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YARKOVSKY DRIFT DETECTIONS FOR 247 NEAR-EARTH ASTEROIDS
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ABSTRACT

The Yarkovsky effect is a thermal process acting upon the orbits of small celestial bodies, which can cause these
orbits to slowly expand or contract with time. The effect is subtle ({da/dt) ~ 10~* au/My for a 1 km diameter object)
and is thus generally difficult to measure. We analyzed both optical and radar astrometry for 600 near-Earth asteroids
(NEAs) for the purpose of detecting and quantifying the Yarkovsky effect. We present 247 NEAs with measured drift
rates, which is the largest published set of Yarkovsky detections. This large sample size provides an opportunity to
examine the Yarkovsky effect in a statistical manner. In particular, we describe two independent population-based
tests that verify the measurement of Yarkovsky orbital drift. First, we provide observational confirmation for the
Yarkovsky effect’s theoretical size dependence of 1/D, where D is diameter. Second, we find that the observed ratio
of negative to positive drift rates in our sample is 2.34, which, accounting for bias and sampling uncertainty, implies
an actual ratio of 2.7Jj8:?;. This ratio has a vanishingly small probability of occurring due to chance or statistical
noise. The observed ratio of retrograde to prograde rotators is two times lower than the ratio expected from numerical
predictions from NEA population studies and traditional assumptions about the sense of rotation of NEAs originating
from various main belt escape routes. We also examine the efficiency with which solar energy is converted into orbital
energy and find a median efficiency in our sample of 12%. We interpret this efficiency in terms of NEA spin and

thermal properties.
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1. INTRODUCTION

The Yarkovsky effect is a small force that results from
the anisotropic thermal emission of small celestial bod-
ies. Over the past decade, there has been increasing
awareness that the Yarkovsky effect plays an important
role in the evolution of asteroid orbits and the deliv-
ery of meteorites to Earth (Bottke et al. 2006). Several
authors have published Yarkovsky effect detections for
dozens of asteroids: Chesley et al. (2008, 12 detections),
Nugent et al. (2012, 54 detections), Farnocchia et al.
(2013, 47 detections, of which 21 are deemed reliable).
Updates to the latter are given by Chesley et al. (2015,
42 valid detections) and Vokrouhlicky et al. (2015a, 36
valid detections).

Here, we provide the largest collection of Yarkovsky
detections to date and introduce several improvements
to previous studies. Nugent et al. (2012) and Farnocchia
et al. (2013) relied on the debiasing of star catalogs pro-
posed by Chesley et al. (2010). Our current model uses
the more up-to-date and accurate debiasing algorithm
of Farnocchia et al. (2015). Previous works have tradi-
tionally relied on a signal-to-noise (S/N) metric and the
quantity and quality of the observational data to dis-
tinguish between detections and nondetections (Chesley
et al. 2008; Farnocchia et al. 2013), or by augmenting
these criteria with an explicit sensitivity metric (Nugent
et al. 2012). Here, we further refine the detection crite-
rion with a precise formulation based on an analysis of
variance (Greenberg et al. 2017). Some of the previous
formulations (e.g., Nugent et al. 2012) included a finite
increment in semi-major axis at each time step irrespec-
tive of the asteroid’s distance from the Sun. Here, we
use a 1/r? dependence of the solar flux. The Nugent
et al. (2012) results were based on astrometry obtained
as of January 31, 2012. The current work benefits from
more than 7 years of additional astrometry, including
more than 250 additional ranging observations with the
Arecibo and Goldstone radars. Finally, the numbers of
known NEAs and numbered NEAs have both more than
doubled since the Nugent et al. (2012) study. The num-
ber of detections is now sufficiently large that ensemble
properties can be refined, such as the ratio of retrograde
to prograde rotators, and the physical theory can be
tested, such as the dependence of the Yarkovsky drift
magnitude as a function of asteroid size.

2. DATA PREPARATION

Optical astrometry was automatically downloaded
from the Minor Planet Center (MPC) on Nov 11,
2019 (Minor Planet Center 2019). Astrometry taken
from nonstationary (generally, space-based) observato-
ries was discarded. The number of optical observations

considered in this work is 379,434. Each optical ob-
servation yields two measurements of position on the
plane of the sky. Radar astrometry was downloaded
from the JPL Radar Astrometry Database (JPL So-
lar System Dynamics 2019a) and was discarded from
MPC records to avoid duplication. In a few instances,
previously unpublished radar data obtained by the au-
thors were also used. The radar data considered in this
work include 735 range measurements and 412 Doppler
measurements.

2.1. Weighting and debiasing

Optical astrometry was weighted following the meth-
ods described by Farnocchia et al. (2015). To sum-
marize, this method involved weighting measurements
based on the observatory, type of measurement, star cat-
alog, and date. We also used the “batched weighting”
scheme described by Farnocchia et al. (2015), wherein
measurements taken from the same observatory on the
same night were given a smaller weight. Star catalog
debiasing was also performed according to the approach
of Farnocchia et al. (2015).

Radar astrometry was weighted according to observer-
reported uncertainties.

2.2. QOutlier rejection

Outlier rejection was performed via an iterative fit-
drop-add scheme. All available data were used dur-
ing the initial gravity-only orbital fit. Then, all optical
measurements with weighted residuals beyond a fiducial
threshold were rejected. This threshold was defined as

(Oi,ra — Ci ra)?
2

2
. (Oi,pec — Ci,pEC)
2
0; RA 0; DEC

<8, (1)

where O and C stand for observed and computed values,
respectively, RA and DEC stand for right ascension and
declination, respectively, o represents observational un-
certainty, and the index i represents the i*" observation.

As the fit iterated, previously discarded measurements
were reevaluated with respect to this threshold, and in-
cluded in subsequent iterations, as appropriate. Outlier
rejection was disabled after three fit-drop-add iterations
gave identical results.

Initially, outlier rejection was performed with a
gravity-only model. After the Yarkovsky component
of the dynamical model was estimated, outlier rejection
was performed once more with the additional Yarkovsky
component included (Section 4).

For the objects analyzed in this work, the median per-
centage of rejected observations was 1.6% of the total
number of observations, with a standard deviation of
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1.6% of the total number of observations. The largest
percentage of rejected observations in our sample did not
exceed 10%, with the exception of (408982) 2002 SP for
which 18 observations out of 100 were rejected, almost
all of which came from the same observatory.

Because radar measurement residuals are typically su-
perb, radar data were excluded from outlier rejection.
The mean and standard deviation of the radar residuals
normalized to the reported uncertainties of the measure-
ments are 0.30 and 0.33, respectively. In our entire data
set, the three largest normalized range residuals are 1.32,
1.65, and 2.04.

3. ORBIT DETERMINATION

Orbit determination was performed using our Inte-
gration and Determination of Orbits System (IDOS, see
Greenberg et al. (2017)). At its core, this software uti-
lizes the Mission analysis, Operations, and Navigation
Toolkit Environment (MONTE), a set of tools developed
by the Jet Propulsion Laboratory (JPL) for a variety
of space-related science and aeronautical goals (Evans
et al. 2018). The MONTE orbital integrator can ac-
count for gravitational perturbations from any set of
masses — for the analyses performed in this paper, we
considered the eight known planets and 24 of the most
massive minor planets (Folkner et al. 2014) as gravita-
tional perturbers. During close Earth approaches, the
integrator considers a detailed model of the planetary
gravitational field. MONTE also accounts for general
relativistic effects during orbital integration. Further
details concerning the internal operations of IDOS were
described by Greenberg et al. (2017).

In gravity-only solutions, we estimated the six pa-
rameters (three position and three velocity components)
of the state vector simultaneously. In Yarkovsky solu-
tions, we estimated an additional parameter describing
the strength of the Yarkovsky drift. We assigned one-
standard-deviation uncertainties (o) to our Yarkovsky
estimates such that a 1-o change to the drift rate results
in an increase of one in the sum of squares of weighted
residuals, similar to the approach of Nugent et al. (2012).
This approach yields values that match the formal un-
certainties derived from a covariance matrix, which was
the approach of Farnocchia et al. (2013).

4. YARKOVSKY FORCE MODEL

We utilized the Yarkovsky force model described by
Greenberg et al. (2017), where the magnitude and di-
rection of the thermal acceleration, 7, are calculated and
applied at every integration time step of the dynamical
model. The acceleration is calculated as

.31 Lo X001
"=Cs% Dp e IFOIP @

where 7(t) is the heliocentric radial vector for the object
at time ¢, p is the unit spin-axis vector, ¢ is the phase
lag, Lo is the luminosity of the Sun, ¢ is the speed of
light, and X;(¢) is the rotation matrix about p. D and
p are the diameter and density of the object, respec-
tively, while ¢ is an efficiency factor. The phase lag ¢
describes the longitude on the surface from which pho-
tons are reemitted, relative to the sub-Solar longitude.
In Equation (2), we assume a perfect absorber, i.e., a
Bond albedo of zero.

For the objects analyzed in this work, specific values
for ¢ and p were not known. Therefore, these values
were fixed at 90° and antiparallel to the orbit normal
vector, respectively , which maximizes the magnitude
of the orbital perturbation. As we discuss in the fol-
lowing paragraphs, these assumptions do not affect the
estimated value of the semi-major axis drift.

We also note that this treatment models the diurnal
Yarkovsky effect, but not the seasonal effect. The sea-
sonal effect, which is caused by the apparent rotation
of an object orbiting the Sun, tends to be small com-
pared to the diurnal effect (Vokrouhlicky et al. 2000). A
complete formulation accounting for both the seasonal
and diurnal effects is described in Vokrouhlicky et al.
(2015a).

With knowledge of the orbit semi-major axis, a, and
eccentricity, e, the orbit-averaged drift in semi-major
axis, (da/dt), can be determined from this acceleration
model with

31 1 Lo 1

<da/dt>_i€ﬂﬁmﬁfp’ 3)
which is equivalent to Greenberg et al. (2017)’s equa-
tion (8) and corrects Nugent et al. (2012)’s equation
(1). Here, ¢ is the Yarkovsky efficiency, and depends on
¢, spin pole obliquity v (i.e., the angle between the spin
pole vector p and the orbit normal vector), and phase
lag ¢. We always take the Yarkovsky efficiency to be
positive. Any incorrect assumption about Bond albedo,
diameter, density, obliquity, and phase lag is absorbed in
this efficiency factor such that the (da/dt) value, which
is dictated by the astrometry, is not affected by these
assumptions (Section 14.4).

With numerical values, we find

(da/dt) = +14.4 (051) (1311); <1—1) W

1 km 1000 kg m—3 y 10~% au
D p My

5. CANDIDATE SELECTION

5.1. Initial selection
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We considered four sets of Yarkovsky detection can-
didates. Two sets of candidates, the Nugent12 set
and the Farnocchial3 set, represent Yarkovsky detec-
tions reported by Nugent et al. (2012) and Farnocchia
et al. (2013), respectively. For these objects, we per-
formed our analysis in two ways — first, by using the
same observational data as those used by the authors,
and second, by using all currently available data (Sec-
tion 5.2). The Nugent12 set features 54 objects, while
the Farnocchial3 set contains 47 objects.

The third set contains objects that had not previ-
ously been considered by the other two works but that
we determined to be Yarkovsky detection candidates.
For the most part, these objects had either not yet been
discovered, or had small observation intervals prior to
2012 or early 2013. We identified the new candidates as
follows. First, we downloaded the list of 21,135 known
NEAs from the MPC on November 11, 2019. Second, for
each one of the 2915 numbered NEAs, we computed the
Yarkovsky sensitivity metric (sy) described by Nugent
et al. (2012). This root-mean-square quantity provides
an assessment of the relative sensitivity of selected data
sets to drifts in semimajor axis on the basis of optical
astrometry. We used the threshold determined by Nu-
gent et al. (2012) of sy > 2. We found that 567 NEAs
met this condition.

The fourth and final set includes 24 additional objects
of particular interest, including 22 numbered binary as-
teroids. Yarkovsky detections of binary asteroids are
important because the masses and obliquities of the bi-
naries are measurable and frequently known (e.g., Mar-
got et al. 2015), enabling a direct interpretation of the
Yarkovsky drift rate in terms of asteroid thermal prop-
erties (e.g., Margot 2004; Vokrouhlicky et al. 2005). We
also included 137924 (2000 BD19) to ensure a complete
sampling of objects that are actively being tracked to
test general relativity and measure the oblateness of
the Sun (Margot & Giorgini 2010; Verma et al. 2017).
Measuring the Yarkovsky drift rates of these objects
whose perihelion longitudes precess rapidly is important
to recognize and quantify the various dynamical influ-
ences affecting their trajectories. Finally, we include
441987 (2010 NY65), which exhibits a horseshoe orbit
similar to that of 54509 YORP (Lowry et al. 2007; Tay-
lor et al. 2007) and presents repeated opportunities for
high-precision dynamical work with radar.

Among the four sets of objects, there are 600 distinct
Yarkovsky candidates.

Nugent et al. (2012) rejected Yarkovsky detections for
which there were fewer than 100 astrometric measure-
ments, or for which the observation interval was less
than 15 years. However, we reviewed the detections that

were discarded due to these criteria in 2012 and found
that 90% of them are reliable, i.e., their (da/dt) values
are consistent with values presented in this work, even
after the addition of post-2012 data. In this work, we
flag objects that Nugent et al. (2012) would have dis-
carded because of data span or quantity, but we do not
discard the detections, unless the observation interval is
shorter than 5 years.

5.2. Selection refinement

After candidate selection, we performed a six-
parameter fit to the astrometry using a gravity-only
model, followed by a seven-parameter fit which included
a Yarkovsky force model. We then performed an analy-
sis of variance (Mandel 1964) to determine whether the
data warrant the use of the Yarkovsky model.

