ELSEVIER

Available online at www.sciencedirect.com
».” ScienceDirect

Icarus 184 (2006) 239-254

ICARUS

www.elsevier.com/locate/icarus

Heliocentric evolution of the degradation of polyoxymethylene:
Application to the origin of the formaldehyde (H,CO) extended source
in Comet C/1995 O1 (Hale-Bopp)

Nicolas Fray **, Yves Bénilan ?, Nicolas Biver °, Dominique Bockelée-Morvan ®, Hervé Cottin?,
Jacques Crovisier ®, Marie-Claire Gazeau *

& Laboratoire Interuniversitaire des Systemes Atmosphériques, UMR 7583 du CNRS, Universités Paris VII-Paris XII, 61 Av. du Général de Gaulle,
94010 Créteil Cedex, France
5 Observatoire de Paris-Meudon, 5 Place Jules Janssen, 92195 Meudon, France

Received 22 September 2005; revised 27 April 2006
Available online 30 June 2006

Communicated by Combi

Abstract

The HpCO production rates measured in Comet C/1995 O1 (Hale-Bopp) from radio wavelength observations [Biver, N., and 22 colleagues,
2002a. Earth Moon Planets 90, 5-14] showed a steep increase with decreasing heliocentric distance. We studied the heliocentric evolution of the
degradation of polyoxymethylene (formaldehyde polymers: (-CH—0O-);,, also called POM) into gaseous HoCO. POM decomposition can indeed
explain the HyCO density profile measured in situ by Giotto spacecraft in the coma of Comet 1P/Halley, which is not compatible with direct
release from the nucleus [Cottin, H., Bénilan, Y., Gazeau, M.-C., Raulin, F.,, 2004. Icarus 167, 397-416]. We show that the H>CO production
curve measured in Comet C/1995 O1 (Hale-Bopp) can be accurately reproduced by this mechanism with a few percents by mass of solid POM in
grains. The steep heliocentric evolution is explained by the thermal degradation of POM at distances less than 3.5 AU. This study demonstrates that
refractory organics present in cometary dust can significantly contribute to the composition of the gaseous coma. POM, or POM-like polymers,
might be present in cometary grains. Other molecules, like CO and HNC, might also be produced by a similar process.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

To date, about two dozen molecules (excluding ions and rad-
icals) have been detected in cometary environments (Bockelée-
Morvan et al., 2005). Most of them are directly produced by
sublimation from the nucleus or from ice-coated grains within
the first few kilometers after their ejection from the nucleus.
However, for certain comets, the radial distribution of some
molecules such as CO (Eberhardt et al., 1987; DiSanti et
al., 2001) and HoCO (Meier et al., 1993; Wink et al., 1999;
Biver et al., 1999) cannot be entirely explained by such sim-
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ple processes. These molecules present a so-called “extended
source,” i.e., involving production throughout the coma and
not only at or near the surface of the nucleus. Such behavior
could result from other mechanisms such as chemical reactions
in the inner coma (Rodgers and Charnley, 1998) or degrada-
tion of high molecular weight organic compounds present in
cometary grains (Cottin et al., 2004). As these molecules are
not produced only by sublimation of the nucleus, their abun-
dance in the gas phase cannot be directly related to their abun-
dance in the nucleus. Nevertheless, the understanding of their
production mechanism is of great interest to constrain the com-
position of the nucleus. In this paper, we focus on the steep
heliocentric evolution of H»CO production rates observed at ra-
dio wavelengths for Comet C/1995 O1 (Hale—Bopp) by Biver
et al. (2002a).
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Formaldehyde is an important cometary molecule which has
been observed through its radio rotational lines in more than 15
comets. With a production rate relative to water of about 1%
(Bockelée-Morvan et al., 2005), it is the most abundant CHO
cometary molecule after methanol. An even higher abundance
(3.8%) was derived from the mass spectroscopic observations
of Comet 1P/Halley by Giotto (Meier et al., 1993). This relative
abundance is observed to vary from comet to comet (from 0.13
to 1.3% according to radio observations, Biver et al., 2002b).

Among comets for which the spatial distribution of H,CO
has been studied, all observations, except for those concern-
ing Comet C/2002 C1 (Ikeya—Zhang) (DiSanti et al., 2002),
suggest that formaldehyde does not come from sublimation of
the pristine ices in the nucleus, but rather from an extended
source within the coma. This was suggested by the analysis
of the HyCO density profiles of 1P/Halley measured by the
Giotto Neutral Mass Spectrometer (NMS) (Meier et al., 1993).
Maps of the spatial distribution of H,CO at radio wavelengths
in Comets C/1989 X1 (Austin) and C/1990 K1 (Levy) (Colom
et al., 1992) and in C/1996 B2 (Hyakutake) (Biver et al., 1999)
also show that H,CO is produced by an extended source. Fi-
nally, radio-interferometric observations have shown an HyCO
extended source in Comet C/1995 O1 (Hale-Bopp) (Wink et
al., 1999). All these observations show that H,CO is produced
with a scale length of about 6800R }1'4 km (Biver, 1997), where
Ry is the heliocentric distance in AU. Given that the spa-
tial distribution of HpCO cannot be explained by the photo-
dissociation of another gaseous parent, it has been proposed
that HoCO could be produced by the decomposition of solid
polymers such as polyoxymethylene (H>,CO polymers: (CHa—
0O-),, also called POM) (Cottin et al., 2004).

POM has been detected in laboratory analogs of interstel-
lar or cometary ices. It is synthesized by thermal processing of
ices containing HyO, H,CO and NHj3 (Schutte et al., 1993a,
1993b). POM or POM-like polymers are also produced when
ices containing some CH30H and NH3, but no HCO in the
initial mixture, are irradiated by UVs (Bernstein et al., 1995;
Muiioz-Caro and Schutte, 2003). Moreover, this polymer was
detected in Comet 1P/Halley by the PICCA mass spectrome-
ter on board the Giotto spacecraft (Huebner, 1987), however
this is controversial since it has been shown that the feature
attributed to POM in the mass spectrum could be merely the
signature of a mixture of organic material made of C, H, O and
N atoms (Mitchell et al., 1992). POM is thus likely to be present
in cometary grains among other refractory organic components
and may produce gaseous HpCO by photo-degradation (UV
photolysis) and/or thermal-degradation (heating of the grains
after their release from the nucleus).

To test this hypothesis, we have performed an experimental
study of POM degradation. Subject to UV irradiation at 122
and 147 nm, POM produces several oxygenated compounds
such as H,CO, CO, HCOOH and CO; (Cottin et al., 2000). The
H>CO production quantum yield is about 1 at both wavelengths.
Once heated, POM produces only gaseous HyCO and the poly-
mer is in equilibrium with gaseous HoCO (POM <« nH>CO)
(Dainton et al., 1959). The production kinetics have been mea-
sured at several temperatures in the 250-330 K range (Cottin

et al., 2001; Fray et al., 2004a). The H,CO kinetics have been
shown to follow the Arrhenius law according to:

dH,CO
dt

where k(T) is the number of gaseous formaldehyde mole-
cules produced per gram of POM per second, A the fre-
quency factor (molecules g~' s~!) and E, the activation barrier
(Jmolecule™!). These quantitative data have been included in
a model of the cometary environment taking into account the
production of gaseous compounds from photo- and thermal-
degradation of solid organic compounds present in cometary
grains. In this way, Giotfo measurements of the H,CO den-
sity were properly fitted assuming that cometary grains contain
about 4% of POM by mass. This work has also allowed us to
point out that, at 0.9 AU from the Sun, the thermal-degradation
process is dominant with regard to the photolytic one (Cottin
et al.,, 2004; Fray et al., 2004a). Nevertheless, this result is
valid only for a heliocentric distance of 0.9 AU and for Comet
1P/Halley.

