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lonized Carbon towards Cas A

4.1 Introduction

The interstellar medium in the direction o the strong radio source Cas A has been
extensively studied in radio recombination lines o carbon. Konovalenko and Sodin
(1980) were thefirst to observe a lowv frequency (26.3 MHz) absorption line towards
Cas A whichwas later correctly identified as the 630a recombination line of carbon
by Blake, Crutcher & Watson (1980). Since then, this direction has been studied in
many transitionsin carbon with principa quantum numbers ranging from n=766 to
n=166, which correspond to frequenciesranging from 14 MHz to 1400 MHz respectively
(Payne, Anantharamaiah & Erickson 1989, 1994 and references therein).

In their observations of carbon recombination linestowards Cas A in the frequency
range 34 — 325 MHz, Payne, Anantharamaiah & Erickson (1989, hereafter PAE89) de-
tected a smooth transition from abserption to emission with increasing frequency; the
linesare in emission at frequencies above 200 Mz and in absorption bdow 115 MHz
At frequencies where lines are seen in emission, the line widths are essentialy due to
Doppler broadening and the carbon line spectrum is resolved into three components
at velocities near —1 kms™!, —37 kms~!and —48 kms™!. These veocities correspond
to the Orion and Perseusar s in thisdirection. However, at lower frequencies where
the lines appear in absorption, the Perseus arm components at —37 kms~!and —48
kms~1blend into a single feature because o pressure and radiation broadening, both
d which are strong functionsd the principal guantum number n. This broadening
resultsin Voigt profiles which have a narrow Gaussian-like shape in the central region
(due to Doppler broadening) and broad Lorentzian wings. Observationally it has been
difficult to detect the Lorentzian wingsin the low frequency recombination lines due to
practical problemssuch as wesknessd the lineand baseline remova from the observed
spectrum. The procedures that are generdly used for basdline remova may reduce



= Chapter 4

the amplitude of the Lorentzian wings thus leading to wrong values o line widthsand
line strengths. Sorochenko and Smirnov (1990) noted that the reported widths and
strengths of the low frequency lines were based on Gaussian profiles instead of Voigt
profiles and they applied corrections to the integrated optical depths (f rdv) by as-
suming the latter. More recently, Payne, Anantharamaiah & Erickson (1994, hereafter
PAE94) have quantitatively shown that baseline-removal procedure hasindeed led to an
underestimation of both the line strength and the line width. They constructed model
line profiles using probable cloud parameters and showed that at the lowest frequencies,
theintegrated optical depths of the observed linescould have been underestimated by a
factor of almost 3 due to baselineremoval. At higher frequencies, the observed profiles
matched well with their mode profiles.

For most of the last 16 years since the low frequency carbon recombination lines
were first detected towards Cas A, two types of models have been debated over: 1)
the warm gas model with electron temperature T, in the range 35— 75K and electron
density n, in the range 0.05 - 0.1 em™3 which could be coexistent with the Hi phase
of the ISM (Warndey & Watson 1982, PAE89, PAE94) and 2) the cold gas model
with T, ~ 16 - 20K and n, ~ 0.3 cm™3 (Ershov €t.al. , 1984, 1987, Sorochenko 1996)
which could be coexisting with the molecular hydrogen component of the ISM. Ershov
et.al. (1984,1987) showed that the cold gas mode explained their observations better
than the warm gas model and suggested that the carbon recombination lines could
originatein small (< 1 pc), dense (ng = 10% = 10* cm=3) cloudswhere the main agent
for ionizing carbon would be diffuse ultraviolet radiation.

More recently, however, PAE94 have provided evidence that show strong support
for the warm gas moddl. Based on data spanning amost two decades in frequency,
PAE94 have developed a mode which satisfactorily explains the:observed variation
of integrated optical depth with principal quantum number. The parameters of their
model provide thermal balancein the clouds and pressure equilibriumwith the envi-
ronment. In this model, PAE94 have considered a new boundary condition (bn — 0 as
n — 00) suggested by Gulyaev and Nefedov (1989, hereafter GN89) for calculating the
departure coefficients b,,, and d so included the occupation probabilitiesof high quaxn-
tum number levels, which are affected by the presencedt electronsand neutral particles
in the cloud (Hummer and Mihalas 1988, hereafter HM88). The one parameter that
the model by PAE94 is unable to explain is the widths of the lines which is better
explained by earlier models which usad the boundary condition of b, -+ 1asn — o
and had dielectronic-like recombination effects (Watson, Western & Christensen 1980,
Wamdey & Watson 1982) included in the calculationof b However, the earlier mod-
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els do not provide therma baance and are out of pressure equilibrium although they
do explain the observed variation in the integrated optical depth and line width with
guantum number.

In this Chapter, we use our different observations towards Cas A, presented in
Chapter 3, together with other available data to obtain constraints on the properties
o theline forming regions.

