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ABSTRACT

Infrared radiation from the nucleus of the galaxy has been
detected at effective wavelengths of 1. 65, 2.2, 3.4 and 4.8 y with
angular resolutions from 0, 04 to 1. 8 arc min, Observations have been
made over an area of 1 square degree surrounding the dynamical center
of the Galaxy.

The reduced data consist of contour maps of the 2, 2 u bright-
ness distribution of the galactic center region for resolutions of 1, 8,
0. 8, and 0. 25 arc min, and of tabulations of the 1, 65, 2.2, 3.4, and
4. 8 1 flux densities and surface brightnesses at various areas in-the
galactic center region,

From the brightness distribution maps it is found that the
structure consists of: (1) a dominant source 5 arc min in diameter,

(2) a point-like source centered on the dominant source, (3) an extended
background approximately 1 degree in diameter, (4) additional discrete
extended sources which are fainter than the dominant source.

A comparison of the infrared and radio observations shows
that the doxhinant infrared source andlthe radio source Sagittarius A
have the same coordinates and similar sizes,

An analysis of the observed infrared radiation predicts about
25 magnitudes of visual absorption between the Sun and the galactic cen-
ter if the source of infrared radiation is stellar. A comparison is also
made between the infrared radiation from the galactic center and that
from the nucleus of M 31 which shows agreement in both the apparent

structure and infrared luminosity of the two nuclei,
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INTRODUCTION

In the 40 years which have elapsed since Hubble discovered
that spiral nebulae are extragalactic in nature and that they probably
are similar to the Milky Way, many observations have been n%ade which
have increased our knowledge of galactic structure. These observations
show that spiral nebulae and the Galaxy can be divided into three parts:
a) a flat disk, 5 - 20 kpc in diameter and about 1 kpc thick, which shows
much spiral structure and contains young bright stars, gas,and dust;-

b) a faint spherical halo surrounding the disk which contains very old
stars; and c) a bright spherical nuclear bulge a few kiloparsecs in diam- -
eter at the center of the disk, The observations presented in this paper
are concerned with the very central region of the galactic nuclear bulge;
specifically the results of the first obsérvations of the central 200 pc of
the Galaxy at wavelengths near the visual region are given.

Some general properties of the nuclear bulge of spiral galaxies
have been determined from observations of extragalactic nebulae. These
observations show a large range in the linear size and luminosity of the
nuclear region. The surface brightness and mass density is generally
much higher in the nuclear bulge than in the disk (31). The luminosity
appears to originate from late population I like stars; the spectral energy
distribution and the absorption line features are similar to G, K and M
stars (32). From observations of the nearby spiral galaxy M 31 it has
been shown that the surface brightness and méss density increase

rapidly as the distance to the center of the nucleus decreases, At the



very center there is a bright star~like region with a diameter less than
10 pc (8,9). Rotational velocity studies of this 10 pc region (10) in

M 31 show a mass density 104 times larger than the density in the solar
neighborhood.

In the Galaxy the dynamical center lies 10 kpc from the Sun
in the direction of the constellation Sagittarius (1, 2). Most of the de-
tails about the galactic center have been obtained through observations
at radio wavelengths; however, some limited observations at optical
wavelengths have been made.

Because of the obscuration by interstellar dust, visual and
near infrared observations in the past have been limited to regions at
the edge of the nmuclear bulge, Several observations (4,5, 6, 7) have been
made of regions about 1l kpc from the dynamical center, The results of
these observations show that the bulge of the Galaxy has a population
similar to nuclei of external galaxies., . The bulge appears to be smaller
and fainter than the nuclear region of M 31,

Radio observations of the galactic center can be discussed in
two parts, 1) 21 cm hydrogen line studies of the motions of gas, and
2) continuum studies of sources present in the nucleus, A summary of
the 21 cm observations is given by Rougoor and Oort (25), These ob-
servations have shown that within a 200 pc diameter sphere a mass of
109 MO exists, The observations also have been used to determine
the dynamical center of the Galaxy to an accuracy of 5 arc min (1).
Continuum studies of the galactic center region have recently been
summarized by Downes and Maxwell (3). The continuum radio radiation

from the central region of the galactic nucleus (~ 200 pc diameter) can



be divided into three parts: a) a strong non-thermal source Sagittarius
A 10 pc in diameter, b) several thermal sources (H II regions) fainter
than Sagittarius A, and c) an extended background one degree (180 pc)
in diameter. The 10 pc source Sagittarius A is coincident with the
dynamical center of the Galaxy.,

In summary we see that the very central regions of some
external spiral nebulae have a small bright optical core about 10 pc in
size. In the Galaxy, radio observations indicate the presence of a
10 pc non-~thermal source at the galactic center. It is clear that to have
a better understanding of the nature of the center of the Galaxy as well
as galactic nuclei in general, it is important to have direct observations
of the galactic center at visual wavelengths. However, as stated above
these observations are impossible because of the large amount of ab-~
sorption by interstellar dust. On the other hand, it is well-known that
the amount of obscuration decreases at infrared wavelengths, Because
of this apparent transparency in the infrared, several attempts have
been made to observe a small nucleus in the Galaxy. The results of
three of these observations have been published,

In 1945, Stebbins and Whitford (4), using a photocell at an
effective wavelength of 1,03 ,, scanned across the galactic equator in
a region thought to be close to the galactic center. With an 8. 6 arc min
diameter aperture they scanned an area of approximately 50 square
degrees centered on the 1950 coordinate RA = 17h 35" Dec = -29.5°,
Although they scanned across the position of the dynamical center they

detected no radiation from a possible source in that direction, They
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did detect infrared radiation 2 to 3 degrees west of the dynamical center
which indicated the presence of the nuclear bulge discussed above.

In the early 1950's Baade (8) attempted to find a 10 pc nu-
cleus in the Galaxy. Using the most sensitive infrared plates known,
he photographed the region around the radio source Sagittarius A, but
was unable to detect any extended source of radiation,

In 1960 Moroz (11) made scans across the galactic equator in
the vicinity of Sagittarius A at an effective wavelength of 1.7 ;. Using
a PbS detector and a 1. 7 arc min aperture he made six right ascension
scans, 20 arc min long, in a region centered on the 1950 position
RA = 17" 42, 5™ Dec = - 28° 56'. With a limiting 1. 7 ;, magnitude of
about 6. 5 he was unable to detect any radiation, and therefore concluded
that one or more of the following statements must be correct:

a) The galactic nucleus is a factor of 10 fainter than the 10

pc core in M 31,

b) Almost 30 magnitudes of photographic absorption is present

between the Sun and the galactic center,

c) The standard interstellar absorption law of Whitford (12)

is incorréct.

d) The galactic center lies outside the region scanned.

During the summer of 1966, after discussing the problem with
a fellow graduate student, E. Hughes, it was decided that an attempt
should be made to observe the galactic nucleus with our infrared photo-
meter.. The two main reasons for making this decision were: a) the
photometer was optimized to detect radiation in the 2, 0 to 2.4 y region,

while according to Whitfords (12) absorption law and the wavelength



sensitivity of infrared detectors, 2 to 3 |, was the best wavelength region
to make the observations, and b) the photometer had a maximum field
of view of 1. 8 arc min (5 pc at the galactic center) when mounted on

the 24-inch telescope, which was approximately the same size as the
central nucleus in M 31 and Sagittarius A,

In August 1966, with the help of a student, Andrew McKay,
the region around Ségittarius A was scanned on the 24~-inch telescope.
With a limiting 2. 2 , magnitude of about 5, infrared radiation was dis-
covered with a signal to noise ratio of about 10:1. Subsequent to this
discovery, a region 30 arc min in diameter (100 pc) was mapped at
2,2 |, on the 24-inch, Mapping was also done on the‘ 60~ and 200-inch
telescopes with finer resolutions, Further photometric measurements
were made at the wavelengths around 1, 65, 3.4, and 4. 8 |, although

the 4, 8 4 measurements were made in a very limited region and were

of a poor quality,



II, INSTRUMENTATION

A, Photometer

The observations were made using an infrared photometer
mounted on optical telescopes, The photometer, shown schematically
in Fig, 1, has a mirrored 5 Hz chopper which alternatively admits
radiation from the field to be measured and from an out of focus refer-
ence field 5 cm away. A reference field in the sky is normally used to
cancel fluctuations in the background emission from the telescope and
atmosphere, but under special conditions a constant temperature black
body reference can be substituted. To view the signal field visually, a
45° mirror is inserted across the beam, diverting the radiation to an
eye piece,

Three different detector systems can be mounted on the pho-
tometer at one time. Two of the systems are mounted on a movable
slide on the top of the photometer (PbS detector in Fig., 1). The slide
is keyed so that either one of the two systems can be placed in the focal
plane of the telescope for making a measurement. The third system is
placed on the back of the photometer {photomultiplier in Fig, 1) and
makes simultaneous measurements with one of the systems mounted on
the photometer slide, The field of view of the various detector systems
is determined by circular apertures placed in the focal plane of the
telescope. Interference filters, which define various wavelength regions,

are placed on the filter wheel in front of the detection systems.



Figure 1

The infrared photometer is shown schematically. Both the
signal and reference beams are f/16; the displacement
between the beams is 5 cm, The "flip~-in" mirror may be

inserted to view a black body reference instead of the sky.
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B. Detector Systems

Four_ infrared detection systems are used with the photometer;
a summary of each is given in Table 1. The two PbS systems (1.4 -
2.6 u, 3.1 - 3,8 yu) and the PbSe system (4.5 - 5.5 ) are cooled to
liquid nitrogen temperature, while the photomultiplier is cooled by dry
ice., Since the noise of the PbS or PbSe system is proportional to the
square root of the detector area, a very small detector (1/2 or 1/4 mm
square) is used. To obtain a large flat field of view, the detector is
placed behind an 8 or 4 mm field lens. Unwanted room temperature
radiation, which lowers the sensitivity of the detector, is kept at a
minimum by making the acceptance angle of the focused field lens the
same as the f ratio of the telescopes (f/16) and by placing a cooled
interference filter in front of the detector, Separate PbS systems are
used at 2 and 3 | because background radiation at wavelengths longer
than 3 y reduces the sensitivity of the 2 y system by as much as a
factor of 3.

The wavelength response of each system has been determined
from the response curve of the detector supplied by the manufacturer
and the transmission properties of the interference filter as measured
on either a Cary 14 or a Beckman spectrophotometer, (Fig. 2 shows
the transmission curve of the 2,0 to 2. 4 y filter.) According to data
supplied by the filter manufacturers, the cooling of the interference
filters causes a shift in the wavelength properties AA/\ of less than 2%.
The response characteristics of the five wavelength bands employed are
shown in Table 2; the effects of atmospheric absorption normally ex-

pected while observing have been included, although the filters were
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TABLE 1

INFRARED DETECTOR SYSTEMS

Cooling | Field Lens Cooled |System
System Detector Temp. | Diam. | f Ratio Filter |f Ratio
(°K) (mm) (1)
1 1/2 x 1/2 mm PbS 77 8 1 1.4-2.6 16
2 1/4 x 1/4 mm PbS 77 4 1 3.1-3.8 16
3 1/2 x 1/2 mm PbSe 77 8 1 4.6-5,4 16
4 4Xx4 mmS-1 194 10 4 None 10

photomultiplier
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Figure 2

The measured transmission properties of the 2,0 to 2,4 u filter
are shown, The vertical scale gives the fraction of the energy
transmitted at each wavelength in arbitrary units. The hori-

zontal scale is in microns., The curve was obtained on a Cary 14

spectrophotometer which has a resolution of 30 Latz 2 Mo
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TABLE 2

PHOTOME TRIC RESPONSE CURVES

A =0.85p Ay = 1. 65 p Ny = 2.2 Ay =344 A, =480
A R, A R, A R, AR, A \
.70 .00 1.4 .00 1.90 .00 2,9 .00 4,5 .00
.75 .40 1,45 .11 1.95 .02 3,0 .05 4.6 .70
.80 1.00 1.50 .29 | 2,00 .17 3.1 .45 4,7 1.00
.8 .87 1.55 .53 2,05 .67 3.2 1.00 4,8 .90
.90 .60 1.60 .65 2,10 .89 3.3 .87 4.9 .65
.95 .40 1.65 .85 2,15 .91 3.4 .95 5.0 .60

1,oo .25 1.70 1.00 2,20 .91 3.5 1.00 5,1 .45

1,05 .15 1.75 1,00 2,25 1.00 3.6 .66 5.2 .25

1.10 .05 1.80 .06 2,30 .91 3.7 .66 5.3 .10

1.15  ,00 1.85 ,00 2,35 .78 | 3.8 .45 5.4 .02

2,40 .33 3.9 .22 5.5 .00
2,45 .09 4.0 .03
2,50 .00 4,1 .00
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chosen to minimize atmospheric attenuation (see Appendix A). All of
the systems were checked on a Leiss Monochromator whose relative
response and wavelength calibration were determined from an uncali-
brated thermocouple and known atomic emission lines respectively, If
the assumption is made that the energy response of the thermocouple is
independent of wavelength, then the monochromator measurements
agree with the data _in Table 2 to within 20%. In addition, the mono-
chromator measurements indicate that there is no significant energy
response outside the wavelength regions of interest, For example,
outside the wavelength band of each system the energy response, aver-
aged over the resolution element of the monochromator (~ 0.1 y), is
always less than 0. 1% of the energy response at the center of the band-
pass.

