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Origin of cometary extended sources from degradation of refracto
organics on grains: polyoxymethylene as formaldehyde parent mole
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Abstract

The radial distribution of some molecules (CO, H2CO, HNC, . . . ) observed in the coma of some comets cannot be explained only by
a direct sublimation from the nucleus, or by the photolysis of a detected parent compound. Such molecules present a so-calle
source in comae. We show in this paper that extended sources can be explained by refractory organic material slowly releasin
grains ejected from the cometary nucleus, due to solar UV photons or heat. The degradation products are produced throughou
and therefore are presenting an extended distribution. To model this multiphase chemistry we derive new equations, which are
Comet 1P/Halley for the case of the production of formaldehyde from polyoxymethylene (POM), the polymer of formaldehyde (–CH2–O–)n.
We show that the presence of a few percent of POM on cometary grains (a nominal value of∼ 4% in mass of grains is derived from o
calculations) is in good agreement with the observed distribution, which so far were not interpreted by the presence of any gase
molecule.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

To date, about 25 molecules (excluding ions and ra
cals) have been detected in the atmosphere of comets (c
(Crovisier and Bockelée-Morvan, 1999). Most of them
considered as parent compounds, i.e., they are ejected
the gaseous phase either directly from the cometary nuc
ices or within the first kilometers during the sublimation
ice coated grains. The abundance of such compounds
tive to water is likely to be the same in the nucleus and in
coma. Parent compounds can be dissociated in the com
solar photons and produce daughter fragments. The de
of both gaseous parent and daughter species as a funct
the distance from the nucleus are calculated as distribu
consistent with Haser’s hypotheses (those hypothese
presented and discussed later in this paper) (Haser, 1
However, some detected compounds present strong dis
ancies with Haser’s distribution and other mechanisms h
been evoked.
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(1) Gas phase reactions between species in the com
seems to be the case for HNC produced by the
action HCN+ H → HNC + H in Comet C/1995 O1
(Hale–Bopp) (Irvine et al., 1998b; Rodgers and Cha
ley, 1998).

(2) Production from an unknown parent compound for
origin of H2CO and for the origin of HNC in Comet
C/1996 B2 (Hyakutake) and C/1999 H1 (Lee) (Me
et al., 1993; Irvine et al., 1996; Rodgers and Charn
1998, 2001; Biver et al., 1999, 2000).

The difficulty of that latter approach is the identification
a relevant unknown parent whereas most of the abun
compounds in coma in the gaseous phase are probably
detected. From in-situ measurements (Kissel and Krue
1987), and from laboratory work on cometary and inters
lar ice analogs (see for instance: Greenberg (1982), A
mandola et al. (1988) or Cottin et al. (1999a) for review
we know that cometary grains are rich in complex refr
tory organic material. So far, their potential degradation,
contribution to the gaseous phase, has never been qua
tively investigated. First and foremost, intrinsic degradat
data (kinetics, products) for potential candidates are m
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ing. Candidate refractory parent compounds can potent
be established from results obtained on laboratory-irradi
interstellar and cometary ice analogs leading to the de
tion of large molecules likely to be present on comets. S
ond, new equations, different than those proposed by H
have to be developed. As a matter of fact, the productio
gaseous daughter molecules from a solid parent comp
involves mechanisms quite different than those usually
cluded in models. In comets, a refractory molecule pre
on grains can be submitted to photodegradation, the
degradation, or both, and release small gaseous molec
whose spatial distributions cannot be described by a pu
native source, nor solely to gas phase reactions in the c

In this paper, we propose to develop a new appro
the degradation of refractory organic material on come
grains, and production of smaller gaseous molecules. T
lustrate this process, the example of the production of H2CO
in Comet 1P/Halley from solid polyoxymethylene is chos
Indeed, new quantitative data about the degradation of
polymer are now available (Cottin et al., 2000, 2001c). T
first section of this paper is a review of the possible p
ence of polyoxymethylene in comets, and thus the validit
our study. Then we describe the classical Haser approa
cometary chemistry, and show that gaseous compounds
not account for the observation of formaldehyde in Co
Halley. Then we present our new equations for three ca
photodegradation, thermal degradation, and a coupled m
eling of both processes. Even if only the last and most c
plete approach is relevant in the case of POM, we chos
develop the three of them in the present paper, since
of the three cases might be the most adapted for spe
molecules other than POM to interpret existing or future
servations. Thus they are presented here and made ava
for any future work. In the last section we present a comp
modeling of formaldehydeproduction from POM, with a r
evant Halley-like dust distribution, and we discuss the ex
to which our results are to be considered.

2. Why study polyoxymethylene?

2.1. Review of POM history in comets

The presence of polyoxymethylene in the interste
medium was evoked for the first time in the middle 197
by Bessel and Wickramasinghe (1975), and by Cooke
Wickramasinghe (1977). This hypothesis was put forw
because of H2CO detection in the gaseous phase (first
tection reported by Snyder et al. (1969)), and becaus
good agreement between POM optical properties and o
vation (polarization spectra). Concerning comets, Vany
and Wickramasinghe (1975) discuss the point that infra
signatures of silicates are similar to those of POM, and
detected silicates may in fact be formaldehyde polym
Nevertheless, by calculating that POM formation in ISM
vironment is not favorable, Goldanskii (1977) showed t
,

l
,

.

f
-

:
-

le

-

the claim of the presence of POM in space has to be ta
with caution, although it cannot be excluded. But our kno
edge of interstellar chemistry has improved since that ti
and his conclusions should be reconsidered. He was de
with formation of 1000 monomer units at 4 K, whereas
presently know that the interstellar environment presen
wide range of temperatures, and experimental simulat
show that POM formation occurs after thermal proces
(Schutte et al., 1993b) and photolysis (Bernstein et al., 1
of interstellar ice analogs. Moreover, shorter polymer m
cules also have to be considered, and the study of 1000
molecules was an arbitrary choice. Woon (1999) has rece
published ab initio calculations about H2CO/NH3 mixtures
in water, which yield a production of small amine-termina
(–NH2) POM-chains at temperatures as low as 40 K. T
production of larger-chain polymers has not yet been th
retically explained, and might require higher temperatur

Ten years after this first tentative detection, the prese
of POM in comets was invoked again to interpret a m
spectrum obtained with the PICCA instrument on board
Giotto spacecraft, between 8200 and 12600 km from the
cleus of Comet Halley. Indeed, Huebner (1987) sugge
that the alternation of patterns with�m/z = 14 and 16 is
consistent with a sequence of –CH2– (m = 14) and –O–
(m = 16), which comprises the polymer (Huebner, 19
Huebner et al., 1987).

Huebner’s hypothesis seems to be confirmed by Mö
and Jackson (1990) and Moore and Tanabé (1990) who
performed POM mass spectra that fit observation. Howe
these conclusions have been reconsidered. Mitchell e
(1992) have shown that the PICCA mass spectrum is
specifically characteristic of POM: the regular pattern
served is only the signature of a mixture of organic mo
cules composed of C, H, O, N atoms. Thus, even if the p
ence of POM cannot be ruled out, the observed spectru
not sufficient to established its presence definitively. Ne
theless, Mitchell’s conclusion strengthens the idea that
molecular weight organic molecules are present in come

In addition to the PICCA observations, polyoxymeth
ene has been synthesized in experimental simulation o
ergetic processes on cometary or interstellar ice analog
is synthesized in ices containing H2O, H2CO, CH3OH, CO,
and NH3 submitted to UV photolysis or thermal process
(Bernstein et al., 1995; Schutte et al., 1993a, 1993b). The
ter mechanism seems to be the most efficient. Therefore
presence of a significant amount of POM in comets co
indicate a history of domination by thermal transformat
rather than by UV or energetic particle bombardment (
Cottin et al. (1999a) for a review of experimental simulat
on ice analogs). Thus, the presence of POM in comets is
an open and important question.

