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ABSTRACT
We have detected circumstellar absorption lines of the 12CN and 13CN violet and red system in the

spectrum of the post-AGB star HD 56126. From a synthetic spectrum analysis, we derive a Doppler
broadening parameter of b \ 0.51^ 0.04 km s~1, 12CN/13CN\ 38 ^ 2, and a lower limit of 2000 on
12CN/14CN and 12C14N/12C15N. A simple chemical model has been computed of the circumstellar shell
surrounding HD 56126 that takes into account the gas-phase ion-molecule reaction between CN and
C`. From this we infer that this reaction leads to isotopic fractionation of CN. Taking into account the
isotopic exchange reaction and the observed 12CN/13CN, we Ðnd 12C/13CD 67 (for K). OurTkin\ 25
analysis suggests that 12CN has a somewhat higher rotational temperature than 13CN: Trot \ 11.5 ^ 0.6
and 8.0^ 0.6 K, respectively. We identify possible causes for this di†erence in excitation temperature,
among which is the NA dependence of the isotopic exchange reaction.
Subject heading : line : identiÐcation È molecular data È molecular processes È

stars : AGB and post-AGB È stars : circumstellar matter È
stars : individual (HD 56126)

1. INTRODUCTION

The evolution of a low-mass red giant terminates on the
tip of the asymptotic giant branch (AGB). The remnant, a
carbon-oxygen core with a dilute extended convective
envelope, evolves along a constant luminosity track toward
the white dwarf (WD) phase. This transition from AGB to
WD is referred to as the post-AGB phase, or the preÈ
planetary nebulae (PPN) phase. Since low-mass stars are
the main contributors of carbon, nitrogen, and s-process
elements to the interstellar medium (ISM) &(Forestini
Charbonnel accurate information on the chemical1997),
composition of AGB and post-AGB stars is important.
Post-AGB stars may provide useful information as to the
composition of the gas returned to the ISM. In particular,
the fact that their spectra are much simpler than those of the
cool AGB stars a†ords novel opportunities for inferring
details of the composition of AGB stellar envelopes.

The present photosphere of HD 56126 K) is(Teff \ 7000
carbon-rich (C/O^ 1.4), metal-poor ([Fe/H]^ [1.0), and
enhanced in s-process elements ([s/Fe]\ 1.7) (Klochkova

Such an abundance pattern resembles that of carbon1995).
stars et al. resulting from the(Lambert 1986 ; Utsumi 1970),
dredge-up of nucleosynthesis products as the star evolves
up the AGB. HD 56126 is the prototype of a group of
post-AGB and AGB stars that exhibit absorption lines from
circumstellar and CN (from this point, C will mean 12CC2and N will mean 15N) in their spectra et al.(Bakker 1996,
hereafter et al. hereafter InPaper I ; Bakker 1997, Paper II).
order to facilitate further discussion, we introduce the term
““ C2CN stars ÏÏ to refer to this group of stars. Molecules are
present in the detached shell surrounding the star, and the
chemical composition of the dusty shell reÑects the photo-
spheric composition of the star when it was at the tip of the
AGB (TP-AGB). The molecular composition of the shell
has evolved ; for example, a simple molecule such as CN is

1 Current address : TNO-FEL, Electro Optics Group, P.O. Box 96864,
2509 JG The Hague, The Netherlands ; e.j.bakker=fel.tno.nl.

believed to be formed as a result of photodissociation of
complex molecules (in this case HCN) by the interstellar
radiation Ðeld.

Excitation of the CN moleculeÏs X 2&` ground state is
likely to be controlled by absorption and reemission of
photons in the violet (B 2&`] X 2&`) and red (A 2% ]
X 2&`) system, and pure rotational transitions (principally
deexcitation) in the X 2&` state. At the low densities of the
circumstellar shell, the pure rotational transitions will cool
the rotational ladder below the gas kinetic temperature
(subthermal). For a symmetric molecule without a dipole
moment (e.g., pure rotational transitions are forbiddenC2),and the molecule can not efficiently cool. The excitation
temperature is higher than the kinetic temperature of the
gas (suprathermal). Through measurement of the level
population and modeling of the (de)excitation processes, the
CN molecule serves as a probe of the physical conditions in
the shell. A molecule such as CN also a†ords us an
opportunity to compare column densities of isotopomers,
e.g., the ratio of CN to 13CN. In turn, understanding the
chemistry allows us to derive the isotopic ratio 12C/13C
from the measured 12CN/13CN ratio.

In this paper (Paper III), we present and discuss the Ðrst
measurement of the CN/13CN ratio and an estimate of the
12C/13C ratio and lower limits on 12C/14C and 14N/15N in
the circumstellar shell of a post-AGB star. In we discuss° 2
the observations and the data set of equivalent widths used
in our analysis. goes into the details of the molecu-Section 3
lar parameters used, and describes the analysis and° 4
results. A discussion of the results is presented in ° 5.

2. OBSERVATIONS AND EQUIVALENT WIDTHS

High-resolution spectra were obtained with the 2.7 m
Harlan J. Smith telescope of the W. J. McDonald obser-
vatory and the coude� cross-dispersed echelle spectrograph

et al. We acquired spectra of the (v@[ vA) \(Tull 1995).
(0È0) band of the CN violet system at a resolution of
R\ j/*j^ 140,000, and spectra of the (3È0) and (4È0)
bands of the CN red system at R^ 200,000. Observations
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TABLE 1

LOG OF OBSERVATIONS

Observation Interval j
cParameter HJD (s) R\ j/*j (Ó) S/N Remarks

Date
1996 Dec 29 . . . . . . 2450446.7158 6] 1800 200,000 7558 100 Red (3, 0)] Ha
1997 Jan 02 . . . . . . . 2450450.8708 3] 1800 140,000 4062 20 Violet (0, 0)] Ca II H ] Hv
1997 Feb 28 . . . . . . 2450507.5840 6] 1800 140,000 4056 15 Violet (0, 0)] Hd
1997 Mar 01 . . . . . . 2450508.5696 6] 1800 140,000 3874 22 Violet (0, 0)] Hd
1997 Mar 03 . . . . . . 2450510.6087 8] 1800 200,000 6086 70 Red (3, 0)] Red (4, 0)

Coadded spectra
Violet system (0, 0) . . . . . . . . . . . . . . . . . . . . . 7.5 hr 140,000 3877 35
Red system (3, 0) . . . . . . . . . . . . . . . . . . . . . . . 7.0 hr 200,000 6945 200
Red system (4, 0) . . . . . . . . . . . . . . . . . . . . . . . 4.0 hr 200,000 6195 90

were made from 1996 December to 1997 March (Table 1).
The spectral resolution of the spectra were determined from
the FWHM of the emission lines in the accompanying ThAr
arc spectrum and corrected for the intrinsic width of the
ThAr emission lines.

Observations of 30 minutes have been coadded to give
the Ðnal spectra for each night. All spectra were reduced
using IRAF in the standard manner. Individual integrations
were corrected for the velocity shift due to the EarthÏs rota-
tion and instrumental drift before combining them to an
average spectrum. The Ðnal S/N ratio of the spectra is 35 for
the violet (0È0) band and 200 and 90 for the red (3È0) and
(4È0) bands, respectively.

