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ABSTRACT

Aims. Chemical networks used for models of interstellar cloudgt@io many reactions, some of them with poorly determingel ra
codficients angbr products. In this work, we report a method for improving ghiedictions of molecular abundances using sensitivity
methods andb initio calculations.

Methods. Based on the chemical network osu.2003, we used tfferdnt sensitivity methods to determine the most important
reactions as a function of time for models of dense cold do@f these reactions, we concentrated on those between Czaamtl
between C and & both for their &ect on specific important species such as CO and for theirgleef€ect on large numbers of
species. We then useth initio and kinetic methods to determine an improved ratdfaent for the former reaction and a new set of
products, plus a slightly changed rate fméent for the latter.

Results. Putting our new results in a pseudo-time-dependent modeobldf dense clouds, we found that the abundances of many
species are altered at early times, based on large chantesabundances of CO and atomic C. We comparedffaet®f these new
rate codicientgproducts on the comparison with observed abundances and toat they shift the best agreement from 30* yr

to (1-3)x 10° yr.

Key words. Astrochemistry — Molecular processes — ISM: abundancekeuies—clouds

1. Introduction "Important” reactions can be defined in several ways. First,

) ) ) o one can define important reactions for specific species; such
The chemistry in astrochemical models is driven by large nebactions strongly fiect the abundances of individual species
works including thousands of reactions with poorly detevdi through changes in their rate dheients for formation or de-
rate codficients. For several years now, astrochemists have begrction processes. One must be precise with this defipitio
working on the quantification of model uncertainties causged pecause even though some reactions dominate the formation o
uncertainties in rate cdécients. USIng similar methods but d|f'destruction of certain SpecieS, Changes in their ratéicents
ferent models and networks, Vasyunin et al. (2004, 2008) afthin certain ranges can have littléfect. Quan et al. (2008),
Wakelam et al. (2005, 2006a) have studied the error propagsrinstance, showed that although molecular oxygen is éafm
tion of such uncertainties in various environments sucheasel by the reaction O- OH — O, + H, the rate cofficient of this
clouds, difuse gas, hot cores, and protoplanetary disks. This ggaction can be changed by several orders of magnitude wtitho
proach to quantify the model error is useful quantitativ@ym-  affecting the @ abundance significantly. The reason is that the
paring calculated and observed molecular abundancesdin ageaction is also the main route of OH destruction. When tte ra
tion to this important aspect, these authors have develsped cogficient is decreased, the OH abundance increases so that the
sitivity methods for identifying those reactions in conmpleet- rate of G formation stays constant. As a counterexample, the
works that might be worth studying theoretically or expesit reaction G+ C; — C,4 + hy is very important to the abundance of
tally because model results are very sensitive to theircate cQ, as will be discussed below. Secondly, "important” riesst
efficients and uncertainties. Identifying these reactionsits ¢ can be defined through the number of molecular abundances the
cal because detailed eXpel’ImentaJ or theoretical studiasin- influence Strong'y_ As an examp|e, the Cosmic_ray ioniratib
gle reaction, especially at low interstellar temperatuces take molecular hydrogen is important for almost all of the spedie

years. Guiding chemists and physicist as to which reacto@s the chemical models of dense interstellar clouds (Waketzah e
the most important for them to study is afieient method for 2006b; Vasyunin et al. 2008).

reducing error in chemical models. In this paper, we present a complete approach to improv-

ing chemical models through identifying sensitive reacsiol-
Send  offprint  requests to: V.  Wakelam, e-mail: lowed by an increase in our knowledge of their ratefioents
wakelam@obs.u-bordeauxl. fr via theoretical means, and using the newly revised ratéficoe



http://hal.archives-ouvertes.fr/hal-00352449/fr/
http://hal.archives-ouvertes.fr

hal-00352449, version 1 - 13 Jan 2009

2 Wakelam et al.: Sensitivity Study in Cold Interstellar Glisu

cients in model predictions. We direct our focus on two reabttp://www.physics.ohio-state.edu/ eric/research.html).
tions: the radiative association reaction between C andr@ To quantify the &ect of these variations in the reaction rate
the neutral-neutral reaction-€Cs. We start, in Section 2, with codficients on the abundances, we compute a parameter labeled
a discussion of the methods used for our sensitivity analysﬁj(t) for each species and each reaction, where

and the determination of the important reactions in coldsden ' .

clouds. The theoretical study of the40C; and C+ Cs rate co- i X0 - X;e (1)
efficients is presented in Section 3 and the impact of new rate Rit) = ——5—- (1)
codficients on the model predictions are studied in Section 4. X; ®

Following our conclusion, an Appendix on other reactionthef

. As an example, a value & (t) = 0.2 tells us that the multiplica-
C + C, class is presented. P J( ) P

tion of the reaction by a factor of two increases the abundance
of specieg by 20%. We also did these calculations by multiply-
2. Selection of important reactions ing the rate cofficients by a factor of 10 or dividing them by 2

) o ) but the list of important reactions is rather the same astfer t
In order to identify important reactions of both classes,use case presented here.

two different sensitivity methods and compare the results of the The second method is based on linear correlations but is less
two. Each sensitivity method is based on linear correlationt  time-consuming. Here we run about 2008eient model$ ran-

in the first one, only one reaction is modified at a time wheireasdomly varying all rate coicients within an uncertainty range
the second method all reactions are modified at the same tirgea factor of two, with both increases and decreases consid-
The first one, which we will call “individual perturbations’s  ered. We then compute Pearson correlatiorffaments for each
simply based on the study of the linedfeet of individual rate specieg and each reactionusing the following relation:
codficient perturbations on molecular abundances. We have al- Lol — D

ready used this method previously (Wakelam et al. 2005, 2006 2 (X0 = X; (1)) (& — ki)

In the second method, we compute Pearson correlatiofii-coe Plj(t) = ol v Lo @)
cients. JEO4D - X0 2'K - k)

where Xj_(t) and k_. are the mean values of the abundance for
2.1. Chemical model speciesj and the rate cd&cienti. Pearson correlation cfie

To represent cold dark clouds. we use a pseudo- time-de En(iients indicate the strength and direction of a linear i@tehip
P ’ P PENG ween two variables by dividing the covariance of the two

as-phase model, which computes abundances as a functio : e
gmepfor a temperature of 10pK a total hydrogen density (%a? ables by the products of their standard deviations fsee
2x10* cm2 and a visual extinction of 10. The model is known as stance Press & Flannery 1992).
nahoon (http 7 /www.obsu—bordeauxXr/amor/VWakelany).

