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Abstract

We present observations of the Centaur (32532) 20043 Paken between September 2000 and December 2000. A multi-wavelength
lightcurve was assembled from V-, R- and J-band photometry measurements. Analysis of the lightcurve indicates that there are two peak
of slightly different brightness, a rotation period aB8741+ 0.00005 day, and a maximum photometric range of 0.18 mag. We obtained
VRJHK colors (V-R= 0.50+ 0.01, V-J=1.69+ 0.02, V-H= 2.19+ 0.04, and V-K= 2.30 £ 0.04) that are consistent with the grey
KBO/Centaur population. The V-R color shows no variation as a function of rotational phase; however, we cannot exclude the possibility
that rotational variations are present in the R—J color. Assuming a 4% albedo, we estimate that20tdsRih effective diameter of 90 km
and a minimum axial ratia/b of 1.18. We find no evidence of a coma and place an upper limit of 15 @& the dust production rate.

0 2003 Elsevier Inc. All rights reserved.
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1. Introduction and 1999 were subsequently found, which allowed a mul-
tiple-opposition orbit to be determined. We noted that this

Centaurs are a relatively newly discovered class of mi- orbit, with an eccentricity = 0.2 and a perihelion distance
nor bodies in the solar system, residing at heliocentric dis- ¢ = 0.85 AU, is similar to the orbits of Chiron and 200%,T
tances between Jupiter and Neptune. Due to gravitationaland so, if the objects are compositionally similar, 2003£T
interactions with the giant planets, their orbits are dynami- might be a good candidate for displaying cometary activ-
cally unstable, and this, combined with studies of the orbital ity. Shortly after 2001 P13 was discovered, we started an
evolution in the outer solar system, suggests that they rep-observing program to search for evidence of activity and to
resent a transition phase between transneptunian objects andetermine other physical properties of the Centaur. From our
short-period comets (Schulz, 2002, and references therein) earliest two nights of observations we were able to derive a
Recent studies have confirmed that at least some Centaursgotation period of 0.35 day and a minimum axial ratio of 1.2
have ices on their surface (e.g., Cruikshank et al., 1998; (Farnham, 2001a). The results presented here represent an
Brown and Koresko, 1998; Foster et al., 1999; Luu et al., analysis of our entire data set, spanning a time period of four
2000; Kern et al., 2000; Bauer et al., 2002); however, 2060 months, and include a more precise measurement of the ro-
Chiron and 2001 T (Comet NEAT) are the only Centaurs tation period, as well as a more complete discussion of the
known to exhibit cometary activity (e.g., Meech and Bel- rotational characteristics and VRJIHK colors of 2004, 2T
ton, 1989; Luu and Jewitt, 1990; Meech et al., 1997; Pravdo
etal., 2001).

The Centaur (32532) 2001 PJwas discovered on 9 Au- 2. Observationsand data reduction
gust 2001 by the Near Earth Asteroid Tracking program
(NEAT); however, pre-discovery observations from 1995 2.1. Optical data

— . Because our earliest observations showed lightcurve vari-
Corresponding author. .
E-rmail address: famham@astro.umd.edu (T.L. Farnham). gtlons, we extendgd our program to aIIovy us to assemb!e a
1 Present address: Department of Astronomy‘ University of Mary|and’ |IghtCUI’V€ from Wh'Ch more accurate I'Otatlon CharaCterlSthS
College Park, MD 20742, USA. could be determined. We obtained extensive observations
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Table 1

Summary of observations

UT date (2001) Obs. site r (AU) A (AU) « (deg) A (deg) Filters Seeing (arcsec) Sky
03 Sep UKIRT 8.856 7.903 2.3 332 J,H, K <10 Cirrus/clear
21 Sep 2.7-m 8.868 8.006 3.5 330 R 81 Cirrus
22 Sep 2.7-m 8.869 8.014 3.6 330 R,V 81 Cirrus
23 Sep 2.7-m 8.869 8.023 3.7 330 R,V .31 Photometric
24 Sep 2.7-m 8.870 8.032 3.7 329 R,V .02 Partly cloudy
10 Nov 2.7-m 8.903 8.661 6.3 329 R,V 91 Partly cloudy
11 Nov 2.7-m 8.903 8.678 6.3 329 R,V .51 Cirrus
12 Nov 2.7-m 8.904 8.694 6.3 329 R,V 31 Photometric
13 Nov 2.7-m 8.905 8.711 6.3 329 R,V .61 Cirrus
04 Dec 2.1-m 8.920 9.062 6.2 330 R,V .51 Cirrus
05 Dec 2.1-m 8.920 9.078 6.2 330 R,V 91 Cirrus
06 Dec 2.1-m 8.921 9.095 6.2 330 R,V A1 Partly cloudy

