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Abstract. A brief review of Galactic and extragalactic recombination
lines of hydrogen at frequencies < 1.4 GHz is presented.

1. Introduction

Radio recombination lines (RRLs) are useful probes of ionized regions in the
Galaxy and in external galaxies. RRLs corresponding to transitions from differ-
ent quantum levels occur over the entire radio frequency range; e.g. for n=350,
v = 150 MHz and for n = 30, v = 230 GHz. For the purpose of this review,
we will take low frequencies to be v < 1.4 GHz (i.e. n > 165). Low frequency
RRLs are preferentially detected from lower density ionized gas (n. < a few hun-
dred cm~3). From higher density gas, RRLs are virtually undetectable at low
frequencies because of a combination of effects due to continuum opacity, pres-
sure broadening, and small angular diameter of sources relative to the telescope
beams. To date, RRLs below 1 GHz have been detected only from Galactic
ionized regions. Surveys of RRL emission from the Galactic plane have been
‘made at 327 MHz (Anantharamaiah 1985, Roshi and Anantharamaiah 2000)
and at 1.4 GHz (Lockman 1976, 1980, Hart & Pedlar 1976, Cersosimo 1990 and
Heiles, Reach & Koo 1996). RRLs from a number of individual Galactic HII
regions and also from partially ionized regions surrounding some of them have
been observed near 1.4 GHz (Pankonin et al. 1977, Roelfsema and Goss 1991,
Onello and Phillips 1995, Kantharia, Anantharamaiah & Goss 1998). RRLs
from two external galaxies, M 82 and NGC 253, have been detected near 1.4
GHz (Roelfsema and Goss 1987, Anantharamaiah & Goss 1990).

2. Expected Intensity Vs. Frequency of RRLs

A key parameter that determines the intensity of RRLs at a given frequency v is
the line optical depth 7, which is a function mainly of the density (n.) and the
temperature (T,) of the ionized region and the path-length through the gas. For
most interstellar conditions, non-LTE effects invert the high—n level populations
which make the optical depth of RRLs negative and produce stimulated emis-
sion (Salem & Brocklehurst 1979). Fig 1 shows that non-LTE effects introduce
a pronounced dependence of line optical depth on electron density, especially
at low frequencies, whereas LTE optical depths are practically independent of
density. The reduction in peak LTE optical depth with increasing density seen
at low frequencies in Fig 1 is due to the onset of pressure broadening. However,
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integrated LTE optical depths ([ 7, dv) remain constant with density. The sig-
nificant enhancement of peak negative optical depths of RRLs from low-density
gas increases their detectability at low frequencies through stimulated emission.
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Figure 1.  Expected optical depth ( 7,) of RRLs under (a) LTE and
(b) non-LTE conditions for densities 10° — 10* ¢cm™3 in factors of 10
from A to E. For all the curves T, = 10* K, EM = 10° pc cm™% and
AV =30kms!

Fig 2a shows the expected brightness temperature of RRLs from a variety
of ionized regions. Chosen parameters range over four orders of magnitude
representing compact HII regions (n, = 10* cm™3, L = 0.1 pc) to diffuse ionized
gas of the ISM (n, = 1 ecm™3, L = 500 pc). Fig 2 shows that for densities
below 100 cm~3, RRLs are more favorably detectable at lower frequencies (v <
1 GHz). Furthermore, since lower density gases are typically of larger angular
size, they are better matched to observations at low frequencies which typically
have larger telescope beams. The sharp increase in the line strength at low
frequencies for the lowest density gas (solid and dashed lines in Fig 2) is due to
stimulated emission induced by the Galactic non-thermal background.

Fig 2b shows the line strength in units of flux density (i.e. integrated
over the angular extent of the source). This observable quantity increases with
frequency for all the combination of n, and L except for the lowest density and
at the lowest frequency (solid line). Care should be taken in interpreting the
curves in Fig 2b since the angular size of the highest density gas (curve E) is
only 4” whereas that of the lowest density gas (curve A) is 5.7° (i.e. a difference
of ~ 107 in solid angle).

Another point of interest is the suitability of interferometric arrays such
as the GMRT or the VLA versus single dishes for observations of RRLs at low
frequencies. Since the response of these interferometric arrays diminish rapidly
for structures of the order of, or larger than the primary beam (~ 20’ — 30’ at
1.4 GHz), RRLs from Galactic low-density regions which may have angular sizes
> 1° (Roshi and Anantharamaiah 2000) are practically unobservable. On the
other hand such large regions are good targets for observations with single dish
telescopes. Interferometric arrays would be more suitable for observing RRLs
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Figure 2.  Expected (a) brightness temperature and (b) flux density
of RRLs from ionized gas with various combination of density and size.
Parameters for the curves from A to E in (cm~3, pc) are (1, 500),
(10, 100), (100, 10), (103, 1) (104, 0.1). For all the curves Te= 10%
K and d = 5 kpc. Stimulated emission due to a Galactic non-thermal
background with Tg = 5000 K at 100 MHz and o = —2.6 is included.

from smaller diameter (and therefore higher density) regions or for observation
of stimulated emission in low-density gas against bright background sources of
small angular size.

