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Abstract

Context. Evaporative (sublimation) cooling of icy interstellar grains occurs when the grains have been suddenly heated by a cosmic-ray (CR) particle or other process. It results in thermal desorption of icy species, affecting the chemical composition of interstellar clouds.

Aims. We investigate details on sublimation cooling, obtaining necessary knowledge before this process is considered in astrochemical models.

Methods. We employed a numerical code that describes the sublimation of molecules from an icy grain, layer by layer, also considering a limited diffusion of bulk-ice molecules toward the surface before they sublimate. We studied a grain, suddenly heated to peak temperature T, which cools via sublimation and radiation.

Results. A number of questions were answered. The choice of grain heat capacity C has a limited effect on the number of sublimated molecules N, if the grain temperature T > 40 K. For grains with different sizes, CR-induced desorption is most efficient for rather small grains with a core radius of a ≈ 0.02 μm. CR-induced sublimation of CO2 ice can occur only from small grains if their peak temperature is T > 80 K and there is a lack of other volatiles. The presence of H2 molecules on grain surface hastens their cooling and thus significantly reduces N for other sublimated molecules for T ≤ 30 K. Finally, if there is no diffusion and subsequent sublimation of bulk-ice molecules (i.e., sublimation occurs only from the surface layer), sublimation yields do not exceed 1–2 monolayers and, if T > 50 K, N does not increase with increasing T.