2.2. H2CO extended source

Cometary formaldehyde was detected for the first t
in 1986 in Comet Halley with the infrared instrument IK
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Table 1
Molecules with extended sources in comets (ions and radicals have
excluded)

Molecule Comet Reference
with
extended
source

H2CO Halley (Meier et al., 1993
Hyakutake (Lis et al., 1997
Hale–Bopp (Bockelée-Morvan et al., 1998; Wink et al., 199

CO Halley (Eberhardt et al., 1987
Hyakutake (DiSanti et al., 2003
Hale–Bopp (DiSanti et al., 1999

OCS Hale–Bopp (Dello Russo et al., 199
SO Hale–Bopp (Bockelée-Morvan et al., 199
HNC Hale–Bopp (Irvine et al., 1998a; Rodgers and Charnley, 19

on board Vega 1. Its production rate from nucleus was t
estimated to be 4% relative to water (Combes et al., 19
Mumma and Reuter, 1989), whereas observations at r
wavelengths led to an estimate of about 1.5% (Mumma
Reuter, 1989; Snyder et al., 1989).

Meier et al. (1993) studied measurements performed f
1740 to 4400 km from nucleus with the NMS mass sp
trometer on board Giotto. They show that the formaldeh
density profile, as a function of cometocentric distance, c
not be explained by direct release of formaldehyde from
nucleus, expanding with spherical symmetry and photoly
by solar UV. On the contrary, it looks like its productio
rate increases with the distance. Since these measurem
were made within about one hour, native production (fr
the nucleus) would have had to increase by a factor t
during that time period to account for observation, wher
the production rates of molecules like H2S and CH3OH were
constant within an uncertainty of±20%. Moreover, it can
not be explained by inhomogeneous emission, since al
gaseous molecules are well mixed within the first kilome
of the coma.

This implies the presence of anextended source(or addi-
tional source) of formaldehyde in Comet Halley. It does
seem to be a direct H2CO emission from cometary grain
because ices coating them sublimate within the first
kilometers from the nucleus. Moreover, if it were a co
sistent explanation, such a phenomenon should be obs
for the other detected gaseous molecules, whereas it is
seen for few (Table 1). Therefore it is likely that the refra
tory organic component of comets might be involved in t
process, through its degradation.

It must be noted that an extended source of formaldeh
has also been detected in Comets Hyakutake (Biver e
1999; Lis et al., 1997) and Hale–Bopp (Bockelée-Morva
al., 1998; Wink et al., 1999). So that phenomenon is co
mon to all comets that have been observed with sensit
sufficient to detect it, yet there is no quantitative explana
to interpret it.

A fraction of the carbon monoxide extended source is
sociated to H2CO, because the photochemistry of this mo
ts

d

cule produces CO. But the difference in abundance betw
these two molecules (about ten times less H2CO than CO)
demonstrates that the extended source of CO in Comet H
Bopp (50% of the total observed CO within 1.5 AU from t
Sun (DiSanti et al., 1999)) cannot originate exclusively fr
formaldehyde chemistry.

Considering the points we discussed in the previous
tion of this paper, polyoxymethylene is often pushed forw
to provide the H2CO extended source (see, e.g., Boice
al., 1990; Meier et al., 1993; Biver, 1997; Greenberg and
1998; Eberhardt, 1999). We now show that this idea is c
sistent with what was known about the physico-chemi
of the polymer, but until very recently important quanti
tive data were missing to allow a discerning analysis of
hypothesis.

2.3. POM photodegradation and radiolysis: previous
works and latest results

Polyoxymethylene is commonly used as a source of p
formaldehyde by simple heating. Indeed, commercial H2CO
contains some methanol to avoid its polymerization. T
pure thermal degradation of POM is one mechanism
consider for formaldehyde production in comets. Anot
mechanism is the degradation of the polymer by photo
photodegradation.

There are few data relevant to the cometary envir
ment, related to POM photodegradation. Most studies h
dealt with oxidative photodegradation of POM, i.e., in t
presence of molecular oxygen. Chemical mechanisms, p
ucts and reaction yields should be very different from th
that could be obtained without O2 (Rabek, 1995). Irra
diation of POM under vacuum and for wavelengths
low 200 nm were first reported by Roessler et al. (199
This work concludes with the detection of CO and H2CO
in the gas phase (identified by direct MS), while an
frared analysis of the solid irradiated residue reveals
presence of ester functions. Unfortunately, this study
mains qualitative, and has not been pursued further to
knowledge. More is known about POM radiolysis, i.e.,
radiation with particles with energy high enough to io
ize the molecule (gamma rays, electrons, and photons
low 100 nm). Under vacuum, the polymer irradiated
1 MeV electrons produces several gaseous compo
such as H2, CH4, CO, H2CO, CH3CHO, CH3OCHO,
CH3OCH2OCH3, CH3OCH2OCHO, and H2O. The produc-
tion yield of formaldehyde from the polymer is GH2CO =
4 ± 1 (Fischer and Langbein, 1967; Dole, 1973; Shala
1979) (note:G-value is defined as the number of molecu
produced per 100 eV of energy absorbed from ionizing r
ation).

Recently, we have performed a quantitative experime
study of polyoxymethylene degradation:

• Photodegradation: we have identified the main gase
photodegradation products of polyoxymethyle
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H2CO, CO, HCOOH, CO2, CH3OH, CH3OCHO,
CH3OCH3OCH3, and C3H6O3 (trioxane). We have de
termined the production quantum yields for formald
hyde (φ122 nm= 0.75±0.21,φ147 nm= 0.96±0.19) and
formic acid (φ122 nm= 0.13± 0.05, φ147 nm= 0.26 ±
0.10), and roughly estimated the yields for the ot
compounds (Cottin et al., 1999b, 2000).

• Concerning thermal degradation, we have verified
H2CO is the only product, and determined the variat
of its production rate as a function of temperature (ba
on A = 8.7 × 105 mol g−1 s−1 ± 60% andEa = 74.2
kJ mol−1 ± 10%, for the Arrhenius constant and the a
tivation barrier, respectively; see Cottin et al. (2001c

We expect these results (φ’s for photodegradation an
A, Ea for thermal degradation) to be useful for interpr
ing cometary observations, as well as for further theore
studies such the one we present below.

Polyoxymethylene seems to be a good candidate as a
ent molecule for extended H2CO based on the following:

• it is produced during experimental simulations p
formed with cometary and interstellar ice analogs;

• its detection in Comet Halley is controversial but can
be ruled out;

• its degradation due to heating as well as photon
charged particle bombardment leads to the produc
of formaldehyde.

This polymer (POM) is therefore appropriate for stud
ing the contribution of the solid organic phase of comet
grains to the gas phase composition of the coma.

3. Haser’s model

A brief description of the model and its preliminary r
sults have already been presented in Cottin et al. (2001a
propose here to describe the algebraic approach we de
concerning the production of gaseous molecules from
solid phase. Equations involved to describe such heter
neous chemistry derive but are different from the ones
ally used for cometary gas phase chemistry. Our work dif
from previous studies on this subject (Boice et al., 19
Meier et al., 1993), where the POM photochemistry w
modeled in the gaseous phase with estimated rate co
cients, with no parameterization for H2CO thermal produc
tion.

First, the classical approach that describes density
files for parent and daughtergaseousmolecules in comet
is recalled in detail. On this basis, we present extension
those equations to the production of gaseous molecules
compounds in thesolidphase. Three cases are developed
low:

• photodegradation;
-

p

-

-

• thermal degradation;
• combined photo and thermal degradation.

Each model will be illustrated with solid POM producin
gaseous H2CO. Although only the last case will be used
this paper with a ‘Halley-like’ dust distribution (this appea
to be the most relevant for the POM polymer case), we th
it is worthwhile to describe each mechanism in this pa
All three cases can be more or less adapted according t
solid molecule considered. Therefore this detailed treatm
might be useful for future studies of extended sources an
precursors.

The complexity of comae dynamics leads to making s
plifying hypotheses to describe the density profile of a pa
cle (gaseous molecule or solid grain) in the inner coma.
most commonly used model is the one described by H
(1957), and assumes the following:

(1) spherically-symmetric outflow from the nucleus: t
emission is uniform from all the nucleus surface, or
emitted particles are well mixed within the first kilom
ters;

(2) steady state: the nucleus production is constant ove
time-scale of the modeled process;

(3) radial expansion at a constant velocity, which me
no collisions, no excess velocities during photodiss
ation;

(4) molecules and radicals are only destroyed by ph
chemistry with constant rate coefficients and with
chemical reaction between two compounds.

