galaxy spectral
energy distributions (SEDs) include extensive multi-
band data ranging from the UV to the near-IR.
We also include complementary mid-IR photometry in
Spitzer/MIPS 24 and 70 µm (30 µJy and 1 mJy,
5σ) from Pérez-González et al. (2008), and far-IR from
the GOODS-Herschel (Elbaz et al. 2011) and PEP
(Magnelli et al. 2013) surveys. For each galaxy, we fit
photometric redshifts using EAzY (Brammer et al. 2008)
and calculate stellar masses using FAST (Kriek et al.
2009) assuming Bruzual & Charlot (2003) stellar pop-
ulation synthesis models, a Chabrier (2003) initial mass
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ZC782941 z = 2.18

∆

σobs

C

Hα

Figure 5. Maps of Hα Gaussian fit velocities (top left), Hα Gaussian fit dispersion (bottom left), and the Toomre Q-parameter (right, Equation (2)) for ZC782941.
Shown in the center is also the map of Hα-integrated flux from Figure 2. The locations of the main clumps (Figure 2) are denoted by circles/ellipses. The Hα, velocity,
and velocity dispersion maps (resolution 0.′′18 FWHM) were re-binned to 0.′′025 pixels. For construction of the Q-map, the data were smoothed to 0.′′25 FWHM. The
typical uncertainties in the Q-values are ± 0.06 to ± 0.4 (1σ ) for most of the outer disk of ZC782941. Pixels with ∆Q > 0.5 were masked out.
(A color version of this figure is available in the online journal.)

σobs

v

∆Q < 0.3Hα

ZC406690 
z = 2.19

Figure 6. Maps of Hα Gaussian fit velocities (top left), Hα Gaussian fit dispersion (bottom left), and the Toomre Q-parameter (right, Equation (2)) for ZC406690.
Shown in the center is also the map of Hα-integrated flux from Figure 2. The locations of the main clumps (Figure 2) are denoted by circles/ellipses. The Hα, velocity,
and velocity dispersion maps (resolution 0.′′22 FWHM) were re-binned to 0.′′025 pixels. The typical uncertainties in the Q-values are ± 0.01 to ± 0.1 (1σ ) for most of
the outer disk of ZC782941. Pixels with ∆Q > 0.3 were masked out.
(A color version of this figure is available in the online journal.)

conclude that the Q-maps in Figures 3–6 are consistent with the
commonly held view that the clumps form by gravitational in-
stability. However, we cannot exclude the alternative possibility
that the instability is driven by a large-scale compression, such
as experienced in a galaxy interaction or (minor) merger (e.g.,
Di Matteo et al. 2007).

3.2. Evidence for Powerful Outflows on Clump Scales

UV spectroscopy of metal absorption lines and of Lyα
emission lines provide compelling evidence for ubiquitous mass
outflows in “normal” high-z (Pettini et al. 2000; Shapley et al.
2003; Steidel et al. 2004, 2010; Weiner et al. 2009). More
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Figure 7. Molecular-gas–star-formation-scaling relation. Left: molecular-gas–star-formation surface-density relationship (“Kennicutt–Schmidt” relation), for z ∼ 0
“near main-sequence” SFGs (open gray circles: Kennicutt 1998a; Gracia-Carpio 2008; Genzel et al. 2010; Armus et al. 2009), z = 1–1.5 SFGs (black filled circles:
PHIBSS, including Daddi et al. 2010a; Magnelli et al. 2012b), z = 1.53 EGS13011166 (filled cyan squares: Genzel et al. 2013), z = 2–2.5 detected SFGs (open
crossed red squares, PHIBSS). The dotted gray and red lines mark the best-fit linear (N = 1) fits to the low-z and high-z data. Right: distribution of depletion timescales
inferred from the 50 z = 1–1.5 SFGs in the left panel (black shaded histogram). The distribution has a median of tdepl = 0.7 Gyr and a dispersion of 0.24 dex. For the
SDSS selected, z ∼ 0 COLDGASS survey for main-sequence galaxies matched to the same mass range and coverage of the main sequence as PHIBSS (Saintonge
et al. 2011a), the corresponding depletion timescale and scatter are 1.24 ± 0.06 Gyr and ±0.23 dex (blue histogram). A typical Poisson error for both low- and high-z
distributions is indicated.
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Papadopoulos et al. (2010).
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Figure 9. Molecular gas fractions for the z = 1–1.5 (black hatched) and z =
2–3 (blue) detected PHIBSS galaxies, for a Milky Way conversion factor (α =
4.36). For z = 1–1.5 we combined the 38 SFGs from the sample presented in
Tables 1 and 2, with the 6 z = 1–1.5 detections of the “PACS”-selected sample
of Magnelli et al. (2012b) and the 6 z ∼ 1.5 detections of Daddi et al. (2010a). At
z = 2–3 we combined our 14 detections with the detections of three somewhat
lower mass (M∗ = 5–30 × 109 M$), strongly lensed SFGs between z ∼ 2.3
and 3.1 (cB58: z = 2.7, Baker et al. 2004; “cosmic eye”: z = 3.1, Coppin et al.
2007; “eyelash”: z = 2.3, Swinbank et al. 2010; Danielson et al. 2011). Five
of the 14 z = 2–2.5 SFGs have metallicities significantly lower than solar. In
this regime, the conversion factor probably is larger than the Milky Way value
and the plotted gas fractions are lower limits (Genzel et al. 2012). The inferred
median/average molecular gas fractions are given at the top of the figure.
(A color version of this figure is available in the online journal.)

3.4. Large Molecular Gas Fractions in z > 1 SFGs

Figure 9 shows the distribution of the observed molecular gas
fractions at z ∼ 1.2 and z ∼ 2.2 determined from the PHIBSS
data. The gas fraction distribution is broad with a scatter of σ f =
0.18 centered on 〈fmol gas〉 = 0.49 ± 0.02 at z ∼ 1.2 and 0.47 ±
0.05 at z ∼ 2.2, in broad agreement with the results of Tacconi
et al. (2010) based on a 2.5 times smaller sample.

These numbers are subject to significant uncertainties and
corrections. The absolute level of the derived molecular gas
fractions obviously depends on the value of the adopted conver-
sion factor, as we already discussed in Section 2.4. For the z ∼
1–1.5 sample a “merger”-conversion factor (α ∼ 1 instead of
4.36) may be more appropriate for two probable merger systems,
EGS12004351 and EGS13004291. Omitting these two outliers
from the sample does not change the median gas fraction.

The dependence of the conversion factor on metallicity should
not affect the z = 1–1.5 SFGs, since their metallicities, based
on the stellar-mass–metallicity relation, are all estimated to be
>0.8 times the solar value. However, 6 of the 17 z ∼ 2–3 CO
detections and 2 of the 6 non-detections listed in Table 2 are in
this lower metallicity regime, where metallicities are estimated
from the mass–metallicity relation or the [N ii]/Hα emission
line ratio estimator (see Genzel et al. 2012 for a full description).
The z ∼ 2.2 gas fractions in these cases may well be lower limits,
as indicated by the arrows in Figure 9.

3.4.1. Correction for Incomplete Coverage of the M∗ – SFR Plane

The most important effect is the extrapolation from the ob-
served average gas fractions to the entire z ∼ 1–3 star for-
mation main-sequence population. This effect arises primarily
because the parameter space in the stellar-mass–(specific)
star-formation-rate plane below the main-sequence line is in-
completely or not covered for the z ∼ 1–1.5 SFGs, given the
30 M$ yr−1 SFR lower limit selection cut of the PHIBSS sample
(bottom left panel of Figure 1). The coverage is more complete
for the z = 2–2.5 SFGs (bottom right panel in Figure 1). A sec-
ond correction arises because the coverage of observed sources
above the star formation cut is close to homogeneous, rather
than reflecting the true parent sample distribution, which is con-
centrated around the main-sequence line.

To correct for this incomplete sampling, we exploit that to
first order the main-sequence population is well described by
a constant gas depletion timescale of ∼0.7 Gyr. If this con-
stant depletion timescale holds for the entire main-sequence
population at z ∼ 1–3, then we can take the observed distribu-
tion of SFGs in the stellar mass–(specific) star-formation plane
in the parent imaging surveys to compute molecular gas frac-
tions using Equation (3). To do this, we have taken the results
from the zCOSMOS star-forming (s)BzK z = 1.5–2.5 survey
(McCracken et al. 2010; Mancini et al. 2011; see upper two pan-
els in Figure 1), the CANDELS GOODS-S sample (S. Wuyts
2012, private communication; see bottom two panels in
Figure 1), and the NEWFIRM medium-band survey in the
AEGIS and COSMOS fields (Whitaker et al. 2012). At red-
shift 2–3, we then find that the average gas fractions inferred
from these surveys (within ±0.7 dex of the main-sequence line)
are 0.45–0.5, similar to or slightly below the direct measurement
shown in Figure 9. The inferred gas fractions would be larger
if the gas depletion timescale at z ∼ 2–2.5 were smaller than
0.7 Gyr, as discussed in Section 3.6.

At z ∼ 1–1.5, the incompleteness correction is larger, as
expected. Correction for the homogeneous coverage above the
star formation cutoff decreases gas fractions from 0.49 down
to ∼0.4, the incomplete coverage below 30 M$ yr−1 leads to a
further decrease to about 0.3–0.35.

These extrapolated molecular gas fractions are about
4–6 times greater than for average z ∼ 0 main-sequence SFGs
for the same mass range (fmol gas = 0.08). That ratio is 4 when
one matches the COLDGASS sample to the same mass range
and relative location in the mass–star-formation plane as at z ∼
1–2.5 (fmol gas = 0.12; Saintonge et al. 2011a).

