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• collisions of gaseous molecules with interstellar dust grains eventually lead to the formation of ice 
mantles on the grain surfaces, as the molecules are adsorbed onto the grains

• chemical reactions occurring on (and in) the ice lead to the synthesis of new molecules, which can 
subsequently be desorbed

• it is clear from observations that desorption must occur: observations point to "valleys" as opposed 
to "holes" in the abundance distributions of various moleculesS. Spezzano et al.: The observed chemical structure of L1544

Fig. A.5. Maps of the molecules belonging to the category “Others”.

we present the map of the J = 2–1 transition of 34SO towards
L1544.

CCS: Thioethenylidene, CCS, is a radical with electronic
ground state 3⌃�. Its rotational energy levels are described by
the quantum numbers J and N, referring respectively to the total
angular momentum and to the angular momentum of the molec-
ular frame, following Hund’s “b” case. CCS was observed for
the first time in the laboratory and in space in 1987 (Saito et al.
1987), and since then it has been observed in di↵erent kind of
media, from dense to di↵use clouds. Furthermore, it was one of
the first molecules mapped in L1544 (Ohashi et al. 1999). We
have mapped the N, J = 8, 7–7, 6; 7, 6–6, 5; 7, 7–6, 6; and 8,
9–7, 8 transitions.

CH3CN: Methyl cyanide was among the first molecules
detected in the ISM (Solomon et al. 1971). Given its high
abundance, also its rarer isotopologues with 13C, D and 15N
have been observed (Cummins et al. 1983; Guelin et al. 1982;
Nummelin et al. 1998). CH3CN is prolate symmetric top rotor,
hence its rotational levels are labelled JK . We have mapped the
JK = 60–50 rotational transition at 110 GHz.

HCC13CN: Cyanoacetylene is a linear molecule belonging to
the family of cyanopolyyne (HCnN with n = 1, 3, 5, ...). Given
the presence of low lying vibrational levels (bending modes),
the vibrationally excited states of the normal isotopologue have
also been detected in the ISM (Wyrowski et al. 2003). Here we
present the map of the J = 10–9 rotational transition.

A.2. The dust peak family

H13CN: HCN has been observed in a great variety of astrophys-
ical environments, and several vibrationally excited states have
been observed towards IRC+10216 (Cernicharo et al. 2011). Be-
ing a linear molecule, it has a relatively simple spectroscopy and
its rotational levels are described by the quantum numbers J and
F, because of the hyperfine structure due to the presence of the
nitrogen atom. We mapped the F = 2–1 hyperfine component of
the J = 1–0 rotational transition.

13CN: Cyanogen is a radical with 2⌃+ electronic ground
state. Like some other astronomically abundant ions and radi-
cals, also CN has been observed in the ISM (Penzias et al. 1974)
prior to its laboratory detection (Dixon & Woods 1977). The

spectrum of the 13CN isotopologue is characterised by a fine
structure given by the interaction of the electron spin and the
nuclear rotation, and a hyperfine structure rising from the pres-
ence of the 13C and the nitrogen atom. We have mapped the N =
1–0, F1 = 2–1, F2 = 2–1, F = 3–2 transition of 13CN in L1544.

N2H+: N2H+ is a molecular ion with 1⌃+ electronic ground
state. Its spectrum is complicated by the presence of two nitrogen
atoms, and its J = 1–0 transition is split in to seven hyper-
fine components (Caselli et al. 1995). N2H+ has been widely ob-
served in dense cores, and it has a crucial importance in astro-
chemistry because it is a proxy of N2, not observable because it
lacks dipole moment. Furthermore N2H+ does not su↵er signif-
icant depletion like CO and, like other N-bearing molecules, is
a very good tracer of the cold inner parts of starless cores. Here
we mapped the J = 1–0 F1 = 0–1 F = 1–2 hyperfine transition
of N2H+. Maps of N2H+ and N2D+ have already been reported
in Caselli et al. (2002).

A.3. The methanol peak family

CH3OH: Methanol is the smallest complex molecule in the
ISM, and it has been extensively observed in dark clouds
(e.g. Pratap et al. 1997) and star forming regions (e.g. Bachiller
1996). Given the presence of the CH3 internal rotor, the result-
ing rotational-torsional spectrum is fairly complicated. Its tor-
sional potential possesses three equivalent minima which lead
to rotational transitions of symmetry A or E (doubly degener-
ated). Levels of di↵erent symmetry do not interact, hence the ro-
tational transitions are labelled also with the symmetry state. In
our case, we mapped the JKa,Kc

= 21,2–11,1 transition of the (E2)
state and the JKa,Kc

= 00,0–11,1 transition of the (E1-E2) state.
This map has already been reported in Bizzocchi et al. (2014)
and Spezzano et al. (2016b).

SO and 34SO: SO is a radical with 3⌃� ground state. Its ro-
tational energy levels are described by the quantum numbers J

and N, like for CCS. SO and 34SO have been extensively ob-
served in star forming regions and also in extragalactic sources
(Martín et al. 2003). Here we present the map of the N, J = 2,
2–1, 1 and 3, 2–2, 1 lines of the main species, and the N, J = 2,
3–1, 2 line for the 34SO isotopologue.
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Spezzano et al. (2017)

tion, there is a systematic pattern of emission shared by all
cores. On the one hand, the continuum, N2H+, and NH3
maps are centrally concentrated, have approximately the
same peak position, and share very similar shapes (nearly
round in L1498, L1495, and L1517B, more elongated in
L1400K and L1544). The C18O, C17O, and CS maps, on the
other hand, are much more diffuse and fragmented and have
maxima that do not coincide with those of the dust, N2H+,
or NH3. In fact, many maps of the CO isotopomers and CS
have relative minima at the positions where the other mole-
cules peak, suggesting almost an anticorrelation between
the two groups of tracers.

The contrast between the centrally peaked dust emission
and the fragmented C18O and C17O maps (Fig. 1, top rows)
is especially striking, given that dust and C18O/C17O are

both expected to trace the column density of the invisible H2
component. We can rule out a major distortion in the CO
isotopomer maps due to optical depth or saturation effects,
because there is excellent agreement between the C18O map
and that of the rarer C17O in each core where we have
observed C17O (Fig. 1). In addition, the intensity ratios
between C18O and C17O are close to the expected isotopic
ratio of 3.65, and a hyperfine analysis of the C17O multiplet
shows a negligible optical depth (<0.1). We therefore con-
clude that both species are optically thin (see x 5.3 for a
quantitative analysis).

