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ABSTRACT

A theoretical model of the infrared stellar background
is presented, based on a blackbody extrapolation of stellar data for
the visible and near infrared regions. Stellar magnitudes are limj ‘e
by the irradiance of a 2-square-meter 3007k target at 500 nautical
miles. The total number of interfering stars decreases from the order
of one hundred thousand in the visual region to only several hundred
for the infrared beyond 7.5 microns. Star maps of the celéstial
sphere and a table of 185 stars in the order of their infrared magni-

tudes are included.
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I. INTRODUCTION

The importance of the role of optical sensors in the develop-
ment of systems for space defense, surveillance, and navigation has been
generally recognized. Optical equipment for space applications potentially
offers high resolution and long range detection capability coupled with an
overall relatively light weight and small size.

It will be appreciated, however, that the great number of
optically detectable obJects in a typical space background will create real
confusion in optical sensing systems unless suitable discrimination techni-
ques are employed. Spatial and spectral filtering techniques are under
development as well as methods of indicating moving targets. However, it
has been found that detailed information on the space background, expecially
in the infrared, is lacking to the designer of space defense systems. Un-
less this information is made available, the development and design of
suitable optical systems for the detection and tracking of satellites,
space vehicles, and missile nose cones will be seriously delayed. Only
when the characteristics of the background have been established may
optimum methods of discrimination be brought to bear.

The Eastman Kodak Company has been given the assignment,
under contract with the Army Rocket and Guided Missile Agency, to investi-
gate the magnitude of the stellar background problem and methods of solution
to the problem in relation to space defense. Emphasis has been placed on
the infrared spectral region,due to the requirements of passively detect-

ing relatively cold (300°K) targets at long range. The delineation oy the
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stellar background has become a problem of locating the stars which
produce irradiance comparable to that from the tafgets at relatively
long infrared wavelengths (to 20 microns).

Specifically the contract requirements are as follows:

(1) Collect existing astronomical data on stellar brightness,
spectral type, and distribution on the celestial sphere.
Sub-contracting to suitable university groups should be
the preferred method of gathering this data.

(2) Present the collected data in a form vhich will show
the nature, extent, and severity of the space back-
ground problems as faced by anti-missile and other space
defense systems using optical sensors.

(3) Study all possible methods of alleviating the space
background as found to exist. These methods will be
applicable to optical sensor systems as used in space
defense missile systems, will cover all optical wave-
lengths, and will consider sensor locations from sea
level to free space.

(4) Indicate additional astronomical observations required,
and make recommendations as to desirable methods of
background alleviation.

An amendment was later added stating that:

The contractor shall perform experiment.s which will be

indicative of the propriety of assumptions and extra-

polations devised under part (2). Whenever possible,
existing equipment will be utilized.

The Ohio State University Research Foundation has joined
with the Eastman Kodak Company under sub-contract to aid in this investi-
gation, giving particular attention to the collection and presentation of
astronomical data. This report is a summary of the effort of the two

organizations.

10
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II. TECHNICAL SUMMARY

The Eastman Kodek Company, under a current contract with
the Army Rocket and Guided Missile Agency, was assigned to collect ex-
isting astronomical data and present this collected data in a form which
would show the nature, extent, and severity of the space background
problems as faced by anti-missile and other space defense systems employ-
ing optical sensors. Concurrently, the Chio State University Research
Foundation was engaged by subcontract to jointly pursue the problem.

Emphasis has been placed on the detection of targets by
means of their own thermal radiation rather than by means of reflected
solar energy. The targets of interest are relatively cold bodies (300°K)
with ‘most of their radiated energy concentrated in the infrared region.
Accordingly, effort has been directed toward characterization of the
stellar background in the infrared.

An intensive literature search for data on stellar radi-
ation beyond the near infrared yielded very little information. This
was not surprising in view of the fact that long wavelength detectofs
with sufficient sensitivity to obtain the desired information have only
recently become available. Lacking experimental data, we have assumed
that stellar bodies behave as classical blackbody radiators, and we have
extrapolated far into the infrared from the data available.

Target characteristics, as given, are a skin temperature
of 300°K, a projected area of 2'square meters, an average thermal emis-

sivity of 0.5, and a distance of 500 nautical miles. For a target to

11
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background contrast of 10 to 1, the limiting stellar irradiance will range
8 16

from 2.2 x 10°% vatts/cm in the 3 to 4 micron region to 5.6 to 10 watts/

, cm2 in the 7.5 to 13.5 micron regionm.

It has been tacitly assumed that these irradiances are

detectable, and the limiting stellar visual magnitudes were calculated

for each spectral class. The desirability of using the longer wavelength

Ry}

bands to minimize stellar backgrounds is immediately apparent. In the
region beyond 8 microns, none of the blue giants or super-giants appears
and cool red stars are evident only down to and including about 8th
magnitude. Furthermore, since the hot blue stars are found primarily in
the plane of our galaxy, when these stars are filtered out, the distri-
bution of stars on the celestial sphere becomes more nearly random. This
in itself should simplify the additional discrimination required to re-

move the contributions of the remaining stars.

vt sl el e puened

The results obtained from this extrapolation are very

striking in that the total number of interfering stars decreases from

[N

the order of a hundred thousand to the order of several hundred vhen the
observing instrument is shifted from the visible region to the infrared
region beyond 7.5 microns.

These encouraging results from the study are, however,

based on the following two assumptions:
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1. The stars radiate at longer infrared wavelengths as they would
if they were blackbodies at the temperature deduced from their
radiation in the visual region of the spectrum.

2. The "infrared stars"”, that is, those sources which are too cool
to radiate measurably in the visible, are not present in suffi-
cient number to significantly affect the conclusions drawn from
the data available for the visible stars.

In order to verify these two assumptions, it has been pro-
posed to the Army Rocket and Guided Missile Agency that a planned program
of infrared stellar photometry be initiated to provide a description of

the space background on a more sound basis.

13
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III. TECHNICAL APPROACH

Joint discussions between representatives from the Eastman

Kodak Company and Ohio State University have resulted in an approach de-

signed to best meet the contract requirements.

The details of the technical approach follow:
Pursue a literature search to determine what measurements
have been made on the infrared energy of stars and other

celestial objects.

Investigate astronomical magnitude systems in order to
devise an appropriate system of magnitudes for the inter-

mediate and far infrared.

Compute the infrared irradiance of 300° Kelvin sources
at desired ranges to establish magnitude limits for celestial

emitters in the spectral regions under study.

Study the spectral distribution of solar radiation from
the ultraviolet to the radio regions and compare this
distribution with the black body curve for the photo-
spheric temperature. Study the bolometric corrections

required for radiation of all stellar spectral types.

14
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5. Compute the infrared magnitudes for stars of all spectral
classes to the magnitude limits.
a. Determine the infrared color indices for various
spectral types.
f b. Tabulate the major visible objects in the sky and
their apparent infrared magnitudes.
c. Present the distribution of the brightest infrared

objects which are apparent on the celestial sphere.

6. .Outline a program for observations of astronomical sources at
infrared wavelengths in order to verify by direct measure-

ment the theoretical assumptions and computations.

7. Implement the measurement program of infrared stellar

photometry with suitable optical and electronic instrumentation.

 andf [ "1 i i
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Iv. LITERATURE SURVEY

To the present time, the only detectors of infrared radia-
tion vhich have been turned on astronomical sources of radiation to any
extent, are the thermocouple, lead sulfide and golay cell. The brightness
of approximately 7O stars has been measured in the lead sulfide region but,
beyond a wavelength of about 3 microns, the only sources studied have been
the sun, moon, Mars and Venus. In regard to the electromagnetic spectrum
beyond 20 microns, many astronomical sources have been detected by radio
techniques at wavelengths around one meter and longer but, short of one
centimeter, the sun has been the only source studied.

A. INTRODUCTION

Determination of the spectral energy distribution of stellar
objects, including the sun, is greatly complicated by the extensive and
variable opacity of the earth's atmosphere and only limited portions of
the spectrum cen be observed from the surface of the earth. However, the
technology of space exploration is on the verge of providing complete cover-
age of the spectrum by means of satellite observation.

Complete observations of the energy distribution of a star's
spectrum are therefore not yet available. On the other hand, measurements
of the energy distribution in limif.ed regions of the spectrum have been used
for some time to obtain temperatures of stellar sources. Four types of
temperatures are encountered in astrophysical studies. They are:

1. Black-body Temperature - the temperature of a black body

having the same specific emission at some wavelength, } ,
as the star.
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2. Radiation Temperature - the temperature of a black body
having the same specific emission in some wavelength range,
A tonp, as does the star.

3. Effective Temperature - the temperature of a black body
having the same total emission as a star.

L4, Color Temperature - the temperature of a black body having
the same distribution of relative intensity as the star.

