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Abstract

Rosetta has detected water ice existing on thaseidgf Comet 67P/Churyumov-Gerasimenko in
various types of features. One of particular irgeig the frost-like layer observed at the edge of
receding shadows during the whole mission, intéggras the recondensation of a thin layer of
water ice. Two possible mechanisms, (1) subsuitaeublimation and (2) gas coma deposition,
have been proposed for producing tfesondensation process and diurnal cycles of water

ice. Previous studies have demonstrated both mesrhabased on simplified models. More
precise and modern models are yet insufficient waddressing the gas-coma-deposition
mechanism. We aim to study the recondensation theninner water gas coma of the
67P/Churyumov-Gerasimenko with more physical casts including the OSIRIS images,
nucleus shape model, and insolation conditionsc@vepute, for the first time, the backflux
distributions from the coma with various boundappditions. Numerical simulations of this gas-
coma-deposition process show that the equivaleténige deposition can be up to several
microns in an hour of accumulation time close ®lerihelion passage, which is comparable with

the simulation results of the other subsurfacesiddimation mechanism.
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1 Introduction

Comets are rich in volatile ices and their subliorateads to what we observe as
cometary activity. Water seems to dominate in cgetall observed comet nuclei
have dark appearance, and only a limited amouwitér ice has been detected
on some cometary surfaces [Sunshine et al., 20@&9Sin et al., 2013; Oklay et
al., 2016]. With in-situ and long-term observationade by Rosetta, water ice has
been identified in small patches or bright spotshensurface of Comet
67P/Churyumov-Gerasimenko [Filacchione et al., 2G@nmerol et al., 2015;
De Sanctis et al., 2015]. Furthermore, thin frestislimating close to receding
shadows have also been observed [De Sanctis 20&b; Fornasier et al., 2016].
De Sanctis et al. [2015] have proposed diurnalesyof water ice with two
possible mechanisms to produce observed ice osutffiéce: (1) ice sublimation
from the subsurface layer condensing in the uppstiager after sunset, or (2)
the backflux from the inner coma depositing ondbkel area. Prialnik et al.

[2008] first used 1D numerical modeling to expltre subsurface ice sublimation
process which may explain the outbursts from C@RéTempel 1. Their results
show that, given an active area covered by a fflarmus and poorly conducting
dust layer, the ice accumulates on the unillumiohateface (nightside). As time
goes by, the accumulation increases, peaks anddmately vanishes soon after
sunrise. This mechanism has been widely acceptddopted by many recent
works about Comet 67P/Churyumov-Gerasimenko [Bg.Sanctis et al., 2015;
Fornasier et al., 2016; Filacchione et al., 20T6e modeling of coma
recondensation, on the other hand, has not beensxely explored. Most
studies consider coma recondensation mainly fantbghysical models of the
nucleus because the recondensing gas moleculebaaathe surface by releasing
the latent energy [Crifo, 1987; Tancredi et al949Davidsson and Skorov,
2004]. Crifo et al. [2003] found coma recondensapossible on the sunlit flanks
of a cavity when they investigated the structuréhefnear-nucleus coma. Rubin
et al. [2014] examined the mass transport arouachtitleus by modeling the
recondensation on the shadowy parts of the nuclediace. Their simplified
models show that the transported mass can be aiffetw percent of the total
produced mass, and this mass can condense andwdateion the unilluminated
areas. Although the gas coma deposition mecharesnbéen studied, more

precise and modern models for simulation and coispamith observational
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results are still not available. Our aim therefigrawofold. First, we compute the
backflux distributions from the water gas coma ah®nucleus surface for a
variety of initial boundary conditions. Second, eampute the recondensation
applicable to Rosetta measurements. The kineticoapp Direct Simulation
Monte Carlo (DSMC) [Bird, 1994] has been adoptedsimulating the cometary
outgassing in the vicinity of the nucleus. The caded in this study, PDSC[Su,
2013], is the successor of PDSC (Parallel Directutation Monte Carlo) [Wu et
al., 2004] and is capable of multi-dimensional flbeld simulation as well as the
backflux calculation. It has been proven flexibtelaiseful for studying gas
comae under different circumstances [Finklenburg.e014; Liao et al., 2016;
Marschall et al., 2016].