Portions of the Ðnal spectra are shown in Figures and1 2.
From each Ðnal spectrum, we removed the molecular fea-
tures and Ðtted a high-order spline that followed all photo-
spheric features. The observed spectrum was divided by this
Ðt to obtain the rectiÐed spectrum, which only contains the
molecular features. Circumstellar CN lines are readily dis-

FIG. 1.ÈCN violet system (0, 0) band toward HD 56126. Upper panel
shows the observed spectrum and a rectiÐed spectrum corrected for the
underlying photospheric features. The rectiÐed spectrum contains only
circumstellar lines. Lower panel shows, on an expanded wavelength scale,
the strongest line (the and blend for NA \ 1), and demon-R1, R2, RQ21strates that we have not detected 14CN and C15N. The dashed spectrum
line shows a synthetic spectrum computed for b \ 0.51 km s~1, Trot \ 11.5
K for CN, K for the CN isotopes, and the isotope or lower-limitTrot \ 8.0
isotope ratios as determined in this work. The solid spectrum line shows
the synthetic spectrum convolved to our spectral resolution of
R\ 140,000.

tinguishable from the much broader photospheric lines of
various atomic species. The equivalent widths (Tables and2

of the molecular lines were measured relative to the local3)
continuum (taking into account stellar absorption lines). A
search for 14CN and C15N in the violet system (0, 0) band
was unsuccessful ; an upper limit to their equivalent width is
1.5 mÓ.

HD 56126 is a pulsating star. The photospheric spectrum
from the star therefore might change from one run to the
next, and combining the spectra from di†erent runs could
lead to errors. We have therefore measured the equivalent
width of the lines for each night separately and averaged to
obtain the Ðnal equivalent width. The spectra in Figures 1
and are combined using all available data, and there is no2
indication that the photospheric spectrum has indeed
changed from one run to the next.

This high-quality data set was extended with previous
data for the red system (1, 0), (2, 0), and (3, 0) bands
(presented in provided by spectra collected withPaper I),

FIG. 2.ÈCN red-system (4, 0) band toward HD 56126. Upper panel
shows the observed spectrum (o†set by 0.2), a rectiÐed spectrum corrected
for the underlying photospheric features, and a convolved synthetic spec-
trum (o†set by [0.2). The rectiÐed spectrum contains only circumstellar
lines. Lower panel shows an expanded wavelength scale centered around
the strongest line [the or blend]. Dashed and solid syntheticRQ21(1) R2(1)
spectrum lines are as in The 13CN (4, 0) band is redshifted by aboutFig. 1.
54 and so not covered by this spectrum. The solid spectrum line showsÓ,
the synthetic spectrum convolved to our spectral resolution of
R\ 200,000.
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TABLE 2

CN VIOLET SYSTEM (0, 0) WITH f(0, 0) \ 0.0330

*ja Wj
jrest (Ó) (mÓ)
(Ó) feff NB(NA) CNb 13CNb 14CNb C15Nb f

N{J{,N_J_ (cm~2) CN 13CN REMARKS

R1(6) . . . . . . . . 3870.666l 0.348l 0.604c 0.239c 0.0176 0.0178N(6) \2.0 \2.0
R2(6) . . . . . . . . 3870.657l 0.0178
RQ21(6) . . . . . . 3870.665c 0.0002

R1(5) . . . . . . . . 3871.358l 0.300l 0.550c 0.218c 0.0178 0.0180N(5) 9.6^ 0.3 \2.0
R2(5) . . . . . . . . 3871.366l 0.0180
RQ21(5) . . . . . . 3871.371c 0.0002

R1(4) . . . . . . . . 3872.045l 0.277l 0.497c 0.197c 0.0180 0.0183N(4) 29.0^ 0.5 \1.7 too strong
R2(4) . . . . . . . . 3872.053l 0.0183
RQ21(4) . . . . . . 3872.058c 0.0003

R1(3) . . . . . . . . 3872.716l 0.252l 0.446c 0.176c 0.0183 0.0189N(3) 25.1^ 0.3 6.3 ^ 0.5 perturbed
R2(3) . . . . . . . . 3872.712l 0.0189
RQ21(3) . . . . . . 3872.725c 0.0006

3872.774l 10.0^ 0.3 perturbation

R1(2) . . . . . . . . 3873.363l 0.222l 0.396c 0.156c 0.0189 0.0198N(2) 37.1^ 0.3 18.6 ^ 0.3
R2(2) . . . . . . . . 3873.370l 0.0198
RQ21(2) . . . . . . 3873.371l 0.0009

R1(1) . . . . . . . . 3873.991l 0.192l 0.348c 0.137c 0.0198 0.0220N(1) 36.7^ 0.3 25.0 ^ 0.3
R2(1) . . . . . . . . 3873.996l 0.0220
RQ21(1) . . . . . . 3873.998l 0.0022

R1(0) . . . . . . . . 3874.602l 0.176l 0.301c 0.119c 0.0220 0.0330N(0) 36.3^ 0.3 21.1 ^ 0.4
RQ21(0) . . . . . . 3874.605l 0.0110

PQ12(1) . . . . . . 3875.758l 0.0110
P1(1) . . . . . . . . 3875.759l 0.130o 0.212c 0.083c 0.0110 0.0110N(1) 32.6^ 0.3 18.4 ^ 0.3

PQ12(2) . . . . . . 3876.304l 0.0022
P1(2) . . . . . . . . 3876.306l 0.105l 0.170c 0.067c 0.0132 0.0132N(2) 29.0^ 0.3 13.7 ^ 0.3
P2(2) . . . . . . . . 3876.308l 0.0110

PQ12(3) . . . . . . 3876.830c 0.0009
P1(3) . . . . . . . . 3876.834l 0.063l 0.130c 0.050c 0.0141 0.0141N(3) 27.6^ 0.3 4.2 ^ 0.5
P2(3) . . . . . . . . 3876.836l 0.0132

PQ12(4) . . . . . . 3877.336c 0.0006
P1(4) . . . . . . . . 3877.341l 0.056l 0.091c 0.035c 0.0147 0.0147N(4) 24.1^ 0.3 \1.0
P2(4) . . . . . . . . 3877.345l 0.0141

PQ12(5) . . . . . . 3877.821c 0.0003
P1(5) . . . . . . . . 3877.828l 0.028c 0.054c 0.020c 0.0150 0.0150N(5) 3.9^ 0.5 polluted perturbed
P2(5) . . . . . . . . 3877.825l 0.0147

3877.885l \1.0 perturbation

PQ12(6) . . . . . . 3878.286c 0.0002
P1(6) . . . . . . . . 3878.294l 0.008c 0.018c 0.006c 0.0152 0.0152N(6) \1.0 \1.0
P2(6) . . . . . . . . 3878.300l 0.0150

NOTE.ÈDerived column densities are given in Table 4.
a Isotopic shift relative to CN. Example : 14CN at 3873.996 ] 0.348\ 3874.344R2(1) Ó.
b c : computed ; l : laboratory data ; o : spectrum. For lines with laboratory data, v(CN)\ 77.5^ 0.5 km s~1 and v(13CN)\ 76.7^ 1.8 km

s~1.

the WHT/UES at a spectral resolution of RB 50,000. Our
new measurements for the red (3È0) band are in good agree-
ment with the measurements of The weaker linesPaper I.
were only detected at our higher resolution.