For comparison with previous studies, the elemental atrea 2.3. Results of sensitivity calculations
are the O-rich low-metal elemental abundances (see tabie 1 i . . . o
Wakelam & Herbst 2008). For this work, we used an older ve}? this section, we show the results of both sensitivity reith

sion of the osu database (0su.2003) since one goal of this wi} ldeterdm_ln((je_ thde mlost wn_portan(; reac(j:t|0ns for thr? abundanice
is to show how we corrected a mistake in this database. Wesfod§ €cted Individual species and to determine the reactio

on the specific time of F0yr, since this so-called “early time” influence the abundances of the largest numbers of species.

normally results in the best agreement between calculéen-a In Table 1, we show the most important reactions for the
dances and observations (Smith et al. 2004). species CO, § C4H and HGN at an integrated time of 2gr
using the individual perturbatiorRf and the correlation cdg-
cient (P) methods. In tables 2 and 3, we list the reactions that
2.2. Sensitivity Methods influence the most species usiR@ndP, respectively, as a cri-

The idea of the individual perturbation approach is to look terion. For each reaction, we count the number of species for

e - ) hichRor P is either larger than 0.1 or smaller thaf.1.
the |r_1d|V|duaI dfect of each reaction. W|th.a network of A glance at Table 1 shows that the important reactions gov-
reactions, we run the modsl times and modify only one rate

-erning the abundances of individual species are generatly s
of the fractional abundancd(t) for each speciesand runi ﬂar for both methods. There are two main surprises, however
) : i " First, for the case of CO, the values®fare much smaller than
Note that the index can stand for the run or the reaction withyqse forp. Presumably, the explanation for this dichotomy is
varied rate coféicient. We then compare the abundance of eaghat most of the carbon goes into CO at that time. As a result,

speciesK|(t) with the standard abundam&%ef (t) obtained with- & change in the rate cfigients does not change the CO abun-
out changing the rate ciients. In our previous uses of thisdance, which is then controlled by the elemental abundahce o
approach to select important reactions for hot-core (Wakel C. This dfect also explains the small uncertainty in the CO abun-
et al. 2005) and dense-cloud (Wakelam et al. 2006a) chemisttance found by Wakelam et al. (2006a). Secondly, the most un-
we multiplied each rate cdigécient by its uncertainty factor. This expected reactions, because they seem so unrelated tetdte i
approach assumes that the real uncertainty in the ratBaent species, are those between C an@dfd between C andsCNote

is not much larger than the considered uncertainty factbichv that the latter was assumed, erroneously, in 0su.2003 tade a
may not be true. Indeed, as we will show later, this approadiative association (see below). The importance of the C;

can miss important reactions if the real rate fig&nt error is association seems to be associated with the fact thatts as a
much larger than the uncertainty factor. For this reasore e catalyst to convert C and O into CO via the association reacti
multiply each rate cd&cient by the same factor of two. Thisbetween C and £followed by

factor is currently the default uncertainty used for moassks

of reactions in current reaction networks (hitpww.udfa.net; O0+C4 — CO+Cs, 3)
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Table 1. Most important reactions for selected species atyr0 Table 3. Reactions influencing the most species at yi0using

Table 2. Reactions influencing the most species at yi0using

R

which regenerates the;CA similar cycle happens with £3f it

P
Species| Reaction R P
CcO C+C; —Cyit+hy 0.009 05 Reaction % of species
Hy+¢ — Hj +e 0.004 0.3 Hy+7—H; +e 86
C+Cs — Cg+hv 0.005 0.4 He+ ¢ — He" + e 82
0; H+{—Hj+e 12 0.7 H; + O — OH" + H, 54
C+C;—Cy+hv 0.3 0.2 H;O*+e —s OH+H+H 48
Hj + CO— HCO' + H, 03 0.2 H; + CO— HCO" + H; 43
C+Cs— Cg+hv 0.2 0.2 C+Cs— GCs 41
C+0,—CO+0 -0.2 -0.2 C+C;—C, 41
C.H O+ C4H — CH+CO 0.7 02 C"+H; — CH; 41
He+ . — Het +e 0.3 0.2 H;O" +e& — H,O+H 37
C+Cs — Cq 0.2 -0.07 HCO*+e — CO+H 34
C+C;— Cy -0.2 -0.08 CH} + H, — CH{ 33
CH; +e — CH+H 0.2 0.09 H +C— CH* + H; 32
HCN | He+7 — He' +e— 05 05 HCO" +C— CH* + CO 24
Ho+{— H} + e 0.5 0.5
H;Ot+e — OH+H+H -0.2 -0.1
H;O*+e — H,O+H 0.1 0.2
H% +C— CH+++ H. 0.1 0.2 subsequent reactions that reforms the molecule beingoyestr
8 I :éﬁ’g'% H* + CN _%11 _%'21 with_ some non—;erqfﬁciency, the sensitiyity .method. might just
CHE + Hz . ch 01 o4 decide that the initial destruction reaction is less imaot at
C+3C3 -, 5 01 -0.09 least for the species being destroyed. The problem of emldanc

molecular abundances due to artificial loops has been nieini
whenever possible in the construction of the network byudel
ing a number of dterent product channels. For example, if the
major destruction route of a neutral species leads to a pat¢d
ion, and the major destruction route of the ion is dissoggate-
combination to form neutral molecules, the channel thapsoo

= 0, H ~

Eic}li HFre % oggpe0|e> back to the original neutral species plus a hydrogen ator_h vv_iI

H + C —s CH* + H, 31 not be assumed to occur on more than 50% of the recombination
3 . . . .

