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ABSTRACT
This paper presents near-infrared spectroscopy of Ñuorescent molecular hydrogen emission from(H2)NGC 1333, NGC 2023, NGC 2068, and NGC 7023 and derives the physical properties of the molecular

material in these reÑection nebulae. These observations of NGC 2023 and NGC 7023 and the physical
parameters derived for these nebulae are in good agreement with previous studies. Both NGC 1333 and
NGC 2068 have no previously published analysis of near-infrared spectra. This study reveals that the
rotational-vibrational states of molecular hydrogen in NGC 1333 are populated quite di†erently from
NGC 2023 and NGC 7023. We determine that the relatively weak UV Ðeld illuminating NGC 1333 is
the primary cause of the di†erence. Further, the density of the emitting material in NGC 1333 is of much
lower density, with n D 102È104 cm~3. NGC 2068 has molecular hydrogen line ratios more similar to
those of NGC 7023 and NGC 2023. Model Ðts to this nebula show that the bright, materialH2-emitting
may have a density as high as n D 105 cm~3, similar to NGC 2023 and NGC 7023. Our spectra of NGC
2023 and NGC 7023 show signiÐcant changes in both the near-infrared continuum and intensityH2along the slit and o†sets between the peaks of the and continuum emission. These brightness changesH2may correspond to real changes in the density and temperatures of the emitting region, although uncer-
tainties in the total column of emitting material along a given line of sight complicates the interpretation.
The spatial di†erence in the peak of the and near-infrared continuum peaks in NGC 2023 and NGCH27023 shows that the near-infrared continuum is due to a material which can survive closer to the star
than can.H2
Subject headings : infrared : ISM: lines and bands È ISM: molecules È reÑection nebulae

1. INTRODUCTION

Molecular hydrogen is the most abundant molecule(H2)in the universe. The study of this molecule has applications
to a wide range of astrophysical questions ranging from the
episode of reionization in the early universe to spectra of
ultraluminous IR galaxies to star formation and photo-
dissociation regions (PDRs) in our Galaxy. In PDRs,
including the reÑection nebulae discussed in this paper,
observations of line emission can be a valuable means ofH2extracting physical information about the molecular
material in areas of young star formation. Models of PDRs
(see the recent review by Hollenbach & Tielens 1997)
include predictions for the relative population of the rota-
tional and vibrational levels of as a function of density,H2temperature, and the strength of the ultraviolet (UV) radi-
ation Ðeld (Black & van Dishoeck 1987 ; Sternberg & Dal-
garno 1989 ; Burton, Hollenbach, & Tielens 1990 ; Draine &
Bertoldi 1996). As is a homonuclear molecule, it has noH2permanent dipole moment and therefore emits primarily via
quadrupole transitions. The strongest of these transitions
primarily occur in the near- and mid-infrared regions of the
electromagnetic spectrum. The near-infrared K band
(centered at 2.2 km), in particular, contains a number of
well-separated emission lines and is relatively accessible
from ground-based observatories.

Observations of molecular hydrogen line ratios have
been used to estimate the physical properties of the reÑec-
tion nebulae NGC 2023 (Gatley et al. 1987 ; Hasegawa et al.
1987 ; Takayanagi 1987 ; Black & van Dishoeck 1987 ;
Draine & Bertoldi 1996 ; Burton et al. 1998) and NGC 7023
(Martini, Sellgren, & Hora 1997). This information is valu-
able in conjunction with mid-infrared observations of the

dust distribution and dust spectral features (Gatley et al.
1987 ; Cesarsky et al. 1996) for determining the nature and
properties of the dust present in these regions. The study of
nebulae with a range of densities and UV Ðeld strengths
aids in understanding how physical conditions in nebulae
a†ect the dust content, such as by investigating correlations
between dust properties and the physical properties of the
PDRs in which it is observed.

This paper presents near-infrared spectroscopy of molec-
ular hydrogen line emission in four reÑection nebulae :
NGC 1333, NGC 2023, NGC 2068, and NGC 7023. The slit
positions in these nebulae were chosen to coincide with
mid-infrared spectroscopy of these regions with the Infrared
Space Observatory (ISO). These observations include studies
of two nebulae, NGC 1333 and NGC 2068, in which the H2emission spectrum has not been previously analyzed. For
NGC 2023 and NGC 7023, we have observed new slit posi-
tions and compare these regions with physical parameters
derived for other regions.

2. OBSERVATIONS AND DATA REDUCTION

The observations presented in this paper were obtained
on observing runs in 1997 SeptemberÈOctober (NGC 7023
and NGC 1333) and 1998 JanuaryÈFebruary (NGC 2023
and NGC 2068). A log of our observations is presented as
Table 1. These observations were obtained with the near-
infrared imager/spectrometer OSIRIS (DePoy et al. 1993)
on the 1.8 m Perkins Telescope at Lowell Observatory. We
used the cross-dispersed mode for these observations, which
includes a slit oriented north-south. Slight4A.5 ] 60A
vignetting by a loose piece of baffling decreased the e†ective
slit length to D45A. This mode has a 2 pixel resolution of
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TABLE 1

SUMMARY OF OBSERVATIONS

UT Date Source O†set
(1) (2) (3)

1997 Sep 23 . . . . . . NGC 7023 ISO-1 27AW, 34AN
1997 Sep 23 . . . . . . NGC 1333 ISO-1 12AE, 26AS
1997 Oct 25 . . . . . . NGC 1333 ISO-1
1997 Oct 26 . . . . . . NGC 7023 ISO-2 100AN
1997 Oct 26 . . . . . . NGC 1333 ISO-1
1997 Oct 27 . . . . . . NGC 1333 ISO-1
1997 Oct 28 . . . . . . NGC 1333 ISO-1
1998 Jan 30 . . . . . . NGC 2068 C-Peak 72AE
1998 Jan 31 . . . . . . NGC 2023 ISO-1 60AS
1998 Feb 01 . . . . . . NGC 2068 H2-Peak 121AE
1998 Feb 02 . . . . . . NGC 2068 C-Peak

NOTE.ÈSlit positions observed for this study. Col. (1) : Date
of the observation. Col. (2) : Name of the source, which is a
combination of the name of the nebula and a name describing
the nebular position. Col. (3) : O†set from the central star of
the nebula. This o†set position is the center of the 4A.5] 45A
slit oriented north-south. See ° 3 for further details.

