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Abstract. Broad band CCD observations focused on short-term rotational variability have been carried out for six TNOs:
1999 TDyo, 1999 TGg, 2000 EB73, (20000) Varuna, (28978) Ixion, 2002 GRand four Centaurs: 2000 Q&z, 2001 PTs,

2002 PN, and 2002 GQ@using the 1.5 m telescope at Sierra Nevada Observatory (Granada, Spain) since mid 2001. Three of
the bodies exhibit periodic double-peaked lightcurves with amplitudes larger than 0.4 mag while another four show periodic
variability with amplitudes below 0.20 mag. Basic physical properties of these objects can be derived or constrained from the
observations. Here we present a summary of the main results obtained for these objects.
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1. Introduction link needed to check heterogeneity of surfaces as suggested by
. . ectroscopy data (Barucci et al. 2002; Lazzarin et al. 2003).
gar:;:]\l?;u(;'igggje;tg’rg’\f:% esnd _E;?r};amu_rls ir:n:)gtte:)?ﬁ_ngowever, time—resolved photometry requires considerable
>ysS ! s whi upi 1y S .'gobserving time devoted to each object and therefore it is hard to
inate. All these groups seem to share the same origin 1N

. : carry out due to the fficulty of getting long observing runs in
the Kuiper or Edgeworth-Kuiper Belt (e.g. Famdez 1980; ;
Duncan et al. 1988, etc.). At present, it is believed that th large telescopes. Smaller telescopes can be used in longer runs,

35t restricted to dticiently bright TNOs.

objects are among the least evolved in the Solar System.
Therefore, the study of these bodies will help us in understaqd-sltr:J jolgl t\rl1v§ sﬁ?}rrtte—?e?mc\(/:a[r)i;)br:lti)ttorgfe tsrgrﬁéogfr??e dber\i/ogtta_d
ing the formation and evolution of the Solar System. Many o? ying y 9

. . st TNOs and Centaurs from Sierra Nevada observatory. This
the current observational studies of TNOs and Centaurs areggber summarizes part of the results already obtained by the

cused on color photometry or spectroscopy (e.g. Jewitt & Luu. .
2001; Boehnhardt et al. 2002; Barucci et al. 2002; Hainaut%pgomg program.
Delsanti 2002; Doressoundiram et al. 2002; etc.). By using sta-
tistical analysis, most of these studies try to find likely correl@. Observations and data reduction
tions between color trends and orbital parameters. . . :
He observations were carried out by means of the Instituto

Other works related to TNOs and Centaurs are focus Astrofsica de Andalug 1.5m tel { Si Nevad
on the study of their short—term variability (e.g. Davies et g € Astrotsica de Andalua 1.om 1elescope at Sierra Nevada

 Uai . 9 ) Observatory, in Granada, Spain. One-week observing runs
1998; Hainaut et al. 2000; Getirez et al. 2001; Farnham 2001, .
Ortiz et al. 2002; Sheppard & Jewitt 2002; Bauer et al. 2009°"€ allocated in August 2001, September 2001, October 2001

Sekiguchi et al. 2002; Peixinho et al. 2002; etc.). These studg&:l Febtrkl]Jary Z?OZH Marlch 2&02’ May 200t2 gnd Af‘UQUSthOOZ’
can give us hints on the shape, density and other basic phys L weather or technical problems prevented us from observ-

properties of these bodies (e.g. Sheppard & Jewitt 2002) as i ig ?0;“%0“ ihel nights_ ?\f eﬁCh ruln. Thedbodie_:lishobdserved .arr]e
as on the original size-shape distribution (Lacerda et al. 200 ted in Table 1 along with other relevant data. The dates wit

Besides, short-term variability studies of the largest memb able data are also listed in Table 1 . :
of the Kuiper Belt are very important because some knowl- As Centaurs and TNOs have typical drift rates ranging from

edge on the rotational state is needed in order to apply fhae toa f_ew arcsecs per hour, we used the shortest exposure
e possible in order not to get elongated images of either the

. . . t

appropriate thermophysical models to derive the albedos gFf. _ . .

these bodies. Also, accurate rotation periods can provide ect or the field stars (depending on whether the telescope is
tracked at sidereal or nonsidereal rate respectively). An expo-

Send gprint requests toJ. L. Ortiz, sure time of 100 s was short enough to avoid noticeable trailing
e-mail:ortiz@iaa.es under the best foreseeable seeing conditions, but long enough
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Table 1. Dates and geometric data (range) of the objects observed.

