
UNIVERSITY OF HAWAI'I LIBRARY

A Physical Survey of Centaurs

A DISSERTATION SUBMITTED TO THE GRADUATE DIVISION OF THE
UNIVERSITY OF HAWAI'I IN PARTIAL FULFILLMENT OF THE

REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

IN

ASTRONOMY

MAY 2003

By
James M. Bauer

Dissertation Committee:

Karen J. Meech, Chairperson
Tom Dinell

Alan Stockton
David J. Tholen
Alan Tokunaga



© Copyright 2003
by

James M. Bauer
All Rights Reserved

iii



To my wife, Chija

"Oh, night that was my guide,
Oh, night more lovely than the rising Sun... "
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Abstract

There are forty four known small planetary bodies with orbits that are contained

within the heliocentric distances of Jupiter and Neptune. It is thought that the origin

of these bodies is the Kuiper Belt, the predicted reservoir of the current short period comet

population. Yet, only two bodies, Chiron and C/NEAT (2001 T4), have been shown to

possess a visible coma. We've undertaken an observational survey of these bodies to obtain

detailed characterization of the physical properties of the Centaurs to search for evidence

of activity, and to use the physical characteristics to make inferences about primordial

conditions in the outer solar nebula and evolutionary processes among different dynamical

regimes in the outer nebula. We present the results of optical observations of 24 Centaurs,

which yield a 3-0" correlation of color with semimajor axis, with redder Centaurs being

farther from the Sun. The survey also revealed the rotation light curve period for 2 Centaurs,

and the phase-darkening slope parameters, G, for 5 Centaurs which range from -0.18 to 0.13,

agreeing with the steepest of main belt asteroid phase curve responses. We show spectral

evidence of a variegated surface for 1999 UG5 and find the second reddest Centaur object

is the active Centaur C/NEAT (2001 T4). We also present spectral evidence of crystalline

water ice and ammonia species on our comparison object, the Uranian satellite Miranda.
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Chapter 1

Introduction: Dynamical, Physical, and

Evolutionary Relationships of Outer Solar System

Bodies

Abstract

Centaurs are unique members of the outer solar system. They differ evolutionarily and

dynamically from other minor planets and cannot be categorized as a subclass of other

outer solar system residents, such as comets, Kuiper Belt objects, the Jupiter Trojans, or

small planetary satellites. Their history is likely to have profound effects on their surface

chemistry. However, their original compositions may have been similar to trans-neptunian

objects or other outer solar system bodies, and in this sense they may serve as samples of

the outer solar system's primordial composition. Here we will briefly explore the nature

of Centaurs, as indicated in the previously published literature, and outliue some of the

laboratory evidence of the processes concerning Centaur surface chemistry. We give a

rough dynamical selection criterion for the Centaurs which generally separates them from

scattered disk objects and long period comet populations. We will also touch on what we

initially expected to determine from our observations.
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1.1 The Nature of Centaurs

In 1977, Charles Kowal discovered the first Centaur object, (2060) Chiron (Kowal & Gehrels

1977). The object fell within a unique orbital regime for smaller planetary bodies in that

the extent of the orbit lay between the mean heliocentric distances of Jupiter and Neptune

(Hindley 1978). At first, the object was classified as an asteroid, but Chiron's orbital

characteristics led to the suspicion that it may be a comet (Kowal, Liller, & Marsden,

1979). Subsequent observation of Chiron revealed sporadic brightening of several tenths of

a magnitude as it neared a distance of 12AU (Tholen, Hartmann, & Cruikshank 1988). The

possibility that this phenomenon was attributable to comet-like activity was later confirmed

by the imaging of a coma around the object (Meech & Belton 1990).

The discovery of (5145) Pholus in 1992 (Scotti et al. 1992), a second solar system body

which shares similar orbital characteristics as Chiron, finally provided a plurality of bodies

which travel between the Giant planets. Such objects had received the common designation

of "Centaurs" (e.g. Hindley 1978). However, this second body begged the question of what

the classification implied regarding the nature of the objects. Unlike Chiron, no cometary

activity was associated with Pholus. Furthermore, with an aphelion distance of 32.1 AU,

Pholus roamed outside the strict constraint of Neptune's orbit, and so outside the range

explored by dynamicists for orbital instability (e.g. Wisdom & Holman 1993). Yet, Pholus

would prove to be a more typical example of bodies which reside in this region of the solar

system. Since 1992, the number of Centaurs discovered has grown dramatically (Figure 1.1).

On average they would not show signs of activity (this work). The Centaurs would, on

average, be red in color (Hainaut & Delsanti 2002 and this work). Spectroscopically, they

would occasionally show water absorption band signatures, along with possible signatures

of organics, though often shallow, in their NIR spectra (e.g. Cruikshank et al. 1997, Brown

et al. 1998).
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Figure 1.1 The total number of known Centaurs, from 1996 to 2002, taken from the distant
EROs website (http:/www.boulder.swri.edu/ekonews). Our survey began in 1998, and we
have sampled about half of these objects in the optical.

1.1.1 Statistics & Theories

Over the last two decades, about forty four Centaurs have been found with orbits

primarily between Jupiter and Neptune.! They span a large range of colors and spectral

characteristics. Yet, because they inhabit a unique region of the solar system, these Centaurs

are of great interest for several reasons.

First, dynamical studies have indicated that the lifetimes of orbits in this region of

the solar system are relatively short compared to the age of the solar system, owing to

perturbative effects of the outer giant planets. Dynamical studies (Holman & Wisdom

lThe web-site UDistant EKOs" (http:/www.boulder.swri.edu/ekonews)lists44Centaurs.Using our
definition of a Centanr, the Minor Planet Center (http://cfa-www.harvard.edn/ian/mpc.html) lists 40
Centanrs. We also inclnde C/NEAT (2001 T4), C/LINEAR (2000 B4), P/Schwassman-Wachmann 1 and
P /Oterma, which are more traditionally listed as comets, not Centaurs (Marsden, private communication),
but will be included in this study as well. Hence the total of 44 objects in the Centaur object list.
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1993) indicate lifetimes of these objects between 105 and 107 yeaxs, much shorter than

the 4.56 Gyr age of the solar system. Centaurs as a remnant population are inconsistent

with simulations of solar system dynamical evolution, where 10-200 M$ of material are

ejected from the region on time scales of 107 yeaxs (Halm & Malhotra 1999). Hence, it

is likely that these bodies have recently axrived at their present locations. Theories have

been proposed that Kuiper Belt objects may be a source for the Centaur population (e.g.

Luu 1994, Levison & Duncan 1997, and Durda & Stern 2000). The inner satellites of outer

planets presumably formed from circum-planetary nebulae, while outer irregular satellites

were presumably captured and may have been Centaurs or Kuiper Belt objects (KBOs).

If some of these Centaurs axe remnants from solax system formation that have formed in

situ, and are not more recent axrivals from the Kuiper Belt, they may be compared with

the smaller inner satellites of the outer gas giants. If this theory is true, it would be likely

that we would find similaxities in their color and spectra. If, however, they axe Kuiper Belt

escapees, we are more likely to find better comparison objects among the smaller, outer

irregular satellites. Also, through perturbation effects from the gas giants, it would be

reasonable to expect that some Centaurs may evolve into short period (SP) type comets,

and perhaps shaxe common characteristics with cometary nuclei nearby.

The second, and related, issue concerns the very nature of the objects. Chiron, with

its readily observable coma and its observed inner bound coma (Meech et a!., 1997) was

until recently the only Centaur which had detectable activity (near 3 kg/s, according to

Meech and Belton, 1990). Observations of (5145) Pholns (Meech and Weaver, 1996), and

Asbolus (Brown and Luu, 1997) have placed upper limits on the mass loss from cometary

activity in these two Centaurs, but to date evidence for detection of coma in the remaining

Centaurs has been reported in only 4 additional objects (see Chapters 3 and 5). The

cause of Chiron's activity is unknown. The most abundant cometary ices, such as H2 0

and CO2 have sublimation temperatures that axe too high for them to be a significant

reservoir for out-gassing at Chiron's heliocentric distance (Delsemme, 1982). CO may be a

source. Comets typically are about 15% depleted in CO relative to ISM abundances, and
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this may be attributable to CO out-gassing at larger heliocentric distances. However, while

the sublimation temperature of CO (27K) is in the proper range for objects near lOAU

(where black body temperatures approach 80K), CO ice does not condense in solid form,

but rather is trapped as a gas in other solid ice, such as water ice. Amorphous water, formed

when water condenses at less than 137K, can trap large quantities of CO, and free it if a

phase transition occurs (e.g. Bar-Nun & Laufer 2003, Shoshani 1997, and Prialnik 1995).

Over the last decade, hundreds of KBOs have been discovered. Although their respective

dynamical histories might lead one to expectations of similar physical properties between

them and Centaurs, the Centaurs are a dynamically and evolutionarily different set of

bodies than the KBOs. Centaurs reside in a region where many volatile species, though

some not commonly seen in comets, begin to have significant sublimation rates (Delsemme

1982), and there are two examples of cometary activity among the Centaurs, discounting

P jSchwassman-Wachmann 1 and P jOterma, as opposed to obvious cometary activity in

KBOs which may have only one example (Hainaut et al. 2000 and Sekiguchi et at. 2002).

To add to the complexity, studies of Centaur colors in the visible and near infrared (NIR)

indicate that some of the Centaurs match some of the redder asteroid classification types,

while others appear redder still, and cannot be so easily placed (Mueller et aL, 1992,

Weintraub et al., 1997, Davies et al., 1998, Luu and Jewitt, 1996). The effects of processes

such as mantling from dust ejecta may dominate the surfaces ofthe Centaurs on time scales

of decades to tens of thousands of years (Jewitt, 2002). Impacts on surfaces may alter colors

if sub-surface non-irradiated material has a different characteristic composition. Yet, these

are probably combined with the effects of processes such as irradiation mantling, which

takes place over time scales of hundreds of years in special cases like those of the Uranian

inner satellites (Strazzula 1998), to tens of millions of years (Strazzula et at. 1995) for

ISM grains. Irradiation of cometary outer solar system ices by energetic particles will

over time cause a loss of hydrogen, and progressive polymerization and carbonization.

This will in turn change the mechanical properties of the surface as well as the spectral

properties, such as absorption features and slope, causing the surfaces to darken and possibly
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redden or turn gray (Strazzula and Johnson 1991; Strazzula 1998; Cruikshank 1997) as

complex hydrocarbons are altered. However, Kaiser & Roessler (1998) found no evidence

for reddening material in their experiments with the irradiation of volatile ices at outer

solar system temperatures by doses of MeV particles similar in nature to Galactic cosmic

ray radiation. As with irradiation aging, redness may often be associated with organic

material (Cruikshank 1997), but a red surface does not necessarily ensure the presence of

organics (Cruikshank et al. 2000).

These processes may effect the colors of the Centaur surfaces, but the optical colors

alone of Centaurs are not necessarily indicative of evolution because there are several

competing physical processes which may alter the surface, and these occur on different

timescales. Additionally, colors may yield spectral slope gradients, but cannot yield

information regarding the intrinsic brightness of the material. Certain volatile ices, for

example may appear spectrally neutral at optical wavelengths, as would amorphous carbon,

while the albedo of surfaces would be very different. Hence, knowing albedo and color has

obvious advantages in the determination of surface composition. Assigning meaning to

the color of a particular object may thus be an exercises in creative deconvolutiou. But a

larger sample of color statistics of independent populations may reveal trends which can

lead to conclusions to a population's evolution. For example, an ever increasing dispersion

in color may be present as one moves from KBDs through the Centaur population into the

observed cometary nuclei. Trujillo & Brown (2002) reported a red-ward trend in the classical

KBD population inversely correlated with increasing inclination, which may be seen in the

Centaur population. Tegler and Romanishin (1998 and 2000) reported an apparent, though

disputed (Hainaut & Delsanti 2002), bi-modality in the distribution of combined Centaur

and KBD colors. They suggested that red colors represented older irradiated surfaces.

However, more recent measurements do not show evidence for a bimodal distribution

(Hainaut & Delsanti 2002, Boehnhardt et al. 2002, and Jewitt 2002). Several groups have

suggested that the color differences from red to blue are a consequence of a newer surface

being exposed by collision or activity which brings up fresh non-radiated reddened material
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from the interior (Jewitt 1999, Luu & Jewitt 1996, and Tegler & Romanishin 2000). On a

reddened object, this can result in a bluer or more neutral surface and a change in albedo.

In addition, there is a possibility of change in surface composition if the nucleus' active

areas are non-homogeneous. Hainaut et al. (2000) show a convincing case for probable

activity in TNO 1996 T066, a relatively blue object which became bluer after suspected

activity altered the shape of its observed rotational light curve.

Another source of information that can be gathered from other optical imaging is how an

object's brightness varies with viewing angle, i.e. the object's phase curve. Just as with the

varying strength of the opposition surge over different regions of the lunar surface at small

phase angles (Buratti et al., 1996), phase curves indicate how porous or rough a surface

may be (Bowell et al., 1989). Also, dark, low albedo objects will have a steeper opposition

brightness surge because of the dominance of single-scattering signal over multiple scattering

(i. e. on lightly colored, high albedo surfaces, photons of light have more opportunity to

scatter back off the rough surface, shaded or not, before being absorbed). We might expect

that the surfaces of comets to be rougher than most other surfaces, and therefore exhibit

steeper phase curves. A statistical sampling of phase curve behavior among the Centaurs

may thus be compared with those of KBO (Sheppard et al. 2002) and cometary nuclei

(Fernandez et al. 2001 and Delahodde et al. 2001) populations may reveal relations in

addition to the Centaur colors.

Finally, statistics concerning NIR spectra among the Centaurs, and their relation to

Centaur color and phase curves, may also reveal meaningful trends. Currently, there are 6

published spectra (one this work) of Centaurs which overlap with our photometry data set.

We may begin from these data to draw correlations, or demonstrate a lack of correlations,

between the optical colors and the phase curve behavior of Centaurs. We may also see if

the presence of certain species, as revealed in the Centaur NIR spectra, are linked to color,

activity, or phase curve behavior.
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Figure 1.2 The inclinations of the Centaur, KBO, and SDO populations with respect to
orbital perihelion distance. The triangles represent Centaurs, the x-s the SDOs, and the
points represent the KBOs. Our selection limits in perihelion and inclination are shown by
the dashed lines.

1.1.2 What is a Centaur?

Originally, a Centaur was defined as a small body residing between Jupiter and Neptune

(Hindley 1978). More recently the criterion for a Centaur has been expanded, perhaps

somewhat arbitrarily, to objects with perihelion (q) values of q < 30 AU, and q > 5.2

AU (Jewitt 2003, submitted). However, in the outer solar system, the populations of long

and short period comets, KBOs, Centaurs, and SDO are likely overlapping (Fernandez

, in preparation). Until a close encounter with Jupiter in 1963, the comet P /Oterma, for

8



example, had a perihelion distance of 3.4 AU, well inside Jupiter's orbit. After the encounter,

P /Oterma's orbit was perturbed into a Centaur orbit with q = 5.47 AU (Fernandez et al.

2001). It was important for our study to minimize the mixing of populations, but to

include as many objects as possible. Furthermore, as the Centaurs are objects in transition

between more stable orbits, we wanted to select the populations of objects which occupied

the region between Jupiter and Neptune, but not to exclude those objects which were

recently perturbed into this region from the KBO population. Such recently perturbed

objects would, essentially, be undergoing the same processes as the sample of bodies whose

orbits are entirely bracketed within the giant planets.

While we therefore started with the later definition by Jewitt (2003), in order that a

significant part of each Centaur's orbit resided in the dynamically unstable giant planet

region, we chose perihelion values in the range 5.2 AU ;:S q ;:S 26 AU. Also, to avoid possibly

including a significant portion of the long period (LP) comet population, or objects with

origins in the Oort cloud comet reservoir, an upper limit to the semi-major axis, a < 34.2

AU and inclination (i) ;:S 26° was applied to the selection. We might expect more of the

scattered disk objects (SnOs) to consist of LP comets. Figure 1.2 shows the SDO and

KBO populations as compared to the Centaur population graphed in terms of their orbital

perihelion distances verses their orbital inclinations. Figure 1.3 shows the KBO, SDO and

Centaur populations on the perihelion verses semi-major axis (a) plane. This restricted our

Centaur sample to 44 objects 2 so that each object shares dynamical constraints similar to

the SP comet population as analyzed in Duncan et al. (1988), and the KBOs (Trujillo et

al. 2001) and so were dynamically separate from the LP comet parent population. These

restrictions also eliminated from our sample of the Centaurs certain bodies which may reside

2The following Centaurs fall within the orbital limits 5.2 AU :'5 q :'5 26 AU, a < 34.2 AU, i :'5 26°;
29P/SW1, 39P/Oterma, C/NEAT (2001 T4), C/LINEAR (2000 B4), 2002 TK301, 2002 VG131, 2002
VR130, 2002 QX47, 2002 PQ152, 2002 PN34, 2002 KYI4, 2002 GZ32, 2002 G09, 2002 FY36, 2002 DH5,
2002 CB249, 2002 CA249, 2001 XZ255, 2001 XA255, 2001 SQ73, 2001 KF77, 2001 BL41, 2000 SN331, 2000
GM137, 2000 EC98, 2000 COI04, 1999 XX143, 1999 JV127, 1999 HD12, 1996 RX33, 1996 AR20, 1995
SN55, 1994 TA, 2002 GBIO, 2000 QC243, 1998 TF35, 1998 SG35, 1998 QM107, 1999 OX3, 1998 BU48, 2001
PT13, 1999 UG5, Hylonome, Chariklo l ASbolus, Nessus, Pholus, Chiron
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in stable orbital resonances with Neptune, as does Pluto, for example. The 5:6 Neptune

orbital resonance is located near 34,2 AU.
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Figure 1.3 The semi-major axis values of Centaur, KBO, and SDO populations with respect
to orbital perihelion. The triangles represent the Centaurs, the x-s the SDOs, and the points
the KBOs. Our selection limits in perihelion and semi-major axis are shown by the dashed
lines. Note that a line defined by (perihelion = semi-major axis) would denote the limit of
oeccentricity objects with nearly circular orbits, and no objects fall below this line.

1.2 Observation Methods

The observing program we proposed to undertake was a multi-wavelength study of the

Centaurs. The emphasis was on the collection and reduction of data that would help
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determine the Centaurs' origins and nature. An understanding of the dynamics and physical

properties of the outer solar system small bodies is currently one of planetary science's

highest priorities.

We targeted the Centaurs near their oppositions (Chapter 3) to determine whether

there was evidence for coma and activity on these bodies, and investigate their surface

properties using NIR spectroscopy. We also included in our study the Uranian satellite

Miranda for several reasons. First, it is a more easily observable object from the region

of the solar system where the Centaurs reside, bright enough for large signal to noise in

NIR spectroscopic observations. Second, it was likely formed in the vicinity of Uranus

(Greenburg et al. 1991). Hence may be, to zeroth order, a sample of the pre-solar nebula's

composition for objects that formed in this region. As such, volatiles which we may find

on this satellite's surface may also be present further out iu the KBO populations, or may

exist on some of the surfaces of the Centaurs. Miranda also served as a counter-example of

how the Centaur population may differ from the larger outer solar system satellites, since

Miranda is more likely to have formed in a reduced environment, where the dominant C and

N bearing species where hydrogen compounds, like CH4 and NH3 in Uranus' proto-planetary

disk (Pollack 1991).

1.2.1 Centaur Coma Search & Color Photometry

The value of color photometry of a statistically large sample of Centaurs, as outlined in

previous sections of this chapter, may reveal some aspects related to Centaur evolution

and the reservoirs of these outer solar system hodies. Trends in color and phase curve

behavior can also be compared to SP comet populations to see if the Centaurs resemble

these objects and may in turn serve as an SP comet reservoir. When linked with

spectroscopic observations, we may further discover how surface composition effects their

visible wavelength broad band colors. Finally, broad-band imaging can set limits on dust

production, and steady-state resurfacing rates, with inactive Centaurs. There is much to

be learned from the broad band imaging and photometry of active Centaurs.
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Coma is a strong indication of cometary origin. By measuring the brightness and getting

a rough idea of the particle sizes, we can place approximate constraints on the mass outflow,

and upper limits on the lifetime of the object. The broad band photometry and imaging of

active Centaurs can reveal other characteristics besides the spectral gradient of the surface,

even if the surface is obscured by coma. The scattering efficiency of particles observed at a

given wavelength, A, goes as A-4 for small particles in the Rayleigh regime, and neglecting

absorption bands, becomes constant as the wavelength of light grows much smaller than

the mean particle size. In between these two regimes, departures from a smooth curve in

measured brightness are detectable over broad bands (see, for example, Showalter et al.

1991, Bauer, Lissauer & Simon 1997 and Throop 1998). Three color bands are desirable in

order to estimate particle sizes from offsets in intensity in one of the bands from the other

two bands. Variations in grain size over the coma may be caused by a bound exopause, as

with Chiron (Meech et al. 1997), a case in which the body's gravity traps larger grains.

Grain size variation in the coma may also be caused by slower moving grain populations in

instances of unsteady activity (Schleicher et al. 2003), or by fading dust grains (Baum et

al. 1992) which may decrease in size as they move further out from the comet nucleus into

the coma. If the coma is bound, by measuring the extent of the coma we may constrain

the mass of the Centaur if the coma is ballistic (see Meech & Belton 1990, and Meech et

al. 1997). Identification offading grains, and constraining how quickly they may sublimate

may give an idea of the grain composition. As the expected sizes of particles are often on

the order of a micron or slightly smaller (see, for example, for the case of Chiron, Meech et

al. 1997) I, R and V bands were believed to be the best for the initial search in order to

maximize the sensitivity to fine grain particles while considering the wavelength quantum

efficiency of the available CCD detectors.

Deep imaging to search for coma requires dark time and many short exposures as the

object passes through an uncrowded field on a photometric night. When searching for faint

coma signal, a moderately large pixel scale which is optimized for good PSF sampling while

large enough to collect signal from faint extended sources is advantageous. The sensitivity
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to low surface brightness coma may be extended by point spread function (PSF) subtraction

techniques when carefully executed (Meech & Weaver 1997). Hence, the pixel scale of the

UH 2.2m is optimal for coma search, while other observatories, and in particular the HST,

have too small a pixel scale. The optimum exposure times are constrained to have the

Centaur move less than half the seeing width, so that PSFs of the stars may be compared

with those of the object of interest when the frames are co-added. Detection of coma can

yield dust production rates and estimates of resurfacing time (see Chapter 5). Ifa portion of

the nucleus is visible through the coma, one may sample fresh surfaces of Centaurs, possibly

composed of material recently excavated by the cometary activity or resettled dust.

1.2.2 Lightcurves and Colors

As a consequence of our coma search observations, we also obtained data that set limits

upon rotational light curves for some of the Centaurs. We had in the past been able to

detect magnitude variations on the order of a few percent from UH 2.2m observations (see,

for example, Meech, Bauer, & Hainaut 1997), which is comparable to limits on amplitudes

of other observed Centaurs (e.g. Davies et al. 1998). Rotation rates for small bodies

in combination with other information may help constrain their size and composition, as

well as provide information regarding their collisional histories. Inconsistencies in the color

measurements of individual Centaurs over time (e.g. Davies et al. 1998) may indicate an

overall temporal variation in the color, owing to global change over the small body, such

as may be expected with cometary activity. These inconsistent color measurements may

also indicate detectable variations in surface color owing to different compositional regimes.

For the case of 1999 UG5 we simultaneously obtained NIR spectra and visible images in

an effort to correlate brightness variations and spectral features. At minimum, such data

provided constraints on the surface materials, and possibly on the albedo of the Centaur.

In our data analysis we use two numerical techniques help us determine the light curve

period of the Centaur from our photometry. First, we use the phase dispersion minimization

technique developed by Stellingwerf (1978). The PDM technique minimizes the variance
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of the data which has been converted to a phase for each trial period and grouped into

bins. The €I statistic, as defiued by Stellingwerf, is a ratio of the total data variance to the

combined bin variance (Stellingwerf 1978, and Bevington 1969). The technique indicates

periodicity in the data by minima in the €I values. Minima or small number multiples

near the duration of sampling or at our largest sampling intervals, such as 6, 8, or 24 hour

periods, are strongly suspect, but not altogether ruled out. The second method is usually

employed after the PDM routine to test the most likely minima indicated by such. We

conduct period searches using a Fourier periodogram technique, in place of the earlier PDM

technique, employing an algorithm called WINDOW CLEAN developed by Belton (1990)

which eliminated false peaks introduced by the regular sampling of the data. In Chapter

4, we describe how we used this technique iteratively to decouple the periodic light curve

brightness variation from the variation introduced by viewing the Centaur at differing phase

angles, and extracted a more precise light curve period along with a well characterized phase

curve. Ultimately, the final determination is to plot the magnitude points temporally phased

to the light curve period and inspect the result by eye, but these two numerical techniques

help to narrow the possible range of light curve period values.

1.2.3 Phase Curves

Apart from color and rotation light curves, another means of determining the nature of

surfaces using optical photometry is by monitoring their change in brightness at different

phase angles. The phase angle is defined as the angle sub-tending the Sun-object and

object-observer vectors, such that a Centaur near opposition has a very low phase angle

value. Just as with the varying strength of the opposition surge over different regions of the

lunar surface at small phase angles (Buratti et al., 1996), phase curves indicate how porous

or rough a surface may be (Bowell et al., 1989). Also, dark, low albedo objects will have

a steeper opposition brightness surge because of the dominance of single-scattering signal

over multiple scattering (Figure 1.4). To illustrate, the brighter Pluto/Charon system, in

contrast to darker asteroid surfaces, has a geometric albedo, Po, of 0.5, and a shallower
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phase curve slope relative to most asteroids (Tholen & Todesco, 1994). For most outer

solar system objects, one can only fit the simplest of phase curve models, because of the

limited range of phase angles which may be observed from Earth. The IAU system's 2

parameter phase model, loosely based on the Lumme Bowell phase function (Bowell et al.,

1989), is often employed, and fits for 2 parameters: H, absolute brightness at 0 phase, and

G, which is determined primarily by the steepness of the phase dependence at larger phase

angles (a::: 10
). Pluto's shallow phase curve has an IAU G-parameter near 0.86 in contrast

to most darker asteroids, which have phase curve G values between 0 and 0.5 (Tholen &

Todesco, 1994). Hence G values near ~ 1.0 indicate an extremely shallow phase dependence

characteristic of an extremely smooth uniformly reflecting surface, and values of G :s; 0.2

indicate a rougher or possibly darker surface. It is worth noting that where it may be

tempting to use phase curves in some sense as proxies for albedo measurements, there is the

very contentious caveat that many other characteristics of a body involving the roughness

and compactness of the surface material dictate the phase curve behavior. Deconvolution

of the effects of albedo from those of other factors on a minor planet's phase curve is bound

to be fraught with complexity. Even with the best of data sets, the scattering models which

best characterize the phase curve behavior, such as that developed by Hapke (1993), are

not determinate (Bowell et al. 1989), i.e. different sets of parameter values yield similar or

nearly identical solutions.

Ideally, to well-characterize a body's phase curve, long-term monitoring with a high

degree of photometric accuracy over several phase angle values is required. If such

monitoring is achieved, one can remove the variations attributed to the rotational light

curve and, choosing the midpoint magnitudes in the light curve range, one can fit phase

curve functions with multiple free parameters, such as a Hapke scattering model (Hapke

1993). However, dedication of such a long period of observing time is not usually possible

on large telescopes. Thus measurements of an outer solar system body's phase behavior are

often sporadic in their sampling, and the number of phase angle samples are usually limited.

Consequently, we fit our phase curves with the IAU phase function (cfBowell et al. 1989),
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Figure 1.4 An illustration of phase curve behavior. a represents the phase angle values of
the objects. The left diagrams show the relative positions of the Sun, object, and observer at
3 phase angle observing times (not to scale). The graphs on the right show the magnitude
vs. phase plots at the 3 phase angles (the dots) and the corresponding Lumme-Bowell
model fits (solid line), with the lAD G parameter indicative of the phase curve slope value.
The top illustration and graph, representing a phase curve of a dark object with a rough
surface, shows a steeper phase curve behavior than the bottom set, which is representative
of a phase curve of a body with a smooth surface and high albedo.
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which has Hand G as the only free parameters, but with the cost of rigidly approximating

the shape of the opposition surge. This is a particularly risky approximation for objects

in the furthest reaches of the solar system, as the phase angle range accessible to ground

based observatories becomes more restricted to lower phase angles. For the closest Centaurs,

within Saturn's orbit, this is less of a concern, as the range of phase angles coverage possible

extends out to angles of ~ 6°, beyond the 2° extent of the opposition surge behavior as

characterized by Shevchenko et al. (1997). However, the furthest Centaurs, near 26 AU,

and most of the KBOs will not be observed from Earth at phase angles greater than ~ 2°.

In fitting this phase model to the data, there are two major systematic sources of error in

the observations themselves. First, the viewing aspect may change as the objects sub-Earth

latitude changes, over the course of the body's orbit, so that the observer is actually viewing

different regions of the surface. Fortunately, for the Centaurs, the sub-observer point does

not move as quickly as most minor planets. For the Centaurs the orbital longitude changes

less than a few tens of degrees. Yet, without knowledge of the rotation pole, it is hard

to tell the magnitude of the effect. The second source of systematic error, the Centaur's

rotational light curve, is more likely to effect the observations.

1.2.4 NIR Surface Spectroscopy

When beginning this dissertation research, NIR spectra had been taken in the 1.0-2.5pm

wavelength range for the Centaurs Chiron, Pholus, and Chariklo. Where as Chiron's spectra

was initially found to be primarily featureless (Luu, Jewitt, & Cloutis 1994), the spectra of

Pholus (Cruikshank et al. 1998) and Chariklo (Brown et al. 1998) exhibited weak water

absorption features (>'1.5 and >'2.0 pm). Spectra from the three Centaurs are shown in

Figure 1.5, as taken from the literature. Table 1.1 shows the constituents listed in the

model fits. Pholus' spectra yielded more detail, and features attributed to light organic

molecules were identified. However, the Centaur spectra were of generally poor quality.

Features in the spectra of Chariklo, and possibly Chiron, were dampened by the noisiness

of the data. The surface features in Chiron's spectrum from Luu et al. 1994 was also

17



likely dampened by Chiron's coma, which was relatively active at the time (Meech et al.

1997). The model fits for Chiron come from a later work (Luu et al. 2000). A definitive

identification of the organic species in the Pholus data could not be made, although a

single absorption feature attributed to methanol, or derivative species, was present. Other

constituents, organic and silicate, were likely present, as indicated by the Hapke scattering

or other model fits.

