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Abstract

As bodies lacking an atmosphere or significant protection from solar wind particles, asteroids
are subject to processes that modify the physical state and spectral properties of their
regoliths. By investigating the relevant factors that contribute towards asteroid regolith
modification, this work will provide crucial insight into the nature of these processes. I
propose and test two major hypotheses: 1) that physical (mechanical) breakdown is caused
by both meteoroid bombardment and thermal fatigue cycling, and thus regolith grain size
depends on asteroid size and rotation period, and 2) changes in spectral properties (space
weathering) are due to solar wind bombardment and depend on an object’s mineralogy,
sun-distance, and surface age.

I develop and validate a thermophysical modeling (TPM) approach that analyzes multi-
epoch (pre- and post-opposition) thermal infrared observations for asteroids without prior
shape or spin information, in order to determine various thermophysical properties — chiefly
the thermal inertia. This TPM approach is applied to over 250 asteroids to determine their
thermal inertia. Combining other thermal inertia datasets with mine, for a total of over
300 objects, a characteristic grain size is estimated for each object. Next, a multiple linear
model is used to quantify the grain size dependence on asteroid diameter and rotation period,
which are both shown to be statistically-significant model predictors. I also identify grain
size differences between spectral groups — namely the M-types, which exhibit 4 times larger
regolith grains, on average.

Spectral data from meteorite and irradiated samples, spanning the visible and near-
infrared regions, are used to develop an index to quantify the degree of space weathering.
This space weathering index is applied to asteroid spectral observations and used in a multi-

linear model to determine the predictor variables that increase the perceived amount of



asteroid space weathering. Perihelion distance, diameter, and the average sun distance are
found as statistically-significant factors in the multiple linear model. I also present evidence

that regolith grains smaller than 0.5 mm enhance the extent of space weathering.
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Introduction

Between the orbits of Mars and Jupiter resides the solar system’s largest collection of minor
planets. Called the main asteroid belt, or simply Main Belt, it houses a reservoir of over
500,000' known asteroids. These asteroids, made of leftover planetary material from the
early era of solar system formation, exhibit a wide range of sizes, shapes, and spin states, as
well as a variety of surface and spectral properties (Michel et al., 2015). Only a handful of
the largest asteroids represent a remnant sub-population of planetesimals (Johansen et al.,
2015), whereas ~4.6 Gyr of collisional evolution have produced the remainder of the smaller
bodies (Bottke et al., 2015). Asteroid properties are typically derived from observing them
using telescopes and in different wavelength regimes. Photometry — the measurement of
photons passed through astronomical filters — in the visible is collected in order to estimate
an object’s absolute brightness (Muinonen et al., 2002), and any time-dependent changes
due to shape and spin characteristics of an asteroid (Kaasalainen et al., 2002). Infrared data
collected through photometry (Mainzer et al., 2015) can be used to accurately determine the
size, albedo, and other surface characteristics (Delbo’ et al.; 2015). Combined spectroscopic
data in the visible (Bus et al., 2002) and near-infrared (DeMeo et al., 2009) regions are used
to identify mineral species (Reddy et al., 2015) and define spectral groups (taxa) (DeMeo
et al., 2015).

Catastrophic collisions of a larger parent body have produced a number of asteroid
families of various ages (Nesvorny et al., 2015). The members of these families — an
estimated 1/3 of the total asteroid population — are identified through algorithms designed
to identify clusters of asteroids in orbital element space (Bendjoya and Zappald, 2002), as

main-belt orbits are relatively stable over long time periods. Since these family members

https://wuw.minorplanetcenter.net
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originated from a common body (Burbine et al., 2002), they are thought to have similar
compositions and spectral properties (Masiero et al., 2015). Asteroid spectral taxonomies,
which loosely resemble the broad geochemical variation in the meteorite record (Weisberg
et al., 2006), have been developed and can be divided into three broad groups (DeMeo et al.,
2015; Scott et al., 2015): primitive (represented by the C- and P-types), heated (S-types),
and differentiated (V-, E-, and M-types).

The determinations of asteroid spin rates have revealed that objects 150 m to 10 km
in diameter have a rubble-pile structure with a small amount of cohesion, and objects
smaller than 150 m are mostly internally coherent monoliths (Pravec et al., 2002). Non-
gravitational perturbations (i.e., the Yarkovsky effect; Bottke et al., 2006; Vokrouhlicky
et al., 2015) dynamically alter the orbits of smaller asteroids such that they can enter orbital
resonances with Jupiter (Nesvorny et al., 2002b). Upon reaching these resonances, the orbital
eccentricity of these bodies increases enough such that their orbits cross the terrestrial planet
region. Meteorites sourced from the Main Belt are delivered to Earth’s surface via this
process (Morbidelli et al., 2002) and studied in the laboratory in order to gain insight into
the geochemical evolution of the solar system (McSween et al., 2006).

Regolith is a term which was originally defined in a terrestrial context by Bates and
Jackson (1980) as, “a general term for the layer or mantle of fragmental and unconsolidated
rock material, whether residual or transported and of highly varied character, that nearly
everywhere forms the surface of the land and overlies or covers bedrock. It includes rock
debris of all kinds ...”. This term, which the Lunar missions used to describe the Moon’s
surface, has subsequently been widely adopted for use on all planetary bodies. High-
resolution images of asteroid regolith show a mixture of crushed fragments ranging in size
from large boulders to fine-grained powder (Sullivan et al., 2002). In general, the regolith of
larger bodies is comprised of a higher fraction of finer-grained fragments and a lower fraction
of boulders, whereas cobbles and large boulders are more frequent on smaller-sized bodies,
such as Eros (Cheng, 2002) and Itokawa (Yoshikawa et al., 2015).

Asteroids show evidence of spectral and albedo surface variation (Clark et al., 2002),
which is likely caused by alteration by impactors (micro-meteoroids) or solar-wind ion

particles. The processes leading to this alteration are collectively known as space weathering



and result in a reddening of spectral slopes, reduction in absorption band strength, and
lowering of albedo (Brunetto et al., 2015). Space weathering is well-studied for the silicate-
bearing asteroids, which exhibit mineral absorptions due to olivine and pyroxene (Reddy
et al., 2015). Among silicate-bearing asteroid taxonomic groups, S-type spectra exhibit
evidence for space weathering whereas Q-type spectra — which are almost exclusively
identified within the near-Earth sub-population of asteroids (Binzel et al., 2004) — closely
resemble those of the ordinary chondrite meteorites (McFadden et al., 1985; Binzel et al.,
1996).

This dissertation is an investigation into the processes that generate, develop, and
alter asteroid regolith — both physically (mechanical breakdown) and spectrally (space
weathering). Using both photometric infrared survey data and spectral observations in
the visible and near-infrared, I will analyze variations in the surface properties of several
hundred objects and parameter trends in order to ascertain the root causes of the mechanical

breakdown and the space weathering of asteroid regolith.



Chapter 1

Asteroid Thermophysical Modeling

Preamble

This chapter was previously published, in a similar form, in the Astronomical Journal:
MacLennan and Emery (2019) under the title “Thermophysical Modeling of Asteroid

Surfaces Using Ellipsoid Shape Models”.

1.1 Introduction

Multi-wavelength, photometric infrared observations of asteroids provide essential informa-
tion about the thermophyiscal properties of their surfaces. A handful of both simple thermal
models (Lebofsky et al., 1978; Harris, 1998; Lebofsky et al., 1986; Wolters and Green,
2009; Myhrvold, 2016) and more sophisticated themophysical models (TPMs; Spencer et al.,
1989; Spencer, 1990; Lagerros, 1996; Delbo’ et al., 2007; Mueller, 2007; Rozitis and Green,
2011) have been established as effective means of modeling thermal infrared observations of
asteroids. The general purpose of a thermal model is to compute surface temperatures for
an object, which are in turn used to calculate the emitted flux at the desired wavelengths
(see Delbo’ et al., 2015, for a recent review). Thermophysical models, constrained through
observational measurements, have proved to be a powerful tool in providing meaningful

estimates of an object’s size and albedo, as well as granting insight into thermophysical



characteristics of asteroid regoliths (Emery et al., 2014; Rozitis and Green, 2014; Rozitis
et al., 2014, 2018; Hanus et al., 2015, 2018; Landsman et al., 2018).

Most simple thermal models assume an idealized (often spherical) object shape, instead
of including a priori knowledge of the shape, in order to estimate the diameter and albedo
of an object. However, unlike TPMs, simple thermal models lack the ability to estimate
geologically relevant thermophysical properties such as the thermal inertia. TPMs require
a spin pole — typically sourced from the Database of Asteroid Models from Inversion
Techniques (DAMIT!; Durech, 2010) — and object shape model as input (e.g., Hanus et al.,
2018).

With the recent surge in thermal infrared observations from large-scale surveys, an
ever-increasing number of asteroids are being observed across several epochs, building up
sets of observations that span both pre- and post-opposition — often at large solar phase
angles (Mainzer et al., 2011a). Such observations provide additional constraints and/or
allow for more free parameters in data-modeling inversion techniques. However, the rate
of thermal infrared observations significantly outpaces the efforts to characterize the shapes
of individual asteroids. Advantages of multi-epoch observations have previously been noted
(e.g., Spencer, 1990) and they have been used recently to derive thermophysical and spin
properties of objects (Miiller et al., 2011, 2014, 2017; Durech et al., 2017). These studies
serve as the foundation on which I build a methodological approach aimed at extracting
important thermophysical properties from the large number of asteroids observed at pre-
and post-opposition at multiple thermal wavelengths often acquired from thermal infrared
surveys.

In chapter 1, I outline and test a TPM approach that utilizes pre- and post-opposition
multi-wavelength thermal observations when information about an object is limited. To
do so, T use various simple shapes (both spherical and prolate ellipsoids) with varying
spin vectors. The goal of this work is to demonstrate and establish the effectiveness
of this modeling approach and compare it to previous studies. In section 1.2 1 briefly
review established thermal modeling techniques and their ability to constrain diameter,

albedo, thermal inertia, surface roughness, shape, and spin direction (i.e., prograde or

'http://astro.troja.mff.cuni.cz/projects/asteroids3D/web.php
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retrograde) — highlighting the use of pre-/post-opposition observing geometries. I describe
my thermophysical model and its implementation in section 1.3. In section 1.4, I implement
my approach and analyze its effectiveness in relation to that of the previously reviewed works.
I then apply my modeling approach and present results for 21 asteroids in section 1.5. In
chapter 2, I will supplement the number of objects analyzed with this method by an order

of magnitude.

1.2 Thermal Modeling Background

A few simple thermal models and TPMs have been developed to estimate various physical
and thermophysical properties of asteroids. Many thermal models attempt to match a disk-
integrated flux to a set of telescopic observational data by calculating surface temperatures
for a given shape. Simple thermal models model surface temperatures by using closed-form
equations (which can be evaluated in a finite number of operations) using the equilibrium
surface temperature (7,,), which is calculated via the energy balance between the amount

of absorbed insolation and emitted thermal energy:

Se(l—A)

4
o epo T = 0. (1.1)

In equation (1.1), Sg is the solar constant? (1367 Wm™2; Frolich, 2009), A is the bolometric
Bond albedo, Ray is the heliocentric distance in Astronomical Units, e is the bolometric
emissivity, and o is the Stefan-Boltzmann constant. Equation (1.1) implicitly assumes that
the spherical body is not rotating with respect to the Sun.

On the other hand, TPMs compute surface temperatures using Fourier’s Law of heat
diffusion (evaluated numerically). The well-established simple thermal models include the
Standard Thermal Model (STM; see Lebofsky et al., 1986, and references within), Near-
Earth Asteroid Thermal Model (NEATM; Harris, 1998), and the Fast Rotating Model (FRM;
Lebofsky et al., 1978) More recently, the Night Emission Simulated Thermal Model (NESTM;
Wolters and Green, 2009) and Generalized FRM (GFRM; Myhrvold, 2016) have been created

28, is defined as the solar energy flux measured at 1 AU, per unit surface area.



by modifying the NEATM and FRM, respectively. For reasons of applicability and flexibility,
especially when analyzing large datasets, the NEATM has been used most often (Trilling
et al., 2010; Mainzer et al., 2011b; Masiero et al., 2011). A brief description and history of the
STM, FRM, and NEATM can be found in Harris and Lagerros (2002). The NEATM has been
the preferred simple thermal model for multi-wavelength thermal surveys, due to the ease
of applying it to single epoch observations of objects for which no shape or spin information
exists. However, a TPM is the preferred tool for interpreting the multi-wavelength thermal

observations of objects with shape and spin pole information.

1.2.1 Thermophysical Models

Many versions of TPMs, with varying levels of complexity, have been developed throughout
the past few decades. Such models explicitly account for the effects that physical attributes
of the surface have on the thermal emission (Spencer et al., 1989). Subsurface heat
conduction, self-shadowing from direct insolation (incoming solar radiation), multiply
scattered insolation, and re-absorbed thermal radiation (i.e., self-heating) are implemented
in a multitude of ways. The energy conservation expressed by equation (1.1) is amended to

include additional terms that account for these effects:

ar

cos(i,)(1 — s) + Eoler 4 piherm 4 k@ — 50T,y = 0. (1.2)

So(1—A)
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Here, k is the effective thermal conductivity, = is the depth variable, i, is the angle between a
surface facet’s local zenith and sun-direction (solar incidence angle), and s is a binary factor
indicating whether an element is shadowed by another facet (s = 1) or not (s = 0). The terms
Ezoler and E™e™ encompass the contributed energy input from scattered solar radiation
and re-radiated thermal photons, respectively, from other surface elements. Additionally,
the temperature gradient term accounts for the heat conducted into the subsurface as a
function of the surface temperature, Ty, = T'(z = 0). Rough topography has been modeled
as spherical section craters (Spencer, 1990; Emery et al., 1998), random Gaussian surface

(Rozitis and Green, 2011), and using fractal geometry (Davidsson and Rickman, 2014). The

mathematics and numerical implementations of these features differ somewhat from one



another. For further details, I refer the reader to the primary papers and to Davidsson et al.
(2015) for a comparison of the different implementations.

TPMs often use the time-dependent, one-dimensional heat diffusion equation,

T (z,1) k 0*T(x,t)

ot pcs  O0x%

(1.3)

to model the heat flow into and out from the subsurface as a function of depth and time, t.
This presentation of Fourier’s Law in equation (1.3) assumes that the effective thermophysical
factors (thermal conductivity, bulk density, p, and specific heat capacity, ¢s) do not vary with
depth or temperature, T'(x,t). One-directional heat flow into the subsurface is also often
assumed, but is well-justified by the concept that thermal energy flow is aligned with the
temperature gradient — either directly up or down beneath the surface.

In the subsections below, I review and assess how various physical parameters (diameter,
albedo, thermal inertia, surface roughness, shape, and spin direction) can be constrained
in various observing circumstances. In particular, I highlight the optimal observing

configurations and possible biases that may arise from particular viewing geometries.

1.2.2 Diameter and Albedo

One of the primary motivations for developing thermal models was to obtain size estimates
of objects from disk-integrated thermal infrared observations (e.g., Allen, 1970; Morrison,
1973), given that thermal flux emission is directly proportional to the object’s projected
area. A single value of diameter is not uniquely defined for a non-spherical body, so an
effective diameter (D.g) is given: the diameter of the sphere (Mueller, 2007) having the
same projected area as the object. During the span of data collection for a non-spherical
body, the projected area will almost never be constant. In this case, D.g is best reported
as a time-averaged value, or adjusted using visible lightcurve data obtained simultaneously
or proximal in time to the thermal observations (e.g., Lebofsky and Rieke, 1979; Harris and
Davies, 1999; Delbo’ et al., 2003; Lim et al., 2011). If a detailed shape model is being used,
then the rotational phase of the object can be shifted in order to match the time-varying

flux (Ali-Lagoa et al., 2014).



The visible geometric albedo (py) is calculated directly from D.g and the object’s
absolute magnitude (Hy) (Russell, 1916; Pravec and Harris, 2007):

1329 km 10-0-2Hv
Sy = . 1.4
pv Doy [k (1.4)

Some variables used here specifically relate to observations taken using a V-band filter, as

denoted by the “V” subscript. Using the definition of the phase integral (g),

g=A/p=0.290+0.684 x G, (1.5)

the visible geometric albedo is then converted to the bolometric Bond albedo. In
equation (1.5) G is the slope parameter (Bowell et al., 1989), and the approximation A ~ Ay

is made within equation (1.1) to solve for py.

1.2.3 Thermal Inertia and Surface Roughness

The characteristic ability of a material to resist temperature changes when subject to a
change in energy balance is quantified by its thermal inertia (I' = v/kpc,). Atmosphereless
surfaces with low thermal inertia conduct little thermal energy into the subsurface, resulting
in dayside temperatures that are close to instantaneous equilibrium with the insolation and
extremely high diurnal temperature differences. Surfaces having large thermal inertia store
and/or conduct thermal energy in the subsurface during the day, so significant energy is
re-radiated during the nighttime hours, which results in a comparatively smaller diurnal
temperature change. This influence that thermal inertia has on the surface temperature
distribution manifests in the observed spectral energy distribution (SED). Thus, photometry
at two wavelengths (e.g., a measurement of the color temperature) can provide a better
measure of thermal inertia, compared to that of a single wavelength (Mueller, 2007).
Figure 1.1(a) shows the normalized SEDs of surfaces (at opposition) having different
thermal inertias, degrees of roughness, and shapes. Surfaces with higher roughness and low
thermal inertia exhibit flux enhancement at short wavelengths near opposition, lowering the

wavelength location of the peak flux. Data collected that have large wavelength separations,
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Figure 1.1: Comparison of thermal flux emitted from an object with varying thermophysical
properties and shape, as a computed from the TPM described in section 1.3. Panel (a) shows
blackbody curves, normalized at 12 pym. Thermal phase curves are shown in (b), and panel
(c) shows the flux as a function of the sub-solar/observer latitude. The modeled object has
D,y = 1km, T,, = 300 K, P, = 10 hr, located 1 AU from the observer and spin axis
aligned perpendicular to both the Sun and observer. Within all frames, black curves are for
a smooth sphere, orange curves are for a sphere with a mean surface roughness of = 29°,
and green curves are for a prolate ellipsoid with principal axis ratio of a/b = 1.75. Blue
curves show the amplitude of the ellipsoid’s thermal lightcurve. As indicated in the key, the
solid, dotted, and dashed curves in all frames distinguish different values of thermal inertia.
I note here that pre-opposition is defined as o > 0 (i.e., a positive solar phase angle), in
which the afternoon side of a prograde rotator is viewed.
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spanning the blackbody peak are most useful because they are sensitive to relatively warmer
and cooler portions of the surface — in other words, the overall temperature distribution.
Delbo” and Tanga (2009) estimated thermal inertias for 10 main-belt asteroids using multi-
wavelength IRAS (Infrared Astronomical Satellite) observations, and Hanus et al. (2015,
2018) collectively present thermal inertia estimates for 131 objects using Wide-Field infrared
Survey Explorer (WISE) data. Harris and Drube (2016) present population trends using
over a hundred thermal inertias derived from the NEATM 7 values of asteroid observed with
WISE.

Use of multiple observations at a single wavelength and spanning various solar phase
angles (a) — a thermal phase curve — has also proven to be a useful method for estimating
thermal inertia (e.g., Spencer, 1990). Figure 1.1(b) shows examples of thermal phase curves
for 3 different objects, each possessing 5 different thermal inertia values. Miiller et al. (2011)
and Miiller et al. (2017) demonstrated that observations of (162173) 1993 JUj;, Ryugu, taken
on one side of opposition but widely spaced in solar phase angle (Aa ~ 30°) can constrain
thermal inertia as they effectively had two points along a thermal phase curve. As seen in
figure 1.1(b), this approach can be optimized when the thermal phase curve spans across
both sides of opposition. Thus, observing at pre- and post-opposition virtually guarantees
that thermal emission information from the warmer afternoon (o > 0) and cooler morning
sides is gathered (Miiller et al., 2014).

Surfaces with large degrees of roughness exhibit warmer dayside temperatures, due
both to more of the surface area being pointed toward the sun and to the effects of
multiple scattering of reflected and emitted light. The term “beaming effect” is used to
describe enhanced thermal flux return in the direction of the sun at low phase angles. As
pointed out by Rozitis (2017), the flux enhancement near opposition is highly sensitive to
surface roughness. They also demonstrated that telescopic observations at a near pole-
on illumination and viewing geometry can be used to effectively constrain the degree
of roughness, specifically when o < 40° and the sub-solar latitude is greater than 60°
(figure 1.1(b and c¢)). Figure 1.1(b) shows thermal phase curves of objects with smooth
and rough surfaces of varying thermal inertia. Figure 1.1(c) shows the thermal flux emitted

as a function of sub-solar latitude and recreates the findings of Rozitis (2017). In general,
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estimates of surface roughness for airless bodies are optimally made using data collected
at opposition — or better yet, with disk-resolved observations that offer a greater range of
viewing geometries. The Rozitis (2017) study shows that the uncertainty in thermal inertia
is slightly larger for an object observed at a large phase angle, as a consequence of the

difficulty in estimating surface roughness.

1.2.4 Shape and Spin Direction

Disk-integrated flux is also directly affected by the shape and spin pole of an object (f)uroch
et al., 2017): if thermal observations sample the entire rotation period, a thermal light curve
is useful for constraining these parameters. In particular, the amplitude of the thermal
lightcurve is largely affected by the elongation/oblateness and orientation of the spin pole.
In principle, constraints can be placed on the spin pole — or spin direction — of objects
because the temperature distribution is affected by the sub-solar latitude and thus the spin
pole (Miiller et al., 2011, 2012, 2014). Figure 1.1(c) shows the variation of the flux for an
ellipsoid at different viewing geometries. Gathering multiple thermal lightcurves can offer
amplitude measurements at different viewing geometries, which can drastically increase the
chance of constraining the global shape. Both Morrison (1977) and Hansen (1977b) correctly
determine the spin direction by observing the change in diameter estimates for data acquired
before and after opposition. The diameter estimate of (1) Ceres, a prograde rotator, before
opposition was 5% larger than the diameter estimates from post-opposition observations.
Miiller et al. (2014) explicitly mentions that observations at either side of opposition are
useful indicators of the spin direction. As shown in figure 1.1(a), this effect is due to the
flux excess emitted from the hotter afternoon side of a prograde rotator as it is would be

observed before opposition (e.g., Lagerros, 1996).

1.2.5 Motivation for this Work

The text and figure above demonstrate how multi-wavelength thermal lightcurve observations
that span across an object’s blackbody peak region, at both pre- and post-opposition (with

Ao > 40°), contain information directly dependent on an object’s physical properties.
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Thermal inertia, surface roughness, and spin direction can all be constrained from
measurements of an object’s thermal phase curve, particularly when observations widely
vary in solar phase angle. Additionally, thermal lightcurve amplitude measurements at more
than one viewing geometry are a unique indicator of the elongation of a rotating object —
in this work, referring to the a/b axis ratio of a prolate ellipsoid. The work described in
the rest of this chapter demonstrates and quantifies the effectiveness of using an ellipsoidal
TPM to model the thermophysical properties of any given asteroid, given the observation

circumstances described above.

1.3 Thermophysical Model Description

The TPM approach described here involves calculating surface temperatures for a spherical
and various prolate ellipsoids in order to model and fit pre- and post-opposition multi-
wavelength thermal observations. Both a smooth and rough surface TPM were developed

for use in the fitting routine.

1.3.1 Smooth TPM

In development of the smooth TPM, I find it particularly useful to parameterize the depth
variable in equation (1.3) as 2’ = x/l; (Spencer et al., 1989), where [, is the thermal skin

depth, the length scale at which the amplitude of the diurnal temperature variation changes

[k P,
ls = pe 27Tta (16)

where P,,; is the rotation period of the body. This parameterization transforms the

by a factor of ey ~ 2.718:

temperature gradient term in equation (1.2) as follows:

T [ 2w dT
surf Prot d.%'/

dT
b
dz

surf

13



In order to further reduce the number of independent input variables, I also parameterize
the temperature and time as 7" = T'/T,, and t' = 27t/ P,,;©. The thermal parameter®, ©,

is given by:
r 2T
0= . 1.8
5BUOT§Q Prot ( )

Spencer et al. (1989) introduced this dimensionless parameter, which accounts for factors
that affect the diurnal temperature variation. This parameter was realized by comparing
the diurnal rotation of a body to the timescale in which thermal energy is stored and then
re-radiated, per unit surface area (Spencer et al., 1989). Ignoring the effects of multiple-

scattering and self-heating, this parameterization scheme changes equation (1.2) to

cos(iy) +©

dT" ’
= — T;wf =0, (1.9)

surf

and equation (1.3) to o o
—an;;’t) _ oL t) Taifz’t). (1.10)
Surface temperatures are calculated across the surface of a sphere by solving equa-
tion (1.10), given the upper boundary condition equation (1.9). Because the amplitude of
diurnal temperature changes decreases exponentially with depth, the heat flux approaches

zero, and the lower boundary becomes:

ar’

/
dx z’—

— 0. (1.11)

o

Using the parameterized depth, time, and temperature, the number of input variables in
this model is effectively reduced to two (the thermal parameter and sub-solar latitude). A
finite-difference approach is used to numerically implement equation (1.10), as detailed in
appendix A. This spherical, smooth-surface TPM consisted of 13 latitude bins and was run
for 46 values of sub-solar latitude (0° to 90° in 2° increments) and 116 values of the thermal
parameter (spaced equally in logarithmic space, from 0 to 450) in order to generate the

surface temperature look-up tables of 7. These values are chosen because the step sizes

3For reference, objects with © = 0 exhibit surface temperatures in equilibrium with the insolation, and
objects with © > 100 have nearly isothermal surface temperatures at each latitude.

14



allow for the accurate (within 1%) linear interpolation of surface temperatures calculated for

these predefined parameters.

1.3.2 Rough TPM

My rough, surface-cratered TPM is similar to that originally presented by Hansen (1977a),
which was improved upon by both Spencer (1990) and Emery et al. (1998) to include heat
conduction, multiple scattering of insolation, and re-absorption of thermal radiation within
spherical craters. Following the procedure of Emery et al. (1998), craters are constructed
with m = 40 planar elements contained within & = 4 rings that are radially symmetric about
the crater center. The kth ring outward contains 4k elements, all of which are forced to have
the same surface area (see Figures 1 and 2 in Emery et al., 1998, for crater depiction). As
was mentioned by Spencer (1990), craters with more than four rings significantly increase the
overall computational time and do not enhance the model resolution over the four-ringed
crater in most cases. The overall geometry of these craters is characterized by the half-
opening angle, v, as measured from the center-line of the crater: the line connecting the
center of the spherical crater to its edge — e.g., a hemispherical crater has v = 90°. The
overall degree of surface roughness is characterized by the mean surface slope (6; Hapke,
1984), which is only a function of 7 and the fraction of area covered by craters, fr (Lagerros,
1996):

~ 2fgsin(y) — In[1 + sin(vy)] + Inf[cos(v)] '

tan§ = (1.12)

T cos(y) — 1
As shown in Emery et al. (1998), the fraction of energy transferred to one crater element
from another is (conveniently) equal among all elements. The scattered solar and re-absorbed

thermal radiation received by the ¢th crater facet from the j facet are

So(l—A) A 1—cos(7) .
E§olar — O} ' 113
1,8cat R%AAU 1 _ A;y_r 2m ; COS(ZZJ) ( )
and
erm 1— COS(’.Y) <
fﬁlbs - T(l — Am) ; EBUOTf, (1.14)
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respectively, in which Ay, is the Bond albedo at thermal-infrared wavelengths. The energy
balance at the surface (equation (1.2)), in my parameterized time, temperature, and depth
environment, becomes:

_ T/4

surf —

0.

surf

, 1 — cos(7) A & , o a1’
cos(iy)(1—s)+ 5 (1 By ;cos(zéj)—i-(l—flth);ﬂ +@d:v’

(1.15)
Because planetary surfaces are highly absorbing at infrared wavelengths, A, is assumed
to be zero. Thus, only singly scattered reaborption of thermal emission within the
crater is considered, in contrast to multiple scattering and reabsorption of the insolation.
Temperature lookup tables are generated for craters of the same values of sub-solar latitude
and thermal parameter as the smooth surface TPM runs. This was done for three sets
of craters of varying opening angle, in order to simulate changes in roughness. Unlike
the parameterized version of the smooth surface energy balance equation, A is included
as an independent input parameter, requiring me to explicitly account for changes in this
parameter. Fortunately, it only appears in the solar scattering term, which is not a major
contributor to the total energy budget. My spherical, rough-surface TPM consists of 13
different latitude bins and was run for 3 values of v = {45°,68°,90°}, 46 values of sub-solar
latitude (0° to 90° in 2° increments), 116 values of the thermal parameter (spread out in
logarithmic space, from 0 to 450), and 7 values of A, = {0,0.1,0.2,0.3,0.4,0.5,1}* to
construct this large set of 7" lookup tables. Similar to the smooth TPM, these parameters
are chosen since they provide sufficient resolution to ensure an accuracy within 1% between
the surface temperature values interpolated from the grid and those calculated using the

exact model parameters.

1.3.3 Non-spherical Shapes

Shape model facet temperatures are independent of one another in my TPM because global
self-heating does not occur on the spherical and ellipsoidal shapes considered here. Because

the insolation upon a facet is only dependent on the orientation of the surface normal to the

41 omit values of A between 0.5 and 1 because asteroid bond albedos are rarely this large.
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sun, it is possible to map, or transform, surface temperatures from one shape to another. I
exploit this fact in order to map the surface temperatures from a spherical body to convex
DAMIT shape models and ellipsoids. I make use of two kinds of coordinate systems, which
are depicted in figure 1.2. The body-centric (6, ¢) coordinate system defines the latitude
and longitude of a facet relative to the center of the shape model. Shape model facets are
often described using sets of vectors, r, given in body-centric coordinates. Alternatively, the
surface-normal coordinates (¥, ¢) quantify the tilt of a facet relative to the local surface.
Both ¥ and ¢ are calculated using the surface normal vector n shown in figure 1.2 (for a
sphere, the body-centric and facet-normal coordinates are equivalent). For any given facet,
on any convex shape model, the temperatures can be equated to a facet on a sphere that has
the same surface-normal coordinates. This equivalency holds when equal amounts of small-
scale roughness — such as the spherical section crater approximation — are used between
the two shape models. In appendix B I derive closed-form analytic expressions to map

temperatures from a sphere to the effective coordinates of a triaxial (a > b > ¢) ellipsoid.

A
2 A

<V

X
Figure 1.2: The coordinate systems used for a hypothetical planar facet, shown in grey. In

blue: body-centric longitude and latitude, 6 and ¢, repsectively. In red: the surface-normal
longitude and latitude, ¥ and ¢, respectively.
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1.3.4 Flux Calculation and Data-fitting Routine

Thermal flux is calculated by a summation of the individual flux contributions from smooth
surface and crater elements visible to the observer (i.e., equation (1.18)). To calculate the
flux of an object not having exact © or sub-solar latitude values included in my lookup
temperature tables, I calculate the fluxes for the closest grid points and perform a linear
interpolation to compute the fluxes for the desired parameters. Instead of doing the same
for A, I calculate the flux for a value from A,4; and then multiply by an adjustment factor,
A. This approach saves time and computational cost by not computing an interpolation
across three variables (or dimensions). A similar approach was described by Wolters et al.
(2011), in which they calculated fluxes for a perfectly absorbing surface and employed a
correction factor based on the desired A. Here, A was tested empirically and adjusts the

model flux based on the blackbody T¢, curves of the desired A and the closest value of Ag.q4:

‘ 2/3
A(A, Agpig) = % [1 + (Bg(fejqﬂﬁ%fg))) ] (1.16)

The x? goodness-of-fit statistic is evaluated using the modeled flux points, F,,()\), and the

observed flux measurements, F,()), with the associated 1o uncertainty, o,, and in general:

=3 ) = BO)? e

2
0%

I note here that, instead of individual flux measurements, the modeled and observed fluxes
used in equation (1.17) represent only the extracted mean and peak-to-trough range of
thermal lightcurve fluxes, along with their uncertainties as calculated via error propagation.
As part of the data-fitting routine, the free parameters of the model are varied in order to
minimize the goodness-of-fit as described in the following subsection.

A weighted sum of fluxes is used to simulate a surface that is comprised of both smooth

and rough surface patches:

/ {(1 = ) Bomoon O\ T(0,6)) + Fr(1 = 0)AByoun(\ T(0, 6,3,))} cos(e,)dA.

N2
AAU

(1.18)
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Here, A,y is the observer-centric distance in astronomical units and e, the angle between a
surface facet’s local zenith and the direction of the observer (emission angle). The visibility
factor, v, is analogous to the shadowing factor; v = 1 if a facet is hidden from view, otherwise
v = 0. Each point on the surface is treated as a blackbody emitter with wavelength-

dependent emissivity, €, and temperature, 7' = T,,1":

2h602 1

B(\T) =
A\ T) N exp(heg /Ay T) — 17

(1.19)

with Planck’s constant, h, the speed of light, ¢y, and Boltzmann’s constant, k.

At each epoch, both the mean flux and peak-to-trough range of the thermal light curve
are extracted and used in the model fitting procedure. As alluded to in section 1.2, these
two parameters contain diagnostic information about the object’s shape, spin direction, and
thermophysical properties; they can be easily extracted from non-dense thermal lightcurve
data. In principle, it is just as feasible to fit models to each independent flux point that
contributes to an object’s infrared lightcurve. Doing so could offer insight into the shape,
as departures from a sinusoidal lightcurve can indicate relative topographic lows or highs.
However, such an approach works best in cases in which the thermal lightcurve is densely
sampled, which is often not the case in untargeted astronomical surveys such as IRAS,
Akari, and WISE. In this work, I focus on estimating only the elongation of a body by
incorporating the photometric range (peak-to-trough) of the thermal lightcurve. TPM fitting
to sparse thermal lightcurves is prone to systematic parameter bias from oversampling and /or
heteroscedastic uncertainties across many rotational phases, which can unevenly emphasize
certain rotational phases over others, thus skewing the best-fit parameters. An example
of this would be a scenario in which peaks of the modeled lightcurve were fit better with
the observed lightcurve minima, thus resulting in an overall lower best-fit modeled fluxes.
However, the capacity and capability of incorporating thermal lightcurve data into the shape
model inversion process, when it is combined with visible lightcurve data, should be explored
further (Durech et al., 2014, 2015).

In my data-fitting approach, the shape, spin pole (Aeciip, Beciip), roughness, and thermal

inertia are left as free parameters that I select from a predefined sample space. I search for
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the best-fit D g, which also uniquely defines a value of py using Hy and equation (1.4).
A sphere and ellipsoids with b/c = 1 (i.e., prolate) with a/b axis ratios of 1.25, 1.75, 2.5,
and 3.5 are used. For each of these shapes, I sample through 25 predefined thermal inertia
values, 3 default roughness (6) values, and 235 spin vectors. Following Table 1 in Delbo’
and Tanga (2009), each value of v is paired with a corresponding fr = {1/2,4/5, 1} value in
order to produce default mean surface slopes of 8 = {10°,29°, and 58°}. The thermal inertia
points are evenly spread in log space from 0 to 3000 J m? K s%/2, and the spin vectors are
spread evenly throughout the celestial sphere. For each shape/spin pole/T" combination, I
use a routine to find the D,y value which minimizes x2.

The grid of spin vectors are formed by constructing a Fibonacci lattice in spherical
coordinates (Swinbank and Purser, 2006). Here, a Fermat spiral is traced along the surface
of the celestial sphere, using the golden ratio (& ~ 1.618) to determine the turn angle
between consecutive points along the spiral. The result is a set of points with near-perfect
homogeneous areal coverage across the celestial sphere. This Fibonacci lattice constructed
here uses N = 235 points, with the Ith point (I € [0, N — 1]) having an ecliptic latitude and

longitude of

20— N +1
izclip = arcsin ( N — :_ > (120)
and
ALy = 27l®™ mod 2, (1.21)

respectively. The mean flux value and the peak-to-trough range at each wavelength and
at each epoch are taken as input to equation (1.17). The Van Wijngaarden-Dekker-Brent
minimization algorithm, commonly known as Brent’s Method (Brent, 1973), combined with
the golden section search routine (§10.2 in Press et al., 2007), is used because it does not
require any derivatives of the x? function to be known. The algorithm uses three values
of x? evaluated at different input diameters to uniquely define a parabola. The algorithm
used the minima of these parabolas to iteratively converge on the D.y/A combination that
corresponds to the global minimum of x? value to within 0.01%.

The values of D.y and A are linked through equation (1.4) and equation (1.5) for a

smooth surface, but the effect of multiple scattering alters the energy balance, and thus
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effective albedo (Mueller, 2007)°, for a cratered surface:

1 — sin®(v/2)

Acra er =A N .
ter(7) 1 — Asin®(v/2)

(1.22)

An object having an areal mixture of both smooth and rough topography has an effective
bond albedo, A.g, which is a weighted average of the albedo of a smooth surface and the

bond albedo of a crater Ag.qer (Wolters et al., 2011):

Aeﬁ(vafy) = (1 - fR)A + fRAcmter- (123)

To place confidence limits on each of the fitted parameters, I use the y? values calculated
during the fitting procedure. In general, the x? distribution depends on v degrees of freedom
(three in the present work), which is equal to the number of data points (constraints; eight
in this work, as described in section 1.4.1) minus the number of input (free; five in this
work) parameters. Because the x? distribution has an expectation value of v and a standard
deviation of v/2v, the best-fit solutions cluster around 2, = v, and those with x? <
(v 4+ V/2v) represent 1o confidence estimates®. However, because of the TPM assumptions
(e.g., no global self-heating, homogeneous thermophysical properties), it is often possible
for the TPM to not perfectly agree with the data, in which case x2,, > v. In this case,
I use X*/x2, < v+ v/2v to place 1o confidence limits. This modification effectively scales
the cutoff bounds by a factor of x2,. , instead of adopting the traditional approach of using
a constant x? distance cutoff. This scaling of the y? cutoff bounds is a more conservative
approach in quoting parameter uncertainties, as it includes the systematic uncertainties that
lead to the larger x2,, in the reported parameter uncertainties. Using the reduced x? statistic
(x* = X°/v), I can express the solutions within a 1o range as x* < x2,.,(1 + vV2v/u).

In section 1.5, I report TPM results for all of the objects that I analyzed, even those with
a high x2. (indicating a poor fit to the data), which are considered unreliable and should

only be used with caution.

>The crater opening angle used in Mueller (2007) is twice that used here.
6Consequently, x? < (v + 2v/2v) and x? < (v + 3v/2v) give the respective 2 and 30 confidence limits.
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1.4 Method Testing and Validation

Section 1.2 describes how pre- and post-opposition multi-wavelength thermal observations
are able to simultaneously constrain multiple thermophysical (albedo, thermal inertia, and
surface roughness) and physical (diameter, shape, and spin direction) properties of an object.
In this section, I present results from a proof-of-concept test of the ability to constrain the
above parameters with WISE pre- and post-opposition observations. In performing this
test, I generate an artificial flux dataset from shape models from DAMIT (f)uroch, 2010)
as a benchmark for testing the accuracy and precision of my TPM approach. Specifically, I
search for and quantify any biases that may exist among each fit parameter. I also include

a comparison to the uncertainty estimates to typical values found in previous works.

1.4.1 Synthetic Flux Data Set

Table 1.1 lists the objects, DAMIT shape models used, the associated rotation periods,
and the effective diameter, as computed beforehand via a NEATM fit to the real WISE
observations. The observing geometries used in the synthetic model runs are the same as
the WISE observations given in section 1.5. I calculate the artificial thermal emission for
WISE photometric filters W3 and W4 (12 and 24 pum) for a full rotation of the shape.
From these infrared lightcurves, I extract the mean and peak-to-trough flux range for each
filter as input into my fitting routine (equation (1.17)). Because I now have these two
quantities, observed twice for two wavelengths, there are eight data points to constrain five
free parameters: diameter, thermal inertia, surface roughness, shape elongation, and sense of
spin. Fluxes for each shape model are calculated using the TPM described here by using the
actual WISE observing circumstances described in section 1.5. If an object has two shape
models available — a result of ambiguous solutions of the lightcurve inversion algorithm —

then both were included in the analysis.
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Table 1.1: Shape Models and Properties for Synthetic Data Set

Object Shape Model ~ a/b™1  Xooiip. Bectip  Pro¢ (hr)  DPF™ (km)  Hy Gy
M171 1.31 -69°, 107°

(167) Urda 13.06133 43.00 9.131 0.283
M172 1.30 -68°, 249°

(183) Istria M669 1.39 20°, 8° 11.76897 35.48 9.481 0.221
M182 1.22 -75°, 20°

(208) Lacrimosa 14.0769 44.35 9.076 0.232
M183 1.23 -68°, 176°

(413) Edburga M354 1.37 -45°,202°  15.77149 35.69 9.925 0.296
M521 1.41 24°, 90°

(509) Iolanda 12.29088 60.07 8.476  0.382
M522 1.32 54°, 248°

(771) Libera M250 1.50 -78°, 64°  5.890423 29.52 10.28  0.323
M609 2.30 34°, 38°

857) Gl i ’ 8.20756 15.63 11.29 0.246
(857) Glasenappia M610 232 48°, 227°

(984) Gretia M256 1.57 52°,245°  5.778025 35.76 9.526  0.379

(1036) Ganymed M261 1.05 -78°, 190° 10.313 37.42 9.236  0.311
M403 1.76 -73°,12°

(1140) Crimea 9.78693 31.77 9.621 0.207
M404 1.61 -22°, 175°

(1188) Gothlandia M479 1.71 -84°,334°  3.491820 13.29 11.52  0.254
M409 2.03 35°, 106°

(1291) Phryne 5.584137 27.87 10.29 0.251
M410 2.30 59°, 277°
M657 1.27 54°, 225°

(1432) Ethiopia 9.84425 7.510 12.02  0.282
M658 1.32 44°, 41°

(1495) Helsinki M656 1.74 -39°, 355°  5.33131 13.54 11.41  0.359

(1568) Aisleen M422 2.30 -68°,109°  6.67597 13.60 11.49  0.131
, M477 1.56 70°, 222°

(1607) Mavis 6.14775 15.10 11.32  0.256
MA478 1.93 59°, 0°

(1980) Tezcatlipoca M274 1.72 -69°, 324°  7.25226 5.333 13.57 0.186

(2156) Kate M438 2.15 74°,49°  5.622153 8.678 4.339  0.186
M704 1.68 -50°, 197°

(4611) Vulkaneifel 3.756356 12.38 11.87 0.268
M705 1.64 -86°, 5°
M682 3.48 -78°, 97°

(5625) 1991 AO, 6.67412 14.25 12.83  0.165
M683 3.18 -52°, 265°
M757 1.55 67°, 62°

(6159) 1991 YH 10.65893 5.148 13.38  0.175
M758 1.65 67°, 266°

23



1.4.2 Model Validation Results

The best-fit TPM parameter results for the synthetic dataset are detailed below and depicted
in figure 1.3. Overall, using ellipsoid shapes results in more accurate and precise estimates

for diameter, thermal inertia, and shape.

Diameter Constraints Figure 1.3 includes model (synthetic) diameters and the best-fit
TPM values, along with a linear fit to the data. Diameter uncertainties (not shown in the
figure) are calculated by taking the typical WISE signal-to-noise value for these objects.
These uncertainties are equal to or larger than the spread in the data points, indicating
that the uncertainty introduced by the model assumptions are accurately captured in the
parameter uncertainties. The assumption of a spherical shape results in overestimation of
diameter of up to 20%, as shown in figure 1.3(a). The TPM performs better when using
ellipsoid shapes; at most, diameters are overestimated by 10%. These offsets are particularly
pronounced for highly elongated objects with high © values and when observed at large sub-
solar latitude values. In these cases, the average observed cross-sectional area is particularly
large and surface temperatures are, on average, warmer (figure 1.1(c)), since a larger fraction
of the surface experiences perpetual daylight. Diameter uncertainties when using ellipsoid
shapes are consistent with the £10% value seen in other thermophysical modeling papers, yet
seem to imply a drop in accuracy from the NEATM (Harris, 2005). However, care must be
taken when comparing the performance results presented here, which are based on synthetic
data generated from shape models with various spin vectors, and those presented by Harris
(2005), which uses an idealized synthetic dataset generated from spherical shapes with no
obliquity. The work of Wright (2007), who included rough spheres in their performance test
of NEATM, shows diameter accuracy of the NEATM to be on par with TPM works, such

as this one.

Thermal Inertia/Parameter Constraints I transform thermal inertia estimates into
thermal parameter space equation (1.14), because the rotation periods of synthetic objects
affect the temperature distribution and must be taken into account. Panels (¢) and (d)

in figure 1.3 show the estimated © values for the spherical and best-fit ellipsoidal shape,
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Figure 1.3: The best-fit diameter vs. model diameter for spherical (a) and ellipsoidal (b)
TPM shape. Panels (c¢) and (d) show the same for ©. The red dashed and dotted lines show
the best fit to the data and the corresponding 95% confidence interval. Blue, dashed-dotted
lines show the 68% prediction interval. Panel (e) shows the fractional difference in DAMIT
area-equivalent a/b to the best fit ellipsoid, expressed as a percentage. Lastly, the percentage
of TPM solutions that correctly identifiy the spin direction is given in panel (f).
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respectively, against the synthetic values. When a sphere is used for a TPM, thermal inertia
is overestimated at low values and underestimated at large © values. At either extreme of
O, this offset is systematically different by a factor of ~4. Ellipsoidal shapes do a much
better job matching the input O, with systematic offsets of less than 25% (red dashed line in
figure 1.3(d)). I investigate this discrepancy further in section 1.4.3, but note here that the
estimated uncertainties (not shown), calculated from WISE signal-to-noise ratios for each
object, are far larger than the systematic offset, indicating that the assumptions in my TPM
fitting do not contribute significantly to the overall uncertainty in thermal inertia and the

x2-based errors values reasonably reflect the overall precision in my TPM.

Shape Constraints To assess how well my method is able to constrain the shape
(elongation) of an object, I compare the best-fit ellipsoid a/b to that of the area-equivalent
a/b ratio of the DAMIT shape model. Because I use a sparse grid of possible a/b values,
placing meaningful confidence bars based on x? values is not practical. Instead, in figure 1.3
I plot the frequency distribution of the percent-difference between the a/b of the preferred
ellipsoid solution (a/by;,) to the equivalent a/b of the projected cross-sectional area of the
DAMIT shape model (a/bpygr): @/b = (;‘Qﬁ —1) x 100%. Fitting a Gaussian function
(16%, with a standard deviation of 18%) to the distribution shows that the assumptions
within the model, most likely the use of a prolate ellipsoid (b/c = 1), result in a slight
overestimation of the a/b axis. The standard deviation of this distribution is not reflective
of the uncertainty in the mean offset in the shape accuracy, but rather of the inherent model

uncertainties that arise from assuming an ellipsoid shape. Accounting for this discrepancy,

I shift the TPM best-fit shape result downward by 16% and assign an uncertainty of 18%.

Spin Constraints I also investigated the ability to constrain the spin direction of an object
(i.e., retrograde or prograde rotation). In total, the ellipsoid TPM correctly identified the spin
direction for 58.3 +6.5% of the occurrences, compared to 67.1+5.7% for the spherical TPM.
In section 1.2.4, I pointed out that thermal inertia is a significant factor when constraining
spin direction. Thus, I break down my results into the thermal inertia bins assigned for

the artificial dataset. Figure 1.3(f) shows the percentage of best-fit solutions, broken down
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by sphere/ellipsoid shape assumption, in which spin direction was correctly identified for a
given thermal inertia. It is clear that intermediate values of thermal inertia provide more
reliable constraints on the spin direction, which can be explained by the increased asymmetry
of thermal phase curves at intermediate values of thermal inertia. More extreme (low and
high) values of thermal inertia result in more symmetric thermal phase curves, which make
it difficult to distinguish morning and afternoon hemispheres — and thus spin direction
(figure 1.1(a)). One caveat to point out here is that rotation period plays a secondary role
to the thermal inertia in determining this asymmetry. For example, using the definition of
the thermal parameter, one can deduce that a doubling of the thermal inertia has the same
effect on the diurnal temperature curve (and by extension, the thermal phase curve) as does

quadrupling the rotation period.

1.4.3 Parameter Bias Analysis

[ performed a linear multiple linear (multi-linear) regression analysis on the percent diameter
and © difference (WAD.y and %AO.4, between the synthetic and TPM estimates) to
distinguish which factors, if any, bias the estimates. The predictor variables chosen were
log10(0), the sub-solar latitude (s-s lat.; relevant to ©) or sub-observer latitude (s-o lat.;
relevant to D.g), and the elongation of the shape model (a/b¥™™") because they are the
most likely to affect the response variable (section 1.2). The regression models the response
variable — the percent difference in diameter or © — as being linearly-dependent on the sum
of any number of independent predictor variables — in this case four. For each predictor, the
regression model computes a slope coefficient that represents the change in that variable when
all others are held constant. An intercept term, quantifying the value of the response when
all predictors are zero, is also computed. Table 1.2 shows the slope coefficients, intercepts,
and the associated p-values that indicate the statistical significance of each predictor variable
in the multi-linear regression model. I use p < .05, representing a 95% confidence level, to
identify predictor variables that affect the response variable (p-values that are larger than
this cutoff indicate that the predictor variable has little-to-no statistically relevant effect on

the response variable).
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Table 1.2: Multi-linear Regression Results

%AD,5 %A0

coefficient p-value coefficient p-value

Dse%cnth -0.0009 £ 0.0004 .02 0.0012 £0.0017 A48
log1o(©1) | -0.0037 % 0.0067 59 1 -0.1390 + 0.0292 < .01
s-s lag.Symh — — | -0.0036 + 0.0024 12

s-0 lat.s¥®h | (0.0024 &+ 0.0005 < .01 — —
a/b¥™h | (0.0085 & 0.0119 48 0.0573 £ 0.0507 .20
intercept | -0.0264 £ 0.0319 41 1 -0.0621 £ 0.1357 .65

The diameters calculated from my approach are overestimated when observations occur
at high sub-observer latitudes (p < .01) and for small diameters (p = .02) as marked in grey
in table 1.2. From the multi-linear regression results performed on ©, the only predictor
that explains the variance in response variable is ©@Y"*! marked in table 1.2 with grey: the
negative sign represents an overestimation for small © and/or underestimation at large ©.
A re-examination of panel (d) in figure 1.3 shows that this dependency is apparent for © >
6. For lower values of O, the best-fit line is likely skewed upward due to the underestimation

at the larger end. Thus, I employ a formulation to correct objects for which © > 6:
0., — 10(m5) o). (1.24)

To determine the correction factor, I fit a line to objects with © > 4 (shown by the purple-
dotted line in figure 1.4) and compute b; = 0.026 and by = -0.136 . This fit provides a means
of removing the systematic underestimation in thermal parameter, and by proxy, thermal
inertia. The bias seen in panel (d) of figure 1.3 vanishes; as shown by the red best-line in
figure 1.4 re-computed after using equation (1.24) to adjust the O™ > 6 values. Objects
with thermal parameters this large can more often found for objects with unusually high
thermal inertia and/or rotate very slowly — or for icy bodies with low surface temperatures

in the outer solar system (e.g., Table 1 in Spencer et al., 1989).
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Figure 1.4: Percent difference between synthetic and best-fit © as a function of the synthetic
(known) value. For © > 6, I derive a formula to adjust the underestimation (open
purple circles) such that the corrected values (grey dots) are symmetric about zero percent
difference, represented by the black horizontal line. The red best-fit line to the black and
grey dots has a slope of nearly zero and shows no evidence for a bias at either © extreme.

1.4.4 Other Possible Sources of Bias

Upon closer inspection of the multi-linear regression results, I see that the skew at small
sizes is due to particular objects being observed at high latitudes rather than by the intrinsic
diameter of the object. The effect that the viewing geometry has on the size estimation
can be explained by the fact that the thermal lightcurve-averaged flux does not properly
represent the effective diameter. For the extreme case of observations taken from a “pole-
on” geometry, the thermal flux represents the largest feasible cross-sectional area, which
would result in the overestimation of diameters, regardless of the shape used in the TPM.
In some of the largest publications of independently derived thermal inertias (Delbo’
and Tanga, 2009; Hanus et al., 2015, 2018), convex shape models were used in the TPM
approach. One critique of using convex shape models is that actual asteroids can potentially
harbor shape concavities, which raises potential concern as to whether or not large deviations
from a spherical shape will bias the temperature distribution in any significant way (Rozitis
and Green, 2013). Radar observations of the near-Earth asteroid (NEA) (341843) 2008 EV5

showed a large concavitiy, and thermal observations were analyzed in detail by Ali-Lagoa
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et al. (2014). They found no evidence that the concavity influenced the results, as its effects
on the thermal emission (i.e., shadowing and global self-heating) were likely below the signal-
to-noise of the observations. Using a larger set of shape models with concavities, Rozitis
and Green (2013) demonstrated that the effects of global self-heating and shadowing have
negligible effects on the temperature distribution, compared to those of thermal inertia and
surface roughness; this is consistent with the findings of Lagerros (1997), who investigated
the effect using random Gaussian shapes. All of these studies justify the use of convex,
prolate ellipsoid studies in my TPM approach.

Although not the case here, thermal inertia bias could arise if the size is fixed during
the fitting procedure. For example, diameters that are estimated from radar observations
can suffer from an overestimated z-axis if the object is observed at near-equatorial view,
yielding a higher thermal inertia (Rozitis and Green, 2014). Some studies have investigated
how changes in shape and spin pole can affect the value of thermal inertia. Using both a
spherical and radar shape model for the asteroid (101955) Bennu, Emery et al. (2014) found
that the radar shape model gave a lower thermal inertia result compared to a spherical shape
with the same spin pole. The lower thermal inertia is explained by the oblateness of Bennu,
as surface facets are systematically tilted away from the sun-direction, cooling the surface
temperatures relative to that of a sphere and requiring a lower model thermal inertia to
compensate. As briefly mentioned before, my use of prolate ellipsoids may likely be the
cause of overestimation of the elongation of objects. For example: if I were to make b/c =
1.1, the average orientation of the shape facets would be directed away from the sun and
effectively lower the modeled surface temperatures. By lengthening the b semi-axis, there is
less need to lengthen the a semi-axis in order to match the surface temperature.

It is becoming increasingly common for thermal infrared observations to be used to refine
the detailed shape models created from the delay-Doppler radar and/or the visible lightcurve
inversion techniques Durech et al. (2017). Shape models from these methodologies can
sometimes yield an incorrect z-axis if the object is observed nearly equator-on (Rozitis et al.,
2013; Rozitis and Green, 2014). In short, thermal data constrain the effective diameter —
and by extension, the z-axis dimension — if the x- and y-axis dimensions were known to

great accuracy from the observations. Additionally, Hanus et al. (2015) utilized thermal
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infrared data to refine convex shape models derived from lightcurve inversion. They varied
a convex shape model within the uncertainty of the photometric errors to generate a set
of shapes that were used to generate thermal fluxes from a TPM, which were then fit to
WISE observations. Although not much work has been done to derive new shapes from only
disk-integrated thermal emission data, approaches that combine thermal observations with
optical lightcurves (Durech et al., 2012, 2014) and other telescopic observations (e.g., stellar
occultations, optical interferometry, and delay-Doppler radar; see Durech et al., 2015, 2017)
have been employed in order to refine pre-existing shape models. Generally, the refined
shape models appear smoother (]3111"0(#11 et al., 2012; Hanus et al., 2015), which is likely in
part due to the thermal emission being sensitive to large-scale curvature, especially at lower

thermal inertia values (Lagerros, 1996).

1.5 Application to WISE Observations

In this section, I apply my multi-epoch TPM approach to WISE observations of asteroids
that were used in my synthetic dataset. The TPM implementation on the WISE data is
the same as described in section 1.3.4 except that I incorporate surface roughness in order
to account for surface topography effects. I step through three default roughness values

(6 =10°, 29°, 58°) that Delbo’ and Tanga (2009) used for IRAS observations.

1.5.1 Data Description

The WISE mission, an astrophysics mission designed to map the entire sky, operated in its
fully cryogenic mode from 2010 January 14 to August 5 at wavelengths centered near 3.4,
4.6, 12, and 22 pm, denoted W1, W2, W3, and W4 (Wright et al., 2010). A data-processing
enhancement called NEOWISE (Mainzer et al., 2011a) detected moving solar system objects,
most of which were asteroids in the Main Belt and in near-Earth orbits. During each grouping
of observations (an epoch), a moving object is typically detected around 10 to 20 times, in
~1.6 hr multiples — the orbital period of the spacecraft. Therefore, depending on the object’s

range of motion on the sky, each epoch of observations can potentially span up to 36 hr.
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NEOWISE reports each moving object detection to the Minor Planet Center (MPCT), where
the start time, R.A. and decl. of each observation can be retrieved. The set of times and
locations are used to parse the WISE All-Sky Single Exposure (L1b) catalog on the Infrared
Science Archive (IRSA) maintained by the Infrared Processing and Analysis Center (IPAC®).
I select detections reported to within 10” and 10 s of those reported to the MPC. These
constraints are “relaxed” relative to the accuracy of the telescope’s astrometric precision, to
guarantee that IPAC returns flux information for each reported MPC observation. These
criteria also return many spurious detections: I discuss my method of rejecting spurious
sources returned from these generous search criteria two paragraphs below.

According to the WISE Explanatory Supplement (Cutri et al., 2012), photometric profile
fits are unreliable for W3 < -3 mag or W4 < -4 mag, due to saturation of the detector.
Because non-linearity is present for sources with W3 < 3.6 mag and W4 < -0.6 mag, I
increase the magnitude uncertainty to 0.2 mag for objects brighter than these values (Mainzer
et al.; 2011b). I shift the isophotal wavelengths and zero magnitude point of W3 and W4 to
account for the red-blue calibrator discrepancy described in the Explanatory Supplement.
The raw magnitudes that are reported were calibrated assuming that the flux across each
filter was that of Vega’s spectrum. Thus, a color-correction must be made to account for
the discrepancy between the spectrum of the object and that of Vega (Wright et al., 2010;
Cutri et al., 2012). For each individual observation, NEATM was used to calculate the flux
spectrum across the full bandpass for each WISE band for use in the color correction, which
ranged from 0.87 to 1.0 for W3 and was nearly constant at 0.98 for W4. Based on an analysis
of asteroid flux uncertainties in consecutive frames by Hanus et al. (2015), I increase the flux
error in W3 and W4 by factors of 1.4 and 1.3, respectively.

In order to filter out bad observations of an asteroid — for example, in a situation where
it passes near a background star or when the query returns a detection of an unwanted object

— T employ “Peirce’s criterion”? (Peirce, 1852; Gould, 1855) as outlined and demonstrated

"http://www.minorplanetcenter.net/

8http://irsa.ipac.caltech.edu/Missions/wise.html

9This procedure for rejecting outlier data points uses a criterion based on Gaussian statistics. In short,
rejection of a data point occurs when the probability of the deviation from the mean obtained by retaining
the data in question is less than that of the deviation from the mean obtained by their rejection, multiplied
by the probability of making as many, and no more, outlier observations. The motivation for using this
relatively obscure procedure is due to the fact that it makes no arbitrary assumptions about the cutoff
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by Ross (2003). I flag spurious observations using this algorithm based on W4—W3, since
it will identify and remove sources of an anomalous color temperature. Using color, rather
than raw flux, avoids the possibility of removing seemingly anomalous observations of the
minimum or maximum flux of a highly elongated object. This rejection method is a simpler
alternative to that implemented by Ali-Lagoa et al. (2014) and Hanus et al. (2015, 2018) on
WISE data, in which the WISE inertial source catalog was checked explicitly for possible
flux contamination of stars.

Mean fluxes, denoted as Fys and Fyys, were calculated by simply taking the error-
weighted mean of all observations. The photometric range for each band, denoted as $W3
and ¢W4, was calculated by subtracting the minimum and maximum fluxes. Table 1.3
tabulates the observing circumstances and calculated lightcurve mean and range for WISE
observations of the asteroids studied in this chapter. Standard error propagation was
used to estimate 1o uncertainties for each of these parameters, and then input as o, in
equation (1.17). These bright, slow-moving objects with P, < 36 hr have sufficient coverage
in rotational phase to provide estimates of these parameters. However, some objects may
have only been detected a handful of times, which could only sparsely sample the rotational
phases. In chapter 2, I will develop and present a more rigorous method for accurately

estimating the flux mean and range, with associated errors, from sparse lightcurve coverage.

1.5.2 Results and Discussion

A summary of my TPM fits and corresponding 1o uncertainties for 19 main-belt asteroids
(MBAs) and 2 NEAs are given in table 1.4. For diameter, albedo, and thermal inertia,
uncertainties are based on the y? values calculated during the fitting routine. In some cases,
two values of roughness could not be distinguished with respect to one being better than the
other, so both values are reported. In the case of (6159) Andreseloy, all roughness values
tried provided statistically indistinguishable fits to the data. The spin direction reported for
each object here reflects the preferred spin pole. Often, many spin pole solutions lie within

the 1o uncertainty bounds, so reporting a single solution would not be meaningful. The spin

for outliers and can be used to simultaneously identify multiple outliers. Peirce’s criterion is rigorous and
generalized in its applicability, when compared to William Chauvenet’s criterion (Taylor, 1997).
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Table 1.3: WISE Observation Circumstances and Fluxes

Object UT Date® Atobsb N¢© RAUd AAUe « (O)f Fw3g Qngh Fw4g QFWLlh
(167) Urd 9 Feb 2010  1.257 13  2.840  2.647 20.33  451.8452  141.6+10.3 1224426  350.2+65.8
rda 2 Aug 2010  1.257 12 2787 2510 —21.27  601.1+7.2  185.94+13.8 1559430  480.7+£51.1
(183) Tstri 4 Feb 2010  3.772 22 3.718  3.580 15.38  87.65+1.27 36.884+2.57  322.74+9.0  119.9+16.1
stna 21 Jul 2010  1.257 13 3.765 3.562 —15.62 70.844+1.19 43.984223  274.7+8.0  160.04+14.9
(208) Lacrimosa 10 Feb 2010  0.595 9 2888 2.700 19.98  508.2+5.7  119.8+10.6  1358+28  344.8+57.3
8 Aug 2010  1.257 10 2.913  2.645 —20.30  442.4+49  97.78+9.89  1269+25  255.14+48.3
(413) Bdb 10 Feb 2010 1.257 14  3.180  3.009 18.08  164.9+422  72.85+3.98  534.7+11.5 208.9+24.1
urga 26 Jul 2010  1.257 15 20701  2.427 —22.01 478.4458  180.34+11.6 1219425  410.4442.0
(500) Tolanda 18 Jan 2010  0.596 8 3342  3.164 17.11  440.3+5.1  230.6+9.9 1405+30  594.3+67.6
3Jul 2010 1257 15 3.327  3.080 —17.72  470.546.0  216.44+12.2 1461424  649.9440.7
(771) Libera 20 Jan 2010  1.257 10 2.764  2.593 20.88 2237428 74504524 61844154 223.4428.7
16 Jul 2010 3.903 22 3.111 2.847 —18.97  146.2+2.1  75.75+4.31  474.6+11.2 223.2419.7
(857) Clasenappia 197202010 1125 14 2329 2,08 2499  180.8424 70404526 3734493  127.4423.6
pp 11 Jul 2010 1.389 17 2172  1.823 —27.75 2792435  80.68+6.9 527.0+£12.7 164.6+21.7
(984) Grotia 31 Jan 2010  1.125 9 3324 3.188 17.24  161.3+2.2 76534446  531.1+11.0 214.3+19.9
21 Jul 2010  1.125 10 3.159 2920 —18.71 192.6+£2.5 81.18+508  604.3+14.8 258.74+32.8
(1036) Ganymed 15 Jan 2010 0.860 9  3.807  3.729 14.61 72504110 12504216  204.74+7.0  39.25414.02
Yy 22 Jun 2010  1.125 14 3.463 3.241 —17.02  141.34+2.1  27.9444.14  4948+12.1 81.66 4 24.09
(1140) Crimes 13 Feb 2010 1.125 11  3.075  2.900 18.73 1844424  77.33+4.85  524.7+12.0 201.6+26.8
1 Aug 2010  1.124 11  2.990 2725 —19.76  220.74+2.9  110.0+5.1 624.54+12.6  290.7+24.4
(1188) Cothlandia 13 Jan 2010 0.992 10 2.580  2.354 2241  59.19+1.11 41.004£2.05 158.7+6.3  99.88+12.78
2 Jul 2010  1.389 16 2521  2.222 —23.68  88.37+1.40 58344247 2144+6.8 129.9+11.8
(1201) Phryn 21 Jan 2010 0.992 8 3210 3.038 17.85  117.5+1.8  122.043.6 367.849.7  350.8+18.2
yne 8 Jul 2010  1.257 14 3.090 2.825 —19.12  131.042.1 1424443 303.8+11.4 386.3+18.9
(1432) Ethiopi 4 Feb 2010 3771 23 2.699  2.511 21.43  15.44+0.60 4.102+1.217 43.91+3.48 17.134+8.23
lopia 28 Jul 2010  1.389 15 2.307  1.992 —26.02  32.1640.76 7.282+1.496 78.344+3.84 14.90+7.49
(1495) Helsinki 8 Feb 2010  4.301 19 2490  2.284 23.33  90.81+1.46 42.36+3.0 208.3+6.6  81.53+12.85
elsmx 5Aug 2010 1125 10 2267 1.940 —26.47 140.6£2.0  87.26+4.38 2998483  154.2416.5
(1568) Aisleen 24 Jan 2010  1.125 12 2950  2.776 19.50  27.3940.68 14.91+1.37  82.59+3.85 51.08+7.46
7Jul 2010  1.257 14 3.100 2550 —21.04  52.1640.90 21.74+1.84 1351448  63.584+9.57
(1607) Mavis 21 Jan 2010  0.993 10 3.285  3.116 17.43  2851+0.71 20.45+1.44  94.41+4.53 63.07+8.75
4 Jul 2010 1125 12 3.039 2778 —19.47 35164073 14.46+1.44 107.943.9  48.81+8.31
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Table 1.3 — continued

Object UT Date® Ateps® N Rau?  Aay® a (°)f W39 SW3h W49 SWah

23 Jan 2010 0.992 11 2.333 2.109 24.96 13.79+£0.53 5.748+1.041 34.52+2.83 22.68£5.61

(1980) Tezcatlipoca 50 3 o010 1.957 8 2064 1716 2939  20.65+0.73 18.61+1.54  65.74+3.46 42.50+6.61

25 Jan 2010 0.992 9 2.688 2.502 21.49 23.82+0.68 16.42+1.38 64.43+3.85 34.34£8.27

(2156) Kate 11 Jul 2010 1.126 11 2.625 2.322 —22.67 24.93+£0.66 15.414+1.29 66.16 £3.66 37.33+£7.50

25 Jan 2010 0.993 10  3.103 2.944 18.50 21.82+0.66 10.80+1.36 72.11+£3.44 31.03£7.05

(4611) Vulkaneifel 11 Jul 2010  1.257 13 3.100 2.834 —19.05 25.0840.65 13.63+1.25  81.09+3.86 40.84+7.26

28 Jan 2010 0.993 11 3.180 3.032 18.04 28.80£0.72 19.98+1.43 91.72+4.18 49.67 £8.86

(5625) 1991 AO2 14 Jul 2010 1.125 13 3.168 2.900 —18.61 34.55+0.83 31.91+1.63 107.8+4.3 100.6 £ 7.7

3 Feb 2010 4.301 19  2.341 2.124 24.91 13.21+0.84 11.16+1.49 31.40+3.64 27.42+7.01

(6159) 1991 YH 30 Jul 2010 1.389 11 2424 2.120  —24.67 14.90+0.59 11.15+1.17 36.87+3.36 27.63+6.68

Notes. All mean flux and range values are in units of mJy = 1029 Wm™2 Hz!.
@UT date of the first observation.

bTime spanned by observations (days).

