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ABSTRACT

Context. The third Gaia data release (DR3) contains high-precision, sparse-in-time brightness measurements of over
150000 asteroids.

Aims. We employed a light-scattering inversion technique to estimate the rotation periods, spin pole orientations, shapes, and photo-
metric phase function parameters (slope and absolute magnitude) of over 8000 asteroids based solely on DR3 photometry.

Methods. Using triaxial ellipsoid and convex shapes, we sought the best-fit shape, spin, and linear slope, along with their uncertain-
ties, via a Markov chain Monte Carlo sampling technique. We also fit H,G, and H,G,G, phase functions from predicted brightnesses
derived from the fit shapes. Using previously reported diameters, the Gaia G-band geometric albedos were calculated. Variations in
the spin and shape properties were assessed among various families and background populations of the Main Belt.

Results. We found that for the vast majority of our objects the best-fit ellipsoid spin poles are comparable to that of a convex shape. We
rejected 15% of convex shapes and used the acceptable solutions to investigate differences in the shape distribution of families in the
Main Belt. Revisiting the amplitude phase relationship, we found a strong dependence on the shape b/a elongation. The Bond albedo
was calculated from the phase integral and shown to correlate well with the G, slope parameter and known taxonomic classifications.
The G-band absolute magnitudes and geometric albedos are systematically fainter than V-band values.

Conclusions. The assumption of ellipsoid shape for sparse datasets is sufficient for estimating the spin pole longitude and latitude. We
find no correlation between the shapes and spins of main-belt asteroid families and their ages. Absolute magnitudes and phase func-
tions derived from Gaia photometry should be favored over the V band when estimating the solar energy budget, such as in thermal

modeling applications. Asteroid taxonomies can be assessed to some degree from the photometric slopes and albedos.

Key words. methods: numerical — methods: statistical — catalogs — minor planets, asteroids: general

1. Introduction

Measurements of an asteroid’s brightness as a function of time
(i.e., its lightcurve, LC) can be used to estimate the shape and
spin properties. The utility of photometric inversion techniques
(e.g., Kaasalainen & Torppa 2001; Kaasalainen et al. 2001) to
constrain the spin and shape properties of asteroids from dense-
in-time ground-based LCs has been extensively demonstrated
over the past few decades (Durech et al. 2015). Inversion methods
have traditionally been applied to dense-in-time ground-based
LCs, but the inclusion of sparse-in-time photometry has also
shown to be effective at constraining the model parameters
(Kaasalainen 2004). Shape and spin solutions from combina-
tion of these dense and sparse datasets for thousands of asteroids
has been compiled in the database for asteroid models through
inversion techniques (DAMIT; Durech et al. 2010). The aim of
this extensive study is to assess the shape and spin properties of
asteroids in order to derive insights about their past evolution.
The change in brightness as a function of the solar phase
angle (or simply, the phase angle) is described by the phase
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function and is a result of the scattering properties of the surface.
The phase function for asteroids has evolved from the two param-
eter H,G function (Bowell et al. 1989) into the three-parameter
function H,G;,G, (Muinonen et al. 2010) that comprises the
absolute magnitude, H, and the phase-curve parameters G; and
G,. Accurate estimation of these parameters requires precise
photometry collected over a sufficiently large range of phase
angles. The nonspherical shapes of asteroids complicate the esti-
mation of phase function parameters when LC effects are not
properly accounted for. Therefore, phase function parameter esti-
mates are more precise when photometric inversion properly
accounts for shape and viewing geometry effects (Muinonen
et al. 2020). For sparsely sampled photometric datasets, the
H,G13 or H,G7, can be used (Muinonen et al. 2010; Penttild et al.
2016) and a linear function with a constant slope on the magni-
tude scale is applicable for cases when the phase-angle coverage
is between approximately 10 to 50° — the region where changes in
the magnitude are essentially directly proportional to the phase
angle. Successful fitting of these models to Gaia DR2 data sug-
gests that asteroid taxonomy can be broadly assessed from phase
function parameters (Martikainen et al. 2021).
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The high-precision sparse-in-time photometry measured by
the Gaia space telescope has enabled studies of asteroid shapes,
spins (Durech & Hanus 2018, 2023; Cellino et al. 2024), and
photometric phase functions (Martikainen et al. 2021; Muinonen
et al. 2022) across a few data releases. The most recent data
release 3 catalog (DR3) contains photometric observations of
more than 150 000 asteroids collected during a 34-month period
(Tanga et al. 2023). Here we use DR3 brightness measurements
to estimate shape and spin parameters along with their uncertain-
ties for a large corpus of asteroids. Using the approach outlined
in Muinonen et al. (2020), we fit simple triaxial ellipsoids
and general convex shapes to estimate the rotational periods,
spin axes, and photometric slopes of the asteroids in our sam-
ple. In this approach, both systematic and random uncertainties
are accounted for via a Markov chain Monte Carlo (MCMC)
sampler that utilizes randomly generated virtual observations,
and updates the parameter probability distributions from best-fit
solutions.

The rest of the article is organized as follows. In Sect. 2 we
introduce the Gaia DR3 asteroid data together with the methods
used, in Sect. 3 we analyze the results in a broad context, and in
Sect. 4 we conclude our findings.

2. Materials and methods
2.1. Gaia DR3

We downloaded the full DR3 dataset and processed the photo-
metric observations by first averaging over transits. The Gaia
brightness measurements are processed as magnitudes, rather
than fluxes, in our model. The precision is often better than
0.01 mag. The photometric measurements represent the inte-
grated brightness within the so-called Gaia G-band filter, which
differs from most passband often used in other photometric
surveys. We will return to this point in our analysis of the results.

From the full set of DR3 photometry, we first selected aster-
oids that have 30 or more Gaia photometric observations. This
selection criterion gives over 22 000 asteroids, with nearly all of
them being main-belt asteroids. For any given asteroid, its Gaia
observations span a phase angle range (Aa) within typically 10°
to 30° and were acquired serendipitously within the 36 month
long survey. We follow up on the independent study of Cellino
et al. (2024) in which shape and spin properties were determined
using a genetic algorithm applied to DR3 data. As a result, the
number of objects considered herein will dramatically reduce, as
we apply some quality filters described in the next subsection
and in Section 3.

2.2. Photometric modeling

Results from the genetic evolution algorithm presented by
Cellino et al. (2024) were used to give the initial rotation period,
spin pole, and ellipsoid shape values for a set of 8670 asteroids.
This truncated list was a result of applying rejection filters based
on various criteria that rule out physically unrealistic solutions
(Cellino et al. 2024). These include filtering out unreasonably
low and high photometric slopes, rotation periods of less than
2.1 h, extreme shape and spin pole values, and large model
residuals.