4.2 Observations towards Cas A

Our observations towards Cas A are summarized below:

(1) The carbon recombination line near 34.5 MHz observed towards Cas A with
the Gauribidanur Array resulted in a high signal to noise ratio spectrum, which, after
removal of asimplelinear baseline, clearly showsa Voigt profilewith distinct Lorentzian
wings as expected. This profile leads to a reliable estimate of the integrated optical
depth at alow frequency where the line width is dominated by pressure or radiation
broadening. The integrated line strength is usad in modelling the line region. The
parameters of the Voigt profile provideconstraints on theelectron density, temperature
and radiation background in the cloud. Theobserved spectrum near 34.5 MHz isshown
in Fig 4.1(a). The spectrum is hanning smoothed and therefore has a resolution of 0.5
kHz. A single-component Voigt profilefit to the 34.5 MHz profileis also shown in Fig
4.1(a). Thefitted parameters are listed in Table 4.1.

Table 4.1 Line fit Parameters

MHz 103 kms™1 kms™! kms™! s 1

1| 345 | C575a | -3.7+0.2 | —42.0+0.2| 5.0+£0.6 [ 26.0+ 3.1 | 16.6+0.5

2| 327 | C272a | 1.2£0.1 | -43.0£0.1| 5.0+ 0.5 - -7.0£0.5

(2) Thecarbon recombinationlineobservations near 327 MHz made using the Ooty
Radio Telescope showed a narrow profilewhose line width isessentially due to Doppler
broadening. The detected lineis in emisson. As pointed out by PAE89, the detection
of an emission linefrom relatively cold clouds (T ~ 100 K ) against a strong background
source (Tg ~ 10° K) isdirect evidencefor stimulated emission due to inverted popula-
tion of the hi gh quantum number states in carbon. The emission line near 327 MHz is
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Figure 4.1 (a) Spectrum towards Cas A at 34.5 MHz. The solid line shows the observed
spectrum, the dash-dotted line shows the Voigt profile fitted to the absorption line and the
dashed line shows the residuals. The fit parameters are T;/Teys = —3.7(0.1) X 1073, radial
velocity is —42(0.3) kms™!, Doppler width is 5(0.3) kms~'and Lorentzian width is 26(0.6)

kms~1.

used to obtain the Doppler width and together with other data is used to constrain the
models of the line emitting region. The observed spectrum near 327 MHz is shown in
Fig 4.1. A Gaussian profilefitted to the emission line is also shown in Fig 4.1(b) and
the fitted parameters are listed in Table4.1 .

(3) The spatial distribution of the C270« emission line near 332 MHz over the face
of Cas A was obtained using the Vay Large Array in USA. The spatial distribution of
1200 emission near 115 GHz, which traces the molecular gas over the face of Cas A,
was obtained using the 10.4 m millimeter wave telescopeof RRI at Bangalore. These
two distributions and also that of neutral Hi obtained from published 21 cm data are
compared to distinguish between the possible association of the ionised carbon region

with molecular or atomic gasin the ISM.

-
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Figure 4.1 (b) Spectrum towards Cas A at 328 MHz. The solid line shows the observed
spectrum, the dast-dotted line shows the Gaussian profile fitted to the absorption line and
the dashed line shows the residuals. The fit parameters are Ti/Tyys. = 1.2 x,1073, radial
velocity is —47.5 kms™'and width is 5 kms=!.

4.3 Propetties of the Line Forming Region
4.3.1 Physical limits from Observed Line Width

The carbon recombination:line towards Cas. A appearsin absorption at 345 MHz. and
in emission near 327'MHz as shown in: Fig 4.1. Ascan be seen in this Fig, thereisa
dramatic differencein the line width at the two frequencies. It is clear that pressure
andfor radiation broadening, .bothof whioh are strong functions of frequency, is re-
sponsible for the large line width at 34.56 MHz. The higher frequency lineis broadened
essentially..by thermal or turbulent motions in the cloud. While the measured width
of the lower frequency line can. be-iised to constrain the electron density in the clouds,
the higher frequency observations would be useful to obtain limits on the temperature
and to constrain possible.association with Hi or melseular clouds.

Although earlier ebservations towards Cas A have shown that the: carbon: recombi-
nationlines near 337 MHz may have three components (near:~48, +39 and -1 kms™)
(Anantharamaiah et.al. , 1994), similar to the hydrogen 21-em line and the molecular
lines, the present study at:327:MHz has detected only -the strong Perseus. arm com-
ponent at a Vi of -48 kms™! The detection of only:the strongest compeonent in Fig .
4.1(b) is probably due to the relatively low signal 4o noise ratio of the spectrum.: In
Fig 4.1(b), a model Gaussian profilewith a full width at haf maximum of 5 kms™is
shown superposed on the observed profile. The best-fitting Gaussian parameters are
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listed in Table 4.1. The observed width d 5 kms~!of the C272¢ lines gives a not too
significant upper limit of 650BK for the temperature of the cloud.

