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ABSTRACT

Aims. Gaia Data Release 3 contains accurate photometric observations of more than 150 000 asteroids covering a time interval of
34 months. With a total of about 3 000 000 measurements, a typical number of observations per asteroid ranges from a few to several
tens. We aimed to reconstruct the spin states and shapes of asteroids from this dataset.
Methods. We computed the viewing and illumination geometry for each individual observation and used the light curve inversion
method to find the best-fit asteroid model, which was parameterized by the sidereal rotation period, the spin axis direction, and
a low-resolution convex shape. To find the best-fit model, we ran the inversion for tens of thousands of trial periods on interval
2–10 000 h, with tens of initial pole directions. To find the correct rotation period, we also used a triaxial ellipsoid model for the shape
approximation.
Results. In most cases the number of data points was insufficient to uniquely determine the rotation period. However, for about
8600 asteroids we were able to determine the spin state uniquely together with a low-resolution convex shape model. This large
sample of new asteroid models enables us to study the spin distribution in the asteroid population. The distribution of spins confirms
previous findings that (i) small asteroids have poles clustered toward ecliptic poles, likely because of the YORP-induced spin evolution,
(ii) asteroid migration due to the Yarkovsky effect depends on the spin orientation, and (iii) members of asteroid families have the
sense of rotation correlated with their proper semimajor axis: over the age of the family, orbits of prograde rotators evolved, due to
the Yarkovsky effect, to larger semimajor axes, while those of retrograde rotators drifted in the opposite direction.
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1. Introduction

The first photometric measurements of asteroids from the
ESA Gaia mission (Gaia Collaboration 2016) were released
in April 2018 as part of the Gaia Data Release 2 (DR2, Gaia
Collaboration 2018a). That dataset contained astrometry and
photometry for ∼14 000 asteroids (Gaia Collaboration 2018b)
covering a time interval of about 22 months. The recent Gaia
Data Release 3 from June 2022 (DR3, Tanga et al. 2023;
Babusiaux et al. 2023) provided a significantly larger number of
asteroid measurements: more than 3 000 000 photometric data
points for about 150 000 asteroids covering a time interval of
about 34 months. Typically there are fewer than 20 individual
measurements per asteroid in DR3. The largest number of
measurements is 96.

Although the Gaia DR2 photometric dataset was rather
limited, we successfully derived physical models for almost
200 asteroids, consisting of mostly new solutions, and we pub-
lished the results in Ďurech & Hanuš (2018). We used the
standard convex inversion method (Kaasalainen et al. 2001;
Kaasalainen & Torppa 2001) based on the inversion of photo-
metric measurements. This physical model included the sidereal
rotation period, the orientation of the spin axis, and a convex 3D
shape model.

Thanks to a significantly larger amount of data and more
extended temporal coverage of the DR3 data compared to DR2,

⋆ Full Table 3 is only available at the CDS via anonymous ftp
to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/675/A24

we were expecting a dramatic increase in the number of suc-
cessful shape model determinations leading to an unprecedented
insight into the distribution of physical properties of asteroids.
This paper describes our application of the same procedure as in
Ďurech & Hanuš (2018) to process and analyze the DR3 data.

In Sect. 2 we describe the DR3 data downloading and pro-
cessing and the inversion technique we applied, including the
verification tests. In Sect. 3 we present our analysis of the spin
properties of asteroids. We conclude our work in Sect. 4.

2. Inversion of Gaia asteroid photometry

We downloaded the data from the Gaia archive.1 We selected
only the relevant parameters: the Gaia-centric JD in TCB
(epoch), the calibrated G-band magnitude (g_mag), the G flux
(g_flux), and the error in the G flux (g_flux_error). Because
the JD epoch is given for each CCD position but the magnitude is
the same over the transit, we averaged the epoch values over the
transit.2 We converted JD from the original Gaia-centric TCB
to TDB according to the formula given in Tanga et al. (2023).
We also computed the relative flux error as g_flux_error /
g_flux. In this way we obtained 3 069 170 photometric data
points for 156 789 asteroids (Tanga et al. 2023 report 156 801

1 https://gea.esac.esa.int/archive/
2 SELECT number_mp, avg(epoch), g_mag, g_flux_error
/ g_flux AS error FROM gaiadr3.sso_observation WHERE
g_mag IS NOT NULL GROUP BY number_mp, g_mag, error.
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Fig. 1. Histogram showing number distributions of observations per
asteroid in the whole DR3 dataset (blue) and for asteroids for which
we derived a spin and shape model (orange). The black curve shows
the success rate of deriving a model for each data bin with at least ten
counts, which is the ratio of the orange to blue bins.

in their Table 1 because some asteroids have only NULL mag-
nitudes). Then we computed the heliocentric and Gaia-centric
ecliptic coordinates for each observation using the API interface
of the JPL Horizons ephemeris service3. We computed the light-
time correction, corrected the brightness to 1 au distance from
the Sun and Gaia, and converted magnitudes to relative flux.

We limited our sample to 60 945 asteroids that had 21 or
more observations. For asteroids with fewer data points, the
number of model parameters would be higher than the number
of observations, which would often lead to unrealistic fits with
zero residuals. The distribution of the number of observations
per asteroid is shown in Fig. 1; the mean number of observations
is 20, and the median is 17. There are about 2000 asteroids with
more than 50 data points, 473 with more than 60, and only 89
with more than 70.

