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Abstract. We present photometric observations of the Kuiper-Belt object 1998 &bdifferent phase angles and for three
different broad band filter8( V andR). This object was observed with the Danish 1.54-m telescope of ESO in Chile during

six different observing nights corresponding to a phase angle of 0.30, 0.37, 0.92, 3.43, 3.48 ariek&&®bservations were
obtained in September 2002 with the VLT UFDRS1 combination to confirm that 1999 J@loes not exhibit any cometary

activity, and in October 2001 with the Sierra Nevada Observatory 1.50-m telescope in order to add relative magnitudes to
improve the determination of the rotation period.

The observations are compatible with a single-peaked rotational lightcurve with &i#tid 0.1 min period or a double-

peaked lightcurve with a 15hZmin + 0.1 min period. If a single-peaked rotational lightcurve is assumed the amplitude is
0.51+0.03, 049+ 0.05 and 060+ 0.09 mag for theR, V andB bands, respectively. We present the phase curve obtained when
assuming that the lightcurve is single-peaked. This phase curve reveals clearly an increase of about 0.3 mag and of similar
importance for the three bands when phase angle decreases froto 8.3. The phase curve reveals a linear increase of the
brightness with the decreasing phase angle and, consequently, does not permit a modeling of the opposition surge. Neverthless
the poor repartition of the observational data does not permit a firm conclusion concerning the presence or absence of an
opposition surge on the phase angle range covered by our data. Complementary observations are needed.

Key words. solar system: general — Kuiper Belt — techniques: photometric

1. Introduction Most of the observational studies of the TNOs are astro-
metric; a few studies of the luminosity distribution have also

The diferent populations of small bodies in the outer Solgdeen done to constrain the formation and collisional evolution
System represent important clues to the formation and eashpcesses (Gladman et al. 2001; Trujillo et al. 2001). Some
evolution of that region. Given their rE|atiVE|y Iarge numbe()bjects are br|ght enouglR(S 21) to achieve Spectrophoto_
the small bodies contain very valuable statistical infOl’matiQﬁetric andor low resolution Spectroscopic observations which
on the processes that created and sculpted these populatigig.a better knowledge of their physical and chemical proper-
Over the past decade the number of known objects has grayes (Barucci et al. 2000; Brown et al. 2000; Davies et al. 2000;

from almost nothing (a few giant planet irregular satellites amMhinaut & Delsanti 2002; Jewitt & Luu 1998, 2001; Trujillo &
Centaurs) to a large number: 651 “classical” Trans-Neptunigfown 2002).

Objects (TNOs), 127 Centaurs and Scattered Disk Objects (i.e.
TNOs with a |arge eccentricity) and about 40 irregular satellites Another method Of ana'ysis Of the physical properties Of
(as of January 2003). planetary surfaces consists in studying how the reflected light
varies with the phase angle, This approach has already
Send giprint requests toP. Rousselot been applied to many solid planetary surfaces. Regarding the
S ' ' Kuiper-Belt Objects (KBOs) and Centaurs, such a study rep-
e-mail:philippe@obs-besancon. fr .

* Tables 3, 4 and 5 are also available in electronic form at the C[S%sen_ts a real ChaIIenge_ because of.the low expected signal-
via anonymous ftp tedsarc.u-strasbg. fr (130.79.128.5) or via to-noise _Of the observatlon§ even with large te_lescopes C_Iue
http://cdsweb.u-strashg. fr/cgi-bin/qcat?1/A+A/407,/1139 (O the faintness of these objects. Moreover, their large helio-
** Based on observations obtained at the La Silla and the Very Lagntric distance limits the phase angles to a few degrees. So
Telescope VLT observatories of the European Southern Observattiy, only a few preliminary results were obtained (Mc Bride
ESOin Chile. et al. 1999; Bauer et al. 2002; Sheppard & Jewitt 2002;
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Table 1. Orbital characteristics of 1999 TR Table 2. Observing circumstanceR(Heliocentric distance (AU)A:
Geocentric distance (AUy: phase angle).

a(AU) e q(AU) Q(AU) i

96.8 0.87 123 181.4 59 UT Date R A a
2001 Oct. 1 12.70 11.72 0.92
2001 Oct. 8 1271 1171 0.37

Shaefer & Rabinowitz 2002). These results are sparse in terms 20010ct.9 1271 11.71 0.30
of phase angle coverage, and are obtained ifRtband only. 2001 Nov. 30 12.77 12.13 343

In spite of the narrow range of phase angles, one can ex- 2001 Dec.1 1277 12.14 348
pect to detect the opposition surge, that is, a non-linear in- 2001 Dec.5 12.78 1220 3.66

crease in surface brightness that occurs as the phase angle
decreases to zero. Two causes to give rise to the opposi-
tion effect are usually considered: (1) shadow-hiding and (#)e Y-direction. The CCD pixel scale wag’B9pix and the
interference-enhancement, often called coherent-backscafield of view 137’ x 13.7. Exposures were taken using Bessel
Some general regolith properties-dependent characteristicB¥Rfilters with typical sequences like RVRB.
each mechanism are understood, and some papers are devoteihe seeing ranged from about 1.0 arcsec to 1.5 arcsec and
to a discussion on the relative contribution of both mechtie exposure time was 180 s during the October run and 360 s
nisms (Drossart 1993; Helfenstein et al. 1997, 1998; Hap#ering the November-December run. With an apparent motion
et al. 1998; Nelson et al. 2000; Belskaya & Shevchenko 20@d;7.9’/hr and 2.4 to 3.3/hr respectively during the October
Shkuratov & Helfenstein 2001; Poulet et al. 2002). One camd November-December runs the trailing motion was always
check for the fect of coherent backscatter gadshadow hid- small compared to the seeing and so can be neglected as &
ing by studying the influence of wavelength of incident light osource of error in the photometry. All the observing nights were
the opposition brigthening. photometric nights. During each of them twdfdirent fields of