We first employed triaxial ellipsoid shapes as described by
the semimajor axes for which a > b > c¢. A Lommel-Seeliger
surface scattering model is employed, as was done in Cellino
et al. (2024), for which the integrated brightness can be com-
puted analytically. Using the ellipsoid shape and spin solutions
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as initial conditions, convex shapes described by the Gaus-
sian surface density were then fit to the observations. In both
shape assumptions, a photometric phase function was used that
assumes linear dependence on the phase angle (Muinonen et al.
2022). Thus, a linear phase slope, By, was used in the shape fit-
ting procedure in lieu of H,G,G, phase function (Muinonen
et al. 2010) and we performed post hoc phase function fits in
the observed reference geometry using the optimized shape as
described below. We sampled the probability distribution of each
model parameter by using an MCMC approach (Muinonen et al.
2020) to generate a set of 5000 solutions. We describe these
aspects of our modeling approach in more detail throughout this
subsection.

2.2.1. Surface scattering model

To model the surface brightness, we made use of the Lommel-
Seeliger surface reflection coefficient (Muinonen et al. 2022)

Rys(u, po, ) = 2p®0; (@) , Mo =COSL, MU =COSE, @))]

M+ o

where ¢ and € refer to the angles of incidence and emergence as
measured from the outward normal vector of a surface element,
¢ denotes the azimuth angle, and « is the phase angle. Addition-
ally, p is the geometric albedo and @, is the single-scattering
phase function,

. O(a)
Di(a) = Ds@)

®rs(e@) = 1 —sin e tan 1 In(cot 1),

©11(0) = d0) = @500 = 1. 2

For phase angles 10° < @ < 50°, a linear model can be utilized
for modeling the disk-integrated phase function, ®:

-2.5 log ®(a) = poa,
Bs(20°) = po, 3)

where it is explicitly stated that the photometric slope at & = 20°
then equals the parameter 3.

2.2.2. Inverse problem

As for the ellipsoid shape model, the parameters (model
unknowns) of the forward model are described by the vector

P = (P, A,8,¢0.b/a,cla,Bo)", )

where the Np = 7 free parameters are the rotation period, eclip-
tic pole longitude, ecliptic pole latitude, rotational phase at an
arbitrary reference epoch #p, two ellipsoid axial ratios (with
a > b > c denoting the semiaxes), and the single parameter of
the phase function. Furthermore, we do not permit the b/a and
c/a axial ratios to exceed below 0.4 in the ellipsoid inversion.

In the case of the convex shape model, the parameters are
P = (P4, 00, 500: - - + Sty P0) 5 ®)
where the shape is described by the (Imax + 1)* — 12, spherical
harmonics coefficients s, ..., Si,,.,, for the Gaussian surface
density. Here ¢y and the real-valued soy can be fixed as the
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rotational phase is immersed in the spherical harmonics coef-
ficients and the asteroid size information is omitted. Thus, the
total number of parameters equals

Np = (lnax + D* =I5

min

+3. (6)

We chose a maximum degree of /,.x = 4 and [iin = O to repre-
sent the convex shapes, meaning that we have 24 parameters to
describe the shape model alone and 28 total parameters for each
asteroid.

The Bayesian formulation of the inverse problem in magni-
tude space together with observational error model is described
by Muinonen et al. (2022). An MCMC method for characterizing
the multidimensional probability density of the free parameters
is given by Muinonen et al. (2020), with a thorough description
of the so-called virtual least squares solutions for setting up the
MCMC proposal probability density. The reader is referred to
these two publications for more details about the inverse methods
used herein.

2.2.3. Phase function, absolute magnitude, and albedo
modeling

Following the computation of the best-fit convex shape solutions,
we estimated the best-fit H,G 1, phase function of the predicted
LC maxima at the observation dates and the H,G{,G, phase
function that corresponds to a spherical asteroid with the surface
reflection coefficient equivalent to that derived for the convex
shape. For further details about these two phase functions, the
reader is referred to Muinonen et al. (2010). This is achieved
only by changing the phase function, ®(e), in Equation (2).
Consequently, three parameters are solved for: the absolute mag-
nitude, H, and two phase-curve shape parameters, G|, G,. We
note here that our phase function fitting is in accordance with
the magnitude-space fitting by Penttild et al. (2016), which dif-
fers from previous implementations of the phase curve fitting in
flux space (i.e., Muinonen et al. 2010; Oszkiewicz et al. 2011).

In order to map the G, G, regime of physical relevance, we
made use of the parameters

G| = 3G, -Gy,
G, = 3(G + Gy). (7

The maximum value of G, = % is dictated by the fact that G| +

G, < 1, whereas the minimum value of G, = 7= roughly corre-
sponds to an opposition effect amplitude of 0.5 mag, G| + G, >
2. Likewise, the minimum and maximum values of G| corre-
spond roughly to half of the relevant values of the G,-parameter
(Muinonen et al. 2022).

The absolute magnitude, Hggi, , Was computed from the
H,G1, phase function fit using the predicted mean brightnesses
of the best-fit convex shape solution. Note, however, that the
H,G,,G, and H,G|; photometric phase functions have been
developed for phase curves corresponding to maximum LC
brightness and, consequently, the photometric slopes of equiv-
alent spherical objects are typically larger (i.e., steeper phase
curves) than those of nonspherical convex shapes. These abso-
lute magnitudes thus imitate those for a spherical asteroid with
projected area equivalent to the mean projected area of the con-
vex shape. As a consequence, the absolute magnitudes using the
convex shapes and H,G, are brighter (i.e., smaller values).

Additionally, we calculated G-band geometric albedos, pGaias
from the absolute magnitudes and using the diameters D,z
that are reported in the Solar System Open Database Network

(SsODNet; Berthier et al. 2023) and using the relationship
(Russell 1916; Pravec & Harris 2007) derived in Appendix A:

1246 km 10~0-2Hcai

VPGaia = Dej/f [km] P (8)

where it is noted that the scaling factor in the numerator is
based on the Gaia magnitude of the Sun in the Vega System
(Casagrande & VandenBerg 2018). We consider the SsODNet
values to be robust aggregation across multiple reported diame-
ters from infrared surveys and occultations observations across
many publications. The object sizes, given by D.g, is that of
a sphere having the same projected area as a Lambertian disk
when viewed face-on (Appendix A). We emphasize that these
Pcaia Values are derived parameters not calculated from the LC
inversion procedure.

