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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 R is 

"H = 3-15 + 0.20, 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 the extinction is distinctive 

with a large R value and inferred large grain size. 

Furthermore, for Ay < 25 mag there is little or no ice band 

(3,07iam) 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 ,v-17°K, 

the observed a.50°K dust temperature may explain the 

generally low ice abundance. 

xi 



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 



2 

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. If n >_ m then a 

unique solution exists, but if m > n then there is an 

infinity of pseudo solutions but no unique answer. Simi

larly, if the grain assemblage is so complex that a 
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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. Such a solution would 

be the best possible. 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) and the 

apparent galactic longitude variation of R found by 

Johnson (1968). [R 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, Egy = Ag - Ay.] The 

recent discovery of large R values in dark cloud regions 

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

locally large R values and the regional variation of 
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polarization noted by Serkowski et al, (1975) may nicix 

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. Furthermore, the variation of 

R 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 R values 

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 

ice (.Greenberg 1 9 6 8 ) .  
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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. When I plotted Johnson's estimates 

of R 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 R values at odds 

with the results of Johnson (1968). 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. Such small 

color excesses with normal values of R 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 distance-

log apparent angular diameter data for Trumpler's diam

eters. The (X) points are clusters with Egy < 0.15 and 

the (+) points are clusters with Egy >_ 0.15. 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. It is 



R=2.6 TRUMR 

+ + 

+ x 

+ + 

.+ + 
+ + 

1.5 4.0 2.0 2.5 3.5 3.0 

LOG PHOTOMETRIC DISTANCE (PC) 

The apparent angular diameter-photometric distance relations 
for Trumpler diameters and R = 2.6, 



3.0 

Z 
2 
o 
oc 
<t 

tr 
UJ 
H 
UJ 
S 
< 
Q 

CC 
< 
_J 
3 
O 
Z 
< 

I-
z 
UJ 
q: 
<i 
o. 
Q. 
< 

CP 
o 
_j 

2.0 — 

R=3.2 TRUMR 

x $ * +  I  % 

•Kx+r^^w* + 

2.0 2.5 3.0 3.5 

LOG PHOTOMETRIC DISTANCE (PC) 

4.0 

Figure 2. The apparent diameter-distance relations for Trumpler diameters 
a n d  f o r  R  =  3 . 2 .  



J.U 

0.0 

1.5 

_l u . I , 

R=3.8 TRUMP. 

UJ 2.0 

& 

xt+ Jt*+^+ 
+ # + + 
+ X +g*<-%+++ 

J 1, I -L-t. J I !_ J I I ' ' 1 I l i i 

2.0 2.5 3.0 3.5 

LOG PHOTOMETRIC DISTANCE (PC) 

4.0 

Figure 3< The apparent diameter-distance relations for Trumpler diameters 
and R = 3 . 8 .  



3.0 

+ x+ 

R = 5.0 TRUMR 

+ 
X %< * + 

. , "••i-'bc *+X+ + X 

* 

+* *+
+ S*1̂  

+ + ++ + +# X 
+ +4*++ 4++ T+ 

+ ++ + 

J i i i i L 
2.0 2.5 3.0 3.5 

LOG PHOTOMETRIC DISTANCE (PC) 

J I I L 
4.0 

Figure The apparent diameter-distance relations for Trumpler diameters 
and R = 5.0. i—• 

ui 



16 

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, 
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for R < 3.0 the statistical uncertainties in the fits are 'v 

comparable to the separation of the fits, showing that there 

is no significant dependence of mean cluster size on EgV 

if R < 3.0. Consider for example Figure 1, where it is 

assumed 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 R (later 

papers will discuss this in detail). 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 
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than 50 members to r (rich) with more than 100 apparent 

members. 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 R values of 

2.8, 3-2, and 3.6. In general, cluster diameter in

creases with the number of members from p to m to r 

and decreases with concentration from IV to I. Similar 

trends in cluster size were noted by Trumpler (1930) and 

by Lynds ( 1 9 6 7 ) .  

Because certain cluster types differ in mean 

from the mean E^.. of all the clusters, their mean type 
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residuals contain terms like C • AEgy, where Ê
By is 

this color excess difference. Assuming in turn that each 

value of R is correct, then one can estimate the shrinkage 

coefficient C, by the separation of the least squares 

fits. The preliminary value (for R = 3.2) is C = -0.073 

+ 0.04. The largest value of |aebv| is 0,26 so at most 

the correction to log Df is +.02, 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. Neither of these 

changes is very significant when the large size of the 

initial residuals is considered. 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 

2 diameter residuals decrease from a = 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 R, I 

have assumed R = 3-2. 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 
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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. The boundary 

slope is about one to five (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, beyond which the density 

declines significantly. 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 