3.4.2. Contribution of Atomic Hydrogen and Photodissociated Gas

In the local universe, the ratio of atomic to molecular gas
masses in log M∗ ∼ 10–11 SFGs is about 1.5–2 (Saintonge
et al. 2011a) and the atomic gas dominates the mass of the cold
ISM. The H2/H i ratio in the ISM is strongly pressure/column
density dependent and exceeds unity above a column density of
∼10–15 M$ pc−2 (∼1–1.5 × 1021 cm−2; Sternberg & Dalgarno
1995; Blitz & Rosolowsky 2006; Krumholz et al. 2009).
Therefore, the H i/H2 ratio is expected to decrease strongly
at high-z, as the mean H2 column densities and ISM pressure
are at least an order of magnitude greater than at low-z
(e.g., Obreschkow & Rawlings 2009; Lagos et al. 2011; Fu
et al. 2012). Since most of the high-z disks discussed in this
paper have hydrogen columns >102.5 M$ pc−2 (Table 2), the
molecular fractions of the disks should be very high.
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that this central component in BX482 has ∼20% of the total disk
mass (Genzel et al. 2008; Förster Schreiber et al. 2011a, 2011b).
In either case the absence and/or weakness of emission from
the center has no influence on the analysis we discuss in the
following. Position angles and inclinations are determined as
above. The model data are then convolved with the angular and
spectral resolution profiles and sampled at the observed pixel
scales. The total dynamical mass Mdyn is then varied to achieve
a best-fit match to the observed rotation velocities. To study
the non-axisymmetric motions in a galaxy, the best-fit model
velocity and velocity dispersion maps are subtracted from the
respective observed maps.

We compare these residual maps with Hα surface bright-
ness maps derived from the observed data cubes. Likewise, we
constructed [N ii]/Hα ratio maps from integrated line emission
maps smoothed with a 3 pixel (0.′′15) kernel. We multiplied
these maps with a mask constructed from all pixels with Hα
emission at >3σ significance. We also constructed pixel–pixel
correlation plots of residual velocity dispersion (δσ = σ
(data) − σ (model)) versus Hα surface brightness, and
[N ii]/Hα line ratio versus Hα surface brightness. Before inves-
tigating possible trends in these correlations, we culled pixels
with large δσ or [N ii]/Hα uncertainties. In addition, in the case
of D3a15504 (which has a prominent central bulge, AGN and a
narrow line region), we also removed the nuclear region.

2.3. Determination of Star Formation Rates and Gas Masses

For calculating star formation rates and gas surface densities
from the Hα data, we used the conversion of Kennicutt (1998b)
modified for a Chabrier (2003) IMF (SFR = L (Hα)0/2.1 × 1041

erg s−1). We corrected the observed Hα fluxes for spatially
uniform extinction with a Calzetti (2001) extinction curve
(A (Hα) = 7.4 E(B – V)), including the extra “nebular”
correction (Agas = Astars/0.44) introduced by Calzetti (2001).
We determined E(B – V) from the integrated UV/optical
photometry of the galaxies (row 5 in Table 2). Förster Schreiber
et al. (2009) find that including the extra nebular correction
brings Hα- and UV-continuum-based star formation rates of
z ∼ 2 SINS galaxies into best agreement.

We estimated molecular surface densities (and masses, in-
cluding a 36% helium contribution) from Equation (8) of
Kennicutt et al. (2007), modified for the Chabrier IMF used
here,

log
(

Σmol−gas

M% pc−2

)
= 0.73 log

(
Σstar−form

M% yr−1 kpc−2

)
+ 2.91. (2)

Equation (2) is based on Hα, 24 µm, and CO observa-
tions of M51 and is similar to results for larger samples of
z ∼ 0 SFGs (e.g., Equation (4) in Kennicutt 1998a, and
Figure 4 of Genzel et al. 2010). It has the added advantage
of being based on spatially resolved measurements of the gas to
star formation relation with a similar spatial resolution (0.5 kpc)
as our high-z data and also covering a similar range of gas
surface densities (10–103 M% pc−2). Figure 4 in Genzel et al.
(2010; see also Daddi et al. 2010b) also shows that to within the
uncertainties (of about a factor of two), z ∼ 0 and z ∼ 1–3 SFGs
(with galaxy-integrated measurements of CO luminosities and
SFRs) are fit by the same relation, although the gas masses from
the best fits of Genzel et al. (2010) are ∼20% larger than esti-
mated from Equation (2). In Equation (2) we did not correct the
data for the fraction of Hα emission from outflowing gas (see
Section 3.2). This correction is small, with the exception of the

brightest clumps where gas surface densities may be somewhat
overestimated.

The gas surface densities/masses and star formation rates
estimated from Equation (2) and listed in Table 2 are uncertain
by at least a factor of two to three. In addition to the well-
known issue of how to infer molecular gas column densities/
masses from the integrated line flux of an optically thick
CO rotational line (see the in-depth discussion in Tacconi
et al. 2008 and Genzel et al. 2010), and the question of
whether Equation (2) adequately describes the gas to star
formation relation for the physical conditions on clump scales at
z ∼ 2, there is the important issue of differential extinction. We
will argue in Section 3.2 that the asymmetry of broad Hα/[N ii]
line emission is direct evidence for such differential extinction.
It is unclear, however, what the general impact of the differential
extinction would be on clump scales. One might naively expect
that the effect increases gas column densities/masses relative to
averages on larger scales. However, there are almost certainly
also evolutionary effects, such that in a given aperture there
may be very high dust column densities in both neutral clouds
and H ii regions with relatively low extinction. Such spatial
separations of 300 pc to >1 kpc are seen in nearby spirals, such
as M51 (Rand & Kulkarni 1990), as well as at z ∼ 1 (Tacconi
et al. 2010). As a result, the Kennicutt–Schmidt scaling relation
in Equation (2) may break down or be significantly altered on
small scales (e.g., Schruba et al. 2010 in M33 on !80 pc scales).

2.4. Spatial Distribution of the Toomre Q-parameter

A rotating, symmetric and thin gas disk is unstable to
gravitational fragmentation if the Toomre Q-parameter (Toomre
1964) is !1. For a gas-dominated disk in a background potential
(of dark matter and an old stellar component) Q is related
to the local gas velocity dispersion σ 0 (assuming isotropy),
circular velocity vc, epicyclic frequency κ (κ2 = 4 (vc/Rdisk)2 +
Rdisk d(vc/Rdisk)2/dRdisk), gas surface density Σgas, and radius of
the disk Rdisk via the relation (Binney & Tremaine 2008; Escala
& Larson 2008; Elmegreen 2009; Dekel et al. 2009a)

Qgas = σ0κ

πGΣgas
=

(
σ0

vc

) (
a
(
v2

cRdisk/G
)

πR2
diskΣgas

)

=
(

σ0

vc

)(
aMtot

Mgas

)
=

(
σ0

vc

) (
a

fgas

)
. (3)

Here the constant a takes on the value of 1,
√

2,
√

3, and 2
for a Keplerian, constant rotation velocity, uniform density and
solid body disk; fgas is the gas fraction within Rdisk. If the disk
consists of molecular (H2 + He), atomic (H i + He), and stellar (∗)
components, Qtot

−1 = QH2
−1 + QHi

−1 + Q∗
−1 if all components

have similar velocity dispersions. If there is a (young) stellar
component distributed similarly to the gas, the combined gas
+ young star component will thus have a Qtot that is inversely
proportional to the sum of the gas and stellar surface densities.
In that case fgas should be replaced by the mass fraction fyoung of
that “young” component. Such a disk is unstable (or stable) to
fragmentation by gravity, depending on whether Qtot is less (or
greater) than unity. Equation (3) can be rewritten as

(
σ0

vc

)
=

(
z

Rdisk

)
=

Qfyoung

a
, (4)

where z is the z-scale height of the disk. Gas-rich, marginally
stable disks are thick and turbulent. The largest and fastest
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Self-regulated disks

high-redshift galaxies keep a disk unstable (Q~1)

Dekel+09

if σ<σr (Q<1)

fragmentation becomes more efficient
gravitational interaction drive mass inflow to center 
(e.g. clump migration)

820 M. Cacciato, A. Dekel and S. Genel

write

ṀinflowV 2
circ !

Mgasσ
2
gas

tdis
. (3)

Here, tdis is the time-scale over which the internal turbulent energy
of the gas is dissipated. It is expected to be comparable to one or a
few disc dynamical times, defined as tdyn = "−1 = Rdisc/Vcirc, where
Rdisc and " are the effective disc radius and angular velocity. The
dissipation rate thus determines the disc inflow rate that is needed for
self-regulating the disc instability at Q ∼ 1. We anticipate here that
equation (3) results in mass inflow rate of the order of 10 M$ yr−1

when typical values of massive disc galaxies are used. It has been
proposed by Bournaud et al. (2011a) that such a steady mass inflow
within the disc naturally leads to the growth of a central bulge and a
central supermassive black hole. Observational evidence have been
provided in Bournaud et al. (2011b), for a correlation between the
presence of giant clumps (manifestations of gravitational instability
in galaxy disc) and the occurrence of active galactic nuclei in disc
galaxies.

The third key and new element of the model is the enforcement of
self-regulated instability in a two-component disc made of gas and
stars (Section 2.3). A disc is unstable once the self-gravitational
attraction acting on a patch (associated with the surface density
of cold material #) overcomes the repelling forces due to pressure
(associated with σ ) and rotation (associated with ") (Toomre 1964).
This is expressed in terms of the Toomre parameter Q ∼ σ"/#
being smaller than unity. If the inflow in the disc is driven by the
instability, and in turn it provides the power necessary for stirring up
σ , the disc tends to self-regulate itself at Q ∼ 1 as follows. When Q
drops well below unity, because of a high # and/or a low σ , the disc
becomes highly perturbed, which increases the inflow rate. This
depletes # and stirs up σ , pushing Q to above unity. As a result, the
fragmentation stops, the inflow slows down, so # piles up by new
accretion and σ cools down, driving Q to below unity, and so on.
The new element incorporated in our current analysis is treating the
instability in a disc made of two components, one dissipative and the
other dissipationless, including the continuous conversion of gas to
stars. The generalized instability analysis described in Section 2.3
refers to a two-component analogue of the Toomre parameter, Q2c,
which is a function of the same ", the surface densities of the
two components, and their different velocity dispersions, σ stars >

σ gas. Since σ stars cannot decrease and may actually increase in time,
the maintenance of Q2c ∼ 1 has to rely on σ gas being low. As the
gas mass fraction in the disc gradually declines, σ gas has to get
lower and lower. However, when it becomes comparable to the
thermal speed of sound, cs ∼ 10 km s−1, the pressure cannot keep
decreasing as necessary, and Q is forced to be above unity. We refer
to this as the end of the violent instability phase, or ‘stabilization’,
and attempt to find out when it occurs for different choices of our
model parameters.

