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Galaxy centers are a more extreme SF environment:

How is star formation different under these conditions?

- short orbital periods
- strong dynamical effects

- higher stellar density
- higher ISM pressure

- more intense radiation fields
- higher metallicity
- influence of AGN

- etc!



Star formation occuring in galaxy centers
can drive secular evolution.

Stellar Bar

Drives gas inflow

Gas concentration builds in center

Star formation & pseudobulge growth



In studying galaxy centers, 
the CO-to-H2 conversion factor makes our lives hard.

ΣH2 = αCO ICO

note: αCO defined here for unresolved 
clouds, includes He

αCO = 4.35 M⊙ pc-2 (K km s-1)-1 

XCO = 2×1020 cm-2 (K km s-1)-1

- strong dynamical effects
- higher stellar density
- higher ISM pressure

- more intense radiation fields
- higher metallicity
- influence of AGN

- etc!

All of the things that make 
centers interesting...

could change αCO.



For example...  The Galactic Center

Dahmen et al. 1998
C18O observations

MW disk αCO overestimates 
mol. mass by factor ~10

Ackermann et al. 2012
Fermi-LAT γ-ray contstraints 

αCO consistently found to be low 
in central ~kpc.

Sodroski et al. 1995
Σdust + DGR(Z)

MW disk αCO overestimates 
mol. mass by factor ~3-10



αCO in Nearby Galaxies
using dust as a tracer of total gas mass

DGR = ΣD/(ΣHI +αCOICO)
observableunknown

Solve for both DGR & αCO using spatially resolved measurements.

Σdust

ICO/ΣHI

ΣHI +αCOICO

DGR = 

assume DGR & Xco 
constant in this region

cartoon of what happens to DGR

when αCO is adjusted 

Sandstrom et al. 2013, arXiv 1212.1208



KINGFISH
Key Insights into Nearby Galaxies: 

A Far-IR Survey with Herschel

DGR = ΣD/(ΣHI +αCOICO)

The Observations

Herschel key program observing 62 nearby galaxies.
Kennicutt et al. (2011)





Measuring the CO-to-H2 Conversion Factor.

Pixel-by-pixel modeling of the dust SED in the KINGFISH galaxies.
(Aniano et al. 2012)
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HI survey of 34 nearby galaxies with the VLA
Walter et al. (2008)

The Observations

THINGS
The HI Nearby Galaxies Survey

DGR = ΣD/(ΣHI +αCOICO)

HI column density determined 
directly from 21cm line.



CO J=(2-1) survey of 48 nearby 
galaxies with HERA on the IRAM 30m.

Leroy et al. (2009)

The Observations

HERACLES
HERA CO-Line Emission Survey

DGR = ΣD/(ΣHI +αCOICO)

note: measured αCO for CO J=(2-1), but we 
convert to (1-0) units for convenience



MW αCO 

NGC 0628 Results

Sandstrom et al. 2013, arXiv 1212.1208



MW αCO 

NGC 6946 Results

Sandstrom et al. 2013, arXiv 1212.1208



What do we know about αCO?
...from nearby galaxies

MW αCO 

In regions with high 
CO surface brightness:

- radial profile ~flat

- average αCO = 3.1 M⊙ 
pc-2 (K km s-1)-1 

- central αCO often low

- some galaxies show 
central αCO, up to 10× 

lower than MW

gray dots = 782 αCO solutions

αCO solutions normalized by 
galaxy average

Sandstrom et al. 2013, arXiv 1212.1208



A subset of
low-inclincation, 

well measured αCO

galaxies.

NGC0628 NGC3184 NGC3351

NGC3627 NGC3938 NGC4254

NGC4321 NGC4736 NGC5055

NGC5457 NGC6946
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NGC 3938



NGC 4321



Low Central αCO

NGC0628 NGC3184 NGC3351

NGC3627 NGC3938 NGC4254

NGC4321 NGC4736 NGC5055

NGC5457 NGC6946



•Scenario 1: molecular gas in bound clouds

✴gas temperature is enhanced

✴velocity dispersion enhanced (additional turbulence, external pressure)

•Scenario 2: some molecular gas in a diffuse phase

✴chemistry/radiative transfer/excitation can lead to lower αCO (e.g. Liszt 
& Pety 2010)

✴CO still optically thick, but velocity dispersion is enhanced due to 
gravitational potential of stars and dynamics of center (e.g. ULIRGs)

•Scenarios 3-N: suggestions?

