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AB S T R AC T

The newly commissioned University of New South Wales Infrared Fabry–Perot

(UNSWIRF) has been used to image molecular hydrogen emission at 2.12 and

2.25 lm in the reflection nebula Parsamyan 18. P 18 is known to exhibit low values

of the (1–0) /(2–1) S(1) ratio, suggestive of UV-pumped fluorescence rather than

thermal excitation by shocks. Our line ratio mapping reveals the full extent of this

fluorescent emission from extended arc-like features, as well as a more concentrated

thermal component in regions closer to the central exciting star. We show that the

emission morphology, line fluxes and gas density are consistent with the predictions

of photodissociation region (PDR) theory. Those regions with the highest intrinsic

1–0 S(1) intensities also tend to show the highest (1–0) /(2–1) S(1) line ratios.

Furthermore, variations in the line ratio can be attributed to intrinsic fluctuations in

the incident radiation field and/or the gas density, through the self-shielding action

of H 2. An isolated knot of emission discovered just outside P 18, and having both an

unusually high (1–0) /(2–1) S(1) ratio and relative velocity, provides additional

evidence for an outflow source associated with P 18.

Key words: molecular processes – shock waves – ISM: individual: Parsamyan 18 –

ISM: molecules – reflection nebulae.

1 I N T R O D U C T I O N

The ‘cometary nebula’ Parsamyan 18 (P 18\

NGC 2316\L 1654) has properties characteristic of both

reflection and emission nebulae. Near-infrared emission

lines of molecular hydrogen have been observed, as well as

emission features at 3.3, 6.2, 7.7, 8.6 and 11.3 lm (Sellgren

1986; Burton et al. 1990; Sellgren, Werner & Allamandola

1996) attributed to aromatic hydrocarbons. Similar emis-

sion features and near-infrared colours were found in over

half of the visual reflection nebulae surveyed by Sellgren et

al. (1996). López et al. (1988) used a combination of optical,

infrared and radio continuum observations to argue that the

two brightest regions of P 18 are not in fact stars, but

actually represent light from a heavily obscured H II region

breaking through a dust shell surrounding the exciting early

B-type star. On the basis of (unpublished) optical spectra,

however, Sellgren et al. list both components as being stel-

lar, with the north-eastern star (star ‘A’, a B2–3e star with

V\13.21) illuminating the dust as well as exciting the

atomic and molecular hydrogen.

P 18 was only the second object (after NGC 2023; Gatley

et al. 1987) found to have infrared H 2 emission-line ratios

similar to the predictions of UV-pumped fluorescence,

rather than thermal excitation by shocks (Sellgren 1986). In

nearly all such studies to date, line ratios and inferred exci-

tation mechanisms are based on large-aperture spectra, or

from only a single pointing. With the advent of imaging

infrared Fabry–Perot systems (with resolving powers

Rz1000 that provide the necessary contrast between line

and continuum), it has now become possible to carry out

line ratio mapping. This could be a useful aid in discriminat-

ing between the sources of excitation, on the basis of line

ratio trends and morphology. In this paper we report the

results of our H 2 line imaging of P 18 using the University of

New South Wales Infrared Fabry–Perot (UNSWIRF).

Our results show that ‘collisional fluorescence’ is occur-

ring in P 18. That is, pure fluorescent line ratios are ther-

mally modified by the effects of collisions. This occurs in

dense molecular clouds where H 2 self-shielding maintains a
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significant column density of the molecule close to the cloud

surface (i.e. A V s1), where the gas temperature can reach a

few thousand degrees (e.g. Sternberg & Dalgarno 1989;

Burton, Hollenbach & Tielens 1990, hereafter BHT). Emis-

sion-line ratios are then sensitive to the density and radia-

tion field, and so observations with sufficiently high spatial

resolution can be used to trace the variation of these param-

eters within a source. Large-aperture measurements of both

H 2 and high-J CO lines (e.g. Hayashi et al. 1985; Stutzki et

al. 1990) of many such ‘photodissociation regions’ (PDRs)

(Tielens & Hollenbach 1985; BHT) have indicated they are

clumpy, containing regions where the density must be

10–100 times greater than the surrounding cloud. High

spatial resolution H 2 line ratio measurements may now be

used to probe how this high-density gas is distributed.