Temperature gradients cannot be causing the morpholog-
ical differences either, because the relative intensities of NH3
(1, 1) and (2, 2) indicate a constant gas temperature of about
10 K in all observed sources (x 5.5). The cores, moreover,

Fig. 1.—Maps of 1.2 mm continuum (IRAM 30 m telescope), C18O (1–0), C17O (1–0), CS (2–1), N2H+ (1–0) (FCRAO telescope), and NH3 (1, 1) (100 m
telescope) for L1498, L1495, L1400K, L1517B, and L1544 (L1544 1.2 mm continuum map fromWard-Thompson et al. 1999). Central coordinates are given
in Table 1. For each map, the first contour and the contour interval are the same. In the 1.2 mmmaps of L1498, L1495, L1400K, and L1517B, contours start at
5 mJy beam!1 (1100 beam), although the maps have been convolved to a resolution of 2000, and in the L1544 map, contours start at 20 mJy beam!1 (1300 beam).
The line maps represent integrated intensities, including all hyperfine components. The first contour of each map, ordered from left to right and from top to
bottom, is as follows (all in K km s!1, in the main-beam temperature scale): L1498 (0.2, 0.075, 0.15, 0.3, 1.5); L1495 (0.3, 0.15, 0.45, 1.5); L1400K (0.2, 0.1, 0.3,
1.0); L1517B (0.2, 0.065, 0.1, 0.3, 1.5), L1544 (0.3, 0.13, 0.15, 0.55, 2.0). Note that the point source to the northeast of L1495 in the 1.2 mm continuum map is
IRAS 04112+2803 (aka CWTau).
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Tafalla et al. (2002)
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• there are several possible desorption mechanisms: thermal desorption, photodesorption, reactive 
desorption...

• desorption can also be induced by cosmic rays (CRs), via whole-grain heating or localized 
phenomena (sputtering)

• here we describe a new model for desorption induced by CRs via whole-grain heating, which is 
here denoted as CRD (cosmic ray induced desorption) for brevity
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• consider a CR passing through a grain:

CR
T = Teq

Teq        Tmax Tmax        Teq

T = Tmax T = Teq

radiation

evaporation

reduction of the 
ice mantle
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• the efficiency of CRD depends on the ratio of the cooling time of the grain to the average time 
interval between successive CR strikes

• in a rate-equation gas-grain chemical model, one expresses the CR desorption rate coefficient of a 
molecule i on the grain surface as

• almost all current chemical models that consider CRD adopt the description of Hasegawa & Herbst 
(1993; HH93), who assumed that the ice consists of a homogeneous layer of a CO analog and 
that Tmax = 70 K, which leads to a constant cooling time of 10-5 s for 0.1 µm grains

• they derived a CR strike interval of 3.16 x 1013 s, which yields f (0.1 µm, 70 K) = 3.16 x 10-19

2 Sipilä et al.

in rate-equation models, and this description has been56

subsequently adopted in many gas-grain chemical mod-57

els. An alternative method, applied to Monte Carlo sim-58

ulations of ice chemistry, has been presented by Herbst59

& Cuppen (2006).60

The cooling time of a transiently heated grain depends61

on the binding energy of the molecules participating in62

the cooling. The HH93 description of CRD is based on63

the assumption that the ice mantle consists of a homo-64

geneous layer of a generic volatile molecule that has a65

binding energy comparable to that of CO, and therefore66

the grain cooling time is set to a constant value. Ob-67

servations have indicated that water ice layers form on68

grains already at a visual extinction of a few magnitudes69

(Whittet et al. 1988), and subsequent chemical evolution70

in denser gas leads to the deposition of layers of weakly71

polar molecules like CO in the top layers (Tielens et al.72

1991). Indeed, interstellar ices are expected to be het-73

erogeneous and therefore the grain cooling time should74

be a time-dependent quantity.75

The main aim of the present work is to provide a76

revised description of CRD that treats the process of77

grain cooling time-dependently, thus improving the ac-78

curacy of chemical simulations that consider CRD. This79

is achieved by considering quantities that are inherently80

part of any gas-grain chemical model – the abundances81

of various molecules in the ice – and hence the appli-82

cation of our revised description of CRD is straightfor-83

ward also in models other than ours. We examine the84

transient heating process as well, although the main em-85

phasis is presently on the cooling.86

The paper is structured as follows. In Sect. 2, we intro-87

duce the theoretical formulation of the revised CRD pro-88

cess, including transient heating and subsequent grain89

cooling, and discuss the di↵erent models that we con-90

sider in this paper. Section 3 presents the main results of91

our analysis, i.e., time-dependent chemical abundances92

in the gas phase calculated using the various models. We93

discuss some key points and the limitations of our cur-94

rent work in Sect. 4, and apply our new CRD scheme to a95

model of the prestellar core L1544. We give our conclud-96

ing remarks in Sect. 5. Some complementary simulation97

results are presented in the Appendix.98

2. DESORPTION OF INTERSTELLAR ICES99

INDUCED BY COSMIC RAYS100

Cosmic rays sporadically strike grains, which are then
transiently heated to a high temperature. The energy
deposited and thus the transient maximum temperature
gained by the grain depends on the energy of the incom-
ing CR and on the grain material properties. The tran-
sient heating induces e�cient desorption of the ice man-

tle surrounding the grain core, cooling the grain back
down to its original equilibrium temperature. In the
model presented by HH93, it is assumed that the grain
retains the elevated temperature throughout the cool-
ing process, i.e., the induced desorption events occur
at constant temperature. The rate coe�cient of such a
desorption event for a molecule i is then given by

kCR(i) = f(a, Tmax) ktherm(i, Tmax) (1)

where a is the grain radius, Tmax is the temperature101

that a grain of radius a is heated to by a CR strike,102

and ktherm(i, Tmax) is the thermal desorption rate co-103

e�cient of molecule i at temperature Tmax. The pre-104

factor f(a, Tmax) is essentially an e�ciency term (called105

“duty cycle” by HH93) determined by the ratio of the106

cooling time of the grains to the transient heating in-107

terval, which we here refer to as ⌧cool and ⌧heat, respec-108

tively. In their model, HH93 assumed that CRs in the109

20 to 70 MeVnucleon�1 energy range deposit 0.4MeV110

of energy into 0.1µm grains; applying the heat capacity111

formula of Léger et al. (1985) then leads to Tmax ⇠ 70K.112

Assuming that CRs consist of iron nuclei and using the113

Fe CR flux from Léger et al. (1985), HH93 estimated a114

heating interval of ⌧heat = 3.16 ⇥ 1013 s. They assumed115

that the grains are coated with a homogeneous ice layer116

made up of a generic CO-like molecule with a binding117

energy of 1200K. The desorption timescale of such a118

molecule at 70K is of the order of 10�5 s, which HH93119

took to represent the grain cooling time. Therefore, for120

0.1µm grains, f(a, Tmax) = ⌧cool/⌧heat = 3.16 ⇥ 10�19.121

This value is customarily adopted in gas-grain chemical122

models that include CRD.123

In the present work, we expand on the HH93 for-124

mulation of the CRD process by introducing a dy-125

namic grain cooling mechanism that depends on time-126

dependent molecular abundances in the ice. We also127

modify the heating part by considering variations of128

the incident CR spectrum. Our new model is appli-129

cable to a range of grain sizes, but here we only discuss130

0.1µm grains so that our results can be easily compared131

with those obtained using the HH93 description of CRD.132

The following describes the theoretical framework of the133

model in detail.134

2.1. Dynamic cooling135

The time-dependent grain cooling time is given by

⌧cool =
Eth

Ė
=

Eth

Ėevap + Ėrad

, (2)

where Eth is the energy deposited into the grain by a
CR strike (see Sect. 2.2), raising the grain temperature
to Tmax. The rate of thermal energy loss, Ė, is a sum
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• it is known that interstellar ices are not homogeneous, but consist instead of a variety of molecules 
such as H2O, CO, NH3...

