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ABSTRACT

The inner main asteroid belt is an important source of near-Earth objects and

terrestrial planet impactors; however, the dynamics and history of this region are

challenging to understand, due to its high population density and the presence of

multiple orbital resonances. This dissertation explores the properties of two of the

most populous inner main belt family groups — the Flora family and the Nysa-

Polana complex — investigating their memberships, ages, spin properties, collision

dynamics, and range in orbital and reflectance parameters.

Though diffuse, the family associated with asteroid (8) Flora dominates the inner

main belt in terms of the extent of its members in orbital parameter space, result-

ing in its significant overlap with multiple neighboring families. This dissertation

introduces a new method for membership determination (the core sample method)

which enables the distinction of the Flora family from the background, permitting

its further analysis. The Flora family is shown to have a signature in plots of semi-

major axis vs. size consistent with that expected for a collisional family dispersed

as a result of the Yarkovsky radiation effect. The family’s age is determined from

the Yarkovsky dispersion to be 950+200
−170 My. Furthermore, a survey of the spin sense

of 21 Flora-region asteroids, accomplished via a time-efficient modification of the

epoch method for spin sense determination, confirms the single-collision Yarkovsky-

dispersed model for the family’s origin.

The neighboring Nysa-Polana complex is the likely source region for many of

the carbonaceous near-Earth asteroids, several of which are important targets for

spacecraft reconnaissance and sample return missions. Family identification in the

Nysa-Polana complex via the core sample method reveals two families associated

with asteroid (135) Hertha, both with distinct age and reflectance properties. The

larger of these two families demonstrates a correlation in semimajor axis and eccen-
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tricity indicating that its family-forming collision occurred near the parent body’s

aphelion. In addition, the Eulalia family is connected with a possible second com-

ponent, suggesting an anisotropic distribution of ejecta from its collision event.



13

CHAPTER 1

Introduction and Background

1.1 Introduction

Small bodies in the solar system have enjoyed relative popularity over the last sev-

eral decades, with the onslaught of available data keeping pace with advances in

theory. Once thought to be nuisances that interfered with astronomical imaging,

small bodies have defined their place in solar system studies, proving both their col-

lisional clout and usefulness for study. While the database of discovered exoplanets

has expanded significantly in the last decades, the number of solar system planets

has only decreased [Brown, 2012]; in complement to the eight designated planets,

the almost 700,000 currently known asteroids take on unique roles as diagnostic

tools of planetary system formation and evolution.

The study of asteroid families is nearing its centennial, begun in the early ef-

forts of Hirayama [1918, 1919] with the identification of clusters of asteroids with

similar orbital properties, inferred to have a common origin as fragments from a

larger parent. Hirayama’s Koronis, Eos and Themis families barely rose above the

threshhold of significance, with totals of 13, 19 and 22 objects respectively, identified

as family members due to their inclusion within certain orbital limits. A century

later, in the latest definitive catalog of asteroid families (Nesvorný et al., Asteroids

IV, submitted), these three families have seen their membership numbers increase

to several thousand each, with the largest identified families weighing in with tens

of thousands of core members and many more neighboring “halo” objects.

Over the last few decades, a steady stream of survey data has made possible

asteroid family analysis on a large scale. Many of these surveys focus on as-

teroid discovery/recovery and orbit characterization (e.g., LINEAR, Spacewatch,

Catalina Sky Survey, Pan-STARRS); some couple discovery with observations of
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physical properties such as surface color and reflectivity or albedo (e.g., SDSS and

WISE/NEOWISE). Upcoming surveys promise to expand the existing databases at

a rate that will require significant improvements of the processing pipelines to keep

on top of the flood. The ESA’s Gaia mission, in orbit at the Earth-Sun L2 Lagrange

point, is obtaining astrometry of one billion point sources 70 times each in five years

with 300 times the precision of its decades-old predecessor, Hipparcos, both discov-

ering asteroids and improving the orbits of known asteroids, while constructing a

3D map of stellar positions in the galaxy.1 The Large Synoptic Survey Telescope

(LSST) project plans to survey half of the sky in visible wavelength color filters

ugrizy (300-1100 nm) about 1000 times over ten years with an 8.4-m telescope, sig-

nificantly expanding the existing SDSS moving objects database.2 Both Gaia and

LSST will revolutionize the amount of data available for asteroid family analysis.

The flood of survey data has greatly expanded the asteroid databases, making

possible — and in some cases more complicated — the identification and characteri-

zation of families in densely populated areas. The inner main belt is a prime example

of such a crowded region, with its higher population density of known objects due in

part to observational selection effects, namely the relative ease of discovery of close

and bright objects. Thus the inner main belt is home to two of the most populous

families (Flora and Vesta), which overlap dynamically with each other and several

other families (including those of the Nysa-Polana family complex), all with a wide

range of physical properties. Additionally, the region is criss-crossed by a dense

network of both secular and mean-motion resonances, including several with Mars

(cf. Fig. 4 of Nesvorný et al. [2002b]), which complicate the orbital distributions

and thus the identification of families and their dynamical histories.

The above complications pose a significant challenge for family identification

and characterization efforts targeting the inner main belt. The current most com-

mon methods for family identification involve clustering algorithms that utilize a

“nearest-neighbor” approach to connect family members. These methods suffer in

1http://sci.esa.int/gaia/
2http://www.lsst.org/

http://sci.esa.int/gaia/
http://www.lsst.org/
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crowded regions, where fringe objects can create bridges between unrelated clusters,

obscuring family membership and extent in phase space, and consequently confus-

ing the determination of the family’s physical properties (e.g., mineralogy and age).

A standard solution to this issue involves restricting the allowed distance between

members after the fact; this approach, however, results in identification of family

“cores” surrounded by “halos” that cannot be distinguished from the background

objects, but may include many objects that are related to the core family. This

problem is particularly persistent in regions with family overlap or high background

density, such as the inner main belt.

Despite the complications, the challenge of family identification in the inner main

belt is a challenge worth accepting. A major reason for this is that, due in part to

the network of resonances, the inner main belt families are highly efficient source

populations for near-Earth space, with the flux of 1 km or larger objects through

the ν6 secular resonance and the Jupiter 3:1 mean motion resonance (which bound

the inner main belt region) estimated at 50 and 135 objects per My respectively

[Morbidelli and Vokrouhlický, 2003]. Thus, thorough and accurate characterization

of the families in the inner main belt region can provide an essential framework for

understanding the provenance of terrestrial meteorites and of potential near-Earth

targets for spacecraft reconnaissance and sample return missions (e.g., Hayabusa 1

& 2, OSIRIS-REx). Near-Earth objects also provide enticing low-delta-V targets

for future mining operations, or potential platforms for manned and un-manned

missions to more distant solar system objects; understanding the provenance of

objects in the near-Earth population thus serves researcher and entrepreneur alike.

In this dissertation, I apply a number of tools — theoretical and observational,

old and new — to an analysis of asteroid family dynamics in the inner main belt.

Chapter 2 focuses on identification and characterization of the large and diffuse

Flora family, which dominates the entire inner main belt phase space. Chapter 3

builds upon the results of Chapter 2 with an observational survey of the rotation

properties of the Flora family members, introducing a new technique for efficient

prograde/retrograde spin sense determination. Such spin sense measurements are
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important in the case of the Flora family as they provide a means to test dynamical

models for the family’s evolution, in particular the dispersion due to the Yarkovsky

effect. Chapter 4 explores the structure of the Nysa-Polana complex, which dynam-

ically overlaps the Flora family and is thought to be the source region for spacecraft

mission target asteroids (101955) Bennu and (162173) JU3. Chapter 5 summarizes

the key results of the dissertation and discusses opportunities for future work.

The remainder of this chapter provides background on the available data sources

(Section 1.2) and the analysis techniques commonly used in investigations of aster-

oid families (Section 1.3), with the challenges facing such studies and the typical

simplifying assumptions made, as well as the major results of the past century of

asteroid family research.

1.2 Observational data catalogs

1.2.1 Asteroid discovery and orbit characterization

The Minor Planet Center3 (MPC) of the International Astronomical Union is the

central database for the discovery, recovery and orbit determination of small bodies.

Observations of moving objects are reported to the MPC, and the computed orbits

are matched against a database of known objects. New discoveries with observations

on two or more separate nights are assigned a provisional designation indicating

the object’s discovery date and position in the discovery sequence (e.g., the object

(101955) Bennu was previously identified by the provisional designation 1999 RQ36).

Further “recovery” observations are necessary to establish the orbit to within an

acceptable tolerance; once this is achieved, the object is given a permanent number,

and the discoverer is allowed to suggest a name (the official publication of which

requires confirmation by a fifteen-person committee and generally takes years).

Once a discovered object has been given a permanent number (i.e., the orbit

is well established), the proper orbital elements can be computed. This step is es-

sential because, while Keplerian orbital elements are constants of integration in the

3http://www.minorplanetcenter.net/

http://www.minorplanetcenter.net/
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Figure 1.1: MPC archive statistics (as of 1/20/15) showing the increase in known
minor planets over the last twenty years. The difference between the black and blue
lines is due to those objects which have only the provisional designation as a result
of imprecise orbits.

two-body problem, the elements for an asteroid are variable due to planetary pertur-

bations. Thus, the current orbit of any given asteroid family member may be quite

different from what it was at the time of family formation. The proper elements, by

contrast, are in theory constant with time, and thus ideal for orbit comparison and

family identification via clustering in orbital parameter space (Fig. 1.2). The proper

elements may be determined analytically via a Fourier decomposition of the pertur-

bations and derivation of the corresponding oscillations in the Keplerian elements.

When the oscillating (or “forced”) components are removed, the proper element is

the magnitude of the constant (or “free”) component that remains.

In practice, because of the large number of asteroids to be considered and the

complexity of the perturbations, a numerical approach is taken, typically in a two-

step process: 1) the instantaneous (or osculating) orbits are integrated over time,

along with the orbits of the perturbing planets, and the short periodic perturbations

are removed, then 2) the proper elements are extracted as the principal harmonics
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of the spectrally resolved time series, separating them from the forced oscillations

[Knežević and Milani, 2000, Knezevic et al., 2002]. The synthetic proper elements

are in general more accurate and stable over time than their analytical counterparts;

the standard deviations reported in Knežević and Milani [2000] for a test of 10,265

synthetically determined elements are less than 0.001 for ep and sin ip and less than

0.0003 AU for ap for 76% of the orbits.

The most commonly used set of proper elements consists of the proper semimajor

axis (ap), the proper eccentricity (ep), the sine of the proper inclination (sin ip), the

proper longitude of perihelion ($p) and the proper longitude of the node (Ωp). In

addition, the precession rates of $p and Ωp, denoted as g and s respectively, are

usually reported along with the proper element information.

The Asteroids - Dynamical Site4 (AstDyS) maintains current databases of both

osculating elements (released from the MPC) and proper elements ap, ep, sin ip, g and

s (computed synthetically using the OrbFit free software available from AstDyS).

The angles $p and Ωp are not reported explicitly on the AstDyS online database,

but can be computed via OrbFit. The proper elements used in this work are com-

puted synthetically from the osculating elements (for those objects with an MPC

uncertainty parameter of two or less) using the Orbit9 package of the OrbFit soft-

ware, based on integrations of two million years for each object (determined to be an

appropriate integration time by Knežević and Milani [2000]). Objects were excluded

from the proper element catalog if they suffered close encounters with the planets

(defined as ∆a < 1.0 AU for Jovian planets, ∆a < 0.1 AU for terrestrial planets)

which rendered their proper elements less reliable; this applied to about 10% of the

original osculating element database.

The current study focuses on the inner main belt objects for which 2.1 AU <

ap < 2.5 AU, 0 < ep < 0.35, and 0 < sin ip < 0.3 (hereafter “Zone 1”). The

density distribution in proper elements (ap, ep, sin ip) of the 116,840 objects within

these ranges is shown in Fig. 1.2, along with the approximate boundaries of the

significant families in the region.

4http://hamilton.dm.unipi.it/astdys/index.php

http://hamilton.dm.unipi.it/astdys/index.php
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Figure 1.2: Subplots a, c and e show the number density in proper element space
of a zoomed-in subset of the 116,840 objects in Zone 1 (defined as the region for
which 2.1 AU < ap < 2.5 AU, 0 < ep < 0.35, 0 < sin ip < 0.3) with an uncertainty
parameter of two or less, according to the Minor Planet Center. Subplots b, d
and f show the approximate outlines of the large groups typically identified in this
orbital space (Flora = black, Vesta = green, Nysa-Polana = blue, Baptistina = red,
Massalia = cyan), and the location of the Mars-crossing line (black), the ν6 secular
resonance (red) and the Jupiter 3:1 mean-motion resonance (blue).
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1.2.2 Asteroid physical properties catalogs

In addition to discovery and orbital data, information about asteroid physical prop-

erties is extremely useful for analysis of asteroid family membership, origin and

evolution processes. Ideally, observable physical properties can serve as probes of

asteroidal composition, enabling the important connections between solar system

objects (e.g., asteroid-asteroid and asteroid-meteorite connections) that set crucial

constraints on models of solar system origin and evolution. While none of the phys-

ical data catalogs currently match the orbital data catalogs in extent, efforts are

continually underway to expand the physical information databases through a wide

range of ground-based and spacecraft-based surveys.

The catalog of asteroid color information used in this work comes from the Sloan

Digital Sky Survey5 (SDSS, Ivezić et al. [2002]), in particular the most recent version

of the SDSS Moving Object Catalog, SDSS MOC 4. The SDSS has observed both

moving and stationary objects in one third of the sky since the start of its regular

survey operations in 2000, obtaining observations of asteroids with five color filters:

u, g, r, i, and z, with effective wavelengths of 3540, 4770, 6222, 7632, and 9049 Å

and widths of 599, 1379, 1382, 1535 1370 Å respectively [Fukugita et al., 1996]. The

differences among asteroid families are most distinct in the linear combinations of

i− z and a∗, where a∗ was defined by Ivezić et al. [2001] as

a∗ ≡ 0.89(g − r) + 0.45(r − i)− 0.57. (1.1)

While the SDSS data can make possible the distinction of asteroid families in a

general sense, individual measurements of asteroid color made by SDSS are often

subject to large uncertainties, contributing to significant scatter in plots of family

colors (see, e.g., Fig. 1.3). In an effort to improve these uncertainties, the catalog

used in the current work combines measurements of objects in the SDSS MOC 4

that were observed more than once, with revised uncertainty estimates based on

a self-consistency check. Excluding those objects with uncertainties greater than

0.1 magnitudes, the subset of objects in the catalog of 116,840 asteroids in Zone 1

5http://www.astro.washington.edu/users/ivezic/sdssmoc/

http://www.astro.washington.edu/users/ivezic/sdssmoc/
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with acceptable proper elements that also have reliable SDSS color measurements

is 25,351.

Additional information about the reflectance properties of asteroid surfaces is

available in the form of absolute magnitude (H) measurements. The absolute mag-

nitude is defined as the magnitude of an asteroid as it would be measured at one AU

from both the Sun and the observer, and at zero phase angle. The H values for

asteroids used in the current work are obtained from the catalog maintained by the

MPC. Although several other sources (such as SDSS and the WISE survey, discussed

below) report measurements of asteroid H values along with other observations, the

MPC is charged with vetting input from as many sources as possible to provide the

community with the best current values.

Absolute magnitude information can be used to estimate the diameters of aster-

oids via the relation (e.g., Fowler and Chillemi [1992])

D =
1329
√
pV

10−H/5, (1.2)

where pV is the geometric visual albedo, the reflectance parameter defined as the

ratio of the object’s brightness to the brightness of a perfect reflector at the same

distance and size. Because of the diversity of asteroid composition and surface

texture, this quantity is not usually known a priori, but it can be determined for

cases with existing measurements for H and D.

The Wide-field Infrared Survey Explorer6 (WISE/NEOWISE, Wright et al.

[2010], Mainzer et al. [2011], Masiero et al. [2011]) provided diameter measure-

ments for over 100,000 asteroids, enabling the computation of their visual albedos

via Eq. 1.2. For the curent work, diameter measurements from WISE/NEOWISE

have been combined with absolute magnitude data from the MPC to obtain vi-

sual albedos for 15,504 of the 116,840 Zone 1 objects with reliable proper elements

(excluding those objects with albedo uncertainties greater than 0.1).

Both colors and albedos are known for a smaller subset of Zone 1 asteroids (4696

total), those observed by both SDSS and WISE. As shown in Fig. 1.3, they form dis-

6http://irsa.ipac.caltech.edu/Missions/wise.html

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


22

tinct groupings in reflectance parameter space that correspond to standard spectral

classifications (Fig. 1.3 caption). These groupings also correlate roughly with the

families identified from the orbital element distribution in Fig. 1.2, and these cor-

relations are indicated by the labels in Fig. 1.3(d,e,f). The correlations can provide

the means to identify members of a family despite dynamical overlap with other

families and background objects. Such additional identification can allow improved

study of the dynamical distribution of the family, yielding refined understanding of

the nature of the initial family-forming event and the processes of subsequent orbital

evolution. This approach is one of the key methods used in this dissertation.

The subset of 4696 objects which have both SDSS and WISE measurements

represents only about 4% of the Zone 1 asteroids with reliable proper elements. Thus

the requirement of both orbital and reflectance information significantly restricts

the sample available for study, and introduces additional observational biases in the

SDSS and WISE data which must be taken into account in family analysis. However,

many of the inner main belt families studied here are fairly populous, so they are

relatively insensitive to the reduction in sample size, and the combination of the

datasets provides tremendous payoff in the disentangling of the families’ dynamical

overlap. This advantage is particularly useful in the case of the Flora family, where

the family is only fully distinguished from the overlap and background in the six-

dimensional orbital and reflectance parameter space (ap, ep, sin ip, a
∗, i − z, pV), as

shown in Chapter 2. The families of the Nysa-Polana complex are composed of

smaller members, most of which do not have WISE diameter measurements; thus

Chapter 4 explores those families in the five-dimensional parameter space available

from the orbital and SDSS catalogs.

In addition to the SDSS and WISE catalogs, a growing number of objects have

measured visible and near-IR wavelength spectra, which provide a more detailed

probe of underlying mineralogy. The source of asteroid spectra used in this work

is the SMASS online database,7 which contains spectral information for over 2500

objects. While the spectral database is too limited to allow its use in family mem-

7http://smass.mit.edu/

http://smass.mit.edu/
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Figure 1.3: Subplots a, c, e: Color distributions in three-dimensional space (a∗,
i− z, pV) for the 4696 Zone 1 objects observed by both SDSS and WISE. Subplots
b, d, f: Families and spectral types associated with the clusters in the distribution
plots: Floras (S-types) are outlined in black, Vestas (V-types) are outlined in green,
Polanas (C-types) are outlined in blue, and Baptistinas (unclassified spectral type)
are outlined in red.
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bership determination, spectral measurements for objects within family membership

lists can provide useful information about the family members’ composition.

Two physical properties of asteroids that affect family evolution via non-

gravitational forces (discussed in Sections 1.3.2.2 and 1.3.3 below) are bulk densities

and spin properties (spin rate and axis orientation). Asteroid bulk densities are fairly

difficult to determine, due to the paucity of constraints on asteroid mass. Mass es-

timates are made by observation of an asteroid’s gravitational influence on another

object; they are often derived from observations of asteroid-planet, asteroid-asteroid,

asteroid-satellite or asteroid-spacecraft interactions [Hilton, 2002]. The most recent

compilation of asteroid mass and density estimates is by Carry [2012], who provides

estimates of the range of densities for each taxonomic class (e.g., S, C, etc.), as well

as measurements from the literature for 287 individual objects.

Asteroid spin properties are typically derived from lightcurve observations; the

most commonly used lightcurve inversion method for spin property determination

was developed by Kaasalainen et al. [2001]. This method requires lightcurve ob-

servations from multiple oppositions over many years, but successfully yields shape

and spin axis models (cf. the spin/shape models derived for (951) Gaspra and (158)

Koronis by Hanuš et al. [2013a] for comparison of lightcurve inversion methods with

spacecraft observations), albeit with an occasional ambiguity of 180◦ in the ecliptic

longitude of the rotational pole. The Database of Asteroid Models from Inver-

sion Techniques8 (DAMIT, Durech et al. [2010]) currently lists 650 spin and shape

models for 382 asteroids; the spin information contained in this database has been

used extensively to constrain asteroid family evolution processes in recent studies

[Kryszczyńska et al., 2012, Kryszczyńska, 2013, Hanuš et al., 2013b,a].

The available orbital and physical property catalogs have made possible a number

of recent advances in asteroid family studies, both in theoretical models and analysis

techniques. A brief summary of these follows in the next section.

8http://astro.troja.mff.cuni.cz/projects/asteroids3D/

http://astro.troja.mff.cuni.cz/projects/asteroids3D/
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1.3 Asteroid family analysis techniques and theoretical models

1.3.1 Family identification

1.3.1.1 The Hierarchical Clustering Method

The most widely used method for family identification and membership analysis is

the Hierarchical Clustering Method (HCM, Zappala et al. [1990]). The introduction

of this method, three-quarters of a century after Hirayama first introduced the

concept of asteroid families, helped to clear up significant subjectivity in family

identification (see Bendjoya and Zappalà [2002] for a good summary of these prior

efforts). The first step of the HCM is the definition of a “distance metric” to quantify

the separation of bodies (typically reported as a velocity, conceptually based on the

idea of objects requiring a certain ejection velocity to show a certain amount of

separation in proper elements). The next step is the calculation of the distances (as

calculated by the distance metric) between the orbits of all of the pairs of objects

in the phase space under study. Then the closest two objects are agglomerated into

a single object, and their distance from the remaining objects is defined for each

pair to be the shorter of the two previous distances. For a given distance range

(e.g., a velocity cutoff, vc, in m/s), a family cluster will contain a certain number

of members. The results of this procedure can be plotted in a “stalactite diagram”

(e.g., Figs. 5-7 of Zappalà et al. [1995]) which shows the number of objects assigned

to each cluster for a given vc. At lower vc, only a tiny fraction of the objects cluster

into families (creating the under-hanging “tips” of the stalactites); at higher vc, all

of the objects cluster into families (creating the broader “bases” of the stalactites

near the top of the plot).

The most commonly used distance metric incorporates the proper orbital ele-

ments, and was first defined by Zappala et al. [1990] as

d = na

√
k1

(∆ap

ap

)2

+ k2(∆ep)2 + k3(∆ sin ip)2, (1.3)
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where n is the mean motion, ∆x is the difference in proper element x between

the two orbits, and k1, k2, k3 are weighting factors of order unity. For application

of the HCM in the multidimensional parameter space which includes reflectivity

information such as asteroid colors and albedos, Carruba et al. [2013] defined a

modified distance metric,

dmd =
√
d2 + C[(∆a∗)2 + (∆(i− z))2 + (∆pV)2], (1.4)

where d is the distance metric from Eq. 1.3, ∆x is the difference in physical property

x between the two objects, and C is a weighting factor (typically C = 106; Carruba

et al. [2013] claim that C can vary within the range of 104 to 108 without significantly

affecting the outcome).

The results of the HCM depend sensitively on the choice of distance cutoff, vc;

too high of a value for vc will amass all of the asteroids into one family, while too

low of a value for vc will not find any families at all. In attempt to place a constraint

on the appropriate value of vc, the performance of the HCM clustering analysis is

typically tested on several “quasi-random” distributions of simulated objects, which

should not be expected to show evidence of family structure. These distributions are

randomly generated but for the condition of reproducing the overall distributions

in each of the individual dimensions under consideration (ap, ep, etc.). The “quasi-

random level” (QRL, first introduced by Bendjoya et al. [1993]) is defined as the

largest distance cutoff at which clusters with total members numbering at least

Nlim are identified in the quasi-random background. The choice of Nlim is left to

the researcher, and can range from Nlim = 5 [Zappala et al., 1990] to Nlim = 100

[Parker et al., 2008]. The choice of Nlim, which affects the QRL and ultimately

the distance cutoff, introduces a certain amount of arbitrariness to the HCM family

identification.

Thus, while the HCM aims to produce automated and “objectively” defined

family membership lists, it suffers from implicit arbitrariness. Moreover, the method

introduces artifacts into the membership lists: namely the production of “halos”
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(which are indicative of too low a choice of a distance cutoff) and the connection of

unrelated families due to “chaining” (indicative of too high a choice of a distance

cutoff). The necessary degree of arbitrariness has to a certain level of chaos in family

identification throughout the literature, with families divided and stuck together

from one work to the next (cf. the discussions in the introductions of both Chapters 2

and 4 for examples of this confusion in the relevant literature for the Flora and Nysa-

Polana groups).

This dissertation introduces a new method for family identification, discussed in

the next section (1.3.1.2), which focuses on defining the ranges of families in the

multidimensional parameter space in order to extract physical information about

the families and their dynamical history.

1.3.1.2 Overview of the core sample method

The method for family identification introduced in this work seeks to define fam-

ily ranges in the multidimensional paramter space while minimizing the effects of

confusion from overlapping families and background objects. The concept behind

the method is relatively simple; a sample of objects near the “core” of a family in a

given dimension (one of the six orbital + reflectance properties) can be assumed to

contain a relatively lower fraction of interlopers, and that sample’s distribution in

the other dimensions can thus be assumed to represent the family’s actual distribu-

tion, from which the family’s ranges can be determined. In practice, the procedure

is an iterative one; for example, the sample of objects near the core of the family in

dimension x allows definition of the core of the family in dimension y, and a sample

of objects near the core of the family in dimension y then allows refinement of the

definition of the core of the family in dimension x, etc. The iteration converges when

further iterations produce results that do not vary within the error bars. The result

is the definition of both the medians and ranges of orbital and reflectance properties

of families, even in the cases of significant overlap. (The method is described in

more detail in Chapter 2.)

In contrast to the HCM, this “core sample method” for family identification re-
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veals information about the ranges of the family in orbital elements and reflectance

parameters, information which is essential for study of the physical properties and

history of the family (e.g., its mineralogy, collisional formation, age and evolution).

The core sample method is at an apparent disadvantage in that it requires some as-

sumptions of normalcy of family distributions in the parameter space, in contrast to

the HCM (which allows even highly abnormal distributions to be linked together via

chaining, sometimes erroneously). This disadvantage would affect the core sample

method results most in the case of anisotropic orbital element distributions, which

might result from collisions with particular parameters (e.g., cratering events, as was

shown to be the case for the Koronis subfamily by Molnar and Haegert [2009]).9

However, in the case of older families (older than about a few hundred My), the

proper element distributions of the family members have largely diffused under the

influence of several dynamical effects (a few of which are discussed in Section 1.3.2.2),

resulting in more gaussian-like distributions over time. One notable exception to this

rule is the family associated with asteroid (135) Hertha, demonstrated in Section 4.3

of this work to display a distinct trend in ap vs. ep, interpreted to be evidence for a

collision occuring near aphelion. In the case of this Hertha family, the core sample

method must be applied in an adjusted parameter space which accounts for the

dependence of semimajor axis on eccentricity (a′p, defined to be a function of ep).

