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from star-forming galaxies in cosmological simulations. It is
thus imperative to understand radiation transport within H ii
regions if we are to understand fundamental properties of the
universe.

There has been a variety of approaches to evaluate the op-
tical depth of H ii regions. The most direct method compares
the ionization rate derived from Hα luminosities L to that
predicted from the observed ionizing stellar population. Us-
ing this approach, Oey & Kennicutt (1997) found that up to
half of all ionizing photons generated by stars escape H ii re-
gions to ionize the WIM, also known as diffuse ionized gas
(DIG). However, theoretical predictions for the LyC photon
emission rate Q(H0) have decreased significantly (e.g., Martins
et al. 2005; Smith et al. 2002) and are now generally consis-
tent with the observed H ii region luminosities (e.g., Voges
et al. 2008; Zastrow et al. 2011a). Clearly, until the ioniz-
ing fluxes and SEDs of massive stars are definitively estab-
lished, comparing predicted and observed L will be subject
to large systematic uncertainties. Identifying all the ionizing
stars is also difficult in regions with significant extinction and
crowding.

Other studies attempt to evaluate nebular optical depth by
modeling nebular emission lines from ions with different ioniza-
tion potentials averaged over the entire H ii region (e.g., Relaño
et al. 2002; Iglesias-Páramo & Muñoz-Tuñón 2002; Giammanco
et al. 2004; Kehrig et al. 2011). However, inhomogeneous, op-
tically thin nebulae may contain many optically thick cloudlets.
Since the emission-line volume emissivity is proportional to the
square of the electron density, the resulting spatially integrated
spectra can be dominated by these dense clumps and resemble
the spectrum of an optically thick, homogeneous nebula, despite
small clump-covering factors (Giammanco et al. 2004). Typi-
cally, these studies do not resolve the spatial structure of the
emitting gas. Observations either integrate all the nebular light
and lose all spatial information, or study structure from a single
long slit spectrum. By simplifying the line fluxes of an entire
H ii region to a single value, valuable information about the true
structure of the gas is lost.

The correlation between DIG surface brightness and prox-
imity to H ii regions is another key piece of evidence for
the leakage of ionizing radiation from discrete H ii regions
and can be used to estimate the optical depth. Seon (2009)
used these correlations to test a model of M51 where leak-
ing H ii regions explain the observed DIG and Hα surface-
brightness distributions, similar to the method used by Zurita
et al. (2002) in NGC 157. However, Seon (2009) found that
this model requires a highly rarefied or porous ISM with an
anomalously low dust abundance. These details are inconsistent
with the known properties of M51, suggesting that the mod-
els do not fully explain the propagation of radiation in real
galaxies.

Thus, existing methods to determine nebular optical depth are
subject to large uncertainties; clearly it would be preferable to
have a diagnostic that is reliable, effective, and simple. Here, we
offer such a diagnostic, using an approach that makes it possible
to accurately characterize the optical depth of individual H ii
regions in the nearest galaxies. In Section 2, we describe our
method; in Section 3, we apply our technique to the Magellanic
Clouds and use it to generate a new, physically motivated H ii
region catalog; and we evaluate our technique in Section 4. Our
results yield powerful new insights on the radiative transfer of
LyC radiation from massive stars in these galaxies, which we
present in Section 5.

Figure 1. Radial ionization structure for Strömgren sphere H ii regions pho-
toionized by a Teff = 38 kK star (left panel) and a 43 kK star (right panel),
assuming a gas density of 10 cm−3. The logarithmic ionization fractions of H+

(solid thick black line), H0 (dashed thick black line), O2+ (solid thin blue line),
O+ (dashed thin blue line), O0 (dash-dot blue line), S2+ (solid thick red line),
and S+ (dashed thick red line) are plotted. The vertical lines mark radii where
τLyC = 0.3 (dotted), and 0.5 (dashed) to 1.0 (solid).
(A color version of this figure is available in the online journal.)

