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Modeling of comet water production
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ABSTRACT

Aims. This study investigates the impact of microscopic and macroscopic cometary surface properties on water production variations
with heliocentric distance, focusing on dust layer thickness, grain size, nucleus shape, and spin axis orientation.

Methods. We employed a two-layer thermophysical model to calculate effective gas production, incorporating a dust layer of porous
aggregates of submillimeter- and millimeter-sized grains. The model includes radiative thermal conductivity and permeability for
volatile diffusion and considers dust layer evolution and tensile strength. We examined different cometary nucleus shape models based
on spacecraft observations and calculated power-law exponents for water production rates as functions of heliocentric distance.
Results. A two-layer outgassing model with fixed layer properties showed minimal qualitative differences from a simpler water ice
sublimation model. The study reaffirms the critical role of the spin axis inclination and illuminated cross-section variation with the
heliocentric distance in gas production. Using 67P/Churyumov-Gerasimenko’s orbital parameters, the study demonstrates that dust
accumulation and layer growth significantly alter production rate exponents. Additionally, considering tensile strength in a homoge-
neous spherical nucleus model revealed the potential for local dust crust removal near perihelion.

Conclusions. Macroscopic properties such as nucleus shape and spin axis orientation significantly influence water production rate
variations with heliocentric distance. Microscopic surface characteristics and dust layer growth also play crucial roles in cometary
activity. Incorporating tensile strength and dust removal mechanisms into models provides a more accurate representation of comet
activity, particularly near perihelion. This refined model enhances our understanding of comet outgassing, highlighting the importance

of detailed surface property data for an accurate interpretation of observations.

Key words. methods: numerical — comets: general — comets: individual: 67P/Churyumov-Gerasimenko

1. Introduction

Two “classical” characteristics of comets — overall gas pro-
duction (Q,) and dust production (Q,) rates — can be readily
assessed through measurements from both ground-based and
space-based observatories. These measurements, typically col-
lected as a function of time or heliocentric distance, have long
been used to describe cometary activity. They served as the foun-
dation for the first models of these icy bodies, beginning with
Whipple (1950), and have continued to inform many subsequent
models.

However, as instrumentation improved and the volume of
observational data increased, it became clear that interpreting
these quantities involved several poorly constrained physical
parameters. For dust production (Q,), these parameters include
particle size, composition, mineralogy, and microstructure (see
Fink & Rubin 2012; Ivanova et al. 2018). Similarly, accurately
interpreting gas production (Q,) as a function of time depends
on various physical and dynamical characteristics of the comet,
such as its orientation and orbital motion (Marshall et al. 2019).
Understanding these dependencies is crucial for accurately inter-
preting cometary observations.

* Corresponding authors; skorov@mps.mpg.de; zhaoyuhui@pmo.
ac.cn

In Marshall et al. (2019), a simplified water outgassing model
was used to investigate how nucleus shape, spin axis orientation,
and surface activity distribution affect measurements of gas pro-
duction (Q,) as a function of heliocentric distance (r3,). The study
demonstrates that variations in these key factors lead to signifi-
cant deviations from the expected inverse square law dependence
of water production rates, Q(r;,) ~ r;z, which assumes sublima-
tion as the dominant energy sink. Their model for calculating
gas production was based on the energy balance at the comet’s
surface.

In this paper, we aim to extend that study by accounting for
additional factors, such as thermal conductivity, high porosity,
and the presence of a significant (possibly dominant) non-
volatile component in the cometary material. For our analysis,
we refer to our approach as Model B, following the terminol-
ogy used by Keller et al. (2015a). In this context, the model
presented by Marshall et al. (2019) corresponds to Model A.
The dust layer parameters in Model B include porosity, parti-
cle size, and layer thickness. This model has been detailed with
its advantages and disadvantages that have been extensively dis-
cussed in previous studies (Zhao et al. 2020, 2021). While earlier
research has shown that dust layer properties and thermal con-
ductivity strongly influence local water production (Skorov et al.
2023b), their effects on the total water production, Q,(r), are
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subsequently examined for the first time in this study. Addition-
ally, we investigate water production behavior under conditions
where a dustlayer accumulates, allowing for potential partial
discharge in some regions(Skorov et al. 2020).

This article is structured as follows: In the next section, we
briefly present the models responsible for micro- and macro-
modeling of gas activity. We then compare Models A and B
in the context of Q,(r;) behavior. In the third section, we con-
sider an evolutionary model involving a growing dust layer. In
the fourth section, we discuss the balance of forces acting on
the crust and test possible scenarios for partial discharge and ice
exposure. Finally, we summarize the main findings of this study,
with additional materials provided in the Appendix.

2. Estimation of gas production. Description
of models

The microscopic thermophysical model employed in this study
builds on previous research by Skorov et al. (2021), Skorov et al.
(2022), Skorov et al. (2023b), and Skorov et al. (2023a), where
porous random layers of various structures were analyzed. In
our work, we focus on layers composed of submillimeter- and
millimeter-sized porous aggregates. Considering the constraints
on average nucleus porosity (Preusker et al. 2017; Pitzold et al.
2019; Herique et al. 2019), we used relatively dense aggregates.
A detailed description of the model can be found in Skorov et al.
(2018). The resulting layer is modeled as a connected matrix (or
skeleton) of contacting nonoverlapping units.

To explore the influence of structural and thermophysical
parameters on gas production from regions beneath the dust
porous layer, we apply a one-dimensional two-layer thermophys-
ical model (Model B), originally introduced by Keller et al.
(2015a) and further reused in Keller et al. (2015b), Keller et al.
(2017), and Skorov et al. (2017). This model accounts for the
resistance of the dust layer to gas flow and includes radiative
input in the effective thermal conductivity, which is particularly
important for the larger particles considered in this study. The
basic equations, necessary model parameters, and methods used
are detailed in Appendix A.

Marshall et al. (2019) showed that the illuminated cross sec-
tion, significantly influenced by the nucleus shape and spin axis
orientation, primarily determines the water production rate in
their model. Drawing from Fig. 1 in Marshall et al. (2019), we
selected three comets with typical shapes — 67P/Churyumov-
Gerasimenko (67P/C-G), 81P/Wild 2, and 103P/Hartley 2 — that
exhibit different behaviors of the illuminated cross section with
the heliocentric distance. To qualitatively analyze the cross-
section variation of these comets due to their spin and orbital
evolution, we implemented simplified cometary shape models
with a reduced number of facets, as described in Table 1. Fig. 1
shows the variation in the normalized (relative to the maxi-
mum value) illuminated cross-section area for each comet under
different obliquity values.

