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ABSTRACT

This is a summary report of a two-year effort by the Eastman
Kodak Company in cooperation wvith the Ohio State University Research Foundation
to obtain and present astronmmical data designed to show the nature and extent
of the infrared space background. Bnphasis in the first phase of the contract
vas placed on historical and theoretical considerations of the problem. A
sumary table of the computed infrared magnitudes of 235 stars in three infra-
red vavebands is presented, based on the assumption that stars radiate as
blackbodies over their entire spectral range.

The second phase of the contract vas designed to test the
foregoing assumption by observing and measuring in the infrared a numbder of
selected astronomical sources. To this end two infrared photometer systems
vere designed and constructed by the Eastman Kodak Company and employed on
the Perkins and Mount Wilson Observatories' telescopes. The results of the
observations made with these photometers over the period from October, 1960

to September, 1961, are presented.
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I. INTRODUCTION

The Eastman Kodak Company and its subcontractor, the Ohio
State University Research Foundation, have been given the assignment to
investigate and characterize the space tackground problem as faced by
optical space defense systems, vith primary emphasis on the infrared
spectral region. This research is a part of Project Defender, sponsored
by the Advanced Research Projects Agency, and directed by the Army Rocket
and Guided Missile Agency.

The importance of the role of optical sensors in the
development of systems for space defense, surveillance, attitude control
and navigation is generally recognized. One of the major problems
assoclated wvith the development of these systems is that of discrimination,
due to the great number of optically detectable objects in a typical space
background. Detailed information on the space background in the infrared
region has been lacking to the designer of optical systems for apace.
application, and the research pursued under this contract has been directed
to meet this urgent requirement.

The first phase of the space background study was devoted
to an intensive literature search, and to the development of a theoretical
model of the infrared stellar background (reference 1). This model is based

on computations which assume that the stars radiate as blackbodies over



their entire range of spectral emittance. A summary tadble presenting the
theoretical infrared magnitudes of 235 light stars is included in this
report. See Appendix IV,

The second phase of the study has been designed to test the
foregoing theoretical assumptions by implementing a program of observation
and measurement of stellar infrared irradiances. The instrumentation of
this project was developed, designed and constructed by the Apperatus and
Optical Division of the Eastean Kodak Company and is described in detail in
references 2 and 3. This instrumentation is designed for use vith existing
large telescopes and has teen employed on the 69-inch reflector of the Perkins
Observatory, Delaware, Ohic, and the 60 and 100-inch reflectors of the

Mount Wilson Observatory, Mount Wilson, California. The responsibility
of conducting the program of observation and measurement has rested

primarily on the astonomers of the Ohio State University Research
Foundation. The results of this program to September, 1961, vith emphasis
on data recently obtained at the Mount Wilson Observatories, is the primary
subject of this report.

Personnel directly concerned with this research at the Eastman
Kodak Company are: Dr. William H., Haynie, former project engineer and now
consultant to the project; Charles F. Gramm, present project engineer;
Anthony J.G. Prasil, development engineer. For the Chio State University
Research Foundation, Dr. Walter E. Mitchell Jr. is the supervising astonomer

with Mr. Philip E. Barnhart, associate astonomer.
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II. TECHNICAL SUMMARY

The emphasis in this study has been placed on the detection

of relatively cool (300°K) purely self-emitting targets against typical space

backgrounds. A target of this mature has most of the emitted energy concentrated

in the far infrared, the intensity maximum falling in the infrared near a
vavelength oti 10 microns.

The literature survey performed in the initial phases.of the
study revealed a surprising lack of infrared astronomical information. To the

present time only a fev detectors of infrared radiation such as the thermocouple,

lead sulfide and Colay cells have been directed to astonomical objects. The
brightness of approximately 70 stars has been measured in the lead sulfide
region but, beyond a wavelength of about 3 microns, the only sources studied
optically have been the sun, moon, Mars and Venus, )
Lacking infrared astronomical data, the assumption has been
made that the stars behave as classical blackbody emitters, and calculations
have been made of the color indices and infrared magnitudes of 235 of the
brighter stars, This represents an extrapolation into the far infrared
employing stellar photosphere temperatures which were deduced from spectra
of visible and near visible wavelengths. The extrapolation has produced
very striking results in that the total number of interfering stars limited
by given target characteristics is only on the order of several hundred vhen

the detecting system 18 confined to the infrared region beyond 7.5 microns.

11



A measurement program designed to test the results of the
theoretical study has been undervay since October, 1960. This program has
been implemented vith two infrared stellar photometers engineered and
constructed by the Eastman Kodak Company for use on the Perkins and Mount
Wilson reflecting telescopes. The performance of these equipments has proven,
on the vhole, highly gretifying and utumtor; considering the advanced
and unexplored nature of the vork. The latest photometer system is capable
of detecting infrared irradiance at the aperture of the 69-inch Perkins

18 vatts/ca’.

reflecting telescope on the order of 10~
During the observing period, to September 1961, many hundreds
of measurements have been made in the infrared of some T7 selected stars.
The telescopes employed during this period ranged from the Perkins Observatory
69-inch reflector to the 60 and 100-inch reflectors of the Mount Wilson
Observatories.
An analysis of the data obtained to date indicates that
certain types of stars such as the supergiants and the latest spectral
classes possess an excess nf infrared ezission in the wvavelength bands
observed. On the basis of the supergiants alone more than 5 times the
number of stars of this type would be detectable than that predicted from
blackbody extrapolations. Fortunutely, there are relatively few of these
stars in a given volume of space. Cool giant stars present a more serious

problem because of their excess infrared emission and considerably greater

population. Much more study of a fundamental nature is indicated in this area
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because there is reason to believe, for example, that corrections to the
assumed temperature scale for these cool stars may be Justified,

A mmber of abnormal objects have been observed such as
€ Aurigee, x Aquarii,and T Coroma Borealis. Data obtained from infrared
photometry of these anomolous objects have proven both useful and interest-
ing to the astrophysicists and continuing study is in order. There is a
real possibility that the first "truly infrared” star has been observed in
the case of the € Aurigae companion.

A theoretical study of the infrared characteristics of
contracting protostars and dark globules of interstellar matter is
presented in Appendix III of this report. It is concluded therein that it
may just be possible to detect protostars of the individual type in nearby
young clusters using a telescope of large aperture. This assumes a system
detectivity of ].0'1'7 vatts/cma, a conservative value in relation to the

measured performance of the photometric equipments.

13 ' -



I11. TECHNICAL APPROACH

The initial phase of the space background study, devoted to
the collection and presentation of existing infrared astronomical data,
revealed that little information vas available. Lacking observational data,
attention vas turnsd o on investigation of astronomical magnitude systems
in order %0 devise an appropriate system for the intermediate and far infra-
red. Because atmospheric effects limit ground based observations in the
infrared to so-called sumospheric “vindows”, infrared magnitudes vere com-
puted for selected known stars vith vavelength limits of 2.0 to 2.l microns
(X-band), 3.2 to k.2 microns (Y-band), and 7.5 to 13.5 microns (Z-band).

The metnod of attack has been to assume thet stars radiate
as blackbodies over their entire range of spectral emission. This
assumption leads to the pradiztion of a “color index” for every star
vhose temperature is knovn. This color index is a measure of the difference
in irradience in tuo wavelength bands within the stellar spectrum. If one
of these bands is in the visible, for wvhich data is available on a great
number of stars, it is then possible to establish each star on a magnitude
scale for the infrared wavelength band in question. Knowing the limiting
magnitude observable vith & given infrared sensor, it then becomes possible
to predict the number of stars of a given spectral type (temperature)

which will constitute the space background interference. It is also possible
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to predict vhere these interfering stars vill be in the sky, providing stars
are restricted to those vhose temperatures do not fall belov known spectral

classifications. A detailed discussion of magnitude systems, color indices,
and spectral classifications may be found in reference 2.

A suzmsmary list of 235 stars calculated to have the brightest
predicted infrared magnitudes has been reproduced in this report and is being
used presently as an observing list to test the assumption that the stars
emit as blackbodies.

The second phase of the space background study, a prograam
of infrared stellar photometry, vas carried out under an extension of the
original contract. Engineers of the Eastman Kodak Company have designed
and constructed tvoi infrared photdaeters, using the best available cooled
photo-conductive detectors and electronic techniques, for use vith large
astronomical telescopes. They are small field instruments designed to
measure the irradiance of individual stellar objects in three speciral
vavebands: 2.0 to 2.4 microns, 3.2 to 4.2 microns and 7.5 to 13.5 microns.
These wavebands have been isolated by the use of sharp spectral cut, multi-
layer interference filters. The early experimental photomcter vas installed
on the 69-inch reflector of the Perkins Observatory during the fall of 1960.
Experience gained in the operation of thie instrument prcv,o‘zd invaluable in the
design of a more elaborate instrument completed for use at Mount Wilson over

two observing periods in the summer of 1961.

15



The results of the recent measurements made at Mount Wilson
are detailed in this report and include a comparison of the obaerved color
indices of the stars selected for observation with the predicted color index |
as a function of stellor surface temperature. A brief discussion of possibdle
sources at temperatures belov the presently calibrated stellar temperatures
{8 included under a discussion of the results.