• we reformulated the grain cooling time by considering a time-dependent ice composition:

• this approach is more accurate than the HH93 one as it is able to describe time-dependent 
variations in grain cooling time due to the temporally varying ice composition

2 Sipilä et al.

in rate-equation models, and this description has been56

subsequently adopted in many gas-grain chemical mod-57

els. An alternative method, applied to Monte Carlo sim-58

ulations of ice chemistry, has been presented by Herbst59

& Cuppen (2006).60

The cooling time of a transiently heated grain depends61

on the binding energy of the molecules participating in62

the cooling. The HH93 description of CRD is based on63
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servations have indicated that water ice layers form on68
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(Whittet et al. 1988), and subsequent chemical evolution70

in denser gas leads to the deposition of layers of weakly71

polar molecules like CO in the top layers (Tielens et al.72
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erogeneous and therefore the grain cooling time should74

be a time-dependent quantity.75
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revised description of CRD that treats the process of77

grain cooling time-dependently, thus improving the ac-78

curacy of chemical simulations that consider CRD. This79
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of various molecules in the ice – and hence the appli-82

cation of our revised description of CRD is straightfor-83

ward also in models other than ours. We examine the84

transient heating process as well, although the main em-85
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duce the theoretical formulation of the revised CRD pro-88

cess, including transient heating and subsequent grain89

cooling, and discuss the di↵erent models that we con-90

sider in this paper. Section 3 presents the main results of91

our analysis, i.e., time-dependent chemical abundances92

in the gas phase calculated using the various models. We93

discuss some key points and the limitations of our cur-94

rent work in Sect. 4, and apply our new CRD scheme to a95

model of the prestellar core L1544. We give our conclud-96

ing remarks in Sect. 5. Some complementary simulation97

results are presented in the Appendix.98
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Cosmic rays sporadically strike grains, which are then
transiently heated to a high temperature. The energy
deposited and thus the transient maximum temperature
gained by the grain depends on the energy of the incom-
ing CR and on the grain material properties. The tran-
sient heating induces e�cient desorption of the ice man-

tle surrounding the grain core, cooling the grain back
down to its original equilibrium temperature. In the
model presented by HH93, it is assumed that the grain
retains the elevated temperature throughout the cool-
ing process, i.e., the induced desorption events occur
at constant temperature. The rate coe�cient of such a
desorption event for a molecule i is then given by

kCR(i) = f(a, Tmax) ktherm(i, Tmax) (1)

where a is the grain radius, Tmax is the temperature101

that a grain of radius a is heated to by a CR strike,102

and ktherm(i, Tmax) is the thermal desorption rate co-103

e�cient of molecule i at temperature Tmax. The pre-104

factor f(a, Tmax) is essentially an e�ciency term (called105

“duty cycle” by HH93) determined by the ratio of the106

cooling time of the grains to the transient heating in-107

terval, which we here refer to as ⌧cool and ⌧heat, respec-108

tively. In their model, HH93 assumed that CRs in the109

20 to 70 MeVnucleon�1 energy range deposit 0.4MeV110

of energy into 0.1µm grains; applying the heat capacity111

formula of Léger et al. (1985) then leads to Tmax ⇠ 70K.112

Assuming that CRs consist of iron nuclei and using the113

Fe CR flux from Léger et al. (1985), HH93 estimated a114

heating interval of ⌧heat = 3.16 ⇥ 1013 s. They assumed115

that the grains are coated with a homogeneous ice layer116

made up of a generic CO-like molecule with a binding117

energy of 1200K. The desorption timescale of such a118

molecule at 70K is of the order of 10�5 s, which HH93119

took to represent the grain cooling time. Therefore, for120

0.1µm grains, f(a, Tmax) = ⌧cool/⌧heat = 3.16 ⇥ 10�19.121

This value is customarily adopted in gas-grain chemical122

models that include CRD.123

In the present work, we expand on the HH93 for-124

mulation of the CRD process by introducing a dy-125

namic grain cooling mechanism that depends on time-126

dependent molecular abundances in the ice. We also127

modify the heating part by considering variations of128

the incident CR spectrum. Our new model is appli-129

cable to a range of grain sizes, but here we only discuss130

0.1µm grains so that our results can be easily compared131

with those obtained using the HH93 description of CRD.132

The following describes the theoretical framework of the133

model in detail.134

2.1. Dynamic cooling135

The time-dependent grain cooling time is given by

⌧cool =
Eth

Ė
=

Eth

Ėevap + Ėrad

, (2)

where Eth is the energy deposited into the grain by a
CR strike (see Sect. 2.2), raising the grain temperature
to Tmax. The rate of thermal energy loss, Ė, is a sum
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of two terms: Ėevap and Ėrad. The first term represents
the desorption of ice at T = Tmax, and is defined as

Ėevap = Ndes

X

i

kBEb(i) ✓(i) ⌫(i) exp(�Eb(i)/Tmax) ,

(3)
where the sum is over the atoms and molecules that con-136

tribute to the cooling; Eb(i) is the binding energy in K;137

⌫(i) is the attempt frequency in s�1; ✓(i) is the abun-138

dance fraction of species i in the ice. The e�ciency of139

the cooling depends strongly on Ndes, the total num-140

ber of atoms and molecules available as coolants. We141

consider here two di↵erent approaches:142

1) A two-phase (gas+ice) chemical model, where the143

ice is treated as a single chemically active layer.144

Hence the entire ice mantle is available for desorp-145

tion, and Ndes =
P

i n(i), where the sum is over146

all atoms and molecules in the ice.147

2) A three-phase chemical model, where the ice is148

separated into an active surface layer and an inert149

bulk (following Hasegawa & Herbst 1993b), and150

hence Ndes =
P

j n(j), where the sum is now over151

atoms and molecules in the surface layer only.152

Table 1 lists the species that participate in the cool-153

ing, along with their binding energy (on a water ice154

surface). The entry marked “others” represents every155

other species present on the grain at any given time be-156

sides the ones that are explicitly included in Table 1.157

The binding energy taken for the “other” species is a158

parameter of the model and has been arbitrarily chosen,159

although its value influences our results only very little;160

we have found through testing that our results are only161

a↵ected noticeably if the value is decreased to ⇠1500K162

or below. This is a very unlikely scenario given that163

most of the molecules have a binding energy of several164

thousand K. We have chosen a set of chemical species165

that are a priori expected to be present on a grain with166

appreciable abundances at various points during the ac-167

cumulation of the ice. This ensures that the cooling time168

is calculated accurately at early times and at late times169

as the chemical simulation progresses.170

The second term in the denominator in Eq. (2) repre-
sents radiative cooling of the grain via blackbody emis-
sion at T = Tmax. This is given by (Draine 2011)

Ėrad = 4⇡a3qabs�T
6
max , (4)

where � is the Stefan-Boltzmann constant and qabs =171

0.13K�2 cm�1 is a material-dependent numerical factor;172

the value of qabs adopted here is valid for silicate grains.173

In practice, cooling via desorption dominates over ra-174

diative cooling for the model parameters considered in175

Table 1. Binding energies of the chemical species that par-
ticipate in the cooling.