with V and R filters in September, November and December the sample. Uncertainties in the instrumental magnitude in-
2001 and with a J filter on 3 September 2001. A summary of clude the uncertainty from variations in the sky background
the observing runs and geometric conditions is listed in Ta- and the photon statistics in the signal above the background
ble 1. Each entry lists the date, observing site, heliocentric level.
and geocentric distances, solar phase angle, ecliptic longi- Many of the observations were obtained under nonphoto-
tude, filters used, nominal seeing and a note about the qualitymetric conditions. In order to incorporate all of the measure-
of the observing conditions. ments into the lightcurve, we performed differential photom-
The data denoted “2.7-m” were obtained at the McDonald etry using field stars as a photometric reference frame. The
Observatory 2.7-m telescope with the Imaging Grism Instru- magnitude of 2001 Pig was measured in each frame, along
ment, a 5:1 focal reducer, and Harris V and Mould R filters. with at least 10 stellar objects of varying magnitudes to act
This configuration, combined with a TeK 1024.024 CCD, as comparison stars. Although 2001:B8Tas moving too
results in a (vignetted) 7 arcmin field with 0.57 arcsec pix- quickly to use the same stars throughout an entire observ-
els. Data denoted “2.1-m” were obtained at the McDonald ing run, it was moving slowly enough that at least half of the
Observatory 2.1-m telescope, with the same instrumentalfield of view overlapped from one night to the next. This al-
setup and filters, producing a 7 arcmin field with 0.48 arc- lowed the same stars to be used for 2—3 nights, providing a
sec pixels. Observations typically consisted of alternating link from one night to the next. The comparison star mea-
exposures with V and R filters, allowing a multi-wavelength surements were used to correct for the differing amounts
lightcurve to be assembled and providing the information of extinction for each frame (see Farnham, 2001b, for de-
necessary for removing the lightcurve variations from the tails).
V-R color determination. The telescope was guided at the  On the nights of 24 September and 10 November the
object’s rates and exposure times were limited so the starscomparison stars apparently did not provide a complete cor-
would trail by less than half a pixel during an exposure. Dur- rection to bring the lightcurve into alignment with other
ing most of these observations, the moon was either belowobservations. Additional shifts of 0.08 mag on the 24 Sep-
the horizon or illuminated at less than 30%. The exception tember and 0.06 mag on the 10 November data were needed
was on 4 December when the moon was 88% illuminated, to bring these nights’ lightcurves into agreement with the
though it rose halfway through our observations. brightness on the other nights. We explored various poten-
Processing of the V- and R-band images followed stan- tial explanations for these offsets, with no clear resolution.
dard procedures and was done using the CCD reductionStars of comparable brightness to 20013 £and stars dis-
packages in the Image Reduction and Analysis Facility tributed around the field of view are all well behaved, so it
(IRAF). The bias was removed in two steps, first apply- does not appear to be a degradation of the quality with dif-
ing the overscan region to remove the bulk value, then ferent magnitudes or a problem with a particular region of
subtracting off a master bias frame, created by averagingthe CCD. It does not appear to be due to 2001 Fhov-
many bias images, to remove the residual for each individual ing over a faint background star or galaxy because the object
pixel. Flat fielding was done using twilight sky flats, me- moves several aperture diameters during the observation pe-
dianed together to remove any stars. Photometric measurefiod, and because coadding images from other nights shows
ments were obtained using the IRAF photometry packages.no stars or galaxies along the path.
A 3-arcsec radius aperture was used for extracting magni- Both of these nights were of poor quality, so a combina-
tudes, with the sky background computed from an annu- tion of high extinction and poor seeing could be the cause
lus with an inner radius of 10 arcsec and an outer radius of the offsets. To avoid any problems with the nonlinear
of 20 arcsec. Pixels in this annulus whose values differed extinction introduced by thick clouds, we discarded all mea-
from the average by more than 2.5ere removed from  surements exhibiting more than 1 magnitude of extinction.
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However, even if the analysis is done with only low extinc- 2.2. Near IR data
tion data (0.2—-0.4 mag), the shift is still present. As for the
image quality affecting the measurements, the 1.9-2.0 arc-
sec seeing on these nights, though poor, is not dramatically
different from many of the other nights.

Because we couldn't find a specific cause for the off-
sets on 24 September and 10 November, we performed
re-analysis of the lightcurve with these two nights’ obser-
vations left out, and found that the removal of the data has
no effect on the final results. This is primarily because these

The data denoted “UKIRT” were obtained at the 3.8-m
United Kingdom Infrared Telescope on Mauna Kea, Hawaii,
using the common user camera UFTI (UKIRT Fast Track
Imager). The camera is equipped with a 10241024
aHngTe array and has a plate scale of 0.09 arcsec per pixel,
which gives a field of view of 92 arcsec. Observations were
taken using standard filtering techniques to produce a me-
dian filtered flat-field as described in Davies et al. (1998a).

nights represent only a small fraction of the total observa- Each final UFTI image of 2001 RE comprises a mosaic of
tions and their average uncertainties are larger than on other9 frames of 60 s each, for a total of 540 s per final image.

nights. When the lightcurve measurements are weighted by, i ojiding on a suitable reference star was used during
the uncertainties, these nights have relatively little influence the observations to maximize image quality
on the result. Even though they have little impact, we include Thin cirrus was present during the first half of the night,

both nights’ data, for completeness, in the analysis presentedy, yifferential photometry was again used to incorporate all
here, as well as in the figures and tables. of the data. Initially, two field stars were used as the photo-
One night during each of the September and November o ic reference, but it was later determined that one of them
runs was photometric, and on these nights, Landolt standardhad a faint companion, so it was rejected as a comparison
star fields (Landolt, 1992) were observed at a range of air- ;4 At the time of the observation, 2001 BTvas moving
masses. These observations were used to compute the zerg .19 arcsetmin, trailing by approximately 1.8 arcsec dur-
point of the instrumental magnitude and the extinction and ing the 9-min mosaic. Relative photometry techniques using
color coefficients for that night. By this means, we were able gmq| apertures require that both target and comparison stars

to calibrate the comparison stars, which in turn were used paye identical point spread functions, so we processed each
to shift the 2001 P13 measurements to the standard photo- get of images twice, once in the sidereal frame and once in

metric system. Although none of the December nights were the moving frame of the Centaur. Reduction and mosaick-
photometric, we obtained calibration images of the field stars ing were done automatically using the UKIRT telescope’s

on alaterobsgrving run, allowing us to also caIib.rate the De- ORAC data reduction package, which registers stars auto-
cember magnitudes to the standard scale. The final observeghatically during mosaicking and can then apply appropri-

magnitudes are listed in Table 2, where the observationtimesate tracking rates as required (Bridger et al., 2000; Currie,
have been corrected for the light travel time and the midtime 2001). Photometry of 2001 RTwas done using the mosaic

of the exposure. Note that the quoted magnitudes for 24 Sep-reconstructed in the moving frames, while the reference stars
tember and 10 November do notinclude the shifts that bring yere measured in the fixed frame. This removes much of the

them into line with the other measurements. effect of trailing, but the motion of the Centaur during each
The final step in assembling the lightcurve was to con- 0-s exposure cannot be completely negated by this process,
vert the measurements to absolute magnitudesand Hr so it will always be trailed over two of the UFTI 0.09 arcsec

so that data from the different dates could be combined. pixels. However, this is a factor of 34 less than the typical

To accomplish this, we removed the effects of changing seeing during the night and only 7% of the 30 pixel diameter

distances by correcting the magnitudesrte- 1 AU and aperture used for the relative photometry.

