Chapter 1

Introduction

Thisthesisisastudy of a relatively cold partially ionized component in the interstellar
medium using observations o very low frequency (30— 1420 MHz) recombination linesof
carbon. In thisopening chapter, we present a brief overview of the interstellar medium,
ashort review o radio recombination linesand finaly a preview of the present work.

1.1 The Interstellar Medium (ISM) - an Overview

The space bétween stars in the Galaxy isfilled with gas containing hydrogen, helium,
oxygen, carbon, calcium, and many other elementsand dust grains. Thisconstitutesthe
interstellar medium (1SM). The ISM isobserved to be highly inhomogenous with most
of the mass being concentrated in clouds, both atomic and molecular, which occupy a
small fraction of the volumein the Galaxy. Therest o the volumeisfilled by a warmer
all-pervading intercloud gas. Matter in some partsd the ISM condenseto form stars.
In other parts, stars explode as supernovae, thus returning matter back to the ISM,
and enriching it in heavier elements which are synthesized inside the stars. Thus, the
ISM isa dynamic system in the Galaxy in which there is a constant exchange of matter
and energy between its different components and aso between it and the stars. The
energetics of the ISM are governed mainly by the mass exchange between massivestars
and the ISM. The low-massstars, because of their low levd dof activity and their final
essentialy inactive state, do not return much o their mass to the ISM and instead
gradually deplete the ISM o its gasand dust.

Hydrogen is the most abundant species in the Galaxy - both in the ISM and in
stars. Helium comes next with a cosmic abundance of 0.1 by number, if the abundance
o hydrogen isone. Carbon has a cosmic abundance by number of about 3 x 1074 on
the same scale and is the fourth abundant element after oxygen. The abundance of all
other elements are much less than that of carbon. Hydrogen and other elements are
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observed in ionized, atomic and molecular forms.

1.1.1 Classification of the ISV based on the dominant form of Hydrogen
lonized Clouds

All the hydrogen in the vicinity of hot O & B stars where the ultraviolet flux (with
A < 912A°) isintense, existsin ionized form known as Hit regions. Helium, which has
a first ionization potential = 244 eV is also expected to be singly ionized close to the
O & B stars whereascarbon with a second ionization potential = 24.4 eV islikely to be
doubly ionized. While the electrons that are freed in the ionization process provide the
heating in this region, collisionally-excited?orbidden lines of oxygen and other heavier
elements act as the cooling agents. These heating and cooling processes establish
equilibrium temperatures in these regions in the range (5—10) x 10 K whereas the
electron densities range from 10 to 10* cm™3 . Recombination of electrons with ionsis
the inverse process.which balances the processof ionization. If an electron recombines
to an excited state, then recombination lines are emitted as the electron cascades down
to the ground state. The Bamer He, Hy and higher-frequency (v > 1 GHz) radio
recombination lines o hydrogen are readily observed from H11 regions. These ionized
regions are not in pressure equilibrium with the 1SM; because of high-pressure these
regions expand into the surrounding medium. The density inhomogenieties in the
surrounding gas forces the ionized gas to channel out asymmetrically in some cases.
Most of the Galactic Hir regionsare density-bounded and theresidual stellar ultraviolet
flux ionizesthe low-density ambient medium. In Fig 1.1, weshow theradial distribution
of ionized hydrogenin the Galactic disk. lonized gas showsa peak in thesurface density
in the range 3 — 7 kpc from the Galactic centre, which issimilar to the distribution of

molecular hydrogen (Hz).

Atomic Clouds

More than 95 % of the mass in the ISM is in the form of neutral hydrogen (almost
equal mass in-atomic and molecular forms) and helium. Atomic hydrogen (H1) isthus
an important phase of the ISM. Thisform of hydrogen isextensively studied using the
21-cm line which arises due to transition between the hyperfine levels in its ground
state. The 21 cm line has been observed in emission and absorption throughout the
Galaxy. Wide emission lines are observed from all directions in the Galaxy, whereas
narrow absorption lines are observed towards background galactic and extragalactic

continuum sources.
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Figure 1.1 Cornparision of gas surface densities in the Galactic disk. Value of Hy (Clemens,
Sanders & Scoville 1988) and Hi (Burton & Gordon 1978) include a 1.38 correction factor
for He and they have been scaled to R, =8.5 kpc. The figureis taken from Scoville (1990)

The Hi gasisall-pervasiveand itsradia distribution in the Galaxy isdistinct from
that of ionized and molecular gas (See Fig 1.1). Asshown in Fg 1.1, except for a
decreasein the surface density near the Galactic centre, theradial distribution of H1in
the Galaxy isamost uniform. The primary heating mechanism in the atomic gas are
the photoelectrons from dust grains whereas the cooling is due to the collisionally-
excited fine structure lines of [CII] (158 pm line), Cl (370 pm & 609 pm lines) and
[O1](63 pm & 145 pm). Regionsdf predominantly atomic hydrogen have temperatures
ranging from 30—8000 K and a widerangeof densities. Thesedifferent components are
in pressure equilibrium with typical pressures P/k (where P=nkT is the gas equation)
of ~ 4000 cm~3 K. Higas exists in the form o discrete clouds as well as a diffuse
component pervading the entire galaxy.

Molecular Clouds:

Molecular clouds are the densest regions of the ISV and star formation activity is
associated with them. Much of the molecular gas appearsin theform of giant molecular
clouds (GMC) which are self-gravitating. The pressurein these clouds is much larger
than the thermal pressureobserved in the diffuse ISM. Asshown in Figure 1.1, the gas
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surface density of molecular hydrogen exceeds that o atomic and ionized hydrogen in
the central regionsd the Galaxy. Thereisasteep risein thesurfacedensity of molecular
gasin the central 500 pc of the Galaxy and ina ring of galactocentricradii between 3—7
kpc (Scoville& Solomon 1975 & Burton et.al. 1975). Mare than 65 molecules and their
isotopic variants have been found to reside in molecular clouds. Typica temperatures
in molecular cloudsis 10 — 20 K which is the expected equilibrium temperature for
a balance between heating by low-energy cosmic rays and cooling-by the rotational
transitions in carbon monoxide. Hydrogen densitiesin molecular clouds range from
10% to 106 cm™3 .

Hydrogen molecule (H3) lacks a permanent dipole moment and hence there are
no permitted rotational transitions which normally occur in the radio or IR bands.
However, there are alowed electronic transitions in the Lyman and Werner bands in
the ultraviolet. Sincethesecannot be used to probedistant, obscured molecular regions,
transitions in other molecules which are collisionally excited by the H, molecule are
used as tracers. One such widely used moleculeis CO. 2CO has observable rotational
transitions (e.g. J=1-0 and J=2-1) in the radio band, which are collisionally excited
by H, molecules. In addition other molecules, such as CS, HCN, NH3 etc which are
excited at higher molecular densities are dso used as diagnostics of the properties of

molecular clouds.

1.1.2 Pressure Equilibrium in the ISM

As mentioned before, the multi-phase gas filling most d the volume in the Galaxy
is observed to be at an average pressure ~ 4000 cm~® K (McKee & Ostriker 1977).
A theoretica explanation for the existence of this multi-phase behaviour of thel SM
was first provided by Field, Goldsmith and Habing (1969; FGH). They showed that
the temperature dependence of the cooling rate of interstellar gas was such that cold
(T ~ 10%2K), neutral ( Hr ) clouds could coexist in pressure equilibrium with warm (T ~
10%K) intercloud H1 over a limited range of pressures, dose to the pressure observed in
the ISM. In their model, the heating was provided mainly by low-energy cosmic rays
and the cooling by collisional excitation of hydrogen and helium at high temperatures
and by atomslike C* at low temperatures. FGH also suggested the possible existence
o a third stable phase above a temperature of 108 K in which bremstrahlung is the
chief cooling process. Cox & Smith (1974) argued that the supernovaexplosionsin the
Galaxy made a network of hot tunnelsin the ISM with afilling factor of about 10 %.
Measurements made by the Copernicus satellite during 1970-80 using the ultraviolet
absorption lines o atomic and molecular hydrogen observed in stellar spectra showed
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that the volume density of' hydrogen in the ISM varied by two orders of magnitude.
These observations highlighted the patchiness of the interstellar gas which had to be
considered by models o the interstellar medium. In 1977, McKee & Ostrikcr put
forward a three-component modd for the ISM regulated by supernova explosions in an
inhomogeneous medium. In their model, the two components of the FGH model were
embedded in a third medium whose filling factor was much larger, aimost 70 %, and it
constituted the background medium. The three components, then make up most of the
volume in the Galaxy and are roughly in pressureequilibrium. Although the McKee
& Ostriker model may not be applicable in its entirety to the ISM, it does provide a
reasonable picture of the various components of the ISM. These are described briefly
below:

e Hot lonized Medium (HIM): Thiscomponent with a typical temperatureof 5x 108
K and electron density of 0.003 em~3 has a fillingfactor of 0.7 to 0.8 and is also
known as the coronal gas. It isobserved in soft X-ray emission and in ultraviolet
absorption lines of [ 0 V], [NIV], [SIII], [Silll]. Measurements in the UV made
by the Copernicus satellite were instrumental in obtaining information on this
component.

e Cold Neutml Medium (CNM): Cold, neutral relatively dense clouds embedded in
the H Mconstitutes the CNM. Thefilling factor of these clouds in the Galaxy is
0.02 = 0.04 and the atomic density and temperature are of the order of 20 = 50
cm~3 and 30— 80 K respectively. These clouds are easily observed in absorption
studies of H1 gas and are confined to regions close to the galactic plane with a
scale height ~ 100 pc. The degree of ionization in this gas is not known with
certainty (Kulkarni & Heiles 1988). The typical sizes of the clouds are a few
parsecs to several tensof parsecs.

e Warm Neutml & Warm |onized Medium( VANM & WIM): Surrounding the cold,
neutral clouds is a warm photoionized cloud corona at a temperature close to
8000 K and a filling factor much larger than that of the CNM The cloud corona
isdivided into two regions. An outer region known as the warm ionized medium
(WIM) wherethefractiona ionizationisabout 0.7, maintained by hot (B) stars.
This component is observed in diffuse Ha (Reynolds1984) and pulsar dispersion
measurements and its local electron density is inferred to be about 0.25 cm™3 |
However, the filling factor of this gas is not well-determined although the line
of sight averaged electron density is known to be ~ 0.03 cm™3 . An inner layer
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of smaller volume which is nearly neutral constitutes the warm neutral medium
(WNM). The fractional ionization in this component is not known. WNM is
mainly observed in H1 emission and the scale height of the gas within the solar
circleis~ 500 pc¢ (Lockman 1984). Becaused itshigh spin temperature (T ~ 104
K), the component has not been detected in absorption.

