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Simulations
1. 1 pc res. GADGET
2. T < 100 K cooling
3. H2-HI breakdown (KMT)
4. GMCs ID’d with FOF

Star Formation
5. ρSFR ~ℇ x ρH2(n>1000)/tff

6. P = Psn + Pw + Prad

7. Prad ~ (1+∑*ϰ)L/c

Galaxy
8. Mhalo = 1.6e12
9. Mbar = 7.1e10



Hopkins, Narayanan, Murray & Quataert (2013)

ρSFR ~ℇ x ρH2(n>1000)/tff 

Standard
No Rad. Winds



Hopkins+ 2011
Narayanan, Hopkins & Murray (in progress)

∑H2 ∑H2 

ρSFR ~ℇ x ρH2(n>1000)/tff 
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Dense Gas Distribution Constraints on Feedback Model

Hopkins, Narayanan, Murray & Quataert (2012)
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data by many people; plot by Kennicutt & Evans (2012)



Narayanan, Hopkins & Murray in prep.



Narayanan, Hopkins & Murray in prep.

virial parameter on KS plot - standard model



virial parameter on KS plot - no radiative feedback

Narayanan, Hopkins & Murray in prep.
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Ostriker & Shetty 2011
Shetty & Ostriker 2012

Radiative Feedback Dominated ISM in Starbursts

∑SFR

∑H2 

slope ~ 2



How do we get the X-axis?
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1. Assume GMC is viralized and use CO 
line width as mass measurement

II. Assume a DTG ratio and get dust 
masses

III. CR + H2 --> γ-ray

Xco = NH2/Ico= 2-4 x 1020 cm-2/K-km s-1

Bolatto, Wolfire, Leroy ARA&A 2013



“Disk Value”
XCO ~ 2x1020 cm-2/K km s-1

“Merger Value”
XCO ~ few x1019 cm-2/K km s-1

Narayanan (2011)



Daddi+ 2010; Genzel+ 2010
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Krumholz, McKee & Leroy (2011)
Narayanan, Krumholz, Ostriker & Hernquist (2011)



Desika Narayanan

H2

H2

H2
H2

H2

H2

H2

H2

H2

H2

H2

H2H2

HI
HI

HI

HI

HI

CO

CO

CO

CO

CO

CO

CO

CO

CO
CO

CO

CO

CO

CO

CO

CI/CII

CI/CII

CI/CII

CI/CII
CI/CII

CI/CII

CI/CII

CI/CII

CI/CII

CI/CII

CI/CII

TURTLEBEACH; Narayanan et al. 2006,2008
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Xco = NH2/WCO ~ NH2/(T*σ)

I ~Tb~Tk

velocity

σTk

The Physics Controlling Xco 1: 
Gas Kinematics and Thermal Structure



Xco = NH2/WCO ~ NH2/(T*σ)

Narayanan, Krumholz, Ostriker & Hernquist 2011,2012
Narayanan & Hopkins (2012)
Shetty, Glover+ 2011,2012

NH2 ~1022 cm-2

T~ 10 K
σ ~ 5 km/s

} XCO ~ 2x1020 cm-2/K km s-1



Xco = NH2/WCO ~ NH2/(T*σ)

Narayanan, Krumholz, Ostriker & Hernquist 2011,2012
Narayanan & Hopkins (2012)

NH2 ~1022 cm-2

T~ 10 K
σ ~ 5 km/s

}
Virialized GMCs unaffected 

by galactic environment

XCO ~ 2x1020 cm-2/K km s-1

NH2 ~1023 cm-2

T~ 50 K
σ ~ 50 km/s

}
non-virialized GMCs strongly 

affected by galactic environment

XCO ~ few x1019 cm-2/K km s-1



“merger Xco”
“disk Xco”
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Figure 7. Comparison of X-factor between low-z major mergers and high-
z star forming discs. Histogram denotes ratio of X-factor from 1:1 mergers
versus high-z discs between snapshots with a similar metallicity and CO
intensity. The implication from the sharp peak near unity is that galaxies
with similar physical conditions have similar X-factors.

galaxy surface density for high-z galaxies in Figure 8 (an analo-
gous plot to Figure 4, though for high-z galaxies). Similar to Fig-
ure 4, we denote where different mass ratio mergers fall on the
plot (though bin 1:10 mergers and isolated discs similarly as they
do not vary drastically from one another). In contrast to Figure 4,
we plot for all snapshots with mean metallicity above Z′ > 0.5
(rather than just the burst snapshots, due to the more limited num-
ber of high-z simulations). The principle result from Figure 8 is that
galaxies within a relatively limited metallicity and surface-density
range have a similar X-factor, regardless of the type of merger it is.
Mergers and discs have similar XCO values when they have similar
physical conditions, and are not inherently different.

