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銀河内分子ガス

銀河形成/進化の理解には
分子ガスの研究が不可欠

gas rich

円盤銀河

=

銀河進化
ガスから星への転換史

分子ガス = 星形成の母体
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Scientific Motivation

- ガスの割合の進化 fmol-gas(z,M★) = MH2/(MH2+M★)

- 円盤の分布 (ガスの面密度プロファイル)
ガス円盤の内部構造の進化

銀河のガス獲得/消費の歴史

- 円盤の力学状態

- 星形成効率 SFE(z,M★) = SFR/MH2

・QToomre（stable/unstable）
・Vrot, σV → Vrot/σV（thin/thick disk）
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近傍銀河の分子ガス観測
COLD GASS：Saintonge et al. (2011)

fmol-gas 2-16 %

・IRAM 30m
・M★ = 1010-1011.5Msun 350天体
・z = 0.02-0.05
・SDSS, Arecibo(HI) survey領域

(only for detected)

The JCMT Nearby Galaxies Legacy Survey – IV 1415

Figure 3. Observed CO J = 3–2 velocity dispersion as a function of radius normalized by r25. These velocity dispersions have not been corrected for any
contribution from the internal velocity dispersion of individual GMCs (see the text). Where appropriate, the central region excluded from calculating the
disc-averaged velocity dispersion is indicated by the dashed line.

Figure 4. Observed CO J = 3–2 velocity dispersion as a function of radius
normalized by r25, showing nine galaxies on a single plot. Data points with
r < 2.65 kpc are not plotted for the six galaxies with central peaks in the
velocity dispersion.

molecular gas is on average approximately two times smaller than
the dispersion in the atomic gas.

3.1 The effect of cloud internal velocity dispersions

The low values measured for the velocity dispersion, particularly
for NGC 628 and 3938, lead us to consider the effect of in-

ternal velocity dispersions of individual GMCs on the observed
velocity dispersion. A second complicating effect, that of an
anisotropy between the vertical and in-plane motions of the GMCs,
would be expected to produce a correlation of velocity disper-
sion with inclination, which is not seen in our data (Fig. B1).
Nevertheless, we discuss the potential magnitude of this effect in
Appendix B.

Individual GMCs have internal velocity dispersions that are sub-
stantially larger than the thermal linewidths expected for gas with
physical temperatures of 10–30 K. In the study of Solomon et al.
(1987), individual GMCs show internal velocity dispersions ranging
from 1 to 8 km s−1. These internal velocity dispersions are obtained
from an intensity-weighted measure of the dispersion in radial ve-
locity within a single cloud and thus are directly comparable (in
technique) to the intensity-weighted dispersions averaged over the
galactic disc presented here. What we need is an estimate of the
contribution of the internal velocity dispersions of an ensemble of
GMCs with a range of masses to the observed velocity dispersion in
the disc. With this value, it is easy to show that the observed velocity
dispersion, σ v, is given by σ 2

v = σ 2
c-c + σ 2

int, where σ int is the mass-
weighted average internal velocity dispersion for our ensemble of
clouds and σc-c is the value we are interested in measuring, that is,
the cloud–cloud velocity dispersion.

It is well known that the cloud internal velocity dispersion, σ int,
relates to the cloud mass as M ∝ σ 4

int, as first proposed by Hen-
riksen & Turner (1984). Observationally, Solomon et al. (1987)
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144 N. Kuno et al. [Vol. 59,

Fig. 24. Same as figure 2 but for NGC 4501. The contour levels of the CO integrated intensity map are 4 ! (1, 2, 3, 4, 6, 8) K km s"1. The contour levels
of the velocity field are from 2030 to 2470 km s"1 with an interval of 40 km s"1. The contour levels of the position–velocity diagram are 0.07 ! (1, 2, 3,
4) K. Onodera et al. (2004) shows that spiral arms continue to the center. Our CO velocity field shows a large-scale distortion. The HI velocity field also
shows the same distortion (Cayatte et al. 1990). Since HI shows a highly asymmetric distribution caused by compression by the intergalactic medium,
the distortion may also be due to this compression.
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Fig. 24. Same as figure 2 but for NGC 4501. The contour levels of the CO integrated intensity map are 4 ! (1, 2, 3, 4, 6, 8) K km s"1. The contour levels
of the velocity field are from 2030 to 2470 km s"1 with an interval of 40 km s"1. The contour levels of the position–velocity diagram are 0.07 ! (1, 2, 3,
4) K. Onodera et al. (2004) shows that spiral arms continue to the center. Our CO velocity field shows a large-scale distortion. The HI velocity field also
shows the same distortion (Cayatte et al. 1990). Since HI shows a highly asymmetric distribution caused by compression by the intergalactic medium,
the distortion may also be due to this compression.
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Fig. 1d. NGC 4414. The contour interval is T ∗
A = 25mK and the lowest level is T ∗

A = 30mK.

 
   

 

Fig. 1e. NGC 4501. The contour interval is T ∗
A = 30mK and the lowest level is T ∗

A = 40mK.

 
   

 

Fig. 1f. NGC 4736. The contour interval is T ∗
A = 30mK and the lowest level is T ∗

A = 30mK.
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Fig. 1f. NGC 4736. The contour interval is T ∗
A = 30mK and the lowest level is T ∗

A = 30mK.
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Wuyts et al. (2011)

Main-Sequence Galaxies

The Astrophysical Journal, 742:96 (20pp), 2011 December 1 Wuyts et al.

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

Table 1
Overview Deep Lookback Surveys

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

c

(deg2) (AB mag, 5σ ) (AB mag)

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

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

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

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

3. RESULTS ON GALAXY STRUCTURE

3.1. Profile Shape

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

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

Below the structural MS, a cloud of galaxies with cuspy, near
de Vaucouleurs (n ≈ 4) profiles is visible. This population of
massive quiescent galaxies is present at all observed epochs. Our
first and foremost conclusion from Figure 1 is therefore that
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Sersic Index
Daddi et al. (2007)

nSersic = 1-2
(for z = 0-2.5)

MS ≒ 円盤銀河

the bin using the radio, averaging together radio detections and
nondetections. The green squares in Figure 17 show that the star
formation results from the stacked radio emission agree very well
with the relation that we derive from the UV light. This check
is important because it is based on an indicator that should, in
principle, be more solid than UV, and also because it allows us to
include many of the massive galaxies for which UV SFR could
not be estimated due to their faintness in the optical bands.

Due to the substantial presence of mid-IR excess objects at
z ! 2, we do not expect that this relation can be accurately re-
covered using the 24!mYinferred SFRs.This explainswhyCaputi
et al. (2006a) find a much looser correlation between SFR and
masses for z ¼ 2 galaxies. If we use 24 !mYinferred SFRs only
for those galaxies where this quantity is within a factor of 3 of
the UVone (the mid-IR normal objects), we obtain an SFR-mass
correlation fully consistent with that based on UV (Fig. 17b).

The z ¼ 2 correlation appears to have a slope similar to that at
lower redshifts. Instead, the normalization at z ¼ 2 is a factor of
3.7 larger than that at z ¼ 1, and 27 times larger than at z ¼ 0
(Elbaz et al. 2007; Noeske et al. 2007). At fixed stellar mass,
star-forming galaxies were much more active on average in the
past. This is most likely due to a larger abundance of gas, de-
pleted with passing of time.

The inferred correlation is quite tight, with a semi-interquartile
range of only 0.16 dex in the dispersion of specific SFRs. We
caution that, having used mainly the UVas an SFR estimator, we
cannot reliably rule out the presence of a larger number of out-
liers at low stellar masses, for which we might strongly under-
estimate the SFR from the UV. These cannot be reliably identified
to meaningful depths with radio data (due to the flux density lim-
its of current observations), nor at 24 !m (due to the existence of
mid-IR excess sources). We will have to wait for Herschel and
ALMA to address this issue accurately.

Submillimeter-selected galaxies are strong outliers to this trend,
however. Tacconi et al. (2006) estimate that SMGs in their sample
have typically LIR ¼ 1013 L# and dynamical masses P1011 M#
(for similar results see also Greve et al. 2005). For a given stellar
mass (assuming that most of the dynamical mass in the central
regions of SMGs is stellar), SMGs are forming stars at a 10 times

or larger rate with respect to ordinarymassive star-forming galax-
ies. Their space density is also approximately an order of mag-
nitude smaller. SMGs at z ¼ 2 appear to be like LIRGs and
ULIRGs at z ¼ 0, i.e., relatively rare objects and outliers of the
mass-SFR correlation (see Elbaz et al. 2007). In this regard, it
is not surprising that much shorter star formation duty cycles
and lifetimes have been inferred for SMGs and local ULIRGs
(T100 Myr; Greve et al. 2005; Solomon & Vanden Bout 2005).
These represent short-lived stages of the life of galaxies, due,
e.g., to ongoing mergers or some temporary perturbations (for
a discussion see, e.g., Dannerbauer et al. 2006). ULIRGs and
SMGs also generally have smaller physical sizes (Tacconi et al.
2006) than those of more ordinary massive, star-forming galax-
ies at z ¼ 2 (D04a; S. Ravindranath et al. 2008, in preparation),
suggesting that the SMGs are in more advanced merger states.
We have used the mock light cones fromKitzbichler &White

(2007), based on the Millennium simulations, to explore the com-
parison of mass and SFR at z ¼ 2 in these models (Fig. 18). As
emphasized already by Finlator et al. (2006), theoretical simu-
lations quite naturally predict the existence of correlations be-
tween galactic SFRs and stellar masses. However, we find that at
fixed stellar masses, themodel galaxies are forming stars at about
1
4 of the observed rate for galaxies with M $ 1011 M#. The cor-
relation is also substantially tilted, with decreasing specific SFR
at larger masses. It seems that a major change required for mod-
els would be to increase the star formation efficiency (and thus
the typical SFR) at all masses for star-forming galaxies at red-
shifts 0:8 < z < 3, while still keeping the current proportion of
massive galaxies in a passive/quiescent state. Interestingly, we
find that if we reproduce Figure 18 plotting simulated Millen-
nium galaxies at z ¼ 3 instead of z ¼ 1:9, we find that simulated
galaxies match the z ¼ 2 GOODS galaxies quite accurately, with
the same SFR versus mass normalization, slope, and with similar
scatter. This again reinforces the idea that SFR and mass growth
happen too early in the current version of the simulations.
The observedmass-SFR correlation defines amore basic dichot-

omyof galaxy properties than those based on colors, as emphasized
also by Elbaz et al. (2007). In future papers, we will investigate
other physical properties of z ¼ 2 galaxies ( like morphology) as

Fig. 17.—Stellar massYSFR correlation for z ¼ 2 star-forming galaxies in GOODS. Points are taken from the deeper GOODS-S field to K ¼ 22. We include only
24 !mYdetected galaxies: passive/quiescent galaxies are excluded from this analysis. (a) SFRs derived from UV, corrected for dust extinction. (b) The 24 !mYderived
SFRs; but we explicitly exclude all mid-IR excess galaxies. The large green squares are the result of the average SFR-mass relation in GOODS-N determined from radio
stacking of K < 20:5 galaxies in 3 mass bins. The blue line is SFR ¼ 200M 0:9

11 (M# yr%1), whereM11 is the stellar mass in units of 1011M#. The cyan solid lines are the
z ¼ 1 and 0 correlations, taken from Elbaz et al. (2007), that have a similar slope of 0.9. The cyan dashed line is a prediction for z ¼ 2 from theMillennium simulations,
based on the mock light cones of Kitzbichler & White (2007). The magenta star near the top shows the location of typical SMGs in this diagram.
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Fig. 1.—SFR vs. for 2905 galaxies in the Extended Groth Strip, in the range where the data are 180% complete; see § 2. The dotted vertical line marksM M∗ ∗
195% completeness. Filled blue circles: Combined SFRs from MIPS 24 mm and DEEP2 emission lines. Open blue circles: No 24 mm detection, blue U! B
colors, SFR from extinction-corrected emission lines. Green plus signs: Same as open blue circles, but red colors, mostly LINER/AGN candidates (§ 3).U! B
Orange downward arrows: No robust detection of f(24 mm) or emission lines; conservative SFR upper limits shown. There is a distinct sequence formed by
fiducial SF galaxies (open and filled circles); galaxies with little or no SF lie below this sequence. Red circles show the median of in mass bins oflog (SFR)
0.15 dex for MS galaxies (blue circles). Red lines include 34% of the MS galaxies above and 34% below the median of , !1 j in the case of a normallog (SFR)
distribution. Horizontal black dashed line: SFR corresponding to the 24 mm 80% completeness limit at the center of each z bin; 24 mm–detected galaxies above
the magenta dot-dashed line are LIRGs (§ 4.2).

(2005), using Chary & Elbaz (2001) SED templates; using
templates from Dale & Helou (2002) yields no significant dif-
ferences. We then add to the 24 mm–based SFR the SFR es-
timated from DEEP2 emission lines (Ha, Hb, or [O ii] l3727,
depending on z) with no extinction correction, to account for
SF from unobscured regions. This approach is similar to that
employed by Bell et al. (2005); utilizing rest-frame UV con-
tinuum SFRs (as they did) in place of emission-line fluxes
yields consistent results. Galaxies below the 24 mm detection
limit are not dominated by highly extincted SF; for these, we
use extinction-corrected SFRs from emission lines; these can
probe to roughly 10 times lower SFRs than the 24 mm data
and are slightly more sensitive at high z and cover a larger
area than GALEX data. Emission-line luminosities (as calcu-
lated in Weiner et al. 2006) were transformed to an Ha lu-
minosity using average line ratios measured from DEEP2 data
( , ; B. J. Weiner 2006, pri-Hb/Ha p 0.198 [O ii]/Ha p 0.69
vate communication) and transformed to the SFRs using the
Ha calibration of Kennicutt (1998). The DEEP2 Hb/Ha ratio
corresponds to an extinction of 1.30 mag at Ha assuming case
B recombination, which was applied to correct the emission-
line SFRs. We use fixed rather than -dependent line ratiosMH
(à la Weiner et al.), because these predict extinction-corrected
SFRs slightly in excess of the 24 mm–derived SFRs for high-
mass galaxies. Our simple but robust approach yields results
in good agreement with SFRs derived from GALEX data,
extinction-corrected based on UV spectral slopes.
For objects with both mJy and emission-line signal-f ! 6024 mm

to-noise ratio (S/N) !2, we estimate a 2 j upper limit on SFRs
from the most sensitive emission line available, by adding 2 j
to the measured uncertain SFR, or, for nondetections, to the limit
of –detectable emission-line SFRs at the galaxy’s red-S/N 1 2
shift. We again apply for extinction corrections, cer-A p 1.30Ha

tainly an overestimate since extinction is lower in more weakly
star-forming galaxies (Hopkins et al. 2001).
We have performed a suite of tests of these SF estimates,

finding that adopting different SFR tracers changes resultsmod-
erately (K. G. Noeske et al. 2007, in preparation); qualitative
results are unaffected. Random errors in our 24 mm–based SFRs
are !0.1 dex from photometry and ∼0.15 dex from scatter in
the f(24 mm) to L(IR) conversion (see Marcillac et al. 2006),
yet total random errors are expected to be 0.3–0.4 dex (see
Bell et al. 2005). For extinction-corrected emission-line SFRs,

random errors are ∼0.35 dex, including scatter about the as-
sumed mean extinction.

3. RESULTS

Figure 1 shows the SFR as a function of in four inde-M∗
pendent redshift bins. The following discussion refers only to
the stellar mass range where the sample is 195% complete,
marked by the vertical dotted lines in each redshift bin. We
identify three different categories of galaxies:
1. The majority of galaxies show clear signs of SF, either

robust 24 mm detections or, at lower , blue colors and emis-M∗
sion lines (blue symbols in Fig. 1). Quantitative HST mor-
phologies (Gini/M20: Lotz et al. 2007; CAS: Conselice 2003)
classify !25% of these galaxies as early types (E, S0, Sa), and
"90% show visual signs of SF such as blue regions and dust
lanes. Most of them lie on the “blue cloud” (e.g., Willmer et
al. 2006), although some of the massive ones are red, likely
dusty, star-forming galaxies (Bell et al. 2005). This category
(blue symbols in Fig. 1) comprises 67%(56%) of the sample
at z !(1) 0.7 in the range where the sample is complete.M∗
2. Clearly separated are galaxies without robust 24 mm

(160 mJy) or emission-line ( ) detections (orange arrowsS/N 1 2
in Fig. 1). The upper limits on their SFRs are conservatively
high (§ 2), such that the true separation between the sequence
and the other galaxies is likely larger than it appears here.
Almost all (195%) of these galaxies are on the red sequence,
and"90%(80%) at z !(1) 0.7 have early-type quantitativemor-
phologies including early-type mergers, while "90% at z 1

have early-type visual morphologies with no hints of current0.7
SF. These galaxies contribute 29%(30%) of the sample at
z !(1) 0.7.
3. Scattered below the star-forming sequence are galaxies

with robust emission-line detections but no significant 24 mm
emission, 5%(14%) of the sample at z !(1) 0.7. All of these
galaxies (green plus signs in Fig. 1) are on the red sequence,
and their Ha, Hb emission-line equivalent widths tend to be low
(a few angstroms). Yan et al. (2006) and Weiner et al. (2006)
showed that the bulk of the line emission in red galaxies out to
intermediate redshifts is due to LINER/AGN emission, not SF.
We find that 75% of those galaxies with [O ii] and Hb detections
show LINER-like line ratios, and"55%(70%) at z !(1) 0.7 have
early-type quantitative and visual morphologies that are typical

   

0.2≤z<0.45 0.45≤z<0.7 0.7≤z<0.85 0.85≤z<1.1

Noeske et al. (2007)
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Figure 2. Stellar mass vs. SFR in each redshift bin. The redshift bin is indicated in the upper left corner of each panel. Red points with error bars show EGNoG
galaxies. Dotted vertical and horizontal lines indicate the minimum M∗ and SFR, respectively, required for sample selection in each redshift bin (see text for full
description). Blue shading shows the logarithm of the density (in the M∗–SFR plane) of star-forming galaxies from the parent data set in the specified redshift range
(given in the lower right corner). The redshift ranges plotted in bins B–D are slightly larger than the EGNoG redshift ranges, so that more data points may be included
to better capture the behavior of the main sequence at each redshift. The solid black line indicates the main sequence (Equation (1)) at the average redshift of the bin.
The starburst criterion (Equation (2)) is indicated by the black dashed line.
(A color version of this figure is available in the online journal.)

are starbursts. All four bin C galaxies lie below the starburst
cut. In each redshift bin, the EGNoG galaxies lie roughly within
the width of the scatter around the main sequence. The starburst
classification of some of the EGNoG galaxies will be considered
further in Section 5.

