Chapter 5

lonized Carbon in the Galactic Plane

5.:1 Introduction

Iomzed ga.s in the Galactlc planec an bestudied usmg recombination |ines of hydrogen,
and carbon. These two sets of lines arise in physicdly different gas clouds. At low
frequencies, the hydrogen lines arise in hot (Te ~ few’ 'thousands), relatively' tenuous
(ne ~ 2-10 em=3 ), fully ionized ¢louds (Hart & Pediar 1976, Lockman 1916, Anan-
tharamaiah 1985, Anish Roghi & Anantharamaiah 1997) whereas the ‘carbon lines arise
in cooler (Te ~ 20-100 K), partxally mmzed low-denmty (fie '€ 0.5 cm™3 ) ¢louds (Pedlar
et.al. 1978, Sorochenko & Walmsley 1991, Payne, Anantharamaiah & Erickson 1904
(hereafter PAE94) Anish Roshi & Anantharamaia.www) It is uséful tomention &t
this point that the cosmic abundance by number of carbon is’ 22 =33 x 10~ (Alleh
1976) and that its ionization potenhal is114 eV'as coinpared to 13.6 eV for hydro-
gen. It is the fourth mat abundant species after ¥ He'and O. Because o its lower
ioni zation potential carboncan get ionized in regions where hydrogen canstill be mu-
tral and the regl on can remain relatively cool compared to ‘the region whéte hydrogen
is fully ionized. As mentioned before, the | Vlseéris 6 'be populated by trio types
o Cn regxons thh dlstl nct physical’ properties dnd environs. “The first type are the
Cu regions observed in higher freqiiency recombinatioh fities'and’ are associated with
Hu regions. One such region associated with W3 is ‘discussed Chapter 6. The second
type: arethe Cu regi jonsassociated wﬂfﬁ cold, netitral gas'in thé 19M, detected by low-
frequency recombination lines such‘as those discussed in Clidptér 3. Carbed in these
regions is ionized by the background 'UV radiation Reld (PS> 11.4 V). These regions
are at a lower equilibrium | temperat,ure (10 — 160 K) and have a 1ower electron density
(< 05cm™3). The Cli region observed towards’Cas ‘A'id"an example of this type
and it was discussed in Chapter 4. 'Hollénbach et.al (1991, hereafter HTT91) diseuss
low-excitation PDRs which are illuminated by the interstellar far-ultraviolet radiation
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field. They go on to say that most of the neutral matter in the Galaxy is collected in
the form of PDRs. From an observational point of view, it appears that at frequen-
cies > 14 GHz or so (i.e. n = 166), one detects the Cnt region associated with Hi
region whereas at lower frequencies (all the way to v ~ 15 MHz & n ~ 200 — 750), the
Cu region associated with the cold neutral medium (CNM) of the ISM are detected.
However, linesdue to transitions near n=166 in carbon have been observed from both
types o Ci regions.

The Galactic plane, especialy the inner regions of the Galaxy (1 < 20°) has been
found to be widely detectable in low-frequency (< 500 MHz) recombination lines of
carbon. Carbon lines have been observed towards the Galactic centre in emisson at
frequencies close to 408 MHz (Pedlar et.al. 1978) & 328 MHz (Anish Roshi & Anan-
tharamaiah 1997) and in absorption near 76 MHz (Erickson, McConnell & Ananthara-
maiah 1995, hereafter EMA95) & 42 MHz (Smirnov et.al. 1996). Similar result has
been obtained towards M16 also (Anantharamaiah, Payne & Erickson 1988). Exten-
siveobservationsof the Galactic planein carbon linesat 76 MHz made with the Parkes
telescope have yielded positive results towards al the observed positionsin the inner
Gaaxy (1< 20°) (EMA93). The emisson counterparts of some of these linescan be
identified in the earlier observationsat 328 MHz with the Ooty Radio Telescope (Anan-
tharamaiah 1985). Carbon lines near 25 MHz have been observed from the direction
of the galactic longituded 75° and NGC2024 (Konovalenko1984) and towards L1407,
DR 21 & S140 (Golynkin & Konovalenko 1990). Typical temperatures and densities
that have been deduced for these partially ionized regionsappear to match thosedf the
neutral gas (atomic or molecular) in the Galaxy. However, detailed physical properties
of the ionized gas and its association with the neutral gas components needs to be
further explored.

In the present work, approximately 35 positions in the Galactic longitude range
342°—-0°—145° at Galacticlatitude, b = 0° were observedin carbon recombination lines
at 345 MHz using the low-frequency array at Gauribidanur. The observable positions
werelimited by the transit nature df the Gauribidanur telescope. Withinthedeclination
range ot the-Gauribidanur telescope, the particular positionsthat were selected were
determined partly by the strong Galactic background in the inner Galaxy and partly
by the positive results o other low-frequency observations. The main objective of
the present study is to understand the distribution and physical parameters o regions
of ionized carbon Which are,observed in RRL at very low frequencies. In the Galactic
plane, we detected carbon lines from eight of the directionsthat were observed with the
Gauribidanur telescope. In addition to these positions, carbon lineswere al so detected
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from DR 21and Cas A. A detailed list O sourees and resultsof these observationshave
been tabulated in Chapter 3. The observations at 34.5 MHz were supplemented by
observationsat 328 MHz us ng the Ooty Radio Telescope (ORT), where the absorption
lines turnover into emission features. In this chapter, we attempt to obtain constraints
on the physical parameters o the region which are responsiblefor the detected lines:

Unlike the direction towards Cas A which was discussed in the previous chapter,
the observed line-to-continuumratio at different frequencies towards various positions
in the Galactic plane does not give the actual line optical depth at that particular fre-
quency. Thisis dueto the unknown sizeof the line-producingregion. This uncertainty
affects the interpretation and hence it is important to obtain a preliminary handle on
the angular size d the jonized gas. For this purpose, we conducted observations with
the ORT using two different angular resolutions ( 2° X 6 and 2° x 2") as described in
Chapter 3. Comparisond the integrated line strength observed with the two different
angular resolutions provided information on the sze o the emitting region. Further-
more, an attempt was made using the VLA to map the carbon line emission near 332
MHz towards the position G14400 to obtain a more detailed knowledge of the spatial
distribution.

In the following sections, the interpretation of the results o these observationsis
presented. Wherever possble, the resultsd the observations near 75 MHz (EMA95),
25 MHz (Konovaenko 1984, Golynkin & Konovaenko 1990) and other existing data
are used in the interpretation to obtain better constraints on the parameters.

5.2 The Angular Size of the Line-producing Clouds

Since the interpretation of the observed recombination linesin terms of the physical
propertiesd the gasin which they arise dependssensitively on the fraction of the beam
that isfilled by thethermal gas, it is necessary to obtaina preliminary idead itsangular
distribution. Our observations have been made at different angular resolutions ranging
from 21'x25° at 345 MHz t0 2° x 6 at 328 MHz and we also make useof the line data
at 76 MHz (EMA95) with aresolution o 4° x 4". Unless the |lineradiation fills the beam
or thedistribution d the continuum intensity is highly concentrated (like towards Cas
A), beam dilution effects will be significant,and the actual line optical depths will be
very different from the apparent (observed) optical depths. Therefore, before using the
availablelow-frequency recombinationlinedata to modd the line-producingregions, it
isessential to estimate the extent d this region. With thisin mind, we observed some
d the positionsin the Gadactic plane at 328 MHz using the ORT in its two separate
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modes of operation resulting in different angular resolutions. The positionswhich were
detected at 328 MHz with a 2° x 6 beam were further investigated with a 2° X 2°
beam o the ORT. Comparing the integrated strength (f ,-f—;‘;du) d the lines recorded
during the two sets of observations, we can obtain constraintson the extent o the line-

emitting region. Table 5.1 gives the the integrated line strengths (-[TT:'—d'f ) observed
using the two resolutions. Within the errors, the integrated line strengths are almost

ys
equal. It is, therefore clear from Table5.1, that the angular extent of the cloud giving

Table 5.1 Integrated carbon line (n ~ 271) strengths with two different beams used in the
ORT observations at 328 MHz.

2°x 6' 2° x 2°

__J Tdv ] Tdv
A= B-'[‘l".,T

No. Source

1 | G352+00 | 5.1(25) | 6.9(0.7)
2 | Go0+00 | 14.8(1.8) | 13.5(1.8)
3 | Gos+00 | 10.9(0.9) | 9.8(0.6)
4 | G10+00 | 13.7(1.1) | 10.7(1.0)
5 | G14+00 | 18.8(1.2) | 12.7(4.1)
6 |G16.5+0 | 6.5(0.8) | 7.0(0.6)

rise to low-frequency carbon line emisson near n=271 in the inner Galaxy is > 2° for
most o the linesof sight. For G10+00 and G14+00, the region appears to be dlightly
smaller than 2°. Although the overal angular extent o the line-emitting regions could
be large, the region could be made of a number of nearly uniformly distributed clumps
in the fiedd of view. This scenario is not ruled out from the constraints imposed by
the observations at 328 MHz using the ORT. To obtain further constraints on the
clumpiness of the emitting regions, we mapped a 2° region around G14+4-00 in C270«
using the VLA with a resolution of ~ 4  Although the observations were severely
affected by interferenceand other problemsleading to low-sensitivi y and no detection
of carbon lines, a comparison o the results from ORT with the limits derived from
these observations indicates that the line-emitting region towards G14+00 is larger
than 10'. The arguments are as falows The strength d the carbon line detected by
Anantharamaiah {(1985) at 328 MHz with a 2° x 6 beam is 160 mJy. The 30 limit on
the detection in the line images o G14+00 obtained using the VLA is 75 mJy/beam
(beam=5.4’x3.5") (see Chapter 3). If the line detected with the ORT was confined to
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about 2 VLA beam areasthen thelinewould have been detected with the VLA. In other
words, since the region is larger than ~ 10, the sensitivity d the VLA observations
have failed to detect the line. In the present wok we thus, assume that the ionized
carbon gas in the inner Galaxy isdistributed in cloudsd sze either 2° or more.

From their observation o carbon linesnear 76 MHz as a function of Galactic lat-
itude, EMA95 concluded that the line-forming region in the inner Galaxy must be
approximately 4° widein latitude. Similarly very low-frequency (near 25 MHz) obser-
vation towards ! = 75° in the Gaactic plane (Konovalenko 1984) has indicated that
the carbon line-producing region > 4° in extent.

It, therefore, appearsthat the ionized carbon regionssampled by the low-frequency
recombination line observationsare at least a few degreesin extent.

5.2.1 Beam Dilution at 34.5 MHz

An important point to consder from the concluson in the previoussection concerning
the angular dimensionsof the emitting region is the beam dilutionfor the carbon lines
observed at decametre wavelengths. The E+Warm o the Gauribidanur telescope
has an angular resolution o 21'x25° (a x 6). Although thisis a large beam in the
north-south direction, the extent to which beam dilution occurs depends both on the
continuum emission within the beam and the angular size d the line region. Since
the total system temperature is dominated by the sky background, if both the line
and continuum emissions are distributed over the same area d the beam again there
is no beam dilution. Smilarly, if the continuum emisson isstrong and confined to a
region as small as or smaller than the absorbing cloud, then there is no beam dilution.
However, if the continuum emission covers the entire beam and the lineemissionis con-
fined to a smaller area, beam dilution will lead to a reduction in the line-to-continuum
ratio. In Fig 51, we have shown the one-dimensiond continuum brightness distri-
bution across the length o the Gauribidanur beam (21'x25°) when pointed towards
G004-00, G16.5+00, G63+00 and G75+00. The brightness distribution was obtained
from the “all-sky” continuum map at 345 MHz made using the Gauribidanur array by
Dwarakanath (1989). The brightnessdistribution towards the Galactic centre (see Fig
51 (a@)) and aso towards G05+00 is not uniform over the entire stretch o the beam
but is pesked sharply at the center. In the rest d the positions towards which carbon
lines have been detected, such strong peaks in the continuum is not seen as evident
from A g 5.1 (b) to (d). Therefore, unlessthe lineemisson is also distributed over the
entire 25° beam, the brightnessdistribution shown in these figuresindicates that the
line emission will be beam-diluted. If the line region has an angular extent of 2° — 4"
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Figure 5.1 One-dimensiond brightnessdistribution at 34.5 MHz acrossthe E+W am total
power beam (21' x 25) near the Gdactic Centre (a), 616.5+00 (b), G63+00 (c) and
G75+00 (d) obtained with an angular resolution of 26'x42" (from Dwarakanath 1989)

about the Galactic plane then the beam dilution factors for the absorption feature at
34.5 Mz range from 0.1 to 0.2. It should, however, be noted that the possibility of
the thermal gasfilling the entire Gauribidanur telescope beam and hence leading to a
beam dilution factor of unity cannot be conclusively ruled out. Towards the Galactic
centre and G05+-00, the continuum fals df rather steeply, by ailmost a factor of two,
outside a 10° region. The effective beam dilution will therefore be smaller for these

directions.

