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We seek evidence of the Yarkovsky effect among Near Earth Asteroids (NEAs) by measuring the Yarkov-
sky-related orbital drift from the orbital fit. To prevent the occurrence of unreliable detections we employ
a high precision dynamical model, including the Newtonian attraction of 16 massive asteroids and the
planetary relativistic terms, and a suitable astrometric data treatment. We find 21 NEAs whose orbital
fits show a measurable orbital drift with a signal to noise ratio (SNR) greater than 3. The best determina-
tion is for asteroid (101955) 1999 RQ36, with an SNR � 200. In some cases it is possible to constrain phys-
ical quantities otherwise unknown. Furthermore, the distribution of the detected orbital drifts shows an
excess of retrograde rotators that can be connected to the delivery mechanism from the most important
NEA feeding resonances and allows us to infer the obliquity distribution of NEAs. We discuss the impli-
cations of the Yarkovsky effect for impact predictions. In particular, for asteroid (29075) 1950 DA our
results favor a retrograde rotation, which may have implications for the 2880 impact threat.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction Until recently, the Yarkovsky effect has been measured directly
It is well known that nongravitational forces should be consid-
ered as important as collisions and gravitational perturbations for
the overall understanding of asteroid evolution (Bottke et al.,
2006). The most important nongravitational perturbation is the
Yarkovsky effect, which is due to radiative recoil of anisotropic
thermal emission and causes asteroids to undergo a secular semi-
major axis drift da/dt. Typical values of da/dt for sub-kilometer
NEAs are 10�4–10�3 au/Myr (Vokrouhlický et al., 2000).

The Yarkovsky acceleration depends on several physical quanti-
ties such as spin state, size, mass, shape, and thermal properties
(Vokrouhlický, 1999). Furthermore, Rozitis and Green (2012) show
that surface roughness also plays an important role by enhancing
the Yarkovsky related semimajor axis drift by as much as tens of
per cent. Though no complete physical characterization is typically
available to compute the Yarkovsky acceleration based on a ther-
mophysical model, the orbital drift may be detectable from an
astrometric dataset. As a matter of fact, purely gravitational
dynamics could result in an unsatisfactory orbital fit to the obser-
vational data. This is especially true when extremely accurate
observations are available, e.g., radar observations, or when the
observational dataset spans a long time interval thus allowing
the orbital drift to accumulate and become detectable.
ll rights reserved.
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only in three cases, (6489) Golevka (Chesley et al., 2003), (152563)
1992 BF (Vokrouhlický et al., 2008), and recently for (101955) 1999
RQ36 (Chesley et al., 2012). For both Golevka and 1999 RQ36 the
Yarkovsky perturbation must be included to fit accurate radar
observations spanning three apparitions. For 1992 BF the Yarkov-
sky effect is needed to link four precovery observations of 1953.
Furthermore, in the case of 1999 RQ36 the available physical char-
acterization, along with the estimate of the Yarkovsky effect, al-
lows the estimate of the asteroid’s bulk density.

Nugent et al. (2012b) find 54 detections of semimajor axis drift
by performing a search for semimajor axis drift among NEAs sim-
ilar to the one presented in this paper. However, there are differ-
ences in the observational data treatment, in the modeling, and
in the selection filters. A description of the differences and a com-
parison of the results is provided in Section 3.2. Nugent et al.
(2012a) use WISE-derived geometric albedos and diameters to pre-
dict orbital drifts for 540 NEAs. Even if none of these objects has an
observational record that allows one to measure the predicted
orbital drift, the authors list upcoming observing opportunities
that may reveal the Yarkovsky signal.

The Yarkovsky effect plays an important role for orbital predic-
tions such as those concerning Earth impacts. In particular, when
an asteroid has an exceptionally well constrained orbit, the Yar-
kovsky effect may become the principal source of uncertainty.
Milani et al. (2009) show how the size of the semimajor axis drift
along with its uncertainty modifies impact predictions for the next
century for 1999 RQ36. The cumulative impact probability is

http://dx.doi.org/10.1016/j.icarus.2013.02.004
mailto:Davide.Farnocchia@jpl.nasa.gov
http://dx.doi.org/10.1016/j.icarus.2013.02.004
http://www.sciencedirect.com/science/journal/00191035
http://www.elsevier.com/locate/icarus


2 D. Farnocchia et al. / Icarus 224 (2013) 1–13
approximately 10�3, while a Yarkovsky-free propagation would
rule out any impact event. Chesley et al. (2012) improve the da/
dt estimate by means of September 2011 Arecibo radar measure-
ments and find a cumulative impact probability approximately
4 � 10�4. Another remarkable case is (99942) Apophis. Though
only a marginal da/dt estimate is available, Giorgini et al. (2008)
and Chesley et al. (2009) prove that the occurrence of an impact
in 2036 is decisively driven by the magnitude of the Yarkovsky ef-
fect. In the longer term, Giorgini et al. (2002) show that an impact
between asteroid (29075) 1950 DA and the Earth in 2880 depends
on the accelerations arising from thermal re-radiation of solar en-
ergy absorbed by the asteroid.

2. Methodology

2.1. Yarkovsky modeling and determination

The Yarkovsky effect depends on typically unknown physical
quantities. As the primary manifestation is a semimajor axis drift,
we seek a formulation depending on a single parameter to be
determined simultaneously with the orbital elements from the
observational dataset. To bypass the need of physical characteriza-
tion we used a comet-like model (Marsden et al., 1973) for trans-
verse acceleration at = A2 g(r), where g is a suitable function of
the heliocentric distance r and A2 is an unknown parameter.