A =1 AU, and then removed the solar phase angle effects  As the moon was full during these observations, we were
using the principles of the two-parametéf,(G) system of  able to monitor the observing conditions. The sky cleared

Bowell et al. (1989). All of our measurements were ob- after midnight and the standard stars FS29 and FS11 from

tained at solar phase angles of 3-8.7, and 6.2-6.3, the list of Hawarden et al. (2001) were observed. Absolute
which is too limited a data set to solve fat. Thus, we calibration of the reference star was done using an aperture
simply adopted the canonical value 6f= 0.15 for cor- of 5 arcsec diameter (56 pixels) on a number of the sidereal

recting our observations to zero phase angle. As a checkmosaics. The reference star was then used to calibrate the
we used the average lightcurve values from our Septem-2001 Pz measurements. The final observed IR magnitudes
ber and November observing runs and found that they are listed in Table 2, and again, the observation times have
are consistent with our assumed value t@r (We have been corrected to the Centaur’s reference frame. To incorpo-
only sparse coverage of the lightcurve in our December rate these magnitudes into the lightcurve and to compute the
data, so an average value cannot be reliably found for VRJIHK colors, we applied corrections for the solar phase
that time.) This gives us some confidence that our ex- angle (again assuming = 0.15) and the changing helio-
trapolation to zero phase angle is not drastically in er- centric and geocentric distances as discussed in the optical
ror. section above.
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Table 2
Photometry of 2001 P
Julian day Filter mag o Julian day Filter mag o Julian day Filter mag o

3 September 2001 22 September 20@ihi{nued) 23 September 200kgntinued)
2452155.6845 J 17.145 0.020 2452174.7364 R 18.489 0.011 2452175.7776 R 18.502 0.011
2452155.6920 J 17.121 0.020 2452174.7457 R 18.482 0.009 2452175.7817 \% 18.978 0.011
2452155.7021 J 17.192 0.020 2452174.7509 R 18.517 0.010 2452175.7859 R 18.523 0.011
2452155.7097 J 17.093 0.020 2452174.7555 R 18.479 0.008 2452175.8109 R 18.532 0.009
2452155.7172 J 17.045 0.020 2452174.7601 R 18.509 0.019 2452175.8150 \% 19.032 0.010
2452155.7258 J 16.985 0.020 2452174.7646 R 18.528 0.023 2452175.8365 R 18.472 0.009
2452155.7333 J 17.012 0.020 2452174.7690 R 18.501 0.016 2452175.8406 \% 18.975 0.012
2452155.7409 J 17.037 0.020 2452174.7733 R 18.505 0.010 2452175.8448 R 18.437 0.010
2452155.7488 J 17.002 0.020 2452174.7779 R 18.491 0.011 2452175.8490 \% 18.923 0.012
2452155.7564 J 17.029 0.020 2452174.7838 R 18.472 0.007 2452175.8532 R 18.411 0.010
2452155.7640 J 17.044 0.020 2452174.7880 R 18.470 0.008
2452155.7715 J 16.983 0.020 2452174.7921 R 18.444 0.008 24 September 2001
2452155.7792 J 17.043 0.020 2452174.7967 R 18.462 0.012 2452176.6430 R 18.474 0.011
2452155.7868 J 17.131 0.020 2452174.8011 R 18.433 0.011 2452176.6485 \% 18.989 0.011
2452155.8130 J 17.213 0.020 2452174.8053 R 18.408 0.010 2452176.6527 R 18.465 0.013
2452155.8207 H 16.651 0.050 2452174.8094 R 18.398 0.010 2452176.6827 R 18.453 0.010
2452155.8283 J 17.161 0.020 2452174.8138 R 18.376 0.008 2452176.6869 \ 18.977 0.011
2452155.8360 K 16.533 0.050 2452174.8184 R 18.346 0.008 2452176.6911 R 18.467 0.009
2452155.8436 J 17.137 0.020 2452174.8232 R 18.332 0.009 2452176.6952 \Y 18.974 0.010
2452155.8616 J 17.055 0.020 2452174.8273 R 18.363 0.010 2452176.6995 R 18.452 0.009
2452155.8693 H 16.588 0.050 2452174.8321 R 18.329 0.010 2452176.7244 R 18.396 0.010
2452155.9101 J 17.008 0.020 2452174.8362 R 18.328 0.011 2452176.7286 \% 18.892 0.010
2452155.9178 K 16.375 0.050 2452174.8403 R 18.295 0.010 2452176.7329 R 18.357 0.015
2452155.9254 J 16.931 0.020 2452174.8444 R 18.321 0.009 2452176.7371 \% 18.826 0.011
2452155.9355 J 17.029 0.020 2452174.8487 R 18.318 0.013 2452176.7416 R 18.371 0.010
2452155.9526 J 17.046 0.020 2452174.8531 R 18.293 0.011 2452176.7457 \% 18.841 0.010
2452155.9601 J 17.120 0.020 2452174.8573 R 18.289 0.013 2452176.7499 R 18.366 0.012
2452155.9677 J 17.143 0.020 2452174.8615 R 18.330 0.012 2452176.7540 \% 18.835 0.011
2452155.9953 J 17.148 0.020 2452176.7581 R 18.367 0.010

23 September 2001 2452176.7622 \% 18.845 0.010

21 September 2001 2452175.5423 R 18.318 0.013 2452176.7666 R 18.362 0.009
2452173.7256 R 18.504 0.010 2452175.5468 \Y 18.807 0.013 2452176.8079 R 18.488 0.013
2452173.7291 R 18.504 0.010 2452175.5511 R 18.312 0.012 2452176.8122 \% 18.968 0.012
2452173.7320 R 18.499 0.011 2452175.5554 \Y 18.811 0.015 2452176.8164 R 18.484 0.013
2452173.7367 R 18.460 0.012 2452175.5599 R 18.314 0.014 2452176.8206 \% 19.030 0.021
2452173.7421 R 18.453 0.007 2452175.5640 \Y 18.830 0.016 2452176.8248 R 18.572 0.039

