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R¥suME. — On discute la probabilité d’observer des raies d’émission intenses dans Uinfrarouge. La raie 12,8 u. qui est
produite par une transition entre les composantes fines de Uétat fondamental de U'ion Net pourrait étre émise par les
régions H 11 galactiques et, peut-étre, par des enveloppes stellaires étendues. La raie 28 y. émise par une transition
de rotation J = 2, J = 0 de la molécule de (para) hydrogéne pourrait étre observée dans les régions H I interstel-
laires et par des protoétoiles en voie de contraction. On donne une estimation de 'intensité de ces raies d’émission

que U'on peut s’attendre a observer.

ABSTRACT. — Some possible strong astronomical emission lines in the infrared region are discussed. The line at
12.8 microns, which results from a transition between the fine structure components of the ground state of the ion
Ne+, is thought to be emitted from galactic H 11 regions and also possibly from extended stellar envelopes. The
line at 28 microns is emitted inthe J = 2to J = 0 rotational transition in the (para) hydrogen molecule, and could
be emitted from interstellar H I regions and from collapsing protostars. Estimates of the expected intensities of

these astronomical emission lines are given.

Pesome. — OOCyKIeHA BEPOATHOCTh HAOMIONEHNA HHTCHCHBHBIX SMMCCHOHHBIX JUWHME B ME(pakpacHOR
o0xactd. JImana 12,8 w, DOPOMKIEHHAA IIEPEX0J0OM MEXIY TOHKMMH COCTaBIAIOIIUMH OCHOBHOTO COCTO-
auug woma Ne +, MoKeT OHTH, u3ayuennofi radaxTmueckuMm o6mactamu H II u, GHITh-MosKer,
MPOTAKCHHHME 3Be3THHIME 000J0YKaMu. JIMHMA 28 w, M3IAYUeHHAS DOTAMOHHHIM IiepexogoM J = 2
J = 0 MOJeKyJH TmapaBoxOpOXa, MOMCT OLIThL HaGXIOfeHHOR B Mes3BesARBX ob6xactax H I m B mpo-
TO3Be3JaX B COCTOSHUH CiKATHA. I[aHa OIeHKA MHTEHCHBHOCTH HTHX SMUCCHOHHEIX JINHWHE, HAGIIOKeHNe

KOTOPHIX MOYKHO OMHIATH.

Recent advances in the construction of infrared
detectors lead one to consider the possible source
of infrared radiation in the Galaxy. In this
paper I shall attempt to make estimates of the
expected fluxes from some infrared lines which
seem to have the best chances of detection.

I. EmissioN LINEs FrOM gavAacTIC H II REGIONS.

A recent theoretical study of processes in H II
regions (BUrBIDGE, GouLDp and PorrascH 1963,
hereafter referred to as ¢ BGP ’’) indicated that an
appreciable fraction of the energy radiated from
these regions is emitted in the form of infrared
lines. These lines result from transitions between
the fine structure components of the ground state
terms of a number of abundant ions. The sepa-
ration of these levelsis ~ 0.01 — 0.1 eV and the
excitation is by inelastic collisions of electrons
which have thermal energies of ~ 1eV. The lines
resulting from some of the more abundant ions
are listed in Table I (taken from GourLp 1963).
The transitions listed are of the ¢ forbidden ”
magnetic dipole type corresponding to AJ = + 1;
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quadrupole transitions with AJ = - 2 are much
weaker. Thus, for example, the J = 2 level in
N+ would depopulate predominantly by
J =2 -1 0, emitting two infrared photons.

Of the ions listed in Table I, Ne+ isprobably the
most abundant in H II regions, since neon is
singly ionized in regions excited by stars of essen-
tially the same surface temperature range that pro-
duce most of the ionization of the interstellar gas
(see BGP). The amount of energy radiated per
cm? per second from an ionized region of density =,
in the Ne+ line at 12.8 p is n? ¢(Ne+), where, if
neon is singly ionized,

e(Net+) ~ 2 X 10—24 erg-cm3/s.