3. Results and analysis

We eliminated objects for which the quality of fit was not
improved by the convex shape assumption from the ellipsoid fit.
We also filtered out objects with rms > 0.1 mag for the convex
shape assumption. From this rms filtering, we eliminated 393
objects (4.5% of the starting set) and are left with 8277 asteroids.
Our object set includes 7947 main-belt asteroids, 46 Hungaria
region asteroids, 283 Hildas and Jupiter Trojans, and 3 near-
Earth objects. Full results can be accessed at the CDS and a list
of the various fit parameters and associated uncertainties derived
from both the ellipsoid inversion (EI) and convex shape inversion
(CX1) for (16) Psyche is given in Appendix B. Figure B.1 shows
the number of Gaia observations used across this set of objects,
as well as the range in phase angles for each object. The spin
period, pole latitude, and pole longitude uncertainties obtained
from ellipsoids and convex shapes are compared in Figure B.2.
In the case of the rotation period, the relative uncertainty is cal-
culated: op,, /Py In most cases, the uncertainties are smaller
when using convex shapes when compared to ellipsoids. The
most straightforward explanation is that the greater number of
free parameters used for convex shapes (24 shape parameters)
allows for better fits to the observations.

3.1. Spins and shapes

The rotation periods of the ellipsoids and convex shape models
are almost exactly identical for all objects, with some extreme
outliers (Figure 1). This agreement is most likely due to the fact
that the initial set of parameters used for both shape inversion
methods are taken from the already computed best-fit ellipsoid
parameters from Cellino et al. (2024). If we had run an indepen-
dent search for rotation periods for each shape assumption, then
each would likely find different solutions in many cases. Hav-
ing nearly identical periods for both shapes is an opportunity
to more systematically study the effects of shape assumption on
other model parameters, as is discussed below. Our rotation peri-
ods are compared to previous works that used photometry from
the Transiting Exoplanet Survey Satellite (TESS) in Figure C.1.
We discuss in Appendix C that our results agree to within 1%
for 67.3% and 45.6% of the solutions in Pal et al. (2020) and
McNeill et al. (2023), respectively. The inconsistent agreement
is likely due to the different methodologies used in these works.

We compare the ecliptic coordinates of the pole longitudes
and latitudes in Figures 1b and c. Most solutions are in agree-
ment, most fall within 15° around the one-to-one matches shown
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Fig. 1. Comparison between (a) rotation periods, (b) spin axis longitudes, (c) spin axis latitudes, (d) b/a axis ratio, (e) c/a axis ratios, and (f) the
AAIC statistic (Equation (9)) for ellipsoid (EI) and convex (CXI) shape assumptions.

by the red line. Spin latitudes show a dearth of spin poles near
0°, with fewer ellipsoid solutions than convex solutions. The
spin longitudes show in Figure 1b have a more broadly uni-
form agreement for both shape assumptions. We see that, for 4%
of the objects, the difference between the ellipsoid and convex
spins are greater than 90°, representing values closer to the 180°
mirrored solutions. The agreement of the ellipsoid and convex
shape spin poles may suggest some level of stability in the search
for the minimization of model fit residuals. However, because of
the sparse nature of the Gaia observations, it is likely that these
spin periods and poles do not always represent the global best-fit
(Cellino et al. 2024).

The comparison of convex shapes to ellipsoid shapes is non-
trivial. Whereas ellipsoids are specified by two ratios of their
semiaxes, convex shapes are parameterized by multiple spherical
harmonic coefficients (Sect. 2.2.2). To overcome this challenge,
a 3D shape was generated from the set of spherical harmon-
ics calculated in the best-fit nominal solution for each object
(Kaasalainen et al. 1992b,a). We then found the set of ellip-
soid parameters that yield a minimum X?n value by utilizing
the downhill simplex method. We compared the b/a and c/a
axis ratios of the fit ellipsoid, referred to as b/a* and c/a®
to that of the ellipsoid shapes directly fit to the DR3 photome-
try in Figs. 1d and e. Many objects closely follow the one-to-one
correspondence, shown by red lines, but large discrepancies are
apparent.

In order to compare the ellipsoid and convex model param-
eter fits, we calculated the Akaike information criterion statistic
(AIC) as

AIC = 2N In(rms) + 2Np, )

where Ng,i. is the number of observations. The AIC takes into
account the different number of model parameters (N’ = 7 and

N¢¥ = 28) and the root-mean-square values (rms® and rms* for
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ellipsoids and convex shapes, respectively) of the fit. The con-
vex model is penalized more for having more free parameters
so the AIC is useful for comparing the quality of fits between
two models that have differences in the number of free param-
eters. For our purpose, the difference is computed as AAIC =
AIC™ — AIC® and shown in Figure 1f. The AAIC distribu-
tion shows a wide range of values that span in the approximate
range from —50 to +150. Positive values designate larger AIC*
values, indicating that the convex shape approximation offers a
more robust fit over the ellipsoid shape for that object.

The peak of the AAIC distribution occurs essentially at zero,
suggesting that these objects are equally fit using the ellipsoid
and convex shapes. Approximately 38% of the AAIC distribu-
tion has negative values which signify that the DR3 data for
these objects are overfit using a convex shape assumption. Using
the AAIC values we searched for potential relationships with the
number of Gaia observations and with the phase angle sampling
for each object. Neither of these observational parameters could
explain differences in the AIC. One explanation could simply
be that some fraction of asteroids are shaped more closely to
ellipsoids. On the other hand, the low number of sparse data,
compared to dense LCs, may not be suitable to conclude this.
Follow-up work could investigate how the number of shape
parameters (i.e., Equation (6)) can be optimized for the quality
and quantity of photometric data (e.g., Figure 3 from Durech &
Hanus 2023).

The distribution of )(5” values as a function of b/a“" and
c/a" ratios is shown in Figure 2. We find a grouping of shapes
with more extreme axial ratios that we deem suspect and chose to
remove them from our analysis. The acceptable shapes are shown
as green points in both panels, and the criteria as dashed red lines
in the top panel: ¢/a“ > 0.2, x?, < 0.12, and (x?, — s¢/a™) <
ﬁ. As a consequence of these conditions, many objects with

lower values of b/a™ are also removed. The true shapes of the

cxi
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Fig. 2. The x?, and axial ratios (top: c/a*’; bottom: b/a®) of ellip-
soids fit to convex shape models for 8277 objects. The dashed red line
indicates the boundary between rejected and accepted shapes shown as
orange and green points, respectively, in both panels.

objects that do not meet this criteria could be highly noncon-
vex, such as a contact binary shape, or represent a binary system,
both of which exhibit large shifts in LC amplitude as the viewing
aspect angle changes. We searched for, but found no relationship
to the AAIC, suggesting that the rejected objects are indifferent
to both shape assumptions. It has been shown that a convex shape
model can compensate for real-world nonconvexity with large,
flat areas (e.g., Kaasalainen et al. 2002) which would cause the
entire shape to depart significantly from an ellipsoid and increase
the effective elongation.

