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ABSTRACT
An examination of previously reported large

R

(=Ay/Egy) variations using the cluster diameter method
shows that the local galactic mean value of
"H = 3-15 + 0.20,

R

is

and that on a scale comparable to the

width of the local spiral arm there is no substantial
systematic variation in

R.

Infrared photometry of eleven strongly obscured
stars shows that near p Oph
with a large

R

Furthermore, for
(3,07iam)

the extinction is distinctive

value and inferred large grain size.
Ay < 25 mag there is little or no ice band

extinction, yet for the more heavily obscured

stars the ice extinction to

ratio is

^0.30.

There

seems to be a dichotomy in ice band strength at an onset
local dust density of ^5 mag/pc

in

A model assuming

silicate core grains and cosmic abundances shows that below
the onset density the observed ice extinction is

^350 times

less than the expected maximum and that above the onset
density it is

^30

times less than the expected maximum.

Since condensation of ice is believed to occur at
the observed

a.50°K

,v-17°K,

dust temperature may explain the

generally low ice abundance.
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CHAPTER I
INTRODUCTION
The Importance of Interstellar Grains
Knowledge of the dtrrfrerstellar grains is important
to a wide range of ongoing research in various areas of
astronomy.

The interstellar grains dominate the opacity

of interstellar space over a large wavelength range, in
fluencing the distance and flux measures of both galactic
and extragalactic sources (see reviews by Wickramasinghe
and Nandy 1972; Aannestad and Purcell 1973).

Grain-caused

opacity, may also perturb the development of protostellar
and preplanetary systems (Reeves 1972; McNalley 1973; and
Cameron 1975)*

Grains may thereby influence the critical

balance which determines the rate of star formation, the
stellar mass spectrum, the binary frequency, and the
abundance and chemistry of planetary bodies.

The grains

also cause interstellar polarization (Serkowski 1973;
Serkowski, Mathewson, and Ford 1975) which can be used as
a tracer of the galactic magnetic field (Mathewson 1968,
Serkowski 1973)> a vital element in the study of cosmic
rays and the more general problem of galactic structure,
dynamics and evolution.

An area of intense current

1
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interest is the study of interstellar molecules and gas
chemistry (Gordon and Snyder 1973 > Herbst and Klemperer
1976)j where the reactions of gas atoms on grain surfaces
and the growth or distruction of grains may be important
both to the chemical composition and to the energy exchange
equilibria of the gas and dust.
Our Ignorance of the Grain Properties
Despite the importance of knowledge of the inter
stellar grains, our present state of knowledge may be
described as rudimentary.

We have only crude knowledge of

the grain composition and even less exact information about
the grain size distribution (Greenberg 1968; Wickramasinghe
and Nandy 1972; Aannestad and Purcell 1973).

Clearly there

is no set of model grain properties which has a validity
independent of model structure.

Each of the several grain

composition models has a means of producing grains and is
capable of explaining most observations, but each also has
difficulty in explaining some of the pertinent observations.
One major difficulty in making an accurate grain
model is that the wavelength dependent complex refractive
index of candidate materials under interstellar conditions
is often poorly known (Irvine and Pollack 1968; Huffman
and Stapp 1973; Greenberg 1973).

A more fundamental dif

ficulty is that the theoretical physics (usually the Mie

theory for spherical particles) which is used in computing
the attenuation and scattering of light, is only an ap
proximation to the real grains.

Real grains may be quite

different in their crude shape, many have surface roughness
and may even be variable in composition from grain to grain
and within each grain.

An understanding of the limitations

of the theory as applied to real particles (Sinclair 1947;
Bardwell and Sivertz 1947; LaMer 1948; Heller, Epel and
Tabibian 1954; Grumprecht and Sliepcevich 1953; Huffman and
Stapp 1973; Day and Huffman 1973; and Huffman 1975) demon
strates the restricted utility of the current grain models.
Another fundamental difficulty is that, while knowledge of
the complexity of the real grain assemblage is essential
if one is to construct a comprehensive and accurate model,
the observations give no direct indication of the grain
assemblage complexity (Aannestad and Purcell 1973).
The Information Theory
of Grain Properties
In an abstract and fundamental sense, solving for
the grain properties may be thought of as analogous to
solving

n

equations in

m

unknowns.

unique solution exists, but if

m > n

If

n >_ m

then a

then there is an

infinity of pseudo solutions but no unique answer.
larly, if the grain assemblage is so complex that a

Simi

It
complete description requires more Independent Information
elements than are retrievable from the observations
(m > n),

then there Is no unique solution for the complete

set of grain properties.

Instead, It may be possible to

obtain a valid solution for a subset of the grain properties,
a subset whose Information content matches that which is
retrievable from the observations.
be the best possible.

Such a solution would

On the other hand, if the grain

assemblage contains less information than can be retrieved
from the observations, then the appropriate complexity in
the model is that which matches the actual complexity of
the grains

(m = n).

A model less complex than appropriate

may be accurate as far as it goes, but a model which is
excessively complex, although it might be made to fit the
observations, is necessarily a pseudo solution analogous
to

m > n.
From these arguments it should be clear that in

order to have confidence in the accuracy of a grain as
semblage model one must know that either the model has the
appropriate complexity or that it has less than the ap
propriate complexity.

Since the observations do not yield

an unambiguous measure of the complexity of the real grain
assemblege (Wickramasinghe and Nandy 1972; Aannestad and
Purcell 1973)j one can either go through the laborious
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process of making many models with the hope of discovering
some clear indication of the appropriate complexity, or one
may choose to be sure that the model is less complex than
appropriate by following a simple and direct approach, e.g.,
spectroscopy,

I have chosen the sure and simple approach.
A Selection of Problems

Having chosen the simple approach, it is necessary
to select questions for study which require only observa
tion and straightforward analysis to obtain specific
meaningful answers.

At the outset of this project, among

the many topics of interest to students of galactic
structure and the interstellar dust was one which excited
more interest than the rest:

The question of the reality

of the anomalously large values of

R

(HAy/Egy)

apparent galactic longitude variation of
Johnson (1968).

[R

R

and the

found by

is defined as the ratio of the total

extinction for visual light

(X = 0.55um),

av;

to the

color excess, the difference in extinction at the blue
CX - 0.i(4vim)

and visual wavelengths,

recent discovery of large

R

Egy = Ag - Ay.]

values in dark cloud regions

(Carrasco, Strom and Strom 1973) may relate to Johnson's
locally large

R

The

values and the regional variation of

6
nicix

polarization noted by Serkowski et al, (1975) may

relate to Johnson's inference of a longitude dependence of
R«

Thus the question of the large

R

values is recognized

as one of importance and one which seems suited for
straightforward analysis.
Another question of long standing interest is the
question of the grain composition.

Are the often invoked

theoretical arguments for ice grains (Greenberg 1968) sup
ported by spectral observations, or do arguments favoring
graphite or silicate materials prevail (Wickramasinghe
1967j Huffman 1975)?

This question is ideally suited for

direct observational test.
R

Furthermore, the variation of

and the grain composition are two related questions.

Both relate to basic assumptions about the properties of
the interstellar grains.

The question of large

R

values

relates to the conventional assumption that there are no
large grains causing grey extinction and the grain compo
sition is a property which is commonly assumed.

The two

questions are also related in that the large

values

R

presumably imply the presence of larger than normal grains
and perhaps the action of grain growth, and the prime
candidate for the growth material is usually taken to be
i c e (.Greenberg 1 9 6 8 ) .

7
Selecting Approaches
to the Problems
In establishing the apparent regional variations
of

R,

Johnson (1968) used measures by the variable ex

tinction method, the color difference method and the
cluster diameter method.

His variable extinction results

were questioned by Becker (1966), who raised serious doubts
about the utility of the variable extinction approach and
Johnson's use of it.
of

R

When I plotted Johnson's estimates

against distance for each association, I found a

significant decline in

R

with distance which is remi

niscent of the effect described by Walker (1962)., wherein
artificially large

R

values are found for nearby clusters

due to the inclusion of stars of differing distances.
Becker ( 1 9 6 6 ) elaborated on this effect and included anal
yses of sample associations.

Furthermore, Isobe (1968),

MacConnell (1968) and Simonson (1968), and later
Garrison (1970) and Crawford and Barnes (1970) did variable
extinction studies resulting in normal
with the results of Johnson (1968).

R

values at odds

The apparent diffi

culties with the use of this method argued persuasively
against my use of it.
Johnson's color difference results have also been
questioned, first by Johnson (1967) , then by Grubissich •
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(1968), Lee (1970), and by Schultz and Weimer (1975). The
difficulty in knowing exactly how to extrapolate from the
longest observed wavelength to infinite wavelength, plus
the difficulty in obtaining high quality photometry of a
sufficiently large sample of stars to make a useful con
tribution, and the large quantity of already available
photometry, persuaded me not to try a general application
of this approach.

However, since it was recognized that a

limited application of the color difference method to
certain unusual regions might be very useful in clarifying
the question of small regions with large

R

values, it has

been used here for that purpose.
The existence of a large and uniform sample of
cluster diameter measures and corresponding photometry
(see Chapter II), plus the fact that the cluster diameter
method overcomes the uncertainty in extrapolating to in
finite wavelength and permits the measurement of large
particle extinction, persuaded me of the importance and
utility of this approach.
The obvious approach to the question of the ice
abundance is spectroscopy.

However, as we shall see in

Chapter III and Chapter IV, filter photometry proved quite
effective for measuring the ice abundance.

Also,

9
the use of a photometric system permitted selected applica
tion of the color difference approach.
In summary then, I chose to approach the problem
of the large

R

values (and the related question of par

ticle size variations) in the general interstellar medium
by the cluster diameter method and in the dense dark regions
by the photometric method,

and I chose to approach the

question of the grain composition by means of narrow band
photometric measurements.

CHAPTER II
THE RATIO OP TOTAL TO SELECTIVE ABSORPTION
PROM THE CLUSTER DIAMETER METHOD
Introduction
Of the methods available for measuring the inter
stellar extinction, only the cluster diameter method can
measure the grey extinction of large particles (Johnson
1968).

This method is therefore potentially very useful.

To fully realize this potential one must collect accurate
diameter measures and photometry for a large, homogeneous
sample of open clusters.
The Diameter Measures
and Photometry
Trumpler (1930) and Wallenquist (1959) have pub
lished the only large and uniform sets of open cluster
diameter measures.

I have made an effort to assemble the

necessary photometry of these clusters.

Photometric data

tabulated by Johnson et al. (1961), Becker (1963), and
Hagen (1970) have been examined and inter-compared.

Where

possible the cluster color-magnitude diagrams were studied.
Only 156 of the clusters had well determined distance
moduli

and color excesses.

These were transformed to the

10
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UBV system.

The photometric data were then used to compute

the cluster distances for various assumed values of
R(=Ay/Egy).

For the purposes of this paper I consider

clusters with

Egy <0.15

to the unreddened.

color excesses with normal values of

R

Such small

change the dis

tance modulus by less than a half magnitude.
I have omitted a listing of the clusters and a de
tailed discussion of the transformations, and will later
omit other tabulations of the data because including them
here would complicate the discussion and take the focus
away from the important question of the mean cluster di
ameters and the implied mean value of

R. (A tabulation of

the data and a more detailed discussion of the analysis
will be published elsewhere.)
The Computed Distance-Angular
Diameter Relations
Figures 1, 2, 3, and 4 present the log distancelog apparent angular diameter data for Trumpler's diam
eters.
the

The

(X) points are clusters with

(+) points are clusters with

Egy < 0.15

Egy >_ 0.15.

and

The curves

are least squares quadratic fits to the points assuming all
error is in the angular diameters.

The dashed curves fit

the (X) pointsj the solid-dashed curves fit the
points and the solid curve fits all the points.
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evident that the reddened and unreddened clusters follow
nearly the same computed distance-apparent diameter re
lation.

This is confirmed by the near agreement of the

least squares quadratic fits.

Note that because of the

large scatter in apparent diameter the general distribution
of points does not change rapidly with

R,

The best agree

ment of the positions of the reddened and unreddened
clusters on the diagrams seems to be when

R = 3.2 + 0.4.

The distance-apparent diameter plots for
Wallenquist's diameters look nearly the same as the
Trumpler plots except that there are fewer points.

Figure

5 presents the distance-apparent diameter data for
Wallenquist's diameters and

R = 3.2.

There are two obvious peculiarities in the com
puted distance-apparent diameter relations.

First, the

mean slope of the fits is larger than negative one and
there is a noticeable curvature in the fits suggesting that
effects are present other than simply the reduction of
apparent size with distance.

Second, the mean cluster size

seems to decrease with increasing

Egy.

This is shown by

the apparent difference be-tween fits to. reddened and un
reddened clusters. (The apparent reddening dependent dif
ferences in the fits are not significant outside the range
3.5 > log r > 2.4,

where

r

is in parsecs.)

