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Abstract

A selective discussion is given of observations of recombination lines from
"normal" H II ré’g‘ions, extended H II regions, nonthermal sources, and the H I
medium, Degéction of recombination lines from elements other than hydrogen
may provide a means of identifying "fossil Stromgren spheres' at high temperature.

I. Introduction

The capture of an electron by an ion into a highly excited level (principal
quantum number n > 60) and the subsequent cascade to the ground term can
produce line emission in the radiofrequency portion of the spectrum, The
emission frequency is given by v = cRZ? [n-2- (n +An)~2] where R is the
Rydberg constant for an element of charge Z. When An =1, the transition is
denoted as an a -transition; when An = 2, a S-transition; etc. Such lines are
observed in the spectra of H II regions, where transitions over a wide range
in principal quantum number, n = 57 - 56 (56 ) at 36.5 GHz to n = 254 - 253
(253 ) at 400 MHz, have been detected from hydrogen (Sorochenko et al. 1969;
Penfield et al. 1967). Higher order transitions, involving a change in principal
quantum number greater than one, have also been observed up toAn = 5 (so-
called ¢ -transitions). The strongest recombination lines found to date are those
of hydrogen; lines from helium are present if the excitation of the H II region is
sufficiently high, but the intensity is about a factor of 10 less than that of hydro-
gen because of the lower helium abundance., Narrow recombination lines ob-
served in the spectra of H II regions appear to be formed in H I clouds between
the source H II regions and the observer.

Study of recombination lines has extraordinary value. They can be used as
diagnostic tools in determining the physical parameters of the emitting region:
radial velocity, electron temperature, electron density, turbulent velocity, and
emission measure. In addition, the fractional ion concentration can be derived
from intensity ratios of two lines originating in the same region and produced
by different elements.
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In the following sections we note selected results on studies of recombination
lines from thermal and nonthermal sources and suggest observations that may be
useful in studying ""Gum Nebulae' and related objects.

II. Thermal Sources

A. Normal H II Regions

To understand how recombination lines vary in different sources, it is useful
to briefly describe the solutions to the transfer equation for the line and continuum
intensities in a normal H II region. Here ionization results from the ultraviolet
radiation field of nearby exciting stars. Recombination takes place via radiative
processes also, and the high levels of atoms producing recombination lines are
not populated in equilibrium at the local electron temperature. The continuum
emission however is due to thermal bremsstrahlung. The line-to-continuum
ratio for a recombination line formed by a transition from upper level m to lower
level n in an isothermal, homogeneous, optically-thin gas is given by
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where the optical depths in local thermodynamic equilibrium (LTE) of the line
and continuum are given by fr and 7, (Dupree and Goldberg 1970)., The non-
LTE departure coefficient for level n 1s denoted by b and the correction
factor for stimulated emission is given by (Goldberg 1966)

b_ k T\ /b -b) ,
- [

In H II regions where T ~ 104 °K, the b factors for hydrogen and helium for

n ~100 are less than but approximately equal to one, The quantity S can be
negative and have an absolute value much greater than one owing to the amplifi-
cation of small population differences befween levels by the factor kT /hu.
Inspection of equation (1) shows that the line intensity depends on the value of
the upper level population as expected (b, = 1 in LTE) and on the amount of
stimulated emission due to both the continuum and the line self-emission. If
the atomic levels are populated in LTE, the line-to-continuum ratio for na
transitions (An = 1) is given by ‘
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where Z = (m + 1) for an atom X™ ;v (GHz) is the frequency of the transition;

Ay (kHz) is the full line width at half-power; (B, /E c) is the ratio of the emission
measures of the line and the continuum (EL/EC = 0.91 for H II regions); and X =
157800 Z2/nT, .

The H109« transition at 5 GHz has been surveyed in sources in both the
northern and southern hemispheres (Reifenstein et al, 1970; Wilson et al. 1970).
The line-to-continuum ratio in H II regions varies from 2 to 22 percent and
averages about 5 percent. The southern survey has included observations of
three sources which happen to lie within the extended boundaries of the Gum
Nebula, as noted by Abt et al. (1957); G265.1+1.5; G267.8-0.9; G268.0-1.1, One
of the sources, G267.8-0.9 (RCW 38), has been mapped at 5 points in the H109a
and H126q, H127q transitions (McGee and Gardner 1968; Wilson 1969). All
three show a continuum spectrum indicative of an optically-thin thermal source
(Milne et al. 1969). The LTE electron temperatures determined by substitution
in equation (3) range from 6000-7900 °K; however, such LTE values usually
underestimate the actual temperature in H II regions.