The remainder of the paper is organized as foll@&estion 2 describes the
models and the boundary conditions with the inicipysical assumptions, and
then illustrates the simulation results correspogdo different test cases. Section
3 presents observational results from Rosetta ¢(basg@revious work) that are
introduced as additional physical constraints ®rttodels. Uncertainties
associated with the models and applicable intespcets of the observations are

discussed in Section 4. Finally, Section 5 sumnearand concludes the results.

2 Initial Computations: Models and Results

We start by looking at the relationship betweenitipeit boundary conditions and
the resulting backflux distributions. To do this design several test cases and
employ physical models of Comet 67P/Churyumov-Gerasko (abbreviated as
67P hereafter) but with simple or general assumpti@/e have built an
unstructured grid (which defines as a grid withakedral cells) consisting of the
nucleus of 67P and the surrounding coma region.nlickeus shape is based on
the SHAP2 model released by ESA with a surface @i&8.25 knf [Jorda et al.,
2016]. The simulation domain extends out to 10 kmmfthe center of the
nucleus. A 1D thermal model which simply balanadarsinput against grey body
radiation and sublimation is applied to each fad¢¢he shape model. Thermal
conductivity into the interior is ignored. The adly is assumed single species -

H,O - outgassing. The nucleus surface is set to Béoldbsorbing, i.e., molecules
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which scatter back to the surface would be remdrad calculation. Details and
discussion of the input physics can be found irolatal. [2016].

Table 2.1 The input parameters in test cases. The outga&simg (insolation-driven;
inhomogenous; “measles”), the water gas productte Q (kg/s), and the heliocentric distange r
(AU) are given.

" Inferred from Hansen et al. (2016).

Case Outgassing form Q [kg/s] u [AU]
1 Insolation-driven 1.25 3.4
2 Inhomogeneous 1.50 3.4
3 Insolation-driven 194 2.0
4 Inhomogeneous: Measles (50%) 1.27 3.4
5 Inhomogeneous: Measles (20%) 1.25 3.4
6 Inhomogeneous: Measles (2%) 1.26 3.4

Table 2.1 displays the different test cases (inditas Case 1 to 6) with their
input parameters. Fig. 2.1 presents the initialnoiawy conditions of all cases. We
define three outgassing forms: insolation-drivahpoimogeneous and measles. For
the insolation-driven outgassing, the thermal maodehtioned above has been run
to compute the production rate from each facetitischere assumed that the
whole nucleus is potentially active. For the inh@®eous case, an activity
pattern has been constructed. We use as a basiastilation-driven case result
but numerically restrict outgassing to specificagren the surface which we
define in an ad hoc manner. The area definitiondeas chosen to test various
effects within one model run. The “Measles” caskssfrated as Fig. 2.1d - f)
serve as variations of the inhomogeneity of agtivithe idea [Liao et al., 2016] is
to limit the active areas to smaller regions buidimg their activity to keep the
production rate constant. More information of theddles model can be found in
the appendix. We compute the total production retethe inhomogeneous (Case
2) and the Measles (Case 4 - 6) in an ad hoc maorkerep them comparable to

the one of the pre-perihelion, insolation-drivesefCase 1).
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Fig. 2.1Initial surface production rate distributions aj Case 0, (b) Case 1, (c) Case 2, (d) Case
3, (e) Case 4, and (f) Case 5. The direction oftheis indicated in the schematic view between
the plots (a) and (b).
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Fig. 2.2Backflux distributions of (a) Case 0, (b) Caséc).Case 2, (d) Case 3, (e) Case 4, and (f)
Case 5.