5.3 Constraints from the Observed Line Widths

One notabl e difference between the carbon lines observed towards Cas A and the lines
observed from positions in the Galactic planeisthe width of the lines. While the lines
detected towards Cas A are seen to broaden with increase in quantum number which
is a clear indication of pressure & radiation broadening, no such trend is seen in the
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lines observed from the Galactic plane.

Table 5.2 Widths of the carbon recombination lines observed at 25 MHz, 34.5 MHz, 42
MHz, 76 MHz and 328 hMHz

. AV kms™*
n~686 n~575 n~443 n~271
No. | Podtion || 26 MHz | 84.5 MHz | 76 MHz | 328 MHz
1 | G352+40 - 364 +3.6 11+1 | 201 £1.7
' o (G355+00)
2 | G00+-00 - | 205%1.2 241 270+ 1.5
3 | G05+00 - 21.0+25 25+4 | 16.2+0.9
| | (G06+00)
4 | G10+00 - 37032 | 262 36.3 2.9
5 | G14400 - 56.0 +£ 4.5 25+3 54.6 + 8.7
6 | G16.5+0 - 326+34 | 474 12742
7 | G63+00 - 4591+ 4.4 - -
8 | G75+00 15+0.9 244+£2.38 . -
9 | DR21 42+12 185427 - -
10 | Cas A 7192164 26031 | 6704 | 50£05

The widthsof the linesobserved at 25 MHz, 345 MHz, 76 MHz and 328 MHz from
various positionsin the Galactic plane are given in Table 5.2. Within the errors, the
observed widths at all the four frequenciesare comparable. The differences that are
seen can be attributed to the non-overlapping portions of the beams at the different
frequencies. In contrast, the line-widthsobserved at these frequenciesin the direction
of Cas A (seethelast row of Table 5.2) increase sharply with the quantum number.
The absencedf similar line broadening towards the Galactic plane can be interpreted
in terms of lower electron densities and wesker radiation field incident on the ionized
carbon cloud in the Galactic planeas compared to that in the Perseusarm. The widths
(~ 25 kms™!) of the lines from the Galactic plane at all the observed frequenciesare
much larger than those expected &om thermal and turbulent motions (~ few kms™?)
in the clouds. These large widthsare most likely due to systematic motionsawing to
differential Galactic rotation.

From the 'observed line widths at 345 MHz, we derive the upper limits on the
electron density using Eqn 2.27 and upper limits on the radiation temperature using
Eqgn 2.29 for each o the Galactic plane position, These are listed in Table 53. The
upper limitson the electron density in the medium were cal culated assuming that the
entire observed width is due to pressure broadening at a temperature of 20 K. Upper
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limit on the radiation temperature at 100 MHz (Tg100 ) for the various positions was
calculated assuming that the observed width isonly caused by the incident non-thermal
ambient radiation field. The observed width at 34.5 MHz translates to a upper limit

for the kinetic temperature of T, < 10° K.

Table 5.3 Upper limits on the electron density and radiation temperature (at 100 MH2)
from the observations at 34.5 MHz

Observed| From AV of C575a || Th(25°) at 34.5MHz
No | Source Line Ne max TR, max Tr Expec AV
width | (T, =20 K) | (100MHz) || (100MHz)| W, =1
W, =1 a=26 | (34.5MHz)
kms™! cm™? K K kms™!
1 | G352+00 | 36.4(3.6) | 1.21(0.12) | 5160(510) 3460 24.4
2 | Go0+00 | 20.5(1.2) | 0.68(0.04) | 2906(170) 5030 355
3 | G05+00 | 21.0(2.5) | 0.7(0.08) | 2977(354) 5030 355
4 | G10+00 | 37.0(3.2) | 1.23(0.11) | 5245(454) 5660 40.0
5 | G14+00 | 56.0(4.5) | 1.86(0.15) | 7938(638) 5660 40.0
6 | G16.5+0 | 32.6(3.4) | 1.08(0.11) | 4621(482) 5030 355
7 | G63+00 45.9(4.4) 1.51(0.15) | 6507(624) 2830 200
8 |G75+00 | 24.4(2.8) | 0.81(0.09) | 3459(370) 2830 20.0
9 |DR21 18.5(2.7) | 0.61(0.09) | 2622(383) 2680 19.0

Columns 4 & 5 list the limits on n, and Tgigo derived from the linewidth near 34.5 MHz.
Column 6 lists the Tr100 averaged over the Gauribidanur beam (25°) extrapolated from the contin-

uum map at 34.5 MHz (Dwarkanath 1989).
Column 7 shows the expected line broadening at 34.5 MHz due to Trioe noted in column 6.

A beam dilution factor, W, = §2/4x = 1 has been used - in reality it could be any number between
0 and 1 depending on the solid angle of the radiating source seen by the cloud of thermal gas.

Lak of strong dependence of line width on frequency indicates the insignificant
contribution of pressure broadening at 345 MHz. Thus, the actual electron densities
are likely to be much smaller than those listed in Table5.3. Furthermore, the alowed
electron density decreases if the kinetic temperature is increased e.g. the vaues of
ne noted in column 4 o Table 5.3 will decrease by a factor of ~ 4 for a T, of 75
K. Similarly, since radiation broadening is not important near 34.5 MHz, the actual
radiation field that illuminates the cloud is probably much wesker than that noted in
column 5d Table5.3. Thederived upper limit for the radiation temperature assumesa
dilution factor of 1 whichimpliesthat the absorbing cloud isembedded in a non-thermal
radiation field and isotropically illuminated by it. The actual radiation temperature
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seen by the cloud could be equal to or less than the valueslisted in column 6 of Table
5.3, which were obtained from the 26 x 42 continuum map of Dwarakanath (1989).
The widths of the carbon lines near 34.5 MHz as predicted by this observed radiation
fidd are listed in column 7. In somed the cases, the maximum alowed width due to
radiation broadeningisof theorder of or larger than the observed width. Sinceradiation
broadening contributesinsignificantly to the linewidth at 34.5 MHz, the radiation field
illuminating the clouds is much wesker than the valueslisted in column 6.

The limitslisted in Table 5.3 are useful because they define the boundaries of the
parameter space that is used for modelling the observed recombination lines.

5.4 Site of Origin of Low-frequency Recombination Lines

From the upper limits on the electron temperature and density obtained from the
observed width of the recombination lineat 345 MHz, it can beinferred that the lines
can arisein either hot or cold tenuous gas. Considering the various components of the
| IV (McKee & Ostriker 1977 and Kulkarni & Heiles 1988), the observed lines can arise
in either the warm ionized medium (WIM), the warm neutral medium (WNM), the cold
neutral medium (CNM) or in molecular clouds. Cold neutral gas (atomic or molecular)
isthe favoured site of origind these linesif they are of carbon and the hot tenuous gas
is the favoured site if the linesare due to elements heavier than carbon i.e. Mg & Ca.
Since the rest frequenciesd the lines due to heavier atoms are separated from that of
the carbon lines by a small amount (~ 6 kms™!in terms of velocity), there is ambiguity
regarding their identification. Dieectronic-like recombination in carbon which leads
to increased levd populationsat certain quantum numbers is an important process at
temperaturestypical o the CNM. Asdiscussed in Chapter 4, inclusiond this processin
the calculation of the departure coefficients has indeed explained the observed variation
in the optical depths of the lines towards Cas A (Payne, Anantharamaiah & Erickson
1989 (hereafter PAE89), Sorochenko & Walmdey 1991, PAE94). On the other hand,
dielectronic recombination inelementslike Mg and Cawhichiseffectiveat temperatures
typical of the WIM & VWNM can boost the level populations considerably, leading to
observable linesdespite the lov elemental abundanees (Shaver 1976, Blake, et.al. 1980,
Walmsley & Watson 1982). These two possiblesites of origin are discussed separately
below:
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54.1 Origin of Low-frequency linesin Hot Gas

When the first low-frequency recombination line was observed in absorption at 26.1
MHz against Cas A (Konovalenko & Sodin 1980), it was interpreted as being either
due to carbon in neutral hydrogen clouds with temperature near 50 K and electron
density of < 0.1 ¢cm~3 or due to eements like magnesium and calcium arising in hot
clouds at a temperature close to 10* K (Blake et.al. 1980). Shaver (1976) had shown
that gas with cosmic abundances of heavy atoms at a temperature o ~ 104 K and
electron density of ~ 0.05 cm™3 (typical of WIM) distributed over a pathlength of ~ 10
kpc can give rise to line-to-continuum ratios of a few times 104 because of increased
level populations through dielectronic recombination. Even the turnover from emission
to absorption with lowering of frequency isexpected for the linesarising in this hot gas.
However, thisorigin for the low-frequency recombination lines is not favoured because
long path lengths are required to explain the observed line strengths. The lines seen
towards Cas A arisein the Perseus arm which is at a distance of ~ 25 kpc from the
solar neighbourhood. If these low-frequency lines were arising in the hot tenuous gas
then such short pathlengths (< 2.5 kpc) would have made the lines undetectable. The
fact that the strongest linesare observed from this direction strongly suggests that the
origin o these low-frequency linesis not in the WIM or the WNM. Moreover, optical
observations have shown that metalslike Mg and Ca are heavily depleted in the ISM
(Crinklaw et.al. 1994, Jenkins 1987) and hence the linesare expected to be weak. We
should, however, keep in mind that the high-temperature models are not conclusively

ruled out.

5.4.2 Origin of Low-frequency linesin Cold Neutral Gas

Here the term 'neutra’ refersto both, the CNM ie. atomic Hi gas and the molecular
gasin the ISM. The low-frequency recombination linesobserved towards the direction
of Cas A and their interpretation has shown that theselinesare due to ionized carbon
in the neutral gas. If, as a first approximation, these regions in the Perseus arm
are considered to be representative of the regions sampled by the low-frequency radio
recombination lines, then the neutral gasis a highly likey site of origin of the carbon
recombination lines from the Galactic plane.

However, the difference in the effect of pressure and radiation broadening on the
low-frequency line profiles observed towards Cas A and towards other positionsin the
Galactic plane suggests that detectabl e low-frequency lines may arisein regionswith a
range d physica properties, not unlike the neutral gas. In a recent review, Sorochenko

/T'.
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(1996) discusses (3s A and other such directionstowards which carbon lines have been
detected and concludes that the C11 regions are formed on the surface of molecular
cloudsexposed to external ionizing UV radiation either dove to Hir regionsor around
isolated molecular clouds.

It thusappearsthat thereissufficient evidenceto regard the cold neutral gas (atomic
or molecular) asthesite of origin of low-frequency carbon lines. In the following three
sections, we discuss the possible association of the carbon line-emitting regionsin the
Galactic plane with Hi or Hs gas using the 1-v diagram and other observed parameters
o thelines.