¢Number of observations used.

dMean Heliocentric distance.

¢Mean WISE-centric distance.

fMean solar phase angle.

9Lightcurve-averaged mean flux.

hPhotometric range of lightcurve.
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Table 1.4: WISE Data TPM Results

Object D.g (km) Py re 0(°) a/b’ Spin®  %2,, MBA/NEA
(167) Urda 39.484+0.89 0.252%%7" 517420 38 £ 13 1.51 £0.27 | 1.27 MBA
(183) Istria 31.43£2.92 028815557 21047 47+ 13 1.51+£027 1 5.16 MBA
(208) Lacrimosa 40.44 +1.37 02535502 7Tt 41 +£13 151 4£027 f 1.66 MBA
(413) Edburga 33.444+1.75 0.1695%05 415> 94+ 6 151 +£027 | 1.98 MBA
(509) Iolanda 54.39 4 3.86 0.243%5°%0F 8.6%%F% 18+ 7 151 £0.27 1 3.01 MBA
(771) Libera? 20.234+2.10 0.160%5%05* 615 53 +£39 151 £027 |  13.50 MBA
(857) Glasenappia 13.62+£0.84 0.2971%51 5843 <20 2.16+£0.39 1 1.52 MBA
(984) Gretia 34.724+1.18 0.2275°%05  28%% 53 +£10 1.51 £0.27 1 1.81 MBA
(1036) Ganymed 35.85+1.95 0.2785%0r  1502* 40 +£32 1.08+£0.19 —  0.55 NEA
(1140) Crimea 30.134+1.18 0.2765%02" 235 23 +£21 151 £027 | 1.50 MBA
(1188) Gothlandia 13.52+0.84 0.2381%55 3812 41427 1514027 | 0.43 MBA
(1291) Phryne 27.03£1.65 0.1865%0%  20%'° 45417 216+039 1 1.78 MBA
(1432) Ethiopia 7.1540.67 0.535750000 715 — 151 +£027 1 0.56 MBA
(1495) Helsinki 13314059 0.2714%%7 1941 12+ 8 1514027 1 0.52 MBA
(1568) Aisleen 11.66 £ 1.01 0.3281%53* 51438 46 +38 2.16+0.39 | 2.74 MBA
(1607) Mavis? 14.52 £1.72  0.249%%%% 3752 58 £50 1.51 4027 {2145 MBA
(1980) Tezcatlipoca 5.68 £0.58 0.2051%53% 170431° 57439 1514027 | 1.67 NEA
(2156) Kate 8.04+0.45 0.2941%%2" 5642 49432 2164+ 039 1 0.39 MBA
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Table 1.4 — continued

Object D.g (km) pv re 0(°) a/b? Spin®  x%,, MBA/NEA
(4611) Vulkaneifel 1210+ 1.12 0.21615%52°  32%3° <53 1.51+£027 | 1.01 MBA
(5625) Jamesferguson 14.46 £0.86 0.062%%00° 52743 >36 216 +039 | 2.46 MBA
(6159) Andreseloy 5.65+1.37 0.24715% 601" — 1.51 £027 |} 0.19 MBA

Notes. “Thermal inertia values are in SI units (J m?2 K s1/2).

ba/b values are adjusted downward by 16% to account for the overestimation as described in section 1.4.2.
“Indicates either prograde ({}) or retrograde ({}) spin direction.
YTPM results with x2.. > 8 and thus should be used with caution.
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direction of (1036) Ganymed could not be independently determined here, which is likely due
to the nearly spherical shape of the object combined with its low thermal inertia reducing
the asymmetry of the thermal phase curve, as demonstrated in figure 1.1(b).

Comparing the diameter estimates from NEATM fits presented by the WISE team (i.e.,
Mainzer et al., 2011b; Masiero et al., 2011) to the values obtained here, I observe agreement
(within £+ 15% of another) between the two sets of results. However, for objects ~40 km and
above, TPM diameter estimates are systematically higher. The objects in question (Urda,
Lacrimosa, and Iolanda) did not saturate, nor were they bright enough to lie in the non-
linear regime of the WISE detectors. This discrepancy may be due to one the flux corrections
described above or from the model differences between my TPM approach and the NEATM
used by the WISE team.

When comparing to other previous works, my results are consistent with the thermal
inertias reported: (771) Libera and (1980) Tezcatlipoca have thermal inertia estimates of
65 +85/-35 and 220 +380/-204 J m? K™ s/2 respectively, made by Hanus et al. (2015),
though the reader should take note that the large x? values indicate that my fits for Libera
were relatively poor, contributing to the relatively high parameter uncertainties. Ganymed
has several thermal inertia estimates: 24 + 8 (Rozitis et al., 2018), 35 +65/-29 (Hanus
et al., 2015), and 214 + 80 J m? K s%/2 (Rivkin et al., 2017)!°. The higher estimates
are approximately an order of magnitude greater than the smallest estimates, and can be
explained by the thermal inertia dependency on temperature (e.g., Vasavada et al., 1999).
My thermal inertia estimate for Ganymed was based on data collected at Ray = 3.5 and
3.8, and is thus consistent with similar estimates at the same distance.

Eleven objects in this study have been analyzed by the recent work of Hanus et al.
(2018), in which the varied-shape TPM was used to derive thermophysical properties from
the WISE dataset. A comparison of the thermal inertias for each of these objects in shown
in the bottom panel of figure 1.5. Some objects have two estimates presented in Hanus
et al. (2018) due to ambiguous shape models that produce equivalent fits to the data. For

7 out of these 11 objects, there is very good agreement (i.e., the estimates are within the

OTnstead of a TPM analysis, this work employed an approach pioneered by Harris and Drube (2016) in
which the NEATM 7 value is used to indirectly determine the thermal inertia.
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Figure 1.5: Top: comparison of the effective diameter values obtained by Masicro et al. (2011)
and Mainzer et al. (2011b) to my reported TPM values. Purple, upward-facing and green,
downward-facing triangles represent data collected at pre- and post-opposition, respectively.
Bottom: comparison of thermal inertia estimates for 11 objects by Hanus et al. (2018), in
teal open circles, to mine, in red filled circles.
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1o uncertainties) between the estimates from their work and mine. I note that my model
fit for (1607) Mavis was noticeably inaccurate, as indicated by the large x?2,,, in table 1.4,
for which I note the error bars for each parameter are noticeably large!! and consistent with
Hanus et al. (2018). For two objects, (413) Edburga and (984) Gretia, the 1o error bars
just barely miss overlapping, and two others, (167) Urda and (1495) Helsinki, have very
different estimates. The two thermal inertia estimates Hanus et al. (2018) present for (167)
Urda are just over twice as large as mine and have very small reported uncertainties of + 5
Jm2K1s1/2, Hanus et al. (2018) report a thermal inertia just over zero for (1495) Helsinki,
also with a very small uncertainty. For each of these objects, my 20 uncertainty bounds
encompass the Hanus et al. (2018) estimates and both works overall appear to deliver no
systematically different estimates from another.

With the combination of my TPM results with the subset compiled by Delbo” et al.
(2015) and the large dataset of Hanus et al. (2018), I note that the number of known
thermal inertias of objects in the 5-50 km size range increases by 20. Restricting my analysis
to the compiled thermal inertias from Delbo’ et al. (2015), I detect a negative correlation
with diameter (figure 1.6) evidenced by the Spearman’s rank coefficient of ry = -0.55; this
correlation remains when including the ~120 thermal inertias of Hanus et al. (2018). From
the findings of Rozitis et al. (2018), however, thermal inertia should be adjusted to account
for its dependency on heliocentric distance by using the formula: T' = FORgU. Doing this
allows for a better comparison of hot, small NEAs and cool, larger MBAs because the effects
of temperature are partially taken into account. I use ¢ = 3/4 here, which was suggested
previously by Delbo” et al. (2015) and Mueller et al. (2010). Even when performing the
adjustment on asteroid thermal inertias, the correlation remains statistically significant (with
rs = -0.41 and p < .001) as shown in the right panel of figure 1.6. However, this correlation
becomes insignificant if T use ¢ = 4/3, which is large but well within the range of empirically
derived values from analyzing individual objects (i.e., Ganymed and 2002 CEqq; Rozitis et al.,

2018). While the purpose of this work is not to investigate this dependency, I plan a follow-up

1 As a reminder, parameter uncertainties are scaled by %2, values in order to account for best-fit TPM
fluxes that deviate from the measured fluxes.
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work to increase the number thermal inertia estimates of small main-belt asteroids, combine
my results with Hanus et al. (2018), and revisit this dependency in much greater detail.
The prograde/retrograde spin directions reported here are in agreement with those from
DAMIT (table 1.1) with the exception of three objects: (208) Lacrimosa, (1495) Helsinki,
and (6159) Andreseloy. Incorporating the ambiguous spin direction for Ganymed, this means
that 17 out of 21 (81 &+ 9%) objects matched the spin vectors in the DAMIT shape models.
Comparing this result to the findings of my proof-of-concept study in section 1.4.2, there is a
noticeable difference. Assuming the DAMIT shape models are 100% accurate, there is much
improvement in the percent of synthetic objects in which the spin direction was correctly
identified (approximately 58% and 67% for ellipsoids and a sphere, respectively). When
broken down by thermal inertia, as in panel (f) of figure 1.3, these results are comparable
to the best-case scenario (spherical shape for I' = 40 Jm2K's'/?) and outperform each
situation in which an ellipsoid shape is used. A reasonable explanation for this discrepancy
is the inclusion of roughness in the real-world application of the TPM, which adds to the
asymmetry of the thermal phase curve — particularly for asteroids in the Main Belt (e.g.,

figure 1.1(b)).

1.6 Summary and Future Work

The opportunity to constrain diagnostic thermophysical properties of asteroids by constrain-
ing the multi-wavelength phase curves will become more common with the advent of more
thermal infrared survey telescopes. In this chapter, I have demonstrated the accuracy and
precision of estimating various asteroid parameters using only pre- and post-opposition multi-
wavelength thermal observations for an object, without the aid of a known shape model. By
varying the a/b axis of a prolate ellipsoid shape model and sampling from a grid of several
spin vectors, unique solutions for diameter/albedo, thermal inertia, and the elongation of
an object can be ascertained. A small correction to the best-estimate a/b axis is applied
to account for the overestimation of the elongation of the body. Constraints on surface
roughness and sense of spin direction are more difficult to obtain, most likely due to the

relatively low number of data points compared to the number of free parameters I used
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Figure 1.6: Thermal inertia vs. diameter values from this work compared along with
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in the TPM approach. Additional multi-wavelength observations taken close to opposition
would increase the precision of the surface roughness estimate, as the flux beaming effect
from surface topography is most pronounced in this configuration. Spin axis estimates would
also benefit from additional sets of observations taken at another observing geometry. The
strong correlation between the peak-to-trough flux range and the sub-solar latitude can be
exploited in this case to increase the accuracy and precision of the spin axis orientation.
The TPM approach outlined here was applied to 21 asteroids: 19 MBAs and 2 NEAs
(table 1.3). Chapter 2 features diameter, albedo, thermal inertia, and roughness estimates
for over 200 asteroids that were observed by WISE. Results pertaining to surface roughness,
shape, and spin sense are also be provided. Future work will focus on investigating and
improving upon the accuracy and precision of shape and spin using ellipsoids and multi-
epoch thermal observations. With the release of WISE/NEOWISE survey data and large-
scale visible surveys, for example the Large Synoptic Survey Telescope (LSST) and the
Panoramic Survey Telescope and Rapid Response System, it is important that appropriate
models are developed alongside the releases of these data sets. In particular, sensitive surveys
will discover and observe smaller-sized objects and may be the only available observations
for newly discovered, faint asteroids. Thus, models that can make use of these survey

observations in order to derive asteroid physical properties will be valuable.
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Chapter 2

Mechanical Weathering of Regolith

2.1 Introduction

The characterization and origin of regolith — the unconsolidated, heterogeneous, rocky
material covering the surface of other planetary bodies — has, and will continue to be, an
important subject for researchers and explorers of the solar system. The Apollo astronauts
discovered a Lunar surface that was abundant in a fine-grained powder ranging in size from
40 to 800 pm, with a bulk of the powder consisting of 60 to 80 ym grains (McKay et al., 1991).
The lunar regolith has been remotely characterized using thermal emission observations and
thermophysical modeling to map thermal inertia — a measurement of the resistance to
temperature change — and estimate the abundance of blocky material on the surface (e.g.,
Winter and Saari, 1969; Bandfield et al., 2011; Vasavada et al., 2012; Hayne et al., 2017).
Similarly, regoliths on asteroids have been characterized for a few dozen remotely-
observed asteroids and from spacecraft visits to a handful of objects. The largest asteroids in
the solar system — (1) Ceres, (2) Pallas, and (4) Vesta — possess thermal inertias comparable
to the Moon (50 Jm?K-! s1/2; Wesselink, 1948; Cremers, 1975; Mueller and Lagerros, 1998;
Capria et al., 2014). The small asteroids (433) Eros and (25143) Itokawa have estimated
thermal inertias of ~150Jm2 K" s1/2 and ~700Jm2 K s/2, respectively (Mueller, 2007).
Spacecraft images of these asteroids (figure 2.1) reveal that Eros’ regolith consists of both
fine grains and small boulders (Robinson et al., 2002) and the surface of Itokawa is mostly

blocky with patches of coarse-grained regolith (Mazrouei et al., 2014). The Vestan surface,
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however, is covered in fine-grained regolith (Schroder et al., 2013) that is similar to the
Moon’s. Interestingly, the ~250 km diameter M-type asteroid (16) Psyche has a thermal
inertia of ~120Jm2K's /2, more than three times greater than similar sized asteroids
(Figure 5 in Matter et al., 2013). M-types are thought to be metal rich, which would lead to
a high thermal conductivity, possibly explaining to Psyche’s high thermal inertia. Overall,
the study of asteroid thermophysical properties is integral in developing our understanding
of the processes that produce and cultivate regolith.

The observed correlation of thermal inertia with size (Delbo’ et al., 2015; Hanus et al.,
2018; Rozitis et al., 2018) suggests that only larger asteroids harbor a “lunar-like” regolith,
whereas smaller asteroid regoliths are comprised of course sand or a higher fraction of blocky
material. Though there is evidence of a trend in thermal inertia with size, exceptions
exist, and the low number of objects in the current dataset precludes the separation of
different effects, making it impossible to deduce how size, along with rotation period, age,
and composition determine regolith grain size outcomes. In this work, I hypothesize two
mechanisms for regolith development: meteoroid impact degradation and thermal fatigue

cycling. These processes have been proposed as relevant for the formation and development

(a) Eros (b) Itokawa

Figure 2.1: Spacecraft images of the regolith on Eros and Itokawa taken by the NEAR
spacecraft and Hayabusa, respectively, at approximately the same scale.
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of regolith on asteroid surfaces. Currently, the knowledge ascertained from remote and in-
situ studies of observed asteroid regoliths have yet to provide confirmation of the effectiveness
of these processes.

Here, 1 propose and evaluate two tests aimed at investigating the effectiveness of the
two hypothesized regolith weathering mechanisms: 1) larger-sized asteroids exhibit well-
developed regoliths, quantified by smaller grain sizes, and 2) slowly spinning asteroids
have a poorly-developed regolith, characterized by larger grain sizes and boulders/blocks.
The relevance of each weathering mechanism can be examined by comparing the relative
correlation between regolith grain size and diameter or rotation period. If regolith is chiefly
generated from the micrometeoroid impacts then a strong correlation with asteroid diameter
is expected and if thermal cycling is effective, then I should observe a correlation with the
rotation period. Additionally, I investigate how the compositional properties of asteroids
affect the development of their regoliths and attempt to establish a mechanical weathering
timescale by using members of asteroid families (which have varying ages). By performing
statistical comparison tests between the grain size distributions of different spectral groups
and families I infer compositional dependencies and weathering rate, respectively.

In this work I present new thermal inertias for a large set (230+4) of asteroids and use
them in a thermal conductivity model in order to estimate a characteristic regolith grain size
for each object. I also include objects for which estimates of thermal inertia already exist,
and use this large grain size database to investigate factors that influence the regoliths of
these small bodies. Section 2.2 is a brief overview of the hypothesized formation mechanisms
that act to generate regolith on asteroid surfaces and introduces how I will test their relative
impact on the development of regolith. I describe my thermophysical model in section 2.3
and present those results in section 2.3.4. Next, the thermal conductivity model used to
estimate a characteristic grain size is given in section 2.5. Section 2.7 contains the statistical
analysis performed on the set of grain sizes, and section 2.8 discusses the results in the
context of both regolith formation mechanisms and possible relevant grain ejection, or loss,

processes.
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2.2 Background: Regolith Formation Mechanisms

Meteoroid Impacts When a meteoroid strikes an asteroid surface, a large amount of
energy is concentrated into a small area. Some of the energy from an impact is partitioned
into altering the near-surface material of the target body, albeit the exact fraction of energy
that goes into fracturing or mechanically weakening the target material is very uncertain.
Some of the energy is channeled into excavating material, called ejecta, at various initial
velocities that are dependent on the proximity to the impact site and the properties of the
impactor and target. If the target object is large enough, and/or if the kinetic energy of
the impactor is low enough, most of the ejecta is retained as regolith. Other factors, such
as the target strength and porosity, also play relevant, yet relatively underconstrained roles
in the production of craters and of regolith. However, Housen and Holsapple (2003) found
a clear inverse relationship between the ejecta-to-impactor mass ratio and porosity of the
target. Impacts that excavate into relatively undisturbed, but possibly fractured, bedrock
of an asteroid will throw up a thick blanket of boulders/blocks. After a few large impacts
a mega-regolith forms, in which the portion of fractured bedrock extends down to tens or
hundreds of meters beneath the surface; such is the case on Earth’s moon (Hartmann, 1973).
Asteroids that repeatedly survive high-energy impacts should have heavily fractured interiors

and will develop a regolith that is continuously overturned, or gardened.

Thermal Cycling Internal stresses caused by differential thermal expansion within a
thermochemically heterogeneous rock, brought on by the repeated heating and cooling, result
in the formation and further breakdown of regolith on large timescales. The effectiveness of
this thermal cycling process has been extensively simulated under the thermal environments
of airless solar system bodies (e.g., Molaro and Byrne, 2012) and its feasibility has been
demonstrated on meteorite samples (Delbo’ et al., 2014). Although rapidly rotating asteroids
should exhibit global, latitudinally-isothermal temperatures, Delbo’” et al. (2014) showed that
a cycling period of 2.2 hr is still sufficient to create and propagate thermal cracks. The process
is thought to act across several spatial scales, complicating attempts to characterize crack
growth and breakdown and to estimate a timescale on which it acts, although Molaro and

Byrne (2012) predict that asteroid surfaces experiencing short thermal cycles facilitate larger
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spatial thermal gradients. A small amount of heterogeneity within the material structure
(from mineralogical differences or pores of empty space) can increase the nominal peak stress
(ranging across 10s of MPa, depending on the composition) by at least a factor of 3 (Molaro
et al., 2015). These micro-cracks originate near mineral grain boundaries, prefer to grow
perpendicular to the local surface, and ultimately join with other micro-cracks to reach sizes
of several centimeters (Delbo’ et al., 2014; Molaro et al., 2015). The propagation of the
thermal wave within a boulder initiates cracks at the microscale throughout the interior
throughout the diurnal cycle. Growth of large-scale cracks occur in the direction of the
heat flow throughout the boulder, and are thus able to transverse a rock that is several
times larger than the initial fracture. Molaro et al. (2015) studied the sensitivity of their
micro-stress model to changes in the material properties of the rock and found the thermal
expansion coefficient and Young’s modulus (£; which describes tensile elasticity) to be the
most influential, and that thermal conductivity, surprisingly, does not significantly affect the

rate of crack growth.

2.3 Observations & Thermophysical Modeling

I use data from the Wide-field Infrared Survey Explorer (WISE) and the thermophysical
modeling (TPM) approach presented in chapter 1, and re-summarized below. Absolute
magnitude (Hy ) and slope parameter (Gy ) from Oszkiewicz et al. (2011), and P, from the
Asteroid Lightcurve Database (ALCDB; Warner et al., 2009) are used as TPM input values
for each object (table 2.1) along with mean and peak-to-trough fluxes calculated from sparse
lightcurve data. In section 1.5 I describe that the mean and peak-to-trough flux quantities
were extracted from the thermal light curve via simple geometric average and subtracting
the maximim and minimum values, respectively. Although those simplistic calculations are
useful for dense lightcurve data, they can be problematic when used on sparsely sampled
lightcurves for reasons discussed in section 2.3.2. The results of the TPM implementation
on these fluxes are given in section 2.3.4. For reference, I include the results from table 1.4

separated in the topmost section of the table.
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Table 2.1: Absolute Magnitudes, Slope Parameters, and Rotation Periods used as TPM Input

Object Hy Gy Pu () | Object Hy Gy P (br) | Object Hy Gy Py (hr)
(91) Aegina 8.795 0.200 6.0250" | (1759) Kienle 13.01 0.277 29.25 (4908) Ward 13.61  0.206 10.96
(155) Scylla 10.87 0.087 7.9597 (1768) Appenzella 12.33  0.056 5.1839 (5035) Swift 12.25 0.236 9.4752
(271) Penthesilea 9.724 0.134 18.787 (1807) Slovakia 12.25 0.162 308.0 (5052) Nancyruth 14.21 0.134 17.204
(295) Theresia 9.841 0.185 10.730 (1896) Beer 13.69 0.251 3.3278 (5080) Oja 12.64 0.280 7.2220
(322) Phaeo 8.986  0.211 17.5845 (1936) Lugano 11.41  0.046 19.651 (5088) Tancredi 12.51  0.181 5.0591
(343) Ostara 11.51 0.148 109.87 (1979) Sakharov 13.63  0.485 7.5209 (5104) Skripnichenko  11.93  0.162 2.8270%
(444) Gyptis 7.837 0.193 6.214 (2005) Hencke 12.10 0.224 10.186 (5226) Pollack 13.12 0.284 2.725
(463) Lola 11.43 0.105 6.206 (2072) Kosmodemyanskaya  12.69  0.343 4.4 (5333) Kanaya 12.86  0.066 3.8022
(464) Megaira 9.586  0.119 12.726 (2106) Hugo 12.18  0.096 6.9297 (5378) Ellyett 13.68 0.207 47.32
(493) Griseldis 10.72 0.183 51.940 (2111) Tselina 10.48 0.283 6.563 (5427) Jensmartin 13.65 0.287 5.810
(500) Selinur 9.316 0.316 8.0111 (2123) Vltava 11.46  0.170 34.0 (5527) 1991 UQs 13.57  0.209 4.2554
(520) Franziska 1049  0.252 14.0 (2140) Kemerovo 11.24  0.143 9.2 (5574) Seagrave 12.20  0.319 4.6629
(538) Friederike 9.342  0.085 46.728 (2144) Marietta 11.16  0.254 5.489 (5592) Oshima 11.68 0.119 12.54
(558) Carmen 9.065 0.354 11.387 (2177) Oliver 11.84 0.226 6.1065 (5604) 1992 FE 17.35 0.309 5.3375
(562) Salome 9.870 0.188 6.351 (2203) van Rhijn 11.52  0.201 30.55 (5682) Beresford 13.54 0.238 3.769
(567) Eleutheria 9.047  0.263 7.717 (2204) Lyyli 11.93 0.141 11.063 (5712) Funke 12.75 0.217 3.950
(583) Klotilde 9.009 0.143 9.2116 | (2214) Carol 1155  0.082 4.987 (6091) Mitsuru 13.08  0.074 5.853
(651) Antikleia 9.952  0.229 20.299 (2239) Paracelsus 10.92 0.344 6.101 (6121) Plachinda 13.29  0.266 4.0863
(656) Beagle 9.833 0.145 7.035 (2268) Szmytowna 11.51  0.119 11.260 (6139) Naomi 12.18 0.284 21.35
(662) Newtonia 10.40 0.402 16.46 (2275) Cuitlahuac 12.46  0.208 6.2891 (6170) Levasseur 13.44 0.357 2.6529
(668) Dora 11.81 0.123 22.914 (2297) Daghestan 11.28 0.203 7.75 (6185) Mitsuma 12.90 0.087 21.05
(670) Ottegebe 9.362  0.255 10.045 (2306) Bauschinger 12.05 0.110 21.64 (6261) Chione 14.07 0.218 5.3334
(688) Melanie 10.58 0.120 18.87 (2332) Kalm 10.85 0.180 22.8 (6361) Koppel 13.18 0.230 9.1122
(734) Benda 9.888  0.285 7.110 (2347) Vinata 11.21  0.175 4.4835 (6572) Carson 12.41  0.125 2.8235
(735) Marghanna 9.558  0.151 15.95 (2365) Interkosmos 11.29 0.218 6.1548 (6838) Okuda 12.07  0.287 8.983
(793) Arizona 10.03 0.376 7.399 (2375) Radek 10.35 0.168 16.875 (6870) 1991 OM; 13.85 0.240 4.487
(826) Henrika 11.34 0.083 5.9846 (2446) Lunacharsky 12.91 0.134 3.613 (6901) Roybishop 13.27  0.084 4.682
(829) Academia 10.77 0.107 7.891 (2463) Sterpin 11.87 0.324 13.44 (6905) Miyazaki 11.47  0.180 2.7418
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Table 2.1 — continued

Object Hy Gv  Pu (hr) | Object Hy Gy P (br) | Object Hy Gy P (r)
(883) Matterania 1250  0.228 5.64 (2500) Alascattalo 12.49  0.254 2.754 | (6911) Nancygreen ~ 14.02  0.233 59.1
(906) Repsolda 9.244  0.180 15.368 | (2556) Louise 1323 0.308 3.809 | (7476) Ogilsbie 11.37  0.104 3.92
(918) Itha 1058 0.310 3.47301 | (2567) Elba 11.60  0.148 0.7785 | (7783) 1994 JD 1423 0.265 31.83
(972) Cohnia 9.436  0.137 18.472 (2687) Tortali 11.82  0.207 21.75 (7829) Jaroff 14.50  0.560 4.398
(977) Philippa 9.672  0.107 15.405 | (2786) Grinevia 11.95 0.352 2011 | (7832) 1993 FAgr 1374 0.183 8.295
(987) Wallia 9.430  0.240 10.0813 | (2855) Bastian 12.95  0.102 35160 | (7949) 1992 SU 12.25  0.038 17.91
(998) Bodea 1135  0.152 8574 | (2870) Haupt 1278 0135  274.0 (8213) 1995 FE 13.56  0.237 2.911
(1018) Arnolda 1101 0373 14.617 | (2947) Kippenhahn 1258 0.163 10.5 (8862) Takayukiota 1276 0.150 3.2549
(1047) Geisha 11.87  0.241 25.62 (2985) Shakespeare 11.94  0.144 6.06 (8887) Scheeres 12.62  0.253 2.9827
(1051) Merope 9.935  0.172 27.2 (3036) Krat 10.14  0.061 9.61 (9297) Marchuk 1217 0.102 18.09
(1076) Viola 12.05 0.215 7.336 (3051) Nantong 12.22  0.080 3.690 (10936) 1998 FN11 12.50 0.123 25.70
(1077) Campanula 12.18 0.194 3.8508" (3144) Brosche 13.86  0.181 3.300 (11549) 1992 YY 12.07 0.289 2.671
(1083) Salvia 12.06 0.273 4.23 (3162) Nostalgia 11.29 0.185 6.412 (11780) Thunder Bay 12.82 0.134 295.0
(1095) Tulipa 1027 0.193 2.78721 | (3249) Musashino 13.40  0.241 455271 | (12376) Cochabamba  13.28  0.238 6.32061
(1109) Tata 9.861 0.161 8.277 | (3267) Glo 1273 0.166 6.8782 | (12753) Povenmire ~ 12.61  0.177 12.854
(1123) Shapleya 1151 0.220 52.92 (3305) Ceadams 1219 0.238 2.720 | (13474) V'yus 1359 0.167 6.587
(1125) China 11.52 0.156 5.367 (3411) Debetencourt 13.37  0.197 9.93 (13856) 1999 XZ105 12.84 0.133 4.4475
(1136) Mercedes 10.93 0.207 24.64 (3438) Inarradas 11.69 0.183 24.82 (14342) Iglika 12.31 0.154 3.9867
(1142) Actolia 1018 0.273 10.730 | (3483) Svetlov 14.02  0.465 6.790 | (14950) 1996 BEy 1359 0.183 3.2791
(1152) Pawona 11.13 0.349 3.4154 (3509) Sanshui 12.17  0.254 13.68 (15362) 1996 ED 13.54  0.199 31.4
(1162) Larissa 9.594  0.490 6.516 | (3536) Schleicher 13.85  0.243 5.79 (15430) 1998 URs;  14.04 0.162 2.5273"
(1224) Fantasia 1143 0.233 4.995 | (3544) Borodino 12.32  0.186 5.442 | (15499) Cloyd 1277 0.128 6.878
(1258) Sicilia 1044 0.065 13.500 | (3554) Amun 1558  0.181 2.53001 | (15914) 1997 UMs 14.08  0.210 12.8
(1281) Jeanne 11.43 0.114 15.2 (3560) Chengian 10.86  0.257 18.79 (16681) 1994 EV~ 14.34  0.337 5.3147
(1288) Santa 1123 0.143 8.28 (3628) Boznemcova 1271 0.198 333541 | (16886) 1998 BCz6  13.04 0.233 5.9908
(1296) Andree 11.60 0.194 5.18367 (3751) Kiang 11.56 0.175 8.2421 (17681) Tweedledum 14.53 0.496 75.2
(1299) Mertona 11.48 0.364 4.977 (3823) Yorii 12.91 0.171 6.669 (17822) 1998 FMi35 13.52  0.220 4.613
(1310) Villigera 1149 0.229 7.830 | (3907) Kilmartin 1174 0.224 3.841 | (18487) 1996 AUs 12.63  0.188 6.512
(1316) Kasan 12.93  0.246 5.82 (3915) Fukushima 11.96  0.082 9.418 | (19251) Totziens 1341 0.124 18.446
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Table 2.1 — continued

Object Hy Gv  Pu (hr) | Object Hy Gy P (r) \ Object Hy Gy P (r)
(1325) Inanda 12.13 0.236 20.52 (3935) Toatenmongakkai 11.86  0.236 106.3 (20378) 1998 KZ46 12.84 0.243 5.14
(1335) Demoulina 12.74 0.301 74.86 (3936) Elst 12.89 0.219 6.6322 (20932) 2258 T-1 13.33 0.144 4.3239
(1352) Wawel 11.07 0.233 16.97 (4003) Schumann 11.10 0.149 5.7502 (21594) 1998 VP3; 13.08 0.091 5.5865
(1375) Alfreda 11.45 0.320 19.14 (4006) Sandler 12.55 0.183 3.40 (23200) 2000 SH3 12.97 0.156 16.22
(1412) Lagrula 12.24 0.272 5.9176 (4008) Corbin 12.94 0.110 6.203 (23276) 2000 YT101 14.26  0.045 3.661
(1443) Ruppina 10.97 0.287 5.880 (4029) Bridges 12.65 0.241 3.5746 (24101) Cassini 12.89 0.167 3.986
(1452) Hunnia 11.94 0.122 17.2 (4142) Dersu-Uzala 13.18 0.272 140.0 (27851) 1994 VG2 13.64 0.125 7.733
(1501) Baade 11.86 0.217 15.132 (4150) Starr 12.70  0.240 4.5179 (28126) Nydegger 15.13 0.154 3.783
(1517) Beograd 10.98 0.147 6.943 (4255) Spacewatch 13.08 0.268 20.0 (30470) 2000 OR19 13.85 0.153 23.02
(1536) Pielinen 12.57 0.308 66.22 (4264) Karljosephine 13.33  0.180 30.96 (32802) 1990 SK 13.87 0.223 2.427
(1542) Schalen 10.46 0.316 7.516 (4294) Horatius 12.62 0.135 12.499 (33916) 2000 LF1g 14.39 0.138 4.4099
(1565) Lemaitre 12.71 0.321 11.403 (4352) Kyoto 11.62 0.245 21.9352 (41044) 1999 VWg 13.12  0.146 2.734
(1567) Alikoski 9.550  0.152 16.405 (4359) Berlage 13.47 0.135 7.413 (41223) 1999 XDs¢ 13.43 0.066 32.52
(1573) Vaisala 12.23 0.249 252.0 (4363) Sergej 13.29 0.233 13.04 (41288) 1999 XD1o7 14.19 0.154 4.36
(1577) Reiss 12.65 0.397 4.5050 (4383) Suruga 13.08 0.332 3.4069 (42265) 2001 QL¢9 13.24 0.157 8.6
(1628) Strobel 10.01 0.107 9.52 (4528) Berg 12.03 0.271 3.5163 (42946) 1999 TUgs 13.67  0.202 3.42
(1644) Rafita 11.41 0.321 6.800 (4565) Grossman 12.77  0.255 4.7429 (44892) 1999 VIg 12.83 0.259 5.872
(1651) Behrens 12.13 0.364 34.34 (4569) Baerbel 12.13  0.209 2.737 (45436) 2000 AD17¢ 14.22  0.105 18.47
(1655) Comas Sola 10.96 0.243 20.456 (4613) Mamoru 11.61  0.165 5.388 (68216) 2001 CV2g 16.38  0.244 2.4290
(1702) Kalahari 10.92 0.238 21.153 (4713) Steel 13.29 0.339 5.199 (69350) 1993 YP 15.29 0.293 31.79
(1723) Klemola 10.04 0.257 6.2545 (4771) Hayashi 12.48 0.122 9.801 (72675) 2001 FPs4 14.38  0.067 2.50
(1734) Zhongolovich 11.50 0.111 7.171 (4898) Nishiizumi 14.21  0.421 3.289 (90698) Kosciuszko 14.17  0.196 5.014
(1741) Giclas 11.45 0.324 2.943 (4899) Candace 12.75  0.209 40.7

Note. TIndicates a Py value that has been truncated from the reported value at four decimal places.
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2.3.1 Data Description

In 2010, WISE mapped the entire sky, from an Earth orbit, in four photometric filters: 3.4,
4.6, 12, and 22 pm, respectively referred to as W1, W2, W3, and W4 (Wright et al., 2010).
WISE was designed as an astrophysics all-sky mapping mission, but its infrared sensors
could serendipidously detect the thermal emission from warm asteroids in the inner solar
system. A data-processing enhancement (NEOWISE; Mainzer et al., 2011a) to the nominal
pipeline was thus designed and implemented to identify and measure the emission from these
solar system objects. Since this mapping survey did not target moving objects, the asteroids
were only observed for a relatively brief (typically less than a couple days) period of time,
referred to as an epoch. Each epoch of observations nominally yielded 10 to 20 individual
measurements that were separated by ~1.6 hr — the orbital period of WISE. NEOWISE
stores the extracted flux data at the Infrared Processing and Analysis Center' (IPAC) and
reports each detection of a moving solar system object to the Minor Planet Center? (MPC),
where the information regarding the sky position and time of observation can be retrieved.
In downloading the data, I used the MPC observation file to parse the WISE All-Sky Single
Exposure (L1b) catalog on IPAC’s Infrared Science Archive (IRSA) and select detections
acquired within 10 s of that reported to the MPC, with a search cone of 10”. T shift the
isophotal wavelengths of the filters and perform a color-correction to the fluxes (Wright
et al., 2010), as per the recommendation of the WISE Explanatory supplement Cutri et al.
(2012). Since the criteria used to parse IPAC can potentially return contaminated (i.e., by
a background star or galaxy) or unwanted (non-asteroid) infrared sources from the catalog,
I employ Peirce’s Criterion (Peirce, 1852; Gould, 1855) on the infrared color, W4-W3, as

detailed in chapter 1, to ensure inclusion of only uncontaminated observations of asteroids.

2.3.2 Sparse Lightcurve Sampling

Due to the nature of the orbit and observing cadence of WISE, any given asteroid will be
visited an average of a dozen times, with each instance separated by ~1.6 hours. This sparse

sampling does not allow for the construction of a well-characterized rotational lightcurve.

http://irsa.ipac.caltech.edu/Missions/wise.html
2http://www.minorplanetcenter.net/
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Since observations are taken at irregularly-spaced rotational phases — depending both on
the number of observations and the object’s rotation period — infrared photometry may be
missing for crucial points of an object’s lightcurve, such as the minima and maxima. The
WISE orbital cadence may over-sample certain rotational phases, which poses a challenge for
extracting scientifically-important characteristics such as the mean and peak-to-trough range
of the lightcurve. I present here a technique for extracting these parameters from a small
photometric set of observations, given an object’s rotation period. Applying this approach to
the objects analyzed in chapter 1 does not significantly change those previously-determined
flux estimates tabulated in table 1.3. The WISE fluxes computed from this method, along
with observing circumstances, are detailed in table 2.2 and denoted as W3 and W4.

First, I step through each possible pair of flux measurement points and compute their
average and difference so that for the ith and jth point the mean and range (absolute
difference) are m;; and r;;, respectively. The flux uncertainties (§f) are summed in

quadrature, so that the errors in each mean (dm;;) and range (dr;;) are given by:

2(5771,1']' = (S’l“ij = \/(Sf,? + 6fJ2 (21)

Note the factor of 2 associated with the mean, as per the rules of error propagation.
Proceeding, I calculate a weighting factor, s;;, based on the separation in rotational phase
(normalized to 27 radians) of the two points, ¢; — ¢;. In this weighting scheme, pairs that
sample around the same rotational phase or half a turn (¢; —¢; = 0,1/2), are given a weight
of s;; = 0, and pairs separated by a quarter turn (¢; — ¢; = 1/4,3/4) have s;; = 1 (top left
panel of figure 2.2).

The weighted flux mean (F) and error (§F) are then given by:

22 D0 magdmi; s

15>

> 0my s

i J>i

F = (2.2)

and

= _ S 252,
oF = ;]2 mi;”s;; nggj. (2.3)
i j>i
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Figure 2.2: Graphical depiction of applying Equation 2.2 and Equation 2.4 toward computing the mean (lower left) and flux
range (lower right) of W3 data for 167 (Urda). The upper left panels shows the W3 fluxes and upper right shows the weights
applied to pairs as a function of phase separation. The red dashed line and dotted lines give the best-fit and 1o uncertainty for
the mean and amplitude of F = 451.8 £ 5.2 mJy and $F = 142 + 10 mJy.
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Table 2.2: WISE Observation Circumstances and Fluxes

Object UT Date® At N¢  Rau?  Aap® a (°)f Fwa? O Fws Fwa? OFwal
91) Aegi 17 Jan 2010 1.125 12 2.604 2376 2219 860441238 272142350 1202004260 3602+ 442
ceta 5Jul 2010 1.258 12 2772 2491  -21.43 55394797 1289+ 1590 103604230 2003+ 393
(155) Syl 30 Jan 2010 1125 12 2.860 2694  20.14 599.04£6.9 15524147 1388 427 363.3+ 55.6
e 16 Jul 2010 3.902 20 3.252 2999  -1812 299.143.7  92.3047.06 858.8419.0  241.3+36.9
(371) Penthesi 20 Jan 2010 0.992 10 3.278 3.104  17.46 8492492  152.4+185 2411 + 45 341.6+73.0
entnesilea
6Jul2010  1.258 15 3.306 3.056 -17.83 789.94+9.3  169.0+18.8 9296 + 41 493.3+76.6
(295) Theresi 31 Jan 2010 1125 11 3.122 2977  18.39 198.6+£2.6  22.024+5.41 547.7+12.6  46.63 + 24.87
cresia 22 Jul 2010 0.992 12 3.257 3.023  -18.12 1552422  16.47+4.28 A57.0410.0  46.24+19.72
(322) P 25 Jan 2010 0.992 8 3.445 3.302  16.60 605.146.8  183.34+13.3 1858 + 38 467.2+76.5
aco 10 Jul 2010 1121 10  3.281  3.022  -17.95 880.6+£9.8  225.6419.3 2389 + 46 601.7+109.3
(313 Ot 12 Jan 2010 0.992 11  2.678 2443  21.51 1651423  62.98-+4.39 3504496  234.7+16.7
stara
" 25 Jun 2010 1.254 14  2.916  2.656  -20.33 139.041.9  51.18+3.62 3433492 12274183
(11) Gy 30 Jan 2010 1125 9  3.150  3.005  18.22  7650+1114 317942370 1450042050 2603+ 4636
ypus 20 Jul 2010 1.258 12 2.925  2.673  -20.27 1506042180 359444736 2164043100 2781 + 6289
(163) Lo 7Jan 2010 0598 6 2.904 2.659  19.73 182.6+2.5  28.24+4.94 43544112 40.06+21.72
o 14 Jun 2010 1.254 12 2903 2.616  -20.36 149.7+2.0  28.6943.88 380.149.2  65.19+ 17.67
(464) Megai 9 Jan 2010 0465 6 3.371  3.162 1692 1033411 74.80£21.49  3016+39 181.1+60.3
egalira
sair 17 Jun 2010 3.504 26  3.320 3.071  -17.73 11484149 148042854 3254465 369.4+ 137.7
(193) Griseldi 13 Jan 2010 0.727 3487 3298 1636 2354429 76844577 73744145  268.0+33.0
rseidis 26 Jun 2010 0.992 3621  3.399 -16.25 199.6+25  44.93+4.97 656.6+15.0  153.2429.1
(500) et 7Feb 2010 1.258 9 2951 2764 1952 4467450  115.8+94 1218 427 232.3 4 56.3
e 27 Jul 2010 1.125 11 2785 2514  -21.30 7183481  121.6+158 1724 + 28 202.7+ 58.5
(520) Fransick 19 Jan 2010 0.859 11  3.207 3.029  17.86 107.1+1.7  72.43+3.39 3301479 18954155
a SKa
ran 5Jul2010 1254 13 3.305 3.056 -17.83 1050415  58.25+3.30 3351483  167.9+19.0
(559) Triederi 15 Feb 2010 1.125 12 3.586 3439 1599 595.8+6.8  109.7413.7 1862 + 43 391,44+ 104.5
riederike
3 Aug 2010 0.992 11 3403 3.160 -17.27 840.1494  164.7+17.9 2448 + 40 396.7 4 77.0
(558) 3Feb 2010  3.906 23 2.937 2769  19.60 1058483 444.3+2453  2514+44 565.0 + 113.1
men
o 27 Jul 2010 1.258 16 3.000 2.746  -19.71  1048+108  306.9+265.2 2580+ 44 582.9 4+ 80.2
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Object UT Date® Atgps® N¢  Rau? Aav®  a (°)f w39 SW3h W49 SWah
(562) Sal 22 Jan 2010 0.992 13 3.225 3.061  17.76 186.7+24  54.54+5.04 501.6£13.7  152.9424.1
alome 10 Jul 2010 1.258 15 3.095 2.828  -10.07 2465434  74.90+7.48 707.04159  199.2+31.9
(567) Eleuthen 20 Jan 2010 0.992 10 2.835 2637  20.30 32184465  940.24901.3 67814101 1590+ 188
) Eleutheria 10 Jul 2010 1.254 14 2871  2.588  -20.62 26544386 10294802 5886+ 107 2048+ 231
(583) Klogild 26 Jan 2010 0.992 8 2771 2595  20.81 29684426 530148762 63254117 1104+ 165
otilae
21 Jul 2010 0.992 10 3.016 2769 -19.63 16254233  278.2+478.3 4226+ 90 812.8+219.9
(651) Antikie 29 Jan 2010 1125 11 3312 3172 17.30 1625421  43.804+4.03 510.6+13.8  117.9431.7
Hhe 17 Jul 2010 3.902 20 3.306 3.059 -17.82 187.1424  52.87+4.69 559.9412.7  154.1422.3
6561 Boanl 31 Jan 2010 1.258 12 2.824 20661 2042 813.7+132.2 12754281 9342 + 49 1780 + 124
(656) Beagle 27 Jul 2010 1.125 14  3.031 2779  -19.50 5542475  426.9+15.4 1593 + 29 1303 + 62
(662) Newton: 17 Jan 2010 0.992 10 2.681 2462  21.51 214.6+28  1225+6.1 4984+ 11.8 24274263
€ onla
v 7Jul 2010 1.391 18 2.289  1.961  -26.24 532247.0  395.5+14.3 1029 + 21 478.6+ 38.8
(668) D 17 Jan 2010 0.992 9 3219 3.033 1778 1048+15 42354297  291.0484  107.8+16.5
ora
2 Jul 2010 1.258 15  2.895  2.626  -20.47 156.64+2.1  84.84+3.96 384.6+11.2  203.1424.4
(670) Ottegeb 26 Jan 2010 0.996 9 3.332  3.187 1718 1835425  40.3745.03 503.04£12.3 11244262
esebe 12 Jul 2010 1125 13 3.206 2.942  -18.38 207.04£2.6  53.4245.45 638.6+13.6  175.1423.9
(65%) Mot 25 Jan 2010 0.992 11 2.808 2629 2052 6459474  2243+15.7 1461 + 30 571.7+55.9
elanie
m 15 Jul 2010 4.301 25 2566  2.269  -23.22 964.6+11.2  291.0422.2 2012 + 35 569.2 4 72.7
(734) Bend 13 Jan 2010 0727 8 3.237 3.038  17.66 94914112 31024228 2624 + 47 594.0 +90.8
enca 28 Jun 2010 0.992 12  3.363  3.125 -17.53 7555483  281.2416.1 2189 + 45 752.8+99.7
(35) Margh 3Feb 2010 3770 20 3.313 3156  17.31 864.6+10.7  173.14+25.5 2374 + 46 390.9+91.0
arghanna 23 Jul 2010 0.594 8 2.873 2616  -20.64 21614310  270.24622.6 439178 731.5 4+ 175.8
(793) Ari 1Feb 2010 0992 10 3.046 2.897  18.87 159.7+22 31254463 45184118  76.92+21.93
ona
o 23 Jul 2010  1.125 13 2.871  2.613 -20.65 210.842.7  22.51+5.66 557.4413.0  52.99+24.17
(526) Homnik 16 Jan 2010 0.859 8 2547 2314 2270 268.74+3.9  87.78+£8.22 504.5+18.9  213.4+44.8
enra 10 Jul 2010 1.387 14 2230 1.889  -26.96 491.2+59  1455+11.1 970.3+19.6  249.1 +38.7
(529) Acaden 17 Jan 2010 0.992 9 2797 2587 2058 654.84+7.9 2955+ 15.2 1498 + 29 598.2 4+ 52.8
cadema 3 Jul 2010.  1.258 12  2.835  2.561  -20.92 695.0+83  238.3+15.4 1578 + 32 522.5+ 59.5
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Object UT Date® Atgps® N¢  Rau? Aav®  a (°)f w39 SW3h W49 SWah
16 Jan 2010 0.992 8 2.571 2.341 22.47 27.42£0.79 12.08 +1.64 63.19 £4.22 29.54 £8.82
(883) Matterania
3 Jul 2010 1.121 14 2.261 1.933 -26.60  43.3740.90 26.01 £1.80 91.33+4.19 51.78 £8.21
13 Feb 2010 1.125 13 3.000 2.821 19.21 1146 4+ 158 323.3£310.1 3026 £49 478.9£83.8
(906) Repsolda
3 Aug 2010 1.258 12 2.864 2.589 -20.65 1840 + 264 350.0 £ 546.8 4302 £ 66 1088 + 104
(918) Tth 25 Jan 2010 0.992 8  3.286 3.136 17.43 52.28 £0.97 14.68 +1.94 182.9+5.8 41.91£11.12
a
12 Jul 2010 1.125 10 3.058 2.786 -19.31 102.4+1.6 24.24+£3.13 306.8£7.5 78.31+£13.81
(972) Cohni 16 Feb 2010 1.125 9 3.662 3.519 15.65 670.6 £7.6 101.1+15.4 2081+ 34 340.1 +£68.1
ohnia
4 Aug 2010 1.125 11 3.426 3.184 -17.14  916.94+10.1 197.6 £17.7 2677 £53 575.4+£120.3
(977) Phil 19 Jan 2010 0.992 12 3.038 2.850 18.88 1088 + 137 462.3 £279.3 2976 £ 57 1028 + 149
ilippa
bp 7 Jul 2010 1.125 12 3.072 2.809 -19.23 1158 + 167 510.8 £326.7 3285+ 53 1150+ 117
(987) Wall 15 Feb 2010 1.125 11 3.365 3.210 17.07  344.4+44 64.07 £ 8.82 1088 £ 19 122.3+42.4
allia
5 Aug 2010 0.859 6 2992 2.723 -19.72 737.4+£8.6 53.58 £17.37 1810+ 33 64.21 +65.66
(998) Bod 7 Feb 2010 1.125 8 3.727 3.578 15.34 71.80£1.21 43.08 £2.29 258.6 £6.8 148.0 £ 14.7
odea
25 Jul 2010 0.992 10 3.560 3.338 -16.52 105.6+1.6 63.93 £2.88 354.5£8.6 211.5£16.0
(1018) Arnold 10 Feb 2010 0.992 10 2.858 2.668 20.20 69.15+1.15 27.09£2.17 190.7+6.3 74.98 £13.27
rnolda
3 Jul 2010 1.387 10  2.439 2.136 -24.49 151.5+2.1 91.37+3.85 347.0£9.0 183.8 +18.6
(1047) Geish 17 Jan 2010 0.992 12 2.651 2.429 21.77  52.484+0.99 19.88 £2.07 122.7+4.8 46.02+9.21
eisha
' 1 Jul 2010 1.391 14 2.637 2.350 -22.58 50.23 £0.97 23.05£1.92 120.2+4.9 50.83 £8.98
(1051) M 26 Jan 2010 0.859 11 3.396 3.254 16.85 587.6 £6.4 93.96 +13.64 1701+ 30 320.3+57.5
erope
P 13 Jul 2010 1.258 14 3.259 3.000 -18.08 7242£7.7 134.1+£14.7 2024 £42 349.1 £102.6
(1076) Viol 24 Jan 2010 0.992 10 2.503 2.295 23.15 334.8£4.0 36.84 +8.26 677.5+£14.0 39.52 4+ 29.06
iola
13 Jul 2010 1.258 14 2.729 2.431 -21.74 247.7£3.1 41.024+5.88 535.4 £12.7 76.71 £ 23.36
22 Jan 2010 0.992 10 2.850 2.662 20.19 23.19£0.68 10.91+1.30 69.82£4.21 38.68 = 8.96
(1077) Campanula
8 Jul 2010 1.258 11 2.678 2.386 -22.20 28.91£0.70 13.18 +£1.39 82.05£4.02 31.76 = 7.44
(1083) Salvi 7 Jan 2010 0.992 11 2.018 1.692 29.08 141.8+2.0 94.99 +4.03 264.5£6.8 168.3+14.1
alvia
v 29 Jun 2010 0.992 13 2.361 2.048 -25.40 86.86 +1.39 34.85+2.93 183.5+5.6 68.22+11.41
(1095) Tuli 12 Jan 2010 0.992 10 2951 2.733 19.44 215.3£2.7 50.85£5.76 599.9 £12.7 140.7+£25.3
ipa
P 29 Jun 2010 1.254 16  2.970 2.709 -19.93 180.1+2.4 53.84 £5.06 530.7 £12.7 141.0+23.6
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Object UT Date® Atgps® N¢  Rau? Aav®  a (°)f w39 SW3h W49 SWah
(1109) Tat 10 Feb 2010 1.125 12 2.987 2.804  19.20 13184190  351.9+388.2 305859 350.0 4+ 111.7
o 4 Aug 2010 1125 8 2.894  2.620 -2042 15814227 233244641 3405465 722.5 4+ 152.6
(1123) Shap! 9 Feb 2010  1.258 13  2.566 2352 2261 71.23+41.28  35.78+3.05 161.94539  66.59+11.27
) Shapleya 20 Jul 2010 1.258 12 2.518  2.223  -23.68 80.40+1.25  43.53+2.43 1754462  89.60+13.11
(1125) Oni 12 Feb 2010 1.125 10 3.187 3.017 1804 111.0415  55.77+3.09 3445495  168.6+17.8
1ma
1 Aug 2010 0.992 11 3500 3263 -16.78 86.05+1.29  36.15+2.67 203.047.5  136.1+17.0
(1136) Merced 4Feb 2010 3770 22 3.079 2917 1867 1572421  54.11+44.11 41894103  116.9+21.3
ereedes 24 Jul 2010 1121 12 2745 2475  -21.64 3593442  66.54-+8.61 78044173  154.0429.5
149 Aot 27 Jan 2010 1.125 10 2944 2780  19.54 1365418  24.48+3.62 369.7+10.7  63.15+21.98
(1142) Actolia 23 Jul 2010 1.258 11  2.900 2.642  -20.44 1494420  50.21+4.38 390.6£10.1  114.14+22.8
(15 P 16 Jan 2010 0.992 12  2.324  2.068  25.02 2067429  37.61+£643 44024124  102.1+26.6
awona
a 9 Jul 2010 1.391 14 2344  2.019  -2556 2431432  41.58+6.18 519.9411.2  87.69 4 26.02
(1162) Lari 928 Jan 2010 1.254 12 3.610 3.480  15.83 1832424  68.91+5.02 607.7414.2  214.9+33.2
aissa 22 Jul 2010  1.258 10 3.514  3.292  -16.75 2242429  36.96+5.92 72584162  121.3430.9
122 Fantasi 8 Feb 2010 0594 8 2761  2.563  20.93 83.37+1.31  12.65+2.68 1958456  29.47+11.26
( antasia 26 Jul 2010 0.992 10 2.652  2.372  -22.42 85894146  14.52+2.79 216.146.6  20.33+12.08
(1258 Sicl 27 Jan 2010 1125 9 3303  3.160  17.34  367.044.6  55.84+9.12 1073+ 25 212.8+ 46.0
Ccll1a
e 16 Jul 2010 3.902 22 3283  3.036 -17.95 373.047.9  70.47+3376 1100435 259.0 +139.7
(1281) 3 14 Jan 2010 1.125 12 2567 2320 2251 4221451 948141048  851.7+19.6  156.1437.3
canne 6Jul 2010  1.391 15 2195 1.856 -27.45 6983484  248.8+ 158 1299 + 29 402.6 4 55.7
(1255) Sant 22 Jan 2010 0.992 8 3.052 2.875 1881 2414431  177.7+5.6 623.04+15.7  417.9+29.3
anta 11 Jul 2010 0.992 12 2993 2719  -19.75 3365444  172.948.7 82784187  418.7+40.2
(1296) And 20 Jan 2010 0.992 10 2310 2069  25.20 7209484 22394148 1363 + 24 361.0 4 50.6
ee
ner 10 Jul 2010 1.387 13 2571 2266 -23.16 3632443  108.8+85 827.54+18.1  200.9+32.0
(1209) Mert 19 Jan 2010 0.992 8 3.006 2815  19.09 51.624+1.00  23.62+2.06 1461453  63.74+11.01
ertona
4Jul 2010 0992 12 3230 2980 -1826 31.514+0.75  18.40+1.44 1035442  50.74+7.51
(1310) Vil 19 Jan 2010 0992 10 2170 1.910 2695 2133427  63.98-+5.28 385.64+11.2  121.8419.6
Hheera 2 Jul 2010 1.125 12 2778 2503  -21.38  61.414+1.08  15.08+£2.17 158.645.0  41.43410.28
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Object UT Date® Atgps® N¢  Rau? Aav®  a (°)f w39 SW3h W49 SWah
(1316) K 14 Jan 2010  0.992 9 3.022 2818 18.97  13.3040.52  1.927+1.058 32.35+£3.00  6.02445.970
asan
23 Jun 2010  1.125 10 3175 2938  -18.61 11.434+0.51  1.818+1.017 30.25+3.05  10.6046.30
(1325) Inand 18 Jan 2010  0.996 13 3.145  2.957 18.22  26.524+0.68  10.39+1.32 74.42+3.66  32.244+6.95
nanda
1Jul 2010  1.258 13 2915 2.649 -20.33 30424076  17.80+1.52 81.33+£4.22  59.7248.96
(1335) D i 8 Jan 2010  0.727 9 2560  2.300 2254  28.74+0.72  16.68+1.43 64.39+£3.65  38.5347.52
emoulina
21 Jun 2010  1.391 14 2565 2284  -23.27 22714070  26.5541.32 53.77+3.65  65.4947.00
(1352) Wawel 1 Feb 2010  1.125 11 2951  2.797 19.50  97.17+1.41  32.99+2.84 281.2+7.9 95.20 £ 15.20
awe.
25 Jul 2010  0.992 13 2950 2.693  -20.07 92.124+1.51  48.37+£2.98 275.4+ 7.8 147.9415.3
(175) Alfred 30 Jan 2010  1.258 11 2501  2.310 23.19 100.9+1.6 21.40 4 2.82 234.74+7.7 55.63 4 14.53
reda
24 Jul 2010  1.258 12 2599 2317 -2293  97.46+1.46  18.57+2.83 235.6 £ 6.9 47.80 £ 13.60
(1412) Lagrul 23 Jan 2010  0.992 12 2258  2.022 25.83  53.52+1.35  47.35+3.69 111.04+4.3 93.99 + 8.55
agrula
8 13 Jul 2010  1.254 11 2427 2102  -24.61 52.744+0.94  31.904+1.93 113.7+4.6 82.07+8.25
(1443) Ruppi 11 Feb 2010  1.125 12 3.029 2.851 19.01  52.19+0.98  25.00+1.80 161.9+5.9 71.18+12.14
u mna
P 3 Aug 2010  0.992 9 2933 2666 -20.15 60.264+1.02  20.21+2.26 183.3+5.9 58.84 +12.80
(1452) Hunni 23 Jan 2010  0.996 11 2.849  2.663 20.21 152.4+2.3 97.22+4.84 354.24+10.2  163.4+19.8
unnia
11 Jul 2010  1.254 11 3.183 2921  -1852 84.56+1.33  52.23+2.65 247.5+ 7.3 149.44+16.7
(1501) Baad 17 Feb 2010  1.258 3.142 2977 18.33  16.694+0.65  5.537+1.308 55.98+3.59  17.40+6.76
aade
5 Aug 2010  0.398 2,962 2691  -19.93 25.35+0.66  7.13941.298 75.874+3.57  23.1147.11
(1517) B J 30 Jan 2010  0.859 9 2718  2.545 21.24  657.0+8.1 95.67 £15.35 1456 + 34 186.34+61.5
eogra
s 25 Jul 2010  1.258 13 2.645 2366  -22.50 741.0+8.8 139.94+17.9 1576 + 37 311.5+90.9
(1536) Picli 17 Jan 2010  0.992 9 2634 2412 21.92  25.5240.70  21.03+1.41 61.204+3.33  52.30+6.64
lelinen
2 Jul 2010  1.391 16 2534 2236  -23.55 37.304+0.86  26.51+1.71 82.11+3.85  61.7048.21
(1542) Schal 21 Jan 2010  0.996 10 3.439  3.279 16.62  298.44+4.1 154.94+ 8.6 899.9+17.2  445.2+32.8
chalen
7 Jul 2010  1.254 12 3.406  3.157  -17.28  337.244.168  156.4 & 8.062 991.6£19.96  416.9440.93
(1565) Lemait 20 Feb 2010  0.992 12 3.092 2927 18.65  14.2240.56  3.013+£1.117 38.54+3.27  7.21846.449
emailtre
4 Aug 2010  1.258 11 2690 2403  -22.05 30.194+0.74  3.058 +1.446 66.17+£3.53  9.52447.161
(1567) Alikoski 16 Jan 2010  0.992 11 2951  2.745 19.45 17904 258 385.6 = 531.5 3970 4 64 611.1£108.1
1KOSK1
3 Jul 2010  0.727 8 3.027 2763 -19.53 16194232 273.7+£478.8 3789478 613.6 = 160.5