For a given A2 we estimate semimajor axis drift by means of
Gauss’ perturbative equations:

_a ¼ 2a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� e2
p

nr
A2gðrÞ ð1Þ

where a is the semimajor axis, e is the eccentricity and n is the mean
motion. By averaging we obtain

�_a ¼ a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� e2
p

A2

p

Z T

0

gðrÞ
r

dt ¼ A2

pna

Z 2p

0
rgðrÞdf ð2Þ

where T is the orbital period and f is the true anomaly. Let us now
assume g(r) = (r0/r)d, where r0 is a normalizing parameter, e.g., we
use r0 = 1 au. In this case the semimajor axis drift is

�_a ¼ A2ð1� e2Þ
pn

r0

p

� �d Z 2p

0
ð1þ e cos f Þd�1 df ð3Þ

By Taylor expansion, we have
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ek
Z 2p
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The odd powers of the cosine average out, so we obtain

�_a ¼ 2A2ð1� e2Þ
n
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p
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Jðe; dÞ ð5Þ

where
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¼ 1� dþ 1

2kþ 2

� �
1� d

2kþ 2

� �
ð7Þ

is smaller than 1 for d > 0 and k large enough. Therefore, ak are
bounded and J(e,d) is convergent for any e < 1. Eq. (7) can be used
to recursively compute ak starting from a0 = 1. For integer d the ser-
ies J is a finite sum that can be computed analytically, e.g., J(e,2) = 1
and J(e,3) = 1 + 0.5e2.

For a fixed d we have a transverse acceleration at = A2(r0/r)d. To
determine A2 we used a 7-dimensional differential corrector:
starting from the observational dataset we simultaneously deter-
mine a best-fitting solution for both the orbital elements and A2

along with an associated covariance matrix C describing the uncer-
tainty of the nominal solution. The marginal uncertainty of A2 is
obtained from C: rA2 ¼

ffiffiffiffiffiffiffi
c77
p

, where cij is the generic element of
C. This uncertainty is then mapped to the uncertainty of the semi-
major axis drift by means of Eq. (5).

The proper value of d is not easily determined. From Vokrouh-
lický (1998), we have

at ’
4ð1� AÞ

9
UðrÞf ðHÞ cos c; f ðHÞ ¼ 0:5H

1þHþ 0:5H2 ð8Þ

for the Yarkovsky diurnal component (which is typically dominant),
where A is the Bond albedo, H is the thermal parameter, c is the
obliquity, and U(r) is the standard radiation force factor, which is
inversely proportional to the bulk density q, the diameter D, and
r2. The thermal parameter H is related to the thermal inertia C
by means of the following equation

H ¼ C

erT3
�

ffiffiffiffiffiffiffi
2p
P

r
ð9Þ

where e is the emissivity, r is the Boltzmann’s constant, T� is the
subsolar temperature, and P is the rotation period. In this paper
we use d = 2 to match the level of absorbed solar radiation. Then,
from Eq. (8) we have that

A2 ’
4ð1� AÞ

9
Uð1 auÞf ðHÞ cos c ð10Þ

However, as T� / r�0.5 we have that H / r1.5, therefore the best va-
lue of d depends on the object’s thermal properties:

� for H� 1 we obtain f / r�1.5, which gives d = 3.5;
� for H� 1 we obtain f / r1.5, which gives d = 0.5.

These are limit cases, the true d is always going to be between
them. As a matter of fact, it turns out that most NEAs, whose rota-
tion period is not excessively large and whose surface thermal
inertia is not excessively small or large, have typically values of
H near unity or only slightly larger, and we can thus expect d val-
ues in the range 2–3. As an example, Chesley et al. (2012) show
that for 1999 RQ36 the best match to the Yarkovsky perturbation
computed by using a linear heat diffusion model is d = 2.75.

What matters to us is that da/dt does not critically depend on
the chosen value of d. As an example for asteroid 1999 RQ36 we
have that da/dt = (�18.99 ± 0.10) � 10�4 au/Myr for d = 2 and da/
dt = (�19.02 ± 0.10) � 10�4 au/Myr for d = 3. Another example is
Golevka, for which we obtain da/dt = (�6.62 ± 0.64) � 10�4 au/
Myr for d = 2 and da/dt = (�6.87 ± 0.66) � 10�4 au/Myr for d = 3.
In both cases the difference in da/dt due to the different values as-
sumed for d is well within one standard deviation.

2.2. Dynamical model

To consistently detect the Yarkovsky effect we need to account
for the other accelerations down to the same order of magnitude.
For a sub-kilometer NEA, typical values of at range from 10�15 to
10�13 au/d2.

Our N-body model includes the Newtonian accelerations of the
Sun, eight planets, the Moon, and Pluto that are based on JPL’s
DE405 planetary ephemerides (Standish, 2000). Furthermore, we
added the contribution of 16 massive asteroids, as listed in Table 1.

We used a relativistic force model including the contribution of
the Sun, the planets, and the Moon. Namely, we used the Einstein–
Infeld–Hoffman (EIH) approximation as described in Moyer
(2003) or Will (1993). As already noted in Chesley et al. (2012),



Table 1
Gravitational parameters of perturbing asteroids. The masses
of Ceres, Pallas, and Vesta are from Standish and Hellings
(1989), the ones of Euphrosyne and Herculina are from the
Institute of Applied Astronomy of RAS, St. Petersburg, Russia
(http://www.ipa.nw.ru/PAGE/DEPFUND/LSBSS/engmas-
ses.htm), the mass of Juno is from Konopliv et al. (2011), all
the others are from Baer et al. (2011).