The Centaur Pholus' spectra was the most detailed, but in general the spectra of

Centaurs were flat relative to the spectra of some KBO objects at the time, for example

that of the KBO 1993 SC. The spectrum of this KBO as observed by Brown et al. (1997)

showed multiple absorption features which were indicative of CH4 or other hydrocarbon

material. The Centaur spectra, especially Chiron's, were more similar to that of the KBO

1996 TL66, which was featureless (Luu & Jewitt 1998).

Over the past 4 years, the number of Centaur spectra have doubled (see Chapter 6). The

Centaur spectra, with broad topography and absorption features in the NIR, accommodate

more processed organics, like tholins, than the truly flat KBO spectra like those of 1996

TL66. However, these features can be fit by a multiple of such processed organics, or

processed organics in combination with silicates. Strong, definitive spectral signatures of

volatile species, other than water ice, remain elusive among the spectra of Centaurs.

1.3 Conclusion

The Centaurs are a statistically small sample of objects relative to the KBOs, likely because

they are in fact scattered KBOs, with relatively short lifetimes in their present orbits.

Compared to the main belt asteroid, comet, and Trojan populations, they are are also likely

our nearest sample of relatively unaltered material from the solar nebula. But even at the

start of our study, 4 years ago, they were either apparently not pristine, or their surfaces

were not abundant in the volatiles present in some of the outer solar system satellites, which

reside at similar heliocentric distances.
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Table 1.1. Centaur Spectral Model Fits From Literature, 1999

Centaurt Species in Composite Model Fraction of Species Grain Sizes§ Pv, disk 1f

Chariklo H2O(90K), -,- 0.001
red material (const. slope) ,

Pholus Olivine, Methanol, H2O 0.21,0.06,0.06 0.02,0.01,0.01 0.06
Titan thoJin, carbon black 0.06,0.61 0.001,> 0.1

Chiron' Olivine, H2O -,- 0.001 0.14

Note. - §Grain sizes (mm);lReduced;-,rAlbedo used in model fits at 0.55 p.m. For Chariklo,
for example, Brown et aI. 1998, used relative scaling and no fixed albedo;' Chiron fits were
from Luu et aI. 2000 to the data presented in Luu et al. 1994 and later data as well.

Chapter 2 is concerned with the study of an outer solar system satellite, Miranda, which

we studied to see how such an outer solar system satellite may differ from our Centaurs.

We also hoped to get an idea of what kind of volatiles and surface compositions we could

find, and to draw distinctions between these satellites, which may have formed out of the

gas giant's proto-planetary nebula, and the outer satellites, which were possibly captured

Centaurs.

Chapter 3 is the summary of our VRl band photometry and imaging survey. We searched

for colors, activity, rotation light curves, and phase curve behavior among 24 of the Centaurs

performed between 1998 and 2002 with the University of Hawaii 2.2-m telescope. This is

the largest such Centaur survey to date. We show that they cover a continuum with mean

V-R color of 0.58+/-0.01 and a standard deviation 0.15. The color distribution fits between

those of the Kuiper Belt and the cometary nuclei, and seems to confirm observationally the

dynamical concept of the Centaurs as transition objects between the Kuiper Belt and the

inner-Solar System, short-period comets.

Chapter 4 contains an in-depth study of the Centaur 1999 UG5, including NIR spectra,

and a simultaneously observed light curve. The spectra appear variable, and fall are over
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different portions of the surface. Water ice may be a component of one of these spectra,

but both sides show the familiar red-sloped gradient shown in other Centaurs, such as with

Pholus, which extend out into micron wavelengths.

Chapter 5 is our photometric survey of C/NEAT (2001 T4), a cometary object with a

Centaur orbit, but which is very red in color, among the reddest, in fact. Dust production

limits and resurfacing estimates are made. We conclude that, despite the commonly

accepted notions of color in relation to Centaur surfaces, a neutral or blue color may not

be indicative of newly excavated surface.

In Chapter 6, we try to summarize the conclusions we found in our optical survey and

reconcile them with our studies of Miranda's surface, 1999 UG5, and C/NEAT (2001 T4).

We also explore more current literature for NIR spectroscopy results and color surveys of

other outer solar system objects and view the conclusions of our studies in these contexts.
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Figure 1.5 Centaur spectra from the literature, c. 1999. Chariklo (top, Brown et aI. 1998),
Pholus (middle, Cruikshank et aI. 1998), and Chiron (bottom, Luu et aJ. 1994).
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Chapter 2

The Near Infrared Spectrum of Miranda:

Evidence of Crystalline Water Ice.

Note: This chapter originally appeared as Bauer et al. (2002b), with co-authors T. L.

Roush, T. R. Geballe, K. J. Meech, T. C. Owen, W. D. Vacca, J. T. Rayner, and K. T. C.

Jim.

Abstract

A spectrum from 1.2 to 2.51'm of Uranus' small satellite Miranda obtained in June 1999

reveals strong water ice signatures. It confirms the existence of a 2.0 I'm water feature

previously detected on Miranda, and shows a strong second broad 1.5 I'm water ice

absorption feature. The spectrum also reveals a weak absorption band at 1.65 I'm that

is indicative of crystalline water ice. Reflectance models which combine the new spectrum

with new photometry indicate the spectrum is characteristic of a mostly water ice surface,

with a large fraction of carbonaceous or silicate contaminates, and the possible presence

of ammonia hydrate, as implied by an apparent weak feature near 2.2I'm. The possible

presence of other volatiles is also investigated.
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2.1 Introduction

Recent spectral studies of the Centaurs Chariklo and Pholus (Brown et al. (1998b), Brown

& Koresko (1998), and Cruikshank et al. (1998a), 1998a), and of the outer-planet satellites

such as Nereid (Brown et al. (1999b) and Brown et al. (1998a)) and Phoebe (Owen et al,

(1999)), consistently yield evidence of water ice on the surfaces of these small bodies,

particularly from detection of the 2.0 /Lm absorption band, However, the abundance of

water ice on their surfaces as indicated by the absorption band depths varies greatly from

object to object. Likewise the presence or absence of other volatile materials is also higWy

variable from object to object.

There are several different models for the formation of the Uranian and outer planet

satellite systems, and each theory predicts a different sub-nebular chemistry which could

account for variety in the observed water-ice abundances. Pollack et al. (1991) present

several scenarios for the Uranian satellites. In the accretion disk model, the satellites form

from the outer solar nebula gas and solids which become gravitationally trapped by Uranus.

Here, CO is the principal C-bearing species, and the temperatures are too low to convert

CO to methane and water. In the spin-out disk model, the satellite forming disks are

remnants of the outer planet envelopes. Determining the probable starting composition

for the satellites depends on understanding the convective mixing in the envelope and the

proto-planet luminosity. The temperatures and pressures in this scenario were probably high

enough for C and N to be fully reduced, with CH4 and NHa as the dominant C and N-bearing

species, In a third scenario, the satellite forming disk could have been generated during

the impact that gave Uranus its high obliquity. In this model, shock heating would have

converted much of the CH4 to CO in the envelope of the planet, and would have depleted

the disk in water, resulting in a higher rock to water ratio in the satellites. Finally, in the

co-accretion model, the satellite origin is similar to that of the accretion model, except that

there is a larger fraction of planetesimals, hence organics, incorporated into the satellites.

From these models, one may expect to see a trend in composition as one progresses from
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the inner satellites, formed in situ, to outer, likely captured, satellites and Centaur bodies

which were formed in the outer proto-stellar nebula, away from proto-planetary formation.

Understanding the satellite composition can allow us to constrain scenarios of formation.

Miranda is a particularly interesting case study of such theories. The innermost of

Uranus' major satellites and the smallest, Miranda was first discovered in 1948 by Gerard

Kuiper (see Kuiper (1949)). The satellite has a radius of 235.8±0.7 km, and mass estimates

from Voyager 2 Doppler tracking data (Jacobson et al. (1992)) indicate a density close to

that of water-ice, p=1.15±0.15 g cm-3, thus making Miranda the least dense of the major

Uranian satellites. The density suggests a rock mass fraction between 0.2 and 0.4. Voyager

images revealed a bizzare surface with extensive old heavily cratered terrain cut by tectonic

features, and features of probable volcanic origin, suggesting that it has been thermally

altered since formation. Unusual geologic regions exist called coronae, relatively uncratered

compact areas 200-300 km across surrounded on all sides by a network of extensional rifts.

The rifting is extant over the portion of the surface imaged (e.g. Helfenstein et al. (1988)).

The coronae are probably tectonic features which have been modified volcanically.

The first near-IR observation of Miranda was a 16 band spectrum ranging from 1.6 to

2.4 I'm, which revealed a 2.0 I'm feature attributed to water-ice (Brown and Clark, 1984).

In the Voyager images, the heavily cratered regions external to the slightly reddish coronae

were found to be relatively blue (Buratti et al. (1990) and Buratti & Mosher (1991)).

Subsequent ground-based observations (Buratti et al. (1992)) revealed a strong opposition

surge in brightness at optical wavelengths indicative of a "fluffy" porous surface. The

JHH'K photometry of Baines et al. (1998) showed that the opposition effect likely extends

into the infrared. A fluffy, multiply cratered surface may imply a history of bombardments

by small bodies. The observed opposition effect may alternatively be caused by a thin

covering of volatile frost. The more recent 7 color optical photometry of the Uranian

satellite system by HST (Karkoschka (1997)) confirmed the slightly blue color of Miranda's

full disk, in marked contrast to the red colors of other Uranian satellites in the system,

and most Centaurs (Davies et al. (1998)). As suggested in Buratti & Mosher (1991), with
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the exception of Miranda, the surfaces of the major Uranian satellites may have accreted

lower albedo, reddish dust grains from within the equatorial plane of the Uranian system.

Miranda would be relatively unaffected by this accretion process because of its larger orbital

inclination with respect to the equatorial plane of the Uranian system (3.4°), and so we

may be viewing on Miranda a surface closer to primordial composition in the sense that it

is relatively devoid of the reddening dust contaminant.

The average normal albedo of the surface from Voyager is Pv~0.33 (representative of

the older, heavily cratered terrain), and varies from 0.30 to 0.37 (Buratti & Mosher (1991)).

Voyager's observations showed that the surface was spectrally flat between 0.4 and 0.6fLm

(Veverka et al. (1991)). It has been speculated that the composition of the dark material

may represent radiation darkened (polymerized) CH4 (Veverka et al. (1991)).

Geologic structures and cratering records help us infer the thermal histories of the

Uranian satellites. Models of expansion both prior to melting and volcanism, and expansion

after melting suggest that the satellites may have expanded by as much as 2%. The

associated temperature rise would have been LlT~100 K for both pre- and post-melting

(Croft & Soderblom (1991)). Miranda's volatiles cannot consist of purely water, because

the modeled LlT would have required complete melting of the ices, erasing any pre-melt

surface features (which are preserved in the old, cratered terrain). Likewise, re-freezing of

pure water ice would have resulted in an expansion twice as large as suggested. Therefore,

the presence of a more volatile material, such as ammonia hydrate (NH3 ·H20) is suggested.

The presence of material more volatile than water is also inferred because water ice has

a high thermal conductivity and high melting point, and it is difficult to trap enough heat

in Miranda to explain the tectonic activity. Radioactive heating of water ice alone would

not have been sufficient, resulting in a LlT of only 1O-20K (Tittemore & Wisdom (1990)).

Miranda's distance from Uranus (~ 1.3x 105 km) and constraints on the satellite's spin-down

rate would not allow that sufficient heat was generated by tidal heating by Uranus alone,

which would have at most raised the temperature on the order of 4K (Greenberg et al.

(1991)). Marcialis & Greenberg (1987), and Tittemore & Wisdom (1990) proposed that
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Miranda's passage through orbital resonances, specifically with Umbriel, may have heated

its core to 200K from 80K. However, this would not be a high enough temperature to melt

a pure water-ice body the size of Miranda, without a sufficient amount of more volatile

materials (such as ammonia hydrate). If volatiles such as nitrogen, methane or carbon

monoxide were present in the ices in addition to ammonia the cryomagma should have been

loaded with gases, and there would be evidence for explosive volcanism, which is not seen

on Miranda. On Miranda, while the estimated volume of cryomagmas is relatively small,

the possible minor volatiles might be volumetrically important surface deposits, and we

might expect to find evidence for ammonia or other volatile absorption in the spectra. One

may expect to find C-H bearing species, such as methanol, if Miranda formed in a CH4 rich

environment. One would not expect to find pure methane, since it would have evaporated

from the surface in less than a few million years (see, for example, Brown (2000)).

The error bars on the earlier spectroscopic data were too large to draw any inferences

about the presence of more volatile materials (e.g. CH4 or NH3) on the surface of Miranda,

and in fact the data allow up to a few percent of the more volatile materials to be mixed

with the H20 ice. Because of the importance composition plays in understanding the

thermal history, evolution and formation of the Uranian satellites, we have obtained near

lR observations of Miranda to search for trace constituents in the spectra and study the

presence of water ice in more detail.

2.2 Observations and Data Reduction

2.2.1 Spectra

We observed Miranda using the 3.8 meter United Kingdom Infrared Telescope (UKlRT)

on Mauna Kea. The observations took place during the second halves of the nights of UT

1999 June 7 and 10. We used the facility spectrometer, CGS4, a 1-5Ji.m multi-purpose two

dimensional grating spectrometer containing a 256 x 256 lnSb array detector. Both nights
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Table 2.1. Observing Geometry & Instrumental Configuration

Parameter

Separation from Uranus
Position Angle (N ---tE) t
Phase Angle
Spectral range
(resolving power)
Slit Dimensions
Grating Ruling
Slit Pos. Angle

1999 Jun 7

9"
155°-168°

2.52°
1.83-2.47, 1.43-2.07I"m

(A x 200),(A x 200)
1.2x90"

40lines/mm
90°

1999 Jun 10

9'/
181°-195°

2.47°
1.01-1.33,1.43-2.07I"m

(A x 400),(A x 200)
1.2x90"

40 Iines/mrn
90°

Note. - t PA of Miranda relative to Uranus.

were clear, and seeing was less than I". The observing geometry is shown in Table 2.1.

Miranda's visual magnitude was listed by the JPL's Horizon ephemeris as m. = 16.5.

We aligned the slit within 20 degrees (PA ~ 90°) of the tangent to Miranda's motion

about Uranus on the sky plane. This orientation allowed the array to sample spectra of

background-scattered light from Uranus parallel to and on either side of Miranda's spectral

signal rows. The instrumental configuration has been summarized in Table 2.1.

Three spectral segments (1.01-1.33I"m, 1.44-2.08fjm, and 1.84-2.48I"m; hereafter the

1.2fjm, 1.8fjm, and 2.2fjm bands, respectively) were observed. For each band a series of

exposures were obtained with Miranda centered in two different rows separated by 7".

Individual exposure times were 40 and 60 seconds. The total exposure times in these bands

were 1920, 2400, and 2560 seconds, respectively. The star HD 198802 (G1V) was used

as a spectroscopic standard (Colina et al. (1996)). It was observed immediately before

each series of Miranda exposures and at airmass values within a few hundredths of that

of the Miranda observations. Flat field exposures and arc lamp exposures (for wavelength

calibration) were obtained after each change in instrumental set-up.
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The CGS4 on-line reduction software was used to flatten, remove bad pixels from, and

combine the individual frames. For each spectral band a final coadded frame was produced

on-line by summing pairs of subtracted frames; each coadd contains positive and negative

spectra of Miranda (or the calibration star) separated by 12 rows of the array, along with

residual sky background. Subsequent extraction of the positive and negative spectra and

their subtraction to form final spectra removes the residual sky emission, apart from that due

to the non-uniformly distributed scattered light from Uranus (see below). The combined

spectra were wavelength-calibrated using the arc lamp spectra. Non-telluric absorption

lines in the standard star were removed. The Miranda spectra were then flux-calibrated by

dividing them by the standard star's spectra and multiplying them by a black body curve

of the same temperature as the standard star's stellar atmosphere (Allen (1973)).

Figure 2.1a shows the overall shape and spectral energy distribution across all three

spectral bands, which seem to grossly align. However, it is clear from the overlap between

the 2.2pm and 1.8pm spectral bands that slight offsets remain. The slight offset may be

caused by changes in the seeing and guiding accuracy, such that the same fraction of the flux

from Miranda and the flux calibration star may not have fallen within the narrow slit, or by

differences in brightness or temperature from the canonical G1V spectral type of our solar

analog standard, HD198802. However, the two 1.8 pm flux spectra from the separate nights

of the 7th and 10th of June do closely overlap. The mean difference between the signals

was 5% and they needed no rescaling relative to each other before averaging their signal.

Figure 2.1a also shows the major telluric, solar, and strong Uranus background feature

regions which may have introduced errors at those wavelengths in the extracted spectrum.

We choose not to artificially rescale the 2.2pm spectra upwards in our flux values shown in

Figure 2.1a since the offset is so slight that it is of little consequence to our conclusions.

Note, however, in order to show spectral features better in Figure 2.1 band c, we do rescale

the flux by a factor of 1.2 before calculating our relative reflectance values.

Scattered light from Uranus and its rings contributed significant background

contamination, particularly in the 1.2/Lm and 1.8pm bands. This was removed by using a
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Figure 2.1 The CGS4 spectral data. (a) The CGS4 data flux values from 1.1 to 2.5J.!m, from
1999 June 7 & 10. The data have not been rebinned. There are no overlap regions between
the 1.2 and 1.8J.!m bands, as there are for the 1.8 and 2.2J.!m bands. The wavelengths where
some major telluric (Ell), solar (8), and strong Uranus background (U) features were located
in the unreduced data are indicated here as well. (b) The relative reflectance of Miranda
across the 3 bands (averaged for June 7 & 10), from 1.1 to 2.5J.!m, with statistical errors
shown. The errors for each resolution element were taken from the dispersion in the values
averaged to the rebinned value. The data were binned to the instrument's resolving power
(Ll.'\ ~ O.005J.!m). (c) This panel shows the data binned to a resolving power of about a
quarter of the instrument's resolving power (Ll.'\ ~ O.02J.!m). Major features discussed in
the text are indicated in both (b) and (c). At the lower resolution, features near 1.65J.!m
(hexogonal water ice, Ih ), 2.2 I'm, and 2.3J.!m are still present with SN > 2a. The insets in
both flgures show the expanded spectrum near the 1.65J.!m and 2.2J.!m features.
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5th order background function fit to three regions perpendicular to the dispersion direction.

This includes an extra region in between the positive and negative signals, as opposed to

using just the usual two sample regions on either side of the object positive and negative

spectrum signal. The worst contamination occurred in the 1.2,.m band, where the CH4

absorption from Uranus is weakest. We were unable to properly extract Miranda's spectra

shortward of 1.1 ,.m owing to Uranus' background-scattered light. Within the 1.8,.m

spectral band, Uranus' background becomes strongest near 1.5-1.64,.m (see Figure 2.1a).

Hence near 1.50fLm and 1.61,.m we encountered problems fitting the background, the first

night under-subtracting and the second night over-subtracting. The spectral flux values

were divided by a solar spectrum (Colina et al. (1996)) and multiplied by a distance scaling

factor (e.g. Roush et al. (1996)) to arrive at the relative reflectance values. The relative

reflectance values are in units of full disk albedo (£Iii) calculated as:

r2eP :Fo
£Iii = R2 [:F8 • (IAU)2] (1)

where :Fo and :F8 are the satellite's measured flux and the solar fiux at Earth, respectively,

r (AU) and d (AU) are the heliocentric and geocentric distances, and R (AU) is the object

radius.

The last two panels, b and c, of Figure 2.1 show the statistical errors calculated by

taking the dispersion in the data points as they are rebinned to wavelength intervals of (b)

one and (c) four resolution elements. No spectral signature of Uranus or its rings appears

to remain in the spectra. The 1.2,.m band spectrum has no overlapping values with the

1.8,.m data, and has only a single set of exposures taken on the second of the two nights.

Hence, the relative offset of the 1.2,.m albedo values to those of the 1.8,.m and 2.2,.m

data is suspect, by of order ±0.02, which is the range in values we encountered when using

different extraction and background fitting techniques. We calculated broad band near-IR

photometry values from our spectra and later obtained near-IR photometric observations
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in order to verify the alignment of our 1.2/lm spectra with our overlaping 1.8 and 2.2/lm

spectra (Section 2.2).

2.2.2 Photometry

To obtain our J, H, H' (Acentral = 1.72/lm), and K band reflectance values, we multiplied

the UKIRT data with the IRTF filter transmission data for the corresponding filters. For

J values, we used the Jmk filter transmission data in place of the older filter transmission

values, since this newer filter was a better match to our 1.2/lm band data set. The errors

include the statistical errors of the individual measurements in each band as reported in

Table 2.2. For the J-band, the reported error also includes the 0.02 uncertainty from

our estimate of the offset of the 1.2/lm spectral band from the 1.8/lm and 2.2/lm data

described in the previollB section. The systematic errors owing to not having Miranda and

the calibration star equally well centered in the slit or caused by changes in the focus or

seeing could be larger than the statistical errors. However, as mentioned in Section 2.1, the

difference between the 1.8/lm spectra taken on separate nights was a few percent, much less

than the reported statistical errors for the Hand H' band photometry derived from that

spectral segment.

Figure 2.2a shows our full disk albedo values (P) of the broad-band data derived from our

spectral observations at 2.50 phase angle in comparison to values reported in Karkoschka

(1997), Kesten et al. (1998) , and Baines et al. (1998) from 0.3-2.5 /lm at 10 phase angle

. The open circles, squares, and triangles show the data obtained at 1.00
, and the filled

circles our UKIRT data. Because the observations from the literature shown in Figure 2.2a

were obtained at different phase angles resulting in different albedos, we compare the colors

of our observations to those previously reported. As the J band spectral segment does

not overlap the 1.8/lm band spectrum, there is some uncertainty in the colors including

J. The H'-K color derived from the broad band spectral reflectance values of the UKIRT

spectra (PW-K = 0.04±0.01) agree within the formal errors with values reported by Baines

et al. (1998) (PH'-K = 0.05 ± 0.01). However, the data of Baines et al. (1998) yielded
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Figure 2.2 (a) Optical and near-IR full disk albedos derived from recent broad-band
photometry data, from 0.3 to 2.5 pm at 10 phase angle from Karkoschka (1997) (open
circles), Kesten et al. (1998) (open squares), and Baines et al. (1998) (open diamond). The
filled circles are the photometry values derived from our spectral data, at 2.40 phase, shown
here for comparison. The Kesten et al. data were converted from reported magnitudes into
full disk albedo values. The Brown & Clark (1984) data are shown as open triangles, with
gray error bars. Horizontal "error bars" represent the width of the bandpass. (b) Optical
and near-IR full disk albedos derived from recent broad-band photometry data at 2.4-2.90

phase angle including the data reported here and from Baines et al. (1998, open diamonds),
The UKIRT values are shown as open circles, the UH QUIRC values as open squares, and
the IRTF SpeX values as open triangles.
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significantly different J-H' values (PJ-H' = -0.08 ± 0.02) than ours (PJ-H' = 0.04 ± 0.02,

Figure 2.2a). This motivated us to confirm our flux calibration with broad band photometry

measurements. We acquired JHK photometry measurements USing the QUIRC instrument

on the UH 2.2m telescope, and measured the H and K band magnitudes in the IRTF SpeX

first light images taken on May 18, 2000. Both QUIRC and SpeX use Mauna Kea (mk)

NIR filter sets. QUIRC is the University of Hawaii's 1024x 1024 HgCdTe NIR camera.

At the f /10 focus configuration that we used on the night of May 22, 2000, the camera's

field of view is approximately 193 x 193 arcsec. The imaging array on the IRTF's SpeX

instrument (Rayner et al. (1998)) is a 512x512 InSb array with a 1 square arcminute field

of view. During both observing runs, the telescope was jittered in such a way that Miranda

was never on a part of the array previously occupied by Uranus. Sky background was

subtracted using median filtered sets of images from immediately before and after each

exposure. Both sets of images were reduced in a similar standard fashion, correcting for

airmass extinction and zero point offsets using NIR photometric standard stars. We took

care to sample the background at identical distances from Uranus. The proximity of a

background star prevented us from making use of the SpeX J-band image. Because of the

combined scattered light gradients from both the star and Uranus, we were unable to make

the appropriate corrections for a smaller aperture size which would contain only Miranda's

signal and were unable to properly characterize the background signal in the photometry

aperture. The albedos and colors computed from this data, including the unscaled UKIRT

values derived from the spectra in Table 2.2, are shown in Figure 2.2b in comparison with

data from Baines et al. (1998) taken at nearly the same phase angles (2.4-2.8°). Miranda's

projected angular diameter in all instances was less than 0'!04 arcsec. The seeing for the

QUIRC data was 0'!6 and for the SpeX data was 0'!7. In the case of the UKIRTspectroscopy,

the 1'!2 aperture encompassed the entire disk. This was also the case for the photometry

with the QUIRC and SpeX data, where we used synthetic apertures of 31/ or greater. This

synthetic aperture size was greater than 3.5 times the FWHM of Miranda in the imaging

frames, so that more than 99% of the light fell within the aperture. For the UKIRT data,
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Table 2.2. Full Disk Albedos

).. (I-'m) albedo

UKIRT CGS4 (June 1999)
1.247 0.260 0.018 0.16
1.618 0.202 0.010 0.28
1.725 0.225 0.010 0.10
2.203 0.181 0.010 0.40

IRTF SpeX (May 2000)
1.62 0.243 0.016 0.28
2.20 0.206 0.020 0.40

UH QUIRC (May 2000)
1.27 0.281 0.028 0.16
1.62 0.224 0.025 0.28
2.20 0.184 0.025 0.40

as mentioned before, a flux calibration star was observed with identical aperture size to

properly scale the observed brightness values.

The Kesten et at. (1998) values show a significant blue color gradient for the JHK band

data (J-H: 0.038 ± 0.021, H-K: 0.046 ± 0.019, J-K: 0.084 ± 0.021), as do recently reported

observations of Trilling & Brown (2000), taken at a phase angle of 1.5° (J-H: 0.077 ± 0.022,

H-K: 0.020 ± 0.028, J-K: 0.097 ± 0.027). The Baines et at. (1998) data show weak gradients

of varying sign for J-H (0.020 ± 0.017), H-K (-0.023 ± 0.011), and J-K (-0.003± 0.016).

The QUIRC (J-K: 0.057 ± 0.038, H-K: 0.040 ± 0.035, J-K: 0.097 ± 0.038), SpeX (H-K:

0.037 ± 0.026), and UKIRT (J-K: 0.06 ± 0.022, H-K: 0.02 ± 0.014, J-K: 0.08 ± 0.022) show

consistently blue color gradients which agree with each other and the Kesten et at. (1998)

values within the reported errors and disagree, except for the J-H color value, with the

Baines et at. (1998) data. This discrepancy may be caused by several factors, including the

sampling of unique surface regions (see Section 4.1) by the Baines et at. (1998) observations,

or the mismatch of filter band passes between the data sets from the different observers. It

should also be noted that the individual SpeX points are significantly brighter than the H

and K albedo values derived from the UKIRT spectra, which may also be attributable to
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observations of Miranda at times when the sub-observer points were well separated and on

characteristically different portions of that satellite's surface (Figure 2.5).

2.3 Analysis

2.3.1 Identification of Spectral Features

The spectrum of Miranda exhibits several characteristics that we recognize and consider in

our modeling effort (Figure 2.1 b and c). The broad minima located near 1.5 and 2.0ttm are

present in both amorphous and crystalline water ice spectra (eg. Cruikshank et al. (1998b),

Schmitt et al. (1998), and Grundy & Schmitt (1998)). Additionally, the weaker feature

near 1.65ttm coincides with a feature found only in the spectrum of the crystalline form

of water ice at low temperatures (Schmitt et al. (1998), and Grundy & Schmitt (1998)).

An even weaker feature near 2.22ttm coincides with features observed in ammonia ice at

2.24ttm and solid ammonia hydrate at 2.21ttm (eg. Schmitt et al. (1998) and Brown et al.

(1988)). In order to check the persistence of these features, we rebinned the spectrum to

about one quarter the instrumental resolving power (Figure 2.1 c). The 1.65ttm crystalline

ice and 2.22ttm features remain apparent, with signal-to-noise (SN) values of 2.9 and 4.3

respectively when comparing the feature minima with proximal peaks or edges. We show

data with the degraded spectral resolution here only for comparison and use the spectrum

at the full instrumental resolving power (Figure 2.1 b) for our modeling fits.

In the higher resolution spectrum (Figure 2.1 b) the possibility of a weak feature

near 2.33ttm may indicate the presence of a CR-bearing species or perhaps a hydroxylated

silicate. This feature remains apparent in the lower resolution binning of the data with a

SN near 2.8. A couple of sharp, but weak features at 2.01 and 2.07 ttm, which have SN

values in the higher resolution data of 1.5 and 1.9 respectively, might be attributable to

C02 ice, but an expected CO2 feature at 1.965 ttm appears weak or absent. Furthermore,

while the 2.01 ttm feature in both 1.8ttm spectra from seperate nights may be due to the

actual presence of CO2 ice, the absence of this C02 feature in the 2.2 ttm spectra argues
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against this, and so we find our spectra are inconclusive in the detection of C02 ice. These

features are narrow, and do not persist in the low resolution sampling of the spectrum. The

overall level of Miranda's albedo suggests a darkening agent that does not exhibit any color

trends at the shortest wavelengths.

2.3.2 Spectral Modeling

In order to provide insight into the nature of the surface material{s) on Miranda we have

produced model spectral albedos for different candidate materials and their associated grain

size{s), to compare with the new data. The model used is that originally developed by Hapke

(Hapke (1993)) to describe the measured albedo. The details describing the formulation

used in our effort are provided by Roush et al. (1990), Roush (1994), and Cruikshank

et al. (1998a). The limited phase angle coverage of near infrared wavelengths precludes

us from independently determining some of the parameters of the models. Here we rely

upon values of these parameters derived from Voyager observations by Helfenstein et al.