In our simulations, we investigated the influence of vari-
ous dust layer models on the overall water production for these
comets as well as a spherical nucleus based on Model B and
the code provided by Marshall et al. (2019)'. We then extended
our analysis to simulate the dust layer growing model for both
a spherical comet and 67P/C-G, based on the static dust layer

! https://gitlab.com/david_marshall_mps/
comet-outgassingQvRh
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Table 1. Semi-major axis (a), eccentricity (e), obliquity (6), arguments
(w), and facets number (N) of comets used in this study.

Comets a(au) e 6 w N

67P/C-G 3.46 0.64 52.08° 20.36° 5000
81P/Wild 2 3.44 0.54 12727° 297.06° 4388
103P/Hartley 2 3.47 0.70 47.61° 340.40° 5020

Notes. NASA PDS SBN: https://pdssbn.astro.umd.edu/data_
sb/target_comets.shtml
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Fig. 1. Change in the normalized cross section of the illuminated
area for three selected comet shapes (67P/C-G, 81P/Wild 2, and
103P/Hartley 2) and the sphere at five different obliquities (0°, 30°, 45°,
60°, 90°, and their real obliquity and arguments except for the sphere)
with distance in au from perihelion (on a 67P/C-G-like orbit, perihelion
occurs at 1.24 au).

model. Additionally, we discussed the simulation results of the
dust layer removal model specifically for the spherical nucleus.

Moreover, we utilized the more comprehensive mass-loss-
driven shape evolution model (MONET) (Zhao et al. 2020, 2021;
Liu et al. 2023) to study the effects of dust particle accumulation
and discharge processes. Detailed information on the assump-
tions and methodologies of the macroscopic models used is
provided in Appendix B.

3. Results

3.1. Effect of shape and orientation: Model B versus Model A

To investigate how the properties of the dust layer affect orbital
changes in comet water production, we employed a simplified
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Table 2. Dust particle size and corresponding layer thickness used in
Fig. 2.

Dust particle size Dust layer thickness

L1 L2 L3
0.1 mm 0.184 mm 0.554 mm 1.660 mm
1 wm 3 um 9 um 26 pm

dust layer model with a fixed thickness. Although the gas flow
may remove dust particles at the upper boundary and new
particles may accumulate at the lower boundary, we assume
this process maintains a constant dust layer thickness. This
fixed-thickness assumption provides a convenient framework for
understanding the overall behavior of gas production while keep-
ing the model computationally manageable. We did not explicitly
model the dust loss rate at the upper boundary or accumulation
at the lower boundary because our primary focus is comparing
overall trends in water productivity with Model A.

We conducted simulations for various comets, each with dif-
ferent homogeneous dust layer models (listed in Table 2). The
dust particle sizes were chosen based on observational data and
prior studies of cometary characteristics. To reduce time costs
and test the impact of dust layer existence on the evolution of the
total water production rate, we used a constant grain size in our
simulations. Specifically, we followed the method of Marshall
et al. (2019) by analyzing changes in the exponent # in the model
power-law function f (R) = a - R}, + ¢, which approximates total
gas productivity. Future work could incorporate a more realistic
particle size distribution to improve and make our model more
physically realistic.

Under the idealized assumption that all the absorbed energy
is used solely for sublimation, with negligible dissipation
through thermal radiation or inward heat transfer, the smallest
absolute value of |n| is 2 for a spherical nucleus with a constant
illuminated cross-section area. This is regarded hereafter as the
Whipple model. However, in more realistic models, the mecha-
nisms that reduce the fraction of energy available for sublimation
must be considered. The deviation of || from 2 indirectly char-
acterizes the role of various mechanisms for utilizing absorbed
energy.

Fig. 1 summarizes the projected illuminated cross sec-
tions for the three comets studied in our simulations (67P/C-G,
81P/Wild 2, and 103P/Hartley 2) as a function of heliocentric
distance. Our subsequent simulations and analysis focus on a
heliocentric distance of up to 3 AU, following the approach used
by Skorov et al. (2020).

In the first stage, we compare the results from Model A with
those from Model B, which involves studying two types of dust
particles. Specifically, we modeled porous layers consisting of
micron-sized solid monomers with a particle size of 1 pm and
layers with larger particles, each with a radius of about 100 pm.
This choice of particle sizes aims to assess the impact of radia-
tive heat transfer on the redistribution of absorbed energy. The
characteristic particle size is directly related to the average size
of voids within the layer, and this relationship holds particularly
well for random layers of similarly sized particles. Consequently,
the contribution of radiative transfer for layers composed of
micron-sized monomers and submillimeter particles is expected
to differ by approximately two orders of magnitude.

Fig. 2 illustrates the power-law exponents for the total gas
production of comets 67P/C-G, 81P/Wild 2, and 103P/Hartley
2 (top to bottom) during the inbound branch as a function of
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Fig. 2. Exponent of the power function approximating the total gas
production of 67P/C-G, 81P/Wild 2, and 103P/Hartley 2 (from top to
bottom) as a function of the heliocentric distance. The left and right
columns depict the results with a dust layer composed of particles of size
10™* m and 107% m, respectively. The corresponding layer thicknesses
for these two particle sizes are provided in Table 2. The dash-dotted
lines depict the power-law exponents obtained for different models uti-
lized before and are explained in the text. The exponents of different
models for 67P/C-G are shown, and corresponding values are shown in
the text.

heliocentric distance. The results for Model B, which uses dust
layers composed of micron-sized monomers and submillimeter
particles, are displayed in the left and right columns, respec-
tively. We tested three different thicknesses for the dust layers:
3,9, and 26 um for the micron-sized monomers, and 0.184,
0.554, and 1.660 mm for the submillimeter particles, as shown in
Table 2. Each model uses realistic orbital and spin axis orienta-
tions for the comets (see Table 1). For additional context, Fig. C.1
in Appendix C displays the inbound and outbound branches
exclusively for the submillimeter particles.

In Fig. 2, the blue dash-dotted lines represent the power-law
exponents for different models: the Whipple model (n = -2),
Model A (n = -2.60), Model B (n = -2.80), Model C (n =
—2.21), incorporating self-illumination effects based on Keller
et al. (2015b), and the model introduced by Hu et al. (2017b)
(n~-2.85) featuring a S mm dust layer with a particle size of 0.5
mm. According to the ROSINA data, the exponents inbound and
outbound for 67P/C-G are —5.10 and —7.15, respectively (Hansen
et al. 2016).