As shown by BGP, this infrared line is one of the
principal scurces of cooling in H II regions ; by
comparison, the inteusity of the He line is only
about one-third as large as that of the 12.8 u line.
It is of interest to consider the expected 12.8 u
flux from galactic H II regions, especially since
this line lies within the 8-14 p. window of the atmo-
sphere and could thus be observed from ground
based instruments.

Take the following model for the galactic gas :
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TABLE 1

INFRARED EMISSION LINES

Tox GROUND TRANSITION v A
STATE J,—Jy) (em™1) ()
1 3
C+ 2p 2Py 573 64.0 156.3
N+  2p?3P, 0—1 49.1 203.6
1—2 82.2 121.7
N+2 2p 2Py e })-—-g 174.5 57.31
0+2  2p? 3P, 0—1 113.4  88.18
1—2 193.4 51.71
0+3  2p 2Py ; — 3 386.5  25.87
Ne+* 2p8 2Py g — % 782 12.79
Ne+2 2pt 3P, 2—1 650 15.38
1—0 277 36.10
Nett 2p% 8P, 0—1 414 24 .15
1—2 698 14.33
1
Mg+8 295 2Py, g —3 2226 4.492
Si+  3pP, ; _ g 987  34.8
2
S+2 3p? 3P, 0—1 297.2 33.65
1—2 535.3 18.681
St3 3p 2P, l — ? 950 10.53
3 27 2

the gas exists in discrete ¢ clouds ” which fill a
fraction f, ~ 0.1 of the volume V; of a disk of
radius 7; ~ 10 kpe and thickness ¢ ~ 200 pc
containing the gas clouds

(Va=mrit ~ 2 X 10% cm3) ;

a fraction fi ~ 0.1 of the clouds are ionized and
have a density (n.), ~ 10 cm—3. The galactic
disk luminosity ot the 12.8 p line from Ne+ is then

(1) Lg(Ne*) = [n2 e(Ne*)], fo fs Va
~4 X 10%2 erg/s.

This figure represents an appreciable fraction of
the total energy emitted beyond the Lyman limit
by hot stars in the galactic disk. Clearly the line
is well above the infrared stellar continuum.
Even for poor resolution AA/A ~ 1 the line inten-
sity is about 4 orders of magnitude above the stellar
continuum and about 3 orders of magnitude above
the e-p bremsstrahlung continuum from the same
H 1I regions. To get an idea of the energy flux
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to be expected from the galactic disk, suppose that
this source were placed at a distance r; ; then

(2) Fa(Net) ~ Ly(Ne*)/dmrd
~4 X 10711 watt/cm?2.

Since the noise equivalent power (essentially the
minimum detectable signal) of photoconductive
detectors for this wavelength region is about
2 X 10—12 watt and may be lowered to 10— watt
in the near future it would appear that the flux (2)
should be easily detectable. Self absorption of the
12. 8 u line is negligible and extinction by the inter-
stellar grains would amount to oanly about
1 Mag/10 kpe in the galactic plane. Thus, one
should be able to ¢ see >’ essentially the whole
galaxy by means of this line. In fact, if good
spectral resolution could be attained, so that the
Doppler shift due to differential galactic rotaticn
could be measured, a plot of galactic H II regions
could be made as is done in radio astronomy with
the 21 cm line.

Concerning possible discrete soucces of 12.8 u
emission, the Orion Nebula with an H II region
about 10 in diameter would appear to be the stron-
gest. The flux can be estimated from the observed
H, flux (which is essentially a measure of f 22 dV)
of I, = 1.958 X 10—7 erg/cm?-s (see MENON 1962).
Then the 12.8 p flux from Ne+ can be estimated
from I(Net) = I, <e¢(Net) >[< e, >. With
< e(Ne*) >/< ¢, > as computed in BGP, we
obtain I(Ne+) ~ 7 X 10—* watt/cm? for the expec-
ted flux from the Orion Nebula.

