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Abstract. We report the detection of the nucleus of 126P/IRAS and 103P/Hartley 2 with the Infrared Camera of the Infrared
Space Observatory (ISOCAM). 126P/IRAS was observed on 12 November 1996, when it was at rh = 1.71 AU from the Sun
and ∆ = 1.32 AU from the Earth. 103P/Hartley 2 was observed on 5 February 1998, when it was at rh = 1.21 AU from the
Sun and ∆ = 0.91 AU from the Earth. The observations were performed with the broadband LW10 filter centered at 11.5 µm.
The spatial resolution was adequate to separate the thermal emission of the nuclei from that of their respective comae. We
combined the ISOCAM observations with measured water production rates, using a model that considers a spherical nucleus
with a macroscopic mosaic of small and numerous active and inactive regions, and we derived a radius of 1.57 ± 0.14 km and
an active fraction at perihelion of 0.11 ± 0.03 for 126P/IRAS, and a radius of 0.71 ± 0.13 km and an active fraction of ∼1 at
perihelion and 0.30 ± 0.11 at 1.11 AU post-perihelion for 103P/Hartley 2. These two examples illustrate the large diversity of
activity pattern that exists among cometary nuclei.
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1. Introduction

The knowledge and the understanding of the physical proper-
ties of cometary nuclei are important to constrain their origin
and their evolution in the solar system. In the past ten years
there has been major progress in the characterization of a large
number of cometary nuclei by several groups using different
techniques (see the recent review by Lamy et al. 2004). Our
own technique relies on the high spatial resolution offered by
space observatories, the Hubble Space Telescope (HST) in the
visible and the Infrared Space Telescope (ISO) in the ther-
mal infrared, to detect a cometary nucleus even when it is ac-
tive, i.e., in the presence of its surrounding coma. In several
instances, we have been able to detect nuclei in both visible
and infrared spectral domains, thus determining their radius
and albedo independently: C/1995 O1 Hale-Bopp (Lamy et al.
1999; Weaver & Lamy 1999), 22P/Kopff (Lamy et al. 2002)
and 55P/Tempel-Tuttle (Lamy et al. 2004). In this article, we
present an extensive analysis of two active nuclei, that of comet
126P/IRAS and that of comet 103P/Hartley 2, which have been
detected only in the thermal infrared with ISO. Technical de-
tails of these observations as well as preliminary results have
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already been published (Jorda et al. 2000). Our present analy-
sis includes the constraints from the water production rates and
allows for the first time the self-consistent determination of the
size and active fraction of the nucleus.

Comet 126P/IRAS was detected by Davies et al. (1983)
with the Infrared Astronomy Satellite IRAS on 26 April 1983,
thanks to a close approach to Earth (∆ ∼ 0.78 AU). It is
a Nearly Isotropic Comet according to the classification of
Levison (1996) and its orbital evolution is presently controlled
by close approaches to Saturn (Carusi et al. 1985). The ap-
proach of 1950 led to abrupt changes of its Tisserand invariant
relative to Jupiter and of its perihelion distance (from ∼2 AU to
∼1.7 AU). The other orbital parameters are quite stable except
for a slight periodic variation of the aphelion distance.

Comet 103P/Hartley 2 is an Ecliptic Comet (Levison 1996)
discovered on 28 November 1984 by Hartley (1984). It moved
in the vicinity of the 1:1 mean motion resonance (MMR)
with Jupiter so that its orbit did not vary much until ∼1875.
Then a succession of encounters with Jupiter put it slightly
above the 2:1 MMR, drastically reducing its perihelion (from
∼2.9 AU to ∼1 AU) and aphelion distances (from ∼8 AU to
∼6 AU; Carusi et al. 1985). It is one of the few comets that
have become Earth crossers in the recent past.

The present orbital parameters of the two comets are pre-
sented in Table 1.

2. Observations and preprocessing of the images

The two comets were imaged with the LW (long wave-
length) channel of ISOCAM, the infrared camera aboard ISO
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Table 1. Orbital elements of the observed comets.

