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ABSTRACT

Aims. Shape and spin state are basic physical characteristice aétaroid. They can be derived from disc-integrated phetgnby the
lightcurve inversion method. Increasing the number ofragds with known basic physical properties is necessaryetteb understand the
nature of individual objects as well as for studies of the lelasteroid population.

Methods. We use the lightcurve inversion method to obtain rotatioraeeters and coarse shape models of selected asteroidanisne
sparse photometric data from the US Naval Observatory widlnary lightcurves from the Uppsala Asteroid Photome@atalogue and the
Palmer Divide Observatory archive, and show that such coedbdata sets are in many caseffisient to derive a model even if neither sparse
photometry nor lightcurves can be used alone. Our appreeigsied on multiple-apparition lightcurve inversion meded we show that the
method produces consistent results.

Results. We present new shape models and spin parameters for 24idstéroe shape models are only coarse but describe the gibhpk
characteristics well. The typical error in the pole direntis ~ 10-20. For a further 18 asteroids, inversion led to a unique detextion of
the rotation period but the pole direction was not well caaised. In these cases we give only an estimate of the eclgitiude of the pole.
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1. Introduction showed that to derive a unique physical model it is not neces-
sary to have dense lightcurves — i.e., brightness measatsme
that densely sample brightness variations during one wevol
tion. Lightcurve inversion can also be used on so-calledrsp

zgéta' that only sparsely sample brightness variationsiciyiy,
A

The lightcurve inversion method is a powerful tool to detige

sic physical properties of asteroids (rotation periods) sgis

orientations, and shapes) from their disc-integrateddigtves

(Kaasalainen & Torppa 2001; Kaasalainen et al. 2001, 200 rse data consist of at most a few measurements per night.
As has been proven by space probes, laboratory models, a

dati T K lai L 2001 2005: it et of more than about one hundred calibrated measure-
adaptive optics images (Kaasalainen et al. ’ NG ants sparse in time is fully fiicient for modelling as long

et al. 2006), models derived by this method are good apprax 1he photometric accuracy of the data is better thab®
imations of the real shapes of asteroids. In the standard urech et al. 2005, 2007). Sparse data that will be available
proach, the lightcurve inversion method is applied to a sg%m all-sky surveys such as Pan-STARRS, LSST or Gaia are
of typically ter_15_, of lightcurves observed duri_ng at leaseéh extremely time-#icient in obtaining new aste,roid models com-
or four apparltlons — only then can the spin stat_e and t Gred to the standard approach of observing individualtbje
corresponding shape be derived uniquely. Kaasalainerdj20 owever, accurate sparse data are not yet available, aad-all

teroid models based on photometry were derived by inversion
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of standard dense lightcurves (e.g., Kaasalainen et all200Table 1. Test asteroids. For each asteroid, the table givesAthg

2004; Torppa et al. 2003). difference between the pole direction of the model derived fitwen t
The main challenge to be solved when inverting sparse déth Set of lightcurves and that derived froM, lightcurves and\s,

is the correct determination of the rotation period. BeeauSPa'seé points. In most cases, there are two valuag,gffor oneNi

there is no direct information about the rotation periodhia t Comm?' g.h's corresponds to two models witk: 180" ambiguity in

data, the correct value has to be found by scanning the whtcr)]ee pole direction.

interval of possible values and looking for the best fit. Tikis

a time consuming process that yields a unique period solutio

only if there are enough data points (more than about a hun=

Asteroid Nsp Amax (deg)
Ne=6 Nc=4 Ncg=2 Ng=1

3 Juno 171 15
dred) and if the data photometric accuracy is better thantabo 15 gynomia 147 10
~ 5%. If these conditions are not fulfilled, there is usuallyrgo 32 pomona 128 25 13
than one period with the same fit to the data (for more details 39 Laetitia 181 15
seeDurech et al. 2005, 2007). On the other hand, just one or-43 Ariadne 114 2
dinary dense lightcurve usually defines the possible rafige o 44 Nysa 170 11
the rotation period well. As has been shown by Kaasalainen63 Ausonia 137 4 3 5 7 9 8 13 12
& Durech (2007), noisy sparse data can be combined with 407 Camilla 116 9 2 2 5 2 9

few ordinary lightcurves and such combined data sets give infg Iéilbi;atrix 1122 A " 1467 145
many cases a unique solution. When combining sparse daljf\58 Koeror:‘?s 135 26 23
with dense lightcurves, inversion leads to a unique sahuio