Other possible sources are the planetary nebulae.
Taking ¢(Ne+) = 2 X 10--2¢ erg-cm3/s and using
the data given by ALLER (1956) on the radius r,,

TABLE II

ExPECTED 12.8 p. EMISSION
FROM PLANETARY NEBULAE

Fneb. Fneb.

NEBULA (watt/om?) NEBULA (wattfom?)
NGC 1535 2 x 1018  NGC 6572 1 X 1618
NGC 2149 9 x 10717 NGC 6803 2 x 10—17
IC 418 2 X 10715 NGC 6818 4 X 1016
NGC 2392 3 x 10718 NGC 6826 3 x 1016
NGC 3242 1 x 10715 NGC 7009 7 X 10716
IC 4593 5 x 10~17  NGC 7027 2 x 10—1s
NGC 6210 2 x 10—  NGC 7662 7 X 1018
NGC 6543 1 X 10—1s
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distance d, and electron density =, for various pla-
netary nebulae, the energy fluxes given in Table I1
were estimated from '

(3) Frep. = << 0% e(Ne*) > r3/3d>.

The best bets seem to be IC 418, NG(' 3242%
NGC 6543, and NGC 6572, from which fluxes
~ 10—15 watt/cm? are expected.

Nearby large galaxies may be detectable. If
a source of luminosity (1) were at a distance of
1 Mpc the flux would be 4 X 10—° watt/om?;
perhaps the 12.8 yu. flux from M 31 could be detec-
ted. The background flux from all galaxies out to
a cosmological cut-off R = 5 X 1027 seems to be
quite high. Taking a mean 12.8 y luminosity per
galaxy of < (Lg (Ne*) > ~ 4 X 1042 erg/s and a
mean number density of galaxies of

ny ~ 3 X 10—75 cm—3

we calculate a cosmic background flux of
(4) Fo(Net) ~ << Ly(Net) > n, Rj4n
~ 5 X 10718 watt/em? — sr.

Due to the differential red shift the line would
be smeared into a continuum ; the spectral shape
of this continuum would depend on the large scale
structure of the universe. Perhaps a measure-
ment of this spectrum could shed some light on the
controversial subject of cosmology.

Of the other infrared lines listed in Table I the
most intense galactic lines are probably the lines
from C+ (which would also exist in H I regions),
N+, N+2 and O+2. However, these lie far into
the infrared where detection is even more diffi-
cult ; perhaps the lines from Mg+3 (4.49 yu),
S+8 (10.53 ), Ne+¢ (14.33), and N+2 (15.38)
could be detected with less difficulty. While the
mean galactic abundance of these ions is likely to
be quite low, they may be abundant in certain high
excitation planetary nebulae.

As yet, none of these lines have been detected
unambiguously. However, a 12.8 u flux from
Ne+ may have been detected by WILDEY and
MURRAY (1964) in their infrared observations of
stellar radiation around 10 u (the observations
actually included all radiation in the 8 — 14 u
atmospheric window). Their preliminary obser-
vations indicated an infrared excess over the extra-
polated black body spectra of about an order of
magnitude for the two B stars « Leo and y Ori.
As has been recently suggested (NEY and
GouLDp, 1964), this excess radiation may be due to
emission by Ne+ in an ionized envelope of the star.
A similar effect in the infrared spectra of cool stars
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would not be expected, since, even if the stars had
gaseous envelopes, only a small amount of the gas

could be ionized by the weak UV radiationfrom the
star.

II. 28 p. EmissioN FROM MOLECULAR HYDROGEN.

The possible existence of a 28 u emission line
from interstellar hydrogen molecules has been
known for a long time. The line results from the
J = 2 to J = 0 quadrupole rotational transition
in the (para) molecule. Here I shall consider two
possible circumstances which might give rise to
28 1 emission and shall make estimates of the
associated fluxes.

a) 28 u Emission During Protostar Collapse.

