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Abstract. We investigate the contribution of periodic shocks to the formation of polycyclic aromatic hydrocarbons (PAHs)
and their dimers in the inner atmosphere of IRC+10216. The goal of this paper is to look at the implications this has for the
formation of carbon dust if PAHs are an intermediate step. It is shown that the amount of PAHs and dimers produced is not
enough to explain the formation of carbon dust in the atmosphere of the star, but it can account for the formation of the small

disordered cores of the kind observed in presolar grains.
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1. Introduction

In this paper we investigate the role of periodic shocks in the
formation of PAHs and their dimers in the atmosphere of
the carbon rich AGB star IRC+10216. Chemical models of the
formation of PAHs in acetylene flames have been successfully
developed by Frenklach and coworkers (e.g. Frenklach et al.
1985, 1986a,b) and they are of paramount interest for the astro-
physicists who want to test the same chemistry in space. The
only major difference between an acetylene flame and the cir-
cumstellar envelope of a carbon-rich AGB star is the presence
of oxygen in the former, which is absent in the latter, where it is
locked in the very stable CO molecule. Frenklach & Feigelson
(1989) and Cherchneff et al. (1992) have applied the chemistry
of PAH formation to the circumstellar envelopes of carbon-rich
AGB stars. In particular they found that the production of PAHs
is efficient only when the temperature of the gas is between 900
and 1100 K. A similar result was found by Helling et al. (1996),
who used equilibrium calculations to show that the production
of PAHs can be efficient when the gas temperature is in the
window 700-900 K, provided the gas pressure is substantially
higher than usually assumed in standard wind models.

PAHs are thought to be an intermediate step towards the
formation of carbon grains, and an important test for these
models is to compare the amount of carbon that “migrates” into
PAHs with the amount of carbon that is known to be in the form
of dust. All the investigations above have shown that the former
is invariably lower than the latter. However, they used a simple,
steady wind model, and this raised the question if it is precisely
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the poor wind model which is the reason for the failure of the
calculations in predicting the formation of PAH molecules in an
amount comparable in mass with that of circumstellar grains.

Here we address this question using an improved model of
the stellar wind (Fox & Wood 1986; Bowen 1988; Willacy &
Cherchneft 1998) which takes into account the effect of peri-
odic shocks which are known to be present in the inner wind of
AGB stars (e.g. Gillet et al. 1983). Such shocks induce a peri-
odic variation of temperature and density in the gas. As a result,
a given parcel of gas passes through the temperature window of
efficient PAH formation more than one time. Since PAHs are
quite stable, it is possible that the periodic, repeated passage of
the gas in the critical window could allow significant amounts
of PAHs and their dimers to form.

2. The model

The presence of shock waves has two important consequences
(e.g. Bowen 1988): (i) the gas is lifted upwards by the shocks,
and this fact produces an extended zone in the atmosphere in
which the concentration is higher than it would be if the shocks
were not taking place, and (ii) during each period, parcels of
gas are accelerated upwards by the shocks and fall back un-
der stellar gravity; during these excursions, concentration and
temperature of the gas change dramatically. To model this we
adopt a semi-analytical method first developed by Bertschinger
& Chevalier (1985). The implementation we adopt has been
first used by Willacy & Cherchneff (1998). The details of it are
given in the Appendix.

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20020924



http://www.edpsciences.org/
http://www.aanda.org
http://dx.doi.org/10.1051/0004-6361:20020924

204

P. Cau: Formation of carbon grains in the atmosphere of IRC+10216. 1.

Table 1. Preshock, shock front and excursion gas temperature and number concentration for the various shock velocities vg,ocx chosen in our

model.
Ushock Radius Mach Preshock Shock Front Start of Excursion
(km s™!) (R, number Ty (K)  no(cm™) T (K) n(cm™) Ton (K)  ngn (cm™)
18.5 1.4 6.46 1879 1.36 x 10" 17016  7.29 x 104 4214 2.30 x 105
16.8 1.7 6.21 1673 423 x10% 14118 225x 10" 3656 6.94 x 104
159 1.9 6.07 1565 225%x 108 12646 1.19x 10" 3395 3.61 x 10"
14.1 2.4 5.80 1360 6.56 x 102 10176 3.43 x 10" 2861 9.79 x 103
12.6 3.0 5.54 1190 2.24 x 102 8218 1.16 x 103 2441 3.11 x 103
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Fig. 1. Temperature and concentration profile of the gas at 1.4 R, in
the chemical cooling region and during the hydrodynamic cooling
(expansion).

We consider the inner circumstellar envelope (CSE) as a
narrow region above the photosphere which experiences the
passage of periodic shocks generated by the stellar pulsations.
We assume that shocks form at 1.2 R, with an initial velocity
of 20 kms~! and that they are damped as they travel outward.
The choice of the shock formation radius rgyock as well as of its
initial velocity is arbitrary but reflects typical values found in
carbon stars. We consider five different distances from the cen-
ter of star (1.4 R., 1.7 R., 1.9 R., 2.4 R, and 3 R.) and follow
the chemistry of a parcel of gas starting when it is reached by
a shock to the moment in which the next shock arrives. During
the excursion the parcel moves upwards, but we assume that
under stellar gravity it comes back to its initial position (see
the Appendix). At each distance the shock is assumed to be
plane-parallel. Table 1 reports the different shock velocities at
the various distances, together with temperatures and concen-
tration of the gas before the shocks reach it, immediately be-
hind the shock front and at the beginning of the adiabatic ex-
pansion (see the Appendix).

