
black hole accretion (AGN) & star formation (SF)	


  	


              20x increase  from z = 0 to 2 !	


	


due to 	


      more gas (initial supply or accretion)	


      or 	


      higher efficiency gas è stars , AGN  	


             starbursts – merging ?	


	


	


ALMA survey of ISM evolution at high z	
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Rodighiero ‘11, Sargent etal ‘12	

  need to measure gas contents   	





need :    robust and fast measure of ISM	


	


CO – 	


    ok , but ...	


    	


    CO/H2 conversion factor	


    excitation dependence (often measure high J CO)	


    slow even w/ ALMA (hours per gal.)	


	


 alternative, 	


        measure dust IR continuum + dust / gas ratio	


	


ALMA cycle 0, 2 & 3 projects	


(110, 180 and 360 galaxies w/i COSMOS field) 	


	


	


	


	


	


similar approach by advocated by Eales 	


Santini etal ’14 using Herschel data 	


 	





emitted SED  --  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=1012L¤	



 Mdust=	


   108  è	


6x109M⁄	


	





R-J tail is optically thin, ���
 ���
  è ���
    FRJ = κν Tdust ν2 Mdust  / (4πd2)���
���
    Tdust = 20-25 K in Gal. SF���
  ���
               global Tdust doesn’t vary much ���
���
���
���
���
calibrate :    Lν / MISM  =     <  κν Td MISM / Mdust >  ���
���
       local galaxies ���
       Milky Way (Planck) ���
       SMGs ���
	





 local galaxies  normal SF gal. and ULIRGS	


                         w/ total Herschel SPIRE 500 μm fluxes & CO 1-0	


	


z = 2- 3 SMGs with CO (1-0) EVLA + SCUBA 850 μm 	





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	



 	





for ALMA Bands 3 -  7 predict :	



3 σ  in ~2 min	


for MISM = 1x1010	



	



     20x faster 	


      than CO !	





ALMA Cycle 2 –  observations --145 galaxies ���
w/ Sheth, Aussel,  Vanden Bout, Capak, Bongiorno, Casey, Laigle, 
Ilbert, McCracken, Koda, Alvarez-Marquez,  Murchikova, Koda, 
Pope, Toft, Ivison, Sanders, Manohar, Lee, Chu, ���
���
���
          ���
	



50, 60, 35 gal. 	





detection rates (2 min) --  3 redshift ranges :���
���
	

 flux                                        mass	





ISM masses   vs   sSFR = SFR / M*	



Mmol (1010 M¤)	





     very similar masses at z = 2 to 1  	


     perhaps a little higher at z ~ 5	


	


mass up ot 4x1011 M ¤   !!!	



ISM masses     vs    sSFR = SFR / M*	


Mmol (1010 M¤)	





gas mass fraction :	



Mmol / (Mmol + Mstellar)	





ISM mass fraction :	



MISM / (MISM + Mstellar)	





individual galaxies :  gas masses 	





analytic fit :���
���
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ISM masses increase above the main sequence !!���
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      è  increase in SFRs above the MS ���
                                due to larger ISM masses ���
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stacks of galaxies è a single ‘linear’ SF law	







gas depletion times	





very different than previous work from CO	


No. 1, 2010 SF LAWS FOR DISKS AND STARBURSTS AT LOW AND HIGH REDSHIFTS L119

Figure 1. Comparison of molecular gas masses and total IR bolometric luminosities: BzK galaxies (red filled circles; D10), z ∼ 0.5 disk galaxies (red filled triangles;
F. Salmi et al. 2010, in preparation), z = 1–2.3 normal galaxies (Tacconi et al. 2010; brown crosses), SMGs (blue empty squares; Greve et al. 2005; Frayer et al. 2008;
Daddi et al. 2009a, 2009b), QSOs (green triangles; see Riechers et al. 2006), local ULIRGs (black crosses; Solomon et al. 1997), and local spirals (black filled squares,
Leroy et al. 2009; black filled triangles, Wilson et al. 2009). The two nearby starbursts M82 and the nucleus of NGC 253 are also shown (data from Weiß et al. 2001;
Houghton et al. 1997; Kaneda et al. 2009). The solid line (Equation (1), slope of 1.31 in the left panel) is a fit to local spirals and BzK galaxies and the dotted line is
the same relation shifted in normalization by 1.1 dex. The dashed line in the left panel is a possible double power-law fit to spirals and BzK galaxies. For guidance,
two vertical lines indicate SFR = 2 and 200 M⊙ yr−1 in the right panel.
(A color version of this figure is available in the online journal.)