Species Binding energy [K]

H 450

C 800

N 800

CH 925

N2 1000

CO 1150

CH4 1300

O 1390

oNH3 5534

pNH3 5534

oH2O 5700

pH2O 5700

others 3000

the present work, and our results are thus insensitive176

to the adopted value of qabs (for carbonaceous grains,177

qabs = 0.08K�2 cm�1; Draine 2011). We discuss radia-178

tive cooling briefly in Sect. 4.4.179

We assume, like HH93, that the evaporation rates of180

di↵erent species can be described in terms of the maxi-181

mum grain temperature. In reality, the grain tempera-182

ture changes as the ice evaporates (see for example Fig. 9183

in Kalvāns & Kalnin 2020). A more precise treatment of184

the problem in a gas-grain chemical model such as ours185

would involve the integration of the desorption rate co-186

e�cients from Tmax down to the equilibrium grain tem-187

perature. However, the present work aims to provide188

a description of CRD that is more accurate than the189

HH93 approach, but is still straightforward to apply to190

a gas-grain chemical model. Hence we leave a fully time-191

dependent study for future work.192

2.2. Transient grain heating193

As noted above, HH93 estimated a transient grain194

heating interval of ⌧heat = 3.16 ⇥ 1013 s based on the195

Fe CR flux given by Léger et al. (1985), corresponding196

to the 20 to 70 MeV nucleon�1 CR energy range. The197

value of ⌧heat is a function of several parameters, such as198

the shape of CR spectrum and the assumed CR energy199

range, and is also a↵ected by other assumptions such200

as the composition of CRs themselves and whether the201

grains are coated in ice or not. Furthermore, the degree202

to which the CR flux is attenuated inside dense clouds203

depends both on the CR mass and the column density204

of the cloud.205

In this paper, we do not consider CR species besides206

iron, so that our results are more directly compara-207

ble to HH93. However, we do present new values for208
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where Eth is the energy deposited into the grain by a
CR strike (see Sect. 2.2), raising the grain temperature
to Tmax. The rate of thermal energy loss, Ė, is a sum
of two terms: Ėevap and Ėrad. The first term represents
the desorption of ice at T = Tmax, and is defined as

Ėevap = Ndes

X

i
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ice is treated as a single chemically active layer.155
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tion, and Ndes =
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i n(i), where the sum is over157
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hence Ndes =
P
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Table 1 lists the species that participate in the cool-164

ing, along with their binding energy (on a water ice165

surface). The entry marked “others” represents every166

other species present on the grain at any given time be-167

sides the ones that are explicitly included in Table 1.168

The binding energy taken for the “other” species is a169

parameter of the model and has been arbitrarily chosen,170

although its value influences our results only very little;171

we have found through testing that our results are only172

a↵ected noticeably if the value is decreased to ⇠1500K173

or below. This is a very unlikely scenario given that174

most of the molecules have a binding energy of several175

thousand K. We have chosen a set of chemical species176

that are a priori expected to be present on a grain with177

appreciable abundances at various points during the ac-178

cumulation of the ice. This ensures that the cooling time179

is calculated accurately at early times and at late times180

as the chemical simulation progresses.181

The second term in the denominator in Eq. (2) repre-
sents radiative cooling of the grain via blackbody emis-
sion at T = Tmax. This is given by (Draine 2011)

Ėrad = 4⇡a3qabs�T
6
max , (4)

where � is the Stefan-Boltzmann constant and qabs =182

0.13K�2 cm�1 is a material-dependent numerical factor;183

Table 1. Binding energies of the chemical species that par-
ticipate in the cooling.

Species Binding energy [K]

H 450

C 800

N 800

CH 925

N2 1000

CO 1150

CH4 1300

O 1390

oNH3 5534

pNH3 5534

oH2O 5700

pH2O 5700

others 3000

the value of qabs adopted here is valid for silicate grains.184

In practice, cooling via desorption dominates over ra-185

diative cooling for the model parameters considered in186

the present work, and our results are thus insensitive187

to the adopted value of qabs (for carbonaceous grains,188

qabs = 0.08K�2 cm�1; Draine 2011). We discuss radia-189

tive cooling briefly in Sect. 4.4.190

We assume, like HH93, that the sublimation rates of191

di↵erent species can be described in terms of the max-192

imum grain temperature. In reality, the grain temper-193

ature changes as the ice sublimates (see for example194

Fig. 9 in Kalvāns & Kalnin 2020). A more precise treat-195

ment of the problem in a gas-grain chemical model such196

as ours would involve the integration of the desorption197

rate coe�cients from Tmax down to the equilibrium grain198

temperature. However, the present work aims to pro-199

vide a description of CRD that is more accurate than200

the HH93 approach, but is still straightforward to apply201

to a gas-grain chemical model. Hence we leave a fully202

time-dependent study for future work.203

2.2. Transient grain heating204

As noted above, HH93 estimated a transient grain205

heating interval of ⌧heat = 3.16 ⇥ 1013 s based on the206

Fe CR flux given by Léger et al. (1985), corresponding207

to the 20 to 70 MeV nucleon�1 CR energy range. The208

value of ⌧heat is a function of several parameters, such as209

the shape of CR spectrum and the assumed CR energy210

range, and is also a↵ected by other assumptions such211

as the composition of CRs themselves and whether the212

grains are coated in ice or not. Furthermore, the degree213

to which the CR flux is attenuated inside dense clouds214

depends both on the CR mass and the column density215

of the cloud.216
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• we also considered variations of the heating interval adopting different CR spectra

• our new model uses only quantities included in any rate-equation based gas-grain chemical model 
that tracks the ice composition time-dependently, making it easy to apply; one only needs to 
replace the (constant) f(a,Tmax) term by                   in the CRD rate coefficients
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Table 2. Values of the transient grain heating interval ⌧heat (in seconds) considered in this paper. The scaling factors used
to obtain the Fe flux from the proton flux are indicated on the header row. The assumed CR energy range is 0.026 to
70 MeV nucleon�1.