However,

3.0

R=3.2 WALL
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UJ

2.0

x+
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for

R 'v
< 3.0

the statistical uncertainties in the fits are

comparable to the separation of the fits, showing that there
is no significant dependence of mean cluster size on
if

R < 3.0.

assumed

EgV

Consider for example Figure 1, where it is

R = 2.6,

there it is apparent that there is no

significant difference between the fits to the reddened and
unreddened clusters.

Unfortunately, the measurement of

apparent shrinkage with increasing

Egy

cannot be separated

from the problem of finding the best value of
papers will discuss this in detail).

R

(later

Because of the dif

ficulty in studying these effects, particularly when large
residuals are present, it seems best to first attempt to re
duce the size of the diameter residuals.

In order to do

this I conducted a search for dependences of the apparent
diameters on other variables.
The Dependence of Angular
Diameter on Cluster Type
A dependence of apparent diameter on cluster type
is not unexpected (Trumpler 1930, Lynds 1967).

Trumpler

(1930) classified clusters according to concentration,
ranging from type I which is strongly concentrated and
well detached from the star field to type IV which is not
well detached; and according to richness or number of
recognizable members, ranging from

p

(poor) with less

19
than 50 members to
members.

r (rich) with more than 100 apparent

To test for a type dependence I have computed

mean residuals In the logarithm of the apparent angular
diameter for each type relative to the least squares fits
to all the clusters.

These residuals show that Trumpler's

diameters depend significantly on both concentration class
and richness class.' (Wallenquist's diameters in contrast
show no significant dependence on concentration.) Re
siduals for all clusters of a particular concentration class
and richness class have been averaged, except for those
clusters that markedly deviate from the mean or their type,
and show some other notable peculiarity such as association
with emission nebulosity.

(This may eliminate from the

mean, those clusters with truly outstanding

R

values.)

Table I presents the preliminary mean type re
siduals for Trumpler types and for assumed
2.8,

3-2,

and

3.6.

R

values of

In general, cluster diameter in

creases with the number of members from
and decreases with concentration from

p

IV

to
to

m
I.

to

r

Similar

trends in cluster size were noted by Trumpler (1930) and
by Lynds (1967).
Because certain cluster types differ in mean
from the mean

E^.. of all the clusters, their mean type

TABLE I
Preliminary Mean Type Residuals
in the Logarithm of the Angular Diameter
R = 2.8
I

II

III

IV

r

+0.12

+0.12

+0.27

+0.46

m

-0.08

-0.03

+0.25

+0.32

P

-0.17

-0.18

H
O
O

+0.16

R = 3.2
II

III

IV

r

+0.13

+0.13

+0.28

+0.45

m

-0.08

-0.03

+0.25

+0.31

P

-0.18

-0.18

1
O
•
o
H

I

+0.16

R = 3-6
I

II

III

IV

r

+0.13

+0.13

+0.28

+0.44

m

-0.07

m
o
o
I

+0.26

+0.29

P

-0.18

-0.18

0.0

+0.16

21
residuals contain terms like
this color excess difference.
value of

R

coefficient
fits.

C • AEgy,

^EBy

is

Assuming in turn that each

is correct, then one can estimate the shrinkage
C,

by the separation of the least squares

The preliminary value (for

+ 0.04.

where

R = 3.2)

is

The largest value of |aebv| is 0,26

the correction to

log Df

is

+.02,

C = -0.073

so at most

which is only

marginally significant. Therefore I have not corrected the
mean type residuals for the C*'AEBV effect.
The Revised Relations of
Computed Distance to
Angular Diameter
Figures 6, 7, and 8 present the distance-apparent
diameter data corrected for dependence on Trumpler type.
New least squares fits are also shown.

The curvature in

the new fits is slightly diminished while the apparent
shrinkage with color excess is increased.
changes is very significant when the large
initial residuals is considered.

Neither of these
size of the

The best agreement be

tween the reddened and unreddened clusters still seems to
be near

R = 3*2.
With the type dependence removed, the Trumpler

diameters have noticably smaller residuals. (The mean
diameter residuals decrease from a 2 = 0.057 to
p
a = 0.031,) In fact, the revised Trumpler diameters have
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smaller residuals than the Wallenquist diameters.

The

larger residuals of the Wallenquist diameters and their
smaller number make them unsuited for further study here.
The remaining Trumpler diameter residuals are still
large compared to the residuals which might come from errors
in the distance moduli.

Therefore we need to search

further for diameter dependences.
A Search for Other Correlations
with Angular Diameter
Figure 9 presents the residuals in the type cor
rected Trumpler diameters plotted against galactic longi
tude.

As the residuals do not vary rapidly with

have assumed

R = 3-2.

R, I

The circled points represent

clusters which were not included in the computation of the
mean type residuals.

It is clear that within the sensi

tivity limits of the present data there is no large system
atic longitude variation of cluster diameter residuals.
Further graphical analysis of the residuals of the revised
Trumpler diameters shows no significant variation with dis
tance from the galactic center, spiral arm number or spec
trum of earliest member star.

Combinations of these

variables also yield no apparent relations.
It may seem that we have exhausted the variables
which might relate to cluster diameter, but we have as

+0.6

o
o

R=3.2
+0.4

Q©
O
O

O

+0.2

U)
z
Q
o>
O

• *
*I V

-0.2

O

O

O
O

o o

-0.4

o

-0.6
40

80

120

160

200

240

280

tJL

Figure 9.

Residuals of the corrected angular diameter
plotted against galactic longitude.
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yet considered only variables which might relate to the
true diameter of the cluster.

As we shall see there seem

to be other effects which change the apparent cluster size.
For example3 diameter measures made from material which
does not have a sufficiently faint and uniform limiting
magnitude or diameter measures made for stars of variable
brightness ratio fainter than the brightest members will
show increased residuals due to limiting magnitude effects.
(Trumpler's measures probably show no such effects.)
An effect which is undoubtedly present, is that for
clusters of increasing distance the cluster stars become
fainter and less recognizable against the background of the
more abundant faint field stars.

This is a consequence of

the fact that the fainter cluster members are generally
spread over a larger area than the brighter ones (Trumpler
1922; Trumpler 1930).

On the computed distance-apparent

diameter plots the apparent decrease in inferred linear
diameter with increasing distance and field star background
yields a slope greater than minus one.

However, for

clusters at large enough distances the brighter field stars
are ignored with the result that there is a distance beyond
which the diameter is not further affected.

Such an ap

parent cluster shrinkage with increasing distance and field
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star numbers seems to be present (see Figures 6, 7 and 8)
for clusters out to the distance

log r ^ 2.8.

Another noteworthy effect involves regional or dis
tance dependent variations in the field star density.

Near

the cluster boundary the number density of stars falls off
slowly.

As a consequence, variations in the background of

field stars may strongly influence the apparent cluster
diameter.

Trumpler (1922) has given a cluster density

profile from an average of several clusters.
slope is about one to five

The boundary

(dN/dr = -0.20) normalized to

a radius of one and a central density of one.

The average

field star density is about one-quarter of the cluster's
central density.

With such a boundary slope and field star

density, a fractional change in the field star density, pro
duces a like fractional change in the apparent diameter.
Such an effect seems appropriate to explain the increasing
size of the inferred linear diameters of clusters beyond the
average computed distance

log r = 2.8.

To explain this

variation there should be a locally high star density out to
an average distance

r ^ 600pc,

declines significantly.

beyond which the density

General star counts averged over

galactic longitude given by McCuskey (1965) do indeed show
a marked decline beyond

r ^ 600pc,

reaching about half of

the local density.

Such a decline in star density Is just

about the right amount to explain the curvature of the
quadratic fits and the apparent size Increase of clusters
beyond

r ^ 600pc,
Unfortunately, these effects are not throughly un

derstood, nor are there adequate supplementary data avail
able (e.g., background star densities for each cluster), to
aid in their removal.

Therefore I found it necessary to

assume that the mean computed distance-apparent diameter
relations presented in Figures 6, 7, and 8 are the best
practical representations of the mean variation of apparent
diameter with true cluster distance (assuming in turn that
each

R

value is correct).
Results Using the Revised Computed
Distance-Angular Diameter Relations
The precision with which systematic or regional

R

variations can be delimited using residuals from the mean
relations between computed distance and angular diameters
is determined principally by the apparent variance of the
cluster diameters.

Unfortunately, as should be apparent

from the above discussion, this variance is a composite of
several effects, including true variance of cluster linear
diameters, apparent diameter variance due to fluctuations
in the field star background, and perhaps other unrecognized
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effects.

In principle these effects are inseparable.

How

ever, one can set an upper limit on the variations of

R

by-

assuming the diameter residuals are entirely due to varia
tions in

R.

The entire variance (mean residual from each mean
relation) in the logarithm of the diameter is

a-0,16.

Using

this number, for clusters having a reddening typical of the
mean

(E-,.. 'v 0.33), the variance of R is a,-> < 2.4//n,
dV —
n 'w
where n is the number of clusters in the sample. For
example, if
then

n = 156

a-a
it < 0.2.

the case for a

(all clusters in the current study)

For a quarter of the sample (as would be
90°

longitude interval) an
D < 0,4,
*\>

It

should be apparent from these numbers that substantial
variations of

R

about the mean are not detectable in

small samples of clusters and that to obtain a reasonably
accurate estimate of the derivation
CTr

< 0.4]

[(R - R),

one needs to use a sample with

with

n > 40.

Such

a sample covers a region with a scale comparable to the
width of the local spiral arm.
regional variations in

R

Thus, systematic and

can be determined only to

+0.4.

A Limit on the Galactic Longitude
Variation of R
Applying this analysis to the question of the longi
tude variation of

R,

one finds that in

90°

longitude

intervals the variation of

R

is

+^0.4

about the mean

(still assuming all the variations in diameter are due to
variations in
of

R),

a value comparable to the uncertainty

(R - R) in each longitude interval.

Thus the numbers

confirm the previously noted abcense of a significant
longitude variation of

R

(see again Figure 9).

The Mean Reddening with Distance
Figure 10 presents the computed distance-color
excess plot for all clusters and the assumption
The

R = 3.2.

(X) points are clusters with both Wallenquist and

Trumpler diameters.
diameters.

The

(+) points have only Trumpler

The sloping solid line is the estimated mean

reddening-distance relation and the dashed lines show the
estimated normal variations of the relation.
such plots for various assumed

R

values shows that

increases more linearly with distance for
3.2.

If

R a, 3.2

The Mean Value of

then
R

A series of

R

EgV

values near

EgV(r) = (0.28 + 0.05 mag/kpc).

and Shrinkage with Reddening

Figure 11 presents the distance dependence of the
difference between the least squares fits to the reddened
and unreddened clusters for various assumed
each

R

R

values.

If

value is in turn assumed to be correct, then the

fit differences represent the reddening caused cluster

R=3.2
1.5

2.0

2.5

3.0

3.5

CLUSTER DISTANCE (KPC)

Figure 10.

Egy

as function of cluster distance

(R = 3.2).

5.0

+ 0.2

uil CE
C>l UJ

<|t-

<r \ to
0.0
UJ

D'
UJ

UJ

>1 or

-0.1
h- £C
to UJ
UJ i-

DC to
< D
UJ _l
2U

-0.2

CLUSTER
SHRINKAGE

-0.3

0.0

0.5

1.0

1.5
log r

Figure 11.

2.0

2.5

3.0

3.5

(pc)

Distance dependent cluster shrinkage with reddening for various
R values.

U)
U)

34
shrinkage.

The distances shown for the average cluster and

the average unreddened cluster were computed using the mean
reddening with distance given above.

Note that for

the reddening caused cluster shrinkage,
with distance and
Alog D'

Egy

while for

R > 3.5,

Alog Dr, decreases

R < 2.8,

the shrinkage

is significantly negative for nearby clusters.
I shall assume

with reddening.

that clusters do shrink slightly

This may be explained as the effect of ex

tinction on the relatively faint stars near the cluster
boundary.

The diminished brightness of these stars reduces

the apparent cluster diameter.

If the cluster shrinkage

is a smooth function of color excess only, then clusters
cannot expand with distance and reddening, nor can nearby
clusters be significantly larger than the mean unreddened
clusters.

Consequently, we must have

2.8 <_ R <_ 3.5.

The shrinkage curves are uncertain by about
in

Alog D'.

Thus only the curves for

nificant curvature.
R

is

R = 3.15.

R = 3.15

R <_ 3.0

0.017

have sig

Symmetrically between the limits of

A straight line fit to the curve for

seems the best representation for the shrinkage

of all the clusters.

Assuming that we can be confident at

the ninety-five percent level that

2.8 <_ R <_ 3-5

a straight line is representative in the range

and that

2.4 < log r

<3-5 (where the statistics are significant), then
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R = 3 - 1 5 +. 0,20.

In this case, as color excess is linear

with distance, Alog D' ^ 0,075(A log Egy)
D' a

(indeed

and

a weak dependence).

Table II presents the final shrinkage corrected mean
type residuals and mean linear diameters.
estimates agree in their ratios to

The diameter

a ^ 105?

with the di

ameter ratios in the smaller sample studied by Lynds ( 1 9 6 7 ) .
The mean size of the clusters in the present study is
systematically

20$

smaller than that given by Lynds (1967),

probably because of apparent diameter effects and type dif
ferences between our samples.