R\ j/*j\ 565 at 2.2 km, 565 at 1.65 km, and 535 at 1.25
km. Figure 1 shows a model spectrum of line emissionH2from Draine & Bertoldi (1996) smoothed to our resolution.
This spectrum illustrates the rich spectrum of emissionH2expected from a PDR and also how most of the lines in the

TABLE 2

J- AND H-BAND LINE BLENDS

Blend Line Wavelength
(1) (2) (3)

J1 (1.307È1.322 km) . . . . . . . 5È3 S(5) 1.31067
4È2 S(1) 1.31157
3È1 Q(1) 1.31410
9È6 Q(1) 1.31582
3È1 Q(2) 1.31807
2È0 Q(9) 1.31877

H1 (1.556È1.566 km) . . . . . . 5È3 O(2) 1.56073
7È5 S(3) 1.56150
5È3 Q(7) 1.56263
4È2 O(4) 1.56352

H2 (1.598È1.624 km) . . . . . . 6È4 Q(1) 1.60153
6È4 Q(2) 1.60739
5È3 Q(9) 1.60839
4È2 Q(13) 1.61225
5È3 O(3) 1.61354
6È4 Q(3) 1.61621
7È5 S(1) 1.62053
4È2 O(5) 1.62229

H3 (1.666È1.678 km) . . . . . . 6È4 O(2) 1.67502
5È3 O(4) 1.67182
6È4 O(2) 1.67502

H4 (1.724È1.740 km) . . . . . . 7È5 Q(1) 1.72878
8È6 S(2) 1.72967
6È4 O(3) 1.73264
7È5 Q(2) 1.73573
5È3 O(5) 1.73589
6È4 Q(9) 1.73695

NOTE.ÈProminent line blends in the J and H bandsH2in these spectra along with their principal components. Col.
(1) : Designation adopted for each blend along with the
wavelength range integrated over to measure the blend
intensity. Cols. (2) and (3) : Transitions and wavelengths of
all lines brighter than 1% of 1È0 S(1).

J and H bands are blended together in our data. The
strongest lines and blends are marked in the Ðgure and
Table 2 lists the wavelengths and transitions of the lines
that contribute to each of the blends.

We observed these targets in the standard ABBA pattern,
where each on-source, ““ B ÏÏ observation consisted of a 60 s
exposure and each ““ A,ÏÏ 60 s sky exposure was obtained on
a nearby, blank piece of sky. In addition to our target obser-
vations, we also observed several atmospheric standards
each night within * sec z\ 0.1 of the air mass of our
targets. After interpolating over the hydrogen lines in these
stars, they were used to remove the wavelength-dependent
atmospheric and system transmission. These stars were
observed by o†setting the telescope north-south to move
the star along the slit and using the mean, calculated with a
sigma-rejection algorithm, of the observations to remove
the night-sky lines. Dome Ñats, which were the di†erence of
Ñats obtained with the dome lights on and with the lights
o†, were used to remove variations in the pixel-to-pixel
sensitivity across the slit. The bright OH night sky lines
(Oliva & Origlia 1992) were used to calculate the dispersion
solution. A0 V atmospheric standards were observed each
night to place the counts in the J, H, and K bands on a
relative Ñux scale. We calculated the relative Ñux coefficients
by Ðtting these stars with a 9600 K blackbody. This conver-
sion varied little from night to night, and we estimate the
net uncertainty to be 5% in this conversion. We derived an
absolute calibration for the 1È0 S(1) line intensity by placing
synthesized apertures on our unpublished broadband and
narrowband imaging data.

3. DATA

3.1. NGC 1333
NGC 1333, also known as vdB 17 (van den Bergh 1966),

is illuminated by BD ]30¡549 (Greenstein 1948 ; Racine
1968). Its spectral class is B8È9p based on photoelectric
photometry (Johnson 1960), B8 V based on a spectrum
(Racine 1968), or B6 (Harvey, Wilking, & Joy 1984) based
on its luminosity. Racine (1968) measured the extinction
toward BD ]30¡549 to be with TheA

V
\ 1.86 R

V
\ 3.1.

distance to NGC 1333 is estimated to be 500 pc (Strom,
Grasdalen, & Strom 1975). Our observed position in NGC
1333 is di†erent from the better studied and more luminous
NGC 1333/SVS-3 (e.g., Joblin et al. 1996 ; Bregman et al.
1993).

Sellgren (1986) Ðrst detected Q-branch emission nearH22.4 km from the reÑection nebulosity in this region at a
position 20A south of BD ]30¡549 with a 12A diameter
beam. emission from the 1È0 S(1) and 2È1 S(1) lines wasH2detected by Tanaka et al. (1989) at a position 40A south of
the central star with a beam diameter of Our long slit,19A.6.
oriented north-south and centered at 12A east 26A south of
BD overlaps the position observed by Tanaka et]30A.549,
al. (1989).

Our spectrum of NGC 1333 includes detections of a
number of lines in the near-infrared K band, as well as a few
of the more prominent, unblended lines in J and H. Before
summing along the slit, we searched for any obvious struc-
ture in the line intensities. As suggested by our unpub-H2lished imaging data, no strong, Ðlamentary structure was
present in our slit, and we therefore summed the full, useful

range to produce the spectrum shown in Figure(4A.5 ] 45A)
2. The relative line intensities, uncorrected for extinction,
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FIG. 1.ÈModel spectrum of emission (Draine & Bertoldi 1996) for a density of 105 cm~3 and incident UV Ðeld 104 times the ambient interstellar ÐeldH2that has been smoothed to our instrumental resolution. We show the near-infrared J, H, and K bands over the same spectral range as our data and have
marked the prominent lines and blends detected in most of the objects. The labels J1, H1, H2, H3, and H4 correspond to blends of several lines in the J and H
bands that cannot be easily separated at this resolution. The brightest lines that make up these blends are listed in Table 2.

are listed in Table 3. Our narrowband imaging is not sensi-
tive enough to directly measure the 1È0 S(1) line intensity.
Instead, we measured the intensity of the continuum emis-
sion and used this to calibrate the strength of the 1È0 S(1)
line from our spectrum to be 1 ^ 0.3] 10~5 ergs s~1 cm~2
sr~1.

3.2. NGC 2023
NGC 2023 is one of the brightest reÑection nebulae in the

sky and was the Ðrst source in which Ñuorescent emis-H2sion was detected (Gatley et al. 1987 ; Sellgren 1986). This
nebula, also known as vdB 52, is illuminated by the bright
B1.5 V star (Racine 1968) HD 37903. NGC 2023 is in the
molecular cloud L1630 and is at a distance of D400 pc
(Anthony-Twarog 1982). Racine (1968) estimated the
extinction toward HD 37903 to be withA

V
\ 1.12 R

V
\

3.1.
Gatley et al. (1987) mapped the nebula in the 1È0 S(1) line

of and obtained low-resolution spectra at positions 80AH2

south and 160A north of the HD 37903. These spectra
showed a large number of features, including the 1È0 Q-
branch in the K band and the 6È4 and 5È3 Q-branches in
the H band. These spectra were also studied by Hasegawa
et al. (1987) and Takayanagi et al. (1987). Sellgren (1986)
detected Q-branch emission from positions 60A and 80A
south of HD 37903. Additional lines have been observedH2in spectra obtained by Burton (1992) and described in more
detail by Burton et al. (1998). Near-infrared images of the
spatial distribution of through narrowband Ðlters haveH2been obtained by Field et al. (1994), Rouan et al. (1997), and
Field et al. (1998).

