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ABSTRACT 
Results from a study of interstellar ice extinction in the p Oph dark cloud include measures 

of the 3.07 /xm absorption band in the spectra of heavily obscured stars. These measures show 
that the abnormal extinction within the cloud does not result from the growth of ice mantles; 
mantles form only in the densest regions and are not accompanied by any significant change in 
the broad-band extinction law. 
Subject headings: interstellar : abundances — interstellar: matter — nebulae: individual 

I. INTRODUCTION 

The abnormally high values of R(=AylEBV) and the 
large Amax of polarization found in certain dense inter- 
stellar clouds, most notably the very dense cloud south 
of p Oph (Carrasco, Strom, and Strom 1973; Strom, 
Strom, and Carrasco 1974; Strom et al. 1975; Vrba 
et al. 1975; Grasdalen et al. 1975), may indicate the 
presence of larger than normal particles and the action 
of grain growth. The reduced relative strength of the 
interstellar diffuse bands may be a similar indication 
(Snow and Cohen 1974). 

Using multiband photometry, we have examined the 
role of water ice as a grain growth material (e.g., 
Greenberg 1968). Analysis of the photometry estab- 
lishes the shape of the infrared extinction curve, an 
indication of the grain size, and the absorption strength 
of the water-ice OH stretch band at 3.1 /zm. We have 
found a relation between the relative ice abundance and 
the density of interstellar matter, a relation which sig- 
nificantly extends the conclusions of previous studies 
(Knacke, Cudaback, and Gaustad 1969; Merrill and 
Soifer 1974; Gillett et al. 1975; Merrill, Russell, and 
Soifer 1976), but which does not explain the abnormal 
extinction in the cloud. 

II. OBSERVATIONS 

Our observations were made using conventional 
infrared measurement techniques with the 1.5 m and 
2.3 m telescopes of the University of Arizona, during 
the springs of 1975 and 1976. Table 1 lists the center 
wavelengths and FWHM values of the filter passbands. 

Table 2 lists the magnitudes of the standard and 
comparison stars. The zero point of the magnitude 
system is set by the standard stars a Boo, a Vir, a Lyr, 
and ß Lib (Johnson et al. 1966). The weakly reddened 
stars 8 Seo and 22 Seo are secondary standards and 
principal comparison stars for the Ophiuchus region. 
Each was measured with high precision (o- = 0.01 mag) 

* Project Starlight, Int. 
t Steward Observatory, University of Arizona. 
t Steward Observatory and Lunar and Planetary Labora- 

tory, University of Arizona, Alfred P. Sloan Fellow. 

TABLE 1 
Filter Characteristics 

Name log A0 A0 (^m) FWHM (^m) 

J    0.097 1.25 0.2 
tf.   0.204 1.60 0.4 
2.17   0.3355 2.165 0.18 
K  0.342 2.20 0.60 
2.3   0.3701 2.345 0.06 
3.0   0.4790 3.013 0.08 
3.1     0.4925 3.108 0.07 
3.4   0.534 3.420 0.16 
L  0.554 3.58 1.01 
3.8   0.582 3.82 0.51 

on three nights with full atmospheric extinction trans- 
forms, their colors having been determined using the 
optical region photometry and spectral types from 
Garrison (1967), our infrared photometry, and a model 
extinction curve. 

Table 3 presents the infrared photometry of our 
program stars out to 3.8 /zm. The {K — A) colors are 
from measures relative to comparison stars at nearly 
equal air mass. Measures of the stars VI Cyg 12 (Cyg 
OB 2 No. 12) and HD 168607 were made in order to 

TABLE 2 
Magnitudes of Standard and Comparison Stars 

Star Name* J H K L 

«Boo1   ... ... -3.00 -3.14 
a Vir1  ... +1.68 +1.67 
a Lyr2  ... +0.02 -0.02 
ß Lib2    ... +2.86 
8 Sco2   2.58 2.61 +2.71 +2.66 
22 Sco2  5.04 5.08 +5.15 +5.10 
BS 77693  ... +5.49 
BS 78263  ... +5.42 
BS 86773....  ... +6.19 

* Code indicates the type of usage of the star. (1) Stars are 
absolute standards used only to set the zero point of the 
magnitude system; (2) stars are used both as zero-point 
standards and color-difference comparison stars; (3) stars are 
used for color comparison only. (Magnitudes of code 3 stars 
are our measures.) 
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EXTINCTION IN RHO OPHIUCHI CLOUD 831 

determine the ice band strength and extinction curve 
shape for stars obscured mostly by dust in the general 
interstellar medium. The scatter in our magnitude and 
color measures from night to night and between 
observers was within the expected range of photometric 
uncertainty and gave no indication of stellar variability ; 
therefore, the tabulated measures are weighted means. 
In the wavelength interval 2.1 to 3.8 //m the accuracies 
of the color measures are generally much better than 
the tabulated K magnitude uncertainties. The non- 
statistical uncertainties in color are generally about 
0.01 mag for the brighter sources, increasing to 
0.03 mag for the faintest sources. Statistical errors are 
given whenever they exceed a few percent. All the 
tabulated magnitudes are effectively monochromatic, 
having been corrected for filter width effects using the 
formulae of King (1952). The tabulated magnitudes 
taken from other authors include similar corrections, 
making them directly comparable with ours. 

