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Abstract

The radial distribution of some molecules (CO;@D, HNC, ...) observed in the coma of some cometmoa be explained only by
a direct sublimation from the nucleus, or by the photolysis of a detected parent compound. Such molecules present a so-called extendec
source in comae. We show in this paper that extended sources can be explained by refractory organic material slowly releasing gas from
grains ejected from the cometary nucleus, due to solar UV photons or heat. The degradation products are produced throughout the come
and therefore are presenting an extended distribution. To model this multiphase chemistry we derive new equations, which are applied to
Comet 1P/Halley for the case of the production of formaldehyde from polyoxymethylene (POM), the polymer of formaldehyded—H
We show that the presence of a few percent of POM on cometary grains (a nominal valutefn mass of grains is derived from our
calculations) is in good agreement with the observed distribution, which so far were not interpreted by the presence of any gaseous parent
molecule.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction (1) Gas phase reactions between species in the coma, as
seems to be the case for HNC produced by the re-
action HCN+ H — HNC + H in Comet C/1995 O1
(Hale—Bopp) (Irvine et al., 1998b; Rodgers and Charn-
ley, 1998).

O(2) Production from an unknown parent compound for the
origin of H,CO and for the origin of HNC in Comets
C/1996 B2 (Hyakutake) and C/1999 H1 (Lee) (Meier
et al., 1993; Irvine et al., 1996; Rodgers and Charnley,
1998, 2001; Biver et al., 1999, 2000).

To date, about 25 molecules (excluding ions and radi-
cals) have been detected in the atmosphere of comets (coma)
(Crovisier and Bockelée-Morvan, 1999). Most of them are
considered as parent compounds, i.e., they are ejected int
the gaseous phase either directly from the cometary nucleus
ices or within the first kilometers during the sublimation of
ice coated grains. The abundance of such compounds rela-
tive to water is likely to be the same in the nucleus and in the

coma. Parent compounds can be dissociated in the coma b e . . N
solar photons and produce daughter fragments. The densit))/lrhe difficulty of that latter approach is the identification of

of both gaseous parent and daughter species as a function of relevant unknown parent whereas most of the abundant

the distance from the nucleus are calculated as distributionscompounoIS In coma in the gaseous phage are probably now
detected. From in-situ measurements (Kissel and Krueger,

consistent with Haser’s hypothgseg (those hypotheses ar91987) and from laboratory work on cometary and interstel-
presented and discussed later in this paper) (Haser, 1957)far icé analogs (see for instance: Greenberg (1982), Alla-

However, some detected compounds present strong discrep-

. : S . mandola et al. (1988) or Cottin et al. (1999a) for reviews),
ancies with Haser’s distribution and other mechanisms have . N
been evoked we know that cometary grains are rich in complex refrac-

tory organic material. So far, their potential degradation, and

contribution to the gaseous phase, has never been quantita-
* Corresponding author. tively in-ves.tigated. First and foremqst, intrin;ic degradati_on
E-mail addresscottin@lisa.univ-paris12.fr (H. Cottin). data (kinetics, products) for potential candidates are miss-
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ing. Candidate refractory parent compounds can potentially the claim of the presence of POM in space has to be taken
be established from results obtained on laboratory-irradiatedwith caution, although it cannot be excluded. But our knowl-
interstellar and cometary ice analogs leading to the detec-edge of interstellar chemistry has improved since that time,
tion of large molecules likely to be present on comets. Sec- and his conclusions should be reconsidered. He was dealing
ond, new equations, different than those proposed by Haserwith formation of 2000 monomer units at 4 K, whereas we
have to be developed. As a matter of fact, the production of presently know that the interstellar environment presents a
gaseous daughter molecules from a solid parent compoundvide range of temperatures, and experimental simulations
involves mechanisms quite different than those usually in- show that POM formation occurs after thermal processes
cluded in models. In comets, a refractory molecule present (Schutte et al., 1993b) and photolysis (Bernstein et al., 1995)
on grains can be submitted to photodegradation, thermalof interstellar ice analogs. Moreover, shorter polymer mole-
degradation, or both, and release small gaseous molecules;ules also have to be considered, and the study of 1000-unit
whose spatial distributions cannot be described by a purelymolecules was an arbitrary choice. Woon (1999) has recently
native source, nor solely to gas phase reactions in the comapublished ab initio calculations aboub@&0O/NH3 mixtures
In this paper, we propose to develop a new approach:in water, which yield a production of small amine-terminated
the degradation of refractory organic material on cometary (—NHz) POM-chains at temperatures as low as 40 K. The
grains, and production of smaller gaseous molecules. To il- production of larger-chain polymers has not yet been theo-
lustrate this process, the example of the production@3®i retically explained, and might require higher temperatures.
in Comet 1P/Halley from solid polyoxymethyleneis chosen.  Ten years after this first tentative detection, the presence
Indeed, new quantitative data about the degradation of thisof POM in comets was invoked again to interpret a mass
polymer are now available (Cottin et al., 2000, 2001c). The spectrum obtained with the PICCA instrument on board the
first section of this paper is a review of the possible pres- Giotto spacecraft, between 8200 and 12600 km from the nu-
ence of polyoxymethylene in comets, and thus the validity of cleus of Comet Halley. Indeed, Huebner (1987) suggested
our study. Then we describe the classical Haser approach ofthat the alternation of patterns withm/z = 14 and 16 is
cometary chemistry, and show that gaseous compounds caneonsistent with a sequence of —gH(m = 14) and —-O-
not account for the observation of formaldehyde in Comet (m = 16), which comprises the polymer (Huebner, 1987;
Halley. Then we present our new equations for three cases:Huebner et al., 1987).
photodegradation, thermal degradation, and a coupled mod- Huebner’s hypothesis seems to be confirmed by Mdéller
eling of both processes. Even if only the last and most com- and Jackson (1990) and Moore and Tanabé (1990) who have
plete approach is relevant in the case of POM, we chose toperformed POM mass spectra that fit observation. However,
develop the three of them in the present paper, since anythese conclusions have been reconsidered. Mitchell et al.
of the three cases might be the most adapted for specific(1992) have shown that the PICCA mass spectrum is not
molecules other than POM to interpret existing or future ob- specifically characteristic of POM: the regular pattern ob-
servations. Thus they are presented here and made availablserved is only the signature of a mixture of organic mole-
for any future work. In the last section we present a complete cules composed of C, H, O, N atoms. Thus, even if the pres-
modeling of formaldehyde production from POM, with arel- ence of POM cannot be ruled out, the observed spectrum is
evant Halley-like dust distribution, and we discuss the extent not sufficient to established its presence definitively. Never-
to which our results are to be considered. theless, Mitchell’s conclusion strengthens the idea that high
molecular weight organic molecules are present in comets.
In addition to the PICCA observations, polyoxymethyl-

2. Why study polyoxymethylene? ene has been synthesized in experimental simulation of en-
ergetic processes on cometary or interstellar ice analogs. It
2.1. Review of POM history in comets is synthesized in ices containingd, H,CO, CH;OH, CO,

and NH; submitted to UV photolysis or thermal processing

The presence of polyoxymethylene in the interstellar (Bernstein et al., 1995; Schutte et al., 1993a, 1993b). The lat-
medium was evoked for the first time in the middle 1970’s ter mechanism seems to be the most efficient. Therefore, the
by Bessel and Wickramasinghe (1975), and by Cooke andpresence of a significant amount of POM in comets could
Wickramasinghe (1977). This hypothesis was put forward indicate a history of domination by thermal transformation
because of HCO detection in the gaseous phase (first de- rather than by UV or energetic particle bombardment (see
tection reported by Snyder et al. (1969)), and because ofCottin et al. (1999a) for a review of experimental simulation
good agreement between POM optical properties and obser-on ice analogs). Thus, the presence of POM in comets is still
vation (polarization spectra). Concerning comets, Vanysek an open and important question.
and Wickramasinghe (1975) discuss the point that infrared
signatures of silicates are similar to those of POM, and that 2.2. H,CO extended source
detected silicates may in fact be formaldehyde polymers.
Nevertheless, by calculating that POM formation in ISM en- Cometary formaldehyde was detected for the first time
vironment is not favorable, Goldanskii (1977) showed that in 1986 in Comet Halley with the infrared instrument IKS
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Table 1 cule produces CO. But the difference in abundance between
Molecules with extended sources in comets (ions and radicals have beenthese two molecules (about ten times les<CB than CO)
excluded) demonstrates that the extended source of CO in Comet Hale—
Molecule Comet Reference Bopp (50% of the total observed CO within 1.5 AU from the
‘é")i(tt';nded Sun (DiSanti et al., 1999)) cannot originate exclusively from

formaldehyde chemistry.
Considering the points we discussed in the previous sec-

source

H2CO 3;!55@'@ (M%'j; Zi le 122% tion of this paper, polyoxymethylene is often pushed forward
Hale—Bopp (Bockelée-Morvan et al., 1998; Wink et al., 1099) {0 provide the HCO extended source (see, e.g., Boice et
co Halley (Eberhardt et al.,, 1987)  al., 1990; Meier et al., 1993; Biver, 1997; Greenberg and Li,
Hyakutake (Disantietal., 2003)  1998; Eberhardt, 1999). We now show that this idea is con-
Hale-Bopp (DiSantietal, 1999) — gjstant with what was known about the physico-chemistry
OCSs Hale—Bopp (Dello Russo et al., 1998)