5 APPLICATION TO OBSERVATIONS

5.1 DerivingXCO from Observations

As we have seen from the previous sections, it is clear that there are
a continuum of XCO values which vary with galactic environment.
The dominant drivers of the X-factor in our simulations are the
metallicity of the star forming gas, and the thermal and dynamical
state of the GMCs. Informed by this, we are motivated to parame-
terise XCO as a function of observable galactic properties.

Metallicity is a crucial ingredient to any parameterisation. At
subsolar metallicities, we see the rapid growth of CO-dark GMCs.
This has been noted both in observations (e.g. Leroy et al. 2011;
Genzel et al. 2011b), as well as other numerical models (Shetty
et al. 2011b, R. Feldmann et al., submitted). As we saw in § 4.2,
as well as in Figure 5, at a given galaxy surface density (or CO
intensity), XCO increases with decreasing metallicity.

Beyond this as was shown in § 4.3, as well as the models of
Narayanan et al. (2011) and Ostriker & Shetty (2011) galaxy sur-
face density may serve as a reasonable proxy for the thermal and
dynamical state of the gas: at a given metallicity, higher surface
density galaxies, on average, correspond to galaxies with a warm
and high velocity dispersion molecular ISM.
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Figure 8.XCO versus H2 gas surface density for high-z galaxies. Galaxies
are classified by merger mass ratio, with 1:10 mergers and isolated discs
in the same bin (owing to similar locations on this plot). Only snapshots
with metallicites Z′ > 0.7 are plotted. The principle result from this plot
is that galaxies which have similar physical conditions (here, parameterised
by gas surface density and gas phase metallicity) have similar X-factors.
Galaxy evolutionary history or morphology do not play a role, and discs are
no different from mergers when it comes to their X-factors so long as they
have similar physical conditions.

Informed by these results, we perform a 2D Levenberg-
Marquardt fit (Markwardt 2009) on our model galaxies (consid-
ering every snapshot of every model), fitting XCO as a function of
mass-weighted mean metallicity and mass-weighted mean H2 sur-
face density. We find that our simulation results are reasonably well
fit by a function of the form:

XCO ≈ 4.5 × 1021

Z′
√

ΣH2

(15)

where ΣH2 is in units of M$ pc−2 and XCO is in units of
cm−2/K-km s−1. Equation 15 provides a good fit to the model re-
sults above metallicities of Z′ ≈ 0.2. Turning again to Figure 4 and
Figure 3, we highlight the solid lines which show how Equation 15
fits both the simulation results and observational data.

Because ΣH2 is not directly observable (hence the need for
an X-factor), we re-cast Equation 15 in terms of the velocity-
integrated CO line intensity. In an effort to parameterise XCO in
a scale-free manner, and to minimise the effects of varying beam-
sizes or observational sensitivity, we define the observable CO line
intensity as the luminosity-weighted CO intensity over all GMCs,
i:

〈WCO〉 =

∫

W 2
CO dA

∫

WCO dA
≡

∑

LCO,i × WCO,i
∑

LCO,i
(16)

This results in a relation between XCO, Z′, and WCO:

XCO =
4.2 × 1020W−0.32

CO

Z′0.65
(17)

where WCO is measured in K-km s−1 , and again, XCO is in
cm−2/K-km s−1.

Equation 17 can be used directly on observations of galax-
ies to infer an underlying X-factor. One advantage of this formal-
ism is that it captures the continuum of CO-H2 conversion factors,

Narayanan, Krumholz, Ostriker, Hernquist 2011,2012 

Surface Brightness
(K-km/s)

(units of Z⦿)
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Figure 7. Comparison of X-factor between low-z major mergers and high-
z star forming discs. Histogram denotes ratio of X-factor from 1:1 mergers
versus high-z discs between snapshots with a similar metallicity and CO
intensity. The implication from the sharp peak near unity is that galaxies
with similar physical conditions have similar X-factors.

galaxy surface density for high-z galaxies in Figure 8 (an analo-
gous plot to Figure 4, though for high-z galaxies). Similar to Fig-
ure 4, we denote where different mass ratio mergers fall on the
plot (though bin 1:10 mergers and isolated discs similarly as they
do not vary drastically from one another). In contrast to Figure 4,
we plot for all snapshots with mean metallicity above Z′ > 0.5
(rather than just the burst snapshots, due to the more limited num-
ber of high-z simulations). The principle result from Figure 8 is that
galaxies within a relatively limited metallicity and surface-density
range have a similar X-factor, regardless of the type of merger it is.
Mergers and discs have similar XCO values when they have similar
physical conditions, and are not inherently different.