There is reason to believe that there arc stars vhich depart
strongly from blackbody emission. Among these are the long period variable
stars vhich shov very strong molecular blanketing and variable opacity in
the visible region of the spectrum. Also evidence is available that some
bodies in the universe have temperatures so lov as to eliminate them from
the normal classification of temperature because of their extremely low
photographic brightnesses. Typical of this kind of object is the supposed

infrared companion of € Aurigae.

The possibie existence of normal stars at very early stages in
their evolution may provide a component to the space background hitherto
unobserved in the infrared. A number of known peculiar objects have been
included on the observing program to tiy to assess other possible additions

to the background problem.

The data obtained in the summer program at Mount Wilson is
presented as well as some possible interpretations and recommendations based

upon the experiences obtained in gathering these data.
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A theoretical study has been made of the infrared characteristics
of protostars and dark globules, including an evaluation of the possibility of
observing objects of this nature vith present day infrared sensors. This

study is presented in Appendix III.
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IV. INSTRUMENTATION

In making the first measurements with the 69-inch telescope at
the Perkins Observatory, an experimental infrared photometer wvns used vhich
vas designed, develcped, and constructed by the Eastman Kodak Company, Apparatus
ard Optical Division. After the initial series of stellar measurements vas
obtained, the instruzent vas modified, and a substantial increase in sensitivity
vas realized. A description of the experimental photometer and the subgsequent
revision may be found in references 1 and 2, respectively. The experience
goined in operating the revised photoseter indicated the direction to be
taken in evolving a more sophisticated system, capable of greater sensitivity
and precision.

The improved photometer system,alco designed and constructed
by the Eastman Kodak Company, wns put into use at the Mount Wilson Observatory in
July, 1961. It basically resembles the experimental photometer but embodies
those features which experience and analysis of system parameters indicated
would be desirable. The considerations leading to the design of this improved
photometer are discussed at length in reference 2. ‘fhey include the effect
of atmospherics on the infrared stellar image, ‘the sclection of photoconductive
detectors, and methods of obtaining background-limited detector operation.

A complete description of the detailed design may be found in reference 3,

18
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A, OPTICAL SYSTeM

The arrangement of the photometer head is showmn in Figure 1.
Stellar radiation enters from the telescope tailpiece (1) or from the side
at (JA) and 1s reflected alternately by the chopping mirror (6) and the
stationary mirror (5) known as the "background mirror”, to the visidble-
tnfrared dichroic (8) (see also Pigure 2). The visible light is transaitted
through the dichroic to a diagonal mirror and then to the tracking eyeplece,
Figure 1 (9) for visual observation and guidance purposes. The infrared
radiation 18 reflected from the dichroic to an off-axis ellipsoid (10)
vhich reimages the stellar image onto nitrogpﬁ:cooled plumbide and helium-
cooled Cu:Ce photoconductive detectors after splitting into the proper vave-
length bands at the NIR-FIR dichroic (11). The radiation, before reaching
the cooled plumbide detector, passes through multi-layer interference filters
vhich define the "X" and "Y" spectral regions. The effective “X" channel
spectral response is from 2.0 to 2.4 microns as illustrated in Figure 3,vhile
the "Y" channel is effective from 3.2 to 4.5 microns as shown in Figure b,

The word "effective" is used because the curves in the figures are the products

of filter transmittance and normalized detector spectral response. Alternatively,

the reference blackbody can be imaged on the detectors via the same optical train

by interposing a diagonal mirror, Figure 1 (W),
The method devised to effect a modulation of the stellar radiation

is characterized by a very high degree of background discrimination. By

19



¥313IWOLO0Hd ¥VIIILS QIWVYINI "L 9081y

.‘ ...
.m - -ﬂ_.
/ .L.J :
"/ =
w ___‘
g 5
L L]
W0
e
I© " LR
' O - E 3
Lo B
. L 3

l

am

win b



YOUUIW JIOVHIIG GIVVEINI - J1QISIA IHL 40 SOUSIYILOVIVHI 1VY¥LDIdS T *anByy
(SwO¥IIM) WLONIVIAVA
- 1 ol 5 W

ol
IJueF1usura]
oz
0
oh
0s

oL

ouryd0 |0y A=

001

(1M32¥3d) JONVLLINSNYUL QWY INVLIIVIY

2l



TINNVHD X 3O ISNOJESIN 1VILIIdS "€ ®nByy
(SPOuIN) MABNITIAVA

3 L b | 3 4 t 4 4 [ R [ L &
— — °
ot
os
0h
0SS =»
~
S
09 m
™~ (4]
: oL ~ o
-
=
8 &
=
-
08



L M

1INNVHD A 40 ISNOJSIV T1VELD3dS 'y ®nByy

(SHouI1N) WLONIVIAVA
st

on

0L

(1N30¥34) ISNOdSIN

23



PR AR e e

reflecting the radiation slternatively from the rotating chopper mirror and
the stationary mirror, the detectors look alternately at the star with sur-

rounding oky background, or only the sky background adjacent to the star.
This produces a periodic interruption of the stellar radiation vhile radiation
from the background resains essentially unmodulated.

B. ELECTRONIC SYSTEM

The electronic system makes use of an ac signal preamplifier
and amplifier, a synchronous demodulator, a reference signal generator, an
integrator vith timer, and a recorder. This combination of chopper modulator
and synchronous demodulator is sometimes called a homodyne amplifier. This
systez has the advantage that the electromechanical chopper demodulator does
not produce a steady-state dc component when noise only 1s present, as vould a
diode demodulator. This allows signal integration to be performed to bring
veak signals up out of the noise. Integration times of 10 to 15 minutes may
be required for very veak signals. Automatically timed integration periods of
one and five minutes are provided. Manual operation is provided to obtain
other integration times.

A schematic of the preamplifier is presented in Figure 5. It
is of plug-in module form and is located, for minimum noise, in the photometer
optical head along with the polarizing battery and detector ballast resistor

and switching circuit. The signal amplifier, following the preamplifier, 1is

shown in Figure 6 with the reference generator.
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Figure 7. INTEGRATOR AND TIMER SCHEMATIC



Integration is performed by Pnilbrick plug-in modules. The
circuitry used in conjunction vith these is given in Figure 7.
C. PERFORMANCE

The second photometer system provides a considerable improvement
in detectivity over the previous experieental photometer as vell as in extended
spectral response to longer vavelengths. The experimental photometer had a
minimum electronic bandvidth of 0.2 cycles/sec and, for the 69-inch Perkins
reflector,a theoretical NEFD of 10'17 vattn/cae for infrared vavelengths to
-17

L microns. The observed stellar signals verc as small as 5 x 10 vatts/cu?.

The nev photometer, vith thic 69-inch Perkins reflector, has a theoretical
NEPD approaching 7 x 10'19 vatts/cna in the 3 to L micron band or an improve-
pent factor in detectivity of about fourteen. This presumes the usc of a
twenty minute integration interval and effective bandwidth of about 0.001
cycle/sec. The stellar irradiances measured vith this photometer at Mount
Wilson do not represent the observational threshold of the equipment.

A view of the photometer system set up in its operating position
on the 60-inch telescope is shown in Figure 8. The instrument as it vas
subsequently set up for use in conjunction with the 100-inch Hooker reflector
at Mount Wilson is shown in Figures 9 and 10.

As can be inferred from the photographs, operation with the
60-inch telescope was very convenient, since the observer could stand on

the floor while looking through the guiding eyepiece. When vorking in

28
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W g B L
Figure 9. OVERALL VIEW OF THE INFRARED STELLAR PHOTOMETER
SYSTEM ON THE MOUNT WILSON 100 - INCH REFLECTOR
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Figure 10. OBSERVER AT THE VISUAL TRACKING EYEPIECE OF THE
INFRARED STELLAR PHOTOMETER ON THE MOUNT WILSON
100 - INCH REFLECTOR

31



conjunction with the 100-inch telescope, however, the observer 1s located

on a szall platform some 10 feet above the floor. As a result,loading of

the liquid helium-cooled devar is rather difficult for it requires twvo people
to remove and replace it, if it is to bte remotely rilled. As an alternative,
filling the devar vhile eounted in the instruzent not only requires the
services of tvo people but also requires storage dewvars of liquid nitrogen

and heliuz, a gascous heliua supply, and & transfer tube.
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V. THE OBSERVING PROGRAM

The observing program vas begun in the swmmer of 1960, soon
after the campletion of the calculatiocns of the theoretical color indices
for the infrared bands. An experimental photometer vas designed and tuilt
by the Eastman Kodak Company for the purpose of making infrared measure-
ments and determining the feasidility of a more sophisticated instrument.

In the course of use of the experimental instrument numerous problems of
technique were solved and some deficiencies of design overcome.

