
HAL Id: hal-00786870
https://hal.science/hal-00786870v1

Submitted on 11 Feb 2013

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Combining asteroid models derived by lightcurve inversion
with asteroidal occultation silhouettes

Josef Ďurech, Mikko Kaasalainen, David Herald, David Dunham, Brad Timerson,
Josef Hanuš, Eric Frappa, John Talbot, Tsutomu Hayamizu, Brian D. Warner, et al.

To cite this version:
Josef Ďurech, Mikko Kaasalainen, David Herald, David Dunham, Brad Timerson, et al.. Combining asteroid
models derived by lightcurve inversion with asteroidal occultation silhouettes. Icarus, 2011, 214 (2), pp.652.
⟨10.1016/j.icarus.2011.03.016⟩. ⟨hal-00786870⟩

https://hal.science/hal-00786870v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


Accepted Manuscript

Combining asteroid models derived by lightcurve inversion with asteroidal oc‐
cultation silhouettes

Josef Ďurech, Mikko Kaasalainen, David Herald, David Dunham, Brad
Timerson, Josef Hanuš, Eric Frappa, John Talbot, Tsutomu Hayamizu, Brian D.
Warner, Frederick Pilcher, Adrián Galád

PII: S0019-1035(11)00107-2
DOI: 10.1016/j.icarus.2011.03.016
Reference: YICAR 9759

To appear in: Icarus

Received Date: 18 October 2010
Revised Date: 11 March 2011
Accepted Date: 11 March 2011

Please cite this article as: Ďurech, J., Kaasalainen, M., Herald, D., Dunham, D., Timerson, B., Hanuš, J., Frappa,
E., Talbot, J., Hayamizu, T., Warner, B.D., Pilcher, F., Galád, A., Combining asteroid models derived by lightcurve
inversion with asteroidal occultation silhouettes, Icarus (2011), doi: 10.1016/j.icarus.2011.03.016

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

http://dx.doi.org/10.1016/j.icarus.2011.03.016
http://dx.doi.org/10.1016/j.icarus.2011.03.016


  

Combin in g a ste roid models de riv ed by lig h tc u rv e in v e rsion w ith a ste roida l

oc c u lta tion silh ou e tte s
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Abstract

A steroid sizes ca n be directly m ea sured by observ ing occulta tions of sta rs by a steroids. W hen there a re enoug h
observ a tions a cross the pa th of the sha dow, the a steroid’s projected silhouette ca n be reconstructed. A steroid sha pe
m odels deriv ed from photom etry by the lig htcurv e inv ersion m ethod ena ble us to predict the orienta tion of a n a steroid
for the tim e of occulta tion. B y sca ling the sha pe m odel to fit the occulta tion chords, we ca n determ ine the a steroid
size with a rela tiv e a ccura cy of ty pica lly ∼ 1 0 % . W e com bine sha pe a nd spin sta te m odels of 4 4 a steroids (1 4 of them
a re new or upda ted m odels) with the a v a ila ble occulta tion da ta to deriv e a steroid eff ectiv e dia m eters. In m a ny ca ses,
occulta tions a llow us to reject one of two possible pole solutions tha t were deriv ed from photom etry . W e show tha t by
com bining results obta ined from lig htcurv e inv ersion with occulta tion tim ing s, we ca n obta in uniq ue phy sica l m odels of
a steroids.

Keywords: A steroids, O cculta tions, P hotom etry

1 . In tro d u ctio n

O cculta tions of sta rs by a steroids a re rela tiv ely fre-
q uent ev ents sy stem a tica lly observ ed m a inly by a m a teur
a stronom ers. T he projected silhouette of the occulting
a steroid ca n be deriv ed from a ccura te tim ing s of the dis-
a ppea ra nce a nd rea ppea ra nce of the sta r m ea sured by sev -
era l observ ers pla ced a cross the pa th of the sha dow. A pa rt
from a precise m ea surem ent of the rela tiv e a strom etric po-
sition of the sta r a nd the a steroid a t the tim e of the ev ent,
the m a in scientific v a lue of a well observ ed occulta tion
is the direct a nd rela tiv ely a ccura te m ea surem ent of the
a steroid’s dim ension. A steroid sizes deriv ed from occulta -
tions ca n serv e a s a n independent check of v a lues obta ined
by , e.g ., therm a l ra diom etric observ a tions. F rom the dia m -
eter a nd the a bsolute m a g nitude of a n a steroid, we ca n de-
riv e its g eom etric a lbedo (S hev chenk o a nd T edesco, 2 0 0 6 ).

∗Corresponding author
E mail address: durech@sirrah.troja.mff.cuni.cz (J osef

Ď urech)

T he num ber of observ ed occulta tions ha s increa sed dra -
m a tica lly with the a v a ila bility of hig h-a ccura cy sta r ca ta -
log ues ba sed on the H ippa rcos da ta (D unha m et a l., 2 0 0 2 ).
N owa da y s, occulta tions ca n be predicted well in a dv a nce
with suffi cient a ccura cy . A further dra m a tic increa se of the
num ber of a ccura te predictions will com e with the stella r
ca ta log ue ba sed on the a strom etric m ission G a ia (T a ng a
a nd D elbo, 2 0 0 7 ).

O v er 1 7 0 0 occulta tions ha v e been observ ed so fa r. T he
m a jority of them were observ ed by less tha n three ob-
serv ers a nd they do not prov ide a ny relia ble silhouette es-
tim a tion. T hese occulta tions ca n y ield only a lower lim it
of the a steroid size. H owev er, there a re sev era l hundred
occulta tion ev ents with a suffi cient num ber of well defined
chords tha t prov ide enoug h da ta to reconstruct m ore or
less a ccura tely the projected silhouette.

U ntil now, the usua l fina l result of a ll reduced occul-
ta tions wa s a n ellipse fitting the projected silhouette a nd
a pprox im a ting the a steroid’s dim ensions. In a few ca ses,
the occulta tion da ta were processed tog ether with optica l
lig htcurv es in order to deriv e the a steroid’s tria x ia l ellip-



  

soid shape model (Drummond and Cocke, 1989; Dunham
et al., 1990; Sato et al., 1993 , 2000).

The reconstruction of a 3 D shape model from several
occultation 2D projections is possible in principle but still
unrealized in practice due to the lack of data. On the other
hand, there are more than one hundred asteroid shape
models that have been derived in the past decade by the
lightcurve inversion method of Kaasalainen and Torppa
(2001) and Kaasalainen et al. (2001). These models are
archived in the Database of Asteroid Models from Inver-
sion Techniques (DAMIT)1 (Ďurech et al., 2010).

The reliability of models derived by the lightcurve in-
version technique has been confirmed by their compari-
son with models obtained by radar or with direct space-
craft imaging and by laboratory experiments (Kaasalainen
et al., 2005 ). Convex models are inevitably only approxi-
mations of real shapes and cannot provide us with shape
details. However, the derived rotation periods and spin
directions have very good agreement with independent re-
sults (Kaasalainen et al., 2001). Using the model, the as-
teroid’s orientation can be computed for the epoch of the
occultation and the observed projection can be compared
with the predicted silhouette of the model. The basic re-
sult of such combination of occultation data and shape
models is that the models from lightcurve inversion can be
calibrated to absolute dimensions of the asteroid (Timer-
son et al., 2009). Moreover, if we include the occulta-
tion profile into the optimization procedure, we can refine
the model and reveal shape details that are in principle
unobtainable from lightcurves only. L ightcurve inversion
provides unique solutions only for convex shapes, so occul-
tations can help in detecting concavities.

For this paper, we have selected more than forty such
asteroids, that have lightcurve inversion models in DAMIT
and also occultation observations that can be used for scal-
ing the model. We also present ten new or updated models
that we also scale using the occultation data. Although
some multi-chord occultation data are of sufficient quality
to enable us to carry out the full multi-data inversion with
fitting not only the size but also the shape to the occul-
tation data, we leave this for a forthcoming paper. We
describe the data reduction and optimization process in
Sect. 2 and we report our results in Sect. 3 .

