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recherche français ou étrangers, des laboratoires
publics ou privés.

CORE Metadata, citation and similar papers at core.ac.uk

Provided by HAL-CEA

https://core.ac.uk/display/52678744?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://hal.archives-ouvertes.fr
https://hal-cea.archives-ouvertes.fr/hal-01094468


A&A 553, A130 (2013)
DOI: 10.1051/0004-6361/201220981
c© ESO 2013

Astronomy
&

Astrophysics

Towards a resolved Kennicutt-Schmidt law at high redshift

J. Freundlich1, F. Combes1, L. J. Tacconi2, M. C. Cooper3, R. Genzel2,4,5, R. Neri6, A. Bolatto7, F. Bournaud8,
A. Burkert9 ,⋆, P. Cox6, M. Davis5, N. M. Förster Schreiber2, S. Garcia-Burillo10, J. Gracia-Carpio2, D. Lutz2,

T. Naab11, S. Newman5, A. Sternberg12, and B. Weiner13

1 LERMA, Observatoire de Paris, CNRS, 61 Av. de l’Observatoire, 75014 Paris, France
e-mail: jonathan.freundlich@obspm.fr

2 Max–Planck–Institute für extraterrestrische Physik (MPE), Giessenbachstrasse 1, 85748 Garching, Germany
3 Dept. of Physics & Astronomy, Frederick Reines Hall, University of California, Irvine, CA 92697, USA
4 Dept. of Physics, Le Conte Hall, University of California, CA 94720 Berkeley, USA
5 Dept. of Astronomy, Campbell Hall, University of California, CA 94720 Berkeley, USA
6 IRAM, 300 rue de la Piscine, 38406 St. Martin d’Hères, Grenoble, France
7 Dept. of Astronomy, University of Maryland, College Park, MD 20742-2421, USA
8 CEA, IRFU, SAp, 91191 Gif-sur-Yvette, France
9 Universitätsternwarte der Ludwig–Maximiliansuniversität, Scheinerstrasse 1, 81679 München, Germany

10 Observatorio Astronómico Nacional – OAN, Apartado 1143, 28800 Alcalá de Henares, Madrid, Spain
11 Max Planck Institut für Astrophysik, Karl Schwarzshildstrasse 1, 85748 Garching, Germany
12 School of Physics and Astronomy, Tel Aviv University, 69978 Tel Aviv, Israel
13 Steward Observatory, 933 N. Cherry Ave., University of Arizona, Tucson, AZ 85721-0065, USA

Received 21 December 2012 / Accepted 24 March 2013

ABSTRACT

Massive galaxies in the distant Universe form stars at much higher rates than today. Although direct resolution of the star forming
regions of these galaxies is still a challenge, recent molecular gas observations at the IRAM Plateau de Bure interferometer enable us
to study the star formation efficiency on subgalactic scales around redshift z = 1.2. We present a method for obtaining the gas and star
formation rate (SFR) surface densities of ensembles of clumps composing galaxies at this redshift, even though the corresponding
scales are not resolved. This method is based on identifying these structures in position-velocity diagrams corresponding to slices
within the galaxies. We use unique IRAM observations of the CO(3–2) rotational line and DEEP2 spectra of four massive star forming
distant galaxies – EGS13003805, EGS13004291, EGS12007881, and EGS13019128 in the AEGIS terminology – to determine the gas
and SFR surface densities of the identifiable ensembles of clumps that constitute them. The integrated CO line luminosity is assumed
to be directly proportional to the total gas mass, and the SFR is deduced from the [OII] line. We identify the ensembles of clumps
with the angular resolution available in both CO and [OII] spectroscopy; i.e., 1–1.5′′ . SFR and gas surface densities are averaged in
areas of this size, which is also the thickness of the DEEP2 slits and of the extracted IRAM slices, and we derive a spatially resolved
Kennicutt-Schmidt (KS) relation on a scale of ∼8 kpc. The data generally indicates an average depletion time of 1.9 Gyr, but with
significant variations from point to point within the galaxies.

