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ABSTRACT

This report consists of two parts and represents two
scientific papeirs whicli present the results obtained i=n our
July 16, 1971 flight.

A) Rocket Infrared 4-Color Photometry of the Galaxy's

Central Regions,

B} Wny Many Infrared Astronomical Sources Fmit at 100 um,

‘The first of these papers has beenApublished in the
4strophysical Jourﬁél Lette?s (169, L31). The secund paper

has been submitted for publication to the journal Nature.
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ROCKET INFRARED 4-COLOR PHOTOMETRY OF THE GALAXY'S CENTRAL. REGIONS
J.R, Houck¥ B.,T. Soifer, Judith L, Pipher+ and Martin Harwit**

ABSTRACT ~

The central portion of the Galaxy was observed in the band-
widths 5-5, 12-14, 11-23 and 85-115y during an Aerobee 170 rocket
flignt launched on July 16, 1971, We report on measurements made
during 2 100 sec time interval around 21:56 MST. In addition

to the galactic center, we also observed four new sources.

+ Now at the Dept. of Physics and Astronomy, University of Rochester
» Alfred P, Slcan Foundation Fellow

** Visiting astronomer at Kitt Peak Natioral Observatory which is
operated by the Asscciation of Universities for Research in
Astrcnomy Inc. under contract with the National Science
Foundation, )
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On July 16, 1971 at 21:53 MST, an Aerobee 170 was launched
xfrom White Sands, N.M., The payload, consisting of a liquid helium
cooled far infrered telescope, reached a maximum altitude of 190
km, ard there were 280 seconds of useful ob;erving time, Ve
report here on 100 seconds of observations of the galactic center
region, as measured by four infrared detectors with spectral
bandwidths of 5-5, 12-1k4, 16-23, and 85-115p. A more detailed
report will be published later.

The telescope is similar to one flown previously (Harwit
et al., 1969). It has an 18 cm diameter £/0.9 parabeloidal
primary mirror. However, to avoid excess sensitivity to stray
horizon radiation, secondary optics were added to improve the

telescope beam pattern. Thece modifications will be reportzd

elsevhere (Houck, 1971). They were considered necessary because

the galactic center, as seen from a latitude 32°N, appears relatively

low above the horizon. As in previous flights, the radiation was
fully chopped By a tuning fork chopper, placed in the primary focal
plane, and was then directed to the individual detectors through
separate light pipes. This chopping procedure provided us with
absclute flux levels for radiation coming from the individualz

1/4° % 1° rectargular fields viewed by the different detectors
(see Fig. 1). In order to see smallvchanges in flux levels over
and above the scattered earth shine background, the data was

displgyed beth in terms of absolute flux levels and in terms of

instantanecus flux changes as determined by means ci a differentiating

amplifier, The raw data from the differentiating amplifiers is

displayed in Fig. 2,
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Five sources were detected near the galactic center (cf.

Tabie I). Only the strongest of thase, the galactic nucleus,
has been previously reported. Fig., 1. shows the scan patiern
of our four detectors relative td the galactic center as mapped
by Hoffmann et al. (1970) at 100u. The instantaneous fields of
“iew of our detectors, at different times in flight, are knowm
¥27.fve L> one another wilh an wccuracy of' the order of 0.1°,
‘.. Oata comes from photographs of the sky taken with an aspect
camera, There is, hcwever, some uncertainty in the absolutz
pcintiﬁg direction relative to the direction viewed by Hoffmann
~t al. We have therefore obtained a best fit relative to their
iscphote map, by comparing:our actual scan pattern to éynthetic
scans across the map (see Fig. 1). We cobtain a unigue fit which
gives excellent agreement both of the absolufte brightness detected
at 100p and of the s2an pattern as we cross the galaciic center,
Fig. 1 shows this sighal Bn our first pass thnrough the center,

Table T lists the total flux measured in each bandwidth
for each of the sources ébserved. The procedure usad to obtain
these fluxes, involves sudtraction of the scygttered earth shine
component uycing the method of éoifer et al. (1971) and Pipher et al.
(1971). Errors‘in absolute calibration are very hard to assess,
in an experiment o% this kind. We assign a somewhat arbitrary
uncertainty to our values, amounting to T 50%.

The flux atiributed to source III, the galacfic cenver, was
computed in a way somevhat different from thati used by Hoffmann

et al. Ve only integrated the total Ilux detected by our detector.

However, on the assumption that the map produced by Hoffmann et al.
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is correct -- and this appears to be true, at least for the

portion through which we scanned -- we can extrapolate our data

-to obtain‘a flux value for the entire 3.60 x 2° field covered by

-20

these suthors. Our extrapolated value of 7 x 10 watt/m“ Hz is

in excellent agréemenc with their findings: a flux of 7.6 * 10'20

watt/m? Hz.