3. CARMA OBSERVATIONS

Each of the 31 EGNoG galaxies was observed in at least one
rotational transition of the CO molecule: galaxies in bins A, B
and C were observed in CO(J = 1 → 0) (νrest = 115.3 GHz,
νobs ≈ 107, 98 and 88 GHz respectively); galaxies in bins C
and D were observed in CO(J = 3 → 2) (νrest = 345.9 GHz,
νobs ≈ 266 and 230 GHz respectively). At each frequency,
each galaxy was observed over several different days. Each
data set includes observations of a nearby quasar for phase
calibration (taken every 15–20 minutes), a bright quasar for
passband calibration and either a planet (Uranus, Neptune or
Mars) or MWC349 for flux calibration (in most cases).

The reduction of all observations for this survey was car-
ried out within the EGN10 data reduction infrastructure (based
on the MIS pipeline; Pound & Teuben 2012) using the
Multichannel Image Reconstruction, Image Analysis and Dis-
play (MIRIAD, Sault et al. 2011) package for radio inter-
ferometer data reduction. Our data analysis also used the
miriad-python software package (Williams et al. 2012). The
data were flagged, passband-calibrated and phase calibrated in
the standard way. Final images were created using invert with
options=mosaic to properly handle and correct for the three
different primary beam patterns. All observations are single-
pointing. We describe the CO(J = 1 → 0) and CO(J = 3 → 2)
observations individually below. A full description of the data
reduction and flux measurement is given in Appendix B.

3.1. CO(J = 1 → 0)

The CO(J = 1 → 0) transition lies in the 3 mm band
of CARMA (single-polarization, linearly polarized feeds) for
galaxies in bins A, B and C. The line was observed with at
least three overlapping 500 MHz bands, covering ≈4200, 4600
and 5000 km s−1 total, at 35, 39 and 42 km s−1 resolution for
galaxies in bins A, B and C, respectively.

Bin A galaxies were observed during three time periods:
2010 October to November, 2011 April to May, and 2012

10 http://carma.astro.umd.edu/wiki/index.php/EGN

February. All data were taken in CARMA’s C configuration,
with 26–370 m baselines yielding a typical synthesized beam
of 2.′′0 × 1.′′5 at 107 GHz. These observations are sensitive
to spatial scales up to ≈22′′, which is sufficient for most
galaxies in the sample but may resolve out some large scale
structure in the largest galaxies. However, since molecular gas
is centrally concentrated, we expect any underestimation of the
flux to be minimal. (In D and E configuration in the 3 mm
band, we are sensitive to sufficiently large spatial scales so
that we expect to recover all of the flux.) Each galaxy was
observed for 2–3 hr (time on-source), yielding final data cubes
with a typical rms noise of 5–10 mJy beam−1 in 35 km s−1

channels.
Bin B sources were observed from 2011 August to November

and 2012 April in CARMA’s D configuration, with 11–150 m
baselines yielding a typical synthesized beam of 4.′′9 × 3.′′9 at
98 GHz. Supplementary observations were made of B1, B2, B3,
and B7 in CARMA’s C array in 2012 February, which resulted
in a synthesized beam of 3.′′0 × 2.′′3 in the final maps combining
data from both array configurations. Each galaxy was observed
in D configuration for approximately 7 hr (time on-source),
resulting in a typical rms noise of 2.5 mJy beam−1 in 39 km s−1

channels in the final cube.
Bin C observations were made from 2011 August to

November in CARMA’s D configuration, with a typical synthe-
sized beam of 4.′′8 × 3.′′9 at 88 GHz. Each galaxy was observed
for 20 to 30 hr (time on-source), yielding final cubes with a
typical rms noise of 1.2 mJy beam−1 in 42 km s−1 channels.

The flux scale in each data set is set by the flux of the phase
calibrator, which is determined from the flux calibrator. For the
fluxes used, see Appendix B.

Of the 27 galaxies observed in the CO(J = 1 → 0) line,
we detected 24 easily, with 3 non-detections in bin A. The uv-
spectra of the detected galaxies are shown in Appendix D.

3.2. CO(J = 3 → 2)

The CO(J = 3 → 2) transition lies in the CARMA 1 mm
band (dual-polarization, circularly polarized feeds) for galaxies
in bins C and D. We again observed the line with at least three
overlapping 500 MHz bands, covering ≈1500 and 1700 km s−1

total, at 14 and 15 km s−1 resolution, for galaxies in bins C and
D respectively.

Bin C observations were carried out in CARMA’s E config-
uration during 2011 August and D configuration during 2012
April. Source C4 was observed entirely in E configuration, while
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Figure 4. Integrated CO emission maps for detected bin A galaxies, part 2. Same as Figure 3.
(A color version of this figure is available in the online journal.)

of the results of varying all four parameters within reasonable
ranges. The parameters used in the four models are listed in
Table 4.

The “observed” model maps (right two panels in Figure 9)
suggest that at the signal to noise level typical of our bin A
data, irregularities in the CO emission maps do not necessarily
indicate an underlying irregular structure in the molecular gas
disk. In most cases, our observations are consistent with the

CO in the bin A galaxies being ordered in a rotating disk.
We conclude that deeper observations would be required to
investigate the detailed morphology of the molecular gas disks
in these systems.

Two exceptions are galaxies A3 and A8, which exhibit
disturbed morphologies that are not likely the result of low
signal to noise ratios. Both galaxies show rotating molecular
gas disks misaligned with the major axis of the optical disk, as
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Figure 7. Integrated CO emission maps for bin C galaxies in the CO(J = 1 → 0) line. Same as Figure 3.
(A color version of this figure is available in the online journal.)

the uncertainty in the SFR and M∗ of the bin D galaxies, in
addition to further uncertainty in the r31 value.

Considering the range of expected CO fluxes, four non-
detections at the depth of these observations is not unreasonable.
Given the large, overlapping ranges of expected CO fluxes for
starburst and normal galaxies detailed above, we do not draw
any conclusions about the gas consumption properties of the bin
D galaxies based on these upper limits.

5. DISCUSSION

We now look at the EGNoG galaxies in the context of
starburst and normal galaxies at low and high redshift from
the literature. We present the literature sample in the following
section (Section 5.1), describe our identification and treatment
of starburst and normal galaxies in the literature data set
(Section 5.2), then investigate the molecular gas depletion times
in normal and starburst galaxies (Section 5.3) and the evolution
of the molecular gas fraction with redshift (Section 5.4).

5.1. Literature Data

The local galaxies of our literature data compilation include
normal spiral galaxies, LIRGs and ULIRGs. We include 22
galaxies from Leroy et al. (2008), 10 of which are defined
by the authors to be dwarf galaxies (M∗ < 1010 M#). Leroy
et al. (2008) present CO data from the HERACLES and BIMA
SONG surveys, stellar masses estimated from the SINGS survey
K-band luminosities, and SFRs calculated from a combination of
Galaxy Evolution Explorer (GALEX) FUV and Spitzer 24 µm.
We augment this data set with 47 galaxies (26 of which have
M∗ < 1010 M#) from the overlap of the Hα survey by Kennicutt
et al. (2008) and the CO sample (taken from the literature) of
Obreschkow & Rawlings (2009). We estimate stellar masses,
SFRs and CO luminosities for these galaxies following Bothwell
et al. (2009). For each galaxy, the stellar mass is calculated from
the B-band luminosity using a mass-to-light ratio estimated
using the B − V color (Bell & de Jong 2001). The SFR is
calculated from the Hα flux via the relation given by Kennicutt
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z = 0.4 (Geach et al. 2011)
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Figure 1. Velocity integrated, clean CO (J = 1 → 0) line emission maps (at levels of !2 × rms in steps of 0.5) overlaid on 30′′ × 30′′ Subaru SuprimeCam R-band
images (including a 5′′ × 5′′ HST/WFPC2 inset for MIPS J002703.6). The ellipse indicates the beam size and shape. Top: 3 mm spectra extracted from the peak of
the integrated line emission maps fit with either a single or double Gaussian (where doubles have a fixed amplitude and width for each peak).
(A color version of this figure is available in the online journal.)

In this Letter, we present the results in the context of
the broader star-forming population at z = 0.4, rather than
focusing on potential environmental effects in the cluster.
We believe this is a valid approach, since these galaxies
are expected to be randomly accreted onto the cluster from
the surrounding field, and the galaxies are seen at a stage
where strong environmental effects associated with clusters
(specifically ram-pressure stripping and harassment) are yet to
have an effect (Treu et al. 2003; Moran et al. 2007). They lie at
clustocentric radii of 1.8–4.6 Mpc (∼1–3 × the virial radius of
Cl 0024+16). Intrinsically, they are likely to be representative of
disk galaxies of equivalent mass sampled from a random field
and can be compared to galaxies with similar properties at low
and high redshift, i.e., normal star-forming disks.

The new IRAM observations were conducted over 2009
June–October in configuration “D,” using five antennae, and
we adopted the same strategy as in G09. Sensitivities ranged
between 0.51 and 1.17 mJy (median average for 10 MHz wide
channels and two polarizations), and the on-source exposure
times ranged between 6.4 and 12.8 hr. We targeted the CO (J =
1 → 0) 115.27 GHz rotational transition at νobs % 82.63 GHz in
five sources. The 3 mm receiver was tuned to the frequency of the
redshifted CO (J = 1 → 0) line at the systemic redshift of each
galaxy derived from optical spectroscopy (Czoske et al. 2001;
Moran et al. 2007). As in G09, the correlator was set up with
2.5 MHz spacing (2 × 64 channels, 320 MHz bandwidth). The
phase and flux calibrators were the sources 3C454.3, 0119+115,
and 0007+171. The observing conditions were good or excellent
in terms of atmospheric phase stability; however, any anomalous
and high phase-noise visibilities were flagged in the calibration
stage. Data were calibrated, mapped, and analyzed using gildas
(Guilloteau & Lucas 2000).

3. RESULTS

3.1. Plateau de Bure CO Detections

We detect CO (J = 1 → 0) emission in three galaxies (>4σ
detections within 2′′ of the phase tracking center, significances
determined from the integrated line flux). Velocity-integrated
maps and millimeter spectra are shown in Figure 1. Total fluxes

are evaluated from single or double Gaussian fits to the spectra
depending on whether the profiles are very broad and have
hints that they are double peaked. The line luminosities are in
the range L′

CO = (0.26–0.64) × 1010 K km s−1 pc2 (Table 1).
Uncertainties on the luminosities are estimated by re-evaluating
the Gaussian fits after artificially adding noise to each channel
based on the observed rms fluctuations in each data cube. Upper
3σ limits on L′

CO for the two non-detections are based on the
rms noise in the observations of each source (note that the two
non-detections are also the two galaxies with the lowest SFRs
in the sample). The luminosities and line widths are listed in
Table 1; we also list the properties of the two galaxies from G09
which are included in the following analysis.

The spectra of MIPS J002652.5 and MIPS J002715.0, like
MIPS J002721.0 (G09), exhibit broad CO (J = 1 → 0)
emission and can be well fit by double Gaussian profiles. None
of the new sample show obvious signs of major mergers or strong
tidal interaction in the deep optical imaging (Figure 1), and so
we conclude that we are most likely observing CO (J = 1 → 0)
emission tracing molecular gas distributed over rotationally
supported disks.

3.2. Physical Properties of the Galaxies

Stellar masses for all the galaxies were determined by fitting
the galaxy spectral energy distribution (SED) constructed from
BVRIJK imaging (Moran et al. 2007) to a large suite of model
SEDs using the Kcorrect software, v4.2 (Blanton & Roweis
2007). Utilizing the known spectroscopic redshifts, Kcorrect
finds the best non-negative combination of the template spectra
to fit the galaxy SED in its rest frame, including a reddening law,
with best-fit values covering a range AV = 0.8–2.3 mag. Stellar
masses are then calculated from the luminosity and mass-to-
light ratio of the best-fitting model in the rest-frame K band,
ϒ# = M'/LK

' . The fits had an average mass-to-light ratio
of 〈ϒ#〉 = 0.36 (range 0.24–0.52) and inferred stellar masses
ranging over M# ∼ (0.5–1) × 1011 M' (Table 1).

In G09, we adopted a conservative “ULIRG” conver-
sion of α = 0.8 M' (K km s−1 pc2)−1 for gas mass, where
M(H2 + He) = αL' (we omit the units of α for clarity in
the following). However, there are hints that a Galactic scaling
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In this Letter, we present the results in the context of
the broader star-forming population at z = 0.4, rather than
focusing on potential environmental effects in the cluster.
We believe this is a valid approach, since these galaxies
are expected to be randomly accreted onto the cluster from
the surrounding field, and the galaxies are seen at a stage
where strong environmental effects associated with clusters
(specifically ram-pressure stripping and harassment) are yet to
have an effect (Treu et al. 2003; Moran et al. 2007). They lie at
clustocentric radii of 1.8–4.6 Mpc (∼1–3 × the virial radius of
Cl 0024+16). Intrinsically, they are likely to be representative of
disk galaxies of equivalent mass sampled from a random field
and can be compared to galaxies with similar properties at low
and high redshift, i.e., normal star-forming disks.

The new IRAM observations were conducted over 2009
June–October in configuration “D,” using five antennae, and
we adopted the same strategy as in G09. Sensitivities ranged
between 0.51 and 1.17 mJy (median average for 10 MHz wide
channels and two polarizations), and the on-source exposure
times ranged between 6.4 and 12.8 hr. We targeted the CO (J =
1 → 0) 115.27 GHz rotational transition at νobs % 82.63 GHz in
five sources. The 3 mm receiver was tuned to the frequency of the
redshifted CO (J = 1 → 0) line at the systemic redshift of each
galaxy derived from optical spectroscopy (Czoske et al. 2001;
Moran et al. 2007). As in G09, the correlator was set up with
2.5 MHz spacing (2 × 64 channels, 320 MHz bandwidth). The
phase and flux calibrators were the sources 3C454.3, 0119+115,
and 0007+171. The observing conditions were good or excellent
in terms of atmospheric phase stability; however, any anomalous
and high phase-noise visibilities were flagged in the calibration
stage. Data were calibrated, mapped, and analyzed using gildas
(Guilloteau & Lucas 2000).

3. RESULTS

3.1. Plateau de Bure CO Detections

We detect CO (J = 1 → 0) emission in three galaxies (>4σ
detections within 2′′ of the phase tracking center, significances
determined from the integrated line flux). Velocity-integrated
maps and millimeter spectra are shown in Figure 1. Total fluxes

are evaluated from single or double Gaussian fits to the spectra
depending on whether the profiles are very broad and have
hints that they are double peaked. The line luminosities are in
the range L′

CO = (0.26–0.64) × 1010 K km s−1 pc2 (Table 1).
Uncertainties on the luminosities are estimated by re-evaluating
the Gaussian fits after artificially adding noise to each channel
based on the observed rms fluctuations in each data cube. Upper
3σ limits on L′

CO for the two non-detections are based on the
rms noise in the observations of each source (note that the two
non-detections are also the two galaxies with the lowest SFRs
in the sample). The luminosities and line widths are listed in
Table 1; we also list the properties of the two galaxies from G09
which are included in the following analysis.

The spectra of MIPS J002652.5 and MIPS J002715.0, like
MIPS J002721.0 (G09), exhibit broad CO (J = 1 → 0)
emission and can be well fit by double Gaussian profiles. None
of the new sample show obvious signs of major mergers or strong
tidal interaction in the deep optical imaging (Figure 1), and so
we conclude that we are most likely observing CO (J = 1 → 0)
emission tracing molecular gas distributed over rotationally
supported disks.

3.2. Physical Properties of the Galaxies

Stellar masses for all the galaxies were determined by fitting
the galaxy spectral energy distribution (SED) constructed from
BVRIJK imaging (Moran et al. 2007) to a large suite of model
SEDs using the Kcorrect software, v4.2 (Blanton & Roweis
2007). Utilizing the known spectroscopic redshifts, Kcorrect
finds the best non-negative combination of the template spectra
to fit the galaxy SED in its rest frame, including a reddening law,
with best-fit values covering a range AV = 0.8–2.3 mag. Stellar
masses are then calculated from the luminosity and mass-to-
light ratio of the best-fitting model in the rest-frame K band,
ϒ# = M'/LK

' . The fits had an average mass-to-light ratio
of 〈ϒ#〉 = 0.36 (range 0.24–0.52) and inferred stellar masses
ranging over M# ∼ (0.5–1) × 1011 M' (Table 1).