Conclusions. Important details regarding the sublimation cooling of icy interstellar grains were clarified, which will enable a proper consideration of this process in astrochemical modeling.
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1 Introduction
Thermal desorption of molecules from interstellar grains covered with icy mantles is a process that affects the chemistry in the interstellar medium (ISM) and circumstellar clouds. In an environment with a low ambient temperature, when an icy grain is suddenly heated, such sublimation induces rapid grain cooling. Such a whole-grain heating event may be caused by grain collisions, radioactive decay, protostellar X-rays, or the impact of a heavy cosmic-ray (CR) ion. The latter results in cosmic-ray-induced desorption (CRD, Hasegawa & Herbst 1993).
An initial study that considered the sublimation cooling of interstellar grains in some detail was that of Herbst & Cuppen (2006), who found that icy mantles consisting of a single monolayer (ML) can be completely desorbed in a CRD event. Kalvāns & Kalnin (2020, hereafter, Paper I) investigated the general properties of such sublimation cooling, which happens in competition with radiative cooling of the grain. In that study, we considered a grain with radius a = 0.1 μm, covered with an icy mantle 100 MLs thick, rich in volatile molecules. Such or similar grains are expected to reside in interstellar dense, cold (≈10 K), and dark cloud cores. The main finding of Paper I was that the number of desorbed molecules depends on grain thermal energy, the availability of volatile molecules, and on the fact that grain temperature must exceed a threshold value of about 40 K for sublimation cooling to dominate over radiative cooling. The desorption yield did not depend on grain cooling time, in opposition to an often-made assumption in papers considering CRD (e.g., Hasegawa & Herbst 1993; Bringa & Johnson 2004).
Our eventual aim is to produce an approach, knowledge, and data on the sublimation cooling of grains in the ISM for applications in astrochemistry. Despite the advances in Paper I, such an application is not yet straightforward. In the present study, our aim is to remove the main uncertainties related to simulating the sublimation of molecules from grains. The unclear questions are primarily related to the physics and chemistry of icy grains in the ISM. The tasks arise from the aims, as discussed below.
First, we consider the choice of grain heat capacity C. A number of authors have employed different approaches for calculating C for differentinterstellar grain materials, sometimes resulting in conflicting C functions for similar materials. Our task will be to clarify if the choice of C determines the number of molecules thermally desorbed from grains (Sect. 3.1).
Second, grains in the ISM come in a variety of sizes, which affect their absolute heat capacity, surface area, and other properties. We will clarify what the differences are for sublimation for grains with different sizes (Sect. 3.2). The need for such a study arises from the uncertainties encountered by studies considering desorption from grains with a variety of sizes, which may result in grains with different sizes having different ice mantle thicknesses (Herbst & Cuppen 2006; Pauly & Garrod 2016; Iqbal & Wakelam 2018; Zhao et al. 2018).
Third, the composition of the icy mantles on a grain varies for different objects and evolution stages. A few special cases need to be investigated before addressing this problem in future studies. Here we investigate if molecular hydrogen, adsorbed and absorbed in ices, has a role in the cooling of grains and, additionally, if icy grains poor in typical volatiles, such as CO, but rich in CO2 can undergosublimation cooling as well (Sect. 3.3).
Fourth, there are uncertainties related to molecule diffusion in cryogenic ices. The simulations in Paper I considered the diffusion of bulk-ice species, followed by sublimation. Such an inter-layer diffusivity of subsurface molecules is not always considered in astrochemical models, especially those that consider the icy mantle on interstellar grains in a multi-layered manner. To account for such an approach, in Sect. 3.4 we investigate the cooling of an icy grain without the diffusion of bulk-ice molecules.
The numerical model for this study is explained below in Sect. 2. The details of the specific tasks and the obtained results are described in Sect. 3. The conclusions are drawn in the final Sect. 4.
2 Methods
We employ the grain cooling model TCOOL, presented in Paper I. The program considers sublimation and radiative cooling of a grain covered with an icy mantle from an initial high temperature T0 to a lower ambient grain temperature, assumed to be T2 = 10 K. The initial high temperature T0 depends on the initial thermal energy E0 of the grain with the heat capacity C as the conversion factor between the two. The momentary grain temperature during cooling is T. Below we present a concise description of the code. An extended accurate description is presented in Paper I.
2.1 Grain model
Grains consist of an inert, solid grain core with radius a. In Paper I, the core material was assumed to be olivine. In the present model, grain materials differ only by having a different C, which is one of the variables here (Sect. 3.1). The core is covered with an icy mantle with thickness b. Each molecule occupies a volume [image: equation] cm3, where bm = 3.2 × 10−8 cm, the assumed size of a molecule, corresponding to water ice with a density of 0.9 g cm−3. The molecules in the mantle are arranged in n ice monolayers (MLs). The code treats MLs separately, while molecules of one type in the same ML are treated as arrays. The molecule arrays are chosen, based first on their chemical species and, second, whether they are exposed or not to the outer surface of the grain. Only whole MLs were considered in our previous study; here we employ an updated code that allows a gradual partial depletion of MLs, eliminating some artificial irregularities in the simulation results. A separate array is maintained for the numbers of sublimated, now gas-phase, species.
The default ice composition was described with a monolayer resolution using Eqs. (18)–(23) of Paper I, corresponding to a modeled average ice composition in dark cloud cores. Five potentially volatile molecules were considered – N2, O2, CO, CH4, and CO2. The remainder was assumed to be water H2O, which also forms the ice matrix, determining properties such as rate of diffusion (Sect. 2.2). The water ice is the most refractory of the species; the model permits its desorption on sufficient temperature scales and timescales (that in practice never occur in the present study). Some modifications (and simulation results) of the default ice composition are considered in Sect. 3.3.
2.2 Grain thermal energy loss
The initial thermal energy of the heated grain can be defined as
[image: equation](1)
In the subsequent cooling from T0 to the final temperature T2, E0 will be lost from the grain by direct molecule sublimation from the surface, the diffusion and subsequent sublimation of bulk-ice molecules, and the emission of photons. The number of molecules on the surface evolves according to the key equation of first-order decay,
[image: equation](2)
where N is the initial number of surface molecules, NΔt is the number after a time interval Δt, and tevap is the characteristic sublimation time for the molecule in consideration. The simple case, where Eq. (2) suffices to describe changes in ice (and the number of sublimated molecules) works only for surface layer molecules on the very first step of the simulation. All other cases are self-consistently supplemented in the code by the logic and consequences resulting from the decrease of molecule numbers in the MLs and, thus, exposure of previously bulk-ice species (with an ever increasing depth) to the surface and their subsequent sublimation (Sects. 2.1.1 and 2.1.2 of Paper I).
All the icy molecules not exposed to the outer surface have the possibility to diffuse to the surface and subsequently sublimate. TCOOL describes diffusive desorption, while also allowing molecule entrapment in the water ice-dominated layers. The rate is calculated with Eq. (2), where N denotes the number of bulk-ice species in a particular ML and tevap is replaced by the time of diffusion to the surface summed with the time of sublimation, tdiff + tevap. We did not consider bulk-ice molecule diffusion per se, that is, diffusion that does not result in desorption.
The diffusion time of a molecule depends on its distance to the surface. If a molecule is too deep in the ice, it remains trapped. The data of Fayolle et al. (2011) allows us to quantify this effect. Following Paper I, for a second-ML molecule, immediately below the surface, the bulk-ice binding energy Eb constitutes 1.1ED, with ED being its desorption energy, a known quantity. For a nth layer MLs, the Eb of a species increases gradually, according to
[image: equation](3)
where [image: equation] K is the desorption energy of water, and c is a parameter taken to be 410. This approach describes small and volatile molecule diffusion in a water ice matrix in agreement with experimental data and with the reasonable limitation that their diffusion barriers cannot be greater than [image: equation].
A necessary part of the model is radiative cooling. Below ~ 34 K, the rate of energy loss by radiation is higher than the energy lost by the sublimation of N2 and O2. The emission of photons also overtakes sublimation in conditions in which the volatile icy species are depleted (Paper I). The radiated energy was calculated by integrating emission over photon wavelengths λ in the range 2 μm–1 cm according to Eq. (21) of Cuppen et al. (2006). The lower limit of λ means that radiative grain cooling from temperatures ≲700 K can be described accurately, more than sufficient for studying stochastic grain heating in dense clouds. This approach does not explicitly consider material-specific aspects of infrared emission, such as the vibrational relaxation of water.
2.3 Simulation
The simulation consists of a series of steps. The results of the separate steps are summed, recording the evolution of temperature, and the numbers of sublimated and ice layer molecules. Each step consists of calculating the number of surface molecules sublimated directly and bulk-ice molecules desorbed with the mediation of diffusion. According to Eq. (25) of Paper I, the energy carried away by each molecule is
[image: equation](4)
This means that each sublimating molecule removes more energy from the grain than just its ED (e.g., as assumed by Herbst & Cuppen 2006) and that for higher temperatures and molecules with lower ED this difference is higher.
The program also calculates the energy lost via radiation, Erad (see previous section). The energies Eevap and Erad are combined, obtaining the total energy Ecool lost by the grain in the current step. The resulting decrease of temperature ΔT is then obtained by
[image: equation](5)
where C(T) is the heat capacity of the icy grain at the current step temperature T. The number of remaining icy molecules in each ML is updated in each step. The total number of steps per simulation is on the order of  104 with T decreased by no more than 0.1 K per step. The temperature curve is highly irregular and we found it impossible to create a working self-consistent approach for choosing the length of the steps during the simulation. This is because regardless of the initial temperature, molecules are desorbed relatively rapidly at the start of each simulation. Volatile species, such as N2, in the surface layer are quickly depleted, afterwards sublimation continues for volatile subsurface molecules and less-volatile surface species, such as CO or CH4. Finally, while the sufficiently shallow and volatile molecules are being depleted, and the temperature continues to decrease, the grain gradually switches to cooling dominated by photon emission. Because of these complexities, the length for the mth integration step was generally calculated according to
[image: equation](6)
where c typically is in the range 10−2−10−4 and can be changed with the help of a simple function during the simulation. The length tstep (1) of the very first step and theparameter c were adjusted manually for each simulation, taking into account the most volatile molecule available, the chosen C approach, and the size of the grain. In the output, the code keeps track of the evolving grain temperature, number of sublimated molecules of species i, Nev. i, the remaining icy molecules of the different species, and the amount of energy radiated away. Test calculations showed that a tenfold increase in the number of steps changes the calculated Nev. by no more than 0.2%.
As discussed in Paper I, the TCOOL model does not consider the pressure of the sublimated gas, which may become important in temperatures above 100 K when CO and N2 sublimation timescales are ≲10−10 s. As the icy molecules are transferred to the gas phase, they may create an expanding “cloudlet” around the grain. If the ices are sufficiently rich in volatiles (as in our assumed standard ice composition), the cloudlet does not expand fast enough for its interaction with the grain to be completely negligible. While the additional gas pressure will delay sublimation of the remaining icy species, this can only lead to changes in grain cooling time, which does not change Nev (the radiative cooling timescale is longer by orders of magnitude). A potentially more important effect is that part of the gas will thermalize with the grain. Because the desorbed molecules have a temperature Tgas that was possessed by the grain at their moment of desorption (Eq. (4)), Tgas will always be higher than or equal to the current grain temperature T. As a result, part of the gas thermal energy can be transferred back to the grain and used for sublimating other molecules. Thus, our calculated numbers of sublimated molecules for grains at temperatures > 100 K should be treated as minimum values. We estimate that this effect may increase sublimation by no more than a few per cent, even for grains with T0 → 300 K.
3 Results
The model described above was used for several simulations, in accordance with the tasks of this study. The specific details of these simulations are described in before the obtained results.
3.1 Sublimation depending on grain heat capacity
A crucial parameter in stochastic heating of grains is the heat capacity C, which converts grain thermal energy into temperature. The energy a grain receives when hit by a CR particle (or other kinds of energy input) can be calculated directly (e.g., Shen et al. 2004). Conversion to temperature is less straightforward because there are several approaches to calculating C even for similar grain materials. Here we aim to determine, what, if any, effect the choice of C has on the efficiency of molecule sublimation from heated interstellar grains.
A single approach toward C was employed for the whole grain, consisting of a grain core and an icy mantle. Different methods for the C of grain and the C of ice were employed in Paper I. A single C approach for the whole grain is not entirely physically correct but allows for a simpler reproducibility and clear interpretation of results.
3.1.1 Calculation of heat capacities
We employ three different methods for calculating C, which, attributed to different materials, result in a total of five approaches. First, a simple method to calculate C is the Debye solid approximation. The heat capacity at a temperature T ≪ TD is
[image: equation](7)
where Nat is the number of atoms in the grain. The Debye temperature TD is in the region of several hundred kelvin. The steep dependence of C ∝ T3 means that the Debye approximation is valid only for low temperatures. This condition generally is not fulfilled in the case of CR-induced heating and also photon-induced heating of small grains. However, this approach has been used in astrochemical studies before (Cuppen et al. 2006; Kalvāns 2016).
In the Debye approximation, different materials primarily differ by TD. A number of values for TD have been determined for interstellar grains (e.g., Herbst & Cuppen 2006). In this study, we employ two approaches to C with the Debye method, with two extreme values of TD: 337 K for amorphous carbon (Wei et al. 2005) and 542 K for quartz SiO2 (Xie et al. 2018).
Analytical equations for C based on experimental data were derived by Leger et al. (1985, their Eq. (1)) and supplemented by Zhao et al. (2018, their Eq. (13)). We adopt the Leger-Zhao method as our second method for calculating C. This approach was derived for materials such as olivine and water ice.
The third is a more complex method for C, based on a 2D Debye approach by Draine & Li (2001; see also Krumhansl & Brooks 1953; Xie et al. 2018). Because this approach requires additional integration and is computationally expensive, for practical purposes in the TCOOL model, analytical functions of C were derived. The non-dimensional values of C∕(NatkB) can be expressed as
[image: equation](8)
for silicate and
[image: equation](9)
for graphite. Parameter Nat is the total number of atoms in the grain.
Table 1 summarizes the properties of the different materials relevant for calculating C. When calculating the heat capacity of the icy mantle with the Debye and Draine & Li (2001) approaches, the number of atoms in the ice layer (changing with time because of sublimation) was calculated directly from the ice description in the TCOOL model (Sect. 2.1).
Figure 1 shows that the values of C calculated with the Debye approximation deviate strongly from those of other methods. The Debye method should not be employed for temperatures exceeding 30–40 K. However, since our aim is to investigate how variations in C affect sublimation from grains, we include the Debye method in our investigation for T ≤ 100 K.
Table 1