Hypothesis (3) (constant outflow speedv) frees us from
the dynamic equation. Only the budget of mass has to
considered, which is written under its Eulerian form:

(1)
∂n

∂t
+ div(nv)=

∑
i

Si ,

wheren (cm−3) is the number density of the considered p
ticle, and theSi represent its sources and sinks.

In a simple case, with particles ejected from the nuc
and not being destroyed, one can write:

(2)
∂n

∂t
+ div(nv)= 0

with ∂n/∂t = 0, because of steady state (hypothesis (2))
For particles undergoing spherically symmetric flow, w

v being constant (hypothesis (3)), we obtain the density
distancer from the nucleus in the absence of particle
struction:

(3)n(r)= Q

4πr2v
.

WhereQ is the production rate of particles from the nucle
(s−1). This allows to determine the density of grains a
function of the distance from the nucleus.
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Fig. 1)
3.1. Parent compound

A first step in complexity can then be achieved: molec
M is emitted from the nucleus with a production rateQM ,
and is photodissociated by solar UV. The sink of this mo
cule can be written as a function of its number densitynM :

(4)
dnM

dt
= −JnM

with J being the photolysis rate (s−1):

(5)J =
∫
λ

σIΦ dλ.

In Eq. (5),σ is the photon–molecule cross section (cm2), I
is the solar irradiance (photons−1 cm−2 nm−1), andΦ rep-
resents the quantum yield.

With constantv, and assumingr 
 lM (lM = v/J being
the scale length ofM) we obtain by integration of Eq. (1):

(6)nM(r)= QM

4πr2v
e−r/ lM .

This expression is used to determine the density profil
H2CO as a parent molecule, as shown in Fig. 4 (dotted li

3.2. Daughter fragments

Molecules observed in the coma are not necessarily
rectly emitted from the nucleus. Photodissociation of a p
ent compound can produce new species, or an additi
source for another parent molecule. Those photolysis p
ucts are called daughter species.

We now calculate the density profilenD(r) for such a
molecule, photolyzed at a rateJD , and emitted from a par
ent compound, whose production and photodestruction r
are respectivelyQM andJM . Parent and daughter speci
are assumed to expand with a spherical symmetry and a
same velocityv (which is an approximation: photodissoci
tion products receive an excess of kinetic energy comp
to the parent molecule (Crifo, 1994), and in this case
equivalent scale length can be used (Combi and Delsem
1980)).

Thus we have:

(7)
∂nD

∂t
+ div(nDv)= JMnM − JDnD,

(8)⇔ dnDr
2

dr
+ JD

v
nDr

2 = JM

v
nMr

2.

From Eq. (6) and sincel = v/J , we obtain:

(9)
dnDr

2

dr
+ nDr

2

lD
= nMr

2

lM
= f (r)

with

(10)f (r)= QM
e−r/ lM .
4πvlM
l

,

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

(11)nDr
2 = QM

4πv

lD

lM − lD e
−r/ lM +Ke−r/ lD,

K is an integration constant calculated from boundary c
ditions: r 
 lM and r 
 lD , for which exponential term
tend towards 1 so that

nDr
2 → QM

4πv

lD

(lM − lD) +K.

Then we have two possibilities:

• The daughter molecule has no direct source from
nucleus. Then as a boundary condition:nDr2 = 0 and
we get:

(12)nD(r)= QM

4πr2v

lD

lM − lD
(
e−r/ lM − e−r/ lD)

.

• The daughter molecule has also a direct sourceQD from
the nucleus (which appears to be the case for H2CO in
some comets; see, e.g., DiSanti et al., 2002a, 2002b

Then as a boundary condition,nDr2 = QD/(4πv) and we
get:

nD(r)= 1

r2

(
QM

4πv

lD

lM − lD
(
e−r/ lM − e−r/ lD)

(13)+ QD

4πv
e−r/ lD

)
.

In order to discuss the relevance of a gaseous pare
formaldehyde, Fig. 1 and Table 2 present three fits of
previous equation to the Giotto measurements of forma
hyde in Comet Halley published by Meier et al. (1993). T
absolute error of their measurements is reported to be
than 35%. To first order, this absolute error is a system
error caused by uncertainties on reactions rates used to
culate the H2CO density from in-situ MS measurements
the 31 amu e−1 peak dominated by H3CO+. These errors
shift the density scale up or down. Nevertheless, the e
on the slope of the curve is quite insensitive to these r
tion rates, and the random error on each measuremen
be estimated from the scatter of the date at the few per
level. Taking this discussion into consideration, Giotto m
surements are plotted with 15% error bars in the figure
this paper. A detailed discussion about the adjustment o

Table 2
Parameters for the calculation of the best fits to Giotto measuremen
formaldehyde when considering a gaseous parent molecule (see also

JBiver JMeier JCH3OH

QH2CO (s−1) 4.5× 1027 2.0× 1027 7.0× 1027

QM (s−1) 1.9× 1028 2.0× 1028 1.0× 1029

v (km/s) 7.8× 10−1 7.8× 10−1 7.8× 10−1

LH2CO (km) 3.9× 103 3.9× 103 3.9× 103

LM (km) 6.0× 103 4.6× 103 6.0× 104
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Fig. 1. Formaldehyde density profile in Comet Halley: measured by G
(squares), and calculated with (continuous line) or without (dotted line
tended source production. Several fits are presented (see text). The d
profile without extended source is calculated withQH2CO = 1.1×1028 s−1

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

calculations to measurements will be given in the last
tion of the paper for a specific case. The coma expan
velocity has been set to 780 m s−1, which is the mean valu
in the measurement zone (Meier et al., 1993). In the
y

case (a),JM is set to the value proposed by Biver (1997) a
Biver et al. (1999) from estimates of the H2CO parent scale
length in comets Hyakutake, Austin, Levy, and Swift-Tut
JM = 1.3× 10−4 s−1. The best fit presented is achieved
a direct formaldehyde production of about 0.8% from
nucleus (relative toQH2O = 6 × 1029 s−1 from Fink and
DiSanti (1990), for heliocentric distance= 0.9 AU, when
the Giotto measurements were achieved) and 3.8% fo
parent molecule. We useJH2CO = 2 × 10−4 s−1 throughout
this paper (Crovisier, 1994).

Other solutions fitting Giotto measurements can
achieved by adjusting the free parameters of the mo
QH2CO, QM , and JM . Graph (b) is obtained forJM =
1.7×10−4, which is the nominal value proposed by Meier
al. (1993) “We find that the lifetime of the parent is restrict
to the range of0.8 to 1.5 times the lifetime ofH2COwith the
best fit obtained for a factor of1.2,” i.e.,JM = JH2CO/1.2.
This results in a production rate for the parent compoun
QM = 3.3%, and agrees with measurements with 0.3%
native formaldehyde.

None of these solutions corresponds to the photodiss
ation rate of an observed parent molecule likely to prod
formaldehyde. Methanol, actually detected in Comet Ha
might be a relevant candidate. But if H2CO is considered
as the main CH3OH photoproduct (Huebner et al., 199
and adoptingJCH3OH = 1.3 × 10−5 s−1 (Crovisier, 1994),
methanol should be produced at a level of 16% from nuc
relative to water (with∼ 1% of H2CO) to obtain a good
fit to measurements (c). But methanol is only produce
amounts ranging from∼ 1 to 6% in comets (Biver et al
2002). Moreover, as discussed in Bockelée-Morvan e
(1994), formaldehyde is not the main dissociation prod
of methanol, but rather the CH3O◦ methoxy radical. There
fore 16% is a lower limit for the amount of CH3OH required.

Thus, the extended source of cometary H2CO is not con-
sistent with a CH3OH parent.