59



Table 2.2 — continued

Object UT Date® Atgps® N¢  Rau? Aav®  a (°)f w39 SW3h W49 SWah
L) Vel 4Feb 2010 3773 21 2.901 2729  19.87 23.46+074  16.20+ 1.41 61.87+3.71  44.56+7.75
(1573) Vaisala 21 Jul 2010 1.258 17 2.704 2437  -2201 40714087  27.40+ 1.69 94124384  82.24+8.28
(1577) Rei 8 Feb 2010 0.992 10 2599 2388  22.30 12124059  5.103+1.189  31.64+349  14.16+7.78
) Reiss 28 Jul 2010 0.594 6 2516 2228 -23.72  10.80+0.54  6.998+1.078  26.82+3.13  4.533+6.230
(1625) Strobel 26 Jan 2010 0.992 10 2.983  2.820  19.27 872.049.6  221.8+205 2158 + 43 519.6 + 107.9
rope.
14 Jul 2010 0.664 9 3.093 2819 -19.07 890.3+11.3 14874217 2318 + 48 370.9+ 100.8
U 19 Jan 2010 1125 11 2.394 2160 2425 1553422  37.2844.27 3108491  57.83+16.32
(1644) Rafita 9Jul 2010 1.391 13 2676 2.383  -22.21 117.9+1.7  14.21+3.28 252.6+7.0  34.16415.97
51 Bl 24 Jan 2010 1.258 11 2.041 1.785 2883 1563422  86.55+4.50 259.048.5  134.0+20.2
(1651) Behrens 27 Jul 2010 1.523 15 2147 1813 -28.12 1056+1.6  79.34+3.11 1970465  182.6+12.3
22 Jan 2010 0.992 12 2951 2771 1948 4194449  75.714+9.21 1039 + 21 169.0 + 36.3
(1655) Comas Sola
8 Jul2010 1125 11 3258 3.003 -18.09 249.8+3.0  63.90-+6.30 707.2415.6  144.6+35.0
26 Jan 2010 0.996 13  3.182  3.027  18.02 242.0+3.1  82.62+6.17 660.2+158  164.2+41.6
(1702) Kalahari
13 Jul 2010 1125 13 3.009 2.732  -19.63 384.6+4.6  149.2+9.3 04444216 25744426
1Feb 2010  1.258 15 2919 2762 1972 3017437 1027475 809.24+16.3  265.4+38.4
(1723) Klemola
26 Jul 2010  1.254 16 2.990 2736 -19.79  339.9+4.38  94.55+8.98 888.4+18.0  207.2437.2
5Feb 2010 3770 16 3.345 3.189  17.14 10T.1+1.7  27.52+3.61 3312494  80.04+18.30
(1734) Zhongolovich
25 Jul 2010 0.992 11 3.112 2.865 -18.98 2009428  37.73+5.28 522.1412.6  93.76 + 24.87
(74 Gia 14 Feb 2010 1.258 12 3.082 2910  18.69 26.54+0.71 453041426  86.16+44.08  16.84+8.32
s 5 Aug 2010  1.258 10 3.050 2.785  -19.33 43.04+0.89  9.065+1.767  118.14+4.9  27.52+10.04
o0 Kien] 31 Jan 2010 1.125 11 3.387  3.253  16.91 526040534 3.971+1.069  1557+3.60  23.29+6.90
(1759) Kienle 16 Jul 2010 3.902 21 3.079 2810 -19.17 11244058  6.387+1.162  33.2243.50  24.74+7.19
16 Feb 2010 0.859 8 2.8%6  2.706  20.01 1283419  33.28+£3.97 3134467  72.51413.66
(1768) Appenzella
4 Aug 2010 0.992 12 2766 2484  -21.41 1438421  45.99+3.85 3419495  113.6+17.5
98 Jan 2010 1125 13 2.622 2437  22.05 42.82+0.89  20.57+1.67 97.0844.58  101.0410.4
(01807) Slovakia
16 Jul 2010 4.168 21 2511  2.202  -23.74 44.36+1.02  41.55+2.35 94.07+435  89.3349.19
o) B 24 Jan 2010 1125 10 2.872  2.692  20.04 3.668-+£0.551 2.3724+1.110  12.894+3.43  8.372+6.634
(1896) Beer 10 Jul 2010 1121 10 2,674  2.377  -22.22 589840544 2.684+1.109  18.74+3.16  8.696 +6.395
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Object UT Date® Atgps® N¢  Rau? Aav®  a (°)f w39 SW3h W49 SWah
1036) L 29 Jan 2010  1.258 12 2357  2.152  24.70 847.6+10.4  84.614£20.44  1510.£24.79 115.8+56.66
(1936) Lugano 28 Jul 2010 1.254 11 2,577 2290 -23.11 7540488  72.25+16.44  1375+24 99.09 + 48.34
3 Feb 2010  0.598 9 2542 2362  22.80 11.48+£0.61  3.2704£1.205  27.33+3.41  18.20£6.96
(1979) Sakharov
27 Jul 2010  1.258 13 2611  2.327 -22.80 7.480+0.530 2.5134+1.069  18.85+£3.27  9.564 % 6.457
(2005) Henck 13 Feb 2010  1.125 3.055 2.880  18.86 124640053  2.008+1.088  39.10£3.33  9.072+£6.557
encke
1 Aug 2010 0.992 3.019 2759 -19.56 15.26+£0.56  2.7624+1.138 48414343  11.77+6.98
29 Jan 2010  1.254 13 2.695 2517  21.43 4.511+0.524 1.48841.040  14.38+£3.28  7.749 4+ 6.683
(2072) Kosmodemyanskaya
20 Jul 2010  1.254 9 2840 2582 -20.90 3.577+£0.501 0.9550.958  11.224+4.04  6.158 +8.638
(2106) H 15 Feb 2010  0.992 11 2964 2.785  19.46 58.76+1.13  34.10+2.25 170.1£5.0 83.514+9.25
1ee 5 Aug 2010  1.125 14 2931  2.661 -20.15 60.07£1.08  38.61+2.44 175.1£6.0 100.3£11.0
(2111) Tel 26 Jan 2010  0.730 9 3273 3124 1750 6831+£1.19  11.95+2.38 232.0+ 6.7 30.98 + 14.02
selina
13 Jul 2010 1.125 12 3.294 3.034 -17.87 86.34+1.31  24.994+2.48 277.94+8.6 80.77 +15.53
(2123) Vit 8 Jan 2010  0.859 9 3.067 2.836  18.65 46.95+£0.95  12.40+2.04 138.5+£5.3 34.81410.32
v 21 Jun 2010  1.125 12 3.069 2.824  -19.27 52.23+£0.99  10.11+1.83 146.84+5.3 27.80+11.82
28 Jan 2010  1.125 12 3.144 2994 1825 279.8+35 20.75+£7.63 717.64+14.5  93.83+32.56
(2140) Kemerovo
20 Jul 2010  0.992 10 3.145 2907 -18.79 270.5+3.6 31.82+7.83 709.8+14.1  49.88+31.83
31 Jan 2010 1.258 11 3.014 2.861 19.07 49.88+0.97  18.8442.01 153.74+4.6 53.90 % 8.90
(2144) Marietta
24 Jul 2010  1.125 12 3.049 2.800 -19.39 42.64+0.91  23.29-+1.80 144.5 £ 4.7 70.93 4 9.01
(2177) Ol 12 Feb 2010  0.992 10 3.259 3.093  17.63 46.64+£0.92  23.89+1.83 165.94+5.3 64.19+£9.76
iver
v 3 Aug 2010  1.258 12 3.101  2.843 -19.01 55.8741.01  33.254+2.02 192.145.9 91.41+11.73
31 Jan 2010  1.125 12 3.673 3.554 1555 38.53+£0.84  19.774+1.72 149.3 £5.0 69.59 4 9.86
(2203) van Rhijn
21 Jul 2010  1.125 9 3575 3.357 -16.46 55.17+£0.96  24.76+1.80 195.945.6 76.99 + 10.89
(2204) Lyyls 17 Jan 2010  0.992 11 2.289  2.035 2544 657.6+£8.4 210.4+15.4 1187+£25 354.1+£44.3
i 30 Jun 2010 1.258 15 2974 2717  -19.91 232.843.0 56.45 &= 5.58 571.94+14.6  158.84+31.2
(2214) Carol 14 Feb 2010  1.258 13  3.187  3.021 18.05  129.9+1.8 81.35+4.11 360.0+£10.0  206.7+23.3
aro
5 Aug 2010 0.598 7 2744 2457  -21.58 284.6+3.6 151.54+6.4 678.5+11.3  319.6+£21.3
8 Jan 2010  0.859 11 3.482 3.273  16.36 164.4424 93.39 4 4.80 538.54+12.8  311.7+24.4
(2239) Paracelsus
21 Jun 2010 1.125 13 3.516 3.296 -16.75 154.542.2 73.53 £ 4.70 512.6+11.3  203.7+23.8
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Object UT Date® Atgps® N¢  Rau? Aav®  a (°)f w39 SW3h W49 SWah
16 Jan 2010 0.992 10 3.137 2.944 18.26 37.24£0.81 8.993 £ 1.600 112.5+4.5 31.58 £9.50
(2268) Szmytowna
2 Jul 2010 1.258 16  3.246 2.997 -18.18 34.87£0.78 8.080£1.519 105.0+4.5 28.15£9.16
4 Feb 2010 4.035 21 2.596 2.400 22.31 16.23 +£0.66 16.04+1.33 42.98 +3.39 37.89+6.64
(2275) Cuitlahuac
28 Jul 2010 1.387 12 2.329 2.017 -25.74 35.38 £0.81 28.83 £1.65 77.37+3.82 51.59 £7.38
13 Jan 2010 1.125 12 2.870 2.650 20.02 229.3£3.0 115.5+6.0 611.7£14.8 233.6 £29.5
(2297) Daghestan
4 Jul 2010 1.258 14 2.749 2.467 -21.61 248.6 £3.1 110.0+6.2 645.1£15.3 242.5£27.8
22 Jan 2010 0.992 10 2.872 2.683 20.03 102.4+1.6 83.73 £ 2.96 252.9£7.6 197.5+14.6
(2306) Bauschinger
10 Jul 2010 1.258 13 2.793 2.504 -21.23 142.1+£2.1 92.85+4.21 343.7£9.0 204.0£194
9332 Kal 13 Jan 2010 1.125 12 3.149 2.947 18.18 210.9£2.8 128.3+5.2 625.8 £16.4 378.9+374
( ) Kalm 29 Jun 2010 1.258 16  3.055 2.800 -19.36 229.4+£3.2 145.0+6.7 656.6 £16.3 442.14+35.3
(2347) Vinat 27 Jan 2010 0.992 3.701 3.573 15.43  47.96 £0.87 15.21+1.75 185.8+5.8 59.68 £13.13
inata
13 Jul 2010 0.992 3.741 3.501 -15.68 38.39£0.78 17.74+1.58 165.7+4.8 56.78 £9.16
21 Jan 2010 1.121 11 2.351 2.120 24.73 167.2+2.4 46.32+4.76 350.4£9.2 97.27 £ 21.20
(2365) Interkosmos
14 Jul 2010 1.391 11 2.561 2.250 -23.24 113.4+£1.59 33.54 £+ 3.06 268.9£7.1 59.80 £ 14.15
29375) Radek 20 Jan 2010 1.125 13 2.537 2.320 22.81 751.2+£8.5 202.3£14.8 1481+ 29 315.14+55.0
( ) Rade 21 Jul 2010 1.254 15 2.528 2.244 -23.62 806.1£10.0 306.6 +19.6 1549 + 31 514.5 £84.2
25 Jan 2010 1.125 10 2.255 2.027 25.89 139.5+2.0 96.00 = 4.22 291.9£8.4 187.6 £15.5
(2446) Lunacharsky
29 Jul 2010 1.523 14 1.997 1.639 -30.43 355.2+£4.2 181.7+9.1 616.2+14.4 289.7£27.0
(2463) Sterpi 24 Jan 2010 0.730 8 2,672 2.478 21.61 50.35£0.96 12.70 £1.89 120.9+5.4 33.40 +10.00
erpm 11 Jul 2010 1.258 12 2.895 2.613 -20.44  39.80+0.78 6.104 £1.561 107.5+3.8 26.57£7.30
26 Jan 2010 1.258 13 2.029 1.777 29.03 76.01£1.24 20.93 £2.50 141.8+4.8 37.2249.02
(2500) Alascattalo
1 Aug 2010 1.656 15 2.076 1.726 -29.14 62.26+1.13 18.50£2.53 126.2+4.9 30.63+£10.05
(2556) Loui 12 Jan 2010 1.121 13 2.119 1.827 27.61 38.05£0.88 20.09 £2.02 79.13 £3.62 35.156+7.29
ouise
o 5 Jul 2010 1.391 16 2.192 1.854 -27.50  42.36+0.89 19.98 +1.85 83.88 £4.23 49.38 £8.94
(2567) Elb 14 Jan 2010 1.125 11 3.058 2.850 18.74 56.35 £1.08 15.83+2.13 166.1+6.1 40.24 +£12.44
& 28 Jun 2010 1.258 16 2.894 2.629 -20.49 85.75£1.36 20.47+£3.05 228.6 £6.6 57.51£11.63
(2687) Tortali 18 Jan 2010 0.992 12 2.644 2.427 21.83 66.15+1.12 27.69£2.37 171.8+5.4 60.79 +£10.84
oradt 8 Jul 2010 1.258 15 2.424 2.109 -24.67 138.6+2.0 44.23+£3.73 305.5£8.0 77.63+17.20
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15 Jan 2010 0.992 11 2.998 2.791 19.13 18.59 £ 0.64 7.540 £1.257 59.42 £ 3.66 24.17£7.41
(2786) Grinevia
28 Jun 2010 1.258 12 3.063 2.810 -19.31 19.324+0.61 8.310£1.213 61.06 £ 3.48 24.38 £6.88
(2855) Basti 12 Jan 2010 0.992 12 2.431 2.174 23.82 54.29+0.99 8.973 £2.048 111.44+4.0 13.214+7.68
astian
28 Jun 2010 1.391 15 2.706 2.429 -21.98 27.58 £0.74 6.113 +1.468 68.10 +3.55 18.17+6.75
(2870) Haupt 31 Jan 2010 1.258 12 2.862 2.700 20.13 78.11+1.32 90.06 £ 2.87 181.0+6.0 174.94+11.2
au
P 22 Jul 2010 1.125 11 2.639 2.363 -22.56 109.9+1.7 200.6 £3.4 240.4£6.7 415.1+14.1
. 8 Feb 2010 1.258 12 2.392 2.161 24.35 50.12+1.014 20.06+£1.85 97.59£4.03 32.89+8.38
(2947) Kippenhahn
3 Jul 2010 1.125 13 2.562 2.269 -23.24  29.47+0.74 16.39 £ 1.54 69.13 £3.83 29.81£7.83
15 Jan 2010 0.992 10 2.912 2.702 19.72 25.56 £0.69 13.41+1.34 73.05£3.93 40.02 £8.02
(2985) Shakespeare
3 Jul 2010 1.258 15 2.843 2.569 -20.86 32.71£0.76 19.86 +1.53 93.22+£4.21 59.42+£9.41
(3036) Krat 29 Jan 2010 0.992 10 3.428 3.293 16.70 248.9£3.2 70.68 £6.13 805.1£14.5 216.2+£24.1
ra
16 Jul 2010 0.594 8 3.303 3.040 -17.81 364.4+£4.1 55.13 £8.37 1118+ 21 170.4 +45.5
9 Feb 2010 1.258 11 3.210 3.041 17.90 34.05£0.74 8.057 £ 1.565 112.7+4.6 26.73£9.64
(3051) Nantong
27 Jul 2010 1.125 10 2.969 2.712 -19.93 52.54£0.95 17.92+1.90 162.4+5.4 52.63+£11.51
1 Feb 2010 1.258 13 2.554 2.373 22.69 8.326 £0.561  4.752+1.118 19.95+3.23 11.03+6.81
(3144) Brosche
26 Jul 2010 1.391 11 2.197 1.871 -27.42 15.55+0.62 11.67+1.24 36.06 £ 3.35 25.31£6.91
20 Jan 2010 0.992 13 3.229 3.057 17.74 159.0+2.1 53.49£4.12 497.5+12.2 168.8 £22.9
(3162) Nostalgia
6 Jul 2010 1.258 16 3.444 3.204 -17.10 100.3+1.54 55.76 £2.89 358.6 £8.6 183.4+17.3
23 Jan 2010 0.992 11 2.898 2,717 19.85  4.707+0.529 2.929+1.062 17.00 £ 3.25 20.34£6.79
(3249) Musashino
7 Jul 2010 1.258 14 2.890 2.614 -20.49 5.565£0.515 3.013+£1.063 18.80 £ 3.27 14.11+6.51
(3267) G 14 Jan 2010 1.125 15 2.505 2.264 23.10 27.12£0.68 8.897 £1.297 61.87+3.31 20.61£6.73
o
25 Jun 2010 1.387 15  2.882 2.628 -20.59 15.33+£0.54 4.989 +1.044 38.84 £3.04 12.64 +6.21
17 Jan 2010 1.125 12 2.540 2.310 2277  38.17+0.86 14.24+£1.67 97.26 £3.98 43.10+£8.79
(3305) Ceadams
8 Jul 2010 1.391 15  2.286 1.955 -26.27  88.30+1.39 26.51£2.77 185.5+5.64 55.21£9.96
13 Jan 2010 1.258 13 2.062 1.766 28.44  41.86+0.89 15.87+1.75 74.06 £+ 3.88 24.00£7.97
(3411) Debetencourt
6 Jul 2010 1.520 17 2.289 1.961 -26.23 21.55+0.67 12.874+1.38 44.50 £ 3.53 24.07 £ 7.42
30 Jan 2010 1.125 7 3.512 3.384 16.28 62.88 £1.01 30.53 +2.06 204.9£6.8 99.42 +13.96
(3438) Inarradas
17 Jul 2010 3.902 19 3.274 3.026 -18.00 108.1+1.6 61.82 4+ 3.62 320.8£8.6 168.0£13.9
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3153) Svert 27 Jan 2010 1.258 14 2172  1.944  26.95 3.71340.493 1.402+1.024  10.10+3.24  7.199+6.372
( verov 17 Jul 2010 4.562 31  2.043  1.689  -20.68 T.883+0.556 4.366+1.214  17.52+3.28  14.94+6.46
(3509) Sanshu 25 Jan 2010 0.992 9 2972 2804  19.34 22414067 270041285  62.35+350  11.10+7.33
) Sanshui 12 Jul 2010 1125 14 2830 2541  -20.93 25.73+0.69  5.474+1.376  72.92+3.48  15.84+6.78
28 Jan 2010 1.258 10 2.354 2,145 2473  6.651+0.548 4.957+1.088  13.61+347  8.149+6.769
(3536) Schleicher
24 Jul 2010 1.391 10 2436 2139  -24.55 7.737+0.547 6.560+1.108  17.74+3.30  13.40+6.83
19 Jan 2010 1.125 12 2485 2259 2331 28.95+0.78  21.15+1.44 72494372  50.44+7.26
(3544) Borodino
12 Jul 2010 1.391 17 2065 1.701  -20.32  96.77+1.55  67.7043.20 1861457 12524107
(3550 A 13 Jan 2010 1.125 13 1081 0423 6540 3264439  32.85+7.64 A8T.2411.0  55.47+21.07
i 4May 2010 1391 15 1219  0.606 -55.47 163.942.08  22.62+4.25 227.646.6  25.38413.63
9 Feb 2010 0.992 10 3.362 3.198  17.06 89.43+1.40  23.334+2.83 211478  59.87415.99
(3560) Chengian
20 Jul 2010 1.125 13  3.296  3.056 -17.88 83.81+1.32  25.49+2.72 2609468  65.88+12.07
14 Jan 2010 0.859 8 3215 3.019  17.79  6.446+0.522 1.830+1.047  24.54+3.15  6.930+6.136
(3628) Boznemcova
26 Jun 2010 1.125 11  2.923  2.663  -20.28 12.634+0.54  3.554+1.079 36714375  18.9246.79
e K 3Feb 2010 3508 19 3.072 2914 1871 129.041.8  42.73+3.85 3654488  121.0+16.1
(3751) Kiang 28 Jul 2010 1.125 12 2.920 2.658  -20.27 136.9+1.9  64.81+3.82 384.9480 15224154
(3523) Yori 10 Feb 2010 1.125 12 2.779  2.583 2079 49.46+0.94  13.25+1.90 127.9445  41.89+8.49
o 3Jul2010  1.258 12 3201 2951 -1841 27.60+0.68  5.931+1.314  87.56+3.69  23.22+7.53
15 Jan 2010 0.992 8 3.126 2.930  18.32 5.8854+0.466 2.361+0.940  20.80+3.14  12.4846.26
(3907) Kilmartin
30 Jun 2010 1.258 11  3.096  2.844  -19.09 525740494 1.349+0.989  24.74+3.05  9.624+6.331
25 Jan 2010 1.125 13 2491  2.287  23.27 300.744.0  208.9+8.0 507.0415.1  403.9+29.5
(3915) Fukushima
16 Jul 2010 4.434 29 2419 2110 -24.73 4064452 33434125 798.6+16.8  536.0+32.7
24 Jan 2010 0.992 8 3.016 2846  19.05 33.96+0.75  13.934+1.47 87384424  31.12+7.45
(3935) Toatenmongakkai
9Jul 2010 1.125 11 3.130 2.866 -18.85 21.76+0.63  12.57+1.28 61194373  41.06+8.15
(3936) Eist 17 Jan 2010 0.730 9 2430 2190 2387 13.1040.57  2.377+1.124  28.45+3.18  8.861+6.194
® 10 Jul 2010 1.391 16 2200 1.856 -27.36  23.03+0.68  6.897+1.396  47.594+3.32  18.13+6.57
2 Feb 2010 1125 11 3.388  3.258  16.91 1982426  17.49+5.11 608.6+14.0  86.85+26.49
(4003) Schumann
27 Jul 2010 0.992 11 3.236  2.993 -18.22 237.443.1  31.78+5.92 684.8411.4  92.83423.05

64



Table 2.2 — continued

Object UT Date® At N¢  Ray?  Axu®  a (°)f w39 SW3h w49 SWah
1006) S 9 Feb 2010 1125 11 2904 2715  19.85 64.50+1.13  12.84+2.37 1764465  39.92+11.75
(4006) Sandler 28 Jul 2010 0.859 8 2.976 2718  -19.87 71914133  16.76+2.38 201.746.1  29.41+12.53
(4008) Cors 20 Jan 2010 1.125 13 1.967 1.684  30.00 56.17+1.11  8.6534+2.043  97.93+421  14.80+9.03
) Corbin 12 Jul 2010 1.520 19 2357  2.038  -25.43 20.72+0.71  4.143+1.376  65.334+3.26  13.30+6.68
(1029) Brid 23 Jan 2010 0.996 11 2261  2.026  25.80 42034094  12.014+1.93 86.0844.00  29.35+8.48
rases 26 Jul 2010 1.391 15 2.202 1.876 -27.36  64.65+1.15  21.69+2.34 1263448  38.47+10.49
20 Jan 2010 1.520 17 1709  1.381  35.14 12384 1.8  54.0843.60 1804452  75.45+10.90
(4142) Dersu-Uzala
12 Jul 2010 1.387 14 2020 1.647  -30.03 7TT.67+1.28  20.18+2.52 1252449  42.65+10.45
. 12 Jan 2010 0.859 9 2509 2257  23.04 20.67+0.75  7T.640+1.519  6579+3.67  24.41+7.31
(4150) Starr 28 Jun 2010 1.387 16 2.244  1.920  -26.83  42.3540.94  20.17+1.85 86.43+4.17  50.5949.20
2 Feb 2010 0.996 11 3.532 3407 1620 37.304081  6.879+1.630  110.6+43  21.65+9.13
(4255) Spacewatch
27 Jul 2010 1.254 13 3.389 3153  -17.37 44.814+085 837441660 1287450  25.72410.56
8 Jan 2010 0.727 6 2980 2748  19.22  7.80140.531 2536+1.049 24184334  14.50+6.90
(4264) Karljosephine
16 Jun 2010 1.258 14 3.104 2.829 -18.98 5.458-0.506 3.895+1.015  16.24+328  22.71+6.80
20 Jan 2010 0.992 7 2861  2.666  20.11 27.3240.70 3314+ 1406  63.28+359  10.76+6.91
(4294) Horatius
9 Jul 2010  1.121 13 2.850 2567 -2078 29.54+0.73  3.008+1.478  70.75+3.68  16.80+7.64
— 9 Feb 2010 1125 11 3.226 3.056  17.81 2446+0.67 8.892+1351  75.66+4.03  28.66+8.01
oto
Y 27 Jul 2010 1.125 10  3.306  3.068 -17.82 19.25+0.60 877741258 62064353  25.2947.73
(1359) Bert 922 Jan 2010 0.992 10 2502  2.288  23.15 8.399+0.553 6.148+1.109  19.48+3.31  15.73+6.96
eriase 10 Jul 2010 1.258 13 2342 2014  -2559 15.79+0.61  15.5741.19 35.0243.58  27.314+7.56
(15363) Sorge 14 Feb 2010 1.125 10 2.877 2694 2007 6.078+0.529 5.389+1.071 16624324  16.32+6.72
e 2 Aug 2010  0.859 10 2.638  2.347  -22.52  12.88+0.59  487041.241  32.2043.52  15.26 +6.99
(559 8 28 Jan 2010 1.258 13 2554 2365  22.68 19.62+0.66 4.3284+1.316  48.794+342  18.51+7.05
a
e 22 Jul 2010 1.391 13 2.575 2295 -23.16  15.8340.61  3.655+1.180  40.31+3.44  18.18+7.15
(1525 B 12 Jan 2010 0.727 8 2331 2059 2492 70314112  21.56+2.27 1464455  44.33+11.93
e 1Jul2010  1.258 16 2.571 2279  -23.19 48.99+0.92  12.52+1.85 1125442  28.01+9.16
15 Jan 2010 0.992 11 2281 2017 2551  35.054+0.85  17.22+1.76 76.7243.62  34.40+7.65
(4565) Grossman
10 Jul 2010 1.520 16 2253  1.919  -26.68 49.35+0.96  29.8442.04 1034440  52.14+9.26
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4569 Bacrbel 15 Jan 2010  1.125 10 2490 2.249  23.25 63.224+1.13  17.114+2.45 140.9£5.1 44.79 +11.46
(4569) Bacrbe 5Jul 2010 1.391 16 2425 2114  -24.67 50.45+1.00  21.14+2.33 1223446  50.47+10.07
20 Jan 2010  0.992 10 3.307  3.137  17.31 13484057  5.676+1.127  48.24+3.37  24.84+7.12
(4613) Mamoru
3Jul 2010 1.125 14 3464 3.225 -17.00 11.8140.52  4.811+£1.029  4553+3.31  22.44+6.58
(4713) Steel 20 Jan 2010  1.523 18 1.885 1.589  31.45 83.95+1.35  34.06+2.64 139.54+4.7 47.43+9.36
° 20 Jul 2010  1.785 20 1.784 1.389  -34.53 103.3+1.6 33.78 £2.94 172.2+£5.7 41.744+11.41
£771) Hagashi 30 Jan 2010  1.125 10 2919  2.761 1972 27.9940.71  7.902+£1.465  92.2243.92  22.59+7.29
( avasi 23 Jul 2010  1.258 15 2.663  2.387 -22.35 59.64+1.07  25.86+£2.28 159.5+5.3 63.37+9.97
15 Jan 2010  1.258 16 1.801 1.469  33.07 11.49+060 4.730+1.172  20.1943.17  9.890 +£6.578
(4898) Nishiizumi
12 Jul 2010  1.258 9 1.940 1.558 -31.41 6.24620.495 2.801+0.943  13.364+3.17  10.74+£6.56
22 Jan 2010  1.125 10 2212 1.969  26.42 50.63£0.97  9.938+1.986  92.27+£3.93  15.03£7.60
(4899) Candace
22 Jul 2010  1.652 20 1.946 1594 -31.37 89.15+1.40  27.86+£2.74 146.0 £ 4.6 41.904+10.10
(4908) Ward 26 Jan 2010  0.992 9 2657 2468  21.74 8.8562£0.554 7.540+1.116  20.58+3.23  20.30£6.76
o 12 Jul 2010  1.258 14 2384  2.057 -25.09 16.35+£0.63  14.56:1.18 35.72+3.20  33.65+6.48
S035) Swift 22 Jan 2010  1.125 13 2,501 2287  23.17 44.13+0.91  18.754+1.95 100.8 £4.5 35.19 4+ 8.73
(5035) Swi 11 Jul 2010 0.992 10 2.774 2482  -21.38 32.334£0.74  10.53+1.50 83.23+4.04  23.79+8.90
13 Jan 2010  0.992 8 2700 2469  21.33 8.125+0.544 8.11241.080  17.57+3.32  23.64+6.77
(5052) Nancyruth
26 Jun 2010  1.258 12 2618 2.336  -22.77  9.601£0.548 7.9224+1.075  21.0643.16  19.02+6.51
5080) O 23 Jan 2010  1.125 11 2324  2.097  25.05 52.954+1.02  11.17+£2.19 104.9+4.4 22.06 = 8.96
( s 13 Jul 2010 1.391 12 2491 2175 -23.94 36.35+0.82  6.510+£1.715  80.154+3.52  18.214+7.03
22 Jan 2010  0.859 9 3.133 2959  18.31 34.744+0.79  19.44+1.59 117.14£4.3 61.54 & 8.90
(5088) Tancredi
9 Jul 2010 1.125 11 3.363 3.111  -17.51 27.594+0.68  15.11+£1.42 102.9+£4.1 51.63 & 8.20
16 Jan 2010  0.996 9 2345 2002 2477 60.30£1.10  12.00£2.23 141.745.1 30.49+10.36
(5104) Skripnichenko
9Jul 2010 1.391 15 2.332  2.005 -25.71 73.2841.20  22.82+2.37 160.8£5.38  48.5349.54
(5226) Pollack 11 Feb 2010  1.125 13 2416 2.192  24.10 14.314+0.60  6.051+£1.203  34.154+3.33  15.58£6.33
ollac.
2 Aug 2010  1.125 11 2532 2233  -23.52 14.75+0.60 5.527+£1.221  37.384+3.23  15.56+6.41
25 Jan 2010  0.992 11 1.980 1.716  29.80  340.14+4.0 91.72 4 7.99 556.74+13.0  151.6+22.6
(5333) Kanaya
27 Jul 2010  1.523 15 2272 1954  -26.45 180.8+2.4 54.87 +4.55 349.7+9.8 91.73+£19.76
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Object UT Date® Atgps® N¢  Rau? Aav®  a (°)f w39 SW3h W49 SWah
(5578) Bilyett 2 Feb 2010  4.828 22 1.936 1670  30.59 11.4340.56 534441095  20.25+3.16  16.05+6.42
ve 30 Jul 2010 1.520 14 2.076  1.729  -29.14  9.506+0.554 8.635+1.149  18.62+3.24  19.97+6.42
17 Jan 2010 1.125 12 1.995 1.704  29.53  9.5674+0.533 3.948+1.100  20.36+£2.98  8.761 +5.900
(5427) Jensmartin
9 Jul 2010  1.523 17 1.844 1444  -3327 16.79+0.60  9.563+1.198  32.63+3.15  18.66+6.04
(5527 1991 U 18 Jan 2010 1.125 10  2.247  1.993 2595 23424071 822341476 47274356  23.6447.00
Qs 14 Jul 2010 1.520 18  2.007 1.629 -30.23 4566+ 144  49.15+6.15 75.114+4.04  83.95+9.06
14 Jan 2010 0992 11 2425 2175  23.90 50.49+0.95  16.70+1.90 1159442 33774741
(5574) Seagrave
5Jul 2010 1391 15 2.613  2.322  -22.80 38574079 7978+ 1.718 94054401  17.90+8.29
c09) Ot 21 Jan 2010 0.992 11 3.302  3.133  17.33 70284124  18.47+2.41 225.6+6.6  73.64+13.26
(5592) Oshima 8Jul2010  1.254 15 3215 2957 -1834 92.71+142  28.0942.97 2715+7.6  61.14+13.38
(3600) 1992 FE 2 Feb 20103 1125 10 1.238  0.746  53.03 6.043-+£0.579 3.2924+1.169  8.307+3.503 3.237+7.276
27 Jun 2010 0594 8 1.068 0.259 -71.61 57.714+1.04  6.0404£2055  79.07+3.95  11.1948.10
13 Jan 2010 0992 10 2.965 2752  19.34  4.54040.523 2.370+1.048  14.55+3.32  13.3646.93
(5682) Beresford
24 Jun 2010 1.258 15  2.736  2.466  -21.73  8.3834+0.536 2.392+1.083  22.11+£329  9.685+6.515
o) P 14 Jan 2010 0.992 8 3.158 2956  18.13 6.31040.523 2.952+1.067 22514311  14.58+6.37
(5712) Funke 29 Jun 2010 1.258 16 2.967 2.705  -19.96 10.70+0.56  5.643+1.109  32.64+3.16  15.93+6.12
(6091 it 18 Jan 2010 1.125 10 2314  2.069  25.14  23.53+0.69  13.35+1.44 45774351 33.25+6.81
S
et 13 Jul 2010 1.258 12 1.869 1.470  -32.73 48734095  40.28+1.89 83.16+4.04  70.19+8.81
2 Feb 2010  1.254 12 2.655 2481 2178 10794061 5256+ 1.221  28.58+3.69  17.50+7.37
(6121) Plachinda
24 Jul 2010 1.258 13 2433 2,136  -24.58 14.9840.60 7.24341.200 38794322  21.05+7.16
(6139) Naomi 29 Jan 2010 1.125 11 2255 2.040  25.89 87.33+1.36  25.9242.79 169.245.1  44.10+10.06
aomt 1Aug 2010  1.254 16 2401  2.091 -24.89 90.34+1.33  16.73+2.73 175.946.1  47.60+10.08
25 Jan 2010 1.125 13 1.881  1.600 3155 47.34+0.99  6.32942.035  87.13+4.22  20.99+9.08
(6170) Levasseur
13 Jul 2010 1.387 12 2497 2184  -23.88 17.9240.60 2443+1.196  42.3243.12  8.030+6.088
16 Jan 2010 1.258 14 2145 1.871 2728 1175417  36.81+3.43 2150464  70.24+12.45
(6185) Mitsuma
7Jul 2010 1.258 14 2472 2161  -24.17 68.60+£1.17  17.42+2.15 1489454  32.82410.70
6261) Chi 927 Jan 2010 1.125 13 2.120 1.882  27.66 12.49+0.78  9.822+1.247  24.104+3.19  25.35+6.68
( 1one 13 Jul 2010  1.258 14 2735 2447  -21.71 4.981+0485 347640967  13.9943.02  7.591+5.965
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Object UT Date® Atgps® N¢  Rau? Aav®  a (°)f w39 SW3h W49 SWah
(6361) Koppel 19 Jan 2010 1.125 13 2.087 1.815  28.11 90.18940.551 854541075 20974324  19.3246.63
oppe 26 Jul 2010 1.520 15  2.059 1.713  -29.44 14.5740.62 557241245  30.59+3.33  11.0046.59
572) 19 Jan 2010 0.992 12 2.998 2.808  19.15 11.944056 4.093+1.114 35554341  11.44+6.32
) Carson 4Jul 2010 1.258 15 2,610 2.317  -22.82 32514079  9.702+1.577  79.1943.99  26.95+8.37
(6538) Ot 97 Jan 2010 1.258 11 2378 2171 2446 1055+1.6  18.25+3.07 201.246.6  35.31+14.35
uda 22 Jul 2010 0.992 13  2.694 2422  -22.08 40.194+084 1270+ 1.61 1079443 32614837
(6570) 1991 OM 26 Jan 2010 1.258 15 2.114  1.873  27.76 4.32040.534 25134+1.077  10.1243.33  5.285+ 6.667
! 16 Jul 2010  4.832 34 2122 1786  -28.51 528040485 481440937  12.3543.10  20.77+6.39
15 Jan 2010 1.258 10 2.046 1758  28.71 31044075  4.250+1.48%5  60.13+345  8.725+6.569
(6901) Roybishop
4Jul2010  1.652 14 2158  1.823  -27.99 28.92+0.72  4.024+1.402  58.3243.12  12.75+6.00
10 Feb 2010 1.125 13 2.992  2.810  19.25 52.93+1.01  4.188+1.979 1362447  26.14+9.42
(6905) Miyazaki
20 Jul 2010 1.125 9 2719 2441  -21.83 86.224+1.25 462742556  210.7456  14.07410.69
12 Feb 2010 0.992 10 2.103  1.844  27.99 5.0844+0.589 485341208  16.13+349  15.10+8.14
(6911) Nancygreen
2 Aug 2010  1.520 17 1.996 1.639  -30.44 12244053  2.597+1.064  2043+2.97  12.93+5.96
(7476) Ogilehi 24 Jan 2010 1.258 13 2440 2.226  23.78 184.9424  56.39+4.60 441.949.0 14074170
gtisbe 21 Jul 2010 1.391 14 2496 2210 -23.95 107.34+1.6  41.45+3.24 3027486  101.14+16.8
(1783) 1994 1D 8 Jan 2010  1.258 15 1.830 1.484 3242 9.217+0.566 8.680+1.088  19.344+3.03  20.95+6.55
4Jul2010 1785 17 1.990 1.6290  -30.58 8.147+0.507 8.284+1.000  16.07+3.00  12.76+6.13
(7529) Jaroft 3Feb 2010  4.832 24 1.965 1.697  30.10 522540521 3.737+1.025  12.3043.27  8.342+6.952
aro:
2 Aug 2010 1125 10 2087 1.737 -28.95 5.165+0.558 3.201+1.125  12.014+3.35  10.83+6.81
(rs32) 1993 T 10 Feb 2010 1.387 12 2430 2205  23.96 7.306+0.548 3.404+1.108  13.994358  10.91+7.47
27 5 Aug 2010 0.859 9 2013  1.647  -30.09 16.65+0.62 2196+1.224  31.07+3.33  12.56+6.56
(r049) 1992 SU 31 Jan 2010 1125 14 3284  3.145 1746 73.15+1.22 873242361  201.3+54  20.66+12.20
17 Jul 2010 3.902 26 3.595 3.364  -16.35 42.64+0.86  10.1541.69 1348451  37.94+10.93
(s213) 1995 T 13 Feb 2010 1.391 10  2.095 1.838  28.12 20.94+0.68  10.48+1.33 41954322 20.21+6.65
5 Aug 2010 0.465 6 2506 2205 -23.76 11724056  12.214+1.08 28.59£2.99  22.57+6.05
25 Jan 2010 0.859 10 3.105  2.944 1848 5.661+0.534 9.779+1.056  22.68+3.27  48.90+7.03
(8862) Takayukiota
11 Jul 2010 1125 13 3.038 2766 -1944 7.19240514 6474+1.038  25.97+3.14  18.76+6.21
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Table 2.2 — continued

Object UT Date® At N¢  Ray?  Axu®  a (°)f w39 SW3h w49 SWah
18 Jan 2010 0.992 12 2.717 2.503 21.22 18.43 £ 0.60 7.322+£1.170 49.724+3.18 19.43 +6.38
(8887) Scheeres
6 Jul 2010 1.387 15 2.495 2.192 -23.94  31.154+0.71 9.841 £1.492 75.11£3.50 21.97£7.08
18 Jan 2010 0.992 8  2.540 2.313 22.78 59.62£1.02 3.4124+2.019 127.6+5.0 26.20+£10.21
(9297) Marchuk
11 Jul 2010 1.387 14  2.318 1.984 -25.86  95.544+1.51 9.372£2.749 178.5+5.5 20.18 £10.73
20 Jan 2010 0.594 8 3.063 2.878 18.73 26.78 £0.70 10.65+1.35 73.49£3.33 30.24 £6.57
(10936) 1998 FN1;
2 Jul 2010 1.258 13 3.079 2.822 -19.20 25.75£0.69 11.25+1.34 73.55£4.03 31.29 +£8.02
28 Jan 2010 1.391 12 2.352 2.144 24.74 58.82£0.99 11.14+1.93 129.9+4.6 23.26 £9.48
(11549) 1992 YY
28 Jul 2010 1.391 11 2.311 1.996 -25.96 106.8+1.6 12.68 £2.93 211.4+6.1 24.19+£11.53
4 Feb 2010 3.773 19  3.193 3.036 17.98 8.406 £0.576  4.809 £ 1.267 25.13£3.32 15.68 +£6.76
(11780) Thunder Bay
23 Jul 2010 1.258 15 2941 2.686 -20.14  9.865+0.523 12.384+1.04 26.26 £+ 3.02 39.95+5.84
9 Jan 2010 0.859 6 2111 1.807 27.69 28.01£0.74 15.44+1.50 60.31£3.17 26.64 £6.26
(12376) Cochabamba
19 Jul 2010 1.785 21 1.961 1.609 -31.11 46.08 +0.96 20.08 £1.93 84.25+4.09 33.62+8.21
16 Jan 2010 1.125 13 2.269 2.008 25.67  44.331+0.87 45.86 +1.70 89.20+4.13 86.18 =7.79
(12753) Povenmire
13 Jul 2010 1.523 17 2.273 1.934 -26.41 53.90£1.03 46.73 £ 2.06 108.6 +4.4 86.52 +8.40
(13474) V" 14 Jan 2010 0.992 3.359 3.170 17.01 3.968 £0.510  2.708 +0.990 15.88 £3.35 10.08 £6.93
yus 26 Jun 2010 1.125 3.158 2.912 -18.70  6.0154+0.518 2.656 & 1.036 20.15£3.12 6.408 +6.123
25 Jan 2010 0.992 9 3.172 3.014 18.08 38.65£0.86 12.37+£1.65 111.5+4.1 43.64£8.51
(13856) 1999 XZ105
11 Jul 2010 1.125 10 3.138 2.871 -18.80 36.35£0.79 15.33+1.64 107.0+4.4 45.06 +9.62
(14342) Tglik 18 Feb 2010 0.992 11 3.500 3.354 16.40 24.87+0.64 15.85+£1.27 85.08 £3.70 54.86 £ 7.42
ika
& 4 Aug 2010 0.992 12 3.237 2.985 -18.18 36.10£0.79 24.83£1.59 109.8+4.4 74.95+£9.81
12 Jan 2010 0.465 5 2.034 1.725 28.85 45.354+0.94 28.75+£1.89 84.25 £+ 3.49 55.54£6.95
(14950) 1996 BE,
9 Jul 2010 1.523 17 2.130 1.779 -28.35 53.34£1.01 17.01£2.06 98.47 +£4.37 27.07+£9.47
(15362) 1996 ED 25 Jan 2010 0.992 10 2.393 2.181 24.29 14.99+0.61 7.519+£1.249 31.96 £3.21 18.14+6.44
14 Jul 2010 1.121 13 2.597 2.287 -22.90 10.31+£0.56 5.461+£1.134 27.12+£3.37 18.29+6.71
21 Jan 2010 1.258 16  1.985 1.709 29.71 13.89£0.66 3.658 +1.334 28.99 +3.19 10.17£6.60
(15430) 1998 URs;
3 Aug 2010 1.656 13 1.863 1.474 -32.82 27.48£0.75 5.109£1.470 45.91+3.36 9.144 £+ 6.666
(15499) Cloyd 31 Jan 2010 1.125 13 3.151 3.007 18.22 14.68 £0.60 3.882+1.159 44.52 4+ 3.39 14.21+7.30
o 23 Jul 2010 1.258 14 3.249 3.014 -18.16 11.914+0.53 2.456 +£1.038 39.45£3.28 13.30£6.76
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Object UT Date® At N¢  Ray?  Axu®  a (°)f w39 SW3h w49 SWah
17 Jan 2010 0.859 9 2634 2.412 21.92 4.1224+0.561  2.081£1.097 11.95+3.77 10.91+7.38
(15914) 1997 UMs
2 Jul 2010 1.258 11 2.829 2.554 -20.97  4.4024+0.534 3.669£1.106 11.16 £3.41 9.538 £6.748
25 Jan 2010 0.280 9 1.984 1.723 29.76 14.62 +£0.62 13.98+1.25 27.96 £3.26 26.19£6.60
(16681) 1994 EVr7
18 Jul 2010 2.110 21 2.005 1.657 -30.35 20.68 £0.63 17.65+1.24 38.47+3.10 41.70+£6.39
27 Jan 2010 0.992 12 1.983 1.722 29.75 14.61 £0.62 13.97+1.25 27.95£3.26 26.18 £6.60
(16886) 1998 BCag
13 Jul 2010 1.125 13 2.005 1.657 -30.35 20.67£0.63 17.64+1.24 38.46 £3.10 41.70+6.39
15 Jan 2010 1.387 15  1.823 1.500 32.62 8.785+0.524 8.873+1.010 17.65+3.05 19.37+£6.28
(17681) Tweedledum
8 Jul 2010 1.656 18  1.875 1.484 -32.66 9.788 £0.545  9.385+£1.067 17.69 £ 3.18 17.64+£6.74
11 Feb 2010 0.992 11 3.394 3.233 16.90 8.588+£0.533  3.819+1.058 35.76 £ 3.29 17.78 £6.43
(17822) 1998 FM 35
1 Aug 2010 1.258 10 3.206 2.953 -18.37 10.11+£0.57 7.016 £1.125 40.97+3.44 21.69£7.41
28 Jan 2010 1.125 13 2.893 2.727 19.90 11.33+£0.56 5.905+£1.104 34.19£3.16 17.80 £6.29
(18487) 1996 AU3
17 Jul 2010 4.297 29  2.595 2.301 -22.95 25.49+£0.71 16.21+1.52 63.00 £ 3.62 38.62+7.07
17 Jan 2010 0.727 10 3.319 3.135 17.22 5.190+0.514  1.550 £+ 1.046 16.63 £3.29 21.65£6.37
(19251) Totziens
28 Jun 2010 1.125 13 3.066 2.814 -19.29 7.170£0.502 3.314+£1.014 19.58 £3.13 10.54 £6.36
17 Jan 2010 0.992 7 2.850 2.645 20.18 15.38 £0.57 4.956 +1.144 42.174+3.24 13.92+6.37
(20378) 1998 KZ46
3 Jul 2010 1.258 14 2.905 2.637 -20.40 11.08 £0.53 4.326 +1.059 33.74£3.07 15.09 £5.98
20932) 2258 T-1 27 Jan 2010 1.125 12 2.999 2.840 19.16  4.276 £0.543  1.721+£1.090 14.18 £3.39 12.10+£6.77
( ) 13 Jul 2010 1.121 13 2.746 2.449 -21.60 8.242+£0.543 1.509+1.071 24.43£3.30 11.10+6.15
15 Jan 2010 1.125 12 2.324 2.065 25.01 101.9+£1.6 25.05+£2.88 195.0£6.0 48.84+10.75
(21594) 1998 VP3;
14 Jul 2010 1.520 14 2.145 1.786 -28.11 1289+1.8 35.81£3.57 236.1£6.7 62.09 £12.85
93900) 2000 SH 14 Feb 2010 0.992 12 2.899 2.717 19.91 10.19+£0.59 5.215+1.149 28.83 £3.54 24.12+£7.76
( ) 3 29 Jul 2010 1.254 11 2.713 2.438 -21.89 17.49+£0.59 5.435+1.247 41.90+3.21 16.93 £6.66
18 Feb 2010 1.258 16 3.053 2.885 18.88 9.133£0.536  2.327+£1.080 26.64 £3.18 10.89 +6.42
(23276) 2000 YT101
5 Aug 2010 1.254 13 2.841 2.564 -20.82 13.05+0.56 3.746+1.119 33.64 +3.28 15.59 £ 7.06
(24101) Cassini 12 Feb 2010 1.125 11 3.177 3.007 18.10 7.6194+0.521 1.978 £1.065 26.03 +£3.13 9.564 +6.221
ass 28 Jul 2010 1.258 15  3.418 3.186 -17.22 5.375£0.473 2.015+£0.935 16.95+3.19 10.82+7.14
12 Feb 2010 1.125 11 2.439 2.218 23.87 72.08 £1.21 33.75+£2.32 144.3+5.0 65.09 +9.48
(27851) 1994 VGo
29 Jul 2010 1.258 16 2.713 2.436 -21.89  45.484+0.91 17.59 £ 1.66 102.5+4.43 37.68 +£9.27
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Object UT Date® Atgps® N¢  Rau? Aav®  a (°)f w39 SW3h W49 SWah
12 Jan 2010  1.125 12 2.183  1.899 26.73  5.353+0.538  1.81941.098 11.644+3.42  10.97+7.14
(28126) Nydegger
2 Jul 2010  1.387 15 2387 2.074  -25.10 3.4734+0.561 2.717+1.123 8.427+3.483  4.74247.075
21 Jan 2010  0.992 11 2.879  2.689 19.99  17.864+0.65  18.34+1.38 50.23+3.73  47.43+7.29
(30470) 2000 OR19
13 Jul 2010  1.254 15 2,550 2237  -23.36 44.444091  33.35+1.73 100.7 + 4.4 75.48 £ 8.27
(32802) 1990 SK 3 Feb 2010  3.773 13 2.884  2.710 19.98  3.27940.569 1.359+1.124 10.754+3.51  9.590 & 7.345
20 Jul 2010  1.125 10 2.664 2.393  -22.36 7.37640.927 12.2442.79 16.1343.50  14.014+6.97
18 Jan 2010  0.992 12 2,582  2.357 22.38  8.1884+0.594 3.04741.185 19.984+3.43  16.9547.08
(33916) 2000 LF1g
5 Jul 2010  1.387 15 2129 1.783  -28.38 20.214+0.66  10.88+1.30 37.56+£3.30  21.97+6.83
3 Feb 2010  3.641 25 3.024  2.857 19.02  4.94840.550  5.743 +1.205 16.104+3.38  15.9546.87
(41044) 1999 VW
24 Jul 2010  1.258 15 2.833 2,572 -20.94 9.72440.515 2.008+1.034 27.86+£3.07  12.2946.15
16 Jan 2010  0.992 11 3.616  3.441 15.77  11.4940.54  4.047+£1.07 42.23+3.43  17.2947.48
(41223) 1999 XD1g
26 Jun 2010  1.125 13 3.417  3.186  -17.24  14.634+0.57  7.231+£1.159 45.49+3.28  20.30£6.55
21 Jan 2010  0.465 7 2450  2.226 23.67  6.7534+0.496  1.614 4 0.990 15.834+3.04  4.988+6.510
(41288) 1999 XD1o7
11 Jul 2010  1.391 15 2249  1.910 -26.72 14.804+0.60  7.317+1.19 29.64+3.25  19.0446.64
28 Jan 2010  1.258 11 2980 2.821 19.30  8.70940.561  8.867 & 1.140 24.45+3.50  33.6547.05
(42265) 2001 QLg9
22 Jul 2010  1.258 11 2910 2654 -20.36 11.5440.56  5.215+1.121 33.46+3.33  12.314+6.90
1 Feb 2010  1.258 11 2380  2.180 24.45 11444059  2.48841.162 25.16£3.64  10.3146.60
(42946) 1999 TUgs
3 Jul 2010  1.254 14 2449 2145  -24.38  11.034+0.56  4.083+1.123 26.30+£3.19  11.1146.39
(44892) 1999 V] 12 Feb 2010  0.992 7 3.148 2975 18.27  10.074+0.53  4.346 £1.125 31.40+£3.18  32.4046.12
s 3 Jul 2010  1.258 11 2912 2646  -20.31 12.304+0.54  2.464 +1.083 33.34+3.15  8.93246.319
28 Jan 2010  1.523 16 2.252  2.034 25.93  12.0840.60  8.16341.183 24.66 £3.49  20.57+6.98
(45436) 2000 AD176
3 Jul 2010  0.465 5 2455 2148  -24.31  7.309+£0.520 5.159 +1.056 17.2843.18  12.3246.22
23 Jan 2010  0.992 13 1.102  0.486 63.28  48.96+0.97  8.69342.139 68.47+3.52  14.704+7.31
(68216) 2001 CVag
25 Jun 2010  1.520 16 1.698  1.287  -36.64 6.61740.561 2.597+1.115 11.234+3.46  7.553+7.134
(69350) 1993 YP 10 Feb 2010  1.520 17 2,076  1.813 28.38  5.645+0.529  4.56041.071 13.474+3.15  10.2946.37
4 Aug 2010  1.652 17 1939 1574  -31.43  12.334+0.54  10.29+1.09 24.20+2.96  16.48+6.00
17 Jan 2010  0.992 10 2533 2.301 22.83  5.8484+0.577 2.08541.179 14.9243.30  6.007 £ 6.648
(72675) 2001 FP5y
8 Jul 2010  1.391 11 2571 2269  -23.17  6.49540.534  0.983 £ 1.059 14.794+3.15  5.2384+6.434
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27 Jan 2010 1.258 10  1.970 1.714 29.98  21.99+0.68 5.908 +£1.336 34.16 £3.21 7.188 +£6.564

(90698) Kosciuszko
24 Jul 2010 1.391 13 2.470 2.185 -24.21  6.606+0.502 2.078£1.021 14.66 £ 3.09 13.31+£6.12

Notes. All mean flux and range values are in units of mJy = 10722 Wm2 Hz!.
¢UT date of the first observation.

bTime spanned by observations (days).

¢Number of observations used.

dMean Heliocentric distance.

¢Mean WISE-centric distance.

fMean solar phase angle.

9Lightcurve-averaged mean flux.

hPhotometric range of lightcurve.
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In order to formulate the lightcurve range ({F) and error (6 F) I employ a slightly
different approach than that used for the mean. For the ith point, I iterate across every
combination of differences between points, to select the jth point that which maximizes the
range between the two: it Difference pairs that are separated by a quarter-turn of the

asteroid are given more weight based off the pair weight, s;;, from above (i.e., the factor

(1 —cos(4msy;))?):

> r50r5 (1 — cos(4ms )
> 0r572(1 — cos(4msy;))?

OF =2 (2.4)

and

§<>F — \/ 257"{528%/2 S?Aj (2.5)

The factor, 1 —cos(4ms;;), is used to scale the s;; factor in equation (2.4) in order to create a
weight function based off a sinusoid (plotted in the top right panel of figure 2.2); this factor
is not used in equation (2.5) since I am not interested in how well the data resembles a sine

function, yet I still wish to add weights to the errors as in equation (2.3).

2.3.3 TPM Implementation

The TPM approach taken here is similar to that presented in chapter 1 and is summarized
here for reader convenience. First, the surface temperatures are modeled across the surface
of a spherical object constructed of discrete facets. This is done by numerically solving the
one-dimensional heat transfer equation (Fourier’s Law) and using the estimated insolation
(incoming solar radiation) as the energy input. The discrete facets are characterized as
planar faces and divided into latitude bins. A diurnal cycle is simulated by rotating the
facets about the object’s spin axis. Two types of surfaces are modeled: a perfectly smooth
surface in which only direct insolation is considered, and a rough surface that is comprised
of spherical-section craters, for which direct and multiply-scattered insolation and thermally
re-radiated energy from other facets are calculated. Surface roughness is characterized by
the mean surface slope (; Hapke, 1984), which is varied by differing both the opening angle
of the crater () and the proportion of surface area that is covered by those craters (fr); the

latter is implemented when calculating the flux contribution of rough and smooth surfaces.
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I use parameterized forms of the energy balance equation and heat diffusion equation,
which reduces the number of TPM variables that are necessary to calculate a unique
surface temperature distribution, in order to construct temperature reference tables and
reduce the computational time. In this scheme, the necessary information required for
rough surface temperature calculation is the bond albedo (A), thermal parameter (0 o
'), and spin obliquity (sub-solar latitude); whereas the smooth surface only requires
the thermal parameter and sub-solar latitude. The surface temperatures stored in the
reference tables are expressed as: 1" = T/T.,, the fraction of the theoretical sub-solar
temperature for a surface facing towards and in direct equilibrium with the insolation —
i.e., equation (1.1). The smooth-surface TPM was run for 46 values of sub-solar latitude
(0° to 90° in 2° increments) and 116 values of the thermal parameter (spaced equally in
logio space, from 0 to 450) whereas the rough-surface TPM was iterated across 3 values of
v = {45°,68°,90°} and run for 46 values of sub-solar latitude (0° to 90° in 2° increments),
116 values of the thermal parameter (spread out in logyg space, from 0 to 450), and 7
values of A4 = {0,0.1,0.2,0.3,0.4,0.5,1}. These parameters are chosen since they provide
sufficient resolution to ensure an accuracy within 1% between the surface temperature values
interpolated from the grid and those calculated using the exact model parameters.

Temperatures calculated for spheres are mapped to prolate ellipsoids (b/c = 1, where
a > b > ¢) using simple, closed-form algebraic expressions (appendix B) in order to model
elongated bodies of differing a/b axis ratio. Fluxes are calculated for the given observing
circumstances by interpolation of the flux calculated using the tabulated temperatures.
The flux calculated from the interpolated grid are within 1% of the flux calculated by
running the TPM with the exact thermophysical and observing parameters. Finally, thermal
flux is calculated by a summation of the individual flux contributions, using a grey-body
approximation, with wavelength-dependent emissivity (£,), from smooth surface and crater

elements (with discrete area element dA) visible to the observer:

A?&U //{ 1 a fR smooth()\ T(9 ¢)) + fR(l - U)ABrough(A7 T(ev ¢7 ZZ))} COS(GZ)dA.

(2.6)
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In my data fitting approach, the shape, spin vector (Accip, Beciip), roughness, and thermal
inertia are left as free parameters that I select from a pre-defined sample space, and I search
for the best-fit D.g. A sphere and prolate ellipsoids with a/b axis ratios of 1.25, 1.75, 2.5,
and 3.5 are used. For each of these shapes, I sample 25 predefined thermal inertia values, 3
default roughness (mean surface slope; ) values, and 235 spin vectors. Each individual value
of 7 is paired with a corresponding fr = {1/2,4/5, 1} value in order to produce default mean
surface slopes of § = {10°,29°, and 58°}. The thermal inertia points are evenly spread in log
space from 0 to 3000 J m? K /2 and the spin vectors are spread evenly throughout the
celestial sphere, which is achieved by constructing a Fibonacci lattice in spherical coordinates
(e.g., Swinbank and Purser, 2006). For each shape/spin vector/I" combination I use a routine
to find the D,y value which minimizes y?. To place confidence limits on each of the fitted
parameters, I use the reduced x? statistic (y? = x*/v) to express the solutions within a 1o

range as Y2 < X (1 + V20/v).

2.3.4 TPM Results

The TPM was run for 239 objects: 3 near-Earth asteroids (NEAs), 2 Mars-crossers (MCs),
and 234 main-belt asteorids (MBAs). Table 2.3 shows the best-fit and 1o uncertainties for
the effective diameter (D.g), geometric albedo (py ), thermal inertia (I'), surface roughness
(6), elongation (a/b; prolate ellipsoid axis ratio), and sense of spin (1} for prograde and |} for
retrograde) for all 239 objects, with the results of the 21 object from chapter 1 included at
the top. Diameter errors for D,y > 10 km are below 15% of the diameter value, but can be
as high as 40% for objects smaller than 10 km. Upper and lower thermal inertia uncertainties
are, on average, 180% and 67% of the reported value, respectively. Surface roughness could
only be estimated for 97 of the 239 (41%) objects and sense of spin could be constrained
for all but 17 of the 239 (93%). In some cases, TPM fits only allowed for a lower or upper

bound on the surface roughness.

1)



Table 2.3: TPM Results

Object D.g (km) PV re 0(°) a/b® Spin®
(167) Urda 39.48 £0.89  0.2527°0%° 5172 38 £ 13 1.51 £0.27 4
(183) Istria 31.43 £2.92  0.2887°%3° 217442 47+ 13 151 £0.27 f
(208) Lacrimosa 40.44 £1.37  0.2537°%0%2 Tt 41 +£13 151 £0.27 f
(413) Edburga 33.44 4+ 1.75  0.16910%55° 414 9+ 6 151 +0.27 U
(509) Iolanda 54.39 £3.86  0.2431°0° 8.6%12% 184+ 7 1.51 £0.27 20
(771) Libera 29.23 £2.10  0.1601°%8° 6153 53 £39 1.51 £0.27 U
(857) Glasenappia 13.62 £0.84  0.2971°913 58537 <20 1.51 +0.27 f
(984) Gretia 34724+ 1.18  0.2271%9%2 2818 53 +10 1.51 +0.27 f
(1036) Ganymed 35.85 +£1.95  0.27871%%+ 1542 40 £32  1.08 £0.19 —
(1140) Crimea 30.13 £1.18  0.2767 92 237110 23 £21 1.51 £0.27 4
(1188) Gothlandia 13.52£0.84  0.2387°55 38121 41 £ 27 1.51 £ 0.27 i}
(1291) Phryne 27.03+1.65 0.1864°%9%" 2075!° 45 £ 17  2.16 £ 0.39 f
(1432) Ethiopia 7154 0.67  0.5351505°8 71550 — 1.51 + 0.27 f
(1495) Helsinki 13.31+£0.59  0.2715%9%7 1943 12+ 8 151 +0.27 80
(1568) Aisleen 11.66 + 1.01  0.3281%93 5105 46 + 38  2.16 £ 0.39 J
(1607) Mavis? 14.52 £ 1.72  0.2491%93 372 58 £ 50 1.51 £ 0.27 f
(1980) Tezcatlipoca 5.68 +0.58  0.2051°5%° 1700370 57 +39  1.51 4 0.27 i}
(2156) Kate 8.04 £0.45 0.2947%°52" 561,3° 49 +£ 32 2.16 & 0.39 £
(4611) Vulkaneifel 1210 £ 1.12 0.2161%5%° 3242 <53 1.51 £0.27 J
(5625) Jamesferguson 14.46 £ 0.86  0.0621%0%° 5274 >36 2.16 £ 0.39 ]
(6159) Andreseloy 5.65+ 1.37  0.2471%25" 60107 — 1.51 £ 0.27 y
(91) Aegina 101.40 +13.85 0.0527%0% 19431 17+12 1.08 £0.19 20
(155) Scylla 38.41+£0.54  0.0547°99° 16t 34+22 1.51+£027 f
(271) Penthesilea 65.05 £2.30  0.0547°09° 1643° 16+ 4 1.51 +£0.27 f
(295) Theresia 30.50 + 1.23  0.2201%9%3 247138 45420 1.08 £ 0.19 f
(322) Phaeo 59.66 +1.29  0.126755:09* 1241 — 2.16 & 0.39 U
(343) Ostara 19.65 +1.38  0.113%%70° 140542 — 1.51 & 0.27 J
(444) Gyptis 162.3 +£22.9 0.049%°%%7 7457 — 1.08 + 0.19 4
(463) Lola 20.27 £ 1.48  0.1155°5%° 70530 44 £ 15  2.16 £ 0.39 f
(464) Megaira 69.56 +6.38  0.0537%00° 120732° 15+ 11 216 +0.39 —
(493) Griseldis 40.86 + 1.13  0.0541%09° 5613° — 1.51 £ 0.27 —
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Table 2.3 — continued

Object D.g (km) PV re 0(°) a/b’ Spin®
(500) Selinur 41.15+£0.37  0.1961°0%" 1647 — 1.51 4 0.27 U
(520) Franziska 27.42+£1.00 0.149%°9%® 124 — 1.51 4+ 0.27 —
(538) Friederike 66.45 +1.42  0.0737°59° 35012 — 1.51 £ 0.27 —
(558) Carmen 59.71+3.15  0.1175°9%7 77130 — 1.08 + 0.19 i}
(562) Salome 36.99+1.90 0.1455%99° 231,07 19+10 1.08 £0.19 f
(567) Eleutheria 87.45+7.81  0.0561%0%° 197430 — 1.08 + 0.19 f
(583) Klotilde 80.78 £ 6.25  0.0671%0%° 307152 49 +35  1.08 £+ 0.19 f
(651) Antikleia 34.07+£1.92  0.1597°%0%° 3758 48 +£40 1.08 £ 0.19 y
(656) Beagle 55.14 £3.02  0.0687°50% 32141 — 1.51 £ 0.27 f
(662) Newtonia 24.04 £ 141 0.2117°55" 35152 47 £39  1.51 £ 0.27 i}
(668) Dora 23.18 £0.48  0.0624°:0%* 5218 52+ 8 1.51+£0.27 80
(670) Ottegebe 35.0840.76  0.2581%9%° 443 46 +£10 1.51 £ 0.27 f
(688) Melanie 38.4442.49 0.0701%0% 414 45+ 13 1.51 £ 0.27 20
(734) Benda 66.30 £ 2.75  0.0451%0%2 1375 17 £11 151 +£0.27 £
(735) Marghanna 65.09 £3.93  0.063%°02" 17458 48 £29 1.51 £0.27 f
(793) Arizona 26.94 +1.33  0.2371°00° 32730 50 24 1.08 £ 0.19 f
(826) Henrika 23.11+£0.97  0.0964°:02 45116 29 £24 1.08 £0.19 f
(829) Academia 37.20+ 1.49  0.06315%0%° 1542 23 +£ 17  2.16 & 0.39 J
(883) Matterania 7.60 £0.81  0.3041°%3¢ 3655 — 1.51 4+ 0.27 20
(906) Repsolda 71.08 £ 6.05  0.0701%0%" 4THEP — 1.08 + 0.19 i}
(918) Itha 21.59 £0.37  0.22241°9% 3758 — 1.51 4+ 0.27 o}
(972) Cohnia 73.1240.79  0.0555°0% 19738 40 £ 12 1.51 £0.27 20
(977) Philippa 76.87 +6.35  0.040°:0%* 27184 — 1.08 + 0.19 i}
(984) Gretia 34.72£1.18  0.2271°9%° 2018 56 £ 16 1.51 £ 0.27 20
(987) Wallia 43.054+ 1.91  0.1615%9%° 46194 — 2.16 & 0.39 i}
(998) Bodea 31.14 £ 1.87  0.0521°02* 20116 — 1.08 £ 0.19 y
(1018) Arnolda 16.31 £1.74  0.2601°52 43347 — 1.51 4+ 0.27 20
(1047) Geisha 10.53 £0.41  0.2831°5% 35158 314+ 10 1.51 £0.27 f
(1051) Merope 53.46 £ 1.81  0.066°00" 48181 — 2.16 =+ 0.39 20
(1076) Viola 22.22 +1.49  0.0541°02* 24753 — 1.51 4+ 0.27 o}
(1077) Campanula 10.124+0.80  0.2301%53" 5657 56 +31 1.51 +0.27 0
(1083) Salvia 11.22 4+ 1.12  0.2091%524 547507 16 £10 1.51 +£0.27 U
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Table 2.3 — continued

Degy (km) pv re 0(°) a/b’
31.054+ 1.36  0.1431%9%® 23118 — 1.08 £ 0.19
64.10 £2.59  0.0497°59° 10%g° — 1.08 + 0.19
11.97 £0.55  0.3045°5% 147433 16 +£14 1.51 +0.27
26.87 +1.09  0.0601°%59* 3418 54 4+ 24  1.51 £0.27 i}
24.66 £ 1.81  0.1237°%1% 54151 — 2.16 & 0.39 i}
23.91+1.28  0.2601 95" 8.0%% 7  37+25 1.08+0.19 f
17.474£0.90  0.2031°3%2 26437 — 1.08 + 0.19 i}
41.1542.27  0.1525%9% 19587 52 +44  1.51 +0.27 f
13.654+0.22  0.2521%95° 58430 64+ 8 1.5140.27 f
44.054+2.62  0.0601%0%" 6157 — 1.51 £ 0.27 f
24.38+0.94  0.0795°%9%* 90524 53 +£27  1.51 £ 0.27 o
30.68 + 1.27  0.0601%0%* 1552 33 +28 2.16 + 0.39 i}
23.28 £2.12  0.0741%9%" 40404 — 2.16 + 0.39 20
1522 +1.18  0.19415°5%7 15579 — 1.51 4+ 0.27 f
14.63 £1.28  0.2097%°52" 401428 50 £ 31 1.08 £ 0.19 f
6.54 £0.50 0.2775°%53 1053 51426  1.51 +0.27 i}
11.42 +1.57  0.1891°%:%27 76530 61 +21 2.16 & 0.39 f
7.65+0.78  0.2411°:%27 13099 — 2.16 + 0.39 0
21.72 £ 1.68  0.1397°1% 97138 — 1.51 4+ 0.27 f
14.46 £0.55  0.2227°95 3008 <42 1.08 +£0.19 i}
9.13+£0.50  0.2671°5% 37H2 — 1.51 4+ 0.27 i}
16.68 +£1.03  0.2591°9L° 40118 — 1.51 4+ 0.27 20
21.224+1.99  0.0655%9%" 247134 — 1.51 4+ 0.27 f
11.48 £0.88  0.2407°:53" 34558 — 1.08 £ 0.19 i}
34214225 0.0615%09* 19%°° — 1.51 +0.27 f
8.53+0.19 0.2255°%54 74152 23 +36 1.51 £0.27 —
46.48 + 1.54  0.0531%0%° 10587 38+ 19  1.51 £ 0.27 i}
8.4440.96 0.2041%%20 247458 48 +£30 1.08 +0.19 f
71.15+4.24  0.0531°50% 72834 45438 1.08 £+ 0.19 i}
10.31 £0.64  0.2137°522 1304520 46 + 28  1.51 £+ 0.27 i}
5.72+0.57  0.46871:%2 25136 — 1.51 4+ 0.27 f
53.71 +102060H°:00° 472 51436 1.51 +0.27 i}
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Table 2.3 — continued

Object D.g (km) PV re 0(°) a/b’ Spin®
(1644) Rafita 13.49 £0.84  0.2637°:3}° 281%° 48 £ 15  1.51 £ 0.27 i}
(1651) Behrens 10.09 £ 0.46  0.2421%5L° 59729 43 £36 151 £0.27 f
(1655) Comas Sola 35.09+£1.30  0.0597°02° 40137 144+ 7 1.5140.27 0
(1702) Kalahari 34.16 £ 1.23  0.0651%09° 287510 46 £ 8 1.51 £0.27 U
(1723) Klemola 33.77+£0.91  0.148%°0%7 3005 37+ 10 1.51 £0.27 i}
(1734) Zhongolovich 25.33 £0.71  0.069%°:0%" 3575 42 £28  2.16 £ 0.39 J
(1741) Giclas 13.17£0.56  0.2667°123 33120 — 1.51 +0.27 i}
(1759) Kienle 7734117 0.18415529 52158 — 1.51 £ 0.27 y
(1768) Appenzella 18.914+0.59  0.0581%0%* 31458 — 1.51 £ 0.27 £
(1807) Slovakia® 9.83+1.19 0.229%°%3°  200%£3" — 1.51 4 0.27 20
(1896) Beer 5.07+0.96 0.229159%° 801235 — 1.51 £ 0.27 0
(1936) Lugano 24.03 +£0.27  0.0831°0%° 120570 49 +£13  2.94 £ 0.53 —
(1979) Sakharov 4.69+0.77  0.2821°%%3° 581269 — 1.51 4+ 0.27 20
(2005) Hencke 8.994+0.95 0.3155%57 40138 — 1.08 + 0.19 i}
(2072) Kosmodemyanskaya — 4.74 £ 1.44  0.6577%2%" 19467 — 1.08 + 0.19 20
(2106) Hugo 16.15+ 1.50  0.0911%3%° 2276 — 1.51 4 0.27 f
(2111) Tselina 24.05 +2.19  0.195%°52° 47130 46 £ 13 1.51 £0.27 i}
(2123) Vltava 16.05 £0.68  0.1795°%%%" 565" — 1.08 + 0.19 i}
(2140) Kemerovo 33.56 £2.05  0.050 %02 201 46 £ 13  1.08 £0.19 20
(2144) Marietta 17.26 £ 0.45  0.2031%70° 53510 30+ 14 151 £0.27 80
(2177) Oliver 19.52 +£0.50  0.0851%0% 42110 <18 1.51 £0.27 0
(2203) van Rhijn 22.31+1.08 0.0875°%9% 551525 — 2.16 + 0.39 i}
(2204) Lyyli 25.05 £ 0.95  0.0471°%0%° 907130 49 £ 22 2.16 & 0.39 U
(2214) Carol 26.28 £1.60  0.0611°02° 21741 42 £31 151 £0.27 20
(2239) Paracelsus 37.53 £2.48 0.0547°00 1874 — 1.51 4 0.27 80
(2268) Szmytowna 1518 £ 1.46  0.1901%32° 30422 — 1.08 £ 0.19 y
(2275) Cuitlahuac 7.2940.19  0.3421%5% 13143 <13 151 £0.27 i}
(2297) Daghestan 25.06 + 0.89  0.0867 507 58138 34+25 216 £ 0.39 f
(2306) Bauschinger 19.24 £0.97  0.0721%0%° 1845 15+ 8 1.51+0.27 J
(2332) Kalm 36.52 £2.55  0.0607°02° s — 1.51 £ 0.27 0
(2347) Vinata 23.63 +1.27  0.1031°:0%° 3543 12+11 216 +0.39 f
(2365) Interkosmos 16.62 £1.41  0.1957°51° 4147° — 1.08 £ 0.19 20
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Table 2.3 — continued