. ) . 192 Nausikaa 174 75
the period even if sparse data are noisy and the number o¢dens; Penelope

. _ 115 6 3
lightcurves is small. 277 Elvira 93 7 8 5

In this paper we present new asteroid models derive83 Emma 9% 4 6 6 6 50 8 3 6
from combined data sets. We used sparse data from the U306 Unitas 130 2 3 5 4 6 5 7 8

Naval Observatory, Flagsta(USNO) and dense lightcurves 382 Dodona 121 8 21 8 20 23 21 21
from the Uppsala Asteroid Photometric Catalogue (UAPC,532Herculina 135 15

Lagerkvist et al. 2001) and from the archive of the Palmer>84 Semiramis 97 18 20 15

Divide Observatory (PDO). 665 Sabine 18 11 13 16

. . 675 Ludmill 159 13 10 16 19 20 19 21 23
We also present the results of various tests that estimate t![‘627 I\;Jarml a

. . . . 68 18
errors in pole directions and show that our results arebigia

2. Combined data 2.2. Sparse data

As stated above, combining sparse and dense photometry 2Rarse photometric data accurate enough to provide a unique

yield a unique model even in cases when neither sparse c@iiition of the inverse problem are not yet available. Hawev

nor lightcurves would be sficient for modelling alone. Sparset© obtain new asteroid models we need not wait for them —

data typically cover more apparitions carrying thus infarmWe can use already available less accurate sparse photome-

tion about brightness variations forfiéirent geometries. Denselfy and combine it with dense lightcurves. A huge amount of

lightcurves, on the other hand, well define the rotationqueri SParse photometry is provided each night by many observato-

and enable us to narrow down the search interval. ries that carry out astrometric observations. Unfortugates
these measurements are not intended for further photametri
analysis, their quality is usually very poor from the phottric

2.1. Standard lightcurves point of view. The only exceptions (as far as we know) are mea-

Most of the photometric lightcurves we used were archive rements made at the USNO. We estimated the typical error

in UAPC. Apart from this source, we also used the databa%ethese data to be 0.08-0.1mag. The database of astromet-

of lightcurves of more than 200 asteroids observed at t '8 measurements from the USNO is available at the Asteroid
Palmer Divide ObservatolyWe also included new observa- ynamic Sité. The data are available for the first 2000 num-

tions of (34) Circe and (416) Vaticana. Circe was observgg red asteroids; they cover about five years and typicafly co

by F. Pilcher (Las Cruces, New Mexico, 35-cm telescope) |sr|1St 0f 50-200 individual measurements.

2007 and by M. Fauerbach and S. A. Marks (Egan Observatory,
Florida, 40-cm telescope) in 20@D08. Vaticana was ob-3 Tests
served in 2002007 by M. Fauerbach (Egan Observatory,
Florida, 40-cm telescope) and by S. Fauvaud, J.-M. Vugn@®ecause our aim was to derive asteroid models based on noisy
and M. Fauvaud (Pic du Midi Observatory, France, 60-cm teleparse data and a small number of dense lightcurves, wedarri
scope). out various tests to determine how accurate and reliable the
obtained results were.

! http://www.minorplanetobserver.com/PDO/
PDOLightcurves.htm 2 http://hamilton.dm.unipi.it
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For our tests, we used the Database of Asteroid Modélsble 2. Difference in the pole ecliptic latituge for multiple-pole
from Inversion Techniques (DAMIP)now containing about solutions with a unique determination of the period but uist@ined
80 models derived from dense lightcurves. From DAMIT, wealue of the pole longitudg and the variation i less than 50 For
selected 60 asteroids that had enough sparse USNO data (rif8 asteroid, the table gives tha, difference between the pole
than 30 points). From the full set of dense photometry foheal‘:"t'tUde of the model derlyed from the full §et of Ilghtcpsvend the
asteroid, we randomly selected individual lightcurves eom- 11627 Value of for non-unique models derived froM lightcurves
bined them with the sparse data to create test data sets. Ei‘—nngs" sparse points.