Observations were obtained on eleven nights between July 9,
1960 and December 12, 1960, using the experimental photometer on the 69-inch
telescope at the Perkins Observatory. The majority of these observations
vere made in the 2.0 to 2.4 micron region. The early detectors vere not
sensitive enough in the 3 to 4 micron band to produce usable signals. The
nov femiliar problems of sine-wave interference arising from objects adjacent
to or included in the cone of view of the detector were encountered in the
Y-band to auch an extent that the telescope and photometer were themselves
producing signals far in excess of what we vere trying to observe from the
stars. As these problems were corrected more and more effort was devoted

to the longer of the two wavelength bands toward the end of the 1960 observing

season.
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From the niddle of December 1960 to the middle of March 1961
the veather vas uniformly poor and no opportunity to obtain further data vith W
the experimental photometer presented itself. Unfortunately vhen the veather ']
did begin to clear tovard the end of March the dismantling of the 69-inch
telescope in preparation for its relocation in Flagstaff, Arizona, had al-
ready begun and it vas not possible to use the instrument for measurements.

The period during vhish the 69-inch telescope wvas shut down
marked the time vhen work vas started on the design for a new, two-channel, ‘
stellar infrared photometer by the engineers at Eastman Kodak Company. This
instrument vas completed in July 1961 and delivered just after the start of l
the observing period on Mount Wilson. When it became apparent there would
be no telescope time available at the Perkins Observatory before the termi- 1
nation of the contract period, an observing period at Mount Wilson wvas i ]
generously arranged by the director of the Mount Wilson and Palomar Observatories.

The 60-inch run provided an opportunity to get the new photo-
meter operating and give the observers experience before going to the 100-inch
telescope.

During the observing period on Mount Wilson, observations were
made on 52 stars in both shorter wavelength bands. There had been 33 stars
observed at the Perkins Observatory in the last six months of 1960, some of

which were re-observed at the Mount Wilson Observatory. Of the 33 stars ob-

served in Ohio, 14 were observed in both the X- and Y-bands and of these only L
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8 vere observed, also in both bands, at Mount Wilson. Thus the Mount Wilson
trip increased by ik the number of stars observed in both vavelength bands.
Since the procedures involved in the observing and reduction
of the data obtained at both locations arc the saze, a separate discussion
of the tvo sets of data vill not be included in this report. A complete
discussion of the 1960 observations is inciuded in Reference 2 and the only
reference to these data vill be in connecction vith a comparison of the data
obtained at Mount Wilson. A cummary table of the stellar measurcments =ade
at the Perkins Observatory has been reproduced in Appendix V.
A. GATHERING OF DATA AND OBSERVING CONDITIONS ON MOUNT WILSOH
The Ohio State - Eastman Kodak observing team vas assigned
8 nights in July on the 60-inch reflector for the purpose of testing equip-
ment and making vhatever cbservations might be possible. As the nev photo-
peter had not arrived at the mountain at the start of the run (July 18) the
experimental photometer was attached to the telescope and observatiors were
begun with this instrument. Considerable alignment difficulty was encountered
on the telescope and during the first night on the telescope much time was

spent in achieving optical alignment satisfactory for observing. The follow-

ing afternoon was used to obtain a careful internal alignment of the instrument.

Soon after the photometer was replaced on the telescope it was necessary to
shut down operations due to high winds. When the wind in the mountains of

southern California exceeds about 25 knots considerable quantities of dust
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and ash resulting from forest fires is carried aloft and scattered about the
countryside. If the dust content of the air becomes too large it is desirable

to close down the telescopes to protect the optical surfaces. The observations
vere cut short the second night and as the wind remained high throughout the
following day it was decided not to open the dome at all the third night.

Just before the time to begin vork on the third night the nev
photameter arrived on the mountain. The night vas spent in unpacking and
assembling the nev equipment-on the telescope. The experimental photometer
vas put aside as a standby instrument throughout the rest of the Mount Wilson
observing period.

Nuring the final assembly of the new photometer at the
telescope, an unfortunate accident occurred. The visual-infrared dichroic
beamsplitter was mounted in reverse in the bracket provided for it and the
result vas a 1loss of nearly U magnitudes in the Y-band due to the absorption
in the glass of wavelengths longer than about 2.7 microns. As the glass is
nearly transparent to the wavelengths shorter than 2.7 microns, the obser-
vations in the X-band came through with the anticipated strength. This
occurrence resulted in a considerable loss of telescope time with the result

that the observing period was in the nature of a practice run. It was not
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until the photometer vas bench-tested between the 60-inch and 100-inch runs

that the reversal of the dichroic was discovered.

The veather in southern California is usually well suited for
astronomical observations, and the month of August is usually azmong the best
months in that part of the United States. It vas felt, therefore, that win
the project vas assigned 10 nights on the 100-inch telescope virtually all of
these nights would prove useful. As a matter of fact the official record
book kept for the 100-inch telescope shows that during the past 20 years only
one month of August has had more than 5 nights in the entire month which could
not be used for observation because of cloudy weather. Up to the time that
the Ohio State University - Eastman Kodak run came to an end on August 23
there had been 8 nights closed out by the weather and 5 of these had come
during the 10 nights scheduled to the project. Despite the curtailed observing
time, many observations were obtained on the good nights.

In addition to the many nighttime hours spent by the members
of the observing team during the telescope runs, much time was devoted during
the afternoons to trying to place the liquid helium dewar in operating con-
dition for the attempts at observing in the 8 to 1l micron region. The main
difficulty was obtaining and holding an adequate vacuum in the outer Jacket
of the dewar. It was not until the ninth night of the 100-inch run that the
first successful transfer of helium was made. Dr. A. Hildebrand of the Jet

Propulsion Laboratory very generously provided a transfer tube of his own
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construction and the initial transfer vas carried out under his personal

direction. The loaded devar vas placed on the telescope on tvo nights,

both of wvhich were intermittently cloudy, and no positive results vere obtained.
There vas considerable difficulty in attaining sufficient alignment of the
longvave detector along vith the shortvave detector in order to use the instru-
ment in the vay in vhich it vas intended, nazely, that the shortvave detector
signal be used for guiding by the observer vhile the signal from the longvave
detector is being integrated.

There wvas a hopeful sign noted in connection vith the operation
of the heliunm devar. The supply of helium in the devar from a single filling
lasted for a total of about 20 hours without teing topped off during the
interim. The nitrogen Jjacket wvas filled twice during the period. This seems
to indicate the feasibility of filling the 1.2-liter devar at a cryostat and
transporting it to the telescope rather than attempting to transport and
store a 10- or 15-l1iter supply of helium near the telescope.

B. ANALYSIS OF THE DATA

In the Mount Wilson program it was decided to obtain as many
observations of different stars as possible. It was felt that this would
provide a more complete survey (though still provisional from the point of

view of precision) of the nature of these objects in the infrared.
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A brief description of the techniques of data reduction used
on this program is given in Appendix I. The results of the reduction are

listed in Table I* and a cataloguc of the observed magnitudes and color
indices for the program stars is given in Table II.¢ A comparison of the
results obtained at Mount Wilson with those obtained at Perkins Observatory
for the stars observed at both lccations in both the X- and Y-bands is given
in Table III.*

C. ATMOSPHERIC EXTINCTION

The earth's atmosphere absorbs radiation to a greater or lesser
extent over the.entirc vavelength range of the electromagnetic spectrum. In
the visible region of the spectrum this absorption and scattering may amount
to a fev tenths of a stellar magnitude at the zenith and much more at directions
far from the zenith vhere the light must traverse a long path throughout the
atmosphere. The exact amount of obscuration in a given wavelength band depends
upon the amount and relative effectiveness of the atmospheric components con-
tributing to the absorption. In the course of astronomical photometry the
extinction measurements ordinarily are taken systematically along with the
observations of the stars in question.

The minimization of extinction effects in the Mount Wilson
program suggested that the observations of each star be made near to the
meridian, insuring that the star be as near the zenith as possible and its
light thereby subject to a minimum of atmospheric absorption. In practice

some of the program stars could not be observed on or very near to the

* Tables I, IT and III follow page Ll.
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meridian. Same of them vere located so far south that even though they were
observed on the meridian they vere at very large zenith distances. Definitive
corrections for atmospheric extinction are not applied to the data in this
report.

Hovever, from Reference 3, page 54, and Reference 8, page 1304,
one can estimate the size of the magnitude corrections to zenith (1.e., to
unit air mass) resulting (primarily) from continuous atmospheric absorption
by vater vapor: -073(sec z-1), vhere z is the zenith distance. This cor-
rection is negligible (i.e., less than 0™) for all but 6 observations (stars
Nos. 22, 1%, 148, 22U, 229) and exceeds -0™14 for only one observation (star
No. 155). Correction of the measured x and y magnitudes to zero air mass is
implicit in the adoption of m = LB and ny =m for a star at a temperature
of 11000°.

One attempt was made to determine the extinction character-
istics oé one night, but the results were complicated by another quite un-
foreseen occurrence. The detectors vhich were used demonstrated a rather
large fluctuation in sensitivity with time. In spite of the fact that the
data intended for use as extinction measures were lost, due to the unspable
sensitivity, there is some indirect indication that there may be serious ex-
tinction effects in the infrared. Some of the bright infrared objects which
were observed at consistently large zenith distances displayed the greatest

dispersion in measured values. These objects, because of their greater
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brightness, should be observed with the greater precision. An account for
this discrepancy may be given on the assumption that these stars are indeed

the ones most readily affected by the variations in atmospheric extinction
from night to night. To test this assumption is the first task assigned
to the observing prograa vhen the stellar infrared photometer is again in-
stalled on a telescope.

