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ABSTRACT

We have studied the IR properties of molecular clouds in the region of the supershell GS234—02 using
IRAS and COBE data. The mean values of dust color temperature and optical depth at 240um are derived
tobe 15.44+1.5K and 9.0 £ 5.7 x 10™*, respectively, which agree well with those determined by Sodroski
et al.(1994) for the outer Galaxy. Mean IRAS colors, Ryz/100= 0.074, Rgs/100= 0.052, Reo/100= 0.219,
indicate that the abundance of PAHs is enhanced but other particles are nearly the same as those of the
solar neighborhood. We found the anticorrelation between Rjpo/140 and Ry4g/240. It cannot be explained
by the thermal emission of traditional big grains. The anticorrelation implies that, at high ISRF, T4 /140
underestimates the equilibrium temperature, while T140/240 overestimates it and, at low ISRF, vice versa.
Therefore we propose to use the intensity ratio, Rjoo/240 as a dust thermometer.
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I. INTRODUCTION

Infrared (IR) emission arises from the dust heated by the general interstellar radiation field (ISRF) of the Galaxy.
Desert, Boulanger, & Puget (1990; hereinafter DBP) suggested that there should be at least three types of dust
grain, i.e., Polycyclic Aromatic Hydrocarbon molecules (PAHs), Very Small Grains (VSGs), and Big Grains (BGs)
in order to explain the observed extinction curve and the IR spectrum. Since the emission peaks of PAHs and VSGs
are located near 12 and 60 pm, respectively (DBP), the IR colors such as the ratios of 12 ym to 100 ym and 60 gm
to 100 pm can trace the abundance of each particle (Puget 1989).

Infrared Astronomical Satellite (IRAS) observations of molecular clouds (Weiland et al. 1986; Boulanger & Perault
1988; Heiles, Reach, & Koo 1988; Beichman et al. 1988; Laureijs et al. 1989; Boulanger et al. 1990) showed that
there exist large variations of IR colors and limb-brightening. Theoretical calculations (DBP; Bernard et al. 1992)
also showed that the mid-IR colors could be enhanced in weak ISRF, but the observed large variations up to a factor
of 10 could not be explained by the change of ISRF only. Boulanger et al.(1990) suggested that the color variations
between clouds or within a cloud are due to the abundance variations of small particles rather than ISRF.

On the other hand, the dust temperature derived from IRAS 60 and 100 pm appeared to be high compared with
that estimated from dust model calculations or from molecular observations (Laureijs, Clark, & Prusti 1991, and
references therein). This result was interpreted by the stochastic heating of VSGs at 60 pum (DBP). That is, small
particles are heated to high temperature by absorbing UV photons and emit more radiation than expected from
thermal equilibrfum. But Sodroski et al.(1994) showed that dust temperature determined from far-IR (FIR) agreed
well with that inferred from theoretical calculations or radio observations. This result implies that FIR colors can
be used as a temperature indicator of dust which is in equilibrium with ISRF. However the heating mechanism,
the equilibrium temperature, and the abundance of dust grains associated with molecular clouds are not clear, even
though much portion, 15-30% (Sodroski et al.1989; Sodroski et al.1994), of the Galactic IR emission comes from
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Fig. 1. 12¢0 integrated intensity map between vLSR=+15 and 56 km s =1 from May et al. (1988). The lowest contour is 1.5 K
km s_l, and the contour interval is 1.5 K km s~
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Fig. 2. Distributions of dust temperature and optical depth at 240 pm. a) Contour level begins from 16 K with intervals of 1 K.
Gray image is on a linear scale over the temperature range from 12 to 23 K. b) Contour level begins from 4 X 10~ with intervals of

2 x 104, Gray image is on a linear scale over the optical depth range from 1 X 1075 to 2 x 1073,

molecular clouds.
(G8234-02 is a part of prominent IR loop structure of Sch235-03 (Schwartz 1987). Recently, Jung, Koo, & Kang

(1996) made an extensive study of this loop structure with large-scale observational data of IR, HI, and CO. They
suggested that the loop may be formed by the overlap of unrelated two components (see Figure 1); the southeastern
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part is a diffuse nebula which is seen bright in Ha (Sivans 1974), whereas the northwestern one is an expanding
supershell where the star formation is going on. They also showed that each component is composed of molecular
clouds at different distances of 2.5 and 4 kpc. Moreover the northern part of the supershell is an active star forming
region, while the western one is relatively a quiet one. Therefore the IR loop in the region of GS234—02 is a good
candidate to examine the IR properties of molecular clouds which are exposed to different ISRF.

