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ABSTRACT: In the interstellar medium, cosmic rays (CRs)
generate a field of ultraviolet (UV) photons via excitation and
subsequent radiative decay of H2 molecules. This UV field is a major
agent of ionization and dissociation in the inner regions of molecular
clouds that are shielded from the effects of the interstellar radiation
field. In particular, the dissociation of H2, by far the most abundant
molecule in interstellar clouds, leads to the production of atomic
hydrogen, which then takes part in the production of a multitude of
molecules, in particular complex organics on the surfaces of
interstellar dust grains. Precise knowledge of the rates of CR-
induced dissociation processes is thus crucial for constructing reliable
chemical models. For the present paper, we have derived a new value of kdiss,CR(H2) = 0.831ζ for the rate of H2 dissociation, where ζ
is the CR ionization rate of H2. This prediction contrasts a previous value from the Leiden database which overestimated the rate
due to an inconsistent treatment of the H2 abundances and photodissociation cross sections. By running a series of chemical models,
we show that the overestimated dissociation rate has a large effect on the results of chemical simulations, with the abundance of
methanol being overestimated by over 1 order of magnitude. Hence, we strongly recommend the adoption of our new estimate,
kdiss,CR(H2) = 0.831ζ in all chemical models that include this process. Our newly derived value corresponds to H2 being purely in the
para form (J″ = 0). However, in the interiors of molecular clouds, the H2 ortho-to-para ratio is low and using the rate for para-H2 is
an adequate approximation.
KEYWORDS: astrochemistry, cosmic rays, interstellar medium, molecular clouds, molecular processes, photochemistry

■ INTRODUCTION
Cosmic rays (CRs) are energetic particles that travel through
the interstellar medium at high velocities. They have a large
impact on the physical and chemical properties of molecular
clouds by providing heating for the gas and serving as the main
ionizing agent in dense clouds where ultraviolet (UV) photons
from the interstellar radiation field do not penetrate.1 CRs
passing through dust grains produce a transient high-
temperature heating resulting in the desorption of frozen
species that sublimate and return to the gas phase,2 modifying
the composition of interstellar ices and, in a complementary
way, the abundance of gas-phase molecules.
In addition to direct ionization and heating, secondary

electrons generated by CR ionization are also responsible for
creating a UV field deep within molecular clouds through the
excitation and subsequent radiative decay of Lyman-Werner
transitions of H2.

3 In the gas phase, this CR-induced UV field
leads to locally enhanced photoionization and photodissocia-
tion of many atomic and molecular species;4−6 in the dust

phase, CR-induced photodissociation of ices is responsible for
the formation of radicals that can trigger further chemical
reactions on the grain surface, especially in warm regions (T
higher than a few tens of K) where evaporation makes
otherwise dominant hydrogenation reactions less compet-
itive.7,8

The comprehensive collection of photoionization and
photodissociation cross sections made available through the
Leiden database (https://home.strw.leidenuniv.nl/~ewine/
photo/workshops.html) has recently allowed a careful and
systematic re-evaluation of photorates for a variety of
interstellar UV fields.9,10 In addition, recent advances on
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Table 1. Wavelength-Integrated H2 Photodissociation Cross Sections Due to E−X, v′ − 0, R(0) Transitions above 84.47 nma

v′ transition E−X λ (nm) v̅ (cm−1) fabs pv′,1diss Atot(v′, 1) (s−1) σdiss (cm2 nm)

