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ABSTRACT

We present ground-based spectra in the 10 and 20 um atmospheric windows of the deeply embedded pro-
tostar GL 2136. These reveal narrow absorption features at 9.7 and 8.9 um, which we ascribe to the CO-
stretch and CH; rock (respectively) of solid methanol in grain mantles. The peak position of the 9.7 um band
implies that methanol is an important ice mantle component (ie., CH;OH/H,O > 0.5). However, the
CH;0H/H,0 abundance ratio derived from the observed column densities is only 0.1. This discrepancy sug-
gests that the solid methanol and water ice are located in independent grain components. These independent
components may reflect chemical differentiation during grain mantle formation and/or partial outgassing close

to the protostar.

Subject headings: dust, extinction — ISM: abundances — ISM: individual (GL 2136) — ISM: molecules

1. INTRODUCTION

Icy grain mantles are an important component of interstellar
dust inside dense molecular clouds (see Tielens 1989 for a
review). Such icy grain mantles are formed by the accretion
and reaction of gas phase species onto preexisting grain cores
(Tielens & Hagen 1982; d’Hendecourt, Allamandola, & Green-
berg 1985; Brown, Charnley, & Millar 1988). These icy grain
mantles may lock up a considerable fraction of the condensible
elements inside dense cloud cores. They may also form a source
of gas phase molecules, particularly around newly formed stars
(Walmsley 1989). Furthermore, UV processing of these icy
mantles may lead to the formation of a complex organic
residue. This organic grain mantle will be more refractory than
the original ice mantle and could possibly exist even in the
diffuse interstellar medium. Indeed, the observed presence of
organic grains in the diffuse interstellar medium has been
ascribed to this process (Butchart et al. 1985). Finally, it is often
thought that interstellar icy grain mantles were the building
blocks from which comets in our solar system were assembled
(Greenberg 1982).

The infrared spectra of objects located within or behind
molecular clouds commonly show absorption features due to
molecules in these icy grain mantles (Willner et al. 1982; Lacy
et al. 1984; Whittet et al. 1985, 1988; Tielens & Allamandola
1987a; Smith, Sellgren, & Tokunaga 1989). Besides H,O and
CO, CH;OH is thought to be one of the dominant molecules
in interstellar ice mantles. However, CH;OH abundance esti-
mates are quite controversial and range from 5% to 50% of
that of H,O (Tielens & Allamandola 1987a; Grim et al. 1991;
Schutte, Tielens, & Sandford 1991). In general, abundance esti-
mates based on the CH deformation mode at 6.85 um indicate

! Nuffield Radio Astronomy Laboratories, Jodrell Bank, England; and
Laboratory for Experimental Astrophysics, Lawrence Livermore National
Laboratory.

2 Also NASA-Ames Research Center.

L79

high CH3;OH/H,O ratios, while those based on the CH
stretching mode at 3.5 um imply low ratios. Possibly, this dis-
crepancy results from an incorrect assignment of the 6.85 um
band to methanol. Indeed, given the low spectral resolution,
the 6.85 um band could also be attributed to molecules other
than CH;OH (Grim et al. 1991). Alternatively, the discrepancy
in the abundance estimates might reflect variations in the
CH,0H/H,O0 ratio from source to source as well as within
sources. Finally, the discrepancy might result from optical
depth effects at the wavelengths of the different absorption
features. In that scenario, the methanol column densities
derived at 3.5 um refer to material along the poles of the
bipolar IR reflection nebulae associated with protostars
(Pendleton, Tielens, & Sandford 1990). In contrast, the 6.85 um
column density pertains to disk material.

In an attempt to resolve these issues, we have searched for
the strong CO stretching mode of methanol at 9.7 um in the
protostar, AFGL 2136. In § 2, we discuss the observational
procedure. These results are reported in § 3 and compared to
laboratory data in § 4. Section 4 also compares the methanol
column densities derived from our observations with those
from other regions of the spectrum. Finally the results are
summarized in § 5.