Theinterchange of material between the differentphases noted abovedueto various
processes such as cloud evaporation, photoionization etc is quite rapid and the mass
in a given volume element typically changes phase in atime less than 10 years. The
McKee-Ostriker modd differed from the FGH modd in that 1) it included a third phase
which is the HIM and 2) the interstellar thermal pressure is determined by supernova
explosions.

In the McKee-Ostriker model, molecular clouds and Hu regions are not included
since they are not in pressure equilibrium with the other componentsd the ISM and

occupy only a small volumed the Galaxy.

1.1.3 lonized Carbon in the ISM

Owing to the relatively low first ionization potential of carbon (114 eV) and its rela-
tively high abundance (C/H ~ 3x 10~*), many componentsof the ISM seem to contain
detectable amounts of singly ionized carbon {(Cut ). Carbon can be easily ionized by
the background ultraviolet photons. Cir regions can be studied using recombination
lines of carbon in the radio band and using the [CI]] fine-structure line at 158 pm
in the infrared band. Observations of the 158 pm [CH] line have found ionized car-
bon to be widespread in the Galaxy (Shibai et.al. 1991, Shibai et.al. 1996, Bennett &
Hinshaw, 1993, Heiles 1994). Petuchowski & Bennett (1993) have inferred from the
COBE observations that most of the [CII] line emissionin the Galaxy originatesin the
extended low-density warm-ionized medium (ELDWIM). Helles (1994) has also argued
that the probable sites of production of the fine-structureline of carbon in descend-
ing order of significance are the ELDWIM, the cold neutral medium (CNM) and the
photo-dissociation regions (PDR) which occur in the boundaries between ionized gas
and molecular clouds (Tielens & Hollenbach 1985, Hollenbach et.al. 1991). This points
at the ubiquitous nature of singly-ionized carbon; it is associated with both neutral
and ionized hydrogen gas. However, it is not clear under which physical conditions
detectable recombination linesaf carbon are formed. Theoretical basisfor possible cor-
relation between the two lines comes from the importance of diel ectronic-like recombi-
nation (Watson, Western & Christensen1980 (hereafter WWC80)) in determining the
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populationsd high quantum number states in carbon tinder certain physical conditions.
This process involves the excitation o tlie fine-structure transition, Py, — 2Py in
singly-ionized carbon which on de-excitation gives rise to the 158 um line.

1.2 Radio Recombination Lines = A Brief Review

Kardeshev (1959) predicted that radio recombination lines o hydrogen and helium
would be observable from ionized gas in the Gaaxy. Recombination lines are formed
when an excited electron in an atom makes transitions between different energy leves.
These linescover a wide range of frequencies, appearingin ultraviolet (Lymana, n =
2 =+ 1) to long radio wavelengths (A ~ 15 m, n ~ 730). Kardeshev's prediction was
confirmed when Dravskikh & Dravskikh (1964) and Sorochenko & Borozich (1964) at
Puschino Observatory reported the first detection o a hydrogen RRL at A ~ 5.2 cm
(H104a at 5.763 GHz) from the Omega nebula. Soon after, Hoglund & Mezger (1965)
reported the detection df the H109« line. Palmer et.al. (1967) detected thefirst carbon
recombination linefrom the directionsof W3 and NGC2024. Sincethen, recombination
lines of hydrogen, helium and carbon have been detected from a variety of regions.
While the lines d hydrogen and helium are detected mostly from hot fully ionized
regions, carbon lines are detected in cooler partialy ionized regions. Observationsof
RRLs are useful for severd reasons as listed bdow:

e To determine various physica propertiessuch as temperature, density and tur-
bulenced different types of ionized ges.

e Toinvestigatedistant optically-obscured Hii regions.

To determinethe large-scale structure o the Galaxy as traced by ionized ges.

To obtain the helium abundance.

To distinguish between thermal and non-thermal sources (e.g. Hil regions and
supernova remnants).

1.2.1 Hydrogen and Hdium Recombination Lines

Radio recombination lines o hydrogen are observed in emisson from classica Hii
regions, planetary nebulae, diffuse ionized gas, low-density envelopesaof Hir regions,
the partially ionized medium next to Hir regions, external galaxies and a few cases of
circurnstellar envelopes.
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Hydrogen and helium lines were first detected from hot Hir regions (T, ~ 10* K)
and these clouds have been extensively studied using these lines. Planetary nebulae
which, like Hir regions, are characterized by high temperatures and also high densi-
ties are also studied using hydrogen recombination lines. Hydrogen lines have been
observed towards Hir regions at waveengthsranging from millimeters (v ~ 150 GHz,
n ~ 40) to meters (v ~ 140 MHz, n ~ 350) (Gordon 1989, Sorochenko et.al. 1988, D.
Hoang-Binh et.al. 1985, Hart & Pedlar 1976, Lockman 1976, Lockman 1980, Pedlar
et.al. 1978, Anantharamaiah 1984, Anantharamaiah et.al. 1990). RRLs of hydrogen at
different frequencies are sensitive to different physical conditions. The high-frequency
(v> 2 GHz) linesarisein hot, denseand fully ionized regionswith typical line widths of
~ 25 kms~!and line-to-continuum ratiosof 0.01 to0.1. At low freqgencies (v < 2 GHz)
however, the effectsof continuum optical depths and pressure broadening in denseion-
ized regions make the recombination lines from the same regions undetectable. I1nstead
the lines at low frequencies arise'in hot, tenuous parts of fully ionized regions with
typical line-to-continuum ratios of a few times10-3.

Towardsmany Hir regions(e.g. W3, NGC2024), in additionto thebroad (> 25 kms™1)
hydrogen line, a narrow hydrogen line is also detected at frequencies near 1 GHz, The
width of the narrow hydrogen line rules out an origin in the hot, ionized gas but is
likely to arisein the partially ionized medium (PIM) surrounding the hot gas, ionized
by the photons that escape the Hit region. Carbon lines are also observed f r om such
partially ionized regions.

Radio recombination lines of hydrogen from positionsin the galactic plane which
were devoid of bright radio continuum sources were first detected by Gottesman &
Gordon (1970) at 1.6 GHz and Jackson & Kar (1971) near 5 GHz. They suggested
that these broad (~ 100 kms™!) lines were formed in distributed ionized gas in the
Galaxy. Since then, various recombination line surveysin H166a by Hart & Pedlar
(1976) & Lockman (1976) and in H271a by Anantharamaiah (1984) have observed
linesfrom many positionsin the Galactic plane. Analysisof these datashow that these
lines arise in the low-density envelopes of classical Hir regions and in large evolved
low-dengity Hir regions.

Many attempts to detect the WIM (McKee & Ostriker 1977) using radio recom-
bination lines of hydrogen have been made (Shaver 1975, Shaver et.al. 1976, Hart &
Pedlar 1980, Anantharamaiah & Bhattacharya 1986, Anantharamaiah et.al. 1990), but
the medium has eluded detection. The absence o contribution by the WIM to the
hydrogen line near 145 MHz detected towards the Galactic centre by Anantharamiah
et.al. (1990) implies that T, > 6700 K, n, <0.2 cm™3 and the filling factor of the
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WIM is > 60 %.

Towards the Galactic centre (GC) hydrogen recombination lines have been observed
at frequenciesranging from 23 GHz (Rodriguez & Chaisson 1979) to 145 MHz (Anan-
tharamaiah et.al. 1990). The linesat higher frequencies (v > 14 GHz) sample the
entire line-of-sight to the GC and are observed to be very broad (AV > 150 kms™!).
The major contribution to the line emission at these frequencies comes from ionized
gas close to the Galactic centre, with large non-circular motions. The width of the
lines from the central regions are large (AV > 150 kms™!) (see Roelfsema & Goss
1992). At low frequencies (v < 1 GHz), only the line-of-sight gas is sampled by re-
combination lines (Pedlar et.al. 1978, Anantharamaiah & Bhattacharya 1986). Shaver
(1975) showed that stimulated emission is expected to be important in transitions at
frequencies bdow 500 MHz and this has indeed been observed towards this direction.

Interesting recombination linesat mrn-wavelengths were detected from the circum-
stellar disk of the Bestar, MWC349 by Martin-Pintado et.al. (1989). Thelinesobserved
from this star due to transitions between levels with n > 36 follow LTE However the
lines detected for n < 36 are many time stronger than the LTE predictions owing to
strong stimulated emission. Although almost all the recombination lines detected to-
wardsH11 regions have acomponent of stimulated emission, the mm wave linestowards
MWC349 are true maser lines. The negative optical depthsare large and thelinesare
narrow and time variable.

H359a (v ~ 142 MHz) detected from the direction of the Galactic centre (Anan-
tharamaiah et.al. 1990) isthe lowest frequency hydrogen recombination linedetected so
far. Attemptsto observe much lower frequency linesdf hydrogen (2426 MHz; n=650 to
630) from severa directionsin the Galaxy have yielded negative results (Konovalenko
& Sodin 1979, Sorochenko & Smirnov 1993) with an upper limit of 3 x 10~ for the
line-to-continuumpratio.

Hydrogen RRL have d so been detected from the central regions of starburst and
seyfert galaxies. H166a from M8 (Shaver et.al. 1977) and H102a in NGC 253 (Seaquist
& Bdll 1977) were the first recombination lines detected from external galaxies. Since
then, many more external galaxies have been searched in recombination lines of hy-
drogen (Anantharamaiah et.al. 1993) and lines have been detected in several starburst
galaxies (Zhao et.al. 1996). NGC 253 has been mapped at high resolutionin hydrogen
recombination linesover a ranged frequencies (Anantharamaiah & Goss 1990) and re-
markabl e kinematics have been observed from the nuclear region using recombination
lines (Anantharamaiah & Goss 1996).