2 O B S E RVAT I O N S

UNSWIRF is a 70-mm-diameter Queensgate (UK) Ltd eta-

lon with R14000, tunable over both the H and K windows

(Ryder et al. 1998, in preparation). When used in conjunc-

tion with the wide-field mode of IRIS1 at the f/36 focus of

the Anglo-Australian Telescope (AAT), a (roughly circular)

field of 1.7-arcmin diameter at 0.77 arcsec pixelÐ1 is pro-

duced. Appropriate 1 per cent bandpass filters are used to

ensure that only a single order is passed by the etalon.

Observations of P 18 in the H 2 1–0 S(1) (2.122 lm) and

H 2 2–1 S(1) (2.248 lm) lines were obtained on 1996 April 4

UT. A sequence of four images spanning the peak of the

2.122-lm line (as determined from observations of OMC-1)

and separated by 12/3 of the instrumental profile width

were obtained with UNSWIRF, while for the 2.248-lm line,

just three images spaced 11/2 of the profile width apart

were taken. In each case, another image at 3–4 profile

widths from the line centre was obtained in order to sample

the continuum. An integration time of 120 s per etalon set-

ting was used, with non-destructive readouts every 5 s. The

same exposure sequence was carried out on the sky 5 arcmin

east of P 18. The object and sky exposures were repeated

(with slight offsets from the previous positions), leading to

total on-source integration times of 1920 and 2880 s in the

2.122- and 2.248-lm lines, respectively.

Dark current subtraction and linearization are performed

during readout. The object frames were sky-subtracted, and

then flat-fielded using normalized dome flat-fields, using in

each case images at the matching etalon settings. All frames

were first registered using field stars, and all frames at a

given etalon setting were averaged together. The continuum

frames, appropriately scaled, were then subtracted from all

other images to leave just pure line emission in each.

At this stage, the emission-line images were ‘stacked’ into

cubes of increasing etalon spacing/wavelength, so that a

Lorentzian profile could be fitted to the (3 or 4) point

spectrum at each pixel. Having already fixed the continuum

level to be zero, the number of free parameters in the fitting

was further reduced by constraining the width of the profile

to be the same as that found by fits to high-resolution scans

of krypton arc lines (2.1165 and 2.2485 lm for the 2.12- and

2.25-lm cubes, respectively). We justify this on the basis

that the narrow H 2 linewidths (16–20 km sÐ1) observed in

P 18 by Burton et al. (1990) would not be resolvable by

UNSWIRF (FWHM 165 km sÐ1 at 2.12 lm). The output

of the line fitting includes maps of the peak intensity, as well

as the etalon setting corresponding to that peak. Blanking

masks are constructed by requiring that the fitted peak posi-

tion must lie within the range covered by the etalon

sequence. Flux calibration, and continuum scaling factors,

are provided by photometry of 10Å1 s observations of the

spectroscopic standard BS 2882 (K\5.18), also at the same

etalon settings as used for P 18.

3 R E S U LT S

Fig. 1 shows a grey-scale map of the 2.12-lm line intensity,

with contours of the three brightest 2.12-lm continuum

sources superimposed (including star ‘A’) to aid in compar-

ing our new data to that elsewhere in the literature (e.g.

López et al. 1988). The H 2 emission structure can be con-

veniently divided into a number of distinct regions, as out-

lined in Fig. 2. The emission-line fluxes of each region are

tabulated in Table 1. The integrated emission-line flux of

P 18 measured from the 2.12-lm image is

(13.1¹0.6)Å10Ð13 erg cmÐ2 sÐ1, compared with the

(4.5¹0.3)Å10Ð13 erg cmÐ2 sÐ1 found in the matching

2.25-lm image. Uncertainties in the absolute flux calibra-

tion and line-fitting procedures are roughly comparable in

magnitude with the noise contribution (11.8Å10Ð16 erg

cmÐ2 sÐ1) per pixel over which the emission is summed.

The morphology of the infrared molecular hydrogen

emission differs somewhat from the ‘cometary’ nature dis-

played in the optical (Cohen 1974), and from the broad-

band infrared and radio continuum images of López et al.

