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ABSTRACT. The outer solar system body 1999 UG5 is a Centaur of medium brightness and slightly redder
color when compared to other Centaurs. Similar to at least of the known Centaurs, it is a Saturn-crosser with1

5

a mean orbital distance between Saturn and Uranus. We present optical photometry data and near-IR spectra
obtained during 2000 September, November, and December. We find a rotation period of hr with13.41� 0.04
an amplitude of mag and a phase curve with a Lumme-BowellG value of .BVRI0.102� 0.005 �0.13� 0.02
colors are reported, and they confirm the red spectral gradient observed previously. Our spectra reveal that this
redward slope extends into near-IR wavelengths and indicates possible localized differences in the surface
composition.

1. INTRODUCTION

Centaurs inhabit an inherently unstable region of our solar
system (Holman & Wisdom 1993) located between 5 and 30
AU. They are often speculated to be objects in transition from
the Kuiper belt, as their orbits dynamically evolve into short-
period comet orbits or they get ejected from the solar system.
As such, they are believed to contain many volatiles, in ice
form, with surfaces possibly darkened by long exposures to
cosmic-ray radiation over the life of the solar system (e.g.,
Strazzulla & Johnson 1991). As of 2002 August, there are about
37 known members of this class out of a projected population
of (for bodies with radius km; Jedicke &32 # 10 r 1 25N

Herron 1997; Sheppard et al. 2000). To date a handful of the
brightest of these objects have been studied using near-infrared
(NIR) spectroscopy (see Table 1), and many have been shown
to exhibit water-ice features. With one disputed observation
(Kern et al. 2000; Romon-Martin et al. 2001), surface variations
detected at NIR wavelengths are rare, and correlations to ob-
servations of variations at optical wavelengths are even rarer.
In order to characterize potential surface variations on the
Centaurs, we have performed simultaneous NIR and optical
observations on several targets; 1999 UG5 was one of our ear-
lier targets for NIR spectroscopy. 1999 UG5 is by appearances
a rather common Centaur object. Its value is reported asHV

1 Visiting Astronomer, NASA Infrared Telescope Facility (IRTF), Institute
for Astronomy, Honolulu, HI.

(Gutiérrez et al. 2001) and, with an assumed 5%10.42� 0.02
albedo, the diameter is 55 km. It has an elliptical orbit (e p

) and has a mean orbital distance outside Saturn’s orbit0.42
( AU). Peixinho et al. (2001) and Gutie´rrez et al.a p 12.8
(2001) have reported a light-curve variation with a total range
of ∼ mag and a period of 13.25 hr and imply a0.24� 0.02
resulting minimum axial ratio of 1.25. With a reportedV�R
color of 0.63, 1999 UG5 is among the redder of the Centaur
objects but is not the reddest, as C/2001 T4 has aV�R color
of ∼0.9 (Bauer et al. 2001), and Pholus has a color of
V� (Buie & Bus 1992). Our own UH Centaur colorR p 0.8
survey (Bauer et al. 2001) does not indicate that 1999 UG5 has
a particularly unique color. Neither is it particularly unique that
the Centaur has a detectably large light-curve amplitude, as at
least six others, out of a total of about 37 observed, have shown
light curves with regular periodicity.

It is important to sort out which combinations of NIR and
optical observable characteristics are true indicators of young
and old surfaces. Organic molecules, when exposed to charged
particles and UV radiation, produce radiolysis and photolysis
by-products. Laboratory evidence shows that carbon-contain-
ing frozen mixtures will form complex organics when exposed
to radiation, which will break down under irradiation by cosmic
rays (Strazzulla & Johnson 1991). The effects of progressive
irradiation include weakening of the CH bond IR absorption
bands, a change in the slope of the visible reflectance spectrum
(0.4–0.8mm), and a lowering of the albedo. Hence, there is
much speculation that red outer solar system materials result
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TABLE 1
Optical Light Curves and NIR Spectra of Centaurs

Object
Light-Curve
Referencea

Period and
Amplitudeb

NIR
Spectrum
Referencec

Chiron . . . . . . . . . . . . . . 1 5.9, 0.3 1
Pholus. . . . . . . . . . . . . . . 2 9.98, 0.1 2
Chariklo . . . . . . . . . . . . … … 3
Asbolus . . . . . . . . . . . . . 3 8.9, 0.3 4
1998 BU48 . . . . . . . . . . 4 4–6, 0.68 …
1999 UG5 . . . . . . . . . . . 5 13.41, 0.102 …
2001 PT13 . . . . . . . . . . . 6 8.338, 0.15 5
2000 QC243 . . . . . . . . . 7 9.14, 0.4 …

a First reference of light-curve observations.
b Current known rotation period (hours) and amplitude (Dmag).
c First reference of NIR spectrum.
References.—Light curves: (1) Bus, Bowell, & French 1988; (2) Buie &

Bus 1992; (3) Brown & Luu 1997; (4) S. S. Sheppard & D. C. Jewitt 2002,
in preparation; (5) Gutie´rrez et al. 2001; (6) Farnham 2001 (see also Farnham
& Davies 2002); (7) Ortiz et al. 2002. NIR spectra: (1) Foster et al. 1999;
(2) Cruikshank et al. 1998; (3) Brown & Koresko 1998; (4) Barrucci, Lazzarin,
& Tozzi 1999; (5) Barrucci et al. 2002.

