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Abstract

The Yarkovsky drift represents the semi-major axis variation of a celestial body due to
the Yarkovsky effect. This thermodynamic effect acts more significantly on bodies with
a diameter between ~ 10 m and ~ 30 km. Therefore, the orbits of many minor bodies
of the solar system are affected: knowing the value of the Yarkovsky drift can be crucial
to accurately predict their positions, especially if the asteroids are Near Earth Asteroids
(NEAs) and there may be a non-zero impact probability with the Earth. The direct
computation of this effect is not easily achieved due to the scarce availability of NEAs
physical information. Thus, the more promising method to estimate the Yarkovsky
effect is through an orbital fit using seven parameters, the six orbital elements and
a seventh parameter accounting for non-gravitational interactions. In this paper, we
show the analysis of 1262 NEAs with Signal-to-Noise Ratio (SNR) greater or equal 2,
of which 279 have the parameter S (absolute ratio between the Yarkovsky drift and its
expected value) less than 1.5 and are therefore more reliable. Among these, 91 are not
present in the literature, thus represent new Yarkovsky drift detections. Furthermore,
we used our results to estimate the ratio of the retrograde over prograde rotators and

to validate the dependence of the Yarkovsky drift from the diameter, da/dt ~ D!

Keywords Asteroids - Yarkovsky effect - Orbit determination

1 Introduction

Studying the long term orbital evolution of a small body is quite a difficult task because
of multiple planetary encounters and non-gravitational forces. However, the precise
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computation and propagation of an asteroid orbit is essential, not only for scientific
purpose, but also for planetary defense [1].

The Yarkovsky effect is a non-gravitational thermodynamic force based on the
process of absorption and non-instantaneous re-emission of radiation by a rotating
body. The need to include this effect in the orbit determination process came from
some inconsistencies between the predictions of the asteroid classical model and the
observations, especially regarding the delivery of asteroids into inner orbits, [2], with
a particular interest in Near Earth Asteroids (NEAs). In fact, the classical model, see
[3-6] and [7, 8], stated that collisions and gravitational interactions were the only
means to inject asteroids into the strong resonances that were known to cause a drift of
the asteroids toward the inner solar system. The drift would then make possible close
approaches with the planets that could result in a collision event or in the injection
on a stable orbit. The following list, from [9] and [10], presents four predictions of
the classical model, which were not supported by the observations. This circumstance
hinted to another kind of interaction affecting the orbital evolution of the asteroids in
the Main Belt, other than collisions and gravitational force.

e Given that a typical lifetime for an asteroid in a strong resonance is of a few
million years, we expect an abundance of cosmic-ray exposure (CRE) ages of
a few million years for meteorites and NEAs; what is observed though, is that
most of the meteorites have a CRE age of more than 10 million years. Some iron
meteorites have CRE ages between 0.1 and 1 billion years.

e Collisions are the only mean to deliver ejecta into chaotic resonances and the NEA
population of kilometer-size bodies is expected to be in steady state; this population
presents various taxonomic types, but it is mainly composed of asteroids from inner
and central Main Belt. Therefore, there must be several asteroid families, which
are structures of asteroids resulting from a collision event, of different taxonomic
type in those regions. Furthermore, the kilometer-sized NEAs distribution should
be as steep as that of ‘fresh ejecta’. This latter prediction is contradicted by the
rather shallow size distribution of these NEAs, while the former is contradicted by
the fact that there are a few families in these regions of the Main Belt and fewer
still near a strong resonance.

e Due to a collision event, the size-velocity distribution should be determined by a
weak formulation of the energy equipartition principle. These results are in dis-
agreement with the hydrocode simulations, which suggest a smaller peak velocity,
but are in agreement with the values inferred from the orbital positions of asteroid
family members. Hydrocode models could not be complete, but they successfully
predicted a wide dimension-range of laboratory impact and explosions experi-
ments.

e The spin rate distribution of the asteroids resulting from a collision should be
approximately a Maxwellian distribution, to the zeroth order. Instead, the spin rate
distribution for small asteroids (D < 10 km) has an excess of fast and slow rotators
compared to the expected distribution.

These inconsistencies can be removed by taking into account the Yarkovsky effect
and its rotational variant, the YORP effect [10], for asteroids with a diameter between
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approximately 10 m and 20—30 km . The Yarkovsky effect mainly causes a semi-major
axis drift with typical values of da/dt ~ 10~* — 1073 AU My~! for sub-kilometre
NEAs.

The name of the effect comes from Ivan Osipovich Yarkovsky (1844 - 1902): he
was a Russian engineer who published a pamphlet in 1901 about how the delay from
absorption to re-emission of thermal radiation could produce the transverse acceler-
ation necessary to counterbalance the drag caused by ether. Of course nowadays we
know there is no ether, so Yarkovsky’s conclusions and calculations are not to be taken
in consideration other than for historical reasons, but the idea of such thermal effect
was later rekindled. In fact, the Estonian astronomer Ernst Opik in 1951, [11], brought
this idea in Europe and almost at the same time Radzievskii (1952, [12]) published in
Russia similar ideas developed with his collaborators. So the 1950s represented the
starting point for the Yarkovsky effect theory. This theory was continuously developed
and peaked in the 1990s thanks to the work of Rubincam, Bottke and Farinella amongst
many others. An important milestone was the understanding that the drift affecting the
LAGEOSI and other artificial satellites was indeed caused by the Yarkovsky effect
[13].

