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Abstract. We present a dynamical and chemical model of the
inner wind of the carbon-rich, AGB star IRC+10216. We in-
clude the effect of pulsation-driven shocks on the gas enve-
lope close to the stellar photosphere and construct an extended
chemical model that includes in particular the chemistry of hy-
drocarbon species and silicon and sulphur-bearing molecules.
The derived theoretical abundances for many molecules are in
excellent agreement with values obtained from observations of
infrared ro-vibrational molecular lines. We confirm the “parent”
character of certain chemical species and show that the inner
wind of IRC+10216, and more generally of evolved AGB stars,
is an active dynamical and chemical region where molecules
are formed and processed.

Key words: molecular processes — stars: AGB — stars: individ-
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1. Introduction

Towards the end of their time on the Asymptotic Giant Branch
(AGB), stars develop a strong stellar wind due to a combination
of stellar pulsations and dust grain condensation. These winds
result in extended circumstellar envelopes which are extremely
rich in molecules. Indeed, more than 40 chemical species have
been so far observed at infrared (IR) and millimetre (mm) wave-
lengths in the envelope of the well-studied, carbon-rich, AGB
star IRC+10216 (Olofsson 1997). The chemical processes re-
sponsible for this molecular wealth are dependent on the posi-
tion in the envelope. In the stellar photosphere and at the inner
boundary of the envelope, the high gas density and tempera-
ture ensure thermal equilibrium (TE) and the molecular content
of the gas can be assessed easily when its elemental chemi-
cal composition, temperature and total pressure are specified.
TE is suppressed very close to the photosphere because of the
action of pulsation-driven shocks propagating outwards. Fur-
thermore the regions of strong shock activity correspond to the
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locus of grain formation and wind acceleration. We refer to this
region as the inner envelope (or inner wind) which extends over
a few stellar radii. At larger radii (~ 10 to 100 R,) the newly
formed dust grains interact with the cooler gas of the steady,
fully-accelerated wind. Depletion of certain molecular/atomic
species may result from such an interaction and these layers
are referred to as the intermediate envelope. At still larger radii
(> 100R,), the gas parameters resemble those of the interstellar
medium and the penetration of ultraviolet interstellar photons
and cosmic rays induce a chemistry governed by photochemical
processes. This region is often referred to as the outer envelope
of an AGB star.

Most of the studies of the chemistry of AGB circumstellar
envelopes have focused on IRC+10216 outer envelope and sev-
eral photochemical models have been developed (Cherchneff et
al. 1993, Cherchneff & Glassgold 1993, Millar & Herbst 1994)
with the purpose of reproducing molecular abundances derived
from mm observations. Usually the abundances of the dominant
species entering the outer layers are set by using abundances de-
rived from IR observations which probe the deeper layers of the
wind. These values normally agree with the scenario that the
most dominant species CO, N, HCN and C,H; travel through
the inner and intermediate envelopes relatively unaffected. Their
abundances entering the outer envelope are therefore very close
to their TE photospheric values.

This is not the case for a few species observed to be present
close to the star at IR wavelengths but for which the observed
abundances are quite different from their TE values in the pho-
tosphere. For example, SiO IR ro-vibrational lines have been
observed by Keady & Ridgway (1993) and its observational
abundance is a few ten times larger than the TE values we cal-
culated for parameters characteristics of the IRC+10216 stellar
photosphere. For CS, Boyle et al. (1994) derive an observational
value three times smaller than our calculated TE abundance. In
the case of SiC,, Gensheimer et al. (1995) predict an inner enve-
lope abundance at least ten times smaller than the photospheric
TE value from full synthesis mm maps. These discrepancies sug-
gest that there must be some important processes taking place
in the inner envelope that affect certain chemical species before
their entry into the intermediate and outer envelopes of the star.

In this paper we model the inner envelope of IRC+10216 us-
ing semi-analytical methods derived by Bertschinger & Cheva-
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Table 1. The stellar parameters assumed for IRC+10216. The param-
eters v and « are defined as in Cherchneff et al. (1992)

T, 2300 K L, 25 % 10* Lo
R, 7.0 x10%ecm M,  2Mg

P 650 days n(rs) 3.7 x 10 ecm™3
Ts 1.2x R, eY 0.6

y=Av/ve 0.89

lier (1985) and Cherchneff et al. (1992). We consider the effect
of pulsation-driven, periodic shocks on the dynamics of the in-
ner envelope and the gas chemistry. Starting from the photo-
sphere, we follow the chemistry out to ~ 5 R,, concentrating
in particular on silicon- and sulphur-bearing molecules. In the
next section we describe our model for the gas dynamics and
discuss the reactions which have been included in the chemical
scheme. Results are presented in Sect. 3 and compared to ob-
servational data. In Sect. 4 we briefly discuss the impact of dust
grain formation on our model.