He+¢ — He' + e 31 reactions (unless, as is highly unusgal, expenmen'@ltﬁeﬁe]l

C* +H, — CH; 29 us the contrary). Let us look at the important reactions icgus

H;O0* +e — H,O+H 26 the destruction of HEN in Table 1. One of them is the rather di-

HCO* + C — CH* + CO 24 rect destruction via Cions. The products of this reaction do not

CH3 + Hz — CHY 22 lead back to HEN in any direct fashion. If, on the other hand,

HCO™ + C3 — C3H™ + CO 16 there were a charge exchange reaction to fogiIC", and this

Cf C;—C " 15 ion were hydrogenated by reaction with H2 to fornyHzN*

CH:E :SO:CHEOC +H, il?t + H, the hydrogenated ion could react with eI_e_ctrons to form

H§O+ +e —>20|-| +H+H 13 HCsN + H. In the network, however, the probability of this neu-

CH: + CO—> HCO"* + CH, 13 tral product channel is set to approximately 50% so thatdbp |

undergoes radiative association with C.

is not particularly éicient.

The only neutral-neutral reactions that seem important for
many species in Tables 2 and 3 are the (presumed) radiative as
sociative reactions @ C3; and C+ Cs. The rate cofficients for
these reactions used in 0su.2003 are'4@nd 10 cm? st

Considering the number of specidiegted, the most impor- based on Smith et al. (2004), without temperature deperdenc

tant reactions determined by both methods are quite simitar These reactions have been looked at again by Smith et a6)200
though the order of importance canffe. As already noticed and it was realized that the reaction between C agth4s the
by several authors (Wakelam et al. 2006a; Vasyunin et a4 20@ormal exothermic productssG- Cs. Given the importance of
Wakelam et al. 2006b; Vasyunin et al. 2008), theard He ion- thes_e reactions, we decided to study them theoreticallgrimes
ization rates by cosmic-rays appear to be important for maﬁ?ta"-

species since they are at the origin of formation and detsbruc
pathways. Most of the other important reactions are iortraéu

normal and associative reactions and dissociative requatibh 3- New calculations for C + Cz and C + Cs reactions
reactions, such as those fog® with electrons. Among the 3.1. C +Cs

important reactions, T+ H, — CHJ, CH} + H, — CH{,

Hi + C — CH" + Hp, H + CO — HCO' + Hz, H; + O — At low collision energies, the reaction of Ty) atoms with lin-
OH* + H; have also been identified as important reactions fear G in its ground electronic state (%:5) leads only to adduct
disk chemistry by Vasyunin et al. (2008). Most of these reatermation, G, because the exit channej € C, is endothermic.
tions are at the start of a chain of reactions that builds up hjhe lowest energy pathway to producgi€the linear one, and
drocarbons. It should be emphasized that our sensitivitthmewe focus on this pathway here. Under interstellar low-dgnsi
ods need not tell us the details of the pathway of reaction ayenditions, the only way to stabilize the &dduct is by emission
cles. If, for example, a destruction reaction leads to a lobp of a photon. The formation of the linear, @dduct is strongly
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exothermic and spin-allowed to its triplet manifold of sigtdes- Table 4.Vdz/CASSCF optimized structural parameters
ignated®Cy:

State | Ty (eV) thiexp | R(C;-Cy) | R(C-C3) | R(Gs-C4) | 61 62
3 1 3 0

CCP)+Cs —7 Ca+h. @ =, 0.890.93 1.27 1.33 1.27 | 180 | 180
There are a variety of values for this exothermicity. A high- -ls 0.630.82 1.28 1.34 128 | 180 180
temperature experiment yields a value of (5:121) eV from 29 0 132 1.30 132 180 | 180

the heats of formation of £and G (Gingerich et al. 1994), a DistancesRin A, angles in degrees and total energies are with respect
PST calculation based on a photodissociation experimeldsyi to the X3Z§ state. The results presented in the table are from this work
a lower value of (4.84:0.15) eV (Choi et al. 2000), while high- 3except the experimental data, which are from Linnart et24100) for
level ab initio theoretical values (including our own work) com-Tls and Xu et al. (1997) fofIl,.

puted at the RCCSD and RCCSD(T) levels range from 4.94-
4.98 eV without zero-point correction (Martin & Taylor 1995 025
The high-temperature experimental value has been usecin th
RRKM calculations discussed below. The rhombic isomerpof C
in its ground singlet state has been calculated to to beyearl 0.20
isoenergetic with the linear isomer (Masso et al. 2006) thet
pathway from C and linear £to the first excited triplet state
shows a high barrier at the CASSCF levelatf initio theory
(see below).