Specifically, we calculated the test statistic

Ks
P2 (5)
where
N 0i=Co,i N ,0,-Cy,;
Zi:o( o = )2 - Ei:o( o * )2
ks = (6)
my —mo
and N O —cn
B Zi:o( i - Y,1)2
S TN Ty @

Here, Cp; is the it" computed value assuming gravity
only, Cy; is the it" computed value assuming our best-
fit Yarkovsky model, O; is the i*"* measurement and o; is
the associated uncertainty, IV is the number of measure-
ments, and my, mg are the number of free parameters in
the Yarkovsky model (my = 7) and gravity-only model
(mg = 6), respectively.
We then calculated the value

=00
p:/ flmy —mo, N — my, z)dz, (8)
z=F

where f(my —mgp, N—my, x) is the F-distribution prob-
ability density function with my —mg and N —my de-
grees of freedom. The p-value serves as a metric for
testing the null hypothesis — namely, that the addi-
tional degree of freedom introduced by the Yarkovsky
force model is superfluous.

Our initial selection refinement step consisted of dis-
carding those objects for which p > 0.05, which approx-
imately corresponds to a two-standard-deviation detec-
tion threshold. This step rejected 283 objects, leaving
317 objects for further consideration.

We also implemented a robustness test where we elim-
inated the 10 earliest observations from the optical as-
trometry of each remaining object. For these objects,
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we refit the Yarkovsky model with the early observations
removed, and rejected any object that no longer met the
p < 0.05 criterion. Objects were also rejected when p
was < 0.05, but the error bars of the Yarkovsky rates
with and without the early observations did not overlap.
This check is necessary because early astrometry, which
can be of lower quality or erroneous, often yields spu-
rious detections. This step rejected 60 objects, leaving
257 objects for further analysis.

Finally, because pre-CCD astrometry can lead to spu-
rious detections (Section 13.7) even with proper weights,
we reanalyzed 24 remaining Yarkovsky candidates for
which pre-1965 astrometry exists. Specifically, we dis-
carded the pre-1965 astrometry, fit for (da/dt) values
with the shortened observation intervals, and recom-
puted p-values. Objects that no longer met the p < 0.05
criterion were flagged. Objects were also flagged when
p was < 0.05, but the error bars of the Yarkovsky rates
with and without the pre-1965 observations did not over-
lap. Eight objects failed this test and their Yarkovsky
rates require additional verification.

At the end of this process, 249 objects remained in
our data set. Two objects had arc lengths shorter than
5 years and were eliminated. The 247 remaining as-
teroids constitute our final set of Yarkovsky detections.
They include 122 Apollos (49%), 81 Atens (33%), and
44 Amors (18%). With the exception of 2009 BD, they
span a range of absolute magnitudes between 12.4 and
24.4. Our Yarkovsky drift rate and efficiency measure-
ments are shown in Table 1. For completeness, we also
list the 8 objects whose rates differ when including or
excluding pre-1965 observations in Table 2.

6. COMPARISON WITH PREVIOUS WORKS

Approximately 25% of the objects reported in this
work had been previously reported as Yarkovsky detec-
tions (Section 5). It is useful to compare our Yarkovsky
determinations to these previous works, for two rea-
sons. First, because our results were determined inde-
pendently of the previous works, a comparison serves as
a check on both sets of results. Second, new astrometry
has been reported for many of these objects. Therefore,
we can study how the results and uncertainties changed
in light of new data.

We performed two comparisons with the previous
works. In each case, we compared both our absolute
Yarkovsky measurements and their associated uncer-
tainties to those of the original works. We first created
data sets that roughly matched the observational inter-
vals reported by previous authors, to the nearest calen-

dar year. In doing so, we expect there to be good agree-
ment between our Yarkovsky detections and those of the
original works. We do anticipate slight differences intro-
duced by our use of improved debiasing and weighting
algorithms (Section 2.1) and by our use of observation
sets that are not identical to those used in the original
works (e.g., observations at beginning or end of intervals
matched to the nearest calendar year, precovery obser-
vations, or observations that were remeasured). For our
second comparison, we included all available data for all
objects. In this case, we expect an overall lower level of
agreement because of our use of additional astrometry,
which sometimes represent a significant fraction of the
available astrometry.

Because we are interested in whether our results
match those previously published, it is useful to quan-
tify what we mean by a “match”. We used a metric
inspired by mean-comparison tests. Namely, for each
object ¢ in the dataset, we calculated

_ Y — Yol
Zi = 5 2 )
\/Oti T i

where Y} ;,Y,; are this work’s estimated drift rate for
object i and the previous work’s estimated drift rate for
object i, respectively, and oy ;, 0}, ; are this work’s uncer-
tainty for object ¢ and the previous work’s uncertainty
for object ¢, respectively. The quantity z therefore repre-
sents a significance score. By choosing a threshold value
for z, we can signal our confidence that our measure-
ment is consistent with that of the original work. We
chose a significance threshold of 2.0, i.e., detection i was
considered a match if

(9)

z < 2.0. (10)

In other words, we concluded that the two measurements
matched if we could not reject the hypothesis that the
two measurements were drawn from the same distribu-
tion at the 95% confidence level.

7. YARKOVSKY DRIFT RATES

We measured semi-major axis drift rates and calcu-
lated Yarkovsky efficiency values for 247 NEAs, shown
in Table 1 and ordered by object number. We present
drift rates derived from optical measurements, as well
as optical plus radar astrometry. A machine-readable
file containing the data in this table can be found at
http://escholarship.org/uc/item/0pj991hd.
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Table 1. Yarkovsky drift measurements for 247 Near-Earth Asteroids. The semi-major axis, a, is in au. e is orbital eccentricity. Asteroid
diameter D is in km. Approximately half of the diameter values were extracted from JPL’s Small Body Database (SBDB). Diameters
inferred from H magnitude via Equation (13) are flagged with a 7" when the taxonomic type is available from the SBDB and with a
* otherwise. N,, N, are the number of optical measurements and radar measurements used in the solution, respectively. (da/dt), o,
the semi-major axis drift and associated uncertainty, are in x107* au/My. For objects with radar astrometry (N, > 0), we also report
(da/dt), and o,, which incorporate those radar measurements. p and p, are the p-values used in distinguishing between a gravity-only
dynamical model and a Yarkovsky dynamical model using optical data only and optical plus radar data, respectively. sy is the Yarkovsky
sensitivity parameter of Nugent et al. (2012). ¢ indicates the Yarkovsky efficiency, which was computed with a bulk density that was
extracted from the SBDB, if available, or inferred from the spectral type, if available (Section 10). Yarkovsky detections predicted to
be weaker because of the time span or quantity of astrometry (Section 5.1) are flagged with . whereas objects with anomalously high &
values (€ > 0.5) are flagged with . Binary and triple asteroids are flagged with Z.

Name a e D N, N, (da/dt) o p (da/dt),. or Pr sy I3 Arc
(1566) Icarus 1.08 0.83 1.00 2372 16 -4.47 0.4 le-16 -4.84 0.4 1le-16 37.1 0.03 1949 — 2019
(1620) Geographos 1.25 0.34 2.56 8890 7 -0.68 0.5 3e-03 -1.02 0.5 2e-06 18.7 0.05 1951 — 2019
(1685) Toro 1.37 0.44 3.40 5050 9 -1.52 0.4 le-16 -1.57 0.4 1le-16 33.0 0.10 1948 — 2019
(1864) Daedalus® 1.46 0.61 3.70 4368 1 -11.29 5.9 6e-05 -11.67 5.8 3e-05 3.0 0.56 1971 — 2019
(1865) Cerberus 1.08 0.47 1.20 3396 0 -3.75 1.8 3e-06 - - — 11.5 0.07 1971 — 2019
(1866) Sisyphus? 1.89 0.54 8.48 7796 1 -2.26 2.5 2e-02 -2.26 2.5 2e-02 4.3 0.35 1955 — 2019
(1916) Boreas 2.27 0.45 3.50 2892 0 -4.86 2.4 7e-06 — — — 7.7 039 1953 — 2019
(2062) Aten 0.97 0.18 1.10 1922 7 -6.06 0.9 le-16 -5.34 0.7 1le-16 24.1 0.10 1955 — 2019
(2063) Bacchus 1.08 0.35 1.02 1292 12 -6.97 2.1 2e-09 -6.22 1.9 1e-08 17.3 0.14 1977 — 2016
(2100) Ra-Shalom 0.83 0.44 2.30 3724 9 -3.27 0.9 3e-16 -2.04 0.6 9e-13 24.8 0.12 1975 — 2019
(2101) Adonis 1.87 0.76 0.60 238 5 -25.43 10.7 le-03 -17.51 9.3 1le-02 6.5 0.10 1936 — 2018
(2201) Oljato 2.17 0.71 1.80 1950 5 16.28 8.5 le-04 15.11 7.2  3e-05 2.8 0.47 1931 — 2019
(2202) Pele? 2.29 051 *1.35 500 0 25.07 14.3 3e-04 — — — 3.5 0.65 1972 — 2018
(2340) Hathor 0.84 0.45 0.30 902 7 -17.39 0.7 le-16 -17.61 0.6 1le-16 40.0 0.09 1976 — 2019
(3103) Eger 1.40 0.35 1.50 6534 4 -0.76 2.3 5e-01 -2.83 2.2 4e-03 5.2 0.08 1982 — 2019
(3200) Phaethon 1.27 0.89 6.25 10590 8 -9.01 2.8 8e-13 -9.57 2.1 1le-16 4.6 0.23 1983 — 2019
(3361) Orpheus 1.21  0.32 0.30 1692 0 7.74 1.2 le-16 — — — 223 0.04 1982 -—2018
(3362) Khufu 0.99 0.47 0.70 518 0 -17.87 11.8 le-02 — — — 2.9 0.17 1984 — 2004
(3551) Verenia 2.09 0.49 0.90 928 0 -13.11 9.4 2e-02 — — — 3.8 0.22 1983 — 2019
(3753) Cruithne 1.00 0.51 2.07 1500 0 -5.14 3.4 le-03 — — — 7.7 0.13 1973 — 2019
(3908) Nyx 1.93 0.46 1.00 3408 16 6.59 2.6 4e-07 7.10 1.6 1le-16 6.3 0.10 1980 — 2019
(4034) Vishnu 1.06 0.44 0.42 960 1 -38.61 9.2 2e-16 -33.04 7.9 4e-16 4.9 0.20 1986 — 2015
(4179) Toutatis 2.54 0.63 5.40 12070 51 -9.52 4.0 4e-10 -2.15 0.3 1le-16 2.0 0.19 1934 — 2019
(4197) Morpheus 2.30 0.77 1.80 1584 6 12.81 8.0 3e-03 13.35 8.0 2e-03 3.2  0.35 1954 — 2019
(4581) Asclepius 1.02 0.36 *0.26 660 4 -29.91 11.6 8e-09 -20.37 5.4 1le-16 3.2 0.08 1989 — 2019
(4660) Nereus 1.49 0.36 0.33 1338 32 4.26 5.0 8e-02 7.68 3.4 3e-06 7.3 0.05 1981 — 2019
(4688) 1980 WF 2.24 0.51 0.60 416 0 -7.00 5.5 5e-02 — — — 9.6 0.06 1980 — 2011
(4769) Castalia 1.06 0.48 1.40 574 15 -5.10 3.0 8e-03 -6.14 2.8 8e-04 10.5 0.12 1989 — 2016
(5011) Ptah 1.64 0.50 *1.86 1198 0 -14.72 6.4 5e-05 — — — 6.3 0.45 1960 — 2018
(5131) 1990 BG! 1.49 0.57 7T3.44 3024 0 -16.21 6.5 8e-07 — — — 2.0 0.87 1978 — 2019
(5189) 1990 UQ 1.55 0.48 *0.98 1874 1 -12.22 9.4 2e-03 -12.25 9.4 2e-03 2.3 0.20 1990 — 2019
(5693) 1993 EA 1.27 0.59 *1.70 3242 0 -6.35 4.3 4e-03 - - - 3.4 0.14 1984 — 2019
(5869) Tanith® 1.81 0.32  *1.29 1176 0 -19.22 14.5 8e-03 — — — 2.1 0.51 1977 — 2019
(6239) Minos 1.15 0.41 *0.71 1762 3 6.79 3.7 3e-04 7.98 3.5 1le-05 7.0 0.09 1983 — 2015
(6456) Golombek? 2.19 041 *2.35 2340 0 -14.08 4.9 Ge-11 — — — 4.7 0.70 1979 — 2019
(6489) Golevka 2.49 0.61 0.53 1934 20 -13.44 12.1 6e-02 -5.17 0.7 1le-16 1.8 0.05 1991 — 2015
(7336) Saunders 2.31 048 T0.52 1786 0 12.44 3.3 Te-15 - - - 6.8 0.18 1982 — 2018
(7341) 1991 VK 1.84 0.51 0.98 3040 13 -1.21 3.3 4e-01 -2.57 0.8 2e-12 4.0 0.06 1981 — 2018

Table 1 continued
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Table 1 (continued)