When comparing different monomer sizes in Model B, it is
clear that deviations from Model A are more pronounced for
smaller particles. Additionally, the deviation increases with layer
thickness; thicker layers show a greater deviation from Model A
results. The minimal differences observed between hierarchical
layers of varying thicknesses are likely due to their high porosity
and the relatively small thickness values tested, which are insuf-
ficient to suppress gas production significantly. We note that the
maximum relative thickness L/R of a layer with micron particles
is twice that of a hierarchical layer.

Comparing the results between different comets demon-
strates that shape and the corresponding projected cross section
play more important roles than dust crust properties. For comet
67P/C-G, our results align with previous literature, not altering
the established understanding. However, for comet 103P/Hartley
2, there is a clear excess over the “theoretical maximum”, likely

A123, page 3 of 13



Xin, Y., et al.: A&A, 693, A123 (2025)

obl = 60" arg = 90

= obl = 807 arg = 10

206 2+ obl = 60° arg = 60
& Real value

Normalised Area

Normalised Area

1.0 T. 2.0 2.5 3.0 1.0
Heliocentric distance (AU)

15 20 25 3.0
Heliocentric distance (AU)

Fig. 3. Normalized cross section (left) and the associated exponent
n of the power functions (right) for the inbound branch of 67P/C-G,
81P/Wild 2, and 103P/Hartley 2 (from top to bottom). The dust layer is
built from 0.1 mm dust particles. The solid and dashed lines represent
Models A and B with different obliquities and arguments (obliquity =
60°, argument = 90°; obliquity = 80°, argument = 10°; obliquity = 60°,
argument = 60°; obliquity and argument = real value for real comets),
respectively. The black lines correspond to the real obliquities and argu-
ments listed in Table 1.

due to the geometric increase in its cross section near perihelion
rather than a physical effect.

We can formulate an intermediate conclusion: The addition
of radiation thermal conductivity did not qualitatively change
the overall picture. The exponent values for Model B are always
slightly larger than for Model A, which is explained by the pres-
ence of thermal conductivity and the resistance of the dust crust
to gas diffusion. For very finely dispersed layers, we can talk
about a relative increase in the exponent with increasing layer
thickness. However, the relative changes across the different
layer thicknesses remain minimal for submillimeter particles.

In the second stage, we compared the results obtained with
different orientations of the spin axis of the cometary nucleus
(see Table 1). For Model B, we performed numerical simula-
tions with dust layers composed of different monomer sizes but
displayed results for a layer thickness of 0.184 mm for submil-
limeter particles. Figs. 3 and C.2 show the results for the pre-
and post-perihelion branches of the orbit, respectively. The left
column shows changes in the illuminated cross-section area as a
function of heliocentric distance, while the right column presents
corresponding changes in the exponent of the approximate power
function. As expected, changes in the spin axis orientation of
67P/C-G do not lead to significant differences in the simula-
tion results. Similar to previous results, the exponent increases
slightly with greater heliocentric distance, and there is practi-
cally no difference between the inbound and outbound branches.
The variation in results is comparable to the scatter caused
by changes in the microscopic characteristics of the dust layer
(see Fig. 3), with absolute values ranging from approximately
2.50 to 3.00.

The results for the other two comets (shown in the middle and
bottom rows) are particularly interesting. The illuminated cross
sections of these comets vary significantly with changes in the
spin axis orientation, leading to two distinct patterns of behavior.
In the first pattern, the cross section exhibits a conditional mini-
mum — decreasing as the comet moves away from perihelion and
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then expanding — or a conditional maximum — increasing with
distance from perihelion and then falling. For the first group, as
expected, an increase in the cross-section compensates for the
drop in solar energy intensity as the comet moves away from the
Sun. Consequently, the exponent change for these model variants
seems flatter, and the value itself approaches or even surpasses
the classical value of two. Comet 103P/Hartley 2 is the best
example of this, where the cross section almost doubles within a
relatively small range of distances close to perihelion, resulting
in an exponent smaller than unity. For these comets, the exponent
tends to stabilize around two and shows little variation, even for
the actual spin axis orientation (black curves).

The second pattern of behavior exhibits a significantly dis-
tinct trend. Here, the reduction in solar radiation is amplified
if the cross section decreases with distance, causing the expo-
nent to range between 4 and 5. Depending on how the nucleus
cross section changes, the exponent of the function approximat-
ing gas productivity may show minimal change with increasing
distance. Notably, the exponent for these two comets can vary
significantly — ranging from approximately 2 to around 5 — solely
due to differences in spin axis orientation. This result, which
was initially proposed in the classical Whipple model (Sekanina
1981), is now confirmed through this more realistic model under
analysis.

3.2. Gas production and growing crust

The models discussed above assume that the dust layer thickness
on the nucleus’ surface remains constant, regardless of location
or heliocentric distance. These models, known as the homoge-
neous static dust layer, as described in Skorov et al. (2020).
However, this assumption is an oversimplification. Moreover, the
power-law exponents derived from these uniform static dust lay-
ers are smaller — ranging from 2 to 3 — than those estimated
from Rosetta measurements for 67P/C-G, which range from 3 to
8 (Hansen et al. 2016). To address these limitations, we now con-
sider a more sophisticated model where the dust layer thickness
can vary with time.

In the previous section, we highlighted the significant impact
of changes in the illuminated cross section. To focus on the
effects of dust layer evolution while eliminating certain model
variables, we will now consider comets where the illuminated
cross section remains constant or changes very little. Specifi-
cally, we examine a spherical nucleus and the case of 67P/C-G.
In our analysis, we assume zero obliquity for the spherical
nucleus but use the actual spin axis for 67P/C-G.

Initially, we assume that the cometary surface is covered by
a uniform monolayer of ice-free dust aggregates with a thickness
of 2 mm, which corresponds to the particle size. According to
Skorov et al. (2020), such a layer allows gas flow to pass through
relatively easily. As the comet approaches the Sun, its activity
gradually increases, leading to the sublimation of subsurface ice
and a corresponding thickening of the dust layer.

In our basic model, we assume that the cohesive force
between dust aggregates exceeds the gas lifting force. This
assumption results in a gradual accumulation of dust as volatiles
sublimate, representing the early phase of dust buildup when
the comet first enters the inner solar system. As the dust layer
thickens, it expands, which eventually reduces its permeability to
gas flow and diminishes the evacuation of sublimation products.
Over successive orbits, this process may ultimately reduce gas
production, potentially contributing to the “dying” of cometary
activity — a well-known and expected outcome in the life cycle
of a comet.
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Fig. 4. Normalized gas production (left panel) and exponent of the power-law model (right panel) are shown for models of spherical nucleus
and 67P/C-G with a quasi-constant cross section. Gas production is calculated in Model B with growing layer thickness. The dust particle size is
1073 m and the initial dust layer thickness is 2 x 10~ m. The effective layer porosity is about 85%. The solid and dashed lines represent pre- and

post-perihelion branches, respectively.