In the G,y symmetry, the three electronic states afddrre-
lating to the three spin-orbit states off€{ ; ) lead to two difer-
ent potential energy surfaces corresponding to the fundeahe
state X°%; and the first excitedll, state. (Note that the ground
electronic state of C is of g symmetry.) The energetic andcstr
tural parameters of these states gfa®d the second excitéfl,
state are listed in Table 4. These parameters and othersasuch
the pathway to the rhombic isomer of Gave been calculated at
the Restricted Hartree-Fock (RHF) and Complete Active 8pac
Self Consistent Field (CASSCF) level with the double-zeta ¢
pVDZ basis set of Dunning (1989), using MOLPRO 2000, a
package ofb initio programs designed by H.-J. Werner, and [Eig. 1. Co-linear VDZ-CASSCF one-dimensional cuts of the
J. Knowles (see httywww.molpro.net for more details). This lowest triplet electronic states of lineay Golecules along the
level of theory was also used to determine if the three eleCs-C stretch. The gbonds are optimized. The labeling of the
tronic curves are attractive along the linear reactionwathIn  C, electronic states is based og.Psymmetry.
these calculations, which underestimate the exotheryroite-
action (4), the G, (linear) approach of C toward the; @xis,
shown in Figure 1, yields no barrier for the ground&;) elec- Other possibilities arise from the isomerisation of thplét
tronic state but shows a high barrier of 1.5 eV for the ?irsiuexi: linear G, state toward the higher-energy singlet rombrics@te.
C4(3I) state. Using2 and M, conservation, we obtain that onlyHowever this isomerisation has to overcome a high barrier as
the CEPp) and CEP;, M; = -1, +1) fine-structure substates argvell as intersystem crossing. We can reasonably neglesetho
reactive; these three substates form vibrationally edditeear possibilities.

Ca inits fundamentalZ; state, while the other six substates lead Ofthe three itemized mechanisms, the case 2 situation can be

to the formation of théll, excited state (through a high barrier)ignored. Both experiments and detailed calculations orpadr

Any others approach on the triplet surface, as the perpandiéhOW that the potential surfaces of all relevant low-lyingited
lar one leading to the rhombic,Cshows high barriers at the States of linear glie almost always above the ground state at all

CASSCHcc-pVDZ level. As the G is formed with a great ex- relevant geometries so that emission transition from tioeigd
cess of energy, the potential minima of several electraaies, Staté are impossible or very ifiieient. Therefore, the only pos-
not just the ground state, lie below the dissociation lirtiie( SiPility for stabilization via electronic emission is casewith
potential energy of ground-state reactants.). Stakiitisaif C, the dominant channel being potential curve crossing frofa X
adduct can then occur via purely vibrational transitionsrfithe  to °I1, at long G-C; distances (see Masso et al. 2006, for exam-
ground-state adduct, but also via electronic transitioosifex- ple) followed by an allowed g electronic transition. The u-g
cited state adducts if they can be formed without barrieesigst potential curve crossing is not allowed whenqligs in the sym-
& Bates 1988). Here, we must therefore consider three mechaetric Do, linear configuration, but is allowed by vibrational
nisms for adduct stabilisation: excitation, which reduces the symmetry. Since3g state has
L . . _ . an electronically allowed transition not only with the fuamden-
- \{lbratlonal raQ|at|ve transitions from quasi-continuuira- 5 state ngé but also with the first electronically excitéill,
tional levels in the ground state (%5) adduct to lower gtate we have to include these two transitions.
bound vibrational levels, If we designate unstable adducts (“complexes”) with an as-

“; H H ” 3yv— ) : A A .
— “inverse internal conversion” from the>%; adductto an ex- terisk, the overall mechanism for association can now bttamri
cited electronic state followed by electronic photon eiiss .

to bound vibrational levels of the ground state (case 1), S Kass Savva Kiss

— direct radiative emission from quasi-continuum vibra#ibn C+Cs— (CaZg)) — C+ G5 ®)
levels in the ground )%Z;J state to lower vibrationally bound
levels in excited states (case 2).

CCP)+Cya’n,) |

o
i
[6)]
T

Energy(h)

Energy(eV)

0.10

T

0.05

| 40
3 4

o
o
S
[ ER A

d(c-cy) (8)

kradv

(CaCE)) =5 Casg) + (6)
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- o Table 5. Vibrational properties of the )@Zé state of the ¢
- molecule.
S 6 » (cm D) IR int Ao (sT) | ZnAwe (s
(-5 L (km.mole™?)
A i vl 172 27 0.01 0.34
g TF V2 172 27 0.01 0.34
~ i v3 352 0 0 0
s | va | 352 0 0 0
~ al v5 | 908 0 0 0
_(2'% s v6 1548 312 89 342
= r V7 2032 0 0 0
= L
9 L
S O
i | | | that the fine-structure states are in thermal equilibrium ,ol-
-10 : : : : : : tain a refined association rate gbeient of f(T) x 2 x1071° cm?
0 500 T 1000 1500 st in the range 10-1000 K, where
_ —16.4/T —16.4/T —434/T
Fig. 2. RRKM lifetime (in s) of the G adduct as a function of (1) =(1+2€771)/(1+3xe +5xe )- (10)
the internal energy (in K) above the-©C; dissociation limit. The method of estimating g, equates this rate cicient
with the overall vibrational emission rate (Herbst 1982;ithm
ke 1989):
CiCzy)) = Cu(Pr1y, 2 TIy)* 7 i i
(CaCEg))" <= CalTh" 1) ) AEw) = > > POEAY, (12)
CCIL) <, 35 2 1Ty) + h ®) - i
S NS o) T where AV, the EinsteinA coefficient for modei sponta-