3. MOLECULAR DATA

3.1. CN V iolet System
Wavelengths for the CN violet system (0, 0) were com-

puted from the wavenumbers of et al. and thePrasad (1992),

isotopic wavelengths for the 13CN violet system (0, 0) were
computed from & Wooldridge The isotopicJenkins (1938).
shift of the 13CN (NA \ 1) blend was obtained from ourP1observed spectrum. Line positions not listed in these papers
were computed using the molecular constants given by

et al. and the standard relations for the massPrasad (1992)
dependence of the various molecular constants (cf. Bernath

The computed wavenumbers were in good agreement1995).
with the laboratory measurements. Predictions were
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TABLE 3

CN RED SYSTEM (4, 0) WITH f(4,0) \ 1.09] 10~4

jresta f
N{J{,N_J_ feff ] 104N(NA) Wj

B(NA) (Ó) (]104) (cm~2) (mÓ)

SR21(3) . . . . . . 6186.293l 0.101 0.058N(3) ¹1.5

SR21(2) . . . . . . 6187.764l 0.112 0.067N(2) 1.8^0.5

SR21(1) . . . . . . 6189.397l 0.127 0.085N(1) 3.1^0.5

SR21(0) . . . . . . 6191.159c 0.151 0.151N(0) 2.4^0.1

R2(3) . . . . . . . . 6192.087l 0.202
RQ21(3) . . . . . . 6192.101c 0.217 0.211N(3) ¹1.5

R2(2) . . . . . . . . 6192.255l 0.203
RQ21(2) . . . . . . 6192.274c 0.237 0.223N(2) 5.3^0.6

R2(1) . . . . . . . . 6192.572c 0.215
RQ21(1) . . . . . . 6192.605l 0.264 0.248N(1) 8.0^0.2

RQ21(0) . . . . . . 6193.008l 0.363 0.363N(0) 7.2^0.1

Q2(1) . . . . . . . . 6194.485l 0.363 0.182N(1) 6.7^0.1
QP21(1) . . . . . . 6194.550c 0.091

Q2(2) . . . . . . . . 6195.467l 0.316 0.188N(2) 4.5^0.5
QP21(2) . . . . . . 6195.515c 0.102

Q2(3) . . . . . . . . 6196.622l 0.323 0.197N(3) 1.7^0.2
QP21(3) . . . . . . 6196.638c 0.103

P2(2) . . . . . . . . 6197.458l 0.091 0.036N(2) ¹1.5

NOTE.ÈDerived column densities are given in Table 4.
a c : computed ; l : laboratory data ; o : spectrum. For lines with labor-

atory data, v(CN)\ 77.5^ 0.5 km s~1 and v(13CN)\ 76.7^ 1.8 km s~1.

extended to the isotopes 14CN and C15N. lists theTable 2
wavelength shift of the various isotopes relative to CN. The
isotopic shift is the same for the three lines within one
blend ; for example, the 13CN (2) line is at 3873.593RQ21 Ó.
In all cases, the index of refraction of standard air was
computed using the formula given by Morton (1991).

The of the violet system is well determinedf
V
-value

experimentally and theoretically. Theoretical calculations
by et al. and Langho†, &Knowles (1988) Bauschlicher,
Taylor predict and 0.0335, respec-(1988) f

V
(0È0) \ 0.0345

tively. An earlier calculation by Siegbahn, &Larsson, Ógren
gave The most accurate experimen-(1983) f

V
(0È0) \ 0.0324.

tal results are the measurements of the radiative lifetime of
the B 2&` state. Low rotational states of the v@\ 0 level of
the B state have measured lifetimes (in ns) of 60.8 ^ 2.0 (Luk
& Bersohn 65.1^ 0.8 and 66.7^ 1.41973), (Jackson 1974),

Erman, & Larsson Theoretical values(Duric, 1978).
(including the small contribution from B 2&`] A 2%) are
60.7 et al. 62.4 et al.(Knowles 1988), (Bauschlicher 1988),
and 66.6 et al. We adopt(Larsson 1983). f

V
(0È0) \ 0.033,

which is approximately the average of these various theo-
retical and experimental estimates. The uncertainty is not
more than a few percent.

3.2. CN Red System
Accurate wavelengths of red-system CN lines were taken

from & Phillips and the isotopic shifts for theDavis (1963),
13CN red system were taken from Klynning, &Hosinsky,
Lindgren Wavelengths not found in the literature(1981).
were computed using the molecular constants of &Prasad

Bernath and compared to those of the SCAN tape(1992)
& Larsson(JÔrgensen 1990).

Theory and experiment have not yet fully converged for
the red system (see the brief review byf

R
-value Larsson

Theoretical predictions are1994). f
R
(3È0) \ 3.34] 10~4

et al. 3.35] 10~4 et al.(Knowles 1988), (Bauschlicher 1988),
and 4.58] 10~4 et al. et al.(Larsson 1983). Davis (1986)
measured the of six red-system bands relative tof

R
-values

the violet (0È0) band using absorption lines produced by the
transmission of light through a column of CN in a furnace.
Their result, adjusted by 3% to account for the di†erence
between their adopted value and the above recommen-
dation for gives af

V
(0È0), f

R
(3È0) \ (2.9^ 0.2) ] 10~4,

value slightly smaller than the most recent theoretical calcu-
lations. The results of et al. for other bandsDavis (1986)
were similarly smaller than the theoretical predictions.

van Dishoeck, & Black analyze observationsGredel, (1991)
of CN violet (0È0) and red (2È0) interstellar absorption lines
in the same line of sight using the f-values f

V
(0È0) \ 0.0342

and from et al. et al.f
R
(2È0) Davis (1986). Gredel (1991)

remark that the violet and red lines give the same column
density, but ““ a slightly higher red-system oscillator strength
would improve the agreement between the violet and the
red system data.ÏÏ Inspection of the results of et al.Gredel

suggests that the theoretical values given by(1991) Knowles
et al. and et al. Ðt the suggestion(1988) Bauschlicher (1988)
of ““ a slightly higher ÏÏ but the value found byf

R
-value,

et al. is probably too large. There remains anLarsson (1983)
unresolved question posed by measurements of the radi-
ative lifetimes of vibrational levels of the A 2% state. What
appear to be the best measurements, radiative lifetimes from
laser-induced Ñuorescence Huang, & Halpern(Lu, 1992),
are consistently shorter than the theoretical predictions ; the
di†erence amounts to about 30% for v@\ 0, but is a factor 3
for v@\ 7. These lifetimes imply that our adopted f

R
-values

may be underestimates. We adopt the given byf
R
-value

et al. and et al. with aKnowles (1988) Bauschlicher (1988),
small correction for our adopted value :f

V
f
R
(0È0) \ 23.7

] 10~4, f
R
(1È0)\ 19.1 ] 10~4, f

R
(2È0) \ 9.0] 10~4,

andf
R
(3È0) \ 3.3 ] 10~4, f

R
(4È0) \ 1.1] 10~4.