In Figs. 1 and 2 we plot the profile of concentration and
temperature of a parcel of gas at 1.4 R, and 3 R, during an

Fig.2. Temperature and concentration profile of the gas at 3 R,
in the chemical cooling region and during the hydrodynamic cooling
(expansion).

entire excursion. The system of reference of the shock is
adopted, so what the figures show on the left is the tempera-
ture and concentration of a given parcel of gas while it moves
away from the shock front. The cooling here is dominated by
the dissociation of molecular hydrogen. Another cooling pro-
cess, the adiabatic expansion of the gas, becomes more efficient
at lower temperature. On the right, the figures show the temper-
ature and concentration vs. phase (= time/period) during this
second stage. At the end of the expansion (phase = 1), the par-
cel reaches its initial temperature and density, it passes through
another shock front and the cycle repeats itself. More details
can be found in the Appendix.

3. Model star

Our model is applied to IRC+10216 (= AFGL 1381 = CW
Leo). The adopted parameters for this star are listed in Table 2.
Besides being the best studied carbon star, its physical condi-
tions match with the requirements of our model, as discussed
in Sect. A.4 of the Appendix.
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Table 2. The stellar parameters assumed for IRC+10216. (From
Willacy & Cherchneff 1998.)

Temperature 2300 K
Luminosity 2.5%x10* Ly
Radius 7.0 x 10" cm
Mass 2 M,

Period 650 days
Concentration (1.2 R,) 3.7 x 10" cm™
C/O 15

4. PAH condensation sequence

We adopt the reaction network of Frenklach & Feigelson
(1989) as improved by Cherchneff et al. (1992). This network
describes the formation of PAHs from acetylene and hydrogen.
Various chemical paths leading to the formation of benzene
and naphtalene are considered. Given the lack of information
on the following growth of PAHs, it is assumed that this pro-
ceeds through analogous reactions leading to the formation of
the first aromatic ring, through repeated abstraction of H atoms
and the addition of acetylene. This mechanism of growth, also
known as linear lumping, is appropriate to describe the forma-
tion of catacondensed PAHs. In order to study the formation
of pericondensed PAHs such as pyrene and coronene, Allain
et al. (1997) modified the reaction network so that the forma-
tion of pericondensed species is achieved through the addition
of a single acetylene molecule. We do not introduce this modi-
fication for two reasons. First, we need to estimate the contribu-
tion of periodic shocks by comparing our results with those of
other authors who used the same chemistry but did not consider
the contribution of the shocks, such as Frenklach & Feigelson
(1989) and Cherchneff et al. (1992). Second, given the present
lack of knowledge on the details of the chemistry of PAHs, we
avoid any conclusion on the abundance of any PAHs consid-
ered. Rather, we use our results to evaluate how efficiently car-
bon is converted from simple hydrocarbons into benzene and
PAHs, and discuss the implications of this efficiency for the
formation of carbon dust in CSEs.

In this work we extend the chemical scheme of Cherchneff
et al. (1992) to include PAHs with up to seven aromatic rings
as in Cherchneff (1997). We also consider the formation of
dimers of PAHs as discussed in Cherchneff (1997). The rate
of each reaction is given in Cherchneff et al. (1992). For PAHs
not considered by Cherchneff et al. (1992) the rates of for-
ward reactions are the same as analogous reactions involving
smaller PAHs. The rates for the reverse reactions are estimated
using the thermodynamic properties of the molecules involved
(namely, the Gibbs free energy of formation) and are given by
(Eq. (44) in Cherchneff et al. 1992)

ke = AT"CY exp (190|922 + Gy + GYT + G4 T2 + G517
ey)

where A, n and E, are the Arrhenius parameters of the for-
ward reaction, T is the kinetic temperature of the gas (in K),
Av is the change in the number of molecules due to the reaction
and the G;s are the fitting coefficients of the Gibbs free energy
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(kJ/mole) of the reaction, given by the difference between the
total Gibbs free energy of formation of the products and that of
the reactants in the forward reaction. These energies are given
in the JANAF Tables (Chase et al. 1985) for various tempera-
tures, and Cherchneff et al. (1992) used a polynomial of fourth
order to fit them. As the values tabulated in the JANAF Tables
are given for a gas at the pressure of 1 atmosphere, the fac-
tor C = NARLTIOG converts the units into cm™3. Here N4 is the
Avogadro number and R is the perfect gas constant.

The values of the coefficients of the polynomial fitting of
the Gibbs free energy of formation for the species not included
in Cherchneff et al. (1992) are given in Table 3 (courtesy of
Isabelle Cherchneff). They are estimated according to the group
additivity method (Stein & Fahr 1985).