where ass and diss designate association and dissociatthn,
designates vibrational emission, cc designates curvesiogs P ) . o o
rad,el designates electronic emission, kigsignates a rate co-Pn (Evi) is the probability of finding modein level n, and the
efficient. Assuming that curve crossing is more rapid than tf¢ms are over all modésind all energetically accessible quanta
assorted emission processes, we obtain the following egjme M- The vibrational frequencies an_d E|n§te|n fiagents, ca}Icu—
for the rate cofficient of the overall radiative associatiorkgh: Eted agigeg?&YR’tz level, are listed in Table 4, leading to
adv — .
kra = KasdKradv + KradelKee] / (Kradv + Kais) , 9 To estimate the rate cficient kiaqel for stabilization by
o . ] emission of electronic radiation, we use the resultaloinitio
where the equilibrium cdicient Kcc is equal tokee/k-cc and  calculations that the electronic potential curves of th€I,),
pertains to thell, only . . ) . C4(3Z§) and G(3I1,) states have very similar shapes. Therefore,
_ We first determine the microcanonical rate fiméent for \ve can approximately ignore nondiagonal Franck-Condon fac
dissociationkiiss from the ground electronic state of lineag C tors. with the additional assumption that the diagonabfescare
as a function of internal enerdy above the G+ Cs dissocia- ynity, we can write that v/|v” >= 6,.,~, so that the spontaneous

tion energy. We employ the so-called RRKM (Rice-Ramsperg@iectronic emission rate cfigients are given by the expression
Kassel, & Marcus) unimolecular approach (Holbrook et atesu-cgs units):

1996) using the FALLOFF system (Forst 1993). A so-called

loose transition state is used with the canonical flexitdegi- Kradel = (647r4e2a§ /30312, (12)

tion state theory (CFTS) approach (Holbrook et al. 1996 Th

needed structural and thermochemical parameters of tie stiwhereeis the electronic charge,is the transition frequencyy

ied system derive from quantum calculations. Thermal ayerds the Bohr radius, ang®| is the electronic transition moment.

ing of the microcanonical rate cfiient for dissociation of the From the[1,, state, there are allowed transitions toward%ﬁ@

C, adduct obtained from the RRKM calculation allows us to cagnd the31‘[g state (Larsson 1983). We obtain thage ~ 6 x 10

culate the thermal dissociation rate fosent. The RRKM ther- s-1. Finally, we obtain the equilibrium céiicientKc. by assum-

mally averaged lifetime of theadductr = ;. is presented ing that the relative populations of tR#l,, 3Iy, and®s; states

in Fig. 2 as a function of . From the equilibrium constant gov-are equal to their relative densities of vibrational statesn in-

erning formation and dissociation of the adduct, the ratffico ternal G energy of 5.21 eV, the experimental exothermicity of

cient for formation, which dters fromka,ssin that fine-structure reaction (4). This assumption leads to an equilibriumfitcient

correlations are not yet taken into account, can be obtained Kc. for theI1, state only of 0.15, and an overall radiative stabi-
The calculated capture rate constant obtained by this protization ratekaqy + KradeiKcc 0f 9350 s

dure at 298 K is equal to.@x 10-1° cm® st with very little tem- Once the partial rate céicients are all calculated, we can

perature dependence in the 10-300 K range, in good agreenuhtain the total rate cdicient for radiative associatiokza as a

with theoretical treatments for reactions between atoraib@n function of temperature. The results are shown in Figur&8; t

and assorted alkenes and alkynes (Clary et al. 1994) and withiue at 15 K is 3x 1012 cm® s™1. The value at 15 K if only

the experimental results of Chastaing et al. (2001) for saab- vibrational stabilization is allowed is a much lowerx110-13

tions. This thermal rate cdiécient, however, does not take intocm® s, which serves as a reasonable lower limit. The value ob-

account the fraction of fine-structure states leading tattvac- tained with the< v'|v’ >= §,,,» assumption is certainly an ex-

tive ground state g£surface. With this factor and the assumptiotreme upper limit, because the diagonal Franck-Condonap®r

neously emitting from levelnto n-1, is equal to nx A?LO ),
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Fig. 3. Radiative association rate d@ieient for C, production as

a function of temperature. etal. 2007), and the barrier on the singlet exit channelisgy
much lower than the exothermicity (Nelson et al. 1982). Tis fi

) ) ) » excited triplet state of €lies about 2 eV above the ground sin-
are certainly lower than unity, the electronic transitiooment, gjet state so is probably not accessible. Based on expeismen
assumed to be independent of energy, may well decrease Vi assumption that the rate doeient is independent of the
increasing energy for certain states (Boyé et al. 2002),ta8 nymber of hydrogen atoms on the @actant, and using the fine
internal conversion from the grount®s; of C, to excited elec- strycture factor in eq. (10) , we estimate the ratefiecient to
tronic states may not reach equilibrium. Estimation of tiz€ s form the adduct and subsequent products to.Be (0.8)x 10-1°
these factors have on the association ratefment is not facile, -2 <1 for 10-300 K. This value is somewhat less than that
but a reasonable guess is that they contribute to producea fgstained from the capture methodology of Clary et al. (1994)
tor of ~ 0.25, leading to a reduced value at 15 K ok80**  compared with the value in 0su.200&4 = 1.4 x 10-10 cm?

—1 imi i . . . .
cm® s™-. We adopt as an error limit an uncertainty 875%, 1, the rate cofiicient for the reaction @ Cs is approximately
allthough this error does not quite cover the extreme maRiMipe same but the products are €C; instead of G.

and minimum values discussed above. From the RRKM calcu- The rate cofiicients for other G- C, reactions are discussed
lations, we obtain a temperature dependencéggrof approxi- iy the Appendix. These reactions are not among those thelmode
matelyT %, in excellent agreement with the approach of Bates gsits are very sensitive to.

