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ABSTRACT

We report maps of the 158 um [C u] fine-structure line, the 63 um and 146 uym [O1] fine-structure lines,
the 2.2 um H 1 Bry line, the 2.1 um H, 1-0 $(1) ro-vibrational line, and the 2.6 mm CO (1-0) rotational line
toward the 30 Doradus complex in the Large Magellanic Cloud.

Comparing our Bry map with Hx and Hf measurements, we find that visual to near-infrared extinction and
reddening follow the standard dust extinction law and that the Bry extinction is small, which allows for a
reliable determination of the Lyman-continuum intensity. The Lyman continuum as derived from the Bry
emission and the far-UV derived from the far-infrared continuum match the average spectrum of the exciting
stars in the 30 Doradus cluster. The observed H, line intensity may be produced in dense clumps exposed to
the stellar radiation fields.

The maps of all tracers emphasize a shell-like structure of the 30 Doradus region, which is seen approx-
imately edge-on. The warm molecular gas traced by the H, line and the ionized gas traced by the Bry line are
intermixed, while the cold molecular gas as traced by CO (1-0) and the photodissociated gas as traced by
[C u] are coextensive over tens of parsecs. This distribution can be explained only by a highly fragmented
structure of the interstellar medium that allows UV radiation to penetrate deep into the molecular cloud.
Clumpiness is also the key to understanding the extremely high [C 1]/CO line intensity ratio. Depending on
cloud geometry and physical conditions, the relative beam-filling factors of the partly atomic, partly molecular
photodissociated gas as seen in the FIR tracers, and of the purely molecular gas traced by CO, can differ
substantially in a clumpy, low-metallicity environment. This effect also leads to a greatly increased H,/CO
conversion factor because a major part of the H, molecular gas may be contained in the photodissociation

region where CO has been destroyed.

Subject headings: dust, extinction — infrared: ISM: lines and bands — ISM: clouds —
ISM: individual (30 Doradus) — ISM: structure — Magellanic Clouds

1. INTRODUCTION

The Magellanic Clouds are the nearest external galaxies,
and, therefore, they provide a unique opportunity to study
irregular galaxies in much greater detail than other, more
distant dwarf galaxies. The Large Magellanic Cloud (LMC), in
particular, has all the ingredients that make irregular galaxies
such interesting objects: it has a substantially lower metallicity
than “normal ” galaxies, and its low CO (1-0) brightness seems
to indicate a low content of molecular gas. Yet it hosts the
most luminous and massive star-forming region in the Local
Group: 30 Doradus (Kennicutt 1984). If the LMC truly has a
deficiency of molecular gas, then the ratio of star formation
rate to molecular gas, or the star-forming efficiency, seems
high. If, on the other hand, the low CO luminosity is a result of
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the decrease in metallicity, then the total H, molecular mass
could be underestimated by the CO emission. In this case, the
star-forming efficiency in irregular galaxies might not be
extraordinary relative to normal metallicity galaxies.

The utility of CO as a reliable tracer of molecular mass in
low-metallicity molecular clouds is questioned both theoreti-
cally and observationally. Theoretical models, however, do not
give a unique answer. Depending on the particular assump-
tions, the effect of low metallicity on the CO-to-H, conversion
factor, X, can be weak (Dickman, Snell, & Schloerb 1986;
Wolfire, Hollenbach, & Tielens 1993) or very substantial
(Maloney & Black 1988). Observational evidence for a variable
CO-to-H, conversion factor comes from estimates of virial
masses using CO (1-0) observations. For the LMC, Cohen et
al. (1988) and Johansson et al. (1990) find virial masses that are
~6 times higher than the masses derived from the CO lumi-
nosity based on the canonical conversion factor,
X =23 x 10*°°cm~%/K km s~ ! (Strong et al. 1988).
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To answer these questions we undertook a multiwavelength
study of the 30 Doradus region to obtain more complete infor-
mation on both the UV radiation field and the physical condi-
tions of the different phases of the ISM, particularly on
the photodissociation regions (photon-dominated regions
[PDRs]), the transition zones between fully ionized and purely
molecular gas. PDRs have been investigated in detail both in
Galactic sources and in external galaxies (e.g., Tielens & Hol-
lenbach 1985a, b; Genzel et al. 1985; Haas, Hollenbach, &
Erickson 1986, Stutzki et al. 1988; Boreiko, Betz, & Zmuid-
zinas 1990; Burton, Hollenbach, & Tielens 1990; Stacey et al.
1991a; Howe et al. 1991; Meixner et al. 1992; Madden et al.
1993; Zhou et al. 1993). Previous observations of the 158 um
[C 1] line toward single positions in the LMC (Stacey et al.
1991a; Boreiko & Betz 1991) or at multiple positions but low
angular resolution (Mochizuki et al. 1994) have indicated that
these PDRs could make up a much larger fraction of the ISM
than in galaxies with metallicities similar to that of our own
Galaxy. This is an effect of the lower metallicity and, conse-
quently, reduced UV extinction by dust which allows the UV
light to penetrate deeper into the molecular clouds. Depending
on the exact physical conditions, these PDRs could constitute
a major repository for molecular hydrogen (Maloney & Black
1988; Poglitsch et al. 1992; Madden et al. 1995). We address
the PDR conditions by analyzing maps of the 158 um [C 1],
the 63 um and 146 um [O 1], and the CO (1 — 0) lines.

From the observer’s point of view, 30 Doradus is a very
favorable case to study since at a distance of ~50 kpc
(Westerlund 1990) it is still close enough to allow a detailed,
spatially resolved investigation even in the far-infrared. For
example, our beam size of 22” at 63 um corresponds to a linear
scale of 5.3 pc. Additionally, the visual extinction is low
(Caplan & Deharveng 1986) so that measurements at wave-
lengths longward of 2 um can be expected to be almost free of
extinction, independent of the adopted dust extinction law.
Also, the ionizing stellar cluster contained within 30 Doradus
has been studied, including the central cluster R136 (cf.
Walborn 1991 and references therein; Campbell et al. 1992; De
Marchi et al. 1993), which gives a good handle on the UV
radiation field. We probe the H 11 region and the hot, molecu-
lar gas with observations of the 2.2 um H 1 Bry and the 2.1 um
H, 1-0 S(1) lines, respectively.

2. OBSERVATIONS

Observations of the 2P5,, — 2P,,, [C 1] 157.7409 um line,
the 3P, — 3P, [O 1] 145.5255 um line and the 3P, - 3P, [O 1]
63.1837 um line were carried out on three flight series with the
Kuiper Airborne Observatory (KAO) from Christchurch, New
Zealand, in 1991 March and April, in 1992 March and April,
and 1993 March. The lines were observed with the MPE/UCB
Far-infrared Imaging Fabry-Perot Interferometer (FIFI). Full
descriptions of the instrument are given in Poglitsch et al.
(1991) and Stacey et al. (1992).

In the long-wavelength setup (for the 146 ym and 158 uym
transitions) the spatial response function of each pixel of our
5 x 5 detector array approximates a circular Gaussian of
FWHM 55" (68" equivalent disk with a corresponding beam
solid angle of 8.3 x 1078 sr). The geometrical pixel size is
40" x 40", referred to the sky. In the short-wavelength setup
(63 um) the beam size is approximately 22" FWHM with a
corresponding beam solid angle of 1.3 x 10~® sr. The geo-
metrical pixel size is 20” x 20”. An optical image rotator in the
spectrometer compensates for sky rotation. To subtract the

Vol. 454

thermal background the telescope’s secondary mirror was
chopped 6’ for the 146 um [O 1] observations and between 6.5
and 9’ for the [C n] observations, both in the east-west direc-
tion at 23 Hz. For the 63 um [O 1] observations the chopper
throw was 8’ in the southeast-northwest direction. The tele-
scope was nodded to compensate for differential offsets
between object beam and reference beam. Flat-fielding was
done with internal hot and cold blackbody loads of known
temperatures. For absolute intensity calibration at 158 um we
observed the Orion-KL continuum of 40,000 Jy within our
beam (Jaffe et al. 1984). The 146 um measurements were cali-
brated using Jupiter which was assumed to emit at the time of
the observations like a 132 K blackbody (Hildebrand et al.
1985) of size 42"7. At 63 um we calibrated with Jupiter which
had a diameter of 42”2 and a brightness temperature of 128 K
(Hildebrand et al. 1985) and with Mars which had a diameter
of 876 and an assumed brightness temperature of 220 K
(Wright & Odenwald 1980). We estimate the absolute line
intensities to be accurate within 4+ 30%.

