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ABSTRACT

W
&

e report the detection of water ice in the Centaur 2060 Chiron, based on near-infrared spectra (1.0–2.5 ] m)^
taken
_

with the 3.8 m United Kingdom Infrared Telescope and the 10 m Keck Telescope. The appearance of this
ice is correlated with the recent decline in Chiron’s cometary activity: the decrease in the coma cross section
allows` previously hidden solid-state surface features to be seen. We predict that water ice is ubiquitous among
Centaurs
a

and Kuiper Belt objects, but its surface coverage varies from object to object and thus determines its
detectability
b

and the occurrence of cometary activity.

Subject
c

headings: comets:d general — Kuiper Belt objects — solar system: formation

1. INTRODUCTION

The Centaurs are a set of solar system objects whose orbits
are` confined between those of Jupiter and Neptune. Their
planet-crossinge orbits imply a short dynamical lifetime (106

f
–

107
g

yr).h The current belief is that Centaurs are objects scattered
from
i

the Kuiper Belt that may eventually end up in the inner
solarj system as short-period comets. The first discovered and
brightest
k

known Centaur, 2060 Chiron, is relatively well stud-
ied.
l

The object is firmly established as a comet, with a weak
but
k

persistent coma. It is well documented that Chiron possesses
neutralm colors (e.g., Hartmann et al. 1990; Luu & Jewitt 1990)
and` a low albedo of (Campins et al. 1994). (It must
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be
k

noted that most of these measurements were made when
Chiron
a

clearly exhibited a coma, so that the measurements are
likely to have been contaminated by dust scattering from the
coma.d The albedo, in particular, should be viewed as an upper
limit.) Chiron has a rotation period of r 6

s
hr (e.g., Bus et al.

1989) and a photometric amplitude that is modulated by the
cometard y activity level (Luu & Jewitt 1990; Marcialis & Buratti
1993; Lazzaro et al. 1997). Published optical and near-IR spec-
tra
_

of Chiron show a nearly solar spectrum, varying from
slightlyj blue to completely neutral (Hartmann et al. 1990; Luu
1993; Luu, Jewitt, & Cloutis 1994; Davies et al. 1998) and
devoid
b

of specific mineralogical features.
As
t

a group, the Centaurs display remarkable spectral diver-
sityj (e.g., Luu & Jewitt 1996). The Centaur 5145 Pholus is
among` the reddest bodies in the solar system (Mueller et al.
1992; Fink et al. 1992) and shows absorption features at 2.00
and` 2.25 u m (see, e.g., Davies, Sykes, & Cruikshank 1993b;
Luu
�

et al. 1994). Cruikshank et al. (1998) interpreted the 2.0v m feature as being due to water ice, and the 2.27 w m due to
methanol.^ They derived a best fit to the spectrum that consisted
ofx carbon black and an olivine-tholin-water-methanol mixture.
Pholus’s extreme red color and low albedo ( ;0.0

p
44 y 0.013

p
Davies
z

et al. 1993a) strongly suggest that long-term irradiation
ofx carbon- and nitrogen-bearing ices has resulted in an organic-
rich,{ dark “irradiation mantle” (e.g., Johnson et al. 1987). The
spectralj differences between Chiron and Pholus have been at-
tributed
_

to the presence of cometary activity in Chiron and the
lack
|

thereof in Pholus (Luu 1993; Luu et al. 1994). A contin-
uous} rain of suborbital cometary debris falling onto the surface
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ofx Chiron may have buried a more primordial irradiation mantle
with� unirradiated matter ejected from the interior. In this Letter,
we� show further evidence supporting this hypothesis, and we
obserx ve that scattering effects by coma dust particles also elim-
inate spectral features seen in solid surface reflection.