2. IONIZATION-PARAMETER MAPPING

With the recent availability of wide-field, narrowband imag-
ing and tunable filters, the potential of spatially resolved,
emission-line diagnostics as constraints on nebular models is
being more fully realized, and these techniques can now be ap-
plied to entire populations of extragalactic nebulae. We revisit
a largely overlooked approach, ionization-parameter mapping
(IPM), which is capable of directly assessing the optical depth
of ionizing radiation in individual H ii regions (e.g., Koeppen
1979). The technique is based on emission-line ratio mapping,
which has been previously employed (e.g., Heydari-Malayeri
1981; Pogge 1988a, 1988b); here, we present a modern devel-
opment, demonstration, and application. The current approach
is driven by newly available data with unprecedented sensi-
tivity, resolution, and spatial completeness. We leverage this
data against recent developments in the ability to predict spa-
tially resolved, emission-line diagnostics with photoionization
models. Our method thus balances the quantitative diagnostics
of spectroscopy and the spatial coverage of imaging, yielding
a powerful method that is both observationally efficient and
straightforward enough to be applied to entire galaxies.

2.1. Evaluating Nebular Optical Depth

For classic, optically thick H ii regions, there is a transition
zone between the central, highly excited region and the neutral
environment. These transition zones are characterized by a
strong decrease in the excitation, and hence also in the gas
ionization parameter, which traces the degree of ionization and
photon-to-gas density. Figures 1(a) and (b) show the radial ionic
structure of Strömgren spheres generated by a 38,000 K and a
43,000 K star, respectively. These demonstrate the transition
from highly ionized inner zones dominated by O2+ and S2+ to
outer envelopes dominated by O+ and S+. The low-ionization
transition zone is thicker than the narrow H0/H+ ionization front
where the [S ii] volume emissivity peaks (Osterbrock & Ferland
2006); this results from the sensitivity of the [S ii]/[O iii]
ratio to the radial difference between the O2+ and H+ recom-
bination fronts, which are in turn determined by the LyC optical
depth τLyC and stellar effective temperature Teff . This large-
scale gradient is a key feature to the application of IPM at great
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Figure 2. Models of the observed [S ii]/[O iii] surface-brightness ratios for nebulae ionized by O3 V, O6 V, and O9.5 V stars, at optical depths τLyC of 0.5, 1.0, and
10. A uniform background is assumed, and the units on both axes are in arcseconds, projecting the objects at the LMC distance.
(A color version of this figure is available in the online journal.)

distances. For the models in Figure 1, the assumed ionizing
SED is a single WM-Basic stellar atmosphere (Smith et al.
2002) defined by a variable Teff and fixed Q(H0) = 1049 s−1,
equivalent to one O6 V star. Calculations were performed us-
ing the Cloudy photoionization code, version C08.00 (Ferland
et al. 1998), adopting gas-phase abundances equal to those of
the 30 Doradus star-forming region, having log(O/H) = −3.75
(Pellegrini et al. 2011). Our models include dust with a gas-to-
dust ratio of AV/N (H) = 1.8×10−23 cm−2, which is consistent
with the ionized gas studied by Pellegrini et al. (2011). We use
dust with a Large Magellanic Cloud (LMC) size distribution
described by Weingartner & Draine (2001), although our results
are not sensitive to the dust abundance. The initial H density nH
is equal to 10 cm−3, and the distance r0 = 0.1 pc between the
illuminated face of the cloud and the ionizing source. Deeper
in the cloud nH is set by a hydrostatic equation of state with no
magnetic field (B = 0 G), described in Pellegrini et al. (2007).

Figure 1 demonstrates that we can estimate τLyC from the
observed ion stratification within the nebula, which depends
strongly on τLyC. While nebulae ionized by different Teff have
greatly differing structure, the optical depth is strongly con-
strained by the radial structure in two ions, and essentially
uniquely determined by three ions. Figure 2 shows models of the
observed surface-brightness ratios for the [S ii] λλ6716, 6731
and [O iii] λ5007 emission lines for a series of H ii regions
with LMC element abundances. We calculate the projected two-