5.4.3 The Longitude-Velocity Diagram df Carbon Recombination.Linesat 34.5 MHz
& 328 MHz and Comparison with Hi & 2CO

The 1-v diagram shown in Fig 5.2 is obtained by plotting the longitude at which the
observation is made against the radial velocity extent of the spectral line. If a cloud
at a particular longitudeis participating in Galactic differential rotation, then only a
certain range of velocities are adlowed to it. Gas which is close to the sun is expected
to lie close to the zero radial velocity axis. In Fig 5.2, the radial veocities of carbon
lines observed both at 345 MHz and 328 Mz are plotted. The line segments drawn
parallel to the x-axisabout the observed point representsthe width of thelineas listed
in Table5.2.

The nature of the expected 1-v curve for Galactocentric distances of 7.5 kpc and
4 kpc using the Galactic rotation model of Burton (1988) are shown as the solid and
dashed lines respectively in Fig5.2. All the gas in the inner Galaxy that produce
the carbon line at 34.5 MHz and 328 MHz seems to lie within this range which coin-
cideswith the ring of material in theinner Galaxy containing high surface densities of
molecular clouds (Scoville & Solomon 1975) and H1r regions. Part o the line intensity
observed towards G63+00 also seems to lie in this range, However, the gas sampled
towards the position G75+00 lies wdl outside the 4 — 7.5 kpc range and appears to be
in the solar neighbourhood. Our resultsare similar to that of EMA95 who surveyed
the inner Galaxy in carbon recombination linesat 76 MHz using the Parkes telescope.
They found that the gas giving rise to the lines near 76 MHz lies between 5 kpc and
8 kpc. These results indicate that the emission lines observed near 328 MHz and the
absorption linesdetected near 34.5 MHz and 76 MHz from the inner Galaxy (1 < 20°)
originate in the same gas.

Theradial velocitiesd the carbon lines observed at 345 MHz and 328 MHz from
various positions in the Galactic plane do not show perfect correspondence (see Table
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Longitude-Velocity diogrom for Corbon Recombination Lines
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Figure 52 The Longitude-Velocity diagram of the carbon recombination lines at 34.5
MHz(circles) and 328 MHz(squares) from the Galactic plane. The horizontal lines about
each point represent the observed widths of the lines. The solid line shows the variation of
the radial velocity with longitude for gas at a Galactocentric distance of 7.5 kpc whereas the
dashed line shows the expected I-v plot for gas at a distance of 4 kpc. These are obtained

using the Galactic rotation model of Burton (1988).

5.4). 'As seen in Table 54, the difference in radial velocitiesat the two frequencies
ranges from 1 to 7 kms~!. This discrepancy can be attributed to the different angul ar
resolutions of the two observations. We also compared the line velocities at these
frequencieswith thoseat 76 MHz (EMA95). From Table5.4, we notethat thedifference
in radial velocities of the three lines is maximum for G14+00. The difference for
G352+00 and G16.5+00 isalso considerable. Again, the non-overlappingregionsof the
beams are probably responsible for these differences.

Comparing the 1-v diagram for carbon linés detected at 34.5 MHz and 328 MHz
with that of H1, wefind that the carbon lines are observed over a narrower range of
velocities as compared to Hi emission. This is not surprising because both the CNM
and WNM with their widdy-different physical conditions contribute to the observed
Hi1 emission. Infact, HI emission isdetected at all velocitiesthat are dlowed by Galac-
tic rotation. On the other hand, the carbon recombination lines are likely to arise
only under certain physica conditions; if the gas in the Perseus arm towards Cas A
isa prototype C1 region, then gas at 50 — 100 K and electron densities < 0.1 cm™3
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Table 54 The radial velocities of the carbon recombination lines observed at various fre-
quencies. A dash indicates that no data is available at that frequency.

Vier kms™!
n~686 . n~575 n- 443 n~271
No. | Podtion || 258 Mz | 345 MEz | 76 Mz | 328 Mz
1 | G352+0 - 08 £15 =10 08 +0.7
(G355+00)
2 | G00+00 - 52+05 -1 05+£06
3 | G05+00 - 103 £10 9 82+04
(G06+00) | .
4 | G104-00 - 144 £1.3 17 217+12
5 | G14+00 - 37.7f 19 16 365+ 37
6 | G16.5+0 - 266+14 14 200£08
7 | G63+00 - 364f 19 -
8 |G75+00 | 110=+04 55+12 -
9 | DR21 0f8 44 £1.1 - -

is the favoured site of origin of these lines. In Table 5.5, the range of velocities over
which H1I emission, H1 absorption, C575a and 2CO have been detected are tabul ated
for different positions. Data on Hi emission were taken from the 1-v diagrams given
in Burton (1988). The 2CO spectra towards longitudes =14°, 165 were taken from
Cohen (1986) which had a velocity coverageof ~ 150 kms™'and those towards 1=0°, 5°,
10°, 63°,75° were obtained from observations using the 104 m telescopeat Raman Re-
search Institute with avelocity coveraged 300 kms~!. Thedatatowards G352+00 was
taken from Bania (1977) which had a velocity coverage of 600 kms™!. The bandwidth
used for the Gauribidanur recombination line observations was 250 kms~!. Except for
G352400 and G00+00, the molecular gas seems to be confined to a narrower range of
velocitieslike the recombinationline and in most cases, the velocitiesof recombination
lines are a subset of or of theorder of the molecular line velocities. This maybe indica-
tive of a correlation between the two regions. In the case o G63+00 and G75+00, the
recombination line spans a wider velocity range than the molecular line. In Fig 5.3,
C575a, 21-cm Hiemission, 21-cm H1 absorption and 2CO emission spectra towards
G10+00 are shown on the same velocity scale. The ubiquity of Hiseen in emission
and the narrow range of velocitiesover which H1 absorption and carbon recombination
lines are seen isevident. Hi observed. in absorption preferentially samples the lower
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Figure 5.3 C575a, Hi21-cm emission, H1 21-cm absorption and 12CO spectra in the di-
rection of G104-00 showing the velocity coverage of line features.
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temperature gas. For positions towards longitudes of 352°, 0°, 10°, 165" and 63°,
H1 absorption measurementstowards continuum sources which were located within the
2' region defined by the ORT beam were obtained and are listed in columns 5 & 6
o TableS5 For the other positions, the continuum source towards which absorption

Table35 Comparison of the range of radial velocities over which Hi , C575a & '2CO are
observed.

Hi C575a 2CO
Emission Absorption
No. Long Vmin Vma,x vmin vmaa: vmin Vmaz vmin Vmaz

kms=! | kms~! | kms~! | kms™! | kms~! | kms~! | kms~! | kms™!
1 | 3520 | -225 60" | -106 4 -18 18 -100 10
2 |.0° | -250 | 125 | -108 | 67 -5 15 .50 130
3 5" -75 200 3 18 0 20 0 30
4 | 10° | -50 175 5 35 -5 30 0 70

5 14° -50 150 3 27 10 65 0 70

16.5° | -50 150 -2 24 10 44 10 70
63" -125 50 -74 41 15 60 -13 3l
75" -100 45 - - -7 18 -5 S

[eoBENNep)

had been detected were in the same general direction but lay outside the ORT beam.
These are also noted in Table 55 The H1 absorption data towards1=5°, 10°, 14° and
165 were taken from the observations of Radhakrishnan et.al. (1972) which had a
velocity coverage of 135 kms~!. Data for G352400, G00+00 and G63+00 were taken
from Garwood & Dickey (1989, hereafter GD89) and had a velocity coverage of 660
kms~1. The absorption lines o Hi are generally narrow and on the average, many
distinct features are detected within the range noted in the Table. For smplicity in
comparison, we have noted only the range of velocities and not the individual com-
ponents. The velocity range of the Hi absorption features correspond wdl with the
recombination line features in many cases. However, like 12CO, the Hi absorption fea-
tures are observed over a wide range o velocitiesfor G352+00 and G00+00 of which
the carbon recombination line velocitiesform a subset. Thus, it appears that carbon
recombination lines, the H1 gas seen in absorption and the molecular gas share similar
radial velocity characteristics suggesting physical proximity. However, it isdifficult to
differentiate between the association of ionized carbon with either atomic or molecular
gas, in general, and from our observations in particular, as the following discussion
highlights.

Variousstudiesconcerning the physical association between the cold, atomic absorb-
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ing gas and the molecular gas have been conducted. Kazes & Crovisier (1981, hereafter
KC81) find that, although there is good correlation between the radial velocitiesof the
CO linesand the H1 absorption lines, no correspondence between the Hi optical depths
and CO emission lineintensitiesis discernible. Thisisdso observed by GD89 in their
sample. On the basisd the line parameters (other than the radia velocities), KC81
rule out correlation between the two. Contrary to this viewpoint, GD89 argue that
the lack o further correlation between the atomic and molecular lines as being due to
CO radiative transfer effects and temperature variationsin the molecular gas which
are distinct from that o the atomic gas Hence they explain that, except for the radial
velocities, no other similarity in the linesd the two species from physicaly close clouds
are to be expected.

All the cold atomic gas seen in absorption isexpected to have GO emission counter-
parts (Burton & Gordon 1978), although the exact spatial correspondence between the
twoisnot clear. Despois& Baudry (1985, hereafter DB85), in an extensive comparison,
find that less than'20 % d Hi absorption features have a CO counterpart. Moreover
for these 20 % cases, no correlation of CO intensities with parameters derived from
the Hi absorption line is seen as aso noted by GD89 and KC81. On the'other hand,
GD89 find from their sample that 85 % d the directions which show H1 absorption
with an optical depth > 0.1 also show CO emisson. The main difference between
the two studies, which is probably responsiblefor the different resultsis that DB85
include many lines-of-sight with latitudes > 1° whereas GD89 study focusses only on
H1 absorption closer to the plane at latitudes < 1°. Tight association between the
atomic and molecular gas exists within the solar circle where molecular gasisfoundin
abundance. GD89 infer from their H1 absorption measurementsclose to the Galactic
planethat thereisless atomic absorbing gas at small Galactocentricradii than in the
solar neighbourhood inspite of the increasein the surfacedensity of molecular gasin the
central Galactic regions. Hence, if the gas which is observed in low-frequency carbon
recombination linesis coexistent with the absorbing atomic gas, then it islikdy to be
located in the solar neighbourhood wheressiif it is coexistent with molecular gas, then
probably located at smaller Galactocentricdistances. It may be useful to note that if
carbon recombination linesarisein gas located in the solar neighbourhood then clouds
of even small linear dimensionscan subtend large anglesat the radio telescope.

