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ABSTRACT

Aims. The primary objective of this study is to utilize Gaia DR3 asteroid astrometry to detect the Yarkovsky effect, a non-gravitational
acceleration that affects the orbits of small asteroids. We then computed the bulk densities for the sample of objects for which we
obtained an estimation of the Yarkovsky effect.

Methods. We used the version of the OrbFit software that is currently developed at the Minor Planet Center (MPC). We utilized the
complete astrometric dataset from the MPC, encompassing all radar data and Gaia DR3 observations. The orbital computation was
performed for a total of 446 Near-Earth Asteroids (NEAs; including 93 Potentially Hazardous Asteroids (PHAs)), and 54 094 Inner
Main Belt Asteroids (IMBAs) as well as Mars Crossing asteroids. Furthermore, we used a new validation method which involved com-
puting the A2 (the Yarkovsky effect) using different observational arcs to observe the stability of the result. We applied the Yarkovsky
effect to determine the density of the studied asteroids.

Results. Thanks to Gaia DR3 we significantly constrained orbital uncertainties and determined reliable A2 values for 49 Near-Earth
Asteroids, including 10 new detections and for all improvements in signal-to-noise ratio. Additionally, we successfully determined the
density, along with their uncertainties, for all of these objects. However, regarding IMBAs, although we have made progress, we do not
detect Yarkovsky drift for any asteroid in the main belt.

Conclusions. Adding a relatively small amount of ultra-precise astrometry from Gaia DR3 to the observations from the Minor Planet
Center (MPC) not only significantly improves the orbit of the asteroid but also enhances the detectability of non-gravitational parame-
ters. Utilizing this improved dataset, we were able to determine the densities, along with their uncertainties, for the studied asteroids.
Looking ahead, with the upcoming release of Gaia DR4, we anticipate even more detections for NEAs and new detections for IMBA

and Mars Crossing Asteroids.
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1. Introduction

The Yarkovsky effect is the change in the semi-major axis,
caused by anisotropic thermal radiation from the surface of
the asteroid (Bottke et al. 2006). It can be divided into diur-
nal and seasonal components (Vokrouhlicky et al. 2015a). The
first component relates to a delay between the absorption and
re-emission of thermal radiation on a rotating body having
some thermal inertia. Generally, the diurnal Yarkovsky effect
increases the semimajor axis of prograde rotators and decreases
for retrograde rotating asteroids. The seasonal effect is related
to the seasonal heating and cooling of the asteroid’s hemi-
spheres during its yearly orbital motion. The seasonal effect
always leads to an decrease in the semi-major axis. For aster-
oids larger than 100 m in diameter, the diurnal effect dominates
(Farinella et al. 1998).

The diurnal effect depends on the physical and dynamic
properties of the asteroid. The typical diameter for which the
diurnal effect is the strongest is considered to be on the order of
centimetres to meters. Larger objects will be less affected, and

the effect is negligible for bodies with d >40km (Bottke et al.
2006). Contrary to the seasonal effect, the diurnal effect is maxi-
mum for obliquity y = 0° or 180° and null for y = 90°. Moreover,
the overall Yarkovsky effect depends on the surface conductivity,
density, shape, and heliocentric distance of the object (see Bottke
et al. 2006; Vokrouhlicky et al. 2015a, for a full description).

The Yarkovsky effect was first detected for the LAGEOS
(Rubincam 1988) artificial Earth satellite as an explanation of the
residuals in its orbital elements. The semimajor axis exhibited
a decrease at a rate of approximately 1.1 mm day~'. Consider-
ing LAGEOS’ rapid rotation and its high surface thermal inertia,
this specific rate of change aligned with the seasonal component
of the Yarkovsky effect (Rubincam 1988). Later, the Yarkovsky
effect was detected for the asteroid (6489) Golevka (Chesley
et al. 2003), thanks to radar observations during Golevka’s close
approaches in 1991, 1995, and 2003.

As of today, a few objects have a precisely (signal to noise
S /N > 100) determined Yarkovsky effect (Farnocchia et al. 2021;
Pérez-Herndndez & Benet 2022; Vokrouhlicky et al. 2015b).
Thanks to the NASA OSIRIS-REx mission Lauretta et al. (2017),
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the asteroid with the most accurately determined Yarkosvy drift
is (101955) Bennu. The latest research has led to the result of
da/dt =-284.6 + 0.2 myr~!, which corresponds to a large S/N of
~1400 (Farnocchia et al. 2021).