Our shape filter criteria rejects 1267 of the 8277 objects that
had passed our root mean square (rms)-based criteria, signifying
that the convex (and ellipsoid) shape assumption is not applica-
ble for around 15% of our successful model runs. This fraction is,
coincidentally, within a factor or two of the estimated near-Earth
contact binary population (Virkki et al. 2022). Future investiga-
tions could use similar methods of flagging highly non-convex
shapes or binary systems for follow-up investigation using dense
LC observations (Durech & Kaasalainen 2003). Finally, we
note that while these convex shapes were removed from further
use, we utilized their spin properties (i.e., rotation period and
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Fig. 3. Spin obliquity and rotation period for 8277 objects. The rolling
mean (using a window of N = 200 objects) of the prograde abundance
as a function of rotation period is given.

spin axis longitude and latitude) and photometric slopes for our
analysis.

A commonly cited issue in shape inversion is that shapes
are not well constrained along the direction of the rotation axis
(i.e., the ¢ axis for an ellipsoid) unless observations sample a
sufficient range of viewing aspects (Kaasalainen et al. 1992b).
Similarly, information about the elongations (i.e., the b/a axis
ratio) require sufficient sampling of the LC in order to establish
constraints on its amplitude. Notably, the constraints on the b/a
ratio are comparable to that of the ¢/a ratio, which is likely due
to the fact that we are using only sparse in time observations. If
a dense LC with tens of data points were to be considered, then
the elongation will be known to a much higher precision.

3.1.1. Population trends

For each asteroid, we transformed the spin pole orientation
into coordinates defined by its orbital plane. In this coordinate
system, the spin obliquity is akin to the latitude in ecliptic coor-
dinates and is defined as zero for a prograde rotator with a spin
pole that is perpendicular to the orbital plane. We also defined
a spin longitude relative to a reference direction that we choose
to be the orbital perihelion. In doing this transformation, we can
investigate the variations in spin orientation across our sample.
The distribution of spin poles among the main-belt aster-
oid population is of great interest (Durech & Hanu§ 2023). We
calculated the overall ratio of prograde to retrograde rotators
in our entire sample to be 52% which, given the large sample
size (N = 8248), is statistically significant (p value < .001). We
also find that the spin obliquity distribution is nonuniform with
respect to rotation period. This relationship is shown in Figure 3
in which the mean prograde to retrograde ratio with rotation
period is also given. The peak abundance of prograde rotators
of ~60% occurs at a rotation period of approximately 20 hours.
An excess of prograde rotators has been observed for asteroids
with sizes larger than 150 km (Kryszczynska et al. 2007), which
may be a leftover feature from the accretion of protoplanets in the
early Solar System (Takaoka et al. 2023). The bulk of our object
set samples the size range from 3 to 20 km, so it is not clear if this
spin fingerprint can be retained for collisionally evolved objects.
A barely detectable excess of retrograde rotators can be seen
for rotation periods near 4 h in Figure 3. As the majority of diam-
eters in our set are <20 km, the YORP-driven evolution is a likely
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Fig. 4. Convex shape axial ratios b/a* (top) and c¢/a* (bottom) as a
function of rotation period for 7010 objects. Boxcar moving averages
using a window of N = 200 objects are shown as red lines.

explanation (Vokrouhlicky & Capek 2002) and agrees with pre-
vious modeling work (e.g., Hanus et al. 2011). At slower rotation
rates the abundance of retrograde rotators reaches a maximum
at around 55% that is statistically significant at the 95% confi-
dence (30) level. Slowly rotating asteroids with periods longer
than 100 hours may likely be in a tumbling state (Zhou et al.
2025), but the sparse in time Gaia photometry precludes detec-
tion of non-principal axis (NPA) rotation. At slower rotation
rates, a statistically significant excess of retrograde rotators is
seen at around 55% at the 95% confidence (307) level. Slowly
rotating asteroids with periods longer than 100 h may likely be in
a tumbling (i.e., NPA) rotation state as a result of collisional evo-
lution (Zhou et al. 2025). However, sparse-in-time photometry
precludes the detection of NPA rotation and independent follow-
up work is needed to confirm the spin poles of slow rotators (e.g.,
Marciniak et al. 2021).

We show the distribution of shapes as a function of rotation
period Figure 4. For objects with rotation periods shorter than
approximately 5 hours, there is a strong tendency toward rounder
shapes; that is, higher b/a*". This trend is likely a consequence
of reshaping via local structural failure (i.e., Hirabayashi et al.
2020). As the spin rate of an asteroid over longer timescales
is driven by the YORP effect, differences in the internal fric-
tion and the internal structural properties can lead to different
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shape outcomes (Walsh et al. 2012). On average our convex
shapes near the spin barrier approach axial ratios of b/a* ~ 0.8
and c¢/a® ~ 0.60, which corresponds roughly to an intermedi-
ate internal fraction angle of 20° used by Walsh et al. (2012) to
model the reshaping due to YORP spinup. Thus, these rounder
objects may represent a surviving population, as rotational dis-
ruption events could cause elongated objects to become rounder
or disrupted at high spin rates (Hirabayashi & Scheeres 2019).

We searched for, but did not find, a significant size-dependent
variation in the convex shapes that has been seen in other works.
For example, Cibulkové et al. (2016) found that asteroids in the
Lowell Database larger than 50 km were more rounded, but no
changes in the shape distribution were apparent below this size.
This non-result may be due to the size range represented among
the objects, as 95% of our objects are in the size range of 2 to
100 km. The average distribution of b/a ellipsoid axial ratios was
previously approximated using Gaia DR2 observations, assum-
ing prolate spheroids (c¢/a = b/a), by Mommert et al. (2018).
Instead of explicitly fitting ellipsoid shapes, the authors found
an average b/a = 0.80 = 0.04 using a statistical approach (i.e.,
McNeill et al. 2016). Our analysis shows a lower average value
of b/a.,; = 0.7 (Figure 4) that suggests more elongated shapes,
on average. In the work of Durech & Hanus (2023), inversion
methods were used on the DR3 dataset. A different subset of
objects was analyzed compared to this work, and the authors
found that, on average, smaller asteroids (<20km) and faster
rotators (< 4 hours) are increasingly elongated.