2. Data reduction and optimization

2.1. Occultations

During an occultation, the asteroid’s shadow moves on
the Earth’s surface and observers within the occultation
path measure the times of disappearance and reappear-
ance of the occulted star. The negative reports from ob-
servers outside of the path put limits on the dimensions
of asteroid’s cross-section. The duration of a typical event
is from seconds to tens of seconds. If the observations are

1http://astro.troja.mff.cuni.cz/projects/asteroids3D

made visually, the reaction times of individual observers
can involve significant systematic errors.

The occultation data we use were taken mainly from the
NASA PDS database (Dunham and Herald, 2009) that
contains data up to 2008. More recent occultation data
were provided directly by the International Occultation
Timing Association (IOTA)2, by the Asteroidal Occulta-
tion Observers in Europe3, by the Occultation Section of
the R oyal Astronomical Society of New Z ealand4, and by
Japanese observers of asteroidal occultations5. The data
were processed in the standard way described, for exam-
ple, by Millis and Elliot (1979) or Wasserman et al. (1979).
Here we follow the notation used by Kaasalainen (2003 ).

Each observed time of disappearance and reappearance
defines a point on the limb of the asteroid. We define
the fundamental plane that passes through the center of
the Earth and is instantaneously perpendicular to the line
connecting the star (assuming to be at infinity) and the
center of the asteroid. Then the coordinate system (ξ, η)
on the fundamental plane is defined by two unit vectors

�̂sξ = (− sin δ cosα, − sin δ sin α, cos δ), (1)

�̂sη = (sin α, − cosα, 0),

where α and δ are the right ascension and declination of
the occulted star. For prediction purposes, it is impor-
tant to use apparent coordinates of the star. However,
for our purposes, the difference between the apparent and
the mean position can be neglected and we use J2000.0
coordinates.

The geocentric coordinates of an observer are projected
onto the fundamental plane

(ξ, η) = [�̂sξ · (�x + ∆�v ∆t), �̂sη · (�x + ∆�v ∆t)], (2)

where �x is the observer’s position on the
Earth in the sidereal equatorial frame, �x =
(R cosϕ cos θ, R cosϕ sin θ, R sin ϕ), where R is the
observer’s distance from the Earth’s center, ϕ is the
geocentric latitude and θ is the local sidereal time, ∆�v

denotes the differential space velocity �vE arth − �vastero id

in the equatorial frame (∆�v is assumed to be constant
during the occultation), ∆t is the time of disappear-
ance/ reappearance measured from some epoch. If the
∆t times for individual observations do not differ much
(compared to the asteroid’s rotation period) the points
(ξ, η) can be taken as a ‘snapshot’ of the asteroid’s
projection at the time ∆t. This approximation is not
needed in the analysis but we used it because the asteroids
rotated by only a small number of degrees during the
observations in most cases. Moreover, as we only scaled
the models without actually modifying their shapes, this
simplification is fully appropriate.

2http://www.lunar-occultations.com/iota/iotandx.htm
3http://www.euraster.net
4http://occsec.wellington.net.nz/planet/plnreslt.htm
5http://uchukan.satsumasendai.jp/data/occult-e/occult-e.html
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The assumption of a linear differential space velocity
made in Eq. (2) is appropriate if (i) the reference time is
set so that ∆t � 10 min, and (ii) all the observations were
made from the same region of the world, which means
that the individual timings ∆t do not differ more than
∼ 10 min. This was fulfilled for all occultations we present
in Sect. 3. The maximum relative difference between pro-
jections computed according to Eq. (2) and those com-
puted according to a more precise quadratic expression

(ξ, η) =

[

�̂sξ ·

(

�x + ∆�v ∆t +
1

2
∆�̇v (∆t)2

)

,

�̂sη ·

(

�x + ∆�v ∆t +
1

2
∆�̇v (∆t)2

)]

, (3)

is only ∼ 1 %, which is well below the accuracy we need.

2.2. Shape models from lightcurve inversion

The shape models of the asteroids used in this work were
taken from DAMIT or derived from new observations (see
Sect. 3). All models were derived by the lightcurve inver-
sion method described in Kaasalainen and Torppa (2001)
and Kaasalainen et al. (2001). They are convex polyhe-
drons (the convexity is the property of almost all DAMIT
models, but nonconvex models can be used as well) with
triangular facets defined by radius vectors �r of the sur-
face points. Their orientation in space at any given time
can be computed from the ecliptic longitude and latitude
(λp, β p) of the spin axis direction (the z axis in the as-
teroid Cartesian coordinate frame), the sidereal rotation
period P and the initial rotation angle ϕ0 given for some
epoch. The detailed description of the rotation matrices
of the transformation from the asteroid body frame to the
ecliptic frame is given by Ďurech et al. (2010). Thus, for a
given time ∆t of an occultation, we can project an aster-
oid onto the fundamental plane. The radius vectors �r are
transformed to the equatorial coordinate system �req . Then
the projected coordinates (ξm od, ηm od) of the polyhedron
vertices are

(ξm od, ηm od) = (�̂sξ · �req , �̂sη · �req ) + (ξ0, η0), (4)

where (ξ0, η0) is some offset depending on the angular dis-
tance between the star and the asteroid. The silhouette of
a convex model is the convex hull of projected vertices.

2.3 . Scaling the model

Although the lightcurve inversion models represent the
global shape of asteroids well, they are not very detailed
and usually do not reveal nonconvex features (Ďurech and
Kaasalainen, 2003). The complementary occultation data
can add such details in the models. However, only a lim-
ited number of observed occultations clearly reveal a dis-
tinct nonconvex feature (see Timerson et al. (2009), for
example). For most occultations, the errors of individual
chords are too large or the number of chords is too low to
enable us to create a reliable nonconvex model. For these

reasons, we fix the shape and only scale it as c·�r to give the
best fit to the occultation silhouette. Also the rotation pa-
rameters (λp, β p, ϕ0, P ) are fixed on the values determined
by lightcurve inversion. Thus the only free parameters are
the scale c and the offset distances η0, ξ0.

By changing c, η0, and ξ0, we minimize the χ2 measure

χ2 =

N
∑

j= 1

[(ξj , ηj)occ − (ξj , ηj)m odel]
2

σ2
j

, (5)

where (ξj , ηj)occ are projections of observed timings onto
the fundamental plane, (ξj , ηj)m odel are intersections be-
tween the projected asteroid’s limb and the line going
through the point (ξj , ηj)occ with the direction of occul-

tation chord �̂sv (or −�̂sv), and σj are errors of (ξj , ηj)occ.

The �̂sv is a unit vector in the direction of the shadow
movement on the fundamental plane. We use the JPL
Horizons6 ephemeris system to compute �̂sv of individual
observers with respect to the asteroid.

The main source of error affecting the occultation sil-
houette points (ξj , ηj)occ is the timing of dis- and re-
appearance of the star. Errors in timing propagate to er-
rors in the position on the projection plane that are aligned
in the direction of �̂sv. This is the reason why we minimize
the difference between the model’s silhouette and occulta-
tion silhouette along �̂sv in Eq. (5).

The errors σj are not always reported or even worse,
are underestimated. So we often have to choose realis-
tic values. This introduces a subjective aspect into the
modelling process. Fortunately, the results derived in the
next section are not too sensitive to the particular choice
of weighting of individual observations. The uncertainty
of timings becomes more important for short occultations
– then the uncertainty of the size is dominated by tim-
ing errors, not by errors introduced by too simple shape
model.