We observed NGC 2023 at the position 60A south of HD
37903 observed by Sellgren (1986). Our long slit also
includes the region 80A south observed by Gatley et al.
(1987). This slit position is near, but to the east of, the
position observed by Burton et al. (1998). The Burton et al.
position is centered on a peak in the emission locatedH278A south, 9A west of HD 37903 and was observed with a
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FIG. 2.ÈSpectrum of NGC 1333 in the near-infrared J, H, and K bands. This spectrum was obtained at a position 12A east, 26A south of BD ]30¡549 and
is a summation of all 45A of the wide, north-south slit (see ° 3.1). The spectra are all on the same relative (Ñux per unit wavelength) scale as described4A.5 Fjin ° 2.

roughly 5A diameter beam. Our spectrum extends from
approximately 35A to 84A directly south of HD 37903.

The relative strength of the and continuum emissionH2changes signiÐcantly along the length of our slit with the
region from 35A to 67A south (hereafter the north region)
showing strong continuum emission and weak lines. TheH2region from 67A to 84A south (hereafter the south region), in
contrast, shows negligible continuum emission but bright

emission. Figure 3a shows the relative number of countsH2in the 1È0 S(1) line and the neighboring continuum as a
function of position along the slit. Because of the signiÐcant
di†erences in these two regions, we extracted them separa-
tely and show the north and south regions as Figures 4 and
5, respectively. The relative line intensities for both of these
regions are listed in Table 3. As we do not have narrowband
imaging data for NGC 2023, we used K@ imaging data to
measure the 1È0 S(1) line intensity by measuring the total
Ñux in the K@ band and then using our spectra to measure
the fraction of the K@ Ñux in the 1È0 S(1) line. The absolute

1È0 S(1) line intensity for the north region is 6.5^3]10~5
ergs s~1 cm~2 sr~1, and for the south region it is
1.4^ 0.4] 10~4 ergs s~1 cm~2 sr~1.

3.3. NGC 2068
NGC 2068, which is also known as vdB 59, is in the same

molecular cloud (L1630) as NGC 2023 and is also estimated
to be at a distance of approximately 400 pc (Anthony-
Twarog 1982). Strom et al. (1975) classiÐed the central star
of this nebula, HD 38563-N as a B2 III. Strom, Strom, &
Vrba (1976) estimate the extinction toward HD 38563-N to
be based on E(H[K). Recent imaging (Martini,A

V
\ 4

DePoy, & Sellgren 1999) shows that HD 38563-N is
actually a close (D2A separation) pair of stars with compa-
rable JHK brightnesses. A low-resolution JHK spectrum
(RD 750) of these stars obtained on 1998 September 9
shows that both stars are consistent with an early B-type
classiÐcation based on the presence of weak hydrogen
absorption features.
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TABLE 3

NGC 1333 AND NGC 2023 LINE INTENSITIES

Line ID Wavelength INGC 1333 p
I

INGC 2023 South p
I

INGC 2023 North p
I

(1) (2) (3) (4) (5) (6) (7) (8)

3È2 S(2) . . . . . . 2.28703 0.142 0.078 0.080 0.036
2È1 S(1) . . . . . . 2.24772 0.451 0.060 0.401 0.067 0.368 0.043
1È0 S(0) . . . . . . 2.22330 0.703 0.065 0.465 0.062 0.472 0.044
3È2 S(3) . . . . . . 2.20140 0.163 0.057 0.155 0.059 0.162 0.029
2È1 S(2) . . . . . . 2.15423 0.183 0.058 0.155 0.059 0.156 0.033
1È0 S(1) . . . . . . 2.12183 1.000 0.045 1.000 0.043 1.000 0.028
2È1 S(3) . . . . . . 2.07351 0.248 0.046 0.315 0.097 0.293 0.030
1È0 S(2) . . . . . . 2.03376 0.419 0.060 0.422 0.097 0.398 0.067
1È0 S(7) . . . . . . 1.74803 0.122 0.069 0.237 0.083 0.201 0.073
6È4 Q(1) . . . . . . 1.60153 0.130 0.073 0.107 0.064 0.104 0.055
4È2 S(3) . . . . . . 1.26155 0.268 0.135 0.290 0.121 0.244 0.092
J1 . . . . . . . . . . . . . 0.698 0.218 0.724 0.262
H1 . . . . . . . . . . . . 0.324 0.095 0.212 0.059 0.177 0.071
H2 . . . . . . . . . . . . 0.675 0.214 0.480 0.152 0.580 0.215
H3 . . . . . . . . . . . . 0.263 0.082
H4 . . . . . . . . . . . . 0.509 0.116 0.390 0.106 0.303 0.119

NOTE.ÈMeasured line intensities for NGC 1333 and NGC 2023 relative to the 1È0 S(1) line. Col. (1) :
IdentiÐcation for each line. Col. (2) : Central wavelength of the feature. Cols. (3) and (4) : Intensity and 1 p
uncertainty for NGC 1333. Cols. (5), (6), (7), and (8) : Corresponding information for the south and north regions
of NGC 2023, respectively. These intensity measurements have not been corrected for extinction by dust. The 1 p
uncertainties for the 1È0 S(7), 6È4 Q(1), and 4È3 S(3) lines, and all of the line blends also contain an additional 5%
error to account for the uncertainty in the scaling from J and H to the K band.

Sellgren (1986) unsuccessfully searched for emissionH2from the Q-branch at a position 60A east, 40A south of HD
38563-N. Our unpublished narrowband images show no
extended emission at this o†set position. Based on theseH2images we instead selected two positions, centered 72A and
121A east of HD 38563-N as the peaks of the continuum and

emission, respectively. Throughout this paper theseH2positions will be referred to as the ““ C-Peak ÏÏ and the ““ H2-respectively.Peak,ÏÏ
Only weak line emission was detected at the C-PeakH272A east of HD 38563-N, even when the entire slit is aver-

aged together. The spectrum of this region is shown in
Figure 6. The bright line at 1.64 km is probably [Fe II] 1.644
km. In principle, the strength of this line can be compared
to the strength of other [Fe II] lines to derive densities or
measure the extinction in the emitting region (e.g., Nussbau-
mer & Storey 1988). However, no other [Fe II] lines were
detected in our spectrum, and we can set no meaningful

limits on the density or extinction at this slit position. As
[Fe II] emission arises in partially or fully ionized gas in
PDRs, the presence of [Fe II] and in this spectrumH2suggests the observation includes at least two di†erent emit-
ting regions along the line of sight, with ionized gas near the
central star and emission from molecular material eitherH2in front of or behind the ionized gas.