Object D.g (km) PV re 0(°) a/b’ Spin®
(2375) Radek 32194+ 1.60 0.1231%9%® N 45 £ 15  1.51 £ 0.27 i}
(2446) Lunacharsky 1243 +£0.31  0.078%°0%° 33152 <21 216 +0.39 i}
(2463) Sterpin 11.934+0.69  0.2211%5% 1743 — 1.08 + 0.19 o}
(2500) Alascattalo 7.99 £0.27 0.2781°00° 41758 33420 1.08£0.19 £
(2556) Louise 5.96 £0.55 0.2521°%07° 61537 — 2.16 =+ 0.39 J
(2567) Elba 18.40 £ 1.27  0.1101%0%° 5058 — 1.08 + 0.19 J
(2687) Tortali 14.91£0.21  0.1485°%39 5970 <27 1.08 £ 0.19 i}
(2786) Crinevia 11.07 £0.98  0.2371°9523 12747 <23 1.08 +0.19 i}
(2855) Bastian 8.78 £0.57  0.1517°1% 17442 <41 1.08 £0.19 £
(2870) Haupt? 15.51 £2.28  0.0571%0° 13074%° 2.94 £ 0.53 —
(2947) Kippenhahn 7.80 £0.29  0.2671H°0: 32418 >28  1.51 £ 0.27 o
(2985) Shakespeare 10.64 £0.92  0.2601°:52 414 — 2.16 & 0.39 i}
(3036) Krat 41.41+£1.28  0.0901°%59° 1547 <43 2.16 £ 0.39 i}
(3051) Nantong 16.79 £1.60  0.0817°500° 273 <38 1.08+0.19 f
(3144) Brosche 4.80 £0.53  0.219%°92° 597,30 — 1.51 & 0.27 20
(3162) Nostalgia 28.88 +1.48  0.064 1509 2973 — 3.49 + 0.63 0
(3249) Musashino 6.44+1.22  0.1851 530 931132 — 1.51 4+ 0.27 i}
(3267) Glo 7.374+1.28  0.2621%23° 23133 43 £29 1.08 £0.19 i}
(3305) Ceadams 10.37£0.12  0.2187%%%" 2110 > 26 1.08 £0.19 J
(3411) Debetencourt 518 +£0.21  0.2941°%7 227153 14 +£13 151 £0.27 f
(3438) Inarradas 25.18 £0.68  0.0581°:0%° 547110 49 £ 11 1.51 £0.27 o}
(3483) Svetlov 2.96 +0.48  0.4961°157 1101580 — 1.51 4+ 0.27 i}
(3509) Sanshui 9.93£0.84 0.24375%° 62537 — 1.08 £ 0.19 f
(3536) Schleicher 3.67+£1.14 0375518 3271482 — 1.51 £ 0.27 i}
(3544) Borodino 9.29 +0.81 0.2411°52* 720 — 1.51 4 0.27 U
(3554) Amun 2.71+0.02  0.140%5%53" 14004700 <14 1.08£0.19 y
(3560) Chengian 22.8440.56  0.1521%397 44122 50+ 7 1.51 +0.27 f
(3628) Boznemcova 8.07+£0.80 0.2231°:93° 32128 — 1.08 £ 0.19 o}
(3751) Kiang 22.38 £0.68  0.0831°:09° 6272 35+ 6 246 £ 0.44 20
(3823) Yorii 13.66 + 1.47  0.0647%0%" 49122 — 1.08 + 0.19 U
(3907) Kilmartin 8.16 +1.12  0.530°%%° 2606 — 1.08 + 0.19 f
(3915) Fukushima 22.18 +£0.39  0.059552%* 22113 41 £ 18  1.51 £ 0.27 U
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Table 2.3 — continued

Object D.g (km) PV re 0(°) a/b’ Spin®
(3935) Toatenmongakkai ~ 12.02+0.82 0.2195°%51"  120%° 51 £27 1.51 £0.27 80
(3936) Elst 5.00 £ 0.68  0.4901°:95 227176 — 1.08 + 0.19 i}
(4003) Schumann 31.92+0.41  0.0635%09° 3243 — 2.16 + 0.39 f
(4006) Sandler 16.89 +0.64  0.0591%09° 3647 47 £14  1.08 £ 0.19 o}
(4008) Corbin 6.18 £0.31  0.3071 32> 67537 39+ 15 1.08 £0.19 i}
(4029) Bridges 7.8740.62 0.2461 02" 32126 46 £ 25 1.08 £ 0.19 i}
(4142) Dersu-Uzala 6.31£0.52  0.2361°58° 1104541 — 1.08 + 0.19 i}
(4150) Starr 6.93 +0.39  0.3041°52 29116 — 1.51 4+ 0.27 f
(4255) Spacewatch 15.71£0.45  0.0427°0%° 24722 42 £19  1.51 £ 0.27 £
(4264) Karljosephine 6.37 £ 1.83  0.2024°:25° 1107530° — 1.51 4 0.27 —
(4294) Horatius 8.07+£0.66 0.24271°:52 12477 — 1.51 +0.27 —
(4352) Kyoto 11.33+1.31  0.3081°53® 47454 — 2.16 & 0.39 f
(4359) Berlage 4.9840.69 0.2891°%53 40458 — 1.51 4+ 0.27 i}
(4363) Sergej 548 £0.48  0.28271°:37° 27124 — 1.51 £ 0.27 o}
(4383) Suruga 6.79 £1.03  0.2231°55%° 37133 — 1.08 £ 0.19 0
(4528) Berg 10.45+0.96  0.2471%93* 2652 — 1.08 + 0.19 o}
(4565) Grossman 7.5740.37  0.24015%957 517530 53 +£35 1.51 +0.27 y
(4569) Baerbel 9.21£0.73  0.2927°9%° 4814 49 +£ 17 2.16 & 0.39 £
(4613) Mamoru 11.96 + 1.48  0.2801%93° 9.47%7¢ <22 1.08+0.19 J
(4713) Steel 6.58 £0.18  0.1961°%° 40138 — 1.08 £ 0.19 0
(4771) Hayashi 13.32+£0.96  0.1015%0% 61557 — 1.08 + 0.19 o}
(4898) Nishiizumi 2.46 +£0.22  0.6001%9%3 3414% — 1.26 + 0.23 20
(4899) Candace 7174057 0271458 795004 — 1.08 £ 0.19 £
(4908) Ward 4.914£0.71  0.2621°53" 12745 — 1.51 £ 0.27 —
(5035) Swift 10.22 £ 1.06  0.2111%52 261,57 — 1.08 + 0.19 J
(5052) Nancyruth 4.66 £0.78  0.1671°%3° 10472 — 1.51 4+ 0.27 —
(5080) Oja 7.98 +0.53  0.2431°0:8 26120 — 1.08 + 0.19 20
(5088) Tancredi 16.17£1.02  0.0667 502 40767 — 1.51 £ 0.27 i}
(5104) Skripnichenko 9.49 +£0.48  0.3297% 52 41431 — 1.51 £ 0.27 i}
(5226) Pollack 5.74 +1.03  0.303%505° 2473 — 1.08 + 0.19 U
(5333) Kanaya 13.86 + 1.32  0.0661%07" 23132 — 1.08 £ 0.19 0
(5378) Ellyett 2.77+£0.25 0.7761%59 7558 — 2.16 + 0.39 i}
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Table 2.3 — continued

Object D.g (km) PV re 0(°) a/b’ Spin®
(5427) Jensmartin 3.13+£0.14  0.6224°%7 19776 — 1.08 + 0.19 U
(5527) 1991 UQs 530 +£0.56 0.2331°0:°  120%5(* — 2.16 + 0.39 J
(5574) Seagrave 9.72+1.05 0.225%°%27 34134 — 1.08 + 0.19 i}
(5592) Oshima 23.91+1.16  0.0651°03* 34142 — 1.08 £ 0.19 U
(5604) 1992 FE 0.67£0.01  0.4471%% 11005227 — 1.51 &+ 0.27 20
(5682) Beresford 5.37+1.83  0.2335°:%3 2971452 — 1.08 + 0.19 A}
(5712) Funke 7.224+1.60 0.2697%05" 3353 — 1.51 4+ 0.27 U
(6091) Mitsuru 4.94+0.75  0.42315508 45125 62 + 36 2.46 + 0.44 0
(6121) Plachinda 5.83+£0.82  0.2501 9% 56155° — 1.51 +- 0.27 f
(6139) Naomi 10.68 +£0.36  0.2071 %5t 66755 53 £32  1.08 £ 0.19 ]
(6170) Levasseur 5.57+0.63 0.238%°%%" 7615501 — 1.08 + 0.19 i}
(6185) Mitsuma 10.36 + 1.00  0.1131%3%2 6675 41+ 16 1.08 £0.19 y
(6261) Chione 3.91+£0.56  0.2705°93° 411752 — 1.51 4+ 0.27 i}
(6361) Koppel 3.59£0.19  0.7287°%5 20507 — 1.51 £ 0.27 i}
(6572) Carson 8.56 £ 1.21  0.2621°%3° 217133 — 1.08 + 0.19 J
(6838) Okuda 11.88+£0.28  0.1855°%1%° 4748 53+ 16  1.08 + 0.19 o
(6870) 1991 OM, 2.80+0.66 0.6471%05° 595330 — 1.51 £ 0.27 y
(6901) Roybishop 5.054+0.44  0.3374523¢ 591,59 — 1.08 + 0.19 i}
(6905) Miyazaki 14.30 £0.73  0.2221%1¢° 26500 43 £36 1.08 £0.19 20
(6911) Nancygreen 2.90 +£0.32 05153535  210%2% — 1.51 4 0.27 U
(7476) Ogilsbie? 1841 +£1.21  0.14615%3L 70520 — 1.08 + 0.19 f
(7783) 1994 JD 2.78 £0.33  0.46115%5% 1701390 — 1.51 4+ 0.27 i}
(7829) Jaroff 2.554+0.50  0.4305%5%" 321376 — 1.08 + 0.19 i}
(7832) 1993 FA; 3.55+£0.53  0.4441°0%° 467,50 — 1.08 + 0.19 20
(7949) 1992 SU 18.26 £ 1.36  0.0661%0%° 37528 32+£29 1.51+0.27 0
(8213) 1995 FE? 4.80 £1.02  0.28715%%3 3617 — 1.51 4+ 0.27 i}
(8862) Takayukiota 7.76 £2.35  0.2295°,000 43119 10 +£10 2.16 + 0.39 20
(8887) Scheeres 7.56 £0.81  0.2751°%37 21152 <43 1.51 £0.27 f
(9297) Marchuk 9.55£0.57  0.2601 50 227,320 39 +£27 1.08£0.19 f
(10936) 1998 FNy; 11.75 £ 0.50  0.1271%3%8 134322 <5 1.08+0.19 0
(11549) 1992 YY 10.30 £ 0.44  0.2471%587 3048 — 1.08 + 0.19 i}
(11780) Thunder Bay 7.824 243  0.214159%7 130735° — 1.51 +0.27 f
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Table 2.3 — continued

Object D.g (km) PV re 0(°) a/b’ Spin®
(12376) Cochabamba 5.93+0.97 0.2455%06" 120799 — 1.51 & 0.27 U
(12753) Povenmire 8.00+£0.19  0.249%°0%° 1743 <8 151+027 J
(13474) V'yus 6.63+1.41  0.1461°532 647142 — 1.26 + 0.23 —
(13856) 1999 XZ1¢5 14.79 £1.23  0.0597 0% 207,42 — 1.08 + 0.19 f
(14342) Iglika 16.22 £ 1.11  0.0791%0%° 24715 — 1.51 &+ 0.27 20
(14950) 1996 BE, 6.66 +£1.01 0.1451°:9533 541540 — 1.51 £ 0.27 i}
(15362) 1996 ED 4.95+1.01  0.275%52%8 1107520 — 1.51 4+ 0.27 f
(15430) 1998 UR3, 3.78 £0.43  0.2971°%37 721127 — 1.08 + 0.19 i}
(15499) Cloyd 9.67£1.25 0.1467 59" 33130 — 1.08 £ 0.19 £
(15914) 1997 UM; 420 £0.95 0.2341°2%! 881158 — 1.51 4 0.27 U
(16681) 1994 EV; 3.944+0.34  0.20970%9%" 6350" — 1.51 4 0.27 J
(16886) 1998 BCaqg 7A14+0.78  0.21115%52° 3318 49 £33  1.08 £0.19 —
(17681) Tweedledum 248 +0.31  0.4415°57 1307320 — 1.51 4+ 0.27 i}
(17822) 1998 FM;35 10.92 £1.43  0.0587 0% 79158 — 1.51 £ 0.27 f
(18487) 1996 AUs 7.78 £0.79  0.2591%9%° 46130 — 1.51 £ 0.27 y
(19251) Totziens 6.24 +£2.14  0.1964°058 321502 — 1.08 + 0.19 f
(20378) 1998 KZ46 7.78 4£0.80 0.2121%526 34433 — 1.08 £ 0.19 0
(20932) 2258 T-1 5.76 +1.32  0.2475%%57 41t — 1.08 £ 0.19 J
(21594) 1998 VP34 10.30 £0.26  0.097 71502 44439 50 £17  1.08 £ 0.19 f
(23200) 2000 SHj 7.20 £ 1.10  0.219%%93° 17450 — 1.08 + 0.19 U
(23276) 2000 YT101 7.01+£0.96  0.0715°5%° 271H30 — 1.08 + 0.19 f
(24101) Cassini 7.40 +1.43  0.2241°53° 151438 — 1.08 + 0.19 —
(27851) 1994 VGo 10.43 £0.98  0.0571 5000 Nt <20 1.08+0.19 —
(28126) Nydegger 2.63+£0.76  0.2261°09° 33129 — 1.08 + 0.19 —
(30470) 2000 ORyg 9.42+0.28  0.057450%* 451,33 <11 151 £0.27 y
(32802) 1990 SK 4274176 0.27315%18 205552 — 1.51 +0.27 i}
(33916) 2000 LF g 4.0840.41  0.1851°520 381! — 1.51 4+ 0.27 20
(41044) 1999 VWg 579 £1.58  0.2971%% 144557 — 1.51 £ 0.27 i}
(41223) 1999 XD1g 11.61 £ 1.15  0.0551%0% 237133 — 1.08 + 0.19 20
(41288) 1999 XD1g7 4.22+£0.98  0.20715:2%° 41156 — 1.08 + 0.19 o}
(42265) 2001 QLgg 7.074+1.35 0177155 2553 — 1.51 4+ 0.27 i}
(42946) 1999 TUgs 4744079 0.2661°53 37450 — 1.08 + 0.19 i}
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Table 2.3 — continued

Object D.g (km) PV re 0(°) a/b’ Spin®
44892) 1999 Vg 7.80+£1.66 0.21310.046 327593 — 1.08 + 0.19 £
0.048 32
(45436) 2000 AD;7g 3.89 £1.54  0.2405°59° 751582 — 1.51 +0.27 f
(68216) 2001 CVag 1.244£0.05 0.3227%522 4300521 — 1.08 + 0.19 o}
(69350) 1993 YP 2.87+0.69 0.16275%53" 240750 — 1.51 +0.27 i}
(72675) 2001 FPsy 3.77T+£1.32  0.2197°958 2975367 — 1.08 £ 0.19 U
90698) Kosciuszko 3.55+0.25 0.298710.028 16449 — 1.08 + 0.19 f
0.034 16

“Thermal inertia values are in ST units (J m™2 K s71/2).

ba/b values are adjusted downward by 16% to account for the overestimation as described in section 1.4.2.
Indicates either prograde (f}) or retrograde ({}) spin direction.

ATPM results with x2,;,, > 8 and thus should be used with caution.
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2.3.5 Comparison to Previous Works

Diameters The diameter estimates from NEATM fits presented by the WISE team (i.e.,
Mainzer et al., 2011b; Masiero et al., 2011) are separately reported for the pre- and post-
opposition epochs. I present a comparison of these diameter pairs (D;%}SE) to the diameter
values (one per object; D;fﬁl? M) obtained here, and plot them (colored by observing geometry)
in figure 2.3. There is a general agreement of within + 15% between the two datasets, with
a few important notes. Firstly, for objects ~30 km and above, my TPM diameters are
slightly higher than the NEATM model estimates of the WISE team. This discrepancy is
likely due to the inherent model differences between my TPM approach and the NEATM
used by the WISE team. Secondly, objects smaller than 20 km exhibit, on average, 5% lower
diameters from my TPM analysis than from the WISE NEATM analysis.. Lastly, I highlight
an interesting trend seen in figure 2.3 for different observing geometries: pre-opposition
(upright triangles) NEATM diameters are more similar to the TPM-derived diameters for
objects smaller than 8 km while the post-opposition (downward triangles) diameters remain
consistently offset from my TPM diameters at smaller sizes. From this result I can conclude
that the majority (over 50%) of small diameter asteroids are retrograde rotators — which
is in good agreement with my sense of spin results section 2.4.2. Additionally, the results
show that the diameter estimates at post-opposition (i.e., observation of the warmer side of
a retrograde rotator) are larger for smaller sizes — due to the shifting of the longitude of the

maximum surface temperature farther from the sub-solar point (e.g., Spencer et al., 1989).

Thermal Inertias Combined with the results from chapter 1, I have increased the number
of asteroids with thermal inertia by 239, an approximate doubling over the tally of literature
values (185; Delbo’ et al., 2015; Hanus et al., 2018). This increase is mostly among objects in
the 5-50 km size range (figure 2.4). Overall, there is a negative correlation between thermal
inertia and diameter, as evidenced by the Spearman’s rank coefficient of r, = -0.26 (p < .001).
From the findings of Rozitis et al. (2018), however, thermal inertia should be adjusted to
account for its dependence on heliocentric distance, caused by temperature changes by using
the power-law formula: I' =Ty - RiU. This adjustement partially compensates for the effects

of temperature on the thermal inertia, and allows for a better comparison of hot, small NEAs
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Figure 2.3: Comparison of the effective diameter values obtained by Masiero et al. (2011)
and Mainzer et al. (2011b) to my reported TPM values. I plot the difference between the
individual pre- and post-opposition diameters of the WISE team and my TPM diameter as a
function of the diameter from my TPM. Purple, upward-facing and green, downward-facing
triangles are data collected at pre- and post-opposition, respectively, and a running mean of
the relative diameter difference is given by the black line.

86



L | ' L L | ' L | ' L |
— - ® in Delbo' et al. (2015) A
Z‘” 1000 ¢ ® this work =
NX: C : .
E i T ° [ ] ° ]
= B 4
— i .. I 0.0 * ! s 1 ]
é 100__ : .. 00:' :0 | it CQ.O.. . -
+ C " L & :... o0 e L4 L4 Py ]
é}‘ : 3 1 :‘:{ f"\ ’. :. l : l .. :
A i ® “.‘-\k“’.”a & L. " i
— B 3 5 Mg oli%eell ® .O. ! ° .
®© R 1 0 o "~ :0?.‘ .‘:o °® T
E ) ( e T s oo °
S I .’ o o®
g ].O :_ ° I '.: 14 —:
= C I .
[ ] ] ] ] ] ] i
& T T T T T
Lm i 3/4 ]
¥ i | Ty = T Ry
g/ 1000F | . E
|’_‘O E : I [ ] ° ** 1 .. i ° E
:<D[: I M .0 'O ® .. ° ..'; oo ¢ |
— i .. e '.:.. :‘ .o 0:’. ... ° T
© 100 - .o [ e ..::'0 s .;: o oo _
- $ R el dveter s ’, :
3 : Lee Bl T8 | ofl [T 1 TTL :
&~ - vt I ‘0'...‘.0’ ‘.‘o o " 1 b
[} 5 oo o‘a.o o® .. -
g ® od o O o0 [ ] o [ ) ° i
= i ) ( I : ‘. °
g - o. | \( I ° o.. 14 -
g 1of I E
1 10 100 1000

Diameter, D, (km)
Figure 2.4: Thermal inertia versus object diameter values from this work along with previous

estimates. The bottom panel shows the thermal inertias from the top panel scaled at a
heliocentric distance of 1 AU, as described in the text and Rozitis et al. (2018).
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and cool, larger MBAs. I use ( = 3/4 here, which was suggested by Delbo’ et al. (2015)
and Mueller et al. (2010). Performing the adjustment on this larger set if asteroid thermal
inertias removes the size correlation, with r, = 0.06 and p = .32. This result is different
from that of chapter 1, and is most likely caused by the addition of objects in the 3-30
km size range. In the next subsection, I directly model the thermal inertia dependence on

temperature, which is more physically appropriate.

2.4 TPM Analysis

2.4.1 Thermal Inertia Dependence on Diameter and Temperature

A forward stepwise multivariate regression model (Draper and Smith, 1998) was implemented
on the large dataset of TPM results in an attempt to discern the major factors that control the
thermal inertia. Object diameter, rotation period, and color temperature (an approximation
of the surface temperature; section 2.5.2) were all transformed into log;y space and used as
independent factors in this model. The forward stepwise regression model permits a factor
to enter when there the relationship with the dependent variable is statistically-significant
(i.e., if p < .05). The regression model selected both diameter and temperature (figure 2.5)

as necessary explanatory variables, given by:
I — 10-205£0.97 _ ng.j%13:|:0.036 L6041 (2.7)

The uncertainty of the calculated temperature exponent is consistent with the temperature
dependence of thermal conductivity, as detailed in subsection 2.5.2 (k oc T®), which
theoretically predicts T" oc T°/2.

This multivariate regression model does not select rotation period as a statistically
significant independent variable, which runs counter to the claim of Harris and Drube
(2016), who did not consider the temperature dependence of thermal inertia. Harris and
Drube (2016) used an indirect method of thermal inertia determination to investigate its
dependence on rotation period and found a strong positive correlation, which they attributed

primarily to the increase in thermal skin depth equation (1.6) — indicating that the thermal
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Figure 2.5: Thermal inertia dependence on object diameter and the surface (color)
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(dashed) and 1o uncertainty (dotted).

89



wave penetrates deeper into the subsurface. Following their logic, the correlation between
thermal inertia and skin depth (I, = \/W) was used to indicate an increase in the
grain size at greater depths. Even if I ignore my null result for a test of thermal inertia
dependence on rotation period, there are a few issues with the logic of Harris and Drube
(2016). Firstly, both thermal inertia and thermal skin depth have the exact same square-
root thermal conductivity dependence, which is the controlling factor (c.f., heat capacity
and density) for asteroid surfaces. Thus I expect that thermal inertia and skin depth should
always exhibit strong correlations independent of any variation in the subsurface structure
of regoliths. Secondly, if grain size, or packing fraction, do indeed increase with depth then
it would inherently be very difficult to detect the effects on disk-integrated daytime thermal
emission data. The trouble here arises when one realizes that the thermal wave is more
heavily influenced by the thermophysical properties of the material closer to the surface
(nearest the upper boundary) during daytime hours. If a hypothetical conducting slab of
bare rock was overlain with a regolith layer, the daytime temperatures would still be mostly
affected by the uppermost layers, since the downward heat flow has not encountered the
slab — as if it were non-existent. Once the heat flow reaches this hypothetical slab, most
of the thermal energy has already been stored within the overlying regolith, and thermal
conductivity increase at depth would not be great enough to recursively influence the daytime
surface temperatures. I thus conclude that changes in the thermal inertia seen here, and
estimated elsewhere from TPM modeling of disk-integrated thermal emission, are primarily
a consequence of the thermophysical properties across the surface and not structural changes

from beneath the surface.

2.4.2 Spin Dependency on Size

Based on the TPM results, I observe a correlation between the retrograde/prograde ratio
and asteroid size. I bin my objects by diameter in figure 2.6 and assign the uncertainty
(shown as vertical lines) of the bins to be the number of objects with undetermined spins
in that diameter bin. Horizontal lines that transect some of the spin/diameter bins indicate
the number of near-Earth asteroids in that bin. Asteroids in the 16-30 km and > 30 km

bins show an excess of prograde spins. The retrograde and prograde numbers are roughly
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Figure 2.6: Number of prograde and retrograde rotators as a function of diameter bin.
Vertical lines indicte the number of objects with indetermined sense of spin within that size
range; if there are none I fix the uncertainty to be one.

equal within my sample for diameters between 8 and 16 km and retrograde rotators are more
represented at small sizes (D gy < 8 km).

My result showing prograde spin excess at larger sizes is generally consistsent with
previous findings of spin vector distributions estimated from lightcurve inversion methods
(Kryszezynska et al., 2007; Hanus et al., 2011, Durech et al., 2016). However, the precise
diameter cutoff at which the excess in prograde rotators disappears is unclear as the latter
two in this list both show that the prograde excess exists for asteroids larger than 60 km,
and disappears among 30-60 km objects. Here, I show an excess of prograde rotators within
the 30-60 km and > 60 km bins — although I have few objects and large spin ambiguity for
the > 60 km bin. The prograde excess at larger sizes is likely a remnant of the primordial
spins of large protoplanets due to the accretion direction of pebbles into planetesimals, and
the nature of momentum conservation (Johansen and Lacerda, 2010). Spina et al. (2004)
identified a larger fraction of retrograde rotators among NEAs, and attributed the cause

for this to be a dynamical selection effect in which these retrograde main-belt asteroids
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more efficiently enter resonances with Jupiter via Yarkovsky orbital drift. My results show
an overabundance of retrograde rotators at small sizes inherent in small main-belt objects.
This result, if true, removes the need for any selection effect for main-belt asteroids that are
transferred to NEA orbits. The question now becomes: what mechanisms are at play in the
Main Belt that result in an excess of asteroids spinning in the retrograde sense? Answering
this question is beyond the scope of this work, but I suspect that modeling of YORP spin
obliquity alteration and the spin states of collisional fragments can be used to investigate

this problem.

2.5 Methods: Grain Size Estimation

Using the results of my TPM analysis, I employ a regolith thermal conductivity model
devloped by Gundlach and Blum (2013) to estimate a characteristic regolith grain size for
each asteroid. This model requires compositional information about each individual asteroid
I must infer this knowledge using spectral characteristics, when possible. In the 88 cases
where spectral type is not available, however, I infer the composition from the derived
albedo. In all cases in which an asteroid belongs to a dynamical family, I cross-check the
spectral type with that of the family. I discuss this strategy for inferring composition in
section 2.5.1 in the context of meteorite analogs. I wish to best capture the uncertainties
in the meteorite material properties and propagate them through the thermal conductivity
model, so I employ a Monte Carlo approach for estimating the regolith grain sizes for each

object (section 2.5.2).

2.5.1 Asteroid-Meteorite Connections

Establishing a meteorite analog to an asteroid can be most reliably be made for objects for
which I have well-characterized spectra. Various taxonomic systems have been defined based
on combining albedo information with photometric colors (Tholen, 1984), or absorption
features with spectral slopes of Vis-NIR reflectance spectra (DeMeo et al., 2009). Groups
within these taxonomies capture a wide range of compositions seen in the meteorite

record, although featureless spectra across many meteorite groups introduce ambiguity in
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establishing appropriate analogs for featureless asteroid spectra. Band parameter analyses
of S-complex spectra can refine the estimated composition and associated meteorite analogs
(Reddy et al., 2015, and references therein).

For the asteroids in my sample that possess identifiable and distinct NIR absorption
features, I can make specific associations to meteorite sub-types such as the H/L/LL types
within the ordinary chondrites. It is not possible to associate an asteroid with a specific
meteorite sub-type if only the visible spectrum (or colors) and albedo are known. In these
cases, only a broad meteorite association is made using whatever data are available. For
example, if an asteroid only has sufficient color or visible wavelength coverage to be broadly
defined as S-complex, the full range of the silicate-dominated asteroids, as given in the top
line of table 2.6, are used. Visible spectra and color information can be used to distinguish
between the S-complex, C-complex, and X-complex. Objects falling within the X-complex
are further divided into meteorite analog groups by using my albedo results and the work
of Tholen (1984). E-type (from colors; Tholen, 1984) and Xe-type (from Vis/NIR spectra
DeMeo et al., 2009) objects have py 2 0.425, M-types have 0.12 < py < 0.425, and P-types
have py < 0.12. The uncertainty in py for individual asteroids creates ambiguity along
the M- and P-type cutoff criterion. Thus, care is taken to distinguish these objects using a
thermal inertia cutoff of I' 2 250 to distinguish M-types from P-types as noted by a the I'
superscript in table 2.7.  Many asteroids in my sample have no previous color or spectral
information available, and I am left to infer the meteorite analog based on the albedo alone.
An albedo cutoff at 0.12 is used to distinguish between high albedo S-types and low-albedo
C-types, and albedos above 0.425 are assigned to the E-types. A two panel summary figure
of these selection criteria can be found in figure 2.7. It is interesting to note here that
the overall trend (across taxonomic groups) is a positive correlation between py and Gy .
However, within each taxonomic group there is an absence or slight negative relationship
between these two variables. Such a scenario is an example of Simpson’s statistical paradox®
(Simpson, 1951; Yule, 1903). I briefly note this paradox here for future works that may

investigate the complex relationship between py, Gy, and regolith grain-scale size and

3This phrase describes a dataset that exhibit correlations across the entire sample that are statistically
distinguishable from the within-group correlations.
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roughness across different spectral/compositonal groups. The albedo-based classification
described here neglects the possibility that M-types and P-types could be misclassified as
S-types and C-types, respectively. However, I see no reason to re-assign any of these S-
types to the M-type group, as the thermal inertias are consistent with a silicate-dominated
material with low thermal conductivity. Although some P-types might be misclassified as C-
types, having no currently available spectral information, the difference in assumed material
properties that I use is not large and would not alter the reported grain size by more than
a few percent. I do however change the classification of (4003) Schumann from C-type to
P-type, based on its location in the outer part of the Main Belt (Ryy = 3.4 AU) where
P-types outnumber C-types (DeMeo and Carry, 2013, 2014).

Table 2.6 shows the different spectral types and associated meteorite analog with the
thermophysical and mechanical properties that will be used in the thermal conductivity
model: thermal conductivity (kgmm), heat capacity (cs), mass density (pgram), Young’s
modulus, F, and Poisson’s ratio, p. I also distinguish between the low emissivity of metal-
rich materials and higher emissivity of silicates and carbonaceous materials. Below I briefly
describe how these properties differ for each meteorite analog and analyze data from many

sources, when appropriate, to account for temperature and porosity effects.

Conductivity

Thermal conductivity measurements reveal a strong dependence on the porosity, @,, of
the meteorite being studied and the ambient temperature of the laboratory conditions.
In their review paper of thermal conductivites, Flynn et al. (2017) note that laboratory
measurements of thermal conductivity do not change significantly in the temperature range
from 100 and 300 K, but drop off to zero at 0 K. Within a granular material, such as asteroid
regolith, void spaces can significantly impede solid-state heat flow between grains and the
grain temperatures controls the efficiency of radiative heat transfer within the pore space
(section 2.5.2). To account for porosity effects, I estimate the thermal conductivity for zero
porosity using data collected at 200 K as measured by other works. A similar analysis was
performed by Flynn et al. (2017), but they chose to fit the dataset to log(g,), which becomes

meaningless as ¢, approaches zero.
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Figure 2.7: Geometric albedos and slope parameters for asteroids in this study. The top
panel, consisting only of filled symbols, shows the objects classified on the basis of spectral
or color data and family membership, when applicable. The bottom panel, consisiting of
open symbols, are the 88 objects classified only on the basis of albedo.
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Table 2.4: Meteorite Thermal Conductivity Measurements @Q Ti,;, = 200 K

Sample Group 3p" keg? Source

ALH 77288 H6 2.0 3.53  Yomogida and Matsui (1983)
Arapahoe L5 2.5 2.31 Yomogida and Matsui (1983)
Bath Furnace 1 L6 4.3 2.26 Opeil et al. (2012)
Bath Furnace 2 L6 4.3 2.72 Opeil et al. (2012)
Bath Furnace 3 L6 4.3 3.15 Opeil et al. (2012)
Bruderheim L6 8.0 1.03 Yomogida and Matsui (1983)
Farmington L5 5.5 2.14  Yomogida and Matsui (1983)
Gilgoin Station  H5 5.0 3.60 Yomogida and Matsui (1983)
Gladstone H5 5.0 2.16 Yomogida and Matsui (1983)
Holbrook 1 L6 10.4 0.45 Opeil et al. (2012)
Holbrook 2 L6 10.4 1.15 Opeil et al. (2012)
Kunashak L6 5.2 1.86 Yomogida and Matsui (1983)
Leedey, A L6 10.4 0.40 Yomogida and Matsui (1983)
Leedey,B L6 10.6 0.47 Yomogida and Matsui (1983)
Los Angeles Sher* 8.1 0.77 Opeil et al. (2012)
MET 78003 L6 7.8 1.54 Yomogida and Matsui (1983)
Monroe H4 5.9 2.35 Yomogida and Matsui (1983)
New Concord L6 9.2 0.78 Yomogida and Matsui (1983)
Pultusk H5 7.5 1.25 Opeil et al. (2012)
Wellman H5 6.1 3.85 Yomogida and Matsui (1983)
Y-74156 H4 9.2 1.54 Yomogida and Matsui (1983)
Y-74191 L3 10.3 1.24 Yomogida and Matsui (1983)
Y-74647 H4.5 9.1 1.15 Yomogida and Matsui (1983)
Y-75097 L4 10.3 0.97 Yomogida and Matsui (1983)
Abee EH6 3.0 5.33 Opeil et al. (2010)
Pillistfer EL6 2.4 5.51 Opeil et al. (2012)
Campo del Cielo IAB 1.2 22.4 Opeil et al. (2010)

Notes. *Shergottite meteorite group (Martian origin).

“Sample porosity, given in percent.

bEffective thermal conductivity, given in W m™* K-!.
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In order to estimate thermal conductivity at ¢, = 0, lines are fit to meteorite samples
with porosities less than 12% from the literature (table 2.4), as shown in figure 2.8. Since
the carbonaceous chondrites with measured k.g had porosities exceeding this cutoff, I did
not use any for my analysis. I found that enstatite chondrites have a larger thermal
conductivity than the ordinary chondrite samples (and one Shergottite), likely due to the
small amounts of metal contained within them. The y-intercept of the best-fit lines give the
thermal conductivity at zero porosity of 4.05 + 0.35 and 6.23 for ordinary chondrites and
enstatite chondrites, respectively. Opeil et al. (2012) showed that the thermal conductivities
of ordinary and carbonaceous chondrites greatly overlap; thus I assume the same thermal
conductivity at zero porosity for both groups. I used the same line slope to extrapolate a
single measurement of thermal conductivity (Opeil et al., 2010) of the iron-nickel meteorite
Campo del Cielo to estimate the y-intercept. These calculated thermal conductivities at

zero-porosity are used in the thermal conductivity model to compute grain size.

Heat Capacity

The ability of material to store thermal energy per unit mass is quantified by its specific
heat capacity, c¢s. Heat capacity is quantified by the amount of energy required to cause a
temperature change of 1 K, per unit mass, when heated or cooled — without undergoing a
phase change. Laboratory heat capacity measurements of meteorites reveal a non-negligible
dependence on temperature (Beech et al., 2009; Opeil et al., 2012; Szurgot et al., 2012;
Consolmagno et al., 2013; Wach et al., 2013). T account for this dependency by performing an
analysis, similar to the one performed for thermal conductivity, in which I use literature data
on meteorite heat capacities measured at various ambient temperatures (shown in table 2.5).
I find that two groups with distinct trends emerge: a group with all the iron-nickel meteorites,
and a non-metallic group, comprised of all chondritic and achondritic meteorites (figure 2.8).
Flynn et al. (2017) use similar data, but present fits for temperatures of 75-200 K which
does not cover the full range of asteroid surface at temperatures relevant to my sample of
asteroids. Thus I compute the fits to this dataset for a temperature range of 175 to 300 K
and with a y-intercept fixed at zero. The best-fit heat capacity equations (and coefficient

uncertainties) for non-metallic and metallic meteorites at different temperatures are given
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Figure 2.8: Meteorite thermal conductivity as a function of porosity (top) and specific heat
capacity as a function of temperature (bottom). Dashed lines show linear fits in the top panel,
and parabola fits through the origin in the bottom panel, with dotted lines representing 95%
confidence intervals. The dashed-dotted line through the Campo del Cielo datum assumes
a slope of 0.3.
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by ¢; = -0.0031 (£ 0.0004)xT? + 3.34 (£ 0.10)xT and ¢, = -0.0044 (£ 0.0004)xT? + 2.84
(£ 0.11)x T, respectively.

Mechanical Properties

Young’s modulus (F) and Poisson’s ratio (u) are used in the thermal conductivity model
to calculate the contact area between grains within a regolith. In particular, these two
quantities are used to describe the tendancy for certain materials to become deformed along
the axis of an applied force and the amount of longitudinal deformation of the material,
respectively. For M-type asteroids, I use the values of these properties measured for iron-
nickel alloys, which are similar to iron meteorites, by Ledbetter and Reed (1973). Ibrahim
(2012) reports Young'’s and Bulk Modulus (G) for many ordinary and carbonaceous chondrite
meteorites. I calculate Poisson’s Ratio using the relationship between the three variables:
W= % — 1. This equation assumes an isotropic material and it also used to propagate the
reported uncertainties presented in Ibrahim (2012). The values for E-types are assumed to

be that of S-types, as indicated by italics in table 2.6.

Density and Porosity

Meteorite specimens, while not regolith, still contain small pores that affect the bulk density
of an un-ground sample (e.g., Cadenhead and Stetter, 1975). Typical meteorite porosities,
,, range from 4% to 10%, but can be as high as 20% for weathered finds and low as 2%
for iron meteorites. The density of individual grains, or grain density (pgruin), is the relevant
density for input to the thermal conductivity model as it avoids the effect of porosity. I
primarily use grain density data collected by Macke (2010), who measured the porosities of
individual meteorites with various compositions and computed the grain densities. Table 2.6
lists grain densities for many specific meteorite sub-types (e.g., H chondrite), which are used
for asteroids that I can tie to a specific meterorite analog. But, as mentioned in section 2.5.1,
specific meteorite sub-type connections can’t be made for an S-type asteroid if only the visible
spectrum (or colors) or albedo is known. In this scenario, I assume the full range of grain
densities across all sub-types for the object (i.e., a uniform distribution of pg., is used

instead of a normal distribution) as input to the thermal conductivity model.
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Table 2.5: Meteorite Heat Capacity Measurements at Different Ambient Temperatures

Sample Group  Tiap (K) ¢ (J kg! K1) Source

Allende Ccv 180 501 £ 21 Consolmagno et al. (2013)
Bilanga Di. 180 509 £ 26 Consolmagno et al. (2013)
Bori L6 180 495 + 8 Consolmagno et al. (2013)
Cumberland Aub.f 180 513 £ 14 Consolmagno et al. (2013)
Hedjaz L3.7-6 180 488 £ 12 Consolmagno et al. (2013)
Holbrook L6 180 486 £ 9 Consolmagno et al. (2013)
Ness Country L6 180 517 £ 6 Consolmagno et al. (2013)
NWA 2086 CvV 180 519 £ 28 Consolmagno et al. (2013)
NWA 4293 H6 180 498 + 7 Consolmagno et al. (2013)
Ornans CO 180 497+ 7 Consolmagno et al. (2013)
Pipe Creek H6 180 489 £ 10 Consolmagno et al. (2013)
Pultusk H5 180 496 £ 8 Consolmagno et al. (2013)
Renazzo CR 180 535 + 12 Consolmagno et al. (2013)
Thuathe H4-5 180 487+ 9 Consolmagno et al. (2013)
Warrenton CO 180 503 + 16 Consolmagno et al. (2013)
Gao-Guenie H5 296 732 £ 8 Beech et al. (2009)
Soltmany L6 200 549 £ 30 Szurgot et al. (2012)
Soltmany L6 300 728 £ 35 Szurgot et al. (2012)
Los Angeles Sher.* 185 550 £ 10 Opeil et al. (2012)
Los Angeles Sher.* 300 780 £ 10 Opeil et al. (2012)
Los Angeles Sher.* 235 600 + 10 Opeil et al. (2012)
Los Angeles Sher.* 265 680 £ 10 Opeil et al. (2012)
Soltmany L6 223 575 £ 10 Wach et al. (2013)
Soltmany L6 300 671 £ 10 Wach et al. (2013)
NWA 4560 LL3.2 223 266 £ 10 Wach et al. (2013)
NWA 4560 LL3.2 300 682 £ 10 Wach et al. (2013)
Cronstad H5 200 550 = 10  Yomogida and Matsui (1983)
Abee E4 200 500 £ 10  Yomogida and Matsui (1983)
Cold Bokkeveld CM2 200 500 & 100  Yomogida and Matsui (1983)
Lumpkin L6 200 570 £ 10  Yomogida and Matsui (1983)
NWA 5515 CK4 200 500 £ 10  Yomogida and Matsui (1983)
Campo del Cielo IAB 200 375 £ 10 Opeil et al. (2010)
Campo del Cielo IAB 300 450 £ 10 Opeil et al. (2010)
Auggustinovka ITTAB 180 375 £ 13 Consolmagno et al. (2013)
Pirapora IITIAB 180 342 £ 27 Consolmagno et al. (2013)
Sikhote-Alin Fe ITAB 350 458 £ 11 Beech et al. (2009)
Estherville Meso# 180 383+ 6 Consolmagno et al. (2013)

Notes. *Shergottite meteorite group (Martian origin).
T Aubrite meteorite group.
tMesosiderite meteorite group.
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Table 2.6: Material Properties of Meteorite Groups

Spectral Type Meteorite Analog(s) kgrain Pgrain (kg m3) Cs® €g E (GPa) ul
S-complex 4.05 £ 0.35 3180-3710 -0.0033xT? + 3.39xT 0.9 288424 0.23+0.04°
S-type  H chondrite ” 3710 £+ 10™ ” 9 » » » » »
L chondrite ” 3580 + 10™ » » » » » » » »
LL chondrite ” 3520 + 10™ ” » » » » » » »
V-type 7 31803440 » » n» " » » »
Howardite v 3260 + 20™ » » » » » » »
Eucrite ”o 3190 + 10™ ” » » » » » » »
Diogenite » 3430 + 10™ » » » »
X-complex
E/Xe-type EH/EL chondrite 4.76 + 287/ 3635 £ 35™ -0.0033xT? + 3.39xT 0.9 288+ 2.4 0.23=£ 0.04°
M-type FeNi metal-rich 12.4 + 0.05xT 7500 £ 200° -0.0042xT? + 2.77xT  0.66  169-209' 0.27-0.37!
P-type  CI/CM chondrite 0.26 4+ 0.0013xT 2690 + 40™ -0.0033xT? + 3.39xT 0.9 189+ 3.7 0.14 4 0.06%
C-complex carb. chondrite 4.05 £ 0.35 3520 £+ 130™ -0.0033xT? + 3.39xT 0.9 189+ 3.7 0.14 £ 0.06°

Notes. “Heat capacity, calculated using the polynomial fits shown in figure 2.8, in units of J kg™! K-!.

Poisson’s ratio.

¢Average using data from: Consolmagno et al. (2008); Opeil et al. (2010); Szurgot et al. (2012).
dCalculated from E and G values presented in Ibrahim (2012).

fFlynn et al. (2017)

‘Ibrahim (2012)

"Ledbetter and Reed (1973)

mMacke (2010)
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2.5.2 Regolith Thermal Conductivity Model

Thermal inertia can be used as a first-order estimate for different asteroid regolith grain
sizes. In general, low thermal inertia (I' < 100 J m2K's1/2) indicates a fine-grained (lunar-
like) regolith and I' > 2500 J m2K's /2 represents a bare rock surface or one that is nearly
void of fine grained regolith (Jakosky, 1986). A few recent works have developed more
sophisticated, quantitative relationships between I' and grain size, by modeling k. within
a granular material. Since, for planetary regoliths, I' is influenced mostly by changes in
thermal conductivity (Presley, 2010; Presley and Christansen, 2010), a few experiments have
empirically studied the effect of particle size on k. (Presley and Christansen, 1997; Presley
and Craddock, 2006). Generally speaking, k.g has a solid-state component that describes
heat conduction through grains and across grain contacts, and a radiative component that

describes heat radiated within pore spaces (e.g., Piqueux and Christensen, 2009):
keﬁ = ksolid + kmd = kl + k2T3- (28)

The k; and ks coefficients in equation (2.8) are dependent on the material properties of
the regolith, such as grain size, packing fraction, and amount of contact between the grains
(Watson, 1964). If these coefficients are accurately approximated, then measurements of
[' (combined with the compositional information about the asteroid, as discussed in the
previous subsection) can be used to estimate the grain size for an asteroid.

Most recently, Gundlach and Blum (2013) presented a simple, yet physically realistic,
technique for deriving regolith grain sizes for asteroids from measured I' values. Their
approach includes acquired laboratory measurements of regolith (Chan and Tien, 1973;
Gundlach and Blum, 2012) and uses lunar regolith samples as a calibration tool for estimating
coefficients within a semi-empirical model. Gundlach and Blum (2013) present an equation
for k.s that is similar in form to the rightmost side of equation (2.8), but includes more
explicitly defined k; and ky coefficients (equation (2.9) and equation (2.10), below). I employ
their procedure, detailed here, in a Monte Carlo approach in order to reasonably estimate
an average grain radius (r,) for the objects in my asteroid thermal inertia dataset.

The solid thermal conductivity component, k.4, is modeled by Gundlach and Blum

(2013) by computing the efficiency of heat transfer within a network of particles, via the
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contacts between them:

1/3

L= 8D | eap((fa])) = (2.9

4 K T

kl = kgmm [

g

K grain is the thermal conductivity of a grain of the material having zero porosity, 1 is Poisson’s
ratio, £ is Young’s Modulus, £(T) = T - 6.67 x 10° J m™ is the specific surface energy of
each grain — a measure for the adhesive bonding strength between grains. The empirically-
derived constants f; = (5.18 + 3.45) x 10? and f, = 5.26 + 0.94 encapsulate information
about the path of regolith contact chains (Gundlach and Blum, 2012). The factors contained
within brackets in equation (2.9) simulate adhesive forces between regolith grains, which
dominate over gravity on small bodies, to estimate the contact area between them. Gundlach
and Blum (2013) use Apollo 11 & 12 heat conductivity measurements and grain size as a
calibrator to estimate = = 0.41 £ 0.02, which incorporates and accounts for the irregular
shapes of the particles and heterogeneity of regolith on the whole.

The radiative thermal conductivity (k,q) coefficient is calculated by Gundlach and Blum
(2013) to be:

ko = 8ope [61 %Tg} : (2.10)

with the empirical coefficient e; = 1.34 £ 0.01 (Dullien, 1979; Gundlach and Blum, 2012).
The bracketed term in equation (2.10) represents the mean free path of a photon, which is
dependent on the volume filling factor, ¢ = 1—g, and directly proportional to the grain size.
Given values of ¢, pgrain and I' for each object, an estimate of the thermal conductivity, kggf,
is made. Assuming some value for the regolith porosity, this observed thermal conductivity is
equated to the modeled thermal conductivity in order to obtain an estimated regolith grain
size. As discussed in section 2.5.3, this quantity should not be thought of as the average of a
regolith comprised of grains of varying sizes, but rather a thermally-characteristic grain size.
In fact, Presley and Craddock (2006) modeled the thermal conductivity of known granular

mixtures and deduced that the modeled grain size is most representative of the larger regolith

grains (larger than 85% — 95%), rather than the mean or modal grain size.
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Temperature Estimation The temperature of the asteroid regolith at the time of
observation(s) is another important input to the thermal conductivity model. Calculating
a single value for the characteristic surface temperature of an asteroid, which exhibits
wide temperature variations across the surface, can be approached in a few different ways.
One approach is to rely on the estimation of the sub-solar temperature, based on the
theoretical energy balance formulation (equation (1.1)). This approach has two problems:
the assumptions made in the energy balance equation will often lead to the overestimation
of the true sub-solar temperature, and there is a low likelihood that the sub-observer point
is close to the sub-solar point.

In order to overcome these possible problems I calculate the color temperature, 7., by
independently fitting (via least-squares minimization) a blackbody curve to the asteroid’s
thermal fluxes in W3 and W4. Using the temperature of the best-fit blackbody curve
bypasses any issues related to model theory and partially implicitly accounts for the spatial
variation in surface temperatures. The blackbody assumption of ¢ = 1 does not introduce
uncertainty in the temperature, as any non-zero value would not shift the peak of a blackbody
emission curve, which is related to the temperature through Wein’s Law. Fitting a blackbody
function to my WISE dataset is straightforward, but retroactively applying this approach to
thermal inertias found in the literature is difficult. To estimate T for asteroids with previous
reported value of thermal inertia, I calculate the relationship between the NEATM sub-solar
temperature T,, and T, for my set of asteroids: Ty, = 0.777 X Tcl'063(i0'005). This best-fit
equation is depicted in figure 2.9 by the dotted red line and blue dot-dash lines showing
the 1o uncertainty bounds in the exponent. This relationship is inverted and used on TPM
results from previous works, since it is seldom that this quantity is reported alongside the
thermal inertia. For these objects section 2.5.2 is used, assuming n = 1.1 (the approximate

mean for main-belt objects Mainzer et al., 2011b), to compute T; and subsequently 7

Ty = er. (2.11)

2
ngBO-ORAU

104



340 T T T T T T T T T T T T L

\
'y N

320 >
300
280
260
240

220~

NEATM Sub-solar Temperature, T (K)

200 [~

160 180 200 220 240 260 280 300
Color Temperature, T, (K)

180 L«

Figure 2.9: NEATM T,, as a function of color temperature, fit by the red dashed line
(equation given in the text) with the blue dash-dot lines showing the 1o uncertainty in the
fit parameters. The black solid line shows the identity function.
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Monte Carlo Implementation For each object, the thermal conductivity model is
implemented 1,000,000 times in a Monte Carlo approach, to appropriately account for
both the uncertainties in the input parameters and model assumptions. Each input/model
variable is taken from a random distribution that is generated based on the uncertainty
of the parameter given in table 2.6 and mentioned in the above text. Most parameters
have associated 1o uncertainties from which I generate Gaussian probability distributions,
except a uniform random distribution from 0.276 to 0.876 is used for the porosity* and
a few select input variables that appear as a range in table 2.6 (e.g., S-type pgrain). For
each iteration, a single grain size is produced, ultimately constructing a distributed set of
1,000,000 grain sizes. This output distribution does not necessarily, or typically, represent a
normal distribution of output grains sizes. Thus, I report the median of this distribution as
the best-fit grain size, and report (asymmetric) uncertainties based off of the grain sizes that
encompass one standard deviation from the median value. Since it is necessary to compute
the thermal conductivity within the model, the thermal skin depth (ls) is also computed
for each iteration and the median and standard deviation, as similarly done for grain size,
is extracted from the output distribution. An example output distribution of r, and [, are
shown in figure 2.10 for a hypothetical S-type asteroid with I' = 150 £ 50 J m2K's/2, T, =
300 £ 10 K, and P,,; = 10 hr.

2.5.3 Data and Model Limitations

Before discussing my results, I highlight here some of the implicit limitations of the data
and modeling approaches that must be considered when interpreting and using the grain
sizes and thermal inertias reported below. Since the flux of thermally emitted photons is
strongly temperature dependent (oc 7%), the fluxes modeled here in the thermal infrared
heavily represent the warmest portions of the surface with little contribution from cooler
portions. Thus, the grain size estimates are biased toward the hotter areas of the surface (on
average, the sunlit equatorial region of an asteroid) and less representative of cooler areas

(on average, the polar regions) of an asteroid.

4The lower value is the porosity of close-hexagonal packing scheme and the upper value represents the
hypothesized porosity of cometary regolith.
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Figure 2.10: Example output of the Monte Carlo thermal conductivity model. Model output
is shown for a hypothetical S-type asteroid with I' = 150 & 50 J m™2K's'"/2, T. = 300 + 10
K, and P,,; = 10 hr. The red verticle lines show the mean (solid) and 1o range (dashed) for
the grain size (top) and skin depth (bottom).
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For many asteroids in my sample it is likely that the material properties indirectly inferred
from spectroscopy, color, or albedo data are incorrect. For example, the assumption that an
asteroid is a metallic M-type, when it is actually comprised of silicate S-type material would
prove to be a cause for concern. To understand how this could potentially shift the grain size
estimate for such an object I re-ran my thermal conductivity model for (22) Kalliope, which
is spectrally classified as an M-type, however may resemble a silicate-rich body instead of
having a metal-dominated surface. Switching the classification to an S-type increased the
grain size by a factor of ~8%, which is far below the typical d 4 uncertainty reported for most
asteroids in section 2.6. I can reasonably assume that uncertainty in the assumed material
properties do not significantly contribute to any systematic bias in grain sizes.

Both the thermal conductivity model (Gundlach and Blum, 2013) and my TPM assume
constant thermophysical properties throughout the subsurface (down to ~3l;) and a regolith
consisting of a single grain size. This assumption is certainly not the case for any asteroid.
Many spacecraft missions have revealed surfaces that are heterogeneous and display processes
that sort grain sizes both vertically and spatially. Yet, since telescopic observations do not
provide spatially resolved images of my targets, my TPM implementation cannot properly
constrain the thermophysical properties of a surface in which thermal inertia and albedo are
not constant. Overall, most asteroid regoliths are expected to be heterogeneous, and the
assumption of a single grain size and homogeneous regolith is an oversimplification. The
series of experiments performed by Presley and Craddock (2006) showed that grain sizes
derived from thermal inertia measurements are close to the actual maximum grain size,
rather than a mean, median, or modal of the grain size distribution.

Additionally, some individual regolith grains may become fused together in a glassy
matrix to form an agglutinate particle (Horz and Schaal, 1981). Agglutination would
result in raising the overall grain size estimate. Although agglutinate formation is common
on the Moon (Noble et al., 2005), micrometeoroid impacts on asteroid surfaces are less
likely to produce the heat required to produce an extensive agglutinate sample in asteroid
regoliths (Noble et al., 2010). In fact, petrographic studies of regolith breccias indicate that
agglutinates are not common on asteroid surfaces (Bischoff et al., 2006). In summary, these

grain sizes from the thermal inertia and the thermal conductivity model might not represent
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a strictly average or median grain size, but rather a thermally-relevant grain size that can
effectively be utilized to compare regolith trends across and within asteroid populations,
despite the high probability that asteroid regoliths exhibit grain sizes spanning many orders

of magnitude.

2.6 Grain Size Modeling Results

I report modeled estimates of grain size and thermal skin depth in table 2.7, along with the
model input parameters (with associated uncertainties) for each object — I'; T, and spectral
type. Grain sizes are transformed into d,4, which is a log, scale developed by Krumbein and
Aberdeen (1937) to compare sediment sizes across many orders of magnitude. The output
grain size from the Gundlach and Blum (2013) model, d, = 2r,, is transformed into this

scale with:

dgy = —2 log,(d,[mm]). (2.12)

By using the Krumbien Scale in this case, the 1o uncertainty estimates in the grain size
can be reported with one number, as the probability distribution of output grain sizes is
approximately symmetric in logs space (figure 2.10). The 44 objects at the top of the table,
before the double line break, are objects with previously determined I' from the compilation

in Delbo’ et al. (2015).

2.6.1 Notes on Individual Objects

Three objects in this study have estimated grain sizes which are ~3 times greater than the
thermal skin depth. Since the thermal skin depth represents a characteristic depth at which
thermophysical properties can be ascertained, the grain sizes calculated for these objects

actually give a lower limit for dg.

(3554) Amun Discovered in 1986, (3554) Amun is in the Aten orbital group of near-
Earth asteroids (and a Venus-crosser) and has an estimated size of Dy = 2.71 £ 0.02 km.
Its rotation period of 2.53 hr places it close to the theoretical spin barrier limit, and near-

infrared reflectance observations show a red and featureless spectrum yielding an ambiguous
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Table 2.7: Grain Size Model Inputs

and Results

]_"a

T. (K)

Spec.