Name a e D N, N, (da/dt) o p (da/dt),. or Pr sy 13 Arc

(7482) 1994 PC1 1.35 0.33 1.05 1350 1 12.75 8.4 5e-03 13.12 8.4 3e-03 3.4 0.27 1974 — 2019
(7822) 1991 CS 1.12 0.16 1.60 2272 4 8.03 5.6 4e-03 6.57 5.5 2e-02 3.7 0.20 1991 — 2016
(7888) 1993 uchBs 2.44 0.66 2.30 2330 5 -37.71 26.6 5e-03 -37.79 26.5 5e-03 0.5 1.30 1989 — 2019
(7889) 1994 LX 1.26  0.35 1.68 3596 4 -3.92 5.3 le-01 -6.15 5.2  le-02 2.3 0.14 1977 — 2019
(8176) 1991 WA 1.57 0.64 7T1.48 1304 0 8.60 7.1 5e-02 — — — 2.8 0.16 1991 — 2019
(9162) Kwiila 1.50 0.60 1.13 1012 0 -7.06 7.2 5e-02 - — — 5.6 0.11 1987 — 2019
(9856) 1991 EE 2.24 0.63 1.00 1536 4 11.84 10.2 5e-03 11.46 10.1  6e-03 2.2 0.18 1991 — 2019
(10302) 1989 ML 127 0.14 7T0.49 1026 0 19.49 3.7 le-16 — — — 4.4 0.14 1989 — 2019
(10563) Izhdubar 1.01 027 7T155 1092 0 17.09 7.7 4e-04 - — — 3.4 042 1991 — 2019
(11398) 1998 YP11 1.72  0.39 1.32 5716 0 -5.17 3.6 8e-04 — — — 3.0 0.13 1983 — 2019
(11405) 1999 cvas 1.46 0.39 3.62 4692 0 7.54 5.3 4e-03 - — — 2.6 0.66 1978 — 2019
(11500) Tomaiyowit 1.08 0.36 0.74 2010 1 -5.18 2.3 4e-06 -5.45 2.3 5e-07 8.0 0.07 1989 — 2019
(11885) Summanus 1.70 0.47 1.30 542 0 -17.82 10.5 2e-05 — — — 3.7 0.40 1990 — 2019
(14402) 1991 DB 1.71  0.40 0.60 1214 0 -6.65 3.1 2e-05 — — — 9.3 0.04 1991 — 2019
(15745) Yuliya 1.72  0.26 T1.04 2144 0 -6.00 4.8 le-02 — — — 5.0 0.14 1982 — 2019
(17511) 1992 QN 1.19 0.36 T1.23 2526 1 3.36 3.4 3e-02 3.36 3.4 3e-02 4.7 0.05 1992 — 2019
(18736) 1998 NUt 2.35 0.49 T246 3124 0 -15.42 8.3 8e-06 — — - 4.2  0.76 1954 — 2019
(31221) 1998 BP26 1.72  0.26 *1.29 1912 0 -17.06 6.1 8e-09 . - - 2.5 0.46 1998 — 2019
(33342) 1998 WT24 0.72  0.42 0.43 3528 16 -10.03 8.3 6e-03 -16.02 2.4 le-16 2.2 0.08 1998 — 2019
(37655) Illapa 1.48 0.75 *0.93 1088 2 -11.67 3.6 3e-15 -10.87 3.4 8e-15 9.0 0.09 1994 — 2019
(41429) 2000 GE2 1.59 0.56 0.20 670 0 -31.29 14.9 8e-04 — — — 2.5 0.10 1998 — 2018
(52387) Huitzilopochtli  1.28 0.19 0.89 1086 3 -22.51 16.4 6e-03 -22.18 16.3  6e-03 3.3 0.37 1993 — 2019
(54509) YORPT 1.00 0.23 *0.10 1084 5 -19.97 47.6 3e-01 -33.85 13.3  3e-09 0.7 0.06 2000 — 2005
(65679) 1989 UQ 0.92 0.26 0.92 1382 0 -19.16 4.9 2e-14 — — — 5.9 0.26 1954 — 2017
(65690) 1991 DG 1.43 0.36  *0.56 518 0 -32.45 13.1 3e-05 — — — 3.7 0.32 1991 — 2018
(65706) 1992 NA 2.40 0.56 7292 1066 0 11.29 10.0 3e-02 — — — 2.5 0.33 1992 — 2019
(65733) 1993 PC 1.15 0.47 *0.78 1394 0 -6.71 4.9 5e-03 - — — 4.4 0.07 1992 — 2019
(66146) 1998 TU3 0.79 0.48 2.86 2270 1 -1.60 4.5 4e-01 -5.60 3.9  2e-03 4.1 0.19 1982 — 2019
(66391) Moshup? 0.64 0.69 1.32 7770 37 -5.23 2.9 le-06 -5.73 2.2 2e-12 2.7 0.04 1998 — 2019
(66400) 1999 LT7 0.86 0.57 0.41 602 0 -38.25 5.3 le-16 — — — 5.4 0.17 1987 — 2018
(68950) 2002 QF15 1.06 0.34 1.65 5124 13 -6.18 5.0 6e-03 -4.72 1.1  le-16 3.0 0.12 1955 — 2019
(85770) 1998 UP1 1.00 0.35 *0.28 976 -16.56 5.6 8e-07 — — — 5.2 0.07 1990 — 2016
(85774) 1998 UT18 1.40 0.33 0.94 1338 -3.21 3.8 le-01 -2.39 0.6 4e-11 5.7 0.02 1989 — 2019
(85953) 1999 FK21 0.74 0.70 0.59 2272 -11.64 2.1 le-16 — - - 5.6 0.06 1971 — 2018
(85989) 1999 JD6 0.88 0.63 1.46 5412 15 -6.97 3.7 le-05 -5.98 3.6 2e-04 3.8 0.12 1990 — 2019
(85990) 1999 JV6 1.01 0.31 0.45 2096 15 -11.40 3.9 4e-07 -14.10 1.0 1le-16 4.3 0.17 1999 — 2019
(87684) 2000 SY2 0.86 0.64 *2.14 1310 0 -14.35 7.1 3e-04 — — — 4.5 0.29 1977 — 2019
(88254) 2001 FM129 1.18 0.63 0.80 1400 2 -10.55 5.8 4e-04 -11.10 5.6 le-04 5.3 0.10 1978 — 2019
(88959) 2001 TZ448 1.72 0.56 *1.18 764 0 -29.45 15.1 4e-04 - - - 2.1 0.53 2001 — 2019
(96590) 1998 XB 0.91 0.35 0.88 4764 15 -0.05 4.2 1le+00 2.30 1.1  8e-06 2.7 0.03 1992 — 2019
(99907) 1989 VA 0.73 0.59 1.40 1546 0 12.01 2.5 le-16 - — — 9.0 0.22 1989 — 2019
(101955) Bennu 1.13  0.20 0.49 1148 29 -12.17 4.2 4e-13 -19.03 0.1 1le-16 6.7 0.08 1999 — 2018
(136582) 1992 BA 1.34 0.07 *0.37 460 0 -20.40 5.9 4e-08 - — - 5.3 0.15 1992 — 2017
(136617) 1994 ccB 1.64 0.42 *1.02 1294 27 -10.92 14.2 2e-01 -13.95 13.3  5e-02 2.1 0.26 1988 — 2019
(136793) 1997 AQ18 115 0.47 T1.22 740 0 -22.79 5.3 4e-12 — — — 3.8 0.21 1997 — 2019
(136818) Selget 0.94 0.35 *0.59 1274 0 8.40 3.2 6e-06 — — — 8.3 0.07 1997 — 2018
(136993) 1998 ST495 231 0.60 T1.02 1050 7 26.08 10.1 le-06 27.22 9.9  3e-07 2.4 0.47 1998 — 2019
(137084) 1998 XS16 1.21  0.50 1.23 3110 0 -17.79 7.0 5e-08 — — — 2.2 0.31 1994 — 2019
(137125) 1999 CcT3d 1.43 0.13 *0.65 434 0 -56.44 20.9 le-06 — — — 2.2 0.73 1999 — 2018
1 . .5 . -6. 5. e- — — — . . —

37805) 1999 YK5 0.83 0.56 2.24 2188 0 6.27 5.3 le-02 3.1 0.11 1999 — 2019

Table 1 continued
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Table 1 (continued)

Name a e D N, N, (da/dt) o p (da/dt),. or Pr sy 13 Arc
(137924) 2000 BD19 0.88 0.89 0.97 1304 5 -22.10 13.5 3e-04 -26.17 10.4  5e-08 1.7 0.08 1997 — 2019
138175) 2000 EE104 1.00 0.29 *0.31 1870 3 -33.84 7.2 le-16 -34.59 7.1 1le-16 4.3  0.17 1999 — 2019
(
138404) 2000 HA24 1.14 0.32  *0.54 632 0 12.19 2.8 5e-14 — — — 13.2 0.11 1982 — 2017
(
138852) 2000 WN10 1.00 0.30 *0.32 1920 0 16.25 3.7 le-16 — — — 5.6 0.08 2000 — 2019
(
(138911) 2001 AE2 1.35 0.08 To.51 1134 0 -12.30 5.8 2e-04 — — — 5.5 0.13 1984 — 2017
(139622) 2001 QQ142§ 142 0.31 T0.66 938 0 -31.92 14.4 2e-06 — — — 2.5 0.54 2001 — 2019
(141018) 2001 WC47 1.40 0.24 *0.59 2962 4 -5.41 7.4 Te-02 -7.49 7.0 7e-03 2.0 0.08 1991 — 2019
141498) 2002 EZ16 0.92 0.57 *0.74 624 0 -12.01 11.2 3e-02 — — — 3.3 0.10 1995 — 2019
(
141531) 2002 GB 0.99 0.53 0.30 1396 0 23.50 12.5 le-03 — — — 2.1 0.09 2002 — 2019
(
152563) 1992 BF 0.91 0.27 0.27 712 0 -13.99 1.3 le-16 — — — 20.3 0.11 1953 — 2018
(
(152671) 1998 HL3 1.13 0.37 0.30 632 0 -31.92 9.3 le-10 — — — 3.9 0.15 1998 — 2018
152742) 1998 XE12 0.88 0.74 0.41 666 0 14.11 10.9 3e-02 — — — 2.6 0.04 1995 — 2019
(
152754) 1999 GS6 1.19 0.50 0.41 744 0 -11.14 4.3 le-09 — — — 85 0.06 1999 — 2019
(
153201) 2000 WO107 0.91 0.78 0.51 852 0 -24.37 12.7 9e-04 — — — 2.2 0.06 2000 — 2018
(
153814) 2001 WN5$ 1.71  0.47 0.93 1632 2 34.10 9.7 5e-14 38.78 9.3 1le-16 2.4 0.63 1996 — 2019
(
(154590) 2003 MA3 1.11  0.40 0.09 224 0 -46.44 10.8 Ge-16 — — — 5.4 0.06 1998 — 2018
(161999) 1989 RC 2.32 0.51 0.46 206 0 -38.20 21.8 3e-03 — — - 2.8 0.34 1989 — 2018
1 . . .81 . .5 e- . . e- . . 54 —
(162004) 1991 VE 0.89 0.66 *0.8 1870 2 18.36 3.5 le-16 21.44 2.7 le-16 4.7 0.16 1954 — 2019
. . . -18. . e- — — - . . -
(162080) 1998 DG16 0.90 0.36 0.78 244 0 18.26 7.1 le-05 3.1 0.20 1981 — 2015
. . . -12. . e- — — — . . -
(162082) 1998 HL1 1.25 0.19 *0.59 1834 0 12.44 5.4 le-06 3.7 0.14 1998 — 2019
(162117) 1998 SD15 0.93 0.34 *0.56 1048 0 -9.29 1.6 le-16 — — — 146 0.08 1998 — 2018
(162142) 1998 VR 0.88 0.32 0.46 818 0 9.05 3.0 4e-07 — — — 9.8 0.06 1998 — 2016
1 .21 .1 . 5 .95 11.2 e- — — - 5. .18 — 201
(162162) 1999 DB7 1.2 0.19 *0.37 20 0 18.9 1.3 3e-03 2 0.13 1999 — 2019
ugu . . . -15. . e- — — — . . —
(162173) Ryug 1.19 019 To.r7 1444 0 15.99 6.7 2e-07 3.6 0.09 1986 — 2016
(162181) 1999 LF6 1.41 0.28 0.73 2980 2 -12.04 2.9 le-16 -9.92 2.8 2e-12 5.2 0.14 1979 — 2019
. . . . . e- — — — . . -
(162361) 2000 AF6 0.88 0.41 *0.34 778 0 21.89 4.2 le-16 7.0 0.10 1991 — 2019
(162463) 2000 JH58 1.15 0.24 1.05 970 0 -28.09 11.6 2e-06 — — — 2.2 0.51 2000 — 2017
1 5 . s 91 -8.95 . e- — — - 3. 1 — 201
(162483) 2000 PJ 0.87 0.37 0.9 860 0 9 7.9 2e-02 3.6 0.11 2000 — 2018
. . . -16. . e- - — - . . -
(162567) 2000 RW37 1.25 0.25 0.34 388 0 16.65 14.2 2e-02 3.8 0.05 2000 — 2018
. . . -30. . e- — — — . . —
(162694) 2000 UH11 0.87 0.42 *0.43 414 0 30.62 9.3 le-09 4.7 0.17 2000 — 2017
. . . -47. . e- — — — . . -
(162783) 2000 YJ11 1.31 0.23  *0.26 262 0 47.51 15.8 9e-09 5.3 0.23 2000 — 2018
(162882) 2001 FD58 1.09 0.58 *0.65 784 3 -14.50 8.2 8e-04 -13.90 8.1 1le-03 3.6 0.11 2000 — 2018
(163000) 2001 SW169 1.25 0.05 *0.51 2004 0 -8.26 4.3 8e-05 - — — 4.3 0.08 1997 — 2019
1 . .55 . .25 . e- — — - . . 1-—
(163023) 2001 XU1 0.80 0.55 *0.49 634 0 34.25 8.9 le-16 3.0 0.18 200 2019
. . . . . e- — — - . . -
(163081) 2002 AG29 1.09 0.20 *0.74 816 0 13.60 7.9 le-03 5.3 0.17 1985 — 2019
. . . . . e- — — — . . —
(163348) 2002 NN4f 0.88 0.43 0.73 672 0 13.20 10.1 4e-02 3.4 0.13 2002 — 2016
(164202) 2004 EwWT 0.99 0.28 *0.25 844 0 18.70 13.0 2e-02 — — — 2.5 0.07 2004 — 2017
(164207) 2004 GU9 1.00 0.14 0.16 442 0 -31.71 11.5 9e-07 — — — 4.2 0.09 2001 — 2019
(175706) 1996 FG35B 1.05 0.35 1.20 3214 7 -13.13 5.6 8e-09 -18.74 4.9 1le-16 3.1 0.19 1985 — 2014
(185851) 2000 DP1075%  1.37 0.38 0.86 2838 13 -0.82 2.8 6e-01 5.45 2.3  5e-06 4.3 0.04 2000 — 2019
190491) 2000 FJ10 1.32  0.23  *0.23 502 0 -26.02 16.7 2e-02 — — — 2.2 0.11 2000 — 2017
(
190758) 2001 QH96§ 1.75 0.36 *0.74 470 0 49.52 27.1 2e-04 — — — 2.7 0.72 1994 — 2017
(
(192559) 1998 VO 1.07 0.23 *0.31 1196 0 -14.46 4.1 le-16 — — — 6.4 0.08 1998 — 2018
(192563) 1998 WZ6 1.45 0.41 T1.23 1470 0 -20.06 7.6 le-06 — — — 2.6 0.33 1998 — 2019
203471) 2002 AU4 0.86 0.37 *0.47 700 0 -13.61 7.5 le-03 — — — 6.6 0.09 1994 — 2017
(
(208023) 1999 AQ10 093 0.24 7T0.28 876 3 -24.34 6.8 le-16 -23.37 5.9 le-16 4.3 0.10 1999 — 2018
215442) 2002 MQ3 0.91 0.27 1.07 664 0 -20.47 12.0 4e-04 — — — 2.2 033 2002 — 2017
(
(216523) 2001 HY7 091 0.41 *0.27 572 0 30.75 6.0 le-16 — — — 6.1 0.11 2001 — 2016
(216985) 2000 QK130 1.18 0.26 *0.21 488 0 44.61 7.8 le-16 — — - 5.7 0.17 2000 — 2018
217628) Lugh® 2.55 0.70 1.40 240 0 -97.09 40.0 9e-06 - - - 2.2 1.88 1960 — 2019
( g
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Table 1 (continued)