These allow us to study more typical high-redshift galaxies
with SFRs much larger than those of local spirals but less
extreme than those of distant SMGs. The sample of six CO-
detected z = 1.5 normal (BzK-selected) galaxies is presented
in D10. We also use CO detections of three near-IR selected
disk galaxies at z = 0.5. A detailed discussion of the z = 0.5
data set will be presented elsewhere (F. Salmi et al. 2010, in
preparation). For comparison, we also show measurements for
normal CO-detected galaxies at z = 1–2.3 from Tacconi et al.
(2010), although we do not use these in our analysis. These new
observations are placed in context with the literature data for
ULIRGs, SMGs, and local samples of disk galaxies.

In order to investigate the location of these populations of
normal high-z galaxies in the gas mass versus SFR plane, either
for the integrated properties or for the surface densities, a crucial
ingredient is, again, the αCO conversion factor. Comparing
the dynamical and stellar mass estimates, D10 derive a high
αCO = 3.6 ± 0.8 M⊙ (K km s−1 pc2)−1 for the BzK galaxies8,
quite similar to that for local spirals (αCO = 4.6). This is not
unexpected, given the evidence that the z ∼ 1.5 near-IR selected
galaxies appear to be high-redshift analogs of local disks with
enhanced gas content (see, e.g., discussions in Daddi et al. 2008,
2010; Dannerbauer et al. 2009; Tacconi et al. 2010, and later in
this Letter). In the following, we adopt this value of αCO = 3.6
for the z = 0.5–2.5 normal galaxies9 and the “consensus”
value for the other populations (αCO = 4.6 for local spirals,
αCO = 0.8 for local (U)LIRGs and distant SMGs/QSOs), and
explore the consequences for the relation between gas masses
and IR luminosities/SFRs.

8 This conversion factor refers to the total gas mass, including H i, H2, and
helium, in their proportion within the half-light radius.
9 Tacconi et al. (2010) assume a similar factor.

Figure 1 is equivalent to Figure 13 in D10, after replacing
L′

CO with MH2. The right panel shows the ratio of LIR to MH2
plotted versus LIR. The implied gas consumption timescales
(τgas = MH2/SFR; right panel of Figure 1) are 0.3–0.8 Gyr for
the BzK galaxies,10 about 2–3 times that for spirals, and over
1 order of magnitude smaller for local (U)LIRGs and distant
SMGs. In a simple picture, this finding can be interpreted in
terms of two major SF modes: a long-lasting mode appropriate
for disks, that holds for both local spirals and distant BzK
galaxies, and a rapid starburst mode appropriate for ULIRGs,
local starbursts like M82 or the nucleus of NGC 253, and distant
SMGs/QSOs. For the disk galaxies we formally fit

log LIR/L⊙ = 1.31 × log MH2/M⊙ − 2.09, (1)

with an error on the slope of 0.09 and a scatter of 0.22 dex.
Combining ULIRGs and SMGs we find that they define a trend
with a similar slope, but with about 10 times higher LIR at fixed
MH2.

A similar picture applies to the surface densities (Figure 2).
We here use the original K98 measurements for local spirals
and (U)LIRGs, but apply our choice of αCO and a Chabrier
(2003) IMF. For consistency with the K98 relation, we measure
Σgas adding H i and H2 for spirals, and H2 for IR-luminous
galaxies, in Figures 2 and 3. The results would not change if we
had used H2 only for all galaxies. Values for SMGs are taken
from Bouché et al. (2007). For the BzK galaxies, we derive
gas and SFR surface densities using the UV rest-frame (SFR)
sizes. These are consistent with the CO sizes (D10) but are

10 We apply a conversion SFR[M⊙ yr−1] = 10−10 × LIR/L⊙, treating the
two quantities as equivalent. In the case that a significant active galactic
nucleus (AGN) contribution affects LIR (e.g., for the QSOs), SFRs would be
correspondingly lower.

2100 R. Genzel et al.

Fig. 3 (and also Fig. 2) we did not attempt to assign individual errors
(unlike K98a), since in our opinion essentially all uncertainties are
systematic in nature and apply to all data equally. This slope is in
very good agreement with the spatially resolved relation for nearby
spirals in Bigiel et al. (2008, green/orange/red-shaded region in the
left-hand panel of Fig. 3). The new data do not indicate a signifi-
cant steepening of the slope at surface densities of >102 M⊙ pc−2,
neither at z ∼ 0 nor at z ≥ 1. Within the limited statistics of the
currently available data, we do not find a break in the slope near
102 M⊙ pc−2, as proposed by Krumholz et al. (2009). The slope of
1.33 found by Krumholz et al. (2009) in the high-density limit is
marginally larger. A steeper slope in this regime (1.28 to 1.4) was
suggested earlier by the K98a starburst sample, but that analysis
included some mergers (see below) and the combined scatter of
both data sets suggests a 1σ uncertainty of ∼0.15, which makes the
difference in slope of 0.1–0.23 only marginally significant.