Properties for calculation of C for different grain materials.

3.1.2 Sublimation from grains with different C
In order to determine the dependence of Nev. on grain heat capacities, simulations with each of the five C variants were performed with two fixed starting temperatures T0. The T0 values were chosen to be 40 K, which corresponds to a (CR-induced) low heating temperature regime with much of the grain energy lost via radiation, and 70 K, where grain cooling can be expected to be dominated by thermal desorption.
In addition to fixed T0, we also performed simulations with two fixed grain thermal energies E0. These were chosen to be 0.1 and 1 MeV, with considerations similar to those in the choice of T0.
Figure 2 graphically shows that higher C increases the amount of sublimated ices for heating with an equal initial grain temperature T0. The total number of all sublimated molecules per unit energy (sublimation efficiency) is fairly similar for all C approaches, being 4.5–6.5 molecules eV−1 at 40 K and 7.5–9.3 molecules eV−1 at 70 K. The grain energies E0 differ by almost ten times and the total number of sublimated molecules per grain for different C models differs accordingly, as seen in Fig. 2.
In the case of T0 = 40 K, the CO sublimation efficiency varies more significantly, from 0.4 eV−1 (graphite, Draine & Li 2001) to 2.8 eV−1 (amorphous carbon, Debye) because a larger proportion of N2 and O2 sublimate before CO, cooling the grain if it has a lower C function and accordingly lower E0 (compare Figs. 1 and 2). For T0 = 70 K, CO is sublimated with an efficiency of 4.7–6.8 CO molecules eV−1. Models with lower C have a higher desorption efficiency because the total number of sublimated molecules is lower and a higher proportion is accounted for by outer surface molecules that are rapidly removed. Desorption of CO is the CRD process that induces the most profound changes in interstellar cloud chemistry (Kalvāns & Kalnin 2019).
A wholly different picture is obtained when we assume a constant initial thermal energy E0 for all grain heat capacity regimes. Materials with lower C functions now have higher temperatures, allowing the sublimation of surface species and efficient diffusion and the subsequent sublimation of bulk-ice species. Especially steep changes are seen if the temperatures T0 are in the vicinity of the sublimation threshold: for T0 < 35 K radiative cooling dominates, while for T0 > 40 K, most of the thermal energy is carried away by sublimation (see Fig. 2). At E0 = 0.1 MeV, the corresponding sublimation efficiency (for all species) is only around ~ 2 molecules eV−1 for simulations with DL-graphite, LZ-olivine, and D-quartz heat capacity methods, while the sublimation efficiency is ~ 8 molecules eV−1 for the DL-graphite and D-quartz C methods (for CO these numbers are ~0.1 and ~3 CO molecules eV−1). For E0 = 1 MeV, all grains exceed the sublimation threshold and the sublimation efficiencies are much more similar at 7.5–9.2 molecules eV−1 and 5.4–6.8 CO molecules eV−1. Higher sublimation efficiencies are for the simulations with lower C because of their higher initial temperatures.
	[image: thumbnail]	Fig. 1
Comparison of grain heat capacities C used in the model. D: The Debye approximation; LZ: Leger-Zhao approach; DL: Draine & Li approach. Table 1 provides details.



