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Abstract. We analyze visible, infrared, radio and spectroscopic observations of 2060 Chiron in a synthetic way to determine
the physical properties of its nucleus. From visible observations performed from 1969 to 2001, we determine an absolute
V magnitude for the nucleus of 7.28± 0.08 with an amplitude of 0.16± 0.03, implying a nearly spherical nucleus with a ratio
of semi-axesa/b = 1.16± 0.03. Infrared observations at 25, 60, 100 and 160µm (i.e., covering the broad maximum of the
spectral energy distribution) obtained with the Infrared Space Observatory Photometer (ISOPHOT) in June 1996 when Chiron
was near its perihelion are analyzed with a thermal model which considers an intimate mixture of water ice and refractory
materials and includes heat conduction into the interior of the nucleus. We find a very low thermal inertia of 3+5

−3 J K−1 m−2 s−1/2

and a radius of 71± 5 km. Combining the visible and infrared observations, we derive a geometric albedo of 0.11± 0.02. We
find that the observed spectra of Chiron can be fitted by a mixture of water ice (∼30%) and refractory (∼70%) grains, and
that this surface model has a geometric albedo consistent with the above value. We also analyze the visible, infrared and radio
observations of Chariklo (1997 CU26) and derive a radius of 118± 6 km, a geometric albedo of 0.07± 0.01 and a thermal
inertia of 0+2

−0 J K−1 m−2 s−1/2. A mixture of water ice (∼20%) and refractory (∼80%) grains is compatible with the near-infrared
spectrum and the above albedo.
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1. Introduction

2060 Chiron (hereafter Chiron) is a transition object between
the Kuiper belt objects and the Jupiter family comets (Kowall
1996). Its semimajor axisa = 13.620 AU classifies it in the
Centaur family, with an orbit between Jupiter (a = 5 AU)
and Neptune (a = 30 AU). Chiron is actually one of the few
Centaurs which displays activity (Tholen et al. 1988) together
with, for example, P/Oterma, P/Schwassmann-Wachmann 1
and C/NEAT (2001 T4) (Bauer et al. 2003). It has therefore
attracted considerable interest, in particular during its perihe-
lion passage (15 Feb. 1996, atq = 8.45 AU), because it was
anticipated that its activity would increase. From the numer-
ous observations carried out so far and which will be later dis-
cussed in detail, it emerges the picture of a body having the
following properties. The radius determinations vary from 74
to 104 km. The synodic rotation period is well determined
and was equal to 5.917813± 0.000007 h on January 1991
(Marcialis & Buratti 1993). The short period lightcurve pat-
terns detected by Marcialis & Buratti (1993) “probably are due
to an irregular or faceted body, and they offer evidence that
Chiron currently presents an approximately equatorial aspect
to the Earth”. Moreover, the amplitude of the lightcurve indi-
cates a quasi-spherical body. The geometric albedo of the nu-
cleus is 0.14+0.06

−0.03 (Campins et al. 1994) which is larger than the
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range of 0.04± 0.02 found for other cometary nuclei (Lamy
et al. 2004). The spectrum of Chiron is featureless and quite
flat in the 0.5−0.9µm range, although variations of a few per-
cents in the slope of the spectral reflectivity can occur (Lazzaro
et al. 1997). Recent publications by Foster et al. (1999) and Luu
et al. (2000) reported the detection of water ice on the basis of
absorption features near 2.0µm. A similar result already ob-
tained on Pholus and Chariklo (1997 CU26) suggests that water
ice is probably ubiquitous on the surface of Centaurs (Brown
2000). During the 1987 to 1990 interval, when Chiron was be-
yond 11 AU from the Sun, a large brightening was observed
which is not yet very well understood. At such a heliocentric
distance, the activity is believed to be dominated by the subli-
mation of CO (Capria et al. 1996).

In this paper, we analyze visible, infrared, radio and spec-
troscopic observations of 2060 Chiron in a synthetic way to
determined the physical properties of its nucleus. In Sect. 2,
we first summarize observations of Chiron at visible, infrared
(including unique ISOPHOT observations at 25, 60, 100 and
160µm) and radio wavelengths and by stellar occultation, dis-
cussing the results of each approach and their limitations. In
Sect. 3, we explain in detail our thermal model used to interpret
the infrared observations, which includes dust, water ice and
heat conduction into the interior of the nucleus. In Sect. 4, we
discuss the results: thermal inertia, radius, geometric albedo,
reflectance of the nucleus, composition of the surface, con-
tribution of the coma to the visible and infrared fluxes, and
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Fig. 1.Absolute magnitudesHv of Chiron as a function of heliocentric
distance and time.

comparison of our model with previous infrared observations.
In Sect. 5, we extend our analysis to the Centaur Chariklo (1997
CU26).

2. Summary of observations and results

2.1. Visible observations

Figure 1 summarizes measurements of the magnitude of Chiron
performed between September 1969 and August 2001. We fa-
vored theV magnitudes when available, otherwise we con-
verted theR magnitudes usingV − R = 0.37 (Hartmann et al.
1990). This quasi-solar color correction is justified by the neu-
tral spectrum of Chiron obtained in June 1996 by Lazzaro et al.
(1997). Our observation was performed with the Danish 1.54 m
telescope at ESO, La Silla, in support of the ISOPHOT ob-
servations performed 10 days before. Several images were ac-
quired through theR filter on 1996 June 25.02 UT, when the
comet was at a helicentric distance of 8.468 AU and a geo-
centric distance of 8.326 AU. Standard stars from the Landolt
field PG1323-086 (Landholt 1992) were used to perform an
absolute calibration of the images. We obtained a magnitude
R= 15.79±0.03 which we converted toV = 16.16±0.03 with
the above color index.

The derivation of the absolute magnitudeHv = V(1, 1, 0)
requires a correction for the phase effect. From their observa-
tions of December 1986 which covered a very small range of
phase angles (1.05◦ to 1.62◦) and using the (H,G) formalism,
Bus et al. (1989) derived a valueG = 0.7. But later in 1996,
when Chiron was at a comparable level of activity, Lazzaro
et al. (1997) determined a very different value,G = 0.42. We
do concur with Lazzaro et al. (1996) that the correction for the
phase effect poses a problem because of the activity of Chiron
resulting in a variable coma and that the (H,G) formalism may
not be appropriate in this case. In view of this situation, we

decided to adopt the simple linear phase function with a coeffi-
cientβ = 0.05±0.01 mag deg−1, typical of cometary nuclei and
also consistent with the data of Bus et al. (1989). We applied
this phase correction to the whole set of observations plotted in
Fig. 1. In this present study, the above problem is alleviated by
the fact that we focus our attention to the faintest magnitudes
of Chiron, hopefully reflecting a situation where the coma was
negligibly faint. Moreover, the difference betweenHv calcu-
lated withG = 0.7 or β = 0.05 mag/deg is lower than 2% for
Chiron as the phase angle is always≤7◦.