Key words. galaxies: evolution – galaxies: high-redshift – galaxies: structure – stars: formation – galaxies: ISM – galaxies: starburst

1. Introduction

Ten billion years ago, between redshifts 1 and 3, observed galax-
ies formed their stars at rates as high as ten times that of the
Milky Way today (Noeske et al. 2007; Daddi et al. 2007). This
implies a more abundant gas supply, either fueled by major
mergers or by a semi-continuous gas accretion (Dekel et al.
2009a,b). Recent observations of normal, massive, star-forming
distant galaxies tend to show that most of these galaxies (�80%)
are not experiencing major mergers or interactions (Tacconi et al.
2013) and that their light profiles are similar to those of their low
redshift counterparts (Wuyts et al. 2011b). Also, the Kennicutt-
Schmidt (KS) relation between total molecular gas and star for-
mation rate (SFR) surface densities is nearly linear at all red-
shifts (Kennicutt 1998a; Wyder et al. 2009; Genzel et al. 2010;
Tacconi et al. 2010), implying that the star formation processes

⋆ MPG-Fellow at MPE.

seem to be largely independent of the cosmic epoch. The average
fraction of molecular gas relative to the total baryonic mass must
therefore have been up to ten times higher at high redshift than in
today’s nearby galaxies, which is indeed corroborated by direct
observations (Tacconi et al. 2013).

Numerical simulations suggest that typical massive star
forming galaxies at high redshift continually accrete gas from
the intergalactic medium along cold and clumpy streams stem-
ming from the cosmic web, while the disk fragments into a
few clumps (Kereš et al. 2005; Bournaud & Elmegreen 2009;
Dekel et al. 2009a; Van de Voort et al. 2011). Galactic disks of
distant galaxies are indeed found to be fragmented in a num-
ber of giant molecular clouds, or clumps, which differs from
local galaxies, in which the molecular gas is scattered in nu-
merous lower mass giant molecular clouds. The high-redshift
star-forming complexes are found to have typical scales of
∼1 kpc and masses up to 109 M⊙, and they contribute 10–25%
of the galaxy luminosity (Förster Schreiber et al. 2011). Most
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Fig. 1. Composite HST images of the four galaxies studied here, com-
bining ACS I and V bands. The green box shows the DEEP2 slit used
for each galaxy, whose size is indicated in Table 1. We assumed that the
DEEP2 survey measured the position of the center of the galaxy more
accurately than the HST, and shifted the HST image accordingly. North
is up, east is left.

studies only consider averaged quantities for distant galaxies,
as direct observations of the star forming regions of high red-
shift galaxies are still challenging. KS relations have been de-
rived on subgalactic scales for nearby galaxies (Bigiel et al.
2008, 2011; Leroy et al. 2013) but not yet extensively at high
redshift.

We use IRAM Plateau de Bure CO observations from the
PHIBSS survey (Tacconi et al. 2013) and Keck DEEP2 spectra
(Newman et al. 2012) of four massive galaxies at redshift z ∼ 1.2
in order to investigate the star formation efficiency within their
clumps, or groups of clumps. More precisely, our goal is to deter-
mine the SFR and the gas mass surface densities on subgalactic
scales and examine their correlation.

The four galaxies were drawn from the All-wavelength
Extended Groth strip International Survey (AEGIS), which pro-
vides deep imaging in all major wave bands from X-rays to
radio, including Hubble Space Telescope (HST) images, and
optical spectroscopy (DEEP2/Keck) over a large area of sky
(Noeske et al. 2007; Davis et al. 2007; Cooper et al. 2011,
2012; Newman et al. 2012), thus providing a complete set of
galaxies between 0.2 � z � 1.2. The four galaxies stud-
ied here were selected from the sample analyzed by Tacconi
et al. (2010, 2013), which gathered non-major-merger, lumi-
nous, star forming galaxies at z ∼ 1.2, with stellar masses above
3 × 1010 M⊙ and SFR above 40 M⊙ yr−1. These four galax-
ies – named EGS13003805, EGS13004291, EGS12007881, and
EGS13019128 in the AEGIS terminology – correspond to the
massive end of the “normal” star forming galaxies at z ∼ 1.2
(Tacconi et al. 2010). Figure 1 shows them in the I and V bands
of the HST Advanced Camera for Surveys (ACS), as well as
the DEEP2 slits we used. To compute the physical distances,
we adopt a cosmology with ΩΛ = 0.73, Ωm = 0.27, and
H0 = 70 km s−1 Mpc−1.

