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A B S T R A C T

The Las Cumbres Observatory (LCOGT) provides an ideal platform for follow-up and characterization of Solar
System objects (e.g. asteroids, Kuiper belt objects (KBOs), comets, and near-Earth objects (NEOs)) as well as for
the discovery of new objects. The LCOGT network allows for regular monitoring of a sample of targets, such as
that of NEOs for which we can attempt to measure the Yarkovsky effect. We have used LCOGT’s global network
of nine 1.0-m telescopes to measure the Yarkovsky effect on 36 asteroids through precise astrometric mea-
surements using the Gaia-DR1 catalog; 18 (50%) of the 36 asteroids yielded > 3σ Yarkovsky detections. The
target asteroids were selected through simulated observations each month to determine the objects for which
new astrometry would yield the highest likelihood of a Yarkovsky detection. The Gaia-DR1 release has greatly
improved the quality of the astrometry obtained, making the detection of the Yarkovsky effect more likely and
secure by greatly reducing systematic catalog zonal errors. LCOGT is ideally suited to perform these observations
due to its ability to monitor many targets over several days by employing dynamic scheduling, weather
avoidance, and use of multiple sites around the globe.

1. Introduction

1.1. Las Cumbres Observatory

Las Cumbres Observatory (LCOGT) 1 is a not-for-profit observatory
for studying time-domain astronomy. LCOGT has built and is operating
a global network of two 2.0-m, nine 1.0-m, and ten 0.4-m robotic
telescopes as an integrated telescope network (Brown et al., 2013;
Boroson et al., 2014; Volgenau and Boroson, 2016). The two 2.0-m
telescopes (the Faulkes North and Faulkes South telescopes) are located
in Hawaii and Australia. The nine 1.0-m telescopes are largely located
in the southern hemisphere in Chile, South Africa, Australia, and Texas;
LCOGT has recently received two grants to add three more 1.0-m
telescopes to the network in the northern hemisphere in Texas (one)
and the Canary Islands (two). The ten 0.4-m telescopes are located at
each of the 2.0-m and 1.0-m telescope locations with the addition of the
Canary Islands.

This versatile network has been designed for both rapid response to

target of opportunity and transient events as well as monitoring long-
term, slowly-changing astronomical phenomena. The network’s global
coverage and available telescope apertures make it excellent for the
characterization of Solar System objects, including detecting the
Yarkovsky effect through astrometric measurements of asteroids.

Unlike classically scheduled telescopes with either attended or re-
mote manual observing, observing requests on the LCOGT network are
submitted through the observing portal website2 or programmatically
through an API. These observing requests contain the target, the type of
telescope desired, details of the exposures and filters required, and any
timing constraints. The requests from all programs are examined by the
LCOGT scheduler3 (Saunders et al., 2014), which dynamically considers
the request constraints and the state of the telescope network before
assigning each request a score; those that have the best scores are
scheduled across the network as a whole. The LCOGT scheduler reex-
amines all requests every 20 min and adjusts the scheduled requests as
necessary.

Observation data from the instruments and telescopes are
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transferred back to LCOGT headquarters and processed in near real-
time as well as reprocessed at the end of the night and distributed
through an online science archive4. For more information on LCOGT
data processing, see Section 2.3.

These facilities were used to build the LCOGT Follow-up Network
(Lister et al., 2015) and NEOexchange5, which allow the ingest, plan-
ning, scheduling, and data analysis for moving Solar System targets of
all kinds on the LCOGT network. NEOexchange allows for the creation
and maintenance of a list of targets for multiple observational pro-
grams, including the one described below for Yarkovsky targets, and
handles planning and scheduling of these targets at optimum times on
the LCOGT telescope network.