Why do some galaxies have low central αCO?



Insights from comparing with
virial mass αCO measurements

NGC4736

NGC6946

Donovan Meyer et al. 2013

Donovan Meyer et al. 2012

Clouds don’t have unusually large σV for size, as seen for possibly 
pressure bound clouds in GC (e.g. Oka et al. 1998)



Radial Profiles 
of 12CO/13CO from 

Paglione et al. 2001
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Correspondence between
galaxies with low αCO and 

12CO/13CO.  

Especially clear in NGC 
6946, that ratio is a 
function of radius.

Some evidence for changes 
in optical depth...



NGC3627

NGC6946

Watanabe et al. 2011
Map of 12CO/13CO 

for NGC 3627

Meier & Turner 2004
12CO, 13CO and C18O 

observations of 
NGC 6946 center

measure high ratio in 
bar and center
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optical depth

More evidence for changes 
in optical depth...
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Survey of 22 galaxies with 
Herschel SPIRE-FTS 

(200-600 µm spectroscopy)
PI J.D. Smith

Pellegrini et al, in prep

Some evidence for changes 
in gas temperature...



NGC 3627

NGC 6946

NGC 3351
NGC 4321
NGC 4736

NGC 5055

NGC 4254

Evidence for enhanced CO 
excitation in centers with 

low αCO from BTP.

Log(αCO)

BTP Pointings towards galaxy centers

Many galaxy centers peak at 
J~6, similar to M82.

Weiss et al. 2007



Why do some galaxies have low central αCO?

Evidence for changes in both excitation and optical depth.

Observations of multiple molecular gas lines at high 
angular resolution needed to understand cause.



Implications of αCO variations for
the radial profile of molecular gas?

Regan et al. 2001

Some galaxies have central excesses of 
CO emission over the exponential disk.

Often attributed to pile-up of gas 
funnelled into the center by a bar.

(e.g. Sakamoto et al. 1999, Regan et al. 2001, Sheth et al. 2005)

One-to-one 
correspondence 
between “excess” 

and low αCO.



Sakamoto et al. 1999 
Barred galaxies have higher central concentrations of gas.



Black = MW αCO

Green = radial profile 
with MW αCO

Red = S13 αCO

Bar radius
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Comparison to the Milky Way

MW central αCO 3-10 times 
lower than assumed here...

Bar radius = 4.4 kpc
(Benjamin et al. 2005)

Nakanishi & 
Sofue 2006

In many of our target galaxies,
gas radial profile flattens 
interior to the bar radius.

This also happens in the Milky Way, 
when proper central αCO is used.
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Our αCO

Concentration = Σgas(<500pc)/Σgas(<r25)

After applying our αCO, barred & non-barred galaxies
have similar concentrations.

non-barred

barred



Implications of αCO variations for
the SF relationship?

All resolution elements 
from HERACLES

Log10(τdep,mol)
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τdep,mol ~ 
2 Gyr

Leroy+ 2013

Inner 1 kpc of 
HERACLES galaxies

Log10(τdep,mol)

Inner kpc of some nearby galaxies has higher SF 
efficiency than the rest of the disk.
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Figure 2. SFR density as a function of the gas (atomic and molecular) surface
density. Red filled circles and triangles are the BzKs (D10; filled) and z ∼ 0.5
disks (F. Salmi et al. 2010, in preparation), brown crosses are z = 1–2.3 normal
galaxies (Tacconi et al. 2010). The empty squares are SMGs: Bouché et al.
(2007; blue) and Bothwell et al. (2009; light green). Crosses and filled triangles
are (U)LIRGs and spiral galaxies from the sample of K98. The shaded regions
are THINGS spirals from Bigiel et al. (2008). The lower solid line is a fit to
local spirals and z = 1.5 BzK galaxies (Equation (2), slope of 1.42), and the
upper dotted line is the same relation shifted up by 0.9 dex to fit local (U)LIRGs
and SMGs. SFRs are derived from IR luminosities for the case of a Chabrier
(2003) IMF.
(A color version of this figure is available in the online journal.)

measured at a higher signal-to-noise ratio. Again, we find that
the populations are split in this diagram and are not well fit by a
single sequence. Our fit to the local spirals and the BzK galaxies
is virtually identical to the original K98 relation:

log ΣSFR/[M" yr−1 kpc−2]

= 1.42 × log Σgas/[M" pc−2] − 3.83. (2)

The slope of 1.42 is slightly larger than that of Equation (1),
with an uncertainty of 0.05. The scatter along the relation is
0.33 dex. Local (U)LIRG and SMGs/QSOs are consistent with
a relation having a similar slope and normalization higher by
0.9 dex, and a scatter of 0.39 dex.