It is often assumed that in the formation of stars
out of condensations in the interstellar gas at some
stage during the condensation the hydrogen gas
has become molecular. 'The process of star for-
mation out of molecular hydrogen gas has been
treated recently (GourLp, 1964) and some of the
results of this investigation seem to be relevant to
infrared astronomy. When an initially cool mole-
cular hydrogen gas sphere contracts and raises its
temperature (collisional) excitation and emission
of 28 . radiation increases and causes a rapid
contraction. Depending slightly on the protostar
mass, when the temperature of the contracting
protostar has reached the relatively cool value
~ 40-50 °K, the contraction approaches the free-
fall rate. The total galactic luminosity in 28 u
radiation can be estimated from the rate of conver-
sion of interstellar gas into stellar matter on the
assumption that all star formation proceeds
through a stage where the protostar is at least
partly molecular. The resulting 28 u energy flux
from star formation in the galactic disk is then
about 3 X 10— watt/em?2 This flux is quite
small but may be detectable with some effort.

If star formation happens to be taking place
abundantly in some nearby region, the intensity
of 28 u radiation may be much larger. For
example, the maximum 28 p. luminosity of a pro-
tostar (which is proportional to the mass) of mass
100 MO is about 100 LO, and maintains this lumi-
nosity for ~ 10% yr. If such a source were at a
distance of 500 pc (roughly the distance to the
Orion Nebula), the flux received would be
1013 watt/cm?, and this flux is quite large.
Lines from other quadrupole rotational transitions
should also be present, although their strength is
likely to be smaller (by a factor < 10) ; their dura-
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tion of emission is also likely to be smaller. These
linesareJ = 3 — 1 (A = 17 p), J = 4 -> 2(12 p),
J = 5 — 3(9.4 pn), ete.

b) 28 u Emission From Interstellar H I Clouds.

If the interstellar clouds are heated in inelastic
cloud-cloud collisions (¢f. GouLp, GoLD and SAL-
PETER, 1963), the principal cooling mechanism is by

radiative de-excitation of the J = 2 state of Hj-

(and emission of 28 y radiation). The energy loss
rate by this process per cm? of intersteilar space

would be
dE,/dt ~ fm n? ¢ 13,
1
where f (~ ik rough guess) is the inelasticity,
m(~ 6 X 10% gm) the typical cloud mass,

o(~ 8 X 102 cm?) the typical cloud cross section,
and v(~ 10° cm/s) the mean cloud velocity ; one
then obtains dE./dt ~ 5 X 10—?%7 erg/cm3s. If
this energy loss takes place throughout the ga-
lactic disk (volume: V; ~ 2 X 10% cm3), the
expected 28 p. flux from the galactic disk would be
(dE[dt) Va[4nr: ~ 1013 watt/om?2, which is quite
large. However, the inelasticity of cloud-cloud
collisions may possibly be much smaller, and, of
course, the  cloud model ” for the 1nters’oellar
medium is questionable.
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Discussion

D. W. Sorama, — It is wonderful that Dr. GouLp
has discovered this line which stands out above the
continuum and so may help to solve the cosmological
problem. To illustrate the potential power of this
method, I might just mention that the spectrum pro-
duced by differential red shift is v® for the steady state
model and v1/8 for the Einstein-de Sitter model. Fairly
simple observations might thus sufﬁce to distinguish
between the two models.
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L. BierMANN. — From your figures, it seems that
the emission of Net infrared lines must be a substantial
part, say of the order of 10 %, of the luminosity of the
central star of the H II regions. Is that so ?

R. Gourp. — Yes, that is correct. The contribu-
tion of the Ne+ line to the cooling of H II regions is
treated in a paper by G. BURBIDGE, S. PoTTASCH and
myself in Ap. J. 138, 945, (1965).
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