Although incorporation of reflectivity information as a family identification tech-

nique (used with either the core sample method or the HCM) appears to favor tax-

onomically homogeneous families by construction, the core sample method does not

necessarily assume a homogeneous parent body, and can probe the existence of tax-

onomic variations within a single family structure. In the case of the breakup of a

differentiated or partially-differentiated parent body, the different taxonomic groups

would share roughly the same dynamical properties (ap, ep, sin ip). In particular,

their semimajor axis dispersion due to the Yarkovsky effect — the Yarkovsky “V”

shapes, discussed in Section 1.3.2.2 — would match (excepting possible offsets in dy-

namical properties due to initial ejection velocities, and possible offsets in Yarkovsky

9The author has previously published work under a former name, Melissa Haegert.
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drift rates due to different densities for the different fragments, both of which can

be estimated and taken into account).

The core sample method as applied here relies heavily on the five-band SDSS

color information for membership identification. This coarse measure of surface color

does not permit the analysis of subtle spectral variation among family members, but

it does allow preliminary analysis of a family’s mineralogy, and can identify either

homogeneous (e.g., the Flora family, Chapter 2) or taxonomically complex (e.g.,

the Hertha1 and Hertha2 families, Chapter 4) structures, both of which must be

followed up with more detailed spectral survey data.

1.3.2 Family characterization

The orbital element distributions of the members of asteroid families are the result

of a combination of two effects: the instantaneously produced orbit distribution of

the fragments influenced by the disruptive energy of the collision event itself, and the

slowly evolving orbit distribution influenced by gravitational and non-gravitational

perturbations over the course of millions of years. The next subsections give an

overview of the dynamics of both, along with the assumptions typically made in

collisional family analysis.

1.3.2.1 Collision dynamics

The first assumption made in collision studies is that the fragments’ relative ejection

velocities are small compared with their orbital velocities. Orbital velocities in the

main belt are typically on the order of 15-20 km/s, with collision speeds around

2-5 km/s. By contrast, ejection velocities are typically assumed to be comparable

to the escape velocity of the parent body, because the faster ejecta fragments are

assumed to be smaller and have less total mass. For asteroid (8) Flora, whose parent

body was estimated by Tanga et al. [1999] to have a mass 1.75 times larger than that

of (8) Flora, this assumption implies an ejection velocity of at least vesc = 100 m/s.

It is quite plausible that the ejection velocities resulting from asteroid collisions

is indeed size dependent, with smaller fragments ejected at higher speeds. A rela-
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tionship of vej ∝ m(−1/6) (where m is fragment mass) was observed by Nakamura

and Fujiwara [1991] in laboratory collisions onto aluminum and basalt targets; this

result was later confirmed for a number of other targets by Holsapple et al. [2002].

Typically, in family analysis, the following relationship is assumed [Vokrouhlický

et al., 2006a]:

V = V0

(D0

D

)β
, (1.5)

where V0 is assumed to be the parent body’s ejection velocity, D is the asteroid’s

diameter, and D0 = 5 km. The exponent β is typically assumed to be ∼ 1, based

on data for the young Karin family [Nesvorný et al., 2002a].

With vesc much less than the orbital velocities of the fragments, it is reasonable

to approximate the change in orbital elements for a given vesc via the following

relations (Gauss’ equations, e.g., Zappalà et al. [2002]):

δa/a =
2

na(1− e2)1/2
[(1 + e cos η)VT + (e sin η)VR]

δe =
(1− e2)1/2

na
[
e+ 2 cos η + e cos2 η

1 + e cos η
VT + (sin η)VR]

δi =
(1− e2)1/2

na

cos(ω + η)

1 + e cos η
VW

(1.6)

where n is the mean anomaly (na is the mean orbital velocity) of the parent body,

η is the true anomaly, ω is the argument of perihelion, and VT , VR and VW are the

components of the ejection velocity vector vesc in the tangential, radial and vertical

directions respectively. For a given ejection velocity, these equations describe ellipses

in osculating element space (cf. Fig. 1 of Nesvorný et al. [2002a]), with width and

slope determined by η and ω. While technically these equations only apply in the

osculating element space, in most cases the proper elements show similar behavior.

Collision models typically assume that the ejection fields are isotropic within the

Gauss ellipses. For the youngest families, it is possible to extract information about

the (an)isotropy of the collision via direct backward integration of family members’
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orbits, a method used by Molnar and Haegert [2009] to demonstrate the anisotropy of

the second (smaller, 15-My-old) Koronis subfamily. However, as mentioned above,

the diffusion of the proper elements over time can effectively erase signatures of

anisotropy from older families. Nevertheless, Section 4.5.2 of this work describes

possible evidence for an anisotropic collision among the members of an older family

(the Eulalia family).

1.3.2.2 Post-collisional evolution

In the absence of perturbations, the proper elements of asteroid family fragments

would be constant in time, and the observed proper element distribution would rep-

resent that resulting from the original collision. In reality, however, the orbits of

the family members are affected by subsequent non-catastrophic collisions, gravita-

tional perturbations by the planets and other large asteroids, and non-gravitational

perturbations such as thermal recoil effects. These processes often combine to give

asteroids significant mobility throughout the main belt (and beyond!), and the pro-

cess of family analysis becomes the more complicated one of tracing family members’

post-collisional orbital evolution.

The thermal recoil effects that most influence asteroids’ post-collisional evolu-

tion are the Yarkovsky and Yarkovsky-O’Keefe-Radzievskii-Paddack (YORP) effects

(see Farinella et al. [1998] and Bottke et al. [2006] and Rubincam [2000] for excel-

lent reviews on these effects).10 The Yarkovsky effect results from the anisotropic

absorption and re-radiation of sunlight from an asteroid’s surface, which imparts a

gradual acceleration that affects the asteroid’s orbit (primarily its semimajor axis,

secondarily its eccentricity and inclination). The effect has two interdependent com-

ponents, diurnal and seasonal, which refer to the anisotropic re-radiation resulting

from the asteroid’s rotational and orbital motion, respectively. The latter effect

works to reduce the semimajor axis of the orbit; the former effect either expands or

10For an additional visual tool for understanding the Yarkovsky effect, the reader is referred

to the 321Science! YouTube video on the subject, created by the author and the OSIRIS-REx

outreach team, available online at https://www.youtube.com/watch?v=DQtj0RhimZY.

https://www.youtube.com/watch?v=DQtj0RhimZY
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reduces the semimajor axis, depending on the asteroid’s sense of rotation (prograde

vs. retrograde).

The strength of the diurnal Yarkovsky recoil force for a given asteroid depends

on several of the asteroid’s physical properties (size R, density ρ, specific heat cp,

thermal conductivity K, albedo A, emissivity ε) and orbital/rotational properties

(semimajor axis a and rotational frequency ω). Physically, the illumination of an

asteroid’s surface modifies the temperature in a layer of characteristic thickness

ls =

√
K

ρcpω
, (1.7)

referred to as the penetration depth of the thermal wave. The Yarkovsky effect

depends on the extent to which temperature changes at the surface are retained over

a rotational cycle with frequency ω and period τ . This is parameterized by Θ =

τrel/τ , where τrel is the thermal relaxation time for the emission of accumulated heat

from the surface. The thermal energy contained in the surface shell is approximately

4πR2lsρcpT (where T is the average surface temperature); the thermal parameter

Θ is the ratio of this quantity to the infrared energy flux 4πεσR2T 4 (where σ is the

Stefan-Boltzmann constant), yielding

Θ =

√
ρcpKω

2πεσT 3
. (1.8)

The average surface temperature can be estimated from considerations of energy

balance, which yield

T 4 =
(1− A)S

4εσ
, (1.9)

where S is the solar energy flux, S = 1370 W/m2(aEarth/a)2.

The amount of Yarkovsky drift is proportional to 1/R, because the mass of

the asteroid increases with the cube of the size, R3, while the amount of absorbed

radiation goes as R2. The size dependence of the drift results in a characteristic “V-

shape” signature in plots of semimajor axis vs. absolute magnitude (e.g., Fig. 1.4).

The boundary of the V envelope is the maximum change in semimajor axis ∆ap
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from the parent body’s proper semimajor axis, which is generally assumed to be

the proper semimajor axis of the largest remnant of the family (in the example

shown in Fig. 1.4, this is (20) Massalia). The D dependence of the semimajor axis

change is represented by its observational proxy, H, and is described by the relation

[Vokrouhlický et al., 2006a]:

∆ap = C · 10H/5. (1.10)

The C parameter (which for convenience is referred to throughout this work in units

of mAU = 10−3 AU) is a function of the family’s age and the physical properties of

its members. Families with an older age will show more semimajor axis evolution,

and reach higher boundary values of C than their younger counterparts. Thus the

value of C that best fits a family’s boundary in ap-H space provides a measure of

the family’s age (see Section 1.3.3 below), assuming appropriate calibration of the

Yarkovsky semimajor axis drift rates. In addition, the semimajor axis dispersion due

to the original collision ejection field must also be taken into account in computing

the age.

One particular dynamical pathway for asteroids that has come under scrutiny

in the past decade involves Yarkovsky-induced semimajor axis mobility into reso-

nance regions, where resonant interactions pump eccentricities until the asteroids

are placed on planet-crossing orbits and consequently ejected from the main belt

[Farinella et al., 1998]. This scenario was demonstrated by Bottke et al. [2001] to be

applicable to the Koronis family, where it was shown that the unusual eccentricity

distribution of the family for high semimajor axes was a result of family members’

semimajor axis drift through the g + 2g5 − 3g6 secular resonance at 2.92 AU (cf.

Fig. 2 of that work). In part as a result of that study, the coupling of gravita-

tional and non-gravitational perturbations in the evolution of asteroids has become

a major component of asteroid family analysis in the last decade.

In addition to Yarkovsky-driven semimajor axis mobility, orbital evolution in

asteroid families can occur as a result of subsequent collision events between family

members, in a “collisional cascade” [Dell’Oro and Cellino, 2007]. These collisions
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Figure 1.4: The Massalia family “V” plot, showing evidence of the Yarkovsky-driven,
size-dependent semimajor axis drift. Asteroid (20) Massalia is indicated by the black
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family’s age. The significant drop in number density of family members above H =
18.5 mag is an observational selection effect.
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affect a family’s Yarkovsky evolution in two ways: by the creation of “subfamilies”

which manifest themselves as additional tighter V shape structures within the large

family’s V in ap-H space (e.g., the Karin and Koronis subfamilies within the larger

Koronis family [Nesvorný et al., 2002b, Molnar and Haegert, 2009]), and by the

adjustment of the Yarkovsky drift rates for individual member asteroids through

modification of their spin properties (obliquity and spin rate). Catastrophic dis-

truption generally occurs at rates too slow to significantly modify the Yarkovsky V

distributions over the lifetimes of the asteroid families studied here. The character-

istic disruption timescale τdisr, as estimated by Farinella et al. [1998], is

τdisr = 2.0× 107 yr
( R

1 m

)1/2

, (1.11)

which, for asteroids in the size ranges studied here (13-18 mag, about 1-10 km), cor-

responds to collisional disruption timescales of 600-2000 My. By contrast, collisions

capable of modifying asteroid spin properties occur much more frequently, with a

characteristic time τrot to change the spin axis estimated by Farinella et al. [1998]:

τrot = 3.34× 106 yr
( R

1 m

)1/2

. (1.12)

For asteroids in the size ranges studied here (1-10 km), this corresponds to collisional

reorientation timescales of 100-300 My. Thus the primary effect of collisions on the

Yarkovsky V distributions results from the reorientation of members’ spin axes,

which influences the Yarkovsky drift rates for the individual objects.

An additional effect that works in tandem with collisions to alter the rotational

states of asteroids is the YORP thermal recoil effect. Topographical features on an

asteroid’s surface (e.g., boulders and craters) can produce an effective “windmill”

geometry that harnesses the energy of asymmetrically reflected sunlight to modify

the asteroid’s spin axis and spin rate. The YORP effect has a tendency to force

both parameters to their extremes [Čapek and Vokrouhlický, 2004]: spin axes are

driven away from the orbital plane to obliquities of 0◦ and 180◦, while spin rates are

either slowed until the asteroid reaches non-principal axis rotation or sped up until
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material is shed (and sometimes placed into orbit) from the asteroid’s equator. Once

one of these endstates has been reached, the asteroid’s spin axis can be more easily

reoriented by collisions (in the case of non-principal axis rotation) or mass-shedding

events. The periodic reorientation of asteroid spin axes as a result of YORP torques

and collisions and mass shedding has come to be referred to as “YORP cycles”.

Vokrouhlický and Čapek [2002] estimated the typical YORP cycle timescale for 5

km objects to be about 300-600 My.

The above model for YORP spin axis modification has been recently referred

to as “static YORP” — it represents the scenario where the YORP torques simply

drive the spin axis toward an endstate, and no reorientation occurs until the endstate

is reached (“static” in the sense that the YORP torques do not change). A new

model, introduced by Bottke et al. [2015] and based on the conclusions of Statler

[2009] and Cotto-Figueroa et al. [2013], takes into account the extreme sensitivity

of the YORP torques to small changes in topography (such as those introduced

by small cratering events and mass-shedding due to rotation rate increase). This

“stochastic YORP” model predicts a random walk of asteroid spin rates toward

the YORP endstates, a process which effectively reduces the predicted timescale for

YORP cycles.

Under certain dynamical circumstances, the YORP effect can alter asteroid ro-

tation states until the asteroids get caught in spin-orbit resonances, which further

influence asteroid obliquities. This effect was observed among the objects of the Ko-

ronis family by Slivan [2002] and modeled by Vokrouhlický et al. [2003]; the Koronis

family spin axes were found to cluster around obliquities of 42◦-50◦ and 154◦-169◦.

Concurrently, Rubincam et al. [2002] observed the Flora asteroid (951) Gaspra to be

in an obliquity resonance, resulting in large variability of its obliquity (10◦-70◦) on

short (My) timescales; this effect was also subsequently modeled by Vokrouhlický

et al. [2006b]. Both resonant capture scenarios were attributed to the YORP effect’s

alteration of the asteroids’ spin states.

Due to the dependence of the Yarkovsky drift rate on asteroid obliquity, spin axis

reorientation due to YORP and spin-orbit resonance must be taken into account in
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calculations of asteroid family ages from observations of Yarkovsky drift. These

issues are discussed in more detail in Section 1.3.3.

In addition to orbital and rotational evolution, asteroid family members can

undergo changes in their surface properties over the course of their lifetimes. The

steady deposition on asteroid surfaces of nanoparticles of iron as a result of micro-

collisions and cosmic ray bombardment, known as space weathering, modifies the

colors and albedos of asteroid (and lunar) surfaces over time [McCord and John-

son, 1970, Chapman, 1996]. The phenomenon of space weathering has resolved

the long-standing puzzle surrounding the abundance of ordinary chondrite material

in the form of meteorites and the apparent absence of similar material observed

among main belt and near-Earth asteroids [Pieters et al., 2000]. Recent confirma-

tion of the effects of space weathering has come from two sources: observations of

ordinary-chondrite-like spectral properties among objects that suffered recent close

encounters with terrestrial planets resulting in “fresh” or gardened surfaces [Binzel

et al., 2010, Nesvorný et al., 2010], and direct evidence of nanophase iron deposi-

tion on dust grains retrieved from the surface of asteroid (25143) Itokawa by the

Hayabusa spacecraft [Nakamura et al., 2011].

In the past decade, several efforts have sought a timescale for space weathering by

comparison of asteroid family colors and ages [Jedicke et al., 2004, Nesvorný et al.,

2005, Willman et al., 2008, 2010]. A linear trend between SDSS a∗ color parameter

and family age was observed by Molnar [2011] among the four subfamilies of the

large S-type Koronis family (Fig. 1.5); this study had the advantage of comparing

four related families with a consistent method for age determination. The trend in

a∗ color shows a reddening of the spectral slope with increasing age, and is consistent

in slope with the results of previous studies.

1.3.3 Family age determination: Issues and techniques

The determination of asteroid family ages is an important component of family

characterization, as the chronology of the asteroid belt is inextricably linked to the

history of the solar system as a whole, written on the crater-scarred surfaces of the
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Figure 1.5: Space weathering trend in a∗ color visible among four subfamilies of the
2-Gy-old Koronis family, associated with (832) Karin (5.8 My), (462) Eriphyla (220
My), (321) Florentina (290 My), and a small cratering event on (158) Koronis itself
(15 My). The a∗ color increases slightly from 0.023 to 0.09 in about two billion
years among the S-type objects of this family. Similar plots for i − z and pV show
no clear trends. Figure reproduced from Molnar [2011].
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terrestrial planets and satellites. As a result, numerous efforts over recent years have

focused on obtaining ages for a large number of asteroid families. Two prominent

recent efforts in this area are the works of Nesvorný et al. [2005] and Vokrouhlický

et al. [2006a]; these were expanded even more recently by Masiero et al. [2013], Brož

et al. [2013] and Hanuš et al. [2013a], with an additional submitted work on the

subject by Spoto et al. [2015].

For the youngest families (. 17 My), collision information can be extracted from

direct backward integration of the proper orbital elements, in particular the angles

Ω (longitude of the nodes) and $ (longitude of perihelion). This method was first

applied to 39 fragments of the young Karin family in the Koronis region [Nesvorný

et al., 2002a, Nesvorný and Bottke, 2004] to determine the age of the family to very

high precision (5.8 ± 0.2 My). Molnar and Haegert [2009] later refined this method,

significantly reducing uncertainty by taking into account the coupled relationship

between the two angles Ω and $, and applied it to an increased membership list

(387 objects) to obtain an even more precise age estimate, 5.66 ± 0.06 My. In

addition, Molnar and Haegert [2009] identified a recent collision on (158) Koronis

which partially overlapped the Karin family cluster in dynamical space, and used the

method of backward integration to obtain an age for that family of 14.97 ± 0.12 My.

This age proved to be nearly the maximum age for which the method of backward

integration is useful for age determination; at ages & 17 My, the changes in Ω and $

caused by the Yarkovsky drift in semimajor axis (cf. Eq. 2 of Nesvorný and Bottke

[2004]) disperse the angles of the family members enough to prevent unambiguous

age determination (Molnar, Dykhuis et al., ms. in preparation).

For families older than 17 My, the age must be estimated from the Yarkovsky

spread of the family in semimajor axis (the boundary of the V shape, e.g., Fig. 1.4).

The shift in semimajor axis for a given object, ∆ap, depends on the average

Yarkovsky drift rate (da/dt = ∆ap/T , where T is the age of the family). It is

possible to extract the age of the family from the boundary of the C parameter dis-

tribution via the relation (Molnar, Dykhuis et al., ms. in preparation, also Dykhuis

et al. [2014]):
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t =
1329 · C · acenter

2

cY
√
pV(1− pV) cos ε

(1.13)

where t is the time (in My) since the collision, acenter is center of the proper semimajor

axis distribution of the family members (in AU), ε is the time-average obliquity, and

C is given in AU. The dependence of the Yarkovsky drift on these parameters is

fairly well constrained, determined from analysis of the strength of the Yarkovsky

force, which is proportional to the light received, compared with the resistance to the

force, which is proportional to the volume of the body. The parameter cY contains

information about the asteroid’s material properties (thermal conductivity, specific

heat, material density), which are generally not known a priori.

The boundary of the family’s C parameter distribution, in theory the smallest

V envelope in ap-H space which contains all of the family members, is defined as

the value of C for which the number density of objects is changing the most rapidly.

Walsh et al. [2013] introduced a method for finding the boundary in C as the value

of C for which the ratio of the number of objects in adjacent semimajor axis bins was

highest, representing the greatest change in number density. This definition of the

boundary depends sensitively on the bin size, which, in that work, was determined

by “trial and error testing.” As defined within this work, the boundary is the value

of C at which the second derivative of the density curve is a maximum, and the

bandwidth (i.e., the bin size) is calculated via statistical convention (see Appendix A

for details of the method).

The uncertainty in the C parameter boundary measurement introduces signifi-

cant uncertainty into the age determination (typically ∼ 10%), and results primarily

from the uncertainty in the determination of the semimajor axis “center” of the fam-

ily, acenter. The center is typically defined as the proper semimajor axis location of

the parent, or largest remnant, of the family; however, in cases of catastrophic

disruption or uncertain parentage, the center is defined as the average semimajor

axis of the family members. This definition assumes that the distribution of family

members is symmetrical around the center; in cases of obvious asymmetry, the cen-

ter must be determined more carefully (see the example for the Hertha1 family in
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Chapter 4, Section 4.3.1).

The material properties that determine cY in Eq. 1.13 are unknown and difficult

to estimate from first principles [Cellino et al., 2009], and thus represent the greatest

source of uncertainty in the family age determination. In principle, cY could be

obtained via direct observational measurements of the Yarkovsky drift for family

member asteroids. However, such measurements do not exist for main belt objects;

the results for near-Earth objects must be scaled for application in the main belt.

For example, the Yarkovsky drift observed among near-Earth asteroids by Nugent

et al. [2012] is in the range of 20-70 x 10−4 AU/My (0.3-1.0 km/yr) for 1 km objects

with an albedos of 0.3 and densities of 2.7 g/cm3; the same objects in the inner

main belt would experience a drift of 4-13 x 10−4 AU/My (0.06-0.2 km/yr).

As an alternative to estimation of the material properties from first principles or

calibration of the drift from scaled measurements of near-Earth objects, cY can be

determined from observations of the Yarkovsky influence on those families for which

there exists an independent estimate of collisional age, i.e., the Karin and Koronis

families. In the case of both of these families, the spread in semimajor axis is domi-

nated by the outcome of the collision. However, as discussed above, the component

of semimajor axis spread due to the Yarkovsky effect can be measured directly from

the observed precession rates of the proper angles of the family members (g and

s, cf. Eq. 2 of Nesvorný and Bottke [2004]). Those precession rates yield for the

Karin family a cY parameter in the range of 0.0026 AU3 km/My < cY < 0.0035 AU3

km/My (Molnar, Dykhuis et al., ms. in preparation). This corresponds to a maxi-

mum Yarkovsky drift rate in the range of 2.9-3.9 x 10−4 AU/My (44-59 m/yr) for a

1 km object with an albedo of 0.3 at ap = 2.5 AU, which is consistent with typical

drift rates measured for near-Earth objects when adjusted for semimajor axis offset.

This comparison yields a value for cY applicable to families with material properties

similar to those of the Karin family.

Additional constraints on family ages can be obtained from cratering records on

the surfaces of family members. However, these estimates can also be difficult to

constrain, because they require assumptions about the impact flux of very small
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bodies, which typically must be obtained by scaling results for the lunar impact

flux. For example, Flora family asteroid (951) Gaspra, visited in 1991 by the Galileo

spacecraft, yielded a wide range of estimates for its surface age, from 50 to 3000

My (Section 2.4.1). Inferences about the age of a collisional family from cratering

records also depend on the assumption that the surface age is the same as the

collisional age, which is not valid in the case of surface resetting processes such as

seismic shaking from planetary close encounters or non-disruptive impact events.
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CHAPTER 2

The Flora Family I: Identification and Characterization

2.1 Introduction

The inner main belt is dominated by the large and diffuse Flora family. The family

was one of the earliest mentioned but most controversial, with the first published

discussion of the Flora family [Hirayama, 1919] highlighting the difficulty of estab-

lishing its extent. Since that early work, even the existence of the Flora family

has been a subject of debate [Mothé-Diniz et al., 2005, Carruba et al., 2013, Milani

et al., 2014]. Among those that posit the existence of the Flora family, the pos-

sible single collision origin of the family [Carusi and Massaro, 1978, Cellino et al.,

1991, Zappala et al., 1994, Nesvorný et al., 2002c] has been questioned in favor of

a multi-collisional origin [Brouwer, 1951, Tedesco, 1979, Zappala et al., 1990], with

the uncertainty in the origin models largely derived from the uncertainty in family

membership, which is complicated by dynamical overlap with neighboring families

and background objects (Fig. 1.2).

The nearby strong ν6 secular resonance has dramatically shaped the Flora fam-

ily’s orbital distribution over its lifetime. Asteroid (8) Flora, the presumed largest

remnant of the family’s parent body, lies on the extreme inner edge of the family

(at proper orbital elements ap, ep, sin ip of 2.20 AU, 0.146, 0.098), with a current

osculating perihelion distance of 1.858 AU, bringing it moderately close to Mars

(aphelion distance 1.666 AU). If the location of (8) Flora is assumed to be near

the semimajor axis location of the breakup of its parent body, it is plausible that

the Flora family has lost most of its retrograde-spinning objects through drift via

the Yarkovsky effect into the Mars-crossing region and the ν6 resonance [Vokrouh-

lický and Farinella, 2000, Bottke et al., 2001]. The objects that remain, at higher

semimajor axes, are primarily prograde rotators (Haegert and Molnar [2009], Hanuš
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et al. [2013a], Kryszczyńska [2013], as shown in Chapter 3 of this work), and form

half of the characteristic V signature in plots of semimajor axis vs. size (Fig. 2.1),

consistent with the Yarkovsky effect acting to disperse the prograde remnants of a

single large-scale collision. This signature demonstrates the existence of the Floras

as a collisional family, albeit one that has been truncated at the lower semimajor

axes by the ν6 secular resonance.

The proximity of the Flora family to the ν6 resonance also amplifies its role as a

source region for the population of Mars-crossing and near-Earth objects (NEOs) as

well as for Earth impactors in the past and future [Scholl and Froeschle, 1991, Mor-

bidelli and Vokrouhlický, 2003, Vernazza et al., 2008]. Determination of the family’s

characteristics, in particular, age and reflectance properties (color and albedo), will

aid efforts to link the family with meteorite classes and constrain models for space

weathering and the dynamical evolution of the asteroid belt. The orbital and re-

flectance property data sets provided by the MPC and SDSS and WISE surveys

provide an unprecedented opportunity to constrain the collisional and dynamical

history of the Flora family using the multidimensional parameter space in which

families of collisional origin tend to cluster [Parker et al., 2008, Carruba et al., 2013,

Masiero et al., 2013].