	[image: thumbnail]	Fig. 2
Numbers of different sublimated molecules Nev. for grains with different heat capacities. The abbreviations for heat capacity methods are as in Fig. 1. For simulations with fixed T0, grain initial thermal energies are indicated. For simulations with fixed E0, grain initial temperatures are indicated.



3.2 Sublimation depending on grain size
All our studies so far, including Paper I, have considered grains with a radius of a = 0.1 μm. However, grains in the ISM are distributed across a variety of sizes and it is crucial to understand the differences of sublimation from grains with different sizes (Herbst & Cuppen 2006). This need has been illustrated by the number of assumptions used in the two astrochemical studies focusing on CRD from grains, those of Iqbal & Wakelam (2018) and Zhao et al. (2018). Given the lack of understanding and data on sublimation cooling, these papers combine the rate of CR-induced heating of grains with the simple approach on a constant grain cooling time (Hasegawa & Herbst 1993) to obtain a method for attributing CRD to large and small grains. Importantly, Zhao et al. (2018) scale the cooling time with grain size, while Iqbal & Wakelam (2018) do not. Consequently, the former find a higher importance for desorption from large grains, while the latter find that CRD from small grainsdominates. In the light of the results from Paper I, neither of their employed methods are physically rigorous.
Paper I established that sublimation efficiency primarily depends on the heat energy content of the grain (as discussed also by Zhao et al. 2018), not its particular temperature and cooling time (given that the threshold temperature of ~ 40 K is reached). Here we aim to supplement this qualitative finding by clarifying the differences in the cooling of large and small grains, and also specifically investigating the case of CR-heated grains.
3.2.1 Models of grains with different sizes
Grains with sizes of 0.01, 0.02, 0.05, 0.1, and 0.2 μm were considered. An equal ice thickness of n = 40 ML (b = 0.013 μm) was assumed for all grains, regardless of size. A similar uniform ice thickness can be expected from the undisturbed accretion of interstellar molecules onto grain surfaces. This means that, while the 0.2+0.013 μm grains include 17% ice, the smallest 0.01+0.013 μm grains consist of 92% ice by volume. The number of molecules N in the mantles of grains with different sizes vary by two orders of magnitude, as listed in the bottom part of Table 2.
The proportions of different icy species differ by a few per cent for different grain sizes. This is because, for smaller grains, the number of molecules in outer MLs is relatively higher than that in the inner MLs close to the grain core. The most significant such difference is for CO, which, along with the less-important O2, is concentrated mainly in the outer MLs close to the surface. For the 0.01 μm grain, the 4.58 × 105 CO molecules constitute 32.4% of all icy molecules, while for the large 0.2 μm grains these numbers are 5.43 × 107 and 25.9%, respectively. Such a difference in overall ice composition for grains of different sizes is astrophysically justified, if we adopt the reasonable assumption that grains of all sizes adsorbed a similar chemical mixture from the gas at any given point in cloud evolution.
The heat capacity was adopted from Leger et al. (1985) and Zhao et al. (2018) for both the olivine core and the icy mantle. The grain starting temperature T0 was chosen based on two complementary approaches. First, we considered an equal temperature for grains of all sizes. Three T0 values were used: 40, 70, and 120 K. Second, we considered the heating (and subsequent cooling) of grains hit by a single CR-type particle. The property of importance here for such a CR particle is the energy deposited per unit length of the traversed grain material, dE/dl, which is the stopping power of the fast ion. The energy absorbed by the grain is
[image: equation](10)
where l is the effective path length of a CR traversing the grain. Here we consider CRs that pass through the olivine grain core and ice on both sides of the core. Cosmic rays that only pass through the ice layer were not considered. With the help of the SRIM program (Ziegler et al. 2010) we found that water ice with an admixture of carbon oxides absorbs about two times less energy than olivine from energetic particles. Thus, we estimate the effective CR path length in the grain as
[image: equation](11)
We employed three characteristic values for dE/dl for CRs that are able to heat interstellar grains. These are dE/dl = 0.2, 1, and 5 MeV μm−1. The first of these values is reached and exceeded, for example, by fast helium nuclei traversing olivine with the α-particle energy between 0.07 and 110 MeV, the second by oxygen nuclei with energies in the range 0.8–100 MeV, while the third is exceeded by iron nuclei with particle energies of 9–800 MeV. Table 2 details the exact energy and temperature reached by grains hit by CRs delivering the indicated dE/dl.
Table 2

Energy and temperature for olivine grains covered with 40 MLs (0.013 μm) icy mantles and hit by CRs depositing the indicated three values of dE/dl.

3.2.2 Sublimation from grains with different sizes and equal T0
Figure 3 shows the number and percentage of various molecules sublimated from grains at 40, 70, and 120 K initial temperatures T0. As expected, Nev. grows with increasing grain size and higher temperature. Because smaller grains have a larger pool of volatiles relative to their size and contained thermal energy, the small grains may suffice with cooling by N2 and O2 sublimation, with a rather low quantity of sublimated CO (Nev.CO). This effect shows for simulations with T0 = 40 K and a ≤ 0.1 μm and with T0 = 70 K and a = 0.01 μm.
Several of the simulations result in almost complete desorption for a few species. Molecular oxygen is most easily depleted because it is the most volatile species (along with N2), is concentrated near the surface, and has a rather low overall abundance. The latter aspect means that the sublimation of O2 ice cannot appreciably cool the grain and thus O2 cannot prevent the depletion of itself. Consequently, O2 sublimation percentages are always higher than those of other species and approach 100 % in simulations considering large grains and high temperatures.
The two simulations with T0 = 120 K and a ≥ 0.1 μm result in the near-complete depletion of volatiles, with the percentage of desorbed O2, N2, and CO exceeding 75%. For the 0.2 μm grain, more than 99% of the molecules of these three species are depleted from ices, while 85% of CH4 also being sublimated. This is the only simulation that shows significant sublimation of CO2 at 4.9% level. Ninety percent of the CO2 molecules sublimate between temperatures of 90 and 80 K.
The high level of sublimation from the 120 K and 0.2 μm grain occurs because it contains the highest amount of thermal energy of all 15 grains considered in this subset of simulations. Moreover, it has the least number of icy molecules (2.1 × 108) versus thermal energy (E0 = 14.1 MeV). This is because the number of molecules approximately depends on the surface area of the grain, while its heat capacity and, thus E0, depends on its volume.
	[image: thumbnail]	Fig. 3
Sublimation of molecules from grains with different sizes, covered with 0.013 μm of ice. We show the simulation results for grains with an equal initial temperature T0. Left-hand plots: numbers of sublimated molecules Nev., right-hand plots: percentage of desorbed molecules relative to the total (initial) number of these molecules.