Visual extinction [mag] P18H ⇥ 3.1⇥ 10�4 P18L ⇥ 3.1⇥ 10�4 L85 ⇥ 1.6⇥ 10�4

0 1.34⇥ 1011 4.84⇥ 1012 3.35⇥ 1013 (a)

5 7.98⇥ 1011 8.05⇥ 1012 3.07⇥ 1013

10 1.15⇥ 1012 9.72⇥ 1012 3.21⇥ 1013

15 1.47⇥ 1012 1.11⇥ 1013 3.38⇥ 1013

30 2.40⇥ 1012 1.47⇥ 1013 3.97⇥ 1013

50 3.62⇥ 1012 1.87⇥ 1013 4.76⇥ 1013

100 6.80⇥ 1012 2.74⇥ 1013 6.39⇥ 1013

aThe heating interval generally increases with increasing attenuation because low-energy CRs are removed from the relevant
energy range faster than high-energy ones are added. Because the spectrum in L85 contains no particles with energy below
20MeV, a small attenuating column has the e↵ect of adding higher-energy particles to the relevant energy range without

removing the low-energy ones. For this reason, the heating interval is smaller for AV = 5mag than for AV = 0mag in the case
with the L85 external spectrum.

Table 3. Values of the cosmic-ray ionization rate ⇣ consid-
ered in this paper.

Fe CR flux from ⇣
⇥
s�1

⇤

Léger et al. (1985) (L85) 1.3⇥ 10�17

Padovani et al. (2018), spectrum L (P18L) 1.3⇥ 10�17

Padovani et al. (2018), spectrum H (P18H) 1.0⇥ 10�16

the heating interval calculated using more modern esti-209

mates of the iron CR flux. We assume exterior to the210

cloud that the iron flux is proportional to the proton211

flux. To normalize the flux, we take the ratio of the212

iron flux from Ave et al. (2008) at a kinetic energy of213

0.9GeV nucleon�1 to the proton flux at a kinetic en-214

ergy of 0.9GeV from Aguilar et al. (2015), resulting in215

an Fe/H ratio of 3.1 ⇥ 10�4. To obtain the CR spec-216

trum within the cloud, we use the propagation model217

described in Padovani et al. (2018; hereafter P18). We218

consider the CR flux given by Léger et al. (1985; here-219

after L85), as well as the fluxes recently presented by220

Padovani et al. (2018; their models L and H ; hereafter221

P18L and P18H, respectively). We derived heating in-222

tervals as a function of depth in the cloud by consider-223

ing attenuation over a range of column densities, corre-224

sponding to visual extinctions from 0 to 100mag. The225

adopted CR energy range is 0.026 to 70 MeV nucleon�1
226

to account for low-energy CRs that are also able to de-227

posit energy e�ciently into the grains; we note that this228

di↵ers from the energy range 20 to 70 MeV nucleon�1
229

assumed by HH93. We assume that the loss function230

for iron is equal to the loss function for hydrogen in231

Padovani et al. (2018) times a factor of Z2/A ⇡ 12,232

where Z is the atomic number and A is the atomic mass233

number. The resulting values of ⌧heat are collected in234

Table 2, where we also note the scaling factor used to235

obtain the Fe flux from the proton flux; in the case of236

L85, we used the same factor (1.6 ⇥ 10�4) to scale the237

L85 spectrum as HH93 did. Our value for ⌧heat using the238

L85 CR spectrum is very close to the value estimated239

by HH93 (assuming AV = 10mag). The Padovani et al.240

(2018) Fe fluxes are on the other hand much higher,241

which has an e↵ect on gas-phase chemistry as it will be242

evident below. We also note that our ⌧heat values are a243

factor of several lower than those calculated by Kalvāns244

(2018). The reason for this discrepancy is at present un-245

known, and will not be addressed in the present work.246

Variations in the CR flux a↵ect the CR ionization rate,247

which also depends on the column density, i.e., depth248

into the cloud. However, the value of the CR ionization249

rate also has a large e↵ect on the chemistry, and there-250

fore varying the ionization rate from model to model251

would make it di�cult to disentangle the e↵ect of the252

dynamic cooling alone on the simulation results. We253

therefore adopt a simple set of CR ionization rate val-254

ues, collected in Table 3, in most of our models (see255

below), depending on the CR flux. The CR ionization256

rate in the case of the P18H CR flux is set to a higher257

value, corresponding to the order of magnitude mea-258

sured at high column densities (Padovani et al. 2018)259

for this spectrum.260

The derivation of the transient maximum grain tem-261

perature in HH93, based on the work of Léger et al.262

(1985), ignores the e↵ect of the ice mantle that accu-263

mulates on the grain over time. As the ice thickness in-264

creases, the energy-absorbing volume increases and the265

value of Tmax decreases. This issue is particularly im-266

portant for small grains for which the relative volume267

increase due to mantle growth is substantial. Further-268

more, a spectrum of CR energies and impact parameters269
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(1985), ignores the e↵ect of the ice mantle that accu-278