The Yarkovsky effect also plays a significant role in the long-
term assessment and mitigation strategies of Earth’s impact risk
(Farnocchia et al. 2015). For example, (99942) Apophis was on
the top of the Risk lists' for about 17 yr (Chesley 2005). Due
to accurate astrometry from new radar and stellar occultation
observations, made during its close approach in 2021, the impact
could now be ruled out (at least for the next 100 yr)?. This
was possible due to the precise Yarkovsky drift determination
(da/dt = -199.0 % 1.5 myr"; Pérez-Hernandez & Benet 2022).
Improvement of the Yarkovsky effect will lead to a better esti-
mate of collision probability, because it has been found to be the
most significant non-gravitational acceleration affecting asteroid
orbits (Chesley et al. 2014).

Estimations of the Yarkovsky effect can also be used to con-
strain asteroid densities. Since its determination is agnostic about
the physical parameters of the object, the only assumption to
make is that the non-gravitational acceleration is dominated by
the Yarkovsky effect (Chesley et al. 2014). Solving the approxi-
mate analytical expression of the Yarkovsky effect allows for the
determination of the bulk density (Golubov et al. 2016; Nugent
et al. 2012). Using this method, the bulk density of (101955)
Bennu was accurately determined at 1260 + 70 kg m~3 (Chesley
et al. 2014), prior to the OSIRIS-REx mission’s encounter with
the asteroid (Goossens et al. 2021). This was later confirmed
to be 1191.57 +1.74 kgm™ using data collected during the
mission (Goossens et al. 2021). Furthermore, seven additional
asteroids have undergone density determinations utilizing this
approach: (3200) Phaethon, with a reported density of p = 1.67+
0.47 gem™ (Hanus et al. 2018), (6489) Golevka, with a den-

sity of p = 27704 gem™ (Chesley et al. 2003), (1862) Apollo

with a density of p = 2.85f8:g§ g cm~3(Rozitis et al. 2013), (1620)

Geographos with a density of p = 2.10’:8:22 gem™3 (Rozitis &
Green 2014) and asteroids with bulk density functions presented
in Farnocchia et al. (2013).

The Yarkovsky effect plays a crucial role in understanding
the dynamical evolution of individual asteroids, asteroid fam-
ilies, and the overall asteroid population (Bottke et al. 2001;
Nesvorny & Bottke 2004). It also contributes to our understand-
ing of meteorite delivery to Earth (Bottke et al. 2006), aids in
determining the ages of asteroid families (Spoto et al. 2015), and
impact monitoring (Farnocchia et al. 2015). So far the effect has
been directly detected for about a few hundred asteroids, all of
them being NEOs (Greenberg et al. 2020; Del Vigna et al. 2018;
Farnocchia et al. 2013; Nugent et al. 2012; Chesley et al. 2008).

Orbital inversion (without the Yarkovsky effect) is performed
routinely in the Gaia development units DU456 and DU457
(Coordination Unit CU4 object processing) of the Gaia Data
Processing and Analysis Consortium (DPAC). The methods
implemented in the short-term processing pipeline are derived
from the work of Muinonen et al. (2016), Oszkiewicz et al.
(2009), Virtanen et al. (2001; DU456). The long-term data
processing (DU457) of astrometry involves the traditional least-
squares method with the differential correction algorithm (Gaia
Collaboration 2018; Tanga et al. 2023; Spoto et al. 2018; Milani
& Gronchi 2010).

! https://cneos. jpl.nasa.gov/sentry/
2 https://www.esa.int/Space_Safety/Planetary_Defence/
Apophis_impact_ruled_out_for_the_first_time
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Prior to the start of the Gaia mission, the expectation was
that the high precision of astrometry from the ESA’s Gaia space
mission will allow for the detection of the effect for a large num-
ber of asteroids, including Main Belt objects (Mignard et al.
2007; Mouret & Mignard 2011; Mouret 2011; Spoto et al. 2018).
In Dziadura et al. (2022) we determined the effect for 42 aster-
oids from the Gaia DR2 catalog. Here, we significantly extended
our sample and used the latest release of the Gaia catalog. Gaia
DR3 was published on 13 June 2022 and contains astrometry for
over 150 000 Solar System Objects (SSOs). Moreover, compared
to DR2, this data release not only contains more objects and
observations but also provides a longer observational arc (22 vs
63 months) which is critical for precise orbit determination
(Tanga et al. 2023).

