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ABSTRACT

We show that the physical conditions in CRL 618 are such that efficient formation of benzéhep€urs.
A combination of high temperatures, high densities, and high ionization rates drives an efficient ion-molecule
chemistry involving condensation reactions of acetylene and its derivatives, rather than reactions involving atomic
hydrogen, as was suggested for the interstellar synthesis of benzene. We find a column density of benzene within
a factor of 2 of that observed providing that the material is trapped in a long-lived reservoir of gas in the disk
around CRL 618. We note that the chemistry can give rise to other carbon chain molecules as well as a large
abundance of benzonitrile ;8.CN.

Subject headings: astrochemistry — stars: AGB and post-AGB — stars: individual (CRL 618)

1. INTRODUCTION 2. CHEMICAL MODEL OF CRL 618

Benzene, ¢H,, is the smallest of the cyclic aromatic mol- To date, over 50 molecules have been detected in circumstellar
ecules. It is abundant on Earth (in petrol, plastics, detergents,envelopes (Olofsson 1996), mostly in the carbon-rich AGB star
etc.) and also more widely in the solar system (in the atmo- IRC +10°216 and some 122 in the interstellar medium in general
spheres of Jupiter and Saturn, for example) but until recently (A. Wootten 200Z;as of April 2002). These range from simple
was unknown in the further reaches of the universe. It is dif- diatomic molecules, like molecular hydrogen,, land carbon
ficult to detect, in that its emission lies in the infrared regime monoxide, CO, through to the 13-atom linear carbon chain,
and is not directly observable from the ground. One of the HC.,N. In addition to GHg, ISO has also been used to detect
many successes of thefrared Space Observatory (1ISO) was  Several other complex species in CRL 618, includinig £SCH,,
the detection of benzene in the proto—planetary nebula (PPN)CH, CH.C.H, and CHC,H (Cernicharo et al. 2001a, 2001b).
CRL 618 (Cernicharo et al. 2001b). The detection of benzeneMore surprisingly, emission from J® has also been detected
in this object is significant because it heralds the beginning of by 1SO (Herpin & Cernicharo 2000) despite the fact that, nor-
an astrochemistry that is not solely based on linear carbonmally, water is detected only in oxygen-rich environments. While
molecules and small species. It also may prove to be the firstH,O has also been detected in IRE10°216 (Melnick et al.
step to the formation of polycyclic aromatic hydrocarbons, 2001), where it is explained as due to the breakup of cometary
which are thought to be responsible for unidentified infrared bodies, the abundance of water in CRL 618 is too large for this
bands and diffuse interstellar bands. Furthermore, understandto be the case. Instead, it is likely that water is the result of high-
ing the formation of benzene and a chemistry in which rings temperature shock chemistry driven by the interaction of the
form readily may eventually help us to understand the for- outflow from the central star with the ambient gas. Benzene has
mation processes behind prebiotic molecules. Here we presenfiot been detected in IRE10°216.

a gas-phase chemical model of CRL 618 in which we show We have investigated benzene formation quantitatively by us-
that efficient benzene formation is related to a high flux of ing a detailed chemical kinetic model that involves 3880 reac-

ionizing radiation. Such a flux may have occurred early in the tions among 407 species consisting of the six elements: H, He,
history of the solar system. C, N, O, and S. This model has been previously used to model
CRL 618 is a carbon-rich PPN (rather than oxygen-rich) the chemically rich carbon star, IRE10°216 (Millar, Herbst,
with high-velocity outflows, with speeds of up to 200 knt,s & Bettens 2000). Table 1 lists the initial fractional abundances
which are constrained by a disk, with an angular size of about adopted at the inner radius. To describe the physical conditions
1”, of hot 200 K), dense<10" cm™3) gas (Martn-Pintado et in CRL 618, we have used data taken from model fits to
al. 1995). It exhibits a complex chemistry and is in transition |SO observations in Herpin & Cernicharo (2000). The hot
from the asymptotic giant branch (AGB) to the planetary nebula (30,000 K) central star provides a UV flux 2fx 10° times the
(PN) phase of stellar evolution. This transition is poorly un- ambient interstellar UV fluxG, . We model the molecular gas
derstood but is thought to occur rapidly, probably in less than as a shell with a temperature of 250 K at an initial inner radius
1000 yr, and is important in determining the varied morphol- of 10" cm that drifts away from the central star at a velocity of
ogies observed in PNs as compared to spherically symmetricl km s™; the low velocity simulates the presence of a long-lived
stars. In addition, this transition may help determine the naturereservoir of gas in the disk around CRL 618. A similar scenario
of the material returned to the interstellar medium as the star
approaches the end of its life. ! See http://www.cv.nrao.edudwootten/allmols.html.
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TABLE 1 ionization of H, followed by proton transfer betweé#;, and
ADOPTED INITIAL FRACTIONAL CO, leads to HCO production. Reaction oH; with CO is
ABUI‘V‘V'ﬁECﬁ;;FE CPTA‘;';N:( HSIP)EC‘ES the dominant loss mechanism for this ion, so that the molecular
_ 2 abundances calculated are independent of the choice of the rate