RRL of helium are generaly detected from Hir regions around massive OB stars
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where ultraviolet photons with energies in excess of 244 eV can ionize helium. The
helium recombination line is separated from the hydrogen line by 125 kms~!due to the
difference in the reduced mass of the two atoms. In principle, the ratio of hydrogen
and helium linescan be used to derivetheir relative abundances which is an important
parameter to constrain cosmologica models. However care should be taken since the
Hen and Hir regionsmay not be coextensivedueto their different ionization potentials.
I n some cases, very anomalousHe/H ratios have been derived from observation of radio

recombination lines (Rodlfsema et.al. 1992)

1.2.2 Radio Recombination Lines of Carbon

Soon after thefirst detection of a radio recombination linein 1965, Palmer et.al. (1967)
reported the detection of a narrow ‘anomalous line at a frequency higher than that of
the H109« linein the directionsof NGC2024 (Orion B) and IC1795 (W3) and identified
it as the C109« line. Theratio d the intensitiesof the carbon and hydrogen lines was
found to be about two orders of magnitude larger (Goldberg & Dupree 1967) than
the ratio of their cosmic abundances. The lines were also very narrow (<10 kms™1).
Thisimmediately indicated that the intensecarbon line must arise in a region of very
different physical conditions. Further observationsof carbon linestowards Hir regions
not only found the width of the carbon lineto beincompatiblewith an originin theHii
region itself, but even the radia velocity was found to be different, again suggesting a
different site of origin. Furthermore, the carbon lines showed a different dependence
on frequency.

Mogt o the stellar radiation of wavelength longward of 91.2 nm escapes from Hil
regions and can ionize heavier elements with ionization potential less than 13.6 eV
in the surrounding neutral medium. Carbon, whose first ionization potential is 11.4
eV and which is the fourth most abundant element in the ISM is likely to be singly
ionized in this medium. Some photons shortward of A =91.2 nm d so escape from the
Hi region and may also succeed in ionizing a small fraction of the neutral hydrogen
in the surrounding medium which is known as the partially ionized medium (PIM).
Thefractional ionizationdf hydrogenis much lessin the PIM than that in Hir regions.
Beyond the PIM isthe photodissociationregion (PDR), the extent of whichisgenerally
measured in terms of extinction in the visible band (Tielens & Hollenbach 1985). The
region is defined by these authors as "regions where FUV radiation (6 — 136 eV)
dominates the heating and/or some important aspect o the chemistry.” In fact PDR
is sometimes taken to represent Photon Dominated Regions. The PDR contains both
atomic and molecular hydrogen regions. A schematicshowing thestructureof a PDRin
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relation toaHi regionisdisplayedin Fig 1.2 whichistaken from Tielens & Hollenbach
(1985). Narrow carbon linesobserved at high frequenciesprobably originate in the PIM

Figure 1.2 Schematic of a photodissociation region (PDR) taken from Hollenbach (1990)

or PDR associated with Hii regions. The typical temperatures at thesite of origin are
believed to beafew hundred Kelvinsand the typical el ectron densitiesare afew tens per
cm3 (Pankonin et.al. 1977). Such electron densities imply atomic hydrogen densities
of > 10° cm~3 . PIMs associated with many Hii regions like W3 and NGC2024 have
been observed in narrow carbon and narrow hydrogen lines. The differencein radial
velocitiesof broad hydrogen lines and narrow carbon & hydrogen linesis observed to
be non-zero in addition to the widdly different widths thus providing evidence to their
origin in distinct regions. Moreover, the narrow hydrogen and carbon lines also show
a dight difference in their central velocities (Pankonin et.al. 1977). Both, the narrow
hydrogen and carbon linesat lower frequency (~ 1 GHz) are intensified by stimulated
emission of the strong continuum emissionfrom the Hii regions (Pankonin et.al. 1977,
Onello & Phillips 1995). Towards the end of this thesis, we present an observational
study of the Hii region W3 which has associated PIM & PDR.

A completely different type of carbon recombination line was discovered by Kono-
valenko & Sodin in 1980. Using the low-frequency (12-26 MHz) large radio telescope
at Ukraine, Konovaenko & Sodin (1980) detected an absorption feature near 26.13
MHz towards the strong non-thermal radio source Cas A. Although the line was ini-
tially thought to be due to interstellar nitrogen, it was correctly identified by Blake,
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Crutcher & Watson (1980, hereafter BCW80) as a recombination line of carbon dueto
transition between n =631 to n = 632. The identification was confirmed when C630a
was also detected (Konovalenko& Sodin 1981) from the same direction. These recom-
bination lines were unique in that they were the lowest frequency lines yet detected
and furthermore they were the first lines to be detected in absorption. BCWS80 &
Konovalenko & Sodin (1981) showed that the regionsgiving rise to these low-frequency
lines could be cold regions aong the line of sight with electron temperature of ~ 50 K,
electron density of ~ 0.1 em~3 and emission measure of ~ 0.07 pc ecm™8. In these cold
regions, carbon could be ionized by the background ultraviolet radiation.

Since then the direction towards Cas A has been extensively investigated in carbon
recombination lines ranging in frequency from 14.7 MHz (n=768) (Konovaenko 1990)
to 1451 MHz (n=165) (Sorochenko & Wamdey 1991). These low frequency lines of
carbon show another interesting behaviour. The lines which are in absorption below
~ 100 MHz, turn into emission above ~ 200 MHz. This turnover from absorption to
emission can be understood from simple physical arguments regarding the population of
various quantum number states. At some quantum numbers, inversion of populations
resultsfrom the dominancedf radiative processesin redistributing theelectrons between
various levels. Thisresults in stimulated emission lines. However for higher guantum
numbers, the larger size of the excited atoms leads to increased collisonsin the plasma
which establish normal populations. For these thermalized levels, since Te, ~ Te and
T, << Ty, the atoms absorb the background radiation resulting in absorption lines.
Although the turnover from emission lines to absorption lines with increasing n is
theoretically expected, the exact n at which it occurs depends on the detailed physical
properties of the medium. Another effect which isimportant at low frequenciesisline
broadening due to electronic collisionsand strong non-thermal radiation field which are
strong functions of n.

Two typesd modelshave been consideredto explain the carbon recombination lines
observed towards Cas A. In the cold gas model, the carbon linesare believed to arisein
clouds with T, ~ 20 K and n, ~ 0.3 cm™~3 and the ionized carbon could be associated
with molecular clouds (Ershov et.al. 1984, 1987). In the warm gas model, the car-
bon lines arise in clouds with T, = 35-100 K and n = 0.05-0.15 cm~3 (Konovalenko
& Sodin 1981, Konovalenko 1984, Golynkin & Konovalenko 1990, Payne, Ananthara-
maiah, & Erickson 1989, herafter PAE89, Payne, Anantharamaiah, & Erickson 1994,
hereafter PAE94) and these regions could be identified with neutral Hi cloudsin the
Galaxy. In the warm gas model a dielectronic-likerecombination processfirst suggested
by WWC80 plays a significant role in determining the level populations of high quan-
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tum States of carbon. This process irivalves the fine structure states 2Pz & 2Py,
with a energy separation o ~ 92 K in singly-ionized carbon. In this process, an en-
ergetic eectron can recombine to a high-n state after losing its extra energy to the
fine-structure excitation o a core electron. Owing to this process, level populations
at certain n become suprathermal, hence enhancing the line optical depths. At low
temperatures, as expected, the effect o this process decreases. As recombination data
towards Cas A at more frequencies has become available, the cold.gas models have
not been able to explain the observed variation in optical depth with frequency and
evidence supporting the warm gas modds ssem to be increasing.

Low-frequency carbon recombination linesd the kind observed towards Cas A have
been detected from severd other directionsin the Galaxy. Around 25 MHz, lines have
been detected towards the dust cloud L1407 (Golynkin & Konovaenko 1990), towards
the Galactic plane position G75+00 (Konovaenko 1984, Anantharamaiah et.al. 1988)
and theH1r regionsNGC2024, DR21 and 5140 (Konovaenko1984, Golynkin & Kono-
valenko 1990). Towards the Hir region M16, carbon recombination lines have been
detected in absorption at 69 & 80 MHz and in emisson at 328 MHz (Anantharamaiah
et.al. 1988). Around 76 MHz, carbon recombination lines have been detected in ab-
sorption from many positionsin the Gaactic plane in the longitude range of 340° to
20° (Erickson et.al. 1995). Although, the above observations (except that of Erickson
et.al. 1995) have been made in the direction d specific sources, it appears that the
low-frequency lines themselves do not arisein these sources but somewhere along the
line of sight.

Towards the Galactic centre, carbon recombination lines have been detected at a
number of frequenciesbdow 1 GHz (Pedlar et.al. 1978, Anantharamaiah 1984, Roshi &
Anantharamaiah 1997). Theselinesasofdl in the same category as the lines observed
towards Cas A. The observed lines are in absorption bdow 100 MHz and in emission
above 200 MHz. Thesited origind these linesalso appearsto be the cold neutral gas
along the line of sight towards the Galactic centre (Roshi & Anantharamaiah 1997).

In summary, carbon recombination lines have been observed over a wide range of
frequencies from many directions in the Galaxy and these lines have become effective
diagnostic tools o the partialy ionized gas in the ISVI. Carbon RRLs seem to arise
in two distinct kinds of regions. Higher frequency lines (v > 1 GHz) arisein partially
ionized zones adjacent to hot, -dense Hi1 regions. The lower frequency (v < 1 GHz)
lines seem to arise in a wide spread component, possibly the CNMd the ISM. There-
gion which givesrise to the carbon RRLs may aso to contributeto the [CII]158um line
emission observed in the galactic plane. While the propertiesd the region giving rise
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to the higher frequency carbon RRLsseem to be reasonably wel understood, the prop
erties o the low-frequency carbon lines and their association with other components
of the ISM is poorly known. The purpose of this thesis is to make an observational
study o the regionsin the galactic plane which produce the low-frequency carbonm-
combination lines. In addition, aspecific PIM around the Hui region W3 isstudied in
carbon and hydrogen RRLs at a relatively high frequency i.e. 1.4 GHaz.