3.2.3 Sublimation from grains with different sizes hit by CRs
The above section treated the cooling of icy grains as a purely theoretical phenomenon. In this section, we aim to explore the same process as directly initiated by CR-induced heating. To do so, the initial temperatures of the grains with different sizes were calculated after they had been hit by CR particles, as explained in Sect. 3.2.1. Hits by three types of CR particles were considered. Their stopping powers dE/dl and the calculated Nev. are shown in Table 2. The first two columns of this table show the exact thermal energy E0 deposited by the CRs according to Eq. (10) and the initial temperature T0 reached by the grains, according to Eq. (1), before the onset of cooling. Because the effective CR path length l in a grain depends on the grain radius, while its heat capacity is proportional to radius to the third power, the smaller grains are heated to much higher temperatures than the large grains, when hit by the same type of CR particles.
The top plots of Fig. 4 show the sublimation from grains with T0 in the range 16–62 K. This range crosses the 30–40 K threshold. For temperatures below this threshold, radiative cooling is faster than sublimation, while for temperatures above the threshold, cooling can be dominated by the sublimation of N2 and CO if these molecules are present. Therefore, the 0.2 μm grains at 16.5 K show no thermal desorption at all, 0.1 μm grains at 34 K show very limited sublimation, while the smaller grains at higher temperatures are able to sublimate a noticeable part of theiricy volatiles.
Aside from the effect of the sublimation threshold temperature, the Nev. values are much more comparable for grains with different sizes than in the case for grains with equal T0 in Sect. 3.2.2. Such a similarity occurs because the thermal energies E0 of the grains are now much more similar. This result underlines the conclusion from Paper I that Nev. primarily depends on E0 and not on the exact T0 or time of cooling. Given that the smaller grains have a smaller pool of volatiles, the percentage of sublimated molecules is significantly higher for small grains. Nevertheless, only 0.02 and 0.01 μm grains, assumed to be hit with the highest energy CRs, approach a near-complete depletion of volatiles from ice, with > 70 % of N2, O2, and CO molecules being desorbed.
The highest temperature grains (181 and 246 K) also show that CO by percentage is sublimated more than N2, which is unlike the results of all other simulations and is unusual because N2 has a lower desorption energy than CO (1000 K versus 1150 K). This phenomenon can be explained by the concentration of CO in the upper layers of the icy mantle and its rapid sublimation on a timescale of about 10−10 s. N2 has proportionally more molecules in ice depth, from where it takes more time to diffuse to the surface before sublimation. A large part of such near-surface CO sublimates, quickly lowering T and thus reducing the rate of N2 and other molecule diffusion from deeper layers below.
It is possible to estimate the relative effectiveness of CRD for grains with different sizes by multiplying the percentage of sublimated CO molecules from each grain type by the grain cross section σ, which is proportional to CR hit rate. These data can be compared between the three CR types considered thanks to the known time tCR between CR-grain collisions depositing the indicated E in 0.2, 0.1, and 0.05 μm grains from Kalvāns (2018). Finally, by relating the obtained values in an inversely proportional manner to the overall number of icy molecules on a grain of a specific size, we obtain an estimate of how efficient the CR-induced desorption of CO is for grains of different sizes by carrying an equal mass of ice for each grain size bin. Table 2 details the values of all the mentioned parameters; the relative CO desorption rate Rdes.CO is given on a scale from 0 to 100.
In this way we find that, of all the sizes considered, CRD from 0.01 and 0.02 μm grains hit by moderate energy CRs is most efficient. Here we assume an equal ice mass distribution among the given sizes of grains. Neither a realistic interstellar grain size distribution, nor a realistic accretion scenario of molecules onto grains was considered; a full calculation of the CRD rate is the task of models involving more interstellar physics.
Finally, the last column of Table 2 quantifies the dependence of sublimation on grain thermal energy. The highest amount of sublimated CO molecules per unit of energy is Nev.CO∕E0 = 6 −−7 eV−1, achieved by grains heated to high temperatures and sufficient reserves of icy CO for sublimation. The highest temperature grains suffer from lack of CO and other volatiles for cooling, while low-temperature grains lose a major part of their energy in radiative cooling and in the desorption of N2.
	[image: thumbnail]	Fig. 4
Sublimation of molecules from grains with different sizes, covered with 0.013 μm of ice. Weshow the simulation results for grains that were hit by CRs with three different stopping power dE/dl values. Left-hand plots: numbers of sublimated molecules Nev., right-hand plots: percentage of desorbed molecules relative to the total (initial) number of these molecules.



3.3 Sublimation from grains with mantles of specific chemical composition
Interstellar ices can possibly have a wide variety of compositions (e.g., Öberg et al. 2011). Our task here is not to explore the whole parameter space but to investigate questions that must be clarified before sublimation cooling can be applied for astrochemical models. We identify two such questions: determining the ability of CO2 ice sublimation and determining if adsorbed H2 can play a significant role in grain cooling.
Table 3

Simulation results for sublimation from small grains, assumed to be heated by CRs with given stopping power dE/dl, covered with 40 ML ice consisting of CO2 and H2O.

	[image: thumbnail]	Fig. 5
Adopted number of molecules per ML for the CO2-rich mantle for a grain with a = 0.02 μm olivine core. The total number of molecules per ML is higher towards the surface because the ice layers increase the size of the grain.