2. The model
2.1. Dynamics

Evolved, low-mass stars experience periodic pulsations which
cause large amplitude compressional waves to propagate out-
ward and to steepen into shocks outside the stellar photosphere
(Hinkle et al. 1982, Willson & Bowen 1984, Bowen 1988).
These periodic shocks travel through the inner layers of the
envelope and alter dramatically both the temperature and the
density of the gas (Cherchneff & Tielens 1994). Because the
preshock gas is molecular and relatively cool (~ 2000 K), the
energy deposited by the shocks into the gas is lost mainly via
the dissociation of molecular hydrogen, H,, and adiabatic ex-
pansion (Fox & Wood 1985). Layers of gas are then accelerated
upwards (the hydrodynamical postshock zone) but decelerate
and eventually almost fall back to their initial position under the
influence of stellar gravity, leading to the formation of a quasi-
stationary layer close to the stellar photosphere. The cycle is
then repeated with the next pulsation and the gas parcels grad-
ually move outwards and eventually escape from the shocked
regions.

The dynamics of the shocked regions is modelled in two
stages. We assume that a shock forms at the shock formation
radius, r, outside the stellar photosphere and that its strength,
Auw, is damped as the shock travels outwards (Cherchneff et al.
1992, Cherchneff & Tielens 1994). We study the effect of the
shock on the gas considering the postshock region and its various
cooling processes, and we adopt a Lagrangian formalism to
describe the hydrodynamical cooling zone.

First we derive the variation of the gas parameters (temper-
ature, density and velocity) in the “chemical” cooling layer of
the postshock region. Starting with the preshock gas parame-
ters, we assume the Rankine-Hugoniot jump conditions applied
to a diatomic gas to derive the parameters of the cooling re-
gion just after the shock front. We then assume thermal cooling
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by H, dissociation via collision with H atoms until the param-
eters have reached the values where hydrodynamical cooling
starts. The length of the “chemical” cooling layer is defined by
the collisional dissociation of H, and the dominant dissociative
reaction for molecular hydrogen is

H+H, - 3H (1

The rate for Reaction (1) is
T \ 03
ky =3.781078 (30()) exp(—53280/T) cm’s~!  (2)

where T is the gas kinetic temperature (see Table 5). The H,
dissociation length is defined as

1 Vshock

= ki n(H) )

l
b N jump

where n(H) is the atomic hydrogen number density, Vspock 1S
the shock velocity in the stellar rest frame and Njy ), is the
density jump in the shock front given by the Rankine-Hugoniot
jump conditions.

Second we model the hydrodynamical postshock region and
its quasi-ballistic trajectory following a formalism derived by
Bertschinger & Chevalier (1985) who solve for the continu-
ity, momentum and energy equations of a periodically shocked,
adiabatically expanding gas subjected to the stellar gravitational
field. We calculate the parameters (temperature, 7', number den-
sity, n, and velocity, v) as a function of phase p (with p =¢/P
where ¢ is the time and P the stellar pulsation period) for La-
grangian parcels of gas. Strictly periodic motion of the gas (i.e.,
no mass loss) is assumed and this condition holds to a first ap-
proximation in the stationary region close to the photosphere.

Table 1 lists the stellar parameters used in the model for
IRC+10216. The « exponent describing the gas temperature
dependence and the vy coefficient relating the shock strength
to the local escape velocity are the same as in the “standard
model” defined by Cherchneff et al. (1992). Our choice of shock
formation radius r is arbitrary but in accord with values used by
Bowen (1988). Table 2 gives the preshock, jump, and postshock
gas parameters for the various shock strengths considered in this
study. The corresponding Mach numbers (M = A v/a where a
is the gas thermal sound velocity) and the dissociation length,
Ip, are also listed. The shock strengths represent a 20 kms ™!
shock at r; whose amplitude is damped as it travels outwards.

The variation of 7" and n with phase, p, for the gas excursion
induced by a 20 kms~! shock is shown in Fig. 1. The adiabatic
expansion is very efficient at cooling the gas (even below the
gas radiative equilibrium temperature at large p values, as first
mentioned by Bowen (1988)). Fig. 2 represents the excursions
of various gas layers located at different positions in the enve-
lope which correspond to the damped shock strengths listed in
Table 2.

The model (consisting of the immediate postshock region
and excursion for one shock strength at one position in the enve-
lope) is run over two pulsation cycles to check that periodicity
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Table 2. Preshock, shock front and excursion gas temperature and number density for the various shock strengths Av (or Mach number M)

chosen in the model. 1p is the H, dissociation length given by Equation (3).