We performed a period search with a convex shape model
parameterized by spherical harmonics on the order and degree
of three. The shape was discretized with 288 surface elements
of areas σi with normals ni isotropically distributed in spherical
coordinates ϑ and φ. Instead of directly optimizing σi, we used
the expansion into spherical harmonics series with associated
Legendre polynomials Pm

l

σi(ϑi, φi) =
3∑

l=0

l∑
m=−l

(alm cos mφi + blm sin mφi) Pm
l (cosϑi), (1)

where alm and blm were subject to optimization. The parameter
a0 corresponds to the size of the shape model. Because we do
not know the albedo, the size cannot be determined and we set
a0 to some arbitrary fixed value and only the remaining 15 alm,
blm parameters are optimized. Periodograms were computed with
the errors of individual photometric measurements taken into
account. To avoid errors that are too small and that are below the
resolution of the convex-shape model, we set up the minimum
relative error to 0.01.

An asteroid’s rotation state was described by its spin axis
direction in ecliptic coordinates (λ, β) and the sidereal rotation

3 https://ssd.jpl.nasa.gov/horizons/
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Fig. 2. Histogram showing solar phase angle α distributions for all aster-
oid observations.

period P. The last parameter of our model was the slope k of
the phase curve. For the light scattering model we used a com-
bination of Lambert S L = µµ0 and Lommel–Seeliger S LS =
µµ0/(µ+ µ0) multiplied by a phase function f (α), µ0 and µ being
cosines of the angles of incidence and reflection, respectively.
So the scattering model was

S (µ, µ0, α) = f (α)
[
S LS(µ, µ0) + c S L(µ, µ0)

]
, (2)

where c was fixed at 0.1 and the phase function had the form
(Kaasalainen et al. 2002)

f (α) = a0 exp
(
−
α

d

)
+ kα + 1. (3)

The distribution of solar phase angles for all DR3 asteroid obser-
vations is shown in Fig. 2. Most of the observations were carried
out at phase angles between 10 and 30 deg where a linear func-
tion can approximate the phase curve. Therefore, we optimized
only the linear parameter k in Eq. (3), while the other two param-
eters describing the increase in brightness near opposition were
fixed at typical values a0 = 0.5, d = 0.1. The values of k for
the sample of reconstructed models (Sect. 2.5) were distributed
between −1.5 and 0 with the mean value −0.88 and standard
deviation 0.20. The shape of the distribution was close to the
Gaussian distribution.

The periodograms were computed on an interval of
2–10 000 h. The step size in the period was set to 0.8∆P, where
∆P = 0.5 P2/T is a typical distance between local minima in
the period (Kaasalainen 2004), which means that the time step
increases quadratically with increasing period. In frequencies
this corresponds to a uniform sampling with the step 0.4/T .
For the longest Gaia DR3 dataset with T ≈ 34 months, ∆P ≈
6 × 10−5 h for P = 2 h and ∆P ≈ 1600 h for the longest period of
10 000 h. The total number of period steps on the whole interval
was tens of thousands. A globally unique period solution was
defined as having the lowest χ2

min with all other periods giving
χ2 higher than χ2

tr = (1 +
√

2/ν) χ2
min, where ν is the number of

degrees of freedom, and the root mean square (RMS) residuals of
all local minima had to be higher than 0.01. We obtained a sam-
ple of 14 192 asteroids with a unique period defined this way.
Then we performed a pole search with the same χ2 limit and
selected only asteroids with one or two pole solutions, which
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reduced the sample to 11 854 asteroids. Starting from these
poles, we created final models and reconstructed their 3D shape
by the Minkowski procedure (Lamberg & Kaasalainen 2001).
We selected only asteroids for which this conversion was suc-
cessful and for which the ratio of their moment of inertia along
the principal axis to that along the actual rotation axis was less
than 1.1 (Ďurech et al. 2016), otherwise the shape would be
unrealistically elongated along its rotation axis. This resulted in
shape models for 8820 asteroids. We further rejected all aster-
oids with two pole solutions that had differences in pole latitudes
larger than 50 deg and with differences in longitudes smaller than
120 deg (Ďurech et al. 2016). These limits were set arbitrarily to
filter out suspicious solutions with pairs of poles that were too far
from the expectation that the ambiguity in the spin axis direction
leads to two poles with the same latitudes and longitudes differ-
ence of 180 deg (Kaasalainen & Lamberg 2006). The number of
asteroids then reduced to 8230.

As in Ďurech & Hanuš (2018), we also used a model of a
geometrically scattering triaxial ellipsoid to construct the peri-
odograms. The step in the period was set to 0.5∆P in this case.
The advantage of this simpler shape model approximation is
that the number of model parameters is smaller than in the case
of convex models (only two parameters describing the shape:
semiaxes a and b with the shortest axis normalized to unity),
the shape model always rotates in a physically correct way (the
ellipsoid rotates along its shortest axis), and false half-period
solutions are absent. When assuming that the scattering is geo-
metric, the disk-integrated brightness of a triaxial ellipsoid under
a general viewing and illumination geometry is proportional to
the projected area of the visible and illuminated surface, which
can be computed analytically (Ostro & Connelly 1984). It makes
this approach about a hundred times faster than when using
convex shapes. However, ellipsoidal shape models are insuffi-
cient when an asteroid’s light curve significantly differs from a
simple double sinusoidal curve. The analysis of ellipsoid-based
periodograms resulted in 16 010 unique periods. After finding
the unique period, we modeled the data with the standard con-
vex shape approximation and applied the same selection criteria
described above. We derived solutions with one or two poles for
9910 asteroids, 7873 of which had physically plausible inertia
tensors, and 7122 passed the check for the longitude and latitude
difference between two pole directions.

