
        SFR driven by gas supply ??

         starburst vs main sequence ??

         ISM gas is dissipative è very different dynamics

 new approach to measuring ISM

interstellar matter (ISM) drives Galaxy Evolution 

need to measure the mass of  SF  ISM :

                                                CO   vs   long λ dust em. 
                                      
                                                w/ ALMA è high J CO ?? 

                                                physical understanding of RJ                      



dust cloud spectrum  -- w/  increasing Mdust
  

¥  peak shifts to longer λ  for increased τ (or dust mass)
¥  flux on long λ tail scales linearly with Mdust

Scoville, 2011 Canary Is.
 winter school lectures

L = 1012 L¤

 Mdust=
   108  è
6x109M¤



empirically calibrate
 
w/ low z normal galaxies and ULIRGs + high z SMGs

L ν ∝   TDκν

dust
gas

  M gas

RJ dust continuum optically thin,        



6.7x1019 erg/s/Hz/M¤ 
 

w/ less than factor 
      2 dispersion

Planck: Milky Way  
     è

6.2x1019 erg/s/Hz/M¤ 
 

β = 1.8 +- 0.1
 

empirical basis for RJ continuum è ISM masses

quick and reliable !! 

factor 2

Hughes etal ‘17 get 6.4x1019 

for 67 MS gal. @ z < 0.3 



RJ dust continuum è ISM masses

ALMA w/ ~2 min integrations (CO 100x longer)

      1011 pointings w/i COSMOS field
è   687 detections of Herschel far infrared sources !!
       (every one detected)   

w/ Vanden Bout, Lee,  Sheth, Aussel, Capak , Sanders, Bongiorno, Diaz-Santos,
Casey, Murchikova, Koda, Laigle, Darvish, Vlahakis, McCracken, Ilbert, Pope, 
Chu, Toft, Ivison, Morokuma-Matsui, Armus, Masters 

Scoville etal 2017, ApJ, 837, 150
               

ISM evolution z  = 0.3 to 3        



w/ the calibration constant for flux to mass è 
flux distribution :

all  Herschel sources have MISM = 1010 – 5x1011 M¤ !!

MW ~ 5x109 M¤
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Figure 4. The distributions of stellar masses and SFRs for the
detected objects.

Figure 5. The distributions of observed ßux densities and derived
ISM masses.

Here we briefly summarize the physical basis under-
lying the estimation of ISM masses from the Rayleigh
Jeans dust emission. Appendix A provides more detail,
including the full equation used for mass calculations; a
complete discussion is given in Scoville et al. (2016).

4.1. Physical Basis

The far infrared dust continuum emission of galax-
ies arises from interstellar dust, heated by absorption
of short wavelength radiation (UV, optical and near in-
frared). The short wavelength sources of this luminosity
are recently formed stars or AGN; hence the far infrared
luminosity provides a measure of that portion of the SF
and nuclear activities which is dust obscured. For the
standard Galactic ISM at solar metallicity, a modest col-
umn of gas and dust, NH ! 2⇥ 1021 cm�2, will produce
an extinction AV = 1 mag. Since the dust grains are
small (" 1 micron), the dust opacity is highest in the
UV and optical but decreases strongly at far infrared
and submm wavelengths (⌫ / �⇠�1.8 at � ! 200µm
(Planck Collaboration 2011b)).
At long wavelengths on the Rayleigh-Jeans tail, the

dust emission is almost always optically thin and the
emission flux per unit mass of dust is only linearly de-
pendent of the dust temperature. Thus the flux observed
on the RJ tail provides a linear estimate of the dust mass
and hence the ISM mass, provided the dust emissivity
per unit mass and the dust-to-gas abundance ratio can
be constrained. Fortunately, both of these prerequisites
are well established from observations of nearby galaxies
(e.g. Draine et al. 2007; Galametz et al. 2011).
Theoretical understanding of the dust emissivity has

also significantly improved in the last two decades
(Draine & Li 2007). On the optically thin, RJ tail of
the IR emission, the observed flux density is given by

S⌫ /D(⌫)TD⌫
2 MD

d2
L

where TD is the temperature of the emitting dust grains,
D(⌫) is the dust opacity per unit mass of dust, MD is
the total mass of dust and dL is the source luminosity
distance. Thus, the mass of dust and ISM can be esti-
mated from observed specific luminosity L⌫ on the RJ
tail:

MD / L⌫

< TD >M D(⌫)
(3)

MISM / L⌫

fD < TD >M D(⌫)
. (4)

Here < TD >M is the mean mass-weighted dust tem-
perature and fD is the dust-to-ISM mass ratio (typically
⇠ 1/100 for solar metallicity ISM).