In G09, we adopted a conservative “ULIRG” conver-
sion of α = 0.8 M' (K km s−1 pc2)−1 for gas mass, where
M(H2 + He) = αL' (we omit the units of α for clarity in
the following). However, there are hints that a Galactic scaling
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z = 1 - 2 (Tacconi et al. 2013)

fmol-gas 33 % @z=<1.2>
fmol-gas 47 % @z=<2.2>
R1/2(CO) = R1/2(rest-B)

4 F. Combes

Figure 3. One of the object of the z=1.2 sample: the galaxy EGS1305123 at red-
shift z=1.12. Left: Superposition of the map of the CO line (red, obtained with the
IRAM interferometer), with the I-band (green) and V-band (blue) images obtained
with the Hubble telescope. The CO(3-2) line is redshifted at 2mm wavelength, and
is mapped at a spatial resolution of 0.6”x0.7” (beam indicated by the grey hatched
ellipse). Right: Velocity field of the galaxy in the CO line. From Tacconi et al. (2010)

shifted from 100µm to 500µm in the SPIRE band. Several objects were searched for
CO lines, to determine their redshifts. One of the strongest galaxies has been found be-
hind the cluster Abell 773, and many molecular lines have been detected in the redshift
search, including H2O, CI, [CII], [NII]205µm (Combes et al. 2012).

Follow up observations with SMA and PdBI have resolved the strong lensing im-
ages, the magnification is about 11, and the source presents two arcs, forming an in-
complete ring. The velocity profile reveals at least two different components (two in-
teracting galaxies?) and the [CII] line map indicates that the blue and red components
are distributed in complementary arcs, forming an interrupted Einstein ring (Boone
et al. 2013, in prep). The high signal-to-noise spectra in CI and CO(7-6) at about the
same frequency have allowed to put constraints on variation of fundamental constants,
in particular the proton-to-electron mass ratio (relative variations below 2 10−5, Lev-
shakov et al. 2012).

Rawle et al. (2013, in prep) show that the [NII] to [CII] ratio is 0.043, similar to
that in nearby objects. The ratio can be used as a metallicity diagnostic, as shown
by Nagao et al. (2012) with ALMA. This diagnostic is precious, for dust-enshrouded
objects at z>3, since there are no available diagnostics in optical lines from the ground.

5. ALMA mapping at z=0

Coming back to local galaxies, we have been able to use ALMA in cycle 0 to explore
two Seyfert galaxies, and their molecular gas fueling mechanisms. NGC 1433 is a
Seyfert 2 called the Lord of rings (Buta & Combes 1996), since it shows clearly at
least 3 rings corresponding to resonances: outer ring at OLR, inner ring at UHR near

CO 3-2 - I - V

 

rotating disk

Table 1 | Properties of high-z SFGs
Source z vd* R1/2{ SFR{ FCO 3-21 LCO 3-2I Mmol-gas" M*q fgas#

(kms21) (kpc) (M[ yr21) (Jy km s21) (K km s21 pc2) (M[) (M[)

EGS 13004291 1.20 300 7.2 172(86) 3.7(0.15) 3.2(0.13)31010 2.8(0.11)31011 3.3(1.3)31011 0.46(0.19)
EGS 12007881 1.17 180 8.7 91(46) 1.15(0.06) 9.4(0.49)3109 8.3(0.43)31010 1.6(0.64)31011 0.34(0.14)
EGS 13017614 1.18 270 6.6 74(37) 1.25(0.10) 1.1(0.08)31010 9.3(0.74)31010 1.1(0.42)31011 0.47(0.19)
EGS 13035123 1.12 205 9.0 126(63) 1.9(0.05) 1.4(0.04)31010 1.3(0.03)31011 3.4(1.4)31011 0.27(0.11)
EGS 13004661 1.19 180 6.6 82(41) 0.32(0.06) 2.8(0.52)3109 2.4(0.46)31010 3.0(1.2)31010 0.45(0.20)
EGS 13003805 1.23 200 6.0 128(64) 2.25(0.15) 2.0(0.14)31010 1.8(0.12)31011 2.1(0.84)31011 0.46(0.19)
EGS 12011767 1.28 80 7.0 47(24) 0.30(0.06) 2.9(0.59)3109 2.6(0.52)31010 1.2(0.48)31011 0.18(0.08)
EGS 12012083 1.12 110 4.6 103(52) ,0.13(0.04) ,9.9(3.3)3108 ,8.7(2.9)3109 5.2(2.1)31010 ,0.14(0.07)
EGS 13011439 1.10 94 4.6 90(45) 0.70(0.15) 5.1(1.1)3109 4.5(0.97)31010 1.3(0.5)31011 0.26(0.12)
HDF-BX 1439 2.19 265 8.0 97(43) 0.23(0.08) 6.6(2.2)3109 5.9(1.9)31010 5.7(2.3)31010 0.51(0.26)
Q1623-BX 599 2.33 265 2.8 127(50) 0.60(0.1) 1.8(0.3)31010 1.6(0.26)31011 5.7(2.3)31010 0.73(0.32)
Q1623-BX 663 2.43 256 5.5 131(49) ,0.18(0.06) ,5.7(1.9)3109 ,5.1(1.7)31010 6.9(2.8)31010 ,0.42(0.22)
Q1700-MD 69 2.29 217 9.4 141(75) 0.42(0.06) 1.2(0.17)31010 1.1(0.15)31011 1.9(0.74)31011 0.36(0.15)
Q1700-MD 94 2.34 217 9.6 382(171) 2.0(0.3) 6.0(0.9)31010 5.3(0.79)31011 1.5(0.61)31011 0.78(0.33)
Q1700-MD 174 2.34 240 3.6 117(57) 0.60(0.08) 1.8(0.24)31010 1.6(0.21)31011 2.4(0.94)31011 0.4(0.17)
Q1700-BX 691 2.19 238 6.7 62(27) 0.15(0.05) 4.0(1.2)3109 3.5(1.1)31010 7.6(3.0)31010 0.32(0.16)
Q2343-BX 389 2.17 259 4.2 235(86) ,0.15(0.05) ,3.8(1.3)3109 ,3.3(1.1)31010 6.9(2.8)31010 ,0.33(0.17)
Q2343-BX 442 2.18 238 6.7 92(45) 0.43(0.08) 1.1(0.21)31010 1.0(0.19)31011 1.5(0.59)31011 0.41(0.18)
Q2343-BX 610 2.21 324 4.6 141(63) 0.95(0.08) 2.6(0.22)31010 2.3(0.19)31011 1.7(0.68)31011 0.57(0.23)

For details see Supplementary Information sections 1–3.
*Maximum intrinsic rotation velocity.
{Half-light radius.
{ Extinction corrected star formation rates (and 1s r.m.s. uncertainties) from a combination of UV/optical continuum, Ha and 24mm continuum, adopting a Chabrier27 initial stellar mass function.
1 Source and line integrated CO 3–2 flux with 1s r.m.s. uncertainties in parentheses. Upper limits are 3s rms.
ILCO 3-25 3.253 1013 FCO 3-2 (DL)

2(11 z)23(n3-2,obs)
22, where LCO 3-2 is in units of K kms-1 pc2, DL is the luminosity distance of the source (in Gpc), and n3-2,obs is the observed line frequency of the

3–2 line (in GHz).
"Total H21Hemass in cold gas (51.36 times the H2mass), assuming X5N(H2)/I(CO)5 23 1020 cm22 K21 km21 s, or a5M(H2)/LCO 1-05 3.2, where X and a are the CO-H2 conversion factor in
terms of gas surface density (X) andmass (a), determined fromCO3–2 luminosity and a correction I(CO 1–0)/I(CO 3–2)5 2. The 1s r.m.s. uncertainties are in parentheses, and upper limits are 3s
r.m.s.
qStellar mass (and 1s r.m.s. uncertainties) determined from population synthesis modelling to the rest-frame UV to infrared spectral energy distribution, assuming a Chabrier27 initial stellar mass
function.
#fmol-gas5Mmol-gas/(Mmol-gas1M*), upper limits are 3s r.m.s.
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Figure 2 | CO maps in EGS 1305123. High resolution (FWHM 0.603 0.70)
CO 3–2maps and rotation curve in the z5 1.12 AEGIS galaxy EGS 1305123,
obtained at,2mmwith the IRAMPdBI inA-configuration30. a, b, Examples
of twoCO3–2maps in 9 km s21 channels at136 km s21 (a) and172 km s21

(b); the r.m.s. uncertainty in these channel maps is 0.3mJy. The channel
maps show several massive molecular clumps. The three bright clumps in
a have fluxes of 1.7, 1.7 and 1.1mJy, or 5.7, 5.7 and 3.7 s r.m.s., respectively.
The three brightest clumps visible in b have fluxes of 2.4, 2.1 and 1.45mJy, or
8, 7 and 4.8 s r.m.s., respectively. Typical gas masses in the clumps are
,53 109M[, with intrinsic radii of ,1–2 kpc, gas surface densities
.300–700M[ pc22 and velocity dispersions ,19 km s21. c, CO integrated

line emission (red), I-band (green) and V-band (blue) HST ACS images of
the source. Hatched ellipse, CO beam size; cross, position of nucleus.
d, f, Peak velocity (d) and velocity dispersion (f) maps of the CO emission,
obtained from Gaussian fits to the line emission in each spatial point of the
map. Dotted white line, outline of the integrated emission; cross, position of
nucleus. e, Peak CO velocity (and 1s r.m.s. fitting uncertainty error bars)
along the major axis (position angle 16u east of north) of the galaxy. Dashed
red curve, best fitting exponential disk model with radial scale length
Rd50.770 and dynamical mass of 23 1011M[, for an adopted inclination of
27u. Continuous red curve, intrinsic rotation curve of this model as a
function of radius.
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Figure 1. Location of the PHIBSS survey SFGs in the stellar-mass–star-formation and stellar-mass–specific-star-formation planes. The filled black circles, open
crossed red squares, and open red triangles mark the basic PHIBSS survey detections at z = 1–1.5, the detections at z = 2–2.5 and the non-detections (<3σ ) at z =
2–2.5. The filled blue triangles denote the six Herschel-PACS-selected detections at z = 1–1.5 by Magnelli et al. (2012b). The open crossed green squares denote z ∼
1.5 SFG detections from Daddi et al. (2010a), and the brown filled triangles the three lenses cB58 (z = 2.7; Baker et al. 2004), the “cosmic eye”: (z = 3.1; Coppin et al.
2007) and the “eyelash” (z = 2.3; Swinbank et al. 2010; Danielson et al. 2011). The vertical and horizontal/diagonal dotted black lines denote the stellar mass and star
formation cuts in our survey (M∗ ! 2.5 × 1010 M$, SFR ! 30 M$yr−1). The green shaded region marks the location of z = 1–4 submillimeter detected star-forming
galaxies (SMGs: S850 µm > 3–10 mJy; Magnelli et al. 2012a; Bothwell et al. 2013). Upper left: survey data as described above in the stellar-mass–star-formation
plane, along with the distribution of z ∼ 1.5–2.5 BzK SFGs in the COSMOS field (McCracken et al. 2010; Mancini et al. 2011, gray dots). Upper right: survey
data and BzK-COSMOS data in the stellar-mass–specific-star-formation plane. Bottom: comparison of survey data at z = 1–1.5 (left) and z = 2–2.5 (right) with the
GOODS-S CANDELS data (gray filled circles) of S. Wuyts (2012, private communication). The best-fit “main sequence” is given by SFR (M$ yr−1) = 45 (M∗/6.6 ×
1010 M$)0.65((1 + z)/2.2)2.8, sSFR (Gyr−1) = 0.68 (M∗/6.6 × 1010 M$)−0.35 ((1 + z)/2.2)2.8 (Bouché et al. 2010; Noeske et al. 2007; Daddi et al. 2007; Rodighiero
et al. 2010; Salmi et al. 2012; Whitaker et al. 2012; S. Wuyts 2012, private communication).

2.2.2. z = 2–2.5

The z = 2–2.5 SFGs were mainly selected from the near-
infrared, long-slit spectroscopy Hα subsample (Erb et al. 2006)
of the Steidel et al. (2004) UV–color–magnitude z ∼ 2 sur-
vey. They were culled from the parent-imaging sample with
the so-called BX/MD criteria based on UGR colors. Our sub-
sample was chosen from the Erb et al. Hα sample to cover
the same stellar mass and star formation range as the z ∼ 1.2
EGS sample. At the stellar masses and star formation rates
considered here, the BX/MD sample provides a reasonably
fair census of the entire UV-/optically selected SFG popula-
tion in this redshift and mass range (Daddi et al. 2007; Reddy
et al. 2005), although the UV selection is naturally biased
against dusty galaxies. The majority of the BX/MD galaxies
do not show evidence for undergoing major mergers (Förster
Schreiber et al. 2006, 2009; Shapiro et al. 2008). Several of
the BX/MD galaxies observed in CO 3–2 were also part of

the SINS integral field spectroscopy survey presented in Förster
Schreiber et al. (2009) and in the surveys of Law et al. (2009,
2012a), where spatially resolved Hα kinematic data were ob-
tained (for Q1623−BX453, Q1623−BX528, Q1623−BX599,
Q1623−BX663, Q2343−BX442, Q2343−BX610, Q2343−
BX513, Q2343−BX389, and Q2346−BX482). One galaxy
(ZC406690) was taken from the zCOSMOS-SINFONI sample
of Mancini et al. (2011; see Genzel et al. 2011) and was selected
on the basis of the (s)BzK optical color technique (Daddi et al.
2007).

2.3. CO Observations and Data Analysis

The CO observations were carried out between 2008 June
and 2012 June with the 6 × 15 m IRAM Plateau de Bure
Millimeter Interferometer (Guilloteau et al. 1992; Cox 2011)
as part of two Large Programs. Table 1 summarizes our
observations. We observed the 12CO 3–2 rotational transition
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Figure 1. Location of the PHIBSS survey SFGs in the stellar-mass–star-formation and stellar-mass–specific-star-formation planes. The filled black circles, open
crossed red squares, and open red triangles mark the basic PHIBSS survey detections at z = 1–1.5, the detections at z = 2–2.5 and the non-detections (<3σ ) at z =
2–2.5. The filled blue triangles denote the six Herschel-PACS-selected detections at z = 1–1.5 by Magnelli et al. (2012b). The open crossed green squares denote z ∼
1.5 SFG detections from Daddi et al. (2010a), and the brown filled triangles the three lenses cB58 (z = 2.7; Baker et al. 2004), the “cosmic eye”: (z = 3.1; Coppin et al.
2007) and the “eyelash” (z = 2.3; Swinbank et al. 2010; Danielson et al. 2011). The vertical and horizontal/diagonal dotted black lines denote the stellar mass and star
formation cuts in our survey (M∗ ! 2.5 × 1010 M$, SFR ! 30 M$yr−1). The green shaded region marks the location of z = 1–4 submillimeter detected star-forming
galaxies (SMGs: S850 µm > 3–10 mJy; Magnelli et al. 2012a; Bothwell et al. 2013). Upper left: survey data as described above in the stellar-mass–star-formation
plane, along with the distribution of z ∼ 1.5–2.5 BzK SFGs in the COSMOS field (McCracken et al. 2010; Mancini et al. 2011, gray dots). Upper right: survey
data and BzK-COSMOS data in the stellar-mass–specific-star-formation plane. Bottom: comparison of survey data at z = 1–1.5 (left) and z = 2–2.5 (right) with the
GOODS-S CANDELS data (gray filled circles) of S. Wuyts (2012, private communication). The best-fit “main sequence” is given by SFR (M$ yr−1) = 45 (M∗/6.6 ×
1010 M$)0.65((1 + z)/2.2)2.8, sSFR (Gyr−1) = 0.68 (M∗/6.6 × 1010 M$)−0.35 ((1 + z)/2.2)2.8 (Bouché et al. 2010; Noeske et al. 2007; Daddi et al. 2007; Rodighiero
et al. 2010; Salmi et al. 2012; Whitaker et al. 2012; S. Wuyts 2012, private communication).

2.2.2. z = 2–2.5

The z = 2–2.5 SFGs were mainly selected from the near-
infrared, long-slit spectroscopy Hα subsample (Erb et al. 2006)
of the Steidel et al. (2004) UV–color–magnitude z ∼ 2 sur-
vey. They were culled from the parent-imaging sample with
the so-called BX/MD criteria based on UGR colors. Our sub-
sample was chosen from the Erb et al. Hα sample to cover
the same stellar mass and star formation range as the z ∼ 1.2
EGS sample. At the stellar masses and star formation rates
considered here, the BX/MD sample provides a reasonably
fair census of the entire UV-/optically selected SFG popula-
tion in this redshift and mass range (Daddi et al. 2007; Reddy
et al. 2005), although the UV selection is naturally biased
against dusty galaxies. The majority of the BX/MD galaxies
do not show evidence for undergoing major mergers (Förster
Schreiber et al. 2006, 2009; Shapiro et al. 2008). Several of
the BX/MD galaxies observed in CO 3–2 were also part of

the SINS integral field spectroscopy survey presented in Förster
Schreiber et al. (2009) and in the surveys of Law et al. (2009,
2012a), where spatially resolved Hα kinematic data were ob-
tained (for Q1623−BX453, Q1623−BX528, Q1623−BX599,
Q1623−BX663, Q2343−BX442, Q2343−BX610, Q2343−
BX513, Q2343−BX389, and Q2346−BX482). One galaxy
(ZC406690) was taken from the zCOSMOS-SINFONI sample
of Mancini et al. (2011; see Genzel et al. 2011) and was selected
on the basis of the (s)BzK optical color technique (Daddi et al.
2007).