Fig 2.2 shows the backflux distributions as thewation results. The backflux is
output originally with the unit kg/ffs in the code and then transformed into the
mass flux with the unit g/s by multiplying by theckt area. For all cases, the
backflux is more significant above the dayside ttrenightside, as shown in Fig.
2.2. In particular, the backflux is most evidenanthe active areas and the
regions in their vicinity. This is best demonstdabg Case 6 (Fig. 2.2f) with the
extreme “measles” outgassing scenario. This is@rpesince the gas particles
are scattered back to the surface through intewutae collisions, and sufficient
numbers of collisions can be ensured by the aetigas with high production
rates. The backflux also gathers within and ardahedeck region, which can be
seen in Fig. 2.2a — e, as a result of the topograpthe comet. The large cavity
of the neck may lead the outgassing from activasamapact and condensate on
nearby non-active areas [De Sanctis et al., 200t§.comparisons between the
initial production rate distributions (Fig. 2.1a&}-and the backflux distributions
(Fig. 2.2a — e) clearly show that some of the pcedumass may transport and
deposit on the unilluminated areas on the day3Jide.recondensation on the

nightside, on the other hand, is very limited.

As the cases above perform possible global rec@ati@mal scenarios, two
additional simulations, Case 1la and Case 1b, aigruk to verify local
recondensational results. Both cases are set bpawli00% reflecting surface.
Note that the “reflecting” here only applies to gaslecules in simulation and
does not involve other physical parameters sucdudace albedo. Yet 7 facets
from different regions (head, body, and neck) andbmetary surface are chosen
to be absorptive. The head, the body and the necilessignated based on the x
coordinate, and the absorbing facets are randoatdgted from the unilluminated
facets among the three parts. For Case 1a, th@ inttundary conditions of Case
1 (Fig. 2.1a) are used. In Case 1b, the producétmis increased by 2 orders of
magnitude higher (125 kg/s) compared to that oeQas which implies a small
heliocentric distance close to the perihelion pgsgal.4 AU) in the outgassing
simulation. The other boundary conditions of the tases remain the same. The

locations of each absorbing facet are illustratedig. 2.3.
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Fig.2.3The 7 absorbing facets on the surface of 67P akathdn the color yellow. The parameter

“U-Vel” only serves as the indication of absorbfiagets.

Table 2.2 Information of the absorbing facets. The locafi@yion and Cartesian coordinate), the
area A (M), the backflux (mg/s) and the ice depth (um) cspomding to the two cases (Q = 1.25
kg/s for Case 1a and Q = 125 kg/s for Case 1bjjiassn.

Location A Backflux [mg/s] Ice Depth [um]
Case la Case 1b Case la Case 1b

1/ Head 0.050 7.443 0.001 0.143
(2278, -592, 151) ol +0.019 +0.883| *3.8E-4 +0.017
2/ Head N7 3 1.147 105.3 0.035 3.188
(1231, 17, 1233) +0.042 +2.1| #0.001| +0.062
3/ Neck 2374 4.997 430.4 0.081 6.987
(1105, 131, 1069) +0.151 +3.8 +0.002 +0.061
4/ Neck 162.6 2.613 181.7 0.062 4.306
(764, -54, 550) +0.198 +4.8 +0.005 +0.113
5/ Neck 14.43 0.014 0.986 0.004 0.263
(363, -749, 167) +0.005 +0.391 +0.001 +0.104
6/ Body 2504 0.002 0.418 3.7E-5 0.006
(-744, -1176, 171) +0.003 +0.137| =*4.2E-5 +0.002
7/ Body 2123 0.011 0.777 2.0E-4 0.014
(-1784, 73, 440) +0.006 +0.052| =*1.1E-4 +0.001




Table 4.5 displays the location, size, backflux meddepth of all absorbing facets
as results. The calculation of the ice depth ingsliwo simple assumptions: (1)
the backflux is constant over time, and (2) thekbBag condensates as the ice
deposition on the surface. We assume, conserwativel accumulating time of 1
hour. The volume of the ice deposition can theolitained, and the ice depth can
be determined for each facet. All facets presemtescertain amounts of backflux
in both cases. The backflux of Case 1b is in gérZeoaders of magnitude larger
than the one of Case la. Both cases show more deesition in the neck
region. For Case 1b, the ice depths of the faocetsa neck region can come to ~7
KM in maximum (e.g., Facet 3) in this 1-hour acclatmn time. Given the
heliocentric distance 1.4 AU which is close yetdach the perihelion, the amount
of ice would be expected higher than the obtairedevin our simulation.
However, given the ice deposited on the unillumadareas on the dayside, the
ice may soon sublime and disappear from the sudace these areas are lighted

up after the accumulation time.