As illustrated by the variations ofHv with heliocentric dis-
tance (Fig. 1), Chiron underwent considerable variations of its
activity, with a general trend totally uncorrelated with its he-
liocentric distance. A long phase of activity took place before
1978, fully documented by Bus et al. (2001). Beginning at
some unknown time prior to the earliest observations in 1969,
the brightness of Chiron reached a peak by late 1972, about
two years after aphelion and was then∼0.4 mag brighter than
at the second outburst of 1989. Following the 1972 peak, the
activity gradually decreased so that a minimum was reached
between 14 and 16 AU. It then resumed quite rapidly to reach
a maximum at 12.5 AU in September 1988 and then progres-
sively decayed. Chiron was still active at perihelion (8.45 AU).
Post-perihelion, the decrease of activity continued and Chiron
reached what appears to be its absolute minimum of activity
in June 1997 withHv = 7.28, i.e. 0.5 magnitude lower than
the minimum of 6.8 reached at 14−16 AU pre-perihelion. This
therefore yields the best estimate of the magnitude of the nu-
cleus. Next, the activity increased again very rapidly and the
magnitude reached 5.75 on April 2001. The whole set of data
displays conspicuous “short-term” variations of the activity
which can reach 0.3−0.4 mag over a few months.

The large outbursts which culminated at 12.5 AU pre-
perihelion and 10.5 AU post-perihelion as well as the aphe-
lion outburst are not well understood. Water ice does not sub-
limate beyond 6 AU and CO and/or CO2 must probably be
invoked to explain such an activity at large heliocentric dis-
tances (Capria et al. 1996). CO has indeed been marginally
detected in June 1995 when Chiron was at 8.50 AU from the
Sun by Womack & Stern (1997) who derived a production rate
of 1.5 ± 0.8 × 1028 s−1. Rauer et al. (1997) derived an upper
limit of 1.0× 1028 s−1 for the CO production rate near perihe-
lion. Different mechanisms have been proposed: a heat wave
reaching the CO sublimation front (Schmitt et al. 1991), shape
and/or albedo effects on the surface of the nucleus and man-
tle disruption (Johnson 1991). The most comprehensive work
to explain the activity variations of Chiron was performed by
Duffard et al. (2002): using a model for the coma developed
by Meech & Belton (1990) and assuming a long lifetime of
1400 days for the particules in the coma, they could fit all the
photometric data over 30 yr. According to this model, outbursts
could be produced by the gas outflow of CO, CO2, or another
element of similar volatility from an active region.

The question of the detection of the nucleus of Chiron can
also be approached by considering its rotational lightcurve, as
its variation with a period of 5.92 h is correctly attributed to a
spinning, non-spherical solid body. Since the direction of the
spin axis is not expected to change, the long-term change in
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Table 1.Absolute magnitudesHv and magnitude variations∆mv of the
lightcurve of Chiron.

Date Hv ∆mv Ref.

1985 Jan. 19 6.80 >0.05 (1)
1986 Dec. 6.62 0.088± 0.003 (2)
1988 Feb. 29 6.31 0.08± 0.01 (3)
1988 Oct. 31 5.70 0.04± 0.01 (4)
1989 Apr. 11 5.76 0.04± 0.01 (5)
1990 Jan. 29-30 6.10 0.045± 0.005 (3)
1990 Feb. 21-24 5.93 0.05± 0.01 (6)
1991 Jan. 08 5.93 0.04± 0.01 (1)
1993 Feb. 20 6.81 ∼0.02 (7)
1996 Jan.-Jun. 6.62 0.06± 0.01 (8)

References: (1) Marcialis & Buratti (1993); (2) Bus et al. (1989);
(3) Luu & Jewitt (1990); (4) Bus & Bowell (1988); (5) Meech &
Belton (1990); (6) West (1991); (7) Meech et al. (1997); (8) Lazzaro
et al. (1997).

the amplitude∆mv of the lightcurve of Chiron (nucleus+coma)
can be unambiguously attributed to the varying level of the
coma. This can be verified by the excellent anti-correlation be-
tween∆mv andHv as summarized in Table 1, with the excep-
tions of the 29 February 1988 and 20 February 1993 obser-
vations. The first observation (19 January 1985) gave a lower
limit as it missed the extrema of the lightcurve. The formal
method to analyze∆mv was presented by Luu & Jewitt (1990)
who derived a formula relating∆mv, Hv, the absolute magni-
tudeH0 of the nucleus and the amplitude of its lightcurve∆m0:

∆mv = H0 − Hv − 2.5 log
[
100.4(H0−Hv) + 10−0.4∆m0 − 1

]
. (1)

The analysis of the observations reported in Table 1 (with
the exceptions noted above) is performed using the∆mv-Hv
diagram (Fig. 2) where∆m0 and H0 are the two free param-
eters.∆m0 can be estimated from the largest amplitude∆mv =
0.09 ± 0.01 reported by Bus et al. (1989). The correspond-
ing Hv = 6.62 indicates that a coma was still present so that
we must choose a larger value for the nucleus. Adopting the
faintest measured magnitude (Fig. 1) for the magnitude of the
nucleus, i.e.,H0 = 7.28±0.08, we found that∆m0 = 0.16±0.03
is the best value that fits all the observations of Fig. 2, us-
ing a χ2 test. The errors bar of 0.03 on∆m0 is calculated in
order to fit all the measurements at the 1σ level. Our value
∆m0 = 0.16±0.03 together with the consideration of Marcialis
& Buratti (1993) that “Chiron currently presents an approx-
imately equatorial aspect to the Earth”, indicates a nearly
spherical nucleus with a ratio of semi-axesa/b = 1.16± 0.03,
assuming a uniform albedo distribution. Moreover, as the incli-
nation of Chiron is low (6.9◦) and as it was observed far from
the Earth by Marcialis & Buratti (∆ ∼ 14 AU), we conclude
that its pole is approximately perpendicular to its orbital plane.

2.2. Infrared and radio observations

Table 2 summarizes the infrared and radio observations of
Chiron. The results are separated in three different wavelength

Fig. 2. The amplitude of the lightcurve∆mv of Chiron as a function
of the absolute magnitudeHv. The data points are the observations
reported in Table 1 (except those of 29 February 1988 and 20 February
1993).

intervals: 10−25 µm for the mid-infrared, 25−160 µm for
the far-infrared and 800−1200µm for the radio (submillimet-
ric and millimetric) domains. There is no observations be-
tween 160 and 800µm.

The first interval 10−25 µm is in the Wien region of the
spectral energy distribution (SED) for an expected color tem-
perature of 120 K (Campins et al. 1994). Observations in
this range were first performed by Lebofsky et al. (1984)
at 22.5 µm, later by Campins et al. (1994) between 10.6
and 20.0µm, and recently by Fernandez et al. (2002) at 12.5
and 17.9µm. Altogether, these observations lead to a large
range of radius values, between 70 and 104 km (Table 3).