Object rn(AU) A (AU) a(deq) No of images Observing dates
TNOs
1999 TGs 31.3 30.57-30.49 1.30-1.14 205 13, 15, 17-20, AUG. (2001)
1999 TDyo 12.7 11.75-11.77 0.86-1.10 450 23-26, OCT. (2001)
2000 EB 73 29.6  29.18-28.71 1.72-0.87 503 9-10, FEB. (2002); 8-10, MAR. (2002)
(2000 WRg) Varuna  43.1  42.33-43.34 0.81-0.83 343 8-9, FEB. (2002)
(2001 KXy¢) Ixion 431 42.81-42.87 1.30-1.32 180 15, 17-19, AUG. (2001)
2002 CRg 18.1 17.37-17.40 2.15-2.23 190 8-10, MAR. (2002)
Centaurs
2000 QGys 19.2  18.21-18.17 1.12-0.77 290 13, 15, 17-20, AUG. (2001)
2001 P13 8.9 7.93-8.45 2.67-5.89 681 10-11, 13-14, SEP. (2001); 23-28, OCT. (2001)
2002 PN4 13.4  12.50-12.52 2.30-2.43 260 28-30, AUG. (2002)
2002 GQ 144  13.17-13.18 2.15-2.26 263 18-19, MAY (2002)

so that the sky background was the dominating noise source‘dpproximateV magnitude” in the plots presented here. The
order to get a good enough signal to noise ratio, most of the @tpsolute calibration is irrelevant for this investigation, in which
servations were obtained with no filter. Therefore, unless oshort-term variability of the object is obtained by using the stars
erwise noted, the observations consisted of sequences of 100tke field of view.

integrations with no filter. The number of images obtained is The time-resolved observations were inspected for period-
therefore very high, in the order of a few thousands. The tyjgities by means of the Lomb technique (Lomb 1976) as imple-
ical seeing during the observations ranged from 1.1 arcseariented in Press et al. (1992). Typicat &rrors in the period

2.5 arcsec, with median around 1.5 arcsec. A fast readout C@&ermination for our typical four-day observing windows are
was used in order not to spend large fractions of the nights readthe order of 0.02 h (neglecting the interferingeets of the

ing out the CCD. The CCD chip format is 10241024 pixels aliases). In the cases in which we were able to use longer time
and the total field of view is 7 arcmix 7 arcmin. The images frames, the period determination is more precise. The reference
were bias subtracted in the standard way and flat-fielded ussigrs were also inspected for short term variability but none was
a flatfield frame (the median of a large set of dithered twiligibund.

images of the sky at blank fields). No cosmic ray removal al-

gorithms were used and we simply rejected the few images in

which a cosmic ray hit was close to the objects. Relative phd- Results

tometry using seven field stars was carried out by means@fe main photometric results are listed by object and summa-
Daophot routines. The synthetic aperture used was typically;3.4 in Table 2.