Start of excursion
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Dissociation Length

Av Radius M Preshock Shock Front
kms™H (R To(K) no(em™) T (K n(m™>)
20.0 1.2 6.7 2062 3.68 (14) 19722  1.98 (15)
15.9 1.9 6.1 1565 2.25(13) 12646  1.19 (14)
14.8 2.2 59 1433 1.03 (13) 11048 5.40(13)
13.3 2.7 5.7 1267 3.67 (12) 9086 1.91(13)
12.6 3.0 5.5 1190 2.24 (12) 8218 1.16 (13)
11.7 3.5 5.4 1085 1.12 (12) 7100 5.73 (12)
9.8 5.0 5.0 876 2.66 (11) 5079 1.33(12)
@
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Fig. 1. The variation of the gas temperature 7' and number density n as
a function of phase p for the excursion induced by a 20kms ' shock.

is obeyed. The output abundances for one model are used as the
input to that for the next slowest shock strength and are rescaled
according to the new local gas number density. More details on
the dynamical model are given in Cherchneff & Tielens (1997).

2.2. Chemistry

The chemistry of 53 species involving the elements H, C, S, O,
N, and Si is followed in the immediate postshock regions and
excursions. The chemistry and hydrodynamics of the wind have

T@X) n(m™) 1p (cm)
4530  6.25 (15) 1.6
3303 3.37 (14) 1.6 (4)
2989  1.51(14) 4.8 (6)
2611 5.19 (13) 2.0 (8)
2440  3.11(13) 3.2(6)
2198  1.51(13) 2.7 (5)
1544  2.13(12) 7.4 (6)
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Fig. 2. Gas excursions induced by different shock strengths (in kms™1).
The arrows show where the gas is shocked.

been decoupled because chemical species, apart from H;, do not
participate much in cooling the postshock gas. Furthermore, ra-
diation pressure on molecules is inefficient at accelerating the
gas (Cherchneff et al. 1991) and therefore the wind dynamics
are not significantly altered by the gas molecular component.
A complete treatment of the postshock regions (chemistry, ra-
diative transfer and hydrodynamics) would be more accurate
but quite complex to implement and we feel that our analytical
description of the flow hydrodynamics is sufficient to repro-
duce the changes in wind parameters and to concentrate on the
wind chemistry. The elemental composition of IRC+10216 is
assumed to be solar except for carbon and we assume a C/O ratio
of 1.5. All the chemical compounds considered and their initial
TE concentrations at 7, are listed in Table 3. The full chem-
ical scheme is listed in Table 5 and consists of 564 reactions.
The various chemical processes considered are termolecular and
bimolecular neutral-neutral reactions. No photo-processes (dis-
sociation or ionisation) are considered due to the very weak
ultraviolet stellar radiation field and the inferred absence of a
chromosphere for IRC+10216. Most of the rates used are taken
from the UMIST database RATE95 (Millar et al. 1997). Other
rates are from Baulch et al. (1992), Cherchneff et al. (1992),
Mick et al. (1994) and from the NIST database (Mallard et al.
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Table 3. TE chemical concentrations at 5 [a (b) represents a X 10°].

Species n(cm™®) Species n(cm™?)
H, 2.44 (14) CH, 2.55(6)
H 6.88(13) N 5.85(5)
He 5.53(13) SiN 2.70 (5)
CcoO 348 (11) SiC 1.80 (5)
CH, 5.74 (10) HCS 1.69 (5)
N, 2.31(10) HCSi 8.05 (4)
C;H 2.01 (10) HNSi 6.15 (4)
HCN 1.88 (10) SiH; 393 4)
Si 1.35(10)  SiCH, 343 (4)
CS 4.68 (9) CsH, 2.98 (4)
SiS 3.68 (9) NH 7.58 (3)
C:H 2.759) H,O 6.80 (3)
S 3.18(8) NH; 33203)
CN 1.93 (8) NH, 2.77 (3)
SiC, 1.74 (8) HCO 2.40 (3)
C 1.52 (8) SiH3 1.69 (3)
SiH 7.20 (7) S» 1.41 (3)
HS 4.96 (7) NS 2.55(2)
C; 4.38 (7) OH 1.96 (2)
C, 4.19 (7) o 3.93 (1)
CH; 1.76 (7) H,CO 1.80 (1)
CsH, 8.90 (6) CO, 1.99 (0)
Cs:H 8.90 (6) NO 7.36 (-2)
CH, 8.12 (6) SiH4 4.96 (-2)
CH 6.95 (6) SO 4.60 (-2)
SiO 6.84 (6) (07} 4.24 (-10)
H,S 2.65 (6)