Comet T a
J Pb

orb qc Qd ee i f

[year] [AU] [AU] [◦]

126P/IRAS 1.96 13.16 1.703 9.538 0.697 46.0
103P/Hartley 2 2.64 6.39 1.032 5.871 0.701 13.6

a Tisserand parameter relative to Jupiter; b orbital period; c perihelion
distance; d aphelion distance; e eccentricity; f inclination.

(Cesarsky 1994; Cesarsky et al. 1996) using the LW10 fil-
ter and the mode offering the highest spatial resolution of
1.5 arcsec pixel−1. LW10 is a broadband filter centered at
11.5 µm with a FWHM of 7 µm.

The observations of 126P/IRAS were performed on a single
day, 12 November 1996, 13 days after its perihelion passage of
30 October 1996. The observing programme consisted of seven
visits spanning a time interval of 10 h. The geometric parame-
ters varied only slightly over this interval: the heliocentric dis-
tance rh changed from 1.7077 to 1.7081 AU and the geocentric
distance ∆ from 1.3162 to 1.3210 AU, resulting in a negligible
increase of the image scale, from 1432 to 1437 km pixel−1. The
solar phase angle α remained nearly constant at 35.3◦.

Comet 103P/Hartley 2 passed perihelion on 21 December
1997 and was closest to Earth on 8 January 1998 at ∆ =
0.8177 AU. Operational constraints of ISO pushed the observa-
tion to 5 February 1998, that is 46 days after its perihelion pas-
sage. The observing program consisted of three visits spanning
a time interval of 20 min. The geometric parameters remained
nearly constant over such a short interval: rh = 1.2091 AU,
∆ = 0.9084 AU, α = 53.2◦ and the pixel scale amounted to
988 km pixel−1.

Because of the particular operation of the infrared de-
tectors, two parameters were needed to define an exposure:
the individual exposure time and the number of individual
frames. The first parameter equal to 2.1 s was selected to
maximize the signal without saturating the detector. The sec-
ond parameter ensured that, after a phase of stabilization of
the detector, an adequate number of scientific frames were
accumulated to reach the desired signal-to-noise ratio. This
parameter amounted to 20 and 85 individual frames for respec-
tively, 126P/IRAS and 103P/Hartley 2.

The accuracy of the pointing was limited by the capability
of ISO, the specification being a 2σ error of 11.7 arcsec. The
nucleus of 126P/IRAS landed 3.2 arcsec away from the center
of the frame (∼2.1 pixels) while that of 103P/Hartley 2 landed
11.0 arcsec away from the center (∼7.3 pixels). ISOCAM ob-
servations of moving targets were obtained in “tracking mode”
with the satellite performing a one-dimensional micro-raster
along the apparent trajectory of the target. Thus, one observa-
tion consisted of multiple pointings, each of them referred to as
a raster point, to correct for cometary motion. In a separate pro-
gram devoted to observations of comet Hale-Bopp, we carried
out a detailed analysis of the pointing history file and found
that the comet was 95 percent of the time within 0.49 arcsec
(�1/3 pixel) from the averaged raster position (Jorda et al.
2000).

Fig. 1. Isophote contours of an image of comet 126P/IRAS taken on
12 November 1996 with the LW10 filter of ISOCAM. The arrows in-
dicate the anti-solar direction (prolonged radius vector r) and the di-
rection of the celestial (equatorial) North (N). There is a star in the
anti-solar direction.

An ISOCAM image is in fact a cube where the additional
dimension is time. The signal in a given pixel (i, j) is indeed
a function of time (tk) for reasons explained above. The pre-
processing of the cubes is rather complex and thoroughly de-
scribed by Jorda et al. (2000). In summary, the corrections
for dark current, non-uniformities and transient effects used
the tools of the CAM Interactive Analysis Software (CIA ver-
sion 3.0). However we developed a specific IDL (Interactive
Data Language) routine to select the valid images and combine
them in the most appropriate way. It examines how fast the
stabilization takes place and looks for overshoots in each in-
dividual pixel. The latter problem arises when the signal does
not smoothly reach its maximum value but first overshoots it
before leveling off to the true “stabilized value”. The abso-
lute calibration was performed using the most recent factors
(Siebenmorgen et al. 1998) and applying an appropriate color
correction (Siebenmorgen et al. 1999). The adopted calibration
factors are given by Jorda et al. (2000) in their Table 3. Figure 1
displays an image of 126P/IRAS created from 20 individual ex-
posures of 2.1 s while Fig. 2 displays an image of 103P/Hartley
created from 85 individual exposures of 2.1 s with the method
described by Jorda et al. (2000). At this stage, seven (for 126P)
and three (for 103P) such calibrated images (one per visit) were
available for analysis.