4.2. Empirical Calibration

In Scoville et al. (2016), we used a sample of 30 local
star forming spiral galaxies, 12 ultraluminous IR galaxies
(ULIRGs) and 30 z ⇠ 2 � 3 submm galaxies (SMGs) to
empirically calibrate the RJ luminosity-to-mass ratio

↵⌫ ⌘< L⌫
850µm

/Mmol >

=6.7± 1.7⇥ 1019erg sec�1Hz�1M�
�1 . (5)

The gas masses were in all cases estimated from global
measurements of the CO (1-0) emission in the galaxies
assuming a single Galactic CO conversion factor ↵CO =
6.5 M�/K km s�1pc2 or XCO = 3 ⇥ 1020 N(H2) cm�2

(K km s�1)�1. These molecular gas masses include a
factor 1.36 to account for the associated mass of heavy
elements (mostly He at 8% by number).
It is noteworthy that across the three diverse samples

of galaxies the empirical calibration varied less than a fac-
tor 2 (see Figure A1). The calibration therefore includes
only massive galaxies (Milky Way or greater) which are
likely to have near solar metallicity. The samples of high
redshift galaxies in the present paper are therefore re-
stricted to stellar mass M⇤ > 2⇥ 1010 M�(and most are
above 5⇥ 1010 M�).
Probing lower mass galaxies, which presumably would

have significantly sub-solar metallicity, will require care-
ful calibration as a function of metallicity or mass. We
note that in Draine et al. (2007), there is little evidence
of variation in the dust-to-gas abundance ratio for the
first factor of 4-5 down from solar metallicity. However,
at lower metallicities the dust-to-gas abundance does
clearly decrease (see Figure 17 in Draine et al. (2007)
and Figure 16 in Berta et al. (2016)).
Lastly, we point out that since the standard Galac-

tic ISM dust-to-gas abundance ratio (quantified by 2 ⇥
1021H cm�2/AV ) is generally the same in both molecu-
lar and atomic hydrogen regions; one might expect that a
similar calibration ↵⌫ pertains to the atomic and molec-
ular phases of galaxies, provided one restricts to approx-
imately solar metallicity HI and H2 regions in the galax-
ies, such as the inner disks. For this reason, we will
henceforth refer to our mass estimates as MISM . The
ISM mass estimates found below for the high z galaxies
are very large (5 - 100⇥ that of the Galaxy); one could ex-
pect that the dominant phase is in fact molecular within
the high-z galaxies.



logic of our analysis :

all ALMA 1.3 mm & 850 μm obs. in COSMOS field (~0.2 mJy rms)

search for sources at positions of Herschel FIR sources (14000)

all Herschel sources w/i FOVs detected !! è 687 detections

functional dependence of :

1.!           ISM  ( z,  M*,  sSFR rel. to MS)

2.!           SFR / ISM (  z,  sSFR rel. to MS,  M* )

3.!           Accretion rates needed to maintain SF
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Figure 7. The observed ISM masses are shown in the Left panel. The fractional di ! erences in the Þt (Equation 6) are shown in the
Middle and Right panels with color coding by z and sSFR/sSFR MS , respectively. The latter two panels allow one to see that there are no
systematic o ! sets with respect to either of these parameters.

Figure 8. The Þtted ISM masses and observed SFRs are shown with color coding based on redshift and sSFR relative to the MS. The
dominant dependence of the SFR is on M ISM , with relatively weaker dependencies on z and the MS-Ratio.

3. The ISM contents increase asM0.30
⇤ , indicating

that the gas mass fractions must decrease in the
higher M⇤ galaxies.

The Þrst conclusion clearly implies the SF e�ciency
per unit gas mass must increase at high redshift (as dis-
cussed below). The second conclusion indicates that the
galaxies above the MS have higher gas contents, but not
in proportion to their elevated SFRs; and the third con-
clusion indicates that higher stellar mass galaxies are rel-
atively gas-poor. Thus, galaxies with higher stellar mass
likely use up their fuel at earlier epochs and have lower
speciÞc accretion rates (see Section 8) than the low mass
galaxies. This is a new aspect of the ÔdownsizingÕ in the
cosmic evolution of galaxies.

6.2. SFR

In Þtting for the SFR dependencies, we wish to clearly
distinguish between the obvious intuition that when
there is more ISM there will be both more SF and a
higher e�ciency for converting the gas to stars. Thus,
we impose a linear dependence of the SFR on MISM, us-
ing MISM taken from Equation 6 rather than going back
to the observed MISM values. E↵ectively, we are then Þt-
ting for the star formation e�ciencies (SFR/MISM) for
star formation per unit gas mass as a function of z, MS-

Ratio and M⇤. The use of ISM masses from Equation
6 is necessary in order to isolate the e�ciency variation
with redshift, MS-Ratio and M ⇤ from the variation of the
ISM masses with the same three parameters. The result
is shown in Figure 8 with color codings by redshift and
MS-Ratio. The plots indicate that the dispersion in the
Þt is distributed around unity and there appear to be no
systematic o↵sets with respect to redshift or MS-Ratio.

