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Abstract

Icy minor bodies in the outer solar system like TNOs (Trans-Neptunian Objects),
Centaurs, cometary nuclet and unusual asteroids are thought to bhe candidates of
planetesimal aggregate bodies in the formation theory of the solar system. There-
fore, studies of the physical properties of these objects provide clues to the initial
conditions for the solar system. However, their physical properties are still poorly
known even the most basic parameters like size and albedo because of their extreme
faintness. Typical brightness of TNOs in V-band is fainter than 21 magnitude which
makes the use of the largest telescopes an indispensable requirement.

Observations were carried out to reveal the characteristics of these faint objects
using the largest telescopes. Photometric and low dispersion spectroscopic observa-
tions of 16 TNOs and 1 Centaurs in optical and near-IR wavelength were performed
for the purpose of colour taxonomical study as the first approach. On the contrary
to former studies, absolute magnitude of TNOs and Centaurs shows no significant
correlation with the (V — I} colour. Our new measurements of their colours showed
no clear bi-modality and continuous diversity from solar to reddened colour of their
surface. The surface of TNOs and Centaurs can be modified by resurfacing process
of the intrinsic cometary activity. Bi-colour lightcurve observations in high spatial
resolution mode, together with deep imaging were performed in order to confirm a
cometary activity of TNO 1996 TOgg. The inhomogeneous (V' — I2) colour variation
of TNO over one rotation was obtained. It supports the existence of TNQO’s patchy
surface assumption like Pluto’s spotted surface. However, cometary coma was not
detected down to 29 mag/sq.arcsec. As a next step toward the physical studies
of these objects, the determination method of the most basic parameters, size and
albedo, and the observing feasibility for the outer minor bodies are discussed. As
a trial case, the MUSES-C spacecraft mission target, NEA 1998 SF35 was analyzed
from thermal observations in mid-IR (N-band). The derived radius and albedo of
were 178 (+13/-14} m and 0.29 (+0.05/-0.04), respectively. Finally, the capability
of adoption to the faint objects such like TNOs and Centaurs are presented with
the possible future facilities.
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Chapter 1

Introduction
— Remnants of the Early Solar
System

1.1 Icy Minor Bodies in the Outer Solar System

Trans-Neptunian Objects and Centaurs

The formation theory of the solar system showed that the planctesimals, as starting
objects of proto planet formation, were formed due to fragmentation of the dust layer
in the proto planetary disk (Hayashi et al. 1985). In the inner region of the disk,
the rocky planetesimals which, consist of condensed materials at relatively high
temperature, formed. Then they accumulate through mutual collisions and grew
finally into the Earth-type proto planets. In the outer region, the icy planetesimals
which were composed of volatile ices and dust, grow into the core of the giant planets.
However, it takes too long to form planets beyond Neptune region. Planetesimal
remnants or planetesimal aggregates which failed to grow into the proto planets may
still remain in the region beyond the Neptune. The early hypotheses of the small
objects belt bevond the orbit of Neptune were proposed in 40’s and 5('s (Edgeworth,
1943, 1949 and Kuiper, 1951).
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The first discovery of such an object which orbits the sun beyond Neptune was
accomplished by Jewitt and Luu (1993), and with the subsequeunt detections of more
than 400 objects beyond the orbit of Neptune (Trans-Neptunian Objects; hereafter,
TNOs) within the last decade, a new category of solar system bodies was established.
The TNOs are also called Edgeworth-Kuiper Belt objects, EKBOs, since they are
found in the region hypothesized by Edgeworth and Kuiper.

On the other side, similar minor bodies were found as well in the giant planets
region; from Jupiter orbit (a=>5.2 AU} to Neptune orbit (a=30 AU). They are called
Centaurs named after Chiron who was one of the Centaurs, the son of Saturn,
and grandson of Uranus in the mythology. Its perihelion is close to the Saturn’s
orbit, while its aphelion is around the Uranus’ orbit (see Table 1.1). The Centaur
objects are believed to be scattered TNOs which migrated recently toward the Sun
by gravitational interaction with the giant planets (Levison and Duncan, 1997),
because the objects in this region are perturbed and are scattered by giant planets.
During their temporal resident in the giant planets region, Centaurs suffer from the
gravitational scattering by giants. Some parts are scattered away form the planetary
region and then some of them play a roll of the formation of Oort cloud (Dones et al.
2000). If the others are scattered into the inner region, they might be very brighter
and observable as short period comets (hereafter, SPCs) due to the substantial
sublimation of H,O ice. On the other hand, a part of extinct comets which have
exhausted the volatile ice on their surface can be observed as unusual asteroids. A
recent analysis of size distribution of comets further supports this evolution track:
Meech (2001, priv. comm.) showed that the observed radii are not following a power
law as it would be expected if the short-period comets were directly injected in the
inner solar system by a collision process.

Since the TNOs and Centaurs never came really close to the Sun, they are con-
sidered to be objects which are physico-chemically unaltered population of the solar
system bodies. In this respect, they may be even more pristine than SPCs which
show obvious activities. Therefore, studies of the physical properties of icy minor

bodies, especially TNOs and Centaurs, can provide clues to the initial conditions of




CHAPTER 1. INTRODUCTION
—~ REMNANTS OF THE EARLY SOLAR SYSTEM

Table 1.1: Dynamical Class of Solar System Minor Bodies

Dynamical Class

Region

Object!

at [AU]

In This Paper

Trans-Neptunian Objects

beyond Neptune

1996 TOg

43.5

section 2-1, 2-2

Centaurs

Neptune — Jupiter

Chiron / 1998 TF3; 13.7

section 2-1

Main Belt Asteroids Jupiter — Mars Ceres 2.77 —
Near-Earth Asteroids Near Earth 1998 SFsq 1.32 section 2-3
Note: { : example object or analyzed object in this paper 1 : semi major axis

Dynamical Evolution of Pristine Objects|

1996T0O66

1996PW

—p»Unusual Asteroids

1998SF36

Figure 1.1: Dynamical Evolution Scheme of Icy Minor Bodies
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the solar system.

1.2 Physical Properties of Icy Minor Bodies

The physical properties of such objects should be important in aspects mentioned
above. However, their characteristics are still poorly known even for the most basic
parameters like size and albedo because of their faintness. Typical brightness of
TNOs is fainter than 21 magnitude in V-band. Such an extreme faintness makes
the utilizations of the largest telescopes indispensable.

In pursuit of this study execution, the author belonged to the European Southern
Observatory (ESO), Chile, more than 2 years, awarded by ESO through the ESO
Ph.D studentship programme, and performed his work from the following point of

view.

e Attempt toward Classification of Icy Minor Bodies:

As a pilot study to know their characteristics, Tegler and Romanishin (1998)
performed BVR photometry of 11 TNOs and 5 Centaurs for the purpose of
colour classifications. They reported the presence of two distinct populations
of their colours. One consists of objects whose surface colours are only slightly
redder than the solar colour, while the other consists of the reddest objects
known in the solar system. However, 16 data points may not be enough to
establish a classification. Barucei et al. (1999b}) reported colour diversity from
solar analogue colour to red colour by optical spectroscopy of 5 Centaurs, even
they are in the same dynamical class. Recent observations confirmed that the
colour of a Centaur object, Chiron was similar to the sun, while the colour of a
Centaur, Pholus was very red (Davies et al. 2000, Barucci et al. 2000, Trujillo
et al. 2000). Nevertheless, further observational works are still strongly needed
to characterize their surface colours and to confirm previous results. The BVRI
photometory of 16 TNOs and 1 Centaur, and 5 TNOs’ spectra were obtained
by our observing team at ESO Chile. The increase of number of measured

colours revealed the diversity of their surface colour (in section 2.2).
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e Surface albedo variations through Cometary Activity:

All icy bodies may have suffered from their surface reddening over the age
of the solar system. Laboratory experiments showed that the icy surface was
modified by the high energy particle and the solar UV irradiation (Khare et al.,
1984, Sagan et al. 1984). The carbonized compounds of the surface volatiles
which were transmuted into more complex, polymerized material by irradia-
tion, attribute to reddening. Since the fresh material shows less red colour, the
transport mechanism of the fresh ice under their surface is required to explain
the non-red colour of TNOs and Centaurs. Theoretical model suggested TNOs
have suffered from collisional erosion by dust and small debris (Stern, 1995,
Stern, 1996). Luu and Jewitt {1996b) tried to explain the colour diversity
with collision-vs-reddening model. On the other hand, Luu and Jewitt (1996&)
suggested the hypothesis that fall-back debris by cometary activity may have
coated the surface of Centaurs. Non red spectrum of Chiron can be explained
with resurfacing process through its cometary activity. After Chiron shows its
activity and cometary coma (Meech, 1990), only Chiron was registered as a
numbered short period comet among Centaur objects. The absorption bands
of volatile ice (HoO) were found in two Centaurs (Chiron; Luu et al. 2000,
Chariklo; Cruikshank et al. 1998).

Recently, Hainaut et al. (2000) reported the lightcurve change of TNO 1996 TOgq
between 2 years and proposed a hypothesis of cometary activity of the TNO.
The spectrum of 1996 TOge also show non red colour which requires resur-
facing process. Moreover the absorption features of volatile ice (HyO) of the
'TNO were found from this TNO in the near-IR (Brown et al. 1999, Noll et
al. 2000), although H,O ice hardly sublimates at the temperature in the outer
solar system. These results suggests the possible cometary activity of this
TNO. The time-resolved photometry of 1996 TOgs was performed to find out
any evidence of cometary activity by two-colour imaging. The existence of a
patchy part on the surface, which is possibly made by the cometary activity,

was suggested although no coma was detected (section 2.2),
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e Determination of Size and Albedo:

The geometric albedo and size are the most basic parammeters on the physical
properties of icy minor bodies. However, they are only poorly known since the
thermal radiations of the outer solar system objects are in very little due to
the low temperature and long distance. Most of current studies to obtain the
physical properties are to measure their reflected light of the solar radiation
in optical and near-IR. On the other hand, the icy minor bodies emit their
blackbody radiation in mid—far IR range. The method to obtain their size
and albedo is examined with a bright unusual asteroid which can be a rocky
minor body but may be a relative of icy minor bodies in the outer solar system.
While a part of unusual asteroids might originate as the fragments of main-belt
asteroids (Rabinowitz, 1997), a part of them might be extinct comets which
have exhausted the volatile ice on their surface (Weissman & Levison, 1997) As
a trial case for bright target, NEA 1998 SF34 which is the MUSES-C spacecraft

mission target, was analyzed from thermal observations in mid-IR (N-band).

The method and the observing feasibility for the outer minor bodies are dis-
cussed. The measurements of thermal emission with the future instrument like
VLT and ALMA allow us to obtain the real size of icy minor bodies. It will
give an important condition on the growth time of planetesimals for the planet

formation theory.
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1.3 Questions and Approaches

Key questions to be answered for the icy minor bodies are:

1. Is it possible to establish a taxonomical classification with colour observations

as the first step for the determination of their chemical compositions?

2. What is the reason for the colour diversity from solar to red? Are TNOS

active?

3. What are the diameters? How can the size distribution be obtained without

an assumption of surface albedo?

Table 1.2: List of used telescopes and instruments

Purpose Telescope | Instrument | Wavelength
1 & 2 VLT 8.2m (ESO) FORS optical
1 Calar Alto 3.5m | MOSCA optical
1 NTT 3.5m {ESO) SOFI Near-IR
3 ESO 3.6m (ESO) | TIMMI2 Mid-IR

To solve and/or to approach these questions, the studies and methods

below are described in this paper.

(1) Optical and near-1R photometory and spectroscopy: the increasing of the num-
ber of colour data and acquisition of the colour gradients allow us to establish

a classification or a characterization.

(2) Optical Photometry: the high spatial resolution imaging is the best method
to search cometary activity. the 2 colours photometry is the first step to

investigate the variations of surface colours.

(3) Thermal observations: mid-IR and sub-millimeter observation allow us to de-

termine the size and albedo simultaneously.




Chapter 2

Photometric Studies of Icy Minor
Bodies

2.1 Surface Characterization of TNOs and Centaurs

Optical and Near-IR Colours

In this section, visible (BVRI) and near-IR (JHK;) broadband photom-
etry and visible low-dispersion spectroscopy of Trans-Neptunian Objects
(TNOs) and Centaurs are presented in order to characterize their re-
flectance properties, especially, to examine and confirm the previous re-
sults, One is the strong correlation between surface colour and absolute
magnitude reported by Luu and Jewitt (1998). The other is the dis-
tinct classification proposed by Tegler and Romanishin (1998). No clear
global correlation between V-1 colour and absolute R filter brightness of
our TNOQO targets is found. The colour-colour diagrams do not suggest
a double-peak population of TNOs in B-V vs V-R strongly and suggest
continuous reddening in V-R vs R-T and B-V vs R-1.

The knowledge of physical parameters of TNOs and Centaurs suffers from the [aintness
of the objects which calls for observations with large telescopes on the ground or for
observations with the Hubble Space Telescope (HST}).

Size estimates exist from coarse single or two colour photometry obtained by the search
programs. More accuratc multi-colour photometry of about 30 TNOs in the visible wave-

length range is published, near-IR colours of TNOs are rarer. 6 Centaurs have visible

12
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and near-IR broadband colours measured. For a more recent compilation of the published

photometry data of TNOs and Centaurs see (Barucci et al. 1999a.)

1.0

B KBOs

08 O Centaurs ‘—%{

08 +

04 | @bﬁ{

0.2

0.0 1 . ) .
0.4 06 0.8 1.0 1.2 1.4

B-V

Figure 2.1: Colour-colour diagrams of TNOs and Centaurs (Tegler and Romanishin, 1998).

Obviously, TNOs and Centaurs exhibit different reddening in their broadband colours
which may be indicative for different processing of their surfaces. At present, the existence
of two TNO groups with distinct colours appears to be controversial (Tegler and Roman-
ishin 1998, Davies et al. 2000, Barucci et al. 2000, Trujillo et al. 2000). Spectra of a
handful TNOs are available in literature: while the visible spectra of TNOs (Jewitt&Luu
1998) appear featureless, absorption bands of water ice were found in one TNO in the
near-IR (1996TO66; Brown et al. 1999, Noll et al. 2000).

The Centaurs have either neutral or very red colours. Spectroscopy (b objects pub-
lished, Barucci 1999b} in the visible and near-IR revealed mostly reflectance spectra, but
in one case also CN gas emission {(Bus et al. 1991). K band water ice absorptions were
also reported (Cruikshank et al.1998).

In the following sections we present photometry (visible and necar-IR) of 16 TNOs
and 1 Centaur as well as visible spectra of 5 TNOs. The observations are part of a
co-ordinated program for the exploration of physico-chemical properties of TNOs and

Centaurs, executed.
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2.1.1 Observations at ESO VLT, NTT and at Calar Alto

The observations were collected in the visible and near-infrared (near-IR) wavelength
ranges during 5 runs between 1998 and early 2000 at the ESO observatories in La Silla
and Paranal and at the Calar Alto Observatory in Spain (Table 2.1). In La Silla we used
the 3.6m New-Technology-Telescope (NTT) equipped with the near-TR instrument SOFI.
At Paranal we used the 8.2m UT1 Telescope of the ESO Very Large Telescope VLT. In
1998 UT1 was equipped with the VLT Test Camera (TC), in 1999 we used the FORS1
instrument. Both the TC and FORSI1 work in the visible wavelength range. The Calar
Alto data were also collected in the visible wavelength range at the 3.5m telescope using
the MOSCA focal reducer. The filters and wavelength ranges used during the various
observing runs are listed in Table 2.1, Details on the telescopes and instruments can be
found on the weh pages of these observatories. The log of the observations is given in
Table 2.2 and Table 2.3. It should be noted that, at the ESO telescopes, we used filters
from the Bessel system for imaging, while at Calar Alto Johnson-type BVI filters and
a special R passband filter with steep cut-off near 750nm were installed. The objects
were selected with the goal to contribute new and/or improved broadband colours in the
visible and near-IR wavelength range for the taxonomic characterization and classification
of TNOs and Centaurs. The spectroscopy part focused on a subset of the objects imaged
with broadband filters. The spectra were obtained either immediately before or after the
filter imaging of the respective objects.