1.2. The Yarkovsky effect

The Yarkovsky effect is a force that acts on rotating asteroids as they
anisotropically radiate heat absorbed by the Sun, causing small secular
changes in their semimajor axes over time (Vokrouhlický et al., 2015a).
The diurnal Yarkovsky effect is caused by the lag between the time it
takes for an asteroid to absorb incident solar radiation and re-emit the
energy as heat as well as the difference in direction between the ab-
sorption and re-emission of radiation as the asteroid rotates. If the as-
teroid is a prograde rotator (i.e., it rotates in the same direction as its
orbital motion), as the heated side of the asteroid rotates away from
pointing at the Sun, the net force on the asteroid is in its direction of
motion, causing the asteroid’s semimajor axis to slowly increase and the
asteroid to drift outward from the Sun. If the asteroid is in retrograde
rotation, the net force is opposite the direction of motion, and the as-
teroid’s semimajor axis will be slowly decreased, drifting it inward to-
ward the Sun. The small drift in semimajor axis due to the Yarkovsky
effect scales as 1/D (where D is the diameter of the asteroid) and so is
most important for smaller asteroids; the Yarkovsky effect is harder to
detect for larger asteroids due to this dependence. For example,
(101955) Bennu (D≈0.5 km) has a mean semimajor axis drift rate of
da/dt=-284m/yr (Chesley et al., 2014), which means that in 10 years,
the semimajor axis changes by 3 km = 2e-8 AU due to the Yarkovsky
effect. In order to detect such a drift, the semimajor axis needs to be
known to this level of accuracy. For an object 10 times larger, the
semimajor axis needs to be known to the level of 2e-9 AU, making the
Yarkovsky effect harder to detect for larger and larger objects. The
acceleration accumulates quadratically in the mean anomaly with the
time span of the dataset and can be detected from fits to astrometric
measurements for well-constrained orbits (Farnocchia et al., 2013b).

In addition, the Yarkovsky acceleration decreases with distance
from the Sun and so is smaller for a main-belt asteroid than for a near-
Earth object (NEO) of the same size. A closer proximity to an asteroid
also provides more powerful angular measurements and ability to ob-
tain radar observations, which can greatly aid in measuring the
Yarkovsky effect. Close approaches can magnify the offset caused by the
Yarkovsky effect thus making it easier to detect. For these reasons, most
Yarkovsky detections are made for NEOs and not main-belt asteroids.

1.3. Applications of the Yarkovsky effect

One of the most important applications of the Yarkovsky effect is in
determining impact probabilities, which can be modified when the
Yarkovsky effect is considered (Giorgini et al., 2002; 2008; Farnocchia
et al., 2013a; Farnocchia and Chesley, 2014; Chesley et al., 2014; Spoto
et al., 2014; Vokrouhlický et al., 2015b). For long-term impact pre-
dictions or when scattering planetary encounters perturb the orbit, even
a small drift in semimajor axis can make the difference between a near-
miss and an impact for asteroids that pass close to the Earth.

The Yarkovsky effect has also helped to explain the transfer of as-
teroids and meteoroids from the main-belt to near-Earth space as well
as the structure of asteroid families (Bottke et al., 2006). Main-belt
resonances are partially replenished by Yarkovsky-driven semimajor
axis drift of asteroids near the resonance boundaries that can move
those asteroids into the resonance; eccentricity-pumping mechanisms
within the resonance then push the asteroids into near-Earth space
(pericenter q<1.3 AU).

Measurements of the Yarkovsky effect can yield constraints on as-
teroid physical parameters such as obliquity, rotation rate, surface
thermal inertia, bulk density, and mass (Bottke et al., 2006). Though
disentangling these quantities is not possible with Yarkovsky alone,
constraints can be made without the need for spacecraft flybys or binary
asteroids. In addition, observations in the thermal infrared with facil-
ities like the James Webb Space Telescope (JWST) can help constrain
thermal inertia surface properties, which could additionally help con-
strain the Yarkovsky effect for individual asteroids and vice versa.
These physical properties are important for spacecraft sample return
missions targeting asteroids, such as the OSIRIS-REx mission launched
in September 2016 to the asteroid (101955) Bennu. The measured
semimajor axis drift rate of da/dt=-284m/yr, together with Spitzer and
radar observations, allowed Chesley et al. (2014) to estimate the den-
sity and mass of Bennu. Spacecraft safety, trajectory, and sampling and
the success of completing science goals depend on precisely known
orbital parameters and physical properties of the asteroid.

