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]et al. (2006). A parallel set of assumptions to step (2) regarding

the generation of SNe Ia lead to predictions for the SN Ia rate
density, and this is explored in some detail with tantalizing im-
plications regarding the extent of the SN Ia delay time.

In x 2 we update the SFH data compilation of Hopkins (2004)
and address some of the assumptions that affect the normalization.
We identify the best parametric fit to the most robust subset of this
data in x 3, consistent with the !e limits fromSK. In x 4we present
the results of this fitting in terms of the stellar and metal mass
density evolution and the SN II and SN Ia rate evolution. The im-
plications for the assumed IMF and SN Ia properties are discussed
further in x 5.

The 737 cosmology4 is assumed throughout, with H0 ¼
70 km s"1 Mpc"1, !M ¼ 0:3, and !" ¼ 0:7 (e.g., Spergel et al.
2003).

2. THE DATA

The compilation of Hopkins (2004) was taken as the starting
point for this analysis, shown in Figure 1 as gray points. These
data are reproduced from Figure 1 of Hopkins (2004) and use
their ‘‘common’’ obscuration correction where necessary. Ad-
ditional measurements are indicated in color in Figure 1. For
z P 3, these consist of FIR (24 "m) photometry from the Spitzer
Space Telescope (Pérez-González et al. 2005; Le Floc’h et al.
2005) and UVmeasurements from the SDSS (Baldry et al. 2005),
GALEX (Arnouts et al. 2005; Schiminovich 2005), and the
COMBO17 project (Wolf et al. 2003). At z ¼ 0:05, a new radio
(1.4 GHz) measurement is shown (Mauch 2005), which is highly
consistent with the FIR results, as expected from the radio-FIR
correlation (Bell 2003a). Also at low redshift (z ¼ 0:01) is a new
H#-derived measurement (Hanish et al. 2006). At higher red-
shifts, additional SFHmeasurements come from the Hubble Ultra
Deep Field (UDF; Thompson et al. 2006) and from various pho-
tometric dropout analyses, probing rest-frame UV luminosities
(Bouwens et al. 2003a, 2003b, 2006; Ouchi et al. 2004; Bunker
et al. 2004). The UDFmeasurements of Thompson et al. (2006)
are derived through fitting spectral energy distributions to the
UDF photometry using a variety of templates with a range of
underlying assumptions. In particular, this includes different IMF
assumptions for different templates. Although we show these
measurements in Figure 1 for illustrative purposes (having scaled
them, assuming they were uniformly estimated using a Salpeter
1955 IMF), we do not include them in subsequent analyses, as
there is no clear process for scaling these measurements to our as-
sumed IMFs in the absence of a commonoriginal IMF assumption.

2.1. SFR Calibrations

Throughout we assume the same SFR calibrations as Hopkins
(2004). Uncertainties in the calibrations for different SFR indi-
cators will correspond to uncertainties in the resulting SFH nor-
malization for that indicator. Issues regarding SFR calibrations
are detailed in Moustakas et al. (2006), Kennicutt (1998), and
Condon (1992). Perhaps the most uncertain calibrations are the
radio (1.4 GHz) and FIR indicators (although the [O ii] indicator
has a similar level of uncertainty). For FIR SFRs, Kennicutt
(1998) indicates a variation of about 30% between calibrations
in the literature. Bell (2003a) refines the 1.4 GHz calibration
of Condon (1992), following an exploration of the origins of the
radio-FIR correlation, and the implication is that the radio SFR
calibration has about the same uncertainty as the FIR, assuming

no contamination by emission from an active galactic nucleus
(AGN). More significantly, however, for individual galaxies
there can be large differences, up to an order of magnitude, in the
SFRs inferred through different indicators (e.g., Hopkins et al.
2003), although on average for large samples there is a high level
of consistency. This is reflected in the overall consistency be-
tween SFR densities, $̇#, estimated from different indicators, with
at most about a factor of 2 or 3 variation (which also includes
the uncertainty in dust obscuration corrections, where relevant).
This scatter is still notably larger than the uncertainties in in-
dividual SFR calibrations and is suggestive of the overall level
of systematic uncertainty in the individual calibrations. It is likely
that this reflects subtleties such as low-level AGN contamination
in various samples, the difficulties with aperture corrections where
necessary, dust obscuration uncertainties (discussed further be-
low), and other issues. It is for these reasons that we neglect the
details of the underlying SFR calibrations, as their small formal
uncertainties are dominated by these larger systematics. Fur-
thermore, the effect of these systematics between different SFR
indicators acts to increase the scatter in the overall SFH compi-
lation, rather than to systematically shift all measurements in
a common direction. So even the factor of 2Y3 variation here
cannot be viewed precisely as an uncertainty on the SFH nor-
malization. In this sense, the level of consistency between $̇#
measurements using dramatically different samples and SFR in-
dicators, over the whole redshift range up to z $ 6, is actually
quite encouraging.