The [C ] data were taken at 11 different, partly overlap-
ping, partly interleaving array positions, resulting ina 7’ x 7’
mapped area around R136, most of which was fully sampled
(one-half beam spacing). The observations required 60 minutes
of integration time on the source. Wherever several measure-
ments were available, individual values were weighted by noise
and averaged. Absolute positions are accurate to within ~ 15”.
The spectral resolution was 75 km s~ (FWHM). For spectral
calibration the H,S line at 157.7726 um (Flaud, Camy-Peyret,
& Johns 1983) was used. The error in the derived velocity scale
is estimated to be +8 km s~ . For the position centered on
R136 (R.A. = 5"39™m03%2, decl. —69°07'37”; [1950]), data were
taken by scanning a range of 285 km s~ ! centered at 250 km
s~ vy . The two peak positions of [C 1] emission are con-
tained within this frame of 5 x 5 pixels. There were no indica-
tions of any broad wings in the spectra, and since the
contribution from the FIR continuum into the detected band-
width is also only ~ 5% of the line intensity, all other positions
were observed by fixing the Fabry-Perot at the center velocity.

Two frames centered at the peak [C 1] positions, (+40”,
+100”) and (—60", —20") from R136, were taken in the 146
um [O 1] line. For wavelength calibration the H,S line at
145.4049 um (Flaud et al. 1983) was used. Because the line
intensity was expected to be much weaker than for the [C 1]
line, the continuum could not be neglected, and data were
taken by scanning a range of 340 km s~ ! centered at vy g =
250 km s~ !, with a 70 km s~ ! resolution (FWHM). The total
integration time was 50 minutes.

The 63 um data were taken toward five different positions
around the northeast [C 1] peak position (440", —100”), with
respect to R136. One frame was recorded by scanning a range
of 250 km s ! centered at vy g = 250 km s, witha 65km s ™!
resolution (FWHM). The continuum contribution within the
detected bandwidth was weak enough compared to the line
emission to allow for the more efficient fixed-wavelength
mode; the complete map was therefore taken in this way. We
mapped an area of 3’ x 3'. The central 1’ x 1’ was sampled at
0.7 beam spacing and the rest of the map with full beam
spacing. The total integration time was 75 minutes.

The CO (1 — 0) observations were carried out at the SEST
telescope in 1987 February. A rectangular grid (11’ x 14’) with
1" spacing was covered. The data were taken in the frequency-
switching mode using a high-resolution acousto-optical
spectrometer with a channel separation of 43 kHz. At 115 GHz
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the beamwidth and the main beam efficiency were 45” and 0.67,
i respectively. Pointing offsets were ~ 3”5 in each coordinate.

The 2.1655 um H 1 Bry line and the 2.1212 ym H, 1-0 S(1)
ro-vibrational line were observed from the 2.2 m ESO-MPIA
telescope at La Silla with our imaging NIR-spectrometer
FAST on its commissioning run in 1990 January. The instru-
ment is described in detail in Krabbe et al. (1993). The spectro-
meter employs a 62 x 58 pixel InSb direct read-out array from
Santa Barbara Research Corporation (SBRC). The focal plane
scale is 0”8 pixel "!. The seeing was 1”. For wavelength cali-
bration of the Fabry-Perot interferometer we used the strong
H, and Bry emission of the BN/KL and 6 Ori region in Orion.
We observed the Bry line toward 27 positions in an area of
approximately 3’ x 3’ around R136. The total integration time
on the line was 400 s per position. Three frames were taken in
the H, line, covering an area of 40” x 120" northwest of R136
with the same integration time per position as for Bry.

The Bry and H, data reduction was carried out with the
MIDAS package (release JANSS). Standard procedures were
used for the removal of hot and cold pixels and cosmic-ray hits,
dark-current subtraction, and flat-fielding. Individual expo-
sures were aligned by requiring their peak positions to coin-
cide. Finally, continuum images constructed from off-line
images taken on either side of the line were removed from the
on-line frames, yielding pure line images. This subtraction also
effectively removed any atmospheric foreground emission. As
the atmosphere is sufficiently flat around the Bry line it was
unnecessary to divide the single images by a standard star
spectrum.

3. RESULTS

3.1. Bry

The Bry map is shown in Figure 1 (Plates 16-17) together
with an Ha image of the 30 Dor region (Czyzak & Aller 1977).
The Bry emission forms a shell-like structure around the ion-
izing stellar cluster with R136 at its center. The excellent
spatial correlation between the two recombination lines
already indicates that there is no unusual extinction or in-
source obscuration which would likely affect the Ha line more
than the Bry line.

The peak integrated line intensity in Bryis 7 x 10 *ergss™
cm™2 sr™!, and the total flux from the mapped area is
4 x 107 ergs s™! cm™'. At an assumed distance of 50 kpc
(Westerlund 1990 and references therein), this corresponds to a
luminosity of 3 x 10% L in the Bry line.

Assuming case B recombination in a “standard ” H 11 region
(densities n, = n,; = 10* cm™3; T, = 10* K) and for negligible
2.2 um extinction we can derive the (minimum) production rate
of Lyman continuum (Lyc) photons required to ionize the
mapped region (see, e.g., Osterbrock 1989):

1

L
NLyc=%sz—;zx3x1047s_l, (1)

where Lg,, is the Bry line luminosity and f < 1 is the fraction of
Lyc photons that are photoelectrically absorbed. The lower
limit on the Lyc photon rate required to produce the observed
Bry luminosity is then estimated to be 1 x 105! s~ ! by
assuming f = 1. This number may be compared with the result
of ~4.5 x 10°! s~ Lyc photons from a spectroscopic analysis
of the stars in the 30 Dor cluster over a region of ~ 3’ diameter
(Walborn 1991). With an average Lyc photon energy 23.5 eV
(see § 4.3) the Bry line intensity, Ig,,, can be translated into a
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Lyc intensity, Iy ,.:
1 I 1
I =—x—-By o
e =7 X35x107* A’ @

where the factor 1/A accounts for limb-brightening. Averaged
over a 15" x 15" region around the peak position north of
R136 we observe a Bry intensity of 3.5 x 10™* ergs s™* cm ™2
sr ! from which we derive a Lyc intensity of ~1 ergss™'cm ™2

) S

32. CO (1 - 0)

The map of the integrated CO (1 — 0) line intensity, | T%dv,
is shown in Figure 2 (Plate 18) superposed on the Bry image.
Most of the CO emission is concentrated between v gz = 240
km s~ ! and v,z = 260 km s~ *. Taking into account the differ-
ent angular resolutions, the CO and Bry maps show similar
shell-like structures, with one peak to the northeast and a
second to the southwest of R136. These peaks, while being
close to the brightest regions in the Bry map, are consistently
offset toward larger radial distances from R136. The
CO (1 — 0) line is commonly used as a tracer of (cold) molecu-
lar gas in both Galactic and extragalactic sources (see, e.g.,
Blitz 1987 and references therein; Young & Scoville 1982;
Sanders, Scoville, & Solomon 1985; Bloemen 1989 and refer-
ences therein). The conversion factor, X = Ny,/I¢o, however,
may depend on the detailed physical parameters and on the
metallicity of the ISM and is a subject of discussion (Israel
1988; Maloney & Black 1988; Wolfire et al. 1993). Cohen et al.
(1988) have done a large-scale CO (1 — 0) survey of the LMC.
They find that the CO luminosity, Lo, as a function of velocity
spread, Av, is similar to that found in the Galaxy, yet a factor of
about 6 lower. Using the virial argument one can then
conclude—given similar physical conditions otherwise—that
the H,/CO conversion factor is therefore 6 times higher than
the Galactic value of X = 2.3 x 102° cm~?/K km s~ ! (Strong
et al. 1988). This translates into a conversion factor X yc = 1.4
x 102! cm~2?/K km s~ ! for the LMC. With this conversion
factor we derive H, column densities N(H,) = 1.2 x 10?2
cm~2 toward the northeast peak and N(H,) = 0.8 x 10?2
cm~ 2 toward the southwest peak. The total molecular mass
within the mapped areais 9 x 10* M.

