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Molecular Gas in Nearby Galaxies 

1.  CO Surveys Past & Present 

2.  9 things we have learned from studying CO in nearby galaxies: 

  CO is distributed Like starlight (but not in Early Types) 
  CO also follows starlight inside galaxies 

  To first order CO and SFR track one another 
  The ratio SFR/CO does vary among galaxies 
  There is an enhanced SFR/CO in starbursts 

  Nearby GMCs show similar mass functions, scalings 
  GMCs in starbursts look different 

  The CO-to-H2 conversion factor is a multi-regime problem 
  The CO-to-H2 is a nonlinear function of metallicity 



Early Big Single Dish Surveys 

(80s - 90s) Single Dish Surveys of Large Samples: 

  FCRAO Extragalactic CO Survey  
#YOUNG & SCOVILLE ‘91, YOUNG+ ’95 

  IRAM 30-m Surveys 
#BRAINE & COMBES ‘92-’93, SOLOMON ET AL. 1997 

  IRAM 30-m + 12m HCN Survey 
 GAO & SOLOMON 2004AB 

One FCRAO major axis cut. 
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Early Interferometer Mapping Surveys 

(90s – 00s) Interferometer Maps of Samples of Galaxies: 

  BIMA Survey of Nearby Galaxies 
HELFER+ ‘03, REGAN+ ’01 

  OVRO Molecular Gas in Active/Inactive Nuclei 
BAKER+ ‘03 

  PdBI Survey of ULIRGs 
DOWNES & SOLOMON ’98 

  IRAM PdBI Nuclear Gas in Active Galaxies 
GARCIA-BURILLO+ ‘03 

BIMA SONG maps of NGC 5194, NGC 4736 



Cloud-Scale Galaxy Surveys 

(90s – 00s) Complete Surveys of the Nearest Big Galaxies: 

 M33 (ENGARGIOLA+ ’03, GRATIER+ ‘11) 
 M31 (NIETEN+ ’06, pictured) 
 LMC (FUKUI+ ‘99, ‘08, HUGHES, WONG, OTT+ ‘10) 
 SMC (MIZUNO+ ’01, MUELLER+ ’10) 
 IC10 (LEROY+ ’06), NGC 6822 (GRATIER+ ’10) 

IRAM 30-m map of M31 (NIETEN ET AL. 2006) 



Receiver Arrays and Multi-λ Data 

(Late 00s-10s) Receiver Arrays on Big Single Dishes: 
 IRAM 30-m HERACLES (LEROY, WALTER+ ’09) 
 JCMT Nearby NGLS (WILSON+ ‘08, WARREN+ ‘08) 
 Nobeyama Survey of CO in Spiral Galaxies (KUNO+ ‘07) 

NGC 4321 

NGC 3184 

NGC 6946 

HERACLES + THINGS + SINGS (LEROY+ 2008,9; WALTER+ ’08; KENNICUTT+ ‘03) 



Current Interferometer and Single-Dish Work 

(Late 00s-10s) Next Generation Interferometer Surveys (10-20 galaxies): 
 CARMA STING Survey (PI: A. BOLATTO, RAHMAN+ ‘11) 
 CARMA/Nobeyama Survey of Molecular Gas (KODA+ ‘10) 
 SMA Survey of CO in LIRGs (WILSON+ ‘08) 

(Late 00s-10s) Return to Single Dish Surveys of Large Samples (~200 galaxies): 
 IRAM 30-m COLD GASS (SANTIONGE+ ’11AB) 
 IRAM 30-m + FCRAO AMIGA Survey (PI: LISENFELD) 
 IRAM 30-m + CARMA ATLAS3D (YOUNG+ ‘11, DAVIS+ ‘10, ALATALO+ ‘11) 

CARMA+Nobeyam M51  
(KODA+ ‘10) 

CARMA STING Maps of M99  
(RAHMAN, BOLATTO, WONG+ ’11) 

SMA Arp 299 (NGC 3690) 
(WILSON+ ‘08) 



