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Infrared St; 

The interaction between stars and interstellar cl 

produces "infrared stars" of two different ki 

Harold L. Jot 

Do there exist cool stars which ra- 
diate strongly in the infrared region of 
the spectrum but are invisible even in 
the largest telescopes? This question has 
intrigued astronomers for a long time, 
but only recently have infrared observa- 
tional data bearing on this matter be- 
come available. 

The question of the existence of very 
cool stars is important because we as- 
tronomers think such stars would be 
one of the earlier stages in the process 
of stellar formation. It is now generally 
agreed that stars are very likely to have 
been formed from clouds of interstellar 
matter by a process of gravitational 
contraction. The temperatures of these 
clouds, in their original tenuous state, 
is very low, perhaps only a few de- 
grees above absolute zero. If we hy- 
pothesize that, from these cold inter- 
stellar clouds, stars having temperatures 
up to 30,000? Kelvin and higher have 
been formed by gravitational contrac- 
tion, then we must conclude that there 
is a stage in the course of this process at 
which the temperature of the prestellar 
masses is some 800? to 1000?K. Ob- 
jects of this temperature radiate strong- 
ly in the infrared, but very weakly in 
the visible region. 

Searches for Cool Stars 

There have been several searches for 
"infrared stars"-stars which are bright 
in the infrared but faint at visible wave- 
lengths. One of the justifications for 
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of the VI Cygni association, exhibit 
similar discrepancies between the ap- 
parent black-body temperatures and the 
actual spectrum-based temperatures. 
These discrepancies are known to be 
caused by the selective absorption of 
a dense interstellar cloud which lies 
between the earth and these stars; the 
effect is similar to that of the earth's 
atmosphere upon the sun's color at sun- 
set, but much more extreme. The ob- 
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d the earth. See the colors of CIT 11 observed in our 
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e hot because upon the brightnesses and colors of stars 
bsorption lines are illustrated in Table 2, for a Orionis 
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igher.) One of Mira-type variable, at minimum light. 
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California, and while the effects at visual wavelengths 
und to be ap- are very large. Indeed, the combina- 

notation indi- tion of two objects in the constellation 
upergiant hav- Cygnus, x Cygni and the very dense in- 
approximately terstellar cloud, can produce an in- 
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ths of the near- infrared but invisible even in the world's 
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,ly ionized cal- body temperature of this hypothetical 
ecular absorp- infrared star (which may, in fact, be 
in the spectra representative of undiscovered objects 
ed. in Cygnus, or elsewhere) is about 

dy temperature 1000?K. Insertion of the "interstellar 
)0?K, as com- filter" between the earth and a Orionis 

temperature of would change a Orionis from one of 
the spectrum. the very brightest stars in the sky into 
er stars in this a faint star invisible without the aid 
including those of a moderate-sized telescope, while af- 

fecting little the brightness at infrared 

wavelengths. It is quite clear that the 
)f the interstellar very red colors of the newly discovered 
I the earth. infrared stars are not sufficient to es- 

Trans- tablish that they actually are extremely 
mission cool stars. 
1.00 In both of the recent searches for in- 
0.79 frared stars, that by Haro and Chavira 

.69 and that by the C.I.T. group, it has been 

.58 found that the infrared stars are strong- .31 

.034 Aly concentrated toward the plane of 

.0042 our galaxy, the Milky Way. Further- 

.0002 more, Haro and Chavira found that 
4 x 10- the stars not only are concentrated 
6 x 10- toward the galactic plane but tend 

to be concentrated around the e0- to be concentrated around the edges 

of the dense, dark nebulas in the 
Milky Way. From the observed dis- 
tribution of infrared stars we infer a 
spacial relationship between these stars 
and the dark nebulas of the Milky 
Way; from the observation that the in- 
frared stars are concentrated around the 
edges of the dark nebulas, not toward 
the centers of the nebulas, we infer 
that, on the average, the infrared stars 
are more distant than the dark nebulas 
and that the very high absorption in the 
centers of the nebulas prevents detec- 
tion of the more distant stars. There 
is, on the other hand, a region around 
the edge of each dark cloud where the 
cloud material is sufficiently tenuous to 
permit detection of the distant stars but 
dense enough to produce highly red- 
dened infrared stars. Distant stars which 
are not viewed through the edge of a 
dark nebula, being seen through the 
open spaces between the clouds, would 
be less likely to be reddened sufficiently 
for discovery as infrared stars. 