The second interval 25−160 µm contains the maximum
of the SED. The IRAS observations performed in 1983 at 25
and 60µm (Sykes & Walker 1991) did not detect Chiron but
allow to set an upper limit for the radius of 186 km. Chiron
was later unambigously detected thanks to observations per-
formed with the ISOPHOT photometer aboard the ISO satellite
from 8 to 15 June 1996 (Peschke 1997). Chiron was then near
perihelion at a heliocentric distance of 8.46 AU, thus maximiz-
ing its thermal emission. Four filters centered at 25, 60, 100
and 160µm were used. We calculated the average of the in-
frared fluxes over the three nights of observation, weighted by
the error on the flux for each wavelength and normalized to
∆ = 8.15 AU (the difference onrh andα is marginal), and
we obtained 289± 51 mJy, 369± 109 mJy, 170± 67 mJy
and 28± 15 mJy at 25µm, 60µm, 100µm and 160µm re-
spectively. The error-bars reflect the statistical errors derived
with the ISOPHOT Interactive Analysis software (PIA) and
the current absolute calibration accuracy of 30% of the detec-
tors. The fluxes at 160µm must be considered with caution.
Measurements of faint point sources with ISOPHOT at this
wavelength were exceedingly difficult because of the sky con-
fusion noise (Kiss et al. 2001). The real uncertainty on those
measurements is therefore larger than the formal values given
in Table 2. The ISOPHOT observations at 25, 60 and 100µm
are particulary well suited to determine the radius of Chiron,
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Table 2. Infrared and radio observations of Chiron

Date ra
h ∆b αc λd Flux Ref.

[AU] [AU] [ ◦] [µm] [mJy]

09 Jan. 1983 15.8 15.2 3 22.5 17± 9 (1)
18 Nov. 1991 10.0 9.7 5 19.2 84± 28† (2)
22 Nov. 1993 8.9 9.0 6 10.8 15± 4† (2)

19.2 298± 59† (2)
31 Mar. 1994 8.8 8.0 4 10.6 21± 3† (2)

20.0 327± 100† (2)
21 Jun. 2000 10.11 9.14 1.79 12.5 14.4± 1.18 (3)

12.5 18.2± 2.7 (3)
23 Jun. 2000 10.11 9.15 1.98 12.5 14.3± 1.7 (3)

17.9 43.9± 15.9 (3)
17.9 56.4± 16.8 (3)

16 Sep. 1983 15.36 14.99 3.53 25 <80 (4)
60 <135 (4)

08 Jun. 1996 8.46 8.06 6.45 25 284± 13 (5)
60 388± 150 (5)
100 178± 101 (5)
160 48± 25 (5)

14 Jun. 1996 8.46 8.15 6.66 25 350± 17 (5)
60 389± 158 (5)
100 217± 108 (5)
160 21± 23 (5)

15 Jun. 1996 8.46 8.16 6.69 25 262± 17 (5)
60 339± 157 (5)
100 128± 107 (5)
160 22± 23 (5)

Averages for 8.46 8.15 6.66 25 289± 51 (6)
Jun. 1996∗ 60 369± 109 (6)

100 170± 67 (6)
160 28± 15 (6)

22 Mar. 1991‡ 10.48 10.09 5.1 800 <11.1 (7)
27 Apr. 1994 8.79 8.29 5.8 1200 2.40± 0.55 (8)

a Heliocentric distance.b Geocentric distance.c Phase angle in de-
grees.d Wavelength.† The value is corrected to a monochromatic flux
as defined in Campins et al. (1994).∗ Averages of the ISOPHOT ob-
servations.‡ This is a combined value of the 04 Nov. 1990 and the
22 Mar. 1991 observations.
References: (1) Lebofsky et al. (1984); (2) Campins et al. (1994);
(3) Fernandez et al. (2002); (4) Sykes & Walker (1991); (5) Peschke
(1997); (6) This work; (7) Jewitt & Luu (1992); (8) Altenhoff &
Stumpff (1995).

as they cover the maximum of the SED. The interpretation of
these ISOPHOT observations, which has not yet been done, is
presented in Sect. 4.

The last wavelength interval 800−1200 µm corresponds
to the Rayleigh-Jeans regime where the flux is proportional
to λ−2. The observations are very difficult to perform, because
the expected signal is very low. The main advantage of these
measurements resides in their low sensitivity to the color tem-
perature of the body, that is to the thermal model. Jewitt & Luu
(1992) could not detect Chiron at 800µm, and they gave a 3σ

Fig. 3. Equatorial temperature profiles over the nucleus surface for
thermal inertiaI = 0, 10, 100 J K−1 m−2 s−1/2 and∞ at r = 8.5 AU.

upper limit of 150 km for the radius. The successful detection
of Chiron later performed by Altenhoff & Stumpff (1995) at
1200µm led to a radius of 84 km.

2.3. Determinations of the radius and geometric
albedo of the nucleus

The past infrared and radio observations were interpreted using
either a standard thermal model (STM) which assumes no ther-
mal inertia, or an isothermal-latitude model (ILM) which as-
sumes an infinite thermal inertia (Lebofsky & Spencer 1989),
or a modified STM which includes thermal inertia (Jewitt &
Luu 1992). The strong influence of the thermal inertiaI is high-
lighted in Fig. 3 where the surface temperature at the equator is
plotted as a function of longitude. WhenI increases, the profile
becomes smoother as more energy is transfered by conduction
from the day side into the nucleus to heat the night side. In other
words, whenI increases, the temperature decreases on the day
side and increases on the night side. In the extreme case of an
infinite thermal inertia, the temperature is constant across the
nucleus for a given latitude. Note that Chiron was always ob-
served with a phase angle≤7◦.

When using the infrared or radio observations alone, the
size of the nucleus is determined assuming a geometric albedo.
Adding visible observations allows to independently determine
the size and the geometric albedo. This method, extensively
used on asteroids, can give excellent results as recently demon-
strated for 433 Eros: the combination of the visible and infrared
ground-based observations performed in 1974/75 by Morrison
(1976) led to a radius of 22 km and a geometric albedo of 0.18,
a result in very good agreement with the recent in-situ ob-
servations performed by the NEAR spacecraft which led to a
33×13×13 km nucleus and a geometric albedo of 0.16. Table 3
summarizes the radius and geometric albedo determinations
obtained by different authors for Chiron. Depending upon the
observation and the model, the values vary from 71 km to
104 km with a mean value of∼88 km. Values of the geometric
albedo range from 0.10 to 0.17, with a mean value of∼0.14.
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Table 3.Radius and geometric albedo determination of Chiron.

Reference ra
n λb Method pc

v Hc
v

[km] [µm]

Lebofsky et al. (1984) 90+20
−25 22.5 STM 0.10+0.09

−0.035 6.9

Campins et al. (1994) 74± 11 19.2 STM 0.14+0.06
−0.03 6.9

Campins et al. (1994) 88± 10 10.8 STM − −
Campins et al. (1994) 104± 10 19.2 STM − −
Campins et al. (1994) 94± 6 10.6 STM − −
Campins et al. (1994) 91± 13 20.0 STM − −

Fernandez et al. (2002) 74± 4 12.5, 17.9 STM 0.17± 0.02 6.96

Sykes & Walker (1991) <186 60 ILM >0.027 6.7

This work 71± 5 25, 60 and 100 MM+ Conduction 0.11± 0.02 7.28

Jewitt & Luu (1992) <150 800 STM+ Conduction >0.04 6.8

Altenhoff & Stumpff (1995) 84± 10 1200 STM 0.13 6.7

Buie et al. (1993) >83 Occultation

Bus et al. (1996) 89.6± 6.8 Occultation

Bus et al. (1996) >90.2± 6.5 Occultation

a Nucleus radius.b Wavelength.c Derived geometric albedo.d AbsoluteV magnitude used for the geometric albedo determination.