dimensional (2D) surface brightness of our models according to
Equation (2) of Pellegrini et al. (2009) using the SurfBright
routine, which is described in Appendix A. We have added a con-
stant, noiseless background of 1×10−15 erg s−1 cm−2 arcsec−2,
consistent with typical H ii region observations. We note that de-
creasing the background component will enhance the predicted
contrast, while an increase reduces contrast. The model param-
eters of these simulations are similar to those of the models in
Figure 1. The nebulae are ionized by a single WM-Basic (Smith
et al. 2002) stellar SED with an ionizing luminosity equivalent to
a cluster of 10 O6 V stars, and Teff equal to 30,500 K, 38,000 K,
or 44,500 K. These Teff correspond to O9.5 V, O6 V, and O3 V
spectral types, respectively, using the spectral-type–Teff cali-
bration of Martins et al. (2005). A single Teff is often used
to represent the SED of ionizing clusters, which is a reason-
able approximation since the earliest spectral type dominates
the SED (e.g., Oey & Shields 2000). Figure 2 shows models
for τLyC = 0.5, 1.0, and 10.0, at each Teff , where the cloud is
truncated at various radii to simulate the different τLyC.

Figure 2 demonstrates how the optical depth and Teff deter-
mine the observed ionic structure that is rendered by IPM. In
general, the τLyC = 0.5 models show no low-ionization transi-
tion layer, although there is an exception for the latest spectral
type. For early- and mid-O spectral types, the morphology in
these ionization-parameter maps is an especially strong discrim-
inant for the optical depth. And as shown in Figure 1, τLyC can
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Figure 3. Map of the [S ii]/[O iii] ratio centered on H ii region DEM S38. The
central region is a classic example of an optically thick nebula with highly
ionized gas (low [S ii]/[O iii]; dark) surrounded by an ionization transition zone
with higher [S ii]/[O iii] (lighter gray scale). The same effect is seen in the
regions to the north and south of DEM S38, which are marked with crosses. In
contrast, the irregular H ii region seen to the east (left) of DEM S38 shows no
evidence of such a transition zone between the high-ionization region and the
galactic background, indicating that it is optically thin.

be fully constrained when surface-brightness ratios are obtained
for three radially varying ions instead of two. We further discuss
the use and limitations of our method in Section 2.2 below.

Figure 3 shows the observed ratio map of [S ii]/[O iii] for a
star-forming complex centered on the nebula DEM S38, from
the Magellanic Clouds Emission Line Survey (MCELS; Smith
et al. 1998, 2005; Points et al. 2005; Winkler et al. 2005). We
clearly see an envelope of low-ionization gas surrounding a
high-excitation interior in each H ii region marked with an X
(DEM S38 and the two regions to the north and south), strongly
suggesting that these objects are optically thick. In contrast, the
nebula east of DEM S38 shows high ionization throughout and
no evidence of an internal gradient in gas ionization state. This
indicates that the object is optically thin.

We also see that the object DEM S159 (Figure 4) shows
the intermediate morphology of a blister-like H ii region. Like
DEM S38, there is a central region of highly ionized gas, but
a transition zone of weakly ionized gas is found only to the
north, while toward the south, the nebula remains highly ionized
throughout, like our τLyC = 0.5 models in Figure 2. Since all
of the nebula is ionized by the same SED, DEM S159 must be
optically thick to the north and optically thin to the south. Thus,
Figures 3 and 4 vividly demonstrate the viability of IPM as a
technique to evaluate τLyC. The morphology of the ionization
structure in these objects is qualitatively consistent with our
models, and in Section 4 below, we also show quantitatively
that observations are consistent with predictions.

Furthermore, the contrasting gas morphology between the
spherical, optically thick nebulae and the irregular, optically
thin object in Figure 3 is not a coincidence. In the MCELS data
for the Magellanic Clouds, most of the optically thick objects
showing low-ionization envelopes look like classical, spherical,
Strömgren spheres. The opposite is true for optically thin
objects, which are more complex and irregular in morphology.
This is consistent with recent radiation–MHD simulations by
Arthur et al. (2011), which show that the highly ionized,
density-bounded nebulae powered by the hottest stars are subject
to strong radiative feedback and gas instabilities, generating
irregular gas morphologies. Thus, the gas morphologies are
fully consistent with the interpretation that objects having low-

Figure 4. DEM S159 shows blister-like features, exhibiting nebular traits for
both high and low optical depths. As in Figure 3, the ratio of [S ii]/[O iii] reveals
the presence of highly ionized gas (dark) in this region. This is confined to the
northwest by a pronounced ionization transition zone, but not to the southeast.

ionization transition zones are generally optically thick and
radiation bounded.