(1988); specifically the parameters, as defined in Roush (1994), have the values b = 0.93,

h = 0.018, and So = O.77x{Fresnel reflectance). So characterizes the amplitude ofthe phase

curve opposition surge, and h the width, while b is the value which constrains the slope of

the phase curve at larger angles. This approach also requires that the real and imaginary

indices of refraction of candidate materials be specified. The availability of appropriate

optical constants is limited; constraining our range of model computations. Nonetheless,

different wavelength regions of the Miranda spectrum allow us to investigate a range of

plausible candidates. The reflectance model is coupled to a downhill simplex algorithm

(Press et al. (1992)) that in a single run autonomously investigates a range of parameter

values to define the best fit to the data in a least squares sense. When appropriate, the same

components, but having different initial estimates of relative abundance and grain sizes, are

used to confirm that the simplex has reached the same result. We have eliminated two data

points near 1.81"ffi from the original spectral observations due to their high variance and

association with strong telluric features.
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In our modeling we consider intimate mixtures, putative molecular mixtures, and spatial

mixtures. Intimate mixture is a term describing the situation where individual grains (pm

to mm in diameter) are mixed together. Planetary soils and regoliths are examples of

such mixtures. In our usage a molecular mixture represents a case where a contaminant is

trapped within a host material. To estimate the optical constants for such a mixture we

linearly combine the optical constants of the candidate materials based upon their relative

abundances. Because of the relatively high temperatures (> 60 K, Grundy et al. (1999))

of the Uranian satellites we do not expect methane to be stable at the surface. However,

because of the weak feature near 2.3pm, we consider a molecular mixture of water ice

and methane ice. In this model we envision the methane being trapped locally within the

water ice. Spatial mixtures represent a linear mixing of the individual albedos of candidate

materials. Such mixing is represented by relatively large scale physical features such as

rocks or outcrops having spatial dimensions on the order of decimeters to meters or even

kilometers. The mixing can be expressed as RT = RC1Acl + RC2 Ac2 + ...RenAcn, where

RT is the total reflectance, Rei and ACi are the reflectance and spatial extent of component

i and it is required that E ACi = I.

Optical Constants

The ice optical constants used in our spectral models come from a variety of sources, which

are shown in Table 2.3. To illustrate where each potential candidate might contribute to

the Miranda spectrum we calculated the albedo for the select pure ice used in our spatial

mixtures, using grain sizes representative of the best fitting mixtures discussed below. The

results are shown in Figure 2.3, panel a.

Amorphous carbon provides a material that has a low albedo and is neutral in color.

It also represents the end-member by-product of the processing of original hydrocarbon

bearing materials. Optical constants of amorphous carbon are from Rouleau & Martin

(1991). Carbonaceous chrondritic meteorites represent relatively pristine materials that

could have been originally incorporated into Miranda or could represent material currently
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being delivered to the surface of Miranda. Murchison extract, the insoluble residue from

Murchison meteorite represents a low albedo material with some subtle spectral features.

Optical constants of Murchison extract are from Khare (personal communication, 1996).

Serpentine, a hydroxylated silicate, is an aqueous weathering product of primary igneous

minerals (olivine). Serpentine optical constants are derived from laboratory data presented

in Roush et al. (1990) using the techniques described by Clark & Roush (1984). As with our

pure-ices, to illustrate where a select potential candidate might contribute to the Miranda

spectrum we calculated the albedo for serpentine, having a grain sizes representative of the

best spatial fitting mixtures described below and the results are also shown in Figure 2.3a.

Buratti et a!. (1990) derived an average normal albedo of ~0.33. Voyager imagery of

Miranda revealed a heterogeneous surface containing distinct high (~0.37) and low (~0.30)

albedo regions (Buratti & Mosher (1991)). Thus the spatial mixing of spectral components

discussed above appears to be the most likely candidate for evaluating Miranda's near

IR spectral signature. However, the underlying cause of these albedo variations remains

unknown. It is well known that grain size variations can significantly raise or lower albedos

(e.g. Gaffey et a!. (1993), and references therein). As a result, we initially model the

Miranda near-IR data using intimate mixtures. In evaluating our model results we consider

both models of the near-ir data and the visual geometric albedo reported for Miranda.

Results for Intimate Mixtures

Pure materials - We included two grain sizes in these models. Only the results for icy

materials containing H20 in some form provide a reasonable fit to the Miranda data in

the 1.45-2.5 I'm region. Unfortunately, in the 1.0-1.35 I'm region these pure ice mixtures

typically have albedos that do not reproduce the observational data, they can not reproduce

the 2.2 I'm minimum seen in the observational data, and near 0.55 micrometers they have

albedos (~O.7 ) that are inconsistent with those previously reported. The pure non-ices are

a poor fit to the Miranda data, chiefly due to the absence of water ice features. We conclude

that none of the pure mixtures provide an adequate model for the albedo of Miranda.
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Two component mixtures - We considered the situation where two distinct chemical

materials are present on Miranda. Generally, models including only mixtures of icy

compounds suffer the identical problems discussed for the pure materials above; poor fit in

some wavelength regions and disagreement with the visual albedo values. One exception

is the water ice-ammonia mixture that is dominated by ammonia ice (98%) having a grain

size of ~3.3 mm. We do not consider this as a viable result for two reasons. Firstly, we

believe the large particle diameter is being produced by the fitting routine attempting

to match the overall albedo level, a difficult task for materials as transparent as ices.

Secondly, the ammonia optical constants in the 1.0-1.35 I'm region are somewhat suspect

(B. Schmitt, personal communication) and may be one order of magnitude smaller than

previously reported thus requiring even larger grain sizes.

Those models that included an icy and low albedo non-icy components provide a better

comparison to the visual albedo (~0.33). However these also suffer from a poor fits in

the 1.0-1.35- and 2.2 I'm regions. The additional spectral feature near 2.2 I'm seen for

ammonium hydrate led us to use it as a replacement for water ice. However, the model

results were not significantly improved.

Three component mixtures - The additional weak feature near 2.2 micrometers in

ammonia and ammonia hydrate ice spectra may provide an improvement if these ices,

water ices, and low albedo non-ice materials are combined. However, most of the models

converged to solutions where the grain diameter of one component approached or exceeded

a value where the underlying assumption of geometric optics inherent in Hapke theory was

violated (Hapke (1993)). The few models that converged to acceptable parameter values

did not provide a significant improvement over the binary mixtures discussed above.

2.3.3 Spatial Mixtures

The automated spectral fitting routine described above is not fully implemented for spatial

mixtures. Specifically, the grain diameters are not incorporated into the algorithm. Thus we

calculate the albedo of the candidate materials and use the program to automatically derive
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only the relative spatial extent of each component that best reproduces the observational

data. In order to evaluate the sensitivity of the spatial mixing to grain diameter variations

we used three separate grain diameters (10, 50 and 100 pm) for most components in the

spatial mixtures. However, we found that the albedo of amorphous carbon was equivalent

for these three grain diameters and so we only used the albedos for the 10 pm grains in our

model. In addition, we found that for Murchison extract the 50 and 100 pm grain diameter

albedos were essentially equivalent, and only used the albedos for the 10 and 100 pm grain

diameters iu our models. To illustrate where each potential ice candidate may contribute to

the Miranda spectrum, we calculated albedoes using grain sizes representative of the best

fitting mixtures and graphed them in Figure 2.3a, along with that of the non-ice material

serpentine for comparison.

Two component mixtures - Table 2.4 shows the parameters for the best fit models of

Miranda's albedo containing two and three spatial components. The models having the

best X2 values are shown in Figure 2.3, panel b. Like the intimate mixtures discussed

above, most of these mixtures have difficulty in reproducing the albedo in the 1.04-1.36

pm region. However, the albedos at 0.55 pm are more consistent with those previously

reported. In all of these best results the relative mass fraction of water ice to non-ice

material is approximately 0.3/0.7 but there still remains a minimum near 2.2 pm in the

observational data that is unexplained by any model.

Three component mixtures - The additional weak feature near 2.2 pm in both ammonia

and ammonia hydrate ice spectra may provide an improvement if these ices are included

in the water ice non-ice binary mixtures discussed in the previous section. This led us to

attempt some three component spatial models. The results for the best fitting models of

such mixtures containing ammonia ice are shown in Figure 2.3, panel c. The associated

parameters are given in Table 2.4. Once again the relative abundance of ices to non-ices is

~0.3/0.7 and the visual albedos are somewhate consistent with those previously reported.

However, the ammonia ice begins to distort the short wavelength region of the 2 pm band
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Ice

Table 2.3. Ice Optical Constants

Reference Comments

H20, 70, 80K
(crystalline)

Grundy & Schmitt (1998)
Warren (1984)
Martonchik et al. (1984)
Brown et al. (1988)

Cruikshank et al. (1998a)
Grundy (pers. comm., 1999)
Schmitt (pers. comm., 1999)
Hansen (1997)
Warren (1986)

For the shortest wavelengths.

Derived, using technique of
Clark and Roush (1984),
extrapolated to shortest wavelength.
extrapolated to shortest wavelength.
extrapolated to shortest wavelength.

At shorter wavelengths.

and we believe the sharp band near 2.25 11m is at too long a wavelength to be consistent

with the Miranda data.

Using the best spatial model for the water ice, ammonia ice, and serpentine mixtures

above we replaced the ammonia ice with ammonia hydrate ice and the resulting best fit

spectra are shown in Figure 2.4 with the resulting parameters provided at the bottom of

Table 2.4. While the X2 values are not as low as those for some of the mixtures incorporating

ammonia, the resulting spectra exhibit some interesting characteristics, especially near 2.2

11m. As a reminder, we derived the optical constants for the ammonia hydrate from the

1% and 3% mixture shown by Brown et al. (1988). Brown et al. (1988) also show data for

10% and 30% mixtures. Spectra of the 10% and 30% mixtures contain additional features

near 1.04 and 1.25 11m that are inconsistent with the Miranda data. However, the 3% and

1% mixtures are very similar, except that the 2.2 11m feature is more readily noticeable in

the 3% mixture, and provides an apparently better fit to features in the 2.211m wavelength

region (Figure 2.4). An even better fit to the observational data might be possible with

a concentration of ammonia hydrate between 3 and 10%, but the data for the optical

constants at such concentrations are not available. In general, there are still very few
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Table 2.4. Spatial Mixture Model Fits

Optical Constantst Relative Spatial Fraction Grain Sizesi X2 t Pv, disk 11"

Two Component Mixtures
80K H2O 0.292 / 0.708 0.01/0.01 5.43x102 0.26
Amorphous Carbon
80K H2O 0.303 / 0.697 0.01/0.01 4.73xlOz 0.26
Murchison Extract
80K H2O 0.296 / 0.704 0.01/0.10 5.96xlOz 0.26
Serpentine

Three Component Mixtures
SOK H20, NH3 , 0.235/0.065/0.700 0.01/0.01/0.01 2.00x102 0.26
Amorphous Carbon
80K H20, NH3, 0.252/0.058/0.690 0.01/0.01/0.01 1.76 x lOz 0.26
Murchison Extract
80K H20, NH3, 0.251/0.050/0.699 0.01/0.01/0.10 2.01x102 0.27
Serpentine
SOK H20, 1% NH3·H20, 0.158/0.145/0.697 0.01/0.01/0.10 2.04x 102 0.28
Serpentine
80K H20, 3% NH3·H20, 0.12/0.18/0.70 0.01/0.01/0.10 2.16x102 0.27
Serpentine

Note. - iGrain sizes (mm);tReduced;'Albedo at 0.55 pm.

laboratory absorption coefficients reported of ammonia hydrates. Amongst these there are

also some discrepancies, likely owing to different compositional, physical, or measurement

conditions (B. Schmitt, private communication). For example, in our values derived here

there is a single broad band near 2.20-2.22 pm while in Schmitt et al. (1998) a broad double

band is shown at 2.20-2.22pm, which may better match the spectrum of Miranda.
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in higher concentrations of ammonia hydrate ices as is discussed in the text.
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2.4 Discussion

2.4.1 Surface Variations

Figures 2.2 a and b show the albedo measurements reported in the literature and reported

here, taken at NIR wavelengths. The most recent visible wavelength values taken by

Karkoschka (1997) are also shown. Buratti et al. (1992) reported drops in brightness levels

on the order of 9% at optical wavelengths between phase angles near 1 and 2.4 degrees.

Though the data did not include Miranda, Miranda showed similar phase curve behavior as

Ariel, Titania, and Oberon at smaller phase angles (Buratti et al. (1992) and Karkoschka

(2001)). There is a correlation with brightening and phase in the NIR Miranda data shown

here; a 12 to 15% drop in brightness (Ll.p ~ 0.04) for a change in phase angle from 1.0

to 2.50 (Figure 2.2a) which roughly agrees with the brightening trend observed by Buratti

et al. (1992) attributable to an opposition effect brightening. However, some component

may also be attributable to surface albedo variations, as is likely the case in the albedo

values shown in Figure 2.2b, derived from observations of Miranda taken at phase angles

ranging from 2.4 to 2.90
• Figure 2.5 shows the sub-observer points on each of the dates

of observation. Surely the entire hemisphere of Miranda, including some portions of the

coronae, contributed to the IRTF albedo values. However, the most dominant features

contributing to the signal would be the sub-observer points, especially considering the phase

angle curves discussed earlier from Buratti et al. (1990) and Buratti et al. (1992), which

show drops in brightness greater than 50% at phase angles greater than 20 degrees. The

QUIRC albedos, taken on May 22, 2000, are comparable to those derived from the UKIRT

spectral data taken in June of 1999. The IRTF values, taken on May 18, 2000, however, are

greater by a few percent. These differences are not greater than 3 standard deviations from

the errors reported here. However, its worth noting the differences in the surface viewed at

each observation may correspond to the albedo variations. The coronae are darker regions,

by 6% (Greenberg et al. (1991)) in the optical, and this trend may persist in the NIR as

well. The Arden Corona, near the sub-observer points of the UKIRT data, shows the most
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compelling evidence of volcanic surface flows (Croft & Soderblom (1991)). The QUIRC data

were taken when the sub observer points were close to coronae (Inverness and Elsinore, see

Figure 2.5). The IRTF data, on the other hand, were taken when a portion of the brighter

Dunsinane region was facing the Earth.

2.4.2 Comparison with Other Outer Solar System Surfaces

The 1.65 I'm water ice feature abounds in the outer solar system. Grundy et ai. (1999) show

that the other major Uranian satellite surfaces have this feature, indicative of crystalline

water ice, and they have used it in the cases of Ariel and Titania to better constrain the

surface ice temperature. From these results, and their surface thermal models, they also

conclude that there is at least some segregation of darker material from the brighter water

ice. One may speculate that the variations in the photometry shown above may be the

result of similar segregation on Miranda. Except for Titania, neither their spectral data

of the other Uranian satellites, nor ours, were very well fit by water ice models alone, but

only our Miranda spectra show evidence of any NH3 or NH3·H2 0 species specifically. No

spectral observations of the Uranian satellites have yielded identification of specific silicate

or darkening material, or other specific volatile species on the satellite surfaces.

The crystalline ice water feature has been found in other satellites at heliocentric

distances greater than Uranus, notably Triton (Cruikshank et ai. (2000b)) and Charon

(Brown & Calvin (2000), and Dumas et ai. (2001)). Solar color values of B-V are reported

as 0.65 (Drilling & Landolt (2000)). Triton, with B-V color ~ 0.75 (Buratti et ai. (1994))

and Charon, B-V ~ 0.70 (Tholen & Buie (1997)), are somewhat redder than Miranda, B-V

~ 0.64 (Karkoschka (2001)), and both satellites also have surface temperatures significantly

colder (~ 40K) than Miranda (~ SOK). Triton's spectra show features attributable to the

volatile species of CO, C02, CH4, and N2, as well as water ice in what may be a mixture of

both crystalline and amorphous forms (Cruikshank et al. (2000b)). However, no evidence of

the presence of NH3 ·H20 or any NH3 species has been found in Triton's spectra. Charon's

spectrum, on the other hand, does show both the crystalline water ice feature and the
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NH3·H20 (Brown & Calvin (2000) and Dumas et al. (2001)) feature we find in Miranda's

spectrum. The 2.0 I'm water band depth of Charon's spectrum also better matches that of

Miranda than Triton's shallow water bands. While Triton's surface features are dissimilar to

Miranda's coronae and extensional rifts, Charon's surface remains unimaged, with rotational

light curve variations on the order of 0.1 magnitudes in the B optical filter band (Olkin

et al. (1993) and Cruikshank et al. (1997)). Surface maps of Charon constructed from

observational data of mutual occultations with Pluto (Buie et al. (1992) and Buie et al.

(1997b)) do not rule out the possible presence of Miranda-like coronae and rifts on Charon.

However, though Charon may have experienced accelerational heating and tidal heating

through its interaction with Pluto in the past, neither Triton nor Charon are believed

to have undergone strong heating episodes caused by passages through orbital resonances

with other satellites as Miranda may have (Tittemore & Wisdom (1990)). For the case of

Charon, Brown and Calvin (2000) propose the crystalline ice was formed by resurfacing

from micro-meteorite impacts, at a rate that exceeds the transition of surface crystalline

ice to amorphous phase by solar irradiation (Jenniskens et al. (1998)).

A relatively high abundance of surface water ice has been inferred from the uniquely

blue albedo of Miranda (eg. Trilling & Brown (2000)) as compared to the other Uranian

satellites. Observations of the Centanrs (and Kuiper Belt Objects) show that there is a

significant color and spectral diversity ranging from slightly blue-neutral to extremely red

at optical wavelengths. The spectrum of KBO 1993 SC showed the presence of absorption

features consistent with light hydrocarbons, but no water-ice (Brown et al. (1997)), and the

spectrum of 1996 TL66 was neutral with no features (Luu & Jewitt (1998)). In contrast,

the spectrum of 1996 T066 showed strong near-IR absorptions characteristic of water-ice

(Brown et al. (1999a)). The depth ofthe bands varied with rotation, suggesting a patchy ice

surface distribution. The continuum of 1996 T066 was slightly blue. The relative strength

of the absorption, however, in the Miranda spectrum, resulting in a drop in reflectance

on the order of a third within the band's center, is markedly different from that of the

central water band depths of a few percent observed in Centaur spectra (eg. Brown et al.
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(1998b) and Kern et al. (2000)). This may be an indication of a higher fraction of surface

ice on Miranda. Some silicates in concentrations on the order of several percent by weight

in intimate mixtures with water ice may deepen the relative absorptions bands caused

by the ice in the NIR (Clark et al. (1986)). On the other hand, intimate mixtures with

large concentrations of absorbers such as amorphous carbon, which darkens uniformly across

most NIR and visible wavelengths, completely dampen the water ice absorption band depths

(Clark et al. (1986)). The latter may be the case for the Centaurs, which have been found

to have albedos at visible wavelengths of less than 8% (Parker et al. (1997)). However,

quantitative comparison is impossible because the water abundances are not provided by

Brown et al. (1998b) or Kern et al. (2000). The Centaur Asbolus also shows variation of

water-band depth in the spectra taken by Kern et al. (2000). To date the crystalline ice

feature at 1.65 Mm has not been detected in the observed Centaur and TNO spectra (eg.

Chiron, Foster et al. (1999), and Lnu et al. (2000), Pholus, and Chariklo). The amorphous

ice phase transition, for impure water ice, occurs rapidly at temperatures near 142K, and

more gradually above temperatures of lOOK (Cruikshank et al. (1998a) and Jenniskens

et al. (1998)). It may be, then, that the Centaur surfaces have not undergone heating

events similar to Miranda. This is not surprising if Miranda's heating is indeed attributable

to passage through orbital commensurabilities (Tittemore & Wisdom (1990)). However, the

observed Centaur spectra, with SN values :s 20 (eg. Cruikshank et al. (1998a)) may not be

of sufficient sensitivity to detect the crystalline ice 1.65 /hm absorption. Still, if its absence

in the spectra of Centaurs is confirmed, it may affirm the pristine condition of their surfaces

and constrain the amount of collisional heating. Neglecting water ice absorption bands,

Miranda's spectrum across the interval from 1.1 to 2.4 Mm is notably blue, also in contrast

to TNO and Centaur spectra, and the spectra of C and D-type asteroids. As demonstrated

in the modeling, this may be the result of compositional or grain size differences, which

may reflect different formation or evolutional histories of the bodies respectively.
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2.5 Conclusions

We have obtained a spectrum of Miranda between 1.0-2.5/tm which shows the 1.5/tm and

2.0/tm water-ice absorption features. A weak feature at 1.65/tm has been identified as being

due to crystalline water ice, which may indicate heating events following condensation in

excess of lOOK. Spectral reflectance models, constrained by Hapke theory to grain sizes

larger than a micron, suggest the presence of carbonaceous or silicate contaminates at

the 70% level to lower the albedo. Our best fit models include the presence of NH3 or

derivative species, specifically ammonia hydrate (NH3·H20) at a 3% mass fraction, but

this is not a unique solution. If true, except for Charon (Brown & Calvin (2000) and

Dumas et al. (2001)), this would be the only spectroscopic evidence to date of an ammonia

species in the outer solar system beyond Saturn. The suggested presence of NH3-water

fluids may sufficiently lower melting-point temperatures and increase the degree of thermal

expansion to allow for the creation of tectonic features on Miranda's surface. A significant

compositional component of NH3 would also favor previously proposed spin-out disk models

for the satellite's formation (Pollack et al. (1991)), which suggests that CH4 and NH3 should

be the dominant C and N bearing species. Methane may have quickly evaporated from the

surface, while ammonia would likely still be present (eg. Brown (2000)). The observed

Centaur spectra are considerably different from Miranda's. The strength of the 2.0 and 1.5

/tm bands is visibly greater in the Miranda spectrum. Miranda's blue color gradient at NIR

wavelengths may be the result of grain sizes or compositional differences from the Centaur,

TNO, and C and D-type populations, such as a greater fraction of surface covered by water

ice (eg. Trilling & Brown (2000)). Grundyet al. (1999) use the 1.65 /tm crystalline water

ice feature to demonstrate that there may be a significant degree of segregation of water ice

on Ariel and Titania, and the variations in the J, Hand K band photometry shown here

may be indicative of similar segregation on Miranda's surface. The crystalline ice feature

at 1.65 /tm in Miranda's spectrum has not been detected in the Centaur spectra. If proven

absent, it would be evidence of clear differences in their evolutionary histories.
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Figure 2.5 The sub-observer points of Miranda at the times of the data reported here and
for the Baines et ai. (1998) data. The points are indicated by date (yy/mm/dd); i.e. the
Baines data by 95/08/10 and 95/09/16, the UKIRT by 99/06/07 and 99/06/10, the IRTF
by 00/05/18, and the UR QUIRC data by 00/05/22. Note the sub-observer points of our
spectral data (99/06/07 and 99/06/10) are near the Arden Corona.
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Chapter 3

Visible Photometric Survey of 24 Centaurs

Note: This chapter will be submitted to the journal Earth, Moons, and Planets, with

co-authors Karen J. Meech, Yanga R. Fernandez, Jana Pittichova, Audrey C. Delsanti,

Hermann Boehnhardt, and Olivier R. Hainaut

Abstract

We present optical observations of 24 Centaurs performed between 1998 and 2002 with the

University of Hawaii 2.2-m telescope. This is the largest such Centaur survey to date. We

report colors for all objects, and show that they cover a continuum with mean V-R color

of 0.58 ± 0.01 and standard deviation 0.15. The color distribution fits between those of the

Kuiper Belt and the cometary nuclei, and seems to confirm observationally the dynamical

concept of the Centaurs as transition objects between the Kuiper Belt and the inner-Solar

System, short-period comets. We find no strong correlation between a Centaur's color

and its orbital elements; there is at best a <3-0' correlation with semimajor axis, with

redder Centaurs being farther from the Sun. We have calculated the phase-darkening slope

parameters G for 5 Centaurs, 4 of which are reported for the first time. They range from

-0.18 to 0.13. We have sufficient data to constrain the rotation periods of two Centaurs,

1999 UG5 (which we reported earlier) and 1998 SG35. We performed a comparison of the

surface brightness profiles of 10 apparently-inactive Centaurs with point sources. We found
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no coma around these 10 objects, including C/2000 B4 (LINEAR), and generally the upper

limits to the dust mass loss rates are below 0.05 kg S-I.

3.1 Introduction

If the reservoir of the Centaurs is indeed the Kuiper Belt, then one might expect to find

similar trends in the Centaurs that are found among the Kuiper Belt objects (KBOs)

regarding their observable quantities. That the Centaurs are closer, and therefore more

easily observed, bodies may then lead one to study them for inverse purposes, that is, to

derive from the Centaur population the properties of KBOs. Hence many of the surveys

to date of outer Solar system minor planet bodies place the two populations together (e.g.

Doressoundiram et al., 2002 and Hainaut & Delsanti, 2002). However, the Centaurs are a

dynamically and evolutionarily different set of bodies than the KBOs. Both Jewitt (2002)

and Stern (2002) find that a collisional mechanism may be responsible for distribution of

color in the Kuiper belt while Durda & Stern (2000) suggest that the Centaurs would

undergo little, if any, such collisional evolution.

The combined optical surveys to date note several trends. Tegler and Romanishin

(1998 and 2000) reported a bimodal distribution in color. Boehnhardt et al. (2002) and

Delstani & Hainaut (2002) find rather a continuous distribution spanning from red to blue

gray (spectral gradients of -1.1 to +52 %/1000A) using a sample of 14 Centaur colors

from the literature and their own photometry. They find a mean spectral gradient of

about 21%/lOooA, similar to the mean gradient they find for the Plutino population. They

furthermore report a blue trend with increasing inclination, a slight reddening trend with

distance amongst the non-Centaur populations, but report no definitive color trend with

semi-major axis or other orbital elements amongst the Centaurs alone. If the same surface

altering processes affect both Centaurs and KBOs to the same degree, we may expect to

see the effects in the color distribution of the Centaurs alone. The continuum may be

preserved, but if this distribution in color is convolved with the effects of cometary activity,
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we should be able to separate out the first order effects of activity on color, since we have

sampled the most active Centaurs, and we can note the trends in those colors separately

from the inactive population. Another means of determining the nature of surfaces using

optical photometry is by monitoring their change in brightness at different phase angles.

Just as with the varying strength of the opposition surge over different regions of the lunar

surface at small phase angles (Buratti et al., 1996), phase curves indicate how porous or

rough a surface may be (Bowell et al., 1989). Also, dark, low albedo objects will have a

steeper opposition brightness surge because of the dominance of single-scattering signal over

multiple scattering.

The data we present here is unique in several ways. Firstly, this is the only optical

survey to date of Centaur bodies. Secondly, the survey is a single set of data, taken at the

same observatory with, in most cases, the same equipment and, in all cases, reduced in the

same manner by the same investigators. Finally, many of the objects have multiple data

points taken at several different observing runs, thereby averaging the variations owing to

observing conditions. We present here the colors for each object derived from this survey,

along with the phase curves for 5 objects, with the rotation light curve of the object 1998

SG35. Finally, we present a collection of surface brightness profiles (SBPs) for our Centaurs.

3.2 Observations & Reduction

Here we present a summary of the results of our optical observations of 24 Centaur objects

over the last 4 years, taken at the University of Hawaii 2.2 meter telescope. The conditions

on the nights of observation are listed in Table 3.1. The color photometry results from

individual images are listed in Table 3.2. Using the Tek 2048 CCD camera as our primary

detector, images were obtained in V ( AD = 5450A, ~A = 836A), R (Ao = 6460A, ~A

= 1245A), and I (Ao = 8260A, ~A = 1888A) filters. Our exposures, ranging from 30 to

900 seconds, were selected in order to accurately sample the wide span of magnitudes in

often sub-arcsecond seeing conditions. For the brightest Centaurs in our sample, exposures
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exceeding 30 seconds on a night with good seeing would yield peak count values which

approached the CCD camera chip's non-linear response. The telescope guiding stability at

the UH 2.2 meter telescope limited maximum exposure times, with caution, to 900 seconds

for faint objects with non-sidereal motion. A loss of guiding during a lengthy exposure of

a faint Centaur would not only result in poor image quality for the object, but also poorer

signal-to-noise, as the object's signal would be spread out over a larger number of pixels.

These observations were initially undertaken to determine the prevalence of comae amongst

Centaurs, bnt have also yielded information regarding colors, and variation with rotation

and phase angle as welL

Reduction methods were identical for the sample of objects. Frames were bias-subtracted

and flattened, using median-filtered twilight flats. A bad pixel mask was used to replace hot

and dead pixels with local mean background values. Cosmic rays were removed individually

from the images using the 1RAF package's imedit routine (Tody, 1986), so that affected

pixels were also replaced by the local mean background levels. Frames which had cosmic

rays, hot or cold pixels, or chip mosaic defects overlapping the object were rejected from

our final list of images.

On photometric nights, optical standards (Landolt, 1992) were used to determine zero

point offsets, color transformation, and airmass extinction coefficients. Our total data set

is comprised of more than 80% photometric nights. For our 5 non-photometric nights,

multiple frame standards were measured on nights with clear weather. Magnitudes were

then derived using relative photometry with respect to the frame standards. For all our

data, aperture photometry was performed on the standards and objects using modified IDL

routines from M. Buie's basphot procedure (Buie & Bus, 1992).
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Table 3.1. Observing Conditions

Night (UT)

28 Jun 1998
20 Jan 1999
20 Mar 1999
28 May 1999
12 Aug 1999
13 Aug 1999
14 Aug 1999
15 Aug 1999
17 Aug 1999
22 Sep 1999
23 Sep 1999
24 Sep 1999
06 Feb 2000
07 Feb 2000
23 May 2000
24 May 2000
25 May 2000
28 May 2000
04 Aug 2000
18 Dec 2000
19 Dec 2000
20 Dec 2000
21 Dec 2000
26 Mar 2001
27 Mar 2001
29 Oct 2001
07 Dec 2001
17 Jan 2002
12 Jun 2002
13 Jun 2002
20 Jun 2002
14 Sep 2002
16 Sep 2002
14 Oct 2002

JD-2450000

0992-0993
II98-II99
1257-1258
1326-1327
1402-1403
1403-1404
1404-1405
1405-1406
1407-1408
1443-1444
1444-1445
1445-1446
1580-1581
1581-1582
1687-1688
1688-1689
1689-1690
1692-1693
1760-1761
1896-1897
1897-1898
1898-1899
1899-1900
1994-1995
1995-1996
22II-2212
2250-2251
2291-2292
2437-2438
2438-2439
2445-2446
2531-2532
2533-2534
2561-2562

Conditions

thin cirrus, calib. 28 May 1999
photometric
cirrus, calib. 28 May 1999
photometric
photometric
photometric
photometric
thin cirrus, calib. from previous night
photometric
photometric
thin cirrus, calib. on next night
photometric
photometric
photometric
photometric
photometric
photometric
photometric
photometric
photometric
photometric
photometric
photometric
photometric
photometric
photometric
photometric
photometric
photometric
thin cirrus, calib. 12 & 20 Jun, 2002
photometric
photometric
photometric
photometric
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Table 3.2. UH Centaur Color Photometry

JDt Exp. Filter Mag ±". JDt Exp. Filter Mag ±".