Asteroid Gm (km3/s2)

(1) Ceres 63.200
(2) Pallas 14.300
(4) Vesta 17.800
(10) Hygea 6.0250
(29) Amphitrite 1.3271
(511) Davida 3.9548
(65) Cybele 1.0086
(9) Metis 1.3669
(15) Eunomia 2.2295
(31) Euphrosyne 1.1280
(52) Europa 1.2952
(704) Interamnia 4.7510
(16) Psyche 1.7120
(3) Juno 1.9774
(532) Herculina 1.5262
(87) Sylvia 1.3138

4.8 4.9 5 5.1 5.2 5.3 5.4 5.5 5.6

x 104

10−20

10−19

10−18

10−17

10−16

10−15

Time [MJD]

Pe
rtu

rb
at

io
n 

m
ag

ni
tu

de
 [k

m
/s

2 ]

Earth
Jupiter
Yarkovsky

Fig. 1. Relativistic accelerations of the Earth and Jupiter as they formally appear in
the EIH equations of motion compared to the transverse Yarkovsky acceleration
acting on Golevka.
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the relativistic term of the Earth should not be neglected because
of significant short range effects during Earth approaches that
NEAs may experience. For asteroids with a large perihelion dis-
tance such as Golevka also Jupiter’s term could be relevant. Fig. 1
compares the relativistic accelerations of the Earth and Jupiter as
they formally appear in the EIH equations of motion to the trans-
verse Yarkovsky acceleration acting on Golevka.

2.3. Observational error model

The successful detection of the Yarkovsky effect as a result of the
orbital fit strongly depends on the quality of the observations in-
volved. In particular, the availability of radar data is often decisive
due to the superior relative accuracy of radar data with respect to
optical ones. Moreover, radar measurements are orthogonal to opti-
cal observations: range and range rate vs. angular position in the sky.

Since the Yarkovsky effect acts as a secular drift on semimajor
axis we have a quadratic effect in mean anomaly: the longer the
time span the stronger the signal. However, the presence of biases
in historical data and unrealistic weighting of observations may
lead to inaccurate results. To deal with this problem we applied
the debiasing and weighting scheme described in Chesley et al.
(2010). This scheme is a valid error model for CCD observations,
while for pre-CCD data the lack of star catalog information and
the very uneven quality of the observations represents a critical
problem. In these cases the occurrence of unrealistic nominal val-
ues for Yarkovsky model parameters presumably point to bad
astrometric treatments and have to be rejected.

To prevent outliers from spoiling orbital fits, we applied the
outlier rejection procedure as described in Carpino et al. (2003).

Besides the astrometric treatment described above, in the fol-
lowing cases we applied an ad hoc observation weighting:

� 1999 RQ36: as already explained by Chesley et al. (2012), in
some cases there are batches containing an excess of observa-
tions from a single observatory in a single night. In particular
there are four nights, each with about 30 observations from
observatory La Palma. To reduce the effect of these batches to
a preferred contribution of 5 observations per night, we relaxed
the weight by a factor

ffiffiffiffiffiffiffiffiffi
N=5

p
, where N is the number of obser-

vations contained in the batch.
� 1992 BF: as the precovery observations of 1953 have been care-

fully remeasured in Vokrouhlický et al. (2008), these observa-
tions were given a weight at 0.500 in right ascension and 100 in
declination.
� Apollo: the large dataset available for Apollo contains observa-

tions going back to 1930. Many pre-CCD era observation batches
show unusually high residuals, especially during close Earth app-
roches. To lower the effect of non-CCD observation, we used
weights at 1000 for observations from 1930 to 1950 and 300 from
1950 to 1990. By using weights at 1000 we made sure we included
all non-CCD observations, thus reducing the average error and
avoiding to fit a possibly inaccurate subset only.
� 1989 ML: the discovery apparition contains observations from

Palomar Mountain showing large residuals whether or not the
Yarkovsky perturbation is included in the model. Even if this
apparition increases the observed arc by only 3 years we felt
it safer to weight the corresponding observations at 300.

2.4. Treatment of precovery observations

There are a few cases where the Yarkovsky signal is mainly con-
tained in few isolated precovery observations. This is the case of
the already mentioned asteroid 1992 BF, which has four isolated
observations in 1953 from Palomar Mountain DSS. Other cases are

� 1999 FK21, which has six isolated observations in 1971 from
Palomar Mountain.
� 2001 MQ3, which has four isolated observations in 1951 from

Palomar Mountain DSS.
� 1989 UQ, which has three isolated observations in 1954 from

Palomar Mountain.
� 1991 VE, which has four isolated observations in 1954 from Pal-

omar Mountain DSS.

For all these cases it would be desirable to remeasure the pre-
covery observations as was done for 1992 BF in Vokrouhlický
et al. (2008), where precovery observations were corrected by an
amount of up to 3.100. For this reason we conservatively gave
weights at 300 to the precovery observations of the four asteroids
above.

Besides the conservative weighting, we ruled out clock error as
a possible cause of the Yarkovsky signal. Fig. 2 shows the scenario
for the four mentioned asteroids during the precovery apparition.
We can see that it is not possible to match the observations by

http://www.ipa.nw.ru/PAGE/DEPFUND/LSBSS/engmasses.htm
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translating the non-Yarkovsky uncertainty ellipse on the along
track direction. The Yarkovsky solution produces a shift in the
weak direction that give a better match to the observations, in par-
ticular when we take the average of the observed positions.

2.5. Filtering spurious results

To assess the reliability of the Yarkovsky detections we com-
puted an expected value for A2 starting from the 1999 RQ36 case,
which is the strongest and most reliable detection, by scaling
according to (10)

ðA2Þexp ¼ ðA2ÞRQ36
DRQ36

D
ð11Þ

For diameter D we used either the known value when
available or an assumed value computed from the absolute magni-
tude H according to the following relationship (Pravec and Harris,
2007):

D ¼ 1329 km� 10�0:2Hffiffiffiffiffiffi
pV
p ð12Þ

where pV is the albedo, assumed to be 0.154 if unknown, in
agreement with Chesley et al. (2002).
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Some physical properties of 1999 RQ36 maximize A2 (Chesley
et al., 2012). In particular c is nearly 180�, A is 0.01, and q is low
(0.96 g/cm3). On the other hand H = 4.33 for which f(H) ’ 0.15
while the maximum is ’0.21. For these reasons we selected those
Yarkovsky detections for which S ¼ jA2=ðA2Þexpj was smaller than
1.5. The selected threshold allows some tolerance as we are scaling
only by D without accounting for other quantities such as bulk den-
sity, thermal properties, obliquity, spin rate, and surface roughness.