2.2. Dust Obscuration Corrections

The issue of dust corrections is complex and has been ad-
dressed by many authors (e.g., Buat et al. 2002, 2005; Bell
2003b; Calzetti 2001). Hopkins (2004) compared assumptions4 Thanks to Sandhya Rao (Rao et al. 2006) for this terminology.

Fig. 1.—Evolution of SFR density with redshift. Data shown here have been
scaled, assuming the SalA IMF. The gray points are from the compilation of
Hopkins (2004). The hatched region is the FIR (24 "m) SFH from Le Floc’h
et al. (2005). The green triangles are FIR (24 "m) data from Pérez-González et al.
(2005). The open red star at z ¼ 0:05 is based on radio (1.4 GHz) data from
Mauch (2005). The filled red circle at z ¼ 0:01 is the H# estimate from Hanish
et al. (2006). The blue squares are UV data from Baldry et al. (2005), Wolf et al.
(2003), Arnouts et al. (2005), Bouwens et al. (2003a, 2003b, 2005a), Bunker et al.
(2004), and Ouchi et al. (2004). The blue crosses are the UDF estimates from
Thompson et al. (2006). Note that these have been scaled to the SalA IMF,
assuming they were originally estimated using a uniform Salpeter (1955) IMF.
The solid lines are the best-fitting parametric forms (see text for details of which
data are used in the fitting). Although the FIR SFHof Le Floc’h et al. (2005) is not
used directly in the fitting, it has been used to effectively obscuration-correct the
UV data to the values shown, which are used in the fitting. Note that the top
logarithmic scale is labeled with redshift values, not (1þ z).
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z~1-3付近：銀河の激動進化期

・z~2前後で宇宙における
　星形成は最も活発

星形成率密度

銀河進化
＝ガスから星への転換史

銀河の形態
・z＜1では形態確立
・z＞3では不規則な形態



分子ガスの重要性

・質量(Mgas) → 作られうる星の質量の指標

・星質量に対する割合(fgas)
　→ どれだけガスを星に転換してきたのか表す指標

分子ガス = 星形成の母体

* fgas=M(H2)/(M(H2)+M★)

銀河進化の解明へ

　- 星質量やmetallicityに依存すると思われる



激動進化期の分子ガス研究
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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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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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・fgasのmetallicityへの依存性は？

 - fgas 34 % @z~1.2
44 % @z~2.2

(近傍のspirals 2-14 %)

　- M★ 大 → fgas 小 (M★＞1010.5 Msun)

　- Mgas＞2×1010 Msun
・main sequence銀河のCO観測

・fgasの星質量への依存性



サンプル
● z~1.4の星形成銀河 20天体 @SXDS領域
　FMOSの分光観測で赤方偏移、metallicityが決まっている
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観測
・ALMA (アタカマ大型ミリ波サブミリ波干渉計)
・2012年 8月
・観測輝線
・観測周波数
・Tsys
・積分時間
・noise

：CO(J=5-4)

：8-15 min (1天体あたり)
：0.5-1.1 mJy/beam (50 km/s binning)

：66-100 K
：221-254 GHz (Band-6)



観測結果｜line profile

今回は銀河の平均的な性質を求めるため、スタッキング解析

Pre results



分子ガス(H2)質量
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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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スタッキング解析｜M★ 依存性

low mass high mass



・Mgasのstellar mass依存性は
　あまり見られない

・fgasは近傍銀河に比べると
   非常に大きい
・massiveな銀河ほどfgasは
　小さい
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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 の M★ 依存性
● Tacconi et al. (2013)との比較

Tacconi

This work

fgas

log(M★)

・同じ傾向
 （M★ 大 → fgas 小）

・Tacconi et al. (2013)の
　incompletenessを補正した
　値とmassive側はほぼ一致

Tacconi et al. (2013)サンプルの
incompletenessを補正したときの値



Mgas と fgas の M★ 依存性（metal固定）
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Mgas と fgas の M★ 依存性（metal固定）
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Mgas と fgas の metal 依存性（M★固定）
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Mgas と fgas の metal 依存性（M★固定）
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・Mgas、fgasともmetallicity依存性はあまり見られない



まとめ

・z~1.4の星形成銀河の分子ガスの性質

　→ M★, metallicity 広範囲のサンプル20天体の
　    CO(5-4)輝線観測

・Mgas, fgas の M★, metallicity への依存性

・スタッキング解析の結果

metallicity にはあまり依存しない

M★ が 大　→　Mgas は あまり変わらない
 fgas は 小



2020年代

ALMA (個人的には2020年までに)

  - 激動進化期のmassiveな銀河はあと2-3年でほとんど
　 理解できる(だろう)
  - low mass銀河 & 中間redshift の CO観測
  - Milky Way Progenitor（ただし、extended ALMA？）
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2020年代

  - 銀河の激動進化期における HI ガス
SKA

  - 近傍銀河(z＜0.1)の inflow ガスの直接検出

ALMA

(竹内さんの講演？)

(個人的には2020年までに)

  - 激動進化期のmassiveな銀河はあと2-3年で大きく
　 進む(だろう)
  - low mass銀河 & 中間redshift の CO観測
  - Milky Way Progenitor（ただし、extended ALMA？）