The spin and shape distributions of asteroid families has been
the subject of recent studies (Nortunen et al. 2017; Cibulkova
et al. 2018; Szabé et al. 2022; Durech & Hanug 2023). Thus, we
analyze here the asteroids in our sample based on family mem-
bership. We focus on the family lists published by Nesvorny et al.
(2015) found in the Planetary Data System Small Bodies Node.
We also select members of the Eulalia and new Polana families
identified by Walsh et al. (2013) and treat the remaining aster-
oids of the Nysa-Polana complex as members of the Nysa family
that consists of high-py asteroids. The members of a primordial
inner-belt (PIB) family are acquired by first removing all mem-
bers contained within the Nesvorny et al. (2015) family lists, then
cross-referencing the remaining objects that have been marked
as “certain” (code 1 or 2) in the supplementary file from Delbo
et al. (2017).

We divided the background asteroid population into respec-
tive regions in the Main Belt based on their orbital semimajor
axis: inner (2.05 au < a < 2.5 au), middle (2.5 au < a <
2.82 au), and outer (2.82 au < a < 3.27 au). Although the Hun-
garia family is considered dynamically separate from the Main
Belt (Bottke et al. 2012), we include it along with the inner fam-
ilies. Several prior works show that trends exist between family
ages and spin frequency and/or shape elongation. We analyzed
the spin and shape cumulative distributions for families having
30 or more objects in our sample, of which there are 22 in total,
in Figure 5. Partly following Durech & Hanu§ (2023), we fil-
tered out rotation periods longer than 48 hours (0.5 cycles/day),
leaving some families with fewer than 30 spin rate values, as is
indicated in each panel. In order to remove clutter and provide a
more appropriate comparison, we broke down families into their
respective main-belt regions (inner, middle, and outer). There are
six families each in the inner Main Belt (IMB) and middle Main
Belt (MMB), and ten families in the outer Main Belt (OMB).

We find statistically significant differences in the distribu-
tions of spin rates and shapes between all of the background
populations. The significance is signified by p values of <.05
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Fig. 5. Cumulative distributions of the rotation frequency (top) and b/a fits to convex shapes (bottom) for families and background populations in
the inner (left panels), middle (middle panels), and outer (right panels) Main Belt.

in all cases. This suggests that the differences in shape and
spin properties of asteroids is partly influenced by the helio-
centric distance, or the distinct collisional environments within
each region, or both. In addition, the brightness-limited nature
of the Gaia survey itself introduces a size-dependent bias in the
observed properties of asteroid families across different regions.
Furthermore, the broad compositional gradient of the Main Belt
(DeMeo & Carry 2014) adds complexity to identifying the key
factors that affect shape and spin. Direct comparisons of asteroid
family properties and interpretations of these differences should
therefore be made with caution.

From a visual inspection of the CDFs in Figure 5, we observe
a larger dispersion of spin rates between families in the MMB
and OMB regions. We employed the Kolmogorov-Smirnov (K-
S) test to assess differences between the spin distributions of
each family and their respective background population, and
find the following statistically different cases (with p value
<.05): IMB-Flora (.047), MMB-Gefion (.014), MMB-Adeona
(.030), OMB-Koronis (.034), OMB-Veritas (.007), OMB-Eos
(.045), OMB-Ursula (.023), and OMB-Euphrosene (.018). We
repeated the K-S tests across the same groups using their shape
distributions and identify the following differences: IMB-Vesta
(.037), MMB-Dora (.028), MMB-Adeona (.020), and OMB-
Hygeia (.007). Out of this list, the Adeona family stands out
as being unique in both the spin rate and shape elongation dis-
tributions. Contrary to previous works, we do not find a direct
relationship between the spin and shape properties with family
age (e.g., the very young Veritas and ancient Ursula families
have similar spin and shape distributions). We therefore suggest
a more complex interplay between multiple factors, such as the
age, composition, and the collisional environment determined by

the location in the Main Belt (e.g., Szab6 & Kiss 2008), which
influence the observed shape and spin distributions. However, a
rigorous treatment that accounts for multiple contributing fac-
tors goes beyond the scope of this work. Future efforts should
investigate the inclusion of additional effects simultaneously, for
example.

3.1.2. Parallels to regolith grain size trends

We note that trends between spins and shapes just men-
tioned have been identified for surface regolith grain sizes by
MacLennan & Emery (2022), in which smaller particles were
found for asteroid diameters smaller than 10km. The authors
suggest this relationship is a consequence of the change in
strength of asteroids at 10km that affects the ejecta particle
sizes. In our study, we could not find any size dependence with
the shape properties but we identified a change for fast rota-
tors (Figure 4). MacLennan & Emery (2022) also found that
fast rotators with P,y < 5hours have larger regolith particles,
which may be caused by particle ejections as a result of spin-up
evolution via the YORP effect. Regolith cohesion experiments
indicate that failure is more likely for coarse grains because of
increased internal friction via grain interlocking (Brisset et al.
2022), which is consistent with the scarcity of finer regolith
for fast rotators. Elongated fast rotators are more susceptible to
structural failure at locations further from the spin axis where
centrifugal forces are highest (e.g., Guibout & Scheeres 2003).
These aforementioned analyses of asteroid shapes and regolith
properties is encouraging for establishing links between aster-
oid interior properties with their external characteristics (e.g.,
Zhang et al. 2022). We encourage future investigations to focus
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on characterization of the relationship between the shapes, spins,
and regolith properties of a greater number of asteroids by com-
bining optical and infrared datasets (e.g., Durech et al. 2015;
Marciniak et al. 2021).

3.2. Scattering properties
3.2.1. Photometric phase slope

The photometric slopes determined from ellipsoid and convex
shape fits to each shape are compared in Figure 6. The distri-
bution of photometric phase slope uncertainties are shown in
panel f of Figure B.2. The distribution of slope differences (CXI
minus EI) has a standard deviation of around 0.31 magrad™',
but shows broad agreement, on average, between the two shape
assumptions with a mean of —0.02 magrad™". Similarly, the dis-
tribution of absolute magnitude differences agree with a mean
and standard deviation of 0.02 + 0.17 mag. Generally speaking,
photometric phase curve parameters are more accurate when
using fit shape and spin parameters, as opposed to a spheri-
cal assumption, because rotational variations and aspect changes
(Jackson et al. 2022) at different observing geometries are
accounted for. Our results demonstrate that, for sparse Gaia
photometry, the differences between the phase function param-
eter fits are minimal for our two shape assumptions. Our results
are also relevant for the application of the recent photometric
phase curve model called “sH,G,G,” (Carry et al. 2024), which
account for brightness changes due to changing aspect angle of
an oblate shape.