Finally, IPM also constrains the optical depth in the line of
sight, since the low-ionization transition zone should also exist
along these photon paths in an optically thick nebula. This was
explored by Pellegrini et al. (2011) who found a lower limit
of [S ii]/Hα ∼ 0.05 for LMC nebulae that are optically thick
in the line of sight. Lower values of [S ii]/Hα indicate that
the low-ionization transition zone is missing or depleted, and
therefore that the region is optically thin to the LyC. In Figure 5
we compare the line-of-sight emission-line ratios of DEM S15
and N59, a pair of optically thick and optically thin H ii regions.
DEM S15 is a classical Strömgren sphere, limb brightened in
the lower ionization species, and it shows a central line-of-sight
[S ii]/Hα = 0.05, consistent with an optically thick nebula of
Small Magellanic Cloud (SMC) metallicity. In contrast, in N59,
the central [S ii]/Hα ratio is essentially zero across much of the
object, and thus no transition zone is seen in those sight lines,
demonstrating that the object is optically thin.

2.2. Limitations for Two-ion Mapping

IPM is tremendously powerful and can even be done with
only two radially varying ions. When using only two ions, we
caution that the technique has three limitations. Ostensibly, the
most important quantity to be derived with this technique is the
escape fraction of LyC photons from an individual H ii region,
fesc, defined as

fesc = e−τLyC . (1)

IPM based on only two ions can provide only lower limits on
fesc because the observed morphology becomes degenerate at
high fesc. This can be seen in the bottom row of Figure 2 for
τLyC ! 1.0, which corresponds to fesc " 40%. In these cases,
background emission masks the very faint, lower-ionization
emission lines in fully ionized gas, and the ratio ceases to
directly track changes in the H ii region ionization structure. This
problem worsens as Teff increases, and it becomes more difficult
to identify the transition to neutral gas. However, only the hottest
ionizing stars in the local universe will have Teff ∼ 44,500 K,
and when three ions are available, the degeneracies are resolved.

There is also a degeneracy between optically thin nebulae
ionized by cool stars (Teff # 34,000 K) and optically thick
regions heated by hotter stars. The degeneracy exists where
cool stars do not emit much radiation above 35 eV to generate
O2+, and so these nebulae are entirely dominated by O+.
Again, IPM based on three ions, adding S2+ for example, can
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Figure 5. Spatial profiles of [O iii]/Hα and [S ii]/Hα across the center of the
optically thick object DEM S15 (a) and optically thin region N59 (b).

resolve the degeneracy (Figure 1). However, we stress that this
problem applies primarily to the lowest-luminosity objects, and
as we show below, their aggregate luminosity is insignificant
compared to the total amount of energy found to be escaping all
H ii regions.

Finally, we again caution that for a population of randomly
oriented blister H ii regions, it is likely that the orientation
of some objects will cause a projected ionization-parameter
gradient that appears optically thick on the limb, but is optically
thin in the line of sight. The most extreme example is of a half-
sphere, blister nebula viewed directly face-on: despite having
fesc = 0.5, the projected region is circular and will show an
ionization transition zone associated with the optically thick
half. However, as discussed in Section 2.1, the ionic ratios
of [S ii], [O iii], and Hα across the central region of these
nebulae should show a deficit in lower-ionization species that is
incompatible with optically thick models (Figure 5(b)). With
further constraints on the ionizing SED and a quantitative
evaluation of these ratios, we can still measure their optical
depth. Thus, there may be instances where optically thin H ii
regions are initially misidentified as optically thick, but these can
be identified by quantitative examination of spatially resolved
ionic ratios. If objects are misidentified, this again would favor
underestimates of τLyC.