mulates on the grain over time. As the ice thickness in-279

creases, the energy-absorbing volume increases and the280

value of Tmax decreases. This issue is particularly im-281

portant for small grains for which the relative volume282

increase due to mantle growth is substantial. Further-283

more, a spectrum of CR energies and impact parameters284

leads to a distribution of Tmax values instead of a single,285

unique value for a given grain size. For simplicity and286

to ensure that our results can be meaningfully compared287

with the HH93 description of CRD, we adopt the same288

amount of energy deposited by a CR strike into a 0.1µm289

grain (0.4 MeV) as HH93 did. It should be pointed290

out that the exact value of the deposited energy291

depends on the CR energy, the composition of292

the grain, and the impact parameter. We do not293

consider variations of the grain radius in this paper.294

We will present a time-dependent transient grain heat-295

ing model in an upcoming work (Sipilä et al., in prep.)296

that will include not only the e↵ect of ice mantle growth297

in decreasing Tmax, but also the e↵ect of considering a298

spectrum of Tmax values for a given grain size. The ba-299

sis for that model is a new detailed study of the grain-300

size dependence of ice mantle thickness that will be pre-301

sented elsewhere (Silsbee et al., in prep.).302

To summarize the above, the significant di↵erences303

between the present work and that of HH93 are that304

we calculate the grain cooling time dynamically (set305

to constant 10�5 s in HH93) based on time-dependent306

ice abundances, and consider variations of the CR flux307

which impacts the grain heating interval (set to con-308

stant 3.16 ⇥ 1013 s in HH93). Our new formulation309

of CRD can be implemented in a gas-grain chem-310

ical model by replacing the constant f(70K) term311

of HH93 (cf. their Eq. 15) by the more general312

f(a, Tmax) = ⌧cool/⌧heat, where ⌧cool is calculated313

from Eqs. (2) to (4) and ⌧heat can be either read314

or interpolated from Table 2. We reiterate that315

in this paper we set a = 0.1µm and Tmax = 70K;316

for other values of these parameters, the heating317

intervals need to be recalculated.318

2.3. Chemical and physical model319

We apply the new description of CRD to our gas-grain320

chemical model, which simulates chemical evolution by321

the rate-equation method. The basic functionality of322

the model, including the equations describing chemical323

reactions in the gas phase and on the grain surfaces as324

well as the gas-grain chemical interaction itself, is laid325

out in Sipilä et al. (2015a). A very important detail in326

the present context is that the model tracks the time-327

dependent changes in molecular abundances not only328

in the gas phase but also on the grain surfaces, which is329

necessary for the correct estimation of the sublimation330

rate (Eq. 3). We employ our full chemical networks in-331

cluding deuterium and spin-state chemistry (Sipilä et al.332

2015b, 2019a). The chemical network contains a com-333

bined total of ⇠75700 reactions, ⇠2100 of which are334

grain-surface reactions. We adopt the initial elemental335

abundances given in Table 1 in Sipilä et al. (2019a). We336

note that deuterated species are included in the337

chemical network so that we can assess the e↵ect338

of our new CRD model on deuteration, which is339

important from an observational point of view.340

Our main conclusions regarding for example the341

grain cooling time would not be a↵ected if the342

chemical network was simplified to include only343

non-deuterated molecules.344

To reduce the number of model parameters and to345

simplify the interpretation of our results, we adopt a set346

of zero-dimensional physical models to run our chemical347

simulations. The fiducial model parameters are given348

in Table 4. We consider physical conditions appropri-349

ate to the centers of starless and prestellar cores, as well350

as lower-density gas associated with the envelopes sur-351

rounding the cores. Sub-7K temperatures have been352

inferred deep inside starless and prestellar cores (e.g.,353

Crapsi et al. 2007; Pagani et al. 2007; Harju et al. 2008),354

and thus our chosen values for the gas and dust tempera-355

tures in the high-density models are not completely con-356

sistent with high-density gas in low-mass star-forming357

regions. Our choice of 10K for both high-density mod-358

els is simply for the sake of easing the interpretation359

of our results. An increase of AV from 10 to 30mag360

has a negligible e↵ect on photochemistry, but does in-361

crease ⌧heat by a small factor (Table 2). We set the362

gas temperature to 15K and AV to 2mag in the low-363

density model, mimicking physical conditions typical to364

molecular clouds. We include in all simulations the ef-365

fect of H2 self-shielding (Draine & Bertoldi 1996), which366

is important at low medium densities as it prevents the367

excess formation of atomic hydrogen from H2 dissocia-368

tion. For this, we derived the H2 column density using369

N(H2)/AV = 1.2⇥1021 cm�2. Self-shielding of other370

molecules, such as CO or N2, is not considered371

in the present simulations.372

As noted in Sect. 2.1, we study two-phase and three-373

phase chemical models, and include in these mod-374

els either the HH93 description of CRD or the re-375

vised, dynamic one presented in this work. This376

leads to four distinct models, also indicated in Ta-377

ble 4. Models F2 and F3 refer to two-phase378

and three-phase chemical models, respectively,379

adopting the HH93 CRD description. In mod-380

L85: Léger et al. (1985); P18: Padovani et al. (2018)
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• we studied the effect of our new CRD model on the results of chemical simulations in physical 
conditions corresponding to molecular clouds and cores, adopting two-phase and three-phase gas-
grain models
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Table 4. Values of the fiducial physical model parameters and descriptions of the four model cases considered here.

Physical model parameters Value

Medium density n(H2) [cm
�3] 103, 105, 106

Gas temperature Tgas [K] 15, 10, 10

Dust temperature Tdust [K] 15, 10, 10

Visual extinction AV [mag] 2, 10, 30

Grain radius a [µm] 0.1

Model Description

F2 Fiducial model, two-phase ice chemistry, grain cooling following HH93

D2 As F2, but with dynamic grain cooling

F3 Fiducial model, three-phase ice chemistry, grain cooling following HH93

D3 As F3, but with dynamic grain cooling
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Figure 1. Grain cooling time ⌧cool as a function of simulation time for models F2, D2, F3, and D3, assuming n(H2) = 103 cm�3

(left), n(H2) = 105 cm�3 (middle), or n(H2) = 106 cm�3 (right). Solid lines correspond to models adopting the L85 CR spectrum,
while dashed lines correspond to models adopting the P18L CR spectrum. Note the di↵erence in y-axis range between the panels.
The radiative grain cooling time is displayed as the dotted black line in the left-hand panel.

time, because CRD can in this case occur from the entire371

ice mantle where relatively weakly-bound molecules are372

abundant and hence the contribution of species with low373

binding energy is relatively high. Allowing desorption374

from the top layer only (model D3) leads to an eventual375

increase in the grain cooling time due to the trapping376

of volatiles in the inert mantle; at late times the ac-377

tive surface layer is mostly composed of strongly-bound378

species. The time-evolution of the cooling times is qual-379

itatively similar for n(H2) = 105 cm�3 and 106 cm�3,380

even though the divergence of the results occurs earlier381

in the latter model, as expected. Switching between the382

two CR spectra has only a minor influence on the cooling383

time – yet an e↵ect is expected because a change in ⌧heat384

a↵ects desorption rates and hence the ice chemistry, and385

ultimately ⌧cool as well.386

The grain cooling time is radically di↵erent in molec-387

ular cloud conditions to that in the high-density models,388

and three particular details manifest themselves. First,389

the grain cooling time is high overall, which is a conse-390

quence of the low total ice abundance and in particular391

the low amount of radicals that could cool the grain ef-392

ficiently. Second, the e↵ect of the adopted CR spectrum393

and hence the grain heating time is much larger at low394

density than it is at high density. Third, the two-phase395

and three-phase model results are in general very close396

to each other (the green and orange dashed lines overlap397

perfectly), which is again a consequence of the low total398

ice abundance. A significant di↵erence at late times is399

seen between the D2 and D3 models when using the L85400

CR spectrum. Of the cooling species with low binding401

energies listed in Table 1, only methane ice is present402

in appreciable abundances in these physical conditions;403

the increase of the cooling time in model D2 is due to its404

conversion into molecules such as C2H and HCN (bind-405

ing energies in excess of 2000K) which does not occur406

in model D3.407

Figure 1 also shows that the evaporation timescale408

never reaches such high values so as to (near) equal-409

ize the grain cooling time (including evaporative and410
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where Eth is the energy deposited into the grain by a
CR strike (see Sect. 2.2), raising the grain temperature
to Tmax. The rate of thermal energy loss, Ė, is a sum
of two terms: Ėevap and Ėrad. The first term represents
the desorption of ice at T = Tmax, and is defined as