Determination of the first three temperatures listed re-
quires knowledge of the absolute energy emitted per unit area of the star.
Since absolute energy measurements are available only for the sun, it is
the only star for which all four temperatures can be determined directly.
The usually observed quantity for the stars is the radiation intensity
vhich contains the effects of the unknown radius and distance of the star
as well as that of the transmission through the earth's atmosphere and of
the selective sensitivity of the detecting apparatus.

It has been known for some time that a single temperature
can not be assigned to the entire solar energy distribution. The black-
body and especially the color temperatures derived from the energy curve
vary with the wavelength of the region in which they are detemmined. From
the measured values of the solar constant, the effective temperature for
the sun is T, - 5713°K. The form of the distribution in the neighborhood
of the maximum energy corresponds to a color temperature of about TO000°K.,
vhile the gradient to the ultraviolet side of the maximum leads to color

temperatures lower than 5000°K.

17
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In cases other than the sun, one is generally confined to
the determination of color temperature from spectrophotometric measurements
of intensity gradients. For distant stars, these results may be greatly
affected by interstellar absorption which always tends to lower the observed
temperature (i.e. to redden the star).

B. INFRARED OBSERVATIONS

The search for available observations beyond 1.0 micron in
the near infrared has led to the conclusion that observers in this field have
become discouraged due to the extreme insensitivity of available detectors.
Most of the information avallable in energy distribution at wavelengths
longer than 1.5 microns comes from non-selective detectors; i.e., thermo-
couples, radiometers, pyrhelimeters, etc.

One of the earliest workers in infrared astronomical measure-
ments was Coblentz (Reference 1) who in 1914 used very sensitive vacuum
thermocouples of his own construction to make an extensive series of thermo-
electric observations of radiation from 125 celestial objects, among them
110 stars, some of vhich were as faint as visual magnitude 6.7. Coblentz
also made very crude spectrophotometric measurements for a number of these
stars by determining the ratio of the total amount recorded with and without
a water cell placed before the thermocouple. The water cell was one centi-
meter thick with quartz windows, and only transmitted radiation shorter

than 1.4 microns. With the cell in place, radiation from 0.3 to l.4 microns

18
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was observed, and without the cell, the upper limit was established by
the infrared response of the thermocouple.

By means of water cell transmission methods, the first of
their kind, Coblentz showed that the total radiation emitted by blue stars
has about twice as high a percentage of visible radiatioﬁ as yellow stars,
and about three times as high a percentage as red stars.

In 1921 Coblentz made further thermal radiation measurements
at Lowell Observatory vhere he investigated the possibility of obtaining the
spectral energy distribution of stars by means of filters, used either
singly or in combination. With these filters it was possible to isolate
the following spectral regions: 0.3 to 0.43 micromns, 0.43 to 0.60‘m1crons,
0.60 to 1.4 microns, 1.4 to 4.1 microns, and 4.1 to 10.0 microns (Refer-
ence 2).

Pettit and Nicholson about this time made observations on 13
stars using a thermocouple attached to the 100 inch Hooker telescope at
Mt. Wilson (Reference 3), They defined the radiometric magnitude of a
star as the magnitude of an A0 star which would give the samc_gélvanoneter
deflection. The heat index was defined as the visual magnitude (m,) minus
the radiometric magnitude (mp). On the basis of these measurements, Pettit
and Nicholson tabulated for the 13 stars the visual and radiometric magni-
tudes, and obtained heat indices (mv - “r) as high as 8 magnitudes for very

late dwarf stars.

19
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Later results published in 1928 provided the magnitudes of
128 stars without a terrestrial atmosphere, their total radiation reaching
the golar system and the computed bolometric magnitude for each star
(Reference 5), Temperatures and diameters computed from the radiometric
results are given for stars of special interest. The heat index shows
distinct branches between stellar classes F5 and AO, the giant stars show-
ing greater values and therefore lower temperatures than the dwarfs. The
plot of the heat index against water cell absorption shows that the red
stars deviate from the black-body conditions.

Again AQO stars were selected for the determination of the
zero points because the photographic and visual magnitudes are equal for
this spectral class. The heat index, like the color index, is therefore
zero for these stars.

In 1928, Abbot made measurements of intensity distribution
in the spectra of some bright stars, (Reference 6). He used a fly's-wing
radiometer attached to the coudé spectrograph of the Mount Wilson 100-inch
telescope. The observations covered the spectral range 0.42 to 2.24 mic-
rons. Little quantitative information came from the investigation but
the curves for different stars behaved much as would be expected ‘from the

Wien Iaw.
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J. 8. Hall compared early type stars directly with a standard
lamp and found some infrared excess occurring beyond the Paschen limit, in-
dicating that hydrogen-continuous absorption, at other than the Balmer limit,
plays a rc'ale in shaping the energy distribution curves of the early type
stars (Reference 8).

Fellgett, in 1951, made lead-sulfide measurements on 50
stars and thereby provided their PbS magnitudes and indices which, in turn,
generally agree with black-body magnitudes computed for similar temperatures
(Reference 28).

In 1952, L. Larmore of the Rand Corporation published a now
unclassified report on the infrared radiation of celestial bodies within
the lead sulfide and bolometer response regions to 13.5 microns (Refer-
ence 31). This work was based on an analysis of black-body emission in
the infrared as a function of temperature and the spectral response of the
receivers. Not considered were the effects of atmospheric absorption which
would introduce a significant change in the computed values of effective
irradiance.

More recently, lLovel and Miczaika have shown the usefulness
of lead sulfide for stellar photometry in the infrared with the effective
radiation including atmospheric absorption (Reference 35). A photometer
system is discussed which employs a two element lead sulfide cell and a
narrow bandwidth RC filter following a pypse-sensitive detector. No pro-

vision has been made for measurements beyond 3.5 microms.

2l
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A system of this type has been introduced at the Harvard
College Observatory and can be used vifh the 6l-inch reflector. As

yet, measurements obtained by this photameter have not been reported.

M. Lunel, in 1960, has reported on lead sulfide

observations of 61 stars (Reference 38). Her results agree quite

[ —y

well with Fellgett and support the belief that the radiation in the

PbS region bears nearly the same relation to the visible region as does

[a——

black-body radiation.
C. SOLAR RADIATION DISTRIBUTION

The most profitable investigations of stellar energy
distributions have been made in the observable spectral regions of the
sun. These readily observable regions of the solar spectrum are the visual,
from about O.4 to 2.5 microns, and the radio region extending from 3 milli-
meters to 10 meters.

The work directed toward obtaining the energy distribution

in the visual region has been summarized by Goldberg and Pierce in 1959
(Reference 37). ‘

An accurate determination of the energy distribution in
the sun's spectrum resulted from the work started by Langley in 1883 at the
Allegheny Observatory and the Smithsonian Institution, Washington, and by‘

Wilsing in 1905 at the Astrophysical Observatory at Potsdam. Wilsing compared
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the sun's radiation to that of a black body in the interval 0.45 to 2.1
microns. 1In the visual region of the spectrum he found that the energy
distribution corresponded to a color temperature of 6300°K.

To carry out langley's program, Abbot, Aldrich and Fowle
obtained bolograms of the solar energy curve from 0.34 to 2.4 microns at
different air masses and,from these,computed the energy distribution of
the incident solar radiation outside the earth's atmosphere. Refinements
of the method of langley as well as advancing techniques of measurement
have led to greatly improved values for the solar energy distribution in
the visual and near infrared region. Johnson (1954) gives values for the
solar energy distribution from 0.2 to 7.0 microns.

In the visual region it is found that absorption lines crowd
the spectrum between 0.4 and 0.5 micron, but beyond the magnesium group
at 0.518 micron they decrease. When 0.60 micron is reached, many intervals
can be found which are relatively free of line absorption,and here the con-
tinuum can be well established even with low dispersion spectrometers. In
the region 0.42 to 0.66 micron a specific attempt was made by Plaskett
(1932) to measure the monochromatic intensity at selected wavelengths chosen
to be as free as possible of Fraunhofer lines (Reference 7). Since his
spectral resolution was high, the true continuum was closely defined. He
finds a color temperature of from 6200° to 7000°K., somewhat more than

the effective temperature, obtained from the total emission, of 5713°K.

a3
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Chalonge and his co-workers approq.ched the problem by
assuming in the two intervals, 0.36 to 0.50 micron and 0.32 to 0.36 micron
which are divided by the Balmer limit, that separate black-body color temper-
atures could be assigned (Reference 22). From their measurements they
obtained a temperature of T130°K for the region to the longer wavelengths
and a temperature of 5900°K for the shorter wavelengths.