The determination of the radius and the geometric albedo
of the nucleus of Chiron faces two kinds of difficulties. First, it
is model-dependent as a thermal model is required to interpret
the infrared and radio observations. It is important to assess this
dependence and, in particular, the impact of the thermal inertia.
Second, the nucleus is often active and its coma, even too faint
to be detected, may affect the results.

2.4. Occultation

The occultation of a star by a solid body is in principle a pow-
erful method to determine its size. Such an event took place
for Chiron in November 1993 and observations were attempted
from five different sites in California. Only one site was suc-
cessful in recording a useful lightcurve, although a second site
had a marginal detection of the extinction of the starlight, and
a preliminary value of the size of Chiron was reported by Buie
et al. (1993). There are many problems involved in the anal-
ysis of an occulation, amplified in this case by the very small
apparent size of Chiron (∼0.03 arcsec) and by the presence of
a coma. Moreover the sampling of the lightcurve is somewhat
sparse, only eight points, and its interpretation is not unique,
especially if a coma is introduced. The detailed analysis per-
formed by Bus et al. (1996) led to two slightly different val-
ues (Table 3) depending upon whether the marginal detection
is considered. Their analysis convincingly shows that the star
track was nearly diametral and that a dust coma was indeed
present (and possibly jets) consistent with an absolute mag-
nitude Hv = 6.41 at the time of the occultation. Taking into
account the marginal detection, they determined a radius of
89.6± 6.8 km.

3. Nucleus thermal model

3.1. General considerations

In order to interpret the ISOPHOT observations as well as all
other thermal observations in a coherent way, we considered
a thermal model as well as appropriate assumptions. We as-
sumed a spherical nucleus rotating with a period of 5.92 h with
its spin axis perpendicular to the comet orbital plane, in good
agreement with the observations discussed in the previous sec-
tion. The parameterΘ introduced by Spencer et al. (1989) is
useful to estimate the influence of the heat conduction and to
choose the appropriate thermal model. It is defined as:

Θ =
I
√
ω

εσT3
ss

(2)

where I is the thermal inertia,ω is the rotational frequency,
ε is the infrared emissivity,σ is the Stefan Boltmann’s constant
andTss is the subsolar equilibrium temperature.Θ � 1 implies
a slow-rotator andΘ � 1, a fast-rotator. For Chiron, with a
nucleus spin periodPn = 5.92 h and a maximum surface tem-
peratureTss of 150 K (Fig. 3), we obtainedΘ ∼ 1 for a thermal
inertia I = 10 MKS (where 1 MKS unit= 1 J K−1 m−2 s−1/2)
andΘ ∼ 10 for I = 100 MKS. Chiron is therefore intermediate
between the slow and the fast-rotators and the heat conduc-
tion into the nucleus must be introduced. We consider a mixed
model of refractory dust and water ice grains in an attempt to
take into account the detection of water ice on the surface of
Chiron (Foster et al. 1999; Luu et al. 2000). Our model does
not take into account the sublimation of CO as we assumed
that CO is located deep below the surface so that its effects on
the surface temperature are negligible.
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3.2. The mixed model (MM)

The mixed model (MM) has already been introduced by Lamy
et al. (2002) to interpret the infrared observations of the nucleus
of 22P/Kopff. It assumes an intimate, microscopic mixture of
dust and water ice grains, so that the thermal coupling between
the grains is perfect and there is only one temperature for the
mixture. As the ice is “dirty”, the geometric albedo can be low
(Clark & Lucey 1984) and this is further discussed in Sect. 4.2
below. As explained by Jewitt & Luu (1992), the sublimation
of water ice can be neglected for Chiron, and in this case, our
MM is equivalent to their thermal model: a STM with heat con-
duction. Thermal balance on the surface between the solar flux
received by the nucleus on the one hand, the reradiated flux and
the heat conduction on the other hand is expressed as:

(1− A)
Fsun

r2
h

cosz= ηεσT4 + κ
∂T
∂x

∣∣∣∣∣∣
x=0

(3)

where A = pvq is the product of the geometric albedopv
with the phase integralq, Fsun [Wm−2] is the solar constant,
rh [AU] is the heliocentric distance,z is the zenithal angle,η is
the beaming factor introduced by Lebofsky & Spencer (1989),
T [K] is the surface temperature,κ [Wm−1K−1] is the thermal
conductivity andx measures the depth. Numerical values for
the parameters will be discussed in Sect. 3.4. Although the sub-
limation of water ice is neglected, its presence on the surface
will appear through the Bond albedoA.

We considered the one-dimensional time-dependent equa-
tion for the heat conduction:

ρC
∂T(x, t)
∂t

=
∂

∂x

(
κ
∂T(x, t)
∂x

)
(4)

whereρ [kg/m3] is the mass density andC [J/kg/K] is the spe-
cific heat capacity of the nucleus. We solved this equation using
a method similar to that described by Spencer et al. (1989). We
changedx to x′ = x/ξ, whereξ =

√
2κ/ρCω [m] is the charac-

teristic length of the heat wave which propagates into the sub-
surface. Then, Eq. (4) becomes Eq. (5) and Eq. (3) becomes
Eq. (6):

∂T(x′, t)
∂t

=
ω

2
∂2T(x′, t)
∂x′2

(5)

(1− A)
Fsun(t)

r2
h

cosz= ηεσT4(0, t) +

√
ω

2

√
κρC
∂T(0, t)
∂x′

(6)

whereω = 2π/Pn is the rotational frequency.
The boundary conditions are given by Eq. (6) at the surface,

and by Eq. (7) at a depthd:
(
∂T(x, t)
∂x

)
x=d=12ξ

= 0 or

(
∂T(x′, t)
∂x′

)
x′ = 12

= 0. (7)

This last condition assumes that the temperature remains con-
stant below a (thick enough) layer of thicknessd. The choice of
this constant temperature is explained in detail by Spencer et al.
(1989). We tookd = 12ξ, which ensures a good convergence;
a higherd does not change the surface temperature.

Table 4. Estimated thermal inertiaI for different bodies of the Solar
System.

Body I Reference
[J K−1 m−2 s−1/2]

Moon 50 Winter & Saari (1969)
Mars 65−460 Kieffer et al. (1977)
Phobos 37−67 Lunine et al. (1982)
Deimos 28−84 Lunine et al. (1982)
Saturn rings 13 Froidevaux et al. (1981)
Eros <105 Morrison (1976)
Ganymede 84−167 Morrison et al. (1971)
Asbolus <10 Fernandez et al. (2002)
1P/Halley <670 Julian et al. (2000)

In Eq. (6), all thermal parameters of the nucleus are re-
grouped into a single quantity, the thermal inertiaI =

√
κρC

[J K−1 m−2 s−1/2]. This is now the only parameter that we will
consider when solving the system of Eqs. (5)+(6)+(7). Table 4
gives estimates of the thermal inertia for different bodies of the
Solar System.