5. Formation of dimers of PAHs

We consider the formation of dimers of PAHs formed by, at
most, two PAHs with seven aromatic rings each. Following
Cherchneftf (1997) we assume that the dimers are formed
through the reaction of PAHs having the same number of aro-
matic rings. The reaction rates for dimer formation from their
aromatic parents has been measured (Fahr et al. 1988) only for
the reaction of benzene with phenyl

C6H6 + C6H5 - C6H5C6H5 + H. (2)

For larger dimers we follow Cherchneff (1997) who considered
that the van der Waals force between molecules acts as a tem-
porary glue which holds the adduct together while the chemi-
cal bond forms. This force increases with the size of molecules,
and so should the rate coefficient. Miller et al. (1984) have es-
timated the van der Waals forces for several PAHs and their
results have been used by Cherchneff (1997) to scale the reac-
tion rates with respect to the force values.

The rate of each reaction leading to the formation of dimers
is of the form

~16720 J mole™

A exp RT 3)
where the values of A for each reaction are given in Table 4
(DA, represents a dimer composed of two PAHs with n aro-
matic rings, linked together by a chemical bond).

The destruction of C¢HsC¢Hs leading to two C¢Hs

C6H5C6H5 - C6H5 + C6H5 (4)

is described by Cherchneff (1997) with the rate of 1.6x10738 7°
exp(—=2400 J mole™'/RT) s~!, and the activation energy in the
exponent is rescaled for bigger dimers according to their size.
The value E, to replace 2400 J mole~! in the rate, for each
dimer, is reported in the third column of Table 4.

6. Temperature of PAHs

As first noted by Cherchneff et al. (1991) the vibrational tem-
perature of PAHs can be different from the kinetic temperature
of the gas. This is because if the density of the gas is low
enough, collisions are not efficient in coupling the vibrational
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Table 3. Coeflicients of the Gibbs free energy of formation in kJ/mole, at 1 atmosphere. Values not included in Cherchneff et al. (1992).

(Courtesy of Isabelle Cherchneft.)

Species G G’ G, G, Gl
kJ mole™! Kimole' K!'  kImole' K? kImole! K3 kJmole™! K™*

As- 451 x10*2 256 x 107! 284%10° —1.01x10%  870x 1073
As 2.04x 1072 3.30% 107 417x 1079  -125%x10%  1.08x 1072
A;CoH# 0. 0. 0. 0. 0.

A;CH 441 x 102 276 x 107! 579% 10 -197x107%® 171 x 1072
AsGH, U 520x 1072 321 x 107 4801079  —196x10%®  1.70x 1072
A;C,H 6.88 x 1072 2,08 x 107! 446%x 107 —173x10%®  1.49x 1072
As- 472102 247 x 107" 478 %1079 —1.84x10%  1.61x 1072
Ay 224 %1072 3.18x 107" 7.82x 107  -325x107%  2.85x107?
A4CoHo# 0. 0. 0. 0. 0.

A,CH 453%10%2 273 x 107 761 %10 -316x107%®  2.75x 10712
ACGH, U 532x10%2  3.12x 107 6.60%x 107  -320x10™%®  2.79x 1072
A,CH 7.00 X 1072 2.04 x 107! 628 %107  —292x107%®  2.54x 1072
As- 5.11x 102 2.88 x 107! 734%x 107 -337x10%  2.95x 10712
As 2.64 %1072 3.62x107 8.67x10°%  -361x10%  3.16x 10712
AsCoH# 0. 0. 0. 0. 0.

AsC,H 493%x10%2  322x 107" 838x107%  -352x107%  3.06x 10712
AsCGH, U 572x10%2 361 x 107! 738%x 107 —356x107%  3.10x 1072
AsCH 7.40x 1072 2.54 x 107! 7.05%x107° -328x107%  2.85x 10712
Ag- 551 %102 3.31x107 820x107%  -3.78x107%  3.30x 10712
Ag 3.04x 1072 4.05 % 107! 954%x 107  —4.02x10%®  3.52x1072
2 AgCoHo#t 0. 0. 0. 0. 0.

A¢CoH 531 %1072 374 %107 556%x 107 -330x107%®  2.86x 10712
A¢CoH, U 6.09x 1072 417 x 107! 373%x10°% 334107  2.90x 10712
A¢C,H 7.78 x 1072 3.05x 107! 423%x 1079  —3.06x107%  2.65x 1072
A;- 5.64 %1072 3.25x% 107 8.16x107%  -3.85x107%  3.36x 1072
A, 3.17x 1072 3.05x 107! 423x 1079 306x107%  2.65x 10712

Table 4. Rate parameters A for the formation and E, for the destruc-
tion of dimers. (Courtesy of Isabelle Cherchneff.)