The association of the dynamical families in the inner main belt with particular

spectral parameters has historically been rather blurry, due to the uncertainty of

family membership for objects with overlapping dynamical parameters [Bendjoya

et al., 1993, Bendjoya and Zappalà, 2002]. This uncertainty has called into question

the distinct spectral and dynamical properties of smaller families, such as the Bap-

tistina family, which are dynamically buried within the Flora family (Fig. 1.2). For

example, in the recent past, Flora-like reflectance characteristics have been assigned

to the Baptistina family (e.g., Reddy et al. [2011]), or the Baptistina family lumped

together with the core of the Flora family (referred to as the “Belgica” family by

Mothé-Diniz et al. [2005], Carruba et al. [2013]). In addition to the Baptistina fam-

ily, the Flora family overlaps with the large Vesta and Nysa-Polana populations, the

three small families associated with (163) Erigone, (302) Clarissa, (752) Sulamitis,
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Figure 2.1: a) Absolute magnitude and semimajor axis information for all 116,840
Zone 1 objects. The dotted blue line shows the location of the J3:1 resonance;
the arrow indicates the range of the ν6 secular resonance. b) Density curves (area
under each curve is unity) for different absolute magnitude ranges in Zone 1. The
Yarkovsky signature among the Flora members (ap from about 2.15 to 2.3 AU)
manifests itself as a slow shifting of smaller objects toward higher semimajor axes.
The largest objects (H from 1-12 mag) peak near 2.23 AU, objects with H from
12-13 mag peak near 2.25 AU, objects with H from 13-14 mag peak near 2.27 AU,
and objects with H from 14-15 mag peak near 2.29 AU. The peaks visible near
2.4 AU are associated with the Nysa-Polana complex (discussed in Chapter 4).
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and additional smaller families (see Table D.1 in Appendix D for a complete list of

overlapping families).

Previous efforts to define the membership of the Flora family have used the

hierarchical clustering method (HCM, see Section 1.3.1.1 for an overview) for family

identification, with varying degrees of success. Recently, Milani et al. [2014] have

developed an automated HCM to accommodate large amounts of data which are

updated frequently with new additions to the catalogs. These authors explicitly

note that their automated approach to family identification does not eliminate the

need for additional non-automated investigations; our work thus compliments the

automated methods in providing an in-depth analysis of a particular family which

defies investigation via the automated approach. The automated HCM algorithms

of Carruba et al. [2013] and Milani et al. [2014] were both unable to identify the

Flora family as a collisional or dynamical grouping, instead labeling the core of

the larger, dispersed Flora family as the “(1052) Belgica family” and the “(1338)

Duponta family”, respectively. (The signature of the Floras in ap, H space rules out

these objects as parents of the collisional family.)

In this chapter, we apply the core sample method to the Flora family, demon-

strating that the Flora family has well-defined ranges in both orbital proper ele-

ments and reflectance properties that distinguish it from nearby and overlapping

families, and identifying the family as the product of a single collision dispersed

by the Yarkovsky effect. In Section 2.2, we use the core sample method (outlined

in Section 1.3.1.2) to determine the median and range of the family’s orbital and

reflectance properties. This refined identification yields a more complete representa-

tion of the dynamical dispersion of the family, which allows correlation of dispersion

with asteroid size, placing constraints on orbital evolution due to the Yarkovsky

effect over the time since the original family-forming impact event. From these con-

straints, we estimate the age of the Flora family via observations of the Yarkovsky

spreading in semimajor axis (Section 2.3). Finally, in Section 2.4 we discuss the

family’s age and its remaining uncertainties, as well as implications for the spin

distribution and mineralogy of the family members.
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2.2 Flora Median Orbital and Reflectance Properties

In this section, we define the median orbital and reflectance properties of the Flora

family objects, and their ranges in color, albedo and proper elements. To obtain

these definitions, we employ the following iterative procedure: we select objects

from near the approximate center in orbital elements of the family and obtain from

these the approximate reflectance properties of the family, then select objects from

the center in reflectance space to obtain a refined estimate of the location of the

dynamical center, etc. The end result of this analysis yields characteristic (median)

orbital and reflectance properties for the Flora family, as well as ranges in orbital

and reflectance parameters which describe the boundaries of the family. We also

estimate the fraction of interlopers within the phase space we find to be occupied by

the Floras. As the fraction is small, the phase space boundaries are objective and

well constrained. The results of our analysis are given in Table 2.1, and an example

of the steps of the iterative procedure are laid out in this section as follows:

1. Locate the approximate center in ep and sin ip (Section 2.2.1).

2. Select a sample of objects dynamically near that center (Section 2.2.2).

3. Determine the reflectance properties of that sample; infer from these the ap-

proximate reflectance properties of the family (Section 2.2.3).

4. Select a sample of Zone 1 objects with reflectance properties close to those

found in Section 2.2.3, with no restrictions in ep and sin ip (Section 2.2.4).

5. Find the median orbital properties of the above sample, use these medians as

a refined dynamical center (Section 2.2.5).

6. Find the median reflectance properties of a sample of objects near the refined

dynamical center (Section 2.2.6).

The following subsections describe the steps of this process in detail. The itera-

tion converges when further iterations produce results that do not vary within the
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error bars. Section 2.2.7 uses the same procedure to find the ranges of the family in

orbital and reflectance properties.

To aid in the analysis required by this approach, we developed a powerful analysis

tool, which we call ClusterAnalysis, for use in identifying family members from

background objects on the basis of selections in multidimensional parameter space.

More details of the ClusterAnalysis tool will be described in a paper by Molnar et

al., in preparation.

The Flora family spans the entire range of semimajor axes in Zone 1, and a

concentrated core is not evident (nor physically meaningful, due to Yarkovsky dis-

persion) in that dimension alone. However, as is shown in Fig. 2.1, the range of the

family in semimajor axis is defined by the “V” envelope that represents the limit of

size-dependent semimajor axis drift due to the Yarkovsky effect on the Flora family

members [Molnar and Haegert, 2008, Haegert and Molnar, 2009]. Objects whose

semimajor axes place them beyond this envelope can be assumed to be unrelated

to the family. The boundary of this envelope can be described in terms of the C

parameter (Eq. 1.10). The C parameter enables us to define a “center” in semima-

jor axis around which the family clusters, and to define ranges in C that describe

the outer bounds of the family in semimajor axis. In the analysis that follows, we

use the C parameter as one of our dynamical parameters, as it allows us to set

dynamically plausible limits on the family’s semimajor axis range.

2.2.1 Locate the approximate center in ep and sin ip

We begin our analysis with all of the 116,840 objects in Zone 1. A local maximum in

population density is located at ep, sin ip of (0.125, 0.080); thus we use these values

as the approximate center of the family in ep and sin ip. This first approximation

will be refined in later steps of the iteration.
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2.2.2 Select objects near the center

Next we determine the approximate reflectance properties of the family by sampling

objects near this center, where contamination should be minimal. We select the 1009

objects with 0.120 < ep < 0.130, 0.075 < sin ip < 0.085. The ranges here are chosen

to avoid contamination from the Vesta, Baptistina and Nysa-Polana families.

In order to minimize interlopers further, we exclude from our sample any objects

whose magnitude H and semimajor axis ap places it outside −0.2 mAU < C <

0.2 mAU, where mAU = 10−3 AU. This removes 22 more objects, and the remaining

987 comprise our initial sample of objects that are “Flora-like” on the basis of their

orbital properties.

2.2.3 Determine the approximate reflectance properties

Next we determine the median reflectance properties of the objects in this sample.

Of the 987, we have both color (SDSS) and albedo (WISE) data for 37 of them,

plotted in red in Fig. 2.2. For comparison with the distribution in Fig. 1.3c, these

points are plotted over a background (in black) of all 4696 objects from Zone 1

with color and albedo data. In Fig. 2.2, we easily observe the two distinct groups

(conventionally referred to as “S” and “C” types) among the background objects.

The objects in our Flora sample (in red) contain a large majority that are consistent

with S spectral type.

The distributions plotted in red in Fig. 2.2 have median values of a∗, i − z,

and pV of 0.12, −0.03, and 0.28, respectively. These values constitute our first

approximation of the median reflectance properties of the Floras (to be refined in

the next section).

We note that the small number of objects in this sample results from the con-

straint of requiring the existence of both SDSS and WISE data for the objects in this

set. Each of these data sets sample only about 10-20% of the orbital data set, and

the intersection of the two comprises only about 4% of the orbital data set. These

37 objects are not claimed to represent the entire Flora family’s reflectance proper-
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Figure 2.2: Red dots represent the 37 objects observed by both SDSS and WISE
among the 987 objects in the sample taken from the dynamical core (after selections
in ep, sin ip, and C). These cluster near a∗ = 0.13, i−z = 0.0, and pV = 0.28. Black
dots are the 4696 Zone 1 objects observed by both SDSS and WISE.
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ties; they are instead only a sample from the core of the family, chosen to minimize

interlopers. Despite the small number of objects in the core sample, the median

reflectance properties obtained are a reasonable first approximation, as confirmed

by subsequent iterations.

2.2.4 Select objects with Flora-like reflectance properties

Having identified the median reflectance properties of objects near the dynamical

center of the Flora family, we now select from Zone 1 all objects that have Flora-

like reflectance properties. Specifically, we select from the subset of 4696 objects

observed by both SDSS and WISE those which have 0.05 < a∗ < 0.19, −0.15 <

i− z < 0.09, and 0.20 < pV < 0.40. This section of parameter space is centered on

the median reflectance properties of the Flora sample found in Section 2.2.3, with

widths chosen to avoid contamination from the other groups of objects visible in

Figs. 1.3 and 2.2 (note that the range in pV is centered in log10 pV). This subset

contains 1152 objects. The ep, sin ip distribution of these objects is shown in red

in Fig. 2.3. The distribution shows a background of diffuse objects throughout the

space, upon which is centered a large cluster of Flora objects. In addition, the

distribution shows significant contamination from an additional cluster located near

ep = 0.175 and sin ip = 0.045 (discussed in the next section).

2.2.5 Determine the center in ep and sin ip

Next we use the distributions of objects with Flora-like reflectance properties to

identify the Flora family’s center in ep and sin ip more precisely than the initial

estimate obtained in Section 2.2.1. A problem is presented by the irregular shape

of the distribution in Fig. 2.3: the selections on the basis of color and albedo alone

do not completely remove contamination from a nearby cluster of objects centered

at (ep, sin ip) of (0.175, 0.045). We find this cluster to be associated with asteroid

(135) Hertha in the Nysa-Polana complex (discussed in Chapter 4). This overlapping

cluster skews the distribution of the Flora family in ep and sin ip.
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Figure 2.3: Distribution in ep and sin ip of objects with similar reflectance properties
to the Flora family (0.05 < a∗ < 0.19, −0.15 < i − z < 0.09, 0.20 < pV < 0.40).
Due to the significant contamination from the Hertha cluster near ep and sin ip of
(0.175, 0.045), we must add additional restrictions in ap and C.

In order to eliminate this overlapping cluster in a way that does not bias the

distribution in ep and sin ip, as in Section 2.2.2 we remove objects whose size and

semimajor axis place them outside the family’s Yarkovsky drift envelope. In addi-

tion, we eliminate objects with a > 2.35 AU, in order to avoid significant contam-

ination by Hertha interlopers at higher semimajor axes. (This necessarily removes

some Flora family members as well, but minimizes the interlopers in the sample,

enabling us to obtain a distribution in ep and sin ip that is more representative of

the Flora family.) Fig. 2.4 shows these limits in ap, which reduce the number of

objects under consideration to 678.

The resulting sample in ep and sin ip is shown in Fig. 2.5. Comparison with

Fig. 2.3 shows that the restrictions in semimajor axis largely eliminate the inter-

lopers from the Hertha cluster, reducing the population to a fairly symmetrical

distribution. This symmetry allows us to refine the Flora family’s center in ep and

sin ip. The median ep of the objects in this sample is 0.130 ± 0.002, and the me-
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Figure 2.4: Distribution in ap and H of objects with similar reflectance properties
to the Flora family (0.05 < a∗ < 0.19, −0.15 < i− z < 0.09, 0.20 < pV < 0.40). We
restrict our sample to those objects within 2.1 AU < ap < 2.35 AU and −0.2 mAU
< C < 0.2 mAU (blue lines designate ap = 2.35 AU and C = 0.2 mAU).
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Figure 2.5: As in Fig. 2.3, here we show the distribution in ep and sin ip of objects
with similar reflectance properties to the Flora family (0.050 < a∗ < 0.190, −0.150 <
i − z < 0.090, 0.195 < pV < 0.395). In addition, we restrict our sample to those
objects within 2.1 AU< ap < 2.35 AU and−0.2 mAU< C < 0.2 mAU (see Fig. 2.4).
This restriction removes the contamination from the Hertha cluster near ep, sin ip
of (0.175, 0.045) without biasing the distribution in ep and sin ip. The absence of
Hertha objects in this sample demonstrates the importance of the selections made
on ap and C for removing interlopers from the family.
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dian sin ip is 0.080 ± 0.002. (The uncertainties on the population medians were

calculated according to the method described in Appendix A.2.) For comparison,

recall from Section 2.2.1 that the original approximation of the center in ep and

sin ip was (0.125, 0.080). The medians obtained from the first iteration show slight

improvement on the initial approximation. Further iterations produce results that

are within the error bars of the first iteration; thus we adopt ep, sin ip = (0.130,

0.080) as the center of the family.

2.2.6 Determine Flora characteristic reflectance properties

We next determine the median reflectance properties of the family by sampling the

region near the refined center in ep and sin ip. In order to assess the sensitivity of

the measured reflectance properties to the exact choice of center in ep and sin ip,

we systematically explore the properties across a 20 x 20 grid of possible “centers”

within the range of uncertainty in ep and sin ip: 0.128 < ep < 0.132 and 0.078 <

sin ip < 0.082. Within this grid, we evaluate the median reflectance properties at

each point, or “pixel” (400 pixels in all); that is to say, at each pixel we find the

median a∗, i − z and pV of all of the objects in a box centered on that pixel. The

size of the box is a free parameter which we choose to be large enough to contain

a minimum of about 30 objects (to avoid issues with the statistical analysis) and

small enough to avoid significant contamination from nearby families. The box

size that best met these criteria was ± 0.007 in both ep and sin ip (i.e., a box of

dimensions 0.014 x 0.014 in ep and sin ip); however, boxes with sizes within the range

of ± 0.004 and ± 0.01 did not change the median reflectance properties beyond the

uncertainties.

The uniformity of the reflectance properties in the center region for a box size of

± 0.007 is plotted in Fig. 2.6. The values reported in Table 2.1 represent the median

of all of the medians measured at each center within the grid, with the range of all

possible values given as the uncertainty. As with the median orbital elements derived

in Section 2.2.5, the results for the reflectance properties reported here show slight

differences from the original approximation in Section 2.2.3, and further iterations
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Figure 2.6: Uniformity of the three reflectance parameters in the center region. To
create the plots, we placed a 20x20 grid over the region defined by the uncertainty
on the center in ep and sin ip, and for each “pixel” in this grid, we computed the
median of all of the objects within a box with range ± 0.007 in both ep and sin ip
around that pixel. For each reflectance parameter, we report the medians of all of
the pixels as the characteristic value for the family, and the range of all of the pixels
as the uncertainty on that characteristic value.

do not change the reflectance property values beyond the uncertainties.

We take the median values reported in Table 2.1 to be the characteristic orbital

and reflectance properties of the Flora family, which allow us to distinguish it from

overlapping families. In the next section we define ranges in orbital elements and

reflectance properties within which the Flora family resides, to allow us to probe

the mineralogy and age of the family in the later sections.
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2.2.7 Define ranges of Flora sample

Family member identification via HCM is based on a threshold distance in orbital

element space of neighboring asteroids. However, a high fraction of interlopers due

to overlapping families can connect unrelated regions of phase space for standard

threshold values (e.g., assigning Flora family membership to all asteroids within

Zone 1), while use of more conservative thresholds may fail to show the full ex-

tent of the physical family (e.g., identifying only the core of the Flora family as a

dynamical family). Here we use additional dimensions to reduce the incidence of

interlopers and focus instead on defining the ranges of the Flora family in proper

orbital elements and reflectance properties. These well-defined ranges allow us to

study the Yarkovsky dispersion, spin distribution, and spectra/mineralogy of the

family more carefully, our primary goal.

In order to determine the range of the family in a particular orbital or reflectance

parameter, we look at the distribution of family members in that parameter. The

range of the family is defined by the boundary of the family in that distribution, the

value for which the density of the distribution rises above the background at the 3-σ

uncertainty level. For each parameter, in order to ensure that the distribution under

inspection is that of the family (and not the background or neighboring families),

we select only the objects that are within the family’s boundaries in all of the other

parameters (and thus are expected to be mostly family members).

In practice, the process of determining the ranges is also an iterative one similar

to that used to define the medians above; each selection in one dimension increases

the relative density of Floras in all of the other dimensions, allowing us to better

define the ranges of the family in those other dimensions, which in turn allow us

to better define the range for the original selection, etc. This iteration, like the

previous one, converges when the boundaries of the family do not change with

further iterations.

This procedure is demonstrated in Fig. 2.7. Each histogram shows the distribu-

tion of members from within the ranges of the Flora family against the distribution
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of all objects in Zone 1, as well as the ranges of our selection in that dimension.

The restrictions in the other dimensions noticeably tighten the Flora distribution

relative to the background distribution in each dimension. The ranges reported in

the last column of Table 2.1 represent the final step of the iteration for this family.

Parameter median median err. literature sample range

a(AU) 2.1 to 2.5
e 0.130 0.002 0.133 0.065 to 0.19
sin i 0.080 0.002 0.084 0.025 to 0.13
C(mAU) -0.2 to 0.2
a∗ 0.126 0.007 0.13 0.055 to 0.22
i− z -0.037 0.007 -0.05 -0.14 to 0.090
pV 0.291 0.012 0.288 ± 0.088 0.17 to 0.40

Table 2.1: Flora family median orbital and reflectance properties, this work com-
pared with published literature values. Due to the signatures of the Yarkovsky
spreading and removal via the ν6 resonance, a median value for ap is not physically
meaningful, and is not reported; however, both ap and C provide useful metrics for
selection of family members from the background in Section 2.2.7. Published values
for the family’s characteristic ep, sin ip, a∗ and i − z are from Parker et al. [2008];
the value for the family’s albedo is from Masiero et al. [2013]. Brož et al. [2013]
measured an albedo of 0.304 for the Floras. In the last column are the ranges that
describe the distribution of the Flora family in orbital and reflectance properties
(Section 2.2.7).

The 691 objects that have orbital and reflectance properties within these ranges1

represent a high-purity sample of Floras, which can serve as a high-priority target

list for spectroscopic surveys attempting to probe the mineralogic properties of the

Flora family.

We note that the distribution of the family does not uniformly fill these ranges;

i.e., the ranges might be better described by gaussians of a given width rather than

simple boundaries in each dimension (e.g., Parker et al. [2008], see also discussion

in Appendix A.2). However, the multidimensional space used reduces the back-

ground sufficiently that each histogram in Fig. 2.7 shows a clear enhancement over

1The list and characteristics of these objects are provided in a CSV file available online at

http://www.lpl.arizona.edu/~dykhuis/Flora-691.csv.

http://www.lpl.arizona.edu/~dykhuis/Flora-691.csv
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Figure 2.7: Distributions of Flora-like objects (dark shading) against all 4696 back-
ground objects in Zone 1. Blue lines indicate the ranges selected in each dimension
(see Table 2.1). For each parameter plotted, the dark shaded portions represent
samples of all of the “Flora-like” objects that fall within the ranges in all other
parameters, with the ranges specified in Table 2.1. For the C parameter, a lower
limit cannot be defined due to the removal of the retrograde-spinning fragments of
the family via the ν6 resonance; we have chosen a lower limit that would contain
even those absent objects. Additionally, for the C subplot no selection has been
made in semimajor axis in order to show an unbiased distribution.
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the background beginning at the parameter boundaries we select. That is to say,

the distribution of Floras and of the background are distinctive enough that our

description of the edges of the Flora dynamical zone are unambiguous. Future mod-

eling of these results can be tested against both the observed extent of phase space

and the variation of density with position in phase space.

In the next section, we obtain a conservative estimate of the contamination due

to interlopers in the sample.

2.2.8 Estimate interlopers in the sample

Interloper estimation in the Flora sample is challenging because the family spans

nearly the entire inner main belt, a region with a background density that is far from

uniform. Our method of defining the family’s range in multidimensional space,

however, enables us to separate the Flora family from most of this background

contamination. Here we obtain a conservative upper limit on the percentage of

expected interlopers in our sample by inspection of the distribution in ep and sin ip

(Fig. 2.8); objects located outside 0.065 < ep < 0.19 and 0.025 < sin ip < 0.13 are

less likely to be family members and provide an estimate of the number density

of the background in the Flora region. We realize that objects with orbits beyond

these ranges could be Flora members that have been dispersed into their current

orbits via interactions with small resonances with Mars (as described in Nesvorný

et al. [2002c]); however, the density distribution of objects beyond the sample range

can provide a conservative upper limit on the expected density of interlopers in the

sample.

The Flora sample contains 691 objects; a sample from the region just beyond the

family with the same volume in phase space contains 84 objects. We thus estimate

that our Flora sample could contain up to 84 interlopers, or 12% of the sample.

As a further note, in order to demonstrate that the Flora family benefits tremen-

dously from the addition of reflectance information from the SDSS and WISE cat-

alogs, we compute the interlopers in a sample of objects that is only defined by

the dynamical ranges in Table 2.1. There are 1844 objects with color and albedo
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Figure 2.8: Estimation of contamination from interlopers in our Flora sample. The
red objects are the 691 that meet the criteria in Table 2.1; they define our Flora
sample. The 84 blue objects lie within a nearby box of equal volume just outside
the Flora sample range; we take these to be representative of our background den-
sity. We estimate from this that the Flora sample contains an upper limit of 84
interlopers, or 12% of the sample.

information within those dynamical ranges. Of those 1844 objects, 1074 or 58%

have SDSS colors that identify them as interlopers within the family. Of the same

1844 objects, 792 or 43% have WISE albedos that identify them as interlopers. The

color and albedo information is thus shown to be essential in separating the Flora

family from the background families.

2.3 Age Determination: Yarkovsky Drift in Semimajor Axis

Having identified the ranges of the Flora family in orbital and reflectance properties,

we next evaluate the age of the family as determined by observations of the size-

dependent Yarkovsky drift in semimajor axis.

The plot of absolute magnitude vs. semimajor axis for the objects at the core

of the Flora family in ep, sin ip, a∗, i − z and pV shows half of the characteristic

“V” shape that results from the Yarkovsky spreading around the original collision

(Fig. 2.9). The normalized distribution in C parameter, with C calculated for each
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member of the population via Eq. 1.10, is shown in Fig. 2.10. The median value

of C for this distribution is 0.088 ± 0.002 mAU. The uncertainty on the median

includes both the uncertainty due to the dispersion in the distribution itself (calcu-

lated via the method described in Appendix A.2) and the measurement uncertainty

in the absolute magnitudes and proper semimajor axes of the individual asteroids

(estimated via a Monte Carlo simulation2).

The edge of the family’s C parameter distribution contains the important infor-

mation relevant to the determination of the family’s age via Yarkovsky spreading.

Walsh et al. [2013] introduced an algorithm for determining this edge that involved

taking the ratio of two adjacent bins at each step in C; a high ratio indicated a

boundary. This method is highly sensitive to the choices of bin and step size, and

these parameters must be determined by trial and error. We developed a method

for boundary determination that is based on this concept, but replaces the trial and

error analysis with conventional statistical methods.

The black line in Fig. 2.10 represents the kernel density estimate (KDE) for the

distribution (each data point is replaced by a gaussian, and the values of all of the

gaussians at each point are averaged). The KDE provides, essentially, a smoothed

C parameter distribution; the outer edge of the family is found as the C value at

which the KDE is changing slope most steeply (i.e., a local maximum/minimum in

the second derivative of the KDE; see Appendix A.1 for further discussion of the

KDE and its derivatives). This maximum occurs at C = 0.166± 0.019 mAU.

An additional maximum in the C distribution occurs at C = 0.237 mAU. This

point corresponds with a change in slope of the KDE; from C = 0.237 mAU to

C = 0.166 mAU, the distribution increases slope over the background, but has not

yet reached the density maximum that indicates the outer edge of the family. We

interpret this intermediate regime to be the renmant distribution due to the initial

ejection velocity of the fragments after the collision event. The spread in C of

2We varied the absolute magnitudes and proper semimajor axes of the individual asteroids

according to their uncertainties, and observed the behavior of the population median C value over

10,000 iterations.
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Figure 2.9: Flora ap, H distribution. Black objects are all 4696 Zone 1 objects
observed by SDSS and WISE. Overplotted red objects are those that are likely
Floras based on selections in a∗, i−z and pV, and also ep and sin ip; selection ranges
are specified in Table 2.1. The ranges in ep and sin ip have been tightened slightly,
to 0.055 < ep < 0.16 and 0.05 < sin ip < 0.13, in order to avoid contamination from
the Hertha cluster. The red objects have, on average, lower H values because H
depends on albedo; in ap-D space, the red and black populations have no vertical
offset. The blue line is the same as that shown in Fig. 2.4, for reference. The cyan
line marks the boundary found as the maximum in the second derivative of the
density curve, C = 0.166 mAU. The yellow line represents the value at which the
Flora family density rises above that of the background, interpreted as being the
edge of the ejection velocity spread (C = 0.237 mAU).
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Figure 2.10: The normalized Flora C parameter distribution (area of histogram is
unity, tallest bin contains 110 objects, with N = 653 total). Objects plotted are
those that are likely Floras within selected ranges in a∗, i − z and pV, and also
ep and sin ip; ranges are specified in Table 2.1. The ranges in ep and sin ip have
been tightened slightly, to 0.055 < ep < 0.16 and 0.05 < sin ip < 0.13, in order to
avoid contamination from the Hertha cluster. The black line represents the density
curve for the distribution (each data point is replaced by a gaussian, and the values
of all of the gaussians at each point are averaged). The subplot shows the first
(red) and second (blue) derivatives of the density curve. A boundary in the data
will result in a swift change of slope of the density curve, which results in a local
maximum/minimum of d′′. The peak in d′′ occurs at C = 0.166 ± 0.019 mAU. An
additional peak occurs at C = 0.237 mAU; this is interpreted to be the edge of the
ejection velocity spread.
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0.071 mAU corresponds to a semimajor axis spread of 0.11 AU for objects with an

H magnitude of 16 mag., which translates to an initial ejection velocity of 450 m/s

(calculated via Gauss’ equations; see, e.g., Zappalà et al. [2002]). This velocity is

large, but it corresponds to ep and sin ip dispersions both of 0.05, which are within

the ranges of the family (Table 2.1).