The nucleus is divided in several layers of thickness dx′
where dx′ = 0.25 is enough for Chiron to ensure a good
convergence. The longitude is represented by the time pa-
rametert. As t increases, the nucleus rotates and the longi-
tude, reckoned from the sub-solar point, changes. We took a
step dt = Pn/1000, which correponds to∼21 s for a period
Pn = 5.92 h and which is enough to reach the convergence.
Tests were performed with lower values of dx′ and dt and led
to marginal differences.

We calculated the temperatureT at each point (θ, ϕ) of the
surface to obtain a temperature mapT(θ, ϕ), whereθ is the lat-
itude andϕ is the longitude. For illustration, the temperature
profile along the equator (θ = 0◦) is displayed in Fig. 3 for
different thermal inertia.

3.3. The thermal flux

The thermal fluxF(λ) of an unresolved nucleus measured by
an observer located at geocentric distance∆ is the integral over
the nucleus ofεB(λ,T) whereB(λ,T) is the Planck function
andT(θ, ϕ,A) is given by the MM:

F(λ) = ε
∫ ∫

B
[
λ,T(θ, ϕ,A)

]
ΩdS. (8)

The solid angleΩ is given by:

Ω =
1
∆2

cosθ cos(ϕ − α) (9)

and the element of surface by:

dS = r2
n cosθdθdϕ (10)

where rn is the radius of the nucleus,θ is the latitude,ϕ is
the longitude measured from the sub-solar point andα is the
phase angle.θ and ϕ are linked to the zenithal anglez by
cosz= cosθ cosϕ. We calculated the thermal flux by perform-
ing a double integration over the hemisphere of the nucleus
which is visible from Earth i.e., satifying cos(ϕ − α) > 0.
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3.4. The model parameters

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

The infrared emissivityε 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 influence on the calculated thermal flux.

The beaming factorη reflects the influence of surface
roughness which produces an anisotropic thermal emission,
and theorically ranges from 0 to 1. For physical reasons,η is
higher than 0.7, otherwise it implies a very high, unrealistic,
roughness, with a rms slope higher than 1 (Lagerros 1998). We
adopted the value ofη = 0.756, derived from observations of
1 Ceres and 2 Pallas by Lebofsky et al. (1986), as those objects
have a geometric albedo (0.10 and 0.14 respectively) similar to
that of Chiron. Note that, on the basis of the work of Lagerros
(1998), Lamy et al. (2002) used a slightly larger valueη = 0.85
for the nucleus of 22P/Kopff as this body has a lower geometric
albedopv = 0.04. As the temperature varies asη−1/4, the beam-
ing factor may have an important effect on thermal flux and, in
turn, on the radius determination of the nucleus.

The Bond albedoA requires a knowledge of the phase in-
tegralq, which measures the angular dependence of the scat-
tered radiation. We chooseq = 0.4, the value found for 2 Pallas
(Lebofsky et al. 1986) since its geometric albedopv = 0.14
is comparable to that of Chiron. We note that this value ofq
is significantly different from the valueq = 0.28 chosen for
22P/Kopff (Lamy et al. 2002) since those two objects have
quite difference surface properties. Howeverq has little influ-
ence and the above values yielded similar results.

For the geometric albedo, we tookpv = 0.11, which is the
value derived from the ISOPHOT observations and which will
be discussed in the next section. It will then be shown that the
results are almost independent of the geometric albedo in the
range 0.01−0.15.

4. Results and discussion

4.1. Thermal inertia and radius determination
of the nucleus

The determination of the thermal inertiaI and the radiusrn

of the nucleus is performed by minimizing theχ2 expression
defined as:

χ2(I , rn) =
n∑

i=1

Fi − F(λi, I , rn)
σi


2

(11)

where Fi is the measured flux at the wavelengthλi andσi

the corresponding error bar. We took into account the average
ISOPHOT fluxes from the three nights of observation presented
in Sect. 2.2 (Table 2), at 25, 60 and 100µm. We did not take
into account the observation at 160µm in our discussion for
reasons explained in Sect. 2.2. Figure 4 presents the value ofχ2

as a function ofI andrn. Its lower value is obtained, at the 1σ
level (χ2 < 1), for a radiusrn = 71±5 km and a thermal inertia
I = 3+5

−3 MKS.

Fig. 4.Value of theχ2 expression as a function of the radiusrn and the
thermal inertiaI . The cross represents best estimate ofrn and I , i.e.
whereχ2 is minimum.

Fig. 5. The SED of the nucleus of Chiron for the mixed model (MM)
with a radiusrn = 71± 5 km and a thermal inertiaI = 3+5

−3 MKS. The
squares are the ISOPHOT data at 25, 60, 100 and 160µm with their
1σ error bars.

Figure 5 displays the SED of Chiron from 10µm to 200µm
for the mixed model (MM), for the above values and the 1σ
uncertainty. The fit to the data points is excellent, except at
160µm for reasons already discussed.

The value of 71± 5 km for the radius is lower than the
bulk of the previous estimates (Table 3), but in excellent agree-
ment with the recent determination of 74± 4 km by Fernandez
et al. (2002). The value of 3+5

−3 MKS for the thermal inertia is
very low, but coherent with our present understanding of prim-
itive bodies. Indeed, Fernandez et al. (2002) determined a ther-
mal inertia<10.5 MKS for Asbolus, and Spencer et al. (1989)
suggested a thermal inertia<15 MKS for asteroids Ceres and
Pallas, lower than that of the Moon (50 MKS). The low ther-
mal inertia of Chiron indicates a low thermal conductivity for
the surface material, and probably a porous surface as supposed
for the majority of cometary nuclei (e.g. Klinger et al. 1996;
Skorov et al. 1999).

As pointed out above, the only parameter on which the
thermal model and consequently the results are sensitive is the
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Fig. 6.The albedo-radius diagram for Chiron. The infrared constraints
come from the ISOPHOT observations with the models presented in
Fig. 3. The visible constraint is given by the visible absolute magni-
tude of the nucleus of ChironH0 = 7.28± 0.08.

beaming factorη, which ranges from 0.7−1.0 (see Sect. 3.4).
For η = 0.756, as justified in Sect. 3.4, we obtained the best
fit with a radiusrn = 71 km and a thermal inertiaI = 3 MKS.
For the extreme, unrealistic value ofη = 1.0, the best fit is ob-
tained withrn = 77 km andI = 0 MKS, and forη = 0.7 with
rn = 71 km andI = 5 MKS. For η = 0.85, the value used
for 22P/Kopff (Lamy et al. 2002), we obtainedrn = 72 km
and I = 0 MKS. Consequently, the choice ofη, in the range
0.7−0.85, has practically no influence on the determination of
the radius and the thermal inertia.