Low- and high-z SFGs overlap completely, again with the obvious
exception of EGS12012083 and BX389. The data in Fig. 3 suggest
that the KS relation in normal SFGs does not vary with redshift, in
agreement with the conclusions of Bouché et al. (2007) and Daddi
et al. (2010a,b).

In the right-hand panel of Fig. 3, we analyse the data with the
‘Elmegreen–Silk’ relation (see also K98a), which relates SFR sur-
face density to the ratio of gas surface density and global galaxy
dynamical time-scale. There is a reasonably good correlation as well
with a slope of slightly less than unity (0.84 ± 0.09). The scatter in
this relation (0.44 dex) is larger than in the surface density relation,
which may in part be attributable to the larger total uncertainties
in "molgas/τdyn, which we estimate to be ±0.32 dex (74 per cent).

Here and elsewhere, we computed the dynamical time-scale from
the ratio of the radius to the circular velocity vc. For the z > 1 SFGs
and SMGs we took R = R1/2 and applied a pressure correction to
the inclination-corrected rotation velocity vrot, vc = (v2

rot + 2σ 2)1/2,
where σ is the local 1D-velocity dispersion in the galaxy. This
relation is applicable to rotation-dominated, as well as pressure-
dominated galaxies. The slope we find is close to that of K98a,
who find a slope between 0.9 and 1. High-z SFGs have somewhat
higher "star formation than low-z galaxies (by 0.71 ± 0.21 dex) but the
difference is probably only marginally significant. A fit with unity
slope yields a star formation efficiency per dynamical time of 0.019
(±0.008). This is in agreement with 0.01, the value found by K98a
when corrected to a Chabrier IMF.

4.2 KS relation for luminous mergers

Fig. 4 summarizes our analysis of the luminous mergers at both low
and high z. The left-hand panel shows the case of applying the best
single common conversion factor determined from the observations
(αmerger ∼ 1, Section 2.6), such that mergers and SFGs now have
conversion factors that differ by a factor of 3.2. The slope of the
merger relation (1.1 ± 0.2) is consistent with that of the SFGs
(1.17). Again low- and high-z mergers lie plausibly on the same
relation. Independent of whether the merger slope is fit or forced to
be the same as that of the SFGs, the difference in SFR at a given
gas surface density between the two branches is ∼1.0 (±0.2) dex
(see also Bothwell et al. 2010).

As we have argued in Section 2.6, a Galactic conversion factor for
all luminous low- and high-z mergers is almost certainly excluded
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Figure 4. Molecular Kennicutt–Schmidt surface density relation for luminous z ∼ 0 and z ∼ 1–3.5 mergers (z ∼ 0 LIRGs/ULIRGs: magenta squares, z ≥ 1
SMGs: red squares). The left-hand panel shows their location in the KS plane along with the SFGs (at all z, open grey circles) from Fig. 3 if the a priori best
conversion factors for SFGs (α = αG) and mergers (α = αG/3.2) are chosen. The right-hand panel shows the same plot for the choice of a universal conversion
factor of α = αG for all galaxies in the data base. This was the choice in the K98a paper but leads to a significant overestimate of gas fractions in almost all
major mergers. The fits assign equal weight to all data points and uncertainties in brackets are 3σ formal fit errors. The crosses in the lower right denote the
typical total (statistical + systematic) 1σ uncertainty.
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both used different CO conversion factors for SB and MS 	





our work è ���
���
single, linear SF law     ���
      at z = 1 to 6  and on MS and above MS ���
���
���
���
���
���
���
���
huge accretion rates ���
        replace entire ISM w/i  3-7x108 yrs ���
���
why is SF more rapid at z > 1 ??���
���
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⇒ τ ISM→ stars =
MISM

SFR
≈ 2 − 6x108 yrs  2 − 5x faster than z = 0( )

Note  – do not fit for Td     -- Lum.- vs  mass-weigthed 	







MS   vs    above the MS (starbursts ?) 	



è most of higher SFR due to increased gas  	





stack obs for each z  	


in  cells of M* and SFR  	



 specific SFR (sSFR) relative to main sequence	









z = 2.2 images :	





analytic fits :���
���
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ISM masses increase above the main sequence !!���
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