Given the C parameter which describes the boundary of the family, the family’s

age may be calculated via Eq. 1.13, applying the value for cY determined for the

Karin family, cY = 0.00305 ± 0.00035 AU3 km/My. Assuming that the highest

values of C in the population correspond to prograde objects with spin axes per-

pendicular to their orbital plane (cos ε = 1), calculation of the age via Eq. 1.13

is straightforward. (The validity of this assumption is discussed further in Sec-

tion 2.4.1 below.) Taking the outer edge of the family to be C = 0.166 mAU, the

average albedo pV to be 0.291, the diameter D(H, 〈pV〉 = 0.291) as given in Eq. 1.2,

and the semimajor axis to be acenter = 2.236 AU (the time-average value of the semi-

major axes of the family members), we find an age for the Flora family of 950+200
−170

My. The error in this estimate is dominated by the uncertainty in cY .

2.4 Discussion

Our approach to identifying Flora family members has refined understanding of the

median orbital and reflectance properties of the family, as well as the family’s ranges

in the parameter space (Table 2.1). The determination of these ranges provides

an opportunity for improved modeling and interpretation of dynamical evolution.

The addition of color and albedo information gives us a tremendous advantage in

disentangling the overlapping families in the inner main belt; therefore we find it

essential to include this information in our analysis of the Flora family, although

we recognize the incompleteness of those catalogs leads to incompleteness in our

samples. However, since the Flora family is numerous, we are still able to explore

the full range of dynamical phase space which it occupies, which enables us to

extract physical information about the family. (While our analysis is a first step
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toward obtaining the size-frequency distribution of the family, the incompleteness

of our sample does prevent us from drawing conclusions about the size-frequency

distribution at this time, see Section 2.5 for further discussion on this.)

2.4.1 Discussion of Flora Family Age

The age of the Flora family derived here (950+200
−170 My) is consistent with some

previous estimates, with significantly reduced uncertainty. Nesvorný et al. [2002c]

found ages for the Flora family from consideration of the dispersion in ep and sin ip

under the influence of small resonances with Mars: dispersion in ep gave an age of 900

My, dispersion in sin ip yielded an age of 500 My. Given the approximations involved

in their method, they considered these two numbers to be roughly in agreement, and

concluded the age is likely < 1 Gy. Hanuš et al. [2013a] obtained an age of 1000

± 500 My via comparison between observed and simulated distributions of family

member obliquities correlated with proper semimajor axis, a result consistent with

ours, but with much wider uncertainty.

Crater populations on (951) Gaspra have produced a wide range of estimates

for the age of its surface: from 50 My [Greenberg et al., 1994]; 65-100 My [O’Brien

et al., 2006]; 200 My [Chapman, 1996]; and 1600-3000 My [Marchi et al.]. However,

the surface age is not necessarily the same as the age of the asteroid itself; only the

latter solution is inconsistent with our results. Note also that surface age estimates

depend on assumptions about the impact flux of very small bodies.

The largest sources of uncertainty in our age estimate come from 1) the definition

of the outer edge of the family in ap, H space, 2) the dynamical model used to

approximate family member obliquities (possibly influenced by spin-orbit resonances

and YORP), 3) the assumption of similar material properties — and thus similar

cY — between the Flora and Karin families (especially densities), and 4) a systematic

offset observed among the H values of the objects reported in the MPC catalog. The

latter three warrant further discussion in the following subsections.
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2.4.1.1 Age Uncertainty from Obliquity Variation Models

Small family member fragments are likely to have had their obliquities modified over

the lifetime of the family, for example by non-destructive impact events or radiative

torques such as the static and stochastic YORP effects and spin-orbit resonances

discussed in Section 1.3.2.2. The tendency of family members to have modified

obliquities due to stochastic YORP and spin-orbit resonance capture, along with

a detailed study of the current spin states of the objects within our Flora sample,

follows in Chapter 3.

If a significant fraction of the Flora family members in our sample have been

affected by spin-orbit resonances or stochastic YORP, the median value of C =

0.088 mAU (cf. Fig. 2.10) would be more representative of the drift than the maxi-

mum value C = 0.166 mAU. Since the timescales for obliquity variation are much,

much shorter than the likely age of the family, the relevant obliquity would be the

time average obliquity of the family members (cos ε = 0.5). Using these values in

Eq. 1.13 yields nearly the same age as that found in Section 2.3, because the change

in age resulting from the use of the median value of C (rather than the extreme) is

canceled by the simultaneous use of the lower value of cos ε. Because of the actual

processes affecting obliquity histories remain a subject of much debate in the field,

we adopt for now the result based on maximum C and constant obliquity: 950+200
−170

My. Future study of the distribution of the family as a function of both H and C

may help to resolve the debate.

2.4.1.2 Age Uncertainty from Flora-Karin Comparison

It is important to assess the possibility of differences in material properties between

Flora and Karin family members. Fig. 2.11 shows the colors and albedos of the Flora

and Karin populations. The differences in a∗ between the two families can partly

be accounted for by space weathering, which has introduced systematic changes in

a∗ among four subfamilies of the Koronis family, one of which is Karin (Fig. 1.5).

However the differences in a∗ color and pV do suggest some additional differences at
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least in surface properties. These differences could result in changes in the Yarkovsky

parameter cY .

Differences in bulk densities between the two families would certainly affect the

cY parameter. Unfortunately, due to the paucity of density data, there are very

few density measurements for the members in our Flora or Karin samples. In a

recent review by Carry [2012], the S-type asteroids as a group are stated to have

average densities of 2.7 g/cm3, while individual asteroids (8) Flora and (42) Ariadne

are stated to have densities of 6.50 ± 1.28 and 8.99 ± 2.57 g/cm3 respectively.

These values seem significantly higher than the average for S-type objects, and are

in sharp disagreement with the density obtained for (8) Flora by Konopliv et al.

[2011]: 1.84 g/cm3. Two other objects, (1089) Tama and (939) Isberga (which

fall within our Flora sample ranges in orbital elements, but lack some reflectance

information) have densities of 2.52 ± 0.29 g/cm3 and 2.91 ± 2.0 g/cm3 respectively

[Carry, 2012, Carry et al., 2015]. Detailed volume information exists for asteroid

(951) Gaspra; however, the Galileo spacecraft did not fly close enough to Gaspra to

obtain a reliable mass/density estimate.

For the Karin family densities, we turn to the larger Koronis family within which

the Karins are a subfamily. The two Koronis family asteroids with density data are

(243) Ida and (720) Bohlinia; their densities are 2.35 ± 0.29 and 2.74 ± 0.56 g/cm3,

respectively [Carry, 2012]. These values are consistent with S-type densities, and are

not inconsistent with the Flora densities, given the large uncertainties. Additional

density data will be needed to better constrain our assumption of similar cY values

between these two families.

The comparison between the Karin and Flora families is also only technically

valid for objects with 11 mag < H < 17.5 mag (1 km < D < 4 km), the size

range of the objects in the Karin family. This could, in principle, affect our ap, H

analysis of the Flora family age; however, a repeat of the analysis in Section 2.3 for

all objects in the Flora family with 11 mag < H < 17.5 mag only affects the age

estimate slightly, well within the uncertainty of our solution.
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Figure 2.11: Comparison of Flora family (light shading) and Karin family (dark
shading) reflectance properties. The young Karin family has median reflectance
properties of a∗ = 0.023 ± 0.013, i − z = −0.052 ± 0.015, and pV = 0.206 ± 0.018.
We expect the median a∗ color to shift slightly toward higher values with age due
to space weathering processes; e.g., the 2-Gy-old Koronis family shows an average
a∗ color of 0.09, much higher than that of the Karin family. The Flora family has
a median value of a∗ (0.126 ± 0.007) that is higher than that expected for a family
of similar age among the Koronis families, even with the effects of space weathering
taken into account (see Fig. 1.5).
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2.4.1.3 Age Uncertainty from Systematic H Offsets in the MPC Catalog

Pravec et al. [2012] observed a systematic offset in the H values reported by the

MPC: objects with H values in the range of 12-14 magnitudes (the range most

relevant to our Yarkovsky age calculation) displayed an offset of 0.2-0.4 magnitudes,

with the MPC values reporting lower values of H, or brighter objects. The effect

of this offset would result in our overestimation of the Flora family’s age via the

Yarkovsky dispersion by 12%. The total uncertainty on the age is 21% (dominated

by the uncertainty in the cY parameter); thus modeling the effects of the systematic

H offset in further detail is not warranted here.

2.4.2 Spectra of Flora Family Objects

The dynamical overlaps and complexity of the Flora region has led to the miscate-

gorization of background family members and miscellaneous objects as Floras, and

vice versa, confusing the question of Flora member taxonomy and underlying min-

eralogy (see, e.g., Nesvorný et al. [2005], who proposed that the Flora family itself

could be taxonomically mixed). Our analysis in Section 2.2 demonstrates that the

Floras do have a characteristic range of SDSS color and WISE albedo that sets

them apart from the surrounding families, and that the shape of their distribution

in orbital element space is consistent with a single collisional family. Our results

are obtained under the hypothesis that the family is fairly uniform in reflectance

properties. While in principle a differentiated parent body could yield a family with

varied reflectance properties, these inhomogeneities would manifest themselves as

two or more families with similar orbits (in particular, overlapping Yarkovsky V

shapes) but different reflectance properties. Such overlapping structures are not

observed in the case of the Flora family, even prior to any application of the core

sample method; thus our assumption of uniform color and albedo for the Floras,

and use of our method to define the family as such, is reasonably well justified.

Spectral data are available from the SMASS online database3 for 31 objects

3http://smass.mit.edu, accessed March 3, 2014

http://smass.mit.edu
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Figure 2.12: Spectra of 14 objects from our Flora core group that were observed
by SMASS II [Bus and Binzel, 2002]. The bold line is a running mean. The Flora
objects show the characteristic features typical of S-type objects.

from our sample. Twelve of these are not formatted for easy comparison here; the

remaining 19 consist of objects from two different surveys: Xu et al. [1995] (five

objects) and Bus and Binzel [2002] (14 objects). The spectra of the 14 objects

from the latter survey (specifically objects numbered 819, 1798, 2019, 2410, 2467,

3121, 3181, 3658, 3841, 3972, 4001, 4287, 4650, and 5008) are plotted in Fig. 2.12.

Fewer than two of these objects are expected to be interlopers, according to the

interloper estimates in Section 2.2.8. The spectra look very similar, and all show

the characteristic features typical of S-type objects.

Due to the correlation of spectra with SDSS color, the similarity of these spectra

is to be expected. Thus the similarity of these spectra does not in itself require

a homogeneous underlying mineralogy of the Flora collisional family; rather, the

homogeneity of the family is demonstrated in the homogeneity of the SDSS colors

and WISE albedos in the dynamical core of the Flora family (see discussion at the

end of Section 2.1). The spectra do, however, provide a more detailed probe into
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the mineralogy of some of the objects in the Flora sample.

2.5 Conclusion

Current efforts in the literature to assign family membership in the inner main

belt use algorithms such as the HCM to identify clusters from the background in

multidimensional phase space [Nesvorný, 2012, Carruba et al., 2013, Milani et al.,

2014]. These algorithms succeed in identifying clusters, but fall short of investigating

the ranges of families in the phase space. Our approach uses the full multidimen-

sional parameter space to reduce interlopers to a small fraction and hence allow the

identification of trustworthy boundaries for the family. These boundaries contain

important physical information about the family, information which is lost if the

family is split in pieces or combined with unrelated families.

While the ranges of the Flora family reported here are inclusive, the sample

of objects reported is not the complete family membership. This distinction is

important, because the extraction of collisional information from the size-frequency

distribution (SFD) of a sample of family members assumes that the distribution of

the sample is an accurate representation of the underlying distribution of the family.

Our definition of the ranges of the Flora family in orbital and reflectance properties

is a necessary first step toward obtaining the family’s SFD, but it is not sufficient:

in order to obtain the full SFD we would need to have full reflectance information

for all of the objects within the Flora ranges in orbital proper elements, to obtain

a fully inclusive sample. Our sample necessarily discards objects that are likely to

be Floras based on dynamical considerations, but for whom reflectance data are

not available. It must also be noted that family identification methods that neglect

reflectance information such as color and albedo can be expected to produce family

lists for the Flora family that contain at least 50% interlopers, which likely alter the

observed SFD from the true Flora SFD.
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2.5.1 Our Method: Key Techniques

Our method uses the following key techniques to characterize the Flora family:

• We use an iterative procedure to identify the characteristic properties of the

family by focusing in on the “core” of the family in multidimensional space.

This allows us to largely eliminate confusion from overlapping families in our

assessment of the characteristic properties of the Floras.

• We make use of reflectance information alongside orbital information, limiting

the number of objects in our dataset to those for which both orbital and

reflectance data exist. This step is necessary for the dynamically crowded

Flora region, and not so injurious to the Floras due to the size of the family.

• We use the signature of the family in ap, H space as an additional tool to

identify family members. This technique is not used to its full potential in

the literature to date, and has led some to mistakenly separate single-collision

families into two dynamical groups composed of the prograde and retrograde

“wings” of the V plots.

• We establish the full range of dynamical space occupied by the Flora family,

which can then be interpreted physically to obtain the age of the family, via

observations of the dispersion in semimajor axis due to Yarkovsky spreading.

• We obtain a calibration for the Yarkovsky drift among the Floras via com-

parison with another S-type family, Karin. This assumes the close correspon-

dence of Flora and Karin material properties, but enables the derivation of

the Flora collisional age without physical assumptions about the members’

material properties themselves, which are poorly constrained.

2.5.2 Future Work

Our definition of the ranges of the Flora family in orbital and reflectance properties

provides an excellent opportunity to test the various models of asteroid spin evo-
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lution predicted by the models of YORP and spin-orbit resonance capture. Future

efforts will model the C distributions produced under various YORP and spin-orbit

resonance capture scenarios, to understand the physical implications of the distri-

bution on the family’s evolution.

The Flora family’s properties are distinct from those of other overlapping or

embedded asteroid families as shown in Table D.1, based on preliminary evaluations

of the properties of those other families. One aspect of our future work will refine

the results in this table, obtaining reliable identification of members of the various

families packed into this region. With that information, the ages of the families and

their collisional and dynamical histories can eventually be derived.
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CHAPTER 3

The Flora Family II: Spin Sense Survey

3.1 Introduction

The orbital and reflectance properties and age of the Flora family have been studied

in detail in the previous chapter. The existence of the Flora family is evidenced

by a preponderance of prograde-rotating objects at proper semimajor axis values

greater than that of (8) Flora [Haegert and Molnar, 2009, Kryszczyńska, 2013, Hanuš

et al., 2013a]. The Yarkovsky dispersion in semimajor axis depends for each object

on its spin sense; prograde-rotating objects drift to higher semimajor axes, while

retrograde-rotating objects drift inward. Hence, the concentration of prograde ro-

tators in the high-semimajor axis half of the Flora family supports the existence of

the family as well as the single-collision Yarkovsky-dispersed model for the family’s

origin.

The amount of Yarkovsky semimajor axis dispersion experienced by a given

asteroid depends on its obliquity ε [Bottke et al., 2006, and references therein], with

the dispersion maximized at obliquities of ε = 0◦ (prograde rotation) and ε = 180◦

(retrograde rotation). In the zero-order case of randomized obliquities following a

collision event, and no subsequent obliquity modification, the family members would

be expected to display a wide range of dispersions in semimajor axis within a given

size range. Observationally, this would result in a uniform distribution of objects

within the “V”-shaped envelope of the family in semimajor axis-size space, a “filled

triangle,” and a correlation between C and obliquity.

The Flora family, by contrast, does not show uniform distribution within the “V”

shape; rather, the low-semimajor axis component of the family has been removed via

resonant interactions, and the high-semimajor axis objects show clustering near high

values of C (around C = 0.000085 AU, cf. Fig. 2.10). This non-uniform distribution
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suggests that the obliquities of the Flora family members are non-random in some

way, a prediction which can be tested via surveys of Flora member spin properties.

Non-random obliquities are a predicted consequence of several different dynami-

cal models for the post-collisional evolution of asteroid families, and thus spin infor-

mation can provide useful observational constraints to differentiate between mod-

els. One such model couples the Yarkovsky semimajor axis dispersion with spin

axis reorientation due to the YORP thermal torques [Bottke et al., 2006]. The

YORP effect (to first order) reorients asteroid poles away from the time-averaged

orbit plane, which in turn maximizes the effectiveness of the Yarkovsky semimajor

axis dispersion. This first-order Yarkovsky-YORP model would be expected to de-

populate the center of the family’s V (the low-|C| region), while clustering family

members near the high-|C| regions of the family at the boundary of the V envelope,

consistent with the observations of the Flora family. The Yarkovsky-YORP model

predicts that the objects within the cluster at high C values will have obliquities

near ε = 0◦.

In some cases, the reorientation due to YORP torques can drive family mem-

ber spin axes into spin-orbit resonance. This occurs because YORP torques modify

both the asteroid’s obliquity (ε) and spin rate (ω), which in turn affect the asteroid’s

precession rate, ψ̇, with respect to the ecliptic (ψ̇ ∝ cos ε/ω) [Vokrouhlický et al.,

2003]. YORP torques modify ψ̇ until the precession rate encounters a resonance,

most frequently the s or s6 resonances. The proper frequency s depends on the

proper orbital elements, and ranges from about −35 to about −75 arcseconds per

year, based on the asteroid’s semimajor axis position (inner vs. outer main belt,

respectively). The forced frequency, s6, corresponds to the mean frequency of Sat-

urn’s longitude of the nodes, approximately −26.34 arcseconds per year [Laskar and

Robutel, 1993]. The s and s6 resonances result from the torques on the asteroid’s

rotation axis due to the time-averaged position of the “orbits” of the Sun and Saturn

respectively.

Such resonances can affect the orientations of the spin axes of main belt asteroids.

For example, the pole orientations of the members of the large Koronis family in
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Figure 3.1: Distribution of Flora ecliptic latitudes and rotation rates for the 41
objects in our Flora sample with spin information reported in the DAMIT database
(cf. Kryszczyńska [2013], Fig. 2). Colors represent the extent of drift in semimajor
axis from the family center (C); blue objects are those that have drifted to higher
semimajor axes. We find no evidence of Slivan states among the Flora members.

the outer main belt demonstrate anisotropy consistent with their capture into the

s6 resonance. This behavior was first noted by Slivan et al. [2003], and is commonly

referred to by the term “Slivan states”. Vokrouhlický et al. [2003] found that Slivan

state resonant capture follows the evolution of the objects’ spin vectors under the

influence of YORP torques. The unique Slivan state resonance is not expected

to influence the Flora family member asteroids because of their location in the

inner main belt (see Vokrouhlický et al. [2006b], Fig. 2). Kryszczyńska [2013]

did report an unusual Slivan-like correlation of pole orientations among 18 Flora-

region objects; however, with increased sample sizes and improved family member

identification techniques, no significant clustering of pole orientations is observed

among the Floras (Fig. 3.1, see also Hanuš et al. [2013a]).

While the Flora members do not appear to be in Slivan state resonance, the

Flora region is influenced by the overlap of the s and s6 resonances, which affects

the distribution of family member obliquities. Rubincam et al. [2002] and Vokrouh-
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lický et al. [2006b] found Flora object (951) Gaspra to be in Cassini state 2, with

commensurate spin and orbital precession rates, driving large variations in the as-

teroid’s obliquity ε over short (My) timescales (in the range 10◦ < ε < 70◦). This

commensurability results from the torque exerted on the asteroid’s shape due to the

Sun; the synchronization of the spin precession rate ψ̇ and the orbital precession rate

s, with unit vectors ŝ and
˙̂
ψ in either the same (Cassini state 1) or opposite (state 2)

directions, leads to an enhanced effect that maintains the commensurability [Peale,

1969]. The values of s for objects with orbits in the inner main belt contribute to the

presence of the resonance there, with libration about a critical angle φ ∼ −ψ̇t− st.
Vokrouhlický et al. [2006b] studied the evolution of five asteroids (including

Gaspra) throughout the main belt, and confirmed that the overlap of the s and s6

frequency modes in the inner main belt can force large obliquity variations. As with

Slivan state resonant capture, the YORP effect can modify an asteroid’s spin vector

until commensurability of precession rates is achieved. If a significant fraction of

the Flora family members are influenced by this resonance, the members would be

expected to cluster in semimajor axis around a specific value of C (as observed for

the Floras), and observations of the members within this cluster should show a wide

range of spin vectors.

These two models for the Flora family’s evolution yield very different predictions

for the obliquity distributions of the members within the observed cluster: a wide

range of obliquities in the case that a significant fraction of Flora members are caught

in spin-orbit resonance, and obliquities near 0◦ in the case of Yarkovsky-YORP

evolution alone. Thus observational surveys of asteroid spin can help constrain a

family’s dynamical evolution processes.

The Flora family in particular has been observed extensively, due to its proximity

to Earth and the large sizes and high albedos of its members. Spin information is

available from the DAMIT database [Durech et al., 2010]1 for 45 objects within the

dynamical range of the Flora family (2.1 AU < aP < 2.5 AU, 0.065 < eP < 0.19,

0.025 < sin iP < 0.13, -0.0002 AU < C < 0.0002 AU, cf. Table 2.1). The relevant

1http://astro.troja.mff.cuni.cz/projects/asteroids3D/, accessed November 25, 2014

http://astro.troja.mff.cuni.cz/projects/asteroids3D/
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data for these objects is shown in Table 3.1. The distribution of asteroid spins in

the Flora region in the context of the Yarkovsky V-plot with |C| = 0.0002 AU is

shown in Fig. 3.2; the prograde objects (blue) cluster near the rightmost edge of the

V, while the central part of the V is populated by objects with a mix of prograde

and retrograde spin sense. The prograde objects along the rightmost edge of the V

have ecliptic latitudes (β, where β = 0◦ represents spin axes in the ecliptic plane,

and β = +90◦ indicates axes perpendicular to the ecliptic plane with prograde spin

sense) within the range of 30◦ < β < 80◦ (Fig. 3.3). This range is consistent with

that expected if a significant fraction of the Flora members are caught in spin-orbit

resonance, based on the spin-orbit simulations of Vokrouhlický et al. [2006b].

Asteroid shape and spin information is typically determined via the lightcurve

inversion method [Kaasalainen et al., 2001], which requires photometry from mul-

tiple oppositions over many years. That method successfully reproduces shape and

spin axis models for objects observed by spacecraft (cf. the spin/shape models de-

rived for (951) Gaspra and (158) Koronis by Hanuš et al. [2013a]), albeit with a

common ambiguity of 180◦ in the ecliptic longitude of the rotational pole.

In contrast to the multiple oppositions required to determine spin/shape models

via the inversion methods, the prograde-retrograde spin sense alone can be deter-

mined much more efficiently, using observations over only one opposition. Here we

present the results of a spin-sense survey of 21 large, bright objects in the Flora

region, using a time-efficient modification of the “epoch method”, or photometric

astrometry, discussed in Section 3.2.1. We discuss the implications of our survey

results in the context of the dynamical history of the Flora family in Section 3.3.
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Figure 3.2: Spin information from the DAMIT database for the 45 objects that
are within the Flora family ranges (as defined in Table 2.1), in the context of the
Yarkovsky V plot with |C| = 0.0002 AU, centered on (8) Flora (ap = 2.201 AU).
Prograde objects (blue) cluster near the outermost edge of the V, while the central
part of the V is populated by prograde, retrograde and low-ecliptic latitude objects.
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Number Name H (mag) a (AU) e sin i a∗ i− z pV C (mAU) β (◦)

8 Flora 6.49 2.201 0.146 0.098 0.23 0.00 −5
43 Ariadne 7.93 2.203 0.142 0.071 0.11 −0.12 0.23 0.05 −15

281 Lucretia 11.95 2.188 0.131 0.077 0.20 −0.06 −55
352 Gisela 10.07 2.194 0.137 0.075 0.19 −0.07 −24
367 Amicitia 10.5 2.219 0.147 0.041 0.14 35
540 Rosamunde 10.76 2.219 0.146 0.104 0.21 0.12 72
553 Kundry 12.1 2.231 0.130 0.085 0.28 0.11 69
685 Hermia 11.9 2.236 0.143 0.077 0.14 83
770 Bali 10.9 2.221 0.158 0.062 0.17 0.13 48
800 Kressmannia 11.23 2.193 0.140 0.075 0.15 −0.05 36
810 Atossa 12.5 2.179 0.121 0.046 0.25 −0.07 68
819 Barnardiana 11.9 2.198 0.102 0.080 0.21 −0.06 0.34 −0.02 47
825 Tanina 11.5 2.226 0.114 0.053 0.21 0.12 54
915 Cosette 11.5 2.228 0.132 0.088 0.29 0.13 59
951 Gaspra 11.48 2.210 0.148 0.089 0.14 0.00 0.33 0.04 19

1056 Azalea 11.6 2.230 0.123 0.080 0.24 0.14 46
1088 Mitaka 11.39 2.201 0.148 0.115 0.19 0.00 −71
1089 Tama 11.7 2.214 0.144 0.057 0.06 30
1130 Skuld 12 2.229 0.145 0.052 0.23 0.11 39
1188 Gothlandia 11.44 2.191 0.140 0.077 0.23 −0.06 −84
1249 Rutherfordia 11.54 2.224 0.125 0.091 0.22 0.11 70
1270 Datura 12.4 2.235 0.153 0.092 0.11 76
1446 Sillanpaa 12.5 2.246 0.137 0.084 0.11 0.00 0.23 0.14 70
1472 Muonio 12.3 2.234 0.151 0.064 0.30 0.11 61
1514 Ricouxa 12.6 2.240 0.147 0.071 0.24 0.12 72
1518 Rovaniemi 12.37 2.226 0.156 0.106 0.26 0.08 53
1527 Malmquista 12 2.227 0.144 0.088 0.18 −0.08 0.26 0.10 80
1634 Ndola 12.7 2.246 0.132 0.116 0.13 40
1682 Karel 12.7 2.239 0.141 0.076 0.11 37
1703 Barry 12 2.215 0.113 0.067 0.05 −73
1785 Wurm 13.2 2.236 0.122 0.075 0.08 47
1905 Ambartsumian 12.73 2.223 0.155 0.052 0.06 −66
1950 Wempe 13.07 2.178 0.149 0.066 0.14 −0.08 −0.06 −43
2094 Magnitka 11.9 2.232 0.145 0.094 0.21 0.13 53
2112 Ulyanov 12.3 2.254 0.124 0.071 0.18 61
2156 Kate 12.69 2.242 0.169 0.083 0.22 −0.06 0.21 0.12 74
2510 Shandong 12.6 2.253 0.150 0.077 0.16 27
2709 Sagan 13 2.195 0.128 0.064 −0.02 −24
2839 Annette 12.7 2.217 0.145 0.069 0.26 0.04 −42
3279 Solon 13 2.203 0.132 0.071 0.00 −70
4606 Saheki 12.9 2.252 0.148 0.058 0.27 0.13 64
5960 Wakkanai 13.6 2.189 0.114 0.061 0.29 −0.02 −65
7043 Godart 13 2.245 0.147 0.106 0.34 0.11 71
7632 Stanislav 14 2.225 0.109 0.071 0.20 −0.07 0.21 0.04 −47

31383 1998 XJ94 13.85 2.185 0.124 0.079 0.29 −0.03 −68

Table 3.1: Orbital, reflectance and spin data for the 45 Flora family objects for which
spin information is available from the DAMIT database. Absolute magnitudes are
taken from the Minor Planet Center (MPC). Proper orbital elements are calculated
using the Orbit9 software from AstDyS as in Chapter 2. The a∗ and i − z color
measurements are based on the data from the Sloan Digital Sky Survey (SDSS),
excepting the cases of (43) Ariadne and (951) Gaspra, which were measured in this
work; the a∗ parameter represents a linear combination of SDSS filters defined by
Ivezić et al. [2001]. The C parameter is defined in Eq. 1.10, with ∆ap referenced to
the ap of (8) Flora. The parameter β is the ecliptic latitude of the asteroid’s north
pole. (In the cases where two or more pole solutions were reported in the DAMIT
database, the value cited here is the mean of the ecliptic latitudes, as in Hanuš et al.
[2013a]; latitudes for ambiguous models are usually similar.)
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Figure 3.3: Distribution of Flora sample ecliptic latitudes for different C parameters.
If the members of the Flora family are affected by spin-orbit resonance, we would
expect to see the objects near the median C parameter display a wide range of values
of ecliptic latitude. The cluster of objects between 0.1 mAU < C < 0.15 mAU and
30◦ < β < 80◦ suggests a degree of spin-orbit resonance capture.