(1988). Instead of a cone, the appearance is one of two

incomplete, but overlapping, arcs. With reference to Fig. 2,

one arc is outlined by the contiguous regions (1, 2, 5 and 4),

while the other is defined by the regions 4, 3, 6 and 7. Each

arc, if it were part of a complete ring, would have a diameter

of 130 arcsec, or 0.16 pc, assuming P 18 to be 1.1 kpc away

(Hilton & Lahulla 1995). Star ‘A’, assumed to be the excit-

ing source, sits on the periphery of the arc that extends to

the west, and halfway between the centre and the edge of

the eastern arc. The emisssion peaks (in both the 2.12- and

the 2.25-lm images) in the areas due north and south of star

‘A’, where these two arcs overlap. In addition, more promi-

nent emission at 2.12 lm is found on the western edge of the

eastern arc, 18 arcsec due west of star ‘A’, as well as in an

isolated knot of emission some 50 arcsec to the north-west

of star ‘A’. This isolated patch (hereafter designated P 18-

NW) has no continuum counterpart or obvious exciting

source. Although none of this emission-line structure is

apparent in the K-band image of López et al. (1988), it is

faintly visible in the FITS version of the Kp imaging survey

of CO molecular outflow sources carried out by Hodapp

(1994).

Fig. 2 is a grey-scale image of the (1–0) /(2–1) ratio in

P 18 for all points in which the 2–1 intensity could be deter-

mined. The values found range from 1–2 in the eastern arc,

to as much as 7 in the nebular arc just west of star ‘A’, and

even higher in P 18-NW (although the 2–1 detection here is

barely at the 1s level). Fig. 2 also demarcates the eight
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1The Infrared Imager and Spectrometer (Allen et al. 1993) uses a

128Å128 HgCdTe array manufactured by Rockwell International

Science Centre, CA.
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Figure 1. Grey-scale image of the H 2 1–0 S(1) (2.122 lm) emission line intensity in P 18, with contours of the 2.12 lm continuum sources overlaid. The continuum source identified previously

as star ‘A’, and assumed to be the source of excitation of the H2, is marked. The coordinate system shown is in arcseconds north and east of star ‘A’, which has coordinates of 06h 59m 41 s. 6,

Ð07°46p29P (J2000). The grey-scale wedge indicates flux densities in units of 10Ð16 erg cmÐ2 sÐ1 arcsecÐ2. The 0.77-arcsec pixels have been resampled on to a finer grid, then smoothed with

a 1-arcsec Gaussian to accentuate the overlapping arc features mentioned in the text. The increased noise in the north-east quadrant is due to a defect in one of the etalon antireflection

coatings.



M
o

lecu
la

r h
yd

ro
gen

 in
 th

e refl
ectio

n
 n

eb
u

la
 P

a
rsa

m
ya

n
 1

8
3
4
1

©
1
9
9
8

 R
A

S
, M

N
R

A
S

 2
9

4
, 3

3
8

–
3

4
6

Figure 2. Grey-scale image of the H 2 1–0 S(1) /2–1 S(1) ratio in P 18, for all points in which a reliable detection (S/Na3) at 2.25 lm was achieved. The numbered polygons outline the eight

separate emission regions in and around P 18, as given in Table 1. As in Fig. 1, the 0.77-arcsec pixels have been resampled on to a finer grid, but no smoothing has been applied.



distinct regions whose fluxes, flux ratios and relative veloci-

ties are tabulated in Table 1.

4 D I S C U S S I O N

4.1 Fluorescent molecular  hydrogen

The average ratio of the 1–0 and 2–1 S(1) lines over the

whole of P 18 is 2.9¹0.4 (Table 1), as expected for fluores-

cently excited gas slightly modified by a thermal contribu-

tion to the v\1–0 S(1) line. Pure fluorescent emission

produces a line ratio of 11.7 (e.g. Black & Dalgarno 1976;

Black & van Dishoeck 1987), but this ratio can be exceeded

when some of the gas is hot enough for the lower levels to be

thermalized. We thus conclude, as did Sellgren (1986), that

molecular gas in P 18 is irradiated by far-UV photons. It is

situated in two arcs around star ‘A’, where some of the gas

is hot enough for the v\1 level to be collisionally popu-

lated. This is characteristic of a dense photodissociation

region (PDR) (Sternberg & Dalgarno 1989; BHT). In these

PDRs the gas is sufficiently dense that self-shielding of H 2

occurs for optical depths s1 from the cloud surface, so that

molecules can exist in this warm, primarily atomic region.

The typical 1–0 S(1) line flux density in P 18 is

14Å10Ð15 erg cmÐ2 sÐ1 arcsecÐ2, and peaks at

8Å10Ð15 erg cmÐ2 sÐ1 arcsecÐ2 just west of star ‘A’. These

fluxes are consistent with the predictions for PDR models

for gas of average density, n1104 cmÐ3, irradiated by far-

UV photons from star ‘A’, as we show below.