Despite their high SFR ! 100 M" yr−1 and ΣSFR ! 1 M"
yr−1 kpc−2, BzK galaxies are not starbursts, as their SFR can
be sustained over timescales comparable to those of local spiral
disks. On the other hand, M82 and the nucleus of NGC 253 are
prototypical starbursts, although they only reach an SFR of a
few M" yr−1. Following Figures 1 and 2, and given the ∼1 dex
displacement of the disk and starburst sequences, a starburst
may be quantitatively defined as a galaxy with LIR (or ΣSFR)
exceeding the value derived from Equation (1) (or Equation (2))
by more than 0.5 dex.

The situation changes substantially when introducing the dy-
namical timescale (τdyn) into the picture (Silk 1997; Elmegreen
2002; Krumholz et al. 2009; Kennicutt 1998). In Figure 3,
we compare Σgas/τdyn to ΣSFR. Measurements for spirals and
(U)LIRGs are from K98, where τdyn is defined to be the rota-

Figure 3. Same as Figure 2, but with the gas surface densities divided by the
dynamical time. The best-fitting relation is given in Equation (3) and has a slope
of 1.14.
(A color version of this figure is available in the online journal.)

tion timescale at the galaxies’ outer radius (although Krumholz
et al. 2009 use the free-fall time). For the near-IR/optically se-
lected z = 0.5–2.3 galaxies, we evaluate similar quantities at the
half-light radius. Extrapolating the measurements to the outer
radius would not affect our results substantially. Quite strikingly,
the location of normal high-z galaxies is hardly distinguishable
from that of local (U)LIRGs and SMGs. All observations are
well described by the following relation:

log ΣSFR/[M" yr−1 kpc−2]

= 1.14 × log Σgas/τdyn/[M" yr−1 kpc−2] − 0.62, (3)

with a slope error of 0.03 and a scatter of 0.44 dex. The
remarkable difference with respect to Figures 1 and 2 is due
to the fact that the normal high-z disk galaxies have much
longer dynamical timescales (given their large sizes) than local
(U)LIRGs.

We can test if this holds also for integrated quantities by
dividing the gas masses in Figure 1 by the average (outer radius)
dynamical timescale in each population. Spirals and (U)LIRGs
(whose τdyn does not depend on luminosity) have average values
of τdyn = 370 Myr and τdyn = 45 Myr, respectively (K98). This
can be compared to τdyn = 33 Myr for SMGs (Tacconi et al.
2006; Bouché et al. 2007). For the QSOs, we use the SMG value.
Assuming a flat rotation curve for BzKs, we get an average
τdyn = 330 Myr at the outer radius, about three times longer
than at the half-light radius, given that for an exponential profile
90% of the mass is enclosed within ∼3 half-light radii. A similar
value is found for our z = 0.5 disk galaxies and the z = 1–2.3
objects from Tacconi et al. (2010). Despite this simple approach,
Figure 4 shows a remarkably tight trend:

log SFR/[M" yr−1] = 1.42×log(MH2/τdyn)/[M" yr−1]−0.86,
(4)

with an error in slope of 0.05 and a scatter of 0.25 dex. Figure 4
suggests that roughly 10%–50% of the gas is consumed during
each outer disk rotation for local spirals, and some 30%–100%

Daddi et al. 2010

color counters = 
kpc of nearby galaxy

points are 
full galaxies
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correct αCO, the 
centers of some 
nearby galaxies 

have τdep similar to 
starbursts.

τdep = Σgas/ΣSFR



Stellar Bar

Drives gas inflow

Gas concentration builds in center

Star formation & pseudobulge growth

A slight revision to the secular evolution scenario...

Efficient

Basic picture is the same, but instead of gas building up
in the center, have more efficient SF.



Conclusions & Summary

• Low αCO in some, but not all, galaxy centers.

• Why?  Possibilities include:
- warmer molecular gas

- diffuse molecular gas contribution

- enhanced velocity dispersion in clouds

• Implications for our galaxies: flat Σgas profile interior to 
bar, no “excess” of gas in center, higher SFE. 

• As for ULIRGs, low αCO and high SFE go hand-in-hand, 
need to understand why & how to disentangle them.


