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How does star formation efficiency 
depend on galaxy mass and metallicity?  
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thereby estimate masses of gas that are CO dominated. As shown
in Figure 4, we predict that the SSFR for CO should be much
higher in the lower metallicity systems.

To test this prediction, we compile galaxy-integrated CO lu-
minosities, LCO, and SFRs from the literature. These measure-
ments cover a wide range of metallicity from highly sub-solar to
super-solar and include both spirals and dwarfs. The data come
from a variety of sources, summarized in Table 2. Whenever
they are available, we give preference to LCO derived from in-
tegrating complete single-dish maps of a galaxy, but many of
the data still come from sparse sampling. For SFRs, we draw
heavily from the recent set of galaxy-integrated measurements
by Calzetti et al. (2010); these have the advantage of being com-
puted in a uniform way and include an IR contribution to cor-
rect for extinction. Both LCO and the SFR are luminosity-like
quantities, so the ratio of the two is independent of distance.
We also draw metallicities for each target from the literature.
When available, we give preference to the recent compilation by
Moustakas et al. (2010), using the average of their two charac-
teristic metallicities. For targets not studied by Moustakas et al.,
we use values from the compilations by Marble et al. (2010),
Calzetti et al. (2010), and Engelbracht et al. (2008) and a variety
of literature sources.

To convert observed CO (1 − 0) luminosities to masses of
gas traced by CO, we adopt a conversion factor 2 × 1020 H2
molecules cm−2/(K km s−1)−1 (Abdo et al. 2010b; Blitz et al.
2007; Draine et al. 2007; Heyer et al. 2009), so the mass is

MCO = 4 × 1020µH

(
LCO

K km s−1 cm2

)
, (18)

where µH is the mean mass per H nucleus. This is equivalent to

MCO

M#
= αCO

(
LCO

K km s−1 pc2

)
, (19)

with αCO = 4.4. Thus, we effectively assume a Milky Way
conversion factor for CO-emitting gas. It is important to note
that our X factor represents the conversion from CO luminosity
to mass of gas where the carbon is predominantly CO, and
not the conversion from CO luminosity to total mass of gas
where the hydrogen is H2. These concepts are often not clearly
distinguished in the literature. The approximately constant
conversion factor derived from virial mass measurements of
extragalactic clouds (Blitz et al. 2007; Bolatto et al. 2008; which
include some but not all of the H2 that is not associated with CO)
motivates this assumption, though there may still be changes in
αCO of CO emitting at the factor of two level across the range
of metallicities that we study. The sense of these would be to
increase αCO and to decrease the SFR-to-MCO ratio, moving
points down in Figure 5. Regardless of systematic effects, the
y-axis in Figure 5 should be very close to the ratio of ionizing
photon rate to CO luminosity.

To convert measured oxygen abundances to metallicities
relative to Milky Way, we adopt (Caffau et al. 2008)

log Z′ = [12 + log(O/H)] − 8.76. (20)

As emphasized by Kewley & Ellison (2008) and Moustakas
et al. (2010), the adopted calibration has a large influence on
the metallicities derived from measurements of strong optical
lines. Therefore, the overall normalization of the metallicities in
Figure 5 must be considered uncertain by at least ∼0.1–0.2 dex,
though the internal ordering is likely to be relatively robust.

Figure 5. Predicted gaseous specific star formation rate SSFR(CO,H2,total) =
Σ̇∗/Σ(CO,H2,total) = Ṁ∗/M(CO,H2,total) as a function metallicity. As in Figure 4,
the red lines indicate the SSFR considering the total gas mass, green lines
indicate the SSFR for H2, while blue lines indicate the SSFR for gas where the
carbon is CO rather than C ii. Dashed lines correspond to a total gas surface
density Σtotal = 5 M# pc−2, dotted lines to Σtotal = 20 M# pc−2, and solid lines
to Σtotal = 80 M# pc−2. Note that these are all total gas surface densities, rather
than surface densities of H2 or CO as on the x-axis in Figure 4. Also note that
we only show values for SSFR(CO) and SSFR(H2) for metallicities and surface
densities that are high enough forfH2 and fCO to be non-zero.

A final complication is that most of the literature data
we have gathered consist of galaxy-integrated values, rather
than local values. We therefore do not have surface densities,
and we must adopt characteristic values in order to compute
the relationship between total gas, molecular gas, and CO
luminosity. Fortunately, the results for the SSFR for CO are
not particularly sensitive to this assumption, as shown below.

We plot the literature data against our predictions in Figure 5.
As the plot shows, there is a clear correlation between SSFRCO
and metallicity that agrees within the uncertainties with what one
expects if star formation follows H2 rather than total gas or CO.
Though the data are sparse with significant scatter, the difference
appears to be more than two orders of magnitude in the SFR-to-
CO ratio over about an order of magnitude in metallicity. The
shape of this trend agrees well with our theoretical predictions.
Given the uncertainties in estimating several of the parameters
shown here, we believe that this constitutes a reasonable first
check on the model. Future improvements to the measured dust-
to-gas ratios, improved estimates of αCO from CO-emitting gas,
and observations of CO from larger samples of low-metallicity
galaxies will improve the accuracy of the observed trend and
allow more stringent tests.

The elevated value of SSFRCO in dwarf galaxies and the
outer parts of spirals relative to the inner parts of spirals has
been pointed out before (Young et al. 1996; Leroy et al. 2006,
2007b; Gardan et al. 2007), but it was unclear if this was
due to change in the star formation process or a change in
the CO to H2 ratio combined with star formation following
H2 rather than CO. Pelupessy & Papadopoulos (2009) argued
that the elevated value of SSFRCO could be explained if the
latter were true, but they simply assumed that star formation
was correlated with H2, rather than explaining the correlation
from first principles. Here, we have provided the missing
explanation, and Figure 5 demonstrates that a model based on
it can quantitatively reproduce the observations.
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Dust can trace H2 at low metallicity. 
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Fit Td to HERITAGE data and map τ160µm 
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Mapping H2 using dust emission 

Simple Model: 
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Previous Work: 
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*new* dust-based H2

SFR(SHASSA Hα)

(Gaustad et al. 2001)

ATCA+Parkes HI

(Kim et al. 2001)


SCALES

[0-100 Msun/pc2]


[0-0.05 Msun/kpc2 yr]

[0-100 Msol/pc2]


M(H2) ~ 8 x 107 Msun ~ 20% M(HI)  
MAGMA CO


[1.5 K km s-1]

(Wong et al. 2011)
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How galaxies convert molecular gas to stars does 
not vary strongly with metallicity.  
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Different approximations of the ISM: 
pressure-driven vs. shielding 
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How well do the models predict the 
fraction of molecular gas? 
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How about predicting star formation rate 
based on total gas? 

Ostriker, McKee, & Leroy (2010) Krumholz, McKee, & Tumlinson (2009) 
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- New H2 map using Dust instead of CO 
- CNM and WNM important for star formation model 
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Spitzer Spectroscopic Survey of the SMC 
(S4MC) 
The Astrophysical Journal, 744:20 (27pp), 2012 January 1 Sandstrom et al.