4. POM grain model and its extension

Thanks to the new experimental data about POM de
dation, we now establish a new set of equations that m
the contribution of solid POM particles to the gaseous ph
through its photo and thermal degradation. Boice et
(1990) tried to estimate the formaldehyde production fr
POM, but with the hypothesis that short polymer chains
emitted from grains and photodissociated in the gas ph
Because of the lack of experimental data, photodissocia
rates were estimated from formaldehyde and related mo
ular bond strengths, without any direct laboratory meas
ment. Meier et al. (1993) showed that those data did no
the Giotto measurements. On the other hand, as under
by those authors, and as we have verified experimen
thermal degradation of solid POM produces only formal
hyde. The presence of short polymer chains in the gas p
would then remain marginal.
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Formaldehyde production from solid grains is a funct
of several unknown parameters: the matrix in which it
imbedded, the geometry of the grains, the chemical st
ture of the polymer, and its temperature. Here, we can o
pretend to simulate the behavior of grains made of a p
mer similar to the one studied in laboratory as a model
high molecular weight compound self-degrading becaus
solar UV and heat.

As a first approach, we apply Haser’s model to p
spherical POM particles uniformly emitted from the nucle
Such hypotheses are certainly far from the reality and c
plexity of the cometary environment, but we shall keep
mind that our goal is to show whether there is a mec
nism that can explain observation, for realistic abundan
of the parent compound. First we will present the case
photodegradation and thermal degradation separately, b
presenting a coupled model with both processes. Then
will use a “Halley-like” heterogeneous grain distribution
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

diusR, exposed to solar UV. This grain will produce diffe
ent gas-phase compounds in the gaseous phase (H2CO, CO,
HCOOH, CO2, CH3OH, CH3OCHO, CH3OCH2OCH3, and
C3H6O3). If we assume that the grain rotates randomly, l
of mass will occur uniformly over its surface.

The grain being spherical, the equivalent cross-sec
exposed to solar UV isσ = πR2.

The production rate of a molecule [M] by photodegrada
tion can then be written:

(14)
d[M]
dt

= σ
∫
λ

fλΦλ dλ,

wherefλ is the solar irradiance photon cm−2 s−1 nm−1 and
φλ is the production quantum yield ofM from the grain
surface at wavelengthλ. We also consider the grain to b
sufficiently thick that each photon is absorbed. If not,
obtain an upper limit for the production rate of the paren

If µ is the mass density of POM (µ = 1.46 × 103

kg m−3—specificationProlabo-France),r is the cometocen
tric distance of the grain outflowing with velocityvp calcu-
lated from Crifo (1995).1 Then, the mass lost from the gra
can be written:

(15)
dm

dr
= 4πµR2dR

dr
.

We takevp to be constant (acceleration should occur wit
the first 100 or so km of the nucleus), andR0 to be the initial
radius of the grain.

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

As mentioned earlier in the paper, H2CO, CO, HCOOH,
and CO2 are the dominant products of POM photodegra
tion. Then:

dm

dt
= −σC = −σ

((
(mH2CO +mCO)

∫
λ

fλΦ
H2CO
λ dλ

)

+
(
mHCOOH

∫
λ

fλΦ
HCOOH
λ dλ

)

(16)+
(
mCO2

∫
λ

fλΦ
CO2
λ dλ

))

with mx representing masses of the molecules.
TheΦX are from Cottin et al. (2000), and through la

of accurate data concerning CO we have assumed th
production quantum yield profile is identical to H2CO. We
have neglected production of CH3OH, CH3OCH2OCH3,
and C3H6O3.

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

C = 6.76× 10−9 kgm−2 s−1,

vp , which is reached in the first few kilometers from the n
cleus (Crifo, 1995) is supposed to be constant at our sc
thusvp dt = dr. We can also assume that all the solar U
flux reaches up to 5–50 km from the nucleus depending
the comet (Crifo, private communication). We can then c
sider that a grain starts being photodegraded as soon
emitted, thus:

(17)
dm

dr
= −σC

vp
.

Comparing Eqs. (15) and (17), we get:

(18)4πµR2dR

dr
= −σC

vp
.

Integration withσ = πR2 andR = R0 at r = 0, we obtain
after integration:

(19)R =R0 − C

4µvp
r for r � 4µvp

C
R0.

If we set:

(20)lp = 4µvpR0

C
= 3M0vp

πR2
0C

as the POM scale length andM0 the initial mass of an indi
vidual POM grain then:

(21)R =R0

(
1− r

lp

)
for r < lp.

According to Lisse et al. (1998), a typical size range of m
cometary grains is between 0.1 and 10 µm. We can then
culatelPOM (for whichR = 0) of POM grains in the com
(Table 3).



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

its
Hal-

as-
n

ider
s
al-
at a

n

t of

di-

s to
).
but

ted

ains
of

self
now

ts of
(see

odel

fit to
s

Table 3
Photodegradation scale length as a function of the grain size

R0 (µm) 10 1 0.1
vp (m s−1) 250 480 680
Grain lifetime (days) 100 10 1
lp (km) 2.2× 106 4.1× 105 5.9× 104

vp is calculated using Eqs. (49) to (51).

The photodegradation rate of grain is low enough for
influence to be observed at the scale of observation in
ley’s coma.

4.1.2. H2CO density
Grain densitynp , as a function of the nucleus distancer,

can be described by an equation similar to Eq. (7) if we
sume uniform emission of particlesQp and radial expansio
with constant velocityvp :

(22)np = Qp

4πr2vp
,

vp is calculated according to the grain size. We cons
here a single size grain population whose radiusR decrease
following Eq. (21). The formaldehyde production rate (c
culated as a density number) from these POM grains
distancer from the nucleus can be written:

(23)

(
dH2CO

dt

)
p

= npσ(r)
∫
λ

fλΦ
H2CO
λ dλ

︸ ︷︷ ︸
C ′

(24)

(
dH2CO

dt

)
p

= Qp

4r2vp
C′

(
R0 − C

4µvp
r

)2

.

The mass budget equation is then:

(25)

∂nH2CO

∂t
+ div(nH2COv)=

(
dH2CO

dt

)
p

− JH2COnH2CO.

(Note: bothv: gas velocity andvp : grain velocity are used i
the following equations.)

With Haser’s model hypotheses we get an equivalen
Eq. (9):

(26)
dnH2COr

2

dr
+ nH2COr

2

lH2CO
= r2

v

(
dH2CO

dt

)
p

= f (r)

with

(27)f (r)= Qp

4πvpl
p

H2CO

(
1− r

lp

)2

and the two scale lengths of grain destructionlp and of
H2CO production from grainslpH2CO

lp = 4µvpR0

C
= 3m0vp

πR2C
and l

p

H2CO = v

πR2C′ .

0 0
The general solution for Eq. (26) is:

nH2COr
2 = Qp

4πvp

lH2CO

l
p

H2CO

[(
1+ (lH2CO − r)

lp

)2

(28)+
(
lH2CO

lp

)2]
+Ke−r/lH2CO,

whereK is an integration constant set by boundary con
tions. If we set forr → 0, nH2CO × r2 =QH2CO/(4πv), we
finally get:

nH2CO = Qp

4πr2vp

lH2CO

l
p

H2CO

[[
1+ 2

lH2CO

lp

(
1+ lH2CO

lp

)]

×
(

1− e−r/lH2CO

)
− r

lp

(
2+ 2

lH2CO

lp
− r

lp

)]

(29)+ QH2CO

4πr2v
e−r/lH2CO.

4.1.3. Results and discussion
Figure 2a and Table 4 presents one of the best fit

Giotto measurements that can be achieved from Eq. (29
The result seems to be very good for 1 µm grains,

the amount of POM emitted from the nucleus (3.48× 104

kg s−1) is more than the average grain production estima
for Comet Halley (∼ 104 kg s−1 (Arpigny, 1994)). Thus, to
explain the observations, it seems as though even if all gr
were POM, the yield would still be too small by a factor
∼ 3.5.