33. H,

Our map of the 2.12 um H, line is shown in Figure 3 (Plate
19) overlaid on the Bry image of the 30 Dor region. The H,
emission appears highly fragmented. The apparent coexistence
of ionized and molecular gas as well as the fragmented mor-
phology suggests a clump or filamentary structure of the inter-
stellar medium. A representative value for the H, line intensity
from these clumps is Iy, =7.5 x 107'®* W m~? arcsec™?
=16 x 10"*ergss *cm 2sr7 L

Interstellar vibrational H, emission can be produced by
many processes (Sternberg 1993) including collisional excita-
tion in gas heated dynamically in shock waves (Draine,
Roberge, & Dalgarno 1983) or radiatively in PDRs (Sternberg
& Dalgarno 1989; Burton, Hollenbach, & Tielens 1990) or in
clouds exposed to X-rays (Draine & Woods 1990). H, emission
may also be produced by nonthermal processes including
molecular formation on grain surfaces or by gas-phase reac-
tions (Black, Porter, & Dalgarno 1981; Hollenbach & McKee
1989), collisional excitation by nonthermal electrons (Gredel &
Dalgarno 1995), and the molecular absorption of ultraviolet
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F1G. 1.—The 30 Doradus H 11 region in the light of hydrogen recombination lines. (a) Bry integrated line intensity image of 30 Doradus; the position of R136 is
indicated by the cross. The peak integrated line intensity is 7 x 10~ *ergss™' cm™? sr~ . (b) Ha image of 30 Doradus (Czyzak & Aller 1977).

POGLITSCH et al. (see 454, 295)
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POGLITSCH et al. (see 454, 295)
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FI1G. 2—Contour map of the CO (1-0) integrated line intensity toward 30 Doradus, superposed on the Bry image. The contour interval is 1 K km s~!. For
conversion to main beam intensity, the map has to be divided by the main beam efficiency (0.67), i.e., the contour interval is 1.5 K km s~ !. The cross indicates the
position of R136.

POGLITSCH et al. (see 454, 295)
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F1G. 3—Contour map of the H, 1-0 S(1) integrated line intensity toward 30 Doradus, superposed on the Bry image. The contour levels are 0.3 x 1074,
1.1 x 1074,and 2.3 x 10~ *ergss~! cm™2sr~!. The cross indicates the position of R136.

POGLITSCH et al. (see 454, 295)
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photons (Black & van Dishoeck 1987; Sternberg 1988; Gold-
shmidt & Sternberg 1995).

The origin of the H, emission in 30 Dor is uncertain.
However, if most of the H, emission is collisionally excited in
dense, thermally emitting gas, the observed intensity Iy, = 1.6
x 10~ *ergss ! cm ™2 sr~ ! implies hot H, column densities of
7 x 10'® cm™2 to 5 x 10'7 cm~2 for temperatures ranging
from 1000 K to 2000 K. These values correspond to hot molec-
ular masses of 0.3 M to 4 M within our mapped area. Given
the total molecular mass of 9 x 10* M, inferred from the CO
(1 > 0) measurements we find that 3.3 x 107° to 4.4 x 1075 of
the H, in the 30 Dor region is present in “hot ” clouds. Similar
fractions of hot molecular gas have been estimated to be
present in active galactic nuclei and in the Galactic center
(Rotaciuc et al. 1991; Genzel, Hollenbach, & Townes 1994).
The FUYV field in 30 Dor is ~ 3500y, as inferred from the FIR
continuum (Werner et al. 1978). The computations of Stern-
berg & Dalgarno (1989) show that in hot PDRs exposed to
FUYV fields ~3 x 103y, the resulting H, 1-0 S(1) line intensity
reaches a limiting value ~1 x 107 % ergs s™* cm ™2 sr™! for
clouds with hydrogen densities equal to about 10° cm 3. Thus,
much of the observed H, emission may be produced in dense
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(~10% cm~3) molecular clumps exposed to the stellar radi-
ation fields.

34. [Cu]

The map of the integrated [C 1] line intensity is shown in
Figure 4 superposed on our CO (1 — 0) map. There is a very
strong spatial correlation between the two maps: both CO and
[C u] peaks are perfectly aligned with each other, and the
ratios of the southwest peak to the northeast peak integrated
line intensities are almost identical (60% for [C 1] and 66% for
CO). We find a maximum line intensity of 1 x 1073 ergs s *
cm ™2 sr~! toward the northeast peak; the total luminosity of
the [C n] line within the mapped area is 6.5 x 10* Ly or
0.12% of the total far-infrared luminosity. Both maps also
show a protrusion toward the northwest.

The [C 1] emission could arise from three components of
the ISM: the extended low-density warm ionized medium
(ELDWIM), the atomic cold neutral medium (CNM), and the
warm PDR layers of dense molecular clouds exposed to strong
UV fields. The first two components may dominate the large-
scale distribution of [C 11] radiation in the Galaxy and other
spirals (Heiles 1994; Madden et al. 1993). The third component
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FiG. 4—Contour map of the [C 1] 158 um integrated line intensity (black lines) superposed on the CO (1-0) map (white lines). The contour interval is 10™* ergs

s—l

cm ™2 st~ 1. The hatched circle indicates the [C 1] beam size. The cross marks the position of R136.
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produces bright [C n] emission but generally has a much
smaller filling factor than the diffuse components. The high line
intensity and the close correlation with the molecular gas
suggest that the [C 11] emission observed in 30 Dor arise pre-
dominantly from PDRs. The [C 1] emission from PDRs can
be expected to be optically thin (Stacey et al. 1991b). In this
case the integrated line intensity, I;c,y, is proportional to the
hydrogen column density, Ny, contained in the PDR
(Crawford et al. 1985):

I[CII] -
—=71x10"25

Yem™2 sr
y 2 exp (—91.3 K/T)
1+ 2exp (—91.3 K/T) + (np1/n)

X(CY . Ny
8 X6u(C) "om™2’ ®)

where X(C*) is the gas phase abundance of C™* relative to
hydrogen and X,/(C) is the Galactic carbon gas phase abun-
dance taken to be 3 x 1074, ®@, is the area filling factor of the
source within the beam and n_,,, is the critical density for colli-
sions with hydrogen. The minimum column density required
to explain the observed intensity is obtained in the limit of high
temperatures (T > 91.3 K) and high densities (n > n,,;,) for a
beam filling factor of 1:
+
N—H(—CT) =21 x 10%*
cm

ergs s~

Ticny Xal(€)
ergss 'em 2sr7! X(CY)

If we assume that all the gas phase carbon is in the form of C*
and that the carbon abundance in the LMC is a factor of 3.6
smaller than in the Galaxy (Dufour 1984) we derive a
minimum column density of hydrogen nuclei Ny = 7.5 x 10%!
cm ™2, more than half the column density of the H, molecular
gas derived above from CO (1 —0). Integrated over the
mapped area we find a minimum hydrogen mass of 3.7
x 10* M, contained in PDRs. Unless the Ny,/Ico conversion
factor that we have used greatly underestimates the amount of
hydrogen, we can conclude that the PDR contains most of the
interstellar gas. The apparent coexistence of molecular and
photodissociated gas over distances ~ 30 pc suggests a deep
penetration of the UV radiation into the molecular cloud, indi-
cating that the ISM must be highly clumped (cf. Stutzki et al.
1988 ; Meixner et al. 1992).