Family

15%°
10t
5_+:5
300450
1205,2°
2510
1257 50"
112755
< 50t
11552
4550
154
70150
254"
9 5_-;;05
550
3555
35450
1907210
110%55”
200350
60755’
150120
EATY
20757
12052°
100_45(1)00
10053°
50353
180%2°
340100’

140
140760

254 £ 15
252 £15
248 £ 15
230 £ 10
212 £ 10
205 £ 10
241 £ 10
215 £ 10
263 £ 10
212 £ 10
236 £ 10
217 £ 10
233 £ 10
213 £ 10
217 £ 10
231 £ 10
224 £ 10
223 £ 10
230 £ 10
237 £ 10
248 £ 10
232 £ 10
278 £ 10
221 £ 10
155 + 10
166 + 10
217 £ 10
270 £ 10
171 + 10
352 £ 10
332 £ 10
352 £ 10

CS
CS

EP*
s

prs
prs
PP

LL*

Nysa-Polana

Sylvia

Padua

Koronis

Emma

Koronis

Flora
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Table 2.7 — continued

Object
I‘(l
T.(K) S
(2867) Steins 210+30 pec. dg¢ ls (mm) Family
(25143) Itokawa ffoo 230 £ 10 P2 _3'3—+006‘6 1913
(2007 700109 337 £ 10 LLs? : N
5) 1950 DA 0420 ’ 4980 adT
-1 28 s ' -5
(33342) 1998 WTay 200+f00 010 B 23450 4!
(54500 “100 315+ 10 EP B
) YORP 700300 188y 12
(99942) Apophi 500 36010 8 N
) Apophis 150550 49552 5.35%°
(10195 -100 362 + 10 S° 2l
5) Bennu 310470 -2.64%° 447+18
(162173 - 3 £10 ¢ o
) Ryugu 3501250 2508 16%
- 2 s : ]
(175706) 1996 FG3 803}) 50+£10 C 485 2ty
-4 32 s . -1
(308635) 2005 YUss - s §+15 C Lol g2l
(34184 0520 35+ 10 C° | 2
3) 2008 EV; 45000 a6hht aTh
2002 NYyo 10 fgo 2L+15 ¢ -3.9'50%6 19t4
0-50 363 + s L 2
(91) Acgina e 15 LY 095 207
(155) Scylla . o 2016 L555ET 665
6EL5 -1 030
(167) Urda ’ 29+ 12 € 1.9%L5 21 Astraca
514510 917 e 74N
(183) Istria 91+13 +3 H 0.9-50558 14713
17 . - -2 K ‘e
(208) Lacrimosa +1213 19252 Dt 1‘53145 1053 T
(271 ) T3 212 +4  HS? ' N
) Penthesilea 16+33 ) _0'8j)1é0 18+4
_ ’ -3 i
(295) Theresia v 2001 ¢ 0.51%8 +6 Roronis
24_41378 911 4+ -1.3 13-6
(322) Phaeo 411 3 S* 0.2_—"1146 19+5
(343) O 12 2106 D° ' N
) Ostara 140120 2.785° 1142
(413) E -60 226 +7 (Cc - Phaeo
) Edburga 012 BadyT o g
A : -22
(444) Gyptis 74:74 210 4+ 12 MPe 0.7451? 11+2
- . -2
(463) Lola +7§0 253 £25 C° —1.0?5-9 1145
(464) Megai 0825 22144 MeP ' N
egaira 120+120 _0'431i2 8 522'1
- 5 ) 2
(493) Griseldis +12250 k2 -3.25%" 2319
(500) Seli 563 203+2 prs ' 0
) Selinur e 078 364y
(509 105 2087 S | o
) Tolanda 8.6+12:2 23555 6.2k
(520 . 6522 20441 S8 ' 1
) Franziska 12+24 22:5136 6 9+3'O
A ) : *-3.0
(538) Friederike 35_512 2012 sen! 1'2t145 1154
- - _4
(558) Carmen . 7;216 0 2073 Cr/ 134! 9315 Fos
(562) Salome 1172 2243 P02 L5447 10%3 Hygiea
(567) E . 2320 206 +5 S/ . ,
leutheria 19+30 18—+1163 6.4+2'3
11 234 + 4 cep 115 27 Eos
1.2775 8.3'%3(')1
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Table 2.7 — continued

Object re T. (K) Spec. dyg ls (mm) Family
583) Klotilde 30447 224 + 11 CeP 1ottt g4t%s
( 1.5 3.
(651) Antikleia 37HE6 206 +2  S*f 10453 155° Eos
(656) Beagle 324 2001 C»f 1.345% 85532 Beagle
(662) Newtonia 351528 235 £ 11 S* 1.241p 13%*
(668) Dora 528 216 £7 C* 0.94%? 195 Dora
(670) Ottegebe 44714 2034+ 2 HoP 0.8 1153
(688) Melanie 4118t 230+ 6 C* 01455 188
734) Benda 1348 211+2 C® 2.05%7  5.0%%°
13 2.5 2.2
735) Marghanna 17488 214 + 24 C® -1.5%20 1819
17 1.6 9
771) Libera 61534 206 £8  MoP -0.74L3 84132
( 26 1.2 2.2
793) Arizona 32716 215 +4  H? 1455t 851342
( 13 -1.2 -2.1
826) Henrika 4541° 237 +8 C* 14552 84!
( 1.2 2.3
(829) Academia 1547 228 +1 Cpe 2155 5Lk
(857) Glasenappia 581430 244 +£8  SoP 0445453 1257
883) Matterania 365,37 232+ 6  LL*® 04557 8554 Matterania
1.3 3.
906) Repsolda 4718 225 +9 CP -2.1%20 22719
8 1.6 8
(918) Ttha 37480 203+7 S° 12850 6.6t Ttha
972) Cohnia 19738 2063 C* 0.214° 1546
1.4 6
(977) Philippa 27554 211 £3  CoP -1.67%° 1858
984) Gretia 2918 202+2 S° 1L7tL2 7t
( 7 1.2 1.2
(987) Wallia 46154 211 +13 S? -1.345%° 14758
998) Bodea 20116 198 +3 (P 1343 sty
2.1
1018) Arnolda 43187 221 + 10 M°P 05551 114
( 5
1036) Ganymed 1552 192 +6  H Loty 8.2f3e
( ) y 15 1.4 3.7
(1047) Geisha 35458 225 +1 S° -0.55 58 38 Flora
1051) Merope 4813 210+ 2 Cp -1.84%? 7H0 Alauda
( P 9
(1076) Viola 24154 2354+4 C* 05558 88140
(1077) Campanula 56153 209+ 3  HP -0.65%° 83447
1083) Salvia 547507 240 +8 8P Lt 74t
(
(1095) Tulipa 23137 211 +£3  S»/ 18553 460k Eos
1109) Tata 10746 229+ 4 C° 05558 9.0043 Hygiea
10 1.4 4.3
(1123) Shapleya 14733 230 £3 S° Laths 214 Flora
(1125) China 3418 201 +4 CP L3y ot
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Table 2.7 — continued

Object re T. (K) Spec. dyg Family
(1136) Mercedes 541551 226 £ 12 SP -1.5% 10
(1140) Crimea 231550 211+ 1  HP 184 %4
(1142) Aetolia 8.05%7 216 +2 S 1.24%6
(1152) Pawona 261%° 233+ 1 L 0.8
(1162) Larissa 197 201 £1  Peop 1.61%°
(1188) Gothlandia 38122 22247 LL»HS 1.045P Flora
(1224) Fantasia 58159 2224+4 S° 0.35%°
(1258) Sicilia 61170 209 +1 CP -1.9748
(1281) Jeanne 9052 2424+ 5 PP -1.5042
(1288) Santa 15%% 220+3 Cof 1.5452
(1291) Phryne 20116 205 £2 SP L6415 Eos
(1296) Andree 40774 238 £12 CP -0.9%%7
(1299) Mertona 1552 2077 S° 0.874°
(1310) Villigera 40123 224 + 26 H*® 0.94%8
(1316) Kasan 1043 221 +£5 S* 1.o415e
(1325) Inanda 76550 214 +3  SP 1482
(1335) Demoulina 130199 227 +3 HPS -2.50L9 Koronis
(1352) Wawel 97138 209 £2  MP -1.24 143
(1375) Alfreda RIS 224 £2 8P 017445
(1412) Lagrula 3723 234 +£2  LL*Y 1.244? Flora
(1432) Ethiopia 717550 218 £8 EP 347431
(1443) Ruppina 40152 205 +1 H® 0.6 Koronis
(1452) Hunnia 2471534 216 £ 12 CPf 0.5414° Meliboea
(1495) Helsinki 19443 229 +5  S»f 2.2 Eunomia
aade 3 1% -0.77°,
(1501) Baad RY 205+ 5  Di*? 07547
eogra; B ’ -0.257%
(1517) Beograd 19%°° 231 +£3 PP 0.272°
lelinen _ N -U.2.57)
(1536) Pieli 741523 27+5 S° 0.2
(1542) Schalen 1048 208+ 1 D* 2.304¢
emaitre 3 ’ 05
1565) Lemai 247553 227 + 14 H®P 0.0448
(1567) Alikoski 724784 228 +3  C® 0.5 Ursula
(1568) Aisleen 5155! 212 +£8 S»/ -0.745P Phocaea
(1573) Vaisala 130542 223 +8 S° -3.28 50 Phocaea
1577) Reiss 251,36 207+ 4  S° 0.4%47 Flora
( 20 1.4
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Table 2.7 — continued

Object .
’ T.(K)  Spe
(1607) Mavis 72 pee g ls (mm) Family
-2 20 s
(1628) StI‘Obel +f2 4 :l: 4 HO ’ _053146 10+4
1 47—30 219 + 3 pps -4
( 644) Rafita 28+25 O7_+0194 12+4
(1651 o 235 +4 5 +15 :
) Behrens 5Q+29 L4435 8.4127
(1655 o 20 £9 8 AL o
) Comas Sola 40737 9 0-5.11 25%° Fl
-3 1 s ) o
(1702) Kalahari +20 pETC -0.145° 1716 "
(17 255 207 £6  C* . N
23) Klemola — 014> 18%°
(1734 0o 216 £1 S° +1.6 N
) Zhongolovich 35+31 L9733 7.8418 B
- 21 s - 0S
(1741) Giclas 33+1§0 09 ¢ 028t 1 i
) 2 s ) -2 Do
(1759) Kienle - s 078 HY  08HL 59540 . N
5 208 + : U-1.3 oronis
(1768) Appenzella b 20455 27y
314 223+ " 12
(1807) Slovakia +240 2@ L4y 7.4119
(18 20075, 231 4+ 4 gs -1.8 Hertha
96) Beer 90335 4.7HEP 170420 -
- 201 ) ) or
(1936) Lugano 1 iio o S -5.21%° 1748 )
(19 2075, 249 + 2 s - -8 Hertha
79) Sakharov 58+269 _1'5—1.2‘5 24-%8 Aed
27 223 + , X edeona
(1980) TeZCathpOCa 170+170 3 Vp,f -4.1__‘1_%4 23—510 Vi
- 29 s - est
(2005) Hencke 0 e T8 LLY 39430 21 *
34 204 +£1 o, f ' )
(2072) Kosmodemyanskaya 19120 ) St 07118 1355 - .
X - nom
(2106) Hugo 2226 04+1 EP 2,720 115 ia
-9 20 s . -5
(2111) Tselina, 4 +36 9=l C 033136 9.5+3'3
(212 754 201 + 2 gs 115 2.9
3) Vltava 56437 -0.635” 1153
5 210 o ' ) Eo
(2140) Kemerovo 204_;9 2 0 -0.5%" 267 K i
T 217 s - oronis
(2144) Marietta 5510 =1 P 028k 12t i
- 2 s )
(2156) Kate 56*13 03+£4 HY 0.45%° 9584 K
A 21 s ) U-1.2 oroni
(2177) Oliver 42—ff0 o+ 1 LL* 0.4_'60%6 9. 5tL7 .
- 19 : 912
(2203) van Rhijn 5 jgs Lo 0.9%’ 94118
(22 . 557 194 + 4 cp:f +1 o
04) Lyyh 90+36 —16_137 28*‘59 Th
- 23 p,s ) emi
(2214) Carol fi T2 P LIRS 19 }
(22 2L 20+£8 CF - N
39) Paracelsus 18+7 Lot e.2f®
- 201 -
(2268) Szmytowna 3 +1382 +1 cr 19_-5136 5.2-&-1.9
(227 - 030 207 +1  H*P +1.6 >
5) Cuitlahuac 13+24 03-13 10t4 K
5 297 + -5 oronis
(2297) Daghestan 123 125 retlt  6.257%
23 5815 207+ 1 Crd 1 2
( 06) BaUSChinger +14 OO——EOl 12+3
187, 222+ 1 PP -2 Themis
22113 +5
412 14
-5 Padua
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Table 2.7 — continued

Object
]_"a
T.(K) 8
(2332) Kalm 77+l e oo s (mm) Family
(2347) Vinata fjo 209+2 ¢ 0.4%)3 506
(2365 3514 18744 QP ‘ 5 Themis
) Interkosmos 410 0'2—+11i3 g 0t2
(237 -41 234+ 9 gs : -2.0
5) Radek L Lotld gtz
: : 9.3.0 As
(2446) Lunacharsky 11 241 £+ 2 DPp:c 3.0_,'_1'3 1o straea
33_+1(1)2 944 + 1.3 9.7
(2463) Sterpin 17143 oo 2~2+1142 5.8113
_ 2 . - 011 Nvsa-P
(2500) Alascattalo 41-5173 174+ 7 LLsY 0.3_+1147 140 y olana
R . : -5 E .
(2556) Louise 61+2§7 242 + 6  SP/ L5t patie unomia
. - 4-2.0
(2567) Elba fi 238+ 3 P D1 st Flora
(2687 . 5036 212 4+ 5 s ’ T2
) Tortali . 09518 Lo+
(2786) Grinevi P10 226 +£ 10 SP ' -4
) Grinevia 12+19 0.3_-‘6098 20+4
- : -3
(2855) Bastian 17+1i2 203 £ 1 gp.f 1.5_‘5154 L4
- s - -L1s E .
(2870) Haupt LSO 226 £ 12 S 05418 6.6t unomia
(2947) Ki 130150 229 +3 Cr/ ' 22
) Kippenhahn g9 +18 ’ 35521 190%50 N
] 2 i -50 sa-P
(2985) Shakespeare 41;19 36 +£12 8° 1.6_—&112.3 113 b olana
- : -2
(3036) Krat 15+1§7 a1 wY 06115 11+3
- s i -3 K .
(3051) Nantong 274?23 2042 C LT 1ot oronis
- , o -5 A
(3144) Brosche _i;lﬁ 203 £ 3 Cr 0.4_-5112,4 6 7+2'2 lauda
(3162 . 5945 226 + 2 qp.f ) -l21
) Nostalgia 29+51 _1.0_-"1138 3 o 3.1
N 1 : 4.3.4 F
(3249) Musashino 0 +i’32 96 O 08t 117 lora
(326 373 197 +3 L : 4
7) Glo 93+43 -3.4%%! 146
- o -6 Nysa-
(3305) Ceadams 21+12 25£6 5 0344 95537 ysa-Polana
-3 22 - "©-3.4 Ph
(3411) Debetencourt 22+83 8 + 11 Sp,f 2.6_‘513'3 A 4+0?8 ocaea
: : 206 E .
(3438) Inarradas N 244410 S L0719 6 unonua
54_%5 906 4+ -1.5 147 Fl
(3483) Svetlov 110400 b cr 0.246190 o+ ora
. - -4 I
(3509) Sanshui 0 +5§7 222 + 11 EP/S 5.9 4525;4 st narradas
-5 - -10 H .
(3536) Schleicher 34 212 + 1 Sp _0’3+1.5 I ungaria
32_4%82 930 4+ ) 1.1 167
(3544) Borodino 72+14 i 5 _2‘9?;2’.72 16+7
(3554) A -45 237 + 18 SP ' -6
) Amun 140075700 05550 9.05%°
- . 052
(8560) Chengian s M6 M 8T 33
(3628 4o 206+ 3 Snt ' 6
) Boznemcova go+23 0.2_+1.111 p—
(3751 . -32 201 + 12 S° -3 Eos
) Kiang 6220 0558 5.8t23
(382 s -16 211 + 1 cp : 02,5
3) Yorii s 0.15%" 1343
49749 209 £ 10 Cr 0 i -2
207 895
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Table 2.7 — continued

Object re T. (K) Spec. dyg ls (mm) Family
3907) Kilmartin 26557 183+ 14 E? 1Attt 74838
( 1.4 3.
(3915) Fukushima 22113 24041 C* 2.305 831!
oatenmongakkai A ‘ -2.877%
(3935) Ty gakk 12045° 215+5 S° 2.84058 7042t
3936) Elst 227156 235 £3 Vpf 01455 968 Vesta,
(
4003) Schumann 3243° 208 £3 Pre -0.31%8 12344
( 3
(4006) Sandler 3647 212+1 P 13550 7.34LP
4008) Corbin 67537 240 + 16 S? -0.3%11 1253
( 25 1.2 3
4029) Bridges 327126 240 +£3 9P 12554 62420
18 1.2 2.1
4142) Dersu-Uzala 1105140 263 + 10 S° 224117 got?
( 30 1.5 21
4150) Starr 29116 231 +6 P 1.8%554 6.4fLB
14 1.3 1.9
4255) Spacewatch 247122 209+ 2 prf 0.9%L6 16+° Schubart
-17 1.3 6
4264) Karljosephine 1107390 206 +2 8P 49755 4912
110
(4294) Horatius 12477 2254+ 2 8P -0.84%° 1557
(4352) Kyoto 47184 204 £2 S° 15048 35
4359) Berlage 401471 228 4+1 9P -1.04 %8 127%°
( 26 5
4363) Serge 274 218 +5 8P -1.65%° 1738
( gej 27 8
(4383) Suruga 37438 2204+ 1 8P 06558 8118
4528) Ber 2612° 231+6 S? 7Lt 5.05%°
g 1.4
(4565) Grossman 517130 233 £3 s»/ 0.00774%  9.75%* Eunomia
(4569) Baerbel 48714 225 +£5  S»f 0505 TstE! Maria
(4611) Vulkaneifel 32128 202+1 S° 0.6145%526  6.14%* Eunomia
(4613) Mamoru 9.4%%%  194+3 S L1t 59128
(4713) Steel 40128 258+ 1  S° 13555 8.3%3%2
(4771) Hayashi 61557 208 £ 10 CP -0.84L5 1441
4898) Nishiizumi 347445 243 + 13 FE? -4.8%%p 63
34 1.9 8
4899) Candace 79504 255+ 8  SP -1.64L9 34t 14
( 1.5 14
(4908) Ward 12758 229 4+4 8P 0455 13148
wift A ’ 013 A unomia
(5035) Swif 261530 2234+ 7 Sp/ 0.514° (i E i
5052) Nancyruth 107472 231+1 S»f -0.5519 618 Flora
1.5 8
(5080) Oja 267,2° 235+ 7 Spf 0.2748 0f! Matterania
(5088) Tancredi 407152 197 +4 v/ 09545 7.8LL? Themis
ripnichenko _ 013 2.0
5104) Sk henk 41431 2294+4 8P 0505 6.3%%
(5226) Pollack 24751 221 £3 SP 02418 6.25%°
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Table 2.7 — continued

Object re T. (K) Spec. dyg ls (mm) Family
5333) Kanaya 23132 249 + 12 C® 14455 641420
7 1.4 1.7
(5378) Ellyett 751350 246 +7 E»S 499525 6453 Hungaria
(5427) Jensmartin 19476 239 £+ 6 E»/ 06458 93041 Hungaria
(5527) 1991 UQs 120750 254 + 17 SP -2.47H19 13%°
(5574) Seagrave 34154 225+ 3  Spf 04457 72830 Eunomia
(5592) Oshima 34152 206+ 4 C* 0.611%" 1% Veritas
(5604) 1992 FE 1100422 281 4+1  V® 92724 5512
(5625) Jamesferguson 52014 204 £1  CpJ 0.345%90 11472 Adeona
5682) Beresford 297852 212 + 10 SP -2.972%2 1246
29 1.7 6
(5712) Funke 331430 202 +7 S»/ 08445 7.8%%5  Gefion/Minerva
6091) Mitsuru 45142 253 +£ 11 SP Lt 92822
( 13 1.1 1.9
(6121) Plachinda 56155° 207+ 1 8P 13057 9.91%5
6139) Naomi 665" 242 4+1 S° 0.011;8 1948
36 1.0 6
(6159) Andreseloy 6114377 222 +2 Vp/f 232022 22810 Vesta
6170) Levasseur 761550 239 +£ 16 S»/ 2.7 1t Phocaea
56 1.7 4
(6185) Mitsuma 661,51 240 £ 11 CP 09057 2188
(6261) Chione 411452 230 £22 SP 0355 9.00%°
6361) Koppel 205" 232 +5 EP 2.7hE 1748
( PP 20 1.7 8
6572) Carson 2143 218 £ 11 S? 0.657%"  5.4%3%7
15 1.3 2.2
(6838) Okuda 47H 3 230 £ 20 SPh IR 1247
(6870) 1991 OM; 591330 2264+ 1 E»S 45820 1TEd Hungaria
6901) Roybisho 59137 241 4+3 SP -1.3%558 1t
( y p 40 1.4 4
(6905) Miyazaki 261550 220 £ 3  Spf 08120  6.7HY! Eunomia
(6911) Nancygreen 2104522 230 + 38 EP -7.95%0 120180
(7476) Ogilsbie 701530 219 +9 SP 0605 9.81%2
7783) 1994 JD 1707190 237 +4  E»S -3.815L0 447110 Hungaria
110 1.5 16
(7829) Jaroft 324176 2254+ 1 E»S -3.00% 13%6 Hungaria
(7832) 1993 FAy; 467,55 245 +£2  Sp/ 2247122 1758 Flora
(7949) 1992 SU 3742 209+7 CP 0.345%? 15%°
(8213) 1995 FE 361857 228 £ 12 S»/ -2.871%2 1% Phocaea
(8862) Takayukiota 43159 193 +4 S -4.00%1 1346 Astraca
(8887) Scheeres 211522 2204+ 6 S»/ 0145 6.245%° Maria
9297) Marchuk 224320 240 £9 S»/ rhEL 218 Eunomia
( ) 22 1.6 10
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Table 2.7 — continued

Object re T. (K) Spec. i
(10936) 1998 FNy; 134% 2 —

2 12+2 S
(11549) 1992 YY 30148 236 £ 7 SP
(11780) Thunder Bay 1307550 212+ 6 SP
(12376) Cochabamba 120154 240 £ 11 SP
(12753) Povenmire 1743 238 £1  SP
(13474) V'yus 641,42 196 £8 SP
(13856) 1999 XZ105 20752 209+1 CP
(14342) Iglika 24718 202+5 CP o
(14950) 1996 BE, 541547 246+ 1  S»f -
(15362) 1996 ED 1107320 226 + 12 Sph o
(15430) 1998 URs; 72587 249 + 16 SP
(15499) Cloyd 33430 203 +4  S»/
(15914) 1997 UM; 881188 20144+ 7 8P "
(16681) 1994 EV; 63%50¢ 245 £2 8P o
(16886) 1998 BCqg 33108 220+ 3 8P
(17681) Tweedledum 130732 243+ 7  EPS i
(17822) 1998 FM;35 79153 188+1 C»f -
(18487) 1996 AUs 461536 216 + 11 S»/ -
(19251) Totziens 321521 209 +8 SP o
(20378) 1998 KZ46 3414% 2104+ 5  s»/
(20932) 2258 T-1 41t 206+ 6  SP o
(21594) 1998 VP3; 441430 246 £3  Cpf
(23200) 2000 SH3 17486 220 + 10 S»/ e
(23276) 2000 YT101 271H30 214+6 Cp e
(24101) Cassini 15438 200+ 4 SP
(27851) 1994 VGy 114 234 +7 Cpl
(28126) Nydegger 33120 2204+ 7 S°
(30470) 2000 ORyg 45433 224 +£ 13 Crf .
(32802) 1990 SK 201,452 219 £ 22 8P o
(33916) 2000 LF;g 385! 240 £19 SP
(41044) 1999 VW 147257 209+ 7 SP
(41223) 1999 XDy 231533 201 +8 Cr
(41288) 1999 XDjo7 41456 234 +£ 10 SP
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Table 2.7 — continued

Object re T. (K) Spec. dyg ls (mm) Family
(42265) 2001 QLgg 25139 210 £2  s»/ L7 14%7 Eos
(42946) 1999 TUgs 371450 227+5 8P 06057 T4l

(44892) 1999 VJg 32193 2004+ 7  Sp/ -1.95%° 1246 Eunomia
(45436) 2000 AD176 7515582 231+9 SP 53057 448

(68216) 2001 CVag 430510 278 £22 LY Sr2dET 247410

(69350) 1993 YP 24002 2354+ 13 SP 5855 66527

(72675) 2001 FPsy 291,367 223 £6 SP -4.7H%0 1457

(90698) Kosciuszko 1678 258 £29 Sp/ 0.8 Tyt Phocaea

Notes. “Thermal inertia values are in SI units (J m2K's1/2).

®Band parameters are used (chapter 3).

¢Colors from (Tholen, 1984) are used.

¢The mutual eclipse duration of 4 hr was used to compute thermal skin depth.
fFamily association is used Table 2.11.

hHigh albedo not consistent with C-type Themis family identification of PDS.
'Low albedo not consistent with Phocaea family identification of AstDyS.
°Orbital location in the outer main-belt is used to infer P-type.

P Albedo Figure 2.7 is used to infer meteorite connection.

*Reflectance spectrum is used from DeMeo et al. (2009) or Lazzaro et al. (2004).

‘High thermal inertia is used to distinguish an M-type from a P-type.

“A uniform, rather than a Gaussian, distribution from 0 to 50 was used for the thermal inertia.
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classification as a X- or D-type (Thomas et al., 2014). The moderate albedo (py ~ 0.241) of
this object and its very high thermal inertia, however, are suggestive of a metal-rich surface

and thus can be re-classified as belonging to the M-type taxonomy.

(5604) 1992 FE The V-type near-Earth asteroid (5604) 1992 FE is also an Aten and has
been flagged as a Potentially Hazardous Asteroid (PHA) by the MPC. This sub-kilometer
object has a very high thermal inertia, but with large error bars, resulting in relatively large
uncertainty in the grain size estimates. Its high optical albedo and radar circular polarization
ratio are consistent with its V-type taxonomic classification and having a surface similar to

the large differentiated asteroid, Vesta.

(68216) 2001 CVy; With a size of ~1.24 km and an Apollo NEA, 2001 CVys has been
classified as an S-/Sq-type. This spectral classification indicates that the surface has been
space weathered to some extent. The band parameter analysis in chapter 3 points toward a

meteorite analog of L chondrites of the ordinary chondrite group.

2.7 Analysis

My aim here is to investigate statistically-relevant physical factors and quantify their
influence on the regolith grain size for my sub-sample of the asteroid population. As stated in
my hypothesis in section 2.2, I test whether or not grain sizes are negatively correlated with
asteroid diameter — indicating impact driven processes — and if grain size is positively
correlated with rotation period — due to thermal fracturing processes. Various multiple
linear (hereafter, multi-linear) regression models are fit to the main-belt asteroids to identify
and characterize the dependencies of these factors (section 2.7.2). In order to quantify the
grain size dependence, if any, on asteroid size and spin rate a multi-linear regression analysis
is performed. The multi-linear model residuals are used as input to an analysis of variance
routine, to determine if the compositional groups have characteristically different grain sizes
(Section 2.7.3). Finally, an attempt at defining and estimating a weathering timescale will be
made using grain sizes and approximating the surface age of the objects within the dataset

using objects within asteroid families.
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Although the NEAs in this work offer insight into the regolith of very small asteroids, the
chaotic nature of changes in their orbital parameters makes it difficult to hold other factors
constant — such as thermal environment and impact flux — potentially complicating the
multi-linear analysis. Thus, I perform a statistical analyses on them separate from the MBAs

in section 2.7.5.

2.7.1 Thermal Skin Depth

The thermal skin depth is an important quantity to consider when using infrared data and
interpreting thermophysical modeling results. Rotation period is an important influence on
the skin depth, as it controls the timescale of the diurnal thermal cycle, and it is more useful
to analyze the skin depth in the context of different rotation periods (figure 2.11). Diurnal
temperature changes occur mainly in the upper regions of regolith — down to ~ 3l,. From
these values I can infer that, since [, ranges from 5 mm up to several centimeters, thermal

inertia is indicative of the bulk properties of regolith down to these depths.

60[ T T T j T ]
[ Rotation Period Bin ]
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- X ]
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Thermal Skin Depth, I, (mm)

Figure 2.11: Thermal skin depth for objects in my sample for different rotation period bins.
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2.7.2 Multi-linear Regression

As breifly described in section 1.4.3, multi-linear linear regression is a method that attempts
to model a dependent variable (the grain size, d,,) as a linear combination of several
independent variables — in my case, diameter and rotation period. The multi-linear
regression model reports the slope, or coefficient, of each independent variable and a y-
intercept, along with 1o uncertainties for each of these parameters. I also consider segmented,

or piece-wise, multi-linear regression models for both independent variables as listed here:
e M-1: Multi-linear regression with no breakpoints
o M-2: Multi-linear regression with one diameter breakpoint
e )-3: Multi-linear regression with one rotation period breakpoint
e M-4: Multi-linear regression with one breakpoint for each variable

This class of model-fitting allows each independent variable to be partitioned into several
intervals in which a different line is fit to the data. I consider only one breakpoint per
variable, which divides the linear regression into two linear regression functions. The location
and uncertainty of the breakpoints are estimated, in addition to the slope of the lines, in
the segmented multi-linear regression models. Finally, I mention here that, henceforth,
the diameter and rotation period are transformed by taking the log;y and square root,
respectively, before used in the multi-linear regression models. This variable transformation
is done to best capture the wide variance in D.g and P,,;, which each span at least 2 orders
of magnitude.

The 72, (adjusted r-squared) statistic and Bayesian Information Criterion (BIC') for all
models are compared to determine which most accurately fits the relationship between grain
size and the diameter and rotation period. The 77, is a determination of the degree to which
the model explains the variance in the dependent variable. Higher values indicate a better
fit, while accounting for the number of predictor parameters in the model. The BIC' is used

to indicate which model maximizes the likelihood of matching the data while minimizing the
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Table 2.8: Comparison of Multi-linear Regression Models

Model n 12, BIC

adj
M-1 4 0.234 1078
M-2 6 0425 1007
M-3 6 0.247 1082
M-4 8 0.427 1015

number of necessary model parameters. For each model, table 2.8 gives the 17, and BIC
and number of (free) model parameters, n°.

The highest rgdj are seen for both M-2 and M-4, indicating that the breakpoint in
the diameter dimension is a useful addition to the models. Raw values of the BIC' have
little meaning and the more practical use of this statistic is choosing between two or more
model fits by computing the BIC difference (a ABIC > 2 is desirable when preferring
one fit to another; Kass and Raftery, 1995). The BIC of M-2 is lower than for M-/,
with ABIC = 8, giving strong indication (ABIC of 6-10 indicates a strong preference
for the model with a lower BIC) that the additional breakpoint in the rotation period
does not meaningfully increase the robustness of the model fit’. I therefore choose M-2
as the preferred model for capturing the grain size dependency on diameter and rotation
period. The estimated intercept, linear coefficients (slopes), and breakpoint (D,), along

with the associated uncertainties are given in table 2.9. Note that the model intercept value

represents the predicted dye for an asteroid with D,y = 1 km and P, = 1 hr.

Diameter Dependence For asteroids larger than ~10 km there is no significant
relationship with dge, as seen in figure 2.12. On average, the diameter of regolith on >
10 km bodies is just below 1 mm, with many asteroids having d,4 ~ 150-200 gm. However,

a strong negative relationship for sub-10 km bodies is apparent in which the average grain

5The number of free parameters is calculated from the total number of fitted variables and each of their
y-intercepts. Although they are added together and reported as a single intercept, they independently
contribute to the number of free parameters. Adding a breakpoint to one independent variable effectively
creates another line, thus increasing m by 2.

SEmploying the Davies Test (Davies, 2002) here, which tests for a non-zero slope change in a predictor
variable, supports this claim with a p-value = .45.
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Figure 2.12: Multi-linear model fit (M-2), given by red stars, and the grain size dataset,
shown by black dots, as a function of asteroid diameter (top) and rotation period (bottom).
The red bar in the left panel indicates the 1o range in uncertainty in the breakpoint between
the two segments.
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Table 2.9: Linear Coefficients and Intercept for M-2

Parameter Estimate 1o Uncertainty p-value
intercept [d) 5.58 + 0.64 < .001
Dy, [km] 10.3 +1.0/-0.9 < .001
pilope 0.31 + 0.04 < .001
Di};;pc (< Dy) 6.95 + 0.80 < .001
Digcpe (> Dy) 0.22 + 0.26 42

size is a factor of ten-fold larger than (underdeveloped) surfaces represented by ~100 mm
grain size estimates — essentially bare rock. For an order of magnitude change in asteroid
diameter (below ~10 km), the multi-linear regression model predicts a change in regolith
grain size by a factor of ~50. This can be graphically deduced by extrapolating the data in
figure 2.12 to a ~1 km sized asteroid, for which there should be ~25 mm grains, compared

to a ~10 km asteroid with ~0.5 mm grains.

Rotation Period Dependence My preferred multi-linear model predicts that objects
with longer rotation periods have larger grain sizes. For asteroids with longer rotation
periods, the positive correlation with grain size is clear, and the multi-linear regression
captures this relationship well. In figure 2.12 the fast rotating asteroids can be seen to
exhibit a wide range of grain sizes, although the model predicts that most of these objects
have a ~0.5 mm regolith. The spread in grain sizes for fast rotators can partly be caused by

the range of asteroid sizes below 10 km, for which there is a strong grain size dependency.

2.7.3 Compositional Groups

Here, I investigate if, and how much, the grain sizes vary /depend on the surface composition
of an asteroid. Simply comparing the means of the grain size distributions between the
compositions is not appropriate, as some of the independent predictor variables are correlated

grain size: for example, primitive C-complex and P-type bodies are more represented at
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larger sizes, and the E/Xe-types are largely represented in the lower size range’. Instead, I
perform Welch’s t-tests between the compositional groups, using the model residuals from
M-2 as plotted in figure 2.13. Since the multi-linear analysis was performed without regard
to the compositional group, a difference in the mean model residuals of a group from the
entire sample would indicate a disparity in regolith grain size for that particular group.

I apply Welch’s t-test® (Welch, 1947) in a series of trials between each possible pairing of
compositional group, as well as between each group and the remainder of the entire sample
(with that group removed). The null hypothesis that is tested is that the means between
the groups do not differ. The resulting p-values of these trials are tabulated in table 2.10:
lower p-values indicate a higher probability that the null hypothesis is not supported.

The model residual distributions, grouped by composition, along with model residuals
plotted against the explanatory variables are shown in figure 2.13. Compared to the mean
of the remainder of the sample, the M-type asteroids have a statistically significant (p <
.001) different mean grain size, which remains true even when M-type residuals are included
as part of the entire sample. On average, the M-types exhibit regolith grain sizes 4 x
larger than asteroids of the same diameter and rotation period. I interpret this result as an
indication that one of the thermophysical or material properties of the M-types is affecting
the efficiency of one or both of the regolith degradation processes and discuss this point
further in section 2.8. The mean grain sizes of M-types and V-types are, in statistical terms,
not significantly different from each other (table 2.10), which is not true for other groups
and the M-types. The S-types statistically show a smaller mean grain size compared to the
remainder of the sample (p = .03). The E-types themselves show a greater likelihood of
having a larger grain size than the S-types (p = .05), C-types (p = .10), and the sample as
a whole (p = .10). Lastly, there is an 85% probability that P-types have a smaller average
grain size than the rest of the sample (p = .15). Potential explanations for these differences

between the grain sizes of compositional groups is discussed in section 2.8.

"Similar relationships are apparent between spectral classes and heliocentric distance (DeMeo and Carry,
2013).

8Welch’s t-test, as opposed to the Student’s t-test, as it does not assume that the two groups have equal
variance or sample size.
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Table 2.10: Residual grain size statistics and Welch’s t-test results for compositional groups

Spectral Group

S C Vv E M P
Adgy mean | -0.19 -0.12 0.36 0.25 2.07 -0.53
std. dev. | 1.19 1.32 1.57 1.71 0.72 1.66
p-value  all excl. | .03 71 63 .10 < .001 .15
S| — .40 S0 .05 < .001 .40
C — .60 .10 < .001 .24
\Y — .80 13 .34
E — < .01 .33
M — < .001
P .
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Figure 2.13: Grain size model residual distributions for different compositional groups. The plots on the left show the model
residuals for M-2 as a function of effective diameter (top) and rotation period (bottom). The histograms on the top show the
grain size model residual distributions for S, C, and V-types, with the bottom histograms showing the same for E, M, and
P-types.
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2.7.4 Asteroid Families and Weathering Timescale

The identification of asteroid families — orbital groups of asteroids of a common origin —
has been at one of the foci of orbital dynamical modeling for around 100 years. The first
work used an algorithm called the Hierarchal Clustering Method (HCM; Zappala et al.,
1990) to identify three asteroid clusters within orbital element space. Since then, several
works have used the HCM and developed other family-finding algorithms, resulting in the
expansion of the number of unique asteroid families to 122 (Nesvorny et al., 2015). The size
of the orbits of family members become increasingly dispersed throughout time, as a result
of the Yarkovsky effect: a drift in the semimajor axis due to small thermal forces acting on
astronomical timescales (Bottke et al., 2001). The rate of this orbital drift allows an estimate
of the timing of the original collision to be made, providing a useful approximation for the
surface age of the asteroid members.

Within an asteroid family, the Yarkovsky effect is more relevant for smaller asteroids,
as they have less mass and approximately the same magnitude of thermal forces acting to
alter their orbital semimajor axis (Bottke et al., 2001). This orbital drift of family members
leads to a characteristic “V-shape” that is seen on a size (often expressed as the absolute
magnitude, Hy ) vs. semimajor axis plot (Nesvorny et al., 2003). The method in which family
age estimates are calculated relies on the ability to characterize the slope of the lines which
define the envelope of the V-shape (e.g., Bolin et al., 2018, and references therein); the older
the family, the shallower the slope is (i.e., a wider V-shape). Unfortunately, it is inherently
difficult to constrain the ages of very young and very old families because the borders of
the V are not well defined. Members of young families have not had long enough time to
have experienced significant semimajor axis drift (Nesvorny et al.,; 2002a), and families as
old as the solar system are so widely dispersed that they are hard to distinguish from the
background asteroid population (Bolin et al., 2018). Another complication arises when a
collision produces a family near a strong mean-motion resonance with Jupiter or Saturn. In
these cases the resonances truncate the family when members are delivered to other regions of
the solar system. Nevertheless, the ages of a few dozen asteroid families have been estimated

by a several authors and are included in table 2.11.
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Table 2.11: Asteroid Family Properties

PDS Family ID  AstDyS Family ID  Spec.  Collision Type! Age (Myr) Count?
609 Veritas (490) Veritas Ch 8.3 £ 0.5™ 1
620 Beagle (656) Beagle C < 10F 1
403 Baptistina (883) Matterania S 175 £ 40¢ 2
003 Hungaria (434) Hungaria Xe Fragmentation 210 £ 70™ 6
507 Padua (110) Padua X 270 + 150%7 1
— (135) Hertha S 300 + 557 3
— (5) Astraea 7 Cratering 330 £ 100° 2
— (808) Merxia S Fragmentation 360 + 1707:™:n 1
512 Dora (668) Dora  Ch Fragmentation 500 £ 1757" 2
604 Meliboea — Ch 640 £ 104 1
902 Alauda — ? 640 =+ 504 2
509 Chloris (410) Chloris C 700 £ 4007 2
505 Adeona (145) Aedeona  ? 750 + 380%7 3
403 Flora — S 955 & 3707 14
401 Vesta (4) Vesta V Cratering 965 £ 240%9:" 3
516 Gefion (93) Minerva S 1150 + 4007:4m 2
701 Phocaea (25) Phocaea S 1190 + 320° 7
606 Eos (221) Eos K Fragmentation 1490 4 420%™ 10
633 Itha — S < 1500¢ 1
601 Hygiea (10) Hygeia C Cratering 1607 + 8207 3
002 Schubart (1911) Schubart P Fragmentation 1700 4 700° 1
502 Eunomia (15) Eunomia S Cratering 2020 4 600%7:™ 13
605 Koronis (158) Koronis ~ S(H*)  Fragmentation 2050 £ 1570%" 11
602 Themis (24) Themis C Fragmentation 2360 + 1420%7." 4
506 Maria (170) Maria S 2465 £ 9407." 3
902 Alauda — ? < 35004 2
— (375) Ursula  ? 3500 + 1000%:™ 1

Notes. *Koronis members are associated with H chondrites (Vernazza et al., 2014).

I Collisional type definitions from Milani et al. (2015).

2Number of asteroid family members present in this study.

P Milani et al. (2014)

%Bottke et al. (2007)

bBroz and Vokrouhlicky (2008)

°Broz et al. (2013)
dCarruba et al. (2016)
€Dykhuis et al. (2014)

fDykhuis and Greenberg (2015)

9Marchi et al. (2012)

“Milani et al. (2015)
JNesvorny et al. (2005)
kNesvorny et al. (2008)
!Nesvorny et al. (2009)
M™Nesvorny et al. (2015)
"Spoto et al. (2015)
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Here, the surface ages of the members of asteroids within families are assumed to be
concordant with the age of the family of which they are a member. Only a fraction of the
objects in the study were identified to be part of a family, and some families do not have
a current age estimate. Table 2.11 lists the ages of families used in this study. I re-ran
the multi-linear regression model M-2 including only the subset of objects that exist within
families (table 2.7) and considering the additional predictor variable of family age as model
input (this new model will be referred to as M-2t). This reanalysis of the multi-linear model
accounts for any colinearity between diameter and surface age, which is especially relevant
because larger asteroids are less likely to have experienced a catastrophic collision — thus
possess older surfaces — and smaller asteroids are statistically younger, on average.

I found that incorporating the surface age did not result in a statistically measurable
difference in the multi-linear model. This null-result may be due to the level of uncertainty
associated with grain size estimates, which drown out any small potential differences between
asteroids of different ages. If, for this dataset, there actually was no dependence on the
surface age, it would indicate that the weathering timescale was shorter than the age of the
youngest families included here (< 10 Myr). As further discussed in section 2.8, a small
mechanical weathering timescale would mean that most surfaces of main-belt asteroids > 1

km are in a steady state between regolith production and loss (section 3.8.4).

2.7.5 Near-Earth Asteroids

In section 2.7.2 T removed non main-belt asteroids (NEAs and Mars Crossers) from my
analysis in order to remove the effect of different thermal and impact environments. These
groups show a wide range of orbit types (varying in both semimajor axis, a, and eccentricity,
e) as there are asteroids with aphelia (@) in the Main Belt and many with orbits completely
nested within Earth’s. Here, I analyze the grain sizes (section 2.6) calculated for the NEAs
with previously determined thermal inertia measurements (N = 15) and those estimated in
this work (IV = 7). With grain sizes for these 22 asteroids, I can potentially identify regolith
dependencies on orbital factors.

Here, I performed a multi-linear regression model, similar to the one performed in

section 2.7. I did not consider segmented linear fits as there are not enough to determine any
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significant breakpoints (in other words, I conservatively avoid overfitting the small number
of objects). The independent predictor variables I include here are the diameter and rotation
period, logarithmically transformed as before, but I also include the orbital semimajor axis
(a), perihelion (¢), and aphelion distance (Q).

The NEA multi-linear regression model only selected @) as the statistically significant
variable. The grain sizes of the NEAs (table 2.7) do not follow the same trends with the
diameter and rotation period that exist among main-belt objects. On further inspection,
potential co-linearity between D.g and () could raises some doubt of the significance of this
result. Re-running the multi-linear model restricted to only these two variables, however,
did not change the result — @ is thus a better predictor of grain size than diameter and
rotation period among NEAs. The grain sizes as a function of aphelion, diameter, and
rotation period are shown in figure 2.14. The grain sizes of objects with ¢ within ~0.1 AU
of Earth’s orbit are somewhat higher than the asteroids that orbit just outside. The higher
grain size regoliths are among the asteroids with perihelia interior to Earth’s orbit, although
some of these objects also have more fine-grained surfaces, like that of the largest main-belt
objects. Asteroids with spin rates near the spin barrier (P,,; &~ 2.12 hr) exhibit a range
spanning 3 orders of magnitude, which mimics the grain size span for the entire Main Belt

sample.

2.8 Discussion

2.8.1 Regolith Weathering
Meteoroid Impacts

Repeated impacts of smaller asteroids or meteoroids into the surface of an asteroid will
create ejecta — some of which is retained at the surface as regolith. The general relationship
between the mass of the ejecta (M) above a certain velocity (u), as a function of impactor

mass and velocity (m & U) is:

M <3)_3T (2.13)
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Figure 2.14: Regolith grain sizes of NEAs as a function of aphelion and perihelion distance, diameter, and rotation period. Red,
orange, green, grey, and blue symbols represent S, V, E; M, and C-types, respectively. The open symbols are objects with an
inferred composition based on the albedo (i.e., figure 2.7) and grey symbols with error bars are MBAs.
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where 7, an empirically-derived exponent, is taken as 0.41 — the value for sand (Housen and
Holsapple, 2011). For reference, the probability distribution of relative velocities between
asteroids in the Main Belt, which is roughly Maxwellian, has a mode of 4.3 km s and a
mean value of 5.3 km s (Farinella and Davis, 1992; Bottke et al., 1994). The velocities of
incoming meteorioids are mostly independent of the size of target body (due to the extremely
small gravitational attraction of an asteroid) which leaves the relative size of the impactor
to the target asteroid as the dominant factor in equation (2.13). It is interesting to note
that laboratory experiments show that lower velocity impacts can actually transfer more
kinetic energy into the ejecta (10-20%), than high velocity impacts (Waza et al., 1985).
Additionally, the mechanical and structural properties of the impacted asteroid play a small
but non-negligible role in determining the outcome of ejecta. For non-porous asteroids, the
upper limit of the ejected dust velocity can often be 0.1% to 0.5% of the impactor velocity
(Nakamura and Fujiwara, 1991; Nakamura et al., 1994), but the velocity of the smallest
ejected particles can greatly exceed this range (Asada, 1985). Nakamura and Fujiwara (1991)
report a power law dust size and velocity with a slope of -1/6 for basalt, indicating that
smaller ejecta travel much faster, and farther, than larger blocks and boulders, which are
more likely to remain in the original impact crater (Thomas et al., 2001).

Other factors, such as the target body porosity can have a noticeable effect on the mass
of the ejecta from an impact (Housen and Holsapple, 2003). Energy from the impact is
concentrated near the impact site and worked into crushing the surface material, instead of
ejecting it at high velocities. Holsapple et al. (2002) points out that if the porosity of the
target region is greater than 50%, only 10% of the crater mass is ejected, as most of the
energy is partitioned into compacting the material. Additionally, material strength of the
target plays a vital role in the ejecta outcome. In general, stronger asteroids produce more
ejecta, which can escape the gravitational well of the body more easily than an asteroid
comprised of weaker material. A higher than average strength could partly explain the
larger average grain sizes for M-types, which are all > 10 km in my sample. The fact that
my multi-linear model could not completely capture the entire variance in grain sizes for my

sample might be exploited to indicate broad differences in porosity and strength properties
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of asteroids. For example, ~100 km objects that exhibit lower than expected regolith grains
could be stronger and/or less porous than the average main-belt asteroid.

The discovery and study of meteorite impact breccias — fragmented samples from a
variety of parent bodies (Burbine and Binzel, 2002) — offers a connection to the state of
asteroid regolith. Impact breccias are formed from the lithification of near-surface material
from the heat and pressure of an impact and classified by their texture and presence/absence
of clasts (Bischoff et al., 2006). A direct connection to asteroid regolith can be made if they
are rich in solar-wind gases, identified isotopically (McKay et al., 1989). Clasts found within
identified regolith breccias range in size from several hundred microns up to many centimeters
have been found in HEDs, carbonaceous, ordinary, and enstatite chondrites, and other stony
meteorites (Bischoff et al., 2006, and references within). Interestingly, Bischoff et al. (2006)
note that some aubrites are known to contain large enstatite clasts up to 10 cm in size, as
well as metal grains up to 1 cm in size. If the aubrite parent body is matched by an E-type
spectrum, then these systematically-larger clasts and grains are well-matched to the finding
that E-types have atypically large regolith grains.

Asteroids larger than ~10 km exhibit regoliths that are similar to the largest bodies,
whereas the grain sizes of some asteroids of diameter ~2 km approach the limit for what
is considered a “bare rock” or bedrock surface. The break in main-belt asteroid grain sizes
around 10 km could indicate a change in either the nature of regolith generation, or be a
result of lower gravitational retention of smaller regolith grains. Using crater scaling laws,
Housen et al. (1979) predict that asteroids in the 1-10 km range should harbor a < 1 mm
thick regolith due to a decrease in both the strength and gravitational field of bodies of this
size.

My results show that the differences in grain size for near-Earth and Mars-crossing
asteroids are mostly controlled by their orbital parameters, which may be explained by
the increase in meteoroid flux in the Main Belt at distances > 2.2 AU. The aphelion velocity
of an NEA with an orbit that extends into the Main Belt will be less than the typical orbital
velocity of a main-belt asteroid. For this reason, the relative impact velocity between a

main-belt meteoroid with an NEA will be greater than a meteoroid impact with another
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main-belt asteroid. This combination of a higher impactor flux and velocity would likely
result in a faster impact weathering rate for NEAs with @ 2 2.2 AU.

Using the measured meteorite flux at 1 AU, Basilevsky et al. (2013) calculated a
characteristic lunar boulder survival lifetime using boulder size counts on crater rims with
known ages. They calculated that it takes 25-50 Myr to destroy 50% of a typical 1 m-sized
boulder. They predict with their model that the fraction of boulders remaining exponentially
decreases with time, and after 190-300 Myr, more than 99 % of boulders should be completely
destroyed. Basilevsky et al. (2015) extrapolated the lunar timescale to Ceres and Vesta
assuming that boulders are broken down exclusively via impact weathering. On these large
MBAs the boulder weathering timescale is 3% of the lunar value (i.e., 750 kyr—1.5 Myr),
which is mainly a consequence of the meteorite flux being ~2 orders of magnitude greater
in the Main Belt than at 1 AU.

This timescale is significantly shorter than the ages of the families studied in this work,
and consistent with my multi-linear regression result of not finding any relationship between
grain size and surface age. A few recently-formed families with ages less than 1 Myr have
been identified (e.g., Table 1 in Nesvorny et al., 2015) in the Main Belt. Members of these
families can, in principle, be used to track the progression of regolith weathering across time.
A caveat, however, is the fact that young families are comprised of very small members, which
are more likely to lose regolith either by impacts or other means (section 2.8.2). Statistically
speaking, a 1-km asteroid is likely to experience around 5 catastrophic breakups every 1
Myr (Holsapple et al., 2002), or once every ~200 kyr. This timescale is shorter than the
boulder survival timescale (750 kyr—1.5 Myr), so I expect that a main-belt asteroid at this
size would not survive long enough to have much of a developed regolith. Main-belt asteroids
smaller than 1 km have even shorter timescales for a catastrophic breakup, so should not
have surfaces old enough to develop much regolith at all, nor have the gravitational forces
necessary to retain boulders or blocks at the surface. A typical 10 km main-belt asteroid, on
the other hand, will survive ~80 times longer (16 Myr) before experiencing a breakup event

— much longer than the expected boulder destruction timescale (Basilevsky et al.; 2013).
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Thermal Fatigue Weathering

The cyclic heating and cooling of an asteroid surface, as a consequence of time-varying
insolation, can result in spatial thermal gradients (VT) within regolith grains a few times
larger than the thermal skin depth. This thermal fatigue cycling creates heterogeneous
thermal stress gradients (expansion and contraction) across mineral grain boundaries of a
rock (Molaro et al.,; 2015). The structural weakening of the material ultimately results in
the mechanical failure and breakdown of the rock and formation of asteroid regolith. It has
been debated whether or not thermal fracturing is a significant weathering mechanism for
terrestrial rocks (e.g., Molaro and McKay, 2010, and references within), but convincing
evidence from the Moon and Mars (Eppes et al., 2015) indicates that thermal shock
(rapid timescale) and/or fatigue (long timescale) efficiently operates in these environments.
Recently, Delbo’ et al. (2014) experimentally demonstrated the effectiveness of this process
on a chip of the Murchison (CM2 carbonaceous chondrite) and Sahara 97210 (L/LL 3.2
ordinary chondrite) meteorites.

The surfaces of airless bodies are the most susceptible to thermal fatigue, as their lack of
a thermally-insulating atmosphere exposes them to extreme insolation forcing. Molaro and
Byrne (2012) attempted to numerically simulate the amount of internal stress experienced by
a rock on Vesta, Mercury, and the Moon’s surface. In particular, they estimated the amount
of temperature change, per unit time (AT/a¢) and compared to the temperature gradient
VT within rocks having orientations at different latitudes on the surface. They found that
while a rock on Vesta experienced the largest temporal temperature change, it also had the
lowest VT. This case is opposite to that of the Moon and Mercury, in which VT and 27 /a¢
were highly correlated. The modeling efforts of Molaro and Byrne (2012) demonstrated that
greater thermal stresses were experienced for rocks experiencing faster sunrises (i.e., shorter
rotation periods). The stresses were more pronounced for airless solar system bodies farther
from the Sun and on rock faces that were angled closer toward the morning sun. Daytime
shadowing, especially when occurring just after local sunrise or before local sunset, was also

a major contributor to increasing the temperature gradients. The authors also predict that
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pre-existing cracks would contribute even more to the growth rate and shorten weathering
timescales.

As noted by Molaro and Byrne (2012), the highest rates of temperature change occur on
quickly rotating bodies. In the analysis of my large asteroid grain size dataset, the rotation
period was a significant factor, as it correlates positively with increasing grain size. This
coincides with the findings of Molaro and Byrne (2012), as they predicted greater influence of
thermal fatigue for objects with more thermal cycles and faster sunrise times. For asteroids
rotating more slowly than Earth, there is a particular dearth of regoliths with smaller average
grain sizes (< 0.5 mm) and, in figure 2.13, a visual uptick of the minimum grain size at
P, = 10-20 hr. This uptick could indicate a subtle turning point related to the thermal
fatigue mechanism, in which asteroids with P,,; < 10 hr are susceptible to a greater number
of high-rate thermal cycling. Despite the long solar days for the Moon, corresponding to
thermal fatigue weathering inefficiency, the lunar regolith is one of the most well-developed
in the Solar System. The fine-grained lunar regolith is consistent with an impact dominated
weathering mechanism, rather than thermal fatigue (Basilevsky et al., 2015).

The thermal parameter (©; equation (1.8)) may intuitively seem to be useful in predicting
the effectiveness of thermal fatigue on asteroid surfaces, as it can be used as a proxy for the
amplitude of the diurnal temperature range. However, its formulation doesn’t capture the
essential information regarding the heating and cooling rates of a boulder/rock at the surface.
Regolith on bodies that are very slow rotators will experience slow sunrises. As the disk of
the sun creeps above the local horizon the surface temperatures slowly reach equilibrium
with the insolation and a boulder would not be subject to a large rate of temperature
change. This may seem paradoxical if one were only to examine the thermal parameter for
a hypothetical slow rotator: for larger values of P,,, © becomes smaller and the diurnal
temperature swings are maximized. However, because this hypothetical object is slowly
rotating, a point on the surface does not experience a large temporal temperature change,
and the insolation change during the long sunrises and sunsets does not cause large enough
spatial temperature gradients.

The grain size of M-type asteroids are, on average, 4 times higher than asteroids of

the same diameter and rotation period (figure 2.13), suggesting that either regolith is not
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efficiently broken down, or that smaller regolith grains are preferentially lost via one of
the mechanisms in section 2.8.2. High values of Young’s modulus were shown by Molaro
et al. (2015) to significantly increase the efficiency of the thermal fatigue process, because
stiffer materials are less able to accommodate the thermal expansion of grains. Iron-nickel
meteorites, which are compositionally homogeneous could serve as an analog for M-type
asteroids. Mesosiderites, a silicate-metal mixture, could prove as a heterogeneous alternative
that would be more susceptible to thermal stress buildup surrounding silicate grains. Iron-
nickel metal’s extremely high Young’s modulus, combined with possible grain heterogeneity
of a metal-rich regolith should make these surfaces more susceptible to thermal cycling. By
following this logic, and assuming that thermal cycling is the dominant weathering process, it
would stand to reason that asteroids that are composed of metal-silicate mixtures should have
fine-grained surfaces and pure metal surfaces should not have fine-grained regoliths. Since
my results show that M-types harbor coarse-grained regoliths it could indicate that M-types
are comprised of pure-metal surfaces. Alternatively, M-type regoliths could be silicate-metal
mixtures that are subject to a process or processes that remove the fine-grained portion of
regolith. Impact ejection seems the most likely, as metal targets should have a much higher
strength, which would increase the overall velocities of ejecta particles relative to weaker

targets (i.e., S and C-types).

2.8.2 Regolith Retention & Loss

Once formed, the regolith layer of an asteroid is held by gravitational and cohesive forces.
For a spherical asteroid the force of gravity experienced at the surface decreases by a
factor proportional to the diameter of the object (while holding other factors, such as the
rotation period and bulk density, constant). If the object were not rotating at all, the
effective gravitational potential would be homogeneous across the surface. Centrifugal forces,
which are greatest at the equator of a rotating object, counteract the effective downward
gravitational force at a magnitude proportional to the spin rate equation (2.15).

For a typical main-belt asteroid, the cohesive (e.g., van der Waals) forces between regolith
grains smaller than ~1 c¢m have theoretically (Scheeres et al.; 2010) and experimentally

(Murdoch et al., 2015) been shown to dominate over gravitational, solar radiation pressure,
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and electrostatic forces. Evidence for non-zero cohesive forces acting on an asteroid surface

was found by Rozitis et al. (2014) for the 1.3 km NEA (29075) 1950 DA. They calculated
the strength of cohesion to be at least 641> Pa. Cohesive forces are inversely dependent
on the surface area of the regolith gains (Scheeres et al., 2010) which indicates that a
regolith comprised of smaller grains may be stronger than one comprised of larger grains.
The cohesive forces within a regolith alters the effectiveness and behavior of potential loss
mechanisms. Regolith grains lacking cohesion could incrementally be lost at a steady rate,
but the addition of these inter-particle forces makes the regolith more susceptible to large-
scale structural failure — since planes of weakness will preferentially form around massive
clumps of grains, after plastic deformation has occurred. As these grain structures are held in
a higher energy state, even a small force exceeding the yield stress could trigger a landslide,
potentially resulting in a catastrophic loss of regolith (Scheeres et al., 2010).

Several potential mechanisms can conceivably remove regolith from the surface of
asteroids. Below, I review each mechanism and the effects that each has on altering the
grain size distribution of an asteroid’s regolith, as well as the scenarios in which each is

predicted to dominate over other removal processes, if applicable. In each case, a particle is

ejected from the surface when it exceeds the escape velocity, given by:

2GM

(2.14)

where G is the universal gravitational constant and M is the mass of the body.

Impact Ejection In addition to mechanically weathering regolith, the process of multiple
meteoroid impacts may also eject regolith grains from an asteroid surface. Energy from a
meteoroid impact upon an asteroid surface is partly transferred to individual regolith grains,
resulting in a velocity distribution that depends on the size of the grains. Ejecta grains
traveling at a velocity that exceeds the escape velocity of the object are permanently ejected
from the surface and ultimately become interplanetary dust. The other factors, impactor
mass and target mass, thus can be varied in order to predict the mass fraction of ejecta that

is retained as a function of velocity (equation (2.13)).
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An impact event is the most likely cause of the brightening seen for (596) Scheila, a main-
belt asteroid, in December of 2010 (Ishiguro et al., 2011a). This 113 km asteroid was struck
by a 35-80 m meteoroid (Bodewits et al., 2011; Jewitt et al., 2011), which produced a 107 to
10° kg cone of debris consisiting of 1-100 um particles (Ishiguro et al., 2011b; Hsieh et al.,
2012). Earlier the same year, the ~120 m object P/2010 A2 was also observed to exhibit
dust activity, as a tail of dust particles slowly drifted away for a time period exceeding several
months. Both Snodgrass et al. (2010) and Jewitt et al. (2010) calculate the impact to have
occurred in January or February of 2009 and the dust trail to consist of large (millimeter to
centimeter) sized particles that were slow to be dispersed by radiation pressure. However,
rotational instability (discussed below) via YORP spin-up could still explain the long-lived
dust tail (Jewitt, 2012), but the rotation period of P/2010 A2 remains unknown.

These two observations of regolith escaping asteroid surfaces in real-time provide
important knowledge about the nature of impact ejection. Knowing the size of the dust
grains that were visibly detected provide an upper size limit for the regolith that was removed
from the surface of Scheila, since larger grains are not traveling faster than the body’s escape
velocity. I can expect that the area on the surface that was struck by a meteoroid to retain
0.1 mm-sized regolith grains. This grain size is at the lower size limit that the thermal
conductivity model will produce for I' — 0. In fact this grain size is what I calculate for the
asteroids with I' < 50 J m™2 K* /2. Future observations of impact ejecta events of sub-10
km asteroids should exhibit larger grains in the cloud of debris as the size of the object

decreases.

Centrifugal Ejection The effective surface gravity at the equator is lower than at the
poles of a spinning spherical body (e.g., Scheeres et al.; 2010), because the rotating frame of

reference causing a centrifugal “force” directed away from the axis of rotation:
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where ¢ is the latitude, in radians, and p.s is the effective bulk density of the sphere-

shaped asteroid. Regolith grains exist in a steady-state on the surface of a fast-rotator,
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and a small perturbation can transfer enough energy to cause the ejection of equatorial
grains where the effective gravity is near-zero (Guibout and Scheeres, 2003). It is difficult to
theoretically predict whether this kind of mass-loss occurs incrementally, on a grain-by-grain
basis, or catastrophically, with large chunks ejected at a time (Scheeres, 2015). Equating the
gravitational and centrifugal forces at the equator of a rotating spherical body allows us to
derive a critical rotational period, below which material at the equator experiences negative

effective gravity:

3r 0\ /2
Pcri ~ b ) 216
~af (Gpeﬁ) (2.16)

where, a/b is the axis ratio of a prolate ellipsoid. In the special case of a sphere, a/b = 1
and the equation (2.16) becomes an exact calculation (i.e., the “~” is replaced by a “=")
Jewitt (2012). The existence of the “spin barrier”, an observed dearth of asteroids with
Pyt < 2.12 hr and larger than a few hundred meters in diameter (Harris, 1996), indicates
that gravitationally bound asteroids rotating more rapidly than this rate are not stable
and break apart (Pravec and Harris, 2000). The mechanism known as YORP (Yarkovsky-
O’Keefe-Radzievskii-Paddack; Bottke et al., 2006, and references therein) can increase the
rotation rate of an asteroid enough such that g.; ~ 0 across most of the surface (Yu et al.,
2018).

Dust activity surrounding P/2013 P5, including multiple dust tails as observed in
September 2013, is thought to originate from rotational instability (Jewitt et al., 2013).
The multiple dust tails of P/2013 P5, which are comprised of particles ranging in size from
10 to 100 pm, are roughly co-planar and amount to 10410 of the total mass of the body
(Degr =~ 240 m if py = 0.29). Although the rotational period of P/2013 P5 is undetermined,
the morphology and slow ejection speed (i.e., comparable to its escape velocity, ~0.3 ms™;
Jewitt et al., 2013) of the dust activity points to excess centrifugal forces ejecting the regolith
(Jewitt et al., 2013). Increased observations of the of dust activity for all active asteroids
can support efforts in placing limits on the frequency of centrifugal ejection and the amount
of dust (and size distribution) that is lost via this mechanism.

Rapidly rotating asteroids (with P,,; & 2.2 hr) are most at-risk for centrifugal regolith
ejection. These objects are likely to have been spun up by thermal torques via YORP, rather

142



than being born at a high spin rate (Pravec et al., 2008). Ejection of surface material has
been observed for P/2015 P5 to occur incrementally over several months and attributed to
rotational instability of regolith (Hainaut et al., 2014). The existance of cohesion on asteroids
with short rotation periods has important implications for the failure criterion and nature of
mass shedding events. Large-scale chunks of material held together by cohesion are thought
to discretely de-laminate off the asteroid as a result of chains of structural failure at depth.

Two fast rotators in my sample, 1950 DA and Amun, posses regolith characteristics at
completely opposite ends of the observable range of my sample. Amun, which is possibly
completely void of regolith, may have always been as such. Another possibility is that Amun
had been part of a 1950 DA-like body in the past, in which it was a rubble pile held together
by cohesive forces, and was subsequently and periodically spun-up such that all the loose
granular material was shed as a consequence. In this scenario, I might expect 1950 DA to
lose a portion of its regolith as its rotation rate incrementally increases and structural failure
occurs. In the future, thermal inertia estimates of these rapid rotators may provide insight

as to the efficiency of centrifugal ejection and the cohesive strength of rubble pile asteroids.

Electrostatic Levitation/Ejection Regolith grains can potentially become charged via
heterogeneous exposure to ionized solar wind particles. As one side of the grain is positively
charged from solar wind particles an electric field differential could build up enough to exceed
the cohesive forces of other grains. Ignoring cohesive forces, a grain with radius on the order
of rfa experiences electrostatic levitation when the electric field, F., is strong enough to

liberate it from the surface, where it is kept by gravity (Lee, 1996):
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in which g.g is defined in equation (2.15). Regolith grains can become charged by a global
electric field or via local terminator passage. On Eros, the latter is the preferred method
of charging — due to its high spin obliquity, the equatorial regions experience high rates of

change in the illumination conditions.
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The NEAR spacecraft mission to (433) Eros offered spatially resolved images of regolith
“ponds”, which were later interpreted to consist of smal grains that collected in low lying
topographical areas of greater (negative) gravitational potential (Robinson et al., 2001;
Dombard et al., 2010). More disk-resolved images of NEAs having differing illumination
conditions will provide invaluable insight into the nature of electrostatic levitations. Jewitt
(2012) notes that no clear example of active asteroid losing regolith dust via electrostatic
forces has been identified, which could be attributed to possible slow and incremental
(uniformitarian) nature of the process that would theoretically generate dust ejection that

is undetectable on faint asteroids.

Radiation Pressure Sweeping The momentum imparted by many solar photons
absorbed by a regolith grain could be enough to lift it from an asteroid surface and result
in ejection. Jewitt (2012) calculated the maximum size of a grain, in pm, that could
theoretically be removed from resting on a flat asteroid surface as a function of D.g, peg,
and Ry (equation (2.18)). Using peg = 2000 kg m™ as a nominal effective bulk density, it

can be shown that a 1 km asteroid at 3 AU should be void of grains smaller than about 1

o
GM
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The nature of a regolith layer most likely means that individual regolith grains are wedged
between other grains, and/or cohesive forces act such that grains are stuck to the surface
and must be “plucked” before ejection via radiation pressure takes over. In this scenario,
electrostatic forces can aid and may even be necessary to isolate and levitate a grain as
it is carried away. Generally, the asteroid must be close to the Sun and, as stated above,

levitation is most likely to happen for grains close to the terminator where electric field

gradients are stronger.

2.9 Conclusions

At the beginning of this chapter I had hypothesized that both meteoroid impacts and

thermal cycling were relevant processes that act to mechanically weather asteroid regolith.
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In section 2.7.2 T presented results of an analysis as part of my test to determine whether
asteroid size and rotation period were important factors in affecting regolith grain size. I
determined that both factors were statistically relevant and thus am able to support the

hypothesis that both the above mechanisms are relevant for regolith degradation.
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Chapter 3

Regolith Space Weathering

3.1 Introduction

High-energy particles, such as solar wind ions and micrometeoroids, alter the surfaces of
asteroids and other airless Solar System bodies (Hapke, 2001; Pieters and Noble, 2016).
Evidence for space weathering on Earth’s moon can readily be observed: Tycho crater, a
large impact feature in the southern hemisphere, features recently excavated bright material
that contrasts against the darker surroundings (Gold, 1955). However, the concept of space
weathering surfaced after the Apollo missions returned samples of the lunar regolith (e.g.,
Conel and Nash, 1970; McCord and Johnson, 1970) and remote sensing of the spectral
properties become more sophisticated (Pieters et al., 2000; Taylor et al., 2001). The
“lunar style” of space weathering is characterized by darkening, spectral reddening, and
decrease in absorption band strength (Adams and McCord, 1971). The exact amount of
observed variance in these band parameters is distinct between the anorthositic highlands
and basaltic Mare (Pieters et al.; 2000), and is specifically dependent on the amount of
FeO in the regolith/rock (Morris, 1978; Lucey et al., 1998). The source of these spectral
effects has been identified as sub-micron or nano-phase iron (npFe?) particles that exist in
the altered rims of regolith grains, formed by the condensation of vapor from solar wind
and /or micrometeorite irradiation (Taylor et al., 2001; Hapke, 2001). This space weathering
mechanism, and its spectral effects, were subsequently used to explain a mismatch between

meteorite and asteroid spectra.
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Spacecraft visits to a small number of asteroids have provided evidence for space
weathering on their surfaces. On October 29, 1991, the spacecraft Galileo flew by the asteroid
(951) Gaspra, taking images of its surface from within 1,600 km (figure 3.1). From these
images of Gaspra’s surface, which is dominated by silicates, Helfenstein et al. (1994) showed
that bright, spectrally less-red (fresh) regolith concentrated on crater ridges and darker,
spectrally redder (weathered) material occurred mostly on downslope areas. The spectrally
weathered regolith also exhibited up to 30% reduction in spectral contrast, compared to
fresh surfaces. Similarly, the Galileo mission flew by main-belt asteroid (243) Ida on August
28, 1993, and collected images that revealed a space weathered surface Sullivan et al.
(1996). Veverka et al. (1996) characterized two different-colored terrains: one darker (by
1%) and redder, with weaker absorption bands (in low-lying areas) and a brighter, less-red
terrain that had 5% stronger absorption bands (e.g., Azzura crater, other impact sites, and
their associated ejecta). Near-earth asteroid (433) Eros, the primary target of the NEAR-
Shoemaker mission, was seen to have large variations in albedo and subtle color variations
across the surface (Murchie et al., 2002; Bell et al., 2002). Clark et al. (2001) showed that
the northern slopes of the Psyche crater contained much of the brighter material and could
be partly, but not fully, explained by variations in grain size or mineralogy, leading them to
posit that a space weathering reddening effect occurred before brightness changes. Ishiguro
et al. (2007) mapped the entire surface of the NEA (25143) Itokawa from images gathered by
the sample-return mission, Hayabusa, and managed to correlate brighter, bluer areas with
steeper surface slopes, which are associated with recent regolith mobilization and/or impact
events. These bright regolith patches are less common than the weathered regolith (Hiroi
et al., 2006).

Ever since astronomers have been characterizing the colors and spectra of asteroids, there
has been an apparent mismatch between the most common taxa of asteroid, the S-type, and
the most common meteorite group, the ordinary chondrites (OCs; see Chapman, 1996, for a
comprehensive review). This discrepancy was resolved after the discovery and classification
of Q-types, which exhibit spectral slopes and absorption bands that resemble those of the
OCs. These Q-type asteroids were seen only to exist in either near-Earth space or Mars-

crossing orbits. Binzel et al. (2010) used this observation to hypothesize that Q-types are
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(b) Gaspra

(a) Ida and Dactyl (c) Eros

Figure 3.1: False-color images of Ida, its moon Dactyl (a) and Gaspra (b) from the Galileo
orbiter and a greyscale image of Eros (c) from the NEAR mission.
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evolved S-types that have had significant resurfacing via tidal interactions during close-
Earth encounters. S-complex asteroids, as opposed to the C-/X-complex asteroids' (Bus
and Binzel, 2002b; DeMeo et al., 2009), have remained the focus of most space weathering
studies due to diagnostic spectral features that allow for distinguishing several sub-types and
the mineralogical interpretation of individual objects. Thus, mineralogic interpretations of
asteroid spectra must be studied with regard to space weathering in order to be understood
more completely.

In this work, I build upon the current knowledge of space weathering while utilizing large
spectral datasets of both meteorites and asteroids, in order to characterize the alteration
caused by space weathering on silicate-dominated asteroids. I am to construct a procedure
for quantifying the degree of alteration seen in asteroid reflectance spectra at the population
level, and use it to investigate influential factors that determine the effectiveness of space
weathering. Following an approach in Moroz et al. (1996), I track spectral changes from
meteorites to asteroids using two band parameters diagnostic of space weathering: spectral
slope and band depth. A quantitative approach to measuring the degree of alteration due
to space weathering of an asteroid, called the Space Weathering Index (SWI), is developed
and applied to spectral data for several hundred objects. This index is used in replication
of past studies, with use taxonomic classification of asteroids, to quantify the dependence
of space weathering on various factors. I aslo perform an analysis of the albedo variation
among the objects in my dataset, since space weathering is also known to progressively
darken surfaces. Factors that have been shown to be relevant to space weathering, such
as the estimated solar wind exposure, perihelion distance of NEAs, and composition, are
considered in a multi-linear fitting model with the SWI as the dependent variable. T also
investigate the potential influence of grain size on the SWI. Finally, I attempt to reconcile
previous estimates of the timescale for which space weathering acts, by using members of

asteroid families with age estimates.

!The C-/X-complex asteroids are unlike the S-complex in this sense because of the complex nature of
establishing mineralogical ground-truth due to their mostly featureless spectra.
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3.2 Space Weathering Background

3.2.1 Laboratory Studies

Starting in the mid-1990’s, laboratory experiments were designed to mimic the environment
and mechanism of space weathering by irradiating samples with high-energy lasers (Moroz
et al., 1996). Since then, several irradiation (laser and ion) experiments have been conducted
on both meteorite and terrestrial silicate samples (e.g., Yamada et al., 1999; Marchi et al.,
2005; Brunetto et al., 2006; Vernazza et al., 2006; Lazzarin et al., 2006; Fulvio et al., 2012).
The spectral changes of laser irradiated olivine and pyroxene (enstatite) samples closely
resemble the spectral changes occurring on the Moon (Sasaki et al., 2001) and asteroids
(Hiroi and Sasaki, 2001). Microscopic images of these samples indicate that spectral changes
are caused by the growth of npFe’ particles (Sasaki et al., 2003) and are produced more
effectively in olivine than in pyroxene (Sasaki et al., 2002). An experiment to perform the
controlled growth of npFe® particles was sucessfully carried out by Kohout et al. (2014):
in which terrestrial olivine powders were subject to a two-step heating procedure. While
this approach may not simulate the exact mechanism that plays out on asteroid surfaces,
the formation of npFe0 in these olivine samples additionally supports the idea that these
particles are directly connected with the optical changes associated with space weathering
(Hapke, 2001).

Material on an asteroid surface or in the laboratory is said to reach optical maturity
after a characteristic timescale in which there are no further measurable changes in its
reflectance properties (Gaffey, 2010; Shestopalov et al.; 2013). An optical maturity timescale
for micrometeoroid impacts and solar wind irradiation was estimated for laboratory samples
— ~1 Gyr and < 1 Myr, respectively (Sasaki et al., 2001; Brunetto and Strazzulla, 2005).
However, surface processes such as impact gardening (Shestopalov et al.; 2013) may reveal
fresh material from beneath, which mitigates the perceived disk-integrated spectral changes
of space weathering and lengthens the effective maturation timescale.