The profile response of each system was checked on the
telescope by scanning a star across the diameter of the lens; Fig. 3
shows a typical 2.2 |, scan across ¢ Cyg taken on the 24-inch telescope.
From the telescope scans it has been found that the profiles of all the
systems are flat to within +5% rms. To further check the profile of
the 1.4 - 2, 6 p system, the lens was completely mapped in the labora-
tory by using a point source of radiation focused on the lens. The
results of this test showed that no position on the lens gave an output
which varied from the average outp{zt by more than 10%.

The linearity of the detector response, as a function of
radiant energy falling on the detector, has been checked both in the
laboratory using a known temperature black body and on the telescope

using Johnson and Morgan's (13) unreddened AOV stars, Table 3 shows,
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Figure 3

A declination scan of o Cyg across the center of the 6 mm
2.2 u entrance aperture is shown, The scan was made

using the 24-inch telescope on 9 August 1966, The x scale

is 0. 42 arc min per division.
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TABLE 3

2,2y PHOTOMETRY OF AQ0V STARS

Star Nc?brmalized Relative
2, 2 y Deflection™/0, 54 |, Deflection (16) 2.2 u Def,
o Lyr 1,00 £, 07 1000
o CrB 1.04 + .07 - 140
Y Oph 1.04 +.07 40
109 Vir 0.98 £, 07 33
BS 6070 0.99 £.10 13
BS 5859 0.95 .12 5.4

sk
Data taken by Ted Hilgeman on the 24-inch telescope 13 July
1966.
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for several AQV stars, the normalized ratio of the 2, 2 |, deflection as
measured with a PbS detector to the 0. 54 , deflection as measured
with a 1P21 photomultiplier by Johnson (16), The fact that all stars
show the same ratio indicates the PbS detector is as linear as a 1P21
photomultiplier over a dynamic range of 200, Furthermore, a com-
parison of measurements made on the 24- and 200-inch telescopes
showed that the PbS detectors are linear to within 5% over the com-

plete 105 dynamic range used.

C. Electronics

The principle features of the electronic system are briefly
outlined below, The PbS and PbSe detectors are biased with 50 volts
d.c. When modulated radiation (produced by the chopping procedure
outlined above) falls on the detector an a.c. voltage is produced which
is normally between 10 and 106 microvolts, This a.c. voltage is first
amplified and then multiplied by an in-phase synchronous square wave
obtained photoelectricallyfrom the modulating chopper blade. The resul-
tant d.c. voltage, which is directly proportional to the radiant energy, in-
dependent of system noise, is then displayed.in analog form on a strip
chart recorder, Further details of the electronic system are given by
Westphal, Murray and Martz (14).

It should be noted that radiation present in the reference
beam will produce an a,c, voltage 180 degrees out of phase with re-
spect to the voltage produced by radiation in the signal beam; therefore
with this electronic system, radiation in the reference beam produces

a negative deflection on the recorder,
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III., OBSERVATIONS

Observations of the galactic center region were made in the
wavelength bands 0. 75-1,1 u (\ effective = 0.85 ), 1,5-1,8 u (A ef-
fective = 1,65 ), 2.0-2.4 y (\ effective = 2,2 ), 3.1-3.8 u (A effec-
tive = 3.4 ), and 4. 6-5,4 y (A effective = 4, 8 |1); the most extensive
and highest quality data are those made in the 2,0-2, 4 u band,

The data were obtained with the photometer mounted at the
f/16 Cassegrain focus of the 24-, 60-, or 200-inch reflecting telescopes
of the Mount Wilson and Palomar Observatories. This range of tele-
scope apertures, when used with either a 6, 4, 2, or 1 mm focal plane
diaphragm, resulted in resolutions ranging from 1. 8 to 0, 04 arc min.

Table 4 lists the observations made during 1966 and 1967,
with the exception of the data discussed in Appendix B,

Most of the 2. 2 and 1, 65 y, data were obtained from righf
ascension and declination scans. For this type of observation the tele-
scope was scanned across the sky at a known rate; the relative position
of the telescope in the sky was recorded simultaneously with the infra-
red signal. The scanning rate that was used varied depending upon the
observation; usually a scan took 3 to 5 minutes of time to complete,

To maximize the signal to noise ratio the response time of the elec-
tronic system was usually about 1/5 the time required for a star to
pass across the diameter of the aperture., Figures 4 and 5 show strip

recordings of typical 2, 2 |, scans of the galactic center region with
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Figure 4

A strip chart recording of a right ascension scan of the galactic center
region at 2, 2 |, obtained with the 24-inch telescope on 18 August 1966

using an aperture of 1. 8 arc min is shown. In this trace at Dec., =
- 28" 59, 5', there is an out of focus reference beam 15 arc min to the
‘westin the sky., 1 cm in the figure is equivalent to 3. 0+0, 3 x 10‘-19
w m_2 Hz"1 ster-l. West is to the left, The tracing of v Sagittarii

was obtained with the same scanning rate and time constant, but with

the amplifier gain reduced by a factor of 6. 3.
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Figure 5

Strip chart recordings of right ascension and declination scans
of the galactic center region and of vy Sagitarii at 2, 2 j, obtained
with the 200~inch telescope using an aperture of 0,08 arc min
are shown., The right ascension and declination scan rates in the
sky are the same. The right ascension scans were made at the
declinations labeled A and B. The amplifier gain was the same
for all scans of the galactic center region and was reduced by a
factor of 320 for vy Sagitarii. 1 cm in the figure is equivalent to
6.0+ 0.5 x 10"18 W m—’z Hz-1 ster-l. For the declination scan

north is to the left, and for the right ascension scans west is to

the left.
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1. 8 and 0. 08 arc min resolution, It should be noted that the reference
beam for all scans, except those taken on 21 August 1966, was a near-
by area of the sky, while on 21 August 1966 the scans had a constant
temperature black body reference. At 2.2 |, more than 1000 square
arc min of the -galactic center region were covered by telescope scans
with a resolution of 1. 8 arc min. The 2.2, coverage at other resolu-
tions and the 1. 65 |, coverage are shown in Table 4.

The true position of the telescope in the sky, as well as the
response characteristics of the detection systems were determined by
scanning across a standard star (15, 16) approximately every half hour.
It almost all cases vy Sagittarii was used as the standard star, however,
1 to 5 secondary standards were also observed each night,

Telescope scans were not attempted at 3. 4 and 4. 8 |, because
of the low signal to noise ratios., For measurements made at these
'wavelengths, as well as for some made at 2, 2 and 1, 65 |, the radiation
within a fixed region was measured., This type of observation was pos-
sible because, regardless of the angular resolution, there was always
a position in the sky which had a well defined maximum signal output.
At 2, 2 |, the position in the sky which gave the maximum signal was
easy to determine, and a measurement of the radiation present was
made by comparing the deflection at this position to the deflection from
a portion of the sky where the radiation was taken to be zero. At 3,4
and 4. 8 |, the signal to noise ratios were not always large enough to
position the telescope correctly, so it was necessary to position the
telescope with the 2,2 , system. Then, by means of the photometer

slide discussed in section II, the 2, 2 j, system was quickly replaced
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by either the 3, 4 or 4. 8 uw system (see Fig, 6 for a sample of a 3,4
measurement), The 2.2 | system used for positioning the telescope
always had a focal plane entrance aperture equal to, or smaller than,
the long wavelength aperture; therefore correct positioning of the tele-
scope was assured, This procedure of positioning the telescope with
the 2.2 |, system was repeated 25 times at 4, 8 |, before a signal three
times larger than the noise was obtained; calibration checks were made
to show that no spurious signals were produced by long period drifts or
by movements of the telescope. Table 6 (page 46) shows the apertures
and wavelengths for which observations of this type were made.
Although radiation was not detected at 0. 85 W, upper limits
on the radiation present were obtained from 0. 85 y, scans taken simul-

taneously with 2. 2 |, scans.
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Figure 6

A sample of a 3.4 u measurement taken with
the 200-inch telescope on 26 August 1967
using 0. 25 arc min resolution is shown., The
telescope was positioned 'in the sky with the
help of the 2,2 y system (see text for an

explanation),
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IV. REDUCTION OF DATA

All the observed deflections measured in the galactic center
region have been reduced to flux densities (W m“Z Hz-l) by means of
the observed standard stars and the absolute calibration discussed in
Appendix A. By using the measured area of the focal plane apertures
shown in Table 4, the flux densities were converted into surface bright-

2 1 ster-l) as a function of position in the sky.

nesses (W m ~ Hz

In this paper the flux densities and surface brightness distri-
butions at various wavelengths are presented in three different ways:
a) as right ascension and declination profiles, b) as brightness distri-
bution contour maps, and c) in tabular form.

Typical scan profiles at 2, 2 |, are shown in Figs. 4, 5, 7a,
and 7b. FI'igures 4 and 7a are actual right ascension scans made on the
24-inch telescope with 1, 8 arc min resolution; Fig. 7a was obtained
with a constant temperature black body reference while Fig. 4 had the
reference beam 15 arc min west of the signal beam in the sky. Figure
4 is a scan directly across the maximum of the source, while Fig. 7a
shows the profile 2 arc min south of the maximum, (Note the difference
in both the x and y scale of the two figures.) Figure 7b shows two
right ascension scans taken at the 60-inch telescope using a 0. 8 arc
min aperture., In the figure the profiles have their reference beam
7 arc min north of the signal beam in the sky. Scans taken with the
200-inch telescope with 0. 08 arc min resolution are given in Fig. 5.