TABLE 2
Optical Observing Conditions

Date
r

(AU)
D

(AU)
a

(deg)
Seeing

(arcsec FWHM) Conditions

2000 Aug 2 . . . . . . . 8.082 7.850 7.1 1.5 Photometric
2000 Sep 21. . . . . . 7.910 7.364 6.3 1 Cirrus
2000 Sep 22. . . . . . 7.911 7.353 6.3 1 Cirrus
2000 Nov 1 . . . . . . . 7.964 7.015 2.2 ∼4 Cirrus
2000 Nov 2 . . . . . . . 7.965 7.011 2.1 !3 Photometric
2000 Nov 8 . . . . . . . 7.974 6.998 1.3 1 Photometric
2000 Dec 18. . . . . . 8.029 7.190 3.9 1.1 Photometric
2000 Dec 19. . . . . . 8.031 7.200 4.0 0.9 Photometric
2000 Dec 20. . . . . . 8.033 7.212 4.1 1.1 Photometric
2000 Dec 21. . . . . . 8.034 7.225 4.2 1.1 Photometric

TABLE 3
Observing Instruments

Date Telescopea Detector
Slit Size/Apertureb

(arcsec)
Plate Scale

(arcsec pixel�1)
Read Noise
(e� pixel�1)

Gain
(e� ADU�1)

2000 Aug 2 . . . . . . . UH 2.2 m 8KMosaic 10 0.26 8 2
2000 Sep 21. . . . . . IRTF SpeX 0.8 0.15 !1 14
2000 Sep 22. . . . . . IRTF SpeX 0.8 0.15 !1 14

UH 2.2 m Tek 2048 7c 0.22 6 1.74
2000 Nov 1 . . . . . . . MO 0.76 m Loral2048 8c 1.34 6 1.6
2000 Nov 2 . . . . . . . MO 0.76 m Loral2048 8c 1.34 6 1.6
2000 Nov 8 . . . . . . . UH 2.2 m Tek2048 7c 0.22 6 1.74
2000 Dec 18. . . . . . UH 2.2 m Tek2048 7c 0.22 6 1.74
2000 Dec 19. . . . . . UH 2.2 m Tek2048 5c 0.22 6 1.74
2000 Dec 20. . . . . . UH 2.2 m Tek2048 5c 0.22 6 1.74
2000 Dec 21. . . . . . UH 2.2 m Tek2048 5c 0.22 6 1.74
2001 Oct 29 . . . . . . UH 2.2 m Tek2048 5c 0.22 6 1.74

a UH 2.2 m p University of Hawaii 2.2 m telescope on Mauna Kea; IRTFp NASA 3 m Infrared Telescope Facility
on Mauna Kea; MOp McDonald Observatory 0.76 m.

b Slit size for SpeX or photometry aperture used for CCD analysis.
c Magnitudes were corrected for signal loss due to seeing and aperture size variation using differential photometry.

from these processes (Strazulla & Johnson 1991; Tegler &
Romanishin 2000) and that bright, neutral-blue surfaces cor-
respond to newly exposed icy surfaces (Stern 1995; Hainaut
et al. 2000). Yet radiation processing may affect these surfaces
differently depending on the original composition.

2. OBSERVATIONS

2.1. Photometry

We obtained data at the University of Hawaii (UH) 2.2 m
telescope on 2000 August 2, September 22, November 8, and
December 18–22 (UT). The images were obtained using the
Tek 2048 CCD camera. We also obtained a second set of data

on 2000 November 1–2 at the McDonald Observatory 0.76 m
telescope and an additional set of data at the UH 2.2 m telescope
on 2001 October 29. The geometry and observing conditions
are included in Table 2, and those of the instrumentation are
in Table 3. The data were bias subtracted and flattened in the
usual manner, and standard-star measurements (Landolt 1992)
were used to obtain zero-point offsets, atmospheric absorption
coefficients, and color-correction terms for the filter sets for
each photometric night. Table 4 contains theBVRI-band pho-
tometry values of 1999 UG5 observations and UT times. Typ-
ical exposure times for all our data sets were on the order of
600 s. The uncertainties listed in the table are the combined
uncertainties from the photon-counting statistics for each ex-
posure and the uncertainties in the derived extinction coeffi-
cients and zero-point offsets from each night. For the nights
such as November 1, where differential photometry was used
to derive the Centaur magnitude values, the average uncer-
tainties in the reference star photometry values, although com-
paratively small, were also folded in. Light travel time and geo-
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TABLE 4
Photometry

UT Filter Magnitude �j UT Filter Magnitude �j UT Filter Magnitude �j

2000 Aug 02p 2,541,760.5 HJD 2000 Nov 02p 2,451,850.5 HJD 2000 Dec 19p 2,451,899.5 HJD

14.4892. . . . . . R 19.431 0.052 7.3366. . . . . . R 18.786 0.029 6.3122. . . . . . V 19.578 0.007
14.5975. . . . . . V 20.080 0.074 7.5289. . . . . . I 18.248 0.036 6.5631. . . . . . R 18.906 0.017
14.7108. . . . . . R 19.451 0.052 7.9369. . . . . . B 20.474 0.115 6.7964. . . . . . I 18.320 0.009

2000 Sep 22p 2,541,809.5
8.1289 . . . . . . R 18.775 0.030 7.0356. . . . . . R 18.898 0.017

9.3194 . . . . . . . V 19.962 0.037 9.6169. . . . . . R 18.690 0.032 7.265 . . . . . . . R 18.908 0.017
9.3911 . . . . . . . V 20.009 0.038 9.8329. . . . . . I 18.162 0.044 7.4914. . . . . . R 18.894 0.017
9.6044 . . . . . . . I 18.737 0.034 10.0249. . . . . . V 19.418 0.054 7.7014. . . . . . R 18.881 0.017
9.6742 . . . . . . . I 18.706 0.032 10.2169. . . . . . B 20.129 0.076 7.9347. . . . . . R 18.888 0.017
9.8206 . . . . . . . R 19.208 0.021 10.4089. . . . . . R 18.640 0.029 8.1644. . . . . . R 18.884 0.009
9.8925 . . . . . . . R 19.273 0.022 11.3689. . . . . . R 18.660 0.035 8.3944. . . . . . R 18.888 0.009
9.9622 . . . . . . . R 19.155 0.020 11.5849. . . . . . V 19.383 0.050 8.6144. . . . . . R 18.885 0.014
10.0319. . . . . . R 19.245 0.021 11.7771. . . . . . R 18.608 0.027 8.8456. . . . . . R 18.915 0.014