The slit position centered on the shows muchH2-Peak
stronger emission. Figure 7 is a sum of the slit over the 23A
region from 0A to 23A north, 121A east of the central star.
The relative line intensities corresponding to this region are
listed in Table 4. The southern part of this slit position
extends beyond the emission Ðlament into a region con-H2taining no strong or continuum emission. For theH2 H2-the 1È0 S(1) line intensity is 3.1 ^ 0.8] 10~5 ergs s~1Peak,
cm~2 sr~1. 1È0 S(1) line emission was not clearly detected
at the continuum region in our narrowband data. Instead,
we used the intensity of the continuum region to calibrate

TABLE 4

NGC 2068 LINE INTENSITIES

Line ID Wavelength INGC 2068vC p
I

INGC 2068vH2
p
I

2È1 S(1) . . . . . . 2.24772 0.496 0.195 0.376 0.066
1È0 S(0) . . . . . . 2.22330 0.806 0.202 0.488 0.067
2È1 S(2) . . . . . . 2.15423 0.374 0.180 0.183 0.051
1È0 S(1) . . . . . . 2.12183 1.000 0.149 1.000 0.052
2È1 S(3) . . . . . . 2.07351 0.311 0.151 0.275 0.093
1È0 S(2) . . . . . . 2.03376 0.554 0.231 0.466 0.095
1È0 S(7) . . . . . . 1.74803 0.182 0.080
6È4 Q(1) . . . . . . 1.60153 0.132 0.072
J1 . . . . . . . . . . . . . 0.363 0.143
H1 . . . . . . . . . . . . 0.219 0.064
H2 . . . . . . . . . . . . 0.761 0.370 0.711 0.195
H3 . . . . . . . . . . . . 0.239 0.114
H4 . . . . . . . . . . . . 0.797 0.247 0.396 0.950

NOTE.ÈAs in Table 3, but for NGC 2068.
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FIG. 3.ÈContinuum and 1È0 S(1) line intensity along the wide, north-south slit for (a) NGC 2023 and (b) NGC 7023. The 1È0 S(1) counts were4A.5
obtained from a 60 wide bin centered on the 1È0 S(1) line at 2.121 km. The continuum counts are the average of two 60 wide bins on either side of the 1È0A� A�
S(1) emission line. These counts have not been corrected for the slit illumination function. (a) The slit was centered 60A south of HD 37903 with no east-west
o†set. The two regions marked in the Ðgure are described in more detail in ° 3.2. (b) For NGC 7023 the slit was centered 27A west, 34A north of HD 200775,
and the three regions are described in more detail in ° 3.4.

the 1È0 S(1) line in our spectrum, as we did for NGC 1333.
The 1È0 S(1) line intensity is 7 ^ 3 ] 10~6 ergs s~1 cm~2
sr~1.

3.4. NGC 7023
NGC 7023, also known as vdB 139, is a bright reÑection

nebula illuminated by the preÈmain-sequence B3e star HD
200775 (Johnson 1960 ; Racine 1968 ; Witt & Cottrell 1980).
The distance to NGC 7023 is estimated to be 440 pc
(Whitcomb et al. 1981). We adopt a visual extinction of

with as discussed by Martini et al. (1997).A
V

\ 2.2 R
V

\ 5
Observation of the Q-branch emission from NGC 7023H2was Ðrst attempted, though unsuccessfully, by Sellgren
(1986) at a position 30A west and 20A north of HD 200775.
Narrowband imaging in the 1È0 S(1) and 2È1 S(1) lines
(Lemaire et al. 1996) later revealed the presence of Ñuores-
cently excited in the bright Ðlaments seen in this nebulaH2at 2.1 km by Sellgren, Werner, & Dinerstein (1992). Near-
infrared spectroscopy of two of these Ðlaments by Martini
et al. (1997) showed that the bulk of this emission was due

to UV Ñuorescence in Ðlaments with densities of 104È106
cm~3.

Our observations are centered on a position 27A west, 34A
north of HD 200775. This position is close to, but not over-
lapping, the slit position ““ P1 ÏÏ (40A west, 34A north) of
Martini et al. (1997). As in the case of NGC 2023, the spec-
trum of NGC 7023 shows signiÐcant changes in both con-
tinuum and line intensity across the slit. The slit isH2centered on a bright Ðlament, where the total (H2emission is brightest (hereafter the]continuum) H2-Peak
region, 32AÈ41A north). The spectrum of this region is shown
in Figure 8. The and continuum emission have notice-H2ably di†erent behavior on either side of this peak. The H2emission lines are still fairly strong in the region 41AÈ56A
north (hereafter the north region ; see Fig. 9) of the Ðlament,
while they are signiÐcantly weaker in the region 12AÈ32A to
the south (hereafter the south region ; not shown) of the
Ðlament, closer to HD 200775. The relative line intensities
for the peak and north regions are listed in Table 5. In
contrast, the continuum emission is brightest in the south
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FIG. 4.ÈAs in Fig. 2 for the ““ north region ÏÏ of NGC 2023 (see ° 3.2). This region extends over 35AÈ67A south, 0A east of HD 37903 and is bright in
continuum emission (see also Fig. 3).

region, somewhat less bright at the and quiteH2-Peak,
weak in the north region. The behavior of the 1È0 S(1) line
and the neighboring continuum are shown in Figure 3b.
For the the 1È0 S(1) line absolute intensity isH2-Peak,

6.8^ 1.7] 10~5 ergs s~1 cm~2 sr~1. For the north region,
the 1È0 S(1) line intensity is 4 ^ 1 ] 10~5 ergs s~1 cm~2
sr~1. Our improved narrowband calibration results in sig-
niÐcantly lower line intensities for the positions ““ P1 ÏÏ and

TABLE 5

NGC 7023 LINE INTENSITIES

Line ID Wavelength INGC 7023 Peak p
I

INGC 7023 North p
I

2È1 S(1) . . . . . . 2.24772 0.290 0.091 0.380 0.161
1È0 S(0) . . . . . . 2.22330 0.411 0.088 0.516 0.164
3È2 S(3) . . . . . . 2.20140 0.150 0.049
2È1 S(2) . . . . . . 2.15423 0.138 0.061
1È0 S(1) . . . . . . 2.12183 1.000 0.060 1.000 0.087
2È1 S(3) . . . . . . 2.07351 0.182 0.038 0.241 0.111
1È0 S(2) . . . . . . 2.03376 0.335 0.052 0.411 0.150
1È0 S(7) . . . . . . 1.74803 0.213 0.057 0.471 0.126
H1 . . . . . . . . . . . 0.140 0.067 0.372 0.132
H2 . . . . . . . . . . . 0.347 0.067 0.958 0.364
H4 . . . . . . . . . . . 0.209 0.100 0.637 0.301

NOTE.ÈAs in Table 3, but for NGC 7023.
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FIG. 5.ÈAs in Fig. 2 for the ““ south region ÏÏ of NGC 2023 (see ° 3.2). This region extends over 68AÈ84A south, 0A east and exhibits stronger emissionH2than the north region shown in Fig. 4, but weaker continuum emission (see also Fig. 3).