The profiles were taken in the vicinity of the maximum signal from

the source; the reference beam was 2 arc min south of the signal beam.
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Figure 7a

-A strip chart re coi‘ding is shown of a right ascension scan of the
galactic center region at 2, 2 , obtained with the 24-inch telescope
on 21 August 1966 using an aperture of 1, 8 arc min. In this trace,
which was made at the delination - 29°0l, 5', a constant tempera-
ture black body reference beam was used, 1 cm deflection in the

figure is equivalent to 1, 6+0. 2x 10"19 ' m-z I—Iz_1 ster-l. The

right ascension scale shown is in minutes of time (1 min of time =
13 arc min) with west to the left. The right ascension coordinate

is for 1966; a 1950 coordinate is obtained by subtracting 1. 05

minutes of time,
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Figure 7b

Two strip chart recordings of right ascension scans of the galac-
tic center region at 2, 2 |, obtained with the 60-inch telescope on
24 August 1966 using an aperture of 0,8 arc min are shown, For
these scans there is an out of focus reference beam 7 arc min
north in the sky. 1 cm deflection in the figure is equivalent to
6.0£0. 6x 10719 w m_2 Hz ! ster-l. West is to the left. The
tracing of 7 Sagittarii was obtained with the same scanning rate

and time constant, but with the amplifier gain reduced a factor

of 16,
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A sufficient number of right ascension and declination scans
were made at 2, 2 |, to permit construction of the brightness distribution
contour maps shown in Figs., 8, 9 and 10 with resolutions of 1,8, 0.8
and 0. 25 arc min, respectively,

Figure 8 is a contour map of the galactic center region con-
structed from the data obtained on the 24-inch telescope with 1, 8 arc
min resolution. The basic structure presented in the map was deter-
mined from the observations of 21 August 1966 when a constant temper-
ature black body was used in the reference beam; therefore, the output
deflection was a direct measure of the radiation in the signal beam (the
trace in Fig. 7a is characteristic of the scans taken on 21 August 1966),
On 21 August 1966, ten different right ascension profiles, separated by
2 arc min in declination, were observed; each profile consisted of two
independent telescope scans. The profiles were put into digital form in
terms of deflection versus declination and right ascension. The digit-
izing was done in units of approximately 1/20th the maximum deflection,
which was also the approximate size of the uncertainty in the profiles.
The digitized profiles were then placed on a right ascension-declination
grid by means of numerical symbols,

In addition to the ten profiles taken on 21 August 1966, other
24-inch scans were also added to the grid. All of these additional pro-
files had a reference beam 15 arc min west of the signal beam in the
sky. When all available data were placed on the grid, it was found that
over 90% of the area was covered once or more, and over 50% of the

area was covered twice or more,.
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Figure 8

A contour map of the galactic center region at 2, 2 "
taken with an aperture of 1, 8 arc min diameter is
presented. Contour lines are separated by 8.5 X
10-20 w m-2 Hz“1 ster'-1 (5.2 x 10-10 W c:m-'2 p._l

ster-l) and are uncertain by about the same amount.

An "X" represents a point-like source.
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Figure 9

A contour map of the galactic center region at 2, 2

taken with an aperture of 0, 8 arc min diameter is

19

given. Contour lines are separated by 1.7 x 10~

! ster-1 and are uncertain by about the

w m"2 Hz~
same amount, The position of each scan is shown by

a dashed line, An "X'" represents a point-like source.
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Figure 10

A contour map of the galactic center region at 2, 2
taken with an aperture of 0, 25 arc min diameter is
given, Contour lines are labeled in units of 1,6 X
10.'19 w m"2 Hz_1 s‘cer'-1 and are uncertain by about
the same amount. The unlabeled contours in the

center have values 10, 12, 14, and 16 respectively.

The position of each scan is shown by a dashed line.
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Smooth contour lines were drawn on the grid which passed
through positions of equal deflection. When there was a region in which
several different deflections were available, an average of the deflec-
tions was taken, with the highest weight givén to the data from the
21 August 1966, The final contours agreed with the digitized deflections
to within an rms deviation of less than the separation of the contours;
for example, the traces in Figs. 4 and 7a are right ascension profiles
at Dec = -28° 59.5' and Dec = -29° 01, 5" in Fig. 8.

Figure 9 is the contour map . drawn from the data obtained on
the 60-inch telescope with 0.8 arc min resolution. The map was con-
structed from 29 profiles similar to those shown in Fig. 7b. The pro-
cedure used was the same as described for Fig. 8. The uncertainty in
each of the profiles used was less than 5% of the maximum signal;
however, the uncertainty in the adopted contours is about £ 10% (compare
the data in Fig. 7b with data in Fig. 9). The reference beam for the
data in this map was always 7 arc min north of the signal beam, In
constructing the map, possible radiation in the reference beam was
neglected. How much radiation was actually in the reference beam can
be estimated from a scan taken 7 arc min north of the maximum sig-
nal. The largest deflection on this scan was 2 contour divisions,

Figure 10 is a contour map of the galactic center made up
from the data taken on the 200-inch telescope with 0. 25 arc min reso-
lution. The map was constructed by G. Neugebauer in basically the
same way as the previously described maps. The uncertainty in the
map is about + 5% of the maximum signal shown. The reference beam

was 2, 2 arc min south of the signal beam. Several scans were taken
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at the position which the reference beam had when the signal beam was
on the source. From these scans a slight correction was made for
radiation in the reference beam; the error caused by the presence of
the reference beam has been estimated to be less than 5% of the maxi-
mum signal shown.

Because the emission from the telescope and sky varies with
the position of the telescope, the true zero of energy of each map can
be determined only if it is possible to observe a region in the sky which
is close to the source and which is known to have no emission. The
extended nature of the center of the Galaxy precluded such a measure-~
ment; therefore, for each map a local zero of energy was chosen near
the edge of that map.

For these maps no attempt was made to compensate for the
effects of the finite resolutions., Therefore the maps represent the
actual brightness distribution in the sky convolved with a flat circular
beam with square edges (see Fig, 3). (The system response time also
causes a distortion of the maps along the scanning direction; however
from two scans made with two different response times this distortion
was found to be negligible compared to the features shown on the maps.)

Although many scans were made in the region of the galactic
center at 1, 65 ;, the signal to noise ratio of these scans was not large
enough to permit construction of reliable contour maps. For this rea-
son the 1. 65 p data are given in Table 5 as the average ratio of 1. 65
to 2, 2 u surface brightness ['Bv(l. 65) /BV(Z. 2)]. The table is divided
into sections according to the approximate position of each datum point.

The ratios have been obtained by numerically integrating the total
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deflection of two coincident 1, 65 and 2. 2 , scans over the region shown
in columns 1 and 2 of Table 5, The zero of the two deflections was
always taken at the edge of the scans, and should correspond roughly to
the same zero as shown in the maps. If the 1,65 , surface brightness
in a given region is required, it is necessary to determine the 2,2 y
surface brightness from Figs. 8, 9, or 10 and then to multiply this sur-
face brightness by the appropriate ratio given in Table 5. Also shown
in Table 5 are the limits on the ratio B\)(O. 9) /B\)(Z' 2) which have been
obtained in the same way as the 1, 65 |, ratios.

Table 6 is a sﬁmmary of the mean flux densities measured
with different apertures centered on the position of maximum brightness,
R. A, = 177 43.5™, Decl, = - 28° 59, 4'; the energy at R. A, = 177 40™,
Decl. = -29° 00' was arbitrarily taken to be zero.

For measurements made with apertures smaller thgn 0. 8 arc
min the zero position stated above was not included in the observations.
To make the quoted flux densities have the proper zero, ‘a small cor-
rection was applied. An additional correction for possible radiation in
the reference field was also made. Both the correction to the proper
zero and the correction for reference field were made with the help of
Fig. 8 and were always less than 10% of the total value. The errors
quoted in the table include cell and sky noise, uncertainty in the sensi-
tivity, and an estimate of the error in the correction factors.

The final presentation of the data is shown in Fig, 11, where
the flux density within an area of 3.5 arc min diameter centered on the
position of maximum brightness is plotted as a function of frequency.

The 2, 2 |, point was obtained by integrating the data in Figs. 4 and 8,
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TABLE 6

OBSERVED FLUX DENSITIES

Flux Density
Aperture (10-26 W m-Z Hz-l)
Diameter
(arc min) 1,65 2.2 4 3.4 4.8,
0. 04 1.5 + 0, 21
0.08 0.23 + 0. 05 L7+0.19 | 5.3+ 1.00 | 4022 01
0. 25 0.79 £ 0. 1 4,6+ 0.2 14,0+ 3.0
0. 26 0.61 £ 0.1 4, 6+0. 4 15,0 + 2.0
0.6 2.2 +0.4 11,0 + 1. 5
0.8 2.2 +0.4% | 11.820.6® | 45 0+ 10,0
1.8 7.2 + 1.0 35,0 £ 2.5

Unless marked with a (1) all data presented were observed during August
and September 1966,

1) Observations made in 1967,

2y 1,7+ 0.2 was measured in Aug. 1967,

3) 11.0 + 2,0 was measured in May 1967,

4) 2,8+ 0.6 was measured in May 1967.
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Figure 11

The infrared spectrum of the radiation from an area
centered on the position of maximum brightness and
3.5 arc min in diameter is shown, The 10 y limit
was obtained by Hughes (17). The radio spectrum of
Sagittarius A (3) is also included as well as the infra-
red spectrum 6f the nucleus of M 31 (19, 21), The
spectrum of M 31 is normalized to an arbitrary energy

scale,
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while the 1, 65 and 0.9 _ points were found from Table 5 using the data
within 3, 5 arc min diameter of the position of maximum brightness.

The 3.4 and 4. 8 |, points were extrapolated from the data shown in
Table 6 with the assumption that the color is constant over the 3.5 arc
min area, From the color ratios, B\)(l' 65) /BV(Z. 2), measured over
the entire region (Tables 5 and 6) this assumption appears valid, espe-
cially at 3. 4 4 where reliable data extend outto 0., 8 arc min diameter,
Data at radio wavelengths (3) and a 10 y upper limit measured by Hughes
(17) using the 62-inch infrared sky survey telescope on Mt. Wilson have
also been included in the figure.

There are several uncertainties which enter into the quoted
flux densities and surface brightnesses, The most basic uncertainty
comes from the noise in the detector and from noise produced by fluc-
tuations in the background radiation. This error is easy to determine
from the noise on the strip chart recorder. The second uncertainty
comes from changes in the relative sensitivity due to time variations
in the response of the system and time variations in the transparency
of the atmosphere. From the scatter in the deflections of standard
stars it has been found that on the average the sensitivity is known to
about + 8% at 1.65 and 2,2, £12% at 3.4 y,and + 20% at 4. 8 ;. Another
error which enters into the surface brightnesses quoted, is the uncer-
tainty in the area of the apertures used for the observations; from the
response profiles of standard stars this error has been estimated to

be + 5%. All of the errors and uncertainties mentioned above have

been included in the presentation of the data,
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There is one other known error which has not been included
in the data presented. This error is the 5 to 10% uncertainty in the
absolute calibration discussed in Appendix A. If a calculation is made
using the data presented in this section the possible uncertainty in the

calibration must also be considered.
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V. SUMMARY OF DATA

A, Description

Radiation from the galactic center region at 2, 2 4 can con~
veniently be discussed in five parts:
i) A dominant source which agrees in position and extent with the

radio source Sagittarius A,

ii) A point-like source of radiation located within the dominant
source (i) and near the position of its maximum brightness,

iii) A general background radiation distributed predominantly along
the galactic plane,

iv) Several smaller extended sources,

v) A distribution of point-like sources scattered over the galactic

center region,

(i). The dominant source, which is approximately in the
center of Fig. 8, has a full width at half maximum of 3 to 5 arc min
when observed \;vith 1. 8 arc min resolution (Fig. 4), and has a total
extent of 5 to 10 arc min diameter. There is both a definite elongation
aﬁd an asymmetry along the galactic plane at 2, 2 u, The axial ratio is
approximately 2:1 in all three contour maps (Figs. 8, 9, 10)., The
region 3-5 arc min northeast of the source center is twice as bright as
a similar region southwest of the center when viewed with 1. 8 arc min
resolution (see Fig. 8); however, the very central region of the source
within a diameter of 5 arc min does not show this asymmetry (see Figs.

9 and 10), Across the galactic plane there also appears a noticable
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asymmetry, The southeast edge of the source is much steeper than the
corresponding northwest edge (see Figs., 4, 7b, 8 and 9).