2.3. CO Observations and Data Analysis

The CO observations were carried out between 2008 June
and 2012 June with the 6 × 15 m IRAM Plateau de Bure
Millimeter Interferometer (Guilloteau et al. 1992; Cox 2011)
as part of two Large Programs. Table 1 summarizes our
observations. We observed the 12CO 3–2 rotational transition
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Figure 1. Location of the PHIBSS survey SFGs in the stellar-mass–star-formation and stellar-mass–specific-star-formation planes. The filled black circles, open
crossed red squares, and open red triangles mark the basic PHIBSS survey detections at z = 1–1.5, the detections at z = 2–2.5 and the non-detections (<3σ ) at z =
2–2.5. The filled blue triangles denote the six Herschel-PACS-selected detections at z = 1–1.5 by Magnelli et al. (2012b). The open crossed green squares denote z ∼
1.5 SFG detections from Daddi et al. (2010a), and the brown filled triangles the three lenses cB58 (z = 2.7; Baker et al. 2004), the “cosmic eye”: (z = 3.1; Coppin et al.
2007) and the “eyelash” (z = 2.3; Swinbank et al. 2010; Danielson et al. 2011). The vertical and horizontal/diagonal dotted black lines denote the stellar mass and star
formation cuts in our survey (M∗ ! 2.5 × 1010 M$, SFR ! 30 M$yr−1). The green shaded region marks the location of z = 1–4 submillimeter detected star-forming
galaxies (SMGs: S850 µm > 3–10 mJy; Magnelli et al. 2012a; Bothwell et al. 2013). Upper left: survey data as described above in the stellar-mass–star-formation
plane, along with the distribution of z ∼ 1.5–2.5 BzK SFGs in the COSMOS field (McCracken et al. 2010; Mancini et al. 2011, gray dots). Upper right: survey
data and BzK-COSMOS data in the stellar-mass–specific-star-formation plane. Bottom: comparison of survey data at z = 1–1.5 (left) and z = 2–2.5 (right) with the
GOODS-S CANDELS data (gray filled circles) of S. Wuyts (2012, private communication). The best-fit “main sequence” is given by SFR (M$ yr−1) = 45 (M∗/6.6 ×
1010 M$)0.65((1 + z)/2.2)2.8, sSFR (Gyr−1) = 0.68 (M∗/6.6 × 1010 M$)−0.35 ((1 + z)/2.2)2.8 (Bouché et al. 2010; Noeske et al. 2007; Daddi et al. 2007; Rodighiero
et al. 2010; Salmi et al. 2012; Whitaker et al. 2012; S. Wuyts 2012, private communication).

2.2.2. z = 2–2.5

The z = 2–2.5 SFGs were mainly selected from the near-
infrared, long-slit spectroscopy Hα subsample (Erb et al. 2006)
of the Steidel et al. (2004) UV–color–magnitude z ∼ 2 sur-
vey. They were culled from the parent-imaging sample with
the so-called BX/MD criteria based on UGR colors. Our sub-
sample was chosen from the Erb et al. Hα sample to cover
the same stellar mass and star formation range as the z ∼ 1.2
EGS sample. At the stellar masses and star formation rates
considered here, the BX/MD sample provides a reasonably
fair census of the entire UV-/optically selected SFG popula-
tion in this redshift and mass range (Daddi et al. 2007; Reddy
et al. 2005), although the UV selection is naturally biased
against dusty galaxies. The majority of the BX/MD galaxies
do not show evidence for undergoing major mergers (Förster
Schreiber et al. 2006, 2009; Shapiro et al. 2008). Several of
the BX/MD galaxies observed in CO 3–2 were also part of

the SINS integral field spectroscopy survey presented in Förster
Schreiber et al. (2009) and in the surveys of Law et al. (2009,
2012a), where spatially resolved Hα kinematic data were ob-
tained (for Q1623−BX453, Q1623−BX528, Q1623−BX599,
Q1623−BX663, Q2343−BX442, Q2343−BX610, Q2343−
BX513, Q2343−BX389, and Q2346−BX482). One galaxy
(ZC406690) was taken from the zCOSMOS-SINFONI sample
of Mancini et al. (2011; see Genzel et al. 2011) and was selected
on the basis of the (s)BzK optical color technique (Daddi et al.
2007).

2.3. CO Observations and Data Analysis

The CO observations were carried out between 2008 June
and 2012 June with the 6 × 15 m IRAM Plateau de Bure
Millimeter Interferometer (Guilloteau et al. 1992; Cox 2011)
as part of two Large Programs. Table 1 summarizes our
observations. We observed the 12CO 3–2 rotational transition
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et al. 2010; Salmi et al. 2012; Whitaker et al. 2012; S. Wuyts 2012, private communication).
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of the Steidel et al. (2004) UV–color–magnitude z ∼ 2 sur-
vey. They were culled from the parent-imaging sample with
the so-called BX/MD criteria based on UGR colors. Our sub-
sample was chosen from the Erb et al. Hα sample to cover
the same stellar mass and star formation range as the z ∼ 1.2
EGS sample. At the stellar masses and star formation rates
considered here, the BX/MD sample provides a reasonably
fair census of the entire UV-/optically selected SFG popula-
tion in this redshift and mass range (Daddi et al. 2007; Reddy
et al. 2005), although the UV selection is naturally biased
against dusty galaxies. The majority of the BX/MD galaxies
do not show evidence for undergoing major mergers (Förster
Schreiber et al. 2006, 2009; Shapiro et al. 2008). Several of
the BX/MD galaxies observed in CO 3–2 were also part of

the SINS integral field spectroscopy survey presented in Förster
Schreiber et al. (2009) and in the surveys of Law et al. (2009,
2012a), where spatially resolved Hα kinematic data were ob-
tained (for Q1623−BX453, Q1623−BX528, Q1623−BX599,
Q1623−BX663, Q2343−BX442, Q2343−BX610, Q2343−
BX513, Q2343−BX389, and Q2346−BX482). One galaxy
(ZC406690) was taken from the zCOSMOS-SINFONI sample
of Mancini et al. (2011; see Genzel et al. 2011) and was selected
on the basis of the (s)BzK optical color technique (Daddi et al.
2007).

2.3. CO Observations and Data Analysis

The CO observations were carried out between 2008 June
and 2012 June with the 6 × 15 m IRAM Plateau de Bure
Millimeter Interferometer (Guilloteau et al. 1992; Cox 2011)
as part of two Large Programs. Table 1 summarizes our
observations. We observed the 12CO 3–2 rotational transition
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Figure 4. Superposition of CO high-resolution maps (white contours, FWHM resolutions 0.′′4 × 0.′′5 (EGS13004291) to 0.′′7 × 1.′′5 (BX610)) on HST images (with
bands labeled in each panel). All galaxy images are approximately on the same linear scale. The kinematics of these nine galaxies ranges from ordered disk rotation
(EGS12007881, 13003805, 13011166, 1301928, 13035123, Q2343 BX610), to compact SFG (EGS13026117), an interacting galaxy pair (12011767), and a late-stage
merger (EGS12004291).
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Figure 5. Comparison of source sizes in molecular gas and stellar tracers. Left: comparison of derived half-light radii estimated from I-band data (∼rest-B-band,
horizontal axis) and H-band (∼rest-R-band, open black circles), CO (filled blue circles), Hα (filled cyan squares), and stellar mass (filled red squares). The dotted gray
line marks the location of R1/2(CO) = R1/2(UV/optical). To the SFGs with spatially resolved CO emission in this paper, we also added four SFGs with CO sizes from
Daddi et al. (2010a). Right: distribution of the ratio of CO to stellar sizes in rest-frame B-band (red) and rest-frame R-band (blue). The vertical error bars denote the
Poisson uncertainties and the blue horizontal bar denotes the average ±1σ uncertainty of individual measurements of the ratio.
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Figure 4. Superposition of CO high-resolution maps (white contours, FWHM resolutions 0.′′4 × 0.′′5 (EGS13004291) to 0.′′7 × 1.′′5 (BX610)) on HST images (with
bands labeled in each panel). All galaxy images are approximately on the same linear scale. The kinematics of these nine galaxies ranges from ordered disk rotation
(EGS12007881, 13003805, 13011166, 1301928, 13035123, Q2343 BX610), to compact SFG (EGS13026117), an interacting galaxy pair (12011767), and a late-stage
merger (EGS12004291).
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Figure 5. Comparison of source sizes in molecular gas and stellar tracers. Left: comparison of derived half-light radii estimated from I-band data (∼rest-B-band,
horizontal axis) and H-band (∼rest-R-band, open black circles), CO (filled blue circles), Hα (filled cyan squares), and stellar mass (filled red squares). The dotted gray
line marks the location of R1/2(CO) = R1/2(UV/optical). To the SFGs with spatially resolved CO emission in this paper, we also added four SFGs with CO sizes from
Daddi et al. (2010a). Right: distribution of the ratio of CO to stellar sizes in rest-frame B-band (red) and rest-frame R-band (blue). The vertical error bars denote the
Poisson uncertainties and the blue horizontal bar denotes the average ±1σ uncertainty of individual measurements of the ratio.

12

0.8”×0.6”

The Astrophysical Journal, 768:74 (22pp), 2013 May 1 Tacconi et al.

12011767 z=1.28
3”

25kpc

CO 3-2  log I V

12007881 z=1.17
3”

25kpc

CO 3-2  log I V

13003805 z=1.23
3”

25kpc

CO 3-2  log I V

13004291 z=1.2
3”

25kpc

CO 4-3  log H  I

13011166 z=1.53
3”

26kpc

CO 3-2  log H I

1301928 z=1.35
3”

26kpc

CO 3-2  log I V

13035123 z=1.12

3”
25kpc

CO 3-2  log I V

BX610 z=2.21
3”

25kpc

CO 3-2  log H J

13026117 z=1.24
3”

26kpc

CO 3-2  log I V

Figure 4. Superposition of CO high-resolution maps (white contours, FWHM resolutions 0.′′4 × 0.′′5 (EGS13004291) to 0.′′7 × 1.′′5 (BX610)) on HST images (with
bands labeled in each panel). All galaxy images are approximately on the same linear scale. The kinematics of these nine galaxies ranges from ordered disk rotation
(EGS12007881, 13003805, 13011166, 1301928, 13035123, Q2343 BX610), to compact SFG (EGS13026117), an interacting galaxy pair (12011767), and a late-stage
merger (EGS12004291).

0

0.2

0.4

0.6

0.8

1.0

1.2

0 1 2 3

<R(CO)/R(R)> = 1.0 ± 0.05
<R(CO)/R(B)> = 1.01 ± 0.1

R
HWHM

(CO)/R
1/2

(stars)

fr
ac

tio
n

0

4

8

12

0 4 8 12

CO
H
mass
H-band

BX610

EGS13011166

R
1/2

(rest B-band)   (kpc)

R
1/

2(r
es

t-o
pt

ic
al

, m
as

s,
 C

O
) 

 (k
pc

)

Figure 5. Comparison of source sizes in molecular gas and stellar tracers. Left: comparison of derived half-light radii estimated from I-band data (∼rest-B-band,
horizontal axis) and H-band (∼rest-R-band, open black circles), CO (filled blue circles), Hα (filled cyan squares), and stellar mass (filled red squares). The dotted gray
line marks the location of R1/2(CO) = R1/2(UV/optical). To the SFGs with spatially resolved CO emission in this paper, we also added four SFGs with CO sizes from
Daddi et al. (2010a). Right: distribution of the ratio of CO to stellar sizes in rest-frame B-band (red) and rest-frame R-band (blue). The vertical error bars denote the
Poisson uncertainties and the blue horizontal bar denotes the average ±1σ uncertainty of individual measurements of the ratio.
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Figure 4. Superposition of CO high-resolution maps (white contours, FWHM resolutions 0.′′4 × 0.′′5 (EGS13004291) to 0.′′7 × 1.′′5 (BX610)) on HST images (with
bands labeled in each panel). All galaxy images are approximately on the same linear scale. The kinematics of these nine galaxies ranges from ordered disk rotation
(EGS12007881, 13003805, 13011166, 1301928, 13035123, Q2343 BX610), to compact SFG (EGS13026117), an interacting galaxy pair (12011767), and a late-stage
merger (EGS12004291).
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Figure 5. Comparison of source sizes in molecular gas and stellar tracers. Left: comparison of derived half-light radii estimated from I-band data (∼rest-B-band,
horizontal axis) and H-band (∼rest-R-band, open black circles), CO (filled blue circles), Hα (filled cyan squares), and stellar mass (filled red squares). The dotted gray
line marks the location of R1/2(CO) = R1/2(UV/optical). To the SFGs with spatially resolved CO emission in this paper, we also added four SFGs with CO sizes from
Daddi et al. (2010a). Right: distribution of the ratio of CO to stellar sizes in rest-frame B-band (red) and rest-frame R-band (blue). The vertical error bars denote the
Poisson uncertainties and the blue horizontal bar denotes the average ±1σ uncertainty of individual measurements of the ratio.
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Figure 4. Superposition of CO high-resolution maps (white contours, FWHM resolutions 0.′′4 × 0.′′5 (EGS13004291) to 0.′′7 × 1.′′5 (BX610)) on HST images (with
bands labeled in each panel). All galaxy images are approximately on the same linear scale. The kinematics of these nine galaxies ranges from ordered disk rotation
(EGS12007881, 13003805, 13011166, 1301928, 13035123, Q2343 BX610), to compact SFG (EGS13026117), an interacting galaxy pair (12011767), and a late-stage
merger (EGS12004291).
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Figure 5. Comparison of source sizes in molecular gas and stellar tracers. Left: comparison of derived half-light radii estimated from I-band data (∼rest-B-band,
horizontal axis) and H-band (∼rest-R-band, open black circles), CO (filled blue circles), Hα (filled cyan squares), and stellar mass (filled red squares). The dotted gray
line marks the location of R1/2(CO) = R1/2(UV/optical). To the SFGs with spatially resolved CO emission in this paper, we also added four SFGs with CO sizes from
Daddi et al. (2010a). Right: distribution of the ratio of CO to stellar sizes in rest-frame B-band (red) and rest-frame R-band (blue). The vertical error bars denote the
Poisson uncertainties and the blue horizontal bar denotes the average ±1σ uncertainty of individual measurements of the ratio.
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Figure 4. Superposition of CO high-resolution maps (white contours, FWHM resolutions 0.′′4 × 0.′′5 (EGS13004291) to 0.′′7 × 1.′′5 (BX610)) on HST images (with
bands labeled in each panel). All galaxy images are approximately on the same linear scale. The kinematics of these nine galaxies ranges from ordered disk rotation
(EGS12007881, 13003805, 13011166, 1301928, 13035123, Q2343 BX610), to compact SFG (EGS13026117), an interacting galaxy pair (12011767), and a late-stage
merger (EGS12004291).
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Figure 5. Comparison of source sizes in molecular gas and stellar tracers. Left: comparison of derived half-light radii estimated from I-band data (∼rest-B-band,
horizontal axis) and H-band (∼rest-R-band, open black circles), CO (filled blue circles), Hα (filled cyan squares), and stellar mass (filled red squares). The dotted gray
line marks the location of R1/2(CO) = R1/2(UV/optical). To the SFGs with spatially resolved CO emission in this paper, we also added four SFGs with CO sizes from
Daddi et al. (2010a). Right: distribution of the ratio of CO to stellar sizes in rest-frame B-band (red) and rest-frame R-band (blue). The vertical error bars denote the
Poisson uncertainties and the blue horizontal bar denotes the average ±1σ uncertainty of individual measurements of the ratio.
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z = 1 - 2｜力学状態 (Genzel et al. 2013)
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redshifted emission (+210 km s−1, both relative to z = 1.5307),
along the main body of the galaxy. At our nominal registration,
the kinematic centroid and the peak of beam-smeared velocity
dispersion are ∼0.′′4 ESE of the extinction-corrected stellar and
star formation rate peaks. This offset is marginally significant,
given the combined relative astrometric uncertainties. The iso-
velocity contours in the middle left map of Figure 4 exhibit
the characteristic “spider” shape of a rotating disk. The overall
velocity and velocity dispersion fields in CO (and Hα; Figure 6)
are well fitted by a rotating disk with an exponential half-light
radius comparable to that of the UV/optical light distribution
(R1/2(CO) = 6.3 ± 1 kpc). The inclination corrected, maximum
rotation velocity is 307 ± 50 km s−1.