Dimer A (cm®s™)) E, Jmole™!)
DA, 6.64 x 10713 2.40 x 10°
DA, 1.07 x 10~12 3.85 x 10°
DA; 1.49x 1072 5.39x 10°
DA, 1.71x10712  6.16 x 10°
DA; 2.02 x 10712 731 x10°
DA,  234x1072 847 x10°
DA,  2.18x1072  7.90x 103
DARs  128x 1072 4.62x 10°
DAsRs  1.60x 1072 6.16 x 10°
DARs 1.92x1072 693 x 103

and translational degrees of freedom, so that the vibrational
temperature can be significantly lower than the kinetic one.
To estimate this effect on PAHs during the passage of peri-
odic shocks, we solve Eq. (45) in Cherchneff et al. (1992)

nT"> — nT% Tppy = QTS

5)

for the density and temperature profile of the shocks. Here n
and T are the number density and kinetic temperature of the

Table S. Parameters A, B and a used in Eq. (5).

PAH A B a (cm)
A 131x 1005 —-173 2x108
A, 9.10x10°5 -1.86 2.8x10°*
A, 9.10x10™5 —-1.78 3.46x 1078
Ay 1.60x 107  —147  4x1078
As 5.22x10°5  —1.64 4.47x10°8
Ag 429%x 107 -1.58 4.88x 1078
Ay 497 %1075  —-1.58 527x10°8

gas, Tpay is the temperature of the considered PAH and QQ =
2.2776 x 108[A/a] where a is the PAH molecular radius. The
two parameters A and B are used to represent the Planck mean
of extinction cross section and are given in Cherchneff et al.
(1992). We report the values of A, B and a in Table 5.

We plot the results at 3 R, in Fig. 3. Since the temperature
of the gas and that of PAHs turn out to be very close to each
other, to show their relation we plot the relative value of the
latter with respect to the former (Tpan/7 gas)-

The solution of Eq. (5) shows that while the difference be-
tween the two is more than 5% at 3 R. (Fig. 3), it reduces to
2-3% at 2.4 R,, to 1% at 1.7 R, and to less than 1% at 1.4 R..
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Fig. 3. Inverse greenhouse effect during the excursion at 3 R,.

In our calculation we consider the difference between the two
temperatures only at 3 R..

7. Model

We have used Eq. (1) to determine the rate of reverse reactions,
adopting the Gibbs coefficients computed by Cherchneff et al.
(1992). Such fittings are not appropriate for very high temper-
ature, when some of the resulting rates become very high. For
this reason we replace such “thermodynamic” rates with a col-
lisional rate each time the latter is smaller.

The collisional rate for a reaction

A+B—C+D ©6)

is given by (e.g. Avery 1974)

1
87RT\?
nANB aiB(—ﬂ ) (7)

where na and ng are the concentrations of the species A and B,
w is the reduced molar mass defined as

MaMp

= A0 8
M + Mg ()

u
where M and My are the molar masses of species A and B,
and o ap is the mean collisional diameter defined by

oA+ 0B
2

where o4 and o are the collisional diameters of species A and
B. R is the gas constant.

Rather than defining a collisional rate for each reaction, we
choose to consider a “standard” rate and apply it to all the re-
verse reactions each time the rate determined using thermody-
namic considerations is higher. To determine this “standard”

©))

OAB =
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rate, we consider molecules with the same properties as ben-
zene. The collisional diameter of benzene, assuming its geo-
metrical value, is 4 A (see also Table 5 which reports the ra-
dius a of all the PAHs included in the model) and the reduced
molar mass is (6 X 12 g)/2, where we have ignored hydrogen
atoms. Using cgs units we obtain

8183110’ T

% 1
T ) =1.3%x107" T2 npng.

nang (4 x 10-8)2(
(10)

This collisional rate will be used for the reverse reactions each
time that the corresponding thermodynamic rate is larger.

8. Calculations and results
8.1. Initial concentrations

The full list of the chemical species included in our model is
shown in Table 6. The formalism of Frenklach & Feigelson
(1989) is adopted. In particular A; denotes a PAH with i aro-
matic rings. Note that the concentration of A; refers to the con-
centration of chemically similar (in the context of PAH growth)
compounds (see Frenklach & Feigelson 1989).

We first perform an integration starting at 1.4 R, during the
hydrodynamic cooling. After the first integration which covers
one pulsational period the resulting concentrations are rescaled
to the concentration of the gas at the beginning of the hydro-
dynamic cooling and a new integration is performed over the
next pulsational period. At 1.4 R, we ignore the chemical cool-
ing which does not last enough for any significant chemistry
to take place. Performing further integrations in the same way
turns out not to change significantly the output of the integra-
tion, so that the output after two pulsational periods is used as
input at the beginning of the chemical cooling at 1.7 R,, af-
ter rescaling the concentration of all species to that of the gas
at 1.7 R..

At 1.7 R, (as well as at further distances) we consider the
chemical cooling. Each cycle of integration, corresponding to
a pulsational period, is composed by a first stage dominated by
the chemical cooling and a second stage dominated by the hy-
drodynamic cooling. The concentrations resulting from the first
stage are used as input for the second stage, and two cycle are
performed. Again, performing further integrations turns out not
to change the output significantly, so the output of the second
cycle is rescaled to the concentration of the gas at the next
distance and two cycles of integration are performed at the
next distance. This is done up to 3 R., the outer distance con-
sidered in our model.

