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Some definitions

N(H,) [cm?] = Xco Ico [K km s7]

M(H,) [Mg] = a Lco [Kkm s pc?]
(should include 36% correction due to He)

=

Xco ~2x10%2° cm?(K km s) approximate for the

o

a~4.3 Mg (Kkm s™pc?)’ Milky Way disk

(3.2if no He correction) -




For self-gravitating entities

* M~R(Av)? = R3n~ R (Av)? virial theorem
* size-linewidth relation Av ~ R"2 =» Ay ~ n'/2

Sol =T, Av~T, n"2=»X ~n"2[T,

Imi _ -0.2T -0.8 0.6
Similarly|a.5~Lco T Zcpc




The basis for Xco

* How can we use an optically thick transition as
a mass tracer?
— The “mist” model (Dickman et al. 1986)

1.

CO emission arises from an ensemble of clouds

2. Each cloud is virialized, linewidth reflects its mass
3. The mean density of the clouds is the same
4. Clouds do not shadow each other: “mist” is optically
thin even though the droplets are not
5. Thereis a narrow range of densities and temperatures
Aco=Mgae/Lco~ n'">[T,



" N. Smith




Structure of PDRs

Dust controls UV extinction and physical sizes
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Metallicity/dust effects

* As metallicity and dust-to-gas ratios decrease, A ~1 moves
deeper into clumps of constant column density

* CO disappears when A <2 through a clump, but H, exists
to much lower extinctions

* The relative amount of CO and H, is set by the
distribution of column densities in the ISM

Maloney & Black (1988),
Bolatto+ (1999), Rollig+ (2006)




Gas in a box: CO-to-H,

Simulations of time-dependent chemistry in a turbulent box, illuminated by UV,
probing a range of metallicities

* The CO-to-H, conversion, X, , depends mostly on A, and only indirectly (through
the dust-to-gas ratio) on metallicity

* Corollary: X, is due to the combined effect of the N(H) PDF and the DGR(Z)
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CfA CO Survey
August 2007
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Xco IN THE MILKY WAY




Xco in the Milky Way
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FERMI analysis
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*Need to solve simultaneously for the cosmic ray distribution and Xco
*Fundamental assumption is that cosmic rays are not rejected from cloud centers
*Very good agreement with virial mass method over mean values

*Low value for GCis robust, gradient is not (Ackermann+ 2012)



FERMI analysis
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Using dust to trace H,

FIR dust emission offers a
view of the molecular
component that is
independent of CO and its
chemistry.

Traces the total gas (HI + H2) column.

Matches Gamma Ray and CO results
well.

Method:

21\IHZ = (Tdust X[NH/Tdust]mean)- NHI
_— 1

observedWeco
30

Galactic L tud

Dame, Hartmann, and Thaddeus (2001)

From FIR modeling

Self-consistent determination (e.g.,
along atomic-dominated LOS)

From 21cm map




Planck Results

Xc0~2.54x102° (but
mind t,,)

CO-dark H, for
A,~0.4-2.5

CO-dark H, dominant
at Solar circle? (118%
of H,)
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Temperature “CO-dark” H,

Planck results:
“dark” gas in
the MW
(Planck
Collaboration
XIX)



Xco INn the Milky Way

Method Xco/10%Y References
em~2(K km s—1)—1
Virial 2.1 Solomon et al. (1987)
2.8 Scoville et al. (1987)
Isotopologues 1.8 Goldsmith et al. (2008)
Extinction 1.8 Frerking, Langer & Wilson (1982)
29-—-4.2 Lombardi, Alves & Lada (2006)
0.9 —3.0 Pineda, Caselli & Goodman (2008)
Dust Emission 1.8 Dame, Hartmann & Thaddeus (2001)
2.5 Planck Collaboration et al. (2011a)
Y-Tays 1.9 Strong & Mattox (1996)
1.7 Grenier, Casandjian & Terrier (2005)
1.6 —2.1 Abdo et al. (2010d),Ackermann et al. (2011)

Karin Sandstrom’s talk about Xco in other galaxy disks!

Bolatto, Wolfire, & Leroy
(ARAA, in prep)



CTIO ehission line imaging
of the SMC (Olll, SII, Ha)

C. Smith, F. Winkler, & the
MCELS team




log Ico (K km/s)

No CO but Active Star Formation

Faint CO below O/H~1/5 Solar

But plenty of SF
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Qo (Mg pc? (K km s1)2)

CO/H, in the Local Group

* Obtain a.yand GDR by minimizing a I, + £, — GDR Z, .
* Sharp increase in X5 at low Z: plenty of H,
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Leroy et al. (2011); see also Israel (1997)
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Relation between H, and Star

Formation in the SMC

* Looks just like the 200 pe
high metallicity version b
* No major metallicity
effects

* Except for the CO
intensity

IN . .
IN .
—

Log[Ssrr (Mo yr~tkpc ?)]