After removal of the rotation and instrumental broadening,
the average residual dispersion in the outer parts of the galaxy
(where the contribution from the residual beam-smeared rotation
is smallest) is σ 0 = 52 ± 10 km s−1. The resulting ratio vrot/σ 0
is 6.1 ± 2. This is illustrated in the central and right columns
of Figure 4, where we show an exponential model disk, and
the residuals between data and model. Considering the residual
velocity map in the middle right panel of Figure 4, the average
residual is only 18 km s−1. It needs to be kept in mind, however,
that the model has seven free parameters (centroid coordinates,
systemic velocity, total dynamical mass, inclination, position
angle of the line of nodes, and radial scale length of exponential
distribution) that we varied to obtain the results in Figure 4. Our
good fit result, therefore, is not a unique solution.

Including a correction for the pressure term (Burkert et al.
2010), we infer a total dynamical mass of 3 ± 0.6 × 1011 M%
within ∼2.′′5 (21 kpc). For comparison, the total stellar mass
from galaxy-integrated SED fitting is 1.2 ± 0.4 × 1011 M%, and
the total gas mass, as inferred from the integrated CO flux is
2.6 ± 0.8 × (αCO/4.36) × 1011 M% (Tacconi et al. 2013). The
ratio of baryonic to dynamical mass thus is 1.26 ± 0.6, fully
consistent with a baryon-dominated system. Given the large
systematic uncertainties in all mass tracers, there could also be
a substantial dark matter contribution.

3.2.1. Toomre Q-parameter

With a model of the intrinsic rotation curve and an estimate
of the intrinsic velocity dispersion (assumed for simplicity to be
spatially constant and isotropic), we combine the kinematic pa-
rameters and the molecular surface density distribution and com-
pute the Toomre parameter (Toomre 1964) of the EGS 1301166
disk,QToomre = (κσ0/πGΣmol gas). Here κ is the epicyclic fre-
quency, κ2 = R × d((v/R)2)/dR + 4 × (v/R)2, v is the rotation
velocity at radius R, σ 0 is the average local velocity dispersion,
and Σmol gas is the molecular gas surface density. Figure 5 shows
the inferred Q-distribution along the major axis of the galaxy, in
a 0.′′75 software slit, superposed on the molecular surface den-
sity distribution. With the assumptions made above, the Toomre
Q parameter is below unity throughout the disk, although the
exact absolute value is uncertain by at least ±0.3 dex, given the
combined systematic uncertainties entering the computation of
Q. The disk is thus globally unstable to gravitational fragmenta-
tion, at least averaged over our ∼6 kpc resolution, and consistent
with findings in several other z ∼ 1–2 systems (Genzel et al.
2006, 2011).

The expression used above for the Toomre parameter strictly
applies only for the gas component. If the combined stellar
and gas components are analyzed (Jog & Solomon 1984) and
it is assumed, for simplicity, that the stellar and gas velocity
dispersions are the same (because most of the stars were
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Figure 5. Molecular surface density (open blue circles) and Toomre
Q-parameter (filled red squares, QToomre = (κσ0/πGΣmol gas)) in a 0.′′75 soft-
ware slit along the major axis of the galaxy. Here κ is the epicyclic frequency,
κ2 = R × d((v/R)2)/dR + 4 × (v/R), v is the rotation velocity at radius R, σ 0
is the average local velocity dispersion (after removal of rotation and correction
for instrumental resolution) and Σmol gas is the molecular gas surface density.
(A color version of this figure is available in the online journal.)

recently formed from the gas), the effective Q-parameter of
the two-component system is smaller than Qgas by a factor
χ ∼ (1 + f∗/fgas), where f∗ is the stellar mass fraction. For
z ∼ 1–2 SFGs gas and stellar fractions are comparable (χ ∼ 2;
Tacconi et al. 2013) and the two-component system is even more
gravitationally unstable.

3.2.2. Central Velocity Dispersion and Evidence
for Star-forming Bulge

We observe significant kinematic anomalies in the data-
minus-model residual maps of Figure 4. The largest anomalies
are in the center of the galaxy in the dispersion residual map,
and in the southern extension of the galaxy in both velocity
and velocity dispersion residual maps (in both CO and Hα
data; see Section 3.2.3). The central maximum in the residual
velocity dispersion is significantly larger than expected from
the beam-smeared rotation in an exponential disk galaxy with
inclination 60

◦
. Reducing the inclination decreases the beam-

smeared velocity dispersion residual somewhat (because of the
assumption of isotropic velocity dispersion in a thick disk)
but does not eliminate the effect, unless an unrealistically low
inclination is adopted.

A more likely explanation is a mass profile that is more con-
centrated mass distribution than the exponential disk profile
assumed in the modeling of Figure 4. Such a mass concentra-
tion would be consistent with the presence of a substantial bulge
component, which is also suggested qualitatively by the appear-
ance of the dereddened stellar surface density map (bottom right
panel in Figure 2). An R1/2 = 6.3 kpc exponential disk of total
mass 3 × 1011 M% (gas and stars) would have 2 × 1010 M%,
or 7% of its mass, within the central R ! 1.5 kpc (0.′′18). The
inferred stellar mass fraction within that radius deduced from
the bottom right panel of Figure 2 is twice as large, or 14%.
Within 0.′′4 (3.4 kpc) the exponential model would have 23%
of the total mass, while the inferred stellar mass is 36%, which
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redshifted emission (+210 km s−1, both relative to z = 1.5307),
along the main body of the galaxy. At our nominal registration,
the kinematic centroid and the peak of beam-smeared velocity
dispersion are ∼0.′′4 ESE of the extinction-corrected stellar and
star formation rate peaks. This offset is marginally significant,
given the combined relative astrometric uncertainties. The iso-
velocity contours in the middle left map of Figure 4 exhibit
the characteristic “spider” shape of a rotating disk. The overall
velocity and velocity dispersion fields in CO (and Hα; Figure 6)
are well fitted by a rotating disk with an exponential half-light
radius comparable to that of the UV/optical light distribution
(R1/2(CO) = 6.3 ± 1 kpc). The inclination corrected, maximum
rotation velocity is 307 ± 50 km s−1.

After removal of the rotation and instrumental broadening,
the average residual dispersion in the outer parts of the galaxy
(where the contribution from the residual beam-smeared rotation
is smallest) is σ 0 = 52 ± 10 km s−1. The resulting ratio vrot/σ 0
is 6.1 ± 2. This is illustrated in the central and right columns
of Figure 4, where we show an exponential model disk, and
the residuals between data and model. Considering the residual
velocity map in the middle right panel of Figure 4, the average
residual is only 18 km s−1. It needs to be kept in mind, however,
that the model has seven free parameters (centroid coordinates,
systemic velocity, total dynamical mass, inclination, position
angle of the line of nodes, and radial scale length of exponential
distribution) that we varied to obtain the results in Figure 4. Our
good fit result, therefore, is not a unique solution.

Including a correction for the pressure term (Burkert et al.
2010), we infer a total dynamical mass of 3 ± 0.6 × 1011 M%
within ∼2.′′5 (21 kpc). For comparison, the total stellar mass
from galaxy-integrated SED fitting is 1.2 ± 0.4 × 1011 M%, and
the total gas mass, as inferred from the integrated CO flux is
2.6 ± 0.8 × (αCO/4.36) × 1011 M% (Tacconi et al. 2013). The
ratio of baryonic to dynamical mass thus is 1.26 ± 0.6, fully
consistent with a baryon-dominated system. Given the large
systematic uncertainties in all mass tracers, there could also be
a substantial dark matter contribution.

3.2.1. Toomre Q-parameter

With a model of the intrinsic rotation curve and an estimate
of the intrinsic velocity dispersion (assumed for simplicity to be
spatially constant and isotropic), we combine the kinematic pa-
rameters and the molecular surface density distribution and com-
pute the Toomre parameter (Toomre 1964) of the EGS 1301166
disk,QToomre = (κσ0/πGΣmol gas). Here κ is the epicyclic fre-
quency, κ2 = R × d((v/R)2)/dR + 4 × (v/R)2, v is the rotation
velocity at radius R, σ 0 is the average local velocity dispersion,
and Σmol gas is the molecular gas surface density. Figure 5 shows
the inferred Q-distribution along the major axis of the galaxy, in
a 0.′′75 software slit, superposed on the molecular surface den-
sity distribution. With the assumptions made above, the Toomre
Q parameter is below unity throughout the disk, although the
exact absolute value is uncertain by at least ±0.3 dex, given the
combined systematic uncertainties entering the computation of
Q. The disk is thus globally unstable to gravitational fragmenta-
tion, at least averaged over our ∼6 kpc resolution, and consistent
with findings in several other z ∼ 1–2 systems (Genzel et al.
2006, 2011).

The expression used above for the Toomre parameter strictly
applies only for the gas component. If the combined stellar
and gas components are analyzed (Jog & Solomon 1984) and
it is assumed, for simplicity, that the stellar and gas velocity
dispersions are the same (because most of the stars were
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Figure 5. Molecular surface density (open blue circles) and Toomre
Q-parameter (filled red squares, QToomre = (κσ0/πGΣmol gas)) in a 0.′′75 soft-
ware slit along the major axis of the galaxy. Here κ is the epicyclic frequency,
κ2 = R × d((v/R)2)/dR + 4 × (v/R), v is the rotation velocity at radius R, σ 0
is the average local velocity dispersion (after removal of rotation and correction
for instrumental resolution) and Σmol gas is the molecular gas surface density.
(A color version of this figure is available in the online journal.)

recently formed from the gas), the effective Q-parameter of
the two-component system is smaller than Qgas by a factor
χ ∼ (1 + f∗/fgas), where f∗ is the stellar mass fraction. For
z ∼ 1–2 SFGs gas and stellar fractions are comparable (χ ∼ 2;
Tacconi et al. 2013) and the two-component system is even more
gravitationally unstable.

3.2.2. Central Velocity Dispersion and Evidence
for Star-forming Bulge

We observe significant kinematic anomalies in the data-
minus-model residual maps of Figure 4. The largest anomalies
are in the center of the galaxy in the dispersion residual map,
and in the southern extension of the galaxy in both velocity
and velocity dispersion residual maps (in both CO and Hα
data; see Section 3.2.3). The central maximum in the residual
velocity dispersion is significantly larger than expected from
the beam-smeared rotation in an exponential disk galaxy with
inclination 60

◦
. Reducing the inclination decreases the beam-

smeared velocity dispersion residual somewhat (because of the
assumption of isotropic velocity dispersion in a thick disk)
but does not eliminate the effect, unless an unrealistically low
inclination is adopted.

A more likely explanation is a mass profile that is more con-
centrated mass distribution than the exponential disk profile
assumed in the modeling of Figure 4. Such a mass concentra-
tion would be consistent with the presence of a substantial bulge
component, which is also suggested qualitatively by the appear-
ance of the dereddened stellar surface density map (bottom right
panel in Figure 2). An R1/2 = 6.3 kpc exponential disk of total
mass 3 × 1011 M% (gas and stars) would have 2 × 1010 M%,
or 7% of its mass, within the central R ! 1.5 kpc (0.′′18). The
inferred stellar mass fraction within that radius deduced from
the bottom right panel of Figure 2 is twice as large, or 14%.
Within 0.′′4 (3.4 kpc) the exponential model would have 23%
of the total mass, while the inferred stellar mass is 36%, which
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redshifted emission (+210 km s−1, both relative to z = 1.5307),
along the main body of the galaxy. At our nominal registration,
the kinematic centroid and the peak of beam-smeared velocity
dispersion are ∼0.′′4 ESE of the extinction-corrected stellar and
star formation rate peaks. This offset is marginally significant,
given the combined relative astrometric uncertainties. The iso-
velocity contours in the middle left map of Figure 4 exhibit
the characteristic “spider” shape of a rotating disk. The overall
velocity and velocity dispersion fields in CO (and Hα; Figure 6)
are well fitted by a rotating disk with an exponential half-light
radius comparable to that of the UV/optical light distribution
(R1/2(CO) = 6.3 ± 1 kpc). The inclination corrected, maximum
rotation velocity is 307 ± 50 km s−1.

After removal of the rotation and instrumental broadening,
the average residual dispersion in the outer parts of the galaxy
(where the contribution from the residual beam-smeared rotation
is smallest) is σ 0 = 52 ± 10 km s−1. The resulting ratio vrot/σ 0
is 6.1 ± 2. This is illustrated in the central and right columns
of Figure 4, where we show an exponential model disk, and
the residuals between data and model. Considering the residual
velocity map in the middle right panel of Figure 4, the average
residual is only 18 km s−1. It needs to be kept in mind, however,
that the model has seven free parameters (centroid coordinates,
systemic velocity, total dynamical mass, inclination, position
angle of the line of nodes, and radial scale length of exponential
distribution) that we varied to obtain the results in Figure 4. Our
good fit result, therefore, is not a unique solution.

Including a correction for the pressure term (Burkert et al.
2010), we infer a total dynamical mass of 3 ± 0.6 × 1011 M%
within ∼2.′′5 (21 kpc). For comparison, the total stellar mass
from galaxy-integrated SED fitting is 1.2 ± 0.4 × 1011 M%, and
the total gas mass, as inferred from the integrated CO flux is
2.6 ± 0.8 × (αCO/4.36) × 1011 M% (Tacconi et al. 2013). The
ratio of baryonic to dynamical mass thus is 1.26 ± 0.6, fully
consistent with a baryon-dominated system. Given the large
systematic uncertainties in all mass tracers, there could also be
a substantial dark matter contribution.

3.2.1. Toomre Q-parameter

With a model of the intrinsic rotation curve and an estimate
of the intrinsic velocity dispersion (assumed for simplicity to be
spatially constant and isotropic), we combine the kinematic pa-
rameters and the molecular surface density distribution and com-
pute the Toomre parameter (Toomre 1964) of the EGS 1301166
disk,QToomre = (κσ0/πGΣmol gas). Here κ is the epicyclic fre-
quency, κ2 = R × d((v/R)2)/dR + 4 × (v/R)2, v is the rotation
velocity at radius R, σ 0 is the average local velocity dispersion,
and Σmol gas is the molecular gas surface density. Figure 5 shows
the inferred Q-distribution along the major axis of the galaxy, in
a 0.′′75 software slit, superposed on the molecular surface den-
sity distribution. With the assumptions made above, the Toomre
Q parameter is below unity throughout the disk, although the
exact absolute value is uncertain by at least ±0.3 dex, given the
combined systematic uncertainties entering the computation of
Q. The disk is thus globally unstable to gravitational fragmenta-
tion, at least averaged over our ∼6 kpc resolution, and consistent
with findings in several other z ∼ 1–2 systems (Genzel et al.
2006, 2011).

The expression used above for the Toomre parameter strictly
applies only for the gas component. If the combined stellar
and gas components are analyzed (Jog & Solomon 1984) and
it is assumed, for simplicity, that the stellar and gas velocity
dispersions are the same (because most of the stars were
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Figure 5. Molecular surface density (open blue circles) and Toomre
Q-parameter (filled red squares, QToomre = (κσ0/πGΣmol gas)) in a 0.′′75 soft-
ware slit along the major axis of the galaxy. Here κ is the epicyclic frequency,
κ2 = R × d((v/R)2)/dR + 4 × (v/R), v is the rotation velocity at radius R, σ 0
is the average local velocity dispersion (after removal of rotation and correction
for instrumental resolution) and Σmol gas is the molecular gas surface density.
(A color version of this figure is available in the online journal.)

recently formed from the gas), the effective Q-parameter of
the two-component system is smaller than Qgas by a factor
χ ∼ (1 + f∗/fgas), where f∗ is the stellar mass fraction. For
z ∼ 1–2 SFGs gas and stellar fractions are comparable (χ ∼ 2;
Tacconi et al. 2013) and the two-component system is even more
gravitationally unstable.

3.2.2. Central Velocity Dispersion and Evidence
for Star-forming Bulge

We observe significant kinematic anomalies in the data-
minus-model residual maps of Figure 4. The largest anomalies
are in the center of the galaxy in the dispersion residual map,
and in the southern extension of the galaxy in both velocity
and velocity dispersion residual maps (in both CO and Hα
data; see Section 3.2.3). The central maximum in the residual
velocity dispersion is significantly larger than expected from
the beam-smeared rotation in an exponential disk galaxy with
inclination 60

◦
. Reducing the inclination decreases the beam-

smeared velocity dispersion residual somewhat (because of the
assumption of isotropic velocity dispersion in a thick disk)
but does not eliminate the effect, unless an unrealistically low
inclination is adopted.

A more likely explanation is a mass profile that is more con-
centrated mass distribution than the exponential disk profile
assumed in the modeling of Figure 4. Such a mass concentra-
tion would be consistent with the presence of a substantial bulge
component, which is also suggested qualitatively by the appear-
ance of the dereddened stellar surface density map (bottom right
panel in Figure 2). An R1/2 = 6.3 kpc exponential disk of total
mass 3 × 1011 M% (gas and stars) would have 2 × 1010 M%,
or 7% of its mass, within the central R ! 1.5 kpc (0.′′18). The
inferred stellar mass fraction within that radius deduced from
the bottom right panel of Figure 2 is twice as large, or 14%.
Within 0.′′4 (3.4 kpc) the exponential model would have 23%
of the total mass, while the inferred stellar mass is 36%, which
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redshifted emission (+210 km s−1, both relative to z = 1.5307),
along the main body of the galaxy. At our nominal registration,
the kinematic centroid and the peak of beam-smeared velocity
dispersion are ∼0.′′4 ESE of the extinction-corrected stellar and
star formation rate peaks. This offset is marginally significant,
given the combined relative astrometric uncertainties. The iso-
velocity contours in the middle left map of Figure 4 exhibit
the characteristic “spider” shape of a rotating disk. The overall
velocity and velocity dispersion fields in CO (and Hα; Figure 6)
are well fitted by a rotating disk with an exponential half-light
radius comparable to that of the UV/optical light distribution
(R1/2(CO) = 6.3 ± 1 kpc). The inclination corrected, maximum
rotation velocity is 307 ± 50 km s−1.