3.3. Oscillator Strength of Individual L ines
The oscillator strength of a transition is given to an

acceptable precision by f
N{J{,N_J_\ (l

N{J{,N_J_/l0) fv{v_ S
J{J_/(2JA ] 1), where and are the frequency of thel

N{J{,N_J_ l0transition and the band origin, respectively. The parameter
is the band oscillator strength discussed in °° andf

v{v_ 3.1
and is the Ho� nl-London factor (also called the3.2, S

J{J_natural line strength). The computation of the Ho� nl-
London factors is described in the Appendix.

Almost all CN ““ lines ÏÏ consist of two or three unresolved
transitions. For example, the R-branch lines of the violet
system and are e†ectively a triplet of tran-(Table 2 Fig. 1)
sitions and For the red system,[R1(N_), R2(NA), RQ21(NA)].
several branches provide an accompanying satellite line

and e.g., is accompanied by(Table 3 Fig. 2), R2(NA) RQ21(NA).
The determination of column densities may use a curve of

growth computed for a single line. If unresolved com-
ponents of a blend are separated by more than about the
Doppler width, the equivalent width of the lines of*jD,
individual transitions are added. If the separation is much
less than the blend may be presented as a single line*jD,
with a so-called e†ective oscillator strength (see Appendix).
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For separations comparable to there is no simple way*jD,
to represent the blend on the curve of growth for a single
line.

A correct treatment of the overlap of spectral lines in a
blend necessarily requires the computation of synthetic
spectra. A computer program (MOLLEY-CN) was devel-
oped that computes wavenumbers, Ho� nl-London factors,
and oscillator strength for any (isotopic) band of the CN red
and violet system. From these numbers, a synthetic spec-
trum based on a Voigt proÐle is computed. Inputs to the
program are the rotational temperature, total column
density, isotope ratios, Doppler b-parameter, and the spec-
tral resolution of the output spectrum. (MOLLEY-CN is
available on request from the authors.) As an aid to those
who prefer the method of e†ective oscillator strength, we
have investigated the error that this method introduces into
the derived column densities. For this purpose, we have
chosen the CN violet (0, 0) R(2) blend, for which the two
principal transitions are separated by 0.54 km s~1. For a
range of Doppler b-parameters, the column density of the
NA \ 2 and level has been computed using the e†ec-(F1 F2)tive oscillator strength and synthetic spectra for a line with
an equivalent width of 37.1 demonstrates themÓ. Figure 3
results. The derived b-parameter in this work is
b \ 0.51^ 0.04 km s~1, and the e†ective oscillator strength
method is clearly unacceptable here. We therefore will use
the method of computing synthetic spectra to determine the
column density responsible for the observed equivalent
width of a blend. The only remaining limitation is that the
line might be blended with transitions originating from
other NA levels, and that the rotational temperature must be
given to compute such a blend. This limitation is easily
overcome by iteration, using an improved estimate of the
rotational temperature.

can be qualitatively understood in the followingFigure 3
way. Using assumes that the lines that form a blendfeff[R(2) is a triplet] have exactly the same wavelength. This
approximation is valid only for b-values much larger than
the separation between the lines of a blend. demon-Figure 3
strates this, since the computed column densities from the
two methods are the same for large b-values. For small

FIG. 3.ÈCurve of growth for each NA level. The displacement of CN
(solid line) and 13CN (dashed line) along the horizontal axis give the isotope
ratio derived from that NA level. Squares show the violet system (0, 0), and
triangles show the red-system bands [triangle pointing up, (1, 0) ; right,
(2, 0) ; down, (3, 0) ; and left, (4, 0)]. The overplotted theoretical model is
for b \ 0.51 km s~1.

b-values, the use of fails because the lines are (partly)feffseparated and the blend absorbs more efficiently than
assumed by the method. For a given equivalent width offeffa line, this means that the spectrum synthesis method yields
a lower column density than the method. The R(2) blendfeffhas three lines. For moderate column densities, the contri-
bution of the weakest line can be neglected and[RQ21(2)]
the ratio of the column density as derived from the two-line
method is given by the inverse of the slope of the curve of
growth. The slope is 1 for the linear part, 0.5 for the
damping wings, and \0.5 for the saturated part of the curve
of growth, and the maximum ratios are therefore 1, 2, and
[2. We see in that the ratio goes to 2 when the twoFigure 3
strongest lines of the triplet are on the saturated part of the
curve of growth, For larger column densities, the blend is
highly saturated and the broad damping wings contribute
signiÐcantly to the equivalent width. The damping wings
will be the same in both cases and the ratio will go to 1. We
note that in the real world, lines never become this strong.

4. ANALYSIS

4.1. Velocities
From the molecular lines with tabulated laboratory

wavenumbers, we Ðnd an average heliocentric radial veloc-
ity of 77.5 ^ 0.5 km s~1. To within the errors of the mea-
surements, the velocity is independent of the rotational level
NA. All velocities given in this article are corrected to the
heliocentric rest frame. HD 56126 is a pulsating star

& Bakker et al.(Oudmaijer 1994 ; Lèbre 1996 ; Paper II),
and the photospheric velocity derived from our spectra will
not be a good estimate of the systemic velocity of the star. In
order to derive an expansion velocity, we use the systemic
velocity derived from CO radio line emission (for an over-
view, see For km s~1, we arrivePaper I). v

*,CO \ 85.6^ 0.5
at an expansion velocity of km s~1. Thisvexp\ 8.1^ 0.7
result is consistent with that derived from the width of the
CO lines, km s~1 et al. Thevexp\ 12.1 ^ 1.0 (Nyman 1992).
expansion velocity is similar to expansion velocities of AGB
stars, suggesting that the molecule-containing layer around
the post-AGB star, which is possibly part of the terminal
““ superwind ÏÏ of the AGB star, was not ejected at very high
velocity (Fig. 3).