0 B−X 110.8127 90242.364 1.665(−3) 4.309(−9) 1.863(9) 7.799(−27)
1 B−X 109.2193 91558.909 5.783(−3) 7.680(−8) 1.738(9) 4.690(−25)
2 B−X 107.7136 92838.787 1.167(−2) 1.335(−5) 1.630(9) 1.600(−22)
3 B−X 106.2879 94084.087 1.789(−2) 1.541(−4) 1.534(9) 2.757(−21)
4 B−X 104.9364 95295.817 2.319(−2) 1.280(−3) 1.448(9) 2.894(−20)
5 B−X 103.6543 96474.531 2.683(−2) 1.862(−2) 1.371(9) 4.752(−19)
6 B−X 102.4370 97620.977 2.871(−2) 3.334(−2) 1.301(9) 8.892(−19)
7 B−X 101.2810 98735.202 2.970(−2) 2.052(−1) 1.236(9) 5.534(−18)
0 C−X 100.8550 99152.248 4.395(−2) 1.382(−4) 1.180(9) 5.469(−21)
8 B−X 100.1821 99818.231 2.677(−2) 3.123(−1) 1.177(9) 7.428(−18)
9 B−X 99.1376 100869.882 2.612(−2) 4.126(−1) 1.122(9) 9.377(−18)
1 C−X 98.5630 101457.971 6.890(−2) 3.982(−4) 1.159(9) 2.360(−20)
10 B−X 98.1436 101891.473 2.069(−2) 4.101(−1) 1.072(9) 7.235(−18)
11 B−X 97.1984 102882.331 2.004(−2) 4.072(−1) 1.025(9) 6.825(−18)
2 C−X 96.4979 103629.155 6.860(−2) 1.633(−3) 1.138(9) 9.235(−20)
12 B−X 96.2976 103844.705 1.316(−2) 5.200(−1) 9.815(8) 5.618(−18)
13 B−X 95.4412 104776.565 1.416(−2) 5.097(−1) 9.402(8) 5.820(−18)
3 C−X 94.6422 105661.122 6.192(−2) 1.418(−1) 1.052(9) 6.962(−18)
14 B−X 94.6168 105689.420 1.340(−3) 3.454(−1) 9.714(8) 3.668(−19)
15 B−X 93.8467 106556.757 9.510(−3) 5.597(−1) 8.672(8) 4.150(−18)
16 B−X 93.1062 107404.256 1.067(−2) 5.507(−1) 8.356(8) 4.509(−18)
4 C−X 92.9530 107581.262 3.419(−2) 2.931(−3) 1.103(9) 7.665(−20)
17 B−X 92.3984 108226.994 6.167(−3) 6.064(−1) 8.038(8) 2.826(−18)
18 B−X 91.7251 109021.377 6.175(−3) 6.089(−1) 7.755(8) 2.801(−18)
5 C−X 91.4395 109361.976 2.424(−2) 1.367(−3) 1.090(9) 2.453(−20)
19 B−X 91.0820 109791.153 3.865(−3) 6.347(−1) 7.490(8) 1.802(−18)
0 B′−X 90.4736 110529.440 2.372(−3) 1.833(−4) 3.809(8) 3.151(−22)
20 B−X 90.4701 110533.805 3.887(−3) 6.375(−1) 7.242(8) 1.795(−18)
6 C−X 90.0797 111012.828 1.645(−2) 2.630(−3) 1.077(9) 3.108(−20)
21 B−X 89.8855 111252.699 2.246(−3) 6.392(−1) 7.026(8) 1.027(−18)
22 B−X 89.3298 111944.751 2.473(−3) 6.523(−1) 6.805(8) 1.140(−18)
1 B′−X 88.9643 112404.592 6.988(−3) 7.132(−7) 3.236(8) 3.492(−24)
7 C−X 88.8649 112530.356 1.149(−2) 1.194(−2) 1.059(9) 9.591(−20)
23 B−X 88.7982 112614.946 7.844(−4) 6.341(−1) 6.716(8) 3.472(−19)
0 D−X 88.5462 112935.444 7.839(−3) 1.027(−8) 3.549(8) 5.588(−26)
24 B−X 88.2954 113256.145 1.601(−3) 6.797(−1) 6.444(8) 7.510(−19)
25 B−X 87.8186 113871.054 3.284(−3) 6.149(−1) 6.612(8) 1.379(−18)
8 C−X 87.7824 113918.039 4.755(−3) 6.928(−2) 1.032(9) 2.247(−19)
2 B′−X 87.6284 114118.238 8.154(−3) 6.892(−7) 2.658(8) 3.820(−24)
26 B−X 87.3607 114467.921 1.047(−3) 7.161(−1) 6.164(8) 5.066(−19)
27 B−X 86.9306 115034.239 1.293(−3) 7.229(−1) 6.107(8) 6.253(−19)
9 C−X 86.8402 115153.989 3.612(−3) 6.669(−2) 1.060(9) 1.608(−19)
1 D−X 86.8385 115156.295 1.517(−2) 3.159(−4) 3.545(8) 3.199(−21)
28 B−X 86.5230 115576.165 6.869(−4) 7.521(−1) 6.027(8) 3.424(−19)
3 B′−X 86.4699 115647.207 6.675(−3) 4.515(−6) 2.094(8) 1.995(−23)
29 B−X 86.1418 116087.633 7.873(−4) 7.686(−1) 6.073(8) 3.975(−19)
10 C−X 86.0308 116237.414 2.682(−3) 3.862(−1) 1.067(9) 6.787(−19)
30 B−X 85.7855 116569.776 4.577(−4) 7.919(−1) 6.133(8) 2.361(−19)
4 B′−X 85.5156 116937.686 7.588(−3) 1.400(−5) 1.583(8) 6.877(−23)
31 B−X 85.4589 117015.286 5.190(−4) 8.109(−1) 6.265(8) 2.721(−19)
11 C−X 85.3602 117150.616 1.723(−3) 4.269(−1) 1.082(9) 4.745(−19)
2 D−X 85.2863 117252.071 1.324(−2) 6.838(−7) 3.520(8) 5.830(−24)
32 B−X 85.1636 117421.044 2.986(−4) 8.398(−1) 6.440(8) 1.610(−19)
33 B−X 84.9079 117774.685 3.262(−4) 8.685(−1) 6.744(8) 1.808(−19)
12 C−X 84.8402 117868.721 1.108(−3) 6.309(−1) 1.108(9) 4.454(−19)
5 B′−X 84.8293 117883.785 3.007(−3) 2.581(−3) 1.345(8) 4.944(−21)
34 B−X 84.7009 118062.458 1.619(−4) 9.080(−1) 7.212(8) 9.337(−20)
6 B′−X 84.6183 118177.715 3.707(−4) 3.796(−1) 3.435(8) 8.920(−20)
35 B−X 84.5613 118257.406 1.137(−4) 9.532(−1) 8.001(8) 6.861(−20)
7 B′−X 84.5465 118278.121 3.270(−4) 9.157(−1) 3.927(8) 1.895(−19)
36 B−X 84.5034 118338.476 1.776(−4) 9.816(−1) 8.191(8) 1.102(−19)
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primary CR propagation,11−13 secondary electron generation,14