to 12 pixels in diameter (the smallest possible in order to get the (20000) Varuna (formerly 2000 WR). The short-term
highest signal to noise). Care was taken not to introduce spYjkiapiity of this very large TNO has been studied by several
ous signals of faint background stars or galaxies in the a_pemﬁﬁthors. Farnham (2001) found 43 h+0.01 h periodicity and
In cases where the TNOs or Centaurs were close to faint staLs it s Sheppard (2002) reported a double-peaked lightcurve
or galaxies, the data were rejected. with a period of 63442+ 0.0002 h, consistent with the pre-
Since the TNOs and Centaurs move relatively slowly, Wgous observations. Our own data, taken in coordination with
were able to use the same field stars within each observifg IRAM-30 m radiotelescope in order to obtain a new deriva-
run. The typical error bars of the individual 100 s integrationfpn of Varuna’s albedo (Lellouch et al. 2002) are shown in
are 0.15 mag for the faintest targets we Observed, and arOlp:l@_ 1. The periodogram ana|ysis of our data showed a clear
0.06 mag for the brightest ones. Both figures were consideragtiodicity peak that implied a rotation period 086+ 0.02 h,
improved by averaging or “median averaging” the large amouphich was consistent with the rotation period given by Jewitt
of relative photometry data points. The approach of averagigdsheppard 2002 (within error bars). By combining our data
is similar to using longer integrations times, but has the advagith those published in Jewitt & Sheppard (2002) (after cor-
tage that no trails are present in the images, comic ray hits aseting our data for light travel time, heliocentric, geocentric
fewer and images are also less smeared. distances, and phase angle) and performing a periodogram
In order to make absolute flux calibrations, one of the fielmhalysis we find that the peak with the highest spectral power
stars was calibrated against Landolt standards close in airmamsesponds to a rotation period o836 h+ 0.0001 h. The
so that extinction corrections were negligible. For the absquality of the rotational phase curve is illustrated in the sec-
lute calibrations the diameter of the aperture used was laayed plot of Fig. 1. Although the 6.3436-h rotation period is
enough for both the Landolt star and the field star so that tiee one with the highest spectral power, other possible periods
flux was lost. Due to the fact that the observations were carri@ehich differ by less than 2% in spectral power) yield phase
out in a non standard photometric band, the absolute calibcarves that are acceptable by visual inspection. These corre-
tion of the data has a large uncertainty which could reach upspond to 6.3319 h, 6.3554 h, and 6.3177 h. However, a period
0.5 mag in some cases. This has been indicated with the woofi§.3442 h+0.0002 h as reported by Jewitt & Sheppard (2002)
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Table 2. Summary of the photometric results.
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TNOS ! Days since Jquzn date 2452206 ?
1999 TDy 0.65+0.05 771+0.02 .
1999 TGs 0.067? Several possibilities? 2 =
2000 EB /3 <0.1 675 + 0.01 g E
Varuna 041002 31718 +0.0001 =
Ixion <0.15 None detected S - " - - 3
2002 CRg <0.15 3.68 or 435" + 0.02 Phase for o period of 7.71h

Centaurs

2000 QGsz 0.75+0.09 457+0.02

2001 Phs 0.16+0.02 41546+ 0.0001
2002 PN, 018+0.04 4.230r511+0.03
2002 GQ 0.14:0.04 6.97 or 7+ 0.04

& Combining our data with those by Jewitt & Sheppard (2002).
b Confidence level below 50%.
¢ Possible alternate periods are 6.68 h and 6.82 h.
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Approx. V magnitude

0.6 0.8
Phase for a period of 5.8h

Fig. 2. Upper panel: 1999 T magnitude versus time (days). Lower
panels: rotational phase curves for two possible periods, 7.71 h and
5.8 h, respectively. As can be seen, a period of 5.8 h does not yield
an acceptable phase curvefibient symbols correspond toffdirent

2000 WR106 (VARUNA) dates.

S e

to 0.65+0.05 mag, which is the value reported by Consolmagno
et al. (2000). The period could in principle be refined in a
similar fashion as is done here with Varuna, by combining
our data with the previous observations if they were available.

; ; ; Two other very recent and independent works (Choi et al. 2002

€ m . . . .

> 200K and Rousselot et al. 2002) agree with our period determination
0.0 0.2 0.4 0.6 0.8 1.0

within 0.02 h. Therefore one can safely rule out the 5.8 h peri-
odicity and adopt 71 + 0.02 h as the correct one. We cannot
P IV st e it n 31 yet determine whether the lightcuve is single-peaked (i.e. the
. %*“é??%# W}&ﬁﬁ%ﬁf ++£ﬁm%% . wﬁ;@ rotation period would be.71 + 0.02 h) or double-peaked (i.e.
Eopefe o CA T “Ys 5 0 the actual spin period would bex27.71 h= 1542+ 0.04 h).