1.4. Past Yarkovsky measurements

The Yarkovsky effect is difficult to predict; the magnitude depends
on generally unknown asteroid physical properties. The Yarkovsky ef-
fect has been adequately measured for < 100 asteroids as of October
2016 when our observing campaign began (Chesley et al., 2015), in-
cluding (6489) Golevka (D≈0.5 km), measured to drift ≈ 15 km over
a 12-year period (Chesley et al., 2003), (101955) Bennu (D≈0.5 km),
(mean semimajor axis drift rate da/dt=-284m/yr (Chesley et al.,
2014)), a few tens of detections by Nugent et al. (2012) (one of which
overlaps with our targets and agrees with our results) and
Farnocchia et al. (2013b), (three of which overlap with our targets and
agree with our results) and a number of other asteroids (e.g.,
Vokrouhlický et al. (2008); Farnocchia et al. (2014);
Mommert et al. (2014)). 10 of our 46 targets also appear in
Greenberg et al. (2017), 9 of them for which we get a > 3σ Yarkovsky
detection; all but four of these overlapping targets agree within the
error bars, but none are fractionally different by >35%.6 In addition,
there are hundreds of candidate Yarkovsky drifters (Nugent et al.,
2012).

2. Methods

A small number of high quality, timely astrometric measurements
can reveal deviations from a gravity-only trajectory, making the
Yarkovsky signal detectable (Binzel, 2003). We used LCOGT’s global
network of nine 1.0-m telescopes, which act as a single observatory
(Brown et al., 2013; Boroson et al., 2014; Volgenau and Boroson, 2016),
to make astrometric measurements of candidate Yarkovsky drifters; the
observations were dynamically scheduled across the network (see
Section 1.1 for more information on the LCOGT scheduler).

4 https://archive.lco.global/.
5 https://lco.global/neoexchange/.

6 Shortly after our paper was submitted for publication, a paper by
Del Vigna et al. (2018) was published online with Yarkovsky detections of 87
near-Earth asteroids. The Del Vigna et al. (2018) paper made use of our publicly
available astrometry and their independent results are consistent with the ones
presented in this paper.
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2.1. Target selection

Targets for this program were drawn from the full NEO catalog,
where we selected a small number of targets that were predicted to best
yield a Yarkovsky measurement in a given month. On a monthly basis,
we searched the entire NEO catalog to identify the objects that could be
observable to LCOGT telescopes by requiring that they were brighter
than V 21.5= and had a solar elongation greater than 60°. The vast
majority of the targets were visible from the southern hemisphere
where all but one of LCOGT’s 1.0-m telescopes are currently located
(see Section 1.1 for telescope locations).

Among the selected objects, we identified the ones for which LCOGT
observations would be beneficial in constraining the Yarkovsky effect.
To this purpose, we added to the force model a transverse acceleration
A2/r2, where r is the heliocentric distance in AU and A2 is a free
parameter to be estimated from the fit. The parameter A2 relates to the
Yarkovsky driven semimajor drift by:

da
dt

A
na e

2
(1 )

2
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where a is the semimajor axis in AU, e the eccentricity, and n is the
orbital mean motion (Farnocchia et al., 2013b). We estimated the
current uncertainty in A2 from the current orbit fit as well as that we
would have by adding simulated data when the object was observable
to the LCOGT telescopes. Then, we selected only the objects for which
the uncertainty in A2 decreased by a factor of two or more when adding
simulated LCOGT astrometry.

The final selection filter was based on an assessment of the like-
lihood of actually detecting a Yarkovsky drift thanks to LCOGT ob-
servations. Based on the absolute magnitude H of each object, we in-
ferred the diameter D assuming an albedo of 0.154. Since A2 is inversely
proportional to the diameter (Farnocchia et al., 2013b), we computed
an extrapolated value for A2 by scaling from that of Bennu (Chesley
et al., 2014; Farnocchia et al., 2013b):

A A D
D
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We selected the objects for which (A2)extrapolated was larger than three
times the A2 uncertainty computed by adding simulated LCOGT data. In
total, 46 targets were found during the observing program from No-
vember 2016 to May 2018. Table 1 gives the list of selected Yarkovsky
targets and their observability windows for the LCOGT observing pro-
gram.