Concerning the dynamics of NEAs, the Yarkovsky effect was first predicted by [14]
for the asteroid (6489) Golevka and discovered in 2003 thanks to the radar ranging of
that object [15].

From 2008, thanks to the improvement in the accuracy of the observational pro-
cess, many scientists published catalogs of Yarkovsky effect detections: [16-22]. As
the observational tools improve and the quality of the observations increases, a notice-
able example is the Gaia DR3 [23], the catalog of objects with a detectable effect is
bound to grow. It is legitimate to think that it is now superfluous to continue pub-
lishing these results in scientific peer-reviewed papers, limiting ourselves to updating
the existing databases; however we believe that a comparison and a debate on the
methods, the algorithms and the software used (often different between the various
research groups) can always be productive, and it is right that this comparison is made
available to the entire scientific community. Moreover the discussion could give rise
to new investigations. For these reasons in this work we present our updated results,
compared to the latest published catalogues, [20-22] and to the JPL Small Body Orbits
& Ephemerides database.!

The paper is organized as follows. In Section 2 we briefly describe the mathematical
modeling of the Yarkovsky effect and its computation starting from the heat equation;
then we show the orbit determination methods used to perform the detection of the
effect. In Section 3 we show the results obtained using the OrbFit software® and
we discuss them in relation with the ones already known. Section 4 deals with the
analysis of some interesting objects, while in Section 5 we discuss about the prograde
and retrograde NEAs and the known dependence of the semi-major axis variation on
diameter. In the last section we draw some conclusions.

1 https://ssd.jpl.nasa.gov/sb/orbits.html
2 http://adams.dm.unipi.it/orbfit/
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2 Methods
2.1 Yarkovsky model

It is known that the hotter the surface of a body is, the more photons it will emit, so
the differences of temperature across the surface of an asteroid may cause a resulting
momentum carried away by photons in a specific direction. Each photon carries away
a momentum equal to |p| = E/c, where E is the photon energy and c is the speed
of light, directed along its path; the sum of each of these momenta is what causes
the recoil applied to the asteroid [9]. This recoil force produces a change mainly in
the semi-major axis of the body over a large time span and has two components: the
diurnal and the seasonal component.

The diurnal component is caused by the rotation of the asteroid around its spin axis:
the re-emission of the absorbed radiation is delayed because of the non-zero thermal
inertia, therefore, the recoil due to the re-emission has both a radial and a transverse
component and it does not perfectly lie on the Sun-asteroid line.

The first order variation of the semi-major axis a can be written, following [24], as:

da 8a

<E> = —T;W(Rw, ®a)) Cosy . (1)
The brackets represent the average value over a rotation period around the spin

axis; « = 1 — A, with A being the Bond albedo; ® = 7 R*>F/(mc) o 1/R is the

radiation pressure coefficient; R is the radius of the object; F' is the incoming flux;

m is the object mass; n is the orbital mean motion; y is the spin axis obliquity. The

generalized term W(R,, ®,) is a function of the thermal properties of the object and

of the general frequency v, which is the rotation frequency w in the case of the diurnal

component:

_ k1(Ry) O,
1+212(Ry) O, + k3(R,) ©F

W(R,, ©,) = ()

The terms «; are analytic functions of R, = R/+/K/(p Cv) = R/L,; the term
£, depends on the conductivity K of the body, its surface heat capacity C, its surface
density p and on v, the frequency of the irradiation of the surface. Physically, ¢,
represents a characteristic scale length which provides an estimate for the penetration
depth of the thermal wave. The thermal parameter ®, = I' \/v/(e o Ts3u ») depends on
the surface thermal inertia I' = /K p C, the thermal emissivity of the surface €, the
Stefan-Boltzmann constant o and on the subsolar temperature defined by the relation
€o T;L ,=alfl.

Given that W(R,, ®,) is negative, because thermal re-emission happens some time
after the absorption, (1) explains that the semi-major axis of an asteroid withcos y > 0
increases with time, while if cosy < 0 the semi-major axis decreases. Finally, if
cos y = 0, the diurnal component vanishes because the portion of the surface facing
the Sun does not change in a rotation, so the recoil is radial. If the body is a very
fast rotator, the temperature differences of the surface tend to smooth out, thus the
re-emission become isotropic and there is no net momentum due to the emission of
the photons [10]. The diurnal component become negligible even in the case of an
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asteroid with zero rotation, because the recoil is radial thus it has not a transverse
component.

The seasonal component is due to the revolution of the asteroid around the Sun and
itis most effective when the spin axis lies on the orbital plane; in this case the important
frequency is the orbital mean motion n. The first order variation of the semi-major
axis can be written, following [24], as:

da) _da®, b ©,)sin? 3)
di| = 9 p W B Sy

where the parameters have the same meaning of those described for the diurnal com-
ponent. The function W(R,,, ®,) has the same form of (2), substituting the general
frequency v for the mean motion n. As already mentioned, the variation of the semi-
major axis in time is always negative and vanishes when the spin axis is perpendicular
to the orbital plane, because in that case there is not one hemisphere more illuminated
than the other during the revolution.

In general, the diurnal component dominates over the seasonal component, therefore
we can assume, as a first-order approximation, that if an asteroid has a prograde
rotation, its semi-major axis will increase [14].