3. Image analysis

The separation of the nucleus and coma signals must be accu-
rately performed in order to retrieve the correct flux of the nu-
cleus. The best approach consists of fitting a parametric model
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Fig. 2. Isophote contours of an image of comet 103P/Hartley 2 taken
on 5 February 1998 with the LW10 filter of ISOCAM. The arrows
indicate the anti-solar direction (prolonged radius vector r) and the
direction of the celestial (equatorial) North (N).

of the expected surface brightness to the observed images. The
most general model represented by a 2-dimensional array of
brightness values is simply given by

Model = [nucleus + coma] ⊗ PS F, (1)

where ⊗ represents the convolution operator and PS F denotes
the point spead function of the telescope (the required PS Fs
come from a library compiled by the ISOCAM team as de-
scribed by Lamy et al. 2002). The nucleus is not resolved
so that

nucleus = kn δ(ρ), (2)

where δ is the Dirac delta function, ρ is the radial distance from
the center and kn is a scaling factor. Specifying a model for the
coma very much depends on how complex it appears on the real
images and we developed various models accordingly. In the
two cases here, the innermost coma appears to slightly depart
from circular symmetry but not to the point of warranting the
most general procedure we implemented for comet Hale-Bopp
(Weaver & Lamy 1999). We therefore decided to introduce the
isotropic model

coma = kc / ρ
p (3)

and to perform the fits on azimuthally averaged radial profiles
as we did for instance for comet 46P/Wirtanen (Lamy et al.
1998a). This was implemented by performing a polar transfor-
mation of the images centered on the nucleus (the pixel having
the largest signal) with an angular resolution of 1◦ and sum-
ming only 270 individual profiles out of 360. This excludes the
quadrant centered along the anti-solar direction so as to avoid

Fig. 3. Azimuthally averaged radial profile of an image of 126P/IRAS
in log–log (top) and linear-linear (middle) representations. The lower
panel displays the residuals of the fit.

the tailward distortion of the coma (as well as a star in the case
of 126P). Note that the 1/ρp function was rigorously calculated
in the central 3 × 3 pixels to take into account the finite extent
of the pixels (this effect is negligible beyond).

Figure 3 illustrates the result of the best fit for an image
of 126P/IRAS. Note the ability of the model to reproduce the
observation at the level of ±1% in the region of interest. In
the central pixel, the contribution of the nucleus amounts to
∼25% of the total signal, while it was ∼18% in the case of
our ISOCAM observations of comet 22P/Kopff (Lamy et al.
2002). The power exponent of the inner coma p = −1.17 de-
viates from the canonical value and indicates that it was not in
steady state.

Figure 4 illustrates the result of the best fit for an image of
103P/Hartley 2. The contribution of the nucleus is quite small,
only ∼8% of the total signal in the central pixel. Still the model
is able to reveal it, although with a large uncertainty (see below)
and the fit is good at the level of ±2% in the region of interest.
With a power exponent of p = −1.05, the inner coma was very
close to steady state.

Our results are summarized in Table 2. There are sev-
eral sources of noise in the ISOCAM images which are fully
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Fig. 4. Azimuthally averaged radial profile of an image of
103P/Hartley 2. See Fig. 3 for explanations.

discussed in our study of 22P/Kopff (Lamy et al. 2002).
Altogether, the non-systematic errors (flat-field subtraction,
dark current subtraction, transient correction, photon noise)
lead to a typical 1-σ error of ∼16%. For 126P, the dispersion
of the flux values around the average of 48 mJy amounts to
±8 mJy, that is 16.7%, in agreement with the above determi-
nation. The situation is less favorable for 103P as the subtrac-
tion of the overhelming coma introduces a further, non-neglible
source of uncertainty fully reflected by the large dispersion of
the flux values. We take the average of the three determinations
and their full dispersion to quantify the uncertainty and obtain
27± 15 mJy, that is an error of ±57%, not untypical of infrared
observations of weak sources. Finally, the systematic error on
the absolute calibration was estimated by Siebenmorgen et al.
(1998) to be ∼5%.