D. DAYTIME OBSERVING

On August 21, 1961, observations vere made on « Tau continuing
into the dawn, as planned in the observing schedulc outlined in Reference 3,
page 55. The telescope vas lined up on the star before davn and X and Y
channel readings were taken. o Tau, vhich is number 37 on our list, has
a visual magnitude of 1.1, m = 2.5, and m, = 2.8. Readings vere continued
as the sky brightened and until it and the other first magnitude stars vere
no longer visible. The deflections obtained were constant over the entire
observing period. More work is required in this direction to determine the
daytime limit of the photometer. Only one star can be observed into each
dawn as it is probably impossible, with the small field of view of the photo-
meter, to find a star when it is not visible in the sighting telescope eyepiece.

E. DISCUSSION OF THE RESULTS

The observed apparent magnitudes in the X- and Y-bands of all
the stars measured at Mount Wilson are included in Table I. The table con-

gists of the following information: the star designation, including the IR
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TABLE I A

MOUNT WILSON SUMMARY DATA SHEET FOR X-RAIND

o!mmmn,
Coxpated

ITAR 7L VIR VS DO A TS W A4 ¥ 3 LI U O 02 W

6 T ise +0,1 -0.3 -0,2
& 2 0,0 v0,2:2 0,5 +0,8 +0,3

) @ Tas 0. A 40,2
A0 fad 1.7 1.8 -2.2:: -1,7 -1.9 1.5
20 7 trad 0,8 -0.8 <1,5:: -1l
21 et -0, -1,5: «0,2:: «0,7
22 0 ‘e 2,9 3.1 A.0: -2.9 <d.1:: 4,0
24 7 Fer +0,1 40,2: ¢ +0.4
25 a Cet 1.6 2,71 -1.6 -1,6:: -1,b
2. P ier -1,9 -1,9 -1.9
3T o Tan 2,7 -3.1 -2.2: -2.5
b1 L hur -0.8 «0,5
13 o ‘0o -3,6:: “lblis: R =2.5
WL o ler +1,8:: =0k
155 @ Sco «3.5 -3.0
156 30gHer -2.3 -1.9 -1.0
167 d Her =3.9:: 3.7 -3.5 -2.1
180 % Cph -1.5 =0,1
182 Rriyr -2.h -2.3 2.1 -1,6
193 8§ Lyr -1k -1.3 0.6
178 Y Aql -1.0 -0.7
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MOUNT WILSON SUMMARY DATA SHEET FOR X-BAND

e A e

189 § Cee
190 % Cyg
12 Y Sge
198 U fel
199 ¢ Cyg
210 VCyg
21 ¢ Peg
212 u Cep
213 18 Cep
26 5 cep
228 A Aqr
225 /3 Peg
29 X Agr
231 T1 Peg

23 Y Feg
235 R Cas

@ Lyr
o Aql
6 Cep
€ Aur

.1.7 '107
0.0

40,2

(-2,2) (-2,2)

«0,2

0,0 +0.1

=l b -1,2

(=0.1)

+2,3

TARLE I A (Cont'd.)

«0,7T

.1. 1

«0,3
«1,9

40,3
40,2

+0,1
40,2

.1.5

(-0.1:)

0,2
-0.h
(-2,2) (-2.2) («2.2)

42,0 +1,6
"003 -005
.0.1 .001
'1.3 .1.1
( 'o. 1)
42,3
+1.3

13

0,6
Al
R

<0,b
0,1
«0,1
«0.7
«0.9
0,1
<0, b
«0,6
-1,8
«0.5

0,1

+0.1

-1,6



TABLE I B

MOUNT WILSON SUMMARY DATA SHEET FOR Y-BAND

ORRRVID n’ Coxputed
aTAR YN8 BNs-i6_ B/ie-it 7= 19-20___B/20-21 %
6 T Pee <0.1 40,3 <0,6
8 & And 40,5 +1,1 40,62 40,b 40,6 <0.3
9 a Cas 00,h:e 0.0
I B And 2,3 -1.9 <1.6:: -2,0 1.3 -1.9
2 7 A 1,2 0,8 0,8:: <1.h
21 a Art =0,8 «0,5:: 40,2:: -1,0
22 0 Cet <37 -3 <32 -3.7 «2,2:: b
24 nPer 10,2 0.0 0.0
25 4 Cet -1,6 -1,7:: -2,0 (-1.7::) <18
2 pier 2,2 -2,0 -2,3
2,2
37 € Tau -2.A 3.2 2,7 -2,8
M ¢ A 1,1 -0,8
B a Boo «1,2:: 3.4 2,7
18 4 Ser
155 & Sco -3.9 -3.4
156 30gHer -1,1:: 2.7 -1,2
167 d lier =3.5 -3,0 -3.9 “2.h
18c X oph -2,2 0.3
182 R Lyr -1.3 -2,8 -1.6 -2,b -1.9 1.9
-2.0
183 § Lyr -2.3 -1,6 -1,0
188 Y Aqt 0.9 -1,0
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TABLE I B (Cont'd.)

MOUNT WILSON SUMMARY DATA SHEET FOR Y-BAND

ONIERVED I, Coaputed
oA 81815 8/15.16 _ 8/16-17  817-18  8/19-20  B/20.21 ™
187 & e 40,1 1} 1,0
170 x Cyg 1.2 «2,9 2k 4,3
1R Y Sge -0,8 0,6
193 U lel 1.1 SR «0.6
199 € Cyg 0.0 0.3
210 ¥ Cyg -1.3 -2.1 0.5
211 ¢ Peg BR 1.0
22 yCep  -2.0 2,1 2,5 -1.3
-2,0 2,2
213 18 Cep -0,1 -0, b
216 § Cep 40.1 40,3 -0,8
24 A Agr 40,2 -0,5 1,1
22543 g (-2.3) (-2.3) 2,0 (-2.3) 2.1 (-2.3) 2,3
229 X Agr 42,0 +1.5 «0,8
231 N1 Peg -0,1 40,1 0,4 0,3 0,4
23s Y Pe: -0.2 -0,1 40,2 40,3 40,2 -0.3
10,2
235 RCas -2,k

2,3 -1.9 1.9 -2,2 2,0 -1.3
d Lyr («0.1)  (-0,1) (-0.1)  (-0.1) 0.1

a Aql -0.9

5 “ep 42,9

€ Aur +1,2
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TABLE 111
COMPARISON OF PERKINS AND MOUNT WILSON DATA

Perkins Mount Wilson Perking Mount Wilson

Star x 0 X X 0X x X
xX9 @ Cas +0.1 -0.3 0.4  +0.4 +0.5 +0.1
1% 2 ad -2.0 -1.6 -1.8 -2.0 -0.2 +0.h
20 7 And -1.0 -0.k -1.0 -0.9 0.0 40.5
21 @ Ari -0.3 -0.8 +0.5
22 o Cet -3.0 -3.5 -3.0 -3.6 0.0 +0.1
25 @ Cet -1.7 -1k -1.6 -1.8 -0.1 R
2% ,p Per -1.9 -2.1 -1.9 -2.2 0.0 +0.1
31 & Tau -2.9 -2.9 2.9 -3.0 0.0 +0.1
bl ( Aur -0.4 -0.8 +0.4
136 d Boo -2.2 -3.b +.12
167 d Her -3.5 -3.6 +0.1
188 Y Agl +0.1 -1.0 +1.1
190 X Cyg -2.3 -2.0 -0.3
198 U Del -0.9 -0.7 -0.2
212 w Cep -2.1 -1.8 -0.3
231 71 Peg -0.b -0.1 -0.3
235 R Cas -1.8 -1.3 -0.5

L8




an

catalogue mmber (Appendix IV) and the common designation of the star; the
apparent magnitudes tabulated under the date upon vhich the individual measure
vas made; and finally the computed apparent magnitude of the star based upon
the assumption that the stars radiate as blackbodies. Table I is presented
in twvo parts, A and B, for the X-magnitudes and the Y-magnitudes, respectively.
In Table I are used several notations to indicate something
of the quality of the observation or of the manner in which the magnitude
determination vas made. A single colon (:) following the tabtulated magnitude
indicates that the deflection used for the determination of that magnitude
vas not considered to be sufficiently steady or frce from transparency or
sensitivity changes to yield a reliable magnitude. A double colon (:2)
followving a magnitude indicates that the observation vas taken outside the
time interval covered by blackbody reference signals vhich vere used to moni-
tor the sensitivity of the detector. As any reliance on these quantities
would depend upon a rather drastic extrapolation of the sensitivity data, it
vas decided that these values would not be used in the determination of the
mean values of the magnitudes entered in the summary of the Mount Wilson
observations given in Table II. A magnitude enclosed in parenthesis ()
indicates that star used on that night as a standard star and the value 1is
that obtained on another night by a direct intercomparison with the primary
standard Vega ( « Lyrae). A further discussion of the system of standards

is given in Appendix II.
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Table II consists of the mean values of the apparent magnitudes
obtained on the nights listed in Table I. For many of the stars this value

is the result of a single observation and there is no attempt to veigh these
results in comparison to those stars for vhich there are four or more determi-
nations of magnitude. An analysis of the mean deviations of the different
observations of a given star indicates for the X-magnitudes an average deviation
of 20.1 magnitude; for the Y-magnitude it is about 20.2 magnitude.