It should be noted, however, that in regions with greater
insolation and, therefore, more active dust emission, this behav-
ior may vary significantly. In these active regions, dust removal
is more efficient, which could alter the dust layer’s properties
and permeability. Dust ejection in some parts of areas will be
discussed further in Sect. 4.

In this study, we investigate a comet under the assumption
of a thin, uniform surface layer with no significant pre-evolution
during its first passage. In such a scenario, two opposing pro-
cesses come into play. As a comet approaches the sun on the
inbound branch, the rapid increase in insolation should boost
gas production. However, the sublimation of volatiles and the
accumulation of dust increase the resistance of the dust layer,
potentially reducing gas production. On the outbound branch,
both processes work together, likely leading to an accelerated
decline in gas production.

Our theoretical analysis suggests that predicting changes in
gas production on the comet’s inbound branch is challenging,
even qualitatively, whereas the evolution of gas production on
the outbound branch appears more predictable. We validate this
observation using our numerical models. Fig. 4 shows the nor-
malized gas production rate as a function of the heliocentric
distance (left panel) and the corresponding exponent of the
power law approximation (right panel) for the model with a
growing layer thickness. The dust layer is composed of porous
aggregates of 1 mm in diameter. Inbound and outbound orbital
branches are presented for a spherical nucleus and the shape of
comet 67P/C-G.

The growing dust layer model is compared to the previously
discussed static dust layer model in terms of gas production.
In the static model, gas production reaches a maximum at
perihelion. Similarly, the growing layer model shows a rapid
increase in gas production as the comet approaches perihelion.
However, this increase is accompanied by a rapid thickening of
the dust layer, which hinders sublimation and leads to peak gas
production before perihelion.

Referring to the black curve in the upper-left panel of Figs. 3,
C.2 and 4, we see that for the inbound branch (Ry > 1.6 au),

the exponent changes for both the growing layer model and the
static layer model are comparable, with their exponents ranging
between 2 and 3. However, as the comet approaches perihelion,
the behavior of the exponents in the static dust layer model and
growing dust layer model begins to differ significantly. This qual-
itative divergence is evident when comparing the variation of the
exponents for 67P/C-G (in the left panel of Fig. 4 and in the top
panel for 67P/C-G in Fig. C.1). In the growing layer model, gas
production levels off quickly for both the spherical nucleus and
67P/C-G. The exponents decrease progressively, approaching 0
around 1.25 au, corresponding to unchanged gas production in
the left panel of Fig. 4. In this case, the increase in insolation
is almost completely damped by a decrease in layer permeabil-
ity. This specific behavior within the growing dust layer model is
observed in our model for the first time.

In the vicinity of perihelion, there is a small region where
gas production slightly decreases as the comet gets closer to
the Sun. This effect is unexpected since insolation typically
increases with decreasing distance. This non-monotonic behav-
ior is observed for both nucleus shapes, and the region where
production decreases corresponds to positive values of the expo-
nent in our approximating power function.

The stark contrast between gas production on the inbound
and outbound branches, as well as the behavior of the exponent,
is notable and differs sharply from the static model B, where
there is no significant difference in results before and after per-
ihelion (Fig. C.1). In the post-perihelion stage, the growth rate
of the dust layer thickness slows, but it continues to decrease the
exponent of gas production.

Although the cross-section curves for the spherical nucleus
and 67P/C-G are similar, 67P/C-G’s bilobed shape and oblique
spin axis lead to nonuniform illumination across its surface. For
the spherical comet, the dust layer thickness depends only on
latitude and is symmetrical around the equator. In contrast, for
67P/C-G, the insolation is distributed much more unevenly, lead-
ing to highly heterogeneous and asymmetrical crust growth. As
a result, Fig. 4 demonstrates the notably different gas production
curves for the cases with near-constant cross sections.

A123, page 5 of 13



Xin, Y., et al.: A&A, 693, A123 (2025)

0.08 0.08

0.07 0.07
EO,QG E0,0& f‘/./_’.w
{10.05{ % 0.05 I
9] " Q L]
g R
50.04 S 0.04
= =

0.03; 0.03{

0.02 0.02

0.01 0.01

0.00 0.004

3.00 1.00 1.00 = 150 = 200 ' 250 3.00

250 2,00 150 , 2,00
Heliocentric distance (AU) Heliocentric distance (AU)
Fig. 5. Variation of the dust layer thickness as a function of the helio-
centric distance for the sphere is estimated in Model B. The aggregate
size is 1073 m and the initial dust layer thickness is 2 X 107> m. The left
and right panels represent the cumulative thicknesses at pre- and post-
perihelion branches, respectively. The results shown are for five surface
facets at different latitudes on the sphere. See more details in the text.
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Fig. 6. Gas production rate of the selected facets in Fig. 5 as a func-
tion of the heliocentric distance. The left and right panels represent the
results for pre- and post-perihelion branches, respectively.

To observe local dust layer changes, we plotted the thickness
variation for five facets on the spherical nucleus, as shown in
Fig. 5. The surface of the sphere was divided into five latitude
intervals (specifically: [-90°, —50°], [-50°, —20°], [-20°, 20°],
[20°, 50°], [50°, 90°]). One facet was randomly selected from
each band, each receiving different levels of insolation. The ini-
tial dust layer thickness was 2 mm uniformly, with aggregate
sizes of 1 mm. The left and right columns illustrate the cumu-
lative crust thickness in the pre- and post-perihelion branches,
respectively.

Differences in dust layer thickness between facets are already
noticeable at 3 au, with up to a three-fold increase at lower lat-
itudes, leading to some suppression of gas production in the
sub-equatorial region. Compared to Model A and Model B with
a fixed dust layer, the growing dust layer model shows less
heterogeneity in local gas production at large heliocentric dis-
tances. However, as the comet nears perihelion, the dust layer
differences decrease to about 1.5 times. Despite the reduced
thickness variation, gas production heterogeneity increases near
perihelion. This increase is attributed to enhanced insolation that
amplifies local variations in activity, outweighing the homoge-
nizing effect of the thinner dust layers.