3.5. [O 1] 146 um

Figure 5 shows the emission spectrum of the [O 1] 146 um
line toward the northeast peak in the [C 1] and CO (1 — 0)
emission. The total scan width is 250 km s~ !, with a spectral
resolution of 62 km s ~! (FWHM). This is substantially greater
than the line width expected from the CO (1 — 0) observation,
and the observed line shape is therefore dominated by the
instrumental profile. In order to determine the line intensity
and the continuum level, we fitted the observed spectrum with
a model line whose shape was obtained by convolving the
instrument response with a representative CO line profile plus
a (flat) baseline. The result of this fit is also shown in Figure 5.
The continuum level agrees well with the results of Werner et
al. (1978). The derived integrated intensity in the [O 1] line is
84 106 x 107 % ergs s™! cm~2 sr~ . The quoted error is the
statistical uncertainty of the fit and does not include systematic
errors, e.g., from the calibration procedure. The intensity drops
off too rapidly with distance from the peak to allow mapping.

@
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FiG. 5—Spectrum of the [O 1] 146 um line toward the northeast peak in
the [C 1] and CO (1-0) emission. The instrumental resolution is 70 km s~ !
(FWHM). The thin, solid line represents the fitted model spectrum; the broken
line shows the continuum level.

3.6. [O 1] 63 um

The map of the [O 1] 63 um integrated line intensity is
shown in Figure 6 superposed on the [C 1] map. The spatial
resolution varies over the map. The beam size in the inner
square centered on the northeast [C ] peak is 21” as defined
by the combination of telescope and spectrometer; in the outer
parts of the map we convolved the data to a 40” beam size. This
procedure was necessary in order to obtain a uniform noise
level over the full map because the effective integration time,
including overlap, was about a factor of 6 greater in the central
square than for the rest of the map. We find a peak integrated
line intensity of 6.1 + 0.8 x 10™* ergs s™! cm~2 sr™ .. The
quoted error, again, is the statistical error. The line to contin-
uum ratio at 63 um can be estimated from the map of Werner
et al. (1978). They find a peak flux density of 550 Jy in a 1’
beam, which corresponds to 1.1 x 10 % ergss ' cm~2sr !in
our detection bandwidth. Averaged over a 1’ beam we find an
integrated line intensity of 4.9 x 10 *ergss™ ! cm ™2 sr~ L. The
continuum contamination is therefore <25% of the line inten-
sity, which is within the systematic error of our calibration.
Besides the main peak we find emission extended along the
northeast/southwest direction and a tongue of emission
toward the northwest that appears to be the beginning of the
protrusion seen in the CO (1 — 0) and [C 1] maps.

4. COMPARISON OF DIFFERENT TRACERS AND
PHYSICAL PARAMETERS

4.1. Source Morphology

The maps of the different tracers emphasize the shell-like
structure of the 30 Dor region and an approximately edge-on
perspective. The tracers of the ionized gas (Ha, Bry) peak at the
smallest projected radii from the central source R136. The FIR
continuum, which traces the FUV at wavelengths longward of
the Lyc, peaks at slightly greater radii (Fig. 9). The other
tracers that are excited by the FUV ([C 11], [O 1]), show an
interesting peculiarity: the peaks in the [C 11] emission and the
63 um [O 1] emission show a small, but significant offset of
~20" (Fig. 6). While the 63 um [O 1] line is perfectly correlated
with the FIR peak, the [C 11] emission peaks at a somewhat
larger radius, possibly reflecting a gradient in the FUV field
and in the gas temperature. The thermal dust emission in the
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FiG. 6—Contour map of the [O 1] 63 um integrated line intensity (white lines) superposed on the [C u] map (black lines). The contour interval is 1.5 x 10~* ergs

s~ 1

beam size in the central square.

FIR is a linear function of the FUV intensity, whereas the
[C ] line intensity saturates at higher FUV intensities
(Wolfire, Hollenbach, & Tielens 1989). The [C 1] peak will
therefore represent mainly a peak in column density of photo-
dissociated gas. This conclusion is also supported by the
perfect correlation of the [C 1] map with the CO (1 — 0) map,
which also traces the column density of molecular gas through
the Ny,/Ico conversion. The fact that the molecular and the
photodissociated gas appear coextensive over tens of parsecs
may be an indicator of a highly clumped state of the ISM,
which leads to a much greater apparent UV penetration depth
than in a homogeneous medium (Stutzki et al. 1988). The 63
um [O 1] line, on the other hand, requires a greater gas tem-
perature than the [C 1] line, and it is expected to be optically
thick at typical PDR column densities. High temperatures will
therefore enhance the [O 1] intensity more than high column
densities. This could explain why the [O 1] line peaks closer to
the source of excitation.

Both the [C 1] and the CO emission extend out to substan-
tially greater radii than the tracers of the H 11 region, indicating
the presence of a large amount of gaseous material which is not
ionized. On the other hand, the valley between the northeast
and the southwest peaks seems to indicate a lack of material

cm™2 st~ 1. The hatched area (outer circle) indicates the convolved beam size in the outer parts of the [O 1] map: the cross-hatched area (inner circle) indicates the

rather than a lack of ionization; in fact, this gap could also
allow the UV photons to reach the protrusion toward the
north seen in all tracers. Czyzak & Aller (1977) came to the
conclusion that, at least in first-order approximation, the struc-
ture of the 30 Dor H 1 region is density bounded rather than
ionization bounded. Our observations indicate that both
situations—ionization bounded (toward the northeast and
southwest molecular regions) and density bounded (in the
valley)—determine the apparent structure of the H 11 region.

4.2. Bry/He/HB

As becomes apparent from Figure 1, our Bry and the Ha
image by Czyzak & Aller (1977) show qualitatively the same
morphology, indicating no substantial in-source obscuration.
In a more quantitative approach we compare our Bry data
with the Ha and Hf photometry results of Caplan & Dehar-
veng (1985) and their analysis in terms of reddening and extinc-
tion (Caplan & Deharveng 1986). They performed photometric
measurements of the 30 Dor region in the Ho and Hp lines
using a mask of 49 diameter projected on the sky. Figure 7
shows the outline of our Bry map and the area enclosed by
their measurements. They find an Ha line flux of 4.0 x 10™°
ergs s~! cm™? and a ratio Ho/HpB = 4.57. They derive extinc-
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F1G. 7.—Areas covered by photometric measurements in different hydro-
gen recombination lines. The solid line marks the area mapped in the Bry line;
the dashed line shows the size and position, projected on the sky, of the mask
used by Caplan & Deharveng (1985) for the Ha and Hf measurements. The
dotted contours outline the brightest filaments on the Ha image of Czyzak &
Aller (1977). The cross indicates the position of R136.
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tions A; = 2.1 and A, = 1.6 by referring their Ha and Hp
intensities to the 6 cm (thermal) radio continuum measured in
the same area. These values are higher than expected from the
color excess E;_, = Ag — A, = 0.51 for the case of absorption
by a uniform interstellar medium. With the interstellar extinc-
tion curve of Savage & Mathis (1979) which also holds for the
LMC in the visible and IR (Clayton & Martin 1985; Koorn-
neef 1982; Morgan & Nandy 1982), one derives an Ha extinc-
tion A, = 1.14. Caplan & Deharveng discuss the higher
extinction they derive in terms of several models such as a
clumped ISM or a scattering slab close to the source.