We have developed a new version of the model to study the
effect of the heliocentric distance on HoCO production from
POM degradation. This time, we compare the HyCO produc-
tion rates observed at radio wavelengths using the JCMT, CSO,
SEST and IRAM radio telescopes during the long term moni-
toring of Comet C/1995 O1 (Hale-Bopp), as described in Biver
et al. (2002a), with our theoretical expectations. Observations,
which have been performed from 4 AU pre-perihelion to 3.5 AU
post-perihelion, have shown a steeper heliocentric evolution
for H,CO productions rates than for those of other species of
similar volatility, such as HCN (Biver et al., 2002a). During
the pre-perihelion phase, the HyCO production rate varies with
R;,3'6 while that of HCN varies with R;12'6. During the post-
perihelion phase, the HyCO production rate varies with R;I4'2
while that of HCN varies with R;lz.s_

In Section 2 we describe a general model applicable to any
species and new equations that allow us to study the influence
of the considered mechanisms (photo- and thermal-degradation
of POM) on the total HyCO production. Then in Section 3 we
discuss the parameters (such as gas and dust production rates),
and their heliocentric dependence, which are required to cal-
culate HyCO production from POM degradation. Results are
presented in Section 4 and we discuss their implications in the
last section of this paper.

where k(T) = Ae~ Ea/ksT |

= k(T)mpom,

2. Description of the model

The model presented in this section is an extension of the
Haser model (Haser, 1957). We assume that (1) the produc-
tion rates of gas and dust are in steady state and that (2) the
motion from the nucleus is radial and at constant velocity
with respect to the nucleocentric distance. We consider that
a gaseous species can be produced by three different mech-
anisms: (1) photo-degradation, (2) thermal-degradation of the
solid organic component of grains and (3) direct sublimation
from the nucleus. This model has already been partially pre-
sented in Cottin et al. (2004). Here, we will first describe the
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model in detail and present new equations that are applicable to
the production of any gaseous species from the degradation of
the solid component of grains. They will allow us to evaluate
the production of a gaseous species from photo- and thermal-
degradation independently. Then we will apply the model to the
case of HyCO production from POM degradation with the aim
of reproducing the steep heliocentric evolution of H,CO pro-
duction observed in Comet C/1995 O1 (Hale-Bopp) by Biver
et al. (2002a).

2.1. Evolution of solid organic mass on grains

Let us now consider a spherical grain including a mass frac-
tion o of solid polymer, with radius R, mass m and density u.
If mg is the mass of the polymer and w its density, we can de-
fine the radius R, of an equivalent grain made of pure solid
polymer:

4 3 4 3.7
mazamza(gnR :“«>=§77Raﬂ' (1)

Assuming that photo-degradation takes place only at the sur-
face of the grains and that thermal-degradation occurs through-
out the highly porous material of the grains, the mass loss of
this “pure polymer grain” can then be written:

dmy
mdt(r) =-— (Ua (r)Cgrain + mq (r)kgrain)~ @

In this equation:

o Conin (kg m~2s~!) represents the mass lost by photo-
degradation of the polymer. It is calculated taking into ac-
count the production of all gaseous species produced by
UV irradiation of the solid polymer. We can therefore write
Cerain = ;i mi [, £.®! d, where m; is the mass of the
molecule i produced with a quantum yield @ i and f is the
solar irradiance (photons m2Zs ' nm1). In Eq. (2), oq(r)
is the area of polymer submitted to solar irradiation and is
considered to be equal to Rgl (r).

® kgpain (molecules s_l) represents the mass lost per second
by thermal-degradation of the polymer. kgpin is calcu-
lated taking into account the production of all gaseous
species produced by thermal-degradation of the solid poly-
mer. Generally, the production of gaseous species by this
mechanism follows the Arrhenius law (Cottin et al., 2001;
Fray et al., 2004a). Therefore we can write Kgpin =
> imi (Aie_E“i/kT), where m;, A; and E,; are respectively
the mass, frequency factor (moleculeskg™' s~!) and acti-
vation energy (J molecule™!) of the molecule i and k is the
Boltzmann constant.

We consider that the dust expansion velocity and dust tem-
perature do not vary with the distance from the nucleus. Note
that, as we are modeling the degradation of refractory organ-
ics contained in grains, the grains will shrink leading to an
increase in their temperature. Nevertheless, as we will see in
the conclusions, this effect can be neglected given that the mass
of disappearing organics represents only a few percent of the

initial grain mass. Therefore, under these assumptions, we can
integrate Eq. (2). The evolution of R, with the nucleocentric
distance is:

Ro(r)=ROB[—1+ Ze /7], 3)

In this equation:

° Rg is the radius of the equivalent “pure polymer grain”
when ejected from the nucleus.

° ﬂ:é—iandZ:l—i—%,
where:

o Lt = is the “thermal-degradation scale length,”

B Vgrain
i.e., at a distance L7 from the nucleus, R, is decreased
by a factor 1/e if only thermal-degradation occurs
(Cottin et al., 2004).

4M/R2 Vgrain

Cgrain

At a distance Lp from the nucleus, R, = 0 (i.e., the
polymer initially present in the grains is totally degraded
into gaseous species) if only photo-degradation occurs

(Cottin et al., 2004).

o Lp= is the “photo-degradation scale length.”

Since these scale lengths have no direct physical meaning
if photo- and thermal-degradation are both responsible of the
production of gas, we define r¢c = L1 X ln(%), called
hereafter the ‘critical distance,” which is the distance from the
nucleus at which all the polymer initially present in the grains
is totally degraded into gaseous species.

2.2. Production of gaseous species from grains

We will call M the gaseous species produced by degradation
of the solid organic component of grains that we want to study.
To calculate nys(r), the density of M, we use the mass budget
equation:

onp(r) . _ dMm dMm
Py +d1v[nM(r)vgas] = (g)f) — (?>D, ()

where:

® Vg, is the gas expansion velocity (m s7h.

° (%) p represents the destruction of the gaseous species M
by photolysis. Therefore (dd—"t”) b =Bunu(r).

° (dd—ﬁt’l) p represents the production of the gaseous species M
from solid polymer degradation. We can write:

dM

<?> = ngrain(r)[aot (rCum +mg (r)kM(Tgrain)]' (5)
P

In this equation,

® Ngnin(r) is the grain density in the coma (grains m3) as
a function of the distance from the nucleus. We consider

Ngrain(1) = 4m§::i‘:r2 where Qgpain is the grain production

rate (grains s~y and Vgrain the grain velocity (m s™h. As
Qgrain and vgrain depend on grain size, a grain size distrib-
ution is used to calculate the total production of M (sum of
the contributions of each size of grains).



242 N. Fray et al. / Icarus 184 (2006) 239-254

e Cy is the production rate of M (molecules m2s7h)
from photo-degradation of solid polymer. Therefore,
Cy = f ) fk®f4 dr where fj is the solar irradiance
(photonsm~2s~ ! nm~!) and @ f’l the production quantum
yield of M from solid polymer.

® kpr(Tgrain) 18 the production rate of M (molecules kg_l s_l)
from thermal-degradation of solid polymer at a temperature
Torain and is taken to be equal to ky (1) = Appe Eam/kT

Considering a radial gas expansion velocity independent of
the distance from the nucleus and an ejection velocity of M
from grains equal to the gas expansion velocity, Eq. (4) can be
integrated analytically:

[ =20 (1= e7/0) |

Y
nM(r)Zr_2

[ BX-2Z e }
e e

[ (-3X7Z> | o,
=2 ¢

xz? 3/l —r/ly
= )} ’ ©

_e_r/lM)

where:

2
oV = QgrainCMRg ,32.
4Vgrain VGas
_ Cgrain km .

)

Cu kgrain '
e and [y = vgas/Pu is the photo-dissociation scale length of
the gaseous species M.