““ P2 ÏÏ reported by Martini et al. (1997). For these positions
the intensities are 8 ^ 2 ] 10~5 ergs s~1 cm~2 sr~1 and
4.6^ 1.2] 10~5 ergs s~1 cm~2 sr~1, respectively ; this new
Ñux calibration does not change any of the conclusions of
Martini et al. (1997).

4. RESULTS

In order to derive information about the densities, tem-
peratures, and incident UV Ðelds in these PDRs, we
compared the relative level populations of the
rotational-vibrational levels of derived from theseH2spectra with the model predictions of Draine & Bertoldi
(1996). As these models are all characterized by UV ÐeldÈ
toÈdensity ratios of 0.1 or 0.01, our best-Ðtting(G0/nH)
density models are reported for orG0/nH \ 0.1 G0/nH \
0.01 (Draine & Bertoldi 1996 denote the UV Ðeld strength
as s). is a unit of measure of the UV Ðeld strength inG0units of the average interstellar radiation Ðeld at j \ 1000 A�
as deÐned by Habing (1968). A value of implies aG0\ 1
UV Ðeld strength of 4 ] 10~14 ergs cm~3 (see also Draine

& Bertoldi 1996). The modeling procedure is described in
detail by Martini et al. (1997), although we have modiÐed
the technique somewhat for this work. BrieÑy, we compared
our observations with these models by using the s2 param-
eter as a measure of the goodness of Ðt between each model
and the data. All of the lines with relatively good ([2 p)
detections from a given slit position were used in the Ðtting
procedure, except for the 2È1 S(4) line, as it lies on a strong
telluric absorption feature, and the 1È0 S(3) line, as it lies in
a region where the atmospheric]Ðlter transmission has a
very steep gradient.

Before performing these model Ðts, we corrected the
observed relative line intensities for the e†ects of interstellar
extinction. We used the values for the stellar extinction and
reddening laws quoted above to deredden our measured
line intensities following the procedure described by Mathis
(1990). However, the nebular extinction may be higher or
lower than the stellar extinction. Martini et al. (1997) found
that varying the assumed toward NGC 7023 by a factorA

Vof 2 had no signiÐcant e†ect on their results. We tested the
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FIG. 6.ÈAs in Fig. 2 for the continuum peak in NGC 2068, which is centered 72A due east of HD 38563-N (see ° 3.3). This spectrum is the summation of
the entire 45A of the slit.

sensitivity of all of the Ðts to the assumed value of byA
Valso running Ðts with reddening variations of*A

V
\^1 ;

this magnitude do not a†ect our results. Ideally, the extinc-
tion toward these regions should be computed by measur-
ing the line strengths of two lines arising from the same
upper level and thus whose ratios are determined only by
their relative transition probabilities and statistical weights.
Unfortunately we did not detect such a pair of lines in any
of our objects. However, extinction is not a severe problem
for our modeling procedure as most of the features lie in the
K band and so are both close together in wavelength and
relatively insensitive to the extinction.

The main di†erences between the current work and the
technique described by Martini et al. (1997) are that we
performed the s2 Ðt on the line intensity data, rather than
on the relative column density in each level population, and
that we included the intensities of several blends of lines in
our Ðtting procedure. Figure 10a shows the variation of one
of these blends, H4, as a function of density, UV Ðeld
strength, and temperature. The intensity of this blend rela-

tive to the 1È0 S(1) line is sensitive to density, though
increasing the UV Ðeld strength or the gas temperature
tends to mimic the e†ect of increasing density. The behavior
of this blend is representative of the other blends listed in
Table 2 because all of these blends are dominated by tran-
sitions from high vibrational levels. Their intensity relative
to the 1È0 S(1) transition decreases with increasing density
as the population of the v\ 1 level is increased by colli-
sions.

Wolniewicz, Simbotin, & Dalgarno (1998) have recently
recalculated the spontaneous electronic quadrupole tran-
sition probabilities for While these values are a signiÐ-H2.cant improvement over the work of Turner, Kirby-Docken,
& Dalgarno (1977) for transitions with probabilities of 10~9
or less, their values for the higher probability transitions,
which include the lines in our spectra, are not appreciably
di†erent.

In addition to the model Ðts of all of the detected lines
and blends with the models, we also examined the ratios of
several select lines that have been used in the past as diag-
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FIG. 7.ÈAs in Fig. 2 for the in NGC 2068, which is centered 121A due east of HD 38563-N (see ° 3.3). This spectrum is the sum of the slit overH2-Peak
0AÈ23A north of the central double star.

nostics of PDRs. These lines include the ratio of the 1È0 S(1)
line to the 2È1 S(1) line and the ratio of the 2È1 S(1) line to
the 6È4 Q(1) line. The 1È0 S(1)/2È1 S(1) line ratio is a good
diagnostic of the density because the rate of collisional de-
excitation of the v\ 2 level increases faster than that of the
v\ 1 level. Thus this ratio increases substantially when the
density is near the critical density of cm~3.H2, ncrit\ 105
The 2È1 S(1)/6È4 Q(1) line ratio complements the 1È0 S(1)/
2È1 S(1) line ratio as it is much less sensitive to collisional
deexcitation. Draine & Bertoldi (1996) show the behavior of
these two line ratios as a function of density, UV Ðeld
strength, and gas temperature for their models (see their
Figs. 15 and 16). However, that the 2È1 S(1)/6È4 Q(1) line
ratio is fairly sensitive to reddening compared to the 1È0
S(1)/2È1 S(1) ratio. For example, adding magnitudesA

V
\ 5

of reddening with an reddening law (e.g., MathisR
V

\ 3.1
1990) will decrease the 1È0 S(1)/2È1 S(1) ratio by 5% but
will increase the 2È1 S(1)/6È4 Q(1) ratio by 30%.

Figure 10b shows the ratio of the 1È0 S(7) line to the
intensity of the H4 blend discussed above. As these two

features are very close in wavelength, their ratio is very
insensitive to extinction and the reddening law. An error of

magnitudes will increase this ratio by only D1%. AsA
V

\ 5
in the case of the ratio of the H4 blend to the 1È0 S(1) line,
this ratio combines the H4 intensity, dominated by tran-
sitions from high vibrational levels, with a transition from
the v\ 1 level, which is sensitive to increasing density, par-
ticularly as the density approaches At low densitiesncrit.(n \ 104 cm~3) when this ratio is small, this diagnostic is
fairly insensitive to variations in UV Ðeld strength and gas
temperature. At higher densities, however, increasing UV
Ðeld strength and temperature mimic the e†ect of a higher
density.

