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1 Introduction

In recent years a substantial progress has been made in discovery of binary asteroids
among all populations in the Solar system, and in characterization of their prop-
erties. Various techniques for their detection have been developed: photometry,
radars, direct and adaptive optics imaging.

Knowledge of binaries’ rotational and orbital properties is crucial for under-
standing their origin and evolution. The aim of this work is to describe an inversion
method for obtaining some of the parameters from photometry data, and present
its limitations.

1.1 Overview of binary asteroids

Binary asteroids have been theorized several times during the twentieth century.
André (1901) was the first who speculated that the asteroid Eros was binary on
the basis of a similarity of its lightcurve to the lightcurves of -Lyrae occultation
binary stars. Cook (1971) and Weidenschilling (1980) argued that the single body
model of Trojan asteroid (624) Hektor, whose observed lightcurve has an amplitude
of 1.1 mag., is unstable with respect to a binary fission, and therefore suggested its
binary or contact-binary nature. This suggestion was proved to be true from AO
observations by Marchis et al. (2006). Although the discovered satellite of (624)
is too small to explain large amplitude of the lightcurve (secondary to primary
diameter ratio is about 0.05'), these observations revealed that the primary is a
contact binary itself. Other works on the lightcurve analysis of binary asteroids are
discussed in the Section 1.3.

Another indirect evidences for satellites of asteroids were reported during late
1970s, when anomalous observations of star occultations by asteroids were done (Van
Flandern et al., 1979). Most of these were visual observations and were probably
erroneous. The most reliable indication of an asteroid duplicity from occultation was
video observation of (146) Lucina, reported by Arlot et al. (1985), but the proposed
satellite with diameter of 6 km wasn’t resolved by space observations (Storrs et al.
1999).

The first direct detection of an asteroid satellite came from the Galileo flyby
of the asteroid (243) Ida (Belton and Carlson, 1994), followed by the discovery of
a satellite orbiting around (45) Eugenia using adaptive optics on a ground-based
telescope (Merline et al. 1999).

Presently the four most effective methods for detecting asteroid satellites are:
direct imaging (using space or ground-based telescope), imaging via adaptive optics
on ground-based telescopes, radar and photometry, respectively.

Direct and AO imaging is successfully used for revealing binary nature of large or
widely separated bodies. To date (July 2007), 51 such objects have been discovered
among large and small but wide Main Belt asteroids, among Jupiter Trojans, in
Centaur population and among Transneptunian objects using this technique.

'The terms primary and secondary refer to larger and smaller component of the system, respec-
tively, in this work



The first binary revealed by photometry was near-Earth asteroid (NEA) 1994 AW,
(Pravec and Hahn, 1997). The photometric technique, based on detection of occul-
tation and/or eclipse events in a lightcurve, is restricted for relatively bright and
mutually close systems with components size ratios above ~ 0.2 —0.3. It also allows
in principle a detection of wide systems, but the chance of the events being caught in
the lightcurve is decreasing with increasing orbital period of the satellite. Further-
more, the probability of events even to occur decreases with increasing separation of
the components (see Pravec et al. 2006). Small binary systems with orbital periods
less than ~ 40 hr are found within NEAs, Hungaria group and Inner Main Belt.

The photometric observations are strongly supported by radar, and vice versa.
The first radar detection of a binary system was NEA 2000 DPyq; (Ostro et al. 2000,
Margot et al. 2002), subsequently investigated by photometry (Pravec et al. 2006).
Including this case the total number of binary systems observed by both methods
is 15, thus validating the photometry as a reliable way to detect them. Since a
strength of the radar echo is inversely dependent on the fourth power of a distance
to the object, the radar technique is limited to close approaches of asteroids to the
Earth. On the other hand, the radar imaging during favorable apparitions is able
to obtain a very detailed information about shapes, spin states, and a dynamics of
mutual orbit of the components. The best studied case using this method is NEA
(66391) 1999 KW, (Ostro et al. 2006, Scheeres et al. 2006).