The goal of this paper is to present the results of a phatandard stars were regularly observed fiedént airmasses.
tometric study in dierent wavelength bands on one of the The images were bias-subtracted by using an averaged bias
brightest and relatively red KBO classified as a Scattered Digskage and the overscan region. They were flat-fielded by us-
Object; 1999 TQy. In the next section, the observations usedg the median of a set of dithered images of the twilight sky.
here are described. Section 3 consists of derivation of the ligtte photometric reduction was performed with the IRAF pack-
and phase curves, and in Sect. 4, some discussion and irdge by using the fields of standard stars, their brightness being
pretation of the rotational lightcurve and phase curve are praeasured by aperture photometry with a 10-pixel radiug’§3.9
sented. This photometric reduction took into account the three appar-

1999 TDy is a scattered disk object (Table 1) discovereght magnitudesR, V andR) measured at élierent airmasses
on October 3, 1999 by Spacewatch. This object is one of timorder to compute the transformation fidgents (zero point,
brightest KBO and, because of its large eccentricity, currentitinction codficient and color term).
one of the closest from the Sun. Among all the scattered disk Some other observations were carried out at the Sierra
objects this one is rather unusual, since it has an orbit approadbvada Observatory 1.5-m telescope during October 8, 9, 10,
ing that of comets and as well as Centaurs. It has already b@€01 as part of a program whose first results are given in Ortiz
observed by dferent observers in order to derive its color inet al. (2003). Briefly, we will mention that the images were
dices and magnitude (Delsanti et al. 2001; Lederer et al. 2002ken using a fast readout 1024024 CCD with a field of view
its lightcurve (Choi et al. 2002; Consolmagno et al. 2000; Ortixf 7 x 7 arcmin. The observations consisted in sequences of
& Gutierrez 2002) or its infrared spectrum (Brown 2000). 100 s integrations with no filter. The typical seeing during the
observations ranged from 1.1 arcsec to 2.5 arcsec, with median
around 1.5 arcsec. The data reduction consisted in the typical
bias subtraction and flatfield correction. The synthetic aperture
The observations were performed at the Danish 1.54-m tephotometry was carried out by using daophot routines. Seven
scope of the European Southern Observatory in Chile. A tof@lld stars were used as references and the aperture diamete
of 5 nights worth of data have been acquired during these ehnged from 2.4 to 4.0 arcsec. Details of the observing method
servations. The data obtained during these nights coveRtheand data reduction are given in Ortiz et al. (2003). Since this
V and B bands, with images obtained regularly. Three moteast set of observations gives only relative magnitude, it has
images were obtained, in tiieband only, on October 1, 2001.been used only to improve the rotational lightcurve, and not
Table 2 gives the details of the observing circumstances. the phase curve (see below).

The observations were performed with the Danish Faint
Object Spectrograph and Camera (DFOSC), a focal reducer
instrument, equipped with a backside illuminated CCD chip Analysis
2048%x 4096 15um pixels. As the optics of DFOSC cannot3
utilise the whole area of the CCD, the readout area was only
2148x 2102 pixels, which includes 50 pixel pre- and postor each image of 1999 T 10 different flux measurements
overscan regions in th¥-direction and 22 masked pixels inwere performed: 5 with a 2.5-pixel radius (the object itself and

2. Observations and data reduction

1. Photometry
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4 stars) and 5 with a 10-pixel radius (the same object and tightcurve per se, but rather for the phase curve. Ortiz et al.
same stars). The flux used to compute the final magnitude W26803) data are used only to calibrate the lightcurve, but they
the flux measured with a 2.5-pixel aperture and corrected foage not used for the phase curve because they were acquired
10-pixel aperture by using the other measurements on the fadthout filter. Hence the magnitude correction is not applied to
bright stars. The bright stars were also used to check that@diz et al. data.
brightness variations were appearent during the night, and so,Second we corrected the Modified Julian Date of the mag-
to check the photometric character of the night as well as thitudes in order to account for the light-time variations due
quality of the photometric reduction. It is worth mentionningo the changing geocentric distances. Once again the data ob-
that the moon was very bright during the nights of Novemb&ined on October 8, 2001, were used as a referefice: (
30th and December 1st, leading to a degra®idiratio, espe- 11.718 AU). This correction was applied to all data, including
cially in theB band. Ortiz et al.