Throughout this work, we utilized the photometric slopes
that are based on the mean LC brightness (i.e., means-based). We
also calculated and used here the photometric slope based on the
maximum LC brightness (max-based) and calculated the differ-
ence between these two photometric slopes. The difference can
be used only as a proxy for the changes in amplitude with phase
angle, as we did not explicitly calculate the amplitude. Hereafter,
we refer to this parameter as the pseudo-amplitude-phase rela-
tionship (pAPR), given in units of mag/rad. Larger values of the
APR imply a steeper increase in the LC amplitude and nega-
tive values imply a decrease in amplitude at larger phase angles.
Recent work suggests that the pAPR is chiefly dependent on the
spin obliquity (Gutiérrez et al. 2006); however, we show that the
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shape elongation (given by b/a“") is the dominant factor in Fig-
ure 7. A clear inverse linear relationship is shown in our dataset
in which elongated shapes (smaller b/a“*) exhibit larger pAPR
values. Additionally, we observe a small increase in the pAPR
for more extreme spin obliquities (i.e., those that deviate from
90°). Finally, we also observe a detectable, but minor decrease in
the pAPR for larger G, values, implying a weak dependence on
the surface scattering properties such as the albedo. Our results
suggest that, for the phase angles covered by the DR3 dataset
(10° < @ < 30°), the amplitude-phase relationship is chiefly dic-
tated by the shape properties and, to a lesser extent, the spin
obliquity, as proposed in previous works (Zappala et al. 1990;
Gutiérrez et al. 2006).

The albedo and slope parameter have been shown to be use-
ful in estimating an asteroid’s taxonomic type when there is a
lack of spectral or color information. For example, MacLennan
& Emery (2022) combined the phase curve parameter from the
two-parameter H,G phase function with derived geometric albe-
dos in order to assess the likely taxonomic groups of asteroids
without spectral data. We depict Bond albedos and Gy, val-
ues derived herein in the left panel of Figure 8. For applicable
objects we show the taxonomy from the Mahlke classification
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system (Mahlke et al. 2022), which incorporates spectral and
albedo information in a probabilistic classification framework.
The classes show more distinct separation in the albedo dimen-
sion, as compared to G1,. In the Mahlke system, the low-albedo
(C, Ch, P, and D) classes are well separated from high-albedo (S,
V, and E) classes. Moderate albedo (L, K, and M) classes form an
overlapping continuum, making them harder to distinguish. We
also show four T-type asteroids from the Bus-DeMeo taxonomy
that have consistently moderate albedos.

We show the G| versus G, values calculated from Equation 7
in Figure 9. These two parameters were derived from H,G{,G,
phase curve fits to the max-based LC brightness that was calcu-
lated from the best-fit convex shape model for each object. The
green, piecewise linear function represents the equivalent Gy,
parameters, which are also fit using the maximum LC bright-
ness. Our Gaia sample is shown as gray points on this plot and
closely follow the green function. The effect of using the mean
LC brightness is shown as shifts indicated by the arrows (both by
the magnitude and direction) at each G, marker. In the H,G,G,
and H,G, systems, Martikainen et al. (2021) showed that the
use of mean LC brightness values can shift the fit G|, G, and
G, values, blurring the tenuous boundaries between taxonomic
groups. Considering that the uncertainties are typically smaller,
we suggest that albedo is a better indicator of taxonomic type
over the photometric slope.

3.2.2. Absolute magnitude

The absolute magnitudes from the convex shapes are slightly
skewed toward somewhat larger values (Figure 6). When
comparing the convex G-band absolute magnitudes to V-
band absolute magnitudes in the Lowell Photometric Database
(Oszkiewicz et al. 2011; Bowell et al. 2014), the Gaia based
absolute magnitudes are 0.37 mag larger on average (Figure 10).
To assess this difference, we consider the difference between
the filters, as the Gaia G-band magnitude of the Sun is around
0.15mag fainter than in the V band. However, this can only
partly explain the discrepancy between absolute magnitudes.
Another possible explanation is the methods by which the phase
functions were calculated (flux versus magnitude based) or the
limited phase angle coverage (e.g., see Figure B.1).

We also computed absolute magnitudes of the H,G7, sys-
tem (Penttild et al. 2016), which are also derived from the G,
and G, parameters. This system differs fundamentally from the
H,G; in that the bright E-types were not considered due to their
G, and G, values that differ from the overall trend seen among
other taxonomic types (Muinonen et al. 2010). Consequently,
objects with 8y < 1.5 have increasingly different treatment of
the opposition effect that determines the absolute magnitude.
This difference can be seen in the bottom panel of Figure 9, as
smaller G, (and G) implies a stronger opposition effect, sub-
sequently lowering the absolute magnitudes in the H,G}, system
for objects with low photometric slopes. To mitigate confusion
in reporting absolute magnitude, we instead provide the differ-
ence in the magnitude of the opposition effect between the two
systems, AHGTz’ to be added to Hg,;, in order to calculate the
appropriate H,G}, absolute magnitude.

3.2.3. Albedo and phase integral

The phase integral, g, is defined as the ratio of the Bond albedo
to the geometric albedo. In the H,G,G, system, (Muinonen et al.
2010) g is computed from

q = A/PGaia = 0.009082 + 0.4061G; + 0.8092G,. (10)
We used these phase integrals and our absolute magnitude esti-
mates to derive the geometric and Bond albedos of asteroids
in our dataset. Only 6504 objects are included in this analy-
sis because diameters are not available for the entire set. For
the distribution of ¢ for various known taxonomic groups see
Figure 8.

The bolometric Bond albedo, A, for asteroids in the Solar
System is calculated as the amount of solar radiation that is
reflected across all wavelengths and phase angles. It is an impor-
tant quantity that is used in thermal modeling to compute the
incoming solar radiation (insolation) for an asteroid surface. In
practice, the Bond albedo is often approximated using the radio-
metrically derived size and absolute magnitude via the geometric
albedo (Delbo et al. 2015), which is most commonly provided
for the Johnson V filter (Hoffmann et al. 2025). However, only
a small portion of the incident solar spectrum is accounted for
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in this bandpass (e.g., Myhrvold 2018). The wide Gaia pass-
band covers visible, ultraviolet, and near-infrared wavelengths,
spanning a wavelength range of 300—-1000 nm and completely
encompasses the Johnson UBVR and SDSS ugriz sets of filters.
We therefore recommend that, whenever possible, G-band abso-
lute magnitudes and phase slopes be used for purposes of albedo
calculation from the object size (Egs. (8) and (10)).

Comparing our G-band albedos against those aggregated by
SsODNet (Berthier et al. 2023), we find strong agreement over-
all, but a high skew toward lower Gaia albedos (Figure 10).
This result is not likely due to the may be related to differ-
ences in the absolute magnitudes for the different filters (e.g.,
Masiero et al. 2021). Independent follow-up work should seek to
explicitly confirm this interpretation.