To determine the values of the initial concentrations, we re-
peat the calculations of Willacy & Cherchneff (1998) whose
chemical network includes all the hydrocarbons that are rele-
vant in our model. Because of the high density and temperature,
the chemical composition of the photosphere can be derived
by chemical equilibrium calculations. We performed these cal-
culations using the computer program CHEMEQ written by
Andrew Markwick, which implements the method described
by Sharp & Huebner (1990) and determines the concentration
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Table 6. List of all chemical species included in our model. The formalism is that of Frenklach & Feigelson (1989), also used by Cherchneff

et al. (1992).

H CeH,U ARG H#  A,CH CH
H, CeHsU A3RsC,H A,CHU  C3H

C,H, C¢H3U A3RsC,H,U  A,C,H* DA,

C,H CeHg ARsCH*  As- DA,

H,CC A, CH* AuRs- As DA,

CH, A GH- AuRs AsCoH.# DA,

CH, A GCH# As- AsCH DA

CH;  AGH A, AsC,H,U DA

C,H, A, C,H,U A,C,H,# As;C,H* DA,

C.H Ar-X A,CoH Ag- DA,R;
CH:S  A,CH; A,CoH,U As DA;R5
CH;U A CoHy* A,CoH* A¢CoHo#  DALRs
CiHeis  AsRs- As- AsCH CH,

C.HsS AR A, AsC,H,U  CH;

CiHsU A RsCHo#  A;C,Ho# A¢C,H*  CH,4

CH,  ARsC.H A;CoH Aj- C3H,

CH,  ARGHU AGHU A, He

A - ARsCH*  AC,H* C3H; C,

C.Hs#  AsRs- As- C ALCoHo#
CeH:#  A3Rs Ay C, Benzene (A;)

of the various species. These concentrations, obtained at 1.2 R,,
were rescaled to the gas concentration at the beginning of the
hydrodynamic cooling at 1.4 R,. The initial concentration of all
aromatics is set to zero.

8.2. Results

The following results are obtained integrating the kinetic differ-
ential equations with LSODE, a standard package for the inte-
gration of stiff differential equations using BDF methods (Gear
1971). We adopt a relative error of 10~ (reduced, if required,
during the integration) and an absolute error of 1079 cm™3.

8.2.1. PAH formation and temperature

Figure 4 contains four representative plots of the concentration
of dimers and their parent PAHs, during the very first integra-
tion, at 1.4 R.. No benzene or PAH is present at the beginning.

Comparison with the temperature profile of the gas during
the hydrodynamic cooling at 1.4 R, (Fig. 1) shows that PAH
formation becomes efficient at high temperatures in a relatively
high density gas, as already observed in flame experiments.
Previous studies (Frenklach & Feigelson 1989; Cherchneff
et al. 1992) derived a lower temperature window (1100-900 K)
for the production of PAHs to be efficient, possibly because of
the lower gas densities considered in their models.

All these results are affected by the hypotheses adopted
in our reactions network, in particular the growth of PAHs
through linear lumping and the formation of dimers accoding to
Cherchneff (1997). A consequence of these assumptions can be
seen in Fig. 4. Two of the plots, one including A3 and the other
including As, are very similar. This is because the chemistry of
different PAHs is the same and the initial concentrations in this

case are the same. We also point out that the high concentra-
tion of A; corresponds to the fact that this is the biggest PAH
in our model. While smaller PAHs are consumed by the growth
process, this does not happen for A;. Carbon atoms “migrate”
from small to big PAHs, but accumulate in A;.

8.3. Yields

Rather than considering single species, it is more interesting
and instructive from the point of view of dust formation to ask
if the amount of carbon that is moving from simple hydrocar-
bons (acetylene) to PAH and dimers is enough to explain the
formation of dust in IRC+10216.

To do this, the quantity “yield of aromatics [or dimers]” is
usually introduced. It is defined as the ratio between the number
of carbon atoms in aromatics [or dimers] and the number of car-
bon atoms contained in hydrocarbons. This gives the fraction of
carbon that has migrated from hydrocarbons to aromatics and
dimers. When speaking of the amount of C atoms contained in
dust divided by the number of C atoms in hydrocarbons, we
preferably use the word “fraction”.

The value of the yield for aromatics (benzene, PAHs and
dimers) and for dimers alone is shown in Fig. 5. These yields
and their significance are discussed in the next section.

9. Discussion

9.1. Are these yields sufficient to explain the formation
of dust in IRC+102167?

If we assume that dimers are the starting step in the forma-
tion of dust, an important test is to compare the amount of car-
bon that we have in the form of dimers, and the amount of
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Fig. 4. Concentration of dimers and their parent molecules during the hydrodynamic cooling at 1.4 R, (first cycle of integration). Collisional

rates replace thermodynamic ones when the latter are faster.

carbon that is known to be in the form of dust in the atmo-
sphere of carbon stars. This test needs to be done in order to
check if the dimers contain at least as much carbon as the dust
we expect to form from them.