Figure 1. Coverage of the S4MC survey overlaid on the MIPS 24 µm map from S3MC. The color scale is logarithmic, with the stretch illustrated in the colorbar. The
red boxes show the coverage of the LL1 order maps (the LL2 maps are shifted by ∼3′) and the green boxes show the coverage of the SL1 order maps (the SL2 maps
are shifted by ∼1′). We also identify the various regions of the galaxy by the names we will refer to in the remainder of this paper.

These proposed variations in the life-cycle of PAHs in
low-metallicity galaxies will be reflected in changes to the
physical state of the PAHs themselves—their size distribution,
hydrogenation, ionization state, chemical substitutions and/
or functional groups, and structural characteristics. Enhanced
destruction of PAHs by UV fields or shocks should change
the PAH size distribution, since smaller molecules are easier to
photodissociate (Allain et al. 1996a, 1996b; Le Page et al. 2001).
If the dominant formation mechanism of PAHs changes as a
function of metallicity, it may be reflected in the size distribution
and irregularity of the molecules. Thus, by observing the
physical state of PAHs in a low-metallicity environment we
hope to understand what drives the observed differences in
the PAH life-cycle.

To that end, we present the results of a mid-IR spectroscopic
survey of PAH emission in the SMC. At a distance of 61 kpc
(Hilditch et al. 2005) and with a metallicity of 12+ log(O/H)
∼8.0 (Kurt & Dufour 1998), the SMC presents the ideal target
for understanding the properties of PAHs in low-metallicity
systems at high spatial resolution. The SMC represents an
intermediate case between Galactic sources where variations
can be studied within objects (Hony et al. 2001; Peeters et al.
2002; Rapacioli et al. 2005; Berné et al. 2007) and other
galaxies where only galaxy-wide results are obtained. The
Spitzer Spectroscopic Survey of the SMC (S4MC) consists of
low-resolution spectral mapping observations using the Infrared
Spectrograph (IRS) on Spitzer over six of the major star-forming
regions of the SMC. In Paper I, we presented the results of
spectral energy distribution and spectral fitting using the S4MC
data to determine the PAH fraction across the galaxy. In this
paper we turn our attention to using the band ratios to learn
about the physical state of PAHs.

In Section 2 we describe the S4MC observations and data
reduction. Section 2.5 covers the spectral fitting. In Section 3 we
describe the variations in the band ratios in the six star-forming
regions in our sample, and finally, in Section 4 we discuss what
the variations tell us about the physical state of SMC PAHs and
in Section 5.1, the implications of our results for understanding
the PAH deficiency in low-metallicity galaxies.

2. SPITZER SPECTROSCOPIC SURVEY OF THE
SMALL MAGELLANIC CLOUD (S4MC)

We mapped six star-forming regions in the SMC using the
low-resolution orders of the IRS on Spitzer as part of the
S4MC project (GO 30491). Figure 1 shows the coverage of
our spectral maps overlaid on the S3MC 24 µm mosaic (now
combined with a larger mosaic of the galaxy as part of SAGE-
SMC; Bolatto et al. 2007; Gordon et al. 2011). Figures 2, 3, and
4 show three-color images of the six regions, overlaid with the
coverage of all of the orders. These regions are all displayed
with the same color scale. In the following analysis, we are
limited to the regions with coverage in both of the short low
(SL) orders because of our focus on the PAH emission bands.
We list the details of the observations in Table 1.

The regions we have mapped were selected to cover a range
of properties and therefore represent a diverse sample of SMC
sources. The N 66 field covers the well-studied giant H ii region
NGC 346, which hosts 33 O stars (Massey et al. 1989). ISO
observations of N 66 by Contursi et al. (2000) show radiation
field intensity upward of 105 times the solar neighborhood
radiation field in some of the brightest mid-IR peaks. We have
also mapped the quiescent molecular region SMC B1 #1, found
in the SW Bar (Rubio et al. 1993). This was the first location
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Mapping H2 line emission in the SMC 
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Figure 1. Coverage of the S4MC survey overlaid on the MIPS 24 µm map from S3MC. The color scale is logarithmic, with the stretch illustrated in the colorbar. The
red boxes show the coverage of the LL1 order maps (the LL2 maps are shifted by ∼3′) and the green boxes show the coverage of the SL1 order maps (the SL2 maps
are shifted by ∼1′). We also identify the various regions of the galaxy by the names we will refer to in the remainder of this paper.

These proposed variations in the life-cycle of PAHs in
low-metallicity galaxies will be reflected in changes to the
physical state of the PAHs themselves—their size distribution,
hydrogenation, ionization state, chemical substitutions and/
or functional groups, and structural characteristics. Enhanced
destruction of PAHs by UV fields or shocks should change
the PAH size distribution, since smaller molecules are easier to
photodissociate (Allain et al. 1996a, 1996b; Le Page et al. 2001).
If the dominant formation mechanism of PAHs changes as a
function of metallicity, it may be reflected in the size distribution
and irregularity of the molecules. Thus, by observing the
physical state of PAHs in a low-metallicity environment we
hope to understand what drives the observed differences in
the PAH life-cycle.

To that end, we present the results of a mid-IR spectroscopic
survey of PAH emission in the SMC. At a distance of 61 kpc
(Hilditch et al. 2005) and with a metallicity of 12+ log(O/H)
∼8.0 (Kurt & Dufour 1998), the SMC presents the ideal target
for understanding the properties of PAHs in low-metallicity
systems at high spatial resolution. The SMC represents an
intermediate case between Galactic sources where variations
can be studied within objects (Hony et al. 2001; Peeters et al.
2002; Rapacioli et al. 2005; Berné et al. 2007) and other
galaxies where only galaxy-wide results are obtained. The
Spitzer Spectroscopic Survey of the SMC (S4MC) consists of
low-resolution spectral mapping observations using the Infrared
Spectrograph (IRS) on Spitzer over six of the major star-forming
regions of the SMC. In Paper I, we presented the results of
spectral energy distribution and spectral fitting using the S4MC
data to determine the PAH fraction across the galaxy. In this
paper we turn our attention to using the band ratios to learn
about the physical state of PAHs.

In Section 2 we describe the S4MC observations and data
reduction. Section 2.5 covers the spectral fitting. In Section 3 we
describe the variations in the band ratios in the six star-forming
regions in our sample, and finally, in Section 4 we discuss what
the variations tell us about the physical state of SMC PAHs and
in Section 5.1, the implications of our results for understanding
the PAH deficiency in low-metallicity galaxies.