2. OBSERVATIONS

Keck
�

observations.—The Keck near-infrared observations
were� made on UT 1999 April 3, at the f/25 Cassegrain focus
ofx the Keck I telescope, using the Near Infrared Camera (NIRC;
Matthews
�

& Soifer 1994). The NIRC detector is a 256 �
pixele InSb array that can be switched from direct imaging256

to
_

slit spectroscopy. In imaging mode, the pixel scale is 0�.15
pixele � 1 (

�
field of view), and in spectroscopy mode,

� � � �
38
� �

38
�

the
_

resolution is . We used a north-
� ��

/
� �����

100 0�.68 � 38
�

southj slit for all spectral observations. Uneven illumination of
the
_

slit and pixel-to-pixel variations was corrected with spectral
flat
�

fields obtained from a diffusely illuminated spot inside the
dome.
b

Since
�

the target was not visible during spectral observations,
Chiron’s
a

position was confirmed by centering it at the location
ofx the slit and taking an image. The slit, grism, and blocking
filter
�

were then inserted in the beam for the spectroscopic ob-
serj vation. Spectra were made in pairs dithered along the slit
by
k

13� . We obtained spectra in two different grating positions,
coveringd the JH

�
wavelength� region (1.00–1.50 � m) and the

HK region (1.4–2.5 � m). Nonsidereal tracking at Keck showed
a` slight drift with time, so we recentered Chiron in the slit
ever� y 15–20 minutes.

United Kingdom Infrared Telescope observations.—The
United
�

Kingdom Infrared Telescope (UKIRT) observations
were� made on UT 1996 February 7 and 8 with the CGS4
infrared
l

spectrometer mounted at the Cassegrain focus. The
detector
b

was a pixel InSb array, with a 1�.2 pixel � 1256   256
scalej in the spatial direction. An optical TV camera fed by a
dichroic
b

beam splitter gave us slit viewing capability, and thus
we� were able to guide on the target during all observations.
The
¡

conditions were photometric, and the image quality was¢ 1£ FWHM, so we used a slit aligned north-south
¤ ¤

1¥.2 ¦ 80
§

onx the sky at all times. A 75 line mm ¨ 1 grating© was used in
first order for all observations, yielding a dispersion of 0.0026ª m^ pixel « 1 in

l
the H

¬
and` K

�
band
k

( ). However, the
­

/
� ®�¯�°

850
§

detector
b

was dithered by 0.5 pixels during each observation,
soj the spectra were oversampled by a factor of 2. The effective
spectralj coverage in the H

¬
band
k

was 1.4–2.0 ± m,^ and in the
K band

k
1.9–2.4 ² m. Sky background removal was achieved
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UT
Ô

Date Instrument
W
Õ

avelength
(Ö m)

Slit
(arcsec) × /

ØIÙÛÚ Integrationa

(s)
Rb
Ü

(AU)

Ý c

(AU)

Þ d

(deg)

UKIR
Ô

T

1996 Feb 7 . . . . . . CGS4 K
ß

1.3–2.0 1.2 à 80 á 850 1080 8.45 7.86 5.6
1996 Feb 8 . . . . . . CGS4 H

â
1.3–2.0 1.2 ã 80 ä 850 400 8.45 7.85 5.5

CGS4 K 1.9–2.4 1.2 å 80 æ 850 1520 8.45 7.85 5.5

Keck I

1999 Apr 3 . . . . . . NIRC
ç

JH
è

1.00–1.55 0.68 é 38 ê 100 600 9.39 8.72 4.7
NIRC
ç

HK
â

1.35–2.50 0.68 ë 38 ì 100 600 9.39 8.72 4.7
a Accumulated integration time on Chiron.
b Heliocentric distance.
c Geocentric distance.
d Phase angle.