Other diagnostics of the physical conditions in PDRs
include the rotational temperature vibrational tem-(Trot),perature and the ratio of ortho- to (c). The(Tvib), para-H2rotational (or vibrational) temperature is measured from
the slope of a line passing through data with the same vibra-
tional (or rotational) upper levels on diagrams of the

where and are, respectively,[ln (N
u
/g

u
), T

u
]-plane, N

u
, g

u
, T

u
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FIG. 8.ÈAs in Fig. 2 for the in NGC 7023 (° 3.4). This region extends over 32AÈ41A north at an o†set 34A west of HD 200775 and contains theH2-Peak
strongest and continuum emission.H2

the column density, statistical weight, and energy (in
kelvins) of the upper level. Population diagrams derived
from our spectra showing the distribution of ln (N

u
/g

u
)

versus are shown in Figures 11 and 12. Di†erencesT
ubetween and are an indicator of ÑuorescentlyTrot Tvibexcited while purely thermally excited results inH2, H2equal and (Black & Dalgarno 1976 ; Black & vanTrot TvibDishoeck 1987 ; Takayanagi, Sakimoto, & Onda 1987 ;

Tanaka et al. 1989 ; Draine & Bertoldi 1996). In this paper
was measured by Ðtting a line to for theTrot [ln (N

u
/g

u
, T

u
]

1È0 S(0) and 1È0 S(2) lines ; we chose this pair of lines
because they are both bright and are even rotational states,
which avoids uncertainty in c. was measured with theTvib1È0 S(1) and 2È1 S(1) lines.

is assumed to form on grain surfaces with c\ 3 (e.g.,H2Spitzer & Zweibel 1974), but after formation this ratio can
change with time (Dalgarno, Black, & Weisheit 1973 ;
Flower & Watt 1984 ; Tielens & Allamandola 1987 ; Hase-
gawa et al. 1987 ; Tanaka et al. 1989 ; Burton et al. 1992 ;

Chrysostomou et al. 1993 ; Draine & Bertoldi 1996). In
these nebulae, c was measured with the v\ 1, J \ 2È4
levels. Draine & Bertoldi (1996) predict c\ 2 ^ 0.2 for
v\ 1, J \ 2È7 in their model PDRs and show that c
depends only weakly on density and UV Ðeld strength.
Sternberg & Neufeld (1999) explain how optical depth
e†ects in the UV Lyman and Werner bands result in a lower
observed c for the excited than the c\ 3 predicted byH2theory for gas above 200 K.

4.1. NGC 1333
Model Ðts to NGC 1333 show that it is best Ðtted by

models with n \ 102È103 cm~3 for and n \ 104G0/nH \ 0.1
cm~3 for NGC 1333 is illuminated by a B8 VG0/nH \ 0.01.
star, and the UV Ðeld is expected to be (Uchida etG0\ 140
al. 1999). The results of comparing these spectra with model
predictions is thus in reasonable agreement with the
expected UV Ðeld. Warin et al. (1996) derive densities of
3 ] 103 to 5 ] 104 cm~3 in the central regions of NGC
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FIG. 9.ÈAs in Fig. 2 for the ““ north region ÏÏ in NGC 7023 (see ° 3.4). This region extends over 41AÈ56A north at an o†set 34A west of HD 200775. This
region still exhibits bright emission, but the continuum intensity is signiÐcantly less than the (Fig. 8) to the south (see also Fig. 2).H2 H2-Peak

1333 based on CO observations, which also agree with our
results, as does our estimate of the intensity of the 1È0 S(1)
line.

The results of using individual line ratios support our
model results. The 1È0 S(1)/2È1 S(1), 2È1 S(1)/6È4 Q(1), and
1È0 S(7)/H4 ratios (see Table 6) all predict densities of D104
cm~3. The 2È1 S(1)/6È4 Q(1) line ratio allows densities of up
to 105 cm~3, but this line ratio is also the most sensitive to
extinction. The extinction estimate toward NGC 1333, and
for all of the nebulae discussed here, is based on a line-of-
sight estimate to the central star. Any additional dust screen
toward the excited molecular gas would increase the extinc-
tion and in turn lead to a smaller observed 6È4 Q(1) inten-
sity and drive the observed 2È1 S(1)/6È4 Q(1) ratio to a
higher value. However, as mentioned above, variations in

neither changed the best-Ðtting model param-*A
V

\ ^1
eters nor the quality of the Ðt.

Our measurements of and show that is sig-Trot Tvib TvibniÐcantly higher than a further indicator that theTrot, H2emission in NGC 1333 is Ñuorescent, and c\ 1.4^ 0.4.

Such a low value is in agreement with the low density, UV
Ðeld, and temperature derived above. However, as men-
tioned above, Draine & Bertoldi (1996) found in their model
PDRs that c is not a strong constraint on density and UV
Ðeld strength.

4.2. NGC 2023
The density of NGC 2023 has been previously estimated

to be approximately 105 cm~3 with using aG0 D 5000
variety of techniques (Burton et al. 1990 ; Fuente et al. 1995 ;
Draine & Bertoldi 1996 ; Wyrowski et al. 1997 ; Field et al.
1998). Our analysis of the continuum-bright, or north
region, yields a best-Ðt density of n \ 104È105 cm~3 for

and n \ 105È106 cm~3 for ForG0/nH \ 0.1 G0/nH \ 0.01.
the bright, or south region, the best-Ðtting modelsH2predict a density of n \ 105 cm~3 for andG0/nH \ 0.1
n \ 106 cm~3 for These values are also inG0/nH \ 0.01.
agreement with our measurements of the 1È0 S(1) line inten-
sities at these two slit positions.

The relative line ratios of both the north and south
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FIG. 10.È(a) The way the intensity of the H4 blend (see Table 2), nor-
malized to the 1È0 S(1) line intensity, varies as a function of the PDR
parameters in the models of Draine & Bertoldi (1996). The behavior of this
blend is representative of the other blends listed in Table 2 as all of theH2blends are dominated by transitions from high vibrational levels. (b) The
ratio of the H4 blend to the 1È0 S(7) line. This pair of features is a relatively
good diagnostic of the PDR and has the advantage of being insensitive to
the amount of reddening. Our observed values of this ratio vary from 0.98
to 4.20 and fall within the range predicted by the models.

regions agree well with a n \ 105 cm~3 model and each
other, which is consistent with our more extensive model
Ðtting. This also suggests that the overall intensity di†er-
ence (Fig. 3) between the and continuum-brightH2-bright
regions do not mark a signiÐcant change in the physical
properties of the PDR.

Our measurements of and at both positions inTrot TvibNGC 2023 are in good agreement with the measurements of
Hasegawa et al. (1987). These results are also consistent
with the density and temperature ranges discussed above
as well as the particular models developed by Draine &
Bertoldi (1996) for NGC 2023. Our derived value of
cD 2 is also consistent with the ortho-to-para ratio found
by Hasegawa et al. (1987) and the model Ðt of Draine &
Bertoldi (1996).