2. SPITZER SPECTROSCOPIC SURVEY OF THE
SMALL MAGELLANIC CLOUD (S4MC)

We mapped six star-forming regions in the SMC using the
low-resolution orders of the IRS on Spitzer as part of the
S4MC project (GO 30491). Figure 1 shows the coverage of
our spectral maps overlaid on the S3MC 24 µm mosaic (now
combined with a larger mosaic of the galaxy as part of SAGE-
SMC; Bolatto et al. 2007; Gordon et al. 2011). Figures 2, 3, and
4 show three-color images of the six regions, overlaid with the
coverage of all of the orders. These regions are all displayed
with the same color scale. In the following analysis, we are
limited to the regions with coverage in both of the short low
(SL) orders because of our focus on the PAH emission bands.
We list the details of the observations in Table 1.

The regions we have mapped were selected to cover a range
of properties and therefore represent a diverse sample of SMC
sources. The N 66 field covers the well-studied giant H ii region
NGC 346, which hosts 33 O stars (Massey et al. 1989). ISO
observations of N 66 by Contursi et al. (2000) show radiation
field intensity upward of 105 times the solar neighborhood
radiation field in some of the brightest mid-IR peaks. We have
also mapped the quiescent molecular region SMC B1 #1, found
in the SW Bar (Rubio et al. 1993). This was the first location
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Physical conditions of warm H2 in the SMC 
The Astrophysical Journal, 744:20 (27pp), 2012 January 1 Sandstrom et al.

Figure 1. Coverage of the S4MC survey overlaid on the MIPS 24 µm map from S3MC. The color scale is logarithmic, with the stretch illustrated in the colorbar. The
red boxes show the coverage of the LL1 order maps (the LL2 maps are shifted by ∼3′) and the green boxes show the coverage of the SL1 order maps (the SL2 maps
are shifted by ∼1′). We also identify the various regions of the galaxy by the names we will refer to in the remainder of this paper.

These proposed variations in the life-cycle of PAHs in
low-metallicity galaxies will be reflected in changes to the
physical state of the PAHs themselves—their size distribution,
hydrogenation, ionization state, chemical substitutions and/
or functional groups, and structural characteristics. Enhanced
destruction of PAHs by UV fields or shocks should change
the PAH size distribution, since smaller molecules are easier to
photodissociate (Allain et al. 1996a, 1996b; Le Page et al. 2001).
If the dominant formation mechanism of PAHs changes as a
function of metallicity, it may be reflected in the size distribution
and irregularity of the molecules. Thus, by observing the
physical state of PAHs in a low-metallicity environment we
hope to understand what drives the observed differences in
the PAH life-cycle.

To that end, we present the results of a mid-IR spectroscopic
survey of PAH emission in the SMC. At a distance of 61 kpc
(Hilditch et al. 2005) and with a metallicity of 12+ log(O/H)
∼8.0 (Kurt & Dufour 1998), the SMC presents the ideal target
for understanding the properties of PAHs in low-metallicity
systems at high spatial resolution. The SMC represents an
intermediate case between Galactic sources where variations
can be studied within objects (Hony et al. 2001; Peeters et al.
2002; Rapacioli et al. 2005; Berné et al. 2007) and other
galaxies where only galaxy-wide results are obtained. The
Spitzer Spectroscopic Survey of the SMC (S4MC) consists of
low-resolution spectral mapping observations using the Infrared
Spectrograph (IRS) on Spitzer over six of the major star-forming
regions of the SMC. In Paper I, we presented the results of
spectral energy distribution and spectral fitting using the S4MC
data to determine the PAH fraction across the galaxy. In this
paper we turn our attention to using the band ratios to learn
about the physical state of PAHs.

In Section 2 we describe the S4MC observations and data
reduction. Section 2.5 covers the spectral fitting. In Section 3 we
describe the variations in the band ratios in the six star-forming
regions in our sample, and finally, in Section 4 we discuss what
the variations tell us about the physical state of SMC PAHs and
in Section 5.1, the implications of our results for understanding
the PAH deficiency in low-metallicity galaxies.

2. SPITZER SPECTROSCOPIC SURVEY OF THE
SMALL MAGELLANIC CLOUD (S4MC)

We mapped six star-forming regions in the SMC using the
low-resolution orders of the IRS on Spitzer as part of the
S4MC project (GO 30491). Figure 1 shows the coverage of
our spectral maps overlaid on the S3MC 24 µm mosaic (now
combined with a larger mosaic of the galaxy as part of SAGE-
SMC; Bolatto et al. 2007; Gordon et al. 2011). Figures 2, 3, and
4 show three-color images of the six regions, overlaid with the
coverage of all of the orders. These regions are all displayed
with the same color scale. In the following analysis, we are
limited to the regions with coverage in both of the short low
(SL) orders because of our focus on the PAH emission bands.
We list the details of the observations in Table 1.

The regions we have mapped were selected to cover a range
of properties and therefore represent a diverse sample of SMC
sources. The N 66 field covers the well-studied giant H ii region
NGC 346, which hosts 33 O stars (Massey et al. 1989). ISO
observations of N 66 by Contursi et al. (2000) show radiation
field intensity upward of 105 times the solar neighborhood
radiation field in some of the brightest mid-IR peaks. We have
also mapped the quiescent molecular region SMC B1 #1, found
in the SW Bar (Rubio et al. 1993). This was the first location
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Figure 1. Top: H2 column density map at ∼12 pc resolution. This map is obtained from modeling the Spitzer dust continuum observations from S3MC/SAGE-SMC
(Bolatto et al. 2007; Gordon et al. 2011) together with the combined ATCA/Parkes 21 cm H i map (Stanimirović et al. 1999). The color bar inset indicates the values
for the color scale, in units of 1021 cm−2. The NH2 contours are placed at NH2 ≈ 1.4, 3.4, 8, and 12×1021 cm−2, equivalent to deprojected molecular surface densities
Σmol ≈ 23, 56, 130, and 200 M% pc−2 when including the correction for the cosmic abundance of helium and the 40◦ inclination of the source. The western region,
oriented roughly SW to NE and harboring most of the star formation activity as well as the molecular gas, is called the SMC Bar. The extension to the SE is called the
SMC Wing and is unremarkable in molecular gas except for the N83/N84 molecular cloud complex, which is the ΣH2 peak of the galaxy. Bottom: H2 map overlaid on
the unobscured ΣSFR map derived from Hα. The SFR is computed using the first term of Equation (4), and the color scale ranges from ΣSFR = 0 to 0.1 M% yr−1 kpc−2.
There is good correlation between regions with star formation and regions with molecular gas, but not a one-to-one correspondence at high spatial resolution. The
overall correlation improves when smoothing to scales of 200 pc and larger. There is also a pervasive component of diffuse, low level Hα emission.

a combination of regions with different δGDR. The presence of
diffuse, high-δGDR emission along the line of sight will invalidate
Equation (1). The easiest way to correct for this is to subtract
a “dust-free” component from the H i map to adjust the zero
point of the dust–gas correlation. The likely magnitude of this
dust-free H i component for the SMC is ΣH i ∼ 20–40 M% pc−2

(Leroy et al. 2011). We do not remove a “dust-free” component
in the analysis presented here. Removing it would drive our H2
map toward lower values of ΣH2.