3.2.4. Main Belt families and background populations

We take from the family membership criteria mentioned above
in Section 3.1.1. Unfortunately, there are not enough objects from
several families, including the PIB family, but accounting of
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family members is essential for this analysis. Analyzing the dis-
tributions of photometric slopes within and across each family,
we first tested the albedo modality of families included in Table 1
and find that they are all unimodal. The albedo distributions
of the IMB and OMB background populations were found to
be bimodal, consisting of low primitive and moderate siliceous
albedos. The means of each slope distribution and mean geomet-
ric albedos for families are also given in Table 1. A strong inverse
correlation is apparent between slope and the /log of the albedo
for the families and for the background populations alike. Back-
ground populations show a positive trend between heliocentric
distance and slope (and an inverse relationship with albedo).
Next, we tested whether the distribution of Gaia geometric
albedos are statistically distinguishable from the regional back-
ground population using the K-S test of their albedo cumulative
distribution functions. The results of these tests are listed as
p-value statistics in Table 1. The results indicate that all but
two families considered have distinct albedo distributions: Nysa
and Baptistina. Many studies have used albedos and colors to
identify likely background interlopers and separate overlapping
families (e.g., Ivezi¢ et al. 2002; Parker et al. 2008; Masiero
et al. 2013; Dykhuis & Greenberg 2015). Such approaches rely
on accurate and precise albedos and assume families that are
homogeneous in albedo and that are different from the local
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Table 1. Comparison of main-belt family slope and albedo distributions
against the respective regional background population.

Region Family K-S test p value N N
BO PGaia ﬂO PGaia
Inner Background 942 642
Vesta .002 <.001 285 147
Flora 297 <.001 171 115
Nysa .01 93 145 91
Phocaea 766 <.001 76 63
Baptistina 165 .08 33 24
Middle  Background 1780 1266
Eunomia <.001 <.001 281 202
Maria .025 <.001 136 102
Gefion .099 <.001 101 62
Adeona <.001 <.001 70 67
Hansa 40 <.001 56 41
Dora <.001 <.001 54 53
Padua .003 <.001 29 23
Outer  Background 1866 1472
Eos <.001 <.001 496 392
Themis <.001 <.001 188 177
Koronis <.001 <.001 185 138
Hygiea .0003  <.001 124 103
Alauda <.001 <.001 113 99
Ursula 0778 | <.001 73 55
Euphrosyne = .0048  <.001 74 68
Veritas <.001 <.001 56 45
Tirela .831 <.001 56 45
Meliboea .289 .007 32 29

Notes. Highlighted cells indicate statistically significant. difference
between the family and background having p-value <.05. The last two
columns give the number of photometric slope or albedo value.

background population. We therefore encourage future works to
consider the photometric slopes for identifying or eliminating
candidate members of asteroid families.

The population of background asteroids in the Main Belt
likely represent scattered fragments of primordial planetesimals
that were destroyed in the early Solar System. Additionally,
dynamical instability has caused most of the original mass of the
Main Belt to be lost (Morbidelli et al. 2015). The orbits of the
remaining fragments of these primordial families have dispersed
such that there is essentially no reliable way to identify clus-
ters of orbital elements (Brasil et al. 2016; Carruba et al. 2016).
It has been shown that Hungaria family members exhibit dis-
tinct albedo distributions and spectral types from the background
objects that represent remnants of a so-called E-belt (Lucas et al.
2019). Future prospects could involve searching for small clusters
of asteroids with statistically different albedo and photometric
slopes as compared to other objects in the same region. On the
other hand it is not clear how, or if, photometric slopes can or
should be reliably utilized in this way. Furthermore, the uncer-
tainties in slope from this Gaia dataset are larger than for albedo,
making them less practical for comparisons among individual
objects.

4. Conclusions

We used the Gaia DR3 photometry to successfully determine the
photometric phase slopes, shapes, and spin properties of 8467

asteroids using triaxial ellipsoids and general convex shapes. The
assumption of ellipsoid shape for sparse datasets is sufficient
for estimating the spin pole longitude and latitude. Addition-
ally, ellipsoid models are sufficient for determination of phase
function parameters (absolute magnitude and slope) with convex
shapes offering little advantage for sparse data. The inclusion of
at least one dense LC in a photometric inversion model would
justify the use of a convex shape.

There exists a significant fraction of slow rotators in our
sample, consistent with other works using Gaia photometry.
These slow rotators have similar shape properties to the remain-
ing population, but faster rotators (5 < hours) have rounder
shapes. There exists a slight but statistically significant excess
of prograde rotators (52%) in the general asteroid population
and YORP-driven evolution has resulted in more retrograde rota-
tors at the fastest and slowest spin rates. Our methods assumes
a principal axis rotation, so any slowly rotating tumblers are not
properly modeled. Future shape inversion efforts with Gaia pho-
tometry should utilize additional datasets such as LCs in order to
assess a tumbling state.

We do not find evidence that the shape and spin distribu-
tions of main-belt asteroid families are correlated with their
ages. However, some asteroid families exhibit statistically distin-
guishable spin frequency and shape elongations compared to the
background population. These differences are likely due to an
interplay between different ages, collisional environments, and
compositions.

The amplitude phase relationship — the increase in amplitude
with the solar phase angle — was reassessed using the photomet-
ric slopes based on calculated LC maxima and means. We found
that the relationship is dictated by the b/a axis ratio in which the
amplitude of more elongated shapes exhibits a stronger depen-
dence on the phase angle. Simplistic phase function models that
do not perform full photometric inversion can incorporate this
finding to assess the shape and spin properties. Following our
analysis of the H,G, G, phase function parameters, we suggest
a reformulation to bring about a unified assessment of S and
E-types, respectively.

The extremely wide bandpass of the G-band filter is a unique
aspect of the Gaia mission compared to other surveys. We find
our derived absolute magnitudes (Hg,i,) to be systematically
fainter than those in the V band calculated from the Lowell
Photometric Database. In congruence with this result, the Gaia
geometric albedos (pgai,) calculated herein are smaller than
those compiled by the SSODNet service. We claim that the phase
integral (g) derived from G-band photometry is more physically
appropriate for calculation of the Bond albedo (A) required for
estimation of the solar energy budget for use in thermal models.
Lastly, we show that major taxonomic complexes can be distin-
guished, to a certain degree, using the photometric slopes and
albedos. Our companion paper explores taxonomic classification
using Gaia DR3 spectra in combination with our albedo and
photometric slopes in more detail.