The number of confirmed or suspected binary asteroids grows rapidly, Table 1
summarizes current numbers of binary systems and their main properties reported
as of April 2007. Parameters of particular systems could be found in references cited
in the table.

An important question is what are the real numbers of binary systems in different
minor planet populations. A good overview of debiased fraction of binaries provides
Noll (2006). A brief summary of his Table 5 is presented in Table 2, complemented
by published fractions of binaries in Trojan and Centaur populations.

1.2 Formation, evolution, and stability of binaries

The current complex of binaries fractions in different populations and their prop-
erties is assumed to be a steady-state result of their long-term evolution. This
evolution encompasses formation, change of orbital characteristics due to tidal (mu-
tual and external) and radiation forces and eventually their destruction. Theories of
origin and evolution of binary asteroids should provide testable predictions of their
properties in order to compare them with the observations.

Three classes of formation theories are now widely accepted: mutual capture,
reaccretion from collisions, and rotational disruption. Richardson and Walsh (2006)
provide a good review of this topic so I present here only the most important points
with some recent published results.

For Kuiper Belt collision models can be ruled out because they predict too low
fraction of binaries. Capture models seems to be more plausible, although the
present densities of bodies are too low and encounter speeds too high to allow suf-
ficient number of captures. However, these processes could work in the early solar
system and thus a large fraction of Kuiper Belt binaries could be primordial. Re-



Table 1: Numbers of binaries in minor planet populations revealed by different methods
and their main properties.
Population method detected references
Main properties

NEA radar + phot. 26 (radar 20, phot. 15) [RW06][0s05][Re06]
asynchronous (1 sync.), 0.2 < D,/D, < 0.5(0.9), D, <5 km, [Be05][Ta06][Be06]
9.2 < Popim < 2.8(14) hr, 10 < Py < 43 hr

Mars Crosser phot. 4 [RWO06][Pr07]
asynchronous (1 sync.), 0.2 < D,/D, < 0.3(0.8), D, < 7 km,
9.5 < Pyim < 4(28) hr, 10 < Ppyy, < 28 hr

Hungaria phot. 5(+2 A0) [RW06][N06]
asynchronous (1 sync.), 0.2 < D,/D, < 0.4(1), D, < 5(10) km,
2.5 < Pyrim < 4(6.5) hr, 14(6.5) < Ppry < 25 hr

Muain Belt phot. 15 [RWO06][NO06][Pr07]
9 async., 5 sync., 0.2 < D, /D, < 0.45(1), D, < 6(10) km,
9.2 < Porim < 4(40) br, 14 < P,y < 40 hr

Large Main Belt AO+DI 10 [RWO06]
asynchronous (1 sync.), 0.03 < D,/D, <0.22(0.97), D, > 80 km,
4 < Pyrim < 7(16.5) hr, 60(16.5) < Pory < 115 hr*

Small Main Belt AO+DI 3 [RW06]
0.2< D,/D, < 04, D, <6 km,
1300 < P,y < 2700 hr

Trojan AO 1 [RW06]
synchronous, D, /D, = 0.92, D, = 101 km,
P,y = 103 hr

Centaurs DI 2 [No06][G06]

0.5 < D,/D, < 0.9, D, ~ 100 — 200 km,
200 < P,y < 1000 hr

TNO AO+DI 27 [RW06][N06][No06b-f]
D,/D, ~ 1, D, > 80 km, eccentric orbits
19 < Purp < 1000 hr, 3 000 < a < 130 000 km

Notes. The population of Main Belt binaries is divided into three groups for clarity: the
systems detected using photometry are referred to as Main Belt; those detected using
adaptive optics and direct imaging are referred as Large and Small Main Belt, distinguish-
ing the systems with primaries greater than 80 km and smaller than 6 km, respectively.
The parameters are described in Section 2. Observed extents for asynchronous systems
are given in parentheses. Abbreviations: phot. = photometry, AO = adaptive optics, DI
= direct imaging.

* With an exception of (379) Huenna with P, = 1939 hr.