For this comparison we use the ratio between the number
density of the dust and the number density of the gas (dust to
gas ratio) for carbon stars. This has been determined by Knapp
(1985) who used 40 evolved giant stars (of which 18 were car-
bon stars, including IRC+10216), and derived the result that
the ratio is the same (within uncertainties) in carbon-rich and
oxygen-rich stars. For carbon-rich stars she obtained the value
5.2+ 1.7x 10713 (7.6 + 0.4 x 107'3 for oxygen-rich stars).

If we consider carbon grains with a radius of 500 A
(Jura 1996), then, assuming the density for graphite grains of
1.8 g cm™ (e.g. Cadwell et al. 1994), each of them would
contain 4.7 x 107 carbon atoms. Considering the preshock gas

density at 3 R, (2.24><1012 cm™3, see Table 1), the dust to gas ra-
tio above implies that about 1.2 cm™ is the actual number den-
sity of grains, so that the total amount of carbon atoms stored in
grains per unit volume is 1.2x4.7x 107 cm™ = 5.6x 10" cm™.
To see if molecules can provide this amount of carbon atoms,
we need the total amount of carbon contained in hydrocarbons.
As acetylene is the most abundant hydrocarbon, in this calcu-
lation we consider the carbon contained in it as representative
of the carbon contained in all hydrocarbons. The preshock con-
centration of acetylene at 3 R, (after the two cycles of integra-
tion) is 6.1 x 108 cm™3, so that the fraction needed to be incor-
porated into carbon dust is 5.6 X 107/6.1 x 108 = 9.1 x 1072
Closer to the star, analogous calculations imply (see Table 7 for
the concentration of acetylene) at 2.4 R, a fraction of 8.9x 107!,
at 1.9 R, a fraction of 1.3x107!, at 1.7 R, a fraction of 7.9x 1072
and finally, at 1.4 R, a fraction of 9.1 X 1072,
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Table 7. Concentration (cm™>) of acetylene at the end of the pulsa-
tional period at various distances considered in our model.

1.4R. 1.7 R. 1.9R. 24R, 3.0R.
3.69% 100 1.31x10" 4.18x10° 1.79x10° 6.09 x 108
0
-2 —
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Fig. 5. Yields of benzene, PAHs and dimers, and dimers alone.

Figure 5 shows the yields for all the aromatics (PAHs, ben-
zene and dimers), and for dimers alone. As can be seen, the
yields are too low (<1072) and do not compare with the frac-
tions obtained above. That is to say that dimers and PAHs con-
tain an amount of carbon atoms which is lower than that
containedin the dust we expect to form from them.

With these very low yields it is not possible to explain the
formation of grains with a radius of 500 A and the dust to gas
ratio of 5.2 + 1.7 x 10713 obtained by Knapp (1985).

9.2. Are these yields appropriate to explain the
formation of nanocrystalline cores observed
inside presolar grains?

Bernatowicz et al. (1996) reported that many presolar grains
contain nanocrystalline cores consisting of disorderly stacked
PAH-like materials, whose diameter is in the range 5-50 A,
and which are thought to have acted as condensation nuclei
for the carbon. Using the simple relation nc ~ (d/1.2)* where
nc the number of carbon atoms contained in the grain and d
is its diameter in A (the density of graphite, 1.8 g cm™, has
been assumed here) we have that the number of carbon atoms
contained in these cores ranges from 2 x 10? to 7 x 10*.
Consider the situation at 3 R, where the gas number den-
sity is 2.24x10'> cm™ (see Table 1). The yield of dimers is
3.3x1073 (see Fig. 5) and the ratio between the number density
of acetylene and the gas is 6.1 x 10%/2.2x 10'> = 2.8 x 107, so
that the ratio between the number of carbon atoms contained

P. Cau: Formation of carbon grains in the atmosphere of IRC+10216. 1.

in dimers and the number density of the gas is 3.3 x 1073 x
2.8 x 10™* = 9.2 x 107". Given the number of carbon atoms
contained in the cores we obtained above, this corresponds to
a cores to gas ratio ranging from 4.6 x 10~ to 1.3 x 1071,
Following evidence from Bernatowicz et al. (1996) we assume
that each core will evolve into a dust grain, so that the dust to
gas ratio obtained by Knapp (1985) holds also for the cores.
We can then directly compare our cores to gas ratio with the
dust to gas ratio measured by Knapp. The fact that the former
is significantly higher shows that while the yields are not large
enough to explain the formation of the full grains, they are ap-
propriate to explain the formation of the nanocrystalline cores
observed inside grains. The same result holds closer to the star
as long as both the yield and the abundance of acetylene do not
change significantly (i.e., going back up to 1.9 R,).

10. Conclusions

Our chemical network does not allow to predict the concentra-
tion of single PAHs. Rather, it allows to investigate the ability
of C atoms to “migrate” from hydrocarbons to benzene and
PAHs, eventually becoming available for the formation of dust.

In the discussion we have already concluded that such mi-
gration is not as efficient as required to explain the formation
of circumstellar dust if only PAHs (and their dimers) were in-
volved, i.e., that these molecules, once formed, contain less car-
bon than the dust we expect to form from them.