3. Galactic Low frequency RRLs

The first detection of low frequency (v < 1 GHz) RRLs of hydrogen was towards
the Galactic centre by Casse and Shaver (1977) at a frequency of 242 MHz
(H300cx). Further observations towards the Galactic centre were made near 327
MHz by Pedlar et al (1978), Anantharamaiah & Bhattacharya (1986) and Roshi
and Anantharamaiah (1997). The lowest frequency hydrogen RRL detected
so far is near 145 MHz (H356a) by Anantharamaiah, Payne and Bhattacharya
(1990) towards the Galactic centre. Fig 3 shows RRLs of hydrogen near 1.4 GHz
and 327 MHz observed recently in this direction by Anantharamaiah, Pedlar
and Goss (1999) using the VLA. The difference in the two line profiles in Fig
3 illustrates that RRLs at different frequencies are sensitive to ionized gas at
different densities. While the lower frequency line (327 MHz), which is narrow in
width, arises from low-density (n, ~ 10 cm™3) ionized gas which lies somewhere
along the line of sight to the Galactic centre, the higher frequency (1.4 GHz)
RRL, which is broad, arises in higher density (n. ~ 100 cm~3) gas close to
the centre of the Galaxy where the velocity spread is much larger. In fact,
Anatharamaiah et al (1999) show that the RRL at 1.4 GHz arises from a more
extended ionized component not observed at frequencies above 5 GHz.

RRLs at 1.4 GHz and 327 MHz have been detected at almost all the ob-
served positions in the Galactic plane in the longitude range [ = —10° to 80°
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Figure 3. Hydrogen RRL at 1.4 GHz (top) and near 327 (bottom)
observed towards the Galactic centre by Anantharamaiah, Pedlar &
Goss (1999).

(Heiles, Reach & Koo 1996, Roshi and Anantharamaiah 2000). Except towards
the Galactic centre, the line profiles at 1.4 GHz and 327 MHz are similar sug-
gesting that the RRLs at the two frequencies may arise in the same gas. Fig 4
shows a selection of spectra near 327 MHz. Since the telescope beams used for
these observations are large (~ 2°), the ionized regions are of large angular size
compared to known HII regions in the Galactic plane. From the observed and
expected line strengths, it has been shown that these RRLs do not originate in
known HII regions. These line arise in a lower density gas which is distributed
similar to the HII regions in the Galactic plane. Since non-LTE effects produce
significant dependence of the line optical depth on density (Fig 1), it is possible
to reliably estimate the density the gas if RRLs at two or more low frequencies is
observed from the same gas. Fig 5 illustrates this point for one direction in the
Galactic plane from which RRLs at 327 MHz and 1.4 GHz have been observed.
Regardless of the temperature, the two sets of EM vs n, curves in Fig 5 intersect
at ne ~ 4 cm~3. Such an analysis of the low frequency RRL data has shown
that ionized gas with densities in the range 1-10 cm~3 and line-of-sight extent of
20-200 pc occurs in every direction in the inner Galactic plane (Anantharama-
iah 1986, Roshi and Anantharamaiah 2000). Roshi and Anantharamaiah (2000)
have argued that these ionized regions are most likely the outer low-density
envelopes of known HII regions, although the possibility that they represent a
population of evolved low-density HII regions is not ruled out.

Another interesting Galactic low frequency RRL of hydrogen is the narrow
(A V ~5—8km s™!) line detected near 1.4 GHz from partially ionized region
(HO region) surrounding well known HII regions such as W3, Orion B, W48 etc.
These narrow lines normally accompany a broad (A V ~ 30 km s7!) line from
the hot HII region as well as a narrow carbon line which possibly originates
in the same partially ionized region as the H® line. Observations of such lines
have been made using both single-dishes (Pankonin, Thomasson & Barshun
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Figure 4. RRLs near 327 at various positions in the Galactic plane
observed by Roshi & Anantharamaiah (2000) with a beam of 2°.

1977, Onello & Phillips 1995) and interferometric arrays (Roelfsema & Goss
1991, Kantharia, Anantharamaiah & Goss 1998). These observations provide
important information about the density, temperature and ionization structure
surrounding the HII regions. '

4. Low frequency RRLs from External Galaxies

The lowest frequency at which RRLs have been detected from external galaxies
is ~ 1.4 GHz. Only two objects, M 82 and NGC 253 (both starburst galax-
ies) have been detected in the H166« line (Shaver et al 1977, Roelfsema 1987,
Anantharamaiah & Goss 1990). In both the cases, the observed RRL arises in
the nuclear starburst region. Although RRLs at higher frequencies (mainly at
v ~ 8 GHz) have been detected in a number of starburst galaxies (Ananthara-
maiah et al 1993, Zhao et al 1996), searches for lines at 1.4 GHz in some of these
galaxies have yielded only upper limits (Anantharamaiah et al 2000, Mohan,
Anantharamaiah & Goss 2000). The non-detection of the lower frequency line
sets an upper limit to the amount of low-density ionized gas in these starburst
regions.