[Be05] Benner et al. 2005, [Be06] Benner et al. 2006, [G06] Grundy et al. 2006, [N06] Noll 2006
and ref. therein, [No06] Noll et al. 2006, [No06b-f] Noll et al. 2006b-f, [Os05] Ostro et al. 2005,
[Pr07] Pravec et al. 2007, [RW06] Richardson and Walsh 2006, and ref. therein, [Ta06] Taylor et
al. 2006
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D, > 0.3 km

D, > 0.3 km, 2.2 < Py, < 2.8 hr

D, > 0.2 km

Main Belt
average

10 < D, < 50 km

Koronis family
Trojan

Centaur

ang. separation > 0.1 — 0.2 arcsec

TNO
average
large TNOs

cently Astakhov et al.

nents.
mass ratios is to be observed.
Durda et al.

asteroidal families.

fraction (%)

15+ 4 (photometry)
66+1Y (photometry)
1642 (radar)

~ 2
~ 1047
22418

<44

13447 °

11435
75419

@ Marchis et al. (2006b), ® Noll et al. (2006).

The collisional origin of

An investigation



by Scheeres et al.

al. (1989).

binary 90 Antiope).

of the Sun.
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in Section 3.1 of this thesis.

of the components.
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2 Methods

2.1
2.1.1

The
Harris et. al. 1989, Pravec et al. 1996).
produced by two types of bodies:
1.
2.
binary asteroid).
— (1)
order.
(2)
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Figure 2:

Thus, the coefficients

If the system is asynchronous, P, #

These phenomena

be resolved.

2.1.2 Synchronous binaries

If the mutual events

If the size ratio

vector.
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2006) and kindly provided by S.
Ostro.

It should be noted,

2.2

sion to be very fast.

event, respectively.

section here.
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2.2.1 Circular orbit

Let us assume the shapes of

a radius r.
Similarly, d, is the same
Normalizing R, to unity,
1+ R,
sind; = + , (4)
r
1-R
indy = . 3
sin 09 " (5)
equations
c-s = cosdy, (6)
c-n = 0, (7)
|6s - 900| < 51 (8)
for at least partial events, and
|6s - 900| < 52 (9)
timesaving expressions
(10)
for ¢:
aca+b
c= az Y (11)

17



where

a = nxs,

b = ax(cosén),

a = +y/a? —b%/a’.

and

the whole event (i.e.

2.2.2 Elliptic orbit

1+ R,
sind; = + ,
"
1— R,
sindy = ,
"
where
unity.
3 < ape,
while the sufficient conditions are
v <
vo= |65 - 900|7
. emax 14+ R,
sin 07 = ,
a(l —e)

18

If the geometry is changing

(15)

(16)

(17)



vectors c.
The shadows of the

19



SO a(l+e) 22)
1—R
. 5max — i 2
sin 05 (1) (23)
. 1—-R
. 5mln — 5 . 24
sin & “(1te) (24)
c-s = cosd;, (25)
c-n = 0, (26)
| 1, (27)
c-p = cosv, (28)
of a function
f(v) = (c-s—cosé;)?, (29)

The boundary

The values of r,,,;, and 744
Fmin = a(1 — €),
if v < o™i

Fmaz = a(1 + €)

else :

20



2.3 “Preprocessing”

series (Eq. 3).

P, and P, denote the

from their properties.
For same

tively.
Pravec et al.

held to within 20%.

assumption as well.

2.3.1

of the contacts defined in Section 2.2.

lightcurve.
brightness.

omitted in analysis.

able.

21



An example of the
Note that the contacts

tion described in Section 2.2.1.

C={C;}.i=1.N, (31)

vectors €1,1; €1,2; €2,1; €3,1; €5,1; C5,2-

22



only) values defined as

Li,ji = Li,ji —|— k27‘[‘, (32)
L' =nT + Ly, (33)
simply as
: 2T
Pszd _ = 34
orb n ( )
Fig. 6
2.4

2.4.1 Shape of bodies

Their vertices

shape.

and M is a mean anomaly

23



Figure 6:

a/R,(= 2a/D,), P and Ly.
black to white.