SO Hale—Bopp (Bockelée-Morvan et al.. 1998) qf the polymer, k_)ut.unt|l very rece.ntly |rr_1portant qyanuta—
HNC Hale—Bopp (Irvine et al., 1998a; Rodgers and Charnley, 1998) live data were missing to allow a discerning analysis of that
hypothesis.

on board Vega 1. Its production rate from nucleus was then 2.3, POM photodegradation and radiolysis: previous
estimated to be 4% relative to water (Combes et al., 1988;works and latest results
Mumma and Reuter, 1989), whereas observations at radio
wavelengths led to an estimate of about 1.5% (Mummaand  Polyoxymethylene is commonly used as a source of pure
Reuter, 1989; Snyder et al., 1989). formaldehyde by simple heating. Indeed, commercigl &

Meier et al. (1993) studied measurements performed from contains some methanol to avoid its polymerization. Thus
1740 to 4400 km from nucleus with the NMS mass spec- pure thermal degradation of POM is one mechanism to
trometer on board Giotto. They show that the formaldehyde consider for formaldehyde production in comets. Another
density profile, as a function of cometocentric distance, can- mechanism is the degradation of the polymer by photons:
not be explained by direct release of formaldehyde from the photodegradation.
nucleus, expanding with spherical symmetry and photolyzed  There are few data relevant to the cometary environ-
by solar UV. On the contrary, it looks like its production ment, related to POM photodegradation. Most studies have
rate increases with the distance. Since these measuremenigealt with oxidative photodegradation of POM, i.e., in the
were made within about one hour, native production (from presence of molecular oxygen. Chemical mechanisms, prod-
the nucleus) would have had to increase by a factor threeucts and reaction yields should be very different from those
during that time period to account for observation, whereas that could be obtained without JO(Rabek, 1995). Irra-
the production rates of molecules likeSland CHOH were diation of POM under vacuum and for wavelengths be-
constant within an uncertainty at20%. Moreover, it can-  low 200 nm were first reported by Roessler et al. (1992).
not be explained by inhomogeneous emission, since all theThis work concludes with the detection of CO andG®D
gaseous molecules are well mixed within the first kilometers in the gas phase (identified by direct MS), while an in-
of the coma. frared analysis of the solid irradiated residue reveals the

This implies the presence of axtended sourc@r addi- presence of ester functions. Unfortunately, this study re-
tional source) of formaldehyde in Comet Halley. It does not mains qualitative, and has not been pursued further to our
seem to be a direct#€0 emission from cometary grains, knowledge. More is known about POM radiolysis, i.e., ir-
because ices coating them sublimate within the first few radiation with particles with energy high enough to ion-
kilometers from the nucleus. Moreover, if it were a con- ize the molecule (gamma rays, electrons, and photons be-
sistent explanation, such a phenomenon should be observetbw 100 nm). Under vacuum, the polymer irradiated by
for the other detected gaseous molecules, whereas itis onlyl MeV electrons produces several gaseous compounds
seen for few (Table 1). Therefore it is likely that the refrac- such as H, CHy, CO, H,bLCO, CHCHO, CHOCHO,
tory organic component of comets might be involved in this CH3OCH,OCHz, CH30CH,OCHO, and HO. The produc-
process, through its degradation. tion yield of formaldehyde from the polymer isfGeo =

It must be noted that an extended source of formaldehyde4 + 1 (Fischer and Langbein, 1967; Dole, 1973; Shalaby,
has also been detected in Comets Hyakutake (Biver et al.,1979) (note:G-value is defined as the number of molecules
1999; Lis et al., 1997) and Hale—Bopp (Bockelée-Morvan et produced per 100 eV of energy absorbed from ionizing radi-
al., 1998; Wink et al., 1999). So that phenomenon is com- ation).
mon to all comets that have been observed with sensitivity  Recently, we have performed a quantitative experimental
sufficient to detect it, yet there is no quantitative explanation study of polyoxymethylene degradation:
to interpret it.

A fraction of the carbon monoxide extended source is as- e Photodegradation: we have identified the main gaseous
sociated to HHCO, because the photochemistry of this mole- photodegradation products of polyoxymethylene:
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H,CO, CO, HCOOH, CQ, CHzOH, CH;OCHO, e thermal degradation;

CH30CH3zOCHg, and GHgO3 (trioxane). We have de- e combined photo and thermal degradation.

termined the production quantum yields for formalde-

hyde @122 nm=0.75+0.21,¢147nm= 0.96+0.19) and Each model will be illustrated with solid POM producing

formic acid @122nm= 0.13+ 0.05, ¢147nm= 0.26 + gaseous KHCO. Although only the last case will be used in

0.10), and roughly estimated the yields for the other this paper with a ‘Halley-like’ dust distribution (this appears

compounds (Cottin et al., 1999b, 2000). to be the most relevant for the POM polymer case), we think
e Concerning thermal degradation, we have verified that it is worthwhile to describe each mechanism in this paper.

H2CO is the only product, and determined the variation All three cases can be more or less adapted according to the

of its production rate as a function of temperature (based solid molecule considered. Therefore this detailed treatment

on A =87x 10° molg-ts™! + 60% andEa = 74.2 might be useful for future studies of extended sources and/or
kJmol~* + 10%, for the Arrhenius constant and the ac- precursors.
tivation barrier, respectively; see Cottin et al. (2001c)). The complexity of comae dynamics leads to making sim-

plifying hypotheses to describe the density profile of a parti-
We expect these resultg’é for photodegradation and  cle (gaseous molecule or solid grain) in the inner coma. The
A, Ea for thermal degradation) to be useful for interpret- most commonly used model is the one described by Haser
ing cometary observations, as well as for further theoretical (1957), and assumes the following:
studies such the one we present below.
Polyoxymethylene seems to be a good candidate as a par{1) spherically-symmetric outflow from the nucleus: the

ent molecule for extendedi€0 based on the following: emission is uniform from all the nucleus surface, or the
emitted particles are well mixed within the first kilome-
e it is produced during experimental simulations per- ters;
formed with cometary and interstellar ice analogs; (2) steady state: the nucleus production is constant over the
e its detection in Comet Halley is controversial but cannot time-scale of the modeled process;
be ruled out; (3) radial expansion at a constant velocity, which means

e its degradation due to heating as well as photon and  no collisions, no excess velocities during photodissoci-
charged particle bombardment leads to the production ation;

of formaldehyde. (4) molecules and radicals are only destroyed by photo-
chemistry with constant rate coefficients and without
This polymer (POM) is therefore appropriate for study- chemical reaction between two compounds.
ing the contribution of the solid organic phase of cometary
grains to the gas phase composition of the coma. Hypothesis (3) (constant outflow speepfrees us from

the dynamic equation. Only the budget of mass has to be

considered, which is written under its Eulerian form:
3. Haser’smodel

an .