A careful study of the re

siduals remaining after the final type residuals are
removed, again shows that there is no measurable variation
of

R

with galactic longitude, distance from the galactic

center or spiral arm number,

The best mean value remains

R = 3.15 + 0.20.
A Iffeasure of Large Particle Extinction
Grey extinction results when particles are large
compared to the wavelength of observation (radius

a >> X).

To obtain a measure of such extinction one can use a geo
metric method, such as the cluster diameter method, and a
photometric method to make estimates of a variable such as
R,

which is an indicator of the total extinction present

(Ay = REgy).

Having already established a mean value
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TABLE IIa
Pinal Mean Type Residuals
and Linear Diameters
Type Residuals
I

II

III

IV

r

+0.13

+0.13

+0.26

+0.44

m

-0.07

0.0

+0.26

+0.28

P

-0.18

-0.18

0.0

+0.16

Linear Diameters
I

a.

II

III

IV

r

5.33

5.33

7.20

10.9

m

3-36

3-95

7.20

7.5

P

2.60

2.60

3-95

5.7

The mean type residuals are unitless, each being the
logarithm of the ratio of the mean cluster diameter
of that type to the mean cluster diameter of all
types. The units of the mean linear diameters are
parsecs.

R = 3.15 + 0.20

by the cluster diameter method, it remains

only to obtain a representative average value of

R

using

a photometric method.
A comparison of the variable extinction and color
difference methods (e.g., see Chapter I) leads to the con
clusion that the color difference method is preferred
because it is subject to fewer uncertainties.

Color dif

ference determinations describing a variety of galactic
regions include:

Grubissich (1968) who studied forty early

type stars and found

R

close to

3.0;

studied 103 M supergiants and found
corrected to

10^°K BB);

Lee (1970) who

R ^ 3.3

(effective

Schultz and Weimer (1975) who

studied 350 early type stars and found

R = 3-14 + 0,10;

an unpublished analysis by M. de Vries (1972) of 360 early
type stars with
and Serkowski

2.2ym

measures gave

R = 3.15 + 0.25;

et al. (1975) whose values of

imply an average

R = 3.0 + 0.24.

5.5^max

My reexamination of

the color difference photometry of Grubissich (1968),
Johnson (1968) and Lee (1970) using the effictive wave
length table in the appendix of Lee (1968) results in
average values of

R

of

3.21 + 0.11 respectively.
R = 3-17 + 0.05.

3*08+0.24,

3.15 + 0.15

and

A weighted mean of these is

Considering the recent work of Schultz

X
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and Weimer (1975)3 de Vries (1972), and Serkowski

et al.

(1975) and the earlier mean, it seems a representative value
is

R = 3.15 + 0.05.
Comparing

ameter method with

R = 3-15 +. 0.20
R = 3-15 + 0.05

from the cluster di
from the color dif

ference method, it seems that we may be confident that, in
general, there is no significant grey attenuation by large
particles.

A reasonable limit is that at most ^7% of

is due to particles large compared to

2ym

Ay

(the wavelength

conventionally used as the last point on the color differ
ence plot).

CHAPTER III
DESIGN OP THE INSTRUMENT
FOR IR OBSERVATIONS
The program of IR observations began with the
expectation that the faintest possible sources would be
measured with high accuracy between

1

and

4ym.

Our

selection of an instrument design was delimited by con
straints of pre-existing equipment and established tech
nique (see Low and Rieke 1976).

The system design involved

mating of the detector Dewar with the Rieke photometer
body, the existing control and amplifier electronics and
the beam switching driver system on the 15*t cm Gatalina
telescope of the Lunar and Planetary Laboratory.

Dr.

Rieke designed the InSb detector and preamplifier system
after the general outline of Hall et al. (1975).

The system

was built by Harris and Rieke with the help of Lunar and
Planetary Laboratory and Steward Observatory staff and was
later, 1976, modified by Rieke and others.
The InSb photovoltaic detector was operated at
temperature.

LN2

The system is most effective in the 2-5vim

region (reaching peak efficiency near
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5ym).

Most of the

IR measures (see Chapter IV) were made in this wavelength
range.
Conventional IR measurement techniques were used
(Low and Rieke 1976), including beam-switching background
compensation in R.A. at 20 Hz.

The detector was used with

a beam size of 11.4 arc seconds on the 154 cm Catalina
telescope and 8.5 arc seconds on the Steward Observatory
2.3 meter telescope with beam separations of 15 and 9 arc
seconds respectively.
The distinctive features of the system design are
the placement of the filters inside the dewar adjacent to
the aperture diaphrams and the selection of the filters
(see Table III).

With the filters inside the dewar on a

filter wheel, the system background noise is reduced.
Furthermore, by placing the filter wheel immediately in
front of the aperture wheel the accuracy of registration
from filter to filter was improved.

This feature is of

special importance to my observing program, where sources
were located by carefully maximizing the signal in one
photometric band and then switching to another band for
color measurements.
Table III lists the wavelengths and FWHM values of
the filters used to make the observations reported in
Chapter IV,
LN2

The wavelength data for the filters is at

temperature.

TABLE III
Filter Characteristics
Name

log

XQ

xQ(ym)

FWHM.(ym)

J

0.097

1.25

0,2

H

0.204

1.60

0.4

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

2.17
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Magnitude measures with this system have, for
secondary standards and for program stars with multiple
measures, a precision (see Table Y) of
sources as faint as

K = 9(mag).

+^0,01 mag for

Consequently magnitudes

have been given to three decimal places, although the last
figure is generally of marginal significance.

Upon careful

analysis the observations made with the present system show
that near and mid IR

(l-4um)

photometric observations of

bright stars can be made with a reproducible accuracy
comparable to

UBV photometry.

CHAPTER IV
INFRARED OBSERVATIONS OF A HEAVILY
OBSCURED REGION SHOWING PECULIAR EXTINCTION
Introduction
The abnormally high values of
^max

of

R

and the large

P°larization found in certain dense interstellar

clouds, most notably the very dense cloud south of

p

Oph

(Carrasco 'et al. 1973; Strom, Strom, and Carrasco 1974;
Strom

et al. 1975; Vrba

et al. 1975 and Grasdalen

et al.

1975)j have been used to argue for the presence of larger
than normal particles resulting from the action of grain
growth.

The interstellar diffuse bands in such regions

seem to have a reduced strength relative to the continuum
opacity, further suggesting the action of grain growth
(Snow and Cohen 1974).

Theoretical discussions have re

peatedly pointed to water ice as the most likely grain
growth material, a material which readily condenses out of
cold interstellar gas (Greenberg 1968),

Water ice is

therefore the prime candidate grain growth material.
Using photometric measurements I have determined the
relative ice abundance and the relation of that abundance
to conditions in the Ophiuchus dark cloud,
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Analysis of the
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photometry establishes the shape of the IR extinction curve,
an

indication of the grain size, and the absorption

strength of the water ice

OH

stretch band at

3.1ym

(the most conveniently placed ico absorption in the inter
stellar extinction spectrum).

Furthermore, the measure

ments show that there is a relation between the onset of
ice condensation and the density of interstellar matter
(see Chapter V); a relation which is consistent with and
significantly extends the conclusions of previous studies
(Danielson, Woolf, and Gaustad 1965, Knacke, Cudaback, and
Gaustad 1969; Gaustad

et al. 1969; Gillett and Forrest

1973; Merrill and Soifer 1974; and Gillett et al. 1975).
Observations
As discussed in Chapter III, our observations were
made using conventional IR measurement techniques.

The

observations were primarily made with the 154 cm telescope
of the Catalina Observatory, Lunar and Planetary Laboratory,
during the spring of 1975 and 1976, by D. H. Harris and
Dr. G. Rieke.

Atmospheric extinction coefficients for

each night of observation were computed from magnitude and
color difference observations of the standard and comparison
stars.

These coefficients were then used in computing the

program star

K

magnitudes relative to the standard stars
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and the program star colors relative to the comparison
stars.

For those sources where there was no visible star,

repeated measures with the

K

filter normalized the

measures with other filters, yielding the measures needed to
give a complete set of

(K - X)

colors and

K

magnitudes

for all stars measured.
Table IV lists the magnitudes of the standard and
comparison stars.

The zero point of the magnitude system

is set by the standard stars
6 Lib

a Boo,

a Vir,

a Lyr

and

whose magnitudes are taken from Johnson et al. (1966).

The weakly reddened stars
standards

<5 Sco and

for the Ophiuchus region.

with high precision

(a = 0.01 mag)

22 Sco

are secondary

Each was measured
on three nights with

full atmospheric extinction transforms relative to dif
ferent sets of primary standards.

These two stars are also

the principal comparison stars for the Ophiuchus region,
their colors having been determined using the optical
region photometry and spectral types from Garrison (1967),
our IR photometry, and a model extinction curve.

All the

comparison stars are early type dwarf stars selected for
their minimal reddening and proximity to the program stars,
and carefully measured relative to the standard stars.
all cases the comparison star colors have a measured
accuracy

a < 0.01 mag.

In
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TABLE IV
Magnitudes of Standard
and Comparison Stars
Star Name

J

H

K

L

Code

a Boo

-3-00

-3.14

(1)

a Vir

1.68

1.67

(1)

a Lyr

0.02

-0,02

(2)

6 Lib

2.86

a

(2)

6 Sco

2.58

2.61

2.71

2.66

(2)

22 Sco

5.04

5.08

5.15

5.10

(2)

BS 7769

(5-49)

(3)

BS 7826

(5.42)

(3)

BS 8677

(6.19)

(3)

Code indicates the type of usage of the star.
Code (1) stars are absolute standards used only to
set the zero point of the magnitude
system.
Code (2) stars are used both as zero point standards
and color difference comparison stars.
Code (3) stars are used for color comparison only.
(Magnitudes of Code 3 stars are our
measures.)
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Table V presents the IR photometry of our program
stars out to
nitudes and

3.8ym,
(K - X)

the result of combining the
colors.

The program star

K

mag

(K - X)

colors were obtained by directly comparing measures of pro
gram stars with measures of 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 determine the ice band
strength and extinction curve shape for stars obscured
mostly by dust in the general interstellar medium.
dense dust cloud south of
generally at

p

Oph

In the

our photometry is

positions determined by coordinate offsets

from the visible stars HD 147889,

SR 3

or

22 Sco.

The

scatter in our measures of magnitudes and colors from night
to night through 1975 and 1976 and between observers was
within the expected range of photometric uncertainty and
showed no evidence for the variability of the observed
stars.

However, since some of the fainter stars were

measured on only one or two nights, variability may have
been missed in one or more instances.

Presuming no vari

ability, the tabulated 'measures are weighted means.
the wavelength interval

2.1

to

3.8pm

In

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

TABLE Va
Magnitudes of Program Stars
Ophiuchus Region

Nam^vFili;er
HD 147889

J

5.301
5.28

SR 3°

GS

31d

GS

32d

GS

26d

VS

l8e

GS

30d

7.679

8.920
±.12
8.883
11.42
10.892
>11.47
±.13
14.04
>12.08
±.30
15.19
>13.17
± .30
14.56
11.48

H

2.165

K
±.013
4.856 4.582 4.564
±.05
4.60
4.80
4.52
±.006
6.970 6.536 6.491
±.05
6.47
±.010
7-404 6.750 6.683
±.10
±.08
7.380
6.566
9-35
7.26
+.014
8.502 7.131 7.053
8.15
6.64
±.02
11.136
8.984
10.55
8.88
±.04
±.02
12.19
9.79
10.27
8.91
±.02
10.81
8.13
8.84
7.74

2.345

3.013 3.108 3.42

4.523

4.421 4.416 4.335

6.438

6.537

6.838

6.232 6.202 6.107

5.868' 5-801 5.507

6.034 5.885 5.535

±.05
8.690 7.790

Lb

3.82

Ref.

4.301
±.05
4.42
4.38

4.288 (1)

6.067
±.05
6.41

5.977 (1)

5.365
±.15
5.56
5.73

5.213 (1)

5.321
4.93

(1)
(5)
(1)
(5)

(1)
(5)

±.02
9.502

±.04
9.375

7.10 (6.89)
6.88
±.05
8.05 (7.90)

7.87

±.06
7.4l

6.31

(6.12)
6.73

(2)
(3)

(2)

(4)
(5)

(1)
(5)

TABLE V Continued

Nam^vPiitf5r J
+.6
-.4
VS 17e
15.69

VS 26e

H
±.03
11-90
11.33
+.6
-.4
15.04
10.83

2.165

8.955

K

2.345

±.012
8.845 8.434
8.54
±.02
1U.51
9.12

3.013 3.108 3.42

L

7.930 7.799 6.468 6.224
6.64
+.4
-.3
±.03
11.39
8.07
7.79

3.82

Ref.

5.833 (1)
(?)
(1)
(5)

Other Program Stars
HO 168607

3.403

VI Cyg

2.744

12

±.01
3.345 3.289
±.02
2.715 2.635

3.072 3.010 2.905

2,881

(1)

2.405 2.375 2.281

2.217

2.178 (1)

a.