Third, despite our attempt at minimizing the effect of sys-
tematic δGDR changes through a local determination, variations
in the dust emissivity and δGDR between the dense and diffuse
ISM are possible and largely unconstrained. If they have the ex-
pected sense of higher optical depths per unit gas in H2 than in

H i, they will drive the ΣH2 toward values that are too high. Thus,
the errors introduced have the same sign as those discussed in
the previous point. Our best estimate of their combined effect
is a factor-of-two systematic uncertainty in ΣH2, with lower ΣH2
values more likely.

Fourth, at 98′′ the resolution of the H i map is somewhat lower
than that of the IR maps. Therefore, at spatial resolutions better
than r ∼ 30 pc we have assumed that ΣH i is smooth at scales
below the 1.′6 resolution of our H i map (Stanimirović et al.
1999). This assumption is almost certainly flawed in detail, but
will average out across the whole galaxy, and it has no impact
on quantities determined on r ! 30 pc scales.

Our estimate of a factor-of-two systematic uncertainty in our
H2 determination, together with source geometry uncertainties
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FIG. 4.ÈIntegrated [C II] contours (white ; levels as in Fig. 2) super-
posed on the et al. 95 km KAO map (black). The 95 kmThronson (1990)
contours are 5, 10, 15, 20, and 25 Jy per 50A beam. The dashed contour is
their estimate of the zero level contour.

positions are also obvious in the HiRes 60 km data. Esti-
mates for the individual bands and the total FIR Ñux are
given for the di†erent positions AÈE in Position ATable 2.
is clearly the most prominent peak in the FIR and [C II]
emission as well as all of the other species observed. Posi-
tions C, D, and E have an order of magnitude less FIR Ñux
than position A or position B. The [C II] intensity is 0.9%È

1.2% of the FIR for the A and B peaks, while it is a higher
percentage for the other positions, C, D, and E, ranging
from 3.2% to 5.6% These values are larger than(Table 2).
the range of 0.1%È1% that et al. Ðnd for aStacey (1991)
sample of luminous, normal-metallicity extragalactic nuclei.
Observations of our Galaxy show that the [C II] emission
amounts to D0.3% of the FIR continuum et al.(Stacey

et al. et al. High1985 ; Shibai 1991 ; Wright 1991).
[C II]/FIR ratios have been reported for regions in the
LMC and have been explained in view of the lower dust-to-
gas ratio in low-metallicity regions. In a low-metallicity
environment, the longer mean free path length of UV
photons and the subsequent larger geometric dilution of the
radiation Ðeld can lead to high [C II]/FIR intensity ratios

et al. as we have observed in IC 10.(Israel 1996),

3.3. CO Observations and the Mass of [C II]-emitting Gas

is an overlay of the [C II] contours on the COFigure 5
(1È0) and CO (2È1) emission of We Ðnd thatBecker (1990).
over the di†erent regions in IC 10, the ratio rangesI

*C II+

/I
COfrom 1.4 ] 104 to above 8.7 ] 104 For some of(Table 2).

these regions this ratio is 8È15 times that seen in star-
forming regions in the Galaxy and in starburst nuclei

et al. High ratios have also been(Stacey 1991). I
*C II+

/I
COreported in regions of the LMC et al.(Stacey 1991 ;

et al. et al. et al.Mochizuki 1994 ; Poglitsch 1995 ; Israel
1996).

The molecular mass estimated for the central bar region
(D2@ ] 4@) containing positions A and B is about 3.1 ] 106

(regions 1 and 2 of using the GalacticM
_

Becker 1990)
CO-to- conversion factor, 3 ] 1020 cm~2 (K km s~1)~1,H

2which includes a correction factor for helium of 1.36 (Strong
et al. We have assumed that these1988 ; Bloemen 1986).

positions account for most of the CO emission from the bar.
We apply the Galactic conversion factor to the CO obser-

FIG. 5.ÈOverlay of integrated [C II] contours (white ; levels as in Fig. 2)
on the CO (1È0) and CO (2È1) (black) of Becker (1990).

vations for now, and later will estimate the molecular mass
based on the [C II] observations. Assuming that collisions
with molecules or H atoms excite the [C II] emission,H

2in the high temperatures (T ? 91 K), high-density
(n ? 4 ] 103 cm~3) limit, the minimum mass of the hydro-
gen nuclei is D2.4 ] 106 or 80% of the mass traced byM

_
,

CO. The actual mass could be much ([10 times) larger still
if the temperatures and densities were lower. At positions C,
D, and E, the mass in the [C II]-emitting gas is at(Table 2)
least comparable to that seen in CO. The atomic mass in the
central D4@ ] 2@ bar measured from 21 cm H I observations
is estimated to be about 107 & SkillmanM

_
(Shostak

This implies that the minimum mass of hydrogen1989).
nuclei in the [C II]-emitting gas is at least 25% that of
H IÈsimilar to the high end of the range seen for quiescent
galaxies et al. For starburst galaxies, the(Stacey 1991).
photodissociated gas mass can be greater than that of the
atomic gas mass et al. Over di†erent regions(Stacey 1991).
in IC 10 we Ðnd that the minimum hydrogen mass in the
[C II]-emitting gas ranges from 6% to 25% of that seen in
the H I and CO together, but can be substantially larger for
lower temperature, lower density gas conditions. C`
regions have been known to contain a signiÐcant fraction of
the gas in our Galaxy and in external galaxies et(Crawford
al. et al. For IR-luminous galaxies this1985 ; Stacey 1991).
fraction can be as large as 70%. For nonstarburst-type
nuclei, the mass fraction is often 1%È10% of the molecular
mass et al.(Stacey 1991).

3.4. Comparison of the [C II] Emission with Ionized Gas

Radio continuum maps of IC 10 at 0.6È10.7 GHz with
resolutions ranging from 5A to 71A & Gra� ve(Klein 1986 ;

et al. & SkillmanKlein 1983 ; Condon 1987 ; Yang 1993)
show that most of the emission is concentrated toward the
vicinity of the star-forming regions A and B. showsFigure 6
the 10.7 GHz observations (FWHM \ 72A ; et al.Klein

superposed on our [C II] observations. In addition to1983)
the central concentrations seen in the radio continuum,
there is emission extending out to the full region mapped in
[C II]. However, while the 1.4 GHz and 10.7(Condon 1987)
GHz maps are similar, the 24.5 GHz emission is concen-
trated toward the two central regions A and B, suggesting

A 

B 

C 

D 

E 

Madden et al. (1997)  

CO 

Galactic 
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Fig. 3.— Left: H2 column density map at ∼ 20 pc resolution produced by modeling the dust

continuum emission from Herschel 100 µm 160 µm 250 µm and 350 µm observations from

HERITAGE (Meixner et al. 2013) combined with the ATCA/Parkes 21 cm HI map (Kim et

al. 2003). The white contour shows the estimated sensitivity level of NH2 = 2× 10
21

cm
−2
.

