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Abstract. We have detected thé0,1'¢,0)J = 3-2 and Table 1.Observing parameters: transitions and frequencies; receiv
(07 0, 0) J = 87 transitions of HCN towards the S staCygni. beam diameter (full width half maximum); zenith opacity at 225 GH
The excitation requirements of these transitions are too highmein beam efficiency and system temperature; RMS noise levels
be satisfied in the outer envelope of the star, and the emissidfin s ' channels.

must originate withirlz 20 stellar radii, ie. the molecule must-

3
be forming close to the star. This conclusion is supported by'& 0,0 E)C&L\I(s_lzl 0 "EOCONS’)_Z '(—'chl g)_7
_model for AGB_stars in which molecules including HCN formV/GHZ 265.8862 & 250.0118 708.8772
in a shocked wind close to the stellar surface. 265.8527
) receiver A3 A3 w
Key words: stars: AGB and post-AGB — stars: circumstellagywHm 18" 18" ]
matter — stars: individualy Cyg — submillimeter Toos 0.04 0.1 0.04
NMB 0.69 0.69 0.30
Tiys 270 400 3500-5000
Tus (rms) 0.014 0.030 0.28

1. Introduction

Recent detections of warm carbon bearing molecules in differ- It was earlier noted for S-type stars (Bujarrabal et al. 199
ent O-rich AGB stars suggest that these carbon species hénag their molecular line strengths are almost equidistant
to form in the deep layers of the stellar wind. Photochemicaleen those of C- and O- rich objects. This property has be
models (Willacy & Millar 1997) of several O-rich stars, whichargued to be related to the fact that the atmospheric C/O rati
rely on injection of certain molecules to generate a carbon-rictose to the value of 1 and intermediate to that of O- and C- ri
chemistry at large radii, succeed in reproducing the obsen@dlved stars. We therefore apply DCW99’s chemical mod
values of certain molecules but fail to reproduce some moleghich successfully reproduces the observed HCN abundan
ular abundances, in particular that of HCN. HCN is observénl O-rich objects, to the intermediate case of S stars. In t
in the envelope of several O- and S-type stars at abundancegesfi we have looked for observational evidence that the HC
> 1079 (Bieging & Latter 1994 (BL94); Bujarrabal et al. 1994 forming in the inner envelope the S staCyg. Although HCN
Sopka et al. 1989). has previously been detected\nCyg, the lines observed are
Duari et al. (1999) (DCW99) considered whether a shockddminated by material at large radii, so here we look for high e
wind model could reproduce HCN abundances for O-rich obitation transitions. In carbon stars, such transitions are detec
jects. Local thermodynamic equilibrium (LTE) models fail tan the inner regions of the winds (eg. Lucas & Guilloteau 1992
reproduce the observed abundances by several orders of magnitn Sect[2 we describe the observations and in Bect. 3dem
tude (BL94). An investigation of non-equilibrium chemistry obtrate that the HCN detected must lie in the inner parts of t
the oxygen rich Mira IK Tau showed that these carbon bearingcumstellar envelope, a result which is strongly supported
molecules can efficiently form in the inner regions close to tiwair modelling of the inner wind region of Cyg (Sect#). Our
stellar photosphere (DCW99). In this case, it was shown thatnclusions are in Seél. 5.
applications of stellar pulsation induced shocks in a narrow re-
gion of the photosphere can give rise to molecular processes irhservations and results
the immediate cooling layer and the hydrodynamic cooling part
(= excursion) of the post shock region and can produce cert&hservations were made during 1999 using the James ClI
carbon bearing molecules including HCN and £O Maxwell Telescope (JCMT) on Mauna Kea, Hawaii. We o
served the vibrationally excited HCKD, 11¢,0)J = 3-2
Send offprint requests 1d.Hatchell@umist.ac.uk line at 266 GHz, the(0,1'4,0) and (0,2°,1)J = 3-2
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Table 2.Integrated intensities and upper state column densities for detected transitions.

transition HCN3-25 =0 HB3CN3-2v; =0 HCN3-2u, =1 HCN8-7

frequency/GHz 265.8862 259.0118 265.8527 708.8772

J Tus dv/Kkms™* 20.31 1.38 0.15 0.30

Ny /cm™2 4.8 x 10*2 3.4 x 10 3.6 x 10*° 1.1 x 102
701.05 701 700.95 700.9 700.85 700.8 700.75 700.7
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Fig.1. HCN spectra towardsy Cyg: (top) HCN 8-7; (centre)
HCN (0, 0,0) and(0, 1'¢, 0) J—3-2 (also offset and scaled by 100);
(bottom) H'3CN 3-2 with the positions of th@, 1*¢, 0) and(0, 2°, 0)
non-detections indicated.

lines at 267 GHz, and HCN0,0,0) J = 8-7 at 709 GHz.
The pointing centre was the Hipparcos positionyofCyg,

radiative excitation mechanisms can produce the observed line
intensities.