Of the eight long period variable stars observed, only four
have reliably determined visual magnitudes for the nights upon vhich they
vere observed. These magnitudes are included in Table II under the column
headed n, and are enclosed in parentheses. The remaining long period variables
have tabulated for their visual magnitude the maximum value listed for them
in the Radial Velocity Catalogue (Reference 7).

The observed X- and Y-color indices are given in Table II as
is the temperature for each star observed, based upon the temperature cali-
bration given by Morgan and Keenan (Reference 5). This temperature is used
to plot the observed colors against the theoretically calculated values, based
upon the assumption that the stars radiate as blackbodies. Included are
approximatc values of stellar irradiances Hx and Hy. The final column of
Table II gives, respectively, the number of obsérvations used to determine

the X- and the Y-magnitudes.
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Figure 11, a plot of the X-index as a function of temperature,
indicates a marked tendency for the points to lie above the theoretical curve
for the coolest stars observed. Several of the points most removed from the
theoretical curve are the variable stars observed far from the maximm light.
These large indices are the result of the fact that the visual magnitude
varies over a range corresponding to a light variation of two or more orders
of magnitude vhile the temperature and presumably the infrared irradieace
remains nearly constant. It is also significant that the non-variable stars
at these temperatures also showv a tende;cy to lie above the curve, vhich in-
dicates that there may be some source of continuous opacity in the atmospheres
of these stars vhich limits the amounts of visible radiation vhich can escape
fram the stars. Suggestions have been made that the formmation of clouds of
condensed molecular material may account for the wide variations in the visual
brightness of the long period variable stars. It may be that a similar
mechanism serves to decrease the visual irradiance of the non-variable stars
in this temperature region although to a somewhat smaller extent.

Below a temperature of about 3000°K, the observed points seem

to cluster about the compuied curve. The only group of stars which seem in

_any way to show a consistent trend are the supergiant stars (represented by

a (+) on the graph) which occur only above the curve at all temperatures.
The plots of observed minus computed values of X-color index

for the supergiants and nonvariable giants are in Figures 13 and 1k,
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Figure 11. THE X-COLOR INDEX AS A FUNCTION OF TEMPERATURE
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The Y-indices plotted in Figure 12 shov a similar trend to

pass above the cosputed curve at temperatures belov about 2500°K. It caan
be seen from the Y.I. curves, Figures 15 and 16, that the nonvariable stars
cluster about a line about 9.5 magnitude below the predicted values. This
is in essential agreement vith some of the recent observations made by
Freeman Hall (Reference k).

The supergiants shov a tendency in the Y-band to again lie
systematically above the camputed curve. It seems apparent that the super-
glant stars possess an exceu. of infrared radiation emission in the wavelength
bands vhich ve have studied. The combination of the two reoultg Just mentioned;
i.e., the excess infrared emission of both the supergiants and the very latest
spectral type stars, would lead one to underestimate the severity of the back-
ground problem if the assumption of blackbody rediation is used. The amount
of underestimation on the basis of the supergiants alone would represent a
factor of about 5 in the numbers of such stars which would be detectable. As
there are relatively few of these stars in a given volume of space this need .
not be considered a serious problem. There are Lowever many more very cool
giant stars which show an excess of the infrared radiation. It wvould seem
that more study is indicated for these objects in temms of the nature of the
excess and possible modification of the temperatures for these stars. It
must be pointed out here that many of the very coolest stars on this program

are plotted for temperatures which vere of necessity extrapolated from the
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telpe;kture dats of Morgan and Keenan. There is reason, therefore, to suppose
that corrections to the assumed temperature scale for these cool stars may be
Justified.

The temptaticn to modify the temperature scale for any of these
late type stars should be supprese=d until the degree of blanketing in the
visual region is more fully investigated. There 1s also nced for a more de-
tailed study of molecular absorption in the infrared vhich may have a direct
bearing upon the determsination of strictly IR color indices, e.g., (nx - my).
Such indices obtained with very accurate X- ard Y-magnitudes could be used
to provide accurate color temperatures for the late type stars.

F. CONSILERATION OF THE ABNORMAL OBJECTS

So far ve have described only the normal stars in vhich were
included the long period variable stars whose behavior is not particularly
stable but at least predictable. There were in addition to these stars three
others observed which deserve some additional and special comment. These stars
are; T Corona Borealis, X Aquarii, and € Aurigae.

T Corona Borealis (T CrB) was included on the list of bright
objects which should be easily observable with the infrared photometer. With
a computed magnitude of about -3.0 for each wavelength band it lies about 6
magnitudes above the limit of the photometer. Attempts were made on two
nights to obtain infrared deflections for this star in both the X- and Y-bands

without success. A look into the nature of this object indicates that it is
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not of the typical long period variable type and indeed scems to possess
some features that are entirely at variance vith those of the long period

variables. The nature of the variation of T CrB is such that the star in
its "normal” state is at about 9th or 10th visual magnitude. Occasionally
the star flares up to nearly 2nd magnitude, such occurrences giving to the ‘
star its popular name "the Blaze Star".

The calculation of the infrared magnitudes vere made on the
basis of the maximmm magnitude. The result of this arbitrary treatment of
the variable stars produced an infrared magnitude about 7 or 8 magnitudes
brighter than the star actually possesses. Other stars of this type, vhen
they are encountered, should be treated as if their normal state is that
of minimum visual magunitude.

. X Aquarii (X Aqr) is another variable star vhich revealed an
uncxpected result. At a temperature of about 2700°, the calculated X-magnitude
16 -0.2 and the Y-magnitude is -0.7. The observed X- and Y-magnitudes re-
spectively are +1.8 and +1.7. This represents a deficiency of 2.0 and 2.4
magnitudes in the X- and Y-bands. The observed values are obtained from
observations made on two nights and, though they were taken at fairly large
zenith distances, such deviations from the computed values ha.ve not been
qbserved for any other star. The reason for this abnormally low irradiance

is not spparent.
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During the ccurse of the progrem of photometry of the late

type stars observations vere made of the eclipsing binary € Aurigse ( € Aur)

in both the X- and Y-vavelength regions.

These data are given belov vith calcu-

lated colors and magnitudes based upon the assusption of blackbody emission of

a single star of the spectral type of the primary component of & Aurigae:

OV
Spectral Type (plus a_nonvisible companion)®
o, +3.4
mx +1.3

+1.2
y
X. 1. (mv - mx) +2.1
Y. 1. (m - my) +2.2
m (calculated) +2.6 l
m (calculated) +2.6 ‘
T (IR) 1350°K |
log R (IR) +3.43 §
log Mass (IR) +1.39
* Kuiper, et al (Ref. 6)
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Resarks

Wilson (Reference 7)

EX/OSU Infrared Stellar
Protometer, Mount Wilson
Observatory, August, 1961

Blackbody assumption
for FO I star alone
T = T7200°K

Kuiper, et al, Reference 6



In their description of the binary system € Aurigae, Kuiper,
Struve, and Stromgren (Reference 6) depicted a normal F type supergiant ac-
companied by a large cool star vhich eclipses the I star every 27 years. The
cool component vith a derived temperature of 1350° does not emit enough:
visible radiation Lo be noliced eéven during the primary cclipse. As the

primary eclipse is evidently only an atmospheric eclipse there seems to be

no possidility that a secondary minimum can be detected in the visible region.

If the companion of the F supergiant is indeed a star of such
lov temperature, most of its energy vill appear in the infrared and it thus
becomes an object of interest in any program of infrared stellar photometry.
When it vas noted that the measured infrared magnitudes of € Aurigae vere

more than one magnitude brighter than predicted on the basis of the F-component

alone, efforts vere made to determine if the excess infrared radiation could
be reconciled with an object of the type described by Kuiper, Struve and
Stromgren.

Taking the observed apparent Y-magnitude to be the combined
magnitude of the system, and the calculated apparent magnitude for the FO I
star to be +2.6, (mv - Y1, alc)’ it 1s found that the apparent Y-magnitude of
the infrared component alone is +1.6.