4.2. Geometric albedo

In order to determine the size and the geometric albedo of
Chiron without any assumptions, we need two independent re-
lationships. The first one is given by the visible observations
and we used the value discussed in Sect. 2.1,H0 = 7.28±0.08,
for the absoluteV magnitude of the nucleus. The nucleus ra-
dius rn and the geometric albedopv are linked toH0 using the
relationship of Bowell et al. (1989):

log(2rn) = 3.130− 0.2H0 − 0.5 logpv. (12)

The second relationship betweenrn andpv is given by the ther-
mal flux via Eq. (8) where the surface temperatureT depends
on pv throughA = pvq. We usedI = 3 MKS, as determined
previously, and the ISOPHOT fluxes at 25, 60 and 100µm. We
graphically combined the visible and the infrared constraints,
as illustrated in Fig. 6. The curves represents the infrared and
visible constraints which cross themselves nearly orthogonally;
this minimizes the error on the determination ofrn and pv.
Moreover, the infrared constraint is almost independent of the
geometric albedo in the range 0.01−0.15, yielding a quasi con-
stant value for the radius in this range (variation<3%). The ge-
ometric albedo is only constrained by the absolute magnitude
of the nucleusH0.

Fig. 7. Observed spectra of Chiron compared to laboratory experi-
ments with mixtures of charcoal and water ice.

For our solution, a MM with a thermal inertia of 3 MKS
and a radius of 71 km, we obtained a geometric albedo of
0.11± 0.02, the uncertainty coming from the error affectingH0.
This value is in excellent agreement with the determination of
Campins et al. (1994). Fernandez et al. (2002) obtained a higher
geometric albedo of 0.17± 0.02 assumingH0 = 6.96. Using
H0 = 7.28 instead yields 0.13± 0.02, in excellent agreeement
with our determination. The geometric albedo cannot be used
to constrain the thermal inertia. This shows the importance of
combining infrared AND visible observations to estimate alto-
getherpv, rn andI .

The geometric albedo of 0.11 is higher than the typical
range 0.02−0.06 found for the nucleus of short period comets
(Lamy et al. 2004) and this probably results from the presence
of water ice at the surface of Chiron, a question discussed in
the following section.

4.3. Reflectance of Chiron

We now consider the spectrum of Chiron to characterize its
surface. We assembled a composite spectrum by combining
the results of Lebofsky et al. (1984), Foster et al. (1999) and
Luu et al. (2000) in Figs. 7–10. We normalized the spectrum
of Foster et al. and Luu et al. at 2.2µm, and we applied a scal-
ing factor of 0.95 to the spectrum of Lebofsky et al. (origi-
nally normalized at 0.55µm) in order to insure continuity at
1 µm. Each spectrum was sampled and then interpolated us-
ing cubic splines. There are obvious problems with the infrared
spectra, in particular with that of Luu et al. (2000): the 1.5µm
band appears misplaced and the apparent absorption longward
of 2.2µm is probably spurious. However, the composite spec-
trum exhibit well-defined features, an almost flat part extend-
ing from 0.5 to 1.1µm and the two aborption band of water ice
at 1.5 and 2.0µm. These features, and particulary the contrast
of the bands, can be used to set limits on the fractional coverage
of ice.
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Fig. 8. Observed spectra of Chiron compared to two mixtures of as-
tronomical silicate and water ice grains in different proportions. The
grain size is 10µm.

Fig. 9.Observed spectra of Chiron compared to two mixtures of astro-
nomical silicate and water ice grains, with grain sizes of 1 and 100µm.

4.3.1. Comparison with experimental spectra
from laboratory experiments of microscopic
mixtures

We start by comparing the spectrum of Chiron with laboratory
results on different samples which are intimate, microscopic
mixtures of different grains. The main advantage of using spec-
tra obtained with laboratory experiments is that they are far
more realistic than computed spectrum, which further involve
many unknown parameters. Figure 7 diplays the reflectance of
two mixtures of water ice and charcoal measured by Clark &
Lucey (1984) using the experiment chamber of Clark (1981).
Mixture A (50% charcoal+50% water ice) exhibits a 2.0µm
band approximately similar to the observed one but unfortu-
nately a steep gradient in the visible. Mixture B (70% charcoal
+30% water ice) alleviates this problem at the expense of pro-
ducing too low a reflectance in the visible and too low a con-
trast of the 2.0µm band. None of the two mixtures exhibits the
1.5µm aborption band. It is tempting to use a linear combina-
tion of the A and B spectra to better reproduce the observations.
Figure 7 displays the solution “0.25 A+ 0.75 B” which indeed

Fig. 10.Observed spectra of Chiron compared to three different mix-
tures of 30% of water ice+70% of refractory grains (silicate, glassy
carbon or kerogen). The grain size is 10µm.

offers a better fit to the observations than any of the two indi-
vidual mixtures. Applying the above linear scaling, this solu-
tion contains approximately 65% of charcoal and 35% of water
ice. The fit is not perfect but gives a rough idea of the amount
of water ice on the surface of Chiron,∼35%. Unfortunately, the
geometric albedo of a body having a surface composed of such
a mixture is not known but is probably low owing to the large
percentage of refractory material, a result justified in the next
section.

4.3.2. Comparison with computed spectra
of macroscopic mixtures

We now calculate the reflectance of simple areal mixtures of
water ice and other refractory materials. The advantage of this
approach is twofold, first the parameters may be varied at will,
and second the reflectanceand the geometric albedo of a body
covered with the considered mixture can be simultaneously cal-
culated. The drawback of this approach is the large number of
(unknown) parameters such as the optical properties of the ma-
terials and the distribution function of the grain size, and the
solutions are no means unique. The model considers macro-
scopic mixtures so that there is no interaction between the
components, and the resulting reflectance spectrum is a linear
combination of the individual spectra according to the selected
fractional coverage of each component. It has already been ap-
plied to Chiron: Foster et al. (1999) combined 20% of water
ice with 80% of a spectrally neutral material while Luu et al.
(2000) combined water ice and olivine in unspecified propor-
tion to interpret their observations.

For the present study, we used the numerical code of Roush
(1994), based on the Hapke formalism (Hapke 1993) and con-
sidered mixtures of water ice with three different refractory
materials. First, a silicate, known as “astronomical silicate” in
the literature; its optical constants come from Draine & Lee
(1984). Second, glassy carbon, an amorphous form of carbon;
its optical constants come from Edoh (1983). Third, a kerogen,
a highly processed organic residue; its optical constants come
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Table 5.Calculated geometric albedos for different mixtures of water
ice+ astronomical silicates and different grain sizes.

Mixturea Grain size Albedob

[µm]

3% 100 0.02
15% 10 0.06
30% 10 0.11
80% 1 0.33

a Percentage of water ice in the mixture water ice+ astronomical
silicates.b Geometric albedo.

from Khare et al. (1990). The optical constants of water ice
come from Warren (1984).

Figure 8 displays our results obtained for a mixture of water
ice+ silicate with a unique grain size of 10µm. The percent-
age of water ice was tuned to produce the observed contrast
of the 2.0µm band. It amounts to 15% to match the spec-
trum of Foster et al. (1999) and to 30% to match that of Luu
et al. (2000). The fits are quite satisfactory in the interval 1.4
to 2.1 µm in spite of a slight mismatch of the 1.5µm band,
but this may comes from the spectrum of Luu et al. (2000) as
discussed above. However, the amount of water ice strongly de-
pends upon the grain size. Figure 9 displays the same fit but, for
two different grain sizes, 1µm and 100µm. In order to match
the observed spectrum and especially the contrast of the 2.0µm
band, the amount of water ice must be less than 3% for a grain
size of 100µm, and larger than 80% for a grain size of 1µm.