Our observations of sources in the Ophiuchus region 
agree reasonably well with those of Rydgren, Strom, 
and Strom (1976), Carrasco, Strom, and Strom (1973), 
Johnson et al. (1966), and van Breda, Glass, and 
Whittet (1974). Our measures of VI Cyg 12 agree with 
previous values given by Voelcker (1975) and Gillett 
et al. (1975). However, comparing our measures with 
those of Vrba et al. (1975) reveals discrepancies of 
more than a magnitude in several instances. We have 
no explanation for these discrepancies, but we wish to 
emphasize that the repeatability and signal-to-noise 
ratio of our measurements indicate errors of no more 
than a few percent (except where larger errors are 
indicated in Table 3). 

in. DISCUSSION 

a) Color Excess Ratios 

Table 4 lists the available optical-region photometry, 
spectral types, color excesses, and excess ratios for 
sources we have measured. There is some uncertainty 
in the spectral types and therefore the intrinsic colors 
of these stars, particularly VI Cyg 12 (Chaldu, Honey- 
cutt, and Pension 1973) and SR 3 (discussed below). 
However, the spectral type uncertainties should not 
seriously affect the computed excess ratios, uncertainty 
of intrinsic color being the major source of error. Total 
uncertainties in the excess ratios are generally between 
2% and 6%. The values of R are extrapolations using 
extinction curves (Fig. 1 and Harris 1976). It is note- 
worthy that in Table 4 the values of R for the two 
visible stars in Ophiuchus are nearly equal at i? = 4.3, 
in agreement with the analyses by Whittet (1974) and 
Carrasco, Strom, and Strom (1973). 

The assembly of sources in the Ophiuchus cloud 
resembles a newly formed open cluster still embedded 
in the dense, cold gas and dust from which it formed 
(Carrasco, Strom, and Strom 1973; Harris 1976). It 
seems reasonable that the IR sources are heavily 
obscured early-type stars. Therefore, our initial IR 
color-excess ratios were computed assuming that all 
the sources are AO V type stars (fortunately, these 
ratios are not sensitive to the exact spectral type 

Fig. 1.—The mean Ophiuchus extinction curves in the 
infrared. Measurements of the moderately obscured sources 
SR 3 and HD 147889 have been averaged and normalized to 
Ehk — 1 for comparison with measurements of the heavily 
obscured sources VS 17 and VS 18, similarly averaged and 
normalized. 

chosen). The similarity of the resulting IR extinction 
curves (see Table 5 and Fig. 1) supports the contention 
that the sources are heavily obscured stars. With all 
the sources at the distance modulus of the association, 
(m — M) = 6.0 (Jones 1970; Walborn 1972; Whittet 
1974), their absolute magnitudes range between about 
— 3 and +1, showing that they are most likely either 
B or A dwarfs; G, K, or M giants; or luminosity class 
II stars (Blaauw 1963). 

The normal spectral type-absolute magnitude 
diagram of a young open cluster shows that most of 
the stars with 1 > > — 3 are on the main sequence 
and a few are giants; it is extremely rare to find a 
luminosity class II star. The gas within the cloud is 
mostly cold (Tg ä 20 K) and neutral, with (rijn) ä 
10 " 5 except in a few compact regions around embedded 
hot stars (Brown et al. 1974), while Fazio et al. (1976) 
find that the dust grain temperature, Td # 50 K, is 
consistent with heating by the recognized embedded 
stars. These observations show that none of the stars 
in this region is earlier than late O spectral type and 
that the embedded stars are most likely between B2 V 
and B8 V spectral type. Our filter set includes a narrow 
filter within the 2.31 /xm CO band which should permit 
us to identify red giant stars (Frogel et al. 1975). Our 
measures give no indication of CO absorption in any 
of the measured IR stars (see Table 5). These argu- 
ments all indicate that the IR stars are B or A dwarf 
stars. 

With the IR sources tentatively classified, we esti- 
mated their spectral types from their computed 
absolute magnitudes (see Table 5), and used the 
intrinsic colors of the estimated spectral types to 
compute a revised set of color-excess ratios. For HD 
147889 comparison with the known spectral type shows 

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



C
ol

or
 E

xc
es

se
s 

of
 S

ta
rs

 w
it

h 
O

pt
ic

al
 P

ho
to

m
et

ry
 

x O'! CM 00 

KO CM CM 

^0 ft 
00 r- 

ooo oo rt 
+1+1+1°^^ 

lo in 

° ° ° VO ON 
+1+1 +l00.(^ 
ON CO fO 
co co 

o ° (N (N co 1-H 

+1+1+0°® 
<Nr-t-M,N 
r- o © 

+1+1^. “T'l 
00oc2,n<s 
co 
co CO 

>o o 
g*c*3'ono' 
+i +1^^^. 
00 
04 co 

S 00 co CO . o p o 
OÖÖÖ 
+1+1+1+1 
On 04 O Tj* Ort vocn 

a + ~ ¿L. ^ cö CÖ ^ I—I HH 
CS 00 ON 00 pqpqpqpq 

O O ON OO 
+I°-<N-T1: 

(N 00 ^ O^H ^ ON 

On jQ 00 . O <N p oo . VO t-h 

Soi0Ç § ffi W3 ffi ^ > 

^ ON ^ O 
^00 ° ^ ; £oo ^ & 

\ 5^ goo Bc^ül^ oof^ bä 
-'S“ 8 Ç'Â- 

— Q E e • c «ffilíoaSS 
®Ï1S*§S8 
go •§,.&« 01 
Où (U ôû aü a o _i. Qitó U P’S 

ü 13 g 2 a g 
>t5 O G S 

Q H s-^S û. ^ G (« 

■g^ S 8) .O.P g 8h o,g« o^l 
0v!¿ >2æ^o § . g ^ .H "gÆ 

% 2 S-2 oii g'g 

■ ^ oi^ 

8 £ Ë SstîiZ S 8 ! § 8 « o g SI? 
u !> S s 4) o b 52 0 o 9 G a Dh.o a 
2 ^ O »5 1 b ssc^ôs-Ijc 