4. The model of the nucleus

The interpretation of the ISOCAM infrared observations re-
quires a thermal model of the nucleus. Traditionally, the
Standard Thermal Model (Lebofsky et al. 1986) is applied to
derive the nucleus radius (e.g., Lisse et al. 1999; Fernandez
et al. 2000; Jorda et al. 2000), and then an active area is derived

Table 2. Journal of the ISOCAM observations and results.

Image Datea τb Gc Fluxd

[UT] [s] [mJy]

126P/IRAS rh = 1.71 AU ∆ = 1.32 AU α = 35◦

1 09 17 lw10 1996 Nov. 12.50797 2.1 2 43
1 10 17 lw10 1996 Nov. 12.57868 2.1 2 48
1 11 17 lw10 1996 Nov. 12.65295 2.1 2 60
1 12 17 lw10 1996 Nov. 12.72146 2.1 2 55
1 13 17 lw10 1996 Nov. 12.79132 2.1 2 36
1 14 17 lw10 1996 Nov. 12.85413 2.1 2 50
1 15 17 lw10 1996 Nov. 12.92551 2.1 2 43

48 ± 8∗

103P/Hartley 2 rh = 1.21 AU ∆ = 0.91 AU α = 53◦

5 04 28 lw10 1998 Feb. 5.45350 2.1 1 27
4 05 28 lw10 1998 Feb. 5.42652 2.1 1 13
4 06 28 lw10 1998 Feb. 5.44001 2.1 1 42

27 ± 15∗

a Exposure mid-point; b exposure time; c gain; d flux of the nucleus (at
11.5 µm); ∗ average flux.

from this radius, using the water production rates (A’Hearn
et al. 1995). But this suffers from the paradox that the STM
was developed for asteroids and does not take into account
water ice on the surface, in contradiction to the activity ob-
served on comets. Consequently, we developed a model, in the
framework of that of Crifo & Rodionov (1997), that takes into
account the presence of water ice on the surface, through ac-
tive regions. This model is applied simultaneously to the in-
frared observations and the measured water production rates,
to determine, in a self-consistent way, the nucleus radius and
its active fraction. This is the first time that such a method is
implemented.

4.1. The thermal model

Our model is a mosaic of active and inactive regions on a spher-
ical nucleus, already used for 22P/Kopff (Lamy et al. 2002) and
46P/Wirtanen (Groussin et al. 2003a). Active regions are small,
numerous, and located all over the nucleus to be consistent
with the absence of structure (jets) in the coma. The fraction
of the surface x covered by active region ranges from 0 (nu-
cleus 100% inactive) to 1 (nucleus 100% active), and is called
the active fraction. Active regions are a microscopic mixture
of water ice and refractory materials. The volumic fraction of
water ice in this mixture f ranges from 0 (no water ice) to 1
(pure water ice). We take into account all first order physical
processes, insolation, radiation and water ice sublimation and
neglect heat conduction for reasons given below

Heat conduction is linked to the thermal inertia I, which
we expressed in MKS unit, that is J/K/m2/s1/2. It has been
determined for a few small bodies in the Solar System:
I < 15 MKS for main-belt asteroids (Spencer et al. 1989),
≤10.5 MKS for Centaur Asbolus (Fernandez et al. 2002),
∼3 MKS and ∼0 MKS respectively for Centaurs Chiron and
Chariklo (Groussin et al. 2004). So, the thermal inertia of
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cometary nuclei is certainly very low, probably in the range
0–20 MKS. For cometary nuclei with such a low thermal iner-
tia and that are further observed at short heliocentric distances
rh < 2 AU, we have already shown that the heat conduction has
no influence on the determination of the radius of the nucleus
(Groussin 2003b). We checked this result for the two comets
of interest here and indeed found that the effect of the thermal
inertia in the range 0–20 MKS on the radius determination is
less than 1%; it can therefore be safely neglected.