The present study focuses on the determination of the non-
gravitational transverse acceleration (the Yarkovsky effect — A2
or da/dt) with the use of Gaia DR3 asteroid astrometry, similar
to Dziadura et al. (2022). We process the DR3 astrometry of all
near-Earth asteroids (NEAs) and asteroids in the inner main belt
in combination with all the available observations from the MPC
and radar measurements from Jet Propulsion Laboratory (JPL).
In Sect. 2, we describe the data used in this work. In Sect. 3,
we describe the methodology used for the orbit determination
and the density determination process. In Sect. 4, we present
the results of the A2 and densities. We summarize our results
in Sect. 5.

2. Data and selection of asteroids

Gaia is a space observatory orbiting at the Lagrangian point
L2 of the Sun-Earth system. On 13 June 2022, it had the third
complete data release (Gaia DR3). The DR3 catalog contains
a large number of stellar data and a large number of aster-
oid observations. In particular, there are 23 336 467 astrometric
measurements that represent 3 214 776 focal CCD plane transits
(Tanga et al. 2023). The DR3 along scan astrometric uncertainty
is at a sub-milliarcsecond level for objects of magnitude G < 18.
For the purpose of this study, we used the astrometry of selected
Solar System objects from DR3.

Gaia mission was designed for stellar astrometry; therefore,
moving objects (such as asteroids) will drift during observation
on the focal plane. Due to this effect, its signal can be cut at the
scanning window. Moreover, the information across the scan of
the object comes only from the sky mapper field of the CCD.
Thus, the accuracy of the across scan is around one arcsecond
while for the along scan information comes from the astrometric
field of Gaia and reaches the milliarcsecond level. For this rea-
son, the Gaia astrometry data points are highly correlated, and it
is crucial to use both error components (systematic and random)
of the astrometry (Spoto et al. 2018; Tanga et al. 2023; Dziadura
et al. 2022).

Generally, the detection of the Yarkovsky effect depends on
the formal uncertainty of the orbital elements, especially the
semi-major axis (Del Vigna et al. 2018). Asteroids with longer
observational arcs have typically been observed in more oppo-
sitions; thus, uncertainties of the orbital parameters are usually
smaller. Gaia mission observes numbered asteroids with rela-
tively long observational arcs. Therefore, we selected all objects
from Gaia DR3 without additional requirements for the length
of the observing arc.

From the Gaia DR3 catalog, we selected all available NEA
(446), including 93 Potentially Hazardous Asteroids (PHAS),
and all Inner Main Belt Asteroids (IMBAs) and Mars Crossers


https://cneos.jpl.nasa.gov/sentry/
https://www.esa.int/Space_Safety/Planetary_Defence/Apophis_impact_ruled_out_for_the_first_time
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Table 1. Number of objects and observations.

Group Number Niotal Nwmpc Nradar NGaia
objects  observations observations observations observations
NEA 446 645 921 611 893 664 33 364
IMBA and 45/ 094 77536340 70246 354 17 7 289 969

Mars crossing

Notes. Ny are all observations. Nypc are ground-based and satellite astrometry downloaded from MPC. N4, is the number of radar data. and

Ngaia 1s the number of Gaia DR3 observations.

(semi-major axes a < 2.5 au) which accounts for 54 094 aster-
oids. The total number of Gaia observations used for this study
is 7323 333. For these objects, we also downloaded all avail-
able optical data (ground-based and satellite) from Minor Planet
Center (2022) and radar observations from JPL Solar System
Dynamics (2022b). The number of optical and radar obser-
vations incorporated in this research is 70858247 and 681,
respectively.

We present a summary of the data used for this study in
Table 1. For each population, we indicate the number of total
observations used and the number of optical, radar, and DR3
data. Furthermore, in Table 2 we present a more detailed break-
down of the data, we indicate the date of the first and last
observations, and the number of each type of observation (MPC,
radar, Gaia DR3) used in this study, diameters, and the dynam-
ical group. All available diameters and their uncertainties were
retrieved from the SsODNet service (Berthier et al. 2023) using
its rocks python package®. Most of the diameters come from
the NEOWISE mission (Masiero et al. 2011; Masiero et al. 2012,
2014; Nugent et al. 2016). If the uncertainty was not available,
we assumed it to be 1/3 of the diameter (as in Greenberg et al.
2020) and if the diameter was not available, we estimated it from
the absolute magnitude and albedo.

Astrometric data were corrected for biases arising from the
use of various stellar catalogs (Farnocchia et al. 2015; Eggl et al.
2020). We use a modified version of the OrbFit software devel-
oped at the Minor Planet Center that accounts for corrections
of the biases arising from the use of various stellar catalogs
(Farnocchia et al. 2015; Eggl et al. 2020) and the weighting
scheme (Farnocchia et al. 2015; Veres et al. 2017).