1.3 Preview of the Present Work

Mog o the wok presented in this thesisis related to the observations d that class
o Cu regionswhich are seen by low-frequency (v < 500 MHZz) carbon recombination
lines. We have searched for carbon recombinationlinesin the Galactic plane near 34.5
MHz using the low-frequency ‘T’-shaped dipole array at Gauribidanur and near 328
MHz using the Ooty radio telescope, Usng these telescopes, we have d so made ob-
servationsin the direction towards Cas A. Complementary observations were obtained
near 330 MHz using the Vay Large Array in the USA towards one position in the
Galactic plane and aso towards Cas A. Furthermore, for comparison with the carbon
line-forming regions, we obtained the distribution of molecular gas,in front of Cas A
by mapping the *CO line using the 10.4m telescope at RRI, Bangalore. Finaly, we
have also obtained observations, using the VLA, o carbon and hydrogen RRLS near
14 GHz towards the Hur region, W3. In this thesis, we present the instruments, the
observing techniques, the data analysis, the resultsand interpretation o all the above
observations. This thesisisorganized as folows

In Chapter 2, some physica theory of recombination linesis presented.. Radiative
transfer for the lineintengity asit journeysto the radio tel escope encountering matter
and radiation on its way is briefly explained. The various line broadening mecha
nisms, the calculation of departure coefficientsquantifying non-LTE leve populations,
the effect of dielectronic-like capture on levd populationsd carbon, the interpreta-
tion d radio recombination line observationsand the dependence o lineformation on
frequency are aso discussed in this chapter.

In Chapter 3, the instruments used, the observing techniquefallowed, data analysis
and resultsd the observations are detailed. We detected carbon RRLS in absorption
at 34.5 MHz from 10 positionsout d the total 36 positions that were observed using
the Gauribidanur array. Thisincluded the detection of a Voigt-shaped profile from the
direction d Cas A. Mogt d the above positions were dso observed in emisson lines
at 328 MHz using the Ooty Radio Telescope. Since the angular resolution of single-
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aperture telescopes ab low frequencies IS poor, one of the Galactic plane positions,
G 14+00 was observed with an aperture synthesis telescope, VLA at 330 MHz resulting
in high angular resolution. However, no carbon line emission was detected. To study
the association of carbon line-forming gas with otlicr components of the 1SM, 2CO
emission (~ 115 GHz) was mapped across Cas A. The different sections of Chapter 3
are devoted separately to each of the above observations. Within these Sections, the
scientific aim for observing at a certain frequency, the telescope used, tlie observing
technique and the results are presented.

In Chapter 4, the results o carbon recombination line observations towards Cas A
are discussed. The models which fit the data and association with other components
of the ISM are presented. Our observationssupport the scenario of association of the
partially ionized gas with the cold neutral medium of the ISM. Limitson the physical
parameters of the medium are derived from the pressure & radiation broadened Voigt
profileat 34.5 MHz.

Chapter 5 presents the modelswhich fit the absorption and emission linesof carbon
observed from the inner Galactic plane. Resultsd both, low-temperature models which
are typical of conditions in molecular clouds and relatively high-temperature models
which are typical of CNMin the ISM are examined. Dielectronic-like recombination in-
fluencesthelevd populationsin both thecases. Theresultsof these models, importance
of the cloud sizein determining the modelsand the associationdf this partially-ionized
gas with other components of the ISM are discussed.

In Chapter 6, VLA observationaof carbon and hydrogen recombination lines near 20
cm from the Hir region complex W3 s presented. Broad (> 25 kms™*) and narrow (<
10 kms~!) components are detected in the hydrogen line. The distributions of carbon
and hydrogen line intensities across the continuum source are compared. While the
broad line region resemblesthe continuum morphology the narrow lines trace different
distributions. The physical parameters of the emitting region, the Pl M are obtained
by model fits to the observed line emission.

Theresultsof thework describedin the thesisaresummarizedin Chapter 7. Future
work which may further our understanding of the C11 regionsis also suggested.
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Some theory of Radio Recombination
Lines

2.1 Introduction

When an external radiation field consisting of photons d sufficient energy illuminates a
neutral medium, it setsin motion the processdf ionization of the constituent elements,
and the reverse processof recombination follows. lonization equilibrium is established
when the rate of ionization is balanced by the rate of recombination, as for example,
in Hir regionsin the Galaxy. In these clouds, it is the stellar radiation that maintains
the ionization. Recombination lines are emitted from an ionized nebula when a free
electron is captured in an excited atomic state from which it then radiatively cascades
down to the ground state. The relative populations o the atomic levels participating
in a given transition can be conveniently described in terms of an 'excitation temper-
ature', T, which is defined by the Maxwell-Boltzmann formula, 22 = glz exp(—&).

Heren, and n; are the actual occupation numbers of levels1, 2 which have statistical
weightsof g; and g2. Under non-equilibrium conditions, which often prevail in certain
regionsof the ISM, this excitation temperature is a function of the quantum number.
The leve populationsare said to be in thermal equilibrium with the free plasma when
the excitation temperature approaches the 'kinetic temperature’ which is defined by
the Maxwellian velocity distribution of the electrons and ions within the cloud. Ther-
mal equilibrium is expected at large quantum numberswhere the level populationsare
essentially determined by collisions. The electron cascade produces photons with ener-
giesranging from that of long radio waves (e.g. principa quantum number n ~ 550) to
the ultraviolet (Lyman lines, principal quantum number n ~ 1). The recombination
lines span a wide range of the electromagnetic spectrum. The strengths and widths
o reconibination lines are sensitive functions of the conditionsexisting at their origin.
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Recombination lines arc therefore used as diagnostics of ionized media.

The line formation at different frequencies which correspond to transitions between
different quantum numbers, is controlled by different physical processes. Recombina-
tion lines at high frequenciesare sensitive to liigli-density regions whereas those at low
frequencies trace low-density, cooler regions of the Galaxy. Hence recoinbination lines
over a range of frequenciescan be used to probe physical conditionsexisting in different
ionized media. At small-n, radiative processes control the level populations and move
them towards non-equilibrium values. At these valuesaf n, inverted populations (neg-
ative excitation temperature) result from the relatively faster cascade to lower levels
from some level n as compared to the cascade from higher levels to that level. This
is because the Einstein coefficient, A, for spontaneous emission is a strong function
of n; A, ;éx The phenomenon of inverted populations gives rise to maser emis-
sion when a continuum background is present. On the otherhand, at large-n, atoms
are larger, collisionsare felt more frequently which thermalize these states. The level
populations and therefore the line strengths are thus determined by various physical
processes. Departures from local thermodynamic equilibrium( LTE) are central to un-
derstanding the line emission produced under a range of conditions and these have to
be understood and quantified in order to use radio recombination lines (RRL) as probes
of the conditions in the ISM.

Thelineradiationemitted by an atom is modified by encounters with other particles
or radiation in the intervening medium as it traverses the lineof sight towards us. The
theory of radiative transfer describes this phenomenon. In this chapter, we discuss
the equation of radiative transfer and the physics of line formation with emphasis on
low-frequency RRL which arise from transitions between large quantum numbers.

2.2 Recombination Line Frequencies

The frequency v, of a transition from an upper level of principal quantum number m
to a lower level n isgiven by the Rydberg formula:

v = R,cZ’ (i2 - iz) (2.1)
n m
where
v = therest frequency of the emitted photon
m = principal quantum number at which the transition begins.
n = principal quantum number at which the transition ends.

¢ = theveocity of light =2.99272 X 108 m s~}



18 Chapter 2
Z = effectivenuclear charge of the recombiningion.
R, = 10973731 (1t {{jﬁ) m~! is the Rydberg constant for an element a.
M, = atomic mass.

m, = electronic mass= 9.11 x 1073! kg.

For most practical purposes where An = m - n << n (radio frequencies), Eqn 2.1 can

be approximated by )
Y= 2R,cZ*An (2.2)

n3
The difference between the frequencies of transitions between two consecutive pair of
levelsis then approximated by:

2
2RecZ (2.3)

Av = .
oy

Nomenclature: For a transition in the Carbon (C) atom, if m = nt1, then thelineis
denoted by Cnea, if m = n+2then Cng and likewiseif m=n*3,nt4, ... then Cny,
Cnd.... For transitionsat different n, the size of the atom isgiven by

r=aon%Z”' nm (2.4)

where

a = the Bohr radius = 0.05 nm

Thusfor a transition from m = 2 to n = 1, the radius d a carbon atom isof the order
of the Bohr radius whereasfor a transition from m = 574 to n = 575, the radiusof the
carbon atom is 16.5 um - more than 10° times the Bohr radius (Z = 1 for a carbon
atom with outermost electron in n=575 orbit). The Rydbergatom in interstellar space
has assumed large linear dimensionswhich are practically unrealizableunder terrestrial
densities. Such atoms are likely to be collisionally ionized in the terrestrial atmosphere

before they can radiatively de-cxcite.

2.3 The Radiative Transfer Equation

Radiation emerging from a nebula carries information about the physical properties of
the medium. As the radiation travelsthrough space (within and outside the nebula), it
interacts with matter which modifiesits nature. Hence the radiation that arrives at the
radio telescope bears the imprint both of the original radiation process (which we want
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.toknow about) and of the propagation (Wwhose effects we need to remove). The theory
of radiative transfer must be applied to understand the physical conditions at theorigin
from the observed intensity. The theory encompasses possibilitieslike a background
radiation field that gets modified while propagating through the nebula, radiation from
the nebula that gets amplified or attenuated during its passage through the nebulaand
a foreground radiation field that adds to the radiation emerging from the nebula. In
thissection, we discussthe radiative transfer equation with approximations appropriate
for radio wavelengths, if required. We start with a short discussionof the emission and
absorption coefficients.