TABLE 2í,î¶ïðî½ñ
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UT
Ô

Date Instrument
W
Õ

avelength Range
(� m)

�
S
�

(%/1000 Å)

1996 Feb 7 . . . . . . CGS4 K 2.0–2.4 0.7 � 0.2
1996 Feb 8 . . . . . . CGS4 H

â
1.4–2.0 � 0.3 � 0.2

CGS4 K
ß

2.0–2.4  2.1 ! 0.3
1999 Apr 3 . . . . . . NIRC

ç
JH
è

1.0–1.5 0.9 " 0.2
NIRC
ç

HK
â

1.5–2.5 # 0.8 $ 0.1

%�& ')(
1.—Infrared reflectance spectrum of 2060 Chiron, normalized at

2.2 * m. The date of each spectrum is indicated. The top panel shows the
original spectra, while in the bottom panel the 1996 spectra have been smoothed
by
+

3 pixels (the 1999 spectrum remains unsmoothed). There is a clear ab-
sorption feature at 2 , m in all three spectra and a very weak absorption feature
at 1.5 - m in the 1999 spectra.

by
k

nodding the telescope 30
.

(23
�

pixels) along the slit. Dark
frames
i

and calibration spectra of flat fields and comparison
lamps
|

(Ar) were also taken every night. The observation pa-
rameters are summarized in Table 1

Both
/

the Keck and UKIRT observations were calibrated us-
ing stars on the UKIRT Faint Standards list (Casali & Hawarden
1992). At both telescopes, we took care to observe the standard
starsj at air masses similar to those of Chiron (with an air-mass
difference
b 0

0.10),
p

to ensure proper cancellation of sky lines.
The
¡

separate reflectance spectra from each night of observation
are` shown in Figure 1.

3. DISCUSSION

3.1.
�

The
1

Spectra

The
¡

Chiron spectra (Fig. 1) show that (1) Chiron is nearly
neutralm in the 1.0–2.5 2 m^ region, (2) there is a subtle but definite
absorption` feature at 2 3 m ( 4 0.35

p 5
m wide, 6 10% deep) in

spectraj from 1996 and 1999 and a marginal absorption feature
near 1.5 7 m in the 1999 spectrum, and (3) the spectral slope
and` the strength of the 2 8 m^ feature change with time.

Reflectivity gradients in the JHK
�

region span the range
/1000
�

Å to
_

/1000 Å (T
�

able 2). In Figure 2,
9 9

S =
c :

2% S =
c

1%
we� compare Chiron spectra from 1993 (from Luu et al. 1994)
with� the present observations. The flat and featureless 2 ; m
spectrumj from 1993 stands in sharp contrast to the later spectra.
The presence of the 2 < m feature in different spectra taken
with� different telescopes, instruments, and spectral resolutions
providese convincing evidence that it is real.

The 2 and 1.5 = m features are clear signatures of water ice,
and` the shallowness of the features (compared with that of pure
water� ice) suggests that this ice is mixed with dark impurities
(see
�

Clark & Lucey 1984). We note that the Chiron spectra are
ver> y similar to spectra of minerals and water ice (compare the
spectraj in Fig. 2 with those in Figs. 14 and 15 of Clark 1981,
respectively).{ In Figure 3, we show that the Keck Chiron spec-
trum
_

is well fitted by a model consisting of a linear superpo-
sitionj of a water ice spectrum and an olivine spectrum. The
olivinex spectrum is needed to provide the required continuum
slope,j and at the very small grain size used, the spectrum of
olivinex is essentially featureless. The water ice spectrum was
calculatedd based on the Hapke theory for diffuse reflectance
(Hapke
�

1993) and has a grain diameter of 1 ? m.^ A description
cand be found in Roush (1994). However, we caution that the
model^ is nonunique, and due to the many free parameters in
the
_

model (e.g., grain albedo, porosity, roughness), the 1 @ m
grain© size should not be taken literally. Similarly, olivine could
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B�C D)E
2.—Infrared reflectance spectrum of Chiron from 1993 (from Luu et

al. 1994) compared with the 1996 and 1999 spectra. There was no apparent
spectral feature in the 1993 spectra.