After removal of the rotation and instrumental broadening,
the average residual dispersion in the outer parts of the galaxy
(where the contribution from the residual beam-smeared rotation
is smallest) is σ 0 = 52 ± 10 km s−1. The resulting ratio vrot/σ 0
is 6.1 ± 2. This is illustrated in the central and right columns
of Figure 4, where we show an exponential model disk, and
the residuals between data and model. Considering the residual
velocity map in the middle right panel of Figure 4, the average
residual is only 18 km s−1. It needs to be kept in mind, however,
that the model has seven free parameters (centroid coordinates,
systemic velocity, total dynamical mass, inclination, position
angle of the line of nodes, and radial scale length of exponential
distribution) that we varied to obtain the results in Figure 4. Our
good fit result, therefore, is not a unique solution.

Including a correction for the pressure term (Burkert et al.
2010), we infer a total dynamical mass of 3 ± 0.6 × 1011 M%
within ∼2.′′5 (21 kpc). For comparison, the total stellar mass
from galaxy-integrated SED fitting is 1.2 ± 0.4 × 1011 M%, and
the total gas mass, as inferred from the integrated CO flux is
2.6 ± 0.8 × (αCO/4.36) × 1011 M% (Tacconi et al. 2013). The
ratio of baryonic to dynamical mass thus is 1.26 ± 0.6, fully
consistent with a baryon-dominated system. Given the large
systematic uncertainties in all mass tracers, there could also be
a substantial dark matter contribution.

3.2.1. Toomre Q-parameter

With a model of the intrinsic rotation curve and an estimate
of the intrinsic velocity dispersion (assumed for simplicity to be
spatially constant and isotropic), we combine the kinematic pa-
rameters and the molecular surface density distribution and com-
pute the Toomre parameter (Toomre 1964) of the EGS 1301166
disk,QToomre = (κσ0/πGΣmol gas). Here κ is the epicyclic fre-
quency, κ2 = R × d((v/R)2)/dR + 4 × (v/R)2, v is the rotation
velocity at radius R, σ 0 is the average local velocity dispersion,
and Σmol gas is the molecular gas surface density. Figure 5 shows
the inferred Q-distribution along the major axis of the galaxy, in
a 0.′′75 software slit, superposed on the molecular surface den-
sity distribution. With the assumptions made above, the Toomre
Q parameter is below unity throughout the disk, although the
exact absolute value is uncertain by at least ±0.3 dex, given the
combined systematic uncertainties entering the computation of
Q. The disk is thus globally unstable to gravitational fragmenta-
tion, at least averaged over our ∼6 kpc resolution, and consistent
with findings in several other z ∼ 1–2 systems (Genzel et al.
2006, 2011).

The expression used above for the Toomre parameter strictly
applies only for the gas component. If the combined stellar
and gas components are analyzed (Jog & Solomon 1984) and
it is assumed, for simplicity, that the stellar and gas velocity
dispersions are the same (because most of the stars were

0

500

1000

1500

-3 -2 -1 0 1 2

-30 -20 -10 0 10 20

0

0.5

1.0

1.5

pa -360  

major axis offset (arcsec)
Σ m

ol
 g

as
 (

M
su

npc
-2

)

Q
T

oo
m

re

offset (kpc)

Figure 5. Molecular surface density (open blue circles) and Toomre
Q-parameter (filled red squares, QToomre = (κσ0/πGΣmol gas)) in a 0.′′75 soft-
ware slit along the major axis of the galaxy. Here κ is the epicyclic frequency,
κ2 = R × d((v/R)2)/dR + 4 × (v/R), v is the rotation velocity at radius R, σ 0
is the average local velocity dispersion (after removal of rotation and correction
for instrumental resolution) and Σmol gas is the molecular gas surface density.
(A color version of this figure is available in the online journal.)

recently formed from the gas), the effective Q-parameter of
the two-component system is smaller than Qgas by a factor
χ ∼ (1 + f∗/fgas), where f∗ is the stellar mass fraction. For
z ∼ 1–2 SFGs gas and stellar fractions are comparable (χ ∼ 2;
Tacconi et al. 2013) and the two-component system is even more
gravitationally unstable.

3.2.2. Central Velocity Dispersion and Evidence
for Star-forming Bulge

We observe significant kinematic anomalies in the data-
minus-model residual maps of Figure 4. The largest anomalies
are in the center of the galaxy in the dispersion residual map,
and in the southern extension of the galaxy in both velocity
and velocity dispersion residual maps (in both CO and Hα
data; see Section 3.2.3). The central maximum in the residual
velocity dispersion is significantly larger than expected from
the beam-smeared rotation in an exponential disk galaxy with
inclination 60

◦
. Reducing the inclination decreases the beam-

smeared velocity dispersion residual somewhat (because of the
assumption of isotropic velocity dispersion in a thick disk)
but does not eliminate the effect, unless an unrealistically low
inclination is adopted.

A more likely explanation is a mass profile that is more con-
centrated mass distribution than the exponential disk profile
assumed in the modeling of Figure 4. Such a mass concentra-
tion would be consistent with the presence of a substantial bulge
component, which is also suggested qualitatively by the appear-
ance of the dereddened stellar surface density map (bottom right
panel in Figure 2). An R1/2 = 6.3 kpc exponential disk of total
mass 3 × 1011 M% (gas and stars) would have 2 × 1010 M%,
or 7% of its mass, within the central R ! 1.5 kpc (0.′′18). The
inferred stellar mass fraction within that radius deduced from
the bottom right panel of Figure 2 is twice as large, or 14%.
Within 0.′′4 (3.4 kpc) the exponential model would have 23%
of the total mass, while the inferred stellar mass is 36%, which
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redshifted emission (+210 km s−1, both relative to z = 1.5307),
along the main body of the galaxy. At our nominal registration,
the kinematic centroid and the peak of beam-smeared velocity
dispersion are ∼0.′′4 ESE of the extinction-corrected stellar and
star formation rate peaks. This offset is marginally significant,
given the combined relative astrometric uncertainties. The iso-
velocity contours in the middle left map of Figure 4 exhibit
the characteristic “spider” shape of a rotating disk. The overall
velocity and velocity dispersion fields in CO (and Hα; Figure 6)
are well fitted by a rotating disk with an exponential half-light
radius comparable to that of the UV/optical light distribution
(R1/2(CO) = 6.3 ± 1 kpc). The inclination corrected, maximum
rotation velocity is 307 ± 50 km s−1.

After removal of the rotation and instrumental broadening,
the average residual dispersion in the outer parts of the galaxy
(where the contribution from the residual beam-smeared rotation
is smallest) is σ 0 = 52 ± 10 km s−1. The resulting ratio vrot/σ 0
is 6.1 ± 2. This is illustrated in the central and right columns
of Figure 4, where we show an exponential model disk, and
the residuals between data and model. Considering the residual
velocity map in the middle right panel of Figure 4, the average
residual is only 18 km s−1. It needs to be kept in mind, however,
that the model has seven free parameters (centroid coordinates,
systemic velocity, total dynamical mass, inclination, position
angle of the line of nodes, and radial scale length of exponential
distribution) that we varied to obtain the results in Figure 4. Our
good fit result, therefore, is not a unique solution.

Including a correction for the pressure term (Burkert et al.
2010), we infer a total dynamical mass of 3 ± 0.6 × 1011 M%
within ∼2.′′5 (21 kpc). For comparison, the total stellar mass
from galaxy-integrated SED fitting is 1.2 ± 0.4 × 1011 M%, and
the total gas mass, as inferred from the integrated CO flux is
2.6 ± 0.8 × (αCO/4.36) × 1011 M% (Tacconi et al. 2013). The
ratio of baryonic to dynamical mass thus is 1.26 ± 0.6, fully
consistent with a baryon-dominated system. Given the large
systematic uncertainties in all mass tracers, there could also be
a substantial dark matter contribution.

3.2.1. Toomre Q-parameter

With a model of the intrinsic rotation curve and an estimate
of the intrinsic velocity dispersion (assumed for simplicity to be
spatially constant and isotropic), we combine the kinematic pa-
rameters and the molecular surface density distribution and com-
pute the Toomre parameter (Toomre 1964) of the EGS 1301166
disk,QToomre = (κσ0/πGΣmol gas). Here κ is the epicyclic fre-
quency, κ2 = R × d((v/R)2)/dR + 4 × (v/R)2, v is the rotation
velocity at radius R, σ 0 is the average local velocity dispersion,
and Σmol gas is the molecular gas surface density. Figure 5 shows
the inferred Q-distribution along the major axis of the galaxy, in
a 0.′′75 software slit, superposed on the molecular surface den-
sity distribution. With the assumptions made above, the Toomre
Q parameter is below unity throughout the disk, although the
exact absolute value is uncertain by at least ±0.3 dex, given the
combined systematic uncertainties entering the computation of
Q. The disk is thus globally unstable to gravitational fragmenta-
tion, at least averaged over our ∼6 kpc resolution, and consistent
with findings in several other z ∼ 1–2 systems (Genzel et al.
2006, 2011).

The expression used above for the Toomre parameter strictly
applies only for the gas component. If the combined stellar
and gas components are analyzed (Jog & Solomon 1984) and
it is assumed, for simplicity, that the stellar and gas velocity
dispersions are the same (because most of the stars were
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Figure 5. Molecular surface density (open blue circles) and Toomre
Q-parameter (filled red squares, QToomre = (κσ0/πGΣmol gas)) in a 0.′′75 soft-
ware slit along the major axis of the galaxy. Here κ is the epicyclic frequency,
κ2 = R × d((v/R)2)/dR + 4 × (v/R), v is the rotation velocity at radius R, σ 0
is the average local velocity dispersion (after removal of rotation and correction
for instrumental resolution) and Σmol gas is the molecular gas surface density.
(A color version of this figure is available in the online journal.)

recently formed from the gas), the effective Q-parameter of
the two-component system is smaller than Qgas by a factor
χ ∼ (1 + f∗/fgas), where f∗ is the stellar mass fraction. For
z ∼ 1–2 SFGs gas and stellar fractions are comparable (χ ∼ 2;
Tacconi et al. 2013) and the two-component system is even more
gravitationally unstable.

3.2.2. Central Velocity Dispersion and Evidence
for Star-forming Bulge

We observe significant kinematic anomalies in the data-
minus-model residual maps of Figure 4. The largest anomalies
are in the center of the galaxy in the dispersion residual map,
and in the southern extension of the galaxy in both velocity
and velocity dispersion residual maps (in both CO and Hα
data; see Section 3.2.3). The central maximum in the residual
velocity dispersion is significantly larger than expected from
the beam-smeared rotation in an exponential disk galaxy with
inclination 60

◦
. Reducing the inclination decreases the beam-

smeared velocity dispersion residual somewhat (because of the
assumption of isotropic velocity dispersion in a thick disk)
but does not eliminate the effect, unless an unrealistically low
inclination is adopted.

A more likely explanation is a mass profile that is more con-
centrated mass distribution than the exponential disk profile
assumed in the modeling of Figure 4. Such a mass concentra-
tion would be consistent with the presence of a substantial bulge
component, which is also suggested qualitatively by the appear-
ance of the dereddened stellar surface density map (bottom right
panel in Figure 2). An R1/2 = 6.3 kpc exponential disk of total
mass 3 × 1011 M% (gas and stars) would have 2 × 1010 M%,
or 7% of its mass, within the central R ! 1.5 kpc (0.′′18). The
inferred stellar mass fraction within that radius deduced from
the bottom right panel of Figure 2 is twice as large, or 14%.
Within 0.′′4 (3.4 kpc) the exponential model would have 23%
of the total mass, while the inferred stellar mass is 36%, which
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redshifted emission (+210 km s−1, both relative to z = 1.5307),
along the main body of the galaxy. At our nominal registration,
the kinematic centroid and the peak of beam-smeared velocity
dispersion are ∼0.′′4 ESE of the extinction-corrected stellar and
star formation rate peaks. This offset is marginally significant,
given the combined relative astrometric uncertainties. The iso-
velocity contours in the middle left map of Figure 4 exhibit
the characteristic “spider” shape of a rotating disk. The overall
velocity and velocity dispersion fields in CO (and Hα; Figure 6)
are well fitted by a rotating disk with an exponential half-light
radius comparable to that of the UV/optical light distribution
(R1/2(CO) = 6.3 ± 1 kpc). The inclination corrected, maximum
rotation velocity is 307 ± 50 km s−1.

After removal of the rotation and instrumental broadening,
the average residual dispersion in the outer parts of the galaxy
(where the contribution from the residual beam-smeared rotation
is smallest) is σ 0 = 52 ± 10 km s−1. The resulting ratio vrot/σ 0
is 6.1 ± 2. This is illustrated in the central and right columns
of Figure 4, where we show an exponential model disk, and
the residuals between data and model. Considering the residual
velocity map in the middle right panel of Figure 4, the average
residual is only 18 km s−1. It needs to be kept in mind, however,
that the model has seven free parameters (centroid coordinates,
systemic velocity, total dynamical mass, inclination, position
angle of the line of nodes, and radial scale length of exponential
distribution) that we varied to obtain the results in Figure 4. Our
good fit result, therefore, is not a unique solution.

Including a correction for the pressure term (Burkert et al.
2010), we infer a total dynamical mass of 3 ± 0.6 × 1011 M%
within ∼2.′′5 (21 kpc). For comparison, the total stellar mass
from galaxy-integrated SED fitting is 1.2 ± 0.4 × 1011 M%, and
the total gas mass, as inferred from the integrated CO flux is
2.6 ± 0.8 × (αCO/4.36) × 1011 M% (Tacconi et al. 2013). The
ratio of baryonic to dynamical mass thus is 1.26 ± 0.6, fully
consistent with a baryon-dominated system. Given the large
systematic uncertainties in all mass tracers, there could also be
a substantial dark matter contribution.

3.2.1. Toomre Q-parameter

With a model of the intrinsic rotation curve and an estimate
of the intrinsic velocity dispersion (assumed for simplicity to be
spatially constant and isotropic), we combine the kinematic pa-
rameters and the molecular surface density distribution and com-
pute the Toomre parameter (Toomre 1964) of the EGS 1301166
disk,QToomre = (κσ0/πGΣmol gas). Here κ is the epicyclic fre-
quency, κ2 = R × d((v/R)2)/dR + 4 × (v/R)2, v is the rotation
velocity at radius R, σ 0 is the average local velocity dispersion,
and Σmol gas is the molecular gas surface density. Figure 5 shows
the inferred Q-distribution along the major axis of the galaxy, in
a 0.′′75 software slit, superposed on the molecular surface den-
sity distribution. With the assumptions made above, the Toomre
Q parameter is below unity throughout the disk, although the
exact absolute value is uncertain by at least ±0.3 dex, given the
combined systematic uncertainties entering the computation of
Q. The disk is thus globally unstable to gravitational fragmenta-
tion, at least averaged over our ∼6 kpc resolution, and consistent
with findings in several other z ∼ 1–2 systems (Genzel et al.
2006, 2011).

The expression used above for the Toomre parameter strictly
applies only for the gas component. If the combined stellar
and gas components are analyzed (Jog & Solomon 1984) and
it is assumed, for simplicity, that the stellar and gas velocity
dispersions are the same (because most of the stars were
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Figure 5. Molecular surface density (open blue circles) and Toomre
Q-parameter (filled red squares, QToomre = (κσ0/πGΣmol gas)) in a 0.′′75 soft-
ware slit along the major axis of the galaxy. Here κ is the epicyclic frequency,
κ2 = R × d((v/R)2)/dR + 4 × (v/R), v is the rotation velocity at radius R, σ 0
is the average local velocity dispersion (after removal of rotation and correction
for instrumental resolution) and Σmol gas is the molecular gas surface density.
(A color version of this figure is available in the online journal.)

recently formed from the gas), the effective Q-parameter of
the two-component system is smaller than Qgas by a factor
χ ∼ (1 + f∗/fgas), where f∗ is the stellar mass fraction. For
z ∼ 1–2 SFGs gas and stellar fractions are comparable (χ ∼ 2;
Tacconi et al. 2013) and the two-component system is even more
gravitationally unstable.

3.2.2. Central Velocity Dispersion and Evidence
for Star-forming Bulge

We observe significant kinematic anomalies in the data-
minus-model residual maps of Figure 4. The largest anomalies
are in the center of the galaxy in the dispersion residual map,
and in the southern extension of the galaxy in both velocity
and velocity dispersion residual maps (in both CO and Hα
data; see Section 3.2.3). The central maximum in the residual
velocity dispersion is significantly larger than expected from
the beam-smeared rotation in an exponential disk galaxy with
inclination 60

◦
. Reducing the inclination decreases the beam-

smeared velocity dispersion residual somewhat (because of the
assumption of isotropic velocity dispersion in a thick disk)
but does not eliminate the effect, unless an unrealistically low
inclination is adopted.