1994). Because of the large gas densities in the inner envelope,
each reaction is assumed to proceed in both the forward and
reverse directions. Where no reverse process is documented the
reverse reaction rate, k.., is calculated from the thermodynamics
of the reaction and is given by

AGgr — E,
RT

(Cherchneff et al. 1992) where A, n and E,, are the Arrhenius
parameters for the forward reaction, C' = N X 10° /RT is the
conversion factor from atmosphere to cm™3 units, v the sto-
chiometric factor, N is the Avogadro number, R the perfect gas
constant, and 7" the gas temperature. AGpr is the Gibbs free
energy for the forward reaction at 1 atmosphere of total gas
pressure and is calculated from the Gibbs free energies of for-
mation, AGy, of the reactants and products. These data were
taken from the JANAF thermochemical data tables (Chase et al.
1985) and extrapolated to large temperatures assuming a con-
stant heat capacity, C,, for ' > 6000 K. Thermochemical data
for HCS:i are taken from Allendorf & Mellius (1992). Where no
published data is available the Gibbs free energies are estimated
using the group additivity method of Benson (1976). For a long
time SiC, was considered to have a linear structure and thermo-
chemical data are tabulated in the JANAF tables for linear SiC,.
To account for the newly discovered, more stable cyclic struc-
ture of SiC,, we have assumed the same heat capacities as for

k. = AT"C*exp { 4)
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linear SiC, but have corrected the enthalpy of formation by an
amount -3.16 kcal mol ! (Fitzgerald et al. 1986) and included
the effect of the changed symmetry in the entropy.

Among the reactions involving silicon- and sulphur-bearing
species, only a few have documented reaction rates. To over-
come the difficulty of the lack of experimental or theoretical
data we have considered processes which energetics predict to
be exothermic and have estimated their rates from similar re-
actions involving covalent species i.e. oxygen for sulphur and
carbon for silicon (see Table 5). We have not rescaled the rates
according to the change in the reduced mass of the system be-
cause the variations in the rates were all less than a factor 2 and
had negligible effect on the Si-S chemistry.

Some of the rates for the gas collider reactions have been
measured at temperatures similar to those encountered in the
inner wind and were obtained from the NIST database. Where
the rates are not available we have made the “educated” guess
of

Eeottider = 107 %exp(—48000/T) cm3s~! 5)

which is typical of many gas collider processes.

3. Results

The results for a variety of species are presented in Table 4.
Also listed in the table are abundances derived from IR and mm
observations of IRC+10216. We consider that both theoretical
and observational abundances agree very well when they differ
by at most a factor of seven. This can be understood by the
uncertainty introduced in our model by an oversimplified flow
dynamics and estimated chemical reaction rates. Furthermore,
observational values are derived assuming certain models for
the wind that may not represent with great accuracy the actual
inner envelope.

Our results for the “parent” molecules CO and C,H, are in
excellent agreement with the IR observational of Keady et al.
(1988) and Keady & Ridgway (1993), and confirm the fact that
these two molecules travel through the inner envelope keep-
ing their TE photospheric abundances. This is not the case for
CS and we discuss below the non-equilibrium chemistry of this
species. A discrepancy exists for HCN for which our theoretical
abundance is about an order of magnitude smaller than that de-
rived by Wiedemann et al. (1991). We ascribe this difference to
the uncertainty in the estimated rates of a few chemical processes
in which HCN is involved and to the intrinsic uncertainties in
abundance determination from observations. We discuss below
the results for some chemical families.

3.1. Atomic and molecular hydrogen

Molecular hydrogen is expected to be the dominant molecular
species in cool circumstellar environments. However, its de-
tection is prevented because of the lack of a permanent dipole
moment. Zuckerman et al. (1980) have searched for the 21 cm
line of atomic hydrogen in the envelope of IRC+10216 and they
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(b) 20 kms-1 excursion
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Fig. 3a—d. Net chemical rates for H, formation (k(form)) and destruction (k(des)) and the inverse of the dynamical timescale k(dyn) for the
postshock region and excursion induced by two shock velocities, 20 kms ™! (a and b) and 11.7 kms ™' (¢ and d).

derived an upper limit of only a few percent of the total enve-
lope mass, indicating that hydrogen is likely to be in molecular
form in the outer envelope of the star. The electric quadrupole
transitions of H, have been searched for by Keady & Ridgway
(1993) but were not detected.