The low conductivity of the nucleus further ensures that
there is no thermal coupling between active and inactive re-
gions. Each region has its own surface temperature given by
the surface energy balance, for an inactive region:

(1 − A)
Fsun

r2
h

cos z = ηεσT 4 (4)

and for an active region:

(1 − A)
Fsun

r2
h

cos z = ηεσT 4 + f (1 − αR)LZ(T ) (5)

where A = pvq is the product of the geometric albedo pv by the
phase integral q, Fsun [W m−2] is the solar constant at 1 AU,
rh [AU] is the heliocentric distance, z is the zenithal angle, η
is the beaming factor introduced by Lebofsky et al. (1986),
ε is the infrared emissivity, σ [J K−4 m−2 s−1] is the Stefan-
Boltmann’s constant, T [K] is the surface temperature, f is
the fraction of water ice in the active regions, αR accounts for
the recondensation of water ice on the surface (Crifo 1987),
L [J kg−1] is the latent heat of sublimation of water ice, and
Z(T ) [kg s−1 m−2] is the H2O sublimation rate.

For the latent heat of sublimation of water ice L, we took
the standard value:

L = 2.8 × 106 J kg−1. (6)

The H2O sublimation rate Z(T ) is given by:

Z(T ) = Pv(T )

√
M

2πRT
(7)

where M = 18 g mol−1 is the H2O molecular weight and
R = 8.314 J K−1 mol−1 is the gas constant. The vapor pressure
Pv(T ) [Pa] is given by (Fanale and Salvail 1984):

Pv(T ) = A exp
(−B

T

)
(8)

where A = 3.56 × 1012 Pa and B = 6162 K. The numerical
values of the other parameters will be discussed in Sect. 4.4.

As heat conduction is negligible, the coordinates system
does not depend on the pole orientation of the nucleus and
we arbitraly chose a zero obliquity (with respect to the Sun-
comet-Earth plane). Equations (4) and (5) are solved numer-
ically and give the surface temperature distribution T (θ, ϕ) of
the inactive and active regions respectively, using the relation
cos z = cos θ cosϕ, where θ is the latitude and ϕ is the lon-
gitude, measured from the subsolar point. On the night side,
T = 0 K.

4.2. The thermal flux

The thermal flux F(λ) of an unresolved nucleus measured by an
observer located at distance ∆ is the integral over the nucleus
of the Planck function B(λ, T ), where T (θ, ϕ, pv) is given by
Eq. (4) or Eq. (5):

F(λ) = ε
∫ ∫

B
[
λ, T (θ, ϕ, pv)

]
ΩdS . (9)

The solid angle Ω is given by:

Ω =
1
∆2

cos θ cos(ϕ − α), (10)

the element of surface by:

dS = r2
n cos θdθdϕ (11)

where α is the phase angle given in Table 2. We calculated the
thermal flux by performing a double integration over the hemi-
sphere of the nucleus which is visible from the Earth i.e., sat-
isfying cos(ϕ − α) > 0. This method avoids introducing an
arbitrary thermal phase function.

We obtained the thermal flux Finact from the inactive re-
gions using the temperature distribution given by Eq. (4), and
the thermal flux Fact from the active regions using the temper-
ature distribution given by Eq. (5). The thermal flux of the nu-
cleus Fnucl is a combination of these two thermal fluxes accord-
ing to:

F(λ)nucl = (1 − x)Finact + xFact. (12)

The measured thermal emission from the nucleus provides a
first relationship between rn and x, assuming a value for the
geometric albedo pv.

4.3. The water production rate

The water production was calculated at each point (θ, ϕ) of
the surface, and then integrated over the whole surface. Only
a fraction x of the surface is active, with a fraction f of water
ice, so that QH2O is given by:

(QH2O)total = r2
n

∫ π
−π

∫ π/2
−π/2

QH2O(θ, ϕ) cos θdθdϕ

= r2
n

∫ π
−π

∫ π/2
−π/2

x f (1 − αR)Z[T (θ, ϕ)] cos θdθdϕ. (13)

The temperature T (θ, ϕ) is given by Eq. (5). The water pro-
duction rate of the nucleus provides a second relationship be-
tween rn and x.

4.4. The parameters

The various parameters involved in the thermal model are not
known for cometary nuclei. We discuss below how we selected
their respective values.