2.2 Dynamical model

Given that the magnitude of the Yarkovsky drift for a sub-kilometer NEA is of the
order of 1071 — 10713 AU d~2 [20], we have to choose the dynamical model for Orbit
Determination (OD) process accordingly, including all the relevant terms; for this rea-
son our dynamical model includes the Sun, the planets, Pluto and the 17 more massive
asteroids. The Yarkovsky effect is primarily modeled as a transverse acceleration

a = Ap g(r)f

where A; is a parameter to estimate in the OD procedure together with the orbital
elements. The function g(r) can be modeled as a power law

g(r) = (ro/r)? ,

where rq is a normalizing factor and the exponent is bounded: 0.5 < d < 3.5. In order
to compute the mean value for the semi-major axis drift, we integrate over an orbital
period T and operate a Taylor expansion:

da\ 245(1—¢?) ro\*
<E>_ n (a(l—e2)> e d @

where

o (d—1)\ (2k\ 1
J(e,d):Z(de )(;)27&’& S)
k=0
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Even though d depends on the thermal properties of the object and cannot generally
be computed, it was empirically found that most NEAs> have 2 < d < 3. Furthermore,
the semi-major drift does not depend strongly on the d value [18]. Following [20], we
assume d = 2 for every asteroid except for Bennu, of which we have more knowledge
of its thermal properties, so d = 2.25, [25]. The function J (e, d) is finite if d is
an integer and in particular J(e,2) = 1. Once the A, parameter is estimated, the
semi-major axis drift can be inferred as [18]:

/ 2
022 pr e (©)
dt nr
where a, e and n are the usual semi-major axis, eccentricity and mean motion respec-
tively, and r is the heliocentric distance.

Regarding the OD procedure, a preliminary orbit is computed with a set of initial
conditions at an epoch #p, y(fo) = Yy,. In this case, we used the spatial coordinates
downloaded from the NEODyS website.*

The preliminary orbit is refined applying the Least Squares (LS) principle. Follow-
ing a classical approach (see, for instance, [26]), the non-linear LS fit leads to compute
a set of parameters u (the orbital elements and the A, parameter in our case) which
minimizes the following target function:

1 1 &
Q) = —&" WWEm) = — Y wiE (W), (7
m m im1

where m is the number of observations and & (u) = O —C(u) is the vector of residuals,
difference between the observed quantities O and the predicted ones C(u), computed
following suitable mathematical models and assumptions; in our case, O are astro-
metric observations. Finally, w; is the weight associated to the i-th observation. Other
information required to such orbit propagations are supposed to be known: positions
and velocities of the other planets of the solar system are obtained from the JPL
ephemerides DE441 [27], while the rotation of the Earth is provided by the interpola-
tion table made public by the International Earth Rotation Service (IERS)’.

The procedure to compute u*, the set of parameters which minimizes Q (u), is based
on a modified Newton’s method known in the literature as differential corrections
method; all the details can be found in [26] - Chap.5. Let us define:

9
B — _'S(u), Cc = B"WB,
Ju

which are called the design matrix and the normal matrix, respectively. Then, the
correction:
Au=C7'D with D =—BTWg¢

3 Unless they have a very large rotational period or a remarkably large or small thermal inertia.
4 https://newton.spacedys.com/neodys/
5 IERS: http://www.iers.org
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is applied iteratively until either Q does not change meaningfully from one iteration to
the other or Au becomes smaller than a given tolerance. Introducing the inverse of the
normal matrix, ' = C~!, we always adopt the probabilistic interpretation of I" as the
covariance matrix of the vector u, considered as a multivariate Gaussian distribution
with mean u* in the space of parameters.

2.3 Yarkovsky expected value

In the analysis we performed it has been important to compute an expected value
of the Yarkovsky drift because the model described above does not distinguish the
Yarkovsky effect from other effects that can alter the orbit of an asteroid. Therefore,
if the expected value of the Yarkovsky drift is significantly different with respect to
the computed one, a possible cause may be that the asteroid orbit is influenced also
by other interactions than the expected ones.

The expected value of the Yarkovsky drift [18] is computed using the scaling for-
mula from [28], considering the asteroid (101955) Bennu as a reference. This asteroid
is one of the most studied NEAs and its estimate for the Yarkovsky drift has a Signal-
to-Noise Ratio (SNR) & 1400 thanks to the results collected by the OSIRIS-REx
mission, [29]. The scaling relation is:

da da M(l—e%) Dp pp cosy 1—A g
<dt>exp_<dt> X Ja(l—e?) D p cosyp 1— Ap ®)
The suffix B refers to the asteroid (101955) Bennu, see Table 1. There are other
parameters influencing the strength of the Yarkovsky force and therefore the drift it
causes, in particular the surface thermal conductivity and the thermal inertia. Due to
the fact that the data for these parameters are not available, they are not explicitly
written in the (8).

The orbital parameters a and e are always available for the asteroids considered
in this work, but this is not true for the physical parameters and the obliquity. In

Table 1 Orbital and physical

101955) B - P 1
parameters of (101955) Bennu ( ) Bennu - Parameters

a 1.13 (£1.97 x 10710) AU

e 0.20 (£6.97 x 10~11)

) 1.26 (£0.07) gem ™3
Po 0.044 (£0.002)

D 0.482 (£0.3) km

y 178 (+4) deg
da/dt —19.0 (£0.1) x 10~* AU Myr~!