A more likely explanation is a mass profile that is more con-
centrated mass distribution than the exponential disk profile
assumed in the modeling of Figure 4. Such a mass concentra-
tion would be consistent with the presence of a substantial bulge
component, which is also suggested qualitatively by the appear-
ance of the dereddened stellar surface density map (bottom right
panel in Figure 2). An R1/2 = 6.3 kpc exponential disk of total
mass 3 × 1011 M% (gas and stars) would have 2 × 1010 M%,
or 7% of its mass, within the central R ! 1.5 kpc (0.′′18). The
inferred stellar mass fraction within that radius deduced from
the bottom right panel of Figure 2 is twice as large, or 14%.
Within 0.′′4 (3.4 kpc) the exponential model would have 23%
of the total mass, while the inferred stellar mass is 36%, which
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redshifted emission (+210 km s−1, both relative to z = 1.5307),
along the main body of the galaxy. At our nominal registration,
the kinematic centroid and the peak of beam-smeared velocity
dispersion are ∼0.′′4 ESE of the extinction-corrected stellar and
star formation rate peaks. This offset is marginally significant,
given the combined relative astrometric uncertainties. The iso-
velocity contours in the middle left map of Figure 4 exhibit
the characteristic “spider” shape of a rotating disk. The overall
velocity and velocity dispersion fields in CO (and Hα; Figure 6)
are well fitted by a rotating disk with an exponential half-light
radius comparable to that of the UV/optical light distribution
(R1/2(CO) = 6.3 ± 1 kpc). The inclination corrected, maximum
rotation velocity is 307 ± 50 km s−1.

After removal of the rotation and instrumental broadening,
the average residual dispersion in the outer parts of the galaxy
(where the contribution from the residual beam-smeared rotation
is smallest) is σ 0 = 52 ± 10 km s−1. The resulting ratio vrot/σ 0
is 6.1 ± 2. This is illustrated in the central and right columns
of Figure 4, where we show an exponential model disk, and
the residuals between data and model. Considering the residual
velocity map in the middle right panel of Figure 4, the average
residual is only 18 km s−1. It needs to be kept in mind, however,
that the model has seven free parameters (centroid coordinates,
systemic velocity, total dynamical mass, inclination, position
angle of the line of nodes, and radial scale length of exponential
distribution) that we varied to obtain the results in Figure 4. Our
good fit result, therefore, is not a unique solution.

Including a correction for the pressure term (Burkert et al.
2010), we infer a total dynamical mass of 3 ± 0.6 × 1011 M%
within ∼2.′′5 (21 kpc). For comparison, the total stellar mass
from galaxy-integrated SED fitting is 1.2 ± 0.4 × 1011 M%, and
the total gas mass, as inferred from the integrated CO flux is
2.6 ± 0.8 × (αCO/4.36) × 1011 M% (Tacconi et al. 2013). The
ratio of baryonic to dynamical mass thus is 1.26 ± 0.6, fully
consistent with a baryon-dominated system. Given the large
systematic uncertainties in all mass tracers, there could also be
a substantial dark matter contribution.

3.2.1. Toomre Q-parameter

With a model of the intrinsic rotation curve and an estimate
of the intrinsic velocity dispersion (assumed for simplicity to be
spatially constant and isotropic), we combine the kinematic pa-
rameters and the molecular surface density distribution and com-
pute the Toomre parameter (Toomre 1964) of the EGS 1301166
disk,QToomre = (κσ0/πGΣmol gas). Here κ is the epicyclic fre-
quency, κ2 = R × d((v/R)2)/dR + 4 × (v/R)2, v is the rotation
velocity at radius R, σ 0 is the average local velocity dispersion,
and Σmol gas is the molecular gas surface density. Figure 5 shows
the inferred Q-distribution along the major axis of the galaxy, in
a 0.′′75 software slit, superposed on the molecular surface den-
sity distribution. With the assumptions made above, the Toomre
Q parameter is below unity throughout the disk, although the
exact absolute value is uncertain by at least ±0.3 dex, given the
combined systematic uncertainties entering the computation of
Q. The disk is thus globally unstable to gravitational fragmenta-
tion, at least averaged over our ∼6 kpc resolution, and consistent
with findings in several other z ∼ 1–2 systems (Genzel et al.
2006, 2011).

The expression used above for the Toomre parameter strictly
applies only for the gas component. If the combined stellar
and gas components are analyzed (Jog & Solomon 1984) and
it is assumed, for simplicity, that the stellar and gas velocity
dispersions are the same (because most of the stars were
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Figure 5. Molecular surface density (open blue circles) and Toomre
Q-parameter (filled red squares, QToomre = (κσ0/πGΣmol gas)) in a 0.′′75 soft-
ware slit along the major axis of the galaxy. Here κ is the epicyclic frequency,
κ2 = R × d((v/R)2)/dR + 4 × (v/R), v is the rotation velocity at radius R, σ 0
is the average local velocity dispersion (after removal of rotation and correction
for instrumental resolution) and Σmol gas is the molecular gas surface density.
(A color version of this figure is available in the online journal.)

recently formed from the gas), the effective Q-parameter of
the two-component system is smaller than Qgas by a factor
χ ∼ (1 + f∗/fgas), where f∗ is the stellar mass fraction. For
z ∼ 1–2 SFGs gas and stellar fractions are comparable (χ ∼ 2;
Tacconi et al. 2013) and the two-component system is even more
gravitationally unstable.

3.2.2. Central Velocity Dispersion and Evidence
for Star-forming Bulge

We observe significant kinematic anomalies in the data-
minus-model residual maps of Figure 4. The largest anomalies
are in the center of the galaxy in the dispersion residual map,
and in the southern extension of the galaxy in both velocity
and velocity dispersion residual maps (in both CO and Hα
data; see Section 3.2.3). The central maximum in the residual
velocity dispersion is significantly larger than expected from
the beam-smeared rotation in an exponential disk galaxy with
inclination 60

◦
. Reducing the inclination decreases the beam-

smeared velocity dispersion residual somewhat (because of the
assumption of isotropic velocity dispersion in a thick disk)
but does not eliminate the effect, unless an unrealistically low
inclination is adopted.

A more likely explanation is a mass profile that is more con-
centrated mass distribution than the exponential disk profile
assumed in the modeling of Figure 4. Such a mass concentra-
tion would be consistent with the presence of a substantial bulge
component, which is also suggested qualitatively by the appear-
ance of the dereddened stellar surface density map (bottom right
panel in Figure 2). An R1/2 = 6.3 kpc exponential disk of total
mass 3 × 1011 M% (gas and stars) would have 2 × 1010 M%,
or 7% of its mass, within the central R ! 1.5 kpc (0.′′18). The
inferred stellar mass fraction within that radius deduced from
the bottom right panel of Figure 2 is twice as large, or 14%.
Within 0.′′4 (3.4 kpc) the exponential model would have 23%
of the total mass, while the inferred stellar mass is 36%, which
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Figure 1. Left: the location of EGS 13011166 in the stellar-mass–star formation rate plane (filled red circle), compared to the overall PHIBSS CO 3–2 survey of
z ∼ 1–3 SFGs (filled black circles; Tacconi et al. 2013), and the underlying MS of z ∼ 1.5–2.5 SFG population as derived in the COSMOS field with the BzK
color–magnitude criterion (gray dots; McCracken et al. 2010; Mancini et al. 2011). Right: V (blue) – I (green) – H (red)—three band HST image of EGS 13011166,
all on a sqrt(F) color scale. The images were smoothed to ∼0.′′25 FWHM. A–E denote prominent star formation clumps. The small white cross marks the position of
the stellar and star formation rate surface density peaks (Figure 2).

Figure 2. Comparison of images. Top row: integrated CO flux map in color (ABC-configurations, 0.′′7 × 0.′′8 FWHM) and (left) WFC3 HST H-band map as white
contours, ∼0.′′3 FWHM; (center) inferred stellar mass distribution from SED fitting white contours, 0.′′75 FWHM; and (right) extinction-corrected star formation rate
distribution inferred from SED fitting (white contours, 0.′′75 resolution). Bottom row: (left) CO-integrated flux map in white contours (AB-configuration, 0.′′56 ×
0.′′68 FWHM) and HST WFC3 H-band map (red, 0.′′3 FWHM) and ACS V-band map (green, 0.′′3 FWHM), (center) CO-integrated flux map in white contours,
(AB-configuration, 0.′′56 × 0.′′68 FWHM) and HST AV-map (red, 0.′′35 FWHM) and (right) ACS V-band map (blue, 0.′′35 FWHM). (Right) HST ACS V-band (green),
and AV-map in white contours and stellar mass map (red), both inferred from SED modeling. All HST maps are smoothed to 0.′′35 FWHM. The pixel scale is 0.′′06.

the relatively low resolution of the LUCI data, this value
is likely an upper limit and the intrinsic gradient could be
steeper. Alternatively, the maximum of [N ii]/Hα at the stel-
lar surface density peak could be due to an active galactic
nucleus (AGN) there. While the nuclear [N ii]/Hα ratio can
be well explained by photoionization of solar metallicity gas
(see above), we cannot exclude that this is strongly affected
by beam smearing and that at high resolution the nuclear
[N ii]/Hα value may exceed the stellar “photoionization limit”

of ∼0.55. There is, however, no X-ray point source associated
with EGS 13011166 in the Chandra X-ray catalog of AEGIS
(http://astro.ic.ac.uk/content/aegis-x, PI: K. Nandra).

3.1.4. Optical Emission Line Profiles

The upper left panel of Figure 3 shows the galaxy-integrated
Hα, [N ii], and [S ii] spectra. The line profile between Hα and
the two [N ii] lines does not dip to the zero level, and there are
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Figure 3. LUCI spectroscopy. Top left: integrated spectrum of EGS 13011166,
after removing pixel-by-pixel velocity shifts due to the large-scale rotation. It
shows Hα, [N ii] and [S ii] emission lines (blue). The line profile cannot be fit
by a single Gaussian. The pink curve is the best fit, double Gaussian profile
for all five lines: a “narrow” component of ∆vFWHM = 293(±11) km s−1, and
flux ratios [N ii]6585/Hα = 0.37 ± 0.01, [S ii]6718/Hα = 0.25 ± 0.04 and
[S ii]6718/[S ii]6732 ∼ 1.3(+0.8, −0.1), and a “broad” component with
∆vFWHM = 680 (±80) km s−1 and flux ratio (Fbroad/Fnarrow)(Hα) =
0.48(±0.13). The broad component is also present in the [N ii] and [S ii] lines.
Bottom left: location of ESG13011166 in the [N ii]/Hα and [S ii]/Hα-plane
(adapted from Newman et al. 2012b), along with photo-ionization and shock
models. The spatially integrated value for EGS 13011166 (large black circle)
is well fit with solar metallicity photoionization models with ionization param-
eter log U ∼ −3.2. Right: overlays the HST H-band map (white contours) on
the integrated Hα flux map (top), integrated [N ii]6585 flux map (middle), and
[N ii]6585/Hα flux ratio map (bottom).

non-Gaussian wings blue- and redward of the two [N ii] lines.
The observed spectral profiles either require a non-Gaussian
shape or a second, underlying broad emission component (see
discussions in Shapiro et al. 2009; Genzel et al. 2011; Newman
et al. 2012a). A global two-Gaussian fit to all five emission lines
indicates that the broad emission is present in Hα and the [N ii]
lines, and perhaps also in the [S ii] lines.

The broad emission could have several causes. It could be due
to a galactic ionized gas outflow, as seen commonly in z > 1 MS
SFGs (Shapiro et al. 2009; Genzel et al. 2011; Newman et al.
2012a). The broad emission could also be due to high-velocity
gas driven by a central AGN. However, the broad emission
in EGS 13011166 is present in the forbidden lines as well, thus
disfavoring a dense and compact AGN broad line region. Finally,
given the relatively poor angular resolution of our Hα data, at
least some of the broad wings may due to unresolved, and beam
smeared orbital motion near the nucleus, which was not removed
by our pixel-by-pixel velocity deshifting method.

In the galactic wind explanation, the width of the broad emis-
sion component, ∆vFWHM ∼ 700 km s−1, suggests an average
outflow velocity of vout ∼ 600 km s−1 (Genzel et al. 2011), which
is comparable to spatially resolved ionized outflows most likely
driven by star formation activity (“star formation feedback”)
seen in many other z ∼ 1–2.5 SFGs (Newman et al. 2012a).
AGN-driven winds result in yet broader emission (∆vFWHM ∼

Figure 4. Molecular gas derived kinematics and disk models in EGS 13011166
(all from ABC-configuration data at 0.′′7 × 0.′′8 FWHM resolution). Top row:
CO-integrated flux map in color with white contour maps (from left to right)
and the 0.′′3 FWHM HST WFC3, stellar mass (as inferred from SED fitting, 0.′′75
FWHM) and mass distribution of the best exponential fit model. The middle
row shows the CO velocity map (left), the model velocity map (center), and
the data minus model residual map, with superpose white contours of the 0.′′3
FWHM HST WFC3 map. The bottom row shows the same overlays for the
dispersion maps. The black cross denotes the position of the H-band peak that
is ∼0.′′4(±0.′′1) ESE of the stellar mass and star formation rate peaks. Numbers
in the individual panels give minimum and maximum values of the color maps,
as well as rms and average values of velocity residuals and velocity dispersion
residuals.

1400 km s−1); such winds are detected toward the nuclei of a
number of log M∗ > 11 SFGs (N. M. Förster Schreiber et al.
2013, in preparation). The spatial resolution of the seeing lim-
ited LUCI data is not sufficient to distinguish between these
two possibilities but the line width is more suggestive of “star
formation” feedback.

From the measured line width and broad to narrow flux
ratio Fbroad/Fnarrow = 0.48 ± 0.13, a mass outflow rate can be

estimated (
•

Mout ∝ L(Hα)narrow × (Fbroad/Fnarrow) × (vout/neR);
Genzel et al. 2011). We assume a source radius R comparable to
the half-light radius of the galactic disk, and an electron density
of ne ∼ 50 cm−3 (Newman et al. 2012a), motivated by the fact
the broad [S ii]6718/[S ii]6732 ratio is close to the low-density

limit. We infer a mass outflow rate of
•

Mo = 570 M' yr−1,

and a mass loading factor η =
•

Mo/SFR = 1.5 ± 1. While
obviously quite uncertain, the inferred mass loading parameter
is in good agreement with the results of Newman et al. (2012a),
who find that z ∼ 1.5–2.5 SFGs exhibit powerful winds with
η ∼ 2 above a star formation rate surface density threshold of
∼1.5 M' yr−1 kpc−2. The star formation rate surface density
of EGS 13011166 is 〈Σstar form〉 = 0.5 × SFR/(πR1/2

2) ∼
1.5 M' yr−1 kpc−2.

3.2. Gas Kinematics and Modeling

The main body of the galaxy exhibits a regular velocity
field in CO (Figure 4) and Hα (Figure 6), with a progression
from blueshifted emission (−215 km s−1) in the southeast to
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Figure 3. One of the object of the z=1.2 sample: the galaxy EGS1305123 at red-
shift z=1.12. Left: Superposition of the map of the CO line (red, obtained with the
IRAM interferometer), with the I-band (green) and V-band (blue) images obtained
with the Hubble telescope. The CO(3-2) line is redshifted at 2mm wavelength, and
is mapped at a spatial resolution of 0.6”x0.7” (beam indicated by the grey hatched
ellipse). Right: Velocity field of the galaxy in the CO line. From Tacconi et al. (2010)

shifted from 100µm to 500µm in the SPIRE band. Several objects were searched for
CO lines, to determine their redshifts. One of the strongest galaxies has been found be-
hind the cluster Abell 773, and many molecular lines have been detected in the redshift
search, including H2O, CI, [CII], [NII]205µm (Combes et al. 2012).

Follow up observations with SMA and PdBI have resolved the strong lensing im-
ages, the magnification is about 11, and the source presents two arcs, forming an in-
complete ring. The velocity profile reveals at least two different components (two in-
teracting galaxies?) and the [CII] line map indicates that the blue and red components
are distributed in complementary arcs, forming an interrupted Einstein ring (Boone
et al. 2013, in prep). The high signal-to-noise spectra in CI and CO(7-6) at about the
same frequency have allowed to put constraints on variation of fundamental constants,
in particular the proton-to-electron mass ratio (relative variations below 2 10−5, Lev-
shakov et al. 2012).

Rawle et al. (2013, in prep) show that the [NII] to [CII] ratio is 0.043, similar to
that in nearby objects. The ratio can be used as a metallicity diagnostic, as shown
by Nagao et al. (2012) with ALMA. This diagnostic is precious, for dust-enshrouded
objects at z>3, since there are no available diagnostics in optical lines from the ground.

5. ALMA mapping at z=0

Coming back to local galaxies, we have been able to use ALMA in cycle 0 to explore
two Seyfert galaxies, and their molecular gas fueling mechanisms. NGC 1433 is a
Seyfert 2 called the Lord of rings (Buta & Combes 1996), since it shows clearly at
least 3 rings corresponding to resonances: outer ring at OLR, inner ring at UHR near
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Fig. 6. Comparison of the low-resolution CO map (contours) and the B-band image (gray scale, from the DSS archive). Northeastern CO spiral arms
trace dark dust lanes.