It now appears that almost all (if 
not all) of the infrared stars that have 
so far been found by these two recent 
searches are stars of types which were 
already known, and that much of the 
extreme redness of these objects can 
be explained as due to reddening by 
interstellar matter. These searches have 
turned up a number of very cool Mira- 
type stars which certainly are the ex- 
treme cases of their type; they have 
also revealed several very highly red- 
dened stars and have shown that the 
dark nebulas of the Milky Way are 
much more opaque than we had 
thought. These two discoveries have 
great significance in their respective 
fields, but they have not helped us in 
our quest for "true" infrared stars. 

While the California Institute of 

Technology group, in their search at 
a wavelength of 2.2 microns, may well 
have found a few true infrared stars, 
which could be stars in the process of 
gravitational contraction, the number of 
such objects found is clearly so small, by 
comparison with the numbers of other 
objects found, that it is impractical to 
attempt to identify them. Another meth- 
od of identifying possible candidates is 
needed. 

Cool Stars among the Known Stars 

All the evidence we now have points 
to a number of places in the sky where 
it seems likely there are stars in the 

process of formation. These are all re- 
gions where stars are plainly imbedded 
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Table 2. The effects of the "interstellar filter" 
upon the magnitudes of a Orionis and x 
Cygni. 

Magnitudes 
Star Y K N 

(0.55 ) (2.2 u) (10 A) 

a Orionis (ob- 0.42 -4.00 -4.76 
served) 

a Orionis (with 13.92 -2.73 -4.46 
"filter") 

x Cygni (ob- 12.61 -1.34 -3.37 
served) 

x Cygni (with 26.11 -0.07 -3.07 
"filter") 

* The brightest stars have visual magnitude V 
around zero; the faintest star visible with the 
unaided eye is about V = 6; the faintest star 
visible with the largest telescope in the world, 
the 200-inch on Palomar Mountain, is about 
V = 21. By definition, magnitudes V, K, and 
N are equal for a star of temperature 10,000?K. 

in, and illuminate or excite, fairly dense 
clouds of interstellar material. Many 
have one or several very hot, very 
young, O-type stars intimately asso- 
ciated with the bright nebulosity. The 
best-known example is the great nebula 
in Orion, but there are several such 
regions which astronomers have studied 
intensively. 

Among the fainter stars which we 
find in such regions are certain peculiar 
"nebular variables"-stars which are 
intimately associated with the interstel- 
lar nebulas and which vary irregularly 
in brightness. Many are "flare stars"- 
stars which can, in only a few minutes 
or even seconds, brighten by as much 
as 2 or 3 magnitudes and which then 
slowly return to their original bright- 
ness. Others are the "T Tauri" stars, so 
called after T Tauri, a peculiar star 
in the great clouds in the constellation 
Taurus. The spectra of these objects 
have bright emission lines and other 
features suggesting the presence of cir- 
cumstellar clouds or shells. It is now 
a generally accepted theory that the T 
Tauri stars and flare stars in young clus- 
ters are stars in the process of gravita- 
tional contraction and that they have 
been formed from the interstellar clouds 
with which they are so intimately as- 
sociated. 

A Mexican astronomer, Arcadio Po- 
veda (5), has presented arguments show- 

ing that at an early stage in the forma- 
tion of the solar planetary system the 
material from which the planets were 
formed must have been distributed in 
a spheroidal circumsolar nebula. Noth- 

ing in Poveda's arguments seems to per- 
tain uniquely to the sun; in fact, one 
would expect that all stars, when con- 
densed, would be surrounded by com- 

pact "left-over" nebulas which could 
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develop into planetary systems. Poveda 
advanced his theory as a possible ex- 
planation of the T Tauri stars and other 
nebular variables. 