2060 Chiron * Chariklo continued
1688.0352 90.0 R 1.400 16.058 .006 1581.0517 90.0 R 1.258 17.571 .005
1688.0377 90.0 V 1.412 16.401 .005 1581.0543 90.0 R 1.272 17.577 .005
1688.0401 90.0 R 1.424 16.045 .006 1581.0567 90.0 R 1.285 17.576 .005
1688.0429 90.0 I 1.439 15.745 .010 1581.0591 90.0 V 1.298 18.058 .006
1688.0452 90.0 R 1.452 16.036 .006 1581.0643 90.0 I 1.330 17.061 .006
1688.0477 90.0 V 1.466 16.395 .005 1581.0670 90.0 R 1.347 17.575 .005
1688.0508 90.0 R 1.485 16.029 .006 1581.0693 90.0 V 1.362 18.047 .006
1688.0531 90.0 I 1.500 15.730 .010 1581.0720 90.0 R 1.382 17.576 .005
1688.0564 90.0 R 1.523 16.026 .006 1581.0742 90.0 I 1.398 17.064 .006
1760.8296 90.0 R 1.415 15.730 .006 1581.0769 90.0 R 1.419 17.583 .005
1760.8319 90.0 I 1.427 15.432 .009 1581.0792 90.0 V 1.437 18.065 .006
1760.8344 90.0 V 1.441 16.075 .005 1581.0818 90.0 R 1.458 17.576 .005
1760.8389 90.0 R 1.467 15.733 .006 1581.0842 90.0 I 1.481 17.070 .006
1760.8413 90.0 I 1.483 15.432 .009 1581.0866 90.0 R 1.503 17.572 .005
1760.8441 90.0 V 1.501 16.104 .005 1581.0891 90.0 V 1.527 18.060 .006
2291.8028 90.0 R 1.609 16.656 .004 1581.0918 90.0 R 1.554 17.591 .005
2291.8061 90.0 V 1.640 17.041 .005 1581.0941 90.0 I 1.579 17.083 .006
2291.8086 90.0 R 1.665 16.675 .004 1581.0967 90.0 R 1.609 17.592 .005
2291.8273 90.0 R 1.895 16.797 .005 1581.0999 90.0 V 1.646 18.072 .006
2291.8295 90.0 I 1.929 16.418 .009 1581.1029 90.0 R 1.684 17.587 .005
2291.8320 90.0 R 1.970 16.738 .005 1581.1052 90.0 I 1.715 17.088 .006
2291.8346 90.0 V 2.014 17.097 .005 1581.1080 90.0 R 1.754 17.589 .005
2291.8370 90.0 R 2.060 16.728 .005 1581.8112 90.0 R 1.786 17.574 .007

10199 Chariklo 1581.8136 90.0 I 1.751 17.061 .009
1580.8231 90.0 R 1.662 17.555 .005 1581.8165 90.0 R 1.711 17.575 .006
1580.8256 90.0 R 1.631 17.548 .005 1581.8223 90.2 V 1.635 18.087 .007
1580.8281 90.0 R 1.601 17.575 .005 1581.8252 90.0 R 1.601 17.577 .006
1580.8304 90.0 I 1.576 17.003 .007 1581.8277 90.0 I 1.574 17.062 .008
1580.8335 90.0 V 1.544 18.083 .006 1581.8305 90.0 R 1.545 17.574 .006
1580.8360 90.0 R 1.519 17.570 .005 1581.8329 90.0 V 1.520 18.077 .007
1580.8384 90.0 I 1.495 17.056 .007 1581.8355 90.0 R 1.495 17.593 .006
1580.8420 90.0 V 1.463 18.106 .006 1581.8385 90.0 I 1.468 17.075 .008
1580.8447 90.0 R 1.440 17.615 .005 1581.8410 90.0 R 1.446 17.576 .005
1580.8477 90.0 I 1.433 17.109 .008 1581.8435 90.0 V 1.426 18.085 .007
1581.0490 90.0 R 1.246 17.589 .005 1581.8462 90.0 R 1.405 17.594 .005
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Table 3.2-Continued

JDt Exp. Filter Mag ±" JDt Exp. Filter Mag ±"

Chariklo continued Chariklo continued
1581.8497 90.0 I 1.379 17.069 .008 1898.0014 300.1 R 1.524 17.818 .004
1581.8523 90.0 R 1.361 17.590 .005 1898.0064 300.0 1 1.480 17.323 .006
1582.0716 90.0 R 1.400 17.617 .005 1898.0114 300.0 R 1.439 17.819 .004
1582.0741 90.0 R 1.419 17.610 .005 1898.0169 300.0 V 1.399 18.304 .003
1582.0765 90.0 R 1.439 17.594 .005 1898.0222 300.1 R 1.364 17.810 .004
1582.0791 90.0 R 1.460 17.598 .005 1898.0272 300.0 R 1.333 17.812 .004
1582.0815 90.0 R 1.482 17.604 .005 1898.0323 300.0 R 1.305 17.811 .004
1582.0839 90.0 I 1.505 17.074 .007 1898.0375 300.0 R 1.279 17.812 .004
1582.0865 90.0 R 1.530 17.584 .005 1898.0430 300.0 R 1.254 17.800 .004
1582.0890 90.0 V 1.555 18.117 .007 1898.0484 300.0 R 1.232 17.802 .004
1582.0915 90.0 R 1.583 17.600 .006 1898.0538 300.1 R 1.212 17.800 .004
1582.0938 90.0 I 1.607 17.088 .008 1898.0592 300.0 R 1.193 17.809 .004
1582.0964 90.0 R 1.638 17.615 .006 1898.0646 300.0 R 1.178 17.809 .004
1582.1027 90.0 V 1.719 18.110 .008 1898.0696 300.0 R 1.164 17.827 .004
1582.1050 90.0 R 1.752 17.617 .006 1898.1100 300.0 R 1.106 17.837 .004
1896.9971 300.0 R 1.595 17.816 .005 1898.1178 300.0 R 1.104 17.845 .004
1897.0043 300.0 I 1.523 17.293 .008 1898.1318 300.0 R 1.107 17.851 .004
1897.0146 300.0 V 1.436 18.302 .005 1898.1404 300.0 R 1.113 17.846 .004
1897.0208 300.0 R 1.391 17.831 .005 1898.1461 300.0 R 1.119 17.851 .004
1897.0266 300.0 R 1.353 17.828 .005 1898.1643 300.0 R 1.149 17.826 .004
1897.0320 300.0 R 1.321 17.834 .005 2212.1414 120.0 R 1.730 17.988 .009
1897.0369 300.0 R 1.296 17.824 .005 2212.1441 120.0 I 1.696 17.450 .013
1897.0486 300.0 R 1.242 17.815 .005 2212.1468 120.0 V 1.665 18.423 .017
1897.0537 300.0 R 1.222 17.825 .004 2212.1495 120.0 R 1.634 17.925 .015
1897.0586 300.0 R 1.204 17.831 .004 2292.0731 90.0 R 1.172 17.789 .014
1897.0639 300.0 R 1.187 17.839 .005 2292.0757 90.0 I 1.174 17.325 .038
1897.0692 300.0 R 1.172 17.857 .005 2292.0781 90.0 V 1.176 18.297 .021
1897.0740 300.0 R 1.160 17.868 .005 2292.0804 90.0 R 1.179 17.800 .015
1897.0789 300.0 R 1.149 17.838 .005 10370 Hylonome
1897.0840 300.0 R 1.139 17.844 .005 1258.0312 600.0 R 1.153 22.029 .081
1897.0948 300.0 R 1.122 17.844 .005 1258.0593 600.0 R 1.221 21.927 .072
1897.0998 300.0 R 1.116 17.853 .005 1258.0941 600.0 R 1.383 21.730 .065
1897.1049 300.0 R 1.111 17.835 .005 1258.0403 600.0 I 1.170 21.445 .130
1897.1101 300.0 R 1.107 17.833 .004 1258.0693 600.0 I 1.257 21.662 .138
1897.1154 300.0 R 1.105 17.840 .005 1258.1024 600.0 I 1.440 21.243 .094
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Table 3.2-Continued

Exp. Filter Mag ±u JDt Exp. Filter Mag ±u

Hylonome continued Hylonome continued
1258.0780 600.0 V 1.294 22.737 .119 1689.9097 600.0 R 1.338 22.219 .090
1258.1106 600.0 V 1.507 22.365 .085 1689.9190 600.1 R 1.393 22.211 .090
1258.0493 600.0 V 1.191 21.824 .225 1689.9274 600.0 R 1.452 22.079 .089
1687.8748 180.0 R 1.181 22.134 .110 1689.9368 600.0 R 1.529 22.085 .094
1687.9380 180.0 I 1.472 21.594 .162 1689.9452 600.0 R 1.612 22.175 .101
1687.9416 180.0 R 1.501 22.271 .147 1689.9535 600.0 R 1.708 22.169 .113
1687.9487 180.0 R 1.565 22.007 .110 1689.9627 600.0 R 1.834 21.962 .098
1687.9585 180.0 I 1.670 21.431 .145 1689.9712 600.0 R 1.975 22.010 .106
1687.9621 180.0 R 1.713 21.946 .104 1689.9796 600.0 R 2.146 22.266 .145
1687.9654 180.0 V 1.757 22.510 .207 1689.9911 600.0 R 2.451 21.997 .125
1687.9689 180.0 R 1.806 22.061 .132 7066 Nessus
1687.9722 180.0 I 1.856 21.549 .181 1760.8575 300.0 R 1.965 20.949 .043
1687.9758 180.0 R 1.915 22.174 .143 1760.8622 300.0 I 1.985 20.273 .053
1687.9792 180.0 V 1.975 22.523 .216 1760.8670 300.0 V 2.008 21.650 .065
1687.9826 180.0 R 2.041 22.049 .126 1760.8721 300.0 R 2.037 20.868 .040
1687.9860 180.0 I 2.111 21.617 .196 5145 Pholus
1687.9897 180.0 R 2.195 22.211 .162 1403.7776 90.0 R 1.642 18.822 .030
1688.8419 180.0 R 1.138 22.006 .136 1403.7804 90.0 I 1.678 18.025 .037
1688.8453 180.0 V 1.141 22.673 .223 1403.7834 90.0 R 1.720 18.835 .030
1688.8563 180.0 R 1.153 22.057 .147 1403.7869 90.0 V 1.773 19.606 .058
1688.8596 180.0 I 1.157 20.859 .137 1403.7894 90.0 R 1.811 18.860 .032
1688.8636 180.0 R 1.164 21.758 .110 1403.7918 90.0 I 1.851 18.006 .039
1688.8669 180.0 V 1.170 22.256 .154 1403.7945 90.0 R 1.898 18.802 .030
1688.8710 180.0 R 1.178 22.091 .151 8405 Asbolus
1688.8744 180.0 I 1.186 22.045 .185 1582.1227 90.0 R 2.288 18.686 .014
1688.8783 180.0 R 1.196 21.880 .133 1582.1251 90.0 I 2.253 18.194 .019
1688.8820 180.0 V 1.206 22.415 .180 1582.1274 90.0 V 2.222 19.178 .019
1688.8889 180.0 I 1.227 21.729 .183 1582.1306 90.0 R 2.182 18.641 .013
1688.8923 180.0 R 1.238 21.893 .124 1582.1328 90.0 I 2.154 18.158 .018
1689.8506 300.0 R 1.150 21.745 .085 1582.1351 90.0 V 2.129 19.175 .019
1689.8555 300.0 R 1.156 21.966 .099 1582.1375 90.0 R 2.103 18.618 .013
1689.8604 300.0 I 1.164 21.365 .163 1998 QM107
1689.8782 300.0 V 1.205 22.518 .157 1404.8056 900.0 R 1.699 22.458 .100
1689.8834 300.0 R 1.220 22.005 .101 1404.8177 900.0 R 1.586 22.559 .101
1689.8886 300.0 I 1.237 21.625 .265 1404.8294 900.0 I 1.501 21.570 .117
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Table 3.2-Continued

JDt Exp. Filter Mag ±u JDt Exp. Filter Mag ±u

1998 QMI07 continued 1998 SG35 continued
1404.8416 900.0 R 1.429 22.492 .096 1445.9102 600.0 V 1.084 20.80 .08
1404.8542 900.1 R 1.372 22.643 .103 1443.9555 600.0 R 1.078 20.410 .045
1404.8662 900.0 V 1.330 23.204 .158 1443.9643 600.0 I 1.086 19.959 .052
1404.8791 900.0 R 1.297 22.649 .103 1443.9733 600.0 R 1.098 20.596 .052
1404.8915 900.0 R 1.275 22.445 .085 1443.9822 600.0 I 1.114 20.044 .059
1404.9035 900.0 R 1.263 22.552 .091 1443.9909 600.0 R 1.133 20.437 .047
1404.9154 900.0 R 1.259 22.486 .085 1443.9992 600.0 R 1.155 20.508 .052
1404.9273 900.0 R 1.263 22.426 .087 1998 BU48
1404.9394 900.0 R 1.276 22.603 .098 2292.0264 300.0 V 1.004 21.865 .099
1404.9516 900.0 R 1.298 22.316 .078 2292.0312 300.0 R 1.005 21.533 .079
1404.9635 900.0 R 1.329 22.421 .084 2292.0359 300.0 I 1.008 20.835 .092
1404.9753 900.0 R 1.369 22.645 .105 2292.0410 300.3 V 1.012 22.314 .145
1404.9873 900.0 R 1.422 22.523 .091 2292.0458 300.0 R 1.016 21.560 .077
1404.9997 900.0 R 1.493 22.441 .085 2292.0512 300.0 I 1.023 20.815 .088
1405.0116 900.0 R 1.578 22.527 .099 2292.0565 300.0 V 1.030 22.036 .111
1405.0232 900.0 I 1.682 22.041 .158 2292.0620 300.0 R 1.038 21.278 .062
1405.0351 900.0 R 1.818 22.364 .083 2292.0667 300.0 I 1.047 20.449 .065
1405.0430 180.6 R 1.841 21.738 .119 2437.7892 300.0 R 1.973 21.177 .086
1405.0774 900.0 R 2.741 22.172 .077 2437.7985 450.0 V 2.157 21.808 .114
1405.0893 900.0 R 3.260 22.827 .162 2437.8043 300.0 R 2.332 21.353 .105
1405.1017 900.0 R 4.110 22.740 .171 2437.8090 300.0 I 2.474 20.643 .112
1405.7783 900.0 R 2.027 22.403 .115 1998 TF35
1405.7916 900.0 R 1.829 22.542 .124 1898.7884 600.0 R 1.040 21.317 .037
1405.8032 900.0 I 1.693 21.968 .169 1898.7966 600.0 I 1.027 20.744 .052
1405.8154 900.0 R 1.582 22.659 .115 1898.8048 600.0 V 1.016 22.017 .060
1405.8273 900.0 R 1.496 22.467 .098 1898.8135 600.0 R 1.008 21.362 .041
1405.8794 900.0 R 1.291 22.708 .114 1898.8219 600.0 I 1.003 20.551 .046
1406.0513 900.0 R 2.120 22.427 .110 1898.8301 600.1 V 1.001 22.003 .057
1406.0631 900.0 R 2.387 22.757 .153 2291.8569 300.0 R 1.153 21.629 .074
1406.0752 900.0 R 2.766 22.752 .161 2291.8623 300.0 I 1.175 20.910 .093
2446.0528 900.0 R 1.354 23.136 .079 2291.8671 300.0 V 1.196 22.028 .090
2446.0654 900.0 V 1.302 23.710 .125 2291.8723 300.0 R 1.220 21.543 .068

1998 SG35* 2291.8774 300.0 I 1.247 20.996 .100
1445.8933 600.0 I 1.108 19.97 .05 2291.8824 300.0 V 1.275 22.095 .100
1445.9015 600.0 R 1.094 20.37 .05 2291.8876 300.0 R 1.307 21.574 .068
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Table 3.2-Continued

Exp. Filter zl Mag ±" JDt Exp. Filter Mag ±"

1998 TF35 continued 1999 0 X3 continued
2291.8926 300.0 I 1.340 20.969 .105 2446.0762 300.0 R 1.233 21.239 .047
2291.8975 300.0 V 1.375 22.462 .141 2446.0819 300.0 R 1.240 21.140 .042

19990X3 2446.0874 300.0 R 1.248 21.194 .046
1445.8323 900.0 R 1.434 21.533 .120 1999 UG5
1445.8444 900.0 I 1.504 20.849 .092 see Chapter 4
1760.9455 900.0 R 1.295 20.990 .022 1999 XX143
1760.9572 900.0 I 1.326 20.354 .035 1580.7728 900.1 R 1.205 22.449 .048
1760.9693 900.0 R 1.370 20.976 .022 1580.7856 900.0 I 1.150 21.690 .070
1760.9811 900.0 V 1.424 21.626 .035 1580.7991 900.0 V 1.105 23.062 .076
1760.9933 900.0 R 1.496 20.877 .022 1580.8111 900.0 R 1.072 22.250 .041
1761.0038 600.0 V 1.558 21.587 .043 1580.8563 900.0 R 1.006 22.446 .049
1761.0130 600.0 R 1.635 20.932 .029 1580.9115 180.0 R 1.021 22.400 .090
1761.0214 600.0 R 1.720 21.042 .031 1580.9158 180.0 R 1.027 22.341 .089
1761.0298 600.0 R 1.821 21.024 .031 1580.9198 180.0 R 1.033 22.584 .109
1761.0381 600.0 R 1.939 21.098 .035 1580.9232 180.2 1 1.038 21.843 .154
1761.0464 600.0 R 2.080 21.058 .038 1580.9267 180.0 R 1.044 22.368 .092
1761.0548 600.0 R 2.254 20.945 .035 1580.9304 180.0 V 1.051 23.076 .157
1761.0634 600.0 R 2.473 20.928 .033 1580.9337 164.4 R 1.059 22.253 .093
1761.0717 600.0 R 2.491 20.795 .030 1580.9376 180.0 R 1.066 22.426 .091
2439.0012 300.0 R 1.395 21.057 .035 1580.9415 180.0 I 1.076 21.464 .101
2439.0055 300.0 1 1.374 20.442 .047 1580.9451 180.0 R 1.085 22.261 .082
2439.0098 300.0 V 1.355 21.774 .064 1580.9484 180.0 V 1.094 23.192 .173
2439.0138 300.0 R 1.338 21.004 .033 1580.9521 180.0 R 1.105 22.248 .078
2439.0181 300.0 1 1.322 20.445 .041 1580.9571 180.0 R 1.120 22.348 .088
2439.0224 300.0 V 1.307 21.679 .056 1580.9613 180.0 R 1.135 22.507 .100
2439.0272 300.0 R 1.292 21.179 .037 1580.9648 180.0 R 1.148 22.527 .098
2439.0325 300.0 1 1.278 20.506 .045 1580.9688 180.0 R 1.163 22.277 .079
2439.0368 300.0 V 1.267 21.956 .074 1580.9765 180.0 R 1.196 22.295 .091
2439.0408 300.0 R 1.259 21.327 .043 1580.9802 180.0 R 1.214 22.588 .116
2446.0073 300.0 R 1.294 21.061 .050 1580.9835 180.0 I 1.231 21.645 .113
2446.0127 300.0 I 1.279 20.607 .069 1580.9874 180.2 R 1.251 22.352 .086
2446.0174 300.0 V 1.268 21.799 .081 1580.9908 180.0 V 1.270 22.884 .139
2446.0221 300.0 R 1.258 21.099 .038 1580.9943 180.0 R 1.291 22.419 .096
2446.0271 300.0 I 1.248 20.421 .045 1580.9978 180.0 R 1.313 22.314 .089
2446.0318 300.0 V 1.241 21.791 .071 1581.0012 180.0 R 1.336 22.479 .106
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Table 3.2-Continued

Exp. Filter Mag ±<1 JDt Exp. Filter Mag ±<1

1999 XX143 continued 2000 QC243 continued
1581.0048 180.0 R 1.361 22.620 .110 2211.8718 300.0 I 1.493 20.213 .102
1581.0108 180.0 R 1.408 22.109 .076 2211.8767 300.0 V 1.535 20.820 .102
1581.0144 180.0 R 1.436 22.283 .083 2211.8837 300.0 R 1.601 20.363 .074
1581.0179 180.0 R 1.468 22.662 .128 2211.8889 300.0 V 1.657 20.829 .108
1581.0214 180.0 R 1.501 22.511 .116 2438.0491 180.0 R 1.500 20.747 .015
1581.0249 180.0 R 1.535 22.135 .074 2438.0524 180.0 R 1.472 20.672 .014
1581.0286 180.0 R 1.575 22.299 .091 2438.0570 180.0 R 1.436 20.590 .013
1581.0321 180.0 R 1.616 22.567 .107 2438.0592 180.0 I 1.419 20.269 .021
1581.0355 180.0 R 1.658 22.395 .098 2438.0599 300.0 V 1.419 21.058 .015
1581.7637 900.0 R 1.236 22.345 .044 2438.0687 180.0 R 1.419 20.570 .013
1581.7753 900.0 I 1.181 21.701 .079 2001 BL41
1581.7875 900.0 V 1.134 22.988 .058 2212.0935 300.0 R 1.294 20.602 .046
1581.8000 900.0 R 1.094 22.419 .045 2212.1148 300.0 I 1.182 20.964 .034
1581.8576 180.0 R 1.006 22.681 .134 2212.1038 300.0 V 1.235 21.215 .062
1581.8610 180.0 I 1.005 21.952 .149 2212.1088 300.0 R 1.210 20.753 .051
1581.8647 180.0 R 1.003 22.367 .091 2212.0982 300.0 1 1.266 20.003 .040
1581.8683 180.0 V 1.002 23.495 .230 2291.9537 300.0 V 1.028 20.804 .027
1581.8723 180.0 R 1.001 22.711 .133 2291.9589 300.0 R 1.024 20.244 .020

2000 EC98 2291.9639 300.0 I 1.020 19.787 .046
2292.1360 300.0 V 1.078 21.977 .079 2291.9756 300.0 V 1.015 20.789 .027
2292.1408 300.0 R 1.085 21.462 .055 2291.9812 300.0 R 1.015 20.266 .020
2292.1484 300.0 1 1.098 21.035 .090 2291.9865 300.0 1 1.015 19.791 .045
2292.1533 300.0 V 1.108 21.925 .071 2291.9927 300.0 V 1.018 20.784 .027
2292.1581 300.0 R 1.119 21.503 .058 2291.9975 300.0 R 1.020 20.283 .021
2292.1628 300.0 1 1.131 20.917 .087 2292.0034 300.0 1 1.025 19.885 .046
2292.1678 300.0 R 1.145 21.304 .067 2001 PT13
2437.8143 300.0 R 1.434 21.376 .047 2211.8193 120.0 R 1.215 18.817 .028
2437.8186 300.0 1 1.471 20.873 .058 2211.8222 120.0 I 1.229 18.366 .033
2437.8241 480.0 V 1.513 21.836 .052 2211.8252 120.0 V 1.244 19.262 .043
2437.8294 300.0 R 1.580 21.421 .045 2211.8289 120.0 R 1.263 18.688 .027

2000 QC243 2211.8323 120.0 I 1.282 18.222 .029
2211.8514 300.0 R 1.356 20.273 .064 2211.8354 120.0 V 1.300 19.152 .040
2211.8567 300.0 1 1.386 19.830 .071 2211.8410 120.0 R 1.336 18.693 .027
2211.8614 300.0 V 1.417 20.729 .085 2438.0264 90.0 R 1.577 18.994 .010
2211.8671 300.0 R 1.457 20.342 .066 2438.0297 90.0 I 1.541 18.482 .014
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Table 3.2-Continued

JDt Exp. Filter Mag ±<1 JDt Exp. Filter zl Mag ±<1

2001 PT13 continued 2002 G09
2438.0315 90.0 V 1.522 19.415 .015 2437.9262 180.0 R 1.559 20.148 .049
2438.0331 90.0 R 1.506 18.978 .010 2437.9296 180.0 1 1.597 19.485 .054
2438.0358 90.0 R 1.480 18.955 .009 2437.9334 300.0 V 1.634 20.829 .063

C/LINEAR (2000 B4) 2437.9371 180.0 R 1.688 20.183 .050
1688.8128 180.0 R 2.676 19.972 .032 2437.9406 180.0 I 1.737 19.509 .054
1688.8164 180.0 V 2.812 20.355 .042 2437.9443 300.0 V 1.781 20.987 .069
1688.8199 180.0 R 2.948 19.937 .033 2437.9479 180.0 R 1.849 20.149 .050
1688.8234 180.0 V 3.109 20.520 .048 2002 GBlO
1899.9682 300.0 R 1.496 19.670 .008 2437.8472 300.0 R 1.869 19.662 .010
1899.9740 300.0 V 1.443 20.136 .010 2437.8515 300.0 I 1.937 18.979 .016
1899.9818 300.0 R 1.380 19.677 .007 2437.8555 300.0 V 2.007 20.331 .022
1899.9868 300.0 1 1.343 19.223 .012 2437.8595 300.0 R 2.083 19.631 .010
1899.9919 300.0 R 1.310 19.683 .007 2437.8635 300.0 I 2.167 19.001 .017
1899.9967 300.0 V 1.279 20.128 .010 2437.8679 300.0 V 2.270 20.360 .024
2292.0866 500.0 R 1.026 19.972 .019 2437.8719 300.0 R 2.374 19.622 .011
2292.0936 500.0 I 1.024 19.636 .042 2438.8042 300.0 I 1.451 18.961 .019
2292.1034 500.0 V 1.026 20.406 .025 2438.8167 300.0 I 1.549 18.930 .019
2292.1102 300.0 R 1.029 19.978 .023 2438.8000 300.0 R 1.425 19.618 .012
2292.1149 300.0 I 1.033 19.535 .046 2438.8125 300.0 R 1.513 19.600 .010

29PjSWl • 2438.8252 300.0 R 1.628 19.607 .010
2445.9548 30.0 R 1.719 16.558 .010 2438.8083 300.0 V 1.482 20.307 .020
2445.9633 300.0 R 1.650 16.567 .009 2438.8208 300.0 V 1.587 20.329 .021
2445.9700 300.0 R 1.590 16.560 .009 2002 GZ32
2445.9747 300.0 I 1.553 16.073 .010 2437.8472 300.0 R 1.869 19.662 .010
2445.9802 450.0 V 1.519 17.111 .014 2437.8515 300.0 I 1.937 18.979 .016
2445.9867 300.0 R 1.472 16.556 .008 2437.8555 300.0 V 2.007 20.331 .022
2445.9922 300.0 R 1.441 16.570 .008 2437.8595 300.0 R 2.083 19.631 .010
2445.9979 300.0 R 1.412 16.563 .008 2437.8635 300.0 I 2.167 19.001 .017
2446.0025 300.0 R 1.390 16.561 .008 2437.8679 300.0 V 2.270 20.360 .024

39P jOterrna 2437.8719 300.0 R 2.374 19.622 .011
2439.0972 480.0 R 1.855 22.165 .044 C/NEAT (2001 T4)
2439.1046 600.0 V 1.749 22.520 .047 see Chapter 5
2439.1111 360.0 I 1.640 21.809 .086

Note. - t JD-2540000 ; I Airmass; • For the Centaurs with apparent coma, Chiron and P/SW1, 5
arcsecond diameter aperture magnitudes are listed ; * Table 3.6 lists all our R-band photometry of 1998
SG35.
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3.2.1 Colors

Table 3.3 presents the final color values for each of the Centaurs. These represent averages

of data points over several nights, often widely separated in time and spanning 4 years.

Only a subset of the best nights for each object's photometry were selected to go into the

final color value calculation. The effects of rotation, possible cometary activity, or change

in phase angle where not compensated for, except by averaging. Uncertainties were based

upon the variances of the color values obtained on multiple nights and upon the photon

noise and calibration errors. The listed orbital elements for eccentricity, semi-major axis,

and inclination were obtained from JPL's ephemeris service. l Figure 3.1 shows the color

color distribution for our data. Our sample contains some objects classified as comets but

which have Centaur-like orbits, including Chiron, P /SW1, P /Oterma, C/NEAT (2001 T4),

and C/LINEAR (2000 B4). Figures 3.2 & 3.3 are color-number histograms for V-R &

R-I, showing a single-peaked distribution for both. Our spectral gradients from our V-R

(SV-R), R-I (SR_I), and V-I (SV_I) band colors were derived using following equation:

[%grad] = (10°.4(t.m.'rt.mo ) -l)/A)" (3.1)

where Amobj is the Centaur's color for a particular filter pair, Am0 is the corresponding

solar color for that filter pair, and A)" is the difference in the filter pair's effective wavelengths

in units of 0.1 11m.

1http)fssdjpl.na.sa.govfcgi-binfeph
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Figure 3.1 The V-R and R-I colors of 24 Centaurs. The triangular and square (Chiron)
points indicate Centaurs with reported activity. The filled circles represent Centaurs which
have no reported activity. The I-a error bars are shown for the colors as well. Solar colors
are indicated by the circle with the central dot. Note the continuum in color distribution
amongst both active and inactive Centaurs.
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Table 3.3. Colors and Orbital Elements of Centaurs

Object a e j V-R R-I SLR S1-, Sk, H(l,a) 1 ,
R T[km]

2060 Chiron " 13.60 0.38 6.93 0.36±0.10 0.32±0.10 -0.01 0.00 0.00 6 85
10199 Chariklo 15.81 0.17 2304 OA9±0.02 0.5l±0.02 0.12 0.11 0.12 6.5 125
10370 Hylonome 24.97 0.25 4.1 0.50±0.07 0.52±0.06 0.13 0.11 0.13 9.3 32
7066 Nessus 24.4 0.52 15.65 0.74±0.08 0.64±0.07 0.41 0.19 0.31 8.9 38
5145 Pholus 24.7 0.57 20.32 0.78±005 0.8l±0.05 0.46 0.32 0.46 7.3 88
8045 Asbolus 17.91 0.62 17.64 0.53±0.02 OA7±0.02 0.16 0.08 0.12 9 24
1998QMI07 19.99 0.14 9.4 0.63±0.12 0.64±0.10 0.27 0.19 0.25 10.2 21
19988G35 8.42 0.31 15.6 0.42±o.o8 0.46±0.04 0.05 0.08 0.07 10.6 18
1998BU48 33.52 0.39 14.2 0.56±0.08 0.61±0.08 0.20 0.17 0.20 6.7 107
1998TF35 26.37 0.38 12.6 0.65±0.08 0.66±0.07 0.29 0.20 0.27 8.6 44
19990X3 32.20 0046 2.6 0.65±0.04 0.64±0.05 0.29 0.19 0.26 7.1 89
1999UG5 12.81 0.42 5.6 0.68±0.02 0.58±0.02 0.33 0.15 0.24 10.3 20

'" 1999XXI43 18.03 0.46 6.8 0.67±0.07 0.70±0.06 0.32 0.23 0.31 8.6 44
'" 2000EC98 10.73 0.46 4.3 0.47±0.06 0.50±0.06 0.10 0.10 0.10 9.7 27

2000QC243 16.52 0.20 20.8 0.38±0.06 0.4l±0.06 0.02 0.05 0.03 7.8 64
200lBL41 9.82 0.30 12.5 0.53±0.05 0.56±0.04 0.16 0.14 0.16 11.4 93
2001PT13 10.64 0.20 20.4 0.44±0.03 OA8±0.02 0.07 0.09 0.08 9.4 31
C/LINEAR (2000B4)' 18.0 0.62 15.9 OA5±0.02 0.45±0.03 0.08 0.07 0.08 11.6 11
29P/SWl" 5.99 0.04 9.39 0.55±0.10 OA9±0.10 0.18 0.09 0.13 9.5 29
39P/Ot=" 7.24 0.25 1.94 0.36±0.06 0.36±0.09 -0.01 0.02 0.01 14.6 3
C/NEAT (2001T4)' 13.92 0.38 15.4 0.95±0.04 0.69±0.07 0.69 0.23 0049 10.9 15
2002G09 19.4 0.28 12.8 0.74±0.06 0.66±0.05 0.41 0.20 0.33 8.8 41
2002GB10 25.14 0040 13.33 0.71±0.02 0.65±0.02 0.37 0.20 0.30 8.3 51
2002GZ32 23.95 0.28 15.02 0.58±0.07 0.62±0.07 0.22 0.18 0.21 7.3 81

Note. - t the spectral gradient per 1000A; J uncorrected for phase angle and possible rotation; , Object radius based
upon listed Ha(I,"') & albedo values. Except the full disk albedos of Chiron (15%), Pholus (4%), Chariklo (4%), and
Asbolus (12%) listed in Fernandez et al. 2002, a value of 0.05 is assumed;j"' Cometary activity reported.
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Figure 3.2 Number distribution of the 24 Centaurs according to V-R color. The data show
a single peaked distribution with mean color (V - R) = 0.58 consistent with a standard
deviation of 0.15.