2.1 Mass conservation

Following equation (1), the rate of change of gas mass in the disc
is assumed to be given by

Ṁgas,disc ! Ṁgas,acc − Ṁgas,inflow − ṀSFR(1 + η) . (4)

Here, the source term, Ṁgas,acc, is the gas supply rate into the disc.
The sink term Ṁgas,inflow is the gas mass inflow rate in the disc
towards the central bulge, which we sometimes loosely refer to as
‘migration’. The other sink term, ṀSFR, includes the star formation
rate (SFR), and the outflow rate due to stellar feedback, which is

assumed to be proportional to the SFR with γ out a parameter of
order unity. Similarly, the rate of change of disc stellar mass is

Ṁstar,disc ! Ṁstar,acc − Ṁstar,inflow + ṀSFR , (5)

where Ṁstar,acc represents the stellar fraction in the accretion rate
into the disc, Ṁstar,inflow is the stellar mass inflow rate within the disc,
ṀSFR is the same as in equation (4) but with an opposite sign and the
stars are assumed not to be affected by outflows. The rate of change
of the total disc mass is the sum of (4) and (5). The source terms
of accretion and the SFR are estimated as described below. Then,
by appealing to energy conservation, gas-turbulence dissipation and
self-regulated instability, we will determine the inflow rates within
the disc, and will be in a position to integrate equations (4) and (5).

For completeness, although we do not explicitly integrate it with
time, we note that the growth of the central bulge is described by

Ṁblg = Ṁblg,mer + Ṁbar,inflow , (6)

where Ṁblg,mer = Ṁbar − Ṁgas,acc − Ṁstar,acc is the fraction of the
total cosmological input of baryons that come in as big mergers
that build the bulge without joining the disc, and Ṁbar,inflow =
Ṁgas,inflow + Ṁstar,inflow is the total baryon inflow rate within the
disc (Section 2.1.1). We define the bulge-to-disc ratio as

B/D ≡ Mblg

Mstar,disc + Mgas,disc
. (7)

Following DSC09, we appeal to the convenient parameter δdisc,
the fraction of mass in the disc component within the characteristic
radius of the disc, Rdisc,

δdisc ≡ Mstar,disc + Mgas,disc

Mtot
. (8)

Here the total mass Mtot within Rdisc includes the contributions of
gas and stars in the disc, the stellar bulge and the dark matter within
Rdisc. The maximum possible value of δ is β, the fraction of baryons
including disc and bulge within the disc radius,

δdisc ≤ β ≡ Mbar

Mtot
. (9)

The ratio of disc to total baryonic mass is then Mdisc/Mbar = β−1δdisc,
so that a bulge-less disc corresponds to δdisc = β, and a disc-less
bulge is δdisc = 0. The bulge-to-disc ratio is B/D = (β − δdisc)/δdisc.
For gas and stars separately, we have

δgas ≡ Mgas,disc

Mtot
and δstar ≡ Mstar,disc

Mtot
, (10)

with δdisc = δgas + δstar. In order to estimate the value of β, following
DSC09, we crudely treat the halo as an isothermal sphere with a
mass profile M(r) ∝ r, so we can write Mtot ! λMvir + Mbar, where
λ is the halo spin parameter, Mvir is the halo virial mass and Mbar

is the baryonic mass. This leads to β ! f bar/(f bar + λ), where f bar

is the baryonic mass fraction within the virial radius (which could
be lower than the universal fraction due to mass loss in outflows).
Throughout the paper we assume λ = 0.05, f bar = 0.075 and thus
β = 0.6.

2.1.1 Cosmological gas supply

Both analytic estimates and cosmological simulations predict that
the cosmological baryonic input funnels into high-redshift galaxies
through cold streams that follow the filaments of the cosmic web and
include merging galaxies and a smoother component (e.g. Birnboim
& Dekel 2003; Kereš et al. 2005; Dekel & Birnboim 2006; Ocvirk,
Pichon & Teyssier 2008; D09). The streaming of the gas into the

C© 2012 The Authors, MNRAS 421, 818–831
Monthly Notices of the Royal Astronomical Society C© 2012 RAS

 at N
ational A

stronom
ical O

bservatory of Japan on June 11, 2014
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

release of gravitational energy

σgas increases

if σ>σr (Q>1)

fragmentation process is suppressed

σgas decreases

turbulence decay

Extended clumpy disk

788 DEKEL, SARI, & CEVERINO Vol. 703

The ratio of disk to total baryonic mass is then Md/Mbar = β−1δ,
so that a bulge-less disk is δ = β, and a disk-less bulge is δ = 0.

Expressing the circular velocity at Rd as

(ΩRd)2 = V 2 " GMtot

Rd
, (5)

and using the approximate relation

Md " πR2
dΣ , (6)

we obtain a simple expression for Q:

Qc ! Q "
√

3δ−1 σr

V
, (7)

where we have assumed an isotropic three-dimensional velocity
dispersion σ =

√
3σr . The initial clump radius becomes

Rc " π

6
δRd , (8)

so the typical clump mass is

Mc " π2

36
δ2Md . (9)

It would be worthwhile evaluating the likely range of the
disk fraction δ and its maximum value β in the SFGs. We note
up-front that the observed clumpy disks, with Q ∼ 1, rule out
naked disks, δ = 1. This would have required an extremely high
dispersion, σ ∼ V , more compatible with a spheroid. It would
have also implied that the clumps are more massive than the
observed clumps. Indeed, β is guaranteed to be less than unity
due to the dark-matter contribution to the mass within the disk
radius.

What is the typical value of the baryonic fraction β? While
β " 0.5 in the Milky Way today, current estimates for SFGs
at z ∼ 2 range from 0.5 to 0.8 (Bournaud et al. 2008; Forster
Schreiber et al. 2009). One way to crudely estimate β from a
theoretical perspective is by relating the disk radius to the halo
virial radius Rv via

Rd " λRv , (10)

where λ is roughly the halo spin parameter (Fall & Efstathiou
1980; Mo et al. 1998). The average value of λ from cosmological
N-body simulations and tidal-torque theory is " 0.04 and rather
independent of mass and time (e.g., Bullock et al. 2001a). On
the other hand, the observed typical radii of Rd ∼ 10 kpc for
the high-redshift clumpy disks and the indicated virial radii of
Rv " 100 kpc for the halos of these galaxies imply an effective
value of λ " 0.1 for these galaxies (Bouché et al. 2007; Genzel
et al. 2008; see a discussion of this excessive disk sizes in
Section 10). Assuming further, very crudely, that the halo is an
isothermal sphere of virial mass Mv hosting a baryonic mass
Mbar of gas and stars, we can approximate Mtot " λMv + Mbar,
and obtain

β " fb

fb + λ
, (11)

where fb ≡ Mbar/Mv is the baryonic fraction within the virial
radius. The value of fb could be lower than the universal
value of " 0.16 because of mass loss, e.g., due to supernova-
driven winds (Dekel & Silk 1986). For λ ∼ fb ∼ 0.1 we
get β " 0.5, and with λ and fb in the ranges 0.04–0.1 and
0.05–0.15 respectively, the value of β ranges from 0.33 to 0.75.

Replacing the crude isothermal sphere with a more realistic
Navarro–Frenk–White (NFW) profile of a low concentration
parameter C " 4, as appropriate for halos of the relevant masses
at z ∼ 2 (Bullock et al. 2001b), we obtain inside 0.1Rv a
value of β " 0.63. The observational indications and this crude
theoretical estimate lead us to adopt β = 0.6 as our fiducial
value.

Equation (7) with Q ∼ 1 implies that disk fractions in the
range δ ∼ 0.3–0.6 are consistent with the observed range of
velocity dispersions σr/V ∼ 0.17–0.35 (Genzel et al. 2008).
For such values of δ in Equation (9), the typical disk clumps
are predicted to involve a few percent of the disk mass each, as
observed (Elmegreen et al. 2007; Genzel et al. 2008).

If each clump has contracted by a factor of 2 from
its initial radius into virial equilibrium, the internal one-
dimensional velocity dispersion within the clump, given by
σ 2

c " (1/3)GMc/(0.5Rc), can be written using Equations (8)
and (9) as

σc

V
"

√
π

3
δ . (12)

Since the radial velocity dispersion of the clumps relative to
each other, based on Equation (7), obeys σr/V " δQ/

√
3, we

conclude that σc " σr when Q ∼ 1.

3. SELF-REGULATED CLUMPY DISK

For a disk of a given surface density in a given potential well,
namely given Σ and Ω, the instability provides a feedback loop
that can drive an unstable disk into a self-regulated, marginally
unstable state, where Q ∼ Qc and the clumps are as massive
as they could be. This means that the velocity dispersion σr is
kept at the maximum possible value for which Q is still below
the critical value for rapid instability. This self-regulation is
achieved if the instability and fragmentation process itself is the
generator of velocity dispersion, and if it is capable of doing so
on a timescale comparable to the timescale of turbulence decay.
Then, if σr is temporarily low such that Q falls below Qc, the
fragmentation becomes more efficient and it drives Q up toward
Qc. If σr overshoots to high values such that Q > Qc, the disk
becomes stable, the fragmentation process is suppressed, and σ
is allowed to drop such that Q settles to a value just below Qc.

The turbulence of a gaseous disk dissipates by shocks and by a
turbulent cascade to the viscous scale. With a turbulence energy
of E ∼ (3/2)Mσ 2

r , and for a dissipation rate of Ė ∼ Mσ 3
r /Reddy

where Reddy is the radius of the largest eddy, the dissipation
timescale is tdis ∼ (3/2)Reddy/σr . If Reddy " Rc, and we denote
the disk dynamical crossing time by

td ≡ Ω−1 = Rd

V
, (13)

we obtain from Equation (8)

tdis " 1.4 Q−1 td . (14)

For Q of order unity, the dissipation timescale is on the order
of the disk dynamical time, with no explicit dependence on α
or δ. In order to maintain a self-regulated marginally unstable
state, the stirring up of turbulence must occur on a comparable
timescale.