All images and spectra were taken under photometric conditions. During imaging
the telescopes were used in sidereal tracking/auto-guiding mode. During spectroscopy
differential tracking/auto-guiding was applied in order to keep the objects on the 17 wide
slit. At the VLT all three or four colours {B)VRI of the objects were measured within a
short time interval (typically within 20-25min) at least in one night in order to minimize
possible brightness variations due to rotation. The 3.5m Calar Alto photometry had longer
execution time per object. Therefore, in most cases the sequences of consecutive exposures
in RBRVIR filters were used for the sampling of the rotation variability. During near-IR
imaging random jitter offsets of the telescope were applied during the filter exposure series.

In addition to the object exposures also photometric and spectrophotometric standard
stars, fatfield, arc spectra and bias exposures were taken as nceded for the calibrations of
the data.
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Table 2.1: Telescope and instruments for the TNO/Centaurs observations

Observ. Period Observatory Filters Imaging Objects
Tel. + Inst. Sp.Range (nm) Spectroscopy Objects

24-26 Aug 1998 ESO Paranal img.: BVRI (Bessel) img.; 1983RO0O, 1996TL66, 1996TP66
VLT UT1 + TC

19-20 March 1999 ESQO La Silla img: JHK, img.: 1995HMS5, 1097CQ29, 1997CS529
a.6m NTT 4+50FI

13-15 May 1999 ESC Paranal img.: VRI (Bessel) img.: 1994EV3, 1997CQ29, 1998HK151
VLT UT1 + FORS1 spec.: 530-1000 spec.: 1997CQ29, 1998HKI151

2-6/12/1999 ESO Paranal img.: BVRI (Bessel} img.: 1992QB1, 19958M55, 1996RQ20,
VLT UT1 + FORS1 1486 TOG66, 1997CE29

gpec.: 350-1000 spec.: 19956SMB5, 19961066, 1997CS29

3-6 Jan. 2000 Calar Alto img.: BVRI (Johnson-+special) img.: 1997CS529, 1098TF35, 1998V (G44,

3.5m + MOSCA 1988WH24, 1998XY95, 1999TC36

Notations: img.: imaging, spec.: spectra in given wavelength range.

2.1.2 Data Processing

In the following subsections the data reduction steps are described separately for imaging
photometry in the visible and near-IR as well as for visible spectroscopy.
Visible Imaging Data: TC, FORS1 and MOSCA

T C: since these exposures are part of the VLT UT1 Science Verification (SV) Program,
we used the completely reduced images as provided by the SV team (for the reduction
steps applied see Giacconi et al. 1999). A small additional work was necessary to identify
the TNOs in the reduced images and to obtain the brightness values of the objects in the
various filters. This step of the data reduction is described in Hainaut et al. (2000).

FORS1 and MOSCA: the usual CCD ”cosmetic” data reduction, i.e. bias subtrac-
tion, flat fielding and cosmic ray removal, was at first applied to all the object frames
(science objects and standard stars). As bias image, the median of all bias images taken
at the beginning and at the end of the nights was used, since no significant changes were
found from the frames taken at different times. As flat field images we used the average
of several twilight sky images, normalized to 1. To reduce the cosmic ray signature we fil-
tered the bias and flat field corrected object images with a 3x3 pixels wide median filter.
The difference between unfiltered and filtered images showed that no other small-scale
structures, but only cosmic ray events were erased from the object images. Sky correction
was performed by subtracting a first order polynomial sky approximation computed from
the pixel areas containing no stars. The TNOs/Centaurs were then identified by blinking
two images recorded at different times. As we observed only objects whose orbit is well

known, this ensures proper identification.
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Photometry (Data): From the measured magnitude of the standard stars, after the
application of the instrumental colour and air mass corrections (for detailed information
see the ESO VLT Quality Control web page http://www.eso.org/observing/dfo/quality/),
the zero-points for the nights were computed. With these zero-points aud with first or-
der measurements of objects’ colours, the magnitudes of the TNO (sce Table 2.2 and
Table 2.3) were obtained applying the quoted colour and air mass corrections. The mea-
surement errors given in these tables are the quadratic combination of the photometric
and calibration errors. The resulting magnitudes are in the Bessel filter system as defined
in Landolt (1992). Generally, apart from the relatively bright objects, the calibration er-
rors are negligible in comparison with the photometric ones. Regarding the photometric
errors the largest source is produced by the sky noise, even in the V baud where the sky
intensity is at minimum. For that reason, to avoid any possible source of systematic errors,
it is important to subtract the sky background correctly and to measure the total counts
in the smallest possible aperture. In our case the aperture radius varied from 6 to 10
pixels, depending on the secing present at the time of the observation (note: the diameter
for the photometry was larger — by a factor of about 2 - than the FWHM (full width at
half maximum) of the TNO images which is typically taken as a measure for the image
quality).

The MOSCA data was processed in the same way as the FORS1 ones except for the
following steps: (1} for each colour the extinction values of the site were determined from
standard star images taken cvery night in the same filter at different air masses. {2) the
colour coefficients were obtained from the same standard star data using a linear correction
term for R-I. This colour transformation took care of the transition of the instrumental
colours in the Johnson/special filter set used for the observations into the Bessel filter sys-
tem needed for the scientific analysis of the results. (3) we applied aperture photometry
measurements only. The aperture radius of the measurement series varied between 1 and
4 sigma of the PSF.

Visible Spectroscopic Data

FORS1: basic reduction steps — the raw exposures were first bias subtracted, flat
ficld corrected and cosmic ray filtered. The bias frame was the median of several frames
recorded at the beginning and the end of the night. The master flat field was computed
as the median of several exposures measured on the illuminated internal screen of FORS1,
normalized to one. Since the sharpest intensity variations were in wavelength direction, a
nmedian filter of dimensions equal to 1 pixel in the A-direction and 3 pixels along the slit

was used to filter the cosmic rays. It was also checked that almost all and only cosmic rays
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Table 2.2: Log and Results of the TNO/Centaur observations.
- ESO NTT and VLT results—

Object Date Exp.Time Filter/ Brightness Ecror
Tel.+Inst. (UT) I (sec) | Spectrum I {tnag) {mag)
I992QB1 1999 Dec 05.022 3004400 A 23.69 0.08
UT14FORS1 05.026 3004400 1 22.53 0.07
35.031 500 B 24.69 0.18
05.038¢ 400 R 23.09 0.06
1893R0O 1998 Aug 24.350 600 v 24.37 0.08
UTI+TC 24.402 600 R 23.63 0.08
24.460 600 1 23.15 0.08
1994EV3 1999 May 13.989 300 v 23.97 0.13
UT1+FORSI1 13.993 300 R 23.68 0.15
13.997 600 1 22.84 0.13
1995HMS 1999 Mar 20.300 3120 J 22.40 0.29
NTT+SOFI 20.320 2160 H 21.20 0.37
19955M55 1899 Dec 02.026 300 A% 21.22 0.05
UT14+FORS! 02.030 300 1 19.89 0.03
02.035 300 B 21.22 .00
02.041 a0 R 20.28 0.03
02.045 1200 590-1000nm Fig. 2.2 red only
1996 RQ20 1999 Dec 04.031 2004400 R 22.92 $.05
UuTi4+TC 41,034 300 v 23.60 Q.08
041.038 400 1 2134 0.08
01.044 600 B 24.49 Q.12
1896 TL66 1998 Aug 24.250 600 B 21.81 0.07
UT14TC 24.260 600 v 21.486 0.06
24.270 600 R 20.83 0.06
24.282 600 I 23.46 0.07
1896 T 066 1999 Dec 03.020 200 \Y 21.62 0.03
UT14+FORS1 03.024 200 I 20.91 0.0+
03.027 300 B 22.18 0.06
03.031 100 R 21.14 0.03
03.035 2x1200 350-1000nm Fig. 2.2 blue+red {1}
1996TP86 1998 Aug 24.332 600 B 22.84% 0.08
UTI4+TC 24.341 600 Y 21.86 0.06
24.353 600 R 21.27 0.06
24.365 600 I 20.62 0.av
1997CQ29 1999 Mar 20.142 2400 J 21.68 Q.18
NTT+50F1 20,140 1920 )il 21.02 .34
UTLI+FORS! 1999 May 13.975 300 v 23.53 0.11
14,4451 2x180 v 23.91 0.11
14.8973 300 R 23.21 0.08
14,477 400 [ 22.69 a.11
15007 3600 560-1000nm Fig. 2.2 recd only
199TCS29 1999 Mar 20.060 720 3 20.40 0.10
NTT+S50FI 20,060 1440 H 20.00 0.12
20.080 1440 K, 20010 0.20
UTI1+FORS! 1999 [Dec 05.300 2x200 R 2).27 0.04
05.303 400 I 20.73 0.03
05.309 500 B 22.88 0.06
05.318 250 \Y% 21.99 0.05
D5.325 1246 350-1000nm Fig. 2.2 bluered
3.5m+MOSCA 2000 Jan 04.057 600 v 2217 0.05
N4.067 2x450 1 20,72 0.08
04.069 3x600 R 21.3% 0.03
0:4.092 1260 B 23.20 0.06
1998HK 151 1999 May 14.302 300 v 22.12 0.03
UTI14+FORS1 15.243 2x300 A 22.06 0.03
14,310 300 R 21.63 0.03
14314 600 1 21.20 0.0h
15,242 GO0 1 21.21 0.1
1h.208 3600 590-1000nm Fiyg. 2.2 red only

Note:All magnitudes apply for the Bessel filter system.
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Table 2.3: Log and Results of the TNO/Centaur observations— Calar Alto results

FOb_ject Date Exp.Time | Filter | Brightness | Error
Tel.-+Inst. (UT) (sec) (mag) (mag)
1598TF35 2000 Jan 04.978 600 v 22.26 .05
3.5m+MOSCA 04.998 2x600 R 21.55 0.03

05.000 2x450 I 20.98 0.09
05.020 1200 B 23.28 0.10
1998V G44 2000 Jan 05.940 600 A\ 21.75 0.03
3.5m+MOSCA 05.955 3x600 R 21.14 0.03
05.577 1560 B 22 68 .04
06.004 2x450 1 20.37 0.07
1998WH24 2000 Jan 03.967 1200 B 22.39 0.04
3.5m+MOSCA 03.988 600 Vv 21.56 0.04
03.994 2x600 R 20.92 0.02
04.000 2x450 I 20.53 0.04
1998XY95 2000 Jan 05.061 900 v 23.40 0.12
3.5m+MOSCA 05.071 2x600 R 22.75 0.07
05.G80 3x450 I 21.98 0.14
05.123 1500 B 24.33 0.20
1999TC36 2000 Jan 04.799 600 B 21.71 0.03
3.5m+MOSCA 04.815 600 A" 20.75 0.03
04.822 2x600 R 20105 0.02
04.829 2x450 I 19.47 .03 |

Note: In case of multiple exposures within RBRVIR filter sequences the mid exposure time and average

filter brightness is given. All magnitudes apply for the Bessel filter system.
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were eliminated, by inspecting the difference image between unfiltered and filtered ones.

For the wavelength solution and object signal extraction, the dispersion curve was
obtained and the spectra were calibrated in wavelength by using HeAr spectra. At the same
time possible geometrical distortion of the lines were also corrected. By integrating over
the along-slit extension of the spectral profiles and subtracting the sky lines, one-dimension
spectra of the objects were obtained. For this operation particular care was necessary in
order to use the minimuin possible width of the spectrum for the extraction of the object
signal, without loosing signal or introducing possible artificial colour, since the spectra
were very weak and the sky contribution high. For the response and flux calibration,
spectrophotometric standard star spectra, once corrected for air mass extinetion, were
used to derive the instrumental response curve. The response was used to obtain the flux
calibrated TNO spectra. Finally, all spectra available for a single object were co-added and
convolved with the instrumental point spread function {a Gaussian profile with FWHM
= 2.6nm). The reflectance curves of the TNOs were obtained by dividing the respective
final spectra of an object by the catalogue solar spectrum, flux calibrated, and convolved
with the same instrumental point spread function.

In the final spectra {(both the flux calibrated and the reflectance ones) the major source
of noise is produced by the sky emission lines, some of which amount to more than 10

times the signal of the objects.

Near Infrared Data

SOFI: The standard procedure for infrared data reduction was also applied for the
NTT/SOFI infrared observations. First of all, The flat ficld response for each band was
obtained as difference of dome exposures taken with light on and off, normalized to 1.
From each observing sequence of the objects a master sky frame was obtained as median
of several frames recorded with the telescope pointing always in shghtly different positions
(jitter images). The reduced frames were computed as difference of a single object frame
minus the sky one, divided by the flat field frame. In this way the sky contribution, the
bias and the possible telescope background were also subtracted fromn the resulting frame.
Since a single object frame had a typical exposure time of the order of 1 min, the faint
TNOs were not easily visible in these images. Therefore, in order to identify the targets,
all frames were re-aligned to the computed position of the TNQs using the background
stars present in the field and the predicted proper motion of the TNOs. The median
of all the aligned images gave an image with the TNO well visible and the background
stars dinitned (depending on the TNO proper motion, the length of the exposure and the

brightness of the field stars). For infrared photometry, the measurement of the magnitude
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of the observed objects was made according to the same procedures used for the FORS1
data. Actually the procedures work much better here, because the background stars were
dimmed by the median average.

The measurements of the standard stars followed the same procedure apart that the
realignment was done to the stars themselves. By applying colour and air mass correction
for La Silla the NTT/SOFI zero points were obtained. Since the emission of the sky in
the infrared region is much larger than that in the visible, the greatest error contribution

in the measured magnitude was the sky noise.
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2.1.3 Results

The filter photometry of the observed TNOs and Centaur as obtained from our images
is given in Table 2.2 and Table 2.3. Table 2.1.3 lists the absolute brightness Mg, the
equivalent radius and the colours of the objects as derived from the data in Table 2.2 and
Table 2.3. It also lists the spectral gradients of the TNOs as obtained from the colours
(B-I and V-I) and from spectra (red, blue&red) and provides a type indication from both
the orbit and the photometric data.

The reflectivity spectra of the observed TNOs are shown in Figure 2.2. Figure 2.5
shows their V-I colours versus the absolute brightness in the R passband. Colour-colour
diagrams of the TNOs and Centaurs are given in Figure 2.6. The reddening gradient
statistics of the TNOs and Centaurs is displayed in Figure 2.7, Figures 2.2 and 2.5 show
results of our own observations only. Figure 2.6 allows the comparison between our data
and the ones found in literaturc. Figure 2.7, finally, combines all existing data as explained
below (see also Table 2.6).

The absolute magnitude My of the object is derived from its R filter brightness using
the formula for asteroids (adopted by IAU Comimission 20; Meeus 1998). For the phase
correction factor G a standardized value of 0.15 is applied. The error of My is identical
with the measurement uncertainty of the R filter brightness. Mg can be considered as a
measure of the product "geometric cross-section x albedo of the object”. The equivalent
radius of the object is obtained applying the classical formula by Wyckhoff (1982) and
assuming an albedo of 0.04. With one exception (1995HM5 for which we have near-IR
data only)} our absolute magnitude and equivalent radii refer to R filter brightnesses of the
objects.