3. Methodology
3.1. Detection of the Yarkovsky effect

We used the standard linearized least-squares orbit computation
method with differential corrections described, for example, in
Milani & Gronchi (2010), Milani et al. (2005), Farnocchia et al.
(2015). We follow the procedure outlined in our previous work
(Dziadura et al. 2022) that we summarize here.

The general idea of orbit determination is to minimize the
linearized target function (Eq. (1)) and the vectors of residuals.

1
O(x) = Eé—‘(x)TWf(x) (1)

where Q(x) is the target function, m is the number of observa-
tions, £(x) are residuals and W is the weight matrix. To find the
best fit (minimum residual), we search for stationary points of
the target function. In each iteration, an orbit improvement is

3 https://rocks.readthedocs.io/en/latest/

made, and the solution is given by the differential corrections
algorithm.

Different observations from various telescopes have differ-
ent weights, which are included in the weighing scheme that is
used during the orbiting computation. Outliers are automatically
removed from the fit using a threshold value of y2. The rejected
observation can be recovered for the fit in a further iteration if
it provides a smaller y? (Carpino et al. 2003; Milani & Gronchi
2010).

In the N-body problem, we included the masses of all plan-
ets, the Moon, Pluto and the 16 most massive asteroids in
accordance with the precision of the astrometric observations
and because they have a significant gravitational effect (Milani
& Gronchi 2010). The list of the 16 most massive asteroids used
in this work can be found in Del Vigna et al. (2018; Table 1).

3.2. Density estimation

The daily and annual components of the Yarkovsky effect can be
written, using the formalism adapted from Farinella et al. (1998)
and Vokrouhlicky et al. (2015a):

da  6(1-A)So(
@ = OnDpe? [Wn sin®y — 2W,, cosy] (2)

with :

050,
YT 140,+0502

Iy

Q, = 3 withv=norv=w
EO’BT*
i (L=A)S
* nopeA?

where n is the orbital mean motion (rads~!) dictating the
annual component W, sin’y, w is the asteroid angular rota-
tion frequency (rads™') responsible for the daily component
W, cosy , D is the asteroid diameter (m), A its Bond albedo
((0.29 + 0.684G)py, with G the phase slope and py the geomet-
ric albedo in V band), p its density (kg m~?), I" its thermal inertia
(I m2 57172 K71, y its obliquity (the angle between its orbital
and rotational angular momenta, in rad), A is the distance to
the Sun (au), S is the solar constant at 1 au (W m™2), T, is
the subsolar point temperature (K) and the other parameters are
constants: (c the speed of light, e the emissivity, og the Stefan-
Boltzmann constant, and 7 the beaming parameter). The Eq. (2)
derives from the solution of the linearized heat diffusion in a
spherical body orbiting the Sun on a circular trajectory. Depend-
ing on the specific shape, the Yarkovsky effect value can deviate
by several tens of percent from the true value (Vokrouhlicky
1998) Those factors introduce an element of uncertainty.
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Table 2. Summary of the data used for this study.

Notes. We include only accepted and marginal objects (Sect. 4) The columns denote asteroid number and name, date of the first and last observation,
number of all observations, number of MPC records (satellite and ground-based observations), number of radar observations, number of Gaia DR3

Number Name Group First obs. Last obs. Niotat  Nmpc  Nradar  NGaia
1566 Icarus P 1949-06-27 2022-07-25 1438 1384 23 31
1685 Toro 1948-07-17  2021-08-04 3828 3680 9 139
1862 Apollo BP 1930-12-13  2022-03-14 2468 2300 17 151
1865 Cerberus 1971-10-26  2021-09-23 2148 2036 0 112
1943 Anteros 1968-06-03  2022-02-14 4815 4623 0 192
2062 Aten 1955-12-17  2019-11-10 1144 987 7 150
2063 Bacchus 1977-04-24  2022-09-19 935 869 12 54
2100 Ra-Shalom 1975-10-03  2022-10-10 3778 3724 10 44
3103 Eger 1982-01-20 2022-06-16 4587 4475 4 108
3200 Phaethon P 1983-10-11  2022-10-07 6861 6498 8 355
3908 Nyx 1980-08-06  2022-05-22 2160 2072 16 72
4179 Toutatis P 1934-02-10  2022-05-06 6741 6641 63 37
4769 Castalia P 1989-08-01  2022-07-10 468 314 15 139
6239 Minos P 1983-01-14  2021-01-10 1274 1200 3 71
7335 1989 JA P 1989-04-06  2022-10-06 2464 2412 5 47
7341 1991 VK P 1981-10-23  2022-06-07 2352 2284 13 55
7482 1994 PC1 P 1974-09-22  2022-07-28 1732 1490 2 240
7822 1991 CS P 1991-01-19  2022-07-08 1963 1845 4 114
10302 1989 ML 1989-06-06  2022-09-24 1195 1111 0 84
11054 1991 FA 1937-11-28  2022-06-04 1313 1294 0 19
17511 1992 QN 1992-08-29  2022-10-06 2064 2042 1 21