In an unstable disk with Q < 1, the density perturbations
grow as e|ω|t , where ω obeys the dispersion relation (e.g., Binney
& Tremaine 2008, Equation (6.66))

ω2 = κ2 − 2π G Σ |k| + σ 2
r k2 . (15)
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One can see that the wave number of the fastest growing mode
is k = πGΣ/σ 2

r , and the growth rate of this mode is given by
ω2 = κ2 − (πGΣ/σr )2. This growth rate, which vanishes for
Q = 1, becomes comparable to the dynamical time for values of
Q slightly below unity, e.g., |ω| = Ω for Q = 1/

√
2 (assuming

κ =
√

3Ω). The system should maintain a value of Q in this
ballpark slightly below unity in order for the fragmentation to
react in time to variations in the turbulence level.

What is the mechanism that stirs up the disk and maintains the
required velocity dispersion? Some turbulence is generated by
feedback from stars and supernovae (Section 9). Turbulence
is also generated by dense gas clumps that flow in as part
of the cold streams, but this process is not self-regulated and
may stabilize the disk (see Section 7). However, the highly
perturbed fragmented disk is capable of self-regulating itself
by the gravitational interactions within it, without the help
of external energy sources, and thus maintain the disk in the
marginally unstable state. One particular mechanism of this sort
for generating velocity dispersion in the disk is the gravitational
encounters between the bound disk clumps (see Wada et al.
2002; Agertz et al. 2009; Tasker & Tan 2009). We demonstrate
below that these clump encounters by themselves may be
sufficient for self-regulating the disk instability.

The timescale for the clump encounters to generate the
velocity dispersion required for a given value of Q can be
estimated as follows. First, given that the disk thickness is
roughly (σz/V )Rd, with a vertical velocity dispersion σz #
σ/

√
3, the spatial number density of clumps is

nc # αMd/Mc

πR3
dσz

/
V

, (16)

where α is the fraction of the disk mass that is in clumps at a
given time. Second, the cross section for encounters that involve
an energy change of order σ 2 can be estimated by2

σ̃ # π (GMc/σ
2)2 . (17)

Then, the characteristic time for the encounters to generate a
specific energy change ∼ σ 2 is estimated by tenc # (ncσ̃ σ )−1.
Using Equations (5), (7), and (9), we obtain

tenc # 2.1 α−1 Q4 td . (18)

Recall that this expression is valid for Q of order unity, but note
the strong dependence of tenc on slight deviations of Q from
unity, with no explicit dependence on δ. The kinetic energy of
the gaseous clumps could be dissipated in head-on collisions, but
the cross section for such collisions is smaller by a geometrical
factor of order of a few than the cross section for effective
gravitational encounters. We therefore expect the net effect of
clump encounters to be of stirring up the dispersion on the
timescale estimated in Equation (18).

Self-regulation could be obtained by clump encounters alone
if tenc ∼ tdis, i.e., α−1Q5 ∼ 0.67 when comparing Equations (18)
and (14). This is valid, for example, when Q ∼ 0.67 and
α ∼ 0.2. Recall that Q is expected to be slightly below

2 If the clump internal velocity dispersion σint was smaller than the
clump–clump velocity dispersion σ , the cross section for the most effective
individual encounter was actually πR2

c , which is larger by a factor (σ/σint)4,
but the energy change in each encounter was smaller by a similar factor.
Therefore, Equation (17) is indeed the effective cross section for a total change
of ∼ σ 2 in a series of such encounters.

unity in the self-regulated unstable state both because Qc #
0.68 is the critical value for instability of a thick disk and
because such a value of Q allows perturbation growth on a
dynamical timescale. Independently, preliminary observations
and simulations (Elmegreen & Elmegreen 2005; Elmegreen
et al. 2007; Ceverino et al. 2009) indicate that the value of
α can range from 10% to 40%. A value of α in this ballpark
could indeed be expected if the unstable wavelength along the
tangential direction is comparable to the radial wavelength λc,
and if clumps form at the regions of positive interference of
the tangential and radial waves. We thus adopt Q # 0.67 and
α # 0.2 as our fiducial case.

If the dissipation timescale somehow becomes significantly
longer than the disk dynamical time, the balance between
dispersion generation by clump encounters and turbulence decay
is obtained over a timescale longer than td. Such a slowdown
of the dissipation rate may result from the development of
inhomogeneities and fragmentation of the disk gas, through the
increase in size of the largest eddies and the possible decrease
in cross section for eddy collisions. It may also happen when
the stellar component of the disk becomes substantial, as tdis
is inversely proportional to the gas fraction in the disk. In this
case of slower dissipation the self-regulation in the marginally
unstable state can be achieved by clump encounters with a
slightly larger value of Q and/or a lower value of α.

The gaseous component between the clumps is expected to
participate in the instability and fragmentation process and
thus to share the stirred-up clump velocity dispersion. This
is especially true for the large-scale transient features, which
participate in the stirring up process as they are sheared and
stirred up themselves. The inclusion of such additional stirring-
up effects may be analogous to increasing α in the analysis of
clump encounters above.

4. CLUMP MIGRATION AND DISK EVACUATION

The same clump interactions that generate velocity disper-
sion, and the dynamical friction exerted by the rest of the disk
on the giant clumps, also affect the systematic rotation velocity
of the clumps and make them migrate into the center. Both the
smooth and clumpy components of the disk are participating
in this process, so α should be replaced by unity for the pur-
pose of estimating the migration time. Since the disk just out-
side a given clump has systematically lower angular velocity,
it drains angular momentum from the clump. Over a timescale
of αtenc, it would systematically reduce the angular velocity of
the clump by σ and therefore cause it to migrate on a timescale
α(V/σ )tenc. However, the inner disk pushes the clump system-
atically outward on a similar timescale. The net effect acts on a
timescale longer by (V/σ ) than that of each side of the disk alone
(Goldreich & Tremaine 1980; Ward 1997) The migration time
is thus

tmig # α

(
V

σ

)2

tenc # 2.1 Q2δ−2td . (19)

Note that the migration is rapid when Q is low and when δ is
high, namely when the disk is massive and unstable, but the
migration timescale does not depend explicitly on α.

Given that only a fraction α of the disk is in the giant clumps,
the evacuation rate by clump migration of a mass comparable
to the entire disk mass is

Ṁevac # αMd

tmig
, (20)



Blue/red nuggets

Barro+14, Forster Schreiber+11, van Dokkum+08

Blue/red nuggets

2

log(M  ) [M  ]!∗

lo
g(

SF
R

)[M
  y

r−
1 ]

!

sS
FR

T

Quiescent

Compact SFGs
 X−ray AGN

Extended SFGs

Erb+06
SINS (F−S+09)
Masters+14

!∗

!

sS
FR

T

Quiescent

Compact SFGs
 X−ray AGN

Extended SFGs

Erb+06
SINS (F−S+09)
Masters+14

!∗

!

sS
FR

T

Quiescent

Compact SFGs
 X−ray AGN

Extended SFGs

Erb+06
SINS (F−S+09)
Masters+14

9 9.5 10 10.5 11 11.5
−0.5

0

0.5

1

1.5

2

2.5

3

σ = 250 km/s

lo
g(

r e) [
kp

c]

log(M  ) [M  ]!∗

ΣT

σ = 250 km/s

!∗

ΣT

σ = 250 km/s

!∗

ΣT

9 9.5 10 10.5 11 11.5
−0.5

−0.25

0

0.25

0.5

0.75

1

Fig. 1.— Left panel: SFR–mass diagram for all galaxies in the parent galaxy catalog in GOODS-S and -N at 2 < z < 3. The checkered
gray scale illustrates the location of the star-forming main sequence. The solid and dashed-dotted lines depict the best fit and 1 σ scatter
to the massive end (log(M/M!)>10 ) of the main-sequence. The 13 compact and 67 extended SFGs observed with NIR spectroscopy are
shown in blue and cyan colors, respectively. X-ray detected galaxies are indicated with a white star symbol. The red star depicts the
galaxy in common with Belli et al. (2014b, see § 4.3). The dashed line illustrates the selection threshold in sSFR (log(sSFR)< −1 Gyr−1).
The red markers show the quiescent population . Right panel: mass–size distribution for the same galaxies in the left panel. The dashed
line illustrates the compactness threshold (Σ1.5 = 10.4 M!kpc−1.5). The green line shows the expected location of galaxies with constant
velocity dispersion σ = 250 km s−1, as inferred from Equation 3, assuming Mdyn=M!. These panels illustrate our selection criteria
for compact SFGs aimed at identifying normal main-sequence SFGs following a more compact mass-size relation, similar to that of the
quiescent population.

that the observed number density of compact SFGs can
reproduce the build up of the compact quiescent popu-
lation since z ∼ 3, if they quench star-formation in a few
108yr. This led us to propose an evolutionary picture in
which compact SFGs are formed from larger SFGs as a
result of gas-rich processes (mergers or disk-instabilities)
that induce a compact starburst which quench on dynam-
ical timescales fading into a compact quiescent galaxy. So
far the similarities between compact SFGs and quiescent
galaxies are already very encouraging. However, they are
based on photometric and structural properties and thus
have yet to be verified from kinematic data to confirm
the connection.
This paper presents near-IR (NIR) spectroscopic

follow-up of a sample of massive compact SFGs at
2 ≤ z ≤ 3 presented in Barro et al. (2013,14)
to measure their kinematic properties and compare
them against those of compact quiescent galaxies to
test whether they support the picture of a rapid fad-
ing into the red sequence. We also estimate stel-
lar and dynamical masses for compact SFGs to infer
their gas fractions and gas depletion timescales, and
we analyze their stacked spectra for signs of outflow-
ing gas. While several other surveys have already pre-
sented emission line measurements and kinematic prop-
erties for SFGs at z ! 1.5 (Erb et al. 2006; Law et al.
2007; Law et al. 2009; Förster Schreiber et al. 2009;
Epinat et al. 2012; Newman et al. 2013b; Masters et al.
2014; Buitrago et al. 2014; Williams et al. 2014), this is
the first observational effort to target specifically mas-
sive, yet small, compact SFGs, which may be notoriously

missing in those surveys.
Throughout the paper, we adopt a flat cosmology with

ΩM=0.3, ΩΛ=0.7 and H0 = 70 km s−1 Mpc−1 and we
quote magnitudes in the AB system.

2. DATA & SAMPLE SELECTION

Our targets are compact SFGs at z ! 2 to be mea-
sured for kinematic properties using their emission lines.
These galaxies, first identified in Wuyts et al. (2011b)
and Barro et al. (2013), have been proposed to be the
immediate precursors of compact quiescent galaxies at
z ∼ 2 as they share structural properties while spanning
a range in SFRs, from main-sequence to almost quenched
(Barro et al. 2014).