Name a e D N, N, (da/dt) o p (da/dt),. or Pr sy 13 Arc
(230111) 2001 BE10 0.82 0.37 *0.54 1504 3 -13.76 5.5 le-07 -12.79 5.3  2e-07 5.1 0.09 2001 — 2019
230549) 2003 BH 1.46 0.36 0.22 306 0 25.48 15.1 3e-03 . — - 2.7 0.10 2003 — 2019
(
232691) 2004 AR1 1.58 0.47  *0.39 614 4 -34.91 14.8 8e-06 -35.22 13.7 1le-06 2.0 0.23 2004 — 2019
(
240320) 2003 HS42 1.46 0.12 *0.34 276 0 31.87 19.6 le-02 — — — 2.7 0.22 1998 — 2019
(
(242191) 2003 Nz6' 0.79 0.49 0.37 914 3 23.64 8.4 4e-10 24.30 8.3 1le-10 2.7 0.10 2003 — 2017
(243025) 2006 UM216 2.68 0.52 2.12 1258 0 -10.50 12.2 3e-02 — — — 3.2 045 1954 — 2019
244670) 2003 KN18 1.75 0.49 *0.71 824 0 34.67 16.8 5e-07 - - - 2.1 0.42 1989 — 2019
(
247517) 2002 QY6 0.82 0.70 0.27 710 0 -25.72 12.3 9e-04 — — — 3.1 0.05 2002 — 2019
(
249886) 2001 RY11% 1.48 0.28 1.20 692 0 31.39 21.7 8e-03 - — — 3.0 0.72 1992 — 2019
(
(252399) 2001 TX44 0.87 0.55 0.29 466 0 -36.80 11.8 4e-08 — — — 4.2 0.12 2001 — 2019
(252558) 2001 WT1 1.09 0.40 0.53 466 0 -34.23 14.6 3e-04 - — — 2.8 0.27 2001 — 2018
253062) 2002 TC70 1.37 0.20 *0.22 416 0 -27.23 9.4 2e-10 — — — 4.7 0.12 2002 — 2018
(
256004) 2006 UPT 1.59 0.30 *0.09 328 0 -65.16 19.5 2e-08 — — — 2.4 0.11 2002 — 2016
(
265482) 2005 EET 1.13  0.33  *0.20 768 5 41.08 12.4 2e-16 48.61 11.3  1le-16 2.9 0.16 2004 — 2017
(
267940) 2004 EM20 1.11  0.52  *0.31 520 0 -25.61 10.1 3e-06 — — — 4.3 0.10 2004 — 2019
(
(276033) 2002 AJ129 1.37 091 *0.65 928 5 21.84 14.7 le-02 26.57 14.6  3e-03 2.1 0.06 2002 — 2018
(276770) 2004 HCT 0.79 0.60 *0.37 416 0 -38.11 25.3 3e-03 — — - 2.1 0.14 2004 — 2018
297418) 2000 SP43 0.81 0.47 0.41 1612 1 -15.02 3.5 le-16 -15.03 3.5 le-16 6.4 0.07 2000 — 2019
(
302169) 2001 TD45 0.80 0.78 *0.37 206 0 -11.92 11.5 4e-02 — — - 5.0 0.03 2001 — 2019
(
306383) 1993 VD 0.88 0.55 *0.18 306 1 -22.18 5.0 le-15 -18.82 4.5 Ge-14 8.0 0.04 1993 — 2018
(
(307070) 2002 AV31 1.31 0.25 0.28 500 0 -21.67 10.9 2e-03 — — — 4.7 0.11 2002 — 2019
(310442) 2000 CH59 0.86 0.42 *0.37 664 0 28.82 6.8 3e-13 - — — 4.8 0.14 2000 — 2017
310842) 2003 AK18" 0.88 0.38 *0.41 1014 4 -18.29 5.9 2e-09 -17.90 5.8 1le-09 4.5 0.10 2003 — 2017
(
322756) 2001 CK32 0.73 0.38 *0.56 296 0 -15.03 14.3 4e-02 — — — 2.9 0.11 2001 — 2017
(
326302) 1998 VN 1.39 0.34 *0.28 386 0 -38.48 18.9 5e-04 — — — 2.0 0.19 1998 — 2019
(
326354) 2000 SJ344 1.14 0.17  *0.10 126 0 -64.77 15.6 le-16 — — — 5.8 0.12 2000 — 2018
(
(326683) 2002 WP 1.45 0.22 0.52 1602 1 11.98 5.4 3e-06 12.38 5.3  9e-07 4.3 0.13 2002 — 2019
330659) 2008 GG2f 1.59 0.28 *0.09 406 0 29.18 9.8 le-07 — — — 5.4 0.05 2004 — 2018
(
333889) 1998 SV4 0.82 0.64 0.92 1170 0 7.94 8.5 4e-02 — — — 3.2 0.07 1998 — 2018
(
334412) 2002 EZ2 1.25 0.05 *0.32 1012 0 -19.02 7.1 2e-06 — — — 4.3 0.12 2002 — 2019
(
337084) 1998 SE36 1.34 0.10 *0.41 704 0 -26.97 13.6 5e-06 — — — 2.5 0.22 1998 — 2018
(
(337248) 2000 RH60 0.83 0.55 0.85 734 0 -17.45 8.1 8e-05 — — — 4.3 0.16 2000 — 2018
(337252) 2000 SD8 1.13  0.31 *0.25 310 0 -32.76 9.2 4e-11 - — — 5.7 0.13 2000 — 2018
338292) 2002 UA31 0.80 0.49 *0.56 696 0 -18.97 8.0 6e-06 — - - 3.3 0.12 2002 — 2017
(
339714) 2005 ST1 1.45 0.37  *0.30 780 0 -7.84 3.9 5e-04 - — - 8.8 0.04 1991 — 2019
(
344074) 1997 UH9 0.83 0.47 T0.54 684 0 32.34 9.8 7e-09 — — — 3.1 0.30 1997 — 2019
(
(348306) 2005 Av2st 0.87 0.57 *0.18 448 2 -62.53 21.1 le-06 -64.77 21.1  7e-07 3.1 0.12 2005 — 2018
(350462) 1998 KG3 1.16 0.12 *0.14 440 0 -26.68 4.1 le-16 — — — 9.9 0.07 1998 — 2018
(350523) 2000 EA14 1.12  0.20 *0.21 342 0 24.05 7.3 7e-08 - - - 8.5 0.09 2000 — 2019
(351545) 2005 TE15" 1.20 0.34 *0.41 446 0 -26.73 16.7 9e-03 — — — 2.2 0.18 2005 — 2017
(358453) 2007 EH88 1.12  0.44 *0.39 404 0 -50.08 16.6 6e-08 - — — 2.7 0.28 1994 — 2019
(363027) 1998 sT278 0.82 0.53 0.58 750 7 14.92 8.9 le-03 14.11 4.1 4e-11 2.6 0.09 1998 — 2018
(363116) 2001 GQ2 1.21  0.50 *0.34 1150 3 -10.29 8.2 2e-03 -9.80 8.1 3e-03 3.4 0.05 2001 —2017
(363599) 2004 FG118T 159 0.72 0.15 530 8 -34.66 7.5 le-16 -38.02 6.7 1le-16 5.2 0.06 2004 — 2018
(364136) 2006 cJt 0.68 0.75 *0.32 698 10 -24.97 10.3 3e-07 -38.23 1.8 1le-16 4.0 0.07 2006 — 2017
(369986) 1998 SO 0.73 0.70 *0.27 438 0 12.29 8.2 2e-03 — — — 6.1 0.02 1998 — 2018
(376879) 2001 WW1 1.21  0.12 *0.13 204 0 -27.37 10.5 7e-06 — — — 6.0 0.07 2001 — 2017
(385186) 1994 AW1E 1.11  0.08 0.81 3176 3 4.06 2.8 4e-04 4.08 2.7  2e-04 6.3 0.03 1986 — 2017
(396593) 2001 HC 0.87 0.50 *0.56 540 0 13.86 5.0 3e-13 — — — 8.7 0.09 2001 - 2019
(398188) Agni 0.86 0.27 0.46 628 13 -28.74 10.6 le-07 -22.41 8.8  5e-07 3.1 0.15 2001 — 2018

Table 1 continued
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Table 1 (continued)