’S &««biiá-s| 
g, ë eg 
¿> 2-0 g"1 g’S u> 
2S-ä&~Sa«-S 
« .sSoSISi o co Oh »h ^ _ - b ° > Oh »h ^ J-, O CO ¿2 fli.O 05 9 4) O 2 00 

.S s S2g^>.^S - -Si* ¡s ss^ sa 4> ü oo U ° .22 -r^ a 
•s s°s| g 

"t-* --> > tÜ D OO O 00 

g S^° 

o o ^ .r;^ g $ 
g «1^2 o^ ° 5^S 

g *0 o3 t^T G Ö0 g W.OÛ Ë - ? 5+3 P “ 
W) S) 5 ° .^+2 S .S3 G'“' fg ©g o o fi ^ • v-H c* ci ^ vh ® C S « 3 cd cd 
^ S3 ’o {V NO So<N 

a ^ ^ S § Q2S     w ^ VO O >> 
>>air «^e'r,'s 

JD «HH ci o 

tí O 
B ffi g <d g ^ s g 

lfc>sS|æ:S^ 4) G Hh _, O i_, O ^ /—s j3 
!3 § 
r. O b y G co O ->> 
^•lsl’S5*àf 
S V G O 4>Z g 9 B.ü S'OGN ° g 
0 2+3 c §ON-33^5 o 

C OU Hh OO Ö0 £ a -gvo >;-h 
^ s^.-G g r¿ I ^ OoQ 
o w b bÆ)'G_-®^ ° 4=3 H 5£ ^ g2«hh bû <U ^ o02 c¿5° ^h.Gco^cô^QJ^ 

s 

TO w -«SW' sJ D . 1 1 

tí -g> ,~~l o -G oo /“^h^ G 2 If« 
«5 2^ 62 ^ 

« U 

PL) 

5r> >*^r 

.. 00 
^1 

« 
îâ 

* 
ïâ 

î«î 

«4 

S»4 
faÎ 

Oh CO 

6 CÖ 

H—i H—i 04 CS (S CN CN CN (S co UO CO T-^ 
o ó o o d ó o ó d d odd . 
+1+1+1+1+1+1+1+1+1+1+1+1+1 : 
©Ot'-OVOONTtOOcoOpi-H 
d d d ^ d d d d d d d d d 

OO co co co CS o r-H B r-H T-H O O O O ^ 
d d ö d d d d d d d d ^ 
+1 +| +1 +1 +1 +1 +1 +1 +1 +1 +1^ 
csr-r-'ONcor^Tft-'(Scoço 
d d ^ c^i »-i ^ d d d d d 

ooo 

es es 
doodoodddog ^ 
+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 ^ ^ -3 ^ 
Tf P CS N£7 CS co CS Tl; CS 
es’ CS* CO es’ es es’ es’ CS* es* es’ 

«O in »o •o 
dddd 

Qcs +| +| +| +| oo'Wq'WS' oo o'^t 
pô.00^ ^ «n c-s KKpÔ.KKt^ Koô 

ON i-< Gn'o'^'^'P ^ 
o^co es* doÑddddd^H* ©co 

«rjTtooooOppp^pppp 
Ttvo^-ít^oócovot^coiocoOÑwS H—( W^-I H—( CS CS co co «o 

g |Q q Pp P ^ P r- O oo on 
/, • d d .-H co Tf d h-h oô oô ■+ ^ H—i w^H t—( CS CS CO CO 

t''* CS oo ON CS OO hh tJ" VO CO h-h t}" on qpi^TtpcScSTtt^H-^pcSTf 
dddd ’+ ^ es es es’ co co d 

CSOO«OK>Tt5!vG00CScOCSOOON pq pq pq apq ^pq pq pq pq pq pq pq 

28, 
M$g- T-I CS VO OO O t^- vo >%B ^ coco co es ^-h co cs O Ph 

Q éVC/3 oo cocococwaîHHQ-g 
O 0>0>>>ffi> 

6 

1 o 
T3 0 
2 
6 
1 

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



19
7 

8A
pJ

. 
. .

22
6.

 .
82

9H
 

EXTINCTION IN RHO OPHIUCHI CLOUD 833 

good agreement, giving confidence in the estimated 
spectral types. But for SR 3 the estimated spectral type 
is B6, whereas Struve and Rudkjobing (1949) give AO. 
Considering the expected bias in their classification due 
to low dispersion and strong reddening, we have com- 
puted the color excess assuming a B8 V spectral type. 