We now want to investigate how our Bry observations fit
into this picture. Of course, the Hx and Hf measurements only
provide quantities averaged over the mask area. In order to
derive a color excess E,_, = A, — A, it is necessary to estimate
the He flux from within the area covered by our Bry map. The
size of the Bry map is 44% of the Ha and Hf masks. On the
other hand, our map includes the brightest filaments, and
therefore it is very likely that at least 40% but probably not
more than 65% of the observed Ha flux arises from within that
area. Within these limits, we derive a color excess E,_, =
A, — A, = 0.59-1.02. For comparison with extinction models
we show E;_, as a function of E,_, in Figure 8. The solid line
corresponds to “normal” reddening by a homogeneous dust
medium according to the dust model of Draine & Lee (1984)
which we used as a representation of extinction measurements
in the visible and the near-infrared. The more elaborate models
mentioned above all fall in the shaded area below that line. The
combination of Ha, HB, and Bry measurements is obviously
better represented by the “normal ” reddening law. In this case
we get a Bry extinction 4, ~ 0.1 corresponding to a correction
factor of ~ 1.1 for the Bry intensity and hence for the derived
Lyc luminosity. The question remains then why both the Bry
and the Balmer lines appear too weak compared to the radio
continuum (cf. Caplan & Deharveng 1986). A possible reason
for the discrepancy could be a nonthermal contribution to the
observed radio continuum; there are, indeed, indications of an
extended, nonthermal radio source in the core of 30 Dor (Ye,
Turtle, & Kennicutt 1991). So, if a significant fraction (~35%)
of the presumably thermal 6 cm radio continuum is of non-

FiG. 8.—Color excess E;_, vs. E,_,. The solid line represents the ratio that
is expected for a homogeneous dust medium “normal ” extinction (Savage &
Mathis 1979; Draine & Lee 1984). The shaded area indicates the range covered
by more complex models with additional free parameters for, e.g., in-source
absorption, scattering, or clumped dust. The bar marks the range of values that
are compatible with the observations.

thermal origin, there is no need to postulate enhanced extinc-
tion for the hydrogen recombination lines.

4.3. Bry/FIR Continuum

Interstellar dust is the main absorption medium for the far-
ultraviolet continuum (FUV; hv = 613 eV) and visible light
emerges from H 1 regions. The absorbed energy is reradiated
in the far-infrared (FIR); in dust enveloped H 1 regions the
FIR continuum is therefore a direct measure for the FUV
radiation field (Tielens & Hollenbach 1985a). Lyc radiation is
only a minor heating source for the bulk of the dust because of
its strong absorption by hydrogen and helium.

The morphology of the 30 Dor region is a nice example of
this general picture. In Figure 9 (Plate 20) we compare the Bry
image with the FIR continuum map of Werner et al. (1978).
The two peaks in the FIR continuum, tracing the FUV, are
closely connected with bright Bry emission regions which trace
the Lyc but which are also slightly radially offset. This is con-
sistent with excitation by the central 30 Dor ionizing cluster.

From the census of the stars comprising the 30 Dor cluster
(Walborn 1991) we estimate that we can use the spectral dis-
tribution of an O5.5 star as typical for the radiation field. In
this case 54% of the total stellar luminosity is emitted as Lyc,
with an average photon energy of 23.5 eV, with the rest mainly
as FUV radiation (Panagia 1973). From the Bry intensity aver-
aged over the FIR beam, Ip,, = 3.5 x 1074 ergs s “tem?
st~ !, we derive a Lyc intensity I;,, = 1.0 ergs s tem™2sr 1.
For an OS5.5 spectral distribution the corresponding FUV
intensity emerging from the H 1 region is then 0.85 ergs s !
cm ™~ 2 sr™1 or 4300y,, where x, is the local Galactic interstellar
UV field. The distance from R136 to the main FIR peak, rgpy, is
~1.1-1.2rg,,, where ry,, is the distance from R136 to the
brightest Bry filament. Thus the FUV flux at the FIR peak, as
determined by purely geometrical dilution, corresponds to an
equivalent isotropic intensity of Iryy = 3100-3600y,. This
number agrees with the integrated FIR continuum of Werner
et al. (1978), who find Iryy = 3500%,. This further supports the
lower value for the Bry extinction that we derived from Ha,
Hp, and Bry as compared to the higher value that would follow
from the analysis by Caplan & Deharveng (1986).
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FiG. 9—Contour map of the integrated FIR continuum (Werner et al. 1978) superposed on the Bry image of 30 Doradus. The contour interval is 1.44 x 10~}
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44. [C u]/[O 1]/CO/FIR Continuum

The most complete data set in the FIR tracers is available
toward the northeast peak in the [C 11] and CO emission; this
position will therefore be analyzed in more detail. We will use
several approaches to derive the physical parameters and to
test the utility of PDR models for a low-metallicity ISM.

4.4.1. FIR Line Emission from a Single Homogeneous Layer

Assuming that the [C 1] line and both [O 1] lines arise from
the same component of the ISM, one can use the relative and
absolute intensities of these lines to derive a representative
temperature, T, hydrogen density, ny, and column density, N,
of the emitting gas. The advantage of this method is that it does
not imply any specific model for the heating, cooling, and
chemistry in the ISM. The underlying assumption of uniform
physical conditions over the emitting region, however, could
be a substantial simplification of the real situation. In fact, if
the temperature is allowed to vary through the layer, then the
three transitions can have very different emitting columns. We
used an LVG approximation, escape probability radiative

2000 r
[01]63 um '-..\ [01]146 um [CII]158 pm
1000 |- =\
N
500 |- RN
N
3 .\
= 200 |
- \
L
100 Nc+= 10'8 cm™
N, =2x10'® cm™
50 |
1 | 1 1
100 300 1000 3000 10000 30000
n [cm‘3]
FiG. 10a
2000
Ng+= 10" em™
1000 N, =2x10'9cm™
500
< 200
'...
100 e~ — _ [00146 ym
50 [CHJ158 um  [01)63 um
1 1 1 1
100 300 1000 3000 10000 30000
n [cm‘3]
FiG. 10c

Vol. 454

transfer code to simultaneously model the three lines and
assumed an abundance ratio of oxygen to carbon of X /X =
2; more details are given in Appendix A.

Figure 10a-10c show solutions for each observed line inten-
sity (Iiem=1x 1072 ergs s™" em™3 st™*; I ;o 146 ym = 845
x 1072 ergss™ ecm ™2 st ! Lo 63 ,um = 49 x 107 % ergs s !
cm™ 2 sr™ 1) as a function of ny and T for three different values
of N. The trajectories for the two oxygen lines happen to coin-
cide, within the experimental uncertainty, over a large range of
column densities. This is expected if the gas density is less than
the critical density of either transition (n < few x 10* cm™3)
and both lines are optically thin. Therefore, while supporting
each other, the [O 1] trajectories do not, together with the
[C 1] trajectory, define a unique solution for ny, T, and N. We
actually find that both the 146 um [O 1] line and the [C 1] line
are optically thin whereas for the 63 um [O 1] line we find
optical depths between 0.5 and 5. Figure 10d shows the pos-
sible combinations of ny and T derived from the three line
intensities with the C* column density, N+, as a parameter. It
provides a good constraint on the temperature while the
density is not well defined.
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FiG. 10.—Radiative transver (LVG) calculations for the [C 1] 158 um line, the [O 1] 146 um line, and the [O 1] 63 um line with different column densities of C*,
N¢+ = $N,. For the respective observed line intensities, combinations of density, n, and temperature, T, have been calculated, with the column density as a free
parameter. Three cases are shown: (@) N¢. = 10'® cm™2; (b)) N¢. = 3 x 10'® cm™2; and (c) N+ = 10'® cm ™2, Intersections of the three trajectories define
combinations of parameters that match all three observed line intensities simultaneously. Panel (d) shows these solutions (n, T) with the column density N .. as a free
parameter.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1995ApJ...454..293P

No. 1, 1995

There are, however, constraints on the maximum C*
column density. From the integrated CO (1 — 0) line intensity
we derived a molecular hydrogen column density, Ny,, of
1.2 x 1022 cm ™2 toward the northeast peak, using the conver-
sion factor of Colien et al. (1988). The most extreme assump-
tion one can make is that all of this gas is contained in the
C*-emitting volume. In this case, with an abundance ratio
[CI/[H] ~ 10™%, we get Nc.+ ~ 3 x 10'® cm ™2 as an upper
limit. From Figure 10d a lower limit of n ~ 10®> cm ™3 then
follows for the density. On the other hand, Werner et al. (1978)
derive a dust temperature Ty, ~ 75 K. The typical tem-
perature over most of the [C n]-emitting region should then
be above 100 K (Tielens & Hollenbach 1985a). This constrains
the density to an upper limit of n ~ 10* cm ™3, as seen from
Figure 10d. We therefore derive a range of temperatures
T = 200-100 K for densities n = 10-10* cm ~3.