2.1. Photometric data, stellar properties and SFRs

We select galaxies from the CANDELS (Grogin et al.
2011; Koekemoer et al. 2011) WFC3/F160W (H-band)
multi-wavelength catalogs in GOODS-S, GOODS-N and
COSMOS (Guo et al. 2013; Barro et al. in prep.;
Nayyeri et al. in prep.). The galaxy spectral
energy distributions (SEDs) include extensive multi-
band data ranging from the UV to the near-IR.
We also include complementary mid-IR photometry in
Spitzer/MIPS 24 and 70 µm (30 µJy and 1 mJy,
5σ) from Pérez-González et al. (2008), and far-IR from
the GOODS-Herschel (Elbaz et al. 2011) and PEP
(Magnelli et al. 2013) surveys. For each galaxy, we fit
photometric redshifts using EAzY (Brammer et al. 2008)
and calculate stellar masses using FAST (Kriek et al.
2009) assuming Bruzual & Charlot (2003) stellar pop-
ulation synthesis models, a Chabrier (2003) initial mass
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Figure 1. HST NICMOS/NIC2 H160 maps of the galaxies, probing the broadband emission around rest-frame 5000 Å. The target name and Hα redshift are labeled in
the top corner of each panel. The color coding scales linearly with flux density from white to black for the minimum to maximum levels displayed (varying for each
galaxy). The FWHM of the effective PSF is indicated by the filled circle at the bottom left of each corner; the angular resolution is 0.′′145, or ≈1.2 kpc at the median
z = 2.2 of the sources. The angular scale of the images is shown with the 1′′ long vertical bar next to each galaxy. The black solid circle overlaid on each map shows
the aperture used to extract the integrated H160-band flux density (diameter of 3′′). In all maps, north is up and east is to the left.
(A color version of this figure is available in the online journal.)

5 kpc (hereafter “BX 389−S”; see Sections 4 and 7). No other
source is detected in the NIC2 images within ≈2′′ or projected
≈15 kpc of our primary targets; this area corresponds to the
deeper part of the SINFONI data, where we can search for line
emission to faint levels of candidate companions to determine a
physical association.

Other characteristics of note include the broad curved features
reminiscent of spiral arms seen in the outer isophotes of BX 610,
on the northwest (NW) and southeast sides. In addition, the
inner isophotes in this galaxy show a significant and systematic
increase in ellipticity and change in position angle (P.A.). From
fitting elliptical isophotes to the NIC2 image using the task
ellipse in IRAF, the apparent (uncorrected for beam smearing)
ellipticity and P.A. vary from ∼0.8 and ∼35◦ at radii r ! 0.′′5
(or 4 kpc) to ∼0.1 and ∼0◦ at r ∼ 1′′ (8 kpc). The interpretation
of the inner isophotal feature is complicated by the presence of
the clumps, which are mostly aligned along a similar P.A., but
it is suggestive of a bar-like structure as seen in local barred
spirals.

3.2. Photometric Properties

The new H160-band photometry from our HST/NICMOS data
constitutes a significant addition to that available for our targets,
especially for BX 482 without any previous near-IR imaging and
MD 41 for which the existing K-band data are fairly shallow.
Published data include ground-based optical Un GR imaging
for all sources, and near-IR JKs imaging for a subset, presented
by Erb et al. (2006; see also Steidel et al. 2004). The photometry
was measured in matched isophotal apertures determined from
the R-band images and corrected to “total” magnitudes in
elliptical apertures scaled based on the first moment of the
R-band light profiles (Steidel et al. 2003). Spitzer/IRAC mid-
IR photometry has subsequently been obtained for all objects

except BX 482 (Reddy et al. 2010). To construct the broadband
SEDs and derive the global stellar and extinction properties
of our targets, we however excluded the IRAC data for the
following reasons. The optical and near-IR photometry provides
the most uniform data sets among the six galaxies in terms of
wavelength coverage whereas of the five objects with IRAC
data, only three were observed in all four channels. Moreover,
contamination by AGN emission in BX 663 and BX 610
becomes important at the longer wavelengths probed by IRAC
and would affect the modeling results.

To include the H160 band in the SEDs of our targets,
we measured the total magnitude in a circular aperture of
diameter 3′′ on the NIC2 images (indicated in Figure 1).
Because of the small NIC2 field of view, the accuracy of
the measurements in the R-band isophotal aperture used for
the ground-based photometry on the PSF-matched H160-band
images is compromised by the difficulty of determining the
local background sufficiently reliably: the area empty of sources
signal after convolving to the optical seeing of ∼1′′ is too small.
The median difference between the total magnitudes based
on the fixed circular aperture measurement on unconvolved
NIC2 maps and that in the isophotal apertures on PSF-matched
NIC2 maps is −0.16 mag, with the maximum for BX 389
(−0.51 mag) and best agreement for BX 528 (−0.002 mag).
The photometry is given in Table 1 and the optical/near-IR
SEDs are plotted in Figure 2.

By their primary selection, all targets satisfy the Un GR
color criteria of “BX” or “MD” objects (Adelberger et al. 2004;
Steidel et al. 2004). Synthetic broadband colors measured on
the spectrum of the best-fitting stellar population model to the
observed SEDs (described in Section 3.3 below) suggest that all
targets would also satisfy the BzK = (z−K)AB − (B − z)AB >
−0.2 mag criterion of z > 1.4 “star-forming BzK objects”
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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
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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
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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.
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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
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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
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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
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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.
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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
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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
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Figure 1. HST NICMOS/NIC2 H160 maps of the galaxies, probing the broadband emission around rest-frame 5000 Å. The target name and Hα redshift are labeled in
the top corner of each panel. The color coding scales linearly with flux density from white to black for the minimum to maximum levels displayed (varying for each
galaxy). The FWHM of the effective PSF is indicated by the filled circle at the bottom left of each corner; the angular resolution is 0.′′145, or ≈1.2 kpc at the median
z = 2.2 of the sources. The angular scale of the images is shown with the 1′′ long vertical bar next to each galaxy. The black solid circle overlaid on each map shows
the aperture used to extract the integrated H160-band flux density (diameter of 3′′). In all maps, north is up and east is to the left.
(A color version of this figure is available in the online journal.)

5 kpc (hereafter “BX 389−S”; see Sections 4 and 7). No other
source is detected in the NIC2 images within ≈2′′ or projected
≈15 kpc of our primary targets; this area corresponds to the
deeper part of the SINFONI data, where we can search for line
emission to faint levels of candidate companions to determine a
physical association.

Other characteristics of note include the broad curved features
reminiscent of spiral arms seen in the outer isophotes of BX 610,
on the northwest (NW) and southeast sides. In addition, the
inner isophotes in this galaxy show a significant and systematic
increase in ellipticity and change in position angle (P.A.). From
fitting elliptical isophotes to the NIC2 image using the task
ellipse in IRAF, the apparent (uncorrected for beam smearing)
ellipticity and P.A. vary from ∼0.8 and ∼35◦ at radii r ! 0.′′5
(or 4 kpc) to ∼0.1 and ∼0◦ at r ∼ 1′′ (8 kpc). The interpretation
of the inner isophotal feature is complicated by the presence of
the clumps, which are mostly aligned along a similar P.A., but
it is suggestive of a bar-like structure as seen in local barred
spirals.

3.2. Photometric Properties

The new H160-band photometry from our HST/NICMOS data
constitutes a significant addition to that available for our targets,
especially for BX 482 without any previous near-IR imaging and
MD 41 for which the existing K-band data are fairly shallow.
Published data include ground-based optical Un GR imaging
for all sources, and near-IR JKs imaging for a subset, presented
by Erb et al. (2006; see also Steidel et al. 2004). The photometry
was measured in matched isophotal apertures determined from
the R-band images and corrected to “total” magnitudes in
elliptical apertures scaled based on the first moment of the
R-band light profiles (Steidel et al. 2003). Spitzer/IRAC mid-
IR photometry has subsequently been obtained for all objects

except BX 482 (Reddy et al. 2010). To construct the broadband
SEDs and derive the global stellar and extinction properties
of our targets, we however excluded the IRAC data for the
following reasons. The optical and near-IR photometry provides
the most uniform data sets among the six galaxies in terms of
wavelength coverage whereas of the five objects with IRAC
data, only three were observed in all four channels. Moreover,
contamination by AGN emission in BX 663 and BX 610
becomes important at the longer wavelengths probed by IRAC
and would affect the modeling results.

To include the H160 band in the SEDs of our targets,
we measured the total magnitude in a circular aperture of
diameter 3′′ on the NIC2 images (indicated in Figure 1).
Because of the small NIC2 field of view, the accuracy of
the measurements in the R-band isophotal aperture used for
the ground-based photometry on the PSF-matched H160-band
images is compromised by the difficulty of determining the
local background sufficiently reliably: the area empty of sources
signal after convolving to the optical seeing of ∼1′′ is too small.
The median difference between the total magnitudes based
on the fixed circular aperture measurement on unconvolved
NIC2 maps and that in the isophotal apertures on PSF-matched
NIC2 maps is −0.16 mag, with the maximum for BX 389
(−0.51 mag) and best agreement for BX 528 (−0.002 mag).
The photometry is given in Table 1 and the optical/near-IR
SEDs are plotted in Figure 2.

By their primary selection, all targets satisfy the Un GR
color criteria of “BX” or “MD” objects (Adelberger et al. 2004;
Steidel et al. 2004). Synthetic broadband colors measured on
the spectrum of the best-fitting stellar population model to the
observed SEDs (described in Section 3.3 below) suggest that all
targets would also satisfy the BzK = (z−K)AB − (B − z)AB >
−0.2 mag criterion of z > 1.4 “star-forming BzK objects”
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L-shape track. The halo masses are expected to be somewhat more
massive on the slow-mode track.

Galaxies with w < 1 would form stars in a disc over on a long
time-scale, leaving behind an extended disc. They may remain star
forming, like the Milky Way, or eventually quench by the halo when
it is sufficiency massive.

4.4 Downsizing in quenching

While the above analysis of the consequences of wetness does not
seem to explicitly predict that more-massive galaxies are quenched
earlier, there are several other mechanisms that naturally lead to
downsizing of quenching (also mentioned in Bournaud et al. 2011b),
which we should briefly discuss here for completeness.

