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Star formation and the baryon cycle

Tumlinson, Peeples and Werk (2017)



star-fo
rming galaxies

“red and dead”

the star formation “main sequence” 
see e.g.: Schiminovich et al. (2007), Elbaz et al. (2007), Noeske et al. 

(2007), Daddi et al. (2007), Perez-Gonzalez et al. (2008), Peng et al. (2010)

SFR ~ M✴
a(1+z)b, where a~0.8, b~2.5

- Galaxies on the main sequence (MS) contribute 
~90% of the star formation. 
- Duty cycles on the MS are high at 40-70% 
implying that “catastrophic” events like major 
mergers cannot be the main agent responsible 
for regulating star formation. 

Mass

SF
R

mergers

discs

bulges

data from Karim et al. (2011)
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The current observational picture



direct molecular gas measurements for large,  representative samples of 
normal star forming galaxies from both IRAM facilities

redshift
0 1 2 3

xCOLD GASS 
PIs A. Saintonge (UCL) ,G. Kauffmann 

(MPA), C. Kramer (IRAM) 
950h IRAM 30-m Large Programmes 
+1500h Arecibo Programme for HI 

500 SDSS-selected galaxies with 
0.01<z<0.05, M*>109 

see e.g. Saintonge et al. 2011a, 2016

PHIBSS 
PIs L. Tacconi, R. Genzel (MPE), F. Combes (Paris) 

500h IRAM PdBI Large Programmes 

64 star forming galaxies with  
1.0<z<2.5, 3x1010<M*<3x1011 

+ high-resolution follow-up 

see e.g. Tacconi et al. 2010,2013,  
Genzel et al. 2010,2012,2013,2015 

Freundlich et al. 2013.

Lensed galaxies 
PI D. Lutz (MPE), A. Baker (Rutgers) 

IRAM PdBI 

17 lensed star forming galaxies with 
1.5<z<3.1, M*>109 

includes full Herschel PACS+SPIRE 
photometry  

see Saintonge et al. 2013

IRAM 30-m IRAM PdBI/NOEMA

xCOLD GASS + PHIBSS: IRAM legacy surveys for galaxy evolution studies



=  fHI Rmol SFE

sSFR= M✴

MHI MH2
MHI

SFR
MH2M✴

SFR =

SDSS 
DR7GASS/COLDGASS

0.025<z<0.050

Saintonge et al. (2016)

Cold gas in the SFR-M* plane



SDSS 
DR7

sSFR =  fHI Rmol SFE

HI contents varies mostly across the MS, but also along (high SFR+low M* = more HI)

Cold gas in the SFR-M* plane



SDSS 
DR7

sSFR =  fHI Rmol SFE

H2 contents varies almost exclusively across the MS (high SFR = more H2)

=fH2 

Cold gas in the SFR-M* plane



Saintonge et al. (2012)

BOTH H2 contents and star formation efficiency vary across the MS 

Cold gas in the SFR-M* plane



Rmol

SFE

The position of a galaxy in the SFR-M* plane depends on:  
(1) how much fuel it has  

(2) how much of it is available for star formation 
(3) the efficiency of the conversion of this gas into stars 

Saintonge et al. (2016)

Cold gas in the SFR-M* plane



Cold gas in the SFR-M* plane

The position of a galaxy in the SFR-M* plane depends on:  
(1) how much fuel it has  

(2) how much of it is available for star formation 
(3) the efficiency of the conversion of this gas into stars 

Saintonge et al. (2017)
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Cold gas in the SFR-M* plane

The position of a galaxy in the SFR-M* plane depends on:  
(1) how much fuel it has  

(2) how much of it is available for star formation 
(3) the efficiency of the conversion of this gas into stars 

Saintonge et al. (2017)

H2 SFE



The CGM-ISM-Star formation connection

The position of a galaxy in the SFR-M* plane depends on:  
(1) how much fuel it has  

(2) how much of it is available for star formation 
(3) the efficiency of the conversion of this gas into stars 



The CGM-ISM-Star formation connection

There is a physical connection between the 
CGM and the HI disks of galaxies. That 
correlation however does not extent to the 
molecular ISM / star formation. 

Borthakur et al. (2015)



Are low mass galaxies under-luminous in CO at fixed 
SFR because they have high SF efficiency, or because 
CO is a poor tracer of total molecular gas?