2452175.5683 18.325 0.012 2452176.8367 R 18.476 0.014

22 September 2001 2452175.6028 R 18.510 0.014 2452176.8408 R 18.472 0.019
2452174.5694 R 18.495 0.008 2452175.6075 \% 18.984 0.012 2452176.8451 \% 18.974 0.020
2452174.5734 R 18.489 0.009 2452175.6119 R 18.484 0.012 2452176.8492 R 18.493 0.032
2452174.5796 R 18.525 0.008 2452175.6166 \% 18.991 0.011 2452176.8534 \% 19.034 0.066
2452174.5879 R 18.535 0.010 2452175.6212 R 18.485 0.012 2452176.8575 R 18.455 0.029
2452174.6280 R 18.403 0.006 2452175.6255 \% 19.004 0.013
2452174.6373 R 18.359 0.013 2452175.6298 R 18.480 0.011 10 November 2001
2452174.6496 R 18.348 0.008 2452175.6340 \% 18.997 0.020 2452223.5235 R 18.675 0.008
2452174.6550 R 18.348 0.007 2452175.6386 R 18.473 0.018 2452223.5315 \Y 19.179 0.009
2452174.6599 R 18.328 0.008 2452175.6429 \% 19.053 0.023 2452223.5455 R 18.780 0.007
2452174.6652 R 18.353 0.010 2452175.6474 R 18.519 0.012 2452223.5524 \% 19.313 0.007
2452174.6700 R 18.342 0.012 2452175.6572 R 18.452 0.008 2452223.5604 R 18.804 0.008
2452174.6743 R 18.324 0.014 2452175.6614 \Y 18.905 0.013 2452223.5950 R 18.676 0.029
2452174.6875 R 18.372 0.017 2452175.6655 R 18.438 0.011 2452223.6204 R 18.716 0.015
2452174.6921 R 18.395 0.013 2452175.6697 \Y 18.901 0.010 2452223.6284 R 18.661 0.023
2452174.6995 R 18.412 0.011 2452175.6741 R 18.388 0.009 2452223.6364 \% 19.158 0.012
2452174.7044 R 18.383 0.010 2452175.7250 R 18.366 0.007 2452223.6444 R 18.673 0.010
2452174.7088 R 18.360 0.015 2452175.7291 \% 18.889 0.011 2452223.6888 R 18.707 0.050
2452174.7131 R 18.428 0.014 2452175.7333 R 18.387 0.008
2452174.7181 R 18.461 0.009 2452175.7374 \% 18.897 0.010 11 November 2001
2452174.7229 R 18.470 0.007 2452175.7416 R 18.402 0.008 2452224.5114 R 18.668 0.007
2452174.7273 R 18.481 0.007 2452175.7691 R 18.461 0.012 2452224.5194 \% 19.157 0.017
2452174.7318 R 18.502 0.010 2452175.7733 \Y 18.989 0.011 2452224.5274 R 18.657 0.007

(continued on next page)
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(e

Julian day

Filter

mag

(e

Julian day

Filter

mag o

Julian day Filter mag
11 November 2001cpntinued)
2452224.5344 \% 19.151
2452224.5434 R 18.695
2452224.5524 R 18.680
2452224.5604 \Y 19.203
2452224.5684 R 18.722
24522245764 \% 19.255
2452224.5834 R 18.780
2452224.6276 R 18.775
2452224.6316 \% 19.285
2452224.6376 R 18.771
2452224.6416 Vv 19.271
2452224.6456 R 18.750
2452224.6496 \% 19.287
2452224.6546 R 18.716
2452224.6586 \% 19.211
2452224.6626 R 18.712
2452224.6666 \% 19.223
2452224.6716 R 18.715
2452224.6756 Vv 19.198
2452224.6806 R 18.676
2452224.6846 \% 19.196
2452224.6896 R 18.652
2452224.6936 Vv 19.143
2452224.6976 R 18.646
24522247026 Vv 19.181
2452224.7066 R 18.690
24522247116 \% 19.202
2452224.7166 R 18.659

12 November 2001

2452225.4993
2452225.5073
2452225.5175
2452225.5225
2452225.5265
2452225.5315
2452225.5365
2452225.5405
2452225.5445
2452225.5485
2452225.5535
2452225.5585
2452225.5625
2452225.5665
2452225.5705
2452225.5745
2452225.5785
2452225.5835

<KIHT<I<m<I<I<xIm<I<3IWWZT

18.807
19.315
18.781
19.275
18.741
19.225
18.713
19.202
18.705
19.189
18.658
19.181
18.663
19.176
18.664
19.171
18.651
19.164

0.009
0.053
0.006
0.007
0.007
0.007
0.006
0.014
0.030
0.008
0.010
0.008
0.011
0.008
0.011
0.008
0.012
0.009
0.013
0.010
0.012
0.009
0.013
0.010
0.016
0.011
0.020
0.016

0.006
0.008
0.009
0.009
0.008
0.009
0.007
0.009
0.007
0.009
0.007
0.009
0.007
0.008
0.007
0.008
0.007
0.008

12 November 2001continued)

2452225.5875
2452225.5915
2452225.5965
2452225.6005
2452225.6055
2452225.6095
2452225.6135
2452225.6505
2452225.6545
2452225.6645
2452225.6685
2452225.6725
2452225.6775
2452225.6815
2452225.6855
2452225.6905
2452225.6945
2452225.6985
2452225.7025
2452225.7075
2452225.7115

T<HTp<g<ag<ag<az<ypzun<uzITou<x

18.679
19.191
18.698
18.702
18.697
19.224
18.705
18.896
19.370
18.827
19.320
18.802
19.305
18.775
19.284
18.724
19.256
18.692
18.672
19.113
18.622

13 November 2001

2452226.4904
2452226.4944
2452226.4984
2452226.5024
2452226.5074

2452226.5114

2452226.5154
2452226.5194
2452226.5234
2452226.5274
2452226.5324
2452226.5364
2452226.5404
2452226.5444
2452226.5484
2452226.5534
2452226.5574
2452226.5614
2452226.5654
2452226.5694
2452226.5744
2452226.5784
2452226.5824
2452226.5874
2452226.5914