Transmission election micoscope images of returned lunar grains show npFe’ in the
size range 1-10 nm within depositional rims and sub-microscopic particles in agglutinates

(Pieters et al., 2000; Keller and Clemett, 2001). Samples returned from Itokawa by the
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Hayabusa spacecraft showed regolith grains containing np(Fe,Mg)S particles in a 30-60
nm-thick composition rim (Noguchi et al., 2014). The sizes of these nanophase particles
ranged from 1-4 nm, which is very similar to the ranges found in the lunar samples (Noble
et al., 2005). Using synthesized analog soils Noble et al. (2007) showed that smaller (<
10 nm) npFe® particles will darken and redden Vis-NIR spectra, whereas larger (> 40 nm)
npFe? particles will only darken. This finding may explain the different space weather styles

described for the asteroids visited by spacecraft (i.e., Gaffey, 2010).

3.2.2 Asteroid Observational Studies

Observations of asteroid families, which exhibit a wide range of dynamical ages, offer a
novel way to quantify the rates of space weathering and compare them to the estimated
timescales from lab experiments. In particular, Sloan Digital Sky Survey (SDSS) colors of
family members have been used to track spectral slope changes across time (Jedicke et al.,
2004). The strong correlation between the average color of a family and its dynamical age
has been used to calculate a space weathering timescale of over 2000 Myr (Jedicke et al.,
2004) and a reddening rate of 0.01 um™x logigt (Nesvorny et al., 2005). Further studies
used very young asteroid clusters (< 10 Myr) to re-calculate timescales of 570 £ 220 Myr
(Willman et al., 2008) and 960 4+ 160 Myr (Willman et al., 2010), using differing models
that partly account for regolith gardening, causing the overturn of unweathered regolith
via small impacts. However, using photometric colors, it is difficult to isolate the effect of
composition on asteroid colors in order to isolate the effect that space weathering has on the
color (Jedicke et al., 2004).

Several investigatiors have used average spectral slope over visible wavelengths to study
the space weathering effects on reddening for S-type asteroids. Marchi et al. (2006a) identified
a positive trend, among MBAs, between the spectral slope and the amount of solar wind
exposure (using the time-averaged heliocentric distance as a proxy). Their follow-up study
identified the trend between the perihelion distance of NEAs and the ratio of Sq- and Q- to
S-type asteroids (Marchi et al., 2006b), which widely vary in spectral slope. Using average
spectral slopes of families, Vernazza et al. (2009) inferred a two-step process consisting

of 1 Myr of rapid reddening due to solar wind bombardment and 2000 Myr of gradual
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reddening via micrometeoroid bombardment. They also used spectral band analysis to
show that a greater olivine abundance corresponded to higher spectral reddening. However,
these analyses did not account for the observed variation in spectral slope with both phase
angle (i.e., phase reddening; Sanchez et al., 2012) and grain size Adams and Filice (1967).
Generally, non-compositional effects should be accounted for when interpreting spectral
slopes in the context of space weathering.

An inverse trend between size and absorption band depth for asteroids smaller than
100 km was observed by Gaffey et al. (1993). Smaller asteroids have statistically shorter
collisional lifetimes (Bottke et al., 2005), leading Clark et al. (2002) to postulate that this
inverse trend of band depth with size was due to the alteration of surfaces from space
weathering. However, the grain size of silicate powders is also known to influence the band
depth (Adams and Filice, 1967), as smaller grains have weaker absorption bands. Thus,
the correlation of band depth with asteroid size (see chapter 2) can cause similar changes
in band depth. Additionally, there is a known inverse relationship between grain size and
albedo for < 0.5 mm silicate grains (Adams and Filice, 1967) that is comparable to the
changes in albedo due to space weathering. Studies that have analyzed albedo and spectral
slope (Gaffey et al., 1993; Binzel et al., 2004; Rivkin et al., 2011; Thomas et al., 2011, 2012)
attribute changes in these parameters to space weathering without accounting for grain size
effects. For example, Thomas et al. (2011) and Thomas et al. (2012) noted a decrease in
spectral slope for small (< 5 km) Koronis family members, which is close to the diameter
(=~ 10 km) at which regolith grain size is known to increase with decreasing object size
(chapter 2) — thus, one would expect smaller asteroids to be made redder from the presence

of larger-sized regolith grains.

3.3 Methodology

My study consists of analyses that can be loosely broken into four steps:

1. T calculate and use diagnostic space weathering band parameters (spectral slope and

band depth) of meteorites to represent values for “un-weathered” asteroid spectra.
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2. I identify space weathering “pathways” in spectral slope and band depth parameter
space from the spectral measurements of laboratory-irradiated samples (meteorites and

terrestrial minerals).

3. For a large set of asteroids, I calculate an object’s location along these pathways from
the unweathered band parameters as a measurement of the degree of space weathering

— which I call the space weathering index (SWI).

4. Finally, I investigate potentially important factors that contribute to increased space

weathering on asteroids using my SWI dataset.

I focus the analyses on asteroid and meteorite groups that represent three distinct
mineralogies: olivine-rich, pyroxene-dominated, and ordinary chondrite meteorites (roughly
equal amounts of olivine and pyroxene). In the near-infrared, both of these minerals exhbit
overlapping absorbtion bands around 1 pm (Bj), with pyroxene showing an additional

absorption band (By;) at 2 pm (Burns, 1993). The band area ratio, or BAR, (defined as the
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Figure 3.2: Band parameter selection criteria of the three mineralogical groups used in
this study. The boxes with hatches define the Gaffey et al. (1993) sub-types that represent
olivine-rich (S(I); green), ordinary chondrite (S(IV); red), and basaltic achondrite (BA; blue)
meteorite analogs. The solid curve shows the olivine-orthopyroxene mixing line from Cloutis
et al. (1986).
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area of By divided by the Bj area) is thus useful in approximating the relative abundance
of olivine and pyroxene. Gaffey et al. (1993) used BAR and the center wavelength of Bj
(B;C) to define asteroid sub-types that were associated with distinct mineralogy. Olivine-
rich asteroid spectra, which exhibit shallow or no Bj;, have small BAR values and B;C
approaching 1.1 pum, whereas pyroxene-dominated spectra generally have BAR > 1.5 and
B;C ~ 0.94 pm (figure 3.2). Olivine-rich mineralogies are often associated with A-type
asteroid taxa Sunshine et al. (2007), but I also take care to select any asteroid with band
parameters that fall within the S(I) sub-region, which may include objects not classified as
A-types. Pyroxene-dominated asteroid spectra are very well known to be associated with
the V-type taxa, named as such in order to relate to the minor planet (4) Vesta. Many V-
type asteroids are found within the Vesta dynamical family, yet many have been discovered
outside the region of the Main Belt in which Vesta resides (Moskovitz et al., 2010; Hardersen
et al., 2018). Nevertheless, all V-types exhibit very strong pyroxene absorption bands that
have band parameters that fall within the “BA” sub-field defined by (Gaffey et al., 1993).
Gaffey et al. (1993) also defined a “boot” shape, shown as the red region in figure 3.2, that
represents the band parameters of ordinary chondrite meteorite group.

My spectroscopic analysis described below is focused within the visible and near-infrared
(0.4-2.5 pm) wavelength range. This spectral region contains both B; and Bj; absorption
features and also records spectral slope changes due to space weathering (and the other effects
described in section 3.2). Recent work has identified UV slope changes that are particularly
sensitive to space weathering, but the UV region does not capture the absorption features.
I incorporate visible wavelengths in my analysis, when available, since the widely used Bus-

DeMeo taxonomy requires information at these wavelengths in order to classify a spectrum.

3.3.1 Telescopic Survey

Fifty-one asteroids from chapter 2 that exhibit silicate absorption features are targeted here
in order to obtain diagnostic band parameters of objects for which I have regolith grain size
estimates. Near-infrared spectra were acquired using SpeX and the Near Infrared Camera
Spectrometer (NICS) instruments on the 3-meter NASA Infrared Telescope Facility (IRTF;

Mauna Kea, Hawaii) and 3.6-meter Telescopio Nazionale Galileo (TNG; La Palma, Spain),
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respectively. SpeX is a medium resolution spectrograph that operates in the ~0.7-2.5 ym
wavelength range with a resolving power of A%\ ~ 200 (Rayner et al., 2003) in Prism mode.
Similarly, NICS observes in the ~0.7-2.5 um wavelength range, with ﬁ ~ 500 using the

Amici dispersers?.

Observations FEach observing run targeted objects that were bright enough to achieve
high signal and, optimally, could be observed near the local meridian at some time that
night. In addition to these asteroids, solar-type stars (G dwarfs with solar-like colors: B-V
~ 0.62 and V-K = 1.49) that were located near (often within 2°) the asteroid were targeted
for observation. For each object the spectroscopic slit was aligned with the the angle between
the great circle through a celestial object and the zenith. This is done in order to ensure
that the direction of atmospheric dispersion is aligned with (parallel to) the slit, measured
at 0.8” x 15”. The telescope is nodded in order to move the target (asteroid or star) between
two slit positions (A and B), separated by 7.5”, in succession (A to B then B to A, etc.). At
least 3 A-B pairs are taken per target visit, in order to mitigate random effects during the
reduction steps (Rayner, 2017). Asteroid exposure times are calculated before an observing
run, based on the visible brightness, to achieve a minimum signal-to-noise ratio (SNR) of 100
across absorption features. Individual exposure times are limited to less than 120 s to limit
the effect of atmospheric variability. In order to bracket the asteroid observations, stellar
spectra were taken proximate in time (within 16 min), before and after each visit. These
solar analog spectra were used to correct for the Sun’s spectrum and absorption by Earth’s
atmosphere using the reduction procedure described below. If a faint asteroid required more
than 16 total minutes of integration (~30 minutes of real time), these time blocks were
broken up such that the solar analog was visited within a half hour of any given asteroid
integration. Observational information, integration times, and solar analog stars used for all

spectra are given in table 3.1.

Extraction/Reduction All raw spectra from images were reduced using SpeXTool v4.1

(Spectral EXtraction TOOL; Cushing et al., 2004), which prepares calibration frames

Zhttp://www.tng.iac.es/instruments/nics/spectroscopy.html
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Table 3.1: Observing Information for EMM Spectral Survey

Object Obs. Date UT Start Rau «a (°) ty (sec) # Frames Airmass Star
(80) Sappho 02-Feb-2016 10:56:25 2.60 6.0 20 8 1.055 SAO 117473
(167) Urda 12-Aug-2016 14:56:12 2.78 11.8 30 8 1.326 SAO 42627
(183) Istria 04-Jul-2016 13:46:52 2.81 9.9 20 8 1.249 SAO 156960
(270) Anahita 02-Feb-2016 14:08:48 2.52 6.9 30 8 1.272 SAO 119865
(295) Theresia 04-Jul-2016 13:20:25 2.95 11.6 20 6 1.206 SA 102-1081
(349) Dembowska 12-Aug-2016 10:52:44 2.77 4.5 6 8 1.455 SA 102-1081
(376) Geometria 25-Nov-2015 14:40:36 2.68 13.3 60 8 1.104 SAO 76348
(391) Ingeborg 02-Feb-2016 12:05:31 2.88 13.2 90 8 1.313 SAO 78941
(487) Venetia 12-Aug-2016 14:40:35 2.48 19.6 20 8 1.120 BD+-24 1873
(509) Iolanda 22-Feb-2015 11:00:30 3.33 9.2 120 6 1.260 SAO 93914
(562) Salome 22-Feb-2015 12:30:50 3.27 12.2 120 8 1.068 HD 283682
(651) Antikleia 15-Mar-2015 15:10:12 3.31 8.6 90 6 1.448 SAO 75241
(670) Ottegebe 12-Aug-2016 14:23:21 2.33 11.1 30 8 1.330 SAO 187733
(793) Arizona 31-Oct-2016 05:30:15 2.50 10.8 40 12 1.539 SAO 147941
(876) Scott 12-Aug-2016  05:40:27 3.03 18.9 120 8 1.148 SAO 190520
(883) Matterania 02-Feb-2016 11:17:44 2.66 1.3 90 8 1.023 HD 211064
(918) Itha 12-Aug-2016 13:42:51 2.33 9.5 30 8 1.264 HD 217340
(1077) Campanula 25-Nov-2015 11:34:48 2.12 4.9 120 8 1.069 SAO 146870
(1140) Crimea 12-Aug-2016 14:05:21 2.48 21.3 30 8 1.153 SAO 165755
(1142) Aetolia 15-Mar-2015 11:08:56 3.10 6.4 120 6 1.136 HD 198395
(1152) Pawona® 26-Jan-2017 07:40:48 2.38 1.9 120 8 1.284 HD 174941
(1188) Gothlandia 02-Feb-2016 15:24:15 2.43 9.7 30 8 1.424 SAO 146484
(1224) Fantasia 02-Feb-2016 10:21:33 2.28 6.8 120 8 1.033 SAO 160549
(1291) Phryne 12-Aug-2016 06:39:58 2.82 17.3 30 8 1.179 SAO 164559
(1299) Mertona 12-Aug-2016 08:53:56 3.08 11.2 120 10 1.249 SAO 146153
(1310) Villigera 27-Nov-2016 13:57:22 1.54 36.7 30 8 1.310 SA 110 361
(1412) Lagrula 25-Nov-2015 15:07:58 1.97 24.7 60 1.026 SAO 141647
(1443) Ruppina 12-Aug-2016 11:05:15 2.76 1.0 30 4 1.195 SAO 146888
(1536) Pielinen 02-Feb-2016 14:26:18 2.48 7.5 120 8 1.305 SAO 129163
(1553) Bauersfelda 12-Aug-2016  07:29:17  3.18 10.7 120 15 1.375 SAO 187292
(1577) Reiss 02-Feb-2016 15:52:12 2.36 11.0 120 4 1.579 SAO 163482
(1644) Rafita 31-Oct-2016 06:43:40 2.41 6.7 90 12 1.181 SAO 118036
(1723) Klemola 22-Feb-2015 14:57:09 2.91 15.9 120 5 1.100 HD 121935
04-Jul-2016 12:41:58 3.10 4.0 120 7 1.360 BD-+13 2289
(1741) Giclas 12-Aug-2016 11:25:19 2.80 4.2 30 8 1.224 SAO 118036
(1762) Russell 12-Aug-2016  12:25:45 2.77 5.6 30 4 1.183 BD+23 2150
(1802) Zhang 12-Aug-2016 09:30:21 2.91 6.7 90 8 1.289 TYC 1401-234
(2110) Moore-Sitterly  02-Feb-2016 12:42:22 2.57 2.5 120 15 1.100 HD 80653
(2111) Tselina 12-Aug-2016 06:13:10 3.16 16.3 75 7 1.160 BD+10 2130
(2123) Vltava 12-Aug-2016  06:59:45 2.79 12.9 90 8 1.408 BD+10 2221
(2144) Marietta 12-Aug-2016  09:56:05 2.90 2.7 30 8 1.246 SAO 144137
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Table 3.1 — continued

Object Obs. Date UT Start Rau «a (°) ty (sec) # Frames Airmass Star

(2156) Kate 02-Feb-2016 14:56:55 2.36 5.0 90 8 1.552 HD 178489
(2855) Bastian 27-Nov-2016 13:23:45 2.04 15.0 60 10 1.084 SAO 191552
(2912) Lapalma 12-Aug-2016 12:42:23 2.43 11.3 90 8 1.990 SAO 164224
(3249) Musashino 25-Nov-2015 12:07:02 1.85 2.7 120 8 1.084 SAO 59046
(3536) Schleicher 25-Nov-2015 10:15:30 2.26 10.7 120 20 1.120 SAO 27446
(3726) Johnadams 12-Aug-2016 13:12:39 2.65 12.4 105 8 1.121 BD+16 128
(4352) Kyoto 04-Jul-2016 14:35:30 2.72 18.1 120 8 1.336 BD+16 128
(4611) Vulkaneifel® 23-Jan-2017 07:37:15 2.25 22.7 120 8 1.073 BD+22 1932
(4628) Laplace 15-Jun-2015 11:09:19 2.78 11.8 120 6 1.393 SAO 163208
(4713) Steel 22-Feb-2015 08:33:10 1.97 17.9 90 6 1.117 BD+16 128
(28126) Nydegger 25-Nov-2015  12:42:14 2.00 4.9 120 36 1.134 SA 98-978

®Data acquired with the TNG telescope.
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(combines and normalizes flatfield exposures and creates an arc image suitable for wavelength
calibration) and extracts spectra (extracts and wavelength calibrates asteroid and standard
star spectra). Pairs of spectra taken in the A and B positions are extracted together, in order
to remove (by subtraction) the sky brightness. The star and asteroid spectra are divided
(star/asteroid) in order to reveal the spectral reflectance (in percentage) of the asteroid. As
the telescope moves between the solar analog star and asteroid, small instrument flexures
cause non-negligable shifts of the spectra on the detector. Thus it is necessary to perform
sub-pixel scale spectrum shifts in order to properly match the wavelength values; failing to
do so results in spurious spikes in the final spectral reflectance spectrum (e.g., § 2.2 in Gaffey
et al., 2002). Specifically, the shift is calculated by minimizing the residual difference between
the raw stellar and asteroid spectra for the wavelength region around 1.32 pum, where there

is a steep flux drop-off due to the 1.4 um telluric absorption.

Telluric Feature Removal During observations, care is taken to ensure that star and
asteroid frames are taken at similar airmass — which minimizes any differences in the
atmospheric conditions between the two celestial objects. However, if left uncorrected, large
variations in atmospheric water vapor often produce very noticeable differences in the output
reflectance values. I minimize this effect by using modelled transmission spectra of Earth’s
atmosphere (ATRAN; Lord, 1992) for varying amounts of precipitable water. Following the
approach of Clark et al. (2004), T minimize the residual difference between the ATRAN
spectrum and stellar/asteroid spectrum in the telluric regions (notably at ~1.4 pm and
~1.85 pm) by iterating across different values of precipitable water. The best-fit ATRAN
spectrum is used to divide the stellar and asteroid spectra before the final reflectance is
calculated: i.e., (star/ATRAN)/(asteroid/ATRAN). Final, reduced spectra are plotted in
panels (a) and (b) of figure 3.3.

3.3.2 Other Data Sources

Data from large asteroid spectral surveys are mined, including half a dozen sets of published
spectra that can be accessed using NASA’s Planetary Data System. Unpublished near-
infrared (NIR; ~0.7-2.5 pum) spectra, taken with the SpeX instrument on the IRTF (Rayner
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et al., 2003), are publicly available through the MIT-UH-IRTF Joint Campaign for NEO

Reconnaissance (Binzel et al., 2006) for both main-belt and near-Earth asteroids.

SMASS The two phases of the Small Main-belt Asteroid Spectral Survey (SMASS I and
IT; Xu et al., 1995; Bus and Binzel, 2002a) contain the largest single collection (1870 objects)

of visible (Vis; ~0.44-0.92 pm) asteroid spectra available.

NEOSpec Also referred to as MITHNEOs in other works, the MIT-UH-IRTF Joint Cam-
paign for Spectral Reconnaisance (Binzel et al., 2006, http://smass.mit.edu/minus.html),
houses unpublished NIR spectra for hundreds of asteroids. All spectra are taken using the
IRTFE’s SpeX instrument and are combined with SMASS visible spectra, when applicable.

These spectra are named here using the convention found on the MIT website (spXX).

PDS: Small Bodies Node Scientists with observations of asteroidal bodies can publish
them at the NASA Planetary Data System Small Bodies Node (http://pdssbn.astro.umd.edu).
The Small Solar System Objects Spectroscopic Survey (s30s2; Lazzaro et al., 2004) contains
visible spectra and taxonomic classification of 620 additional asteroids not found in

SMASSI/IL.

RELAB A vast archive of meteorite and terrestrial sample spectra has been accrued at
the KECK/NASA Reflectance Experiment Laboratory Pieters and Hiroi (2004). The facility
houses a spectrometer capable of gathering bidirectional reflectance measurements in the UV-
Vis-NIR (A ~ 0.32-2.55 pm) wavelength range at high resolution (*/sx &~ 50-250). Because
the facility makes its services available to others, several hundred meteorite and mineral
samples have been sent by investigators for analysis and are subsequently posted in an online
database®. In section 3.4, I make use of the RELAB database in providing (both irradiated
and non-altered) olivine, pyroxene, and meteorite spectra for which the accompanying file

identification is specified for each spectrum used.

3http ://www.planetary.brown.edu/relab/
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3.3.3 Band Parameter Analysis

Here I describe the Band Analysis Routine for Asteroids (BAR-Ast), an algorithm designed
to identify and quantify various characteristic band parameters of absorption features, to
allow me to compare to other asteroid spectra and laboratory meteorite spectra. In the
current version of BAR-Ast, By and Bj; are characterized by the center wavelength of the
band minimum, band depth at the center, spectral slope of a continuum across the band, and
the area enclosed by the continuum and reflectance values (figure 3.4). A brief description
of the algorithm, which is based on the Spectral Analysis Routine for Asteorids (SARA;
Lindsay et al., 2015), is given below. Since BAR-Ast utilizes a non-parametric smoothing
algorithm there are no assumptions made in regard to the shape of the spectral features.
This approach overcomes the subjectivity associated with many other band analysis routines
that make use of nth-degree polynomial functions fit to the data across a preset wavelength
range. Another advantage of this algorithm is its robustness in the wavelength regions in
which telluric absorption features decrease the SNR, notably near 1.4 and 1.85 pm (see
figure 3.3).

Stepl: The reflectance values are smoothed using a locally weighted scatterplot smoothing
(LOWESS) algorithm, which fits a polynomial function to localized subset of data via
a least-squares minimization. The smoothed function is a super-sample of the native
spectrum (i.e., I set the wavelength resolution to AX ~ 0.0001) and it’s calculated
using the closest few reflectance points*, weighted by the inverse of the 1o uncertainty.
The local polynomial smoothing functions are 5th and 2nd order for By and By,

respectively, in order to account for the different shapes of the bands®.

Step 2: The short wavelength (blue) and long wavelength (red) “edges” of both bands are

determined:

By: For the 1-pum band, the blue edge is initially identified as the maximum reflectance

value in the 0.7-0.8 pum range. Next, a set of hypothetical linear continua are

4This local weighting of the polynimial fits differs from fitting them to a significant portion of the entire
band.

®Because B; can often be an overlapping combination of olivine and pyroxene absorptions a higher degree
polynomial matches subtle “shoulder” features, and is thus more appropriate.
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Figure 3.4: Depiction of a few band parameters for a spectrum of (80) Sappho, calculated
with BARAst for By (red) and By (gold). The wavelength regions marked in grey show
Earth’s atmospheric water absorption features.

generated for each point in the spectrum, with the blue edge as an anchor. The
red edge is identified as the point that maximizes the slope of the continuum
across B;. The red edge often lies in the 1.3-1.7 pum range, depending on the

nature of the spectrum.

Byr: The red-edge of the By is held fixed during the entire procedure at 2.45 pmS.
In similar fashion to Bj, several hypothetical linear continua are generated with
the red edge serving as the anchor point. The blue edge of the By is chosen that

minimizes the continuum slope.

Step 3: The reflectance values within each band are divided by the continuum values, effectively
removing the overall slope across each band. The band centers (B;C and By C) are
identified as the wavelength of the minimum reflectance value, after the continuum

division. I technically note that B;;C is likely not the true “center” of Bj; since the

5Due to instrument NIR wavelength coverage at many astronomical facilities the spectral noise is
overwhelming at A > 2.45 pm.
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model red edge cutoff is at 2.45 ym — shortward of the true edge of the absorption
feature, which lies beyond 2.55 pm.

Step 4: Band depths (B;D and Bj; D) are calculated using the continuum at the wavelength
R.—R
of the center, R., and the reflectance at the center wavelength, R,: B,D = Tb.
Step 5: The width of each band is calculated by measuring the distance, in microns, at “half
minimum” — in which the continuum-divided reflectance value is halfway to the

minimum value.

Step 6: Band areas are computed by integrating the region enclosed between the reflectance
and the continuum, and the B;A is divided into Bj; A to define the band area ratio,
BAR.

In order to assess the uncertainty in each parameter appropriately, the BAR-Ast
algorithm is implemented as part of a Monte Carlo simulation to produce a probability
distribution for each parameter: for 10,000 iterations the reflectance values at each
wavelength are randomly sampled, based on a normal distribution characterized by the
individual 1o errors at each wavelength value. The output parameter distributions closely
resemble normal distributions and thus parameter values can appropriately be reported using

mean and standard deviation statistics.

3.4 Results: Meteorites and Irradiated Samples

Here I estimate the spectral band parameters of meteorite samples collected and analyzed
in the lab. In the following subsections I parse through the appropriate meteorite analogs
that correspond to the three compositional groups (olivine-rich, pyroxene-dominated, and
ordinary chondrite meteorites). My analysis is focused on two sets of band parameters: BrS
and B;yD — which are the most indicative of space weathering — as well as B;C', B;;C, and
BAR — which are primarily used as parameters diagnostic of mineralogy (Gaffey, 2001). All
meteorite band parameters are reported without explicit uncertainties, since the high-quality

laboratory spectra have very high SNR. Individual reflectance measurement uncertainties are
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on the order of the smallest decimal place, which are very small compared to the variation
from one sample to another. Trends and variations in B;S and B;D within each meteorite
group are considered here to be caused by secondary effects such as differences in grain size,
petrologic type (a measure of thermal alteration, or metamorphism, experienced shortly
after the formation of chondritic meteorites), and mineral chemistry (for example, Fo#:
the amount of MgO in olivine) of the samples. Chondritic meteorites with a petrologic
type of 3 are the least altered, whereas type 6 have been heated to just short of partial-
melting temperatures (Huss et al., 2006). As explained below, relationships between B;S and
B D can be leveraged to provide population level estimates of petrologic type for ordinary-

chondrite-like asteroids.

3.4.1 Ordinary Chondrites

I analyzed and determined band parameters for over 200 spectra from the RELAB database;
results for the space weathering parameters (B;S and B;D) and mineralogic parameters
(B;C, B;C, and BAR) are tabulated in table 3.2. Although the overall variation in space
weathering band parameters are small, I found that the B;D to be affected by the petrologic
type of the meteorite and Br.S to be affected by the grain size of the powder. In addition, the
BAR exhibits a strong correlation with grain size. Spectra of both individual meteorites and
group distributions are used to support these claims, as further detailed below. Table 3.3
shows that the average B;yD and B;S of H, L, and LL chondrites are not statistically
distinguishable from one another and are thus independent of these sub-types.

Nine OC meteorites with spectra measured in RELAB had been ground and sorted into
the following size bins: < 75 pm, < 125 pum, < 150 pum, and 125-500 pm. These samples
comprise a spectral suite that can be used to study the effects of grain size on spectral
parameters. The B;S, ByD, and BAR for each of these series are plotted by grain size bin in
figure 3.5. Each sample is colored by its sub-type except Burnwell, shown by black symbols,
which has been classified as an HH-type due to its anomalously high metal content. The
top panel shows a systematic decrease in By.S for the largest grain size bin with the notable
exception being Hamlet (LL4), which exhibits no clear trend between grain size bin and B;S.

Differences in B;S between the < 125 pym and < 150 pm size fractions are minimal, likely due
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Figure 3.5: Band slope and band depth of individual ordinary chondrites across many grain
size bins. Gold, blue, and red colors show LL, L, and H sub-types, respectively. The x,
square, triangle, diamond sybmbols denote a petrologic type of 6, 5, 4 and 3-3.9, respectively.
Hedjaz, shown as filled circles, is classified as 3.7-6, as it is an impact breccia comprised of
petrologic types in that range.
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Table 3.2: Band Parameters of Ordinary Chondrites

Meteorite Type Grain Size RELAB ID B;C (pm) BrS (um™) BrD (%) B C (pm) BAR
ALHS85121,11 H3.7 < 45 pm MT-PFV-154-A 0.920 0.026 0.124 1.952 0.666
ALHAT7299,91 H3.7 < 45 pm MT-PFV-157-A 0.921 0.049 0.094 1.947 0.567
Allegan H5 — MR-MJG-028 0.925 0.088 0.331 1.911 0.959
Allegan H5 — TB-TJM-104 0.922 0.025 0.237 1.898 1.045
Allegan H5 < 150 pm TB-TIM-125 0.924 0.038 0.232 1.879 0.776
Andura H6 < 75 pm TB-TJM-088 0.914 0.088 0.168 1.899 0.799
Avanhandav H4 < 150 pm TB-TJM-066 0.921 0.027 0.146 1.916 0.811
BTNO00301,7 H3.3 < 45 pm MT-PFV-167-A 0.933 0.035 0.082 1.982 0.365
BTN00302,5 H3.3 < 45 pm MT-PFV-132-A 0.930 0.036 0.095 1.959 0.390
Barwise H5 — MR-MJG-036 0.918 0.136 0.113 1.926 0.819
Burnwell HH4 < 150 pm TB-TJM-068 0.919 0.025 0.123 1.917 0.712
Butsura H6 < 150 pm TB-TJM-069 0.920 -0.013 0.146 1.910 0.754
Canon City H6 < 150 pm TB-TJM-131 0.933 0.031 0.441 1.923 0.693
Castalia H5 — MR-MJG-029 0.921 -0.060 0.175 1.901 1.014
Chela H4 < 150 pm TB-TJM-071 0.913 0.128 0.256 1.918 0.920
Chiang Khan H6 < 150 pm TB-TJM-132 0.928 0.007 0.288 1.907 0.812
Collescipo H5 — MR-MJG-030 0.922 0.005 0.218 1.916 0.871
DOMO03219,6 H3.8 < 45 pm MT-PFV-176-A 0.927 0.274 0.068 1.935 0.462
Dhajala H3.8 < 125 pm OC-TXH-020-C 0.927 0.126 0.195 1.934 0.748
Dhajala H3.8 < 150 pm TB-TJM-091 0.926 0.083 0.139 1.926 0.765
Dhajala H3.8 125-500 pm OC-TXH-020-B 0.921 -0.024 0.190 1.941 0.883
Dwaleni H4 to 6 < 150 pm TB-TIM-073 0.929 -0.050 0.189 1.899 0.625
EET83248,20 H3.5 < 45 pm MT-PFV-172-A 0.915 0.027 0.082 1.958 0.455
EET83267,11 H3.6 < 45 pm MT-PFV-174-A 0.920 0.036 0.123 1.949 0.581
Ehole H5 < 125 pm OC-TXH-006-C 0.930 -0.009 0.361 1.903 0.653
Ehole H5 < 150 pm TB-TJM-074 0.923 0.006 0.274 1.945 0.926
Ehole H5 125-500 pm OC-TXH-006-B 0.937 -0.067 0.468 1.914 0.608
Farmville H4 < 150 pm TB-TJM-128 0.920 0.013 0.167 1.920 0.704
Forest City H5 — MR-MJG-031 0.924 -0.017 0.188 1.911 1.033
Forest Vale H4 < 75 pm TB-TJM-093 0.929 0.043 0.135 1.893 0.556
GRA95208,20 H3.7 < 45 pm MT-PFV-158-A 0.922 0.049 0.128 1.948 0.515
GRA98023,7 H3.8 < 45 pm MT-PFV-164-A 0.922 0.030 0.134 1.939 0.619
Griineberg H4 — MR-MJG-040 0.925 -0.015 0.209 1.924 0.972
Guarena H6 < 150 pm TB-TIM-094 0.919 -0.009 0.350 1.889 0.696
Ipiranga H6 < 150 pm TB-TJM-135 0.924 0.029 0.197 1.907 0.785
Itapicuru-Mirim H5 < 150 pm TB-TJM-097 0.923 0.011 0.211 1.894 0.775
Kabo H4 < 150 pm TB-TJM-136 0.924 0.018 0.157 1.907 0.825
LARO04382,5 H3.4 < 45 pm MT-PFV-171-A 0.948 0.078 0.093 1.963 0.370
Lancon H6 — MR-MJG-033 0.929 0.006 0.264 1.916 0.697
Lancon H6 MR-MJG-033 0.941 -0.132 0.305 1.920 0.514
Lost City H5 < 150 pm TB-TJM-129 0.924 -0.001 0.175 1.919 0.788
MACS88174,17 H3.5 < 45 pm MT-PFV-146-A 0.921 0.047 0.086 1.950 0.406
MET00506,11 H3.4 < 45 pm MT-PFV-143-A 0.952 0.097 0.082 1.960 0.218
MET00607,8 H3.4 < 45 pm MT-PFV-144-A 0.932 0.108 0.089 1.955 0.181
METO01182,7 H3.8 < 45 pm MT-PFV-159-A 0.930 0.040 0.098 1.950 0.358
Magombedze H3 to 5 < 150 pm TB-TJM-108 0.924 0.000 0.288 1.920 0.804
Marilia H4 < 150 pm TB-TJM-078 0.920 0.034 0.179 1.939 0.769
Monroe H4 < 125 pm OC-TXH-005-C 0.922 0.030 0.173 1.939 0.664
Monroe H4 125-500 pm OC-TXH-005-B 0.927 -0.112 0.160 1.939 0.961
Nanjemoy H6 — MR-MJG-034 0.933 0.029 0.266 1.904 1.088
Nanjemoy H6 — MR-MJG-034 0.929 0.045 0.303 1.913 0.849
Nulles H6 < 125 pm OC-TXH-018-C 0.934 0.001 0.308 1.924 0.559
Nulles H6 125-500 pm OC-TXH-018-B 0.932 -0.161 0.356 1.919 0.733
Ochansk H4 — MR-MJG-027 0.922 0.012 0.191 1.926 0.964
Ochansk H4 < 125 pum OC-TXH-008-C 0.922 -0.031 0.200 1.939 0.732
Ochansk H4 125-500 pm OC-TXH-008-B 0.928 -0.139 0.238 1.929 0.870
Olmedilla de Alarcén H5 MR-MJG-075 0.927 -0.044 0.260 1.908 1.057
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Table 3.2 — continued

Meteorite Type Grain Size RELAB ID B;C (pm) BrS (,um'l) BrD (%) B C (pm) BAR
Olmedilla de Alarcén H5 < 125 pum OC-TXH-019-C 0.931 0.017 0.202 1.939 0.644
Olmedilla de Alarcén H5 125-500 pm OC-TXH-019-B 0.931 -0.179 0.241 1.929 0.772
Pantar H5 — MR-MJG-032 0.918 -0.014 0.148 1.911 0.871
Pribram H5 < 150 pm TB-TJM-143 0.925 0.054 0.197 1.893 0.750
Pulsora H5 < 150 pm TB-TJM-120 0.926 -0.004 0.157 1.923 0.742
Queen’s Mercy H6 — MR-MJG-035 0.934 -0.093 0.226 1.911 0.662
Queen’s Mercy H6 — MR-MJG-035 0.924 -0.009 0.239 1.926 0.764
Quenggouk H4 — MR-MJG-042 0.972 -0.025 0.281 1.951 0.331
RKPA80205,29 H3.8 < 45 pm MT-PFV-160-A 0.916 0.027 0.116 1.942 0.663
Sao Jose do Rio Preto H4 < 150 pm TB-TJM-082 0.920 0.021 0.178 1.880 0.958
Schenectady H5 < 150 pm TB-TJM-083 0.920 0.102 0.267 1.922 0.699
Sitathali H5 < 150 pm TB-TJM-123 0.927 -0.006 0.185 1.908 0.736
Suwahib (Buwah) H3.8 < 150 pm TB-TJM-124 0.920 0.050 0.124 1.920 0.782
Uberaba H5 < 150 pm TB-TJM-085 0.932 0.036 0.191 1.922 0.794
‘WSG95300,64 H3.3 < 45 pm MT-PFV-134-A 0.925 0.072 0.073 1.977 0.267
Zhovtnevyi H6 — MR-MJG-041 0.917 0.006 0.268 1.895 0.700
Air L6 < 150 pm TB-TJM-063 0.931 0.023 0.162 1.935 0.511
ALHS84086,27 L3.8 < 45 pm MT-PFV-161-A 0.927 0.083 0.171 1.942 0.558
ALH84120,15 L3.8 < 45 pm MT-PFV-162-A 0.924 0.057 0.169 1.945 0.539
ALHS85045,25 L3.8 < 45 pm MT-PFV-163-A 0.929 0.087 0.144 1.954 0.494
ALHR&5070,8 L3.6 < 45 pm MT-PFV-178-A 0.931 0.078 0.153 1.959 0.472
ALHS85155,7 L3.7 < 45 pm MT-PFV-155-A 0.935 0.046 0.114 1.964 0.421
Alfianello L6 — MR-MJG-051 0.943 0.057 0.413 1.932 0.564
Andover L6 MR-MJG-052 0.941 0.014 0.341 1.924 0.514
Apt L6 < 150 pm TB-TJM-064 0.936 0.029 0.315 1.936 0.463
Atarra L4 < 150 pm TB-TJM-065 0.920 -0.002 0.267 1.923 0.638
Aumale L6 — MR-MJG-053 0.955 -0.100 0.382 1.936 0.371
Aumale L6 < 150 pm TB-TJM-101 0.934 0.045 0.301 1.939 0.554
Ausson L5 MR-MJG-047 0.940 0.054 0.339 1.933 0.623
Ausson L5 < 150 pm MT-HYM-084 0.921 0.027 0.249 1.913 0.981
Bald Mountain L4 — MR-MJG-044 0.918 0.053 0.184 1.917 0.732
Blackwell L5 < 150 pm MT-HYM-081 0.932 0.144 0.124 1.950 0.485
Bruderheim L6 — MR-MJG-054 0.929 0.024 0.270 1.916 0.507
Buschof L6 — MR-MJG-055 0.941 0.014 0.408 1.924 0.482
Buschof L6 — MR-MJG-055 0.944 0.094 0.369 1.935 0.459
Chantonnay L6 < 150 pm TB-TJM-070 0.928 0.031 0.120 1.889 0.444
Cilimus L5 < 150 pm MT-HYM-082 0.927 0.040 0.207 1.923 0.488
Colby (Wisconsin) L6 — MR-MJG-057 0.961 -0.103 0.338 1.952 0.334
Colby (Wisconsin) L6 — MR-MJG-057 0.939 0.030 0.281 1.929 0.404
Cranganore L6 < 150 pm TB-TJM-133 0.938 0.021 0.326 1.909 0.479
Denver L6 < 150 pm TB-TJM-072 0.937 0.007 0.164 1.949 0.546
Drake Creek L6 — MR-MJG-058 0.958 0.012 0.478 1.946 0.445
EET90161,20 L3 < 45 pm MT-PFV-179-A 0.940 0.133 0.074 1.949 0.321
EET90628,11 L3.4 < 45 pm MT-PFV-180-A 0.951 0.146 0.060 1.955 0.246
Elenovka L5 — MR-MJG-066 0.936 -0.020 0.348 1.930 0.517
Farmington L5 — MR-MJG-077 0.911 -0.003 0.165 1.920 0.784
Farmington L5 — MR-MJG-077 0.917 0.043 0.134 1.909 0.951
GROO06054,11 L3.6 < 45 pm MT-PFV-153-A 0.969 0.102 0.068 1.945 0.217
GR0O95502,31 L3.2 < 45 pm MT-PFV-139-A 0.927 0.070 0.105 1.950 0.453
GR0O95504,20 L3.5 < 45 pm MT-PFV-148-A 0.930 0.075 0.078 1.960 0.340
GR0O95536,18 L3.3 < 45 pm MT-PFV-140-A 0.935 0.057 0.105 1.960 0.378
GRO95542,9 L3.5 < 45 pm MT-PFV-149-A 0.927 0.067 0.088 1.963 0.371
GRO95544,36 L3.2 < 45 pm MT-PFV-133-A 0.925 0.074 0.080 1.960 0.442
GRO95550,6 L3.5 < 45 pm MT-PFV-150-A 0.931 0.049 0.106 1.954 0.397
Girgenti L6 — MR-MJG-059 0.947 0.043 0.375 1.933 0.482
Girgenti L6 < 150 pum TB-TJM-103 0.937 0.033 0.390 1.937 0.476
Guibga L5 < 150 pm TB-TJM-134 0.932 0.027 0.260 1.926 0.586
Harleton L6 < 125 pum OC-TXH-003-C 0.946 0.043 0.331 1.957 0.384
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Table 3.2 — continued

Meteorite Type Grain Size RELAB ID B;C (pm) BrS (,um'l) BrD (%) B C (pm) BAR
Harleton L6 125-500 pm OC-TXH-003-B 0.95 -0.120 0.399 1.942 0.527
Hedjaz L3.7 to 6 < 125 pm OC-TXH-016-C 0.940 0.036 0.193 1.950 0.477
Hedjaz L3.7 to 6 < 150 pm TB-TJM-095 0.930 0.039 0.125 1.889 0.552
Hedjaz L3.7 to 6 125-500 pm OC-TXH-016-B 0.932 -0.157 0.214 1.960 0.863
Homestead L5 — MR-MJG-048 0.934 0.114 0.242 1.926 0.724
Karkh L6 < 150 pm TB-TJM-137 0.937 0.003 0.143 1.916 0.371
Khohar L3.6 < 150 pm TB-TJM-138 0.933 0.051 0.113 1.959 0.377
Kunashak L6 < 150 pm TB-TJM-139 0.942 0.047 0.302 1.937 0.479
Kuttippura L6 < 75 pm TB-TJM-098 0.930 0.014 0.233 1.904 0.506
Kyushu L6 < 75 pm TB-TJM-140 0.94 0.102 0.317 1.929 0.496
L’Aigle L6 < 150 pm TB-TJM-141 0.929 -0.012 0.169 1.946 0.757
LEWS85339,10 L3.4 < 45 pm MT-PFV-181-A 0.932 0.098 0.132 1.959 0.400
LEW86018,71 L3.1 < 45 pm MT-PFV-130-A 0.930 0.103 0.152 1.954 0.565
LEWS86127,8 L3.3 < 45 pm MT-PFV-135-A 0.93 0.059 0.114 1.954 0.392
LEWS86505,9 L3.4 < 45 pm MT-PFV-142-A 0.925 0.071 0.106 1.959 0.364
LEWS87284,16 L3.6 < 45 pm MT-PFV-182-A 0.927 0.034 0.106 1.934 0.350
Leedey L6 — MR-MJG-060 0.943 -0.004 0.268 1.936 0.458
MAC88199,7 L3.3 < 45 pm MT-PFV-183-A 0.935 0.070 0.102 1.955 0.327
MET00489,12 L3.6 < 45 pm MT-PFV-151-A 0.943 0.102 0.119 1.959 0.347
MET96503,25 L3.6 < 45 pm MT-PFV-152-A 0.932 0.086 0.090 1.955 0.240
Mabwe-Khoywa L5 < 150 pm TB-TJM-107 0.928 0.019 0.227 1.935 0.658
Malakal L5 < 150 pm TB-TJM-109 0.929 0.057 0.207 1.950 0.568
Maryville L6 < 150 pm TB-TJM-110 0.942 -0.011 0.387 1.929 0.645
Messina L5 < 75 pm TB-TJM-099 0.930 0.018 0.189 1.927 0.533
Mezé-Madaras L3.7 — MR-MJG-043 0.926 0.052 0.156 1.901 0.713
Mezo-Madaras L3.7 < 125 pm OC-TXH-004-C 0.933 0.040 0.150 1.951 0.443
Mezoé-Madaras L3.7 125-500 pm OC-TXH-004-B 0.939 -0.060 0.150 1.948 0.858
Mirzapur L5 < 150 pm TB-TJM-111 0.925 0.124 0.192 1.933 0.661
Nejo L6 < 150 pm TB-TJM-112 0.939 0.071 0.404 1.928 0.515
Nerft L6 — MR-MJG-061 0.940 0.008 0.346 1.932 0.463
New Concord L6 < 150 pm TB-TJM-130 0.934 0.021 0.316 1.924 0.546
PRE95401,13 L3.5 < 45 pm MT-PFV-145-A 0.933 0.066 0.088 1.960 0.422
Paranaiba L6 < 75 pm TB-TJM-142 0.930 0.109 0.121 1.943 0.401
Patrimonio L6 < 150 pm TB-TJM-113 0.933 0.023 0.265 1.942 0.615
Rio Negro L4 < 150 pm TB-TJM-081 0.925 0.064 0.234 1.894 0.706
Rupota L4 to 6 < 150 pm TB-TJM-121 0.931 -0.003 0.103 1.958 0.582
Shelburne L5 — MR-MJG-050 0.941 0.018 0.325 1.936 0.594
Shelburne L5 < 150 pm TB-TIJM-122 0.933 0.016 0.290 1.932 0.614
St. Michel L6 — MR-MJG-062 0.944 0.038 0.422 1.931 0.501
St. Michel L6 — MR-MJG-062 0.952 -0.013 0.360 1.936 0.563
Tourinnes-la-Grosse L6 — MR-MJG-063 0.940 -0.001 0.367 1.931 0.517
Utrecht L6 — MR-MJG-064 0.940 -0.011 0.391 1.933 0.562
Valdinizza L6 < 150 pm TB-TJM-087 0.924 0.087 0.285 1.932 0.499
Vouill L6 < 150 pm TB-TJM-086 0.923 0.055 0.182 1.879 0.515
Vouill L6 — MR-MJG-125 0.980 0.031 0.266 1.951 0.405
Wethersfield (1982) L6 < 150 pm TB-TJM-147 0.939 -0.014 0.434 1.916 0.542
Zavid L6 — MR-MJG-065 0.943 -0.090 0.327 1.935 0.540
Zavid L6 — MR-MJG-065 0.935 0.032 0.300 1.926 0.557
ALHS83007,34 LL3.35 < 45 pm MT-PFV-136-A 0.935 0.045 0.102 1.950 0.386
ALHS83010,40 LL3.3 < 45 pm MT-PFV-138-A 0.925 0.066 0.142 1.950 0.364
ALHS84126,21 LL3.4 < 45 pm MT-PFV-170-A 1.014 0.087 0.120 1.979 0.380
ALHAT76004,41 LL3.3 < 45 pm MT-PFV-137-A 0.937 0.033 0.108 1.946 0.433
ALHAT7278,111 LL3.7 < 45 pm MT-PFV-156-A 0.945 0.091 0.136 1.96 0.425
ALHAT78119,35 LL3.5 < 45 pm MT-PFV-147-A 0.930 0.064 0.104 1.964 0.402
Aldsworth LL5 < 150 pm MT-HYM-077 0.935 0.052 0.167 1.953 0.523
Alta’ameem LL5 < 125 pm OC-TXH-010-C 0.985 -0.056 0.375 1.949 0.377
Alta’ameem LL5 < 150 pm MT-HYM-078 0.948 0.016 0.261 1.947 0.412
Alta’ameem LL5 125-500 pm OC-TXH-010-B 0.975 -0.145 0.373 1.953 0.405
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Table 3.2 — continued

Meteorite Type Grain Size RELAB ID B;C (pm) BrS (,um'l) BrD (%) B C (pm) BAR
Bandong LL6 < 150 pm TB-TJM-067 0.989 0.025 0.212 1.976 0.250
Benares (a) LL4 < 150 pm MT-HYM-083 1.018 0.106 0.198 1.969 0.462
Cherokee Springs LL6 < 125 pm OC-TXH-001-C 0.969 -0.007 0.458 1.936 0.315
Cherokee Springs LL6 < 150 pm TB-TJM-090 0.953 -0.022 0.196 1.929 0.386
Cherokee Springs LL6 125-500 pm OC-TXH-001-B 0.968 -0.141 0.512 1.962 0.413
Chicora LL6 < 125 pm OC-TXH-014-C 1.010 -0.037 0.272 1.964 0.188
Chicora LL6 125-500 pm OC-TXH-014-B 0.991 -0.181 0.264 1.953 0.235
EET83213,76 LL3.7 < 45 pm MT-PFV-175-A 0.931 0.127 0.161 1.954 0.433
Ensisheim LL6 < 150 pm TB-TIM-092 0.951 -0.039 0.160 1.939 0.251
GRO95596,6 LL3.8 < 45 pm MT-PFV-177-A 0.935 0.067 0.144 1.952 0.444
GRO95658,17 LL3.3 < 45 pm MT-PFV-141-A 0.936 0.112 0.090 1.960 0.392
Greenwell LL4 < 150 pm TB-TJM-075 0.95 0.068 0.272 1.949 0.446
Hamlet #1 LL4 — MR-MJG-069 0.955 -0.031 0.240 1.959 0.624
Hamlet #1 LL4 — MR-MJG-069 0.936 0.112 0.192 1.960 0.597
Hamlet LL4 < 125 pm OC-TXH-002-C 0.945 0.143 0.178 1.983 0.434
Hamlet LL4 < 150 pm MT-HYM-075 0.934 0.088 0.174 1.964 0.491
Hamlet LL4 125-500 pm OC-TXH-002-B 0.943 0.171 0.140 1.960 0.546
Jelica LL6 — MR-MJG-072 0.967 0.063 0.229 1.954 0.414
Karatu LL6 < 75 pm TB-TIM-077 1.000 0.005 0.200 1.959 0.288
LARO06301,8 LL3.8 < 45 pm MT-PFV-165-A 0.933 0.047 0.118 1.949 0.459
LARO06469,4 LL3 < 45 pm MT-PFV-166-A 0.930 0.025 0.085 1.959 0.362
LEWS87254,16 LL3.5 45 — 125pum MT-PFV-173-A 0.975 0.040 0.092 1.96 0.350
Manbhoom LL6 — MR-MJG-073 0.990 -0.007 0.380 1.956 0.278
Olivenza LL5 — MR-MJG-071 1.006 0.097 0.307 1.960 0.339
Olivenza LL5 < 125 pm OC-TXH-009-C 0.983 -0.015 0.405 1.957 0.399
Olivenza LL5 < 150 pm MT-HYM-085 1.010 0.013 0.264 1.959 0.367
Olivenza LL5 125-500 pm OC-TXH-009-B 0.975 -0.128 0.403 1.956 0.486
Paragould LL5 — MR-MJG-076 0.940 0.211 0.054 1.946 0.486
Paragould LL5 < 125 pm OC-TXH-007-C 0.961 0.043 0.109 1.975 0.394
Paragould LL5 < 150 pm MT-HYM-079 0.954 -0.029 0.176 1.959 0.407
Paragould LL5 125-500 pm OC-TXH-007-B 0.975 -0.012 0.096 1.930 0.430
Parnallee LL3.6 — MR-MJG-068 0.937 0.016 0.224 1.940 0.720
Parnallee LL3.6 — MR-MJG-068 0.940 0.021 0.199 1.951 1.006
Soko-Banja LL4 — MR-MJG-070 0.952 0.064 0.258 1.954 0.535
Soko-Banja LL4 — MR-MJG-070 0.946 0.073 0.223 1.961 0.633
Soko-Banja LL4 — MR-MJG-070 0.939 0.062 0.142 1.962 1.076
Soko-Banja LL4 < 125 pm OC-TXH-017-C 0.975 0.041 0.309 1.970 0.403
Soko-Banja LL4 125-500 pm OC-TXH-017-B 0.968 -0.084 0.374 1.966 0.564
TIL82408,31 LL3.3 < 45 pm MT-PFV-131-A 0.952 0.147 0.079 1.955 0.352
Tuxtuac LL5 < 150 pm MT-HYM-080 1.038 0.068 0.338 1.968 0.270
Vavilovka LL6 — MR-MJG-074 1.007 0.035 0.353 1.961 0.345
Witsand Farm LL4 < 150 pum MT-HYM-076 1.024 0.078 0.159 1.979 0.416
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Table 3.3: Average Band Depth and Spectral Slope for Ordinary Chondrite sub-types

B;D (%) B[S (,LLHl_1>
H 18 &£ 8 0.025 £ 0.071
L 19 £ 10 0.050 £ 0.047
LL 22 £12 0.017 &= 0.080

to the significant overlap between the grain size bins. The middle panel shows varied changes
among the B;D values across each grain size bin, strongly suggesting that there is no clear
correlation between the two parameters. There appears to be a dichotomy in B;D between
higher and lower petrologic types, which is further investigated in the next paragraph. The
BAR of all the samples, with the exception of Ehole (H5), shows a systematic upward trend
going from the < 125 pum to 125-500 pm size fractions. Mezo-Madaras (1.3.7) also appears
to contradict this trend with the large BAR for < 75 um grains, but this grain size bin
contains no other samples, so a comparison to other meteorites is not possible. Despite
the two anomalous samples, I observe a strong correlation between BAR and grain size of
ordinary chondrites.

Next, I incorporate the band parameter dataset calculated from all 2004 spectra. Within
the overall population, the trend between BS and grain size observed among the individual
samples is also apparent. The mean and variance of the B;D distribution for different
petrologic types are interconnected, as discussed in the next paragraph. The top panel
of figure 3.6 (a) shows that smaller, blue (negative) spectral slopes are represented among
the largest grain sizes (125-250 pum). When grouped by petrologic type in (b), the mean
B;S values overlap significantly and show no discernible trend. Yet, the meteorites below
petrologic type 4 show a slight positive offset. This offset may likely be an effect of grain
size just mentioned — most of these less-altered samples were ground and sieved into the <
45 pm grain size bin featured in the “MT-PFV-XXX” RELAB series.

In the bottom panels of figure 3.6 (a & b), B;D values are shown; grouped by sample
grain size and meteorite petrologic type. The B;D values exhibit an increase in both the
mean and standard deviation values with greater thermal alteration. The systematically

lower B;D seen for the < 45 yum grain size bin may be an effect of the petrologic type, since
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the low (<4) petrologic types group exclusively populates this size bin; in this dataset, it
appears that no identifiable relationship between grain size and ByD exists. If is I exclude
the samples in the < 45 pum grain size bin, then the proposed B;D trend with petrologic
type is still apparent. If I exclusively analyze the B;D distributions among the low (<4)
petrologic type meteorite samples, the same trend is evident and significant at the p < .001
level (figure 3.7). Although no clear trend in in the B;D and grain size is apparent in the
top right panel, I notice that the lower end of the band depth distribution for the 3-3.9 types
(5%) is around half that of the 4, 5, and 6 petrologic types (10%). The significant overlap
between the groups in the top right panel could suggest that grain size is not a sufficient
factor in explaining the overall variance in the B;D distribution.

In order to robustly characterize the relationships described above I performed a multiple-
linear regression analysis on this database. This multi-linear regression models a dependent

variable (BrD or B;S) as a function of the summation of two independent variables (grain
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Figure 3.7: B;D for ordinary chondrites with petrologic types 3-3.8. I cut off the x-axis at
3.8 since no petrologic type 3.9 exist in my sample. A straight line (p-value < .01) is fit to all
these points demonstrating the increase in mean B;D with petrologic type. The spread in
points around the line also increases with increasing petrologic type, indicating the increase
in band depth variance with thermal alteration.
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size and petrologic type). The results of running this model indicate that B;D is dependent
on the petrologic type (but not grain size), and B;S is not dependent on either petrologic
type or grain size. A complication of this approach is that samples were not sorted into
distinct size bins, which would be appropriate in identifying any small effect(s) that grain
size has on any of the band parameters studies here. I suggest and encourage future research

into investigating the effect of grain size of OC meteorites on various band parameters.

Space Weathering Parameters

I analyze the Vis-NIR reflectance spectra of spectra twelve ordinary chondrite samples that
have been subjected to space weathering laboratory simulation experiments performed by
others (table 3.4). Band parameters of these samples, which were used for laser and ion
irradiated experiments, as estimated using BAR-Ast are given in table 3.4. As indicated,
a total of ten of these samples come from RELAB and two from other independent works
(Strazzulla et al., 2005; Kanuchova et al., 2015). Several samples were not ground into
particulates and remained as “chips” during the simulation experiment. As a consequence,
the BrS of these samples are somewhat shifted to smaller (negative) values (figure 3.8).
As with the analyzed un-weathered samples, the unaltered spectra exhibit most variation
in ByD. Characteristic changes in the spectra after irradiation are mostly often with BrS
(up to 40% change) and a decrease in the B;D exceed 10% in some cases (top panels in
figure 3.6). The bottom two panels indicate that the changes in band depth and spectral
slope are non-linearly correlated with the irradiation exposure. In particular, the largest

changes occur at the onset of irradiation and decrease with increasing irradiation.

3.4.2 HEDs

The howardite-eucrite-diogenite (HED) meteorite group, the most abundant class of
achondrites, represents material originating from a differentiated body — most likely, Vesta
(McCord et al., 1970; McSween et al., 2013). Generally speaking, HEDs represent magmatic
material — primarily composed of pyroxene and plaigioclase — which cooled quickly near

the surface (eucrites, the most common of the three), slowly beneath the surface (diogenites),
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Figure 3.8: Space weathering band parameters (B;S and B;D) of ordinary chondrites.

176



Table 3.4: Band Parameters of Laser and Ion-irradiated Ordinary Chondrites

Meteorite Type Grain Size RELAB ID/Work Energy BrC (pm) BrS (Mrrfl) BrD (%) B C (pm) BAR ABD/AB;S

Appley Bridge LL6 chip OC-TXH-012-A — 1.010 0.206 0.357 1.954 0.252 38.1
OC-TXH-012-A20 20 mJ 0.998 0.078 0.234 1.940 0.261
OC-TXH-012-A40 40 mJ 1.002 0.155 0.227 1.934 0.263

Athens LL6 < 125 pm pellet OC-TXH-013-D — 1.020 0.182 0.201 1.938 0.278 7.5
OC-TXH-013-D05 5 mJ 0.998 0.024 0.212 1.949 0.240
OC-TXH-013-D15 5+ 10 mJ 1.020 0.000 0.172 1.952 0.227

Burnwell HH4 chip OC-TXH-021-A — 0.980 0.176 0.145 1.945 0.506 43.9
OC-TXH-021-A20 20 mJ 0.898 0.008 0.074 1.930 0.488
OC-TXH-021-A40 40 mJ 0.905 0.077 0.083 1.933 0.726

Chateau Renard L6 chip OC-TXH-011-A — 0.960 0.189 0.340 1.960 0.309 29.7
OC-TXH-011-A20 20 mJ 0.975 0.042 0.277 1.965 0.292
OC-TXH-011-A40 40 mJ 0.964 0.098 0.256 1.932 0.277
OC-TXH-011-A60 60 mJ 0.955 0.139 0.251 1.940 0.290
OC-TXH-011-A80 80 mJ 0.983 0.158 0.229 1.939 0.293

< 125pm pellet OC-TXH-011-D — 0.950 0.125 0.222 1.928 0.435 14.7
OC-TXH-011-D05 5 mJ 0.946 0.001 0.218 1.928 0.413
OC-TXH-011-D15 5+ 10 mJ 0.944 0.146 0.184 1.930 0.398
OC-TXH-011-D35 5+ 10 + 20 mJ 0.936 0.255 0.170 1.930 0.380

Cynthiana L4 < 125 pm pellet OC-TXH-015-D — 0.940 0.120 0.167 1.945 0.541 10.0
OC-TXH-015-D05 5 mJ 0.935 0.010 0.163 1.938 0.531
OC-TXH-015-D15 54 10 mJ 0.930 0.142 0.142 1.930 0.486

Ehole H5 chip OC-TXH-006-A — 0.927 0.116 0.348 1.903 0.716 83.3
OC-TXH-006-A20 20 mJ 0.933 0.031 0.244 1.899 0.837
OC-TXH-006-A40 40 mJ 0.938 0.053 0.194 1.915 0.579

Elenovka L5 < 75 pm pellet MS-CMP-041-A — 0.936 0.005 0.357 1.928 0.536 9.3
MS-CMP-041-B 1.5 KW 0.939 0.092 0.349 1.924 0.511

Epinal H5 bulk powder Strazzulla et al. (2005) — 0.932 0.084 0.297 1.893 0.533 14.2
1.3el5 0.932 0.219 0.287 1.906 0.548
4.3el5 0.932 0.366 0.268 1.922 0.543
1.7el6 0.930 0.516 0.236 1.895 0.571

Hamlet LL4 chip OC-TXH-002-A — 1.053 0.122 0.127 1.985 0.496 12.8
OC-TXH-002-A20 20 mJ 1.040 0.130 0.174 1.973 0.395
OC-TXH-002-A40 40 mJ 1.037 0.171 0.169 1.968 0.356
OC-TXH-002-A60 60 mJ 1.040 0.215 0.164 1.955 0.336

Hedjaz L3-6 chip OC-TXH-016-A — 0.921 0.127 0.205 1.935 0.906 66.3
OC-TXH-016-A20 20 mJ 0.916 0.073 0.166 1.905 0.764
OC-TXH-016-A40 40 mJ 0.910 0.012 0.129 1.940 0.779

Kosice H5 bulk powder Kanuchova et al. (2015) — 0.927 0.100 0.294 1.896 0.781 42.7
2.7eld 0.938 0.076 0.283 1.893 0.822
4.0el5 0.938 0.027 0.253 1.888 0.738
1.0el6 0.935 0.032 0.245 1.890 0.874
5.0el6 0.928 0.186 0.169 1.902 0.951

Paragould LL5 chip OC-TXH-007-A — 0.965 0.038 0.076 2.020 0.097 43.1
OC-TXH-007-A20 20 mJ 1.078 0.005 0.040 2.045 0.109
OC-TXH-007-A40 40 mJ 0.960 0.082 0.023 1.990 1.035
OC-TXH-007-A60 60 mJ 1.326 0.047 0.029 2.045 0.068
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or reflect impact breccias that are a mixture of both (howardites; McSween et al., 2013).
I analyzed over 150 spectra within RELAB and tabulate some of the diagnostic space
weathering and mineralogical band parameters (B;C, B;S, B;D, B;C, and BAR) in
table 3.5. The samples listed in table 3.5 are grouped by meteorite sub-type. Here, I
make the additional distinction between monomict (of a single lithology) and polymict (of
multiple lithologies) eucrites.

Duffard et al. (2005) studied and found a positive correlation between BAR and the grain
size of HED powders. Following them, I select meteorites in RELAB which contain samples
sorted into discrete grain size bins (figure 3.9). In agreement with Duffard et al. (2005), I
note that B;D non-monotonically varies with grain size and peaks when the grain size is
around 45-75 pum, with a range as great as 10%. As I will discuss shortly, this complicates
the use of B;D in interpreting the space weathering band parameters of asteroids. The top
panel of figure 3.9 shows a variety of B.S trends with grain size. Notably, the eucrite Juvinas

shows BrS changes of more than 0.6 ym™ for grain size bins < 25 pum to 75-125 um.