At this very early stage in the de- 
velopment of a star and its planetary 
system, the preplanetary mass would be 
distributed in a spheroidal circumstel- 
lar cloud. The cloud would consist of 
relatively small particles (perhaps 1 to 
20 microns in diameter) and would be 
almost completely opaque to visible 
light. It can be shown that the mass 
contained in our own planetary system 
is sufficient, if broken up into small 

particles and spread out into a uniform 
circumsolar cloud, to obstruct almost 
completely the total energy output of 
the sun. Thus, most of the energy out- 
put of a developing star (which could 
have a temperature similar to that of 
the sun) would be absorbed by the cir- 
cumstellar cloud; the absorbed energy 
would heat the cloud, and the cloud 
would reradiate the energy at long in- 
frared wavelengths. Depending upon 
circumstances, the circumstellar cloud 
could radiate much as a black body 
having a temperature of 400? to 800?K 
does. At this stage, the developing star 
and preplanetary cloud would be a 
"true" infrared star of the type for 
which we have been searching. 

Poveda predicted that T Tauri, R 
Monocerotis (the star at the head of 
Hubble's variable nebula), and similar 
stars might be very bright in the in- 
frared, due to the presence of infrared- 
emitting components having tempera- 
tures perhaps as low as 400?K. From 
arguments given above it appears that 
the infrared-emitting components would 
be circumstellar clouds-preplanetary 
systems. He also suggested that, if the 
existence of these infrared components 
should be confirmed, we would also 
have shown the high frequency of 
planetary systems in solar-type stars. 

Another Mexican astronomer, 
Eugenio Mendoza V. (6) (while a visit- 
ing astronomer at the Lunar and Plane- 
tary Laboratory, University of Arizona), 
measured the brightness of T Tauri, 
R Monocerotis, and other, similar stars 
at wavelengths ranging from the ultra- 
violet to 5 microns. He found that, as 

predicted by Poveda, these stars all 
have large infrared "excesses"-that is, 
they are much too bright in the infrared 
for agreement with their observed spec- 
tral types. In the visible region, T Tauri 
stars exhibit spectral lines indicating 
temperatures near that of the sun, or 
somewhat lower; the observed colors 
and brightnesses in the infrared, how- 
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Fig. 2. The spectral-energy curve for the 
sun, T Tauri, and R Monocerotis. T Tauri 
illuminates NGC 1555 (Hind's nebula); 
R Monocerotis illuminates NGC 2261 
(Hubble's variable nebula). 

ever, correspond to much lower tem- 
peratures. 

Two of these objects, T Tauri and 
R Monocerotis, were measured at a 
wavelength of 20 microns by Frank 
Low (7) of the Lunar and Planetary 
Laboratory. Most interesting is R Mo- 
nocerotis, whose observed spectral- 
energy curve is shown in Fig. 2, along 
with curves for T Tauri and, for com- 
parison, the sun. It is evident that al- 
most all of the energy of R Monocerotis 
is radiated in the infrared and that this 
infrared radiation does not accord with 
the approximately solar-type spectrum 
found in the visible region. 

One can explain the observed spec- 
tral-energy curve of R Monocerotis by 
hypothesizing a dense circumstellar dust 
cloud which absorbs almost all of the 
energy output of the star (whose tem- 
perature would be about 6000?K) and 
reradiates it at long wavelengths. Low 
and Smith showed that the observational 
data accord with the radiation expected 
from a circumstellar cloud of dust par- 
ticles approximately 10 microns in di- 
ameter. About one-quarter of the mass 
of our planetary system would suffice 
to produce this phenomenon. The far- 
infrared observations for R Monocero- 
tis and other T Tauri stars, and their 
theoretical explanation, are very im- 
portant, for they do suggest that a great 
many, perhaps most, solar-type stars 
may have planetary systems. 

Conclusion 

Our searches for very cool stars have 
revealed three kinds of objects: very 
cool Mira stars, perhaps cooler than 
any of this type previously known; ex- 
tremely dense interstellar clouds, more 
dense than any known heretofore; and, 
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probably, cool circumstellar clouds that 

may be planetary systems in an early 
stage of formation. 

The work on infrared stars has shown 
that the dark nebulas of the Milky Way 
are indeed extremely opaque. In fact, 
some of the clouds absorb so much of 
the light of the stars beyond that we 
would consider them to be completely 
opaque, for all earthly purposes. And 
there is every reason to suppose that 
even denser interstellar clouds are yet 
to be discovered. 