10.1050. . . . . . R 19.227 0.021
2000 Nov 08p 2,451,856.5

9.0606 . . . . . . R 18.889 0.014
12.4167. . . . . . R 19.145 0.019 10.3725. . . . . . R 18.662 0.025 9.2747. . . . . . R 18.877 0.009
12.5236. . . . . . R 19.123 0.019 10.4425. . . . . . R 18.658 0.027 9.4875. . . . . . R 18.876 0.014
12.6872. . . . . . R 19.158 0.019 10.5122. . . . . . R 18.659 0.039 9.7106. . . . . . R 18.887 0.017
12.7586. . . . . . R 19.158 0.019 10.5822. . . . . . V 19.314 0.050 10.7022. . . . . . R 18.900 0.018
12.8283. . . . . . R 19.123 0.018 10.6589. . . . . . V 19.298 0.048 10.9403. . . . . . R 18.911 0.023
12.8983. . . . . . R 19.092 0.018 10.7289. . . . . . V 19.344 0.052 11.1514. . . . . . R 18.887 0.009

12.9681. . . . . . R 19.131 0.018
2000 Dec 18p 2,451,898.5

11.3658. . . . . . R 18.880 0.009

13.0378. . . . . . R 19.113 0.018 6.5011. . . . . . R 18.915 0.016
2000 Dec 20p 2,451,900.5

13.8736. . . . . . I 18.572 0.028 6.5831. . . . . . I 18.315 0.013 9.6928. . . . . . R 18.912 0.009
13.9447. . . . . . I 18.548 0.027 6.6625. . . . . . V 19.582 0.013 9.9233. . . . . . R 18.902 0.009
13.5917. . . . . . V 19.800 0.026 6.7758. . . . . . R 18.795 0.015 10.1761. . . . . . R 18.888 0.009
13.6614. . . . . . V 19.937 0.028 6.8792. . . . . . I 18.297 0.012 10.3892. . . . . . R 18.894 0.009
13.7339. . . . . . R 19.082 0.017 6.9606. . . . . . V 19.573 0.013 10.605 . . . . . . . R 18.910 0.018
13.8039. . . . . . R 19.109 0.018 7.1278. . . . . . R 18.859 0.010 10.9503. . . . . . R 18.919 0.029
14.0147. . . . . . R 19.074 0.018 7.3897. . . . . . R 18.861 0.010 11.1639. . . . . . R 18.908 0.018

14.0844. . . . . . R 19.091 0.018 7.5975. . . . . . R 18.913 0.010
2000 Dec 21p 2,451,901.5

14.1542. . . . . . R 19.053 0.017 7.8231. . . . . . R 18.907 0.010 5.7467. . . . . . R 19.058 0.010
14.2242. . . . . . R 19.070 0.017 8.0517. . . . . . R 18.874 0.010 5.9719. . . . . . R 19.065 0.010
14.2939. . . . . . R 19.065 0.017 8.2639. . . . . . R 18.898 0.009 7.3097. . . . . . R 19.022 0.014
14.3639. . . . . . R 19.041 0.017 8.4800. . . . . . R 18.890 0.009 7.5181. . . . . . R 19.060 0.014
14.4336. . . . . . R 19.074 0.017 8.6850. . . . . . R 18.904 0.009 7.7511. . . . . . R 19.080 0.015
14.5033. . . . . . R 19.045 0.017 8.9000. . . . . . R 18.902 0.009 7.9631. . . . . . R 19.043 0.017
14.5733. . . . . . R 19.067 0.017 9.1169. . . . . . R 18.898 0.009 8.1875. . . . . . R 19.078 0.019
14.7131. . . . . . R 19.078 0.017 9.3231. . . . . . R 18.918 0.009 8.3944. . . . . . R 19.090 0.017
14.7828. . . . . . R 19.097 0.018 10.0928. . . . . . R 18.957 0.010 8.8622. . . . . . R 19.039 0.019
14.8525. . . . . . R 19.022 0.017 10.6406. . . . . . R 18.968 0.011 9.0678. . . . . . R 19.061 0.014
14.9225. . . . . . R 19.065 0.017 10.8592. . . . . . R 18.974 0.011 9.2914. . . . . . R 19.046 0.014
14.9922. . . . . . R 19.048 0.017 11.0700. . . . . . R 19.004 0.012 9.5256. . . . . . R 19.024 0.012
15.0622. . . . . . R 19.066 0.018 11.2881. . . . . . R 19.000 0.013 9.7306. . . . . . R 18.979 0.012

2000 Nov 01p 2,451,849.5
11.5106. . . . . . R 18.988 0.013 9.9561. . . . . . R 18.994 0.012

7.8914 . . . . . . . R 18.656 0.029 10.1742. . . . . . R 18.987 0.012
8.2994 . . . . . . . R 18.672 0.034 10.3819. . . . . . R 18.971 0.012

10.0994. . . . . . R 18.627 0.039
2001 Oct 29p 2,452,211.5

10.2914. . . . . . V 19.395 0.065 14.9400. . . . . . R 19.269 0.017
10.5077. . . . . . R 18.637 0.038 15.0197. . . . . . I 18.653 0.025
11.8757. . . . . . R 18.718 0.050 15.1042. . . . . . R 19.237 0.017

15.2100. . . . . . V 19.903 00.027
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Fig. 1.—Fourier spectra for the rotation search, cleaned of the sampling residuals (solid line), and raw (dashed line, rescaled to one-third its original value).
Note the unambiguous maximum peak at 13.41 hr in both spectra.

