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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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brighter limit, which more closely represents the sample of galaxies actually observed in the study,
is significantly larger than for the extrapolation—nearly two times larger for the Reddy & Steidel
(2009) samples and by a lesser factor for the more distant objects from Bouwens et al. (2012a). In
our analysis of the SFRDs, we have adopted the mean extinction factors inferred by each survey
to correct the corresponding FUV luminosity densities.

Adopting a different approach, Burgarella et al. (2013) measured total UV attenuation from
the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a function of
redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from Gruppioni et al.
(2013). At z < 2, these estimates agree reasonably well with the measurements inferred from the
UV slope or from SED fitting. At z > 2, the FIR/FUV estimates have large uncertainties owing to
the similarly large uncertainties required to extrapolate the observed FIRLFs to a total luminosity
density. The values are larger than those for the UV-selected surveys, particularly when compared
with the UV values extrapolated to very faint luminosities. Although galaxies with lower SFRs may
have reduced extinction, purely UV-selected samples at high redshift may also be biased against
dusty star-forming galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2
selected on the basis of dust emission alone does not exist, owing to the sensitivity limits of past
and present FIR and submillimeter observatories. Accordingly, the total amount of star formation
that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions as
well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6 M⊙ year−1 Mpc−3. (15)
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Figure 9
The history of cosmic star formation from (a) FUV, (b) IR, and (c) FUV+IR rest-frame measurements. The data points with symbols
are given in Table 1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV = 1.15 × 10−28

(see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000 µm) have been converted to instantaneous SFRs using the factor
KIR = 4.5 × 10−44 (see Equation 11), also valid for a Salpeter IMF. The solid curve in the three panels plots the best-fit SFR density in
Equation 15. Abbreviations: FIR, far infrared; FUV, far UV; IMF, initial mass function; IR, infrared; SFR, star-formation rate.

www.annualreviews.org • Cosmic Star-Formation History 13.47

Changes may still occur before final publication online and in print

A
nn

u.
 R

ev
. A

st
ro

. A
st

ro
ph

ys
. 2

01
4.

52
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

by
 K

yo
to

 U
ni

ve
rs

ity
 - 

M
ul

ti-
si

te
 o

n 
06

/2
5/

14
. F

or
 p

er
so

na
l u

se
 o

nl
y.

8



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

incompleteness corrected
with tdep=7e8

0.5

1.0

1.5

2.0

2.5

10 11 12

log (M
*
 (M

sun
) )

f ga
s /f

ga
s(M

*=5
x1

010
 M

su
n)

0

0.2

0.4

0.6

0.8

1.0

10 11 12

PHIBSS z=1-1.5
COLDGASS H

2
 z=0 main-sequence 

log (M
*
 (M

sun
) )

f ga
s =

 M
m

ol
 g

as
(α

=4
.3

6)
 / 

(M
m

ol
 g

as
+ 

M
*)

Figure 10. Molecular gas fractions as a function of stellar mass. The left panel shows the observed median gas fractions, and the right panel shows gas fractions
normalized to the value at M∗ = 5 × 1010 M⊙. The black circles are medians of the binned distribution of the 50 z ∼ 1–1.5 detected SFGs of our base sample,
including the 12 z ∼ 1.5 detections from Daddi et al. (2010a) and Magnelli et al. (2012b), as shown in Table 2. The gray open squares are averages of the z = 0 SFGs
from the COLDGASS survey for galaxies within 0.5 dex of the main sequence (Saintonge et al. 2011a). The bars in the horizontal direction denote the bin size, while
the bars in the vertical direction give the uncertainty in the mean of the points in each bin (∼17 for each of the three bins). The green shaded area gives an estimate of
the z = 1–1.5 gas fractions corrected for the incompleteness of the PHIBSS survey in the area below the main sequence. For this purpose we took the dependence of
specific star formation rate on stellar mass in various recent imaging surveys (sSFR (Gyr−1) = a∗(M∗/6.6 × 1010)p ((1 + z)/2.2)q, with a = 0.0.42 Gyr−1, p = −0.1
to −0.5, q ∼ 2.8; Noeske et al. 2007; Daddi et al. 2007; Pannella et al. 2009; Rodighiero et al. 2010; Bouché et al. 2010; Mancini et al. 2011; Karim et al. 2011; Salmi
et al. 2012; Whitaker et al. 2012; S. Wuyts (2012, private communication), see also Figure 1) and estimated gas fractions from Equation (3), with tdep = 7 × 108 yr,
as derived from the KS relation in Figure 7.
(A color version of this figure is available in the online journal.)