Herbst (1988) for a system with two rotational degrees of-fre

dom. We obtain finally a temperature-dependent associedien

codficientkga(T) of (4.0 + 3.0) x 107 x (T/300)* cm® s1 4. Impact on predicted abundances

in the range 10-300 K. Compared with the radiative assaciati
rate codficient of 1x 107° cm® s71 in Smith et al. (2004) and
0su.2003, our new value is lower by a factor~0800 at 10 K. To quantify the overall impact of change in the rate fbee
This discrepancy between old and new values is larger tren dientgproducts computed in the previous section, we sR'i(n)

4.1. General impact

formerly assumed uncertainty of an order of magnitude. the fractional diference for speciefand reactiori as defined
in equation (1), over the speci¢sand divide by the number of
32 C+Cs fgaegiisr‘\}j' to obtain the average fractionalidirenceAF D(t) for
For the reaction between C in its groutRistate and linearsin . AED(t) = 1 R.(t 14
its groundlza state, the formation of the lineag@dduct in its ® n; Zjll J( )l (14)

P . . ) .
Y- ground state is strongly exothermic and spin-allowed. Thll:? . . ' .
g J. > - dnai
case is then very similar to the €€C; one, and to determine if ere, as in equation (1), we define the reference fracti a

the electronic curves are attractive along the entrancengtae-  danceX;® (t) for each species as that obtained with the old rate
action pathway, we performed similalp initio calculations. Our codficienyproducts, but define the new values>q(t) as those
results are also similar, with no barrier for the(€,) electronic - obtained with the modified values for reactiarsbtained here.
state but high barriers for thesCIT) electronic states. Unlike the An unimportant reaction at a specific time would give/AfD
case of the ¢adduct, however, thegadduct can fragment by close to zero at that time. It should be noted that although we
an exothermic route; in particular are using a method similar to section 2.2, the goal here is com
pletely diferent. In the sensitivity analysis section (2.2), we mul-

CCPHCs(*2+g) — Co(*T—g) — Co(*Z) — Ca(*T+4)+Cs(*=+d)ply all reactions, one after another by a factor of 2 in erite

13) compare the abundance sensitivity to individual reactiblese,
with an overall reaction enthalpy @fH = -1.36 eV. Although we change the rate cfieients for which new calculations have
this reaction is formally spin-forbidden to the productshieir been done, for instance the+Cs reaction is changed by two
singlet ground states, the adduct is likely to last long giaio  orders of magnitude, and we look how much the new rate co-
allow intersystem crossing, as in thetQC,H; reaction (Mebel efficients have changed the model predictions. If we redo the
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Cs — 1 yr by at most one order of magnitude. Changing the prod-
ucts of the G-Cs reaction on the contrary slightly increases the
CO abundance. For neutral atomic carbon, the gradual dezrea
in abundance with increasing time occurs much later when the
rate codicient of C+Cs is reduced; at its maximum, there is

a difference in abundance of about 3 orders of magnitude. The
change in C+ Cs speeds up the destruction of C. In fact, the
only species shown in Fig. 5 for which the modification of this
reaction has a strondfect are G and GH.

As discussed in Section 2.3, with the use of the osu.2003
network, these two reactions are both involved in catalgyic
cles to convert C and O into CO. By radiative association re-
actions with atomic carbon,zGand G form C, and G, which
then react with atomic oxygen to give CO and regeneratad
Cs. In this work, we have shown that the4CC5 reaction is less
efficient than the value used in 0su.2003 by two orders of magni-
tude at 10 K and the more likely products of the-@Cs reaction
are two G molecules. Even after changing these reactions, this
catalytic process remains the mosflii@ent one to form CO at
10* yr. Changing only the G- Cs reaction products makes this
process morefBcient by introducing more £into the cycle.

For this reason, CO is slightly increased whereas C is dsetea
Obviously G is more abundant because+dC3; consumes less
Cs and C+ Cs produces it. Contrary to4;the G abundance de-
creases ifthe @ Cs —» C5— O+ Cs — Cs+ CO cycle is broken
: - - -o! - - ! becguse €is not locked in this loop anymore and is destroyed
log(time (yr)) log(time (yr)) to give G. The dfect of these changes on C-rich molecules such
_ ) . as the ones shown in Fig. 5 is less evident to explain. From a
Fig. 5.Abundances with respect to tqtal hydrogen of several iMeneral point of view, larger abundances of atomic oxygeh an
portant species. Black dash-dotted lines (0) are calali#en- -5hon petween f0and 16 yr destroy these species more ef-
dances when the standard network osu.2003 is used; gregdiasiently than producing them. The radicai€ for instance is
lines (1) when only C+ Cs is modified; grey dgsr_\-dotted “nesdestroyed by C to give £and G in turn reacts with C to pro-
(2) when only G+ Cs is modified, and black solid lines (3) whengce G and G (see Table A.1). Similarly §H, is destroyed by
both C+ C3 and C+ Cs are modified. the reaction GH, + C — CsH + H and GH is destroyed by O,
producing CO and gH. Large cyanopolyynes, such as H\¢
are reduced in abundance. On the other hand, large O-bearing
sensitivity analysis as in section 2.2 with the updated netw molecules, such as GOH, are increased in abundance or not
we may find diferent "important” reactions since the networkhanged.
has been changed.