Fig. 2.—(a) 2000 December data phased to a period value of 13.41 hr. (b) Data graphed over the 4 day observation span (in hours), with a sine curve of
0.1 mag amplitude and 13.41 hr period superposed.
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Fig. 3.—Data from 2000 December 18–21 (open circles), November 1–2 (filled triangles), November 8 (filled diamonds), and September 22 (filled squares),
phased to a 13.41 hr period. The minimum occurred at approximately 9.8 UT, 2000 September 22 (uncorrected for light travel time). Arrows indicate the phases
of our spectral data from September 21 (rotational phase of 0.37) and September 22 (0.64).

Fig. 4.—Data from 2000 December 18–21 (open circles), November 1–2 (filled triangles), November 8 (filled diamonds), and September 22 (filled squares),
phased to a 26.82 hr period. The minimum occurred at approximately 9.8 UT, 2000 September 22 (uncorrected for light travel time). Arrows indicate the mean
phase of our spectral data from September 21 (rotational phase of 0.51) and September 22 (0.37). Note the lack of coverage on the first peak and the persistence
of the asymmetric shape of the second.
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Fig. 5.—Final phase fits to the rotation light-curve corrected magnitudes
for our three UH data sets from 2000 September–December (diamonds), our
McDonald Observatory data set (triangles), plus the data minimum reported
by Gutiérrez et al. (2001) on 2001 January 21 (square). The error bars of the
2001 January 21 point is the combined uncertainty of the original error and
that introduced in calibration to our data. Additional points from 2000 August
2 (cross) and 2001 October 29 (asterisk) were not included in the fit but are
shown here for comparison

TABLE 5
Filter Set Conversion Parameters

Filter
Besselleff

(mm)
UH leff

(mm) UH Color Offset

R . . . . . . 0.6390 0.6454
V . . . . . . 0.5384 0.5412 d ≈ �0.022V�R

I . . . . . . . 0.8092 0.8143 d ! 0.01(≈ 0.00)R�I

TABLE 6
Optical Photometry Colors (Bessel) and Gradients

Date B�V (�j) V�R (�j) R�I (�j) Rotational Phase

2000 Aug 2, 14.6 UT. . . . . . . . . . . . . . . . . . . . . . . . . . . … 0.64 (�0.09) … 0.66
2000 Aug 2 gradient [% (0.1mm)�1] . . . . . . . . . . . … 28 (�9) …
2000 Sep 22, 9.5 UT. . . . . . . . . . . . . . . . . . . . . . . . . . . . … 0.720 (�0.03) 0.52 (�0.03) 0.98
2000 Sep 22, 13.7 UT. . . . . . . . . . . . . . . . . . . . . . . . . . . … 0.73 (�0.02) 0.55 (�0.02) 0.29
2000 Sep 22 average. . . . . . . . . . . . . . . . . . . . . . . . . . . . … 0.73 (�0.02) 0.54 (�0.02)
2000 Sep 22 gradient [% (0.1mm)�1] . . . . . . . . . . … 39 (�3) 16 (�1)
2000 Nov 1, 10.2 UT. . . . . . . . . . . . . . . . . . . . . . . . . . . … 0.76 (�0.07) … 0.62
2000 Nov 2, 9.9 UT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.941 (�0.131) 0.75 (�0.06) 0.53 (�0.04) 0.38
2000 Nov 2, 11.5 UT. . . . . . . . . . . . . . . . . . . . . . . . . . . 0.715 (�0.097) 0.75 (�0.06) 0.50 (�0.05) 0.50
2000 Nov 1–2, average. . . . . . . . . . . . . . . . . . . . . . . . . . 0.795 (�0.081) 0.75 (�0.04) 0.52 (�0.03)
2000 Nov 1–2 gradient [% (0.1mm)�1] . . . . . . . . [15 (�9)] 43 (�4) 14 (�2)
2000 Nov 8, 10.6 UT. . . . . . . . . . . . . . . . . . . . . . . . . . . … 0.68 (�0.03) … 0.19
2000 Nov 8 gradient [% (0.1mm)�1] . . . . . . . . . . . 33 (�4) …
2000 Dec 18, 7 UT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . … 0.63 (�0.02) 0.61 (�0.01) 0.52
2000 Dec 19, 6.8 UT. . . . . . . . . . . . . . . . . . . . . . . . . . . . … 0.64 (�0.02) 0.59 (�0.01) 0.28
2000 Dec 18–19, average. . . . . . . . . . . . . . . . . . . . . . . … 0.64 (�0.01) 0.60 (�0.01)
2000 Dec 18–19 gradient [% (0.1mm)�1] . . . . . . … 28 (�1) 20 (�1)
2001 Oct 29, 15 UT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . … 0.67 (�0.03) 0.60 (�0.03) …
2001 Oct 29 gradient [% (0.1mm)�1] . . . . . . . . . . … 32 (�4) 20 (�4)

metric corrections have not been made in the data shown here
but were made subsequently for the period search (see § 3).

2000 August 2 was photometric, but observations of 1999
UG5 were taken close to twilight and hence had a large un-
certainty owing to photon noise from the high sky background.
Light cirrus was present during our observations on 2000 Sep-
tember 22, so we recalibrated the magnitudes of background
stars in our fields during other photometric nights at the tele-
scopes. We measured the magnitudes of four field stars and

calculated the magnitude of 1999 UG5 from the weighted
average of the relative offsets from these field standards in each
frame from 2000 September 22. For the McDonald Observa-
tory observing run on 2000 November 1–2, the observing con-
ditions on November 1 were poor. It was only partly photo-
metric and the seeing was greater than 4� and variable.
November 2 was photometric and had seeing less than 3�.
Because of the poor quality of the night of November 1, we
used relative photometry to produce the initial measurements,
with the same reference stars for both nights, and used the
comparison stars on November 2 to shift all of the magnitudes
to the standard star system. By using this method to correct
the November 1 Centaur magnitude values, the signal falling
outside the photometry apertures owing to seeing variations
would be the same for both the Centaur and the frame standards
and would be accounted for in the frame reference standard
offsets for each exposure. As 1999 UG5 was at a relatively low
Galactic latitude (∼�30�), and as the McDonald Observatory’s
camera had a relatively large field of view (1�.3 pixel�1 scale),
there were sufficient isolated frame standards available to apply
this technique with reasonable accuracy. In order to check the
accuracy of the 2000 December photometry from night to night,
we sampled three stars that overlapped on the frames from
December 18 and 19 and three stars that overlapped on the
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Fig. 6.—1999 UG5 colors of withV�R (circles) andR�I (triangles) graphed vs. time. The open symbols on the left and right of the graph represent the data
taken on 2000 August 2 and 2001 October 29, respectively. The dashed lines represent the weighted average (short-dashed) and errors (long-dashed) of all of
our V�R (upper) andR�I (lower) colors.