22099 2000 EX106 1994-01-30  2022-10-02 1186 1115 0 71
29075 1950 DA P 1950-02-22  2021-12-03 999 933 12 54
33342 1998 WT24 P 1998-11-24  2022-02-20 1954 1883 17 54
38086 Beowulf 1992-05-01  2022-03-23 1066 911 0 155
52750 1998 KK 17 1992-08-29  2022-08-19 1452 1377 0 75
55408 2001 TC2 1979-11-13  2018-09-09 290 259 0 31
66391 Moshup BP 1998-05-29  2022-07-18 4322 4240 37 45
68950 2002 QF15 P 1955-07-23  2021-10-15 2939 2862 13 64
85953 1999 FK21 1971-03-26  2022-02-04 1300 1284 0 16
85989 1999 JD6 1990-06-22 2022-06-25 3022 2980 15 27
86667 2000 FO10 1988-05-11  2022-04-28 1679 1610 0 69
87024 2000 JS66 1979-01-06  2022-03-03 2062 2018 1 43
88710 2001 SL9 B 1954-11-27 2016-01-04 1134 1007 0 127
99907 1989 VA 1989-11-02  2022-10-05 1075 1029 0 46
99935 2002 AvV4 1955-01-29  2022-08-05 1840 1762 0 78
105140 2000 NL10 1952-09-17  2022-10-09 2681 2589 0 92
137924 2000 BD19 1997-02-10  2022-04-16 876 834 7 35
138852 2000 WN10 2000-11-20  2022-01-31 1182 1173 0 9
138947 2001 BA40 2001-01-23  2022-03-23 552 522 0 30
141531 2002 GB 2002-04-01 2021-04-13 794 744 0 50
161989 Cacus P 1978-02-08 2022-10-03 1660 1543 0 117
162142 1998 VR 1998-11-10  2021-12-06 618 581 0 37
162173 Ryugu P 1986-04-14  2021-06-21 2215 2121 0 94
162181 1999 LF6 1979-12-20  2022-05-24 1694 1659 2 33
163000 2001 SW169 1997-12-25 2022-10-07 1233 1158 0 75
163243 2002 FB3 P 2002-03-18  2022-07-01 1110 1027 0 83
164206 2004 FN18 1954-10-05  2022-07-29 570 545 0 25
172034 2001 WR1 1953-02-14  2022-03-08 814 791 0 23
188174 2002 JC 1991-05-16  2022-06-28 417 379 3 35
192563 1998 WZ6 P 1998-11-23  2022-09-17 1123 1078 0 45
276409 2002 YN2 2002-12-27  2021-02-12 351 222 0 129
311554 2006 BQ147 1992-02-01  2021-02-26 521 500 1 20
317643 2003 FH1 2003-03-24  2021-05-25 813 789 0 24
345705 2006 VB14 2006-11-15  2021-01-12 1377 1285 1 91
363505 2003 UC20 P 1954-12-05  2021-12-12 749 638 5 106
385186 1994 AW 1 P 1986-12-29  2022-09-19 2430 2341 3 86

observing points. Potentially hazardous asteroids are marked with the letter P. Binary systems are marked with the letter B.
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From the knowledge of the semi-major axis drift (da/dr)
derived from the astrometry (Sect. 3.1) and of the other parame-
ters in Eq. (2), one can determine the density p of the asteroid
(e.g., Chesley et al. 2014). We thus compiled the best esti-
mates for these parameters for each asteroid in our sample,
using the ssoCard of SsODNet” through its rocks> interface
(Berthier et al. 2023). This service contains all parameters from
all available literature. If there are multiple measurements of one
parameter present in the literature, it provides the one obtained
using the most accurate technique or computes a statistically
weighted average of the parameter. Many parameters are, how-
ever, unknown for many targets, such as their thermal inertia
or their obliquity. We thus build a reference probability den-
sity function (PDF) of each parameter based on all asteroids
(using the BFT, see Berthier et al. 2023). To determine the
density and its uncertainty, we use a Monte-Carlo approach,
drawing 20 000 random samples for each parameter (either from
its known estimate or from the reference PDFs).