During the November-December run the same field of view Following Harris et al. (1989), we modelled the light vari-
as the one used in October for 1999 ;pvas reobserved. ation of 1999 TQg as a Fourier expansion plus a phafed:

The magnitude of a few stars visible in this field was mea- m
sured by using the photometric dieients computed during H(,, t) = H(a) + Z A SinZ_HI(t ~1o)
the November-December run, allowing to check the absolute = P
consistancy of the two photometric reduction processes. oI
The three additional images obtained on October 1, 2001, + B COS?(I - to)} ()

with the R filter only, were processed by using the same flat-

field and bias frames as the one obtained for October 8 andvereH (e, t) is the computed magnitude at given phase angle

The photometric caicients used were also the same, becauged timet, H(«) is the mean magnitude at phase angled

of lack of data withB andV filters. The consistancy of thisandB; are Fourier coficients,P is the rotation periody is a

data processing was checked on the standard stars imageszereipoint time andnis the order of expansion.

confirmed the accuracy of this method (Renagnitudes com- ~ The Fourier expansion in the above formula givesrtia-

puted by this method were found equal to better than 0.02 niipal lightcurveof the object. This informs us on the rotation

to the one given for these standards). state and shape of the body. The first term in Eq. (2) represents
Tables 3, 4 and 5 present all the reduced magnitudes uiegi phase féect, that is, the variation of flux due to changing

for this work, respectively for filterR, V andB. Figure 1 graph- illumination and viewing geometries. As described in Sect. 4,

ically presents the same data. it contains information about the physical properties of the sur-
Figure 2 presents a comparison of the radial profile office.

tained for 1999 TR, with a comparison star. These two pro- In absence of any indication of the probability distribution

files have been computed using observational data obtaifééhe parameters in the model, we chose to fit them to the data

with the Very Large Telescope (VLT) in Chile, on September #ing ay fitting technic (Press et al. 1992). One can see that

2002. Four dierentimages obtained with this 8.2-m telescopEd- (2) does not depend linearly on all parameters. In order

equipped with a focal reducer and low dispersion spectrogrdghmake processing simpler, and avoid having the non-linear

called FORS 1, were co-added. The total integration time iéethods wandering in non desirable parts of the parameter

360 s, with a seeing of about 1 arcsec. space, we divided the problem into 2 simpler ones. We first
The examination of Fig. 2 reveals no sign of cometary aplerged theR filters data with Ortiz et al. filter free data. Using

tivity, despite the claim by Choi et al. (2002). These autholdese, we estimated the rotation period. Still using these data,

used a 1-m telescope with a total integration time of 8400%e then fixed the period and the order of expansion in Eq. (2)

i.e. a total collected flux about one third that collected in o@nd searched for the best fitting parameters. For this best fit set

VLT observations and presented in Fig. 2. Our conclusion @ parameters, we computed the bias-corregtedhat is,x?

that we see no reason to attribute any change in the brightryided by the number of degree of freedére: n—2m-p-1
of 1999 TDy, to a cometary activity. (n number of datap number of nights of data and 1 for the

period). We then varied the period and the order of expansion.
) The period and the maximum order of expansion was finally
3.2. Lightcurve selected by finding the lowest bias-correctédWe then came

We derived the lightcurve from the data mentioned above B?Ck to each in_dividual filtered data set. We used the same pre-
adding two corrections to the data given in Tables 3, 4 af{pusly determined period, and the actual order of expansion
5. First we corrected the changing heliocentric and geocentf{gS taken to be smaller than or equal to the maximum or-
distances, which leads to a reduced magnitude given for fifef Of €xpansion as defined before while minimizing the bias-

2
heliocentric and geocentric distances of October 8, 2001. THYTected¢” for that data set. o
following formula was used: The first step was to determine a good approximation of the

rotation period. From the first second and third nights of obser-
AM = 5[log(A(AU)/11718)+ log(R(AU) /12.714)] (1) vations inR, we can infer that the period is close to 24 hours

divided by an integer number (see Fig. 1). In the same time,
This correction is the same for all data in a given night, bonhe can clearly see that it is longer than 6.5 hours, contrary to
varies from night to night. So this is not important for thé¢he value of 5.8 hours proposed by Consolmagno et al. (2000).
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Table 3. Photometric data of 1999 Tjpused for this work, for th& filter. MJID represents the Modified Julian Date — 52000 and is given for
mid-frames.

UT Date MJD Mag. UT Date MJD Mag.