Another issue is the fraction of H2 gas that is photodissociated
in CO. Wolfire et al. (2010) estimate that for solar metallicity,
and for typical UV fields of G ∼ 1–100, densities, and column
densities in local and high-z SFGs, the mass fraction of this
“CO-dark” gas may be between 20% and 30%. This fraction
increases strongly for lower metallicities, leading to a strong
correction in the CO-conversion factor, as discussed above.

3.5. Gas Fractions Drop with Increasing Stellar Mass

Figure 10 summarizes the dependence of the observed z =
1–1.5 molecular gas fractions as a function of stellar mass.
We divide the sample of 50 SFGs into three mass bins (2.5 ×
1010 < M∗< 5 × 1010, 5 × 1010 < M∗ < 1011, 1011 < M∗ < 3 ×
1011 M⊙), such that there are a comparable number of galaxies
in each bin. The scatter in each bin is substantial but the median
gas fractions show a significant (4 σ–5σ ) drop from 0.58 to 0.37,
over about an order of magnitude in stellar mass. The inferred
drop in gas fraction with stellar mass is in good agreement with
the independent dust-mass method of Magdis et al. (2012).

As discussed in the last section, the observed gas frac-
tions need to be corrected for the incomplete coverage of
the intrinsic underlying distribution of SFG in the stellar-
mass–(specific) star-formation plane. The green shaded re-
gion in Figure 10 shows the distribution of inferred, corrected
gas fractions obtained by applying Equation (3), with tdepl =
0.7 Gyr, to recent imaging UV/optical imaging surveys of
z = 1–2.5 SFGs that follow an sSFR–stellar-mass relation as
⟨sSFR⟩ = a∗(M∗/6.6 × 1010 M⊙)p × ((1 + z)/2.2)q, with a =
0.68 (±0.1) Gyr−1, p = −0.4(−0.1, + 0.3), q = 2.8(−0.5, + 0.1)
(Noeske et al. 2007; Daddi et al. 2007; Pannella et al. 2009;
Rodighiero et al. 2010; Bouché et al. 2010; Karim et al. 2011;
Whitaker et al. 2012; Salmi et al. 2012; Wuyts et al. 2012).

If the assumption of a mass-independent depletion timescale
is valid, and depending on the scaling with mass of the M∗–sSFR
relation in this range, then SFGs with smaller stellar masses than
those sampled by the PHIBSS survey should even have larger
gas fractions (Figure 10). In the COLDGASS sample, Saintonge
et al. (2011b) find d (log tdepl)/d log M∗ = −0.31. If a similar
scaling also holds at z ∼ 1–1.5, then the inferred gas fractions
in Figure 10 at the broad peak at log M∗ = 9.7–10 may come
down by ∼15%.

The right panel of Figure 10 indicates that although the gas
fractions at z ∼ 1–2.5 (for SFR > 30 M⊙ yr−1) are on average
four times larger than for z ∼ 0 main-sequence SFGs in the same
mass range (Saintonge et al. 2011a, 2011b), the relative mass
dependence (normalized to the gas fractions at 5 × 1010 M⊙)
is remarkably similar in both redshift ranges. Assuming that
this similarity also holds at stellar masses larger than those
sampled in PHIBSS (log M∗ > 11.3), the COLDGASS data
suggest that the gas fractions continue to decrease rapidly in
this mass range, in part because of the larger fraction of red
and dead massive galaxies located below the main sequence.
Note that the analysis of the COLDGASS sample suggests that
gas fractions are more strongly correlated with stellar surface
density or concentration than with stellar mass (Saintonge et al.
2011b, 2012; Kauffmann et al. 2012). Future observations are
required to test this hypothesis at z > 1.