: - : - — +diviw) =) 5, 1)

A brief description of the model and its preliminary re- 9t -

sults have already been presented in Cottin et al. (2001a). We

propose here to describe the algebraic approach we developvheren (cm~3) is the number density of the considered par-

concerning the production of gaseous molecules from theticle, and theS; represent its sources and sinks.

solid phase. Equations involved to describe such heteroge- In a simple case, with particles ejected from the nucleus

neous chemistry derive but are different from the ones usu-and not being destroyed, one can write:

ally used for cometary gas phase chemistry. Our work differs

from previous studies on this subject (Boice et al., 1990; on + div(nv) =0 (2)

Meier et al., 1993), where the POM photochemistry was

modeled in the gaseous phase with estimated rate coeffi-with 9n/9t = 0, because of steady state (hypothesis (2)).

cients, with no parameterization forB0 thermal produc- For particles undergoing spherically symmetric flow, with

tion. v being constant (hypothesis (3)), we obtain the density at a
First, the classical approach that describes density pro-distancer from the nucleus in the absence of particle de-

files for parent and daughtgaseousmolecules in comets  struction:

is recalled in detail. On this basis, we present extensions of

those equations to the production of gaseous molecules fromy (r) = Q2 . (3)
compounds in theolid phase. Three cases are developed be- dnrev
low: Where( is the production rate of particles from the nucleus

(s~1). This allows to determine the density of grains as a
e photodegradation; function of the distance from the nucleus.
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3.1. Parent compound

A first step in complexity can then be achieved: molecule npr<=

M is emitted from the nucleus with a production radgy,

A general solution for Eg. (9) can be written as:

2_Qu I

—r/lm 4 g p=7/Ip 11
droly —Ip° T Re T (11)

and is photodissociated by solar UV. The sink of this mole- K is an integration constant calculated from boundary con-

cule can be written as a function of its number densjty

an
dt

with J being the photolysis rate (3):

=—Jny (4)

J= / o1® d. 5)
A
In Eq. (5),0 is the photon—-molecule cross section fni

is the solar irradiance (photonscm=2nm~1), and® rep-
resents the quantum yield.

ditions: r <« Iy andr <« Ip, for which exponential terms
tend towards 1 so that

2 QM Ip
—_—
4o (lM — lD)

Then we have two possibilities:

+K

npr

e The daughter molecule has no direct source from the
nucleus. Then as a boundary conditiamir? = 0 and
we get:

Owu Ip

np(r)= (e7/M — e=r/ID), (12)

Awrv Iy —Ip

e The daughter molecule has also a direct so@rgefrom
the nucleus (which appears to be the case €@ in
some comets; see, e.g., DiSanti et al., 2002a, 2002b).

With constant, and assuming < Iy (Iy = v/J being
the scale length aff) we obtain by integration of Eq. (1):

ny(r) = %e_r/lM. (6)

This expression is used to determine the density profile of Then as a boundary conditionpr? = Qp/(47v) and we
H>CO as a parent molecule, as shown in Fig. 4 (dotted line). 9€t:

_1(Qm b vyt _ rin
3.2. Daughter fragments np(r) = 2 <4ﬂv Iy —1Ip (e e )
Molecules observed in the coma are not necessarily di- + @e—’/’f’), (13)
rectly emitted from the nucleus. Photodissociation of a par- 4mv

ent compound can produce new species, or an additionalin order to discuss the relevance of a gaseous parent of
source for another parent molecule. Those photolysis prod-formaldehyde, Fig. 1 and Table 2 present three fits of the
ucts are called daughter species. previous equation to the Giotto measurements of formalde-
We now calculate the density profilep (r) for such a  hyde in Comet Halley published by Meier et al. (1993). The
molecule, photolyzed at a ratky, and emitted from a par-  absolute error of their measurements is reported to be less
ent compound, whose production and photodestruction rateshan 35%. To first order, this absolute error is a systematic
are respectivelyQy, and Jy,. Parent and daughter species error caused by uncertainties on reactions rates used to cal-
are assumed to expand with a spherical symmetry and at theculate the HCO density from in-situ MS measurements of
same velocitw (which is an approximation: photodissocia- the 31 amue! peak dominated by §¥CO*. These errors
tion products receive an excess of kinetic energy comparedshift the density scale up or down. Nevertheless, the error
to the parent molecule (Crifo, 1994), and in this case an on the slope of the curve is quite insensitive to these reac-
equivalent scale length can be used (Combi and Delsemmetion rates, and the random error on each measurement can
1980)). be estimated from the scatter of the date at the few percent
Thus we have: level. Taking this discussion into consideration, Giotto mea-

anp surements are plotted with 15% error bars in the figures of

o +div(npv) = Juny — Jpnp, (7) this paper. A detailed discussion about the adjustment of our
anr2 JD
e pr?=""nyr? 8)  Table2
Parameters for the calculation of the best fits to Giotto measurements of
From Eq. (6) and since=v/J, we obtain: formaldehyde when considering a gaseous parent molecule (see also Fig. 1)
JBiver JImeier JCH30H
dnpr® npr®  nyr? 3
y == JiG) 9) OH,co (571 45 x 16?7 2.0 x 1027 7.0 x 1077
r D M om sY 1.9 x 1078 2.0 x 1078 1.0 x 1079
with v (km/s) 78x 1071 78x 1071 78x 1071
Li,co (km) 39x 103 39x 103 3.9x 103
Fr) = OM_ r/iu (10) Ly (km) 6.0 x 103 46 x 103 6.0 x 10%

4 vl
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Fig. 1. Formaldehyde density profile in Comet Halley: measured by Giotto
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case (a),/y is set to the value proposed by Biver (1997) and
Biver et al. (1999) from estimates of the®O parent scale-
length in comets Hyakutake, Austin, Levy, and Swift-Tuttle:
Ju =1.3x 1074 s, The best fit presented is achieved for
a direct formaldehyde production of about 0.8% from the
nucleus (relative toQn,0 = 6 x 10?° s~ from Fink and
DiSanti (1990), for heliocentric distanee 0.9 AU, when

the Giotto measurements were achieved) and 3.8% for the
parent molecule. We usky,co = 2 x 1074 s~ throughout

this paper (Crovisier, 1994).

Other solutions fitting Giotto measurements can be
achieved by adjusting the free parameters of the model:
OH,co, Oum. and Jy. Graph (b) is obtained foty =
1.7 x 104, which is the nominal value proposed by Meier et
al. (1993) ‘We find that the lifetime of the parent is restricted
to the range 00.8to 1.5 times the lifetime oH,CO with the
best fit obtained for a factor 0t.2," i.e., Jy = JH,co/1.2.
This results in a production rate for the parent compound of
Oum = 3.3%, and agrees with measurements with 0.3% of
native formaldehyde.

None of these solutions corresponds to the photodissoci-
ation rate of an observed parent molecule likely to produce
formaldehyde. Methanol, actually detected in Comet Halley,
might be a relevant candidate. But i,80 is considered
as the main CHOH photoproduct (Huebner et al., 1992),
and adopting/cr,on = 1.3 x 107° s7* (Crovisier, 1994),
methanol should be produced at a level of 16% from nucleus
relative to water (with~ 1% of H,CO) to obtain a good
fit to measurements (c). But methanol is only produced in
amounts ranging from- 1 to 6% in comets (Biver et al.,
2002). Moreover, as discussed in Bockelée-Morvan et al.
(1994), formaldehyde is not the main dissociation product
of methanol, but rather the G&@° methoxy radical. There-
fore 16% is a lower limit for the amount of G&@H required.

Thus, the extended source of cometap® is not con-
sistent with a CHOH parent.

4. POM grain model and its extension

Thanks to the new experimental data about POM degra-
dation, we now establish a new set of equations that model
the contribution of solid POM particles to the gaseous phase,
through its photo and thermal degradation. Boice et al.
(1990) tried to estimate the formaldehyde production from
POM, but with the hypothesis that short polymer chains are
emitted from grains and photodissociated in the gas phase.

(squares), and calculated with (continuous line) or without (dotted line) ex- Because of th? lack of experimental data, photodissociation
tended source production. Several fits are presented (see text). The densityates were estimated from formaldehyde and related molec-

profile without extended source is calculated with,co = 1.1x 10?8 s71

(i.e.,~ 1.8% relative to water production).

ular bond strengths, without any direct laboratory measure-
ment. Meier et al. (1993) showed that those data did not fit
the Giotto measurements. On the other hand, as underlined

calculations to measurements will be given in the last sec- by those authors, and as we have verified experimentally,
tion of the paper for a specific case. The coma expansionthermal degradation of solid POM produces only formalde-

velocity has been set to 780 m’s which is the mean value

hyde. The presence of short polymer chains in the gas phase

in the measurement zone (Meier et al., 1993). In the first would then remain marginal.
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Formaldehyde production from solid grains is a function
of several unknown parameters: the matrix in which it is
imbedded, the geometry of the grains, the chemical struc-
ture of the polymer, and its temperature. Here, we can only
pretend to simulate the behavior of grains made of a poly-
mer similar to the one studied in laboratory as a model of a
high molecular weight compound self-degrading because of
solar UV and heat.