2.1. Selecting stable period solutions

To detect and reject solutions that are not stable with respect to
small perturbations of input photometric data, we performed a
similar test to that performed in Ďurech & Hanuš (2018). We ran-
domly divided each dataset into ten parts, each part containing
about one-tenth of the data points. We then removed one part,
so about 10% of data, and repeated the period search and deter-
mined the period with the lowest χ2. We repeated this ten times,
removing 10% of the points in each run and obtaining ten best-
fit periods. We then compared these “jackknife” periods with the
original best-fit period and selected only asteroids for which all
ten jackknife periods were the same (within 0.1%) as the orig-
inal period or for which there was at most one disagreement
between the periods (i.e. there were nine jackknife periods that
were the same as the original). After this selection, we obtained
a set of 6269 models based on a convex-shape period search and
5784 models based on a period search with ellipsoids.

There was some overlap between these two sets. For
3431 asteroids, we had a period solution from convex shape
models and ellipsoids. Among them we found 20 asteroids for

which the periods were different; we excluded them from further
analysis, so the final set contained 8602 reliable models.

2.2. Comparison with Lightcurve Database

For 3690 asteroids in our sample, there was an independent
period estimate in the Lightcurve Database (LCDB, version from
14 Dec. 2021, Warner et al. 2009) that could be compared with
our results. To consider only reliable LCDB periods, we selected
asteroids with U = 3 uncertainty codes (848 cases). We identi-
fied 20 cases where the periods differed by more than 10%. They
are listed in Table 1, where we also comment on each case.

Based on our inspection of original publications from which
LCDB periods were compiled, we concluded that only five
periods were incorrectly determined from Gaia DR3 data. With
848 periods in total, this represents a false solution rate of just
∼0.6%. We removed the five incorrect solutions from our dataset.

2.3. Comparison with Gaia DR2 results

The DR2 data are now part of the DR3; however, the data pro-
cessing between DR2 and DR3 differs. Therefore, the reported
magnitudes can be slightly different. Moreover, DR3 data usu-
ally contain additional epochs for each asteroid compared to
DR2. Out of 129 models reconstructed from DR2 and published
by Ďurech & Hanuš (2018), 108 are among our final solutions
from DR3. In four cases the rotation periods do not agree within
their errors: asteroids (1540) Kevola, (2760) Kacha, (14410)
1991 RR1, and (21904) 1999 VV12. Apart from (2760) Kacha,
the three asteroids were marked as less reliable in Ďurech &
Hanuš (2018) because when 10% points were removed, the
period was not unique. For Kacha, the period of 53 h derived
by an ellipsoidal model from DR2 is two times longer than our
new value 26.5 h derived with a convex model.

2.4. Comparison with DAMIT

There are 1324 asteroids for which we have a model from DR3,
and an independent model exists in the Database of Asteroid
Models from Inversion Techniques (DAMIT, version from
7 Jun 2022, Ďurech et al. 2010). For 33 asteroids, their DAMIT
periods are different from those we derived from DR3. We list
these cases in Table 2. After checking the original data from
which DAMIT models were reconstructed, we realized that in
most cases, our DR3 solutions are more reliable, and DAMIT
solutions are likely incorrect. These incorrect DAMIT solutions
are usually based on sparse data only, often on the Lowell Obser-
vatory dataset with poor photometric quality. Only two of our
33 DR3 solutions are clearly wrong; we do not include them in
our final dataset.

2.5. Final models

Out of the 8602 asteroids that passed all the checks (Sect. 2.1),
6 were excluded based on the period comparison with LCDB and
DAMIT (Tables 1 and 2), and so there are 8596 final models.
Their spin solutions are available at the CDS; the first and the
last part of the table are shown in Table 3 as an example. New
models that are not in DAMIT will be uploaded there. The false
DAMIT models identified in Table 2 will be updated.

As expected, the success rate of deriving a unique spin solu-
tion and a corresponding shape model depends on the number
of observations. In Fig. 1 the orange histogram shows the distri-
bution of the number of observations N in our final sample of
models. The plot also shows the success rate as the ratio of the
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Table 1. Asteroids whose rotation period derived from DR3 was different from that in the LCDB.