each asteroid, we created twelvefdient test data sets: one

set with six lightcurvesN = 6) from three apparitions, two Asteroid Nep N—F N A_ﬁ TX [?\Ieg]_ = N =1
sets with four lightcurvesc = 4) from two apparitions, three ——5— WA T © © -
sets with two lightcurvesNc = 2) from one apparition, and 15 eynomia 147 7 7 4
six individual lightcurves llc = 1). Each data set also con- 19 Fortuna 213 4
tained sparse USNO data. We then processed the test data setso Massalia 143 0
the same way as the real data using the lightcurve inversion 32 Pomona 128 21 18 18 20
method (Kaasalainen 200Burech et al. 2005, 2007). The in- 39 Laetitia 181 28
version algorithm derives a spéihape model that minimizes 44 Nysa 170 1 0
the diference between observed and computed brightness. Th&07 Camilla 116 4 4 3
minimization process can use dense and sparse data and we d&2> Liberatrix 105 21 21
cided to weight the sparse data one third of the dense data. Wa2° Antigone 149 3 1 1 1
used information about rotation periods and reliabilitgles 135 Herth‘? 102 21 0
. . . . 158 Koronis 135 4 4 5
listed in the Minor Planet Lightcurve Parameters dataBase. 192 Nausikaa 174 64
asteroids from DAMIT have reliability codes 3 or 4. For each 577 gpvira 93 14
asteroid, we scanned an interval of periods centered aethe r 396 Unitas 130 0 19
ported period® with a width of +1% and+3% of P for relia- 382 Dodona 121 0
bility codes 4 and 3, respectively. 584 Semiramis 97 22 22

As expected, in most cases the limited amount of data was665 Sabine 118 0 24
not suficient to provide us with a unique solution — out of the 1223 Neckar 96 0
60 asteroids and 12 tests for each asteroids there were pnly 2627 Ivar 68 0

asteroids that had at least one unique solutionnigue solu-
tion was defined as follows: the best period had at least 10%
lower y? than all other periods from the scanned interval angiplutions based on combined data. If no unique solution was
for this period, there was only one pole solution with at teafound for any test data set with a givé, we had nothing
10% lowery? than the others (with a possible mirror solutioho compare and the value af,ax for the correspondinyc is
for 1 + 180°). missing. If there are two values Af,ax in oneN column, they

We compared the obtained results with the models frop@rrespond to two established models{ 180" ambiguity) in
DAMIT based on full lightcurve sets — the DAMIT modelsDAMIT.
were taken as established. Results listed in Table 1 refpertt  Apart from the asteroids Liberatrix, Nausikaa, and Emma
maximum diferenceAmax (in degrees) between the pole soluthat are discussed below, we obtained a correct solutioctméor
tion for the corresponding test data set Wik lightcurves and period and a pole for all test asteroids. The poléedence was
the original DAMIT solution based on a full set. We do not reaever greater thar 25°. This justifies the use of combined
port the diference in periods, since it was always within thdata sets for lightcurve inversion and gives credibilityntw
expected error (the two exceptions (125) Liberatrix and®j19asteroid models derived in Sect. 4.
Nausikaa are discussed below). If there were more solufons
different test data sets with the saMg we chose always the
largest diference between the true model and the derived o
Thus Table 1 reports the worst-case scenario results. Frem
values of Amax, We can estimate the reliability of pgperiod

ta sets. Although the sparse data consisted of more that on
undred points, in one test case these data combined wigh onl
one dense lightcurve led to an incorrect period, thus to an in
S http://astro.troja.mff.cuni.cz/projects/asteroids3p COrrect pole direction and an incorrect shape model. The cor
4 http://cfa-www.harvard.edu/iau/lists/ rect rotation period, 3.9682 hr, gave the second péstat was
LightcurveDat.html ~ 10% higher than the lowegf for the period of 3.9491 hr.
5 The meaning of reliability codes is as follows (accordingie There were no unique period solutions for the other eleven te
Minor Planet Lightcurve Parameters database): Code 2 Htfemed data sets.
on less than full coverage, so that the period may be wronghbuta
30%. Also used to indicate cases where an ambiguity existe as ) ) ) )
the number of extrema between lightcurves. Hence the remyitbe (192) Nausikaa This asteroid gave a largeftérence between
wrong by an integer ratio. Code 3 — Secure result with no a_um[ylg the Solution derived from the Combined data set (SiX I|ghles
full lightcurve coverage. Code 4 — In addition to full covgeadenotes from three apparitions and sparse data) and the originat sol
that a pole position is reported. tion by Kaasalainen et al. (2002b). However, the new analysi

%%25) Liberatrix This case revealed the limits of combined
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of all available lightcurves showed that the published Itdsu Table 3. The same test as in Table 1 but the number of sparse data

only one of further possible solutions. More observations apoints was reduced thg, = 50.

needed to derive a unique model.