A Preview of the Next 10 Years 

(‘10s) ALMA! Maturation of Wide-Field Receivers, Big Surveys  

An ALMA preview: the PAWS Survey (PI: E. Schinnerer) – PDBI 1” (50 pc) Map of M51:  
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#1. CO is Distributed Like Starlight 

KERES+ ’03 (FCRAO), OBRESCHKOW & RAWLINGS ‘09 

CO luminosity function Looks like optical version. 
M*

H2 = 1-4 109 Msun depending on methodology. 
High luminosity tail. Most mass from ~ M*

H2 systems. 
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#1. CO is Distributed Like Starlight 

SAINTONGE+ ‘11, YOUNG & SCOVILLE ’91, LEROY+ ’05, BOTHWELL+ ‘09 

H2–to-stars ratio not a strong function of stellar mass (with caveats). 
Implied H2 mass fraction just under 10% 
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(but not for Early Type galaxies) 

YOUNG+ ‘11 

Fixed H2-to-stars ratio breaks down in Early Type galaxies.  
Subtle correlations with rotation, environment but a lot of noise. 

K Band Luminosity (tracer of Old Starlight) 
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One point: 
One galaxy 



#2. CO Follows Stellar Light Inside Galaxies 

YOUNG+ ‘95, REGAN+ ‘01, LEROY+ ‘08,’09, SCHRUBA, LEROY ‘11 

To first order, CO in star forming galaxies looks exponential vs. radius with a 
sale length comparable to old starlight, SFR tracers. 

One point: 
One galaxy 

One point: 
One ring in one galaxy 



#2. CO Follows Stellar Light Inside Galaxies 

YOUNG+ ‘95, REGAN+ ‘01, LEROY+ ‘08,’09, SCHRUBA, LEROY+ ‘11 

For such a disk 50% of the flux lies inside ~0.35 r25 and 90% insid ~0.8 r25 



(But Important Second Order Variations) 

SHETH+ ‘05, HELFER+ ‘03, KUNO+ ‘07 

Nuclear properties vary, apparently functions of dynamics (esp. bars). 

Central Surface Density/Peak 
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About ½ of galaxies have 
their CO peak at the center. 

One point: 
One galaxy 
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One point: 
One kpc2 

#3. To First Order, CO tracks Star Formation 

H2 Surface Density from CO 
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Star formation and CO appear 1-to-1 in star-forming disk galaxies. 

BIGIEL+ ‘08, LEROY+ ’08, BLANC+ ’09, GENZEL+’10, BIGIEL+ ‘11 



#3. To First Order, CO tracks Star Formation 

One point: 
One literature  
measurement 

BIGIEL+ ’11, LEROY+ IN PREP. compiling many others 



#4. The Ratio of CO/SFR Varies By Galaxy 
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Stellar Mass Metallicity 

Rot. Vel. Morphology Avg. Surface Density 

Dust-to-Gas Ratio 

YOUNG+ ‘96, KRUMHOLZ+ ‘11, SAINTONGE+ ‘11, SCHRUBA+ ’11, LEROY+ IN PREP.  

One point: 
One galaxy 



#4. The Ratio of CO/SFR Varies By Galaxy 
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Metallicity 

KRUMHOLZ, LEROY, & MCKEE ‘11 

SFR/CO varies with metallicity: convolution of SFR/H2 and H2/CO 

One point: 
One galaxy 



#5. Starbursts Show Enhanced SFR/CO 
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IR-to-CO Ratio (~SFR/CO) CO Line Ratio 

One point: 
One kpc2 



#5. Starbursts Show Enhanced SFR/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.
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One point: 
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Small Scales: Giant Molecular Clouds 

LMC (FUKUI+ 99,’08, NANTEN) 

M33 

ENGARGIOLA+ ‘03, top 

GRATIER+ ’10, left 

Galactic Ring Survey (JACKSON+ 06) 