3.2 Spin sense determination

3.2.1 Method

The spin sense of a rotating asteroid affects the timing of observations of its

lightcurve features as it passes through opposition. Groeneveld and Kuiper [1954]

first demonstrated the measurability of this effect to show the retrograde rotation of

(15) Eunomia, obtaining the sidereal period of the asteroid via observations over a

multi-year baseline and demonstrating that the deviation in the apparent observed

(synodic) period at opposition was consistent with retrograde rotation and inconsis-

tent with prograde rotation. Gehrels [1967] later used the variability of the synodic

period of asteroid (4) Vesta through changing longitude (i.e., phase angle) to mea-

sure its prograde rotation in a single opposition. Later refinements of these spin

sense determination methods (see Magnusson [1989] for a good summary) referred

to them by the general name of sidereal photometric astrometry, or more colloqui-

ally, “epoch methods” (based on the use of observations of asteroid synodic spin
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periods over multiple “epochs”), and found these methods to be the most reliable

tools for obtaining asteroid spin sense [Magnusson, 1989].

Magnusson [1983] and Harris et al. [1984] defined the “phase angle bisector”

(PAB) as the vector that bisects the direction to the Earth and the direction to

the Sun as viewed from an asteroid at a given time. Harris et al. [1984] claimed

also that observed lightcurve features (e.g., maxima or minima) recur each time a

given asteroidal longitude points in the same direction as the PAB. The premise

of this claim is based on consideration of the geometry of the system: the time

of maximum observed brightness will occur not merely when the long axis of the

asteroid is perpendicular to the Sun (maximizing the lighting of the surface) or

when it is perpendicular to the Earth (maximizing the the geometric profile), but

somewhere in between.2

The ecliptic longitude and latitude of an asteroid’s rotational north pole are

generally designated λ and β, respectively. In the case that β = +90◦ (prograde

spin), the asteroidal latitude of the PAB is the same as the ecliptic latitude of the

PAB. The difference between the synodic and sidereal spin frequencies is given by

the rate of change of the ecliptic longitude of the PAB, lp [Magnusson, 1986]:

fsyn = fsid −
dlp
dt
, (3.1)

The relationship for an object with β = −90◦ (retrograde spin) is the same but for

the reversal of the sign of the time derivative. The quantity dlp
dt

changes with time

as the geometry of the Earth-Sun-asteroid system changes, reaching an extremum

at opposition; the nature of the extremum (min/max) depends on the spin sense.

2Harris et al. [1984] does not attempt to prove this claim rigorously, but appeals to experimental

[Dunlap, 1971] and theoretical [Surdej and Surdej, 1978] studies that demonstrate that maximum

light is observed at the time when the long axis of the observed object is perpendicular to the

PAB, noting that this assumption will fail in the case of a “rough, irregular body.” We further

discuss and demonstrate the effects of the irregularity of asteroid shape in determining accurate

synodic period measurements from observations in Section 3.2.1.2.
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For a more general orientation of the asteroid spin axis (e.g., β not necessarily

±90◦), the change in dlp
dt

can be greater or lesser than the 90◦ case, depending on

the degree to which the change in the PAB vector lies in the equatorial plane of the

asteroid. That is to say, the component of the change of the PAB vector that is

in the direction of asteroid longitude is the only part of the change that affects the

synodic spin rate. In the following section, we derive this component’s dependence

on λ and β.

3.2.1.1 Dependence of Psyn on λ and β

We may convert ecliptic coordinates to asteroid coordinates using a spherical triangle

centered on the asteroid, with vertices at the north ecliptic pole (NEP), the north

rotational pole (NP), and the PAB (Fig. 3.4). The PAB has ecliptic coordinates

(lp, bp) determined from the geometry of the Earth-Sun-asteroid system; the north

rotational pole has ecliptic coordinates (λ, β) which are not usually known a priori.

The PAB has coordinates relative to the north rotational pole (l′, b′) which we wish

to find here. We may freely choose the zero longitude for the PAB relative to the

north rotational pole, and for convenience we choose the NEP to have l′ = 0.

Using the spherical cosine law, we can find the sine of the latitude of the PAB

relative to the north pole (b′):

sin b′ = sin bp sin β + cos bp cos β cos(λ− lp). (3.2)

Because b′ is in the range [-90◦,+90◦], b′ may unambiguously be found as sin−1(sin b′).

Using the spherical sine law with the same vertices, we can find the sine of the

longitude of the PAB relative to the north pole (l′):

sin l′ =
cos bp sin(λ− lp)

cos b′
, (3.3)

where b′ is determined from Eq. 3.2. Lastly, using the extended cosine law with the



84

90◦ − b′

90◦ − bp

90◦ − β

λ− lp

l′

NEP

NP

PAB

Figure 3.4: Spherical geometry for the asteroid coordinate conversion. The vertices
of the spherical triangle are the asteroid’s north ecliptic pole (NEP), the asteroid’s
north rotational pole (NP) and the direction of the phase angle bisector (PAB). The
asteroid’s ecliptic longitude and latitude are indicated by λ and β; the PAB’s ecliptic
coordinates are lp and bp; the PAB’s coordinates relative to the north rotational pole
are l′ and b′.
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same vertices, we can determine the cosine of l′:

cos l′ =
cos β sin bp − sin β cos bp cos(λ− lp)

cos b′
, (3.4)

and use Eqs. 3.3 and 3.4 together to unambiguously find l′ in the range [0◦,360◦].

The synodic spin period is then computed as

P−1
syn = P−1

sid −
(∆l′

∆t

)
, (3.5)

where
(

∆l′

∆t

)
< 0 for retrograde spin.

The change in Psyn reaches an extremum at opposition, and the “sense” of the

extremum (minimum or maximum) is determined by the sense of spin: upward cur-

vature (lower synodic period during opposition) indicates prograde rotation, while

downward curvature (higher synodic period during opposition) indicates retrograde

rotation.

3.2.1.2 Strengths and limitations of the method

The method described above enables the determination of the spin sense of an

asteroid from observations of its changing synodic spin period over a relatively short

time around a single opposition (Fig. 3.5). Objects that show a minimum in synodic

spin period near opposition have prograde spin sense, while objects that show a

maximum near opposition have retrograde spin sense. The amount of synodic period

change depends on the ecliptic coordinates of the asteroid’s north rotational pole, as

shown in the previous section. For obtaining spin sense, this method has an efficiency

advantage over multi-year observational campaigns designed to obtain complete spin

and shape models. These complete models are useful but not required for our

present purposes of constraining dynamical models for asteroid family evolution

(see discussion in Section 3.3.2), so observations around a single opposition are in

principle adequate.
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As a basic requirement, the method requires highly precise determination of the

synodic spin period at and away from opposition, to establish the nature of the

extremum (maximum or minimum). Each of these synodic period determinations

consitutes an “epoch.” While observations during two epochs at and away from

opposition are sufficient, observations during three epochs (before, during and after

opposition) are highly desirable for the sake of repeatability.

In order to obtain the necessary high precision in the synodic period measure-

ment, it is best to obtain full lightcurve coverage at both the beginning and the end

of each epoch. (Observations in the middle of the epoch are also useful, to measure

the sign of the rate of change of the spin period.) Full lightcurve coverage is ideal,

because individual lightcurve features such as maxima or minima are often sensitive

to changes in viewing geometry. Over opposition, the precise phases of these features

can shift due to the physical shape of the asteroid itself, introducing systematic off-

sets into the synodic period measurements. Comparison of full lightcurves obtained

at the beginning and end of the epoch is useful in reducing these systematic effects.

In general, the duration of each epoch must be long enough to determine the spin

period to adequate precision, while minimizing systematic error due to lightcurve

changes resulting from the asteroid’s physical shape. We found that durations of 20-

25 days were optimal. Within this timespan, we attempted to obtain full lightcurve

coverage at least once every 3-4 days. For most objects, full lightcurve coverage could

be accomplished within a given night; occasionally the longer-period objects required

multiple nights. In the latter cases, the slow proper motion of the objects permitted

the lightcurves from separate nights to be compared using the same reference stars

in overlapping fields of view.

The spacing of the epochs must be long enough to yield significant period change,

while ensuring sufficient signal-to-noise for observations made further from opposi-

tion. For the objects in this study, a spacing of 30-50 days from opposition was

generally sufficient to resolve synodic spin period changes at the 3σ level.

Occasionally, an asteroid will not show significant synodic period change across

opposition (examples are shown in Section 3.2.3, Fig. 3.8), due to the specific ori-
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entation of its north rotational pole near the orbital plane. In these cases, the

prograde/retrograde spin sense cannot be determined from the observations. How-

ever, the lack of change is likely due to the low (i.e., in-plane) ecliptic latitude of

the north pole (β), as high-β objects would not be able to “hide” their synodic

period changes through observations at different phase angles. Thus synodic pe-

riod measurements are still able to place loose constraints on β even in the case of

indeterminate spin sense.

3.2.1.3 Testing the method

To test the reliability of our method, we compared single-opposition lightcurve

observations of asteroid (158) Koronis with the predicted amount of synodic pe-

riod change based on the spin/shape model for Koronis available from the DAMIT

database (Fig. 3.5). The pole solution and sidereal period for Koronis reported in

the database are λ = +30◦, β = −64◦, and Psid = 14.20569 h. The red curve in

Fig. 3.5 represents the predicted synodic period as a function of time near opposition

for an object with these pole parameters and sidereal period. The actual observed

synodic spin period values (blue dots) show the same general trend as expected for

a retrograde object, but differ slightly from the predicted red curve. This difference

is a result of the physical shape of the asteroid itself viewed at different phase angles

throughout opposition, as discussed in the previous section.

The effect of physical shape is demonstrated by the offset of the green points

from the red curve in Fig. 3.5; the green points show the predicted synodic period

values determined from simulated lightcurves that incorporate the DAMIT shape

model for (158) Koronis as well as the pole and period parameters. The deviation of

the green points from the red curve shows the effects of shape and changing viewing

geometry on the synodic spin period measurements. The differences between the

blue and green points might be resolved by future refinements of the shape model.

(Note that the horizontal “error bars” plotted for both the green and blue points

represent the time span of the lightcurves used to determine the period, and are

not intended to represent the actual “error” in the time.) Thus Fig. 3.5 shows the
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Figure 3.5: Synodic period observations (blue dots) for (158) Koronis, compared
with the predicted synodic period change (red curve) for an object with Koro-
nis’s pole orientation and sidereal period (using the parameters from the DAMIT
database). The general downward curvature indicates retrograde rotation in both
cases; the differences between the two are due to the physical shape of Koronis.
The green points represent the predicted synodic period values determined from
simulated lightcurves that incorporate the DAMIT shape model as well as pole and
period parameters. Note that the horizontal “error bars” plotted for both the green
and blue points represent the time span of the lightcurves used to determine the
period, and are not intended to represent the actual “error” in the time.
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reliability of our method for determining spin sense, while also demonstrating the

possible systematic errors introduced as a result of unknown physical shape.

3.2.2 Observations and data reduction

Data for the Flora spin sense survey were taken between 4 September 2007 and

16 May 2009 on two identical (0.4-m OGS Ritchey-Chrétien) telescopes owned by

Calvin College: one operated remotely in Rehoboth, NM, at an elevation of 2024 m,

and a second located on the Calvin campus in Grand Rapids, MI, at an elevation of

242 m. The Rehoboth telescope has an SBIG ST-10XE camera with a plate scale

of 1.97 arcseconds per pixel (binned 2x2), while the Grand Rapids telescope has

an SBIG ST-8XE camera with a plate scale of 1.58 arcseconds per pixel. The low

magnitudes of several of the objects in the study permitted their observation with

both telescopes, despite the poorer seeing at the Michigan site. Occasionally, a few

of the objects reached low enough visible magnitudes to require filtered observations

to prevent saturation; these were made using an R filter and an I filter. Exposure

times ranged from 13 to 180 s.

Standard image calibration and differential aperture photometry were done with

MaxIm DL, using the average of five reference stars with magnitudes comparable to

the asteroid. Period analysis was done with the software Peranso 2.20 [Vanmunster,

2006], using the Fourier algorithm for lightcurves (FALC) developed by Harris et al.

[1989]. All times were corrected for light travel.

3.2.3 Results

The 21 objects observed in this study are listed in Table 3.2. Ten of the objects dis-

played significant synodic spin period change over the interval observed, identifying

them as prograde or retrograde rotators (codes “1” or “-1” in Table 3.2, respec-

tively). Six of the objects listed in Table 3.2 did not display significant synodic

spin period change over the interval observed (code “0” in the table, e.g., (3272)

Tillandz), indicating low ecliptic latitudes of the spin axes (i.e., poles in the plane)
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are likely for these objects. Lastly, five objects represented “other” cases for which

synodic spin period determination for one or more epochs was not possible (code

“2” in the table). It is important to note that these last five objects have been

categorized as “other” not on the basis of their spin sense, thus our results are not

biased with regard to spin sense. Rather, spin sense determination was not pos-

sible for these objects due to either limited data (poor observing conditions, long

spin periods and correspondingly small lightcurve coverage, or periods aliased with

Earth’s rotation) or asteroid-based issues (spherical shapes, satellite eclipse events).

The individual cases are discussed further in Section 3.2.3.3 below.

The synodic spin period measurements for each asteroid are plotted in Figs. 3.6 -

3.9 and listed in Table C.1 in Appendix C, along with the period uncertainties and

epoch durations. The figures show the individual synodic spin period measurements

plotted against the model curves for various pole assumptions (ecliptic latitudes

and longitudes, β and λ) and sidereal periods (Psid). For the four asteroids with

published pole solutions, the predicted curve is plotted as well (red lines). The Psid

is generally not known for the objects observed; changing the assumed value simply

shifts the model curves vertically.

Published pole solutions exist for four objects in our study: (43) Ariadne, (367)

Amicitia, (800) Kressmannia, and (951) Gaspra. For each of these, the sense of the

observed extrema confirm the sense of spin found in the published pole solutions.

The synodic period measurements do not exactly match the model curves, because

our period observations are unable to account for the unknown physical shape of

each object, which introduces an additional unquantifiable systematic error into the

period measurements for observations made over changing phase angle.
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Asteroid H a (AU) e sin i a∗ i− z pV C (mAU) Code

(43) Ariadne 7.9 2.203 0.142 0.071 0.11 −0.12 0.23 0.05 0
(296) Phaetusa 12.6 2.229 0.123 0.024 0.13 0.05 0.18 0.08 1
(298) Baptistina 11.2 2.264 0.152 0.107 0.03 0.01 0.36 2
(367) Amicitia 10.5 2.219 0.147 0.041 0.14 1
(800) Kressmannia 11.2 2.193 0.140 0.075 0.15 −0.05 1
(802) Epyaxa 12.6 2.196 0.138 0.082 0.17 −0.1 0.29 −0.02 -1
(913) Otila 11.8 2.198 0.131 0.086 0.21 −0.02 -1
(951) Gaspra 11.5 2.210 0.148 0.089 0.14 0.00 0.04 0
(1156) Kira 12.3 2.237 0.079 0.021 0.27 0.12 0
(1396) Outeniqua 11.9 2.248 0.154 0.078 0.22 0.19 1
(1494) Savo 12.3 2.190 0.104 0.054 −0.04 -1
(1666) van Gent 12.5 2.185 0.125 0.064 0.26 −0.05 -1
(1830) Pogson 12.5 2.188 0.121 0.076 0.27 −0.04 2
(1900) Katyusha 12.3 2.209 0.163 0.123 0.28 0.03 -1
(2579) Spartacus 13.3 2.210 0.094 0.110 0.40 0.02 2
(2975) Spahr 13.0 2.248 0.142 0.130 0.18 −0.02 0.31 0.12 2
(3272) Tillandz 13.2 2.244 0.131 0.059 0.29 0.10 0
(3385) Bronnina 12.2 2.221 0.050 0.126 0.22 −0.09 0.36 0.07 2
(3918) Brel 12.5 2.244 0.161 0.125 0.45 0.14 0
(4185) Phystech 13.5 2.218 0.125 0.048 0.03 0
(9780) Bandersnatch 13.1 2.205 0.177 0.113 0.13 0.01 0.30 0.01 1

Table 3.2: Details for the 21 objects observed in this study. The spin sense informa-
tion is indicated in the final “Code” column: “-1” denotes retrograde objects, “1”
denotes prograde objects, and “0” denotes objects with indeterminate spin sense
due to low ecliptic latitude (i.e., axes in or near the orbital plane). The objects
with code “2” are other cases described in the text. The a∗ and i− z colors for (43)
Ariadne, (298) Baptistina and (951) Gaspra were obtained in this work.

In general, upward curvature of Psyn (lower synodic period during opposition)

indicates prograde rotation, while downward curvature (higher synodic period dur-

ing opposition) indicates retrograde rotation. Even in the case of distinct curvature,

a wide range of ecliptic latitudes may be consistent with our observations (e.g., the

case of (367) Amicitia), due to the systematic error in the period resulting from

lightcurve changes due to unknown shape. In the cases where no significant period

change is observed (e.g., (3272) Tillandz), ecliptic spin-pole latitudes near β = ±90◦

are less likely, as high-β objects would not be able to “hide” their synodic period

changes through observations at different phase angles.

The above points are more clearly demonstrated in the results for illustrative

individual objects, discussed below.
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Figure 3.6: Synodic spin period measurements (blue dots) for the objects classified
as prograde rotators (code “1” in Table 3.2). Vertical error bars represent 1σ un-
certainty on the period measurements; horizontal error bars show the timespan of
observation. Model lines show the expected period change for various pole solutions:
solid black lines represent β = +90◦; dashed black lines represent β = −90◦; gray
lines represent alternate pole solutions. DAMIT solutions (where they exist) are
plotted in red.
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Figure 3.7: Similar to Fig. 3.6; synodic spin period measurements for the objects
classified as retrograde rotators (code “-1” in Table 3.2).
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Figure 3.8: Similar to Fig. 3.6; synodic spin period measurements for the objects
classified as low-latitude rotators (code “0” in Table 3.2).
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Figure 3.9: Similar to Fig. 3.6; synodic spin period measurements for the other cases
(code “2” in Table 3.2).
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3.2.3.1 Objects with well-determined spin sense

(367) Amicitia: The DAMIT database lists two possible pole solutions for (367)

Amicitia: Psid = 5.055020 h, β = +38◦, λ = 203◦; and Psid = 5.055021 h, β =

+32◦, λ = 21◦. Both are consistent with our observations, with the former solution

providing a slightly better fit. Our data could also be fit by a curve with Psid =

5.05479 h and β = +90◦, plotted as a black line. The consistency of our observations

with the DAMIT results confirms the success of our method in determining (367)

Amicitia’s prograde spin sense; the equally plausible fit with β = +90◦ illustrates

the wide range of possible pole solutions that could match the data, demonstrating

the point that our method is designed to determine spin sense, but not necessarily

a specific value of β.

(800) Kressmannia: This asteroid is one of several of our observed objects that

showed synodic spin period change greater than that expected for the |β| = 90◦

solution (for other examples, see the plots for (296) Phaetusa, (9780) Bandersnatch,

and (913) Otila). In all of these cases, the observations can be fit with curves for

pole solutions with |β| significantly less than 90◦. This is because different directions

of the spin pole longitude λ can yield greater observed synodic spin period change

over opposition. In the case for (800) Kressmannia, the curve that best fits our data

has Psid = 4.460370 h, β = +24◦, and λ = 48◦. While the data are conclusively

consistent with a prograde rotation sense, our observations are not inconsistent with

a wide range of possible ecliptic latitudes.

3.2.3.2 Objects with indeterminate spin sense

(43) Ariadne: We were only able to obtain two period measurements for (43) Ari-

adne, with fairly close temporal spacing. Our observations yielded periods signif-

icantly greater than those expected given the DAMIT database model (red line).

The discrepancy is likely due to the systematic error in our measurements resulting

from the asteroid’s shape. The small amount of period change observed between

the two data points suggests a low ecliptic latitude, which is consistent with the
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DAMIT value of β = −15◦.

(951) Gaspra: Our observations are roughly consistent with the DAMIT pole

solutions (which are nearly identical to those derived from the Galileo spacecraft

observations, cf. Davies et al. [1994]), with the slight deviations once again demon-

strating the systematic error in our measurements due to the asteroid’s shape. Our

method only allows us to classify this object as likely to have low ecliptic latitude —

a categorization which is consistent with the Galileo and DAMIT observations.

3.2.3.3 Other cases

(298) Baptistina: The period for (298) Baptistina was observed to change dramat-

ically and monotonically across opposition (Fig. 3.9), which does not fit either the

upward, downward or flat expectations. Moreover, the lightcurves for (298) Bap-

tistina showed very low-amplitude variations, displaying at times three maxima and

minima that changed dramatically with phase angle. These effects suggest that (298)

Baptistina is roughly spherical to first order, and thus the systematic lightcurve ef-

fects due to shape and changing phase angle are expected to have a greater effect on

the synodic period determination. In addition, the long spin period of this object

may have confounded the period determination. The steep linear trend in apparent

synodic period is probably an artifact of these uncertainties.

(1830) Pogson: This asteroid was found by Higgins et al. [2007] to have a satellite

capable of eclipsing the primary under certain viewing geometries. Two such eclipse

events were observed in the lightcurves for (1830) Pogson during the opposition

epoch. The periods plotted in Fig. 3.9 are based on attempts to remove these

events from the lightcurve data; however, additional undetected events may have

influenced the period results.

(2579) Spartacus: Our data coverage for (2579) Spartacus is insufficient to mea-

sure the synodic spin period before, during and after opposition; thus the period

measurements obtained do not constrain the spin axis.

(2975) Spahr: Period determination for (2975) Spahr was complicated by its

synodic period of 11.946 ± 0.002 h, which yielded observations of nearly the same
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lightcurve phase each day. Long observing baselines were required to obtain reli-

able period measurements, rendering synodic spin period measurements at individ-

ual epochs unattainable. This object is not included in Table C.1, nor plotted in

Fig. 3.9, because only one period measurement was obtained over the duration of

our observations. The period obtained is the same as the published value, 11.946 ±
0.006 h, as reported in 2009 in the online database maintained by R. Behrend.3

(3385) Bronnina: Although the results in Fig. 3.9 indicate retrograde rotation,

the lightcurves for (3385) Bronnina showed unusual behavior (unexplained dimming

as well as brightening), possibly due to multiple eclipse events or non-principal axis

rotation. Systematic effects related to a malfunctioning observatory dome cannot

be fully ruled out.

3.3 Discussion

3.3.1 Membership analysis

The objects in our study were generally chosen as targets for spin sense analysis

on the basis of their inclusion within two separate dynamical groups: the high-C

parameter objects (along the rightmost “wing” of the family in ap-H space) and

the low-|C| parameter objects (within the triangular area roughly centered on (8)

Flora’s semimajor axis). (The prominent exception to this rule is (298) Baptistina,

which was chosen for analysis due to its interesting dynamical history which includes

hypothesized possible connections with the Flora family [Reddy et al., 2014].) The

high-C dynamical group represents the highest concentration of likely Flora family

members; the membership status of the objects in the low-|C| group is undetermined,

possibly representing a mix of both Floras and background objects.

At the time of these observations, reflectance property data was inadequate to

determine whether the objects under study were truly Flora members. Many of the

objects in our sample do not have SDSS color information, due to saturation of the

observations of the largest and brightest objects in the SDSS survey data. Also, at

3http://obswww.unige.ch/~behrend/page_cou.html

http://obswww.unige.ch/~behrend/page_cou.html
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the time of the study, the WISE data were not yet available for any objects. Hence we

did not restrict our selection of study objects to only those with reflectance property

data within the Flora ranges. For those study objects for which reflectance property

data now exist, all lie within the Flora family ranges, excepting (3918) Brel, which

has a high albedo of pV = 0.45, suggesting a possible connection with the brighter

objects of the Vesta family. (In any event, our data for (3918) Brel do not provide

information on the spin sense.)

Spectral data in the visible range exist from the SMASS I and II spectral surveys4

for 22 of the objects in our Flora sample (57 in total, combining the unique objects

in Tables 3.1 and 3.2). The SMASS I survey [Xu et al., 1995] observed the objects

numbered 8, 43, 915, 951, 1518, and 4606; the SMASS II survey [Bus and Binzel,

2002] observed the objects numbered 43, 281, 352, 553, 819, 825, 913, 951, 1056,

1088, 1188, 1494, 1634, 1785, 1830, 2579, 2709, and 3385. The spectra for these can

each be compared with the average spectrum for the Flora family objects, which is

taken as the average of the 5 and 14 Flora family objects observed by the SMASS

I and II surveys, respectively (cf. Fig. 2.12 for a plot of the 14 SMASS II objects in

the Flora sample).