frames from December 19, 20, and 21. For the nights of
December 19–20, the average photometry values for our three
field standards varied within 0.001 mag. In the case of De-
cember 21, we found an average magnitude value offset of
�0.03, so we compensated for it by subtracting that value from
the magnitudes. Similarly, we found an offset of�0.007 mag
for the night of December 18 and corrected our Centaur mag-
nitudes. These magnitude adjustments had little or no effect on
our period-search analysis below, but they did affect the shape
of the phased light curve by lowering the amplitude and elim-
inating obvious night-to-night discontinuities in the phased data
(see § 3). Observations taken on 2001 October 29 were made
during photometric conditions and provided color and absolute
magnitude information.

2.2. Spectroscopy

We obtained spectra on two separate nights, 2000 September
21 and 22, at the NASA Infrared Telescope Facility (IRTF)
using the SpeX instrument (J. T. Rayner et al. 2002, in prep-
aration) in PRISM mode. On the 21st, we received only a
fraction of the night as a test of the SpeX instrument, since
the time was originally allocated as engineering time. Hence,
our first night’s spectrum had a total integration time of 600 s
and had a midpoint time of 15.60 UT. Our second night’s data
were for a total integration time of 4320 s and had a midpoint
time of 14.75 UT. The September 22 data were obtained si-
multaneously with the UH 2.2 m photometry data for that night.
On both nights we used a 0�.8 slit width, and the nominal seeing
was∼1�. This gave us a wavelength resolution of∼0.016mm

while collecting more than half the signal flux from our object.
We used observations of the G5 V solar analog standard star
HR 1262 (Gaidos 1998), obtained before and after the object
measurements, for flux calibration and to correct for atmo-
spheric absorption. The standard was in the same region of the
sky and shared the same air mass within a few hundredths of
our observations. We nodded the telescope 7� between expo-
sures and used on-frame subtraction to eliminate the sky
background.

3. ANALYSIS

3.1. Photometry

We first employed a phase dispersion minimization (PDM;
Stellingwerf 1978) technique to determine possible rotation
periods from our 2000 December data set. The PDM technique
minimizes the variance of the data that has been converted to
a phase for each trial period and grouped into bins. TheV-
statistic, as defined by Stellingwerf, is a ratio of the total data
variance to the combined bin variance (Stellingwerf 1978; Be-
vington 1969). The technique indicates periodicity in the data
by minima in theV-values. Minima near 8, 16, and 24 hr, in
consideration of our strong sampling bias on the order of these
periods, were not likely candidates. The significant minima in
the PDM converge toV-values of less than 1.0, which the
minima near 8 and 16 hr did not do. However, we found a
strong minimum near 13.1 hr. From the width of PDM mini-
mum, we estimated our uncertainty for this single-peaked light-
curve period at near�0.3 hr.
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TABLE 7
Model Fits to 1999UG5 Data

Spectra Component
Mass

Fraction

Grain
Size
(mm)

Reduceda

x2

2000 September 21, 15.60 UT

Model 1 . . . . . . Amorphous H2O ice 0.17 66 2.97
Amorphous carbon 0.41 154
Triton tholin 0.42 28

Model 2 . . . . . . Amorphous H2O ice 0.29 78 3.46
Amorphous carbon 0.26 131
Triton tholin 0.39 44
NH3 ice 0.06 92

Model 3 . . . . . . Amorphous H2O ice 0.26 70 3.42
Amorphous carbon 0.39 71
Triton tholin 0.34 24
Methanol ice 0.01 32

Model 4 . . . . . . Amorphous H2O ice 0.04 8 6.79
Amorphous carbon 0.50 114
Titan tholin 0.39 41
Olivine 0.07 43

Model 5 . . . . . . Amorphous H2O ice 0.03 40 7.36
Amorphous carbon 0.56 63
Methanol ice 0.03 7
Titan tholin 0.31 15
Olivine 0.07 75

2000 September 22, 14.75 UT

Model 1 . . . . . . Amorphous H2O ice 0.14 48 5.12
Amorphous carbon 0.79 67
Triton tholin 0.07 11

Model 2 . . . . . . Amorphous H2O ice 0.13 115 3.04
Amorphous carbon 0.66 27
Titan tholin 0.14 10
Methanol ice 0.03 15
Olivine 0.04 93

Model 3 . . . . . . Amorphous H2O ice 0.06 24 4.26
Amorphous carbon 0.83 142
Titan tholin 0.09 45
NH3 ice !0.01 59
Olivine 0.02 111

a See Bevington 1969 for definition.