2. Determination of the total gas mass and the SFR

2.1. The gas mass

We use high resolution observations of the CO(3–2) transition
shifted into the 2 mm band for z ∼ 1.2 sources carried at the
IRAM Plateau de Bure, including the most extended “A” con-
figuration. The angular resolution obtained is between 0.5′′ and
1.5′′ for all galaxies (Table 1), corresponding to physical scales
between 4 and 13 kpc. The CO luminosity associated to any re-
gion of flux can be expressed as

(

L′CO

K km s−1 pc2

)

= 3.25× 107 (1 + z)−3

(

S CO∆V

Jy km s−1

)

(

νobs

GHz

)−2
(

DL

Mpc

)2

where S CO∆V is the velocity integrated flux, νobs the observed
frequency, and DL the luminosity distance (Solomon et al. 1997).
To derive H2 masses, we follow the approach used by Tacconi
et al. (2010). This assumes a Milky-Way-like conversion factor
of α = 3.2 M⊙ (K km s−1 pc2)−1 between the CO(1–0) luminosity
and the H2 mass, a factor 1.36 to account for interstellar helium,
and a further correction by a factor 2 for the CO(3–2)/CO(1–0)
luminosity ratio. The total gas masses of the four studied galax-
ies are indicated in Table 1.

2.2. The star formation rate

The Hα recombination line is the most direct and reliable tracer
of young massive stars, and thus of the SFR (Kennicutt 1998b).
Since this line lies in the middle of a low atmospheric trans-
mission band for the four galaxies considered here, ground-
based Hα spectroscopy is impossible, and we estimate the SFR
from the collisionally excited [OII] line (rest frame wavelength
3727 Å, shifted around 8200 Å for z ∼ 1.2 sources).

Though the [OII] forbidden line luminosity is not directly
coupled to the ionizing luminosity, it is possible to establish it
empirically as a quantitative SFR tracer. The Kennicutt (1998b)
[OII] SFR calibration has been broadly used, but does not take
reddening and metallicity into account. Here we use the cali-
bration proposed by Kewley et al. (2004), which includes these
two effects. The four galaxies studied here are particularly mas-
sive and should thus belong to the observed metallicity plateau
at 12 + log (O/H) = 9.07 (Mannucci et al. 2010). Assuming this
metallicity for all galaxies, the Kewley et al. (2004) [OII] SFR
calibration gives
(

SFR
M⊙ yr−1

)

≃ 3.5 × 10−8

(

L[OII]

L⊙

)

where L[OII] is the intrinsic [OII] line luminosity. This calibra-
tion is expected to follow the reliable standard Kennicutt (1998b)
Hα SFR calibration with a scatter of 0.03–0.05 dex (Kewley
et al. 2004).

To determine L[OII], we use spectra provided by the Keck
DEEP2 survey, obtained with the high spectral resolution
DEIMOS spectrograph (Faber et al. 2002) and taken along slits
with a typical size of 5′′×1′′. The data was reduced using a ded-
icated pipeline (Newman et al. 2012; Cooper et al. 2012), and a
velocity resolution of about 50 km s−1 (R = λ/∆λ ≈ 5000) en-
ables resolving the [OII] line (Davis et al. 2003). DEEP2 spectra
are not flux-calibrated, and we use CFHT I band magnitudes
(CFH12K camera) to calibrate the galaxy-integrated “1D” spec-
trum (Coil et al. 2004).

The value of L[OII] has to be corrected for dust extinc-
tion. The Galactic extinction is taken into account in the CFHT
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Table 1. Some global properties and observational details for the four galaxies studied here.

Properties EGS 13003805 EGS 13004291 EGS 12007881 EGS 13019128

z1 1.2318 1.19705 1.16105 1.3494
DA [Mpc]2 1753.0 1745.3 1736.4 1772.8
DL [Mpc]2 8731.5 8424.7 8108.8 9785.1
Scale [kpc/′′] 8.50 8.46 8.42 8.60