In Fig 4.1(&); a Voigt profile with a Doppler width of 5 kms-'and Lorentz width
of 26 kms~!has been superposed on the observed profile at 34.5 MHz with other fit
parametersas listed in Table4.1. At low-frequencies, the two Perseusarm components
merge into a singlefeature due to pressureand radiation broadeningand hencea single
Voigt component was fitted to the observed profile. However, wefound that it isin fact
possible to fit two components centered at velocitiesof -44 kms-'and -38 kms~!with
Doppler widths of 5 kms~!each, Lorentz width of 24 kms-'and the optical depths in
the ratio 3:1. The two component fit is probably more physica when we consider the
high-frequency RRL, Hi and molecular line observations, al o which show the two
components. A closer inspectiond Fig 4.1(a) revealsa slight asymmetry in the profile
near 0 kms~'which could probably bedueto the Orion arm component. The low signal
to noiseratio of this component made thefit unstable when we attempted fitting three
Voigt profilesto the observed spectrum. We use the parameters derived from a single
component fit for consistency with earlier modelling (e.g: PAE94), and also because
the Lorentz width is nearly the same when either one or two componentsare fitted to
the spectrum.

It is clear that the Voigt profile obtained for the carbon recombination line near
34.5 MHz (Fig 4.1(a)) is due to either radiation broadening or pressure broadening or
more likely due to a combination o both. If the entire Lorentzian width of 26 kms™1is
assumed to bedue to radiation broadening, then, using the formula from Shaver (1975),
we get an upper limit of 7700 K for the radiation temperature at 100 MHz (T r100) as
seen by the cloud. Since the galactic non-thermal background in this directioe has
Tri00 ~ 800 K, the mgor contribution to the radiation temperature, in this case,
should come from Cas A itsalf. The implied radiation temperature givesa lower limit
of 50 pc for thedistance of thealoud from Cas A,assumingthe distance to Ga A to be

= 34 kpc, the linear size of Cas'A to be 5 pe and the-flux density of Cas A at 100 MHz

" to be12300 Jy (Baars et.al.-, 1977).

Pressure broadening depends: directly on the electron density ‘and ‘it is: also a. weak
funectiotr of electron temperature (a T, %1). |f the cloud is far avay from Cas A and
thereforesubjected to only the galactic non-thermal background radiation (i.e. Trioo =
800 K), then for an electron temperature of 75 K. which is typical o Hi clouds the
observed Lorentzian width of 26 kms=limplies an electron density of 0.16 cm™=2 , If the
temperature is as low as-20 K, which is typical o melecular clouds, then the implied
electron density is 068 em™3 . On the-otherhand, . if the radiation temperature is

1
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Table 4.2 Parameters congtrained from line width

T. K Tgmo K|n.em™3 | ng Teem™3* K
e —
800 0.16 4 x 104
75 | 1600 | 012 3 x 10
3200 0.03 7500
800. 0.68 4.5 x 10
20 1600 - 0.49 3.3 x 104
13200 | 0.1 7330
These moddsassume é¢ ~ 1.0.

four times the galactic background (i.e. Trioo = 3200 K), then the electron density
is0.03 em™3 for T, = 75 K and 0.11 em™3 for T, = 20 K. It is clear that, from the
observed Lorentzianwidth, it is possibleto obtain constraints only on the combination
of electron density, temperature, and the radiation background. In Table 4.2, for Te
= 75 K and 20 K, values of electron densities are given for three different values of
radiation temperature Triga. In Fig 4.2, we show the variation of the observed line
width with quantum number and the model (golid line) based on the combination of
parameters given in Table 4.2. All the modelsgiven in Table 4.2, which are obtained
from the observed linewidth at 34.5 MHz, predict aimost identical variation of linewidth
with quantum number. It appearsfrom Fig 4.2, that all the observationsbeyond n=600
may have underestimated the line width.

If all the electronsin the cloud come from ionization of carbon (t.e. n, = neg) and
if we assume a value for the abundance of carbon (fro/nx]) and its depletion factor
(6c), then we can obtain an estimate o the thermal pressurein the cloud using

T = goao el e

Column 4 of Table 4.2 gives the vaues of ngT obtained using d¢ = 1 (f.e. no
depletion of carbon) and [n¢/ny) = 3 x 10~4 (i.e. interstellar abundance). If the
depletion is increased by some factor theh the thermal pressure also increases by the
same factor. Theimplied thermal pressureis high in-all the models. Only models with
high radiation temperatureand no depl etion give estimates which are closer to, but still
higher than the interstellar pressure which ranges between 36005000 K cm™3 (McKee
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Figure 4.2 The observed vaiation in line width with quantum number is plotted here as
data points. Our data point at 34.5 MHz is dhown as a bdd circle. The curves show the
expected variation for different combinations d Tripo , 7e & n, for @ Doppler line width
o 5kms™*. The curvesfor T. = 75 K and combinationsd Trige = 800 K, n, = 0.16
em™ ; Trioo = 1600 K, ne = 0.12 ™3 : Trigo = 3200 K, n. = 0.03 em™=3 and for 7%
= 20K, Trioo = 800 K, ne = 0.68 cm=3 ; Trygo = 3200 K, n, = 0.11 cm™2 trace almost
similar curves as shown in the figure. The angle solid curve isfor Tgige = 800K, 7, = 35

K&n, =005em™?.

and Ostriker 1977, Kulkarni and Heiles 1988). It is possible that these clouds are not
in pressure equilibrium with the ISM.