The flux densities at 2.2 y obsevrved with different sized
circular apertures centered on the point of maximum brightness are
plotted in Fig, 12, For diameters greater than 1. 8 arc min it was nec-
essary to integrate the data of Figs. 8 and 9 numerically; in all cases
the energy contained in the point-like source (ii) was subtracted. Itis
seen that the spatial distribution is non-Gaussian but approximately fol~
lows a power law such that the flux density within a circular area of

1.2£0.1 corresponding to a mean sur-

-0.8+0.1

diameter D is proportional to D
fact brightness which is proportional to D
The power law described above is valid for almost the entire
range of the dominant source, At 0,08 arc min resolution (Fig. 5) there
is evidence that the distribution of flux density departs from the power
law dependence and flattens into a core of radiation with a full width at
half maxin.aum of approximately 0.3 arc min. The evidence for this
core is given in Fig. 13 where two observed scans are compared with
two scans dérivéd under the assumption that the brightness distribution
has the form B « D-O'S. The derived curves shown have been normal-
ized to agree with the aperture diameters and maximum deflections
shown in Figs, 4 and 5. For 1, 8 arc min resolution (Fig., 4) the ob-
served and derived traces agree very well, confirming the power law
behavior in the region D~ 2 arc min. For 0.08 arc min resolution
(Fig. 5) the obsserved trace is considerably wider than the derived
traces, indicating a departure from the power law behavior in the

region D~ 0, 1 arc min. Although the surface brightness of the central
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Figure 12

The flux density at 2, 2 4 as observed with apertures
centered on the position of maximum brightness is
shown., The energy of the point-like source (ii) has

been subtracted.
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Figure 13

A comparison is made between two observed scans and two scans
which have been theoretically derived., Place Fig, 13a and Fig. 13b

together with a light behind them to make the comparison,

Figure 13a

Shown is the convolution of a circular aperture with the two dimen-

-0. 8. The top trace has been

sional brightness distribution B(D) « D
normalized to the aperture diameter and maximum deflection shown
in Fig. 4 (1, 8 arc min resolution); the bottom trace has been nor-
malized to the aperture diameter and maximum deflection shown in
Fig. 5 (0,08 arc min resolution). The effects of the system time
constant and atmospheric seeing have been neglected. [For 0.08
arc min resolution (Fig. 5) the effects of atmospheric seeing could
not increase the width of the derived trace by more than 20% since

the average width of the response function is only 20% smaller than

the maximum width, ]

Figure 13b

Shown are two telescope scans, The top trace is the same as the
scan in Fig, 4 (1.8 arc min resolution); the bottom trace is the

same as the lower left scan in Fig. 5 (0. 08 arc min resolution),
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Derived Trace Corresponding to 1, 8 arc min Resolution

Derived Trace Corresponding to 0, 08 arc min Resolution

Figure 13a
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Figure 13b
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core 0,3 arc min in diameter is larger than that of the surroundings,
the total flux density in the core at 2, 2 i is about 4% of the total flux
density in the dominant source (i). The determination of the largest
diameter for which the power law holds is complicated by secondary
sources and the low surface brightness of the dominant source away
from its center,.

The color ratio Bv(1° 65) /BV(Z. 2) is almost constant over the
dominant source with a mean value of 0, 20 + 0, 03, In Appendix B there
is some evidence that the edges of the source, 3-5 arc min from the
center, are bluer than the central region, (In particular the bright
region 3-5 arc min northeast of the center has a color ratio B\)(l' 65)/
B\)(Z' 2) = 0.30 +£ 0.05,) Within the central 0. 8 arc min the color ratio
B\)(3. 4) /B\)(Z' 2) = 3,3 + 0.5 while B\)(O' 9) /B\)(Z. 2) is less than 0. 001,
The observed energy distribution is similar to that of a 900° K black

body.

_(_1_1)_ Figure 5 shows a point-like source displaced 10 arc sec
from the centroid of the bright core of radiation. At 2,2, this source
has a diameter less than 2 arc sec, a K-magnitude of 6, 7, and a flux
density of 1, 4 x 10-26 w m-2 Hz-l. Over a one-year period the 2,2 y
flux density was constant to within the errors (see Table 6). The color
ratios B\J(l' 65) /B\)(Z' 2) and B\)(3' 4) /BV(Z' 2) of this source are
0.15+ 0,03, and 3.2 £ 0. 6, These color ratios agree within the errors

to the average color ratios of the dominant source (i).

(iii), The general background radiation is best seen in

Fig, 8. The extent and brightness of the background is not well
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determined, although it appears that it may be an extension of the dom-
inant source. The total flux density in the background is approximately
10'.23 w m-2 Hz_1 at 2.2, over the area 40 arc min in diameter sur-

rounding the source, but is subject to large uncertainties since the level

of zero flux is unknown.

{iv). Figure 8 shows seven additional localized sources of
radiation whose approximate central coordinates are listed in Table 7.
The 2, 2 p flux density of each secondary source is about one-fifth that
measured from the dominant source; in addition, it is pointed out in
Appendix B that the maximum 2, 2 |, surface brightness of each sec-
ondary source is at least five times fainter than the maximum surface
brightness of the dominant source (i), when observed with 0. 8 arc min
resolution,

Sources B, C, D and G all have a color ratio B\)(l. 65)/
Bv(Z. 2) approximately three times larger than the dominant source
(Table 5 and Table 4B of Appendix B). In Appendix B it is shown that
the surface density of secondary extended sources decreases rapidly as
one moves away from the galactic center; within a radius of 15 arc min
of the center the density is larger than 10-2 per square arc min while

15 to 50 arc min away the density is less than 10-3 per square arc min,

{v). Data on point-like sources distributed over the galactic
center region are discussed in Appendix B. The point sources have
been studied down to a 2, 2 |, flux density of 1, 6 x 10'-26 w rn-l Hz_1

(K. 6.5). The surface density of these sources has a fairly uniform

value of 3+1 x 10"2 per square arc min over a region 2 degrees in
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TABLE 7

COORDINATES OF SECONDARY SOURCES

Designation Declination Right Ascension
(1950) (1950)
A 28" 42 17" 42, 3™
B 28" 57! 17" 44, 0™
c -29° 00" 178 41, 9™
D -29° 00! 172 42, 7
E -29° 02! 17" 43, 1™
F -29° 10 17" 41, 9™
G -29° 11! 178 41, 0™




61

diameter centered on the galactic center, It appears that the surface
density of the sources in the plane of the sky does not increase as one
moves in toward the galactic center. The value of the average color-
ratio B\)(l' 65) /B\)(Z' 2) for these sources is 0.9 + 0.4, The total 2, 2 4
flux density measured from these sources in an area 40 arc min in

24 -2 -1

diameter centered on the dominant source is 1.5 x 10~ W m Hz

B. Comparison with Dynamical Center

The coordinates of the dynamical center of the Galaxy have

been measured by Oort and Rougoor (1) to be:

Right Ascension (1950) 178 42, 7 1 0, 4™

Declination (1950) -28° 56! + 5!
As seen from Fig, 8, these coordinates lie within 4 arc min of the

position of maximum brightness of the dominant source,

C. Comparison of Infrared and Radio Observations

Radio observations of the center of the Galaxy (3) show:
(2) a bright discrete source 3 to 4 arc min in diameter --Sagittarius A,
(b) several weaker secondary sources a few arc min in diameter, and
(c) an extended background about one degree in diameter,

The dominant infrared source (i) agrees in position with
Sagittarius A; the 1950 coordinates of the position of maximum infrared
brightness with 0. 25 arc min resolution and the mean position of

Sagittarius A (3) are:
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Right Ascension Declination
Radio 178 42™ 28°% 4 2° ~28° 58.5' 0. 5!
Infrared 178 42™ 305 1 18 ~28° 59.5' + 0, 1+(1)

When observed with 1, 8 arc min resolution, the dominant
source has a full width at half maximum of 3-5 arc min, which agrees
with the width measured by Downes, Maxwell, and Meeks (18) at 1.9 cm
using 2.2 arc min resolution (Fig. 14). Also, both the infrared and
radio maps show an elongation along the galactic plane, with the region
5 arc min northeast of the center being brighter than a similar region
southwest of the center, Radio observations with pencil beam resolu-
tions finer than 2 arc min have not been published, so a comparison of
the fine structure within the source cannot be made. The agreement
in the positions and sizes of the radio source Sagittarius A and the
dominant infrared source strongly suggests that the two sources are
spatially coincident,

An extrapolatioﬁ of the radio flux density into the infrared
predicts a 3. 4 y flux density a factor of 103 less than that observed
(Fig. 11); therefore the infrared radiation is not a simple extension of
the non~-thermal source Sagittarius A, and a further discussion on the

possible mechanisms for generating the infrared radiation is required.

1The errors quoted represent the statistical deviations of
four independent measurements taken on three different nights and at
four different air masses, Three of the measurements were made with
respect to the star vy Sgr., while one measurement was made with
respect to both vy Sgr. and ¢ Sgr.
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Figure 14

A contour map of the galactic center region at 1,9 cm
is shown from Downes, Maxwell, and Meeks (18).
Contours represent antenna temperature in ‘K. The

coordinate scale is the same as Fig. 8.
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Except for the dominant infrared source (i) there seems to
be little correlation between the localized radio and infrared sources,
However, good infrared scans have been made over only a few of the
radio sources in the galactic center region,

The data on the infrared background radiation are not suffi-
cient to make a definitive comparison with the radio background. How-~
ever, both are concentrated along the galactic plane, and extend about

1/2 degree from the dominant source.

D, Comparison with M 31

Profiles at 2, 2 |, of the galactic center and of the nuclear
region of M 31 observed by Neugebauer and Becklin (19) are shown in
Fig. 15. For the galactic center the instrumental resolution was de-
graded from the data presented in Fig. 8 by numerically averaging over
the appropriate area so that thé two profiles would have the same reso-
lution of 14 pc [r(M 31) = 570 kpc; (20)]. At 3,4 ., where interstellar
absorption is low, the observed mean surface brightness of M 31
measured by Johnson (21) agrees within a factor of two with the extra-
polated mean surface brightness of a similar area of the galactic center,
The extrapolation was made under the assumption that the intrinsic
color of the source is constant over the region in question; measure-
ments at 2, 2 and 1, 65 |, by Neugebauer and Becklin (19) show that this

is correct for the nucleus of M 31,
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Figure 15

A right ascension scan of M 31 at 2, 2 u (19) is compared
with a 2, 2 p scan of the center of the Galaxy. The latter
was taken from the data of Fig. 8 along a line 50" to the

galactic plane with a resolution degraded to correspond

to the observations of M 31,
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VI. DISCUSSION

We now consider the nature of the source of the infrared
radiation from the galactic center, In the first four sections we shall
assume that the infrared radiation is of stellar origin and that the
observed 900° K black body spectrum arises from the effects of inter-
stellar absorption upon the spectra of ordinary stars., In Section E we
discuss the possibility that the source of the infrared radiation is non-
stellar. The "point" source seen in Fig. 5 will be considered after the

extended sources are discussed,

A, Interstellar Absorption

The energy spectrum observed in the dominant infrared
source is a function of both the emitted energy spectrum and the total
amount and spectral characteristics of the interstellar absorption. In
this section, the intrinsic color of the galactic center and the inter-
stellar reddening curve are assumed known; the total amount of obscur-
ation and the infrared energy emitted by the source are then calculated.

For calculations made in the next fou.r sections the intrinsic
energy spectrum of the galactic center region is assumed to be that
measured in the nucleus of M 31 by Johnson (21) and by Neugebauer and
Becklin (19); as shown in Fig., 11, it approximates a 4000° K black
body. The infrared interstellar absorption law is averaged from the
results of Johnson and Borgman (22) and Johnson (23) for the solar
neighborhood in the direction of the galactic center; this average,

which is shown in Table 8, agrees with the observations of Whitford (12)
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and calculations by van de Hulst (24) for dielectric grains (Curve

No. 15),

The total absorption is found from the equation
(Bvl/sz) = (Bvl/BvZ:) _ exp (‘ TolAy - Az)) (1)
obs emit

where B, is the surface brightness (W m % Hz"! ster-l) at vl, A, is
the extinction coefficient at vl normalized to 1, 00 at 0, 55 p (Table 8),
and To is the total optical depth at 0.55 .. Using the observed color
ratios discussed in the previous sections and the intrinsic color ratios
which have been measured in the nucleus of M 31 (at 3.4 and 4. 8 uw the
colors of a 4000° K black body were used) the following values of To

were calculated:

Color Ratio Observed Intrinsic To

B\)(l' 65) /BV(Z. 2) 0.20 + 0.03 1.2 £ 0.1 25 + 4

Bv(3. 4) /Bv(Z. 2) 3.2 + 0.5 0.6 + 0.1 30 £ 10
Bv(4. 8) /Bv(Z. 2) 2.5 + 1.3 0.4 £ 0.1 23 + 8
BV(O. 9) /Bv(Z. 2) < 0.001 1.0 £ 0.1 > 20

The errors shown for To mainly reflect the estimated uncertainty in
the reddening law,

The agreement of all four values gives confidence that the
initial assumptions about the absorption law and the intrinsic energy
spectrum are correct, (2) The value Ty = 25 will be adopted for further

calculations,

2The intrinsic energy distribution used was similar to a
4000° K black body; however, any black body distribution with
T > 3000° K will give essentially the same results,
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Further confidence in the assumptions is provided by the
calculation that the mean intrinsic surface brightness of the galactic

. =17 -2 -1 -1(3)
center at 2, 2 , out to a diameter of 14 pc is 10 Wm ~Hz = ster

17 -2 ~1

while a comparable quantity for M 31is 0.4 x 10" W m~“ Hz

ster-1(4). In comparison, the mass of the galactic nucleus as deter-
mined by Rougoor and Oort (25) and the mass of the nucleus of M 31 as
determined by Kinman (26) from the data of Lallemand, Duchesne, and
Walker (10) agree within a factor of three.