While these conditions allowed us to identify the objects with the
highest chance of yielding a Yarkovsky detection, there was no guar-
antee that additional observations would lead to a detection of the
Yarkovsky effect. In fact, the actual value of A2 can be smaller in
magnitude than (A2)extrapolated depending on the physical properties of
the observed object, e.g., a mid-range obliquity or a large bulk density,
since Bennu has several parameters that maximize its semimajor axis
drift rate such as an extreme obliquity (175°) and a low density
(1260 ± 70 kg/m3) (Chesley et al., 2014); the semimajor axis drift rate
scales as

da
dt

cos
D
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where γ is the obliquity of the asteroid equator with respect to its or-
bital plane, ρ is the bulk density of the asteroid, and D is the asteroid
diameter (Chesley et al., 2014). Chesley et al. (2015) referred to this
category of low-SNR Yarkovsky estimates as “weak detections”.

2.2. Observations

The observing program covered a period of 19 months from
November 2016 to May 2018. Observations were performed using the
nine 1.0-m telescopes and Sinistro optical imagers of the LCOGT

Network. The cameras utilize a Fairchild 4096×4096 CCD with
15 μm pixels, giving a pixel scale of 0.389′′/pixel in bin 1× 1 and a
field of view of 26.7′× 26.7′. The small pixel size allows better sam-
pling of the seeing PSF (typically 1. 3 2. 5 ) and good astrometric
accuracy. In addition, the large field of view allows a greater number of
astrometric reference stars to be used, resulting in a better determined
astrometric solution. Observations were carried out in PanSTARRS-w
(equivalent to SDSS-g r i+ + ; Tonry et al., 2012). The observations
used the maximum exposure time allowed by the object’s rate of motion
at the predicted time of observation that would not result in trailing.
Calculation of the observability, brightness, and rate of motion of each
target and the submittal of the observations to the LCOGT robotic
telescope network were performed using the routines of LCOGT’s web-
based minor planet follow-up portal, NEOexchange7 (Lister et al.,
2015).

Each observation visit for an object consisted of 20–30 min blocks
containing a number of observations that would fill the block given the
exposure time needed to avoid trailing losses. These visits were re-
peated at an approximately 2-h cadence across the global telescope
network for typically 2–3 days around the time of best observability for
a candidate. This spacing allowed for extra insurance in the case of bad
weather, the target being obscured by bright stars, or competition on
the network. The majority of targets were observed during the three
weeks of the month centered around new Moon. This sort of low in-
tensity observational program over a prolonged period is ideal for a
robotic telescope network such as that of LCOGT.

2.3. Data reduction

Data taken on the telescopes of the LCOGT network is automatically
transferred back to the headquarters in Santa Barbara, CA and pipeline
processed. This occurs in near-real time (so called “quicklook” proces-
sing, typically within ≈10–15 minutes of shutter close) and again at
the end of the night at the particular observing site. This ‘end of night’
processing makes use of any new bias, dark, or flat field frames that
were obtained during that night.

The data reduction is carried out using the BANZAI pipeline
(McCully et al., 2018), which follows the standard steps of assembling
master calibration frames from the individual bias, dark, and flat field
frames and then applying these to the science images to perform bad
pixel masking, bias subtraction, dark current correction, and flat field
division. Crosstalk correction and gain normalization between the in-
dividual quadrants and amplifiers of the Sinistro cameras’ Fairchild
CCD is also performed. An astrometric solution is performed using the
astrometry.net software (Lang et al., 2010), which makes use of the
2MASS catalog (Skrutskie et al., 2006) as input. A catalog of sources
detected in the frame (having a certain minimum number of pixels
more than 10σ above the fitted sky background) is also produced using
SEXTRACTOR (Bertin and Arnouts, 1996). Finally the reduced frames,
source catalog, and associated master calibration frames are uploaded
to the LCOGT science archive8 for distribution to end-users and from
which we obtained the data for further astrometric analysis.

As detailed below in Section 2.4, we did not make use of this pi-
peline-produced astrometric solution and source catalog, but instead
redetermined a new astrometric solution using Gaia-DR1
(Gaia Collaboration et al., 2016) and photometric solution for the per-
frame zeropoint using the ASTROMETRICA software9. This involved use of a
third order polynomial in the x, y coordinates of the CCD frame and
iterative outlier rejection in both position and magnitude of the cross-
matched stars obtained from the Gaia-DR1 catalog. The formula for the
transformation from the measured coordinates on the CCD (x′, y′) to the

7 https://lco.global/neoexchange/.
8 https://archive.lco.global/.
9 https://www.astrometrica.at/.
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standard co-ordinates in the tangent plane (X, Y) are given by standard
cubic polynomials.