Michard re-evaluated some of Pettit's measures (1940) from
the point of view of correcting for the influence of the Fraunhofer lines.
He found a satisfactory agreement with Chalonge having obtained color
temperatures of T270°K and 5550°K.

At Pic du Midi, Labs (1957) made a new series of measurements
of the profile of the contimuous spectrum fram O0.33 to O.7 micron end the
absolute intensity of 0.5263 micron (Reference 34). On either side of the
Balmet limit he finds values for the temperature of T540° and 6225°K. These
results, obtained with a glass to prism double monochromator, rest on the
known energy distribution and calibration of a standard carbon arc, having
a temperature 3949° % 10°K., and on atmospheric extinction measures obtained
independently with interference filters.

For a definitive curve, Minnaert adopts 5780°K. for the
wavelengths shorter than 0.37 micron and 7150°K. at the longer wavelengths

(Reference 32).

2k
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Beyond 2.5 microns, very little work has been done. The
infrared radiation in the interval 0.8 to 3.5 microns has recently been
measured by Jarosevcev (1956) (Reference 33).

Adel (1939) found that observations of the energy distri-
bution profile from 8 to 14 microns, made with a Lampland thermocouple,
could be represented by temperatures from 6000° to T000°K (Reference 13).
However, he recognized that, for these temperatures and wavelengths, the
shape of the curve is quite insensitive to the temperature. The problem
should be attacked by computing the true intensity ratio between the sun
and a standard source at each wavelength. Until this 1s done it seems
likely that the best estimate of the course of the curve can be made from
astrophysical theory. Because of the great absorption of the E~ ion free-
free transistions occurring in the far infrared, only the outermost
boundaries of the sun radiate to space. Boundary temperatures have been
variously disputed as being between 3800° and 4500°K. If we adopt LOOO°K.,
we can then expect, by the Rayleigh-Jeans law, that the absolute intensity
will be 2/3 of the value that we should have extrapolated from shorter vave-
lengths using Ty, = 6000°K.

A remarkable extension of the observation of the photo-
spheric solar spectrum to 2.5 millimeters was accomplished in 1952 by
Sinton (Reference 30). His detecting equipment consisted of a parabolic

searchlight mirror used to focus the energy pessing through a black paper

25




filter onto a Golay infrared detector. The transparency of the 0.9 to 2
millimeter window is far from complete and, as yet, no absolute values of
the spectral energy distribution in this region are available,

The rocket ultraviolet region of the spectrum was first
observed in October, 1956, by Baum et al, from altitudes of 88 kilometers.
The structure of the energy distribution in the ultraviolet region is
determined entirely by the great concentration of the Fraunhofer lines.
Few unaffected regions (or windows) exist. Two windows, 0.2977 micron and
0.2913 micron, appear to be nearly free of absorption when observed with a
resolution of 0.3 Angstroms. A comparison of the computed radiation through
four such windows with the rocket observations is made in the following

table. The effective temperature chosen was 6000°K.

Wavelength J_(Observed) J (Calculated 6000°K.)
0.2977 11.6 9.70
0.2913 10.4 9.0k
0.2758 k.7 T.48
0.2700 5.2 6.91

The J's are given in microwatts/cm®/A.
In view of the higher radiation in the supposedly clear windows, a radiation
temperature of higher than 6000°K might be required.

A spectrogram taken in 1955 from an Aerobee rocket by Johnson
et al. shows the solar spectrum from 0.0977 to 0.1817 micron. On this

spectrogram, the continuum extends to about 0.1550 micron with Fraunhofer
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structure visible to about 0.1680 micron. The energy distribution is very
uneven.

Measuremert of the energy distribution of the solar radio
emission is & recent addition to the astrophysical study of radiation. The
sun is the only individual star to be identified as a radio source. Thus,
all the known stellar radio radiation data comes from the sun.

The behavior of the sun at radio frequencies is in strong
contrast to its behavior in visual radiation. Occasionally the entire
observable radio spectrum is involved in violent noise storms, resulting
in a vast enhancement of the radio emission. At other times, the sun is
quite undisturbed and the radio emission from a so-called " quiet sun" can
be studied. At these times it is found that only the radio radiation of
wavelengths shorter than about 3 centimeters comes mainly from the region
of the solar atmosphere where the optical radiations arise. The radio fre-
quency index of refraction of the solar corona and chromosphere is such
that radio waves of longer wavelength must arise in higher and higher ele-
vations above the surface. VIn fact, the radiation temperature of the disc
center has been measured at various wavelengths from lmm upward. At Lmm
the temperature is about 6000° or 7OO0°K., the temperature of the lower
chromosphere,but, as the wavelength of observation increases, the temper-
ature rises until at meter wavelengths the radiation temperature is of

the order of 106 degrees Kelvin, that of the corona.

27




The general conclusions, then, would seem to be that the
sun does not radiate as a perfect black body, but that, in the region between
0.60 micron and the very short radio wavelengths (<3 cm.), a black body dis-
tribution of radiation temperature, 6000°K., may be closely approximated.
Extension of this conclusion to stars of later spectral type may or may
not be Justified, but it would seem unlikely that there is a drastic de-

parture from the characteristics of the solar case,

28
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V. TARGET AND STELLAR INFRARED IRRADIANCE

In the previous semi-annual report, a number of expressions
vere derived for stellar irradiance and limiting visual magnitude in order
to describe the stellar background in various wavelength intervals. It
should also be noted that the Johnson-Morgan system of photometry was
adopted for the purpose of defining apparent visual magnitudes. By de-
finition, any star of unit-apparent visual magnitude, regardless of spectral

type, will produce the same irradiance, H,;, in the visual band, Mv’

where Hy; = 1.5 x 10°13 vatts/cn® (1)
and the irradiance of a first magnitude star of spectral class 5, in any

wavelength band, A}y, 1s given by

Hﬁ(s)&-%—g% H, (2)

where Fy(S) is the fraction of the irradiance in A), and Fy(8) 1is the
irradiance in A),.

The limiting background stellar irradiance HxL in A)x can
be determined from the desired target to background contrast, and the limit-
ing visual magnitude m, for each spectral class, which will Just yeild

Hy, can be found from my (S) (3)

=1 - 2.5 log,, ExL
10 )

For a given target-sensor configuration, equation (3) can be used to define

the limits of the stellar background.
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For targets that may radiate as black or gray bodies with
Planckian energy distribution, the total irradiance Hy at the aperture of
a detecting system over a free space path is given by

B = w Ap vatts em™2 micron-l (%)
x

vhere W is the total radiant emittance and Ap is the target projected area
at distance D.

In the presence of an atmosphere,

12
By, -Ap) TA%E' Wy ty d) (5)
A1
vhere tl is the spectral transmittance of the atmosphere.
Irradiance values have been computed in a similar study for
a 300°K target of 0.5 emissivity and projected areas of 10 and 2 square
meters as a function of range and wavelength interval. Refer to Figure 1.
The wavelength intervals selected were 8-13 microns, 3.2-4.2 microns, and

1.5-2.5 microns which coincide with major atmospheric windows. It will be

noted that there is a difference of some four hundred times in the =ffective

irradiance over this range of infrared wavelengths.
The standard target conditions for this study follow:
Range - 500 nsutical miles

Skin Temperature 300°Kelvin

Projected Aresa 2 square meters

Emissivity - 0.5

A KA AT
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and the wavelength regions based on selective high sensitivity photoconductive
detectors are:

AN 3-U microns Ao ) 3-5.5 microns

AA 8-13 microns A ) 8-40 microns
The total irradiance (Hy) of the standard target is 1.7 x 10™1Y vatts/cm?
and, where the target to background contrast is taken as 10:1, the limiting

irradiance in each of the four wavebands is

H3_) microns - 0.0013 H, - 2.2x 10718 watts/cma
H3.5.5 microns 0.0023 H, - 3.9x 10717 watts/cm®

' -16 2
H, 5.13.5 microns - 0033 Hy - 5.6 x 10716 vatts/em
H3_140 microns - 0.080 H, - 1l.36x 10°1 vatte/cm?