Asteroid Amax (deg)
. Nlc:6 Ne =4 NI(::2
(283) Emma One solution based on sparse data and two > Pallas 95 98
lightcurves from one apparition gave a pole solution as $ar a 15 Eunomia 19 40
50° from the correct one. This again shows that data from one 21 Lutetia 41 37
apparition with only one or two lightcurves may lead to an in- 39 Laetitia 16 12 28
correct solution. However, all other combinations of testtad 43 Ariadne 2 1
led to solutions that were very close ffdirence in pole direc- 44 Nysa 9 104
tions< 10°) to the true one. 63 Ausonia 3 2 79
107 Camilla 1 4 9 7 313
130 Elektra 7 2
(675) Ludmilla The model of asteroid Ludmilla published by 201 Penelope 5 8
Torppa et al. (2003) was inconsistent with new observations 277 Elvira 11 10 22 11 8 2
carried out by BernascdhiWe derived a new model (avail- 283 Emma 3 3 9 6
able now in DAMIT) that was fully consistent with all avail- 306 Unitas 4 2
able lightcurves and also with sparse data. Valuesgf in 311 Claudia 22 28 32 37
Table 1 and Table 3 are based on the new model with the spin gg; 32?&?3\5{ ;421 2 21 14 270 19
axis direction (in ecliptic coordinated)= 49°, 8 = 74° (mir- 534 Nassovia 20 18
ror solutiond = 196, 8 = 49°) and the sidereal rotation period 584 Semiramis 9
We emphasize that DAMIT contains updated versions of 665 Sabine 25
asteroid models; several models published in the papezd cit 675 Ludmilla 10 15 8 17 87 96
above have changed, some of them significantly. This is mostl 1223 Neckar 11 5
due to updated data sets, but we note that software erroferand 1627 Ivar 18 19

too narrow ranges for the initial period hav@ezted the qual-

ity of some models, whose corrected versions now appear in . ) )

DAMIT. Thus, while citing the original paper in which thetiPle pole solutions and reports the maximurffetience’3max
model for a given asteroid appears, one should always dov§tween the mean value gffor models based on our test data
load the updated model information from DAMIT and not us@et angs of the original model. This dierence was so smallin

the obsolete information given in the paper. Shortly, we wifOMe cases thafBmax was zero after truncation. Again, this is
submit an online paper describing the database. the worst-case scenario, which means that we report thediarg
values if there are more solutions forfigrent test data sets
with the sameNc. If there were more solutions for the period,
or the derived poles for a unique period weratient by more

Even if the rotation period of an asteroid can be determimtar(]Jan 50 in B, the value 0fABmax is missing. In some cases (for

uniquely, there can be more than one independent ole:smlutexample (32) Pomona or (107) Camilla), there are values of
quety, P P Amax in Table 1 and\Bmax in Table 2 for the samBl,c column.

for this period that fit all observed data well. We have ncniicel_hiS means that the values &f,. andABma, were derived for
ax max

th_at often N such cases, there are rmore pos§|ble IOOIem‘m'different data sets with the sarNg. One test yielded a unique
with very different values of the ecliptic longitudebut very : . . : )
similar values of the ecliptic latitude— thus we can tak@ as solution and was listed in Table 1, while the other fullfilbe t

P conditions mentioned above and was listed in Table 2. The onl

a well determined parametéAlthough we cannot determine?steroid showing a large discrepancy betwgemlues of the
the ecliptic longitudel and the corresponding shape mode ublished and derived model is again Nausikaa. All other as-

the ecliptic latitudes of.the Spin axis IS an |mportan.t phySI(.:aferoids have dierences i lower than~ 30°, which is enough
parameter. For asteroids with small or moderate inclimatio

B directly gives the obliquity — the angle between the romtiofor arough determination of the obliquity.

axis and the normal to the orbital plane.
Using the same test data sets and inversion procedure a8.id Limited amount of sparse data
the previous test, we selected such solutions that had 0N e number of sparse data points for asteroids from our tests

h n I ni ri n I il
shape a d pole, but a unique pe od and poles @ivalues was usually more than one hundred (see Table 1). On the other
within an interval of 50. Table 2 lists results for 20 such mul- . .

hand, some sparse data used to derive new models in Sect. 4

6 http://obswww.unige.ch/ behrend/ consisted of fewer than one hundred points (see Table 5). In
page2cou. html#000675 order to test what happens if we use less sparse data and to

7 The well-known + 180" ambiguity in the spin axis direction is find out how reliable the derived models are, we reduced the
inevitable for disk-integrated measurements in the pldtiescecliptic - amount of sparse data. We used the same test data sets as in
(Kaasalainen & Lamberg 2006; Kaasalainemé&rech 2007). Sect. 3 but instead of using all available sparse data we ran-

3.1. Determination of the pole ecliptic latitude S
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Table 4. The same test as in Table 2 but the number of sparse d
points was reduced tg, = 50.