If M is produced only by solid polymer thermal-degradation,
Eq. (4) can be modified and n;,l(r), the density of M (mole-
culesm—3) produced only by the thermal-degradation of solid
polymer, can be written:

Y
nh() = [ =Xt (1= /)

I _er/zM)}
L(L/Im —1/17)

[ -3XxZ7? 0/l

I Bl S }
_(1/lM_2/lT)( )

3
T S (e—3r/lr_e—r/lM)H. )

L (1/ I = 3/17)

Similarly, if M is only produced by photo-degradation of
solid polymer, n Z(r), the density of M (molecules m~3) pro-
duced only by the photo-degradation of solid polymer, can be
written:

nl () = ’é |:[IM(1 — e_’/lM)]

2.7
—r/ly _ —r/l
+[(wM— i e M)}

+ |: 72 (efzr/lr . er/lM)i| ] 8)
1/l —2/17)

As would be expected, nys(r) is calculated from Eq. (7) and
Eq. (8): ny (r) =n},(r) +n¥ (r). Therefore Eq. (7) and Eq. (8)
can be used to calculate the production of any gaseous species
from photo- and thermal-degradation of the solid component of
grains.

To calculate np;(r), we need to know the dust mass pro-
duction rate (Qgrain in kg g1 ), grain size distribution, grain
temperatures (7grain) and grain velocities (Vgrain). The calcula-
tions of these parameters as a function of heliocentric distance
are presented in Section 3.

2.3. Production of gaseous species from sublimation of the
nucleus

Equation (6) only takes into account the production of
gaseous species from solid polymer degradation on grains,
whereas a fraction of M could also be produced by direct subli-
mation of nucleus ices. The density of the native M produced at
(or near) the surface of the nucleus is modeled using the equa-
tion established for a “parent molecule” by Haser (1957):

nucleus
nucleus (r) — QM

—r/lm 9
" 4nvgasr2€ ’ ©)

where Q%€ is the production rate of the native M.
2.4. Application of the model to H>CO production from POM

To calculate the HyCO density (molecules m~>) produced
from POM degradation, we have to determine the coeffi-
cients Cgrain, CH,CO, Kerain and ky,co. This can be done us-
ing the experimental data of Cottin et al. (2000) and Fray
et al. (2004a) who have studied respectively the photo- and
thermal-degradation of POM. Cottin et al. (2000) have shown
that the dominant products of POM photo-degradation at 122
and 147 nm are H,CO, CO, HCOOH and CO;. Using the
measured production quantum yields of each product and the
solar flux published by Mount and Rottman (1981), we es-
timate that Cerain = 6.76 x 10~ kgm=2s~! and Cp,co =
5.07 x 10'® moleculesm~2s~! at 1 AU. Note that H,CO pro-
duction from POM photo-degradation accounts for only 37%
of the total mass loss of the grains by this process. The re-
maining 63% contribute to production of CO, HCOOH and
CO;, (Cottin et al., 2000). Concerning thermal-degradation,
two types of POM have been investigated between 250 and
330 K (Fray et al., 2004a); hereafter we will call “POM1”
the POM supplied by the “Aldrich” company and “POM?2”
the POM supplied by the “Prolabo” company. The two poly-
mers may slightly differ in chain lengths. It has been shown
that, for both types of POM, H,CO is the only gaseous
species produced by thermal-degradation of POM and that
the production kinetics follow the Arrhenius law (Fray et al.,
2004a). We have determined E,; = 99 x 10 Jmol™! and
A =72 x 1032 moleculesg’1 s~ for “POM1” and E,» =
81 x 10% Jmol~! and A, = 1.2 x 10%° moleculesg=!s~! for
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Table 1
H;CO production kinetics from thermal-degradation of “POM1” and “POM2”
for typical grain temperatures

Tempe- k(T) for POM1 k(T) for POM2 Ratio of k(T) for
rature (molecules g_l S_l) (molecules g_l s_l) POMI to k(T) for
(K) POM2

200 9.7 x 10 8.2 x 108 0.012

250 1.5 x 1012 1.4 x 1013 0.10

300 4.1 x 10 9.3 x 1015 0.44

350 1.2 x 1018 9.6 x 1017 1.23

400 8.4 x 1019 3.1x 1019 2.67

450 2.3 x 102! 4.7 x 1020 4.87

500 3.2 x 1022 4.1 x 102! 7.88

550 2.8 x 108 2.4 x 1022 11.68

600 1.7 x 102 1.1 x 1023 16.22

“POM2.” Note that the pre-exponential factors differ by a fac-
tor of 600. Despite this difference, HyCO production kinetics
of “POM1” and “POM?2” are equal for T = 339 K and differ
by a factor of between 0.012 and 16.2 for temperatures rang-
ing from 200 to 600 K (see Table 1). As the temperature of
grains depends on their size, these factors are attenuated when
we consider the entire size distribution. Therefore, as we will
see in Section 4.2.1, HyCO production rates are not very sensi-
tive to the type of POM we consider. Moreover, we have used a
POM density of 1.46 x 10° kgm™3 (Prolabo).

To calculate the H,CO density (molecules m~3) produced by
nucleus sublimation, we assume that the production rate of na-
tive HoCO is proportional to that of HCN (see Fig. 1). Indeed
the sublimation temperatures of HCO and HCN are quite close
(Tx,co = 64 K and Tycn = 95 K, Crovisier, 1997). Moreover,
Magee-Sauer et al. (1999, 2002) have shown, from spectral ob-
servations of the vz band of HCN and analysis of the spatial
distribution of HCN for Comets C/1996 B2 (Hyakutake) and
C/1995 O1 (Hale-Bopp), that HCN is predominantly released
at the surface of the nucleus, while a small contribution from an
extended source cannot be ruled out. A similar conclusion has
been derived from single-field interferometric observations at
radio wavelength for Comet C/1995 O1 (Hale—Bopp) (Snyder
et al., 2001). The use of HCN as an indicator of native HoCO
rather than HO, the most abundant component of cometary
ices, is also justified by the fact that HCN and H,CO produc-
tion rates were measured simultaneously with the same radio
techniques, whereas H,O production is obtained from sparse
infrared observations or from indirect indicators. Moreover we
use a HyCO photo-dissociation rate of 2 x 1074571 (Crovisier,
1994).

Our objective is to compare the results of this model to
the HoCO production rates observed at radio wavelengths dur-
ing the long-term monitoring of Comet C/1995 O1 Hale-Bopp
(Biver et al., 2002a). Therefore the total HyCO density (mole-
culesm™) is integrated on the line of sight to calculate the
H,CO column density (molecules m~2), which is afterwards in-
tegrated over the field of view of the radio telescope to derive
the total number of H»CO molecules observed during an obser-
vation. We assume an antenna beam size of 12” (the real size
varied from 10.6” to 13.6” depending on the observation) in-
troducing a 10% uncertainty. Finally, the calculated total num-

10F @ o & A L < E
OH CO HCO HCN /{ i\
e

- -
% N
@ ©

Production rates (molecules s ")
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Heliocentric distance (AU)
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Fig. 1. OH, CO, H,CO and HCN production rates measured by Colom et al.
(1999) and Biver et al. (2002a) in Comet C/1995 O1 (Hale-Bopp) as a function
of heliocentric distance. Note that the heliocentric evolution of the production
rate of HyCO is steeper than that of HCN. During the pre-perihelion phase,
the HpCO production rate varies with R;l3 6 while that of HCN varies with

R[;N’ and during the post-perihelion phase, the H,CO production rate varies

with R;I4'2 while that of HCN varies with R;Iz'g. Note that the heliocentric
evolution characteristics given here have been averaged over the whole range of
heliocentric distances for which measurements have been performed, whereas
more accurate fits, represented as solid lines, have been used to calculated the
production rates in the model.

ber of HyCO molecules in the antenna beam is converted into
H,CO production rates (molecules s~!) using the Haser model
and assuming that HCO behaves as a “daughter species,” i.e.,
a “parent scale length” of 6800R}1'4 km (Biver, 1997) and a
“daughter scale length” of /i,co = vgas/BH,co- This procedure
is as close as possible to the one used by Biver et al. (2002a)
to convert the observed flux of the H,CO lines into production
rates and can therefore be used to compare the equivalent H,CO
production rate of our model to those of Biver et al. (2002a).