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

Table 4
Parameters for the calculation of the best fits to Giotto measuremen
formaldehyde when considering the degradation of polyoxymethylene
also Fig. 2)

Photodegradation Thermal degradation Coupled m

QH2CO (s−1) 6.50× 1027 3.30× 1027 3.30× 1027

Qp (s−1) 5.70× 1018 1.10× 1017 1.10× 1014

v (km s−1) 7.80× 10−1 7.80× 10−1 7.80× 10−1

vp (km s−1) 4.80× 10−1 4.80× 10−1 2.50× 10−1

LH2CO (km) 3.90× 103 3.90× 103 3.90× 103

µ (g km−3) 1.46× 1015 1.46× 1015 1.46× 1015

R0 (km) 1.00× 10−9 1.00× 10−9 1.00× 10−8

T (K) – 345 336
k (g−1 s−1) – 3.55× 10−6 1.90× 10−6

lp/lT /lT (km) 4.15× 105 6.39× 103 1.34× 104

l
p
H2CO/l

T
H2CO/l

p 4.90× 10−6 4.90× 10−6 2.16× 106

(km)
Emitted mass 3.48× 104 6.72× 102 7.34× 102

(kg s−1)

T andR0 are free parameters. They are adjusted to obtain the best
measurements. This is the reason whyT andR0 may vary from one proces
to another.
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Fig. 2. Formaldehyde density profile in Comet Halley: measured by G
(squares), and calculated with an extended source from polyoxymeth
(continuous line) if the degradation of the polymer is (a) photodegrada
(b) thermal degradation or (c) both.

4.2. Thermal degradation

We are now going to describe the thermal production
a gaseous compound from a solid precursor, in the cas
H2CO production from solid POM.
f

4.2.1. Grain lifetime
Let us consider a spherical grain made of POM, with

diusR, massm, and temperatureT .
The H2CO production rate (mol s−1) can be written:

(30)
dH2CO

dt
= km

with k given by the Arrhenius law:

(31)k =Ae−Ea/(RT ),
whereR = 8.314 J mol−1 K−1.

As already mentioned in this paper, the Arrhenius c
stantA = 8.7 × 105 mol g−1 s−1 ± 60% and the activation
barrierEa = 74.2 kJ mol−1 ± 10% (Cottin et al., 2001c).

Then we have:

(32)
dm

dt
= −MH2COkm.

As vp is assumed constant we can write withMH2CO being
the mass of H2CO per mol:

(33)
dm

dr
= −MH2CO

vp
km

comparing with Eq. (15) leads to:

(34)
dR

dr
= −R

3

MH2CO

vp
k

with lT = 3vp/(MH2COk) representing the thermal degrad
tion scale length. The previous equation can be written
follows:

(35)
dR

dr
= −R

lT
.

By integration and again with boundary conditionR = R0
for r = 0:

(36)R =R0e
−r/lT .

The grain lifetime depends only onT and vp . The scale
length lT is the distance at whichR0 is decreased by th
factor 1/e. As shown in Table 5, thermal degradation
grains is very sensitive to temperature and is very effic
for T > 300 K.

Table 5
Thermal degradation scale length as a function of the grain size and
perature

lT (km)

Temperature (K) R0 (µm)

10 1 0.1

250 8.9× 107 1.7× 108 2.4× 108

300 2.3× 105 4.5× 105 6.3× 105

350 3.3× 103 6.4× 103 9.1× 103

400 1.4× 102 2.7× 102 3.8× 102

vp is the same than in Table 3 for each grain size and is calculated
Eqs. (49) to (51).
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4.2.2. H2CO density
The mass budget equation in this case is the sam

Eq. (26):

(37)
dnH2COr

2

dr
+ nH2COr

2

lH2CO
= r2

v

(
dH2CO

dt

)
p

= f (r).

The formaldehyde production from POM grains can be w
ten:

(38)

(
dH2CO

dt

)
p

=Nkm,

whereN is the Avogadro number (N = 6.02× 1023 mol−1),
andm the total mass of POM per unit volume unit in t
coma at a distancer from the nucleus (i.e., in our case t
POM grain mass density).

(39)m= 4

3
πR3µnp = 4

3
πR3µ

Qp

4πr2vp
= R3

3

µQp

r2vp
.

Then we have:

(40)f (r)= Qp

4πvp

1

lTH2CO

e−3r/lT ,

where the H2CO production scale length by thermal proc
and the initial mass of the grain are given by

lTH2CO = v

Nm0
gk

and m0
g = 4

3
πR3

0µ,

respectively. We can then solve the differential equa
(Eq. (37)):

A=
∫
r

f (r)er/ lH2CO dr

(41)= Qp

4πvp

1

lTH2CO

∫
r

e
r

lH2CO
(1−3lH2CO/l

T )
dr.

Then:

nH2COr
2 = Qp

4πvp

lT

lTH2CO

(
lH2CO

lT − 3lH2CO

)
e−3r/lT

(42)+Ke−r/ lH2CO

if r 
 lH2CO andr 
 lT :

(43)

nH2COr
2 = QH2CO

4πv
= Qp

4πvp

lT

lTH2CO

(
lH2CO

lT − 3lH2CO

)
+K

and we finally obtain:

nH2CO = Qp

4πr2vp

lT

lTH2CO

(
lH2CO

lT − 3lH2CO

)

(44)× (
e−3r/lT − e−r/lH2CO

) + QH2CO

4πr2v
e−r/lH2CO.
s
4.2.3. Results and discussion

Figure 2b and Table 4 present one of the best fits to G
measurements that can be achieved from Eq. (44) for 1
grains.

For thermal degradation, POM production is about
of the total dust amount emitted from Comet Halley if o
consider a 345 K/1 µm grain population. For larger grai
(10 µm for example), with a smaller radial velocity in t
coma, an equivalent fit can be achieved withT ∼ 335 K.
For smaller grains (0.1 µm), with a larger radial veloc
in the coma, the same fit is achieved with a higher g
temperature (T ∼ 350 K). The formaldehyde production d
rectly from nucleus as parent molecule can be increa
up to 2% relative to water of compensated by small
crease ofT (−5 K) for a result similar to the one pre
sented Fig. 2b. Such a formaldehyde production rat
consistent with measurement in Halley ranging from
to 4.5% (Combes et al., 1988; Mumma and Reuter, 19
Snyder et al., 1989), but it cannot be better constrained h

Thus, the thermal degradation of POM is much more e
cient than photodegradation. Moreover the amount of P
required to account for the Giotto NMS measurement
realistic, compared to what might be expected in come
comae. Indeed Greenberg (1998) has estimated from o
vations and laboratory investigations that a cometary nuc
is made (by mass) of 26% silicates, 23% refractory
ganic molecules, 9% polycyclic aromatic hydrocarbons,
a mixture of volatiles (dominated by water) as the rema
der. The refractory organic molecules would then repre
about 40% of the non-volatile component of comets. On
other hand, a laboratory photolyzed H2O:CH3OH:CO:NH3
ice mixture (ratio 10:5:1:1) leads to the formation of a refr
tory organic residue containing 20% ethers and POM-
polymers (Bernstein et al., 1995), i.e., 8% of the come
nucleus and refractory component of grains (20% of the 4
of organics in the non-volatile component of comets= 8%
of ethers and POM-like polymers). As already noted, P
production is more efficient in ices containing H2CO and
NH3 when they are submitted to a simple warming proc
(Schutte et al., 1993b); in this case they could reach a m
fraction higher than 8%. Good fits to observations can
be achieved for higher amounts of POM and lowerT , but we
assume that the more polymer is required, the less rea
the results of our calculations.

Finally, we can extend our conclusions concerning th
mal degradation of POM to heterogeneous grains. Come
grains themselves are usually considered porous aggre
where organic refractory molecules like POM are expec
to be synthesized on the outer layers. The porosity, w
is not parameterized here, is an important factor that c
change our results, because some H2CO diffusing within the
grain might be trapped. But if we assume that the grain t
perature is the only influential parameter controlling a H2CO
production rate proportional to the mass of POM, the ge
etry, composition and size of grains would not influence
results. This reasoning can then be extended to hete
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neous grains made of refractory material including a cer
amount of POM emitting formaldehyde throughout its v
ume, as described in this paper. Then we can assume th
results can be extended to cometary grains made of abou
of POM.

4.3. Coupled model

Let us now consider the production of formaldehy
from combined photo- and thermal-degradation of po
oxymethylene. In the next section of this paper, we use
modeling with a ‘Halley-like’ grain distribution. For suc
a study, even if thermal degradation remains the domin
mechanism for most grains, this may not be the case fo
of them. Some are slower, colder, and have different p
todegradation cross sections exposed to solar UV, w
could then be the major process. Our model therefore
to take into account both mechanisms.