The total calculated absorption in magnitudes and the ratio of
measured to emitted brightness are given as a function of wavelength in
Table 9. The total visual absorption of the galactic center of 27 magni-
tudes is in good agreement with the results of Neckel (28) for the region
within 0. 5 kpc of the Sun. Using early stars with known MKK spectral
types and photoelectrically determined magnitudes, Neckel finds that the
average visual interstellar absorption in the galactic plane is 2, 46 mag
kpc-l. The agreement of the two numbers suggests the average dust
density between the Sun. and the galactic center is similar to the dust
density in the local solar neighborhood.

The absorption curve used above included no wavelength inde-
pendent absorption although Moroz (11) explained his failure to detect
radiation as most probably caused by the existence of one or two mag -

nitudes of neutral absorption. If this amount of neutral absorption were

3From Fig. 12 the measured flux density is 1, 2 ¥ 10724 w

m=-2 I—Iz'l, from Table 9 the absorption causes a reduction of a factor of
12, and the 14 pc core covers a solid angle of 1,5 x 10-6 ster-1,

2

“The measured flux density is 1,8 x 1027 W m"” Hz (19)

and the 14 pc covers a solid angle of 4.5 x 10-10 ster-1,
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TABLE 9

CALCULATED ABSORPTION TO

THE GALACTIC CENTER

M) oM (BV) obs/(BV)emit’ced
0. 55 27. 0 10711

0. 90 13.0 107>

1,65 4, 6 0.02

2.2 2.7 0.1

3.4 1. 2 0.3
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present, then at 2, 2 |, the galactic center would be intrinsically about
10 times brighter than a similar region of M 31,

For selected areas of the sky, Johnson (23, 29) has derived a
reddening curve which, for wavelengths less than 3 |, has a much
larger extinction coefficient than shown in Table 8. If the reddening of
the galactic center radiation were given by the simple average of the
extinction curves recently summarized by Johnson (29) (Figs. 24-37),
then the galactic nucleus would be intrinsically 75 times brighter than
the nucleus of M 31, Both Moroz's and Johnson's extinction curves
result in a luminosity for the galactic center which is inconsistent with
the mass determinations of the galactic center and the nucleus of M 31,

In summary, if the luminosities of the nucleus of M 31 and
of the galactic nucleus are equal within a factor of three and both nuclei
have similar colors, then the interstellar reddening curve extrapolates
to 1/A - 0 in a manner shown in Table 8 and the extinction coefficient
at 2. 2 , cannot be greater than 15 percent of the visual extinction coef-
ficient, For example, if To = 25 and the galactic center is three times
brighter than a similar region of M 31, the ratio of the 2.2 to 0.55
extinction coefficients is 0, 12, while if the nucleus of M 31 is three
times brighter than a similar region of the galactic center then the

same ratio os 0, 03,

B. Secondary Extended Sources

If the infrared radiation of the dominant source is of stellar
origin, itis important to ask whether the secondary sources are exten-
sions of the central source viewed through relatively little obscuration

or whether they are separate clusters of stars,
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Evidence that the secondary sources could be extensions of
the central source comes from their observed relatively blue colors
(Table 5) and their brightnesses, When the brightnesses of the sec-
ondary sources are corrected, using an optical depth derived purely
from the observed colors, the secondary sources no longer stand con-
spicuously above the background, Unfortunately, the uncertainties in
the background levels are too large to make the conclusion quantitative,

The sources could be discrete star clouds, in which case the
observed blue colors imply they are probably between the Sun and the
galactic center, () Since the sources are highly concentrated in the
galactic center reg;on (Appendix B) the close angular separations be-
tween the center of the Galaxy and the secondary sources indicate that
these sources are in fact separated by about 100 pc, Therefore, to
satisfy the observed colors, 10 to 15 magnitudes of visual absorption
must exist in the central region of the galactic center, However, extra-
galactic systems do not exhibit such a deﬁse concentration of absorbing
material towards their nuclear regions (5). The true nature of the sec-

ondary sources can only be found from further observational data.

C. Uniformly Distributed Point Sources

The uniformly distributed ''point-like" sources found in the

galactic center region probably have no physical connection with the

5This conclusion is reached only when it is assumed that the
blue colors are caused by a lack of interstellar reddening rather than by
intrinsic properties of the source, This assumption is probably correct,
because if equal amounts of absorption exist for both the dominant and
secondary sources, and the dominant source is of a stellar origin, then
the intrinsic energy distribution of the secondary sources decreases at
long wavelengths more rapidly than an infinite temperature black body.
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galactic nucleus, This follows from three observational properties of
the point sources discussed in Appendix B:

a) There is no tendency for the surface number density of the
point~like sources to incréase as one moves in toward the
galactic center,

b) The measured surface density of the sources is consistent
with the average density expected from extrapolation of the
sources found on the California Institute of Technology
infrared sky survey in the region [bHI <2.5°, 0°'< EII < 90°,

c) The colors of these sources are considerably bluer than
the colors of the extended sources of radiation.

The measured surface number density of the sources is consistent with
the hypothesis that most of the radiation is produced in M giant stars
1 -5 kpc from the Sun (30). The average visual absorption shown by

these stars is calculated to be about 4 magnitudes (see Appendix B).

D. Physical Properties of the Galactic Center

Some inferences about the physical nature of the galactic
center can be made using the results of the previous sections. The
2,2y intrinsic brightnesses of the dominant source averaged over cir-
cular areas centered on the position of maximum brightness have been
calculated from the derived optical depths (Table 9), In addition, the
total luminosities have been estimated assuming an energy distribution
equal to that measured by Johnson (21) for the nuclear region of M 31,
The results of these calculatiéns are presented in Table 10 as a function
of diameter; the uncerfainty in the interstellar reddening curve intro-

duces approximately a factor of 2 uncertainty in these results,
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TABLE 10

CALCULATED INTRINSIC PHYSICAL PROPERTIES

Mean Intrinsic Intrinsic
Diameter 2, 2 u Surface Brightness Luminosity Mass
(pe) (107 W m %z tster™hy | (10° L) (10° M
1 78 1 3
2 45 2 6
5 21 7 20
10 12 15 45
20 7 35 100
40 4 80 230
60 3 130 370
*LO =4 X 102'6 watts.
+M =2 X 1030 kgrams.
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The total mass can be found from the calculated luminoéity if
a mass to luminosity ratio for the stars in the galactic center is esti-
mated. For M 31, the following values of M/Lpg have been determined:
23 by Schmidt (31), 16 by Spinrad (32), and 3. 6 by Lallemand, Duchesne,
and Walker (10). Schmidt's (31) determination is for the whole of M 31,
while the others are for the nuclear region only, The total mass pro-
ducing the observed radiation within a circular area is given in Table 10
for M/Lph = 10; since ;the surface brightness increases rapidly toward
the center, the observed mass within a given projected diameter is
effectively equal to the mass within a sphere of the same diameter, (6)
The mean density in the 1 pc diameter central core is approximately
107 times the density in the neighborhood of the Sun, The power law
dependence of the flux density, as shown in Fig, 8, implies that the mass
density of material falls from the center approximately as R-l' 8.

Rougoor and Oort (25) have determined the mass within 70 pc
of the galactic center and have estimated, by extrapolation, that the

mass within a radius of 20 pc is 0, 7 x 108 M@ , According to Table 10,

the mass inside a radius of 20 pc is 2. 3 X 108 MO ; this agreement
gives added confidence in the assumptions.

The high stellar density obtained for the bright 1 pc diameter

core suggests that stellar collisions should be considered. Using a

6For the idealized case where the mass density falls off from
the center as R~2, the mass within a spherical volume of a given radius
is 64% of the observed mass within a cylinder of the same radius.
Numerical integrations for a R=1. 8 lJaw show a ratio of about 55%, how-
ever since the problem is complicated further by the fact that the quoted
numbers are not absolute, but rather a comparison of two positions in
the sky, no correction has been applied.
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model of Spitzer and Saslaw (33) for the collision rates of stars, the
average length of time before a star of one solar mass is involved in a
physical collision is about 1010 years in the 1 pc diameter core, if the
mass of the core is equal to 3 x 106 M® . The collisional rate would be
about 10-4 yr-l, however, Spitzer and Saslaw (33) have considered the
effects of such collisions and find that for the small rms velocities
expected (~ 100 km/sec) negligible amounts of gas and energy would be

released.

E. Other Models for the Galactic Center

Although the assumption that the observed infrared radiation
arises from a stellar population similar to that present in the nuclear
region of M 31 is consistent with the data, other models for the source
of radiation which cannot be completely ruled out at present will be con-
sidered. In fact, the possibility that the origin of the infrared radiation
from the center of the Galaxy is not the same as the origin in the nucleus
of M 31 is increased by the recent radio observations of Pooley and
Kenderdine (27) which indicate that the nuclear region of M 31 does not
‘have a counterpart to Sagittarius A. An upper limit to the 21 cm con-
tinuum of a possible source in the nucleus of M 31 is 1/20 the brightness
of Sagittarius A.

Part of the infrared radiation could originate from a non-
thermal source at the center of the Galaxy., In fact, if 15 magnitudes of
visual absorption are assumed between the sun and the galactic center,

the corrected spectral energy distribution of the galactic center has
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features strikingly similar to those of the measured energy distribution
of NGG 1068 (Fig. 16) (34, 35,36). The energy distribution of 3C 273
also has qualitatively similar features (37).

The source of non-thermal radiation which is discussed most
often is the synchrotron mechanism. In this section the possibility
will be considered that the infrared and radio spectral distribution
shown in Fig. 16 results from a distribution of relativistic electrons in
a magnetic field, (7 Thé electron energy distribution needed to produce
the radio radiation is discussed by Downes and Maxwell (3), They find
that a distribution of electrons of the form N(E) « "% % win produce
the observed radio radiation between 2 and 20 cm (observations at
wavelengths longer than 20 cm are effected by absorption from an ion-
ized gas), However, an electron distribution of this form produces only
negligible infrared radiation (with the above electron distribution a
straight line extrapolation of the radio data can be used to predict the
infrared radiation), The additional electron energy distribution needed
to produce the infrared radiation can be obtained from the synchrotron
equations (41), If a relativistic electron of energy E (ergs) is in a mag-~
netic field of strength H (gauss) then it radiates spectrally at the average

rate

7The possibility that the flux density distribution is a result
of absorption (for example synchrotron self absorption, absorption
by an ionized gas, or absorption by interstellar grains) or the Razin
effect seems unlikely, since the observation would require a suppres-
sion of the radiation only in the selected region 10 to 1000 . Such
localized absorption or suppression is not theoretically predicted.
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Figure 16

The spectral energy distribution of the galactic center
corrected for 15 magnitudes of visual absorption is
compared to the energy distribution observed in

NGC 1068 (34, 35,36). The dashed curve is the spectral
energy distribution expected from a synchrotron source
with monoenergetic electrons which have V. = 1014 Hz.
The curve has been normalized to agree with the galac-

tic center datum point at 1014 Hz,
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-22 S 1. -
P(V) = 2.34x 10 ""Hy(v/ve) [ Kgslndn, ergsec’ Hz T
v/v,
where V. = 6,27 x 1018 I—I.x.E2 , Hz (3)
and Hy = H sin §, gauss

with 6 the angle between the electron velocity and H, Most of the
radiated energy is distributed in the frequency interval Zvc >V>v, /2.