The MCMC solution is:

SFR = 0.31± 0.01 M� yr�1 !
✓

MISM

109M�

◆

! (1 + z)1.05± 0.05

! (sSFR/sSFRMS)0.70± 0.02

!
✓

M⇤
1010M�

◆0.01± 0.01

. (7)

The uncertainties in each of the Þt parameters were de-
rived from the MCMC Þtting (see Appendix C). The co-
variances for the SFR Þt are shown in Figure C1-Right.
The posterior distributions of the di↵erent parameters in
the MCMC Þtting are well-behaved.

Figure 8 shows the Þtted ISM masses (Equation 6) and

MISM

Mstellar

z

687 detections (z = 0.3 -3) !! 
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mass-weighted TD implies that the conversion factor will
not have large errors with the adopted constant TD = 25
K.

5. OBSERVATIONAL RESULTS

The measured ALMA fluxes were converted to esti-
mates of the ISM masses using Equation A1. The distri-
butions of flux and derived MISM are shown in Figure 5.
The estimated MISM are shown along with the SFRs in
Figure 6 for the 708 detected sources. Here one clearly
sees a strong increase in SFRs for galaxies with large
MISM ; however, there is also a very large dispersion, im-
plying that the SFR per unit ISM mass depends on other
variables. For example, as clearly seen in the color coding
(redshift) of the points, there must be strong dependence
on z. Yet, this can not be the entire explanation since the
high redshift galaxies with a large range of ISM masses
exhibit similarly high SFRs (that is, a lot of the galaxies
in each redshift range are distributed horizontally over a
range of MISM ). For a given SFR there are big spreads
in sSFR relative to the MS and in stellar mass. The
other variables linking SF and gas contents are: the stel-
lar masses and the elevation above the MS. We fit for
all of these dependencies simultaneously in the following
sections.

Figure 6. The SFRs and derived MISM are shown for 708 galaxies
detected in the ALMA observations. Uncertainties in both quan-
tities range from 10% to 50%; we show a typical error bar of 25%
in the lower right corner. The observed spread in both x and y
is much larger than this uncertainty, indicating that there must
be other dependencies than a simple one-to-one correspondence
between SFRs and ISM masses.

6. DEPENDENCE OF MISM AND SFR ON Z, M⇤, AND
SSFR/SSFRMS(M⇤,Z)

In order to unravel the dependencies of ISM con-
tent and SFR on intrinsic and extrinsic galaxy param-
eters, we have fit a power-law dependence of MISM
on the most likely parameters: z, M⇤, and MS-Ratio
(= sSFR/sSFRMS ); then we use this power law expres-
sion for MISM in order to elucidate the dependences of
the SFRs/MISM on z, M⇤, and the MS-Ratio. In this
second stage of fitting, the terms can be viewed as SFR
e�ciencies per unit mass of ISM gas, as they depend
separately on z, M⇤, and the MS-Ratio.

To avoid areas of z and stellar mass where the sam-
pling is low, we restrict our sample further to z = 0.3 to

3 and M⇤ > 3⇥ 1010 M�, thus reducing the areas where
Malmquist bias could be significant. The upper redshift
limit is to avoid galaxies for which the flux measurement
would be o↵ the RJ tail; the lower mass limit is to avoid
galaxies with expected low metallicity. The final sample
used for fitting the dependencies has 575 distinct galax-
ies.

In all of the empirical fittings, we adopt a power law
in each of the independent variables:

MISM and SFR = constant P1! ⇥ P2" ⇥ P3#

and solve for the minimum chi-square fit as a function
of the independent variables (P). A Monte Carlo Markov
Chain (MCMC) routine (MLINMIX ERR) (in IDL) was
used for the fitting. This is a Bayesian method for linear
regression that takes into account measurement errors
in all variables, as well as their intrinsic scatter. The
Markov chain Monte Carlo algorithm (with Gibbs sam-
pling) is used to randomly sample the posterior distribu-
tion (Kelly 2007).