2001 Oct.1  183.2936 19.219.100 2001 Oct. 9 191.2495 19.128.034
2001 Oct.1  183.3019 19.3@.100 2001 Oct. 9 191.2569 19.12P.020
2001 Oct.1  183.3112 19.319.100 2001 Oct. 9 191.2635 19.020.018
2001 Oct. 8 190.0989 19.499.032 2001 Oct. 9 191.2758 19.120.019
2001 Oct. 8 190.1059 19.5660.032 2001 Oct. 9 191.2826 19.120.015
2001 Oct. 8 190.1133 19.540.025 2001 Oct. 9 191.2898 19.1%8.012
2001 Oct. 8 190.1425 19.580.025 2001 Oct. 9 191.2965 19.160.012
2001 Oct. 8 190.1492  19.599).026 2001 Oct. 9 191.3038 19.189.015
2001 Oct. 8 190.1598 19.5660.024 2001 Oct. 9 191.3105 19.2148.012
2001 Oct. 8 190.1675 19.5440.025 2001 Oct. 9 191.3227 19.1928.026
2001 Oct. 8 190.1753 19.493.028 2001 Oct. 9 191.3294 19.238.019
2001 Oct. 8 190.1820 19.479.032 2001 Oct. 9 191.3367 19.33P.020
2001 Oct. 8 190.1963 19.439.030 2001 Oct. 9 191.3434 19.338.020
2001 Oct. 8 190.2033 19.343.028 2001 Nov. 30  243.0373 19.826.036
2001 Oct. 8 190.2105 19.3270.034 2001 Nov. 30  243.0486 19.88D.059
2001 Oct. 8 190.2172 19.31D.029 2001 Nov. 30  243.0710 19.829.045
2001 Oct. 8 190.2246 19.299.035 2001 Nov. 30  243.0827 19.828.052
2001 Oct. 8 190.2313 19.24.031 2001 Nov. 30  243.0934 19.770.044
2001 Oct. 8 190.2388 19.219.027 2001 Nov. 30  243.1115 19.726.061
2001 Oct. 8 190.2455 19.199).029 2001 Nov. 30  243.1226 19.680.048
2001 Oct. 8 190.2617 19.1920.039 2001 Nov. 30  243.1395 19.7@8.055
2001 Oct. 8 190.2686  19.156).050 2001 Nov. 30  243.1506 19.5%0.058
2001 Oct. 8 190.2758 19.1320.047 2001 Nov. 30  243.1615 19.648.043
2001 Oct. 8 190.2825 19.086).051 2001 Nov. 30  243.1723 19.580.047
2001 Oct. 8 190.2898 19.119.048 2001 Nov. 30  243.1916 19.5@0.049
2001 Oct. 8 190.2965 19.0970.051 2001 Nov. 30  243.2031 19.548.066
2001 Oct. 8 190.3045 19.096D.043 2001 Dec. 1 244.0204 20.06R.075
2001 Oct. 8 190.3111 19.083.041 2001 Dec. 1 244.0319 20.0€0.071
2001 Oct. 8 190.3243 19.128).052 2001 Dec. 1 244.0429 19.860.044
2001 Oct. 8 190.3313 19.110.047 2001 Dec. 1 244.0537 19.760.035
2001 Oct. 8 190.3386 19.168.047 2001 Dec. 1 244.0654 19.796.038
2001 Oct.9 191.0823 19.53.032 2001 Dec. 1 244.0762 19.886.033
2001 Oct.9 191.0893 19.54D.017 2001 Dec. 1 244.0872 19.7€0.038
2001 Oct.9 191.0966 19.5%0.035 2001 Dec. 1 244.0980 19.6£8.032
2001 Oct.9 191.1033 19.633.034 2001 Dec. 1 244.1165 19.686.045
2001 Oct.9 191.1105 19.619.026 2001 Dec. 1 2441276 19.610.042
2001 Oct.9 191.1172 19.633.020 2001 Dec. 1 244.1386 19.5#0.035
2001 Oct.9 191.1245 19.58.019 2001 Dec. 1 244.1494 19.590.044
2001 Oct.9 191.1312 19.529).023 2001 Dec. 1 244.1668 19.5£0.033
2001 Oct.9 191.1385 19.513.021 2001 Dec. 1 2441776 19.630.046
2001 Oct.9 191.1452 19.489.025 2001 Dec. 5 248.0304 19.6920.044
2001 Oct.9 191.1525 19.435.030 2001 Dec. 5 248.0416 19.756.048
2001 Oct.9 191.1592 19.42D.035 2001 Dec. 5 248.0531 19.740.036
2001 Oct.9 191.1664 19.41D.027 2001 Dec. 5 248.0639 19.850.040
2001 Oct.9 191.1731 19.359.021 2001 Dec. 5 248.0749 19.860.058
2001 Oct.9 191.1804 19.32¢D.023 2001 Dec. 5 248.0857 19.94R.059
2001 Oct.9 191.1871 19.243.021 2001 Dec. 5 248.0969 19.918.090
2001 Oct.9 191.2045 19.219.029 2001 Dec. 5 248.1077 20.0£0.091
2001 Oct.9 191.2112 19.210.023 2001 Dec. 5 248.1261 20.0%6.053
2001 Oct.9 191.2190 19.14D.028 2001 Dec. 5 248.1369 20.120.068
2001 Oct.9 191.2257 19.1540.016 2001 Dec. 5 248.1537 20.120.073
2001 Oct.9 191.2427 19.1320.021 2001 Dec. 5 248.1645 20.1€8.093

If the curve is assumed to be single-peaked, the periodsigarse, we computed the Lombrmalized periodogrartPress
slightly shorter than 8 hours. To obtain a more precise valiet,al. 1992). We investigated frequencies in the largest possi-
we had to resort to spectral analysis of the combiRditer ble range, from the lowest one, corresponding to the inverse of
and Ortiz et al. data. Since our data is unevenly sampled ahd total time span of observations, to a frequency larger than
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Table 4. Photometric data of 1999 Tjpused for this work, for th&  Table 5. Photometry of 1999 Tk used for this work, for thé filter.
filter. MJD represents the Modified Julian Date — 52 000 and is givémID represents the Modified Julian Date — 52000 and is given for

for mid-frames. mid-frames.

UT Date MJD Mag. UT Date MJD Mag.