The aim of this study is to deduce the dust abundance from IR colors and to examine the dust equilibrium
temperature of molecular clouds in the region of GS234—02. IRAS data and the Diffuse IR Background Experiment
(DIRBE) of Cosmic Background Explorer (COBE) data are analyzed in section 2. IR colors are derived and
compared with those calculated by dust model in section 3. We discuss the equilibrium temperature in section 4,
and summarize our results in section 5.

II. DATA ANALYSIS
(a) Data

The data used here are IRAS 12, 25, 60 and 100 pm, and COBE 60, 100, 140, and 240 gm. IRAS and COBE
data were obtained from the coadded images of IRAS Sky Survey Atlas (ISSA) and DIRBE Initial Data product.
To reduce the effects of IRAS point sources and to compare the physical properties derived from the IRAS data with
those from the COBE data, seven pixels of IRAS data were averaged. The size of an averaged pixel is 10./5, which
1s a half of the pixel size of COBE. We checked the effect of averaging by comparing the IR colors derived from
ISSA (1.5) with those from averaged data (10.’5). The averaging process reduced the large scatter of IR colors near
IRAS point sources and HII regions, but the mean values of IR colors appeared to be same. Therefore the general
characteristics of our results are not affected by the averaging process.

In order to measure the net infrared emission of source, flat background corrections were performed with the
background emission determined from source free regions (see Table 2 of Jung et al.. [1996] for detail). The
calibration of IRAS experiments for extended emission is significantly different from that of DIRBE. Thus IRAS
brightness were multiplied to agree with DIRBE measurements by the mean gain factors (Wheelock et al.1994), i.e.,
1.06, 1.01, 0.87, and 0.72 for 12, 25, 60, and 100 ym. But we did not make any color corrections.

(b) Decomposition of Source and Derivation of Physical Parameters

As we introduced in section 1, GS234-~02 region is composed of four molecular clouds (see Table 3 of Jung
et al.1996). We reproduce the molecular gas distribution in Figure 1. Based on this map, we divide the region
into three parts; northern, western, and southeastern part. Northern part is composed of the HII regions, $302,
5305, 5306, 5307, and S309, where S302 (north1 in Table 1) is separated from other HII regions (north2) being the
short distance. Western part is a dark cloud which contains no HII region except a few bright IRAS point sources.
Southeastern part shows diffuse nebulosity in a POSS red print and contains BBW17, BBW22, BBW23, BBW29,
BBW31, BBW44, BBW46, and BBW54.

After background and gain corrections, color temperature and optical depth are calculated pixel by pixel with
the emissivity law of A=2. In deriving the optical depth, we use 7, = I,/B,(T) relation assuming that the optical
depth is small enough. The derived mean values are listed in Table 1. In Table 1, columns (1) and (2) denote the
selected region and the boundary of each region in galactic coordinate. Columns (3), (4), and (5) give the mean
color temperatures derived from the intensity ratio between 60 and 100 um (Te0/100), 100 and 140 pm (T100/140),
and 140 and 240 pm (T;40/240). Columns (6) and (7) represent the optical depths derived at 100 pum (700) and
240 pm (7240) using Tep/100 and Ty4g/240, respectively. The mean values of color temperature and optical depth
at 240 pm in west region, Ty40/240= 15.4 £ 1.5 K and 1340 = 9.0+ 5.7 x 10~%, are not much different from those
(17£1 K, 9.743.0 x 107*) of general interstellar medium in the outer Galaxy (Sodroski et al.1994). In spite of the
difference in ISRF, mean dust temperatures show no difference among regions. It may be due to the large pixel
size of the DIRBE data (21’) compared with the extent of HII regions ( < 10’). In other words a large fraction of
the IR emission comes from surrounding molecular clouds so that the IR colors represent the characteristics of the
molecular clouds rather than that of the HII regions. The optical depth of southeast region (6.84+4.3 x 10~%) is
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Table 1. Color temperatures and optical depths of each region