The value of the semi-major axis a, eccentricity e, density p, geometric
albedo p, and diameter D are from the JPL-SBDB online service,
while the value of the obliquity y and of the Yarkovsky drift da/dt
are from [30]
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fact, many NEAs do not have estimates for D, p, y and A, therefore we made some
approximations following [20]. In general, the obliquity is not given and because
its value cannot be estimated using other variables, its contribution to the drift is
maximized, assuming cos y = 1. If the diameter is not given, we computed it using
the relation from [18]:

1329 km 1092 )
D(H, py) = N &)
v

where H is the absolute magnitude and p, is the geometric albedo. Generally, the
Bond albedo is not explicitly given, but it is related to the geometric albedo p, and
to the parameter G [31]: A = p, (0.290 + 0.684 G). If the parameter G is not given,
its value is put equal to 0.15 [31]. Regarding the geometric albedo, if it is not given,
the arithmetic mean value of p, can be used. We computed this value considering the
NEAs for which the geometric albedo was given and found a mean value of 0.172. If
the density is not given, a method to evaluate it consists on using an asteroid of known
density p and applying the scaling relation p; = p (1 — P). Here, P is the porosity
factor and the scaled density ps corresponds to that of an asteroid with a diameter
of 1 km. Therefore, the p; value is computed from a known density and porosity of
another asteroid, best if the taxonomic class is the same.

We updated the porosity factors for the most populated taxonomic classes, the C
and S class. We chose, applying the criterion of highest SNR, the densities of (10)
Hygiea and (15) Eunomia as p and the ones of (253) Mathilde and (433) Eros as p;.
Thus, we computed the porosities using the inverse of the relation, see Table 2. For
the B class we used the porosity of Bennu, 0.40, [25], while for the other classes or
for the unknown class we computed a mean scaled density of 1.72 gem™> and a mean
porosity of 35.3 %.

3 Analysis and results

In this section we are going to analyze the results obtained: we will show our output
and we will perform a comparison with existing databases ([20-22] and the SBDB).

Table 2 Asteroids used to compute the scaled density

Name Tax. class Diameter [km] Density [g cm 3] porosity
(10) Hygiea C 407.12 £ 6.8 2.19+£0.42 -
(253) Mathilde Cb 52.8£2.6 1.3+£0.2 41%
(15) Eunomia S 231.69 £2.23 3.544+0.20 -

(433) Eros S 16.84 £ 0.06 2.67+0.03 25%
The relation to compute the scaled density is pg ; = (1 — P;) p;, where i refers to the taxonomic class.

The first line in each block refers the large asteroid considered to scale the density for a certain taxonomic
class and supplies the value p;. The second line refers to the asteroid used to compute the porosity of the
taxonomic class and the scaled density, using the value ;. The data are from SBDB
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The initial selection of the asteroids was performed filtering the objects in the
NEODyS database, on the 13th of March 2023, taking the ones with the arc type
> 10. The arc type is an integer value which represents the number of chronologically
consecutive Too Short Arcs (TSAs), see [32]. The threshold value is chosen empiri-
cally, to be sure to include all the objects for which the seven parameters fit could be
computed, while discarding the ones for which this procedure could result in spurious
values or errors. To give an idea, the arc type of a one-nighter is typically 2 and the
observations are not sufficient to obtain reasonable results from a seven parameters
orbit fit.

The initial set contained 17 629 objects and we have performed the seven parameters
OD for all of them, using the OrbFit software. We employed the VFCC17 weighting,
[33], and the FCCT14 error model, [34]. The fit failed to produce the non-gravitational
parameter for 47 NEAs. The number of failures is negligible with respect to the total
number of NEAs in the dataset, but it is not zero. This gives us the certainty to
have included the majority of asteroids for which is possible to compute the seven
parameters fit while minimizing the computation resources and time wasted (Fig. 1).

The fact that the fit did not fail is not a guarantee that the seventh parameter values
have a physical meaning. Therefore, we decided to keep in the database only the
NEAs presenting a Yarkovsky drift SNR> 2. The dataset counts 1262 asteroids and
it is available as online material.

Absolute Magnitude Diameter

251

[km]

15

10° 10! 102 10° 104 105 10° 107

Density

 commma

34

3.2

3.0 sk{@ee
7 7 CF °
5 2.8 2
=) CEEEEESESSEESEEEEEESE—see ¢ | Z b o

mean - CEIEEEENENEROEEEDEEENENEDe® ¢

221 ® ® o s ® ®e

207 @ S| B ® @&
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s

Fig.1 Four plots showing the distribution of a few physical parameters for the Yarkovsky drifts with § > 2.
The considered parameters are, from left to right and from top to bottom: absolute magnitude, diameter,
density and taxonomic type. For each plot, the x-axis represents the S parameter
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For each of these NEAs we computed the S parameter, see [18], defined as the
absolute ratio between the Yarkovsky drift and its expected value, computed using
(8). Given that the physical and thermal properties of an asteroid are seldom available,
we computed the expected value using the approximations described in Section 2.3.
The distribution of the S parameter is displayed in Fig. 2. Looking at this histogram,
we see that for many asteroids S > 2, the maximum being ~ 2 x 107.

We performed a preliminary analysis to find an explanation to the fact that 8§74
measurements have SN R > 2 and § > 2. We qualitatively studied the distribution of
four parameters as a function of S, Fig. 1: absolute magnitude, diameter, density and
taxonomic type.

e The absolute magnitude and diameter distributions suggest that the sample is
composed of NEAs with a size < 10 km;

o the density distribution shows that for 841 NEAs this information was not given,
so the mean density value was used. The taxonomic type distribution confirms this
trend.