4.3.2 Spatia Distributions of C270¢, 2CO and Hi lines

It is clear from the discussion above that, based on the width o the low-frequency
recombination lines, the ioniaed carbon regionscould be associated with either the cold
(Te ~ 20 K) molecular clouds in the directiond Cas A or the warmer (T, ~ 100K)
atomic Hi clouds. In order to get a further constraint on the possible association, we
compare the spatial distribution o ionized carbon regions obtained over the face o
Cas A from VLA observations o the C270 line with that of 2CO and 21 cm Hi line.

In Fig 4.3 (a), we show the distribution oOf optical depth of the G270« line over the
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face of Cas A with a resehwtion of-1:.at four diﬁ‘erenb radial velocities. These Yelodities
correspond 6 the strong Pans uéfa.rm compenent hear - 47 kms™?. The width-of.each
channel is 1.3 kms™1, Thﬁl Srb AL dgﬁﬁths aﬁﬁ*i’hﬂfhefﬂhaﬁnnel with a radlal veloc:ty
of -46.6 kms~!. Theret is g gtadient; {*hhe optical dépth mr;m east to west with the
strongest optical depths: ik atern bounda,ry A éucandany peak &ppe&rs near the
centre in this velocity cltannel. ' ffhs channel wn;h & centre velocity of -45.3 kms™!

there is a sharp gl‘adlent n "th& opéical depi;laB from north~en.st to south-west. At the
other two velocities (-48.0 kms~*and ~49.4 kms™1), the peak optlcal depth is near the

centre o Caa A.

R

For comparison, the 12C0O’emission over the face of Cas A with the same resolution
(i.e. 1) isshownin Fig4:3:(b). It is clear from Figs4.3 (a) and 43 (b) that the distri-
bution of 2CO and C270e lines are very different. For example hardly any molecular
emission is seen at a velocity of —49.3 kms~whereas the same channel in C270« line
shows considerable emission. At —46.7 kms-'and —48 kms™?, the 2CO emission has
a strong concentration in the south-east region WhICh Isnot seen in the recomb| nation
line. We thersefore conclude that .the spa.tla,l structure of carbon recombmatlon lines
towards Cas A ‘has very little similarity with the structure o moleculsr gas in that
direction. 2

On the otherhand, there'is reasonable cotrespondence between the spatial distribu-
tion o theoptical depthsd the C270c recombln&tlon line and the 21 cm Hi absorption
line towards Caa A. Fig 4, taken from Anentharamsiah et.al. {1994), shows the spatial
distribution o the Optlcal depths of ©270c: and Hi line and 12¢0 emission over four
velocity ranges. Correspohde ,;_,ﬁﬁq‘m reon C270c and 1 i is particularly evident in two
velocity ranges viz., —45.3 t6 46.6 kms~land —49.4 to =50.8 kms~!. In these two
velocity ranges, the position d the pesksand the dinection of the gradient in the optical
depths are very similar in €270« and Hi maps. On the otherhand, in these same veloc-
ity ranges the 12CO distribution is completely diffevent and in fact there is hardly any
1200 emission in the lower velocity range. There is-howsver aome similarity between
all the three distributions, i.e. C270e, H and 2¢O , in the velocity range —35.6 to
—39.8 kms~}

On the whole it does appear that the spatial distribution'of G270« over the face o
Cas A has better COrresandehcq vish tha.i: o, HI dr' ributaon *"aan with the dlstnbutlon
o 12GO . This comparison thus favoursthe asgociation of the carbon lme region with
the neutral HI component.
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Figure 43 (a) Variation in observed €270« optical depth across Cas A at different radial
velocities'is shown here. The grey scale flux varies from @ to 0.03. The contour levels are
1,2,3,4,5,7,9,11 .in units of 0.001. The radial velocity iS noted in the top right corner of

each panel.