3. The dust model for Comet C/1995 O1 (Hale-Bopp)

As shown in Section 2, the calculation of the production
rates (molecules s~!) of gaseous species including solid organic
compound degradation requires values for Qgrain, 1.€., the dust
mass production rate (kg s~!) and its grain size distribution, the
grain temperature Tgpain, as Well as Vgpain and Vs, the grain and
gas expansion velocities. Finally, the total gas production rate
is needed in order to estimate the dust-to-gas ratio and the grain
velocities (as well as the HCN production rate to derive the na-
tive HoCO density). The determination of these parameters as a
function of heliocentric distance is presented in this section.

3.1. Gas production rates and velocity
The aim of the present study is to test if POM degradation is

responsible for the steep heliocentric evolution of the H,CO
production rates observed at radio wavelengths in Comet C/
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1995 O1 (Hale-Bopp) (Biver et al., 2002a). These observa-
tions were made for heliocentric distances ranging from 4.1 AU
(June 1996, pre-perihelion) to 3.2 AU (October 1997, post-
perihelion). Thus, our study concerns conditions ranging from
the CO-dominated coma (at distances greater than 4 AU) to the
H>0 dominated coma (between 3 AU and perihelion). The total
gas production rate is taken as the sum of the CO and H,O pro-
duction rates. The latter are derived from the radio observations
of Colom et al. (1999), whereas CO and HCN production rates
are from Biver et al. (2002a). The OH, CO, H,CO and HCN
production rates are displayed in Fig. 1.

The assumed gas expansion velocity values are those derived
from the analysis of radio line shapes (Biver et al., 2002a), i.e.,
Vgas = 1.125R;10'42 kms~! (see Fig. 5).

3.2. Dust distribution

3.2.1. Shape of the distribution

The grain size distribution in the coma of Comet C/1995 O1
(Hale-Bopp) is assumed to be identical to the that measured
in situ in Comet 1P/Halley. It has been derived by Crifo and
Rodionov (1997) from the data acquired by the Giotfo space-
craft (McDonnell et al., 1991) assuming spherical grains with
a density of 1000 kg m™3. This distribution is plotted in Fig. 2.
Data for masses between 10~!8 and 1076 kg (i.e., for grain sizes
between 6 x 1078 and 6 x 10~% m) are derived from in situ mea-
surements, whereas data for grains lighter than 10~!8 kg and
heavier than 10~® kg are estimated from a linear extrapolation
of the measurements (Crifo and Rodionov, 1997). Most of the
mass lies in the largest grains and two changes of slope can be
observed at approximately 10~ and 10~7 kg (i.e., 3 x 10~* and
6 x 107> m). A similar distribution was recently measured in
Comet 81P/Wild 2 by the Stardust spacecraft (Tuzzolino et al.,
2004; Green et al., 2004). Therefore, such a distribution could
apply more generally to all comets.

This distribution is then adapted to make it relevant to
our study of the heliocentric evolution of production rates of
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Fig. 2. Production rates in terms of number and mass of grains as a func-
tion of grain radius measured in Comet 1P/Halley by the Giotto spacecraft.
(McDonnell et al., 1991; Crifo and Rodionov, 1997).

gaseous species. First, we take into account the change of size
of the largest grains lifted from the nucleus with the heliocentric
distance, since the total gas production rate varies. Secondly, the
total dust production rate (kgs~!) is adjusted using the mea-
surements performed on Comet C/1995 O1 (Hale-Bopp).

3.2.2. Size of the largest grains lifted from the nucleus
of Comet C/1995 O1 (Hale-Bopp)

The balance between the gravitational force of the nucleus
and the drag force due to the expansion of the gas influences
the size of the largest grains, amax, lifted from the nucleus. Crifo
and Rodionov (1997) have shown that ap.x can be written:

3 Mmgas(1 — A)c kTQs  f cos(z
aMax = — gas( )co gas f 2(2). (10)
7T GPgrainPn RuLs | 2w mgys Ry

We use the same equation where:

® mMg,s is the mean molecular mass taken to be equal to:
mgas = (mcoQco + mu,00H,0)/(Qco + On,0) where
Q; are the production rates.

e A is the albedo of the grain taken to be equal to that mea-
sured for the 1P/Halley nucleus: 0.04 (Keller et al., 1987).

® Ograin 1S the grain density taken to be equal to 1000 kg m~3
(Crifo and Rodionov, 1997)

e p, is the nucleus density taken arbitrary to be equal to
500 kgm ™3

e R, is the radius of the nucleus considered to be 30 km.
Note that values for the radius of the nucleus of Comet C/
1995 O1 (Hale-Bopp), measured with different meth-
ods, range from 22 km (Altenhoff et al., 1999) to 35 km
(Sekanina, 1999; Weaver and Lamy, 1999).

e L is the latent heat of sublimation of water ice (L; =
2660 kI kg™! =7.95 x 10720 I'molecule™!, Kiihrt, 1999).

) Tg%s is the gas temperature at the surface of the nucleus
calculated using the analytical formula given by Crifo and
Rodionov (1997) (Eq. (11) of Appendix B).

e f is the icy area fraction taken to be equal to 0.2.

e 7 is the zenith angle, as this equation is valid for a specific
area on the surface of the nucleus. To determine the maxi-
mum possible radius, we have considered cosz = 1.

e ¢ is the solar constant (cg = 1367.6 Wm™2)

The size of the largest grain that can be lifted from the nu-
cleus is found to be 0.07 cm at 4 AU and 1.24 cm at 1 AU (see
Fig. 4) with a heliocentric variation close to R;IZ. These results
are close to those of Weiler et al. (2003) and agree well with
radar observations of centimetric grains in several comets near
1 AU (Harmon et al., 1999).

3.2.3. Dust production rates in Comet C/1995 O1
(Hale—Bopp)

A compilation of the dust production rates measured in
Comet C/1995 O1 (Hale—Bopp) is used to assess the grain size
distribution. As a very broad dust distribution is concerned, we
use measurements performed over different wavelength ranges,
each being more sensitive to a given grain size. Submillimeter
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Fig. 3. Dust-to-gas ratio in Comet C/1995 O1 (Hale-Bopp) as a function of
heliocentric distance, from measurements by various authors. The curve shows
the nominal dust-to-gas ratio used in our model to calculate HyCO production
from POM degradation.

(Jewitt and Matthews, 1999) as well as ultraviolet observations
(Weaver et al., 1999) are therefore taken into account. Finally,
we consider the dust production rates published by Jewitt and
Matthews (1999), Weaver et al. (1999), Lisse et al. (1999), Griin
et al. (2001) and Weiler et al. (2003). The related dust-to-gas
ratios are derived using the total gas production rate, consid-
ered to be equal to the sum of the CO and H>O production
rates (see Fig. 1), varying with Rl_{z‘8 and Rl_f'4 during the pre-
and post-perihelion phase, respectively. These values are plot-
ted in Fig. 3. Depending on the authors, different dust-to-gas
ratio trends with respect to the heliocentric distance have been
proposed, which could be due to different assumptions on the
size distribution and on the heliocentric evolution of the grain
velocities (Weiler et al., 2003).

To calculate the grain size distribution, we have assumed
(1) that the number of grains of a given size varies with the
heliocentric distance in the same manner as the total gas pro-
duction rate and (2) that the dust-to-gas ratio at 1 AU is equal
to 8.8. This value corresponds to the measurements performed
by Jewitt and Matthews (1999) at submillimeter wavelengths,
which are more relevant to our study as they are sensitive to
the larger grains. The grain distribution can then be calculated
taking into account the variation of the size of the largest grains
(amax) with the heliocentric distance. The resulting distributions
for different heliocentric distances are presented in Fig. 4. As
the comet approaches the Sun, the size of the largest grains in-
creases, thereby increasing the dust-to-gas ratio. Therefore, the
dust-to-gas ratio of our distribution varies with Rl}m .