1<xn<wxm

T<T<T<T<ST<A<ST <A< T <P

18.756
19.271
18.798
19.283
18.805
19.293
18.805

19.333
18.821
19.331
18.825
19.333
18.818
19.331
18.820
19.298
18.802
19.300
18.780
19.245
18.721
19.214
18.692
19.206
18.680

0.008
0.008
0.007
0.007
0.007
0.009
0.007
0.012
0.015
0.009
0.012
0.010
0.014
0.009
0.013
0.009
0.014
0.010
0.011
0.015
0.011

0.012
0.014

0.009
0.010

0.008

0.011
0.010

0.012
0.009
0.010
0.008
0.010
0.008
0.010
0.008
0.012
0.009
0.011
0.008
0.010
0.007
0.009
0.008
0.009
0.010

13 November 2001continued)

2452226.5954
2452226.5994
2452226.6044
2452226.6084
2452226.6124
2452226.6164
2452226.6214
2452226.6254
2452226.6294
2452226.6334
2452226.6374
2452226.6424
2452226.6474
2452226.6514
2452226.6554
2452226.6594
2452226.6652
2452226.6714
2452226.6754
2452226.6794
2452226.6844

2452226.6884

2452226.6924
2452226.6964
2452226.7004
2452226.7044
2452226.7104

DI <3< g<a3g<a<T<cou<o<

R
R

R
R
R
R

19.183
18.660
19.099
18.664
19.135
18.667
19.152
18.670
19.208
18.647
19.172
18.691
19.217
18.690
19.245
18.757
18.786
18.774
18.779
18.776
18.791
18.869
18.804
18.796
18.804
18.802
18.795

4 December 2001

2452247.5376
2452247.5460
2452247.5526
2452247.5572
2452247.5614
2452247.5656

R

1< xI<

18.896
19.411
18.855
18.889
19.427
18.930

5 December 2001

2452248.5417
2452248.5459
2452248.5504
2452248.5546
2452248.5589

1<xu<=m

18.851
19.357
18.845
19.351
18.891

6 December 2001

2452249.5717
2452249.5759

\%
R

19.280
18.693

3. Analysis

3.1. Rotation period

In the case of outer solar system objects, long orbital
periods mean there is usually little change in the viewing using the phase dispersion minimization (PDM) technique
(Stellingwerf, 1978). With this technique, the data are sys-
tematically phased to different periods, and the amount of
scatter is computed for each case. The most likely period

geometry over a period of many months. For 2001 ffie
ecliptic longitude ., changed by only about&nd the phase
angle changed by only about during our observations (see

Table 1), both primarily due to the reflex motion of the Earth.

0.010
0.008
0.013
0.013
0.018
0.010
0.011
0.012
0.018
0.019
0.012
0.011
0.016
0.011
0.016
0.020
0.014
0.014
0.014
0.011
0.013
0.051
0.017
0.018
0.017
0.019
0.018

0.012
0.013
0.015
0.017
0.019
0.020

0.014
0.012
0.014
0.014
0.014

0.021
0.026

combine all of our data into a single phased lightcurve, with-
out needing to know the orientation of the spin axis. This
allows us to utilize the full time baseline spanned by our data
to find a more precise measurement of the rotation period.
We analyzed the variations in the lightcurve of 2004 PT

is the one that produces the smallest amount of scatter in
The nearly constant viewing geometry means that we canthe phased lightcurve. We implemented the same basic ap-
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proach as described by Stellingwerf, but with modifications
that allow the data to be weighted by their uncertainties.

In order to include all three lightcurves (R, V and J) into
our analysis of the rotation period, it was necessary to take
the color differences into account. First, we started with our
R-band data and solved for the best period. The V-band
data were then phased to the same period and shifted verti<
cally until they matched the R lightcurve. With the combined
R and V lightcurves, we again solved for the best period.

This process was iterated until the result converged; how- 9.0 —
ever, we note that the period determination was not very 5 sox f‘f”v’gen:‘blfrf 4
sensitive to the exact vertical alignment of the R and V light- 91l 42 December _
curves. The J-band data were then incorporated in the same PR T SR SN SR A S SR S N
manner, giving us a time baseline of more than three full 0.0 0.5 1.0
months for the period determination. After the best period Rotational Phase

had been determined, we estimated the uncertainty by in- ,
Fig. 1. 2001 PT3 data from 2001 phased to a period of 0.34741 day. The

creasing and decreasmg the perIOd until the phasmg of thesymbol types denote different observing runs, with R-band data marked as

data was nOt'Ceably poorer than at the. optl.mum perlqd. This solid points and V- and J-band data, shifted to match the R-lightcurve (0.50
method overshoots the true uncertainty in the period but and 1.19 mag, respectively), marked as open points and stars. Zero phase is

allows us to at least provide a quantitative estimate of the defined at JD 2452173.72214.
errors.

After systematically exploring periods from 0.01 to function of rotational phase, then the vertical shift needed to
2 days, we found the rotation period that produces the leastalign the lightcurves can be affected by the sampling of the
amount of scatter in the phased lightcurve wa34@41+ data and/or the fact that lightcurve minima tend to be nois-
0.00005 day. Figure 1 shows this double-peaked lightcurve, ier than maxima. Similarly, data points that don’t follow the
corrected to the absolute magnitudgy) system and phased R-V-R format are not included in the second method of de-
to the optimum rotation period. Zero phase was assigned totermining the color, which means the two techniques utilize
JD 2452173.72214to correspond to a minimum between theslightly different data sets, and can produce different results
peaks. As can be seen in the lightcurve, the two peaks haven the average colors. By computing the colors with both
slightly different brightnesses. By taking the weighted av- techniques, we can compare the results and initiate a more
erage of the points withis-0.025 phase of each peak, we detailed investigation if the results don't agree. In the case
find that the first peak is 0.03 mag brighter than the second.of our optical measurements of 2001 BTwe found that
It's possible that the two minima also have slightly different the colors derived from the two techniques are consistent,
brightnesses, but, given the noise levels, this is not conclu-with both producing an average value V=R0.50+ 0.01.
sive. The maximum peak-to-peak extreme of the lightcurve  We do not have simultaneous measurements with R and