Figure 43 (h) Variation in observed 12CO emission across Cas A at different radial ve-
locities is shown here. 'The'grey scale flux ranges from 0to 5 K The contour levels are

1,2,3,4,5:6,7,8,9, 10,11,13,18 in tinits of 0.3 K. 2
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Figure4.4 Distribution of €270, H1and *2CO emission over the face of Cas A over four
velocity ranges (from Anantharamaiah et.al. 1994). Conaour levels are 1 unit = 2 x 10~*
for C270ex, 0.1 for Hi ,:and 0.3K for 12CO.
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43.3 Constraints from the Integrated Line Strength

Carbon recombination linestowards Cas A has been observed over almost two decades
in frequency - 14 MHz to 1400 MHz (Konovalenko 1990, PAE89 and Sorochenko &
Walmdey 1991). The direction of Cas A has the special advantage that, although the
above observations have been made with widdly varying beamwidths, a direct com-
parison of all the measurements can be made. Th'S comparison is possible since the
continuum emission from Cas A, against which the linesare detected, overwhelms the
total system temperature at all these frequencies even for moderate size telescopes.
Therefore the effective angular resolution of all these observations corresponds to the
angular sze of Cas A (~ 5) rather than to the beamwidths of the telescopes used.

A number o attempts have been made to construct modelswhich could satisfacto-
rily explain the observations (e.g. Walmsley & \Watson 1982, Ershov et.al. 1984, 1987,
PAES89, Sorochenko & Wamdey 1991, PAE94). In thissection, we reexamine some of
these modelsin the.light of our measurements o the integrated optical depths at 34.5
and 327 MHz and the comparison, presented above, of the spatial distribution of the
recombination line region with the molecular and H1 regionsin the direction of s A.
To combine with our measurements, we USe the corrected observational data at other
frequenciestabulated by PAE94 and Sorochenko and Smirnov (1990). Since the two
Perseus arm componentsat -39 kms~!and -47 kms~are blended into a singlefeature
due to line broadening a lower frequencies, following PAE89 and PAE94, we consider
only the total integrated optical depth of both the features. In Fig 5, we have shown
all the available data from 14 MHz (n = 768) to 1400 MHz (n=165) along with our
measurementsat 34.5 MHz (n=>578) and 328 MHz (n=270).

To comparethe data in Fig 5 with the predictionsof a given mode, specifled by a
combinationdf T, and n, , theexpected integrated optical-depth at differentfrequencies
v can be obtained from the following equation (PAE94)

/ 7oy = 2046 x 1097, %2%exp(1.58 x 10°/(n*T.))EMb,Bn s~ (4.1)

where EM is the emission measure defined as nenc+l, 1 iS the path length through
the cloud, and b, and B, are the coefficients related to the departure of the leve
populations from LTE vaues. Moddling proceeds by’ first selecting a combination
o T, and n. and an appropriate background radiation temperature Trigo Which is
consistent with the observed line width at 34.5 MHz as shown for example in Table
4.2. The departure coefficient b, and its derivative 3, are computed for the selected
combination of T, , ne and Trypo USNG the computer code first developed by Salem
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Figure 45 Low temperature models - Solid line is for T, = 20 K, n, = 0.68 cm™=3 &Tx100
= 800 K; the dashed line is for T, = 20 K, n, = 0.49 cmn~% & Trigo = 1600 K; the
dash-dots;& line is for Te = 20 K, ng = 0.11 em™3 & Trioo = 3200 K. The influence of
dielectronic-like recombination process on the level populations has been included in these
models. The data obtained by us at 34.5 MHz is shown by a bold-filled circle.

and Brocklehurst (1979). This code was modified later by Walmdey & Watson (1982)
to include the effects o a dielectronic-like recombination process in carbon suggested
by Watson, Westem and Christensen (1980). The code wasfurther modified by PAE94
to include the choice of an alternate boundary condition suggested by Gulyaev and
Nefedov (1989) ;md to calculate the departure coefficientsup to large quantum numbers
(n ~ 10000). The unknown emission measure, EM, in Eqn 4.1 above is obtained by
using the measured vaued [-r.,du at 345 MHz.

[

Another physical quantity, the depletion factor of carbon, é., enters the calculation
indirectly. In consdering the effect of the dielectronic-like process in carbon, the de-
parture coefficients b, and £, depend on.the relative population of the fine structure
states 2Py, and 2Pg;, in carbon, which are involved in the process (Watson, Western
and Christensen 1980, Walmsley & Watson 1982, Ponomarev and Sorochenko 1992,
PAE94). In turn, the relative populationd 2P}/ and 2Py, states depend on the
density of electrons (n. ) and the density of neutral atoms (ng). If we assume that
al the electronsin the cloud are from ionizatioh of carbon, then the neutral 'density
is given by ny = I where [ne/nu] = 3 x 107* is the cosmic abundance of
carbon.
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Usng the modelling procedure outlined above, we nov examine the two types of
models i.e. the cold gas model &g& the' warm gas mode, for the carbon line regions
towards Cag A. Theeffect of the dielectronic-like processisincluded in both the models,
although, the influence o this process is likdy to be sgnificant only in the higher

temperature modds.