References for the photometry are:
(1) D. H. Harris and Dr. G. Rieke for the present work.
(2) Carrasco et al. (1973)
(3) Breda, Glass and Whittet (1974)
(4) Rydgren, Strom and Strom (1976)
(5) Vrba et al. (1975)

b.

The numbers In parentheses are computed from the same polynomial fits (to
our photometry, generally from 1.6 to 3.4ym) which are used in computing
the continuum level at the wavelength of the ice band.
•tr
VO

TABLE V Continued

c.

The designation SR 3 is from the slit spectrum survey of Struve and
Rudkj^bing (1949). This designation is used in the 2\im survey paper
of Grasdalen, Strom and Strom (1973), it is used by Carrasco et al.
(1973)3 and by Verba et al (1975),

d.

The GS numbers are entry numbers in the Tahle 1 of Grasdalen
(1973) where the source coordinates are specified.

e.

The VS numbers specify sources in Table 1 of Vrba et al, (1975), The
Vrba et al. photometry of GS 26, GS 30, GS 31 and GS 32 is according
to their Table 2. However, comparing coordinates for those GS sources
with VS designations reveals several designation errors, bringing into
question the identifications of the VS sources and perhaps partially
explaining the discrepencies with our photometry.

et al,
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the brighter sources, increasing to
faintest sources.

0.03 mag for the

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).
Since the magnitudes given by other authors have the same
corrections as our measures, their measures may be directly
compared with ours.
Our observations of

GS 31

agree well with those

of Rydgren, Strom, and Strom (1976).

Our observations also

agree reasonably well with those of Carrasco
our measures of

<5 Sco

et al. (1973),

agree with Johnson et al. (1966),

our measures of HD 147889 agree with Breda
(197^), and our measures of

VI Cyg 12

et al.

agree with previous

values given by Voelcker (1975) and by Gillett et al. (19T5)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 dis

crepancies, but we wish to emphasize that the repeatability
and signal-to-noise of our measurements indicate errors of
no more than a few percent (except where larger errors are
indicated in Table V).
Table VI lists the available optical region photometry^, color excesses and spectral types for the sources

TABLE VI*
Color Excesses of Stars with Optical Photometry
Star Name

V
+ .02

HD l47889a

7-90°
12.006

SR 3d

HD l68607h

8.291

VI Cyg 12^

11.48k

*

Sp

EBV

^V R

EVJ

EVH

+ .04.
,
1.09
(1.03)
3.14
3.68
±.08
B8 VF
1.42s (1.49)
4.50
5.23
-•03J
ill
(1,48) (3.87) (4.43)
B9 Ia"^1 1.60
±.°3k
B8 Iak
3.24
3.17
7.10
8.17
B2 VC

The IR color excesses are probably uncertain by ^0.1
certainties in spectral type and intrinsic colors.

AV

EVK

EVL

4.05

4.28

4.50

5.75

6.15

6.40

4.91

5,35

5.65

8.80

9.27

9.65

mag because of un

a.

The IR photometry of HD 147889 is by Harris and Rieke for the present
work. Photometry by Serkowski (1968) and by Breda • et al. (1974)
generally agrees with ours within their given error estimates.

b.

The

V

magnitude and

EBV

of

HD 147889

are weighted mean values from

Hiltner (1956); Hardie and Crawford (1961); Serkowski, Gehrels and
Wisniewski (1969); Coyne, Gehrels and Serkowski (1974)*Serkowski
et al. (1975); and Breda et al. (1974).
c.

The spectral type of HD 147889 is uniformly described as B2 V by Hiltner
(1956), Garrison (1967) and in recent works which may rely on the Hiltner
and Garrison types.

d.

The

IR

photometry of

SR 3

is by Harris and Rieke for the present work.

TABLE VI Continued

e.

The

f.

The spectral type is an average of the value given by Struve and
Rudkjjrfbing (19^9) and our estimate from the star's absolute magnitude
(see Table IX).

g.

The EgV of SR 3 uses the (B-V) color of Carrasco et al. (1973)3
the spectral type from column 3 and the intrinsic colors from Johnson
(1968).

h.

The IR photometry of
present work.

i.

The optical photometry and spectral type of
(1956).

. j.

V

magnitude of

SR 3

is from Carrasco

HD 168607

et al, (1973),

is by Harris and Rieke for the
HD 168607

are

from Hiltner

For VI Cyg 12 (Cyg OB 2 No. 12) the R, J and H photometry are
weighted means from values given in Voelcker (1975) and the K and L
photometry is from the present work,

k.

The optical photometry and spectral type of
Johnson (1968).

VI Cyg 12

are from

1.

Except for VI Cyg 12 the EyR values are obtained using interpolation
in Figure 12a consequently those excess values are given in parentheses,
as are the similarly estimated J and H excess values for HD 168607.

VJI
U>

we have measured.

The values of

Ay

are estimated by-

extrapolation from the extinction curves In Figure 12,
There is some uncertainty in the spectral types and there
fore the intrinsic colors of these stars, particulary
VI Cyg 12

(Chaldu, Honeycutt, and Penston 1973) and

(Struve and Rudkjjrfbing 19^9)to study

SR 3j

SR 3

At the low dispersion used

its faintness and strong reddening may

have biased its classification.
spectral type (see below).

I

suspect an earlier

However, in most cases the

spectral type uncertainties should not seriously affect the
computed excess ratios.
The Extinction Curves
Table VII and Figure 12 present the color excess
ratios and extinction curves of the program stars with ac
curate optical region photometry.

All the color excesses

in Table VII and Figure 12 are from Table VI.
is no

J

or

H

photometry of

Since there

HD 1686073 the values of

Eyj
Evh
s— and p— are obtained by interpolation from Figure
BV
BV
12 and are therefore in parentheses. The values of R
are extrapolations using the extinction curves in Figure
12.

Intrinsic color uncertainty is the major source of

uncertainty in the excess ratios.

Total uncertainties

J
I

Figure 12.

H K L N
1

I

I

I

The extinction curves for stars with optical
region photometry and van de Hulst 15.
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TABLE VII
Color Excess Ratios of Stars
with Optical Photometry
Star Name

EVJ

EVH

EVK

EVL

EBV

EBV

EBV

EBV

±.17
3.38
±.25
3.70

±.20
3.94
±.30
4.35
±.13
3.35
±.05
2.86

±.25
4.13
±.35
4.51
±.15
3-53
±.07
2.98

2.99

3.14

±.15
2.88
±.20
3.17

HD 168607

(2.42)

VI Cyg 12

2.19

2.53

±-20
3.72
±.30
4.07
±.12
3.07
±.05
2.72

v de H 15

2.29

2.58

2.82

HD 147889
SR 3

are generally between

(2.77) '

2

and

6%.

R

The classical theo

retical extinction curve, van de Hulst No. 15 > is included
in Table VII and Figure 12 for convenient comparison (Lee
1968).

For

VI Cyg 12

I

have additionally plotted the

N measure from Rieke (1974).
of

VI Cyg 12 ,

Since the IR

photometry

from the compilation of Voelcker (1975),

gives a very bumpy extinction curve, (deviations from a
smooth curve amount to
extinction curve.

^0.1 mag) I have plotted a smoothed

The extinction curves are extrapolated

from the longest available wavelength to
the constraint that near

1/X = 0

1/X = 0

using

the slope is zero.

is noteworthy that in Table VII the values of

R

It

for the

two visible stars in Ophiuchus are nearly equal at

R = 4.3»

57
in agreement with the variable extinction analysis of stars
in this region by Whittet (197*0-

The

consistent with those found by Carrasco

R

values are also
et al. (1973).

For the heavily obscured sources in the Ophiuchus
cloud it was necessary to assume that our observations are
of the heavily obscured photospheres of stars.

Arguments

for this assumption are given below.
There is little doubt that the upper Scorpius region
including the region around

p Oph

has been the site of a

recent episode of intensive star formation.

This can be

seen from the large number density of visible early type
stars and

Ha

emission sources, (Carrasco et al. 1973s

Struve and Rudkjjrfbing 19^9); and the star density excess
noted by Bok (1956).

Carrasco et al, (1973) estimate the

cluster's age at about 107 years.

This region can be best

described as a newly formed open cluster still embedded in
dense cold gas and dust from which it formed.

It therefore

seems quite reasonable that the IR sources are heavily
obscured early type stars.
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 chosen.

The similarity of the resulting IR

extinction curves (see Table X and Figure 13) supports the

contention that the sources are heavily obscured stars.
Using these first-generation extinction curves, I then
estimated the unreddened magnitudes of the sources.

In

order to compute the absolute magnitudes of the IR stars it
is necessary to assume that they are all at approximately
the same distance as the visible stars and dust.

That

assumption is supported by our finding of associated emis
sion excesses for the stars thus far measured out of

lOym

See Table VIII. These observations suggest that the stars
are surrounded by dust shells.

With all the sources at

the distance modulus of the association, (m - M) = 6.0
(Jones 1970; Galspey 1971; Walborn 1972; and Whittet 197*0,
their absolute magnitudes range between about
showing that they are most likely either
dwarfs;

G,

K

or

M

B

-3

or

A

and

+1,

type

type 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

11

> -3

are on the main sequence,

a few are giants, and it is extremely rare to find a
luminosity class II star.
Very long wavelength studies of the

p Oph

region

put an upper limit on the temperatures of the embedded
stars.

The radio continuum and recombination line data,

and the microwave molecular emission observations show that
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TABLE VIII

a

Magnitudes of Ophiuchus Stars
Having Par IR Photometry
Name
GS 31
GS 30
VS 17
a.

K

L

±.01
6.68
±.02
8.13
±.01
8.85

±.02
5.37
±.03
(6.25)
±.02
6.22

5ym

10ym

±.15
5.38
±.10
4.60
±.06
4.67

±.10
3.05

10.4ym

10.6ym

±.05
1.67
+.11
3.69

±.05
1.63
±.05
3.51

All K and L photometry is from Table V. For GS 31
the far IR photometry is from Rydgren et al. (1976).
The remainder of the far IR photometry is by Rieke
(for the present work). Tabulated errors are
statistical errors. The 5ym and lOym measures of
Rydgren et al. (1976) are with broad'band filters.
The 10.4ym and 10.6ym filters are 1.3ym and 5um
wide respectively. Only the K and L magnitudes
are monochromatic. Howevers the filter width cor
rections are small compared to the far IR emission
excesses.

the gas within the cloud is mostly neutral, with
—5
(ne/n) s» 10
(Brown.et al. 197*0, except in a few compact
H II regions around embedded hot stars; that the gas
density is high,

n « 10J cm

J

(Penzias 1972, Encrenaz

197^5 and Brown and Zuckerman 1975); that the gas temper
ature is about_ 20°K,

which is about a factor of three

higher than the temperature in most dark clouds (Heiles
1973j Encrenaz 197and Brown et al. 197*0 that, for the
most part, the dust grain temperature
et al. 1976).

T^ ^ 50°K

(Fazio

The dust temperature is consistent with

heating by embedded stars.

Also, the velocity dispersion

of the radio and microwave lines thus far observed is small,
Av ^ 1.5 km/sec,

indicating quiescent conditions in the

clo'.ud (Heiles 1973a Brown et al. 1974, and Chaisson 1975).
These observations along with measures of the compact H II
regions show that none of the stars in this region is
earlier than late

0

spectral type and that the embedded

stars responsible for the radio and microwave emission are
most likely between

B2 V

and

B8 V

spectral type.

Our filter set includes a narrow filter at the
2.31ym CO band fahich should permit us to discriminate be
tween giant and dwarf stars (Frogel et al. 1975).
normal

G,

K,

and

M

type stars, the

strong in luminosity class

I,

II,

and

For

2.31ym CO band is
III stars and is
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weak Or absent In dwarf stars.
show no

CO

dication of

Stars earlier than

absorption at all.

G

Our measures give no in

CO absorption in any of the measured IR stars

(see Table V).

Considering the usual distribution of

spectral types in a young cluster, the radio and microwave
data, and the absolute magnitudes; those IR stars with CO
measures are probably

B

or

A

type dwarf stars.

though we have no CO-band measurement for

VS 26,

Al
since

it has no apparent photometric abnormality I have assumed
that it also is an early type dwarf star.
With the IR sources tentatively classified as early
type dwarfs, I estimated their spectral types from their
computed absolute magnitudes and used the intrinsic colors
of the estimated spectral types to compute a revised set
of color excess ratios.

Table IX gives the computed ab

solute magnitudes and estimated spectral types of the
Ophiuchus stars. For HD 147889 comparison with the known
spectral type shows good agreement, giving confidence in
the estimated spectral types.
spectral type is
give

AO.

B6,

But for

SR 3

the estimated

whereas Struve and Rudkjgfo ing (1949)

Considering the expected bias in their clas

sification due to low dispersion and strong reddening, 'I
have computed the color excess assuming a
type.