Timings determined visually are affected by observers’
reaction times. When the star is relatively bright and easy
to see, visual reaction times are less than ∼ 1.5 s. For
fainter stars, reaction times of 2 to 3 seconds are possible.
Observers estimate their reaction times and correct the
timing for this effect. However, systematic errors intro-
duced by this effect are often present, as can be seen when
a visual chord is compared with a nearby chord measured
electronically. In many cases, the lengths of visual chords
are correct, but they are significantly shifted in time with
respect to the other chords. For this reason, we allowed
visual chords to ‘fl oat’ along the relative velocity vector
�̂sv. This shift in the fundamental plane corresponds to the
shift ∆τ in timings. For visual observations, we modified
Eq. (2) to

(ξ, η) = [�̂sξ·(�x+∆�v (∆t+∆τ)), �̂sη·(�x+∆�v (∆t+∆τ))], (6)

6http://ssd.jpl.nasa.gov/?horizons
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where ∆τ are free parameters that are optimized to get the
lowest χ2. To avoid too large shifts in time, we include the
penalty function

χ2
n ew = χ2 +

∑

i

(

∆τi

γ

)2

, (7)

where γ is chosen subjectively to trade-off between the
goodness of the fit and the magnitude of the time shift.
Usually, ∆τi values of the order of tenths of second are
sufficient. In some cases ∆τi are of the order of seconds.

In principle, also some chords observed with video or
CCD can be misplaced with respect to other chords due
to bad absolute timing. Shifting such chords according
to Eq. (6) would improve the fit but one has to be sure
that the discrepancy with other chords is caused by bad
timing, not by some real features of the shape. We applied
the shift only to chords observed visually.

3. Results

In this section, we briefly describe all asteroids for which
we scaled the shape models to fit the occultation data. We
list all occultations used in our analysis in Table 1. For
each occultation event, we list the total number of chords
Ntotal we used (that can be lower than the number of ob-
served chords because we sometimes reject clearly erro-
neous chords), the number of chords Nphot measured pho-
toelectrically, using video, or CCD, the angle ∆φ of which
the asteroid rotated during the occultation, the mean du-
ration of the event tmean , and the reference to the paper
where the occultation results were published. For each oc-
cultation observed visually, the average absolute time shift
|∆τ | of visual chords (Eq. 6) is listed. Observations that
report only one timing (disappearance or reappearance)
are counted as individual chords.

Table 2 lists all observers that participated in observa-
tions of recent occultations that were not included in the
database of Dunham and Herald (2009). We list all ob-
servers, including those that reported ‘misses’. If some
observer provided more than one chord, the number of
chords is given in parentheses.

In Table 3, we list the derived equivalent diameter D

for each model (which is the diameter of a sphere with
the same volume as the shape model) and their estimated
errors, the ecliptic latitude λp and longitude βp of the
pole direction, the sidereal rotation period P , the diame-
ter DIR A S derived from the IRAS infrared measurements
by Tedesco et al. (2004), the rms residual of the fit with
visual chords allowed to move along the relative velocity
vector (rms1) and with visual chords fixed (rms2), and the
reference to the paper where the original shape model was
published. If one of the pole solutions is preferred, the cor-
responding values are typeset in bold. We estimated the
uncertainty of the equivalent size as twice the rms resid-
ual of the fit. In cases where the errors in timing are
the main source of uncertainty of the diameter (6 Hebe,
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Figure 1: Explanation of line types and symbols used in Figs. 2–45.

for example), we estimated the uncertainty of the size by
propagating the errors of timings.

For asteroids that have known mass, we could compute
the density. However, such density estimates would be
biased, beacause the volume of a convex model is larger
than the real volume of the asteroid. Therefore we do not
provide any density estimations.

In Figs. 2–45, we plot the projected asteroid silhouettes
and the chords used for scaling the model. The meaning
of different types of lines and curves is explained in Fig. 1.
If there are two possible pole solutions, one of the corre-
sponding profiles (usually the one that gives a worse fit) is
plotted with a dotted curve. Chords observed visually are
plotted as dashed lines, others (observed by means of CCD
or other photodetector) are plotted as solid lines. Dotted
lines represent negative observations and dot-dashed lines
represent observations that report only the duration of the
event, not absolute timings. Such chords can be arbitrar-
ily shifted in time along the relative velocity vector. If an
observer reported only the beginning or the end of the oc-
cultation, we plot it as an asterisk. Each plot contains also
the time scale and the latitude of the sub-Earth point θ for
the time of occultation and corresponding model. If there
are two models in one figure, the visual chords are plot-
ted with shifts (Eq. 6) corresponding to the solid-contour
model.

All shape models, spin parameters, and lightcurve data
we present are available online in DAMIT.

(2) Pallas. The occultation of SAO 85009 by asteroid Pal-
las in 29 May 1978 was one of the first successfully observed
occultations with photoelectrically measured timings and
a very good coverage of the whole projected silhouette.
The next event in 29 May 1983 is the most densely covered
occultation ever observed. More than one hundred chords
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were measured and the size of Pallas was accurately de-
termined (Dunham et al., 1990). The other three events
from 1985, 2001, and 2006 provide additional projection
geometry.

Two models of Pallas were derived by Torppa et al.
(2003), with the preference of the pole (35◦, −12◦). Be-
cause the shape of Pallas is rather spherical and the oc-
cultation did not reveal any distinct features, both models
fit the chords almost equally well. However, only one pole
solution is consistent with the adaptive optics images by
Carry et al. (2010). They derived a nonconvex model of
Pallas with the pole direction (30◦, −16◦) ± 5◦ and the
equivalent diameter 512 ± 6 km, which is close to the di-
ameter 539 ± 28 km derived from occultations (Fig. 2).
Schmidt et al. (2009) derived an ellipsoidal model of Pal-
las from HST observations. The model has the equivalent
diameter of 545 ± 18 km, which is also consistent with our
value.

(3) Juno. The 11 December 1979 occultation event pro-
vided excellent photoelectric measurements of 15 chords
distributed over the whole projection. The second ob-
served occultation on 24 May 2000 provided only four vi-
sual chords and three of them were placed close together.
The shape model of Juno derived by Kaasalainen et al.
(2002b) fits both occultations well (Fig. 3).

(5 ) A straea. A recent occultation by Astraea was observed
in 6 June 2008 with the timings determined mainly vi-
sually. From the two shape models that were derived by
Ďurech et al. (2009), we can reject the pole (310◦, 44◦), be-
cause the shape model with the pole direction (126◦, 40◦)
clearly gives a better fit (Fig. 4).

(6 ) H ebe. The shape model derived by Torppa et al.
(2003) agrees with the occultation data. However, scaling
of the model is not very accurate, because the occultation
duration was only a few seconds and all observations were
visual (Fig. 5).

(7 ) Iris. The shape model derived by Kaasalainen et al.
(2002b) as well as its mirror solution can be scaled to fit the
two occultations. The second occultation was short and
there were large errors in the visually determined timings
(Fig. 6). Ostro et al. (2010) derived from radar observa-
tions a shape models of Iris with the equivalent diameter
of 208 ± 35 km and the pole direction λ = 15 ± 5◦ and
β = 25 ± 15◦ that is consistent with the first model of Iris
in Table 3.

(8 ) F lora. Although Torppa et al. (2003) give only one
pole solution (160◦, 16◦), the mirror solution at (335◦, −5◦)
fits the lightcurves equally well and gives a slightly better
fit to the occultation chords (Fig. 7).

(9 ) M etis. The lightcurve inversion led to two possible
pole solutions (Torppa et al., 2003), but only one agreed
with the adaptive optics images (Marchis et al., 2006).
The consistency of this shape model with the occulta-
tion chords from 12 September 2008 was demonstrated by
Timerson et al. (2009). In Fig. 8, we present the fit to four
occultation events.

(10 ) H ygiea. Hanuš and Ďurech (2010) derived two pos-
sible models of Hygiea by lightcurve inversion of archived
data and sparse photometry. Both models fit the occul-
tation data similarly well, but with very different sizes of
351km and 443km (Fig. 9). The diameter derived from
IRAS measurements was 407km (Tedesco et al., 2004),
which is closer to the second (less preferred) model in Ta-
ble 3.