Table 5 and Figure 1 present the measured color- 
excess ratios and average extinction curves normalized 
to Ehk = 1. The excess ratios were normalized to EHK 
because it is accurately measured for all the Ophiuchus 
stars and should not be affected by circumstellar emis- 
sion. Magnitudes at R of 14.3 ± 0.4 for GS 31 and 
18.5 ± 0.5 for GS 32 were measured on the Palomar 
Observatory Sky Survey prints by comparison with a 
calibrated sequence of red-print magnitudes. All other 
magnitudes used in computing the color-excess ratios 
in Ophiuchus are taken from the measures listed in 
Tables 3 and 4. In order to estimate the other excesses 
for the heavily obscured stars, it was necessary to use 
average color-excess ratios. Since, for both HD 147889 
and SR 3, our measures show that EvkIErk — 1.35 (a 
value not far from the mean of VI Cyg 12 and HD 
168607), we assumed this ratio is constant in the 
Ophiuchus region and applied it to computing Evk 
for the other stars. To find ERK for the more heavily 
obscured stars we used the relation Erk/Ejk — 3.35, 
which seems to be a representative value for the 
Ophiuchus region and not far from that found else- 
where. For VS 26, which has no / measure, we assumed 
EjkIEhk = 2.30, the average value of the ratio for the 
other heavily obscured stars. The extinction beyond 
the K filter was estimated using the mean extrapolated 
extinction curve assuming EKoo = l.30EHK. The esti- 
mated circumstellar emission AL (mag) is obtained by 
assuming that normal extinction gives Ekl/Ehr — 
0.75. Because of the crudeness of these estimates and 
the small variation in curve shape, we have plotted 
average extinction curves in Figure 1. 

From Table 5 both GS 31 and GS 32 show peculiar 
red and infrared extinction curves if they are assumed 
to be early-type dwarf stars (type determined by 
absolute-magnitude fit). However, if instead one as- 
sumes that the extinction curve is nearly normal, and 
estimates the spectral type from the (/ to K) colors 
which result when the mean Ophiuchus extinction is 
removed, one finds that these stars resemble sub- 
luminous K or M giants. Table 5 includes late-type 
models of these stars, although this classification is 
doubtful because of the lack of CO absorption in their 

spectra. Their position in the H-R diagram is sug- 
gestive of pre-main-sequence objects which would 
reach the ZAMS as F stars. This identification seems 
questionable, however, since the 10 ¡¿m magnitude of 
GS 31 indicates an emission excess more like that in 
keeping with the B5 V model (see Table 6). 

b) Extinction Curve Interpretations 

For the lightly obscured stars in the Ophiuchus 
cloud, Tables 4 and 5 show that the optical and near- 
IR slopes are larger than would be normal for the 
general interstellar extinction, and that there is an 
apparent increase in the ratio of total to selective 
extinction, R, with obscuration (see also Carrasco, 
Strom, and Strom 1973, Fig. 2). In the infrared, extinc- 
tion commonly varies as (1/A)4, a recognized charac- 
teristic of small dielectric spheres. As shown in Figure 
1, the strongly obscured Ophiuchus stars show a 
dependence closer to 1/A, suggesting either the ad- 
mixture of small absorbing particles (radius a < 
0.1 /xm) or larger than normal dielectric particles 
{a ä 0.5 pm). That is, the extinction curve looks like a 
composite of extinction by “normal” and IR particles. 
The Ophiuchus cloud shows a nearly uniform abnormal 
extinction regardless of obscuration (or ice band 
strength—see below). 

If one assumes that the IR particles are dielectrics, 
then the published dielectric sphere grain models 
(Wickramasinghe 1973) yield estimated grain sizes by 
fitting the extinction curve. Taking the normal ratio of 
total to selective absorption, R æ 3.2, and the normal 
visual-region extinction curve, e.g., an average of VI 
Cyg 12 and HD 168607, and fitting to the correspond- 
ing properties of the relative extinction efficiency curve, 
Öe[(ß/A), «] = o-/7ra2, where n is the refractive index 
and A = á/2tt is the reduced wavelength, shows that in 
the normal interstellar medium, generally Qe(X = 
0.55 pm) æ 2.6, and the mean particle radius ä # 
(0.11 pm)l(n — 1). This size is consistent with similar 
fits done by Greenberg (1968, p. 310) and by Spitzer 
(1968, p. 67). [In the moderately opaque portions of 
the Oph cloud, where R ä 5.0, Qe(X = 0.55 pm) æ 
3.2 and ä ä (0.13 pm)l(n — 1).] On examining the 
more general case of öe curve fitting for dielectric 
spheres, we find that for 6 > R> 2.8, the variation in 
Qe(X — 0.55 pm) with grain size very nearly (to 67„) 
compensates for the size dependence of the geometric 
cross section of a constant mass of grains. Fitting this 

TABLE 6* 
Magnitudes of Ophiuchus Stars having Mid-Infrared Photometry 

Name K L 5 pm 10 pm 10.4 pm 10.6 pm 

GS 31  6.68 ± 0.01 5.37 ± 0.02 5.38 ± 0.15 3.05 ± 0.10 ... ... 
GS 30  8.13 ± 0.02 (6.25) ± 0.03 4.60 ± 0.10 ... 1.67 ± 0.05 1.63 ± 0.05 
VS 17  8.85 ± 0.01 6.22 ± 0.02 4.67 ± 0.06 ... 3.69 ± 0.11 3.51 ± 0.05 

* All K and L photometry is from Table 3. For GS 31 the mid-IR photometry is from Rydgrenei al. 1976. The remainder of 
the mid-IR photometry is by Rieke (for the present work). Tabulated errors are statistical errors. The 5'pm and 10 pm measures 
of Rydgren et al. 1976 are with broad-band filters. The 10.4 pm and 10.6 pm filters are 1.3 pm and 5 /Ltm wide, respectively. Only 
the K and L magnitudes are monochromatic. However, the filter width corrections are small compared to the mid-IR emission 
excesses. 
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general ße[(tf/Ä), n] to the optical extinction in the less 
obscured regions of the cloud (1 > EHK > 0.3 and 
6 > R > 4) yields a constant absolute efficiency, 