Following the astrometric and photometric solution of the frames,
the target asteroid’s position and brightness were measured by cen-
troiding on the object in each of the frames. The resulting right as-
cension (RA), declination (Dec), and magnitude measurements in
MPC1992 format10 were combined with the existing information for the
object from the MPC database and a perturbed orbit (using the planets
Mercury–Neptune plus the Moon as perturbers) was fitted to the com-
bined observations using FIND_ORB11.

2.4. Using Gaia for astrometric reduction

As discussed above, we made use of the Gaia-DR1 catalog
(Gaia Collaboration et al., 2016) to perform the astrometric reduction.

The release of the first Gaia catalog (DR1) in September 2016 promised
more accurate detections of the Yarkovsky effect in a larger number of
NEOs by reducing the star catalog errors by a factor of 10 or more and
eliminating star catalog biases as a function of sky position (Farnocchia
et al., 2015; Spoto et al., 2017). However, Gaia did not release their
measured asteroid astrometry in DR1 and has some shortcomings that
LCOGT does not suffer. Gaia only reaches V ≃ 19-20 (V≃ 21.5 can be
reached with the LCOGT 1.0-m network) and it never observes asteroids
at opposition, removing the ability to observe asteroids at their best
phase angle (Tanga and Mignard, 2012).

Gaia-DR1 (Gaia Collaboration et al., 2016) has greatly improved the
quality of astrometry obtained by substantially reducing systematic
catalog zonal errors (Spoto et al., 2017). The overall astrometric un-
certainty is a combination of the centroiding error of the object on the
CCD frame (which is unaffected by the choice of reference catalog) and
systematics from the reference catalog. The switch from PPMXL
(Roeser et al., 2010) to Gaia-DR1 has reduced the systematic catalog
error from ≈300 mas to ≈ 30 mas, and the overall uncertainty
(≈ 0.10′′–0.18′′ and ≈ 0.08′′–0.21′′ in the RA and Dec coordinates,

Table 1
List of target Yarkovsky candidates. Radar indicates those candidates for which radar observations are available. The observability window is the time during the
observing program the target was visible to LCOGT telescopes. The V mag range is for the observability window. Those targets observed with zero telescopes were
attempted but not observed due to weather or competition on the network.