1f it is tacitly assumed that these irradiances are detectable,

the limiting stellar visual magnitudes can be calculated for each spectral
class from Equation (3). These results are plotted in Figure 2. The desir-
ability of using the longer wavelength bands to minimize stellar background
is immediately apparent. In the region beyond 8 microns, none of the blue
glants or supergiants appears and cool red stars are evident only down to
about 9th magnitude. Furthermore, since the hot blue stars are found pri-
marily in the plane of our galaxy, vhen these stars are filtered out, the
distribution of stars on the celestial sphere becomes more nearly random.
This in itself should simplify the additional discrimination required to

remove the contributions of the remaining stars.
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It cannot be overemphasized that these predictions of the
characteristics of the stellar background at long wavelengths are based upon
a relatively narrow wavelength band centered in the visible. There are no
measurement data in the 8-13 micron region to substantiate these extra-
polations and they must, therefore, be treated as only an estimate of the

stellar background in this wavelength region.
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VI. THE INFRARED STELLAR BACKGROUND AND
A SYSTEM OF INFRARED MAGNITUDES

A. AN INFRARED MAGNITUDE SYSTEM

The apparent magnitude of a star in the 7.5 to 13.5 micron
region is determined from the computation of the color index, assuming
black body radiation, and the apparent visual magnitude of the star. The
color index is defined in a similar manner to the color indicee used in the
conventional magnitude systems of astronomy. We have designated the color

index associated with the 7.5 to 13.5 micron region as ZI, given by:
21 = m -nm

The zero point of the m scale is given by the condition that 2I (A0) = 0.0,

or that the apparent z-magnitude is equal to the apparent visual magnitude
for an AO dwarf star (See Appendix A).

B. DETERMINATION OF THE Z-INDEX

The values of ZI as a function of spectral type, or of
temperature, may be determined easily from the data of limiting visual

magnitudes as a function of temperatures for a given infrared irrsdiance,
limiting or otherwise.

Given two stars of spectral type AO and XY respectively:

mv(AO) - mz(AO) = 0.0 (1)
n(XY) - m(XY) = 2I (2)
Subtracting (1) from (2):
mv(xr) -'mv(A0)+mz(A0) -mz(xr) = 2I (3)
35
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If the two stars have the same irradience in A)z, their
z-magnitudes will be equal:
| m,(A0) = my(XY) ()
80 that for a given irradiance in the 7.5 to 13.5 micron range, or for a
given apparent z-magnitude, the color index ZI can be obtained by equation
5, (obtained by substitution of equation 4 into 3).
m,(XY) - m,(A0) = 2I (5)
From equation 5, it can be stated that the z-index can be determined as
a function of spectral type (XY), by simply substracting from the limit-
ing visual magnitude of the star by spectral type (XY) the limiting visual
magnitude of the star of spectral type (A0) providing the limiting magni-
tudes have been computed for the same limiting irradiance.

C. LIMITING MAGNITUDE

In order to keep the number of stars under investigation
within reasonable bounds it becomes necessary to limit the brightness
of stars to be considered. Various factors affect the choice of magni-
tude limits in this study.

If one is going to consider all stars in the sky brighter

than a certain limiting brightness, the numbers become large quite rapidly.
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The number of stars brighter than a given apparent visual magnitude dis-

tributed all over the sky are listed in Table I.

TABLE I
Visual Number
Magnitude of
Limit Stars
1.0 12
2.0 41
3.0 1
L.o 543
5.0 1620
6.0 4850
7.0 14300
8.0 41000
9.0 117000

It is apparent that to treat the whole sky one must set a
limit which will produce a usable number of stars. As a start it was decided
that magnitude scales be set up for all stars brighter than visual magnitude
+3.0 to see how effective the spectral discrimination would be to this limit-
ing magnitude. The magnitude limit was later extended to apparent visual
magnitude +6.0 to provide information on most of the stars contained by the
(m, < 0.0).

-13.5 microns ‘2
From the nearly 5000 stars thus considered, a list was compiled of the 186

limiting magnitude curve of Figure 2 for AA 7.5

stars brighter than the z- limiting magnitude in the 7.5 to 13.5 micron
region.

This compilation was greatly simplified because many of the
earlier spectral types could be eliminated immediately because their visual

magnitudes are fainter than the limiting visual megnitude for their spectral
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type. Table II lists the magnitude limits for each spectral type and

luminosity class used in this survey.

TABLE II

LIMITING APPARENT VISUAL MAGNITUDE
FOR STARS HAVING m, = 0.0

Spectral Luminosity Class .

Type v VI 111 I-11
0 -0.2
B -0.1
A +0.7 +1.0
F +1.5 +1.7 +1.8 +2.1
G +2.1 +2.6 +3.1 +3.6
K +3.7 +3.9 +4.6 +4.9
M +6.0 +6.0 +6.0 +6.0

D. STELLAR DATA

Spectral types for the stars were taken from the Mount Wilson
Catalogue of Radial Velocities. These are considered to be the most accurate
spectral classifications available for a large number of stars. The Catalogue
lists stars fainter thanm = 6.0 but may not be quite complete to the 6th
magnitude. Thus the list of stars observable in the 7.5 to 13.5 micron re-
gion is probably complete in the range -6.0 < m, < -1.0 but not quite
complete in the range -1.0 <m_ < 0.0. A few stars fainter thanm_ = +6.0
vhich would have ZI > 6.0 magnitudes were not inclgded because of the un-
certainty of the completeness of the Ca.tglogue at fainter magnitudes. These

stars, at any rate, would fall in the range -1.0 < m, < 0,0.
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The spectral Type-Temperature calibration was taken from the
Morgan-Keeman article in "Astrophysics" edited by Hynek. Some interpolation
was necessary but it is felt that this had little ‘effect upon the results.
However, some rather extensive extrapolations became necessary and the re-
sults in these cases may be off by as much as one magnitude.

The color indices are determined as a function of temperature
and then expressed in terms of spectral type. Thése data are tabulated in
Appendix A.

E. DISCUSSION OF THE INFRARED PLOTS

The 186 stars brighter than 1/10 target intensity, to
m, = +6.0, are listed in Appendix B. Included in this table, following a
catalogue number, are the 1950 positions, spectral type, apparent visual
magnitude, z- colior index, apparent z- magnitude, and the star designation,
which consists of the Mount Wilson Radial Velocity Catalogue number and
the Bayer or Variable star designation.

The Plumbide Index (3.0-4.0 microns) and apparent magnitude
are not included in this table. The color indices are not substantially
different from the z- indices and the apparent magnitudes in the 3.0 to
4.0 micron region for the listed stars are thus about the seme as the 2-
magnitudes. The only difference between the two regions is the limiting
magnitude. The 3.0 to 4.0 micron limiting magnitude is about 2.5 magnitudes
fainter than the z- region, which means there would be about 2000 stars to

consider instead of 185.
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1 Figure 3 is a plot of the entire sky showing only stars to
apparent visual magnitude, +3.0. The tendency to concentrate to the plane
of the galaxy is evident. The galactic plane is roughly located in a circle

centered just below the center of the plot.

Figure 4 is a plot of the same stars as Figure 3 which are

also detectable .y means of the z- detector, m = 0.0 or brighter.

PPN §

‘ Figure 5 is a plot of all 186 stars brighter than m = +6.0
and m, = +0.0.

Figure 6 1s a plot of all stars brighter than m, = +6.5 in
the region of the sky 1BLOR < a& < 6B20R, and +60° > 8 > -60°.

Figure 7 is the same region of the sky as Figure 6 with only

those stars brighter than m, = 0.0 plotted.

[ ) [ [ ] )

The first notable feature of these plots is the great de-

crease in numbers of stars when one observes at the long wavelengths. This

+ S el

immediately suggests the power of spectral discrimination when using a de-
tector in the 7.5 to 13.5 micron region at the present limiting magnitudes.

| A second feature is the tendency for the infrared objects to
become a little more randomly distributed, showing less concentration to the
galactic plane. Whether this tendency will continue to fainter limiting

magnitudes is a matter to be answered by observation.
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Figure 6. ALL STARS BRIGNTER THAN APPARENT VISUAL MAGHITUDE
+6.5 IN TNE REGION OF THE SKY BETWEEN RIGHT ASCENSION

1D %0® AND 6P 20, AND DECLINATIONS + 60°
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Figure 7.

ALL STARS IN THE SAME REGION AS SHOWN IN FIGURE 6
BRIGHTER THAN APPARENT Z - MAGNITUDE 0.0
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The distribution of the observable z- stars with mz is

} as follows:
) Magnitude Number
< Interval of
i Am Stars
{ 2
g 6.0 to -5.0 1
i -5.0 to -4.0 5
' -4.0 to -3.0 L
. -3.0 to -2.0 19
| -2.0 to -1.0 39
‘ -1.0 to -0.0 123
Total 185

Thus an increase in sensitivity of a factor of 10 will increase the number
of stars in the list to about 2500. It is not possible to accurately
predict the distribution of these stars as there is no source of accurate
spec¢tral types for stars fainter than m, = +7.0. The Henry Draper Catalogue,
which contains the magnitudes and spectral types of 225,000 stars, is not
detailed sufficiently in the classification of later spectral types (i.e.,

cooler stars) to obtain adeguate temperatures for computing color indices

ot [ ] el [~ Bowss it

in the z- region.