Not only do the dark nebulas of the 
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may be planetary systems in an early 
stage of formation. 
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that the dark nebulas of the Milky Way 
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some of the clouds absorb so much of 
the light of the stars beyond that we 
would consider them to be completely 
opaque, for all earthly purposes. And 
there is every reason to suppose that 
even denser interstellar clouds are yet 
to be discovered. 

Not only do the dark nebulas of the 

Milky Way obstruct our view of the 
distant stars but we have reason to be- 
lieve that, given propitious circum- 
stances, they can be the spawning places 
for stars. In an early stage of their 

development, young stars are imbedded 
in the interstellar matter from which 
they were born and are surrounded by 
"left-over" circumstellar clouds which 
in time will become planetary systems. 
If our interpretations are correct, a 

large percentage of solar-type stars have 

planetary systems; perhaps some of 
them are similar to our own. 
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tion of populations to disease environ- 
ments, and on the times and routes of 

migration of peoples during prehistoric 
times, it is small wonder that anthropol- 
ogists have long been interested in 
this field. Since not only skeletal ma- 
terial but disease itself is the subject 
matter of paleopathology, many disci- 

plines find a meeting ground in these 
studies. 
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Paleopathology is the study of pre- 
historic disease and, as such, deals 

predominantly with skeletal remains and 

prehistoric populations. In its broadest 
sense, paleopathology deals with dis- 
eases in animal as well as human tis- 

sues, and consequently it is a field of 
interest to many scientific disciplines. 
When infection, malfunction, or trauma 
affect bones and teeth, the lesions or 
other abnormalities can be observed and 
studied, and in many cases the cause 
can be identified. 

Evidence of disease in prehistoric 
populations is obtained from (i) hu- 
man and animal remains and (ii) pre- 
historic art. In the literature there are 
various reports of abnormalities in the 
bones of prehistoric animals, but the 
first serious controversy involving pos- 
sible abnormality in a prehistoric human 
specimen occurred in 1896 when the 
eminent German pathologist Rudolf 
Virchow questioned the authenticity of 
the Neander Valley specimen, and of 
Neanderthal man as a human fossil 
population, and suggested that the 
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Neanderthal specimens were the re- 
mains of abnormal modern men (1). 
From that time on, attempts to detect 
and interpret abnormalities in prehis- 
toric specimens have increased, and in 
recent years the methods of investigat- 
ing prehistoric disease have become 
more complex as new techniques have 
been developed. The publication in 1923 
of Moodie's monumental treatise on the 
subject (2) was a milestone in paleopa- 
thology. An equally important contri- 
bution was Ruffer's study of disease 
among the ancient Egyptians (3), where- 
in he introduced the microscopic study 
of lesions in mummified tissue. Other 
authors have dealt with specific popula- 
tions or diseases; Hooton (4), for ex- 
ample, dealt with the Pecos Pueblo, 
and Herbert Williams (5), with syphilis 
in the New World. Virchow himself 
was interested in the possibility of de- 
tecting prehistoric disease, despite his 
declarations against the authenticity of 
Neanderthal man. In the United States 
one of the eminent champions of 
paleopathology was Ales Hrdlicka. 

Since knowledge of the diseases, ab- 
normalities, and epidemiology of pre- 
historic populations can shed light on 
hereditary relationships, on the adapta- 
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Information That Can Be Derived 

from Paleopathology 

Examination of individual skeletons 
can yield an indication of abnormali- 
ties, tumors, malformations, fractures 
(in particular, healing or healed frac- 
tures) (Fig. 1), and other skeletal pa- 
thology. One can document the number 
of skeletal abnormalities in any given 
population, keeping in mind the fact 
that not all disease is skeletal and that 
not all members of a population are 
found in any archeological site. Some- 
times it is not possible to identify the 
disease even when the skeleton shows 
obvious abnormality. One cannot dis- 

tinguish between severe infectious proc- 
esses of relatively short duration, but 
it is usually possible to distinguish be- 
tween infection, disturbances of growth, 
and simple reparative processes. It is 
almost always possible to distinguish 
between major categories of lesions, 
such as uncomplicated injury and in- 
fection. It is possible to distinguish 
between infections (Fig. 2), malforma- 
tions (Fig. 3), tumors, metabolic dis- 
turbances, and the like. Though there 
are exceptions, usually a specimen can 
be assigned to a major disease cate- 
gory. Not infrequently the causative 
factor of a particular type of lesion 
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