3.3. Dust velocities

In the cometary environment, grains are accelerated in the
inner coma, due to the drag force of the gas. At a given distance
from the nucleus, collisions between gas and grains become
negligible and no longer influence grain velocities, which then
reach a constant value. The latter can be calculated using an an-
alytical formula given by Crifo (1995). It is a function of the
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Fig. 4. Mass production rate as a function of grain radius for various heliocentric
distances. These grain distributions were used to calculate HoCO production
from POM degradation.

grain radius a and the heliocentric distance via the gas produc-
tion rate Qgas:

w
T (0.940.45X0615/2 4 0.275X0.615)”

Ugrain(av Qg2‘121 )

(11)
where:
we (YN[ e (12)
B y—1 M gas
and
X — 27Talograin WRn . (13)

Mgas 0 gas

In these equations:

e y is the ratio between the specific heat at constant pressure
and volume and is taken to be equal to 4/3 as for a poly-
atomic gas.

. T}gis is the gas temperature at the surface of the nucleus and
is calculated using the analytical formula given by Crifo
and Rodionov (1997).

® Mgy is the mean molecular mass and is assumed to be equal
t0 Mgy = (mco Q@co +mu,0On,0)/(Qco + On,0) Where
Q; are the production rates.

o gy is the total gas production rate (in molecules s~!) and
is taken to be equal to Qgas = OH,0 + Qco.

® Ograin 1S the grain density and is taken to be equal to
1000 kg m—3 (Crifo and Rodionov, 1997).

e k is the Boltzmann constant.

Fig. 5 shows the resulting velocities as a function of helio-
centric distance and for different grain sizes (@ = 1074, 107°
and 1078 m). Results of our calculation can be compared to
the projected velocities determined from the apparent motion
of structures (jets, arcs,...) observed at infrared and visible
wavelengths in the coma of Comet C/1995 O1 (Hale-Bopp)
by Braunstein et al. (1997), Warell et al. (1999), Kidger et al.
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Fig. 5. Computed terminal grain velocities as a function of heliocentric distance
for different grain radii (a = 1078, 107% and 104 m). For comparison, the
dotted line shows the gas expansion velocity measured by Biver et al. (2002a)
and the plotted points show the projected grain velocities derived from the ap-
parent motion of dust structures (jets, arc, etc.). The data used to plot these
points have been taken from Braunstein et al. (1997) (black squares), Warell et
al. (1999) (empty triangle), Kidger et al. (1996) (black triangle) and Tozzi et al.
(1997) (empty circles).

(1996) and Tozzi et al. (1997). These values can be considered
as lower limits for the terminal velocity of micrometric grains.
Our calculated velocities are consistent with these observations.
At perihelion, the velocity of the smaller grains is 80% that of
the gas.

3.4. Dust temperatures

To calculate the production of gaseous species from solid
polymer thermal-degradation, the key factor is the grain temper-
ature Tgpain, which is derived from the balance between the en-
ergy received from the Sun and the infrared energy re-radiated
by the grain.

The balance equation is given by:

/Qa(k,a)S(A)dk=4n/Qa()»,a)B(Tgrain,)\)d)». (14)
0 0

Here a is the grain radius, S(1) the solar flux at the consid-
ered heliocentric distance and B(Tgpain, A) the Planck function.
Q4(X,a) is the absorption efficiency of the grain which de-
pends on the wavelength and the size and physical and chemical
properties of the grain. To calculate Q,(A), Mie theory has
been used for compact and pure spherical grains with a refrac-
tive index m, of the grain component and the size parameter
X =2ma/Ar.

The temperature for porous grains composed of a mixture
of silicates and organics has been calculated by successively
applying the models of Greenberg and Hage (1990) and Hage
and Greenberg (1990), as already done by Gunnarsson (2003)
in his study of the CO extended source in 29P/Schwassmann—
Wachmann 1.

The model of Greenberg and Hage (1990) makes it possible
to calculate an equivalent refractive indeX, mcore—mantle, fOT a
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Fig. 6. Grain temperature as a function of grain radius for various heliocentric

distances. The grains are assumed to have 60% organic mass and a porosity of
0.95.

“core—mantle” grain, i.e., a grain composed of a core of silicates
covered by a mantle of organics.

2
(M core—mantle)

2 2
m —m
— m2m antle 143 q2 core mantle
2 +2m?
More mantle
2 2 -1
m —m
x |:1 _ q3( 2001'3 Il’2lantle >] , (15)
Meore + 2mmantle

where ¢ is the fractional radius of the silicate core, and mcore
and mmange are the refractive indices of the component of the
core and of the mantle respectively. We use the refractive in-
dices of pyroxene (Mgp ¢Feo.4S5103; Dorschner et al., 1995) and
graphite (Jager et al., 1998). Graphite is representative of black
organic matter, and provides an upper limit for a strongly ab-
sorbing organic component of the grains, whereas pyroxene
represents the silicate component of grains with very low ab-
sorption in the visible range. We assume that organics represent
60% of the mass of grains (Greenberg, 1998). In this case, the
fractional radius, g, of the core, is about 0.74.

The model of Hage and Greenberg (1990) is used to cal-
culate the equivalent refractive index (mporous) Of aggregates
assumed to be made of the “core—mantle” grains, for which the
refractive index mcore_mantle has already been determined.

2

Mporous

3a-»p )(mgore—mantle —D/(m zore—mantle +2)
1—(1- P)(mgore—mantle - 1)/(mgore—mamle +2) ’
(16)
where P is the porosity of the aggregates, taken to be equal to
0.95 (Greenberg and Li, 1998).

The resulting temperature, for grains composed of 60% or-
ganics in terms of mass and a porosity equal to 0.95, is dis-
played in Fig. 6 as a function of the grain radius for different
heliocentric distances.

The temperature of the grains larger than 1073 m is always
very close to the temperature of a black body for every consid-
ered heliocentric distance, whereas micrometric grains could
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reach higher temperatures (see Fig. 6). Moreover for a given
grain size, the temperature varies approximately with R;[O'S .

4. Results

With the parameters presented in the previous section, we
are now able to calculate the H,CO production rates taking into
account POM degradation. They have to be compared with the
production rates actually observed at radio wavelengths during
the long-term monitoring of Comet C/1995 O1 (Hale-Bopp), as
described by Biver et al. (2002a). HoCO was monitored from
June 1996 (at Ry = 4.1 AU pre-perihelion) to October 1997
(at Ry = 3.2 AU post-perihelion). We attempted to obtain the
best fit of our model to the observations by adjusting the free
parameters:

1) a(%) the mass fraction of POM present in each grain.
2) QII‘{L;%%‘S /Qucn (%) the native HyCO production rate rela-
tive to HCN.

These parameters control the HyCO fraction produced re-
spectively by the degradation of POM and the sublimation of
nucleus ices.

The best fit is determined by minimizing the chi-square root

2 2
o Z[( OH,€0,0bs. — QH,CO.mod. ) 1] /<Z<l> )n
- OH,CO, 0bs. e —\e
a7
which takes into account the relative uncertainty e of each mea-

surement of Qn,co (n is the total number of measurements,
n=22).

4.1. Best fit

With the experimental data for ‘POM1’ and the grain distri-
bution presented in Fig. 4, the best fit is found for « = 3.1%
and Qﬁ“zc(l%ls / OQuceN = 3%. The derived HyCO production rates
are consistent with observations (see Fig. 7) for all heliocentric
distances. For instance, during the pre-perihelion phase, both
the calculated and observed H,CO production rates vary with
R;13 6, During the post-perihelion phase, H,CO calculated pro-
duction rates vary with R;I4'1 while the observed rates vary

with R;I“. However, although the results of the model well
match the heliocentric evolution for HoCO production rates,
some points fall outside the errors bars determined from obser-
vations. This difference is partly due to day-to-day variations
of the production rates, which are superimposed on the global
evolution and which are not taken into account in this model.
To reproduce the H,CO production rates in Comet C/
1995 O1 (Hale-Bopp), we must consider that grains contain
about a 3% mass fraction of POM. This value is close to the
POM mass fraction upper limit of 3% derived from in situ
measurements performed in the coma of §1P/Wild 2 by mass
spectrometry (Kissel et al., 2004). Our value is therefore real-
istic. Moreover, it is also very close to the nominal value (4%)
found to reproduce the spatial distribution of H,CO in Comet
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Fig. 7. HyCO production rates as a function of heliocentric distance. The mea-
surements of Biver et al. (2002a) are represented as open squares and the
computed values as black circles. The latter have been obtained using the ex-
perimental data of “POM1” and assuming a POM mass fraction in the grains of
3.1% and H>CO production at the surface of the nucleus equal to 3% of HCN
production.