3.2.2 Phase Curves

Distance corrected R-band magnitudes, HR(I, a), plotted against the phase angle, a, are

shown for the 4 Centaurs, Hylonome, 1998 QM107, 2001 BL41, and 1998 SG35 in Figure 3.4,

including some points from the published literature (Luu & Jewitt 1996 and Green et al.

1997). Phase curves are fit using the Lumme-Bowell phase function (Bowell et al. 1989),

with Hand G as free parameters. The magnitude values from the photometry are shown in

Table 3.4. In fitting this phase model to the data, there are two major systematic sources

of error in the observations. First, the viewing aspect may change as the objects sub-Earth

latitude changes, over the course of the body's orbit, so that the observer is actually viewing

different regions of the surface. Fortunately, for the Centaurs, the sub-observer point does
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Figure 3.3 Number distribution of the 24 Centaurs according to R-I color. The data show
a single peaked distribution with mean color (R - I) = 0.56 consistent with a standard
deviation of 0.12.

not move as quickly as most minor planets. For the body with the smallest semi-major axis

and observed over the longest span, 1998 SG35, the orbital longitude changed less than 33°.

Yet, without knowledge of the rotation pole, it is hard to tell the magnitude of the effect.

In an extreme case of hemispherical albedo differences similar to that of Iapetus, the effect

my be as great as 0.19 mag. The second source of systematic error, the body's rotation, is

more likely to effect the observations, however.

Phase curves of Hylouome, 1998 QM107, & 2001 BL41

In order to successfully fit phase curve information without an extremely large number of

data points to average over, brightness variations owing to rotation must be removed, or

the extent of their contribution at least known. Short-term periodic brightness variations
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of Hylonome, according to our observations and those of Romanishin & Tegler (1999), and

1998 QM107, according to our observations, are < 0.05 mR. Briefer spans of 1-2 hours in

duration across multiple nights of observations of 2001 BL41, also revealed no variations

greater than one tenth of a magnitude, and no consistent trends. 2 The phase curve fits are

shown in Table 3.5, along with some previously obtained values from the literature, and a

value for our Chariklo data, consistent with McBride et al. 1999.

The rotational light curve and viewing phase curve of 1998 SG35

For our 1998 SG35 data, we observed the Centaur over 3 consecutive nights, from Sep 22-24,

1999 UT, and measured the Centaur brightness relative to 5 background stars. We found

a periodic brightness variation of about 8.3 (± 0.3) hrs (Figure 3.5) with an amplitude on

the order of 0.2 mR. This period was confirmed using a periodogram technique identical

to that used in Chapter 4 (see Figure 4.1) and described by Belton (1990) and a phase

dispersion minimization technique as described by Stellinngwerf (1978). The light Curve

period values near 8 hours are consistent with the results of the numerical methods, but

other periods are indicated, often small integer multiples of 8 hours, though these are not

consistent with visual examination of the light curve. The light curve is shown here phased

to the likely rotation period of 16.6 hrs, assuming the periodicity is cause primarily by the

variation in projected surface-area. These R-band data points and errors are included in

Table 3.6. They are not light travel time corrected, as the value is a constant offset of 1.29

hours across all three of the nights and would therefore be insignificant in the derivation

of the rotational phase period within this data set. The exposure times for our 1998 SG35

data were 600 seconds, except for our Jan 1999, and Sep 2002 data, where the exposure

times were 900 seconds and 300 seconds, respectively. 1998 SG35's light curve variation

has typical periodicity for a Centaur, at 8.3 hours, as compared to the 7 light curve period

values found for other Centaurs ranging from 5 to 13 hours (Bauer et al. 2002, and references

2 private communication by A. Doressoundiram confirms a lack of rotational brightness variations in his
2001 BL41 N1R data set
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therein). The observed range of the rotational magnitude variation, ~ 0.4 mR indicates a

lower limit to the axis ratio of a : b ;:: 1.45.

The mid-point in the range of the magnitude variations for each night in Sep 1999 were

used for the viewing phase curve (Figure 3.4). A second set of data obtained on Oct 14,

2002, where we observed the minimum of the light curve is also included in Table 3.6.

Though we did not observe the maximum in this data set, the overlap in the data was

used to set an upper limit to the light curve amplitude of approximately 0.2 mag. The

difference between the minimum and maximum brightness peaks for the 14 Oct 2002 data,

which occur close to the middle and near the beginning of the observing time span, is 0.18

mag. The data from this night span 0.34 rotations, while the largest gap in the Sep 1999

data spans 0.25 rotations. The brighter points at the start and end of the 14 Oct 2002

observations must overlap the Sep 1999 points by 0.045 rotations. The corresponding Sep

1999 points fall within ~ 0.05 mag of the light curve's mean magnitude. Move overlap

places the 14 Oct 2002 values closer to corresponding Sep 1999 light curve points which are

brighter. This would also be the case if the Oct 2002 data fell within the smaller gap in the

Sep 1999 rotational light curve data. While the average of this data set was also used to

constrain the viewing phase curve, we assigned it an uncertainty equal to our estimate of

the magnitude, of 0.2 mag. The remaining points could not be rotationally phased at all,

and were therefore also assigned uncertainties on the order of the amplitude value. Lumme

Bowell model fits to the phase curve data yielded G = +0.12 ± 0.07. These results are also

included in Table 3.5.

3.2.3 Surface Brightness Profiles

The radial surface brightness profile (SBP) is a powerful means of detecting coma, and may

provide further information regarding the line-of-site grain column density as a function of

sky-plane distance from the nucleus. By averaging the mean brightness values within a fixed

distance from the Centaur nucleus we can increase the sensitivity to coma many-fold. Only

a select sub-sampling of our images were appropriate for this analysis. The Centaur must
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Table 3.4. Phase Curve R-Band Photometry Summary

JDt a Mag ±/7

19988G35
2451444 0.5901 20.51 0.04
2451445 0.4998 20.55 0.05
2451446 0.4281 20.44 0.06
2451426.9 2.2200 20.57 0.2
2452562 2.4320 20.01 0.2
2451198.8 4.32 21.23 0.2
2452533.95 5.1000 20.12 0.2

1998 QM107
2452446.1 2.909 22.976 0.13
2451444.8 2.3161 22.853 0.52
2451445.8 2.3566 22.805 0.32
2451403.1 0.205 22.386 0.095
2451404.0 0.2698 22.536 0.10
2451404.9 0.3221 22.477 O.ll
2451405.8 0.3680 22.589 0.05
2451407.8 0.4794 22.531 0.048
2451327.1 3.120 22.74 0.34
2452533.95 1.270 22.733 0.15

2001 BL 41
2451995.9 6.997 20.41 0.02
2452212.1 6.83 20.69 O.ll
2452251.1 5.877 20.52 0.05
2452291.98 2.021 20.21 0.03

Hylonome
2449804* 0.400 21.75 0.08
2451258.1 1.271 21.96 0.04
2451687.9 1.755 22.01 0.08
2451688.8 1.794 22.02 0-07
2451689.9 1.840 22.10 0.03
2451692.9 1.962 22.06 0.03
2450992.9 3.018 22.11 0.07

Note. - t JD-2540000; * from Green
et ai., 1997, using our V-R=0.41 color.
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Table 3.5. Photometry and Phase Curve Lumme-Bowell Model Fits

Object V-R R-I Hk G(ct)

Chariklo' 0.49 ± 0.02 0.51 ± 0.02 6.5 +0.08 ± 0.05
Hylonome 0.50 ± 0.07 0.52 ± 0.06 9.1 +0.18 ± 0.10
Pholusl 0.78 ± 0.05 0.81 ± 0.05 7.3 +0.16 ± 0.02
1998 QM107 0.63 ± 0.12 0.64 ± 0.10 10.1 -0.11 ±0.08
1998 S035 0.42 ± 0.08 0.46 ± 0.04 10.5 +0.12 ± 0.07
1999 UG5* 0.68 ± 0.02 0.58 ± 0.02 10.3 -0.13 ±0.02
2001 BL41 0.53 ± 0.05 0.56 ± 0.04 11.0 +0.17 ± 0.06

Note. - t approximate and averaged over various viewing phase
(0) valuesj'in agreement with McBride et al. 1997;t Buie & Bus
1992;* Bauer et aJ. 2002.

be moving slowly relative to the background stars, so that the comparison stellar SBPs are

not smeared over a significant fraction of the seeing disk. Furthermore, the sky background

must not be too high, i. e. the sky must be nearly moonless, in order to probe the extreme

of the profiles for faint coma signal. In order to detect coma from our sample of several

Centaur images by extracting the SBPs, we averaged together each night's R-band images.

Exactly half, 12 out of our 24, of Centaur objects had sufficient observations to construct

adequate SBPs. In the most extreme cases with the largest Centaur sky-plane motion, the

tracking elongation was less than half the seeing FWHM values and hence undetectable.

With the exception of Chiron and C/NEAT (2001 T4), which are reported elsewhere (Bauer

et al., 2001 and Bauer et al., 2003), ten are reported here.

Before averaging, we removed faint background stars near each Centaur using IRAF

(Tody 1986), and co-registered the images to the object's centroid peak. We extracted

a 200x200 pixel area, 44 arcsec on a side, about the object's center, rescaled the images

of shorter exposure, then averaged the images together. The same technique was used to

extract 200 x 200 pixel images of multiple stars on the frame which were of similar brightness

to the Centaur.
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Table 3.6. 1998 SG35 UH R-Band Photometry

Mag ±,y Mag ±,y

1443.8281 1.404 20.348 .037 1445.0080 1.194 20.591 .045
1443.8385 1.332 20.368 .036 1445.0168 1.230 20.616 .051
1443.8475 1.281 20.470 .038 1445.0254 1.271 20.785 .053
1443.8564 1.237 20.372 .035 1445.0342 1.319 20.587 .046
1443.8654 1.200 20.372 .035 1445.0429 1.375 20.606 .046
1443.8738 1.170 20.285 .031 1445.8753 1.149 20.697 .075
1443.8832 1.143 20.411 .035 1445.8850 1.124 20.585 .064
1443.8918 1.122 20.246 .030 1445.9015 1.094 20.371 .054
1443.9007 1.104 20.306 .032 1445.9189 1.077 20.554 .066
1443.9092 1.091 20.306 .030 1445.9279 1.073 20.425 .057
1443.9181 1.082 20.383 .032 1445.9366 1.073 20.333 .051
1443.9265 1.076 20.474 .034 1445.9462 1.076 20.559 .072
1443.9375 1.072 20.400 .032 1445.9559 1.084 20.384 .084
1443.9471 1.074 20.434 .034 1445.9655 1.095 20.378 .095
1443.9555 1.078 20.458 .034 1445.9766 1.114 20.463 .104
1443.9733 1.098 20.495 .035 1445.9859 1.135 20.427 .101
1443.9909 1.133 20.457 .034 1445.9953 1.161 20.572 .118
1443.9992 1.155 20.471 .034 1446.0040 1.190 20.534 .117
1444.0076 1.182 20.514 .036 1446.0125 1.223 20.520 .117
1444.0161 1.214 20.535 .035
1444.0253 1.255 20.627 .039 Rotationally Unphased Data
1444.0337 1.299 20.551 .036 2561.8142 2.063 19.913 .051
1444.0424 1.352 20.591 .038 2561.8228 1.892 20.043 .074
1444.0510 1.413 20.658 .040 2561.8777 1.308 19.958 .048
1444.0594 1.483 20.753 .041 2561.8877 1.251 20.098 .053
1444.9070 1.080 20.361 .035 2561.9399 1.080 20.066 .050
1444.9227 1.076 20.571 .041 2561.9597 1.054 20.035 .067
1444.9311 1.073 20.532 .038 2562.0300 1.101 20.054 .054
1444.9397 1.073 20.488 .037 2562.0486 1.152 19.957 .044
1444.9481 1.076 20.452 .036 1198.7773 3.185 21.825 .096
1444.9567 1.082 20.603 .042 2532.1167 1.088 19.516 .019
1444.9658 1.092 20.464 .037 2532.1216 1.099 19.489 .019
1444.9742 1.104 20.484 .038 2532.1271 1.112 19.550 .020
1444.9911 1.141 20.681 .102
1444.9994 1.165 20.561 .048

Note. - t JD-2540000 ; I Airmass
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We extracted the SBPs from the combined R-band images from each night using the

method as described in Meech et al. 1997. In order to provide an idea of the extent of the

coma using observable units, we show each night's SBPs in units of magnitude per square

arcsec vs. projected radius (p) on a 10glO scale in Figure 3.6 and 3.7, the implications of

which are discussed in the following section.

3.3 Analysis & Discussion

In order to investigate correlations between the Centaur colors and their orbital parameters

and absolute optical brightness, we attempted to fit our color data as dependent variables

with the Centaur orbital elements of semi-major axis, eccentricity and inclination, as well

as our observed HR(l, a) values from Table 3.3, as the independent variables. We also

tested the variable dependence with the Spearman rank correlation technique (Press et

aI., 1992). The Spearman ranking method tests correlations which are not necessarily

linear, and small values of the coefficient correspond to significant correlations between the

dependent and independent variables. The linear fit slope results are listed in Table 3.7,

along with the Spearman rank significance value. Table 3.7 also shows the probability and

the statistical significance of the rank-order correlation, as compared with the standard

deviation from a random distribution. For example, the R-I color correlation with semi

major axis is equivalent to a 2.8-" detection and has a 0.4% probability of such a correlation

occurring randomly. We fit for each set of colors, V-R and R-I, using uniform weights for

our color values. While some correlations were mildly significant, near the 2 to 3-" level, no

correlation was definitively strong. The analysis shows the strongest correlation with the

semi-major axis, a, but also a weaker correlation with eccentricity, e. The data and model fit

results for these two parameters are shown in Figures 3.8 and 3.9. Both show redder colors

with increasing a and e. No significant correlation exists in our color data with inclination,

i or HR(l, a). We tested if there was a color-brightness bias in our selection of Centaurs

introduced, for example, by the Centaur search CCD cameras in the original discoveries
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Table 3.7. Colors Linear Fits

Parameter! linear slope tp
l Z'

V-R Uniformly Weighted fits
a 0.008 0.010 2.6
e 0.273 0.099 1.7
i 0.002 0.992 0.0
HR(I,o) -0.002 0.900 0.1
mR 0.007 0.827 0.2

R-l Uniformly Weighted fits
a 0.009 0.002 3.0
e 0.203 0.224 1.1
i 0.002 0.832 0.1
HR(I,o) -0.006 0.708 0.3
mR 0.018 0.523 0.5

Note. - t The orbital element, HR (I,o),
or (approximate) mR which served as the
ordinate in the fits; I Spearman rank-order
coefficient significance, between 0 and 1, the
lower value indicating a likely correlation; ,
The statistical significance of the rank-order
correlation, as compared with the standard
deviation from a random distribution.

having peak sensitivity in the R-band. We did so by running the same correlation analysis

on the Centaur colors verses mR, the Centaur's measured magnitude, and there was no

significant correlation to suggest such a bias.

The meaning of the admittedly weak redward gradient dependence on semi-major axis

or eccentricity is unclear. It may be that cosmic ray irradiation may become the dominant

process in altering surface color in the extremes of the outer solar system, and that this may

alter the surfaces by reddening them (Strazzula & Johnson, 1991). It may also be that other

processes dominate at smaller heliocentric distances, such as rubble mantling (Jewitt, 2002),

and may create a more neutrally colored, or bluer, surface. However, some curious objects,

such as the active Centaur C/NEAT (2001 T4) with its extremely red core, do not readily

support these scenarios, and lead one to suspect that the current theories are lacking. That
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Table 3.8. Surface Brightness Dust Production Limits

Date Object Seeing Upper Limits
(FWHM)* Q~u,t A/pI

99Mar20 Hylonome 1.1 0.032 0.007
99Sep23 1998QM107 0.9 0.015 0.003
00Feb07 1999 XX143 1.1 0.042 0.010
00Sep23 1999 UG5 1.1 0.003 0.0004
00Dec21 C/LINEAR (2000B4) 1.1 0.019 0.002
00Dec21 Chariklo 0.9 0.326 0.059
01Mar27 2001 BL41 0.8 0.003 0.0004
01Oct29 2000 QC243 1.5 0.076 0.017
02Jan17 1998 TF35 1.4 0.018 0.004
02Jun13 1999 aX3 0.7 0.026 0.007

Note. - * in units of arc-seconds; t 3-0- upper limits, in units of
[kg/s] ; I 3-0" upper limits, in units of [m].

the mean color of Centaur objects, (V - R)centau," = 0.58±0.01, lies between that of KBOs,

(V -R)KBOs = 0.61±0.01 (Jewitt & Luu, 2001), and Trojans, (V -R)TrojanS = 0.46±0.01

(Fitzsimmons et aI., 1994), and cometary nuclei, (V - R)nudei = 0.45 ± 0.02 (Jewitt, 2002)

is consistent with the overall evolutionary picture of Centaurs being a transitional state

between these populations. Figurei'efhists shows the distribution of the three populations

with respect to their color gradient (SV-R) values. The larger dispersion in the Centaur

colors as compared with the populations of these other solar system objects is also consistent.

The processes which gradually act to make the surfaces of former KBO's bluer in color are

likely to be at various stages among the Centaurs as their orbits are staggered throughout

the unstable giant planet region, a region where the solar flux ranges over an order of

magnitude, and the ambient black body temperature ranges over a factor of 2.

Fewer than 15 percent of the Centaur bodies have confirmed activity, including C/NEAT

(2001 T4), Chiron, P /SWl, and P /Oterma.3 We lind no evidence of low level activity in

'The object C/NEAT (2001 MIO), included in this statistic but not iu our color sample, may also be
regarded as a Centaur object, although its aphelion distance of 46 AU falls well outside the orbits of the gas
giauts. However, the same may be said of 1999 OX3 aud 1998 BU48,
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the remaining Centaurs of our sample. Dust production rate limits were made from the

10 surface brightness profiles. Modified Aip values were made by subtracting from the

Centaur's SBP the contribution from a stellar SBP scaled to the Centaur's peak brightness.

Dust production rates were made from these Aip values assuming dust grain sizes of 1

micron, grain ejection velocities of 200 m s-l, appropriate for CO emission near a distance

of 8AU (see Bauer et al., 2003 and Whipple, 1980), and grain densities of 1 g cm-3 . Upper

limits were calculated by taking the positive SB 3-<7 uncertainty upper limits and subtracting

the stellar SBP from this value. The results for the dust production limits are shown in

Table 3.8. While our limits of Aip[m] are a few hundredths or less, comet P /Encke has

reported Aip[m] values ~ 0.3 and P /Borrelly ~ 6 (A'Hearn et ai, 1995). These estimates

were calculated for the coma signal at twice the seeing disk radius, as determined by the

stellar point-spread function's full-width at half maximum (FWHM), from the Centaur's

brightness peak, where the coma signal should be strong relative to the nucleus' SBP. There

may be biasing in the survey as well, favoring detection of active bodies, as all our objects

were discovered prior to our observations, and objects with coma appear brighter and hence

may be easier to find. Yet, 60 percent of our objects have perihelion distances near or smaller

than the perihelion distances of Chiron and C/NEAT (2001 T4). It is not know whether

most Centaurs are depleted in the volatiles that drive the activity in the few which exhibit

coma. It may rather be that some other circumstances, such as a collision (e.g. Hainaut et

al., 2001) or particular thermal behaviors (Prialnik et al., 1995), are necessary to initiate

episodes of activity in most Centaurs. However, activity is apparently not common or at

least not constant. In our admittedly small sample of active Centaurs, there appears to be

no correlation with color and activity. Figure 3.1 shows that half of the active bodies in

our sample are redder than solar colors. Our images and SBPs indicate that C/LINEAR

(2000 B4) has had no evidence of activity since near the time of its discovery (Kusnirak &

Balam, 2000). We find that our remaining four bodies have a mean V-R color of 0.54, close

to that of the overall mean of our sample, 0.58. Still, so small a sample may be extremely

biased.
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Our fits to the phase angle gives some insight into the nature of the surfaces. The

Lumme-Bowell curve fits all yield G parameter values below 0.2, ranging from -0.13 to

+0.18. The phase curves of cometary nuclei have similarly large ranges of G values, from

-0.25, for comet 2P/Encke (Fernandez et al., 2000) and G ~ -0.2 for 9P/Tempell (Hsieh et

al., 2003) to G ~ 0.4, for comets 28P/Neujmin 1 (Delabodde et al., 2001), and 19P/Borrelly

(Buratti et al., 2003). Our data falIs between these values, and the average for the both

the Centaurs we sampled and noted cometary nuclei are G ~ 0.1. Certain regions of

cornet P /Borrelly's surface exhibited a flat particle phase function, possibly attributable

to the comet's own dust ejecta, which may flatten the overall phase curve. Our Centaur

phase curves are more suggestive of surfaces like comet P /Encke's, with steep phase curve

gradients. Caution should be used in the interpretation here, though, for several reasons.

First, as our data set is limited, there are several factors, outlined in the previous sections,

which may contribute to systematic error in determining the phase curve relation for a

particular Centaur body. Secondly, the Lumme-Bowell model is known to be ill-fitted to

magnitude-phase relations in the spike-effect region close to the opposition surge for values

a < 2° (eg. Shevchenko, 1996). Much of our data, especially for Hylonome, 1998 SG35, and

1998 QM107, lie in this regime, as would be the case with most observations of outer solar

system objects. In Figure 3.11 we subtracted the fit values for HR offsetting for HR = 5.0,

and fitted a Lumme-Bowell phase curve to our four newest Centaur phase curve values.

This gives us a value for G equal to 0.13 ± 0.12, similar to some P-type asteroid phase

curves (Shevchenko et al. 1997). Still, we may conclude from these data that either the

objects have strong opposition surges or they indeed have steep slope values. This would

be consistent with rough or porous surfaces. Such may be caused by cratering from micro

impacts or collisions, or from rubble or regolith layers, or even possibly by surface regions

of vacated matrix owing to volatile evacuation.This could even be owing to fractal type

growth of surface grains during planetesimal formation (Weidenschilling & Cuzzi 1993), or

accumulation in low surface gravity environment. The steepness, or opposition surge, does
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not correlate well with multiply scattering environs typical of high albedo surfaces like Pluto

(Buie et a!., 1997), and so they may likely have low albedo.

3.4 Conclusions

In our optical wavelength survey of 24 Centaurs, we establish the existence of a continuum

from red to neutral colors that has been seen previously in mixed surveys of Centaurs and

KBOs. We also find the following.

• Centaurs with larger orbital semi-major axes on average are redder, with a 2 to 3-0

correlation significance. A similar color trend, with a I to 1.5--0- significance reported,

may exist for Centaurs with larger orbital eccentricity values. We find no correlation

with Centaur orbital inclination and colors.

• The known active Centaurs span the whole range of the color continuum, from among

the reddest to among the bluest.

• The phase curve behavior is similar to the steeper-slope end of the distribution of

reported cometary phase curves in the literature. Our values from our phase function

fits for the lAD G slope parameter range from +0.18 to -0.13.

• The SBPs presented here show no coma in any of the 10 Centaurs for which the SBP

was measured; we find no evidence of coma for C/LINEAR (2000 B4) whatsoever.

Dust production limits for 8 of our Centaurs are less than 0.05 kg S-I, and all are less

than ~ 0.3 kg s-l.

• The Centaur 1998 SG35 was found to have a light curve period of 8.3 hours, fairly

typical of previously reported light curve periods found for several of the Centaurs.

A two-peaked light curve would be 16.6 hours.

The study of Centaurs reveals many of the uncertainties in our picture of the evolution

of cometary bodies. Certain trends may be clearly present, but their interpretation is
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fraught with complications regarding the surface chemistry effects of cosmic ray exposure

and space weathering processes on as yet uncertain compositions. Much remains unknown

about the processes which KBOs undergo as they evolve into orbits which encounter the

inner regions of the solar system, and much can be gained by further ground based work,

including efforts made in the chemistry laboratory. However, rapid progress may be soon

achieved when planned space missions and observations, such as the Deep Impact mission,

the Pluto-Kuiper Belt Express mission, and SIRTF observations yield more direct evidence

regarding cometary, Centaur, and KBO composition, color and spectra over a larger range

of wavelengths, and the albedos of these outer solar system bodies.
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Figure 3.4 Viewing Phase Curve of (clockwise, from top left w.r.t landscape orientation) Rylonome,
1998 QM107, 1998 SG35, and 2001 BL41. Data points are from our DR 2.2m observations and the
literature, as shown in Table 3.4. The data points from the literature are for Rylonome near 0 (Luu
& Jewitt 1996, square) and 0.4° (Green et al. 1997, triangle), The solid line indicates the best fit to
the Lumme-Bowell values, the dashed and dotted lines indicate the uncertainty margins to the fit.
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Figure 3.5 Rotational light curve of 1998 SG35, from data taken 9/22 (circles), 23 (8quares),
& 24 (triangles), 1999(UT). We found a periodicity of about 8.3 hrs, relative to frame
standards. Twice this measured period gives the expected 2-peak light curve. The bottom
panel shows the light curve plotted over all three nights. 1-(1 uncertainties are shown for
the points.
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Figure 3.6 The surface brightness profiled (SBPs) of 10 Centanrs (left to rigbt, top to bottom): Hylonome,
from observations taken on March 20th, 1999; 1998 QM107 (from 23Sep99 observations), 1999 XX143
(07FebOO); 1999 UG5 (23SepOO). The solid line represents the stellar SBP within the image. Missing points
in the extremes of the objeces SBP represent. data points where the detector count values or uncertainty
margins fall below the mean sky background, i. e. where the statistical noise begins to dominate the profile.
The stellar SBP signal often extends out further since these points axe the average of several stars. We find
no evidence of coma among these 4 Centaur objects.
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Figure 3.7 The 3urface hrightne33 profiled (SBPs) of 6 Centaurs (left to right, top to bottom): C/LINEAR
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(17Jan02); and 1999 OX3 (13Jun02). The solid line represents the stellar SBP within the image. Missing
points in the extremes of the object's SBP represent data points where the detector count values or
uncertainty margins fall below the mean sky background, i. e. where the statistical noise begins to dominate
the profile. The stellar SBP signal often extends out further since these points are the average of several
stars. We find no evidence of coma among these 10 Centaur objects. Though soon after discovery a coma
was reported as being visibly present in the images of C/LINEAR (2000 B4), no coma bas been seen since,
including this data and our data taken on 24 and 28 May 2000, 26 and 27 Mar 2001, and 13 Jun 2002.
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Figure 3.8 V - R (circles) and R - I (squares) are plotted against the semi-major axis
values, a, for each Centaur. The weighted best fit lines for V - R (solid) and R - I (dashed)
are also plotted.
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Figure 3.9 V - R (circle8) and R - I (squares) are plotted against the eccentricity values,
e, for each Centaur. The weighted best fit lines for V - R (solid) and R - I (dashed) are
also plotted.
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Figure 3.10 The comparative color-gradient (8, in units of %/1000A) histograms, based on
V - R colors, of KBOs (top panel), Centaurs (middle), and comet nuclei (bottom). The
color-gradient distributions for comet nuclei and KBOs were taken from the compilation
by Jewitt (2002). The dark-shaded histogram imposed over the Centaur panel shows
the distribution of Centaurs with confirmed activity. The standard deviations for the
distribution of color gradients for KBOs, Centaurs, and comet nuclei are 0.09, 0.17, and
0.11 respectively.
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Figure 3.11 The Combined phase curve of 2001 BL41, 1998 SG35, 1998 QM107, and
Hylonome. All data points were rescaled to HR = 5, using offsets from fits with a Lumme
Bowell phase curve function. The same function was then re-fit to the combined and offset
data points. Some points from Hylonome are from the literature (Green et al., 1997 and
Jewitt & Luu, 1996). All other points are from this work. As in the previous viewing phase
curve graphs, the solid line indicates the best fit to the Lumme-Bowell values, the dashed
and dotted lines indicate the uncertainty margins to the fit.
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Chapter 4

Observations of the Centaur 1999 UG5:

Evidence of a Unique Outer Solar System Surface.

Note: This chapter originally appeared as Bauer et al. (2002a), with co-authors J. Bauer,

K. J. Meech, Y. R. Fernandez, T. L. Farnham, and T. L. Roush.

Abstract

The outer Solar system body 1999 UG5 is a Centaur of medium brightness and slightly

redder color when compared to other Centaurs. Similar to at least one fifth of the

known Centaurs, it is a Saturn-crosser with a mean orbital distance between Saturn and

Uranus. We present optical photometry data and NIR spectra obtained during September,

November, and December, 2000. We find a rotation period of 13.41 ±0.04 hours with

an amplitude of 0.102 ±0.005 mag, and a phase curve with a Lumme-Bowell G value of

-0.13 ±0.02. BVRI colors are reported, and confirm the red spectral gradient observed

previously. Our spectra reveal that this redward slope extends into NIR wavelengths and

indicate possible localized differences in the surface composition.