The colour gradients grad{C1,C2) indicate the reddening of the objects and are derived
from B-1, V-I and V-J colours. They are given in "percent per 100nm” and can be

calculated via formula 2.1:

100-4x[(Cline~C2inal = (Clg—C2z)] _ 1

(Ac1 — Acz) 10 1)

grad(C1,C2) =

where

Clina, C240 : the brightness of the TNQO/Centaur in filters C1 and C2
Clg, C2; . the filter brightness of the Sun

Aci,cz - the central wavelength of the filters C1 and C2.

The corresponding spectral gradients can be measured directly from the reflectance
spectra of the objects (using the "reference wavelength” of 600 — 900 nm for the red

spectra and 400 - 900 nm if blue and red spectra are available).
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Table 2.4:

TNO/Centaur absolute brightness, radii, colours and spectral gradients

Qbject Mg B-V V-R R-1 V-J J-H H-K, grad(B-1) grad(spectrum}
Dyn. Type Radius sB-V sV-R SR-1 aV-J §J-H §H-K, grud{V-1) spectral type
[mag]/[km] [mag] [mag] [mag] [mag] [mag] {mag] [%/100nm}) [%/100am)
1992QB1 6. 82+0.06 1.00 0.60 0.56 — — — 30410 —_
Cunbewnano 12043 0.20 0.10 0.09 — — — 2146 very red
1983RO 8.56:0.08 — 0.74 0.48 — — — — —
Plutino 5442 £.11 0.11 _ — — 25k7 very red
1984EV3 7.0840.1% — 0.26 0.80 — — — — —
Cubewano 10748 — .20 0.20 — — — 169 blue outliers
1995HMB 22,3940.29(1) — —_ —_ —_ 1.18 — — —
Plutino 6710(1) — — — — 0.47 — — outliers 7, peculiar H-K
18955M55 4.20£0.03 0.68 0.28 0.39 —_ — - -1+l -12:+5
Cubewano 40416 0.06 0.04 0.04 — — — -1l bluish
1966RQ20 6.8240.05 .89 0.68 0.58 — — — 30£8 —
Cubewano 11243 ¢.14 0.09 0.09 — — —_ 27TET very red
1996 TLE6 5.3040.06 .35 0.63 0.37 -— — — 0t3 —_
Scattered 24347 .09 0.08 0.09 — — — 1344 neutral to slightly red
1996 TOHB8 4.3610.03 .56 0.48 0.23 — —_ — -2z 3+3
Cubewano 37515 0.07 0.04 0.05 —_ — —_ 12 neutral to slightly red
1908 TP&6 7.05+0.06 1.03 0.58 0.66 — — _ 366 —
Plutine 10943 .10 0.08 0.09 —_ — —_ 24:4:6 very red
1987CQ29 6.86£0.08 — 0.72 0.61 2,24 0.66 —_ — 2745
Cubewano 109:£4 — 0.14 0.14 0.25 — — Lt very red
1987CS29(VLT) 4.76+0.04 0.89 0.72 0.64 1.72 0.31 0.36 3014 T3
Cubewana 312:+8 0.08 0.06 0.05 0.11 0.18 0.23 2744 very red
1997C529 {CA) 4.97£4.03 1.03 0.78 0.54 2.15 —_ — 50:k6 —
as above 283+4 0.08 0.06 2.06 0.07 — — 404+5 as above
1998HK 151 6.86£0.03 — 0.45 0.42 — — —_ — T+3
Plutino 11842 —_ 0.04 0.04 —_ —_ — 743 neutral te slightly red
1998TF35 8.60£0.03 1.02 0.71 0.57 2.30 — —_ 3a+8 —
Centaur 5341 0.11 0.06 0.09 0.13 - —_ 2046 very red
1898V (G444 6.16+0.03 0.93 0.61 0.77 2.31 — — 3945 —
Plutine 163+2 0.05 0.04 .04 0.08 —_ — 465 very red
1998WH24 4.53+0.02 0.83 0.64 0.39 1.86 — — 1612 —
Cubewano 34743 0.06 0.04 0.04 0.06 — — 16543 medium red
199BX Y95 6.3940.07 0.93 0.65 .77 2.35 — —_ AlE18 —
TNO 14744 0.23 0.14 0.1§ 0.24 ot — 38413 very red
1999TC386 4.7740.02 0.96 0.70 0.58 2.24 —_ — 3542 —_
TNO 310%3 0.04 0.04 0.04 0.04 — — 2943 very red
Sun 0.67 0.36 0.33 1.08 0.29 0.06

Notations: VLT = measured at VLT, CA = measured at Calar Alto.

The objects are listed according to designation.
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Table 2.1.3 lists for each object:

o the object designation and, if known, the dynamical type (Plutino, Cubewano, Scat-
tered = scattered disk object, Centaur, TNO = unclassificd TNQO)

e the absolute R filter magnitude Mg (except for 1995HM5 which is based on the J
filter brightness).

e the equivalent radius derived from the R filter brightness (except for 1995HM5 which

are based on the J filter brightness) for an assumed albedo of 0.04.

¢ the colours of the objects in a set of cardinal filters (B-V, V-R, R-1, V-J, J-H, H-
Kg). The photometric errors of the colours are given in the second line (calculated

by standard error propagation from the measurement errors for each filter).

e the colour (B-I and V-I} gradients according to Equation 2.1 as well as the gradient

measured in the reflectance spectra (if available).

e the photometric type of the objects classified according to the colour gradient statis-
tics. Bluish: gradient < 0 [%/100nm]|; neutral to slightly red: gradient 0-10 [%/100nm];
medium red: gradient 10-25 [%/100nm]; very red: 25-40 [%/100nm]; outliers: any-
thing else.

Reflectance spectra

The reflectance spectra of the 5 TNOs observed (see Figure 2.2) are featureless, i.e. without
indications for {neither emission nor absorption) spectral lines or bands intrinsic to the
objects. The scatter in the red end of the spectra is due to incomplete subtraction of very
bright skylines.

The spectral gradients are very constant over the measurcd wavelength ranges. How-
ever, marginal changes of the spectral slopes exist toward the red end of some spectra
possibly indicating less steep reddening of the objects toward the near-IR region. Overall,
the spectral gradients agree very well with the photometric ones for all measured objects
except 19955055 for which the spectrum shows a negative gradient while the photometry

gives neutral colours; see also section 2.1.3.
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Figure 2.2: Reflectance Spectra of 19955M55, 1996T066, 1997CQ29 and 1998HK151.
The scatter beyond 750nm is due to incomplete subtraction of strong skylines. The re-
flectance spectra of the individual objects are offset by an arbitrary value for better display.
For 1996TO66 the "red+blue” and the "red only” spectra are shown: the good overlap of
both spectra proves that first order contamination in the red is negligible.




2.1. SURFACE CHARACTERIZATION OF TNOS AND CENTAURS 25

Properties of individual objects

Here, we present short portraits of the individual TNOs/Centaur observed. Their char-
acterization is based upon our results and data published in literature. The objects are

listed according to temporal order of designation.

1992QB1: the My brightness of 7.00 mag corresponds to an equivalent radius of 110 km
(albedo = 0.04}, i.e. 1992QB1 may be of medium size. According to our BVRI colour
measurements this TNQO is a typical red object {gradient of about 30 %/100nm).
While our VRI colours are in good agreement (though more accurate) with those
of Luu& Jewitt 1996 the B magnitude differs by 0.35 mag (ours being redder). This
deviating B3 brightness explains why 1992QB1 was previously considcred an outliers
in the V-R versus B-V diagram. According to our data 1992QB1 falls pretty much
in the centre of the red group of objects in both colour-colour diagrams (see Fig-
ure 2.6). One can speculate whether a change of the physical properties of the TNO
or problems with the earlier B filter measurements (our favoured interpretation) are
responsible for the colour change in B-V. Neither a visible spectrum nor near-IR
data of 1992QB1 are available so far.

1993R0O: this TNO is fainter and most likely smaller than 1992QB1 (see Table 2.1.3).
The VRI colours are red (V-1 spectral slope of 25 %/100nm}. The published VRI
data (Luu&Jewitt 1996b) are in agreement with ours, while their B-V index is even

steeper. Visible spectroscopy and JHK data of this object are still missing.

1994EV3: this medium bright TNO (see Table 2.1.3) is a puzzling object. It appears
to be very red according to the B-V and R-I indices measured by Luu and Jewitt
(1996b} and in our own data of 1999. Contrary to this, 1994EV3 has only slightly
reddish (Luu&Jewitt 1996b) to slightly bluish (ours) V-R colours. Unfortunately,
no further observations (visible and near-IR) of this exceptional TNQ are reported.

1995HMS5: we have JH magnitudes of this object only. Taking the M value of 7.30 mag,
this object would be one of the smaller TNOs known so far (about 65 km equivalent
radius for albedo (1.04). Qur J filter radius is not too different from the one (about
80 km) obtained in the visible wavelength range (Tegler and Romanishin 1998). The
published BVRI colours (Tegler and Romanishin 1998, Barucci et al. 2000) assign an
almost neutral colour gradient to 1995HNM55. Our J-H value of 1.18 mag is, however,
very red, but also very uncertain. If confirmed, it would make 1995HMS5 a rather
peculiar object (neutral in the visible, very red in near-IR) among the TNQs. Only

colours of the object are measured so far.
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Table 2.5: List of TNO and Centaurs Colours.
Object u-B B-V V-R R-I B-1l V-1 RS | J-H H-K,
(mag) (mag) (inag) (mag) (mag) (mag) {mag) (mag) (mag)
Sun 0.2 .67 0.36 0.33 1.36 0.69 1.08 0.29 0.06
1992QB1 1.001+0.20 0.60+0.10 0.56+0.09 2.16%+0.19 1.16£0.11
199AFW1 0.97+0.11 0.62+0.05 0.46+0.186 2.05 1.8
1993RQO 1.071+0.12 0.5710.09 0.65+0.09 2.29 1.22
1993SB <137
19935C 1.04+0.17 0.62+0.08 0.6640.22 2.32 1.28 2.570.08
1994ES2 0.71£0.15 0.9440.15 0.97+0.15 2.62 1.91
1494EV3 1.50+0.19 0.5440.05 0.804£0.20 2.84 1.34
1994JR1 1.01£0.18 0.57+0.15 0.52+0.12 2.10 1.09
199418 0.8510.07
19943V 0.7840.06 0.59+0.05 1.37
1994T'B 1.03x+0.11 0.764+0.09 0.63+0.15 2.44 1.41 2.5440.11
1994VEKS 0.6240.11
1996DA2 0.5540.11 0.504-0.16 1.05
199512C2 0.77+0.16 0.58:£0.16 1.35
199511M5 0.67+0.12 0.500.07 0.311+0.09 1.48 Q.81
1995QY9 0.714£0.03 0.4716.01 0.404+0.06 L.58 0.87 2.0140.13
19955M65 0.6840.06 0.26x0.04 0.39+0.04 1.33+0.06 0.65+0.04
1995WY?2 0.99:40.15 0.6R:£0.15 0.43+0.15 2.10 1.11
1996 RQ20 .8940.14 0.68+0.09 0.5840.09 2.15+0.14 1.26+0.11
1996524 <1.41
1996°T' .66 0.9740.19 .69:4+0.08 0.31+0.17 0.4040.14 1.40 0.71 1.27:£0.11 0.35+0.14 0.044+0.11
1996 TO6B6 1.014+0.12 0.674+0.08 0.37+0.05 0.3940.03 1.43 0.76 0.86x0.14 -0.2110.17 0.8140.15
1996T P66 1.04:40.24 0.6610.02 0.571+0.14 2.27 1.23 2.1640.07 0.1740.06 0.02+0.00
1996 T'Q66 1.16+0.10 0.70+£0.07 2.4140.08 1.004£0.27 0.03+0.0%
16T S66 0.98+0.05 0.60+0.17 0.67+0.17 2.25 1.27 1.8740.11 0.654+0.07 0.094+0.09
1997CR29 0.794+0.10 0.4740.068 0.68+0.12 1.64 1.15
1997C529 0.8940.08 0.724+0.08 0.54:1+0.05 2.15+0.07 1.26+0.06 2.0640.02 0.31+0.18 0.360.23
1997CQ28 0.934+0.14 0.7140.19 0.61+0.14 2.25 1.321+0.20 1.844£0.37 0.66£0.38
1087CT29 1.014+0.12 0.724+0.07
1997CU29 1.06+0.21 0.70£0.09 0.55+0.09 2.31 1.25
1907QJ4 1.23+0.31
1998F5144 0.9640.12 0.63+0.07 0.27+0.0% 1.86 .90
1998HK 151 0.4510.06 0.41+0.05 0.86+0.06
1998WH24 0.83+0.06 0.6440.04 0.39+£0.04 1.86+0.06 1.034+0.06
19498V 44 0.93+0.05 0.6110.04 0.774+0.04 2.31+0.08 1.38%0.08
1948XYY5 0.93£0.23 0.6540.14 G.77+0.16 2.3540.24 1.4240.18
1998 TC36 0.96+0.04 0.70+0.04 0.58+0.04 2.24+0.04 1.28+0G.04
2060 Chiron 0.70+0.02 0.37+0.03 0.35+0.04 1.42 0.72 1.204£0.30 0.3040.30 0.104+0.20
5145 Pholus 1.274+0.10 0.784+0.03 0.77+0.02 2.82 1.55 2 RH4+0.02 0.37+0.02 -0.0340.02
7066 Nessus 1.0040.04 0.7910.04 0.71+0.10 2.59 1.50 2.294+0.01 0.2840.10 0.0040.10
8405 Asbolus 0.7510.04 0.4440.03 0.5240.03 1.71 0.96 1.65+0.02 0.371+0.06 0.094:0.05
10199 Chariklo 0.77+0.05 0.471£0.02 0.54+0.02 1.78 1.01 1.714£0.02 0.4140.02 0.0740.03
1995DW2 0.51+0.10 0.4340.07 0.4940.10 1.46 0.92 1.311£0.10
1988 TF35 1.02£0.11 0.7140.06 0.57+0.09 2.304+0.13 1.2840.10

The measurements from this work and from literature were combined as described in the text. The

TNQOs are listed in the upper, the Centaurs in the lower part of the table.
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1995SM55: this large ( i.e. bright) TNO has VRI and a red spectrum measured. Both
observations indicate that 19955M55 is a neutral to slightly bluish object. The
spectrum {see Figure 2.2) displays a somewhat bluer gradient although with a trend

to flatten off beyond 800nm. This object had no colours or spectra published so far.

1996 RQ20: another medium-sized object (Mg = 6.99 mag, equivalent radius = 110 ki
for 0.04 albedo). From its BVRI colours {gradient of about 30 %/100nm) this object
appears to be a reddish TNO similar to 1997C529. The only V-R measurement
available from literature (0.44 mag; Tegler and Romanishin 1998} would classify this
TNO as neutral, which is in clear disagreement with our data. No spectrum nor

near-IR photometry of 1996RQ20 are measured so far.

1996TO66: the Mg brightness of 4.53mag is almost exactly identical with the one found
from earlier photometry (Hainaut et al. 2000). It corresponds to an eguivalent
radius (albedo = 0.04) of 345km which would make this objects one of the largest
TNOs known so far. Qur new data - colours and spectra — classifies 1996 TO66 to be
a neutral object. The two available spectra of 1999 confirm the quasi-simultaneocus
photometric colours. A close comparison with the 1997 spectrum (Hainaut et al.
2000) shows marginal differences between the 1997 red (beyond 750nm) and 1999
blue-to-red gradients. The photometric colours of Dec. 1999 agree well with the
ones measured earlier (Jewitt&Luu 1998, Barucci et al. 1999b, Hainaut et al. 2000).
This implies that the change in the amplitude of the rotation light curve of this
object observed between 1997, 1998 and 1999 had no or very little impact on the
object colours and spectrum; (for a new study of the light curve of this TNO sece
Sekiguchi et al. 2001). 1996TO66 is a representative of the ncutral colour TNOs
and it is considered the most interesting TNO observed so far: water absorption in
H and K band (Brown et al. 1999), light curve changes (Hainaut et al. 2000).