As a first approach, we apply Haser's model to pure
spherical POM patrticles uniformly emitted from the nucleus.
Such hypotheses are certainly far from the reality and com-
plexity of the cometary environment, but we shall keep in
mind that our goal is to show whether there is a mecha-
nism that can explain observation, for realistic abundances
of the parent compound. First we will present the case of

403

As mentioned earlier in the paperpE0, CO, HCOOH,
and CQ are the dominant products of POM photodegrada-

tion. Then:
<<(mHzco +mco) / fx‘ijrzcod)u)
Y

dm
+ (mHCOOH/ fxﬂ*COOHd?»)
A

—=—0C=—-0
)
A

with m, representing masses of the molecules.
The @* are from Cottin et al. (2000), and through lack
of accurate data concerning CO we have assumed that its

(16)

photodegradation and thermal degradation separately, beforgproduction quantum yield profile is identical t€0. We
presenting a coupled model with both processes. Then wehave neglected production of GBH, CHsOCH,OCHj,

will use a “Halley-like” heterogeneous grain distribution to
gain a better insight into our model results.

4.1. Photodegradation

4.1.1. Grain lifetime

Let us consider a spherical grain made of POM, with a ra-
dius R, exposed to solar UV. This grain will produce differ-
ent gas-phase compounds in the gaseous phasaqHCO,
HCOOH, CQ, CHz0OH, CH;OCHO, CHOCH,OCHg, and
C3HgOg). If we assume that the grain rotates randomly, loss
of mass will occur uniformly over its surface.

The grain being spherical, the equivalent cross-section
exposed to solar UV is = 7 R?.

The production rate of a molecul#]] by photodegrada-
tion can then be written:

d[M] ZU'/.fA@)Ld)\.,
A

o (14)
where f; is the solar irradiance photon crhs~! nm~1 and
¢, is the production quantum yield a¥/ from the grain
surface at wavelength. We also consider the grain to be
sufficiently thick that each photon is absorbed. If not, we
obtain an upper limit for the production rate of the parent.

If u is the mass density of POMu(= 1.46 x 10°
kg m—3—specificatiorProlabo-France)r is the cometocen-
tric distance of the grain outflowing with velocity, calcu-
lated from Crifo (1995} Then, the mass lost from the grain

can be written:

dm dR

— =4mxuR?*—. 15
dr TH dr (15)

We takev), to be constant (acceleration should occur within
the first 100 or so km of the nucleus), aRg to be the initial
radius of the grain.

1 Equations to calculate the grain velocity are displayed latter in this
paper (Egs. (49)—(51)) with further comments, in order to not overload this
section, which is devoted to the calculation of the density profile.

and GHgOs.

The quantityC has been estimated using Cottin et al.
(2000) and the solar spectrum published by Mount and
Rottman (1981). Those measurements were made near solar
maximum, in order to model photodegradation at its maxi-
mum efficiency:

C=6.76x 10 2 kgm2s7%,

v, which is reached in the first few kilometers from the nu-
cleus (Crifo, 1995) is supposed to be constant at our scale,
thusv, dr = dr. We can also assume that all the solar UV
flux reaches up to 5-50 km from the nucleus depending on
the comet (Crifo, private communication). We can then con-
sider that a grain starts being photodegraded as soon it is
emitted, thus:

d C
A (17)
dr vp
Comparing Egs. (15) and (17), we get:
dR C
4rpuR?E = 7% (18)
dr vp

Integration witho = 7 R2 and R = Rg atr = 0, we obtain
after integration:

C 4
R=Ro— r forr < 2222 Ry, (19)
4uv,
If we set:
4pv,R 3M
lP — ,bL'Up 0 — OZUP (20)
C 7 RGC

as the POM scale length aiddy the initial mass of an indi-
vidual POM grain then:
R=R0<1—lip) forr <17 (21)
According to Lisse et al. (1998), a typical size range of most
cometary grains is between 0.1 and 10 um. We can then cal-

culate/pom (for which R = 0) of POM grains in the coma
(Table 3).



404

Table 3

Photodegradation scale length as a function of the grain size

Ro (um) 10 1 0.1
vp (s 250 480 680
Grain lifetime (days) 100 10 1
Ip (km) 22x 100 41x10° 5.9 x 104

v), is calculated using Egs. (49) to (51).

The photodegradation rate of grain is low enough for its

influence to be observed at the scale of observation in Hal-

ley’s coma.

4.1.2. BCO density

Grain density:,, as a function of the nucleus distance
can be described by an equation similar to Eq. (7) if we as-
sume uniform emission of particlgs, and radial expansion
with constant velocity,:

9

= 2 N
4revy

np (22)

v, is calculated according to the grain size. We consider
here a single size grain population whose radtudecreases
following Eq. (21). The formaldehyde production rate (cal-
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The general solution for Eq. (26) is:

I

2
> :|+Ke—f/leco’

(IH,co— 1) )2

[p

In,co
r

(28)

i

whereK is an integration constant set by boundary condi-
tions. If we set for — 0, np,co x r? = Qu,co/(4rv), we

finally get:
leCO

« <1_e—r/lH2co> _ L<2+21H2CO _ L>i|
I D) D)

QHZCOe—V/leco.
42y

9y

2
4rev,

In,co
)

In,co

I}
nH,cO = [[1+2 H2C0

r

(29)

4.1.3. Results and discussion
Figure 2a and Table 4 presents one of the best fits to
Giotto measurements that can be achieved from Eq. (29).
The result seems to be very good for 1 um grains, but

culated as a density number) from these POM grains at aine amount of POM emitted from the nucleus4@x 10°

distancer from the nucleus can be written:

dH>CO
< - ) =n,0(r) / S0 an (23)
b A
—_—
C/
dH,CO c \?
< 2 ) = sz C’<Ro— r). (24)
dt » 4rev), 4pvp
The mass budget equation is then:
on . dH>CO
H2C0+dIV(nHzcov)=< 2 ) — JH,COMH,CO.
at dt »
(25)

(Note: bothv: gas velocity and,: grain velocity are used in
the following equations.)
With Haser's model hypotheses we get an equivalent of

Eq. (9):

dnu.cor?  nm,cor? 2 (dH,CO
: e L =5 @9
dr In,co v dt »
with
()
=— (1-— 27
f(@r) Gropll o T (27)

and the two scale lengths of grain destructiénand of
H2>CO production from grainﬁﬁzco

_ 4pvp Ro _ 3movp

C nR3C

1P

p —
and Iy co=—%>—

kg s1) is more than the average grain production estimated
for Comet Halley ¢ 10* kgs™! (Arpigny, 1994)). Thus, to
explain the observations, it seems as though even if all grains
were POM, the yield would still be too small by a factor of
~3.5.

This demonstrates that POM photodegradation by itself
cannot account for the observed formaldehyde. Let us now
consider thermal degradation of the polymer.

Table 4

Parameters for the calculation of the best fits to Giotto measurements of
formaldehyde when considering the degradation of polyoxymethylene (see
also Fig. 2)

Photodegradation Thermal degradation Coupled model

Oh,co (571 6.50 x 1027 3.30 x 10?7 3.30 x 10?7
2, 5.70 x 1018 1.10 x 1017 1.10 x 1014
v (kms1) 7.80x 1071 7.80x 1071 7.80x 1071
vp (kms™1) 480x 1071 480x 1071 250x 1071
Lii,co (km) 390x 103 3.90x 103 3.90x 103
w (gkm3) 1.46 x 1015 1.46 x 1015 1.46 x 1015
Ro (km) 100x 1079 1.00x 10~° 1.00x 1078
T (K) - 345 336
k(@lsh - 355x 10°° 1.90x 1076
/T T (km)  415x 10° 6.39 x 103 1.34x 104
ool tyco/l? 490x 1078 4.90x 1076 2.16x 10°
(km)

Emitted mass 28x 10t 6.72 x 107 7.34 x 107
kgs™)

T and Rq are free parameters. They are adjusted to obtain the best fit to
measurements. This is the reason Whgnd Ry may vary from one process
to another.