Recent simulations suggest that the relative stellar mass
dependence of gas fractions on the star formation main sequence
is controlled by the mass dependence of feedback and gas
accretion efficiency onto the galaxy. In the mass range sampled
by PHIBSS and COLDGASS, the dominant effect may be
the former (Davé et al. 2011, 2012). This is demonstrated in
Figure 11 by plotting the predictions of different wind models
from the work of Davé et al. (2011).
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fgas

CO observations of  
main-sequence galaxies at z~2
・gas mass/gas mass fractions (fgas) are  
　higher than those in local spiral galaxies

log(M★)

ISM in MS galaxies at z=1-3

・fgas decreases with M★

Dust observations of main- 
sequence galaxies up to z~2

B. Magnelli et al.: Dust temperature properties of galaxies in the SFR−M∗ plane

Fig. 6. Mean dust temperature of galax-
ies in the SFR−M∗ plane as found from
individual detections. Short-dashed
lines on a white background show the
MS of star formation. Solid contours
indicate the regions in which at least
50% of the galaxies have accurate
dust temperature estimates. Outside
these regions results have to be treated
with caution, because they are inferred
from incomplete samples. Tracks of
iso-dust-temperature are not charac-
terised by vertical or horizontal lines
but instead by approximately diagonal
lines.

Fig. 7. Mean dust temperature of galax-
ies in the SFR−M∗ plane as found from
our stacking analysis. Short-dashed
lines on a white background show the
MS of star formation. Tracks of iso-
dust-temperature are not characterised
by vertical or horizontal lines but in-
stead by approximately diagonal lines.

by large incompleteness as defined in Fig. 5. Constraints in these
regions have to be treated with caution.

In each redshift interval, the dust temperature of galaxies
better correlates with their ∆ log (SSFR)MS and SSFR values
than with LIR, as revealed by the Spearman correlation factors
of the relations between Tdust and these three quantities. The
Spearman correlation factors of the Tdust−∆ log (SSFR)MS and
Tdust–SSFR correlations are statically equivalent in all our red-
shift bins. From this analysis we can conclude that the dust

temperature of galaxies is more fundamentally linked to their
SSFR and ∆ log (SSFR)MS than to their LIR.

To go further in our understanding of the Tdust−LIR,
Tdust−∆ log (SSFR)MS and Tdust–SSFR correlations, we also
study their redshift evolution. We first fit the Tdust−LIR,
Tdust−∆ log (SSFR)MS and the Tdust–SSFR correlations in the
0.2 < z < 0.5 redshift bin, where for all three correlations the
Spearman correlation factor is highest, and the region of param-
eter space reliably probed is largest. The Tdust−LIR correlation
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a) b)

c) d)

Fig. 4. Top row: G/D as a function of metallicity for the 2 values of XCO: XCO,MW a) and XCO,Z b). The mean error for the data points is shown in
grey on the right of the plots. The colours code the reliability of the point depending whether the gas mass is uncertain (in blue), the dust mass
is uncertain (in red) or if both are uncertain (in purple). The symbol traces the changes made in the Hi and H2 masses (see text for details on the
uncertainties and the changes on the gas masses). The dashed line represents the reference scaling of the G/D with metallicity (not fit to the data).
The dotted and dash-dotted lines represent the best power-law and best broken power-law fits to the data. Bottom row: same as top row for XCO,MW
c) and XCO,Z d), where the binned G/D values (see text) have been added as pink filled circles. For clarity, the observed G/D values are now shown
in grey. On the bottom panels the relative dispersion in each bins, in terms of standard deviation, is shown and the colours show the number of
galaxies in each bin.

where MHe is the helium mass and Zgal the mass fraction of met-
als in the galaxy. Assuming MHe = Y� Mgas, where Y� is the
Galactic mass fraction of Helium, Y� = 0.270 (Asplund et al.
2009), we have:

Mgas = µgal(MHI + MH2 ), (3)

with µgal = 1/(1�Y��Zgal) the mean atomic weight. µgal has been
computed for each galaxy and the mean value for our sample
is 1.38± 0.01 (see Table A.1). We get Zgal assuming (Zgal/Z�)=
(O/Hgal)/(O/H�) and Z� = 0.014 (Asplund et al. 2009).