A high signal to noise ratio SNR ¼ jA2j=rA2 threshold is likely to
produce robust detections with respect to the astrometric data
treatment. With lower SNR the sensitivity to the observation error
model increases and detections become less reliable. We decided
that 3 was a sensible choice for minimum SNR, even if we analyze
detections with smaller SNR in Section 3.3.
3. Results

We applied our 7-dimensional differential corrector to deter-
mine the parameter A2 and the corresponding da/dt for all known
NEAs. After applying the filters discussed in Section 2.5 we obtain
21 Yarkovsky detections that we consider reliable (Table 2). The re-
ported uncertainties are marginal, i.e., they fully take into account
the correlation between A2 (and thus da/dt) and the orbital elements.
−1012345678

−1

0

1

2

3

4

5

6

RA [arcsec]

D
EC

 [a
rc

se
c]

2001 MQ3

Observed
Mean observed
w/o Yark
w Yark
Uncertainty
Sky motion

−6−5−4−3−2−101
−3

−2.5

−2

−1.5

−1

−0.5

0

0.5

1

1.5

2

RA [arcsec]

D
EC

 [a
rc

se
c]

1991 VE
Observed
Mean observed
w/o Yark
w Yark
Uncertainty
Sky motion

th with and without the Yarkovsky perturbation in the dynamics. The uncertainty
level. The dashed lines represent the predicted motion in the sky of the asteroid in

positions, stars are the mean of the measured positions, while diamonds are the
rigin is arbitrarily set to the non-Yarkovsky prediction.



Ta
bl

e
2

Se
m

im
aj

or
ax

is
,e

cc
en

tr
ic

it
y,

ab
so

lu
te

m
ag

ni
tu

de
,p

hy
si

ca
la

nd
Ya

rk
ov

sk
y

pa
ra

m
et

er
s,

an
d

ob
se

rv
at

io
na

li
nf

or
m

at
io

n
fo

r
se

le
ct

ed
N

EA
s.

Th
e

ph
ys

ic
al

qu
an

ti
ti

es
fo

r
19

99
RQ

3
6

ar
e

fr
om

Ch
es

le
y

et
al

.(
20

12
).

G
ol

ev
ka

’s
ob

liq
ui

ty
c

is
fr

om
H

ud
so

n
et

al
.(

20
00

),
A

po
llo

’s
fr

om
Ď
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Ď

ur
ec

h
et

al
.(

20
08

a)
,a

nd
To

ro
’s

fr
om

Ď
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We cross-checked these detections by using two independent
software suites: the JPL Comet and Asteroid Orbit Determination
Package and OrbFit (http://adams.dm.unipi.it/orbfit/)1: in all cases
we found agreement at better than the 1-r level.

3.1. 2009 BD

Despite the short observed arc, asteroid 2009 BD has a quite
accurate orbit, e.g., the semimajor axis uncertainty is 5 � 10�8 au.
The observational dataset contains some observations rejected as
outliers from the Mauna Kea observatory. Micheli et al. (2012)
show that including solar radiation pressure allows an improve-
ment in the fit to the observations and the recovery of Mauna
Kea observations. Therefore, we also included in the model a radial
acceleration ar = A1/r2. Along with the tabulated value of A2, we ob-
tained A1 = (62.05 ± 8.85) � 10�12 au/d2. This results in an area to
mass ratio A/M = (2.72 ± 0.39) � 10�4 m2/kg, which is consistent
at the 1-r level with the value reported by Micheli et al. (2012),
i.e., (2.97 ± 0.33) � 10�4 m2/kg.

After including A1 and A2 in the orbital solution, the uncertainty
in semimajor axis is about 4.3 � 10�8 au, which is significantly
smaller than the product between the detected semimajor axis
drift and the observed arc time interval, i.e., 1.5 � 10�7 au.

The value of A2 seems quite large, but it is consistent with the
expected size of this object. From the absolute magnitude
H = 28.2 we obtain an estimated diameter of 8 m and the parame-
ter S computed accordingly is 0.4.

3.2. Comparison with other published results

The first three objects of Table 2 are the already known cases of
Golevka, 1992 BF, and 1999 RQ36. While for 1999 RQ36 there is a
perfect match between our result and the one in Chesley et al.
(2012), for Golevka and 1992 BF the values are different from Ches-
ley et al. (2003) and Vokrouhlický et al. (2008), respectively. How-
ever, this can be easily explained by the availability of new
astrometry and the fact that the present paper adopted the debias-
ing and weighting scheme by Chesley et al. (2010), which was not
available at the time of the earlier publications.