First, such a downsizing is a natural prediction of halo quench-
ing (Dekel & Birnboim 2006; Cattaneo et al. 2008), where more-
massive haloes tend to cross the threshold mass for virial shock
heating earlier. In turn, a lower mass threshold for the onset of star
formation helps the massive galaxies form stars early, which by
itself leads to downsizing (Neistein, van den Bosch & Dekel 2006;
Bouché et al. 2010; Krumholz & Dekel 2012).

Secondly, there is a natural downsizing in the conditions for
VDI, which could translate to downsizing in the formation of blue
nuggets and then red nuggets. The Toomre Q-parameter tends to
be lower for less-massive galaxies, e.g., because of the higher cold
gas fraction that is maintained in low-mass galaxies to lower red-
shifts (e.g. Kannappan 2004; Tacconi et al. 2013). This could be a
natural result of stronger non-ejective feedback in low-mass galax-
ies (Krumholz & Dekel 2012). Another reason for quenching in
more-massive galaxies is the more efficient growth of bulge-to-disc
ratio in more-massive galaxies, leading to earlier morphological
quenching (Martig et al. 2009).

4.5 Preliminary comparison to observations

Evidence for the dominance of a fast quenching mode at high red-
shifts is provided by the rather rapid appearance of the red sequence
during a period shorter than ∼0.7 Gyr between z ∼ 2.8 and 2.2
(Barro et al. 2013a, fig. 2). An observational indication for the pres-
ence of a minor fast mode of quenching at low redshifts is found
in green-valley SDSS galaxies in transition from blue to red (Yesuf
et al. in preparation). A small fraction of the green-valley galaxies
are identified as post-starburst galaxies, which implies that they are
quenching rather rapidly, while the rest are quenching more slowly.
Indeed, these fast-mode galaxies tend to be of higher surface density
and lower halo mass.

An intrinsic difficulty in detecting the fast mode of evolution
arises from the fact that the blue-nugget phase with high SFR may be
rather short, implying a low observable abundance of blue nuggets.
The abundance is expected to be low even if a significant fraction
of the star-forming galaxies have shrunk to blue nuggets and most
of the red nuggets have passed through this phase, as expected at
high redshift. Detecting such galaxies on the blue side of the green
valley as post-starburst galaxies may be more feasible.

Studies of the global shapes of z ∼ 2 red nuggets indicate that
they tend to be flattened spheroids, sometimes characterized as
‘disc like’ or ‘disc dominated’ (van der Wel et al. 2011; Chang
et al. 2013). This is consistent with the idea that the progenitor blue
nuggets formed by VDI-driven inflow from rotating discs, and that
the subsequent quenching was not associated with a dramatic event
that is likely to change the global shape, like a major merger.

5 C O N C L U S I O N A N D D I S C U S S I O N

Given that the high-redshift compact ellipticals are likely to have
formed by dissipative gas inflow towards the galaxy centre, we in-
vestigated the likely main channel for this process at high redshift –
the gas contraction naturally associated with VDI. Fig. 2 schemati-
cally illustrates the main components of the proposed scenario.

Our main conclusions are as follows.

(i) Given a disc in a VDI phase, a necessary condition for wet
inflow is that the time-scale for star formation is longer than the time-
scale for inflow, namely that the wetness parameter, w = tsfr/tinf, is
larger than unity.

(ii) This condition is fulfilled once the cold-to-total mass ratio
within the disc radius is above a threshold value δw=1 " 0.28.
This happens to be comparable to the value obtained by discs in a
cosmological steady state.

(iii) For a cold-to-baryonic mass ratio fc ∼ 0.5, and a baryonic
fraction within the virial radius of md ∼ 0.05, both being approxi-
mately valid at z ∼ 2, the threshold at w = 1 corresponds to a spin
parameter of λw=1 " 0.05, which is near the average spin parame-
ter for haloes. Given the lognormal distribution of spin parameters
(Bullock et al. 2001), this implies that about one half of the star-
forming galaxies are expected to contract to blue nuggets, while the
rest form extended stellar discs.

(iv) Blue nuggets are expected to be much less frequent at low
redshifts, both relative to the diffuse star-forming galaxies and the
quenched galaxies.

(v) The star-forming galaxies at high z are expected to show a
corresponding bimodality in effective stellar surface density about
a value #s ∼ 109 M# kpc−2. This critical value is expected to be
weakly increasing with mass.

Figure 2. A schematic diagram illustrating the scenario addressed in this pa-
per. The fast mode, likely dominant at high redshift, involves VDI-driven wet
gas contraction of the denser high-redshift discs into compact, gaseous, star-
forming blue nuggets, followed by quenching into compact, passive, stellar
red nuggets. The blue-nugget compactness triggers the quenching by inter-
nal processes including stellar and AGN feedback and Q-quenching, to be
maintained by hot-halo quenching. The red nuggets eventually decompactify
by dry mergers into the low-z spheroids. A slower mode, potentially domi-
nant at low redshift, may involve medium-wetness discs that contract slowly
and possibly quench by halo only, without passing through a blue-nugget
phase. High-angular-momentum galaxies form extended stellar-dominated
discs (not illustrated here).
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Figure 6. Schematic view of a two path (early/late track) formation scenario
for QGs. The arrows indicate the time evolution and quenching sequence,
the black contour shows the galaxy distribution at low redshift. On the early
track, a small fraction of the massive SFGs at z = 2–3 evolve (e.g., through
gas-rich dissipational processes) to a compact starbursting remnant. Then, the
star formation is quenched in !1 Gyr (by gas exhaustion or stellar and AGN
feedback), and galaxies fade into cQGs. Once in the red sequence, cQGs grow
envelopes, over longer timescales, depopulating the compact region by z ∼ 1.
Simultaneously, at z ! 2, other mechanisms have already started to populate
the red-sequence with normal-sized, non-compact QGs (formed by, e.g., secular
processes, halo quenching, or gas-poor mergers).
(A color version of this figure is available in the online journal.)

the first generation of red sequence galaxies and consists almost
exclusively of compact QGs. Along this track, cQGs are only
actively forming down to z ∼ 2, because, at lower redshifts, the
formation mechanisms for new cSFGs (and consequently new
cQGs) quickly become inefficient. If cSFGs are the remnants
of gas-rich dissipational processes, a possible explanation for
the truncation of this track could be the decline with time
in galaxy gas content (and gas accretion), thereby reducing
the efficiency of these events to produce compact spheroids
(Springel & Hernquist 2005; Robertson et al. 2006). In that
case, the track would be most efficient at z ! 2, where SFGs
are found to have larger gas reservoirs (Tacconi et al. 2010;
Genzel et al. 2010; Daddi et al. 2010a), that allow some of them
to sustain high-efficiency star formation modes (Daddi et al.
2010b; Rodighiero et al. 2011; Sargent et al. 2012; Kartaltepe
et al. 2012). A rapidly grown central cusp will eventually quench
star formation on timescales of ∼1 Gyr. This quenching is most
likely due to a combination of gas consumption and highly
efficient star formation or AGN feedback (Di Matteo et al. 2005;
Hopkins et al. 2008). If, indeed, rapid flow of cold gas is the main
driver of the early track, it can also be the triggering mechanism
for rapidly growing (luminous) AGNs in cSFGs. If so, a link
is provided between the peak epoch of cSFGs formation and
quasar activity (Aird et al. 2010). These results also suggest
the early build up of the σ–MBH (black hole) correlation (e.g.,
Ferrarese & Merritt 2000), which has been shown to be in place
at least up to z ∼ 2 (Cisternas et al. 2011; Mullaney et al. 2012).

In the late track, at z < 2, cSFGs are not formed in large
numbers and, therefore, new quiescent galaxies must form upon
quenching of more extended SFGs with lower mass densities
(Σ1.5 < 10.5). As a result, the quiescent population at these

redshifts constitute a mixture of (1) compact spheroids (Cassata
et al. 2011; Szomoru et al. 2012), formed along the early track,
and that are continuously growing inside-out (van Dokkum et al.
2010; Patel et al. 2012), e.g., by minor mergers (Naab et al.
2009; Hilz et al. 2012), and thereby becoming progressively
less compact; (2) extended galaxies, including a significant
population of passive disks (van der Wel et al. 2011; Bruce
et al. 2012). The fading of star-forming disks appears to be
a key transitioning stage responsible for many of the new
additions to the red sequence at low redshifts (Scarlata et al.
2007; Ilbert et al. 2010; Mendez et al. 2011), particularly at the
low mass end (Bundy et al. 2010). This disk fading suggests
that the importance of strongly dissipational processes diminish
with time, perhaps due to the decreasing amount gas in the
halo reservoir. As a consequence, other quenching mechanisms
that partially preserve the structural properties of the galaxies
become more important. Some possibilities include the build up
of a large central density (bulge) that could stop star formation
either by stabilizing the disk, preventing further fragmentation
of the gas (morphological quenching; Martig et al. 2009) or
by secular processes, causing gas to migrate from the disk to
the center (Kormendy & Kennicutt 2004); stellar and AGN
feedback removing the gas after virial shock heating shuts
down accretion from the halo (halo quenching; Birnboim &
Dekel 2003; Cattaneo et al. 2006; Gabor & Davé 2012); less
gas-rich mergers or dynamical instabilities, where a new disk
component can be rebuilt before quenching completes (Hopkins
et al. 2009b; Governato et al. 2009; Naab & Trujillo 2006).

Regardless of the mechanisms, recent works indicate that
quiescence correlates best with Σ, velocity dispersion or Sérsic
index than with stellar mass or color (Bell et al. 2012; Wake
et al. 2012; Bezanson et al. 2012), suggesting that quenching of
the star formation, at any redshift, involves some transformation
of the internal structure of the galaxy toward more concentrated
mass profiles. In fact, the build up of a central mass has been
shown to be tightly connected with quenching in the local
universe (Bell 2008; Masters et al. 2010) as well as at higher
redshifts (Franx et al. 2008; Cheung et al. 2012). In this regard,
both the early and late tracks on the Σ–sSFR plane might be
the result of a similar central mass build up taking place under
different gas abundances or gas feeding modes.
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by NASA through a grant from the Space Telescope Science
Institute, which is operated by the Association of Universities
for Research in Astronomy, Incorporated, under NASA contract
NAS5-26555. G.B. acknowledges support from NSF grant
AST-08-08133. P.G.P.-G. acknowledges support from grant
AYA2009-07723-E.