4.4.2. One-dimensional PDR Model

An alternative way to determine the physical parameters of
the PDR is to use detailed models. This method is complemen-
tary to the above analysis in that the only free parameters of
the model are the density, n, and the UV field, x. The tem-
perature profile, T(x), and the column density, N, of the PDR
are then results of the modeling and not input variables. The
advantage of such modeling is a more realistic representation
~ of all physical and chemical parameters as a function of depth
into the cloud; the disadvantage is that the model assumes a
one-dimensional, face-on geometry. We computed the [C 1]
and [O 1] emission-line intensities using the code and methods
described in Sternberg & Dalgarno (1995). In these calcu-
lations the thermal balance, molecular chemistry, and FUV
radiative transfer are solved self-consistently. In our calcu-
lations we have adopted values of 6 x 10™% and 3 x 10~ for
the total gas phase abundances of oxygen and carbon relative
to hydrogen. Our model is expected to be fairly robust with
respect to changes in metallicity. Under the assumption that
the relative abundances of the interstellar dust and of the
heavier elements in the gas phase scale by the same factor, the
intensities of the FIR fine-structure lines and the FIR dust
continuum have been predicted to depend only weakly on
metallicity (Wolfire et al. 1993). Qualitatively this can be
understood in the following way: as long as dust extinction is
the limiting factor for the FUV penetration into the cloud, the
column densities and excitation conditions of the FIR tracers
will not be affected much by a change in metallicity; the PDR
will just extend over a greater hydrogen column density if the
metallicity is decreased.

The results of the model calculation are shown in Figure 11a
as trajectories in n and y for a set of line intensities of the 158
um [C 1] line, the 63 um [O 1] line, and the 146 um [O 1] line.
The [C 1] line has the lowest critical density and level tem-
perature of the three lines; it is therefore thermally populated
most easily and does not vary in intensity by more than a
factor of 3 over most of the parameter space in Figure 11a,
whereas the other two lines depend strongly on the density, n,
and the UV field, . This allows one to determine a solution for
nand y from the three observed line intensities.

Figure 11b shows the three trajectories corresponding to the
observed line intensities; they apparently do not define a
unique solution for n and y. However, the model calculation
was done for a face-on geometry, whereas the 30 Dor region
represents much more of an edge-on situation. For the opti-
cally thin 158 um [C ] and 146 um [O 1] lines this could

30 DORADUS 301

easily lead to a limb-brightening effect, i.e., and enhancement in
the observed line intensities due to a larger line-of-sight
column density than in the face-on geometry. The optically
thick 63 um [O 1] line should not be strongly affected by this
effect. In Figure 11c¢ a limb-brightening factor of 2 has been
assumed for the 158 um [C 1] and 146 um [O 1] lines, i.e., the
trajectories shown have been calculated for intensities of half
the observed values. The 63 um [O 1] trajectory has been left
unchanged. All three trajectories agree well within the experi-
mental uncertainties and provide a good handle on the density
n, almost independently of the UV field y. We find a range in
densityof n =3 x 103to 1 x 10*cm ™3,

To summarize the results, both methods give similar values
for the density, and both temperature and density agree well
with the physical parameters found in Galactic PDRs. Simi-
larly, the ratio of the [C 1] line intensity to the FIR contin-
uum, I;cy/Ig = 1.4 x 1072 toward the northeast peak and
Iicmy/Iem = 0.8 x 107> toward the southwest peak, is in a
range typical for Galactic star formation regions and galactic
nuclei (Stacey et al. 1991a).

4.4.3. Geometry Effect onthe CO (1 — 0) Intensity

On the other hand, the ratios I;cyy/Ico = 6.9 x 10* toward
the northeast peak and Iicy/lco = 6.4 x 10* toward the
southwest peak are about an order of magnitude higher than in
Galactic star formation regions or the set of external galactic
nuclei presented by Stacey et al. (1991a). High Ij¢cyy/Ico ratios
are also seen in the dwarf irregular galaxy IC 10 (Madden et al.
1995). One-dimensional, semi-infinite, face-on PDR models
cannot explain this result: As addressed in the previous
section, the [C 1] line is expected to depend only weakly on
metallicity, and the CO (1 — 0) emission will always be opti-
cally thick and, therefore, not a function of metallicity, either
(Wolfire et al. 1993).

As an example we show the model calculation of Stacey et al.
(1991a), which follows the method described by Wolfire et al.
(1989). In order to determine the physical conditions of PDRs
in a situation typical of clumped media or distant sources in
which the emitting regions do not entirely fill the beam, they
use ratios Yo = Iicuy/Ipr and Yoo = Ico/Ik. As long as all
three species are coextensive, these ratios are independent of
beam-filling factors. Figure 12 shows the calculated ratios Yy
and Y, for several hydrogen densities, n, and UV fields, x
(Stacey et al. 1991a). The asterisk marks the observed ratios
toward the northeast peak in 30 Dor. It falls clearly outside the
Yicmy/Yeo combinations covered by the model. The heavy
dotted line denotes the expected combination of ratios for the
UV field (x = 3600) and range of densities (n = 103-10* cm™3)
derived in the previous sections. It is interesting to note that
the observed Y¢ ; falls well within the predicted range but that
the observed Y is about an order of magnitude less.

A possible explanation could be that the assumption of
equal beam-filling factors is fulfilled for [C n] and the FIR
while it does not hold for CO relative to the other two tracers.
This situation could exist in an inhomogeneous medium with
most of the gas being contained in denser clumps which are
embedded in a low-density medium (Goldsmith 1987; Fal-
garone & Perault 1988; Meixner et al. 1992). Neglecting a
possible contribution from the interclump medium, we assume
that the FIR continuum and the [C 1] and CO (1 — 0) line
emission arise from these clumps as indicated by the fairly high
density derived above. Depending on the clump size distribu-
tion, the illumination (omnidirectional vs. unilateral), and the
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F1G. 11.—Isointensity contours for the [C 11] 158 um line, the [O 1] 146 um
line, and the [O 1] 63 um line as functions of density, n, and UV field, y, where
% is given in units of the local UV field, y, = 2 x 10 % ergss™* cm~2sr~!. Log
intensities are shown as solid lines ([C 1], 158 um), dashed lines ([O 1], 146
pm), and dotted lines ([O 1], 63 um). (a) For each of the three species, a set of
isointensity contours is shown that cover the parameter space typical of Galac-
tic PDRs. Intensities are quoted as logarithm of the integrated line intensity in
units of ergs s~ cm~2 sr™*, (b) Isointensity contours for the observed inte-
grated line intensities toward the northeast peak of 30 Doradus. (c) Isointensity
contours with integrated line intensities corrected for limb brightening; a limb-
brightening factor of 2 has been assumed for the [C 1] line and the [O 1] 146
pm line.

metallicity, a certain fraction of the volume of a clump will be
photodissociated. If we assume optically thin emission in the
FIR tracers, i.e., the [C 11] line and the dust continuum, then
the total emitted power, for a given temperature and density,
will be proportional to that volume. We assume that the
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clumps are substantially smaller than the beam size. For com-
parison with the one-dimensional, semi-infinite model one can
define a relative beam-filling factor ®gr/®, as the ratio of the
power emitted from the clump to the power emitted from the
semi-infinite medium over a surface area equal to the projected
surface area of the clump. For optically thin emission this is
equal to the ratio of the emitting volumes.

Similarly, for the CO (1 — 0) line, which for now is assumed
to be always optically thick, one can define a relative beam
filling factor ®o/®, as the ratio of the projected surface area of
the CO-bearing part of the clump to the total projected surface
area of the clump. Wolfire et al. (1993) have modeled the
CO (1 - 0) emission from a clumpy medium in detail and find
only a weak dependence on the metallicity, but they implicitly
assume a face-on geometry.
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FiG. 12—Ratios Yy = Iicwy/Ipr V8. Yoo = Ico/Ipm- The asterisk marks
the observations toward the northeast peak of 30 Doradus. The solid lines
represent calculated combinations of Ycy,; and Y, for a set of constant den-
sities; the dashed lines have been calculated for a set of constant UV fields
(after Stacey et al. 1991a). The heavy, dotted line indicates the range of values
derived from the FIR continuum and fine-structure line intensities.
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FIG. 13—Relative beam-filling factors ®.o/®cy; for side-illuminated,
spherical clumps. The inset shows a cut through a clump. The depth of the
photodissociated layer, h, is assumed to be constant over the illuminated part
of the clump surface. The graph shows the ratio ®¢o/®cyy; as a function of the
normalized depth of the PDR layer, x = h/D, where D is the clump diameter.