Therefore, it seems that this sample is composed of small asteroids with no physical
characterization. This combination can alter the S value because small asteroids may be
subject to other non-gravitational effects. Moreover, the uncertainty on the density and
on the other physical parameters plays an important role. In order to fully understand
this scenario would require a thorough analysis, which is out of the scope of this paper.

In general, if the S parameter is far from one, it means that the model used to
compute the expected value do not reflect the actual situation. For example, if § << 1
the obliquity of the asteroid may be &~ 90°, while if § >> 1 the albedo may be larger
than expected (see 2008 BD) or the thermal properties may be significantly different
with respect to the ones of Bennu. Another reason for a high value of S may be a high

S parameter distribution

300

occurrences

6 7 8 10 100 500 1000 2.1e+07
S value

Fig. 2 Frequency histogram of the S parameter values. Note that the bins are not equally spaced because
the more interesting values are the smaller ones. The last bin has the maximum computed value of S as
upper limit
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Distance Distributions

I SBDB
60 I Del Vigna et al.
Il Greenberg et al.

occurrences

0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0 1.5 2.0 3.0 4.0 16.3
distance

Fig.3 Frequency histogram of the distance computed between the data from this work and that from SBDB
(blue), [20] (purple), [21] (green). Note that the bin intervals are not equally spaced for a better readability.
The matches with [22] are not shown in the histogram due to their small number

value of the computed Yarkovsky drift, which may be due to erroneous astrometry,
see [19].

Therefore, it is clear that the threshold on the SNR is not sufficient to claim a
detection. Thus, we applied a selecting criterion on the S parameter, considering the
detection valid if § < 1.5, [19], and SN > 2. The criterion on S rejected 983 objects,
so the dataset counts 279 Yarkovsky detections.

3.1 Comparison and validation

We compared our results with those from [20-22] and the SBDB.

In order to check whether or not two values are comparable (in our case, we are
comparing two values of Yarkovsky drift computed by us and different authors), we
computed the distance D as follows:

2
D? = M (10
02 +of
where a + 0, and b £ o}, are two measurements. We define a sort of new value
(a — b)* and we weight it with its variance, given by the sum of the variances of @ and
b. Assuming a sort of Gaussian statistics, we consider the measurements comparable
if D < 3.
Regarding the data from [20] and [21], we found respectively 109 among a total of
111 and 171 among 255 that match with our data. As one can see in Fig. 3, all matches
have a distance < 3, so we consider them comparable. There are 2 NEAs® from the

6 162142 and 471240.
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Table 3 Comparison with [22]

data Asteroid Distance
1036 0.988
1685 0.890
1864 0.384
2062 2917
2063 1.228
2100 0.014
3103 0.166
3200 1.060

Asteroid designation and distance between the Yarkovsky drift values
computed by [22] and the ones from this work. Every match presents
a distance < 3, thus our results are comparable with those from [22]

Del Vigna dataset that are not included in our dataset because of the threshold on the
SNR. The same is true for the 84 NEAs’ from the Greenberg dataset. The fact that
there are so many mismatch with the Greenberg dataset is due to the fact that their
selecting criteria do not explicitly take the SNR into account.

Regarding the data from [22], they included the orbital information from the Gaia
DR2 and computed the Yarkovsky drift value for 42 asteroids, both NEAs and from
the Main Belt. Among these, 8 are present in our dataset, as shown in Table 3. Given
that the distance for those NEAs is < 3, we consider our data comparable. There are
34 asteroids in the Dziadura dataset that are not included in our dataset: 8 of these are
asteroids from the Main Belt® and the remaining 26 NEAs® are excluded because of
the SNR threshold.

Regarding SBDB, this online database contains 311 NEAs with an estimate of the
Aj parameter.'® We found a match with 285 of these and as one can see in Fig. 3, the
matches have a distance < 3 except for 523599, 2006 RH120 and 2015 TC25. These
inconsistencies seem to arise from a different set of measurements used to compute
the orbit. Furthermore, the second and third have orbits comparable to that of the
Earth and this could cause issues with our orbit determination software. See [19] for
an accurate description of 2006 RH120. There are 26 NEAs in the SBDB dataset
that are not included in our dataset: 2008 WT62 was excluded because it has an arc

7719, 1620, 1866, 1915, 1916, 2061, 2201, 2202, 3753, 4197, 4769, 5011, 5131, 5189, 5693, 5869, 6239,
7482, 7822, 7889, 8176, 9162, 9856, 10563, 11398, 11405, 11500, 15745, 17511, 31221, 52387, 65690,
65706, 65733, 66146, 66391, 87684, 88959, 96590, 136617, 136993, 137805, 141018, 141498, 161999,
162142, 162463, 162483, 162567, 162882, 163081, 164202, 190491, 190758, 215442, 217628, 230549,
240320, 243025, 244670, 249886, 252399, 276033, 302169, 326302, 333889, 363116, 433953, 438661,
450293, 452389, 455594, 461353, 461852, 467336, 474574, 488453, 488789, 494658, 495829, 523586,
523595, 2004 BG41 and 2004 SC56.

8 244, 1103, 1139, 1747, 2629, 3800, 5427 and 6618.

9 1620, 1866, 1943, 3554, 3753, 4769, 4953, 5381, 7889, 10563, 12711, 66146, 66391, 68216, 85818,
86667, 87684, 88710, 96590, 105140, 137805, 137925, 154555, 163693, 163899 and 164121.