4.1 Introduction

To date a handful of the brightest Centaurs have been studied using near-infrared (NIR)

spectroscopy (see Table 4.1), and many have been shown to exhibit water ice features. With
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one disputed observation (Kern et al. (2000) and Romon-Martin et al. (2001)) of Asbolus and

the recently reported observations of 2001 PT13 (Barucci et al. (2002), surface variations

detected at NIR wavelengths are rare among the Centaurs, and correlations to observations

of variations at optical wavelengths are even rarer. In order to characterize potential surface

variations on the Centaurs, we have performed simultaneous NIR and optical observations

on 1999 UG5. 1999 UG5 is by appearances a rather common Centaur object. Its Hv value

is reported as 10.42 ±0.02 (Gutierrez et aI. (2001)), and with an assumed 5% albedo, the

diameter is 55 km. It has an elliptical orbit (e = 0.42) and has a mean orbital distance

outside Saturn's orbit (a = 12.8 AU). Peixinho et al. (2001) and Gutierrez et aI. (2001) have

reported a light curve variation with a total range of ~ 0.24 ± 0.02 mag and a period of

13.25 hours, and imply a resulting minimum axial ratio of 1.25. With a reported V-R color

of 0.63, 1999 UG5 is amongst the redder of the Centaur objects, but is not the reddest,

as C/2001 T4 has a V-R color of ~ 0.9 (Bauer et al. (2001)), and Pholus has a color of

V-R = 0.8 (Buie & Bus (1992b)). Our own UH Centaur color survey (Bauer et al. (2001)),

does not indicate that 1999 UG5 has a particularly unique color. Neither is it particularly

unique that the Centaur has a detectably large light curve amplitude, as at least six others,

out of a total of about 44 observed, have all shown light curves with regular periodicity. It

is important to sort out which combinations of NIR and optical observable characteristics

are true indicators of young and old surfaces. To this end we use these observations of 1999

UG5 as a case study of an inactive Centaur surface.

4.2 Observations

4.2.1 Photometry

We obtained data at the UH 2.2m telescope on 02 Aug., 22 Sep., 08 Nov., and 18-22

Dec., 2000 (UT). The images were obtained using the Tek 2048 CCD camera. We also

obtained a second set of data on 01-02 Nov., 2000 at the McDonald Observatory 0.76-m

telescope, and an additional set of data at the UH 2.2m telescope on 29 Oct., 2001. The
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Table 4.1. Optical Light Curves and NIR Spectra of Centaurs

Object Light Curve Ref. t Period & Amplitude'lJ NIR Spec. Ref. t

Chiron Bus et a!., 1988 5.9,0.3 Foster et a!., 1999
Pholus Buie & Bus, 1992 9.98,0.1 Cruikshank et a!., 1998
Chariklo Brown & Koresko, 1998
Asbolus Brown, & Luu, 1997 8.9,0.3 Barruci et al., 1999
1998 BU48 Sheppard & Jewitt, 2002 4-6,0.68
1999 UG5 Gutierrez et a!., 2001 13.41, 0.102
2001 PT13 Farnham, 2001 II 8.338, 0.15 Barruci et al., 2002

Note. - tFirst reference of light curve observations; 'lJCurrent known light Curve period
(hours) and amplitude (b..mag); tFirst reference of NIR spectrum; II See also Farnham &
Davies, 2002.

geometry and observing conditions are included in Table 4.2, and of the instrumentation in

Table 4.4. The data were bias subtracted and flattened in the usual manner, and standard

star measurements (Landolt (1992)) were used to obtain zero point offsets, atmospheric

absorption coefficients, and color correction terms for the filter sets for each photometric

night. Table 4.3 contains the BVRI-band photometry values of 1999 UG5 observations, and

UT times. Typical exposure times for all our data sets were on the order of 600 seconds. The

uncertainties listed in tbe table are the combined uncertainties from the photon counting

statistics for each exposure, and the uncertainties in the derived extinction coefficients and

zero point offsets from each night. For the nights such as on 01 Nov., where differential

photometry was used to derive the Centaur magnitude values, the average uncertainties

in the reference star photometry values, though comparatively small, were also folded in.

Light travel time and geometric corrections have not been made in the data shown here,

but were made subsequently for the period search (see Analysis section).

02 August, 2000 was photometric, but observations of 1999 UG5 were taken close to

twilight, and hence had a large uncertainty owing to photon noise from the high sky

background. Light cirrus was present during our observations on 22 Sep., 2000, and so
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Table 4.2. Optical Observing Conditions

date r /::,. a Seeing Conditions
[AU] [AU] [deg] [" FWHM]

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

we re-calibrated the magnitudes of background stars in our fields during other photometric

nights at the telescopes. We measured the magnitudes of four field stars and calculated

the magnitude of 1999 UG5 from the weighted average of the relative offsets from these

field standards in each frame from 22 Sep., 2000. For the McDonald Observatory observing

run on 01-02 Nov., 2000, the observing conditions on November 1st were poor. It was

only partly photometric and the seeing was greater than 4" and variable. November 2nd

was photometric and had seeing less than 3". Because of the poor quality of the night of

01 Nov., we used relative photometry to produce the initial measurements, with the same

reference stars for both nights, and used the comparison stars on 02 Nov. to shift all of

the magnitudes to the standard star system. By using this method to correct the 01 Nov.

Centaur magnitude values, the signal falling outside the photometry apertures owing to

seeing variations would be the same for both the Centaur and the frame standards, and

would be accounted for in the frame reference standard offsets for each exposure. As 1999

UG5 was at a relatively low Galactic latitude (~ -30°), and as the McDonald Observatory's

camera had a relatively large pixel scale (1.3 "/pix), there were sufficient isolated frame

standards available to apply this technique with reasonable accuracy. In order to check the
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accuracy of the December 2000 photometry from night to night, we sampled 3 stars which

overlapped on the frames from 18 and 19 Dec., and 3 stars that overlapped on the frames

from the 19th, 20th, and 21st. For the nights of 19-20 Dec., the average photometry values

for our three field standards varied within 0.001 magnitudes. In the case of 21 Dec., we

found an average magnitude value offset of +0.03 so we compensated for it by subtracting

that value from the magnitudes. Similarly, we found an offset of -0.007 magnitude for the

night of the 18th and corrected our Centaur magnitudes. These magnitude adjustments had

little or no effect on our period search analysis below, but did effect the shape of the phased

light curve by lowering the amplitude and eliminating obvious night to night discontinuities

in the phased data (see Analysis section). Observations taken on 29 Oct., 2001 were made

during photometric conditions, and provided color and absolute magnitude information.

4.2.2 Spectroscopy

We obtained spectra on two separate nights, the 21st and 22nd of September, 2000 at the

NASA Infrared Telescope Facility (IRTF) using the SPEX instrument (Rayner et a!., 2003,

in preparation) in PRISM mode. On the 21st we received only a fraction of the night as

a test of the SpeX instrument, since the time was originally allocated as engineering time.

Hence our first night's spectrum had a total integration time of 600s and had a midpoint

time of 15.60 UT. Our second night's data was for a total integration time of 4320s, and had

a midpoint time of 14.75 UT. The September 22 data was obtained simultaneously with the

UH 2.2m photometry data for that night. On both nights we used a 0.8 " slit width, and

the nominal seeing was ~ 1". This gave us a wavelength resolution of ~ O.016l'm, while

collecting more than half the signal flux from our object. We used observations of the G5V

solar analog standard star HR1262 (Gaidos (1998)), obtained before and after the object

measurements, for flux calibration and to correct for atmospheric absorption. The standard

was in the same region of the sky and shared the same airmass within a few hundredths

of our observations. We nodded the telescope 7" between exposures, and used on-frame

subtraction to eliminate the sky background.
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Table 4.3. 1999 UG5 Photometry

UT Filt. Mag ±rr UT Filt. Mag ±rr UT Filt. Mag ±"

2000 Aug 02 = 2541760.5JD 2000 Nov 02 = 2451850.5 2000 Dec 19 = 2451899.5
14.4892 R 19.431 0.052 7.3366 R 18.786 .029 6.3122 V 19.578 .007
14.5975 V 20.080 0.074 7.5289 I 18.248 .036 6.5631 R 18.906 .017
14.7108 R 19.451 0.052 7.9369 B 20.474 .115 6.7964 I 18.320 .009

8.1289 R 18.775 .030 7.0356 R 18.898 .017
2000 Sep 22 = 2541809.5 9.6169 R 18.690 .032 7.265 R 18.908 .017

9.3194 V 19.962 .037 9.8329 1 18.162 .044 7.4914 R 18.894 .017
9.3911 V 20.009 .038 10.0249 V 19.418 .054 7.7014 R 18.881 .017
9.6044 1 18.737 .034 10.2169 B 20.129 .076 7.9347 R 18.888 .017
9.6742 1 18.706 .032 10.4089 R 18.640 .029 8.1644 R 18.884 .009
9.8206 R 19.208 .021 ll.3689 R 18.660 .035 8.3944 R 18.888 .009
9.8925 R 19.273 .022 11.5849 V 19.383 .050 8.6144 R 18.885 .014
9.9622 R 19.155 .020 11.7771 R 18.608 .027 8.8456 R 18.915 .014

10.0319 R 19.245 .021 9.0606 R 18.889 .014
10.1050 R 19.227 .021 2000 Nov 08 = 2451856.5 9.2747 R 18.877 .009
12.4167 R 19.145 .019 10.3725 R 18.662 .025 9.4875 R 18.876 .014
12.5236 R 19.123 .019 10.4425 R 18.658 .027 9.7106 R 18.887 .017
12.6872 R 19.158 .019 10.5122 R 18.659 .039 10.7022 R 18.900 .018
12.7586 R 19.158 .019 10.5822 V 19.314 .050 10.9403 R 18.9ll .023
12.8283 R 19.123 .018 10.6589 V 19.298 .048 11.1514 R 18.887 .009
12.8983 R 19.092 .018 10.7289 V 19.344 .052 11.3658 R 18.880 .009
12.9681 R 19.131 .018
13.0378 R 19.1l3 .018 2000 Dec 18 = 2451898.5 2000 Dec 20 = 2451900.5
13.8736 1 18.572 .028 6.5011 R 18.915 .016 9.6928 R 18.912 .009
13.9447 I 18.548 .027 6.5831 1 18.315 .013 9.9233 R 18.902 .009
13.5917 V 19.800 .026 6.6625 V 19.582 .013 10.1761 R 18.888 .009
13.6614 V 19.937 .028 6.7758 R 18.795 .015 10.3892 R 18.894 .009
13.7339 R 19.082 .017 6.8792 1 18.297 .012 10.605 R 18.910 .018
13.8039 R 19.109 .018 6.9606 V 19.573 .013 10.9503 R 18.919 .029
14.0147 R 19.074 .018 7.1278 R 18.859 .010 11.1639 R 18.908 .018
14.0844 R 19.091 .018 7.3897 R 18.861 .010
14.1542 R 19.053 .017 7.5975 R 18.913 .010 2000 Dec 21 = 2451901.5
14.2242 R 19.070 .017 7.8231 R 18.907 .010 5.7467 R 19.058 .010
14.2939 R 19.065 .017 8.0517 R 18.874 .010 5.9719 R 19.065 .010
14.3639 R 19.041 .017 8.2639 R 18.898 .009 7.3097 R 19m2 .014
14.4336 R 19.074 .017 8,4800 R 18.890 ,009 7.5181 R 19.060 .014
14.5033 R 19.045 .017 8.6850 R 18.904 .009 7.7511 R 19.080 .015
14.5733 R 19.067 .017 8.9000 R 18.902 .009 7.9631 R 19.043 .017
14.7131 R 19.078 .017 9.1169 R 18.898 .009 8.1875 R 19.078 .019
14.7828 R 19.097 .018 9.3231 R 18.918 .009 8.3944 R 19.090 .017
14.8525 R 19.022 .017 10.0928 R 18,957 .010 8.8622 R 19.039 .019
14.9225 R 19.065 .017 10.6406 R 18.968 .Oll 9.0678 R 19.061 .014
14.9922 R 19.048 .017 10.8592 R 18.974 .Oll 9.2914 R 19.046 .014
15.0622 R 19.066 .018 11.0700 R 19.004 .012 9.5256 R 19.024 .012

11.2881 R 19.000 .013 9.7306 R 18,979 .012
2000 Nov 01 = 2451849.5 11.5106 R 18.988 .013 9.9561 R 18.994 .012

7.8914 R 18.656 .029 10.1742 R 18.987 .012
8.2994 R 18.672 .034 10.3819 R 18.971 .012

10.0994 R 18.627 .039
10.2914 V 19.395 .065 2001 Oct 29 = 2452211.5
10.5077 R 18.637 .038 14.9400 R 19.269 .017
11.8757 R 18.718 .050 15.0197 1 18.653 .025

15.1042 R 19.237 .017
15.2100 V 19.903 .027
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Table 4.4. Observing Instruments

Date Telescope' Detector SlitjAp.t Plate Scale Read Noise Gain

n [" jpixelJ [e-jpixeIJ [e-jADU]

2000 Aug 2 UH 2.2m 8K Mosaic 10 0.26 8 2
2000 Sep 21 !RTF SpeX 0.8 0.15 <1 14
2000 Sep 22 !RTF SpeX 0.8 0.15 <1 14

UH 2.2m Tek2048 7+ 0.22 6 1.74
2000 Nov 1 MOO.76m Lora12048 8+ 1.34 6 1.6
2000 Nov 2 MO 0.76m Loral2048 8+ 1.34 6 1.6
2000 Nov 8 UH 2.2m Tek2048 7+ 0.22 6 1.74
2000 Dec 18 UH 2.2m Tek2048 7+ 0.22 6 1.74
2000 Dec 19 UH 2.2m Tek2048 5+ 0.22 6 1.74
2000 Dec 20 UH 2.2m Tek2048 5+ 0.22 6 1.74
2000 Dec 21 UH 2.2m Tek2048 5+ 0.22 6 1.74
2001 Oct 29 UH 2.2m Tek2048 51 0.22 6 1.74

Note. - ~ UH 2.2m = University of Hawaii 2.2m telescope on Mauna Kea, IRTF = NASA
3m Infrared Telescope Facility on Mauna Kea, MO= McDonald Observatory 0.76m; t Slit size
for SpeX or photometry aperture used for CCD analysis; I Magnitudes were corrected for signal
loss owing to seeing and aperture size variation using differential photometry.
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4.3 Analysis

4.3.1 Photometry

We first employed a phase dispersion minimization (PDM, Stellingwerf (1978)) technique to

determine possible rotation periods from our December 2000 data set. The PDM technique

minimizes the variance of the data which has been converted to a phase for each trial period

and grouped into bins. The e statistic, as defined by Stellingwerf, is a ratio of the total

data variance to the combined bin variance (Stellingwerf (1978), Bevington (1969)). The

technique indicates periodicity in the data by minima in the e values. Minima near 8, 16,

and 24 hours, in consideration of our strong sampling bias on the order of these periods,

were not likely candidates. The significant minima in the PDM converge to e values of

< 1.0, which the minima near 8 and 16 hours did not do. However, we found a strong

minimum near 13.1 hours. From the width of PDM minimum we estimated our uncertainty

for this single-peaked light curve period at near ± 0.3 hours.

In order to properly temporally phase the data from the other observing runs and thus

obtain a more precise measure of the period, one needs to know the phase-angle behavior

so as to put all datasets on a common magnitude scale. However the phase angle behavior,

encapsulated by the Lumme-Bowell parameter G (Bowell et al. (1989)), cannot be found

without understanding the rotational amplitude and the period. Thus the rotation state

and phase-angle behavior are intimately tied together in terms of the photometry. Shifting

the photometry data to a conventional Hv (I,O) reference frame would require adding in

relatively large uncertain offset values. Consequently, throughout the period search and

viewing angle analysis, we used our December 18 observation geometry as the reference

frame and so avoided introducing larger geometric and phase-angle offsets in the data. By

keeping the photometry values in the R-band, we avoided making uncertain color offsets.

We made only small adjustments of < 0.08 in magnitude for differences in the heliocentric

and geocentric distances from 22 Sep. through 21 Dec., 2000 relative to 18 Dec., 2000.

We made phase corrections relative to 40
, and thus avoided adding larger phase offsets
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dependent on mostly uncertain values, like the magnitude of the opposition surge at 0°.

This still required a small viewing angle phase-curve adjustment of the September 22 and

November 1-2, and 8 data. As an initial attempt, using the ephemeris values obtained

from JPL (http://ssd.jpl.nasagov/horizons.html, the source of our orbital elements as well),

we assume a phase correction similar to Chariklo's G=0.15 (McBride et al. (1999)), and

removing the geometric brightening owing to the difference in geocentric (Ll./Ll.DeclS) and

heliocentric (r/rDecI8) distances of 1999 UG5 at the times of observation. We corrected the

September and November data magnitudes taken at viewing phase angles of a by shifting

the magnitudes by a value of om where

and

om = Ll.m(4°) - Ll.m(a) (4.1)

Ll. r
Ll.m(a) = 5log( Ll. ) - 2.5Iog( (1 - G)<t"I (a) + G<P2(a)) (4.2)

Dec18 TDec18

and where <PI and <P2 are approximated by

<PI = exp(-3.33(tan(0.5a))O.63)

<P2 = exp(-1.87(tan(0.5a))1.22)

(4.3)

(4.4)

(Bowell et al., 1989). PDM analysis of the resulting lightcurve showed a sharper minimum

at 13.3 hr, consistent with the period of 13.25h reported by Gutierrez et al. (2001) from

data acquired at Calar Alto Observatory (CAO). We found an amplitude of 0.095 ±0.015

mag. To get an analytical value for the phase curve G value and brightness at a = 0°, we

removed the rotational light curve offsets by fitting sine-curve functions with free variables

of amplitude and magnitude offset to the UR 2.2m September, November, and December

data re-phased to the 13.3 hour rotation period. As further constraint, we added in a data

point derived from the minimum in the January 21st, 2001 value from Gutierrez et al.

(2001). We did not use this in our period search, as our derived values for this point had
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uncertainties of 0.044 mag, almost half our light curve amplitude, owing to possible filter

bandpass discrepancies and that data's own reported statistical uncertainty, but we did use

this value in our phase-curve fit iteration. After convolving the reported UH Kron-Cousin

and CAO Bessel filter band passes (http://www.oan.es/1.52m/e/ccd.html) with the solar

spectrum, we found a 0.0064 f..!m offset in effective R wavelength, and calculated a 0.04 (±

0.01) mag offset between our reported R-band magnitudes and those from Gutierrez et aI.

(2001). We found a similar correction was necessary for the McDonald Observatory data as

well, as they use similar filter band passes. For the period search and phase curve analysis,

it was easier to shift the McDonald Observatory and CAO data sets to the UH Kron-Cousin

filter system.

Our first iteration yielded G = -0.14. Because of the large offset from the initial guess of

G=0.15, in order to untangle the effects of the viewing angle phase from the rotational phase,

we decided it was necessary to use an iterative procedure as follows. 1. Assume a value for G,

and correct all datasets with the phase law described by this value. 2. Find the best-fitting

rotational period and amplitude. 3. Find the mean brightness (over a rotation period) in

each data set and shift the magnitudes to account for this. 4. Re-fit for G. Re-adjusting our

data using the new G values, we conducted the period searches using a Fourier periodogram

technique, in place of the earlier PDM technique. We also employed an algorithm called

WINDOW CLEAN developed by Belton (1990) which eliminated false peaks introduced

by the regular sampling of the data. On our fourth iteration, we found a period of 13.413

±0.04 hours, which was well within the uncertainty of the previous value of 13.408 hours.

We adopt the value of 13.41 ±0.04 for the light curve period. The Fourier spectra, raw

and cleaned using Belton (1990) technique, are shown in Figure 4.1. Our December data

are shown in Figure 4.2, with a sine curve of period 13.41 hours superimposed. Our total

light curve data, phased to the 13.41 hour period, is shown in Figure 4.3, and shows an

amplitude of 0.102 ±0.005, based on a weighted average of the points about the peak and

trough. An alternative rotation period of 26.82 hours may be possible if the brightness

variation is caused by shape rather than surface albedo features (Figure 4.4). We found a

97



final phase curve parameters of G = -0.13 ± 0.02 and mR('" = 0) of 18.45 ±0.02, using the

standard deviation of our values in the successive iterations to determine our uncertainties.

Using the UH 2.2m data alone, our fit for G becomes -0.122 (± 0.06) and 18.46 (± 0.03)

for mR('" = 0), well within the errors of the final value we report. Figure 4.5 shows the

phase curve and fitted magnitude points of our 3 data sets, along with the magnitude value

from Gutierrez et al. (2001). Owing to the relatively high uncertainties in the August 2000

data and the large temporal gap between our 2000 and the October 2001 data, we did not

use these data sets to constrain our fits for either the rotational phase or the viewing angle

Lumme-Bowell model. However, we do include these data in Figure 4.5 for comparison.

For the plot, we corrected the August 2000 data point for the approximate rotational phase

(<Prol '" 0.66) based on the period derived from the previous data sets.

We derived BVRl colors from our data by averaging the R-band values bracketing our B,

V, and I filter observations, and using R as our reference filter for our magnitude differences.

In order to compare data sets more easily with prior literature values, we converted our

UH filter set colors to Bessel filter set values (Bessell (1990)). Table 4.5 shows the effective

wavelengths of the filter sets, as derived by convolving the filter bandpass with a solar

spectrum. Also shown are the final offset values we used to convert the UH 2.2m colors to

values similar to those obtained with the CAO and McDonald Observatory filter sets. For

the special case of the August 2000 data, obtained with the 8K mosaic camera, we included

the 0.022 offset in the reported V-R colors. However, we fold in an equivalent value into the

reported uncertainty because the filter set is not as well calibrated as that provided with

the Tek 2K camera. Table 4.6 shows the final colors and color gradients. The color gradient

for each Centaur is expressed in terms of the slope parameter, as defined in Hainaut &

Delsanti, 2002, which is the percent of reddening, with respect to solar colors, per O.lllm.

Our values were derived using equation 3.1. The listed gradients are based upon the central

wavelengths for the Bessel filter color values. We find no correlat;on w;th rotat;onal phase

or viewing phase angle. We also include those reported by Gutierrez et al. (2001), shown

in Figure 4.6.
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Table 4.5. Filter Set Conversion Parameters

Filter Bessel Ae11 (ttm) VB Aell (ttm) VB color offset

R 0.6390 0.6454
V 0.5384 0.5412 OV-R"" +0.022
I 0.8092 0.8143 OR-I < 0.01("" 0.00)

Table 4.6. Optical Photometry Colors (Bessel) and Gradients

Date B-V (±a) V-R (±a) R-I (±a) rot. phase

00Aug02, 14.6 UT 0.64 (± 0.09) 0.66
00Aug02 Grad. [%/O.lttm] 28 (±9)

00Sep22, 9.5 UT 0.720 (± 0.03) 0.52 (± 0.03) 0.98
00Sep22, 13.7 UT 0.73 (± 0.02) 0.55 (± 0.02) 0.29
00Sep22, avg 0.73 (± 0.02) 0.54 (± 0.02)
00Sep22 Grad. [%/O.lttm] 39 (±3) 16 (±1)

00Nov01, 10.2 UT 0.76 (± 0.07) 0.62
00Nov02, 9.9 UT 0.941 (± 0.131) 0.75 (± 0.06) 0.53 (± 0.04) 0.38
00Nov02, 11.5 UT 0.715 (± 0.097) 0.75 (± 0.06) 0.50 (± 0.05) 0.50
00Nov02-01, avg 0.795 (± 0.081) 0.75 (± 0.04) 0.52 (± 0.03)
00Nov02-01 Grad. [%/O.lttm] [15 (±9)] 43 (±4) 14 (±2)

00Nov08, 10.6 UT 0.68 (± 0.03) 0.19
00Nov08 Grad. [%/O.lttm] 33 (± 4)

00Dec18, 7 UT 0.63 (± 0.02) 0.61 (± 0.01) 0.52
00Dec19, 6.8 UT 0.64 (± 0.02) 0.59 (± 0.01) 0.28
00Dec18-19, avg 0.64 (± 0.01) 0.60 (± 0.01)
00Dec18-19 Grad. [%/O.lttm] 28 (±l) 20 (±l)

01Oct29, 15 UT 0.67 (± 0.03) 0.60 (± 0.03)
01Oct29 Grad. [%/O.lttm] 32 (±4) 20 (±4)
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Figure 4.1 Fourier spectra for the rotation search, cleaned of the sampling residuals (solid),
and raw (dashed, rescaled to one 3rd its original value). Note the unambiguous maximum
peak at 13.41 hours in both spectra,

4.3.2 Spectroscopy

We used the xspextool package written by M, Cushing (http://irtfweb.ifa,hawaii,edu/

Facility/spex/SpextooLtxt) to reduce the data, following the suggested procedure for faint

sources, This included flattening the data with quartz-lamp flats, removing known bad

pixels and mosaic defects, and wavelength calibrating the data with Argon-lamp exposures

and sky lines. Prior to combining the exposures we removed cosmic rays by hand, We

divided the spectra by our G5V standard, Our slit size, 0,8 arcseconds, corresponded to

approximately a 5 pixel width in the dispersion direction, These data, then, were inherently

oversampled and as a result we averaged 5 pixels into a single bin value for the data taken

100



Phase of the Period

13.41 hr period

(a)

." .

, I

. ..
\.

(b) -

/
./

, ,

" : ",
"_.:'

, ,
20

Time
30 40
(hrs from

50

OODec18,

60
OUT)

70 80

Figure 4.2 December 2000 data phased to a period value of 13.41 hours (a). The bottom
(b) panel shows the data graphed over the 4-day observation span (in hours), with a sine
curve of 0.1 magnitude amplitude and 13.41 hour period super-imposed.

on 22 Sep. For the case of the 21 Sep. data, we rebinned this spectrum to nearly one third

the resolution to achieve a higher signal value per bin. Hence for the 21 Sep. data, 14

pixels were averaged into a single bin value to obtain a signal to noise (SIN) more closely

comparable to that from 22 Sep.

We present here the first attempts at modeling the data. In order to provide insight

into the nature of the surface material(s) on 1999 UG5 we have produced model spectral

albedos for different candidate materials and their associated grain size(s), to compare with

the new data. The model used is that originally developed by Hapke (1993) to describe the

measured albedo. The details describing the formulation used in our effort are provided by
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Figure 4.3 The data from Dec. 18-21 (open circles), Nov. 1-2 (filled triangles), Nov. 8
(filled diamonds), and 22 Sep. (filled squares), 2000, phased to a 13.41 hour period. The
minimum occurred at approximately 9.8 UT, Sep. 22, 2000 (uncorrected for light travel
time). Arrows indicate the phases of our spectral data from 21 Sep. (rotational phase of
0.37) and 22 Sep. (0.64).

Roush et al. (1990), Roush (1994), and Cruikshank et al. (1998a). The limited phase angle

coverage of near infrared wavelengths precludes us from independently determining some

of the parameters of the models. Here we rely upon values of these parameters derived

from Voyager observations for the outer solar system moon of Miranda by Helfenstein

et al. (1988), which would be appropriate for a porous or fluffy surface; specifically the

parameters, as defined by Roush (1994), have the values b = 0.93, h = 0.018, and

So = 0.77 x (Fresnel reflectance). This approach also requires that the real and imaginary

indices of refraction of candidate materials be specified. The availability of appropriate

optical constants is limited, constraining our range of model computations.
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Figure 4.4 The data from Dec. 18-21 (open circles), Nov. 1-2 (filled triangles), Nov. 8
(filled diamonds), and 22 Sep. (filled squares), 2000, phased to a 26.82 hour period. The
minimum occurred at approximately 9.8 UT, Sep. 22, 2000 (uncorrected for light travel
time). Arrows indicate the mean phase of our spectral data from 21 Sep. (rotational phase
of 0.51) and 22 Sep. (0.37). Note the lack of coverage on the first peak, and the persistence
of the asymmetric shape of the second.

The first night's data were of notably poorer quality than the second night's, so we fit

a simple 3-component intimate mixture model to the data using the scattering code. The

presence of absorption features at 1.5 and 2.0 microns corresponded to features found in

water ice spectra. The lack of a secondary absorption dip near 1.65 I'm seemed to indicate

that the amorphous form of water ice, rather than the crystalline form, would provide a

better fit. Attempts to include crystalline water ice in the fits were unsuccessful, and would

not converge. We included tholin material in the hope of fitting the redward gradients

in both spectra. Triton tholin, which has a redward gradient that extends further into
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Figure 4.5 The final phase fits to the rotation light curve corrected magnitudes for our
three UH data sets from Sep-Dec, 2000 (diamonds), our McDonald Observatory data set
(triangles) plus the data minimum reported by Gutierrez et al. 2001 on 21 Jan., 2001
(square). The error bars of the 21 Jan., 2001 point is the combined uncertainty of the
original error and that introduced in calibration to our data. Additional points from 02
Aug, 2000 (x-symbol) and 29 Oct, 2001 (.) were not included in the fit, bnt are shown here
for comparison

longer wavelengths, provided a better fit than Titan tholin, which has a reflectance which

plateaus near 1.3 pm. Based on albedo measurements of other Centaurs (eg. Fernandez

et al. (2002)), all our spectral data was rescaled to a 5% visual albedo. However, the fits

were not rescaled, and so a neutral absorber with a flat reflectance across the observed

wavelengths was incorporated into the fits in the form of amorphous carbon. For the case

of the Sept 21 data, more species other than amorphous carbon, amorphous water ice, and

Triton tholin in the intimate mixtures produced poorer fits (eg. Table 4.7). This simpler

three-species combination which resulted in the best fit model for the Sept 21 data yielded
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Figure 4.6 1999 UG5 colors of with V-R (circles) and R-I (triangles) graphed verses time.
The open symbols on the left and right of the graph represent the data taken on 2 Aug.,
2000 and 29 Oct., 2001, respectively. The dashed lines represent the weighted average (short
dash) and errors (long dash) of all of our V-R (upper) and R-I (lower) colors. ).

a poorer model fit for the Sept 22 data, with reduced X2 values equal to 5.12. Owing to

the similarity in color to Pholus, for the Sept 22 data, we tried a 5 component intimate

mixture similar to that used to fit the Pholus spectra reported by Cruikshank et a!., 1998.

Here Titan tholin provided a better fit. Variations from this model again produced poorer

fits with reduced X2 values ranging from 4.4 to 10. The fitting results are summarized in

Table 4.7. The data and model fits with the lowest X2 values, with amorphous water ice,

amorphous carbon, and Triton tholin for 21 Sep., and with amorphous water ice, amorphous

carbon, methanol, Titan tholin, and Olivine for 22 Sep., are shown in Figures 4.7 and 4.8.

The fitting for the model species and abundances are based on weighted fits of the data
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shown. Hence, in both cases, the model fits are poorer at longer wavelengths, where there

is lower S!N owing to higher sky background.