as well as the availability of state-of-the-art rovibrationally
resolved electron impact excitation cross sections of H2

15 and
H2 radiative emission coefficients,16−21 have made possible a
reevaluation of the CR-induced UV spectrum in its line and
continuum components in molecular clouds (Padovani et al.;22

hereafter P24). Photorates computed with the new H2
emission spectrum determined by P24 are, on average, lower
by a factor of ∼2 than those computed by Heays et al.,9 with
deviations up to a factor of ∼5 for some species, with a few
notable exceptions. A particularly striking case is the CR-
induced photodissociation rate of H2. No value of the rate is
given in the published paper by Heays et al.,9 but after the
2023 update10 the database reported a value of kdiss,CR(H2) =
24.7ζ, where ζ is the CR ionization rate of H2 which was
assumed to be 10−16 s−1 H2

−1 for the calculations of the CR
ionization rates for all other species in the database. However,
it was not clear based on the information in the database, or
based on Heays et al.,9 whether the cross section in the
database corresponded to an H2 ortho-to-para ratio of 0:1 or
3:1. Assuming the former, P24 derived a very high value of
kdiss,CR(H2) = 404ζ using their newly calculated para-H2
luminescence spectrum. However, it has since been deduced
that the database cross section in fact contains a contribution
of ortho-H2, with the H2 ortho-to-para ratio set to 3:1 (H.
Hrodmarsson, private communication). Therefore, the pre-
dictions of both P24 and the Leiden database are inapplicable
to situations where a substantial amount of H2 is in the para
form, as is the case in molecular clouds. One in fact expects
ortho-to-para ratios ranging from ∼0.1 (corresponding to a
kinetic temperature of ∼40 K) in the transition region from
diffuse to molecular clouds, down to 10−4 in the densest
regions (see for example the simulations of Lupi et al.23).
Therefore, applying the value of 24.7ζ to CR-induced H2
photodissociation in molecular cloud conditions is unsound.
To prevent any future confusion, the value has now been
removed from the database Web site.
Precise knowledge of the value of kdiss,CR(H2) is crucial for