Cdd Gas Modds

In this modd we consider T, = 20 K, which is the typicd temperature in molecular
clouds. The dectron density n. and the radiation temperature Trigo are chosen to
be consistent with the observed line width at 345 MHz, as shown in Table 42. The
three combinations d n, and Trige Us in these modds are 0.68 cm™2 and 800 K,
049 em~3 and 1600 K, and 0.11 ecm~3 and 3200 K. In Fig 45, we have plotted the
predicted variation of the integrated optical depth as a function df quantum number
for these three models along with the observed data. The modd parameters are given
in Table4.3 Asseen in Table 4.3, for electron densities o 0.68 cm™2 and 0.49 cm™3
the pathlength through the gasisQ 03 and 0. 07 pc respectively. These pathlengths are
very small compared to the lateral extent of the cloud, which isat least as large asthat
d Cas A (seFig4.3 (), 4.e. > 5 pc. These modesthus imply a sheet like geometry
for the lineforming regions. Such a geometry may be reasonable if the carbon linesare
formed in thin outer layers of molecular cloudsas suggested by Sorochenko & Walmsley
(1991). In such a case, however, the spatia distribution of the carbon line emission
over the face df Cas A should show correspondence with, the distribution of molecular
gas. As shown in the previous Section such a cbrresanaénce isnot seen. It isdso
clear from Fig 4.5 that noned the cold gas models provide a good fit to the observed
data. All the three models predict very large optical depths near n ~ 200 which i is not
observed. While two of the models correctly predict the frequency of turnover from
absorption to emission, neither of these models account for the observed line strengths
at higher quantum numbers. In view of these difficulties, we do not favour the cold gas
gas modelsin which the carbon line forming region towards Cas A are assumed to be
associated-with molecular cloudsin that direction.

Warm Gas Modéls

In the war m gas model we consider T. = 75 K which is typical of the temperatures
prevailing in neutral Hi clouds. The eectron density and the radiation temperature
are again chosen to be consistent with the observed line width at 34.5' MHz. The three
combinationsd n. and Trieo considered'are 016 ecm~2* and 800 K, 0.12 ¢m™3 and
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Tablé 4.3 Parameters of various models in Figs 4.5, 4.6, 4.7.

Te | ne | Trioo EM S dc | nyg Te
K | cm™3 K |[em™®pc| pc | - em~3 K

TS

it

068 | 800 | 0016 |0.03]05]| 9x10*
20 | 049 | 1600 | 0.016 |0.07 0.5 |6.6x 10¢
~Joa1 | 3200 | 0019 | 1.6 [05]15x10

016 | 800 | 0018 | 0.7 [05| 8x10¢
75 [0.12° | 1600 |"0.016 111} 05| 3x10¢
" 1003 3200 | 0012 |133]05 | 7500

75 1 0.101 | 1600 | 0015 | 1.5 | 05| 5x10*
35 | 005 | so0 | 0004 | 1.6 |06 o722

The model temperature and electron density shown in the last two rows of the table correspond to
the best-fitting model parameters given by PAE94. T, =75 K is for Salem-Brocklehurst boundary
condition and T, =35 K is for Gulyaev-Nefedov boundary condition.

1600 K and 0,03 cm™3 and 3200 K. In Fig 4.6, the three models are superposed on the
observed dataand the modd parameters are given in Table4.3. It isclear from Fig 4.6
that the warm gas models axe able to provide much better fit to the data than the cold
gas models. The general trend of the data is wdl accounted for by all the three models.
The curves drawn in Fig 4.6 were al obtained by normaizing the emisson measure
using the data point at 345 MHz. If, instead, a least square fit of the modd is made
to al the observed points (PAE%4), then it may he possble to obtain even better fit
than seen in Fig 4.6.

A visual inspection of Fig 46 showsthat the higher electron density model (solid
line with n, =0.16 cm~2 ) gives a slightly better fit to the data than the lower density
model (dash-dot line with m, = 0.03¢m~% ), The difference in these models is the
radiation temperature. Although the higher density mode] provides a better fit to the
data, the implied thermal pressure in the cloud is.at.least an order of magnitude higher
than the interstellar pressure. As seen in Table4.2, the thermal pressure (p/&) in this
model is4 x 10* cm™3 K assuming that the depletion factor for carbon éc =1 (i.e. all
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Figure 4.6 Lav temperature models - Solid lineisfor T, = 75 K, ne = 0.16 cm~3 &TR100
= 800 K; the dashed line is for T, = 75 K, ne = 0.12 cm™3 & Trioe = 1600 K; the
dash-dotted line isfor T, = 75K, ne = 0.03 cm™* & Trigo = 3200 K. The influence o
didectronic-like recombination process an the levd populations has been included in these

models.

the carbon is in gaseous phase). The actual thermal pressure is likely to be a factor
of two higher since carbon is known to be depleted on to grains and it is possiblethat
éc ~ 05.