6.1. MISM

The result of the MCMC fitting for the dependence of
the MISM on redshift, MS-Ratio and stellar mass is:

MISM = 7.07 ± 0.88 ⇥ 109 M�

⇥(1 + z) 1.84±0.14

⇥(sSFR/sSFRMS )0.32±0.06

⇥
✓

M⇤
1010M�

◆0.30±0.04

. (6)

The uncertainties were derived from the MCMC fitting,
they do not account for possible calibration uncertain-
ties such as the conversion from LIR to SFR. In Ap-
pendix C, we provide plots showing the covariance of
the fitted parameters with their distributions (see Fig-
ure C1-Left). The posterior distributions of the di↵erent
parameters in the MCMC fitting are single-valued (i.e.,
non-degenerate) and smooth. This also indicates that
there are no degenerate parameters and hence that the
choice of variables is appropriate.

In Figure 7 the observed ISM masses (filled dots) are
shown in the Left panel. Their fractional di↵erences be-
tween the fit and the observations are shown in Middle
and Right panels. Figure 7-Middle and Right show a
scatter roughly equivalent to the observed values; how-
ever, given the large dynamic range (a factor ⇠ 100)
in the MISM and the fitting parameters, this scatter is
within the combined uncertainties of those parameters.

Thus Equation 6 quantifies three major results regard-
ing the ISM contents and their variation for high redshift
galaxies relative to low redshift galaxies:

1. The ISM masses clearly increase toward higher z,
depending on (1 + z)1.84 = ((1 + z)2.9)0.63, that is,
not evolving as rapidly as the SFRs which vary as
(1 + z)2.9.

2. Above the MS, the ISM content increases, but not
as rapidly as the SFRs (0.32 versus unity power
laws).

SF
R

MISM



gas contents correlated w/  ??�
�
           time in cosmic history ( z )�
�
          mass of galaxy ( Mstellar )�
�
          starburst vs main sequence ( sSFR  / sSFRMS ) 



gas contents correlated with  : �
�
           time in cosmic history ( z )�
�
          mass of galaxy ( Mstellar )�
�
          starburst vs main sequence ( sSFR  / sSFRMS ) 

M ISM =  7.07! 109M sun  1+z( )1.84
 

sSFR
sSFRMS

"

#
$

%

&
'

0.32

 
M stellar

1010M sun

"

#
$

%

&
'
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Figure 7. The observed ISM masses are shown in the Left panel. The fractional di ↵erences in the Þt (Equation 6) are shown in the
Middle and Right panels with color coding by z and sSFR/sSFR MS , respectively. The latter two panels allow one to see that there are no
systematic o↵sets with respect to either of these parameters.

Figure 8. The Þtted ISM masses and observed SFRs are shown with color coding based on redshift and sSFR relative to the MS. The
dominant dependence of the SFR is on M ISM , with relatively weaker dependencies on z and the MS-Ratio.

3. The ISM contents increase as M0.30
⇤ , indicating

that the gas mass fractions must decrease in the
higher M⇤ galaxies.

The first conclusion clearly implies the SF e�ciency
per unit gas mass must increase at high redshift (as dis-
cussed below). The second conclusion indicates that the
galaxies above the MS have higher gas contents, but not
in proportion to their elevated SFRs; and the third con-
clusion indicates that higher stellar mass galaxies are rel-
atively gas-poor. Thus, galaxies with higher stellar mass
likely use up their fuel at earlier epochs and have lower
specific accretion rates (see Section 8) than the low mass
galaxies. This is a new aspect of the ‘downsizing’ in the
cosmic evolution of galaxies.

6.2. SFR

In fitting for the SFR dependencies, we wish to clearly
distinguish between the obvious intuition that when
there is more ISM there will be both more SF and a
higher e�ciency for converting the gas to stars. Thus,
we impose a linear dependence of the SFR on MISM , us-
ing MISM taken from Equation 6 rather than going back
to the observed MISM values. E↵ectively, we are then fit-
ting for the star formation e�ciencies (SFR/MISM ) for
star formation per unit gas mass as a function of z, MS-

Ratio and M⇤. The use of ISM masses from Equation
6 is necessary in order to isolate the e�ciency variation
with redshift, MS-Ratio and M⇤ from the variation of the
ISM masses with the same three parameters. The result
is shown in Figure 8 with color codings by redshift and
MS-Ratio. The plots indicate that the dispersion in the
fit is distributed around unity and there appear to be no
systematic o↵sets with respect to redshift or MS-Ratio.