DEEP2 slit size 6.863′′ × 1′′ 5.149′′ × 1′′ 5.762′′ × 1′′ 10.343′′ × 1′′

DEEP2 slit orientation (PA) −53.858◦ −27.649◦ 11.142◦ 46.142◦

IRAM CO(3–2) beam 0.8′′ × 0.6′′ 0.6′′ × 0.5′′ 1.1′′ × 0.9′′ 1.6′′ × 1.4′′

SFR[OII] [M⊙ yr−1]3 98 182 119 202

SFRUV+24 µm [M⊙ yr−1]4 200 630 94 87

SFR[OII],B [M⊙ yr−1]5 63 231 265 213

Mgas [1011 M⊙]6 2.2 2.8 1.3 1.2
Mstar [1011 M⊙]7 3.4 5.0 5.0 3.8
fgas

8 0.39 0.36 0.21 0.24

R1/2 [kpc]9 5.7 3.1 5.7 5.2

log10(Σgas/[M⊙ pc−2])10 3.03 3.67 2.80 2.86

log10(ΣSFR/[M⊙ yr−1 kpc−2])10 −0.193 0.604 −0.095 0.204

log10(Σstar/[M⊙ pc−2])10 3.22 3.92 3.39 3.36

AHα
11 1.25 1.28 1.06 1.21

AV
11 1.56 1.60 1.30 1.50

A[OII]
11 2.28 2.26 2.04 2.19

A[OII]/AHα
12 1.82 1.77 1.92 1.81

Notes. (1) The redshift, as determined in the AEGIS catalogues from the [OII] line using DEEP2 spectra; (2) the angular distance DA and the
luminosity distance DL; (3) the SFR from the [OII] line luminosity in the galaxy-integrated “1D” spectrum, obtained according to Kewley et al.
(2004) calibration; (4) the extinction-corrected SFR obtained from 24 µm and UV continuum by Tacconi et al. (2013); (5) the SFR extrapolated
from the empirical calibration of Moustakas et al. (2006); (6) the gas mass derived from the IRAM Plateau de Bure observations; (7) the total
star mass obtained by SED fittings from CFHT B, R, and I bands photometric data using kcorrect (Blanton & Roweis 2007), corrected for a
Universe with H0 = 70 km s−1 Mpc−1; (8) the gas fraction fgas = Mgas/(Mgas + Mstar); (9) the optical half light radius R1/2 as indicated in Tacconi
et al. (2013); (10) the surface densities associated to the gas mass, the star formation rate, and the star mass, calculated within R1/2, for example
as Σgas = 0.5 Mgas/πR

2
1/2; (11) Hα, visible, and [OII] extinctions as derived from the kcorrect SED reconstruction; and (12) the extinction ratio

AHα/A[OII]. AV , A[OII], AHα/A[OII], SFR24 µm+UV and SFR[OII],B are given for information only. O’Donnell (1994) predicts that AHα/A[OII] is around
1.86 for a diffuse interstellar medium, and the variations here observed from one galaxy to the other are representative of the quality of the
kcorrect fit. The comparison between SFR[OII], SFR24 µm+UV, and SFR[OII],B gives an idea of the uncertainties in the SFR.

magnitudes, since they already include the dust corrections of
Schlegel et al. (1998), but the dust present in the galaxies them-
selves is an even greater cause of extinction. The dust distribu-
tion was derived from the SED of the galaxies, obtained from
the B, R, and I band CFHT magnitudes with the kcorrect soft-
ware developed by Blanton & Roweis (2007) (version v4_2).
This software finds the best non-negative linear combination of
a number of template star formation histories fitting the CFHT
magnitudes. The templates are based on stellar population syn-
thesis models, which enables the software to provide approxi-
mate physical quantities related to the star formation history. It
notably provides SED curves with and without extinction, from
which we can deduce the extinction A[OII] at the [OII] wave-
length. The values for A[OII] are indicated in Table 1, along with
the visible extinction AV and the extinction AHα at Hα wave-
length, obtained from the SED curves. The AHα/A[OII] ratio
varies up to 10% from galaxy to galaxy but remains compa-
rable to the value predicted by O’Donnell (1994) for a diffuse
interstellar medium: AHα/A[OII] = 1.86. Since this ratio should
remain constant for the different galaxies, the variations give an
idea of the quality of the kcorrect fit. The obtained extinctions

are in approximate agreement with observations (e.g. Förster
Schreiber et al. 2011), and the SFRs deduced from the [OII] lu-
minosity are given in Table 1 as SFR[OII].