Polyoxymethylene as formaldehyde parent in Comet Halley 405

10° 7 ‘ ‘ ‘ . TP
. *  Giotto measurements 1 4.2.1. Grain Ilf.etlme . . .
Q. Q. =1% ] Let us consider a spherical grain made of POM, with ra-
H,co' **H,0 .
and POM mass=340% of grains dius R, massn, and temperaturg.
P The H,CO production rate (mols') can be written:
£
L dH>CO
20 2 —km (30)
g dt
P with & given by the Arrhenius law:
(&)
T k= Ae E/(RD) (31)
whereR = 8.314 Jmot 1K1,
10¢ ‘ : ; : As already mentioned in this paper, the Arrhenius con-
1000 2000 3000 4000 5000 stantA = 8.7 x 10° molg~1s1 + 60% and the activation
Distance from nucleus (km) barrier Ea = 74.2 kI mol! + 10% (Cottin et al., 2001c).
10 @) Then we have:
" Giotto measurements dm
— Qy0/Q, ,=0.6% 7 = ~Mwuacokm. (32)
and POM mass=7% of grains . . i
As v, is assumed constant we can write withy,co being
e the mass of HCO per mol:
O
_é‘ 5 | dm M
3 10 am_ _AHCo, (33)
g dr vp
Q . .
;)N comparing with Eq. (15) leads to:
dR R M,
2 o 2RO, (34)
dr 3 vy
10* T T T
1000 2000 3000 4000 5000 with 17 = 3v,,/(Mn,cok) representing the thermal degrada-
Distance from nucleus (km) tion scale length. The previous equation can be written as
®) follows:
10° T . T ‘ T
= Giotto measurements d_R _ _ﬁ (35)
QH,co/QH,o=O‘6% dr - lT '
d POM =7% of grai . . . .
an mass={ ot grains By integration and again with boundary conditi®= Rg
e forr=0:
s
T
%‘105 . R= Roe_r/[ . (36)
C
(3]
3 The grain lifetime depends only ofi andv,. The scale
% length” is the distance at whiclRy is decreased by the
factor 1/e. As shown in Table 5, thermal degradation of
grains is very sensitive to temperature and is very efficient
10* 4 : : : i for T > 300 K.
1000 2000 3000 4000 5000
Distance from nucleus (km) Table 5
© Thermal degradation scale length as a function of the grain size and tem-
Fig. 2. Formaldehyde density profile in Comet Halley: measured by Giotto perature
(squares), and calculated with an extended source from polyoxymethylene 1T (km)
(continuous line) if the degradation of the polymer is (a) photodegradation, Temperature (K) Ro (um)
(b) thermal degradation or (c) both.
10 1 0.1
. 250 89 x 10 17 x 108 2.4 108
4.2, Thermal degradation 300 23 10° 45 % 10° 6.3 x 10°
350 33x 103 6.4 x 103 9.1x 103
We are now going to describe the thermal production of 400 14 x 10° 2.7x 107 3.8 x 107

a gaseous compound from a solid precursor, in the case ofy, is the same than in Table 3 for each grain size and is calculated using
H>CO production from solid POM. Egs. (49) to (51).
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4.2.2. BCO density

4.2.3. Results and discussion

The mass budget equation in this case is the same as Figure 2b and Table 4 present one of the best fits to Giotto

Eq. (26):
d 2 2 2 (dH,CO
MH,COT | MH,COM T 2 ) = f(r). (37)
dr In,co v dt »
The formaldehyde production from POM grains can be writ-
ten:
dH>CO
< 2 ) — Nkm, (38)
dt »

whereN is the Avogadro numben = 6.02 x 10?3 mol~1),

andm the total mass of POM per unit volume unit in the
coma at a distance from the nucleus (i.e., in our case the

POM grain mass density).

4 3 4 3 Op R® nQp
= — R = — R = — . 39
MR M =T N gy, T 3 v, (39)
Then we have:
1
fn=2r L e (40)

= A7 T
vy, IHZCO

where the HCO production scale length by thermal process

and the initial mass of the grain are given by

4
T 0 3
leCOZ —Nmok and mg = éT[ROH”
8

respectively. We can then solve the differential equation

(Eq. (37)):

A= / f(r)e/ Mo gy
r

= Op 1 /6@(1—31,4200/15“ (41)
4y lazco /
Then:
T
> Qp | IH,co —3 )T
nH,cor = 47'[1)[, lﬁzco <lT — 3[Hzco>e
4 Ke"/lreo (42)

if r < In,co andr <« 17:

> Omco Op
nH,cor® = =
4rv vy 1

r In,co
K
<1T - 31H2C0) *

(43)

T
H,CO

and we finally obtain:

0p 1T< IH,co )
drr2vp Iff oo \IT = 3lH,co

nH,CO =

x (¥ g0y 4 %e—r/mzco' (44)
JTTr<v

measurements that can be achieved from Eq. (44) for 1 um
grains.

For thermal degradation, POM production is about 7%
of the total dust amount emitted from Comet Halley if one
consider a 345 K1 pym grain population. For larger grains
(10 um for example), with a smaller radial velocity in the
coma, an equivalent fit can be achieved with~ 335 K.

For smaller grains (0.1 um), with a larger radial velocity
in the coma, the same fit is achieved with a higher grain
temperatureq ~ 350 K). The formaldehyde production di-
rectly from nucleus as parent molecule can be increased
up to 2% relative to water of compensated by small de-
crease ofT' (-5 K) for a result similar to the one pre-
sented Fig. 2b. Such a formaldehyde production rate is
consistent with measurement in Halley ranging from 1.5
to 4.5% (Combes et al., 1988; Mumma and Reuter, 1989;
Snyder et al., 1989), but it cannot be better constrained here.

Thus, the thermal degradation of POM is much more effi-
cient than photodegradation. Moreover the amount of POM
required to account for the Giotto NMS measurements is
realistic, compared to what might be expected in cometary
comae. Indeed Greenberg (1998) has estimated from obser-
vations and laboratory investigations that a cometary nucleus
is made (by mass) of 26% silicates, 23% refractory or-
ganic molecules, 9% polycyclic aromatic hydrocarbons, and
a mixture of volatiles (dominated by water) as the remain-
der. The refractory organic molecules would then represent
about 40% of the non-volatile component of comets. On the
other hand, a laboratory photolyzed® CH3;OH:CO:NH;
ice mixture (ratio 10:5:1:1) leads to the formation of a refrac-
tory organic residue containing 20% ethers and POM-like
polymers (Bernstein et al., 1995), i.e., 8% of the cometary
nucleus and refractory component of grains (20% of the 40%
of organics in the non-volatile component of comet8%
of ethers and POM-like polymers). As already noted, POM
production is more efficient in ices containing®0O and
NH3 when they are submitted to a simple warming process
(Schutte et al., 1993b); in this case they could reach a mass
fraction higher than 8%. Good fits to observations can also
be achieved for higher amounts of POM and lo@webut we
assume that the more polymer is required, the less realistic
the results of our calculations.

Finally, we can extend our conclusions concerning ther-
mal degradation of POM to heterogeneous grains. Cometary
grains themselves are usually considered porous aggregates,
where organic refractory molecules like POM are expected
to be synthesized on the outer layers. The porosity, which
is not parameterized here, is an important factor that could
change our results, because som€B diffusing within the
grain might be trapped. But if we assume that the grain tem-
perature is the only influential parameter controlling#Cid
production rate proportional to the mass of POM, the geom-
etry, composition and size of grains would not influence our
results. This reasoning can then be extended to heteroge-
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neous grains made of refractory material including a certain Table 6
amount of POM emitting formaldehyde throughout its vol- Photo/thermo degradation scale length as a function of the grain size and
ume, as described in this paper. Then we can assume that oufmperature

results can be extended to cometary grains made of about 7% Distance at whictRy is divided bye (km)
of POM. Temperature (K) Ro (um)
10 1 0.1
4.3. Coupled model 250 14 x 108 2.6 x 10P 37x 104
_ . 300 19 x 10° 16x10° 35x 10*
Let us now consider the production of formaldehyde 3s0 33x 10 6.2 x 103 7.1x 103
from combined photo- and thermal-degradation of poly- 400 14 x 10 26 x 107 3.7 x 107

oxymethylene. In the next section of this paper, we USe our y, is the same than in Tables 3 and 5 for each grain size and is calculated
modeling with a ‘Halley-like’ grain distribution. For such  using Egs. (49) to (51).

a study, even if thermal degradation remains the dominant

mechanism for most grains, this may not be the case for all gy integration with boundary conditioR, = R? for r = 0:

of them. Some are slower, colder, and have different pho-

todegradation cross sections exposed to solar UV, whichr, = Rg[—ﬁ + (1+/3)e—r/lT] (47)
could then be the major process. Our model therefore has .
to take into account both mechanisms. with g =17 /I7.