4.2. Doppler b-Parameter and Synthetic Spectra
In it was demonstrated that the red-system (3, 0)Paper I

band is just saturated, while the stronger (2, 0) and (1, 0) are
saturated. From this it is obvious that the violet system
(0È0) band with a factor of 10 higher than the redf

V
-values

system must be highly saturated. Of course, this circum-
stance facilitates detection of the 13CN lines. The degree of
saturation can be judged from which shows curvesFigure 4,
of growth for each NA level. Observed lines from a given NA
level are combined into a single curve using the adopted
f-values. The Ðtted theoretical curve is computed from a
single line, assuming b \ 0.51 km s~1. Clearly, the unsatu-
rated lines are all from the red system, 3È0 and 4È0 for the
NA \ 0 level, but extending to the 1È0 band for the NA \ 3
level. For all relevant NA levels, the 12CN/13CN ratio is
obtainable from a comparison of 13CN violet system lines
with CN red-system lines of about the same strength. Thus,
the 12CN/13CN ratio is insensitive to the b-value, but
dependent on the ratio of the f-values for the violet and red
systems. A sensitivity to the b-value does exist because, as
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FIG. 4.ÈRotational diagram for CN and 13CN with the column den-
sities of (b \ 0.51 km s~1). Note that the slope of the two curvesTable 4
are di†erent. This translates into CN having a higher rotational tem-
perature than 13CN.

noted above, the precise curve of growth is dependent on
the makeup of individual CN features. For a detailed
analysis, we must determine the Doppler b-parameter and
derive column densities from the observed equivalent
widths by taking into account the details of the blends and
optical depth e†ects.

For each transition (spectral line), there are two unknown
parameters that a†ect the observed equivalent width : the
Doppler b-parameter and the column density of the level
from which the transition originates [N(NA)]. The b-
parameter must be the same for all lines, under the assump-
tion that they are all formed from the same gas. The N(NA)
is the same for transitions for a given level NA of the same
isotope. In this study we included NA \ 0, 1, 2, 3, 4, and 5
for CN and NA \ 0, 1, 2, and 3 for 13CN; thus, ten indepen-
dent column densities. We assumed that the and levelF1 F2populations are given by their degeneracy level and the
energy of the average NA level. We solved for b and N(NA) in
the following manner.

For a range of b-parameters (0.10 ¹ b ¹ 2.60 km s~1 in
steps of 0.01 km s~1), the column density responsible for the
observed equivalent width of the blend is determined by

means of spectrum synthesis. We did not Ðt the observed
spectra directly, but instead used the observed equivalent
width. Although we have ten independent measurements of
the b-parameter, most of the NA levels are only probed by
one or two lines, and the errors are rather large. We have
therefore limited the analysis to the CN NA \ 0, 1, 2, and 3
levels, which are each probed by at least ten blends. For
each b-parameter, log N(NA) and its standard deviation
where computed. The Ðnal b-parameter is given by the com-
bination for which the standard deviation is minimal, and
by averaging the b-parameter weighted by the number of
lines. The CN Doppler parameter was found to be
b \ 0.51^ 0.04 km s~1. This same process was repeated for

using the data of resulting in b \ 0.53^ 0.03C2 Paper I,
km s~1. Since the CN data is of higher quality, we adopt
b \ 0.51^ 0.04 km s~1 for both CN and Given the bC2.value, the FWHM of the absorption line proÐle should be
at least 0.85^ 0.05 km s~1. In order to resolve these lines, a
spectral resolution of Rº 350, 000 is needed. This conÐrms
that we are not able to resolve these line proÐles in our
spectra. The line proÐles of the synthetic spectra can be
perfectly Ðtted to the observed ones for this b-value con-
volved to the spectral resolution of the observations. No
additional macroturbulent broadening is needed to explain
the observations.

4.3. Column Densities and Rotational Temperatures
Some additional lines were observed that are identiÐed as

due to perturbations et al. Perturbations(Prasad 1992).
occur from the crossing of energy levels in two di†erent
electronic manifolds Field, & Steinfeld The(Kotlar, 1980).
perturbations in the violet system (0, 0) band originate from
B 2&v\ 0 levels perturbed by the A 2%v\ 10 level. Pertur-
bations a†ect the oscillator strength of lines. Since a study
of the perturbations is beyond the scope of this work, we
will not include the perturbed lines in our analysis.

The derived average column density per NA level and
isotope are listed in Given these column densities,Table 4.
an absolute rotational diagram can be constructed (Fig. 5)
and the rotational temperature can be determined. Using a
Ðrst-order Ðt (constant we ÐndTrot), Trot(CN)\ 12.8^ 0.6
K, and K. The rotational tem-Trot(13CN)\ 8.0 ^ 0.6
perature for NA \ 0, 1, 2, and 3 of CN is determined very
largely by the weak CN red system lines, especially the (3È0)

TABLE 4

COLUMN DENSITIES AND THE ISOTOPE RATIOS DERIVED FROM SPECTRUM SYNTHESIS FOR b \ 0.51 km s~1 AND THE

f-VALUES GIVEN IN °° AND3.1 3.2.

log N(NA)

NA CNa,b 13CNa,b 14CN C15N CN/13CNb CN/14CN CN/15CN

0 . . . . . . . . . . . . . 14.80^ 0.17(10) 13.22^ 0.10(1) 38.3^ 3.0
1 . . . . . . . . . . . . . 15.05^ 0.17(12) 13.59^ 0.10(2) ¹11.72 ¹11.72 28.8^ 2.1 º2000 º2000
2 . . . . . . . . . . . . . 14.85^ 0.16(17) 13.16^ 0.10(2) 48.2^ 2.8
3 . . . . . . . . . . . . . 14.39^ 0.13(11) 12.44^ 0.10(2) 89.2^ 3.9
4 . . . . . . . . . . . . . 13.78^ 0.10(01) ¹11.79
5 . . . . . . . . . . . . . 12.70^ 0.10(01)
6 . . . . . . . . . . . . . ¹11.79

Total . . . . . . . . 15.44^ 0.06(52) 13.86^ 0.09(7) ¹11.72 ¹11.72 38.0^ 1.5c º2000c º2000c
Trot (K) . . . . . . 11.5^ 0.2 8.0^ 0.6

NOTEÈ
a Numbers in parentheses give the number of lines used to determine the average column density.
b Errors are the standard deviations on the average ; if less than 4 lines, 0.10 was adopted.
c Preferred ratios.
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FIG. 5.ÈComparison of the derived column density of the NA \ 2 level
from the CN violet system (0, 0) R(2) line at 3873.37 The solid line isÓ.
obtained from the spectrum synthesis method, while the dashed line uses
the e†ective oscillator strength and a curve of growth for a single,
unblended line. The separation between the two principal lines of the blend
is 0.54 km s~1.

and (4È0) lines measured o† our McDonald spectra :
K. For NA \ 4 and 5, the columnTrot(CN)\ 11.1^ 0.8

density is set almost exclusively by a CN violet system line
that, in the case of NA \ 4, is partially saturated ; the NA \ 4
and 5 levels give a temperature of KTrot(CN)\ 10.8^ 0.8
that within the errors is identical to the temperature from
NA \ 0 to 3. The column density for NA \ 4 and 5 seems
higher by 0.3 dex than given by extrapolation from NA \ 0
to 3. This o†set, corresponding to a reduction of the red-
system by a factor of 2 (relative to the violetf

R
-values

system), is probably excluded by experimental and theoreti-
cal results for the f-values (see above). A single rotational
temperature can be Ðtted to the points in(Table 4) Figure 5.