3.3.1 Cooling of CO2-rich grains
Observations have shown that a variety of ice chemical compositions are possible in the ISM. Among these are ices consisting of carbon dioxide, water, and, perhaps, an elevated amount of methanol, but with no observed volatiles like CO and CH4 (Boogert et al. 2011; Whittet et al. 2011). Such ices can arise in the ISM through prolonged or intense photoprocessing of solid CO:H2O mixtures by interstellar UV photons (Woon 2004; Kalvāns & Shmeld 2010). In order to obtain a picture on the sublimation of such heated CO2-rich icy grains, the TCOOL model was applied for an olivine grain with C calculated with the Leger et al. (1985) and Zhao et al. (2018) approach, and coated with a 40 ML icy mantle. Because CO2 sublimation cannot compete with radiative cooling for temperatures lower than ~ 80 K, we considered only the smaller grains that reach higher temperatures when hit by CRs. Cooling of a = 0.05, 0.02, and 0.01 μm grains was modeled, as they were heated by CRs with stopping powers dE/dl = 1 MeV and 5 MeV.
The icy mantle was assumed to consist only of CO2 and H2O. In the ISM, the observed CO2:H2O ratios for ices with no detection of the volatiles CO or CH4 lie in the range 23–188% with a median value of 38% (Boogert et al. 2011, 2013; Whittet et al. 2011). The relative abundances of N2, O2, CO, and CH4 were taken to be 0, while thatof CO2 was calculated by adding 17 % (relative to the number of all icy molecules) to Eq. (22) of Paper I,
[image: equation](12)
where [image: equation] is the proportion of CO2 in an ice ML that is located at a relative depth x in the mantle (i.e., x is expressed as part of the mantle thickness). In this way we obtain CO2:H2O overall ice abundance ratios of 37%, 39%, and 41 % for the 0.01, 0.02, and 0.05 μm grains, respectively. Figure 5 shows that the number of CO2 molecules is higher in shallow layers, although its relative proportion is higher in the deeper layers. CO2 covers 20% of the icy surface, while its proportion in the inner ML adjacent to the grain core is 43%. The shallow MLs have a higher number of adsorption sites due to the increase of grain size with each ML. Because of a higher ED, each desorbed CO2 molecule carries away about twice as much heat from the grain as the lighter volatiles N2 and CO.
Table 3 shows E0, T0, and the modeling results for the cooling of small grains via sublimation of CO2. The primary finding is a verification that CRD can induce desorption of CO2 albeit only from small grains. CO2 sublimation occurs to a significant extent for grain temperatures of >100 K; an energetic CR impact may result in the removal of more than half of all the CO2 inventory of a grain. Cosmic-ray-induced desorption efficiency for CO2 desorption is limited by the inability of CRs to sufficiently heat medium-sized and large grains. Nevertheless, CRD may serve as a source of gaseous CO2 in interstellar clouds.
3.3.2 Sublimation from grains with H2
absorbed in ice
When considering CRD yields, an uncertain role is played by hydrogen adsorbed on the icy surface and absorbed in ice. As the most volatile species, any H2 molecules (and perhaps H atoms, Rawlings et al. 2013) can be expected to sublimate from a heated grain before other molecules, rapidly cooling the grain. Such desorption would have little effect on the gas-phase abundance of H2 but would rob the grain of thermal energy, which thus cannot be used for sublimating other icy species.
The astrochemical model Alchemic-Venta predicts icy H2 relative abundances on the order of a few per cent, and a negligible abundance for H atoms (see the method for obtaining abundances in Paper I and references therein). The respective abundance function for H2 is
[image: equation](13)
Figure 6 shows that the resulting abundance of H2 absorbed in ice MLs is higher near the surface and in the inner part of the mantle. Elevated H2 abundance in the surface MLs arises because of H2 adsorption from the gas in a molecular cloud. This can be described as an equilibrium adsorption–sublimation process, which means that surface H2 can be quickly replenished between hits of CR particles. The elevated abundance of H2 in the inner MLs, near the inert core of the grain, arises because of the photoprocessing of water-rich ice layers containing carbon monoxide, the same process that generates icy CO2 in the deep layers of the mantle:
[image: equation]
Such processing was experimentally shown to occur in a H2O:CO icy mixture by Woon (2004), while the model of Kalvāns & Shmeld (2010) showed its relevance for the ISM. Modeling shows that part of the generated H2 may remain absorbed in ice. These H2 reserves cannot be quickly replenished and the timescales for H2 abundance build-up are hundreds of thousands of years.
To model the sublimation of H2-containing ices we employed the Leger et al. (1985) heat capacity calculation. Figure 7 shows a comparison of calculation results at different initial grain temperatures: Nev. for volatile molecules for icy mantles with absorbed H2 and without H2.
Table 4 shows data characterizing the effects of the addition of adsorbed and absorbed H2 to the icy mixture. The low-T regimes are most severely affected. Forincreasing T0, until T = 80 K, the [image: equation] remains low, within about a few times 105, and practically only the shallow H2 reservoir is depleted. Higher temperatures are able to induce significant diffusive sublimation of the deeper, photochemically generated H2 reservoir, which shows up in the increase of the thermal energy part carried away by H2.
To summarize, the grain heating regimes can be divided into two classes – low T regimes that are strongly affected by the addition of the adsorbed H2, and medium andhigh T regimes, where the effects of adsorbed and absorbed H2 are limited. This result is important because Kalvāns & Kalnin (2019) found that the low-T CRD regimes can be quite efficient at desorbing volatiles. This finding, according to our new results, seems not to be the case.
	[image: thumbnail]	Fig. 6
Adopted relative abundance per layer (percentage relative to all icy molecules in that layer) of H2 and other molecules for a 100 ML ice mantle. For simulations not considering hydrogen, the H2 abundance value was added to that of water (cf. Fig. 2 of Paper I).



	[image: thumbnail]	Fig. 7
Comparison of results for simulations with and without H2 molecules absorbed in icy mantle – Nev. for grains with different initial temperatures.



Table 4

Number of sublimated H2 ([image: equation]), percentage of energy H2 carried away, and total number of all other sublimated molecules (N2, O2, CO, and CH4) expressed as a percentage relative to simulations without H2.