The majority of the 22 objects displayed visible spectra that fit the Flora average

quite well, within the standard deviation of the Flora sample from Fig. 2.12. Three

objects did not fit as well: (43) Ariadne, (913) Otila, and (2579) Spartacus. The

comparisons between these three objects and the Flora family average are plotted

in Fig. 3.10.

The deviation of (43) Ariadne from the family average warrants further discus-

sion; (43) Ariadne is the second largest object connected with the Flora family, and

its connection (or lack of connection) with the family is important as a constraint on

collisional models for the family’s formation. With the goal of comparing Ariadne’s

reflectance properties to those of the Flora family as a whole, we obtained observa-

tions of the SDSS griz colors of Ariadne on May 4, 2014, using Calvin’s remote tele-

scope in NM. The measured values of a∗ = 0.109±0.007 and i− z = −0.124±0.008

4http://smass.mit.edu, accessed December 20, 2014

http://smass.mit.edu
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Figure 3.10: Spectra from SMASS II [Bus and Binzel, 2002] for likely interlopers
(non-Floras). The black line represents the average for the Flora family objects
(Fig. 2.12).
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place Ariadne just within the ranges of the Flora family (Table 2.1), indicating that

it is probably a family member, albeit peripheral. (We have also obtained griz

measurements of (298) Baptistina and (951) Gaspra, included in Tables 3.1 and 3.2;

more will be measured as they become available.)

The objects (913) Otila and (2579) Spartacus appear spectrally to be interlopers

in the family, with the spectrum and albedo measurements for (2579) Spartacus

suggesting a connection with the V-type objects of the Vesta family. Based on

its similarly high albedo, (3918) Brel is also likely to be connected with the Vesta

family, although no spectral data exist to confirm the connection.

The above spectral analysis allows estimation of the number of interlopers among

the 57 asteroids considered in our spin sense study. Spectral information exists for

22 objects in the study, of which two or three are possible interlopers, yielding an

interloper fraction of 10-20%. Thus, approximately four to seven of the remaining

35 objects with no spectral information can be expected to be interlopers.

3.3.2 Spin sense results in the context of the Flora family dynamics

The spin sense information from this study, combined with the results from the

DAMIT database, yields insight into the dynamical history of the Flora family.

Fig. 3.11 shows the combined results plotted in ap-H space (cf. Fig. 3.2).

Along the high-C (rightmost) “wing” of the family, we confirm the prograde spin

of (367) Amicitia, and find two additional prograde rotators, (296) Phaetusa and

(1396) Outeniqua. The three other objects studied in the high-C wing — (1156)

Kira, (3272) Tillandz, and (3918) Brel — appear to have low ecliptic latitudes, so

the sense of rotation is not yet known. We find no confirmed retrograde objects in

this group, consistent with the prediction of a preponderance of prograde rotators

due to the Yarkovsky spreading.

Our results for the high-C wing (three prograde rotators, three low-ecliptic lati-

tude objects) show a wide range of ecliptic latitudes of the spin axes of the prograde

Flora objects. These results confirm the wide range observed in the DAMIT mea-

surements for the Floras, and are not biased due to the difficulties of measuring
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Figure 3.11: The same as Fig. 3.2, with the addition of results from this study.
Objects with retrograde spin sense are plotted as yellow squares; objects with low
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are represented by dots. The four possible interlopers, whose spectra and albedo
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in-plane spin axis solutions via lightcurve inversion. This wide range of ecliptic

latitudes can constrain dynamical models for the family’s evolution (as discussed

in Section 3.1); specifically, the observations are inconsistent with the first-order

Yarkovsky-YORP model, which predicts a concentration of high-β objects near high

values of C. Instead, the observations suggest that the prograde Flora members are

experiencing obliquity variations on timescales much less than the age of the family

(1 By, Chapter 2). These obliquity variations are consistent with those predicted to

occur if a significant fraction of the objects are captured in a spin-orbit resonance

similar to that observed for (951) Gaspra (discussed in Section 3.1). Additionally,

the spin-orbit resonance model for the family’s evolution predicts that the two Flora

objects in our sample with low ecliptic latitude and undetermined spin sense, (1156)

Kira and (3272) Tillandz, are likely to be prograde rotators.

In contrast to the prograde-dominated high-C wing, the low-|C| region shows

a mix of prograde, retrograde, and low-ecliptic latitude objects, with a slight pref-

erence for retrograde rotators. The objects in this region are not necessarily Flora

family members, as they do not show the high number density associated with the

high-C wing of the family; rather, a significant number of them could be background

objects unrelated to the family. If this is the case, the slight enhancement of retro-

grade rotators in the region is unsurprising, as the Yarkovsky drift is expected to

increase the percentage of retrograde rotators among all objects at the inner edge

of the main belt, regardless of family membership.

If instead the objects in the low-|C| region are primarily Flora family members,

their existence and spin properties have additional implications for the family’s

evolution. Low ecliptic latitude objects that have not been captured in spin-orbit

resonance might be expected to populate this region; however, this scenario would be

expected to produce a cleaner distinction between prograde and retrograde objects

than what is observed. On the other hand, this population could represent objects

that have undergone “YORP cycles” [Vokrouhlický and Čapek, 2002], reversing spin

sense (and thus the sign of the Yarkovsky drift) one or more times. In this scenario,

objects that were initially drifting outward as prograde rotators could undergo this
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reversal and drift inward to populate the central region. However, objects that were

initially drifting inward as retrograde rotators might encounter the ν6 resonance

and be removed before undergoing a reversal, resulting in a slight enhancement of

retrograde rotators in the central region.

The higher relative density of objects within the prograde wing, couple with the

existence of no confirmed retrograde rotators in that wing, places constraints on

the timescale and/or efficiency of the YORP cycles for objects in the size range of

the Flora asteroids studied here. If indeed the central low-|C| region is populated

by Flora members which have undergone a YORP cycle and reversed spin sense,

their low number density indicates that the YORP cycle evolution is either long or

inefficient. (In the case that the low-|C| region is populated primarily by background

objects instead of Flora members, we can place a stronger limit on the efficiency of

the YORP cycle process, as even fewer of the Flora members have undergone YORP-

cycle spin sense reversal.) The absence of retrograde rotators in the prograde wing

also suggests that none of the prograde rotators have recently reversed spin sense

due to YORP evolution. In this way, spin sense surveys such as the one undertaken

here can constrain the efficiency of the YORP cycle process for objects of a given

size range.

3.4 Conclusion

Spin sense information alone provides a useful means of testing dynamical models

for the post-collisional evolution of asteroid families; precise determination of spin-

pole directions is helpful, but not required. As demonstrated here, an asteroid’s

spin sense can be reliably determined by observations within a single opposition.

Applying this technique to the members of the Flora family and combining our

results with those available from the DAMIT database yields spin information for

a total of 57 Flora family objects. Using the membership analysis of Chapter 2

and comparison with spectral and albedo observations, we statistically assess the

interloper (non-Flora) fraction of these 57 objects at 14%, or nine objects (four of
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which are specifically identified here).

Our results provide an unbiased study of Flora spin properties, supporting and

strengthening the conclusions from the lightcurve inversion studies which show a

wide range of ecliptic latitudes among the Flora family members. These results

are consistent with a dynamical model for the Flora family’s evolution in which a

significant fraction of the family members are affected by spin-orbit resonance, which

modifies the members’ obliquities on timescales much shorter than the age of the

family. In addition, we predict that future observations of high-C Flora members

(such as (1156) Kira and (3272) Tillandz) will further yield prograde objects with

a wide range of ecliptic latitudes.

Additionally, the low-|C| region of the family contains a mix of prograde, ret-

rograde and low-ecliptic latitude objects, with a slight preference for retrograde

rotators. YORP cycle evolution might be expected to produce this distribution

within the low-|C| region; however, the relatively low density of objects within this

region places limits on the timescale and/or efficiency of spin sense reversal via

YORP cycles for objects in this size range. In the case that the objects in the low-

|C| region are not Flora family members, the YORP cycle process is shown to be

even less efficient; we are obtaining SDSS color information for the objects in our

sample in order to further constrain their membership status.

The amount of asteroid spin information available is expected to rise dramatically

in the next few decades, due primarily to the advent of photometry data from large

surveys (e.g., Pan-STARRS, Gaia). These surveys will obtain “sparse” photometry

data for thousands of moving objects over the course of many days and nights.

Recent efforts such as those of Ďurech et al. [2009] and Hanuš et al. [2013b] have

demonstrated the success of lightcurve inversion techniques that combine sparse

data with dense lightcurve coverage to obtain pole solutions for a number of objects.

Efficient spin sense determination methods, such as the one demonstrated here, can

narrow down the parameter space for these pole solutions in advance of precise pole

determination via lightcurve inversion methods [Slivan, 2014].
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CHAPTER 4

The Nysa-Polana Complex

4.1 Introduction

The families of the Nysa-Polana complex overlap the Flora family in both orbital

and color/albedo parameter space, and together the Nysa-Polana and Flora clans

represent two of the three most populous groups in the inner main belt (the other

being one or more groups associated with (4) Vesta). Analysis of the taxonomically

diverse and dynamically overlapping families within the Nysa-Polana complex has

suffered from a long and complicated history of identification and re-identification,

often with changes in membership, taxonomy, and nomenclature. In order to place

the current work in context, we first review the history of these identifications and

the rationales that led to each. The various names assigned to each family struc-

ture throughout the literature are listed in Table 4.1. In the interest of connecting

our work to future efforts, we also identify the Nysa-Polana region with the Fam-

ily Identification Number (FIN) of 405, assigned to the region by Nesvorný et al.

and Masiero et al., Asteroids IV, both submitted. (In this classification scheme,

the Hertha1 family would correspond to 405a, the Polana family to 405b, and the

Eulalia1 family to 405c. The Hertha2 and Eulalia2 families would await further

confirmation from additional data.)

The Nysa-Polana complex was first identified as a single family by Brouwer

[1951]. Zellner et al. [1977] subsequently distinguished two family structures in the

region, and suggested an origin scenario that attempted to include both of the largest

neighboring objects (44) Nysa and (135) Hertha as fragments from the same parent

body. Williams [1979] confirmed the existence of two families, labeled as “W-24”

and “W-160.” With the addition of reflectance property data from the Eight-Color

Asteroid Survey (ECAS), Tedesco et al. [1982] discovered several objects in the so-
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called “Nysa” family to be the otherwise rare “F” spectral type (using the taxonomy

scheme developed by the authors for the ECAS). This spectral dissimilarity led Bell

[1989] to conclude that the “Nysa” family members were unrelated to the E-type (44)

Nysa, and should rather be associated with the F-type (142) Polana, labeling (44)

Nysa an interloper in that family. Kelley et al. [1994] suggested an origin scenario

involving partial differentiation in attempt to link the E-type (44) Nysa and M-type

(135) Hertha as “parents” of the F-type family, based on a shared silicate absorption

feature near 0.9 µm.

This work Class Ze77 Wi79 B89 Za95 C01 MD05 Wa13 M14

Hertha1 S Hertha W-160 Hertha Nysa Mildred Mildred - Burdett
Hertha2 X - - - - - Hertha - -
Polana C Nysa W-24 Polana Polana Polana McCuskey New Polana Polana
Eulalia1 C ” ” ” ” ” ” Eulalia -
Eulalia2 C - - - - - - Iphigenia? -

Guide: Ze77=Zellner et al. [1977]; Wi79=Williams [1979]; B89=Bell [1989]; Za95=Zappalà et al. [1995];

C01=Cellino et al. [2001]; MD05=Mothé-Diniz et al. [2005]; D12=Delbó et al. [2012]; Wa13=Walsh et al. [2013];

M14=Milani et al. [2014].

Table 4.1: Summary of the various names of Nysa-Polana complex families used in
the literature, showing sources that modified the family nomenclature. See the text
for a more detailed summary of each literature source. The first column shows the
five structures of the Nysa-Polana complex, using the naming conventions of the
present work. The spectral types in column 2 are broad categories only, meant to
reflect the colors observed by the SDSS; the individual literature sources often use
subcategories or parallel categories (such as Xc, Xk, E, F, B, etc.). Ditto marks
indicate that the Eulalia1 structure, defined in Section 4.4.2, was typically joined to
the Polana structure until its distinction in the work of Wa13. The question mark
expresses low confidence reported by Wa13. MD05 lumped the low-ep portion of our
Hertha1 structure together with our Hertha2 structure, retaining the name Mildred
for the higher-ep portion of Hertha1.

Zappalà et al. [1995] used two different clustering techniques to identify family

members in the Nysa-Polana region, and found two overlapping families that the

clustering methods failed to reliably distinguish. The Polana family was labeled as

a possible subsequent collision on a Nysa family member.

Cellino et al. [2001] undertook a spectroscopic campaign in an attempt to clarify

membership in the region. They found three objects with X-type taxonomy among
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the F-type Polana objects and S-type Hertha objects. They renamed the Hertha

objects as the “Mildred” family, based on the dissimilarity between the M-type (135)

Hertha and the S-type family previously associated with it.

Further observations and dynamical analysis by Mothé-Diniz et al. [2005] and

Alvarez-Candal et al. [2006] identified three more objects as X-types, including (44)

Nysa and (135) Hertha. Mothé-Diniz et al. [2005] separated the Mildred family into

two groups based on their eccentricities, and noted that the lower-ep group contained

a mix of X- and S-type objects, while the higher-ep group contained primarily S-type

objects only. They combined the lower-ep portion of the Mildred family with what

we now call the Hertha2 family to produce a “Hertha” family, while the higher-ep

component retained the name “Mildred.” In addition, they renamed the Polana

family as “McCuskey.” More recently, Delbó et al. [2012] tested a new classification

algorithm on the region, and identified three groups of objects based on reflectance

properties, confirming the presence of S-, X- and C-type spectra in the Nysa-Polana

region.

Walsh et al. [2013] used the recent data available from WISE/NEOWISE to

study the dark (B- and C-type) objects in the Nysa-Polana complex, which until

then had been considered a single family (usually called “Polana”). They identified

the structures of at least two old families, which they associated with (142) Polana

and (495) Eulalia. A third structure at lower eccentricities was identified with (112)

Iphigenia, although with low confidence in its significance or its independence from

the Eulalia family.

The most recent analyses [Masiero et al., 2013, Carruba et al., 2013, Milani et al.,

2014] incorporated major results from large reflectance surveys, primarily WISE and

SDSS, and used automated clustering methods applied to this extended parameter

space. In general, they confirmed the presence of at least one low-albedo (B- or

C-type) collisional family and at least one high-albedo (S-type) collisional family

in this region. Milani et al. [2014] identified the first cluster in Table 4.1 with a

different parent asteroid, (3583) Burdett.

Here, in addition to seeking clusters in the dynamical and reflectance parameter
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space, we seek signatures of dynamical evolution that distinguish multiple families

within a single cluster. Specifically, by considering cluster distributions in ap, H

space, the distinct “V-shape” patterns of Yarkovsky evolution can be recognized. In

addition, for the Hertha1 family, we extract collisional information from the slope

of the family’s ap-ep distribution.

In Section 4.2, we give an overview of the geography of the Nysa-Polana region

in proper elements and reflectance properties. Then, we separate the objects on the

basis of their a∗ color parameter (as defined by Ivezić et al. [2001]), and study first

the objects with a∗ > −0.015 (Section 4.3), which we show to be one of two families

likely associated with (135) Hertha (designated the Hertha1 family, see Table 4.1).

Next we study the objects with a∗ < −0.015 (Section 4.4), identifying four structures

and their likely parent objects.

4.2 Overview of the region

The orbital distribution of asteroids in the Nysa-Polana region (2.1 AU < ap <

2.5 AU, 0.11 < ep < 0.22, and 0.02 < sin ip < 0.07) with reliable proper orbital

element data is shown in Fig. 4.1. The catalog of synthetic proper elements is the

same as that used in the previous chapter for the Flora family, computed using

the Orbit9 software available from the AstDyS site. The blue and red boxes in

Fig. 4.1a roughly represent the regions associated with the low-albedo (C-type) and

higher-albedo (S-type) groups, respectively, that have typically been identified in

the region. Asteroid (142) Polana lies within the former range, (135) Hertha in the

latter, and (44) Nysa in neither.

Figs. 4.1b and 4.1c show the distributions in proper semimajor axis, ap, vs.

absolute magnitude, H, of the objects from the sub-regions marked in Fig. 4.1a.

The signatures of several overlapping Yarkovsky V shapes are evident in Figs. 4.1b

and 4.1c, suggesting the presence of multiple families.

The largest objects in the Nysa-Polana region — (44) Nysa, (135) Hertha, and

(142) Polana — all lie quite close in semimajor axis to the Mars 1:2 mean-motion
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Figure 4.1: (a) Density distribution in proper ep and sin ip of all objects with well-
determined orbits between 2.1 and 2.5 AU. The red and blue boxes indicate the rough
boundaries of the regions dominated by S- and C-type objects. The large asteroids
(44) Nysa, (135) Hertha and (142) Polana are indicated by the red diamond, red
square and blue diamond, respectively. The structure at ep ∼ 0.16 and sin ip ∼ 0.025
is the Massalia family; the Flora family muddies the upper left half of the plot.
Subplots (b) and (c) show the distribution in proper semimajor axis and absolute
magnitude of the objects in the blue and red boxes of (a). The gray and blue dotted
lines mark the location of the Mars 1:2 and Jupiter 3:1 mean-motion resonances (ap

= 2.419 AU and 2.495 AU, respectively). Several Yarkovsky V shapes appear in
plots (b) and (c), suggesting the presence of multiple evolved families.
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Figure 4.2: Distribution of SDSS colors (a∗ and i − z) for all bodies included in
Fig. 4.1a for which adequate color data are available. The two major clusters seen
here on either side of the boundary at a∗ = −0.015 (dotted line) are also distinct in
the three-dimensional parameter space (a∗,i− z,pV). Generally, objects with larger
a∗ have reflectance properties consistent with S spectral types, while those with
smaller a∗ are darker spectral types (e.g., C- or X-types).

resonance (dotted line in Figs. 4.1b and 4.1c, located at ap = 2.419 AU). The effects

of this resonance were studied in detail by Gallardo et al. [2011], and must be

taken into account in studies of the families in the inner main belt, as discussed in

Section 4.3.

Color information for the 8396 Nysa-Polana region objects that have SDSS color

data (but not necessarily albedo data) are plotted in Fig. 4.2. Two clusters of

objects are apparent in this plot, roughly associated with the S-type (high a∗ color)

and C-type (low a∗ color) spectral categories. In Section 4.3, we consider the cluster

with a∗ > −0.015, which is a recognizable dynamical family, referred to here as

the Hertha1 family. The objects with a∗ < −0.015 represent multiple dynamical

families, as shown in Section 4.4. This multiplicity is already indicated by the

presence of a number of X-type objects in the region with a∗ colors intermediate

between the S- and C-type ranges; in Fig. 4.2 they appear as the subtle grouping

between −0.1 < a∗ < −0.0.
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Figure 4.3: Proper orbital elements for all objects in Fig. 4.2 with a∗ > −0.015.
The large structure that occupies much of the box is here designated the Hertha1
family. As in Fig. 4.1, the red diamond and square represent (44) Nysa and (135)
Hertha, respectively.

4.3 High-a∗ objects: The Hertha1 family

4.3.1 Family identification and characterization

The proper element distribution for the Nysa-Polana region objects from Fig. 4.2

with a∗ > −0.015 is shown in Figs. 4.3 and 4.4. These figures suggest that the

high-a∗ structure (within the red box in Fig. 4.3) is associated dynamically with

parent object (135) Hertha. We designate this cluster as the “Hertha1” family (cf.

Table 4.1 for previous designations in the literature), with the “1” added because

(135) Hertha is also associated with a smaller cluster of objects (“Hertha2,” de-

scribed in Section 4.4).

The distribution within the red box in Fig. 4.3 could be interpreted as two

separate clumps around ep, sin ip of (0.170, 0.045) and (0.185, 0.040). These two

clumps were named the “Hertha” and “Mildred” families, respectively, by Mothé-

Diniz et al. [2005], cf. Table 4.1. However, the ap-ep distribution of the objects

within the red box (Fig. 4.4) shows a continuous and uniform trend of lower ep with
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Figure 4.4: Proper semimajor axis distribution for all of the objects within the red
box in Fig. 4.3. The dotted black, blue and gray lines indicate the locations of
the Mars-crossing line and the Jupiter 3:1 and Mars 1:2 mean-motion resonances,
respectively. The Hertha1 objects show a trend of decreasing eccentricity for higher
semimajor axes. At the lowest semimajor axes and highest eccentricities, the dis-
tribution has been truncated by the Mars-crossing line; at the highest semimajor
axes and lowest eccentricities, the distribution has been truncated by the Jupiter
3:1. The most pristine “boundary” of the family occurs for the objects with 2.3 AU
< ap < 2.4 AU and ep < 0.185. The color gradient in eccentricity is used in Fig. 4.5.

increasing ap, consistent with the ejection field from a single large-scale collision

event. Moreover, as we show below, the Yarkovsky V shape is similarly continuous

within and between the two populations. Thus we interpret the structure within

the red box in Fig. 4.3 as a single collisional family, Hertha1.

The absolute magnitude distribution of the objects of the Hertha1 family yields

information about its dynamical evolution under the influence of the Yarkovsky

effect. The ap, H distribution plotted in Fig. 4.5 shows the V shape characteristic

of a collisional family evolved under the Yarkovsky effect. The rightmost edge of

the V shape is truncated by the Jupiter 3:1 mean motion resonance (represented by

the blue dotted line), and the objects at high eccentricities and low semimajor axes

are affected by encounters with Mars, modifying the distribution from an “ideal” V

shape. The low-ap, low-ep objects evident in Fig. 4.4 are here shown to be primarily
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Figure 4.5: The population from Fig. 4.4, plotted in ap, H space, with color indicat-
ing eccentricity. Plots (a) and (b) are identical except for the ordering of the objects
plotted: In (a), higher ep objects are plotted on top of lower ep objects; in (b), the
lower ep objects are plotted on top to show the behavior at the lower eccentricities.
The Yarkovsky “V” shape is evident among the family members. The black lines
represent |C| = 0.04 mAU, 0.06 mAU and 0.08 mAU; none of the lines fit the outer
edge of the distribution well, due to the ep dependence which skews the distribution
in ap.
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interlopers in the family, included in this sample only on the basis of their inclusion

within the family ranges in ep and sin ip and a∗.

In principle, the age of the family can be interpreted from the distribution of C

parameters of the family members (Eq. 1.10), the outer boundary of which describes

the V-shaped envelope in ap vs. H. However, the correlation between ep and ap

among the Hertha1 family objects (Fig. 4.4) means that the center of the Yarkovsky

V shifts to lower ap for larger eccentricities. This complicates the identification of

the Yarkovsky envelope that best fits the boundary of the family in semimajor axis;

none of the example Yarkovsky envelopes plotted in Fig. 4.5 match the boundary

well. The full semimajor axis width in Fig. 4.5 is due to the skewed ep vs. ap

distribution in Fig. 4.4, which is related to the initial collision rather than the

subsequent Yarkovsky drift.

This skew must be removed prior to interpretation of the family’s age via the

observed Yarkovsky spread in ap. To do this, we adjust each member’s semimajor

axis by an amount

a′p − ap =
1

m
· (ep − eP,0), (4.1)

where m represents the slope of the ap vs. ep distribution, and eP,0 is the family

center in eccentricity. Given appropriate values for m and eP,0, we can apply a shear

transformation to the distribution of objects to remove the eccentricity dependence

and determine the Yarkovsky-induced spread in ap.

In order to find the slope m of the observed distribution, we must take into

account the effects on the shape of the distribution due to the various resonances in

and around the Nysa-Polana region (Fig. 4.4). The Mars-crossing region removes

low-ap, high-ep Hertha1 objects; the Jupiter 3:1 mean-motion resonance removes

high-ap, low-ep objects; lastly, the Mars 1:2 mean-motion resonance depletes family

members both below ap = 2.43 AU and above ep = 0.195 as they drift outward in

semimajor axes due to the Yarkovsky effect and exit the region before drifting back.

The only “pristine” edge of the family that remains untouched by resonances

(and thus still reflects the semimajor axis dependence of ep from the original col-
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lision) is the lower left edge, at 0.15 < ep < 0.185, where the sloped boundary of

the family is visible (Fig. 4.4). We use this boundary to estimate the slope of the

family; specifically, we find the boundary at each value of eccentricity within the

range 0.15 < ep < 0.185, using a stepsize of δe = 0.001 and an eccentricity width

of ∆e = 0.01. The latter parameter specifies the window in eccentricity which de-

fines the sample of objects used to find the boundary at each eccentricity step. The

boundary is defined for this purpose as the point of maximum increase in density of

objects, or a maximum in the derivative of the density function (see Appendix A.1

for discussion of the kernel density estimation and its derivatives). A linear fit to

the boundary values yields a slope of m = (−0.50± 0.04) AU−1, represented by the

dotted line in Fig. 4.6.

The slope m is a signature of the semimajor axis and eccentricity dispersion

of the Hertha1 family that resulted from the original collision. In particular, m

is determined by the true anomaly, f , of the parent asteroid at the time of its

disruption. This relationship is described by Gauss’ equations (Eq. 1.6), which give

the change in orbital elements for a collision fragment that experiences a velocity

impulse ∆v. Gauss’ equations describe the behavior of the collision fragments in

unperturbed (osculating) elements; in the Hertha region, the proper elements show

similar behavior.

We plot the proper element distributions for several different values of f in

Fig. 4.6 (cf. Nesvorný et al. [2002c] Fig. 1), along with their corresponding slopes,

m. Each ellipse represents an isotropic ejection field with ∆v = 285 m/s, with

∆v chosen to approximate the eccentricity range of the family, estimated by the

noticeable decrease in number density near ep = 0.15 and ep = 0.205. The ellipses

were generated from 100 test particles, with osculating orbits calculated via the

Gauss equations, and proper elements calculated via two-million-year integrations

using Orbit9. The effects of the Mars 1:2 mean-motion resonance at ap = 2.419 AU

are observed in the proper element calculations. The lowest possible value for m

occurs at f = 180◦, where m = −0.50 AU−1. Thus, assuming the original ejection

velocity field was fairly isotropic, it appears the collision that formed this family
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Figure 4.6: Equivelocity ellipses (i.e. the distribution in ep, sin ip of particles ejected
isotropically at 285 m/s from the barycenter of the population) for various values
of the true anomaly, f , of the collision event, plotted over the distribution from
Fig. 4.4. The best linear fit to the boundary, with slope m = −0.50 AU−1, is also
shown (dashed line on left).

occurred when the parent body was near aphelion, with a true anomaly within the

range 170◦ < f < 190◦, calculated using the uncertainty on the slope as determined

from the boundary values above.