As already mentioned, Nugent et al. (2012b) performed a search
similar to the one presented in this paper and found 54 NEAs with
a measurable semimajor axis drift. The main differences are the
following:

� They selected only numbered objects, while we included all
known NEAs.
� Their observation dataset was slightly different as they used

observations until 2012 January 31, while we have data until
2012 October 31. This difference does not really matter for optical
data, but it does for radar data, e.g., for Aten and Toro. Moreover,
they did not use single apparition radar observations, while we
did as we think they represent an important constraint.
� They solved for constant da/dt while we used constant A2 and

then convert to da/dt. These techniques are equivalent when
the semimajor axis and eccentricity are constant, but there
could be differences as we cannot assume da/dt constant for
objects experiencing deep planetary close approaches. How-
ever, the error due to close encounter is generally smaller than
the da/dt standard deviation.
� They searched for the best-fit da/dt by means of the golden sec-

tion algorithm, i.e., they computed the RMS of the residuals cor-
responding to the best fitting orbital elements for fixed values
1 OrbFit was used in the development version 4.3, currently in beta-testing.

http://adams.dm.unipi.it/orbfit/
http://earn.dlr.de/nea/
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of da/dt, then the minimum is obtained by interpolation. In this
paper we used a full 7-dimensional differential corrector. The
two methods should be equivalent.
� They used 1 as lower bound for SNR, while we use 3 that gives

detections more robust against changes in the observation
weighting. Also, they used the ‘‘sensitivity’’ parameter, i.e., a
metric to measure the sensitivity of an observational dataset
to the presence of a semimajor axis drift. We did not use such
a metric as we think that an SNR P 3 is already a good metric
in that respect.
� We kept only those objects for which the measured orbital drift

can be related to the Yarkovsky perturbation presuming that
inconsistencies stem from astrometric errors, while they also
considered the possibility of other nongravitational effects such
as a loss of mass.

Table 2 contains a comparison between our orbital drifts and
the ones reported by Nugent et al. (2012b). 2009 BD, 1999 MN,
and 2005 ES70 are present only in our list as they are not num-
bered, while 2001 MQ3, 1989 UQ, 1991 VE, and Illapa are elimi-
nated by their filters. It is worth pointing out that also 1999
RQ36, Golevka, and YORP have been filtered out by Nugent et al.
(2012b) criteria, even though they report the corresponding detec-
tions for a comparison with Chesley et al. (2008). This is likely to be
due to the lack of radar information in the computation of the sen-
sitivity parameter.

Among the cases that Nugent et al. (2012b) report with SNR > 3
we did not include the following three:

� (1036) Ganymed for which we found A2 = (�16.54 ± 4.35) �
10�15 au/d2, corresponding to da/dt = (�6.06 ± 1.59) � 10�4 au/
Myr. However, the nominal A2 is 28 times larger than (A2)exp, so
we marked this detection as spurious. As Ganymed observations
go back to 1924, this unreliable detection might be due to bad
quality astrometry.
� (4197) 1982 TA for which we used the radar apparition of 1996,

which reduced the SNR below 1. For this object we found
A2 = (5.61 ± 14.26)� 10�15 au/d2, corresponding to da/dt = (3.88 ±
9.86) � 10�4 au/Myr. For comparison Nugent et al. (2012b)
report da/dt = (30.9 ± 9.2) � 10�4 au/Myr.
� (154330) 2002 VX4 for which we found A2 = (102.36 ±

36.34) � 10�15 au/d2, corresponding to da/dt = (43.10 ± 15.25) �
10�4 au/Myr. Again, the value of A2 was �4 times larger than
(A2)exp, so also this detection was marked as spurious.

Besides the differences outlined above, there is an overall agree-
ment for the common cases. As a matter of fact by computing the r
of the difference, i.e., r2 ¼ r2

1 þ r2
2, there are only two cases that

are not consistent at the 1-r level:

� 1992 BF, for which we applied suitable weights (see Section 2.3)
for the remeasured observations (Vokrouhlický et al., 2008) of
the 1953 apparition. By using the Chesley et al. (2010) standard
weights the uncertainty in da/dt of our detection increases to
0.97 � 10�4 au/Myr, and therefore we are consistent with
Nugent et al. (2012b) at the 1-r level.
� Apollo, for which we applied a suitable manual weighting as

described in Section 2.3.
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3.3. Lower SNR and small orbital drifts

Table 3 contains detections that we rate as non-spurious on the
basis of the S ratio between expected and measured value, down
to SNR = 2 plus the following remarkable cases:
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� 1999 FA, which has 1 isolated observation in 1978 from Siding
Spring Observatory. By performing the same analysis of Sec-
tion 2.4 (see Fig. 3) we see no clear improvement due to Yarkov-
sky as the observation is 3.5–4r away from the prediction
either way. In this case a clock error may bring the Yarkovsky
solution close to the observation. As this detection depends on
a lone, isolated observation we would rather be cautious and
consider this detection reliable only if the 1978 observation is
remeasured.
� Eros, which looks like a reliable detection as S ¼ 0:75. How-

ever, the obliquity is known to be 89� (Yeomans et al., 2000)
and then we enter the regime where the seasonal component
of the Yarkovsky effect is dominant. As the seasonal component
is typically 10 times smaller then the diurnal one (Vokrouhlický
et al., 2000) we mark this detection as spurious. This points to
possible bad astrometric treatment, especially for historical
observations dating back to 1893.
� Toutatis, which enters the Main Belt region because of the

4.12 au aphelion and the low inclination (0.44�). Therefore, it
is important to account for the uncertainty in the masses of
the perturbing asteroids. By taking into account the uncertainty
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of the perturbing asteroid masses the actual uncertainty in A2

increases by 11% with a commensurable drop in SNR. Fig. 4
shows the evolution of A2 as a function of the number of per-
turbers for asteroids 1999 RQ36 and Toutatis. While for 1999
RQ36 (aphelion 1.36 au) we reach convergence with just four
perturbers, for Toutatis we have a quite irregular behavior sug-
gesting that we may need to include more perturbers.
� 1994 XL1, whose observations in 1994 from Siding Spring

Observatory show high residual so we relaxed weights at 300.
� 2005 QC5 and 2000 NL10 have been included despite the low

SNR. Similarly to the cases described in Section 2.4, we applied
weights at 300 to precovery observations and this data treatment
weakened the Yarkovsky detection. However, we think that
remeasuring the precovery observations may lead to reliable
Yarkovsky detections for these objects.
� 1950 DA, for which the Yarkovsky effect plays an important role

for impact predictions, e.g., see Section 4.4.