1P/Halley (Cottin et al., 2004). On the other hand, although
no native H,CO is required to reproduce observations between
perihelion and 3.5 AU, a small fraction of HyCO produced di-
rectly at the surface of the nucleus must be assumed to fit the
data obtained for larger heliocentric distances. This production
rate of native HoCO could be as low as 3% of the HCN produc-
tion rate (QE]ZCC]%]S/QHCN =3%).

We calculated independently H>CO production rates related
to the three HyCO production mechanisms (photo- and thermal-
degradation of POM and nucleus sublimation) using Egs. (7),
(8) and (9) (see Fig. 8).

At 1 AU, POM thermal-degradation represents more than
90% of total HoCO production and this mechanism dominates
until 3.5 AU (see Fig. 8). These results are consistent with those
of Cottin et al. (2004), who have already shown that POM
thermal-degradation is predominant at 0.9 AU. The steep he-
liocentric evolution of HyCO production rates is due to the pre-
dominance of thermal-degradation. For heliocentric distances
greater than 3.5 AU, due to the cooling of the grains, POM
thermal-degradation becomes less efficient than POM photo-
degradation. Furthermore, at these large heliocentric distances,
the data derived from observations are reproduced by the model
only under the assumption that a fraction of HyCO is produced
directly at the surface of the nucleus. At 1 AU from the Sun,
this production of native HyCO could represent less than a few
percent of the total production of H,CO. Nevertheless, the pro-
duction rates of native HoCO are not well constrained by our
model as they depend on assumptions made on the grain dis-
tribution and on the few observations obtained at very large
heliocentric distances. Therefore it cannot be ruled out that all
H,CO is produced from degradation of POM.
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Fig. 8. HpCO production rates as a function of heliocentric distance com-
puted using the experimental data of “POM1.” The different symbols represent
different H, CO production mechanisms: POM thermal-degradation (empty tri-
angles), POM photo-degradation (crossed diamonds) and nucleus sublimation
(empty circles). The black circles represent the total HoCO production rates.
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Fig. 9. Critical distance as a function of the heliocentric distance for differ-
ent grain sizes. The “critical distance” is the distance from the nucleus at which
POM initially present in the grains is completely degraded into gaseous species.
It depends on the relative efficiency of photo- and thermal-degradation at a
given heliocentric distance. This figure can be divided into two areas sepa-
rated by the diagonal line. In the area situated on the right of the diagonal
line, photo-degradation dominates, whereas in the other area it is negligible
with respect to thermal-degradation. The dotted line shows the field of view ra-
dius assuming a beam width at half power of 12" for the radio observations of
Comet C/1995 O1 (Hale-Bopp) before perihelion.

The relative influence of thermal and photo-degradation of
POM for different heliocentric distances can be understood by
studying the kinetics of HoCO production. Fig. 9 represents the
critical distance (i.e., the distance from the nucleus at which
POM initially present in grains is completely degraded into
gaseous species) as a function of the heliocentric distance for
different grains sizes.

As thermal-degradation depends heavily on grain tempera-
ture, photo-degradation dominates thermal-degradation for he-
liocentric distances greater than 4 AU, whatever the grains.
On the other hand, for heliocentric distances less than 1 AU,
thermal-degradation dominates for all grain sizes. Between 1
and 4 AU, thermal-degradation is the dominating process for
the hot smaller grains, whereas photo-degradation dominates
for the cold larger grains.

The heliocentric evolution of HoCO production rates ob-
served in Comet C/1995 O1 (Hale-Bopp) can be understood
by comparing the critical distance to the size of the field of
view of the HyCO observations. At heliocentric distances larger
than 4 AU, photo-degradation takes place up to distances larger
than the field of view (see Fig. 9). Therefore, although POM
is degraded, gaseous H>CO cannot be observed by measure-
ments such as those of Biver et al. (2002a). Between 4 and
3 AU, thermal-degradation becomes the predominant process
as the critical distance for smaller grains decreases due to their
heating. For these heliocentric distances, the critical distance
for the smaller grains becomes less than the size of the field
of view (see Fig. 9). Thus, POM present in the smaller grains
is completely degraded into gaseous H,CO inside the field of
view. This explains the very steep increase of HyCO produc-
tion rates calculated between 4 and 3 AU (see Fig. 8). Finally,
as the comet approaches the Sun, POM is completely degraded
by thermal processes inside the field of view for larger and
larger grains. This explains the steep heliocentric evolution of
the HoCO production rates measured by Biver et al. (2002a).

So, comparing the critical distance to the size of the field
of view, it can be seen that at large heliocentric distances, ex-
tended H>CO production is dominated by photo-degradation of
the smallest grains, whereas inside 1.5 AU it is dominated by
thermal-degradation of the largest grains.

4.2. Sensitivity of the results

In this sub-section, we study the sensitivity of HyCO produc-
tion rates to the different parameters used in the computation:
chemical type of POM and grain velocity, temperature and dis-
tribution.

4.2.1. Sensitivity to the type of POM used for experimental
studies

We have studied experimentally the thermal-degradation of
two chemical types of POM. As this mechanism is predom-
inant over a large range of heliocentric distances, the para-
meters A and E, could influence HoCO production rates. We
calculate H»CO production rates considering the experimental
data of “POM2” (i.e., A =12 x 1039 molecules g_l s~1 and
E, = 8.1 x 10* Jmol™"). We have kept all the parameters pre-
sented in Section 3 and o = 3.1% and Qﬁ“zc(lj"gs /OHeN = 3%
as already used in order to compare the results obtained for
“POM1” and “POM 2.” The corresponding H,CO production
rates are displayed in Fig. 10.

Close to 1 AU, the H,CO production rates are greater for
“POM2” than for “POM1” experimental data. At this helio-
centric distance, most of the gaseous H,CO is produced by
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Fig. 10. HpCO production rates as a function of the heliocentric distance. The
measurements of Biver et al. (2002a) are represented as open squares, the val-
ues computed using the experimental data of “POM1” as black circles and the
values computed using the experimental data of “POM?2” as gray triangles. The
latter have been obtained assuming a POM mass fraction in the grains of 3.1%
and H>CO production at the surface of the nucleus equal to 3% of HCN pro-
duction.

thermal-degradation of POM present in the largest grains with
temperatures at about 300 K, and at this temperature HyCO pro-
duction kinetics are faster for “POM?2” than for “POM1” (see
Fig. 4 in Fray et al., 2004a). For heliocentric distances greater
than 1.5 AU, H,CO production rates are only slightly affected
by changes in parameters A and E,. In summary, H;CO pro-
duction rates are only sensitive to the chemical type of POM
when thermal-degradation of larger grains takes place inside the
field of view.

4.2.2. Sensitivity to grain velocity

As already stated, the velocity of the smaller grains at 1 AU
is 80% the gas velocity. The influence of an increase in grain
velocity was first studied by multiplying grain velocities by a
factor of 1.25 (the velocity of the smallest grains is then equal
to the gas velocity). In this case, all parameters being identi-
cal to those used in Section 4.1, a decrease in HyCO production
rates ranging from 1 to 8% is noted depending on the heliocen-
tric distance. Multiplying the grain velocity by a factor of 0.8,
the HyCO production rates increase by 1 to 12%. These vari-
ations are not surprising. Indeed, as their velocity decreases,
more grains are present inside the field of view and H,CO is
produced closer to the nucleus, therefore enhancing the H,CO
production rates. However the most important points are that
(1) the heliocentric evolution of HyCO production rates is not
significantly modified and (2) the HyCO production rates are
only slightly affected by grain velocity variations.