estimating the efficiencies of chemical reactions that involve
atomic hydrogen because H2 is by far the most abundant
molecule inside interstellar clouds where its dissociation is the
primary source of H atoms. In particular, hydrogenation
reactions are thought to be mainly responsible for the
formation of many complex molecules (e.g., methanol) on
the surfaces of dust grains. Thus, if the H2 dissociation rate is
high (low), one expects an increased (decreased) degree of
molecular complexity to arise.
In this paper, we present a new computation of the CR-

induced UV photodissociation rate of H2, using the CR-
induced emission spectrum computed by P24 applied to a
photodissociation cross section that contains the contribution
of para-H2 only. We then quantify via chemical simulations the
effect of the proposed values for the kdiss,CR(H2) on the
abundances of common chemical species in molecular clouds,

also checking the impact of the new photorates for molecules
other than H2 derived by P24. Finally, we discuss our results
and present our conclusions.

■ CR-INDUCED H2 PHOTODISSOCIATION
We have recalculated the H2, v = 0, J = 0 photodissociation
rate, integrating the CR-induced H2 UV spectrum computed
by P24 in the 75−132 nm range over the para-H2 cross
sections. This wavelength range encompasses two different
mechanisms for H2 photodissociation.
Photons below 118376.99 cm−1 or above 84.476 nm

(corresponding to H n = 2 dissociation limit) are not able to
directly photodissociate H2 and involve spontaneous radiative
dissociation where discrete radiative absorption in the Lyman
(B−X), Werner (C−X), B′−X and D−X systems is followed
by continuous emission above the dissociation limit of X
ground state H2. This range of energies has been extensively
studied by Abgrall et al.,16−20 The wavelength profile
dependent photodissociation cross section from level v″ = 0,
J″ = 0 in the ground electronic state to level v′, J′ = 1 in the
electronic excited state is expressed as

= e
m c

f p( ) ( )
e

vdiss

2

2
2

abs ,1
diss

(1)

where pv′,1 is the dissociation probability of the upper v′, J′ = 1
electronically excited level, and ϕ(λ) is the normalized profile
of the absorbing transition such that ∫ ϕ(λ) dλ = 1. Assuming
that the wavelength variation over the profile is small, one can
derive the wavelength-integrated photodissociation cross
section of a specific transition as below:

= e
m c

f p( ) d 10
e

vdiss diss
7

2

2
2

abs ,1
diss

(2)

where the 10−7 factor arises if the wavelength is expressed in
nm and σdiss in cm2 nm, leading to

= × f p8.8528 10 cm nmvdiss
20 2

abs ,1
diss 2

(3)

The different parameters are displayed in Table 1 for the
R(0) transitions of para-H2: E−X specifies the electronic band
system involved where E is the upper electronic state and X is
the H2 ground electronic state. fabs is the absorption line
oscillator strength and pv′,1diss is the dissociation probability of the
upper E, v′, J′ = 1 level, that varies significantly depending on
v′ and E. We also display v̅, the transition wavenumber, Atot(v′,
1), the total decaying probability of the upper level that
contributes to the Lorentzian profile of the dissociating
transitions. The profile results from the convolution of the
Lorentzian profile whose half-width at half-maximum is
proportional to the inverse of the total decay rate (Atot) with
the Gaussian profile corresponding to Doppler broadening
(with a b parameter assumed here of 1 km s−1) due to thermal
and turbulent motions. The photodissociation rate, expressed