In order to properly temporally phase the data from the other
observing runs and thus obtain a more precise measure of the
period, one needs to know the phase-angle behavior so as to
put all data sets on a common magnitude scale. However, the
phase-angle behavior, encapsulated by the Lumme-Bowell
parameterG (Bowell et al. 1989), cannot be found without
understanding the rotational amplitude and the period. Thus,
the rotation state and phase-angle behavior are intimately tied
together in terms of the photometry. Shifting the photometry
data to a conventional (1, 0) reference frame would requireHV

adding relatively large uncertain offset values. Consequently,
throughout the period search and viewing angle analysis, we
used our December 18 observation geometry as the reference
frame and so avoided introducing larger geometric and phase-
angle offsets in the data. By keeping the photometry values in

the R band, we avoided making uncertain color offsets. We
made only small adjustments of less than 0.08 in magnitude
for differences in the heliocentric and geocentric distances from
2000 September 22 through December 21 relative to 2000 De-
cember 18. We made phase corrections relative to 4� and thus
avoided adding larger phase offsets dependent on mostly un-
certain values, such as the magnitude of the opposition surge
at 0�. This still required a small viewing angle phase-curve
adjustment of the September 22 and November 1, 2, and 8
data. As an initial attempt, using the ephemeris values obtained
from JPL2 (the source of our orbital elements as well), and
removing the geometric brightening owing to the difference in
geocentric ( ) and heliocentric ( ) distances of 1999D/D r/r12/18 12/18

UG5 at the times of observation, we assume a phase correction
similar to Chariklo’s (McBride et al. 1999). We cor-G p 0.15
rected the September and November data magnitudes taken at
viewing phase angles ofa by shifting the magnitudes by a
value of , wheredm

dm p Dm(4�) � Dm(a), (1)

D r
Dm(a) p 5 log ( )D r12/18 12/18

� 2.5 log [(1� G)F (a) � GF (a)], (2)1 2

and where and are approximated byF F1 2

0.63F p exp �3.33[tan (0.5a)] , (3){ }1

1.22F p exp �1.87[tan (0.5a)] (4){ }2

(Bowell et al. 1989). PDM analysis of the resulting light curve
showed a sharper minimum at 13.3 hr, consistent with the
period of 13.25 hr reported by Gutie´rrez et al. (2001) from data
acquired at Calar Alto Observatory (CAO). We found an am-
plitude of mag. To get an analytical value for0.095� 0.015
the phase-curveG value and brightness at , we removeda p 0�
the rotational light-curve offsets by fitting sine-curve functions
with free variables of amplitude and magnitude offset to the
UH 2.2 m September, November, and December data rephased
to the 13.3 hr rotation period. As further constraint, we added
in a data point derived from the minimum in the 2001 January
21 value from Gutie´rrez et al. (2001). We did not use this in
our period search, as our derived values for this point had
uncertainties of 0.044 mag, almost half our light-curve ampli-
tude, owing to possible filter bandpass discrepancies and those
data’s own reported statistical uncertainty, but we did use this
value in our phase-curve fit iteration. After convolving the
reported UH Kron-Cousins and CAO Bessel filter bandpasses3

2 http://ssd.jpl.nasagov/horizons.html.
3 http://www.oan.es/1.52m/e/ccd.html.
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Fig. 7.—IRTF SpeX spectrum from 2000 September 21. The data are rebinned to 3 times the instrumental resolution and scaled to a 5% mean optical albedo
at V-band wavelengths. The September 21 compositional model with the lowestx2 from Table 7 is shown here (solid line) and is composed of amorphous water
ice, amorphous carbon, and Titan tholins.

Fig. 8.—IRTF SpeX spectrum from 2000 September 21. The data are rebinned to the instrumental resolution and scaled to a 5% mean optical albedo atV-
band wavelengths. The September 22 compositional model with the lowestx2 from Table 7 is shown here (solid line) and is comprised of amorphous water ice,
amorphous carbon, Triton tholins, methanol ice, and olivine.

with the solar spectrum, we found a 0.0064mm offset in ef-
fectiveR wavelength and calculated a 0.04 (�0.01) mag offset
between our reportedR-band magnitudes and those from
Gutiérrez et al. (2001). We found that a similar correction was
necessary for the McDonald Observatory data as well, as they
use similar filter bandpasses. For the period search and phase-

curve analysis, it was easier to shift the McDonald Observatory
and CAO data sets to the UH Kron-Cousins filter system.

Our first iteration yielded . Because of the largeG p �0.14
offset from the initial guess of , in order to untangleG p 0.15
the effects of the viewing angle phase from the rotational phase,
we decided it was necessary to use an iterative procedure as
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follows. (1) Assume a value forG and correct all data sets with
the phase law described by this value. (2) Find the best-fitting
rotational period and amplitude. (3) Find the mean brightness
(over a rotation period) in each data set and shift the magnitudes
to account for this. (4) Refit forG. Readjusting our data using
the newG values, we conducted the period searches using a
Fourier periodogram technique, in place of the earlier PDM
technique. We also employed an algorithm called WINDOW
CLEAN developed by Belton (1990), which eliminated false
peaks introduced by the regular sampling of the data. On our
fourth iteration, we found a period of hr, which13.413� 0.04
was well within the uncertainty of the previous value of 13.408
hr. We adopt the value of for the light-curve13.41� 0.04
period. The Fourier spectra, raw and cleaned using Belton’s
(1990) technique, are shown in Figure 1. Our December data
are shown in Figure 2, with a sine curve of period 13.41 hr
superposed. Our total light-curve data, phased to the 13.41 hr
period, are shown in Figure 3 and show an amplitude of

, based on a weighted average of the points about0.102� 0.005
the peak and trough. An alternative rotation period of 26.82
hr may be possible if the brightness variation is caused by
shape rather than surface albedo features (Fig. 4). We found
final phase-curve parameters of andG p �0.13� 0.02

of , using the standard deviation ofm (a p 0) 18.45� 0.02R

our values in the successive iterations to determine our uncer-
tainties. Using the UH 2.2 m data alone, our fit forG becomes
�0.122 (�0.06) and 18.46 (�0.03) for , wellm (a p 0)R

within the errors of the final value we report.Figure 5 shows
the phase curve and fitted magnitude points of our three data
sets, along with the magnitude value from Gutie´rrez et al.
(2001). Because of the relatively high uncertainties in the 2000
August data and the large temporal gap between our 2000 and
the 2001 October data, we did not use these data sets to con-
strain our fits for either the rotational phase or the viewing-
angle Lumme-Bowell model. However, we do include these
data in Figure 5 for comparison. For the plot, we corrected the
2000 August data point for the approximate rotational phase
( ) based on the period derived from the previousf ≈ 0.66rot