APPENDIX A

SELECTION OF COMPACT GALAXIES IN THE
MASS–SIZE DIAGRAM

In this Appendix, we address the robustness of the selection
criteria for compact galaxies. As described in Section 2, compact
galaxies are selected using a pseudo surface density threshold,
Σ1.5 ≡ log(M/rα

e ) = 10.3 M# kpc−α , with α = 1.5. The inverse
value of α is the slope of the mass–size relation, described as
re = γMα−1

, where γ is the mass-normalized radius or zero
point of the mass–size relation. The values of α and Σ1.5 are
chosen to include the bulk of the quiescent population at z > 1.5.
However, Figure 2 illustrates how this criterion also identifies
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1. fast/early-track: extended clumpy disks → blue/red nuggets → massive QGs
2. slow/late-track: extended clumpy disks → massive disks → massive QGs
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sample number

50-100

500-1000

wide-field imager
→ statistical study of nuggets
IFU
→ statistical study of population before nugget phase

Next agenda

what are we to do by using ULTIMATE-Subaru?
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Figure 17. Velocity fields for 30 of the 62 galaxies of the SINS Hα sample. The velocity fields correspond to that derived from the Hα line emission as described in
Section 5.1 (the exception is K20–ID5 for which it was obtained from the [O iii] λ 5007 line instead). The color coding is such that blue to red colors correspond to the
blueshifted to redshifted line emission with respect to the systemic velocity. The minimum and maximum relative velocities are labeled for each galaxy (in km s−1).
All sources are shown on the same angular scale; the white bars correspond to 1′′, or about 8 kpc at z = 2. The galaxies are approximately sorted from left to right
according to whether their kinematics are rotation-dominated or dispersion-dominated, and from top to bottom according to whether they are disk-like or merger-like
as quantified by our kinemetry (Shapiro et al. 2008). Galaxies observed with the aid of adaptive optics (both at the 50 and 125 mas pixel−1 scales) are indicated by the
yellow rounded rectangles.
(A color version of this figure is available in the online journal.)

technique developed by the SAURON team for analysis of local
galaxies (Krajnović et al. 2006) to applications for high-redshift
studies. It provides a measure of the degree of asymmetry
in the observed velocity and velocity dispersion maps, where
the lower (higher) the asymmetry, the more disk-like (merger-
like) the object. Of the first 11 SINS galaxies classified by
kinemetry, eight are disks and three are mergers (see Shapiro
et al. 2008). This initial set has now been expanded to include the
analysis of four additional sources, two of which are classified as
disk-like and two as merger-like. The kinemetric classification is
reported in Table 9. The resulting fractions of disk- and merger-
like systems is thus 2/3 and 1/3, respectively. The uncertainties
of our method are discussed by Shapiro et al. (2008), to which
we refer for details. Based on these, we expect to correctly
classify ∼89% of disks and ∼80% of mergers, implying that
∼1 of the 10 disks may be misclassified as merger, and ∼1 of
the five mergers may be misclassified as disk.

For the more compact objects or for data sets with lower
S/N, kinemetry is too uncertain or impossible. In those cases,
we sorted the galaxies based on a qualitative assessment of the

asymmetry in the velocity field and dispersion map (essentially,
the same criteria as for our quantitative kinemetry). We find in
this way similar fractions of ∼2/3 of the objects that appear
to have Hα kinematics consistent with rotation in a single
disk, and ∼1/3 with asymmetric or irregular Hα kinematics
suggestive of a merger. We note that for the 15 objects classified
quantitatively, our kinemetry confirmed in all cases our prior
qualitative assessment (see Förster Schreiber et al. 2006a;
Genzel et al. 2006, 2008; Shapiro et al. 2008). As noted in
Section 2, the SINS Hα sample includes three pairs of galaxies at
approximately the same redshift and with projected separations
of ≈ 15–30 kpc. The individual components can in principle be
counted and inspected separately (see Section 9.4) or taken as
three merging systems, but this has little consequences on our
overall classification.

Another important characteristic of galaxies is the amount of
dynamical support provided by rotational/orbital motions and
by turbulent/random motions. Ideally, the distinction between
“rotation-dominated” and “dispersion-dominated” kinematics
would rely on detailed and accurate dynamical modeling, from

gas inflow is efficient? 
candidates of nuggets?

why is dispersion 
dominated?



rotation-dominated

dispersion-dominated

blue nugget

red nugget

Blue nuggets by VDI 1877

L-shape track. The halo masses are expected to be somewhat more
massive on the slow-mode track.

Galaxies with w < 1 would form stars in a disc over on a long
time-scale, leaving behind an extended disc. They may remain star
forming, like the Milky Way, or eventually quench by the halo when
it is sufficiency massive.

4.4 Downsizing in quenching

While the above analysis of the consequences of wetness does not
seem to explicitly predict that more-massive galaxies are quenched
earlier, there are several other mechanisms that naturally lead to
downsizing of quenching (also mentioned in Bournaud et al. 2011b),
which we should briefly discuss here for completeness.

First, such a downsizing is a natural prediction of halo quench-
ing (Dekel & Birnboim 2006; Cattaneo et al. 2008), where more-
massive haloes tend to cross the threshold mass for virial shock
heating earlier. In turn, a lower mass threshold for the onset of star
formation helps the massive galaxies form stars early, which by
itself leads to downsizing (Neistein, van den Bosch & Dekel 2006;
Bouché et al. 2010; Krumholz & Dekel 2012).

Secondly, there is a natural downsizing in the conditions for
VDI, which could translate to downsizing in the formation of blue
nuggets and then red nuggets. The Toomre Q-parameter tends to
be lower for less-massive galaxies, e.g., because of the higher cold
gas fraction that is maintained in low-mass galaxies to lower red-
shifts (e.g. Kannappan 2004; Tacconi et al. 2013). This could be a
natural result of stronger non-ejective feedback in low-mass galax-
ies (Krumholz & Dekel 2012). Another reason for quenching in
more-massive galaxies is the more efficient growth of bulge-to-disc
ratio in more-massive galaxies, leading to earlier morphological
quenching (Martig et al. 2009).

4.5 Preliminary comparison to observations

Evidence for the dominance of a fast quenching mode at high red-
shifts is provided by the rather rapid appearance of the red sequence
during a period shorter than ∼0.7 Gyr between z ∼ 2.8 and 2.2
(Barro et al. 2013a, fig. 2). An observational indication for the pres-
ence of a minor fast mode of quenching at low redshifts is found
in green-valley SDSS galaxies in transition from blue to red (Yesuf
et al. in preparation). A small fraction of the green-valley galaxies
are identified as post-starburst galaxies, which implies that they are
quenching rather rapidly, while the rest are quenching more slowly.
Indeed, these fast-mode galaxies tend to be of higher surface density
and lower halo mass.

An intrinsic difficulty in detecting the fast mode of evolution
arises from the fact that the blue-nugget phase with high SFR may be
rather short, implying a low observable abundance of blue nuggets.
The abundance is expected to be low even if a significant fraction
of the star-forming galaxies have shrunk to blue nuggets and most
of the red nuggets have passed through this phase, as expected at
high redshift. Detecting such galaxies on the blue side of the green
valley as post-starburst galaxies may be more feasible.

Studies of the global shapes of z ∼ 2 red nuggets indicate that
they tend to be flattened spheroids, sometimes characterized as
‘disc like’ or ‘disc dominated’ (van der Wel et al. 2011; Chang
et al. 2013). This is consistent with the idea that the progenitor blue
nuggets formed by VDI-driven inflow from rotating discs, and that
the subsequent quenching was not associated with a dramatic event
that is likely to change the global shape, like a major merger.

5 C O N C L U S I O N A N D D I S C U S S I O N

Given that the high-redshift compact ellipticals are likely to have
formed by dissipative gas inflow towards the galaxy centre, we in-
vestigated the likely main channel for this process at high redshift –
the gas contraction naturally associated with VDI. Fig. 2 schemati-
cally illustrates the main components of the proposed scenario.

Our main conclusions are as follows.

(i) Given a disc in a VDI phase, a necessary condition for wet
inflow is that the time-scale for star formation is longer than the time-
scale for inflow, namely that the wetness parameter, w = tsfr/tinf, is
larger than unity.

(ii) This condition is fulfilled once the cold-to-total mass ratio
within the disc radius is above a threshold value δw=1 " 0.28.
This happens to be comparable to the value obtained by discs in a
cosmological steady state.

(iii) For a cold-to-baryonic mass ratio fc ∼ 0.5, and a baryonic
fraction within the virial radius of md ∼ 0.05, both being approxi-
mately valid at z ∼ 2, the threshold at w = 1 corresponds to a spin
parameter of λw=1 " 0.05, which is near the average spin parame-
ter for haloes. Given the lognormal distribution of spin parameters
(Bullock et al. 2001), this implies that about one half of the star-
forming galaxies are expected to contract to blue nuggets, while the
rest form extended stellar discs.

(iv) Blue nuggets are expected to be much less frequent at low
redshifts, both relative to the diffuse star-forming galaxies and the
quenched galaxies.

(v) The star-forming galaxies at high z are expected to show a
corresponding bimodality in effective stellar surface density about
a value #s ∼ 109 M# kpc−2. This critical value is expected to be
weakly increasing with mass.

Figure 2. A schematic diagram illustrating the scenario addressed in this pa-
per. The fast mode, likely dominant at high redshift, involves VDI-driven wet
gas contraction of the denser high-redshift discs into compact, gaseous, star-
forming blue nuggets, followed by quenching into compact, passive, stellar
red nuggets. The blue-nugget compactness triggers the quenching by inter-
nal processes including stellar and AGN feedback and Q-quenching, to be
maintained by hot-halo quenching. The red nuggets eventually decompactify
by dry mergers into the low-z spheroids. A slower mode, potentially domi-
nant at low redshift, may involve medium-wetness discs that contract slowly
and possibly quench by halo only, without passing through a blue-nugget
phase. High-angular-momentum galaxies form extended stellar-dominated
discs (not illustrated here).
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Beam smearing effect

The Astrophysical Journal, 767:104 (13pp), 2013 April 20 Newman et al.