The stars

GS 31

and

GS 32

B8 V

both show

spectral
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TABLE IX
De-Reddened Magnitudes and Estimated
Spectral Types of Ophiuchus Stars
Name

Sp

My (+0.6)(mag)

HD 147889

B2 V

—2.5

SR 3

B6 V

-0.5

GS 31

B5 V

-1.0

K5 III

+3.5]

B4 V

-1.5

MO III

+3.0]

GS 26

B6 V

-0.5

VS 18

B8 V

0.0

GS 30

B2 V

-2.5

vs 17

B3 V

-2.0

VS 26

B2 V

-2,5

[GS 31a
GS 32
[GS 32b

a.

Intrinsic colors are from Johnson (1964).

b.

Intrinsic colors are from Lee (1970).
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peculiar color excess ratios if they are assumed to be
early type stars (see Table X),

Again considering the

available evidence, it was recognized that these stars
might be late type giants or protostars, peculiarly lacking
CO absorption.

Therefore Table IX includes late type

models of these stars.
Table X

and

Figure 13

present the measured

color excess ratios and average extinction curves
normalized to
to

EH£

E^ = 1.

The excess ratios were normalized

because it is accurately measured for all the

Ophiuchus stars and should not be affected by circumstellar
emission.
and

Magnitudes at

18.5 +0.5

for

R

GS 32

of

14.3 +. 0,4

for

GS 31

were measured on the Palomar

Observatory Sky Survey prints by comparison with a cali
brated sequence of red print magnitudes.

All other magni

tudes used in computing the color excess ratios in Ophiuchus
are taken from the measures listed in Tables V and VI.
order to estimate the

Ey^

values for

GS 31

and

In

GS 32,

and to estimate other excesses for the heavily obscured
stars, it was necessary to use average color excess ratios.
Since, for both HD 147889 and
that

evk/ERK =

SR 3,

our measures show

1*35 (a value not far off the mean of

VI Cyg 12 and HD 168607), I

have assumed this ratio is

constant in the Ophiuchus region and applied it to

TABLE X
Extinction and Color Excess Ratios
Name

sp

ERK

EVK

Ay

EVK

KRK

EJK

EKL

EHK

EHK

EHK

EHK

HD 147889

B2 V

0.37

4.05

4.5

10.9 (8.1)

SR 3

B8 V

0.52

5.75

6.4

B5 V

0.78

(10.8) (11.8)

[K5 III

0.49

( 7.1) ( 7.8)

B4 V

1.52

(16.0) (18.0)

[MO III 1.28

(11.6) (13.3)

11.1 (8.2)
±.5
(13.9) 10.3
±.5
(12.0) 8.9
±.5
(10.5) 7-8
±.5
( 9.1) 7-0

GS 31

GS 32
GS 26

B6 V

2.21

(23.4) (26.3) (10.6) (7.8)

VS 18

B8 V

2.44

(24.7) (27.9) (10.1) (7-5)

GS 30

B2 V

2.76

(30.0) (33.5) (10.9) (8.0)

VS 17

B3 V

3.13

(31.7) (35.8) (10.1) (7.5)

VS 26

B2 V

4.61

(48.0) (53.9) (10.4) (7.7)

VI Cyg 12

B8 la

3.24

8.80

9.65

HD 168607

B9 Ia+p 0.49

4.91

5.65 (10)

v de H 15

11.7

13

7.8
(7.0)
8.4

AL
(mag)

±.20 ±.10 ±0,1
2.46 0.62
0.0
±.20 ±.10 ±0,1
2.40 0.77
0.0
±.1
±.1
±0.2
3.01 1.67
0.7
±0,2
±.1
±,1
1.0]
2.27 2.49
±0.2
±.1
±.1
0.6
2.61 1.13
±0.2
±.1
±.1
2.25 1.47
0.91
± .12 ±.03 ±0.2
2!34 0.94
0.4
±.17 ±.03 ±0.2
0.0
2.24 0.77
±.15 ±.03 ±0.2
2.40 0.72
0.0
±.20 ±.02 ±0.3
2.24 0.83
0.3
±.10 ±0.5
0.0
(2.30) 0.53
'±0.3
0.0
2.3
0.64
±0.1
(2.1) (0.90) 0.1
2.3

0,77

+4 ~

1.2

1.0

0.8

0.6

0.4

0.2

0

— l/X

Figure 13,

The mean Ophiuchus extinction curves in the
infrared,
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computing
thence

EyK

EyK

for the other stars.

To find

ERK

and

for the more heavily obscured stars I used
=

the relation

3-35

which seems to be a repre

sentative value for the Ophluchus region and not far off of
that found elsewhere.
I assumed

^jk^hk

=

For

2*3°J

VS 26
the

which has no

K

measure

average value of the ratio

for the other heavily obscured stars.
the

J

The extinction beyond

filter was estimated using the mean extrapolated

extinction curve.

I assumed

ET,00 = 1.30E,™.. The estimated
K
HK
AL (mag) is obtained by assuming

circumstellar emission

that normal extinction gives

kj/EHK

e

= 0,75.

Because

of the crudeness of these estimates and the small variation
in curve shape, I have plotted average extinction curves
in Figure 13Table X shows that 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).

If instead, one assumes that

the extinction curve is nearly normal, and estimates the
spectral type from the

(J

to

K) colors which result

when the mean Ophiuchus extinction is removed, then one
finds* that these stars resemble subluminous (See Table IX)
K

or

M

giants.

Their position in the

HR

diagram is
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suggestive of pre-main sequence objects which would reach
the ZAMS as

F stars.

This identification seems question

able however, since the

5ym

magnitude of

GS 31

indi

cates an emission excess more like that in keeping with the
B5-V model (see Tables VIII, IX and X).
Extinction Curve Interpretations
An examination of the extinction curves in Table X
and Figure 13 shows that the lightly obscured stars show
optical and near IR slopes larger than would be normal for
the general interstellar extinction.

Considering also that

there is an apparent increase in the ratio
selective extinction,

R,

of total to

with obscuration (Carrasco et al.

1973> Figure 2; and my Table VII) it seems that we have
persuasive evidence for excess IR extinction due to larger
than normal particles.

Yet as we will see, these stars show

little or no ice band extinction (see Table XII). In the
infrared, extinction commonly varies as (1/X)4, a recog
nized characteristic of small dielectric spheres.

The IR

source stars with well determined extinction show a de
pendence closer to

1/X,

suggesting either the admixture

of small absorbing particles (radius
than normal dielectric particles

a < O.lym)

(a ^ 0.5ym).

or larger

That is, the

extinction curve looks like a composite of extinction by
"normal" and IR particles.

It seems that the Ophiuchus
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cloud shows a nearly uniform abnormal extinction regardless
of "obscuration or ice band strength.
If one assumes all the particles are dilectrics
then the published dielectric sphere grain models
(Wickramasinghe 1973) yield estimated grain sizes by
fitting the extinction curve.
total to selective absorption,

Taking the normal ratio of
R(= Ay/By) ^ 3.2,

and the

normal visual region extinction curve, eg. an average of
VI Cyg 12 and HD 168607, and fitting to the corresponding
properties of the relative extinction efficiency curve,
a,n) = a/ira 2, where n is the refractive index and
Q (rr
•ft = X/2ir

is the reduced wavelength, shows that in the normal

interstellar medium generally
the mean particle radius

Qg(^ = 0.55yni) ^ 2.6,

a ^ (0,llym)/(n-l).

and

This size is

consistent with similar fits done by Greenberg (1968, p. 310)
and by Spitzer (1968, p. 67).

A similar fit to the optical

extinction in the moderately opaque portions of the Oph
cloud, using

R ^ 5-0,

a ^ (0.13ym)/(n-l).
Qe

yields

Qe(^

=

0.55um) ^ 3.2

and

On examining the more general case of

curve fitting for dielectric spheres I found that for

6 > R > 2.8, the variation in
size very nearly (to ^6%)

Q„(X = 0.55ym)

with grain

compensates for the size de

pendence of the geometric cross section of a constant mass
of grains.

Pitting this general

Qe(^-,n)

to the optical
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extinction in the less obscured regions of the cloud
(1> EHK £

0,3

and

6 > R > 4) yields a constant absolute

efficiency,

ira Q
3Q
q n l
?
f- = fl-f- ^ 1.8 x 10 (^jr=L)cm /gm,
w
M
4iTa-)

5(A = 0.55ym) =

—

where

p

p

is the grain density

O
(gm/cmJ).

Those Ophiuchus stars with well defined extinction
curves show nearly linear extinction curves over a factor of
two range in

1/X

excess at

is removed).

L

centered at

^1.5ym

(when the emission

The relative extinction ef-

ficiency

C2 (^-(n - 1)) for the general dielectric sphere
© "A
is nearly linear over a range of three in 1/X centered at

fr(n - 1) i 1.1.

Using the monodisperse approximation, I

*A

matched the
2Trai.n5~1'>

=

Q0

curve to the linear IR extinction yielding
or

a

Qe(A = 0.55ym) § 2.8,

= (0.26ym)/(n-l).
so

For such grains

£(0.55ym) * 8.0 x lo\£~0cm2/gm.

The combined errors of observation and

Qg

fit modeling

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
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dielectric model particle in the less opaque regions
(volume ratio is ^10

to

1),

demonstrating that there is

a substantial grain size increase upon probing the more
opaque regions of the cloud, and suggesting the action of a
grain growth process.
Posit that the IR extinction particles are absorbing
particles, then because all Rayleigh absorbers (with ef
fectively constant refractive index) show a

1/X

extinction

dependence, the size of the absorbing particles can't be
determined.
size.

One can only set an upper limit on the particle

For absorbing particles

(k > 0.2,

m = n - ik)

the

upper limit on size for extinction dominated by absorption,
and therefore for linear extinction, is

(a/ft) < 1.05/|m-i|.

Assuming the extinction is linear out to (1/X) « 0.9ym-1 and
that

[m — 1| ^3j

then

a < 0.06ym.

With this limitation,

the increasing relative strength of the IR extinction with
increasing obscuration tells us only that the total volume
of absorbing grains along our line of sight is increasing,
without saying anything about the grain size distribution.
Furthermore, for such an absorbing material, without ac
curate knowledge of the complex refractive index
even the volume of grains is indeterminate.

m(X)
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The Ice Band Extinction Measures
So that the response of our filter-photometer
system to ice band extinction would be unambiguous, our
program began measuring the ice extinction with two narrow
filters.

Their response curves measured at

LNg

ture are each nearly symmetrical, peaking at
at

3.108ym.

tempera

3.013ym

and

To determine the response of these filters to

ice band extinction I examined the spectra of astronomical
sources and compared them with selected laboratory spectral
data.

Table XI presents a data summary of available astro

nomical ice band spectra and data for SS Vir (Sp is
which has a 3.07ym

C6)

band that is probably not due to ice.

There seem to be no significant differences in the ice
band profiles between astronomical sources.

The profiles

are nearly symmetric, being only slightly steeper on the
long wavelength side, with a maximum absorption near
and a

FWHM

3«07ym

corrected for instrumental broadening of

•vQ.27ym.
An examination of the various laboratory spectral
studies of

E^O

ice by Sill (1976),. by Schaaf and Williams

(1973)j by Bertie, Labbe and Whalley (1969), and by Irvine
and Pollack (1968) shows that the best estimates are
for the band position and

0.25ym

for the

FWHM.

3.07ym

However,

these laboratory studies give a distinctive and asymmetrical
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TABLE XIa
Astronomical

3.1ym

Band Data

Name

Am(3.07)

X(ym)

AX(.ymj
FWHM

BN

1.52

3-07

0.23

1.52

3-08

0.35

1.59

3.08

0.32

1.03
1.25

3.08

0.32

CRL 2591

1.0

3.0b

0.24

Rosette Neb.
IRS
SS Vir

2.8
1.2

3-05
3.07

0.28
0.27

NGC 2024
No. 2

a.

Reference
Gillett and
Forrest (1973)
Gillett et al.
(1975)
Merrill, Russell
and Soifer (1976)
Grasdalen (197*0
Merrill.et al.
(1976)
Merrill and Soifer
(1974)
Cohen (1976)
Merrill and Stein
(1976)

Most of the values of Am(3.07)j X and AX are
estimates from figures and are thus of low accuracy.
The values of AX are generally uncertain by ^0.03ym.
[See p. 77 for a definition of Am(X),]
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band profile resembling that of hexagonal ice given by
Knacke,. et al, (1969).

In contrast, the nearly sym

metrical astronomical band profiles closely resemble the
profile of amorphous ice given by Knacke

et al. (1969).

The presence of a prominent broad band at
in little-reddened carbon stars such as

3«07um

SS Vir (Merrill

and Stein 1976), and its tentative identification with
C2H2

in the cool stellar atmosphere, puts the identification

of the
2.3vm

3.07ym

band in some doubt.

However, the absence of

CO absorption in the Ophiuchus IR stars (as well as

other arguments) shows that the sources in our sample are
probably not carbon stars.

The possible presence of an

interstellar

3.0ym

NH^

band at

(Davidson

et al. 1972)

also causes confusion about the band identification.