Available 13CN lines, all from the violet system, are par-
tially saturated, except for the NA \ 3 lines. Saturation
means that the derived column densities depend on the
b-value and the adopted splitting of the unresolved lines
that make up the lines. In light of the fact that the b-values
from CN and are in excellent agreement, we believe thatC2the b-value is not a serious contributor of uncertainty to the
determination of for 13CN. Certainly, the columnTrotdensity of NA \ 0 cannot be lowered (relative to NA \ 3) by
the 0.5 dex needed to make the 13CN rotational tem-
perature equal to that of CN.

From a study of millimeter emission lines (e.g., CO and
CN) of seven planetary nebulae, et al.Bachiller (1997a)
found a kinetic temperature of the CN line-forming region
of only 25 K, and a rotational temperature of CN of 5È10
K. Quite unexpectedly, we found di†erent rotational tem-
peratures for CN and 13CN of andTrot \ 11.5^ 0.6
8.0^ 0.6 K, respectively.

In light of the continuing discrepancies between experi-
mental and theoretical estimates for the CN red system

and the radiative lifetimes of the A 2% state, it is off
R
-values

interest to consider whether our spectra can give useful
information on the ratio of the red- to violet-system f-
values, Of course, the fundamental problem is that thef

R
/f
V
.

strongest violet lines of a given NA are much stronger than
the strongest red-system lines of the same NA (13CN lines
are of comparable strength to the red-system CN lines, but

the 12CN/13CN ratio is not independently known). A
simple check of the is possible by insisting that eachf

R
/f
Vband yield the same column density. We have conducted

this exercise and found that relative to the violet system (0,
0) band, the red-system bands give a larger total column
density by a factor of 2.3 (1È0), 2.4 (2È0), 2.1 (3È0), and 2.0
(4È0). To get consistent column densities, the values mustf

Rbe increased by this factor. This is clearly unacceptable, and
we will adopt our initial estimate of the f-values to proceed
with our analysis. It seems that the correction factor is
wavelength dependent : it increases with increasing wave-
length. This could suggest that there is scattered light
(continuum or CN line emission) that Ðlls in the absorption
proÐle. Since our observations are collected over several
years (the red system was mainly observed in 1992 and the
violet system only in 1997), there is the possibility that the
strength of the lines has decreased with time. This idea can
easily be tested by simultaneously observing both systems.

4.4. CN/13CN/14CN/C15N Isotope Ratios
Based on our Ðndings of a di†erent rotational tem-

perature for CN and 13CN, it is clear that the CN/13CN
ratio will depend on the NA levels included in the determi-
nation of the column densities. The CN/13CN ratio for each
NA level is given in with an estimate of its uncer-Table 4,
tainty. In order to determine the isotope ratio of the line-
forming region, we add the contributions from all NA levels :
CN/13CN\;

N_/05 N(NA)CN/;
N_/03 N(NA)13CN \ 38.0 ^ 1.5.

If the measured is applicable to NA º 5 levels, theseTrotbands contribute insigniÐcantly to the summation.
Upper limits to the equivalent widths of 1.5 for bothmÓ

the 14CN and C15N lines correspond to lower limits of
CN/C15N(NA \ 1) º 2000 and CN/14CN(NA \ 1) º2000.
Assuming that the rotational temperature of 14CN and
C15N is equal to that of CN, we Ðnd lower limits of CN/
C15N º 2000 and CN/14CNº 2000.

5. DISCUSSION

A Doppler parameter of b \ 0.51^ 0.04 km s~1 sets an
upper limit on the kinetic temperature of Tkin\ 400 ^ 50
K. This is rather high for gas that is about 1016 cm from the
central star et al. Based on radio obser-(Meixner 1997).
vations of CN toward post-AGB stars, et al.Bachiller

argue that they Ðnd K. The b-(1997a) Tkin^ 10È25
parameter must, therefore, have an additional contribution
from turbulence. The CN rotational temperature cannot be
used to estimated the kinetic temperature, since the mol-
ecule is subthermal. behaves suprathermally, but theC2rotational temperature derived from the JA \ 0 and JA \ 1
level is a good indicator for the gas kinetic temperature.
This would suggest K & LambertTkin^ 189 (Bakker 1997).
This value is also much higher than expected, and it is clear
that we need an independent accurate determination of the
kinetic temperature. The turbulence required is in the range
of km s~1 and depends on the adoptedvmicro \ 0.36È0.50

The source of the turbulence is not identiÐed, but itTkin.might be the result of small-scale turbulence, a non-
Maxwellian velocity distribution, velocity stratiÐcation, or
the presence of multiple unresolved absorption components
produced by separate clumps.

An isotopic ratio as determined from molecules (iXY and
jXY ) does not necessarily reÑect the intrinsic isotopic ratio
(iX/jX) of the gas. For example, interstellar (and probably
circumstellar) CO is subject to two competing processes
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that a†ect this ratio : photodissociation by line radiation
and ion-molecule charge exchange Anicich, &(Watson,
Huntress The net result depends on the local condi-1976).
tions (density, temperature, and radiation Ðeld).

Since photodissociation for the CO molecule is driven by
line radiation, the more abundant the CO, the more the
molecule can shield itself against dissociating by photons.
The CN molecule is photodissociated by continuum radi-
ation, not by lines. The ion-molecule reaction, on the other
hand, will operate for CN. The gas-phase ion-molecule
reaction for CN is given by

13C`] 12CNH 12C`] 13CN] *E , (1)

where *E is the zero-point energy di†erence derived from
the molecular parameters et al. and the rela-(Prasad 1992)
tion of the isotopic dependence of the Dunham coefficients.
We Ðnd 31, 58, and 23 K for 13CN, 14CN, and C15N,
respectively. The reaction to the right will be referred to as
the forward reaction and that to the left as the reverse(k

f
)

reaction C` can be produced by cosmic-ray ionization(k
r
).

of free carbon atoms and molecules containing carbon (e.g.,
CO), and by the reactions of He` with these molecules
(where CO is dominant).

Our picture of the chemistry of the CN molecule in the
circumstellar shell is a simple one. CN molecules that are
produced by photodissociation of the parent molecule
HCN are subsequently destroyed by photodissociation.
Between their formation and destruction, CN molecules
participate in the isotopic exchange reaction. If the time-
scale for the isotopic exchange reaction is shorter than the
lifetime of CN, then the exchange reaction will reach equi-
librium:

Req \ R0/a , (2)

with

a \ k
f

k
r
\ e*E@kTkin (3)

R0\ [12C`]
[13C`]

\ [12C]
[13C]

(4)

Req \ [12CN]
[13CN]

, (5)

where square brackets denote the local density of that
species in cm~3, and and represent the equilibriumReq R0CN and true C isotope ratios, respectively. A lower limit to
the kinetic temperature is given by the CN rotational tem-
perature of 12 K. This gives an upper limit on a of 13. For
higher temperatures, a decreases to unity. This clearly indi-
cates that if the ion-molecule reaction is in equilibrium, we
may underestimate the isotope ratio by as much as a factor
13. For a more realistic K and an weTkin^ 25 Req \ 23,
Ðnd a true R0\ C/13C\ 80.