Asteroid PGaia PLCDB N Method Comment on PGaia

(h) (h)

197 Arete 3.15950 6.6084 33 E Incorrect
219 Thusnelda 4.44300 59.74 24 E Incorrect
712 Boliviana 23.463 11.743 54 E Agrees with Pál et al. (2020)
954 Li 14.4099 7.207 48 E Period around 14 h reported also at Behrend’s web page (1)
1444 Pannonia 6.9540 10.756 48 CE The same as in Ďurech et al. (2019); PLCDB is from Bembrick

et al. (2002), their folded light curve has three maxima per
rotation, which is unlikely

1786 Raahe 30.173 18.72 33 CE The same as in Ďurech et al. (2019) and Ďurech & Hanuš (2018),
also agrees with Behrend’s web page (1)

2277 Moreau 17.7253 5.397 59 C Likely incorrect; PLCDB reported by Pravec is reliable
2760 Kacha 26.524 13. 43 C Warner & Stephens (2021) give the same period
3422 Reid 3.21826 2.91 64 CE Agrees with Ďurech et al. (2019) and Pál et al. (2020)
3507 Vilas 4.75499 3.959 25 C Agrees with Ďurech et al. (2020) and Erasmus et al. (2020)
3728 IRAS 7.0887 8.323 65 C Agrees with Pál et al. (2020)
3974 Verveer 13.2437 8.51 22 E Agrees with Ďurech et al. (2020)
4266 Waltari 7.4622 11.2 40 C PLCDB reported by Lecrone et al. (2004) might be incorrect – the

folded light curve is not smooth
5436 Eumelos 21.2689 38.41 32 CE Agrees with Szabó et al. (2017), Ryan et al. (2017), and Ďurech

et al. (2019)
11087 Yamasakimakoto 6.27957 4.537 27 C Agrees with Pál et al. (2020)
19562 1999 JM81 9.0249 33.53 27 E Agrees with Ferrero (2021); incorrect value in the LCDB by

mistake
26858 Misterrogers 12.1225 8.065 39 C Period commensurability with 24 h makes it difficult to distin-

guish between 6 or 8 h periods, 12 h period possible according to
Dose (2021)

33750 Davehiggins 10.5623 8.827 48 CE Agrees with the period reported by Sergison listed in the LCDB
40203 1998 SP27 2.42776 5.448 23 C Probably incorrect
43331 2000 PS6 2.09540 7.338 33 E Incorrect

Notes. The table lists for each asteroid the period PGaia we derived from Gaia DR3 data, the period PLCDB reported in the Lightcurve Database of
Warner et al. (2009), the number of points N in DR3, the method used for computing periodograms: C – convex shape models, E – ellipsoids, CE
– both methods provided the same period. The last column gives our conclusion about the discrepancy between the periods.
References. (1) https://obswww.unige.ch/~behrend/page_cou.html

number of models we derived to the total number of asteroids in
the DR3 sample for each bin. It starts at a few percent for N = 21
and increases to about 40% for N around 60. For even larger N,
the number of asteroids per bin is small, and therefore the ratio
fluctuates significantly.

2.6. Uncertainty of shape models

Compared to ground-based surveys, the accuracy of Gaia aster-
oid photometry is much higher. This high photometric accuracy
enables us to reconstruct asteroid rotation states reliably from
fewer measurements than we would need with ground-based
data. With Gaia, we need tens of data points, while with less
accurate photometry we would need hundreds of them (Ďurech
et al. 2005, 2020). However, with only tens of observations the
reconstructed shape model is sensitive to the number of observa-
tions, their distribution in time, and the model parameterization.
We demonstrate this in Fig. 3, where we show shape models of
asteroid (43) Ariadne reconstructed from a different number of
observations going from 20 to 53 (the full DR3 set). The shape is
also sensitive to the model resolution described by the order and
degree of spherical harmonics series that describe the surface
curvature (Kaasalainen & Torppa 2001).

While spins derived from DR3 are reliable and stable with
respect to the perturbations of input data (e.g., the dispersion
in spin directions for different shape models in Fig. 3 is ±2◦
in ecliptic latitude β and ±3◦ in ecliptic longitude λ), the shape
models are not, and any results based on shape parameters should
take this into account. We do not report uncertainties of spin
parameters in Table 3. We expect them to be smaller than 20◦,
which was a mean difference between pole directions of mod-
els derived from Gaia DR2 and independent DAMIT models
(Ďurech & Hanuš 2018). Uncertainty in the sidereal period P
is typically a fraction (∼1/10) of the distance between local
minima ∆P.

3. Results

In this section, we analyze the spin and shape properties of aster-
oids we reconstructed from Gaia photometry (Sect. 2). We also
search for correlations with other physical properties adopted
from the literature. This includes diameters and family classifica-
tion from the MP3C4 database, and family ages from Nesvorný
et al. (2015).

4 https://mp3c.oca.eu/

A24, page 4 of 13

https://obswww.unige.ch/~behrend/page_cou.html
https://mp3c.oca.eu/
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Table 2. Asteroids whose rotation period derived from DR3 was different from that in DAMIT.