There are other objects with an even lower SNR for which the
Yarkovsky signal might be revealed if precovery observations were
remeasured: (11284) Belenus, (66400) 1999 LT7, (4688) 1980 WF,
(67399) 2000 PJ6, (267759) 2003 MC7, and (88710) 2001 SL9.

Though these detections have to be considered less reliable,
some of them may be good candidates for becoming stronger
detections in the future if high quality astrometry is obtained,
e.g., by radar or Gaia (Mignard, 2003).

The results presented so far do not capture those cases for
which the orbital drift truly is small. In fact, when da/dt � 0 the
SNR is unlikely to be greater than 1. Table 4 contains detections
with SNR < 2 such that

jðA2Þexpj � jA2j
rA2

> 3 ð13Þ

This inequality ensures that the possible magnitude of the Yarkov-
sky effect is significantly smaller (3-r level) than expected. In par-
ticular, for Icarus we obtain a strong constraint on A2 and thus da/dt,
which is consistent with Vokrouhlický et al. (2000, Fig. 5) where jda/
dtj < 3 � 10�4 au/Myr. These cases are interesting as they might be
an indication of obliquities near 90� (e.g., Icarus’ obliquity is
103�), excessively slow rotations, high bulk density, or small ther-
mal inertias.
Table 5
Probability of coming from one of the intermediate NEA source regions for the objects
of Table 2.

Asteroid m6 (%) MC (%) 3:1 (%) OB (%) JFC (%)

1999 RQ36 81.5 18.5 0.0 0.0 0.0
1992 BF 70.2 27.5 2.3 0.0 0.0
Golevka 15.9 21.7 39.6 22.8 0.0
2009 BD 78.8 21.2 0.0 0.0 0.0
Apollo 60.3 21.1 18.6 0.0 0.0
Aten 68.6 28.8 2.7 0.0 0.0
Nyx 65.0 20.2 5.3 9.5 0.0
Ra-Shalom 29.2 7.0 63.8 0.0 0.0
1989 ML 5.7 94.3 0.0 0.0 0.0
1999 MN 100.0 0.0 0.0 0.0 0.0
Hathor 75.2 19.2 5.6 0.0 0.0
1988 EG 60.2 26.7 13.1 0.0 0.0
Illapa 45.6 24.3 30.1 0.0 0.0
1999 FK21 72.1 27.9 0.0 0.0 0.0
Toro 62.9 27.7 9.4 0.0 0.0
2005 ES70 63.3 10.8 25.9 0.0 0.0
YORP 72.0 24.4 3.6 0.0 0.0
2001 MQ3 17.9 73.9 5.2 3.0 0.0
Geographos 60.4 27.8 11.7 0.0 0.0
1989 UQ 64.2 15.0 20.8 0.0 0.0
1991 VE 63.8 1.3 34.9 0.0 0.0

Average 58.7 25.7 13.9 1.7 0.0
4. Discussion

4.1. Connection with NEA feeding mechanisms

The diurnal Yarkovsky effect produces a semimajor axis drift
proportional to cosc (Vokrouhlický et al., 2000). As the diurnal
term is typically the dominant one, the sign of da/dt can be related
to the asteroid spin orientation, i.e., a negative da/dt corresponds to
a retrograde rotator while a positive da/dt corresponds to a pro-
grade rotator. This conclusion is supported by the eight known
obliquities for the asteroids in the sample that are listed in Table 2:
in all cases the spin axis obliquity is consistent with the sign of da/
dt.

We can now use this interpretation and our solution for the Yar-
kovsky semimajor axis drift values for NEAs in the following way.
Table 2 contains four prograde rotators and 17 retrograde rotators.
This excess of retrograde rotators can be explained by the nature of
resonance feeding into the inner Solar System (Bottke et al., 2002).
Most of the primary NEA source regions (e.g., the 3:1 resonance,
JFCs, Outer Belt, etc.) allow main belt asteroids to enter by drifting
either inwards or outwards, but the m6 resonance is at the inner
edge of the main belt and so asteroids can generally enter only
by inwards drift, i.e., with retrograde rotation. Bottke et al.
(2002) report that 37% of NEAs with absolute magnitude H < 22 ar-
rive via m6 resonance. La Spina et al. (2004) point out that this im-
plies 37% of NEAs have retrograde spin (via m6), plus half of the
complement (via other pathways). Thus, the retrograde fraction
should be 0.37 + 0.5 � 0.63 = 0.69, while La Spina et al. (2004) re-
port 67% retrograde for their sample, which is dominated by large
NEAs.

Table 2 contains 81% retrograde rotators, which is larger than
69% and thus, at face value, appears to be inconsistent with the
theory. The sample of asteroids shown in Table 2, however, is
based on measured Yarkovsky mobility and is not a representative
sample of the debiased NEA population as described by Bottke
et al. (2002). For example, the sample is dominated by small PHAs
(MOID < 0.05 AU) on fairly deep Earth-crossing orbits. We find that
9 of the 21 objects are Aten asteroids (43%), compared to the 6%
fraction predicted for the debiased NEA population. Bottke et al.
(2002) suggest that the majority of Atens (�79%) should come
from the innermost region of the main belt where the m6 resonance
is located. That would indicate the sampled objects are predis-
posed to have retrograde spin vectors.