We assume here that the ionised gas mass (MHII) is negligi-
ble compared to the Hi mass. We perform the test for 67 galax-
ies of the sample, with MHII derived from H↵ measurements of
Gil de Paz et al. (2003); Kennicutt et al. (2009); Skibba et al.
(2011) and found MHII/MHI ⇠ 0.2%. However, we found two

dwarf galaxies for which the ionised gas mass should be taken
into account as it contributes equally or more than the atomic
gas mass: Haro11 (MHII ⇠ 1.2 ⇥ MHI, Cormier et al. 2012) and
Pox186 (MHII ⇠MHI, Gil de Paz et al. 2003). For these two galax-
ies, the total gas mass also includes MHII.

The G/D as a function of metallicity is presented in
Figs. 4a, b for the two cases: XCO,MW or XCO,Z . The average er-
ror on the observed G/D is ⇠27% in both XCO cases (⇠10% for
the total gas mass and ⇠26% for the dust mass). The dashed
line indicates the reference scaling of the G/D with metallicity.
The colours of the symbols indicate the reliability of the data
points by tracing if the gas or dust masses determinations are
uncertain. Blue symbols refer to Hi or H2 non-detections or to
the absence of H2 observations for the galaxy. Red symbols in-
dicate that the galaxy is not detected at wavelengths �160 µm.
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Importance of metallicity

metallicity
Rémy-Ruyer et al. 2014, A&A, 563, 31
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Sample

SFR - M★ metallicity - M★

・20 star-forming galaxies at z~1.4 with known metallicity  
　in the SXDS field

- Hα, [NII] lines are observed with Subaru/FMOS → metallicity
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Observations
・ALMA
・Aug / 2012 (Cycle0)
・observing line
・observing frequency
・Tsys
・on-source time
・noise level

：CO(J=5-4)

：8-15 min (for a galaxy)
：0.5-1.1 mJy/beam (50 km/s binning)

：66-100 K
：221-254 GHz (Band-6)



Phase re-calibration
offset from the positions in optical images

We re-calibrated with the corrected coordinates

left: ALMA
right: B-band

→ the coordinates of the phase calibrator were  
　 turned out to be wrong!

5”

5”



Results｜line profiles

We detect CO emission from 11 galaxies!



Detected sources

CO lines tend to be detected 
for galaxies with more massive/ 
higher SFR

No clear dependence on  
metallicity is seen
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L’CO(5-4) vs M★/metallicity
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Molecular gas mass

M(H2) = �� L
�

CO(1�0)

Genzel et al. 2012, ApJ, 746, 69

�
SCO(5�4)dv�
SCO(1�0)dv

� 6

Daddi et al. 2014, arXiv:1409.8158

CO-to-H2 conversion factor
- metallicity dependence

CO(5-4)/CO(1-0) ratio

AA51CH04-Walter ARI 24 July 2013 10:18

QSO
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SFRG
RG
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Figure 4
CO excitation ladder of all sources where the CO(1–0) line has been measured. The CO line flux is shown as
a function of rotational quantum number, and the colors indicate the different source types. Measurements
for individual sources are connected by a dashed line. The line fluxes have been normalized to the CO(1–0)
line. The quasi-stellar objects (QSOs) are the most excited systems found, with an average peak of the CO
ladder at around J ∼ 6. This is consistent with the high star-formation rate and compact emission regions in
their host galaxies. The submillimeter galaxies (SMGs) are slightly less excited on average, and their CO
excitation ladders peak around J ∼ 5. The dashed thick lines indicate template CO excitation ladders for the
Milky Way (MW; black) and M82 ( gray). The few multitransition measurements of color-selected galaxies
(CSGs) show CO excitation lower than SMGs on average, but higher than the Milky Way (E. Daddi, private
communication). The dashed dark gray line shows constant brightness temperature on the Rayleigh-Jeans
scale, i.e., S ∼ ν2 (note that this approximation is not valid for high J). Abbreviations: LBG, Lyman-break
galaxy; RG, radio galaxy.