4.3. NGC 2068
We modeled both the continuum region and H2-bright

Ðlament observed in NGC 2068. The continuum region had
signiÐcantly fainter line emission than the Ðlament, andH2the models do not strongly constrain the physical condi-
tions from this region. The best-Ðt models for the contin-
uum region constrain the density to be n \ 102È104 cm~3
for and n \ 102È105 cm~3 for AsG0/nH \ 0.1 G0/nH \ 0.01.
discussed previously, the weak observed toward thisH2region could be from relatively lower density material along
the line of sight, but farther from the central star. In the

region the density is constrained to be in theH2-bright
range n \ 103È105 cm~3 for and n \ 105È106G0/nH \ 0.1
cm~3 for Our measurement of the line inten-G0/nH \ 0.01.
sity of the 1È0 S(1) line suggests n \ 104 cm~3 for G0/nH \
0.1 and n \ 105 cm~3 for which is also inG0/nH \ 0.01,
agreement with the CS observations of Lada, Evans, & Fal-
garone (1997). Uchida et al. (1999) estimate at anG0\ 520
angular distance of 93A from HD 38563-N, corresponding
to at the projected distance of the continuumG0\ 870
region and at the projected distance of theG0\ 310 H2-

TABLE 6

PDR DIAGNOSTICS

Nebula

1È0 S(1)

2È1 S(1)

2È1 S(1)

6È4 Q(1)

H4

1È0 S(7)

Trot
(K)

Tvib
(K) c

(1) (2) (3) (4) (5) (6) (7)

NGC 1333 . . . . . . . . . . . . . . . . . 2.26 3.02 4.20 690 5000 1.4
^0.32 ^1.57 ^2.38 ^120 ^720 ^0.4

NGC 2023 North . . . . . . . . . 2.53 3.37 1.65 920 4540 1.8
^0.44 ^1.93 ^0.69 ^250 ^800 ^0.7

NGC 2023 South . . . . . . . . . 2.76 3.16 1.52 870 4240 1.9
^0.34 ^1.57 ^0.76 ^170 ^520 ^0.5

NGC 2068 C-Peak . . . . . . . 2.11
^0.91

NGC 2068 H2-Peak . . . . . . 2.78 2.07 2.20 1000 4220 1.7
^0.53 ^0.94 ^0.92 ^240 ^800 ^0.6

NGC 7023 H2-Peak . . . . . . 3.53 0.98 860 3570 2.2
^1.15 ^0.49 ^230 ^1170 ^0.8

NGC 7023 North . . . . . . . . . 2.70 1.36
^1.19 ^0.67

NOTE.ÈLine ratios, temperatures, and ortho-to-para ratios for the nebulae discussed in this
paper. Col. (1) : Nebula (including the o†set position). Cols. (2), (3), and (4) : Line ratios of the 1È0 S(1)
to 2È1 S(1) lines, 2È1 S(1) to 6È4 Q(1) lines, and H4 blend to 1È0 S(7) line, respectively. Cols. (5) and
(6) : Rotation temperature for v\ 1, J \ 2, 4 and vibration temperature for v\ 1, 2, J \ 3. Col. (7) :
Ratio of ortho- to based on the relative column densities in the v\ 1, J \ 2È4 levels. The 1para-H2p uncertainties in all of these quantities are tabulated immediately below them. All of the values
listed in this Table have been corrected for interstellar reddening as described in ° 4.
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FIG. 11.ÈRelative population diagrams for NGC 1333 and the two slit
regions in NGC 2023 plotted as a function of the upper level energy
divided by the Boltzmann constant. The labels at the top of the Ðgure
provide the rotational (J) and vibrational (v) quantum number of the level
giving rise to the observed transition. The quantum numbers in parenth-
eses, e.g., (4, 5), are (v, J). is the column density of the upper level, whileN

uis its statistical weight (see ° 4).g
u

Ðlament. The values are consistent with all but thebright
highest density model Ðts. The 1È0 S(1) line intensity for the
continuum region suggests the density is n \ 103È104 cm~3.

We detected only enough lines to measure the 1È0 S(1)/
2È1 S(1) ratio in the continuum region. This ratio is consis-
tent with a low-density n ¹ 104 cm~3 PDR with T \ 1000
K. At the all three ratios and these values imply aH2-Peak
density of n D 104 cm~3. Measurements of and cTrot, Tvib,are listed in Table 6 and are consistent with the model Ðts
described above. Unfortunately, the in NGC 2068H2-Peak
is located due west of the central star, and this nebula was
observed with a slit oriented north-south. We are thus not
able to examine changes in the PDR as a detailed function
of distance from the central star (and presumably as a func-
tion of UV Ðeld strength) as in NGC 2023 and NGC 7023.

4.4. NGC 7023
We carried out model Ðts to all three regions in the slit at

the position NGC 7023 ISO-1 described in ° 3. In the
southern region, closest to HD 200755, the 1È0 S(0) and 1È0
S(1) lines were detected only weakly, and thus we could not
set useful limits on the physical parameters. At the position
of the and in the region north of the Ðlament, weH2-Peak,
detected a number of lines. Model Ðts to the con-H2-Peak
strain the density to be n \ 106 cm~3 for andG0/nH \ 0.1

FIG. 12.ÈSame as Fig. 11 but for the continuum and in NGCH2-Peak
2068 and the and north region in NGC 7023.H2-Peak

0.01. Draine & BertoldiÏs model Ðt to NGC 2023 (n2023b)
with n \ 105 cm~3 for was also a good Ðt toG0/nH \ 0.05
this region. The 1È0 S(1) line intensity is also roughly con-
sistent with these physical parameters. For the north region,
our model Ðts yield n \ 105 cm~3 for andG0/nH \ 0.1
n \ 105È106 cm~3 for The models withG0/nH \ 0.01.
n \ 105 cm~3 for were also a good Ðt to thisG0/nH \ 0.05
region. The results for both of these regions agree with the
density range and values (n \ 105È106 cm~3,G0 G0 \
103È104) found by Martini et al. (1997), the value of G0\
2.6] 103 found by Chokshi et al. (1988), and our line inten-
sity measurement. The is at a projected distance ofH2-Peak
0.1 pc from HD 200775, and so our results are also in
agreement with the estimate that at a dis-G0\ 300È1200
tance of 0.1È0.2 pc from HD 200775 by Federman et al.
(1997).

The spectrum of NGC 7023 ISO-2 (not shown) showed
only very weak emission from the 1È0 S(1) line. We there-
fore did not have enough information to model the molecu-
lar hydrogen emission at this slit position. The strength of
this emission, relative to that detected at NGC 7023 ISO-1
in a similar integration time, implies that the density or
total column density of material is less in thisH2-emitting
region. Also, given its greater distance from the central star,
in projection, this region is probably exposed to a lower UV
radiation Ðeld.