Right: Extinction-corrected ΣSFR from Hα and SMC-SAGE 24 µm with the H2 map overlaid

with contour levels at NH2 = 2, 10, and 20×10
21

cm
−2
. The SHASSA Hα image was further

background subtracted by fitting a polynomial (n = 3) to the median of the background

value along the y image axis; the Hα background appears to comes from foreground diffuse
Galactic emission and the average change from the background subtraction was ∼ 25%. The

star formation is generally correlated with the molecular gas, but at high resolution there is

star formation without molecular gas, molecular gas with little star formation, and diffuse
Hα emission throughout much of the disk.
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luminosity and a Galactic conversion factor (αCO = 4.4)
would be ∼ 0.01 Gyr. Although a Galactic conversion
factor is clearly inappropriate, this exercise highlights the
need for an alternative tracer of H2. The CO in the SMC
is either dramatically underluminous for the observed
level of star formation activity, or the SMC is in the midst
of a starburst that will exhaust the molecular gas reser-
voir in only ∼ 107 yr. Although the study of the global
star formation history of the SMC by Harris & Zaritsky
(2004) finds its present SFR to be somewhat larger than
the past average, the magnitude of that effect cannot ex-
plain such an implausibly short molecular gas depletion
time.
Given its atomic mass (MHI " 4.2 × 108 M!;

Stanimirović et al. 1999), the SMC keeps only ∼ 5% of
its gas in the molecular phase. Thus it appears gen-
uinely poor at forming GMCs. The corresponding total
gas depletion time is τgasdep ∼ 11.8 Gyr, so the SMC has
enough fuel to sustain its current rate of star formation
for approximately a Hubble time. By comparison, the
median total gas depletion time for the 12 large galaxies
in the THINGS/HERACLES sample is τgasdep ≈ 6.0 Gyr
(Leroy et al. 2008). Although a wide range of depletion
times are present, 1 < τgasdep < 14 Gyr, 10 of these galaxies
have τgasdep < 8 Gyr. In contrast, in H I-dominated dwarf
galaxies and the outer disks of spirals τgasdep ! 10 Gyr
(Bigiel et al. 2010b).

3.2. Relation Between Molecular Gas and Star
Formation

Figure 2 shows the correlation between molecular gas
and star formation activity traced by the extinction-
corrected Hα at several spatial resolutions: r ∼ 12 pc
(grayscale), r ∼ 200 pc (red squares, binned), and
r ∼ 1 kpc (black circles). The gray area and the corre-
sponding white contours show that a fairly well-defined
relation exists between the star formation activity and
the surface density of molecular gas obtained from the
dust continuum modeling described in §2.1 even on our
smallest scales.
Note that the x and y axes of this plot are not implic-

itly correlated. The abscissa contains information from
the 70, 100, and 160 µm far-infrared continuum as well
as the H I map, while the ordinate is chiefly Hα. The
small extinction correction derived from the 24 µm data
has a negligible effect on the correlation. Also note that
because we correct for dust temperature when deriving
the dust surface density Σmol should, in principle, also
be independent of heating effects.
The molecular gas depletion time depends on the scale

considered (Figure 2). On the smallest scales considered,
r ∼ 12 pc, the depletion time in the molecular gas is
log[τmol

dep /(1Gyr)] ∼ 0.9± 0.6 (τmol
dep ∼ 7.5 Gyr with a fac-

tor of 3.5 uncertainty after accounting for observed scat-
ter and systematics involved in producing the H2 map
as well as the geometry of the source). As mentioned
in the previous section, τmol

dep shortens when considering
larger spatial scales due to the fact that the Hα and H2
distributions differ in detail, but are well correlated on
scales of hundreds of parsecs (Fig. 1). On size scales
of r ∼ 200 pc (red squares in Figure 2), corresponding
to very good resolution for most studies of galaxies be-
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Fig. 2.— Molecular star formation law in the SMC. The gray
scale shows the binned two-dimensional distribution of the ΣSFR
to Σmol correlation at a resolution r ∼ 12 pc, where Σmol is derived
from the dust modeling. The intensity scale is proportional to the
number of points that fall in a bin, with white contours indicating
levels that are 20%, 40%, 60%, and 80% of the maximum. The
vertical gray dashed line indicates our adopted 2σ sensitivity cut
for the r ∼ 12 pc data. The red squares and black circles show the
results after spatial smoothing to r ∼ 200 pc and r ∼ 1 kpc, respec-
tively (the sensitivity limit has been moved down accordingly, as-
suming Gaussian statistics). The bars in the r ∼ 200 pc data show
the standard deviation after averaging in Σmol bins. The black
contours, placed at the same levels as the white contours, show the
distribution of Σmol derived from CO observations (Mizuno et al.
2001) using the Galactic CO-to-H2 conversion factor. The dotted
lines indicate constant molecular gas depletion times τmol

dep = 0.1,
1, and 10 Gyr. The dashed line indicates the typical depletion
time for normal disk galaxies τmol

dep ∼ 2 × 109 years (Bigiel et al.

2008). The τmol
dep in the SMC is consistent with the range observed

in normal disks for Σmol derived from dust modeling.

yond the Local Group, the molecular depletion time is
log[τmol

dep /(1Gyr)] ∼ 0.2± 0.3, or τmol
dep ≈ 1.6 Gyr. The de-

pletion time on r ∼ 1 kpc scales (black circles in Figure
2), corresponding to the typical resolution of extragalac-
tic studies, stays constant for the central regions of our
map (where the smoothing can be accurately performed),
log[τmol

dep /(1Gyr)] ∼ 0.2 ± 0.2. Thus our results converge
on the scales typically probed by extragalactic studies.
This constancy reflects the spatial scales over which Hα
and molecular gas are well correlated. Although the pre-
cise values differ, a very similar trend for τmol

dep as a func-
tion of spatial scale is observed in M 33 (Schruba et al.
2010). The further reduction of the depletion time when
considering the entire galaxy (τmol

dep ≈ 0.6 Gyr) reflects
the contribution from a component of extended Hα emis-
sion, which is filtered out in the calibration of the SFR
indicator (Calzetti et al. 2007; Rahman et al. 2011). The
SMC is on the high end of the observed distribution of
values for the fraction of diffuse Hα, but fractions of
40% − 50% are common in galaxies (e.g., Hoopes et al.
1999).
Within the uncertainties, our results are not signifi-

cantly different from the mean H2 depletion time ob-
tained in studies of molecule-rich late-type disks on
750 pc to 1 kpc spatial scales, where τmol

dep ∼ 2.0±0.8 Gyr
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thereby estimate masses of gas that are CO dominated. As shown
in Figure 4, we predict that the SSFR for CO should be much
higher in the lower metallicity systems.