Asteroid ABmax (deg)
Ne=6 Nc=4 Ncg=2
15 Eunomia 6 3
23 Thalia 48
32 Pomona 33
44 Nysa 97
129 Antigone 7
158 Koronis 6
277 Elvira 14
311 Claudia 4
382 Dodona 22
511 Davida 5
532 Herculina 24 17
584 Semiramis 22
665 Sabine 24 23 14

domly selected only 50 points. We applied the same inversibiy. 1. Top: a convex shape model of (130) Elektra based on 49 stan-
procedure and uniqueness conventions as when using the cdard lightcurves from 8 apparitions. Middle: a shape modsled on
plete data. Results for full perigble/shape models are listedSparse data (113 points) and one standard lightcurve. lBotéishape

in Table 3 and those for partial models with offyand deter- Model based on reduced sparse data (50 points) and fourastand
mination are listed in Table 4. Naturally, with less sparatag 9ntcurves from two apparitions. Models are shown from éoga-

the discrepancy between original DAMIT models and deriv o (left, center) and pole-on (right). Thede_arence n pole d'r.eCt'an
models is now greater. Results from Tables 3 and 4 show t gwi(e)?htgzsfgg-set model and those derived using combtiatal is

if the number of sparse data points is low, it is necessary to '

have dense lightcurves from at least two apparitidfis € 4) . ,
to derive a reliable model. For lightcurves from only one apl® full-setmodel looks smoother because it has highefueso

parition (Nic = 2), the inversion method gives incorrect retion and.is represented directly by areas .of surface fasets (
sults. However, the results derived from combined data wiftf@salainen & Torppa 2001). Due to limited geometry and a

dense lightcurves from two or more apparitions are stildogy Small number of data points, sparse photometry usually does
agreement with the models based on full data sets. not allow us to reconstruct a higher-resolution model. Here

For some asteroids (for example (2) Pallas or (21) Lutetiés‘,e global shape featurt_as of_ all models are similar and the di
we obtained formally unique solutions (according our deﬁnference between polg directions of the full-set model artd bo
tion) when using reduced amount of sparse data, whereas tﬁé}arse—data models is only.7
was no unique solution for any test data set when using com-
plete sparse data. 4. Results

We combined lightcurves from UAPC and PDO with sparse
3.3. Tests — conclusions data from USNO, obtaining combined data sets for about

. . . 470 asteroids (350 from UAPC and 120 from PDO). We re-
The performed tests showed that if a typical combined data Rloved clear outliers from the sparse data and then applied
(around one hundred sparse points observed over five yeE%rs

. . € lightcurve inversion method to these combined dataasets
and a few lightcurves from two or more apparitions) leads

a unique solution of the inverse problem, then this soluison described in Kaasalainen (2004urech et al. (2005, 2007).

very close to the solution based on the full data set of denBecause we had a priori information about the rotation jisrio

lightcurves. The period is determined correctly within the ofindividual asteroids (talfen from the Minor F’"’?‘”et Ligintee
pected error. The uncertainty in the pole direction is 20-2 atabase) we could restrict the period search interval ébaa r

0,
at most with a typical value 10-20. Derived shape models Ively narrow range of 1, 3, and 10% around the reported value

X . of period for reliability codes 4, 3, and 2, respectiv&lyor
are coarse and represent only basic characteristics oé sAap most asteroids in our sample. the data werefiicant to de-
an example, there are three models of asteroid (130) Elektra pie,

Fig. 1. The model derived from the full set of dense lightesry ' ¢ & 4nidue model — usually there were more than one equally