4.2.3. Sensitivity to grain temperature
POM thermal-degradation depends heavily on grain tem-
perature as it follows the Arrhenius law. Grain temperature
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Fig. 11. (a) Sensitivity of the H,CO production to the porosity of the grains,
i.e., to their temperature, as a function of the heliocentric distance. The black
circles represent the total HyCO production rates found with the data of the
“POM1” (see Fig. 7). The three black lines represent the H, CO production rates
from POM thermal-degradation for different grains porosities. Their heliocen-
tric evolution increases when the porosity, i.e., the temperature of the micronic
grains, increases. (b) Sensitivity of Hy CO production rates to the organic con-
tent of the grains, i.e., to their temperature, as a function of the heliocentric
distance. The black circles represent the total HyCO production rates calcu-
lated with the data of “POM1” (see Fig. 7). The three black lines represent
H;CO production rates from POM thermal-degradation for different grain or-
ganic contents. Production rates tend to increase with organic content, i.e., with
grain temperature, particularly for heliocentric distances greater than 1 AU.

is controlled by two parameters: (1) porosity and (2) organic
versus mineral content of the grains. As organics are more ab-
sorbent in visible wavelengths than silicates; grain temperature
increases with organic content. Moreover, grain temperature
also increases with porosity (Greenberg and Li, 1998). Using
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the parameters presented in Section 3.4, we investigated the
sensitivity of HpCO production rates from POM degradation
to the organic content and porosity of grains. Figs. 11a and 11b
present the heliocentric evolution of H,CO production rates for
different values of these two parameters.

As expected, HyCO production rates depend on grain tem-
perature (see Figs. 11a and 11b), with higher grain temperatures
leading to higher production rates. Moreover, higher porosity
and organic content of the grains, i.e., higher grain tempera-
tures, lead to a flatter evolution of the HyCO production rates
with the heliocentric distance. Therefore, considering a given
heliocentric evolution of the dust-to-gas ratio, reproduction of
the measurements of Biver et al. (2002a) could be achieved only
for certain pairs of values of porosity and organics content of
grains (see Figs. 11a and 11b).

4.2.4. Sensitivity to the dust-to-gas ratio

The dust-to-gas ratios measured in Comet C/1995 O1 (Hale—
Bopp) are highly scattered and different trends with respect to
the heliocentric distance can be observed (see Section 3.2). For
the fit computed in the previous sections, we use a grain distri-
bution presenting an increasing dust-to-gas ratio as the comet
approaches the Sun (see Fig. 3).

First, in order to study the influence of the value of the
dust-to-gas ratio (without a change its heliocentric evolution),
we consider three grains distributions: (1) the distribution pre-
sented in Section 3.2 (case ‘b’), (2) a distribution with a dust-
to-gas ratio 2 times lower (case ‘a’) and (3) a distribution with
a dust-to-gas ratio 2 times higher (case ‘c’). The results, for the
best fits to the HyCO production rates measured by Biver et al.
(2002a) are displayed in Table 2 for each distribution. In each
case, observed values are still well fitted with reasonable POM
content and negligible HyCO production from nucleus subli-
mation with respect to POM degradation. The fraction of POM
present in grains required to fit the observed values is approx-
imately inversely proportional to the considered dust-to-gas
ratio. This means that the POM production rate (kg s~!) is con-
stant whatever the value of the dust-to-gas ratio (see Table 2).
In conclusion, the POM production rate (kgs™!) is constant

and more constrained than the POM mass fraction in grains.
Consequently, it would be more meaningful to consider POM
production rate (kg s~!) than POM mass fraction in grains. This
POM production rate is about 6.6 x 10* kgs~! at 1 AU (see Ta-
ble 2).

Secondly, the influence of the heliocentric dependence on
the dust-to-gas ratio has also been studied. We have constructed
a new grain size distribution (case ‘d’) which presents a con-
stant dust-to-gas ratio equal to 5. This distribution presents the
same cut-off for larger grains as was used above (see Fig. 4).
The parameters leading to the best fit using this distribution, all
others parameters being equal to those presented in Section 3,
are reported in Table 2. Note in Table 2 that the standard de-
viation (o) increases by a factor 2 compared to the previous
cases. Indeed the computed heliocentric evolution of HyCO
production rates is flatter than for the case with an increasing
dust-to-gas ratio as the comet approaches the Sun. Neverthe-
less, the observed values can be well reproduced if the grains
are colder than previously, i.e., if the organic content is de-
creased from 60 to 40% (see Fig. 12 and Table 2). Indeed, even
though the dust-to-gas is now constant with respect to the helio-
centric distance, a decrease in the organic content of the grains
(i.e., a decrease in their temperature) leads to steeper heliocen-
tric evolution of HyCO production rates. Thus, the effect of the
heliocentric evolution of the dust-to-gas ratio is compensated
by a decrease in the grain temperature. Therefore, considering
a constant dust-to-gas ratio equal to 5, an organic mass content
of the grains of 40%, o = 7% and QW< /Open = 0%, the
calculated HoCO production rates vary with R;"O during the
pre-perihelion phase and with RI;“ during the post-perihelion
phase (see Fig. 12). Thus, the steep heliocentric evolution of
H,CO production rates could be reproduced irrespective of the
heliocentric evolution of the dust-to-gas ratio.

4.2.5. Summary

The grain velocities and chemical type of POM only slightly
affect the heliocentric evolution of the HoCO production rate.
In fact, it depends mainly on the grain temperature and the he-

Table 2

Parameters used to reproduce the HyCO production rates measured by Biver et al. (2002a) for different grain size distributions

Grain distribution (a) (b) (c) (d) (d)
Dust-to-gas ratio at 1 AU 4.4 8.8 17.6 5 5
Mass fraction of organics in grains assumed 60 60 60 60 40
for the calculation of grain temperatures

POM mass in grains (%) 6.1 3.1 1.5 1.7 7
POM production rate at 1 AU (10% kgs™!) 65.2 66.3 68.4 20.6 84.8
ORSESS/ Quen (%) 6 3 6 32 0

o (%) 6.6 6.6 6.7 13.1 8.0
Relative production (%) of H,CO from 94.9 95.8 93.6 63 97.6
thermal-degradation of POM at 1 AU

Relative production (%) of HyCO from 2.2 2.8 3.5 2.3 2.4
photo-degradation of POM at 1 AU

Relative production (%) of HyCO from 2.9 1.4 2.9 34.7 0

nucleus sublimation at 1 AU

Distribution (b) is the distribution presented in Fig. 4. The distributions (a), (b) and (c) present the same heliocentric evolution of the dust-to-gas ratio as the one
presented in Fig. 3; only the value of the dust-to-gas ratio varies. The dust-to-gas ratio of distribution (d) is equal to 5 and is constant with heliocentric distance. Two

different grain temperatures have been used with this distribution.
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Fig. 12. HpCO production rates as a function of the heliocentric distance. The
measurements of Biver et al. (2002a) are plotted as open squares and the com-
puted values as black circles. The latter are calculated using a grain distribution
with a dust-to-gas ratio equal to 5 and constant for all heliocentric distances. To
calculate these HyCO production rates, we have assumed an organic mass con-

tent of the grains of 40%, « = 7% and Q;‘;%%ls/QHCN = 0%. In this case, the
calculated HyCO production rate varies with R;I4'0 during the pre-perihelion

phase and with R;I4'7 during the post-perihelion phase.

liocentric dependence of the dust-to-gas ratio. Nevertheless the
effect of the heliocentric evolution of the dust-to-gas ratio can
be compensated by the effect of the grain temperature. Thus,
whatever the heliocentric dependence of the dust-to-gas ratio,
there are some values of grain porosity and organic content that
make it possible to reproduce the measurements of Biver et al.
(2002a) taking into account POM degradation.