Some values of

®
(v/ve) [ Ky z(n) d(n)
\)I\)C
are given in Table 11. A plot of PV vs v for monoenergetic electrons
with N 104 Hz is shown as a dashed curve in Fig. 16, Because the
infrared flux density lies above the radio flux density, it is seen from
Fig. 16 that the only distribution of electrons which will produce the
infrared observations and not influence the radio distribution is momno-
energetic electrons., When equation (2) is integrated over a continuous
distribution of electrons, more radio radiation is predicted than is
observed, If it is assumed that monoenergetic electrons produce the
8

-3(8)
infrared radiation, then for Ve ™ 1014 Hz and H~103 we get

E = 100 GEV., The time for such electrons to lose half of their energy is

8The agnetic field is estimated by equating the magnetic
energy density H“/8m to the energy density of the electrons, nyE, where
n, is the number density of electrons. ng is found by equatlng the
observed power radiated to the power expected from the synchrotron
source P = 2,37 x 103 ng H 2ES V, where V is the volume of the
source., With the help of equatlon (3) and with V¢ = 1014 Hz, V = 1059
cm3 and P = 1040 erg sec-! the magnetic field is H ~ 10-3 gauss,
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TABLE 11

THE FUNCTION F(a) =a [ Ky /5 (Mdn (41)
[04

0.001 . . . . . v o v e e e e e e e e . 213
T . 445
0,10 . . . ¢ v v v v e e e e e e e e e e e . 818
O . 655

10| 67 . . . . - . . . . L L] . . 1 4 . L4 . . L . .0001
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T - 0.0084/Hi°E(GEV) = 40 years .

1/2

In light of the very peculiar distribution of electron energies required

and the short life time of such electrons, it is unlikely that the extended

source of infrared radiation coincident with Sagittarius A is predom-

inately the result of synchrotron radiation. The possibility that non-

thermal mechanisms other than synchrotron radiation produce the

infrared radiation in‘the dominant source can not be ruled out at present,
If the infrared radiation originates in an optically thin H II

region the observed radiation is given by (39)

158,000
-hv/kT | « glII — 2. gliIT
-26 e n T
B. = 1.71x10 (M. E.) 2 —e b—_— (4)
v 1372 n=n_ n 316,000

in MKS units, T is the temperature in degrees Kelvin, g Il and g III
are the gaunt factors, n is the lowest quantum level which contributes
at a given frequency v, and M. E, is the emission measure (pc cm-é).
From this equation with T = 104 °K the intrinsic color ratio Wéuld be
BV( 1. 65) /BV(Z. 2) = 0.9 and from equation (1) the total absorption at
0.55 ;. would be 20 magnitudes. When the observed 2, 2 ; flux density
is corrected for this total absorption, then equation (4) gives an average
emission measure in a 10 pc region of about 2 X 107 pc cm . Although
this emission measure is consistent with the measured decimeter flux
density, the spectral index of -0. 7 in the radio region indicates that
emission from an H II region cannot account for all of the observed

radio radiation. Downes and Maxwell (3) estimate an emission measure

of about 106 pc cm“6 which would account for only 5% of the observed
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brightness at 2,2 .

It is, of course, possible that the observed radiation arises
from a stellar population dominated by infrared stars, If the observed
energy distribution is corrected for a minimum of 10 magnitudes of
absorption at 0, 55 |, the source of radiation must have a color temper-
ature of 1200 K. No other stellar grouping of this nature has been
observed, ,

It should be emphasized that all the models in this section
contradict the assumption that the galactic center is similar to the nu-

cleus of M 31,

F, The ""Point'' Source of Radiation

Within 10 arc sec of the position of maximum surface bright-
ness of the dominant source there is a spike of radiation which cannot
be distinguished from a point source (Fig. 5).

It is clearly of interest to eétablish whether or not this source
is located at or near the galactic center, If the measured color ratio
Bv(l. 65) /B\)(Z. 2) of 0. 15 % 0, 03 is primarily a result of interstellar
absorption then the agreement with the color ratio B\)(l. 65) /B\)(Z' 2)
= 0. 20 £ 0. 03 of the surrounding extended source is indicative that the
""point'" source and the extended source lie approximately in the same
region of space,

If the point source is between the galactic center and the Sun,
the measured color ratio indicates that the radiation comes from a
cool star relatively close to the Sun. An upper limit to the probability

that the source is such an infrared star can be calculated from the fact
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that in the California Institute of Technology infrared sky survey the
density of stars in the galactic plane with a color ratio Bv(l. 65) /B\)(Z, 2)
< 0. 3 and with a K magnitude brighter than 3 is less than 10 s’cer"1 (30).
If stars with these characteristics are distributed uniformly in space,
the number of stars with K < 7 (the source has K = 6, 7) is less than 104
ster-l in the galactic plane, Also the observations presented in Appendix
B show that the surface density of point sources with a color ratio
Bv(l' 65) /BV(Z. 2) < 0.3 and within a K magnitude brighter than 6.5 is
about 104 s’cer-1 in a region within one degree of the galactic center.
Therefore, the probability that the unreddened foreground star would
appear within the 0, 3 arc min core is less than 10-4. It is also of inter-~
est to note that the results given in Appendix B show that the a priori
probability of finding any star with a K magnitude brighter than 6.5
within the 0.3 arc min core is less than 10-2.
If this source is a dense collection of stars which have a mean
energy distribution similar to that of the nucleus of M 31, then the anal-
ysis of §VIa and §VId gives a luminosity for the "point'' source of
3 X 105 L@ , a mass of 7 x 105 M@ ,» and a density greater than 109
M@ pc-3 within a diameter less than 0. 1 pc. The collision rate would
be greater than 10-2 yr'l (33), for a rms peculiar velocity of 200 km
sec-1 obtained from a simple application of the virial theorem. The
life time of the source would be less than 108 years,
If the source is a single very luminous star obscured by 27

magnitudes of visual absorption, it would have an absolute magnitude

at2.2 y Mk = - 11, 0. Intrinsically one of the most luminous stars
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known at 2, 2 y, is ¢ Orionis which has Mk:'_ - 10. 5., Although popula-
tion I stars like ¢ Orionis are not known to exist in galactic nuclei,
Spitzer and Saslaw (33) have suggested that stars may form at the dy-
namical center of the galaxy from matter dispersed during collisions.

If Spitzer and Saslaw are correct, the point-like source could be a very
young massive star, like g Orionis, which has formed and evolved near
the dynamical center of the galaxy.

Finally, the possibility can not be discounted that the radia-
tion emitted from the point-like source arises in non-thermal processes,
In particular, the point source could be similar to, but weaker than,
the sources proposed by Shklovskii (40) to exist in the nuclei of Seyfert
galaxies,

Since the source would be situated in the galactic center, it
would be reddened by 27 magnitudes of visual absorption. If the obser-
vations of the point source (Table 6) are corrected for this absorption,
then the flux densities shown in Table 12 result. It can be seen that the
flux density as a function of frequency is relatively flat,

If the source of infrared radiation is the synchrotron mechan-
ism, then from the arguments presented in the previous section, itis
apparent that the observed infrared flux density distribution must result
from a large abundance of high energy electrons; however, it is shown
below that unlike the situation discussed for the dominant extended
source, a continuous distribution of electrons into the low energy range
is possible. The types of energy distributions allowed can be- obtained
by integrating equation (2) over an electron energy distribution of the

form N(E) = NOE-Y, When this is done a flux density distribution of the
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TABLE 12

FLUX DENSITY OF THE POINT SOURCE (ii)
CORRECTED FOR 27 MAGNITUDES OF
VISUAL ABSORPTION

A Flux Density
() (10-26Wm_2Hz-1)
Le5 . . . . . . . e . e s .. 16 £ 4
e 2
T A

4.8 . . . 0 0 e h h e e e e e . 63

1,

sk .
Error in measurement only,
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general form S\)=SO\)MOL results, where o = —;‘-1- Since the radio source
Sagittarius A has a flux density at least 5 times larger than the infra-
red flux density of the point source, a can be as large as 0,2 and ¥ can
be as large as 1.4 (in the Crab Nebula vy = 1,6), Further, since the
angular size of the infrared source is very small, the flux density dis-
tribution may be ''cut off" in the centimeter range by synchrotron self
absorption (38) (such a ''cut off' is observed in 3C273B (35)). This 'cut
off'" means that a could be muchlarger than 0.2 and therefore ¥ could
be larger than 1, 4,

If the equations of the previous section are used then the
magnetic field would be greater than 10-2 gauss and the infrared radi-
ation would be produced by electrons of an energy less than 25 GEV,
The lifetime of these electrons would be less than 2 years. Since there
has been no change in the 2.2 y flux density over a one year period,
there would have to be a continuous source of high energy electrons,

The flux density given at 5 u lies considerably below the
other infrared fluxes;.if the intrinsic 5 u brightness of the source is
this low then the flux density distribution can not be fitted by synchro-~
tron radiation, This fact is easily seen from equation (2) (Table 11),
However, a systematic error in the measurements at 5 y or a larger
amount of interstellar absorption than that given in Table 8 is pos-
sible. More measurements of the point-like source are needed at
longer wavelengths to resolve the question as to the nature of the point

source,
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VIL SUMMARY

We have observed an extended source of infrared radiation
which we believe to be at the nucleus of the galaxy, The infrared source
is similar in shape and luminosity to the nucleus of M 31, and its co-
ordinates agree with those of the dynamical center of the galaxy,

We consider the further agreement between the position and
extent of the infrared source and the radio source Sagittarius A as con-
clusive evidence that Sagittarius A also lies at the dynamical center of
the galaxy,

We believe that the infrared radiation most likely originates
from stars with a mean infrared black body temperature greater than
4000 "X located at the center of the galaxy, With this assumption the
visual absorption to the galactic center is about 25 magnitudes and the
physical properties deduced for the galactic center are similar to those
observed in the nucleus of M 31,

The observed radiation is highly concentrated toward a cen-
ter; the observed surface brightness decreases away from this center
as D-O. 8‘

The nature of the point-like source observed near the center
of the dominant source is not clear, Whether it is stellar or non-
thermal in nature must await further measurements, especially at

longer wavelengths,
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APPENDIX A

ABSOLUTE CALIBRATION OF THE INFRARED PHOTOME TER

I, Introduction

Johnson's (15, 16) infrared system of standard stars specifies
only the relative flux density received from the é’cars. To convert these
relative flux densities into absolute energy units, a calibration employ-
ing a standard energy source must be made. A direct calibration of
standard stars against a standard energy source has not been attempted
in the infrared; however, the flux density received from the Sun has
been measured in the infrared by Minnaert (42), Peyturaux (43), and
Pierce (44). By indirect measurements, the Sun can be placed on
Johnson's standard star system and an absolute calibration of fhe sys-
tem can be determined. A calibration of this type has been carried out
by Johnson (45); the purpose of this appehdix is to reanalyze the cal-

culation as to its validity,

II. Apparent Solar Magnitudes

Johnson's standard system is given in terms of magnitudes
defined by M, = -2, 5 log F)\ + C)\ where MX is the magnitude at wave-~

is the flux density at A and C, is a constant such that

length A, FX z
MX = 0 for an AQV star whose visual magnitude, V, equals zero.
Apparent infrared solar magnitudes have not been measured on an
infrared photometer, however, the apparent visual magnitude on the

UBV system has been measured by several observers, The most
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recent results are shown in Table 1A, We will adopt the value V =
-26,74 +,03, The infrared colors of the Sun (V_MK) can be estimated
from stars thought to be similar to the Sun. Kron (50) has published a
list of stars whose colors in the 0.3 to 1,0 p range are similar to the
colors measured directly for the Sun. These stars also have spectral
types which are similar to the Sun. Infrared measurements made on
nine of these stars by Johnson, Mitchell, Iriarte and Wisniewski (16)
and Johnson (45) are shown in Table 2A; the photometric magnitudes
measured on our system agree with Johnson's magnitudes to within
3 percent, H, K, and L are the magnitudes (MX) at 1, 65, 2.2, and
3.4 u respectively., The adopted infrared colors and the standard de-

viations for the Sun are shown on the bottom row.