Table 1. continued

v′ transition E−X λ (nm) v̅ (cm−1) fabs pv′,1diss Atot(v′, 1) (s−1) σdiss (cm2 nm)

8 B′−X 84.5011 118341.699 6.057(−5) 9.610(−1) 5.050(8) 3.679(−20)
13 C−X 84.4952 118349.918 5.353(−4) 8.141(−1) 1.126(9) 2.754(−19)
37 B−X 84.4846 118364.711 5.586(−7) 9.939(−1) 1.005(9) 3.508(−22)
9 B′−X 84.4762 118376.593 9.314(−5) 9.600(−1) 1.099(8) 5.649(−20)

aNumbers in parentheses are exponential.
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in s−1, involves the sum over all dissociating transitions of the
product

=k I( ) ( ) ddiss diss (4)

where I(λ) is the radiation field intensity expressed in photons
cm−2 s−1 nm−1. The 75−84.476 nm lower wavelength interval
involves photon energies above the n = 2 dissociation limit that
lead to photodissociation through levels that radiatively decay
toward the ground state and at the same time can dissociate
through non adiabatic couplings resulting in a predissociative
broadening. Detailed theoretical and experimental studies have
been performed in the groups of Glass-Maujean and
Schmoranzer24−26 and the corresponding data are reported
on the MOLAT Web site (https://molat.obspm.fr).
We finally obtain kdiss,CR(pH2) = 0.831ζ, which is lower than

the value previously assigned to H2 (24.7ζ) found in the
database tables, but much closer to the assumed primary CR
ionization rate of H2 (i.e., 1.000ζ) which was used for
computing the CR ionization rates for all other species in the
database.9,10 The inconsistent treatment of H2 that gave rise to
the 24.7ζ value did not impact computed rates of any other
species in the database.
We emphasize that the contribution of the short wavelength

range below 83.9 nm contributes about 50%. We only consider
para-H2 here as the corresponding ortho/para ratio is expected
to be very small in molecular cores such as L1544 that is
considered below.23,27,28 Finally, we note that the newly
derived value (0.831ζ) for the CR-induced H2 photo-
dissociation rate is of the same order of magnitude as the
rate of collisional CR-induced H2 dissociation due to
secondary electrons, as calculated by Padovani et al.29 The
collisional process is distinct from the photodissociation due to
CR-generated UV field, which is the focus of the present paper.

■ CHEMICAL MODELING
We have modeled the chemical evolution in four different
scenarios, whose details are collected in Table 2, to explore the

effect of CR-induced photochemistry in molecular clouds. The
first one, our fiducial simulation (S1), uses a chemical network
(including deuterium and spin-state chemistry; see also below)
based on the 2014 public release of the KIDA network30 that
we have used in many previous works (e.g., refs 31 and 32).
Notably, the KIDA network does not include the CR-induced
photodissociation of H2 at all. For our previous work, we have
updated some rate coefficients for CR-induced photodissoci-
ation processes from Table 20 in Heays et al.,9 but as already
noted in the Introduction, there the H2 dissociation and
ionization rate coefficients are listed as “−” and hence the CR-

induced H2 dissociation process was not included in our
models either. In the second simulation (S2), we modify the
chemical network used in S1 by including the updated
photodissociation and photoionization rate coefficients from
P24, except for H2 dissociation (we get back to this point in
Discussion and Conclusions). The remaining two simulations
(S3 and S4) then add the H2 photodissociation process with
different values for the dissociation rate coefficient: 0.831ζ
derived here (S3), or 24.7ζ (S4).
To facilitate probing the effect of the updated rate

coefficients of the CR-induced photodissociation reactions
on the abundances of common molecules in varying physical
conditions, we have adopted the one-dimensional model for
the prestellar core L154433 as a template physical model. This
allows us to track the changes in the gas density and (gas and
dust) temperature as a function of location. Similar to Sipila ̈ et
al.,31 the L1544 model is divided into concentric spherical
shells, and the chemical simulations have been run separately
in each shell to produce abundance radial profiles as a function
of time. We have calculated a radial profile for ζ using the
“Low” model of Padovani et al.12 Their parametrized formula
for ζ is expressed as a function of H2 column density; we have
derived the column density profile by calculating the visual
extinction (AV) assuming 1 mag of extinction outside the core,
and then converting the extinction in each point in the core
into column density according to N(H2)/AV = 1.2 × 1021 cm−2