3 Water Deposition on OSIRIS images: Models and

Results

Fornasier et al. [2016] has reported that watestfifound close to the morning
shadows in the Imhotep region between June and2®1ly, which is very close

to the perihelion passage. In addition to Imhopepgential water frost was also
discovered in other regions such as Hapi and Ash @5IRIS images (Fig. 3.1).
One image with visible frost in the Hapi regiongF8.1a) is chosen as a test case
for water deposition simulation. It was acquirediecember 2014, when 67P is
around 2.6 AU from the sun and theCHproduction rate was of the order 5 kg/s
[Hansen et al., 2016]. An unstructured grid comsgsof the cometary nucleus and
the surrounding coma has been constructed to pe@3MC simulations of the
gas flow field. SHAP7 [Preusker et al., 2017] wasdibut decimated to around
150,000 facets for building the nucleus grid. Totaltsurface area of the nucleus
is 47.02 kni and the average area of a single facet is 332. The simulation
domain extends out to 10 km from the center oftinddeus. The orientation of the
nucleus was calculated from SPICE kernels, andes@ting boundary

conditions were then obtained by the thermal mobet. outgassing form is



assumed to be insolation-driven. Like Cases 6 atloe/test case is designed with
a 100% reflecting surface but 5 absorbing facetsecbr within the Hapi region.
According to our calculation, Fig. 3.1a is obtairsedhe time when the subsolar
longitude is about 230The absorbing facets are then randomly pickeah fitee
areas which is unilluminated but close to the illmated parts among Hapi. In
addition, three more subsolar longitudes; 480, and 320- are chosen to have
one full rotation of the comet, i.e., to create fiHday/night” scenarios. Table 3.1
lists the total gas production rates and the lon@s of the four subsolar
longitudes. Fig. 3.2 shows the accordingly initeahperature distributions, which
clearly illustrate the time variation of the actregion on the nucleus surface. All

absorbing facets on the nucleus surface are mamkeid. 3.3.

Fig. 3.10SIRIS images showing the frost on the fringet@fdow taken in (a) Hapi: 30/12/2014,
(b) Hapi: 29/06/2015, (c) Ash: 05/12/2015, andKtpnsu-Imhotep border: 12/12/2015. The
locations of the frost are indicated by yellow arso (Credit: ESA/ROSETTA/OSIRIS)
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Table 3.1 The total gas production rate Q (kg/s) versus tisaslar longitude and the local time

on Hapi.
Subsolar longitude Local time of Hapi Q [ka/s]
40 Dawn 4.17
130 Dusk 3.52
230 Dawn 5.05
320 Dusk 3.34
(2) (b) :
\
AN
Temp (K)
180
160
5
120
100
(c) (d) 3
) x//O\Y
Temp (K)

180
170
160
150
140
130
120
110
100

Fig. 3.2The initial temperature distributions of (a) 4®) 130, (c) 230, and (d) 320
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Fig. 3.4Simulated ice depthsut) on the 5 facets of the subsolar longitudes 480, 230, 320.

The last column data are the average values afdpesition on the 5 facets.
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Gas number density distribution
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Fig. 3.5Simulated gas number densities in the 5 cellsla¢id to the surface facets of the four

subsolar longitudes. The last column data aretbeage values of gas amount in the 5 cells.

The simulation results are illustrated as Fig.(B4 deposition amounts of each
absorbing facet) and Fig. 3.5 (gas number densitissn the grid cells above the
facets). The facet number in the figures can berred to the numbers specified in
Fig. 3.3. Several interesting outcomes can be fdwand. First, the two plots show
that the maximum ice depth and gas number densttytieppen at the subsolar
longitude of 13§ which is the time that most part of Hapi regisractive (Fig.
3.2b). Given that the constant backflux and theiamdation time of 1 hour, the
ice deposition thickness can reach beyondih5or one single facet. The finding
of the maximum ice deposition happening on theluminated areas at dayside
agrees with the results of test cases presentgddtion 2. Second, the minimum
of the ice depth and gas number density are batirsd at 320 when Hapi is
partially active (Fig. 3.2d). Furthermore, the setbighest average amount of ice
deposition happens at 4@&hen Hapi is almost everywhere inactive (Figa3.2

13



This may be explained by the topographic effe¢hefcomet nucleus. For
subsolar longitude 4pone side of the neck region is completely actihéle the

other side is completely inactive. The dark sideafity may serve as a cold trap
which captures the encountering gas patrticles.