Name a e D N, N, (da/dt) o p (da/dt),. or Pr sy 13 Arc
(399308) 1993 GD 1.10 0.24 *0.26 204 0 44.64 9.6 2e-12 — — — 5.7 0.19 1993 — 2015
91 . . -19. . e- — — — . . 1-
(401885) 2001 Rv17t 0.9 0.34  *0.28 360 0 19.09 8.8 4e-04 5.4 0.08 200 2015
. . . . . e- . . e- . . —
(410777) 2009 FDET 1.16 0.49 0.47 998 8 38.18 15.1 le-07 41.25 14.7  1e-08 1.6 0.27 2009 — 2019
. . . . . o- - - - . . —
(412976) 1987 WC 1.36 0.23  *0.39 324 0 32.95 12.3 2e-05 3.4 0.24 1987 — 2017
(413260) 2003 TL4 0.78 0.38  *0.47 864 10 -20.94 7.2 4e-12 -20.58 4.5 1le-16 3.7 0.12 2003 — 2018
(415711) 1998 WT7 1.15 0.11 0.35 358 0 35.71 18.3 Te-04 - — — 3.4 0.22 1998 — 2019
51 5 11 . . . 12. S5e- 17. . e- . . — 201
(416151) 2002 RQ2 f 1.1 0.31 *0.26 426 6 16.72 2.9 02 7.88 9.7  3e-03 3.4 0.08 2002 — 2016
. . . -21. . e- -29. . e- . . —
(418849) 2008 WM64' 1.01 0.11 *0.27 432 4 21.42 12.8 2e-03 29.33 11.1  7e-06 2.6 0.13 2008 — 2019
. . . . . e- . . e- . . -
(433953) 1997 XR2 1.08 0.20 0.26 802 8 14.81 9.7 9e-03 11.37 7.7  le-02 3.2 0.05 1997 — 2017
(437841) 1998 HD14 0.96 0.31 *0.22 386 0 -33.82 9.4 2e-12 — — — 6.9 0.11 1998 — 2019
(437844) 1999 MN 0.67 0.67 *0.19 270 4 37.93 3.9 le-16 37.42 3.8 1le-16 9.6 0.05 1999 — 2015
. .35 . 1 -60. . le- — — - . .5 — 201
(437846) 1999 RJ278 1.48 0.3 *0.47 94 0 60.34 24.4 04 2.8 0.51 1999 — 2019
. . . -1. . e- -30. . e- . . -
(438661) 2008 EP6' 1.21  0.29 *0.47 284 1 1.43 44.8 9e-01 30.46 29.3 1le-02 2.2 0.25 2008 — 2019
. . . . . e- -17. . e- . . —
(441987) 2010 NY65 1.00 0.37 0.23 1286 15 15.34 17.2 8e-02 17.95 0.9 1le-16 1.2 0.06 2010 — 2019
. . . -9. . o- - - - . . -
(443837) 2000 TJ1 1.16 0.08 0.25 686 0 9.71 7.1 2e-03 5.7 0.05 2000 — 2015
(446924) 2002 VV17 0.84 0.44 70.32 888 0 -16.00 6.9 2e-06 — — — 4.3  0.07 1992 — 2018
(450293) 2004 LV3 1.23  0.28 *0.62 718 5 -20.06 16.9 5e-02 -22.85 16.8  2e-02 2.0 0.25 2004 — 2019
(450300) 2004 QD14f 0.94 0.34 *0.28 274 0 -59.01 26.2 Te-04 . - - 2.0 0.24 2004 — 2017
(452389) 2002 NW16 1.11  0.03 0.85 2218 0 -9.33 5.4 le-03 — — - 2.8 0.14 2002 — 2017
(455146) 1993 F'S 2.23 042 *0.43 200 0 38.47 17.9 Te-04 — — — 3.4 0.34 1993 — 2016
(455176) 1999 VF22 1.31  0.74 *0.27 364 3 -37.68 7.0 le-16 -37.40 6.9 1le-16 7.9 0.09 1999 — 2019
(455184) 2000 ED14 0.83 0.57 *0.25 322 1 29.29 19.5 7e-03 29.14 19.5 8e-03 2.3 0.08 2000 — 2019
(455415) 2003 GA 1.28 0.19 *0.20 694 0 33.76 28.8 3e-02 - - - 2.1 0.13 2003 — 2019
(455594) 2004 svsst 1.76  0.66 1.62 498 0 -11.89 9.4 7e-03 — — — 3.9 0.25 2004 — 2018
(461353) 1999 LS7 1.01 0.30 *0.25 252 0 -48.53 22.9 4e-04 — — — 2.0 0.19 1999 — 2016
(461852) 2006 GY2Bt8 186 0.50 *0.62 596 9 -370.26 169.2 4e-05 -319.58 156.9 2e-04 0.2 3.47 2006 — 2016
(467336) 2002 LT38" 0.85 0.31 *0.28 606 0 11.66 6.2 2e-03 - — — 5.9 0.05 2002 — 2016
(468468) 2004 KH17 0.71  0.50 0.20 424 1 -43.80 5.3 le-16 -43.81 5.3 1le-16 5.9 0.09 2004 — 2019
(469445) 2002 LT24" 0.72  0.50 0.14 370 0 -29.65 18.6 2e-02 — — — 2.3 0.05 2002 — 2016
(469737) 2005 Nwa44f 0.78 0.48 *0.30 792 0 15.34 6.6 le-05 — — — 4.5 0.05 2005 — 2018
(474158) 1999 FA 1.08 0.13 7To0.22 440 0 -41.23 9.2 le-16 — — — 2.2 0.17 1978 — 2016
(474163) 1999 SO5 1.09 0.07 *0.23 506 0 -27.84 11.3 2e-04 — — — 3.3 0.12 1999 — 2017
(474574) 2004 FG1f 1.75 0.29 *0.47 772 0 -32.77 18.5 5e-05 — — — 2.1 0.32 2004 — 2018
(480808) 1994 XL1 0.67 0.53 *0.23 346 0 -31.77 3.5 le-16 — - — 16.0 0.08 1994 — 2016
(480883) 2001 YE4 0.68 0.54 *0.26 686 7 -48.47 2.0 le-16 -49.84 0.7 1le-16 9.9 0.13 2001 — 2017
(481442) 2006 WO3 0.80 0.45 *0.17 572 0 -41.73 9.0 le-16 — — — 3.7 0.09 2001 — 2016
(483459) 2002 EM6 1.16 0.14 *0.32 526 0 18.42 7.7 3e-04 — — — 4.8 0.11 2002 — 2017
(483656) 2005 ES70f 0.76 0.39  *0.06 332 1 -79.85 3.2 le-16 -79.57 3.1 1le-16 11.1 0.06 2005 — 2019
(488453) 1994 XDB 2.35 0.73 *0.54 594 8 41.69 28.0 le-03 35.27 23.2 1le-03 0.8 0.23 1994 — 2017
(488789) 2004 XK5018 1.45 0.69 1.04 180 0 56.04 37.3 le-02 — — — 2.2  0.63 2004 — 2018
(494658) 2000 UG118 1.93 0.57 *0.30 846 4 -34.96 42.7 4e-02 -55.71 42.0 1le-03 0.7 0.26 2000 — 2017
(494710) 2005 MO13 0.86 0.41 *0.25 454 0 -31.06 7.1 2e-11 — — — 5.4 0.10 2001 — 2017
(495829) 1995 LG 1.06 0.79 *0.65 582 0 10.13 5.3 9e-04 - — - 7.5 0.04 1995 — 2019
(497113) 2004 EK1f 1.25 0.25 *0.13 424 0 -17.04 10.3 2e-03 — — — 5.0 0.04 2004 — 2018
(499998) 2011 pTf 1.31 0.22  *0.06 394 0 -88.44 14.6 le-16 — — — 2.8 0.10 2011 — 2017
(503941) 2003 UV11 1.45 0.76 0.26 1736 14 -1.04 3.9 6e-01 6.39 2.1  4e-10 5.4 0.01 1996 — 2017
(506590) 2005 xB1f 1.13  0.42 0.10 234 0 46.63 9.3 le-16 — — — 7.0 0.07 2005 — 2017
(513126) 1998 QP 1.79 0.58 *0.20 500 0 -38.42 29.1 le-02 — — — 3.1 0.12 1998 — 2018
(513312) 2007 DM41f 1.18 0.53 *0.14 420 0 39.66 19.1 6e-05 — — — 2.2 0.08 2007 — 2017
(516435) 2004 FJ29f 0.91 0.35 *0.20 306 0 -15.93 9.2 2e-03 - - - 5.2 0.04 2004 — 2018

Table 1 continued
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Table 1 (continued)

Name a e D N, N, (da/dt) o p (da/dt),. or Pr sy 13 Arc
(523586) 1999 LK1 0.91 0.33 *0.14 216 0 -9.87 8.7 le-02 — — — 5.3 0.02 1999 — 2019
(523595) 2002 OS4 1.92 045 0.66 1414 0 -9.38 9.5 3e-02 . — - 2.1 0.12 2002 — 2019
(523605) 2004 RX10 0.92 0.35 *0.20 392 0 -29.63 7.0 2e-15 — — — 6.1 0.08 2004 — 2019
(523934) 1998 FF14 1.25 0.31  *0.26 246 0 -17.72 7.1 2e-05 — — — 9.6 0.08 1998 — 2019
(524522) 2002 VE68 0.72 041 *0.28 1142 10 -34.90 1.8 le-16 -35.35 0.6 1le-16 13.5 0.12 2002 — 2018
(526798) 2007 AA9T 0.86 0.42 *0.12 138 0 -68.86 35.9 4e-03 - — — 2.1 0.11 2007 — 2019
2004 BG41f 2.51 0.61 *0.05 174 0 -51.25 30.0 8e-03 - - — -1.0 0.04 2004 — 2015
2004 SC561 0.77 0.43 0.29 324 0 -42.91 27.8 2e-03 — — — -1.0 0.15 2004 — 2010
2009 BD' 1.06 0.05 *0.01 366 0 -381.69 99.3 6e-13 - — - -1.0 0.06 2009 — 2011

Table 2. Yarkovsky drift measurements for 8 Near-Earth Asteroids whose rates require additional verifications because solutions that
include pre-1965 astrometry, shown here, differ from solutions that exclude pre-1965 astrometry. Columns as in Table 1.

Name a e D N, N, (da/dt) o P (da/dty,  or Dr sy £ Arc
(433) Eros’ 1.46 0.22 16.84 16850 5 -0.49 0.2 1le-13 -0.43 0.1 213 66.3 0.15 1900 — 2019
(719) Albertf 2.64 0.55 7T2.38 3604 0 -1.83 1.4 3e-04 — — - 11.9 0.09 1911 — 2019
(1036) GranymedT'xi 2.66 0.53 37.67 12028 1 -4.98 1.3 1le-16 -4.98 1.3 1le-16 6.4 4.14 1924 — 2019
(1862) Apollo® T 1.47 0.56 1.50 3216 17 -0.30 0.9 5e-01 -1.78 0.2 le-16 289 0.04 1930 — 2019
(1915) Quetzalcoatl’ 2.54 0.57 0.50 96 1 -42.38 23.0 3e-02 -45.18  22.7  2e-02 4.0 041 1953 —2004
(2061) Anza® 2.26 0.54 2.60 1822 0 3.29 3.8  5e-02 — — - 6.2 0.16 1960 — 2019
(4015) VVilson—HarringtonT§ 2.63 0.63 4.00 1874 0 -7.57 3.1  1le-04 — — — 10.3 0.51 1949 — 2019
(29075) 1950 DA 1.70 0.51 2.00 1180 12 -3.92 1.8 2e-05 -2.61 0.5 1le-16 13.3 0.09 1950 — 2019

8. COMPARISON WITH NUGENT ET AL. (2012)
8.1.  Using matching observation intervals

We analyzed the 54 Yarkovsky objects described by

1974 MA — for which our drift rates do not match those
of Nugent et al. (2012). We discuss these special cases
in Sections 13.5 and 13.6.

Nugent et al. (2012) by constructing observation inter- 9. COMPARISON WITH FARNOCCHIA ET AL.
vals whose calendar years matched those listed in Ta- (2013)
ble 3 of that work. We compared (Section 6) our re- 9.0.1. Using matching observation intervals

sults with their findings (Figure 1). We agreed with all
(da/dt) values save one, (4179) Toutatis, for which we
found a z-score of 2.68. We examine this object in more
detail in Section 13.5.

However, we also found that 16 objects that Nugent
et al. (2012) identified as detections did not pass our
detection threshold (Section 5.2). Much of this discrep-
ancy is explained by this work’s higher threshold for de-
tection — a p-value of 0.05 approximately corresponds
to an S/N of 2, while Nugent et al. (2012) considered
possible detections for objects with S/N > 1. Indeed,
all but two of the 16 objects exhibit 1 < S/N < 2 in

We analyzed the 47 Yarkovsky objects found by
Farnocchia et al. (2013) using matching observation
intervals (to the nearest calendar year) and compared
(Section 6) our results with their findings. We found
agreement on all (da/dt) values (Figure 3).

We found that five objects — (1580) Betulia, (3757)
Anagolay, (326290) Akhenaten, (161989) Cacus, and
2003 XV — that were considered to be detections by
Farnocchia et al. (2013) did not pass our detection
threshold (Section 5.2). However, all five of these dis-
crepant objects are listed in Tables 3 and 4 of Farnocchia

Nugent et al. (2012)’s table.

8.2.  Using all available data

When using all available data (including data that
were not available for use by Nugent et al. (2012)), we
found good agreement (Figure 2), except for three ob-
jects — (2100) Ra-Shalom, (4179) Toutatis, and (5660)

et al. (2013), indicating that they are either “less reli-
able” detections or have low S/N values.

9.1. Using all available data

When using all available data, we found relatively
good agreement (Figure 4). However, we found five ob-
jects — (1566) Icarus, (2100) Ra-Shalom, (6239) Minos,
(10302) 1989 ML, and (326290) Akhenaten — for which
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Figure 1. A comparison of our Yarkovsky detections (green) and those determined by Nugent et al. (2012) (blue), when we
used only matching data. Measurements that disagreed (i.e., z; > 2, Section 6) are highlighted in red. Objects are ranked from
most positive to most negative Yarkovsky drift rate.
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Figure 2. A comparison of our Yarkovsky detections (green) and those determined by Nugent et al. (2012) (blue), when we
used all available data. Measurements that disagreed (i.e., z; > 2, Section 6) only when using all available data are highlighted
in green, while those that also disagreed when matching observational intervals are highlighted in red. Objects are ranked from
most positive to most negative Yarkovsky drift rate.
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Figure 3. A comparison of our Yarkovsky detections (green) and those determined by Farnocchia et al. (2013) (blue), when we
used matching data arcs. Some objects ((483656) 2005 ES70, 2003 XV, 2004 BG41, 2007 PBS8, 2009 BD) were not included in
this plot for display purposes, but all of them had z; <= 2. Objects are ranked from most positive to most negative Yarkovsky
drift rate.
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Figure 4. A comparison of our Yarkovsky detections (green) and those determined by Farnocchia et al. (2013) (blue), when we
used all available data. Measurements that disagreed (i.e., z; > 2, Section 6) are highlighted in green. Some objects ((483656)
2005 ES70, 2003 XV, 2004 BG41, 2007 PBS8, 2009 BD) were not included in this plot for display purposes, but all of them had
zi <= 2. Objects are ranked from most positive to most negative Yarkovsky drift rate.
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our drift rates do not match those of Farnocchia et al.
(2013). We discuss these special cases in Section 13.6.

10. YARKOVSKY EFFICIENCY DISTRIBUTION

Equations (3) and (4) provide a mechanism to inter-
pret the drift in semi-major axis (da/dt) in terms of
physical parameters of the measured object. In particu-
lar, {(da/dt) can be described in terms of the Yarkovsky
efficiency, &, where 0 < £ < 1. However, the relationship
between (da/dt) and £ depends on density and diame-
ter, and thus determination of £ requires estimation of
these physical parameters.

Diameters were extracted from the Small Body
Database (SBDB) (JPL Solar System Dynamics 2019b,
see also Section 12). Densities were extracted from the
SBDB, if available, or assigned according to taxonomic
types, which we also extracted from the SBDB, using
the mean values reported by Carry (2012). Objects of
unknown density or taxonomic type were assigned a
density equal to the median density (2470 kg/m?) for
the objects in our sample with known type.

We analyzed the distribution of £ values and found a
median Yarkovsky efficiency of £ = 0.12¥015 (Figure 5).
Note that a bias in this estimate stems from our inability
to report near-zero drift rates as Yarkovsky detections.
Therefore, the true distribution of efficiencies is presum-
ably shifted toward lower values than presented here.

00 01 02 03 04 05 06 0.7 08 0.9
Yarkovsky efficiency &

Figure 5. The distribution of Yarkovsky efficiencies £
measured with our sample of 247 objects. Diameter and
density assumptions are described in the text. The median
efficiency, £ = 0.12, is shown with a red vertical line. For
clarity, we did not plot four objects with unphysical (>1)
efficiencies (Section 13.8).

Several objects exhibit Yarkovsky efficiencies that sub-
stantially exceed the median value of £ = 0.12. For these
objects, the nongravitational influence, if real, may be

unrelated to Yarkovsky (e.g., sublimation). It is also
possible that some of the high-efficiency detections are
fictitious (e.g., faulty astrometry). For these reasons, we
added a cautionary flag to 20 objects with Yarkovsky ef-
ficiencies above 0.5 in Table 1. We discuss the unphysi-
cal detections in Section 13.8.

11. SPIN ORIENTATION DISTRIBUTION

La Spina et al. (2004) provided an estimate of the ratio
of retrograde to prograde rotators (Ng/Np = 215 ) in
the NEA population from a survey of spin vectors.