To further quantify this, we used the debiased NEA model from
Bottke et al. (2002) to determine the probability that the objects in
Table 2 came from one of five intermediate source regions: the m6

secular resonance, the intermediate source Mars-crossing region
(MC), the 3:1 mean motion resonance with Jupiter, the outer main
belt (OB), and the transneptunian disk (which provides active and
inactive Jupiter-family comets, JFCs). Our results are shown in Ta-
ble 5. Next, we multiplied these values by a second set of probabil-
ities corresponding to whether a given intermediate source would
produce NEAs with prograde or retrograde spin vectors. Here we
assumed the m6 resonance would only produce NEAs with retro-
grade spin vectors, while the other sources would provide a 50–
50 mix of objects with prograde and retrograde spin vectors. Add-
ing these probabilities together and normalizing by the number of
objects in our sample, we predict that 79.3% of the objects in Ta-
ble 2 should have retrograde spins. We therefore find an excellent
match to the 81% ± 8% value provided by observations.

Asteroid 1999 MN represents a mismatch to the assumption
that the m6 resonance produces NEAs with only retrograde spin.
However, 1999 MN has a very peculiar orbit as it might have been
evolving in the planet-crossing space for more than 50 Myr. During
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this time various things might have occurred, including a situation
where the spin went over the end of a YORP cycle. Moreover, this
body is a prime candidate for being affected by tidal forces during a
close planetary encounter (i.e., high eccentricity Aten with low
inclination). As a matter of fact, Hicks et al. (2010) already sug-
gested the possibility of YORP and/or tidal spin-up. From its orbit,
1999 MN has a very high probability of encountering both Earth
and Venus.

To assess the behavior of the fraction of retrograde rotators as a
function of the SNR, we took all of the objects with S < 1:5. The left
panel of Fig. 5 shows the distribution of A2 and its uncertainty. The
excess of retrograde rotators is clearly visible for SNR > 3 and also
between 2 and 3, where small PHAs dominate. For lower SNR we
have a more uniform distribution. The right panel of Fig. 5 is a run-
ning mean of the fraction of retrograde rotators as a function of the
SNR. For SNR < 1 (372 objects) we are in a noise dominated regime
for which we have a rough 50% fraction of retrograde rotators, for
1 < SNR < 2 (51 objects) we have a transition from noise-domi-
nated to signal dominated, and for SNR > 2 (43 objects) we have
a signal dominated regime with around 80% retrograde rotators.

We can also try to use the detected values to infer the obliquity
distribution. From Eq. (10) we have that

A2 /
cos c

D
ð14Þ

and so we can estimate c by using the either known or estimated by
Eq. (12) diameter and using 1999 RQ36. By taking both the detec-
tions with SNR > 1 and those satisfying Eq. (13) with 1 as right hand
side, and assuming a fixed q = 1500 kg/m3 we obtain the distribu-
tion of Fig. 6, where the cases with jcoscj > 1 have been placed in
the extreme obliquity bins. For the detections with SNR < 1 the
nominal value of A2 is not very reliable, so we added a random com-
ponent corresponding to rA2 . Despite the low number of bins, we
can see the excess of retrograde rotators and the abundance of ob-
jects with an extreme obliquity, as expected from the YORP effect
(Čapek and Vokrouhlický, 2004). While this distribution should be
considered only approximate due to the numerous assumptions
(e.g., neglecting dependence on bulk density, shape and thermal
properties) we consider it to be a significant improvement over
what is otherwise known. However, we find it interesting that it ap-
pears to be consistent with the observed obliquity distribution of
the NEAs (La Spina et al., 2004).
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4.2. Spurious detections

Our search for Yarkovsky signal produced a large number of
spurious detections, i.e., semimajor axis drifts far larger than the
Yarkovsky effect would cause. Fig. 7 contains the histograms of
S for different SNR intervals. For SNR > 3 we have 67% spurious
detections, for 2 < SNR < 3 we have 88%.

It is worth trying to understand the reason of these spurious
solutions. We think there are two possible causes:

� Bad astrometry treatment: as discussed in Sections 2.3 and 2.4,
non-CCD observations may contain errors that are difficult to
model. If an ad hoc weighting is not used we may have mislead-
ing results. Indeed, spot checking of such cases generally con-
firmed isolated astrometry as source of spurious detections.
� Incompleteness or inconsistency in the dynamical model: the

formulation proposed in Section 2.1 is a simplified model of
the Yarkovsky perturbation that might be poor in some cases.
A more sophisticated formulation would require a rather com-
plete physical characterization that is typically unavailable
and thus cannot be used for a comprehensive search as done
in this paper. Moreover, as discussed in Section 3.3 for Toutatis,
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we may need to include more perturbing asteroids (and the
uncertainty in their masses) in the model. Finally, we cannot
rule out the possibility of nongravitational perturbations differ-
ent from Yarkovsky as also discussed by Nugent et al. (2012b).

4.3. Constraining physical quantities

The results reported in Table 2 can be used to constrain physical
quantities. When A, D, and c are known Eq. (10) provides a simple
relationship between q and H. This relationship can be easily
translated into a relationship between q and the thermal inertia
C by means of Eq. (9). As a benchmark of this technique we can
use asteroid 1999 RQ36 (Fig. 8), for which the known values of C
and q (Chesley et al., 2012) match the plotted constraint. Fig. 9
shows the possible values of q as a function of C for asteroids Gol-
evka, Apollo, Ra-Shalom, Toro, YORP, and Geographos. For the last
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C and thus inferred nominal value of q (Chesley et al., 2012) matches the plotted
curves. The enclosed region corresponds to the 1-r interval for C (Emery et al.,
2012) and indicates how it maps onto the 1-r limits of q.
two objects we assumed slope parameter G = 0.15. Our findings are
consistent with the taxonomic type. For instance, Golevka, Apollo,
Toro, YORP, and Geographos are S/Q-type asteroids with an expected
density between 2000 and 3000 kg/m3, while Ra-Shalom is a C-type
so we expect a bulk density from 500 and 1500 kg/m3. Fig. 9 suggests
that Golevka has thermal inertia 150 < C < 500 J m�2 s�0.5 K�1

zand Apollo has a rather large thermal inertia 400 < C < 1000 J m�2 -
s�0.5 K�1. According to Delbó et al. (2003) Ra-Shalom has an unusu-
ally high thermal inertia. In fact, by taking the right side of the
plotted rectangle we obtain a density closer to 1000 kg/m3, similar
to the one 1999 RQ36, which belongs to a similar taxonomic
class. For Toro, Mueller (2012) reports a thermal inertia
200 < C < 1200 J m�2 s�0.5 K�1 but likely lower, which would result
in a bulk density between 2000 and 4000 kg/m3.