4 Discussion

We successfully simulate the water gas backfluxieadieposition from the inner
coma onto the nucleus with various boundary coowiéti Indeed, there are many
simplifications adopted in the models which couddiy result in deviations. We
wish to remind that the purpose of the presentutation is to present a viable
mechanism for the observed surface water ice de@osiather than accurately
reproduce them. Here the level of generality oféheesults is commented as

follows.

Uncertainties associated with the nucleus shape and gas production model
One major uncertainty in this work would be themhenodel used for simulating
the water outgassing and backflux in Section 2dé&seloped in the early stage of
the mission, SHAP2 underestimates the surfacelgraémost 20%, which was a
problem for reproducing the observed global prodactate. To solve this, an ad
hoc manner was adopted to adjust the producties tatthe values shown in
Hansen et al. (2016). From a large-scale poinieyySHAP2 may be acceptable
for modelling global backflux distributions. Howeayé& may not be accurate
enough for a small-scale backflux estimation duthéoerrors in the topographic
reconstruction and the illumination conditions argke facets. Other uncertainties
lie in the gas production model. Thermal propersigsh as conductivity and
thermal inertia are neglected in the model. Thémaky, the nucleus with the
thermal inertia or heat conductivity would resulta lower dayside temperature, a
higher nightside temperature, and a higher tempezaif the day-night
terminator. These changes in local temperaturesidgmoodify the local
production rates and the resulting backflux amaufie absorbing/reflecting
surface may also play a role in the backflux sirmoita For simplicity, most
surface facets are defined either absorptive ¢eafe, which may not be the
case for the real comet surface. Last but not,|&#astassumed 1-hour

14



accumulation time and the fully transform of gaset® state may be over-
simplified in the ice deposition calculation. Thamds addressed above can all be

optimized with more details or physical constraints

Dependence of the results on the distance between outgassing sources

One may notice that the backflux results of Caléig 2.2e) and Case 6 (Fig.
2.2f) has shown a large discrepancy in the disivbunorphology. For Case 5,
the backflux covers many of the non-active areawédxn the active spots, while
the limited recondensation fails to fill up the ractive parts for Case 6. An
interesting question has therefore arisen: how tleesdistance between the
outgassing sources affect the recondensation? Swearthis question, a very
simple case with two identical uniformly active soes has been tested. The idea
Is to design an outgassing environment imitatithgcal region on 67P but
eliminating any possible impact of topography. Bberces are two squares 20m
on a side, releasing water gas 212.8 g/s as taidluption rate from the bottom of
a cubic box with a side length of 4km. The sizethefsource and background
box are decided comparable to the sizes of thasaificets and diameter of 67P.
The bottom of the cube is a 100% absorbing plahe.distance between the

centers of two squares varies from 2km to 0.5km.

Total backflux vs source distance

44
43.5
43

4 425

Total backflux (g/s)

42

41.5

41
2 1.5 1 0.5 0

Distance between sources (km)

Fig. 4.1The comparison between the total backflux andsthece distance.

15



Fig. 4.1 shows the total backflux quantity increasgth the decreasing source
distance. As the two outgassing sources becomerdiogach other, the
recondensation is more likely to cover up the ogmece (i.e., the non-illuminated
area) between them, and the total amount of backihwld get higher. Given
that the local production rate of 67P in Caseush lower than our assumption
in this case, the distance between the neighbooutgassing sources would have
to decrease much more in order to create a significackflux distribution. The
topography of where the outgassing sources locatédAbe another important
factor affecting the backflux distribution. Intwiély, concave terrains are
expected to result in more recondensation comparéidt and convex terrains.
The neck part of 67P happens to be a huge cavitythais may be able to collect

gas particles from both sides.