et al. 2000, Ward et al. 2003, and see dashed line in Figure 4; NGC 253: Bradford et al. 2003, Bayet
et al. 2004; and Henize 2–10: Bayet et al. 2004). It should be noted that the excitation in Galactic
molecular cloud cores can be equally high (e.g., Habart et al. 2010, van Kempen et al. 2010,
Leurini et al. 2013, Manoj et al. 2013). However, in Galactic clouds such very high excitation is
only seen on parsec scales in cloud cores, whereas in nearby starburst nuclei high excitation is
seen on scales on the order of 100 pc, and for high-redshift galaxies the scale can extend to a few
kiloparsecs.

As stated in Section 3, the separation between SMGs and QSO host galaxies is largely due
to historical selection effects, and there are sources that fulfill both definitions. The different
excitation conditions in the two groups, however, can be used to make the argument that, broadly
speaking, gas-rich quasars and SMGs represent different stages of galaxy evolution, with the
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Figure 5. Inferred dependence of the CO 1–0 luminosity to molecular gas mass, conversion factor (αCO 1–0) on gas-phase oxygen abundance. The molecular gas
mass (including helium) for the high-z galaxies is computed from the best-fit z ! 1 KS-relation. The left inset is for our favored KS-slope of n = 1.1 in Figure 3 and
Equation (2). The right inset is for n = 1.3. The symbols for the high-z data points are the same as in Figure 4. Gray circles denote the determinations of αCO 1–0 from
joint fits to spatially resolved H i, CO, and dust data in z ∼ 0 SFGs by Leroy et al. (2011). The large black (red) cross in the lower left denotes the typical systematic
rms (statistical) errors. The trends of the Leroy et al. sample are in broad agreement with earlier work of Wilson (1995, magenta long-short dashes), Arimoto et al.
(1996, long blue dashes), and Israel (2000, gray dots). The best linear fit in the log(αCO 1–0)–log(metallicity) plane to the all z ∼ 0 and z > 1 SFGs is given by the
continuous black line: log αCO 1–0 = 12 (±2) −1.3 (±0.26) ZO (for both choices of n), where the quoted errors are 2σ statistical fit uncertainties. The best fit to only
z ! 1 SFGs is given by the continuous red line: log αCO 1–0 = 17 (± 6) − 1.8 (±0.6) ZO for n = 1.099 and log αCO 1–0 = 14 (± 6) − 1.6 (±0.6) ZO for n = 1.3.
(A color version of this figure is available in the online journal.)

galaxies. The onset of the up-turn in the blue-dashed curve in
Figure 4 depends strongly on fV. Model curves with larger fV
values than chosen by Krumholz et al. (2011) have up-turns
at higher metallicity. For a homogeneous cloud (fV = 1) the
up-turn occurs at solar metallicity.

The agreement of the theoretical predictions with the obser-
vations suggests that the trends seen in Figure 4, at both low
and high redshifts, may mainly be the consequence of the ratio
of the volume and mass of molecular gas traced by CO (rela-
tive to that in H2) decreasing rapidly at low metallicity due to
photodissociation by the ambient UV field (see Pelupessy &
Papadopoulos 2009; Krumholz et al. 2011; Glover & Mac Low
2011; Shetty et al. 2011b).