Preliminary results of this model have been presente
Cottin et al. (2001b), but we present here in further detail
calculations to obtain the density equation, and we ex
our model to the ‘Halley-like’ grain distribution.

4.3.1. Grain’s lifetime
Considering a spherical grain made of a fractionα of

POM by mass, with radiusR, massm, densityµ, and tem-
peratureT . The grain is supposed to be an homogene
mixture of POM and other materials, rather than consis
of a silicon core coated with a POM layer.

With mα = αm the mass of POM in the grain,r the dis-
tance from nucleus, andµ′ the POM density (1.46× 103

kg m−3-Prolabo), assuming Haser’s model hypotheses,
mass loss by photo- and thermo-degradation can be wri

(45)
dmα

dr
= − 1

vp
(σC +MH2COkmα).

Where σ is defined Section 4.1.1,C in Eq. (16) andk
Eq. (31). In this section we still consider virtual pure PO
grains, i.e.,µ = µ′ andα = 1, but we develop the gener
equation that will be used in our Halley-like dust case in
next section, with

mα = 4

3
πR3

αµ
′ = αm ⇒ Rα =

(
α
µ

µ′

)1/3

R

so

σ = πR2
α =

(
α
µ

µ′

)2/3

πR2

since

dmα

dr
= 4πµ′R2

α

dRα

dr
.

With lT = 3vp/(kMH2CO) andlp = 4µ′R0
αvp/C, represent-

ing the thermal and photo degradation scale lengths res
tively, the previous equation can be written as follows:

(46)
dRα + Rα

T
= −R

0
α

p
.

dr l l
r

-

Table 6
Photo/thermo degradation scale length as a function of the grain size
temperature

Distance at whichR0 is divided bye (km)

Temperature (K) R0 (µm)

10 1 0.1

250 1.4× 106 2.6× 105 3.7× 104

300 1.9× 105 1.6× 105 3.5× 104

350 3.3× 103 6.2× 103 7.1× 103

400 1.4× 102 2.6× 102 3.7× 102

vp is the same than in Tables 3 and 5 for each grain size and is calcu
using Eqs. (49) to (51).

By integration with boundary conditionRα =R0
α for r = 0:

(47)Rα =R0
α

[−β + (1+ β)e−r/lT ]
with β = lT /lp .

As previously, we can calculate the lifetime for the gra
as a function of the size and temperature of grains (Tabl
Since over 300 K thermal degradation dominates, the re
for realistic coma temperatures are very similar to those
sented in the previous section, for thermal degradation o

4.3.2. H2CO density
The mass budget equation take the same form as Eqs

and (37) and the H2CO production from grains is the sum
photo- and thermo-production (Eqs. (23) and (30)). To so
the differential equation we proceed with the same inte
tion method as used previously, obtaining:

nH2CO(r)= 1

4πr2v

{
3Qpβ3mα

mH2COlT X

×
[
lH2CO(1−X)(1− e−r/lH2CO

)
+ (3X− 2)(1+ 1/β)

(1/lH2CO − 1/lT )

(
e−r/lT − e−r/lH2CO

)
+ (1− 3X)(1+ 1/β)2

(1/lH2CO − 2/lT )

(
e−2r/lT − e−r/lH2CO

)
+ X(1+ 1/β)3

(1/lH2CO − 3/lT )

(
e−3r/lT − e−r/lH2CO

)]

(48)+QH2COe
−r/lH2CO

}
,

whereX = C/mH2COC
′ is the inverse of the relative photo

production of H2CO from POM grains.
This is the general equation for a daughter molecule e

ted from refractory organic material on grains. Its struct
differs from Eq. (13), which describes emission of a dau
ter species fromgas phasephotochemistry. There is no d
rect equivalent to the scale length as with Eq. (13), there
a discussion about this parameter is useless for identif
a parent compound in the solid phase. Here, the free p
meters areQH2CO,Qp , R0, andT , and these can vary from
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 G

measurements obtained from Eq. (48). It is achieved
10 µm grains.

This result is similar to the one presented and discu
in Cottin et al. (2001b). A small difference with previous
published results is due to the fact we adopted smalle
ror bars on Giotto measurements in this paper (15% ins
of 35%). The amounts of required parent H2CO and POM
are similar to the one obtained in the previous section w
T = 336 K. SinceQH2O ∼ 6 × 1029 s−1, and the grain
production from Halley near perihelion was∼ 104 kg s−1

(Arpigny, 1994), we conclude that the direct H2CO produc-
tion from the nucleus (i.e., as a monomer) was∼ 0.6% rela-
tive to water, and that assuming a grain size ofR0 = 10 µm
POM grains amount∼ 7% of the total dust mass. Fro
Eq. (48) we can verify that the grain lifetime is consist
with our results at 336 K. An initial POM grain radius
10 µm (assumingvp = 0.25 km s−1 (Crifo, 1995)) is re-
duced by∼ 40% at 5000 km, thus grains can contribute
the extended source throughout all the studied part of
coma. Our model leads to the same fit for the same rela
mass of POM (∼ 7%) for any grain size between 0.1 a
10 µm withT ranging from 320 to 336 K. Concerning th
other free parameters in our model,QH2CO variation from
0 to 1.5% relatively to water can be compensated sim
by small variation inT (±5 K). Less native formaldehyd
requires warmer grains, whereas more native formalde
requires colder grains.

As discussed in the thermal degradation section, th
conclusions also apply to heterogeneous grains.

5. Halley-like dust model

We now extend our model to a ‘Halley-like’ dust di
tribution. Figure 3 presents the dust production calcula
from Crifo and Rodionov (1997) (see Table II in this pape
assuming a density of 1 g cm−3 for grains. Those data ar
derived from in-situ measurements presented in McDon
et al. (1991).

It must be noted that data for grains up to 1 mg (i
∼ 6 cm in size, points 1 to 29 in Fig. 3) are direct in-s
measurements, whereas higher values are extrapolation
vant within an order of magnitude uncertainty (Crifo, priv
communication).

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

(49)vp(X)= W

(0.9+ 0.45X0.615/2 + 0.275X0.615)
,

(50)W =
√(

γ + 1

γ − 1

)(
γ kTg

mg

)
,

(51)X = 2πRµWrn
m Q
g g
-

Fig. 3. Dust grain production from Comet Halley nucleus.

with (according to the same reference)γ = 4/3 (specific
heats ratio),k the Boltzman constant,Tg = 162 K (gas ki-
netic temperature),mg = 3 × 10−26 kg (molecular mass o
the gas, assumed to be equal to the mass of the water m
cule),Qg = 6 × 1029 s−1 (native gas production),R is the
grain radius,µ= 1000 kg m−3 (grain density),rn = 3.8 km
(nucleus radius). Figure 10 in Crifo (1995) shows that
velocity is achieved between 10 and 100 km from the
cleus surface.

The temperature of grains can be calculated from
assumption about their shape (spherical) and compos
(Crifo, 1988). Two extreme temperatures for each grain
are achieved according to whether the grain is mad
olivine (low temperature) or amorphous carbon (high te
perature). Olivine stands for the silicate nucleus of gra
with a very low absorption in the visible; it is a temperatu
lower limit for grains. Amorphous carbon (aC) is repres
tative of black matter, and stands as an upper limit fo
strongly absorbing organic component of grains. As g
composition is poorly known, one cannot pretend to b
ter constrain their temperature than between those two
tremes.

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

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

• temperature lower limit (olivine case);
• temperature upper limit (aC case);
• intermediate temperature (mixture of olivine and org

ics), considering grains made of 30% of aC and 70%
olivine.