The infrared emissivity ε is taken equal to 0.95, the middle
point of the interval 0.9–1.0 always quoted in the literature. As
the interval is very small and the value near 1.0, this uncertainty
has a negligible impact on the calculated thermal flux.
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The beaming factor η reflects the influence of the surface
roughness which produces an anisotropic thermal emission.
The values of η determined for a few asteroids and planetary
satellites vary from 0.7 to 1.2 (Spencer et al. 1989; Harris
1998). The value of η = 0.756, derived from observations of
1 Ceres and 2 Pallas by Lebofsky et al. (1986) has often been
considered a standard and used for other solar system objects
(e.g., Centaur Chariklo, Jewitt & Kalas 1998). However, for
low albedo objects such as cometary nuclei, Lagerros (1998)
pointed out that a rather high surface roughness is required in
order to achieve this value. His recommendation led us to select
the more appropriate value η = 0.85. As the temperature varies
as η−1/4, the beaming factor has an important effect on thermal
flux and, in turn, on the determination of the nuclear radius.

The Bond albedo A requires a knowledge of the phase inte-
gral q, which measures the angular dependence of the scattered
radiation. We chose q = 0.28, the value found for 253 Mathilde
(Clark et al. 1999) since the surface properties of this asteroid
(pv = 0.047 and βV = 0.04 mag/deg) are typical of cometary
nuclei. This choice is reinforced by the recent Deep Space 1
observations of 19P/Borrelly for which Buratti et al. (2004) de-
rived a phase integral of 0.27 ± 0.01.

We adopted a geometric albedo pv = 0.04, typical of
cometary nuclei (Lamy et al. 2004). Is it not possible to directly
determine this parameter for 126P/IRAS and 103P/Hartley 2,
using the radiometric method (visible + infrared), as no visible
observations of the nucleus are available.

The recondensation of water ice on the surface is discussed
in detail by Crifo (1987). We adopted his recommended value
αR = 0.25.

The volumic fraction of ice f in the ice-dust mixed model is
set to 0.2, to insure that the geometric albedo of the nucleus is
compatible with the above value of 0.04, even when the active
fraction x becomes very large. It will be shown later that the re-
sults remain insensitive to the value of f in the range 0.01–1.0.

5. Properties of the nucleus

Using the constraints on the infrared flux (Eq. (12)) and on the
water production rate (Eq. (13)), it is possible to independently
determine the radius rn and the active fraction x of the nucleus.
Active regions are colder than inactive regions because of water
ice sublimation. Consequently, the larger the active fraction x,
the lower the average surface temperature, and so the larger
the radius rn to match the observed infrared flux. Moreover,
the larger the active fraction x, the larger the active regions,
and so the smaller the radius rn to match the observed water
production rate. The combination of these two opposite con-
straints allows to determine a unique solution for x and rn.
This method assumes that the active fraction remains constant
between the date of the infrared observations and the date of
the water production measurements. We will now apply this
method to 126P/IRAS and 103P/Hartley 2.

5.1. 126P/IRAS

The infrared flux of its nucleus measured 13 days after its per-
ihelion passage amounts to 48 ± 8 mJy (Table 2). The water

Fig. 5. The radius of the nucleus of 126P/IRAS as a function of the
active fraction.

production rate has been extrapolated at perihelion by A’Hearn
et al. (1995) and amounts to 3.2×1027 molecules s−1; an uncer-
tainty of ∼30 % is realistic. The time interval of 13 days is suf-
ficiently short to assume that x did not vary much. The infrared
constraint and the water production constraint are represented
in Fig. 5. We derived a radius of 1.57± 0.14 and an active frac-
tion of 0.11±0.03 at perihelion assuming f = 0.2, but different
values of f in the range 0.01–1 led to negligible differences on
the radius (1.56–1.57 km) and small differences on the active
fraction (0.09–0.13). The very small influence of f on rn and x
results from two facts:

i) the active regions, whose temperature is controlled by f ,
contribute little to the infrared flux since they represent
only 11% of the surface and since their temperature is lower
than that of the inactive regions at the time of observations;

ii) for rh < 1.7 AU, the bulk of the available solar energy
(>85 %) is used for sublimation, implying an almost con-
stant production rate Z.