Asteroid PGaia PDAMIT N Method Ref. Comment
(h) (h)

219 Thusnelda 4.44300 59.712 24 E 1 Incorrect, already in Table 1
1040 Klumpkea 37.734 56.588 33 CE 2 Confirmed by Pál et al. (2020); DAMIT incorrect
1284 Latvia 13.0214 9.5506 29 E 3 Incorrect
1465 Autonoma 4.88180 11.94897 44 C 4 Agrees with Brinsfield (2008); Fauvaud & Fauvaud

(2013); Ditteon et al. (2018); DAMIT incorrect
1957 Angara 3.67345 3.793615 37 CE 4 Agrees with Binzel (1987); DAMIT incorrect
2177 Oliver 6.10516 6.9969 47 E 3 Agrees with the LCDB period; DAMIT incorrect
2180 Marjaleena 7.7030 8.34623 59 CE 5 Agrees with the LCDB period; DAMIT incorrect
3097 Tacitus 7.4170 8.77591 50 CE 2 Agrees with Waszczak et al. (2015); DAMIT incorrect
4846 Tuthmosis 16.3788 20.0351 46 CE 4 DAMIT model is likely incorrect
5513 Yukio 5.35953 4.81954 24 C 3 DAMIT model is likely incorrect
10533 1991 PT12 8.6007 17.20736 38 C 6 DAMIT model is likely incorrect
10579 Diluca 16.4749 33.1577 63 C 4 DAMIT model is likely incorrect
11235 1999 JP91 20.2221 20.5136 48 C 4 DAMIT model is likely incorrect
11618 1996 EX1 33.691 40.2342 37 CE 6 DAMIT model is likely incorrect
12396 Amyphillips 10.4992 4.450053 53 CE 4 DAMIT model is likely incorrect
12833 Kamenný Újezd 51.232 24.731 40 E 3 DAMIT model is likely incorrect
13116 Hortensia 47.259 37.1773 48 CE 4 Confirmed by Pál et al. (2020); DAMIT incorrect
13289 1998 QK75 438.6 43.2618 35 CE 4 DAMIT model is likely incorrect
14555 Shinohara 35.650 23.856 40 CE 4 DAMIT model is likely incorrect
14664 Vandervelden 4.90927 2.454632 50 CE 4 DAMIT model is likely incorrect
16394 1981 QD4 3.43229 26.8986 53 C 4 DAMIT model is likely incorrect
16712 1995 SW29 17.6578 17.17 28 CE 6 DAMIT model is likely incorrect
21181 1994 EB2 82.34 72.957 32 C 4 DAMIT model is likely incorrect
22018 1999 XK105 3.54874 17.0575 27 CE 7 DAMIT model is likely incorrect
27070 1998 SA101 5.47726 4.91448 28 C 3 DAMIT model is likely incorrect
29198 Weathers 4.50165 4.536367 46 C 4 DAMIT model is likely incorrect
32591 2001 QV134 3.79064 3.79346 48 CE 4 Only slightly different periods
46244 2001 HU15 5.01382 4.877866 40 CE 4 Confirmed by Waszczak et al. (2015); DAMIT incor-

rect
50776 2000 FS12 11.1477 16.7993 39 CE 6 Confirmed by Waszczak et al. (2015); DAMIT incor-

rect
52421 Daihoji 23.191 22.5465 33 C 6 DAMIT model is likely incorrect
57046 2001 KW55 6.8831 3.418974 32 C 6 No conclusion
99667 2002 JO1 5.6812 5.07877 26 C 7 DAMIT model is likely incorrect
101537 1998 YX14 15.7599 17.0944 25 C 6 No conclusion

Notes. The table lists for each asteroid the period PGaia we derived from Gaia DR3 data, the period PDAMIT from the DAMIT database, the number
of points N in DR3, the method used for computing periodograms: C – convex shape models, E – ellipsoids, CE – both methods provided the same
period, and the reference to the DAMIT model. The last column gives our conclusion about the discrepancy between the models.

References. (1) Marciniak et al. (2021); (2) Hanuš et al. (2013); (3) Ďurech et al. (2020); (4) Ďurech et al. (2019); (5) Hanuš et al. (2018); (6) Ďurech
et al. (2018); (7) Ďurech et al. (2016).

Due to the symmetry of the inverse problem (Kaasalainen
& Lamberg 2006), we usually have two pole solutions with
similar pole latitudes and differences in longitudes of ∼180◦.
Their order in Table 3 is given by the quality of the fit, so
always selecting the first one should not bias the analysis of
physical properties. In some cases we plot both solutions in
the figures. The poles are expressed in the ecliptic coordi-
nate frame (λ, β). Computing the pole obliquity ε for each
model (the angle between the spin vector and the normal to the
orbital plane) requires a standard transformation into the orbital
reference frame.

Due to the low number of optical measurements, the shape
is only loosely constrained (Sect. 2.6). So instead of using the
whole shape information, we utilize only the elongation a/b,

which is determined as the axis ratio of the dynamically
equivalent ellipsoid. It is the primary and most stable parameter
of the shape.

3.1. Spin distribution in the main belt and beyond

The distribution of pole obliquities in the main belt is shown in
Fig. 4. For visualization purposes, the scale of the vertical axis
is linear in cos ε, so an isotropic distribution of spins would have
a uniform distribution in cos ε. We also use this scale in other
figures when plotting the distribution of obliquity ε. As expected
(see, e.g., Hanuš et al. 2011), the distribution is far from uniform.
Poles are clustered toward extreme obliquities with fewer aster-
oids with poles close to their orbital plane (ε ∼ 90◦). Although
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Table 3. Spins of asteroids derived from DR3 photometry.