Yarkovsky Radar Observability H V # Telescopes
Candidate Window mag mag Used

(480820) 1998 VF32 Nov 2016 21.1 20.4–21.1 0
(480808) 1994 XL1 Nov – Dec 2016 20.9 18.5–21.4 4
(481442) 2006 WO3 Nov – Dec 2016 21.6 18.3–21.3 6
(480883) 2001 YE4 x Nov – Dec 2016 20.7 17.0–19.7 1
(348306) 2005 AY28 x Dec 2016 21.5 20.6–22.5 3
(163023) 2001 XU1 Dec 2016 19.3 18.4–18.9 1
2012 YK Dec 2016 23.0 18.8–21.6 3
(226514) 2003 UX34 x Dec 2016 20.1 16.5–20.1 0
1995 CR Dec 2016 21.7 20.1–21.5 0
(192559) 1998 VO Jan 2017 20.3 20.8–21.7 9
(265482) 2005 EE x Jan 2017 21.2 17.9–18.3 7
2001 SQ263 Jan 2017 22.4 21.7–22.1 0
2011 EP51 Jan – Feb 2017 25.2 20.8–23.5 9
(364136) 2006 CJ x Feb 2017 20.2 18.4–20.4 4
(494710) 2005 MO13 May – Jun 2017 20.8 19.2–20.5 1
(495829) 1995 LG May – Jun 2017 18.7 19.2–21.7 2
(154590) 2003 MA3 May – Jun 2017 21.7 21.4–22.9 2
2011 KE3 Jun 2017 23.9 21.6–22.2 1
(437841) 1998 HD14 Jun 2017 21.0 20.1–20.3 2
(326354) 2000 SJ344 Jun 2017 22.7 21.1–21.7 1
2003 DZ15 x Jun 2017 22.3 21.7–23.0 1
2000 HB24 Jun 2017 23.7 20.4–21.7 0
(162183) 1999 NB5 Jun – Jul 2017 21.1 21.6–22.5 2
(496901) 2001 HB Jul 2017 20.4 21.3–21.5 2
(499998) 2011 PT Jul – Sep 2017 23.9 20.3–21.9 2
2006 TU7 Sep 2017 21.9 19.9–22.0 3
2012 TC4 x Oct 2017 26.7 16.0–20.8 0
(503941) 2003 UV11 x Oct 2017 19.5 14.4–19.7 4
2007 TF68 Oct 2017 22.7 19.9–21.0 4
(513312) 2007 DM41 Oct 2017 22.0 18.9–20.4 2
(376879) 2001 WW1 Oct 2017 22.2 21.4–22.4 3
(497113) 2004 EK1 Nov 2017 22.2 21.0–21.7 2
(506590) 2005 XB1 Nov 2017 22.0 19.4–22.1 2
(506491) 2003 UW29 Nov 2017 20.6 21.5–21.8 2
(3361) 1982 HR Nov 2017 19.03 15.3–16.9 2
(234145) 2000 EW70 x Nov 2017 21.3 18.8–20.0 3
(216985) 2000 QK130 Jan 2018 21.0 19.7–20.6 3
2006 AL4 Jan 2018 24.9 19.5–21.0 0
(388189) 2006 DS14 Jan – Feb 2018 20.5 18.8–21.4 4
2016 CO246 Feb 2018 25.9 20.6–21.9 0
(267940) 2004 EM20 Mar 2018 20.3 17.5–19.2 3
(516435) 2004 FJ29 Mar 2018 21.3 19.9–21.8 3
2003 FY6 Mar – Apr 2018 22.4 18.5–21.3 1
2010 JO33 Apr 2018 25.0 20.7–22.0 3
2010 GD35 Apr 2018 24.6 19.6–23.3 0
2004 RQ252 May 2018 22.4 21.4–21.6 0

10 https://www.minorplanetcenter.net/iau/info/OpticalObs.html.
11 https://www.projectpluto.com/find_orb.htm.
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respectively) is now dominated by the centroiding error. With the re-
lease of DR2 in April 2018 and the availability of good reference star
colors as well as the release of parallaxes and proper motions in later
data releases, it would be possible to take other more subtle effects into
account in the astrometric reduction. The availability of the Gaia cat-
alog will also allow a remeasurement of past data with more accurate
star catalogs. The Yarkovsky detections reported in this program made
use of the Gaia-DR1 catalog only; we have not remeasured our astro-
metry using DR2 due to the large amount of work this would entail. It is
also unlikely that the improvement in astrometric uncertainty from
≈10 mas (DR1; Gaia Collaboration et al. 2016) to ≈ 0.1 mas (DR2;
Gaia Collaboration et al. 2018) would result in reduced uncertainty in
our reported detections as the catalog uncertainty in the older DR1
release is already at least an order of magnitude smaller than our
centroiding uncertainty.

3. Results

We observed a different set of asteroids each month as shown in
Table 1. For each observed target, we assessed the astrometric un-
certainties and computed an updated estimate of A2 by fitting the full
astrometric dataset as described in Farnocchia et al. (2013b). The re-
sults reported in this paper include all observational data available from
the Minor Planet Center for each Yarkovsky candidate, including re-
ported data available after we identified them as targets. In particular,
some of our targets were additionally observed by other groups that
include Tyler Linder, Robert McMillan, Dave Tholen, Marco Micheli,
and their collaborators.

The LCOGT observing program helped to provide confirmation of
18 >3σ Yarkovsky detections (shown in Table 2) out of 36 targets
measured. The remaining 18 targets yielded Yarkovsky measurements
below the 3σ detection limit (shown in Table 3). Fig. 1 shows the
measured A2 values for all Yarkovsky candidates observed in the pro-
gram. All A2 measurements can also be found in the Jet Propulsion
Laboratory’s Small Body Database (SBDB)12, where they were sub-
mitted upon being made.

As previously discussed in Section 2.1, Yarkovsky detections are not
guaranteed for our predictions. It is possible that physical properties of
the asteroids can result in lower drift rates than expected, as was the

case for 50% of our targets. Further discussion of this can be found in
Section 4.