(as measured between 0 and 0.25 phase) is 0.18 mag. Jfilters. Therefore, in order to compute the near-IR color, it
was necessary to assume that the magnitudes did not change
3.2. VRIHK colors dramatically between 3 September and 23 September, when

the near-IR and R measurements, respectively, were ob-

We computed the V-R colors using two different meth- tained. We then used the first method described above,
ods. The first technique comes directly from the process of phasing the J measurements to our best rotation period and
assembling the lightcurve, described above. In this case, wethen shifting vertically to align the J lightcurve with the
shifted the V magnitudes to match the R values, and the R lightcurve. The magnitude of the shift represents an aver-
amount of shift gives the V-R color averaged over the en- age color R—3= 1.19+ 0.02. We also have two observations
tire lightcurve. In the second method, we use a set of threeeach through H and K filters. Using J-band measurements
measurements—two Rs bracketing a V—to compute two bracketing these observations, we computed the average
measures of the color. Averaging these two values, to first color indices J-H= 0.50 + 0.04 and J-K= 0.61+ 0.04.
order, removes the effects of the lightcurve variation, giving These colors then lead to an H-=K0.11+ 0.05. We also
a single V=R color for that set of observations. This process note that the difference in magnitudes between the individual
is repeated for all sets in which two R-measurements bracketpairs of measurements through the H and K filters is consis-
a V, and all of the individual color values are ultimately tent with the expected magnitude change from the lightcurve
combined to obtain a global average of V-R. In principle, forthe corresponding phases. Thus, variations in the near-IR
both techniques should converge on the same color, but withdata agree, at least to first order, with the lightcurve we ob-
limited data sets, application of both techniques can revealserved in the optical.
potential skewing effects in one or both measurements. For  To investigate possible color variations as a function of
example, if there are color variations in the lightcurve as a rotational phase, we utilized the temporal information in our
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a rotation, and computed the average color in each bin. (To
| #@ o % b o . avoid prespecifying where the two phase bins were located,
. o 4 Oge s . S , . ;
e ,Q%i&ﬁ%gm,m **ﬁ"%pﬁmﬂ-' A%Q,f L& we allowed the bins to slide in phase gnnl the difference in
. by " R . ] the two average colors reached a maximum.) We performed
04 | - 10,000 runs with this model, and found that in 5% of the
= Sep 23 * Nov 10 A Nov 12 . .
- A Sep24 o Nov 11 o Nov 13 . cases, one bin had an average color that welsr higher
03, | | LT than the other. This frequency is high enough that we cannot
L ] rule out the possibility that the color is flat with rotation.
13 — Finally, we attempted to determine the magnitude of po-
° ¢ . . o .
- s ; ; . tential color variations that could be present and still be
T - o LT SR B .0 $. e consistent with our observations. For this investigation, we
. H#ﬁﬁ+

06 [—

assumed the variations take the form of a sine wave with
e s . three free parameters (amplitude, phase offset and offset
from the average color). As stated earlier, the minimufn

0.0 0.5 1.0 fit to the R—J colors was obtained for a curve with amplitude
0.03 mag. In comparison, a flat color relation hag%that

was 20% higher for the same data set. Because the flat color
Fig. 2. V-R and R-J colors for 2001 PJas a function of rotational phase  relation is consistent with our observations, we adopted this
(see caption for Fig. 1). In the top panel, each point represents the averagerange of 20% above the minimum as the limit for th@%

of a pair of measurements in an R, V, R sequence, which removes the ef- represents an acceptable fit to the data. We then performed

fects introduced by lightcurve variations. The different symbols represent . .
measurements from different nights, as indicated. In the bottom panel, eacha full grid search of parameter space to find the largest am

point represents an R-J measurement, where the R magnitude has beeRlitude that still produced an acceptablé value. For the
obtained from the lightcurve at the phase corresponding to the measuredR—J colors, we find that a sine curve variation with an am-
J-band value. In both plots, the dotted line denotes the average color. plitude as high as 0.06 mag will fit the data as well as the
flat relation. Using the same analysis on the visible colors,

data. For V-R, we used the colors computed for each R—V-Rwe find a best fit for a curve with no amplitude, suggesting
data set, and phased them to our best rotation period. Thethat the V=R color relation is, indeed, flat. If we again utilize
results are shown in the top panel of Fig. 2. A visual inspec- the 20% above minimuny? level as our range of accept-
tion of this result reveals no obvious variation with rotational able fits, then an amplitude of 0.02 mag is the maximum that
phase. remains consistent with our measurements.

For R-J, we computed the phase at which each of the
J observations was obtained and used the average R mag3.3. Search for cometary activity
nitude at that phase to compute the color. The results are
plotted in the bottom panel of Fig. 2. In this case, we note  Because 2001 RE has an orbit similar to those of Chiron
that from phase 0 to 0.5, most of the measurements are conand 2001 T, it has the potential for exhibiting cometary ac-
centrated below the average, while from phase 0.5 to 1.0, thetivity. To investigate this possibility, we thoroughly searched
colors tend to lie above the average. As an exercise, we fit aour images for evidence of coma. None was visible in indi-
sine curve to the data and found that the best fit occurredvidual images at either the V- or R-band wavelengths, but a
when the curve had an amplitude of 0.03 mag. This suggestdow surface brightness coma could easily be lost in the sky
that the R—J color may vary with rotation, though with the noise of the short-exposure images. To improve the signal
amount of scatter and the lack of simultaneous R and J ob-and allow us to search for faint coma, we co-added all of the
servations, this is by no means conclusive. data from 23 September 2001 and from 12 November 2001.

