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Star formation (SF) laws 

•  Schmidt (1959):  SFR~density(HI)^n,  
      n=1-3, mostly 2-3 in ISM of our Galaxy. 
•  Kennicutt (1989): total gas 
    Disk-average [SFR~ density(HI+H2)^n] 
    n is not well constrained. ~1-3, wide spread. 
•  Kennicutt (1998): n=1.4 ?  
    Total gas (HI + H2) vs. molecular gas 
•  Gao & Solomon (2004): n=1 in dense gas 
    (Hubble law and H0 analogy) 

(Schmidt 59, 63; Kennicutt 89, 98; Wong & Blitz 02; Heyer+04; Gao & Solomon 04; 
Krumholz & McKee 05; Krumholz & Thompson 07; Bigiel+08; Robertson & Kravtsov 
08; Gnedin+09; Krumholz+09; Daddi+10; Gnedin & Kravtsov 10; Ostriker+10; 
Schruba+10; Genzel+10; Gnedin & Kravtsov 11; Narayanan+11; Bigiel+11; Shi+11; 
Liu+11; Rahman+11,12; Feldmann+11,12,13; Lada+12; Liu & Gao 12; Shetty+13). 



Hubble law  





Hubble law vs. SF law 
•  Hubble: 1 of 2 variables directly observed 
•  It’s a linear relationship! 
•  Yet >~70yrs H0 measurements (wars)!! 
?! SF: SFR a factor of 2-3 accuracy (much 

worse @ high-z) 
?? Star-forming gas? HI, total, H2 or dense H2 

(~10 uncertainties, troubles?! ALMA!)  
?! Might not be an exact linear relationship 

(even though FIR-HCN/CS linear!) 
?? SF constant (SF law is still @infancy) 



Kennicutt & Evans 2012, ARAA 

Disk-average [SFR~ density(HI+H2)^1.4] 





      SFR vs. M(H2): No Unique Slope:1, 1.4, 1.7? 
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Gao & Solomon 2004b ApJ Extragalactic SF=CO until 90’s 
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SF thresholds may


simply reflect the 


change of the 


dominant cold gas 
phase in galaxies


from HI ->H2 & 
from H2->denseH2


 -->dense cores 
(DCs) !super-star 
clusters (SSCs)  

Schruba+2011 
~linear in H2! 









Shi+17 in prep. 



Bi-modal SF laws in high-z (Daddi+2010; Genzel+2010) also exist in local galaxies 

Liu L, Gao & Greve 2015 ApJ 805, 31 

Liu L & Gao 12 arXiv:1106.2813 





Liu L, Gao & Greve 2015 ApJ  
arXiv:1502.08001 



Daddi et al. 2010; Genzel+2010 

  CO->H2  conversion factor    
  ?? αco  (Msun (K km/s pc2)-1: 
     4.6 for local spirals 
     3.6 ± 0.8 for BzKs   
     0.8 for LIRGs/SMGs/QSOs 
  *  Papadoupolos+2012,ApJ?! 

Two major SF modes: 
1. a long-lasting mode for 
disks (local spirals and BzKs)  
2. a rapid starburst for LIRGs 
ULIRGs & SMGs/QSOs 



GMCs embed in 
diffuse atomic 
gas（HI）, the 
gas reservoir for  

molecular clouds, 

and the supply 
for future star 
formation. 

HI—PDRs--CO 

GMC, CO 

Dense 
Cores, 
HCN, 
CS etc. 



Stars are forming in giant molecular clouds  (GMCs) 



Leroy’s talk at Sexten 17 



High Density Tracers  
Merging/interactions trigger gas infall to nuclear regions  
Nuclei of Galaxies should possess denser molecular gas 
as GMCs have to survive to tidal forces (must be denser) 

Critical density: the radiating molecule (eg, CO) suffers  
           collisions at the rate: n(H2) sigma v = A  
           (Einstein coefficient A ~ nu^3 mu^2) 
* High-J (>~4) levels of CO (nu ~ J) ! n(H2) >~104cm-3 
Need higher critical density to excite: n(H2) >~104cm-3 
* & high dipole moment molecules  
HCN, HNC, HCO+, CS (mu ~ 30x > CO), n(H2) >~105cm-3 
* X factors ?  CO-to-H2, HCN-to-DenseH2 conversions 
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Dense Molecular Gas 



SFR vs. M_dense(H2): linear correlation 

Gao & Solomon (2004) 



Baan, Henkel, 
Loenen + 2008 

• Baan et al. (2008) 
• Kohno 2007, et al. (2003) 
• Imanishi 2006, et al. 2009, 
                    2013, 2016a,b 
• Aalto et al. 2007, 2002, 1995 
• Solomon et al. 1992 
• Nguyen et al. 1992 
• Henkel et al. 1990 
• Henkel, Baan, Mauersberger 1991 

HCN,CS,HNC etc. in SF gals. 

Best case studies: 
Arp 220 & NGC 6240 
(Greve + 2009) 



  13 HCN @high-z 

 Gao, Carilli, Solomon & Vanden Bout 2007 ApJ, 660, L93 

Gao & Solomon 2004 



Wu, Evans, Gao  
et al. 2005 ApJL 

Fit to GMCs 

Fit to Galaxies 

Fit to both  
GMCs & Gals.. 