This

situation is further confused by the variable resolution
and quality of the astronomical spectra and uncertainties
in their wavelength calibrations.
not clear when one can identify the

Thus it seems that it is
3.07ym band with ice

alone.
It is necessary at this point to make the theo
retical argument that inside ordinary dark clouds (e.g.,
c _o
where n„ ^ 10 cm J) the density is far too low to permit
2

the spontaneous nucleation of condensate particles (Watson
and Salpeter 1972).

Therefore any condensate, including

74
ice, has to be (alone or in a mixture) in mantles on the
grains which were already present in the cloud at the onset
of condensation, that is, on core grains.
It was noted by Hulst (1957, p. 193), that
the extinction profile of an absorption band depends on
the dimensions of the absorbing volume if those dimensions
are comparable to the reduced wavelength (X = X/2ir).
Specifically, for the case of coated grains, if the core
grains have small to moderate dimensions then thin enough
mantles behave like Rayleigh particles

(a/ft << 1).

Con

sequently the amount of mantle extinction is independent of
the grain geometry and is proportional to mantle volume.
Furthermore, the band extinction profile resembles the
absorptivity of the bulk mantle material.

However, for in

creasing mantle thickness, the profile becomes progressively
more asymmetrical and shifted to longer wavelength (by as
much as the band half-width), followed by a dispersion curve
shape centered on the normal band wavelength, and ulti
mately by a pseudo-emission for thick mantles.
The data summarized in Table XI show that the
available astronomical ice band profiles resemble the
absorptivity profile of bulk amorphous ice (see Knacke
al.

1969).

source whose

I know of no heavily obscured astronomical
3ym

spectrum shows a band profile with

et

substantial asymmetry or pseudo-emission like that expected
for moderate or thick mantles..

Therefore it seems reason

able to surmise that in dark clouds there are no grains
with thick mantles (t > *

for the

3.07um

ice band),

(Further evidence for thin mantles in Ophiuchus is given
below.)

The apparent validity of the Rayleigh approxima

tion makes it reasonable to combine the astronomical ice
band data with the laboratory compromise data to give an
estimated ice band extinction spectrum.

It should be

emphasized that the apparent validity of the Rayleigh ap
proximation also precludes the direct measurement of the
thickness of ice mantles.

We must be content with esti

mating an upper limit on mantle thickness.
Figure 14 shows the estimated ice band profile and
the positions of our two ice filters.
maximum is at

3.072ym.

opacity points are at

The
2.9k]im

FWHM
and

is

The ice band opacity
0.25ym

3.19ym.

and the half

Because of the

large breadth of the band, the ice filters should quite ef
fectively measure the band extinction even if the opacity
maximum is slightly shifted, e.g., to

3-05pm.

A further relevant consideration is the possibility
that some ice may form a mixture with other molecules or
may form a clathrate compound that could modify the position
or strength of the ice band (Greenberg 1973)-

However the
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\ ( am)
Figure 14.

The estimated ice band extinction profile,
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work of Hunter and Donn (1971) seems to show that, at least
under the conditions of their study, the ice band is un
altered in position or width when the
mixture with

NH^

and CH^

ice.

H20

ice is in a

Furthermore, they found

no evidence of bondings between the different molecules in
the mixture and no dependence of the band profile on the
kind of substrate material.

In general they found the band

profile invariant, with the band strength depending only
slightly on the kind of mixture.

Unfortunately, Hunter and

Donn (1971) do not specify the dependence of band strength
on the mixture parameters.
Presuming the band profile is as plotted, the
filters should respond to

90 + 6%

of the peak ice band

extinction and their ice band sensitivities should be just
about equal.

In discussing the band,

Am(X) is defined as

the extinction in excess of the average adjacent continuum
extinction.

Its units are magnitudes.

For

VS 17,

the

most precisely measured source with strong ice band ex
tinction, our measures show that

Am(3!l08j

=

^*965 + 0.016,

just as expected for a band caused by water ice in thin
mantles.
Our measure of the

BN

point source in Orion

further tests the filter system's sensitivity to ice band
extinction.

For

BN, Am(3.07) = 1.20 + 0.08,

which is
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0,77 +0,10

of the

Am(3.07)

et al. (1975) and Merrill

in the spectra of Gillett

et al, (1976),

Considering the

estimated band profile, a compromise for the estimated re
sponse of our filters Is

85 + 5%

of the true

Am(3.07).

The appropriate response correction is Included in our
tabulated ice measures.
Table XII presents the corrected ice band extinction
measures.

As mentioned previously, the photometry is based

on comparisons of program stars with nearby unreddened stars.
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 polynomial fits are

given in Table XII, as are the ratios
Am(3-07)/Ay.
Am(3.07)

Am(3-07)/EHK

and

Much of the uncertainty in the values of

and the ice ratios is due to uncertainty in the

continuum level set by the-polynomial fits.
in estimating

Ay

make

Am(3.07)/EHK

measure of relative ice extinction.

For

the preferred

Figure 15 shows a plot

of the relative ice extinction against
quite remarkable.

Uncertainties

E^. The plot is

EHK < 2.2 (Ay < 25)

the stars show

no significant ice band extinction (except for HD 147889
which may be anomalous), while for

EHK > 2,2

stars yet measured show strong ice bands.

all of the

The ice band data

for those heavily obscured stars showing ice (although

TABLE XIIa
The Ice Band Extinction Measures
Name

O.P.

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°

b

Am(3•08)

Am(3.07)

EHK

AV

+0.0088 +

1,2,3
1,3
1,2,3

0.040 +

.011

0.008 +

.010

0.032 +

.015

0.37
0.52
0.78

1,2,3
1,3
1,2,3

0.028 +

.030

1.52

0.017 +
0.042 +
0.018 +

0.175 +

.060

2.21
2.44

0.079 +
0.429 +

.030
.040

1,3
1,2

0.694 + .07
1.05 + 0.10

2.76

0.251 +

.025

1,2
1,2

+ 0.5
3.1
+0.033 + .030
+0.025 + .015

3.13
4.61

0.336 +
0.670 +

0.49
0.61

0.068 +
0.041 +

.035
.11
.061

0.63

0.0

0.45 + 0.05
0.36 (+ 0.04)

+ 0.005
0.041 + 0,005
0.03 ( + 0.01)

0.0 (+ 0.06)

0.0

1,2

1.05

+

.10

#1

0.0

if2

1.3

+ 0.04
+ 0.1

1.57

+ 0.04

2.87
4.4

0.0

+ 0.1

1.7

BNd
Galactic8
Center (2ym)

Am(3-07)
EHK

0.107 +

.030
.020
.020
.020

.025

+ 0.06

0.0013 +
0.0027 +
0.0016 +
0.0067 +
0.038 _+
0.021 +
0.029 +
0.058

+

0.0059 +
0.0026 +

.0025
.0015
.0015
.0020
.0025
.0035
.002
.003
.015
.0053
.0016

0.0

( + 0.01)

TABLE XII Continued

a.

All measures of obscuration are in magnitudes,

b.

O.P. is the order of the polynomials used in estimating the continuum
level at 3,07vim.

c.

For
Ehk

NGC 2024 §1 and #2, Am(3«07) is from Merrill
and Ay are from Grasdalen (1974).

d.

For

BN the value of Am(3.07) is an average of the values in Table XI,
is an estimate using photometry by Rieke for the present study and

Ay
e.

et al. (1976) and

is from Grasdalen (1974),

For the Galctic center 2ym source the Am(3.07) is estimated using
data in Soifer, Russell and Merrill (1976) and ERK is estimated using
data from Becklin and Neugebauer (1968) and from Soifer

et al. (1976),

CO
o

1.0

• Ophiuchus Region (present work)
a Other Stars (present work)
• Galactic Center
x NGC 2024
•©• BN Point Source
i

0.8

o

3
o
>

0.6

r

Am (3.07)

i J

-HK

0.4

i

0.2

0.0

$ 5
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1.0

2.0

3.0

4.0

EHK(mag)

Figure 15.

The dependence of the relative ice extinction on

E.
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it is suggestive of an increase with

EHK) is inadequate

to clearly establish a trend of relative band strength
varying with

E^.

Above the onset of band extinction the

relative band strength may well be constant.
Examining the extinction curves (Table X and Figure
13) along with the ice band data reveals that the onset of
ice band extinction is not associated with any distinguish
able anomaly in the shape of the continuum extinction.
That isj in the more opaque regions of the Ophiuchus cloud
the sources with, and the sources without

measurable ice

band extinction, have very similar, if not indistinguishable,
IR extinction curves.

This means that 'the continuum ex

tinction gives no indication of the presence of ice or of
changes in its abundance.

Consequently, continuum ex

tinction tells us nothing about the ice mantle thickness.

CHAPTER V
ANALYSIS OP THE INFRARED OBSERVATIONS
The Density Dependence
of Ice Extinction
The apparent relation between the relative ice band
strength

Am(3«07)/EHK

and EHK

suggests the presence of a

relation between the ice band strength and dust density.
Cloud density should be an important variable in determining
the amount of ice condensation because condensation is a
recognized consequence of random encounters between gas
atoms'and grains (Oort and Hulst 19^6, Wickramasinghe
1965s Greenberg 1968).

At temperatures below the conden

sation temperature the standard model gives
with

n ^ 3

(Greenberg 1968), where

p

Am(3-07)o>:/pnds

is the gas plus

dust space averaged density; while a measure of the con
tinuum extinction such as

EHK

behaves like

/p ds.

Even

if standard theory is incorrect and some other process
controls the ice condensation, it is still likely that the
gas and dust density will influence the ice formation
process.
The value of

E„„
nJ\

can be directly related to

density (monotonic) only if each source star is seen through
just one dominant dust concentration (otherwise the number
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of concentrations may be as important as the density).
Therefore, since we see such a relation as we look through
the Ophiuchus cloud, the particular condensation we look
through is most likely the single source of major obscura
tion along our entire.line of sight to the source star.
(The cloud's proximity permits this.) The presence of just
a few major obscuration centers is seen in the scale of the
extinction correlation in the more opaque regions (data in
Table X show a scale of ^0.4 pc) and in the scale of the pro
jected radii of the three main regions where no stars are
visible (see figures in Carrasco et al. 1973, and Vrba et
al. 1975)-

Thus the apparent dust distribution and the

presence of the relation between ice abundance and

E^

both support a model which has just a few major dust con
centrations in the cloud and which is consistent with

E™,
riJ\

being directly related to dust density.
In the Ophiuchus cloud the critical value of
for the presence of ice is
dust concentrations is

E„v
ni\
^2.2 mag and the scale of the

^0.4 pc.

Using these numbers, I

computed an approximate critical density of
E„„.
rii\

5 mag/pc

in

Microwave studies show that in the dense portions of

the cloud the gas density is

n » 10 cm

. (By way of con

trast, the general interstellar medium in the galactic
-4 1
plane has an average density of ^10 ' mag/pc in EfiK
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and

n- ^ 0.3cm

_q

.) The relatively large value of the

critical density means that if this relation is generally
applicablej then one should expect to find significant ice
only in the densest regions.

At lower densities, even when

the extinction is large, there should be negligible ice.
[The apparent absence of ice band extinction along the
generally low density path toward the galactic nucleus,
which has an

EHK

1.7

(Becklin and Neugebauer 1968), is

consistent with this concept (Soifer

et al, 1976),]

To test whether the relation between apparent rela
tive ice abundance and dust density is generally applicable
one can examine measures of other source stars in regions
where the extinction has been measured.

Both HD 168607 and

VI Cyg 12 are distant stars not associated with dense dust
complexes.

Although their extinction is strong by most

standards (see Table VI), the extinction for both stars is
well below that needed to give the critical density (even
if all the extinction were concentrated in a 1 pc cloud),
and as one would expect, our photometry shows no significant
ice opacity

(see

Table XII).

The density relation can also

be tested for the two IR stars in NGC 2024 discussed by
Grasdalen (1974).

Here the estimated cloud scale is the

0.20 pc radius of the dust concentration visible on photos
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of the nebula.

This radius matches the radius of the

neutral hydrogen cloud in the model of Grasdalen (1974).
Using his values of
found densities of
and #2

EHK
^3.2

respectively.

for the two IR source stars, I
and

15 mag/pc

for

NGC 2024 #1

As predicted by the relation found

in Ophiuchus cloudj Grasdalen's measures show that #1 has
no notable ice band extinction while #2 has strong ice
band extinction.

A similar, but weaker, argument can be

made for the

point source (cloud scale from Wilson,

BN

Jefferts and Penzias 1970), where the density is
in

and ice is detected.

^6.8 mag/pc

Strom, Strom and Vrba (1976)

and Strom, Vrba and Strom (1976) have reported ice band
extinction measures for sources in dark clouds.

Although

these measures are of low statistical weight, they seem to
be consistent with our derived relation for the Ophiuchus
cloud.