«A. 0.55 

= ^ 1.8 x 105(- ^ cm2 g-1, 

where p is the grain density (g cm-3). 
The heavily obscured Ophiuchus stars show nearly 

linear extinction curves over a factor of 2 range in 
1/A centered at ~1.5 /xm (when the emission excess 
at L is removed). The relative extinction efficiency 
Qe[(alX)(n - 1)] for the general dielectric sphere is 
nearly linear over a range of 3 in 1/A centered at 
(ö/A)(« - 1) ^ 1.1. Using the monodisperse approxi- 
mation (i.e., that all particles are the same size) and 
matching the Qe curve to the linear IR extinction yields 
Inain — 1)/1.5 £ 1.1, or a x (0.26/xm)/(« — 1). For 
such grains ße(A = 0.55 /xm) # 2.8, so £(0.55 /¿m) ^ 
8.0 x 104(w - l)/pcm2g_1. The combined errors of 
observation and Qe curve-fitting make the estimated 
particle radius uncertain by about 30%. The extinction 
efficiencies are uncertain by a similar amount. If the 
grain refractive index is constant in the cloud, then the 
dielectric model grain for the more heavily obscured 
regions is about 2.2 times the size of the dielectric 
model particle in the less opaque regions (volume ratio 
is ~10 to 1), suggesting the action of a grain growth 
process. 

If the IR extinction particles are Rayleigh absorbing 
particles (k > 0.2, m = n — ik), then because of their 
~ 1 /A extinction dependence one can only set an upper 
limit on particle size. This limit is (a/X) < 1.05/|/w — 11. 
For extinction linear out to (1/A) ~ 0.9/xm“1, then 
a < (0.18/|ra — l|)/xm. 

c) Ice Band Extinction Measures 

To estimate the response of our two ice filters to ice 
band extinction, we examined the published ice band 
profiles of astronomical sources and compared them 
with normalized response curves for the filters and 
laboratory spectral tracings of various substances 
(Harris 1976). From this comparison, we estimate that 
the filters should respond to 90 ± 6% of the peak ice 
band extinction and that their ice band sensitivities 
should be about equal. In discussing the band, Ara(A) 
(magnitude) is defined as the extinction in excess of the 
average adjacent continuum extinction. For VS 17, the 
most precisely measured source with strong ice band 
extinction, our measures show that 

Am(3 013)/Am(3.108) = 0.965 ± 0.016, 

just as expected. Our measure of the BN point source 
in Orion further tests the filter system’s sensitivity to 
ice band extinction. For BN, we find Am(3.07) = 
1.20 ± 0.08, which is 0.77 ± 0.10 of the Am(3.07) in 
the spectrum of Gillett et al. (1975). Considering the 
overlap of our filter profile and their published band 

profile, a compromise estimated response is 85 ± 5% 
of the true Am(3.07). The appropriate correction is 
included in our tabulated ice measures. 

The presence of a prominent broad band at 3.07 /xm 
in little-reddened carbon stars such as SS Vir (Merrill 
and Stein 1976), and its tentative identification with 
C2H2 in the cool stellar atmosphere, puts the identi- 
fication of the 3.07 /xm band in some doubt. However, 
the absence of 2.3 /xm CO absorption in the Ophiuchus 
IR stars as well as other arguments show that the 
sources in our sample are probably not carbon stars. 

Table 7 presents the corrected ice band extinction 
measures. The continuum level at the position of the 
ice band is estimated from a series of polynomial fits 
to the other filter measures. The degrees of the poly- 
nomial fits are given, as are the ratios àm(3.01)IEHK 
and Am(3.07)/y4y. Much of the uncertainty in the values 
of Aw(3.07) and the ice ratios is due to uncertainty in 
the continuum level set by the polynomial fits. Un- 
certainties in estimating Av make Am(3.07)IEHK the 
preferred measure of relative ice extinction. Figure 2 
shows the remarkable variation of relative ice extinc- 
tion with Ehk. For Ehk < 2.2 (Av ;$ 25) the stars show 
no significant ice band extinction (except for HD 
147889 which may be anomalous), while for EHK > 2.2 
all of the stars yet measured show strong ice bands. 
Observations of additional sources are needed to deter- 
mine the abruptness of the onset of ice extinction near 
this critical density. 

In the more opaque regions of the Ophiuchus cloud, 
both sources with, and the sources without, measurable 
ice band extinction have very similar, if not indis- 
tinguishable, IR extinction curves (Table 5 and Fig. 1). 
Consequently, the large values of R and Amax of 
polarization within the cloud do not result from the 
growth of ice mantles. 

d) Density Dependence of Ice Extinction 

Since it appears that each Ophiuchus source is seen 
through just one dominant dust concentration (Harris 
1976), the value of EHK can be directly related to the 
space average dust density. The critical value of EHK 
for the presence of ice is ~ 2.2 mag and the scale of the 
dust concentrations is ~0.4 pc, indicating an approxi- 
mate critical density of 5 mag pc-1 in EHK. The large 
value of the critical density means that if the ice 
strength-density relation is generally applicable, then 
one should expect to find measurable ice only in the 
densest regions (where microwave studies indicate a 
gas density « æ 105 cm3). 