Consider a beam of radiation traversing a cloud of gas. During the passage through
the cloud, the intensity of the beam can get amplified or attenuated depending on
the physical conditionsin the gas. The emission and absorption coefficientsare the
guantifying parameters for this process. The energy emitted by the gas per unit time
per unit solid angle and per unit volume isgiven by the emission coefficient. The total
emission coefficient at the centre of a RRL at frequency v is

Jv=1Jc+ a1 (2.5)
where

j» = total emission coefficient at v, Watts m~3 ster~! Hz™!
41 = lineemission coefficient at v, joulem~3 s~! ster~! Hz1
Jjc = continuum emission coefficient at v, joule m~3 s~! ster~! Hz™!

The decrease.in the beam intensity per unit length is characterized by the absorption
coefficient. From Kirchoff’s law, the ratio of the emission coefficient to the absorption
coefficient in LTE is the Planck function, B,(T.). Hence

ju = Bu(Te)(K«c + bn'czll) (2.6)
where
K¢ = continuum absorption coefficient, m~!
x; = LTElineabsorption coefficient, m™!

B, (T.)= Planck function, joulem=2 s~! ster—! Hz-'

A superscript *' on any parameter indicatesits LTE value.
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b, is the departure coefficient, first introduced by Menzel (1937). It is defined as the
ratio of the non-LTE level populations, N, to the equilibriumlevel populations, N;.

N} isgiven by Saha equation:

: o1,
* A A, IN oXn
N, = N.N; [ZwmekTJ 2 e (2.7)

where

N; = lonic density, cm™3
N, = electron density, cm™=3
gn = statistical weight for level n, dimensionless

2
Xn = S (2.8
Under conditions which are typical in ionized gas in the ISM, various physical pro-
cesses act to move the level populations avay from equilibrium values. The departure
coefficient measures this deviation and it is necessary to understand its behaviour for
modelling the observed RRL intensities.
The total absorption coefficient at the centre of a spectral lineis

Ky = Ke + K| = Ke + bnﬁn":;l (29)
where KT, d(inb,)
Bn=1 T dn (2.10)

is the correction factor to the LTE line-absorption coefficient for stimulated emission
(Goldberg 1966). At radio frequencies, kT, /hv => 1 for probable values of T, and for
increasing b, with n, the differential term is positivewhich resultsin a negative value
o .. Astheline absorption coefficientis x; = b, Bnk;, a negative value of 8, implies
negative absorption or in other words, stimulated emission. Stimulated emission makes
a gignificant contribution to the line strength and beginsto dominate the line emission
at low frequencies.

Consider again a beam travelling from a celestial source to the telescope. Let I,
be the intensity (defined as the energy crossing an areadA in time dt in a frequency
range dv within a solid angle d? ) of the beam incident on the telescope. The change
in the intensity of the beam due to emission and absorption in the intervening medium

before it reaches the telescopeis

iy _ I, (2.11)



Chapter 2 21

where dl is the distance travelled by the beam along the line of sight. The absorption
coefficient k,, consists of contributions from both tie 'true’ absorption and stimulated
emission (negative absorption), both of which depend on the intensity of the incoming
beam. Hence the net absorption can be positive or negative, depending on which of
the two processesdominate in Eqn 29.

Eqn 2.11 isthe radiative transfer equation. One can solve for the intensity of the
emerging beam if one knows the emission and absorption coefficients of theintervening
medium. These depend on the physical processes operating in that medium. Hence,
most of the modelling is aimed at understanding and quantifying these processes for
the system under study.

The radiative transfer equation isgenerally expressed in termsof the optical depth
measured along the path of a'ray. The differential optical depth is defined as:

dr, = Kk, dl (2.12)
For a homogeneous medium o length L, the optical depth is given by,
Ty = Kyl (2.13)

Optical depth isafunction of frequency and it isa useful measure of the penetration
depth into the medium for photons of variousenergies. A medium is called optically
thick at somefrequency v if 7, > 1. If 7, <1, then the mediumiscalled optically thin.

Division of the radiative transfer equation Eqn 2.11 by ~, gives the equation in
terms of the optical depth. The absorption and emission over the extent of the medium
are directly measured by thisform of the equation:

dl, '
2;; — —Iu + Sy (2'14)

where S, is the source function of the medium which approaches the Planck's function
B,(Te) in LTE. In thisequation, the contribution from the non-thermal radiation field
within and in front of the cloud have been neglected. The optical depth at the line
center is T, = . T 7¢ where 7z and 7¢ are the line and continuum optical depths
respectively.

It isnot trivial tosolve Eqn 2.14 to get the emerging intensity for a realistic distri-
bution which has variations in electron temperature and density over different spatial
scaleswithin the medium. However, it isuseful to consider asimplemodel with a homo-
geneous, isothermal distribution of gas, in order to get a handle on the average physical
conditions in the cloud. Usng the Rayleigh-Jeans approximation to the Planck’s ra-
diation law which is valid at long radio wavelengths, the intensity in Eqn 2.14 can be
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replaced by the brightness temperature, | = zi;;ﬂ With the above assumption of a ho-
mogeneous, isothermal mass of gas, solution of Eqn 214 for the continuum brightness

temperature (Shaver 1975) is

To =T,e ™ + T (1-€"7°) , (2.15)

and for the brightness temperature at the line frequency is

Crmi £70) () _ g )] . (2.16)

T, +Tc =Tee™™ + T, [
Tv

Hence the net line intensity at the line frequency in terms of brightness temperature is
given by
T, =T, [e (™ ~1)] + T, [Q’ﬂ%i-@(l —e™) —(1- e_TC)} (2.17)

v
where T, is the equivalent brightness temperature of the background radiation field.
For a homogeneous, isothermal medium where the continuum emission at radio
frequenciesis due to bremsstrahlung (free-free emission), the continuum optical depth
isgiven by (from Oster 1961)

EM, T 20.18v '
= -2 ¢ N
e =3.14 x 10 TT5,7 [1.5171 (K) in ( iy )] ; (2.18)

where EM, = [ N2dl pc cm~® is the continuum emission measure. The LTE line
optical depth isgiven by (from Shaver 1975)

EM ‘ AV, 1}
* 3 _ e 72 ,xn —
75 =192 x 10 (AZ ;) 135 Z%e [1+1.48 Vp] (2.19)

where EM = [ N.N;d! isthe line emission measureodf the recombiningionin pc cm™®.
The line optical depth which includes corrections due to non-L TE effects is given by

7L = bpfn7] (2.20)
The integral of the line optical depth over the line width is given by
5 .
/ rrdy = 2.046 x 10°T;%2ezp (%}1—0—) EMb.B, s7! (2.21)
e v

However, it is not possible to use Egn 2.17 to directly obtain electron density or
electron temperature from the measured line strength. One has to use iterative pro-
cedures which generaly involve some initial guesses of the physical conditions in the
cloud in addition to measurements of lineintensitiesat a number of frequencies. When
using the iterative procedure, the expected lineintensities are calculated from Egn 2.17
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or the integrated optical depths from Egn 2.21 and compared with the observed val-
ues. What makes the determination of the physical propertiesdf the emitting medium
difficult is the dependence o the departure coefficients, optical depth and the observed
line strengths on the electron temperatures and densities and the dependence of the
latter on the former. A direct solution for T3} can only be obtained under condition of
LTE inopticaly thin (1, << ¢ <<1) nebula

2.4 Recombination Line Profiles

A recombinationline (RL) isemitted by an atom when a bound €l ectron jumps between
two quantum levels; the energy difference between the two levelsappearing as aspectral
line. Theenergy of the spectral line is not confined to a single frequency but spread
over arange of frequenciesdetermined by many broadening mechanisms. In addition to
natural broadening, which arises due to thefinitelifetimed the quantum level, other
mechanisms, described below, act to broaden the line further. The resulting spectral
line can be described by a profilefunction ¢(v) that is determined by various physical
processesin the nebula. The profilefunction linksthe width and centroid of emission to
physical parameters like temperature, turbulence and density in the cloud. The profile
functions are normalized so that the area under the profileis unity i.e. [ ¢(v)dv = 1
The following profile functionsare relevant for RRLs.

Gaussian Profile Function

Doppler broadening:
Veocitiesdf particles in thermal equilibriumfdlow the Maxwellian distribution. The

distribution of velocitiesof the particles emitting at a certain frequency resultsin a
distribution of frequencieswhen seen in the observer's frame due to the Doppler effect.
Theresulting spectral distribution isa Gaussian which can be written in termsof AVp,
the full width at half maximum (FWHM), in units of velocity as follows (from Shaver
1975):

‘ 2
¢ép(V) = 72_7}/—5% exp [— (%@) } : (2.22)

Doppler effect due to the thermal and turbulent motions in the plasma produces a
Gaussian line profile. The width of the spectral lineis given by (from Shaver 1975)

(2.23)

2kTp ] 1/2

1/2
AVp = 2Vin2 [@+3< V2 >} = 2vin2 [ i
. i

M; 3

where
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< V2 > isthe mean square of the distribution of turbulent velocities.

Tp is the Doppler temperature.
M; is the mass of the emitting ion.
k is the Boltzmann’s constant 1.38 x 10~ JouleK™!

The Doppler temperature includes contributions from both thermal and turbulent
motions in the plasma. In most of the spectral linesarising in the cold regions of the
ISM, the line width is dominated by turbulence. It isdifficult to obtain an estimate of
turbulence and hence from Egn 2.23, only an upper limit on the kinetic temperature
for the plasma can be derived from the thermal line width. If RRL from two species
with different masses, arising in the same cloud can be observed, then the kinetic
temperature of the cloud can be determined by eliminating the effect of turbulence.
With increasing plasmatemperatures and turbulence, the Doppler width increasesand

the peak line intensity decreases, keeping the integrated line strength constant.

Lorentzian Profile Function

Natural, pressureand radiation broadeningsresult in a Lorentzian-shaped profilefor the
RRL. Natural broadeningisa result of the finite lifetimedf the energy levels. Pressure
and radiation broadening are strong functions of the principal qguantum number and
hence areimportant for Rydberg atoms. Pressure broadeningissensitiveto theelectron
density in the cloud and radiation broadeningissensitiveto theincident radiation field.