It would seem that, on the basis of the data assembled, a
combination of spectral and position or motion discrimination techniques
might provide a solution to the problem. The numbers of stars involved at
the present sensitivity would no1'; rule out the possibility of programming
the positions and brightnesses of the known stelhr infrared emitters into
! a storage drum, the contents of which could then be compared with-the output

display of an infrared seeker.
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I VII. A PROGRAM FOR INFRARED ASTRONOMICAL PHOTOMETRY

I A. OBSERVING PROGRAM

It is planned to initiate a program of infrared stellar
photometry to provide a description of the space background on a more
sound basis. The projected series of observations of astronomical sources
at infrared wavelengths will consider:

1. The known sources approximately in the order of

their brightness for those sources not already well
meagured .

2. The unknown sources approximately in the order of
their likelihood to be observed.

The astronomical sources are described further as follows:
1. (a) The bright stars which have thus far been the chief
interest in the theoretical work on the stellar back-
ground - for the purpose of testing the simple theory
that the normal stars radiate at longer infrared wave-
lengths, as they would if they were black bodies at

temperatures deduced from their radiations in the visual

region of the spectrum.
5 (b) A small number of peculiar stars whose composite spectra
suggest that the systems have a large infrared component.
(e) The region of the Galactic nucleus - because of their
greater ability to penetrate dust and gas, the longer

infrared wavelengths will allow a deeper survey of the
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(a)

(o)

(e)

(a)

highly obscured innermost regions of our Galaxy than

is possible at shorter wavelengths. On the other hand,
the shorteness of these same wavelengths relative to
radio wavelengths makes them capable of producing a
more detailed picture of the Galactic nucleus.
Protostars, as have been suggested from radio observations
to exist in the younger galactic clusters and stellar
assoclations.

Other well known agglomerations of dust and gas, but
wvhich lack visible stellar components. These might
well be examined for protostars.

A sky survey in the manner of surveys long ago under-
taken at visual wavelengths and, in recent years, at
numerous radio wavelengths - the scope and depth of
such an infrared survey depends, of course, on what
extent a real discrimination can be achieved with some
sort of two-dimensional detector array. In its initial
phase, this survey should concentrate on the area of the
Milky Way.

Extragalactic Systems - in recent work on nearby elliptical
galaxies Kelvin bodies of 1900° temperatures have been

hypothesized to exist alongside the observable constituents
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in order to account for the large reddening observed
in these systems at wavelengths less than one micron.
The extent of the reddening beyond one micron is at
present, however, unknown.

B. INSTRUMENTATION

Initially, a simple infrared photometer using the best avail-
able uncooled detectors will be used with the Ohio State 69-inch Perkins
reflector. This instrument has been designed and constructed and is presently
in use at the observatory. A view of the elements of the optical system is
shown in Figure 8. Three detectors are available for measuring stellar radi-
ation in different infrared wavebands. They are a lead sulfide cell with
a filter for 2.0-2.4 microns, lead selenide with filter for 3.5-4.0 microns
and a thermocouple with filter for 7.5-13.5 microns. These detectors may
be alternately switched into a low-noise variable bandwidth electronic system
followed by a recorder.

Computations have been made based on the noise equivalent
power of the detectors within the wavebands of interest in order to deter-
mine the limiting visual stellar magnitudes for the 69-inch Perkins reflector.
Figure 9 presents this data for a system bandwidth of one cycle/second, a
signal to noise of one, and an assumed optical transmittances of 0.5. .Under
these conditions only several stars will be detectable with the bolometer

detector in the 7.5 to 13.5 micron region. To improve this situation, very
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Figure 9. LINITING STELLAR MAGNITUDES FOR VARIOUS INFRARED
DETECTORS AND THE 69-INCH PERKINS REFLECTOR
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narrow bandwidths on the order of .0l cycle/second will be employed. The
next step in improving the long wavelength photometer performé.nce will be
the substitution of a helium cooled doped germanium detector such as the
Cu:Ge detector noted in the figure. This detector will permit cﬁservation
of about the same number 6f.stars as can be observed in the 3 to 4 micron
region with uncooled lead selenide.

The use of relatively broad band multilayer interference

type filters, paired to appropriate detectors, is considered essential

to this task. These filters are a recent development which have the desirable

characteristics of relatively sharp spectral cuts, good transmission in the'
passband, and a high degree of sideband suppression. They are quite complex
in many instances, requiring as many as eleven or more alternating high and

low-index layers depositec with & high degree of thickness and uniformity.

The spectral transmittance of two of these filters in the 2.0 to 2.4 micron |

and 8.0 to 13.0 micron region are shown in Figures 10 and 11 respectively.

In carrying out a program of infrared photometry as is pro-
posed, it is necessary to know very closely the spectral response (S») of
t.he detector in question, the atmospheric spectral transmittance (TA), the
filter spectral transmittance (t)\ ), and the spectral distribution of black-
body energy (H7A) at a particular temperature. Product curves of these
variables may be plotted as shown in Figures 12, 13, 1k and 15 for 2000°K
and 6000°K black body emitters against lead sulfide and thermocouple

o2
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detectors. For our system of infrared photometry, interest is obviously
centered on the HASATAt)A curves which may be integrated mechanically
to obtain effective irradiance. A family of similar curves has been
plotted for stellar classes B through M and temperatures from 22,500° to
2000°K.

C. POSSIBLE INFRARED EMITTERS THAT ARE NOT NORMAL STARS

Assuming that the blackbody calculations provide the known
stellar objects which are observable in the 8 to 13 micron region, the
question then arises as to the objects which are not typically stellar in
nature, or the unusual objects which cannot be classed as normal stars.

Is there reason to believe that there are objects which might emit sufficient
infrared radiation to provide additional problems in the spectral d.iscrimina-
tion techniques? '

Such obJects will be considered briefly in two categories:

1. Stellar or star-like objects
2. Essentially non-stellar objects; nebulae and/or

collections of stars.

D. STELLAR TYPE OBJECTS

Normal stars as well as the so-called peculiar stars most
likely will not provide any unusual addition to the infrared background
problems.

White dwarfs will not be detectable in the 8 to 13 micron
region.. Sirius B, which is emong the intrinsically brightest white dwarfs

lies at a distance of just over 2.7 parsecs and has an apparent z-magnitude
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of + 7.8. 1In order to be detected at the earth, its apparent z-magnitude
would have to be brighter than m, = 0.0 which would be true only if it vere
at a distance of less than 0.069 parsecs or 0.225 light years. At this dis-
tance Sirius B would have an apparent visual magnitude, m, = +0.5. So
far no white dwarf has been observed brighter than m, = +8.0. This seems
to effectively eliminate white dwarfs from the background problem.

Very large, tenuous, supergiant stars are known in some
eclipsing binary systems. Zeta Aurigae contains a K5 supergiant with a
BS companion. Epsilon Aurigae has been thought for some time to consist of
an F supergiant and a large cool mass of gas at a temperature which has been
estimated to be as low as 1100°K. The question arises as to vhether there may
be even cooler supergiants, which, due to thelr extreme size and therefore
very large surface area,produce a substantial portion of their radiation in
the far infrared and still remain sensibly invisible at the shorter wave-
lengths. A star which seems to be approaching this condition is ( Herculis.
An M5 I star, nearly 1000 astronomical units in diameter, it lies at a
distance of 500 light years. Its apparent visual magnitude is +3.0. 1Its
apparent z-magnitude is -3.8. This gives an absolute z-magnitude of
M, = -9.7. A star of this absolute infrared magnitude would be detectable
at a distance as great as 800 parsecs or 2500 light years. If even a few
such objects exist in a given volume of space ﬁhey would probably add to

the background problem.
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It has been suggested that a number of uniformly distributed
sources of radio radiation may be due to red dwarf stars. An M5 V star,
M, = +10, would have an Mz = +4.0. This means that to be detectable in
the z-region the star must be closer than 1.6 parsecs or about 5 light
years. The space density of red dwards is relatively high. There are
11 red dwarfs among the 22 stars nearer than 4 parsecs. The limit of
about 2 parsecs we have placed upon the distance at which red dwarfs could
be observed in the z-region, seems to eliminate them from the possibility
of causing any additional background problem. The known red dwarfs within
this distance are already on our list.

The existence of protostars or masses of interstellar
material contracting under their own gravitational attraction represents
a vital step in the present theory of stellar evolution. As these bodies
contract,the gravitational energy is utilized in two ways, one-half being
radiated awvay thermally by the contracting mass, the other half going to
heat up the matter in the protostar. The existence of such material is
strongly suggested by some radio observations and a few of these proto-
stars have been observed in the visual wavelengths before they have reached
the main sequence of the Russell Diagram where they begin generating their
own thermonuclear energy. It would be worth while to seek infrared sources
of this sort in a number of the nearby young, open clusters. Recently
F.G. Dyson has proposed a unique type of object which might radiate in the

infrared at the total rate of a typical star. (Science, June 1960).
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E. NON-STELLAR OBJECTS

A strong source of infrared radiation has been recognized
and observed for some time. This i1s the region of the nucleus of the
galaxy. This region is populated by a large number of predominately
cool stars and the cumlative effect is that of a large surface area
source of infrared radiation. Visual radiations are effectively cut off
by dust lying between the sun and the nucleus, but infrared and radio
waves can penetrate much of the obscuring dust.