To test this prediction, we compile galaxy-integrated CO lu-
minosities, LCO, and SFRs from the literature. These measure-
ments cover a wide range of metallicity from highly sub-solar to
super-solar and include both spirals and dwarfs. The data come
from a variety of sources, summarized in Table 2. Whenever
they are available, we give preference to LCO derived from in-
tegrating complete single-dish maps of a galaxy, but many of
the data still come from sparse sampling. For SFRs, we draw
heavily from the recent set of galaxy-integrated measurements
by Calzetti et al. (2010); these have the advantage of being com-
puted in a uniform way and include an IR contribution to cor-
rect for extinction. Both LCO and the SFR are luminosity-like
quantities, so the ratio of the two is independent of distance.
We also draw metallicities for each target from the literature.
When available, we give preference to the recent compilation by
Moustakas et al. (2010), using the average of their two charac-
teristic metallicities. For targets not studied by Moustakas et al.,
we use values from the compilations by Marble et al. (2010),
Calzetti et al. (2010), and Engelbracht et al. (2008) and a variety
of literature sources.

To convert observed CO (1 − 0) luminosities to masses of
gas traced by CO, we adopt a conversion factor 2 × 1020 H2
molecules cm−2/(K km s−1)−1 (Abdo et al. 2010b; Blitz et al.
2007; Draine et al. 2007; Heyer et al. 2009), so the mass is

MCO = 4 × 1020µH

(
LCO

K km s−1 cm2

)
, (18)

where µH is the mean mass per H nucleus. This is equivalent to

MCO

M#
= αCO

(
LCO

K km s−1 pc2

)
, (19)

with αCO = 4.4. Thus, we effectively assume a Milky Way
conversion factor for CO-emitting gas. It is important to note
that our X factor represents the conversion from CO luminosity
to mass of gas where the carbon is predominantly CO, and
not the conversion from CO luminosity to total mass of gas
where the hydrogen is H2. These concepts are often not clearly
distinguished in the literature. The approximately constant
conversion factor derived from virial mass measurements of
extragalactic clouds (Blitz et al. 2007; Bolatto et al. 2008; which
include some but not all of the H2 that is not associated with CO)
motivates this assumption, though there may still be changes in
αCO of CO emitting at the factor of two level across the range
of metallicities that we study. The sense of these would be to
increase αCO and to decrease the SFR-to-MCO ratio, moving
points down in Figure 5. Regardless of systematic effects, the
y-axis in Figure 5 should be very close to the ratio of ionizing
photon rate to CO luminosity.

To convert measured oxygen abundances to metallicities
relative to Milky Way, we adopt (Caffau et al. 2008)

log Z′ = [12 + log(O/H)] − 8.76. (20)

As emphasized by Kewley & Ellison (2008) and Moustakas
et al. (2010), the adopted calibration has a large influence on
the metallicities derived from measurements of strong optical
lines. Therefore, the overall normalization of the metallicities in
Figure 5 must be considered uncertain by at least ∼0.1–0.2 dex,
though the internal ordering is likely to be relatively robust.

Figure 5. Predicted gaseous specific star formation rate SSFR(CO,H2,total) =
Σ̇∗/Σ(CO,H2,total) = Ṁ∗/M(CO,H2,total) as a function metallicity. As in Figure 4,
the red lines indicate the SSFR considering the total gas mass, green lines
indicate the SSFR for H2, while blue lines indicate the SSFR for gas where the
carbon is CO rather than C ii. Dashed lines correspond to a total gas surface
density Σtotal = 5 M# pc−2, dotted lines to Σtotal = 20 M# pc−2, and solid lines
to Σtotal = 80 M# pc−2. Note that these are all total gas surface densities, rather
than surface densities of H2 or CO as on the x-axis in Figure 4. Also note that
we only show values for SSFR(CO) and SSFR(H2) for metallicities and surface
densities that are high enough forfH2 and fCO to be non-zero.

A final complication is that most of the literature data
we have gathered consist of galaxy-integrated values, rather
than local values. We therefore do not have surface densities,
and we must adopt characteristic values in order to compute
the relationship between total gas, molecular gas, and CO
luminosity. Fortunately, the results for the SSFR for CO are
not particularly sensitive to this assumption, as shown below.

We plot the literature data against our predictions in Figure 5.
As the plot shows, there is a clear correlation between SSFRCO
and metallicity that agrees within the uncertainties with what one
expects if star formation follows H2 rather than total gas or CO.
Though the data are sparse with significant scatter, the difference
appears to be more than two orders of magnitude in the SFR-to-
CO ratio over about an order of magnitude in metallicity. The
shape of this trend agrees well with our theoretical predictions.
Given the uncertainties in estimating several of the parameters
shown here, we believe that this constitutes a reasonable first
check on the model. Future improvements to the measured dust-
to-gas ratios, improved estimates of αCO from CO-emitting gas,
and observations of CO from larger samples of low-metallicity
galaxies will improve the accuracy of the observed trend and
allow more stringent tests.

The elevated value of SSFRCO in dwarf galaxies and the
outer parts of spirals relative to the inner parts of spirals has
been pointed out before (Young et al. 1996; Leroy et al. 2006,
2007b; Gardan et al. 2007), but it was unclear if this was
due to change in the star formation process or a change in
the CO to H2 ratio combined with star formation following
H2 rather than CO. Pelupessy & Papadopoulos (2009) argued
that the elevated value of SSFRCO could be explained if the
latter were true, but they simply assumed that star formation
was correlated with H2, rather than explaining the correlation
from first principles. Here, we have provided the missing
explanation, and Figure 5 demonstrates that a model based on
it can quantitatively reproduce the observations.
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Figure 5. Ratio of molecular-to-atomic gas in the SMC. The blue contours and
the gray scale show the two-dimensional distribution of the ratio ΣH2/ΣH i vs.
Σgas on scales of r ∼ 12 pc and r ∼ 200 pc, respectively (note that the hard edge
present in the blue contours at low ratios and low Σgas is the result of our adopted
2σ cut in ΣH2). The dotted horizontal line indicates ΣH2/ΣH i = 1, denoting the
transition between the regimes dominated by H i and H2. The dash-dotted,
dashed, and solid lines show the predictions of KMT09 for different values of
the cZ parameter, as in Figure 3. For the SMC, cZ = 0.2 at r ∼ 12 pc, and the
KMT09 curve overestimates the molecular-to-atomic ratio by a factor of two to
three. At r ∼ 200 pc we may expect cZ ≈ 1 using the standard clumping factor
c = 5 adopted by KMT09 for unresolved complexes. Although molecular gas
in the SMC is highly clumped, the atomic gas is not, so the cZ = 1 curve
overestimates ΣH2/ΣH i at 200 pc. The thick gray and black contours indicate
the predicted surface density ratio of gas in gravitationally bound complexes to
diffuse gas, Σgbc/Σdiff , in OML10 and in the model modified to incorporate the
extra heating of in the diffuse gas (OML10h; see Section 4.2.1), respectively.
The contours are calculated for the metallicity and distribution of stellar plus
dark matter density in the SMC. The original OML10 prediction for Σgbc/Σdiff
is considerably higher than the observed ΣH2/ΣH i. The tightness of the contours
is due to the fact that the self-gravity of the gas dominates over the stellar plus
dark matter contribution, thus there is an almost one-to-one correspondence
between Σgas and the prediction for Σgbc/Σdiff .
(A color version of this figure is available in the online journal.)

the velocity range vlsr ≈ 120–180 km s−1, taken to be repre-
sentative of the disk of the galaxy. We find that this exercise
lowers ΣH i by at most 30% the faint regions of the Wing, and
more typically ∼10%–15%. This is a small correction in the
molecular ratio, well within our uncertainties in ΣH2 alone, and
although it may significantly contribute to the observed disper-
sion in ΣH2/ΣH i, it cannot be the cause of its offset with respect
to normal galaxies. The SMC is strikingly bad at turning its
wealth of atomic gas into molecular gas, particularly given the
very high surface densities found in this galaxy.