This result has already been obtained in previous ki-
netic chemical reaction models (Frenklach & Feigelson 1989;
Cherchneff et al. 1992) as well as chemical pathway compu-
tations (Goeres 1993) and chemical equilibrium calculations
(Helling et al. 1996). All these calculations used simple wind
models which ignore the presence of shocks. Such a negative
result raised the question if it was the poor wind model which
was the reason for the failure of the calculations in predicting
the formation of PAH molecules in an amount comparable in
mass with that of circumstellar grains.

Our paper gives a negative answer to this question.
Frenklach & Feigelson (1989) found a yield that, in the most
favourable case, is 1.3%. This most favourable case corre-
sponds to their “standard” model: a very low effective temper-
ature (T.g = 1500 K), a mass loss rate as high as 107* M, yr‘1
and a wind velocity of just 102 km s~!. Cherchneff et al.
(1992) obtained a yield that, in their most favourable case, was
5 x 107>, This case corresponds to an effective temperature of
2300 K, a mass loss rate of 10 My yr~!' and includes the
contribution of inverse greenhouse effect to the temperature
of PAHs. The yield of PAHs and dimers we obtain is, at the
most, 3.3 x 1073, This is lower than that found by Frenklach
& Feigelson (1989) and though it is two orders of magnitude
larger than that obtained by Cherchneff et al. (1992), it is still
too small to explain the formation of carbon grains if PAHs are
their only building blocks. However, carbon does not need to
be locked into PAHs to become available for dust formation,
because a significant percentage of carbon can be incorporated
in the grain through deposition of hydrocarbons, particularly
acetylene, onto its surface. While PAHs are required for the
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initial nucleation of carbon grains, they are not required for
their growth.

Of course other models which take shocks into account
could provide a different answer to the question. In addition,
we have adopted only a certain set of parameters for our model
of the circumstellar envelope (stellar mass, density and effec-
tive temperature, C/O ratio, shock velocity) and a different set
of values may result in very different yields.

Nevertheless, in the discussion we have shown that the
amount of carbon that “migrates” into dimers can readily ac-
count for the formation of the nanocrystalline cores found in
presolar grains.

Another conclusion of this paper is that the formation of
PAHs is efficient at higher temperature than predicted in pre-
vious models. A possible explanation of this fact is that the
higher gas number density in our model makes the chemistry
more efficient.
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Appendix A: Temperature and concentration
profiles

A.1. Preshock temperature and concentration
of the gas

We assume that the radial temperature profile is represented by
(e.g. Bowen 1988)

p -0.6
T(r) = Tew (_) :

X (A1)

The concentration profile is determined as in Cherchneff et al.
(1992).

The damping of the shock at increasing radius is deter-
mined using a result by Willson & Bowen (1984)

-0.5
)
Fshock

We can now consider the problem of how the physical param-
eters change when a shock passes through a parcel of gas.
To handle this problem we distinguish three different stages.
Firstly, the parcel is compressed and heated by the shock front,
secondly it cools through the dissociation of H, and when this
process becomes less efficient than the hydrodynamic cooling,
the adiabatic expansion begins and the parcel of gas is acceler-
ated upwards and falls then back under the influence of stellar
gravity.

Ushock () = Ushock (Fshock) ( (A.2)

A.2. Temperature and concentration of the gas behind
the shock front

We assume that the rapid variations of concentration and tem-
perature occurring in a parcel of gas when the shock front
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reaches it are well described by the well known Rankine-
Hugoniot conditions which relate the thermodynamic variables
before and after a shock front when inelastic collisions are
not included. The analytical expressions (e.g. Nieuwenhuijzen
et al. 1993) for temperature and concentration are

Ti _ [2yM* - (y = DIl(y = DHM? + 2]
Ty (y + 1)2M2
m (y + 1)M?

ny (y= DM +2 (A

(A3)

where the index 0 denotes the preshock gas and 1 the gas imme-
diately after the shock front. M = vghoex/a is the Mach number,
where a is the sound velocity, and y = ¢,/cy is the adiabatic
exponent for which we assume the ideal, diatomic gas value
of v = 1.4, which is accurate to within 5 percent for most di-
atomic molecules, and is nearly exact for our main gas, H,. The
temperature and concentration at the shock front are reported,
at various radii, in the sixth and seventh columns of Table 1.

A.3. Cooling processes

Once the gas is heated and compressed by the shock, it cools
via various microscopic processes and via work, i.e., expan-
sion. To model these processes we introduce a simplification
and distinguish two stages, corresponding to which process
dominates the cooling. A first stage in which only microscopic
processes are responsible for cooling the gas (chemical cool-
ing) and a following stage in which only expansion is respon-
sible for this (hydrodynamic cooling).