On the otherhand the thermal pressurein the lower density (ne =0.08 cm=2 ) model
in Fig 4.6 (dash-dot-dash line) is 7500 cm =% K (assuming é¢ = 1) which is within the
range of pressures observed in the ISM. Even if carbon is depleted on to grains with
d¢ = 0.5, the derived pressure in this moded is within afactor of two of the interstellar
value. As seen in Table4.3, the pathlength through the \gsis in this low-dénsity model
is 13.3 pc, which iscomparableto the lateral extent of the gas of > & pc and therefore
a cloud-like geometry is permissible. In view of these various desirable features, we
favour this low-density model for the carbon line region in the direction of Cas A.
The parameters of thismodd are T. = 75 K, ne = 0.03 em™3 | Trigo = 3200 K and
EM = 0.012 pc em~%. This modd fits the observed variation of line width and line
intensity with frequency, predicts aturnover from emission to absorption at about the
observed frequency, has an acceptable geometry for the line forming region and implies
a thermal pressure in the cloud which is comparable to the pressure in the | SVl On
the basis of these physica parameters (especially the temperature and density), we
can identify these regionsto be coexistent with the neutral Hi clouds observed towards
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_Cas A. This identification is consstent with the result of the prevloussectlon m wmch
the spatial distributiond the carbon line region over the face f Cas A Wasshown to
have agood correspondencewith thediitribution of op:gcal depth o the21cm Hi line
in thisdirection. .

4.4 Discussion

In searching for a modd that could explain the various observations of low-frequency
carbon recombination lines towards Cas A, we afrive‘d above at a modd in which the
line forming regionhas 7. = 5 K, ne = 0.03cm=3% , EM = 0012 pc cm~% and up to
50 % .of carbon may be depleted on to grains. This line forming region is most likely

..associated with the neutral H1 component in this direction and may be only dightly
out of pressure eqilibriumwith thel SVl

It isactually remarkable that asimple modd like this, where the density and tem-
peratureare assumed to be uniform, isableto explain most o the observations spanning
about two decades in frequency. At the very least, this agreement between the model
and the observations tell us that weare on the right track. Further refinementsin both
mode! and observations are o course awayspossible. Our modd does not, in fact, give
a perfect fit to theobserved variation o optical depth with Gequency (see Fig 4.6) and
this could be attributed to thesmplicity of the modél.

A similar mode with dightly different parameters has been discussed by PAE94 and
they point to two difficulties with such a model. The first problem is that the thermal
pressureimplied by the modd is too high compared to the pressure in the ISM. This
problem, although till there, is less severe in the model that we derive above - the
thermal pressureiswithin a factor of two of the ISM vaue. But more Importantly, it
is not clear whether it is really necessary to require that these clouds be in complete
pressure equilibrium with thel SV] Recent high angular observations of H1 clouds using
VLBI and other techniques’(Diamond et. a!, 1989, Frail et.al, 1994) have shown that the
Hi gasin the gdaxy has clumpiness on the scale Of few tens of AU énd that the thermal
pressure in such clumps isvery nuch higher than the interstellar pressure. Also high
angular resolution H1 observations towardsCas A (Biegitig et. i 1991) show struétures
on a variety d scales agai n implying that the theimal pressures. in these region8 may
be high. Whilethese are outstanding problems in‘understanding interstellar H1 which
need to be pursued, it tells us that pressure equilibriumis not astrict criteria to be
applied for modelling the low-frequency recombination lines o earbon. In'fact, if we
relax this criteria, we can get a nach better fit to the datain Fig 4.6, whilestill being
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consistent with the observed variation o line width with frequency. Such a model is
shown in Fig 4.7 and its parameters are listed in Table 4.3

The second problem with this type of model that was pointed out by PAES4 con-
cerns the thermal balancein thelineforming region. PAE94 arguethat if the carbon line
formingregionsare associated with H1 clouds, then it is possibleto perform calcul ations
to find the equilibrium temperature o the cloud by combining the physica parameters
derived from the recombination line data with the results o Hi observations at A2L
cm. These calculationsinvolve balancing the total heating by cosmic rays, photoelec-
tric emisson from grainsand by polyaromeatic hydrocarbonswith cooling by collisional
ionization, recombination, collisons with grains and by radiative transitions. Such a
calculation vas performed by PAE94 and they show that the derived equilibrium tem-
peratureisat least a factor o 2 lower than the temperature that fit the recombination
line data. These modeb thus fail the thermal balance check.

Faced with these two difficulties (i.e. high thermal pressure and low equilibrium
temperature), PAE94 considered a new class of models to explain the low-frequency
recombination lines of carbon towards Cas A. In these moddsthe departure coefficients
b and B, are calculated by taking into account non-ideal plasma effects on high quan-
tum number states such as disruption of the levels by collisonswith neutral atoms and
electrong( Hinmer and Mihalas 1988, Gulyaev and Nefedov 1989). These effectsimply
that at somelargevauesd the quantum number n, the levdsmust beempty. Thise-
fect isquantified in termsaf an "occupation probability”, wy, whichiscalculated from
the physics of the particleinteractions. The absence df bound states at high quantum
number levelsis taken into account by changing the boundary condition for cal cul ating
the departure coefficientsto b, — 0 a8 n — o0, These new class of modelsled PAE%4
to adifferent st O parameters for the carbon line farming regions towards Cas A. The
model selected by them is displayed in Fig 4.7 as a dashed curve. The parameters of
this model are Ty = 35 K, n, = 0.05 cm™2 , ¢ —0.6 and Tri00 = 800 K.