position T34 Tys Ts/e Ti00 Ta40
(deg) (K) (K) (¥)
Region (h: 1) (b : b2) IRAS COBE IRAS COBE
Northl (232.1:233.1) (0.5:1.2) 25.242.3 28.3+22 17.4+2.0 16.4+1.1 2.0+0.5 x10"* 8.3+3.0 x 10~*
North2 (233.1:235.2)  (—1.2:1.2) 244414 258%1.5 159+1.3 16.1+1.3 2.34+0.8 x 10~ 9.743.7 x 10~
)
)

Southeast (235.9:239.8) (—5.1:—0.9) 24.241.3 24.242.0 15.7+1.5 15.8+1.6 1.440.4 x10™* 6.9%4.0 x 10~*
West (230.3:233.1 (—4.0:0.5) 23.740.5 24.940.8 15.8+2.2 154+£1.5 L.740.4 x10™* 9.0+£5.7 x 10~*

Table 2. Averaged colors of molecular clouds

region Ri2/100 ~ Ras;100 Reo/100
West 0.075+£0.007 0.060+0.008 0.222+0.022
Southeast
total mean 0.0714+£0.014 0.0624+0.022 0.240+0.047
high ISRF 0.0584+0.010 0.076+0.013 0.282+0.024
low ISRF 0.077+0.008 0.045+0.011 0.206+0.033
North* 0.0704+0.008 0.051+0.013 0.230+0.016

Solar neighborhood** 0.0424+0.012 0.054+0.016  0.214+0.01

Notes to TABLE 2.
* . averaged for Rgo/100 < 0.25
++ : data from Boulanger et al. (1990)

slightly less than those of other regions. Figure 1 also shows that the southeastern cloud is less dense than others.
On the other hand, Table 1 shows that Tgo/100 is much higher (AT = 8 K) than other color temperatures (T100/140
and Ty40/240), but there is no systematic difference between Teo/100 derived from IRAS and COBE. High Tgo/100
suggests that VSGs contribute significantly to 60 pm emission. Thus Tep/100 is far from the equilibrium temperature
of dust as pointed out by Terebey & Fich (1986).

Figure 2 shows the distributions of dust temperature and optical depth at 240 ym. In Figure 2a, high temperature
regions are related with HII regions or bright IRAS point sources rather than rim-brightening, although the poor
space resolution (0.°7) of COBE make it difficult to distinguish them. The optical depth map (Figure 2b) shows
a clear loop structure, which corresponds very well with the molecular gas distribution. It implies that most FIR
emission arises from the dust grains in molecular gas.

III. IR COLORS AND IMPLICATIONS

It has been suggested that each of the four IRAS bands samples the emission from a different type of particles
(Puget et al.. 1985; Drain & Anderson 1985; Chlewicki & Laureijs 1988; DBP). Therefore IR colors can be used
to deduce the abundance of each particles. However the mid-IR colors could be biased to large values by the limb-
brightening usually appeared in molecular clouds (Beichman et al. 1988; Laureijs et al. 1989; Boulanger et al. 1990).
The limb-brightening effect was examined by plotting the dependence of intensity ratios of 12 and 25 pru to 100 pm
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on 100 pm intensity in Figure 3. The constant ratios with respect to 100 ym suggest no limb-brightening effect in
the sampled clouds. Note that two groups appeared in Figure 3d and 3f: one has higher Ry /100 and the other has
lower value. The former group may result from the heating by HII regions (see next).