We estimate the far-UV flux from star ‘A’, a B2–3e star at

1.1 kpc (Sellgren et al. 1996) to be 5060 G0 in a shell 15 arc-

sec away. Here G0\1 represents the average interstellar

radiation field (\1.6Å10Ð3 erg cmÐ2 sÐ1; Habing 1968).

For gas of density 1104 cmÐ3 exposed to far-UV fields,

G01103–5, BHT predict 1–0 S(1) line fluxes of

13Å10Ð15 erg cmÐ2 sÐ1 arcsecÐ2 for a face-on PDR, con-

sistent with the data. Note that our discovery of these arcs,

and our interpretation of them as PDRs irradiated by star

‘A’, is at odds with the conclusion of López et al. (1988) that

the continuum sources are not stellar, and merely unobs-

cured sight-lines towards a compact H II region. While P 18

shares some of the properties of an H II region, we feel it

would be too much of a coincidence if one of these spots

also had a location and spectrum consistent with being the

excitation source of the PDR.

For such conditions the models predict a purely fluor-

escent (1–0) /(2–1) S(1) line ratio of 11.7, whereas the

average ratio for the source is 2.9. This suggests that about

half the 1–0 S(1) emission is thermally contributed, and we

discuss the implications of this further in Section 4.3.

4.2 Geometry and kinematics

The morphology suggests that star ‘A’ is surrounded by an

(incomplete) shell seen in projection, and in this section we

investigate whether the distribution of the H 2 line emission

is consistent with such a geometry.

Consider a spherical molecular shell surrounding an ill-

uminating star as representing the arc through the north,

west and south peaks. Assuming that the average density

in the cloud is low enough that the emission is mainly

fluorescent (see Section 4.3), the H 2 emits primarily from

a sheath whose thickness is A V11, with dust extinction

determining the depth to which the far-UV photons pene-

trate. Viewed from afar, the relative intensity along a

line of sight is then proportional to the length of the sight-

line through the shell. We examined models where the

thickness of the shell is varied as a proportion of its radius

(see Fig. 3), and found that when this is 125 per cent a

reasonable fit to the data is achieved. Given the source

distance of 1.1 kpc, this provides a physical size to the

shell and, assuming a standard extinction curve [i.e.

A V\1=N (H 2)\2Å1021 cmÐ2], yields an average density;

specifically, for the north, south and west peaks respectively,

we obtain thicknesses of 19, 5 and 5Å1016 cm for the shell

and average densities of 12, 4 and 4Å104 cmÐ3. The maxi-

mum filling factor in this model (ratio of the length of our

sight-line through the edge of the shell to that if seen face-

on) is 13 for a shell thickness 125 per cent of the radius.

These densities are consistent with those derived by apply-

ing PDR models to the observed line intensities.

Although the ability of UNSWIRF to resolve lines is

342 S. D. Ryder et al.
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Table 1. H 2 line intensities, ratios and velocities in P 18.

aNumbering as in Fig. 2.
bProjected distance from star A.
cIn units of the average interstellar field, for the projected distance from star A.
dNumber of pixels, of size 0.77Å0.77 arcsec2, included in region.
eRelative velocity of H 2 emission from region.
fThis region is not linked with the others, and is probably shock-excited rather than irradiated by star A (Section 4.4).



limited by its instrumental profile width (160–70 km sÐ1,

depending on parallelism), good signal-to-noise data such

as the 2.12-lm observations presented here allow us to

measure changes in velocity over the image of only a few km

sÐ1. The velocity data for the 2.12-lm line centres (Table 1)

show that motions in the gas must be small; differences of at

most 10 km sÐ1 are seen between the different regions, with

the exception of P 18-NW (Section 4.4).