2. OBSERVATIONS

We observed GL 2136 on the United Kingdom Infrared
Telescope (UKIRT) with the common-user spectrometer
CGS3. CGS3 has an array of 32 photoconducting Si:As detec-
tors and has three gratings to allow coverage of the 20 ym
atmospheric window and the 10 um atmospheric window at
two different spectral resolutions. All spectra were taken using
a 5" aperture, and sky spectra using a rotating sector chopper
were used to aid in cancelling atmospheric features. The tele-
scope secondary was chopped east-west at 7 Hz with a throw
of 30".
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b 107 F1G. 2—Montage of spectra of GL 2136. Left panel: solid CO absorption
feature, taken from Tielens et al, 1991. Center panel: KAO low-resolution
spectrum, from Tielens & Allamandola 1987a. Right panel: low-resolution
CGS3 spectrum. The wavelengths of important features in the spectra are
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FiG. 1.—High-resolution CGS3 spectrum of GL 2136. The solid line shows
the best model fit (see § 3).

Intermediate-resolution spectra (1/AA = 250) centered at a
wavelength of 9.7 um and covering the 8.0-11.2 um waveband
were taken on 1991 May 23.6 U.T. Three different standard
stars were observed:  Peg, f And, and o Lyr. The GL 2136
spectra were reduced using each of the three standards, since
there is some concern that the spectra of M giants such as
B Peg and  And may contain SiO absorption bands between 8
and 9 um, while they are much brighter than « Lyr allowing
higher signal-to-noise in the reduced spectra. In fact, we find
there is no significant difference in the shape of spectra reduced
with any of the three standards, and we will henceforth use the
GL 2136 spectrum reduced using spectra of § Peg only. The
reduced GL 2136 spectrum is shown in Figure 1.

Lower resolution spectra in the 10 um atmospheric window
(A/AA = 60) and in the 20 um atmospheric window (4/AA = 75)
were taken on 1991 May 24.6 U.T. These were again calibrated
using spectra of  Peg, and the resulting spectra are shown in
Figure 2. KAO spectra in the 5-8 um region have been pre-
viously published (Tielens & Allamandola 1987a), and are
included in Figure 2: these show absorptions due to water ice
at 6.0 um and the suggested methanol feature at 6.85 um.
Finally, a high-resolution spectrum showing the 4.675 um solid
CO absorption (Tielens et al. 1991) is also included in Figure 2.

3. ANALYSIS

A small triangular feature in absorption is evident in both
low- and high-resolution spectra at a wavelength of ~9.7 um.
This is approximately the wavelength of the expected feature
due to methanol ice. However, the situation is complicated by
the superposition of the relatively weak ice absorption on the
bottom of the very strong silicate dust absorption. Disen-
tangling the two features is no mean feat, as the exact spectral
profile of the silicate dust feature is known to vary from source
to source (e.g., Tielens 1990).

In order to determine the profile of the suspected methanol
ice absorption, we have used a y-squared fitting program to fit

a dust emissivity to the silicate feature in our high-resolution
8.0-11.1 um observations. The program is due to Whitmore
(1986) and fits emissivity data (in the form of mass absorption
coefficients) to observed spectra by minimizing the value of
x-squared. A variety of emissivity data were available, includ-
ing laboratory measurements of olivine and enstatite by
Stephens & Russell (1979), and emissivity functions derived
from observations of the Trapezium nebula in Orion and the
M supergiant u Cephei. A mixture of olivine and enstatite was
found to give the best fit to the silicate feature in GL 2136
(x* = 3.06; if we ignore the 9.4-9.9 um waveband, where the
methanol ice absorption occurs, we get y2 = 1.07); this was
also found to give the best fit to 10 um spectra of various red
giants by Whitmore (1986). The fit thus determined is present-
ed in Figure 1. No combination of silicate emissivity data could
fit the suspected ice feature at 9.7 um, corroborating our suspi-
cion that this is not part of the silicate dust absorption.