Asteroid λ1 β1 λ2 β2 P N Method
(deg) (deg) (deg) (deg) (h)

5 Astraea 122 37 312 40 16.8008 36 C
26 Proserpina 83 −46 255 −56 13.1092 58 C
32 Pomona 103 39 279 41 9.4475 38 CE
33 Polyhymnia 20 −29 197 −31 18.6088 36 C
41 Daphne 207 −35 355 −39 5.98807 35 C
43 Ariadne 69 −10 252 −12 5.76182 53 C
44 Nysa 96 45 287 54 6.4214 25 CE
45 Eugenia 123 −32 299 −20 5.69918 30 C
48 Doris 107 32 291 45 11.8900 50 C
50 Virginia 103 12 281 26 14.3107 31 E
...
301892 1998 QL98 97 −63 3.81273 28 C
307960 2004 GS75 23 71 12.7888 30 CE
313568 2003 DW4 96 63 4.53729 25 E
329036 2011 AE35 18 −50 29.959 22 E
334190 2001 SQ199 22 −61 162 −41 7.3653 30 C
353971 2000 AE210 9 −50 275 −80 21.467 26 E
354510 2004 PV66 50 −54 6.6110 29 E
362935 2012 JB5 89 53 12.6190 68 C
380282 2002 AO148 330 81 10.6120 29 C
397797 2008 MZ2 91 76 49.936 35 CE

Notes. The table lists the first ten and the last ten asteroid models derived from Gaia DR3 data. The full table is available in electronic format at
the CDS. For each asteroid we report its spin axis direction in ecliptic latitude λ1 and longitude β1 (the second pole solution has ecliptic coordinates
λ2 and longitude β2), the sidereal rotation period P, the number N of photometric measurements in DR3, and the method used for computing
periodograms: C – convex shape models, E – ellipsoids, CE – both methods provided the same period. The uncertainty of the rotation period P is
on the order of the last decimal place.

there is a selection bias against asteroids with poles close to the
ecliptic plane, it cannot be responsible for the observed distri-
bution. Moreover, the distribution also depends on the asteroids’
size. This has been interpreted as the evolution caused by the
Yarkovsky–O’Keefe–Radzievskii–Paddack (YORP) effect. The
plot also nicely demonstrates the evolution due to the Yarkovsky
effect, which causes the retrograde asteroids (ε > 90◦) to migrate
inward to the smaller semimajor axis, while prograde rota-
tors (ε < 90◦) migrate outward. This causes regions close to
mean-motion resonances with Jupiter to be depleted; prograde
rotators lean to the resonance from the left, get scattered when
crossing it, and the space on the right does not contain pro-
grade rotators. The situation is symmetric for retrograde rotators.
We illustrate this coupling in more detail near the ν6, 3:1 and
7:3, and the outer edge of the main belt in Fig. 5. The con-
centration of asteroids near ap ∼ 3.174 au is caused by the
5–2–2 three-body resonance causing the chaotic diffusion in the
Veritas collisional family (Tsiganis et al. 2007). This group has
a smaller fraction of extreme obliquities compared to the main
belt. As the Veritas family is quite young (∼8 Myr, Carruba et al.
2017), the spin vectors of its members are likely less evolved by
the YORP.

Another fact that is demonstrated on the plots is that the
prograde–retrograde distribution is not symmetric; spins of ret-
rograde models are more tightly clustered toward the perpen-
dicular orientation than those of prograde models. This might
be caused by secular spin-orbital resonances, which primarily
affect only the prograde rotators. However, we do not provide
any further analysis here.

The asymmetry in positions of prograde and retrograde rota-
tors is present, perhaps to a lesser extent, also in the Cybeles,

Hildas, and Jupiter Trojans groups. However, we note two possi-
ble caveats here. These groups, on average, contain larger bodies
than main-belt asteroids, due to their larger heliocentric distance
and dark albedos (i.e., comparable S/N of the DR3 fluxes are for
different sizes). In addition, due to the short time span of only
about 3 yr of DR3 data, there might be some observational bias
correlated with the semimajor axis because the viewing geome-
try has changed less than for main-belt asteroids. For this reason,
spin and shape determination for distant asteroids could be less
reliable.

3.2. Distribution of rotation periods

In Fig. 6 we show the distribution of rotation periods with respect
to the size and also include the reliable solutions from the LCDB
(flag U = 3 or 2). Clearly, the two samples (i.e., Gaia and LCDB)
are different due to the observational bias: Gaia lacks larger bod-
ies as those were often saturated, but also small kilometer and
subkilometer-sized objects that were either faint for Gaia or did
not have frequent close approaches. The small asteroids in LCDB
are almost exclusively NEAs that have rare close approaches,
but if they do, they can get bright enough even for small aper-
ture telescopes. Moreover, it is relatively simple to obtain a
reliable period during the close approach, but to derive a spin
state and shape we need more approaches with different observ-
ing geometries. We do not have such data from DR3. DR3 data
also allowed us to derive many solutions with rotation periods
>50 h. Not many such solutions are available in the LCDB, due
to the observational bias, because long periods are challenging
for ground-based observatories that produce dense light curves
(Marciniak et al. 2015).
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Fig. 3. Shape models of (43) Ariadne reconstructed from different num-
bers of data points and with different degrees and orders of spherical
harmonics series denoted as resolution.