I nterpretation of the results for Rosetta observations

In Section 2, the models approximate the water siipa on a global scale. Our
simulation results show that water deposition doest given a wide range of
heliocentric distance (3.4 AU - 1.4 AU). The amoahproduction rate seems to
dominate the amount of deposition. A smaller helrddc distance gives a higher
production rate, which leads to a higher amoumtegfosition. This can be clearly
observed in Fig. 2.2c (Case 3) and the backfluxddigion amounts of Case 1b in
Table 2.2. The amount of deposition seems to deperbe distance between
outgassing sources as well. It is more likely ®ate the deposition on the
unilluminated areas of dayside or terminator rathan anywhere of nightside.
The nightside of the nucleus fails to have depmsibecause very few gas
particles travel to the nightside and chance tetgas-particle-collisions and the
resulting backflux is therefore very low. As forcBen 3, the results examine the
water deposition within a particular region, whisiHapi in this case. Likewise,
the amount of production rate seems to determi@athount of deposition. As
inferred from Fig. 3.4, the average amount of déjwwsof Hapi’s dawn (40and
230) is more than the one of Hapi's dusk (1808d 320. However, the involving
local topography and insolation condition may aftbe deposition dramatically,
which may explain why the highest average amounepbsition happens at
subsolar longitude 13QHapi’s dusk). One may notice the interesting fand of

Hapi as it is adjacent to Hathor cliff and Setlff cln principle, water outgassing
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from Hapi should collide with these surfaces arehte some certain amount of
backflux and ice deposition. We do recognize tffsce in our simulation results,
yet no ice has been observed on Hathor and Séh @lhis may be associated
with the gravitational potential. Hapi, the gratid@al minimum part of the
nucleus, can help to attract and accumulate thie fal;ng material such as dust
or icy grains [Keller et al., 2017]. The water biigk which meets Hathor and
Seth cliffs — places with higher gravitational putals compared to Hapi — may

be unable to stay and accumulate on the cliffsfdlutiown to Hapi instead.

5 Conclusion

We summarize hereafter the main lessons of theptressults. We have
demonstrated that the versatility of PD'S@nables the modelling of
recondensation of inner gas coma of 67P. Accortirgur simulation results, it is
more likely to have water vapor condensing in rlanrinated regions on the
dayside rather than the nightside since the vewydmduction rate of nightside
fails to provide large enough numbers of intermolaccollisions to scatter gas
particles back to the surface. The neck regiomefcbmet is another preferable
place for gas recondensation because of the coneaai. In addition, the ice
deposition acquired from coma recondensation im#dea-perihelion environment
shows a comparable figure to the ice accumulatiom the condensation of
subsurface sublimation, which suggests that theac@rondensation mechanism
may also play an important role in the hydrologioadle of 67P during its
perihelion passage. Finally, the water ice depwsitin the surface of 67P
resulting from the backflux is modelled, for thestitime, based on physical

constraints such as OSIRIS images and up-to-daigesmodels.
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Appendix: The Measles Model

The purpose of the measles model was to investigatpossible correlation
between the inhomogeneity of the active areas lamthhermost neutral gas coma
of Comet 67P/Churyumov-Gerasimenko. The idea tfagotionize” the activity
which is insolation-driven and uniformly distribdtée.g., Case 1 and Case 3 in
Section 1) such that the outgassing comes frometes¢acets. Case 1, the case of
insolation-driven outgassing, serves as a staralaidhe surface activity is
defined as 100%. Three additional test cases (€a5€6) are designed to
represent different levels of fractionization, whis defined by the ratio of the
total active area to the one of the standard dds=models are nicknamed
because of their resemblance to measles. Tables®&ltlhe production rate, active

area, and the corresponding surface activity okQaand all other measles cases.

Table Al Parameters in different test cases. The gas ptioduate Q (kg/s), the active area A

(km?), and the defined surface activity (in percentage)given.

Case Q [kg/s] A [knf] Surface activity defined as
1 1.25 15.3 100%
4 1.27 7.69 50%
5 1.25 3.06 20%
6 1.26 0.30 2%
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Highlights

® A first detailed model of water deposition from theer coma on the nucleus of Comet 67P/
Chuyumov—-Gerasimenko.

® Production rate and topography seem to dominatartient of deposition.

® Coma recondensation mechanism may play an impaxénin the hydrological cycle of Comet 67P/
Chuyumov—-Gerasimenko during its perihelion passage.
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