- Nevertheless, it is very likely that indeed 15.42 h corresponds
to the true rotation period because an albedo asymmetry caus-
Fig. 1. Upper panel: Varuna’s magnitude versus time (days) from oirig such a large amplitude lightcurve is hard to imagine (see
observatios. Middle panel: our data and Jewitt & Sheppard’s (20Q%scussion section).

data phased to the period we propose. Our data are shown as plus,o4y py. For this object we have a large data set that has
signs and Jewitt & Sheppard’s (2002) are shown as triangles. Low?Feeady been published by Ortiz et al. (2002). In that paper, the

panel: our data and Jewitt & Sheppard’s (2002) data phased to 91

period proposed by Jewitt & Sheppard (2002). Our data are shownt\ﬁlg main data sets were analyzed separately. We have now been

plus signs and Jewitt & Sheppard’s (2002) are shown as triangles. #4€ t0 improve the period determination in Ortiz et al. (2002),
can be seen, the data are not in phase, which implies that 6.3442 RYscombining the two separate data sets that were reported in
incorrect. that paper. Once light travel time, geocentric and heliocentric

distances are properly accounted for, we found a refined period
of 4.15456+ 0.00005 h which likely corresponds to a rotation
is not compatible with our data because the phase plot is geriod of 83091 h+ 0.0001 h. Figure 3 shows the lightcurve
acceptable (see lower panel of Fig. 1). The amplitude of oaind rotational phase curve of this object. Farnham (2001) de-
lightcurve is 041+ 0.09 mag, entirely consistent with that deived a period of 8.4 h for this object which would be in agree-
rived by Jewitt & Sheppard (2002). ment with our derivation if one assumes a 0.1 h uncertainty
1999 TDy,,. This object was studied by Consolmagno et dhn his determination. From the periodogram, other marginally
(2000) prior to our observations. They reported that a lar§eceptable periods are 8.3391 h and 8.2424 h.
amplitude periodic variation was detected for this body, with 2000 QG43. This body shows a large amplitude oscillation
a period of 5.8 h. The analysis of our data yields a peakwith a periodicity of 457+ 0.02 h, which likely corresponds to
7.71+0.02 h, and an alias with somewhat lower spectral powarrotation period of 44+0.04 h because the lightcurve appears
is clearly seen at 5.8 h. The rotational phase plots from our dédebe double-peaked. Therefore, this body also appears to be a
show that a period of. 71+ 0.02 h is reasonable whereas 5.8 kery irregular one, like 1999T[3. The rotational phase curve
is inconsistent (Fig. 2). The amplitude of our lightcurve is cloder a period of 9.14 h is shown in Fig. 4.

Phase for a period of 6.3436273h
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Fig. 3. Upper panel: 2001 PF's magnitude versus time (days). LowerFig. 5. Upper panel: 2000 EBss magnitude versus time (days).
panel: rotational phase curves for a possible spin period of 8.3091 hwer panel: rotational phase curve for one possible period. The dif-
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been found at a high and confident spectral power (98%). The
periodogram also shows two peaks of somewhat lower (but
still similar) power at 82+ 0.01 h and 868 + 0.01 h. The
peak to peak amplitude of the oscillation is lower than 0.1 mag
(Fig. 5). Schaefer & Rabinowitz (2002) obtained photometric
measurements of this object on 78 days and concluded that ro-
tational modulation, if present, should have a peak-to-peak am-
plitude below 0.097. This is consistent with our determination.
Sheppard & Jewitt (2002) observed this object in four days
and did not detect measurable photometric variations within
a 0.15 mag range. This is also consistent with our results. We
cannot yet stablish whether the lightcurve is single-peaked or
double-peaked. The small amplitude could be due to the fact
that the object is nearly spherical or that it was observed nearly
pole on.

(28978) Ixion (formerly 2001 K6). The data we obtained
for this body in August 2001 are still inconclusive regarding a
possible rotation period. At least we can say that if this body
has a periodic variation of brightness, it is below 0.15 mag or