10° At May, 2023
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type = 7, 2020 FW6 was not included because its discovery MPEC was published
after the selection of the NEAs for this work; the remaining 24 were excluded by
the SNR threshold. These checks were performed considering our complete dataset,
applying only the SNR threshold. This is to verify the overall consistency of the non-
gravitational fit parameter. Considering also the threshold on S, we find 162 objects
that have a Yarkovsky estimate but S > 1.5. This is due to the fact that [21] and the
SBDB do not apply the same criteria. Regarding the data of [20], their threshold was
higher and they used different values to compute the expected drift.

3.2 New results

Our dataset shows 91 Yarkovsky drift values not present in the literature, of which
26 have a SNR > 3. In Table 4 these new detections are displayed, together with the
information about the Yarkovsky drift (computed and expected), the SNR and the S
parameter.

As shown in the table, there are some asteroids with S < 0.5, like 2017 UJ5, 2006
AN and 2013 BO27. These are generally small asteroids, H ~ 22 — 24 mag, and
a lower computed Yarkovsky drift may be due to a non-significant difference in the
thermodynamic properties with respect to Bennu, a peculiar orbital dynamics, like a
high rotation or high obliquity, and/or erroneous astrometry. (5797) Bivoj is the bigger
of these asteroids, H = 18.89 mag and the discrepancy between the expected and the
computed drift may be due to its high rotation period &~ 2.706 h, [35].

4 Specific cases

In this section we discuss some particular and interesting objects.

4.1 (99942) Apophis

It is an interesting asteroid that, much as (4179) Toutatis, has a tumbling motion. This
means that it does not have a preferred rotation axis and therefore, a Yarkovsky effect
estimate is more difficult to obtain. For this reason this asteroid was considered of
marginal significance by [20], considering also the low SN ratio computed - 1.80.
The result obtained in this work is greatly improved thanks to the new optical and
radar measurements. In fact, the optical observations during the years 2020-2021
account for the =~ 43% of the entirety of the observations and the number of radar
observations was increased by four on March, 2021. The increase of the number of
observations led to a remarkable increase of the SN ratio, which is 117.82. Despite
this, for this asteroid S = 1.58 so it was rejected by the second criterion. This may
be due to the fact that the Bennu scaling is more accurate if an asteroid has physical
properties similar to Bennu. In fact, if we compare the Yarkovsky drift we found,
da/dt = (=13.31 £0.11) x 107* AU Myr—!, with the one computed in [36], using
more accurate physical parameters values, we see that the two are in agreement.
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Similarly, our value is in agreement with the results from [37] and [38], respectively
the distance is of 0.99 and 0.03.

4.2 (4179) Toutatis

It is the asteroid aforementioned, known for its tumbling motion. Unfortunately, there
are no new radar observations, but, throughout 2020-2022 the number of optical obser-
vations is increased, thus the SNR increased from 7.17 [21] to 9.12. However, the
value of the SNR may actually be lower due to the fact that this asteroid crosses
the Main Belt and this increases the uncertainty of the perturbing asteroid masses,
[18]. Analogously to 99942, 4179 was rejected because of the S parameter value,
but, given the peculiarities of this object, we can compare our detection with direct
Yarkovsky drift computations in the literature, like the one in [39]. They computed
the average Yarkovsky drift as function of the surface conductivity, finding the range
~ [—0.35, —1.50] x 10~*AU Myr—'. The S parameter would still be slightly over the
threshold, S ~ 1.75, but this may be due to unmodeled perturbations or to the peculiar
shape and motion of the asteroid.

4.3 (483656) 2005 ES70

Itis aremarkable asteroid because of its high Yarkovsky drift value, (—89.56£3.28) x
104 AU/Myr, and ahigh SN ratio, 27.3. This is due to the fact that it is a small asteroid,
with a diameter of only 0.06 km, therefore the Yarkovsky effect is more efficient than
in other cases. The results are confirmed by [20, 21], SBDB and S = 0.96.

4.4 2008 DB

It is a relatively recently discovered NEA, which presents a large, in absolute value,
Yarkovsky drift and a SN> 3, (—483457) x 10~* AU/Myr and 8.5 respectively. This
asteroid is similar to 2009 BD, analyzed by [21]. 2008 DB is also a small asteroid,
with a diameter of 0.02km and thus the Yarkovsky effect is more efficient. This
and a favorable surface-to-mass ratio, can make for a high secular change in the
semi-major axis. Furthermore, the albedo could be large, as for 2009 BD, [40], thus
resulting in an high value of Yarkovsky drift. In fact, the expected Yarkovsky drift is
164.86 x 10~* AU/Myr, but S = 2.63 so more information are needed to claim the
detection.

4.5 (185851) 2000 DP107

It is a binary asteroid [41] present in the Greenberg and the SBDB dataset. Thanks
to the new optical observations in 2019-2022, the SN ratio of its Yarkovsky drift
value increased from 2.37 to 15.22 and S = 0.44. Binary asteroids with a detected
Yarkovsky drift can be useful to check the theory of the binary Yarkovsky effect.
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4.6 (39565) 1992 SL

It is an asteroid cited by [20] because of the particularity of the first recorded observa-
tion, which is a single measurement in 1950. Follows then a gap until 1992 but after
that the NEA has been observed regularly, until 2023. Unfortunately, the actual arc
length used to compute the orbit is 1992-2023, because the 1950 observation is auto-
matically discarded by our system due to the high residuals. In this case, a remeasure
of this observation might have a large impact for the Yarkovsky drift computation,
given the significant increase of the arc length. The SNR is 7.68 but § = 2.93 so more
information are needed to claim the detection.