”he agreement can be generally understood particularly because
our galactic center measurements required véry l1ittle background
correction, In turn, thic means that the differential chopping

technique employed by Hoffmann et ai. gives good flux levels, at

least for this bright source, The general level of infrared emission

from. the galactic plane at 100p does not appreciably contribute to
the total flux reaching us from the central portions of the Galaxy.

Fig. lrshows,source ITI as 2 shoulder on source III -~ the
galactichenﬁéf. This source warc cro;seﬁ by the 100p detector on
the scaﬁé made perpendicular to the galactic plane and actually
appeared 20% brighter than seen in Fig. 2. It is this bigger flux
which we 1list in the fifth column of Table I,

The fluxes measured for the galactic center by the short

wavelength detectors are somewhat larger than those p.reviously

_reported in the literature (Becklin et al., 1969 and Low et al.,

1969). Because we are making absolute measurements, it is possible
llat a general background, rot detected by the ground based
observers added significantly to the measured flux.

Ve have no firm identifications “or.sources I and v, nut a
tentative assignment, respectively, to #8 and HGC 6357 seems

Teasonahls on the bagls of our aspect solution. .
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TABLE I

Total Fiux (Watts/mQ-Hz)”

| 56u

12-14p

16-231

85-1153 
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| c2.8x107°F
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B.2x107 27
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7.7x10" 2%
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Pigure Captions

Pig. 1 Scan path of the detectrrs i Sagittarius region
(¢ross hatched) superposed on Hoffmann's 106; map of
the Galactic center., The 100 fiux level as measured
on the scan aleng the piane, in the direction of
decreasing longitude is also shovn., The fields of
view of the four detectors, and their relaivion to the
telescope optical axis are also indicated. The in- T
dividusl soﬁrces are lgbelled and referred to in the

text., The galactic center is source III,

. Fig. 2 The raw data for tThe four deltectors. The data shown

ana bl

has been processed &y & synclironous femodulator, a

logarithmic amplifier, and a differentiating amplifier.

AT M g

This scheme enrabled us to see point-like sources

i B

!

clearly, while Fejecting slowly varying sigunals (such

nakax

- as the scattered earth &:i.ae), The sources are labelled ? -
as in Figure 1. Before 185 seconds, the detector

passed over the sources in the sequence, 85-115u, 5-6@,

16-231 and 12-1%p. After 195 seconds (reverse scan . )
along the plane} this ordering ié reversed., At 2G5

seccnds, the scan perpendicular to the plane began,

1

with no change in detector orientation.
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WHY MANY INFRARED ASTRONOMICAI, SOURCES EMIT AT 100pm

Martin Harwit®, B.T. Soifer, o
4 J.R. Houck* and Judith L. Pipher** ‘— #
Recent far infrared observations indicate that three
% general features characterize many galactic sources:
5; 1) the flux at 100um is far greater than at the shorter, 'i
é 201, 10p and 5u waveleng’chs1 (Fig. 1) é
g 2) at the shorter wavelengths sources appear more compact - §
_é& : 3) there is a rough proportionality between the total - é
%ﬁ infrared luminosity and the intensity of the thermal radic é
%; emission from these sourcesg. §
: The third point strongly suggests that the far infrared é

" sources all are associated with HII regions, But there are

many puzzles. For exampie, it is surprising that the spectral

characteristics of these sources appear so similar., Does this

mean that spectral line or band emission is involved? If so,

; one might expect to learn about the chemical character of the
& Z emitting substances and decide about their structural prop- ;é
E - - erties -~ atoms, molecules or grains.- On the other hand, if ;é

+Tisiting astronomer at Kitt Peak National Observatory, which
is operated by the Association of Universities for Research
in Astronomy, etc., under contract with National Science

Foundation, .
*A1fred P, Sloan Foundation Fellow.

**Now at tlie Department of Physics and Astronomy, University of-
Rochester, :
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spectral emission features aie not responsible for the high fiux

'

2 b e % o N

at 100um, then thermal emission from grains at a color temperature
of 30 to 60°K would provide the most _ikely explanation., In

that case, however, it is puzzling that the observed color

st o v kv g

temperature could be so uniform for different sources,

I

A

The aim of this note is to show that line emission alone

coes not easily it the facts but that a relatively narrow

range of grain temperatures can be expected in the outer por-

tions of—many HIT regions, These appear to be the prime in-

et R s 5 L e T

frared sovrces at 1Q0um.
Evidence that the observed emission does represent a

continuum, rather than narrow band emission, is found in an

: o "
it b e A 10 R34 et a1

intercomparison of our rocket observationsl of the galactic

center with balloon-borne studies by Hoffmann, Frederick and

W '
b 1 e s Bl e

'Eme;yj. The flux density -- energy emitted per unit spectral

v

bandwidth -~ at 100um measured in these two experiments was

e vk i s

practically identical, despite the fact that the spesctral
bandwidths differed by a factor of 2, This agréement favors
cortinuum emission over discrete line emission, We will assume

4 the continuum is due %o thermal grain emission.