The local gas production rate Z for the selected facets is
shown in Fig. 6, with the left and right panels representing
the inbound and outbound branches. Except for one facet in
the “polar” region (represented by the lowest prasinous curve),
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Table 3. Region, latitude, longitude, and hemisphere of the facets of
67P/C-G used in this study.

Region Latitude  Longitude Hemisphere
Hapi 45.331° —78.716° North
Babi 26.823°  78.245° North
Ma’at 43.362°  8.229° North
Nut 12.594°  -29.674°  North
Hatmehit -2.826°  —16.948° South
Imhotep  —45.523° -163.130°  South
Anubis -30.750° -114.120°  South

the other facets form a relatively tight group, displaying very
similar behavior. This similarity becomes even more pronounced
as the comet moves away from the Sun. Near perihelion, we
observe a slight divergence of the curves and a noticeable
decrease in production with decreasing distance, an effect visible
in all control areas except the polar one.

Unlike the spherical nucleus, the situation for 67P/C-G
is much more complex, making numerical modeling essen-
tial. To characterize the behavior of different regions on the
nucleus surface, we selected five facets as shown in Fig. 7.
The selection of these facets is guided by two criteria: the
nature of the local surface materials and the intensity of solar
radiation received in these regions. Regarding surface material
heterogeneity, we focus on dust-covered terrains, brittle mate-
rials, large-scale depressions, and smooth terrains. Within the
dust-covered regions, we specifically targeted facets exposed
to the highest levels of solar radiation. This methodical selec-
tion ensures our analysis focuses on regions where solar energy
significantly influences dust layer evolution.

The top panel in Fig. 8 presents the variation in solar flux,
dust layer thickness, and production rate for the selected facets.
Table 3 provides the locations of the selected facets on the
surface of 67P/C-G. The upper panel shows solar flux varia-
tion as a function of heliocentric distance for the tested facets,
revealing three distinct groups: (1) Southern hemisphere (Anubis
and Imhotep regions): In this group, solar flux increases as
the nucleus approaches the Sun, leading to a relatively rapid
dust layer growth, which becomes explosive near the perihe-
lion. (2) Equatorial region of the small lobe (Nut and Hatmehit
regions): Here, insolation changes non-monotonically, with a
slight initial increase, peaking between 2 and 1.5 au, followed
by a sharp decline. (3) Northern hemisphere (Hapi, Babi, and
Ma’at regions): For these facets, solar flux changes little until
a distance of 2 au, after which it decreases monotonically as
perihelion approaches. These patterns generally persist in the
post-perihelion branch (right panel).

Since the entire evolution of the surface is driven by the
redistribution of absorbed solar energy, it is insightful to com-
pare the changes in gas production (middle row in Fig. 8) with
the buildup of the dust layer (bottom row in Fig. 8). Due to the
seasonal effect caused by the spin axis orientation, the facets
in the Anubis and Imhotep regions experience progressive illu-
mination, leading to a noticeable increase in activity after the
vernal equinox. While the insolation curves for these facets show
a gradual increase, the gas production curves rise more sharply
as the comet approaches the Sun. Both facets exhibit character-
istic inflection points, with gas production decreasing just before
perihelion.

A similar effect — where the maximum gas production is
slightly shifted — is also observed in Fig. 6. This effect cannot
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Fig. 7. Location of selecting facets from different regions of 67P/C-G: Hatmehit, Nut, Hapi, Babi, Ma’at, Anubis, and Imhotep.
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Fig. 8. Heliocentric evolution of key physical model characteristics for
the five selected facets on 67P/C-G; the solar flux (top), the gas produc-
tion rate (middle), and the dust layer thickness (bottom) are shown as
functions of heliocentric distance. The left and right columns represent
pre- and post-perihelion branches, respectively.

be understood without consideration of the growth of the dust
crust. The rapid increase in the layer thickness for these areas
leads to a partial suppression of gas production near the per-
ihelion. Consequently, the behavior of these curves resembles
that observed from the spherical nucleus. However, unlike the
spherical nucleus, the solar flux in the Anubis and Imhotep

regions does not grow uniformly; instead, it surges suddenly
before perihelion. At 3 AU, the dust layer shows little change,
but following this sudden flux increase, it rapidly thickens to
0.05 m, effectively suppressing gas production near the peri-
helion. After perihelion, as gas production declines rapidly, the
dust layer thickness in these regions stabilizes at around 25-30
particle sizes after the autumn equinox. At this point, cometary
activity significantly diminishes.

The facets within the Nut and Hatmehit regions, located on
the small lobe near the equator, experience fluctuating insola-
tion that peaks before perihelion, drops to its lowest point, and
then gradually increases after perihelion. This pattern results in
similar gas production curves and a smooth, gradual growth of
the dust layer. On the outbound branch, although the heliocen-
tric distance increases, the insolation remains relatively stable
at a low level compared to the rapid changes before perihelion.
This leads to a minimal gas production rate and slower dust layer
growth, with the dust layer thickness remaining approximately
half that of the previously mentioned regions.

This effect is even more pronounced for facets in the Hapi,
Babi, and Ma’at regions, located in the northern hemisphere (as
shown in Fig. 7). The facets in the Hapi and Babi regions fall into
shadow shortly before perihelion, while the facet in the Ma’at
region stops receiving solar radiation at distances closer than
about 1.5 au. Before entering shadow, the insolation in these
regions remains relatively constant, around 100 W/m?. This low
level of energy is sufficient only for a modest gas production rate
of less than 10?° molec/s/m* and a slow increase in the thick-
ness of the dust layer. Although the layer grows more slowly
than in the Nut and Hatmehit regions, it still becomes thicker
than the layers in the Anubis and Imhotep regions around 3 AU.
However, as the Anubis and Imhotep regions enter their phase
of explosive growth, the northern regions, receiving less illumi-
nation due to seasonal effects, experience a natural halt in dust
growth. After the autumn equinox, when parts of the northern
regions are illuminated again, the dust layer thickness shows lit-
tle further increase. This stagnation is due to both the presence of
the existing dust layer and the insufficient solar radiation energy
available to drive further growth.

4. Discussion

In the previous section, we introduced results from the dust
layer growing model, which simulates the evolution of the dust
layer due to volatile sublimation. This model revealed new
insights, such as strong asymmetries in gas production between
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heliocentric distance for a comet of spherical shape and 67P/C-G. The dust particles are 1073 m and the initial layer thickness is 2 x 107> m.

the inbound and outbound branches and a flattening of the pro-
duction curve near perihelion. We also highlighted that these
scenarios represent the “first entry” of a comet into the inner
solar system, where active sublimation of water ice begins. The
dust layer growing model assumes that the remaining dust after
ice removal forms a dry crust on the comet’s surface, held
together by cohesive forces between particles (Skorov & Blum
2012). This scenario describes the so-called “secular death” of
some regions, where activity gradually diminishes with each
subsequent orbit, leading to a transition to an inactive state.