1996 TP66: this rather bright and most likely large TNO is also a very red object (gra-
dient of about 35 %/100nm, i.c. redder than 1997CS29). Our BVRI colours are
in good agreement with the ones of Tegler and Romanishin (1998), Jewitt and Luu
(1998) and Barucci et al. (1999b). In the near-IR its spectral slope gets flat with
H-K being of solar value (Noll et al. 2000).

1997CQ29: with 110km equivalent radius (Mg = 7.05 mag) this TNO may be a medium
size body in the Edgeworth-Kuiper Belt. The variability in the V filter brightness
(0.38 mag, see Tables 2.2) is due to the body’s rotation and may indicate an non-

spherical shape (axis ratio > 1.45) and/or albedo variations (factor ~ 2} on its
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surface. Our visible data indicate that this object may be very similar to 1997C529:
a typical red TNO (constant gradient of about 30 %/100nm from about 500 to 900
nm). The V-J and J-H colours appear to be larger as compared to 1997CS29 which
may be due to the large uncertainty in our photometry and/or due to rotational vari-
ability over the long near-IR integration times. Our VRI photometry agrees with
that of Tegler and Romanishin (1998), the V-J colour differs — by about 0.1 mag -
from that of Davies et al. (2000) - possibly because of the rotation light curve of

the object.

1997CS29: this object appears to be a large TNO (Mg of about 4.85mag or 290 km

equivalent radius) with a red spectrum and red colours in the optical wavelength
range. The featureless visible spectrum (see Fig. 2.2) displays a constant gradient
of 27 %/100nm from 400 to 300 nm with only marginal indications of a somewhat
smaller slope beyond 800 nm. The VLT BVRI colours agree with the spectrum.
However, they disagree with the B-V colour published by Tegler and Romanishin
(1998) (ours: 0.89 mag, Tegler and Romanishin: 1.17 mag); our (quasi-simultaneous)
spectrum and photometry does not support such a strong reddening in the blue
wavelength range as indicated by the B-V value of Tegler&Romanishin. The Calar
Alto results for BVRI lic in between the ones from the VLT and Tegler&Romanishin.
They agree with the VLT ones for adjacent filter colours within the error bars, but
they have a trend to a slightly redder gradient such that the B-I and V-I colours
clearly deviate from the VLT ones. From our Calar Alto R band monitoring of this
object over 3 nights (unpublished) we conclude that 1997CS29 is a slow rotator with
a rotation period clearly longer than one day. Therefore, the discrepancy between
the three data sets is cither intrinsic to this object or due to inconsistencies in
the data reduction of the various groups. In the near-IR filters JHK, the colour
reddening becomes smaller with a clear trend to level off toward the long wavelength
end. 1997CS29 appears to be a typical representative of the red TNO population
(B-I spectral gradient agrees with peak value in TNO population statistics; see
section 2.1.4).

1998HK151: this medium-sized/bright object (Mp = 6.87 mag, equivalent radius of 120

km for albedo (.04) belongs to the group of TNOs with neutral to only very slightly
red colours. The spectral gradient of 7 %/100nm obtained from our VRI colours is in
exact agreement with the one measured in our spectrum. This spectrum is the best
one we have in terms of S/N (we had 0.4” seeing during the 1 hour integration time),

but it is still not good enough to search with success for absorption bands in the red
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part of the spectrum. However, a small turn-over to a flatter slope is found beyond
about 800 nm. The object was measured with almost constant V filter brightness in

two subsequent nights. No comparison data are available from literature.

1998TF35: the only Centaur in our sample is of about 50km size (according to its abso-

lute brightness in R). It is a red object more like the typical red TNOs, but not as red
as the two other red Centaurs, 5145 Nessus and 7066 Pholus (Barucci et al. 1999b

and references therein}. No comparison data of this object are found in literature.

1998V G44, 1998XY95, 1999TC36: these TNOs, although different in their absolute

magnitude and thus possibly in size, have very similar BVRI colours. They all belong
to the group of typical red TNOs with colour gradients of 30-40 %/100nm. Our
measurements for 1998VG44 are in agreement with the ones of Romon et al. (2001)
except for R-1 for which the deviation is slightly higher (0.05mag) than compatible
with the claimed photometric errors. Near-IR data of all three objects are not

available,

1998WH24 one of the largest TNOs measured so far (Mg=4.68mag, equivalent radius of

about 350km for albedo 0.04) shows intermediate red colours. The I band brightness
would indicate an unusual R-I gradient, but it is most likely contaminated since the
photometry was done in the immediate neighborhood of a bright star (the given
uncertainty is a formal error). This is also apparent when comparing our data with
those of Barucci et al. (2000): while B-V and V-R agree within the error bars, R-1
does not. No spectra and near-IR data of this TNO are published so far.

In summary: in our ESO and Calar Alto observations from 1998 to 2000 we could

identify

4 neutral, slightly bluish or slightly reddish TNOs (1995SM55, 1996 TL66, 1996 TO66,
1998HK151),

1 intermediate red TNO (1998WH24),

9red TNOs (1992QB1, 1993R0, 1996RQ20, 1996TP66, 1997CQ29, 1997CS29, 1998V G44,

1998XY95, 1999TC36),
1 red Centaur {1998TF35)

2 TNOs appear as outliers (1994EV3, 1995HMS5).




2.1. SURFACE CHARACTERIZATION OF TNOS AND CENTAURS

Table 2.6: Merged List of TNO and Centaurs Spectral Gradients.

Object Grad(B-I) Grad(V-I) Grad(V-J)
(%/100nm) | (%/100nm) | (%/100nm}

1992QB1 30 21

1993FW1 25 17

1993RO 38 25

19935B <4

19935C 39 29 44

1994E52 61 82

1994EV3 81 33

1994JRK1 27 18

1994JV 35

1994TH 47 37 42

1995DA2 16

1995DC2 33

1995HMS5 3 5

1995QY9Y 6 7 20

19955M35 -1 -1

1995WY2 19 3

1996RQ20 30 27

1996544 <b

1996 TL6G 1 1 3

1996 TO66 2 3 -3

1996TP66 36 26 25

1996T Q66 36

1996'TS66 35 28 16

1997TCR29 20 21

1997C529 30 27 22

1997CQ29 35 31 15

1997CU2Y 39 27

1997QJ4 2

1998F 5144 16 8

1998HK 151 7

1998 WH24 162 15+3

1998V G 44 39+5 3545

1998XY 95 41116 38+13

1999TC36 35%2 2043

2060 Chiron 2 1 2

5145 Pholus 79 48 415

7066 Nessus 58 44 30

8405 Asbolus 11 11 10

10199 Chariklo 13 14 2

1995DW2 3 9 3

1998TF35 388 2946

The TNOs are listed in the upper, the Centaurs in the lower part of the table.
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With a few exceptions, our colour values confirm the ones reported for the respec-
tive objects in literature. In the few cases for which spectra of TNOs are available,
the spectroscopic colour gradients are in good agreement with the ones determined from

(quasi-simuitaneous) photometric data.

2.1.4 Photometric Characterization of TNOs and Centaurs

For the group characterization of TNOs and Centaurs we apply colour-magnitude and
colour-colour diagrams as well as the statistics of colour gradients, for the two latter we
comnpare the two ohject groups TNOs and Centaurs.

The colour-magnitude diagram uses only our own measurements of TNOs, while the
colour-colour plots and the colour gradient statistics are based on a compilation for TNOs
and Centaurs which merges the results of our measurements with the table of object colours
as published by Barucci et al. (1999b}, supplemented by those of Barucci et al. {2000)
and Romon et al. (2001). The following modifications of the original table of Barucci
et al. (1999b) were applied: (a) data of objects measured for the first time(19955M55,
1998HK151, 1998TF35, 1998VG44, 1998XY95, 1999TC36) are included, (b) for object
colours, for which we consider — based upon the discussion in section 2.1.3 — our own
results more reliable than those in literature, our values replace those from other sources
(1992QB1, 1996RQ20, 1997CS29, 1997CQ29, 1998WH24), (c) object colours are added if
measured for the first time (1993EV3, 1995HMS3).

Table 2.5 lists the merged new table of broadband colours for TNQOs and Centaurs.
It considers our own measurements of 17 objects and the published data of 39 objects.
The merged table contains 37 TNOs and 7 Centaurs. The low number of Centaurs with
photometry measured, makes statistical conclusions on group properties very difficult. At
best first trends can be derived. For TNOs the near-IR range is not yet covered by a large
enough set of measured objects such that for the time being we will not include it in our

statistical analysis.
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Colour-magnitude diagram

Fig. 2.5 shows the V-T colour versus the absolute magnitude Mg of the objects in the R
band filter (see Table 2.1.3}. Over the whole range of absolute magunitudes measured our
data show no conclusive correlation between Mpz and the V-I colours of the objects. At
best — however based on only 6 data points — one could hypothesize a linear trend between
Mg and V-I for the brightest TNOs (brighter than Mg = 5 mag). The absence of a clear
relationship between Mp and V-T in Figure 2.5 is in contrast with the results published
by Jewitt&Luu (1998) and Davies et al. (2000) (see Fig. 2.3).
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Figure 2.3: Previous results of colour-Magnitude Diagram. Plot of red absclute R magni-

tude versus the V — J colour index

Both groups found a strong correlation between My and V-J using a sample of only
5 selected TNOs with high-quality measurements. The line in Fig. 2.3 (a) shows a least-
square fit to their TNOs data for V-I. The linear correlation coefficient is reorr = 0.98(N =
5). Davics et al., however, cannot confirm this correlation using a larger sample of 14
TNOs.

Here, we present new measurements and the plot of colour (V-I) — absolute magnitude
diagram. For the purpose of comparison to our data, V-I data of Jewitt&Luu (1998)
ware plotted in Fig. 2.4 and 7o = 0,95 (N = 5) in this case. However, our sample also

suggests that the colour dispersion does not depend on Mg, i.e. on the product between
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Figure 2.4: Colour — Absolute magnitude diagram of TNOs and Centaurs. For the purpose
of comparison to our data, V-I data ware plotted from Jewitt&Luu {1998).
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Figure 2.5: Colour — Absolute magnitude diagram of TNOs and Centaurs. The figure plots
the V-1 colour of our own TNO&Centaur measurements versus the absolute magnitude
as derived from the R filter brightness of the objects. The plot includes 16 TNO and 1

Centaur measurements.
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cross-section (or size) and albedo of the object. The linear correlation cocflicient for our
data is regee = 0.25{N = 15). This statistical number imply that the correlation between
size and colour is little. A larger statistical sainple needs to be analyzed to confirm or

disprove this suggestion.

Colour-colour diagrams

Three colour-colour plots are presented using the merged data set of Table 2.5: B-V versus
V-R, B-V versus R-1, and V-R versus R-1 (Fig. 2.6). While — on a first sight — the B-V
vs V-R diagram suggests a certain population clustering among the TNOs (a neutral and
a red population), only a single group of TNOs with continuous increase in reddening is
seen in the two other colour-colour plots.

TNOs: the B-V vs V-R plot gives the impression that there are two groups of TNOs:
one with neutral to slightly reddish colours, one with red to very red colours. This inter-
pretation is already described by Tegler&Romanishin (1998) who argue for the existence
of two distinct TNO populations (see Figure 2.1). The separation of the two groups is in
B-V (and not in V-R) with objects missing for B-V = 0.7 {i.e. almost solar colour) to
0.9 mag. Considering the large error bars and the presence of a few objects in or close
to the B-V gap, an overlap of both groups cannot be excluded. New observations of a
TNO sample of about 15 objects (Trujillo et al. 2000) do not show population clustering.
A two-dimensional Kolmogorov-Smirnow statistics analysis of the available colour data
(Hainaut, priv. communication} concludes that the observed colour distribution (this in-
cludes also B-V vs V-R) is compatible with both a single continuous as well as with a
double peak colour population of TNOs.

It is noteworthy that the TNOs of solar-type B-V population have also neutral V- R
and R-T colours. The red B-V group objects are also red in V-R and R-I. This confirms
the conclusion from our spectroscopy measurements that usually no sudden and significant
changes of the spectral slope are seen in optical spectra of TNOs (see also section 2.1.3).

Two outlier objects are found in both colour-colour plots: 1994ES2 and 1994EV3 (the
two other objects away from the main group are 1992QB1 and 1996 TL66, but we believe
that this is due to wrong measurements published in literature — see section 2.1.3).

Centaurs: the measured Centaurs — although small in number — scem to be cither
mostly neutral to slightly red or very red objects {5145 Pholus and 7066 Nessus). Three
out of the 4 Centaurs with neutral colours fall in the B-V range of 0.7-0.8 mag, i.e. they
appear in the B-V gap of the TNO population. 3 red Centaurs are placed at the upper
end and beyond the red TNO group in the B-V vs V-R diagram (Fig. 2.6).
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Figure 2.6: Colour-colour diagrams of TNOs and Centaurs. Top: B-V versus V-R; Middle:
V-R versus R-I; Bottom: B-V versus R-1. The plots compare our own measurements with

data from literature. Solar colours are indicated by a circle.
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Colour gradient statistics

Table 2.6 lists the colour gradients (or reddening) of the TNO and Centaurs as calculated
from the colours of Table 2.5. For the colour gradient statistics the number of objects
per gradient interval is counted. The gradient intervals are set in steps of 10 %/100nm
over the total gradient interval measured (which was -10 to 100 %/100nm). The chosen
step width is approximately twice the average standard deviation of the majority of the
individual gradient values. Although of arbitrary nature, this selection grid may somehow
represent groups of objects with distinet differences in surface reddening. The gradient
statistics obtained are presented in Figs. 2.7. The reddening of the objects (in %/100nm)
as compared to the Sun is calculated according to Equation (2.1) and the number of objects
(Y axis) per reddening interval (X axis) is counted. The sub-panels show the results for
three different colour gradients, in each diagram separately for TNOs and Centaurs.

For TNOs the gradient statistics suggests the following conclusions:

e the majority of TNOs has reddening between 0 and 50 %/100nm for all three colour
gradients considered; only a few objects have higher reddening in B-1 and V-1, none
in V-J.

e the distribution maximum falls between 20 — 40 %/100nm for the B-V and V-I
gradients with a trend to smaller gradient values for V-I. The V-J plot gives an
inconclusive result because of its low number statistics, although a general trend to

smaller reddening gradients {as compared to B-I and V-I) seems to be present.

¢ the B-I and V-1 gradient distributions of TNOs may be double-peaked: the group
with gradients of 0 - 10 %/100nm may be small, the other one with 20 — 40 %/100nm
reddening is more abundant in number. However, the statistical significance of the
group with neutral colours seem to be low (since the number of objects with colour

gradients of 10 - 20 %/100nm is almost as high as the neutral ones).

The trend of smaller reddening gradients toward longer wavelength in the visible region
is in qualitative agreement with results from the near-IR photometry which gives close to
zero reddening for several TNOs in H-K (see Davies et al. 2000; Noll et al. 2000). From
our spectra, we have — marginal - indications that this change toward smaller reddening
gradients gradually starts between 700-800nm.