In order to apply the correction (Eq. 4.1) to remove the effect of the initial

slope in the (ep,ap) distribution, we need to evaluate eP,0 in addition to m. The

value eP,0 is the proper eccentricity at the family’s center, which we take to be the

barycenter of the population. To minimize the influences of the nearby resonances

on the barycenter, we consider only the largest objects (12.0 mag < H < 14.0 mag),

which have experienced the least amount of Yarkovsky semimajor axis dispersion

toward significant resonances. We further restrict the sample to 2.31 AU < ap <

2.5 AU, 0.136 < ep < 0.23, and 0.033 < sin ip < 0.051, in order to conservatively

include all Hertha1 family members while largely eliminating members of the nearby

Massalia and Flora families. We also removed from the sample all objects with

albedos lower than 0.14, which are likely to be associated with the overlapping darker

families discussed in Section 4.4. This does not remove all of the contamination
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Figure 4.7: The ep, ap distribution of the objects of the Hertha1 family, with the
corrected values for proper semimajor axis (a′p, calculated from Eq. 4.1 using slope
m = −0.50 AU−1 and eP,0 = 0.177), removing the skew in the distribution due to
the initial collision. The boundary along the left edge is now vertical. The Mars-
crossing region and Jupiter 3:1 resonance have noticeably depleted the objects at
high ep (blue dots) and high ap (right side of the family), respectively.

from those families, due to the incompleteness of the WISE database; however, such

contamination would likely be primarily from smaller objects, and thus would have

little effect on the determination of the barycenter of the Hertha1 family. Lastly, we

removed asteroid (135) Hertha itself from the barycenter consideration, due to the

uncertainty surrounding its inclusion in the family.

The barycenter of the sample described above is aP,0 = 2.412 ± 0.015 AU and

eP,0 = 0.177 ± 0.003, with the uncertainty dominated by the exclusion of (135)

Hertha from the sample. The corrected ep vs. a′p distribution, with a′p calculated

using Eq. 4.1 with m = −0.50 AU−1 and eP,0 = 0.177, is shown in Fig. 4.7.

4.3.2 Post-collision history of the family

The corrected semimajor axis dispersion of the Hertha1 family records information

about the family’s post-collision evolution under the Yarkovsky effect. The most
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useful Yarkovsky drift information is preserved in the outer edges of the family,

specifically the extent of drift at each size range, as parameterized by C. The age

of the family is obtained from the value of C for which Eq. 1.10 gives curves in

a′p, H space that best fit the outer edges of the distribution. However, the Jupiter

3:1 resonance at high ap and the Mars-crossing region at low ap have significantly

sculpted the boundaries of the Hertha1 family (Fig. 4.7). The former renders the

high-ap (right) edge of the family unreliable; the Mars-crossing region affects the

low-ap (left) edge for ep > 0.185. Accordingly, in order to determine an appropriate

boundary C value, we consider only the objects with ep < 0.185, and fit only the

lower-ap edge of their distribution in a′p, H space.

To determine the value of C that best fits that edge, we calculate for each asteroid

the value of C that corresponds to its a′p and H values (Eq. 1.10). Fig. 4.8 shows

the distribution of these C values, with the curves representing the kernel density

estimate (KDE) for the distribution along with its derivatives (Appendix A.1). The

best-fit edge of the family is the C value where there is a maximum in the second

derivative of the KDE (the blue curve in Fig. 4.8).

There are comparable maxima in the second derivative at C = −0.045 mAU

and −0.037 mAU; however, inspection of the distribution in a′p, H space (Fig. 4.9)

shows that the latter boundary would lie well inside the dense population, not at

its edge. By contrast, C = −0.045 mAU (black curve in Fig. 4.9) does indeed fit

the outer edge of the distribution quite well. The uncertainty in the C boundary

(±0.005 mAU, represented by the dashed curves in Fig. 4.9) is dominated by the

uncertainty in the aP,0 center of the family. The C boundary defining the edge of

the family is much tighter for the corrected a′p, H distribution than it was for the

uncorrected ap, H distribution plotted earlier in Fig. 4.5 (C = ±0.045 mAU vs.

C = ±0.075 mAU).

The value of C = 0.045 mAU fits the leftmost edge of the distribution quite

well for the larger objects (H < 17 mag), but fails for the smallest objects (H > 17

mag), which is not surprising for a couple of reasons. First, the observational bias in

the database affects the completeness of the family sample for objects fainter than
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Figure 4.8: The C distribution of the Hertha1 family, computed from Eq. 1.10,
using the corrected a′p with slope m = −0.50 AU−1. The curves represent the
kernel density estimate (KDE) for the distribution, along with its first and second
derivatives. The best-fit lower C boundary occurs at a local maximum in the second
derivative, C = −0.045 mAU.
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Figure 4.9: The distribution of Hertha1 objects in a′p, H space. Objects with ep >
0.185 are not included to avoid the effect of the Mars-crossing region on the left edge
boundary. The black lines shows the amount of semimajor axis drift that correspond
to C(a′p) values of ±0.045 mAU, with dotted lines representing the uncertainty of
± 0.005 mAU. The curves are fit to the left edge of the population; the curves on
the right side are mirror images of those on the left for positive C values.
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magnitude 16.5 [Bottke et al., 2015]. Second, the effects of “variable” or “stochastic”

YORP on the drifting family members can cause their spin rates to random walk

toward the typical YORP end states (mass shedding or non-principal axis rotation),

which applies a size-dependent “brake” to the smallest objects [Bottke et al., 2013,

2015]. Stochastic YORP simulations of the Eulalia, “New Polana” and Erigone

families by these authors demonstrated behavior similar to what is observed here.

The calculation of the age of the family from the observed Yarkovsky semimajor

axis dispersion requires an estimate of the initial semimajor axis spread due to the

original collision itself. This estimate is typically difficult to obtain, but in the case

of the Hertha1 family, we can place an upper limit on the collision spread from

the ap, ep distribution. As shown in Section 4.3.1, the slope of m = −0.50 AU−1

indicates a collision near aphelion, which would result in minimal initial semimajor

axis dispersion in a′p. The maximum expected value of dispersion is δaej = 0.005±
0.008 AU, which represents the width of the proper semimajor axis dispersion for a

collision at true anomaly f = 180◦, with uncertainty derived from the uncertainty

in f (which results from the uncertainty in the slope m).

The semimajor axis dispersion due to the original collision is thus expected to be

a small fraction of the Yarkovsky dispersion, resulting in an overestimation of the

boundary C parameter of less than 0.003 mAU, which is less than the uncertainty on

the boundary C parameter (0.005 mAU). Hence the initial semimajor axis dispersion

has little effect on our calculation of the age from the Yarkovsky drift.

We use the inner boundary of the C parameter distribution to determine the

age of the family via Eq. 1.13. As in Chapter 2, we adopt the value for cY obtained

from measurements of the precession rates of the Karin family, cY = 0.00305 AU3

km My−1. With values of C = ±0.045 mAU, albedo pV = 0.25, and aP,0 = 2.412 AU,

we find an age for the Hertha1 family of 300+60
−50 My. The error in this estimate is

dominated by the uncertainty in cY .

The age estimate also does not account for possible systematic errors due to

the assumption of similar material properties between the members of the Hertha1

and Karin families. In particular, differences in bulk densities would affect the cY
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parameter appropriate to both families. As with the Flora family, the average bulk

densities for the Hertha1 and Karin families are difficult to estimate, due to the lack

of available density data. The only Hertha1 family object with density data is (135)

Hertha itself [Carry, 2012]; its taxonomic type of Xk makes it a poor standard for

comparison with the S-type Karin family. The Karin family itself has members with

density measurements, but the Koronis family, of which Karin is a subfamily, has

density measurements for two of its members, (243) Ida and (720) Bohlinia; their

densities are 2.35 ± 0.29 and 2.74 ± 0.56 g/cm3, respectively [Carry, 2012]. These

are both consistent with the averages for the S-type class, and thus are assumed

here to be consistent with the unknown Hertha1 family average.

4.4 Low-a∗ objects: The Hertha2, Polana and Eulalia families

We now consider the objects in the Nysa-Polana region with a∗ < −0.015. The (ep,

sin ip) distribution of these objects is plotted in Fig. 4.10. Several structures appear

within the blue box; the diffuse grouping near (142) Polana and the dense grouping

near ep = 0.145 and sin ip = 0.047 are here referred to as the Polana and Eulalia1

families, respectively (Table 4.1). The combined families had long been recognized

as a single “Polana” family until their distinction in the work of Walsh et al. [2013].

Comparison of Fig. 4.10 with Figs. 4.1 and 4.3 shows that the Hertha1 family,

roughly bounded by the red box, has been removed. However, a smaller, dense

cluster of low-a∗ objects lies near the location of asteroid (135) Hertha, within the

range of the now-removed Hertha1 family. We refer to this cluster as Hertha2.

4.4.1 The Hertha2 family

The Hertha2 cluster lies very close to asteroid (135) Hertha in ap (Fig. 4.11), as

well as in ep and sin ip, suggesting a genetic relationship. In fact, the barycenter

of the objects within the cyan box in Fig. 4.10 (those plotted in Fig. 4.11) is at

ap = 2.426 AU, nearly equal to the value for (135) Hertha itself, ap = 2.429 AU.

The cluster displays the characteristic V-shape in ap, H indicative of Yarkovsky
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Figure 4.10: Proper orbital elements for all objects in Fig. 4.2 with a∗ < −0.015.
Two structures appear within the blue box: the diffuse Polana family surrounding
(142) Polana and the larger, denser Eulalia1 family near ep = 0.145 and sin ip =
0.047. Asteroid (495) Eulalia itself (green square) is offset in eccentricity from its
nominal family. A cluster of low-a∗ objects (cyan box) is revealed near (135) Hertha,
and is here designated “Hertha2.” The high-a∗ Hertha1 family totally obscures this
cluster in Fig. 4.1. The faint structure at about sin i = 0.025 is a low-a∗ remnant of
the Massalia family, the spread of whose distribution in a∗ overlaps the a∗ = −0.015
boundary.
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Figure 4.11: The Hertha2 objects within the cyan box in Fig. 4.10 are plotted
in ap, H space. They display a Yarkovsky “V” bounded by C = ±0.012 mAU
(cyan lines). The C parameter boundaries for the Hertha1 family from Fig. 4.9 are
plotted as black lines for reference. Asteroid (135) Hertha is a plausible parent of
the Hertha2 family as well as of Hertha1, although both families have distinct C
envelopes as well as reflectance properties (Fig. 4.12).

evolution, further identifying the Hertha2 structure as a collisional family. The V-

shape envelope corresponds to C = ±0.012 mAU (significantly narrower than that

observed for the Hertha1 family, C = 0.045 mAU, Section 4.3). This tighter V could

represent either a younger age or a higher average density for the Hertha2 family;

the implications are discussed further in Section 4.5.

The Hertha2 family also appears as a distinct cluster in reflectance properties.

Fig. 4.12 shows the color distribution similar to Fig. 4.2, but restricted to the objects

within the same dynamical range as the Hertha2 family (2.1 AU < ap < 2.5 AU,

0.1690 < ep < 0.1812, and 0.0420 < sin ip < 0.0471). The Hertha2 family forms a

diffuse grouping centered around a∗ = −0.07; the members of the large Hertha1 fam-

ily that reside in the same dynamical space are distinct from the Hertha2 members,

clustering instead near a∗ = 0.13.
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Figure 4.12: The gray objects represent those in Fig. 4.2, and the overplotted black
objects represent those in the range of ep and sin i given by the cyan box in Fig. 4.10.
The Hertha2 family (near a∗ = −0.07) is distinct from both the larger Hertha1
family (near a∗ = 0.13) and the Polana/Eulalia families (near a∗ = −0.13).

4.4.2 Other dark families

Other family structures among the dark asteroids in the Nysa-Polana region can be

teased apart by considering the ap, H distribution in the context of the Yarkovsky

evolution model, an approach utilized by Walsh et al. [2013]. The ap, H distribution

of the low-a∗ objects in the Nysa-Polana region is shown in Fig. 4.13. This figure

includes for context the cyan boundary C parameter lines for the Hertha2 family

(Fig. 4.11), and plots new C parameter lines for the two distinct families identified

by Walsh et al. [2013] (cf. Fig. 2 of that work), which are centered on (142) Polana

and (495) Eulalia. These two families are visible in Fig. 4.13; we refer to them as

the Polana and Eulalia1 families, respectively. The latter is one of two structures

that we identify with (495) Eulalia (the second is discussed below).

Fig. 4.10 demonstrates a phenomenon that was noticed first by Walsh et al.

[2013]: (495) Eulalia is significantly offset from its nominal family in ep (ep = 0.12

vs. the family average of ep = 0.145). Walsh et al. [2013] modeled the long-

term evolution of (495) Eulalia, and demonstrated that proximity to the Jupiter 3:1
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Figure 4.13: The low-a∗ objects within the orbital range plotted in Fig. 4.10 show
at least two Yarkovsky V signatures, as noted by Walsh et al. [2013] (cf. their
Fig. 2). One structure is roughly centered on (142) Polana (blue diamond); the
other is roughly centered on (495) Eulalia (green square). The curves correspond
to C = ±0.169 mAU (blue) and C = ±0.092 mAU (green); the cyan lines show the
Yarkovsky envelope for the Hertha2 family (cf. Fig. 4.11), which is included in this
low-a∗ population.
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Figure 4.14: Orbital distribution of low a∗ objects, similar to Fig. 4.10, but with
adjusted ranges in ep and sin ip to include the region near (495) Eulalia (green
square). A diffuse cluster appears within the magenta box. Walsh et al. [2013]
associated this grouping with the object (112) Iphigenia (green diamond). The
green box indicates the core of the Eulalia1 family, which makes up much of the
population above the green line in Fig. 4.13.

resonance in semimajor axis results in variability of the asteroid’s proper eccentricity

between 0.11 and 0.15 over 500 Myr.

In order to explore whether any other asteroids might be related to (495) Eulalia,

we modify the range under consideration to 0.05 < ep < 0.2 and 0.0 < sin ip <

0.08, and replot the distribution of low-a∗ objects in this new range (Fig. 4.14). A

diffuse grouping appears near ep = 0.11 and sin ip = 0.035, indicated roughly by

the magenta box in Fig. 4.14. This grouping was noted by Walsh et al. [2013] after

removal of the dense Eulalia1 cluster, and was tentatively associated with (112)

Iphigenia (indicated by the green diamond).

Fig. 4.15 shows the ap, H distribution of the objects in the green and magenta

boxes in Fig. 4.14, that is, the objects of the Eulalia1 and the putative Iphigenia

cluster. The latter objects show similar structure to the Eulalia1 objects, and can

be described by the same Yarkovsky C envelope. A preliminary best fit C enve-
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Figure 4.15: (a): The same as Fig. 4.13, but with objects with orbits in the green
box in Fig. 4.14 (predominantly Eulalia1 members) highlighted in green. These
objects are roughly centered on (495) Eulalia and bounded by the model curve of
C = −0.092 mAU. (b): The same as (a), but with overplotted objects from within
the magenta box in Fig. 4.14. These objects are roughly centered on (495) Eulalia
as well, but do not extend all the way to the green curve, thus indicating that the
structure within the magenta box in Fig. 4.14 is distinct from the Eulalia1 family,
and hence designated Eulalia2.
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lope for each is at C = ±0.075 mAU (slightly different from that found by Walsh

et al. [2013], C = ±0.092 mAU). Note that the two groups display a distinct off-

set in semimajor axes (δap ∼ 0.035 AU); this offset, coupled with the identical

boundary C envelopes for the two clusters, leads us to designate the second cluster

as “Eulalia2” and interpret it as possible evidence for an anisotropic ejection field

resulting from the Eulalia1 collision event, rather than associate it with (112) Iphi-

genia. The implications of the structures of these two clusters are discussed further

in Section 4.5.2.

The semimajor axis offset between these two populations was not discussed by

Walsh et al. [2013], and indeed is not apparent in the corresponding figure in that

work (their Fig. 20). Walsh et al. relied on the hierarchical clustering method

(HCM) to identify groupings of objects for comparison. While the HCM is ideal for

identifying clusters in multidimensional space, it is less ideal for comparison of neigh-

boring families, as it tends to include in each sample objects from the neighboring

family or families, which muddies the comparison. Instead, we select for comparison

two distinct sets of objects (within the green and magenta boxes in Fig. 4.14) for

which we expect minimal contamination between sets, which enables us to identify

the small offset in ap among the Eulalia1 and Eulalia2 structures.

4.5 Discussion

We have identified five distinct clusters of asteroids within what has generally been

called the Nysa-Polana orbital region of the asteroid belt. Two of these clusters

appear to be associated with collisions on (135) Hertha; two other clusters appear

to be associated with (495) Eulalia; one is associated with (142) Polana. None of

these is associated with (44) Nysa. This refined interpretation of the dynamical

structure of the Nysa-Polana region has been made possible by the availability of

color information from the SDSS survey, which increased the dimensionality of data

available for cluster analyses beyond simply the proper orbital element distribution.

The analysis of the clusters within the Nysa-Polana region depends particularly
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upon this increased dimensionality, due to the overlap within the region of multiple

large families with varied reflectance properties.

Other recent work has explored clusters within this newly extended parameter

space using an automated approach based on the hierarchical clustering method

[Masiero et al., 2013, Milani et al., 2014, Carruba et al., 2013]. Our approach

differs from theirs in that we (like Walsh et al. [2013]) have also incorporated the

effects of Yarkovsky semimajor axis drift, which results in recognizable patterns in

the relationship between semimajor axis spread and asteroid size (equivalently, the

absolute magnitude), specifically the characteristic V shape in ap vs. H. In addition,

we use the slope of the ap, ep correlation among the Hertha1 family members as a

constraint on the orbit configuration of the parent object at the time of the collision,

enabling an improved evaluation of the Yarkovsky semimajor axis dispersion of the

family independent of the collisional dispersion.

4.5.1 Hertha1 and Hertha2

The collision that formed the Hertha1 family 300+60
−50 Ma (Section 4.3) distributed

ejecta across nearly the entire span of the inner main belt in semimajor axis, de-

positing material directly into Mars-crossing orbits at the time of the event. Under

the influence of the Yarkovsky effect, the Hertha1 family has since provided a steady

stream of material of various sizes into both the Mars-crossing region and the Jupiter

3:1 resonance. Hence, it is plausible that the Hertha1 family has been a source pop-

ulation for significant impact events of various magnitudes on Earth in the past 300

million years, a time span which includes the event hypothesized to be connected

with the Permian-Triassic extinction (251.4 Ma, Raup and Sepkoski [1982], Jin et al.

[2000]).

The weak Mars 1:2 resonance affects the semimajor axis and eccentricity distri-

bution of the Hertha1 family [Gallardo et al., 2011]. The effect of this resonance is

most noticeable in the dearth of objects in a depleted zone with ap < 2.43 AU and

ep > 0.195 in Fig. 4.4, compared for example with the density of objects just below

(ep < 0.19) in the same figure. When objects drifting from the family center toward
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higher semimajor axes reach the resonance, it diffuses their eccentricities, resulting

in higher average eccentricity of the resonant population. Thus, for objects starting

at low eccentricities, the boost moves them to a higher-ep section of the Hertha1

family; for objects starting at high eccentricities, the boost may remove them from

the family altogether, hence the paucity of blue dots in the depleted zone. This

paucity demonstrates also the effects of the combined Yarkovsky and YORP effects

on the Hertha1 family; objects that would otherwise have drifted back and forth as

a result of YORP cycles, continually re-filling the depleted zone, have instead been

removed from the family to higher eccentricities.

The presumed parentage and nomenclature of the Hertha1 family has varied

throughout the literature (Table 4.1). Unlike the small, low-a∗ Hertha2 family,

whose objects show reflectance properties consistent with X-type spectra and thus

similar to (135) Hertha itself, the large Hertha1 family shows average reflectance

properties consistent with S-type spectra. S-type objects would not generally be

expected to originate from an X-type parent body, given the standard picture of S-

type objects originating from chondritic, undifferentiated parent objects. However,

Weiss and Elkins-Tanton [2013] suggested that some chondritic bodies may originate

from the unmelted crusts of partly differentiated planetesimals. Moreover, Thomas

et al. [2014] have suggested that the Massalia family may have olivine-rich objects

among its predominantly S-type members. Accordingly, it is plausible that the

X-type (135) Hertha is associated with the S-type Hertha1 family.

In the following subsections, we consider four scenarios for the origin of the

Hertha1 and Hertha2 families that might explain their different reflectance proper-

ties. None of the scenarios explain the observations completely; therefore the actual

origin scenario may be a combination of these or other effects.

4.5.1.1 Scenario 1: Unrelated families

The possibility that both Hertha1 and Hertha2 originated from two unrelated col-

lisions on different parent objects, one of which (Hertha1) was catastrophically dis-

rupted, cannot be ruled out here. One approach to understanding the type of
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collision expected to have formed the Hertha1 family involves comparison of the

observed size-frequency distribution (SFD) of the family members with models of

SFDs produced by catastrophic and cratering collision events. However, the incom-

pleteness of the reflectance property databases, as well as the depletion of primarily

smaller objects due to the nearby large resonances, have introduced significant bias

into the family’s observed SFD. Future efforts will explore the connection between

the Hertha1 family and (135) Hertha in detail, including numerical integrations to

determine the possible evolution of the proper orbital elements of (135) Hertha (sim-

ilar to the method used for (495) Eulalia by Walsh et al. [2013]). In the meantime,

the close dynamical proximity of both Hertha1 and Hertha2 families to the aster-

oid (135) Hertha remains strong evidence that they share this common parent, and

warrants discussion of additional origin scenarios.

4.5.1.2 Scenario 2: Single collision on a partially differentiated parent

A single collision on a partially differentiated planetesimal could produce, in princi-

ple, a family of objects with varied material properties. The tighter Yarkovsky V of

the Hertha2 family (C = ±0.012 mAU vs. C = ±0.045 mAU for the Hertha1 fam-

ily) would appear to suggest a younger age, and hence a separate collision. However,

a single collision could still explain the two different Yarkovsky V’s if the tighter

V reflects a decreased Yarkovsky semimajor axis drift rate instead of a younger

age, with the objects of the Hertha2 family drifting outward more slowly after the

original collision.

A slower drift rate for the Hertha2 objects could result from their lower aver-

age albedo, pV. The small numbers and small sizes of the Hertha2 family objects

complicate the determination of the average albedo; however, it would have to be

∼ 0.014 to account for the reduced semimajor axis spread, which is implausibly low

(asteroid (135) Hertha has pV = 0.15). Thus, the relatively narrow V of the Hertha2

family cannot be accounted for by lower albedo.

A higher average bulk density might alternatively explain the slow drift. The

Yarkovsky drift rates scale inversely with density, so to account for the different
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V shape relative to the Hertha1 S-type family (with ρS = 2.7 g/cm3), the average

density that would be required for the Hertha2 objects would need to be 8.6 g/cm3.

For comparison, the bulk density of Hertha is ρH = 5.23 g/cm3, and the average

for the Xk-type objects is ρXk
= 3.8 g/cm3 [Carry, 2012]. The larger density could

be achieved if the family were composed primarily of metal objects; however, the

family members’ apparent association with the lower-density (135) Hertha does not

imply that this is the case. Thus, density differences probably cannot explain the

reduced spread of the Hertha2 family, and a more recent formation event seems the

most plausible explanation.

Further evidence for a separate formation event comes from the observed ap, ep

correlation among the Hertha1 family members’ orbits (Section 4.3), and the lack

of one among the Hertha2 family members. If the Hertha2 members formed in

the same collision as the Hertha1 members, they would be expected to share this

correlation. Thus the most likely explanation is that two separate collision events

occurred.

4.5.1.3 Scenario 3: Two collisions on a partially differentiated parent

A series of two collisions occurring on a partially differentiated parent could exca-

vate families with varied material properties from different regions in the parent

body. In the case of the Hertha families, an initial collision into a parent body’s

unmelted, chondritic crust could form the S-type Hertha1 family, leaving a large

X-type remnant, (135) Hertha. A subsequent impact onto (135) Hertha could then

create the X-type Hertha2 family.

A collision of magnitude sufficient to create the Hertha1 family might be expected

to produce more than one remnant Hertha-like X-type among its fragments. The

nearest object with reflectance properties similar to (135) Hertha is the large E-type

(44) Nysa, which could have conceivably come from the original Hertha1 impact,

although it is significantly displaced from the family in proper inclination. Zellner

et al. [1977] and Kelley et al. [1994] attempted to link (44) Nysa and (135) Hertha in

various differentiation structures, and Rivkin et al. [1995, 2000] demonstrated that
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the spectra of both objects share a hydration feature that could suggest a common

origin. Nevertheless, the issue of whether a first impact could have cleanly removed

the S-type material leaving only one X-type remnant for subsequent impact remains

uncertain.

4.5.1.4 Scenario 4: Two collisions with shock darkening or space weathering effects

The effects of shock darkening (through the presence of impact melt) can modify the

apparent reflectance properties of asteroids without changing their basic material

properties [Britt and Pieters, 1994]. In the case of the Hertha families, the impact

that formed the Hertha1 family could produce remnants such as (135) Hertha with

a significant amount of shock-darkened material, resulting in the later excavation of

material with X-type appearance during the Hertha2 formation event.

Reddy et al. [2014] demonstrated the effects of shock darkening among laboratory

samples of LL chondrite material mixed with impact melt, and matched the resulting

spectra with observations of the X-type Baptistina family members. In appearance,

the difference in a∗ color between the Hertha1 and Hertha2 families (−0.07 vs. 0.13)

is strikingly analogous to that of the nearby Flora and Baptistina populations: The

Baptistina members lie in nearly the same place in a∗ and i − z color space as the

Hertha2 members, as seen by comparison of the location of the Hertha2 family in

Fig. 4.12 with the location of the Baptistina family in a similar plot (e.g., Figs. 1.3e

and 1.3f); and both the Flora and Hertha1 populations show reflectance properties

typical of S-type objects.

Given the results of Reddy et al. [2014] for the Baptistinas, it is worth consid-

ering the possibility that the X-type appearance of (135) Hertha and the Hertha2

family members results from shock darkening, i.e. the presence of significant impact

melt matrix surrounding fragments of the original S-type material. In this case, a

plausible origin hypothesis is that the impact that formed the Hertha1 family left

behind a shock-darkened fragment, (135) Hertha, which experienced a later collision

that formed the darkened Hertha2 family.

Another explanation for the difference in a∗ between the two Hertha families
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could be the effects of space weathering, which raises the a∗ value of exposed asteroid

surfaces over time, resulting in higher a∗ for older families. In this case, the older

Hertha1 family would be expected to show higher average a∗ values than the Hertha2

family, as observed.