In both M82 and NGC 253, the observed RRL at 1.4 GHz arises in rela-
tively low-density (n. < 1000 cm~3) gas. Stimulated emission due to external
non-thermal background radiation is the main contributor to the observed line
intensity. Detailed modeling in the case of NGC 253 shows that the higher
frequency (v > 8 GHz) RRLs arise in a higher density gas. Fig 6a shows a
two-component model fit to the RRLs observed towards NGC 253. The high
density gas (component Al in Fig 6a) makes negligible contribution to the RRL
observed at 1.4 GHz. Conversely, the lower-density gas (component A2 in Fig
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Figure 5. Determination of density using observations of RRLs at
327 MHz and 1.4 GHz. The solid and dashed lines give the required
combination of EM and n., at different temperatures, to produce the
observed RRLs at 1.4 GHz and 327 MHz respectively. The intersection
point gives the density.

6a) is not detected in RRLs at higher frequencies. Thus, multi-frequency RRL
observations are essential to determine the various components of ionized gas.

In the ultra-luminous infrared galaxy, Arp 220, search for RRLs at 1.4 GHz
has yielded a sensitive upper limit (S;, < 0.25 mJy, Anantharamaiah et al 2000),
although RRLs at a number of higher frequencies have been detected. Modeling
showed (see Fig 6b) that two different components of ionized gas are required
to explain the RRL observed at v = 8.2 GHz and at v > 100 GHz respectively.
Neither of these components produce detectable RRLs at v < 1.4 GHz.

A promising case for detecting low frequency RRLs is stimulated emission
in foreground low-density ionized gas along the line of sight to strong back-
ground extragalactic objects. As shown in Fig 1, peak negative line optical
depths ~ 1073 or higher is possible at ¥ < 1.4 GHz. Since the detectability
will only depend on the strength of the background source and is indepedent of
distance, this method offers the possibility of studying RRLs at high redshifts.
Background sources could be radio-loud quasars or distant active galactic nuclei.
The foreground ionized gas may be in the host galaxy itself or in an intervening
system (e.g. a galaxy or a damped Lyman alpha system). Although several
searches for such lines have been conducted, no detection has yet been made.
The first detailed search was made by Churchwell and Shaver (1978) at 1.4
GHz and 430 MHz towards a number of bright quasars and AGNs using the
Arecibo telescope. They obtained upper limits to the optical depth in the range
1 —4 x 1073, A recent search using the VLA at 1.4 GHz towards seven bright
compact sources by Nath, Anantharamaiah and Srianand (2000, in preparation)
also yielded similar upper limits. A sensitive search at 1.4 GHz using the VLA
towards the gravitational lens system PKS 1830-210 (Mohan, Anantharamaiah
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Figure 6. Multi-component models of ionized gas fitted to multi-
frequency RRLs observed towards (a) NGC 253 and (b) Arp 220.

and Goss, this volume) and towards B0218+357 using the WSRT (de Bruyn and
Chengalur, Private communication) have also resulted in upper limits.

5. Outlook for Future Observations

There are still a number of areas where further observations of low frequency
RRLs of hydrogen will be useful. Low-density ionized gas in the Galactic plane
observed in RRLs at 327 MHz and 1.4 GHz seem to extend to higher latitudes.
Single dish surveys above and below the Galactic plane are required to study
this gas. Although low frequency turnover in the continuum spectra of SNRs
is thought to be due to the same low-density ionized gas, a direct connection
needs to be established through interferometric imaging of stimulated emission
of RRL in front of bright SNRs. Such observations at more than one low fre-
quency can be used to reliably determine the density of the gas as well as its
spatial structure. Detection of similar low-density gas in external galaxies can
be attempted either through interferometric observations of stimulated emission
against the central continuum source (especially in edge-on galaxies) or through
single-dish observations of nearby galaxies with angular size comparable to the
telescope beam. A sensitive search is yet to be conducted at a frequency of ~ 150
MHz for RRLs from the warm ionized medium of the Galaxy. A detection will
yield parameters such as the filling factor and temperature of this component of
the ISM (Anantharamaiah et al 1990). Further observations of the combination
of narrow and broad hydrogen lines near 1.4 GHz due to the partially ionized
medium surrounding the HII regions should be conducted with sensitive arrays
such as the GMRT. Such observations should also be extended to lower frequen-
cies. More sensitive observations at v < 1.4 GHz are needed to detect and study
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low-density ionized gas which is known to exist in nuclei of starburst galaxies
as seen in NGC 253 and M82. Models indicate that an increase in sensitivity
by a factor of 2-3 will be sufficient to detect lines at 1.4 GHz from a number
of starburst galaxies. Finally attempts must be continued to detect stimulated
emission of recombination lines at low frequencies against bright, distant objects
in the universe to study the ionized gas in intervening systems.
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