Pressure broadening:
Coallisionsin the plasma (impact effect) or the effect of quasi-static electric field (Stark

effect) on the emitting atoms result in this broadening. Under the conditions prevailing
in the ISM, electron impacts with the emitting atom is the major contributor to this
broadening (Griern1967). Under the impact approximation, if an atom undergoes a
collison with an electron in the plasmawhileit isemitting a spectral line, the phase of
the emitted wave will be suddenly modified. In a sea of colliding and radiating atoms,
this processleads to broadening of the emitted line and the resulting profileshape isa
Lorentzian (from Griem 1967, Peach 1972):

_7 1
$r(v) = — (T (2.24)

wherey = Avyy,/2 is the damping constant (total rate d collision-induced decay of an
atomic state) and Avy, isthe Lorentzian width.
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The FWHM o the profile due to pressure broadening at the high temperatures
characteristic o Hii regions (T, = 10* K) (Griem 1967, Brocklehurst & Leeman 1971)

isgiven by

-11 Ne n*? ¢/(kms™1) -
— 11 1
AVp=374x 10 T u(kHz) kms (2.25)
and the ratio of pressureto Doppler broadening is
AVp 18 N n'd
N 798 x 10 91795 An : (2.26)

where

AYVp = FWHM of profile due to pressure broadening
AVp = FWHM df profiledue to Doppler broadening
Tp = Doppler temperature

At low temperatures the above two equations assume the following forms (Shaver
1975):

26 \ Nen%? c/(kms™?!)
- -8 - e -1
AVp =2 x 107° exp ( T},/S) TS o/ (kHz) kms (2.27)
AVp - -1 26 Ne n82?
—A—V; 4x10 exp ( Té/a) T},-*" T?)"’ An (228)

Noticethat pressure broadeningis proportional to approximately thefifth power of
the principal quantum number. Classically, such a strong dependence happens because
the radius of the atom increases as n? which enhances the collision crosssection (n%).
Transitions between large-n levels can be observed from low-temperature, low-density
plasma before préesure broadening reduces the peak linestrengths to undetectable lev-
els. In an ionized nebula having a temperature of 50 K and electron density of 0.1
cm~3 , pressure broadening at n=575 isexpected to beonly 8.6 kms~!. These physical
conditions are considered to be typical of the partially-ionized cloud from which low-
frequency carbon lines are observed. On the otherhand, for conditions typical of Hut
regions, T, = 10* K, n, = 100 ecm~3 , the pressure broadeningfor n = 575 is ~ 18000
kms~!whereas for n = 100, it isexpected to be ~ 8 kms~}. The separation in velocity
units between consecutive @ (An = 1) linesin carbon at n = 575 is ~ 1500 kms™!
Hence while the recombination lines from tie low-density plasma will be observable,
the lines from the high-density plasma would have merged with each other. The lines
from transitions between quantum numbers near n = 100 would still be observable.
The electron density derived from a pressure-broadened line is indicative o the true
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electron density at the origin.

Radiation broadening:
An external radiation field incident on a plasma can enhance the downward transitions

out of an atomic level by stimulated emission. This process can thus increase or even
dominate the decay rate of a levd i.e. the damping constant 7. Through this process,
the lifetime of a leve is reduced, the line width is increased and the resulting profile
isa Lorentzian. An exampleis the Galactic non-thermal background radiation which
can broaden low frequency (high-n) lines which are observed from low temperature,
low-density plasma. The FWHM due to a non-thermal background radiation field is

(Shaver 1975),

‘ kms™!
AVp =8 x 10720 w, TR 100 nd8 -—/(/—(TH—;)—)- kms™! (2.29)

where Tg,100 is theradiation temperature of the background at 100 MHz and o = 2.6
is the spectral index of the radiation field. « is defined such that Tr,100 o< ™.

Voigt Profile Function:

If the physical conditions in the emitting plasma are such that both Doppler and
Lorentzian broadenings aresignificantfor an RRL at some frequency v, then the shape
of the resultant profilewill be a Voigt function. A Voigt profile results from the con-
volution of the Gaussian profile with a Lorent2|an profile. A V0|gt profllefunctlon is

defined as
#0) = }“A"’E L Hew  (230)
where } - gy ‘
e [T e Vady o o

isthe Voigt function, a= 2vIn2y/AVp and u = 2v/In2(V' ~V)/AVp. For small values
of a, the linecentre isdominated by the Gaussian whereas the' wings are dominated by
the Lorentzian. We can approximate the VVoigt profile function in terms of the Doppler
and Lorentzian functions as follows (Shaver 1975),

1 1 1
W o) ) ~ (2:32)

The FWHM of a Voigt can be calculated from the constituent Lorentzian and Gaussian

widths as follows
2 .
AVy = A2V Ly \/ (-‘%’—L) +AV2 (2.33)




Chapter 2 27

where AV, = AVp + AV

The wesk Lorentzian wings o the Voigt profile make their detection rather difficult. In
general, longintegrations and flat instrumental spectral response (baseline) are required
for the detection of these wing. In Chapter 3 of this thesis, we present an observation
in which a clear Voigt profileis obtained.

2.5 Calculation of Departure Coefficients

Departures of level populations from thermodynamic equilibrium can lead to inverted
populations over a range of quantum numbers, especially those corresponding to radio
frequencies. Thisinversion, in turn, leads to amplification of the radio recombination
lines by stimulated emission (Goldberg 1966). The departure from equilibrium is a
function of electron density and temperature in the medium. It is important to ac-
count for the non-LTE processes that influencethe levd populations when interpreting
observed RRL. Departure coefficients, b, and 3, describe the non-LTE effects. The ra-
tio of the number of atomsin a certain level, n under actual conditions to the number
under LTE conditions isdefined as the departure coefficient, b,. Thisfactor isequal to
unity when the level populations follow the Maxwell-Boltzmann law. Under non-LTE
conditions, the factor deviates from unity and various statistical processes determine
the deviation. The coefficient, 8, (defined in Egn 2.10) is related to the derivative
of b, with respect to n. B, has been defined such that a negative value of 8, means
that stimulated emission is important whereas a large positive value means that the
line will appear in absorption when there is a strong background radiation field. The
LTE line optical depth gets modified by the factor b,8,. The calculation of b, arid
[, parameters that measure the deviation from LTE, thus forms an integral part of
the interpretation processand we describe the calculation briefly in this section. The
calculation is based on the assumption that the atomic levelsare in statistical equilib-
rium S0 that the ratesof population and depopulation of a level due to various physical
processesare equal. Thisassumption leads to an infiniteset of simultaneous equations,
one for each quantum levd n, of the following form which have to be solved to obtain
the departure coefficients (Brocklehurst 1970, Dupree 1972, Shaver 1975):

No[Y" Anm+ D (Bamly + Com) + Cns]l =

m<n m
Z NmAm,n + Z Nm(Bm,nIu + Cm,n) + NeNi(ai,n + Ci,n) : (2~34)
m>n m

where the left hand side represents the rate o depopulation of level, n and the right
hand side represents the rate of population of levd, n. In the above equation,
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Nn > men An  represents the spontaneous emission to lower levels,

Y m>n NmAm,a represents the cascade from higher levels,

NeNia; » accounts for radiative recombination,

NnBnmly, NmBm nl, represents induced emission and absorption between ad-

jacent levels (m = n £ 1),

® NnChm; NmCm,n accounts for collisional transitions to adjacent levels (m =

nt1),

e N,C,; denotes collisional transitions to the continuum,
e N.N;C;  represents three-body recombination.

These are the main physical processesthat determine the population, N, of atoms
inacertainlevel n under typical 1ISM conditions. The LTE population NV,, isdetermined
from the Sahaequation (Eqn 2.7). Theratio of the two numbers, as mentioned before,
isthe departure coefficient b, . At largen (n > 40), the different |-states for a certain »
are assumed to bestatistically populated due to the dominancedf I-changing collisional
processes (I isthe angular momentum quantum number). Hencebn; = b, (Brocklehurst
1971 and Dupree 1972). In carbon, these I-changing collisons play an important role
in making dielectronic-like recombination effective (dielectronic-like recombination is
described in the next section).

Various analytical and numerical methods have been developed to estimate N,
from Eqn 2 34. A numerical procedure described by Brocklehurst (1970) has been im-
plemented as a computer code (Salem & Brocklehurst 1979). Thedeparturecoefficients
are essential in the non-LTE modelling of the observed line strengths and hence the
numerical method by Brocklehurst (1970) is described in some detail here.

The infinite system of simultaneous equations for the atomic levels (Eqn 2.34) is
truncated at some ny,z. The solution around N ~ n,,,, is matched to a boundary
condition and correction terms are included in the calculation to compensate for the
omitted levels, n > ng,;. The resulting systgm of equations is further reduced by
using a matrix condensation technique (Burgess& Summers1969) where solutions are
obtained for only a few 'pivotal’ quantum numbers, a subset of nmez. The departure
coefficients for all the n,,., levelsare then determined using Lagrangian interpolation
between the ‘pivotal’ points. A smplifying assumption regarding the optical depth
of Lyman radiation is made, namely either it escapes from the nebula (Case A) or
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that it is re-absorbed (CaseB). The transparency o the nebula strongly influences
the lower-n levd populations which are governed primarily by radiative transitions.
Generally, Case B can be applied to most nebulae. Salem & Brocklehurst (1979) have
computed the departure coefficientsand their derivative using 75 pivotal points up to
a nmaz = 500. Thecalculationsaso includethe effect of an external thermal radiation
field on the level populations. These calculations were for a single-electron system i.e.
hydrogen. Interesting processes which modify the level populations can occur in the
case of multi-electron atoms. For example, dielectronic-like recombination in carbon
atoms is one such process which is effective at temperatures close to 100 K and the
next section discusses this process in some detail.

