
Selection of important 
reactions



What is an important reaction? 

A reaction that form and destroy the most a species - does not mean that improving/changing its 
rate coefficient will change the abundance of the species.

Ex: main reaction of O2 formation O + OH → O2 + H (k)

results for OH in Figure 1. The abundance of OH increases with
time until about 106 yr. The dependence of the abundance of OH
on the value of k1 also increases as time increases, so that at steady
state there is a 2 order of magnitude divergence between the
lowest abundance, corresponding to the highest value of k1, and
the highest abundance, corresponding to the lowest value of k1.
From our discussion above, reaction (1) would appear to be rate
limiting at late times near steady state. Detailed model results
show, however, that the reaction is not the only important de-
struction process for OH at late times, especially for the smallest
k1, and that reactions with protonating ions also contribute. At
earlier times, OH is depleted mainly by reaction with C+, as well
as with neutral C and N. Figure 1 also contains two boxes show-
ing at what times and for which values of k1 the calculated OH
abundance iswithin a factor of 3 and a factor of 10 of the observed
value. As noted by the referee, the low-frequency observations
of OH, and consequent large telescopic beams, may not pertain
solely to the dense portions of cold cores so that the observa-
tional uncertainty may indeed be larger than a factor of 3. On
the other hand, the mapping observations of OH by Harju et al.
(2000) indicate that the 1665 MHz line is likely optically thin.
Their analysis indicates that its distribution and line parameters
are similar to those of species such as CCS, HC3N, and C4H, spe-
cies whose line emission arises from dense gas rather than the
surrounding envelope. Indeed, the OH column density has its max-
imumvalue close to the cyanopolyyne peak, indicating that the bulk
of the OH emission arises from the dense core of TMC-1.

Using the factor-of-3 criterion for agreement between theory
and observation for OH (Wakelam et al. 2006), we see from the
box in Figure 1 that the best agreement for L134N (O-rich abun-
dances) depends on the time, as well as the value of k1. For the
highest value of k1, agreement starts only at times later than 106 yr,
while for the lowest value, agreement is best around 105 yr but
rapidly deteriorates with increasing time. For the experimental
value of the rate coefficient agreement is reasonable over the
largest period of time. If we use a factor of 10 for the criterion
for agreement, the constraints are less tight.

Let us now look at the results in Figure 2. We see that the O2

fractional abundance increases steadily with time until reaching
a very high steady state value of almost 10!4 with respect to H2

somewhat after 106 yr, as shown before by Bergin et al. (2000).
Before this time, the abundance of O2 depends directly on the
value of k1. For example, at a time of 105 yr, the fractional abun-
dances range from "10!9 for the lowest value of k1 to almost
10!7 for the highest value of k1. As the time increases slightly to
3 ; 105 yr, all abundances increase strongly but the smaller abun-
dances increase the more strongly so that the differences become
much smaller although they do not disappear completely. Regard-
ing the observed O2 upper limit, all four models reach this value
at a time around (2Y3) ; 105 yr. At late times, our detailed model
results show that reaction (1) accounts for between 40% and 60%
of the O2 production depending on the value of k1, and so is close
to dominant as well as rate limiting. Other reactions leading to O2

include HOCOþ þ O. At earlier times ($105 yr) reaction (1) is
clearly dominant (calculations show that it accounts for nearly
100% of the O2 production), but it is certainly not rate limiting.

Now let us turn to the C-rich abundances, used for TMC-1.
For OH, shown in Figure 3, the separation among the OH abun-
dances for differing values of k1 is generally not large, because
reaction (1) is not rate limiting, since a lower oxygen elemental
abundance is used. The solid box in Figure 3, which delineates
the regions of factor-of-3 agreement, shows however that there
is some difference among the different values of k1. In particular,
the largest value of k1 once again leads to agreement only at times
over 106 yr, while the other three rate coefficients all lead to agree-
ment with observation for times over (2Y3) ; 105 yr. Once again,
a criterion of a factor of 10 for agreement with observation leads
to looser constraints, especially for the largest value of k1.