We were unsuccessful at attempts to observe a handful of targets
with LCOGT during the 19−month period of the program from
November 2016 to May 2018 due to weather and competition on the
network. These included (480820) 1998 VF32, (226514) 2003 UX34,
1995 CR, 2001 SQ263, 2000 HB24, 2012 TC4, 2006 AL4, 2016 CO246,
2010 GD35, and 2004 RQ252. Of these, 2012 TC4, 2016 CO246, and
2010 GD35 yielded >3σ Yarkovsky detections (SNR = 4.2, 4.0, and
3.1, respectively) from the other groups also involved in observing
these targets. 1995 CR yielded a <3σ detection and the rest were not
observed by the other groups.

4. Discussion

50% of our observed targets that were predicted to be the best
candidates for obtaining Yarkovsky detections (see Section 2 for our
target selection criteria) failed to lead to >3σ detections. The large
fraction of predictions that did not yield a detection imply that the
modeling used for the prediction and determination of the Yarkovsky
effect has limitations. However, these predictions rely on typically
unknown asteroid physical properties such as obliquity, rotation rate,
surface thermal inertia, bulk density, and mass (Bottke et al., 2006), so
it is difficult to make improvements.

As described in Section 2.1, Bennu’s physical properties may result
in overestimates of the magnitude of A2, as our 50% detection rate
would suggest. Fig. 2 shows a stacked histogram of the ratio of mea-
sured (A2 + A2 uncertainty) to extrapolated (from that of Bennu) A2

values for all the candidates observed in the program. For all but three
of the candidates, A A A( ) (extrapolated2 2 2> + uncertainty) with a slight
gradient in the decrease of A A( 2 2+ uncertainty) / (A2)extrapolated as the
SNR decreases. We find that the median overestimate of (A A2 2+ un-
certainty) from (A2)extrapolated is 2.6 for the <1σ detections, 1.6 for the
<3σ detections, and 1.5 for the >3σ detections. However, without
knowing more details about the physical properties of these individual
asteroids, it will be difficult to use this information to improve pre-
dictions of additional Yarkovsky candidates in the future. It is im-
portant to be aware that (A2)extrapolated is more like an upper bound than
a prediction.

The discrepancy between (A2)extrapolated and (A A2 2+ uncertainty)
for most of our targets means the drift rate due to the Yarkovsky effect
for these asteroids must be smaller than that of Bennu. This may point
to differences in the physical properties of these asteroids compared to

Table 2
Yarkovsky signal detections for LCOGT Yarkovsky observation program.
Negative A2 values imply retrograde rotation (direction of rotation is opposite
that of orbital motion) and inward semimajor axis drift, while positive A2 va-
lues imply prograde rotation and outward drift.

Yarkovsky A2 value A2 uncertainty Detected
Target (AU/day)2 (AU/day)2 SNR

(480808) 1994 XL1 −4.8e−14 4.0e−15 12
(481442) 2006 WO3 −5.6e−14 1.4e−14 4.0
(480883) 2001 YE4 −7.0e−14 9.6e−16 73
(348306) 2005 AY28 −7.4e−14 1.7e−14 4.4
(163023) 2001 XU1 3.9e−14 1.3e−14 3.0
(192559) 1998 VO −3.1e−14 8.0e−15 3.9
2011 EP51 −3.2e−13 5.0e−14 6.4
(364136) 2006 CJ −2.8e−14 3.4e−15 8.2
(154590) 2003 MA3 −7.3e−14 1.6e−14 4.6
(437841) 1998 HD1 −7.0e−14 2.1e−14 3.3
(326354) 2000 SJ344 −1.7e−13 2.5e−14 6.8
(499998) 2011 PT −2.2e−13 3.0e−14 7.3
2006 TU7 1.7e−13 3.0e−14 5.7
2007 TF68 −1.7e−13 2.8e−14 6.1
(376879) 2001 WW1 −5.8e−14 1.9e−14 3.1
(506590) 2005 XB1 1.1e−13 1.8e−14 6.1
(3361) 1982 HR 2.1e−14 2.9e−15 7.2
2003 FY6 −6.4e−14 1.3e−14 4.9

Table 3
Observed targets for which no Yarkovsky signal was detected (i.e., < 3σ
Yarkovsky detections).