The measured 1È0 S(1)/2È1 S(1) line ratios at the H2-Peak
and in the north region were 3.53 and 2.70, respectively.
These two ratios are in broad agreement with the model Ðts
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described above. While the value at the does implyH2-Peak
a higher density than in the north region, an increase in this
ratio could also be due to changes in the gas temperature
and UV Ðeld strength. Both of these quantities could vary
as the north region is farther, in projection, from the central
star. The value of the 1È0 S(7)/H4 ratio similarly decreases
from the to the north region, though changes inH2-Peak
this ratio with density are also degenerate with changes in
temperature and UV Ðeld strength at densities approaching
the critical density.

Our measurements of and at the are inTrot Tvib H2-Peak
reasonable agreement with the measurement of Martini et
al. (1997) at a di†erent position on the same Ðlament. These
results are higher than those found by Lemaire et al. (1996)
but are within their uncertainties. The measured Trot \ 860
^ 230 is also in agreement with the predictions of the best
model Ðts to this position discussed above. The value of c is
also consistent with both the observations of Martini et al.
(1997) and the models.

5. CONTINUUM AND EMISSIONH2
There are several models for the origin of the near-

infrared continuum in reÑection nebulae. One model sug-
gests that the near-infrared continuum is due to thermal
emission from tiny grains that are brieÑy heated by the
absorption of single UV photons (Sellgren, Werner, &
Dinerstein 1983 ; Sellgren 1984). Other models suggest a
quasi continuum of overlapping bands from polycyclic aro-
matic hydrocarbon (PAH) molecules & Puget 1984 ;(Le� ger
Allamandola, Tielens, & Barker 1985), electronic Ñuores-
cence in PAHs (Allamandola, Tielens, & Barker 1989), or
luminescence from hydrogenated amorphous carbon grains
(Duley & Williams 1988 ; Duley 1988).

This continuum is not due to scattered starlight. Sellgren,
Werner, & Allamandola (1996), in a survey of 23 reÑection
nebulae, found that all of these objects have similar near-
infrared colors, independent of the spectral type of the
central star. Sellgren et al. (1992) observed NGC 2023 and
NGC 7023 in polarized light and calculated that less than
20% of the 2.2 km continuum emission, in contrast to the
visible continuum, is due to scattered starlight. For NGC
7023, the small contribution of scattered light at K (4%È5%
polarization) compared to the larger scattered light contri-
bution at J (20%È25% polarization) is conÐrmed by our
spectra (Figs. 8 and 9), which show Pab emission at 1.28 km
scattered from the central Be star, but no Brc emission
scattered from the Be star at 2.17 km.

Our high signal-to-noise ratio, long-slit spectral obser-
vations of NGC 2023 and NGC 7023 are able to directly
investigate the relative intensity of the 2.2 km continuum
and 1È0 S(1) line as shown in Figure 3. These observations
show that the 2.2 km continuum peaks closer to the central
star than the emission in both NGC 2023 and NGCH27023. Our results at high spectral resolution conÐrm pre-
vious results from narrowband and broadband imaging of
the near-infrared continuum and in NGC 2023 (GatleyH2et al. 1987 ; Field et al. 1994) and NGC 7023 (Lemaire et al.
1996). These images suggest that the near-infrared contin-
uum peaks closer to the central star than does the Ñuores-
cent emission and that the near-infrared continuumH2emission is less Ðlamentary than the emission.H2The 3.3 km emission feature, like the near-infrared con-
tinuum, has been proposed to arise from aromatic mol-
ecules or from aromatic grains, emitting either by

Ñuorescence or by thermal emission during temperature
Ñuctuations (see reviews by Puget & 1989 ; Allaman-Le� ger
dola et al. 1989 ; Sellgren 1994 ; Papoular et al. 1996). The
observational relationship between the near-infrared con-
tinuum and the 3.3 km feature, however, is unclear. The
near-infrared continuum and the 3.3 km feature are always
observed together in spectra of reÑection nebula (Sellgren et
al. 1983 ; Sellgren et al. 1996). Sellgren et al. (1996) Ðnd that
the ratio of the 3.3 km feature to the nearby continuum is
independent of the spectral type of the central star, but they
also Ðnd approximately a factor of 3 variation in the
feature-to-continuum ratio. This variation in the feature-to-
continuum ratio is found both within an individual source
and among di†erent sources. Gatley et al. (1987) conclude
from broadband imaging data that the near-infrared con-
tinuum in NGC 2023 is concentrated closer to the central
star than is the 3.3 km feature. These observations suggest
that while the materials and emission mechanisms giving
rise to the near-infrared continuum and 3.3 km emission
feature may be similar, they are not identical.

Observations of the 3.3 km emission feature in NGC
2023, NGC 1333/SVS-3, and Parsamyan 18 show that the
3.3 km feature is cospatial, in projection, with the emis-H2sion in these three reÑection nebulae (Gatley et al. 1987 ;
Burton et al. 1989). This is in contrast to results from
regions with stronger UV Ðelds, such as the Orion Nebula
(Burton et al. 1989 ; Sellgren, Tokunaga, & Nakada 1990 ;
Tielens et al. 1993) and the planetary nebula NGC 7027
(Graham et al. 1993), where the 3.3 km emission peaks
closer to the UV source than the emission. In regionsH2with stronger UV Ðelds, the near-infrared continuum due to
tiny grains or large molecules is swamped by free-free emis-
sion from ionized hydrogen. The absence of signiÐcant free-
free emission in NGC 2023 and NGC 7023, however, allows
a direct comparison of the location of the near-infrared
continuum and emission. In these two reÑection nebulaeH2the 2 km continuum peaks closer to the star than the H2emission. Thus it appears that in reÑection nebulae the
material responsible for the near-infrared continuum is able
to survive closer to the central star than the molecular gas.
This places an interesting constraint on laboratory analogs
and theoretical models for the continuum emission.

6. CONCLUSIONS

We have obtained near-infrared spectroscopy of four
reÑection nebulae, including NGC 1333 and NGC 2068 for
which no previous near-infrared spectra have been
analyzed. We have used these spectra to determine the
physical environments of these four nebulae and derived
their physical properties by Ðtting the models of Draine &
Bertoldi (1996) to the observed line ratios. The three bright-
est nebulae in our sample, NGC 2023, NGC 2068, and
NGC 7023, all show signiÐcant structure on scales of D2A,
corresponding to physical sizes of D1000 AU at the dis-
tances of the nebulae. This structure corresponds to changes
in density, continuum radiation, and the strength of the
incident UV Ðeld, and serves as direct evidence of the very
inhomogeneous or clumpy nature of these PDRs. In addi-
tion to variations in the emission, we have spectroscopyH2of the underlying near-infrared continuum in NGC 2023
and NGC 7023 with sufficient signal-to-noise ratio to trace
the peaks in surface brightness of the 1È0 S(1) line rela-H2tive to the continuum along our long slit. This analysis
shows that the near-infrared continuum, particularly at 2.2
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km where scattered starlight is negligible, peaks closer to
the central star than the emission in both nebulae. ThisH2result shows that the material responsible for the near-
infrared continuum can survive closer to the central star
than the molecular hydrogen gas.
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