(16 ) Psyche. Only one of the two models reported by
Kaasalainen et al. (2002b) is consistent with the two oc-
cultations observed in 2004 and 2010 (Fig. 10). For the
occultation from 2004, one chord does not match with the
model’s profile. This may be caused either by an error in
timing or by an error of the shape model.

(17 ) T hetis. Ďurech et al. (2009) derived two models, but
only one, with the pole direction (236◦, 20◦), gives a good
match with the occultation chords (Fig. 11).

(22) Kalliope. One of the models derived by Kaasalainen
et al. (2002b) with the pole direction (196◦, 3◦) is con-
sistent with the satellite orbit analysis (Descamps et al.,
2008) and also with the occultation observed in 2006
(Fig. 12). However, the equivalent diameter 166.2±2.8 km
derived by Descamps et al. (2008) is significantly larger
than our value 143 ± 10 km.

(28 ) B ellona. We derived two possible models from the
Asteroid Photometric Catalogue (APC) data (Lagerkvist
et al., 2001), new observations (Table 4), and US Naval
Observatory (USNO) sparse photometry downloaded from
the Asteroids Dynamic Site7. Both models give similar fits
to the data (Fig. 13).

(34 ) C irce. Both shape models derived by Ďurech et al.
(2009) are possible, because the four chords observed in
2004 are grouped into two close pairs and do not allow us to
select the correct pole. The two models differ significantly
in the size (Fig. 14). The formal error of the fit (and thus of
the determined size) is only 4 km, but the real uncertainty
in the size is at least ∼ 10 km.

(39 ) L aetitia. The shape model derived by Kaasalainen
et al. (2002b) agrees very well with the observed silhouette
(Fig. 15).

7http://hamilton.dm.unipi.it/astdys/
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(41) Daphne. The model derived by Kaasalainen et al.
(2 0 0 2 a) is consistent w ith the occultation silhouette
(F ig . 1 6).

(52) Europa. The pole direction (2 5 2 ◦
, 3 8 ◦) and the corre-

sponding shape model derived by M icha�low sk i et al. (2 0 0 4 )
is consistent w ith the A O imag e (M archis et al., 2 0 0 6) and
also w ith the tw o occultation events (F ig . 1 7 ).

(54 ) A lexan d ra. W arner et al. (2 0 0 8 ) derived tw o shape
models. The model w ith the pole direction (3 1 8 ◦

, 2 3 ◦) fi ts
the chords better but the other pole solution (1 5 6◦

, 1 3 ◦)
cannot be rejected (F ig . 1 8 ).

(55) P an d ora. The shape model derived by Torppa et al.
(2 0 0 3 ) is consistent w ith the occultation chords (F ig . 1 9 ).

(6 3 ) A uson ia. The fi t is not very g ood and there are only
three chords observed in 2 0 0 0 , but the model w ith the
pole (1 2 0 ◦

, −1 5 ◦) fi ts much better than the second possible
pole (3 0 5 ◦

, −2 1 ◦) (F ig . 2 0 ). The size determination is not
very accurate, the formal error of 1 8 k m g iven in Table 3
is only the low est limit. O ur result is in ag reement w ith
results of Tang a et al. (2 0 0 3 ) based on H S T observations,
w ho derived an ellipsoidal model of A usonia w ith the pole
direction (1 1 9 ◦

, −2 9 ◦) and the eq uivalent diameter 8 7 k m.

(6 4 ) A n gelin a. W e derived a new model of asteroid A n-
g elina from the lig htcurves in the A P C and sparse data
from U S N O . F rom the tw o pole solutions (1 3 7 ◦

, 1 4 ◦) and
(3 1 7 ◦

, 1 7 ◦), the former one is preferred, because it fi ts the
chords sig nifi cantly better that the latter pole (F ig . 2 1 ).
The neg ative chord that intersects the silhouette w as ob-
served by tw o independent observers. The model has to be
refi ned by further observations to match better w ith the
occultation. The uncertainty of the size determination is
lik ely to be larg er than the formal value determined from
the rms residuum.

(6 8 ) L eto. The three chords observed during the occulta-
tion in 1 9 9 9 are not enoug h to disting uish betw een tw o pole
solution derived by H anuš and Ď urech (2 0 1 0 ) (F ig . 2 2 ).
The size is not determined very accurately.

(8 0 ) S apph o. The recently observed occultation clearly
show s that only one of the tw o shape solutions derived
by Ď urech et al. (2 0 0 9 ) is acceptable (F ig . 2 3 ).

(8 5) Io. W e derived a new model that slig htly diff ers from
that derived by Torppa et al. (2 0 0 3 ) and that is in ag ree-
ment w ith all four occultation events (F ig . 2 4 ). The neg a-
tive observation that intersect the model’s projection in 7
D ecember 2 0 0 4 w as made visually and is probably w rong .

(8 8 ) T h isbe . The mirror pole solution w ith the pole direc-
tion (7 2 ◦

, 60 ◦) is preferred over that reported by Torppa
et al. (2 0 0 3 ), because it not only fi ts the chords w ell,
but also does not overlap w ith the neg ative observations
(F ig . 2 5 ).

(8 9 ) J ulia. W e derived a new model of this asteroid from
archived A P C data and sparse photometry from U S N O .
F rom three possible pole solutions derived from photome-
try, only one is fully consistent w ith the occultation data
(F ig . 2 6).

(9 5) A reth usa. F rom lig htcurves only, w e w ere not able to
derive a uniq ue model. A lthoug h the rotation period w as
determined uniq uely, there w ere four diff erent pole direc-
tions and corresponding shapes that all fi tted the photo-
metric data eq ually w ell. H ow ever, w hen comparing the
predicted profi les w ith the occultation from 2 0 0 9 , only one
model w ith the pole direction (1 4 9 ◦

, 3 3 ◦) w as acceptable
(F ig . 2 7 ).

(1 0 7 ) C am illa. The three chords observed during the oc-
cultation in 2 0 0 4 allow ed only a roug h scaling of an up-
dated version of the shape model derived orig inally by
Torppa et al. (2 0 0 3 ) (F ig . 2 8 ).

(1 29 ) A n tigon e. The projections of the shape model de-
rived by Torppa et al. (2 0 0 3 ) are consistent w ith the three
occultations, but the size cannot be fi tted w ell. The size
that fi ts the tw o occultations from 1 9 8 5 and 2 0 0 1 w ell g ives
a poor fi t to the third occultation form 2 0 0 9 (F ig . 2 9 ).
W hen fi tting only the fi rst tw o occultations, the size is
(1 1 8 ± 1 4 ) k m, w hile the third event is fi tted at best w ith
the eq uivalent size (1 4 8 ±1 1 ) k m. This inconsistency mig ht
be caused by albedo varieg ation (reported by Torppa et al.
(2 0 0 3 )) – the real shape is diff erent from the model that
assumes that albedo distribution on the surface is uniform.

(1 3 0 ) Elektra. The shape model derived by Ď urech et al.
(2 0 0 7 ) ag rees w ell w ith the six chords observed in 2 0 1 0
(F ig . 3 0 ). The model is also consistent w ith the adaptive
optics imag es obtained by M archis et al. (2 0 0 6).

(1 52) A tala. A preliminary model w as derived by Ď urech
et al. (2 0 0 9 ) w ith tw o possible spin/ shape solutions. O nly
one model is consistent w ith the occultation data (F ig . 3 1 ).
O ne neg ative report intersects the model projection at one
end. M odifying the model slig htly should solve this incon-
sistency.

(1 58 ) K oron is. F rom tw o possible spin vector solutions
derived by S livan et al. (2 0 0 3 ), only one is consistent w ith
the occultation chords (F ig . 3 2 ). H ow ever, even this model
fails to fi t the northernmost chord that is long er than the
shape model.