_ Initial Fractional coefficient for the dissociative recombinationkdf  with elec-
Species Abundance trons. Once HCO is formed, it can transfer a proton to the
He .oooovinnnn. 1.5x 10°* C,H, parent molecule and drive very efficient synthesis of
g% ------------- 56-gx 18"; C,H3, which is followed by reactions (3)—(5) to form benzene
............ .UXx ) H H H
csz _____________ > 0x 10°° (Fig. 1). The reaction scheme can be written as
HCN ............ 8.0x 10°°
NHg .o, 2.0x 10°°
N, 3 ............. 2.0i 10 HCO™ + C,H,~ C,H3 + CO, )
CS iivviiinnnn, 4.0x 10° . .
HyS oo 1.0x 10° C,H; +C,H,» C,H3+H, (2

C,H; + C,H,» c-C H% + hy, (©)]
has been proposed for the Red Rectangle by Jura, Balm, &
Kahane (1995). The mass-loss rate equivalent to this gas flow c-C¢Hs + H,— c-CsH7 + h, (4)
is approximatelyy x 10° M, yr*, which gives an initial abun-
dance of H of 10" cm™2 at the inner boundary. We assume that
the shell remains at constant thickness, chosen to be 3
10 cm, as it moves away so that its internal density varies with
radius from the star a$/r®> , corresponding td/e law. This c-C4H; + e—> c-C4H+ H, (5)
results in the intrinsic visual and UV extinctions also following
a 1/r? law. The initial visual extinctionA, , is then around

which, when followed by dissociative reaction,

3600 mag at a radius of ¥0cm. forms benzene, where we denote cyclic species by the prefix
“c-.” Reaction (3) has been measured in the laboratory by Scott
3. RESULTS et al. (1997) in the three-body limit and shown to produce

cyclic C¢Hg. The corresponding radiative association rate co-
The interstellar route to benzene formation has been studiedefficient has been included in models for some time. The ra-
by McEwan et al. (1999), who used laboratory measurementsdiative association rate coefficient for reaction (4) was deter-
of three-body association reactions to infer radiative associationmined by McEwan et al. (1999).
rate coefficients involving atomic hydrogen to synthesize ben- The model predicts a high abundance of HC@ith a col-
zene. In CRL 618, atomic hydrogen is not particularly abundant, umn density 02.0 x 10** cm?, which, coupled with abundant
1 x 10 "relative to molecular hydrogen, and does not contribute C,H, (a column density o1.1 x 10" cn, at an inner radius
to the formation of benzene until a distance of’X®n from the of 2 x 10" cm, and a factor of~2 lower than observed by
star, some 50 times further out than the peak abundance of ben€ernicharo et al. 2001b), ensures that our formation mechanism
zene, although the 8, abundance is so low by this distance is very efficient. At2 x 10" cm, our calculated benzene col-
that benzene formation is inefficient. umn density is7.4 x 10" cn?, less than 2 times larger than
We find that benzene formation under our adopted conditionsobserved (Cernicharo et al. 2001b). Finally, we note that con-
for CRL 618 is much more efficient than in interstellar clouds densation reactions of acetylene and its derivatives drive ef-
or cool circumstellar shells around AGB stars. The synthesis ficient formation of the series 8,. We find column densities
relies on relatively large fractional abundances of both HCO of C,H, and GH, of 1.9 x 10" cm 2 and 1.3 x 10 cm?,
and GH,. The former ion is detected only at very low levels respectively, within a factor of 4-6 of those observed (Cer-
in AGB star envelopes but is observed in PPNs in large abun-nicharo et al. 2001b).
dances (Deguchi et al. 1990), which reflects the much greater Figure 2 shows the radial distribution of some relevant spe-
level of ionizing radiation in PPNs. This may be due to soft cies, including benzene, around CRL 618. As can be seen from
X-rays, shock waves, and cosmic-ray particles. We simulatethe figure, the fractional abundance of benzene becomes very
this through an enhancement of the cosmic-ray ionization ratelarge, ~10°, at a radius of~2 x 10" cm. For an expansion
by a factor of 100 over the standard interstellar rate. The directvelocity of 1 km s*, this corresponds to a timescale of around
600 yr. Figure 2 shows that the abundances of all species fall
SR rapidly at a distance o#3.5 x 10" cm. This is due to the