Space Weathering Parameters

I analyze the spectra of laser and ion-irradiated HED meteorites and terrestrial ortho-
pyroxene (OPx) in order to characterize the change in ByS and B;D caused by space
weathering. Figure 3.10 shows the B;S and B;D for the values listed in table 3.6, colored by
meteorite type with symbols depicting the type of irradiation (laser or ion). I compute the
average change in B;S and B;D by fitting lines to the parameters calculated for each sample.
Compared to the irradiated ordinary chondrites, the pyroxene and HED samples show greater
spectral reddening, but a similar decrease in By D for similar irradiation exposure. There is a
notable increase in By D with increased dosage for the eucrite Millbillillie, which adds to the
overall dispersion in the space weathering paths. The HEDs average change in band depth per
unit of spectral slope is AB;D/AB;S = -14.3 %pm™ which I use in section 3.6 to compare

the average space weathering parameters of HEDs to asteroids of similar composition.
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Table 3.5: Band Parameters of HEDs

Meteorite Type Grain Size RELAB ID B;C (pm) B;rS (umt) BrD (%) B C (pm) BAR
A-87272,96 eu (mono.) < 25 pm MP-TXH-094-A 0.941 0.104 0.553 1.989 1.253
Bereba eu (mono.) < 25 pm MP-TXH-089-A 0.940 0.341 0.421 2.011 1.423
Bouvante eu (mono.) < 25 pm MP-TXH-090-A 0.943 0.745 0.457 2.001 1.744
Bouvante eu (mono.) < 44 pm TB-TIJM-118 0.946 0.958 0.514 1.984 2.047
Bouvante eu (mono.) bulk TB-RPB-029 0.947 0.358 0.408 1.988 2.228
EET92003,15 eu (mono.) < 125 pm MP-TXH-118 0.933 0.184 0.577 1.992 1.610
Jonzac eu (mono.) < 25 pm MP-TXH-091-A 0.938 0.321 0.545 1.996 1.597
Juvinas eu (mono.) — MB-TXH-070-1 0.941 0.372 0.570 1.976 1.610
Juvinas eu (mono.) — MB-TXH-070-2 0.940 0.284 0.567 1.990 1.610
Juvinas eu (mono.) < 25 pm MB-TXH-070-A 0.936 0.222 0.472 1.989 1.448
Juvinas eu (mono.) 25 — 45 pm MB-TXH-070-B 0.940 0.485 0.599 1.984 1.605
Juvinas eu (mono.) 45 — 75 pm MB-TXH-070-C 0.944 0.690 0.626 1.977 1.682
Juvinas eu (mono.) 75 — 125 pm MB-TXH-070-D 0.948 0.811 0.618 1.969 1.728
Juvinas eu (mono.) 125 — 250 pm MB-TXH-070-E 0.950 0.712 0.585 1.964 1.725
Juvinas eu (mono.) — MR-MJG-091 0.943 0.577 0.551 1.954 1.549
Juvinas eu (mono.) — MR-MJG-091 0.943 0.576 0.549 1.956 1.552
Juvinas eu (mono.) < 250 pm TB-RPB-153 0.945 0.722 0.625 1.972 1.741
Millbillillie eu (mono.) — MS-JTW-050 0.948 0.007 0.425 1.978 1.626
Millbillillie eu (mono.) — MS-JTW-050 0.946 0.033 0.243 1.978 1.790
Millbillillie eu (mono.) < 25 pm MB-TXH-069-A 0.937 0.155 0.455 2.000 1.286
Millbillillie eu (mono.) 25 — 45 pm MB-TXH-069-B 0.938 0.192 0.592 1.996 1.432
Millbillillie eu (mono.) 45 — 75 pm MB-TXH-069-C 0.941 0.217 0.598 1.997 1.526
Millbillillie eu (mono.) 75 — 125 pm MB-TXH-069-D 0.941 0.168 0.580 1.996 1.588
Stannern eu (mono.) bulk MR-MJG-092-P 0.946 0.561 0.406 1.976 2.114
Stannern eu (mono.) bulk MR-MJG-092-P 0.944 0.570 0.428 1.976 1.989
Y-791186-90 eu (mono.) bulk TB-RPB-009 0.948 0.180 0.407 1.969 1.587
Y-792510-140 eu (mono.) bulk TB-RPB-007 0.943 0.024 0.511 1.983 1.504
ALH-78132,61 eu (poly.) < 25 pm MB-TXH-072-A 0.932 0.292 0.429 1.953 1.683
ALH-78132,61 eu (poly.) 25 — 45 pm MB-TXH-072-B 0.933 0.460 0.586 1.954 1.816
ALH-78132,61 eu (poly.) 45 — 75 pm MB-TXH-072-C 0.935 0.495 0.622 1.956 1.927
ALHAT76005,85 eu (poly.) < 25 pm MB-TXH-066-A 0.934 0.280 0.388 1.972 1.560
ALHAT76005,85 eu (poly.) 25 — 45 pm MB-TXH-066-B 0.937 0.430 0.497 1.974 1.799
ALHAT76005,85 eu (poly.) 45 — 75 pm MB-TXH-066-C 0.940 0.541 0.559 1.972 1.870
ALHAT76005,85 eu (poly.) 75 — 125 pm MB-TXH-066-D 0.941 0.580 0.535 1.978 2.024
ALHAT6005,85 eu (poly.) 125 — 250 um  MB-TXH-066-E 0.941 0.353 0.489 1.969 2.093
ALHAT76005,85 eu (poly.) 250 — 500 pm MB-TXH-066-F 0.941 0.331 0.444 1.962 2.127
ALHAT6005 eu (poly.) bulk TB-RPB-023 0.942 0.191 0.400 1.972 2.080
ALHAT76005 eu (poly.) < 250 pm TB-RPB-024 0.942 0.410 0.455 1.969 2.054
ALHA81011,83 eu (poly.) bulk TB-RPB-013 0.961 -0.040 0.371 2.049 1.241
ALHA81011,85 eu (poly.) < 125 pm MP-TXH-122 0.950 0.252 0.471 2.026 1.166
EETS83251 eu (poly.) bulk TB-RPB-022 0.937 0.208 0.439 1.959 1.813
EETA79005 eu (poly.) < 250 pm TB-RPB-026 0.936 0.283 0.491 1.959 1.865
EETA79005,99 eu (poly.) < 25 pm MP-TXH-072-A 0.934 0.343 0.469 1.964 1.705
EETA79006,66 eu (poly.) < 125 pm MP-TXH-123 0.935 0.263 0.479 1.968 1.801
EETA790B eu (poly.) bulk TB-RPB-025 0.937 0.115 0.454 1.949 1.853
LEW 86001-21 eu (poly.) < 75 pm MT-D2M-251-A 0.943 0.287 0.493 1.996 1.480
LEW 87004-25 eu (poly.) < 75 pm MT-D2M-209-A 0.933 0.245 0.412 1.969 1.577
LEWS87004 eu (poly.) bulk TB-RPB-019 0.937 0.145 0.448 1.964 1.655
LEWS87004-23 eu (poly.) < 25 pm MP-TXH-079-A 0.934 0.327 0.433 1.969 1.419
Macibini Clast 3 eu (poly.) < 63 pm TB-RPB-027 0.940 0.316 0.467 1.983 1.501
Pasamonte eu (poly.) < 25 pm MP-TXH-087-A 0.939 0.280 0.495 1.996 1.347
Pasamonte eu (poly.) — MR-MJG-090 0.936 0.171 0.406 1.994 1.317
Petersburg eu (poly.) < 25 pm MP-TXH-070-A 0.936 0.222 0.472 1.989 1.448
Petersburg:53 eu (poly.) bulk MR-MJG-097 0.936 0.350 0.483 1.955 1.965
Petersburg:55 eu (poly.) bulk MR-MJG-097 0.936 0.350 0.482 1.955 1.965
Y-75011-107 eu (poly.) bulk TB-RPB-008 0.946 -0.080 0.280 1.996 1.296
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Table 3.5 — continued

Meteorite Type Grain Size RELAB ID B;C (pm) B;rS (umt) BrD (%) B C (pm) BAR
Y-74450,92 eu (poly.) < 25 pm MB-TXH-071-A 0.934 0.183 0.383 1.974 1.175
Y-74450,92 eu (poly.) 25 — 45 pm MB-TXH-071-B 0.936 0.231 0.537 1.964 1.401
Y-74450,92 eu (poly.) 45 — 75 pm MB-TXH-071-C 0.937 0.184 0.574 1.971 1.522
Y-74450,92 eu (poly.) 75 — 125 pm MB-TXH-071-D 0.938 0.132 0.553 1.975 1.671
A-881526-90 di < 25 pm MP-TXH-095-A 0.920 0.093 0.646 1.891 1.720
ALH 85015-10 di < 45 pm RM-REM-122-A 0.923 0.120 0.461 1.929 1.552
ALH 85015-10 di bulk RM-REM-122-P 0.921 -0.210 0.455 1.918 1.869
ALHA 77256-34 di < 45 pm RM-REM-123-A 0.920 0.106 0.547 1.893 1.805
ALHA 77256-34 di bulk RM-REM-123-P 0.917 0.056 0.722 1.889 2.141
EET 83246-29 di < 45 pm RM-REM-127-A 0.920 0.197 0.612 1.899 1.910
EET 83246-29 di bulk RM-REM-127-P 0.923 0.378 0.775 1.882 2.352
EETA79002,146 di < 25 pm MB-TXH-067-A 0.919 0.141 0.510 1.889 1.616
EETAT79002,146 di 25 — 45 pm MB-TXH-067-B 0.920 0.030 0.646 1.892 1.815
EETA79002,146 di 45 — 75 pm MB-TXH-067-C 0.920 0.088 0.640 1.889 1.927
EETA79002,146 di 75 — 125 pm MB-TXH-067-D 0.920 0.006 0.616 1.897 1.998
EETA79002,146 di 125 — 250 pm MB-TXH-067-E 0.921 -0.090 0.559 1.907 2.118
EETA79002,146 di 250 — 500 pum MB-TXH-067-F 0.921 -0.060 0.537 1.901 2.188
GRA 98108-26 di < 45 pm RM-REM-125-A 0.921 -0.010 0.487 1.908 1.253
GRA 98108-26 di bulk RM-REM-125-P 0.921 -0.260 0.815 1.910 1.788
GRA98108 di < 45 pm MT-AWB-169-A 0.921 0.119 0.630 1.890 1.826
GRA98108 di bulk MT-AWB-169 0.920 0.085 0.678 1.889 1.926
Johnstown di < 25 pm MB-TXH-095-A 0.917 0.045 0.448 1.884 1.439
Johnstown di 25 — 45 pm MB-TXH-095-B 0.917 0.037 0.629 1.884 1.736
Johnstown di bulk MR-MJG-098-P 0.926 0.412 0.698 1.881 2.305
Johnstown di bulk MR-MJG-098-P 0.926 0.354 0.733 1.887 2.174
LAP 02216-19 di < 45 pm RM-REM-129-A 0.920 0.026 0.540 1.904 1.734
LAP 02216-19 di bulk RM-REM-129-P 0.918 0.000 0.685 1.900 2.158
LAP 03979-11 di < 45 pm RM-REM-131-A 0.925 0.069 0.543 1.920 1.649
LAP 03979-11 di bulk RM-REM-131-P 0.927 0.081 0.832 1.910 2.107
LAP91900,27 di < 25 pm MP-TXH-077-A 0.922 0.070 0.625 1.904 1.744
LEW 88008-23 di < 45 pm RM-REM-128-A 0.918 0.087 0.601 1.890 1.753
LEW 88008-23 di bulk RM-REM-128-P 0.920 0.162 0.690 1.885 2.116
MET 01084-11 di < 45 pm RM-REM-132-A 0.921 0.040 0.523 1.904 1.571
MET 01084-11 di bulk RM-REM-132-P 0.920 -0.13 0.711 1.893 2.094
MIL 03368-14 di < 45 pm RM-REM-121-A 0.921 0.141 0.571 1.912 1.804
MIL 03368-14 di bulk RM-REM-121-P 0.922 0.090 0.681 1.909 2.093
MIL 03443-19 di < 45 pm RM-REM-126-A 1.058 0.006 0.310 1.999 0.120
MIL 03443-19 di bulk RM-REM-126-P 1.060 -0.040 0.502 2.014 0.070
MILO7001 di < 45 pm MT-AWB-168-A 0.921 0.115 0.602 1.894 1.830
MILO7001 di bulk MT-AWB-168 0.920 0.115 0.620 1.895 1.943
PCA 02008-12 di < 45 pm RM-REM-130-A 0.923 0.051 0.425 1.924 1.510
PCA 02008-12 di bulk RM-REM-130-P 0.923 0.002 0.502 1.920 1.599
QUE 99050-7 di < 45 pm RM-REM-120-A 0.919 0.143 0.573 1.893 1.842
QUE 99050-7 di bulk RM-REM-120-P 0.918 0.180 0.828 1.886 2.281
Tatahouine di < 25 pm MP-TXH-088-A 0.920 0.087 0.634 1.894 1.676
Tatahouine di bulk MR-MJG-100-P 0.916 0.174 0.759 1.884 2.017
Y-74013,HR di < 25 pm MB-TXH-073-A 0.923 0.095 0.422 1.916 1.684
Y-74013,HR di 25 — 45 pm MB-TXH-073-B 0.922 0.077 0.604 1.908 1.881
Y-75032,HR di < 25 pm MB-TXH-074-A 0.927 0.192 0.519 1.937 1.481
Y-75032,HR di 25 — 45 pm MB-TXH-074-B 0.927 0.207 0.664 1.938 1.685
CRE 01400-12 how < 75 pm MT-D2M-200-A 0.922 0.276 0.561 1.916 1.827
EET 83376-16 how < 75 pm MT-D2M-242-A 0.930 0.318 0.519 1.953 1.826
EET 87503-166 how < 75 pm MT-D2M-243-A 0.931 0.156 0.423 1.959 1.590
EET 87509-109 how < 75 pm MT-D2M-201-A 0.931 0.285 0.469 1.964 1.758
EET 87513-134 how < 75 pm MT-D2M-244-A 0.931 0.166 0.428 1.956 1.619
EET 87518-10 how < 75 pm MT-D2M-245-A 0.935 0.323 0.474 1.967 1.750
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Table 3.5 — continued

Meteorite Type Grain Size RELAB ID B;C (pm) B;rS (umt) BrD (%) B C (pm) BAR
EET 99400-11 how < 75 pm MT-D2M-247-A 0.932 0.308 0.493 1.960 1.849
EET 99408-12 how < 75 pm MT-D2M-204-A 0.932 0.298 0.476 1.965 1.727
EET 87503-97 how < 25 pm MB-TXH-068-A 0.929 0.107 0.383 1.948 1.317
EET 87503-97 how 25 — 45 pm MB-TXH-068-B 0.929 0.122 0.455 1.949 1.610
EET 87503-97 how 45 — 75 pm MB-TXH-068-C 0.930 0.042 0.495 1.948 1.813
EET 87503-97 how 75 — 125 pm MB-TXH-068-D 0.932 0.029 0.485 1.960 1.825
EET 87503-97 how 125 — 250 pm MB-TXH-068-E 0.933 -0.030 0.430 1.966 1.814
EET 87503-97 how 250 — 500 pum MB-TXH-068-F 0.934 -0.060 0.400 1.968 1.953
GRO 95535-13 how < 75 pm MT-D2M-248-A 0.929 0.158 0.465 1.944 1.655
GRO 95574-14 how < 75 pm MT-D2M-205-A 0.928 0.172 0.434 1.944 1.646
GRO 95581-11 how < 75 pm MT-D2M-249-A 0.929 0.156 0.453 1.942 1.659
GRO 95602-7 how < 75 pm MT-D2M-206-A 0.929 0.167 0.415 1.951 1.633
GRO95574-9 how < 125 pm MP-TXH-125 0.929 0.150 0.485 1.943 1.685
Kapoeta how bulk MP-TXH-053 0.931 0.027 0.552 1.935 1.928
Kapoeta how < 25 pm MP-TXH-053-A 0.929 0.123 0.408 1.947 1.242
LAP 04838-8 how < 75 pm MT-D2M-250-A 0.935 0.353 0.437 1.963 1.524
LAP 04838-9 how < 75 pm MT-D2M-207-A 0.934 0.390 0.415 1.962 1.539
Le Teilleul how < 25 pum MP-TXH-093-A 0.928 0.260 0.560 1.937 1.758
LEW 85313-39 how < 75 pm MT-D2M-208-A 0.930 0.195 0.425 1.956 1.553
MET 00423-7 how < 75 pm MT-D2M-210-A 0.932 0.180 0.386 1.969 1.622
MET 96500-17 how < 75 pm MT-D2M-252-A 0.932 0.188 0.426 1.957 1.595
MET 96500-19 how < 75 pm MT-D2M-211-A 0.930 0.236 0.448 1.950 1.666
PCA 02009-19 how < 40 pm MT-AWB-238 0.923 0.062 0.469 1.921 1.582
PCA 02013-6 how < 40 pm MT-AWB-239 0.922 0.090 0.357 1.921 1.535
PCA 02014-7 how < 40 pm MT-AWB-240 0.928 0.061 0.340 1.945 1.399
PCA 02015-11 how < 40 pm MT-AWB-241 0.936 0.055 0.258 1.969 1.216
PCA 02066-8 how < 75 pm MT-D2M-253-A 0.936 0.053 0.395 1.959 1.281
PRA 04401-7 how < 75 pm MT-D2M-254-A 0.922 0.141 0.221 1.945 1.263
QUE 94200-29 how < 75 pm MT-D2M-255-A 0.923 0.250 0.560 1.916 1.921
QUE 97001-39 how < 75 pm MT-D2M-256-A 0.924 0.236 0.551 1.917 1.915
QUE 97001-40 how < 75 pm MT-D2M-212-A 0.922 0.272 0.563 1.912 1.960
QUE 97002-28 how < 75 pm MT-D2M-257-A 0.938 0.266 0.368 1.976 1.613
QUE 97002-29 how < 75 pm MT-D2M-213-A 0.936 0.233 0.339 1.974 1.557
QUE 99033-14 how < 75 pm MT-D2M-214-A 0.922 0.306 0.560 1.915 2.000
QUE97001-28 how < 125 pm MP-TXH-126 0.925 0.274 0.577 1.924 1.995
SAN 03472-9 how < 75 pm MT-D2M-258-A 0.929 0.215 0.476 1.955 1.935
SCO 06040-8 how < 75 pm MT-D2M-215-A 0.930 0.130 0.371 1.961 1.475
Y-7308-142 how < 25 pm MP-TXH-097-A 0.927 0.118 0.578 1.936 1.674
Y-790727-144 how < 25 pm MP-TXH-098-A 0.931 0.372 0.492 1.949 1.675
Y-791573-145 how < 25 pm MP-TXH-099-A 0.927 0.208 0.470 1.939 1.695
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Table 3.6: Band Parameters of Laser and Ion-irradiated Pyroxenes and HEDs

Work Sample Grain Size Energy BiC (upm) B;S (um') B;yD BpC (um) BAR ABrD/AB;sS

Yamada et al. (1999) OPx < 75 pm pellet — 0.921 -0.017 0.424 1.869 1.821 -4.5
30 mJ 0.918 0.052 0.503 1.887 1.698
300 mJ 0.921 0.251 0.500 1.880 1.774
600 mJ 0.925 0.409 0.418 1.892 1.640

Marchi et al. (2005) OPx 100 - 200 pm — 0.913 0.075 0.574 1.853 2.204 -6.1
200 keV 0.915 0.433 0.552 1.853 2.273

Brunetto et al. (2006) OPx ~ 200 pm — 0.912 0.054 0.547 1.852 2.199 -7.3
43 Jem—2 0.914 0.702 0.518 1.858 2.337
86 Jem—2 0.915 0.669 0.481 1.857 2.240

MS-JTW-049-A Johnstown (D) 10 — 100 pm pellet — 0.921 0.140 0.658 1.887 2.016 -34.4
MS-JTW-049-B ? 0.922 0.359 0.583 1.890 2.052
MS-JTW-049-C ? 0.924 0.166 0.354 1.905 1.414
MS-JTW-052-1 Millbillillie (Eu) < 75 pm — 0.943 0.216 0.403 1.990 1.497
MS-JTW-052-3 0.950 -0.137 0.394 1.979 0.527
MS-JTW-052-4 0.943 0.206 0.403 1.993 1.477
MS-JTW-052-6 0.962 -0.170 0.370 1.973 0.393
MS-JTW-052-7 0.943 0.214 0.421 1.991 1.491
MS-JTW-052-9 0.963 -0.196 0.364 1.972 0.345

Vernazza et al. (2006)  Béréba (Eu) 10 — 100 pm — 0.933 0.151 0.203 2.024 1.332 -7.5
1.6el5 Art+ 0.936 0.536 0.156 2.047 1.567
6.6e15 Artt 0.944 1.024 0.136 2.065 1.016

Fulvio et al. (2012) Béréba 10 — 100 pm pellet — 0.934 -0.066 0.304 2.018 1.587 -28.0
4.35e17 Art cm—2 0.945 0.099 0.254 2.019 1.724
3.5¢15 Ct cm—2 0.948 0.154 0.244 2.020 1.785

Béréba 10 — 100 pm pellet — 0.945 -0.169 0.204 2.017 1.566 -26.0
5¢16 Art cm—2 0.946 -0.155 0.206 2.017 1.566
3el5 Ct cm—2 0.949 -0.071 0.173 2.019 1.430
8el5 CT cm™2 0.950 -0.012 0.166 2.037 1.684
2.3e16 Ct cm—2 0.954 0.075 0.143 2.052 1.762

Dar Al Gani 684 (E) 10 — 100 pm pellet — 0.946 0.152 0.338 2.016 1.805 -18.9
8el6 Art cm—2 0.949 0.251 0.320 2.020 1.810

Dar Al Gani 684 10 — 100 pm pellet — 0.949 0.209 0.349 1.969 1.607 10.7
2e17 Art cm—2 0.949 0.209 0.349 1.984 1.559

Dar Al Gani 684 10 — 100 pm pellet — 0.945 0.177 0.338 1.988 1.801 -21.0
5¢16 Art cm—2 0.948 0.204 0.321 2.020 1.760
3el5 Ct cm—2 0.957 0.287 0.306 2.013 1.718
2e16 Art cm~? 0.955 0.307 0.298 2.017 1.735
8el5 Ct cm—2 0.958 0.454 0.267 2.019 1.803
1.3e16 Art cm—2 0.962 0.552 0.256 2.021 1.816

184



3.4.3 Olivine-Rich Meteorites

The selected meteorite groups for this study that are mineralogically and spectrally
dominated by olivine include the brachinites, pallasites, R and CK chondrites. Despite their
spectral commonalities, these meteorite groups represent different geochemical histories and
compositions. Brachinites are primitive achondrites (most likely partial melt residues) with
high amounts of olivine, up to 15% of clinopyroxene, and minor amounts of other minerals
such as plagioclase and chromite, and trace amounts of metal (Keil, 2014). Large olivine
crystals embedded in a metal matrix characterize pallasite meteorites, which are thought
to represent the core-mantle regions of differentiated planetary bodies (Chabot and Haack,
2006). R (Rumuruti type) chondrites contain high amounts of iron-rich olivine and can be
distinguished from other chondrites by their high matrix fraction, greater sulfide content,
and low amounts of Ni-Fe metal due to the highly oxidizing formation conditions (Bischoff
et al., 2011). CK (Karoonda-like) chondrites contain highly oxidized primitive solar system
material with large (0.7-1 mm), high-FeO chondrules (Fa29-33) and are nearly absent of any
metallic Fe or Ni (Greenwood et al.,; 2010). Both R and CK chondrites can exhibit varying
degrees of metamorphism, reflected in the petrologic type sub-classification number ranging
from 3 (least altered) to 6 (most altered), which I take care to include with every sample in
my analysis.

Diogenites from Vesta, which may represent a shallow mantle origin or plutonic rocks
from within the crust (Ammannito et al., 2013), can contain amounts of olivine exceeding
90% (MIL 03443; Beck and McSween, 2010) of cumulate (not mantle) origin. Since this
meteorite type is a rarity in meteorite collections, I exclude it from further consideration.
Other olivine-rich meteorites in RELAB, such as the ureilite group, other olivine diogenites,
and CV/CO chondrites were considered, but had band centers less than 1.05 pum and/or
BAR greater than 0.2, and thus plot outside the S(I) box in figure 3.2.

The band parameters derived from RELAB spectra of several samples from these
meteorite groups are given in table 3.7. Space weathering band parameters (B;S and B;D)
of olivein-rich meteorites and terrestrial olivine samples are plotted in figure 3.11. A large

variance in the BrD (2%—65%) is apparent among the meteorite dataset. In a study of
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Table 3.7: Band Parameters of Olivine-rich Meteorites

Meteorite Fo# Type RELAB/USGS ID Grain Size B;C (pum) B;S (um?') BiD (%) B C (pm) BAR
Brachnia 70 brach. MT-TXH-049-A < 45 1.052 0.267 0.396 — —
Eagle’s Nest 68 brach. MT-TXH-050-A < 45 pm 1.055 0.418 0.392 — —
EET 99402,44 65 brach. MT-JMS-088 bulk powder 1.063 0.029 0.289 — —
brach. TB-TJM-058 < 125 pm 1.070 0.102 0.483 — —
Hughes 026 66 brach. MT-TXH-051-A < 45 pm 1.060 0.100 0.295 — —
Reid 013 66 brach. MT-TXH-052-A < 45 pm 1.062 0.056 0.201 — —
Esquel 89 PMG MB-TXH-043 slab 1.196 0.544 0.643 — —
Imilac 87 PMG MB-TXH-041 slab 1.066 &+ 0.014 -0.020 4+ 0.079  0.445 + 0.147 — —
Marjalahti 86 PMG ol MS-CMP-005-C 100 - 200 pm 1.056 0.169 0.647 — —
MS-CMP-005-F 40 — 100 pm 1.057 0.187 0.360 — —
MS-CMP-005-X < 40 pm 1.051 0.180 0.147 — —
Thiel Mountains 88 PMG ol MT-TJM-027 < 74 pm 1.055 0.097 0.420 — —
ALH85002,25 71 CK4 MB-TXH-081-A < 25 pm 1.061 -0.016 0.124 — —
CK4 MB-TXH-081-B 25 — 45 pm 1.075 -0.088 0.129 — —
CK4 MB-TXH-081-C 45 - 75 pm 1.064 -0.172 0.187 — —
CK4 MB-TXH-081-D 75 — 125 pm 1.070 -0.231 0.133 — —
ALHS85002 71 CK4 PH-D2M-035 < 75 pm 1.065 -0.068 0.101 — —
EETS83311 69 CKb PH-D2M-047 < 75 pm 1.066 -0.081 0.107 — —
EET87507,27 71 CK5 MB-TXH-092 < 500 pm 1.059 -0.126 0.135 — —
EETS87526,11 71 CKb5 LM-LAM-019 bulk powder 1.062 -0.138 0.105 — —
EET87860,5 72 CKb5-6 LM-LAM-018 bulk powder 1.060 -0.094 0.108 — —
LEWS87009,28 69 CK6 MB-TXH-088 < 500 pm 1.060 0.007 0.309 — —
LEWS87009,4 69 CK6 LM-LAM-017 bulk powder 1.060 -0.030 0.245 — —
PCA91470 67 CK4 PH-D2M-046 < 75 pm 1.068 -0.043 0.144 — —
Y-693 71 CK4-5 MB-TXH-077 < 125 pm 1.067 -0.130 0.132 — —
A-881988,70 66 R4 MP-TXH-059 < 125 pm 1.095 -0.009 0.016 1.970 1.044
LAP04840,16 62 R6 olivine  DD-AHT-109 < 45 pm 1.054 0.096 0.343 1.975 0.048
LAP04840,16 62 R6 DD-AHT-107 < 125 pm 1.031 0.239 0.365 1.970 0.053
MET01149 61 R3 PH-D2M-045 < 75 pm 1.065 0.085 0.130 2.068 0.140
DD-AHT-108 < 45 pm 1.045 0.148 0.269 1.970 0.074
PCA91002,13 61 R3.8-6 MB-TXH-065 < 125 pm 1.059 -0.055 0.113 2.135 0.147
MB-TXH-065-A < 63 pm 1.064 0.043 0.123 2.140 0.127
MB-TXH-065-B 63 — 125 pm 1.062 -0.124 0.156 2.091 0.194
PRE95411,5 61 R3 MT-TXH-045 < 125 pum 1.065 0.154 0.141 1.995 0.191
Rumuruti 61 R3.8-6 MT-TJM-013 < 150 pm 1.067 0.089 0.285 2.121 0.050
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Table 3.8: Band Parameters of Olivine Samples

Sample ID Locality Fo# Grain Size (um) B;C (um) BrS (um') BrD (%)
GDS70.a South Point, Hawaii USA 89 150 — 250 (165) 1.062 0.415 0.820
GDS70.b 7 7 104 — 150 (115) 1.060 0.319 0.768
GDS70.c " 7 60 — 104 (70) 1.054 0.303 0.709
GDS70.d " 7 < 60 1.058 0.110 0.406
GDS70.e 7 7 < 30 1.060 0.220 0.552
GDS71.a Twin Sisters Peak, WA USA 91 60 — 104 (70) 1.051 0.117 0.701
GDS71.b 7 7 < 60 1.044 0.086 0.343
KI3188 Kiglapait Intrusive, Labrador Canada 51 < 60 1.074 0.203 0.581
KI3189 " 60 < 60 1.069 0.205 0.620
KI4143 7 41 < 60 1.079 0.266 0.576
KI3291 7 29 < 60 1.089 0.455 0.718
KI3377 7 18 < 60 1.089 0.420 0.571
KI3005 7 11 < 60 1.094 0.480 0.620
PO-52 Rome, Italy 97 < 45 1.059 0.045 0.133
PO-76 Fort Defiance, AZ USA 92 < 45 1.057 0.061 0.200
PO-60 Twin Sisters Peak, WA USA 92 < 45 1.060 0.082 0.204
GSB Green Sand Beach, HI USA 89 < 60 1.063 0.113 0.291
PO-64 Stillwater, MT USA 86 < 45 1.061 0.116 0.319
PO-31 Volcano National Park, HI USA 84 < 45 1.066 0.108 0.326
PO-74 Rustanburg, South Africa 42 < 45 1.080 0.097 0.393
PO-72 Franklin, NJ USA 36 < 45 1.089 0.091 0.448
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the spectral effects of varying olivine and metal mixtures in band parameters Cloutis et al.
(2015) remark that greater band depths can be a consequence of increasing either or both
the grain size of olivine and fraction of metal in the sample, as well as the Fo#. As shown
in table 3.7, R and CK chondrites typically have band depths below 35% and as low as a
few percent, whereas brachinite and pallasite band depths extend up to ~50% and ~65%,
respectively. The largest band depths are found among the pallasites, which contain the
most metal out of these four groups, supporting the idea that increasing the metal content
results in spectral reddening. The band depth effects from changing the olivine grain size can
be easily seen for the pallasite Marjalahti and, to a lesser extent, the brachinite EET 99402.
With the small number of samples that are available, there appears to be a similar positive
trend between petrologic type and band depth within the R chondrites, similar to what was
seen among the ordinary chondrites: the two R6 olivines and two CK6 meteorites exhibit
systematically higher band depths (~35% and ~30%, respectively) compared to the lower
grade petrologic types (R3-4/CK4; ~15%). I also note that the B;D range of R chondrites,
which that contain chondrules with a wide range of thermal alteration, fall within the range
of 15-35%.

Grain size variations for the R chondrites LAP04840 and PCA91002,13 mainly contribute
to spectral slope changes, which also mimics the trend seen among ordinary chondrites.
Furthermore, the degree of slope change with grain size is consistent with that of ordinary
chondrites, which is on the order of 0.15 ym™ for grain sizes bins varying from < 45 ym
up to < 125 pum among the R chondrites. The CK chondrite ALH85002 exhibits a very
similar trend, although there is a somewhat systematic downward shift in spectral slope for
CK chondrites compard to R chondrites. It is not clear what the cause of spectral slope
differences among the pallasites is, although variation in the fraction of metal to olivine
and the amount of FeO in the olivine is known to influence the slope. As noted by Cloutis
et al. (2015) increasing FeO in olivine and the metal increases the spectral slope in a similar
fashion. The singular fact that pallasites contain much more metal than brachnites, however,
doesn’t explain the considerable overlap in spectral slope between these two groups. Thus,
the competing interplay between both the metal content and olivine FeO on spectral slope

may be the reason for the overlap between the pallasites and brachinites.
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Figure 3.11: Spectral slope and band depth of olivine-rich meteorite groups (top) and
terrestrial olivines (bottom). Lines connect spectral parameters of samples of similar origin.
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Space Weathering Parameters

Several experimenters have succeeded at simulating the process(es) of space weathering on
olivine in order to reproduce the resulting effects seen in reflectance spectra. Laboratory
setups range from infrared (Gillis-Davis et al., 2017), visible (Sasaki et al., 2001; Kurahashi
et al., 2002; Yang et al., 2017) and UV (Brunetto et al., 2006; Loeffler et al., 2016) laser
irradiation as well as high-energy bombardment with various ion particles (Loeffler et al.,
2009; Marchi et al., 2005). All of these works used terrestrial olivine samples — in fact, all
but Yang et al. (2017) sourced from the same low-iron olivine (Fog;) near the San Carlos
Reservation in Arizona, USA. The results from applying the BAR-Ast algorithm on the
irradiated samples are given in table 3.9 and their B;S and B;D values are plotted in
figure 3.12.

These irradiated olivine samples initially show similar spectral slope and band depth
variations to that of the set of meteorite and other terrestrial olivines in figure 3.11. Upon
increasing irradiation exposure, large increases in spectral slope are observed, along with
small decreases in the band depth; on average’, the change in band depth per change in
spectral slope is AB;D/AB;S = -15.2%um™. Only Sasaki et al. (2001) shows an anomalous
increase in band depth at higher exposure. The Yang et al. (2017) samples show less spectral
slope alteration at the same level of irradiation as the Sasaki et al. (2001) and Kurahashi
et al. (2002) samples. A possible explanation for this discrepancy in spectral slope could come
from the fact that Fogs olivine was the subject of the Yang et al. (2017) experiments, and
the lower FeO content may result in less pronounced spectral slope reddening compared to
the San Carlos Olivine; irradiation experiments for systematically different Fo# are needed
to test this idea. Band depth changes seem to cease above a cumulative exposure of 100-150
mJ, but noticeable spectral reddening continues to persist at energies exceeding 150 mJ.

Lastly, I analyze spectra from the experiment conducted by Kohout et al. (2014), in
which controlled production of npFe’ was achieved by heating of olivine samples under
different oxidizing conditions. The resulting increases in B;S and B;D were similar to those
of irradiated olivine samples, indicating that increasing amounts of npFe® were the direct

cause of the spectral changes. Figure 3.13 shows these space weathering parameters as a

"Excluding the anomalous increase in band depth in Sasaki et al. (2001).
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Figure 3.12: Space weathered band parameters of olivine samples. Solid lines represent the
experiments led by M. Loeffler (circle with plus and asterisks for Loeffler et al. (2009) and
Loeffler et al. (2016), respectively), dotted lines are from Kurahashi et al. (2002), short dash
are from Yamada et al. (1999), dash-dot with asterisks are from Brunetto et al. (2006),
dash-dot with circle with plus are from Marchi et al. (2005), and dash-dot-dot are from
Gillis-Davis et al. (2017), and long dashes are from Yang et al. (2017).
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Table 3.9: Band Parameters of Laser, Ion-irradiated, and Heated Terrestrial Olivine

‘Work Fo# Grain Size Energy B;C (pm) BrS (pm') BrD (%) ABrD/AB;S
Yamada et al. (1999) 91 < 75 pm pellet 1.064 0.070 0.353 -13.2
15 mJ 1.067 0.306 0.327
2x15 mJ 1.070 0.513 0.295
10x15 mJ 1.060 1.061 0.369
Kurahashi et al. (2002) 91 < 75 pm pellet — 1.059 0.033 0.408 -12.0
30 mJ 1.061 0.538 0.337
5x30 mJ 1.064 0.961 0.288
10x30 mJ 1.061 1.103 0.283
Marchi et al. (2005) 91 100 — 200 pm — 1.055 0.112 0.434 -4.8
7 x 1015 Arfem™2 1.057 0.404 0.420
Brunetto et al. (2006) 91 ~ 200 pm — 1.055 0.129 0.483 -4.9
27 Jem ™2 1.061 0.962 0.453
52 Jem ™2 1.056 1.013 0.430
Loeffler et al. (2016) 91 45 — 125 pm — 1.054 0.029 0.394 -14.6
1 pulse 1.054 0.286 0.355
4 pulses 1.056 0.443 0.333
7 pulses 1.057 0.523 0.322
25 pulses 1.057 0.584 0.312
99 pulses 1.057 0.574 0.295
Gillis-Davis et al. (2017) 91 < 75 pm pellet — 1.055 0.087 0.369 -26.1
12,000 shots 1.055 0.366 0.301
24,000 shots 1.057 0.535 0.241
36,000 shots 1.058 0.636 0.215
48,000 shots 1.058 0.787 0.196
Yang et al. (2017) 95 < 45 pm pellet — 1.049 0.060 0.216 -25.5
25 mJ 1.053 0.167 0.168
2x25 mJ 1.054 0.230 0.150
3x25 mJ 1.057 0.409 0.120
4x25 mJ 1.055 0.544 0.083
5x25 mJ 1.057 0.647 0.054
2x50 mJ 1.057 0.252 0.047
5x50 mJ 1.079 0.409 0.024
Loeffler et al. (2009) 91 < 45 pm pellet — 1.052 0.027 0.307 -20.1
1.5 x 1017 He 1.053 0.049 0.301
5.3 x 1017 He 1.054 0.104 0.289
25 x 1017 He 1.053 0.168 0.277
wt. % npFe’
Kohout et al. (2014) 93 10 — 80 pm — 1.049 0.022 0.327
0.0075 1.049 0.144 0.284
0.011 1.052 0.204 0.245
0.013 1.058 0.235 0.297
0.015 1.052 0.326 0.249
0.023 1.052 0.357 0.194
0.049 1.058 0.308 0.126
0.059 1.052 0.463 0.123
0.12 1.069 0.533 0.069
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function of weight percent of npFe® in the heated sample. Both sets of data are shown
with best-fit logarithmic functions, with the band depth data fit by using 1 —B;D as the
dependent variable. These data show that both parameters exhibit most of the total change

at the onset of npFe’ formation. In section 3.8.1 I delve more into this observation.

Conclusions

In this section I have analyzed the depth change per change in spectral slope for pyroxene,
HED, olivine, and ordinary chondrite samples. I use these average slopes of space weathering
pathways to analyze the mineralogical effects on the spectral changes brought on by space
weathering. Ordinary chondrites, which have Fozg_g5 (Dunn et al., 2010a) and terrestrial
olivines, which have Fo.gqg, exhibit different space weathering paths, with greater depth per
slope changes occuring among the ordinary chondrites with higher FeO. The two main lunar
terrains — the Fe-rich basalt and Fe-poor anorthosite — show this same relationship Lucey

et al. (2000); Nettles et al. (2011). The observed differences in space weathering pathways
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Figure 3.13: Measured BrS (top) and BrD (bottom) as a function of the weight percent of
npFe’, from Kohout et al. (2014). Dotted lines are the best-fit logarthmic functions to the
points.
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between olivine and pyroxene contradicts the idea that materials with higher relative olivine
abundance exhibit greater space weathering. The irradiation experiments of Yamada et al.
(1999) and Sasaki et al. (2001) show that greater spectral changes, particularly the spectral
slope reddening, are exhibited more in olivine than pyroxene samples that were given the
same dose of irradiation. Additionally, I show here that pyroxene samples showed more of
a change in spectral slope and little decrease in band depth. I can conclude the following:
1) a sample with any amount of spectrally-identifiable olivine exhibits a greater sensitivity
to space weathering processes regardless of the exact relative abundance to pyroxene and 2)
the greater amount of FeO in olivine (Fa#= 100 - Fo#) will cause more band depth changes

per change in spectral slope than in samples with higher Fo+#.

3.4.4 The Asteroid Space Weathering Index

Given the information garnered from the space weathering band parameters, I proceed to
formulate a single parameter that captures the degree of space weathering. This parameter is
based off the separation, in spectral slope/band depth parameter space, from the appropriate
meteorite analog of each compositional group. The “distance” measured is traced along the
space weathering trend calculated for each compositional group. In order to do this, I
establish a new coordinate basis: one coordinate parallel to the slope calculated for space
weathering experiments, and the second that is aligned to the set of unweathered meteorite
samples.

The zero-point, or “baseline”, for unweathered band parameters of ordinary chondrites
are established by fitting a line to all samples falling within the < 150 gm grain size bin. This
bin is chosen since it contains an almost even distribution of all petrologic types. The line
is fit such that band depth is the independent variable and spectral slope is the dependent
variable. By removing the samples of different grain, sizes I avoid the complexity inherent to
the correlation of petrologic type 3 and < 45 pm grain size bin that was just mentioned above.
The cluster of BA asteroids appears to be simply shifted to the right (increase in spectral
slope) from the HEDs, corroborating the laboratory irradiation experiments on terrestrial
pyroxene samples. From the laser and ion-bombardment experiments, I have observed that

changes in B;S and B;D are largest when first exposed to irradiation, and then changes
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gradually become less great with increasing time/exposure. This relationship between the
ever shrinking derivative with an increase in value is characteristic of a logarithmic function.
I can conclude that space weathering measured for asteroids will not increase monotonically
with irradiation dose, but instead is described by a logarithmic or power function.

Basis vectors for the space weathering coordinates are chosen such that one unit in the

I and one unit in

space weathered direction represents a change in spectral slope of 0.2 pm-
the orthogonal direction represents a change in band depth of 10%. figure 3.14 illustrates
each coordinate transformation for each compositional group. The basis coordinates are
combined to form a 2 x 2 matrix that represents a transformation from the space weathering

coordinates to the original spectral slope and band depth parameters:

a b| |BrS* SWI
= , (3.1)

c d| | BiD BDI
where the coefficients in the leftmost matrix are given in table 3.10. This matrix is inverted
to create the linear transformation equations for converting spectral slope and band depth
to the space weathering coordinate system. The result of using the matrix equation in
equation (3.1) is a rotation and shearing of the coordinate frame, but a shift in the B;S is
necessary in order to align the vertical axis with the meteorites. The amount of shift for

each composition is applied by adding the intercept (int) as such: B;S* = B/S + int.

3.5 Results: Asteroids

Band parameters of each asteroid spectrum in my sample are given in table 3.11, table 3.12,

and table 3.13 for S(IV), BA, and S(I) sub-types, respectively. Also given in all three

Table 3.10: Space weathering index coordinate transformation parameters.

\ a b c d int

S(I) [4.60 -2.63 140 920 0.036
S(IV) | 5.00 0.0035 2.55 10.0 -0.045
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Figure 3.15: Change in B1.S and B; D for olivine and ordinary chondrite samples as a function
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Table 3.11: Band Parameters of S(IV) Asteroids

Object Vis® NIR® tax®  met® Bcd B1Scorr® BiDeorr? Brrcd B11Ceorr? BAR BARcor" Rau'  a(®)  TF
(3) Juno 53052 spex96 — LL  0.952 + 0.003  0.349 & 0.002  0.100 & 0.001  1.994  2.004 & 0.008  0.793  0.751 & 0.040  2.60  21.27 251
(3) Juno smass1 spex96 — LL  0.951 +0.002  0.358 &+ 0.002  0.097 & 0.001  1.994  2.004 & 0.008  0.824  0.782 & 0.041  2.60  21.27 251
(3) Juno smass2 spex96 Sq L 0.942 £ 0.004  0.279 £ 0.001  0.125 £ 0.001  1.994  2.004 & 0.008  0.587  0.545 £ 0.030  2.60  21.27 251
(6) Hebe smass1 spex67 — H 0.930 £ 0.002  0.203 + 0.002  0.095 £ 0.001  1.903  1.915 £ 0.030 0.784  0.734 £ 0.050  2.53  10.73 241
(6) Hebe smass1 spex68 — H 0.920 £ 0.001  0.277 + 0.001  0.097 £ 0.001  1.915  1.928 &£ 0.007  0.796  0.743 + 0.020  2.64  13.73 236
(6) Hebe smass2 spex67 S L 0.931 + 0.002  0.164 + 0.002  0.110 £ 0.001  1.903  1.915 £ 0.029  0.614  0.564 + 0.038  2.53  10.73 241
(6) Hebe smass2 spex68 S L 0.920 + 0.001  0.232 + 0.001  0.113 £ 0.001  1.915  1.928 &£ 0.007 0.631 0.578 + 0.015  2.64  13.73 236
(7) Iris smass1 spex28 LL  0.950 + 0.002  0.195 £ 0.001  0.087 &£ 0.001  1.969  1.980 & 0.009 0.565  0.518 £ 0.010  2.57  10.29 244
(7) Iris smass2 spex28 S L 0.942 + 0.002  0.137 + 0.001  0.112 + 0.001  1.969  1.980 & 0.009  0.426  0.379 &+ 0.007  2.57  10.29 244
(11) Parthenope smass2 spex4T Sq L 0.945 + 0.001  0.184 &+ 0.001  0.105 + 0.001  1.917  1.926 & 0.009  0.280  0.240 &+ 0.006  2.51  12.49 253
(14) Irene as68 spex25 — H 0.923 £ 0.001  0.262 + 0.003  0.072 £ 0.001  1.920  1.932 4+ 0.008  1.023  0.972 + 0.027  2.74  20.98 239
(14) Irene sawyer spex25 — H 0.924 + 0.001  0.267 + 0.001  0.070 £ 0.001  1.920  1.932 4+ 0.008  1.063  1.013 + 0.023  2.74  20.98 239
(14) Irene sawyer spex25 — H 0.924 + 0.001  0.271 + 0.001  0.069 + 0.001  1.920  1.932 4 0.008  1.094  1.044 + 0.024  2.74  20.98 239
(14) Irene smass1 spex25 S H 0.921 + 0.001  0.235 + 0.001  0.080 &+ 0.001  1.920  1.932 4+ 0.008 0.852 0.802 + 0.018  2.74  20.98 239
(14) Irene smass2 spex25 S H 0.920 + 0.001  0.214 + 0.001  0.090 & 0.001  1.920  1.932 4 0.008 0.754  0.703 + 0.015  2.74  20.98 239
(17) Thetis smass2 spex96 S H 0.916 + 0.001  0.341 + 0.002  0.093 &+ 0.001  1.960  1.970 4 0.006  1.280  1.237 4+ 0.047  2.60  17.86 250
(17) Thetis smass2 sunshine S H 0.920 + 0.001  0.302 + 0.002  0.096 & 0.001  1.904  1.914 & 0.009  0.979  0.937 + 0.017  2.59  22.60 250
(17) Thetis vilas spex96 — H 0.914 + 0.001  0.336 + 0.001  0.097 &+ 0.001  1.960  1.970 4 0.006  1.273  1.230 + 0.050  2.60  17.86 250
(17) Thetis vilas sunshine — H 0.920 + 0.001  0.304 + 0.002  0.095 &+ 0.001  1.904  1.914 & 0.010  1.008  0.966 + 0.018  2.59  22.60 250
(20) Massalia sawyer spex96 — H 0.918 4+ 0.001  0.320 + 0.002  0.104 + 0.001  1.969  1.977 &£ 0.006 1.144 1.110 + 0.047  2.16  25.84 262
(20) Massalia sawyer spex96 — H 0.918 + 0.001  0.326 + 0.003  0.102 + 0.001  1.969  1.977 &£ 0.006 1.186 1.153 + 0.049  2.16  25.84 262
(20) Massalia sawyer spex96 — H 0.917 £ 0.001  0.322 &+ 0.003  0.103 £ 0.001  1.969  1.977 &£ 0.006  1.155 1.121 + 0.048  2.16  25.84 262
(23) Thalia s30s2 spex96 — H/L 00933 £ 0.002  0.321 £ 0.002  0.116 £ 0.001  1.938  1.941 &+ 0.020 0.699  0.682 £ 0.059  2.02  11.70 284
(23) Thalia smass2 spex96 S L 0.935 £ 0.002  0.260 + 0.002  0.135 £ 0.001  1.937  1.940 &£ 0.020  0.537  0.520 + 0.046  2.02  11.70 284
(25) Phocaca s30s2 spex94 — LL  0.961 £ 0.002  0.423 £ 0.002  0.128 £ 0.001  1.979  1.988 &+ 0.006 0.657 0.617 £ 0.030  2.30  14.31 254
(25) Phocaea smass1 spex94 LL  0.959 £ 0.001  0.405 £ 0.002  0.136 &£ 0.001  1.979  1.988 &+ 0.006 0.630  0.590 £ 0.029  2.30  14.31 254
(25) Phocaea smass2 spex94 Sw  LL/L  0.950 &£ 0.003  0.339 &+ 0.002  0.156 + 0.001  1.979  1.988 £ 0.006 0.514  0.474 + 0.024  2.30  14.31 254
(26) Proserpina smass2 spex92 S LL 0977 £ 0.022  0.212 £ 0.002  0.138 &£ 0.001  1.915  1.928 & 0.009  0.430  0.375 £ 0.056  2.69  21.50 233
(27) Euterpe s3082 spex31 — LL  0.975 + 0.003  0.331 £ 0.001  0.114 £ 0.001  1.957  1.968 & 0.003 0.620  0.575 & 0.005  2.46 7.60 246
(27) Euterpe sawyer spex3l — LL  0.957 + 0.002  0.328 + 0.001  0.115 + 0.001  1.957  1.968 & 0.003 0.612  0.567 + 0.005  2.46 7.69 246
(27) Euterpe sawyer spex31 — LL  0.956 + 0.001  0.331 &+ 0.001  0.115 & 0.001  1.957  1.968 & 0.003  0.617  0.572 & 0.005  2.46 7.69 246
(27) Euterpe sawyer spex3l — LL  0.955 4+ 0.001  0.310 &+ 0.002  0.122 £ 0.001  1.957  1.968 & 0.003  0.576  0.530 & 0.005  2.46 7.69 246
(30) Urania sawyer spex92 — LL  0.953 + 0.003  0.330 + 0.002  0.080 & 0.001  1.916  1.925 & 0.014  0.641  0.602 & 0.067  2.34 532 254
(30) Urania smass2 spex92 S LL  0.964 + 0.005  0.286 & 0.002  0.095 & 0.001  1.916  1.925 & 0.014  0.497  0.458 & 0.053  2.34 532 254
(32) Pomona smass1 spexT6 — 0.926 + 0.001  0.279 + 0.002  0.109 & 0.001  1.904  1.918 4+ 0.025 0.657  0.600 + 0.049  2.77  11.67 231
(32) Pomona smass2 spexT6 S L 0.921 + 0.001  0.218 + 0.002  0.131 4 0.001  1.904  1.918 4+ 0.026  0.504  0.447 + 0.038  2.77  11.67 231
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Table 3.11 — continued

Object Vis® NIR® tax®?  met® B;Cc? BrSecorr® BrDeorr? Brc? BrrCeorr? BAR BARcory" Rau®  «a®) T.F
(37) Fides s30s2 spex94 — L/H  0.929 £ 0.002  0.203 + 0.002  0.080 + 0.001 1.909 1.915 4+ 0.013  0.667  0.638 & 0.103 2.20 21.02 268
(37) Fides smass2 spex94 S L 0.931 + 0.002  0.178 + 0.002  0.092 =+ 0.001 1.910 1.916 + 0.014  0.562  0.533 & 0.086 2.20 21.02 268
(43) Ariadne s30s2 clark — LL 1.006 &+ 0.010  0.275 + 0.001  0.128 + 0.001 1.979 1.983 4+ 0.006  0.333  0.312 & 0.008 1.91 27.00 278
(43) Ariadne s30s2 spex48 — LL 1.017 4 0.001  0.290 + 0.001  0.124 + 0.001 1.943 1.955 + 0.005  0.500  0.449 4 0.007 2.57 21.22 240
(43) Ariadne smass1 clark — LL 0.975 + 0.008  0.222 & 0.001  0.147 + 0.001 1.979 1.983 + 0.006  0.281  0.260 % 0.007 1.91 27.00 278
(43) Ariadne smass1 spex48 — LL 1.024 4+ 0.001  0.270 + 0.001  0.130 % 0.001 1.943 1.955 + 0.005  0.455  0.405 % 0.006 2.57 21.22 240
(43) Ariadne smass2 clark Sq LL 0.983 + 0.008  0.236 & 0.001  0.142 + 0.001 1.979 1.983 + 0.006  0.290  0.269 % 0.007 1.91 27.00 278
(43) Ariadne smass2 spex48 Sq LL 1.008 4+ 0.005  0.247 + 0.001  0.138 + 0.001 1.943 1.955 & 0.005  0.430  0.379 + 0.006 2.57 21.22 240
(57) Mnemosyne s30s2 spex92 — H 0.926 + 0.003  0.246 & 0.004  0.100 + 0.001 1.924 1.940 £ 0.011  1.056  0.993 + 0.091 3.03 17.87 222
(57) Mnemosyne smass2 spex92 S H 0.929 + 0.002  0.236 & 0.004  0.102 + 0.001 1.924 1.940 £ 0.011  0.984  0.920 + 0.086 3.03 17.87 222
(61) Danae smass2 spex94 S L/H  0.921 + 0.003  0.185 4 0.003  0.118 + 0.002 1.878 1.894 + 0.027  0.698  0.635 + 0.099 3.18 17.31 222
(63) Ausonia sawyer spex25 — H 0.943 + 0.001  0.317 4 0.001  0.102 + 0.001 1.943 1.952 + 0.006  0.861  0.821 + 0.013 2.31 8.69 254
(63) Ausonia smass2 spex25 S L 0.942 + 0.002  0.259 4 0.001  0.123 + 0.001 1.943 1.952 + 0.006  0.657  0.618 + 0.010 2.31 8.69 254
(67) Asia smass2 spex111 Sq L 0.931 + 0.001  0.093 4+ 0.001  0.147 + 0.001 1.922 1.927 4 0.022  0.436  0.413 + 0.051 1.98 20.07 276
(67) Asia smass2 spex29 s H 0.915 + 0.001  0.205 4 0.003  0.148 + 0.001 1.909 1.917 4 0.009  0.836  0.799 + 0.042 2.27 22.57 258
(79) Eurynome smass2 spex75 S L 0.934 + 0.002  0.180 + 0.004  0.105 + 0.002 1.877 1.884 4+ 0.017  0.479  0.447 + 0.080 2.12 26.25 263
(80) Sappho smass2 EMMSpex S L 0.942 + 0.004  0.230 + 0.001  0.122 =+ 0.001 1.921 1.934 4+ 0.003  0.613  0.560 & 0.007 2.60 6.05 236
(82) Alkmene smass1 spex92 — H 0.921 + 0.001  0.252 + 0.004  0.123 =+ 0.001 1.888 1.906 £+ 0.012  1.222  1.151 + 0.105 3.33 15.64 212
(82) Alkmene smass2 spex92 S H 0.923 + 0.002  0.170 + 0.003  0.149 + 0.002 1.888 1.906 + 0.013  0.902  0.831 & 0.080 3.33 15.64 212
(101) Helena smass2 spex57 S L/H  0.919 £ 0.001  0.195 + 0.002  0.140 + 0.001 1.870 1.883 4+ 0.027  0.715  0.662 & 0.025 2.82 9.81 235
(103) Hera smass2 spex92 S L 0.934 + 0.003  0.207 + 0.003  0.144 & 0.002 1.933 1.943 + 0.016  0.554  0.513 & 0.066 2.48 20.59 251
(118) Peitho smass2 spex102 S H 0.910 + 0.001  0.249 =+ 0.003  0.140 + 0.001 1.967 1.977 4 0.024  0.911  0.870 & 0.051 2.21 13.21 252
(119) Althaea s30s2 spex92 — LL 0.994 + 0.033  0.463 + 0.003  0.100 £ 0.001 1.956 1.971 + 0.016  0.561  0.500 % 0.057 2.86 20.76 226
(119) Althaea smass2 spex92 Sw  L/LL  0.942 £ 0.015  0.348 + 0.002  0.137 = 0.001 1.956 1.971 + 0.016  0.404  0.343 + 0.043 2.86 20.76 226
(151) Abundantia smass2 spex47 Sw L 0.908 + 0.001  0.417 £ 0.001  0.111 =+ 0.001 1.962 1.974 + 0.015  0.350  0.301 + 0.014 2.56 22.03 240
(158) Koronis smass1 spex94 S L/H  0.937 + 0.003  0.317 & 0.003  0.101 + 0.001 1.878 1.895 £ 0.019  0.671  0.601 + 0.116 2.73 21.38 213
(158) Koronis smass2 spex94 Sq L 0.927 + 0.002  0.172 £ 0.003  0.159 + 0.001 1.878 1.895 & 0.019  0.399  0.329 + 0.072 2.73 21.38 213
(179) Klytaemnestra smass2 clark09 S H 0.915 + 0.001  0.223 4 0.002  0.130 + 0.001 1.889 1.906 + 0.016  1.081  1.012 + 0.025 3.28 11.30 215
(180) Garumna smass2 spex92 S H 0.921 + 0.001  0.148 4 0.002  0.168 + 0.001 1.865 1.880 & 0.020  0.793  0.733 + 0.042 3.18 7.83 226
(192) Nausikaa smass2 spex50 Sw LL 0.960 + 0.004  0.357 4 0.001  0.115 + 0.001 1.962 1.978 & 0.004  0.526  0.462 + 0.008 3.00 11.42 221
(198) Ampella smass2 feiberbeyer S H/L  0.907 + 0.001  0.357 4 0.003  0.119 + 0.001 1.826 1.839 4 0.011  0.771  0.716 + 0.043 3.02 19.53 234
(208) Lacrimosa smass2 spex101 Sq L 0.924 + 0.002  0.143 4 0.002  0.141 + 0.001 1.918 1.933 4+ 0.033  0.364  0.303 + 0.058 2.93 3.11 225
(264) Libussa smass2 spex4l S H 0.911 + 0.001  0.263 4 0.001  0.134 + 0.001 1.945 1.959 + 0.013  0.784  0.727 + 0.017 3.00 19.42 231
(270) Anahita s30s2 EMMSpex — L 0.933 + 0.003  0.357 4 0.001  0.104 + 0.001 1.905 1.915 4+ 0.018  0.687  0.643 + 0.009 2.52 6.87 248
(288) Glauke smass2 spex92 S L 0.921 + 0.002  0.086 4 0.002  0.132 + 0.001 1.964 1.974 4+ 0.006  0.654  0.610 + 0.045 2.60 0.85 248
(349) Dembowska smass1 EMMSpex — H 0.937 + 0.001  0.453 + 0.001  0.257 =+ 0.001 1.929 1.951 4+ 0.001  0.935  0.848 + 0.003 2.77 4.51 190
(349) Dembowska smass2 EMMSpex Srw H 0.937 + 0.001  0.455 + 0.001  0.256 & 0.001 1.929 1.951 4+ 0.001  0.937  0.850 & 0.003 2.77 4.51 190
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Table 3.11 — continued

Object Vis® NIR® tax®?  met® B;Cc? BrSecorr® BrDeorr? Brc? BrrCeorr? BAR BARcory" Rau®  «a®) T.F
(371) Bohemia smass1 spex92 S L/H  0.926 & 0.002  0.117 + 0.002  0.149 + 0.001 1.899 1.911 4+ 0.010  0.707  0.658 & 0.051 2.57 0.44 242
(371) Bohemia smass2 spex92 S H 0.925 + 0.001  0.149 + 0.002  0.134 =+ 0.001 1.899 1.911 + 0.010  0.811  0.763 & 0.058 2.57 0.44 242
(376) Geometria smass2 EMMSpex Sw H 0.937 + 0.001  0.350 + 0.002  0.122 =+ 0.001 1.883 1.896 4+ 0.001  0.755  0.703 & 0.012 2.68 13.28 237
(389) Industria smass2 spex94 S H 0.912 + 0.002  0.174 + 0.002  0.106 % 0.001 1.879 1.888 + 0.015  0.889  0.851 & 0.091 2.54 20.00 257
(391) Ingeborg s30s2 EMMSpex — H/L  0.919 £ 0.001  0.380 + 0.004  0.110 + 0.001 1.897 1.957 + 0.073  0.940  0.710 % 0.090 2.88 13.17 227
(391) Ingeborg smass2 EMMSpex Sw H/L  0.917 + 0.011  0.378 & 0.004  0.112 + 0.003 1.900 1.960 + 0.074  0.935  0.705 % 0.089 2.88 13.17 233
(416) Vaticana smass1 spex93 Sw L/H  0.941 + 0.006  0.452 & 0.031  0.079 =+ 0.005 1.911 1.927 + 0.033  0.725  0.658 % 0.170 3.40 16.73 218
(416) Vaticana smass2 spex93 Sw L 0.926 + 0.005  0.404 £ 0.003  0.101 + 0.001 1.912 1.928 & 0.034  0.536  0.469 + 0.085 3.40 16.73 218
(433) Eros smassneo spex101 Sw LL 0.990 + 0.005  0.348 & 0.001  0.152 + 0.001 1.996 1.993 £ 0.012  0.247  0.254 + 0.021 1.49 42.72 334
(433) Eros smassneo spex102 Sw LL 0.964 + 0.004  0.346 4 0.001  0.148 + 0.001 1.984 1.978 & 0.016  0.440  0.456 + 0.016 1.38 45.46 328
(433) Eros smassneo spex103 Sqw LL 0.980 + 0.007  0.380 + 0.002  0.153 + 0.001 1.988 1.980 + 0.022  0.356  0.380 + 0.037 1.29 47.17 348
(433) Eros smassneo spex105 Sqw LL 1.005 + 0.028  0.534 + 0.002  0.169 =+ 0.001 1.987 1.975 & 0.029  0.090  0.130 + 0.028 1.14 43.66 370
(433) Eros smassneo spex15 Sw  LL/L 0972 £ 0.028  0.351 + 0.001  0.148 =+ 0.001 1.969 1.971 4 0.003  0.386  0.373 + 0.008 1.77 34.89 289
(433) Eros smassneo spex16 Sw LL 0.955 + 0.001  0.269 4 0.001  0.156 + 0.001 1.963 1.964 + 0.006 0.384  0.376 + 0.006 1.69 21.84 296
(433) Eros smassneo spex17 Sw LL 0.950 + 0.001  0.254 4 0.001  0.159 + 0.001 1.966 1.966 & 0.007  0.379  0.376 + 0.005 1.62 12.62 302
(433) Eros smassneo spex201 Sw LL 0.976 + 0.019  0.333 4+ 0.005  0.157 + 0.003 1.922 1.924 4 0.033  0.543  0.530 + 0.057 1.78 32.14 288
(433) Eros smassneo spex223 Sw LL 0.952 + 0.002  0.312 + 0.001  0.146 + 0.001 1.973 1.972 4+ 0.008  0.399  0.398 + 0.011 1.60 36.75 304
(433) Eros vilas spex101 — LL 1.010 + 0.003  0.474 + 0.002  0.112 =+ 0.001 1.996 1.993 + 0.012  0.344  0.351 & 0.030 1.49 42.72 315
(433) Eros vilas spex102 — LL 0.974 + 0.005  0.443 + 0.002  0.115 =+ 0.001 1.984 1.978 4+ 0.017  0.573  0.589 + 0.022 1.38 45.46 328
(433) Eros vilas spex103 — LL 0.991 + 0.004  0.498 + 0.002  0.117 % 0.001 1.988 1.980 4+ 0.023  0.477  0.501 & 0.053 1.29 47.17 342
(433) Eros vilas spex105 — LL 1.029 4+ 0.004  0.671 + 0.003  0.132 % 0.001 1.986 1.974 + 0.030  0.122  0.162 & 0.040 1.14 43.66 362
(433) Eros vilas spex201 — LL 1.007 4 0.022  0.456 + 0.006  0.119 + 0.003 1.922 1.924 4+ 0.034  0.753  0.739 + 0.084 1.78 32.14 288
(433) Eros vilas spex223 — LL 0.970 + 0.003  0.417 + 0.002  0.109 £ 0.001 1.973 1.972 + 0.008  0.551  0.549 + 0.017 1.60 36.75 304
(512) Taurinensis smass1 spex32 — LL 0.974 + 0.003  0.376 & 0.001  0.142 + 0.001 2.002 2.005 £ 0.033  0.420  0.403 =+ 0.007 1.84 29.96 284
(512) Taurinensis smass2 spex32 — LL 0.970 + 0.004  0.271 £ 0.001  0.177 + 0.001 2.003 2.006 + 0.034  0.322  0.305 =+ 0.006 1.84 29.96 284
(532) Herculina sawyer spex76 — H/L  0.945 + 0.002  0.244 4 0.002  0.091 + 0.001 1.954 1.970 £ 0.034  0.762  0.696 + 0.037 2.99 7.56 218
(532) Herculina smass2 spex76 — L 0.931 + 0.002  0.182 + 0.001  0.115 + 0.001 1.954 1.970 £ 0.034  0.582  0.515 + 0.028 2.99 7.56 218
(584) Semiramis smass2 spex65 — LL 0.965 + 0.004  0.298 4 0.002  0.139 + 0.001 1.946 1.945 & 0.011  0.387  0.383 + 0.035 1.93 9.56 303
(600) Musa smass2 spex101 — L 0.919 + 0.001  0.204 4 0.002  0.160 + 0.001 1.895 1.909 + 0.027  0.668  0.611 + 0.041 2.69 15.30 231
(631) Philippina smass1 spex101 — 0.926 + 0.001  0.349 4 0.002  0.114 + 0.001 1.896 1.911 £ 0.021  0.566  0.503 + 0.059 3.02 9.44 223
(631) Philippina smass2 spex101 L 0.914 + 0.001  0.208 4 0.002  0.168 + 0.001 1.896 1.911 £ 0.021  0.361  0.298 + 0.039 3.02 9.44 223
(699) Hela s30s2 spex35 0.930 + 0.004  0.249 + 0.006  0.097 + 0.002 1.906 1.923 4 0.036  0.958  0.890 + 0.182 3.15 5.57 217
(699) Hela smass2 spex35 — L/H  0.912 4+ 0.003  0.167 + 0.005  0.137 4 0.001 1.906 1.923 4 0.037  0.712  0.644 + 0.137 3.15 5.57 217
(714) Ulula s30s2 feiberbeyer — H 0.924 + 0.001  0.389 4 0.005  0.078 + 0.001 1.884 1.893 4+ 0.002  1.387  1.347 + 0.036 2.58 17.40 254
(720) Bohlinia smass1 spex97 — L 0.922 + 0.002  0.132 4 0.002  0.116 + 0.001 1.839 1.855 4+ 0.004  0.624  0.559 + 0.063 2.86 15.68 221
(720) Bohlinia smass2 spex97 — L 0.918 + 0.002  0.112 #+ 0.002  0.123 =+ 0.001 1.838 1.855 4+ 0.004  0.545  0.481 + 0.055 2.86 15.68 221
(793) Arizona smass2 EMMSpex — H 0.921 + 0.001  0.276 + 0.003  0.169 % 0.001 1.950 1.961 + 0.007  1.076  1.028 + 0.039 2.50 10.79 243
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Object Vis® NIR® tax®?  met® B;Cc? BrSecorr® BrDeorr? Brc? BrrCeorr? BAR BARcory" Rau®  «a®) T.F
(793) Arizona smass2 spex92 — H 0.918 + 0.002  0.072 + 0.004  0.143 =+ 0.001 1.850 1.865 + 0.009  1.115  1.055 & 0.106 2.89 19.98 226
(808) Merxia s30s2 spex92 — H 0.918 + 0.002  0.101 #+ 0.002  0.196 + 0.001 1.846 1.861 4+ 0.006  0.795  0.735 & 0.045 2.89 18.45 227
(808) Merxia s30s2 sunshine04 — L 0.891 + 0.001  0.179 # 0.002  0.192 + 0.001 1.886 1.900 4+ 0.014  0.606  0.548 + 0.011 2.81 13.20 230
(808) Merxia smass1 spex92 — H 0.927 + 0.002  0.297 + 0.003  0.131 =+ 0.001 1.846 1.861 4+ 0.005  1.269  1.209 & 0.067 2.89 18.45 227
(808) Merxia smass1 sunshine04 — H 0.908 + 0.001  0.345 + 0.002  0.136 & 0.001 1.886 1.900 + 0.013  0.884  0.827 + 0.016 2.81 13.20 230
(847) Agnia s30s2 sunshine04 — L 0.922 + 0.001  0.304 & 0.002  0.156 + 0.001 1.904 1.917 + 0.008  0.515  0.461 & 0.013 2.82 4.30 235
(847) Agnia smass2 sunshine04 — L 0.914 + 0.001  0.251 + 0.001  0.179 =+ 0.001 1.904 1.917 4+ 0.008  0.432  0.378 % 0.011 2.82 4.30 235
(875) Nymphe — feiberbeyer — H/L  0.920 + 0.012  0.194 4 0.019  0.093 + 0.009 1.954 1.961 £ 0.028  0.832  0.802 + 0.378 2.20 23.80 267
(925) Alphonsina smass2 spex102 — H/L  0.920 + 0.002  0.222 4 0.003  0.116 + 0.002 1.918 1.930 £ 0.033  0.832  0.781 + 0.175 2.88 9.74 239
(1020) Arcadia smass2 sunshine04 — H/L  0.926 + 0.003  0.306 & 0.004  0.159 + 0.002 1.891 1.901 £ 0.041  0.728  0.685 + 0.052 2.74 12.20 250
(1036) Ganymed smassneo feiberbeyer — H 0.919 + 0.001  0.215 4 0.002  0.165 + 0.001 1.872 1.888 & 0.002  1.176  1.110 + 0.019 3.08 10.80 219
(1036) Ganymed smassneo spex05 — L 0.912 + 0.002  0.153 4 0.004  0.165 + 0.001 1.830 1.851 & 0.013  0.686  0.601 + 0.041 3.97 4.95 193
(1036) Ganymed smassneo spex103 H/L  0.924 + 0.002  0.124 4+ 0.003  0.167 + 0.002 1.935 1.929 + 0.027  0.732  0.749 + 0.095 1.37 7.40 329
(1036) Ganymed smassneo spex104 — H 0.927 + 0.001  0.140 4 0.001  0.170 + 0.001 1.934 1.929 + 0.006  0.914  0.928 + 0.027 1.40 2.35 325
(1036) Ganymed smassneo spex209 — L/H  0.926 + 0.002  0.346 + 0.009  0.184 & 0.002 1.904 1.913 4 0.014  0.701  0.661 + 0.079 2.29 20.41 254
(1036) Ganymed smassneo spex27 — H 0.909 + 0.001  0.271 4 0.002  0.174 + 0.001 1.859 1.877 + 0.010  0.936  0.864 + 0.023 3.34 10.46 211
(1036) Ganymed smassneo spex37 — H 0.914 + 0.001  0.151 4 0.002  0.168 + 0.001 1.859 1.881 + 0.013  1.187  1.100 + 0.054 4.09 5.96 190
(1036) Ganymed smassneo spex51 — H 0.914 + 0.001  0.272 + 0.002  0.172 % 0.001 1.876 1.892 + 0.008  1.008  0.944 + 0.022 3.01 15.18 222
(1036) Ganymed smassneo spex80 — L/H  0.921 £ 0.004  0.225 + 0.010  0.172 + 0.004 1.872 1.894 £ 0.007  0.747  0.660 + 0.211 4.07 13.12 191
(1036) Ganymed vilas feiberbeyer — H 0.922 + 0.001  0.234 + 0.002  0.160 =+ 0.001 1.872 1.888 4+ 0.002  1.248  1.183 & 0.022 3.08 10.80 219
(1036) Ganymed vilas spex05 — H/L  0.913 £ 0.001  0.199 + 0.005  0.149 + 0.001 1.830 1.851 4+ 0.015  0.797  0.712 & 0.052 3.97 4.95 193
(1036) Ganymed vilas spex103 — H 0.926 + 0.002  0.165 + 0.004  0.152 & 0.001 1.936 1.930 4+ 0.028  0.851  0.868 & 0.120 1.37 7.40 329
(1036) Ganymed vilas spex104 — H 0.930 + 0.001  0.180 + 0.003  0.155 & 0.001 1.934 1.929 4+ 0.007  1.063  1.077 + 0.035 1.40 2.35 325
(1036) Ganymed vilas spex209 — H/L  0.927 £ 0.001  0.395 + 0.011  0.172 + 0.002 1.904 1.913 + 0.015  0.765  0.725 + 0.095 2.29 20.41 254
(1036) Ganymed vilas spex27 — H 0.910 + 0.001  0.317 + 0.003  0.160 % 0.001 1.859 1.877 4 0.011  1.086  1.014 % 0.030 3.34 10.46 211
(1036) Ganymed vilas spex37 — H 0.915 + 0.001  0.206 & 0.004  0.149 + 0.001 1.859 1.881 + 0.014  1.462  1.375 + 0.074 4.09 5.96 190
(1036) Ganymed vilas spex51 — H 0.916 + 0.001  0.323 & 0.003  0.159 + 0.001 1.876 1.892 & 0.008  1.148  1.084 + 0.028 3.01 15.18 222
(1036) Ganymed vilas spex80 — H/L  0.919 + 0.003  0.272 4+ 0.012  0.159 + 0.003 1.872 1.894 + 0.007  0.846  0.759 + 0.260 4.07 13.12 191
(1077) Campanula s30s2 EMMSpex — H 0.923 + 0.001  0.301 + 0.002  0.099 + 0.001 1.915 1.922 4 0.010  1.142  1.111 + 0.051 2.12 4.90 264
(1139) Atami smass2 spex29 — L 0.937 + 0.005  0.257 4 0.004  0.179 + 0.002 1.951 1.962 + 0.032  0.623  0.578 + 0.061 2.43 20.80 247
(1140) Crimea smass2 EMMSpex LL 0.957 + 0.008  0.582 4 0.002  0.071 + 0.001 1.986 1.997 4 0.003  0.867  0.821 + 0.021 2.48 21.30 244
(1152) Pawona smass2 EMMSpex LL/L  0.948 + 0.002  0.549 4+ 0.002  0.119 + 0.001 1.890 1.900 + 0.003  0.535  0.492 + 0.011 2.38 1.94 249
(1443) Ruppina — EMMSpex — H/L  0.925 4+ 0.002  0.270 + 0.006  0.113 + 0.002 1.904 1.918 4 0.028  0.751  0.694 + 0.079 2.76 1.03 232
(1565) Lemaitre smass2 spex36 Sq L 0.910 + 0.006  0.166 4 0.027  0.204 + 0.005 1.801 1.815 + 0.060  0.511  0.454 + 0.929 2.79 11.69 230
(1577) Reiss smass1 EMMSpex — LL 1.023 £ 0.023  0.348 + 0.003  0.154 =+ 0.001 1.903 1.913 4+ 0.008  0.314  0.271 + 0.037 2.36 10.98 250
(1620) Geographos smassneo reddy Sq LL 0.986 + 0.006  0.064 + 0.002  0.155 & 0.001 1.941 1.930 + 0.031  0.377  0.415 + 0.017 1.16 12.00 357
(1620) Geographos smassneo spex03 S LL 1.012 4 0.018  0.192 £ 0.002  0.151 =+ 0.001 1.975 1.970 4+ 0.007  0.413  0.428 + 0.019 1.39 16.67 326