0.25

21 Sep, 2000

0.2 I
0

0.15 I
'" I".c I:;;: I

0.1 I
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0.6 0.8 1.2 1.4 1.6 I.B 2
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Figure 4.7 IRTF SpeX spectrum from 21 Sep., 2000. The data are rebinned to 3 times the
instrumental resolution, and scaled to a 5% mean optical albedo at V-band wavelengths.
The 21 Sep. compositional model with the lowest X2 from Table 4.7 is shown here (solid
line) and is comprised of amorphous water ice, amorphous carbon, and Titan tholins.

4.4 Discussion

Our lightcurve analysis shows that the rotation of 1999 UG5 causes a 13.41 ±0.04 hour

period in the observed brightness variation and exhibits a lightcurve amplitude of 0.102

±0.005 mag. These results are more precise than those of Gutierrez et al. (2001), but

are consistent to within their quoted uncertainties. This would also be consistent with

either a 26.82 hour rotation of an ellipsoid with a 1.25 axis ratio or a 13.41 hour rotation
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Table 4.7. Model Fits to 1999 UG5 Data

Spectra Component Mass Fraction Grain Size (I'm) Reducedt x2

00Sep21, 15.60 UT Amorphous H2 0 ice 0.17 66 2.97
Amorphous Carbon 0.41 154

Triton Tholin 0.42 28

00Sep21, 15.60 UT Amorphous H20 ice 0.29 78 3.46
Amorphous Carbon 0.26 131

Triton Tholin 0.39 44
NH3 Ice 0.06 92

00Sep21, 15.60 UT Amorphous H20 ice 0.26 70 3.42
Amorphous Carbon 0.39 71

Triton Tholin 0.34 24
Methanol Ice 0.01 32

OOSep21, 15.60 UT Amorphous H20 ice 0.Q4 8 6.79
Amorphous Carbon 0.50 114

Titan Tholin 0.39 41
Olivine 0.07 43

00Sep21, 15.60 UT Amorphous H20 ice 0.03 40 7.36
Amorphous Carbon 0.56 63

Methanol Ice 0.03 7
Titan Tholin 0.31 15

Olivine 0.07 75

00Sep22, 14.75 UT Amorphous H2 0 ice 0.14 48 5.12
Amorphous Carbon 0.79 67

'Iriton Tholin 0.07 11

00Sep22, 14.75 UT Amorphous H20 ice 0.13 115 3.04
Amorphous Carbon 0.66 27

Titan Tholin 0.14 10
Methanol Ice 0.03 15

Olivine 0.04 93

00Sep22, 14.75 UT Amorphous H20 ice 0.06 24 4.26
Amorphous Carbon 0.83 142

Titan Tholin 0.09 45
NHg Ice < 0.01 59
Olivine 0.02 111

Note. - t See Bevington (1969) for definition.
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Figure 4.8 IRTF SpeX spectrum from 21 Sep., 2000. The data are rebinned to the
instrumental resolution, and scaled to a 5% mean optical albedo at V-band wavelengths.
The 22 Sep. compositional model with the lowest X2 from Table 4.7 is shown here (solid
line) and is comprised of amorphous water ice, amorphous carbon, Triton tholins, methanol
ice, and olivine.

of a body with a bright surface feature. The latter case may be a better interpretation

given the observed variation in the NIR surface spectrum, although the variations do not

perfectly phase with the brightness peak (see Figure 4.3). The addition of many nights

of data, spanning 12 weeks, also seems to indicate that there is no complex component to

the rotation. In other words, it is in simple rotation, at least on time scales of several

months. We at first suspected that the peak data point in the December, 2000 light

curve was anomalous. However, when we added the phased November 1-2 data taken

at McDonald Observatory we found a correspondingly bright peak data point. In any case,

we are confident that the light curve peak has an irregular shape which may be attributable
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to either an irregular asymmetric geometric shape or surface albedo features. Furthermore,

the irregular shape of the peak persists with the 26.82 hour rotation period (Figure 4.4).

We find a redder surface on average than previously reported, but still within typical

values of the Centaurs. We also find a less steep color gradient at V-R wavelengths (%

11.1 ±2.0), based on the weighted average of all our V-R colors (0.68 ±0.02), than at R-I

wavelengths (% 13.8 ±1.2, R-I = 0.58 ± 0.02), which is typical for TNOs (eg. Boehnhardt

et al. (2002)). This trend in the color gradients is consistent with the Gutierrez et al.

(2001) results. We find no trend in colors with rotation. There are instances across our

total data set where the measured color values vary by as much as one sixth the mean value,

but most of the values we report have overlapping error bars. There is a tendency for the

observations on nights with thin cirrus present to yield the reddest values of the V-R color

data. However, the data from November 2nd was taken on a photometric night. Subsequent

examination of optical photometry yielded no systematic sources of error which would not

be compensated for by our reduction methods, at least to the level of the reported accuracy

of the measurements. Hence we attribute these deviations to primarily statistical noise.

McBride et al. (1999) reported the second phase curve for a Centaur, Chariklo, with a

Lumme-Bowell function IAU G slope parameter of 0.15, similar to the value fo G derived

by Buie & Bus (1992). Recall that this parameter corresponds to the steepness of the slope

of the phase brightening, particularly at angles greater than a few degrees, and is often

interpreted as an indication of porosity. A lower G value indicates a steeper slope, and

a possibly more porous, dark, surface. Our derived value of G = -0.13 is an unusually

low value for a small body, but not unprecedented. Comet P /Encke's value was reported

by Fernandez et al. (2000) as -0.25, and negative values have been found for some KBOs

(Sheppard & Jewitt (2002)). Similarly, our phase curves for other Centaurs as reported in

Chapter 3 yield G values which span a similar range as that spanned by Chariklo and 1999

UG5 alone. A value of G = -0.13 is, however, the lowest yet reported for a Centaur. As

with cometary bodies, larger porosity may be the consequence of volatile liberation. Our

December 18, 2000 reference frame value of mR(a=O) = 18.45 for our data fits yields an
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Hv(0,1)=10.32, and a diameter of 58 km, assuming an albedo of 0.05, as reported for Pholus

and Chariklo, or 37 km assuming a 0.12 albedo value similar to Asbolus' (Fernandez et al.

(2002)).

The two spectra we presented show surprisingly different features. The September

22 spectrum is near a rotational light curve phase of 0.37, and the September 21 near

a rotational phase of 0.64, slightly closer to the peak in brightness, given a single-peak

rotation. As much as 56% of the surface would be different in this case. A double peak

light curve is harder to explain with the observed spectral differences, as the phases are

closer together at 0.37 and 0.51, and only as much as 28% of the surface would be different

between the two spectra. However, a 26.82 hour rotation period would place the September

21 spectrum squarely at the peak in brightness. The September 21 spectrum also shows

the strongest possible water ice signatures, at 2.0 and 1.55 pm which may correlate nicely

with a peak in brightness if it is all caused by exposed water ice. Because of the poor

SIN and the brief integration time, we are reluctant to call this a detection. Furthermore,

deviations of our model fits from the data at 1.63 and 2.1 pm may suggest other species

not accounted for are in abundance. It also seems likely that the slope is indeed redder at

NIR wavelengths in this region of the surface. The turn-over in the September 22 spectrum

(and likely absorption feature) extending beyond 2.0 pm does not correspond to a water-ice

feature, but rather some other material, or combination of materials, possibly organic, is

likely the cause. In any case, that the possible water ice band is on a redder, and brighter

region of the surface is somewhat surprising. Reddening by radiation aging (Strazzulla &

Johnson (1991)), and grayer colors corresponding to fresh ice exposed by impacts or re

deposited after cometary activity (Stern (1995), and Hainaut et al. (2000)) may yield a

different expectation. The extremely red colors of the active Centaur object C/2001 T4

(Bauer et al. (2001)) would also seem to support a different interpretation. 1999 UG5 is at

an appropriate distance for cometary activity. It has similar orbital parameters as Chiron,

and evidence of water, possibly in amorphous ice form. If the appropriate volatiles are
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trapped in the ice, it may very well undergo cometary activity on a periodic basis (eg.

Prialnik et al. (1995)), though we do not witness it at the present.

1999 UG5, at first an apparently ordinary Centaur, poses many interesting possible

exceptions to several of the currently held interpretations of observed Centaur phenomena.

It is worthy of further study. Higher SIN NIR spectra, well-correlated with the optical

behavior of the Centaur would especially be desirable. Indeed many of the Centaurs, even

those already observed in the NIR, are in need of such a correlated optical and NIR study,

so that we may determine whether the Centaur class as a whole is populated more with

diverse exceptions than with examples of inferred rules.
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Chapter 5

An Optical Survey of the Active Centaur C/NEAT

(2001 T4)

Note: This chapter has been submitted to the journal PASP, with co-authors J. Bauer,

Y. R. Fernandez, and K. J. Meech.

Abstract

We present the results of optical observations of C/NEAT (2001 T4), taken on 3 dates

between October 2001 and September 2002, at the University of Hawaii 2.2 meter telescope.

Coma was present for each observation, but the activity level was variable. We present

surface brightness profiles, dust production rates and evidence for structure in the coma.

There is a radial gradient in coma color, with the outer coma exhibiting the bluest colors.

The object's V-R and R-l colors indicate that this is one of the reddest objects with a

Centaur-type orbit.

5.1 Introduction

As of early 2003, there were 5 Centaurs with cometary comae: 2060 Chiron,

29P/Schwassmann-Wachmann 1 (P /SWl) 39P/Oterma, C/NEAT (2001 T4), and possibly

C/LINEAR (2000 B4). C/LINEAR (2000 B4) is a special case since there have been no

reports of activity since its discovery, though it has been observed multiple times (Bauer
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et a!., in prep). Discovered in the latter half of 2001 (Pravdo et a!. 2001), just prior to

its perihelion passage (which occurred on 21 May 2002), C/NEAT (2001 T4) was classified

as a comet because of its obvious coma. It travels in a very Chiron-like orbit, with a

perihelion distance q = 8.56 AU, an eccentricity e = 0.39, orbital inclination i = 15.3°, and

a semi-major axis a = 14.1 AU, (for Chiron q = 8.45, e = 0.38, a = 13.7, i = 6.9)1.

Centaur colors are not necessarily indicative of evolution because there are several

competing physical processes which may alter the surfaces, and these occur on different

timescales. Chiron, P /SW1 and P /Oterma all are bluer (closer to neutral colors) than the

average Centaur color (V -R "" 0.56, Chapter 3). Cometary activity is likely to alter surface

composition by depositing dust and/or volatiles on the surface, or by removing weathered

materials. Activity may take place even at the great heliocentric distances where KBOs

reside, either from sublimation of very volatile materials, amorphous ice phase transitions

(Prialnik et a!. 1995) or induced by galactic cosmic ray interaction with interstellar ices

(Kaiser et a!. 1997). On a reddened object, this activity can result in a bluer or more

neutral surface and change in albedo. In addition, there is a possibility of change in

surface composition if the active areas are non-homogeneous. Hainaut et a!. (2000) show

a convincing case for probable activity in TNO 1996 T066, a relatively blue object which

became bluer after suspected activity altered the shape of its observed rotational light curve.

The source of activity is not known for most of the active Centaurs, since sublimation of

water ice only drives activity within 6 AU. CO, whim is sufficiently volatile, is thought to be

one of the next most abundant ices and indeed it has been detected strongly in the coma of

P /SW1 (Festou et a!. 2001, Senay & Jewitt 1994, and Comran et al. 1980), although there

is only a marginal detection in the coma of Chiron (Womack & Stern 1999). Moreover,

Chiron's CO production is apparently not sustained (Bocke!<\e-Morvan et a!. 2001), which

is qualitatively consistent with observations of secular manges in the shape and strength

of Chiron's dust coma (e.g. Meech et al. 1997a). Thus, much remaining work to decipher

the nature of Centaur activity. Because C/NEAT (2001 T4) exhibits a strong coma, with

1 JPL Horizons, http://ssd.jpLnasa.gov/cgi-bin/eph
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apparent features, and its unique colors, it is an important case for the study of Centaur

cometary activity. We begin to explore some of the aspects of its cometary appearance

below.

5.2 Observations

We observed C/NEAT (2001 T4) on 29 Oct 2001, 17 Jan and 16 Sep 2002, using the

University of Hawaii 2.2 meter telescope with the Tek 2048 camera. Data were taken

through the VRI Kron-Cousin filter set (Y: >'0 = 5450A, 6>' = 836A; R: >'0 = 6460A,

L'l.>' = 1245A; I: >'0 = 8260A, L'l.>' = 1888A). The telescope was dithered by several arc

seconds after each exposure, which were guided at non-sidereal rates corresponding to the

predicted motion of C/NEAT (2001 T4). Each image was bias subtracted and flattened

in the standard manner, with persistently bad pixels removed using a bad pixel mask

and cosmic rays removed using the Image Reduction Analysis Facility (IRAF; Tody 1986).

Frame standards were measured in each exposure to test photometric stability between

individual frames. Magnitude values were stable for the frame standards within 0.02 mag.

The data were calibrated (extinction, color correction, and zero point offset) using exposures

of Landolt standard star fields (Landolt 1992). Although we did not observe C/NEAT (2001

T4) over an extensive time base for any of the nights, it is unlikely that a rotational light

curve could have been easily extracted from the data because of the presence of coma.

The observing conditions are summarized in Table 5.1, along with the viewing geometry.

Note that the viewing geometries for the nights of 29 Oct 2001 and 16 Sep 2002 are very

similar. On the night of 29 Oct 2001 the first half of the night had cirrus. The second

half was clear, however, as confirmed by the standard star measurements and noted in the

night's observing logs. C/NEAT (2001 T4) was observed during this second half of the

night, and our other two nights of observation were photometric. On all our nights, the

seeing varied on the order of a tenth of an arc-second between frames, but the average seeing

value is listed in Table 5.1 for each night. Total integration times of 780 sec in V, 960 sec
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Table 5.l. Observations of C/NEAT (2001 T4)

Night JD-2450000 r t Ll.t "I PA~ PA(r0)1 See*

29 Oct 2001 2211.94 8.60 7.68 2.68 237 293 1.2
17 Jan 2002 2291.81 8.58 8.72 3.45 237 294 1.5
16 Sep 2002 2534.06 8.58 7.84 4.75 258 238 1.2

Note. - t Heliocentric and geocentric distance [AU]; t The Sun-taxget
observer phase angle [deg], a, position angles of the extended Sun-target radius
vector [deg]> PA0 , and the negative of the target's heliocentric velocity vector
[deg] , PA(r0), as seen in the observer's plane-of~skYl measured North through
East (courtesy JPL Horizons,http://ssd.jpJ.nasa.gov/);* Seeing is the average of
the mean full-width at half-maximum (FWHM) of several sample stars for the
individual images in units of arc-seconds.

in R, and 480 sec in I were obtained On 29 Oct 2001, 360 sec each in V, R, and I on 17 Jan

2002, and 600 sec in R on 16 Sep 2002.

5.3 Reduction & Analysis

Magnitudes were measured in each image using 3'!0, 5"0, 7'!0 and 10'!0 diameter apertures.

Because of the variable seeing, aperture fluxes were corrected for point-spread-function

(PSF) seeing variations using comparison frame standards in the following manner. We

calculated the mean offset between the 10'!0 frame standards from those obtained using

smaller apertures and then applied these to the C/NEAT (2001 T4) magnitudes through

each of the smaller apertures. The sky-background was measured using a 10'!0 wide annulus

centered on the nucleus with a radius of 20'!0 to avoid the coma. The images in each filter

were averaged together.

Color and reduced R-band magnitudes for all photometry apertures are shown in

Table 5.2. The reduced magnitude, Hn(l,o), is defined as

(5.1)
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Table 5.2. Colors and Magnitude of C/NEAT (2001 T4)

Night V-R R-I HR(l,o:) loglO p*

R v I
29 Oct 2001 3 0.97 ±0.04 0.69 ±0.07 11.42 ± 0.05 3.92 2.62 ±0.02 2.37 ± 0.03 2.77 ± 0.02

5 0.93 ± 0,07 0.76 ± 0.10 10.97 ± 0,06 4.14 2.58 ±0.03 2.34 ± 0.02 2.75 ± 0.02
7 0.86 ± 0,09 0.79 ±0.07 10.69 ± 0,07 4.29 2,55 ± 0.04 2.34 ±0.02 2.73 ± 0.02
10 0.90 ± 0.09 0.70 ±0.07 10048 ± 0.07 4.44 2,47 ± 0.04 2.25 ± 0.03 2.62 ±0.03

17 Jan 2002 3 0.93 ±0.04 0.68± 0,08 11.01 ± 0.07 3.98 2.73 ±0.03 2.61 ±0.02 2.99 ±0.02
5 0,94 ±0.07 0.61 ± 0.07 10.68 ± 0.04 420 2.64 ± 0,02 2.51 ± 0,02 2.87 ± 0.02
7 0.88 ±O.IO 0,67± 0.06 10,51 ± 0.04 4,35 2.57 ± 0,02 2.46 ± 0,03 2.82 ± 0.02
10 0.90 ± 0.11 0.54 ± 0.10 10.26 ± 0.07 4.50 2.51 ± 0.03 2.39 ± 0.04 2.71 ± 0,02

16 Sep 2002 3 -- -- 11.26 ± 0.03 3.93 2.68 ± 0.01 -- --
5 -- -- 10.92 ±0.04 4.15 2.59 ± 0.02 -- --
7 -- -- 10.67 ± 0,04 4.30 2.55 ± 0.02 -- --
10 -- -- 10040 ± 0.04 4.45 2.49 ± 0.01 -- --

Note, - IPhotometry aperture diameter [are,ee]; 'Linear radius of the aperture at the comet [km]; t Afp ([emD iu
the R, V, and I bandpasses, (see A'Hearn et aI. 1984). The Alp values listed here are derived from the entire signal
(coma + nucleus).

where mR is the measured magnitude, and rand L:i [AU] are the heliocentric and geocentric

distances at the time of observation. A proxy for dust production, Alp [em] ?, is also shown

in Table 5.2. A is the average grain albedo, I is the filling factor in the aperture field of

view, and p is the linear radius of the aperture at the comet, i.e. the sky-plane radius. For

an ideal steady-state coma, Alp = is constant at all apertures. Since the nucleus could be

contributing some of the brightness, these Alp values listed in Table 5.2 are weak upper

limits, but less stringent than those shown later. These Alp values are similar those of

comet 19P/Borrelly during its perihelion approach (Schleicher et al. 2002), a comet with

considerably closer perihelion distance (q = 1.36 AU).

In addition to the Alp values, the radial surface brightness profile (SBP) provides

further information regarding the line-of-sight grain column density as a function of sky-

plane distance from the nucleus. By extracting SBPs we were able to monitor the extent of

the coma. To accomplish this we first removed faint background stars near C/NEAT (2001

T4) using the IRAF imedit routine, and co-aligned the images to the object's motion relative
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Table 5.3. C/NEAT (2001 T4) Surface Brightness Profile Slopes

Night

29 Oct 2001
17 Jan 2002
16 Sep 2002

Mean (L!. In SB/L!. In p)l

-1.46 ± 0.09
-0.90 ± 0.07
-1.43 ± 0.05

North (L!.lnSB/L!.lnp)t

-1.52 ± 0.13
-1.08 ± 0.09
-1.69 ± 0.08

South (L!.lnSB/L!.lnp)t

-1.22 ± 0.05
-0.79 ± 0.05
-1.22 ± 0.05

Note. - tSBP slope calculated from 1_5't distance from the nucleus over the entire image, and
the northern and southern hemispheres.

Table 5.4. Dust Production Rates of C/NEAT (2001 T4)

Night

29 Oct 2001
17 Jan 2002
16 Sep 2002

log Afp* log QLt

Lower Limit
-0.55 -1.72
-0.88 -2.04
-0.79 -1.95

log Afp* log Q~u.t

Upper Limit
2.47 1.29
2.51 1.33
2.49 1.31

Note. - *IOglO(Afp) ([em]) lower-limit values at 5 arc-seconds.
Estimates for these entries are calculated after subtracting the
brightness contribution of the Centaur nucleus as estimated by
a stellar SBP of equaJ peak brightness; t loglO dust production
lower-limit estimate [kg 8- 1] 5/1 aperture, assuming a mean grain
size of 1 pm, a mean grain velocity "-J 200 m s-1, and a grain
aJbedo value of 0.04; *lOglO(Afp) ([em]) values from Table 2 at 5"
(10" Ap), which serve as upper limits; t The corresponding upper
limit of loglO dust production values for a distance of 5" from the
Centaur's brightness peak.

117



to the background stars. This was done by first determining the mean image shift between

frames caused by telescope offsets and dithering, and then by applying an additional offset

based on the start time of the exposures, the known plate scale of the detector, and the

expected rate of motion of the ephemeris. We extracted a 200 x 200 pixel area, 44" on a side,

centered on the object, rescaled the images of shorter exposure, then median filtered our

R-band images together, creating one averaged image for each night. The same technique

was used to extract 200 x 200 pixel images of 3 stars of similar brightness from each frame,

only this time we co-aligned the frames with the background stars.

During the exposures, the telescope was guiding at non-sidereal rates equal to the

Centaur object's predicted sky-plane motion. Hence the stars on the frame were slightly

elongated along the direction of C/NEAT (2001 T4)'s non-sidereal motion. In all cases, this

stellar elongation was significantly less than the seeing. In the most extreme case, on 29

Oct 2001, the mean seeing was 1.2 arcsec FWHM, while the stellar images were extended

0.9 arcsec. The stellar images were extended less than 0.5 arcsec on our other two nights of

observation, which was less than half the seeing. This elongation is visibly apparent in the

29 Oct 2001 data. However, because the Centaur's coma was so markedly extended beyond

the stellar profiles, this likely had little effect on the overall SBP analysis of the Oct 2001

exposures, or for that matter the data from the two other nights.

We extracted the SBPs from the combined R-band images from each night using the

method as described in (Meech et a!. 1997a). The surface brightness profiles in mR per

square arcsec are plotted versus the log of the projected radius, p ["} in

Figure 5.1. Linear least squares fits to the In(SB) vs. In(p) profiles of C/NEAT (2001

T4) between 1-5", where SB is the surface brightness in W m-2 Sr-\ yield the values for

slopes shown in Table 5.3. The mean surface brightness slopes are shown along with those

of the separate northern and southern hemispheres. The separate hemispherical profiles

are also graphed in Figure 5.2. The southern half of the image shows a consistently more

extended coma, in part due to an anti-sun-ward tail, but also possibly because of the

presence of a south-eastward extension in the coma. A steady-state isotropic coma produces
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Figure 5.1 Three surface brightness profiles (SBPs) of C/NEAT (2001 T4) from 29 Oct, 2001, 17 Jan,
2002, and 16 Sep, 2002, The solid line represents the stellar SBP within the image. The plots show the
Centaur SBPs out to 10 arcseconds, where the uncertainties encompass the stellar SBPs. Beyond this radius
value, the stellar and Centaur SBPs drop to the mean surface brightness values of the sky background.
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profiles with a slope of -1, while radiation pressure and phase angle effects may produce

slope values as steep as -1.5. Steeper slopes may be indicative of non-steady state emission,

or caused by fading coma dust grains (Jewitt & Meech 1987).

Dust production rate estimates were made from these surface brightness profiles using a

modification of the technique described in Meech & Weaver (1995). Stellar SBPs normalized

to the peak brightness of the Centaur were subtracted from the Centaur's SBP to estimate

a lower limit to Aip. Dust production rate lower limits were calculated from these Aip

values using a steady-state ~ 1/p coma profile such that:

4 3 ) 2
Qdust = Aip· (:l,ra Veja /(1fa p) (5.2)

We assumed a dust mean grain radius a = Il-'m, dust grain albedos p = 0.04, grain ejection

velocities Vej ~ 200 m s-1, and grain densities a "" 1 g cm-3 . The ejection velocity was

estimated using the measured CO velocities from P /SWl, rescaled for distances of 8.6 AU

using the empirical relation v "" 535 . r-O.6 m s-1 derived by Whipple (1980). We used this

model because P/SWl's activity is believed to be driven by CO (eg. Senay & Jewitt, 1994),

and CO may drive activity in cometary bodies beyond 6 AU (eg. Prialnik et al. 1995 and

Enzian et al. 1997).

Along similar lines, upper limits for Aip and dust production rates were calculated from

the maximum signal attributable to the coma. We calculated these upper limits by taking

the Aip values from Table 5.2 for the 10" apertures and attributing this signal entirely to

the dust coma. The results for the corresponding dust production rate limits for the coma

signal at 5" from the Centaur's brightness peak, where the coma signal is strong relative to

the nucleus' SBP, are shown in Table 5.4.

The seeing is likely a factor in our dust production estimates. For example, when

C/NEAT (2001 T4) is observed at its brightest, on 17 Jan 2002, we find the lowest value

for the dust production rate and the worst seeing. In fact, we interpreted these estimates

as lower limits in light of the seeing effects and because there may be a significant coma
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Figure 5.2 SBPs for Southern (top panels, w.r.t landscape orientation) and Northern (bottom panels)
hemispherical cuts of the R-band images. The Southern hemisphere shows stronger coma signal in all 3
cases.
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Figure 5.3 Combined optical frames of CjNEAT (2001 T4) from 29 Oct 2001 (top left), 17
Jan 2002 (top middle), and 16 Sep 2002 (top right), in gray-scale (top) and color for 29 Oct,
2001 (bottom left) and 17 Jan, 2002 (bottom middle), and a false color feature-enhanced
image for 16 Sep 2002 (bottom right). A logarithmic scaling was used to bring out the
lower contrast coma features. For the color images, V is mapped to blue, R is mapped to
green, and I is mapped to red. Each image is 22 arcsec (100 pixels) on a side, and the
sky plane's North is up, and East is left. Anti-solar and heliocentric velocity vectors are
indicated on the gray-scale image in green and red, respectively. Note that the Jan, 2002
data shows a more extended coma, and that both color images show a redder core and
bluer coma. The 16 Sep 2002 false color image was made by rotating the R-band image 180
degrees and subtracting. The central position of the Centaur is indicated by the light blue
'+' sign. In addition to the faint coma trail in the South-Westward anti-solar direction, a
South-Eastward coma extension close to the nucleus is apparent in the bottom right image.
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contribution to the Centaur's brightness peak, which is what is used to scale the stellax

SBP. Attempts to constrain the contribution of the nucleus by model fits of sepaxate coma

and point source SBPs to the data were unsuccessful owing to the limited spatial resolution

of our images. Another possible effect slightly reducing our dust production rate estimates

may be that the wings of the stellax SBP may be extended owing to the telescope tracking,

as mentioned above. This is likely a smaller effect, as there is no consistent correlation with

the dust production rate estimates and this tracking rate discrepancy. Both effects would

lead to slight over-estimates of the nucleus' surface brightness contribution at 5 axe-seconds,

and under-estimates of the coma's contribution to the signal. It is probably insignificant in

the dust production rate upper limits, as we have compensated for seeing variation in our

photometry values listed in Table 5.2, and these limits axe independent of the SBPs.

Our dust production rate limits for C/NEAT (2001 T4) bracket those reported for

Chiron of 1.5 kg S-1 (McBride et al. 1999) and are exceeded by those reported for P /SW1

(2000 kg s-1, Senay & Jewitt 1994). Our upper bound for the entire nucleus size estimate

is 16 km, assuming p = 0.04 and that the 3" aperture signal is entirely from the nucleus.

Even at the lowest rates reported here, on the order of 10-2 kg s-l, if the ejection of grains

from the surface was uniform over the surface, and with the preceding assumptions of grain

characteristics, two microns of dust would be removed on the order of ten million yeaxs.

Higher surface albedo values, as those observed for Chiron (Fernandez et al. 2002), higher

dust production rates, or more localized activity, would require more rapid excavation. The

surface, then, is very probably altered in some way by its cometaxy activity.

5.4 Discussion

The V and I band images from 29 Oct 2001 and 17 Jan 2002 were also combined into

nightly averaged images in similax fashion to the R-band. 100 x 100 pixel sub-images were

extracted in all three bands. These V, R, and I frames were then converted into log-scale

images in order to bring out low-contrast features. A color composite for each night was
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made by mapping the I-band image to red, the R-band image to green, and the V-band

image to blue. In order to better show both the coma structure and the color, the gray-scale

and color images are shown in Figure 5.3. In the images, North is towards the top of the

image, and the East is towards the left. The R-band averaged log scale image from 16

Sep 2002 is shown for comparison in the upper right hand of the figure. A more processed

version of the image emphasizing the coma features is in the lower right panel. This frame

was made by subtracting the 16 Sep 2002 R-band image from a rotated copy of itself. The

angle of rotation wa.q 1800
• The most striking optical features are readily apparent in these

images, including the strength of the coma, the apparent coma structure or asymmetry, the

relatively red appearance of the core, and the bluer coma color.

The redness of C/NEAT (2001 T4)'s image core, compared to the outer coma, persisted

for several months, as seen in Figure 5.3. Numerically this is most easily shown by using

the colors in Table 5.2 to calculate the V-R color of an annulus in the coma between p = 2.5

and p = 3.5 arcsec. We find that the color was 0.65 ± 0.14 and 0.58 ± 0.13 on 29 Oct 2001

and 17 Jan 2002, respectively. These colors are different by 0.32 ± 0.15 and 0.35 ± 0.14

from the colors within the 5-arcsec wide aperture, i.e. significant on the 2-u level.

As mentioned in the previous section, it was not possible to model or constrain the

contribution of the nucleus to the signal at the image Core. However, whether attributable

to the nucleus' surface color or a rather unusual coma color gradient, C/NEAT (2001 T4) is

one of the reddest Centaur objects observed to date. Its V-R color in our 29 Oct 2001 and 17

Jan 2002 exposures exceeded that of Pholus. C/NEAT (2001 T4) is also perhaps the most

active Centaur with a semi-major axis beyond Saturn's. At 1.5" from the unresolved core,

the surface brightness (SB) of the Centaur on the night of 16 Sep 2002 is approximately

23.83 mR arcsec-2 , while the scaled stellar SB is 25.67 mR arcsec-2 . The gap between

the two SBPs widens between 1.5 and 5", so that at most 18% of the signal is from the

unresolved core from 1.5" outwards(Figure 5.1). The signal difference between the 3" and

10" apertures based on the magnitudes in Table 5.2 is a factor of 2.2 in total integrated

flux. In other words, 55% of the signal lies outside the radius of 1.5", and at most 18% is
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attributable to the Centaur's nucleus. Hence the coma accounts for at least 45% of its total

brightness in our 16 Sep 2002 observations.