Moustakas et al. (2006) present an alternative empirical [OII]
SFR calibration parametrized in terms of the B-band luminosity.
This calibration is intended to remove, on average, the system-
atic effects of reddening and metallicity, as well as to reduce the
scatter in the resulting SFR values. The SFR of the four galaxies
studied here were also determined from UV and IR luminosities
by Tacconi et al. (2013). Because UV light directly traces unob-
scured star formation and IR 24 µm emission originates in small
dust grains mainly heated by UV photons from young stars, the
combination of the two is a sensitive tracer of the global SFR
(Leroy et al. 2008, 2012). Tacconi et al. (2013) derive the global
SFR of the four galaxies studied here from a combination of
UV and Spitzer 24 µm luminosities with the methods of Wuyts
et al. (2011b). The SFR obtained through these two calibrations
are given for information in Table 1. The values differ up to 3σ
between the three methods, which gives an idea of the uncer-
tainty of the SFR measurements. Since it gives a lower stan-
dard deviation, we use the Kewley et al. (2004) calibration in
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Fig. 2. [OII] line and CO luminosities (respectively left and right panels for each galaxy) in position-velocity planes corresponding to the DEEP2
slits. Smoothed ensembles of clumps are separated by eye along the vertical axis, as shown with the white horizontal lines. The [OII] diagrams
were normalized in order to have fluxes proportional to the SFR, but all galaxies share the same arbitrary color scales. One arcsecond corresponds
approximately to 8.5 kpc (Table 1).

our study. However, [OII] measurements may not reveal some
dust-embedded star forming regions, which probably explains
the higher values of the SFR traced by UV and IR luminosities
determined by Tacconi et al. (2013).

3. A resolved Kennicutt-Schmidt law

HST images of Fig. 1 reveal kpc-sized clumps within diffuse
regions, but these clumpy features (∼0.1′′) are smoothed out at
DEEP2 and IRAM resolutions, whose ranges are respectively
0.6–1.0′′ and 0.5–1.6′′. Spectroscopy, however, helps separate
different components, thanks to their kinematics. DEEP2 spectra
correspond to position-velocity diagrams (PV diagrams) along
the galaxy major axis (Davis et al. 2007). Figure 2 compares the
[OII] position-velocity diagrams with the corresponding slices in
CO(3–2), both with the same 1′′ width. Smoothed 1′′-sized en-
sembles of clumps are separated by eye along the velocity axis
of the PV diagrams. The characteristics of these ensembles are
given in Table 2, and we aim at describing the star formation effi-
ciency within them. We tried to compensate for the substructure
separation by eye by taking all identifiable ensembles of clumps
into account.

From the CO and [OII] lines, we estimate the gas mass and
the SFR contained in areas of 1′′ in diameter (corresponding to
the width of the slice and approximately to the size of the ensem-
bles of clumps), and obtain the corresponding averaged surface
densities, Σgas and ΣSFR. As shown in Fig. 3, the depletion time
(tdepl = Mgas/SFR) is equal to 1.9 ± 0.3 Gyr, to be compared
with results for samples of whole galaxies (2.1 Gyr at z = 0 in
Kennicutt 1998b, 0.5–1.5 Gyr from z ∼ 2 to z ∼ 0 in Genzel
et al. 2010, 1.05± 0.74 Gyr in Saintonge et al. 2011, ∼0.7 Gyr
at z = 1–3 in Tacconi et al. 2013) and samples of subgalactic
regions at low redshift (2.0± 0.8 Gyr in Bigiel et al. 2008 and
2.35 Gyr in Bigiel et al. 2011). The resulting KS diagram is dis-
played in Fig. 4. The data points scatter around the line of con-
stant depletion time equal to 1.9 Gyr (such a line corresponding

to a power law ΣSFR ∝ Σ
N
gas of exponent N = 1). However, the

depletion time is locally very different from one data point to
the other, suggesting that the star formation scaling laws are dif-
ferent from one ensemble of clumps to the next within a galaxy.
The scatter is comparable to the ∼0.3 dex scatter observed for re-
solved local galaxies (Bigiel et al. 2008, 2011). The correspond-
ing values obtained with the SFR from Tacconi et al. (2013) and
through the B-band calibration of Moustakas et al. (2006) are
indicated in Table 3, and give an idea of the uncertainties due
to the SFR calibration method. Our sample is too incomplete to
compute a best fit slope, but the method developed here could be
applied to more high redshift galaxies.

4. Discussion and conclusion

4.1. Advantages of the method

We have shown how the various ensembles of clumps can be
separated by their kinematics in PV diagrams, even though the
angular resolution of molecular gas and SFR data was not able
to separate them in integrated intensity. As such, the KS diagram
can be obtained within regions of the resolution size (∼1′′).