Yarkovsky A2 value A2 uncertainty Detected
Target (AU/day)2 (AU/day)2 SNR

2012 YK −8.6e−14 6.6e−14 1.3
(265482) 2005 EE 7.2e−14 3.8e−14 1.9
(494710) 2005 MO13 −4.6e−14 2.8e−14 1.6
(495829) 1995 LG 1.8e−15 6.4e−15 0.28
2011 KE3 −1.7e−13 1.1e−13 1.5
2003 DZ15 −3.4e−14 8.0e−14 0.43
(162183) 1999 NB5 −5.5e−15 2.0e−14 0.28
(496901) 2001 HB −8.1e−14 2.9e−14 2.8
(503941) 2003 UV11 6.2e−15 3.5e−15 1.8
(513312) 2007 DM41 6.7e−14 3.5e−14 1.9
(497113) 2004 EK1 −4.5e−14 2.0e−14 2.3
(506491) 2003 UW29 2.1e−14 2.4e−14 0.88
(234145) 2000 EW70 −1.4e−14 1.1e−14 1.3
(216985) 2000 QK130 6.7e−14 2.6e−14 2.6
(388189) 2006 DS14 −2.6e−14 1.8e−14 1.4
(267940) 2004 EM20 −3.6e−14 1.9e−14 1.9
(516435) 2004 FJ29 −3.3e−14 1.7e−14 1.9
2010 JO33 −6.9e−14 4.8e−14 1.4

12 https://ssd.jpl.nasa.gov/sbdb.cgi.
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Fig. 1. Measured A2 values for all Yarkovsky candidates observed in the program. 18 targets have >3σ detections (blue circle). 14 targets have < 3σ detections
(orange x) and 4 targets have < 1σ detections (green +). Only those with > 3σ measurements are deemed real detections.

Fig. 2. Stacked histogram of the ratio of the measured (A A2 2+ uncertainty) values to the A2 values extrapolated from that of Bennu using Eq. 2 for all Yarkovsky
candidates observed in the program. 18 targets have > 3σ detections (blue), 14 targets have <3σ detections (green), and 4 targets have <1σ detections (cyan).
Only those with >3σmeasurements are deemed real detections. The median overestimate of (A A2 2+ uncertainty) from (A2)extrapolated is 2.6 for the <1σ detections,
1.6 for the < 3σ detections, and 1.5 for the > 3σ detections.
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Bennu such as larger densities or mid-range obliquities (or both).
However, without knowing more information about the physical
properties of these asteroids, it is difficult to tell the source of the dis-
crepancy for each asteroid.

14 out of our 18 (78%) confirmed (> 3σ) Yarkovsky drifters are
measured to be retrograde rotators (negative A2 values).
Farnocchia et al. (2013a) and Nugent et al. (2012) find 81% and 71%,
respectively, of their measured Yarkovsky drifters to have retrograde
rotation. The predominance of retrograde rotators in the NEO popula-
tion is expected due to the inward drift of asteroids in the main belt into
mean-motion resonances in the inner belt that raise asteroid eccentri-
cities to the NEO region (pericenter q<1.3 AU), such as the ν6 secular
resonance and the 3:1 mean-motion resonance with Jupiter located in
the inner main belt (Granvik et al., 2017). Bottke et al. (2002),
La Spina et al. (2004), and Tardioli et al. (2017) predict the retrograde/
prograde ratio from NEO feeding mechanisms to be 2:1, with which we
are roughly consistent.

The observing program with LCOGT has contributed the addition of
18 asteroids to the list of Yarkovsky detections (and 18 asteroids to the
list of non-detections). More discoveries, long data arcs, and higher
precision data will lead to an ever-increasing list of Yarkovsky detec-
tions. These detections can aid in better-determined orbits and asteroid
obliquity distributions. Yarkovsky detections can yield asteroid rotation
rates and directions, which can be used to better determine the im-
portance of resonant NEO source populations (Granvik et al., 2017). An
increasing number of Yarkovsky detections can also help place con-
straints on physical properties of individual asteroids such as obliquity,
rotation rate, surface thermal inertia, bulk density, and mass
(Bottke et al., 2006). However, astrometric measurements of the Yar-
kovsky effect alone will not disentangle the physical properties for any
given asteroid due to their coupled dependence on the Yarkovsky effect.
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