mag−1. The resulting ζ profile, as well as the gas and dust
temperature profiles from ref 33, as a function of gas density
are shown in Figure 1. We stress that we employ the L1544

core model purely for the purposes of having a self-consistently
derived representation of how the physical conditions vary
with density in dense clouds; our results are not meant to be
interpreted as being specific to L1544.
The chemical simulations were run using our chemical code

pyRate. In brief, pyRate is a gas-grain chemical model that
solves a network of rate equations expressed as ordinary
differential equations, connecting the gas-phase and grain-
surface chemical evolution via adsorption and several
desorption mechanisms. The basic functionality of the code

Table 2. Set of Simulations Considered in This Paper

Label Details

S1 fiducial model not including the rate
coefficient updates from P24

S2 as S1, but including updated rate
coefficients from P24 and neglecting
CR-induced H2 photodissociation

S3 as S2, but including CR-induced H2

photodissociation with kdiss,CR(H2) = 0.831ζ
S4 as S3, but with kdiss,CR(H2) = 24.7ζ

Figure 1. Gas and dust temperatures (scale on left-hand y-axis) and ζ
(right-hand y-axis) as a function of gas density (bottom x-axis)
expressed as the total hydrogen nuclei number density nH = 2n(H2) +
n(H) or distance from the center of the core in astronomical units
(top x-axis) in the L1544 model.
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is described in Sipila ̈ et al.34 We leave further details out of the
present paper for brevity. The chemical networks employed
here include deuterium and spin-state chemistry, implemented
according to the proton hop scenario;35 we have recently
found that the proton hop scenario describes some chemical
systems better than the full scrambling model does.36−38 In the
present paper, however, we focus solely on hydrogenated
species and do not show results for deuterated ones. The initial
abundances, which are the same throughout the model cloud,
are displayed in Table 3. We note that our chemical model

tracks the H2 ortho-to-para ratio time-dependently and hence
an initial value for the ratio is required, but because of the
current lack of separate rate coefficients for the CR-induced
photodissociation of ortho and para H2, in each simulation we
assume kdiss,CR(oH2) = kdiss,CR(pH2) = kdiss,CR(H2).

■ RESULTS
Figure 2 shows the abundance profiles of selected molecules, as
predicted in the four simulation cases. Because the physical
model is static, the evolutionary time is a free parameter; the
results are plotted for t = 106 yr. We have, however, checked
that the trends in the results that we discuss in what follows are
qualitatively similar at earlier times as well, for example 105 yr.
Let us first compare the results of the fiducial simulation

(S1) and the updated model without CR-induced H2
photodissociation added (S2). The simulation results are
very similar in the two cases. This means that the rate
coefficient updates from P24 (excluding H2) have only a
limited overall impact on the chemistry, at least for the species
plotted here and for the present physical conditions. However,
N2 deserves closer examination, as it is one of the few species
for which P24 found larger (a factor-of-a-few level) changes in
the dissociation rate coefficients compared to earlier literature
values. As noted in the Chemical Modeling section, our fiducial
model adopts CR-induced photodissociation rates from Table
20 in Heays et al.,9 and the data given in that table assume
significant self-shielding for N2. The shielded rate coefficient
(39ζ) happens to be close to the new value derived by P24
(34ζ for H2 o:p = 0:1 and RV = 3.1). If we had used the

Table 3. Initial Abundances (with Respect to nH)a

Species Abundance

H2 5.00 × 10−1

He 9.00 × 10−2

C+ 1.20 × 10−4

N 7.60 × 10−5

O 2.56 × 10−4

S+ 8.00 × 10−8

Si+ 8.00 × 10−9

Na+ 2.00 × 10−9

Mg+ 7.00 × 10−9

Fe+ 3.00 × 10−9

P+ 2.00 × 10−10

Cl+ 1.00 × 10−9

HD 1.60 × 10−5

aThe initial H2 ortho/para ratio is 10−3 corresponding to thermal
equilibrium at the edge of the cloud.