(1 6 5) L oreley . W e derived a new model of Loreley w ith
tw o possible pole directions (1 7 4 ◦

, 2 9 ◦) and (3 4 8 ◦
, 4 2 ◦).

O nly the fi rst pole solution and the corresponding model is
consistent w ith the occultation data (F ig . 3 3 ). This new
model is diff erent from that published by Ď urech et al.
(2 0 0 7 ).
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(167) Urda. One of the pole solutions gives a better fit,
but the rival pole cannot be rejected (Fig. 34). The neg-
ative chord that intersects the model profile at one end
was observed visually. The size determination is not very
accurate.

(208) Lacrimosa. The four chords do not enable us to
clearly reject one of the two possible pole solutions, al-
though the pole (176◦

, −68◦) is preferred (Fig. 35).

(276) Adelheid. Only three chords, two of them very close
to each other, cannot distinguish between two shape mod-
els (Fig. 36). B oth models fit the occultation equally well.

(302) Clarissa. Hanuš and Ďurech (2010) derived a very
elongated shape model of Clarissa. B oth pole solutions
are consistent with the occultation observed in 2004, one
of them fitting very well (Fig. 37). Although the chords
were observed using video, the reported timing errors are
of tenths of second.

(306) Unitas. Ďurech et al. (2009) derived two possible
shape models. Delbo and Tanga (2009) showed that one
of them – with the pole direction (79◦

, −35◦) – was much
more consistent with the thermal infrared measurements
made by IR AS. They also derived the effective diameter
55− 57 km. This is also confirmed by the occultation data
(Fig. 38), because the profile corresponding to this pole
does not intersect with the negative chord.

(372) Palma. Hanuš and Ďurech (2010) derived two pos-
sible shape models of Palma with the pole directions
(221◦

, −47◦) and (44◦
, 17◦). The first shape model seems

to be consistent with most of the chords observed dur-
ing two occultations in 2007 and 2009 (Fig. 39), but the
southernmost chord from the 2007 event lies far outside
the projected best-fit contour of the model. The second
model fits well the southernmost chord from 2007, but its
fit to the rest of the chords is slightly worse than for the
first model.

(409) Aspasia. With six successfully observed occulta-
tions, Aspasia has the highest number of occultation events
in our set. From the two models derived by Warner et al.
(2009), the one with the pole direction (3◦

, 30◦) fits the
chords observed during two events in 2008 clearly better
than the second pole (Fig. 40).

(471) Papagena. From the two possible models derived by
Hanuš and Ďurech (2010), only one is consistent with the
occultation observed in 1987 (Fig. 41).

(747) W inchester. We updated the model by Marciniak
et al. (2009) with new observations by F. Pilcher and
A. G alád (Table 4). Lightcurve inversion yields two pole
directions. The second pole solution (172◦

, −36◦) can
be rejected, because the shape projection for this pole
fits the occultation data significantly worse than the pole
(304◦

, −60◦) (Fig. 42).

(849) Ara. Only one model, out of the two derived by
Marciniak et al. (2009), is consistent with the occultation
(Fig. 43).

(925) Alphonsina. Hanuš and Ďurech (2010) derived a
new model from combined sparse and dense photometry.
Although both occultations suffer from large errors in tim-
ings, only one of the pole solutions derived from photom-
etry is consistent with the occultations (Fig. 44).

(1263) V arsavia. We derived two new models from USNO
sparse photometry but only one was consistent with the
occultation data (Fig. 45).

4. Conclusions

B y combining asteroid shape models derived from pho-
tometry with the occultation data, we can obtain unique
physical models of asteroids. Lightcurve data enable us
to derive asteroid shape and spin state and the occulta-
tions are used for scaling the shape and for solving the
pole ambiguity. As can be seen from Table 3, the uncer-
tainty of the effective diameter determination is ∼ 5 % for
the best cases with many accurate chords, ∼ 10 % for a
typical occultation, and ∼ 20 % for occultations with only
a few chords. Contrary to other indirect methods for as-
teroid size determination, occultation timings are direct
‘measurements’ of asteroid dimensions.

The number of successfully observed occultations with
many chords steadily grows as does the accuracy of timings
– observers routinely use video or CCD techniques and the
timings are more accurate and free of reaction times. The
use of automatic observing stations equipped with a small
telescope will revolutionize the way asteroidal occultations
are observed (Degenhardt, 2009). Asteroidal occultations
are no longer ‘sporadic’ events, rather they are system-
atic and reliable astronomical measurements. With the
increasing number of asteroid models and successfully ob-
served occultations, we expect that the scaling of models
derived by lightcurve inversion using occultations will be-
come routine.
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Ďurech, J., Kaasalainen, M., Jun. 2 0 0 3 . P ho tometric sig natures o f
hig hly no nco nv ex and b inary astero id s. A stro n. A stro p hys. 4 0 4 ,
7 0 9 – 7 1 4 .
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List of occultations

Asteroid Date Ntotal Np h ot ∆φ tm ean |∆τ | [s] Reference
[deg] [s] model 1 model 2

2 Pallas 1978/05/29 8 8 2.6 30.1 Wasserman et al. (1979)
1983/05/29 121 18 2.5 34.4 0.24 Dunham et al. (1990)
1985/10/24 3 0 0.4 27.9 0.02 Stamm (1985)
2001/06/09 3 3 0.8 25.1
2006/06/12 4 4 0.5 35.4

3 Juno 1979/12/11 17 14 13.6 57.6 1.42 Millis et al. (1981)
2000/05/24 5 0 0.6 17.0 0.19

5 Astraea 2008/06/06 13 3 0.3 13.8 0.11 0.23
6 Hebe 1977/03/05 5 0 0.1 3.3 0.12 Taylor and Dunham (1978)
7 Iris 2005/02/17 4 0 0.1 7.2 0.20 0.12

2006/05/05 4 1 0.1 4.2 0.59 0.54 Thompson and Y eelin (2006)
8 Flora 2004/10/29 7 6 0.1 6.2 0.03 0.27 Dunham (2005)
9 Metis 1984/02/19 8 1 1.2 16.6 0.98 Kristensen (1984)

1989/08/06 5 1 3.2 12.7 0.31 Stamm (1989)
2001/09/07 7 5 0.2 3.1 0.07 Dunham (2002)
2008/09/12 20 15 1.8 35.5 0.67 Timerson et al. (2009)

10 Hygiea 2002/09/07 8 6 1.9 110.1 0.66 2.17
16 Psyche 2004/05/16 4 1 0.7 12.9 0.15 0.30

2010/08/21 14 14 1.9 7.1
17 Thetis 2007/04/21 16 9 0.6 6.0 0.59 0.46 Koschny et al. (2009)
22 Kalliope 2006/11/07 8 5 1.4 24.2 0.53 Sôma et al. (2007)
28 Bellona 2002/05/05 8 4 0.7 8.1 0.47 0.54
34 Circe 2004/02/10 4 4 0.4 29.1
39 Laetitia 1998/03/21 19 2 1.4 9.7 0.37 Dunham (1999)
41 Daphne 1999/07/02 16 3 3.6 32.7 0.50 Dunham et al. (2002)
52 Europa 1983/04/26 10 2 0.8 9.5 0.47

2005/12/03 12 10 0.4 6.7 0.08
54 Alexandra 2005/05/17 11 6 10.3 41.7 0.22 0.04 Dunham (2006)
55 Pandora 2007/02/18 9 5 3.0 3.8 0.63
63 Ausonia 2000/12/22 3 3 0.2 2.3
64 Angelina 2004/07/03 6 6 0.0 1.2
68 Leto 1999/05/23 3 1 0.1 5.5 0.10 0.19
80 Sappho 2010/06/04 11 9 1.0 5.6 0.94 0.24
85 Io 1995/12/10 8 0 3.7 15.6 0.30 Dunham (1998)

2004/12/07 5 4 0.7 13.8 0.36
2004/12/12 15 9 1.4 12.2 0.10
2005/05/15 2 2 0.1 4.3