For the dense cloud model discussed in Section 2, we con- ) ) )

sider three dferent cases for reactiois(1), we change only 4-3. Comparison with observations

the rate cofiicient of the G-Cs reaction, (2), we change onlyTq study the impact of these new rate fiagents on the agree-

the products and the rate dhieient of the G-Cs reaction and ment between models and observations, we used the method
(3), we perform the changes for both reactions. For eachestth jescribed in Wakelam et al. (2006a). We modeled the chem-
cases, we compute tié=D parameter by (a) summing over allica| evolution of two diferent clouds: L134N and TMC-1
species (452), and by (b) summing only over those speciés Wityanopolyyne Peak), using the Nahoon chemical model. The
a fractional abundance greater tharr*fGat 10 yr. For (b), the |jis of reactions is 0su.2003 with the original <Cy, rate co-

sum is made over 79, 80 and 77 species for cases (1), (2) anddfients and osu.2003 with the new values of the C, rate
respectively. Fig. 4 shows the results for the siffetent cases. coefficients listed in Table A.1. For the uncertainties in the rate
Itis clear from the results that the most importafieet is ob-  coeficients of these reactions, we assumed a flat distribution (be
tained by the combinediect of changing both €Cs and G+Cs  cayse the mean values of the rateffionts are not necessar-
reactions. For case (3), the sum over all species yields @ Afy the favorite values) with the uncertainty ranges desediin

of 15 at slightly more than £0yr, while the sum over the mostTapje A.1. For the other reactions, we used log-normalidistr
abundant species only yields an AFD of 13 af 3@ If only  pytions (see Wakelam et al. 2004). The physical conditioes a
one of the two reactions is changedk Gz has the greaterfiect taken to be homogeneous in the observed regions: a gas temper
whereas €Cs affects the species at early times. ature of 10 K, an K density of 16 cm™2 and a visual extinction

of 10. The elemental abundances are the low-metal elemental
abundances (see table 1 in Wakelam & Herbst 2008). For TMC-
1, we decreased the oxygen abundance to hay®ae@mental

In Fig. 5, we show how the abundances of selected species @t of 1.2 in order to better reproduce the observatiors (s
affected by the modifications of the#C3; and G+Cs reactions at Wakelam et al. 2006a, and references therein). The observed
intermediate times; at other times there is little to fieet. For abundances are given in Tables 3 and 4 of Garrod et al. (2007).
carbon monoxide, the reduction of thetdZ; reaction rate coef- addition, we included the observational upper limits on3i@
ficient results in the lowering of its abundance in the pefi68i abundances in these two clouds by Ziurys et al. (1989); theup

log(Abundance)

log(Abundance)

log(Abundance)

log(Abundance)

4.2. Impact on specific species
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Fraction of reproduced molecules updated the G- C, rate codicients whereas many other reac-
tions have been updated in the latest version of the osu alsgab
(0su.3.2008).

5. Conclusion

This paper presents an approach to improve chemical models,

z 4 6 8 which consists of first identifying important reactionsgth

120 o ——— qbtaining improved. rate cdiécients for these r(_aactions, and

finally studying the impact of these new rate ffaéents on the

predictions of the model. In this example of the method, we

found that under cold dense cloud conditions, the abundance
of many species are sensitive to the ratefitoients of the

C + C3 and C+ Cs reactions. Using detailedb initio and
kinetic calculations, we have shown that the ratefitcient of

: the C+ C3 — C4 previously used in the osu.2003 database is

2 3 5 3 incorrect by two to three orders of magnitude at 10 K and has

100 an inverse temperature dependence. We also found thattéhe ra

codficient for the C+ Cs reaction was roughly correct in the

0su.2003 database, but the products are most likgly- C3

] instead of @, as assumed earlier based on faulty thermodynamic
information. Newly obtained rate cfiients for other reactions

in the C + C, series are also reported, although the model

shows little sensitivity to these. With the new rate fméent

for the association reaction between C angda@d the slightly

4 6 3 changed rate cdkcient and new products for the € Cs
tog(time [yr]) reaction, we found that the abundances of many carbon chain

Fig. 6. Comparison between model and observations in two dPecies are strongly modified at the so-called early time of
ferent clouds (black: L134N and grey: TMC-1). The solid lind®° yr. The main reason for thisfect is that the G- Cs — C4
represents the comparison with the model using the origadal / O+ Ca = CO+Cgand C+Cs —» Cs/ O+ Cs —» CO+ G5

ues of the Gt C, rate codficients whereas the dashed lines reg&actions comprise a veryfigient catalytic cycle to transform C
resents the comparisons with the updated model. and O into CO. Slowing down the first cycle and removing the

second one, both decreases the abundance of CO and enhance
the abundances of atomic C and O at early times. These changes
- . : in turn cause an alteration in the early-time abundancesofym
limits for this species are.@x 102 and 24 x 10*?for LI34N  ipor species. The agreement with observed abundances in th
and TMC-1 respectively. In total, we have observed abureang,, , gense clouds L134N and TMC-1 (CP) is not significantly
of 42 and 53 species for these two clouds to compare with iifgified by these new rate ddieientgproducts but the best
calculations. . - ) agreement is obtained at later times using the new values.
The results of the comparisons are shown in Fig 6 in thr§g,e newly calculated rate cfigients angbr products will
panels, for each of which aftierent criterion is utilized. These_ be included in the latest network from the Ohio State group

C_riteria are based on the Monte Carlo approach to determ"@l'i"ttp://www.physics.ohio—state.edu/"eric/research.html).
tion of the uncertainties in the computed abundances based o

uncertainties in the rate cigients, and the overlap of Gaussiancnowiedgements. V. W. acknowledges the french national program PCMI for
distributions representing both the computed and obsextved- partial support to this work. E. H. thanks the National SeéeRoundation for its
dances (Wakelam et al. 2006a). In the top panel, we use #gport of his research program in astrochemistry.