1999 TGg. Our data for this body are somewhat puzzlinge period is very long.

to us. From the September 2001 run we determined a very low 2002 PN4. The periodogram analysis of the data shows
amplitude (0.06 mag) periodic signal of28 + 0.02 h with a two peaks at £3+ 0.03 h and a possible alias atl3 + 0.03 h
high confidence level. Nevertheless, we have not been ablevith similar spectral power and with very high confidence lev-
confirm it with prior data taken in August 2001 (Ortiz et alels (99.85% and 99.75%, respectively). The lightcurve seems to
2001) nor in a subsequent run, in which we obtained incohe double—peaked, and thereford®:-0.06 h or 1022+0.06 h
sistent periodicities. Since this object has been found to be tduld be likely spin periods. The rotational phase curves for
nary (Trujillo & Brown 2001) the lightcurve may be complexhese spin periods are shown in Fig. 6. Both rotational curves
or perhaps our data are simply not good enough. Peixinho eteaie acceptable, although the rotational curve for 10.22 h looks
(2002) studied its short-term variability but found none withisomewhat better than the curve for 8.45 h. Therefore, we can-
the precision of their measurements. not reliably establish which is the actual spin period. The am-
2002 CRg. The analysis of the data shows a possible pegttude is below 0.20 mag.
odicity of 435+ 0.04 h and also of 6 + 0.04 h (an alias of 2002 GQ. Like the previous one, the periodogram of the
very similar spectral power), but the confidence level is belodata shows two very confident peaks (99.9% confidence) at
50%. Hence, our analysis is inconclusive regarding a rotatiosd7 + 0.03 h and %7 + 0.03 h. Both rotational phase curves
period. The amplitude is lower than 0.15 mag. (Fig. 7) are acceptable and we cannot yet stablish which is
2000 EB73. By combining the two data sets of this objecthe actual spin period. A simple sinusoidal fit of the rotational
in February and March 2002, a period o765+ 0.01 h has phase indicates a mean amplitude 443-0.04 mag. The curve
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Fig. 7. Upper panel: 2002 G&» magnitude versus time (days). Lower
Fig.6. Upper panel: 2000 P¥s magnitude versus time (days).panels: rotational phase curves for two possible periods, 9.67 h and
Lower panels: rotational phase curves for two possible periods, 8.46.87 h. Diferent symbols correspond tofidirent dates. The line is a
and 10.22 h. Oferent symbols correspond tdi#irent dates. sinusoidal fit to the data.

seems to be single—peaked, but a double—peaked curve cadetially, as was demonstrated by Russell (1906), it is not pos-
be ruled out. sible to distinguish thefect of irregular shape from thetect
of the albedo with a single color light curve. The appropriate
albedo distribution could lead to a double—peaked lightcurve.
So far, the only method to reliably distinguish shape—-induced
Following Burns & Safronov (1973), rotational excitatiorfrom albedo—induced brightness variations is simultaneous ob-
damping times are usually assumed to be much less than shevations in the visible and in the thermal infrared. Also, time—
age of the solar system. A more recent study on ellipsoitisolved color measurements can help. Albedo—induced bright-
(Molina et al. 2003) points out that damping times can be evarss variations are frequently accompanied by color variations
shorter if one takes into account the energy dissipation dueailong the rotation period, whereas shape—induced variations
internal stresses. Thus, it is expected that most of the Kuipeually are not (e.g. Jewitt & Sheppard 2002). We do not have
Belt objects must be in pure rotation around their principal axeslor information and therefore we cannot reliably conclude
of maximal moment of inertia. Under that premise, and assumihich is the final reason for the observed brightness changes.
ing that they are single—body systems, the short—term variabil- Taking the results of other minor bodies observations into
ity in these objects is due to their shapes/antb their albedo account, albedo variegations frequently produce smaller bright-
and topographic variations on the surface. If they were binamgss changes than the shaped-induced ones. Typical short—term
systems, mutual eclipses would also modulate the brightngasiability amplitudes due to albedo are smaller than 0.15 mag.
variability produced by their rotation. So far, among the knowirom our list of ten observed bodies, three of them (Varuna,
KBOs (more than 500), less than 10 are known to be binary sy$99 TDip and 2000 QG43) show short-term variability with
tems. A study by Noll et al. (2002) points out that only2% larger amplitudes than 0.40 mag, and in principle, these bodies
of the TNOs are binaries. In our list, only 1999 FMas been could be irregularly shaped ones.
cataloged as binary. Concerning the other objects of this study, In an extensive study, Jewitt & Sheppard (2002) discuss
most of them have also been observed by several groups inadreut the possible causes for the variability observed in Varuna.
der to determine their colors or spectral characteristic and Riom their study, they conclude that, given its large size,
evidences pointing out that they are binary system have beé@aruna may be a rotationally distorted rubble pile with a likely
reported. Therefore, we can assume that, apart from 1999 T@ensity around 1000 k.
the variability observed in these objects is due to their shape 1999 TDyy has a mean diameter around 100 Km (Choi et al.
andor to albedo and topographic variation on their surfaces.2002; Consolmagno et al. 2000). Given its relatively small size,
In general, double—peaked lightcurves are attributed to ttigs object could be a collisional fragment with irregular shape
rotation of an irregularly shaped body while single—peakéBavis & Farinella 1997). If the variability is due to irregu-
curves are attributed to albedo variations on the surfata. shape, from the amplitude of its lightcurve, the minimum