4.3 Line ratios

4.3.1 Observed parameter space

For a dense PDR, where self-shielding is occurring, H 2

exists at optical depths A V s1 from the front surface of the

cloud. Then, for a sufficiently strong far-UV radiation field,

the gas temperature can reach 11000 K or higher, enabling

collisions to redistribute the populations in the H 2 energy

levels. The (1–0) /(2–1) S(1) line ratio then increases from

the pure fluorescent value. It is sensitive to both the density

and strength of the far-UV field, and so can be used to

constrain these parameters in a source. This is different

from shock-excited gas, where it has been shown empirically

that there is little variation in this line ratio both among and

within shocked sources (e.g. Burton et al. 1989). In particu-

lar, dense clumps of H 2 inside the PDRs may have the v\1

level thermalized, while being surrounded by lower density

gas exhibiting pure fluorescent line ratios. Such clumps

would signal their presence by elevated levels of the

(1–0) /(2–1) S(1) ratio. This could then be used to probe the

structure of the clouds.

We have thus sought to determine the fine structure in

the spatial variation of the (1–0) /(2–1) S(1) ratio. We have

registered the two images and applied a light Gaussian

smoothe (s\0.3). In Fig. 4 we plot the line ratio so derived

against the (1–0) S(1) line intensity. Two sets of symbols are

shown in Fig. 4: open circles for data points where both the

1–0 and 2–1 S(1) lines have signal-to-noise ratios S/Na3,

and lower limits for pixels where the S/N for the 2–1 S(1) is

s3 (calculated as though its flux were 3s). The line ratio

rises approximately linearly as the 1–0 S(1) line flux

increases, to a maximum line ratio of 18, but the dispersion

in line ratio increases also. Similar plots for each of the eight

distinct regions marked in Fig. 2 are presented in Fig. 5

(which also illustrates the effect of varying the far-UV
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Figure 3. Cuts across the 2.12-lm emission in a line (top) north–

south through star ‘A’, and (bottom) east–west through star ‘A’

(solid lines), together with the best-fitting model results (dotted

lines) for a spherical molecular shell irradiated by star ‘A’ with

thickness 25 per cent of the shell radius, where dust extinction

limits the region of H 2 excitation to A V\1. Star ‘A’ is at pixel (0,0)

in these plots, with 1 pixel\1.2Å1016 cm for a distance to the

source of 1.1 kpc.

Figure 4. Plot of the H 2 (1–0) /(2–1) S(1) line ratio against 1–0 line

flux in P 18. Open circles are points which have S/Na3 in both

lines, while the arrows denote points for which the S/N of the 1–0

line is a3, but the S/N of the 2–1 line is s3; thus these are lower

limits in the ratio. The dotted horizontal line marks a ratio of 1.7,

the value expected for purely fluorescent emission. Both images

were smoothed by a Gaussian function with s\0.3 before the S/N

criterion was applied.



field), and indicate that most of this spread in line ratio for

a given 1–0 S(1) intensity is intrinsic to regions 2 and 6 (i.e.

the northern regions of P 18). Our interpretation of such

trends must be guarded, however, owing to the large

number of lower limits [non-detections in the 2–1 S(1) line];

high ratios for low 1–0 S(1) fluxes cannot be excluded by our

data. Nevertheless, line ratios consistent with pure fluor-

escence become progressively rarer as the 1–0 S(1) line flux

increases. We now seek to explain the apparent variations in

line ratio with emission-line flux.

4.3.2 Interpretation

In pure fluorescent gas we would obtain a line ratio of 11.7,

independent of the line intensity. Localized regions of

shocked gas would also be evident by a ratio of 110 for a

range of line intensities (see Brand et al. 1989). However,

we see neither such behaviour in P 18 (with the exception of

P 18-NW, which we argue in Section 4.4 to be physically

unassociated with the other molecular hydrogen emission

regions).

344 S. D. Ryder et al.
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Qualitatively, the increase in line ratio can be understood

as follows. At low density and far-UV fields, the

(1–0) /(2–1) S(1) ratio is purely fluorescent. However, for a

fixed far-UV field, H 2 of sufficiently high density will be self-

shielded, producing a thermal contribution to the 1–0 S(1)

line. Its flux will rise as the density does, while the 2–1 S(1)

line remains purely fluorescent. Thus we expect both the

strength of the 1–0 S(1) line and the ratio with the 2–1 S(1)

line to rise as the density rises.