2001 Oct. 8 190.1026 20.045.039 2001 Oct. 8 190.1095 20.733.075
2001 Oct. 8 190.1166 20.0420.048 2001 Oct. 8 190.1375 20.83%.048
2001 Oct. 8 190.1459 20.0370.034 2001 Oct. 8 190.1528 20.868.051
2001 Oct. 8 190.1641 19.988.053 2001 Oct. 8 190.1711  20.78@.055
2001 Oct. 8 190.1787 19.984.063 2001 Oct. 8 190.1856 20.7H1D.113
2001 Oct. 8 190.1999 19.868.061 2001 Oct. 8 190.2069 20.58%.081
2001 Oct. 8 190.2138 19.819.049 2001 Oct. 8 190.2208 20.649.131
2001 Oct. 8 190.2279  19.799.069 2001 Oct. 8 190.2349 20.416.086
2001 Oct. 8 190.2421 19.6880.048 2001 Oct. 8 190.2491 20.464€.111
2001 Oct. 8 190.2652 19.594.060 2001 Oct. 8 190.2722 20.3#10.094
2001 Oct. 8 190.2792  19.6Q@40.055 2001 Oct. 8 190.2861 20.4270.164
2001 Oct. 8 190.2931 19.542D.059 2001 Oct. 8 190.3001 20.288.136
2001 Oct. 8 190.3078 19.59D.067 2001 Oct. 8 190.3148 20.294.151
2001 Oct. 8 190.3280 19.5%0.080 2001 Oct. 8 190.3349 20.389.120
2001 Oct. 9 191.0860 20.044D.043 2001 Oct. 9 191.0929 20.9440.081
2001 Oct. 9 191.0999 20.08(0.046 2001 Oct. 9 191.1069 20.83%.080
2001 Oct. 9 191.1139 20.099.034 2001 Oct. 9 191.1208 20.9260.049
2001 Oct. 9 191.1279 20.0570.038 2001 Oct. 9 191.1348 20.839.041
2001 Oct. 9 191.1418 19.999).031 2001 Oct. 9 191.1488 20.624.075
2001 Oct. 9 191.1558 19.9%(0.040 2001 Oct. 9 191.1628 20.588.065
2001 Oct. 9 191.1698 19.893.044 2001 Oct. 9 191.1767 20.632.065
2001 Oct. 9 191.1837 19.799.032 2001 Oct. 9 191.1907 20.558.056
2001 Oct. 9 191.2079 19.68(.034 2001 Oct. 9 191.2148 20.4710.042
2001 Oct. 9 191.2223 19.6%D.025 2001 Oct. 9 191.2293 20.3840.080
2001 Oct. 9 191.2462 19.6Q0.038 2001 Oct. 9 191.2531 20.259.059
2001 Oct. 9 191.2602 19.625).034 2001 Oct. 9 191.2651 20.3%0.056
2001 Oct. 9 191.2792  19.6G9.031 2001 Oct. 9 191.2862 20.285.099
2001 Oct. 9 191.2932 19.649.044 2001 Oct. 9 191.3001 20.465.075
2001 Oct. 9 191.3071 19.6960.045 2001 Oct. 9 191.3141  20.4440.061

9 9

2001 Oct. 191.3261 19.729.037 2001 Oct. 191.3330 20.499.097

2001 Oct. 9 191.3401 19.8260.041 2001 Oct. 9 191.3470 20.639.109
2001 Nov. 30  243.0432 20.6340.087 2001 Nov. 30  243.0541 21.4440.287
2001 Nov. 30  243.0656 20.4G0.075 2001 Nov. 30  243.0765 21.1270.191
2001 Nov. 30  243.0881 20.3440.080 2001 Nov. 30  243.0989 20.980.218
2001 Nov. 30 243.1172 20.165.080 2001 Nov. 30  243.1281 21.0K$€.159
2001 Nov. 30  243.1452 20.0340.070 2001 Nov. 30  243.1560 20.89.205
2001 Nov. 30  243.1669 19.790.164 2001 Dec. 1 244.0591 20.8&0.277
2001 Nov. 30  243.1977 19.984.109 2001 Dec. 1 2440817 21.056.213
2001 Dec. 1 244.0708 20.126.057 2001 Dec. 1 244.1034 21.1%9.300
2001 Dec. 1 244.0926 20.19.092 2001 Dec. 1 2441331 20.0%9.350
2001 Dec. 1 2441222 20.1%0D.093 2001 Dec. 1 244.1549 20.462.196
2001 Dec. 1 244.1440 20.0%D.056 2001 Dec. 1 244.1831 20.899.363
2001 Dec. 1 2441722 20.148.102 2001 Dec. 5 248.0471 20.94:0.123
2001 Dec. 5 248.0362 20.134€.040 2001 Dec. 5 248.0694 21.039.068
2001 Dec. 5 248.0585 20.18D.052 2001 Dec. 5 248.0912 21.063.108
2001 Dec. 5 248.0803 20.290.048 2001 Dec. 5 248.1131 21.159.107
2001 Dec. 5 248.1023 20.42:0.070 2001 Dec. 5 248.1424 21.2%9.125
2001 Dec. 5 248.1315 20.5%D.091 2001 Dec. 5 248.1700 21.3%D.286
2001 Dec. 5 248.1591 20.58.095

the expected one, nhamely up to 8 rotations per day (periodoofiresponds to the period proposed by Consolmagno et al.
3 hours). (2000). However, looking at Fig. 1, one can easily determine
The periodogram shows strong maxima close to, bilte period to be close to the third maximum, i.e. close to
slightly larger than each integer number of rotations per day$h41.3min. We then fitted the data with periods from 7h29min
The first four maxima correspond to periods of 20h45.5mitg 7h49min with 0.1 min increments, and expansion orders
11h02.5min, 7h41.3min and 5h47.6min. This last valdfeom 1 to 20. From this study, we determined a period of
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Fig. 1. Measured magnitudes in the 3 filteR (filled circles),V (triangles) andB (diamonds) for the six dlierent nights of observations
available. The time is given in Modified Julian Date — 52 000.