To assess the behavior of the ratio 12CN/13CN in an
expanding shell, we use the theoretical work of Cherchne†,
Glassgold, & Mamon on the chemistry of the circum-(1993)
stellar shell surrounding the carbon star IRC ]10216. The
shell radius at which CN is more abundant than half its
peak abundance is between 0.7] 1017 and 1.3 ] 1017 cm.
Together with the expansion velocity, this gives a lifetime
for CN of about 2 ] 103 years. Basically, this is the lifetime
of a single CN molecule after photodissociation of HCN,
but before the photodestruction of CN, not taking into

account any other reaction that could produce or destroy
CN.

The timescale for the ion-molecule reaction is more diffi-
cult to estimate. Smith, & Clary computedAdams, (1985)
reaction rates for polar molecules and found that they(k

f
)

are as high as 10~7 cm3 s~1 for low-temperature gas
K). The radius at which the CN abundance peaks(Tkin\ 50

(r ^ 1.0] 1017 cm~3) has a C` abundance of 3 ] 10~4
cm~3. The timescale for the isotopic exchange reaction, as
derived from the forward rate coefficient and this C` parti-
cle density, is on the order of 1 ] 103 years. The isotopic
exchange reaction timescale is comparable to the CN life-
time. This suggest that we need to look into this process in
some greater detail.

The e†ect of the isotopic exchange reaction should ideally
be studied by computing self-consistent chemical models for
the abundances and radiation Ðeld appropriate for HD
56126. Such a study is beyond the scope of this work ;
instead, we will make some estimates. A model of the cir-
cumstellar shell of the carbon star IRC ]10216 has been
computed by et al. This model uses aCherchne† (1993).
large number of chemical reactions, the interstellar radi-
ation Ðeld, and circumstellar reddening to compute the
abundances of the most important molecular species. The
two major di†erences between IRC ]10216 and HD 56126
are (1) the inner shell radius of HD 56126 will be much
larger than for IRC ]10216, and (2) the radiation Ðeld of
HD 56126 (7000 K; is signiÐcantly hotterKlochkova 1995)
than that of IRC ]10216 (3500 K). The larger inner radius
does not a†ect the chemical structure of the remaining shell.
A 7000 K stellar radiation Ðeld has fewer UV photons than
the interstellar UV Ðeld (see so the interstellarPaper II),
radiation Ðeld will dominate the photodissociation pro-
cesses. Therefore, the chemical structure of IRC ]10216 is
applicable to HD 56126. From the model, we infer that CN
is produced mainly by photodissociation of HCN and
destroyed by photodissociation into C and N. We take the
CN and C` density upper left) from et al.(Fig. 6, Cherchne†

Assuming that the isotopic exchange reaction for(1993).
CN has reached equilibrium K), we assume a true(Tkin\ 25
isotope ratio of From this we compute the sourceR0\ 67.
of the contribution to the observed column density (Fig. 6,
upper right) ; the line is formed where the CN density is
highest. For a range of reaction rates, we have computed
the local CN and 13CN densities, while the C` density in
una†ected by the isotopic exchange reaction lower(Fig. 6,
left). C` is mainly formed from CO, and the processes
involved in the production of C` are not coupled to CN.
The assumed reaction rate is We see thatk

f
\ 1.0] 10~7.

the transition from the initial CN isotope ratio to the equi-
librium value occurs where the CN density is highest and
that this transition is rather fast. From these densities, we
can computed the predicted observed CN isotope ratio (Fig.

lower right). To obtain an observed CN isotope ratio of6,
38 at K, we must start with an intrinsic isotopeTkin\ 25
ratio of and Clearly, the isotopicR0\ 67 Req \ 19.
exchange reaction is important. Based on this analysis, we
suggest that the intrinsic carbon isotope ratio is 12C/
13C\ 67 for K. et al. show that theTkin\ 25 Adams (1985)
rate coefficient is dependent on the rotational quantum
number. The higher the rotational quantum number, the
lower the rate coefficient. If this dependence is rather strong,
then the isotopic exchange reaction will be able to explain
the di†erence in rotational temperature between CN and
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FIG. 6.ÈUpper left : Density of CN and 13CN (solid lines) and C` and 13C` (dashed lines) as function of distance to the star (adopted from etCherchne†
al. Upper right : Contribution of the column density to the total column density, normalized to a peak value of 1. L ower left : Local isotope ratio for CN1993).
and C` as function of radius for reaction rates of to [3 in steps of 1. The graph of is enhanced. L ower right : Final observedlog k

f
\ [11 k

f
\ 1.0] 10~7

isotope ratio, with a dot at our preferred rate coefficient.

13CN: more 13CN will be formed for NA \ 0 than for
NA \ 5, leading to a lower CN isotope ratio derived from
NA \ 0 than from NA \ 4.

Isotopic exchange reactions are very efficient at low tem-
peratures and for high dipole moment molecules. From this
we predict that CO (with a lower dipole moment) will be
less a†ected, while with no dipole moment, is una†ected.C2,will therefore give the true isotope ratio, and combinedC2with CN this may give the kinetic temperature of the gas.
The isotopic exchange reaction also enhances the abun-
dance of 14CN and C15N.

In order to derive the mass-loss rate from the CN absorp-
tion lines, we adopt the CN abundance (in number of
particles) of for AFGL 2688 etXCN \ 1.0] 10~6 (Bachiller
al. AFGL 2688 (the Egg Nebula) is so far the only1997b).
C2CN group of stars for which radio emission of CN has
been observed. The inner and outer radii of the ejecta of HD
56126 have been determined by et al. byMeixner (1997)
modeling the spatial distribution of the infrared source :

cm andrinner\ 45 ^ 2 ] 1015 (1A.0 ^ 0A.15) router\ 155
^ 15 ] 1015 cm at 11.8 km). Assuming that CN(3A.6 ] 3A.3
coincides with the infrared source, we Ðnd M0 \ 4.5 ^ 0.8
] 10~5 yr~1.M

_The prototype of the AGB stars, IRC ]10216/CW Leo,
is a massive, highly evolved carbon star with 3M

_
¹

et al. For IRC ]10216, theMZAMS¹ 5M
_

(Gue� lin 1995).
isotope ratios are well determined and give an estimate of
the ratios that one might expect to detect for a carbon-rich
post-AGB star such as HD 56126 : 12C/14CC/13C\ 44~3`3,
º 62600, N/15N º 5300, andO/17O \ 840~170`230, O/18O \

(see & Charbonnel for an1260~240`315 Forestini 1997
overview). Our estimate of the 12C/13C ratio for the shell of

HD 56126 is consistent with that for IRC ]10216. Results
for circumstellar shells around four other carbon stars were
provided by et al. who found C/13C¹ 60,Kahane (1992),
[30, and These also suggest that HD 56126 is32~7`10, 31~5`6.
not exceptional.