3.4 Mantle sublimation with no bulk-ice diffusion
The default configuration of the TCOOL model includes the diffusion of bulk-ice molecules. Only diffusion toward the outer surface that eventually results in sublimation was considered, with data from Fayolle et al. (2011). Molecules deep in the icy mantle cannot diffuse and are trapped (see Eq. (3)). While there is evidence from temperature-programmed experiments that such bulk-ice diffusion and entrapment occur (Öberg et al. 2009, 2010; Fayolle et al. 2011; Martín-Doménech et al. 2014; Tachibana et al. 2017; Simon et al. 2019), the diffusion may be caused by molecules hopping on the surface of pores and cracks in ices, not actual bulk-ice molecule movement (Lauck et al. 2015; Cooke et al. 2018). No evidence has been found for such porosity of ices in the ISM (Keane et al. 2001; Pontoppidan et al. 2003). Thus, diffusion in the volume of an icy mantle on a heated grain might be possible only along channels filled with volatile molecules.
In order to investigate how efficient sublimation is in the simple case without bulk-ice diffusion, we performed nine simulations with T0 in the range of 30 to 120 K, foran a = 0.1 μm grain covered with 100 MLs of ice. The Leger-Zhao heat capacity approach was employed. Figure 8 shows that for initial peak temperatures T0 up to about 50 K, the simulations without diffusion produce a similar number of sublimated molecules to simulations with diffusion. For higher T0, the number of surface molecules is insufficient to fully cool the grain, and diffusive sublimation becomes significant. The value of this threshold temperature can vary and is influenced by a number of parameters in the model: the assumed average size of icy molecules, grain size, ice thickness and composition, and grain heat capacity approach.
At T0 = 50 K in the present model, Nev. ≈ 2.4 × 106 (both simulations), which, at 120 K, grows to 2.7 × 107 for the simulation with diffusion and only 4.1 × 106 without diffusion. The latter number corresponds to 1.5–1.9 MLs of ice. More than one surface ML can sublimate because sublimating molecules expose the surface beneath them, allowing desorption to continue until the surface is fully covered by non-sublimating species. In the no-diffusion model with T0 ≳ 65 K, cooling is always dominated by radiation and the total number of desorbed molecules Nev. remains relatively constant. AtT0 = 120 K, only 16% of grain thermal energy is sublimated, while the rest is radiated.
Given the dearth of volatile molecules on the surface, surface methane and carbon dioxide are sublimated for simulations with T0 > 50 and T0 > 90 K, respectively. The number of sublimated methane molecules [image: equation] reaches ~4 × 104 at T0 = 60 K and remains at this value for all simulations with higher T0. Significant amounts of CO2 ([image: equation]) are desorbed for T0 > 90 K, while at T0 = 120 K, [image: equation] (1% of all CO2 in the mantle). The removal of surface CO2 exposes an additional part of the layer beneath, allowing slightly more other volatiles to be sublimated.
Interestingly, the number of desorbed molecules for high-T0 simulations without diffusion is more comparable to those obtained with the original approach on CRD by Hasegawa & Herbst (1993). These authors assumed that for T0 = 70 K, grain cooling lasts only for the characteristic CO sublimation timescale, which is ~ 10−5 s at this temperature, equaling ~106 sublimated CO molecules. The TCOOL model gives much higher CRD yields (Nev.CO ≈ 5 × 106, cf. Fig. 8 of Paper I); however, if bulk-ice molecule diffusion does not occur in icy interstellar grains heated by CRs, the CRD yields are in the middle between these two values.
The temperature curves for simulations without diffusion, shown in Fig. 9, demonstrate the effects of the lack of surface volatiles. For simulations with T0 ≥ 60 K, two distinct stages of temperature T decrease can be distinguished. The first is caused by surface sublimation, while the second by radiative cooling, which sets in for integration times t longer than about one second. The first T decrease stage also illustrates the extent to which the grain can be cooled by surface sublimation alone. This can be compared to the cooling with the diffusive sublimation of bulk-ice molecules, which occurs via the continuous and overlapping sublimation of molecules with increasing desorption energy and depth in ice, resulting in a steady decrease of T, as discussed in Paper I (cf. Fig. 3 in that study).
	[image: thumbnail]	Fig. 8
Comparison of results for grain cooling simulations with and without diffusion of molecules allowed from the subsurface bulk-ice layers of the icy mantle – Nev. for grains with different initial temperatures.



	[image: thumbnail]	Fig. 9
Temperature evolution for grain cooling simulations without diffusion and subsequent sublimation of bulk-ice molecules. The initial temperature T0 is indicated for each curve.



4 Summary
We have performed a series of simulations considering various aspects regarding the sublimation of molecules from interstellar grains heated above the ambient temperature. The main results are listed below.
	
Heat capacity is an important parameter when grain initial temperature is in the vicinity of T0 = 40 K. High C translates into a higher number of sublimated molecules Nev.. However, materials with lower heat capacity curves are more efficient at converting their heat energy content into the sublimation of molecules.


	
Cosmic-ray-induced desorption is most effective for medium-small grains with an approximate size of 0.02 μm, probably supporting the conclusions by Iqbal & Wakelam (2018).


	
A maximum of about six to seven CO molecules can be sublimated per electronvolt of energy deposited in icy interstellar grains.


	
Cosmic-ray-induced desorption of carbon dioxide occurs for small grains (a < 0.05 μm) that canbe heated to high temperatures and do not have significant amounts of other volatiles.


	
The presence of H2 molecules adsorbed onto the surfaces of icy grains reduces the sublimation of other volatile molecules for grains heated up to T0 ≈ 30 K.


	
We simulated a case when the diffusion and subsequent sublimation of bulk-ice molecules does not occur in the icy mantles of interstellar grains. These simulations show a decreased desorption yield for
T0 > 50 K, for all species, compared to simulations with such diffusion.


To summarize, we have elaborated on and clarified a number of questions regarding molecule sublimation from grains. The understanding acquired in this study will be essential in future astrochemical studies considering CRD or other processes involving a sudden heating and subsequent cooling of icy interstellar grains.
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Temperature evolution for grain cooling simulations without diffusion and subsequent sublimation of bulk-ice molecules. The initial temperature T0 is indicated for each curve.
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    Table 1 

Properties for calculation of C for different grain materials.



	Material
	Capproach
	TD (K)
	Ā(a) (amu)
	ρ(b) (g cm−3)
	References





	Graphite
	Draine & Li (DL)
	...
	12
	2.24
	Draine & Li (2001), Xie et al. (2018)



	Silicate
	Draine & Li (DL)
	...
	22
	3.32
	Draine & Li (2001), Xie et al. (2018)



	Olivine
	Leger-Zhao (LZ)
	...
	...
	...
	Leger et al. (1985), Zhao et al. (2018)



	Quartz
	Debye (D)
	542
	20
	2.6
	Xie et al. (2018)



	Amorphous carbon
	Debye (D)
	337
	12
	1.557
	Herbst & Cuppen (2006), Wei et al. (2005)






Notes. (a) Average atomic mass. (b) Material density.
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Comparison of grain heat capacities C used in the model. D: The Debye approximation; LZ: Leger-Zhao approach; DL: Draine & Li approach. Table 1 provides details.
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Numbers of different sublimated molecules Nev. for grains with different heat capacities. The abbreviations for heat capacity methods are as in Fig. 1. For simulations with fixed T0, grain initial thermal energies are indicated. For simulations with fixed E0, grain initial temperatures are indicated.


    

  
    Table 2 

Energy and temperature for olivine grains covered with 40 MLs (0.013 μm) icy mantles and hit by CRs depositing the indicated three values of dE/dl.