The distance of € Aurigae is given by Kuiper et al (1937)
as 1000 parsecs. This provides an absolute Y-maénitude of -8.4. From

Appendix III the Y-luminosity of a star with M= -8.4 is 8.4 x 1027 vatts.
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s The radius of a blackbody emitter required to produce the observed Y-luminosity

- as a fucction of temperature has been computed as follows:

i Surface Area
Radiant Energy of Blackbody (To produce
Temperature (3.2 to 4.2 microns) My = 8.4) Radius
9) (vatts/cm?) (cm?) (cm)
820 0.47 1.8x 10  3.8x10%3
1000 1.1 7.6 x 1057 2.5 x 10%3
1350 3.6 2.3x 1057 1.4 x 10*3
3100 26, 3.2x10%  5.2x 102

The published radius of the infrared component of € Aurigae
is 1.9 x 1011‘ cm, about one order of magnitude greater than the calculated
size of a 1350° blackbody as shown above. However, from the photometric
observations in the visible region of the spectrum it would seem the outer
layers of the star are fairly transparent, producing a primary minimum of

i only 0.3 magnitude. We might thus picture a star with an infrared photo-
sphere at the effective temperature of 1350° and having about 1/10 the

l. radius of the atmosphere. If the atmosphere of the infrared component proves

[- to be quite opague to the infrared radiation of the FO component, thereby

showing its nearly blackbody character, then we would be led on the basis

[ of the size detemination of the star to conclude a much lower temperature

than 1350°.
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It becomes of great interest then to measure the variation

of the infrared irrsdiance during the next eclipse of the system to see
Just hov opaque the atmosphere is to the infrared rediation of the FO star.
Since the apparent Y-magnitude of the IR component alone is +1.6 and the
Y-magnitude of the system is +1.2 we would expect on the dasis of a totally
opaque atmosphere a decrease of the Y-magnitude of 0.4 as the FO star passes
behind the atmosphere of the infrared component. If the decrease in infra-
red brightness is any less than this or if the FO component passes behind
the atmosphere of the infrared star without a decrease in the Y-irradiance,
we would then be certain that the outer layers of the star do not behave in
the manner of a blackbody in the infrared and that the majority of the infra-
red radiation probably comes from a somevhat smaller photosphere vhich does
not participate in the eclipse.

If ve assume @ star of absolute Y-magnitude of -8.4 at a
distance of 1000 parsecs it is possible to calculate the visual irradiance
of the same star if it radiates as a blackbody. For a 1350° blackbody, the
Y-irradiance is about 700 times the visual irradiance. Thus a star having
m = +1.6 and an irradiance at the earth of T x 10717 vat.‘l;s/cm2 in the Y-band

(Reference 2) vill have a V-irradiance*of (1.1 x 10-h)1y or 7.7 x 107

. watts/cme. This corresponds to a visual magnitude of m, = +19.2. In combi-

nation with the FO component the infrared star contributes essentially nothing

to the visual magnitude of the system.

% Visugl irradiance
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The observation of a"truly infrered"star in the system of
€ Aurigae makes it all the more important to try to identify such objects

in the vicinity of the sun. Consider an infrared star of this type in the
vicinity of the sun, for instance, at 20 parsecs (instead of 1000 parsecs).
It would have a visual magnitude of +10.7 but a Y-magnitude of -6.9. Such
a star, though visually 100 times fainter than the faintest naked-eye star,
would have an infrared brightness seven times that of Betelgeuse, vhich is
itself the eighth brightest naked-eye star. Even at this close range the
linear extent of the star's enormous disk would be well beyond the resolving
pover of the largest telescope.

Two methods suggest themselves for the detection of such
objects: (1) photographic, at wavelengths 0.4-0.9 microns, vherein they
would exhibit large color indices, and (2) infrared scanning with a wide-

field instrument of moderate to high sensitivity.
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APPENDIX I
NOTES ON MOUNT WILSON DATA REDUCTION

1, Rav data vas taken from the tapes in the form of net deflection, (star
deflection minus sky deflection) as follovs:

Time of observation

Star identification
Filter used

Net Qdeflection

Cain setti

Hour cnghu?u' recorded)
Temperature vhen recorded
Blackbody Deflections

2. The dlackbody deflections and star deflections were then normalised
to gain 19, the highest gain setting available. This was accomplished by
using the input attenuator calibration labelled "Normaliszed Factor”. This °
served to place the observations on a common basis for determining relative
intensities.

3. It was noted that the blackbody deflections, presumed to have been taken
from & constant temperature source, varied in some cases by factors 2 Jor &,
over the period of time covered by the observation.

This has been interpreted as a variation in detector sensitivity; although
the exact cause is unknown,it has been treated as if there has been introduced
at each point during the night an arbitrary gain or attenuation factor.

The determination of this factor would have been vary straightforvard had
the blackbody comparisons been made at the time of sach star observation.
Unfortunately the variation in blackbody deflection was not recognized at the
time of observation and it was not considered necessary to take blackbody
comparisons more than about once an hour,

As a result it has become necessary to make certain assumptions concerning

the variation of system sensitivity between the measured blackbody points as
vell as some of the regions outside the measured points. :
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The normalized blackbody deflections are plotted as a function of time,

a. The variation of sensitivity between points on the graphs
is assumed to be continuous and ssooth.

b. BNo attempt has been made to infer peaks or dips betveen points
although there may be evidence of such in the reduced data,

c. Extrapolation has not been carried out more than a small
fraction of an hour beyond end points. Objects having
magnitules determined from extrapolated sensitivity data
have such magnitudes marked with a doudble colon (::) on the
summary sheets. Correction factors, termed "sensitivity
factors,” vere obtained from the smooth blackbody deflection
versus time curves vhich vere then used to convert the star
deflections to sensitivity comparable to that of the system
at the time the standard star was measured, This technique
in essence smoothed the assumed blackbody curve to a
flat curve through the point corresponding to the sensitivity
at the time of the observation of the standard stars.

[ J
k. Application of the sensitivity factor to the normalized deflections yields
the value L*, taken to be proportional to the intensity of the radiation in the
appropriate vavelength band.

Se Ratios are taken between the L¥ for the stars and the standard star
chosen for the appropriate time interval. These ratios (L*/i,) are then
converted to differences in stellar magnitude between the stars and the
chosen standard.

6. By application of the standard star magnitude it is then possible to
arrive at the X- and Y-magnitude of each star.

T. These magnitudes are tabulated on the summary sheets in Appendix V,
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APFENDIX II
COMMENTS ON STANDARD STARS

In viev of the uncertain nature of all the stars on the program it vas
decided to use as fev standard stars as possible; that is, to observe the
magnitude difference of the program stars vith respect to the same star as
often as possidble. The folloving considerations were deemed important in
establishing the magnitude systes,

1. The zero point of the my and my magnitude scales should be set by
observations on a star as near in spectral type as possible for the spectral
type used to set the zero point in the theoretical calculations of the
infrared color systems. This type is AO V and the only star observed

this summer near this spectral type is Lyrae at A2 V,

"

2. Since @, Lyrae could not be observed on eve';y night, due for instance
to clouds in the early part of the evening, a secondary standard (or standards)
should be set up to fulfill as many of the following requirements as possible,

a. It should be a well observed star; 1.e., a star vhich has a
magnituledetermined on several nights.

b, It should lie somevhere in the middle of the region of the
sky being observed so that a minicum of time difference
occurs betwzen the observation of the standard and the star
teing measured.,

c, It should be relatively bright.

d. It should have a magnitude well determined with respect to
0, Lyrae, the primary standard.

One star which was observed on most nights wus A Pegasi. Besides being
a star well observed during the previous fall and vinter, it is a bright
star producing large reliable deflections,

There are however several drawbacks to the choice of A Peg. Though it
was observed on four nights with O Lyrae, only two can be used for direct
comparison, —
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Date ‘lﬁl.! Remarks
Aug 15-16 Detector change occured between observation of

d Lyr and /3 Peg.

Aug 16-17 ¥hole night referred to d Lyr. There is some
question as to the sensitivity correction for the
time @ Lyr vas observed. This night might better
have been referred to p Feg alone.

Aug 17-18 Direct comparison:
APeg/ alyr m = 2.2
Iy = -203
Aug 19-20 & Lyr vas k 1/2 hours west vhen observed amd at-

mospheric effectsvere uncertain. Only R Lyrse
peasured at same time, was referred to & Lyr.

On the basis of the one reliable intercomparison of ¢} Lyrae and A Peg,
1t vas decided to consider the values of the magnitudes for , Peg as:

nx = 2,2
ny s =2,3

These values vere both measured for the two stars on August 17-18, 1961.
The value for m_ is about 0.4 magnitudes brighter than the calculated value

from the theory, but the value for m_1is the same as the theoretical
determination. y

As there 1s no way to determine the relative brightness of the star
from one night to the next, independent of the sensitivity corrections,
there 1s no way of telling hov reliably the observations of APeg can be
reproduced.

In spite of the inherent danger of using A Peg for a standard, it is to
be noted that there 1s no other star which fits the requirements set down
above any better than does 3 Peg. Therefore,with one exception,this star
was used as a secondary standard at all times when @& Lyr was not available,
The one exception was the use of & Ceti on August 20-21, 1961 for: the stars
observed with detector D-5 for which there vere no deflections of A Peg.made.

This.star was chosen at the time because it was thoughtto be the best observed

of those under consideration, O Ceti might have been as good a choice but,
due to the fact that it is known to be a long period variable star, it was
decided that it would be best not to rely upon it for standardization,
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APPENDIX III

THE INFRARED CHARACTERISTICS OF
PROTOSTARS AND DARK GLOBULES

by
Philip E. Barnhart
Perkins Observatory, Delavare, Ohio

IHTRODUCTICH
Since the application of high-sensitivity IR detectors to the

field of stellar photometry, much interest has arisen in the possibility of
measuring irradiances of various objects in space which do not cmit visidble
mﬂiniion (0.5 to 0.7 micren) but which, due to their temperaturc or size, ray
cait considerable amounts of radiation in the longer wavelengths. Pressure
is being applicd by theoretical astrophysicists to attempt the detcetion of
contracting protostars, the existence of which is strongly supported by
theoretical considerations of the requirements of star formation and the
observational cvidence of the prescnce of such objects in very young galactic
clusters. Interest is alco being showvn in the fairly numerous, dense, dark
globules of interstellar material which appear silhouetted against luminous
ncbulac or star clouds as possible breeding grounds for thesc protostars.