4. Results

We computed orbits for 54,633 asteroids using a modified ver-
sion OrbFit software® (Milani & Gronchi 2010) developed at
the Minor Planet Center. For each object, we estimated the six
usual orbital parameters along with A2, the non-gravitational
transverse acceleration.

To verify the reliability of the detection, we computed the
theoretically expected values of the Yarkovsky effect for all of
the studied objects and compared them to our empirical esti-
mates. We used the same approach as in Spoto et al. (2015);
Del Vigna et al. (2018); Dziadura et al. (2022, Eq. (2)) with
one exception. All the previous works have used the aster-
oid (101955) Bennu as a benchmark to validate the detected
Yarkovsky accelerations. Recent results from the OSIRIS-REx
mission (Farnocchia et al. 2021; Hergenrother et al. 2019) proved
that modelling the Yarkovsky effect for Bennu requires more
attention than just fitting the available optical and radar astrom-
etry. Therefore, we have decided to adopt another asteroid as
our benchmark, namely (99942) Apophis. Thanks to its close
approach to Earth in 2021, Apophis has now the second best-
known value of the Yarkovsky effect (Sect. 1). The orbital
parameters of (101955) Bennu are better known; however, its
semimajor axis undergoes variations influenced by its intrin-
sic activity Consequently, we computed the expected values
A2expected Of the Yarkovsky effect using the physical and orbital
parameters of the studied objects and scalling it to the Apophis
elements provided in Table 3.

Next, we determined the parameter S, which is the ratio
between the estimated A2 based on astrometry (empirical
approach) and the expected value (theoretical approach) S =
A2empirical /AZexpected- Detection is considered accepted when the
S parameter <2 (the determined value is less than twice the the-
oretically expected A2) and the signal-to-noise ratio (S /N4,) >3.
The marginal results are those with S <2 and 2.5 < §/Na, < 3.
The remaining supposed detections are rejected. Objects with
S/N > 3 but § > 2 have much higher A2 values than predicted
and the reason for that may be related to other effects (e.g.
cometary-like activity) or wrong estimation of physical proper-
ties for which we determine the theoretical effect. However, we
are not able to tell if it is just a systematic bias in astrometry

4 https://ssp.imcce.fr/webservices/ssodnet/
5 https://rocks.readthedocs.io/en/latest/
6 http://adams.dm.unipi.it/orbfit/

Table 3. Apophis orbital and physical parameters.

Param. Value Ref.
A2 -29.01+023x 1075 aud Computed
P 2.66 gcm™ Following Carry (2012)
A 0.14j8182 Miiller et al. (2014)
b% 167.1 deg Vokrouhlicky et al. (2015b)
D 0.34 km Brozovic et al. (2018)
a 0.9227 £2.0453 x 107 au  JPL Solar System Dynamics (2022a)
e 0.1914 £ 1.1454 x 107 JPL Solar System Dynamics (2022a)
103
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»n 10°4
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Fig. 1. Parameter S as a function of S/Ny, for all NEA without using
Gaia DR3 — top panel, using Gaia DR3 — bottom panel. Green circles
represent accepted values (S/Ny, > 3 and S < 2) — consistent with the
expected value scaled to the (99942) Apophis A2 value, blue circles are
marginal cases with 2.5 < S/N4 <3 and S < 2 and red are values with
S/Nap >3 or S >2.5. The horizontal line represents S = 2. The vertical
line represents S /Na» = 3.

therefore further studies for these objects are needed and here
we categorise them as rejected. Using a different approach for
computing the expected value yield more accepted objects. Nev-
ertheless, we selected the most stringent and accurate method to
ensure the validity of our results and avoid any potential false
claims.

First, we determined A2 for all NEAs without using Gaia
DR3 data. The results are presented in Fig. 1 top panel. There are
41 accepted (green circles), 2 marginal (blue diamonds), and 403
rejected (red pentagons) asteroids. Next, we repeat the computa-
tion by adding Gaia DR3 observations. The results are presented
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Fig. 2. Comparison of the A2 value determined in this work with the
literature Greenberg et al. (2020), Durech et al. (2018), Del Vigna et al.
(2018), Farnocchia et al. (2013), Nugent et al. (2012). S value computed
for the A2 parameter determined in this work.

in Fig. 1 bottom panel. We obtained 49 accepted asteroids, 8
marginal asteroids, and 389 rejected asteroids. As a result of
adding Gaia DR3 observations, there are 10 new accepted results
for asteroids. Two of the asteroids that were accepted without
using Gaia DR3, due to the reduction of both the A2 value and
the uncertainty, fell into marginal cases. For most objects, adding
the Gaia data resulted in the reduction of the orbital element
uncertainties and global Root Mean Square (RMS) of the obser-
vations. In Table A.l we list the results and other parameters of
all accepted NEAs when using Gaia DR3. There are 20 PHAs
and 3 binary objects in this data set.