Hence, the caveats identified above can be resolved by IPM
in three ions and quantitative evaluation of the entire nebular

projection. We note that these fairly manageable issues all
work to underestimate the optical depth of H ii regions. Thus,
IPM shows great promise as a powerful tool in studies of the
ISM. Emission-line ratio maps neutralize variations in surface
brightness, clearly revealing changes in ionization structure for
bright and faint regions alike. The power of the technique is that
it allows us to identify optically thin H ii regions by the absence
of the low-ionization envelope, which almost always indicates
that the nebula is density bounded.

3. IONIZATION-PARAMETER MAPPING
OF THE LMC AND SMC

We now apply our technique of IPM to the LMC and SMC,
which have been mapped with narrowband emission-line imag-
ing by the MCELS survey. This is a spatially complete, flux-
limited survey carried out at the Cerro Tololo Inter-American
Observatory (CTIO) with the University of Michigan’s Curtis
0.6/0.9 m Schmidt telescope. Over the course of five years,
the LMC and SMC were imaged in [S ii] λλ6717, 6731, [O iii]
λ5007, and Hα, with respective filter widths of 50, 40, and
30 Å. The Hα filter bandpass includes [N ii] λλ6548,6584 at a
reduced throughput. The final product, mosaics in both low- and
high-ionization line emission, and in the Hα recombination line,
traces the ionized ISM at both large and small scales. The pro-
cess of mosaicking the images resulted in a binned pixel scale
of 3.0 and 2.0 arcsec pixel−1 for the LMC and SMC, respec-
tively. These correspond to a spatial scale of 0.7 pc and 0.6 pc
for distances of 49 kpc (Macri et al. 2006) and 61 kpc (Hilditch
et al. 2005), respectively, with an effective resolution of ∼5
arcsec. The 1σ surface-brightness limit of each band is listed in
Table 1. These are the sensitivities per pixel, expressed as surface
brightness in erg s−1 cm−2 arcsec−2 and Hα emission measure
(EM) in pc cm−6. Such depth is important to form a complete
understanding of the WIM ionization, and the dependence of
fesc on star formation intensity and H ii region properties.

The MCELS survey includes continuum observations cen-
tered at 5130 Å and 6850 Å, with effective bandpasses of 155 Å
and 95 Å, respectively. These were used to produce a continuum-
subtracted mosaic of the SMC (Winkler et al. 2005). Based on
spectrophotometric observations of the SMC region NGC 346
by Tsamis et al. (2003), we estimate that the flux calibration
of the continuum-subtracted data has uncertainties on the order
of 20%. At present, the LMC data are not yet continuum sub-
tracted. To flux-calibrate the LMC data, we used spectropho-
tometric observations by Pellegrini et al. (2010), extracting
MCELS line fluxes along the length of slit position 5 in that
paper to determine the flux constants. We also compare against
the flux-calibrated, narrowband data obtained on the SOAR
telescope in a 30 arcsec circular aperture at the position α =
05:38:56.9, δ = −69:05:21.8 (J2000) (Pellegrini et al. 2010).
We find that the comparisons agree within approximately 20%,
which then correspond to the systematic uncertainty in our flux
calibration.

We generated line-ratio maps of [S ii]/[O iii] for both the
LMC and SMC using IRAF,4 with the LMC maps based on
non-continuum-subtracted emission-line images and the SMC
maps based on continuum-subtracted images. These ratio maps,
which probe the ionization parameter in the ionized gas, are
shown in Figures 6 and 7, respectively.

4 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy
(AURA) under cooperative agreement with the National Science Foundation.
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resolve the degeneracy (Figure 1). However, we stress that this
problem applies primarily to the lowest-luminosity objects, and
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compared to the total amount of energy found to be escaping all
H ii regions.
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fesc = 0.5, the projected region is circular and will show an
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half. However, as discussed in Section 2.1, the ionic ratios
of [S ii], [O iii], and Hα across the central region of these
nebulae should show a deficit in lower-ionization species that is
incompatible with optically thick models (Figure 5(b)). With
further constraints on the ionizing SED and a quantitative
evaluation of these ratios, we can still measure their optical
depth. Thus, there may be instances where optically thin H ii
regions are initially misidentified as optically thick, but these can
be identified by quantitative examination of spatially resolved
ionic ratios. If objects are misidentified, this again would favor
underestimates of τLyC.