3.5. Synthesis of Results

Using our dust-based ΣH2 map, we showed that to first order
the molecular star formation law in the SMC resembles that in
disk galaxies. There is still room within the uncertainties for a
factor-of-two-to-three decrease in τmol

dep , but our best estimates
at 0.2–1 kpc resolution imply very good agreement between
this low-metallicity dwarf and more massive disk galaxies.
Note that since the scaling is linear, this result is insensitive

to uncertainty in inclination or other aspects of the SMC’s
geometry. By contrast, the total gas star formation law is offset
significantly from that observed in large galaxies. The SMC
harbors unusually high ΣH i and low ΣSFR at a fixed total gas
surface density (although the ΣSFR versus Σgas distribution moves
closer to the loci of large spirals if the star and gas are in a disk
inclined by i > 40◦, or if the galaxy is elongated along the line
of site). At a given Σgas, the molecular gas fraction is also offset
to values lower than those observed in massive disk galaxies, by
typically an order of magnitude.

Two natural corollaries emerge from these observations. First,
molecular clouds in the SMC are not extraordinarily efficient
at turning gas into stars; star formation proceeds in them at a
pace similar to that in GMCs belonging to normal disk galaxies.
This suggests that, down to at least the metallicity of the SMC
(Z ∼ Z%/5), the lower abundance of heavy elements does not
have a dramatic impact on the microphysics of the star formation
process, although it does appear to have an important effect at
determining the fraction of the ISM capable of forming stars.

This is not a foregone conclusion. For example, it is conceiv-
able that the low abundance of carbon and the consequent low
dust-to-gas ratio and low extinction would affect the ionization
fraction in the molecular gas. This may result in changes in
the coupling with the magnetic field, perhaps slowing the GMC
collapse and resulting in lower SFE and longer τmol

dep . Or, alter-
natively, the low abundance of CO (an important gas coolant
in dense molecular cores) could make it difficult for cores to
shed the energy of gravitational contraction, slowing their col-
lapse and again resulting in longer timescales for consuming
the molecular gas (but see Krumholz et al. 2011). Our result im-
plies that to first order metallicity does not have a large impact
on the rate at which star formation proceeds locally in molecular
gas in the SMC. Firming up this conclusion, however, requires
detailed studies of molecular cloud lifetimes (for example, see
Fukui et al. 1999).

Second, these observations provide very strong evidence that
star formation activity is related directly to the amount molecular
gas, with H i coupled to SFR only indirectly. This should be
tempered by the consideration that, as pointed out in Section 2.1,
our dust-derived H2 map may include a contribution from
very cold, strongly self-absorbed H i (such as that sometimes
associated with molecular cloud envelopes), which we cannot
easily disentangle from molecular material in our analysis. The
strong relation between molecular material and star formation
explains some puzzling observations in the context of H i-
dominated systems. Wolfe & Chen (2006) searched for low
surface brightness galaxies in the Hubble Ultra Deep Field, with
the expectation that, based on Damped Lyman Alpha (DLA)
neutral gas column density statistics and the star formation law,
a measurable fraction of the sky should be covered by low
brightness objects if star formation takes place in DLAs. Their
study (as well as the recent extension by Rafelski et al. 2011)
shows that star formation activity in DLAs is suppressed by
over an order of magnitude (factors of 30–100) with respect
to the predictions based on the total gas Schmidt law. Wolfe
& Chen indeed suggest that part of the explanation may be
a low molecular fraction in DLAs. More recently, Krumholz
et al. (2009a) show that although the observed distribution of
column densities in QSO-DLA systems theoretically requires
the existence of a significant cold phase, they are inconsistent
with the expectation of large molecular fractions. This is simply
a reflection of the fact that, given their low metallicities, their
densities are not large enough to sustain significant molecular
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phase using: 1) further modeling of dust observations to
determine the radiation field, 2) observations of diffuse
ISM coolants such as [C II], and 3) searching for kine-
matic signatures of gravitationally bound H I. It should
be possible, however, to make an effort to distinguish
between these enhanced-heating and standard heating
variation of OML10 model by their impact on the star
formation law.
In the context of OML10, all of the gas in the gravita-

tionally bound component could potentially contribute
to star formation, although due to the turbulent dynam-
ics within GBCs, only a tiny fraction (∼ 1% per free-fall
time) is dense (and cold) enough that it actually col-
lapses and forms stars. In the variant of the model with
enhanced heating, OML10h, the gravitationally bound
phase is depressed to allow more diffuse ΣHI. In the ex-
tension of the model that includes an estimate for the
contribution to ΣHI from photodissociated envelopes of
GBCs, OML10p, the gravitationally-bound component is
about as abundant as at higher metallicities, and the low
observed ΣH2/ΣHI ratio is explained by limited shielding
of the gravitationally bound gas at low metallicity (as for
the dense atomic-molecular complexes in KMT09). As a
consequence of the higher abundance of gravitationally-
bound gas, the SFR expected in OML10p at a fixed gas
surface density is significantly higher than in OML10h.
Figure 11 shows the SFR predicted by OML10

with and without additional heating (taking ρsd =
0.02M! pc−3and Z = 0.2 for the SMC), compared to
the observations smoothed to 200 pc and 1 kpc resolu-
tion and to the KMT09 model, as in Figure 6. Because
the specific star formation rate in GBCs is assumed to
be insensitive to their exact atomic/molecular balance,
there is no difference in the predicted star formation rate
between OML10 and OML10p. Similarly, OML10h and
OML10ph (see below) have the same ΣSFR because they
have the same Σgbc for a given Σgas. The predictions for
ΣSFR from OML10, OML10p, and KMT09 with c = 5
are quite similar for Σgas! 20M! pc−2, because for all
of these models in this range of Σgas, the majority of
gas is concentrated in cold, dense, star-forming atomic-
molecular complexes with Σcomp ! 100M! pc−2. These
models overpredict the ΣSFR observations by about a fac-
tor of 6. On the other hand, OML10h (and OML10ph)
do a very good job at matching not only the average
level of SFR activity but also the slope of the ΣSFR–Σgas
relation, despite the simplicity of the heating correction.