The classical determination of the radius using the STM led to a
radius of 1.50 km, very close of the above value. Consequently,
the STM is applicable as long as the active fraction of a nucleus
remains small. Although the active areas are colder, the result-
ing reduction of the infrared flux is negligible in that case.

We checked whether the variations of the flux of
126P/IRAS in Table 2 could be due to a rotational lightcurve.
We applied the Lomb periodogram analysis (Press et al. 1992)
to the data points, searching for double-peaked periods between
2 h and 160 h. A broad peak appears at P = 4.9 ± 0.9 h in the
periodogram, but it is not statistically significant, owing to
the large error bars and to the limited number of data points.
The measurements phased to this period are shown in Fig. 6.
We note that a rotational period of ∼5 h is not unrealistic for a
cometary nucleus as it lies at the low end of the observed range
(5–70 h, Lamy et al. 2004).
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Fig. 6. Data points of Table 2 for comet 126P/IRAS phased to the most likely period of 4.9 ± 0.9 h (diamonds) and the fitted sine curve
(solid line). Note that this period is not statistically significant in the Lomb periodogram.

Table 3. Measured water production rates for 103P/Hartely 2.

Date rh QH2O x† Ref.
[AU] [1028 molecules/s]

1997 passage (q = 1.03 AU)
31 Dec. 1997 1.04 1.24 ± 0.20 0.58 ± 0.20 (1)
01 Jan. 1998 1.04 3.1 ± 0.2 1.44 ± 0.50 (2)
19 Jan. 1998 1.11 0.54 ± 0.20 0.30 ± 0.11 (1)
1991 passage (q = 0.95 AU)
11 Sep. 1991 0.95 4.5‡ 1.71 ± 0.60 (3)
16–22 Sep. 1991 0.96 6.3 2.44 ± 0.85 (4)

† Active fraction for a radius of 0.71 km with an uncertainty of 35%
(see text for detail);
‡ this value at perihelion has been extrapolated from OH production
rates measured on 9–12 Oct. 1991, corresponding to the interval 1.03–
1.05 AU post-perihelion.
References – (1) Crovisier et al. (1999), (2) Colangeli et al. (1999),
(3) A’Hearn et al. (1995), (4) Weaver et al. (1994).

5.2. 103P/Hartley 2

The infrared flux of its nucleus measured 46 days after its peri-
helion passage amounts to 27±15 mJy (Table 2). Several water
production rates have been obtained for 103P/Hartley 2, sum-
marized in Table 3. We used the measurement of Croviser et al.
(1999) at 1.11 AU which is the closest to our ISOCAM obser-
vation (16 days before). The infrared constraint and the water
production constraint are represented in Fig. 7. We obtained a
radius of 0.71 ± 0.13 km and an active fraction of 0.30 ± 0.11
assuming f = 0.2. The influence of f in the range 0.01–1 is nil
on rn and very small on x (0.28–0.32). However, we note that
the real water production rate at 1.21 AU, during the ISOCAM
observations, may be slightly smaller than the adopted value
measured by Crovisier et al. (1999) at 1.11 AU.

The STM which corresponds to QH2O = 0 yields a radius
of 0.61 km, a lower limit not very different from our above de-
termination of 0.71 km. Even for an active fraction as large as
30%, it thus appears that the STM gives a correct approxima-
tion.

Fig. 7. The radius of the nucleus of 103P/Hartley 2 as a function of the
active fraction.

From our determination of the radius of 0.71 km, it is pos-
sible to estimate the active fraction x for every water produc-
tion rate given in Table 3. We assume an uncertainty of 35%
on x, consistent with our own error bar (x = 0.30 ± 0.11).
The measurement of Crovisier et al. (1999) at 1.04 AU leads
to x = 0.58±0.20, while that of Colangeli et al. (1999) leads to
x = 1.44 ± 0.50 at the same heliocentric distance. Clearly this
discrepancy comes from the 2.5 factor between the two rates,
a question not settled by the authors. For all three observations
at the 1997 passage, the active fraction is less than 1 at the 1 σ
level. For the 1991 passage, the nominal values of x exceed 1
but only by 1.2 σ for the first value x = 1.71 ± 0.60 and by
1.7 σ for the second value x = 2.44 ± 0.85. We consider that
these excesses are not statistically significant and that our re-
sult is rather quite satisfactory in view of the large scatter of the
water production rates which probably results from the differ-
ent methods used by the different groups. We conclude that the
radius of the nucleus of 103P/Hartley 2 is 0.71 ± 0.13 km and
that its active fraction reaches ∼100% at perihelion, in agree-
ment with the absence of structure in the coma.