IR colors were obtained pixel by pixel from IRAS and COBE data for each region. The observed IR colors
from IRAS data are plotted in Figure 4, and are compared with the theoretical colors of cirrus cloud in different
ISRF (DBP) which are plotted as a solid line in Figure 4. The reason why we choose the cirrus model is that
the clouds have filamentary structure of several clumps of 10’ in high resolution observations of CO (Jung 1996),
which is comparable to the averaged pixel size. It suggests that most IR emission comes from diffuse part of clouds
whose mean visual extinction is derived to be less than 2 mag from Iioo/Ay relation (Boulanger et al.1990). The
mean values of IRAS colors for each region are listed in Table 2 where R;/; denotes intensity ratio of i band to j
band of IRAS. Since the southeast region (Figure 4d) shows distinctive two groups, the mean values of IR colors
are estimated separately for each group. The group with the large values of R2s/100 and Rgo/100 may represent
HII regions, whereas the other represents the clouds without internal heating sources. In north region, we take an
average of IR colors only for pixels with Rgo/100< 0.25, since these pixels show less destruction of PAHs and may
represent the characteristics of dark molecular cloud.

Figure 4 shows that the observed Rgs/100 agree well with the theoretical ones of low IRSF. But Ry2/100 is higher
than the theoretical one. Table 2 also shows that the mean value of Ry, /100= 0.074 from all regions is about two
times larger than that of the solar neighborhood, while Ras/100 and Rgo/100 are nearly the same as those of the
solar neighborhood within the observational error. There are several examples of large value of R, /100 (Boulanger
& Perault 1988; Laureijs et al.1989; Boulanger et al.1990), although Ri3/100 varies widely from cloud to cloud, or
varies by a factor of 10 even within a cloud. The large value of Ry2/100 might be due to the high abundance of PAHs,
or due to low ISRF (Boulanger et al.1990; DBP). If the clouds have the same dust composition and size spectrum as
those of the solar neighborhood, same increments of Ry, /100 and Ras ;100 are expected in low ISRF as the theoretical
calculation (DBP) shows. The observed Ry 100, however, is larger than that of model, while Ry /100 agrees well
with the model. Therefore the large value of Ris/100 is an indication of the high abundance of PAHs rather than
the low ISRF. Boulanger et al.(1990) also suggested that the color variations trace variations in the abundance of
transiently heated particles.

An interesting feature of Figure 4 is the separation of Rgs/10p in southeast region (Figure 4d, or Figure 3d).
This separation may be due to the high excitation of VSGs. That is, the southeast region contains several HII
regions, and VSGs near and/or in HII regions are heated to high temperature and radiate more energy than that
expected from theoretical calculations at 25 um. But this effect is not apparent in the north region (Figure 4f).
This difference seems to be the result of the difference in dust opacity between two regions. The north region is
much opaque than the southeast as shown in Table 1, and the cloud in the north region shields UV photon more
effectively. If then, most 25 ym emission comes from the dust grains inside the cooler cloud and will not exhibit
the separation. However, Ryz/100 (Figure 4c) shows gradual decrease with Reo 100 rather than separation. This
indicates the destruction of PAHs in high ISRF. There are several good examples of destruction of PAHs in HII
regions (DBP; Werner and Gautier 1994). For comparison, color-color diagrams of DBP’s model for HII region are
plotted as a dot-long dashed line in Figures 4c - 4f. The disagreement of Ry, /100 between the dust model and the
observations at high Reo/100 appeared in Figure 4e shows the evidence of destruction of PAHs, but good agreement
in Rys/100 suggests the stability of VSGs in high ISRF.

To see the effect of VSGs at 60 and 100 gm, we plot the colors derived from COBE data in Figure 5. In Figure 5,
the colors determined from the cirrus model of DBP are also plotted with a solid (BGs only) and a dashed (VSGs
+ BGs) line. Here the intensities of 140 and 240 um are calculated by interpolation, since DBP did not give the
intensities at those frequencies. Figure 5 shows that BGs only cannot account the observed results at 60 gm, but
relatively well at 100 gm. This indicates that much portion of 60 pm emission comes from VSGs and the contribution
of VSGs becomes negligible at 100 um. On the other hand, Figure 5e shows the large enhancement of 60 um emission
in HII regions. This may be an indication of strong UV field in the north region compared with southeast region.
Puget (1989) suggested that Reo 100 is a tracer of the energy density of the UV field in HII region, where the 60 pm
emission is mostly due to BGs.
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IV. EQUILIBRIUM TEMPERATURE OF BIG GRAINS

As we have seen in Figure 5, the contribution of VSGs is negligible at FIR, i.e., longer than 100 ym. It means
that FIR emission arises from BGs in equilibrium with ambient ISRF. The fact that the color temperatures, T199/140
and Ty49/240 are nearly same (see Table 1) also seems to support it.