Figure 2. Abundances of selected species, labeled on top of each panel, as a function of gas density, expressed as the total hydrogen nuclei number
density nH = 2n(H2) + n(H). The four curves correspond to the four different simulation cases, as indicated in the legend in the upper left-hand
panel. The denomination “X ice” refers to species X on grain surfaces.
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unshielded rate coefficient value, the difference in the
predictions of Heays et al.9 and P24 on the N2 dissociation
rate would be a factor of a few (see also discussion in section 6
in P24) and the N2 abundances predicted here by the S1 and
S2 simulations would be further apart.
The S3 simulation introduces the CR-induced H2 photo-

dissociation process with the newly derived rate coefficient of
0.831ζ. The inclusion of this process does affect the results but
only to a rather limited degree. In particular, the amount of
gas-phase atomic H increases with respect to simulations S1
and S2, and this translates to increased amounts of
formaldehyde and methanol production on grains via the
adsorption and subsequent reactivity of atomic H. The
abundance of gas-phase methanol increases accordingly due
to chemical desorption of grain-surface methanol. For gas-
phase formaldehyde, the effect is smaller, which is likely due to
the fact that unlike methanol, formaldehyde can also be
produced efficiently in the gas phase.
Increasing kdiss,CR(H2) to 24.7ζ (S4) leads to larger amounts

of atomic H in the gas phase, which translates to greatly
increased production rates of grain-surface formaldehyde and
methanol. The difference in the predicted gas-phase methanol
abundance between simulations S3 and S4 is over 1 order of
magnitude at the highest densities. Conversely, simulation S4
predicts a lower amount of gas-phase N2 and N2H+ at high
densities compared to S3. This is because of increased
production of ammonia on grains (again due to higher flux
of adsorbing atomic H), which locks a significant part of the
nitrogen reservoir in the ice. In the case of ammonia, it is
noteworthy that its formation on grains through H + NH2 can
lead to chemical desorption of NH3, analogously to methanol
which can be chemically desorbed when formed via H +
CH3O/CH2OH. However, the formation and destruction of
gas-phase ammonia are governed by gas-phase reactions, while
the origin of gas-phase methanol is almost exclusively chemical
desorption. This is why gas-phase ammonia does not show a

strong increase with the increase of the H2 photodissociation
rate, while methanol does.
One general trend common to all four simulations is that the

abundance of grain-surface methanol decreases toward the
highest densities. This is an artifact caused by the use of a static
physical model; the central regions of the model core are very
cold (T < 8 K; see Figure 1), which prevents even hydrogen
from diffusing efficiently around the grain surface, inhibiting
the formation of methanol (we reiterate that the same, mostly
atomic, initial conditions are used across the model core). If we
were to use a time-dependent collapse model, we would obtain
high grain-surface methanol abundances also in the central
regions (see, e.g., Figure 4 in ref 39).
To complement Figure 2, we show in Figure 3 the time-

evolution of selected species included in the methanol
formation chain. The figure confirms that the trends evident
in Figure 2 are not simply a result of the particular choice of
evolutionary time at which the radial profiles are extracted
from the simulation data; the predictions of the S4 model are
different from the other models already from early stages of
chemical evolution.
Figure 4 shows the H2 ortho/para ratio as predicted by the

four simulations. First, we highlight that the use of 24.7ζ for
the rate of H2 dissociation leads to a drastic overestimation of
the ortho/para ratio by an order of magnitude in the inner
core. This occurs because the fast H2 dissociation leads to an
increase of atomic H which ends up on grains (cf. Figure 2);
H2 forms on grains in an ortho/para ratio of 3, and the
subsequent desorption of the ortho-rich H2 ice component
then boosts the gas-phase ratio. Our results show clearly that
assuming an ortho/para ratio of 3:1 when deriving the H2
photodissociation rate is, under molecular cloud conditions,
completely inappropriate. Second, the H2 ortho/para ratio is
overall higher at intermediate densities compared to the outer
core. This is because at low densities the H2 ortho-to-para
conversion proceeds mainly via reactions of H2 with H+ with
little contribution from grain-surface H2 production (due to