Preliminary results of this model have been presented in  AS previously, we can calculate the lifetime for the grains

Cottin et al. (2001b), but we present here in further detail the &S @ function of the size and temperature of grains (Table 6).
calculations to obtain the density equation, and we extend Since over 300 K thermal degradation dominates, the results

our model to the ‘Halley-like’ grain distribution. for realistic coma temperatures are very similar to those pre-
sented in the previous section, for thermal degradation only.

4.3.1. Grain’s lifetime

Considering a spherical grain made of a fractiorof 4.3.2. BCO density
POM by mass, with radiug, massn, densityu, and tem- The mass budget equation take the same form as Eqgs. (26)
peratureT. The grain is supposed to be an homogeneous and (37) and the pCO production from grains is the sum of
mixture of POM and other materials, rather than consisting Photo- and thermo-production (Egs. (23) and (30)). To solve

of a silicon core coated with a POM layer. the differential equation we proceed with the same integra-
With m, = am the mass of POM in the grain,the dis- tion method as used previously, obtaining:
tance from nucleus, and’ the POM density (%6 x 10° 3
—3 H ) 1 3Q /3 My
kg m~>-Prolabg), assuming Haser's model hypotheses, the ny,co(r) = 5 P -
mass loss by photo- and thermo-degradation can be written: 4mrev [ mugcol” X
d 1 _ _ o 1r/lHyco
% = ——(0C + Mycokma). (45) x [leco(l X)(1—e7"Meco)
r Up

GX =2+ YP) (i -ritco)

Where o is defined Section 4.1.1¢ in Eg. (16) andk
7 1 n Eq. (16) (1/Iryco — 1/17)

Eqg. (31). In this section we still consider virtual pure POM

grains, i.e.u = 1’ anda = 1, but we develop the general (1-3X)(1+1/B)? (e—Zr/IT _ ¢~"/ugeo)
equation that will be used in our Halley-like dust case in the (1/In,co—2/17)
next section, with
3 X(l + 1/:3)3 (e_3r/[T . e—r/leco)i|
4 1/1 -3/1T
mazénRgM/zam = Ra:(c(ﬁ/> R ( / H,CO / )
w _
o + Q,coe™"/ [HZCO}, (48)
2/3 . . .
o= TR2 = <aﬁ) / T R2 whereX = C/mn,coC’ is the inverse of the relative photo-
“ w production of HCO from POM grains.
since This is the general equation for a daughter molecule emit-
dm AR ted from refractory organic material on grains. Its structure
7 =4 ;/Rg 7 z differs from Eq. (13), which describes emission of a daugh-
r r

- o ter species frongas phasehotochemistry. There is no di-
With I” = 3v, /(kMn,co) andl” = 4u'Ryv,/C, represent-  rect equivalent to the scale length as with Eq. (13), therefore
ing the thermal and photo degradation scale lengths respecy discussion about this parameter is useless for identifying

tively, the previous equation can be written as follows: a parent compound in the solid phase. Here, the free para-
dR, R, RO meters ar&u,co, @p. Ro, andT, and these can vary from
o T —l—,,a- (46) grain to grain according to its size and composition.
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4.3.3. Results and discussion

Figure 2c and Table 4 present one of the best fits to Giotto
measurements obtained from Eq. (48). It is achieved with ~
10 pm grains.

This result is similar to the one presented and discussed
in Cottin et al. (2001b). A small difference with previously
published results is due to the fact we adopted smaller er-
ror bars on Giotto measurements in this paper (15% instead
of 35%). The amounts of required pareriCGO and POM

H. Cottin et al. / Icarus 167 (2004) 397-416

are similar to the one obtained in the previous section with
T = 336 K. SinceQn,0 ~ 6 x 10?° s7%, and the grain
production from Halley near perihelion was 10* kgs™*
(Arpigny, 1994), we conclude that the direct®O produc-
tion from the nucleus (i.e., as a monomer) wa8.6% rela-
tive to water, and that assuming a grain sizeRgf= 10 um
POM grains amount- 7% of the total dust mass. From
Eqg. (48) we can verify that the grain lifetime is consistent
with our results at 336 K. An initial POM grain radius of
10 pm (assuming, = 0.25 kms™? (Crifo, 1995)) is re-
duced by~ 40% at 5000 km, thus grains can contribute to
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Fig. 3. Dust grain production from Comet Halley nucleus.
with (according to the same reference)= 4/3 (specific

heats ratio)k the Boltzman constanf,g = 162 K (gas ki-
netic temperature)u, = 3 x 1026 kg (molecular mass of

the extended source throughout all the studied part of thethe 9as, assumed tg b_el equal to the mass of the water mole-
coma. Our model leads to the same fit for the same relativeCule), Q¢ =6 x 10°'s (nastlve gas production) is the
mass of POM £ 7%) for any grain size between 0.1 and 9rain radiusu = 1000 kg n* (grain density);, = 3.8 km

10 um with T ranging from 320 to 336 K. Concerning the
other free parameters in our modén,co variation from

0 to 1.5% relatively to water can be compensated simply
by small variation inT (£5 K). Less native formaldehyde

(nucleus radius). Figure 10 in Crifo (1995) shows that this
velocity is achieved between 10 and 100 km from the nu-
cleus surface.

The temperature of grains can be calculated from an

requires warmer grains, whereas more native formaldehyde@SSumption about their shape (spherical) and composition

requires colder grains.

(Crifo, 1988). Two extreme temperatures for each grain size

As discussed in the thermal degradation section, these@'® achieved according to whether the grain is made of

conclusions also apply to heterogeneous grains.

5. Halley-like dust model

We now extend our model to a ‘Halley-like’ dust dis-
tribution. Figure 3 presents the dust production calculated
from Crifo and Rodionov (1997) (see Table Il in this paper),
assuming a density of 1 g ¢ for grains. Those data are
derived from in-situ measurements presented in McDonnell
et al. (1991).

It must be noted that data for grains up to 1 mg (i.e.,
~ 6 cm in size, points 1 to 29 in Fig. 3) are direct in-situ

measurements, whereas higher values are extrapolation rele-

vant within an order of magnitude uncertainty (Crifo, private
communication).

The grain velocity is calculated with the following equa-
tions from Crifo (1995):

w
X) = : 49
v (0.9 + 0.45x0-615/2 1 0.275x0.615) (49)
1 kT,
:\/<y+ )(V g)’ (50)
y—1 mg
27 RuW
x = LR 51)

mgQyg

olivine (low temperature) or amorphous carbon (high tem-
perature). Olivine stands for the silicate nucleus of grains
with a very low absorption in the visible; it is a temperature
lower limit for grains. Amorphous carbon (aC) is represen-
tative of black matter, and stands as an upper limit for a
strongly absorbing organic component of grains. As grain
composition is poorly known, one cannot pretend to bet-
ter constrain their temperature than between those two ex-
tremes.

Grain temperatures are presented on Table 7 and Fig. 4
(data from Crifo, private communication), those tempera-
tures are reached in the first few tens of kilometers from
nucleus and can be assumed constant (Crifo, 1991).

We have calculated the best fits to Giotto measurements,
taking into account the grain distribution, their velocities and
their temperatures in the following cases:

e temperature lower limit (olivine case);

e temperature upper limit (aC case);

e intermediate temperature (mixture of olivine and organ-
ics), considering grains made of 30% of aC and 70% of
olivine.

For each case we have considered both the first&els
(actual measurements in the coma up to 1 mg) and the all 43
labels (representing extrapolation up to 10 kg, see Table 7).
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Table 7
Halley-like dust model—temperature
i m; (Q) T (K) olivine T (K) aC
1 1.00x 10-17 324 681
2 316x 1017 325 684
3 100x 1016 328 689
4 316x 10716 333 696
5 100x 1015 343 701
6 316x 10715 360 695
7 100x 10~14 377 669
8 316x 10714 387 625
9 100x 1013 390 568
10 316x 10713 384 502
11 100x 10-12 369 434
12 316x 10712 349 373
13 100x10-11 328 329
14 316x 10711 307 305
15 100x 10-10 287 297
16 316x10°10 270 297
17 100x 109 264 302
18 316x 1079 263 307
19 100x 108 267 312
20 316x 1078 271 317
21 100x 107 276 321
22 316x 10°7 280 324
23 100x 106 283 327
24 316x 1076 285 330
25 100x 105 287 332
26 316x 1075 288 335
27 100x 104 289 337
28 316x 1074 290 339
29 100x 103 291 340
30 316x 1073 292 341
31 100x 102 293 342
32 316x 1072 294 343
33 100x 101 294 344
34 316x 1071 294 344
35 100 x 10° 295 344
36 316 x 10° 295 345
37 100x 10t 295 345
38 316 10t 295 345
39 100 x 107 295 345
40 316 x 107 295 346
41 100x 103 295 346
42 316 x 103 295 346
43 100x 10* 295 346

Temperature of grains for olivine and amorphous carbon (aC) composition.
The indexi labels the grain mass; .
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Fig. 4. Grain temperature as a function of size and composition.

sent more than 20% of the amount of complex organics
by itself.