To overcome the limitation of this simplistic assumption and
introduce dust removal, we consider a model in which the vapor
pressure beneath the dust layer can exceed the tensile strength of
the material. Many researchers have simplified this scenario by
ignoring the material’s tensile strength and instead used a simpli-
fied relationship between gravitational force and lift force from
gas flow (e.g., Rickman et al. 1990; Gundlach et al. 2015). This
approach is more applicable when considering isolated particles
on the surface rather than a thick porous layer.

Based on our dust layer growing model, we now include a
new control mechanism to account for dust removal. Specifically,
at each time step, we compare the lift force acting on the dust
layer with its tensile strength. The lift force is estimated based on
the vapor pressure at the lower boundary of the layer (Marshall
et al. 2019), given by:

P(T) = 3.56 x 10"%exp(-6141.667/T), 1
where T represents the temperature at the lower boundary of the
dust layer, which is determined by the local insolation and energy

balance. For the tensile strength of the dust layer, we use the
formula provided in Skorov & Blum (2012)

P, = 1.6¢r,*, 2
where ¢ is the volume filling factor due to the packing struc-
ture of the dust layer. Assuming ¢p = 0.4, the effective tensile
strength T.g is calculated to be 0.64 Pa for dust aggregates with
aradius r = 1 mm. If the vapor pressure P(T') exceeds the tensile

A123, page 8 of 13

strength Teg of the dust layer (P(T) > Teg), the dust layer is con-
sidered to be completely removed, leading to a new cycle of dust
accumulation.

Our model incorporates certain simplifications to ensure
computational efficiency. Notably, we assume that the tensile
strength of the dust layer remains consistent across both dry and
icy regions. While actual cometary materials likely exhibit more
complex behavior due to heterogeneous properties and local
variability, we assume each facet is homogeneous. This approach
enables us to avoid the need to account for partial removal of
material.

The results of modeling gas production and the correspond-
ing exponent as a function of heliocentric distance are shown
in Fig. 9. For the idealized model, we observe that at dis-
tances of approximately 1.50—1.75 au, partial dust layer discharge
occurs: gas production accelerates, and the exponent changes
from values typical of fixed or growing layer thicknesses to sig-
nificantly larger values. These simulated exponent values are in
good agreement with observational estimates near perihelion,
suggesting that our model is moving in the right direction.

Two additional preliminary conclusions emerge from analyz-
ing the exponent near perihelion. First, both the inbound and
outbound branches show kinks in the curve, reflecting short-term
cycles of dust layer accumulation and discharge. This behavior
aligns with earlier proposals made in Skorov & Blum (2012),
and recent results from Skorov et al. (2024b) further support
the possibility of these repeated discharges. Second, we observe
a general trend of increasing exponent values for the outbound
branches, which is consistent with observational trends.

Finally, it is also important to note that dust layer discharge
does not occur uniformly across the spherical nucleus. Our anal-
ysis shows that the dust layer in the equatorial region is ejected
first and undergoes the most cycles. At higher latitudes, the solar
flux decreases, leading to a delay in dust emission and a reduc-
tion in discharge frequency. In latitudes above 50°, the dust layer
continues to accumulate rather than being discharged. Fig. 10
illustrates this, presenting dust layer thickness and water produc-
tion rates at different heliocentric distances (5.683 au, 2.777 au,
and 1.243 au) from left to right. Each panel shows variations
in these parameters along the latitude of the sphere, with the
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layer has been removed.

vertical axis representing latitude and the horizontal axis repre-
senting dust layer thickness or water production rate. This figure
intuitively depicts the dynamic evolution of the global dust layer
thickness at initial, intermediate, and perihelion distances. Near
perihelion, surface facets at latitudes below 50° have undergone
dust layer ejection.

As in Sect. 3.2, we selected five facets at different latitudes
to analyze the evolution of the dust layer and the correspond-
ing water production rate as a function of heliocentric distance
using the dust layer removal model (Figs. 11 and 12). For the
three facets where dust ejection occurred, the removal process
started at different heliocentric distances, with the equatorial
facets losing their dust first. This ejection happened multiple
times near perihelion. As the comet approached perihelion, the
maximum dust layer thickness that a facet could accumulate
gradually decreased, resulting in a step-like distribution.

In summary, both temporal and spatial heterogeneity in gas
production were evident. The initially homogeneous global dust
layer evolved into a complex structure. Low-latitude regions
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Fig. 12. This figure complements Fig. 11, showcasing the gas production
rate of the selected facets as a function of heliocentric distance.

experienced multiple discharges, while high-latitude regions
mainly underwent dust accumulation. These effects likely
increase the heterogeneity of gas production across the comet’s
surface. Consequently, the processes discussed here should sig-
nificantly influence the reactive forces generated by ice sublima-
tion, which in turn could cause nongravitational perturbations in
the comet’s orbital motion. This issue will also be the focus of
our next work.

5. Conclusions

Using a two-layer thermophysical model, we investigated the
sensitivity of heliocentric water production curves to several sur-
face parameters, including dust layer thickness and particle size.
We also analyzed the impact of the dynamically evolving dust
layer on water production variation.
The following general conclusions can be drawn from the
presented results:
1. The homogeneous two-layer outgassing model, with fixed
layer characteristics, showed only minor qualitative differ-
ences from simpler models of water ice sublimation driven
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by solar insolation. This suggests that while more com-
plex models provide deeper insights, simpler models are still
effective in illustrating the strong dependence of cometary
activity on the illuminated cross-section area. However, our
results emphasize the extent to which spin axis orientation
and comet shape influence the total gas production rates of
active comets, providing a more detailed understanding of
these factors in determining cometary outgassing;

2. Comparing spherical nucleus models and the specific shape
model of comet 67P/C-G, we found that scenarios with
dust accumulation and continuous growth of layer thickness
resulted in exponents that significantly differed from those
produced by models with static dust layers. The dust layer
growing model revealed noticeable asymmetry in the water
production rate curve around the perihelion. As shown in
Fig. 4, the accumulation of dust layer thickness suppressed
gas production, leading to a decrease in the water production
rate as the heliocentric distance decreased near perihelion.
This scenario allowed for a wide range of exponents, from 2
to 6, depending on the initial dust layer thickness. The vari-
ability highlights the importance of incorporating dynamic
dust layer models for a better understanding of cometary
activity, particularly to represent the impact of dust buildup
on gas production;

3. The possibility of local removal of the dust layer near peri-
helion due to uneven heating was demonstrated by including
tensile strength in a homogeneous spherical nucleus model.
This finding suggests that physical interactions within the
dust layer significantly impact observed gas production rates.
In contrast to models without crust removal, the exponents
in this scenario exhibited distinct behavior, reaching val-
ues around 7-8 near perihelion. Dust ejection was observed
predominantly in low-latitude regions, while high-latitude
regions primarily experienced dust accumulation. This sce-
nario emphasizes the pronounced temporal and spatial het-
erogeneity of gas production, highlighting the importance of
incorporating nongravitational effects during dust removal
in future research.