Previous resolved KS work at high redshift was only ob-
tained using serendipitous amplification by gravitational lenses.
Decarli et al. (2012) carried out one of the first spatially re-
solved studies in high redshift galaxies, using [NII], FIR, and
CO observations for two gravitationally lensed z ∼ 3.9 galaxies.
They obtain a steep relation of slope N = 1.4 ± 0.2 between the
dust continuum and the molecular gas surface brightness. Strong
lenses are rare, and determination of the clumps physical param-
eters depend on the lensing model. Our method is probably more
appropriate for a systematic study of the star formation at high
redshift, until higher resolution instruments resolve the clumps.

In the absence of high resolution molecular gas data,
Swinbank et al. (2012) report adaptive optics Hα observations of
eleven kpc-scale star forming regions identified in z = 0.84−2.23
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Table 2. Some properties of the clumps of EGS 13004291, EGS 13003805, EGS 12007881, and EGS 13019128 obtained from measurements in
the position-velocity diagrams.

Clump Mgas [1010 M⊙]1 SFR [M⊙ yr−1]2 log10

(

Σgas

M⊙ pc−2

)

3 log10

(

ΣSFR

M⊙ yr−1 kpc−2

)

3 tdepl [Gyr]4 FWHM [′′]5

EGS 13003805-I 11.85 38.23 3.019 −0.473 3.10 0.93
EGS 13003805-II 6.92 34.75 2.785 −0.514 1.99 0.78
EGS 13003805-III 3.18 24.99 2.447 −0.657 1.27 0.63

EGS 13004291-I 2.37 11.37 2.324 −0.995 2.09 0.78
EGS 13004291-II 5.80 27.08 2.713 −0.618 2.14 0.64
EGS 13004291-III 7.75 26.16 2.838 −0.633 2.96 0.74
EGS 13004291-IV 4.96 23.92 2.644 −0.672 2.07 0.79
EGS 13004291-V 6.28 33.83 2.761 −0.522 1.92 0.61
EGS 13004291-VI 3.99 23.45 2.550 −0.681 1.70 1.1

EGS 12007881-I 5.33 25.38 2.680 −0.642 2.10 1.35
EGS 12007881-II 7.26 41.88 2.814 −0.425 1.73 1.36
EGS 12007881-III 1.41 51.05 2.10 −0.339 0.28 1.57

EGS 13019128-I 1.70 4.03 2.165 −1.460 4.22 0.83
EGS 13019128-II 0.58 57.23 1.697 −0.307 0.10 1.14
EGS 13019128-III 7.08 52.78 2.785 −0.342 1.34 1.67
EGS 13019128-IV 5.25 47.51 2.655 −0.388 1.10 1.60
EGS 13019128-V 0.78 32.32 1.828 −0.555 0.24 1.62
EGS 13019128-VI 2.60 5.89 2.351 −1.295 4.42 1.86

Notes. (1) The gas mass obtained as a fraction of the total mass of the galaxy from the CO position-velocity diagram; (2) the SFR obtained similarly
from the [OII] position-velocity diagram, normalized with the total SFR determined according to Sect. 2.2; (3) the derived gas mass and SFR
surface densities averaged over the same area of 1′′ in diameter; (4) the depletion time tdepl = Mgas/SFR; and (5) the FWHM obtained from the
IRAM position-velocity diagram with a Gaussian fit in the direction of the slice (for information only). The FWHM roughly corresponds to the
IRAM beam size, so we preferred to use the same 1′′ size for all clumps in the different calculations. Using the FWHM instead of a constant
1′′ diameter to calculate the surface densities gives a much larger scatter, but actually does not change the constant depletion time fit and the values
of tdepl. The clumps are numbered from bottom to top according to the horizontal separation lines of Fig. 2.

Fig. 3. Distribution of the depletion time for the 16 regions identified in
the four galaxies studied here, using the Kewley et al. (2004) [OII] SFR
calibration. The distribution has a mean of tdepl = 1.9 Gyr and a standard
deviation of 1.2 Gyr, for a median value of 2.0 Gyr. Since we identified
18 ensembles of clumps, the standard error of the mean is 0.3 Gyr.

galaxies and measure the velocity dispersion of the ionized gasσ
and the star formation surface density ΣSFR. By assuming that σ
also corresponds to the dispersion of the cold clumps and that the
clumps are marginally stable with a Toomre parameter Q ≃ 1,
they claim a correlation between the gas surface density Σgas
and ΣSFR. But the method is highly indirect, relies on many as-
sumptions, and underestimates beam-smearing effects in the de-
termination of σ.