Figure 3. Top row, left to right: HST WFC3 (Law et al. 2012b) image, seeing-limited velocity field, and AO velocity field. Bottom row, left to right: Hα AO image,
seeing-limited velocity dispersion field, and AO velocity dispersion field of Q1623-BX455 (Förster Schreiber et al. 2009). Much of the rotation apparent from the AO
velocity field is beam-smeared out with the seeing-limited data.
(A color version of this figure is available in the online journal.)

Figure 4. Top row, left to right: HST ACS I-band image, seeing-limited velocity field, and AO velocity field. Bottom row, left to right: Hα AO image, seeing-limited
velocity dispersion field, and AO velocity dispersion field of GMASS-2363 (Förster Schreiber et al. 2009).
(A color version of this figure is available in the online journal.)

size (smaller galaxies are more likely dispersion dominated),
although they are not perfectly matched. But as we see from
the first two panels, this classification also depends on the ratio
of resolution to source size, such that poorly resolved galaxies
are very likely classified as dispersion dominated. Given the
criteria above, formally 41% of the 34 SINS/zC-SINF galaxies
are classified as dispersion dominated based on seeing-limited
data. That fraction drops to 6%–9% for the same galaxies using
AO data. If we include 1σ error bars, up to 59% of the galaxies
could be classified as dispersion dominated with seeing-limited
data and less than 35% with AO data.

In turn, the strong majority of the SINS/zC-SINF SFGs
observed with AO can then be characterized by a velocity
gradient along a single axis that is identical with or close to the

morphological major axis. This suggests that rotation dominates
the larger scale velocity field, although the observed pattern
could also be matched by orbital motion in a binary minor
merger in a few cases. However, we do not detect symmetric
double light distributions or velocity reversals in any of the SFGs
in our sample, which would be indicative of a major merger.

The empirical assessment drawn from Figure 5 is supported
by creating simple toy models of turbulent but rotationally
supported disks with intrinsic vrot/σ0 ∼ 1–5. We “observe”
model disks with varying sizes, masses, and inclinations with
seeing and AO scale resolutions and analyze them in the same
way as our SINS/zC-SINF data. Their location in the empirical
∆vgrad/2σtot–R1/2 and vrot/σ0–R1/2 planes overlaps with the
majority of the data. A fraction of the model disks indeed
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velocity dispersion
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KMOS GTO programs (only high-z)

- KMOS3D (PI: Förster Schreiber)
- KMOS Kinematic Survey (PI: Sharples)
- KMOS Deep Survey (PI: Cirasuolo)
- KMOS clusters program (PI: Bender/Davies)
- VIRIAL (PI: Mendel)
and so on.

to my knowledge...

star-forming

passive

KMOS ULTIMATE
with GLAO

SINFONI
with AO

spatial resolution ~0.6″ ? 0.1-0.2″

multiplicity 24 ? 1

sample size of large survey 500-1000 ? 30-40

IFU observations



3D-HST sample in CANDELS field
IFU observations

Selection N (Total) in five 
CANDELS field N/13.6′FoV

0.7 < z < 1.5, 
logM* > 10 3115 galaxies ~300

FHα > 8e-17 636 galaxies 60-80

FHα > 8e-17

Wuyts et al. 2013

If we target mass-complete sample,
52 are reasonable.

If we target only SFGs with strong Hα emission,
26 or 52 bundles are reasonable.

Note that these are targets of KMOS3D project.
KMOS: FHα > 8e-17
ULTIMATE-Subaru: FHα > 4e-17?
It depends on the capability of ULTIMATE-Subaru.



The Astrophysical Journal Letters, 771:L35 (7pp), 2013 July 10 van Dokkum et al.

Figure 1. (a) Stellar mass density of the universe as a function of galaxy mass, as determined from the SDSS-GALEX z = 0.1 mass function of Moustakas et al.
(2013). (b) Evolution of the cumulative galaxy mass function from z = 0.1 to z = 3.5 (SDSS-GALEX and Marchesini et al. 2009). The horizontal line indicates a
constant cumulative comoving number density of 1.1 × 10−3 Mpc−3. (c) Mass evolution at a constant number density of 1.1 × 10−3 Mpc−3.
(A color version of this figure is available in the online journal.)

galaxies at high redshift that have the same rank order as the
Milky Way does at z = 0. The implicit assumption is that rank
order is conserved through cosmic time, or that processes that
break the rank order do not have a strong effect on the average
measured properties. As shown in Leja et al. (2013), the method
recovers the true mass evolution of galaxies remarkably well in
simulations that include merging, quenching, and scatter in the
growth rates of galaxies.

The present-day stellar mass of the Milky Way is approxi-
mately 5 × 1010 M# (Flynn et al. 2006; McMillan 2011). Using
the SDSS-GALEX stellar galaxy mass function of Moustakas
et al. (2013), we find that galaxies with masses > 5 × 1010 M#
have a number density of 1.1 × 10−3 Mpc−3. We then trace
the progenitors of these galaxies by identifying, at each red-
shift, the mass for which the cumulative number density is
1.1 × 10−3 Mpc−3 (see Figure 1(b)). We used the Marchesini
et al. (2009) mass functions as they are complete in the relevant
mass and redshift range; we verified that the results are similar
when other mass functions are used (Ilbert et al. 2013; Muzzin
et al. 2013).

The stellar mass evolution for galaxies with the rank order
of the Milky Way is shown in Figure 1(c). The evolution is
rapid from z ∼ 2.5 to z ∼ 1 and relatively slow afterward. We
therefore approximate the evolution with a quadratic function

of the form

log(MMW) = 10.7 − 0.045z − 0.13z2. (1)

Based on the variation between mass functions of different
authors, and the results of Leja et al. (2013), we estimate that
the uncertainty in the evolution out to z ∼ 2.5 is approximately
0.2 dex.11 More than half of the present-day mass was assembled
in the 3 Gyr period between z = 2.5 and z = 1, and as we show
later the mass growth is likely dominated by star formation at
all redshifts. The mass evolution is significantly faster than that
of more massive galaxies (van Dokkum et al. 2010; Patel et al.
2013), consistent with recent results of Muzzin et al. (2013).

3. MILKY WAY PROGENITORS FROM z = 0 TO z = 2.5

3.1. Rest-frame Images

Having determined the stellar mass evolution with redshift,
we can now select galaxies in mass bins centered on this
evolving mass and study how their properties changed. We
selected galaxies in GOODS-North and GOODS-South as

11 We verified that changing the evolution does not affect the key results of
this Letter.
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M*=2×1010 Msun at z~1.5

progenitors of Milky Way-like galaxies

IFU observations

Progenitors of Milky way-like galaxies
massive QGs?Milky Way-like?



1. update the bottom panel for targeting the mass-complete sample
2. investigate the properties (σ, Vrot, Q) in multi-parameter spaces 
(stellar/dynamical mass, SFR, redshift, environment...)
3. provide a comprehensive view of the formation scenario of massive galaxies

Summary

straightforward strategy with ULTIMATE-Subaru
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Figure 17. Velocity fields for 30 of the 62 galaxies of the SINS Hα sample. The velocity fields correspond to that derived from the Hα line emission as described in
Section 5.1 (the exception is K20–ID5 for which it was obtained from the [O iii] λ 5007 line instead). The color coding is such that blue to red colors correspond to the
blueshifted to redshifted line emission with respect to the systemic velocity. The minimum and maximum relative velocities are labeled for each galaxy (in km s−1).
All sources are shown on the same angular scale; the white bars correspond to 1′′, or about 8 kpc at z = 2. The galaxies are approximately sorted from left to right
according to whether their kinematics are rotation-dominated or dispersion-dominated, and from top to bottom according to whether they are disk-like or merger-like
as quantified by our kinemetry (Shapiro et al. 2008). Galaxies observed with the aid of adaptive optics (both at the 50 and 125 mas pixel−1 scales) are indicated by the
yellow rounded rectangles.
(A color version of this figure is available in the online journal.)

technique developed by the SAURON team for analysis of local
galaxies (Krajnović et al. 2006) to applications for high-redshift
studies. It provides a measure of the degree of asymmetry
in the observed velocity and velocity dispersion maps, where
the lower (higher) the asymmetry, the more disk-like (merger-
like) the object. Of the first 11 SINS galaxies classified by
kinemetry, eight are disks and three are mergers (see Shapiro
et al. 2008). This initial set has now been expanded to include the
analysis of four additional sources, two of which are classified as
disk-like and two as merger-like. The kinemetric classification is
reported in Table 9. The resulting fractions of disk- and merger-
like systems is thus 2/3 and 1/3, respectively. The uncertainties
of our method are discussed by Shapiro et al. (2008), to which
we refer for details. Based on these, we expect to correctly
classify ∼89% of disks and ∼80% of mergers, implying that
∼1 of the 10 disks may be misclassified as merger, and ∼1 of
the five mergers may be misclassified as disk.

For the more compact objects or for data sets with lower
S/N, kinemetry is too uncertain or impossible. In those cases,
we sorted the galaxies based on a qualitative assessment of the

asymmetry in the velocity field and dispersion map (essentially,
the same criteria as for our quantitative kinemetry). We find in
this way similar fractions of ∼2/3 of the objects that appear
to have Hα kinematics consistent with rotation in a single
disk, and ∼1/3 with asymmetric or irregular Hα kinematics
suggestive of a merger. We note that for the 15 objects classified
quantitatively, our kinemetry confirmed in all cases our prior
qualitative assessment (see Förster Schreiber et al. 2006a;
Genzel et al. 2006, 2008; Shapiro et al. 2008). As noted in
Section 2, the SINS Hα sample includes three pairs of galaxies at
approximately the same redshift and with projected separations
of ≈ 15–30 kpc. The individual components can in principle be
counted and inspected separately (see Section 9.4) or taken as
three merging systems, but this has little consequences on our
overall classification.

Another important characteristic of galaxies is the amount of
dynamical support provided by rotational/orbital motions and
by turbulent/random motions. Ideally, the distinction between
“rotation-dominated” and “dispersion-dominated” kinematics
would rely on detailed and accurate dynamical modeling, from



My answers about specifications

- sampling, sensitivity and resolution
we want to obtain kinematic information from galaxies with Fline=(4-8)e-17 and source 
size of 0.5″-1.5″
- multiplicity
26 or 52
- uniqueness
I’m not sure...

←SFGs at z~1.5 
(Sobral et al. 2013)
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