How efficient is star formation in low mass galaxies / at high redshifts?



C+ C+

HI H2
C
C   C   

H2 HI H2 H2C

Z=Z⊙ Z<Z⊙}
the [CII]/CO ratio should track variations in the 

level of photodissociation of CO, and 
therefore give us a handle on XCO

example galaxy: Herschel/PACS and IRAM-30m

work by UCL PhD 
Gio Accurso

Technical challenge How do we increase the accuracy of molecular gas 
measurements?



[CII]/CO correlates particularly strongly with quantities that describe either 
the dust content or the strength of the radiation field. 

Using the [CII]/CO ratio to derive a new conversion function

Accurso et al. (2017a,b)



The conversion function derived from [CII]/CO depends mostly on 
metallicity, but also on offset from the star-forming sequence (or sSFR)

Using the [CII]/CO ratio to derive a new conversion function

Accurso et al. (2017b)



Disentangling star formation efficiency from CO photodissociation effects

Accurso et al. (2017b)



An alternative approach to CO line observations:

FIR/submm 
continuum 

observations

dust mass 
measurements

gas mass 
estimations

Mgas = Mdust x GDR

Metallicity (12+logO/H)
G

D
R

Leroy et al. (2011)

Dust as a probe of the cold ISM 



Santini et al. (2014)

Scoville et al. (2016)

Dust as a probe of the cold ISM 



An alternative approach to CO line observations:

FIR/submm 
continuum 

observations

dust mass 
measurements

gas mass 
estimations

Mgas = Mdust x GDR

Metallicity (12+logO/H)
G

D
R

Leroy et al. (2011)

H-ATLAS

Casey (2012)

Dust as a probe of the cold ISM 

Galametz et al. (2011)



New 780h JCMT legacy survey: 
- 850um SCUBA-2 flux measurements for 200 galaxies 
- CO(2-1) RxA line measurements for a subset of 75 

galaxies 
Sample builds on SDSS, H-ATLAS, MaNGA, HI surveys,…

JINGLE: a systematic study of dust properties in galaxies 

Saintonge et al. (2018)

PIs: Saintonge (UK) /Wilson (Canada) / Xiang (China) / Hwang (Korea) / Lin (Taiwan)



JINGLE: a systematic study of dust properties in galaxies 

Applying hierarchical Bayesian techniques to 
modeling the FIR SEDs - breaks the degeneracy 

between temperature and emissivity 

work by I. Lamperti - see poster

Applying physical dust models and deriving 
scaling relations across the local galaxy 

population 

work by I. De Looze 



JINGLE: a systematic study of dust properties in galaxies 

work by I. Lamperti - see poster

Joint analysis of JINGLE and Herschel Reference Survey (PI: Eales) samples:

dust emissivity  
index

dust temperature



 our global challenge: to connect the large scale structure on 
cosmological scales, to global properties of galaxies, to the 

physics of star formation on cloud scales 

Conclusions and outlook 

The position of a galaxy in the SFR-M* plane depends on:  
(1) how much fuel it has  

(2) how much of it is available for star formation 
(3) the efficiency of the conversion of this gas into stars 

credit: PHANGS / ALMA / A. Leroy





<500pc scales ~kpc scales global scales

M33

M33

Schruba et al. (2010)
Bigiel et al. (2011)

Genzel et al. (2010)

Studying the star formation relation on multiple scales



Images from A. Hughes

ALMA/NOEMA studies of the GMCs in a range of nearby galaxies:

GMC properties depend on global galaxy properties!



Low mass/metallicity galaxies are CO-faint due to the impact of 
photodissociation; their star formation efficiency is not systematically higher. 

Disentangling star formation efficiency from CO photodissociation effects

Accurso et al. (2017b), Saintonge et al. (2017)



The cold ISM provides strong constraints for simulations

Saintonge et al. (2017)



Saintonge et al. (2016)

Cold gas in the SFR-M* plane

sSFR =  fHI Rmol SFE



Saintonge et al. (2016)

Cold gas in the SFR-M* plane

sSFR =  fHI Rmol SFE
= fH2



Inflows and outflows - the ISM perspective

work by UCL PhD student  
Guido Roberts-Borsani
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Roberts-Borsani & Saintonge

Inflows and outflows - the ISM perspective



Roberts-Borsani & Saintonge

Inflows and outflows - the ISM perspective