IOI. The Solar Energy Distribution

The mean solar flux density measured at the earth as a
function of wavelength is tabulated in Allen (51). The infrared data out
to 2.5 p are taken from the work of Minnaert (42) (using the data of
Abbot (52)), from Peyturaux (43),and from Pierce (44). All three
authors show agreement in the range 2.0 - 2,5 y within three percent
rms. There is added evidence that the measured infrared energy dis-
tribution is correct because an extrapolation of the solar energy dis-
tribution from 1 u out to 2 4, using a 6000° to 5600 K black body,
gives the measured answer to within * 3%. The choice of these tem-
peratures comes from the fact that measured brightness temperatures
are T = 6200° K at . 6 p and T, = 5200° K at 8,5 u (53). For anal-
ysis of the energy calibration it has been assumed that the accuracy of

Allen's solar energy distribution is £ 3%,



93

TABLE 1A

APPARENT VISUAL MAGNITUDE OF THE SUN

Observer Vo Error
Nikinov (46) : -26, 81 + .10
Kariagina (47) -26, 83 + .09
Stebbins and Kron (48) -26,73 + .03
Gallouet (49) -26, 70 + .02
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Iv. Calculation

The following quantities have been determined by numerical

integration of three of the response functions, R)\, given in Table 2 of

the text.
jo R, L dx
eff = o (12)
J R, dx
o
(o3 f
fo R, F, o d\
F@ = — (2a)
[ R, d)
o
er is the solar energy distribution discussed in section III, )‘eff is

the effective wavelength of the band pass, and .E—OT is the average flux
density received from the Sun within the bandpass. The results of
integrals, the solar magnitudes, and the resultant calibration flux den-
sities, defined as the flux density received from a star whose magnitude
M’X equals zero, are shown in Table 3A, The errors assigned to the
calibration flux densities are plus or minus one standard deviation and
are primarily the result of the uncertainty in the apparent magnitudes
of the Sun., It should be pointed out that the relative calibration between
the three bands is accurate to about + 5%, an error considerably

smaller than the one assigned to each bandpass.

V. Systematic Effects on the Calibration

The calculations of )Leff and Fo have been carried out using

a mean atmospheric transmission corresponding to about 5 mum of
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TABLE 3A

SOLAR AND CALIBRATION FLUX DENSITIES

e ————

Calibration Flux

>\eff ¥ Solar Density

(1) -3 o -2 -1 Magnitude -14 ~2 -1
(10 "Wem " ") (10 Wem )

1. 65 19,9 +£0,6 -28,09 +,08 11,6 £ 1.0

2,2 7.38 £ 0. 20 -28.16 £.08 4,00 £ .35

3.4 1.61 + 0, 10 -28,27 .14 0,79 £ .13
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precipitable water, The effects of assuming much more or less water
have been evaluated using the two transmission curves of Taylor and
Yates (54) which correspond to 1.4 mm and 54 mm of precipitable
water., At 1,65y and 2,2 u the changes in Xeff and-]i—‘_c;— are less than
+ 2% even with these extreme changes in transmission. At 3.4 u, the
large absorption bands between 3.1 and 3. 4 u produce a marked effect
on the bandpass characteristics, with xeff and —E:-O_ changing by as much
as + 8%. The error introduced by this change was considered when
evaluating the calibration flux density,

The evaluation of Keff from equation (la) is only valid if the
flux density distribution of the object being measured is. approximately
flat across the wavelength band, For the galactic center observations
at 1, 65 yu, this is not necessarily true and a more accurate effective

wavelength can be calculated from the equation

[ OEPPIECtR ar
t o]

A = (3a)
eff ® .
[ ESPIECtR @
o]

A

where F;?b‘]eCt is the flux density distribution of the object being

H
measured, For the galactic center data )‘effz 1.68 y, while for the Sun
)‘;ffz 1,64 4. These small shifts in the effective wavelength of the

measurements have been neglected.

VI. Calibration Checks

Two checks have been made on the flux calibration, The

first consisted of a comparison with Strom and Avrett's (55)
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atmospheric models of AQV type stars. The procedure was to find the
model which best fitted Oke's (56) absolute calibration of o Lyr in the
wavelength region from 0,5 to 1.1 u, and then to use that model to
determine the absolute flux density at 1, 65, 2,2, and 3.4 u. The abso-
lute flux density at 0.54 |, was assumed to be 3,80 £0.05 W m-2 Hz-l
(Code (57), Johnson (45), and Willstrop (58)). Using the model
Te = 10, OOO°, and g = 4 the calculated flux densities for a zeroth mag-
nitude star are shown in Table 4A, Although the model atmosphere
gives consistantly larger flux densities, the agreement with the‘adopted
values is within the assigned errors.

The final check on the calibration comes from an absolute
calibration made in the ’labor atory immediately following an observation
on the 60-inch telescope. The calibration was performed on a standard
black-body source, The energy emitted by the source was known to be
accurate to about 10%, To obtain the absolute calibration the following
assumptions were made: (a) The response of the detector was the same
in the laboratory as on the telescope. (b) The average transmission of
the atmosphere was 90%. (c) The reflectivity of the telescope mirrors
was 95%. (d) The detector system viewed the 60-inch mirror with an

efficiency of 75%. The resultant calibration flux was

14 -2 =1
M

4.6 £ 1,0 x 10" "W em

Each correction factor mentioned above was assigned an error of 2/3
of the total correction, All corrections and errors were set down
before performing the calculation, so that the agreement with the

adopted value of 4.0 £ 0,3 % 10"14 w cm“2 p.-l is significant,
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TABLE 4A

CALIBRATION FLUX DENSITIES DETERMINED

FROM MODEL ATMOSPHERES

Flux Model Atmosphere

Flux Adopted (Table 3A)

A

(W) (10" w em™% 71 (10714 W cm™% 71
1. 65 12, 6 11.6 1.0
2.2 4, 45 4,00 £ 0. 35
3.4 0. 83 0.79 + 0. 13
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VII Adopted Calibration

The adopted calibration flux densities for each of the five
wavelength bands used to obs‘erve the galactic center are shown in
Table 5A; by definition the calibration flux density is the flux density
received at the top of the atmosphere of the earth from a zeroth mag-
nitude star. At 1.65, 2,2 and 3.4  the results of section IV are given,
while at 4, 8 and 0. 85 y,, where very few observations were made, the
results of Johnson (45) are shown. The 4. 8 |, calibration of Johnson has
an uncertainty of at least 20% because 4, 8 |, magnitudes of solar-type

stars have not been measured.
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APPENDIX B
FURTHER 60-INCH OBSERVATIONS OF THE GALACTIC

CENTER REGION DURING 1967

I, Introduction

During May and July, 1967 further infré,red photometric ob-
servations were made of the galactic center region using the 60-inch
telescope at Mt, Wilson, These new observations were made for the
following reasons: (a) to determine the uniqueness of the dominant
source of radiation coincident with Sagittarius A (section V a(i)), (b) to
better determine the colors of the dominant and secondary extended
sources, and (c) to determine the colors and surface number densities
of the unresolved point-like sources in the region of the galactic center.
Although the observations were made under poor observing conditions,
information concerning the problems mentioned above was obtained.

The results of these observations are presented in this Appendix.

II. Observations

The observations were made using the same photometer
described in the text. Simultaneous measurements were taken at 2, 2
and at either 0. 85 or 1. 65 |;; both systems had a 0. 8 arc min diameter
field of view and a reference beam 7 arc min east of the signal beam.
During the observations the telescope was kept fixed with respect to the
earth and the sky drifted by at sidereal rate; therefore, an object
passed first through the reference beam of each system producing a

negative signal and then through the signal beam producing a positive
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signal. The scans were positioned so that they lay approximately
across the galactic plane, A summary of the observations made on
25 May and 10 and 11 July 1967 are shown in Table 1B; the total area
covered was several square degrees,

The position of the scans in the sky, the energy response of
the detectors, and the surface response of the detector systems were
all determined by observing Johnson's (16) standard stars in exactly the

same way as the galactic center,

III, Data

From the strip chart tracings of the RA scans, summarized
in Table 1B, all the sources of radiation brighter than a given flux level
were listed, The sources found were divided into two groups: (a) objects
which were unresolved and appeared point-like, (b) objects which were
resolved into extended sources of radiation. To make the sample of
point-like sources as free as possible from selection effects, only
sources which had a 2.2 |, signal to noise larger than 5 and which had a
scan width larger than 70% of the aperture diameter were chosen. The
latter restriction meant that the effective width of the scan patterns for
detecting point sources was about 0,55 £ 0. 10 arc min.

The observed point-like sources are a representative sample
of all the sources present which have a 2, 2 |, flux density larger than
1.6 x 10-26 W m-2 Hz-1 (K=6.5 mag). Table 2B lists all of the point-
like sources found on 27 May 1967 and Table 3B lists the sources found

on 10 and 11 July 1967; the tables include the flux density, position in

the sky, and color ratio SV(O' 85) /SV(Z. 2} or Sv(l' 65) /SV(Z' 2) of each
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TABLE 1B

RECORD OF OBSERVATIONS

Length . Separation
Date ()\) I;I((Z.amc;f of Scans ReD‘ieoCr];lgaét;Z:ed of Each Scan
K (arc min) g (arc min)

27 May | 5 2 0.85| 10 250 -28°57" to ~28"06! 1

1967
10 July ° o1 ° ol

1967 2.2,1, 65 21 100 -28 48 to -29 08 1
11 July : -27°59" to -28" 49!

1967 2.2,1,65 477% 50 -29°09" to -29° 49" 2

*For five of these scans there were clouds which reduced the sensi-
tivity by about a factor of 2,
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TABLE 2B

POINT-LIKE SOURCES FOUND ON 27 MAY 1967

SV(Z’ 2)

Dec. | pA(1950) 26

(1950) (10" S,(0. 85)/5.(2. 2) | 5, (1. 65) /S, (2. 2)*

w rn-2 Hz'l)

) I
-28°57' 17" 35746

-28°58'| 17 34 10
17 40 17
. 17 46 55]
-28 59'| 17 38 17
17 39 55
17 42 55
-29°01'| 17 41 20
17 42 57
-29°02'| 17 33 48
17 43 40 >
17 44 18
. 17 48 10
-29 03'| 17 38 48
17 42 15
17 43 21
17 44 35 >
17 45 48
17 49 40
17 50 33
. 17 51 47
-29 04'|17 33 33
17 42 53
17 45 21
17 46 05 >
. 17 50 45
-29 05'| 17 38 01
. 17 45 55
-29 06'|17 39 45
17 42 07
17 43 48
17 43 56
17 44 18