Our measures of extinction and

Am(3.07) agree

within the limits of our errors with those of Gillett et
al. (1975) for

VI Cyg 12 and the

BN

point source, con

firming their supposition of a large variation of the ice
band strength, and further affirming that the available data
is consistent with the general applicability of the relative
ice abundance-density relation found in Ophiuchus.
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The Estimated Ice Fraction
The Absolute Ice Extinction Efficiency
The first requisite in order to use the measured
values of

Am(3-07)

to estimate the ice mass fraction is

a value for the absolute ice band extinction efficiency
p
(cm /gm). The second requisite is a model of the wave
length dependent absolute extinction efficiency of the
total assemblage of cloud particles.
Since our continuum extinction measures show no de
pendence on ice band strength, and the measured ice band
profiles in other regions resemble absorption by bulk ice3
it is reasonable to assume that in general when ice mantles
are present they are thin enough to satisfy the Rayleigh
approximation (at

3.07um).

I have therefore used the

Rayleigh approximation to compute the excess extinction of
the ice band relative to the adjacent continuum extinction.
Such a computation should closely describe the extinction
by thin mantles on small to moderate size cores

(a £ X),

like those particles previously modeled (Chapter IV).
Computing the net band extinction has required taking the
difference in

T(3.07)

between the band center and the

average of the adjacent continuum, which required knowledge
of the wavelength dependence of the complex refractive
index

(m = n - ik) across the band.

Unfortunately the
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complex refractive index, and the correlary absorption co
efficient of ice, are not well determined near

3.07vtm,

e.g., a comparison of the values given by Sill (1976) by
Schaaf and Williams (1973) and by Bertie, Labb€, and Whalley
(1969) with the compilation of data in Irvine and Pollack
(1968) shows a factor of two range in the absorption index
k.

A compromise among these sources yields

at the band opacity maximum.

m ^ 1.20 - 0.64i

The opacity in the adjacent

continuum is negligible compared to this.

Of course this

value ignores the possible effect of radiation damage which
may significantly alter the complex refractive index both
at the band center and in the adjacent continuum (Greenberg
1973).

The expression for Rayleigh extinction is

t =

2nk

18tt.

•V

(n2-k2+2)2+(2nk)2
where

V

is the volume of material per unit area of the

beam integrated along the line of sight.

Evaluating the

bracket for both the band center and adjacent continuum
and subsittuting for

X

yields a measure of the absolute

ice band sensitivity [AT(3.07)/V] ^ 2.4 * loVcm-"1").
=

lgm/cm

If

for grains in interstellar conditions 3 then

A£(3-07) = AT(3.07)/PV £ 2.4 x 104
satisfies the first requisite.

This

Next comes the general
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problem of modeling the extinction of the entire assemblage
of cloud particles.
A Look at Grain Core Models
Unfortunately, deriving a model of the core grains
in the Ophiuchus cloud is not as straightforward as one
might assume.

Specifically the difficulty is in using the

available extinction observations, and some theoretical in
sight, to derive a general model of the grain composition
and size distribution which can be used in computing the
absolute extinction efficiencies.
seen upon examining the equation
n

The difficulty can be
p

T(A) = /ira Q n da,
e g

is the size dependent grain number density

where

_o

(cm J).

If

there are significant numbers of grains with widely differing
values of

Qe(A),

either because of composition or size

differences, then the shape of the extinction curve

x(X)

becomes very sensitive to the size and/or composition of
the particles.

It should be emphasized that our ignorance

of the particle size distribution cannot be separated from
our ignorance of grain composition.

Knowledge of one is

needed to derive the other.
At least two distinct types or sizes of particles
are recognizable in the extinction curves of the Ophiuchus
stars:

the optical extinction suggests the presence of

small [a ^ 0.13/(n-l)]

particles only slightly larger than
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normal Interstellar grains, and the IR extinction points
toward either small absorbing particles or large dielectric
particles.

The widely differing

Qe(A) dependences for

large dielectric and small absorbing particles makes a grain
composition model essential.
Assuming no major deviation from normal cosmic
abundances (Allen 1964), I computed a series of grain models
having the various compositions often put forth in the
literature (e.g., silicates, graphite, etc.).

The compo

sition models were tested by comparing them with the
Ophiuchus extinction observations scaled to the estimated
c

H2

density

(n ^ lO^cm

of

^0.4 pc.

_o

J)

and an assumed cloud dimension

Within the errors of the model, all of the

commonly proposed grain compositions are readily fitted to
the Ophiuchus extinction observations by picking an ap
propriate grain size distribution (some models yield an
excess of material and therefore a potential excess of ex
tinction).

However, exotic model particles(e.g., non

volatile hydrocarbons) do not seem to be abundant enough.
Since the available observations cannot be used to give an
unambiguous grain composition, theoretical argument is
necessary.
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A Look at Grain Growth Processes
The importance of distinctive particles to the IR
extinction, and the apparent lack of similar distinctive
particles in the general interstellar medium, force

the as

sumption that, regardless of their composition, the IR ex
tinction particles are formed in the cloud.

There are two

obvious means by which grains may grow in the cloud: either
coatings may form on the grains, or the grains may stick on
collision, yielding larger grains by coagulation (Lefevee
1974; and Simons and Williams 1975).

Unfortunately, observa

tion cannot clearly distinguish between dominance by coating
or coagulation.

The extinction curves contain insufficient

information to solve for the grain size distribution because
information about grains in each element of space along the
line of sight is lost in the average (Shifrin and Perelman
1967).

Size dependent changes in

?(A) are also lost in the

average since they are masked by the much larger variations
in the gross matter density,
However, a reasonable theoretical argument exists
which shows that growth by coagulation is unimportant.
Recent work (Greenberg 1977 and Hartmann 1976) on the
fragmentation of various materials during particleparticle collisions has shown for likely interstellar
grain materials a likely fragmentation velocity is

v

ss

30

meters/sec.

For

v = 30 m/sec,

assuming the
lO^cm-^

normal ratio of gas to dust, a gas density of
and a particle size of

0.3ym,

particle collisions is about

the time between particle-

10

G -3

years.

At lower

velocities, where fragmentation is unlikely, the time be
tween collisions is so long that each particle experiences
only a few collisions during the lifetime of the cloud.
The other important variable in the collision-coagulation
process is the sticking probability.

Unfortunately, because

of the uncertain physical properties of the grains, one
cannot make an accurate model which leads to a meaningful
sticking probability.

However, a simple calculation shows

that for a grain-grain collision at

10 m/sec

there is no

significant heating or melt welding at the collision sur
face.

Thus it seems likely that the sticking probability

is small and that coagulation is not effective as a gain
growth process (Hartmann 1977).

One interesting conse

quence of the grain collisions is the likely production of
small collision fragments which could become the condensa
tion nuclei for new grains.

This effect may be quite

significant if there are large grain velocities
(v > 100 m/sec) in dense dark clouds.
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A Model of the Grain Composition
Even without being certain that coating is the pre
vailing grain growth process it is possible to say something
about the grain composition.

The potentially abundant non

volatile substances are in two groups:
oxygen dominated.

carbon dominated or

The molecular line observations and

gas chemistry models say that carbon is mostly in the form
of

CO

and some volatile complex molecules (Aannestad

1973; Watson and Salpeter 1972; Herbst and Klemperer 19.76 ;
and Oppenheimer and Dalgarno 1975).

Therefore the cos-

mically abundant material which most likely constitutes the
grains must be a mixture of highly non-volatile oxygen com
pounds such as silicates and metal oxides.

One can also

argue that much of the interstellar medium has been processed
through dense clouds at least once during the life of the
galaxy (Roberts 1969, Shu 1973 > Shu 1975 and Appenzeller
1975)-

Therefore the distinctive IR extinction particles

could be important contributors to the general interstellar
extinction.

If the IR extinction particles are composed of

absorbing substances (e.g., graphite, Pe or SiC), then
since such materials are generally metallic and non-volatile
and the particles are relatively small (remember a < 0.06ym),
they should readily survive to mix with the general inter
stellar medium.

Therefore the seemingly well established

dielectric nature of the normal interstellar particles
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(Gehrels 1967; Van^sek 1969; Hanner 1971; Martin, Illing
and Angel 1972; and Zellner 1973) seems to argue persua
sively against the significant presence of absorbing grains
in dark clouds.

On the other hand, if the IR extinction

grains are large dielectrics, then although they should also
be nonvolatile, grain distruction (which probably increases
with grain size, e.g., - ^ °= a2,

Greenberg 1966) may act

on the grains to reduce their mean size.

Thus if the IR

extinction grains are large dielectrics, they may be the
dominant source of grains which contribute

to the pool of

general interstellar medium particles.
If coagulation is a significant grain growth process
then the IR grains should have the same composition as the
small, presumably dielectric, grains from which they grow
and the two distinct grain types in the cloud then differ
only in size.

However, it is much more likely that grain

growth 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 composed of
oxides like

Si02,

A^O^J

and Aannestad 1973).

etc, (Watson and Salpeter 1972;

I am aware of nothing which inhibits

this process except perhaps the depletion of metals or
oxygen or the presence of strongly ionizing radiation.
a growth process is supported by the finding by Knapp,

Such
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Kuiper and Brown (1976) of a substantial reduction in the
abundances of

Si, Pe

and

Mg

in the dense gas of the

Ophiuchus cloudj presumably due to depletion onto the grains.
It seems that the least exotic grain model, and the
one which best fits both observation and theory, has
silicates in combination with metal oxides as the principal
grain constituents, 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,

Pe,

Ca, etc. are in combination with oxygen in the oxidation
states found in chondrites (Wood 1975), the dominant forms
being minerals like pyroxene and olivine which are analized
in terms of component oxides like

SiC^j

A^O^j

and

PeO.

It is further assumed that there is no excess of the metallic
elements beyond that in their chondritic compounds, none
being in the gas or other molecules.
that most of the carbon is in

CO.

The model also assumes

The silicate-metal oxide

model matches the above mentioned expectation of dominance
by refractory dielectric particles.

By direct comparison

the model shows that (for

n„ = lO^cm"^ over a path of
2
^0.4 pc) there is approximately 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 + O.Oli

and a reasonable density is

96
^3gm/cm ,

for both the large and small grains.

To esti

mate the maximum available Ice abundance I computed the
ratio. (Pice/Ps;Q)j

the

space averaged density ratio of ice

to silicates and metal oxides, on the assumption that all
the oxygen left after
in the form of ice.

CO,

silicates, and metal oxides is

The resulting maximum (P'ice/P'Sj_2.)

is

*0.7.
The Problem of Large Grains
With a credible grain composition model in hand it
seems to be time to set about modeling the grain size dis
tribution.

But there is the question, "Do very large grains

contribute significantly to the aggregate grain mass?" This
question must be considered first. In the limit (a/ft) -»• »,
dQ
Q0 = 2; and
= 0, where m is the complex refractive
index;

all absorption bands are washed out; and the
•3
p
absolute extinction efficiency is £ = 2apcm
"his is

the geometric optics limit.

It should be clear that a

group of very large grains (e.g., a > lOym)

may have

substantial mass with no notable extinction or recognizable
composition.

Thus in the presence of such grains our ex

tinction measures would not be representative of the
aggregate grain mass.
Outside the dark clouds, in the general interstellar
medium, measures of grey extinction in the optical and near
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IR regions made by matching the extinction curve fit models
with extinction measured by cluster diameters (see Chapter
II)a show that at most only a small fraction of the ex
tinction is due to very large grains

(a > 10pm).

Cosmic

abundances also argue against a significant fraction of the
mass being in very large grains.

Thus, if there are such

large grains in dark clouds, they surely form in the
clouds.

The abundance-based composition models give no in

dication that there might be a significant mass in excess of
that seen by extinction observations, except in the case of
H20

ice, and for

H20

ice the band profiles and other

observations clearly demonstrate its small abundance.

Since

there is no good reason to suspect the presence of very
large grains, I have assumed that essentially all of the
grain mass is in the grains seen by the extinction measures.
The Grain Size Distribution Model
Having put aside the question of very large grains
it is now possible to approach the problem of the size dis
tribution of visible grains.

Since the Ophiuchus extinction

curves cover only a moderate range in
model distribution is justifiable.

1/X,

only a simple

I have approximated the

size distribution using the two distinctive grain sizes:
The small grains [with

a = 0.12/(n-l) ^ 0.23ym]

and the

large IR grains [with

a = 0.26/(n-l) ^ 0.48ym],

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.
In order to estimate the number density ratio re
quires at least two observable extinction values whose
ratio is sensitive to grain size,

The ratio

seems most suitable for this purpose because
tively insensitive to grain size for
EHK

is larSe for fche

grains.

IR

Ay

is rela

a > 0.15/(n-l) while

grains and is small for the small

Table XIII gives the extinction efficiency values

(Wickramasinghe 1973) used in the model to evaluate the
expression
/Tra2Qe(0.55)ng(a)da

Ay
EHK

" /Tra2(Qe(1.6)-Qe(2.2))ng(a)da'

TABLE XIII
Grain Characteristics
Small grains

IR grains

QeU = 0.55 m)

3-3

3.0

AQ HK

0.13

1.16

I have assumed that for both large and small grains
m i 1.55 - .011.