Hence, the caveats identified above can be resolved by IPM
in three ions and quantitative evaluation of the entire nebular

projection. We note that these fairly manageable issues all
work to underestimate the optical depth of H ii regions. Thus,
IPM shows great promise as a powerful tool in studies of the
ISM. Emission-line ratio maps neutralize variations in surface
brightness, clearly revealing changes in ionization structure for
bright and faint regions alike. The power of the technique is that
it allows us to identify optically thin H ii regions by the absence
of the low-ionization envelope, which almost always indicates
that the nebula is density bounded.

3. IONIZATION-PARAMETER MAPPING
OF THE LMC AND SMC

We now apply our technique of IPM to the LMC and SMC,
which have been mapped with narrowband emission-line imag-
ing by the MCELS survey. This is a spatially complete, flux-
limited survey carried out at the Cerro Tololo Inter-American
Observatory (CTIO) with the University of Michigan’s Curtis
0.6/0.9 m Schmidt telescope. Over the course of five years,
the LMC and SMC were imaged in [S ii] λλ6717, 6731, [O iii]
λ5007, and Hα, with respective filter widths of 50, 40, and
30 Å. The Hα filter bandpass includes [N ii] λλ6548,6584 at a
reduced throughput. The final product, mosaics in both low- and
high-ionization line emission, and in the Hα recombination line,
traces the ionized ISM at both large and small scales. The pro-
cess of mosaicking the images resulted in a binned pixel scale
of 3.0 and 2.0 arcsec pixel−1 for the LMC and SMC, respec-
tively. These correspond to a spatial scale of 0.7 pc and 0.6 pc
for distances of 49 kpc (Macri et al. 2006) and 61 kpc (Hilditch
et al. 2005), respectively, with an effective resolution of ∼5
arcsec. The 1σ surface-brightness limit of each band is listed in
Table 1. These are the sensitivities per pixel, expressed as surface
brightness in erg s−1 cm−2 arcsec−2 and Hα emission measure
(EM) in pc cm−6. Such depth is important to form a complete
understanding of the WIM ionization, and the dependence of
fesc on star formation intensity and H ii region properties.

The MCELS survey includes continuum observations cen-
tered at 5130 Å and 6850 Å, with effective bandpasses of 155 Å
and 95 Å, respectively. These were used to produce a continuum-
subtracted mosaic of the SMC (Winkler et al. 2005). Based on
spectrophotometric observations of the SMC region NGC 346
by Tsamis et al. (2003), we estimate that the flux calibration
of the continuum-subtracted data has uncertainties on the order
of 20%. At present, the LMC data are not yet continuum sub-
tracted. To flux-calibrate the LMC data, we used spectropho-
tometric observations by Pellegrini et al. (2010), extracting
MCELS line fluxes along the length of slit position 5 in that
paper to determine the flux constants. We also compare against
the flux-calibrated, narrowband data obtained on the SOAR
telescope in a 30 arcsec circular aperture at the position α =
05:38:56.9, δ = −69:05:21.8 (J2000) (Pellegrini et al. 2010).
We find that the comparisons agree within approximately 20%,
which then correspond to the systematic uncertainty in our flux
calibration.

We generated line-ratio maps of [S ii]/[O iii] for both the
LMC and SMC using IRAF,4 with the LMC maps based on
non-continuum-subtracted emission-line images and the SMC
maps based on continuum-subtracted images. These ratio maps,
which probe the ionization parameter in the ionized gas, are
shown in Figures 6 and 7, respectively.

4 IRAF is distributed by the National Optical Astronomy Observatory, which
is operated by the Association of Universities for Research in Astronomy
(AURA) under cooperative agreement with the National Science Foundation.
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