A comparison may also be made with isotopic ratios
pertaining to the photosphere of cool carbon (AGB) stars. It
must be borne in mind that the photospheric ratios may
evolve before the stars shed the material that becomes the
circumstellar shell of a post-AGB star. Luminous AGB
stars of intermediate mass experience H-burning at the base
of their convective envelopes. This decreases the C/13C
ratio but also rather quickly converts the star from C-rich
to O-rich. It seems improbable that C-rich post-AGB stars
will have evolved from this intermediate stage. At lower
luminosity and for lower mass stars, 12C from the He-
burning shell is added following a thermal pulse. Repetition
of this addition will increase the photosphereÏs C/13C ratio
unless H-burning converts 12C to 13C. In this scenario, the
C/13C ratio of a post-AGB star might be higher than that of
a typical AGB progenitor.

Through analysis of infrared spectra of N-type carbon
stars, et al. showed that most stars had aLambert (1986)
C/13C ratio in the range of 30È70 ; a value of 67 is not
unusual. & Tsuji reported systematicallyOhnaka (1996)
lower ratios from an analysis of spectra near 8000 but aÓ,
ratio of 67 would not be unusual, although it would be on
the high end of the distribution function. This possible shift
between the C/13C ratio of stars and HD 56126 may be due
to the fact that the stellar ratios continue to evolve before
the post-AGB phase is reached. On the other hand, quanti-
tative analysis of SiC circumstellar grains extracted from
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meteorites shows a C/13C distribution function that mimics
well the stellar distribution of et al. suggest-Lambert (1986),
ing, perhaps, that evolutionary changes are minimal.

A priority goal must be the determination of more accu-
rate C/13C ratios for HD 56126 and an adequate sample of
post-AGB stars. In the case of HD 56126, the ratio is at
present uncertain for several reasons. A minor contributor
to the uncertainty is the combined use of CN violet- and
red-system lines and the presence of uncertainty concerning
the f-values of the red system. This uncertainty could be
avoided by reobserving the strongest CN red-system bands
at a higher S/N ratio, so that their 13CN lines are detect-
able. A key problem will remain that CN molecules are
fractionated in the shell, which must be modeled in order to
extract the C/13C ratio that is our primary interest. This
extraction requires a better understanding of physical con-
ditions in the shell. We suggest that this understanding
might be obtained by analyzing spectra of other C-
containing molecules. In particular, is accessible by theC2Phillips system, and CO is probably detectable in the infra-

red. Lacking an electric dipole moment, the isotopic
exchange reaction involving will be very slow, and, as weC2have already shown observationally & Lambert(Bakker

the and CN rotational ladders are inÑuenced dif-1997), C2ferently by the local density and the ambient radiation Ðeld.
The CO molecule has a smaller dipole moment than CN,
and its photodissociation is line dominated. Measurements
of the ratios and CO/13CO, together with theC2/12C13C
CN/13CN ratio, will shed light on the physical conditions in
the shell and on the true 12C/13C ratio. If such data can be
assembled for a sample of post-AGB stars, it will be possible
to trace a link with their AGB antecedents.
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APPENDIX

FACTORS AND EFFECTIVE OSCILLATOR STRENGTHHO� NL-LONDON

Ho� nl-London factors were computed from the equations given in and and normalizedSchadee (1964) Kova� cs (1969),
according to the sum rule as stated by We take SA \ 0.5 for both;

J{ SJ{J_\ (2 [ d0,"{`"_)(2SA] 1)(2J] 1), (Larsson 1983).
the red and violet systems, since both originate from the same ground level (2&). For the red system (%È&, "@\ 1, and "A \ 0)
we Ðnd and for the violet system (&È&, "@\ 0, and "A \ 0) we Ðnd For the red system, we summed over 12d0,1 \ 0, d0,0 \ 0.
transitions following the selection rule, with *J \ [1, 0, and 1, and *N \ [2, [1, 0, 1, and 2 ; six transitions for
NA \ JA ] 0.5 and six for NA \ JA [ 0.5 for a given JA and For(P1, Q1, R1, QP21, RQ21, PQ12, QR12, P2, Q2, R2, SR21, OP12).the violet system, we summed over six transitions following the selection rule, with *J \ [1, 0, and 1, and *N \ [1 and 1 ;
three transitions for NA \ JA ] 0.5 and three for NA \ JA [ 0.5 for a given JA and For both the(P1, R1, QP21, QR12, P2, R2).red and the violet system this results in the relation The oscillator strengths of individual lines were checked;

J{ f
J{J_ \ 2f

v{v_.against those of the SCAN tape (for the red system) and those listed in literature (for the violet system).
Given a Doppler broadening of b \ 0.51 km s~1, transitions that are separated from each other by less than 0.012 (violetÓ

system) and 0.022 (red system) overlap, and the two transitions should be treated as one line with an e†ective oscillatorÓ
strength. Lines that are separated by more than this interval should be treated separately, although they might not be resolved
in the spectrum. In physical terminology, if lines are separated by less than the Doppler b-parameters, their optical depth at
any frequency point should be added before computing the line proÐle If lines are separated by more than the[I\ e~(q1`q2)].
Doppler b-parameter, the line proÐles at any frequency point can be added although adding the(I\ 0.5e~q1 ] 0.5e~q2),
optical depth is also acceptable. For each blend, we can determine an e†ective oscillator strength in the following way.

The F1 (JA \ NA0.5) and F2 (JA \ NA [ 0.5) levels have di†erent degeneracy :

g
e
(F1)\ 2JA ] 1 \ 2NA ] 2 (A1)

g
e
(F2) \ 2JA ] 1 \ 2NA . (A2)

Each NA level therefore has a degeneracy of

g
e
(F1 ] F2) \ 2(2NA ] 1) . (A3)

This is even valid for NA \ 0, although that level has no F2 levels. The reason for this is that each JA level is split into
2JA ] 1 so-called m levels. Those levels are only separated from each other under the inÑuence of a strong external magnetic
Ðeld (Zeeman splitting). In the case of circumstellar CN, there is no observational evidence for assuming that these levels are
separated, which indicates that there is no measurable magnetic Ðeld in the line-forming region. To Ðrst order, the m levels for
F1 and F2 for a given NA have the same energy and therefore the same population. This allows us to write

N(NA, F1) \ g
e
(F1)/g

e
(F1 ] F2)N(NA, F1 ] F2) (A4)

N(NA, F2) \ g
e
(F2)/g

e
(F1 ] F2)N(NA, F1 ] F2) (A5)

N(NA, F1 ] F2) \ N(NA, F1)] N(NA, F2) (A6)

feff N(NA) \;
i

f
i
N

i
(NA) (A7)

feff N(NA) \
C
;
i

f
i
(F1)(NA ] 1)] ;

i
f
i
(F2)NA

D N(NA)
(2NA ] 1)

. (A8)
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As examples, we take two blends. For *N \ N@[ NA \ 0 at 6194.5 (red system),Ó

feff N(NA \ 1) \ (0.091] 2 ] 0.363] 1)
N(NA \ 1)

3

\ 0.182N(NA \ 1) ,

and for *N \ N@[ NA \ [1 at 3876.3 (violet system),Ó

feff N(NA \ 2) \ (0.0132] 3]0.0022] 2 ] 0.0110] 2)
N(NA \ 2)

5

\ 0.0132N(NA \ 2) .
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