For Centaurs we conclude from the colour gradient plots:

¢ the Centaurs show up in two separate reddening ranges: the majority (in total 4)
falls in the reddening interval between 0 - 20 %/100nm, a minority has gradients of

more than 30 %/100nm. This applies for all three colour gradients considered.
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Figure 2.7: Reddening gradient statistics of TNOs and Centaurs. Top: B-I gradient statis-
tics, Middle: V-1 gradient statistics, Bottom: V-J gradient statistics. The explanations of

each axis and data are in the text,
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¢ the Centaurs of neutral colour tend to be "clustered”, while the red objects spread

over a wide gradient range.

¢ the number statistics of measured objects is very poor (only 7 in total). Therefore,

the two conclusions mentioned above have to be taken with great care.

The gradient statistics suggests a diversity in the pre-dominant reddening between
TNOs and Centaurs: the majority of TNOs has typical reddening of 20 - 40 %/100nm,

while only one Centaur in this colour gradient range was found (so far). The measured

Centaurs seem to populate either the blue to slightly reddish or the extremely red colour

gradient ranges. Therefore, if Centaurs are considered to be sunward scattered TNQs

(Levison 2001), these objects have likely undergone a colour change as compared to the
TNOs in the Edgeworth- Kuiper-Belt.

The colour palette seen in objects of the outer solar system is usually attributed to

the combined action of three effects:

(1)

High-energy radiation which could turn the ice-carbon mixture on the surface into
complex hydrocarbon compounds of reddish colour. According to Shul’'man (1972}
the time scale for in-situ growth of an irradiated mantle (of several 10cm thickness)
is of the order of 107 to 10® years. Thin mantles grow faster which may imply that
colour changes due to irradiation reddening may happen on time scales of a few

million years.

Fresh ices from below the surface can be excavated by impacts of other objects. The
ices from the crater area can be distributed over a wide surface range. Assuming
that a major part of the surface is covered by fresh cratering deposits, the neutral
surface colours may be explained. As demonstrated by Luu&Jewitt {1996b2), impact
resurfacing — in combination with the high-energy radiation reddening — can produce
any colour value observed in TNOs and Centaurs, depending on the collision rate
or in other words the size distribution of the objects. The latter also defines the
typical time scales for the impacts with significant resurfacing potential. Luu&Jewitt
confirm the typical collision time scales of 10° to 107 years for the Edgeworth-Kuiper-
Belt region, first published by Stern (1995).

Intrinsic activity like in comets could produce a coma of volatile gases (Ng, CO like
in the atmosphere of Pluto) around TNOs and Centaurs which can re-condense {at
least in parts) back onto the surface, thus forming a fresh ice layer. This scenario

is proposed by Hainaut et al. (2000) to explain the light curve change observed
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in 1996T066. Although the surface temperature of the TNOs is very low (40-
50K) and only Ny as well as CO and CHy ices may be able to sublimate on a very
low level, atmospheric frost would have the same effect as impact resurfacing, i.e.
producing neutral colours of the objects’ surfaces. At present, no estimations of timme
scales for resurfacing by intrinsic activity are available. Obviously, the process of ice

recondensing on the surface must be fast, if it shall explain the 1996TO66 case.

Interpretation of the spectral diversities in TNOs and Centaurs: Centaurs
orbit the Sun at distances where collisions with other Solar System bodics are less likely
{since the space between the major planets doesn’t seem to be very populated with minor
bodies}. On the other side, since they get closer to the Sun, internal activity may be
triggered more frequently and stronger due to more efficient solar heating of the surface
layers. Therefore, cometary activity like that observed in the Centaur 2060 Chiron may
cause resurfacing of Centaurs with freshly condensed frost and may account for the neutral
to slightly reddish object observed. If the intrinsic activity is not triggered (for instance
due to strong crust formation on the surface), very red colours could develop with time
due to high-energy radiation. Hence, a bimodal colour gradient distribution with very
bluish and very red objects only — as seen in Figs. 2.6 and Figs. 2.7 — may result among
the Centaurs. Although one could speculate that the closer the perihelion to the Sun,
the more neutral coloured Centaurs should be found (because of enhanced coma activity),
this correlation may be overruled by the individuality of the objects: Pholus, having a
similar perihelion distance as Chiron and a similar aphelion distance as 1995DW?2, is the
reddest Centaur known so far, while Chiron and 1995DW?2 appear to be of neutral or only
slightly reddish colour. This may indicate that a thick reddish crust of hydrocarbons may
have formed on the surface of Pholus by high-energy radiation and neither impacts nor
cometary activity happened over the last couple of million years, the typical dynamical
life time of objects in Centaur orbits (Levison 2001).

Since TNOs orbit the Sun at larger distances (i.e. they should experience less internal
activity), in the more populated Edgeworth-Kuiper-Belt region (i.e. they are exposed
to more collisions), their surface colours may be the result of a rather complex balance
of impact and activity resurfacing on one and radiation reddening on the other side.
Assuming for instance a much longer resurfacing time scale than for Centaurs, the colour
gradient distribution of TNOs would show — on the average — more redder objects than
the Centaurs’ one. This can explain the "red-shifted” peak in the gradient statistics of
TNOs as compared to the Centaurs.

In other words: a "red-shifted” TNO populations as compared to the Centaurs (ig-

noring extreme cases like IPholus and Nessus) suggests that activity resurfacing plays a
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much larger role for the Centaurs than for the TNQOs. Since Centaurs are believed to
be sunward migrating TNOs, this scenario also implies that TNOs change colours when
becoming Centaurs (trend to neutral colours).

Generic differences in the constitution and chemistry of TNOs has been suggested
(Tegler&Romanishin 1998) as explanation for the double peak distribution of TNOs in
the B-V vs V-R (see Fig. 2.6 and less pronounced in the B-I gradient plot of Fig. 2.7).
An alternative hypothesis could evolve from the assumption of two populations of TNOQOs:
one which is subject to radiation and collision resurfacing only and one which in addition
experiences also resurfacing by cometary activity. The latter hypothesis has the advantage
of explaining the observed distribution without needing an additional ad-hoc population
of different physical nature.

Both scenarios, i.e. the one for the development path of TNOs toward Centaurs and
the alternative explanation for the double peaked colour distribution of TNOs are built
on very weak trends in the gradient or colour distributions of TNOs and Centaurs. Due
to the low number statistics in both cases they are to be considered as uncertain and very
speculative for the time being. In particular, more Centaurs need to be measured to put

the colour statistics of these objects on safer grounds.
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2.1.5 Conclusions

Over the past 2 years we have collected photometric data of 16 TNOs and 1 Centaur plus
spectra of 5 TNOs. The photometry contributed mostly to the existing data set in the

visible wavelength range.

s Consecutive colour diversity from solar colour to reddened colour was found rather

than 2 distinct population proposed by Tegler and Romanishin (1998).

* Absolute magnitudes measured our data show no conclusive correlation between Mp
and the V - I colours of the objects on the contrary to Luu and Jewitt (1998).

¢ The spectroscopy delivered featureless spectra with spectral gradients which confirm
- in principle - the correctness of spectral gradient estimates from broadband filter

photometry.

e No absorption band due to surface material was found from the optical spectra.

On the contrary of former classification study, our results show the continuous diversity
from solar to reddened colour of their surface. All icy bodies have suffered from their
surface reddening by the high energy particle and the solar UV irradiation over the age of
the solar system (Khare et al., 1984). The carbonized compounds of the surface volatiles
which was transmuted into more complex, polymerized material by irradiation, attribute
to reddening. TNOs and Centaurs shouid suffer from resurfacing process as well.

Since TNOs suffer from collisional erosion with dust and small debris, the impact
resurfacing may play an important roll on the resurfacing process. On the other hand,
active objects like Chiron and possibly TNO 1996 TOgg can produce their new surface
while they are active. The fall-back debris by cometary activity coat their surface. Chiron’s
neutral colour can be explain by this assumption. However, a comprehensive quantitative
model has not been established, owing to the lack of the knowledge about cometary activity
of icy minor bodies.

The possibility of cometary activity for the icy minor bodies in addition to Chiron,
the measurements of the sublimation rate of volatile ices, and the knowledge of chemical

composition of volatile ices are needed to explain the resurfacing process.
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2.2  Bi-colour Lightcurve of TNO 1996 TOgg
search for cometary activity and surface albedo varia-

tion

In this section, lightcurve observations to obtain the evidence of intrinsic
activity of a TNO are described. A change in the shape and amplitude
of the TNO 1996 TOqgs’s light-curve between Sep.1997 and Sept.1998 was
reported by Hainaut et al. (2000).

Time-resolved bi-colour photometry, together with high spatial resolution
imagings using the ESO VLT 8.2m were performed in optical in order
to verify and monitor the lightcurve change, to address potential colour
variation with rotation phase and to search for the presence of a cometary
coma. These observations can be the starting points for a challenging

work of surface mapping of TNOs.

1996 TOgg is one of the brightest TNOs discovered so far. The orbit is classified as
cubewano-type, i.e. not in resonance with Neptune. Its rotation period was measured to
be 6.250 £0.02%h (Hainaut et el. 2000). Visible spectra and broadband filter observations
in the visible and near-IR show neutral surface colours similar to Chiron {Boehnhardt ef
al. 2001). Brown et al. (1999) reported absorptions near 1.5 and 2.0 pgm in the near-IR
spectra and attributed them to surface water ice. It was the first such detection on a
TNO. They also reported that the intensity of the water bands in the spectrum varies
with rotation phase, suggesting a “patchy” surface like Pluto (Young ef ol 1999). This
is further supported by the asymmetric lightcurve observed almost simultaneously by
Hainaut et al. (2000} which is difficult to explain without albedo variation. As mentioned
above, the authors suggested a short-lived cometary outburst in 1996 TQOgg as the origin of
rather peculiar long-term changes seen in the rotation lightcurve of this TNO: (1) during
the 1997 runs, the object displayed a nearly symmetrical double-peak lightcurve with a full
amplitude of .12 mag in R; (2) in 1998 the 6.25 h lightcurve had only a single maximum
with a full amplitude of 0.38 mag in K. Various possible explanations for this change were
considered and a short-lived cometary outburst was favoured.

In order to study the surface variations of TNOs, we carried out titne resolved, high
spatial resolution imaging of 1996 TOgg to verify the lightcurve change, to address potential

colour variation with rotation phase and to search for the presence of a cometary comna.
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Figure 2.8:

1996 TOgg’s light-curve between Sep.1997 (double-peaked lightcurve, amplitude

0.2

0.4 0.6

Rotational Phase

A change in the shape and amplitude of the Trans-Neptunian Object

0.12 mag) and Sept.1998 (single-peaked lightcurve, amplitude = (.3 mag) was reported

by Hainaut et al. (2000).
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Table 2.7: Characteristics of Orbital Elements of 1996 T'Ogq

semimajor axis  43.49 (AU)
eccentricity 0.114
inclination 27.38 (degree)
orbital period  241.8 (year)
Orbit type cubewano

Notes: Orbital Elements were published on MPEC 2000-P19.

2.2.1 Observations at ESO VLT

1996 TOgg was observed with the ESO-VLT Antu telescope (UT1) and the FORSI in-
strument on Paranal Observatory, Chile. FORS is a FOcal Reducer and low dispersion
Spectrograph, which supports 2 image scales depending on the collimator used. The high
resolution mode used for our images has a pixel scale of 0.”1 on the 2048 x 2048 24 ym
CCD pixel. The images were obtained in Service Observing mode by the Paranal Obser-
vatory staff: the first run was done on Nov. 14, 1999, the second one on Dec. 12, 1999.
Both runs were phased in order to obtain a complete coverage of the 6.25 h rotation period
of this TNQ. The exposure series consisted of a sequence of alternating jittered R and V'
images continuously executed over several hours in order to sample the lightcurve and the
colour variations, which can reflect albedo changes of the surface. In this way the goal of
time-resolved photometry could easily be combined with the second one, i.e. to get deep

and high spatial resolution images. In order to get sufficient S/N ratio, the individual

Table 2.8: Characteristics of the Filters

Filter Ag FWHM
Bessel R+36 | 657 (nm)  150.0 (nm)
Bessel V435 | 554 (nm) 111.5 (nn)

exposure time was set to 300 scc. in Bessel V and R filters. Although sidereal tracking
was applied, the trailing of 1996 TOgg due to its motion was 0.714, 0.”02 in Nov. and
Dec., respectively. Those values are much smaller than the average seeing size measured
from field stars in the images (0.755 and 1.705 in R, 0."61 and 1.715 in V', respectively).

The photometric parameters of the equipment and the atmosphere were determined
by observing various standard star fields (PG2331, Rubin 152 from Landolt, 1992) at
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different airmasses. Beside that, the usual calibration frames (biases, darks, sky flatfields)

were taken. Table. 2.9 summarizes the observing geometry and conditions.

Figure 2.9: The ESO Very Large Telescope (VLT) at the Paranal Observatory (Atacama,
Chile) is one of the world’s largest and most advanced optical telescope. It comprises four

8.2-m reflecting Unit Telescope.

During the photometric nights, various standard stars were observed at different air-
mass by the ESO Paranal staff to derive the extinction coefficients and colour coefficients.
We could get the photometric zero points of these system with Landolt standard fields,
PG2331, Rubin 152 (Landolt, 1992).
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Figure 2.10: CCD array of FORS (FOcal Reducer and low dispersion Spectrograph). This
instrument supports 2 image scales depending on the collimator used. The high resolution
mode has a pixel scale of 0.”1 on the 24 pm of 2048 x 2048 pixels CCD array.

Table 2.9: Observing Circumstances for 1996 TOgg

Epoch R.A.(2000) Dec.(2000) & cos(d) 6 Ry A Phase Angle  Elevation
UT hh mm ss  hh mm ss ? /h /b AU AU degree degree

14 Nov. 1999 | 235712  +0322 16 -1.58  -0.60 45.96 45.33 0.95° 62.0 - 36.2°
12 Dec. 1999 | 235632  +03 18 26 -0.23  -0.06 45.97 45.77 1.20° 59.9 - 22.1°

The equatorial coordinates (J2000.0) and motions are listed for the mean epoch of the observations.
Ry, 4, & cos(d), § are the heliocentric distance, the geocentric distance, the velocity in the Right
ascension and the velocity in the Declination, respectively
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2.2.2 Image Processing
Bias and Flatfield

A template bias frame was created as follows: two sets of 5 bias level exposures were
medianed. The resulting frames were again averaged to get the template. This tem-
plate bias was then subtracted from all object, standard star and sky fatfield frames.
“Super-flatfields” could be created for each filter for the November data using 2 D wavelet
transformation technique. The high and middle frequency components of twilight sky flat-
fields and low frequency components of night sky flatfields were combined. The night sky
flatfields were computed as median of jittered object frames. This method is described
in detail in Hainaut et al. (1998). For the December data, the jittering of the images
was not sufficient to make a high-quality median flatfield. Therefore, we adopted normal
twilight sky flatfields. This may be one of the reason for the larger scatter measured in
the December data (see below). After flatfielding, the cosmic rays were carefully removed
from the images. At the end, in order to avoid effect from the moonlight and gradients
from the sky emission in the itnages, we corrected each image for the sky background level
using 2 D fit of the background pixel levels by 3rd degree polynomial function. 1st order
flux calibration of the images was obtained using the standard star fields observed during

the night and system calibration parameters for the instrumentation used (see ESO web

page).

Composite image

In order to investigate the possibility of a coma around 1996 TOgg, all frames obtained
in both filters during each run were re-centered on the object and stacked. Figure. 2.11
displays the composite of 18 R filter images of in total 5400s integration time of 1996 TOgg
in November, 1999. The FWHM of the TNO and star images in this composite is 0.59

Sec.