3.6. An Empirical Scaling Relation for αCO(ZO)

We now turn the results in Figure 4 around and derive an
empirical dependence of αCO 1–0 on metallicity, based on the
assumption of a universal KS-scaling relation. Using the KS-
relation in reverse, the molecular gas mass can be obtained from
the SFR (e.g., Erb et al. 2006b),

Mmol gas(M⊙) = ξSFR (M⊙ yr−1)1/nR1/2 (kpc)(2n−2)/n. (6)

R1/2 is the half-light radius of the gas/star-forming disk. For the
z > 1 data with ZO > 8.7 in Figure 3 and the best-fit slope of
n = 1.1 we find ξ = 1.02 × 109. For a slope fixed to n = 1.3
(Daddi et al. 2010b), the data in Figure 3 yield ξ = 1.2 × 109. In
comparison to Equation (6) the simpler assumption of a constant
depletion rate of 1 Gyr−1 (n = 1) at z > 1 yields typically 5%
larger gas masses for all but the most compact galaxies. The
relation given in Equation (8) of Genzel et al. (2010), which
depends on the ratio of R1/2 to the circular velocity (i.e., the

global dynamical time), instead of R1/2 alone, on average yields
half the gas masses. The relation in Kennicutt et al. (2007; n =
1.37) yields 20% smaller gas masses. These differences are all
within the scatter of the empirical KS-relation.

We apply Equation (6) to each galaxy and divide the inferred
gas mass by L′

CO. The result is a direct measure of the conversion
factor, and Figure 5 shows the derived CO 1–0 conversion factor
as a function of metallicity for our z ! 1 sample. Figure 5 has
two insets. The left inset applies for our favored KS-slope of n =
1.1 (Figure 3). The right inset is for n = 1.3 favored by Daddi
et al. (2010b) and Kennicutt et al. (2007). For comparison,
we show estimates of αCO 1–0 of z ∼ 0 SFGs by Leroy et al.
(2011). The Leroy et al. (2011) estimates of αCO 1–0 come from
simultaneous parametric fitting of spatially resolved H i, CO,
and dust emission. They do not rely on the KS-relation. The
three sets of dashed lines denote previous CO conversion factor
scaling relations for z ∼ 0 SFGs (Wilson 1995; Arimoto et al.
1996; Israel 1997, 2000; Boselli et al. 2002). This earlier work
was partially based on similar galaxies as in the Leroy et al.
(2011) sample but employed different methods.

In agreement with the theoretical expectations, the CO → H2
conversion factor increases with decreasing metallicity for all
these samples, with similar trends at both low- and high-z, albeit
with a large scatter. If the z ∼ 0 points of Leroy et al. (2011)
and the z ! 1 SFGs are combined (treating 3σ upper limits as
detections), the best linear fit yields the relation

log(αCO1–0) = −1.3(±0.25)(12+log(O/H))Denicoló 02+12(±2),
(7)

where the quoted uncertainties are 2σ fit uncertainties for equal
weights to all data points (because of the dominance of the
systematic errors discussed above). The result in Equation (7)
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Mgas/fgas vs M★

Mgas seems to depend on  
stellar mass fgas decreases with M★

fgas is larger than the typical  
value in local spiral galaxies
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Mgas/fgas vs metallicity

Mgas does not seem to  
depend on metallicity fgas decreases with metallicity
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Chemical evolution model

dMgas

dt
= �(1�R)�(t) + fi(1�R)�(t)� fo(1�R)�(t)

inflow outflow
d(ZMgas)

dt
= �(1�R)�(t)Z(t) + yZ(1�R)�(t) + fi(1�R)�(t)ZA(t)� fo(1�R)�(t)Z(t)

inflow outflow

・analytic solutions can be expressed  
　as a function of fgas

・considering star-formation, inflow and outflow

outflow
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　 - assuming the inflow and outflow rate are  
　    proportional to star-formation rate



Chemical evolution model
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Continuum map



Dust mass
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Gas-to-Dust Ratio

GDR - metallicity
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Summary

・We conducted CO(5-4) observations of 20 star-forming galaxies 
　with known metallicity at z~1.4 with ALMA

・We found correlation between fgas and M★/metallicity

・By comparing the analytic chemical evolution model,  
　we try to constrain inflow/outflow rate
　- inflow rate = 1.7 × SFR, outflow rate = 0.4 × SFR

　- however, it is difficult to say whether these correlations are  
　  mainly caused by M★ or metallicity

　- close to equilibrium model?

・Gas-to-Dust Ratio seems to depend on metallicity at high redshift
　- 3-4 times larger than those in local galaxies.
　- be careful to derive Mgas from dust continuum emission