7h41.5min+ 0.1min, and a maximum order of expansion ashow any local maximum for that period. One can then suppose
8. We then fitted the individual filtered data sets with peridtiat this double peak shape is just a repetition of the single peak
7h41.5min, and order of expansion 6 farfilter and 5 for with period 7h41.5min.

both B and YV filters. Figure 3a shows actual data, shifted in

time according to this period, and shifted in magnitude accord- )

ing to the phaseftect (see below). The computed magnitudé-3- Phase function

(Ea. (2)), shifted accordingly, is superimposed on the plot, The phase curve was determined by specifying a function form
We applied the same method to the other periods propo$§ﬂg(a)_ Since we have only 5 nights of data (6 fRffilter),
by the Lomb normalized periodogram, and obtained a bestf{ the phase angledoes not vary much during a given night,
bias correcteg? three times larger than for period 7h41.5minye modeled the phase curve with a stepwise function, with
Hence we can conclude that these periods are artifacts dug {@y 6) diferent values for both possible lightcurve (single-
the sampling periodicity. peaked or double-peaked). Therefore, the computed magnitude
Assuming that the lightcurve has a double peak shape (tolér, t) depends linearly on the Fourier dbeients and the
expected if we suppose the brightness variation to be due tome 5 (or 6) values oH(«). Hence the previous fitting pro-
elongated shape of 1999 T§), the same method gives a periodided us with 5 (or 6) values dfl (@) for each filter, which are
of 15h22.9mint 0.1min, or twice the previous one, within thepresented in Fig. 4 as a function of phase anglé&igure 4
error bars. Figure 3b presents the same data as Fig. 3a, bupfasents the results obtained when assuming that the lightcurve
a double-peaked lightcurve. However the periodogram did ristsingle-peaked. The results obtained when assuming that the
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0 1 P 3 4 5 cles),V (triangles) andB (diamonds) filters. The time axis has been
folded to display a single-peaked lightcurve with a 7h41.5min period
Fig. 2. Comparison of the radial profile of 1999 TD10 with a refer) or & double-peaked lightcurve with a 15h22.9min peiydThe

ence star obtained by co-adding fouffeiient images obtained with Magnitudes have been shifted according to the phésetsee Fig. 4)
the VLT for a total integration time of 6 min. to all fit on the same curve. The lines are drawn with Eq. (2) and the

best fit parameters for the given period and expansion orders given in
the text.
lightcurve is double-peaked are, nevertheless, very similar and
lead to the same conclusions.

The error bars on the parameters can in principle be esti-
mated from the uncertainty of the data points and the computa-
tion of the best fit parameters (Press et al. 1992). However, this
assumes that our estimate of the absolute error on the data is
correct. In order to confirm those values, we also used a Monte
Carlo method to determine the uncertainties on the parameters, '
as described in Press et al. (1992). From the best fit we already
obtained, we estimated the variance of data points around the
analytic function. Then we generated a data set by drawing a
noise with zero mean and that variance, and added it to the an-
alytical function. Finally, we fitted again the parameters, with
the already determined period and degree of freedom to this
pseudo-data set. We repeated this procedure 1000 times, and
studied the variation of the parameters. Both methods gave er-
ror estimates for the parameters within a factor of 2 from each
other, which shows that our initial estimates of the uncertainties
of the data points were correct. The error bars in Fig. 4 corfieg. 4. Mean magnitudes (see Eq. (2)) for tRe(filled circles), V
spond to the uncertainties derived analytically from the dataiangles) andB (diamonds) filters obtained with the single-peaked
point uncertainties. lightcurve. The phase curves are compared to tHeir G scattering

parametrization.
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4. Discussion

The rotational lightcurves in the threefidirent bands presentfor each of the three bands. It can be seen that the amplitude
large amplitudes which appear the same within our uncertainthe B band is slightly larger than in thé andR bands. This
ties. Table 6 presents the peak-to-peak amplitudes compuléterence, however, is not really secure, because of the large
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Table 6. Lightcurve peak-to-peak amplitudes. Table 7. Color indices of 1999 Th,.
B \Y R 0.3°-04° 3.4°-37°
single-peaked lightcurve .60+ 0.09 049+ 0.05 051+ 0.03 B-V 074+004 076+0.11
double-peaked lightcurve .76+ 0.10 057+ 0.05 053+ 0.03 V-R 048+002 046+0.04

errorbars for theB data. If this diference is real, neverthelesslﬁ?\ﬁ 8. H-G scattering parametrization obtained from the phase

it would imply that the light variations are mainly due to some
changes in the apparent albedo when the object rotates. This

cause of light variations would be confirmed by the quasi sym- B \Y R
metry between the two parts of the rotational lightcurve when
we assume it double-peaked. H 961+069 887+030 837+0.14