As seen in Table 4, TE calculations imply that H, is more
abundant than H at r¢ but the H-to-H ratio changes dramati-
cally in the inner shocked region. Fig. 3a—d represents the net
chemical reaction rates for H, destruction, k(des), and H, for-
mation, k(form), given by Reaction (1) and its reverse process
for the immediate postshock region and the excursion associ-
ated with two shock strengths, 20 and 11.7 kms™ 1. Also plotted
is the inverse of the flow dynamical time scale, k(dyn), de-
fined as k(dyn) = v/r where v is the local flow velocity and
r is the position in the flow. In the fast shock, k(dyn) is large
and the H-H, chemistry cannot proceed in the immediate post-
shock region, except for some H, destruction by Reaction (1)
(see Fig. 3a—d-a). At the very beginning of the hydrodynami-
cal cooling region (Fig. 3a—d-b), k(dyn) becomes small (phase
p = 0.01 corresponds to a flow time of 5.6 x 10° s) and the chem-
istry acts quickly to destroy H, effectively. At longer phase, the
gas temperature and number density decrease and chemistry

is less efficient but still reforms H, until freeze-out occurs at
~p=0.9,ie. k(dyn) is again larger than k(des) and k(form)
and the H; concentration now follows the gas density variation.
For slower shock speeds (see Fig. 3a—d-c and 3a—d-d), the flow
dynamics dominate the chemistry in the immediate postshock
region and the species number densities remain unchanged after
the passage of the shock front. In the hydrodynamical postshock
region, H, reforms but less efficiently due to the smaller gas tem-
perature and number density and freeze-out occurs at a smaller
phase. For very slow shocks, the flow dynamics governs the
entire postshock region and chemistry is inactive.

This analysis applies to other molecules and a schematic
representation of the various chemical regions in the oscillation
described above is presented in Fig. 4 for the gas excursion
induced by a 20 kms ! shock. For slower shock velocities, the
freeze-out zone will gradually take over the “fast chemistry”
region.

Two important conclusions can be drawn. Firstly, the abun-
dances calculated for each radius in the inner wind are governed
by the chemistry occuring in the excursion (= the hydrodynam-
ical cooling part of the postshock region) and not in the im-
mediate postshock region. This is due to the existence of the
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Table 4. Calculated fractional abundances (relative to the total gas number density) for a variety of species versus shock strength (and position
in the envelope). Input abundances at rs are those of Table 1. Observational abundances are taken from (1) Keady & Ridgway (1993), (2)
Gensheimer et al. (1995), (3) Boyle et al. (1994), (4) Keady et al. (1988), and (5) Wiedemann et al. (1991)

Species TE 20kms™"  159kms™' 13.3 kms™'
(r<12Ry,) (2R,  (19R,) (2.7R,)
H 1.87 (-1) 1.68(-3)  2.18(-5) 6.03 (-3)
H 6.61 (-1) 832(-1)  8.33(1) 8.28 (-1)
He 1.51 (-1) 1.67(-1) 167 (-1) 1.66 (-1)
Si 3.68 (-5) 1.95(-5)  2.18(-5) 2.59 (-5)
S 8.65 (-7) 8.55(-13) 1.19(-18)  3.79(-16)
C 4.11 (-7) 1.56 (-13)  9.94(-19)  4.58 (-17)
SiC 4.90 (-10) 112 (-11)  528(-15)  6.18 (-21)
SiC, 472 (-7) 9.18(-9)  8.44(-9) 5.88 (-9)
CS 1.27 (-5) 113 (-12) 5.19(-14)  1.89(-7)
Sis 1.00 (-5) 2.62(-5)  2.62(-5) 2.59 (-5)
C; 1.19 (-7) 220(-15) 8.76(-19)  2.90 (-17)
C:H 5.46 (-5) 6.65(-10) 5.55(-13)  1.08 (-11)
C2H, 1.56 (-4) 2.82(-4) 2.81(-4) 2.80 (-4)
C3H, 8.11 (-11) 1.87 (-12) 528(-12)  1.37(-11)
CH 1.89 (-8) 3.87(-13) 3.23(-20)  2.10(-19)
CH, 2.21(-8) 516 (-11) 224 (-16)  3.65 (-18)
CH; 479 (-8) 4.08(-8)  1.68(-11)  1.22(-15)
CH,4 6.92 (-9) 922(-7)  2.74(-8) 6.58 (-15)
SiN 7.24 (-10) 2.64(-9)  3.08(-9) 4.51 (-10)
NH 2.06 (-11) 228 (-14) 1.12(-18)  3.96 (-20)
NH, 7.53 (-12) 831(-13) 1.17(-15)  5.41(-20)
NH; 9.02 (-12) 3.83(-11) 9.56(-12)  3.07(-18)
SiH 1.96 (-7) 1.67 (-6) 293 (-6) 6.57 (-10)
SiH, 1.07 (-10) LILGT)  7.02¢7) 5.51 (-10)
SiH; 4.60 (-12) 2.52(-9)  3.28(-8) 1.29 (-10)
SiH,4 1.35 (-16) 228 (-11)  3.75(-9) 1.84 (-10)
CN 5.23 (-7) 236 (-11) 526(-14)  2.83(-12)
HCN 5.11 (-5) 325(-6)  2.82(-6) 3.19 (-6)
N, 6.30 (-5) 9.63(-5)  9.66 (-5) 9.61 (-5)
HNSi  1.67(-10) 1.67(-8)  1.84(-9) 3.46 (-10)
HCS 4.60 (-10) 256 (-13) 273 (-14)  4.26 (-15)
HCO 6.53 (-12) 1.60 (-11)  2.82(-13)  8.54(-12)
Sio 1.86 (-8) 490 (-6)  7.26 (-7) 427 (-7)
Co 9.79 (-4) 1.07 (-3)  1.08(-3) 1.08 (-3)
OH 5.35(-13) 456 (-15) 1.81(-23) 0.
H,0 1.66 (-11) 1.16 (-10)  2.03(-16)  2.85(-19)