The most intriguing feature in the distribution of rotation
periods is the group of slower rotators (P ≳ 50 h) separated by a
gap from the faster rotators. A similar behavior was observed
for the Jovian Trojans (Kalup et al. 2021). In the absence of
the YORP effect, the period bimodal distribution was thought
to be caused by the presence of slowly rotating bodies that
are believed to be originally synchronized equal-sized binaries.
This scenario is unlikely to explain the period bimodality in
the population of the small main-belt asteroids. Instead, rotation
periods of smaller asteroids (D < 30 km) are evolved by YORP;
they gradually increase or decrease, sometimes even changing
the sign of the evolution due to possible changes in surface
topography (i.e., after a collision, due to close approaches with
terrestrial planets, or after landslides due to fast rotation). If the
period decreases, the asteroid can even start to rotate in the non-
principle axis state (known as tumbling) as its rotation energy
gets low enough to become excited even by a minor impact. How-
ever, this scenario predicts that the YORP-induced change in the

period is smooth; there should not be any gap between the faster
and slower rotators. In the group of slower rotators, their rota-
tion period correlates with their size: larger bodies have longer
rotation periods.

In Fig. 7, we illustrate the dependence of the pole obliq-
uity on the rotation period. Bodies with periods P < 50 h are
qualitatively similar to the general trends in the population; pro-
grade and retrograde rotators both tend to have obliquities close
to the YORP end states of ϵ ∼ 0 or ∼180 degrees, while prograde
rotators exhibit a larger scatter. However, the slower rotators
(P < 50 h) violate this behavior. The range of obliquities is larger
for retrograde rotators and smaller for prograde ones. The behav-
ior for prograde rotators with P > 100 h is particularly puzzling
as basically all solutions have 0 < ε < 30◦.

We note a possible bias in our dataset concerning the slower
rotators. Many tumblers were found in this population, and we
should have many in our dataset as well. However, the convex
inversion model we used assumes a relaxed rotation state and is
inadequate for tumblers. This could be indicated by worse fits to
the data; the average RMS of our solutions should be larger for
the tumblers compared to the faster-rotating bodies. We observe
larger RMS values for bodies with P > 50 h (see Fig. A.1), so it
is likely that some asteroids for which we derived a model are
not exactly in the state of principal-axis rotation. However, they
are only slightly excited so that their sparse photometry can still
be modeled with a single-period model.

The DR3 shape models exhibit a dependency between the
size D and the shape elongation a/b (see Fig. A.2), which is
in good agreement with previous reports (e.g., Cibulková et al.
2016; Szabó et al. 2022). Asteroids larger than ∼30 km are less
elongated (i.e., more spherical) than the smaller ones.

Finally, Fig. A.2 illustrates the shape elongation dependence
on the asteroid’s rotation period. Highly elongated asteroids with
a/b ≳ 1.5 are rare for rotation periods shorter than about 3 h.
In general, the elongation increases with increasing rotation
period with a peak near 6 h. The elongation then slowly
decreases for periods in an interval of ∼6–50 h. After that, the
elongation increases and has the largest mean values for this pop-
ulation of rotators. Our results agree with Szabó et al. (2022),
who based their study on almost 10 000 rotation periods derived
from TESS data. Contrary to our results, Szabó et al. (2022) did
not report the increase in the mean elongation for asteroids with
P > 50 h that we see in the DR3 models. However, it is unclear
whether this is a real effect or a systematic bias related to the
higher RMS values discussed in the previous paragraph.

3.3. Spin vector distribution in asteroid families

The Yarkovsky-driven evolution is also seen in asteroid fami-
lies, where the 1/D dependence of the Yarkovsky drift on the
diameter D causes the typical V-shaped spreading in the proper
semimajor axis. In Figs. A.3–A.5, we show 14 asteroid families
with the highest number of asteroid models. In general, the distri-
bution of prograde–retrograde models agrees with the theoretical
expectations that prograde rotators are to the right (larger a)
from the center of the family, while retrograde ones are on the
left (smaller a, see the plots for the Eos, Eunomia, Themis, and
Koronis families). However, this trend is not as evident in some
other families (e.g., Dora and Euphrosyne). Families that are
truncated by resonances can consist of just one wing to which
correspond either prograde or retrograde rotators. Typical exam-
ples of truncated families are Phocaea and Maria, both having
“well-behaved” spin directions.
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Fig. 4. Distribution of all models in the proper semimajor axis and spin obliquity in the asteroid main belt (left) and for asteroids with a > 3.3 au:
Cybeles, Hildas, and Jovian Trojans (right).

Fig. 5. Distribution of models in the proper semimajor axis and spin
obliquity in several regions of the main belt. Top left panel: near ν6 res-
onance. Top right panel: along 3:1 resonance. Bottom left panel: along
7:3 resonance. Bottom right panel: outer main belt.

Fig. 6. Rotation period P as a function of asteroid size D. We plot the
solution based on DR3 data (blue) and reliable periods (with validity
flag U = 3 or 2) from the LCDB database (orange).