For each case we have considered both the first 29i labels
(actual measurements in the coma up to 1 mg) and the a
labels (representing extrapolation up to 10 kg, see Tabl
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Table 7
Halley-like dust model—temperature

i mi (g) T (K) olivine T (K) aC

1 1.00×10−17 324 681
2 3.16×10−17 325 684
3 1.00×10−16 328 689
4 3.16×10−16 333 696
5 1.00×10−15 343 701
6 3.16×10−15 360 695
7 1.00×10−14 377 669
8 3.16×10−14 387 625
9 1.00×10−13 390 568

10 3.16×10−13 384 502
11 1.00×10−12 369 434
12 3.16×10−12 349 373
13 1.00×10−11 328 329
14 3.16×10−11 307 305
15 1.00×10−10 287 297
16 3.16×10−10 270 297
17 1.00× 10−9 264 302
18 3.16× 10−9 263 307
19 1.00× 10−8 267 312
20 3.16× 10−8 271 317
21 1.00× 10−7 276 321
22 3.16× 10−7 280 324
23 1.00× 10−6 283 327
24 3.16× 10−6 285 330
25 1.00× 10−5 287 332
26 3.16× 10−5 288 335
27 1.00× 10−4 289 337
28 3.16× 10−4 290 339
29 1.00× 10−3 291 340
30 3.16× 10−3 292 341
31 1.00× 10−2 293 342
32 3.16× 10−2 294 343
33 1.00× 10−1 294 344
34 3.16× 10−1 294 344
35 1.00× 100 295 344
36 3.16× 100 295 345
37 1.00× 101 295 345
38 3.16× 101 295 345
39 1.00× 102 295 345
40 3.16× 102 295 346
41 1.00× 103 295 346
42 3.16× 103 295 346
43 1.00× 104 295 346

Temperature of grains for olivine and amorphous carbon (aC) compos
The indexi labels the grain massmi .

For the last case (intermediate temperature), we have
considered an intermediate solution with grains up to 1 g

The free parameters are:

• QH2CO parent (s−1).
• QPOM on grains (% in mass of grains). An arbitrary u

per limit of 20% is set onQPOM. Considering laborator
experiments on cometary and interstellar ice ana
(Cottin et al., 1999a) and the complexity of residues
ter photolysis or irradiation, we consider that it is qu
unrealistic to assume that a single molecule may re
Fig. 4. Grain temperature as a function of size and composition.

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

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

The best fit is calculated by minimizing

S =
√∑(Giotto measurement−calculation

Giotto measurements

)2

n
,

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

5.1. Low temperature model

Results are shown in Table 8 and Figs. 5a and 5b.
the first case, with only the grains measured in the com
Comet Halley, the upper limit of 20% of POM is reache
Best fits may be obtained with more POM, but are not p
sented here since they do not appear relevant to us.
results, in terms of POM amount and adjustment to d
are achieved with the whole grain distribution conside
(classes 1 to 43):S = 7%. Thus, in the present tempe
ature hypothesis the distribution of formaldehyde can
interpreted with a rather large amount of grains, no pa
formaldehyde, and with about a percent of POM in mass
grains.

5.2. High temperature model

Results are shown in Table 8 and Fig. 5c. For the
culation including all the grains (classes 1 to 43) we
not obtain any consistent solution to display. With a sma
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Table 8
Best fits with different temperature hypotheses

Grains Low temperature High temperature Intermediate temperature (%org= 30)

i = 1–29 i = 1–43 i = 1–29 i = 1–43 i = 1–29 i = 1–35 i = 1–43

QH2CO (s−1) 1.1× 1028 0 0 – 7.14× 1027 0 0
% H2CO 1.8 0 0 – 1.19 0 0
QPOM (%) 20.0 1.15 11 – 20 4 0.79
S 22% 7% 22% > 35% 11% 6% 19%
e
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Fig. 5. Best fits for (a)i = 1–29 and (b)i = 1–43 with the low temperatur
model, and for (c)i = 1–29 with the high temperature model.
mass range for grains (classes 1 to 29), and asTgrains in-
creases, the amount of POM estimated to obtain the be
is less than for the low temperature case: 11% compare
20%. This time, the best solution does not require any
ent formaldehyde, but still, the fit to Giotto measuremen
not really satisfyingS = 22%.

5.3. Intermediate model

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

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

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

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

Nevertheless those considerations are only specula
in comparison with what is known vs. assumptions. Des
all our attempts to reduce complexity of grains in orde
calculateT in the model, one shall keep in mind that t
temperature ofreal cometary grains may vary,from grain to
grain, even within the same size category, between the two
extremes.

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

• We chose to run the model with 30% of amorphous c
bon on grains. This is a lower limit of organic mater
required to heat the grain. Indeed, amorphous car
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whose properties are used to calculateT , is absorb-
ing more solar photons than any organic compound
would actually be present on grains. Then, probab
higher organic content than 30% of aC is needed
reach the calculated temperature. Nothing more pre
than only “more than 30% in mass of organics is ne
ed” can legitimately be said about it. Greenberg (19
estimates that about 40% of cometary grains are m
of organics, consistent with our conclusion here.

• Taking into account that the mixture between silica
and organics is certainly not homogeneous; again m
organics are needed to reach the temperature ach
by the model. This goes in the same direction as the
vious point.

• Those assumptions do not affect the other free para
ters of the model:QH2CO,QPOM.

Results are shown in Table 8 and Fig. 6. According to
model: 0< QH2CO < 7.14× 1027 s−1, 0.79%< QPOM <

20%. The best fit to Giotto measurement in all our simu
tions (S = 6%) is achieved for this intermediate temperat
model when only grains up to 1 g are incorporated into
calculations. One can consider this assumption as an att
to take into account that the total amount of grains is not w
constrained for grains above 10 mg, and that productio
H2CO from the bulk of large grains is probably limited b
diffusion throughout the surface of the large grains.

5.4. Discussion

Results obtained with the Halley-like dust model are su
marized in Fig. 7. Our knowledge of the total amount
grains, and their composition (and hence their temperat
provides only a range of results between extreme ca
rather than a firm conclusion. No relevant result is obtai
at high temperature with the full range of grains, those o
being too hot and too abundant to fit observations. Th
other cases are slightly out of the limits we set (S < 15%),
those are the cases including the small range of grains a
and high temperatures, and the one with the full rang
grains for intermediate temperature. Removing these ca
production of parent formaldehyde from the nucleus is e
mated to be between 0 and 1.2%, and the amount of P
between 0.8 and 20% relative to the total mass of grains.
large range reflects our lack of strong constraints on g
parameters. In terms of the low amount of POM, and g
fit to Giotto measurements, the best results are obtain
we consider a lot of cold grains (QPOM = 1% andS = 7%)
and for the middle case with intermediateT and intermedi-
ate amount of grains (QPOM = 4% andS = 6%). This last
result is probably the most realistic since it is obtained w
“average” cometary grain conditions. We choose this c
to discuss in further detail the contribution of grains to
overall coma composition. Figure 8 presents the percen
of POM lost from grains as a function of their size (i.
temperature) and their distance from the nucleus. It sh
d

t

,
,

,

(a)

(b)

(c)

Fig. 6. Best fits for (a)i = 1–29, (b)i = 1–35, and (c)i = 1–43 with the
intermediate temperature model.

that if POM is released entirely from small and large gra
within 103 km, grains with a size of order 10 µm (the co
est ones) can contribute to an extended source of POM u
105 km from the nucleus. Figure 9 shows the contribution
grain size to the extended formaldehyde. No contribution
grains below 1 µm is shown, because all polyoxymethyl
is released before 1000 km from the nucleus, because
temperature of these grains is larger than for bigger gra
Their contribution is not displayed on the figures due to sc



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

oto-

corpo

e
case
t of

th a 3

ction
size

uch
gra

ates
een
n is

ea-
n of
al

and

ontri-
ction

Pro-
Fig. 7. Summary of results calculated with our model including both ph
and thermal-degradations of POM. From the nucleus (N ) 3 grain temper-
ature hypotheses are considered (aC: amorphous carbon). Grains in
rated into our calculations are: up to 1 mg for the small range (i = 1–29), up
to 1 g for the intermediate range (i = 1–35), up to 10 kg for the full rang
(i = 1–43). Results for the best fit obtained are displayed below each
QPOM is the percentage in mass of POM in the refractory componen
grains,QH2CO is the ratio to water of parent formaldehyde, andσ is the di-
vergence between our results and Giotto measurements estimated wi
percent error bars.

Fig. 8. Intermediate temperature and intermediate range of grains. Fra
of the total amount of POM lost by degradation as a function of grain
and distance from the nucleus.

factors, and for better clarity of the 3D graphs. For s
small grains, one can see (Fig. 10) that the thermo de
dation scale length is less than 100 km.