However, consideration of the surface properties of the four subfamilies of the

large, S-type Koronis family [Molnar, 2011] raises issues regarding both the shock-

darkening and the space-weathering hypotheses. These subfamilies range in age

from 5.8 My to 300 My, and display a linear trend in a∗ from 0.02 for the youngest

family to 0.07 for the oldest (Fig. 1.5). This range of a∗ values is consistent with the

color change expected as a result of space weathering, based on a study of various

other families by Willman et al. [2010]. The difference in a∗ between the two Hertha

families is four times greater, so space weathering is unlikely to be the key factor

in explaining this difference. If, instead, shock darkening is the dominant factor in

the different appearance of the Hertha families, it raises the question of why similar

effects have not led to more diversity among the Koronis families. The answer may

simply lie in the unknown specific details of the collisions responsible for each family

group.

4.5.2 Eulalia1 and Eulalia2

The low-albedo families in the Nysa-Polana region are thought to be the most likely

source families for asteroid (101955) Bennu, the target of the OSIRIS-REx sample

return mission [Campins et al., 2010, Walsh et al., 2013, Bottke et al., 2015]. Bottke

et al. [2015] determined the probability that Bennu originated from what we call

the Polana family to be 70%, with the probability of an origin from what we call

the Eulalia1 family of 30%. The Eulalia2 objects identified here have similar orbital

and reflectance properties, and might also be a candidate source population for

Bennu. The possibility of a collisional connection between the Eulalia1 and Eulalia2

clusters, discussed below, could help further constrain the dynamics of the Bennu

source region.

The Eulalia1 and Eulalia2 clusters show very similar structure in ap, H space,
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and can be roughly fit with C envelopes that match, except for a semimajor axis

offset of about δap ∼ 0.035 AU (Section 4.4.2, Fig. 4.15), with Eulalia1 centered at

2.46 AU and Eulalia2 centered at 2.495 AU. These values bracket the current ap

value for (495) Eulalia (ap = 2.4867 AU). The Eulalia1 and Eulalia2 clusters also

bracket (495) Eulalia in ep and sin ip (Fig. 4.14). Walsh et al. [2013] noted that the

long-term evolution of (495) Eulalia ranges between ep values of 0.11 to 0.15; this

range is contained within the larger range of the combined Eulalia1 and Eulalia2

families.

In light of these dynamical coincidences (matching C envelopes, bracketing in

each orbital dimension), it is plausible that the Eulalia1 and Eulalia2 clusters were

originally part of the same collisional family, centered near the current position of

(495) Eulalia. In this case, the twin “lobes” of the family protruding in opposite

directions in ap, ep and sin ip could be explained by a non-isotropic ejecta pattern.

In this scenario, due to the parent object’s proximity to the Jupiter 3:1 resonance,

a significant number of the original objects would have been deposited directly into

the resonance (though not beyond it, see the discussion in Section 2.5 of Walsh

et al. [2013]). The resonance would then have dramatically reduced the number of

objects in the high-ap, low-ep, low-sin ip lobe of the family. Subsequent Yarkovsky

drift would then have removed another half of the remaining family (the prograde

objects) via drift into the Jupiter 3:1.

The above scenario could be tested dynamically, by modeling the best fit values

of the C boundaries and aP,0 for the Eulalia1 and Eulalia2 clusters to confirm the

similarity of C for the two and determine their offset in semimajor axis. This mod-

eling is necessary to confirm the significance of the observed offset, as the sample

of Eulalia2 members (from the magenta box in Fig. 4.14) is fairly diffuse and thus

might be expected to contain a significant number of background objects. In addi-

tion, orbital integrators that incorporate the Yarkovsky and YORP effects could be

used to simulate and reproduce the observed ap, H distributions of the family from

a single collision.

Lastly, spectral comparison of the reflectance properties of the Eulalia1 and
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Eulalia2 structures can also test the above origin scenario. The SDSS and WISE

databases provide reflectance data for a large number of asteroids in the region;

however, the completeness of these databases is only around 20% and 10%, respec-

tively. Future surveys such as Gaia and LSST are expected to significantly enhance

these databases in the near future, providing opportunities for further analysis. The

Polana and Eulalia1 and Eulalia2 structures are all similar in the wavelength range

available to the SDSS, and a survey of 72 objects in the region shows spectral homo-

geneity in the NIR wavelengths as well (N. Pinilla-Alonso, in preparation). Future

work in this area might possibly distinguish or further connect the Eulalia1 and

Eulalia2 structures.
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CHAPTER 5

Summary and Conclusions

This dissertation has explored asteroid family dynamics in the inner main belt, fo-

cusing in particular on the difficult cases of the Flora and Nysa-Polana families. The

in-depth analysis of these families presented here employs theoretical and observa-

tional techniques that may be applied to additional families throughout the main

belt, with the goal of a refined chronology of asteroid families — their formation

events and their effects on the evolution of the terrestrial planets. This concluding

chapter provides a summary of the major results of this dissertation, as well as a

discussion of possible areas of future work.

5.1 Major Results

Chapter 2 identified the Flora family as the product of a single collision dispersed

in semimajor axis as a result of the Yarkovsky effect, and defined the family’s char-

acteristic orbital and reflectance properties. In particular, we introduced the core

sample method for family analysis, and used this method to determine the ranges

of the Flora family in the multidimensional parameter space. This result has his-

torically eluded previous studies of the Flora family which used the Hierarchical

Clustering Method for family identification, due to the family’s significant overlap

with nearby families and contamination from the high density of background objects

in the region. The ranges of the family as determined here, in particular the extent

of the family due to Yarkovsky dispersion in semimajor axis, yielded a more precise

estimate of the age of the family, 950+200
−170 My. This age estimate is obtained via

calibration of the Yarkovsky dispersion rates using observations and analysis of the

young Karin family, whose members are taxonomically similar to Floras, and for

which independent methods constrain the family’s collisional age.
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Chapter 3 undertook an observational survey of Flora family members’ spin

sense, designed in part to test the predictions of the single-collision Yarkovsky-

dispersed model that was the basis for the age determination in Chapter 2. The

method used for the observational spin survey provided a time-efficient alterna-

tive to the lightcurve inversion method used in typical rotation property surveys;

these methods require lightcurve data from multiple oppositions to obtain complete

shape/spin models, which are unnecessary for our purposes. The results of the ob-

servational survey confirm the existence of an abundance of prograde rotators in the

Flora family remnant distribution, a predicted consequence of the Yarkovsky model.

Chapter 4 explored the families of the Nysa-Polana complex, which borders the

Flora family in the inner main belt. Five dynamical structures were identified within

the Nysa-Polana complex, two of which were newly discovered in this work. The

large S-type family, associated with the largest fragment (135) Hertha, displays a

unique correlation in semimajor axis and eccentricity indicating that the family-

forming collision occured when the parent body was near aphelion. Subsequent

orbital evolution via the Yarkovsky effect broadened the distribution in ap, but the

correlation still remains, placing constraints on the semimajor axis dispersion of the

family due to the collision. These constraints enabled direct measurement of the

component of dispersion due to the Yarkovsky effect, yielding an estimate of the age

of the family: 300+60
−50 My.

A second family was discovered to be embedded within the large Hertha family;

this family also appears to be connected with (135) Hertha, but is distinguished

by its different (X-type) reflectance properties. Consideration of its Yarkovsky dis-

persion in semimajor axis yields a distinctly younger age for this family than that

of the 300-My-old S-type Hertha family within which it is embedded. Hypotheses

that might explain the age and composition differences between the two families are

discusses in Section 4.5.1.

The dark, C-type families in the Nysa-Polana complex (the Polana and Eulalia

families) were shown to have more structure than previously recognized. Most strik-

ingly, a newly identified low-ep, low-sin ip component of the group shows the same
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Yarkovsky V signature in ap-H space as the Eulalia family, and may represent the

remnant of a large, anisotropic ejecta distribution from the family-forming collision

on (495) Eulalia.

5.2 Future Work

The asteroid family analysis presented in this work represents a significant effort

toward a full membership, characterization and chronology of the families in the

inner main belt, and sets the groundwork for additional dynamical and spectro-

scopic studies of families in the main belt and in other collisionally evolved systems.

The new methods for analysis developed here can be combined with existing and

developing techniques to study asteroid families on both a larger and finer scale.

Several recent developments (both theoretical and observational) are shaping

the field of asteroid family analysis, and their future incorporation with the tech-

niques introduced here has the potential to yield new insights into the inner main

belt families. In particular, the models currently under development that simu-

late the orbital evolution of family members under a wide range of gravitational

and non-gravitational influences (e.g., those used in the analysis of Bottke et al.

[2015] to trace the provenance of asteroid Bennu) could be applied to the Flora and

Nysa-Polana families to further constrain their post-collisional evolution. Future

models that fully incorporate the effects of both stochastic YORP and spin-orbit

resonances (Section 1.3.2.2) on family member obliquities, and the potential size

dependence of these effects, would allow further calibration of the Yarkovsky drift

rates and improve the ages of families determined from their semimajor axis dis-

persion. The effects of asteroid shape on spin-orbit resonance capture have not

yet been explored; e.g., Vokrouhlický et al. [2006b] did not include them in their

study of spin-orbit resonance capture in the main belt. Future modeling of shape

effects, combined with expected shape distributions of fragments from collisionally-

distrupted asteroids [Michel et al., 2012], would also provide valuable inputs into

Yarkovsky dispersion models.
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The possible connection between the Hertha1 and Hertha2 families also invites

further investigation, as it is based currently on the dynamical proximity of (135)

Hertha to the Hertha1 family (Section 4.5.1). The evolution of (135) Hertha’s or-

bital parameters could be studied in a manner similar to that used by Walsh et al.

[2013] for (495) Eulalia, which would probe the possible range of orbital proper

element space that (135) Hertha could be expected to occupy over a timescale en-

compassing the age of the family. This information could be coupled with Yarkovsky

orbital evolution simulations of collision fragments initially dispersed in the tightly

correlated distribution expected from an aphelion collision, to provide a full model

of the Hertha1 family’s evolution. In addition, spectroscopic surveys could probe

the mineralogy of both the Hertha1 and Hertha2 families in attempt to constrain

their possible single-parent-body origin and elucidate the potential role of space

weathering or shock darkening effects.

Further dynamical and spectroscopic studies could also clarify the possible con-

nection between the Eulalia1 and Eulalia2 families, as well as quantify the collisional

parameters that would have been necessary to produce such an anisotropic distri-

bution. First, the significance of the Eulalia2 family and its distinction from the

Eulalia1 family could be established on the basis of statistical analysis of the dis-

tinction of the two structures in the C parameter space. In particular, this analysis

would probe the statistical significance (or lack thereof) of the two separate V shapes

given various choices of ap,center and various selection ranges of the two samples in

ep and sin ip. Second, orbital integration models could attempt to reproduce the

two separate V shapes observed (Fig. 4.15) as a result of Yarkovsky spreading af-

ter a simulated anisotropic collision event. Third, spectral observations of Eulalia1

and Eulalia2 members could potentially connect or distinguish the two groups, with

implications for the interpretation of their origin.

Lastly, the techniques introduced in this work could be applied to analysis of

other important families in the inner main belt, with high priority given to the

Vesta and Baptistina families. The Vesta family members have been linked with

the Howardite-Eucrite-Diogenite meteorite group [Consolmagno and Drake, 1977],
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and Vesta’s surface has been mapped in detail by the Dawn spacecraft [De sanctis

et al., 2012, Russell et al., 2012]. In addition, recent family analysis work by Spoto

et al. [2013] and Bus [2013] supports a possible double- or multi-collision origin for

the Vesta population, which could be explored further via the techniques developed

here.

Preliminary analysis of the Baptistina family shows it to have similar color and

albedo properties as the Hertha2 family (cf. Table D.1), and recent studies have

reproduced the reflectance properties of Baptistina family members via a combina-

tion of S-type (i.e., Flora-like) material with darker veins of impact melt [Reddy

et al., 2014]. While the size and semimajor axis position of (298) Baptistina places

it outside the range of likely Flora family members, a possible connection between

the Baptistinas and Floras cannot yet be fully ruled out, and will require further

analysis using the techniques developed in this work. Given the suggestion that frag-

ments from the Baptistina family’s formative collision may have led to the impact on

Earth that triggered the Cretaceous-Paleogene extinction event, understanding the

family’s history has special importance. More generally, the family analysis meth-

ods introduced here can help constrain similar impact or extinction events through

development of a thorough and refined chronology of the families of the inner main

belt and beyond.
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APPENDIX A

Useful Statistics

A.1 Boundary Determination: Kernel Density Estimate (KDE)

We find the boundary of the C parameter distribution (Section 2.3) by means of

a kernel density estimate (KDE), which provides essentially a smoothed histogram

of the distribution. It is constructed by placing a gaussian distribution (kernel)

at the location of each datapoint, then reporting the average of all of the overlap-

ping gaussians at each datapoint. Routines that calculate the KDE can be found

in statistics packages such as R (the density function) and Python/SciPy (the

scipy.stats.gaussian kde function).

The standard deviation of the gaussians, known as the bandwidth, is calculated

using a standard bandwidth estimator (Scott’s rule):

h = σ̂ · n−1/5, (A.1)

where n is the number of datapoints and σ̂ is their standard deviation. A larger

bandwidth gives greater smoothing.

The outer edge of the distribution is found as the value at which the KDE is

changing slope most steeply (i.e., a local maximum/minimum in the second deriva-

tive). The derivatives of the KDE are given by:

d̂h(x) =
1

n

n∑
i=1

Kh(xi − x) (A.2)

d̂′h(x) =
1

n

n∑
i=1

Kh(xi − x) · xi − x
h2

(A.3)

d̂′′h(x) =
1

n

n∑
i=1

Kh(xi − x) ·
(

(xi − x)2

h4
− 1

h2

)
(A.4)
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where d̂ is the KDE for an unknown density function d, h is the bandwidth, Kh is a

gaussian probability density function with standard deviation h, and (x1, x2, ..., xn)

are the data points.

A.2 Calculation of Confidence Interval for the Population Median

We use the following procedure from standard statistics texts [e.g., Conover, 1980]

to calculate a confidence interval for the population median M based on a sample

of objects from that population. The following assumes that the sample selected is

representative of the underlying population, and that the number of objects in the

sample is large (N > ∼ 25). Let the ordered data be denoted by y1, y2, ..., yN . A

(1-α) confidence interval for M is given by the formula:

(ML,MU) = (yCα+1, yN−Cα), (A.5)

where Cα is the appropriate quantile from the binomial distribution, but since N is

always large in the cases where we apply this formula, a normal approximation is

appropriate:

Cα =
N

2
− zα

√
N

2
. (A.6)

The value of zα (1, 2, 3, ...) determines the confidence level (68%, 95%, 99%)

for the interval. For our estimate of 1σ error bars, we set zα = 1, and expect that

the true population median will be within the cited confidence interval 68% of the

time.

The assumption that the sample is representative of the population is only valid

in cases where the method of selecting the sample does not bias the variable for

which the median is determined. In general, this should be the case, as we are careful

to make selections of objects only on the basis of their characteristics in all other

parameters except the one under consideration. The nature of the original collision is

likely such that some of the parameters are correlated (i.e., the family’s distribution

in proper element space exhibits the standard triaxial ellipsoid characteristic of
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collisional ejecta). This would imply that selections in one dimension (such as

eccentricity) would affect the true underlying population’s distribution in another

dimension (such as inclination); however, we expect the selections to leave unaffected

the symmetry of the distribution, thereby not biasing the median. The effect of the

selections on the confidence interval in this case would be to tighten the interval

slightly; thus we would expect the true interval to be slightly wider than the values

obtained via the above method.
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APPENDIX B

Test of the Core Sample Method for the Massalia Family

The inner main belt S-type family associated with (20) Massalia (Fig. 1.4) is often

used as a test of family identification and characterization methods; here are given

the results of a test of the core sample method for this family. The core sample

method produces nearly identical results for the family’s median values as those

found using the list of objects published by Nesvorný [2012] (see Table B.1).

Parameter median median err. N12 sample range

a(AU) 2.32 to 2.48
e 0.1627 0.0001 0.1627 0.144 to 0.174
sin i 0.0255 0.0001 0.0254 0.020 to 0.034
C(mAU) -0.025 to 0.025
a∗ 0.070 0.001 0.070 -0.10 to 0.23
i− z -0.044 0.006 -0.044 -0.49 to 0.39
pV 0.222 0.007 0.221 0.17 to 0.30

Table B.1: Massalia family median orbital and reflectance properties (cf. Table 2.1),
comparison of a test run of the core sample method with the values of the objects
published in the family membership list of Nesvorný [2012], “N12.” The values
match quite well, within error bars. As with the Flora family, median values for
ap and C are not necessarily physically meaningful, and are not reported. In the
last column are the ranges that describe the distribution of the Massalia family in
orbital and reflectance properties.
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APPENDIX C

Synodic Spin Period Measurement Data
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Asteroid JD0 JDobs Span (d) Psyn (h) σP (h)

(43) Ariadne 2454610 2454675 21 5.762 18 0.000 04
(43) Ariadne 2454610 2454692 13 5.762 24 0.000 05
(296) Phaetusa 2454370 2454426 14 4.538 447 0.000 073
(296) Phaetusa 2454370 2454458 12 4.538 035 0.000 052
(296) Phaetusa 2454370 2454536 14 4.539 263 0.000 123
(298) Baptistina 2454530 2454549 23 16.2212 0.0016
(298) Baptistina 2454530 2454570 17 16.2263 0.0015
(298) Baptistina 2454530 2454610 29 16.2376 0.0009
(367) Amicitia 2454400 2454430 15 5.055 377 0.000 035
(367) Amicitia 2454400 2454475 20 5.054 907 0.000 059
(367) Amicitia 2454400 2454557 13 5.055 75 0.000 04
(800) Kressmannia 2454340 2454352 9 4.461 625 0.0001
(800) Kressmannia 2454340 2454386 12 4.4608 0.0001
(800) Kressmannia 2454340 2454458 13 4.461 57 0.000 07
(802) Epyaxa 2454775 2454800 22 4.389 754 0.000 027
(802) Epyaxa 2454775 2454841 21 4.390 022 0.000 033
(802) Epyaxa 2454775 2454877 22 4.389 704 0.000 047
(913) Otila 2454755 2454775 23 4.872 389 0.000 06
(913) Otila 2454755 2454812 18 4.872 722 0.000 118
(913) Otila 2454755 2454840 25 4.872 12 0.000 074
(913) Otila 2454755 2454871 22 4.871 946 0.000 082
(951) Gaspra 2454610 2454635 21 7.041 82 0.000 41
(951) Gaspra 2454610 2454655 20 7.042 24 0.000 37
(1156) Kira 2454370 2454407 15 2.791 028 0.000 035
(1156) Kira 2454370 2454457 17 2.791 053 0.000 029
(1156) Kira 2454370 2454542 24 2.791 127 0.000 084
(1396) Outeniqua 2454340 2454356 19 3.081 786 0.000 027
(1396) Outeniqua 2454340 2454401 25 3.0819 0.000 017
(1494) Savo 2454460 2454497 22 5.350 31 0.000 045
(1494) Savo 2454460 2454533 14 5.350 62 0.000 08
(1494) Savo 2454460 2454577 18 5.350 203 0.000 053
(1666) van Gent 2454690 2454720 11 4.165 035 0.000 085
(1666) van Gent 2454690 2454743 18 4.165 283 0.000 047
(1666) van Gent 2454690 2454796 21 4.165 722 0.000 031
(1830) Pogson 2454690 2454706 12 2.569 85 0.000 08
(1830) Pogson 2454690 2454730 17 2.569 61 0.0001
(1830) Pogson 2454690 2454758 24 2.569 841 0.000 037
(1830) Pogson 2454690 2454798 25 2.569 809 0.000 041
(1900) Katyusha 2454370 2454445 14 9.503 123 0.000 112
(1900) Katyusha 2454370 2454483 6 9.501 136 0.000 189
(2579) Spartacus 2454850 2454877 22 3.635 715 0.000 042
(2579) Spartacus 2454850 2454927 26 3.636 146 0.000 054
(3272) Tillandz 2454370 2454412 21 4.749 61 0.000 05
(3272) Tillandz 2454370 2454457 18 4.749 66 0.000 04
(3385) Bronnina 2454570 2454598 26 2.958 927 0.000 041
(3385) Bronnina 2454570 2454626 30 2.958 973 0.000 025
(3385) Bronnina 2454570 2454653 24 2.958 766 0.000 047
(3918) Brel 2454640 2454670 40 3.096 864 0.000 031
(3918) Brel 2454640 2454731 18 3.096 86 0.000 073
(4185) Phystech 2454490 2454517 17 4.669 043 0.000 032
(4185) Phystech 2454490 2454568 23 4.668 834 0.000 14
(9780) Bandersnatch 2454830 2454856 25 7.063 291 0.000 244
(9780) Bandersnatch 2454830 2454900 18 7.061 534 0.000 42
(9780) Bandersnatch 2454830 2454955 20 7.062 806 0.000 501

Table C.1: Measured synodic spin periods (Psyn) for the asteroids in the spin sense
study of Chapter 3, with their uncertainties (σP). The JD0 column is used to
calculate the modified Julian dates (MJDs) shown in Figs. 3.6-3.9. The JDobs date
listed represents the center of the epoch timespan; the range of the epoch timespan
is given in days.
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APPENDIX D

Overview of Neighboring Families in Zone 1

Family name H a e sin i C envelope a∗ i− z pV

(27) Euterpe 7.0 2.347 0.190 0.015 0.10 0.12 −0.06 0.27
(20) Massalia 6.5 2.410 0.163 0.025 0.30 0.07 −0.045 0.24
(317) Roxane 10.0 2.287 0.036 0.031 0.06 −0.035 0.00
(495) Eulalia (1) 10.8 2.487 0.110 0.040 0.12 −0.13 −0.01 0.057
(495) Eulalia (2) 10.8 2.487 0.147 0.047 0.10 −0.12 −0.018 0.056
(135) Hertha (1) 8.2 2.427 0.179 0.042 0.05 0.13 −0.035 0.28
(135) Hertha (2) 8.2 2.427 0.175 0.045 0.01 −0.075 0.045 0.18
(302) Clarissa 10.9 2.410 0.106 0.058 0.01 −0.13 −0.03 0.047
(142) Polana 10.3 2.418 0.155 0.059 0.32 −0.12 0.02 0.058
(554) Peraga 9.0 2.375 0.175 0.060 0.08
(8) Flora 6.5 2.201 0.130 0.080 0.166 0.126 −0.037 0.291
(79) Eurynome 8.0 2.444 0.174 0.084 0.04 0.16 −0.04 0.28
(163) Erigone 12.5 2.369 0.206 0.087 0.02 −0.09 0.05 0.05
(752) Sulamitis 10.2 2.463 0.090 0.088 0.03 −0.07 0.07 0.051
(298) Baptistina 11.2 2.264 0.143 0.097 0.03 −0.026 0.017 0.15
(63) Ausonia 7.6 2.395 0.110 0.110 0.14 0.11 −0.25 0.30
(67) Asia 8.3 2.421 0.150 0.114 0.03 0.085 −0.13 0.22
(4) Vesta 3.2 2.362 0.094 0.115 0.09 0.12 −0.25 0.36
(757) Portlandia 10.2 2.373 0.105 0.136 0.20 −0.035 0.04 0.18

Table D.1: Orbital and reflectance properties of neighboring families that overlap the
Flora and Nysa-Polana families (those with sin ip < 0.15, ordered here by increasing
sin ip), results of a preliminary analysis using the method outlined in Section 2.2 in
Chapter 2. The H and ap values are for the parent objects. The Eulalia and Hertha
double entries each represent two separate structures that have the same (nominal)
parent object, discussed in Chapter 4. The C envelope, a∗ and i− z colors, and pV

albedo are defined in the text (Equations 1.1, 1.2 and 1.10). Reflectance properties
are not reported for those families whose membership is too small to obtain reliable
estimates.
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physical models from combined dense and sparse photometry and scaling of the
YORP effect by the observed obliquity distribution. A&A, 551:A67, March 2013b.
doi: 10.1051/0004-6361/201220701.

A. W. Harris, J. W. Young, F. Scaltriti, and V. Zappala. Lightcurves and phase re-
lations of the asteroids 82 Alkmene and 444 Gyptis. Icarus, 57:251–258, February
1984. doi: 10.1016/0019-1035(84)90070-8.

A. W. Harris, J. W. Young, E. Bowell, L. J. Martin, R. L. Millis, M. Poutanen,
F. Scaltriti, V. Zappala, H. J. Schober, H. Debehogne, and K. W. Zeigler. Pho-
toelectric observations of asteroids 3, 24, 60, 261, and 863. Icarus, 77:171–186,
January 1989. doi: 10.1016/0019-1035(89)90015-8.

D. Higgins, P. Pravec, P. Kusnirak, J. Oey, and D. Pray. (1830) Pogson. Central
Bureau Electronic Telegrams, 957:1, May 2007.

J. L. Hilton. Asteroid Masses and Densities. Asteroids III, pages 103–112, 2002.

K. Hirayama. Groups of asteroids probably of common origin. AJ, 31:185–188,
October 1918. doi: 10.1086/104299.

K. Hirayama. Further note on the families of asteroids. Annales de l’Observatoire
astronomique de Tokyo, 8:A1, 1919.

K. Holsapple, I. Giblin, K. Housen, A. Nakamura, and E. Ryan. Asteroid Impacts:
Laboratory Experiments and Scaling Laws. Asteroids III, pages 443–462, 2002.
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D. Nesvorný, W. F. Bottke, Jr., L. Dones, and H. F. Levison. The recent breakup
of an asteroid in the main-belt region. Nature, 417:720–771, June 2002a.
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planetary encounters reset surfaces of near Earth asteroids? Icarus, 209:510–519,
October 2010. doi: 10.1016/j.icarus.2010.05.003.

C. R. Nugent, A. Mainzer, J. Masiero, T. Grav, and J. Bauer. The Yarkovsky Drift’s
Influence on NEAs: Trends and Predictions with NEOWISE Measurements. AJ,
144:75, September 2012. doi: 10.1088/0004-6256/144/3/75.

D. P. O’Brien, R. Greenberg, and J. E. Richardson. Craters on asteroids: Reconciling
diverse impact records with a common impacting population. Icarus, 183:79–92,
July 2006. doi: 10.1016/j.icarus.2006.02.008.
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D. Čapek and D. Vokrouhlický. The YORP effect with finite thermal conductivity.
Icarus, 172:526–536, December 2004. doi: 10.1016/j.icarus.2004.07.003.
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