88 Thisbe 1981/10/07 12 0 1.2 9.8 0.32 0.35 Millis et al. (1983)
2007/02/21 6 3 3.7 14.0 0.52 0.85

89 Julia 2005/08/13 6 1 1.9 7.6 0.06
2006/12/04 4 4 0.2 9.0

95 Arethusa 2009/03/07 8 5 0.6 8.5 0.29
107 Camilla 2004/09/05 3 3 1.3 12.3
129 Antigone 1985/04/11 5 3 4.0 69.5 6.75 Wasserman et al. (1986)

2001/09/09 5 0 2.5 8.4 0.23
2009/02/13 4 4 1.8 7.9

130 Elektra 2010/02/20 7 6 0.7 11.7
152 Atala 2006/05/07 8 5 7.5 3.3 0.69 0.75
158 Koronis 2005/12/13 7 4 0.1 1.4 0.10 0.12
165 Loreley 2009/06/29 5 4 0.6 33.0 0.29 0.08
167 Urda 2001/07/23 3 2 0.1 3.3 0.08 0.01
208 Lacrimosa 2003/12/31 5 2 0.2 4.6 0.14 0.30
276 Adelheid 2002/03/09 3 1 1.3 5.7 0.41 0.45
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List of occultations

Asteroid Date Ntotal Nphot ∆φ tmean |∆τ | [s] Reference
[deg] [s] model 1 model 2

302 Clarissa 2004/06/24 3 3 0.1 2.7
306 Unitas 2004/07/06 5 4 0.9 8.0 0.94 1.10
372 Palma 2007/01/26 21 11 3.0 10.8 0.14 0.23

2009/09/10 4 3 0.6 8.2 0.07 0.13
409 Aspasia 2005/09/29 2 2 0.1 3.0

2006/10/08 7 7 0.8 10.3
2006/12/20 3 2 0.4 9.6 0.48 0.38
2008/02/05 5 3 0.9 20.8 0.50 0.22
2008/02/12 10 10 2.8 31.4
2009/02/06 2 2 0.7 9.0

471 Papagena 1987/01/24 5 2 3.3 17.7 0.84 0.37
747 Winchester 2008/05/01 9 6 0.8 11.7 0.25 0.37

2009/09/05 6 5 1.3 16.9
849 Ara 2009/01/27 7 4 0.6 1.6 0.75 0.34
925 Alphonsina 2003/12/15 7 7 0.6 5.5

2003/12/22 27 12 1.8 3.9 0.46 0.69
1263 Varsavia 2003/07/18 31 20 1.4 1.6 0.04 0.04

Table 1: List of occultations used for deriving asteroid sizes. Here
Ntotal is the total number of chords used for fitting, Nphot is the
number of chords observed by means of a photometric detector,
video, or CCD, ∆φ is the angle of asteroid’s rotation between the
first and the last reported timings, and tmean is the the mean du-
ration of occultation. For each occultation observed visually, the
average absolute time shift |∆τ | of visual chords is listed.
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List of observers

(5) Astraea 2008-06-06
T. Jańık, CZ
Z. Moravec, CZ
H. Raab, AT
V. Čejka, CZ
J. Mánek, CZ
F. Lomoz, CZ
J. Jindra, CZ
P. Kušnirák, CZ
J. Urban, CZ
R. Piffl & T. Maruška & I. Majchrovič, AT
M. Antoš, CZ
G. Dangl, AT
J. Ďurech, CZ
P. Zelený, CZ
J. Mocek, CZ
M. Kročil, CZ
M. Kapka, SK
D. Kapetanakis, GR
H. Denzau, DE
J. Kopplin, DE

(1 6 ) P sy ch e 2010-08-21
J. Brooks, Winchester, VA, USA
S. Conard, Gamber, MD, USA
D. Dunham, Seymour, TX, USA (5)
A. Scheck, Scaggsville, MD, USA
C. Ellington, Highland Village, TX, USA
P. Maley, Annetta South, TX, USA
R. Tatum, Richmond, VA, USA
P. Maley, Godley, TX, USA
H. & K. Abramson, Mechanicsville, VA, USA
D. Caton, Boone, NC, USA
E. Iverson, Athens, TX, USA
R. Suggs & B. Cooke, Huntsville, AL, USA
J. Faircloth, Kinston, NC, USA

(80) S ap p h o 2010-06-04
P. Birtwhistle, UK
C. Ratinaud, FR
T. Haymes, UK
J. Lecacheux, FR
G. Regheere, FR
O. Dechambre FR
F. Vachier & S. Vaillant & J. Berthier, FR
T. Midavaine, FR
E. Bredner & F. Colas, FR
A. Leroy & S. Bouley & R. Palmade & G. Canaud, FR
E. Frappa, FR
G. Bonatti & D. Del Vecchio, IT
P. Baruffetti & A. Bugliani & G. Tonlorenzi, IT

(9 5) Areth usa 2009-03-07
A. Carcich, Wantage, NJ, USA
W. Rauscher, Doylestown, PA, USA
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List of observers

G. Nason, West Lorne, ON, Canada
R. Sauder, Narvon, PA, USA
S. Conard, Gamber, MD, USA
B. Huxtable, Gambrills, MD, USA
D. Dunham, MD & VA, USA (3)
H. Abramson, Smithfield, VA, USA

(12 9) Antigone 2009-02-13
R. Cadmus, Grinnell, IA, USA
A. Carcich, Lacey, NJ, USA
S. Messner, Morning Sun, IA, USA
D. Dunham, Glen Rock, PA, USA
S. Conard, Gamber, MD, USA
B. Huxtable,Gambrills, MD, USA
A. Olsen, Urbana, IL, USA

(13 0) E lektra 2010-02-20
A. Elliott, UK
C. Ratinaud, FR
R. Miles, UK
M. Cole, UK
A. Pratt, UK
P. Birtwhistle, UK
T. Haymes, UK
J.-M. Winkel, NL
R. & E. Simonson, UK
G. Rousseau, FR

(165) Loreley 2009-06-29
R. Peterson, Scottsdale, AZ, USA
W. Morgan, Wilton, CA, USA
D. Machholz, Colfax, CA, USA
D. Dunham, Blue Canyon, CA & NV, USA (3)

(3 7 2 ) Palma 2009-09-10
D. Herald, Kambah, ACT, AU
H. Pavlov, Marsfield, AU
D. Gault, Hawkesbury Heights, AU
J. Broughton, Reedy Creek, Q LD, AU
C. Wyatt, Walcha, NSW, AU
J. Bradshaw, Samford, Q LD, AU

(409) Aspasia 2008-02-05
C. Ninet, FR
M. Boutet, FR
J. Sanchez, FR
G. Faure, FR
E. Frappa, FR
S. Bolzoni, IT
S. Sposetti, CH
G. Sbarufatti, IT
R. Di Luca, IT

(409) Aspasia 2008-02-12
J. Denis, FR
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List of observers

T. Flatrès & J.-J. Sacré, FR
M. Jennings, UK
P. Baudouin, FR
M. Audejean, FR
O. Dechambre, FR
B. Christophe, FR
T. Midavaine, J. Langlois, FR
D. Fiel, FR
A. Leroy & G. Canaud, FR
J. Lecacheux, FR
E. Frappa, FR
F. Van Den Abbeel, BE
C. Gros, FR
E. Bredner, FR
C. Demeautis & D. Matter, FR
S. Bolzoni, IT
A. Manna, CH
S. Klett, CH
S. Sposetti, CH
M. Parl, DE
P. Corelli, IT
R. Di Luca, IT

(409) Aspasia 2009-02-06
D. Snyder, Bisbee, AZ, USA
P. Sada, Observatorio UDEM, Mexico