This line ratio variation can also be understood quantita-

tively through the PDR models of BHT. BHT derive a

number of scaling relations depending on (i) whether n/G0

is less than or greater than 40 cmÐ3 (determining if H 2 self-

shielding occurs), and (ii) whether n is less than or greater

than ncrit, the density where collisional de-excitation equals

the radiative decay rate from a level. The line intensity can

be divided into a UV-pumped (Ipump) and a thermal (Ithermal)

part, as follows:

When n/G0
V
Ð40 cmÐ3 (self-shielding unimportant):

Ipump;8
n

ncrit

(nsncrit)

(nancrit).
(1)

When n/G0
F
Ð40 cmÐ3 (self-shielding important):

Ipump;8
G0

G0ncrit/n

(nsncrit)

(nancrit).
(2)

The thermal contribution is given by

Ithermal;8
nN2g

N2 eÐE/kT/Z (T )

(nsncrit)

(nancrit),
(3)

Figure 5. Same as Fig. 4, but for the specific regions of P 18 outlined in Fig. 2 and listed in Table 1.



where N2 is the column of warm H 2 (i.e. at A V s1) with

temperature 1T, E is the energy of the level of interest, g is

the collisional excitation rate from the ground state, and

Z (T ) is the H 2 partition function.

For the bulk of the gas, with density n1(2–4)Å104 cmÐ3

and G01103–4, we have both nsncrit and n/G0s40 cmÐ3.

The line intensity is then simply proportional to the product

of the density and the filling factor, f. To within a factor of 3,

for nV105 cmÐ3, I1–0 S(1)13fn4Å10Ð16 erg cmÐ2 sÐ1 arc-

secÐ2, where n4 is the density in units of 104 cmÐ3 (see

equation 1). As discussed in Section 4.1, this is consistent

with the average line fluxes observed for filling factors of

1–3, with n4\4, the value deduced from the geometrical

model (see Section 4.2).

The detailed models of BHT show that the thermal con-

tribution to the line intensities is neligible when G0\103,

and also when nR105 cmÐ3 for G0\104. However, for the

larger far-UV field, the thermal contribution to the 1–0 S(1)

line flux is 170 per cent for n\106–7 cmÐ3 [the 2–1 S(1) line

remains purely fluorescent]. Thus higher line fluxes and

ratios a2 imply the presence of some gas of at least this

density.

For the east and west arcs (see Table 1), where the G0 is

12000, the line ratio is constant at 11.7. In the north and

south peaks and the north-west arc, with G0\5060, 3500

and 3200 respectively, a thermal contribution to the line

ratio is becoming apparent. At the west peak, closest to the

illuminating source, where G0\17800, both the 1–0 S(1)

ine intensity and 1–0/2–1 S(1) ratio are highest; the 2–1

S(1) line flux density is, however, relatively diffuse at this

latter position. On the basis of Fig. 5, it would seem reason-

able that the central arc, though apparently superimposed

on star ‘A’, must in fact lie at a similar distance from it as the

east and west arcs.

These observations can be understood as follows. For the

arcs, where the far-UV field is low, the emission is purely

fluorescent, but the line ratio is insensitive to density. At the

north and south peaks, a thermal contribution would be

expected for nE106 cmÐ3. The line ratios at the brightest

pixels suggest that 130 per cent of the 1–0 S(1) emission

there is thermal, and thus has densities this high. At

the west peak, self-shielding will occur when

na40G015Å105 cmÐ3. The data here are thus sensitive to

the presence of gas denser than this, a density also larger

than ncrit. Ratios observed are as high as 7, implying that as

much as 70 per cent of the emitting gas at those positions is

at least this dense.

Over the west peak, the specific intensity of the 2–1 S(1)

line is relatively weaker, in comparison with that of the 1–0

S(1) line, than at the other peaks excited by star ‘A’. In this

region, the far-UV field G0 exceeds 104. There is a signifi-

cant thermal contribution to the 1–0 S(1) flux from dense

gas. The 2–1 S(1) flux, however, remains purely fluorescent.

Indeed, as seen by equation (2), its intensity is predicted to

decrease as 1/n, consistent with the observation that it gets

relatively weaker. At other peaks, the far-UV field is not

sufficiently high for us to expect to observe this behaviour.

The maximum 1–0 S(1) line intensity that is purely fluor-

escent, arising from gas of average cloud density, occurs

when the filling factor is 13, and the flux density is

14Å10Ð16 erg cmÐ2 sÐ1 arcsecÐ2 for the spherical shell

geometry we have modelled. For higher line fluxes a ther-

mal component is present, and the line ratio rises above the

pure fluorescent value. The thermal component arises from

gas of density at least 106 cmÐ3, and both the highest line

fluxes and line ratios occur when the filling factor of this

dense gas is greatest.