———e e e A C4H :\ ———— e rapid increase in the UV flux that occurs whap is around
{\ C+ I"—‘>:\C3H+ I»—»{\csu.n;: i i N T ,-<f—1‘\ c+ 20 mag. For smaller distances, dust absorption ensures that the
T T TTTT N cdH2+ T T photon flux is negligible despite the fact that the unshielded

- - flux is some2 x 10° times greater than the interstellar flux.
[HCO+] ,( C2H3+] ,( C4H3+] ,[ C6H5+}_{C6H7+)_..,(C6H6) We note here that if we adopt an expansion velocity more
typical of that in a circumstellar wind (20 km, the timescale
— R SRR for removal of benzene becomes very shes80 yr, as the
' ' _ shell dilutes in density, and hence extinction, very rapidly. An
an‘;‘;riw—s)ssyh”;hZst'ﬁeo.fnt;?f’.‘éggte.mefg;Ig}%rjnhaet.gﬁiﬁéccmf 2‘}’1?'50 ., alternative choice for the location of benzene would be in a
W | ICI | | | . W . . . . . -
chain &olid boxes and arrows) shows the new circumstellar formation process Statlonary? or rotating, disk, in WhICh the timescale becomes
discovered in CRL 618. A key to the arrows in the lower chain is given at that at which the star evglves to higher temperature and erodes
the bottom of the figure. the disk by photoionization, typically 1@r.
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thought to be due to an aliphatic hydrocarbon component in
interstellar dust and is normally detected in the diffuse inter-
stellar medium. CRL 618 also shows a weak emission band at
3.3 um, thought to be due to aromatic-GH stretch. The ab-
sorption band in CRL 618 and in the interstellar medium is
very similar in shape to that found in meteoritic organic matter
that has a “kerogen” structure consisting of a mixture of ali-
phatic and aromatic components. The formation mechanism of
these complex molecules in space is not certain, but most the-
ories to date rely on the formation of a molecule, such as
benzene, with a single ring, followed by additions gHG or
C,H and subsequent closure to form an additional ring (Frenk-
lach & Feigelson 1989; Cherchneff, Barker, & Tielens 1992).
These mechanisms use a neutral-neutral chemistry and need
very high densities and temperatures in the vicinity of 1000 K
to be efficient. Our calculation of a large benzene abundance
indicates that the environment of CRL 618 is indeed one in
which complex organic molecule formation might also be ef-
ficient. Could this synthesis be efficient in standard, oxygen-
rich, interstellar clouds such as Sgr B2? Given that typical
interstellar abundances of,I&, are about 100 times less than
those detected in carbon-rich, circumstellar environments, it
appears that the interstellar abundance of benzene will be quite
low.

\ Our finding that enhanced ionizing radiation results in a large

\ abundance of a complex ring molecule leads to an interesting

C L R | A hypothesis: if benzene can be formed efficiently near regions
14 14.5 15 15.5 16 with intense sources of ionization (such as a supernova or a

log radius (cm) low-mass star with a high X-ray production), then it could be
the route to the original formation of complex organic mole-

Fi. 2.—Fractional abundance of benzene and other molecules as a functiongjles in the solar system. The presence of abundant short-lived
ggtFle/n(lgn)(]ar radius of the shell. The straight line labeled 1/Dens shows radio nuclidesA(’Ca,zsAl, 6°Fe,53Mn) in the early solar system

= has been interpreted as due to a nearby supernova (Cameron
4. DISCUSSION et al. 1995_). T_here is strong evidence for the i_njection of carbon-
rich material into the presolar nebula (Amari et al. 2001). Fur-

The endpoint of PPN evolution is the formation of fully thermore, another source of acetylene in the inner disk is the
fledged PNs. These are seen to be very molecule deficientcombustion (evaporation) of carbonaceous grains (Finocchi,
which is in agreement with the rapid decrease in abundancesGail, & Duschl 1997; Wehrstedt & Gail 2002), which enhances
shown in Figure 2 as molecules become photodissociated bycarbon locally. Under these conditions, the formation of pre-
the large UV photon flux. The very fact that some simple biotic molecules in the forming solar system could have oc-
molecules are seen in PNs indicates that molecules must becurred under conditions not dissimilar from those in CRL 618.
shielded, most likely in small dense clumps, to survive the The effect of high-energy sources of ionization on the complex
transition from PPNs to PNs. It is possible that some complex chemistry in proto—planetary disks should be explored along
molecules also survive in these clumps. the lines discussed by Aikawa & Herbst (2001).