Wu+2010 



Leroy’s talk at Sexten 17 



Can dense cores 
in galaxies fill in 
the gap in FIR-

HCN corr.? 
Gap？ 



Leroy’s talk at Sexten 17 



HCN contours 
are overlaid on 
the CO image 

Chen, Gao, Braine & Gu 2015 ApJ 



Chen, Gao, Braine & Gu 2015, ApJ 



Chen, Braine, Gao et al. 2017, ApJ 









CS: better tracer of dense gas  than HCN! 





Wu+2010 



Zhang, Gao, Henkel et al. 2014 



Juneau et al. 2009 Aul/Cul

Slope

2-1 3-2 5-4 7-6 HCN 4-3

SFL in !
dense gas !
tracers!

CS 1-0!
CS 2-1!
CS 3-2!
CS 5-4!
CS 7-6!
HCN 4-3!

All linearly !
correlated with !
IR luminosity.!

Zhang+2014, ApJL!



Mrk231 
SPIRE 

FTS 
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(Van der Werf + 10 

HerCULES 



Yang et al. 2013/16.   



H2O in H-ATLAS lenses  

Step 1:  
Additional detections 
9/10 (16/17 in total) 
Yang et al. 2016.   

  and poster 

H2O is strong in most  
high-z ULIRGs  

! detectable in all  
lenses with PdBI 

! strongest molecular  
lines  besides CO 



Lu + 2014 
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Warm CO Gas Emssion as a SFR Tracer  

SFR/(M" yr-1)  = 1.34 x 10(-5±0.12)  (LCO(7-6)/L")      

Slope = 1 

(based on Kennicutt 1998) 

Advantages over LIR: 
#  Not much contanimated by 

AGN (Lu et al. 2014) 
#  Easier to measure in the 

ALMA era, i.e., only need 
one line measurement in 
principle 

Possible caveats: 

#  NGC 6240-like objects. But they 
     are quite rare. 
#  Low metallicity combined with 

low gas density may lead to low 
CO abundance due to a more 
severe UV photo-dissociation. 

(Note: only plotted the 102 GOALS LIRGs with at least 85% of the 70um flux within the 30” FTS beam) 



High-J CO--IR Correlation in Local Universe 46 

All are not far from 
linear 

 – dense gas law 

CO J~6-7 are the 
tightest 

 – best SF tracer 

Slightly super-linear at 
J≤6 – K-S law 

High-J CO better 
tracers dense gas! 

D. Liu, Y. Gao, K. 
Isaak, et al. 2015 

D. Liu, Y. Gao, K. 
Isaak, et al. 2015 



CO(5-4) – FIR from Local to High-z  47 

CO(5-4) a most 
detected high-J 
CO line at high-z 

 – deepest CO 
toward normal 
SFG at z~1.5 

Daddi et al. 2015 

BzK 
 – normal SFG 
with moderate 
SFR – steady 

evolution 

SMG 
 – starburst with 
very high SFR – 

merger evolution 
– note that IR are 
poorly determined 

so far 

New IRAM PdBI 



CO(10-9) – FIR connecting galactic YSOs/protostars to Galaxies 48 

CO10-9+H2O312-221 
Herschel FTS + HIFI 
Galactic + Galaxies 
SanJose-Garcia et 
al. 2013 

YSOs/protostars 
 – pc scale SF 

SMGs 
 – high-z starbursts 

HerCULES 
– local starbursts 

Pointing 
– local SFGs 

Mapping 
– local normal disks 

A universal SF law 
over 15 orders of 

magnitude 
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Zhao+2016/17�Xu+2014/15 



New Star Formation Law 
•  Dense Molecular Gas ! High Mass Stars 
•  SFR ~ M(DENSE),  linear?! dense gas 
•  Dense gas tracers (e.g. HCN, CS, HCO+ 

COJ>3, H2O… density >~10^5 cc), linear!  
•   HI ! H2 ! DENSE H2 ! Stars 

Schmidt law :  HI(gas reservoir) ! Stars X 
Kennicutt : HI(gas reservoir) + H2(fuel ?!)! Stars X 

                        Gao & Solomon: Dense H2 (fuel !!) ! Stars 
   from Cores to High-z: Dense Gas!Massive SF 

  HI=gas reservoir (FAST) is an excellent tracer of galaxy interactions:   
  kinematics/morphology; evolution & environments (not SF). H2 OK  
  for SF, X-factor? yet dense H2 best (e.g., EAO/JCMT; ALMA/NOEMA)! 





PROJECT AND SCIENCE GOALS 

  Resolved dense gas star formation relations 

  Intermediate scales/luminosities 

  Different environments: nuclear vs. disk 

  Radial distribution of dense gas and SF 
efficiency 

? ? 

  390hr JCMT-HARP program: 
map HCN and HCO+ J=4-3 in 23 of the 
nearest and IR-brightest galaxies beyond the 
Local Group 

   First attempt at systematically map the 
distribution of dense gas out to large 
galactocentric distances in a statistically 
significant sample 

  dense gas vs. star formation relationship down 
to gas masses of ~5×106M⊙ and scales 
~0.2-2.8kpc in other galaxies 

   Bridge the gap between and Galactic 
observations 





Tan,	
  Gao+	
  in	
  prep	
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