4. Discussion
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axial ratio is 1.8:1.0. Following the calculations by Davidssoperiod of 6.75 h it would likely be structurally damaged. In this
(2001), if this body is assumed to be prolate with no interne¢spect, and in long term time scales, fractured regions could
tensile strength, the minimum density required to avoid spobe displaced, distorting the spherical body. Actually, this body
taneous rotational breakup is 315/ky or 80 kgm? provided could be an irregular rubble pile, formed by shear fractures due
that the body is rotating with a period of 7.71 h or 15.42 h, rde rotation, and, therefore, similar to Varuna. The relative small
spectively. If the body is spherical, the corresponding limits f@mplitude of its lightcurve could be a result of being observed
the density are 183 kon® and 45 kgm?, respectively. On the nearly pole on.
other hand, if this body had a density similar to the density es- For the other three bodies, 2001 272002 PN, and
timated for Varuna (1000 Kon®), its rotational breakup critical 2002 GQ@, similar considerations as the ones given above re-
period would be approximately 4.3 h (if it is prolate) or 3.3 Bult in some constraints that are compiled in Table 3 . The cor-
(if it is spherical), which are well below the actual rotation peesponding values for the material strength in order to with-
riod. Nevertheless, it is important to note that, according to tetand shear fracturing are also very large. Therefore, it is likely
expressions given by Davidsson (2001) and for that densitythat these bodies are structurally damaged. In this respect, such
minimum material strength of 4 kPa would be necessary in atructurally damaged bodies might even be a potential source
der to resist shear fracture due to the rotation (this minimumfa small-size bodies with no need for collisions.
calculated for a spherical body rotating with 15.42 h). For that Finally, we have not detected reliable short-term variability
density, a lower material strength would indicate that the bodylxion, norin 2002 CRBs and therefore cannot give constraints
is structurally damaged. on their shape, density and internal structure.

Assuming a 0.04 geometric albedo, 2000&das a mean Sheppard & Jewitt (2002) presented a systematic investiga-
diameter of 200 Km (Ortiz et al. 2002). According to Davision of rotational light curves of large TNOs. From their own
& Farinella (1997) and given its size, collisions could havetudy and by compiling other works on variability, they found
transformed this body into rubble pile. Assuming that this cethat 32% of the sample displays significant light curve ampli-
taur is a strengthless prolate body, with an axis ratio of 1.9:1ules (larger than 0.15 mag). We warn however, that compiling
(derived from the lightcurve amplitude), its critical density toeports on variability from the literature may be somewhat mis-
avoid rotational breakup would be around 30@rkd)if the spin  leading, because some investigators may report just the objects
period is 9.14 h. For a typical density of 100qkd, the criti- for which they have found variability and not mention the ob-
cal period would be 4.45 h (assuming prolate shape). Thereffets for which they found no variability. This would artificially
this body would be mechanically stable if it is rotating withncrease the percentage of objects that show variability.
a period of 9.14 h. On the contrary, if this body is spherical, Our own independent statistics based on the 10 objects ob-
rotating with a period of 4.57 h, the lower limit for the denserved would indicate that 40% of the objects had variations
sity to avoid rotational breakup would be around 500nkg larger than 0.15 mag and 30% of them showed larger variations
Nevertheless, even for the typical density of 1000 its than 0.4 mag, although our statistics includes not only TNOs,
critical period would be 3.3 h, which is very close to 4.57 Hut also Centaurs which do not meet the criteria imposed by
and a large material strength would be necessary in orderSoeppard & Jewitt (2002) that H must be equal or less than 7.5.
stay intact. If we add our results on TNOs with H smaller than 7.5 to