IIIIIIIIIIIIIII’-,‘IIII\II”I‘IIIII"I.'I

-1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3
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BOLATTO ET AL. (2011)



Metallicity effects also at high-z !

ZC406690 (1) BX610 (H)

* z~2 glaxies with
similar SFR, very
different CO and

metallicity
* Not dwarfs !!!!
1.5 T | I b
° leely to become 3 ZC406690 z=2.19, SFR=290 b
key issue for lower _''f Ha 2 1 0
lumln.OSIty hlgh—z ol [NII] g
galaxies 2 2
0.0 p= 0.0
Genzel+(201l) R L S R
-1000 0 1000 -1000 0 1000

velocity offset (km/s) velocity offset (km/s)



XCO IN STARBURSTS




Ultra-Luminous IR Galaxies/mergers

* Problem: the H, mass is uncomfortably large compared
the dynamical mass for a “normal” Xco (pownes+1993)

— Virialization assumption breaks down? Velocity dispersion

reflects the overall potential of the galaxy (pownes+ 1993, Solomon
et al. 1997, Downes & Solomon 1998)

Mgas Mdyn ~ (Ot LCO)2 ’ Mgas/LCO ~a (l\/‘dyn/l\/‘gas)1/2

— Downes & Solomon (1998) conclude a~1/5 of MW (0=0.8)
and Mg,~1/6 M.

— Mostly this is a “plausibility” argument (Mg, limit, CO
excitation, CO region size, CO/H, abundance, Ty, :~T )

— Lik6|y, O~ 0.8 — 2 (Scoville+ 1997; Bryant et al. 1999; Bothwell et al. 2009)



Galaxy Centers

* Virial/y-ray shows that MW GC clouds have high surface
densities and low Xco (Oka et al. 1998, 2001, etc)

* Evidence from multiline CO analysis: hot gas, Xco~ a few
times smaller than Galactic (Israel & Baas 2003,2006)

. Dust modeling of I sinaanconeeros sesnainacenssnesnsene -
KINGFISH sample TOasp elbRds -
. £ C .
shows a, depression £ 1of ;
in the center of 10/26 % osf =
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clouds? (sandstroms, in —rof Al Sojtions T oo =
. ini 0 1 2 3
prep.; see also Magrini+ 2011) Log(E, cos(t)) (Mg oc-9)



ULIRGs/mergers modeling

SPH simulation coupled with

radiative transfer (Narayanan+
2011,2012)

In mergers, GMC surface
density and volume density
increase occur, together with
an increase in velocity
dispersion

Higher density leads to
efficient dust-gas thermal
coupling

Together with increase in SFR,
this leads to hotter gas with
larger linewidths, decreasing
Xco by factors of 2-10
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Excitation

* SLUGS (Yao et al. 2003), LIGS (Leech et al. 2010): CO (3-2)/CO (1-0) ~

0.5-0.6

* r,, distribution is
similar in ULIRGs
and less bright
galaxies

* Normal galaxies
have r,~0.3-0.4
(Wilson et al. 2009)

* Large CO(1-0)
reservoirs in some
z~3 galaxies, but
not in z~4 QSOs

(Riechers+2011a,b)
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Mauersberger et al. (1998)  Yao et al. (2003) lono et al. (2009)



“Normal’”’ Galaxies and Low J
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“Normal’”’ Galaxies and Low J

z
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Metallicity Effects at High-z

* It’s almost impossible to directly measure Xco at high redshifts
* But we can make an indirect argument, based on the link between M(H,) and SFR
* It suggests a steep 29 - Z3 dependency, similar to the one from Leroy et al. (2011)
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Putting it all together
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Putting it all together

III

Probably “normal” to
Z~0.5, expect sharp
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1.

2.

4.

6.

Summary

We know quite a bit about the CO-to-H, conversion factor

Xco Is more than a single number

— itdepends on the physical conditions
—  spatial scale is important (local vs. global)
Agreement for MW and other galaxy disks (within ~50%)
—  Gradient and outer disk values still open questions
Rapid increase for decreasing metallicity
—  Likely about MW up to Z~0.5 (12+log[O/H]~8.4)
But not just a function of metallicity
—  For example galactic centers, ULIRGs
—  Velocity dispersion, T of medium, excitation, coupling to U

High-z frontier: dust/[Cll] in resolved galaxy disks, low J
observations, multi-transition modeling

Need to understand Z enrichment and dust creation in the
cosmological context