Figure 10 also shows that thermal degradation domin
the whole grain size distribution except on a range betw
1 to 10 microns. For this last population the degradatio
dominated by photolysis up to distances larger than 105 km
from the nucleus. In the region covered by the Giotto m
surements (1500 to 4500 km for nucleus), the productio
the extended source of H2CO is dominated by the therm
degradation of POM on the larger grains.

Figure 11 shows the discrepancy between our model
Giotto measurements (measured as a function ofS) vs.
-

.

5

-

Fig. 9. Intermediate temperature and intermediate range of grains. C
bution to the production of extended formaldehyde in the coma as a fun
of grain size and distance from the nucleus.

Fig. 10. Scale lengths for photo- and thermal-degradation of POM (lp and
lt ) as a function of the grain size.

Fig. 11. Intermediate temperature and intermediate range of grains.
jected difference between model and Giotto observations (S) as a function
of QPOM (% POM in grains) andQH2CO (%QH2CO/QH2O). Only solu-
tions withS < 30% are displayed.
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The best solution (already presented above) is shown a
bottom and on the right of the figure: no parent formal
hyde and 4% of POM. However, the graph shows that
range of solutions for whichS < 15% is rather well con
strained regarding the amount of POM: 3.5% � QPOM �
4.5%. It also shows that some parent formaldehyde 0%<
QH2CO< 1.2% can be emitted from the nucleus. We thi
unlikely for H2CO not to be present at all as a pare
molecule. This compound has been detected in the in
stellar medium in the gas phase (Snyder et al., 1969
well as in the solid phase (Keane et al., 2001), moreov
is easily synthesized when ice mixtures containing H2O +
CO or CH3OH are photolyzed (Allamandola et al., 198
Bernstein et al., 1995) or irradiated with protons (Moore
al., 1991, 1996; Hudson and Moore, 1999). H2O, CO, and
CH3OH are among the most abundant molecules dete
in comets, and are known to be parent molecules (at l
partially, in the case of CO (DiSanti et al., 1999)). Nat
formaldehyde has also been detected in comets through
resolution near-IR spectroscopy (see for example the ca
153P/Ikeya Zhang, C/1999 H1 (Lee) and C/2001 A2 (L
ear) (DiSanti et al., 2002a, 2002b)). In Comet Hale–Bo
formaldehyde molecular abundance is estimated to be 1
in the coma assuming an extended source (Bockelée-Mo
et al., 2000), with a contribution of the nucleus not exceed
6% (Wink et al., 1999). This implies that the parent H2CO
is present at a level of at most∼ 0.1%. Therefore, even i
Halley and Hale–Bopp abundances are not necessarily
ilar, we think that a more realistic solution for our model
to consider a fraction of a percent for parent H2CO, and less
than 4% in mass of POM. For example, in Fig. 11, we
see thatS ∼ 10% withQH2CO = 0.5% andQPOM ∼ 3%. As
mentioned earlier in this paper, from Bernstein et al. (19
and Greenberg (1998), values up to 8% in mass of POM-
polymers can be reached in comets through irradiation o
mixtures. Higher values may also be reached when ices
taining H2CO and NH3 are submitted to thermal process
Hence, our estimate of the amount of POM is quite c
sistent with previous estimates based on observations
laboratory work.

6. Conclusion

The distribution of formaldehyde in Comet Halley,
reported in Meier et al. (1993), has not been satisfacto
explained, either as a parent molecule released from the
cleus, or as a daughter product of any known parent gas
cometary compound. Based on in-situ measurements
laboratory work on cometary ice analogs, it is now est
lished that cometary grains are probably composed
mixture of inorganic (silicates) and organic (high molec
lar weight molecules) material. We propose that refrac
organic molecules can be slowly degraded by solar UV p
t

f

-

-

-
s

tons and/or heat and that they release volatile fragmen
the coma.

We present new equations to model the distribution
daughter molecules as a function of distance from nucl
when such compounds are released from a parent in the
phase on grains: by photodegradation, thermal degrada
or a combination of both processes. Based on quantita
measurements of the production of formaldehyde from p
oxymethylene, we show that the degradation of this poly
is so far the best interpretation for formaldehyde meas
ments in Comet Halley. Because of the large numbe
uncertain parameters (mostly grains distribution and t
perature) we cannot derive a sharp estimate of the am
of POM on cometary grains. Nevertheless, according to
different hypotheses, 1%�QPOM � 20% in mass of grains
with a nominal value of about 3 to 4%, and a related m
ing ratio for parent formaldehyde between 0 to 1.2%, w
a nominal value of a few tenths of a percent. Both nom
values are quite realistic if one refers to previous estim
based on observations and laboratory work (Bernstei
al., 1995; Greenberg, 1998; Bockelée-Morvan et al., 20
Without being a definitive evidence for the presence po
mers in comets, we conclude that the presence of POM
polymers in the solid state on cometary grains is to date
best interpretation of observations that have remained
zling for a long time.

This study will be extended to new measurements
Comet Hale–Bopp, in order to validate our hypothesis. T
future work will require further theoretical developments
our approach and is in progress. (For Comet Hale–B
we deal with ground based observations, and we can
study the distribution of formaldehyde in the coma and
production as a function of heliocentric distance.) New l
oratory work is also in progress to minimize the uncertai
in the kinetic constants for the degradation of the POM
use for the experimental part of this study. New quantita
measurements will also be undertaken with different ki
of POM-like polymers, different structures, synthesis pro
dures, etc. The sensitivity of our results to those new d
will have to be checked. But the final step towards the id
tification of the parent molecule of formaldehyde in com
will be its in-situ detection, probably thanks to the Rose
mission.

A main conclusion of this study is that we can no long
neglect the contribution of the refractory organic com
nent of cometary grains to the composition of the gase
coma. Other molecules or radicals present unexplained
tended sources in comets, for example: CN (Klavetter
A’Hearn, 1994), HNC (Irvine et al., 1998a; Rodgers a
Charnley, 1998, 2001), and CO (DiSanti et al., 1999). Th
are a few candidates to explain the origin of CN or HN
hexamethylenetetramine (C6H12N4), HCN polymers, but
only a few preliminary experimental results have been p
lished so far (Cottin et al., 2002; Fray et al., Experimen
study of the degradation of polymers. Application to t
origin of extended sources in cometary atmospheres,
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mitted for publication). More laboratory work is needed
include their degradation parameters in our model to c
clude whether they are good candidates or not. Coma ch
istry involving volatiles can also be evoked to explain
production of HNC in some cases (Irvine et al., 199
1998b). CO is a more complex case. The total amoun
CO (nucleus+ extended) is 24% in Hale–Bopp: about o
half is produced by an extended source and the other
is from nucleus (DiSanti et al., 1999). So far no mechan
can account such a production in the coma. Even if p
todegradation of POM yields a small amount of CO (ab
the same order of magnitude than for H2CO (Cottin et al.,
2000)), no CO is produced by thermal degradation, wh
is the dominant degradation mechanism of POM for m
of grains. Also, if extended CO in Hale–Bopp originat
from POM photodegradation, then one should expect
tended formaldehyde production to at least equal tha
CO, and more probably be larger by perhaps as muc
one or two orders of magnitude. This would result in m
H2CO than CO in the coma, which is not the case. T
suggest that POM cannot be the main precursor for ca
monoxide. An experimental study of CO release by p
todegradation or thermal degradation of refractory mate
obtained after energetic processing of ice mixtures sh
be undertaken in order to determine if a CO extended so
can also originate from the slow degradation in the co
of other high molecular weight molecules. The diversity
the molecular composition of comets has been establis
Henceforth, complex processes are likely to occur in
coma and multiphase chemistry (solid/gas) has to be
cluded in our attempts to model its chemistry. The cas
the extended source of formaldehyde and polyoxymethy
is certainly only one example among others, and its ge
alization requires new experimental developments. The
proach presented in this paper offers a new insight to tr
unravel the nature of the complex organic component
comets, which is critical to understand the chemical ev
tion of material from the interstellar medium to the So
System.
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