11.7kms™" 9.8 kms™! Observations
(3.5R,) 5.0 R,

7.83 (-2) 1.55 (-1)

7.61 (-1) 6.90 (-1)

1.60 (-1) 1.54 (-1)

2.56 (-5) 2.45 (-5)

8.36 (-16)  2.47(-18)

5.87(-17)  3.65(-17)

8.61 (-24) 1.41 (-28)

3.25(-9) 1.36 (-9) < 5.0(-8)?
7.09 (-7) 5.96 (-7) 4.0 (-6)"
2.45 (-5) 237(-5)  4.0(-5)-4.0 (-6)°
8.22 (-16) 1.41 (-15)

145(-11)  6.57 (-13)

2.69 (-4) 2.58 (-4) 8.0 (-5)!
1.13 (-11) 1.09 (-11)

2.50(21)  3.69 (-22)

2.28 (-21) 1.50 (-22)

1.29 (-18)  4.84(-19)

5.69 (-19) 1.02 (-19) Low'
1.86 (-10)  3.84 (-10)

1.23 (-22)  2.92(-25)

4.78 (-24) 1.10 (-27)

3.26 (-23) 1.59 (-26) Low'
1.13 (-11) 1.07 (-12)

242(-11)  8.00(-11)

2.54 (-11) 1.02 (-10)

891 (-11)  2.08(-10) Low'
749 (-12) 837 (-13)

3.14 (-6) 3.01 (-6) 4.0 (-5)°
9.26 (-5) 8.88 (-3)

1.23 (-10) 1.17 (-10)

1.37(-14)  9.57 (-14)

7.90 (-12) 1.20 (-11)

2.73 (-7) 2.64 (-7) 8.0 (-7)!
1.04 (-3) 9.95 (-4) 8.0 (-4)*
1.52 (-22) 1.61 (-22)

“very fast chemistry” region in which the inputs from the im-
mediate postshock region are quickly changed. Therefore the
final abundances listed in Table 4 depend only on the parame-
ters characterising the gas excursion associated with a particular
shock strength. Secondly, molecular abundances injected in the
intermediate envelope are the results of an active shock-induced
chemistry in the very inner envelope because rapid freeze-out
of the chemistry occurs for damped and weak shocks at a few
stellar radii.

3.2. Silicon and sulphur species

SiS, SiO and CS are known as “parent” molecules and their IR
ro-vibrational bands were observed in IRC+10216 close to the

star (Keady & Ridgway 1993, Boyle et al. 1994). Millimetre
emission maps show clearly that SiS and CS are centered on
the star (Lucas et al. 1995). Abundances derived from observa-
tions were often compared mistakenly to TE values calculated
for flow conditions that correspond to regions at several stellar
radii from the photosphere (Lafont et al. 1982). However, TE
holds only in the photosphere and within the shock formation ra-
dius (Cherchneff & Tielens 1992). Inspection of Table 4 shows
that SiO has a very low abundance at the shock formation radius,
a value ~ 40 times smaller than that derived by Keady & Ridg-
way (1993) at ~ 10 R, implying that the molecule must form
efficiently in the inner envelope. For SiS, the TE abundance is
consistent with the observations but SiS is in fact processed in
the inner wind.
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Fig. 4. The excursion can be divided into three regions depending on
the relative values of the chemical and dynamical timescales. This is
illustrated here at 20kms ™"