The MCMC solution is:

SFR=0.31± 0.01 M� yr�1 ⇥
✓

MISM

109M�

◆

⇥ (1 + z)1.05±0.05

⇥ (sSFR/sSFRMS )
0.70±0.02

⇥
✓

M⇤
1010M�

◆0.01±0.01

. (7)

The uncertainties in each of the fit parameters were de-
rived from the MCMC fitting (see Appendix C). The co-
variances for the SFR fit are shown in Figure C1-Right.
The posterior distributions of the di↵erent parameters in
the MCMC fitting are well-behaved.
Figure 8 shows the fitted ISM masses (Equation 6) and

SF law :

MISM
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z
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z
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M

S

MISM

SFR

SFR M sunyr −1( ) /
M ISM

109M sun

⎛

⎝
⎜

⎞

⎠
⎟ = 0.31  1+ z( )1.05

 
sSFR

sSFRMS

⎛

⎝
⎜

⎞

⎠
⎟

0.70

 
M stellar

1010M sun

⎛

⎝
⎜

⎞

⎠
⎟

0.01



covariances from Monte Carlo Markov Chain fitting

well-behaved w/ single values
 uncertainties ~0.1 in exponents

22 Scoville et al.

Markov chain Monte Carlo algorithm (Gibbs sampling) is used to randomly sample the posterior distribution.

ISM	fit	covariances	 SFR	fit	covariances	

Figure C1. The covariance distributions for the Þts obtained in Equations 6 and 7 are shown in the Left and Right panels, respectively.
The parameters A, ! , " and # correspond to the lead scale factor and the exponents in the Equations.
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Figure 9. The evolutionary dependence of the SFRs (blue), the
ISM masses (green) and the SF e! ciency (red) per unit mass of
ISM on the MS at a characteristic stellar mass of 5 ! 1010 M�.

measured SFRs. In the Left panel the color coding is
according to the redshift, and in the Right according to
their sSFR relative to the MS. Here one can see that the
dominant dependence is on the ISM masses, but there is
clearly dependence on redshift and sSFR.
Equation 7 was written in a form such that the three

power law terms can be interpreted as e�ciencies (SFR
per unit gas mass). The resulting solution (Equation 7)
indicates that:

1. The SFR per unit ISM mass must increase approx-
imately as (1 + z)1 as compared to the (1 + z)2.9

dependence of the SFRs, i.e. the e�ciency for con-
verting gas to stars (the SFR per unit mass of gas)
is clearly increasing at high-z. [The increase in
ISM contents is separately represented by the lin-
ear term MISM .]

2. The SFR e�ciency similarly increases as the 0.7
power of sSFR/sSFRMS , implying that the en-
hanced SFRs above the MS are partially due to
higher SF e�ciencies (SFR per unit gas mass) in
those galaxies – equivalently, the SB galaxies have
a shorter gas depletion timescale.

3. There is no significant dependence of the SFR e�-
ciency on stellar mass (M 0.01

! ).

The lack of dependence of the SF e�ciency on galaxy
mass is reasonable. If at high redshift the SF gas is in
self-gravitating GMCs (as at low z); the internal struc-
ture of the GMCs then influences the physics of the SF
and the gas does not know that it is in a more or a less
massive galaxy.
Figure 9 shows the relative evolutionary dependencies

of the SFRs, the ISM masses and the SF e�ciency per
unit mass of ISM gas normalized to unity at z = 0. The
fundamental conclusion is that the elevated rates of SF
activity at both high redshift and above the MS are due
to both increased gas contents and increased e�ciencies
for converting the gas to stars.

7. IMPLICATIONS OF THE ISM AND SFR RELATIONS

Using the empirically based relations for MISM and the
SFR per unit ISM mass (Equations 6 and 7), we now
explore the consequences of these relations as obtained
by simple algebraic manipulation.

7.1. Gas Depletion Timescales and Gas Mass Fraction

Combining Equations 6 and 7, one can derive the gas
depletion time (⌧dep = MISM / SFR) and the gas mass
fraction (f gas= MISM /(M! + MISM ):

⌧dep ⌘M ISM /SF R

=3.23± 0.10 Gyr ⇥ (1 + z)" 1.05±0.05 ⇥
(sSFR/ sSFRMS )

" 0.70±0.02 ⇥M" 0.01±0.01
10 , (8)

MISM / M! =0.71± 0.09 ⇥ (1 + z)1.84±0.14 ⇥
(sSFR/ sSFRMS )

0.32±0.06 ⇥M" 0.70±0.04
10 (9)

and

fgas ⌘
MISM

M! +MISM

= {1 + 1.41± 0.18⇥ (1 + z)" 1.84±0.14 ⇥
(sSFR/ sSFRMS )

" 0.32±0.06 ⇥M0.70±0.04
10 }" 1(10)

where M10 = M! / 1010M# . Note that Equation 8 is ob-
tained simply by canceling out the leading MISM term in
Equation 7 (since the latter already has a linear term in
MISM ) – not by dividing the full Equation 6 by 7.
⌧dep and f gas are shown in Figure 10. (In keeping with

convention, these depletion times do not include a cor-
rection for the mass return to the ISM during stellar
evolution.) In Table 3, we have normalized these equa-
tions to z = 2 and M! = 5 ⇥ 1010 M# (instead of z = 0
used earlier).
Depletion times at z > 1 are ⇠ (2�10)⇥108 yrs, much

shorter than for low-z galaxies (e.g. ⇠ 2⇥109 yrs for the
Milky Way). The depletion times have no dependence
on M ! .
The gas mass fractions shown in Figure 10-Right are

very high (> 50%) at z > 2 for SF galaxies, system-
atically decreasing at later epochs. They also show a
strong dependence on stellar mass (/ M " 0.7