In order to examine that BGs are really in equilibrium with ISRF, all IR colors derived from COBE data are
plotted in Figure 6. Figure 6 shows that observed colors agree well with theoretical ones. Unlike for other colors,
however, the observed Rigo/140 in Figure 6c decreases with respect to Ri40/240 Whereas theoretical one increases.
Although it is uncertain whether or not the anti-correlation between two colors is a general characteristic of the
interstellar medium, it cannot be explained by thermal radiation of BGs. The anti-correlation may appear if the
140 pm emission changes with temperature much more sensitively than the emission in other bands.

A possible explanation is the enhancement of dust grain which emits most emission near 140 um. Such a grain size
distribution would have a extinction curve which is different from the observed one. Since DBP, however, derived
the power law size distribution from the observed extinction curve of solar neighborhood, the modification of usual
power law distribution is not highly recommended. An alternative is the introduction of a new type dust grain,
which has different composition, or different mantle structure, or different albedo, etc. At the present we cannot
suggest what nature it should have. And it is even uncertain that this type of dust grain could exist. Only more
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observations, particularly for high temperature region where there exists big difference between the observations and
the models, could provide information for the existence and characteristics of new dust grain.

In the case of anti-correlation of Rjoo/140, T100/140 underestimates the equilibrium temperature and T;4q/240
overestimates at high ISRF, while T 007140 overestimates and Tj40/240 underestimates at low ISRF. Therefore it
might be safe to use T1gg/240 as a dust thermometer although it gives only the upper limit because of the contribution
of small particles at 100 pm.

V. SUMMARY AND CONCLUSIONS

Dust properties of molecular clouds were examined from their IR colors. In spite of different ISRF, we could
not find any systematic difference of colors between them. This suggests that variations of IR colors are mainly
due to the variations of dust abundance rather than the change of ISRF. Mean IRAS colors were estimated to be
Ri2/100= 0.074, Ras/100= 0.052, Reoj100= 0.219. The value Ria/100= 0.074 is about two times larger than that
of the solar neighborhood, while the other colors are nearly the same as the local values. This implies that the
abundance of PAHs is enhanced in the molecular clouds of GS234-02.

Separation of Ras/100 color was found in southeast region but not in north. This difference is interpreted by the
opacity difference. Although both regions contain HII regions, the southeast region is much diffuser than north.
Thus UV photons penetrate deeper into the cloud in southeast region, and much VSGs near and/or in HII regions
are heated to high temperature. But north cloud shields UV photon more effectively and most 25 pm emission
comes from the dust grains inside the cooler cloud. .

Dust optical depth and dust color temperature at 240 gm in the region where no internal heating source exists are
To40 = 9.0£5.7x 10~ % and T140/240= 15.4£1.5 K, and they agree well with those determined for the outer Galaxy by
Sodroski et al.(1994). The dust temperature determined from the ratio between 140 and 240 um, however, may not
represent the equilibrium temperature, since Ryigo/140 shows the anticorrelation with Ry40/240. This anticorrelation
cannot be explained by thermal emission of big grains. To explain it, a new type of grain is invoked but the
properties are unknown. One characteristic of this new type of grain is that its emission peak may be at 140 ym and
its emissivity is sensitive to temperature. The anticorrelation of Rygg/140 implies that Ty40/240 Overestimates the
equilibrium temperature at high ISRF but underestimates it at low ISRF. Therefore we propose to use the intensity
ratio of 100 pm to 240 pm as a dust thermometer even though it gives only an upper limit.
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