Measurements of the Yarkovsky drift rate can also
be used to infer Np/Np, because objects with a pos-
itive (da/dt) are almost certain to be prograde rotators,
while objects with a negative (da/dt) are almost cer-
tain to be retrograde rotators. This theorized correla-
tion between drift rate and obliquity is borne out in all
cases where both quantities can be estimated (Farnoc-
chia et al. 2013).

However, given a population of objects with estimated
(da/dt) values, the best estimate of Ng/Np is not equal
to the ratio R of the number of objects with negative
(da/dt) to the number with positive (da/dt). A bias oc-
curs because each estimated (da/dt) value has an associ-
ated uncertainty, and there is thus a nonzero probability
that an object with a measured positive (da/dt) value
in fact has a negative (da/dt) value (and vice versa).
Because there are more retrograde rotators than pro-
grade rotators, this process will bias observers toward
measuring a lower observed ratio, Rp, than is actually
present.

This point can be illustrated with a simple (albeit ex-
aggerated) analytic example. Consider four objects: A,
B, C, and D. Objects A, B, and C all have observed
(da/dt) values of —10+£25x10~* au/My, while object D
has an observed (da/dt) value of +10£25x 10~% au/My.
In this example, the true ratio, R, of the number of ob-
jects with negative (da/dt) to the number of objects with
positive (da/dt) is Ry = 3.0. However, when an observer
attempts to measure, for example, (da/dt) ,, there is
a ~34% chance that the observer will erroneously con-
clude that A has a positive (da/dt) value. In fact, we can
calculate the probabilities associated with each of the
five possible ratios that can be observed (Table 3) and
demonstrate that one is most likely to observe Rp = 1.0.
If 10,000 observers independently took measurements of
objects A, B, C, and D, a plurality would conclude that
Ro = 1.00, while a majority would agree that Ro lies
between 0.0 and 1.0 — even though the true ratio is
Rr =3.0.

Our data suggest that out of 247 objects, 173 have

: _ 173 _
(da/dt) < 0, for an observed ratio of Ro = 557 13 =
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Table 3. The probability (P, rightmost column) of measur-
ing a given ratio (Ro) of number of objects with (da/dt) < 0
(N<o) to number of objects with (da/dt) > 0 (Ns¢) for a
sample of objects with true ratio Rr = 3.0 (Section 11).
The true ratio is not the most likely result for an observer to
measure.

N<o | N>o | Ro P
4 0 oo | 10%
3 13.00 | 34%
2 2| 1.00 | 37%
1 31033 | 17%
0 410.00 | 3%

2.34. To approximate the true ratio Ry, we assumed
that the nominal ratio we measured was the most likely
ratio for any observer to measure. Determining the true
ratio is then a matter of simulating a universe with a set
of simulated (da/dt) values that are consistent with our
measured values, and also yield Rp = 2.34.

To find the value of Ry that corresponds to our mea-
sured Rp value, we ran a set of nested Monte Carlo
simulations, using the following procedure:

1. Create a new ‘universe’, U;.

(a) Within U;, generate a set of 247 (da/dt) val-
ues, pulled from distributions consistent with
our measurements. This set of (da/dt) values
are the true values for the 247 objects in uni-
verse U;. Therefore, Ry can be calculated
(exactly) for this universe.

(b) Simulate what 10* independent observers in
universe U; would measure as an observed ra-
tio, Ro.

(c) Determine the mean and standard deviation
in observed ratio (Ro and op, respectively)
in universe U; (Figure 6).

2. Repeat step 1 over many (~10%) universes, and
record the set of resulting distinct Ry values, and
corresponding R, og values.

3. Determine the set of Ry values for which Rp +op
encompasses our observed ratio of Rp = 2.34.

The resulting simulations suggest that the most likely
true ratio for our observed 247 objects is in the interval
Ry = 2.29—-2.69, with a strong preference for the upper
end of the interval, which corresponds to a 72% fraction
of retrograde rotators in our sample.

Because our sample size is limited, we must also ac-
count for sampling errors, which will further broaden

the uncertainties on R. The sampling uncertainty og
on a measured ratio of R from a sample of N objects
can be calculated directly from the standard deviation
of the binomial distribution and is given by

1
s~ VNR x fij. (11)

The sampling uncertainty for R is therefore og = 0.33,
which suggests a Yarkovsky-based estimate for the ratio
of retrograde to prograde NEAs of

Ng/Np = 2.7793. (12)
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Figure 6. The number of observers measuring a given

ratio Ro, for 10* independent observers measuring 247 sim-
ulated objects with (da/dt) values consistent with what we
measured (Section 11). For a true ratio of Ry = 2.69, most
observers will measure a ratio near Ro = 2.34. This bias
must be corrected for when estimating the ratio of retro-
grade to prograde rotators from Yarkovsky observations.

The ratio of retrograde to prograde rotators can in
principle provide bounds on the fraction of NEAs that
enter near-Earth space through the vg resonance (Nu-
gent et al. 2012; Farnocchia et al. 2013). It is usually as-
sumed that only retrograde rotators can escape through
the 14 resonance and that prograde and retrograde ro-
tators have an equal probability of escaping through all
other routes. With these assumptions, the fraction of
objects that escape through the g resonance can be
evaluated as f,, = (Ng/Np —1)/(Ngr/Np + 1). Our
best estimate of the observed ratio (Equation 12) yields
fus = 46%. However, the NEA population model of
Granvik et al. (2018) suggests that our sample contains
a factor of 10 overrepresentation of Atens compared to
their expected 3.5% fraction in the overall population,
and therefore a much larger fraction of asteroids orig-
inating through the v resonance, f,, ~ 74%. If the
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population model predictions are correct and the tradi-
tional assumptions about the sense of rotation of NEAs
originating from various main belt escape routes are cor-
rect, we would expect to observe a ratio of retrograde
to prograde rotators Ng/Np ~ 6, which is more than
twice what we actually observe. Resolution of this seri-
ous discrepancy may involve one or more of the following
factors: NEA population model predictions are flawed,
assumptions about the sense of rotation of NEAs orig-
inating from various escape routes are incorrect, NEA
spin orientations change on timescales that are short
compared to NEA dynamical lifetimes, or an additional,
unrecognized bias in our sample exists. Additional es-
timates of the ratio of retrograde to prograde rotators
with more stringent detection requirements (lower p val-
ues) or a larger sample of NEAs (independent of the
Yarkovsky sensitivity metric sy) indicate that the ob-
served and true ratio for the entire sample do not ex-
ceed 2.8. However, the observed ratios for subsets of
objects with diameters > 1 km do get larger and closer
to the Ng/Np values predicted from the relevant f,¢ es-
timates. This observation suggests that sub-kilometer-
size objects are more prone to reorientation on short
timescales.

12.  YARKOVSKY EFFECT’S DIAMETER
DEPENDENCE

Equations (3) and (4) illustrate the relationship be-
tween the magnitude of the Yarkovsky effect and the
affected object’s physical parameters. In particular, the
theoretical formulation of this effect predicts a D~
dependence. Verifying this dependence with our data
serves as a check on the theoretical underpinnings of
the effect and also validates our results.

We obtained diameter estimates for objects in our
sample from the SBDB (JPL Solar System Dynamics
2019b). For those objects with no listed diameter, we
estimated the diameter from the object’s H magnitude

using
1070.2H

D="—"—1329 km, (13)
N

pv
where the geometric albedo, py, was extracted from the
SBDB, if available, otherwise set to a value of 0.14 (Stu-
art & Binzel 2004). If the uncertainty in diameter was
available in the SBDB, we used it, otherwise we set the
uncertainty to a third of the diameter.

Here we note that while the analytical formulation of
our Yarkovsky force model includes parameters that are
dependent on the physical properties of the affected ob-
ject (Section 4), the actual fit itself is dependent only
on dynamics. In other words, our fits measure only
the overall magnitude of the Yarkovsky acceleration and

are entirely agnostic about physical parameters such as
diameter. Therefore, we can examine the Yarkovsky
drift’s dependence on diameter independently from the
determination of the magnitude of the drift itself, and be
confident that we are not committing a petitio principii.
We fit a power law of the form

(da/dt) = C x DP, (14)
to describe the relationship between the magnitude of
the Yarkovsky effect and the object diameter. We used
an Orthogonal Distance Regression (ODR) (Jones et al.
2001-) algorithm to perform this fit, due to the poten-
tial errors present in both the dependent ({da/dt)) and
independent (D) variables (Figure 7). The resulting fit
gave a best-fit power-law slope of p = —1.06 +0.05. We
verified the robustness of this result against the choice
of diameter uncertainties, with values ranging from a
fourth to two thirds of the diameter, and found con-
sistent results. We also verified this result against dif-
ferent starting conditions on p. In addition, we repro-
cessed these data using the Python software package
LINMIX (Meyers 2017; Kelly 2007), and found a con-
sistent fit of p = —0.93 4+ 0.26. We discuss this result
further in Section 14.5.
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Figure 7. Drift rate (da/dt) as a function of object diame-
ter, D, for 244 objects with £ < 1. Diameters were either es-
timated from an H magnitude (black) or extracted from the
SBDB (green). Our analysis yields a diameter dependence of
D71'06i0'05, consistent with the theoretical expectation for
the Yarkovsky effect of D10,

13. OBJECTS OF INTEREST
13.1.  (152563) 1992 BF
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The 1992 BF astrometry includes four optical mea-
surements taken in 1953. Vokrouhlicky et al. (2008)
showed that these points suffered from systematic
errors due to faulty catalog debiasing and reana-
lyzed these measurements to determine more accu-
rate values. We used these corrected data and 245
additional observations, and determined (da/dt) =
(—13.2 + 1.3) x 10~* au/My, which has a z-score
of 1.69 with respect to Vokrouhlicky et al. (2008)’s
determination((da/dt) = (—=10.7 £ 0.7) x 10~* au/My).
The 1992 BF Yarkovsky drift was also measured with
these points from 1953 either uncorrected, which yielded
(da/dt) = (—14.0 £ 1.3) x 10~* au/My, or discarded,
which yielded (da/dt) = (—14.1 4+ 2.3) x 10~% au/My.

13.2. 2009 BD

Farnocchia et al. (2013) found a drift rate for 2009 BD
of (da/dt) = (—493.4 + 58.8) x 10~* au/My. Following
the work of Micheli et al. (2012), Farnocchia et al. (2013)
also fit for a Solar Radiation Pressure (SRP) model for
this object — which introduces a radial acceleration as
a function of Area-to-Mass Ratio (AMR) — and found
AMR=(2.7240.39) x 10~* m? /kg. Micheli et al. (2012)
found AMR=(2.9740.33) x 10~* m? /kg with a solution
that did not include Yarkovsky. Mommert et al. (2014)
performed an analysis of both spectroscopic and astro-
metric data for 2009 BD, and found two possible solu-
tions for AMR, of 1.8103x10~* m? /kg, or 2.270-5 x 10~*
m? /kg.

We also included an SRP component in our force
model for 2009 BD, and found an area-to-mass ratio of
(2.21£0.40) x 10~* m?/kg, with a Yarkovsky drift rate
of (da/dt) = (—497.6 & 40.5) x 10~ au/My. The dras-
tic improvement in goodness-of-fit when both Yarkovsky
and SRP models are included (Table 4) strongly sup-
ports the presence of these forces. This result is consis-
tent with the result found by Farnocchia et al. (2013)
of (da/dt) = (—493.4 + 58.8) x 10~* au/My, as well
as the more modern solution by Vokrouhlicky et al.
(2015a) of (da/dt) = (—489 & 35) x 10~% au/My. We
note that while our uncertainties on the drift rate ap-
pear to be around 20% better than those of Farnocchia
et al. (2013), this may be due to the method by which
we fit for (da/dt), which was performed as a secondary
minimization after fitting for the dynamical state vec-
tor. Therefore, our uncertainties in (da/dt) do not ac-
count for correlation between parameters and may be
an underestimate because two related, nongravitational
effects are present.

13.3.  (483656) 2005 ES70

The drift in semi-major axis for 2005 ES70 is
(da/dt) = (=79.6 + 3.1) x 10~* au/My. Not only

Table 4. Sum of squares of residuals (x?) for 2009 BD,
using various nongravitational dynamical models, with 190
total observations prior to outlier rejection. The inclusion of
both Yarkovsky forces and Solar Radiation Pressure (SRP)
yields both a significantly lower x?, as well as a decrease in
the number of outliers, Noutliers-

Model X% | Noutliers
Gravity-only 109 7
Yarkovsky 95 7
SRP 90 7
Yarkovsky+SRP | 75 4

is this a strong effect, but it is also an unusually
strong detection, with a p-value less than 10716, and
an S/N greater than 25. Farnocchia et al. (2013)
found (da/dt) = (—55.6 + 16.7) x 10~ au/My us-
ing pre-2013 astrometry, which is consistent with
our reanalysis of this object using the same arc
((da/dt) = (—54.1 £17.7) x 10~* au/My). Vokrouh-
licky et al. (2015a) also found a consistent drift rate of
(da/dt) = (—68.9 £ 7.9) x 10~* au/My.

The drop in uncertainty by over a factor of five in
six years is likely due to the increase in data cover-
age. This object has a total of 172 optical observations
and a single Doppler measurement since its discovery in
2005. Of these epochs, 83 were measured after 2011 and
were therefore not included in the analysis performed by
Farnocchia et al. (2013). Thus, both the observational
arc and the number of observations have doubled since
2011, which explains the drop in uncertainty.

The strength of this effect appears to be anomalous;
however, when we account for this object’s small size,
we find that its drift rate is reasonable. Specifically, the
diameter of 2005 ES70 is ~60 m, as calculated from an
H magnitude 23.8 (Equation 13), which corresponds to
a Yarkovsky efficiency of & = 0.06, assuming a density
of 2470 kg/m?>.