The present calculations are concerred with the infrered
characteristics of certain assumed types of protostars and the potential IR
results based upon observed characteristics of dark globules. These
calculations are based upon the experimental results on normal stars in the
plumbide region (3 to 4 microns) for two reasons.

1. Astronomical performance characteristics of the plumbide cell are
well known so we can work from & well established limiting

detectability.
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2. For the intermediate temperatures encountered in pre-main sequence
contraction (800° to 2000°), the plumbide sensitivity is centered
nearer the energy peak than that of the copper-doped germaniuam
detector.

OBSERVATION OF PROTOSTARS

Observations of galactic clusters in recent years have
demonstrated the fact that cluster ages may be determined wvith fair accuracy
by observing the brightest cluster members still existing on the main sequence.
The luminosity thus obtained, coupled vith the rate of mass to energy con-
version for a "zero-age" star at that position on the main sequence, yields
an age of the cluster, assuming all stars in the cluster "formed" at the
same time.

Certain clusters shoving memberships consisting in part of
very luminous O and B stars vhose ages, because of their very high luminosities,
must be very young (less than 500,000 years in come instances) led M. F. Walker
(Ref. 1-4) to make photometric studies of the fainter stars in these clusters
in hopes of detecting stars still in their pre-main sequence contractions.
These stars vill not be emitting energy generated by thermonuclear reactions
in the core, but vill be radii¥ing mostly ‘énergy gencrated by the process of
gravitational contraction first described by Helmholtz in 1854. Walker has
indeed detected such protostars in U4 young clusters.

If the energy radiated as well as the temperatures possessed
by such stars comes about as the result of the physical contraction of the
body, the supposition would be that the cooler body would, in general, be
larger in size than the body arriving at the main sequence, where the star's
central temperature is just high enough to maintain the thermonuclear
reactions necessary to establish the given mass as a stable star. This state
is one in which the gravitational attraction inward is just balanced by the

T2
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gos and radiation pressure outvard resulting from the internal energy.gener-
ation, and the main sequence represents the locus of points in the H-R
diagraa corresponding to such stable stars of different initial mass.

Studies of Helmholtz contraction indicate that the tesmperature
of a contracting mass, assuming homologous contractiom, will vary inversely
as the radius of the object (Ref. 5).

Calculations of late phases of gravitational contraction based
upon the Helmholtz temperature increase have been carried out by Schwarzschild
and others for objects of various magsses. These calculations extend backvard
from the zero-age main sequence to points where the temperature just places
the star at the cool end of the H-R diagram, vhich means a temperature vithin
a factor of 2 or 3 for the sun or a factor of about 8 for a star of 10 solar
magses. Atterpts to extrapolate much further on the contraction hypothesis
may possibly lead to serious errors due to a decrease in the opacity of the
contracting cloud at such low densitics. Extrapolations of temperatures by
factors of 100 and 1000 are considered, however, in the present calculations
to obtain order-of-magnitude values for small contracting clouds of the order
of a few solar masses. Table A indicates the surface arcas and temperatures
of 3 "protostars" with masses of 1, 5, and 10 times the mass of the sun. On
the basis of an inverse dependence of temperature on the radius an increase
of a factor 10 in temperatures will be produced by a decrease in the radius
by the same factor.
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Solar Masses Sp. T. _°k_ °K
1 G2 6000 6000
600

60:

6:

5 B8 15400 15400
1540

15k

15.4:

10 BO 22400 22400
2240

22k:

2.4

to do this for the 3-U micron region, a group of significant temperatures was

"»i§

8.8 x ma

8.8 x 10°3
8.8 x 10%°
8.8 x 1027

3.3 x 1023
3.3 x 1025
3.3 x 1027
3.3x 1029

b.b x 10°3
4.4 x 1025
L.k x 2057

k.4 x 1029

If ve know the surface area and temperature of a body, it is
then possible to determine the luminosity, either total or in a particular
vavelength region if we assume the object radiates as a blackbody. In order

selected to provide an indication in what direction the observations might

tend.

1. 820°K - The temperature at vhich the blackbody curve peaks at

3.5 microns, the center of the 3-4 micron band.
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3100°K -

The temperature at vhich the blackbody curve peaks at
2.25 microns (center of the lead sulfidc regiom, 2.0-2.5
microns), and also near the temperature at vhich a
maximum percentage of the total radiation falls within
the 3 to & micron band.

The temperature of Betelgeuse, used to directly compare
the detectivity in terms of an object of known luminosity.

The spectral characteristics of the three temperstures are

surzarized in Table B.

T

x

820

1300
3100

TABLE B

Total Radiant
Energy Fraction in Radiant Energy
(vatts/cme) 3-b_microns ' 3-h picrons

2.6 0.18 0.47
16.0 0.20 3.2
520 0.05 26.0

With the data of Tables A and B it is now possible to compute
the Y-luminosities of the selected protostars at the chosen temperatures.
Before doing this, it may be well to establish the limiting Y-irradiance
detectable with the nitrogen cooled plumbide detector.
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LINJT OF DETECTABILITY
During the observing program carried out with the photometer

on the 100-inch telescope, the faintest signal measured wvas due to § Cephel
at an apparent magnitude, = 42.9. This corresponded to an apparent
irrediance, h = 2 x 10°7 vatts/cn®. On this basis ve can tabulate the
absolute Y-magnitude ls, vhich wvill produce the apparent irradiance

(1017 wvatts/cm?) at the earth from a given distance. This is cbtained from
the relation:

Hy-ly+5-5logr

vhere ny = 43.5
TABLE C
r
(&secs) log r l!x
1 0 + 8.5
10 1 + 3.5
100 2 - 1.5
1000 3 - 6.5
10000 b -11.5
My - absolute Y-magnitude of a star which is just detectable

from a distance, r.

To calibrate our magnitude scale in terms of apparent
irradiance, we need but one object of known apparent magnitude and distance.

The most reliably determined apparent magnitude in the Y-region is @ Orionis,

the brightest star observed with the experimental photometer.
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The pertinent data for & Ori is as follows:

Distance (Ref. 6) r = 200 parsecs
Apparent Y-Nagnitude By = -5.0
Apparent Y-Irradiance hy = 3 x 10"“ vnttn/cnz

The absolute magnitude is then:
s 5.0 + 5.0 - 5 log 200
= -5(2.3)
= =11.5
This gives the distance modulus:
(m, - Hy) = 46.5
To determine the "Absolute" irradiance, lly (= the irrediance
at the earth if < Orionis vere at a distance of 10 parsecs) ve need the
relation:
&
log h;,' = 0.4 (uy - "y)
= 0.k (6.5)
= 2.60
thus:
lly = 40O hy

= 1.2x 102

vatts/cm2
A plot of apparent irradiance, (hy) , or apparent magnitude LY

as a function of distance, r (in parsecs), for objects with various absolute
magnitudes, My' is shown in Figure III 1.

7



LOG DISTANRCE (PARSECS)

0 i i
Loa h, =12 =13 =1y =15 =18 =17 -8

.' =8.0 =§.5 =4.0 =15 +1.0 +3.6 +6.0

" Figure Hl-1. APPARENT IRRADIANCE OF OBJECTS HAVING VARIOUS
MAGNITUDES AND DISTANCES
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If ve compute tae Y-luminosity of & Orionis, then ve vill be
able to determine the absolute irradiance for any object vhose lumincsity and
distance is known.

The temperature of & Ori is 3100° so the total power radiated
per square centimeter of surface, assuming emissivity = 1.0, is given by the
Stefan-Boltzmann lawv:

E=ogr

= 52x 10° \mtts/cna
of which 5% falls in the 3 to i micron band. Therefore
By = 26 vatts/cn®

The radius of @ Ori 3s 295 times the radius of the sun,
(Ref. 8), or:
Ry = 295 (7 x 10%0 cn)
= 2.06 x 1013 cm,
for which the surface area is:
A= lny?
= 5,35 x 10?'7 cma
and at 26 watts/co® this gives a luminosity of:
L = 1.39 x 10%9 vatts
= 1.k x 1030 ergs/sec

This value of the Y-luminosity agrees with the value obtained from the ratio
of the balckbody energies in the visual and Y regions of the spectrum and
the visual luminosity of the star.

Thus an object with an IR luminosity of 1.4 x 10

will have an absolute Y-magnitude of My = -11.5 and will just be detcctable

36

ergs/sec

from a distance:

19
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-1+300
r = 10000 psc

With this information the maximm distance at vhich any object
vhose luminosity can be computed can be determined. The luminosity calibration

has been included on the plot of Figure III-1 and labelled, L’.