(747) W inchester 2008-05-01
D. Koschny, NL
H. De Groot, NL
A. Scholten, NL
H. Rutten, NL
M. Rain, DE
E. Frappa & A. Klotz, FR
H. Bill & M. Jung, DE
J. Müller & U. Appel, DE
W. Rothe, DE
I. Majchrovič & R. Piffl, SK
A. Galád, SK
T. Pauwels & P. De Cat, BE

(747) W inchester 2009-09-05
D. Gault, Macquarie Woods, NSW, AU
J. Broughton, Reedy Creek, QLD, AU
D. Lowe, Leyburn, QLD, AU
S. Quirk, Mudgee, NSW, AU
P. Purcell, Weston Creek, ACT, AU
D. Herald, ACT, AU (2)
C. Wyatt, Narrabri, NSW, AU
J. Betts, Hawkesbury Heights, NSW, AU
S. Russell, Orange, NSW, AU

(849) Ara 2009-01-27
R. Stanton, Three Rivers, CA, USA
D. Breit, Morgan Hill, CA, USA
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List of observers

R. Royer, Springville, CA, USA
R. Nolthenius, Cabrillo College, CA, USA
B. Stine, Weldon, CA, USA
R. Peterson, AZ, USA (2)

Table 2: List of observers who participated in observations pre-
sented in Table 1 that were not included in the database published
by Dunham and Herald (2009). If some observer provided more
than one chord, the number of chords is given in parentheses.
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List of results

Asteroid D λp βp P DIR A S rms1 rms2 Reference
[km] [deg] [deg] [hr] [km] [km] [km]

2 Pallas 539± 28 35 −12 7.81323 498± 19 14.2 16.6 Torppa et al. (2003)
3 Juno 252± 29 103 27 7.209531 234± 11 14.3 17.4 Kaasalainen et al. (2002b)
5 Astraea 115 ± 6 126 40 16.80061 119± 7 3.2 3.4 Ďurech et al. (2009)
6 Hebe 180± 40 340 42 7.274471 185± 3 7.7 9.5 Torppa et al. (2003)
7 Iris 198± 27 20 14 7.138840 200± 10 13.7 26.2 Kaasalainen et al. (2002b)

199± 26 199 −2 13.2 27.7
8 Flora 141± 10 155 6 12.86667 136± 2 4.8 5.1 Torppa et al. (2003)

140±7 335 −5 3.7 3.8
9 Metis 169± 20 180 22 5.079176 10.2 12.4 Torppa et al. (2003)

Timerson et al. (2009)
10 Hygiea 351±27 122 −44 27.65905 407± 7 13.8 14.0 Hanuš and Ďurech (2010)

443± 45 312 −42 22.5 24.1
16 Psyche 225±20 33 −7 4.195948 253± 4 10.0 11.1 Kaasalainen et al. (2002b)

225± 36 213 1 17.8 18.0
17 Thetis 77 ± 8 236 20 12.26603 90 ± 4 4.0 6.1 Ďurech et al. (2009)
22 Kalliope 143± 10 196 3 4.148200 181± 5 5.1 5.7 Kaasalainen et al. (2002b)
28 Bellona 97 ± 11 282 6 15.70785 121± 3 5.4 5.8 this work

100± 10 102 −8 5.1 6.1
34 Circe 96 ± 10 94 35 12.17458 114± 3 1.8 Ďurech et al. (2009)

107± 10 275 51 2.0
39 Laetitia 163± 12 323 32 5.138238 150± 9 6.2 14.4 Kaasalainen et al. (2002b)
41 Daphne 187± 20 198 −32 5.98798 174± 12 10.2 11.0 Kaasalainen et al. (2002a)
52 Europa 293± 30 251 35 5.629958 303± 5 14.9 16.5 Micha�lowski et al. (2004)
54 Alexandra 135± 20 156 13 7.022641 166± 3 10.1 10.1 Warner et al. (2008)

142±9 318 23 7.022649 4.7 4.9
55 Pandora 70 ± 7 223 18 4.804043 67 ± 3 3.3 6.0 Torppa et al. (2003)
63 Ausonia 90 ± 18 120 −15 9.29759 103± 2 8.9 Torppa et al. (2003)
64 Angelina 51 ± 10 317 17 8.75032 5.1 this work

52±10 137 14 2.7
68 Leto 148± 25 103 43 14.84547 123± 5 6.5 8.3 Hanuš and Ďurech (2010)

151± 25 290 23 12.6 15.9
80 Sappho 67 ± 11 194 −26 14.03087 78 ± 2 5.6 8.1 Ďurech et al. (2009)
85 Io 163± 15 95 −65 6.874783 155± 4 7.4 7.9 this work
88 Thisbe 204±14 72 60 6.04131 201± 5 7.1 12.5 this work

220± 16 247 50 6.5 13.9 Torppa et al. (2003)
89 Julia 140± 10 8 −13 11.38834 151± 3 4.8 5.0 this work
95 Arethusa 147± 32 149 33 8.70221 136± 10 15.8 18.7 this work
107 Camilla 214± 28 73 54 4.843928 223± 17 14.2 Torppa et al. (2003)
129 Antigone 118± 19 207 58 4.957154 9.4 10.7 Torppa et al. (2003)
130 Elektra 191± 14 64 −88 5.224664 182± 12 7.2 Ďurech et al. (2007)
152 Atala 65 ± 8 347 47 6.24472 3.9 9.3 Ďurech et al. (2009)
158 Koronis 38 ± 5 30 −64 14.20569 35 ± 1 1.7 2.4 Slivan et al. (2003)
165 Loreley 171± 8 174 29 7.224387 155± 5 3.9 4.2 this work
167 Urda 51 ± 15 107 −69 13.06133 40 ± 2 1.2 2.0 Slivan et al. (2003)

44±15 249 −68 1.1 1.4 Warner et al. (2008)
208 Lacrimosa 45 ± 10 20 −75 14.0769 41 ± 2 3.7 5.6 Slivan et al. (2003)

45±10 176 −68 1.7 2.4
276 Adelheid 125± 15 9 −4 6.31920 122± 8 5.0 8.9 Marciniak et al. (2007)

117± 15 199 −20 4.8 9.5

302 Clarissa 43±4 28 −72 14.47670 39 ± 3 2.0 Hanuš and Ďurech (2010)
43 ± 11 190 −72 5.5

306 Unitas 49±5 79 −35 8.73875 47 ± 2 1.4 2.7 Ďurech et al. (2009)
53 ± 5 253 −17 1.6 3.2
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List of results

Asteroid D λp βp P DIRAS rms1 rms2 Reference
[km] [deg] [deg] [hr] [km] [km] [km]

372 Palma 187± 20 221 −47 8.58189 189± 3 10.1 10.6 Hanuš and Ďurech (2010)
198± 26 44 17 8.58191 13.2 13.8

409 Aspasia 173± 17 3 30 9.02145 162± 7 8.7 10.5 Warner et al. (2008)
471 Papagena 137± 25 223 67 7.11539 134± 5 12.4 15.5 Hanuš and Ďurech (2010)
747 Winchester 171± 15 304 −60 9.41480 172± 3 7.6 8.3 Marciniak et al. (2009)

this work
849 Ara 76 ± 14 223 −40 4.116391 62 ± 3 7.0 17.8 Marciniak et al. (2009)
925 Alphonsina 58 ± 16 294 41 7.87754 54 ± 3 8.0 11.5 Hanuš and Ďurech (2010)
1263 Varsavia 41 ± 8 341 −14 7.16495 49 ± 1 3.9 4.0 this work

Table 3: The table lists the equivalent diameter D with its esti-
mated uncertainty, the spin vector ecliptic coordinates λp and βp,
the sidereal rotation period P , the diameter DIRAS derived from
the IRAS infrared measurements by Tedesco et al. (2004), the rms
residual of the fit with visual chords allowed to move along the rela-
tive velocity vector (rms1) and with visual chords fixed (rms2), and
the reference to the paper, where the original shape model was pub-
lished. If one of two possible pole directions and the corresponding
shape model is preferred, it is printed in bold font.
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Aspect data for new observations