As a simple model for the 30 Dor region with its shell-like
structure and mainly central source of ionization we consider
the case of side-illuminated spherical clumps as depicted in
Figure 13. We assume that a layer of constant thickness, h, gets
photodissociated which is equal in width to the layer in the
plane, semi-infinite model. The volume of the remaining core is
given by

Veo = 3Vo(l =2 + %), ©)

where V, = (4/3)nR? is the volume of the clump and x is
defined as x = h/D with D = 2R being the diameter of the
clump. The volume of the FIR-emitting part is then Vgg =
Vo — Veo- The relative beam-filling factor is then given by

e ©)

where A, = nR? is the projected surface area of the clump and
Ay h is the equivalent emitting volume in the plane, semi-
infinite geometry. The relative beam-filling factor for the CO
emission as defined above is found to be

(0] A 2
Eggsjc—‘):;(arcsin,/l—xz—x./l—xz). W
0 0

For comparison with the PDR model (Fig. 12) we then need
the ratio

q)CO - q)CO/ (DO
(I)FlR (DFIR/ (DO
This ratio is plotted in Figure 13 as a function of x = h/D. We

can now use the ratio of the measured Y, to the predicted Yo
to determine the ratio of beam-filling factors

@®

(meas)

% co )

(DFIR - Y((?éed) .

We have assumed that, except for the geometry/beam-filling
factor, the physical parameters remain unchanged as com-
pared to the one-dimensional model. For the 30 Dor northeast
peak with a ratio Y&/ Y& ~ 0.1 a corresponding value
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x = 0.837 is found (Fig. 13). From that one derives a volume
fraction of the CO core Vo/V, = 4% of the clump volume.

Figure 12 can also be used to estimate the beam-filling factor
of the PDR by comparing the observed, beam-averaged FUV
intensity, xops, With the local FUV intensity, yp.., (Wolfire et al.
1989):

(I)PDR = Xobs/Xtheor . (10)

For a density range of n = 10>-10* cm ™3 we find a range of
UV intensities )y, = 2300-5100. With an observed UV
intensity x.,s = 3500 (Werner et al. 1978), a range of @ppg =
1.5-0.69 is found for the beam-filling factor.

For a more accurate estimate we looked for a self-consistent
solution by taking a first-order estimate for n from Figure 11c)
and by then using Figure 12 to get a solution for y. This
process, when iterated, converged rapidly toward a solution
with a density of n = 6800 cm ™2 and a UV field of y = 4600,
yielding a beam-filling factor of ®ppg = 0.77. This beam-filling
factor is close enough to unity to justify the use of absolute line
intensities for the analysis in §§ 4.4.1 and 4.4.2 instead of line
intensity ratios (which would be independent of beam-filling
factors).

4.5. Determination of Clump Size

For the physical conditions that we find, the PDR models
(van Dishoeck & Black 1988; Wolfire, Tielens, & Hollenbach
1990; Sternberg & Dalgarno 1995) predict a C* column
density of 2 x 10'® cm~? in a solar metallicity environment. If
one assumes that the penetration depth of the FUV is con-
trolled by dust extinction and that the dust-to-gas ratio is
directly proportional to metallicity, then this column density
should be fairly insensitive to changes in metallicity. We there-
fore adopt this value for the following analysis. For a carbon
abundance 1/3.6 solar value, this is equivalent to a hydrogen
nuclei column density of 2.4 x 10?2 cm 2. The total column
density of hydrogen, Ny + Ny,, must then be between N, =
1.2 x 1022 cm™2 (all hydrogen in molecular form) and N, =
2.4 x 10?2 cm ™2 (all hydrogen in atomic form). If the hydrogen
molecule is strongly shelf-shielding a major fraction of the
hydrogen is expected to be in molecular form (Maloney &
Black 1988). Self-shielding, however, will break down if the
photodissociation rate is greater than the H, formation rate,
i.e., when the ratio x/n exceeds a certain limit. Sternberg (1989)
has estimated this limit to be y/n ~0.01 cm™3. With the
density and UV field derived in the previous section we find a
ratio of y/n = 0.7 cm ~3 which indicates that most of the hydro-
gen in the PDR should actually be in atomic form. Unfor-
tunately, H 1 observations of the LMC published to date (Luks
& Rohlfs 1992; Dickey et al. 1994) do not have enough spatial
resolution to distinguish between the two cases. We therefore
adopt a value of N, ~ 2 x 10?2 cm ™2 for the total hydrogen
column density. With the simplifying assumption that the
clumps all have the same size and the same [C n]-emitting
column density N, and for a beam-filling factor of 1 as esti-
mated above, one can derive their diameter D as

D=Nlot

. (11)
nx

For n = 10*-103 cm ™3 and x = 0.84 we find D = 0.7-7 pc. The
gas mass contained in each clump is then M = 70-7000 M 5.
For the particular case of n = 6800 cm ~ 2 the clump diameter is
D =1 pc with a mass of M = 150 M. Clump sizes on that
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scale have been directly observed in our Galaxy (Bally et al.
1987; Stutzki & Giisten 1990); our observations show that the
ISM in the low-metallicity environment of an irregular galaxy
is structured/fragmented in a similar way as in the Galaxy.

It should be pointed out, however, that this number may
only be understood as a characteristic size scale; a much more
realistic assumption would be a distribution of clump sizes
(Stutzki & Giisten 1990). In the smaller clumps the CO would
be completely photodissociated, whereas the larger clumps
would contribute the observed, beam-averaged CO line inten-
sity.

4.6. Consequences for the CO-to-H, Conversion Factor

The above analysis as well as the use of the 12CO (1 — 0) line
as a measure of the molecular gas depend on the assumption
that the CO (1 — 0) line is optically thick. For the clump sizes
and corresponding sizes of the CO core, this may no longer be
fulfilled and, therefore, needs to be checked. The details of the
estimate are given in Appendix B; here we simply quote the
results. The optical depth of the CO (1 — 0) line, 7,_,, is a
function of the temperature, T, which may be substantially
higher than in a quiescent molecular cloud. For clump diam-
eters of 0.5-5 pc, one finds optical depths of

. _ 830 whenT=10K
120710.5-2 whenT =50K .

For cold gas (T = 10 K) the CO (1 — 0) line will therefore still
be optically thick. If the gas is warmer (T = 50 K), however,
this may no longer be valid, leading actually to a reduced
temperature dependence of the observable CO (1 — 0) antenna
temperature.

Booth & Johansson (1991) and Johansson et al. (1990) have
observed both the (1 — 0) and (2 — 1) lines of *2CO and 3*CO
toward a few positions in the LMC and derived optical depths
7 ~ 1 for the *2CO (1 — 0) lines. This modest optical depth and
its indication of photodissociation of CO is in good agreement
with our conclusions above. Lequeux et al. (1994) report a
similar finding for six molecular clouds in the SMC. From their
observations of the (1 - 0) and (2 — 1) transitions of '2CO and
13CO they conclude that the CO emission arises from rela-
tively dense regions (n ~ 10 cm ~3) which they interpret as the
denser parts (“clumps ”) of interstellar clouds whereas the CO
in the less dense “ interclump ” medium is photodissociated.