5 APPLICATION TO OBSERVATIONS

5.1 DerivingXCO from Observations

As we have seen from the previous sections, it is clear that there are
a continuum of XCO values which vary with galactic environment.
The dominant drivers of the X-factor in our simulations are the
metallicity of the star forming gas, and the thermal and dynamical
state of the GMCs. Informed by this, we are motivated to parame-
terise XCO as a function of observable galactic properties.

Metallicity is a crucial ingredient to any parameterisation. At
subsolar metallicities, we see the rapid growth of CO-dark GMCs.
This has been noted both in observations (e.g. Leroy et al. 2011;
Genzel et al. 2011b), as well as other numerical models (Shetty
et al. 2011b, R. Feldmann et al., submitted). As we saw in § 4.2,
as well as in Figure 5, at a given galaxy surface density (or CO
intensity), XCO increases with decreasing metallicity.

Beyond this as was shown in § 4.3, as well as the models of
Narayanan et al. (2011) and Ostriker & Shetty (2011) galaxy sur-
face density may serve as a reasonable proxy for the thermal and
dynamical state of the gas: at a given metallicity, higher surface
density galaxies, on average, correspond to galaxies with a warm
and high velocity dispersion molecular ISM.
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Figure 8.XCO versus H2 gas surface density for high-z galaxies. Galaxies
are classified by merger mass ratio, with 1:10 mergers and isolated discs
in the same bin (owing to similar locations on this plot). Only snapshots
with metallicites Z′ > 0.7 are plotted. The principle result from this plot
is that galaxies which have similar physical conditions (here, parameterised
by gas surface density and gas phase metallicity) have similar X-factors.
Galaxy evolutionary history or morphology do not play a role, and discs are
no different from mergers when it comes to their X-factors so long as they
have similar physical conditions.

Informed by these results, we perform a 2D Levenberg-
Marquardt fit (Markwardt 2009) on our model galaxies (consid-
ering every snapshot of every model), fitting XCO as a function of
mass-weighted mean metallicity and mass-weighted mean H2 sur-
face density. We find that our simulation results are reasonably well
fit by a function of the form:

XCO ≈ 4.5 × 1021

Z′
√

ΣH2

(15)

where ΣH2 is in units of M$ pc−2 and XCO is in units of
cm−2/K-km s−1. Equation 15 provides a good fit to the model re-
sults above metallicities of Z′ ≈ 0.2. Turning again to Figure 4 and
Figure 3, we highlight the solid lines which show how Equation 15
fits both the simulation results and observational data.

Because ΣH2 is not directly observable (hence the need for
an X-factor), we re-cast Equation 15 in terms of the velocity-
integrated CO line intensity. In an effort to parameterise XCO in
a scale-free manner, and to minimise the effects of varying beam-
sizes or observational sensitivity, we define the observable CO line
intensity as the luminosity-weighted CO intensity over all GMCs,
i:

〈WCO〉 =

∫

W 2
CO dA

∫

WCO dA
≡

∑

LCO,i × WCO,i
∑

LCO,i
(16)

This results in a relation between XCO, Z′, and WCO:

XCO =
4.2 × 1020W−0.32

CO

Z′0.65
(17)

where WCO is measured in K-km s−1 , and again, XCO is in
cm−2/K-km s−1.

Equation 17 can be used directly on observations of galax-
ies to infer an underlying X-factor. One advantage of this formal-
ism is that it captures the continuum of CO-H2 conversion factors,

 Sandstrom et al. (2012) 

Narayanan, Krumholz, Ostriker & Hernquist 2011,2012
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Narayanan, Krumholz, Ostriker, Hernquist 2011,2012 

Daddi et al. 2010
Genzel et al. 2010
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Narayanan, Krumholz, Ostriker, Hernquist 2012 

N~1.2-1.5

N~1.8
∑SFR ~ ∑H2 (∑H2 ≲ 100 M⦿ pc-2)
∑SFR ~ ∑H22 (∑H2 ≳ 100 M⦿ pc-2)

(Ostriker & Shetty, 2011)



Ways Forward: CO Excitation Modeling

Cooray, Casey & Narayanan 2013 Physics Reports



Ways Forward: CO Excitation Modeling

Cooray, Casey & Narayanan 2013 Physics Reports Narayanan & Krumholz (in progress)

CO (J= 6-5) line ratio vs. ∑SFR



Ways Forward: CO Excitation Modeling

Cooray, Casey & Narayanan 2013 Physics Reports Narayanan & Krumholz (in progress)

Example CO SLED: Eyelash (Lensed SMG at z~2)



Summary
1. Dense gas tail of density PDF strongly dependent 

on feedback strength - sets the SFE of galaxies

2. GMCs dominated by radiative feedback have a natural 
life cycle that limits the ∑H2  ~ 1000 M⦿ pc-2

With a smoothly varying model for Xco, at face value, 
KS relation has index ~2 (modulo excitation effects)