13.4. (1566) Icarus, (66146) 1998 TUS,
(66391) Moshup, (137924) 2000 BD19,
(364136) 2006 CJ, (437844) 1999 MN, and
(480883) 2001 YE}

These objects are part of an observational program de-
signed to test general relativity and measure the oblate-
ness of the Sun (Margot & Giorgini 2010; Verma et al.
2017). Incorporating estimates of the Yarkovsky orbital
drift will be important to improve the reliability of the
perihelion shift estimates.

Greenberg et al. (2017) presented a detailed analysis
of the physical and orbital properties of (1566) Icarus,
including a Yarkovsky drift rate determination and a
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discussion of the discrepancy with Farnocchia et al.
(2013)’s value. Since 2017, there have been 27 addi-
tional observations obtained in 2018 and 2019. We find
(da/dt) = (—4.8440.44) x 10~* au/My, which improves
upon and confirms Greenberg et al. (2017)’s determina-
tion of (da/dt) = (—4.62 4 0.48) x 10~* au/My.

(66146) 1998 TU3 is a ~3 km diameter NEA with
(da/dt) = (—5.60 £ 3.9) x 10~* au/My that cannot be
detected with optical astrometry alone. The addition of
a single range measurement in 2012 magnifies the dif-
ference between the sum of squares of residuals in the
zero and nonzero drift cases, which enables a detection
(p=0.002).

(66391) Moshup, also known as 1999 KW4, is one of
the best characterized binary NEAs (Section 13.10). In
particular, its density is well known (Ostro et al. 2006,
1974 kg/m?). We found (da/dt) = (—5.73 + 2.2) x
10~* au/My and derived ¢ = 0.043 on the basis of
KW4’s measured density.

(137924) 2000 BD19 is a kilometer-size asteroid whose
radar detections in December 2007 are notable for being
the most distant (0.4 au) radar detections of a near-
Earth asteroid. Its Yarkovsky drift rate is (da/dt) =
(—26.2 £ 10) x 10~* au/My.

2006 CJ represents a strong Yarkovsky detection with
(da/dt) = (—38.2 & 1.8) x 10~* au/My.The relatively
small uncertainty on this rate is largely due to radar ob-
servations. Our analysis includes 11 range and Doppler
measurements of 2006 CJ from 2012 to 2017, and these
points reduced the uncertainty on this detection by
~85%.

With a drift rate of (da/dt) = (37.4 £ 3.8) x
10~* au/My, 1999 MN is notable not only for the high
drift rate and S/N, but also for having a semi-major axis
that is increasing rather than decreasing. Like the other
objects in this section, 1999 MN’s small semi-major
axis and large eccentricity result in a more pronounced
drift rate. While this object’s drift rate is large, the
Yarkovsky efficiency for 1999 MN is £ = 0.05, well
within the nominal range.

2001 YE4 has among the largest drift rates in this data
set, while also having amongst the smallest uncertain-
ties, with (da/dt) = (—49.8 £0.7) x 10~* au/My. The
small uncertainty is largely explained by the seven radar
measurements over three ranging apparitions — an anal-
ysis of the drift that does not include these points yields
(da/dt) = (—48.542.0)x10~* au/My, which means that
the radar astrometry reduced the uncertainty by 65%.
The drift rate, while large, corresponds to a Yarkovsky
efficiency of £ = 0.13, which is close to the median effi-
ciency for the objects we analyzed.

13.5.  (4179) Toutatis

(4179) Toutatis is the only object in our sample for
which our rate disagreed with a previous work’s result
when using similar observation intervals — namely, our
rate of (da/dt) = (—2.4 4 0.8) x 107* au/My has a z-
score of 2.7 when compared to Nugent et al. (2012)’s
rate of (da/dt) = (—5.0 £0.6) x 107* au/My. Our rate
when using all available data, (da/dt) = (—2.15+0.3) x
10~* au/My, is also not consistent with the previous
work’s result.

Our rates do agree with Farnocchia et al. (2013), who
benefited from over 500 additional observations during
the 2012 apparition compared to Nugent et al. (2012)’s
data set and found (da/dt) = (—1.54:0.6) x 10~* au/My.
Farnocchia et al. (2013) suggest that this object’s pas-
sage through the Main Belt may make its orbit particu-
larly sensitive to the number and mass of gravitational
perturbers.

Another curiosity surrounding Toutatis is the dras-
tic change in drift rate that we found when including
radar observations, compared to using only optical ob-
servations — including radar observations results in an
apparent ~80% drop in the calculated drift rate.

We found that the difference (da/dt), — (da/dt), .,
between Toutatis’s optical-only drift rate and the
radar+optical drift rate is a strong function of the mass
of the 24 Main Belt perturbing objects included in our
force model. The perturbers included in our integra-
tion account for only ~50% of the total mass of the
Main Belt. Artificially increasing the overall mass of
these perturbers brings the (da/dt), value into closer
agreement with the (da/dt) ., value. An incomplete
dynamical model may therefore explain the discrepancy
between Toutatis’s optical-only rate and radar+optical
rate.

A final peculiarity about Toutatis is that its orbit can
be determined without any optical astrometry. We fit
our gravity-only and Yarkovsky models to the 61 radar
measurements obtained over six apparitions. The solu-
tions are almost exactly the same as the solutions that
include optical astrometry (Table 5). Furthermore, a
trajectory fit using only radar data is consistent with
optical data — the radar-only trajectory yields a sum of
squares of residuals to optical data of Xgpt = 2402 with
12,070 measurements, i.e., an excellent reduced X(Q)pw ~
0.2.

These results suggest that the 61 radar observations
over six apparitions are enough data to obtain a trajec-
tory that is better than the one inferred from over 12,000
distinct optical measurements. A similar conclusion was
reached with the 55 radar observations obtained over the
first five apparitions.
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Table 5. Toutatis’s orbital elements at epoch 01-JAN-
2000 12:00:00 TDT, as determined from radar+optical data,
and differences in orbital element values obtained between
the optical-only and radar4optical Yarkovsky solutions
(Ac-onty), and between the radar-only and radar+optical
Yarkovsky solutions (Ayoniy). The tiny deviations in the
last column suggest that optical astrometry is not necessary
to determine Toutatis’s orbit. Orbital elements include ¢, in-
clination with respect to J2000.0 ecliptic frame, €2, longitude
of the ascending node, w, argument of pericenter, and M,
mean anomaly at epoch.

Orb. element radar+optical | Aoonly Aronly

a (au) 2.51054984474 | 1.4e-09 | -1.8e-11
e 0.63428487023 | -1.5e-09 | -1.2¢-10
i (deg) 0.46970399148 | -2.5¢-07 | 2.5¢-08
Q (deg) 128.367186601 | -6.5¢-06 | 3.2¢-06
w (deg) 274.683232468 | 1.5¢-06 | -3.1e-06
M (deg) ~76.1727086679 | 1.2¢-06 | -1.2¢-08

13.6.  (2100) Ra-Shalom, (5660) 197} MA,
(6239) Minos, (10302) 1989 ML, and
(826290) Akhenaten

These objects are those for which we found statisti-
cally different results for the drift rate when comparing
between our analysis with modern data and the analysis
performed by Nugent et al. (2012) or Farnocchia et al.
(2013) using pre-2013 data. Our drift rates do match
Nugent et al. (2012) and Farnocchia et al. (2013)’s rates
when using the same observational intervals (Section 9).

We found a drift rate of Ra-Shalom (da/dt) =
(—2.0440.6) x 10~ au/My, while Nugent et al. (2012)
found (da/dt) = (—5.45+1.5)x10~* au/My and Farnoc-
chia et al. (2013) found (da/dt) = (—6.31 £ 1.3) x
10~* au/My using pre-2013 data. A total of 686 new
optical observations have been added since 2013, result-
ing in a ~50% increase in the size of the data set. The
observations since 2013 also include the longest contin-
uous set of observations ever taken for Ra-Shalom, of
around five months, or ~1/2 of an orbit (here we define
a set of observations as continuous if there is no period
spanning more than two weeks without at least one
measurement within the set). Characterization of the
Yarkovsky effect is aided by greater orbital coverage —
therefore, we expect this modern set of observations to
provide better constraints for this object than was pre-
viously possible. Three range measurements obtained
in 2016 also improved the solution.

Nugent et al. (2012) reported a drift rate for (5660)
1974 MA of (da/dt) = (—20.1 4 10) x 10~ au/My. In
our analysis, we benefited from 95 additional observa-

tions between 2012 and 2019, an increase of 70% in the
size of the data set. The increased observational inter-
val reveals that 3 out of the 6 observations reported in
1974 correspond to the 3 worst residuals. The Yarkovsky
rates obtained with and without these 6 observations
disagree, which results in a nondetection according to
our validation tests.

For Minos, we find a positive rate of (da/dt) =
(7.98 £ 3.54) x 10~* au/My, whereas Farnocchia et al.
(2013) found (da/dt) = (—4.45 & 4.57) x 10~* au/My
using pre-2013 data. The number of observations for
this object has increased by over 50% since 2011, while
the length of the observation interval has increased by
25%. The much larger data set explains our low p-value
(p = 1077), and the shift in the measured effect. We also
note that Farnocchia et al. (2013) reported this object
as a less confident detection, with S/N<2.

We found (da/dt) = (19.5 + 4) x 10~ au/My for
(10302) 1989 ML whereas Nugent et al. (2012) reported
(da/dt) = (35.3£7) x 10~* au/My and Farnocchia et al.
(2013) reported (da/dt) = (34.746)x 10~* au/My. The
number of observations has increased by ~200 to 520
compared to the pre-2013 data. We repeated the analy-
sis with the pre-2013 data only. In retrospect, it would
have been wise to identify this detection as problematic
in both studies because five out of the eight observations
from 1989 are among the seven worst residuals.

For Akhenaten, we found a drift rate of (da/dt) =
(7.35+8.8) x 10~* au/My, while Farnocchia et al. (2013)
found (da/dt) = (—39.7 &+ 18.6) x 10~* au/My using
pre-2013 data. Not only do these rates differ drastically
in both magnitude and direction, but we also do not
consider Akhenaten a Yarkovsky detection (p = 0.11).
There have been only 18 new observations of this object
since 2012 (a ~7% increase). In addition, even if we re-
strict observations to the pre-2013 data, we are unable
to obtain a Yarkovsky detection. There is a small num-
ber of measurements with large residuals, and they are
correctly discarded by our outlier rejection algorithm.

These examples illustrate the need to carefully review
early astrometry, which we expand upon in the next
section.

13.7. (1036) Ganymed

(1036) Ganymed is a large (D ~ 37 km) object that
provides a good motivation to implement Yarkovsky
drift rate validation tests that remove early astrometry.
Our nominal solution yields an unphysical (¢ = 4.14)
Yarkovsky efficiency, which is too high to be explained
by an uncertain density. Despite a p-value of < 10716,
our validation tests identified this detection as spuri-
ous. This object has measurements starting in 1924,
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and thus has one of the longest observational arcs we
considered. It also has one of the largest sets of ob-
servations, N, = 6359. Nugent et al. (2012) found
(da/dt) = (—6.6 &+ 1.5) x 10~* au/My, consistent with
our value ({da/dt) = (5.0 & 1.3) x 10~ au/My), and
devoted a section in their article to this anomalous
case. Farnocchia et al. (2013) determined a drift rate
({(da/dt) = (—6.1 & 1.6) x 10~* au/My) consistent with
Nugent et al. (2012)’s and ours, but marked it as a
potentially spurious detection, due to the unexpected
strength of the drift rate relative to asteroid Bennu’s
rate scaled for diameter. Both Nugent et al. (2012) and
Farnocchia et al. (2013) suggested that this detection
may be due to older, potentially faulty measurements
introducing a false signal. Nugent et al. (2012) also ex-
plored the impact of an incorrect size or mass determi-
nation.

To examine the possibility that some of the Ganymed
astrometry is faulty, we reran our Yarkovsky determina-
tion process after discarding observations prior to suc-
cessively later starting dates (Figure 8). We found that
the detected drift rate abruptly disappears if data prior
to 1951 are discarded. This fact, combined with the
unphysically large Yarkovsky efficiency implied by the
large (da/dt), leads us to believe that this object’s drift
rate has been artificially magnified by poor, early as-
trometry.
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Figure 8. With a drift rate of (da/dt) = (—5.0 £1.3) X
10~* au/My, (1036) Ganymed appears to have an unphysi-
cal Yarkovsky efficiency of € = 4.12. We find that if obser-
vations prior to 1950 are discarded, the Yarkovsky effect for
this object appears to abruptly disappear. Ganymed may
have an unreliably determined drift rate due to faulty older
astrometry.

13.8. (7888) 1993 UC, (217628) Lugh,
(461852) 2006 GY2

Three objects in our sample appear to have unphysical
Yarkovsky efficiencies, i.e., & > 1. In this situation, the
change in orbital energy per unit time exceeds the solar
power intercepted by an idealized perfect absorber. If
the diameter, density, and drift rate are correct, then
& > 1 indicates that an additional force is present, such
as that provided by the ejection of dust or volatiles.
However, the diameters, densities, and spectral types of
these objects are unknown or poorly known.

(7888) 1993 UC is a binary asteroid with (da/dt) =
(—=37.79426.5) x 10~* au/My and £=1.3. The fit resid-
uals over a 20-year arc seem reasonable. The large error
bars allow for £ < 0.4. In the absence of other informa-
tion, we assigned a density of 2470 kg/m? in our calcu-
lations. If the asteroid’s density were in fact closer to
1000 kg/m3, then & could be as low as 0.16, close to the
median value.

(217628) Lugh has (da/dt) = (—97.09 + 40.0) x
107* au/My and ¢ = 1.88. The fit residuals of 114
observations obtained between 1989 and 2019 are un-
remarkable. In addition, there are six observations in
1960 with good residuals, for a total observational in-
terval of 59 years. The diameter value (1.4 km) in the
SBDB appears to come from an earlier determination
of the absolute magnitude and 0.15 albedo assumption.
With the current H value (16.5) and 0.14 albedo as-
sumption, the diameter would be closer to 1.8 km and &
closer to 2.4. We find that it would take a combination
of factors to bring £ to a reasonable value. For instance,
a 0.04 albedo, near-unit density, and the lower range of
the drift rate would bring £ to 0.29. While this combi-
nation of factors is possible, it is also possible that Lugh
experiences a truly anomalous drift rate.