To determine the parameters of line-emitting regions, observations are
needed at many frequencies and should include higher order transitions as well.
Several methods (Hjellming and Davies 1970; Goldberg and Cesarsky 1970) are
being used to obtain the parameters of H II regions. These rely on observations
at a number of frequencies to determine the emission measure E, T ,and n_
(see Table 1). Unfortunately, only the brightest H II regions have been studied
in such detail, and the emission measures are probably not representative of
H 1I regions generally. H II regions in the surveys have E ;» 104 pc cm™%; NGC
7000 and the Rosette Nebula appear to be among the H II regions of lowest emis-
sion measure (<10000 pc cm™6) in which a recombination line has been detected
(Dieter 1967); Penfield et al. 1967). Clearly "normal" H II regions can be pro-
fitably studied with recombination line measurements of hydrogen at various
frequencies and at several points within the nebula.

A helium line is present in many H II regions if there are ultraviolet photons
of sufficient energy available to ionize neutral helium, At temperatures of 10*
°K, we expect the departures from LTE for high levels of the helium atom to be
the same as for hydrogen. Hence, with the assumption of well-mixed emitting
regions, the ratio of line energies T, Ay, for corresponding helium and hydrogen
transitions gives directly the ratio of ion densities n, +/nH ++ Assuming the helium
to be all in the form of He II, Palmer et al, (1969) find an average value 0.084 of

the helium abundance in H II regions,
' 151



Table 1

Parameters of H II Regions

n T L EM
Object €_ e - Ref,
! (cm™3) °K) (pe) (pc cm™6)
"Normal" H II Regions
Orion 17000 10000 0.066 1.9%x107 1
M8 4900 7700 0,042 1.0 x 106 2
M17 16000 7500 0.063 8.2x10° 1
w51 44000 10000 0.028 5.5 X107 2
NGC 7000 ~10 ~10000 2-8x10° 7,8
Supernova (H II Region)
Gum Nebula 0.2 ~ 57000 800 3x101 6
Tycho Model I 1. 80000 190 2x10° 3
Tycho Model II 0.1 100000 260 2.6 3
Tycho Model III 10. 27000 20 2x10% 3
Supernova (Filament)
Gum Nebula ~300 104-10° 0.03 ~1.3x10% 6
Cygnus Loop
(O III) ~10° 0.01-0,02 4,5
Cygnus Loop 80-400 15000- 0.01-0.02 102-103 4,5
(OII, SII, NII) 20000

THjellming, R. M., and Gordon, M. A. 1971, Ap. J., 164, 47.

2Andrews, M. H., Hjellming, R. M., and Churchwell, E. 1971, submitted to Ap. J. (Letters).

3Kafatos, M., and Morrison, P. 1971, Ap. J. 168, 195.
4Parker, R. A. R. 1964, Ap. J., 139, 493.
SHarris, D. E. 1962, Ap. J., 135, 661.

6Brc:nd'r, J. C., Stecher, T. P., Crawford, D. L., and Maran, S. P. 1971, Ap. J. (Letters), 163, L99;

also Alexander, J. K., Brandt, J. C., Maran, S. P., and Stecher, T. P. 1971, Ap. J., 167,487.

"Westerhout, G. 1958, BAN, 14, 215.
8Downes, D., and Rinehart, R. 1966, Ap. J., 144, 937.
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B. Fossil Stromgren Spheres

Recent theoretical and observational results suggest (Brandt et al, 1971;
Morrison and Sartori 1969) that there may also be large H II regions that have
been ionized by ultraviolet or x-ray radiation or by cosmic rays associated
with supernovae. Physical conditions in these regions — so-called fossil
Stromgren spheres — at early stages of their evolution could differ markedly
from conditions in a normal H II region. Some representative parameters in-
cluded in Table 1 show that the electron temperatures may reach 10° °K, while
the electron density can be 10 cm™3 or less (Kafatos and Morrison 1971).