From the above discussion, we can say that the carbon recombination line emission
is associated with either the cold atomic gas or the molecular gas in the Galaxy. It
is difficult to distinguish between atomic and molecular gas as the site of origin of
low-frequency carbon recombination lines on the basis of observed radia velocities.
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Furthermore, both the sites are consdered to have favourable physica conditions for
the production d carbon lines. The proximity o the two componentsi.e. Hy & Hi (as
discussed above) introducesfurther uncertainty in establishingthesited origin o these
lines. Since the cold atomic gas and molecular gas are intimately related within the
solar circlein the Galactic plane, as the study by GD89 shows, whatever results we
discuss here may have thisinherent uncertainty. This uncertainty is difficult to remove
unless carbon lines are detected from a direction where either only Hi is observed in
absorption or only *2CO is detected. Asd now we do not have such a detection and
hence we suggest it as a possible future work to enhance our knowledge of ionized
carbon regionsin thel SV

5.4.4 The Line-to-Continuum Ratios of Carbon Recombination line & Comparison
with Hi & 2CO

In this subsection, we examine any possiblecorrelation between the intensity of low-v
carbon recombination lines and the observed H1 optical depth in that direction & aso
the intensity o 12CO lines. Hi optical depthsin the inner Galactic plane is found to
vary between 0.1 to 25 (GD89) with most features having an optical depth between
05 to 1. We can infer from the avallable data that in many cases (e.g. G352+00,
G00-+00, G05+00), carbon recombination lines are detected dose to the veocities at
whichthelargest optical depthinH1 (~ 1) isobserved towardsthat direction. However,
if the correlation between the optical depths o 21-cm Hi and low-v carbon lines was
strong, then we should have detected carbon lines from many more directions in the
Galactic plane. For example, athough my1 > 3 towards G30.8-0.0 (Radhakrishnan
et.al. 1972), we fail to detect any carbon line at 328 MHz towards this direction; the
upper limit to the line-to-continuum ratio being 2.6x10~4. No recombination lines
have been detected towards the extragal actic source 3C123 to an optical depth limit
o 3 x 10~* athough H1 optical depth is very high in that direction (Payne, Salpeter
& Terzian 1984). Absenced easily-detectable lines from such directions suggests that
the afore-mentioned correlation may be a coincidence or that other factors may aso
be at play. The latter seems to be the case since carbon lines are detected near the
velocities o the degpest H1 feature within the range noted in Table 55 in many of
the positions. We a0 tried to sse if the carbon recombination lines are observed at
velocities at which 2CO emission peaks. In Table 5.6, the radial velocitiesat which
H1 absorption has maximum optical depth and 2CO has highest emission are listed
aongwith the veocitiesat which pesk line-to-continuum ratio of recombination lines
is recorded.
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Table 56 Comparison of the radial velocities of peak Cna, Hi absorption & 2CO

Vier kms™!
n~575 n—-443 | n~271 Hi Abs 12Co

No.| Position | 34.5MHz | 76MHz | 328MHz| 1.4GHz 115GHz

1 | G352+0 ..~0.8 -10 Q8 -8, -48,-35| -45, -80

2 | G00+00 52 -1 05 0,67, 11 - 20

3 | G05+00 10.3 9 82 7 18 12

4 G10+00 14.4 17 2L7 25, 15, 10 16

5 | G14+00 37.7 16 35 20, 5 20, 45

6 | G16.5+0 26.6 14 A0 6,2 2 30, 45

7 | G63+00 36.4 - - -6, 25 11 -11, 28

8 | G75+00 55 - - 5 0.5

9 DR21 4.4 - - -3 11

Column 3 lists the peak radial velocities observed by us at 34.5 MHz.

Column 4 lists the peak velocities for lines near 76 MHz observed by EMA95.

Column 5 lists those for lines near 328 MHz observed by us.

Column 6 lists the velocities of peaks of HI optical depth. The listed numbers in a line are in
decreasing order of the H1 optical depth. The data for G05-+00, G10+00, G14+00, G16.5+00 are
taken from Radhakrishnan (1972) & G352+00, G00+00 and G63+00 are taken from Garwood &

Dickey (1989).
Column 7 lists the peak emission velocities of 12CO for G352+00 taken from Bania (1977), for

G14+00 & G16.5+00 taken from Cohen (1986) and G00+-00, G05+00, G10+00, G63+00, G75+00
from our observations. For DR 21, the 12CO data is from Richardson et.al. 1986.

We can infer from Table 56 that except for the position G05+4-00, there does not
seem to be a tight correlation between the pesk velocities of atomic and molecular
gas and the recombination lines. One reason for this is the somewhat different radial
velocitiesof the peak line-to-continuum ratio of recombination linesat 34.5 MHz, 76
MHz and 328 MHz. Hence, although acarbon lineat one dof the frequenciesis detected
close to the velocity at which the deepest Hi featureisobserved within the range noted
in Table5 5 thereisdifferencein the observed velocities. The obvious conclusion one
can draw from this is that the carbon line-forming gas is not necessarily coexistent
with the strongest atomic or molecular gas concentrations. However, this may not be
correct and the answer to the discrepancy may possibly lie in the influence of other
factors such as the physica properties o the cold clouds, their beam-covering factor
and the fraction o carbon that is depleted onto grains, The neutral gas observed
towards different directionscan possessa ranged physical conditionsand all of which
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may not be conducive to formation d low-frequency carbon recombination lines or
rather, of detectable low-frequency lines. Another possible reason for the absence of
correlation could be the cloud sze. At long wavelengths, practical reasons restrict
spatial resolutions and sensitivities and it is difficult to obtain the dimensons o the
line-forming region. Since the cloud could be df any size ranging from a small fraction
of the beam to the Sze of the entire beam or even larger, it will strongly influence
the detectability of the line. The third factor that may influence the detectability of
the'lineis the fraction of carbon that is depleted onto grains. In addition to reducing
the*column density of ionized carbon in a cloud, depletion of carbon may affect the
level population in high quantum states as described in the next section. Thus, since
the detection of the carbon lines dependson many properties of the medium, absence
of adirect correlation between the observed Hi optical depths, 2CO intensities and
detectable carbon linesmay not be surprising.

We now turn to modelling of the recombination line-forming region to obtain con-
straints on the physical propertiessuch as temperature, density and emission measure.

4

5.5 Modelling the Line-Forming Regions

In the above sections, we have discussed the possible association of ionized carbon
gas with cold atomic hydrogen and molecular gas as deduced from a comparison of
the observed line strengths and radial velocities. This type of analysiscan, at best,
give only a rough idea of the physica proximity of the different species and hence
the probable range d physicd parameters. To derive quantitative estimates o the
physical parameters in the ionized carbon regions, rigorous modelling is required. In
thissection, we model the ionized carbon regionswhich aredetected in our observations.
In addition to the data obtained hereat 34.5 MHz and 328 MHz we & so use other low-
frequency recombination line data that is availablein the literature. For regionsin the
inner Galaxy, we use the data at 76 MHz obtained by EMA95 using the Parkes 64-m
radio telescope in Australia. All the clouds along the line of sight are assumed to be
isothermal and homogeneous. We begin with a description of the physics underlying
the modelling and then go on to the actual moddling procedure, the criteria used to
select the favourable modes and finally the resultsdf the modelling are presented.

5.5.1 Physics underlying the modelling

Since the physicsd recombination lines have aready been discussed in Chapter 2, here
we only present the relevant equationsused in the modellingand the assumptions made
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before using these equations.
The solution to the radiative transfer equation (Eqn 2.17):

T =1 e -] + L[BTEE G _qmem] s

playsan important rolein the modelling. Simplifying approximations are made in the
above equation to reduce the complexity o the problem. As mentioned in Chapter 2,
the non-thermal fidd inside the cloud and in front o the cloud have been ignored in
the above equation. From the discussion in the previoussections, it appearsthat the
low-frequency carbon linesarisein thecold, neutral gas. Sincetheelectron temperature
of thecloud T is then expected to be ~ 100 K which ismuch lessthan the backgr ound
radiationtemperature, T, thesecond term can 0 beignored in Eqn 51. Furthermore,
at the low frequencies under consideration, which preferentially sample low-density
ionized regions, the line and continuum optical depths are expected to be very small
(m << 1& 7. <<1). Hence the above equation reducesto the simple form:

T .
7 =-n (5.2)

Thus the observed line-to-continuum ratio is equal to/the line optical depth of the
medium if both the line and continuum regions have the same beam-covering factors.
Thissmplifiestheanalysis. At low frequencies, thelinewidth isexpected to be affected
by pressure and radiation broadening and hence the correct physical quantity to useis
the integrated optical depth. From Eqn 5.2,

/ T‘d" - / dv (5.3)

Note that the temperatures referred to in Eqn 53 are brightness temperatures.
In practise, the antenna temperature is recorded by radio telescopes. The antenna
temperature (Ty) is related to the brightness temperature (Ts) through the beam

dilution factor and the main beam efficiency n as fdlows

Q 4
", =2Tp o (5.4)

for Qs < Qp. Here Qs is the solid angle subtended by the source Whereas Qp isthe
beam solid angle.

95 is the beam dilutionfactor which at low frequencies can be different for lineand
continuum. If €, isthe solid angle subtended by the lineregion and ¢ isthat o the
continuum background, then for 21, < Q¢, the true optical depth o thelinein terms

d the observed antenna temperaturesis given by

e TaL
e 5.5
=g, Tao (5.5)

Ty =
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If Q¢ 2 ¢ then the above equation reducesto 7, = %—}g At low radiofrequencies, the
continuum radiation in the Galactic planeislargely dueto the non-thermal background
and thereforeit generally has a large effective beam filling factor. The angular extent
of the line region thus plays an important role in determining the physica properties
of thegas.

Thetrue lineoptical depth 7, isrelated to the LTE line optical depth through the
departure coefficients, b, and B, asfollows (as described in Chapter 2): -

= bnﬂn"'l* : (5-6)

where from Shaver (1975), the LTE line optical depth is

EM , AVL]“
» 3 2 o Xn 48 == .
) 1.92 x 10 F—W Z‘e [1 +1 48AVD (5 7)
and
EM = [ N.N;d! istheline emission measure due to the recombining ion in pccm™=.
AVp = Doppler full-widthat haf maximum.
AV = Lorentzian full-width at haf maximum.
v = Rest frequency of the recombination line.
Z = Effective atomic charge.

The integral of the line optical depth over the line width is obtained by integrating
Eqn 5.6 after substituting for 7;* from Eqn 5.7:

/ ndv =2.046 x 105 T752X" EM; by s~ (5.8)

Integral of Eqn 5.5 givesthe measured optical depth and Eqn 5.8 gives the expected
optical depth in terms of the physical propertiesd the line region. Moddling is done
by a comparison of these two at variousfrequenciesas a functionof chosen parameters
of theline region.

55.2 The Modeling Procedure

Each mode ischaracterized by an el ectrontemperature T, €l ectron density n., emission
measure EM, radiation temperature at 100 MHz Tr100 and the earbon depletion factor
d¢. Asdiscussed in Sec 5.3, the upper limitson Tgryee , Te and n, are determined from
the widths o the linesobserved at 34.5 MHz. Further limitson Tri0o can be obtained
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from the continuum map at 34.5 MHz (Dwarakanath 1989) and also the "al-sky" map
at 408 MHz by Haslam et.d. (1982). Oncethe parameter spaceisdecided, thedeparture
coefficients b, and 8, which account for the non-LTE effects are determined using the
computer code of Salem & Brocklehurst (1979) which assumes that the levels are in
statistical equilibrium. The hydrogenic populations for carbon are generated by this
method. However, carbon beinga multi-electron system isexpected to beinfluenced by
the dielectronic-likeprocess (Watson, Western & Christensen 1980, hereafter WWC80)
involving the fine-structurelevels in the ground state when the kinetic temperature of
gas is comparable to 90 K which is the separation between the fine structure states.
Thedeparturecoefficientsof carbon, calculated under hydrogenic approximationand by
including theeffect of dielectronic-likeprocessesare compared in the next Section. The
beam dilution factor isapplied to the observed line-to-continuumratio using Egn 5.5 to
obtain theintegrated lineoptical depth. From theintegrated optical depth at onedf the
observed frequencies, thelineemission measureisdetermined using Eqn 5.8. 1nthe next
step the expected values of the integrated optical depthsare calculated for different N
using the cal culated emission measure and other parameters, and compared with other
available observations. Further constraints, if any, such as pressure equilibrium with
the ISM, are applied to narrow down the acceptable range of parameters.

Although the spatial resolutionsand beam orientationsat different frequenciesare
not thesame (seeFig 5.4), which may haveresulted in different clouds being sampledat
different frequencies, we assume that the linesoriginatein clouds with similar physical
properties. This is because the 1-v curves for all the three frequencies indicate that
the line-forming gas lies between Galactocentric distancesof 45 & 8 kpc and henceis
likely to be the same. Moreover, very few low-frequency observations are availableand
it isalmost impossible to obtain data with similar resolution at dl these frequencies.
Hence as afirst appfoximation, we assumethat all the observed linesarise in the same
gas. However, it should be kept in mind that the different radial velocitiesat which
the carbon linesat the three frequenciesare observed do indicate SONE non-overlap in
the emitting regions.