Ėevap = Ndes

X

i

kBEb(i) ✓(i) ⌫(i) exp(�Eb(i)/Tmax) ,

(3)
where the sum is over the atoms and molecules that con-147

tribute to the cooling; Eb(i) is the binding energy in K;148

⌫(i) is the attempt frequency in s�1; ✓(i) is the abun-149

dance fraction of species i in the ice. The e�ciency of150

the cooling depends strongly on Ndes, the total num-151

ber of atoms and molecules available as coolants. We152

consider here two di↵erent approaches:153

1) A two-phase (gas+ice) chemical model, where the154

ice is treated as a single chemically active layer.155

Hence the entire ice mantle is available for desorp-156

tion, and Ndes =
P

i n(i), where the sum is over157

all atoms and molecules in the ice.158

2) A three-phase chemical model, where the ice is159

separated into an active surface layer and an inert160

bulk (following Hasegawa & Herbst 1993b), and161

hence Ndes =
P

j n(j), where the sum is now over162

atoms and molecules in the surface layer only.163

Table 1 lists the species that participate in the cool-164

ing, along with their binding energy (on a water ice165

surface). The entry marked “others” represents every166

other species present on the grain at any given time be-167

sides the ones that are explicitly included in Table 1.168

The binding energy taken for the “other” species is a169

parameter of the model and has been arbitrarily chosen,170

although its value influences our results only very little;171

we have found through testing that our results are only172

a↵ected noticeably if the value is decreased to ⇠1500K173

or below. This is a very unlikely scenario given that174

most of the molecules have a binding energy of several175

thousand K. We have chosen a set of chemical species176

that are a priori expected to be present on a grain with177

appreciable abundances at various points during the ac-178

cumulation of the ice. This ensures that the cooling time179

is calculated accurately at early times and at late times180

as the chemical simulation progresses.181

The second term in the denominator in Eq. (2) repre-
sents radiative cooling of the grain via blackbody emis-
sion at T = Tmax. This is given by (Draine 2011)

Ėrad = 4⇡a3qabs�T
6
max , (4)

where � is the Stefan-Boltzmann constant and qabs =182

0.13K�2 cm�1 is a material-dependent numerical factor;183

Table 1. Binding energies of the chemical species that par-
ticipate in the cooling.

Species Binding energy [K]

H 450

C 800

N 800

CH 925

N2 1000

CO 1150

CH4 1300

O 1390

oNH3 5534

pNH3 5534

oH2O 5700

pH2O 5700

others 3000

the value of qabs adopted here is valid for silicate grains.184

In practice, cooling via desorption dominates over ra-185

diative cooling for the model parameters considered in186

the present work, and our results are thus insensitive187

to the adopted value of qabs (for carbonaceous grains,188

qabs = 0.08K�2 cm�1; Draine 2011). We discuss radia-189

tive cooling briefly in Sect. 4.4.190

We assume, like HH93, that the sublimation rates of191

di↵erent species can be described in terms of the max-192

imum grain temperature. In reality, the grain temper-193

ature changes as the ice sublimates (see for example194

Fig. 9 in Kalvāns & Kalnin 2020). A more precise treat-195

ment of the problem in a gas-grain chemical model such196

as ours would involve the integration of the desorption197

rate coe�cients from Tmax down to the equilibrium grain198

temperature. However, the present work aims to pro-199

vide a description of CRD that is more accurate than200

the HH93 approach, but is still straightforward to apply201

to a gas-grain chemical model. Hence we leave a fully202

time-dependent study for future work.203

2.2. Transient grain heating204

As noted above, HH93 estimated a transient grain205

heating interval of ⌧heat = 3.16 ⇥ 1013 s based on the206

Fe CR flux given by Léger et al. (1985), corresponding207

to the 20 to 70 MeV nucleon�1 CR energy range. The208

value of ⌧heat is a function of several parameters, such as209

the shape of CR spectrum and the assumed CR energy210

range, and is also a↵ected by other assumptions such211

as the composition of CRs themselves and whether the212

grains are coated in ice or not. Furthermore, the degree213

to which the CR flux is attenuated inside dense clouds214

depends both on the CR mass and the column density215

of the cloud.216
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• grain cooling time in HH93 vs. our new model, at constant density
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• abundances of selected gas-phase molecules as a function of time in a 0D physical model      
(n(H2) = 105 cm-3, T = 10 K, AV = 10 mag)
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• total ice abundances do not change significantly when switching from static to dynamic CRD

4.4. Efficiency of Radiative Cooling

Radiative cooling is inefficient compared to cooling via
desorption with the present set of model parameters. Cooling
via sublimation is in all of our simulations several orders of
magnitude faster than radiative cooling: for 0.1 μm grains that
are transiently heated to ∼70 K by a CR strike, the rate of
energy loss due to radiation is≈1.1× 10−8 erg s−1, which is
orders of magnitude lower than the loss rate due to sublimation.
Léger et al. (1985) predicted that cooling via radiation or via
sublimation are comparable in strength if ~T 25 Kmax (for
0.1 μm grains); we have confirmed with our model that such a
transition occurs at values of Tmax below 30 K. The situation
will change drastically if the strong assumptions in the present
model regarding the grain heating outlined in Section 2.2, for
example the neglect of the effect of ice mantle in determining

Tmax, are relaxed. We will investigate these issues in a future
work (Sipilä et al. 2021, in preparation).

4.5. Application to the Prestellar Core L1544

It is of interest to investigate the magnitude of the impact of
adopting dynamic grain cooling when applied to a starless or
prestellar core, where the physical conditions change with
location inside the object. We have thus tested our new
dynamic CRD scheme in a model of the prestellar core L1544,
constructed analogously to the fiducial model described in
Sipilä et al. (2019b), where a detailed account is given. Briefly,
we adopt the source model of Keto & Caselli (2010), which
gives the density and temperature (gas and dust separately) as a
function of radius in the core. We separate the source model
into concentric shells, and carry out chemical simulations with

Figure 7. Top: abundances of selected ice molecules as a function of time for models F2, D2, F3, and D3, labeled in the top right panel. The abundances
corresponding to the three-phase models F3 and D3 represent sums over the surface and mantle populations. Bottom: breakdown of the ice populations in the three-
phase models F3 (green) and D3 (orange) into the active surface layer (solid lines) and the inert mantle (dashed lines), as labeled in the lower left panel. Here,
n(H2) = 105 cm−3, and τheat is calculated using the P18L CR spectrum.

Figure 8. As Figure 7, but assuming n(H2) = 103 cm−3 and showing only the total ice abundances.
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4.4. Efficiency of Radiative Cooling

Radiative cooling is inefficient compared to cooling via
desorption with the present set of model parameters. Cooling
via sublimation is in all of our simulations several orders of
magnitude faster than radiative cooling: for 0.1 μm grains that
are transiently heated to ∼70 K by a CR strike, the rate of
energy loss due to radiation is≈1.1× 10−8 erg s−1, which is
orders of magnitude lower than the loss rate due to sublimation.
Léger et al. (1985) predicted that cooling via radiation or via
sublimation are comparable in strength if ~T 25 Kmax (for
0.1 μm grains); we have confirmed with our model that such a
transition occurs at values of Tmax below 30 K. The situation
will change drastically if the strong assumptions in the present
model regarding the grain heating outlined in Section 2.2, for
example the neglect of the effect of ice mantle in determining

Tmax, are relaxed. We will investigate these issues in a future
work (Sipilä et al. 2021, in preparation).