! , Equation
9) and whether a galaxy is on or above the MS (see Fig-
ure 10-Right). It is therefore clear that there is no single,
gas mass-fraction varying solely as a function of redshift
(that is, independent of the sSFR relative the MS and
M! ).
For MS galaxies Saintonge et al. (2013) and Genzel

et al. (2015) obtain slightly lower depletion times ⇠ 450
Myr and gas mass fractions ⇠ 40% at z ⇠ 2.8. Above the
MS, they find increased ISM masses and SF e�ciencies
in agreement with the results here. Their results are
consistent with the estimates shown in Figure 10. But,
it is not really appropriate to quote single value estimates
for the gas mass fraction at each redshift, neglecting the
sSFR and M! dependencies.

8. ACCRETION RATES
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Figure 10. Left - The gas depletion times (MISM/SFR) obtained from combining Equations 6 and 7. Right - The gas mass fraction
obtained from Equation 6. Both are shown for a fiducial mass M⇤ = 5⇥ 1010 M� and with sSFR = 1 (blue), 4 (green) and 10 (red) times
that of the MS. The extrapolation of the ISM mass fraction to z = 0 is probably higher by a factor ⇠2, compared to published values.

Figure 11. The net accretion rates (contours) calculated using Equation 11 with the ISM masses given by Equation 6, the SFRs from
Equation 7 and the MS tracking from the assumption of continuity in the evolution of the MS galaxy population. In the Left panel, the
color background is SFRMS ; in the Right panel it is M ISM on the MS in units of 109M�. We adopt a 30% stellar mass-loss percentage
(Leitner & Kravtsov 2011).

Using the MS Continuity Principle (Section 2.3)
and the ISM contents obtained from Equation 6 with
sSFR/sSFRMS = 1, we now derive the net accretion rates
of MS galaxies required to maintain the MS evolution-
ary tracks. Along each evolutionary track (curved lines
in Figure 2), the rate balance must be given by:

dMISM

dt
= Ṁacc � (1� fmass return )⇥ SFR, (11)

assuming that major merging events are rare. fmass return
is the fraction of stellar mass returned to the ISM
through stellar mass-loss, taken to be 0.3 here (Leitner
& Kravtsov 2011). Since these paths are following the

galaxies in a Lagrangian fashion, the time derivatives of
a mass component M must be taken along the evolution-
ary track and

dM

dt
=

dM

dz

dz

dt
+

dM

dM⇤

dM⇤
dt

dM

dt
=

dM

dz

dz

dt
+ SFR

dM

dM⇤
. (12)

Figure 11 shows the accretion rates using Equation 11.
The data used for this figure were generated from Equa-
tions 6 and 7, and thus are consistent with those earlier
equations. These rates are ⇠ 100 M�yr�1 at z ⇠ 2.5.
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at lower redshift (Peng et al. 2010; Darvish et al. 2016).
At z > 1.2 the quenched red galaxies are a minor pop-
ulation (see Figure 14) and the quenching processes are
of lesser importance.

Figure 2. The evolution of the star forming galaxy MS evolves to
lower SFRs at lower z for all stellar masses. The curved downward
tracks (dashed lines) show the evolution of characteristic stellar
masses (1, 5, and 10 ! 1010M! )between the MS lines at the adja-
cent redshifts – assuming that each galaxy stays on the MS (z) and
its increase in stellar mass is given by integration of the SFRMS
(M" ) over time. This evolution is derived here using the MS fits
from Speagle et al. (2014) which are valid at z = 0.25 to 3.5 with
the mass dependence for the MS taken from Lee et al. (2015) (see
Figure 1). To account for mass returned to the ISM from stellar
mass-loss, we adopt a mass-return percentage = 30% of the SFR
(Leitner & Kravtsov 2011), i.e. the stellar mass of the galaxy grows
at a rate = 0.7! SFR.