Asdiscussed in Sec 5.2, our observationsat 328 MHz indicate that the line-emitting
region is likely to be 2° or larger in extent. Observation of EMA95 at 76 MHz show
that the carbon line regionsin the inner Galaxy are likdy to be ~ 4° in extent. Since
theextent o the line-forminggas in the Galactic plane can even belarger than 4°, we
explore modds in which the line-forming region is ubiquitous (i.e. fills all the beams
that are used) or 4° large or 2° in extent. In dl the three cases, the non-thermal

radiation is assumed to uniformly fill all the beams.
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Figure 5.4 The brightness distribution towards the direction of Galactic longitude of 14° at
2.7 GHz (Reich et.al. 1990) in the Galactic plane is shown in this figure. The long rectangle
represents the Gauribidanur beam (21' x 25°) used to observe carbon recombination lines
at 34.5 MHz. Only a part of the beam (~ 7°) is shown along the declination direction. The
small circle represents the ORT beam (2° x 2") used at 327 MHz and the narrow rectangle
shows the ORT beam (2° x 6'). The big circle indicates the 4° x 4° Parkes beam used
to observe carbon lines at 76 MHz (EMA95). All the beams are centred at the position
[ =14" and b =0°.

At all the frequencies, the ratio o the line temperature to the system temperature
is taken to be equal to the line-to-continuum ratio. At low frequencies like 34.5 MHz
and 76 MHz this is a reasonable assumption to make since the system temperature is
dominated by the sky temperature. At 328 MHz, however, the brightness temperature
of the non-thermal radiation field in the inner Galaxy is in the range 500 = 700 K
whereas the receiver temperature islikely to be around 120 K which modifiesthe line-
to-continuum ratio by a factor of ~ 1.2. Owing to some problemsin the calibration
measurements using the ORT we did not obtain the line and continuum temperatures
separately and have to use the ratio o line temperature to the system temperature
obtained from the 1-bit correlator system. The error introduced by taking this to be
the line-to-continuum ratio would be only 20 % and in most cases lies within the | a
error bar o the observed point.

5.5.3 Criteria for selecting Good Models

After generating the model optical depths as a function of frequency, we needed some
criteriato select the ones which best explains the observations. In a majority of the
positions, we have < 3 observed data points on which to base the goodness of our
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models. We used the following criteria in sequential order to distinguish the 'good'
modelsfrom the 'bad’ ones:

e Visual inspection. This was the main filter. Sincein most of the cases we have
only three observed data points, a x* At was inappropriate and we depended on
the discerning abilitiesof our eyes.

e Pathlengths predicted by the models. Since the line widths at all the observed
frequencies are similar, the width is most likely due to large-scale motions. If
these motions are due to Galactic rotation then the clouds should be distributed
over several kiloparsecs along the line-of-sight. Thus models which require small
pathlengths can be ruled out.

e Thermal pressure predicted by the model. If the gas is associated with the cold
neutral medium then it is reasonable to expect it to be in pressure equilibrium
with the | SM Thus only models which produce pressuresin the range of 1000-
9000 cm~3 would be acceptable. This criterion rules out some of the models
alowed by the above two constraints.

554 Generating the Models

Any model that we generate needs to satisfy the observables: the integrated optical
depth 1;‘;‘" and the line width AV . The models should also be consistent with the
upper limitson temperature T, , density n, and the radiation temperature Trigo Which
were obtained in Sec 5.3.

The radiation temperature in the inner Galaxy at 100 MHz, extrapolated from the
34.5 MHz continuum map (Dwarakanath 1989) and averaged over a typical 25° stretch
across the Galactic planeis ~ 5000 K. As noted in Table 5.3, the upper limit on Tr100
from the line width < 5000 K. We assumed two model values for Trige - 2500 K and
1250 K for calculating the departure coefficients. From Table 5.3, we see that the
largest permissible electron density is ~ 1.5 em™3 . However, this assumes that the
entire line width at 34.5 MHz is due to collisional broadening which is obviously not
true. For consistent modelling, we cal culated the maximum allowed el ectron density for
each direction from the line widths and the radiation temperature used in the model.
We constructed models with electron densities ranging from 0.001 cm™3 to the upper
limit calculated from line widths. The lower end for n, was fixed by the maximum
alowed pathlengths through the Galaxy. The temperature range of 20 — 400 K was
considered based on typical temperatures in molecular clouds, in Hi clouds and in
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Cu regions observed at higher frequencies, all of which are prospectivesites of origin
of low frequency carbon lines.

Table5.7 The integral of the line-to-continuumratio over the line width observed at various
frequencies. Dash indicates that no data for that frequency is available.

n~686 n~575 n~539 n~443 n~271

No. | Source || 256 MHz | 834.5 MHz | 42 MHz | 76 MHz | 328 MHaz

1 | G352+0 - ~2.6+0.3 - ~38+20| 6.9+0.7

(G355+00)
2 | G00+00 - ~30+05 | —98+38| 4615 13619
3 | G05+00 - ~18+02 - ~49+24| 9.8+0.6
(G06+-00)

4 | G10+00 - ~3.5+04 - ~51+29| 10.7+1

5 | G14+00 - -40+04 - ~56+24 1 12.7+4.1

6 | G16.5+0 - -23+34 - ~98+26| 7.0+0.6
-7 | G63+00 - -2.240.2 - - <3.7

8 | G75+00 || ~1.6+0.3| ~1.5+0.2 - - -

9 | DR21 ~3.7+10} -1.6+0.3 - . -

Column 3 - data from Konovalenko (1984) and Golynkin & Konovalenko (1990).
Column 4 = our data.

Column 5 - data from Smirnov et.al. 1996.

Column 6 - data from EMA95.

Column 7 - our data.

Vey littleinformationon thedepletion of carbonisavailable. The presencedf grains
in the | SVl suggests that some fraction of carbon is depleted. We hence, assumed a
depletion factor of 05 tostart with and varied it from 0.1 t0 0.9. The line-to-continuum
ratios integrated over the line widths which are the primary constraints for the models
are tabulated in Table 5.7.

Thefallowing three caseswere considered for the angular extent o the line-emitting
regions.

e Case I Thethermal cloud and the non-thermal radiation cover the same region
of the various beams used in this analysis and that there is no beam dilution at
any of the frequenciesie. gk =1inEqn5.5.

e Case 2 The line-producingcloud is4° in extent and the non-thermal radiation
fillsall the beams. Hence at 34.5 MHz, the dilution factor is 0.19. There is no
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dilution (i.e. & =1) at 76 MHz and 328 MHz.

e Case 3: Thethermal cloud is2° in extent and the non-thermal radiation fillsall
the beams, Hence the dilution factors are 0.25 at 76 MHz and 0.09 at 34.5 MHz.

In summary, the parameter space that we used for modelling the low-frequency
carbon recombination line-forming regionsin the Galactic plane were

electron density, ne 0.001to 0.5cm™3
electron temperature, T, : 20 K t0 400 K
radiation temperature, Trp : 1250 K & 2500 K
carbon depletion factor, ¢ : 01to09

cloud size 2°,4°, > 4",

(adepletion factor of 0 meansthat all the carbon isdepleted onto grainswhereaséc = 1
meansthat all the carbon isin the gaseousform)

Hydrogenic & Didectronic Modds

Prior to the introduction of the dielectronic-like recombinationin carbon and its pos-
sible effect on the populations of high quantum states (WWC80, Wamdey & Watson
1982), it was believed that the level populationsin carbon are essentially determined by
hydrogenic processes. Thisisstill considered truefor low-temperature{~ 20 K) plasma
in which very few electrons are sufficiently energetic to participate in the dielectronic-
like processes. However, calculations show that, even at low temperature, significant
differencesare seen near large quantum numbersespecialy if the ratio of level popula-
tions of thefinestructure states ?P3/, & 2Py /3 issubthermal i.e. R <1 (seeEqn 2.35).
Subthermal populationsadf the fine structure levels occur at low electron densities. At
higher electron densities, R ~ 1 and the dielectronic levd populations approach the
hydrogenic ones.

In Fig 5.5 (@), the variation of 6,8, with n is shown for both hydrogenic and
dielectronic modelsfor T, = 20 K and n, = 0.3’cm™3 . Both the models predict similar
variation in b,8, with n for n < 300. However for larger n valies (n > 300), the
differencein the value of 4,8, for hydrogenic and dielectronic models are significantly
different. For till lower electron densities, the difference between the two modes
increases as shown in Fig 5.5 (b) for ne = 0.05 cm™3 . For these physical parameters,
bsoo P00 = 0.226 in the hydrogenic case whereas bspofs00 = 0.5316 in the dielectronic
case which is a change by a factor > 2 in the optical depth at n = 600! Since our
results include the observationsat n=575 where the two processes predict significantly
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Figure5.5 The variationin the product by B With quantum number is shown in the figure
for hydrogenic and dielectronic models at 20 K. In (@), ne = 0.3 cm™2 whereas in (b).
n. = 0.05 cm™% . The variation in the function bsfs for hydrogenic level populations is
shown by the solid line and that for dielectronic level populations is shown by the dashed
line. by and By, are calculated using the Brocklehurst & Salem (1977) code modified by
Walmsley & Watson (1982) and PAE94.

different level populationseven for T, = 20 K we use dielectronic models for both the
low and high temperature cases. The computer code originally developed by Salem &
Brocklehurst (1977) and later modified by Wamdey and Watson (1982) to include the
dielectronic-like recombination and by PAE94 to extend the calculationsto n = 10000
was usad to calculate the departure coefficients.

5.5.5 Effect of change in physical parameters on the product bafa

In this section, the effect of change in Tgigo , 7. , 7. and ¢ on the energy leve
populations is demonstrated. We have considered the combinations T, = 20 K &
ne =03 cm™3 and T. = 100 K & n, = 0007 cm~3 . These combinationsare typical of
the physical parameters of the molecular gas and the CNM respectively. Triqo is varied
from 2500 K to 0 K to demonstrate the effect o radiation temperature on the level
populationsfor the two combinations. Varying the depletion factor of carbon from 0.1
to 0.9 givesan idea d its effect on the level populationsfor the two combinations. In
Hgs 5.6 t0 59, the cusp in the function b, 8, Vs n indicatesthe turnover from emission
to absorption lines with increasing n.

In Fig 56, change in the nature of b,8, with change in Tgyee IS Shown. Increase
in Trioo has no effect on N < 300 and negligibleeffect on larger n vauesif T, = 20 K
and n, =03 cm™® as shown in Fig 56 (a). This is because at this density, colli-
sional processes dominate over radiative processes. However, thisis not the case when
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Figure 5.6 The variation in the nature of b, Bp with change in Trige. In (a). Te = 20 K
&ne=03cm™3. In (b), T = 100 K and n, = 0.007 cm~3 . The solid line is in the
absence of a nonthermal background and the dashed line is for Trigo = 2500 K.
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Figure5.7 The effect of varying the electron density on the level populations is demonstrated
for tv@ temperatures in the figures here. The solid line is for ne = 0.007 cm‘3.and the
dashed line is for ne = 0.3 cm™2 . In (@), T. = 20 K whereas in (b). T. = 100 K. Tri00

= 2500 K for both the cases.

ne = 0.007 cm=3 and T. = 100 K shownin Fig 5.6 (b). In thiscombination, sincen. is
small, Trigo influencesthe popul ations significantly. Thus, increasein Trio actsequiv-
alently to an increasein n, = which lowersthe quantum number at which the turnvover
from emission to absorption occurs.

In Fig 5.7, the nature of b,8, has been shown for two values of n. at a given
temperature. The significant effect on the populations while going from n = 0.007
cm~3 (solid line) to ne = 0.3 cm™2 (dashed line) is clearly seen for Te = 20 K (Fig 5.7
a) and for T, = 100 K (Fig5.7 b). In both the cases, the emission lines turnover into
absorption at a lower quantum number as n. is increased. In other words, increasein
ne Speeds up the thermalization process so that relatively lower energy levels become
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Figure 5.8 Effect of change in T, on the the product bxfs. In both the figures, the solid
line is for T, = 20 K and the dashed line is for T, = 100 K. In (a), n. = 0.007 cm~3 and
in (b), ne = 0.3 cm™3 . Trigo = 2500 K for both the cases.
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Figure 59 Variation in level populations due to change in depletion factor of carbon is
shown here. In (a), Te = 20 K and in (b),7e = 100 K. The solid line shows the level
populations for §¢ = 0.1 and the dashed line is for ¢ = 0.9. Tr1go = 2500 K for both the
cases.

thermalized. Moreover, increasein n, a0 leadsto thermalization of the fine-structure
populations, hence decreasing the efficiency o dielectronic-like processesin populating
large-n levels. The equivalent of b, for the fine-structure states (2P3ze and 2Py ) is
the quantity R (see Eqn 2.35). Lower vduesof R are desirable for dielectronic-like
recombination to be effective. For n, = 0.007 ecm~2? , R = 0.01 whereas for n, = 0.3
cm~3 , R=03.