The relation between ice abundance and dust density 
may be generally applicable. The apparent absence of 
ice band extinction along the generally low-density 
path toward the galactic nucleus (Soifer, Russell, and 
Merrill 1976), which has an EHK æ 1.9 (Becklin and 
Neugebauer 1968), is consistent with this concept. 

The extinction for both HD 168607 and VI Cyg 12 
is well below that needed to give the critical density 
(even if all the extinction were concentrated in a 1 pc 
cloud). From Table 7, we find no significant ice opacity 
for these stars (see also Gillett et al. 1975). Grasdalen 
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TABLE 7* 
Ice Band Extinction Measures 

835 

Name O.P.f Am(3.07) A/w(3.07)/Eh Am(3.07)Mv 

HD 147889  
SR 3  
GS 31  
GS 32    
GS 26  
VS 18  
GS 30  
VS 17  
VS 26  
HD 168607  
VI Cyg 12  
NGC 2024 

No. 1  
No. 2  

BN§  
Galactic || center (2 fim). 

1.2.3 
1.3 
1, 2, 3 
1.2.3 
1.3 
1,2, 3 
1, 3 
1,2 
1, 2 
1,2 
1, 2 

0.040 ± 
0.008 ± 
0.032 ± 
0.028 
0.175 
1.05 
0.694 
1.05 
3.1 
0.033 
0.025 

0.011 
0.010 
0.015 
0.030 
0.060 
0.10 
0.07 
0.10 
0.5 
0.030 
0.015 

0.0 ± 0.04 
1.3 ± 0.1 
1.57 ± 0.04 
0.0 ± 0.1 

0.37 
0.52 
0.78 
1.52 
2.21 
2.44 
2.76 
3.13 
4.61 
0.49 
0.61 

0.63 
2.87 
4.4 
1.7 

0.107 
0.017 
0.042 
0.018 
0.079 
0.429 
0.251 
0.336 
0.670 
0.068 
0.041 

± 0.030 
± 0.020 
± 0.020 
± 0.020 
± 0.030 
± 0.040 
± 0.025 
± 0.035 
± 0.11 
± 0.061 
± 0.025 

0.0 ± 0.06 
0.45 ± 0.05 
0.36 ± 0.04 
0.0 ± 0.06 

0.0088 
0.0013 
0.0027 
0.0016 
0.0067 
0.038 
0.021 
0.029 
0.058 
0.0059 
0.0026 

± 0.0025 
± 0.0015 
± 0.0015 
± 0.0020 
± 0.0025 
± 0.0035 
± 0.002 
± 0.003 
± 0.015 
± 0.0053 
± 0.0016 

0.000 ± 0.005 
0.041 ± 0.005 
0.03 ± 0.01 
0.0 ± 0.01 

* All measures of obscuration are in magnitudes. 
t O.P. is the order of the polynomial used in estimating the continuum level at 3.07 ¿un. 
t For NGC 2024 No. 1 and No. 2, Am(3.07) is from Merrill et al. 1976 and EHK and Av are from Grasdalen 1974. 
§ For BN the value of Am(3.07) is from Gillett al. 1975 and Merrill et al. 1976, EHK is from photometry by Rieke for the 

present study, and Av is from Grasdalen 1974. 
I For the Galactic center 2 ¿un source the Am(3.07) is estimated using data in Soifer et al. 1976 and EHK is estimated using data 

from Becklin and Neugebauer 1968 and from Soifer. 

(1974) has discussed two IR stars in NGC 2024 where 
the estimated cloud scale is the 0.20 pc radius of the 
visible dust concentration (a radius like that of the H i 
cloud). The corresponding densities in Ehk are ~3.2 
and 15 mag pc-1 for NGC 2024 No. 1 and No. 2, 
respectively. As predicted by the relation found in the 
Ophiuchus cloud, Grasdalen’s measures show that 
No. 1 has no notable ice band extinction while No. 2 
has strong ice band extinction (see also Merrill, Rus- 
sell, and Soifer 1976). A similar argument can be made 
for the BN point source (see also Gillett et al. 1975), 
where the density is ~7 mag pc-1 in EHK (cloud scale 
from Wilson, Jefferts, and Penzias 1970) and ice is 
detected. Strom, Strom, and Vrba (1976) and Strom, 
Vrba, and Strom (1976) have reported ice band extinc- 
tion measures for sources in dark clouds. Although 
these measures are of low statistical weight, they are 
generally consistent with our derived relation for the 
Ophiuchus cloud. 

e) Estimated Ice Fraction 

In order to use the measured values of Am(3.07) to 
estimate the ice mass fraction we need an estimate of 
the absolute ice band extinction efficiency (cm2 g_1) 
and a model of the wavelength-dependent absolute 
extinction efficiency of the assemblage of cloud 
particles. 

A comparison of the values given by Sill (1976), 
Schaaf and Williams (1973), and Bertie, Labbé, and 
Whalley (1969) with the compilation of data in Irvine 
and Pollack (1968) shows a factor of 2 uncertainty in 
the absorption index k for ice. A representative refrac- 
tive index at the band opacity maximum is m ä 1.20- 
0.64/, with negligible opacity in the adjacent con- 

tinuum. As will be shown later, the Rayleigh approxi- 
mation gives an adequate estimate of the ice band 
extinction, thus [Ar(3.07)/F] ä 2.4 x 104(cm_:L), 
where V is the volume of material per unit area inte- 
grated along the line of sight. If />ice = 1 gem-3 for 
grains in interstellar conditions, then A£(3.07) = 
Ar(3.07)/pF ^ 2.4 x 104 cm2 g"1. 