LUMINOSITY OF PROTOSTARS
If ve nov compute the luminosity of the various ind’vidual

protostars described abcve, ve can get an ides of the maximum distance at

vhich this particular type of object can be observed.
From the temperature-radius data of Table A, it is possible to

determine the surface area of each model protostar at the temperatures of
interest. This, combined with the data of Teble B, will provide the
luminosity of each contracting body at each significant temperature. This
is tabulated in Table D.

TABLE D
1 Solar Mass 5 Solar Masses 10 Solar Masses
Temp. Area L Area L Area L

Y Y
(°K) @ (vatts) ( _cn_a)_ (watts) ( gﬁ)_ (vat{a )
820 1.8 x 1023 2.2 x 1023 1 x20®° 4.7 x 10 3.5x 20° 1.6 x 10
2300 1.8 x 1023 5.8x 12023 & x10®° 1.3x20% 1.5« 10?6 1.8 x 20%

3100 3.5 x 1022 9.1 x 102 8.x 102* 2.1x10% 2.5x 1% 6,5x 10%°

f i el 3 g — e ey j T 'y j B g el e o

sinee @
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" As can be secen from Table D, the brightest possible case is

the 10 solar mass protostar at a temperature of 3100°K. This object vwill

then already be on the H-R diagram €o cannot be considered an "unknown" object.
Hovever, if we plot such an object on Figure III-1, ve vill have an upper limit
of the distance to vhich a small, discrete contracting protostar can be
observed. The broken lines in Figure III-1 represent this upper limit to the
detectivity of protostars. A look at Table D shovs that, in general, the
contracting mass has a much smaller radius at a temperature of 3100°, than a
supergiant star 1ike @ Ori. Thus, ve might expect individual protostars

of less than 10 solar masses to be detected in the Y-region at distances up

to 1000 parsecs. The nearest of Walker's young clusters (NGC 226k) is 800
parsecs from the sun. :

The preceding calculation is based upon the assumption that
stars form as individuals out of clouds having essentially the mass of the
final product star on the main sequence. Such is most likely not the case.
Where very young stars are found they are usually found in groups (open
clusters, O associations, T associations) of apparent common origin and nearly
common age. Thus, it would seem that the proper method of star formation
might involve the condensation of a cloud of interstellar material of
considerably greater mass than a single star and one which will fill a greater
volume of space at a given temperature than one of smaller mass content, and
thus have a much greater surface area from which to radiate at a given rate
for a given temperature.

The question now beccmes: what sort of object at the distance
of the farthest young cluster studied by Walker (NGC 6611, r=3.3 kiloparsecs)
would be required to be observable at the earth (h = 10 -16 vatts/cm )2 A
glance at Figure III-1 reveals that at the limit of detectability at 3 3 kpe a
luminosity equal to that of @ Orionis is required; that is, My = -11.5. So
any object to be observed at this distance must have a luminosity in the
3-4 micron region of

. Ly > 1.b x 10% erg/sec
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TABLE E
nzd.umer? Radius
Temp. 3-4 mic
°K ergs/sec/ca® g cm Sun = 1 A.U.
820 4.7 x 108 3x109  11x ml;’; 16 x 100 T3
1300 3.2 x 100 Wb x 2028 1k x 10 2.4 x 103 9.5
3100 2.6 x 10° 5.4 x 200  21x103  29x 10° 1.k

In terms of astronomical sizes, the values given in the last
coluzn of Table E arc quite moderate. For the coolest object this is a
rodius about tvice the radius of the solar system. For 1300° the radius is
the same as the radius of the orbit of Saturn, vhile o, Orionis has a radius
Just under the radius of the orbit of Mars.

On a published photograph of NGC 6611(Ref. I) & nearly circular

"dark globule" can be seen projected egainst the bright nebulosity associated
with the cluster. According to the published plate scale, the globule has

a diameter of 17.4 seconds of arc, vhich, at a distance of 3.3 kps, amounts
to 5.8 x 10!' astronomical units. This rather typical blob then has a total
surface area of about 9.6 x .‘LO36 cme. In order for this object to have a
total luminosity of 1.k x .‘LO36 erg/sec, it must emit 0.146 ergs/nec/cma

(= 1.46 x 10'8 watt/cma). This rate-of emission will occur for & dbody of
this size at about 150°K. It seems quite reasonable to suppose that if
material has condensed to a state vhere it is optically thick, that perhaps
it has utilized enough gravitational energy to raise its temperature a few
hundred degrees above the temperature of interstellar space (3.5°K). Also,
being in the vicinity of highly luminous O and B stars, the back side of the
cloud may absorb a considerable quantity of ultraviolet. radiation from these
stars, raising the temperature above the mean temperature of interstellar

space.
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If the globules wvere to reach a temperature, by mrum vhat -
ever, of 820°K, they would then have a total luminosity of 2 x 10  ergs/sec.
This vould produce & y-luminosity of 4.5 x 10"3 ergs/sec (or 4.5 x 107" yatts)
and an absolute y-magnitude of "y = =30.5. This total luminosity is of the
order of 10 times the luminosity of the sun. However, should such tempera-
ture be attained by 50 large an object, the visual luminosity vould also dbe
great. An object as that described above would have about 10'6 of its total
lunminosity in the visible region, and at a distance of 3 kiloparsecs would
appear to have an apparent visual magnitude, B, = +3.5, thus being a clearly
observable object with the naked cye. As this is clearly not the case ve
must conclude that the temperatures of the presently known dark globules

arc considerably lower than 800°K.

It 1s not impossible that at some stage in a possible contraction

of a large globule that the total mass can attain temperatures of several
hundred degrees in the closing phases of cluster formation. At m’xch times
the total energy release from the objects would rival the energy output of

a supernova (about 10"1 to 10!’2 ergs/sec) and would be observable in the
infrared at a distance of over 10 megaparsecs. Therefore, if such formations
do exist they may be observable in some of the nearby external galaxies.

If such large collections of matter tend to cool more rapidly
than they can generate energy, or faster than energy can be fed into them, it
may be difficult to detect any save the nearest cxamples. At temperatures
around 300°K or cooler,the 8 to 14 micron detectors may prove effective.

In any case, the large surface areas of these relatively dense

blobs make them prime targets for observation with infrared detectors.
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CONCLUSION

It may be just possible that the observation of p?-llortupmng-
Russel diagram protostars of the individual type might be observed in nearby
young clusters using a telescope of larbe aperture. The answer to the question
of vhether a single cloud or blob could contract under its own gravitatiomal
attraction if it contained only a fev solar masses of material or vhether a
large conglomeration of material is necessary to produce s number of
portostars may provide the clue to vhether any pre-stellar stage can be
observed in the infrared. Indeed, observations in the longer wavelengths
may provide clues to the answer to that question.
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APPENDIX IV

REVISED IR STAR LIST INCLUDING STARS

Reading from left to right, the columns of the tables vhich

follov are to be interpreted as indicated below.

e
&

2]

e

rgeeeey

conadaiiaid

IR catalog number in order of increasing Right Ascension
The 1950 coordinates of the stars

Spectral classification given in Mt. Wilson Radial Velocity
Catalog

Apparent visual magnitude given in Radial Velocity Catalog,
maximum value for variable stars.

Calculated IR index for the 2.0-2.4 micron region based upon
the assumption of blackbody radiation and temperatures from
the MKK spectral classification system. Brackets indicate
values based on doubtful temperature assignments.

The apparent IR magnitude in the 2.0-2.4 micron band obtained
by subtracting column 6 from column 5

Calculated IR index in the 3.2-4.2 micron band
The apparent IR magnitude in the 3.2-4.2 micron band
Calculated IR index in the 7.5-13.5 micron band
The apparent IR magnitude in the 7.5-13.5 micron band

The star designation consisting of the Radial Velocity
Catalog number and the common designation
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1)

2)

3)

4)

NOTES ON SELECTION

Objects were chosen for inclusion on this list \Mj@ have calculated

infrared apparent magnitudes, m_ (in the spectral region 7.5 to 13.5

microns), brighter than 0.0. Tiis 1lizit vas chosen on the assumption
that it represents a valid limit to the present detectability in this
region using available detectors on a 60-inch telescope’

Color indices, 2.I., were calculated as s function of temperature
(spectral type) assuming blackbody radiation energy distribution, and
apparent visual magnitudes as listed in the Mount Wilson Radial
Velocity Catalog.

The list is considered complete, except for searching errors or omis-
sions, for stars earlier than spectral type Mi, The search excluded
all stars fainter than visual magnitude my = +6.0 due to the incom-
pleteness of the Radial Velocity Catalog at these fainter magnitudes.
The Radial Velocity Catalog was used because of the greater reliability
of the spectral types given therein. Stars later than Ms have Z-indices
greater than +0.0 and therefore vithhold a substantial statistical
contribution from the fainter objects on the list, but do not affect

the objects brighter than -1.5 apparent z-magnitude.

From the number of objects omitted on the first search vhich were found
on a re-examination of the Radial Velocity Catalog, it seems reasonable
to conclude that there is a deficit of about 2% in the total number of
objects listed; i.e., there should be expected within the limits of the
survey 4 or 5 more stars, not included on the present list, plus, of
course, any not included in the Radial Velocity Catalog.
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