F�G HJI
3.—Chiron’s 1996 spectra fitted with a model consisting of a linear

superposition of water ice and olivine spectra.

also` be replaced in the fit by other moderately red, featureless
absorbers.`

The
¡

2 K m^ feature in Chiron is clearly time-variable: it was
notm apparent in 1993 but changed to a depth of 8%–10% in
1996 and 1999. Chiron’s light-curve variations can be ex-
plainede by the dilution of the light curve by an optically thin
comad (Luu & Jewitt 1990). Based on this model, we estimate
that
_

the 1993 coma cross section was L 1.5 times larger than
in 1996 or now. The likeliest explanation for the time variability
ofx the 2 M m feature is the degree of cometary activity in Chiron.
In
N

1993, Chiron’s activity level was high (Lazzaro et al. 1997),
resulting in a featureless spectrum dominated by scattering from
the
_

coma. By 1996, when the UKIRT observations were made,
Chiron’s
a

total brightness had dropped by O 1 mag to a minimum
level
|

(comparable to that of 1983–1985; Lazzaro et al. 1997),
leaving
|

spectral contamination by dust at a minimum.

3.2.
�

Implications
P

of Water Ice on Chiron

3.2.1.
Q

Cometary Activity in Centaurs

Considering
a

(1) Chiron’s time-variable spectrum, (2) the
presencee of surface water ice, and (3) Chiron’s persistent com-
etar� y activity, we conclude that Chiron’s surface coverage is
notR dominated

b
by an irradiated mantle but more probably by

a` layer of cometary debris. Occultation observations suggest
that
_

sublimation by supervolatiles (e.g., CO, N2)
S

on Chiron
occursx in a few localized icy areas (Bus et al. 1996). Dust
grains© ejected at speeds of less than 100 m s (the escape

T 1

velocity)> will reimpact the surface, building a refractory layer
that
_

tends to quench sublimation. Nevertheless, the outgassing
is still sustained by the sporadic exposure of fresh ice on the
surj face. Sublimation experiments with cometary analogs illus-
trate
_

this phenomenon: outgassing produces a dust layer, but
fresh
i

icy material can still be periodically exposed by ava-
lanches
|

and new vents created by impacts from large dust
particlese (Grün et al. 1993). If, in keeping with a Kuiper Belt
origin,x Chiron once possessed an irradiation mantle, we suspect
that
_

it has been either blown off by sublimation or buried under
a` dust layer thick enough to mask its features. If so, the present
low albedo of Chiron would be due to cometary dust particles
rather than irradiated material.

In
N

contrast, the lack of cometary activity in the Centaur

Pholus
U

is consistent with an encompassing surface coverage
by
k

the irradiation mantle—witness the extreme red color and
absorption` features associated with hydrocarbon materials. Al-
though
_

water ice may exist locally on the surface (Cruikshank
et� al. 1998), Pholus’s spectral properties are still dominated by
the
_

organic irradiated crust. If this hypothesis is correct, com-
etar� y activity should be uncommon among Centaurs with very
red{ colors (irradiated material) and more common among those
with� neutral (ice) colors. As the observational sample of Cen-
taurs
_

grows, this is a simple prediction that can be directly
tested.
_

However, it remains unclear why cometary activity was
activated` on Chiron and not on Pholus, even though the two
Centaurs
a

are at similar heliocentric distances. One possibility
is that Pholus was recently expelled from the Kuiper Belt and
has
V

not yet been heated internally to a degree sufficient to blow
offx the irradiation mantle, but this hypothesis cannot be easily
tested,
_

given the chaotic nature of the orbits of Centaurs.