Assuming no major deviation from normal cosmic 
abundances (Allen 1964), we computed a series of 
grain models having the various compositions often 
put forth in the literature (e.g., silicates, graphite, etc.). 
The composition models were tested by comparing 
them with the Ophiuchus extinction observations 
scaled to the estimated H2 density (« # 105 cm-3) and 
an assumed cloud dimension of ~ 0.4 pc. Within the 
errors of the model, all of the commonly proposed 
grain compositions are readily fitted to the Ophiuchus 
extinction observations by picking an appropriate 
grain size. This shows that the problem of particle size 
distribution cannot be separated from that of grain 
composition (exotic model particles such as nonvolatile 
hydrocarbons are the exception; they do not seem to 
be abundant enough). Since the available observations 
cannot be used to give an unambiguous grain com- 
position, theoretical argument is necessary. 

Since it is likely that most interstellar matter has 
been processed through dense clouds at least once 
during the life of the Galaxy (Shu 1975; Appenzeller 
1975), the distinctive IR extinction particles could be 
important contributors to the general interstellar ex- 
tinction. Thus the seemingly well-established dielectric 
nature of the normal interstellar particles (Martin, 
Illing, and Angel 1972; Zellner 1973; and references 
therein) argues against the significant presence of 
absorbing grains in dark clouds. Furthermore, if the 
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Fig. 2.—Dependence of relative ice extinction on EHK. Measurements of the galactic center are from Soifer, Russell, and Merrill 
(1976), those of NGC 2024 are from Grasdalen (1974), and those of BN are from Gillett et al. (1975). 

IR extinction grains are large dielectrics, grain destruc- 
tion by collision (which probably increases with grain 
size, e.g., —dN/dt oc a2 [Greenberg 1966]) may act on 
the grains, yielding small particles which contribute to 
the pool of general interstellar-medium dust. 

It is likely that grain growth within the Ophiuchus 
cloud is by coating, since below a gas temperature of 
about 100 K all metal atoms stick to the grains, and in 
the presence of oxygen the result is substances com- 
posed of oxides like Si02, A1203, etc. (Watson and 
Salpeter 1972; Aannestad 1973). Growth by coating is 
also suggested by the substantial reduction in the 
abundances of Si, Fe, and Mg in the dense gas of the 
cloud, presumably due to depletion onto the grains 
(Knapp, Kuiper, and Brown 1976). In addition, recent 
work on the fragmentation of particles during colli- 
sions (Hartmann 1976; Greenberg et al. 1977) 
indicates that fragmentation is more likely than coag- 
ulation if the grains are at high enough velocities for a 
significant number of collisions to occur during the 
life of the cloud (Harris 1976). 

We have therefore assumed that silicates in com- 
bination with metal oxides are the principal grain con- 
stituents, with perhaps small quantities of graphite and 
carbon compounds, and with some ice in the heavily 
obscured regions. The model assumes that Si, Mg, Al, 
Fe, Ca, etc. are in combination with oxygen in the 
oxidation states found in chondrites (Wood 1975), and 
that most of the carbon is in CO. The silicate-metal 
oxide model matches the above-mentioned expectation 
of dominance by refractory dielectric particles. By 
direct comparison the model shows that (for wH2 = 
105cm~3 over a path of ~ 0.4 pc) there is approxi- 
mately the correct amount of material to fit the 
measured extinction. For an average silicate-metal 
oxide material a reasonable complex refractive index 

is m £ 1.55 + 0.01 f, and a reasonable density is 
~3 gern-3, for both the large and small grains. To 
estimate the maximum available ice abundance we 
computed the ratio (/öice/psli), the space-averaged den- 
sity ratio of ice to silicates and metal oxides (assuming 
that all the oxygen not bound in CO, silicates, or metal 
oxides is in the form of ice). The resulting maximum 
(Pice/Psil) IS ~0.7. 

We have approximated the grain size distribution 
by using two distinctive sizes : small grains [with a = 
0.121 (n — 1) ä 0.23/xm] and large IR grains [with 
a = 0.26l(n — 1) # 0.48 /xm]. The size distribution 
then reduces to a single number, the ratio of the 
number densities of the two grain sizes averaged over 
the volume along the line of sight. 

To estimate the number density ratio requires at 
least two observable extinction values whose ratio is 
sensitive to grain size. The ratio (AVIEHK) seems most 
suitable for this purpose because Av is relatively insen- 
sitive to grain size for a > 0.15l(n — 1) while Ehk is 
large for the IR grains and small for the small grains. 
Using the extinction efficiency values from Wickrama- 
singhe (1973) and a refractive index, m = 1.55 — 
0.01/, we have evaluated the expression 

Ay_ ~ J TTa2Qe(0.55)ng(a)da = /iVs\ , 
Ehk ~ J ira2[Qe(l.6) - Qe(2.2)]ng(a)da J \Nm) ’ 

where Ns and AIR are the number densities (cm-2) of 
small and IR particles, respectively. For the stars 
showing the distinctive IR extinction, Av/Ehk # 11.6 
and (NsINin) is ~25. The number ratio is linearly 
dependent on AVIEHK, showing that an error in esti- 
mating Ay should not grossly affect the computed 
number ratio. The ratio is also insensitive to small 
variations in m and a. Using this ratio and the 

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



19
7 

8A
pJ

. 
. .

22
6.