The column densities in each state can be determined from
the observed integrated line intensities, assuming they are opti-
cally thin. For HCN this conversion is:

Ny sl v\ @I+
= 1. 1
(cmZ) L876 > 10 (GHZ) (J+1)

><<fTMBdU> (1)

Kkms™!
where/J is the rotational quantum number of the transitibs
1 — J, and we assume excitation temperatures much higher
than the 2.7 K background. The resulting column densities are
given in TabléP.

We use the FCN (0,0,0) J = 3-2 as a surrogate for
the equivalent F*CN line as it is more likely to be optically
thin. We assume the same excitation in*@N as H2CN,
and a [2CJ/[*3C] ratio, which is unknown iy Cyg. Sopka et
al. (1989) found 2C)/[3C]> 5 from H'2CN/H'3CN 1-0 ob-
servations. From the ratio of out HCN and H3CN transitions,
[*2C)/['3C] £ 12. (This ratio also supports our assumption that
the H3CN is optically thin.) However, these low limits do not
rule out a much higher value. We take as an upper limit a typical
ISM value of 70.

Assuming purely collisional excitation,

M I g, + 1), @
Ny U

where Ny, Ny, gu andgy, are the upper and lower state col-
umn densities and degeneracies ang, the unknown hy-
drogen column density. The critical densities for both tran-
sitions are high: for thé0, 11¢,0) J = 3 state we calculate
Neric ~ 4.8 x 10 em™3 (following Stutzki et al. 1988), and
for J = 87 neis ~ 1.2 x 10%cm=3. Applying Eq[2 together

19 50™ 33.592 +32° 54’ 50.”6 (Perryman etal. 1997). Observ-With the column densities from Tallé 2, the minimum density

ing parameters are given in Talle 1.
We detected HCNJ = 8-7 and the (0,1'¢,0)J =

requirements to achieve the observed ratioslare 10° and
5 x 107 em~2 for (0,1'¢,0) J = 3-2 andJ = 8-7 transitions

3-2 line at 266 GHz. The spectra are shown in Flg. 1. THEespectively. For = 8-7 we assume the population ih= 7
HCN (0,14, 0) and (0, 2°,0) lines at 267 GHz were not de-is the same or less than that measured ia 3.

tected: though this, = 1 line should be the same strength ~ The envelope gas density falls off very rapidly with radius
as the one detected at 266 GHz, this spectrum had a higfgrtschinger & Chevalier 1985; Cherchneff et al. 1992). As-
noise level (the frequencies are marked in [Hig. 1). The HCNiMing the stellar parameters fo€yg givenin TabIgB, the total
and H3CN J = 3-2 ground state lines at 266 and 259 GHiydrogen density atR, is 3.6 x 10'>cm™—? and the density falls

were also detected.

3. Excitation analysis

The excitation requirements of tble= 8—7 and(0, 11¢,0) J =

below the density requirement f¢0, 1¢,0) J = 3-2 within
3.5R, and forJ = 8-7 within 5R,. Alternatively, assuming a
density profile due to steady mass loss & x 10~"Moyr—!
at8.9km s~ ! (BL94), then the density atR, is 7.5 x 108cm™3
and falls askR~2. This constrains the HCN 8-7 emission to

3—2 transitions are high. We consider whether collisional avithin ~ 4R,, assuming it is collisionally excited.
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An alternative means of exciting these HCN transitions is biable 3.y Cyg - stellar parameters:anda are defined as in Cherchneff
radiative pumping by the IR radiation from the star. Thgd, 0)  etal. (1992) and X (Y)= X x 10"
and (0,1, 0) states are connected iy ym radiation with an

Einstein A coefficient 08.7s~! (Ziurys 1986). If collisions can D 106pc M 1.8(=7)Mpyr !
be neglected, and assuming geometrical dilution of the stelfar 2200K L 1.8(3) Lo
radiation field, the ratio of column densities in the ground arf& 290Ry M. LISMy
v, = 1 vibrational states depends on the distance from the sfar f%SéayS Nfock) g-g (15)em
H . Tshock . (0% .

according to the formula: e hou /v 0.89 ClOratic 0.95
N,
= (AT )RR 4 1 ®)

U the references therein). We have assumed thermal equlibri

with R radius andl, stellar temperature. Assuming a stellafor the photosphere and derived molecular abundances for
temperature of 2200 K, this constrains the radius at which tigmperature, C/O ratio and gas density given in Table 3. We th
(0,1%,0) line is emitted taR = 17R,. apply a shock to the photosphere (the shock velocity conside
The(0,0,0) J = & state cannot be directly pumped by raiS vsnock= 32 Kms!) and study the chemistry in the immediat
diation (asAJ = 0,41 for HCN) but it could be populated and excursion region. The resulting abundances form the in
through successive excitations to e 1, 0) levels in increas- for the shock at the next distance. The different parameters
ing .J states. The radius requirements for this to take place &@ibing the shock structure at different radial distances fro
stronger than for thé0, 1'<, 0) state. the star is given in Table 4.
For either collisional or radiative excitation, the radius re-
quirements are tightened further if either (BC1/['*C]< 70 4 2 Model results and discussion

or (b) H*CN J = 3-2 emission originates from a larger region
than HCN(0, 1'¢,0) J = 3-2 or HCN J = 8-7. The molecular abundances of few selected species relativ