In Fig 5.8, how a change in T, influences the level populations has been demon-
strated. For both the densities, dielectronic-like recombination enhances the amplifica-
tion factor b, 0, as T, increases. Thisisclearly because as T, increases, the number of
electrons which are sufficiently ehergetic to excite the fine- structure increases. These
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electrons are capable of recombining dielectronically and enhancing the level popula-
tions at high quantum numbers.

Lastly, in Fig 5.9, we show the effect of changing the depletion factor of carbon for
the two combinationsdf T, and n. . In (a), Te = 20 K, n, = 0.3 em~3 whereasin (b),
T, = 100 K, n, = 0.007 cm™2 . The depletion factor is varied from 0.1 to 0.9. This
change seems to have negligibleinfluenceon thelevel populationsas isevident from the
figure eventhough the vaue of R changes from 0.05 to 0.006 for ne = 0.007 cm™~2 and
from 0.7 to 0.25 for ne = 0.3 cm™3 on going from éc = 0.1 t0 0.9.

55.6 Resultsof Modeling - Positionsin the Inner Galaxy

In the previous section, we described the effect of various physical parameters on the
level populations. In thissection we construct modelswhichfit the observed data using

these level populations.

Low-Temperature (T, = 20 K) Models:

Here we investigate the range o electron density n. which fit the observed data’ for
T. = 20 K. Thislow temperature is typical of molecular clouds in the ISM and hence
these modelsindirectly assumethat the ionized carbon is coexistent with the molecular
gas. Furthermore, since molecular clouds are not necessarily in pressure equilibrium
with the|SM (giant molecular cloudsare self-gravitating), no constraints on the thermal
pressuredf the gasisimposed.

Withintheranged n. defined by thelinewidthat 34.5 MHz, modelswithT, = 20 K
were constructed with Trigo = 2500 K & 1250 K for 3 cloud sizes of 25°, 4" and 2".
We could find no modelsfor cloud sizes of 4" or 2" (Cases 2 & 3) that could fit the
observed optical depths at low frequencies as wel as the frequency of turnover from
emission to absorption. Fig5.10 shows the dielectronic models with T, = 20 K and
n. ~0.2 — 0.4 cm~* which seem to fit theintegrated optical depths at 328 MHz & 76
MHz for various positions observed in the inner Galaxy if the cloud size is > 4° (i.e.
Case 1). Asseen in thefigure, all the models predict the observed behaviour; emission
linesat high-frequencies and absorption linesat low frequencies. However, we could
not find models which also fitted the 345 MHz data point when the beam dilution is
assumed to be = 1 i.e. cloud sizesare > 25°. The moddsindicate that thesizesaof the
line-forming clouds are between 4° and 25°. Using the observed vaueat 34.5 Mz and
the modd prediction, the angular size of the cloud is obtained and listed in Table 5.8.
We also found models with lower n, which explain the n = 272 and n = 575 points
but not the n = 443 point. But, since no parameter could be adjusted to explain the
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Figure 5.10 Oielectronic Models for G352+00, G00+00, G05400, and G10+00 are shown
in the figure for T, = 20 K. The star represents the observed data paint near n = 575, dot
is the point near n = 443 and the cross is the data point observed near n = 271. The solid
line represents the model fit for Trigo = 1250 K and the dashed line is the fit for Trygo
= 2500 K. n, for G352+00 is 0.3 cm~3 , for G00+-00 is 0.3, for GO5+00 is 0.4 and for
G104-00 is 0.25 cm~3 . Towards the Galactic centre, the n = 252 & 300 points are from
Pedlar et.al. (1978), n = 356 from Anantharamaiah et.al. (1990) and n = 538 is from
Smirnov et.al. (1996).
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Figure 5. 10 (contd) Dielectronic Models for G14+00 and G16.5+00 for T, = 20 K The

points and curves are coded as described in the caption of the first part of this figure. n, for
G14+400 is 0.4 cm™3 for both Trige Whereas for G16.5+00 is 0.7 cm™2 and T'r100 = 1250

K

76 MHz point, we rule out those models. Models with T, = 20 K for cloud sizes of 4°
or 2° (Cases2 & 3) failed to reproduce the large optical depths at low frequencies that
these cloud sizes require.

Thefitted physical parameters of the modelsshownin Figs5. 10 arelisted in Table
5.8 for two assumed radiation temperatures, Trico = 2500 K and 1250 K. In column
6, the emission measure calculated from the n = 272 point is tabulated. It varies from
0.003 to 0. 009 pc ecm~®. In the next column, the pathlength through the cloud required
by the model islisted. These range from 0. 02 to 0. 07 pc, indicating sheet-like geometry
for the line-forming region. Column 8 shows the thermal pressure in the cloud for
the particular combination of T and n. assuming d¢ = 0.5. Since the gas with this
temperature is presumed to be associated with molecular gas, the cloud need not be
in thermal equilibrium with the | SM The last column shows the angular size of the
cloud implied by the differencebbetween the observed and model optical depthsat 3.5
MHz. The cloud size ranges from 5° to 20° for the different positions, The models
are insensitive to change in the radiation temperature. This is because collisons in
the electrons dominates over radiative processesin determining the leve populations.
In some dof the cases, we were unable to find a model for Trioo = 2500 K because the
deduced physical parameters predicted line widths which exceeded the observed vaues

at 34.5 MHz.
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Table 5.8 Physical properties of the partial‘ly ionized gas from model fits to the observed
carbon recombination lines at 34.5 MHz, 75 MHz and 328 MHz for T, = 20 K.

Case 1 : No Beam Dilution
TR,IOO No. | Position Te ne EM S ngTe | 9Cloud
x10-3 x10* | (NS)
K K |em=® | pcem™® | pc | em™3K
2500 1 | G352+00 | 20 | 03 32 04| 40 20°
2 | G00+00 20 - - - - -
3 | G05+00 20 - - - - -
4 | G10+-00 2 | 025 42 007| 33 20°
5 | G14+00 20| 04 78 005 53 | 12.5°
6 [G1654+0 || 20 ) - - - -
<1250 1 |G352+00 || 20 | 03 32 04| 40 20°
2 | G00+00 20| 03 6.2 007 | 40 125
3 | G05+00 2| 04 6.0 004 53 75"
4 | G104+00 20| 025 42 007 | 33 20°
5 | G14+400 20| 04 78 0.05 53 12.5°
6 | G16.5+00 || 20 | 0.7 91 0.02 9.3 5'

Column 6 lists the emission measure calculated from the observed point near 328 MHz.
Column 7 lists the pathlengths predicted by the models.

Column 8 lists the pressure in the gas in terms of nyT,.

Column 9 lists the angular size of the line-forming cloud as found from the 34.5 MHz

observation.
A ‘.' (dash) as an entry indicates that we were unable to find a model which explained

the observed optical depth at 76 MHz and 328 MHz and the width at 34.5MHz. Number
abundance of carbon is assumed to be n¢/ny = 3 x 10~4 times and the depletion factor
of carbon is assumed to be 0.5. The Gauribidanur E+W total power beam is 21' x 25°.

Asseen in Fig 5.10, the low temperature models predict strong lines near n ~ 200.
Observations near 800 MHz in the Galactic planeare required to test these predictions.
Existing observations near n ~ 166 (Lockman 1976, Heiles et.al. 1996) are not sensitive
enough to obtain any constraints. Similar predictions by the low temperature models
towards Cas A have not been confirmed (see Chapter 4 & PAE94).

Although these model sexplain the observed optical depthswithn, and T'gioo Within
the limits defined by the line width at 345 MHz, the main objection to them comes
from the extremely short pathlengths and very large angular extents that they predict
(columns7 & 9 of Table5.8). Pathlengthsd ~ 0.05 pc indicate that the lines probably
originate in a thin layer of ionized carbon on the surface of large and nearby molecular
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clouds, ionized by the ambient ultraviolet radiation. On the other hand, the large
widths of the lines which may be due to Galactic rotation, requires the gas to be
distributed between 4 kpc and 7.5 kpc as shown in Fig 52. Hence it appears that
model swhich predict longer pathlengthsarerequired. Moreover, pressureand radiation
broadening due to such low-temperature plasma with n, ~ 0.3 ecm™2% and the Tgri0
~ 2500 K or 1250 K can account for a substantial part d the line width at 34.5 MHz
Thisdoes not agree with the conclusion, based on the nearly similar extents of thelines
at the three frequencies, that the line widthsare a result o large-scale motions. The
'‘good’ models should, thus, have a small contribution to the line width from pressure
and radiation broadening. We investigated the effect o a change in the depletion
factor é¢c on the models and found no significant effect and the physical parameters
of the model remained unchanged as noted in the previous section. We now turn to
high-temperature models to explain the observed low-v recombination linesof carbon.

High-Temperature(T. > 30 K) Modes

I'n thissection, we modd the carbon line-forming regionsassuming temperatures which
aretypica o neutral Hi clouds (i.e30 K < T, <400 K). Since HI clouds are expected
to be in pressure equilibrium with the ISM, we require that thermal breséur% (P/k
where P=nkT isthe gas equation) predicted by the modelsfall in the range from 1000
t0 9000 cm~3 K (Jenkinset.al. 1983). Thisconstraint considerably reducesthe number
of acceptable models. As mentioned before, dielectronic-likeprocessis most efficient in
gas with temperature close to 100 K and low electron densities. These conditions are
conduciveto maintaining a sub-thermal population of the fine-structurelevels (2P3/2 -
2P1/2) which in turn enhances the digectronic-like processes in carbon (WWC80).
Hence in the plasma under consideration here, dielectronic-likerecombination should
have significant effect on the level populations.

Models were constructed for two different vauesaof the background radiation tem-
perature, Trigo — 2500 K & 1250 K. At each of thesetwo vauesdof Trigo , three cloud
sizesmentioned earlier (i.e. 2°, 4°, >> 4") were considered. The emission measure was
determined,by the observed integrated optical depth at 328 MHz. We found no models
that could fit the observations when the cloud sizeis very largei.e. the beamdilution
factor at 345 MHz is~ 1. This is a sgnificant result in that it. seems to indicate
that the observations at low frequenciesare limited by beam dilution effects. Of the
six positionsfor which models were tried, no satisfactory fit could be obtained for two
positionsi.e. G05+00 and G16.5+00. The resultsd the fits for the other 4 positions
are shown in Fig 5.11 and tabulated in Table 5.9.



Chapter 5 151 -

G352+00 a382400

4382400

o0 T Y Y 80 A M M

T 4° cloud 2° doud

2° cloud

Quantum number Quontum number »

Figure5.11 High-T, Dielectronic models which explain the observed carbon recombination
lines at low frequencies are shown for G352+4-00 and G00+00. The models plotted here are
listed in Table 5.9.



Table 5.9 High-T. models. Physical properties of the ionized carbon gas from the recom-

bination line observations at 34.5 MHz, 75 MHz and 328 MHz.