The paths of evolution in the SFR versus M⇤ plane can
be easily derived since the MS loci give dM⇤/dt = SFR
(M⇤). One simply follows each galaxy in a Lagrangian
fashion as it builds up its mass.
Using this Continuity Principle to evolve each indi-

vidual galaxy over time, the evolution for MS galaxies
across the SFR-M⇤ plane is as shown in Figure 2. Here
we have assumed that 30% of the SFR is eventually put
back into the ISM by stellar mass-loss. This is appro-
priate for the mass-loss from a stellar population with
a Chabrier IMF (see Leitner & Kravtsov 2011). In this
figure, the curved horizontal lines are the MS at fiducial
epochs or redshifts, while the downward curves are the
evolutionary tracks for fiducial M⇤ from 1 to 10 ! 1010

M�. At higher redshift, the evolution is largely toward
increasing M⇤ whereas at lower redshift the evolution is
in both SFR and M⇤. In future epochs, the evolution
is likely to be still more vertical as the galaxies exhaust
their gas supplies. Thus there are three phases in the
evolution:

1. the gas accretion-dominated and stellar mass
buildup phase at z > 2 corresponding to cosmic
age less than 3.3 Gyr (see Section 8);

2. the transition phase where gas accretion approxi-

mately balances SF consumption and the evolution
becomes diagonal and,

3. the epoch of ISM exhaustion at z . 0.1 (age 12.5
Gyr) where the evolution will be vertically down-
ward in the SFR versus M⇤ plane.

These evolutionary phases are all obvious (and not a
new development here), but in Section 8 we make use
of the Continuity Principle to derive the accretion rates
and hence substantiate the 3 phases as separated by their
accretion rates relative to their SFRs. When these phases
begin and end is a function of the galaxy stellar mass –
the transitions in the relative accretion rates take place
much earlier for the more massive galaxies.

2.4. MS Galaxy Evolution Paths

The SFR evolution for the MS (relative to the MS at z
= 0) is shown in Figure 1. Figure 2 shows the evolution
for three fiducial stellar masses. In our analysis to fit the
evolution of the ISM, SFR and accretion rates (Section
6), we will fit directly for 1+z dependence. The derived
evolutionary trends with redshift can then be referenced
to the well-known redshift evolution SFRs.

2.5. Starbursts

At each epoch there exists a much smaller population
(" 5% by number at z = 2) which have SFRs 2 to 100
times that of the MS at the same stellar mass. Do these
starburst galaxies quickly exhaust their supply of star
forming gas, thus evolving rapidly back to the MS, or
are their ISM masses systematically larger so that their
depletion times di↵er little from the MS galaxies? These
SB galaxies must be either a short-duration, but common
evolutionary phase for the galaxies, or of long-duration,
but a phase not undergone by the majority of the galaxy
population. Despite their small numbers, their signif-
icance in the overall cosmic evolution of SF is greater
than 5%, since they have 2 to 100 times higher SFRs.

3. DATASETS

3.1. ALMA Band 6 and 7 Continuum Data

Within the COSMOS survey field, there now exist ex-
tensive observations from ALMA for the dust continuum
of high redshift galaxies. Here, we make use of all those
data which are publicly available, in addition to our own
still proprietary observations. The 18 projects are listed
in Table 1 together with summary listings of the ob-
served bands, the number of pointings and the average
frequency of observation, the synthesized beam sizes, and
the typical rms noise. The total number of pointings in
these datasets is 1011, covering a total area 0.0286 deg2

or 102.9 arcmin2 within the Half-Power Beam Width
(HPBW).

3.2. IR Source Catalog

Our source finding used a positional prior: the
Herschel-based catalog of far-infrared sources in the
COSMOS field (Lee et al. 2013, 2015, 13597 sources).
COSMOS was observed at 100 µm and 160 µm by Her-
schel PACS (Poglitsch et al. 2010) as part of the PACS
Evolutionary Probe program (PEP; Lutz et al. 2011)),
and down to the confusion limit at 250 µm, 350 µm, and

accretion needed to 
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Figure 10. Left - The gas depletion times (MISM/SFR) obtained from combining Equations 6 and 7. Right - The gas mass fraction
obtained from Equation 6. Both are shown for a fiducial mass M⇤ = 5⇥ 1010 M� and with sSFR = 1 (blue), 4 (green) and 10 (red) times
that of the MS. The extrapolation of the ISM mass fraction to z = 0 is probably higher by a factor ⇠2, compared to published values.

Figure 11. The net accretion rates (contours) calculated using Equation 11 with the ISM masses given by Equation 6, the SFRs from
Equation 7 and the MS tracking from the assumption of continuity in the evolution of the MS galaxy population. In the Left panel, the
color background is SFRMS ; in the Right panel it is M ISM on the MS in units of 109M�. We adopt a 30% stellar mass-loss percentage
(Leitner & Kravtsov 2011).