4.7 2021 GM1

The interest in this asteroid comes from its high Yarkovsky drift value of (—4.72 x
103 £ 488.33) x 10~* AU Myr~! combined with an expected value of 1.34 x 103 x
10~* AU Myr~!: the value of the S parameter is 3.15. This high expected drift could
be due to a combination of physical and dynamical factors: 2021 GM1 is a small Aten
asteroid (H = 30.4), with low inclination and eccentricity. It would be interesting to
have more information about this object to see if such high expected drift is confirmed.

5 Additional results
5.1 Prograde and retrograde NEAs

The relative abundance between prograde and retrograde rotators can be inferred using
our dataset and compared with existing models in order to validate our results.

In fact, assuming that the Yarkovsky effect is predominant over other secular effects
and the diurnal component is predominant over the seasonal one, the prograde rotation
results in a positive Yarkovsky drift while the drift is negative for a retrograde NEA.
In particular, the number of retrograde rotators is expected to be greater than the
number of prograde ones. This is explained considering that resonances are the main
mechanism that deliver asteroids from the main belt to inner orbits, with the Yarkovsky
force feeding asteroids into these resonances (the direct injection via collisions can be
neglected).

The vg secular resonance is believed to have transported the ~ 30% — 37% of
NEAs from the inner part of the main belt [42]. Given its position, the asteroids reach
it if their semi-major axis decreases, thus, if they are retrograde. The other remarkable
resonances, like the 3 : 1, can be reached both by retrograde and prograde asteroids.
Therefore, the expected ratio of the number of retrograde over prograde NEAs is
Ny /Np &~ (14 Py)/(1 — Pyg) =~ 2+0.2, where P, refers to the delivery efficiency
of the vg resonance.

In our detections, the number of retrograde rotators is 201, while the number of
prograde ones is 78, thus the ratio is N, /N, = 2.58. Given that our data represents a
finite sample of the NEAs population, we account for the sampling error as in [21]:
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oy = 0.35. The value is within the confidence region of the expected ratio, although
it is on the high end of the interval. This over-abundance of retrograde rotators could
be due to a bias in the sample or to some approximation in the model.

5.2 Dependence on the diameter

As shown in (8), the semi-major axis drift has a dependence from the diameter which
is approximately da/dt o« D~!. In particular, as shown in [43]:

da 1 0.50,
— x D
dt 1420, +0.503

(1)

where the relation makes use of (2). The thermal parameter ®,, peaks around 1.4 and
therefore the previous relation can be approximated as [21]:

d

%Dl « D! (12)
dt

Considering the double constrained dataset, the result of the fitting procedure is
da/dt o« D™108+0.04 "in aoreement with the expectations. In Fig. 4 are displayed
both the data and the least squares best fit.

6 Conclusions and further improvements

The Yarkovsky effect is fundamental in long-term dynamics of NEAs, and it is crucial
to collect information in order to estimate the corresponding drift. Although dedicated
physical observation campaigns of NEAs are being conducted and space missions to
asteroids are underway and under study (e.g. Hera mission, [44]) the more effective
method to estimate the Yarkovsky effect remains the OD from astrometric observa-
tions.

Fig.4 Computed Yarkovsky Yarkovsky Drift vs Diameter
drift as a function of the N it
diameter, logarithmic scale. The
dots refer to the data and the red
line refers to the least squares fit E
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In this paper, using a seven parameters OD, we computed the Yarkovsky drift value
for 1262 NEAs: 91 were new detections, of which 26 with a SNR > 3.

In general, this new results can be seen as preliminary detections for future investi-
gations. In fact, there are some NEAs, like 2017 UJ5 and 2006 AN, which have a low
value of S and thus require a further investigation of their properties.

Furthermore, the detections are employed to validate two predictions of the
Yarkovsky effect theory: the ratio of retrograde over prograde NEAs of N, /N, ~ 2.58
and the trend da /dt o« D~1:08+0.04,

Regarding the further improvements, it would be interesting to analyze the objects
which have a high SNR but are rejected by the S parameter threshold and vice versa.
This requires a study on possible orbit determination effects and physical characteri-
zation.

Appendix A: List of 91 new Yarkovsky drift detections

Table 4 These detections have

S < 1.5 and SNR> 2 Asteroid da/dt Oda/dt SNR da/dt|exp S
1221 —2.23 0.68 3.28 3.52 0.63
5797 —3.47 1.63 2.13 8.94 0.39
6037 —8.77 3.12 2.81 9.2 0.95
11284 —4.81 2.26 2.13 4.73 1.02
26310 —8.41 2.95 2.85 7.85 1.07
65909 —13.35 4.69 2.85 12.07 1.11
68347 —20.08 7.89 2.54 14.15 1.42
152564 17.54 6.95 2.52 17.38 1.01
154300 —15.32 4.71 3.25 10.78 1.42
162422 —24.06 10.26 2.35 20.47 1.18
175729 —17.65 6.0 2.94 12.26 1.44
194006 —10.61 4.17 2.54 15.42 0.69
234145 —11.48 425 2.7 13.92 0.83
285179 —16.49 8.11 2.03 11.77 14
286079 —16.74 5.06 3.31 12.87 1.3
303450 22.57 9.32 242 19.76 1.14
311554 —11.97 5.04 2.37 12.55 0.95
360502 17.77 6.02 2.95 18.33 0.97
363067 —8.45 3.12 2.71 6.82 1.24
382406 —37.63 17.08 22 36.03 1.04
382875 26.8 11.97 2.24 24.78 1.08
390725 —22.46 9.99 2.25 16.38 1.37
401856 —13.52 3.89 3.47 15.02 0.9
410622 —18.55 7.21 2.57 22.29 0.83
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Table4 continued Asteroid dajdt  ogaq;  SNR  dajdtley S