A A
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TABLE 3B

POINT-LIKE SOURCES FOUND ON 10 AND 11 JULY 1967

5.(2.2)
Date | Dec.(1950)] RA(1950) 26 v 2 |8 165 /s (2.2)%

W0~ “°Wm “Hz™]| VY v

10 July| -28°48' | 17" 41™ 21° 1.9 0.5

] 17 44 43 2.5 0.7

28°49' |17 42 42 1.9 1.0

_28°51' |17 38 22 2.5 1.0

17 40 21 7.5 0. 8

‘ 17 41 52 2.3 1. 4

-28°53' |17 37 50 3. 8 1. 6

_28°54! | 17 42 54 1.9 1.1

' 17. 45 32 4.2 0.9

-28°56' |17 40 22 2.9 0.5

' 17 45 49 2. 9 1.2

-28'57' |17 39 55 1.9 0. 6

17 40 45 4.0 1.3

17 42 57 2.7 0.5

, 17 43 03 2.3 1.3

-28°58' |17 44 33 2. 1 0.9

, 17 44 41 3. 4 0. 8

-29°00" |17 45 31 1.6 1.3

-29°01" |17 42 57 5.0 1.2
22902 |17 43 41 34,0

. 17 44 22 4 4 1.2

~29°03' |17 38 47 2. 1 0. 8

17 42 44 3.5 0.5

17 43 20 6. 1 0.7

. 17 44 34 28. 0 0.4

-29°04' |17 42 53 5.5 1.3

17 42 56 1.2 1.5

_ 17 45 21 5. 5 1.2

297057 |17 37 57 4.2 0. 4

-29°06' |17 39 39 2.7 0. 6

17 41 32 3.2 0. 4

17 43 42 3.0 0.7

17 43 50 2.3 1.4

_ 17 44 15 3.6 1.5

~29°07' |17 38 35 5.0 0. 8

17 38 51 1.7 0.7

) 17 39 51 7.5 0. 6

-29°08' |17 40 49 1. 6 0.5

17 42 04 2.5 1. 6
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TABLE 3B--Continued

S.(2.2)
Date |Dec.(1950)| RA(1950) 26 -z 41 s,(1. 65) /5 (2. 2t
10" “° W m™“ Hz™)

11 July| -28'05' | 17" 43™ 19° 24.0
-28°09' | 17 44 04 3.4 1.1
-28°11' |17 44 22 1.7 0.6
. 17 46 43 2.5 1.8
-28"13' |17 43 09 1,7 0.7
17 43 13 2.5 1.0
17 43 44 2.1 0.5
. 17 44 23 1.7 0.5
-28°170 |17 45 11 1.7 <0.4
-28°19' | 17 45 30 4,2 1.3
-28°25' |17 45 09 1. 6 0.9
-28°27t |17 43 19 2.5 1.2
-28°31' |17 42 32 2.1 < 0.4
-28°357 | 17 42 37 3.4 0.5
17 42 42 4.2 0.6
17 42 47 14. 0 1.0

17 43 57 31.0
. 17 45 17 3.4 1.3
-28°371 |17 42 01 4.2 0.5
. 17 42 39 1.7 0.7
-28°41' |17 41 58 1.7 0.6
. 17 44 27 3.4 1.2
-29711' |17 44 52 3.4 1.0
-29°13' |17 41 08 5.0 1.4
-29°15' |17 41 14 4.6 0.9
. 17 44 19 4,7 1.1
-29°19t |17 43 42 3.4 1.4

-29°23' |17 43 42 27. 0
-29°27" |17 39 52 3.8 0.7
17 43 42 8.4 1.5
-29°31' 117 43 08 5.9 0.7
-29°33t |17 41 48 4.2 1.0
-29°41" |17 41 12 2.1 <0.3
. 17 43 32 13.0 1.0
~29°45" 117 40 11 2.1 0.5
~29°47" |17 40 12 1.7 <0.5
-29%491 |17 41 11 5.9 1.3

*The ratio for an AOV stars is 1. 6.
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source found. From regions of the sky where there was an overlapping
of data, the errors in the flux density and color are estimated to be

20 and 30% respectively, The distribution in galactic coordinates of
point-like sources found on 10 and 11 July 1967 at odd minute declina-
tions is shown in Fig. le. It should be emphasized that the survey was
not spatially complete and thus gives only a sample of the sources
present,

Table 4B shows a summary of the extended sources found
with a maximum 2, 2 | surface brightness of 2 x 10-19 W m-2 Hzn1
stern1 over an area 0. 8 arc min in diameter. Sources with similar
right ascensions in adjacent declineation scans have been grouped to-
gether, The approximate extent of each source in right ascension and
the color ratio Bv(l' 65) /BV(Z.Z) are also given, The error in the maxi-
mum surface brightness is generally about +2 x 10_19 w m-z I—Iz-1
ster-l; the error in the color ratio for all sources other than the dom-
inant source is about +50%. For the central part of the dominant
source the error in color is about + 20%. Table 4B is not complete,
since the 7 arc min separation of the two beams discriminates both

against sources with diameters larger than 7 arc min and against faint

sources within 7 arc min of a stronger source,

IV. Discussion of Data

a) Extended Sources of Radiation.

From the data presented in the previous section, the follow-
ing statements can be made concerning the extended sources of radia-

tion.
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Figure 1B

Surface distribution of point-like sources in the
galactic center region, Shown are sources with

a 2, 2 u flux density larger than 1. 6 x 10"26 W

-2 - .
m Hz ! that were found with an 0. 8 arc min
aperture while scanning in delination intervals of

2 arc min. (The effective width of the aperture

for detecting sources was about 0. 55 arc min,)



Figure 1B
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1) There is no other extended source of radiation similar to the
dominant source within an area 7 X 103 square arc min (2 square
degrees) surrounding the galactic center.

2) The surface number density of extended sources decreases sharp-
ly as one goes away from the galactic center,

3) The average color of the extended sources is bluer than the dom-
inant source, but redder than the point-like sources,

The uniqueness of the dominant source can be seen by compar-
ing the characteristics of the dominant source with those of the other
sources found. The dominant source of radiation has a surface bright-
ness which increases rapidly towards the center with a maximum value

of 3.5 X% 10-18 w m-2 Hzml ster”1 at 2,2 y over an 0, 8 arc min dia-

meter area, it has a total 2. 2 u flux density larger than 3 X 10-24
W m™2 Hz'l, and it has a color ratio Bv(l. 65)/B (2. 2) = 0.2. Allof
the secondary sources found in Table 4B and in Fig. 5 of the text have

a maximum 2, 2 y surface brightness of less than 0. 6 X 10-18 W m-2

: -1 . .
Hz ster over an 0, 8 arc min diameter area, The strongest secon-

dary source is B which has a total flux density less than 2 X 10“24 w

m“2 Hz-l. All of the secondary sources measured, except source E,
have a color ratié B\)(l' 65) /Bv(Z, 2) two to four times larger than the
dominant source. In summary, of all the extended sources measured,
the dominant source has the highest surface brightness, the largest
flux density and the reddest color,

The positional variation of the surface number density of the

extended sources is seen from the data in Table 4B, The surface den-

-2
sity of the extended sources is larger than 10 = per sq. arc minina region
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30 arc min in diameter centered on the dominant source, whereas the
surface density of sources in the region 15 to 50 arc min from the
galactic center is less than lO-'3 per square arc min,

The colors of the extended sources are also shown in Table
4B, The average color ratio Bv(l. 65) /B\)(Z' 2) is about 0. 6, which is
considerably larger than the value 0. 2 measured for the dominant
source. This result agrees with the data discussed in section V a(iv)
of the text; thus the conclusions reached there are still valid.

It is interesting to note that the color of the dominant source
appears to become bluer as the distance from the center of the source
is increased. Since the effect is seen along the galactic plane, itis
unlikely that the color change can be a result of foreground reddening
(section V a(iv) of the text). There are at least three other possible
explanations: (a) the intrinsic color of the source changes as a function
of radial distance from the center of the source, (b) a considerable
amount of interstellar absorption (AV ~ 10) exists within 50 pc of the
galactic center, and, (c) the two beam photometer produces a system-
atic mistake in the color measurements. Further data are needed to

resolve this question.

b) Point-like Sources of Radiation.
The unresolved point-like sources of radiation have at least
three apparent properties,
1) The surface density of sources with a flux density larger than
1.6 x 10-26 W m‘-2 I—Iz-l near the galactic center is 3,0 £ 1.0

-2 .
x 10 per square arc min,
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2) The surface number density of the sources appears to be uniform
over the entire region measured (~ 2 square degrees).

3) The mean color ratio B\)(l' 65) /Bv(Z. 2) of the sources is about
0.9, which is slightly redder than an average K or M star
which has a color ratio from 1.2 to 1. 4.

The mean calculated surface number density of sources is
similar to the density expected from extrapolation of the results of the
infrared sky survey. Hughes (30) has shown that the density of sources

I

within the region lbnl <2°, 0<y4 I < 90° with a flux density larger than

- -2 - -
36 x 10 26 Wm Hz ! is 2.5 x 10 4 per square arc min., Assuming

a uniform spacial density of sources, one would expect 2,5 x 10-2

26

source per square arc min with a flux density greater than 1. 6 X 107

W m'z Hz-l.

The slight excess in the measured source density may
indicate the presence of a density gradient towards the galactic center,
Using Schmidt's (59) calculated mass density gradient d log p/dz; =0.18
as an upper limit to the gradient of infrared stars it can be concluded

that the 1, 6 x 10"2'6 W m-2 Hz-l sources are within 2 or 3 kpc of the

Sun.

How uniformly distributed the point-like sources appear in the
sky can be seen in Fig, 1A and in Tables 5B and 6B, where the density
of sources is given as a function of ¢ and b, The size of the regions
for which data are given in Table 5B is about 60 arc min long in b and
20 arc min wide in £, while the size of the regions in Table 6B is about
120 arc min long in 4 and 10 arc min wide in b, There apper;xrs to be
a slight tendency for the surface number density of sources to increase

towards the center as a function of ¢; however, the densities found are
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TABLE 5B

SURFACE NUMBER DENSITY OF POINT-~LIKE
SOURCES AS A FUNCTION OF ¢

Region P _ No. of Region Scanl'.led* Density 1
(arc min) Stars (sq. arc min) (sq. arc min)
1 60 7 1000 2.641,0x 1074
2 40 7 900 2,8+ 1.0
3 20 10 1000 3.6 1.0
4 0 9 900 3.6 1.2
5 -20 6 950 2,.4+£1.0
6 -40 6 1000 2,2+ 1,0

o
The true area scanned is about 1/3 this value,
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TABLE 6B

SURFACE NUMBER DENSITY OF POINT-LIKE

SOURCES AS A FUNCTION OF b

Region b . No. of Region Scanr.led* DensitY )
(arc min) Stars (sq. arc min) (sq. arc min)
1 +10 11 1200 3.3£1.0x 10 %
2 0 9 1300 2.5+1.0
3 -10 9 1300 2.5+£1.0
4 -20 6 1200 1.8+1.0

¢
The true

area scanned is about 1/3 this value.
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very consistant with a random distribution, (The XZ of the 4 regions
assuming a random distribution of sources is 2,0; a XZ larger than

this occurs 80% of the time.) From the data of 10 July 1967 itis found
that the density of sources with 20 < ]bl < 60 arc minis 2.9 % 0, 6 X 10-2
per square arc min which is in agreement with the data in Table 6B for
lbl < 20 arc min.

The mean color ratio B\)(l' 65) /B\)(Z. 2) of the point-like
sources is about 0.9 with an rms 'spread of about + 0. 4; the average
color ratio is also about 0,9, This color ratio is somewhat smaller
than that expected from the results of the infrared sky survey, where
the mean color B\)(l' 65) /B\)(Z' 2) of the sources found is inferred to be
approximately 1, 2 from the mean measured color BV(O. 75) /Bv(Z. 2).
The difference between the galactic center region and the sky survey
results could be explained by approximately 4 magnitudes of visual
absorption. The color ratio BV(O. 85) /Bv(Z. 2) measured in the galactic
center region is also consistant with approximately 4 magnitudes of
visual absorption,

It is of interest to determine from these data the surface num-
ber density of sources similar to the point source discussed in section
VIf of the text, Taking the data of 10 and 11 July 1967, only four
sources have a color ratio B\)(l' 65) /B.\,(Z' 2) < 0, 3, therefore the sur-
face number density of such sources with a K magnitude brighter than
6.5 is less than 2 X 104 ster-l.

In summary it is clear that the point-like sources are not

spacially located at the galactic center since they have a surface den-

sity which is only slightly larger than that found in the local
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neighborhood from the infrared sky survey, they show no marked
tendency to occur predominately in the immediate vicinity of the ga-
lactic center, and they show a mean absorption which is only 15% of
the absorption to the galactic center.

It appears that the unresolved point-like sources are of the
same nature as the sources found on the infrared sky survey; the exact
characteristics of these objects is still unknown, but a majority are

probably K and M giant stars (30).
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