; I . : good solutions for the rotation period or there were muatipt
(49 lightcurves from 8 apparitions) is compared with the EHOdd%pendent pole solutions for one period. We derived 24 nsodel

derived from the full sparse data (113 points) and one de : : : L
lightcurve and with the model derived from sparse data rr@_sted in Table 5) that were unique according to the debniti

duced to 50 points and four dense lightcurves from two apgpm Sect. 3:a unique solution gives atleast 10%| han
paritions. The sparselense models look rougher because their The meaning of reliability codes is explained in the footnist

shapes are represented by spherical harmonics seriegashesect. 3.
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Table 5. Spin state solutions for models derived from combined detts &or each asteroid, the table lists the ecliptic lonigity and latitude
B of the pole direction (with a possible mirror solutidg, 8,), the rotation periodP, the number of sparse data poiMNs,, the number of
dense lightcurvedl,. observed durindN,,, apparitions, and a note on the source of dense lightcurve®QJ- Uppsala Asteroid Photometric
Catalogue, PDO — Palmer Divide Observatory).

Asteroid A1 B1 Ao B2 P Nsp Nic Napp Note
[deg] [deg] [deg] [deg] [hours]

5 Astraea 126 40 310 44 BHO61 153 24 7 UAPC
17 Thetis 55 10 236 20 126603 221 52 8 UAPC
30 Urania 107 23 284 20 168717 106 11 3 UAPC
34 Circe 94 35 275 51 127458 114 16 5 UAPG new obs.
80 Sappho 6 -16 194 -26 1403087 125 12 4 UAPC
82 Alkmene 164 -34 351 -39 1300078 129 11 1 UAPC

132 Aethra 337 70 368274 174 4 2 UAPC
146 Lucina 139 -14 305 -41 1855397 125 22 4 UAPC
152 Atala 199 62 347 47 .BA4AT2 101 2 1 UAPC
182 Elsa 72 -84 224 -82 80166 118 9 2 UAPC
184 Dejopeja 14 51 196 50 11119 133 4 2 UAPC
278 Paulina 123 45 311 28 49387 154 3 1 UAPC
360 Carlova 129 65 350 55 89596 143 6 2 UAPC
416 Vaticana 291 12 371597 131 24 2 UAPG new obs.
484 Pittsburghia 69 47 184976 100 2 1 UAPC
516 Amherstia 80 53 253 22 48430 125 5 2 UAPC
614 Pia 165 32 354 45 87870 86 2 1 UAPC
628 Christine 24 -61 209 -34 1617293 117 6 1 PDO
714 Ulula 40 -4 225 -13 699838 156 4 1 UAPC
770 Bali 68 44 256 40 B1894 87 2 1 UAPC
849 Ara 17 -10 213 -33 4116391 133 5 1 UAPC
915 Cosette 185 50 348 55 469741 88 1 1 UAPC
1012 Sarema 51 64 254 53 .20708 74 2 1 UAPC
1088 Mitaka 115 -46 278 -72 3035377 74 1 1 UAPC

Table 6. Partial spin state solutions for asteroids with an ambigumale solution. For each asteroid, the table lists the melgptie latitudeps
of the pole direction and its dispersian The other parameters are the same as in Table 5.

Asteroid B A P Nsp Nc¢  Ngpp  Note
[deg] [deg] [hours]

28 Bellona -6 17 1570785 130 8 3 UAPC
119 Althaea -62 8 1146512 102 4 2 UAPC
136 Austria 63 21 149660 130 4 1 UAPC
312 Pierretta -52 12 1020768 118 4 1 UAPC
355 Gabriella 69 7 82899 128 4 1 UAPC
390 Alma -64 18 374116 109 2 1 PDO
394 Arduina -71 16 166218 108 8 1 UAPC
540 Rosamunde 57 9 778 96 3 1 UAPC
544 Jetta -66 19 774526 104 3 1 PDO
550 Senta -64 18 205727 103 9 1 UAPC
636 Erika -52 14 1460755 135 6 1 UAPC
825 Tanina 54 9 83981 114 2 1 UAPC
966 Muschi -57 17 535531 111 3 1 PDO

1089 Tama -21 20 164655 61 1 1 UAPC
1188 Gothlandia -52 15 3491820 98 2 1 UAPC
1207 Ostenia -57 13 907129 87 2 1 UAPC
1270 Datura 59 12 .358100 79 2 1 UAPC
1514 Ricouxa 71 16 102466 68 3 1 UAPC

all others outside the range of parameter errors. The wefghtder of the last decimal place of peridlin Tables 5 and 6.
sparse data was one third of that of dense lightcurves. Henvehe uncertainty in the pole direction depends on the number
the models we present are not sensitive to the particulacehoof lightcurves and sparse data points and, according ts, iest

of weighting. The uncertainty in the rotation period dependisually~ 10-20.

on the length of observation interval and corresponds tothe
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derived for Tama should be taken with care due to the small
number of lightcurves and sparse points. However, because
Tama'’s brightness variations have a large amplitude bmag
(Behrend et al. 2006), the lightcurve signal is so strong tha
even a small number of noisy measurements yields a unique
and robust solution for the rotation period.