We compared the results of A2 presented in this work with
the value of A2 from the literature. We show the comparison
in Fig. 2. Generally, the results agree well. Most objects are
consistent with the literature. However, there are two objects,
7782 and 7822, with opposite signs. Any other minor discrep-
ancies in values are likely attributed to the utilization of distinct
data sets for orbit determination, particularly the inclusion
of Gaia DR3 in our study. Furthermore, for all asteroids, the
uncertainty of A2 is smaller in this work than in the literature.
In the figure, we also present the S value as a colour bar.

We introduced an additional verification method for the
accepted results. This method involved calculating the orbit
using the most recent 5 yr of observations, and then progres-
sively including older observations in two-year intervals. This
approach allowed us to assess the behaviour of the A2 parameter
and determine if its value or signal-to-noise ratio (S/N) was sig-
nificantly influenced by the oldest observations. In most cases,
we observed a distinct pattern of decreasing the absolute value
of A2 and decreasing uncertainty. A notable example of this
behaviour can be seen in the case of (3200) Phaethon (see Fig. 3).
However, we obtained a different result for asteroid (433) Eros
(Fig. 4). If we had considered only the last observation in 1952
for the fit, the result would have been positive with considerably
high uncertainty. We refrain from claiming accepted results if
they are only based on old observations. Additionally, the oblig-
uity of (433) Eros, which suggested the A2 to be positive, further
supported the decision to exclude it from the accepted group. As
aresult, (433) Eros was not used for further computations, and it
was removed from Fig. 1.
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The theoretical equation of the drift of the Yarkovsky effect
predicts a diameter dependence <da/dr> o« D™'0 (Greenberg
et al. 2020). We compute the empirical value of A2 based on
astrometric measurements independent of the physical properties
of the asteroids. Therefore, we can determine the dependence of
the Yarkovsky effect on the diameter. To compare the results,
we derived the value da/dt from A2 as in Farnocchia et al.
(2013). In Fig. 5, we present a comparison of the magnitude
of the Yarkovsky effect and the diameter of the object. We
used an Orthogonal Distance Regression (Jones et al. 2001) and
fit a power law. The best fit <da/dt> o« D109*015 gimilar to
Greenberg et al. (2020). In Fig. 5, there is an exceptional green
object located at the top right. This object corresponds to (3200)
Phaethon. The reason for this behaviour is its high eccentricity,
with a Vazlue of e ~0.89 and the A2 value is inversely proportional
to (1 —e).

Among the accepted A2 values for NEA, there are 39 neg-
ative and 10 positive results. This corresponds to 39 retrograde
rotators N; and 10 prograde rotators N,. It leads to the prepon-
derance of retrograde rotators (N;) over prograde rotators (N,),
the ratio is N;/N, = 3.9. Similar to the Farnocchia et al. (2013)
N/N, = 4 and higher than in Greenberg et al. (2020) N,/N, =
2.7, La Spina et al. (2004) N,/N,, = 2:‘17, Greenberg et al. (2017)
Ni/N, = 2.9+0.7 and Nugent et al. (2012) N,/N, = 2.5£0.1.
The excess in retrograde rotators was to be expected, consid-
ering that all the objects examined are small NEAs primarily
injected into their current orbits by the vg resonance (Eurech
et al. 2018; La Spina et al. 2004; Granvik et al. 2018). This res-
onance is located in the Inner Main Belt area therefore, only
objects evolve towards the Sun (retrograde rotators). Other res-
onances (like 3:1 resonance) that are injecting NEAs from the
Main Belt are affecting both types of asteroids (prograde and
retrograde). Therefore, the presence of retrograde axes in NEAs
is important not only for their rotational characteristics but also
for understanding their dynamical evolution and the implications
of the Yarkovsky effect on these objects.

Furthermore, we analyzed the dependence of formal semi-
major axis uncertainties on the detectability of the Yarkovsky
effect for NEAs. The theoretical Yarkovsky drift for a 1 km
asteroid is in order of 3 x 10719 au y‘l, therefore it causes an
orbit change of 3 x 10~ au in 10 yr (Farnocchia et al. 2013). For
this reason, the theoretical uncertainty of the semimajor axis,
for ~1 km object, should be lower than o(a) < 3 X 10~ au, so
we could detect the effect (Del Vigna et al. 2018). Among the
accepted NEAs, the formal uncertainty was o(a) < 3 x 10~ au
with the exception of one small object (141531) with o(a) <
3.7 x 107 and diameter = 303 + 14 m (Nugent et al. 2016). Over-
all, including Gaia DR3 in the fit resulted in a decrease in the
orbital parameters uncertainties.