The desirable features of the new type of modd by PAE94 are that it (1) fits the
observed variation of optical depth of the carbon line with frequency reasonably well,
(2) isconsistent with A21 cm H1 absorption measurements in this direction, (3) provides
for pressure equilibrium with the ISV and finally (4) passes the thermal balance check
based on the heating and cooling rates in atomic clouds. However this modd does not
explain one d the important observed parameters, namely, the variation o line width
with frequency. The fitted parameters of this modd (7% , n. , and Trige ) produce
much less line broadening than observed at low frequencies. The variationd linewidth
predicted by their model is shown as a thin solid line in Fig 4.2. PAE9%4 Ieft the
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«Fxgure 4 7 The sohd lme is the best-f ttmg modeI with the Saiem-Brockluhurst boundary
condition for T, = 75 K, n. = 0101 cm™3 , Trigo = 1600 K. and the dashed line-is the
bestifitting model with the Gulyaev-Nefedov boundary conditian - both these are uku \
from Payne, Anantharamaiah & Erickson 1994

resolution of this problem to future investigations.

We did net find any solution to this problem thrOugh our modelllng athough we
trieda few variations in the computation of the departure coeﬁcnents usfng the modlfled
boundary condition of PAE94. It is clear that non-lded plasma effects on the r opu—

i év "‘«"al"ﬂ%’

completely samsfy the xeqmrementa d thermal and pmmre bnlm 8. The m
we derived in the previous section does account for all the obml ;ons reasonably well
and the parametersd the model suggest that the regmnéméoui&f bei in rough pressure
equilibriumwith thel SV We did not performthe thermal balame check but ,)udgmg
from the results o PAE94, the modd islikdly to predict atemperature whichisabout a
factor of two lower. It is possblethat a more refined treatment of the thermal balance

calculation may indeed aso satisfy this requirement.
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45 Summary

In this chapter we have presented the interpretation d the various observations of
carbon recombination lines towards Cas A and tried to derive a modd of the line
forming region that could account for al the observations.

The high signal to noise absorption spectrum at 34.5 MHz obtained with the Gau-
ribidanur array clearly showed a Vagt profile that is expected for pressure and/or
radiation broadening and provided a reliableestimate o the integrated optical depth
at this frequency. On considerations d radiation broadening, a lower limit of 125 pc
was derived for the distance between Cas A and the absorbing clouds. The emission
spectrum obtained at 328 MHz using the Ooty Radio Telescope gave an estimate of
the Doppler broadening d the line. The measured Lorentzian width of thelineat 34.5
MHz provided constraintson the combination d electron temperature, electron density
and radiation temperature in the lineforming region. The parameterssuggested that
the line forming region could be associated with either molecular (Hz) or atomic (HI)
gas in the directionof (Gs A.

We then compared the spatial distribution of the C270a line over the face of Cas A,
obtained using the Vay Large Array, with the distribution of 12CO emission obtained
usi ng the 10.4 m millimeter-wave telescope at RRI and aso with the distribution of
Hioptical depth in that direction. The comparison indicated that the carbon line
forming region in the direction d Cas A is more likdy associated with the atomic
H 1 gas rather than the molecular (Hg) gas.

We combined our data with other available observations towards Cas A in the
frequency range 14 MHz to 1400 MHz and explored two types of models, the cold gas
mode and the warm gas modd, to explain the observed variation of lite width and
line strength over the entire frequency range. In both the models, we considered only
the éombination of electron temperature, electron density and radiation temperature
that were constrained by the observed width o the'line st 345 MHz.. We found that
the cold gas model (T, = 20K ), which implicitly assumes the association of the carbon
line region with molecular d ouds, does not fit the observations. On the otherhasd the
warm gas model (T, = 75 K), provides good fit to the data and thus supports the
scenario in which the carbon lines are formed in neutral H1 regions in the direction of
Cas A. The fitted parametersd the modd ae Te = 75 K n, = 0.03 em™3 , Trioo
= 3200 K, and EM = 0.012 cm~® pc. These parametersimply that the line forming
regionsare in rough pressureequilibriumin thel SM

We end the chapter with a discusson o an aternativemodel presented by PAE94
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in which the departure coefficients b, and.8, were computed after taking into account
non-ideal plasma effects on the population of high quantum number states. Although
this modd has a number of desrable features, it does not account for the observed
variation of linewidth with freguency.
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