data sets.
We derivedBVRI colors from our data by averaging the

R-band values bracketing ourB-, V-, andI-filter observations
and usingR as our reference filter for our magnitude differ-
ences. In order to compare data sets more easily with prior
literature values, we converted our UH filter set colors to Bessel
filter set values (Bessel 1990). Table 5 shows the effective
wavelengths of the filter sets, as derived by convolving the
filter bandpass with a solar spectrum. Also shown are the final
offset values we used to convert the UH 2.2 m colors to values
similar to those obtained with the CAO and McDonald Ob-
servatory filter sets. For the special case of the 2000 August
data, obtained with the 8K mosaic camera, we included the
0.022 offset in the reportedV�R colors. However, we fold in
an equivalent value into the reported uncertainty because the
filter set is not as well calibrated as that provided with the Tek

2K camera. Table 6 shows the final colors and color gradients.
The color gradient for each Centaur is expressed in terms of the
slope parameter, as defined in Hainaut & Delsanti (2002), which
is the percent of reddening, with respect to solar colors, per 0.1
mm. Our values were derived using the equation

0.4(Dm �Dm )obj ,[% gradient]p 10 � 1 /Dl, (5)( )

whereDmobj is the Centaur’s color for a particular filter pair,
is the corresponding solar color for that filter pair, andDm,

Dl is the difference in the filter pair’s effective wavelengths
in units of 0.1mm. The listed gradients are based upon the
central wavelengths for the Bessel filter color values. We find
no correlation with rotational phase or viewing phase angle.
We also include those reported by Gutie´rrez et al. (2001), shown
in Figure 6.

3.2. Spectroscopy

We used the Spextool package written by M. Cushing4 to
reduce the data, following the suggested procedure for faint
sources. This included flattening the data with quartz-lamp flats,
removing known bad pixels and mosaic defects, and wave-
length calibrating the data with argon-lamp exposures and sky
lines. Prior to combining the exposures, we removed cosmic
rays by hand. We divided the spectra by our G5 V standard.
Our slit size, 0�.8, corresponded to an approximately 5 pixel
width in the dispersion direction. These data, then, were in-
herently oversampled, and as a result we averaged 5 pixels into
a single bin value for the data taken on September 22. For the
case of the September 21 data, we rebinned this spectrum to
nearly one-third the resolution to achieve a higher signal value
per bin. Hence, for the September 21 data, 14 pixels were
averaged into a single bin value to obtain a signal-to-noise ratio
(S/N) more closely comparable to that from September 22.

We present here the first attempts at modeling the data. In
order to provide insight into the nature of the surface material(s)
on 1999 UG5, we have produced model spectral albedos for
different candidate materials and their associated grain size(s)
to compare with the new data. The model used is that originally
developed by Hapke (1993) to describe the measured albedo.
The details describing the formulation used in our effort are
provided by Roush et al. (1990), Roush (1994), and Cruikshank
et al. (1998). The limited phase-angle coverage of NIR wave-
lengths precludes us from independently determining some of
the parameters of the models. Here we rely upon values of
these parameters derived fromVoyager observations for the
outer solar system moon of Miranda by Helfenstein, Veverka,
& Thomas (1988), which would be appropriate for a porous
or fluffy surface; specifically, the parameters, as defined by
Roush (1994), have the values , , andb p 0.93 h p 0.018

# (Fresnel reflectance). This approach also requiresS p 0.770

4 http://irtfweb.ifa.hawaii.edu/Facility/spex/Spextool.txt.
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that the real and imaginary indices of refraction of candidate
materials be specified. The availability of appropriate optical
constants is limited, constraining our range of model
computations.

The first night’s data were of notably poorer quality than
the second night’s, so we fitted a simple three-component in-
timate mixture model to the data using the scattering code. The
presence of absorption features at 1.5 and 2.0mm corresponded
to features found in water-ice spectra. The lack of a secondary
absorption dip near 1.65mm seemed to indicate that the amor-
phous form of water ice, rather than the crystalline form, would
provide a better fit. Attempts to include crystalline water ice
in the fits were unsuccessful and would not converge. We in-
cluded tholin material in the hope of fitting the redward gra-
dients in both spectra. Triton tholin, which has a redward gra-
dient that extends farther into longer wavelengths, provided a
better fit than Titan tholin, which has a reflectance that plateaus
near 1.3mm. Based on albedo measurements of other Centaurs
(e.g., Ferna´ndez, Jewitt, & Sheppard 2002), all our spectral
data were rescaled to a 5% visual albedo. However, the fits
were not rescaled, so a neutral absorber with a flat reflectance
across the observed wavelengths was incorporated into the fits
in the form of amorphous carbon. For the case of the September
21 data, more species other than amorphous carbon, amorphous
water ice, and Triton tholin in the intimate mixtures produced
poorer fits (e.g., Table 7). This simpler three-species combi-
nation, which resulted in the best-fit model for the September
21 data, yielded a poorer model fit for the September 22 data,
with reducedx2 values equal to 5.12. Owing to the similarity
in color to Pholus, for the September 22 data, we tried a five-
component intimate mixture similar to that used to fit the Pholus
spectra reported by Cruikshank et al. (1998). Here Titan tholin
provided a better fit. Variations from this model again produced
poorer fits with reducedx2 values ranging from 4.4 to 10. The
fitting results are summarized in Table 7. The data and model
fits with the lowestx2 values, with amorphous water ice, amor-
phous carbon, and Triton tholin for September 21, and with
amorphous water ice, amorphous carbon, methanol, Titan
tholin, and olivine for September 22, are shown in Figures 7
and 8. The fitting for the model species and abundances are
based on weighted fits of the data shown. Hence, in both cases,
the model fits are poorer at longer wavelengths, where there
is lower S/N due to higher sky background.