Ap

Ap

Ap
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following approximations:

equator-on silhouettes.
equal to A,C,,

expressed as

2.4.2 Properties of mutual orbit

frame.?

bulk density (Section 2.5.1).

25

Detailed

The flattening of the

and therefore it is

(35)

(36)

the semimajor axis-to-



Figure 7:

node).

2.4.3

and to given phase angle.

and to the Earth, respectively.

26



Figure 8:

surface. See text for details.

to obtain the facet’s visibility o:
e ifd>1,/2, then o =1,
o if d < —I,/2, then 0 =0,

2.4.4 Scattering laws

One of these laws

r= J(/“Lvﬂova)wv (38)

@ =cose=h-ng,

[lo = COSL =S - Dy,

emerging light).

27



Lommel-Seeliger law

direction €;

could be rewritten as

JL = M0,13 (39)

Since most asteroids

Ho

Jrs = : (40)

ot g

The L-S law describes the

The irradiance I, entering the

The volume

28



Figure 9:

Lommel-Seeliger law:

(41)

(in that case, of course, p(«)

The

where ¢ is the asymmetry factor.

where

J=Js+ Ju,

(42)

(43)

29



below ~ 10 degrees.

the form of

where

For that rea-

S is

normal to the mean surface.
1)

2) At increasing angles of

30



tend to be in shadow or hidden.

For « < e:

where

and

For ¢ > €

where

and

) _ e—2tan(g¢/2)7

= (1+ntand)~'/?

® = ( |

El(gj) — e—(z/ﬂ') cotfcotx
()

)
e—(l/ﬂ) cot? §cot?

(see Section 4.2).

31



2.4.5

1s shown at Fig. 10

case.

2.5

observed lightcurve data.

32

Instead, it

are given in this

(48)



pofe

time

Figure 10: The

The contacts (time

secondary’s total eclipse, etc.
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ratio of compo-

nents, etc.

the events.

described in Sections 2.2 and 2.3.1.

Starting from each point

orbit approximation.

The minima are selected from those

minima.

D,/D, and a/A, = 2(a/D,),

respectively.

bulk density (see Eq. 49).

34



solutions are selected.

forced to be > 1.

at pericenter.

2.5.1 Bulk density

24w
G Psid2

orb

low values.

where

mates their real volumes.

35

(49)

(50)

(51)



2.5.2

order to reach a minimum of a function

rameters defined by Eq. (50).

from 0.5 to 2.0 were used.

2.5.3

function f(x1,xg,...,T,).

new point.

Fig. 11.

1.

36

Parameters

(52)

In this section,

The values are

Compute a center of simplex’s



face which don’t include G:

- (53)
2.
through X to new point R:
R=X+aX-G). (54)
3.
E =X +bR - X), (55)
4,
5.
6.
C=X+¢R-X). (56)
contraction is inward to
C=X+¢G-X). (57)
It fo <
1.
7.
i +S .
X,’ZX;_ (t=0...n). (38)
8.
(59)
where gy, The coordinates of the

37



explanation of symbols.
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Object Apparition Time Geo. arc  Hel. arc  Phase

span (d) (deg) (deg) angle (deg)
1996 FGs 1998 Dec-99 Jan 36 30 27 14 - 32
(88710) 2001 SLg 2001 Oct 8 12 5 1-8
(35107) 1991 VH 1997 Feb-Apr 32 19 20 18 — 38
2003 Feb 7 4 4 24 - 30
(65803) Didymos 2003 Nov-Dec 29 38 29 2-19
(3671) Dionysus 1997 Apr—Jun 31 21 28 39 - 68
(66391) 1999 KW, 2000 May-Jun* 35 90 17 62 - 76
2001 May—Jun 18 99 9 33 — 66
2000 DPyor 2000 Sep—Oct 8 19 7 30 - 38
(66063) 1998 RO, 2002 Sep* 3 6 1 3-8
2003 Sep 9 33 5 12 - 33
2004 Sep 11 28 6 30 - 36
Notes.
3 Results

in multiple apparitions.

summarized in Table 4.