The fitted silicate dust absorption feature was divided into
the observed spectrum in order to determine the ice feature
profile, which is presented in Figure 3. The error bars are
simply those from the observed GL 2136 spectrum, and the 9.7
um methanol ice feature is detected at a signal-to-noise ratio
~5. A second narrow feature is evident at a wavelength of
~8.9 um at a similar signal-to-noise ratio. This corresponds to
the weaker CH; rock of solid methanol presented by Schutte et
al. (1991). The optical depth plot (Fig. 3) shows some slope at
the short-wavelength end, which can be seen, by inspection of
Figure 1, to be due to an imperfect cancellation of the silicate
profile or continuum. Such imperfections cannot be invoked to
explain the narrow absorption features seen in the plot,
however. Identical results have been obtained using the above
procedure with the GL 2136 spectra obtained using f And or «
Lyr as standards, but with lower signal-to-noise ratio. Given a
perfect fit to the GL 2136 silicate feature, the data either side of
the ice features in Figure 3 should average zero. In reality, the
fit of the silicate feature is not perfect, and some zero level
adjustment should be made to the ice features in order to
calculate the flux absorbed. However, the shape of the silicate
feature is well reproduced by our fit, and thus the shape of the
ice features should be correct. Finally, we have fitted silicate
emissivity data due to Draine & Lee (1984) to the 9.7 and 18
um silicate features in our low-resolution spectra, from which
we derive optical depths of 2.3 and 0.7.
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FiG. 3—Optical depth of the features ascribed to solid methanol, with 1 ¢
errors. The solid line shows laboratory measurements of the absorption
strength of a 2:1 mixture of methanol-ice:water-ice. The dashed line likewise
shows laboratory measurements of the absorption strength of a 1:19 mixture
of methanol-ice: water-ice.

4. DISCUSSION

Although we realize that substructure in the 10 um feature
might be intrinsic to the silicate material producing the
absorption feature (e.g., crystalline Mg-rich olivines), we tenta-
tively attribute the weak 9.7 and 8.9 um bands to the CO
stretch and CH, rock in methanol in interstellar grain mantles.
There are several reasons for this. First, the observed bands
compare very well in position and width with laboratory
spectra of CH;OH/H,O mixtures with CH;OH/H,0 ratios
larger than 50% (Fig. 3; see below). Second, the CH stretching
mode of CH,OH at 3.5 um has unambiguously been detected
in several protostellar spectra (Grim et al. 1991; Allamandola
et al. 1992). Analysis of these data shows that, after H,O ice
itself, methanol is the second most abundant grain mantle
component. Since the C-O stretching mode at 9.8 um is ~3
times stronger than the 3.5 um methanol band, its presence
might be expected. Third, AFGL 2136 and many other proto-
stellar sources show a prominent 6.85 um band, which has been
assigned to the CH deformation mode in methanol (Tielens &

METHANOL ICE IN GL 2136 L81

Allamandola 1987a). Fourth, gas phase methanol is observed
to be very abundant in warm regions around protostars (i..,
the compact ridge in the Orion BN/KL region) whose com-
position seem to be dominated by evaporation of icy grain
mantles (Walmsley 1989). Finally, we emphasize that
moderate-resolution (/A4 ~ 500) spectroscopy in the 3.5 and
6.8 um regions of the spectrum can unambiguously test for the
presence of methanol in AFGL 2136 and the proposed identifi-
cation of the 9.7 yum band. Laboratory spectra of mixtures of
CH,0H and H,O show that the peak wavelength of the
stronger C-O mode varies from 9.8 to 9.7 um when the
CH,OH/H,0 ratio increases from ~0.2 to 0.5 (Schutte et al.
1991; see also their laboratory data reproduced in Fig. 3). The
observed 9.7 um feature in AFGL 2136 is best fitted by
CH,OH/H,0 mixtures with a ratio larger than 50%. Mixtures
with CH;OH concentrations less than 50% peak at too long a
wavelength to explain the observed substructure in the silicate
band. Thus, we conclude that methanol, if responsible for the
weak 9.7 um subpeak, has to be an abundant component of the
icy grain mantles along the line of sight toward AFGL 2136.
We determine equivalent widths of 0.0094 and 0.066 um for the
8.9 and 9.7 um bands, respectively (with estimated errors of
35% and 25%, respectively). Using the methanol band
strengths presented by Schutte et al. (1991), which have an
estimated uncertainty of 25%, these give us methanol column
densities of 7.2(+3.6) x 107 and 3.9(+2.3) x 107 cm™? from
the 8.9 and 9.7 um bands, respectively. These determinations
are in reasonable agreement, and the mean is 5.5 x 10'7 cm ™2,
There is a hint of the 3.5 um CH stretching mode in an unpub-
lished 3 um spectrum of GL 2136 (T. R. Geballe, private
communication). This translates into a methanol column
density of 3(+2) x 107 cm ™2, slightly smaller than the values
derived from the 8.9 and 9.7 yum bands. These methanol ice
column densities are an order of magnitude less than the H,O
ice column density observed toward this source (Table 1), and
the CH,OH/H O ratio of 0.1 derived from these column den-
sities is considerably less than the ratio required to fit the
observed peak position.