Differential photometry

Differential photometry is applied to improve the absolute photometry for the lightcurve
analysis. We could select 18 comparison stars for the November data, 12 comparison stars
for the December data following the rules to choose (1) as many stars as possible, (2)
stars as bright as possible, (3) with maximum exposure level below 55000 ADU to keep

the linearity of CCD detector. (4) stars that are present in the whole set of images. This
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Figure 2.11: The sum of 18 individual images of 1996 TOgg in November, 1999, with
an effective integration time of 5400s. 1996 TOgg in in the center and the star appear in
segment bars because the images have been shifted to cancel out the motion of 1996 TOgs.
The dimensions of the image are 51”7 x 517; North is to the top, and East is toward the

right.
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ensured an excellent correction of all potential extinction variations and for second order

extinction variations.

2.2.3 Results
Radius

We measured 18 images for November and 11 images for December data by aperture pho-
tometry method. For non-active solar system spherical bodies, their apparent magnitude

due to scattered sunlight is given by the following relation (Russell 1916),

px dla)yrn? = 2.238 x 1022 R,? A? 10%4mer—m) (2.2)

where Ry, and A (AU} are the heliocentric and geocentric distances respectively, mg and
m, are the apparent magnitudes of the Sun and the object (in our case of 1996 TOegg)
at wavelength range A, respectively, ¢(a} is phase factor to correct for phase angle o
dependence, and p; is the geometric albedo at the corresponding wavelength.

At present, the phase function of TNQOs and Centaurs is totally unknown. Therefore
we used a linear approximation, ¢(a) = 10%%¢ with an empirical phase coefficient value
$=0.04 mag/deg (as is typical for cometary nuclei, e.g. 2P/Encke — see Luu & Jewitt
1990 - 10P/Tempel 2 - see Jewitt & Luu 1989).

The geometric albedo of TNOs and Centaurs is also poorly known. Campins et al.
(1994) derived an albedo: p=0.14 from the mid-IR observation of the Centaur Chiron.
Altenhoff & Stumpff (1995) supported an albedo p=0.13 for Chiron from millimetre wave-
length data at 250 GHz. However, these measurements were made when Chiren clearly
exhibited a coma which contaminated the nucleus due to additional dust scattering. There-
fore, these values should be regarded as an upper limit. Jewitt & Kalas (1998) derived
p=0.045 for the Centaur Chariklo (1997 CUsqg) in mid-IR, 20 pm. Recently, Thomas et
al. (2000) reported the albedos of 2 TNOs, 1993 SC, 1996 TLgg as (.022 and 0.030, re-
spectively using 150 observations. However, the detection level was marginal. We adopt
a (.04 albedo as typical for cometary surface albedo of 0.04 (1P/Halley), which allows us
the direct comparison of our radius estimates to previous results obtained with this value
by other groups. The various results for 1996 TOgg are listed in Table. 2.10. The error
of photometry for our composite data comprises the complete error budget, i.e. skynoise,
measurement statistics and photometric calibrations.

The derived radius of 1996 TOgg is about 340 km in B, 310 km in V. One of the
reason for this difference between R and V' is that we used same albedo value for each. On

the other side, non-averaged measurements over the rotation phases can cause different
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Table 2.10: Magnitude and Radius of 1996 TOgg

UT ” Filter —magnitude M(1,1) Radius (km) I Reference

1997 Aug. 27/28 Vi 21.84 £0.06 5.28 300 Hainaut et el (2000)
1997 Oct. 3/4/6 Vi 21.38 £0.05 475 380 Romanishin & Tegler (1999)
1997 Sept. 23/24 V) 21.40 £0.03  4.84° 359¢ Jewitt & Luu (1998)
1999 Nov. 14 Vi 21.61 £0.01  5.02 337 this work

1999 Dec. 12 VB 21.63 £0.01  5.01 339 this work

1997 Sept. 23/24 Rxc  21.08 £0.05 452 3259 Jewitt & Luu (1998)
1997 Oct. 21/22/23/24/25 | Ry 21.15 £0.05  4.59 326 Hainaut et al. (2000)
1998 Sept. 26/27/28 Rye  21.05 £0.05  4.48 340 Hainaut et al. (2000)
1999 Nov. 14 Rgp 21.22 £0.01  4.62 314 this work

1999 Dec. 12 Bi 21.29 £0.01  4.67 309 this work

Note: Vg and Rp refer to the Bessel filters, Vi refer to the Harris filter, V) to that in Johnson
system, Rk to that in the Kron-Cousin system; M(1,1) is the corresponding absolute magnitude
at 1AU.

¢ . Not shown in their paper but calculated in same way as this work.

results in Table 2.10.

Radial profile

The radial profiles of 1996 TOgg and of reference stars were obtained from the same 4
sets (V' and R for November and December each} of the composite images to search for
cometary coma around the object. First, composite images were produced by alignment
and stacking of the frames both on the TNO and on stars. Then, the star composite images
were normalized to the same intensity as 1996 TQgg, providing a Point Spread Function
(PSF) for comparison. Finally, the profile was obtained by computing the average flux in
annuli 1/2 pixel wide centered on the objects (separately for the TNO and the stars).
We examined 4 composite images to see the difference between the profile of 1996 TOgg
and the PSF stars. We found no difference between these profiles: (see Figure. 2.12) the
profile of the TNO perfectly matches that of the PSF, down to the 29 mag/sq.arcsec level,
at which the former profile is dominated by noise. We conclude that no coma is visible
down to that level. Therefore, if the change of the lightcurve reported by Hainaut et
al. was caused by a cometary outburst, any remnant coma if present at the time of our
observations must have been fainter than the given limit. This is in agrcement with the

predictions made by Brown & Luu (1998} for the visibility of an outburst coma.
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Figure 2.12: Comparison of the radial brightness profile of 1996 TOg¢ (open symbols) and
reference stars (dashed line) in our 18 exposures composite image in R. The 1996 TQgg

profile perfectly matches that of the PSF star.
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Lightcurve

The photometric measurements of 1996 TOgs for the V and R filters are listed in Ta-
ble. 2.2.3 and Table. 2.12, respectively. Here, the given error refers to the errors of the
aperture photometry measurement. Figure. 2.13 displays the lightcurve of the object in V'
and R over rotation phase. For planning the measurements, we used the rotation period
6.25 hrs given by Hainaut ef al. (2000). and obtained a complete coverage of the rotation

period through our two observing windows at the VLT.
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Figure 2.13: Phased lightcurve of 1996 TOgg, folded with 6.25h period.

Our result confirms the single peak lightcurve as seen in September, 1998 (Hainaut

et al., 2000). The pcak-to-peak amplitude is 0.21 mag. This amplitude compares to
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Table 2.11: V magnitude of 1996 TOgg

uT

Band

Magnitude

1999 Nov 14 00h 32m 49s
1999 Nov 14 00h 45m 11s
1999 Nov 14 00h 57m 38s
1999 Nov 14 01h 09m 56s
1999 Nov 14 (1h 22m 225
1999 Nov 14 01h 34m 43s
1999 Nov 14 01h 51m 33s
1999 Nov 14 02h 03m 55s
1999 Nov 14 02h 16m 21s
1999 Nov 14 02h 33m 45s
1999 Nov 14 02h 46m 056s
1999 Nov 14 02h 58m 325
1999 Nov 14 03h 153m 47s
1999 Nov 14 03h 28m 10s
1999 Nov 14 03h 40m 35s
1999 Nov 14 03h 57m 09s
1999 Nov 14 04h 09m 31s
1999 Nov 14 04h 21m 53s

1999 Dec 12 01h 32m 49s
1999 Dec 12 01h 45m 15s
1999 Dec 12 01h 57m 43s
1999 Dec 12 02h 09m 58s
1999 Dec 12 02h 22m 23s
1999 Dece 12 02h 34m 48s
1999 Dec 12 02h 47m 28s
1999 Dee 12 02h 59m 525
1999 Dec 12 03h 12m 16s
1999 Dec 12 03h 25m 52s

TR RS R T RE RS TSR

R

-

V
Vv
Vv
Vv
Vv
Vv
Vv
|4
vV

21.469 £0.007
21.470 £6.006
21.489 +0.006
21.485 +£0.005
21.537 £0.006
21.5534 +0.006
21.568 £0.006
21.597 £(.005
21.618 +0.006
21.674 £0.005
21.690 +0.006
21.728 £+0.007
21.749 £0.007
21.707 +£0.005
21.660 £0.006
21.647 £0.005
21.620 £0.005
21.569 £0.005

21.704 £0.017
21.701 £0.017
21.698 £0.016
21.662 £(1.015
21.619 £0.017
21.653 +0.017
21.626 +0.017
21.547 £0.015
21.636 +0.017
21.598 +0.018

V" magnitude is corrected by differential photometry with comparison stars. The table lists

the date and mid exposure time, the filter, the TNO filter brightness and its photometric

uncertainty.
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Table 2.12: R magnitude of 1996 TOg.

UT Band  Magnitude

1999 Nov 14 00h 26m 52s R 21.204 £0.008
1999 Nov 14 00h 38m 56s R 21.191 20.007
1999 Nov 14 00h 51m 18s R 21.224 +0.006
1999 Nov 14 0lh 03m 58s R 21.220 £0.007
1999 Nov 14 01h 16m 04s R 21.256 +£0.007
1999 Nov 14 01h 28m 27s R 21.231 +0.006
1999 Nov 14 01h 45m 35s R 21.237 £0.006
1999 Nov 14 0lh 57m 40s R 21.277 £0.006
1999 Nov 14 02h 10m Q4s R 21.310 £0.007
1999 Nov 14 02h 27m 48s R 21.347 +0.007
1999 Nov 14 02h 39m 51s " 21.400 +0.008
1999 Nov 14 02h 52m 14s R 21.418 £0.009
1999 Nov 14 03h 09m 30s R 21.405 +0.007
1999 Nov 14 03h 21m 525 R 21.447 £0.008
1999 Nov 14 03h 34m 17s R 21.364 £0.007
1999 Nov 14 03h 51m 11s K 21.326 +£0.007
1999 Nov 14 04h 03m 15s R 21.318 £0.007
1999 Nov 14 04h 15m 36s R 21.296 +0.008
1999 Dec 12 01h 261 24s n 21.370 £0.013
1999 Dec 12 01h 38m 54s R 21.323 £0.012
1999 Dec 12 01h 51m 245 R 21.340 £0.011
1999 Dec 12 02h 04m 00s R 21.370 £0.014
1999 Dec 12 02h 16m 06s R 21.401 £0.013
1999 Dec 12 02h 28in 32s R 21.343 +0.014
1999 Dec 12 02h 41m 295 It 21.374 £0.015
1999 Dec 12 02h 53m 34s R 21.39¢ +0.014
1999 Dec 12 03h 051n 59« R 21.386 +£0.015
1999 Dec 12 03h 191 53s R 21.298 £0.018

Column explanations, see Fig. 2.2.3.
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(see Equation. 2.3) a minimum ratio of large to small axis of 1.21 for an ellipscidal body
(assuming a fully shape-induced variability) or to (see Equation. 2.4) an albedo change of
a factor of 1.21 (assuming that the variability is solely due to surface reflectivity).

The time variation of (V — R) colour is shown in Fig. 2.14. In order to decrease
the data scattering, a sliding average of three successive data points were taken for the
December data, and of two data points for the November data. Compared to the solar
colour (V — R)s = 0.36, (VV — R) of 1996 TOgg is — on the average — neutral over the
whole rotation phase. This is in agreement with earlier non-phase-resolved photometry
and optical low dispersion spectroscopy (Boehnhardt et al., 2001). A small bump around
0.4 rotation phase in the (V-R) colour of 1996 TO66 display a change in the colour gradient

of the surface material.
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Figure 2.14: Phased V-R curve of 1996 TOgg, folded with 6.25h period.
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2.2.4 Discussion
Size

The size of 1996 TOgg determined from our most recent photometry assuming an albedo
of 0.04 is in the expected range and confirms that this TNO is among the largest objects
found so far. Compared with other Kuiper Belt relatives, the derived radius is a quarter
that of Triton (1353 km) and Pluto {~1200 km), half that of Charon {(~600 km), but 2
times bigger than Nereid (170 km).

Lightcurve

Even though we can not improve the rotation period of 1996 TOgs than published by
Hainaut et al. (2000), the phasing of the two parts of the new light curves gives quite
good results when using the period of 6.25 h. Therefore, we believe that the combined
lightcurve of Nov./Dec. 1999 is intrinsically consistent. The number of rotation cycles
in between our two observing runs is 107. The error in the rotation period of the object
cannot exceed 0.06h which is however not as accurately determined as in Hainaut et al.
There are some lightcurve results of other TNOs published so far {see Table. 2.13).
The one for 1996 TOgg appears to be the most accurate one. The typical rotation periods
of a few hours may be a selection effect since considering the monitoring approach for the
objects short periods are favored for the detection just because the observing intervals for
most objects are not long enough to conclude on rotation periods of one or several days.

We will now summarize the lightcurve observations published and discuss them.

1993 SC: William et al. (1995) by whom the object was discovered, reported a 7.7129
hours periodic pattern in this object with the brightness variations of over half a
magnitude in R band (11 data points measured over 123.4 h). This period corre-
sponds to a 15.43 hours rotation period and a ratio of 1.6 : 1 for the major to minor
axis {assuming the amplitude being due to shape, no albedo variation). On the other
hand, Davies et al. (1997) derived almost constant brightness of 1993 SC from the
differential photometry with 33 data points during 94.3 h in R using a same telescope
as William et al. The modulation of the lightcurve was less than ~0.1 magnitude.
Tegler and Romanishin (1997} also obtained negative results for the variability of
1993 SC using 4 data points in V (71.7 h) and R (72.4 h), respectively. They con-
cluded that a lighteurve variation of 0.5 magnitude was not supported by their data
and there was no identification of its period. In addition to this measurements, Ro-
manishin and Tegler (1999) reported the upper limit of brightness variation as 0.12

mag.
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Table 2.13: Lightcurve periods and brightness variation amplitudes of TNOs

Objects | D (km) I Am (mag) € 8 P (hours) Band  Telescope n | Reference
1993 SC 320 0.5 1.58 7.7 R INT2.5m* 11 William et al. {1995)
<01 R INT2.5m® 33 | Davies et al. (1997)

240 < 0.04 V,R Bok2.3mn° 4 Tegler & Romanishin (1997}

230 < 0.12 v Bok2.3m" 8 Romanishin & Tegler (1999)
1994 TB 166 0.34 1.37 V,R,+ Bok2.3m" 12 | Romanishin & Tegler {1999)

161 0.26 1.27 6.0, 7.0 V.R Bok2.3m* 12} Romanishin & Tegler {1999)
1994 VK, 0.5 1.58 R INT2.5m" 37 | Collander- Brown et al. (1999}

210 0.42 1.47 7.8,86,9.4,10.4 V.R Bok2.3m° 15 | Romanishin & Tegler (1999)
1995 QYo 160 0.60 1.74 7 14 Bok2.3m* 11 | Romanishin & Tegler {(1999)
1996 TLes < 0.05 v 6 hr | Luu & Jewitt (1998)

560 < 0.06 v Bok2.3m* 25 | Romanishin & Tegler (1999)
1996 TPss — R INT2. 51n® 29 Collander-Brown et al. (1999)

220 <0.12 v Bok2.3m* 16 | Romanishin & Tegler (1999)
1996 TQsa 200 < 0.12 v Bok2.3m° 10 | Romanishin & Tegler (1999}
1996 TS 340 <0.12 VvV Bok2.3m° 7 | Romanishin & Tegler (1599)
1997 CQug 110 > 0.38 Vv VLTS.2m"® 12 | Beehnhardt (Priv. Comim.)
1997 CSze 530 <0.22 v Bok2.3m* 12 | Romanishin & Tegler (1999)

~0.2 R CA3.5m" 9 Boehnhardt (Priv. comm.)