This helps to better understand

for light-travel time.

39



Table 4:

€ITOorIS.

Object (apparition) Solution ~ RMS D./Dy a/Ap Xp (%) Bp (%) Psﬁg (h) e
1996 FG3 (1998) 1. 0.018 0287000 31707 9497280 _gq¥1% 16147000 0.107912
+0.03 +1.0 +23 +127 +0.02 +0.14
(88710) 2001 SLg (2001) . 0.030 02518'8% 3.818; 2991% —37;5%, 16.4218.83 0'0318'?3’
I 0.030 0.25;8:?3 3'8;815 118J_rg8 -|—6_+972 16.3918:8% 0.02J_r8:gg
(35107) 1991 VH (1997) L. 0.028 04101 49158 24978 —s54t7 32767000 0141002
1. 0028 04191 59108 y47t2 _eott 32.631900  0.08%7%¢
+0.1 +0.6 +26 +6 +0.01 +0.05
. 0.028 0'418'% 4'918'? 359?,5’3 -|-62_Jr120 32'7518'8% 0.1618.?8
IV.  0.029 0'418:% 5'318% 314Tr§§’ -|—80+_62 32.6318:8% 0'0718:8%
V. 0029 04%% 4.973% 108 ~70 32.7510 0.1719
(35107) 1991 VH (2003) I.  0.023 0 getole SRS Fet g FOB R0
o SeF00l ¥ i i Xt S
IL.  0.024 0.3618:8% 5.41?:? 195+_333 —65J_r%g 32.6418:82 0.0818:??
I 0.024 0.3618:85 5'61813 43?,%3 —57139 32.5818:82; 0'0518:?2
IV. 0.024 037% 5.97% 561 +367F 32.581002  0.0770 L7
65803) Did 2003) L 0012 0227000 5gF08 it 1975 11.90670004 o og¥007
(65805) Didymos (2008) . D00 oovpssl Domey  OTar Thoy -%%Sap, s
IL 0012 0217500 20103 329t 7012 11.920%00%  0.0215 00
(3671) Dionysus (1997) . 0.021 0217502 41198 304726 _7241 97801000 0.22%0%
+0.02 +0.9 +9 +19 +0.04 +0.29
IL.  0.021 02018'8% 4'11?'8 154+_66 —46;?2 27.84;883 0'051883
L. 0.022 02179 34700 2087 +437F 27.7010 0.1479
V. 002 0217002 ggHZ ol saTil  grrsF00i o530
| oose oash® LomE oo TlE (om0
(66391) 1999 KW, (2001) I 0.036  0.46100% 32709 341t 56720 17427800 0.04700%
+0.2 +12 +23 +18 +0.09 +0.06
2000 DP1o7 (2000) . 0.026 0'4318'85 4'918'3 31_+1128 —61J_r%0 42'7918'%% 0'0918'?8
IL  0.027 0437 50755 201t +80*t 42.0919 0.0519
66063) 1998 RO, (2003) L 0.022  0.397004 33710 53g3id 6072 14547000 o013
(GO0G3) 10O ROL (200%) L 0000 oerd® o onw  thmn iihae 0o
IL 0023 0387000 3ated  7stle _sotdl 14537001 0021010
(66063) 1998 RO; (2004) I 0.019  0.40F5°1 36102 258725  4estl? 14558002 0012007
Object (apparition) Solution w (°) Lo (°) epoch (MJD) As/Ap Ap/Cp A./Cs p (g cm—3)
1996 FG3 (1998) 1. 79224% 4323221 51150.6792 0.33}%%& 1.2}%? 1.41;2):22’ 1.4}%%
(88710) 2001 SLg (2001) L. 3395% 138__|_§$ 52192.4316 0.25J_r8:82 1.01?:9 1'018:3 2'218?
” . . . .
IL. 58__% 307+_228 0'2518'65 1'018'2 1'018'? 2.21%.2
(35107) 1991 VH (1997) L 146;%8 9311230 50505.9547 0'3118.‘%8 1.7J_r8:(55 1'018:? 1.9J_r8:g
I 302t 346729 ” 0.42190% 1010 11701 13108
L. eotld 0t ” 037101 12193 1.010! 1.3102
+5 +4 +0.01 +0.1 +0.04 +0.1
v.  3s2ti, 35ty ” 0421000 1070y 11190 14t
v, astlt sistl " 0371098 11105 101005 1.319¢
+52 +15 +0.14 +0.8 +0.1 +16
(35107) 1991 VH (2003) I. 28122 23371 526718388 0267017 20197  1.0t0] 3.310°¢
1. 35245 226120 " 0.25701% 23190 4 0f0] 3.6
162 15 F015 Fii Jo1 ¥4
II1. 206+_11188 65;%2 ” 0'2618'83 2'11%'6 1.0+_00003 3.61%3
” . . . .
v. 189jr713 54_% 0'3818'63 1'018'8 1.11%11 2'118'5
(65803) Didymos (2003) .~ 34971 12073 52963.8922 0217005 1.0%07  1.0700 17tgs
. 17atss 301l " 0201002 1+02 4 ofDl 21108
. +12 +23 +0.10 +0.6 +0.3 +0.8
(3671) Dionysus (1997) I. 327+_6124 60_+1243 50545.9601 0'2018'89 1'518'2 1'218% 1'51?'5’
IL. 35_+2281 3001%3 ” 0'2218:?8 1'218? 1.2+_00:31 1'21813
II1. 305151 350;5150 ” 0'2418:83 1'018:2 1.21%:%4 0'618%
IV. 203 272 ” 0.221¢ 12104 12t 0.819
—14 —11 —0.04 —0.2 —0.1 —0.4
66391) 1999 KW, (2001) I. 264767 12919 52054.0398  0.51F70:08 4 1409 4 5402 12111
+?é +280 +8'%g +?'% +8'% +?'?
2000 DP1o7 (2000) L. 328;%é 270+_2161 51812.1522 0'4418:88 1'21?% 1'218:% 0.818'%
” . . . .
IL. 161J_ré(g 8911680 0'3718'%8 1.61?? 1'118% 1'11?'3
(66063) 1998 RO; (2003) L 1932?1 264+_1146 52898.8447 0'4518.%5’ 1.8J_r8:g 1.818:(:9)) 3'01615
I eott, 57Tl ” 0391030 2.219% 17707 3.219%
(66063) 1998 RO; (2004) I 1547772 215750 532581605 0597010 1t 18707 25192
Notes. 2.4.1 and 2.4.2. RMS is a