We have computed the density values for all accepted and
marginally accepted results. An example of physical properties
presented as a function of density can be found in Fig. 6. Ten
results were excluded from the list due to physically implau-
sible values. A histogram showing the distribution of these
results, grouped according to taxonomic class, is presented in
Fig. 7. The values are presented in Table A.1. There were three
results available in the literature for comparison. For (1862)
Apollo p ~ 2050+ 350 kgm™ in Ford et al. (2014) and p =
2850*¢30 kgm™ (Rozitis et al. 2013), while our work yielded
a value of 2792.61*9%° kgm™. For (66391) Moshup p ~
1267.9 + 627.16 kg m™> (Scheirich & Pravec 2009; Scheirich
et al. 2021) and here we obtained 2253.607/33%1 kg m=. For

-620.77
(88710) p ~ 1800.0 + 1500.0 kgm™ (Scheirich et al. 2021),
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Fig. 5. Non-gravitational transverse acceleration as a function of the
object diameter, D, for accepted and marginal NEA. Our analysis yields
a diameter dependence of D~''%*015  consistent with the theoretical
expectation for the Yarkovsky effect of D™'* and the one estimated in
Greenberg et al. (2020), D~'06+005,

whereas our result was 2249.96*133443 kg m. These consistent

findings further support the reliability of our measurements.
Moreover, we computed orbits including A2, for all IMBAs
and Mars-crossing asteroids in Gaia DR3 (54,094 objects). We
used the same approach to determine the S value as we used
for NEAs. Results are presented in Fig. 8, where we present
the S /Ny, versus S for all IMBAs and Mars-crossing asteroids.
We are yet not ready to claim the first detections for Non-NEA

objects. However, when we used a less restrictive approach —
just comparing the A2 to Bennu diameter only — there were 3
accepted and 18 marginal results and 54 073 rejected. Neverthe-
less, this indicates that we are really close to detecting the A2
for the non-NEA object. Further investigation of these objects
is necessary using Gaia DR4 or maybe even the focus product
release (October 2023), which will provide a 5-yr observational
arc.

5. Conclusions

We have computed orbits for 54 094 objects in the Main Belt and
Mars Crosser groups and 446 NEAs with the goal of estimating
the Yarkovsky effect. We obtained 41 accepted A2 results with-
out using Gaia DR3 data and 49 accepted A2 results when using
Gaia DR3 data. None of the previous studies used Gaia Data
Release 3 (DR3) for orbit determination. Our results prove that
adding a small number of ultraprecise astrometry allows better
detections of the Yarkovsky effect.

Based on the results of the Yarkovsky effect for accepted
NEAs, we determined the retrograde to prograde rotation ratio as
N,/N, = 3.9 and the diameter dependence <da/dr> oc D~109+0:15,
Furthermore, in this study, we introduced an additional valida-
tion method. Firstly, we employed the A2 dependence of the
observational arc utilized for orbit determination, resulting in the
exclusion of (433) Eros from the accepted list. Secondly, we used
the Yarkovsky effect to determine the density by considering the
A2 values of all accepted and marginal detections and verifying
the physicality of the obtained results. Additionally, we provided
density measurements for all of these objects.
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In this study, we have made significant progress towards
the detection of the Yarkovsky effect in non-NEA objects. We
are nearing the threshold of detecting a reliable A2 measure-
ment for these objects. However, it is important to note that
further investigation is required to establish the discovery of
this effect, using an empirical approach, in Main Belt asteroids.
Our current methodology is limited in its ability to consider all
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potential close approaches of other Solar System objects, thereby
making it challenging to disentangle non-gravitational effects
from small gravitational perturbations. Our gravitational force
calculations encompass the influence of all planets, the moon,
the 16 most massive asteroids, and Pluto. Consequently, there
exists a possibility of ambiguity in our findings.

Moreover, through our analysis, we have identified a set of
11 069 objects with S/N > 2, providing a valuable catalogue of
promising Main Belt asteroids that warrant additional scrutiny.
These objects represent the initial targets for future investigations
into the Yarkovsky effect among MBAs. As we move forward,
it is imperative to incorporate data from a more comprehensive
ensemble of perturbing asteroids, in conjunction with forthcom-
ing Gaia focus product release and Gaia DR4 data, to enhance
our understanding of this phenomenon.
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