Fig. 7. Comparison of a high-resolution CO map (contours) and an unsharp-masked HST wide V -band image (gray scale). CO double peaks are located
on the roots of spiral dust lanes.
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まとめと問題点

・high-massのものに
限られている

M★ [Msun] 観測天体数

z~0 ＞1010 ＞350

z=0.1 ＞3×1010 8

z=0.2 ＞1011 5

z=0.3 ＞1011 4

z=0.4 ＞5×1010 6

z=1-1.5 ＞2.5×1010 51

z=2-2.5 ＞2.5×1010 15

・z = 0.4-1.0での観測が
欠けている

1394 C. J. Conselice

Table 1. Morphological fractions and densities of nearby bright galaxies.

MB = −22 (# Gpc−3 h3
100) Fraction MB = −21 (# Gpc−3 h3

100) Fraction MB = −20 (# Gpc−3 h3
100) Fraction

E 2.0 ± 0.8 × 104 0.19 E 1.3 ± 0.4 × 105 0.09 E 2.7 ± 0.8 × 105 0.07

S0 1.1 ± 0.5 × 104 0.10 S0 1.6 ± 0.5 × 105 0.12 S0 5.7 ± 1.5 × 105 0.15

eDisk 2.5 ± 1.0 × 104 0.25 eDisk 4.8 ± 1.3 × 105 0.36 eDisk 1.3 ± 0.3 × 106 0.36

lDisk 4.5 ± 1.6 × 104 0.44 lDisk 5.4 ± 1.5 × 105 0.41 lDisk 1.5 ± 0.4 × 106 0.39

Irr 2.4 ± 1.8 × 103 0.02 Irr 2.0 ± 0.8 × 104 0.02 Irr 8.4 ± 2.7 × 104 0.02

Figure 6. The fraction of different galaxy types that have morphological evidence for the presence of bars, rings and multiple components. These fractions are

also plotted as a function of luminosity, with MB < −22 (solid line), MB < −20 (long-dashed line) and MB < −18 with V < 3000 km s−1 (dotted line). As

can be seen, the bar fraction is roughly constant at T-types > 0, while ringed galaxies are typically early-type spirals, and galaxies with a multiple component

classification tend to span all Hubble types.

Figure 7. The colour–magnitude relation for galaxies in our sample. The

solid line divides red-sequence galaxies from blue-cloud galaxies (Faber

et al. 2005). Early-types are denoted by solid red squares, while later types

(T-type > 3) are labelled as blue crosses, and mid-types (T-type > 0 and

T-type < 3) are labelled as green triangles.

Another feature we investigate is how galaxy morphology corre-

lates with the positions of galaxies in the colour–magnitude plane

(Fig. 7). There is a well-characterized red sequence and blue cloud

in the (U − B)0 versus MB diagram (e.g. Baldry et al. 2004), which

has been proposed as a fundamental feature for understanding how

galaxies have evolved. When we label the morphological types of

galaxies on the colour–magnitude diagram we find a good correla-

tion between the morphologies of galaxies and their positions. The

early-types (denoted by solid red squares) are mostly on the red se-

Figure 8. The fractional contribution of various morphological types to the

local stellar mass density down to a lower limit of M∗ = 108 M$. The solid

line shows the ellipticals, the dashed line spirals, and the dotted line irregular

galaxies.

quence, while later types (T-type > 3, blue crosses) are in the blue

cloud, and mid-types (T-type > 0 and T-type < 3) are in between.

This is also the case for stellar masses, with the M∗ > 1011 M$
galaxies mostly ellipticals on the red sequence. Lower mass galax-

ies are increasingly bluer. This can also be seen in Fig. 8, where we

plot the morphological fraction as a function of stellar mass. At the

highest masses, nearly all galaxies are ellipticals, but this gradually

changes, and by M∗ = 1011 M$ ellipticals and spirals each represent

about∼50 per cent of the population. At the low-mass end, irregulars
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ALMA｜統計的性質

① 中間redshift

② low-mass側

fmol-gas(z, M★)

cycle 2では...
high-mass: CO line
low-mass: ダスト連続波
  (ガス・ダスト比を仮定してMH2)

③ high-mass側
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ALMA｜内部構造

z = 1.5-2.5The Astrophysical Journal, 773:68 (12pp), 2013 August 10 Genzel et al.
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Figure 1. Left: the location of EGS 13011166 in the stellar-mass–star formation rate plane (filled red circle), compared to the overall PHIBSS CO 3–2 survey of
z ∼ 1–3 SFGs (filled black circles; Tacconi et al. 2013), and the underlying MS of z ∼ 1.5–2.5 SFG population as derived in the COSMOS field with the BzK
color–magnitude criterion (gray dots; McCracken et al. 2010; Mancini et al. 2011). Right: V (blue) – I (green) – H (red)—three band HST image of EGS 13011166,
all on a sqrt(F) color scale. The images were smoothed to ∼0.′′25 FWHM. A–E denote prominent star formation clumps. The small white cross marks the position of
the stellar and star formation rate surface density peaks (Figure 2).

Figure 2. Comparison of images. Top row: integrated CO flux map in color (ABC-configurations, 0.′′7 × 0.′′8 FWHM) and (left) WFC3 HST H-band map as white
contours, ∼0.′′3 FWHM; (center) inferred stellar mass distribution from SED fitting white contours, 0.′′75 FWHM; and (right) extinction-corrected star formation rate
distribution inferred from SED fitting (white contours, 0.′′75 resolution). Bottom row: (left) CO-integrated flux map in white contours (AB-configuration, 0.′′56 ×
0.′′68 FWHM) and HST WFC3 H-band map (red, 0.′′3 FWHM) and ACS V-band map (green, 0.′′3 FWHM), (center) CO-integrated flux map in white contours,
(AB-configuration, 0.′′56 × 0.′′68 FWHM) and HST AV-map (red, 0.′′35 FWHM) and (right) ACS V-band map (blue, 0.′′35 FWHM). (Right) HST ACS V-band (green),
and AV-map in white contours and stellar mass map (red), both inferred from SED modeling. All HST maps are smoothed to 0.′′35 FWHM. The pixel scale is 0.′′06.

the relatively low resolution of the LUCI data, this value
is likely an upper limit and the intrinsic gradient could be
steeper. Alternatively, the maximum of [N ii]/Hα at the stel-
lar surface density peak could be due to an active galactic
nucleus (AGN) there. While the nuclear [N ii]/Hα ratio can
be well explained by photoionization of solar metallicity gas
(see above), we cannot exclude that this is strongly affected
by beam smearing and that at high resolution the nuclear
[N ii]/Hα value may exceed the stellar “photoionization limit”

of ∼0.55. There is, however, no X-ray point source associated
with EGS 13011166 in the Chandra X-ray catalog of AEGIS
(http://astro.ic.ac.uk/content/aegis-x, PI: K. Nandra).

3.1.4. Optical Emission Line Profiles

The upper left panel of Figure 3 shows the galaxy-integrated
Hα, [N ii], and [S ii] spectra. The line profile between Hα and
the two [N ii] lines does not dip to the zero level, and there are

5

z = 0
144 N. Kuno et al. [Vol. 59,

Fig. 24. Same as figure 2 but for NGC 4501. The contour levels of the CO integrated intensity map are 4 ! (1, 2, 3, 4, 6, 8) K km s"1. The contour levels
of the velocity field are from 2030 to 2470 km s"1 with an interval of 40 km s"1. The contour levels of the position–velocity diagram are 0.07 ! (1, 2, 3,
4) K. Onodera et al. (2004) shows that spiral arms continue to the center. Our CO velocity field shows a large-scale distortion. The HI velocity field also
shows the same distortion (Cayatte et al. 1990). Since HI shows a highly asymmetric distribution caused by compression by the intergalactic medium,
the distortion may also be due to this compression.
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MW progenitor

van Dokkum et al. (2013)

z>1ではbulge, disk共に成長
z<1ではdiskの方が大きく成長

z~0.7付近でdiskの成長に変化

ΛCDM simulationからも示唆 
　　　　　　　　(Okamoto 2013)

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

Figure 3. Surface density profiles from z = 2.5 to z = 0, as measured from averaged, PSF-corrected rest-frame g-band images in each redshift bin. The horizontal axis
is linear in (a) and logarithmic in (b). The galaxy image is randomly chosen from our SDSS sample to illustrate the radial extent of the profiles. The main evolution
is in normalization, which is determined by MMW(z) (Equation (1)). The profile shapes are very similar from z ∼ 2.5 to z ∼ 1, which implies that the galaxies are
building up mass at all radii. After z ∼ 1 the central regions gradually stop growing but the disk continues to build up.
(A color version of this figure is available in the online journal.)

It is clear from Figure 2 that present-day galaxies with the
mass of the Milky Way have changed over cosmic time. The
most obvious change is that galaxies became redder with time,
particularly after z ∼ 1, indicative of a decrease in the specific
SFR. The galaxies also appear brighter at lower redshift in
Figure 2, reflecting the mass evolution of Equation (1). A
striking aspect of this change in brightness, and a central result
of this Letter, is that the bulges appear to change nearly as
much as the disks, particularly at z > 1. We do not see high-
density “naked bulges” at z ∼ 2 around which disks gradually
assembled. Instead, the central densities at z ∼ 2 were much
lower than the central densities at z ∼ 0. We quantify this result
in the remainder of the Letter.

3.2. Evolution of Surface Density Profiles

We first analyze the surface density profiles of the galaxies,
in order to study their mass growth as a function of radial
distance from their centers. Following van Dokkum et al. (2010)
we measured the profiles from stacked images to increase the
signal-to-noise ratio. The galaxies were grouped in six bins
with mean redshifts 0.015, 0.60, 1.0, 1.5, 2.0, and 2.4. Each bin
contains 40–90 galaxies. The rest-frame u- and g-band images
in each bin were normalized and stacked, aggressively masking
all neighboring objects.

The image stacks were corrected for the effects of the
point-spread function (PSF) following the method outlined in
Szomoru et al. (2010). First, a two-dimensional Sérsic (1968)
model, convolved with the PSF, was fit to the stacks using the
GALFIT code (Peng et al. 2010). Then the residuals of this
fit were added to the unconvolved Sérsic model. As shown
in Szomoru et al. (2010), this method reconstructs the true
flux distribution with high fidelity, even for galaxies that are
poorly fit by Sérsic profiles. The resulting radial surface density
profiles are shown in Figure 3. The profiles are derived from the

rest-frame g-band images and scaled such that the total mass
within a diameter of 50 kpc is equal to MMW(z). Error bars were
determined from bootstrapping (see van Dokkum et al. 2010).
We note here that the u − g color gradients of the stacks are
small (≈0.1 dex−1) at all redshifts, consistent with other studies
(e.g., Szomoru et al. 2013).

There is strong evolution in the overall normalization of the
profiles from z = 2.5 to z = 1 and less evolution thereafter,
reflecting the mass evolution of Equation (1). The evolution
from z = 2.5 to z = 1 is strikingly uniform: the profiles are
roughly parallel to one another in Figure 3(b), and rather than
assembling only inside out the galaxies increase their mass at
all radii. This is in marked contrast to more massive galaxies,
which form their cores early and exclusively build up their outer
parts over this redshift range (see Figure 6 in van Dokkum
et al. 2010 and Figure 6 in Patel et al. 2013). After z ∼ 1,
the evolution in the central parts slows down but the outer
parts continue to build up, consistent with the visual impression
that around this time the classical “quiescent bulge and star-
forming disk” structure of spiral galaxies was established (see
Figure 2).

3.3. Mass Growth at Different Radii

We explicitly show the mass growth at different radii in
Figure 4(a). From z = 2.5 to z = 1, the mass outside of
r = 2 kpc increased by 0.8 ± 0.1 dex and the mass inside
2 kpc increased by 0.5 ± 0.1 dex. Although the mass evolution
is slightly faster at large radii than at small radii, the trend is
qualitatively different from that seen in more massive galaxies:
after z ∼ 2 the mass within 2 kpc is constant to within 0.1 dex for
galaxies with log(M/M$)(z = 0) = 11.2 (see Figure 7 of Patel
et al. 2013). At later times the central mass growth decreases:
from z = 1 to z = 0 the mass within 2 kpc grows by only
0.09 ± 0.04 dex.

4
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Figure 5. (a) Median combined mass surface density profiles. The dotted portion of each curve indicates where the uncertainty becomes
larger than > 20%. The shaded gray region indicates the maximum WFC3 PSF FWHM/2. The solar symbol indicates the mass surface
density in the solar neighborhood as computed by Bovy et al. (2012) but scaled down by 0.2 dex to account for the difference in mass
between the Milky Way and our z ∼ 0 descendants. (b) The ratio of the mass profiles at higher redshifts to the SDSS mass profile. Shaded
region indicates the uncertainty. The factor of 2.4 ± 0.3 mass growth from z ∼ 0.9 to z ∼ 0 at R0 = 8 kpc agrees well with measurements
in the solar neighborhood from Aumer & Binney (2009). (c) Median stellar mass growth for the central (R < 2 kpc, red) and outer regions
(R > 2 kpc, blue). The total stellar mass growth is shown in black. While most of the new mass growth since z ∼ 1 has taken place in the
outer regions, mass has also been added in the central regions of these SFGs where bulges and pseudobulges are common features. Some
portion of the growth in the central regions is due to star formation as Hα maps for SFGs at z ∼ 1 are centrally peaked (Nelson et al.
2013).

found to be a good representation of the light profile
for individual galaxies at high redshifts (Szomoru et al.
2012; Mosleh et al. 2013). Prior to stacking, each light
profile was converted into a mass profile by normalizing
the light within R = 20 kpc to the total stellar mass
of each galaxy. While this method ignores M/L gra-
dients, Szomoru et al. (2013) find such gradients in the
rest-frame g-band to be small for higher redshift galax-
ies and that they do not evolve (here, we trace a redder
rest-frame i-band). We plan to explore the full impact of
M/L gradients in followup work. Figure 5(b) shows the
ratio of the mass profiles at higher redshifts to the SDSS
mass profile. Below z ! 1.3, stellar mass is continually
built up at all radii.
Figure 5(c) shows the growth in the projected mass in-

side (red) and outside (blue) of R = 2 kpc (i.e., ≈ re at
z ∼ 1.3). Clearly more mass has assembled at larger radii
since z ∼ 1.3, leading to larger re toward low redshift.
However, the amount of stellar mass in the central re-
gions, where bulges and pseudobulges are common struc-
tural features in nearby late-type galaxies (Weinzirl et al.
2009), has also increased. Some portion of the growth in
the central regions is due to star formation as Hα maps
for SFGs at z ∼ 1 are centrally peaked (Nelson et al.
2013). This is qualitatively consistent with recent ob-
servations of stars in the Milky Way bulge that display
a wide range of metallicities and ages, implying an ex-
tended formation history (Bensby et al. 2013). The on-
going mass assembly in the central regions may point to
secular processes (e.g., Kormendy & Kennicutt 2004) as
an important channel for bulge growth for SFGs in the
stellar mass regime studied here.

5. DISCUSSION

5.1. A Comparison with the Stellar Mass Growth in the
Solar Neighborhood

Given the significant mass assembly found at large
radii, we compare our results in such a region of our
galaxy that has been well documented, the solar neigh-
borhood. Though we caution that the Milky Way is just
one such SFG, and may not be one that is an archetypal
late-type (Hammer et al. 2007), this analysis neverthe-
less provides an intriguing comparison between our look-
back study and galactic archeology. The solar symbol
in Figure 5(a) indicates the stellar mass surface density
at the solar radius (R0 = 8.0 kpc; Vanhollebeke et al.
2009) for the Milky Way from Bovy et al. (2012) but
scaled down by 0.2 dex to account for the difference in
mass with our descendant SFGs at z ∼ 0. The sys-
tematic uncertainty in this correction may account for
the slight offset from the SDSS mass profile, though the
rough agreement is still remarkable. Aumer & Binney
(2009) estimate a mean formation time for stars in the
solar neighborhood that corresponds to z ∼ 0.9. Assum-
ing this mean is close to the median formation redshift,
therefore implying a factor of ∼ 2 growth below z ! 0.9,
this estimate is close to the factor of ∼ 2.4± 0.3 growth
in our mass surface density from z ∼ 0.9 (green line) to
the SDSS mass profile at R = 8 kpc.

5.2. Caveats

Two caveats to the analysis presented here warrant
some consideration. First, the contribution of stars
formed ex situ to the stellar mass growth is an uncer-
tain quantity, though there is evidence that it is minimal.
Both Behroozi et al. (2012) and Moster et al. (2013) find
that for local halos of mass Mh ∼ 1012 M! (hosting cen-

M★(R＜2kpc)
M★(R＞2kpc)
M★(total)

Patel et al. (2013)

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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cycle2から!

ALMA cycle2 (pre-announce)

12mアンテナ：34台
Receiver

Band 周波数 
[GHz]

分解能
(1kmで評価) CO(1-0) CO(2-1) CO(3-2)

3 84-116 0.74” z=0-0.4 z=1.0-1.7 z=2.0-3.1

4 125-163 0.52” - z=0.4-0.8 z=1.1-1.8

6 211-275 0.31” - - z=0.2-0.6

7 275-373 0.23” - - -

8 385-500 0.17” - - -

9 602-720 0.11” - - -

cycle2から!

cycle2から!
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ALMAに向けて｜まとめ

fmol-gas(z,M★)

MW progenitor
M★~5×1010Msun @z=0

Mprogenitor ~3×1010Msun @z=0.7; Band-4

- disk成分はz＜1でも成長
- z~0.7でdiskのM★進化に変化

- 中間redshift (z=0.1-1.0)
- low-mass側 for various redshift
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