The spread of observed line ratios between the minimum

and maximum values for a fixed 1–0 S(1) line flux can be

understood by a variation of the relative filling factors for

the low-density and high-density gas. The lowest ratio

occurs when the proportion of low-density gas is highest,

and rises, for a fixed flux level, as both the fraction of low-

density gas falls and that of the high-density gas rises. Thus

data with sufficiently high S/N to map the line ratio varia-

tion accurately from pixel to pixel could be used to deter-

mine the microstructure of the clumping. The line ratio map

(Fig. 2), for positions where G0
F
Ð3000, is effectively showing

the relative amounts of high- and low-density gas.

We thus conclude that the variations in the line ratio are

consistent with the PDR models, self-shielding of gas occur-

ring in its densest parts, with thermal contributions evident

when exposed to the highest radiation fields. Localized

regions where the density is more than 10 times the average

exist throughout the molecular cloud. The highest line

fluxes and line ratios occur together, where both the filling

factor of low- and high-density gas is greatest, and changes

in line ratio from position to position reflect changes in the

relative filling factors of these components.

4.4 P 18-NW

The isolated flux peak to the north-west (designated by us as

P 18-NW), however, shows no evidence for fluorescent line

emission. The 2–1 S(1) line here is barely detected, and the

1–0/2–1 S(1) line ratio is clearly thermal in nature, similar

to shock-excited values. P 18-NW is too far from star ‘A’ for

collisional fluorescence to be significant, as G0s500. We

suggest that there is a localized source of heating, possibly

shocking the gas.

The simultaneous velocity coverage of UNSWIRF offers

at least one clue. We notice that the line-centre velocity in

P 18-NW is also quite different from the rest of P 18. On

account of its redshift of +14 km sÐ1 relative to the central

arc, we speculate that P 18-NW might, in fact, be associated

in some way with the CO outflow source observed by Fukui

(1989) and by Felli, Palagi & Tofani (1992). Although Fukui

identified the outflow with the position of star ‘A’, the 3-arc-

min beam used for the CO observations is much larger than

the 45-arcsec separation between star ‘A’ and P 18-NW.

The IRAS point source discussed by López et al. (1988) and

by Felli et al. (1992), namely IRAS 06572Ð0742, has a

bolometric luminosity 11500 L> and colours suggestive of

an ultracompact H II region, although neither H 2O (Felli et

al. 1992) nor methanol (Walsh et al. 1997) masers have been

detected from it. While the IRAS positional uncertainties do

not preclude an association of P 18-NW with the IRAS

source, it is perhaps more likely that the H 2 line emission

observed from P 18-NW is shock-excited by the interaction

of an outflow, from an embedded source in P 18, with the

ambient cloud material. More detailed CO observations are

needed to clarify the influence of any outflow activity on the

excitation and environment of P 18.
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5 C O N C L U S I O N S

The reflection nebula Parsamyan 18 has been imaged in

both the 2.122- and 2.248-lm emission lines of molecular

hydrogen using the UNSW Infrared Fabry–Perot on the

AAT, allowing us to study variations in their ratio within the

nebula. The emission-line morphology appears as a pair of

overlapping arcs, consistent with incomplete PDR shells

irradiated by a single, early B-type star. We believe that we

can identify this star in our continuum maps, which contra-

dicts previous claims that the stellar-like sources in P 18 are

‘windows’ in a circumstellar dust shell, illuminated by a

compact H II region. Modelling suggests that the thickness

of the fluorescing shells is roughly 25 per cent of their

radius, with average gas densities of (2–4)Å104 cmÐ3, and

dust extinction limiting the penetration of the far-UV

photons. In addition, some regions of P 18 display line ratios

indicative of collisional fluorescence in the densest regions

exposed to the highest radiation fields. In general, those

regions with the highest intrinsic 1–0 S(1) intensities also have

the highest (1–0) /(2–1) S(1) line ratios, a result of this pro-

cess. Within these regions, large ranges in the observed line

ratio can be understood as arising from the underlying vari-

ations in the relative filling factors of high- and low-density

gas. We have discovered an isolated knot of shock-excited

H 2 gas just outside the nebula, which we argue on kine-

matical grounds is more likely to be associated with the CO

outflow source reported in this region. This study highlights

the advantages of an imaging Fabry–Perot system over tra-

ditional long-slit spectroscopy for emission-line imaging,

particularly for understanding the excitation mechanism of

molecular hydrogen.
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