5. Conclusions

After the theoretical work of Kaasalainen (2004) and simula
tions made bydurech et al. (2005, 2007), this paper is the first
example of using real sparse data for asteroid modelling. Th
results we obtained clearly show that even noisy sparse data
carry information about asteroid brightness variationssea
by rotation and shape, and that they can be used as com-
plementary data to ordinary lightcurves. Apart from astiso
(34) Circe and (416) Vaticana, all new models were derived
just by ‘data mining’ of UAPC, PDO, and USNO catalogues.
Although models derived from a limited number of dense
lightcurves and noisy sparse data are not as accurate dasdan
models from multiple-apparition photometry, 24 new models
significantly increase the number of asteroids with knowin sp
states and shapes (DAMIT contains about 80 asteroid models)
The 18 partial models with unknownbut roughly estimated
can be used for statistical studies. All derived models ead-a
able through the DAMIT web page and will be updated when
Fig. 2. A possible convex shape model of (1089) Tama_sh_own f_rom thw observations are available. The source codes for lighec
equator (top) and pole-on (bottom). The flat surfaces ineipassible jersion software are also available on the DAMIT web page.
binarity. The model was derived from only 61 sparse datatp@nd e \yjj| describe the software packages in detail in a fortheo
one dense lightcurve. .
ing paper.
In the near future, sparse photometric observations from

We also derived 18 partial models (listed in Table 6) witheky surveys will drastically enlarge the number of asteroid
uniquely determined rotation period and a rough estimatfonmodels to 16 or even 18, allowing us to obtain comprehen-
the pole ecliptic latitudg. Each value of given in Table 6 is a Sive maps of various asteroid populations. Dense lighteirv
mean of the pole ecliptic latitudes forftérent models if their Will be important in this study. In addition to constructitige
dispersion was not larger than’s@The parametet in Table 6 Subset of best-defined models from sky surveys, they fatslit
gives the estimated error ff A = |Bmax — Bminl/2, WhereBmay  duality and reliability checks for the photometric data dinel
andBmin are extremal values ¢ for individual solutions. modelling pipelines of the surveys. They also serve aswollo
up data for objects labelled especially interesting in herse
photometry pipelines. Thus, dedicated dense lightcurgemwb
vation campaigns for a large number of objects will be more

(184) Dejopeja A model of Dejopeja was recently derived bymportant than ever.
Marciniak et al. (2007). Their pole solutions (1854°) and

(201°, +52°) are only a few degrees away from our solutior@“g‘;am;ggg;ﬁ:é%wethwoék th‘D W‘t""s 5“pp°rte§ bbyththeRgrant A
based on only four lightcurves from two apparitions and 1 of the L.zech grant agency and by the Researc
sparse data p)(/)ints g PP Program MSM0021620860 of the Ministry of education. Thekafr

MK was supported by the Academy of Finland. Funding for BDVéwa
provided by NASA grant NNG06GI32G and by the National Scéenc
(1089) Tama The binary nature of this asteroid was revealggpundation grant AST-0607505 and a Shoemaker NEO granttfrem
by Behrend et al. (2004). We were not able to obtain a unigfi&netary Society.

model. In Fig. 2, we present one possible solution with tHe po

direction (181, -8°). _Although the solution is dgrived from References

only one flat dense lightcurve and 61 sparse points, the shape

model indicates that the asteroid could be a binary. In ggneBehrend, R., Bernasconi, L., Roy, R., et al. 2006, A&A, 446,
convex shape models cannot describe binary objects. Howevell77

flat shape models with rectangular pole-on silhouettesygre tBehrend, R., Roy, R., Rinner, C., et al. 2004, 1AU Circ., 8265
ical results when inverting lightcurves of synchronousabies 2

(Durech & Kaasalainen 2003). According to Table 4, resulBurech, J. & Kaasalainen, M. 2003, A&A, 404, 709

4.1. Selected objects
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