In order to test whether the above mixtures are compati-
ble with the albedo of 0.11± 0.02 determined in Sect. 4.2, we
used a numerical code written by Roush (1994) to calculate
the geometric albedo of a spherical body in the framework of
the Hapke formalism. The results for the four mixtures water
ice+ astronomical silicate considered in Figs. 8 and 9 are rep-
resented in Table 5. We obtained similar results for the other
refractory materials, glassy carbon and kerogen. The solution
which best matches both the observed reflectance and albedo
of Chiron corresponds to a mixture of 30% of water ice+70%
of refractory material and a common grain size of∼10 µm.
The resulting spectra are displayed in Fig. 10. Smaller grain
sizes would require larger water ice fractions resulting in very
large albedos while larger grain sizes result in the opposite sit-
uation. None of the mixture exhibits the observed visible spec-
trum of Chiron althougth the discrepancies are not that large
and much reduced compared to the previous solution (Fig. 7).
One cannot reasonably hope that any of the selected material
precisely corresponds to the refractory component of Chiron.
For the three cases of surface composition introduced above
(Fig. 10), we found geometric albedos of respectively 0.11 (sil-
icate), 0.13 (glassy carbon) and 0.10 (kerogen), all in excellent
agreement with our result of 0.11± 0.02.

In summary, the spectrum of the nucleus of Chiron and its
relatively high geometric albedo are both consistent with a sur-
face approximately composed of 30% of water ice and 70% of
a refractory material.

Table 6.Nucleus radius from IR and radio observations of Chiron.

Datea Reference λ Radiusb

[µm] [km]

09 Jan. 1983 Lebofsky et al. (1984) 22.5 97± 30
18 Nov. 1991 Campins et al. (1994) 19.2 79± 15
22 Nov. 1993 Campins et al. (1994) 10.8 102± 14

Campins et al. (1994) 19.2 114± 12
31 Mar. 1994 Campins et al. (1994) 10.6 112± 9

Campins et al. (1994) 20.0 98± 16
21 Jun. 2000 Fernandez et al. (2002) 12.5 87± 6

Fernandez et al. (2002) 12.5 98± 8
23 Jun. 2000 Fernandez et al. (2002) 12.5 87± 6

Fernandez et al. (2002) 17.9 62± 12
Fernandez et al. (2002) 17.9 70± 11

16 Sep. 1983 Sykes & Walker (1991) 25 <164
Sykes & Walker (1991) 60 <127

Jun. 1996 This work 25 71± 6
This work 60 75± 12
This work 100 67± 14

22 Mar. 1991 Jewitt & Luu (1992) 800 <138
27 Apr. 1994 Altenhoff & Stumpff (1995) 1200 74± 9

a See Table 2 for observation conditions.b Radius derived from the
mixed model (MM) with a thermal inertiaI = 3 J K−1 m−2 s−1/2.

4.4. Comparison with previous infrared and radio
observations

We now systematically apply our thermal model, i.e., the mixed
model with the parameters given in Sect. 3.4, a geometric
albedo of 0.11 and a thermal inertia of 3 MKS, to all past in-
frared and radio observations. This is the first time that this
set of observations is homogeneously analyzed with the same
model, thus allowing a meaningful comparison of the resulting
sizes of the nucleus of Chiron. Table 6 summarizes the differ-
ent radius determinations which may differ from those found
by the authors (cf. Table 3) since they used different thermal
models and/or different parameters. Figure 11 displays the ra-
dius determination versus wavelength for all observations listed
in Table 6. Our resultrn = 71 ± 5 km given by our mixed
model is in excellent agreement with all observations above
20µm, including the submillimetric observations of Altenhoff
& Stumpff (1995) at 1200µm. Our result is also consistent with
the observations of Fernandez et al. (2002) at 17.9µm and one
observation of Campins et al. (1994) at 19µm. The other obser-
vations of Campins et al. (1994) tend to suggest a larger radius.
This trend is more pronounced at∼10µm, and the observations
of Campins et al. (1994) and Fernandez et al. (2002) yield a ra-
dius of 87−112 km. A radius of 71± 5 km is not compatible
with the occultation performed by Bus et al. (1996), unless tak-
ing into account their error bars at the 3σ level. The question
of reconciling thermal infrared observations with results from
occultations has already been addressed by Fernandez et al.
(2002).
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Fig. 11. Determination of the radius of Chiron from the infrared and
radio observations of Table 2, using a mixed model (MM) with a geo-
metric albedo of 0.11 and a thermal inertia of 3 MKS. The solid bold
line and the hatched band represent our determination of 71± 5 km.

4.5. Coma contribution

We address the question of a possible contamination of the
ISOPHOT observations by the coma by noting that our visi-
ble observation performed 10 days later (25 June 1996) yielded
Hv = 6.57. Assuming an absoluteV magnitude of the nucleus
of 7.28, we derived a coma contribution of 48% using:

F(obs.) − F(nucl.)
F(obs.)

=
10−0.4×6.57− 10−0.4×7.28

10−0.4×6.57
= 48%. (13)

But, since we derived a radius of 71 km, lower than previous
determinations, it is very unlikely that there was any significant
contribution of the coma to the infrared fluxes (if present at all,
a faint coma contribution would be hidden by the large uncer-
tainty of∼30% affecting the measurements). This has already
been pointed out by Campins et al. (1994), two years before
the ISOPHOT observations, when Chiron was even more ac-
tive, and by West (1991), who argued that the blue color of the
coma is most likely due to scattering by submicron dust grains.

5. Application to the Centaur Chariklo

5.1. Radius, thermal inertia and geometric albedo
of the nucleus

Chariklo (1997 CU26) was discovered in 1997 with the
Spacewatch telescope (Scotti 1997). It has a perihelion of
13.07 AU, an aphelion of 18.35 AU, an excentricity of 0.31 and
an inclination of 30.1◦, which classifies it in the Centaur family.
Several observations were attempted in order to characterize its
physical properties. The visible observations of Davies et al.
(1998) gave an absoluteV magnitudeHv = 6.82± 0.02, using
a linear phase function withβ = 0.05 mag deg−1. Combining
this result with the infrared flux obtained at 20.3µm, Jewitt
& Kalas (1998) derived a radius of 151 km and a geometric
albedo of 0.045. Altenhoff et al. (2001) performed radio obser-
vations at 1.2 mm and determined a radius of 137 km and a
geometric albedo of 0.055. The infrared and radio observations

Fig. 12. Determination of the radius of Chariklo from the 20.3µm
infrared and 1.2 mm radio observations of Table 7. Differents symbols
are used forI = 0, 10 and 100 MKS. The symbols at 1.2 mm have
been deliberately offset left-right for clarity. The solid bold line and
the hatched band represent our determination of 118± 6 km.

Table 7. Infrared and radio observations of Chariklo.