Simulating the dynamic process of comet sublimation is highly
complex and requires considering numerous factors, many of
which remain uncertain. Although the illuminated cross-section
areas and global water production rate curves for 67P/C-G and a
spherical nucleus may appear similar when averaged over large
scales, significant local variations play an essential role in shap-
ing the specific features of cometary outgassing. Thus, while a
spherical model may provide a useful approximation of overall
comet activity, it fails to capture the detailed behavior that arises
from individual facets.

For instance, seasonal effects cause stark differences in
illumination levels between the northern and southern hemi-
spheres of 67P/C-G. The northern hemisphere experiences rela-
tively mild insolation, resulting in weak dust removal, whereas
the southern hemisphere, exposed to intense sunlight, under-
goes substantial dust ejection. Even within the southern hemi-
sphere, individual facets respond differently to local insolation at
different heliocentric distances, leading to divergent dust dynam-
ics, gas production rates, and nongravitational effects.
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Therefore, accurate simulations of comet activity must
account for these local facet-specific conditions by incorporating
detailed shape and morphology data. This approach is cru-
cial to realistically modeling the processes that drive cometary
outgassing and the associated nongravitational forces, provid-
ing a more comprehensive understanding of comet evolution and
behavior.

Data availability

The data underlying this article will be shared on reasonable
request with the corresponding author.
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Appendix A: Microscopic model of gas production

The microscopic thermophysical model used in this study
includes two main components. The first component is respon-
sible for generating a random porous layer and calculating the
resistance to free molecular diffusion through this layer. In this
study, the building unit of the model is a dense porous aggregate
composed of uniformly sized spheres. The second component
focuses on heat transfer within the model layer, enabling the cal-
culation of effective gas production during the sublimation of ice
located beneath the surface crust.

To simulate gas passage through the layer, we employ the
Test Particle Monte Carlo (TPMC) method (Skorov et al. 2011).
This method assumes that gas particles do not undergo inter-
molecular collisions and that they scatter diffusely only upon
interacting with dust particles. This assumption implies a col-
lisionless gas flow, which is generally valid when the Knudsen
number (the ratio of the mean free path MFP in an equilibrium
gas to the characteristic size of the system) is approximately 10
or greater.

In practice, the pore size or void size in the layer is typically
used as the characteristic size. The validity of this approach for
our scenarios has been demonstrated in Skorov et al. (2024a),
where a more sophisticated Direct Simulation Monte Carlo
(DSMC) model was used to study gas flow. For the expected tem-
perature ranges (I ~ 200K), the collisionless flow assumption
holds true for particles up to the millimeter scale.

In our study, we utilize several key characteristics of the
porous layer: its effective porosity ¢, the layer’s permeability to
gas flow II, and the mean free path MFP. The mean free path
serves as the characteristic void size (Macher et al. 2024). Poros-
ity and permeability, along with the layer’s thickness, are directly
incorporated into the thermal model equations. The mean free
path affects the effective thermal conductivity, determining the
radiative term’s input.

A one-dimensional two-layer thermophysical model is
applied to simulate heat transfer and ice sublimation under a
porous dust crust. In this model, a porous layer composed of a
mixture of ice and dust is covered by a second porous layer made
entirely of dry dust. The model operates under the assumption
that the temperature distribution within the top surface layer of a
slowly rotating comet is quasi-stationary. This assumption allows
the heat conduction equation to be analyzed under a stationary
approximation.

The resulting model comprises a closed system of two non-
linear algebraic equations, which are solved for two variables: the
surface temperature 7'y and the temperature at the sublimation
front 7;. These equations precisely represent the energy balances
within the system.

Given the high porosity and large particle size of the surface
layer, direct solar radiation penetrates to a significant depth. This
penetration introduces a volumetric energy source term into the
heat transport equation. Therefore, the stationary heat equation,
incorporating this energy source term Q(x) to account for the
absorption of direct solar radiative flux (or insolation) at depth,
is expressed as:

V- (KeitVT (X)) = V- Q(x) = 0, (A.D)
where T'(x) is the temperature distribution as a function of depth
x, and K. is the effective thermal conductivity of the layer.

To estimate the volume energy absorption (VEA) term Q(x)
and achieve an acceptable parameterization for simulations, we

used the TPMC method, the Dense Medium Radiative Trans-
fer (DMRT) theory (Tsang 1985), and the fast superposition
T-matrix method (FaSTMM) (Markkanen & Yuffa 2017).

The boundary conditions for energy conservation at the
cometary surface and at the interface between the dust layer and
the underlying ice are as follows:

Iy =eoT? _— A2

ff = €0 surface 1= ¢ dx 0 ( )
Keﬁ'(T) dar dT

— - K7(T)— =T1Z(T))H, A3

1-¢ dxl=r+ off ( )dx =L~ (10 (A-3)

where Iz is the effective absorbed solar irradiation, € is the
emissivity, o is the Stefan-Boltzmann constant, Z is the sub-
limation rate, H is the latent sublimation heat, and II is the
layer gas permeability, which is a function of the layer thickness,
porosity, and particle size. The sublimation rate is given by the
Hertz-Knudsen formula, Z(T) = P(T)/(0.57v,,), where P(T) is
the saturation vapor pressure, v,,(T) = /8RT /mu is the thermal
velocity of the vapor molecules, and u is the molar mass. The
variables K.;(T') and K;;{"’T) are the effective heat conductivities
of the porous dust layer and the icy medium, respectively.