417816 —-1632  3.68 4.44 13.43 1.22
422638 —1245 576 2.16 19.3 0.65
434313 —20.11 99 2.03 14.69 1.37
434500 17.35 6.81 2.55 20.42 0.85
452376 9.5 3.02 3.15 12.12 0.78
465824 —28.39  10.69 2.65 29.12 0.98
469219 —59.75 17.39 3.44 91.46 0.65
474613 —14.5 6.84 2.12 17.33 0.84
489235 19.52 6.68 2.92 13.22 1.48
496816 10.39 4.6 2.26 12.42 0.84
508908 —15.77 485 3.25 21.9 0.72
515082 —8.2 3.38 2.43 14.79 0.55
523971 21.72 10.04 2.16 22.75 0.95
524471 23.43 9.27 2.53 17.05 1.37
526742 21.52 9.41 2.29 18.88 1.14
527977 —62.91 31.09 2.02 97.46 0.65
612027 21.72 4.71 4.61 17.65 1.23
612267 —22.13 10.44 2.12 18.26 1.21
1994 GL 368.44 58.72 6.27 251.4 1.47
1998 SL36 -21.03 731 2.88 14.01 1.5

1999 FN19 —2849  13.13 2.17 26.74 1.07
2000 CR101 —1435 545 2.63 11.48 1.25
2001 SQ3 —1222 581 2.1 30.68 0.4

2002 LX 34.54 15.35 2.25 24.7 1.4

2005 NE21 44.84 14.16 3.17 33.48 1.34
2005 SP9 52.47 23.26 2.26 46.14 1.14
2005 WD 17.88 8.22 2.17 28.9 0.62
2006 AL4 96.94 25.66 3.78 115.6 0.84
2006 AN —-21.16  7.63 2.717 92.4 0.23
2006 NL —2426 11.6 2.09 19.75 1.23
2006 SY217 —34.63 12.3 2.82 24.62 1.41
2006 UL185  42.39 17.76 2.39 32.63 1.3

2006 XY 42.11 19.29 2.18 78.75 0.53
2007 DB61 —95.5 44.06 2.17 86.74 1.1

2007 TQ24 73.48 32.55 2.26 50.12 1.47
2008 GU20 22.13 8.5 2.6 40.57 0.55
2008 HA2 85.78 25.45 3.37 86.23 0.99
2008 KV2 —2726  6.68 4.08 28.75 0.95
2008 SZ150 —92.1 29.4 3.13 74.15 1.24
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Table4 continued Asteroid dajdt  ogeir  SNR  dajdtlepy S

2009 FF —13.08 5.37 2.44 29.81 0.44
2009 WC54 —116.78  41.84 2.79 99.73 1.17
2010 GC35 —37.55 14.06 2.67 97.34 0.39
2010 KP10 —37.63 9.94 3.79 4521 0.83
2011 CE50 —74.79 24.18 3.09 53.94 1.39
2011 UC292 17.56 6.79 2.59 48.12 0.36
2011 YW10 134.64 57.19 2.35 130.92 1.03
2012 DY32 —28.61 9.23 3.1 42.08 0.68
2012 GAS —104.58 3474 3.01 79.81 1.31
2013 BC70 —64.91 29.27 222 86.44 0.75
2013 BO27 —31.76 10.36 3.06 103.04 0.31
2013 KS1 —402.04 125779 32 275.39 1.46
2013 LE7 —447.61  162.0 2.76 365.85 1.22
2013 YA14 70.84 35.04 2.02 74.26 0.95
2015 EO61 60.03 26.65 2.25 42.32 1.42
2015 TW178 24.83 9.29 2.67 17.33 1.43
2015 XW261  —38.12 12.43 3.07 26.73 1.43
2016 AJ9 —53.18 19.17 2.77 82.86 0.64
2016 ED157 —39.57 15.92 2.49 93.82 0.42
2017 BN123 —51.01 24.16 2.11 49.57 1.03
2017 BP32 —44.55 12.42 3.59 5291 0.84
2017 UJ5 —14.4 5.64 2.55 103.09 0.14
2017 X0O2 —46.28 10.11 4.58 42.05 1.1

2018 CC14 43.8 13.89 3.15 37.73 1.16
2020 KP1 —46.08 15.84 291 44.5 1.04
2020 PP1 —14585  49.36 2.95 263.54 0.55
2021 CF9 —28.56 12.34 2.31 22.58 1.27
2022 UY —125.67  29.55 425 155.14 0.81

The columns represent, in order: the asteroid designation, the com-
puted Yarkovsky drift and its error in 1074 AU M yr— 1, the SNR, the
expected Yarkovsky drift in 1074 AU M yr_l and the S parameter
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