fraction of reproduced molecules. In the middle panel, we us

the so-called “distance of disagreement” D in which, forcipe

not reproduced by the first criterion, we sum over the remaiRRéferences

ing species the distances between logarithms of the oliberggtes, D. R. & Herbst, E. 1988, in Rate Gients in Astrochemistry
and model fractional abundances. Finally, in the bottomepan (Dordrecht: Kluwer), ed. T. J. Millar & D. A. Williams, 41

we use the minimum distance of disagreement (over all time8pyé S.. Campos, A., Douin, S., et al. 2002, J. Chem. Phy§, 8843
divide by the distance of disagreement, and multiply by tae-f "@Staing. D., Le Picard, S. D., Sims, I. R., & Smith, 1. W. 102, A&A, 365,
tion of reproduced molecules. See Wakelam et al. (2006@gfor choi, H., Bise, R. T., Hoops, A. A., Mordaunt, D. H., & Neumatk M. 2000,
tails on these parameters. The time of best agreement itljoug J. Phys. Chem. A, 104, 2025

the same for all three parameters, although the sharpest-agflary, D. C., Haider, N., Husain, D., & Kabir, M. 1994, ApJ 42116

; ning, T. H. 1989, J. Chem. Phys., 90, 1007
ment occurs for the bottom panel. It can be seen in all pan $ist, W, 1093, Quantum Chem. Program. Exch., 13, 21

that the general agreement with the observations is sfigietl- 04, R. T, Wakelam, V., & Herbst, E. 2007, A&A, 467, 1103

ter using the new values of the4OC,, rate codicients. However, Gingerich, K. A., Finkbeiner, H. C., & Schmude, W. J. 1994 th. Chem. Soc.,
the more interestingfiect is the shift in time of the best agree- 116, 3884

ment. With the original model, the best agreement was odmhirf"e:g::v E énggtve(;hng-epggé 6/3}83529 410

around 3x 10* yr whereas now we calculate the best agreemq'_?ﬁlbrobk" KA. iDillingl, M. j” %’Rob‘erston’ S. H. 1996, Unitecular
to be between $0and 3x 10° yr. Note that to compare our re- Reactions. 2nd Ed. (John Wiley & Sons Ltd.: Chichester)

sults with the results of Wakelam et al. (2006a), we have onlyrsson, M. 1983, ApJ, 128, 291

D [log(X)]
3

min(D)/D * F
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Appendix A: Other C + C,, reactions

The calculated rate cfiicients and products for G C, are

Table A.1.Rate cofficients for the G+ C, reactions.

Reaction 0su.2003 rate cdicient New rate cofficient
ot Jid a B
C+C,—Cs+hv — - (3+2)x10 -1
C+C;— Cy+hy | 1.0x1010 0 (4+3)x 10 -1
C+Cs—Cy+C3 | 10x101 0 (09+0.6)x10% | 0
C+Cs— Cg+hv | 1.0x1010 0 - -
C+Cs — C3+C3 - - (12+08)x10° | 0
C+Cs—Cy+Cs | 1.0x1018 0 (05+03)x10% | 0
C+Cs—C3+Cy - - (05+03)x10% | 0
C+C;— Cg+hy | 1.0x1010 0 - -
C+C;, — C3+Cs - - (14+08)x10° | 0
C+Csg— Cs+Cs - - (04+02)x10% | 0
C+Cg— C3+Cs - - (04+02)x10° | 0
C+C;—C,+C; | 1O0x101 - (04+02)x10° | 0

1 Rate coficients in units of crhs™ given byk = a x (T/300¥

assigned rate cdigcients and estimated uncertainties are shown
in Table A.1.
The CfP) + C7(%;) reaction leading to the formation of the

Cg adductin thézgg ground electronic state is strongly exother-
mic and spin-allowed. By comparison with4Cs we assume
that there is no barrier in the entrance channel for the fioma
of the ground @ electronic state and, although this reaction is
formally spin-forbidden to the products in their singlebgnd
states, the adduct is once again likely to last long enougt-to

listed in Table A.1 for n= 2 - 8 along with estimated uncer- oy intersystem crossing. Once again, we use analogousiexpe
tainties and the older values used in the 0su.2003 netwdwk. Tmental results rather than the formalism of Clary et al. #)38
applicable temperature range is generally 10-300 K, aihougptain the capture rate, and reduce this via eq. (10).

for radiative association reactions, the dependence cemex
to higher temperatures. For the3@j + Cy('Z]) reaction, the

spin-allowed pathway leads to a(@ °I1,) adduct, which is not
the ground electronic state of; @ut is highly thermodynami-
cally accessible, lying 5.16 eV below the reactants. Piabiny

ab intio calculations (CASCCF, vdz basis, full valence active
space) give no barrier for the production of th#la state. To
determine the rate cfiicient for radiative association, we con-
sidered only vibrational relaxation, Computing vibratbfre-
quencies for @at the B3LYRvtz level, we obtained a relaxation
rate ofk..q, = 220 s*. We then estimated the association (cap-
ture) rate cofficient to be X101°cm?® s~* based on experiments
of analogous systems (e.g.4CC,H;) and calculated the disso-
ciation rate cofficient by the RRKM method. We obtained the
radiative association rate daeient, shown in Table A.1, to be
(3+2)x 1071 x (T/300) 10 cm® s71, a rather low value due to
the rapid dissociation of the smalk@dduct.

For the C¢P) + Ca(®Zy), Cs(®%y), Ca(®Zy) reactions, the
formation of the G,; adducts is strongly exothermic and spin-
allowed. The possible potential energy surfaces in the en-
trance channels for all of these reactions &tex* and%3°I1.
Preliminaryabintio calculations (CASCCF, vdz basis) show that
the three'3°z* states have no barrier in the entrance channel,
but that the threé35I1 states have high barriers along the re-
action pathway. Exothermic fragment channels exist foo#ll
these adducts. The rate ¢beients for these reactions are once
again estimated from experimental values of analogoussysst
which in general are smaller than the capture values, dkrive
from the formalism of Clary et al. (1994), and further rediice
by a factor that allows for the multiplicity of the potentieh-
ergy surfaces that correlate with the reagents and alsodwtarf
for the multiplicity of the exit channels if relevant. Colaigon
involving the fine-structure states of atomic C is ignoredeT