These boundary conditions incorporate energy absorption
and emission at the cometary surface and account for heat trans-
fer across the dust-ice interface. The provided formulas account
for the fact that the solid phase responsible for energy absorp-
tion and emission occupies only a portion of the outer boundary
in the model of a homogeneous porous layer. The volume ratio
of dust to ice is unity, implying that the filling factor of the icy
region is twice that of the dry dust layer. Although there is a
difference in the thermal conductivities of dust and ice, it is con-
sidered negligible in this analysis due to their small values and
minimal effect on the heat flux to the interior. For a detailed
discussion on this approximation, refer to Skorov et al. (2024a).

In Model B, the gas flow rate is influenced by the permeabil-
ity IT and the effective thermal conductivity K.g, which include
both the conductive and radiative components. The radiative
component of the thermal conductivity, K,, depends on temper-
ature and follows a relationship approximately proportional to
T*. This approach shares a similar complexity with models used
by Hu et al. (2017a) and Gundlach et al. (2020). For a compre-
hensive understanding of this model, including its equations and
limitations, we refer readers to the works of Skorov et al. (2022),
Skorov et al. (2023b), and Skorov et al. (2023a). With a com-
parable degree of realism in the physical description, Model B
is significantly faster than models accounting for unsteady heat
transfer. This computational efficiency is one of the most impor-
tant advantages, allowing for extensive pre-calculations across a
wide range of parameters. These pre-calculated results can be
integrated into more detailed models that examine complex fea-
tures such as the intricate shape of the cometary nucleus (Skorov
et al. 2024a) or the orbital motion and integration over the sur-
face (as done here). The solid thermal conductivity is calculated
using the method proposed by Gundlach & Blum (2012), while
the radiative thermal conductivity is derived from the results pre-
sented by Skorov et al. (2023b). For our simulations of water-ice
sublimation, we use the constants listed in Table A.1.
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Table A.1: Model values for ice and thermal conductivity

Substance  Parameter Value ¢
1,0 P(T) 3.56 x 10?2 exp (=6141.7/T) Pa
2 H 2.75 % 10° J/kg

@Values from Fanale & Salvail (1984).

Appendix B: Macroscopic model of gas production
B.1. Total production simulation

The total illuminated cross-section area A of a comet is defined
as the sum of all active facets:

A= ZAkCOSGk,

where A* is the area of the kth facet and 6, is the angle between
the facet normal vector and the vector from the facet center to
the Sun. If 6, is greater than 90°, the facet is considered non-
illuminated. In such cases, 8 is set to 90°, which results in zero
flux for that facet. Non-illuminated facets are thus considered
inactive in the model.

We consider several scenarios for the evolution of the
nucleus with fixed, growing, and removal dust layers. For the
fixed dust layer scenario, we use the microscopic gas production
model described in Appendix A to compute the change in gas
production rate with heliocentric distance for various dust layer
properties. We then determine the local solar flux Fj for each
facet based on its orbital position and rotational state. The flux is
calculated as follows:

B.1)

S
Fy = R—O - cos O, (B.2)

2
h

where S is the solar flux with a value of 1367 W m™2 at 1
au and R}, is the heliocentric distance. Note the Bond albedo
in Eq. B.2 is neglected in this model (Lamy et al. 2007). The
comet’s orbit is divided into ny, intervals, each corresponding
to an equal change in the eccentric anomaly AE = 2r/nqy. Each
orbital interval corresponds to a single rotation in both the static
and growing dust layer models. Additionally, the rotation period
is divided into n.y steps. Within each orbital interval, the sub-
limation rate ij(Rh) for facet k during the j-th rotation step is
calculated based on the solar flux for the i-th orbital interval.

The average sublimation rate for facet k at the heliocentric
distance Ry, assumed constant within the i-th orbital interval, is
given by:

Mot

ZERy) = )" Z Ry 1o
j=1

(B.3)

The global water production rate at heliocentric distance R}, is
the product of the average sublimation rate Zl(‘ (Rp) and the facet

area A*:

N
Oi(Ry) = ) Zf (RiAL, (B4)
k=1

where N is the total number of active facets.
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B.2. Growing dust layer modeling

In the scenario with a growing dust layer, we calculate the thick-
ness increase of the dust layer based on the water production rate
at each orbital step. We assume a dust-to-water-ice density ratio
of 3:1. The growth of the dust layer is determined by integrating
the dust accumulation throughout an orbital revolution.

The orbit period is divided into noy, intervals, each with
an equal change of eccentric anomaly. The duration #, of the
i-th orbital step can be derived from the relative mean anomaly
change AM; (Zhao et al. 2020). The duration of each rotation step
for the i-th orbit step is #o = o, /Mror- For each facet k, the total
gas production Mf‘ during the i-th orbital interval is calculated
by summing the production across all rotation steps:

Nrot
WY = ) ZER)A .
j=1

(B.5)

Next, we obtain the increase (SDfA< in erosion depth of the facet
k during the i-th orbital interval:

., M
6D = — e
PH,0

(B.6)

where py,0 is the density of water ice.
Given the dust-to-water-ice density ratio of 3:1, the thickness
of the accumulated dust layer is:

SLY = 6DF/3. (B.7)

Appendix C: Supplementary figures

This appendix includes supplementary figures as support mate-
rials for this paper.

Fig. C.1 shows the exponents for different comet
models—67P/C-G, 81P/Wild 2, and 103P/Hartley 2—dis-
played from top to bottom as a function of heliocentric distance.
In this figure, Model B is shown with dust layer thicknesses of
L1 =0.184 mm, L2 = 0.554 mm, and L3 = 0.166 mm for sub-
millimeter dust particles. The left and right columns correspond
to the inbound (pre-perihelion) and outbound (post-perihelion)
branches, respectively.

Fig. C.2 shows the simulation results for the post-perihelion
branch. The left column illustrates the variation of the illu-
minated cross-section area, while the right column shows the
corresponding exponent as a function of heliocentric distance.
The solid and dotted lines represent the results of Model A and
Model B, respectively, assuming in the latter case that the dust
layer thickness composed of submillimeter particles is 0.184 mm.
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Fig. C.1: Exponent for the power functions approximating the total gas production of 67P/C-G, 81P/Wild 2, and 103P/Hartley 2 (from top to bottom)
as a function of heliocentric distance. L1, L2, and L3 represent the thicknesses of the dust layer in Model B, composed of dust particles with a size
of 107 m. The left and right columns correspond to pre- and post-perihelion conditions, respectively.
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Fig. C.2: Same as Fig. 3 but for postperihelion. The left column shows the variation in the illuminated cross-section area, while the right column
presents the corresponding exponent as a function of heliocentric distance. Solid and dotted lines represent Model A and Model B results, respec-
tively, for a dust layer thickness of 0.184 mm composed of submillimeter particles.
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