Figure 3. Abundances of selected species, labeled on top of each panel, as a function of time in the model cell corresponding to n(H) ∼ 3 × 104
cm−3. The four curves correspond to the four different simulation cases, as indicated in the legend in the upper left-hand panel. The denomination
“X ice” refers to species X on grain surfaces..
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the short residence time of atomic H on grains), and the ratio
thermalizes to ∼10−3. At intermediate densities, however, the
ratio is boosted due to the desorption of H2 formed on grains.
We have checked that if we initialize the simulations with an
ortho/para ratio of 0.1 (across the core), as opposed to the
ratio of 10−3 assumed above, we recover virtually identical
results at t = 106 yr of evolution, and with generally only a
factor of ∼2 differences to the fiducial simulations at earlier
times, for the species plotted in Figure 2.
Our predictions for the H2 ortho/para ratio as well as the

abundance of atomic H are expected to be influenced by the
assumption of kdiss,CR(oH2) = kdiss,CR(pH2) = kdiss,CR(H2),
which we had to make here due to the lack of a CR-induced
photodissociation rate for ortho-H2. Some differences are
expected especially in the outer core, or in warmer regions in
general, where the relative amount of ortho-H2 is appreciable,
though at present we cannot quantify the magnitude of the
effect. The CR-induced photodissociation rate for ortho-H2
will be addressed in a future work.

■ DISCUSSION AND CONCLUSIONS
Here, we have tested two different values for the CR-induced
H2 photodissociation rate coefficient kdiss,CR(H2): i) our new
estimate of 0.831ζ and ii) 24.7ζ which was previously obtained
from data tables on the Leiden database. The previously
tabulated value was derived from the general calculation of the
CR-induced photorates for all 115 species included in the
database. The final cross section in the database has the
intensity contributions of oH2 and pH2 scaled to o:p = 3:1.
Thus, the derived value of 24.7ζ cannot be deemed appropriate
for the CR-induced dissociation of H2 under molecular cloud
conditions. For the present paper, we have recalculated
kdiss,CR(H2) assuming H2 o:p = 0:1 and using the pH2 cross
section, yielding kdiss,CR(H2) = 0.831ζ.
By running a series of chemical simulations probing typical

physical conditions across a molecular cloud, we showed that
the value of kdiss,CR(H2) is central for a realistic estimation of
the abundances of molecules like methanol whose formation
on grains relies on hydrogenation processes. As a specific
example, using an unrealistically high CR-induced H2 photo-
dissociation rate in a chemical model will result in an

overestimate of the methanol abundance in the gas phase
and on grains; in the present case the predicted methanol
abundances were spread over approximately 2 orders of
magnitude among the simulations that we ran. Interestingly,
the new photodissociation rate derived here (0.831ζ) has only
a limited (approximately factor-of-two level) effect on
predicted abundances, as compared to models that do not
include the CR-induced H2 photodissociation process.
Finally, we comment on the very high value of kdiss,CR(H2) =

404ζ derived by P24. This value was calculated by integrating
the pH2 emission spectrum over the H2 photodissociation
cross section given in the Leiden database. However, at the
time of calculation, it was not known that the cross section
contains the implicit assumption of o:p = 3:1, and hence, the
final result is erroneous. For this reason, we do not show in the
present paper results for chemical simulations run by using this
value for the dissociation rate. We stress that all of the other
(that is, for species other than H2) new predictions on
ionization and dissociation rates presented in P24 are based on
internally consistent calculations and are recommended for
adoption in chemical models.
To conclude, we strongly recommend the adoption of our

newly predicted value kdiss,CR(H2) = 0.831ζ for CR-induced
photodissociation in chemical models. The previous value of
24.7ζ should not be used, and in fact it has now been removed
from the Leiden database.
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