Pursuing this issue further, we performed a test to de- These nights were selected because they were photometric,
termine whether a flat color distribution could be excluded, had the best seeing of their respective observing runs, and
based on the distribution of the data. Our measurements conhad a large number of images. Before coadding the images,
sist of 25 data points, well distributed in rotational phase and it was necessary to shift each frame to position the object at
exhibiting a scatter in the color with a standard deviation a common location. For each image, the required shift was
o = 0.047 mag. If we divide the data into the two phase bins computed in two stages. First, measurements of 10-20 stars
described above, we find that the average color of one binallowed us to accurately compute the shift needed to align
is approximately & greater than the other. Using this infor- the star field. Then the nonsidereal motions of 20013PT
mation as a guide, we utilized a Monte-Carlo model to de- computed from the ephemeris rates and the known pixel
termine the likelihood that the data groupings were produced scale, were added to the star shifts. After the images were
by chance. In our model, we produced a synthetic data set ofshifted, they were added together by filter type. Because of
25 points randomly distributed in phase, with colors follow- the object’s motion, the stars in the composite images were
ing a Gaussian distributiors(= 0.047 mag). We divided trailed. Therefore, we shifted the original images a second
the synthetic data into two bins, each of which covers half time to align the stars into a separate composite from which

Rotational phase
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T T T T T T T

dial profiles for both 2001 Pig and the comparison stars.
(We did not focus on the anti-solar direction because with
the large distances, slow velocities, and extreme projection
effects involved in looking at objects at large heliocentric
distance, there is only a small probability that tail material
will be observed along the instantaneous projection of the
anti-solar direction.) Again, there was no evidence for coma
in any of the radial profiles.

Even though there is no evidence for coma, we can use
the nondetection to set an upper limit on the dust produc-
tion rate. We utilize the analysis presented in Davies et al.
(1998b), which relates the dust production rake(gs1),
to the surface brightness of the cona(erg cnm?s 1 A-1)

12 November

23 September ‘

4

PR T

&
o e . i

Surface Brightness (mag arcsec %)

Radial Distance (arcsec) M = 3750 1023A_2 f BapvtRo

pg So A ’
Fig. 3. Azimuthally averaged R-band radial profiles of 2001; £from

23 September and 12 November. 2004 £i8 represented by filled circles, where A and r are the geocentric and heliocentric dis-
and two comparison stars, scaled to the same peak brightness, are showrfanceS to the object (AU)po is the pixel size at the dis-

as open triangles and squares. Error bars on the comparison stars have been . .
left off for clarity but are comparable to or slightly larger than those of 2001 etance of the ObJeCt (km)So is the solar constant at 1 AU

PTy3. Also for clarity, the November data have been shifted up three units (143 €rg cm?s tA-1), ais the dust grain radius (Hmy,is
and 0.03 units to the right. The match between the Centaur and the two starsthe grain density (g ci?), v is the terminal velocity of the
on both nights indicates that there is no detectable coma around 2§81 PT  dust (km S‘l), Ro is the distance from the Centaur projected

onto the sky (km) and is the dust albedo. Because we have

stellar profiles could be measured. The total integration time NO constraints on the dust parameters, we simply adopt rea-

of the composite images from September were 3300 s for Sonable valuesz = 0.5, p = 1.0, vy = 0.1, andA = 0.05,

the R-band image and 2700 s for the V-band image. For the@nd recognize that each of these parameters has a linear ef-

November R and V composites, total times were 3600 s andfect on the production raté\ andr are listed in Table 1, and

3300 s, respectively. the pixel sizespg, are 3317 km and 3594 km for the Septem-
A visual inspection of these composite images indicated Per and November images, respectively (from whighcan

no obvious differences between 2001;8End the com-  be computed for a given pixel). Using the hoise level for

parison stars. Likewise, contour plots of the Centaur were €ach annulusto give the surface brightness, we computed the

indistinguishable from those of comparison stars. A search dust production rates for both date £ ¢ x 3.24 x 1072

for low surface brightness coma was done by extracting ra- O 23 September andl = ¢ x 1.59 x 10~2% on 12 Novem-

dial profiles of 2001 P33 and two nearby comparison stars Per, wherec is the count level). With these parameters, we

of roughly the same magnitude. First, the sky background Compute an upper limit on the dust production of 15 § i

around each object was computed from an annulus betweerSeptember and 5 g$ in November (in both cases, this rep-

50 and 100 pixels in radius. The background was flat to bet- resents the maximum of all measurements within 6 arcsec).

ter than 0.1% across this dimension and pixels that varied These levels will change if the adopted dust parameters do

by more than 2.5 were rejected_ The mode of the remain- not represent the true coma, but it is clear that 200i]3ﬁ§r

ing pixels was adopted as the representative sky level andessentially an inactive body.

removed from the background behind the object. Next, az-

imuthally averaged radial profiles of 2001 B&nd the two

stars were computed and are shown in Fig. 3, scaled to the4. Discussion

same peak brightness. As can be seen, the radial profile of

2001 PT3 is very close to those of the comparison stars, = The multi-wavelength lightcurve that we assembled was

indicating that there is no detectable coma. In fact, the com- used to determine a number of the fundamental proper-

parison stars have a slightly broader profile than 200{sPT ties of 2001 PTs. The average absolute magnitudes of the

especially at distances beyond 3 arcsec, which is due to thdightcurve areHr = 8.80 andHy = 9.30 (for an assumed

slight amount of trailing that the stars experienced as we G = 0.15). At present, there is ho measurement of the

guided on the object. albedo, but if we assume a value of 4%, then the effective
As a final test, we looked for evidence of coma that might diameter of 2001 Pk is about 90 km. (An albedo of 20%

be concentrated in only one direction (e.g., a comet’s tail), gives a diameter of only 40 km.)