In our list, four objects show rather confident short—tertme compilation by Sheppard & Jewitt, their statistics is hardly
variability with amplitudes smaller than 0.20 mag. They amodified. Now seven of 24 objects (29%) would show vari-
2000 EB73, 2001 P13, 2002 PN4 and 2002 G@. In princi-  ability above 0.15 mag and 21% would show variability above
ple, it cannot be reliably concluded whether these objects &d mag. Including the objects in Ortiz et al. (2003), the per-
spherical or not, although some of them show clear doubleentages decrease to 26% and 18% respectively.
peaked curves. The size of these bodies can be approximatelyConcerning possible statistics for Centaurs alone, based on
estimated from their absolute magnitudes. Assuming a geonmif results and other studies, such as the one by Davies et al.
ric albedo of 0.05, their diameters would be, approximatel{t 998), the equivalent figures to the TNO case are 40% of ob-
670 Km, 100 Km, 160 Km, and 100 Km, respectively. Ifects (410) showing variability above 0.15 mag and 10%d.(l)
2000 EB 73 is a spherical body, rotating with a period of 6.75 lof objects show variability above 0.4 mag. Nevertheless we
and assuming a null internal strength, the minimum density newust stress that the population is too small to draw meaningful
quired to avoid rotational breakup is 239.2kdg, whichiswell conclusions yet.
below the typical density of 1000 km®. Nevertheless, even
for such a low density, according to the expressions given py .
Davidsson (2001), a material strength of 93 kPa is necessar;ginsummary and conclusions
order to withstand shear fracturing, and stay intact. For the tyjprom our list of 10 objects, significant short-term variations
ical density of 1000 kgn?®, the corresponding material strengtthave been detected in 3 objects. Another four objects show re-
is 1000 kPa. If the actual period were 13.5 h, the correspondliaple variability with amplitude smaller than 0.20 mag. The
material strength would be 234 kPa. These values are considéner three objects do not show reliable variability within the
ably large, and several orders of magnitude larger than the 8xt5 mag range. In general, assuming no internal strength,
pected values for cometary internal strength (much lower thérese bodies require a small lower limit for the density
1 kPa) (e.g. Greenberg et al. 1995; Asphaug & Benz 1996x300 kgmq) in order to be rotationally stable again sponta-
Therefore, if this body were spherical and were rotating withreeous breakup. Nevertheless, given the size of the objects in
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Table 3. Characteristics and properties of the bodies showing short—term variability. The material strength of the last column corresponds to
the minimum material strength necessary to withstand shear fracture and stay intact.

Object Diameter Minimum  Spin Minimum Critical Minimum
(km) axis period density period (h) material strength (kPa)
ratio (h) to avoid breakup (Ko®) p = 1000 kgm?® for p = 1000 kgm?®
Prolate Spherical Prolate  Spherical
1999 TDyo 100t 1.8:1 7.71 315 183 4.3 3.3
15.42 80 45 4
2000 QGg3 200 1.9:1 9.14 300 4.5
4.57 500 3.3 2300
2000 EB 73 670 <1.1:1 6.75 240 1000
2001 Ph3 100 1.16:1 8.30 160 3.3 13
2002 PN4 160° 1.14:1 10.22 104 3.3 23
8.45 152
2002 GQ 100 1.14:1 9.67 116 3.3 10
6.97 224

1 Choi et al. (2002); Consolmagno et al. (2000).
2 Ortiz et al. (2002).
3 Estimated from its absolute magnitude assuming an albedo of 0.05.

this study and their relatively fast spin periods, a large mat&reenberg, J. M., Mizutani, H., & Yamamoto, T. 1995, A&A, 295,
rial strength (at least 2 or 3 orders of magnitude larger than L35

the expected cometary material strength) is required in ordwytiérrez, P. J., Ortiz, J. L., Alexandrino, E., Roos-Serote, M., &
to stay intact and to resist shear fracturing, even for low densi- Doressoundiram, A. 2001, A&A, 371, L1

ties. Therefore, if TNOs and Centaurs do not have high matefiiginaut. O. R., Delahodde, C. E., Boehnhardt, H., et al. 2000, A&A,
strengths they will be structurally damaged by rotation. Theﬁe 356, 1076

. . . ainaut, O. R., & Delsanti, A. C. 2002, A&A, 389, 641
bodies could be fractured merely due to rotation, even if thggwm D.C. &Luu.J 2001 AJ 122 2099
were not &ected by collisions. N~ - 'S 5000
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