4.4. Implications for impact predictions

There are three known asteroids, namely Apophis, 1999 RQ36,
and 1950 DA, for which Yarkovsky perturbations are relevant and
need to be accounted for in the impact risk assessment. For Apo-
phis and 1999 RQ36 this is due to the presence of a strongly scatter-
ing planetary close approach between now and the epochs of the
possible impacts. These encounters transform a very well deter-
mined orbit into a poorly known one for which chaotic effects
are dominant (Milani et al., 2009). Apophis will have a close ap-
proach in April 2029 with minimum distance of �38,000 km from
the geocenter. As a consequence the orbital uncertainty will in-
crease by a factor >40,000. 1999 RQ36 will have a close approach
to Earth in 2135 with nominal minimum distance about the same
as the distance to the Moon, with an increase in uncertainty by a
factor �500. The minimum possible distance for this close ap-
proach is three times smaller and would result in an increase of
the uncertainty by a factor �1500 (Chesley et al., 2012). In both
cases the Yarkovsky effect is large enough to shift the position at
the scattering close approach by an amount much larger than the
distance between the keyholes (Chodas, 1999) corresponding to
impacts in later years (2036, 2037, 2068 for Apophis; 2175, 2180,
2196 for 1999 RQ36). Thus, the occurrence of these later impacts
is determined by the Yarkovsky perturbation in the years between
now and the scattering encounter. For 1950 DA the influence of the
Yarkovsky effect for the possible impact in 2880 is due to the long
time interval preceding the impact that allows the orbital displace-
ment to accumulate (Giorgini et al., 2002).
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Currently, 1999 RQ36 is the case with the best determined Yar-
kovsky effect (SNR � 200), while Apophis and 1950 DA have only a
marginal detection (SNR < 1 and SNR � 1.4, respectively). There-
fore, the impact monitoring for 1999 RQ36 fully takes into account
the Yarkovsky effect (Chesley et al., 2012). On the contrary, the cur-
rent estimate of impact probabilities for Apophis is based on a
Monte Carlo model of the Yarkovsky perturbation based on a priori
knowledge of the statistical properties of this effect (Chesley et al.,
2009). 1950 DA could benefit from a similar approach.

We investigated the possibility that our identification of aster-
oids with measurable Yarkovsky effect produces new cases such
as the two above, that is of impact monitoring affected by the
Yarkovsky perturbation. The answer to this question is negative,
in that the intersection between the current list of NEAs with pos-
sible impacts on Earth (404 according to Sentry, 337 according to
NEODyS) and the list with detected Yarkovsky orbital drifts con-
tains only 1999 RQ36.

However, this conclusion depends on the fact that our monitor-
ing of possible future impacts is done for only about one century
(currently 100 for Sentry, 90 years for NEODyS). 1999 RQ36 was a
special case, related to an intensified effort for the OSIRIS-REx mis-
sion target (http://osiris-rex.lpl.arizona.edu). If this time span were
generally increased to 150–200 years, there could well be other
cases similar to 1999 RQ36.

http://osiris-rex.lpl.arizona.edu
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For asteroid 1950 DA Busch et al. (2007) report a minimum den-
sity around 3000 kg/m3 and two possible solutions for pole orien-
tation and effective diameter:

1. c = 24.47� and D = 1.16 km;
2. c = 167.72� and D = 1.30 km.

By scaling from the 1999 RQ36 case, we obtain A2 = 7.01 � 10�15

au/d2 for the direct solution and A2 = �5.83 � 10�15 au/d2 for the
retrograde solution. Even if we found a low SNR detection, our result
strongly favors the retrograde solution, which is at 0.6r, than the di-
rect solution, which is more than 3r away. According to Giorgini
et al. (2002), the 2880 impact is ruled out by retrograde rotation.
5. Conclusions

High precision orbit estimation for asteroids is important in
several applications such as linking old observations to a newly
discovered object and assessing the risk of an Earth impact. In
these cases, the Yarkovsky perturbation is a critical component
as it is usually unknown. We measured reliable orbital drifts for
21 objects and we expect to have more as new high precision data,
e.g., radar and Gaia observations, are available. Inaccurate astrome-
tric treatments can lead to unrealistic results, especially when the
Yarkovsky drift significantly depends on isolated observations.
When a rather complete physical model is available, the measured
orbital drifts can be used to measure unknown physical quantities
such as the bulk density. The distribution of the detected orbital
drifts can be connected to the NEA delivery mechanism and serve
as a validation of future NEA models. For asteroids experiencing
deep close approaches, the occurrence of an impact can be deci-
sively driven by the magnitude of the Yarkovsky perturbation.
6. Note added in proof

We have identified an additional high SNR detection, namely
2002 XQ 40, with A2 ¼ �94:23	 6:12 and da/dt = 44.03 ± 2.86. This
corresponds to SNR �15, which should be solidified by remeasure-
ment of isolated observations in 1954. As the asteroid observa-
tional database continues to grow and be refined we intend to
maintain a updated list of Yarkovsky detections at URL ftp://
ssd.jpl.nasa.gov/pub/ssd/yarkovsky/.
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Ďurech, J. et al., 2008a. Detection of the YORP effect in Asteroid (1620) Geographos.
Astron. Astrophys. 489, L25–L28.
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