2.6 Dielectronic-like Recombination in Carbon

'Dielectronic Recombination’, as the namesuggests, involves two electronsin the recom-
bination process. This, of course, is possible only in elements heavier than hydrogen.
If afreeelection with excess kinetic energy is captured in an excited state of an atom
then the extra energy can be expended in exciting a core electron. In hot ionized gas
(T. > 10* K), allowed dipole transitions in core electrons of severa electron volts can
be excited by a recombining electron, resulting in dielectronic recombination. Auto-
ionization isthe inverse processin which in the absence of any stabilizing mechanism,
the recombined electron will be ionized due to radiative deexcitation of the core. But,
if a stabilizing mechanism is available then this process enhances the level populations
at some n, thus modifying the lineintensities. The process of dielectronic recombina-
tion has been shown to be important in magnesium, calcium, beryllium and carbon
(Shaver 1976) in a low-density, high-temperature (~ 104 K) cloud. In low temperature
(£ 50 K) plasma, freeelectronsare not sufficiently energetic to excite thealowed dipole
transitions in the core electronsand hence dielectronic recombination is unimportant.
However, in case of the carbon ion, there is a wel known fine-structure transition in
the ground state, 2Py, = 2Py, withan energy of 92 K (0.0079 eV) (Watson, Western,
& Christensen 1980, hereafter WWC80). Asthe energy of thefinestructure transition
is of the order of the kinetic energy of free electrons in partially ionized gas at T, ~
100 K, the electrons can use their excess energiesto excite the core fine-structure tran-
sition and get captured in the Rydberg states which have negligible binding energies.
In this case, auto-ionization is delayed by the 1-changing collisonsin the plasma and
the Rydberg state is temporarily stabilized. This recombination process is known as
'dielectronic-like recombination’. Didectronic-like recombination is believed to signifi-
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cantly influence the level populationsin carbon in low-T, ges.
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Figure 2.1 The Nature of the Departure Coefficient, b, . All the curves are for a T, = 100
K, ne =0.1cm™3 , Trigo = 1600 K and o = 26. The solid line represents the variation in
the departure coefficient with n if only hydrogenic processes populate the atomic levels, the
dashed line is the variation after the inclusion of dielectronic-like recombination but with
thermalized fine-structurelevel population (R=1), the dash-dot line is similar to the dashed
line except the fine-structure level populations are subthermal( R << 1). All these three
curves are obtained assuming the boundary condition of b, — 1 asn — oo . The dotted
curve traces the variation in b, with n with the boundary condition b, — 0 as N = nejtical

for dielectronic-like populations and R << 1 (taken from PAE94).

Walsinley & Watson (1982) can be summarized as follows

The salient features o the dielectronic-like capture investigated by WWC80 and

e The free electrons should have kinetic energies~ 92 K. Thi s processis, therefore
most effective in clouds with temperatures in the range 50 — 200 K

e The effectivenessdf the process depends on the kinetic temperature of free eec-
trons, the relative populations of the fine-structure levels and the I-changing col-

lisions.

e |-changing collisions which convert a Rydberg atom from (n,!) state to (n,!’)
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state at large-n isti e temporary stabilizing mechanism against auto-ionization.

e Dielectronic-likerecombination may not have asignificanteffect on the level pop-
ulationsat high density and/or high Kinetic temperature where the fine-structure
levels have attained equilibrium popul ations.

Dielectronic-like recombination manifests itsalf in different ways depending on the
environmental conditions and the principal quantum number. The eficctiveness of the
process depends on the quantity, R, which is the ratio of the non-LTE to the LTE
level populations of the fine-structure states (equivaent of by, ) in carbon as given by
WWC80 and Ponomarev & Sorochenko (1992).

_ [n(P32) /n(3Py5)] _ _ NeYetnuYH (2.35)
(n(Py)/n(2Pfa)]*  neve+nuyn + A,

where 4. and vy are the de-excitation rates due to collisonswith electrons and hydro-
gen atoms respectively. v = 5.8 x 10719 T902 cm3s~! (Tielens & Hollenbach 1985)
and 7e = 4.51 x 10~¢ T;%% (Hayes & Nussbaurner 1984). A, = 24 x 107% 57! istlw
spontaneous decay rate of 2P3/2 - 2P /2. Since dielectronic capture can occur only in
ions with a core electron in the lower fine-structure state, 2P, /2» lower the value of R,
more effective is the processas shown in Fig 21 where sub-thermal populations give
the dash-dotted curve. For vauesd R closeto unity, the fine structure levels have LTE
populations and dielectronic-like recombination does not affect the popul ations signifi-
cantly (dashed curvein Fig 2.1) and approaches the hydrogenic populations (solid line
in Fig 2.1). Small values of R lead to significant effects on the level populations as
listed below:

e b, (dielectronic) > b, (non-dielectronic)for some combinationsof n and T, .

e Asshown by the dash-dotted curve in Fig 2.1 for R = 0.1, b, can become larger
than unity thus giving supra-thermal level populations at those n. With increas-
ingn, collisional interactions with other particlestend to thermalize theleve pop-
ulations (also the radiative decay rates and dielectronic processes decrease with
increasingn) and b, — 1. In hydrogeniccalculations, b, < 1 with b, approaching
1 asn increases, henced(inb,)/dn > 0 (Fig 2.1). But in dielectronic-likecapture,
b, > 1 for some values of the quantum numbers. In this case, b, has to reduce
with increase in n to achieve the asymptotic value o one. Thisleads to negative
values for the derivative. When d(inb,)/dn is negative, 8, > 0 and absorption
instead of emission is predicted by dielcctronic-like recombination. Although the

CLabd
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hydrogenic computations for b, also predict absorption lines, the turnover point
isat a much higher n (i.e. lower frequencies).

e Dielectronic-like capture reduces the derivative d(Inb,)/dn for certain n which
means a lower negative vauefor £ and hence reduced stimulated emission.

Dielectronic-like recombination involving the fine-structure levels in the ground
state of carbon is probably an important level populating mechanism in clouds with
kinetic temperature near 100 K. The effect is therefore included in all our departure

coefficient calculations for carbon.

2.7 Boundary Conditions for calculating Departure Coefficients

Once the statistical processes which influence the level populations in an atom are in-
cluded in thecalculations, the departure coefficientstill n,,  can be computed (see Sec
2.5). The b, values near nmq; are matched with an asymptotic solution which is ob-
tained analytically. The boundary conditioniscrucia in the calculations, especially for
thelargen populations. The dash-dotted and dotted curvesin Fig 2.1 are the resultsof
two different boundary conditions namely b, —+ 1as n — oo & b, = 0 as N — nijcal -
Thesmall-n (n> 200) level populations are not significantly influenced by the bound-
ary condition as is evident from these two curves. It is not clear which of the two
conditions represents the level populations of the high quantum number bound states.
In the boundary condition obtained assuming thermal populations at large-n, the
solution is matched with an analytic form of the asymptotic solution b, =+ 1 as n — o
around nmge « At largevauesd n, theatomic radius (o< n?) becomelarge and collisions
are likely to establish LTE populations (i.e. b, = 1), even for low-density nebula. The
deviations from LTE due to the cutoff at some finite np,q, Was found to be negligible
at the n of interest (Brocklehurst & Seaton 1972, Shaver 1975), hence the boundary
condition b, —+ 1 as n — oo has been used to solve Eqgn 2.34. Recently, another line
of reasoning has arisen in which the above boundary condition is considered to be
non-physical becauselevels beyond a certain nerisicat @re devoid of bound electrons due
to plasma fluctuations in the cloud i.e. N, = 0 for N > ngisicar (Gulyaev & Nefedov
1989). The high-n level populations are modified by an extra factor known as the
occupation probability of a level w, (Hummer & Mihalas 1988) so that b, smoothly
decreases to zero i.e. by, — 0 @S N — nitical - Wn Can be estimated from the atomic or
electronic density and the temperature in the gas (Hummer & Mihalas 1988). ncritical
is the highest bound level and is calculated from the electron or atomic density in the

19811/ /706
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medium. The claim then isthat the correct boundary condition to apply at the large-n
limit is b, = 0 as N — ngrisicat (GUlyaev & Nefedov 1989). Presently, it is not clear
which of the two boundary conditions is niore physica. Knowing that free electrons
have b, = 1 and that collisonsare supposed to thermalize the level populations, the
boundary condition b, — 1 as n — ~ appears to be quite physca. On the otherhand,
itistruethat plasmafluctuationsor collisionslead to vanishingd bound levelsbeyond a
certain nepiticat « ANd hence any boundary condition which assumes an infinite number
of bound levels has to take this into account. The two boundary conditions predict
different level populations at the large-n values which are o interest in this work.
However, since the boundary condition o b, — 1as n — oo appears more physical to
us, it isused to calculate the levd populationsin this thesis.

Theoriginal computer code developed by Brocklehurst & Salem (1977) for calcu-
lating b and By, has been modified over the years to includethe effect of more physica
processes On the level populationsand other options. Walmsley & Watson (1982) ex-
tended the by-calculation to n,., = 1000 and included the effect of dielectronic-like
recombination processon level populationsin carbon. They also modified the code to
include the influence of a non-thermal background radiation fidd on the level popula-
tions. PAE94 extended the by, - calculationsto nry,ey = 10000 by increasingthe number
of 'pivot’ pointsto 150. They aso included an alternative boundary condition namely
bn — 0 aS n = Nepitical-

The departure coefficients thus calculated are used to predict the non-LTE inten-
sities over arange of frequenciesfor the particular physical conditionsexisting in the
nebula. An iterative procedure involving a least squaresfit o the predicted intensities
to the observed ones is used to estimate the physica conditionsin the nebula

2.8 Interpretation of RRL Observations

The strength, centroid and width of the line are the standard observable parameters
of aspectral line. The magnitudes of these observed quantities are dependent on the
physica conditions in the emitting cloud. A homogeneous isothermal ionized nebula
can becharacterized by itstemperature, density o free electronsand emission measure.
Thestrength and width of aset of recombination linescan, in principle, be interpreted
in terms of the temperature and densities at the origin. The Doppler shift o the
spectral line can, in most cases, be usad to give a measure of the distance to the cloud.
Unlike optical recombination lines, RRL do riot suffer attenuation due to dust along
the line of sight and thus can be used to probe even optically obscured ionized regions.