Results of Dielectronic Models:
_ Case 1 : 4° Cloud Case 2 : 2° Cloud
TRr,100 | No. | Position || T, ne EM S ngTe Te. ne EM S ngTe
x10~3 x1073
K K cm™3 pccm 8 pc cm 3K K cm™3 pcem S pc em 3K
2500 | 1 | G352+00 || 90 | 0.01-0.003 | 10.6-11.3 | 106-1255 | 6000-1800 || 250 0.005 49.6 1984 8333
2 | Goo+00 || 80 | 0.01-0.003 | 17.5-18.6 | 175-2067 | 5333-1600 | 150 0.007 452 918 7000
3 | G05+00 - - - - - - - - - -
4 | G10+00 | 85 | 0.007-0.003 | 15.3-16.1 | 312-1789 | 3967-1700 || 180-190 | 0.007-0.005 | 47.1-51.0 | 961-2040 | 8400-6333
5 | G14+00 | 80 | 0.1 16.5 165 5333 175 | 0.007-0.005 | 53.6 | 1094-2144 | 8167-5833
6 |G165+0 | - - - - - - . - - -
1250 | 1 | G352+00 [ 100 | 0.01-0.007 | 13-13.5 | 130-276 | 6667-4667 - - - - -
2 | G00+00 - - - - - - - - - -
3 | GO5+00 . - - - - - - - - - -
4 | G10+00 - i 95 - 0.015 18.5 - 82 9500 175-200 | 0.007-0.005 | 47.4-58.4 | 967-2336 | 8167-6667
5 | G14+00 || 95 | 0.015 22 97.8 9500 200 0.007 68.9 1406 9333
6 | G16.5+00 | - . - - - - . . . -

Level Populations include dielectronic-like processes. a ‘-* (dash) as an entry indicates that we were

unableto find a model which explained all the three observations. The number abundance of carbon
is assumed to be 3 x 104 times that of hydrogen and the depletion factor of carbon is assumed to

be 0.5.
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Figure 5.11 (contd) High-T, Dielectronic models for G10+00 and G14+-00. The models
plotted here are listed in Table 5.9.
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The models are constrained by the emission measure determined from the n = 272
data point. Asshown in the Figs, al the models predict the general trend of variation
in the optical depth with frequency - emission lines at high frequencies (i.e. n < 350)
turnover into absorption lines at lower frequencies (i.e. n > 450). The turnover from
emission to absorption occurs near n ~ 415 for the 4° cloud and around n ~ 400
for the 2' cloud. While the models with Trigo = 2500 K give good fit to the data
at four of the positions, we were able to obtain models for only three of these di-
rections if Trioo = 1250 K Summarizing the results in Table 5.9, it appears that
for a cloud, which is 2° in extent, the electron density is constrained to lie between
0.006 — 0.007 cm~3 and the temperature in the range 150 — 250 K for both the values
o Trico - These modes require pathlengths of 1 — 2 kpc through the line-forming
region. On the other hand, if the cloud is assumed to be4"' in extént, then for Trieo
= 2500 K, the cloud temperatureis well-constrained between 80 K to 90 K whereasthe
electron density lies between 0.008=0.01 em~3 . Pathlengths through the line-forming
gasare between(. 1 to 2 kpc. For the same cloud size, modelswith el ectron temperature
between 95 K and 100 K and electron density between 0. 007 to 0. 015 cm~3 give good
fitsfor a reduced radiation temperature of Tripo = 1250 K. The required pathlengths
through the line-forming gas are between 80 to 300 pc. Many visually-acceptable mod-
ds were ruled out by the constraints listed in Sec 553 Densitieslower than = 0.003
cm™? required extremely pathlengths (~ 50 kpc), whereas for n, > 0.01 large ther-
mal pressures are unacceptable. (> 10000 cm=3 K). Changein the depletion factor of
carbon had insignificant effect on the model predictions. The pressurein the selected
models range from 14009500 cm 2 K. According to Jenkins et.al. , most of the atomic
hydrogen gas (50 %) has pressure between 2500 to 6500 ecm™2 K. About 33 % has
pressure below 1000 cm™3 K and only 6 % of the gas has pressure above 10000 cm—3 K
(Jenkins et.al. 1983).

In al these low-n, models, the changein the radiation temperature from 2500 K to
1250 K has a significant effect on the model predictions asis obviousfrom the physical
parameters of the modelslisted in Table 5.9, At the low electron densities of all these
models, the radiation temperature plays an important role in the determination of
departure coefficientsin addition to broadening the lines near 34.5 MHz.

Galactic Centre: Sincethedirection o the Galactic centre has been studied extensively
in carbon lines as compared to other inner Galactic positions, we present the results
in a separate section here. The best-fitting models to the line data towards Galactic
centre are shown in Fig 5.11. Both the 4°— & 2°— modédls predict peak emission at
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frequencies near 250 MHz (n ~ 300). At this frequency, the model predictsintegrated
line-to-continuum ratio & ~ 15 s~!. This ratio trandates to a peak line strength of
~ 25 K if the continuum temperature is 3000 K and the line width is assumed to be
~ 20 kms~!. Pedlar et.al.(1978) have probed thisdirection at 242 MHz. Although a
feature seemsto be present near the expected linefrequency (< 14 K), it iswesker than
that predicted by our models. Anish Roshi & Anantharamaiah(1996) have modelled
thecarbon line-producinggas assuming it to be 2° in extent with all the availabledata
except the 345 MHz and 42 MHz data. For a Trieo = 10* K, they find models with
T, ~70—80 K n, ~ 0006 =001 cm~2 and pathlengthsd ~ 200=500 pc whichfit all
the pointsexcept the limit at n =300. However our models with a lower vaue of Trioo
(which is based on the observed width o the 345 MHz), fails to 'expla.in the data at
3.5 MHz, 145 MHz and at 408 MHz. In short, the high-T, models which are required
to bein pressure equilibriumwith the Hi gasfit only the n =272 and n = 443 points
for both the cloud sizes in our modelling. For the4° cloud, it d so fitsthe42 MHz point.
However, it should be noted that this last data point from Smirnov et.al.(1995) may
have a largeerror on the line width (Smirnov, private communication). The physica
parameters of the moddsthat Anish Roshi & Anantharamaiah(1996) obtained were
T.=70-80Kand n =0.006—-0.01 cm~% whereas Pedlar et.al. (1978) had found
lon-T, modelswithn, =0.5-1 em™* which fitted their observations. We find good
visually-acceptablemodds with T. = 20 K and n =03 cm™* as shown in Fig 5.10,

The beam dilution predicted by this mode for the optical depth at 34.5 Mz implies
an angular size of ~ 25 for the line-forming cloud if Trioo < 1250 K. However the
small pathlengths makes it difficult to explain the line widths. On the other hand,
the high-T. models that we obtain with T. = 80 K, n, = 0.008 = 0.0L cm™2 for a 4°
cloud and T, = 150 K, n, =0.007 cm~3 for a 2° cloud, fail to explain all the observed
points. These models, however, give reasonable pathlengthsof 0.2 = 2 kpc through the
line-forming gas and appear to be more plausble. The inability of these models to
explain the observed optical depths may be due to the incorrect estimate d the size of

the line-forming region. It appears necessary to observe near 242 MHz and 34.5 MHz
with relatively high angular resolution to further constrain the physica propertiesdf

the partially ionized gas in this and other directionsin the Galactic plane.

5.5.7 Other Galactic postions

Carbon linesat 34.5 MHz have been detected in absorption towards G63+00, G75+00
and DR 21. No recombination lines in emisson were detected from G63+00 and
G75+4-00 at 328 MHz. Absorption lines from the directions of G75+00 and DR 21
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have been detected at 25 MHz by Konovalenko (1984) and Golynkin & Konovaenko
(1990). However, since these two frequencies are nearby and both thelinesare in ab-
sorption, it isdifficult to constrain the model parameters. If an emission lineisdetected
from these directionsat higher frequencies(v ~ 300 MHz), then the turnover frequency
can give meaningful constraints derived for the physical properties of the line-forming
regions. Narrow (~ 4 kms™!) C158a and C166a lines have been observed from DR
21 by Pankonin et.al. (1977a). However, these narrow lines are believed to originate
in the warmer C11 regions associated with the Hur region in this direction and hence
cannot be used in modelling the low-frequency line-forming regions. We, therefore do
not discuss model fits to the observed data for these three positions. It may be useful
to mention that large Hi optical depth and 12CO emission have been observed towards
G75+00 near 0 kms™!, supporting the theory of origin of these lines in neutral gas.
However, the case towards G63+00 issomewhat different. The recombination line near
34.5 MHz appearsat a velocity which isdifferent from that of the deepest H1 feature. It
is, however, close to one of the peaks observed in 12CO. Sincethegaslyingin the Galac-
tic plane within longitude < 17° seemsto possessfairly uniform physical properties, it
is probable that the gas in the outer Galaxy isaso of similar nature.

5.5.8 Discussion on the Probable Models of the Line-Forming Regions

If the partially ionized cloudsin the inner Galaxy are assumed to be of similar angular
sizes, then our modelling described in the previoussectionsshows that all the positions
within1=352° to ! = 17° possessremarkably similar physical properties. If the cloud
is assumed to be > 4" in extent, Trigp < 1250 K and T. = 20 K, then the electron
density seems to be ~ 0.3 em™2 for most of the directions and the pathlengths are
small (<.1 pc). On the other hand, if the cloud is4° or 2° large, then warmer models
successfully fit the data. Mode clouds with temperature between 80 — 100 K and
ne ~ 0.003 = 0.01 cm™3 for both Trigo = 2500 K and 1250 K fit some of the data well
for a 4° cloud whereas T, = 175— 250 K and n, = 0.005 — 0.007 ¢~ fit the data well
if the cloud size isassumed to be 2'. In these models, the pathlengths are in the range
0.1-2kpc. Thus, it is possible that the observed carbon recombination lines arise in
clouds possessing a range of temperatures, electron densitiesand angular sizes. In this
Section, the plausibility of the models described in the previous sections is discussed.
The low temperature (Te = 20 K) models give a good fit to the observed line
strengths at 328 MHz and 76 MHz and by adjusting the beam dilution factor, the
data can aso fit the data at 345 MHz. However, these models are not favoured
because o the extremely short pathlengths through the ionized gas predicted by them.
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Since the widths of the linesdetected at frequencies differing by a factor of ~ 10, arc
found to be very similar, it implies that pressure arid radiation broadening, which are
strong functions of frequency cannot be responsible for the line widths even at the
low frequencies (i.e. ~ 345 MHz) . The widths of the lines detected from the Galactic
plane are, therefore, most likely dueto differential Gal actic rotation. Sincethis requires
contribution from gas distributed between Galactocentric distances of 4 kpc and 7.5
kpc, the total pathlength predicted by our models should at least be a reasonable
fraction of a kpc. Instead, all the low-temperature models gave pathlengths of only a
fraction of a parsec (~ 0.02 pc). If this pathlength isto bedivided into smaller regions
and distributed over ~ 3 kpc, then it would require individual clouds to be ~ 0.008
pc thick which impliesan extremely thin sheet-like geometry since the angular extent
of the cloud are §° = 20°. The structure suggests that carbon in a thin outer layer of
molecular cloudsis photo-ionized by theambient ultraviolet radiation field. Thisisnot
entirely improbable sincethe ionization fronts near star-forming regions areseen to have
thickness ~ 0.02 pc. Nevertheless, it seems a contrived situation to expect many such
thin layersdistributed along a line-of-sight to mimic a region of ~ 10° in extent & 0.02
pc in thickness. |t may be useful to recall that towards Cas A, the low-T, modelsfailed
to explain the observed variation in optical depth with n and hence could straightaway
be ruled out. But in the case of the Galactic plane positions, the low temperature
modelscannot be completely ruled out from the same argument because very few data
points are available and also beam dilution effects are critical. One advantage of the
low-temperature modelsis that the constraint on pressure equilibrium with the ISM
is lifted since they assume coexistence with molecular gas. Since the carbon lines
seem to be widdly detectable in the inner Galaxy, it also seems to favour association
with molecular gas which has maximum surface brightness in that region. Thus, the
main criticism of the low temperature modelsisthat the pathlengths required by them
are extremely small and the angular extents are very large and these arguments are
inconsistent with the observed widths.