1998 WH3z, ~0.1 R CA3.5m? 9 | Boehnhardt (Priv. comm.)
1996 TOss 760 < 0.10 Vv Bok2.3m" 13 | Romanishin & Tegler (1999)

602 0.12 1.12 6.25 V NTT3.5m" 12 | Hainaut et al {2000)

652 0.12 1.12 6.25 R NTT3.5m’ 27 | Hainaut et ol (2000)

682 0.33 1.36 6.25 R UH2.2m?* 55 Hainaut et al. (2000)

662 0.28 1.29 6.25 Vv VLT8.2m" 28 this work

620 0.21 1.21 6.25 R VLT8.2m" 28 this work

Notes: D = Diameter,

Am = Amplitude,

€, 8§ = minimum ratio of the large to small body axis in case of shape induced variability (see equa-
tion 2.3)and minimum ratio of the surface albedos in case of surface reflectivity induced variability (see
equation 2.4}

P = period

n = Number of images,

a: INT2.5m+PrimeCam, b: INT2.5m+TEK3, ¢: Steward Observatory Bok2.3m (direct), d: Calar Alto ob-
servatorv 3.5m+MOSCA, e: NTT3.5m+SuS], f: NTT3.5m+EMMI, g: University of Hawaii 2.2m (direct),
h: VLT8.2mm+FORS1
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1994 TB: Romanishin and Tegler {1999) reported on brightness variation for 1994 TB.
They analyzed 2 x 12 data points (~70 and 5 h coverage) taken in V' and R filters
and compiled as an R band lightcurve by assuming a constant (V' - R) colour shift
for the object. At the end, they found 2 possible lightcurve periods, which match the
data almost equally well, 3.0 and 3.5 h. The axis ratio for shape-induced variability

would be around 1.3.

1994 VKj: Romanishin and Tegler also reported 4 possible lightcurve periods of 1994 VKg
and an amplitude of 0.42 mag (15 data points in V' and R during ~50 h, using the
same colour correction technique). Collander-Brown et al. (1999) examined the pe-
riodicity of 1994 VKjg as well using a chi-squared method on 37 data points during
28.3 h, and found the signal variation is most likely not due to the object but may
be intrinsic to the data (reference star and TNO varied with same periodicity). In-
terestingly, the data periodicity of 4.75 h seen by Collander-Brown et al. is similar
to the 4 periods given by Romanishin and Tegler. The brightness change of about
0.4-0.5 mag would imply either a non-sphericalness or significant variation in its

surface reflectivity.

1995 QYq9: Romanishin and Tegler reported 3.3-3.7 h period during ~4 h for 1995 QY4
with an amplitude of 0.60 mag (11 data points in V and R, using the same colour

correction technique}.

1996 TLgg, 1996 TPgs, 1996 TQgs, 1996 TSge: Romanishin and Tegler also gave the
upper limits for the variation amplitude of 1996 TLgg, 1996 TPgg, 1996 TQgs,
1996 TSgg (see Table. 2.13).

1997 CSye: Romanishin and Tegler gave the the upper limits for 1997 CS.g as (.22 mag
(12 data points during discrete 3 nights). From recent measurements, 1997 CSaq
shows ~0.2 magnitude variation in R with 9 data points during consecutive 3 nights

(Boehnhardt and collaborators, private communication).

1998 WH;s: Recent R band observations (Boehnhardt and collaborators, private com-
munication) showed a ~0.1 mag brightness variation for 1998 WH,, over consecutive

3 nights.

1997 CQ25: Recently Boehnhardt and collaborators ( private communication) measured
amplitude > 0.38 mag difference in the V' band brightness in 1997 CQgo during 2

consecutive nights.
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1996 TOgs: Romanishin and Tegler also gave the upper limit for the brightness vari-
ation of 1996 TOgs of < 0.10 mag (13 data points during discrete 3 nights). On
the other hand, Hainaut et ol (2000) reported a 6.25 h lightcurve period and a
change in the shape and amplitude of its lightcurve between Sep. 1997 (double-
peaked lightcurve, amplitude = 0.12 mag) and Sept. 1998 (single-peaked lightcurve,
amplitude = 0.3 mag). They measured 27 data points during 5 consecutive nights
for in 1997 and other 55 data points during 3 consecutive nights in 1998. With our
new observations, we confirm this rotation period and the single-peaked lightcurve,
however with a slightly smaller amplitude = 0.21 in V', 0.28 in 2, respectively. The
results of Romanishin and Tegler appear to be inconsistent with those of Hainaut
et al (1998) even though they made the observations during same month in 1997.
However, the differences could be in the measurement errors, taking into account of

(V' — R) variation and rotation phase.

In principle, there are two effects which can cause the variation in brightness with
rotation of the body: 1) nonspherical body shape and 2) surface material of different
albedo. The lightcurve analysis with available data can allow us to assess the potential
limits for such variabilities on the respective simple assumption although it is likely that

both effects contribute to the overall lightcurve of a TNO.

Body shape

Assuming that the lightcurves are caused by the nonspherical shape of TNOs, a lower

limit for the elongation (¢) can be estimated as:

e =a/b > 10%14m (2.3)

where Am is the amplitude of the TNQO lightcurve in magnitude. Table. 2.13 lists
the rotation periods and hody shape parameters — the minimum axes ratio — obtained

according to equation (2.3) and nsing the available data on the variability of TNOs.

Figure. 2.15, Figurc. 2.16 and Figure. 2.17 show samples of the shape of body ellipsoids.
For example, an axes ratio of 1.74 is claimed for 1995 QYg. Assuming an homogeneous
body, this would result in a 3 times higher surface gravity at the poles of the short axis
than that of the long one. One can expect a trend to measure smaller axis ratios for
larger body diameters. In this respect it is noteworthy to mention that the supposedly
large objects listed in Table. 2.13 (i.e. the ones above 500km diameter) display relatively

small amplitudes and are thus not among the objects which would reguire large (above
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Figure 2.17: Shapce of minor bodies (a/b=1996 TOg=1.12,1.21,1.32})

1.3) minimum axis ratic. However, the object sample and the available data on their

variability is by far too sparse to allow a firm conclusion.

Albedo

According to Equation (2.2} the ratio of bright to dark albedo for a body of irregular

surface reflectivity would be:

0 = Poright /Pdark > 100447 (2.4)

where pyright and pgark are the mean albedo of the bright and dark side of the TNO.
The interpretation of the observed lightcurve of 1996 TOgg in the framework of significant
changes of the surface albedo with rotation phase becomes attractive if one could assume
an overall low albedo value for this object. On the other side it should be without any
net effect on the wavelength dependent reflectivity in the visible wavelength range since
on the average the {V — R) colour does not dramatically change over rotation phase. The
only exception might be rotation phase of 0.4 where a small bump in the (V — R) colour
may indicate a change in the colour gradient of the surface material.

Since pure water ice shows very bluish colour gradient and absorption features in
optical and near-IR (e.g. (.5-2.5 micron spectra — Clark and Lucey 1984}, the change of
(V-R) around 0.4 rotation phase water ice area is one of the candidate of local blueness.
The near-1R spectra of 1996 TO66 in H and K band showed the absorption features near
1.5 and 2.0 micron that are characteristic of water ice (Brown et al. 1999). They reported

the intensity of water absorption bands varies with its rotation phase. Phase-resolved
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spectroscopy in the near-IR and visible wavelength range would be the adequate tool to
address and solve the question of large scale albedo changes over the surface of 1996 TOgg.

Patchy surface albedo is found on Pluto (e.g. Buie et al. 1997, Young et ol. 1999,
Young et al. 2001). Recently, HoO absorption from Chiron, which had obvious cometary
activities before, was detected only after the decline of its activity (Luu at al. 2000, Foster
et al. 1999). Therefore, one might speculate that the surface property of Chiron may be
changed by cometary activity. Moreover, two different spectra of 8405 Asbolus (1995 GO)
were measured by Kern et ol (2000) using HST. This implies that the spectrum of this
object has changed within a few hour time interval.

Our data of 1996 TOgs can be interpreted by the presence of a bright spot on the
surface of this object as described by Hainaut et al. 2000. The anticipated amplitude
change of the lightcurve could either be due to a change of the surface of this spot (i.e.
the albedo and/or area decreased), or, if the spot was actually a small plume of dust, that
the activity causing the plume decreased.

Here, let us explore the hypothesis of cometary activity in TNOs. The equilibrium
temperature (Z.q,;) of non-sublimating sphere is approximated {Lebofsky and Spencer,
1989) by :

S(1—A)

- 2.5
Ryoney (25)

4
Tequi =

where S is the solar constant, 4 = py ¢ is the bond albedo (g =0.75 is the bolometric
phase integral), ¢ is the Stefan-Boltzmann constant, £ = 0.9 is the emissivity, n = 0.756
is the beaming factor, y {2 < x < 7) expresses effects of fast/slow rotation around its
axis. At the solar distance of TNOs, this formula predicts Toqyi =~ 50 K. Therefore, it may
be not unlikely that volatile ices like Methane, Carbon Monoxide and Nitrogen can start
sublimating from the surface, if the volatiles are not in clathtrate of water ices, but are
directly exposed on the surface of TNOs.

The direct detection of a coma around a TNO may be difficult. A 650km size object
at 45.5 AU geocentric distances has a projected diameter of just 0.020 arcsce. The typical
FWHM of a reference star in our stacked image is around 0.6 arcsec. Even if the TNO
would have 30 x larger coma than its dimension, it will be difficult to resolve it. Brown
and Luu (1998) have modeled dust comae around TNQOs considering different body sizes
(among them also the case of 1996 TOgg). They concluded that comac are rather short-
term phenomena (order of a few to 100 days) and dissolve very quickly by escape of the
dust to interplanctary space or by impact on the body surface. Even though the authors
had impact produced comae in mind, the results should apply in the same way to dust

comac from intrinsic activity. The difference however could be that the activity may
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produce dust over a longer time interval and/or it may be recurrcut.

2.2.5 Summary

The main results of this study are the following:

The magnitudes of 1996 TOgg in V' and R are converted into radii of ~330km and

~310km, respectively. These results are in agreement with previous observations.
Our data are consistent with the 6.25 hr rotation period.

No resolved coma was detected down to 29 mag/sq.arcsec on a 5400s composite R

exposure.

The (V — R) colour of 1996 TOgs has neutral colour over a rotation in general but
a small bump around the rotation phase of 0.4 may indicate a change in the colour
gradient of the surface material. This supports the inhomogencous surface material
and reflectivity as reported by Brown et al. (1999) and Hainaut et al. (2000).

Even though an extended coma is not detected in our images, we can not exclude the
existence of cometary activity. The change of the lightcurve amplitude from 1998
to 1999 could be scen as an indication for the presence of such a coma in the seeing
disk of 1996 TOgg.

These results should be the starting points for a work of surface mapping of TNOs as
Pluto.
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2.3 Determination Methods of Size and Surface Albedo

In this section, next step to approach the physical properties of the icy
minor bodies is described. Because of the faintness of their thermal
radiations, even the size and albedo are poorly known so far. Most of
current studies to obtain the physical properties are to measure their
reflected light of the solar radiation in optical and near-IR. On the other
hand, the icy minor bodies emit their blackbody radiation in mid—far IR
from themselves. The method to obtain their size and albedo is examined
with a bright unusual asteroid which can be a rocky minor body but may
be a relative of icy minor bodies in the outer solar system. Finally, the
application and feasibility of the determination method are discussed by
utilization of possible future instruments such like VLT and ALMA.

Despite all efforts over the past years, sizes and albedo of TNOs, Centaurs and
cometary nuclei are only poorly known. For the Centaur Chiron, Campins ef al. (1994)
derived an albedo py-=0.14 from the mid-IR observation. Altenhoff and Stumpff (1995)
supported an albedo py-=0.13 from millimetre wavelength data at 250GHz. However, these
measurements were made when Chiron clearly exhibited a coma which contaminated the
nucleus due to additional dust scattering. Therefore, these values should be regarded as an
upper limit. Thomas et al. {2000) reported the albedos of 2 TNOs, 1993 SC and 1996 TLgg,
{(0.022 and 0.030, respectively) using 150 observations. However, the detection levels of
those observations were marginal. Recently, Jewitt et al. measured the submillimetre
continuum radiation of TNO, Varuna (2001 WRgs} with JCMT 15m (2001). Their pre-
liminary result for geometric albedo gives a value of 0.07 (+0.03, -0.015). With mid-IR
observations, Jewitt and Kalas (1998} derived pyy=0.045 for a inactive Centaur, Chariklo
(1997 CUqg) as one of the reliable value in 20 pm.

Thermal IR photometry is not an easy technique. In order to confirm the validity of

this method, we performed mid-IR observations of a bright target.

2.3.1 Trial for Bright Target: Thermal observations of NEA 1998 SF

Our original target for work on the determination of size and albedo was a Centaur object,
1997 CUgg (Chariklo), when we submit an observing proposal. However, the proper -
band (20 pm) filter has not been reached to the ESO 3.6m telescope at the observing time

since mid-IR instrument TIMMI2 has been just installed. We changed our target and
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Table 2.14: Previous results of derived diameters and albedos for Centaurs and TNOs

Object. class Diameter | Albedo | wavelength Telescope References
[km] | (pv) [%] [gsm]
95P /Chiron || Centaur <230 >5 22.5 IRTF Lebofsky et al. (1984)
(comet) <372 >2.7 22.5/60 IRTF/IRAS | Sykes et al. (1991)
<300 >4 800 JCMT Jewitt & Luu {1992)
180 14 1§ 10/20 IRTF Campins et al. (1994}
168 13 1§ 1200 IRAM Altenhoff & Stumpff (1995)
Pholus Centaur 189 44 +£1.3 20 IRTF/UKIRT | Davies et al. (1993)
Chariklo Centaur 302 46 +1.0 20 UKIRT Jewitt & Kalas (1998)
1993 SC TNO 164 2.2 90 180 Thomas et al. (2000)
1996 TLes TNO 316 3.0 90 180 Thomas et al. (2000)
Varuna TNO 900 78, 850 JCMT Jewitt et al. (2001)

tried to establish a determination method of size and albedo, in our team, adopting it to
a bright object in N-band.

Here, we present thermal observations of MUSES-C mission target, 1998 SFzg. We
measured its mid-IR radiation in N-band (11.9 pm)} using the ESO 3.6m telescope with
TINMMI2.

The target object, Near-Earth Asteroid (NEA) 1998 SF34, which was discovered by
the LINEAR project of MIT Lincoln Laboratory, is the target of the MUSES-C spacecraft
mission. MUSES-C is a joint project of the Institute of Space and Astronautical Sciences
(ISAS) of Japan and National Aeronautics and Space Administration (NASA) of USA
to explore an asteroid, to acquire a sample of the surface material and to return it to
Earth. Its launch is scheduled for November or December 2002, arrival at the asteroid in
September 2005 and return to the Earth in June of 2007. According to its orbital elements
(see Table 2.3.1), NEA 1998 SF34, whose orbital period is about 1.5 vears is classified as
Apollo, with, semimajor axis > 1.0 AU and perihelion distance < 1.017 AU.

On March 29, 2001, the object approached within 6.4 million kilometers of the Earth.
Extensive ground-based observing were carried out near this close approach time in order
to determine the asteroid’s approximate size, shape, rotation state, and some surface
characteristics (Binzel and Rivkin 2001, Hick et ol 2001, Sekiguchi et al. 2001, Binzel
2001). The results we present in this paper were obtained in the framework of this ground-
based support to MUSES-C.
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Table 2.15: Characteristics of Orbital Elements of 1998 SF4g
semimajor axis | 1.324 (AU)

eccentricity 0.280
inclination 1.723 (degree)
orbital period | 1.52 (ycar)
Orbit type Apollo

Orbital Elements were published in MPEC 2001-G28.