A Chapter 2

In the rest of this section the methodsdf determining the temperature and density
of theionized gas from the RRL & continuum observations are discussed.

2.8.1 Determination of Electron Temperature

Short descriptions of a few o the methodsgenerally used to estimatethe T, of a nebula
from RRL or continuum observationsare listed here:

T. from line to continuum rétio:
If RRLs are emitted under conditionsclose to LTE, then the ratio of the line strength

to the thermal radio continuum from the ionized gas can be directly related to the
electron temperature of the nebula. This can happen at frequencieswhere the nebula
is optically thin. Hence, if 1>> 7¢ => 7 (i.e. . optically-thin frequencies), then in
the absence of a background radiation field, the LTE ratio of the line to continuum
brightness temperatures (see Egn 2.15 and Eqn 2.17) isthe ratio of the optical depths,
T 711
| 7—,' = -T-g (2.36)
As the free-free continuum optical depth and the line optical depth have different
dependence on the electron temperature, the ratio of the two gives an estimate of
the T, of the nebula. Substituting for the optical depths in the above equation and
including the contribution of helium ions to the continuum emission, the LTE electron

temperature is given by (Roelfsema& Goss 1992),

T = [6943 1 1 1 1 ]0'87 K (2.37)
e = ™ (T/T.) AVp (1+7%)

whereY * istherelative number abundance of singly-ionized helium. If non-L TE effects
are important at the observed frequency, then the above equation is modified by the
departure coefficients as follows (Roelfsema& Goss 1992),

T,=T [b,, (1 - %’-’)]w K (2.38)
As b, and B, aso depend on the eectron temperature, the use of Eqn 2.38 is not
straightforward. Shaver (1980) showed that for any emission measure, EM, there is
a unique frequency where the effect d stimulated emission which increases the line
strength balances the influencedf the continuum optical depth and pressure broadening
which decrease the line strength. The line strength under such conditions approaches

its LTE vaue. Thisfrequency v is given by (Shaver 1980),

v =008l EM%% GHz. (2.39)
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At this frequency, the non-LTE corrections to the electron temperature are negligible,
i.e }1 ~ 1. Thus, model dependent departure coefficients need not be calculated and
Eqn 2.37 gives the true T, of the nebula

T. fromline widths:

At relatively high frequencies (i.e. small values of n), the lines are primarily Doppler-
broadened. An upper limit to the kinetic temperaturein the cloud can be derived from
the width of the spectral line using Eqn 2.23. If the Doppler-broadened RRL from two
atomic speci es coexisting in the nebula can be observed, then the turbulence term in
Eqn 2.23 can be eliminated and T, can be obtained using:

AV] Aug
L= 8kln2 Ml A-* ] [ vy ) ] (2.40)
where
M, M, = atomic massof the two elements
Avy, Av; = Doppler widthsof the two lines
vy, "2 = frequency o transition of the two lines.

T, from observed Brightness Temperature:

At sufficiently low frequencies, Hii regions become optically thick and therefore the
emergent intensity at these frequencies is close to the blackbody intensity. Any back-
ground radiation incident on the cloud is absorbed by the cloud. The observed bright-
ness temperature is related to the electron temperature by,

Ty =T,(1 —e~ ™). (2.41)
At frequencies where 7¢ => 1, the correction factor to T, issmall and Ty ~ Te.

2.8.2 Determination of Electron Density

Electron density can bedetermined from the following radio observations:

ne from a pressure-broadened lire:

It is obvious from Eqgn 2.25 and Eqgn 2.27 that with increasing n and n. , thereis a
steep rise in the line width due to pressure broadening. The broadening leads to a
decrease in the peak lineintensity arid hence high-sensitivity observations are required
to detect the expected Voigt profile from which the true electron density ne trye in the
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nebula can be calculated. The widths of the lines from Rydberg atoms is expected to
be enhanced by radiation broadening which is also a strong function of n. Separating
the contributions of radiation and pressure broadening to the line width requires some
additional knowledgesuch as an estimate of the radiation field surrounding the cloud.
If thisis not available then the electron density obtained from Eqn 2.27 gives an upper

limit tO ne,tme .

ne from modelling the observed line emission:

By definition, lines emitted under LTE conditions carry only the information of the
electron temperature in the ionized medium. Non-LTE effects in the ionized gas are
necessary if the electron density in the medium is to be estimated. In most of the
low-density ionized nebulae, non-LTE effectsin the form of inverted populations and
non-thermal populations of the fine-structure levelsin carbon are common and hence
it is possible to estimate the electron density from the observed RRL. The RRL data,
preferably covering a wide frequency range can be used to obtain the electron tempera-
tures and densities likely to exist at the origin determined using an iterative procedure

involving the departure coefficients, b, and Gy.

ne from radio continuum:
The average electron density nerms iN @ Nebula can be calculated from the optically

thin radio continuum brightness if the distance to the source and its angular size are
known. This assumes a homogeneous distribution of electrons within the source. The
following formula (from Mezger & Henderson 1967) is used to determine the electron

density :
(ﬁ‘ii_'ﬁai) = u a2 6.351 x 107
cm
( 71c )0.175( v )0.05 (&)0.5 (2‘)-_0.5( OG' )—1.5 v (2 42)
104K GHz Jy kpc arcmin )
where

a = ratiod theexact formula (Oster 1961) to the approximate
(Altenhoff et al 1960) formula df the continuum optical depth

u; = density distribution model (eg spherical, cylindrical or gaussian)

S, = continuum flux density of the source at the frequency v, Jy

D = distance to the source, kpc

b = /8405, arcmin
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Theelectron density calculated from the continuum flux density of an optically thin
source is characteristic of the root mean square electron density over the line of sight
through the cloud. This is because the flux density depends on the emission measure
which is proportional to thesquared theelectron density. Theelectron density derived
from the width of RRL, on the otherhand, is characteristic of the true electron density
in the nebula. This is because pressure broadening has a linear dependence on the
electron density. If the two are equal then it suggests homogeneity in the medium
but generally for most ionized regions, nerms # Netrue «» 1 N€ i0ONized gas is clumpy
and inhomogeneous. The filling factor measures the volume occupied by matter as
compared to the total volume availableto it and is quantitatively obtained from the
square of the ratio of neyms 10 Netrue - Vaues ranging from 0.01 to 0.5 have been
determined for many H11 regionsand planetary nebulae (Osterbrock, 1989).

2.9 Frequency Dependence of Carbon Recombination Lines

A good example of the frequency dependence of line formation, especially at low-
frequencies, are the multi-frequency carbon recombination observations towards Cas A
shown in Fig 2.2. The figure, taken from PAE89, shows the carbon RRL in the fre-
quency range 34.5-325 MHz. The RRL appear in absorption below 115 MHz (n > 384)
and in emission above 200 MHz (n < 320). The phenomenon of turnover from absorp-
tion to emission with increase in frequency is explained by the relative importance of
the radiative and collisional processesacting on theatom that determine the excitation
temperature o alevd. Another effect seen in Fig 2.2 is that of pressure and radiation
broadening which widen the lines as the frequency is lowered.

In case of transitions between large-n values, typical of a Rydberg atom, the level
populations are governed primarily by collisional processes which tend to thermalize
the populations, Tex ~ Ty. If under such conditions, a strong background radiation field
like that of Cas A (Th,100m 1= ~ 2.5 X 107 K) or the non-thermal Galactic background is
present, then the transitions between the high-n levelswill appear in absorption against
the strong background (T, > T.;). Thisis clearly observed in the case of Cas A as
shown in Fig 2.2

At lower-n values (which we call intermediate-n), radiative processesdominate the
relative populations which lead to inverted populations and negative excitation temper-
aturesi.e. non-LTE effects are important. This phenomenon isfacilitated by the pres-
ence of an external stimulating radiation field. The Einstein coefficient A o 1/n5.
Thus, the relatively high-n levels, because of their lower radiative decay rates, get
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Figure 2.2 Spectra showing carbon recombination lines at frequencies ranging from 325
MHz to 34 MHz arising in the gas in front of Cas A (taken from Payne, Anantharamaiah

& Erickson 1989).
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Figure 2.3 Variation in -[T'I:'y—f': of carbon recombination lines with quantum number towards
Cas A. The observed data are plotted as points whereas some of the models fitted to this
data by Payne, Anantharamaiah & Erickson (1994) are shown superposed as curves.

overpopulated and an inverted population results. The intermediate-n transitions
then appear in emission because o stimulated emission by a bright background source.
This is clearly seen in the case of Cas A. The turnover from absorption to emission
with increasing frequency is bound to be observed in amost all low-density clouds,
but the precise frequency at which this happens depends on the details of the physical
conditions in the cloud. In the gas in the Perseus arm in the direction towards Cas
A, the turnover happens near n = 350 — 360. In the high-density clouds (typical
of Hit regions), large continuum optical depths and pressure broadening prevent the
detection of low-frequency RRL and hence this effect. The lines observed towards Cas
A are believed to arisein a low-density (n, ~ 0.1 cm™3 ), low-temperature (T, < 100K)
cloud. Tlie observed integrated optical depth at different quantum number transitions
are plotted as points in Fig 2.3 which shows the models found by PAE94. The model
fit using the boundary condition b,, — 1 as n — oo for T = 75 K arid n, = 0.1 cm~3 is
shown as the solid line in the plot.
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2.10 Summary

In this chapter, some theory of radio recombination lines required for interpreting
the observations has been presented. Recombination lines, which arise in gas which
is in ionization equilibrium, span the electromagnetic spectrum from ultraviolet to
radio wavelengthsand bring with them information on the physical properties of the
region in which they originate. The theory of radiative transfer is used to understand
the observed recombination line intensities. These lines are broadened due to various
physical processes in the nebula. The resulting profile functions due to thermal &
turbulent motions and collisiona & radiation broadening are discussed in this chapter.
The calculation of departure coefficients which are crucial for determining the non-
LTE level populations and the processaf dielectronic-likerecombination which modifies
level populations in carbon are also briefly described here. Some methods used for
determining the temperatures and electron densities o the line-forming gas are also
described. We end.the chapter with ashort discussion on the frequency dependence of

recombination lines of carbon.
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