As discussed previously in this paper, we consider both
thermal degradation and photodegradation. For any distance
from the nucleus, if the whole initial amount of POM has
already been degraded, the grain is no longer taken into ac-
count.

The best fit is calculated by minimizing

Z ( Giotto measurementcalculation 2
S = Giotto measurements
- ’

n

n being the number of Giotto measurements available
(n=8). E is an average value of the difference between
Giotto and our calculation. We have chosen to display only
results withS < 25%, and as discussed earlier in this paper,
we consider that only results withh < 15% are consistent
with Giotto measurements.

5.1. Low temperature model

Results are shown in Table 8 and Figs. 5a and 5b. For
the first case, with only the grains measured in the coma of
Comet Halley, the upper limit of 20% of POM is reached.
Best fits may be obtained with more POM, but are not pre-
sented here since they do not appear relevant to us. Best
results, in terms of POM amount and adjustment to data,
are achieved with the whole grain distribution considered

For the last case (intermediate temperature), we have alsqclasses 1 to 43)S = 7%. Thus, in the present temper-

considered an intermediate solution with grainsup to 1 g.
The free parameters are:

e On,co parent (s1).
e Opowm On grains (% in mass of grains). An arbitrary up-
per limit of 20% is set or@pom. Considering laboratory

experiments on cometary and interstellar ice analogs

(Cottin et al., 1999a) and the complexity of residues af-
ter photolysis or irradiation, we consider that it is quite

unrealistic to assume that a single molecule may repre-

ature hypothesis the distribution of formaldehyde can be
interpreted with a rather large amount of grains, no parent
formaldehyde, and with about a percent of POM in mass on
grains.

5.2. High temperature model
Results are shown in Table 8 and Fig. 5c. For the cal-

culation including all the grains (classes 1 to 43) we do
not obtain any consistent solution to display. With a smaller



410 H. Cottin et al. / Icarus 167 (2004) 397-416

Table 8
Best fits with different temperature hypotheses

Intermediate temperature /&0y

Grains Low temperature High temperature

i=1-29 i=1-43 i=1-29 i=1-43 i=1-29 i=1-35 i=1-43
Oh,co(s7Y) 1.1 x 10?8 0 0 - 714 x 1077 0 0
% H,CO 1.8 0 0 - 1.19 0 0
Opowm (%) 20.0 1.15 11 - 20 4 0.79
S 22% 7% 22% > 35% 11% 6% 19%

10° T T
= Giotto Measurements
—_ QHzCOIQHZO=1 8% ]
and POM mass=20% of grains
'R
£
2
% 10°
c
(5]
©
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0(\1
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10* T T T
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Fig. 5. Best fits for (a) = 1-29 and (b) = 1-43 with the low temperature

model, and for (cj = 1-29 with the high temperature model.

mass range for grains (classes 1 to 29), and@gns in-
creases, the amount of POM estimated to obtain the best fit
is less than for the low temperature case: 11% compared to
20%. This time, the best solution does not require any par-
ent formaldehyde, but still, the fit to Giotto measurements is
not really satisfyingS = 22%.

5.3. Intermediate model

Grain temperatures are actually between the two extremes
previously presented. We propose now to discuss in fur-
ther detail results obtained with our model for intermediate
temperatures. Grain temperature depends not only on the
amount of organic matter (which is the heating material), but
also on the way it is mixed with silicates. We then consider
three hypotheses:

(1) Silicates and organics are entirely separated and there
are pure organic grains. Then we can just consider the
high temperature model, which is quite unrealistic.

(2) Silicates and organics are homogeneously mixed. Then
the temperature is an average of extreme values, depen-
dent upon the relative amounts of both components. This
assumption might be a better one, but still is far from be-
ing realistic.

(3) Grains are a heterogeneous mixture of both components
(organics may be a link between silicates to keep them
together, they may wrap silicate cores, etc.). In this case
the temperature of the organic component of grains is
between cases (1) and (2).

Nevertheless those considerations are only speculations
in comparison with what is known vs. assumptions. Despite
all our attempts to reduce complexity of grains in order to
calculateT in the model, one shall keep in mind that the
temperature ofeal cometary grains may varfrom grain to
grain, even within the same size categdrgtween the two
extremes.

Our intermediate model simulates case (2) above. With
regard to our previous reservations and assumptions about
temperature modeling, results should be interpreted as fol-
lows:

e We chose to run the model with 30% of amorphous car-
bon on grains. This is a lower limit of organic material
required to heat the grain. Indeed, amorphous carbon,
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whose properties are used to calculdteis absorb- 7 _‘

. . ] - Giotto measurements

ing more solar photons than any organic compound that ] Q. Q. =12%

would actually be present on grains. Then, probably a ] and POM mass=20% of grains
higher organic content than 30% of aC is needed to
reach the calculated temperature. Nothing more precise
than only “more than 30% in mass of organics is need-
ed” can legitimately be said about it. Greenberg (1998)
estimates that about 40% of cometary grains are made
of organics, consistent with our conclusion here.

e Taking into account that the mixture between silicates | a- Intermediate Temperature
and organics is certainly not homogeneous; again more " grains up to 1 me T '
organics are needed to reach the temperature achieved 1000 2000 3000 4000 5000
by the model. This goes in the same direction as the pre- Distance from nucleus (km)
vious point. @)

e Those assumptions do not affect the other free parame- "7 Gi '

] - iotto measurements

ters of the mOde|QHzco, OPOM- Q,,0o/Qy o=0%
and POM mass=4% of grains

H,CO density (cm"")

Results are shown in Table 8 and Fig. 6. According to this
model: 0< Qn,co < 7.14 x 10?7 s71, 0.79% < Qpom <
20%. The best fit to Giotto measurement in all our simula-
tions (S = 6%) is achieved for this intermediate temperature
model when only grains up to 1 g are incorporated into our
calculations. One can consider this assumption as an attempt ]
to take into account that the total amount of grains is not well | b - Intermediate Temperature
constrained for grains above 10 mg, and that production of grainsupto 1 g
H>CO from the bulk of large grains is probably limited by 10* .

diffusion throughout the surface of the large grains. 1000 2000 s000 400 5000
Distance from nucleus (km)

(b)

H,CO density (cm'a)

5.4. Discussion . | .
=  Giotto measurements
Results obtained with the Halley-like dust model are sum- ] Q0o/Qy =0%
marized in Fig. 7. Our knowledge of the total amount of ] and POM mass=0.8% of grains |
grains, and their composition (and hence their temperature), i
provides only a range of results between extreme cases, &
rather than a firm conclusion. No relevant result is obtained *g 10°4 .
at high temperature with the full range of grains, those ones 3
being too hot and too abundant to fit observations. Three §
other cases are slightly out of the limits we s&t< 15%), T
those are the cases including the small range of grains at low 1 c- Intermediate Temperature
and high temperatures, and the one with the full range of . | grainsupto 10kg
grains for intermediate temperature. Removing these cases, 1000 2000 3000 4000 5000
production of parent formaldehyde from the nucleus is esti- Distance from nucleus (km)
mated to be between 0 and 1.2%, and the amount of POM (c)

between 0.8 and 20% relative to the total mass of grains. Thisgy ¢ gest fits for (aj = 1-29, (b)i = 1-35, and (c} = 1-43 with the
large range reflects our lack of strong constraints on grain intermediate temperature model.
parameters. In terms of the low amount of POM, and good

fit to Giotto measurements, the best results are obtained if
we consider a lot of cold graingXpom = 1% andsS = 7%) that if POM is released entirely from small and large grains

and for the middle case with intermedidteand intermedi-  Wwithin 10° km, grains with a size of order 10 pum (the cold-
ate amount of grains@pom = 4% andS = 6%). This last est ones) can contribute to an extended source of POM up to
result is probably the most realistic since it is obtained with 10° km from the nucleus. Figure 9 shows the contribution of
“average” cometary grain conditions. We choose this case grain size to the extended formaldehyde. No contribution for
to discuss in further detail the contribution of grains to the grains below 1 um is shown, because all polyoxymethylene
overall coma composition. Figure 8 presents the percentages released before 1000 km from the nucleus, because the
of POM lost from grains as a function of their size (i.e., temperature of these grains is larger than for bigger grains.
temperature) and their distance from the nucleus. It showsTheir contribution is not displayed on the figures due to scale
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-