201



Table 3.11 — continued

Object Vis® NIR® tax®?  met® B;Cc? BrSecorr® BrDeorr? Brc? BrrCeorr? BAR BARcory" Rau®  «a®) T.F
(1620) Geographos smassneo spex105 Saq LL 1.004 + 0.025 0.231 £ 0.004 0.160 £ 0.002 1.994 1.994 4+ 0.018 0.288 0.284 £ 0.112 1.62 17.23 302
(1620) Geographos smassneo spex68 Sqw LL 1.000 + 0.005 0.269 £ 0.001 0.153 £ 0.001 2.019 2.005 £ 0.011 0.239 0.285 + 0.013 1.10 36.90 368
(1627) Ivar smassneo8 spex09 S LL/L 0.952 £ 0.008 0.216 £ 0.003 0.180 £ 0.001 1.961 1.974 £+ 0.024 0.784 0.731 £+ 0.244 2.60 3.91 237
(1627) Ivar smassneo8 spex118 Sqw LL 0.975 £ 0.016 0.366 £ 0.004 0.177 £ 0.001 1.950 1.949 + 0.019 0.367 0.367 £+ 0.116 1.55 38.96 307
(1627) Ivar smassneo8 spexT73 Sqw LL 0.960 £ 0.006 0.259 £ 0.002 0.149 £ 0.001 1.897 1.889 + 0.059 0.212 0.237 £+ 0.030 1.26 53.03 340
(1627) Ivar smassneo8 spex74 Sw LL 0.955 £ 0.004 0.279 £ 0.002 0.171 £ 0.001 1.968 1.967 £+ 0.011 0.229 0.228 + 0.036 1.57 31.30 305
(1627) Ivar smassneo8 spex76 S L/LL 0.945 £ 0.006 0.212 £ 0.002 0.172 £ 0.001 1.932 1.937 £+ 0.064 0.377 0.355 £+ 0.051 1.90 16.11 277
(1627) Ivar smassneo8 spex77 Sr LL 0.959 £ 0.010 0.337 £ 0.012 0.183 £ 0.002 1.954 1.962 4+ 0.041 0.792 0.758 £+ 0.281 2.14 26.92 261
(1627) Ivar smassneo8 spex88 Sw LL/L 0.950 £ 0.006 0.208 £ 0.002 0.182 £ 0.001 1.800 1.810 £+ 0.007 0.254 0.210 £ 0.055 2.37 2.19 248
(1644) Rafita — EMMSpex — L/H 0.923 £ 0.002 0.228 £ 0.019 0.159 £ 0.006 1.869 1.879 £ 0.057 0.716 0.672 £+ 0.416 2.41 6.66 248
(1644) Rafita — feiberbeyer — H 0.925 £ 0.003 0.474 £ 0.011 0.136 £ 0.003 1.886 1.899 + 0.004 1.442 1.390 + 0.127 2.63 20.02 237
(1660) Wood s30s2 spex37 — H 0.926 £ 0.002 0.325 £ 0.002 0.098 £ 0.001 1.971 1.975 £+ 0.009 0.911 0.891 £ 0.049 2.09 26.56 281
(1660) Wood smass2 spex37 S L 0.907 £ 0.001 0.256 £ 0.002 0.132 £ 0.001 1.971 1.975 £+ 0.009 0.660 0.641 £ 0.036 2.09 26.56 281
(1662) Hoffman smass2 sunshine04 Sr 0.912 £ 0.002 0.277 £ 0.003 0.182 £ 0.002 1.852 1.869 £ 0.029 0.809 0.741 £ 0.048 3.18 8.10 216
(1685) Toro s30s2 spex13 — LL 1.028 £ 0.036 0.116 £ 0.005 0.119 £ 0.003 2.004 2.011 £ 0.080 0.402 0.371 £+ 0.102 1.96 8.61 266
(1685) Toro s30s2 spex215 — LL 0.999 £ 0.004 0.132 £+ 0.001 0.103 £ 0.001 2.027 2.016 £ 0.014 0.531 0.567 £+ 0.016 1.11 53.65 354
(1685) Toro s30s2 spex217 — LL 1.008 £ 0.008 0.306 £ 0.011 0.136 £ 0.005 2.018 2.017 £ 0.120 0.460 0.459 + 0.127 1.50 39.77 305
(1685) Toro s30s2 spex37 — LL 1.003 £ 0.021 0.236 £ 0.003 0.127 £ 0.002 1.998 2.001 £ 0.013 0.398 0.384 £+ 0.072 1.69 22.09 287
(1802) Zhang Heng — EMMSpex — H 0.919 £ 0.002 0.330 £ 0.008 0.105 £ 0.002 1.926 1.940 £+ 0.016 1.015 0.957 £+ 0.193 2.91 6.67 230
(1858) Lobachevskij smass2 sunshine08 S H/L 0.919 £ 0.005 0.233 £ 0.008 0.062 £ 0.002 1.898 1.909 + 0.032 0.862 0.817 £+ 0.150 2.64 3.20 246
(1862) Apollo smassneo8 spex47.1 Q LL 0.992 £ 0.002 0.005 £ 0.002 0.224 £ 0.001 1.985 1.969 + 0.010 0.224 0.278 £+ 0.004 1.04 56.69 378
(1862) Apollo smassneo8 spex47.2 Q LL 0.988 £ 0.002 0.021 £ 0.002 0.221 £ 0.001 1.993 1.977 £+ 0.008 0.256 0.310 £+ 0.004 1.04 56.69 378
(1862) Apollo smassneo8 spex48 Q LL 0.959 £ 0.006 -0.004 £ 0.002 0.240 £ 0.001 2.018 2.006 £+ 0.013 0.170 0.211 £+ 0.016 1.13 23.3 362
(1864) Daedalus smassneo spex05 Q LL 0.961 £ 0.009 -0.006 £ 0.004 0.200 £ 0.003 1.932 1.939 £+ 0.073 0.317 0.284 + 0.043 1.89 3.53 263
(1865) Cerberus smassneo spex75 S L 0.934 £ 0.004 0.149 £ 0.004 0.151 £ 0.002 1.888 1.897 £+ 0.054 0.420 0.381 £+ 0.115 1.41 19.64 254
(1866) Sisyphus smassneo spex56 Sw 0.927 £ 0.001 0.245 £ 0.002 0.112 £ 0.001 1.954 1.934 4+ 0.010 0.197 0.266 £+ 0.026 0.98 66.06 399
(1866) Sisyphus vilas1 spex56 — 0.934 £ 0.001 0.362 £ 0.002 0.073 £ 0.001 1.953 1.933 4+ 0.009 0.281 0.350 £+ 0.039 0.98 66.06 399
(1866) Sisyphus vilas2 spex56 — 0.931 £ 0.001 0.327 £ 0.002 0.084 £ 0.001 1.954 1.934 £+ 0.010 0.252 0.321 £ 0.035 0.98 66.06 399
(1916) Boreas smassneo spex07 Sw LL 0.959 £ 0.002 0.403 £ 0.002 0.134 £ 0.001 1.975 1.967 £+ 0.004 0.415 0.441 £ 0.008 1.27 38.25 341
(1917) Cuyo smassneo spex72 Sr H 0.936 £ 0.014 0.180 £ 0.010 0.158 £ 0.005 1.849 1.843 £+ 0.017 1.045 1.062 + 0.193 1.37 47.45 329
(1943) Anteros s30s2 spex09 LL/L 0.950 £ 0.022 0.379 £ 0.004 0.086 £ 0.002 1.974 1.970 £+ 0.031 0.563 0.572 £ 0.097 1.46 14.36 319
(1943) Anteros s30s2 spex103 LL 1.025 £ 0.020 0.292 £ 0.003 0.086 £ 0.001 1.985 1.988 + 0.012 0.306 0.291 + 0.163 1.80 16.54 287
(1943) Anteros smassneo spex09 — LL/L 0.976 £ 0.032 0.374 £ 0.005 0.087 £ 0.002 1.974 1.970 £+ 0.032 0.536 0.545 £ 0.094 1.46 14.36 319
(1943) Anteros smassneo spex103 — LL 1.022 £ 0.010 0.288 £ 0.003 0.088 + 0.001 1.985 1.988 + 0.014 0.294 0.279 + 0.166 1.80 16.54 287
(1980) Tezcatlipoca s30s2 reddy — LL 0.956 £ 0.004 0.502 £ 0.004 0.141 £ 0.002 1.933 1.930 £+ 0.007 0.810 0.818 £ 0.023 1.48 27.00 316
(1980) Tezcatlipoca s30s2 spex55 — LL 0.956 £ 0.002 0.476 £ 0.002 0.119 £ 0.001 1.987 1.976 £+ 0.009 0.283 0.320 £ 0.031 1.17 54.62 356
(2042) Sitarski smass2 sunshine04 — H 0.919 £ 0.009 0.117 £ 0.005 0.184 £ 0.003 1.935 1.948 + 0.049 0.891 0.837 £ 0.060 2.68 8.60 235
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(2062) Aten smassneo spex115 — LL 0.962 £ 0.014 0.217 £ 0.006 0.214 £ 0.004 2.086 2.074 £ 0.048 0.414 0.454 £+ 0.164 1.14 51.37 360
(2062) Aten smassneo spex206 — LL/L 0.948 £+ 0.003 -0.016 £ 0.004 0.177 £ 0.002 1.965 1.948 + 0.052 0.309 0.366 + 0.038 1.01 78.27 383
(2074) Shoemaker s30s2 spex25 — LL 0.959 £ 0.002 0.332 £ 0.001 0.227 £ 0.001 1.967 1.968 + 0.004 0.352 0.345 £+ 0.009 1.68 15.43 297
(2074) Shoemaker smassl spex25 — LL 0.961 £ 0.001 0.478 £ 0.001 0.183 £ 0.001 1.967 1.968 4+ 0.004 0.458 0.450 £+ 0.012 1.68 15.43 297
(2078) Nanking smassl spex92 — L/H 0.925 + 0.001 0.144 + 0.004 0.149 + 0.001 1.910 1.918 £+ 0.059 0.653 0.617 £+ 0.299 2.23 4.73 258
(2078) Nanking smassneo8 spex92 — L/H 0.916 + 0.004 0.125 + 0.004 0.154 + 0.001 1.910 1.918 £+ 0.059 0.609 0.572 £ 0.283 2.23 4.73 258
(2089) Cetacea smass2 feiberbeyer — L/H 0.918 + 0.006 0.143 + 0.004 0.150 £+ 0.004 1.866 1.881 £ 0.035 0.675 0.615 £ 0.156 2.89 7.75 226
(2107) Ilmari smassl spex49 — LL 0.967 £ 0.003 0.198 £ 0.003 0.120 £ 0.002 1.993 2.004 £+ 0.177 0.371 0.325 £+ 0.083 2.46 22.36 245
(2144) Marietta — EMMSpex — 0.926 £ 0.002 0.227 £ 0.008 0.104 £ 0.003 1.869 1.884 4+ 0.008 0.974 0.914 £+ 0.150 2.90 2.72 226
(2335) James smass2 spex45 — L 0.920 £ 0.038 0.165 £ 0.005 0.164 £ 0.015 1.971 1.971 4+ 0.017 0.522 0.519 £ 0.030 1.62 23.88 302
(2335) James smass2 spex46 — L 0.909 £ 0.039 0.164 £ 0.006 0.158 £ 0.017 1.941 1.939 + 0.024 0.336 0.339 £ 0.056 1.53 23.81 311
(2340) Hathor smassneo spex203 — LL 0.999 £ 0.026 0.021 £ 0.009 0.153 £ 0.004 1.991 1.975 4+ 0.147 0.451 0.506 4+ 0.704 1.02 56.42 381
(2504) Gaviola smass2 sunshine04 0.924 £ 0.002 0.225 £ 0.005 0.158 £ 0.002 1.920 1.932 £+ 0.020 1.072 1.023 £+ 0.158 2.53 20.70 242
(2956) Yeomans smass2 spex65 — L 0.912 + 0.001 0.129 £ 0.003 0.234 £ 0.001 1.955 1.971 £+ 0.011 0.418 0.353 £+ 0.116 3.01 4.80 220
(3066) McFadden s30s2 feiberbeyer — 0.927 + 0.001 0.302 £ 0.002 0.088 £ 0.001 1.910 1.918 £ 0.008 0.993 0.957 £+ 0.083 2.26 11.40 259
(3102) Krok smassneo8 spex02 — LL 1.002 £ 0.006 0.216 £ 0.003 0.188 £ 0.002 2.033 2.028 £ 0.023 0.494 0.510 £+ 0.032 1.38 20.09 327
(3288) Seleucus smassneo spex67 — LL 1.016 £ 0.010 0.489 £ 0.011 0.111 £ 0.004 1.981 1.980 + 0.013 0.345 0.342 £ 0.097 1.61 10.02 303
(3288) Seleucus smassneo spexT71 — LL 1.022 £+ 0.005 0.425 £ 0.006 0.084 £ 0.002 1.980 1.968 + 0.023 0.364 0.403 £+ 0.089 1.15 60.93 358
(3288) Seleucus smassneo spex99 — LL 1.015 + 0.005 0.423 £ 0.004 0.098 £ 0.002 2.025 2.013 £ 0.010 0.637 0.677 £+ 0.046 1.14 57.03 361
(3352) McAuliffe s30s2 spex103 — H/L 0.945 £ 0.008 0.342 £ 0.006 0.149 £ 0.003 1.908 1.902 £+ 0.019 0.667 0.685 + 0.261 1.35 47.04 331
(3628) Boznemcova smasneo spex50 — LL 1.003 + 0.022 0.071 £ 0.012 0.392 £ 0.006 2.025 2.041 £ 0.021 0.717 0.653 £+ 0.109 3.01 8.25 222
(3635) Kreutz s30s2 spex47 — H 0.928 £ 0.002 0.500 £ 0.005 0.144 £ 0.002 1.959 1.958 + 0.033 1.221 1.220 £+ 0.075 1.72 14.02 306
(3635) Kreutz smass2 spex47 — H 0.920 £ 0.002 0.347 + 0.003 0.189 + 0.001 1.956 1.955 £+ 0.037 0.804 0.803 £ 0.052 1.72 14.02 306
(3637) O’Meara — feiberbeyer — H 0.926 + 0.007 0.164 + 0.050 0.132 £+ 0.018 1.885 1.894 £+ 0.010 0.972 0.932 £+ 0.291 2.36 13.70 254
(3674) Erbisbuhl smassl spex92 — L/H 0.927 + 0.002 0.128 + 0.003 0.143 £ 0.001 1.879 1.884 £ 0.041 0.681 0.658 £ 0.065 1.95 20.71 276
(3674) Erbisbuhl smassneo8 spex92 — L/H 0.927 £ 0.002 0.128 £ 0.003 0.143 £ 0.001 1.879 1.884 4+ 0.041 0.681 0.658 £+ 0.065 1.95 20.71 276
(3753) Cruithne s30s2 spex17 — L/LL 0.946 £ 0.006 0.257 £ 0.006 0.167 £ 0.003 1.882 1.876 4+ 0.026 0.469 0.489 4+ 0.057 1.34 47.21 332
(3753) Cruithne s30s2 spex45 — LL/L 0.950 £ 0.006 0.217 £ 0.004 0.161 £ 0.002 1.964 1.953 £+ 0.019 0.463 0.498 + 0.054 1.18 56.92 354
(3753) Cruithne smassneo8 spex17 — L 0.932 £ 0.004 0.146 £ 0.006 0.206 £ 0.002 1.881 1.875 £+ 0.028 0.382 0.402 £ 0.049 1.34 47.21 332
(3753) Cruithne smassneo8 spex45 — L 0.938 £ 0.003 0.114 £ 0.003 0.200 £ 0.002 1.963 1.952 £+ 0.020 0.370 0.405 £ 0.045 1.18 56.92 354
(3873) Roddy s30s2 spex32 H 0.943 £ 0.005 0.193 £ 0.012 0.122 £ 0.006 1.999 2.006 £ 0.160 1.312 1.280 + 0.405 2.13 27.82 264
(3873) Roddy smass2 spex32 LL/L 0.961 £ 0.016 0.128 £ 0.011 0.128 £ 0.007 2.001 2.008 £ 0.162 1.029 0.997 + 0.338 2.13 27.82 264
(4034) Vishnu smassneo spex119 — LL/L 0.950 £ 0.012 -0.032 £ 0.009 0.214 £ 0.006 2.002 1.986 + 0.091 0.257 0.312 £ 0.227 1.03 7717 380
(4179) Toutatis smassl spex03 — L 0.940 + 0.001 0.169 £ 0.001 0.140 £ 0.001 1.974 1.970 4+ 0.007 0.612 0.620 £ 0.016 1.46 2.11 318
(4179) Toutatis smassl spex115 — LL 0.950 £+ 0.001 0.328 £ 0.001 0.132 £ 0.001 1.985 1.969 £+ 0.008 0.738 0.794 £+ 0.022 1.02 47.14 382
(4179) Toutatis smassl spex116 — LL/L 0.948 £ 0.002 0.215 £ 0.002 0.147 £ 0.001 2.011 2.000 £ 0.010 0.496 0.532 £ 0.045 1.18 8.94 355
(4179) Toutatis smassl spex30 — LL 0.951 £ 0.001 0.248 £ 0.001 0.141 £ 0.001 1.987 1.973 £+ 0.004 0.724 0.770 £+ 0.006 1.09 26.74 369
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(4179) Toutatis smassl spexT73 — LL/L 0.950 £ 0.004 0.190 £ 0.002 0.152 £ 0.001 1.922 1.920 £+ 0.018 0.283 0.285 £+ 0.057 1.55 4.05 309
(4179) Toutatis smassl spexT4 — LL 0.955 £ 0.005 0.075 £ 0.002 0.096 £ 0.001 1.977 1.962 £+ 0.013 0.589 0.640 £+ 0.045 1.06 67.67 374
(4179) Toutatis smassneo reddy — L 0.944 £ 0.003 0.365 £ 0.003 0.157 £ 0.001 1.957 1.953 £+ 0.050 0.012 0.022 £+ 0.104 1.45 6.10 320
(4179) Toutatis smassneo spex03 — L/H 0.941 + 0.002 0.195 £ 0.001 0.129 + 0.001 1.974 1.970 £+ 0.007 0.664 0.673 £ 0.018 1.46 2.11 318
(4179) Toutatis smassneo spex116 — LL 0.955 £ 0.002 0.235 £ 0.002 0.140 £ 0.001 2.011 2.000 £ 0.010 0.523 0.559 + 0.048 1.18 8.94 355
(4179) Toutatis smassneo spex30 — LL 0.953 £ 0.001 0.238 £ 0.001 0.144 £ 0.001 1.987 1.973 £+ 0.004 0.704 0.750 £+ 0.006 1.09 26.74 369
(4179) Toutatis smassneo spexT73 — LL 0.958 £ 0.003 0.223 £ 0.002 0.144 £ 0.002 1.922 1.920 £+ 0.018 0.305 0.307 £+ 0.063 1.55 4.05 309
(4179) Toutatis smassneo spex74 — LL 0.964 £+ 0.003 0.100 £ 0.002 0.089 £ 0.001 1.977 1.962 4+ 0.013 0.629 0.679 4+ 0.047 1.06 67.67 374
(4197) Toutatis smassneo spex115 — LL 0.952 £ 0.002 0.350 £ 0.001 0.124 £ 0.001 1.985 1.969 4+ 0.008 0.775 0.831 + 0.024 1.02 47.14 382
(4197) Toutatis smassneo spex25 — H 0.927 £ 0.002 0.108 £ 0.001 0.107 £ 0.001 1.962 1.953 £+ 0.011 1.007 1.037 4+ 0.030 1.24 42.27 346
(4341) Poseidon smassneo spex223 — L/LL 0.946 £ 0.019 0.452 £ 0.028 0.263 £ 0.011 1.883 1.877 £+ 0.012 0.467 0.485 £ 0.303 1.35 42.41 331
(4954) Eric s30s2 reddy — H 0.935 £ 0.001 0.144 £ 0.001 0.114 £ 0.001 1.963 1.950 £+ 0.002 0.945 0.990 £ 0.003 1.10 62.00 367
(4954) Eric s30s2 spex61 H 0.922 £ 0.001 0.434 £ 0.003 0.112 £ 0.001 1.948 1.948 + 0.021 1.060 1.053 £+ 0.198 1.67 28.34 298
(4954) Eric s30s2 spex64 — H 0.923 £ 0.002 0.484 £ 0.004 0.111 £ 0.001 1.936 1.927 £+ 0.016 1.326 1.355 + 0.064 1.24 29.73 345
(4954) Eric smassneo8 reddy — H 0.935 + 0.001 0.145 + 0.001 0.113 £ 0.001 1.963 1.950 £+ 0.002 0.949 0.994 + 0.003 1.10 62.00 367
(4954) Eric smassneo8 spex61 — L/H 0.918 £ 0.002 0.309 £ 0.002 0.153 £ 0.002 1.948 1.948 + 0.022 0.653 0.646 £+ 0.124 1.67 28.34 298
(4954) Eric smassneo8 spex64 — H 0.919 £ 0.001 0.355 £ 0.002 0.151 £ 0.001 1.936 1.927 £+ 0.016 0.858 0.887 £ 0.040 1.24 29.73 345
(5143) Heracles smassl spex55 — LL 1.019 £ 0.012 0.098 £ 0.003 0.193 £ 0.002 1.964 1.965 4+ 0.027 0.262 0.254 £+ 0.043 1.71 16.52 296
(5143) Heracles smassneo spex55 — LL 1.006 + 0.013 0.028 £ 0.003 0.221 £ 0.002 1.963 1.964 £+ 0.030 0.219 0.211 £ 0.039 1.71 16.52 296
(5159) Burbine smass2 spex201 — L 0.935 £ 0.004 0.191 £ 0.005 0.148 £ 0.002 1.878 1.888 + 0.072 0.364 0.322 £+ 0.141 2.65 10.61 250
(5379) Abehiroshi smass2 spex51 — L 0.865 £ 0.119 0.200 £ 0.049 0.274 £ 0.028 1.961 1.946 + 0.011 0.275 0.325 £+ 0.049 1.27 8.62 374
(5392) Parker smass2 spex95 — H/L 0.929 £ 0.007 0.347 £ 0.007 0.141 £ 0.002 1.929 1.938 £+ 0.008 0.863 0.826 + 0.158 2.23 13.48 257
(5587) 1990 SB smassneo spex224 — H/L 0.927 £ 0.002 0.130 £ 0.016 0.188 £ 0.003 1.955 1.963 4+ 0.017 0.828 0.792 £+ 0.221 2.41 17.15 258
(5626) 1991 FE smassneo spex84 — H/L 0.925 £ 0.004 0.198 £ 0.005 0.117 £ 0.003 2.001 1.995 £+ 0.090 0.885 0.902 £+ 0.450 1.36 46.01 330
(5641) McCleese smass2 spex42 — L 0.898 £ 0.020 0.398 £ 0.012 0.178 £ 0.020 1.943 1.943 £+ 0.019 0.241 0.237 £+ 0.034 1.63 30.98 301
(5817) Robertfrazer smass2 spex31 — H 0.915 £ 0.001 0.195 £ 0.001 0.169 £ 0.001 1.960 1.962 4+ 0.003 0.755 0.743 £+ 0.009 1.75 19.85 291
(5836) 1993 MF smassneo8 spex108 — L/H 0.915 £ 0.004 0.069 £ 0.004 0.164 £ 0.003 1.926 1.930 4+ 0.050 0.574 0.556 + 0.262 1.86 3.61 282
(5836) 1993 MF smassneo8 spex221 — H 0.900 £ 0.002 0.304 £ 0.005 0.122 £ 0.002 1.882 1.871 £ 0.048 0.852 0.887 £ 0.060 1.19 58.00 353
(5840) Raybrown smass2 sunshine08 — LL/L 0.987 £ 0.135 0.050 £ 0.024 0.065 £ 0.076 2.007 2.015 £ 0.014 0.804 0.769 £+ 0.169 2.51 2.50 260
(6455) 1992 HE smassneo spex107 — LL 0.982 £ 0.011 0.271 £ 0.006 0.235 £ 0.003 1.940 1.945 £+ 0.028 0.352 0.330 + 0.074 1.57 22.98 277
(6455) 1992 HE smassneo spex19 L/LL 0.944 £ 0.005 0.411 £ 0.006 0.231 £ 0.002 1.956 1.951 £ 0.008 0.399 0.411 £ 0.016 1.16 13.53 323
(6585) O’Keefe smass2 spex55 L/H 0.919 £ 0.003 0.170 £ 0.003 0.142 £ 0.002 1.911 1.909 + 0.028 0.652 0.654 + 0.081 1.54 25.95 310
(7088) 1992 AA — reddymec — LL 0.988 £ 0.005 0.205 £ 0.002 0.194 + 0.001 1.959 1.951 £+ 0.005 0.367 0.391 £ 0.009 1.29 18.60 339
(7336) 1989 RSy smasneo spex93 — LL 1.016 £ 0.008 -0.010 £ 0.003 0.234 £ 0.003 2.008 1.998 + 0.015 0.292 0.325 £ 0.054 1.21 12.30 350
(7341) 1991 VK smassl spex103 — LL 0.995 £ 0.005 0.211 £ 0.003 0.178 £ 0.001 1.982 1.975 £+ 0.022 0.305 0.326 £ 0.082 1.32 24.66 334
(7341) 1991 VK smassl spex11 — LL 0.998 £ 0.013 0.149 £ 0.009 0.166 £ 0.004 2.048 2.038 £ 0.066 0.572 0.606 + 0.105 1.20 34.52 352
(7341) 1991 VK smassl spex223 — LL 0.977 £ 0.004 0.212 £ 0.004 0.175 £ 0.002 2.069 2.062 £ 0.079 0.432 0.455 £+ 0.055 1.31 27.04 336
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(7341) 1991 VK smassneo spex103 — LL 0.987 + 0.008  0.121 + 0.002  0.210 % 0.002 1.982 1.975 4+ 0.025  0.243  0.264 + 0.071 1.32 24.66 334
(7341) 1991 VK smassneo spex11 — LL 0.983 + 0.022  0.049 + 0.008  0.202 + 0.006 2.047 2.037 £ 0.072  0.445  0.478 =+ 0.090 1.20 34.52 352
(7341) 1991 VK smassneo spex223 — LL 0.969 + 0.006  0.119 + 0.004  0.209 % 0.002 2.063 2.056 + 0.084  0.345  0.367 =+ 0.048 1.31 27.04 336
(7358) 1995 YA3 smassneo spex100 — L 0.934 + 0.009  0.041 + 0.004  0.136 & 0.003 1.944 1.947 + 0.026  0.337  0.320 & 0.096 1.84 1.09 284
(7482) 1994 PC, s30s2 spex72 — LL 1.011 4 0.009  0.277 £ 0.005  0.161 % 0.003 1.916 1.914 £ 0.118  0.141  0.145 + 0.412 1.52 20.00 312
(7482) 1994 PC, smassneo spex72 — LL 1.007 + 0.008  0.185 & 0.004  0.193 + 0.003 1.915 1.913 + 0.120  0.107  0.111 % 0.330 1.52 20.00 312
(7822) 1991 CS smassneo spex216 — H 0.918 + 0.002  0.409 + 0.003  0.146 % 0.001 1.896 1.896 + 0.014  0.915  0.908 % 0.036 1.18 39.01 298
(8567) 1996 HW reddy spex104 — LL 1.004 4+ 0.009  0.351 + 0.004  0.129 + 0.002 1.980 1.974 £+ 0.031  0.327  0.345 + 0.151 1.36 39.93 330
(8567) 1996 HW reddy spex44 — LL 1.006 4+ 0.011  0.240 + 0.004  0.119 + 0.002 2.007 1.997 £ 0.014  0.390  0.425 + 0.035 1.19 55.87 352
(8567) 1996 HW; reddy spex48 — LL 1.012 4+ 0.017  0.324 + 0.007  0.121 + 0.004 2.059 2.049 + 0.062  0.278  0.310 + 0.126 1.21 53.15 349
(8567) 1996 HW; reddy spex73 — LL 1.010 4+ 0.015  0.169 + 0.004  0.125 + 0.002 1.936 1.926 & 0.039  0.315  0.347 + 0.067 1.22 31.45 349
(8567) 1996 HW; reddy spex74 — LL 1.025 + 0.005  0.189 + 0.003  0.118 =+ 0.001 2.005 1.993 4 0.011  0.261  0.301 + 0.029 1.15 23.99 360
(9400) 1994 TW; smassneo spex106 L 0.925 + 0.006  -0.066 + 0.011  0.223 + 0.004 1.913 1.922 + 0.253  0.093  0.054 + 0.412 2.27 2.02 255
(9400) 1994 TW; smassneo spex215 — L 0.918 + 0.001  0.103 4 0.002  0.201 + 0.001 1.984 1.981 + 0.016  0.629  0.634 + 0.036 1.51 33.51 313
(10537) 1991 RY1¢ moskovitz moskovitz08 — LL/L  0.949 + 0.002  0.400 + 0.008  0.379 + 0.002 1.883 1.899 + 0.008  1.093  1.030 + 0.033 3.04 13.79 222
(10537) 1991 RY1¢ moskovitz moskovitz08 — LL 0.960 + 0.003  0.315 4 0.008  0.389 + 0.002 1.883 1.899 + 0.008  1.026  0.962 + 0.032 3.04 13.79 222
(11398) 1998 YP1; smassneo8 reddy — H 0.931 + 0.001  0.189 + 0.003  0.167 =+ 0.001 1.963 1.949 £ 0.004  1.265  1.311 + 0.020 1.21 19.00 369
(11398) 1998 YP1q smassneo8 spex68 — H 0.926 + 0.001  0.244 + 0.002  0.158 =+ 0.001 1.950 1.935 + 0.009  0.706  0.758 + 0.022 1.16 32.20 376
(11405) 1999 CV3 smassneo8 reddy — LL/L  0.951 4+ 0.007  0.131 + 0.003  0.175 + 0.002 1.979 1.975 £ 0.012  0.529  0.540 + 0.012 1.44 14.00 321
(15745) 1991 PMj5 smassneo spex82 — H/L  0.941 £ 0.014  0.225 + 0.008  0.084 + 0.003 1.979 1.972 + 0.140  0.892  0.913 + 1.619 1.32 27.10 335
(16834) 1997 WUgs smassneo spex77 — LL 1.007 + 0.024  0.067 & 0.009  0.097 =+ 0.005 1.878 1.872 + 0.114  1.545  1.564 + 0.304 1.35 27.53 331
(16834) 1997 WUgs smassneo spex84 — LL/L  0.954 4+ 0.008  0.291 + 0.004  0.125 + 0.003 1.929 1.931 + 0.074  0.396  0.385 & 0.123 1.75 22.71 291
(16960) 1998 QSs2 smassneo spex73 — L 0.937 + 0.003  -0.054 & 0.004  0.160 % 0.003 1.855 1.862 4+ 0.022  0.488  0.458 + 0.192 2.07 28.59 267
(16960) 1998 QSs2 smassneo spex74 — H 0.925 + 0.001  -0.002 & 0.003  0.157 % 0.001 1.950 1.943 + 0.036  0.796  0.817 + 0.043 1.32 39.30 335
(18736) 1998 NU smassneo spex03 — H/L  0.935 4 0.002  0.388 + 0.013  0.135 + 0.004 1.987 1.977 + 0.057  0.656  0.688 + 0.044 1.21 49.44 349
(19356) 1997 GHz smassneo spex03 — LL/L  0.950 £ 0.003  0.096 & 0.002  0.170 + 0.001 1.990 1.977 £ 0.003  0.562  0.605 + 0.018 1.12 35.11 364
(23183) 2000 OY3; — reddymc — LL 1.027 4+ 0.014  0.159 + 0.026  0.223 + 0.010 2.112 2.104 + 0.099  0.438  0.464 + 0.094 1.27 33.60 341
(24475) 2000 VN smassneo spex05 — LL 0.950 + 0.002  0.356 & 0.004  0.117 + 0.002 1.905 1.903 £ 0.071  0.751  0.753 + 0.052 1.54 24.12 310
(24475) 2000 VN smassneo spex105 — LL 0.955 + 0.002  0.335 & 0.003  0.136 + 0.001 1.990 1.988 + 0.007  0.770  0.772 + 0.078 1.54 24.12 310
(25143) Ttokawa sf36 binzel01 — LL 0.998 + 0.005  0.208 + 0.002  0.155 + 0.001 1.981 1.965 & 0.006  0.322  0.379 + 0.007 1.01 66.65 382
(32906) 1994 RH smassneo spex105 H 0.935 + 0.002  0.250 + 0.007  0.126 + 0.003 1.940 1.934 4 0.017 0.874  0.893 + 0.131 1.35 34.20 331
(137032) 1998 UO; reddy spex223 LL 0.961 + 0.002  -0.081 + 0.006  0.177 + 0.003 1.942 1.929 + 0.012  0.489  0.531 + 0.043 1.13 61.60 363
(137032) 1998 UO; reddy spex31 — LL 0.956 + 0.005  -0.003 + 0.007  0.187 + 0.003 1.997 1.983 4 0.011  0.388  0.435 + 0.022 1.08 63.30 370
(137032) 1998 UO; reddy spex32 — LL 0.956 + 0.002  -0.055 + 0.006  0.204 + 0.003 2.129 2,124 + 0.058  0.235  0.249 =+ 0.037 1.40 24.10 325
(137032) 1998 UO; reddy spex74 — LL 0.974 + 0.006  -0.024 & 0.006  0.191 =+ 0.003 2.007 1.992 + 0.020  0.278  0.327 + 0.027 1.07 52.00 373
(137062) 1998 WM smassneo8 spex19 Sr L/H  0.919 £ 0.003  0.380 + 0.008  0.224 + 0.003 1.984 1.983 4+ 0.008  0.657  0.654 + 0.082 1.60 18.10 304
(137126) 1999 CFq smassneo spex124 Sq L/H  0.918 £ 0.002  0.023 + 0.003  0.186 + 0.001 1.956 1.945 + 0.063  0.578  0.615 & 0.129 1.17 27.20 356
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Table 3.11 — continued

Object Vis® NIR® tax®?  met® B;Cc? BrSecorr® BrDeorr? Brc? BrrCeorr? BAR BARcory" Rau®  «a®) T.F
(137799) 1999 YB smassneo spex103 S LL 0.982 + 0.022  0.138 + 0.006  0.197 & 0.004 1.910 1.905 4+ 0.046  0.362  0.375 & 0.193 1.42 2.60 323
(138254) 2000 FDg1 smassneo8 spex102 — H 0.928 + 0.001  0.148 + 0.003  0.184 =+ 0.001 1.954 1.968 + 0.018  1.191  1.132 & 0.063 2.85 16.00 228
(138258) 2000 GDoy smassneo8 spex11 — LL 1.012 + 0.007  0.073 4+ 0.006  0.177 + 0.003 1.965 1.950 + 0.036  0.501  0.551 & 0.071 1.06 25.00 374
(138524) 2000 OJg smassneo8 dmo03 — H/L  0.925 4 0.004  0.119 + 0.004  0.168 + 0.003 1.914 1.899 4+ 0.038  0.636  0.687 & 0.176 1.06 26.85 374
(143678) 2003 SAgay4 — reddy — LL 0.977 £ 0.011  0.223 + 0.006  0.144 + 0.003 2.005 1.992 4+ 0.010  0.406  0.449 + 0.014 1.11 56.00 365
(143678) 2003 SAga4 — reddymc — LL 0.978 £ 0.007  0.263 + 0.005  0.191 % 0.002 1.969 1.968 4+ 0.030  0.440  0.437 + 0.033 1.61 15.00 303
(159402) 1999 AP1q reddy spex84 — LL 0.972 £ 0.017  0.361 + 0.003  0.091 % 0.002 1.955 1.944 4+ 0.031  0.259  0.297 + 0.079 1.16 19.35 357
(162142) 1998 VR smassneo8 spex223 Sq H 0.934 + 0.011  0.118 & 0.021  0.143 + 0.007 2.030 2.018 + 0.190  0.874  0.913 + 0.170 1.15 27.78 358
(162781) 2000 XL4y smassneo8 spex03 — LL 1.004 4+ 0.019  0.294 + 0.008  0.154 + 0.004 2.128 2.120 + 0.034  0.783  0.809 + 0.095 1.28 22.70 341
(163000) 2001 SWig9  spex212(vis) spex73 — LL/L  0.948 + 0.025  0.293 4+ 0.004  0.153 + 0.003 1.940 1.930 £ 0.071  0.368  0.401 + 0.340 1.20 12.70 351
(164400) 2001 SWigg reddy spex73 — LL 0.980 + 0.008  0.151 & 0.004  0.195 + 0.002 1.941 1.931 £ 0.033  0.325  0.358 + 0.087 1.20 27.05 351
(200840) 2001 XNosy4 smassneo8 spex12 — L 0.947 + 0.003  0.129 4 0.004  0.119 + 0.002 1.979 1.963 & 0.008  0.558  0.612 + 0.040 1.04 61.46 378
(216258) 2006 WH reddy LL 0.954 + 0.003  -0.004 + 0.015  0.206 + 0.006 1.987 1.970 & 0.015  0.460  0.517 + 0.076 1.01 60.00 383

Notes. *Visible or near-infrared spectrum source.
YBus-DeMeo taxonomic classification.

“Meteorite analog (H/L/LL), based on B;C and BARcorr.
9Band center wavelengths, given in pm.

¢Band slope, given in /,Lm'l and corrected for phase angle.
fBand depth, given in % and corrected for temperature.
9Br1C, corrected for temperature.

"BAR corrected for temperature.

*Heliocentric distance of observation in AU.

JSolar phase angle of observation in degrees.

FEstimated color temperature (K) at the time of observation.
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Table 3.12: Band Parameters of BA Asteroids

Object Vis® NIR® tax® (met®) Brcd BrCoeorr®© By st B DY By Cc? Br1Ceorr " BAR Rau®  a(®)?  T.F
(4) Vesta smass1 moskovitz10 V (How) 0.928 0.931 £ 0.001 0.243 £ 0.001 0.343 £ 0.001 1.960 1.969 £ 0.001 1.982 + 0.010 2.26 26 248
(4) Vesta smass2 moskovitz10 V (How) 0.930 0.933 £ 0.001 0.232 £ 0.001 0.347 £ 0.001 1.960 1.969 £ 0.001 1.958 + 0.010 2.26 26 248
(4) Vesta smassl reddymb V (How) 0.931 0.935 £+ 0.001 0.330 £+ 0.001 0.347 £+ 0.001 1.949 1.960 4+ 0.002 1.855 4+ 0.006 2.56 21 233
(4) Vesta smassl spex86 V (How) 0.922 0.925 £+ 0.001 0.246 + 0.004 0.338 £+ 0.001 1.957 1.968 4+ 0.006 1.668 4+ 0.039 2.48 23 237
(4) Vesta smass2 spex86 V (How) 0.929 0.933 £+ 0.001 0.209 £+ 0.004 0.354 £ 0.001 1.957 1.967 4+ 0.006 1.569 £ 0.036 2.48 23 237
(809) Lundia s30s2 moskovitz10 V (How) 0.935 0.936 £+ 0.001 0.803 £ 0.002 0.491 £ 0.001 1.923 1.927 £+ 0.002 1.932 £+ 0.007 1.93 24 272
(956) Elisa s30s2 moskovitz V (How) 0.931 0.932 £ 0.001 0.728 £ 0.001 0.480 £ 0.001 1.942 1.944 £ 0.002 2.060 £ 0.005 1.85 17 287
(956) Elisa s30s2 moskovitz V (Di) 0.929 0.930 £ 0.001 0.794 £ 0.002 0.491 £ 0.001 1.905 1.907 £+ 0.002 2.198 £ 0.012 1.85 30 287
(1468) Zomba — moskovitz V (Eu) 0.944 0.945 £+ 0.001 1.516 + 0.045 0.354 £ 0.004 1.977 1.981 + 0.006 2.961 £ 0.064 1.60 38 279
(1468) Zomba — moskovitz V (How/Eu) 0.934 0.938 £ 0.001 0.729 £ 0.044 0.443 £ 0.006 1.978 1.991 + 0.010 1.493 £ 0.075 2.51 13 223
(1929) Kollaa smassl moskovitz10 V (Eu) 0.938 0.942 £ 0.001 0.747 £+ 0.003 0.464 £ 0.001 1.955 1.966 + 0.005 1.867 £+ 0.018 2.21 14 232
(1929) Kollaa smass2 moskovitz10 V (Eu) 0.937 0.941 £ 0.001 0.692 £ 0.004 0.472 £ 0.001 1.955 1.966 + 0.005 1.840 £+ 0.017 2.21 14 232
(1981) Midas smassneo spex126 V (Eu) 0.942 0.943 £+ 0.002 0.359 £ 0.005 0.471 £ 0.002 2.038 2.043 £ 0.020 1.734 £+ 0.064 1.71 34 271
(2011) Veteraniya — hardersenl5 V (How) 0.935 0.938 £+ 0.001 0.590 £ 0.001 0.371 £ 0.001 1.921 1.930 £+ 0.005 2.096 £ 0.001 2.04 8.0 242
(2045) Peking smass2 moskovitz V (How) 0.936 0.940 £+ 0.001 0.657 £+ 0.008 0.423 £+ 0.002 1.929 1.939 + 0.012 1.912 £+ 0.031 2.48 27 238
(2371) Dimitrov smass2 moskovitz10 V (Eu) 0.938 0.942 + 0.001 0.803 £ 0.006 0.427 £+ 0.001 1.992 2.005 £+ 0.009 1.862 £+ 0.060 2.47 20 221
(2442) Corbett smassl moskovitz10 V (How) 0.931 0.935 £+ 0.001 0.545 £+ 0.008 0.487 £+ 0.002 1.933 1.943 4+ 0.037 2.059 £ 0.025 2.25 7.8 239
(2511) Patterson smass2 moskovitz10 V (How) 0.933 0.936 £+ 0.001 0.594 £+ 0.004 0.446 £+ 0.001 1.958 1.967 £+ 0.008 1.873 £+ 0.015 2.23 21 244
(2566) Kirghizia smass2 moskovitz10 V (How) 0.935 0.938 £+ 0.001 0.425 £+ 0.006 0.446 £+ 0.002 1.929 1.939 £+ 0.010 1.873 + 0.029 2.41 10 241
(2579) Spartacus smass2 moskovitz10 V (Eu) 0.943 0.947 £+ 0.006 0.310 £+ 0.009 0.487 £ 0.004 1.980 1.993 + 0.027 1.297 + 0.055 2.22 19 222
(2653) Principia smass2 moskovitz V (How) 0.932 0.935 4+ 0.001 0.650 £+ 0.010 0.506 £+ 0.002 1.951 1.961 £+ 0.012 1.868 £+ 0.028 2.24 13 240
(2653) Principia smass2 moskovitz V (How) 0.931 0.934 £+ 0.001 0.381 £+ 0.004 0.475 £+ 0.001 1.963 1.971 4+ 0.007 1.712 4+ 0.012 1.99 12 254
(2653) Principia smass2 moskovitz V (How) 0.937 0.939 £+ 0.001 0.497 £+ 0.005 0.500 £ 0.001 1.973 1.980 4+ 0.005 1.735 £+ 0.020 1.92 17 259
(2763) Jeans smass2 moskovitz V (Eu) 0.941 0.943 £+ 0.001 0.484 £ 0.004 0.414 £ 0.001 1.985 1.991 £ 0.004 1.716 £+ 0.011 2.24 13 263
(2763) Jeans smass2 moskovitz V (How) 0.938 0.939 £ 0.001 0.618 £ 0.002 0.418 £ 0.001 1.943 1.946 £+ 0.002 1.571 £+ 0.007 1.99 12 279
(2763) Jeans smass2 moskovitz V (Eu) 0.938 0.939 £ 0.001 0.704 £ 0.002 0.428 £ 0.001 2.000 2.002 £ 0.002 1.659 + 0.007 1.92 17 284
(2851) Harbin smass2 moskovitz V (How/Di) 0.923 0.928 + 0.001 0.424 £ 0.003 0.488 £ 0.001 1.910 1.923 £+ 0.006 1.850 £+ 0.012 2.42 8.7 223
(2851) Harbin smass2 moskovitz V (How/Di) 0.924 0.928 + 0.001 0.552 £ 0.004 0.501 £ 0.001 1.930 1.943 £+ 0.005 1.958 £+ 0.012 2.34 16 226
(2912) Lapalma smass2 EMMSpex Vw (How/Di) 0.929 0.934 £+ 0.001 0.866 + 0.003 0.490 £ 0.001 1.929 1.944 + 0.004 2.184 £ 0.017 2.43 11 213
(2912) Lapalma smass2 moskovitz10 V (How) 0.931 0.935 £+ 0.001 0.649 £ 0.003 0.507 £ 0.001 1.939 1.951 £+ 0.003 1.890 £+ 0.012 2.14 8.7 227
(3155) Lee smassl moskovitz V (How/Di) 0.919 0.923 £+ 0.001 0.552 £ 0.006 0.465 £ 0.001 1.920 1.933 £+ 0.018 2.304 £ 0.058 2.56 8.4 221
(3155) Lee smass2 moskovitz V (How/Di) 0.920 0.925 £+ 0.001 0.613 £+ 0.006 0.454 £+ 0.002 1.920 1.933 4+ 0.017 2.310 £ 0.054 2.56 8.4 221
(3155) Lee smassl moskovitz V (Di) 0.918 0.923 £+ 0.001 0.661 £+ 0.005 0.473 £+ 0.001 1.892 1.904 £+ 0.015 2.323 £ 0.032 2.43 7.9 227
(3155) Lee smass2 moskovitz V (Di) 0.919 0.923 £+ 0.001 0.738 £+ 0.006 0.463 £+ 0.001 1.893 1.905 £+ 0.016 2.331 £ 0.034 2.43 7.9 227
(3536) Schleicher smass2 EMMSpex V (Di) 0.929 0.932 £+ 0.001 0.599 £ 0.007 0.383 £ 0.002 1.880 1.892 £+ 0.013 2.061 £ 0.093 2.26 11 229
(3657) Ermolova smass1 moskovitz10 V (Di) 0.935 0.940 £+ 0.001 0.658 £+ 0.003 0.474 £+ 0.001 1.903 1.917 £+ 0.003 2.044 £ 0.037 2.18 25 215
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Table 3.12 — continued

Object Vis® NIR® tax® (met®) Brcd BrCleorr®€ Brst B DY B C? B11Ceorr ™ BAR Rau®  a(®)?  T.F
(3782) Celle smass2 hardersen V (Di) 0.928 0.932 £+ 0.001 0.350 £+ 0.001 0.441 £ 0.001 1.905 1.917 £+ 0.001 1.893 £ 0.001 2.31 25 228
(3782) Celle smass2 hardersen V (Eu) 0.938 0.942 + 0.001 0.327 £+ 0.001 0.421 £ 0.001 1.952 1.964 + 0.001 2.054 £+ 0.001 2.31 25 228
(3782) Celle smass2 moskovitz V (How) 0.929 0.933 £+ 0.001 0.403 £ 0.004 0.411 £ 0.001 1.937 1.948 £+ 0.009 1.748 £+ 0.023 2.19 13 234
(3867) Shiretoko — hardersenl4 V (Eu) 0.947 0.949 + 0.001 0.713 £+ 0.001 0.449 £ 0.001 1.967 1.974 £+ 0.001 1.195 £+ 0.001 2.15 24 258
(4038) Kristina smass1 moskovitz10 V (How) 0.922 0.920 £ 0.001 0.721 £ 0.003 0.291 + 0.001 1.965 1.959 £+ 0.003 2.503 £ 0.020 1.13 10 333
(4055) Magellan s30s2 spex208 V (How) 0.932 0.933 £ 0.007  0.423 + 0.018 0.506 + 0.009 1.932 1.936 £+ 0.006 1.840 + 0.045 1.54 39 272
(4055) Magellan smassneo8 spex208 V (How) 0.932 0.933 £ 0.002 0.306 £+ 0.011 0.527 £ 0.003 1.932 1.936 £+ 0.006 1.755 + 0.029 1.54 39 272
(4055) Magellan s30s2 spex38 V (Di) 0.965 0.968 + 0.109 0.449 £+ 0.102 0.443 £+ 0.144 1.906 1.915 4+ 0.006 2.454 £ 0.798 1.84 18 249
(4055) Magellan smassneo8 spex38 V (Di) 0.924 0.927 £+ 0.004 0.243 £+ 0.006 0.525 £+ 0.005 1.906 1.915 £+ 0.006 2.021 + 0.027 1.84 18 249
(4188) Kitezh smass2 sunshine04 V (How/Eu) 0.936 0.939 + 0.001 0.589 £ 0.004 0.417 £ 0.001 1.960 1.968 + 0.006 1.821 + 0.016 2.10 11 254
(4215) Kamo smassl moskovitz V (How) 0.970 0.975 £+ 0.120 0.430 £+ 0.173 0.351 £+ 0.128 1.907 1.921 + 0.048 2.057 £ 0.755 2.52 17 213
(4215) Kamo smass2 moskovitz V (How) 0.951 0.956 £+ 0.094 0.406 £ 0.121 0.380 £ 0.102 1.906 1.921 + 0.048 1.831 + 0.498 2.52 17 213
(4215) Kamo smassl moskovitz V (How) 0.925 0.930 £ 0.005 0.304 £+ 0.004 0.362 £+ 0.005 1.972 1.986 + 0.011 1.769 £+ 0.038 2.51 3.2 214
(4215) Kamo smass2 moskovitz V (How) 0.925 0.929 + 0.001 0.256 + 0.003 0.373 £ 0.001 1.971 1.986 + 0.012 1.663 £+ 0.031 2.51 3.2 214
(4215) Kamo smassl moskovitz V (How) 0.931 0.935 £ 0.001 0.372 £ 0.005 0.392 £ 0.002 1.936 1.949 £+ 0.009 1.949 £ 0.045 2.29 10 224
(4215) Kamo smass2 moskovitz V (How) 0.930 0.934 £ 0.001 0.327 £ 0.004 0.401 £ 0.001 1.936 1.949 £+ 0.010 1.848 £ 0.042 2.29 10 224
(4215) Kamo smassl moskovitz V (How) 0.924 0.929 + 0.001 0.570 £ 0.007 0.408 £ 0.002 1.947 1.962 £+ 0.014 1.461 £+ 0.082 2.55 7.9 212
(4215) Kamo smass2 moskovitz V (How) 0.925 0.930 £+ 0.001 0.529 £ 0.007 0.418 £ 0.002 1.947 1.962 4+ 0.014 1.395 £+ 0.080 2.55 7.9 212
(4796) Lewis smass2 moskovitz10 V (How) 0.934 0.938 £+ 0.001 0.543 £+ 0.006 0.486 £+ 0.003 1.935 1.948 + 0.026 1.993 £+ 0.056 2.46 14 226
(5111) Jacliff smass2 moskovitz10 V (How) 0.933 0.936 £+ 0.054 0.464 £+ 0.015 0.374 £ 0.055 1.954 1.963 £+ 0.002 1.923 + 0.282 2.06 7.3 245
(5235) Jean-Loup — hardersenl4 V (Di) 0.931 0.935 £+ 0.001 0.580 £ 0.001 0.486 £ 0.001 1.900 1.913 £+ 0.001 1.920 £+ 0.001 2.59 10 219
(5481) Kiuchi s30s2 moskovitz10 V (How) 0.929 0.933 £+ 0.002 0.734 £+ 0.008 0.481 £ 0.002 1.953 1.964 + 0.021 1.815 4+ 0.057 2.37 11 230
(5498) Gustafsson moskovitz moskovitz10 V (Eu) 0.940 0.941 £ 0.001 0.817 £ 0.002 0.445 £ 0.001 1.958 1.962 £ 0.003 1.874 £+ 0.007 1.92 7.8 276
(5604) 1992 FE smassneo8 spex05 V (Di) 0.955 0.955 £+ 0.102 0.226 £ 0.059 0.444 £ 0.131 1.937 1.937 £+ 0.015 2.151 + 0.634 1.26 30 297
(5604) 1992 FE smassneo8 spex80 V (Di) 0.925 0.925 £ 0.002 0.391 £ 0.015 0.527 £ 0.005 1.895 1.896 £+ 0.010 1.680 + 0.085 1.29 37 294
(6611) 1993 VW smassneo spex40 V (How/Eu) 0.934 0.932 £+ 0.001 0.173 £+ 0.003 0.452 £+ 0.001 1.982 1.977 4+ 0.003 1.514 4+ 0.007 1.15 27 330
(7889) 1994 LX smassneo8 spex71 V (How/Di) 0.934 0.938 £+ 0.003 0.232 £+ 0.016 0.569 £ 0.003 1.913 1.922 4+ 0.008 1.723 £+ 0.046 1.65 25 241
(7889) 1994 LX smassneo8 spexT72 V (How/Di) 0.933 0.936 + 0.003 0.104 £+ 0.015 0.589 + 0.003 1.912 1.922 4+ 0.010 1.655 + 0.050 1.69 22 238
(9147) Kourakuen — hardersenl5 V (How) 0.937 0.940 + 0.001 0.738 £+ 0.010 0.411 + 0.001 1.918 1.926 + 0.001 2.189 + 0.003 2.08 3.8 255
(9481) Menchu moskovitz moskovitz10 V (How/Di) 0.944 0.947 £+ 0.001 0.285 + 0.006 0.431 £ 0.002 1.905 1.915 £+ 0.018 2.135 £ 0.080 2.48 6.2 243
(9553) Colas hardersenl5 V (Di) 0.927 0.929 + 0.001 1.509 + 0.001 0.450 £ 0.001 1.910 1.917 £+ 0.001 2.875 £ 0.001 2.11 12 256
(9553) Colas moskovitz moskovitz10 V (Di) 0.934 0.936 £+ 0.001 0.668 £+ 0.003 0.511 £ 0.001 1.903 1.909 £+ 0.004 2.141 + 0.015 1.99 20 263
(15237) 1988 RLg — hardersenl5 V (Di) 0.924 0.927 £ 0.001 0.965 £ 0.001 0.393 £ 0.001 1.910 1.920 £+ 0.001 2.410 £ 0.001 2.05 15 242
(15237) 1988 RLg — hardersenl5 V (How/Di) 0.925 0.928 + 0.001 1.117 £+ 0.001 0.383 £ 0.001 1.917 1.927 £+ 0.001 2.586 + 0.001 2.05 15 242
(17469) 1991 BT — hardersenl4 V (Di) 0.927 0.931 £ 0.001 0.682 £ 0.001 0.515 £ 0.001 1.892 1.902 £+ 0.001 2.270 £ 0.001 2.23 17 237
(26886) 1994 TJ, moskovitz moskovitz10 V (Di) 0.938 0.940 £+ 0.078 0.703 £ 0.050 0.487 £ 0.105 1.900 1.907 £+ 0.013 2.544 £ 0.553 2.09 10 261
(27343) Deannashea — moskovitz10 V (How/Di) 0.924 0.926 £+ 0.001 0.731 £+ 0.018 0.554 £+ 0.003 1.915 1.922 £+ 0.005 2.031 £ 0.039 1.94 12 262
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Table 3.12 — continued

Object Vis® NIR® tax® (met®) Brcd BrCleorr®€ Brst B DY B C? B11Ceorr ™ BAR Rau®  a(®)?  T.F
(29796) 1999 CWrr, — hardersenl4 V (Di) 0.932 0.936 £ 0.001 0.830 £ 0.001 0.506 £ 0.001 1.895 1.905 4+ 0.001 2.335 £ 0.001 2.21 11 240
(30872) 1992 EM 17 — hardersenl4 V (Di) 0.936 0.940 £ 0.001 0.555 £ 0.001 0.359 £ 0.001 1.889 1.900 4+ 0.001 1.869 4 0.001 2.34 0.9 231
(31414) Rotarysusa — hardersenl5 V (Di) 0.927 0.930 £ 0.001 0.838 £ 0.001 0.459 £ 0.001 1.897 1.905 4+ 0.001 2.291 £ 0.001 1.96 0.2 254
(32940) 1995 UWy — hardersenl5 V (Di) 0.928 0.931 + 0.001 1.290 4+ 0.001 0.476 £ 0.001 1.892 1.901 4+ 0.005 2.582 £ 0.001 1.89 10 247
(33881) 2000 JKgg — moskovitz10 V (Di) 0.934 0.935 4+ 0.001 0.687 £+ 0.015 0.534 £ 0.002 1.902 1.904 £+ 0.005 1.970 £+ 0.030 1.77 23 281
(36412) 2000 OP49 — moskovitz10 V (Eu) 0.947 0.950 4+ 0.004 0.769 £ 0.056 0.475 £+ 0.008 1.958 1.969 4+ 0.014 2.024 £+ 0.087 2.12 12 237
(38070) Redwine moskovitz moskovitz10 V (Eu) 0.941 0.943 £+ 0.001 0.353 £+ 0.006 0.412 £+ 0.002 1.980 1.988 4+ 0.014 1.800 + 0.066 1.90 4.1 251
(68548) 2001 XR31 — spex204 V (How) 0.936 0.935 4+ 0.020 0.347 £+ 0.036 0.445 £+ 0.024 1.965 1.964 4+ 0.048 2.377 £ 0.183 1.22 1.9 305
(97276) 1999 XCy43 — moskovitz10 V (Eu) 0.946 0.949 + 0.002 0.270 £+ 0.017 0.365 £+ 0.004 1.996 2.005 £+ 0.014 1.831 £ 0.065 2.05 2.4 247
(450894) 2008 BT18 — reddy V (Di) 0.928 0.926 £+ 0.001 1.235 4+ 0.013 0.614 £ 0.001 1.917 1.911 £ 0.010 1.968 + 0.071 1.09 34 339

Notes. *Visible or near-infrared spectrum source.

bBus-DeMeo taxonomic classification.

“Meteorite analog (How/Eu/Di), based on BjCcorr and By Ceopr.

dBand center wavelengths, given in pum.
€BC, corrected for temperature.
fBand slope, given in ,u.m'l.
9Band depth, given in %.

h By C, corrected for temperature.

!Heliocentric distance of observation in AU.

JSolar phase angle of observation in degrees.

FEstimated color temperature (K) at the time of observation.
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Table 3.13: Band Parameters of S(I) Asteroids

h

Object Vis® NIR® tax B;c¢ AB;c? B Corom® B;sf B; DY BAR Rayu a®)t TI
Exhibits Bjr

(39) Laetitia smass2 spex92 Sq 1.046 0.002 1.048 4+ 0.005 0.255 £+ 0.002 0.156 £+ 0.001 0.386 £+ 0.029 2.49 22 250
(39) Laetitia smassl spex92 1.051 0.002 1.052 4+ 0.004 0.298 £ 0.002 0.142 £+ 0.001 0.444 + 0.033 2.49 22 250
(89) Julia smass2 clark09 K 1.050 0.002 1.051 £+ 0.004 0.235 £ 0.001 0.103 £ 0.001 0.209 + 0.015 2.17 16 260
(89) Julia s30s2 clark09 1.055 0.002 1.057 4+ 0.004 0.277 £+ 0.001 0.088 £+ 0.001 0.260 £+ 0.018 2.17 16 260
(113) Amalthea smass2 spex87 Qw 1.044 0.002 1.047 £+ 0.003 0.252 £+ 0.003 0.302 £ 0.002 0.178 £+ 0.027 2.27 15 247
(186) Celuta smass2 clark09 K 1.049 0.002 1.051 £+ 0.003 0.185 £ 0.002 0.107 £ 0.001 0.164 £+ 0.029 2.71 17 242
(186) Celuta smassl clark09 1.046 0.002 1.048 4+ 0.003 0.243 £ 0.002 0.087 £+ 0.001 0.216 + 0.037 2.71 17 242
(245) Vera smass2 spex75 S 1.052 0.002 1.054 4+ 0.004 0.160 £+ 0.002 0.159 £ 0.001 0.375 4+ 0.031 2.61 21 237
(245) Vera smassl spex75 1.053 0.002 1.055 £+ 0.004 0.180 £ 0.002 0.152 £ 0.001 0.415 £+ 0.034 2.61 21 237
(403) Cyane smass2 spex93 S 1.038 0.003 1.041 4+ 0.006 0.288 £ 0.001 0.152 £ 0.001 0.375 4+ 0.027 2.88 18 233
(403) Cyane s30s2 spex93 1.045 0.003 1.048 £+ 0.003 0.336 £+ 0.001 0.138 £+ 0.001 0.438 £+ 0.031 2.88 18 233
(446) Aeternitas smass2 sunshine07 1.060 0.003 1.063 £+ 0.001 0.606 £ 0.001 0.399 £ 0.001 0.063 £+ 0.002 2.71 10 225
(446) Aeternitas smassl sunshine07 1.060 0.003 1.063 4+ 0.001 0.639 £ 0.001 0.393 £ 0.001 0.064 £+ 0.002 2.71 10 225
(562) Salome — EMDMspex K 1.074 0.003 1.077 4+ 0.004 0.053 £+ 0.002 0.061 £+ 0.001 0.624 £+ 0.148 3.27 12 205
(651) Antikleia — EMMspex L 1.058 0.003 1.061 £+ 0.001 0.143 £ 0.003 0.065 £+ 0.001 0.980 £ 0.050 3.31 8.6 204
(661) Cloelia smass2 clark2 K 1.056 0.003 1.059 4+ 0.003 0.027 £+ 0.001 0.062 £ 0.001 0.202 £ 0.042 2.93 8.3 227
(742) Edisona smass2 clark2 K 1.053 0.003 1.056 £+ 0.006 -0.018 £+ 0.002 0.087 £+ 0.002 0.385 £+ 0.045 3.22 14 219
(863) Benkoela smass2 spex76 A 1.051 0.004 1.055 £+ 0.001 0.885 £ 0.002 0.380 £ 0.001 0.113 £+ 0.011 3.16 18 185
(863) Benkoela smassl spex76 1.052 0.004 1.055 4+ 0.001 0.973 £+ 0.002 0.368 £ 0.001 0.121 £ 0.011 3.16 18 185
(863) Benkoela smass2 sunshine07 A 1.055 0.004 1.059 + 0.001 0.704 £+ 0.001 0.