2.3.2 Thermal Observations with ESO 3.6m 4+ TIMMIZ2

Thermal observations of 1998 SFi5 were performed on 2001 March 14.24 UT. N-band
(11.9 pm) images were taken with the ESO 3.6m telescope and the TIMMI2 instrument
at La Silla Observatory in Chile. TIMMI2, the Thermal Infrared Multi-Mode Instrument 2
(Reimann et al.,, 20600), has a 240 x 320 pixel AsSiBIB detector. Its image scale is 0.72
pixel ™! which gives a field of view of 517 x 51”. Individual detector integration time was
16.13 millisecond. For the 4 exposure sets of the asteroid we applied a combination of
secondary mirror chopping and telescope nodding as follows: 100 integrations were taken
in each of 30 chopping cycles, with an amplitude of 10” in North-South direction, then the
telescope was moved by 10” in East-West and the 30 x 100 chopping exposure sequence
was repeated. Hence, the resulting image has 2 positive and 2 negative images of the abject
(produced by the reduction pipeline which automatically subtracts the pairs of “chopped”
images and co-adds all the frames of the whole chopping/nodding sequence). Flatfield
correction is not applied to our data since the proper flatfielding method of TIMMI2 image
has not yet been established. As a consequence and according to information provided
by Kiufl, H. U. (priv.comm. 2001}, TIMMI2 instrument scientist, we have to consider an
error of up to 10 % for the photometry due to lack of flatfield correction of our data.
1998 SF3; was visible on the 3.6 m guiding camera, therefore, the telescope could be
guided directly on the object. Two exposures of 1998 SFi were obtained with a total
integration time of 193.56 s. The infrared standard star HD 47105, whose N-band (12
pm) flux is 5.04 Jy, was observed at higher air mass (1.70} and lower air mass (1.48) than
1998 SF3 (air mass, 1.5-1.6). The ohserving conditions are listed on Table 2.9, From the
resulting frame, two positives and two negatives x(—1) are shifted and stacked resulting
in one positive image of 1998 SFjs. Figure 2.20 shows the N-band image of 1998 SFy4
surrounded by the 4 fainter positive ghosts at each corner and 4 fainter negative ghosts in

the middle of each side. These ghosts result from the image processing described above.
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Figure 2.18: ESO 3.6 m Telescope in La Silla Observatory in Chile

Table 2.16: Observing Geometry and Conditions for 1998 SFsg

Date start—end Ry Ab Phase Angle Air mass Sky
(UT) (UT) (AU) (AU) (deg)

14 Mar. 2001  05:39-06:01 1.0592 0.073920 27.532° 1.54-1.62 photometric

2 Ry is the heliocentric distance

b A is the geocentric distance
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Figure 2.19: TIMMI2 (Thermal Infrared Multi-Mode Instrument 2) attached to ESO 3.6 m
Telescope in La Silla Observatory in Chile
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Figure 2.20: N-band (11.9 pm) image of NEA 1998 SF3g on March 14, 2001. Chopping
and nodding amplitude are 10.”0. North is to the top, and west is toward the right.

2.3.3 Determination Method of Size and Albedo

When the observations only in optical wavelengths are available, one must assume the
albedo of minor body to determine its diameter (See section 2.2.3). The brightness of
minor body in optical wavelength is a product of the cross-section and albedo. To measure
the size of minor body without the assumption of its albedo, it is necessary to measure its
thermal radiation. With two independent measurements in optical and thermal-IR, one
can determine two parameters simultaneously.

Here, the determination method of size and albedo is described.

The bond albedo A and geometric albedo are related by

A = pg (2.6)
pv ¢, (2.7}

12

where p and py are the bolometric geometric albedo and the geometric albedo in V-band,
respectively. ¢ is the bolometric phase integral.
In the H-(G system as described by Bowell et al. (1989), ¢ is derived from the slope
parameter &, via
g =0.290 4+ 0.684 G, (2.8)

As (7 1s unknown for 1998 SF34, we assumed it to be the standard IRAS value for asteroids,
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i.e. G = 0.15 (Tedesco, 1986).

Using the absolute magnitude H = 19.1 (A. U. Tomatic, 2001) which corresponds to
V' magunitude at 0° phase angle and heliocentric and geocentric distance of 1 AU, the
geometric albedo py- and the diameter D [km] of asteroid are related by (e.g., Fowler and
Chillemi, 1986). It should noted that H is not a H-band magnitude, but an absolute

magnitude in V-band among asteroid sciences.
logyg D = 3.1236 — 0.2H — 0.5log4(pv), (2.9)

The curve defined by Equation (2.9) is shown in Figure 2.21.
On the other side, the thermal flux density of mid-IR radiation from asteroid is given
by

S, =ne (%”)2 Bu(T), (2.10)

where ry is the radius of 1998 SF36 [m], £ = 0.9 (Lebofsky et al., 1986) is the infrared
emissivity and A is the geocentric distance [m] and B, (T') is the Planck function for surface
effective temperature T [K].
2 h? [ hy -1

= =y 1] (2.11)

BAT) = exp()

The effective temperature of 1998 SF3g is determined by the energy balance at the
surface of the asteroid (Lebofsky and Spencer, 1989).

mrnt (1 — A) S—Oz =neory? [ﬂ /2 {T4(9, ¢} cos cp’}dr,bdﬁ (2.12)

Rh -7 —%
where T'(8, @) is the model temperature of spherical minor body at longitude € and lati-
tude ¢. This energy balance relation depends on several unknown parameters including,
the albedo, emissivity, heat conductivity of surface material, the spin period and the ori-
entation of the spin pole with respeet to the Sun. Because of these unknowns, we are not
able to derive exactly the temperature distribution on its surface. However, to first level

of approximation, the effective temperature (Ter) of non-sublimating sphere is given by

5@(1—‘4)}%

. 2.13
R],zasnx ( )

Tor = [
where Sg = 1365 W ™ is the solar constant and ¢ = 5.671 W m~™2 K=" is the Stefan-
Boltzmann constant. Ry is the heliocentric distance [AU]. The correction factor u is
called *beaming factor”. It adjusts the surface temperature to compensate for the angular
distribution of the thermal emission and, nsually, 15 set to 5 = 0.756 for main belt asteroids

(Lebofsky et al. 1986). Here, we adopt n = 1.2 which was derived for NEAs by Harris.
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(1998). They proposed this value when observations at only one or two wavelengths are
available. In this case, xy which expresses effects of rotation around its axis, is taken as 2
for the Standard Thermal Model (Jewitt & Kalas, 1998) since the rotation of 1998 SFgg
is not fast { Py ~12 hr, Abe, priv.comm.}.

2.3.4 Results — Size and Albedo
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Figure 2.21: Constraints on the albedo and radius of 1998 SF3; from thermal infrared

observations and optical absolute magnitude.

Mid-IR radiation of 1998 SF;; and of the standard star were measured from the N-band
images with an aperture photometry method. The PSF-FWHM measured on 1998 SFaq
and standard star was 0.”84. Three times FWHM was taken as the aperture diameter
and measured flux of 1998 SF3¢ was 0.256 +£0.043 Jy. The given error refers to the errors
of the photometry measurement including the uncertainty from basic reductions. Then,
we adopted an average IR phase coefficient g = 0.01 mag deg ! determined by Matson
(1971) who found for asteroids Sg in the ranged from 0.0005 to 0.017 mag deg=!. This
value 1s generally considered to be valid for phase angles < 30° (Morrison, 1977).

Figure 2.21 shows the diameter versus the geometric albedo relationships defined by

optical constraint of Equation (2.9) and thermal-IR constraint of Equation (2.10). The in-




2.3. DETERMINATION METHODS OF SIZE AND SURFACE ALBEDO 72

tersection of those curves gives the best estimate of the radius, ry = 178 (+13/-14) m, and
the geometric albedo, py = 0.29 (+0.05/-0.04) of 1998 SF35. These result are consistent
with the preliminary classification of 1998 SF34: Binzel and Rivkin {2001) reported S-type
reflectance from optical spectroscopy at 0.5-1.0 pm. Hick et al. (2001) reported that the
object exhibits a spectrum dominated by olivine due to deep 1-micron absorption feature
from spectroscopy at 0.35-1.0 pgm. Therefore, they suggested tvpe Q, R or S classification.
Q-type, R-type and S-type have relatively high albedo (Tholen and Barucci, 1989). How-
ever, systematic errors from uncertainties in the unknown parameters clearly exceed the
presented errors. For instance, if we adopt a traditional value of the beaming parameter
for main belt asteroids, n = 0.756, the derived curves gives ry = 147 (+10/-11) m and
py = (L.47 (4+0.07/-0.06), respectively.

In conclusion, despite some model-depending uncertainties, the MUSES-C mission
target 1998 SF3g has a small radius of 150-300 m and the derived albedo range of 0.2-0.5,

is consistent with the spectroscopic classification.

2.3.5 Thermal Observations with New telescopes / Instrument equip-
ments

The geometric albedo of minor bodies in the solar system is one of their most basic
parameter. It can be measurced by simultaneous photometry of thermal radiation in mid-
(or far)-IR and solar reflected light in optical. Unfortunately, for TNOs, Centaurs and
cometary nuclei, it is poorly known because of the faintness of these objects. A value
of 0.04, which was measured for 1P/Halley by spacecrafts, is usually assumed for size
estimations when only optical observations are analyzed. While some observations of
other objects support the use of this value, very different albedo are also reported (e.g.
0.13 for 95P /Chiron).

TNOs, Centaurs and SPCs are hypothesized to be candidates of pristine and mostly
unaltered planetesimals. Apparently, these three object classes cover a wide range of
sizes {from a few 100 km to a few 100m) and they are subject to different environmental
conditions which possibly led their surfaces evolve differently and with different time scales.
Understanding the basic properties of TNOs, Centaurs and SPCs, the most primitive
objects orbiting the Sun at larger distances, and their evolution with time will provide
clues on the initial conditions for the Solar System. Measuring their sizes and the albedo
is an important step toward the answer of this fundamental problem of planectary sciences.

However, the dimensions of these objects cannot be resolved from Earth. So far, only
1P /Halley was really measured for size and albedo by a spacecraft. Therefore, the only way

for determination of their sizes and albedo from ground-based observations is to measure
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the total energy balance of the reflected light of Sun and thermally emitted light from
the objects as shown above. Depending on the distance of the objects the peak thermal
emission falls in the mid-IR to sub-mm wavelength range which makes detection from the
ground a challenge. For objects at 5-20 AU the maximum flux lies around 20-1000 gm
(see Fig 2.22), i.c. they can be detectable with mid-IR instruments if they are bright/large
enough. Compared to the thermal band, the reflected light is easily measurable through

broadband photometry in the visible wavelength range.

TNOs Study toward Next Step

At present, new telescopes and new instruments for mid-IR and submillimetre wavelength
rage have been built and are being built. We start considering determination of the
most basic parameters for the faint distant minor bodies. Using mid-IR instruments, for
example, TIMMI2 of the ESQO-3.6m, VISIR of the ESO-VLT, COMICS of the Subaru and
50 on., it became to observe nearer objects from near Earth region to giant planets region
i.e. near Earth asteroids (NEAs), main belt asteroids, Trojan asteroids and Centaurs.

The feasibility of thermal observation of minor bodies with new instruments was es-
timated with the Standard Thermal Model (See section 2.3.1}. As a representation of
NEAs, 1998 SFy is adopted. 1997 CUyg (Chariklo) for a Centaur, 2000 WR g (Varuna)
for TNO are adopted.

N-band is an atmospheric window around 10 pm, (}-band is around 20 pm.

Figure 2.22 shows the estimated thermal flux over full thermal-IR wavelength range
(from a fow pm to a few mm) and the sensitivity of each instrument. Their sensitivities are
expressed as 10 o detectability in hour. The effective wavelength for observations depends
on the characteristics of efliciency of each instrument and depends on the effective surface

temperature of each object.

Table 2.17: Representative objects and their effective wavelength for thermal observation.

Representative Object Dynamical Class Effective Wavelength
1998 SF36 Near Earth Asteroid (NEA) N-band & )-band
1997 CUyg (Chariklo) Centaur (2-band & sub-mm
2000 WR s (Varuna) | Trans-Neptunian Object (TNQ) || sub-mm

Near Earth objects have enough flux in N-band. It is possible to observe them with
mid-IR instruments (for instance, the ESO 3.6m + TIMMI2,
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see http://www.ls.eso.org/lasilla/Telescopes/360cat /timmi/html/performance.html ). For
Centaur objects, ()-band observations with current mid-IR instruments are also possible.
Even the most powerful ground-based instruments like the ESO-VLT + VISIR, however,
it is impossible to detect TNOs in N-band nor Q-band (for detailed information see the
ESO web page http://www.eso.org/instruments/visir/) {(Note: Sensitivity of Subaru +
COMICS is thought to be comparable to the ESO-VLT + VISIR).

Here, let us consider a future large project, the Atacama Large Millimeter Array. The
Atacama Large Millimeter Array (ALMA) is the name for the merger of a number of
major millimeter array projects into one global project: the European Large Southern
Array (LSA), the U.S. Millimeter Array (MMA), and the Japanese Large Millimeter and
Submillimetre Array (LMSA}). This project will be the largest ground-based astronomy
project of the next decade.

The sensitivity of ALMA is not known yet. Now, using expected sensitivity (see,
http://www.mma.nrao.edu/info/sensitivities/index.html), ALMA’s great powerful sensi-
tivities would allow us to establish a real size distribution of observable TNOs without the
assumnption of surface albedo. This will give a strong boundary condition on the theory

of the solar system formation.



Chapter 3
Summary

In order to extend the knowledge and to reveal the characteristics of icy minor
bodies in the outer solar system, various photometric observations in wide

wavelength were performed using large telescopes.

s Visible and near-IR photometry
Visible (BV RI) and near-IR (J H K) broadband photometry and visible low-dispersion
spectroscopy of Trans-Neptunian Objects (TNQOs) and Centaurs are carried out in

order to characterize their reflectance properties.

— On the contrary to former result which showed the existence of 2 distinct pop-
ulations of their colours, the continuous colour distribution from solar to red-

dened colour was obtained.
— The correlation between absolute magnitude and the V' — I colours was not
supported.

— Further observational works for distant minor bodies are still strongly required

to establish a classification such as a taxonomy of main belt asteroids.

¢ Time-resolved bi-colour photometry
Time-resolved photometry together with high spatial resolution imagings with the
ESO VLT 8.2m in V and R-band were performed in order to verify the lightcurve
change, to address potential colour variation with rotation phase and to search for

the presence of a cometary coma,

— No resolved coma was detected from TNO 1996 TOgg down to 29 mag/sq.arcsec

on a 5400s R exposure.
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CHAPTER 3. SUMMARY

— The (V' — R) colour of 1996 TOgs has ncutral colour over a rotation indicates
an inhomogeneous surface mnaterial or surface aging. The future work such like

surface mapping of TNOs should follow after these observations.

s Thermal IR photometry
The determination method and its feasibility for the most basic parameters, size and
albedo of outer minor bodies are discussed. As a trial case, a bright asteroid was

analyzed with mid-IR observations.

— Determination method of size and albedo of icy minor bodies was examined for

a bright asteroid and it was confirmed.

Further observations are necessary since the presented results in this paper
were not in a final status. This work should be execute continuously to extend
the knowledge of icy minor bodies as remnants of pristine objects in the early

solar system.
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