Our results show that SiO is produced in the excursion in-
duced by the fastest shocks from the reaction

Si+ OH — SiO+H (6)

OH is formed in the immediate postshock region and at the
beginning of the excursion associated with large shock strengths
(see Sect. 3.4). SiO destruction processes are

SiO+H — Si+OH (7
SiO+H — SiH+ 0 (8)

At lower shock strengths destruction is by Reaction 7, together
with an addition destruction process

SiO+M — Si+0O+M )

for which the reaction rate has been estimated. SiO is therefore
a product of the chemistry due to the propagation of fast shocks
in the inner envelope and its formation is linked to the tempo-
rary formation of oxygen-bearing molecules in the immediate
postshock region and at the beginning of the gas excursion.
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At slower shock speeds, freeze-out dominates the excursion
and the abundance of SiO starts to level off for Av < 11.7
kms~!. Our theoretical concentration at 5 R, is in good agree-
ment with the observational value, a result which supports our
estimated rates for the gas collider reactions.

The formation process for silicon sulphide, SiS, involves
the formation of HS in the gas excursions and the following
reactions:

S+H, — HS+H (10)
S+CH, — C,H+HS (11)
HS+Si — SiS+H (12)

These reactions have activation energy barriers and there-
fore occur mainly in the hot “fast chemistry” zone of excursions
induced by fast shocks (see Fig. 1). For excursions induced by
slower shock strengths, SiS is formed by the termolecular reac-
tion
Si+S+M — SiS+M (13)
Reactions (11), (12) and ( 13) have estimated rates but the good
agreement of our SiS theoretical abundance with the observa-
tional value implies that our guesses are reasonable. Obviously,
the agreement can be improved by fine-tuning the reaction rates
involved in the formation processes.

The P-branch transitions of the ro-vibrational fundamental
band of carbon sulphide, CS, have been observed by Keady &
Ridgway (1993). They derive an abundance at 5 R, of 4 x 10~
from modelling the ro-vibrational lines with a decrease in the
abundance at > 14 R, to account for the low J lines. The TE
abundance at 7 is 3 times larger than the observational value
and our model shows again how the non-equilibrium, shocked
inner layers govern the chemistry of chemical species. For the
fastest shock strength, CS is destroyed in the excursion by the
reaction

SiC+CS — SiC, + S (14)
which is efficient as SiC is still present at s (see Table 4). As
a result, the CS abundances decreases by 7 orders of magni-
tude compared to its TE value. For smaller shock strengths, CS
gradually reforms from the following processes

C;3+S — CS+C (15)
and
CN+S — CS+N (16)

Our theoretical abundance of CS at 5 R, is lower by a factor
~ 6 than the observed value but we consider the result satis-
fying in view of the uncertainties entering both theoretical and
observational models. As for SiO and SiS, the important point
is that molecular abundances are highly altered and processed
in the shocked region of the inner envelope.
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There exists no IR observation of SiC, close to the star but
mm observations of the outer envelope show that the molecule is
present at 7 < 100R, with an abundance smaller than 5 x 10~3
(Gensheimer et al. 1995). SiC; has a large TE abundance in the
photosphere and at r; which does not agree with the above upper
limit. However, its abundance is reset by the non-equilibrium
chemistry occurring in the “very fast chemistry” zone of the
excursions associated with fast shocks. The main formation and
destruction processes are

Si+C,H — SiC, + H 17)
and its reverse process which becomes dominant at slower shock
strengths. The SiC, abundance at the end of the inner envelope
is much less than its TE value and agrees with the value derived
by Gensheimer et al. (1995). Again, this result supports our
estimated rate for Reaction (17) using rates involving covalent
species.

3.3. CH4, NH3 and SiH4

Methane (CH4), ammonia (NH3) and silane (SiH,) are believed
to form in the intermediate envelope from gas-grain interactions.
Indeed, their TE abundances in the photosphere are low and the
ro-vibrational lines observed by Keady & Ridgway (1993) are
reproduced using non-monotonic, truncated molecular distribu-
tions for these species. Our results confirm that the molecules are
definitely absent from the inner wind (as illustrated in Table 4),
in particular ammonia and methane, which are present in the
photosphere, but are destroyed in the inner wind via collisions
with H. As for SiH4, the molecule is formed in the shock-induced
oscillations but our final theoretical abundances remains low.