Using the MS Continuity Principle (Section 2.3)
and the ISM contents obtained from Equation 6 with
sSFR/sSFRMS = 1, we now derive the net accretion rates
of MS galaxies required to maintain the MS evolution-
ary tracks. Along each evolutionary track (curved lines
in Figure 2), the rate balance must be given by:

dMISM

dt
= Ṁacc � (1� fmass return )⇥ SFR, (11)

assuming that major merging events are rare. fmass return
is the fraction of stellar mass returned to the ISM
through stellar mass-loss, taken to be 0.3 here (Leitner
& Kravtsov 2011). Since these paths are following the

galaxies in a Lagrangian fashion, the time derivatives of
a mass component M must be taken along the evolution-
ary track and

dM

dt
=

dM

dz

dz

dt
+

dM

dM!

dM!

dt
dM

dt
=

dM

dz

dz

dt
+ SFR

dM

dM!
. (12)

Figure 11 shows the accretion rates using Equation 11.
The data used for this figure were generated from Equa-
tions 6 and 7, and thus are consistent with those earlier
equations. These rates are ⇠ 100 M" yr# 1 at z ⇠ 2.5.

z



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 measure-

ments 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 FIRLF 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: The history of cosmic star formation from (top right panel) F UV, (bottom right panel) IR,
and (left panel) FUV+IR rest-frame measurements. The data p oints 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 luminositie s (8Ð1,000 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 be st-Þt SFRD in Equation 15.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions,

as well as the best-fitting function

! (z) = 0.015
(1 + z)2.7

1 + [(1 + z)/ 2.9]5.6
M⊙ year−1 Mpc−3. (15)

These state-of-the-art surveys provide a remarkably consistent picture of the cosmic SFH:

a rising phase, scaling as ! (z) ∝ (1 + z)−2.9 at 3 ∼
< z ∼

< 8, slowing and peaking at some
point probably between z = 2 and 1.5, when the Universe was ∼ 3.5 Gyr old, followed by
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Figure 14. Left: The cosmic evolution of ISM and stellar mass densities in the universe are shown for galaxies with stellar masses
M⇤ = 1010 to 1012 M�. The galaxy stellar mass functions from Ilbert et al. (2013) were used to calculate the ISM masses using Equation
6. Uncertainties in the stellar mass densities are typically ±10% for this range of M⇤ (see Ilbert et al. 2013, Figure 8); uncertainties in
the ISM mass density also include an uncertainty of ±10% in the ISM masses when averaged over the population. (This does not include
uncertainty in the calibration of the dust-based mass estimations.) Right: The ISM evolution derived here (blue points) is compared with
that obtained by Berta et al. (2013) (red horizontal bars and a lower limit), the ALMA CO survey of Decarli et al. (2016) (green boxs)
with that derived by theoretical simulation (black vertical error bars, Sargent et al. 2013).

Figure 15. The evolution of the cosmic star formation rate den-
sity (SFRD) from Madau & Dickinson (2014) is shown for compar-
ison with the overall evolution of ISM content in Figure 14-Left.
This SFRD evolution has been corrected to a Chabrier IMF from
the original Salpeter IMF used in Madau & Dickinson (2014). A
typical uncertainty is shown as 0.1 dex (see Madau & Dickinson
2014)

M! . This calculation shows that ultimately the SB ends
up with approximately a factor 2 greater stellar mass –
due to the larger initial ISM mass and the fact that the
SB evolves more rapidly to higher stellar mass and thus
accretes at a greater rate at high-z.

10. COSMIC EVOLUTION OF ISM AND STELLAR MASS

Figure 16. The mass fraction of ISM are shown for galaxies with
stellar masses M⇤ = 1010 to 1012 M�.

Using the mass functions (MF) of SF and passive
galaxies (Ilbert et al. 2013), we estimate the total cos-
mic mass density of ISM as a function of redshift using
Equation 6. (This is the equivalent of the Lilly-Madau
plot for the SFR density as a function of redshift.) We
do this for the redshift range z = 0 to 4 and M! = 1010 to
1012 M" , a modest extrapolation of the ranges covered
in the data presented here. Figure 14-Left shows the
derived cosmic mass densities of stars (SF and passive
galaxies) and ISM as a function of redshift. We applied
Equation 6 only to the SF galaxies and did not include
any contribution from the passive galaxy population; to

cosmic evol. of ISM 
and stellar mass

overall cosmic evolution 



summary :

1.! RJ dust continuum is fast (2min) and reliable

2.! ISM content and SFE evolve each less rapidly w/ z than SFR

3.! ISM mass varies as Mstellar
0.3

4.! above MS, SB due to both increased ISM and higher eff. 

5.! accretion rate are huge  ~ 100 Msun yr-1 
 
              specific accretion rate (Macc / Mstellar ) :

                                                                              ==>  lower at high Mstellar
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