5. Conclusion

Abundant evidence based on observations indicates that
the gaseous H,CO observed in the cometary environment is
not produced only by sublimation from the surface of the
nucleus, but also directly in the coma (Meier et al., 1993;
Wink et al., 1999). It has been proposed that gaseous H,CO
could be released by the degradation of polyoxymethylene
(H2CO polymers, also called POM) which could be present in
grains (Huebner, 1987). To check this hypothesis, we experi-
mentally studied the photo- and thermal-degradation of POM
(Cottin et al., 2000, 2001; Fray et al., 2004a) and developed a
model of the cometary environment taking into account gas pro-
duction by the degradation of the refractory organic component
present in grains (Cottin et al., 2004). We have shown that the
H,CO spatial distribution measured by the Giotto spacecraft
in the coma of Comet 1P/Halley can be explained if we con-
sider that the grains contain a few mass percent of POM. In the
present article, we have shown that the very steep heliocentric
evolution of HyCO production measured at radio wavelengths
by Biver et al. (2002a) in Comet C/1995 O1 (Hale-Bopp) be-
tween 4 AU pre-perihelion and 3 AU post-perihelion is also

reproducible by considering that POM is present in grains and
that it is degraded into gaseous H>CO by solar UV photons
and/or heating (see Fig. 7). Our studies have been focused on
the H,CO extended source and we have demonstrated that solid
POM is a possible parent for gaseous H,CO.

According to our different assumption, the grains of Comet
C/1995 O1 (Hale-Bopp) could contain a few mass percent of
POM, with a nominal value of 3.1%. The mass fraction of
POM depends on the assumed dust-to-gas-ratio as shown in
Section 4.2, whereas the production rate of POM (in kgs™!)
does not depend on this ratio. Concerning HyCO production
at the surface of the nucleus, it could represent less than 2%
of total HyCO production at 1 AU (see Table 2) and could re-
main negligible up to 3 AU. Moreover our calculations cannot
be used to rule out the possibility that all HoCO is produced
from degradation of POM.

Moreover, we have shown that POM thermal-degradation
could be the predominant HyCO production mechanism at he-
liocentric distances up to 3.5 AU. It could account for about
95% of the total HoCO production rate at 1 AU (see Table 2).
Moreover the predominance of this HyCO production mech-
anism as well as the heliocentric evolution of the dust-to-gas
ratio could be responsible for the steep heliocentric evolution
of the H,CO production rates.

This work, combining experimental and model studies, has
two important implications:

1) The contribution of the refractory organic component of
cometary grains to the composition of the gaseous coma
can no longer be considered negligible. Such a mechanism
could then explain the production of other species possibly
produced by an extended source such as HNC, CN and CO.

2) The presence of POM or POM-like polymers in cometary
grains and nuclei is highly probable. Then, direct detection
of POM in cometary environment is a major goal for future
in situ studies.

Given that gaseous HyCO may be produced by degradation
of solid POM present in grains, this mechanism could explain
the production of others species. As for H,CO, the heliocen-
tric evolution of HNC production rates measured by Biver et
al. (2002a) is very steep. Irvine et al. (1998) and Rodgers and
Charnley (1998) have suggested the formation of HNC through
gas phase reactions in the coma. Nevertheless, this mechanism
is not efficient enough to reproduce the observed levels of HNC
in Comet C/1999 H1 (Lee) and Comet C/2002 C1 (Ikeya-
Zhang) (Rodgers and Charnley, 2001; Rodgers et al., 2003).
Consequently, Rodgers et al. (2003) propose that HNC could
be injected into the coma through the destruction of an un-
known precursor. The latter could be HCN polymers or hexam-
ethylenetetramine (C¢Hi2Ny, also called HMT), compounds
which have already been proposed as parent molecules of CN
radicals (Rettig et al., 1992; Bernstein et al., 1995). We have
therefore undertaken an experimental analysis of the photo- and
thermal-degradation of both compounds. Some preliminary re-
sults have already been published (Fray et al., 2004b), but more
laboratory work is required to include their degradation para-
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meters in our model and conclude as to whether or not they are
good candidates to explain the origin of HNC and/or CN.

The in situ measurements of the Giotto spacecraft inside the
coma of 1P/Halley have shown that CO is not entirely pro-
duced by nucleus sublimation (Eberhardt et al., 1987). More-
over DiSanti et al. (2001) have measured, from observations at
infrared wavelengths, the spatial distribution of CO in Comet C/
1995 O1 (Hale-Bopp). Between 2 and 1.5 AU, they observed
a change in the CO spatial distribution, which becomes more
extended, as well as a relatively abrupt increase of CO pro-
duction rates. These facts suggest a thermal threshold like the
one observed for HyCO at 3—4 AU. Therefore, as already pro-
posed by Greenberg and Li (1998), some CO could originate
from the grains. As for HNC and CN, probing this hypoth-
esis requires a complete experimental study of CO produc-
tion from the degradation of complex organics starting from
an appropriate refractory parent candidate. Note that our ex-
perimental study shows that CO is not produced by thermal-
degradation of POM and therefore this mechanism cannot be
used to explain the CO extended source (Cottin et al., 2004;
Fray et al., 2004a).

The combination of experimental work and modeling is an
effective tool that can be used to infer the presence and amount
of organic compounds in the nucleus of comets. So far, from
independent measurements in Comet 1P/Halley (Cottin et al.,
2004; Fray et al., 2004a) and Comet C/1995 O1 (Hale—Bopp),
we have shown that the presence of POM with a mass percent
of about 3% in the cometary nucleus and grains is highly prob-
able. Note that no attempt has yet been made to directly detect
POM or POM-like polymers in cometary environments. Direct
detection of POM in cometary grains or at the surface of the
nucleus should therefore be made a major goal of future stud-
ies. The COSAC instrument, on board the surface landing probe
of the Rosetta spacecraft, mainly composed of a GC-MS (gas
chromatograph coupled with mass spectrometer), is devoted to
the identification of complex organic molecules. However lab-
oratory experiments, carried out with a setup that reproduces
the flight configuration and simulates the in situ operating con-
ditions, have shown that POM will be difficult to detect due
to its degradation into H>CO inside the heated columns of the
chromatograph (Szopa et al., 2004). Therefore, COSAC will
likely not make it possible to distinguish between H,CO ices
and POM, whereas some others organic compounds, like HCN
polymers, will easily be detected if present. The COSIMA in-
strument, which is a secondary ion mass spectrometer, could
provide insight on the presence of POM although it cannot sep-
arate all the different compounds present on cometary grains.
POM has three intense vibration bands near 10 ym (8.1, 9.5
and 10.7 pm, see Schutte et al., 1993a; Fray et al., 2004a). Un-
fortunately these bands overlap with the 10 pm silicate band.
POM has also two less intense bands at 3.35 and 3.43 pm (Fray
et al., 2004a). However, interpretation of the emission features
observed in comets between 3.2 and 3.6 um is very complex
due to the contribution of CH-stretching bands of methanol and
other species (Bockelée-Morvan et al., 1995). Therefore, the di-
rect detection of POM in cometary grains and/or nuclei will not
be easy to achieve and new methods will have to be developed.

Another prospect is the study of the H,CO extended source
in a large number of comets to measure the POM production
rate (kg s~!) and compare it with other species such as CH;OH
for example. It appears that there is a correlation between
CH3OH and H>CO production rates in different comets (Biver
et al., 2002b) and it has already been shown that POM or POM-
like polymers are easily synthesized in cometary ice analogs
containing CH3OH even if H,CO is missing in the initial mix-
ture (Mufioz-Caro and Schutte, 2003; Bernstein et al., 1995).
POM production rates (kgs~!) could be derived by studying
the spatial distribution of HyCO in the coma, as already done by
Cottin et al. (2004). Such distributions have already been mea-
sured for C/1989 X1 (Austin) and C/1990 K1 (Levy) (Colom et
al., 1992) and for C/1996 B2 (Hyakutake) (Biver et al., 1999)
by cross-mapping at radio wavelengths. Such observations will
provide new constraints on HoCO production for a larger sam-
ple of comets, allowing us to compare the production rates of
POM with those of others species.
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