4. DISCUSSION

Our light-curve analysis shows that the rotation of 1999 UG5

causes a hr period in the observed brightness var-13.41� 0.04
iation and exhibits a light-curve amplitude of mag.0.102� 0.005
These results are more precise than those of Gutie´rrez et al.
(2001) but are consistent to within their quoted uncertainties.
This would also be consistent with either a 26.82 hr rotation
of an ellipsoid with a 1.25 axis ratio or a 13.41 hr rotation of
a body with a bright surface feature. The latter case may be a

better interpretation given the observed variation in the NIR
surface spectrum, although the variations do not perfectly phase
with the brightness peak (see Fig. 3). The addition of many
nights of data, spanning 12 weeks, also seems to indicate that
there is no complex component to the rotation. In other words,
it is in simple rotation, at least on timescales of several months.
We at first suspected that the peak data point in the 2000 De-
cember light curve was anomalous. However, when we added
the phased November 1–2 data taken at McDonald Observa-
tory, we found a correspondingly bright peak data point. In
any case, we are confident that the light-curve peak has an
irregular shape, which may be attributable to either an irregular
asymmetric geometric shape or surface albedo features. Fur-
thermore, the irregular shape of the peak persists with the 26.82
hr rotation period (Fig. 4).

We find a redder surface on average than previously reported
but still within typical values of the Centaurs. We also find a
less steep color gradient atV�R wavelengths ( ),11.1%� 2.0%
based on the weighted average of all ourV�R colors
( ), than at R�I wavelengths ( ,0.68� 0.02 13.8%� 1.2%
R� ), which is typical for transneptunian ob-I p 0.58� 0.02
jects (e.g., Boehnhardt et al. 2002). This trend in the color
gradients is consistent with the Gutie´rrez et al. (2001) results.
We find no trend in colors with rotation. There are instances
across our total data set where the measured color values vary
by as much as one-sixth the mean value, but most of the values
we report have overlapping error bars. There is a tendency for
the observations on nights with thin cirrus present to yield the
reddest values of theV�R color data. However, the data from
November 2 were taken on a photometric night.Subsequent
examination of optical photometry yielded no systematic sources
of error that would not be compensated for by our reduction
methods, at least to the level of the reported accuracy of the
measurements. Hence, we attribute these deviations to primarily
statistical noise.

McBride et al. (1999) reported a phase curve for the Centaur
Chariklo with a Lumme-BowellG-slope parameter of 0.15.
This parameter corresponds to the steepness of the slope of the
phase brightening, particularly at angles greater than a few
degrees, and is often interpreted as an indication of porosity.
A lower G value indicates a steeper slope and a possibly more
porous surface. Our derived value of is an unu-G p �0.13
sually low value for a small body, but not unprecedented.
Comet P/Encke’s value was reported by Ferna´ndez et al. (2000)
as�0.25, and negative values have been found for some Kuiper
belt objects (Sheppard & Jewitt 2002). As with cometary bod-
ies, larger porosity may be the consequence of volatile liber-
ation. Our 2000 December 18 reference frame value of

for our data fits yields anm (a p 0) p 18.45 H (0, 1)pR V

and a diameter of 58 km, assuming an albedo of 0.05,10.32
as reported for Pholus and Chariklo, or 37 km, assuming a
0.12 albedo value similar to Asbolus’s (Ferna´ndez et al. 2002).

The two spectra we presented show surprisingly different
features. The September 22 spectrum is near a rotational light-
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curve phase of 0.37, and the September 21 is near a rotational
phase of 0.64, slightly closer to the peak in brightness, given
a single-peak rotation. As much as 56% of the surface would
be different in this case. A double-peaked light curve is harder
to explain with the observed spectral differences, as the phases
are closer together at 0.37 and 0.51, and only as much as 28%
of the surface would be different between the two spectra.
However, a 26.82 hr rotation period would place the September
21 spectrum squarely at the peak in brightness. The September
21 spectrum also shows the strongest possible water-ice sig-
natures, at 2.0 and 1.55mm, which may correlate nicely with
a peak in brightness if it is all caused by exposed water ice.
Because of the poor S/N and the brief integration time, we are
reluctant to call this a detection. Furthermore, deviations of our
model fits from the data at 1.63 and 2.1mm may suggest that
other species not accounted for are in abundance. It also seems
likely that the slope is indeed redder at NIR wavelengths in
this region of the surface. The turnover in the September 22
spectrum (and likely absorption feature) extending beyond 2.0
mm does not correspond to a water-ice feature, but rather some
other material, or combination of materials, possibly organic,
is likely the cause. In any case, that the possible water-ice band
is on a redder and brighter region of the surface is somewhat
surprising. Reddening by radiation aging (Strazzulla & Johnson
1991) and grayer colors corresponding to fresh ice exposed by
impacts or redeposited after cometary activity (Stern 1995;
Hainaut et al. 2000) may yield a different expectation. The
extremely red colors of the active Centaur object 2001 T4

(Bauer et al. 2001) would also seem to support a different
interpretation. 1999 UG5 is at an appropriate distance for com-

etary activity. It has similar orbital parameters as Chiron and
evidence of water, possibly in amorphous ice form. If the ap-
propriate volatiles are trapped in the ice, it may very well
undergo cometary activity on a periodic basis (e.g., Prialnik,
Brosch, & Ianovici 1995), although we do not witness it at the
present.

1999 UG5, at first an apparently ordinary Centaur, poses
many interesting possible exceptions to several of the currently
held interpretations of observed Centaur phenomena. It is wor-
thy of further study. Higher S/N NIR spectra, well correlated
with the optical behavior of the Centaur, would especially be
desirable. Indeed, many of the Centaurs, even those already
observed in the NIR, are in need of such a correlated optical
and NIR study, so that we may determine whether the Centaur
class as a whole is populated more with diverse exceptions
than with examples of inferred rules.
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