4.2.4. A unified model

It is possible to think of further modifications
to OML10. For example, we can extend the
enhanced-heating model to include an estimate of the
atomic/molecular balance within GBCs; we refer to this
as OML10ph. As noted above, this will produce the same
ΣSFR-Σgas results as the OML10h model as it has the
same fraction of gravitationally bound gas, but it will
yield a molecular to atomic ratio ΣH2/ΣHI a factor ∼ 2.8
times lower than OML10p (equivalent to a displacement
of ∼ 0.45 in the logarithm; as shown in Figure 10). Such
a model is not forbidden by the observations, and in fact
it arguably reproduces better the lower values in the dis-
tribution of molecular to atomic ratios than the model
without enhanced heating. In model OML10ph, it is also
possible to compute the fraction of H I gas associated
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Fig. 11.— Comparison of OML10 predictions and total gas
star formation law observations in the SMC. The thick solid black
and gray lines show the results of the enhanced-heating (OML10h,
OML10ph) and original-heating (OML10, OML10p) versions of the
model. As in Figure 6 the gray scale and white circles represent the
SMC observations smoothed to a resolution of 200 pc and 1 kpc
respectively. The KMT09 tracks and the constant gas depletion
time lines are also as in Figure 6.

with the gravitationally bound component, fgbc
HI , which

has a value fgbc
HI ∼ 19% at a surface density Σgas = 100

M! pc−2, very similar to the 15% cold H I fraction mea-
sured by Dickey et al. (2000).

5. SUMMARY AND CONCLUSIONS

We present a detailed analysis of the correlation be-
tween the atomic and molecular gas phases in the SMC,
and the star formation activity. This is the first time
such analysis has been done at high spatial resolution in
a galaxy of such a low metallicity. We use modeling of
the Spitzer dust continuum observations (Bolatto et al.
2007; Gordon et al. 2011) to calculate the H2 surface den-
sities on scales of θ ∼ 40′′ or r ∼ 12 pc, together with
observations of the H I (Stanimirović et al. 1999) and Hα
(Smith & The MCELS Team 1999) distributions (Fig-
ure 1). An important caveat to keep in mind when con-
sidering the interpretations of the results is the complex-
ity of the H I distribution in the SMC, referred to in §1.1.
Another important caveat are the uncertainties involved
in the production of the H2 map, which we discuss in
§2.1.
We find that, in the regions where we detect ΣH2, we

measure a typical molecular gas depletion time τmol
dep ∼

7.5 Gyr on scales r ∼ 12 pc with a factor of 3.5 un-
certainty accounting for the scatter as well as the sys-
tematics associated with our H2 map as well as the ge-
ometry of the source (Figure 2). The depletion time
shortens when measured on larger spatial scales. On
scales r ∼ 200 pc (a typical scale over which molecular
gas and Hα emission are well correlated in galaxies) and
r ∼ 1 kpc (a typical scale for extragalactic studies) we
measure τmol

dep ≈ 1.6 Gyr. The molecular depletion time

for the SMC as a whole is shorter, τmol
dep ∼ 0.6 Gyr, due

to a large component of extended low level Hα emission.
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Fig. 7.— Left: The OML10 models for the two bounds on the density of stars and dark
matter given the two dark matter profiles (with the low estimate from the HI rotation
curve, and the high from HI rotation curve + carbon stars). Right: Effect of decreasing the
depletion time in the model.
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Figure 1. Coverage of the S4MC survey overlaid on the MIPS 24 µm map from S3MC. The color scale is logarithmic, with the stretch illustrated in the colorbar. The
red boxes show the coverage of the LL1 order maps (the LL2 maps are shifted by ∼3′) and the green boxes show the coverage of the SL1 order maps (the SL2 maps
are shifted by ∼1′). We also identify the various regions of the galaxy by the names we will refer to in the remainder of this paper.

These proposed variations in the life-cycle of PAHs in
low-metallicity galaxies will be reflected in changes to the
physical state of the PAHs themselves—their size distribution,
hydrogenation, ionization state, chemical substitutions and/
or functional groups, and structural characteristics. Enhanced
destruction of PAHs by UV fields or shocks should change
the PAH size distribution, since smaller molecules are easier to
photodissociate (Allain et al. 1996a, 1996b; Le Page et al. 2001).
If the dominant formation mechanism of PAHs changes as a
function of metallicity, it may be reflected in the size distribution
and irregularity of the molecules. Thus, by observing the
physical state of PAHs in a low-metallicity environment we
hope to understand what drives the observed differences in
the PAH life-cycle.

To that end, we present the results of a mid-IR spectroscopic
survey of PAH emission in the SMC. At a distance of 61 kpc
(Hilditch et al. 2005) and with a metallicity of 12+ log(O/H)
∼8.0 (Kurt & Dufour 1998), the SMC presents the ideal target
for understanding the properties of PAHs in low-metallicity
systems at high spatial resolution. The SMC represents an
intermediate case between Galactic sources where variations
can be studied within objects (Hony et al. 2001; Peeters et al.
2002; Rapacioli et al. 2005; Berné et al. 2007) and other
galaxies where only galaxy-wide results are obtained. The
Spitzer Spectroscopic Survey of the SMC (S4MC) consists of
low-resolution spectral mapping observations using the Infrared
Spectrograph (IRS) on Spitzer over six of the major star-forming
regions of the SMC. In Paper I, we presented the results of
spectral energy distribution and spectral fitting using the S4MC
data to determine the PAH fraction across the galaxy. In this
paper we turn our attention to using the band ratios to learn
about the physical state of PAHs.

In Section 2 we describe the S4MC observations and data
reduction. Section 2.5 covers the spectral fitting. In Section 3 we
describe the variations in the band ratios in the six star-forming
regions in our sample, and finally, in Section 4 we discuss what
the variations tell us about the physical state of SMC PAHs and
in Section 5.1, the implications of our results for understanding
the PAH deficiency in low-metallicity galaxies.

2. SPITZER SPECTROSCOPIC SURVEY OF THE
SMALL MAGELLANIC CLOUD (S4MC)

We mapped six star-forming regions in the SMC using the
low-resolution orders of the IRS on Spitzer as part of the
S4MC project (GO 30491). Figure 1 shows the coverage of
our spectral maps overlaid on the S3MC 24 µm mosaic (now
combined with a larger mosaic of the galaxy as part of SAGE-
SMC; Bolatto et al. 2007; Gordon et al. 2011). Figures 2, 3, and
4 show three-color images of the six regions, overlaid with the
coverage of all of the orders. These regions are all displayed
with the same color scale. In the following analysis, we are
limited to the regions with coverage in both of the short low
(SL) orders because of our focus on the PAH emission bands.
We list the details of the observations in Table 1.

The regions we have mapped were selected to cover a range
of properties and therefore represent a diverse sample of SMC
sources. The N 66 field covers the well-studied giant H ii region
NGC 346, which hosts 33 O stars (Massey et al. 1989). ISO
observations of N 66 by Contursi et al. (2000) show radiation
field intensity upward of 105 times the solar neighborhood
radiation field in some of the brightest mid-IR peaks. We have
also mapped the quiescent molecular region SMC B1 #1, found
in the SW Bar (Rubio et al. 1993). This was the first location
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