To conclude, the excitation requirements are such that bfi¢ total gas number density are given in TdBle 5 for vario
the HCN (0,1'¢,0) J = 3-2 and HCNJ = 8-7 transitions shock strengths. We have considered shock chemistry at
must originate from gas withif¥ 20 stellar radii, in the inner layers very close to the star. The abundancesitmay not be

envelope of the star, whether collisionally or radiatively exciteéhe exact values in the outflow because of uncertainties in t
dust formation radius which halts the shock chemistry, but

indicative. One can see that in addition to molecular hydrog
certain other molecules like CO,,©® and N, are dominant,

We have used our chemical model, which has succesfully pe&nfirming that they are the parent molecules. But, to come
duced the observed HCN abundance in the case of an O-fié point of our interest, the shock chemistry is responsible f
object (see DCW99 for details), with a value of G{01 for formation of species like HCN along with G@nd CS close to
mode”ing the inner wind region Qt Cyg The stellar parame- the star. The prEdiCtion of HCN at the distance and environm
ters considered in this study are listed in TdBle 3. The radiugigscribed is in excellent agreement with the observational re
obtained from the observational value of Tuthill et al. (1999) artf Sectl2. Moreover, the theoretical value obtained for the H
the pulsation period is from Bedding & Zijlstra (1998). Using thabundance is in agreement with that derived from millimeter i
standard pulsation equation for Miras of Fox and Wood (198gpservations in the outer wind.
and assuming that the star is pulsating in its fundamental mode The chemical processes responsible for the formation
(Q =0.09), we derive a stellar mass of 1.15 Mvhich is a typ- HCN involves reactions with cyanogen - an observation whi
ical value for the stars of this class. The temperature of 2200¥as earlier found to be the case in O-rich IK Tau (DCW99
was obtained from Haniff et al. (1995) which gave a luminosity/CN is formed by the reaction

which is close to the canonical value for typical Miras.

We have considered here the inner wind above the photo'}l H2 = HEN--H @
spheric region which experiences passage of strong, perio@N acts as an intermediary in the formation of HCN and C
shocks generated by stellar pulsation. The model deals wathd is destroyed quickly by atomic hydrogen. The reaction
the chemistry of the immediate region (thermal cooling regioagnsitive to temperature and is very fast in the gas excursiol
and the hydrodynamical cooling region of post shock describ€uh the basis of the chemistry we can claim that HCN is a dir
by Bertschinger & Chevalier (1985), Fox & Wood (1985) andesult of the shock chemistry in the inner wind region that
Willacy & Cherchneff (1998). have considered here and travels as a parent species thr
the envelope unaltered until it reaches the photo-dissociati
regions in the outer wind. The choice of the ratio C/0=0.9
is arbitrary, but with different values of C/O equal or slightl
We have considered 760 reactions involving 68 chemical speaigsater than 1.0, though the T.E. abundance values differ b
and have all possible chemical routes possible in a dense dastor of 100, yet the resulting HCN abundance at 28nains
The reaction rates considered are the same as in DCW99 (aiitthin 5 percent of the quoted number in Table 5.

4. Model of the inner wind of x Cyg

4.1. The chemistry
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o
||"_J Table 4.Pre-shock, shock front and excursiaa jost-shock) gas temperature and number density as a function of position in the envelope and
E shock strengths. M is the Mach number associated with each shock speed.
-
Position  Shock Vel. M Pre-shock Shock Front Start of excursion
(R.) (kms™) To(K) no(em™3) T((K) n(em?3) TK) ncm?)
1.0 32.0 10.3 2200 3.62(15) 47458 2.07(16) 6528 1.26(17)
1.5 26.1 9.51 1724  1.28(13) 31959 7.28(13) 4867 3.98 (14)
2.0 22.6 8.98 1452 3.93(11) 24128 2.22(12) 3966 1.13(13)

Table 5. Calculated fractional abundances (relative to the total gasost region of the envelope of O -rich star like IK Tau (DCW99)
number density) versus shock strength and radius.

seems to be true in the case of S type gt@yg as well. Thisis
the first observational verification of the theoretical claim that

Species T.E. 32kms  26.1kms' 22.6kms* shock chemistry plays an active role in defining the chemical
1R LR 15R 2.R, composition of the inner wind regions of Miras.
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 The observation value for HCN (averaged over the entire envelo j
is 2.5(-6)derived from millimeter observations (Bujarrabal et al. 199

5. Conclusions
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