For the stars showing the distinctive IR
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extinction

so the ratio

Ay/E^ =

density of small grains to IR grains

of the number

(NS/NX1=
J.A ) is

The number ratio is linearly dependent on
that an error in estimating
the computed number ratio.
to small variations in

m

Ay

A.r/E„„,
V

nil

%25.
showing

should not grossly affect

The ratio is also insensitive
and

a.

Using this ratio and

the tabulated extinction efficiencies I computed the (H-K)
absolute extinction efficiency of the model grains,
AgSii = 5(1.6) - C(2.2),

A?sil =

a '
S

Ns +

aZZ
XII

NIR^/(Ns + NIlP*

li p
~ 0,16 * 10 cm /gm,

The result is

for silicate-

metal oxide grains.
The Ice Mass Fraction
With estimates of both

anc^

C3 - 07) in

hand it is a straightforward proposition to solve the
equation:

^ice
psil

with the result that

Agsil

fAm(3.07)
A?(3.07)[
Ehk

^Pice^^sil^ =

•066)[Am(3•07 VE^]

Prom Table XII come the various values of the extinction
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ratio

[Am(3-07)/EHK].

Substituting shows that for the

less obscured sources showing no significant ice
< 2.2),

HK

that (except for HD 1*17889 which may be peculiar)

(pice/psil) =^2 x 10
sources

(E„„

^ice^sil^

and for the more heavily obscured
ra-nSes

from

1.7 x 10~2

to

4.4 x io~

As mentioned previously the silicate-metal oxide model yield
a maximum expected value of

(p*. _Q/p"0J
^ 0.7. Thus in
ICS SLL
the less obscured regions of the Ophiuchus cloud the re
lative ice abundance is

^350

times less then the maximum

expected value and even in the dense regions showing ice,
the relative ice abundance is

^30

times less than the

maximum expected.
For comparison, it is interesting to note that for
the

BN

point source the silicate

(lOym) feature and ice

feature have similar strengths. Using the above value of
k
p
3 2
2.H x io cm /gm for ice and ^3 x 10 cm /gm for silicate
(Day 1976) yields a silicate to ice mass ratio of

^8.

It should be emphasized that since we view the
source stars through regions of greater and lesser opacity
our view is undoubtedly through regions of greater and
lesser ice density, so the natural tendency is to under
estimate the relative ice abundance.

Unfortunately, the

amount of the underestimation cannot be determined because
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of our Ignorance of the detailed mass distribution in
dense regions.
The uncertainties in estimating the relative ice
abundance include the fact that other species may con
tribute to the apparent ice band extinction, that the band
strength may depend on the composition of the mixture con
taining ice, that the ice band complex refractive index is
uncertain, that the apparent ice abundance 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 underestima
tion of the ice abundance.

Considering all of these un

certainties the estimated uncertainty in the relative ice
abundance is a factor of

^3.

Even with this uncertainty,

ice seems to be grossly under abundant for densities less
than about 5 mag/pc

in EHK and significantly under abundant

even for higher densities.
In the light of this knowledge it is apparent that
the large measured values of
for HD 147889 and
GS 31

and

GS 32,

R

and

A.IuclX

SR. 3j the implied large

of polarization
R

values for

and the associated distinctive extinction

curves of all the IR source stars, are not due to the
coating of grains with water ice.

These peculiarities

probably result from growth of silicate-metal oxide grains
either by coating or coagulation.
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The Ice Mantle Thickness A useful application of the bi-modal silicate grain
model is its use to estimate an average thickness of the
ice mantles coating the grains.

Considering that once a

grain is coated by a monolayer of ice, other colliding
atoms should see it as indistinguishable from other coated
grains, it would seem likely that those grains with mantles
have mantle thicknesses which are relatively uniform from
grain to grain (provided there are no selective destruction
processes).

Furthermore, the small ratio of ice mantle mass

to core mass suggests a small mantle thickness and suggests
the utility of the approximation that the mantle volume is
the core grain area (area =

where

is the cross

section) times the average mantle thickness

(5).

In that

case,
*.(1.07) „ (2-1xlO,,)^lAe(4a05)ng
EHK

=

°oAQHKnE

Again using the extinction efficiencies in Table XIII, for
stars showing measurable ice,
average mantle thickness.

6 « O.Olym,

indeed a small

Since the simple bi-modal grain

model ignores the possibly significant surface area con
tribution of very small grains (e.g., graphite with
a ^ .02ym

to explain the

4.6ym-1

feature in the vacuum

UV), the present estimate of

6

is in reality an estimate

of the upper limit of the average mantle thickness.

This

tells us that in general ice mantles behave like Rayleigh
particles even at optical wavelengths.
The Mantle Contribution to Continuum Extinction
Using the ice refractive index
(k << 1),
yields

in the near

IR,

m = 1.32 - ki,

the Rayleigh approximation

[AK(ice)/Am(3,07)] g 2.0k

(where

AK = EKco)«

If

in the near IR region the absorption is not extreme, then
k < 0.01,

and

[A^(iceVAm(3•07)] £ 0.02.

Comparing with

the data in Table X and in Table XII it is apparent that
[AK(total)/Am(3.07)] i 3-5,
A^

and that at most

^1/200 of

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.
Why is There No Ice?
The students of the molecular and ionic chemistry of
dark clouds seem to be agreed about the utility of ionic gas
phase reactions in model making (Pertel and Turner 1975;
Turner and Heiles 197^; Watson and Salpeter 1972; and Herbst
and Klemperer 1976)

and about the large abundance of com

plex molecules in the clouds, which together suggest the
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action of an agent that inhibits the condensation of atoms
and molecules on grain surfaces (Watson and Salpeter 1972;
Herbst and Klemperer 1976).

The current finding of little

ice except in the densest regions also points toward the ac
tion of a condensation inhibitor effective against volatile
substances.

This brings up the question, "Which mechanisms

affect the formation of molecules and their coating on
grains?"
One obvious possibility is the effect of ionizing
radiation.

I have modeled the galactic diffuse ionizing

radiation using current spectra and cross sections for both
cosmic rays and X-rays (Garcia-Munoz, Mason and Simpson
1975; Davidson . et al. 1972; Williamson
Cruddace

et al. 1974).

et al. 1974; and

For gases In low density regions

(Ay <

I find that the cosmic rays and X-rays produce
lC O
n
comparable ionizations totalling 'vlO- " sec"
which fits

well with determinations by other methods (Fowler, Reeves
and Silk 1970 ; Hobbs 1974; Jura 1974; Glassgold and Langer
1974; O'Donnell and Watson 1974; and Hainbach, Schramm and
Blake 1976).

In dense regions ( A y > 5) the models show

that gas ionization is dominated by cosmic rays
—17 3
—1
(? ^ 10 '"Jsec , the probability per second that an atom
will be ionized) while X-rays produce the major portion of
the ionizations in grains

(c ^ 10-1^'°sec'"1),
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These computed ionization rates are too small to produce
any anomaly in either the gas phase chemistry or the con
densation equilibrium.

For comparison it is assumed that

if there are many ionizations of each grain atom during the
7
life of the cloud (^10 yrs,) then the chemistry and/or
condensation equilibrium will be affected

(£ ^ 10

—12

sec

—1

).

I have also modeled the ionizing radiation from the stars
in and near the

p Oph cloud.

Still assuming they are

normal main sequence stars, their ultraviolet and optical
radiation should be strongly attenuated near the stars
(Ty = 1 in ^0.02 pc) and should not escape into the general
volume of the cloud.

The stellar cosmic ray fluxes should

also be negligible.

However, the highly uncertain flux of

stellar X-rays may be comparable to the diffuse X-ray flux.
Even soj the maximum resulting ionization in the grains
— 1R
3 7

(^10

—1

''sec~ ) is much less than that needed to affect

the condensation equilibrium

(^10— 1 2sec — 1).

It has been suggested that dirty grain surfaces and
impurities may interfere with molecular adsorption and
crystal growth (Watson, and Salpeter 1972).

The inference

is that a clean layer of pure substance is needed before
a crystal can grow.

However, such a statistical process

should not have the observed sharp onset density of con
densation.
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In .the less dense portions of the Ophluchus cloud
HgO

may be converted to other substances via the action

of UV radiation, but in the regions where
effect should be negligible.

Ay > 10

such an

Thus UV conversion cannot ex

plain the low ice abundance seen for most of the Ophiuchus
stars.
One mechanism which might explain the low ice
abundance Is the combination of oxygen in another form
such as a more volatile species or water of hydration.
the first instance, the high chemical stability of

In

H20

argues against the necessarily reversible chemical conver
sion process needed to explain adjacent regions with and
without measurable ice.

As to water of hydration, it seems

highly improbable that at the low temperatures of the cloud,
the density or temperature could so critically affect the
binding of

H20

in crystals.

Another possibility I considered is that IR radia
tion from the stars may penetrate into the general volume
of the cloud with sufficient intensity to remove molecules
from the grain surfaces. However, even for the expected
Q
p
flux of ^10 photons/cm sec between X = 1 and 10ym,
since most photons should be ineffective at liberating
molecules, this flux is most likely inadequate to affect
the condensation equilibrium.
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The most credible explanation I have seen thus far
1s that the dust is too hot for condensation of

1^0.

Both Watson and Salpeter (1972) and Aannestad (1973) give a
condensation temperature of

^17°K,

and as noted pre

viously the observed dust temperature is
et al. 1976).

^50°K

(Fazio

Thus one should expect to see no ice.

Perhaps the small quantity of ice seen in the densest
regions is permitted because those dense regions are sig
nificantly colder than the average dust in the cloud. [On
the other hand if the gas is nearly adiabatic-(weakly radi
ation coupled), then the temperatures in dense regions would
be higher than their surroundings.]
Realizing that the process which heats the dust to
^50°K

is not well understood, posit that there is a large

energy input to the grains from the starlight absorbed in
dust near the stars, and that this energy is converted by
those grains to IR radiation which is weakly absorbed by
the grains in the bulk of the cloud, elevating their
temperatures.

If such were the case, then the denser and

more opaque regions would be colder because of selfshielding 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.
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This suggests the possibility that once a layer 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.

Even having this apparent ex

planation we cannot be sure that there are not other
processes which may be influencing the condensation
equilibrium.

CHAPTER VI
SUMMARY
Knowledge of the Interstellar grains is important
to many astronomical researches, yet current knowledge of
the grain properties may be described as rudimentary.

In

formation theory demonstrates that it Is best to approach
questions about the grain properties in the simplest pos
sible fashion.

Two questions were selected for study,

expecting that they could be approached directly and simply:
The question of the reality of the large reported varia
tions in

R

(=Ay/Egy) and inferred grain size, and the

question of the abundance of
grains

E^O

ice in interstellar

These questions are related since it has often been

suggested that variation of apparent grain size may be due
to variation of ice coating thickness.
A careful analysis of the diameters of 156 open
clusters with modern photometry and angular diameter
measures by Trumpler shows that the local galactic mean
value of

R

is

R = 3.15 + 0.20.

Further analysis shows

that cluster diameter varies with both cluster concentra
tion and number of recognized members.
diameter, inferred value of

R
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The mean cluster

and the related mean grain
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size seem not to depend on galactic longitude or position
in space.

However, since the cluster diameter method de

pends on diameter statistics, the present finding of no
variation is valid only on a scale exceeding the width of
the local spiral arm.
Infrared photometry of eleven strongly obscured
stars shows that near

p Oph

the continuum extinction Is

distinctive, showing a large value of
size.

Precise measures

R

and implied grain

(o ^ 0.01 mag) the H20

(at 3.07ym) show that for stars with

ice band

Ay < 25 mag

there

Is little or no ice extinction, the ratio of ice extinction
to

Ehk

being an average

0.02 + 0.02, and for more heavily

obscured stars the ice extinction to

EH£

ratio is

^0.30.

These observations suggest a relation between ice extinction
strength and dust density where regions with less than
-v-5 mag/pc

in

show negligible ice and more dense

regions show significant ice extinction.

The relatively

low ice abundance even in the densest regions shows that
the implied large grain size in Ophiuchus, is not due to
the coating of grains by

H20

ice, instead it may be the

result of coating of the grains by .silicate material.
Using cosmic abundances and an assumed silicate
core grain model, the maximum expected Ice abundance was
computed assuming all oxygen in excess of that combined in

Ill
silicates and

CO

is in the form of HgO ice. Taking the
•
M 2
ice extinction efficiency to be 2.1) x 10 cm /gm yields for
for the less dense regions a computed ice to silicate ratio
^350 times less than the expected maximum,

The most heavily

obscured stars show an ice to silicate ratio

^30

times less

than expected.
Upon critically examining processes which might in
hibit ice formation or condensation it has been found that
the relatively high dust temperature

(a-50°K)

most likely

prevents condensation of ice since condensation is generally
believed to occur around

17°K,

The apparent onset of ice

condensation in dense regions suggests the possibility
that condensation occurs because grains in dense regions are
for some reason colder than in the bulk of the cloud.
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