 .
82

9H
 

No. 3, 1978 EXTINCTION IN RHO OPHIUCHI CLOUD 837 

tabulated extinction efficiencies we computed the 
{H — K) absolute extinction efficiency of the model 
grains, A|sll = £(1.6) - £(2.2), 

^ 

The result is Afsil = 0.16 x 104 cm2 g_1, for silicate- 
metal oxide grains. 

Substituting for Afsil and Af(3.07) in 

(Pioe\ _ A£s11 rAm(3.07)l 
Uii/ A|(3.07) [ Ehk J’ 

we find that Oice/psll) ä (0.066)[Am(3.07)/^]. 
Taking the observations from Table 7 shows that 

for the less obscured sources showing no significant ice 
(Ehk < 2.2, except for HD 147889) (piCe/Psii) ~ 2 x 
10 3, and for the more heavily obscured sources 
(picelpsu) ranges from 1.7 x 10"2 to 4.4 x 10"2. As 
mentioned previously, the silicate-metal oxide model 
yields a maximum expected value of (piCelpSii) ~ 0.7. 
Thus in the less obscured regions of the Ophiuchus 
cloud the relative ice abundance is ~350 times less 
than the maximum expected value, and even in the 
dense regions showing ice, the relative ice abundance 
is ~ 30 times less than the maximum expected. 

The uncertainties in estimating the relative ice abun- 
dance include the facts that other species may con- 
tribute to the apparent ice band extinction, that the 
band strength may depend on the composition of the 
mixture containing ice, that the ice band complex 
refractive index is uncertain, that the relative ice abun- 
dance must be compared with an uncertain model of 
the core grain composition and size distribution, and 
that the conditions and ice abundance vary along the 
line of sight, tending to cause underestimation of the 
ice abundance. Considering all of these uncertainties, 
the uncertainty in the relative ice abundance may be a 
factor of ~3. Nonetheless, ice seems to be grossly 
underabundant for densities less than ~ 5 mag pc-1 in 
Ehk and significantly underabundant even for higher 
densities. 

The small ratio of ice mantle mass to core mass 
suggests the approximation that the mantle volume is 
the core grain area (area = 4o-c, where <tc is the cross 
section) times the average mantle thickness (8). In that 
case, 

Am(3.07) ^ (2.4 x 104)plce(4(TcSK 
^hk Gc^QuKng 

Again using the extinction efficiencies in Table 7, for 
stars showing measurable ice, 8 £ 0.01 /¿m—showing 
that our use of the Rayleigh approximation is quite 
reasonable. 

For such thin mantles, the contribution to the 2 /xm 
extinction from ice, AK(ice) (where AK = EKoo), is 
negligible. If in the near-IR region the absorption is 
not extreme, then k x 0.01, the ice refractive index 
is m = 1.32 — 0.01/, and, using the Rayleigh approxi- 
mation, p4tf(ice)/Ara(3.07)] ä 0.02. Comparing with 
the data in Table 5 and in Table 7, it is apparent that 

[AK(total)/Am(3.07)] # 3.5, and that at most ~ 1/200 
of Ak is due to the presence of ice mantles, even in the 
most heavily obscured regions. This explains why there 
is no change in the extinction curves associated with 
the onset of ice band extinction. 

We have been unable to explain completely the 
rapid onset of ice condensation and the relatively low 
ice abundance (Harris 1976). A number of points do 
seem relevant to this question, however. 

Cloud density should be important in determining 
the amount of ice condensation because condensation 
is a consequence of random encounters between gas 
atoms and grains. Below the condensation temperature, 
the standard model predicts Am(3.07) oc J pnds, where 
n ~ 3 (Oort and van de Hulst 1946; Greenberg 1968) 
and p is the gas-plus-dust averaged density; while a 
measure of the continuum extinction such as Ehk 
behaves like J pife. 

Both Watson and Salpeter (1972) and Aannestad 
(1973) give a condensation temperature of ~ 17 K for 
ice, whereas the observed dust temperature is ~50 K 
(Fazio et al. 1976). If the dust is heated by starlight 
through thermally reradiated infrared emission, the 
denser and more opaque regions would be colder 
because of self-shielding of this IR radiation, permitting 
the observed ice condensation. Recently Aannestad 
(1975) noted that the emissivity of ice in the thermal 
(at ~ 50 K) region is larger than that of the expected 
silicate core particles, suggesting the possibility that 
once a monolayer of ice forms, the grain cools, causing 
enhanced condensation. Such a critical process, in 
combination with self-shielding of IR radiation, might 
explain the observed dependence of ice abundance on 
density. 

IV. CONCLUSIONS 

We have observed the continuum extinction and the 
3.07 /xm ice band to study the formation of ice 
mantles on grains in the p Oph dark cloud. We have 
found : 

1. The large values of R and Amax of polarization in 
this cloud are not due to the coating of grains with 
water ice ; these anomalies probably result from silicate- 
metal oxide coating of the grains. 

2. Ice band extinction seems to appear abruptly at a 
critical extinction density of EHK x 5 mag pc1. Ob- 
servations of additional sources, including those in 
other dark clouds, are needed to test the universality 
of this relation. 

3. There is no significant change in the broad-band 
extinction with the onset of ice band extinction. 

4. Even where ice band extinction is seen, the 
strength corresponds to only a small fraction of the 
total amount of ice available, based on solar relative 
abundances. 

We thank P. Aannestad, K. Day, W. K. Hartmann, 
D. R. Huffman, G. Sill, and S. E. Strom for helpful 
discussions and the communication of unpublished 
results. This work was supported by NASA and the 
National Science Foundation. 
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