3.2.2.
Q

Centaur and Kuiper Belt Surfaces

W
&

e summarize the spectral properties of Centaurs and Kuiper
Belt
/

objects (KBOs) in Table 3. Thus far, water ice has been
reported{ in three Centaurs (Chiron, Pholus, and 1997 CU26)

S
and` one KBO (1996 TO66

f ).
S

The existing data are too sparse to
establish� whether a correlation exists between color and the
abundance` of water ice among Centaurs and KBOs. However,
water� ice is present in all three Centaurs for which near-IR
spectraj are available, and in one out of three studied KBOs.
The preponderance of water ice among Centaurs makes us
suspectj that the “low” rate of detection of water ice in KBOs
has more to do with the faintness of the targets and the resulting
low-quality
|

spectra than with the intrinsic water contents in
KBOs. Considering the existing data and the high cosmochem-
ical
l

abundance of water ice, we predict that water ice is ubiq-
uitous} among allW objectsx that originated in the Kuiper Belt,
although` the amount might vary from one object to another
and` thus determines the possibility for cometary activity in
these
_

bodies.
In
N

short, it would be a good idea to reobserve those KBOs
that
_

show no apparent water ice feature (1993 SC and 1996
TL66

f )
S

at higher signal-to-noise ratios. Water ice might be pre-
sentj after all.
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TABLE 3X�Y�Z�[]\�^�_�`ba�c�d�e�f�c�g�hif	jlk�monJp	q�r	s�t	u�v�w�xzy|{l}	~ ���������	���������������	�

Object Type

ap� V

(%) Reference V � J
è

Reference

b
Ü

D2 � m
(%) Reference

2060 Chiron . . . . . . Centaur � 0.14 � 0.06� 0.03 1 1.24 � 0.02 2 10 3
5145 Pholus . . . . . . Centaur 0.04 � 0.13 4 2.59 � 0.02 5 18 5
1997 CU26 . . . . . . . . Centaur 0.04 � 0.01 6 1.74 � 0.02 7 10 8
1996 TL66 . . . . . . . . KBO ? 1.15 � 0.08 9 � 20 10
1996 TO66 . . . . . . . . KBO ? 0.72   0.09 9 50 11
1993 SC . . . . . . . . . . KBO ? 1.97 ¡ 0.0.08 9 ¢ 20 12
£�¤	¥�¤�¦]¤	§©¨�¤	ª�«­¬

(1) Campins et al. 1994, Altenhoff et al. 1995, and Bus et al. 1996; (2) Hartmann et al. 1990 and
Davies
®

et al. 1998; (3) this work; (4) Davies et al. 1993a, 1993b; (5) Cruikshank et al. 1998; (6) Jewitt & Kalas
1998; (7) McBride et al. 1999; (8) Brown & Koresko 1998; (9) Jewitt & Luu 1998; (10) Luu & Jewitt 1998;
(11) Brown, Cruikshank, & Pendleton 1999; (12) Brown et al. 1997.

a Geometric albedo.
b
Ü

Depth
®

of 2 ¯ m feature.

4.
°

SUMMARY

Based on spectra obtained in 1996 and 1999, we come to
the
_

following conclusions:

1. The near-infrared reflectance spectrum of Chiron is time-
variable:> in 1996 and 1999, it shows an absorption feature at
2 ± m that is due to water ice. Another absorption feature that
is
l

due to water ice at 1.5 ² m^ is also marginally detected in
1999. The features were not present in spectra taken in 1993.

2.
³

Chiron’s time-variable spectrum is consistent with vari-
able` dilution by the coma. During periods of low-level out-
gassing,© surface features are revealed.

3.
�

Chiron’s nearly neutral spectrum suggests the surface
dominance
b

of a dust layer created from cometary debris, con-
sistingj of unirradiated dust particles from the interior. Chiron’s
originalx irradiation mantle has either been blown off or buried
under} this layer.

4. Chiron is the third Centaur in which water ice has been
detected.
b

This trend suggests that water ice is common on the

surj face of Centaurs. We predict that water ice is ubiquitous in
allW objectsx originating in the Kuiper Belt. The surface coverage
ofx this water ice determines its detectability.

Note
´

added in manuscript.—As we finished the preparation
ofx this manuscript, we received a preprint by Foster et al. (1999)
in which water ice is independently identified in spectra from
1998. Foster et al. also report an unidentified absorption feature
at` 2.15 µ m that is not confirmed in our spectra.
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¡
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a
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wer� f and Jan Kleyna for helpful discussions. This work was
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