The COma of C/NEAT (2001 T4) is extensive. However, its Aip values, as calculated

from the total brightness, monotonically decrease outward from the 3 arcsec aperture radii

which corresponds to approximately p = 104km. This may indicate non-steady-state dust

emission, and possibly dust grain fading or destruction. The coma has been variable in its

extent and brightness, as our 10 arcsec aperture HR(l, a) values and SBP plots in Figure 5.1

indicate. The slopes of the In(SB) vs. In(p) over all position angles are consistent with

radiation pressure effects alone as the cause of the gradients (Jewitt & Meech 1987) for

all 3 data sets. The In(SB)/ln(p) slopes differ markedly for the SBPs taken for separate

North and South position angle ranges, which may be the result of the grain dynamics if

the sunward apex distance of the dust coma is short (e.g. Griin & Jessberger, 1990). The

Centaur's coma structure shows a persistent southward (for dates 29 Oct 2001 and 17 Jan

2002) to south westward (for 16 Sep 2002) extension as well. This corresponds well to the

anti-Sun directions (see Table 5.1) and so a typical cometary dust tail. However, the second,

south-eastward extension does not correspond to a typical dust or gas tail extension, and

may be indicative of a jet feature.

The Centaur C/NEAT (2001 T4) does not comfortably fit into the known Centaur color

distribution. There is a trend of reddening as a function of increasing size amongst the

asteroids in the asteroid belt. KBOs and Centaurs can also be extremely red, and have a

large diversity of surface colors (Jewitt & Luu 1998). A weak trend in Centaur semi-major

axis, a and color has been seen as well (Bauer et al. in prep), where reddening increases

with a. Irradiation of cometary outer solar system ices by energetic particles will over time

cause a loss ofhydrogen, and progressive polymerization and carbonization. This will in turn

transform the mechanical properties of the surface as well as the spectral properties, such as

absorption features and slope, causing the surfaces to darken and possibly redden (Strazzula

and Johnson 1991; Strazzula 1998; Cruikshank 1997). However, Kaiser & Roessler (1998)

found no evidence for reddening material in their experiments with the irradiation of
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volatile ices at outer solar system temperatures by doses of MeV particles similar in nature

to Galactic cosmic ray radiation. Many of their observed chemical transformations were

strongly temperature dependent as well. The production of some more complicated species,

such as formaldehyde, have been difficult to reproduce in irradiation experiments of similar

design (e.g. Pirronello et at. 1982 and Brucato et at. 1997).

Hence a detailed picture of the irradiation processes, their resultant products, and the

final effects on surface color still requires much study. Redness may often be associated

with organic material (Cruikshank 1997), but a red surface does not necessarily guarantee

organics (Cruikshank et at. 2000). Impacts on surfaces may alter colors if sub-surface

non-irradiated material has a different characteristic composition. This has often been

called upon to explain the range of Centaur and KBO colors. However, Hainaut and

Delsanti (2002) note that a statistical analysis of KBO colors is not entirely consistent

with this explanation, and that there are other factors, such as activity, which will likely

have significant effects.

These facts alone have interesting consequences for some of the theories recently put

forth as the cause of Centaur color diversity. If a Centaur's red color indicates an older,

irradiation reddened surface (Tegler & Rominishin 2000 and Strazzula & Johnson, 1991),

the presence of C/NEAT (2001 T4)'s coma would not necessarily contradict this theory.

Nor would its presence necessarily preclude the theory stated in (Luu et at. 2000) that the

bluer color of Chiron is caused by newly exposed surface or dust, as long as none of the

dust ejected into C/NEAT (2001 T4)'s coma resettles on its surface. The rate of irradiation

reddening is not very well characterized, and current estimates range on time scales of

hundreds (Strazzula 1998) to tens of millions of years (Yeghikyan et at. 2001). Yet, if

newly excavated material is closer to neutral or bluer in color, then in the case of C/NEAT

(2001 T4) irradiation reddening would have to out compete other processes such as rubble

re-mantling and furthermore out pace the re-mantling on a surface with verified sustained

activity.
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Both C/NEAT (2001 T4) and Chiron are of interest for many reasons. They are the

most distant Centaurs with coma. The source of their activity is not fully understood.

Chiron has a similarly great coma slope (Meech et al. 1997a), and Chiron's extended coma

is also frequently bluer in color relative to Chiron's core (Meech et al. 1997a and Bauer et

al. 1997), possibly caused by Rayleigh-scattering properties of small dust grains. However,

the physical processes causing the blue color gradient in the comae of these two active

Centaurs are likely different. Chiron's blue coma may be caused by its surface gravity

trapping the larger particles in ballistic orbits (Meech et al. 1997a), manifesting a bound

coma which consists of larger, hence apparently redder, particles. Chiron's smaller, hence

bluer, dust particles escape the bound coma to form the extended coma seen in most

ground-based images. But for C/NEAT (2001 T4), it is more likely the case that most

of the dust particles ejected from the surface leave the gravity of the Centaur. Assuming

an albedo value of 0.04 (Fernandez et al. 2002), and assuming a roughly spherical body,

our 3" aperture magnitudes imply a radius < 16 km for C/NEAT (2001 T4). A body of

this size would have a relative escape velocity only one fifth that of Chiron's, providing the

bodies have similar bulk densities. Hence C/NEAT (2001 T4)'s considerably smaller size,

as inferred by its difference in brightness, would probably preclude the existence of a bound

coma and an extended coma which consists of smaller, hence bluer, particles.

An alternative explanation for C/NEAT (2001 T4)'s bluer outer coma is the presence of

fluorescing C2 or CO+, which have emission bands which fall within the V-filter bandpass

between 5032 and 5868A, but which mostly fall outside our R (5832-7084A) and I (7316

9204A) bandpasses (eg. Wyckoff, 1982). These species are commonly seen in Jupiter-family

comets but have not yet been detected in any Centaur besides P /SWI. C2 has recently

been detected in C/1995 05 (Hale-Bopp)'s spectra at a distance of 5AU (Rauer et al. 2003).

The argument for gas species as the source of the coma's bluer color may be strengthened

by the fact that the color gradient is not manifest in the R-I colors. We might expect coma

color gradient to continue to longer wavelengths if the particle size distribution is smooth. If

the grains in C/NEAT (2001 T4)'s or Chiron's coma are icy, and fading as they sublimate,
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then that should yield the opposite effect, Le. the outer coma would be redder than the

inner coma, owing to the persistence of the larger grains. Furthermore, the mean SBPs,

averaged over all azimuths, would have steepened In(SB)/ln(p) slopes < -1.5, which we do

not observe in our data.

5.5 Conclusions

Our observations of the Centaur C/NEAT (2001 T4) reveal many unexpected

characteristics, including the following:

• An unusually red color, especially amongst active Centaur bodies. The V-R color

in the inner coma (within p = 9600 km) is 0.95 ± 0.02, as averaged on two days

of measurement. This is as red as Pholus, which was previously the reddest known

Centaur. The R-I color, 0.68 ± 0.05, is likewise among the reddest known.

• A coma color which differs from the color of the nucleus, or image core, in that it is

bluer at the > 2<1 level, though still red relative to solar colors2
.

• An asymmetric coma morphology, including a south-eastward coma extension which

is not consistent with a dust or gas tail, but may be a jet or active region.

• Persistent and relatively strong activity, especially for its heliocentric distance of 8.6

AU, lasting over a year.

• Surface brightness profile slopes which, though variable, are consistent with radiation

pressure effects alone.

• Dust production of between ~ 10-2 and 20 kg s-1, comparable to active Jupiter family

comets (A'Hearn et al. 1995).

C/NEAT (2001 T4) is a Centaur worthy of further study. Optical spectra, along with

narrow-band photometry, would be helpful in determining the source of the blue color

2for the Mauna Kea Kron-Cousins filter system (V - R)e = 0.36 (Drilling & Landolt 2000)
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gradient in the coma by detecting or limiting the gas emission. Near-infrared spectroscopy

of the nucleus, preferably during a time of coma quiescence, would yield further information

regarding the nature of the Centaur's surface, including solid state species and possibly grain

size information. C/NEAT (2001 T4) is likely too faint for far-infrared or sub-millimeter

detection of the nucleus at the present time, but sub-millimeter detectiou or upper limits

on gas species, and detection of gas ejection velocities, may be possible.
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Chapter 6

Discussion

There have been many additions to the list of objects observed in the outer solar system

at optical and near-infrared wavelengths over the last four years. The observations reported

in the literature up to 2003 concerning Centaurs alone include:

• 6 published NIR spectra of Centaurs, including Chiron, Chariklo Pholus, Asbolus,

2001 PTI3, and 1999 UG5 (see Table 4.1).

• At least a dozen Centaur objects with optical spectra including Chiron, Chariklo,

Pholus, Nessus, Hylonome, Asbolus (Barucci et al. 1999), 2001 BL41, 1998 SG35,

2000 QC243, 2001 PTI3, 2000 EC98, and 1999 OX3 (Lazzarin et al. 2003).

• 9 Centaurs with rotation periods (including this work's 1999 UG5, 1998 SG35, 2000

QC243 (Ortiz et al. 2002), and those listed in Table 4.1).

• 7 Centaurs with Phase curves (Table 3.5).

• 25 Centaurs with optical colors (this work, in Table 3.3, and 1994 TA listed in Hainaut

& Delsanti, 2002).

• 4 Centaurs with reported albedos based on mid-IR observations (Fernandez et al.

2002).
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Table 6.1. Optical Light Curves of KBOs

Object

1996 T066
1999 TDIO
Varuna
1999 KR16
2000 GN171
1998 SM165
1995 QY9

Light Curve Ref.I

Bainaut et al. 2000
Choi et al. 2002
Farnham 2002

Sheppard & Jewitt 2002
Sheppard & Jewitt 2002
Romanishin et al. 2001

Romanishin & Tegler 1999

Rotation Period~

6.25
7.6
6.3
11.6
8.4
8
7

Amplitude'

0.3
0.6
0.5
0.2
0.6
0.6
0.6

Note. - IFirst reference of light curve observations; ~ Rotation period
(hours) and amplitude (Llmag);.

The number of reported KBO light curves and spectra have also greatly increased, with over

8 rotation light curve periods (Table 6.1), and at least 11 KBO spectra have been reported

in the literature (Table 6.2). Hence we can begin to put these results in a context.

6.1 Rotation Light Curves

Table 6.1 lists the published rotation light curve parameters of KBOs, as Table 4.1 did for

the Centaurs.! The mean period for the Centaurs is 12 hours, the sample spans from 5.9

to 26.6 hours. Chariklo's rotation period is unknown, but is suspected to be > 24 hours

(Peixinho et al. 2001). For the KBOs listed, the mean rotation period is about 8 hours.

The rotation period for the break-up of a rubble pile held together by its own gravity is

given by

p2 = 311"
Gp

(6.1)

where G is the gravitational constant and p the density of the object (Burns & Todesco

1979). This yields a break-Up period of approximately 3.3 hours for a Centaur or KBO

'Table 4,1 does not list the light curve of 2000 QC243, which wa.s published after the paper wa.s submitted.
It has a single-peaked period of 4.6 hours, and a brightness variation of 0.6 mag.
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density equivalent to water ice (p ~ 1 g cm-3). No Centaur observed has been observed

with a shorter period than 4 hours. It may be that these bodies do not have much more

cohesive strength than a rubble pile, but the sample of spin periods and amplitudes are

too small to draw definitive conclusions. Sheppard & Jewitt (2002) imply a correlation

with rotation amplitude and period among some selected larger bodies in the outer solar

system. These large bodies with short rotation periods and large amplitude variations

may be indicative of rubble-pile strength bodies stretched by out by their own rotation.

However, a similar correlation between period and light curve amplitude is not seen in the

small sample of Centaurs. Recently discovered binary KBOs (e.g. Veillet et ai. 2002) may

set better constraints on density, as well as the possibility of rubble-pile type constructs,

provided the size of the individual bodies is determined.

Jorda & Guiterrez (2002) review a sample of cometary spin periods which has a mean

of 15.4 hours among those listed as having single principle axis rotation. Yet the trend

of lengthening mean values of the rotation periods (8, 12, and 15 hours as we move from

the samplings of KBOs to Centaurs to comets) are likely not significant. The data sets

of Centaurs and KBOs are probably a biased sample in the sense that the periods are

those which can be detectable in a few nights observations. Longer periods may not be

detectable with most observation strategies. Comets, on the other hand, are often observed

for variations of activity over longer time periods. Also, as a handful of comets are targeted

for space missions, it is imperative to obtain rotation periods, even of the comets with longer

spin periods, such as P /Tempel 1 (Meech et aI., 2002). Furthermore, its been confirmed

since observations of Comet P /Encke were reported in 1979 (Whipple & Sekanina) that

cometary activity can profoundly effect an object's spin, speeding or slowing its rotation

rate or inducing non-principle axis rotation. In any case, our statistical samples of the

spin periods of either the Centaurs or KBOs are too small to draw significant conclusions.

Rank correlation tests yield no correlations between color, spin, magnitude, and rotation

amplitude of greater than significance of 1.6--<r among the Centaurs, no correlations between

these parameters are either universal, or monotonic, over our small sample.
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Table 6.2. Small Body Spectral Features

Object

10199 Chariklo
2060 Chiron
5145 Pholus
8405 Asbolus
1999 UG5
2001 PT13
1996 T066
Varuna
1993 SC
1999 DE9
7 others

Type

Centaur
Centaur
Centaur
Centaur
Centaur
Centaur
KBO
KBO
KBO
KBO
KBO

Features

3% H20, Murchison
some H20
H20, CHsOH, Titan tholin
H20
H20? organics? carbon
H20, Titan tholins, carbon
H20, 1.8JLm feature?
H20 ?
Hydrocarbons? 1.8JLm feature?
H20
Featureless

Ref.

Foster et aI., 1999
Cruikshank et al., 1998
Brown & Koresko, 1998
Barucd et aI., 1999
Bauer et al. 2002
Barucd et aI., 2002
Brown et al. 1999
Licandro et al. 2002
Brown et al. 1997
Jewitt & Luu 2001

6.2 Spectroscopy & Colors

Much of the issues involving the interpretation of spectra of Centaurs have been discussed

in the previous chapters. The visible wavelength spectra are primarily flat, showing

no definitive absorption features, but often showing a constant red-ward slope. The

implications of this red-ward slope in the visible, as discussed in Chapters 3 & 5, is dubious.

Where Strazulla & Johnson (1991) interpret the red color of outer solar system objects

as indicative of space weathering, Kaiser et al. (1997) indicates that the picture may be

much more complex and profoundly effected by the thermal history as well as the specific

composition of the object. Some of the red-ward slope may also be attributable to the

grain size distribution, especially at NIR wavelengths, as we mentioned in Chapter 2 in the

interpretation of our model fits to Miranda's strongly water-ice dominated surface. These

features may be localized, as implied by the 1999 UG5 data, and by the recently published

2001 PT13 spectra (Barueci et al. 2002), or transient, as in the case of Chiron's spectra,

based upon the level of activity of the Centaur body (see Figure 6.1, Bauer et al. 2001).

As we found with 1999 UG5, these slopes often extend into the infrared. The most

prevalent of the features in the half dozen published Centaur NIR spectra are by far the
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Figure 6.1 From Bauer et al. 2001, the spectra and activity of Chiron. The left panel shows
the geometrically scaled Hv {1,a) magnitudes of Chiron. The arrows and dates indicate
when the spectra was taken for specific points, with the approximate heliocentric distance
indicated for the Luu et al. (2000) data, which has no corresponding point. The right
panel shows Chiron's spectra and model fits. The spectral reflectance values from the 2001
March 26th observations (bottom) have been rescaled to a 0.09 albedo at 0.9 microns. The
digitized Luu et al. (2000) data, shown here for comparison (middle), were scaled to 0.9 at
1.0 microns before fitting the model spectra and are shown here offset by 0.025. The 2001
June 20 data (top) are scaled relative to the reflectance values for the March data. Note
the lack of strength in the 1.5 /-lm water band in all 3 cases, which may be caused by a grain
size effect, or may indicate that a species other than water-ice may be responsible for most
of the 2.0 /-lm absorption.

water-ice 1.5 and 2.0 /-Lm features (Table 6.2). The only other identifiable absorption feature

was a 2.3/-lm feature found in Pholus' spectrum (Cruikshank et al. 1998). However, The

Centaur spectra can generally be fit by intimate and spatial mixtures of carbon, tholin or

processed other organic materials, and silicates. Such fits require some broad turnovers

in the 1.4 to 2.4 micron regions. This is in marked contrast to the KBO spectra, which

appear to lack such features and are truly flat. This may be attributable to more heavily

carbonized material (e.g. Strazzula & Johnson 1991), but it may also be attributable to

grain size or otherwise unspecific effects too. With those KBO spectra which do exhibit

absorption features, water ice is again the most prevalent in all but one case. The Brown

et al. (1997) data implied that the spectrum of 1993 SC had multiple absorption bands,

likely attributable to hydrocarbon species.
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Finally, the presence of spectral featnres among Centaurs is disturbingly uncorrelated

with their optical colors. Pholus, and 1999 UG5 are red-ward of the mean V-R color. Yet,

they seem to exhibit H20 features. Oddly, if the strong water bands of 1999 UG5's are

present, they seem to be correlated with a red-ward slope in the NIR, while the flatter side

shows no such water features. Chariklo, which falls in the mid-range of Centaur color, and

the bluer 2001 PT13, and possibly Chiron show water-ice bands as well. The inability to

reconcile these facts with the current scenarios of surface evolution suggests care should be

taken in their interpretation. The theory behind the surface chemistry is not yet mature

(e.g. Kaiser & Roessler, 1998).

Correlations with color and orbital elements, semi-major axis, a, in particular, is less

disturbing if it is true that the color indicates age of the surface, or that overturned material

is bluer (e.g. Durda & Stern, 2000 and Jewitt 2002). Surface material further out may be

less processed by cometary activity. But red and active objects such as C/2001 T4 seem

to be inconsistent with this picture. The surface may be obscured by coma, and hence the

surface may not be red at all, but rather the red gradient may be a dust-grain size effect.

But this may in turn require a scenario involving fading grains, as the Centaur has been

seen to be constantly active, ruling out slow-mixing of grain sizes, and C/2001 is likely

small, with a radius of :0; 16 km (see Chapter 5). In any case, the trend in color change,

from the redder KBOs to the less red Centaurs to finally the nearly blue cometary nuclei,

is consistent with the picture of the Centaurs as the middle step in the transition of KBOs

into comets.

6.3 Phase Curves

We are just beginning to get coverage sufficient to determine some phase curve behavior.

The interpretation, however, is fraught with problems. Owing to their great distance, the

phase curve coverage of the KBO's cannot extend past ,$ 2°. Depending on the Centaur's

perihelion distance, the phase curve coverage is also somewhat limited (a close perihelion
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approach of 8 AD limits phase curve angular coverage to ;:S 7°). Two-parameter models

are the only models which most data sets are capable of being fit by, because of the

limited number of observations. Yet a serious source of concern is that these models do

not sufficiently account for the opposition surge, strongest at smaller angles (Shevchenko et

aI., 1997). With these in mind we approach the collective data.

Sheppard & Jewitt (2002) collected a set of phase curves for 7 KBOs, with data sets

ranging from 2 to 4 phase angle samples. They found that their lAD 2-parameter model

fits yielded slope parameter G values ranging from -0.58 (Varuna) to -0.04 (1996 GQ21).

The mean G value was '" -0.2, but they found the absolute magnitude (Hv(I,O)) aligned

and combined data to be well-fit by a G of +0.05. Our Centaur data set spanned a range

of G values of -0.13 and +0.18, with a mean of 0.07, and a combine-object light curve best

fit by G = +0.13. The data set of comet nuclei with observed phase curves is sparse. As

mentioned in Chapter 3, they span a range of G from -0.25 to +0.4 and have a mean of

G=O.1. Trends which reflect the common evolutionary picture from KBOs to Centaurs to

Comets are not easy to find in this data, except that they, by and large, have steeper phase

curves when compared to the majority of asteroids (where G ~ 0.4, Buratti et al. 2003).

The Centaurs, KBOs and comets seem to share the same mean slope values, if we except

the combined-object best fits for the KBOs as being the most accurate. It may be that the

cometary sample has a larger range of slopes as a consequence of surface activity. We may

see a large range because more episodically, violently and uniformly active comets excavate

material from their surfaces, leaving behind rough porous surfaces which show steeper phase

curve slopes. Perhaps less active comets gradually fill in their rough surfaces over time with

finer dust particles. Phase curve observations of comet P JBorrelly by the Deep Space 1

encounter indicate widely differing variegated surfaces (Buratti et al. 2003) with respect to

alternately flat and steep phase curve slopes. The possibility that one sort of terrain may

dominate on one comet and not another is not hard to imagine. The KBOs and Centaurs,

though maybe porous, having no or infrequent activity, may not have the same variety.
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6.4 Conclusions

6.4.1 Observations

In the course of this dissertation research we have concluded the following from our

observations:

• Miranda contains the crystalline form of water ice, and likely has surface ammonia

species. Hence such volatiles may last a long time on surfaces in the outer solar

system, and eventually may be found on Centaur or KBO surfaces.

• Centaurs with larger orbital semi-major axes on average are redder, with a 2.6 to 3-(7

correlation significance. A similar color trend, with a 1 to 1.5-(7 significance reported,

may exist for Centaurs with larger orbital eccentricity values. We find no correlation

with Centaur orbital inclination and colors.

• The known active Centaurs span the whole range of the color continuum, from among

the reddest (C/2001 T4 with V - R ~ 0.9) to among the bluest (Chiron with

V - R ~ 0.36).

• The phase curve behavior is similar to the steeper-slope eud of the distribution

of reported cometary phase curves in the literature. Our values from our IAU 2

parameter phase function fits for the G slope parameter range from +0.18 to -0.13.

The data for our 4 Centaurs reported here, combined and rescaled to the same HR (l,O)

value, yield an average G = 0.13 ± 0.12.

• The surface brightness profiles presented here show no coma in any of the 10 Centaurs

for which the surface brightness profile was measured; we find no evidence of coma

for C/LINEAR (2000 B4). Dust production limits for 8 of our Centaurs are less than

0.05 kg S-I, and all are less than ~ 0.3 kg S-I.

• The Centaur 1998 SG35 was found to have a light curve period of 8.3 hours, fairly

typical of previously reported light curve periods found for several of the Centaurs.
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A two-peaked light curve would be 16.6 hours. Likewise, we found the light curve of

1999 UG5 to have a 13.3 hour period, and a likely rotation period of 26.6 hours. This

would be the Centaur with the longest rotation period.

• Our spectra observations suggest 1999 UG5 has a variegated surface, like 2001 PT13,

with the stronger water ice signature on the portion of the surface with a steeper red

ward slope gradient. As with most Centaurs, the presence of water ice, some organic

material, and water ice is consistent with both our spectra.

Finally, we find C/NEAT (2001 T4) is a very unique Centaur object that exhibits the

following:

• An unusually red color, especially among active Centaur bodies. The V-R color in

the inner coma (within p = 9600 km) is 0.95 ± 0.02, as averaged on two days of

measurement. This is as red as Pholus, which was previously the reddest known

Centaur. The R-I color, 0.68 ± 0.05, is likewise among the reddest known.

• A coma color which differs from the color of the nucleus, or image core, in that it is

bluer at the > 2(7 level, though still red relative to solar colors2 •

• An asymmetric coma morphology, including a south-eastward coma extension which

is not consistent with a dust or gas tail, but may be a jet Or active region.

• Persistent and relatively strong activity, especially for its heliocentric distance of 8.6

AU, lasting over a year.

• Surface brightness profile slopes which, though variable, are consistent with radiation

pressure effects alone.

• Dust production of between ~ 10-2 and 20 kg S-l, comparable to active Jupiter family

comets (A'Hearn et al. 1995).

'for the Mauna Kea Kron-Cousins filter system (V - R)o = 0.36 (Drilling & Landolt 2000)
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6.4.2 Interpretation

One very possible interpretation of the combination these observational results is that the

evidence agrees with the most commonly accepted scenario that the source of the Centaurs

are by and large the KBOs, and that a fraction of the Centaurs are evolving into short

period comets. NIR spectra reveal similarities in the surface compositions to the extent

that many of both the KBOs and Centaurs show signs of water ice signatures and red-ward

slopes which extend into wavelengths of a micron or more. Yet, caution must be made in

the interpretation of the NIR and optical spectra. Especially without the presence of clear

absorption features caused by a known volatile species, compositional constraints based on

Hapke model fits alone are indeterminate, especially without constraints on the albedo. For

example, at optical wavelengths short-ward of 0.8 I'm water ice grains may look as flat

as amorphous carbon. Regarding the broad band colors of the KBOs and Centaurs, the

average color of the Centaurs are between the mean color of the KBO and comet nuclei

populations, and the dispersion is markedly greater for the Centaurs (see Figure 3.10). That

we find a red-ward trend with increasing semi-major axis may also support the preceding

evolutionary scenario if the Centaurs lose their red surface as they gradually evolve into

orbits increasingly closer to the Sun.

However, previously proposed explanations of the causes of the color variations among

the Centaurs from the literature (e.g Tegler & Romanishin 1999 and Jewitt 2002) are

not sufficient to explain these results. Notions of a redder Centaur population with older

irradiation darkened and reddened surfaces and a bluer Centaur population with newer,

excavated, surfaces are not indicated by our data and the collective data of Centaurs as a

whole. Firstly, the known active Centaurs are the subset which we would expect to have the

newest surfaces, yet they span nearly the full range in color. If color variation is induced by

small impacts on surfaces exposing new material, one may expect to find localized regions of

exposed volatile material which show bluer colors. Yet surfaces with variegated composition,

such as 2001 PT13 (Barucci et al. 2002) and 1999 UG5 (Chapter 4) show no correlation

with color and the local presence of volatiles. More recent laboratory experiments, such as

139



those conducted by Kaiser et al. (1997), demonstrate that while organics are darkened by

irradiation, they are not necessarily reddened, in contrast to Strazzula & Johnson (1991).

The Centaur and KEO phase curves provided more hopeful evidence of a relation

between the populations. Figure 6.2 shows the phase curve for the asteroids (Bowell et

al. 1989), comet nuclei (Fernanzed et al. 2000, Delahodde et al. 2001, Buratti et al. 2003,

and Hsieh et al. 2003), KBO (Sheppard et al. 2002), and Centaur populations. From

the limited samples of the Centaur and KBO phase curves, it appears the distribution and

mean of the slope parameters are similar among the two populations, indicative of typically

darker or rougher surfaces. However, the phase curves do not so easily support that the

Centaurs evolve into short period comets. The 4 comet nuclei shown here are divided into

the steepest phase curve slopes of our entire sample and the shallowest. Buratti et al.

(2003) analyzed Deep Space 1 encounter data and found that the surface of Borrelly had 2

regions of steep and shallow phase curve slope. As the regions with the higher albedo were

the shallower regions, they dominated the overall phase curve behavior. We see no such

bimodal behavior among phase curves of the Centaurs. Still, if these bi-modal surfaces are

a consequence of the recent history of cometary activity, it cannot be ruled out that as the

Centaurs become active they too will exhibit this behavior and quickly move into the SP

comet population. That our surface brightness profiles reveal no low-level activity among

the Centaur population suggests that the turn-on process for activity is not gradual, but

rather sudden.

C/NEAT (2001 T4) begs more questions than gives answers. If C/NEAT (2001 T4)'s

red color is owing to the nucleus' contribution, then the idea that red color represents older

surfaces and blue are newer surfaces fails, and this theory is still weakened if the dust grains

are intrinsically red themselves. Why the grains would appear bluer as they reach the outer

coma is also not clear. IfC/NEAT (2001 T4)'s color is owing to a grain size gradient, then it

is not obvious what the cause of such a grain size gradient would be, and why it would only

manifest itself in V-R and not R-1. In any event C/NEAT (2001 T4) is not explainable by

the currently, or recently, popular notions of causes of color variation among the Centaurs.
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Figure 6.2 The lAD slope parameters vs. semi-major axis for the phase curves of the KBGs
(indicated by 'K', from Sheppard et aI. 2002), Centaurs (diamonds), comet nuclei (indicated
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et aI. 1992, Bowell et aI. 1989). The triangles represent the slope means for the KBG and
Centaur populations.
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It may be that a fraction of active Centaurs are that portion of the Centaur population

originating from long period or Oort cloud reservoirs. About a tenth of the known Centaurs

are active. This would be about half of the amount of contamination expected from a

population, such as the Oort cloud (Duncan et al. 1988, Fernandez 2003), evenly distributed

over all inclination angles given our constraints on inclination of i < 26 for the Centaurs.

6.4.3 Future Work

Much progress has been made in the collection of data that will yield a definitive picture

of evolution of Centaurs, but several areas require further exploration before confidence in

any scenarios can be achieved. To that effect, future efforts should include:

• Laboratory chemistry work toward the characterization of the effects of the outer solar

system environment on the surfaces of various compositions. Work has been done on

only a limited number of species (e.g. Kaiser et al. 1997 and Strazzula & Johnson

1991), and those results vary between different hydrocarbon species. As indicated

by Kasier et al. (1998), subtle thermal effects as the Centaur moves from the colder

KBO environments to the relatively warmer 10 AU distance will likely make significant

changes as well in the appreance of radiated material.

• Laboratory work in obtaining optical constants for many species is crucial for the

interpretation of the spectral data and the success of the Hapke model fitting, as the

library of available optical constants constrains the modeling technique's effectiveness.

Currently, optical constant data are available for only a few tens of volatile species, and

a similar number for organic species (e.g. Roush 2001). These data are of varying,

usually sparse, coverage with respect to wavelength, phase angle, and temperature

factors which are necessary for the usable characterization of a material's light

scattering and absorption properties.

• Albedo and size measurements using radiometric techniques. Albedo must be

determined for a larger number of Centaurs and KBOs to understand the relationship
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of the observable properties with the size of a given body, to constrain the surface

composition, and to decouple the effects of roughness and compactness of the surface

grains from those of albedo in the phase curve measurements.

• Better characterization of phase curves, so that we may understand the strength of the

opposition surge and know whether the similarity between KBO and Centaur phase

curve slope is an artifact 0 our ability to sample the range of phase curve angles or

indicative of a genuine parallel in their surface properties.

• Higher SIN spectra to more precisely determine surface composition, including species

in lower abundance which may indicate the cause of cometary activity among some

of the Centaurs and link them with the comet population. Sub-mm observations

for determination of gas species in active Centaurs is an alternative method for

determining the source of activity in Centaurs which will also yield compositional

information.

• Obtaining measurements of density. Space missions to several comets in the near

future may add helpful information for comparison, but uutil a similar mission is

planned for a Ceutaur, the density values and composition which may be found

for comets cannot be assumed to be the same as that for the Centaurs. Similar

densities between comets and Centaurs would establish another link between the two

populations. Until such a space mission is planned, characterizing the bound coma

of Chiron (e.g Meech et al. 1997) is the most hopeful means of obtaining a density

measurement of a Centaur.
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