(461852) 2006 GY2 is a binary asteroid with (da/dt) =
(—319.6 - 157) x 10~* au/My and £=3.47 derived from
a 10-year arc. Fit residuals are unremarkable. Here
also, it would take a combination of factors to bring
the & value below 0.35, suggesting that this object may
experience an anomalous orbital evolution.

13.9.  (99942) Apophis

Apophis has previously had a Yarkovsky drift detec-
tion of (da/dt) = (—23 £ 13) x 10~* au/My (Vokrouh-
licky et al. 2015b). Apophis was not included in our
list of candidates because it scores low (0.5) on the
Yarkovsky sensitivity metric sy. However, an analy-
sis of this object’s astrometry with our orbit determina-
tion software does indeed find a drift rate of (da/dt) =
(—25.6 4+ 13.6) x 10~* au/My, with a p-value of 107°.
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This independently confirms the previous finding of
Vokrouhlicky et al. (2015b).

This result suggests that our initial screening can be
overly restrictive by rejecting objects that do have de-
tectable drift rates. An obvious solution would be to at-
tempt detections of Yarkovsky rates for all NEAs, which
is beyond the scope of this work.

13.10.  Binary and triple asteroids

Across our data sets, we considered a total of 44 num-
bered binary or triple asteroids. Among these, 18 have
p < 0.05 and 14 passed all our detection validations.
These systems are flagged with a Z in Table 1. Bi-
naries present an opportunity to infer thermal proper-
ties from a Yarkovsky measurement, because tight con-
straints can be placed on both mass and obliquity for
these objects (Section 14.4, Margot et al. 2015).

Notable systems with Yarkovsky rate determina-
tions include the well-characterized 1999 KW4, aka
(66391) Moshup (Ostro et al. 2006; Scheeres et al.
2006), (185851) 2000 DP107 (Margot et al. 2002; Naidu
et al. 2015), and the triple (136617) 1994 CC (Brozovié¢
et al. 2011; Fang et al. 2011), as well as the poten-
tial mission target (175706) 1996 FG3 (Scheirich et al.
2015). Other notable systems initially passed our de-
tection threshold (p < 0.05) but were subsequently re-
moved because their detections were not robust against
removal of early observations. They include (1862)
Apollo with (da/dt) = (—1.78 & 0.22) x 10~* au/My,
(65803) Didymos (Pravec et al. 2006; Fang & Margot
2012) with (da/dt) = (37.8 & 27) x 10~% au/My, the
triple (153591) 2001 SN263 (Fang et al. 2011; Becker
et al. 2015) with (da/dt) = (60.1 & 36) x 10~% au/My,
and (285263) 1998 QE2 (Springmann et al. 2014) with
(da/dt) = (—59.0 £ 82) x 10~* au/My.

14. DISCUSSION
14.1.  Population-based detection verification

We have presented a statistical test that can be used to
verify that a Yarkovsky detection is valid. However, one
might still make the argument that the detections pre-
sented herein are merely due to statistical fluctuations.
After all, the Yarkovsky effect often results in extremely
small variations in an orbit. Perhaps the detections we
present are really just a side effect of adding an extra
degree of freedom to the gravity-only dynamical model.

Given the number of objects in our samples, we can
address these concerns by looking for verifications of our
detections on a population level, in addition to object
by object. One such verification is the correspondence
between the measured (da/dt) versus D inverse relation-
ship, and the relationship predicted by the Yarkovsky

theory (Section 12). It seems unlikely that a process
that is merely fitting for statistical noise would generate
the 1/D behavior that we expect a priori.

Another population-level analysis considers the distri-
bution of spin poles of NEAs. We have already discussed
how we measured the ratio of retrograde to prograde ro-
tators in our sample and evidence of the agreement be-
tween the orbital drift directions and the object’s oblig-
uities (Section 11). We can also use the raw number
of negative (da/dt) values compared to positive (da/dt)
values to test the “statistical noise hypothesis.” Namely,
we can ask the following question: if our dynamical
model, purportedly measuring a nongravitational force,
were instead merely overfitting for statistical noise, what
would be the probability that we would have measured
the number of retrograde rotators that we saw in our
sample? In other words, what is the probability P of
achieving a particular number m (or more) of negatively
signed (da/dt) values in a population of N objects?

This question can be rephrased in terms of the prob-
ability P of of observing at least m heads after N coin
tosses, for a coin weighted with probability p. This can
be answered using the binomial distribution

P=1-B(m—1,N,p). (15)

In our sample, we have m = 173 objects with a nega-
tive (da/dt) out of N = 247 objects total. To determine
p, we first assume that the nongravitational dynamical
model is in fact overfitting for noise. In that case, the ex-
traneous parameter would not favor one sign or another
— in other words, the distribution of (da/dt) values that
are measured should have a median of 0, which would
suggest p = 0.5.

The theoretical probability of observing 173 heads in
247 tosses of a fair coin is ~1071% (Equation 15). In or-
der to avoid making precise statements on the basis of a
small sample, we report this probability as P < 0.0001.
If the model were merely measuring unbiased statistical
noise, the odds of finding the ratio of negatively signed
to positively signed drift rates observed in our data set
(or a ratio more extreme) is much less than 1 in 10%.
This extremely low value provides an ab absurdo refu-
tation of the hypothesis that we are fitting for noise.
Note that this probability was calculated with minimal
assumptions about the nature of the underlying statisti-
cal noise — we need only assume some distribution with
a median of (da/dt) = 0.

14.2.  The viability of Yarkovsky measurements

For those objects with previous Yarkovsky detections,
we have compared results from two previous works
(namely, Nugent et al. (2012) and Farnocchia et al.
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(2013)) and found excellent agreement (Section 6). The
general strength and consistency of the agreement when
using roughly similar observation intervals (where we
found disagreement on drift rates for only a single ob-
ject) serve as a validation of the methods employed by
all three groups. The agreement when we used all data
available to us (where we found disagreement on drift
rates for only six objects) speaks to the viability of mea-
suring this small effect from astrometric measurements,
because the measured rates are generally stable, even
with the addition of new data. However, in 5-10% of
reanalysis cases, we found substantial differences with
previously reported detections.

Among this work and the two previous studies, at least
three different orbital integration packages were used to
perform the analyses, indicating robustness of the re-
sults against numerical implementations.

14.3. Using the Yarkouvsky efficiency & to detect
anomalous rates

The Yarkovsky efficiency is a fundamental measure of
the ability of asteroids to convert solar energy into or-
bital energy. The only quantities required to evaluate
& are the Yarkovsky drift, which can be obtained with
a sufficiently long arc of astrometric measurements, the
asteroid’s diameter, and the asteroid’s density (Equa-
tion 3). We evaluated £ for a large sample of asteroids
and found a relatively narrow distribution with a me-
dian value of &€ = 0.12. Objects with £ values larger
than ~0.5 are likely anomalous, where the anomaly may
be caused by either grossly incorrect density or diame-
ter values, questionable astrometry, or orbital influences
beyond the Yarkovsky effect, such as those experienced
by active asteroids. These objects are noteworthy and
deserve further investigation.

When it comes to the identification of anomalous
Yarkovsky drift rates, we find the use of £& more com-
pelling than Farnocchia et al. (2013)’s use of Bennu’s
drift rate scaled for diameter, for two reasons. First,
scaling by diameter is equivalent to assuming that all
asteroids have a density identical to that of Bennu. Sec-
ond, comparison to Bennu’s rate may introduce errors
because Bennu’s Yarkovsky efficiency (£ = 0.785) does
not appear to be representative.

14.4. Using the Yarkousky efficiency £ to provide
insights into NEA thermal properties

We have found that within our sample of objects,
typical Yarkovsky efficiencies lie between 0.06 and 0.27
(Section 10). An in-depth interpretation of these val-
ues would require a full thermal model of each object.
However, we can still provide insights by making the

simplifying assumption that all absorbed photons are
reemitted equatorially. Then, the & values can be inter-
preted relative to the obliquity and thermal properties
of the object in one of three ways:

1. If all the reradiated photons were emitted at the
same phase lag of ¢ = £90°, then the obliquity
would be v ~ arccosé. With these assumptions,
our typical £ values suggest a range of obliquities
74° < v < 87° or 93° < vy <106°.

2. If the obliquity, v, were 0° or 180°, and all the rera-
diated photons were emitted at the same phase lag,
then the phase lag would be |¢| ~ arcsing. With
these assumptions, typical efficiencies of 0.06 <
£ < 0.27 imply phase lags of 3° < |¢| <16°.

3. If the obliquity were v = 0° or v = 180°, and the
phase lag were ¢ = +90°, then & could be inter-
preted as a measure of the distribution of photons
that are emitted around ¢.

Ttem (1) seems unlikely, given that we expect most
of these objects to have obliquities near 0° or 180° —
Hanus et al. (2013) found that among a sample of 38
NEAs, more than 70% had v < 30° or v > 150°. Item
(2) is more palatable, and its applicability is protected
by the cosine function’s slow drop-off, which means that
assuming very high or very low spin pole latitudes will
introduce errors of less than 10% for those objects with
v < 30° or v > 150°.

Rubincam (1995) derived an expression for phase lag
as a function of the thermal inertia I' of a body rotating

at frequency v, and found
T
o).

CVv +V320T3

where ¢ is the Stefan-Boltzmann constant, and T} is the
temperature of the body when it is at a distance a from
the Sun.

With a typical thermal inertia of I' = 200 J m™2 s72
K~ (Delbo et al. 2007), Equation (16) yields a phase lag
of ¢ = 8.7° for a body orbiting at a distance of 1 au and
rotating with a period of 4.5 hours. Assuming v = 0° or
v = 180°, our median Yarkovsky efficiency of £ = 0.12
suggests |¢| = 7°, which is in good agreement with the
phase lag derived from thermal properties. With a more
complete thermal model, it should be possible to re-
late any of the differences between these two determina-
tions to the distribution of reemitted photons (Item (3)
above). We also note that these estimates do not take
into account biases that may be present when translat-
ing between measured drift rates and phase lag in the
absence of a full thermal model.

¢ = arctan (
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Better knowledge of v and £ will yield tighter con-
straints on thermal properties of NEAs. In particular,
the obliquity and mass of binaries can be accurately de-
termined through dynamical measurements of the sys-
tem. Therefore, binaries with Yarkovsky estimates (Sec-
tion 13.10) will likely provide the best constraints on
thermal properties in the future.

14.5. Ezxpected diameter dependence

Delbo et al. (2007) suggested that, due to a depen-
dence between thermal inertia, I', and diameter, one
might expect a flatter (da/dt) diameter dependence than
predicted by a theory that disregards correlation be-
tween these parameters. In particular, they found that

I'x D7P, (17)
where p~0.4.
Delbo et al. (2007), citing Vokrouhlicky (1999), wrote
(dajdty x D' —— 9 (18)
146 +0.50%’

where

r 27
0= ea(\/ETO)3\/;’ (19)
where ¢ is the Stefan-Boltzmann constant, P is the ro-
tation period, € is the thermal emissivity, and Tj is the
temperature of the body when it is at a distance a from
the Sun.

Delbo et al. (2007) suggested that because the asymp-
totic behavior (i.e., © > 1) of Equation (18) gives

(da/dt) c D~'O7!, (20)

then, by relating Equations (17), (19), and (20), one
would find

(da/dt)y <« D™'P &« D706, (21)

However, few objects yield values for © such that
Equation (20)’s prerequisite of ® > 1 is appropriate.
For example, typical objects in our sample have P = 4.5
hours and Ty = 300 K. With typical thermal inertias in
the range I' ~ 200 — 400 J m~2 s~ %% K~!, Equation
(19) yields © ~ 1 — 2. In fact, because Equation (18)
peaks at © = 1.4, the slope of the function with re-
spect to © near ©® = 1 — 2 is nearly 0, which suggests
(da/dt)y o« D71O° o D1

We find (da/dt) o< D~106%0:95 (Section 12), which is
consistent with the nominal theory.

14.6.  Drift determination and radar ranging

While the Yarkovsky effect can be measured for ob-
jects with no radar ranging data, range astrometry aids

greatly in improving the accuracy of drift determination.
In particular, the number of distinct radar apparitions
with range data correlates strongly with reduced uncer-
tainty in an object’s drift rate.

Of the 247 objects we analyzed, 91 had radar astrom-
etry. Of these, 76 objects had range measurements. We
examined the improvement in the Yarkovsky determi-
nation — quantified by 0,/0,40, or the ratio of the drift
uncertainty without radar to that with radar — com-
pared to the number of radar range apparitions for that
object (Figure 9). Although the exact trend is obscured
by small number statistics, the improvement in preci-
sion appears to scale roughly as 2Va~1 where N,.q is
the number of apparitions with ranging data.

20

181 = Median *
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Figure 9. The ratio of the drift uncertainty without radar
to that with radar, 0o/0r+0, as a function of the number of
radar apparitions during which ranging data were taken. The
number of objects with radar range measurements were 43,
18, 10, 4, and 1, for 1, 2, 3, 4, and 5 apparitions, respectively.

15. CONCLUSION

With new astrometry and improved methods, we
found a set of 247 NEAs with a measurable Yarkovsky
drift. We found generally good agreement with pre-
vious studies. Most NEAs exhibit Yarkovsky efficien-
cies in a relatively small (0-0.2) range. We verified the
Yarkovsky drift rate’s inverse dependence on asteroid
size, and we estimated the ratio of retrograde to pro-
grade rotators in the NEA population. In addition, we
provided an estimate of the improvement in Yarkovsky
determinations with the availability of radar data at
multiple apparitions. Our results provide compelling ev-
idence for the existence of a nongravitational influence
on NEA orbits.
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