	
	Grain core
	
	
	Sublimated
	
	
	Nev.CO∕E0(d)
	


	No.
	size (μm)
	E0 (eV)
	T0 (K)
	CO (%)(a)
	tCR hit (s)(b)
	Rdes.CO(c)
	(eV−1)
	End MLs(e)





	dE/dl = 2 × 105 eV μm−1



	1
	0.2
	4.1E+04
	16.5
	0.0
	6.1E+09
	0.0
	0.0
	40.0



	2
	0.1
	2.1E+04
	23.6
	0.0
	4.2E+10
	0.0
	0.0
	40.0



	3
	0.05
	1.1E+04
	33.8
	0.043
	1.8E+11
	1.9
	0.17
	39.9



	4
	0.02
	5.3E+03
	49.9
	1.2
	...
	45
	2.97
	39.7



	5
	0.01
	3.3E+03
	61.8
	2.0
	...
	53
	4.38
	39.5



	




	dE/dl = 106 eV μm−1



	6
	0.2
	2.1E+05
	26.5
	0.0
	3.9E+10
	0.0
	0.0
	40.0



	7
	0.1
	1.1E+05
	39.6
	1.2
	2.6E+11
	11
	1.64
	39.7



	8
	0.05
	5.6E+04
	57.6
	6.9
	9.4E+11
	58
	5.31
	39.0



	9
	0.02
	2.6E+04
	91.0
	16.6
	...
	100
	6.60
	38.2



	10
	0.01
	1.6E+04
	117.3
	24.1
	...
	90
	6.64
	37.7



	




	dE/dl = 5 × 106 eV μm−1



	11
	0.2
	1.0E+06
	44.7
	7.0
	4.2E+11
	7.1
	3.68
	39.0



	12
	0.1
	5.3E+05
	68.9
	21.3
	3.5E+12
	16
	5.99
	37.2



	13
	0.05
	2.8E+05
	108.2
	42.3
	1.1E+13
	31
	6.51
	34.9



	14
	0.02
	1.3E+05
	180.8
	78.3
	...
	39
	6.23
	31.6



	15
	0.01
	8.2E+04
	245.6
	97.6
	...
	31
	5.43
	30.0



	




			σ, μm2
	N(f)
			


	




		0.2
	0.13
	2.1E+8
			


		0.1
	0.031
	5.6E+7
			


		0.05
	0.0079
	1.6E+7
			


		0.02
	0.0013
	3.5E+6
			


		0.01
	0.00031
	1.4E+6
			





Notes. Data indicating the relative efficiency of CRD for the different grain sizes is also shown. (a) Percentage of sublimated CO molecules relative to total icy CO; see also Fig. 4. (b) Time between CR hits delivering the energy E0 at AV = 11 mag; estimated from Kalvāns (2018). (c) Time-averaged desorption rate of the CO molecule; arbitrary units. (d)Number of CO molecules sublimated per unit of grain thermal energy, eV−1. (e) Final ice thickness in MLs. (f)Total number of all icy molecules on a grain with a 40 ML icy mantle.
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Sublimation of molecules from grains with different sizes, covered with 0.013 μm of ice. We show the simulation results for grains with an equal initial temperature T0. Left-hand plots: numbers of sublimated molecules Nev., right-hand plots: percentage of desorbed molecules relative to the total (initial) number of these molecules.
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Sublimation of molecules from grains with different sizes, covered with 0.013 μm of ice. Weshow the simulation results for grains that were hit by CRs with three different stopping power dE/dl values. Left-hand plots: numbers of sublimated molecules Nev., right-hand plots: percentage of desorbed molecules relative to the total (initial) number of these molecules.


    

  
    Table 3 

Simulation results for sublimation from small grains, assumed to be heated by CRs with given stopping power dE/dl, covered with 40 ML ice consisting of CO2 and H2O.



	Grain core
				% CO2
	% E0
	End



	size (μm)
	E0 (eV)
	T0 (K)
	[image: equation]
	evap.(a)
	evap.(b)
	MLs(c)





	dE/dl = 106 eV μm−1



	0.05
	5.6E+04
	57.6
	0.0E+00
	0.0
	0.0
	40.0



	0.02
	2.6E+04
	91.0
	1.3E+04
	1.3
	11.6
	39.9



	0.01
	1.6E+04
	117.3
	2.3E+04
	6.1
	32.9
	39.6



	




	dE/dl = 5 × 106 eV μm−1



	0.05
	2.8E+05
	108.2
	1.8E+05
	4.0
	15.0
	39.6



	0.02
	1.3E+05
	180.8
	3.0E+05
	30.3
	53.6
	37.7



	0.01
	8.2E+04
	245.6
	2.2E+05
	57.8
	64.4
	36.4






Notes. (a) Percentage of sublimated CO2 molecules relative to the total initial number of icy CO2. (b) Percentage of initial grain thermal energy carried away by CO2. (c) Final ice thickness in MLs.





  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
Adopted number of molecules per ML for the CO2-rich mantle for a grain with a = 0.02 μm olivine core. The total number of molecules per ML is higher towards the surface because the ice layers increase the size of the grain.


    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
Adopted relative abundance per layer (percentage relative to all icy molecules in that layer) of H2 and other molecules for a 100 ML ice mantle. For simulations not considering hydrogen, the H2 abundance value was added to that of water (cf. Fig. 2 of Paper I).


    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
Comparison of results for simulations with and without H2 molecules absorbed in icy mantle – Nev. for grains with different initial temperatures.


    

  
    Table 4 

Number of sublimated H2 ([image: equation]), percentage of energy H2 carried away, and total number of all other sublimated molecules (N2, O2, CO, and CH4) expressed as a percentage relative to simulations without H2.



	Initial
	No. of sublimated
	% of energy
	Other sublimated molecules



	T (K)
	H2 molecules × (105)
	carried away
	with vs. without H2 (%)





	20
	1.36
	26.9
	...



	30
	1.56
	8.6
	51.6



	40
	1.64
	4.0
	93.1



	50
	1.77
	2.2
	97.5



	60
	2.01
	1.5
	98.7



	70
	2.76
	1.4
	98.3



	80
	4.12
	1.5
	99.3



	100
	8.18
	1.8
	98.5



	120
	15.13
	2.3
	98.9






  
    
      Fig. 8 

      
        [image: thumbnail]
      

      
Comparison of results for grain cooling simulations with and without diffusion of molecules allowed from the subsurface bulk-ice layers of the icy mantle – Nev. for grains with different initial temperatures.


    

  
    
      Fig. 9 

      
        [image: thumbnail]
      

      
Temperature evolution for grain cooling simulations without diffusion and subsequent sublimation of bulk-ice molecules. The initial temperature T0 is indicated for each curve.
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