3.4. Oxygen-bearing molecules

Several oxygen-bearing molecules are formed in the postshock
region of the fastest shocks. In the immediate postshock region
and the “very fast chemistry” zone of the excursion, CO is de-
stroyed by collision with atomic H to release free O atoms. At
the start of the excursion, atomic oxygen reacts with atomic S
to form SO. OH then forms from

SO+H — OH+S (18)
and from

O+H, — OH+H (19)
Water, H,O, subsequently forms from reaction

OH+H; — H,O+H (20)

In the “fast chemistry” region, the reverse reactions of both
processes become dominant and H, O and OH are gradually de-
stroyed at large phase. As previously mentioned, the formation
of oxygen-bearing species in the postshock gas of the fast shocks
triggers the formation of SiO. These oxygen-rich species may
also affect the dust nucleation processes as oxygen is known
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to inhibit the growth of large carbon chains and polycylic aro-
matic hydrocarbons (Frenklach & Feigelson 1996). Our results
show that, apart from CO, SiO and to a less extent HCO, the
inner wind of IRC+10216 is depleted of oxygen-rich bearing
chemical species.

3.5. Discussion

The present study shows that the inner envelope of IRC+10216
is aregion of active chemistry. Indeed, several molecules which
were believed to originate from the stellar photosphere under
TE conditions are formed in this highly non-equilibrium region
(e.g. SiO). Other molecules which are overabundant at TE in
the photosphere are destroyed in the inner wind and their abun-
dances are then governed by the non-equilibrium chemistry of
the inner envelope (e.g. CS and SiC,). The good agreement be-
tween theoretical and observational abundances validates our
dynamical and chemical models of IRC+10216 inner envelope,
although a full description of the chemical processes is an im-
possible task as many reaction rates have not yet been measured
in the laboratory or predicted by theory. As for the dynamical
model, it seems that our simple analytical description is satis-
factory in reproducing the gas parameter variations.

An important point to mention is that the inner envelope
corresponds to the wind acceleration zone where dust grains are
expected to form. The dominant formation processes for amor-
phous carbon dust nucleation initiate with the conversion of
acetylene C,H; into larger hydrocarbons (Frenklach & Feigel-
son 1996). This conversion can occur via isomerisation of acety-
lene as in soot formation processes in acetylenic flames or via
direct infrared pyrolysis (Herlin et al. 1997). We did not con-
sider the chemistry of dust nucleation in our model because only
a small fraction of acetylene is converted into large aromatic
molecules. The nucleation and condensation of dust grains will
change the physical conditions in the gas as dust will quickly
accelerate the wind and generate a high mass loss. However,
the stationary layers we have described in this study will still
be present as the dust condensation occurs only for a narrow
range of gas parameters which are found at radii larger than
3 — 4 R, (Cherchneff 1997). Therefore the layers close to the
stellar photosphere represent the locus of active molecule and
dust formation.

Another condensate of interest in the inner envelope is sili-
con carbide SiC. Infrared pyrolysis of silane and acetylene pro-
duces SiC condensates very efficiently and it was proposed that
the formation of atomic Si and SiC, triggers the nucleation of
SiC grains via the reaction
Si+ SiC, — 2 SiC 2n
and the subsequent coalescence of SiC molecules into solid
particles (Lihrmann & Cauchetier 1994). This reaction has an
endothermicity of ~ 395 kJ mole~! at 1000 K and is not in-
cluded in our chemical scheme listed in Table 5. Inspection of
Table 4 shows that SiC gaseous is absent from the inner enve-
lope as it is quickly destroyed in the shock-induced excursions.
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However, the abundance of atomic Si is quite high and con-
stant in the inner envelope and SiC; is also present in the flow.
Assuming that the SiC, abundance is used in forming SiC parti-
cles with average radius 100A following Reaction (21), the total
abundance of SiC grains relative to the total gas concentration
would be ~ 1 x 10714, Bagnulo (1996) has fitted the spectral
energy distribution (SED) of IRC+10216 using an amorphous
carbon-to-gas and a SiC-to-gas ratio of 5 x 10~ and 3 x 1074,
respectively. The SiC component corresponds to an abundance
of ~ 2 x 10~'! assuming 100A radius SiC grains and the to-
tal dust-to-gas ratio derived by Knapp & Morris (1985). This
value is 3 orders of magnitude larger than that derived from our
SiC, abundance. If the upper limit derived by Gensheimer et
al. (1995) for the SiC, inner abundance is used, the SiC solid
abundance derived from fitting SEDs is still larger by a factor
~ 50. This simple analysis implies that other mechanisms to
form SiC grains must occur in the inner wind of IRC+10216.

Future studies will investigate the coupling of the silicon-
sulphur chemistry and the dust nucleation-condensation pro-
cesses. We will also investigate the gas-solid phase chemistry
occuring in the intermediate envelope.
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