It is interesting to speculate on the recombination line spectrum from such
a configuration. Such conditions of high temperature and low density lead to
strong departures from LTE conditions in the populations of high levels., In
particular, certain atoms and ions of abundant heavy elements (such as helium,
oxygen, or carbon) can experience severe overpopulation of high levels (Goldberg
and Dupree 1967) that may lead to greatly enhanced intensities of radiofrequency
recombination lines. This can result from an increased b_ and/or 8 factor [see
equation (1)]- as compared to the values for hydrogen. The He II atom, for in-
stance, recombines to He I predominantly by dielectronic recombination at tem-
peratures 2 50000 °K. Calculations of high level populations of He I for electron
densities of 104 cm™3 show that overpopulation of levels n ~ 40 leads to b ~
100 at T ~ 105 °K (Burgess and Summers 1969); preliminary estimates for lower
densities of n_ ~ 1 em™3 at T ~ 80000 °K indicate that b > 100 at n ~ 100.
By contrast, hydrogenic atoms recombine directly onto a %ingly-excited level by
radiative recombination, a process that usually proceeds more slowly than di-
electronic recombination. And the departure coefficients, b_ for hydrogenic
atoms are close to, but less than one. Thus if helium is in the singly ionized
state (He II) in a high temperature medium, a recombination line of He I may
very well be stronger than the corresponding hydrogen transition. Recombina-
tion lines from atoms populated by dielectronic recombination will have a fre-
quency dependence that differs from that of lines arising from hydrogen. The
hydrogen-to-helium line ratio should not be eonstant with n as it is at tempera-
tures near 104 °K, With increasing n, it is possible that the emission line will
turn into an absorption line when the b factors decrease as the levels approach
their LTE populations and 3 becomes positive [see equation (2)].

Ions such as O II and O III can also experience overpopulations (b ~ 1) of
high levels at T R 40000 °K. However, detailed calculations are required to see
whether the b and B factors are sufficiently large to compensate for the oxygen
abundance and to make the line intensities comparable to those of hydrogen and
helium. At present, calculations for high temperatures are available for only
a few neutral atoms and ions (Dupree 1969; Burgess and Summers 1969).
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In the proposed fossil Stromgren spheres, helium may be completely ionized,
in which case recombination lines from He II would be produced. We do not ex-
pect enhancement of high level populations in the He II atom because dielectronic
recombination is not possible; however, the behavior of the b, factors will differ
in detail from that of hydrogen, because of a charge dependence of atomic param-
eters such as collision cross sections and radiative lifetimes. Detection of re-
combination lines from He II would be of particular interest because the character
of the ionization source may well be inferred from its presence.

III. Nonthermal Sources

A small proportion of sources observed at H109a in the northern and southern
surveys displayed a nonthermal continuum spectrum. The hydrogen line in such
sources is weaker than in most normal H II regions (Milne et al. 1969; Wilson
and Altenhoff 1969). This apparent weakness can result from a number of con-
ditions. The electron temperature may be higher in a nonthermal source than
in an H II region. Evaluation of equation (1) shows that if the H109c line has a
value of T; /T that equals 5 percent at 10000 °K, its intensity will decrease to
2 percent at 20000 °K. Alternately, a nonthermal contribution to the continuum
intensity will also cause the line to appear weaker than normal. In addition, the
level populations may be affected by a strong nonthermal continuum, Stimulated
emission can also be enhanced by the continuum. Details of the effect of a non-
thermal continuum source upon atomic level populations and line intensities have
not yet been investigated. It is possible too that in a nonthermal source a re-
combination line may be excessively broadened by turbulent velocity; this possi-
bility should be verifiable if optical observations of forbidden-line emission are
available.

Several searches have been made for recombination lines in two supernova
remnants. The Cygnus Loop was searched at H158c and C158a (Downes 1970),
and Cas A at H166c and C166a (Zuckerman and Ball 1970); both attempts were
unsuccessful. However, a recent study of the supernova remnant W 28 shows an
admixture of thermal and nonthermal sources with detectable recombination
lines at H109a (Milne and Wilson 1971),

If the high temperature and a nonthermal background are the principal
reasons for the weakness of recombination lines in nonthermal sources, it would
appear that investigations at high frequencies are an optimum choice for several
reasons: the line-to-continuum ratio increases with increasing frequency
(equation 3); the nonthermal continuum makes less of a contribution relative to
a thermal continuum at high frequencies; a smaller beamwidth may minimize
the nonthermal contribution to the measured continuum temperature.
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IV. The H I Component

The detection of recombination lines from cold clouds (Ball et al, 1970;
Gottesman and Gordon 1970) is potentially one of the most powerful diagnostics
of the neutral hydrogen component of the interstellar medium. Transitions
from both carbon and hydrogen have been observed (Palmer et al, 1969; Ball
et al. 1970). The detection of corresponding transitions in two elements allows
the ratio of ionized fractions to be determined directly from the ratio of energy
in the line, viz:

(TL A 7/L)FI nl: _ n:{/nH (4)
(T, Dy % n‘g/nﬂ ’

In this case, carbon is believed to be fully ionized by the local radiation field
because its ionization potential is less than that of hydrogen. The carbon
abundance is assumed to be known, and carbon and hydrogen are taken to be well
mixed in the line-forming region. Hence, such observations lead directly to the
degree of hydrogen ionization. The quantity ny+/ny has been found to equal 2,7 x
107# in one cloud along the line of sight to NGC 2024 (Ball et al, 1970).