One possible explanation for this discrepancy is that the 9.7
pm band could arise from (almost) pure methanol grain
mantles which, however, cover only a minor fraction of the
grains along the line of sight. In this interpretation, most of the
grains would be covered by H,O ice mantles without CH;OH.
Studies of the solid CO band have shown that, along many

TABLE 1
MOLECULAR ICE BanDs IN GL 2136

v FWHM A Oimt N
Species Mode (cm™") (cm™Y) (um) (cm? pym mol ™) T (cm™?) X2
H,0%............ OH stretch 3254 240 3.073 19 x 107° 2.8 4.5 x 10'8 1.2 x 1074
CH;,OH" S e CH stretch 2827 30 3.537 8.3 x 102! 0.06 3.0 x 107 7.8 x 107¢
CO ..o CO stretch 2136 9 4.68 44 x 10™2° 0.2 1.1 x 107 29 x 107°
H,0% ............. OH bend 1670 98 5.988 29 x 1072° 04 5.7 x 10'8 1.5 x 1074
CH,OH" ......... CH & OH deformation 1450 100 6.849 5.7 x 1072° 04 3.1 x 10'8 8.1 x107°
CH,OH® ......... CH, rock 1128 15 8.865 1.3 x 1072° 0.07 7.2 x 107 1.8 x 1073
CH3OH" ,,,,,,,,, CO stretch 1026 30 9.74 1.7 x 1072 0.2 3.9 x 10'7 1.0 x 1073
Silicate® ........... SiO stretch 1030 220 9.7 1.1 x 10718 23 20 x 10'8 52 x107°

a Calculated from abundance relative to the 9.7 um silicate feature using data from Tielens & Allamandola 1987b.
® Molecular data from Schutte et al. 1991.

¢ Optical depth from Geballe (private communication).

4 All data from Tielens & Allamandola 1987a.

¢ Band strength from Tielens & Allamandola 1987b; optical depth from this work.
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lines of sight (but not AFGL 2136), the solid CO is not mixed
in with the solid H,O (Tielens et al. 1991), lending some
support for such a model. Such a differentiation of the grain
mantles along the line of sight might reflect thermal gradients
(e, outgassing) around the protostar or they might reflect
variations in grain surface chemistry along the line of sight.
These observations shed some further doubt upon the identifi-
cation of the 6.85 um band in GL 2136 with the CH deforma-
tion mode of CH;OH. However, we note that GL 2136 is a
very complex IR source (Kastner, Weintraub, & Aspin 1992),
and the lines of sight at different wavelengths are not necessar-
ily the same. In particular, scattering through the poles will be
much more important at 3 um than at 7 um. Likewise in the
depth of the silicate feature one may not penetrate the disk and
protostellar envelope to the same depth as at 7 um. Addi-
tionally, the beam sizes used to take the 3, 7 and 10 um spectra
are radically different. Thus, the 6.85 um CH;OH identifica-
tion cannot be totally excluded, the more since CH;OH and
H,O are independent ice mantle components and outgasing
could lead to highly variable CH,;OH/H,O abundance ratios
close to the source.

Further spectroscopic studies may elucidate these questions.

SKINNER ET AL.

5. CONCLUSIONS

We have presented spectra at low- and intermediate-
resolution in the 10 and 20 um atmospheric windows of the
deeply embedded protostar GL 2136. Spectra at both
resolutions show narrow absorption features at 9.7 and 8.9 ym,
which we tentatively ascribe to solid methanol in grain
mantles. The observed 9.7 um band is best fitted by laboratory
spectra with a high CH;OH concentration (>0.5). However,
the CH;OH/H,O abundance ratio derived from the observed
column densities is much smaller (less than 0.1), suggesting that
CH;OH and H,0 are not well mixed along the line of sight.
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