Data availability

The full results are available at the CDS via https://cdsarc.
cds.unistra.fr/viz-bin/cat/J/A+A/707/A131.
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Appendix A: Absolute magnitude, diameter, and
albedo relationship

Starting from the definition of geometric albedo, p, which is the

ratio of observed flux compared to that of an ideal Lambertian

disk observed at opposition:

Fops(a =0°)

Flala=0°)

p (A1)

The conservation of energy implies that the incident flux, F,, on
a reflecting Lambertian disk of area ﬂ'rlzd must equal the reflected

flux, Fiy(a, A), integrated across all phase angles, a € [0,7/2],
on the surface of a hemisphere with a radius A:

2 3
F,nry, = / / Fia(a, AA? sin @ dads (A2)
0o Jo
From the definition of a Lambertian reflection function,
Fia(a, A) = Fi4(0, A) cos(a) (A.3)
thus:
2 3
F,nry, = / / F14(0,A) cos aA? sin @ dad (A4)
0o Jo
Integrating the above equation we get:
Foriy = Fia(0, A)A? (A.5)
and placing this into A.1 yields,
2
Fops(0,A)( A
= L)(_) ] (A.6)
F, Tid

The incident solar flux is a function of the solar flux at 1 au
(Fo1av) and the heliocentric distance given in AU (Ray):

_ Fouau

=R, (A7)
S0, in general,
Fotau [\’
Fops(@, A,R) = p R—gu(K) D() (A.8)

since the observed flux is phase angle dependent as described by
the phase function, ®(@). Next, using the relationship between
magnitude and flux we get

2
1 (r
=0.4(mops—moran) — ld
10704 =mora) — pR%u(K) (). (A.9)
Fora =0° A =1au=1.495x 108 kmand R,, = | then
. 2

10704 Hmerw) = p (M) A.10

P\ 1.495 % 10%m (A-10)

We adopted the apparent Gaia-band magnitude of the Sun as
Motau = —26.90 (Casagrande & VandenBerg 2018) and, using
D,y = 2ryy, we arrived at

1246 km 10~6al5 = p1/2

It is noted that the factor of 1246 km is different from that when
using V-band mg1,, of -26.76, which corresponds to a factor of
1329 km (corresponding to a diameter difference of around 6%).

D,y [km]. (A.11)

Appendix B: Results tables

Two results tables for ellipsoid and convex shape fits are shown
here for (16) Psyche. The full results can be accessed at the CDS.

In Figure B.1 are the distributions of the number of Gaia
observations, as well as the range in phase angles for the 8277
objects studied in this work.

Table B.1: Ellipsoid shape parameters of (16) Psyche

Parameter Symbol Estimate

spin period (hours) P 8.39148 + 0.00003
spin longitude (degrees) A 33.7+0.3
spin latitude (degrees) B 103 +21

b to a axis ratio bla 0.717 = 0.016

¢ to a axis ratio cla 0.536 + 0.009
slope parameter® (magrad™") Bo 1.700 = 0.050
H,G, absolute magnitudét (mag) Hgaia 5.951 £ 0.016
root mean square fit (mag) rms 0.026
Akaike Information Criterion AICE -212.5

Notes: fbased on maximum LC brightness
fbased on mean LC brightness

Table B.2: Convex shape parameters of (16) Psyche

Parameter Symbol Estimate
spin period (hours) P 8.39147 + 0.00009
spin longitude (degrees) A 372+ 0.7
spin latitude (degrees) B 9.8 +3.6
slope parameter (magrad™") Bo 1.31 £ 0.120
G parameterT G -0.192 + 0.211
H,G, absolute magnitudejF (mag) Hgaia 6.156 + 0.156
transformation to H,G7, (mag) AHg:, -0.228

G parameterT Gy -0.083 £ 0.159
G, parameterT G, 0.818 + 0.217
phase integral® q 0.606 + 0.102
geometric albedo DPGaia 0.108 + 0.016
Bond albedo A 0.065 + 0.015
root mean square fit (mag) rms 0.012
Akaike Information Criterion AIC -219.3

fit b to a axis ratio b/a 0.773

fit ¢ to a axis ratio c/a™ 0.641

Notes: fbased on maximum LC brightness
tbased on mean LC brightness
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Fig. B.1: Distributions of the number of Gaia observations (left) and
the per object range of phase angles (right), Ae, for the filtered set of
N = 8277 objects.
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Fig. B.2: Parameter uncertainty distributions for triaxial ellipsoids (red)
and convex shapes (blue) for (a) the rotation period, (b) spin pole lon-
gitudes, (c) spin pole latitudes, (d) photometric phase curve slope, as
well as (e) ellipsoid axial ratios b/a and (f) ¢/a. The rotation periods
are expressed as relative uncertainties via op,,, /Py
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Appendix C: Comparison to TESS rotation periods
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Fig. C.1: Comparison of the rotation periods estimated from TESS pho-
tometry and those reported in this work. Left: Periods for 820 objects
from our work that appear in Pl et al. (2020). Right: Periods for 707
objects common to this work and McNeill et al. (2023).

The Transiting Exoplanet Survey Satellite (TESS) is a mis-
sion designed to detect LC signatures of planets transiting other
stars. Therefore, like Gaia , TESS conducts untargeted observa-
tions of asteroids and both surveys represents a homogeneous
sample of the population. However, the TESS photometry are
taken over a single epoch and can consist of hundreds of points,
as opposed to the sparse data acquired by Gaia . Here, we com-
pare the rotation periods estimated by Pal et al. (2020) and
McNeill et al. (2023) with our DR3 results. We use the term
“agreement” to indicate solutions within 1%.

There are 820 objects in our work with rotation periods in
Pal et al. (2020), of which 552 agree (67.3%). On the other hand,
324 of the 707 (45.8%) objects common to McNeill et al. (2023)
have periods in agreement, a striking difference. Between these
two works 80% have periods that are “consistent” among the
1119 objects common to both (McNeill et al. 2023).

Of the 526 objects with rotation periods estimated in this
work and these two, 276 (52.5%) are in agreement and 87
(16.5%) objects have disparate rotation periods in all three. Our
DR3 periods agree with either work in 77.9% of cases (410
objects) and only 29 (9.2%) of period solutions agree between
these two works but which are in disagreement with our results.
A set of 218 objects have inconsistent periods between the two
TESS-based publications, of which 117 (53.7%) from P4l et al.
(2020) and 10 (8.5%) from McNeill et al. (2023) are in agree-
ment with our work. This strengthens the claim that our results
are more in line with Pal et al. (2020).

Gaia DR3 rotation period (hr), this work
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