The gaseous nebulae shine primarily as a result of hydrogen
emission with much of the light being produced in the Balmer Series. How-
ever, some radiation may occur in the infrared series, which would make
it worth while to observe some H II regions with the IR detectors.

Very dense clouds of dust which can be observed optically
only by the fact that they campletely cut off the light coming from behind
them may be a suitable location for the formation of protostars. They
should be investigated to determine the upper limit of their infrared
emission.

Some radio sources show steadily increasing flux density
with decreasing wavelength. If this trend were to continue down through
the microwave region there might possibly be sufficient energy in the infra-

red to be detected.
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There is much interest in the behavior of the spectrum of
extragalactic objects. It is just possible that a few of the nearest

galaxies might be detectable in the 8 to 14 micron region.
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APFENDIX A
BANDPASS CHARACTERISTICS OF MAGNITUDE SCALES

Basically, the definition of stellar magnitude scales goes
back to the seemingly arbitrary division of the visible stars into six
groups by Claudius Ptolemy for the purpose of identification in his
catalog of naked-eye stars, '"The Almagest."

About 1830, John Herschel concluded that a gecmetrical
progression in the apparent brightness of the stars is associated with
the arithmetical progression of their magnitudes. The problem was then
to ascertain the ratio of brightness corresponding to a difference of
one magnitude, which would best represent the magnitudes already assigned
to the naked-eye stars by Ptolemy.

Pogson at Radcliffe in 1856 proposed the adoption of the
ratio 2.512 (whose logarithm is 0.4, a convenient value), differing
only a little from the average ratio derived from his own observations
and those of other astronomers. He adjusted the zero point of this fixed
scale so as to secure as good agreement as possible with the early catalog
at the sixth magnitude. The scale is now generally accepted.

Pogson's rule is a special case of a general psycho-physical
relation established in 1834 by the physiologist Weber, and given a more

precise phrasing by Fechner, in 1859. Fechner's lav states

S = c log R (2)
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where S is the intensity of a sensation
R is the stimulus producing it, and
¢ is a constant of proportionality.

Pogson had evaluated the constant in the corresponding relation:
m-n=¢ log(ln/lm) (2)

vhere lm and ln are the apparent brightnesses of two stars whose magnitudes
are m and n respectively. The constant, ¢, is 2.5, or 1/0.k4, or 1/log 2.512.
Thus if the difference, m-n,is one magnitude, 1og(1n/1m) = 2,512,

In general, the ratio of apparent brightness, ln/lm’ of
two stars whose magnitudes are m and n, (or indeed, the ratio of apparent
brightness of two regions of the same star's energy distribution for which

magnitudes are defined,) can be derived by the formula:
log(ln/lm) = 0.4 (m-n) (3)

Using, for instance, the photographic apparent magnitude and
the visual apparent magnitudes for a given star (which defined the "color
index" of the star by the relation: C.I. = L mv),we get the relation
between the color index and the ratio of the intensities of radiation in

the two spectral regions used to determine the two magnitudes:

log(lv/lps) = 0.4 ( - mv) = 0.4 C.I. (k)

"pg
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A The color index system has been arbitrarily defined to
provide C.I. = mPE -n = 0 for A0 dwarf stears, the effective temperature
T, (from E = cTeh) of which is 11,000°K. Thus, the bandwidth of the
photographic region is adjusted to provide, withanll,000°K energy curve,
the same photographic image as the visual region as defined by a filter-
plate combination to reproduce the luminous response of the human eye.

The procedure in practice, for deteminiﬁg stellar magni-
tudes and colors, consists of measuring magnitude and colors against
established standards, generally on a magnitude-color system,independent
of the fundamental system, yet fully consistent with the fundamental
system since all measurements are made relative to each other. The only
requirement is that some object of known magnitude and color (fundamental
or secondary standard) be observed, along with the unknown stars, so that
the observations may be reduced to the fundamental system. The funda-
mental system used, either the International System or the Johnson-Morgen
system, ultimately defines the color index scale by AO stars.

If a photometric system differs much in bandwidth charac-
teristics from the fundamental system, the observed colors will differ
considerably from the standard stars. This generally results in non-
linear corrections to thé observed colors to produce the colors on the

fundamental system.
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All stellar color systems are based upon magnitude differences

involving in some way apparent visual magnitude. Thus, we should start with
the fundamental definition of stellar magnitudes, to establish any new
magnitude systems. This is the luminous response of the eye, defining
the apparent visual magnitude.

‘Originally magnitudes were of necessity measured visually.
Even then, differences in the color response from one observer to the next
wvere noted. Difficulties were encountered then in placing visual magni-
tudes on a rigorous scale, such as the Pogson scale. The zero point of
any magnitude scale must then be defined as some agreement concerning
the mean magnitude of certain standard stars plus establishing once and
for all the point where the magnitude system is tied down. '

Thus, when the visual magnitude system was set up, other

systems using detectors of different sensitivities could be related to
it through equation 3. Photographic magnitudes were measured on standard
blue sensitive plate while photo-visual magnitudes were measured by
means of suitable plate and filter combinations to approximate the visual
magnitude system. It was agreed that the zero point of the photosra.plii;c
system should be so defined that AO stars of the Henry Draper Catalogue,
with apparent visual magnitudes between +5.5 and +6.5, should have zero

color index. Similarly, it becomes possible to measure ultraviolet, red,
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or infrared magnitudes and relate them to the visual magnitude by means

of a color index which defines the zero point of the new magnitude system.
Relative energy distributions in the new system can.be determined pro-
viding the bvandpass characteristics are known for both the visual magnitude
determinations and the system magnitude determinations as well as the
measure of the energy arriving at the earth from a source measured on one
of the standard magnitude systems.

It is natural that efforts would be made to establish
photoelectric magnitude systems which agree as closely as possible with
the International Photographic and Photo-visual systems. The first attempt
at defining a photoelectric system was made by Stebbins and Whitford
(Ap. J., 112, pg. 471, 1950) using as standards magnitudes of stars in
the north polar sequence (NPS) adopted by the International Astronomical
Union (Trans. I.A.U. 1, 69, 1922). Stebbins and Whitford published
magnitudes of several stars in the NPS, measured with filters intended
to yleld magnitudes agreeing with the International system L and mp.
The resulting photoelectric magnitude system was designated by symbols
P end V.

Cne might have hoped that the P, V system would take its
place as a photometric standard éﬁitable for all future work. However,
it was pointed out soon after by Johnson (Ap. J., 116, 272, 1942) that,

though V magnitudes were entirely satisfactory, rather marked deviations
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result when blue magnitudes are measured using filters passing more (or
less) of the ultraviolet radiation. In particular, Johnson pointed out
that a filter should be used which does not transmit short of ) 3800,
due to the fact that the Balmer continuum (starting at A36h6) causes a
rather strong deviation in the measured magnitudes. Absolute magnitude
for intrinsic brightness effects play an equally important role in in-

troducing discrepancies into the observations. It therefore became

1
l
|
1
l desirable to redefine a "blue" magnitude, using a filter with a cutoff
about A3800. '?E‘he cutoff of the filter used in the P system lies at
| A 3550.
This leads to the establishment of the Johnson-Morgan
l system (UBV) which is defined in a similar way, but uses stars over the
] entire sky. Equal energy curves of the photometer response for the UBV
- system are found in Ap. J., 114, 523, 1951. The system of magnitudes is
l' defined in Ap. J., 117, 313, 1953. The essential definition states that
for the average of six selected AOV stars: B-V = U-V = 0.

It is clear that some compromises must be made to obtain
working magnitude systems. If one insists upon refining and revising
his magnitude systems, he finds that he is becoming intimately concerned
with intensity distributions as functions of wavelength for different
kinds of stars. At same point, the law ;:f diminishing returns must set in

and it is better to discard the magnitude systems and take up spectro-
photometry.
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In order to establish the energy related to a given magnitude

system, it is necessary to determine the energy arriving at the earth from

[oS—
¢

a known object included in the magnitude system. The International Photo-
Visual megnitude of the sun has been determined very accurately by Stebbins

and Kron (Ap. J., 126, 373, 1957) to be -26.75 % 0.03, and they have ob-

L o ]

tained the color index of +0.53. The distribution of radiation from the
spectrum of the sun has been obtained by Moon and Hulbert and is tabulated
in the Smithsonian Physical Tables. By determining the bandpass of the
photometric system and directly substituting the energy falling within the
magnitude band, it is possible to calibrate all photometric systems on the
basis of energy sensitivity.