On the other hand if we assume that the brightness changes
are due to elongated shape it is possible to compute a lower
limit for the axis ratioa/b, wherea andb are the semiaxes
such asa > b (the rotation axis being supposed perpendicular

to the line of sight). IAmk is the lightcurve amplitude we have:improved by the presence of a the data obtained on October 1,
ata = 0.92°. Unfortunately this point on the phase function

a/b > 10744, (3) curve is based only on three measurements of the magnitude
(see Table 3) and has, consequently, a large errorbar. Moreover

Using Amg = 0.526 we thalra/b 2162: 1. its position in the phase function curve is very sensitive to the
The absolute magnitude (see below) can also be used {Qetermination of the rotation period.

derive an average radius of 1999 1;DT he apparent magnitude
of a KBO can be represented as:

G -014+029 -0.09+0.13 -0.19+0.06

With the best estimate of the rotation period it can be seen
that the phase function appears linear for Rdand data.
prr26(@) This linear characteristic prevents to model this phase func-
m] : (4)  tion with any formula describing an oppositiofiect (see e.g.

Hapke 1986; Piironeen et al. 2000 or Shevchenko 1996, 1997).
In this formulam, is the apparent red magnitude of the sum order to try to compare this phase function with the works
(-27.1), pr the red geometric albedothe radius of the object already published we used the standard formalism of Bowell
(expressed in kmj() is the phase function (equalto 1 fer= et al. (1989) with theH and G factors. Table 8 presents the
0) andR andA are the heliocentric and geocentric distanceesults of the calculations. The absolute magnittidean be
(expressed in AU). Famg = Hg, ¢(@) = 1 andA = R=1and used to estimate the size of the object, as explained above. The

Mg =My — 2.5Iog[

we obtain: G factor, which is correlated to the slope of the curve, can be
570 compared with the values obtained by other authors.
r= \/—Flo_O'ZHR. (5) Sheppard & Jewitt (2002) presents in their Table 12Hhe

andG factors for seven dierent KBOs, observed by them at
Assumingp, = 0.04 this formula leads to a diameter equal temall phase angles (this phase angle is always less than 2 de-
about 120 km for 1999 TR, with Hg = 8.37. grees). For all these object®.44 < G < —0.04. Bauer et al.
From the mean magnitudes, we computed the color indid@902) presents some observational results obtained on Centaul
B-V andV —-Rwhich are given in Table 7. Since the models 0999 UG, with 1 < @ < 7°. TheG factor computed from their
physical surface properties assume that the pheset & phase data is—0.13. These values are consistent with our own result
angle dependent, we computed the color indices atffi2rdi (G = —0.19 for theR band data).
ent phase angles: in the 8-8.4 and in the 3.4-3.7 ranges. In the Bowell formalism, negative values Gfare not for-
Within the precision of our data, there is no evidence of vamaally excluded, nevertheless it was originally designed to de-
ation of color indices with the phase angle. The color indicasribe all type of surfaces with® G < 1. Since all the values
are in good agreement with the ones published by Delsanti et/alen above are negative this formalism does not seem to be
(2001) ¥ —R = 0.51+0.03forg = 3.7°), and by Consolmagno appropriate to describe KBOs surface, at least when a limited
etal. (2000)B—-V =0.77+0.02 andV — R= 0.47+ 0.01 for range of phase angle is available. It was already pointed out that
¢ =2.07). this formalism fails to accurately fit the phase function for both
The phase function reveals a significant increase of thagh and low albedo asteroids (Harris et al. 1989b; Shevchenko
brightness for the three bands: about 0.3 mag when phaseetal. 1997). The negative G values obtained for Kuiper Belt
gle a varies from 3.66 to 0.30 Unfortunately, because of theObjects would confirm this poor capability of this formalism
irregular sampling of the phase angle range covered, it is ito-describe the phase function for low albedo surfaces, since
possible to know if this brightness change is linear or not the albedo of these objects is usually assumed to be very small,
theV and B bands. For th&R band the situation is a little bit compared to asteroids.



P. Rousselot et al.: Photometry of 1999 ;5D 1147

From our data, if we assume that the phase functionBauer, J. M., Meech, K. J., Fandez, Y. R., Farnham, T. L., & Roush,
linear we can fit it by:mg = mgp + Ba with 8 = 0.121 + T. L. 2002, PASP, 114, 1309
0.003 mag degl_ The value ofg has a very poor physical Belskaya, I. N., & Shevchenko, V. G. 2000, Icarus, 147, 94
meaning, since we know that the phase functiondslinear. Bowell, E., Hapke, B., Domingue, D., et al. 1989, in Asteroids II, ed.
For the small values af available it is even highly probable ~ R- P- Binzel, T. Gehrels, & M. S. Matthews (Tucson: Univ. of