Date ra
h ∆b αc λd Flux Ref.

[AU] [AU] [ ◦] [µm] [mJy]

13 Jan. 1998 12.81 13.72 1.7 20.3 66+14
−11 (1)

Dec. 99-Feb. 00 13.35 12.62 3.0 1200 2.08± 0.30 (2)

a Heliocentric distance.b Geocentric distance.c Phase angle in
degrees.d Wavelength.
References: (1) Jewitt & Kalas (1998); (2) Altenhoff et al. (2001).

are presented in Table 7. The recent observations of Peixinho
et al. (2001) present evidences for variations of the absolute
magnitude of Chariklo over a few months. Using these data
with a linear phase function correction (β = 0.05 mag deg−1),
we determined a range forHv from 6.52 to 6.90, well within
the error bars. We applied our model used for Chiron to those
visible, infrared and radio observations, in order to determine
altogether the radius, the geometric albedo and the thermal in-
ertia of Chariklo. We adopted a rotation period of 24 h (Davies
et al. 1998).

As done for Chiron, we minimized theχ2 expression, using
the infrared (Jewitt & Kalas 1998) and radio (Altenhoff et al.
2001) constraints, and we derived a radius of 118± 6 km and
a thermal inertia of 0+2

−0 MKS. As noted previously, this results
depend onη. For η in the range 0.7−1.0, theχ2 expression is
minimum for a radius in the range 115−126 km and a thermal
inertia of 0 MKS. Consequently, the influence ofη is null on the
thermal inertia and<10% on the radius. For Chariklo,I must
be less than 2 MKS, otherwise the infrared and radio observa-
tions are not compatible. This is illustrated in Fig. 12, where
we represented the radius determination for different thermal
inertia in the range 0−100 MKS, as a function of wavelength.
The infrared observations lead to a range of radius of 124 to
266 km, while the radio observations lead to a much narrower
range of 116 to 128 km, thus giving a stringent constraint on the
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Fig. 13.The observed spectrum of Chariklo compared to four different
mixtures of water ice and refractory grains (silicate, glassy carbon or
kerogen). The grain size is 10µm.

nucleus. This large difference of range between the two spectral
domains has already been addressed (Sect. 2.2). Using Eq. (12)
with the values ofrn = 118± 6 km andH0 = 6.70± 0.20, we
derived a geometric albedo of 0.07± 0.01.

5.2. Reflectance of Chariklo

In order to complete the analysis of Chariklo, we considered its
reflectance using the spectrum obtained by Brown et al. (1998),
which we normalized at 2.2µm. We favored this spectrum over
that obtained more recently by Brown (2000) as this latter is
of lower quality. Likewise that of Chiron, it exhibits the water
ice absorption bands at 1.5 and 2.0µm with approximatively
the same contrast (compare Figs. 13 and 10). We know from
Sect. 5.1 that the geometric albedo of Chariklo (0.07± 0.01) is
slightly lower than that of Chiron (0.11±0.02),and this requires
that the fractional coverage of ice be reduced in comparison to
that of Chiron. In view of the previous discussion in Sect. 4.3.2,
we adopted a grain size of 10µm and found that the solution
which best matches the observed spectrum is composed of 20%
of water ice+80% of refractory materials (either kerogen, sili-
cate or glassy carbon). As illustrated in Fig. 13, these mixtures
give excellent fits to the spectrum of Chariklo. The correspond-
ing geometric albedos are 0.07 (silicate), 0.09 (glassy carbon)
and 0.07 (kerogen), in good agreement with the above determi-
nation of 0.07± 0.01.

In summary, the spectrum of the nucleus of Chariklo and
its geometric albedo of 0.07± 0.01 are both consistent with a
surface approximately composed of 20% of water ice and 80%
of a refractory material.

6. Conclusion

We have analyzed visible, infrared, radio and spectroscopic ob-
servations of 2060 Chiron and 1997 CU26 Chariklo in a syn-
thetic way to determine the physical properties of its nucleus.
Our main results are summarized below:

1. The analysis of the visible observations performed from
September 1969 to August 2001 leads to an absoluteV
magnitude for the nucleus of ChironH0 = 7.28 ± 0.08

with a lightcurve amplitude of 0.16± 0.03 mag, imply-
ing a nearly spherical nucleus with a ratio of semi-axes
a/b = 1.16± 0.03.

2. The analysis of the infrared ISOPHOT observations of
Chiron, which covers the maximum of the SED (25, 60 and
100 µm), with a thermal model which includes heat con-
duction leads to a thermal inertia of 3+5

−3 J K−1 m−2 s−1/2 and
a radius of 71± 5 km. Combining the visible and infrared
observations, we found a geometric albedo of 0.11± 0.02.
This solution is remarkably consistent with observations
ranging from 17.9µm (Fernandez et al. 2002) to 1200µm
(Altenhoff et al. 1995).

3. This very low value of the thermal inertia, the lowest ever
determined for a body of the Solar System, is supported
by other evidences and is coherent with our present under-
standing of primitive bodies. It implies a low thermal con-
ductivity and probably a porous structure as often assumed
for cometary nuclei.

4. The spectrum of the nucleus of Chiron and its relatively
high geometric albedo are both consistent with a surface
composed of a mixture of water ice (∼30%) and refractory
(∼70%) grains.

5. The same analysis for the visible, infrared and radio ob-
servations of Chariklo (1997 CU26), yields a radius of
118± 6 km, a geometric albedo of 0.07± 0.01 and a ther-
mal inertia of 0+2

−0 J K−1 m−2 s−1/2, making Chariklo the
largest Centaur detected so far. A surface composed of a
mixture of water ice (∼20%) and refractory (∼80%) grains
is compatible with its near-infrared spectrum and the above
albedo.

The wide diversity in the optical and near-infrared reflection
spectra of Centaurs is now well established and can be inter-
preted in terms of different histories leading to mantles of dif-
ferent nature (Jewitt & Fernandez 2001). This is reinforced by
the differences in albedo as illustrated by the two cases consid-
ered here, Chiron and Chariklo, which can be related to differ-
ent properties (composition, porosity) of the uppermost layers
of the two nuclei. Our results further suggest different thermal
inertia for Chiron and Chariklo. It is tempting to relate this pos-
sible difference to the presence (Chiron) or absence (Chariklo)
of activity, the larger heat conduction in Chiron implying that
more energy reach the CO layer inside the nucleus thus pro-
ducing its sublimation. This question is beyong the scope of
the present study but would be worth exploring.

As Centaurs will eventually become ecliptic comets, it is
quite interesting to compare the properties of these two fam-
ilies. A major difference is that water ice has been detected
at the surface of several Centaurs on the basis of the 1.5 and
2.0 µm absorption bands, while it has never been detected
on any ecliptic comet nucleus. From the few determinations
presently available and clearly on the basis on the above re-
sults, several Centaurs have a geometric albedo distinctly larger
than that of short period comets. Our calculation suggests that
the large fraction of water ice present on the surface of these
Centaurs also explain these large albedo values. This would
indicate that sublimation is quite effective in weathering the
cometary surfaces and decreasing their albedo.
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