The large abundances of HC@bserved in PPNs and young Finally, we note that other complex molecules might be de-
PNs led Deguchi et al. (1990) to suggest that ionization was tectable in CRL 618. As an example, benzonitrilgHECN, is
provided by X-ray emission from the central stars. Their cal- also predicted to have a high abundane&0, similar to
culations were applied by Cox et al. (1992) to the particular benzene. It is produced in the neutral-neutral reaction
case of CRL 618, and it was concluded that the central star
was not hot enough. Hence, the source of ionization must be CN+C.H. - C.H.CN+H (6)
due to something other than the central star alone. One strong ere e
possibility is that CRL 618 contains a binary, with an accretion
flow being the source of the ionization (Livio & Shaviv 1975).
The presence of a fast bipolar outflow and disk is normally
interpreted in terms of a binary, where the infall on the sec-
ondary star supplies the energy for the outflow (Bujarrabal et
al. 2001). We are grateful to ESO for support of P. M. W. through a

Further evidence for complex chemistry in CRL 618 comes studentship. Astrophysics at the University of Manchester In-
from the detection of infrared absorption and emission bandsstitute of Science and Technology is supported by a grant from
from carbonaceous particles. Chiar et al. (1998) have detected®PARC. The astrochemistry program at Ohio State University
absorption at 3.4um in CRL 618. The absorption band is is supported by the National Science Foundation.
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with a rate coefficient 02 x 107*° cfs* and has an electric
dipole moment of 4.3 D. A fuller discussion of the chemistry
of CRL 618 is in preparation.



L170

BENZENE IN CRL 618

Vol. 574

REFERENCES

Aikawa, Y., & Herbst, E. 2001, A&A, 371, 1107

Amari, S., Nittler, L. R., Zinner, E., Lodders, K., & Lewis, R. S. 2001, ApJ,
559, 463

Bujarrabal, V., Castro-Carrizo, A., Alcolea, J., &r8dez Contreras, C. 2001,
A&A, 377, 868

Cameron, A. G. W.,, Hoeflich, P., Myers, P. C., & Clayton, D. D. 1995, ApJ,
447, L53

Cernicharo, J., Heras, A. M., Pardo, J. R., Tielens, A. G. G. M/|[iGuk!.,
Dartois, E., Neri, R., & Waters, L. B. F. M. 2001a, ApJ, 546, L127

Cernicharo, J., Heras, A. M., Tielens, A. G. G. M., Pardo, J. R., Herpin, F.,
Gudin, M., & Waters, L. B. F. M. 2001b, ApJ, 546, L123

Cherchneff, I., Barker, J. R., & Tielens, A. G. G. M. 1992, ApJ, 401, 269

Chiar, J. E., Pendleton, Y. J., Geballe, T. R., & Tielens, A. G. G. M. 1998,
ApJ, 507, 281

Cox, P., Omont, A., Huggins, P. J., Bachiller, R., & Forveille, T. 1992, A&A,
266, 420

Deguchi, S., lzumiura, H., Kaifu, N., Mao, X., Nguyen-Q-Rieu, & Ukita, N.
1990, ApJ, 351, 522

Finocchi, F., Gail, H.-P., & Duschl, W. J. 1997, A&A, 325, 1264

Frenklach, M., & Feigelson, E. D. 1989, ApJ, 341, 372

Herpin, F., & Cernicharo, J. 2000, ApJ, 530, L129

Jura, M., Balm, S. P., & Kahane, C. 1995, ApJ, 453, 721

Livio, M., & Shaviv, G. 1975, Nature, 258, 308

Martin-Pintado, J., Gaume, R. A., Johnston, K. A., & Bachiller, R. 1995, ApJ,
446, 687

McEwan, M. J., Scott, G. B. |., Adams, N. G., Babcock, L. M., Terzieva, R.,
& Herbst, E. 1999, ApJ, 513, 287

Melnick, G. J., Neufeld, D. A., Ford, K. E. S., Hollenbach, D. J., & Ashby,
M. L. N. 2001, Nature, 412, 160

Millar, T. J., Herbst, E., & Bettens, R. P. A. 2000, MNRAS, 316, 195

Olofsson, H. 1996, in Molecules in Astrophysics: Probes and Processes, ed.
E. F. van Dishoeck (Dordrecht: Kluwer), 457

Scott, G. B. |., Fairley, D. A., Freeman, C. G., McEwan, M. J., Adams,
N. G., & Babcock, L. M. 1997, J. Phys. Chem., 101, 4973

Wehrstedt, M., & Gail, H.-P. 2002, A&A, 385, 181