§ To explain the uniform heating of grains, we visualize

?; a model of an HII region whcsg central portions may have nmore -
§ or less arbitrary electron density N, ﬁhile a large envelcping

EE region has an electron density n, in the range 1 < n, < 20 em™2,

Such a density range probably is characteristic of the envelopes

=] ~ of most EII regions.
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The model we present is cimilar to one developed by
Krishna Swamy znd O'De_‘:.li‘L to expilain infrared emission in
ﬁGC’7027, by grain heating through resonantly trapped Lyman-a
photons., The rescnantly scattered Ly-a photons criss-cross
the HII region in a random walk with stépé short compared to
the diameter of the region. Even vhen grain sxtinction for
a single photon pass, straight through the HII ®gion, is low,
the resonartly scatiered photons will be absorbed, since they
traverse such a lcng path through the region. Each gran,
effectively, has a larger absorption probability for trapped
radiation. :

The Ly-c flux is more or less uniform throughout the HIT
region because the random walk tends to smooth out the photon
density. However where there are particularly strong sources
of ionizing radiation an increase in grain temperature can be
expected; and one also expects grains near the source of
ionization, usually found in the central pertions of a region,
to be somewhat warmer simply because there will always be some
direct absorptioﬁ of ionizing radiation, These features are

in general agreement with property 2) cited above.

Normally, however, the grain temperature at a2ny given
point in the HIT region will be determined by the local Ly-a
flux. For spherical grainé, the temperature T depends on the
Iy-a density D yea through the enérgy balance relation

keg ot ~ a 20 L (1)

r s e e

ETIET

MM« e L

anld e 0 1Y aw

|
'
32l 04 i W 1

A ninadbi i g et

74 s b

. ! .
vl bt vt a0 e U i ey bl s P b o

funa bl by Lo

'y
Bt Wb ot 05 b

Wbt ettt

,
[ , ! !
i B LA A el bbind L A ) o




! ‘ul‘n"l

A

where ¢ is the Stefan-Boltzman constant, ¢ is the speed of

light; € and €, are the infrared and ultraviolet emissivities
of the grains and‘a is the Ly-a energy. The Ly-a photon density,
in turn is determined by the formation rate and lifetime of these
photons, and by the volume of the HII region. The formation
rate of Ly-a photons integrated over the entire region eauals

the recombination rate

Niyaa ~ nhy ¥ o (2)
where Ng» np are typical electron and proton number densities,

v is the veloccity of the particles, ¢, is the recombination
eross seciion and 9y~ is the total veclume of the ionized region.
The lifetime
ledd 1 - -

C ng eu ™5

for spherical grains with number density n

o Using (2) and

(3) to determine Ny qs We obtain

n, ~dy=a® _Delp 7% " (%)
Ly-a v
- c Ny €, TS -

The grain temperature can then be determined from (1) and (4)

and ic independent of €

u.
T nh Vvo 1/4
. ep T -
T ~ l:_’: T 75 (3)
ng €; G 4w s

Ore can see how this medel fits the galactic center,

42 1

Observations?” show a total luminosity of ~ 10 - erg sec —,
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indicating that two relatiouns must hold., The Ly-c energy

) e .
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creation rate is

: . 42 -1
Q NLy-a ~ann, Vo, P 10" erg sec (6)

and the grain emission rate also is

4 vV~ 1042 erg sec™t {7)
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These two expressions, of course, also give rise to (5). In

equation (6), tre observed volumel?? ~ 3 x 1062 cms,

a~ 1.6 x 107+ erg, v o, ~ 5 X 10°12 em’ see™t so that

-
-~

n_~n_~ 20 em”, With this number density and a line of

€ D
sight depth equal to the observed 100um width ~ 1021
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cm of
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the region, we obtain an emission measure of ~ 12 x 10  cm’

6 =

T T TPy

pc. Downes and i»}axwell5 have used the radio brightness

y

-6

. X h
temperatures to obtain an emission measure of 4 x 10 om

ARYTN

pc for the exitended source, This agreement is satisfactory :
particularly since our computed value is the effective ;
emission measure for the entire region, while their's involves )

only the diffuse component which should be lower.