Taking the apparent visual magnitude of the sun as -26.73

(Reference 2)*and the visual irradiance of the sun calculated in Table I, (page 73)

e B e R

ve can determine the visual irradiance for a star of given visual megnitude

from the equation:

[y

B
log —L.Sun O.h(mv+26.73)
> My

Thus & star vhose m_ = 1.0 has a visual irradiance, taking H =
v v, sun

1.73 x 10°2 vatts/cn®,
log nv, = log Hv, sun " O.h(mv + 26.73)

m
v

+ ~2.722 - 0.4(27.73)
13.817

-13 2
Hv,lo 1.524% x 107 watts/cm

# See List of References, page 76.
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A star of any other apparent visual magnitude will aiffer
in the visual irradiance from this value by a factor 2.512 for every whole
magnitude brighter or fainter than m = 1.0. A star vhose m = +6.0 will

have a visual irradiance:
- -15 2
Hv,6.0 1.524 x 1077 watts/cm

The apparent magnitude of an object in any other spectral
band may be determined in much the same way magnitudes of different stars
in the same spectral region are obtained. The zero point of such magnitude
systems may be chosen in a number of ways. Two methods of assigning such
a zero point which have application in this problem are:

1. Assign a zero point on the basis of the irradiance

in the two spectral regions so that, for instance,a
star will have an apparent magnitude of 1.0 in any
spectral band providing there is an irradiance in
that band of 1.524 x 10713 watts/cm2.

2. Choose a standard temperature star and assign for
that star a color index, or difference between the
visual magnitude and the other kind of magnitude,
of zero.

The second method is that used in astronomy because of the variation in
spectral bandpass characteristics fram one magnitude system to another.
Also, in astronomy the objects studied most often photometrically do not
deviate very far from having similar irradiances in the visual region
and the photographic region so that color indices do not fluctuate wildly

as the temperature changes over a very wide range. In most stellar objects
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observed in the 8 to 14 micron range the relative irradiance (HZ/IV)
will vary over three orders of megnitude. If the infrared megnitudes are
calibrated with a zero point having the same irradiance as the visual
magnitude, the spectral type of the star having such a condition will
be just hotter than 2000°. In the tables that follow it was decided
to maintain the astronomical definition of magnitude zero points and
assign to the infrared magnitudes a zero point equal to the irradiance
of an AO V star, Te = 11,000°K.

The color indices for the 7.5 to 13.5 micron region are
given as a function of spectral type in Table II, based upon the assump-

tion that the stars radiate in all regions as blackbodies.
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TABLE I

CALIBRATION OF VISUAL MAGNITUDE

IN ENERGY UNITS

n R E E'
(microns) (cal/cm2/min)  (watt/cm2/n)

b5 .000 .0312 .220
185 .057 .0311 .203
kg5 .248 .0306 .20k4
505 54T .0299 .197
.515 .819 .0290 .189
.525 .965 .0283 .192
.535 972 .0279 197
.5k45 .9ko L0277 .198
.555 .865 027k .192
. 565 . 766 L0271 .189
.575 .663 .0268 .187
.585 .561 . 0264 .185
.595 57 . 0260 .183
.605 . 364 .0255 179
.615 27k .0251 176
.625 .224 .0245 172
.635 .154 .0240 .168
.64s .08L .023h .164
.655 .0ls5 .0229 .160
.665 .038 .0224 .157
.676 .031 .0219 .153
.685 . 02k .0213 .150
.695 .017 .208 .146
. 705 .011 .0203 .1k2
.715 . 000 .0200 .139

* 0,2k98 cal/cma/min = 1.7h x 10° ergs/cme/sec.

#* 1,726k vatt/em>/u = 1.726 x 10° ergs/cm?/sec.

[ MR-

Johnson-Morgen (Ref. 1)
Moon, (Ref. 3) Hulbert (Ref. 4)
Johnson, F. (Ref. 5)

73

RE

. 00000
. 00177
.00758
.01635
- 02375
. 02828
.02711
. 02606
.02371
.02078
.01776
.01482
.01188
.00928

.00688"

. 00549
.00370
.00196
.00133
. 00085
.00068
.00051
. 00035
.00022

. 00000
£RE = ,249B0* TRE = 1.720L**

RE'

.000

.0115
.0501
.1077
L1547
.185k
.1915
.1860
.1661
L1448
.1239
.1038
.0836
.0652
00“8&
.0385

- 0259

.0137
.0072
. 0060
. 0047
.0036
. 0225
.0016
. 0000
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25000
22500
20300

15600
12800
11800
11000
10300
9700
9100
8700
8100
T600

6600
6390
6150
6000
5730
5520
5320
5120

4760
4610
4400
3600

3200

TABLE II

6540
6210
5890
5750
5350
5080
4870
4650
Lu4s0
4280

2980
2850
2710
2600

III

6470
6020
5620
5300

4650

LLLo
4200

3810

3550
3340

3090

II

63k0
5910

5150
k770
70
k220
4010
3850
3700
3540
3430

3270
3150
3070

Hynek "Astrophysics" - Morgan-Keenan article.
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TABLE III

Spectral

Type v v III II ¢
0-B0 -0.20
BO -0.20
;2] -0.20
B3 «0.20
B5 -0.20
B8 -0.12
. 2] -0.08
A0 0.00
Al +0.10
A2 +0.21
A3 +0.35
A5 +0.45
AT +0.62 -
FO +0.80 (+0.90)
F2 +1.00 (+1.10)
Fh (+1.10) (+1.30)
FS +1.20 +1.23 +1.28 +1.34 +1. kb2
6 +1.31 +1.40 +1.50 +1,61 +1.68
F8 +1.45 +1.62 +1.80 +1.9% +2.09
GO +1.56 +1,7h +2.09 +2.24 +2.35
G2 +1.75 +2.03 +2.39 +2.62 +2.83
G5 +1.88 +2.28 +2.7h +3.00 +3.28
G8 +2.04 +2.51 +3.03 +3.32 +3.66
KO +2.22 +2.75 +3. 40 +3.61 +3.92
K +2.45 +3.00 +3.65 +3.89 +4.12
K2 +2.62 +3.26 +3.94 +4,12 +4,28
K3 +2.80 (+3.50) +4,48 +4,.32 +4.52
X5 +3.10 (+3.75) +h4, 34 +4.50 +4, T4
X6 +3.65
MO +4.26 +4.71 +4.85 +4.96
M +4.60 +5.00 +5.12 +5.20
M2 +5.00 +5.20 +5.25 +5.34 .
M3 (+5.40) (+5.45) +5.50 :
M4 (+5.65) +5.78
M5 24-5.90) §+6.oo) +6.15 +6.50
M6 +6.20) +6.32) +6.48 (+6.60) +6.80
M7 (+6.40) §+6.80 :
M8 (+6.60) +7.10

15
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APPERDIX B

COMPARTISON OF COLOR INDEX FOR 3.0-4.0 MICRON REGION
WITH THAT FOR 7.5-13.5 MICRON REGION

It can be noted from the plots of limiting apparent mag-
nitude in Figure 16 that the similarity between the color indices of
stars in the two wavelengths regions,3.0-4,0 microns and 7.5-13.5 micr_ons
wvas quite striking. In ordinary stellar photometry the color measure-
ments, made in closely neighboring regions of the spectrum, tend to
differ fram each other rather markedly. It was rather surprising ‘o
find that two color systems having spectral "lever arms" differing by
a factor of 3 should have 80 nearly the same indices.