In Figure 4, the four curves for O2 show considerable disper-
sion at most times, indicating that reaction (1) can be dominant.
Moreover, the four values of the O2 abundance increase mono-
tonically from the beginning of the calculation until a time near
5 ; 105 yr, when peak abundances are reached. The calculated
abundances then decrease until a time near 2 ; 106 yr, when steady
state is eventually reached. The ‘‘bump’’ is correlated with a de-
clivity in the abundance of atomic carbon, which is related to O2,
since the reaction

Cþ O2 ! COþ O ð7Þ

is always the main destruction reaction of O2 during this time
range. With the lowest of the four values of k1 used, the calcu-
lated O2 fractional abundance essentially lies below the observed

Fig. 2.—Fractional abundance of O2 with respect to H2 plotted as a function
of time for four different values of the rate coefficient k1. O-rich abundances
relevant to L134N are used. The observed upper limit is depicted as a solid hor-
izontal line. See Fig. 1 caption for k1 values of different curves.

Fig. 3.—Same as Fig. 1, but C-rich abundances relevant to TMC-1 are used.
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Increasing k

But if you remove it, it can strongly change the 
abundance (see OCS later).

Quan, Herbst et al. (2008)



What is an important reaction? 

In the context of this work: important reaction = change in its rate 
coefficient (by more than a factor of 2) changes model predictions 

It might be direct relation: example of HC5N

main reaction forming HC5N: C5H2N+ + e- → HC5N + H
“important” reaction using sensitivity analysis: C5H2N+ + e- → HC5N + H 

Or an indirect relation: example of CO
the most “important” reaction using sensitivity analysis: C + H2 → CH2 



Strategy

0D gas-phase model + absorption/desorption processes

Fixed parameters:
ζ = 1.3x10-17s-1, low metal elemental abundances, Av=10
Different models: 
1) 10K, 2x104cm-3, all initial C into C+
2) 10K, 2x104cm-3, half initial C into CO
3) 10K, 2x105cm-3, all initial C into C+
4) 10K, 2x105cm-3, half initial C into CO

Amount of variation:
1) f=uncertainty range (~x2)
2) f=factor of 10 for all reactions

8 models x 2500 runs

Method:
random variation of the rate coefficients between k/f and k x f.
Computation of Pearson correlation coefficients.

Criteria for the selection of important reactions:
Consider only abundant species (x > 10-11)
Two times: 105 and 106 yr
Correlation coefficients larger than 0.3
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Results
Table 1: List of reactions that influence several species