There is no family where all bodies follow the ideal
Yarkovsky-driven evolution. Specifically, bodies close to the
family center or at its outskirts often have spin that is incon-
sistent with the expected Yarkovsky drift. The former is likely
due to the slow evolution of some bodies, especially if their ini-
tial locations in semimajor axis a were the most extreme, on the
opposite side with respect to their sense of rotation. Bodies at
the borders of the family are then likely interlopers mistakenly

associated with the family by the HCM method (Zappalà et al.
1990). In general, interlopers can be present at any place in the
family, but their number should not be larger than ∼10%. More-
over, non-catastrophic collisions can randomize the spin states of
the family members at any location. The importance of these col-
lisions is given by the collisional timescale and the family age.
These timescales are dependent on the asteroid size and are usu-
ally on the same order as the age of the family for bodies with
sizes of ∼10–30 km.

So far, we do not see any clear sign of the stochastic YORP
evolution (Statler 2009; Bottke et al. 2015) that should cause
the spin orientation of small family members to be oriented
randomly, nor following the prograde–retrograde dichotomy of
larger bodies.

3.4. Rotation periods in families

The distribution of rotation periods in several asteroid families
was recently studied by Szabó et al. (2022). The authors report
that rotation period distributions differ between the cores and
outskirts of some collisional families (e.g., Flora and Maria)
while are consistent among some other families. Moreover, the
authors also show that the lightcurve amplitude distributions in
families could be correlated with the family age, probably due
to the temporal evolution of asteroid shapes. Here we focus on
the same correlations based on the properties derived from DR3
photometry. Figure A.6 shows the distribution of rotation peri-
ods and elongations in various families. We ordered the families
according to their approximate age (parameter c0 from Nesvorný
et al. 2015). For the distribution of the rotation periods, we
selected only asteroids with P < 24 h to remove the population
of slower rotators. We see a clear trend in Fig. A.6: older fam-
ilies have a larger fraction of asteroids with P = 10–24 h and
with rounder shapes (smaller a/b), which likely indicates a more
evolved population in the period due to YORP spin down.

4. Conclusions

Although the DR2 already showed the scientific potential of
Gaia asteroid photometry (Ďurech & Hanuš 2018; Mommert
et al. 2018; Colazo et al. 2021; Wilawer et al. 2022), it is the
DR3 that enables us to make a significant leap forward in aster-
oid modeling. We derived ∼8600 models from Gaia DR3, which
is more than a factor of two higher than what is currently avail-
able in the DAMIT database (∼3500). Considering the overlap
between our models from DR3 and those already in DAMIT
(about 1300 asteroids), we obtained ∼7300 new shape and spin
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Fig. 7. Rotation periods vs. pole-obliquity ε for Gaia DR3 models. The left panel shows all asteroids, the right panel shows asteroids with periods
P ≳ 12 h.

state models. So we now have information about spin axis direc-
tion, rotation period, and shape for more than ten thousand
asteroids.

The analysis of the distribution of asteroid spins we present
in this paper confirms previous findings and the expected
trends. Specifically, the spins are affected by the YORP effect:
they evolve toward extreme obliquity values. Some asymmetry
between prograde and retrograde rotators might be related to
spin-orbital resonances. Prograde and retrograde rotators have
opposite Yarkovsky drifts on the semimajor axis, which leads
to the separation of these two groups near the prominent mean-
motion resonances and in asteroid families. We also see correla-
tions between obliquity, rotation period, and shape elongation.

The results presented in this paper are based solely on Gaia
DR3 data. The number of new asteroid models is large com-
pared to the number of models currently known, but still small
compared to the number of asteroids for which DR3 photometry
is available. The next step is to combine DR3 with photometry
from other surveys. This will increase the number of data points
for individual asteroids, enlarge the time span of observations,
and eventually lead to thousands of additional asteroid models.

In future Gaia data releases, the number of asteroids will
not increase dramatically. However, the number of observations
per object increases as Gaia continues to collect data, so with
a three times longer observing window, for example, most aster-
oids will have more than 30 detections (see Fig. 1), and we expect
that it will be possible to reconstruct spin states for tens of thou-
sands of asteroids. With more data points, the uncertainty of spin
parameters and shape will decrease.
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Appendix A: Supplementary figures

Fig. A.1. RMS vs. rotation period for DR3 solutions. The orange line represents the running mean of 100 solutions.

Fig. A.2. Shape elongation a/b as a function of asteroid size (volume-equivalent diameter) (left) and rotation period P (in cycles per day and hours)
(right). Larger asteroids are less elongated than smaller ones. Faster rotators (≳8 cycles per day) are less elongated than the rest of the population.
The orange line represents the running mean of 100 solutions.
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Fig. A.3. Color-coded spin axis distribution in asteroid families in proper semimajor axis and size. Family members for which we do not have a
shape model are plotted as small dots.
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Fig. A.4. Color-coded spin axis distribution in asteroid families in proper semimajor axis and size. Family members for which we do not have a
shape model are plotted as small dots.
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Fig. A.5. Color-coded spin axis distribution in asteroid families in proper semimajor axis and size. Family members for which we do not have a
shape model are plotted as small dots.

Fig. A.6. Cumulative distributions of periods (left) and elongations a/b (right) in various families. They are ordered from approximately the oldest
(Alauda, Themis) to the youngest (Gefion, Hungaria). Objects with periods P > 24 h were removed. Vesta, Gefion, and Hungaria have the lowest
fraction of rotators with P = 10–24 h.
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