4.5. Application to the Prestellar Core L1544

It is of interest to investigate the magnitude of the impact of
adopting dynamic grain cooling when applied to a starless or
prestellar core, where the physical conditions change with
location inside the object. We have thus tested our new
dynamic CRD scheme in a model of the prestellar core L1544,
constructed analogously to the fiducial model described in
Sipilä et al. (2019b), where a detailed account is given. Briefly,
we adopt the source model of Keto & Caselli (2010), which
gives the density and temperature (gas and dust separately) as a
function of radius in the core. We separate the source model
into concentric shells, and carry out chemical simulations with

Figure 7. Top: abundances of selected ice molecules as a function of time for models F2, D2, F3, and D3, labeled in the top right panel. The abundances
corresponding to the three-phase models F3 and D3 represent sums over the surface and mantle populations. Bottom: breakdown of the ice populations in the three-
phase models F3 (green) and D3 (orange) into the active surface layer (solid lines) and the inert mantle (dashed lines), as labeled in the lower left panel. Here,
n(H2) = 105 cm−3, and τheat is calculated using the P18L CR spectrum.

Figure 8. As Figure 7, but assuming n(H2) = 103 cm−3 and showing only the total ice abundances.
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Cosmic Rays 2: The Salt of the Star Formation Recipe 09.11.2022

• we have developed a new numerical description of CRD which accounts for time-dependent 
changes in ice composition, and describes the desorption process well in a wide variety of physical 
conditions

• we found that using dynamic CRD decreases gas-phase abundances in two-phase chemical 
models, but increases them in three-phase chemical models

• ice abundances are not strongly affected when switching from static to dynamic CRD, though the 
effects are (marginally) larger toward lower volume densities

• we have so far considered models with a fixed transient maximum temperature; in reality one 
expects instead a spectrum of Tmax values
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• we are currently working on modifying the 2021 CRD model by simulating the effect of variable 
Tmax

• this requires a change in the CRD rate coefficient:

• in addition, we require calculations of the frequencies of the heating events associated with 
different CR species
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ABSTRACT
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1. Summary of tests so far

In our paper from last year, we suggested a new form of the CR
desorption rate coe�cient:

kCRD(i) = min
⇣

f (a,Tmax) ktherm(i,Tmax), ⌧�1
heat

⌘
. (1)

The major improvement of our scheme over that of Hasegawa
& Herbst (1993) was that we calculated the cooling time of the
grains,

⌧cool =
Eth

Ė
=

Eth

Ėsubl + Ėrad
, (2)

time-dependently based on the temporally evolving ice abun-
dances. Here,

Ėsubl = Ndes

X

i

kBEb(i) ✓(i) ⌫(i) exp(�Eb(i)/Tmax) . (3)

The transient maximum temperature Tmax that the grains reach
upon a CR impact was fixed to 70 K. This assumes 0.1 µm grains
without ice mantles, and that the CRs consist of iron nuclei only
with a particular energy per nucleon.

In reality, we expect a spectrum of CRs consisting of a va-
riety of species and energies, and that CR strikes can occur at
non-zero impact factors. Thus there should be a distribution of
Tmax values instead of just one fixed value. Also, collisions that
deposit a small amount of energy occur at a much higher rate
than collisions that deposit a large amount of energy, meaning
that models that consider lower-energy impacts should predict
more desorption of weakly-bound species like hydrogen, and
even CO.

We have now extended the 2021 CRD description by switch-
ing to a distribution of Tmax values. The CRD rate coe�cient is
then given by:

kCRD(i) =
X

j

min
⇣

f (a,T j
max) ktherm(i,T j

max), (⌧ j
heat)

�1
⌘
, (4)

where the sum runs over the number of members of the spec-
trum (i.e., the number of Tmax values that we consider). To ob-
tain the values of Tmax and ⌧heat (the interval between successive
CR strikes), we use data from Kalvāns (2022), who calculated
the amount of deposited energy as well as the frequency of heat-
ing events as a function of Tmax, using the Padovani et al. (2018)

"high" model. There are tables for various cases, depending on
grain size and ice mantle thickness, and on AV. All of the re-
sults I’m showing here correspond to 0.1 micron grains with a
0.03 micron ice mantle, shielded by AV ⇠ 10 mag (Table 19 of
Kalvāns 2022).

Our main aim is to investigate how the use of a spectrum of
Tmax values a↵ects the simulated molecular abundances as com-
pared to the previous models adopting a constant Tmax = 70 K.
To facilitate this comparison, I constructed a "70K" model by
calculating from the Kalvans data the total frequency of CR
strikes that heat the grain to at least 70 K, with the deposited
energy defined as the mean of all deposited energies for Tmax �
70 K. Alternatively one could just extract the required values at
Tmax = 70 K, and I have done this too, but the results of that
simulation are not shown here.

Another thing to investigate is the e↵ect of binning: if we
distribute the Kalvans data to just a few Tmax bins, the result
won’t be as accurate as a simulation that adopts the tabulated
data at full resolution (84 bins in this case). I have run a series of
tests, and found that using ⇠10 bins gives a very good match to
the “true” result, and hence I’m showing results from such sim-
ulations here. Increasing the bin count slows down the solution
considerably and doesn’t add any useful information.

Since the value of AV is set by the choice of the source data
for Tmax, I ran the simulations using physical conditions that we
expect to find for that amount of extinction: n(H2) = 105 cm�3,
Tdust = Tgas = 10 K, where Tdust represents the equilibrium dust
temperature. The CR ionization rate is 1016 s�1, corresponding to
what Padovani et al. (2018) predict for their high model at an H2
column density of 1022 cm�2. Other simulation parameters were
set to their “standard” values.

The results are quite strong. Figure 1 shows the abundances
of selected volatile species in the gas phase as a function of
time, while Fig. 3 shows the abundances of the corresponding
ice species. It’s immediately obvious from Fig. 1 that the lower-
energy CR impacts lead to a significant amount of desorption of
volatiles as compared to the old model. To quantify this, Fig. 2
shows the CO CRD rate coe�cient as a function of time. Ev-
idently, the desorption is much more e�cient in the spectrum
model. I don’t know right now what is causing the awkward fea-
ture at t ⇠ 3 ⇥ 104 yr. I have to look into it. I can say though that
it appears regardless of the bin count, and is hence not related
to the resolution of the Tmax spectrum. A similar feature appears
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• for our initial simulations, we adopted the heating frequency & Tmax data from                                 
Kalvāns (2022, ApJS 259, 68)

• values calculated using the Padovani et al. (2018) “High” model
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• sample of gas-phase abundances as a function of time at constant density & kinetic temperature 
(n(H2) = 105 cm-3, T = 10 K)

• cosmic ray ionization rate set to 10-16 s-1, following the adoption of P18H
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• ice abundances at the same physical conditions
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CONCLUSIONS

• the dynamic CRD model (Sipilä et al. 2021) allows for a more accurate representation of CRD, 
compared to earlier models where the time-dependent ice content is not taken into account, using 
only the quantities that are inherently included in any gas-grain chemical model

• we are working on revising the 2021 model, where Tmax is allowed to vary

• the first results from the latest model already indicate potential solutions to some outstanding 
issues, such as the “H2 problem”

• the main caveat is that the simulations results are highly dependent on the choice of the CR 
spectrum, and on how the CR flux is attenuated

• going even further, one may consider the effect of variations in ice thickness etc.