Reaction Concerned species

C + H2 → CH2 + photon 73

CH3+ + H2 → CH5+ + photon 18

C2H2+ + H2 → C2H4+ + photon C2H2O; C2H3, C2H2+, 
C2HO+, C2H2N+, C2H4+

CH3+ + CO → C2H3O+ + photon C2H2O, C2H3O+

C2H4+ + e- → C2H3 + H C2H2O, C2H3

HSiO+ + e- → SiO + H
HSiO+ + e- → Si + OH 

Si, SiO

C3H+ + H2 → C3H3+ + photon
C3H+ + H2 → H3C3+ + photon

C3H2, H2C3, C3H+, C3H2+, 
C3H3+, H3C3+

CH3+ + HCN → C2H4N+ + photon C2H2N, HC3N, C2H3N, 
C2H4N+

C4H2+ + H → C4H3+ + photon C4H2, C5H, C6H6, C4H3+

CH3+ + NH3 → CH6N+ + photon CH3N, CH5N

C4H2+ + O → HC4O+ + H C3O, HC4O+



Results
Table 2: List of reactions for abundant and observed species

Reaction Concerned species

Neutral-Neutral reactions

C + C3O → C3 + CO C3O

C + OCN → CO + CN OCS

H + CH2 → CH + H2 CH

O + CN → CO + H CN

N + CN → C + N2 CN

O + NH → NO + H NH

O + C2 → CO + C C2

O + C2H → CO + CH C2H

O + C3H → C2H + CO C3H

N + C3 → CN + C2 C3

N + NO → N2 + O NO

O + NH2 → HNO + H NH2

O + HNO → NO2 + H
O + HNO → N2O + H

N2O

CN + NH3 → NH2CN + H NH2CN

O + C3N → CO + C2N C3N

N + C4N → CN + C3N C4N

N + C4H → C4N + H C4N

N + C2N → CN + CN C2N

CN + HC5N → NC6N + H NC6N

CN + HC3N → NC4N + H NC4N



Association reactions

C4H2+ + HC3N → C7H3N+ + photon HC7N

HS+ + H2 → H3S+ + photon H2S

HCO+ + H2O → CH3O2+ + photon CH2O2

C+ + H2 → CH2+ + photon C3

S + CO → OCS + photon OCS

CH3+ + HC3N → C4H4N+ + photon CH3C3N

CH3+ + HC5N → C6H4N+ + photon CH3C5N

Si+ + H2 → SiH2+ + photon HNSi

Ion-neutral reactions

C2H3+ + O → C2H2O+ + H C2H2O+

C+ + S → S+ + C H2CS

C5H+ + N → C5N+ + H C5H2N+, HC5N

C2H4+ + N → C2H2N+ + H2 C2H2N+

C4H2+ + S → HC4S+ + H C4S

H3+ + C → CH+ + H2 C3H3

H3+ + O → OH+ + H2 H3O+

C2H3+ + N → C2NH+ + H2 C2NH+



Dissociative recombination

HC4O+ + e- → C3O + CH C3O

H2NC+ + e- → HNC + H HNC, H2NC+

C5H2N+ + e- → C5N + H2 C5H2N+

HC4S+ + e- → C4S + H C4S

H2CO+ + e- → CO + H + H H2CO+

CNC+ + e- → CN + C CNC+

HC4S+ + e- → C4S + H C4S

HC3S+ + e- → C3S + H
HC3S+ + e- → C2S + CH

C3S





Impact of the new rate 
coefficients on the model 

predictions

V.  Wakelam



34 reactions studied in total
Proposed changes:
11/18 neutral-neutral
2/2 ion-neutral
5/5 association reactions
4/9 dissociative recombination

New proposed values
Comparison with the OSU rate 
coefficients at 10K

Proposed modifications
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General impact of the new rate coefficients
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Atomic carbon



!"

Reaction O + C2 → CO + C increased by a factor 3

all

old
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Reaction O + C2H → CO + CH decreased by a factor of 10
Reaction C + H2 → CH2 decreased by more than a factor of 10

all
old

neutral
asso



!"#

Reaction O + C3N → CO + C2N decreased by about a factor of 
2 + combined effect with other reactions...

all

old



!"#$

Reaction C+ + S → C + S+ decreased by about a factor of 10 + 
combined effect with C + H2 → CH2

all

old



!"#

Reaction CS + O → OCS  set to 0

all

old



Comparison between models and observations



!

"!

#!

$!

%!

&!!

" # $ %'(
)*

+,
-.

/-
0/
(1
2(
-3

4*
13

/5
21

*,
15

6-78+,91/:(;

Molecular cloud: L134N (42 observed species)

Old rate coefficients:
80.9% of observed abundances reproduced by the model
non-reproduced molecules: NO, H2S, CH3OH, CH3CHO, HC7N, HCO+, HCS+ and SiO

New rate coefficients:
76.2% of observed abundances reproduced by the model
non-reproduced molecules: CH, H2S, OCS, CH3OH, CH3CHO, HC5N, HC7N, HCO+, HCS+ and 
SiO



Molecular cloud: TMC1 (53 observed species)

Old rate coefficients:
77% of observed abundances reproduced by the model
non-reproduced molecules: CN, OH, CH3OH, CH3CHO, C3H3N, C3H4, CH3C3N, HC9N, HCO+, 
HCS+, H2NC+ and SiO

New rate coefficients:
75% of observed abundances reproduced by the model
non-reproduced molecules: CN, OH, C2H, OCS, CH3OH, CH3CHO, C3H3N, C3H4, CH3C3N, 
HC5N, HC9N, HCO+, HCS+, H2NC+ and SiO
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Summary

34 reactions were studied and 65% were changed.

Association reactions have an impact on many reactions.
Other reactions can have an impact on specific species.
Non linear effects have been seen (combined effects of modified reactions).

The modifications worsen the agreement with observations: OCS and HC5N.