and is lost in the full azimuthal averages due to lack of con-  Our PDM analysis of the lightcurve indicates that 2001

trast. For simplicity, we adopted four quadrants, defined by PT13 has a rotation period of.84741+ 0.00005 day and

the four cardinal directions, and computed the additional ra- a double-peaked lightcurve with peaks of slightly different
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amplitude. (Although a single-peaked lightcurve with a pe- evidence of activity. It is possible that they represent a dif-
riod of 0.1737 day is mathematically possible, the asymme- ferent stage in the evolution of the Centaurs. A plot of V-R
try of the two maxima is strong evidence for the double- as a function of rotational phase shows no evidence for color
peaked solution being the correct interpretation.) Our re- variations at optical wavelengths across the surface of 2001
sult is a more accurate determination than that presented byPT13. A similar plot of R—J colors hints that there may be
Ortiz et al. (2002)(0.346+ 0.002 h), but the two results  some variations at longer wavelengths, but further investiga-
agree to within the uncertainties. Given the double-peakedtion is needed to confirm this.
lightcurve, 2001 P73 is an elongated body, with brightness Our search for coma around 2001:BTevealed no sig-
variations produced by the changing apparent cross-sectiomificant evidence for activity, even though the Centaur was
as it rotates. If we assume that the object can be representedlose to perihelion during our observations. On the other
by a prolate spheroid, then the 0.18 mag photometric rangehand, Chiron’s activity was not observed until two years
of the lightcurve indicates that the axial ratigh must be at after perihelion and has persisted for over a decade. This
least 1.18. (Due to foreshortening, a larger axial ratio would suggests that the activity is driven by thermal energy prop-
be necessary if the spin axis is not oriented in the plane of theagating into the interior where phase changes in amorphous
sky.) The fact that the peaks are of slightly different ampli- water ice may result in the release of occluded CO molecules
tudes, however, suggests that the shape may deviate in soméPrialnik et al., 1995). Given this delay in Chiron’s activity,
manner from a prolate spheroid. it may be worth following up on observations of 200118 T
Although, technically, our lightcurve analysis determined and other Centaurs to determine if they exhibit activity in the
the synodic rotation period, the viewing geometry changed years after perihelion.
very little during our observations, which means that ourre-  Finally, we note that two near-IR spectra of 2001: BT
sultis a very close approximation to the sidereal rotation pe- obtained on two different dates (September and October
riod. The fact that the lightcurve is essentially identical over 2001) by Barucci et al. (2002), seem to exhibit dramatic dif-
atime span of three months indicates that 2001z#in (or ferences. With our period determination, we find that the first
very near) a state of simple rotation about its short axis. Any of these spectra was obtained when 20013Ri¥as at a ro-
complex rotation or precession acting on time scales of lesstational phase of 0.06 and the second when it was at a phase
than about a year would introduce shifts in the lightcurves of 0.48. Thus, the two spectra were obtained nearly half a
from different observing runs, yet we see no evidence of this rotation apart, and represent opposite ends of 200&k.PT
in our result. The difference in the spectra, combined with the possible
Collisional models (e.g., Melosh and Ryan, 1997; As- color variations in our R—J colors as a function of the ro-
phaug, 1998) show that it is much easier to disrupt a plan- tation (Fig. 2) may indicate that there are inhomogeneities
etesimal larger than 250 m than to disperse the fragments.across the object’s surface at near-IR wavelengths. Barucci
This suggests that many, if not most, large planetesimals areet al. (2002) also observed a possible signature for water
gravitationally bound rubble piles. Indirect observational ev- ice in one of their spectra. This is intriguing, though 2001
idence (e.g., Harris, 1996) supporting this theory includes PTi3 is at a heliocentric distance well beyond the distance
the fact that asteroid rotation rates tend to be concentrated inat which water begins to sublimate at any significant rate
the 8-10 hour range, with very few objects spinning faster (e.g., Delsemme, 1982, and references therein), so sublima-
than the critical rate for densities of 2.7 gt Also, many tion of this surface ice should not be expected to generate
large planetesimals are elongated, which might indicate thatmuch cometary activity. In any case, this makes the Centaur
rotation is distorting their shapes. 2001 {BTits both of a very interesting object, for which follow-up observations
these observational criteria, suggesting that it is also a can-should be obtained.
didate for a gravitationally bound rubble pile. If the dramatic differences seen in spectra are indeed real,
As described earlier, we computed VRJHK color indices then we can invert the above argument and use the differ-
for 2001 PT3. In general our results are in good agreement ing spectra to set a constraint on the pole orientation of
with the data of Barucci et al. (2002), with our V-R, J-H 2001 PT3. First, we note that each spectrum represents the
and H-K colors consistent within the likely errors. There disk-integrated light for the phase at which it was obtained.
is a small but systematic difference in the absolute values Because they show dramatic differences, the two spectra
of the near-IR magnitudes in the two data sets that cannotmust, therefore, represent very different faces of the Cen-
be accounted for by lightcurve variations. These may be at- taur, suggesting that we are seeing 2001 Hfom a sub-
tributable to subtle spectral variations across the surface orEarth latitude near its equator. With this configuration, the
as yet unidentified differences in filters, reduction techniques phase shift between the two spectra would have presented
or the values adopted for the standard stars. nearly opposing hemispheres, as assumed above, and one
The colors of 2001 Pik are consistent with typical val-  face would be hidden while the other is in view. In the al-
ues of the grey Centaur/KBO population, as well as with ternate case, if the sub-Earth latitude were near the pole,
the colors of 1996 PW, 1998 WiJand 1999 LR}; (Davies then most of the visible face of the object would remain
etal., 1998b, 2001; Harris et al., 2001). These latter three ob-the same throughout a rotation. With this configuration, dra-
jects are in cometary-type orbits, but have, as yet, shown nomatic spectral differences would not be likely, because most
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of the disk-integrated light would be the same from one
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a modern observing system for UKIRT. In: Lewis, H. (Ed.), Proc. SPIE:

phase to another. Therefore, we conclude that the spin axis Advanced Telescope and Instrumentation Control Software, Vol. 4009,

of 2001 PT3 is probably near the plane of the sky. Addi-

tional constraints should be possible in the next few years

pp. 227-238.
Brown, M.E., Koresko, C.C., 1998. Detection of water ice on the Centaur
1997 CU 26. Astrophys. J. 505, L65-L67.

as the viewing geometry changes (e.g., Farnham, 2001b). Ifcyyikshank, D., Roush, T., Bartholomew, M., Geballe, T., Pendleton, Y.,

the pole is near the plane of the sky, then we can also con-
clude that the changing apparent cross-section as a function

of rotation is not affected very much by foreshortening ef-
fects. Thus, 2001 Pig is not highly elongated and is likely
to have an axial ratia; /b, near the 1.18 limit computed from
the lightcurve amplitude.
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