The values of the two system indices are camputed as
accurately as possible using the Teddington Slide Rule in the range
2,000° to 12,000°, the results being plotted in Figure 16. The reason
for the_ similarity between the two systems lies in the fact that in
the tax;perature range chosen the two spectral regions lie well to the
longward of the peak of the Planck curve and therefore vary in much the
same proportion as the temperature changes. Since the colors are ex- |
pressed in magnitudes and arbitrarily adjusted to a common zero point,
the relative changes due to temperature alone tend to produce similar
color indices. The values of color index for these two spectral regions
will begin to deviate from each other when the temperature drops below

about 1500°K.
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Figure 16. COMPARISON OF INFRARED COLOR INDEXES
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APPENDIX C

List of Stars Brighter than
Apparent Visual Magnitude +6.0

and Apparent z-Magnitude 0.0
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1950 Sp. T. Ry z.1. ny Star Designation

o *3.0  =1,0 L704 8 CMa
L 6.2 2.8 L1682 VB Pyp
8 5.5 <0.7  Blk
7 34 <Ok bB2S  Wwhup
7 5.8 -ll  L906  vECem
1 55 “0.li 505
o5 +L,0 05 5099 & Q4
i +3.0 -l 5186 §-Om
b
b
1
3

60 27 M3 . 5.5 0., 5339
-32 32 ML S. . <0, 4
-39 28 Mo ke L7 =0.3  SL3k
«59 21 v 1. *2.2 0,5 S5lb «Car
=77 19 ks Le 4.3 0.0 5555 ?Cha
=43 14 | 2.2 ub «2,ly 5989 A Vel
+31 10 M6 111 S.5 6.5 -1,0 6007 @s,Onc
=LY 03 n 5.0 S.2 0,2 6055
~57 20 ] L2 Le3 -0,1 6058
-08 26 X5 111 2.2 b3 2.1 6136 alin
=35 L Leb L7 0,1 6150 ¢ Ant
=62 34 ¥ 111 6.6 6,2 -0,6 6189 R Car
+34 15 M8 1II 6.0 7ol -1l 6269 RLML
+57 22 M1 Sk 5.5 -0.1 6273
+11 10 M8 III bebs 7.1 2,7 6288 R leo
+26 15 K3 III L L.2 0,1 6325 # Leo
+20 06 K I 2.6 3.6 -1,0 7 Leo
-72 58 Ml L.9 5.0 0,1 6601
'27 H2 III 501 502 -o.l “29
<58 5% Ml L.8 5.0 0,2 6642

LeS $.0 0,5 6683
«15 56 K3 111 3.3 L2 0,9 6726 » Hya
+06 27 w111 6.0 6.2 0,2 6172
-02 13 M In 5.0 5.0 0.0 6812
+62 01 67 111 2,0 +2,9 «0,9 “19 a U
*Lly b6 Q111 3.6 3.6 0.4 6861 L Y
*23 22 M2 I1I L9 5.2 0.3 6901
+33 22 X3 I11 3.7 L.2 -0,5 692l v s
=30 L9 M2 5.2 5.2 0,0 7027
+08 26 M6 III 5.5 6.5 -1,0 7072
222 X3 111 3.2 L2 -1,0 7289 e v
47 1 M6 IV ko2 +6.3 2,1 7353 s
-18 59 »s III 5.9 6.2 0.3 7389 R Crv
+69 29 M; 111 5.2 5.8 0,6 7523
+47 28 M1 6.0 T3 1.3 1724
+22 53 M Iv 5.9 6.0 0,1 780
-‘, 01 m III 3.5 6o° '303 8001 R lvl
«06 00 n I L8 S5 -0,7  802¢C
0¢ 56 M7 II@ 6.0 6.8 0,8 8027 S Vir
+51 56 M2 111 L.8 842 <0, 8093
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1950

13 k6
13 L7
13 50

1 o,
14 08
13
1L 30
1 36
1L L3

u s
15 19
15 2l
15 3L
15 35
15 L2
15 53

1% 16
16 26

=3 12
+16 03
3 11
=26 27
=36 o7
=16 0Ol
+19 27
+30 35
=60 38
*27 17

+TL 22
+31 33
+59 08
-27 58
L2 24
*06 35
+13 17
+26 O4
=53 1L
+59 53

=2¢ 19
+41 59
=35 09
-68 56
=34 12
+15 01
=42 17
-5 01
-30 30
-53 05

+14 10
+1, 27
+36 52
+0L 35

+37 15
+51 30
+31 23
-29 51
61 31

+49 06
=25 27

+08 47
-3 1)
+36 50
=21 10
=27 U5
+08 09
+10 29

TABIE I
n, zZ.1.
Imh 6.3
L3 Le?
5.0 5.2
3.5 Le2
2.3 3.2
5.1 5.5
0.2 *3.4
3.8 L2
0.1 +1.8
2.7 3k
2.2 Lol
S.8 6,8
3.5 Le2
3.8 b.3
L) L7
2.8 b
5.5 5.5
2,0 5.5
Sk 5.5
5.6 5.8
1.2 4542
5.0 6.5
b3 Le?
1.9 *4.3
2.4 3.2
5.9 6.2
3.8 hed
6.0 6.5
5.0 6.5
5.2 5.0
Sel 5.5
3.5 6,5
3.“ ‘l. 3
2,9 3.6
hc9 5.0
4.0 bl
2.4 L3
5.0 5.5
2.8 3.9
Le2 5.0
5.1 502
209 3.6
hed 4.3
5e9 6.5
5ok 5.8
k.S S.8
346 0,0
3.4 3.6
S.1 6.8
2.8 L3
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Star Designation

8152
8159
818),
8270
8272
8300
8311
8175
8517
8567

86l
889c
8925
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19 49
19 53
19 56
19 58
19 58

20 12 -

20 14
20 43

20 L6

20 51
21 09
21 09
21 13
21 24
21 28
21 34
21 42
21 L2
22 02

22 03
22 06
22 09
22 U
2215
22 27
22
22
22 1o
23 @

23 08
23 1

2331
23 52
23 56

+32 47
=29 20
+19 21
-59 31
+17 23
+146 53
+47 3k
+17 54
+33 47
=lb 25

58 39
=70 20
+68 17
-15 23
69 43
+23 25
+15 09
+09 39
+58 33
+62 53
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=L 00
=62 1
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+51 07
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=L.5
=0.7
-1.0
“l.b
=0.2
=0.1
=0.5
=1,2
~0,8
=0.1

=0,2
=0,1
~1.3

o.o
=10
=0,2
-0,8
=0.9
-1.7
4.7

Star Designation

12201
12265
12320
12337
123l
12595
12638
13009

X yg
RR Sge
? Sgr

L4 ;n
Jel

Cyg
Ind

“Gaw

® Ind
y B
T Cep
SX Pav
W Cyg
€ Tog
Plep

ACru

JP Cep

a Tue
9 Tue
# Gru

X Aqr

R Cass
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TABLE II

Porn——"

list of the 26 Brightest Stars in
the 7.5 to 13.5 Micron Region

} Mr. Wilson Spectrel
Cat. Number Type ny ny Remarie
1 3679 M1 5.2 0.1 Betelgeuse (max, m,)
2 12201 M7 111 <Ls5 2.3 X Cygni
3 1301 M6 11X -5 2.0 0 Ceti (Mire)
N 7528 My III -le2 1.6 Y Crucius
. s 9479 Mm1I -4.0 1,2 Antares
] 6 14,260 ) 40 2.2 £ Oruis
7 9203 M3 3.5 2.0 T Corona Borealis
8 8006 M7 111 <3.3 3.5 R Hydrea
9 2689 X5 III -3,3 Ll Aldsbaran
}I 10 83l I -3.2 0.2 Arcturus
i 1 9Ll K1 =3.0 3.5 & Herculus
12 L782 " «2.8 3.4 12 Puppis
1 6288 M8 III “2.7 ek R Lleonis
1 1 1168 M2 III 2.6 2.6 5 Pegasi
15 9640 1 2.5 1.9 « Trianguli Austrelis
. 16 5989 KL 1 2.4 2.2 7 Velorum
17 3910 M3 111 2.4 3.1 # Geminorum
. 18 1688 M2 II1 2.4 2.8 & Cetd
19 666 MO 111 =2.3 2.4 £ Andromedae
20 6136 X5 111 2,2 2.2 & Hydreae
21 8646 X5 111 -2.1 2.2 8 Ursa Minorius
- 22 7353 M6 IV 2.1 L.2 € Muscae
23 3121 61 II1 -2,0 0,2 Capella
b § 2L 14996 M7 111 2.0 LS8 R Cassiopeiss
25 10394 X5 111 1.9 2.4 7 Draconia
26 133 M8 111 1.9 5.2 U Orionia
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A number of stars observ-d in 1928 by Pettit and Nicholson appear
on our list. Some of them are compared in Table III. It appears that
Pettit and Nicholson were unable to observe as much energy with their
thermocouple as is indicated by the black body calculations. This could
be due to a lack of sensitivity in the long wavelsngth window or an
actual decrease in infrared emission by the stars.

TABLE 111

Comparison of Pettit and Nicholson Observed
Heat Indices and Computed Z.I,

" MK LI H.1. com:du
QTau K5 111 3120 +1.66 +had
7 Ura KS I 3160 +1.18 +hels
b ind M I11 3000 +1.92 *be?
@ Sco I 2660 *2.54 +5.2
@ ori M2 1 2610 +2.59 +5.3
Y Gen M3 III 2100 +2.,6 *+5.5

P Per ML III 2550 +3.0 *5.8

36 leo M5 111 24,00 +L,18 +640
o Cet M6 11X 2510 +3.8 +6,2

X Oph N6 IIX 2260 45,0 +6,2
R Can M 111 2l50 +ha? +6,8
R Leo M8 111 2260 +5.8 +7.1
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