: . Arizona Press), 524
that we are already in the opposition surge and a better sam- ' . . . .
y PP 9 aépown, M. E. 2000, American Astronomical Society, DPS meeting

pling of the phase function would probably reveals a discregfown M. E., Blake, G. A., & Kessler, J. E. 2000, ApJ 543, L 163
ancy from the linearity. Nevertheless this parameter can helpdp,; v 3, iDriaIniI;, D.. 2 Brosch,,N. 2002, Asteroids,’ Comets,
compare with the results published by Shaefer & Rabinowitz \jateor meeting, Berlin, 29 July—2 August 2002

(2002) and Sheppard & Jewitt (2002). The first authors comonsolmagno, G. J., Tegler, S. C., Rettig, T., & Romanishin, W. 2000,
puted a value of 0.125 mag dégfor 2000 EB,3 observed American Astronomical Society, DPS meeting

with 0.28 < « < 1.96° and the second have an average valliavies, J. K., Green, S., McBride, N., et al. 2000, Icarus, 146, 253
of 0.15 mag deg for the seven objects studied. Our result iBelsanti, A. C., Boehnhardt, H., Barrera, L., et al. 2001, A&A, 380,
on the same order of magnitude to the one already published.347

The relatively high value of th@ parameter seems to con.Prossart, P. 1993, Planet. Space Sci., 41(5), 381

firm that our observations are obtained for such phase ang@%‘irgslr" B., Kavelaars, J. J., Petit, J-M., et al. 2001, AJ, 122,
that the &ect of the opposition surge are already apparen't__f.inaut, O.R.. & Delsanti, A. C. 2002, AGA, 389, 641
Nevertheless, seen the poor sampling of our observations \A{_@pke, B. 1986, Icarus, 67, 264

respect of the phase angle vgrla}t}ons, it ca_nn_ot be exclluded_w%gke, B., Nelson, R., & Smythe, W. 1998, Icarus, 133, 89

more data would reveal a significant deviation from linearity{arris A. W, Young, J. W., Bowell, E., et al. 1989, Icarus, 77, 171

and, hence, a part of the opposition surge. Harris, A. W., Young, J. W., Contreiras, L., et al. 1989b, Icarus, 81,
365
5. Conclusions Helfenstein, P., Veverka, J., & Hillier, J. 1997, Icarus, 128, 2

. . . . Helfenstein, P., Currier, N., Clark, B. E., et al. 1998, Icarus, 135, 41
The photometric data obtained with 1999 jpOor different jewitt D. ., & Luu, J. X. 1998, AJ 15, 1667

phase angles lead to the following conclusions: Jewitt, D. C., & Luu, J. X. 2001, AJ 122, 2099

. - P . . . Lederer, S. M., Jarvis K. S., & Vilas, F. 2002, Asteroids, Comets
i) The rotational period is 7h48+0.1minif the lightcurve is ' » o ' ’ ' !
0 P 9 Meteor meeting, Berlin, 29 July—2 August 2002

single-peaked, but the data collected do not permit to dia_cBride N. Davies J. K. Green. S F. & Foster M. J. 1999
tinguish between a single-peaked lightcurve or a double-" \\\ras 306 799 o T ’

peaked one. Nelson, R. M., Hapke, B. W., Smythe, W. D., & Spilker L. J. 2000,
(i) The amplitude of the lightcurve seems to be slightly more |carys, 147, 545

important in theB band than in theV and R bands oOrtiz, J. L., & Gutérrez, P. J. 2002, Asteroids, Comets, Meteor meet-

(0.60 mag and 0.50.49 mag), nevertheless this discrep- ing, Berlin, 29 July—2 August 2002

ancy is not secure, because of the large errorbar in tBdiz, J. L., Gutérrez, P. J., Casanova, V., & Sota, A. 2003, A&A, 407,

B band. If this discrepancy is real the light variations 1149

would be due mainly to albedo variations during thBoulet, F., Cuzzi, J. N., French, R. G., & Dones, L. 2002, Icarus, 158,

rotation. 224

(i) No change of the color indices vs. phase angle aPéironeen,J.,Muinonen, K., Keranen, S., Karttunen, H., & Peltoniemi,
apparent ' J. 2000, in Observing land from space: science, customers and

) The oh f . i . ftechnology, ed. M. M. Verstraete, M. Menenti, & J. Peltoniemi
(IV) e phase function seems to present a linear increase o (Kluwer Academics Publishers), 219

the brightness whith decreasing phase angle. The total ggsss W, H., Teukolsky, S. A., Vetterling, W. F., & Flannery, B. P.
crease of magnitude, whendecreases from 3.66 t0 0.3 1992, Numerical recipes in Fortran; the art of scientific comput-
is about 0.3 mag. When assuming a linear increase of the ing, ed. W. H. Press, 2nd edn. (Cambridge University Press)
brightness we have D21+ 0.003 mag deg'. Schaefer, B. E., & Rabinowitz, D. L. 2002, Icarus, 160, 52

h . ded fi g{léppard, S. S., & Jewitt, D. C. 2002, AJ, 124, 1757
More photometric measurements are needed to confirm vchenko, V. G., Chiorni, V. G., Kalashnikov, A. V., et al. 1996,

above-mentioned results. We plan to get new observations of ppjss 115, 1

1999 TDyp and other KBOs over the next years. Shevchenko, V. G., Krugly, Yu. N., Lupishko, D. F., Harris, A. W., &
Chernova, G. P. 1993, Astron. Vestn., 27, 75
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