The high temperature (7, > 30 K) models which indirectly assume coexistence of
ionized carbon with H1 gas in the Galaxy successfullyfit the observed data towards a
few of the inner Galaxy positionsif the angular size of the clouds were 4° or 2°. Large
angular sizedf (~ 25°) the cloudswasruled out by these models. Dueto thelow electron
densities (~ 0.007 cm™3 ) of these models, the radiation temperature has considerable
effect on the models as discussed in Sec 5.5.5. The number of positions that could be
fitted with these modelsreduced when T'r1op Vs decreased. For Tri00 = 5500 K (such
high radiation temperatures are ruled out by the observed line widths near 34.5 M) ,
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data from al the positions could be fitted assuming a cloud size of 2° or 4°, whereas
for Trioo = 1250 K, only about hdf the positions had a 'good’ model associated with
them. Since radiation broadening near 34.5 MHz is expected to be a small fraction of
the line width, Trigo < 1250 K seems to be more probable as it translates to a width
o only < 6 kms~!at 345 MHz Failureto find acceptable models for all the positions
with Trige = 1250 K can be interpreted as being due to different cloud sizes. If the
model was constrained to passthrough the 328 MHz and 76 MHz observationsin all such
discrepant cases (G00+00, G05+00, G16.5+00), then the result suggests that the cloud
sizeislarger than 2° for al these positions. Unfortunately, snce We have data at only
three frequencies, observed with different angular resolutions, we cannot obtain a more
guantitative interpretation o this result. As mentioned before, the range of physical
conditionsin the clouds predicted by the warm models appearsto be well-constrained.
Due to the constraints placed by acceptable thermal pressures and pathlengths, the
electron densities that satisfy the observed parametersliein the range of 0.003 to 0.01
cm~3 . If the cloud has an angular size of 4° then the fitted temperatures are in the
range 80 — 100 K whereas if the cloud is 2" in extent then the likely temperatures are
between 175 K and 250 K. Although we could not find a warm-gas model for al the
inner Galaxy positions, the positions for which we could obtain satisfactory models,
predicted reasonable pathlengths for the line-forming cdlouds. Comparing this result
with that towards Cas A, it appears likely that a significant fraction of low-frequency
carbon recombination lines arise in warm gas associated with atomic Hi. However,
the electron densities in the atomic gas in the Perseus arm towards Cas A appear to
be more than that in the inner Galaxy.

The range of physical parameters that we obtain in this analysis seems to favour
an association with the partially ionized gas in the photo-dissociation regions (PDR)
- especialy the range of electron temperatures. A PDR, as defined by Tielens &
Hollenbach (1985) are "regions where FUV radiation (6 — 136 €V) dominates the
heating and/or some important aspect of the chemistry™" and contains most of the
atomic and molecular gas in the Gaaxy. Thelow-excitation PDR discussed by HTT91
are illuminated by the interstellar radiation fiedd (ISRF). These regions according to
them include a warm (T > 100 K) atomic region comprised of hydrogen, oxygen and
ionized carbon near the surface. Beyond that, isa cool (T ~ 50 K) partially dissociated
region and still further in the interior is a cooler (T ~ 10— 20K) region. The PDRs
encompassa wideranged physica properties. It isprobablethat carbon recombination
lines arise at various depths in the PDR. From the present results, it appears that
ionized carbon can be distributed in clouds o a range d angular sizes along the line
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of sight and possessa variety d physica properties resulting in detectable carbon line
intensity.

However, the above argument raises more questions, If the carbon lines arisein the
neutral gas, probably within a low-excitation PDR with temperatures ranging from
80 to 250 K (and possibly 20 K), then why are they not detected from many more
directions in the Galaxy ? It appears natural to think of the existence d stronger
carbon linesfrom directions which show high Hi optical depth or high 2CO emission.
However as discussed in Sec 5.4.4, thisis not dways the case. At this point, it may be
useful to note that low-frequency observations have detected carbon lines with line-to-
continuum ratiosranging from a few times10~4 to afew times1073. It isa puzzle why
the observed optical depthsshould belimited to this narrow ranged vaues. It appears
certain that linesvery much stronger than a few times10~3 are not common. However,
the lower limit is defined by the sensitivity d the observations conducted till date.
Hence, lines intrinsically wesker than few times 10~* might possibly exist and would
require moresensitive observationsto detect them. In Sec 5.4.4, we mentioned the case
of G30+00 from which, inspite of a large Hi optical depth, no carbon recombination
line was detected near 328 MHz. Another such interesting direction is towards the
extragalactic source 3C123. This direction, shows a high Hi optical depth (~ 25).
However, no recombination lines near 318 MHz ( n ~ 274) (Payne et.al. 1984) have
been detected down to an optical depth limit o 3 x 1074, In their recent paper, PAE94
explain that this non-detection could be due to the dightly higher temperature of the
Hi clouds in this direction which render the lines undetectable. However, from our
modelling, we find that arange of temperatures (80 = 250 K in the warm models) for
the carbon line-forming regions can give rise to detectable peak optical depths in the
range 103 = 10~4 for a certain range of eectron densities, If pressureequilibrium with
H1 gas isassumed, then the electron densitiesdf the partiaily ionized gasis constrained
to lie between 0.005 and 0.007 em~3% assuming a depletion factor of 0.5 for carbon.
Thisimpliesatomic densitiesdf ny ~ 50 cm™3 in the Hi gas. Larger electron densities
would cause the gas to move out d pressure equilibrium with Hi and probably into a
transitory phase. On the other hand, smaller electron densities (n, < 0.003 cm™3 )
require extremely long pathlengths through the partially ionized gas to generate the
observed line intensities. Therefore, if such eectron densities existed in the partiaily
ionized gas then also the recombination lines would be undetectable. Hence it appears
that detectability of the low-frequency recombination lines is a sensitive function o
temperature, eectron density and the size d the line-forming region. Only a subset
o the range o vdues possiblefor these parameters has been so far accessible through
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low-frequency recombination linesof carbon.

As discussed in this section, the present low-frequency carbon recombination line
observations and modelling of data have shown that various combinations of temper-
ature, electron density and cloud size are capable of giving rise to detectable carbon
linesin the Galaxy. Moreover, the physical propertiesof the partially ionized gasin the
inner Galaxy are remarkably uniform. Surprisingly, these lines which are so widespread
in theinner Galaxy (I < 20") appear to bedifficult to detect in the outer Gal axy except
towardsa few directions (! = 63°&75°). The reason could possibly liein the cloud sizes.
Alternatively since our observations have shown that the clouds in the inner Galaxy
are > 2°, the non-detectability could be due to the different physical conditions that
may exist in the PDRs in the inner and the outer Galaxy.

5.6 On the Common Origin of Low-frequency Carbon Recombination
lines and [Cll] 158um line emission

The [CII] 158um lineisa result of the radiative decay of the collisionally-excited fine-
structure transition, 2Pz, — 2Py in ionized carbon. The recombination lines, on
the other hand, are a result o the electronic transitions of an electron which has
recombined with a carbon ion to an excited state. Both the processes involve ionized
carbon and hence it is possible that the same carbon atoms are responsible for both
thelines. Moreover, there isanother factor which strongly suggests that both the lines
may arise in the same medium. This is dielectronic-like recombination process first
suggested by WWC80. This process influences the energy level populationsin carbon
as explained in the previoussections and involves the 2Py, — Py, transition which
gives rise to the 158 pum emisson. The two lines are thus, intimately related and it
seems natural to look for a correlation between the two intensities. However, it should
be kept in mind that although dielectronic-like recombination processis one excitation
mechanismfor the fine-structureline, it need not be theonly one. There could be other
mechanisms which excite the fine-structure lineand hence the two linesmay not show
a strong correlation. Recent advances made in infrared observations have extensively
detected the [CII]158um linefrom the Galaxy and it can be inferred that a wide range
o physical conditions seem to be conduciveto the formation o the finestructure line.
C* isfound to exist in both neutral and ionized regions. Shibai et.al. (1991) concluded
from their balloon-borne experiments that the diffuse [ClI] emission of the Galactic
plane comes from the diffuse gas whereas Bennett & Hinshaw (1993) showed that the
[CI1] emission measured with COBE/FIRAS may originate in the PDR. Petuchowski



Chapter 5 161

& Bennett (1993) and Heiles (1994), in separate studies, analysed the [CII) data and
studied its correlation with the various possiblesites of origin, Both the studies find
that the extended low-dengty warm ionized medium (ELDWIM) is the main global
contributor to the 158um fine-structureemission lineespecialy in the Galacticinterior.
Helles (1994) argues that the next contributor isthe CNM and the last isthe PDR. On
the other hand, as the models presented in the previous section indicate, the carbon
recombination lineemission isdetected only from the neutral medium and not from the
ELDWIM. Since, the major contributor to the two speciesof linesseemsto bedifferent,
it may not be meaningful to interprete any correlation which may exist between the
fine-structure line and recombination linesat this stage.

5.7 Summary

In this chapter, we have discussed the association of the ionized carbon seen in low-
frequency recombination lines with other componentsdf the interstellar medium and
derived the probable physica properties of this partially ionized gas. Carbon recom-
bination lines at 345 MHz were detected from &l the observed positionsin the inner
Galaxy (1 < 17°) with-an angular resolution of 21' x 25°. Since the beam islargein
one direction, to obtain some constraint on the size of the region that contributes to
the detected lines, we studied the distribution of non-thermal continuum at 34.5 MHz
over the beam area. Except for two directions, the continuum emission appears to be
fairly uniform over the beam. This uniformity indicates that unless the line-forming
gas isdistributed over the entire beam, there will be beam dilution at 345 MHz. The
observations with the Ooty Radio Telescope, conducted with two angular resolutions,
showed that the line-formingregionisat least ~ 2° in extent. VLA observationsof one
of theinner Galaxy regionsconstrained the fine structure in these line-forming clouds
to be on scales > 10.

The widthsof the linesobserved at 34.5 MHz and 328 MHz are remarkably similar
indicating that pressureor radiation broadeningis not the causedf thelinewidths. The
common origin of the line width is most likely differential Galactic rotation. From the
Galactic rotation model, it wasdeduced that theline-forminggas isdistributed between
Galactocentric distancesdof 4 & 7.5 kpc. A comparative study of the radial velocities
of the observed carbon recombination lines with those o Hi emission, Hi absorption
and '2CO showed that the carbon line regions are more spatially localized. Carbon
recombination lines are detected at radial velocities close to the velocities at which
peak Hioptical depth and *2CO emission are observed indicating that the ionized
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carbon is likely to be associated with either or both neutral Hi and Hz regions in
the ISM. However, non-detection of carbon lines towards other directions with even
larger H1 optical depths suggests that other factors influence the detectability of the
recombination lines.

The lineforming regions were modelled usingour data at 34.5 & 328 MHz and also
the data at 76 MHz from Erickson, McConnell & Anantharamaiah (1995). The pro-
cessof dielectronic-like recombination which significantly modifiesthe leve populations
was included in the calculation of the level populationsin carbon. The computer code
by Salem & Brocklehurst (1979) modified by Walmsley & Watson (1982) and Payne,
Anantharamaiah & Ericksan (1994) was used for this purpose. For modelling the line
regions, temperatures typical o (1) molecular (Hz) gas (T. ~ 20 K) and (2) atomic
(H1) gas (T, ~ 30— 300 K) were considered. The low temperature models were able
to explain the observed variation in optical depth with frequency if the cloud sizes are
> 4°. However these models predict sheet-like geometry for the ionized carbon. Such
a geometry seems incompatible with observed line widths. The warm gas models were
able to explain the observed optical depths towardssevera positionsif the cloud sizes
were << 25°. Warm gas models gave reasonable pathlengths in the range 0.2 — 2 kpc
and this could account for thelinewidth in termsof Galacticrotation. . Theregionswere
constrained to bein pressure equilibrium with theinterstellar medium. It therefore ap-
pears likely that the observed low-frequency recombination lines of carbon may arise
in the widespread cold neutral Hi in the Galaxy. It may be possible to identify these
regions with the low-excitation photodissociation regions( PDR) described by Hollen-
bach, Takahashi & Tielens (1991) which contain both atomic & molecular hydrogen
and encompass a range of physical parameters. Although, the dielectronic-like recom-
bination processin carbon involves the fine structure states, 2P/ & 2Py /9, which give
rise to the [CII] 158um fine-structure line, we argued that a direct correlation between
the low frequency recombination line and the fine-structure infrared line may not be

expected.
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