While the optical depth may not be a major worry, the use of
canonical CO-to-H, conversion factor critically depends on
two quantities, namely, the area filling factor of the CO-
emitting gas relative to that of the total, dense, neutral
medium, and the ratio of atomic to molecular gas in this
medium. Both quantities depend on physical parameters (UV
field, density) and morphology (clumpiness, projection angle).
In our discussion of geometry effects in § 4.4.3, for example, the
reduction of the observed CO core sizes of the spherical clumps
would have been much less pronounced for front illumination
clumps (along the line of sight) rather than side illumination
(perpendicular to the line of sight). Another critical parameter
is the self-shielding of the hydrogen molecule. If, depending on
density, n, and UV field, g, self-shielding determines the H/H,
transition, then this transition will occur much closer to the
clump surface than the transition C*/C/CO (Maloney & Black
1988), and molecular hydrogen will exist through most of the
PDR. In this case, there will be a large amount of molecular
gas which is not directly traced by CO. This could explain the
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increased ratio of virial masses to CO (1 — 0) integrated line
intensities found in the LMC by Cohen et al. (1988). However,
for high enough ratios of y/n, self-shielding can break down,
and the H/H, transition will be determined by dust extinction
of the FUV and approximately coincide with the C*/C/CO
transition. In this case, the CO (1 — 0) integrated line intensity
would indeed, with the canonical conversion factor, trace the
molecular gas. One would, however, still observe the greater
virial mass of the whole clump which now would mainly
consist of atomic gas. This photodissociated, atomic gas will
differ from other phases of the atomic medium (cold neutral
medium, warm neutral medium; Kulkarni & Heiles 1987;
Heiles 1988) by its higher density which will be similar to that
of the molecular gas from which it was formed.

To distinguish between the two cases, a detailed investiga-
tion of all phases of the dense, neutral medium is necessary.
Observations of [C 11] and other PDR tracers are required to
determine the amount of gas and the physical conditions in the
PDR. If this information allows an unambiguous distinction
between H, self-shielding versus dust extinction then the
CO (1 - 0) integrated line intensity should be sufficient to
determine the masses of the atomic and the molecular gas;
otherwise, the amount of atomic hydrogen in the PDR has to
be measured independently, i.e., by an H 1 21 cm observation
which would at least give an upper limit on the atomic hydro-
gen in the PDR.

5. CONCLUSIONS

1. We have presented a variety of new observations of the 30
Doradus region: integrated line intensity maps in Bry, H, 1-0
S(1), [C 1] 158 um, [O 1] 63 um, and CO (1 — 0), and an [O 1]
146 um line spectrum.

2. The source morphology as seen in the Bry line and in the
CO (1 = 0) line indicates that the H 1 region is ionization
bounded toward the northeast and southwest molecular peaks
but density bounded in the valley between the peaks. The Lyc
luminosity derived from the Bry is somewhat lower than esti-
mated from the census of the exciting stellar cluster; this indi-
cates that part of the UV escapes from the H 11 region. The
ratio of the FUYV to the Lyc luminosities matches the average
spectral distribution of the exciting stars.

3. The H, 1-0 S(1) emission appears mixed in with the
ionized gas, indicating a highly fragmented structure of the
ISM. The observed H, line intensity is consistent with thermal
emission from dense molecular clumps exposed to the stellar
radiation field.

4. From the FIR fine structure lines we deduce densities
(n ~ 6800 cm ~3) and FUYV fields (y ~ 4600) comparable to the
conditions in Galactic PDRs.

5. The [C u]/CO (1 - 0) line intensity ratio (6 x 10%) is
about 10 times higher than in Galactic star formation regions;
this can only be understood as a geometry effect: in a clumpy
medium with low metal abundances, the relative beam-filling
factor of the remaining CO cores can be drastically reduced
compared to that of the PDR. Modified one-dimensional PDR
models can be used to determine this ratio and to deduce a
characteristic clump size scale of 1 pc.

6. Most of the molecular mass may be present in PDRs,
and a substantial fraction of the molecular gas may be void of
CO. Thus, the integrated CO (1 — 0) line intensity may not be
a reliable tracer of the total molecular component of the ISM.
The true H,/CO conversion factor strongly depends on the
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actual physical conditions and morphology and may be up to
an order of magnitude higher than the canonical values.
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APPENDIX A
RADIATIVE TRANSFER CALCULATIONS

For the radiative transfer calculations of the surface brightnesses of the 158 um [C 1] line and of the 63 ym and 146 ym [O 1]
lines we used the code by Stutzki (1985). The underlying model is a one-dimensional, large velocity gradient (LVG), escape
probability approximation. We adopted a velocity span of 20 km s ~* for all three lines as suggested by the CO (1-0) line width. The
beam-filling factor was assumed to be 1 as could be approximately confirmed in the further analysis (§ 4.4). The radiative transfer
code can take into account dust continuum radiation; a correct treatment, however, requires some knowledge about the source
morphology, i.e., whether the continuum source is in the background, in the foreground, or mixed in with the line source.
Fortunately, the only line in which the continuum level is a substantial fraction of the line emission is the 146 um [O 1] line in which
both the dust (Werner et al. 1978) and the line are so optically thin that the morphology is irrelevant. The continuum emission
within the line width of the [C 1] and the 63 um [O 1] line is small enough to be neglected for the radiative transfer calculations.

For the calculation of the collisional population of the fine-structure levels we used the O°/He and O°/H, cross sections given by
Monteiro & Flower (1987) and Jacquet et al. (1992), and the C*/H, and C*/H cross sections of Flower & Launay (1977). Our
modeling of the three fine-structure lines implicitly assumes that the [C ] and [O 1] lines arise from the same volume although the
O°-bearing layer may extend deeper into the molecular gas than the C* layer (Herrmann 1994). However, the excitation energy of
the [O 1] lines is higher than that of the [C 1] line, and since in a more realistic model one would assume a temperature drop toward
the molecular component, this additional column density of O° will not contribute much to the observed [O 1] line intensities.

APPENDIX B
OPTICAL DEPTH OF THE CO (1 - 0) LINE

The optical depth 7, _,, of the CO (1 — 0) line is given by
hc? v
—_— A —_
8mv2kT,, 70 Av

where 4, = 6 x 1078 s~ 1 is the Einstein A-coefficient for the J = 1 — 0 transition and N, is the column density of molecules in
the J = 1 rotational state, given by

N,, (B1)

Ti-0 =

N, =N xg,; CXP(_E1/k7;x)/Z (B2)
with the partition function X defined as
Z= 3. g;exp (= E/KT). (B3)
i=

To get a lower limit for 7,_,, we assume that the rotational levels are thermalized, ie., T, = Ty;, for all levels. With a relative CO
abundance N¢o/Ny = 3 x 1074/3.6 for the LMC we get for the optical depth:

Ng™ | Av

8.3 x 10~2! EF/km e when T = 10 K
Av

km s~

T1-0 = NSore (B4)
H

5.7 x 10722 —/
cm

= 7 whenT=50K,

where N is the column density of hydrogen nuclei in the CO core and Av is the line width in km s~ of the CO (1 — 0) emission
from one clump. N of the core can be estimated to be (1 — x)Ny of the whole clump; from the analysis above we adopt a value
Ngre ~ 3 x 102! cm ™2 for the core column density. This translates into an optical depth of

A
25/ ’ ~ whenT=10K
km s
Ti-0 = Av (BS)
1.7/ - when T =50K .
km s

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1995ApJ...454..293P

306 POGLITSCH ET AL.

Since the CO (1 — 0) beam will cover a number of clumps at the same time, the line width of an individual clump can only be
2 estimated. If we assue that each clump is virialized and that the CO core shows the full velocity distribution of the whole clump, then
5, theline width Av will be given by (Maloney & Black 1988)

2
?': Av = /ORGRNy umy , (B6)

where @ is a geometry factor of order unity, G, is the gravitational constant, R is the clump radius, Ny = 2.4 x 1022 cm ™2 is the
column density of hydrogen nuclei in the clump, u = 1.1 is the mass correction factor for the helium in the ISM, and my, is the mass
of the hydrogen atom. For clump radii of 0.35-3.5 pc one gets line widths Av = 0.8-2.7 km s~ !. With these values one gets ranges in
optical depth of '

05-02 whenT=50K" (B7)

For cold gas (T = 10 K) the CO (1 — 0) line will therefore still be optically thick. If the gas is warmer (T = 50 K), however, this
assumption may be no longer valid.

{ 8-30 when T =10 K
Ti-0 =
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