4.2. Biases and uncertainties

The four galaxies studied here are particularly luminous and
were selected from a sample (Tacconi et al. 2010) with stellar
masses and star formation rates that are respectively higher than
3×1010 M⊙ and 40 M⊙ yr−1. A high luminosity was also needed

Fig. 4. Kennicutt-Schmidt diagram for 1′′ ensembles of clumps of
EGS13003805 (green), EGS13004291 (red), EGS12007881 (blue), and
EGS13019128 (purple), using the Kewley et al. (2004) [OII] SFR cali-
bration. The dotted diagonal lines correspond to constant gas depletion
times of 0.1, 1, and 10 Gyr from top to bottom, and the solid black
line to a constant depletion time equal to the mean depletion time of
the clumps, tdepl = 1.9 Gyr. The error bars of 0.3 dex yield a reduced
χ2 close to 1 and correspond to a factor 2 uncertainty, which is a lower
estimate. The gray data points from Genzel et al. (2010) and Tacconi
et al. (2013) are indicated for comparison with whole galaxies.

to visualize and isolate the clumps in the PV diagrams, so this
method is intrinsically biased towards massive galaxies.

The main uncertainties for estimating gas and SFR surface
densities come from the SFR calibration and from the values
used for α = MH2/L

′
CO, for the CO(3–2)/CO(1–0) luminosity
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Table 3. Mean, median, and standard deviation of the depletion time of
the clumps obtained through three different calibrations of the SFR.

SFR calibration Depletion time [Gyr]

mean median std. dev.

Kewley et al. (2004) 1.9 2.0 1.2
Tacconi et al. (2013) 2.1 0.7 2.9
Moustakas et al. (2006) 1.8 1.6 1.3

Notes. Kewley et al. (2004) [OII] calibration, UV + 24 µm calibration
from Tacconi et al. (2013) and Moustakas et al. (2006) [OII] B-band
calibration.

ratio, and for the extinction AHα. These quantities could vary
significantly from one galaxy to another and within each galaxy,
thus increasing the scatter and the uncertainty of our measure-
ments. For example, the CO(3–2) transition is less directly re-
lated to the molecular gas mass than the CO(1–0), and vari-
ations in the CO luminosity ratios as high as of a factor ∼2
can be observed within a single galaxy (e.g. Koda et al. 2013).
Significant variations in extinction values from one substructure
to another within each galaxy are also expected, as observed in
local galaxies (e.g. Scoville et al. 2001) and high redshift galax-
ies. Genzel et al. (2013) notably uses the CO(3–2) and Hα lines,
as well as HST multiband images of a high redshift galaxy be-
longing to the same sample as ours to show that the method-
ology used to correct for extinction has a certain influence on
the shape of the KS relation, especially on its slope. We thus
expect that using a resolved extinction map instead of a single
value would significantly change the depletion time we obtain.
Nevertheless, identifying the ensembles of clumps in PV dia-
grams and the low spatial resolution of the [OII] and CO mea-
surements prevent us from finding the corresponding structures
in two-dimensional images and deriving extinction maps for our
ensembles of clumps. As seen in Sect. 2.2, the values of the SFR
are highly dependent on the calibration and, since the scatter
in the observed [OII]/Hα flux ratio is always higher than 32%
(Moustakas et al. 2006), this remains a lower limit of the un-
certainty in the SFR determined from [OII]. We expect our final
values for the mass of gas and the SFR to be determined with
uncertainty factors at least as high as 2 or 3.

4.3. Conclusion

Our results, as well as most other observations (Genzel et al.
2010; Tacconi et al. 2010, 2013; Decarli et al. 2012; Swinbank
et al. 2012), indicate that the star formation scaling law between
SFR and gas surface densities is not significantly different at
high redshift than in the local Universe. Our limited sample of
∼8 kpc-scale ensembles of clumps of distant galaxies is com-
patible with a constant depletion time of 1.9 Gyr, which is of the
same order of magnitude as measurements at lower redshift. This
adds to the growing evidence that the star formation processes
ten billion years ago were similar to the ones that are observed

in the local Universe. The method developed here could be ap-
plied to a more significant sample of high redshift galaxies to
obtain more statistically robust results.
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