Low T (olivine)  Intermediate T (olivine/aC 30%) High T (aC)
Small range  Full range Small range range of Fullrange Small range Full range
of grains  ofgrains  of grains grains of grains  of grains of grains
Qpon% | 20 ‘ 1 20 | 4 ‘ 0.8 ’ 1 |
(2] [ [ [0 0 [
0, . . . . . .
% | z ‘ | ! ‘ | " ‘ | ¢ ‘ | v ’ 2 | >3 Fig. 9. Intermediate temperature and intermediate range of grains. Contri-

bution to the production of extended formaldehyde in the coma as a function
Fig. 7. Summary of results calculated with our model including both photo- of grain size and distance from the nucleus.
and thermal-degradations of POM. From the nuclevy § grain temper-
ature hypotheses are considered (aC: amorphous carbon). Grains incorpo-

Opowm is the percentage in mass of POM in the refractory component of
grains,Qn,co is the ratio to water of parent formaldehyde, ani the di-
vergence between our results and Giotto measurements estimated with a 3
percent error bars.

rated into our calculations are: up to 1 mg for the small range1—-29), up 107 . . . - . .
to 1 g for the intermediate range £ 1-35), up to 10 kg for the full range E
(i = 1-43). Results for the best fit obtained are displayed below each case. o]

10

Scale length (ki)
3
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Fig. 10. Scale lengths for photo- and thermal-degradation of PGQMr{d
I;) as a function of the grain size.

0,030

0,025 — —
Fig. 8. Intermediate temperature and intermediate range of grains. Fraction
of the total amount of POM lost by degradation as a function of grain size
and distance from the nucleus. 0,020 )

% 0,20
factors, and for better clarity of the 3D graphs. For such an'om 030N 25 0.30 1
small grains, one can see (Fig. 10) that the thermo degra-g
dation scale length is less than 100 km. 0.0107 7
Figure 10 also shows that thermal degradation dominates 1 010 015

the whole grain size distribution except on a range between 0005+ 7
1 to 10 microns. For this last population the degradation is 1 0,07
dominated by photolysis up to distances larger thahkio 0,000 : : ‘ s
from the nucleus. In the region covered by the Giotto mea- 000 001 002 003 004 005
surements (1500 to 4500 km for nucleus), the production of POM mass /grain mass

the extended source of2B0 is dominated by the thermal Fig. 11. Intermediate temperature and intermediate range of grains. Pro-

deg'fadation of POM on the larger grains. jected difference between model and Giotto observatishsg a function
Figure 11 shows the discrepancy between our model andof 0pom (% POM in grains) and,co (% Ow,co/ CH,0)- Only solu-

Giotto measurements (measured as a functiors)ofvs. tions with § < 30% are displayed.
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Qprowm (% POM in grains) and2w,co (% QH,co/ OH,0)- tons and/or heat and that they release volatile fragments in
The best solution (already presented above) is shown at thethe coma.

bottom and on the right of the figure: no parent formalde-  We present new equations to model the distribution of
hyde and 4% of POM. However, the graph shows that the daughter molecules as a function of distance from nucleus,
range of solutions for whicl§ < 15% is rather well con-  when such compounds are released from a parent in the solid
strained regarding the amount of POM5% < Qpom < phase on grains: by photodegradation, thermal degradation,
4.5%. It also shows that some parent formaldehyde©% or a combination of both processes. Based on quantitative
On,co < 1.2% can be emitted from the nucleus. We think measurements of the production of formaldehyde from poly-
unlikely for H,CO not to be present at all as a parent oxymethylene, we show that the degradation of this polymer
molecule. This compound has been detected in the inter-is so far the best interpretation for formaldehyde measure-
stellar medium in the gas phase (Snyder et al., 1969) asments in Comet Halley. Because of the large number of
well as in the solid phase (Keane et al., 2001), moreover it Uncertain parameters (mostly grains di.stribution and tem-
is easily synthesized when ice mixtures containingH- perature) we cannot derive a sharp estimate of the amount
CO or CHOH are photolyzed (Allamandola et al., 1988; of POM on cometary grains. Nevertheless, according to our
Bernstein et al., 1995) or irradiated with protons (Moore et different hypotheses, 1% Qpom < 20% in mass of grains,

al., 1991, 1996; Hudson and Moore, 1999»QH CO, and with a nominal value of about 3 to 4%, and a related mix-
CH3OH are among the most abundant molecules detecteding ratio for parent formaldehyde between 0 to 1.2%, with
in comets, and are known to be parent molecules (at leastd nNominal value of a few tenths of a percent. Both nominal
partially, in the case of CO (DiSanti et al., 1999)). Native values are quite realistic if one refers to previous estimates
formaldehyde has also been detected in comets through higHPased on observations and laboratory work (Bernstein et
resolution near-IR spectroscopy (see for example the case oftl-» 1995; Greenberg, 1998; Bockelee-Morvan et al., 2000).
153P/Ikeya Zhang, C/1999 H1 (Lee) and C/2001 A2 (Lin- Without being a definitive evidence for the presence poly-
ear) (DiSanti et al., 2002a, 2002b)). In Comet Hale—Bopp, Mers in comets, we conclude that the presence of POM-like
formaldehyde molecular abundance is estimated to be 1.19g°0lymers in the solid state on cometary grains is to date the
in the coma assuming an extended source (Bockelée—Morvarp?St interpretation of observations that have remained puz-
etal., 2000), with a contribution of the nucleus not exceeding 2/ing for a long time.

6% (Wink et al., 1999). This implies that the parertGO This study will be extended to new measurements on
is present at a level of at most 0.1%. Therefore, even if Comet Hale—Bopp, in order to validate our hypothesis. This
Halley and Hale—Bopp abundances are not necessarily simfuture work will require further theoretical developments of
ilar, we think that a more realistic solution for our model is ©Ur @pproach and is in progress. (For Comet Hale-Bopp
to consider a fraction of a percent for parenG®, and less W€ deal with ground based observations, and we can both
than 4% in mass of POM. For example, in Fig. 11, we can study the distribution of formaldehyde in the coma and its
see thals ~ 10% with Or,co = 0.5% and'QPOM 3%, As production as a function of heliocentric distance.) New lab-

2 - . . . . .. . .
mentioned earlier in this paper, from Bernstein et al. (1995) °ratory workis also in progress to minimize the uncertainty
and Greenberg (1998), values up to 8% in mass of POM-like in the kinetic con;tants for the degradauon of the PO_M we
polymers can be reached in comets through irradiation of ice use for the experimental part of this study. New quantitative
mixtures. Higher values may also be reached when ices con-measurements will also be undertaken with different kinds
taining H,CO and NH are submitted to thermal processes. of POM-like polymers, different structures, synthesis proce-
Hence, our estimate of the amount of POM is quite con- dures, etc. The sensitivity of our results to those new data

sistent with previous estimates based on observations an .'.” hz_:we to be checked. But the final step toward; the iden-
laboratory work. tification of the parent molecule of formaldehyde in comets

will be its in-situ detection, probably thanks to the Rosetta
mission.

A main conclusion of this study is that we can no longer
neglect the contribution of the refractory organic compo-
nent of cometary grains to the composition of the gaseous

The distribution of formaldehyde in Comet Halley, as coma. Other molecules or radicals present unexplained ex-
reported in Meier et al. (1993), has not been satisfactorily tended sources in comets, for example: CN (Klavetter and
explained, either as a parent molecule released from the nu-AHearn, 1994), HNC (Irvine et al., 1998a; Rodgers and
cleus, or as a daughter product of any known parent gaseouharnley, 1998, 2001), and CO (DiSanti et al., 1999). There
cometary compound. Based on in-situ measurements andare a few candidates to explain the origin of CN or HNC:
laboratory work on cometary ice analogs, it is now estab- hexamethylenetetramine {812N4), HCN polymers, but
lished that cometary grains are probably composed of aonly a few preliminary experimental results have been pub-
mixture of inorganic (silicates) and organic (high molecu- lished so far (Cottin et al., 2002; Fray et al., Experimental
lar weight molecules) material. We propose that refractory study of the degradation of polymers. Application to the
organic molecules can be slowly degraded by solar UV pho- origin of extended sources in cometary atmospheres, sub-

6. Conclusion
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