Date r ∆ α λ β Observer
[AU] [AU] [deg] [deg] [deg]

(28) B ellona
2007 04 28.2 2.635 1.684 9.0 196.8 12.8 Warner
2007 04 29.3 2.637 1.690 9.4 196.6 12.8 Warner
2007 05 04.3 2.644 1.723 11.0 195.8 12.8 Warner
2007 05 10.2 2.653 1.770 13.0 195.0 12.6 Warner
2008 06 06.3 3.143 2.297 12.0 295.0 8.5 Pilcher
2008 06 07.3 3.144 2.288 11.7 294.9 8.5 Pilcher
2008 06 10.3 3.146 2.265 10.9 294.5 8.6 Pilcher
2008 06 14.3 3.148 2.237 9.7 293.9 8.6 Pilcher
2008 06 24.3 3.154 2.184 6.6 292.2 8.5 Pilcher
2008 07 02.3 3.159 2.160 4.2 290.6 8.3 Pilcher
2008 07 06.3 3.161 2.154 3.1 289.8 8.2 Pilcher
2008 08 02.2 3.174 2.234 8.3 284.4 7.1 Pilcher
2010 12 16.4 2.385 1.517 14.0 118.9 −9.4 Pilcher
2010 12 19.3 2.383 1.495 12.9 118.5 −9.4 Pilcher
2010 12 22.4 2.382 1.474 11.6 118.1 −9.3 Pilcher

(747) Winchester
2008 05 09.3 3.949 3.031 7.0 246.7 22.3 Pilcher
2008 05 12.3 3.946 3.015 6.5 246.1 22.4 Pilcher
2008 05 13.3 3.945 3.011 6.4 245.9 22.4 Pilcher
2008 05 26.3 3.932 2.976 5.6 243.3 22.4 Pilcher
2008 05 27.9 3.930 2.975 5.7 243.0 22.3 Galád
2008 05 28.9 3.929 2.975 5.7 242.8 22.3 Galád
2008 05 29.9 3.928 2.975 5.8 242.6 22.3 Galád
2008 05 30.9 3.927 2.975 5.9 242.4 22.2 Galád

Table 4: The table lists asteroid distance from the Sun r, from
the Earth ∆, the solar phase angle α, and the geocentric ecliptic
coordinates of the asteroid (λ, β).
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Figure 3: (3) Juno
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Figure 4: (5) Astraea. The solid contour corresponds to the model with the pole direction (126◦
, 40◦), the dotted one to the pole (310◦

, 44◦).
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Figure 5: (6) Hebe.
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Figure 6: (7) Iris. The solid contour corresponds to the pole (20◦
, 14◦) and the dotted one to the pole (199◦

, −2◦).
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Figure 7: (8) Flora. The solid contour corresponds to the pole (335◦
, −5◦), the dotted one to (155◦

, 6◦).
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Figure 8: (9) Metis.
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Figure 9: (10) Hygiea. The solid contour corresponds to the pole (122◦
, −44◦), the dotted one to (312◦

, −42◦).
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Figure 10: (16) Psyche. The solid contour corresponds to the pole (33◦
, −7◦), the dotted one to (213◦

, 1◦).

21



  
−60 −40 −20 0 20 40

−40

−30

−20

−10

0

10

20

30

40

1s

θ
1
 = 11°

θ
2
 = −12°

17 Thetis   2007/04/21

η [km]

ξ 
[k

m
]

Figure 11: (17) Thetis. The solid contour corresponds to the pole (236◦
, 20◦), the dotted one to (55◦

, 10◦).
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Figure 12: (22) Kalliope.
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Figure 13: (28) Bellona. The solid contour corresponds to the pole (282◦
, 6◦), the dotted one to (102◦

, −8◦).
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Figure 14: (34) Circe. The solid profile corresponds to the pole (94◦
, 35◦), the dotted one to (275◦

, 51◦).
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Figure 15: (39) Laetitia.
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Figure 16: (41) Daphne.
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Figure 17: (52) Europa.
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Figure 18: (54) Alexandra. The solid profile corresponds to the pole (318◦
, 23◦), the dotted one to (156◦

, 13◦).
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Figure 19: (55) Pandora.
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Figure 20: (63) Ausonia. The solid profile corresponds to the pole (120◦
, −15◦), the dotted one to (305◦

, −21◦).
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64 Angelina   2004/07/03
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Figure 21: (64) Angelina. The solid profile corresponds to the pole (137◦
, 14◦), the dotted one to (317◦

, 17◦).
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Figure 22: (68) Leto. The solid profile corresponds to the pole (103◦
, 43◦), the dotted one to (209◦

, 23◦).
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80 Sappho   2010/06/04
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Figure 23: (80) Sappho. The solid profile corresponds to the pole (194◦
, −26◦), the dotted one to (6◦

, −16◦).
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Figure 24: (85) Io.
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Figure 25: (88) Thisbe. The solid profile corresponds to the pole (72◦
, 60◦), the dotted one to (247◦

, 50◦).
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Figure 26: (89) Julia
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Figure 27: (95) Arethusa.
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Figure 28: (107) Camilla.
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Figure 29: (129) Antigone.
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Figure 30: (130) Elektra.
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Figure 31: (152) Atala. The solid profile corresponds to the pole (347◦
, 47◦), the dotted one to (199◦

, 62◦).
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158 Koronis   2005/12/13
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Figure 32: (158) Koronis. The solid profile corresponds to the pole (30◦
, −64◦), the dotted one to (225◦

, −70◦).
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165 Loreley   2009/06/29
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Figure 33: (165) Loreley. The solid profile corresponds to the pole (174◦
, 29◦), the dotted one to (348◦

, 42◦).
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Figure 34: (167) Urda. The solid profile corresponds to the pole (249◦
, −68◦), the dotted one to (107◦

, −69◦).
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208 Lacrimosa   2003/12/31

η [km]

ξ 
[k

m
]

Figure 35: (208) Lacrimosa. The solid profile corresponds to the pole (176◦
, −68◦), the dotted one to (20◦

, −75◦).
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276 Adelheid   2002/03/09
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Figure 36: (278) Adelheid. The solid profile corresponds to the pole (9◦
, −4◦), the dotted one to (199◦

, −20◦).
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Figure 37: (302) Clarissa. The solid profile corresponds to the pole (28◦
, −72◦), the dotted one to (190◦

, −72◦).
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Figure 38: (306) Unitas. The solid profile corresponds to the pole (79◦
, −35◦), the dotted one to (253◦

, −17◦).
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Figure 39: (372) Palma. The solid profile corresponds to the pole (221◦
, −47◦), the dotted one to (44◦

, 17◦).
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Figure 40: (409) Aspasia. The solid profile corresponds to the pole (3◦
, 30◦), the dotted one to (177◦

, 15◦).
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471 Papagena   1987/01/24
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Figure 41: (471) Papagena. The solid profile corresponds to the pole (223◦
, 67◦), the dotted one to (22◦

, 18◦).
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Figure 42: (747) Winchester. The solid profile corresponds to the pole (304◦
, −60◦), the dotted one to (172◦

, −36◦).
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Figure 43: (849) Ara. The solid profile corresponds to the pole (223◦
, −40◦), the dotted one to (10◦

, −25◦).
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Figure 44: (925) Alphonsina. The solid profile corresponds to the pole (294◦
, 41◦), the dotted one to (148◦

, 25◦).
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1263 Varsavia   2003/07/18
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Figure 45: (1263) Varsavia. The solid profile corresponds to the pole (341◦
, −14◦), the dotted one to (172◦

, −1◦).
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Asteroid sizes can be measured by observing occultations of stars by asteroids. > W e combine shape 

models of 44 asteroids w ith the available occultation data. > W e derive asteroid effective diameters. > 

In many cases, w e solve the ambiguity of the pole direction. > Lightcurve inversion combined w ith 

occultations leads to unique physical models.