A.4. “Chemical” cooling of the gas

Fox & Wood (1985) have shown that for cool, molecular
preshock gas, with values of concentration and shock velocities
assumed in our model (see model B20 in their paper), radiative
cooling is not efficient because only collisions with atoms (not
with electrons) are responsible for ionization and excitation and
the resultant emission intensities are very low. On the contrary
they found that the collisional dissociation of molecular hydro-
gen by atomic hydrogen

H+H, - 3H (A.5)

is very efficient in cooling the gas, and we model the ther-
mal cooling as if only this process were responsible for cool-
ing the gas, following Willacy & Cherchneff (1998). We as-
sume that the chemical cooling lasts until the parameters have
reached the values where the hydrodynamic cooling begins
(values determined as explained in Sect. A.6). A logarithmic
fitting of the parameters between the shock front values and
the values at the beginning of the hydrodynamic cooling is
used to describe their variation during the chemical cooling.
The length of the thermal cooling layer is defined (Willacy &
Cherchneff 1998) by the collisional dissociation of molecular
hydrogen by atomic hydrogen whose rate in cm® s~! is (Willacy
& Cherchneff 1998)

-0.5
k=378x10" (i) exp(

~53280K
= A.
300 ) (A.6)

T
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where T is the kinetic temperature in K. The H, dissociation
length Ip is defined as

I Ushock

- (A7)
an Njump

Ip
where ny is the number density of atomic hydrogen, vghock 1S
the shock velocity in the stellar rest frame and njymp is 711 /n9 in
Eq. (A.4). Figures 1 and 2 show (left) the temperature and gas
concentration during the chemical cooling at two different dis-
tances considered in our model. The values of /p used in these
plots reflect typical values found in the calculations presented
in this paper.

A.5. Hydrodynamic cooling of the gas

We consider here the effect of expansion as described by
Bowen (1988), Bertschinger & Chevalier (1985) and Willacy
& Cherchneff (1998). Parcels of gas are pushed up because of
the expansion and fall then back because of stellar gravity. We
adopt the analytical treatment of the hydrodynamics developed
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 gravita-
tional field. As required by this analytical treatment, we assume
that when the parcel falls back it reaches the same position and
same physical conditions it had before the shock reached it. At
that point it is shocked again and the cycle repeats itself con-
tinuously. In more realistic treatments the parcel of gas never
comes back to the initial position but it ends the excursion at
progressively increasing distance from the star, giving rise to
a net wind (Bowen 1988). Nevertheless, the approximation of
parcels of gas falling back to their initial position is appropriate
for the regions near the photosphere (Bowen 1988).

A.5.1. Temperature

In the analytical treatment of Bertschinger & Chevalier (1985)
the temperature during the expansion is written as

_
Tk

where u is the mean molecular mass, u is the velocity of the gas
in the shock frame and k is the Boltzmann constant. Here 6 is a
non-dimensional quantity that can be written as

1 MLI (-1
Y+
0=——
yM2 | w

where w is in the interval (wg, M 7T ), M being the Mach num-
ber. For wy see Sect. A.6. The model does not give an expres-
sion for 6 as a function of the phase, but it is nevertheless pos-
sible to determine the value of the phase for each adopted value
of w. For each given value of w, we find both 6 and the phase,
and then fit 6 as a function of the phase. To implement this,

T 0 (A.8)

(A9)

we consider w = (0.1, 0.2, 0.3, ..., M%) and use a polynomial
of fourth degree to perform the fit. Figures 1 and 2 show the
resulting fit for the temperature (A.8) (top of the figures) of a
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parcel of gas at two different distances from the star. It is worth
noticing that the gas cools below its radiative equilibrium tem-
perature (fourth column in Table 1), a result first mentioned by
Bowen (1988).

A.5.2. Concentration

In Bertschinger & Chevalier (1985) the mass density of the
gas p is written in the form

p =poD (A.10)

where py is the mass density of the gas before the shock arrives.
The non-dimensional quantity D can be written as
M)

D= (A.11)
w

and, as for the temperature, this allows us to determine the mass
density p and the phase for different values of w, and to fitp as a
function of phase. The same values of w were used, and again
a fourth degree polynomial was used for the fit.

Given the mass density of the gas, its concentration is
known once we know its chemical composition. Since the
chemical composition changes with time, the concentration of
the gas does not evolve in the same way as the mass density,
particularly because of reaction (A.5). To determine the con-
centration of each species during the excursion, we consider
the contribution of both the expansion of the gas and the chem-
istry. This involves the use of the equation of continuity and of
chemical kinetic equations.

Figures 1 and 2 show the concentration of the gas during
the expansion assuming a constant chemical composition.

A.6. Determination of the values of concentration
and temperature at which the expansion begins

The value of the concentration of the gas at which the chemical
cooling ends and the hydrodynamic cooling begins is given by
nem = hoDe, where ny is the preshock concentration and Dy is
the solution of Eq. (2.21) in Bertschinger & Chevalier (1985),

D' — (1 + yM*)D, + yM?* = 0. (A.12)

Using our knowledge of the concentration as a function of w,
we can determine the value wy at which the gas reaches concen-
tration n¢,, and the corresponding temperature 7. In this way
we determine the values of the concentration and temperature
of the gas when the chemical cooling ends and the hydrody-
namic cooling begins. The values of T/, and n./, are reported
in the eight and ninth columns in Table 1.
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