FTY

Iﬁ’equation more of the parameters are unceriain,
D

We let cosmic chemical abundance considerations dictate that

LA R EE.?& {
g3 TP 500 (8)
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where the grain density p ~ 1 g em ~ and my ~ 1.6 x 10"24 g - 3

is the mass of hydrogen. Letting s ~5 x 10°% cn then gives =

11 n_ ana
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n ~2x100en ~ 10 o
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€ is very wucertain. To cbtain a temperature of about 40°K,
! consistent with the dbserved spectral shape, we choose €y ~

4

1.5 x 10”7~ at 100um. This emissivity would agree with a

scaling law somewhere vetween AL and A"2,
In any case P;J.rcell6 has shown that € has a< maximum

value which cannot exceed ~ 35 x 10'3, at this temperature,

_ even if the static dielectric constant were as high as 4,
With the absorbance ratio (8) this leads to a lower limit for
T at ~ 20°K. We can see that our data limits the range of grain
dimensions. Optical studies already had showvn that interstellar
grains are small compared to the wavelength of visible light.
Their radii, s < 2.5 x ZLO'5 cm, They must, hcwever, be larger
than s ~ 2.5 X lO"7 cm; otherwise the small heat capacity of
the grains would require either heating beyond 60°K, even for
single absorbed ultraviolet photons, or else would entail
some form of fluorescence by the absorbing grains. Since,
however, a.» overwhelming fraction of the observed energy is
emitted (Fig. 1) near 100um, with only a small amount of
radiation observed at shorter wavelengths, appreciable amounts
of fluorescence or grain temperatures higher than ~ 60°K cannot
be alvowed and grains smaller than s ~ 2,5 x 10°7 em must ve
ruled out. This_comes about because the emissivity at 100um
is so small, glready, that unrealistically small emissivities,

Y

€5 & 10

limit emission. Our data would seem %o preclude the possibility

s would be reguired at the shorter wavelengths, to

both of ?1at€7 grains and of the very small grains postulated by

Hoyle and Wickramasinghes.
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For general galactic HII regions, grains should have
substantially the same properties found near the Galaxy's
center and we therefore postulate that s, €45 np/ng 2re
constant for the interstellar medium. The grain temperature
(5) will thereforn only vary as the fourth root of the electron
density, and ~-~ through the term v0,, == on the fifth root of
the plasma temperature, This gas temperature normally does
not range more than a factor of 2 above or below 7000°K.

The electron density in the outer envelope of HII regions may
range from ng ~ 1 c:m"3 in normal regions of the disk, o n, ~
20 cm™” in the central portions of the Galaxy.k The grain
temperature in such regions should therefore generally nct
vary by more than 5C% from some mean value. A range cf 309 -
to 60°K, for example, would fit the observations reasonabl&
well,

In discussing the galactic center, Xrishna Swamy9 has
described a dust model different from ours. The grains are
directly illuminated by stars rather than by repeatedly
scattered Ly-a radiation. A difficulty he cites is the high
dust opacity which then s needed., He finds that such an
opacity is inconsistent with the observations at 2.2um. Our

model does not need these high opacities, since resonantly

scattered radiation has a much higher probability for absorption

by grains than does starlight which necessarily crosses an
HII region in a single pass.
A second difficulty mqptioned by Krishna Swamy concerns

the replacement of grains ejected from the galactic center by
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radiation pressure., A very high production rate is required
in his model. In our scheme, on the other hand, two factors
circumvent the difficulty, First, the total number of grains
needed at any époch is smaller in our model; replacement would
therefore require smaller dust production rates, on that score
alone. However, there is a second important factor which also
works in the right direction., The outward directed momentum
carried by ultraviolet starlight is deposited into the gas
that is bzing ionized; it is not directly deposited on the
a@sorbing grains, If recombination of ionized gases leads to
faster Ly-a photon production at the center than a% the per-
iphery of a cloud, this radiationthen will exert a further
pressure on the outer regions, but much of this pressure again
acts on the gas. In our model, it is primarily the gas that
is expanding outward and pulling along dust; this leads to
smaller zrain ejechtion velocities than those found in Krishna
" Swamy's model.

One of the features mentioned by Krishna Swamy does however

seem to be important. While our model %ends to give temperatures

quite insensitive to the total luminosity of an HII region,

= there does exist some sensitivity to variations in gas and

dust density. Such variations would cause some variation in

the wavébngth distribution of emitted far infrared radiation.

While such variations occur, it does seem possible that the

i
e

vty

skarp peaking in the 100um range also is eﬁphasized by broad,

j
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but spécific; emission features and that grains probabiy w3ll
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be found to have fairly uniform chemical properties.

connection, it is interesting that Krishna Swamy finds ]

dirty ice and particularly silicates to give better agreemenv

with existing data than-do graphite grains.

We have benefitted from discussions with Drs. Bruce

and Edwin Salpeter.
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Figure Caption
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Infrared fluxes for five sources measured hy Cornell .
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Group (Ref, 1). Source I and V have been tentatively

jdentified with M8 and NGC 6357 respectively. The curves

5 dravn represent different fits to the 100um data for the

galactic center. The black body emissior. BB can be ruled

out on the pasis of microwave data.7
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