Observations of the carbon line at several frequencies, when combined with
calculations of the line intensities, are expected also to yield values of (or at least
constraints on) other physical parameters of H I clouds. Recent theoretical
results indicate that atomic populations of high levels can be modified by thermal
radiation fields similar to those observed in H II regions., Hence, detailed models
of the cloud configurations may be needed.

Detection of similar lines from the "hot" H I component may allow one to
discriminate among various models of the interstellar medium. In particular,
the degree of ionization of helium as compared with hydrogen is greater for
models heated by X-rays or UV radiation than for models with energetic particle
heating (Jura and Dalgarno 1971; Bergeron and Souffrin 1971).

Search for recombination lines from neutral hydrogen requires knowledge
of the 21-cm profiles near the source, so that corresponding radial velocities
may be searched with appropriate velocity resolution. Observations indicate
that the carbon line (formed in cold H I clouds) becomes stronger at lower fre-
quencies relative to lines originating in H II regions (Churchwell 1969), This
suggests that low frequencies are most appropriate for its detection in order
to facilitate separation of an H I and H II profile. However, some consideration
must also be given to the size of the beamwidth to ensure that the signal from the
H I region is measurable against an extended background H II region or nonthermal

source.
155



The author wishes to thank L. Goldberg and J. Black for a number of useful .
suggestions. This work was supported in part by NASA under Grant NGL-22-007-
006,

References

Abt, H. A,, Morgan, W, W., and Stromgren, B. 1957, Ap. J., 126, 322,

Ball, J. A., Cesarsky, D., Dupree, A. K., Goldberg, L., and Lilley, A. E, 1970,
Ap. J. (Letters), liz,‘ L25,

Bergeron, J., and Souffrin, S. 1971, Astron. Astrophys., 11, 40

Brandt, J, C., Stecher, T. P., Crawford, D. L., and Maran, S, P. 1971, Ap. J.
(Letters), _1__@, 199,

Burgess, A., and Summers, H, P. 1969, Ap. J., 157, 1007,

Churchwell, E. 1969, Ph.D. Thesis, Indiana University.

Dieter, N. H, 1967, Ap. J., @, 435.
Downes, D, 1970, Ph.D, Thesis, Harvard University.
Dupree, A. K. 1969, Ap. J., 158, 491,

Dupree, A, K., and Goldberg, L, 1970, Ann. Rev. of Astronomy and Astrophysics,
8, 231,

Goldberg, L. 1966, Ap. J., 144, 1225,

Goldberg, L., and Cesarsky, D. 1970, Astrophys. Letters, 6, 93.

Goldberg, L., and Dupree, A. K. 1967, Nature, 215, 41.

Gottesman, S. T., and Gordon, M, A, 1970, Ap. J. (Letters), 162, L93.

Hjellming, R. M., and Davies, R. D, 1970, Astron. Astrophys., 5, 53.

Jura, M. and Dalgarno, A, 1971, Astron. Astrophys. (in press).

Kafatos, M., and Morrison, P, 1971, Ap. J., 168, 195.

156



McGee, R. X., and Gardner, R. F, 1968, Austral, J. Phys., 21, 149,

Milne, D. K., and Wilson, T. L. 1971, Astron, Astrophys., 10, 220.

Milne, D. K., Wilson, T. L., Gardner, F. F., and Mezger, P. G. 1969, Astrophys.
Letters, 4, 121,

Morrison, P., and Sartori, L. 1969, Ap. J., 158, 541,

Palmer, P., Zuckerman, B., Penfield, H., Lilley, A, E., and Mezger, P. G.
1969, Ap. J., 156, 887,

Penfield, H., Palmer, P., and Zuckerman, B, 1967, Ap. J. (Letters), 148, 125,

Reifenstein, E. C., III, Wilson, T. L., Burke, B, F., Mezger, P. G., and Altenhoff,
W. 1970, Astron, Astrophys., 4, 357,

Sorochenko, R. L., Puzanov, V. A., Salomonovich, A, E., and Shteinshleger, V. B.
1969, Astrophys. Letters, 3, 7.

Wilson, T. L. 1969, Ph.D, Thesis, M.L.T.

Wilson, T. L., and Altenhoff, W, 1969, Astrophys. Letters, 5, 47,

Wilson, T. L., Mezger, P. G., Gardner, R. F., and Milne, D. K, 1970, Astron,
Astrophys., 6, 364.

Zuckerman, B., and Ball, J. 1970, personal communication.

157