#6. Nearby GMCs Share Mass Function, Scalings  

ROSOLOWKSY+ ‘05, BLITZ+ ’07, FUKUI & KAWAMURA ‘10 

GMC Mass Function 

dN/dM ~ M-γ with γ near -1.5 

Most mass in 105 – few × 106 Msun 

Some environmental variation… 

e.g., M33 is steep, outer MW steep 

Little known beyond Local Group 



Observables: Luminosity, Line Width, Radius 
 Typical sizes: few 10s of parsecs 
 Line widths: few km/s (RMS) 
 Surface density (brightness): ~100 Msun pc-2 (10-20 K km s-1) 

Scaling relations among observables (“Larson’s Laws”) 
Milky Way, M31, M33, LMC, IC10, SMC, NGC 6822, handful of others 
 To first order, cloud in other galaxies look like Milky Way GMCs 
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BOLATTO, LEROY+ ’08, BLITZ+ ‘07, HEYER+ ‘09 (MW), HUGHES+ ‘10, FUKUI & KAWAMURA+ ‘10 

#6. Nearby GMCs Share Mass Function, Scalings  



#7. Evidence for Different GMCs in Starbursts 

ROSOLOWSKY & BLITZ ‘05, WILSON+ ‘03, OTA+ ‘01, SHEN & LO ‘95 
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o  Scaling relations look different! 

o  Most accessible: luminosity- line width 

o  Much shallower in starburst galaxies: 
 index ~2 instead of ~4 

o  Consistent with pressure equilibrium 

o  Bigger Clouds? 

o  Largely unexplored territory:  

Antennae, NGC 4826, MW Center, M82 

One point: 
One cloud 



#8. CO-to-H2 is a Multi-Parameter Problem 

Hydrogen is H2 
Carbon is CII, little/no CO 

Size depends on dust shielding 
Dust depends on metallicity. 

Hydrogen is H2 
Carbon is CO … spectrum: 

Hydrogen is HI 
Carbon is CII 
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(and thus requires care with definitions) 

(#3) 
CO to total mass of H2 
in the cloud (or over a 

part of a galaxy)  

(#1) 
CO intensity to mass of 

H2 where C is in CO 

(#2)  
CO intensity to total H2 along 

a single line of sight. 



•  Synthesis of observations: 

#9. XCO is a Non-linear Function of Metallcity 
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One part of one galaxy 

LEROY+ ’11 compiling many others 



•  K. Sandstrom extending to KINGFISH/THINGS/HERACLES sample: 

#9. XCO is a Non-linear Function of Metallcity 

Overlaid points show rings in three face-on spiral galaxies. 

One point: 
One part of one galaxy 
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•  XCO vs. Metallicity: Dust-Based Solution  

• Assemble IR (70,160), CO, and HI maps of Local Group Galaxies 

•  Focus on areas near molecular peaks, where H2 ~ HI 

#9. XCO is a Non-linear Function of Metallcity 



•  Estimate dust surface density from Spitzer IR maps 

•  Assume dust vs. gas and CO vs. H2 linear, proportionalities unknown 

•  Look for CO-to-H2 conversion that minimizes scatter: 

αCO ICO + ΣHI = Σdust × GDR 

#9. XCO is a Non-linear Function of Metallcity 



•  Look for CO-to-H2 conversion that minimizes scatter: 

#9. XCO is a Non-linear Function of Metallcity 



Conversion Factor Gas-to-Dust Ratio 

Metallicity 

#9. XCO is a Non-linear Function of Metallcity 

One point: 
One part of one galaxy 



•  Synthesis of observations: 

#9. XCO is a Non-linear Function of Metallcity 
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Observations of CO in Nearby Galaxies 

  A few hundred (pushing 1000) galaxies with measured CO content … 

  Many dozen (~100) galaxies with maps at several hundred pc resolution … 

  A handful (~10) of maps of galaxies with cloud resolution … 

  Efforts have been made on normal disks, dwarf galaxies, ellipticals, U/LIRGs … 

  Missing: 
  Good statistics on low-mass, low-metallicity galaxies 
  Knowledge of early types (growing) 
  Detailed (cloud-scale) view of starbursts, L* spirals. 

  Future is bright with ALMA … 



Using Different SF Tracers 

LEROY+ IN PREP. 

Hα Hα+24 

FUV+β 

H2 Surface Density from CO 
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