Such a small, very active nucleus would be extremely
difficult to detect from the ground. Indeed observations at
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rh = 3.63 AU post-perihelion by Lowry and Fitzsimmons
(2001) and further away at rh = 4.73 AU post-perihelion by
Licandro et al. (2000) have shown that it was still active in
both cases. The above authors could therefore obtain only up-
per limits for the radius of the nucleus, respectively <5.9 and
�5.0 km.

5.3. Discussion

As demonstrated above, the Standard Thermal Model widely
implemented to derive the radius of cometary nuclei from
infrared observations is well adapted to low active nuclei,
i.e., for active fraction ≤0.3. Indeed for 126P/IRAS and
103P/Hartley 2, the difference between the two determina-
tions of the radius (STM and our method) amounts to 5–15%.
This difference increases with the active fraction: for fractions
of 60%, 80% and 100%, the STM underestimates the radius
by factors of respectively 1.5, 1.9 and 3.5 at 1 AU, 1.3, 1.4
and 1.6 at 2 AU and less than 1.2 at 3 AU. Clearly the differ-
ence tends to vanish as the heliocentric distance increases, a
result of the vanishing difference bewteen the temperature of
active and inactive regions. The importance of the active frac-
tion must not be underestimated as widespread activity over the
nucleus appears to be common among ecliptic comets such as
46P/Wirtanen with x ∼ 85% at perihelion (Groussin & Lamy
2003a) and 22P/Kopff with x > 0.35 (Lamy et al. 2002); appli-
cation of the STM may therefore lead to substantial errors on
the determination of the radius of the nucleus.

6. Conclusions

We have presented a coherent method which, for the first time,
allows us to simultaneously analyze thermal infrared observa-
tions of the nucleus and measurements of the water produc-
tion rate to determine, in a self consistent way, its radius and
its active fraction. Our thermal model assumes a spherical nu-
cleus covered by a mosaic of small and numerous active and
inactive regions and takes into account all first order physical
processes. We have applied this method to two quite different
comets, 126P/IRAS and 103P/Hartley 2 and have obtained the
following results:

i) a radius of 1.57 ± 0.14 km and an active fraction of 0.11 ±
0.03 at perihelion, for the nucleus of 126P/IRAS;

ii) a radius of 0.71 ± 0.13 km and an active fraction of ∼1
at perihelion and 0.30 ± 0.11 at 1.11 AU post-perihelion,
for the nucleus of 103P/Hartley 2, which is therefore one
more example of a small, very active nucleus, very simi-
lar to that of 46P/Wirtanen (Lamy et al. 1998a; Groussin &
Lamy 2003a).

We have further shown that the standard thermal model is ap-
plicable to low activity nuclei. Typically it will underestimate
the radius by ∼15% if the active fraction is about 0.30. For
very active nuclei, observed inside 2 AU, the STM may lead
to larger errors, e.g. a factor ≥1.4 for active fractions x ≥ 0.8.
This is very important as many ecliptic comets appear to dis-
play widespread activity, consistent with the absence of struc-
ture in their coma.

The two comets studied here confirm the wide diversity of
the activity pattern on cometary nuclei, from a few active vents
covering only a few percent of the surface (e.g., 1P/Halley
(Keller 1997), 19P/Borrelly (Lamy et al. 1998b), 109P/Swift-
Tuttle (Sekanina 1981), C/1995 O1 Hale-Bopp (Schleicher
et al. 1997)) to fairly extended activity (e.g., 22P/Kopff, with
x ≥ 0.35 (Lamy et al. 2002)) to generalized activity pretty
much over the bulk of the nucleus surface (e.g., 46P/Wirtanen,
with x ∼ 0.85 (Groussin & Lamy 2003a), 103P/Hartley 2 with
x ∼ 1).
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