expressed for the given epoch.
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Object (apparition) Solution

Events type

1996 FGs (1998) I.

(88710) 2001 SLg (2001) I.
II.

(35107) 1991 VH (1997) L.
II.

I1.

Iv.

V.

(35107) 1991 VH (2003) L.
II.

I1.

Iv.

(65803) Didymos (2003) I.
II.

(3671) Dionysus (1997) L.
II.

I1.

Iv.

(66391) 1999 KW, (2001) L.
2000 DP1o7 (2000) L.

II.

(66063) 1998 RO; (2003) I.
II.

(66063) 1998 RO, (2004) L.

Both

Both

Both
Eclipses
Occultations
Occultations
Eclipses
Eclipses
Eclipses
Occultations
Occultations
Eclipses
Both

Both
Eclipses

Occultations
Occultations

Occultations
Eclipses
Both

Both

Both
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3.1
3.1.1 1996 FGs;

and they are summarized here. Pravec et al. (2000) derived D,/D, = 0.31 +

lightcurve.

(A, = 282° +10°, 8, = —87° + 3°) and

Lahulla.
with my results (see Table 4):

A,/C, = 1.4+02,
A,/C, = 14402,
A, /A, = 0.32+0.03,
ald, = 2.9+0.1.

bodies on eccentric orbit:

B, = +60° + 8°).

significantly (see Section 4.2).

42



JD-JD,

Figure 12: The observational data
The

43



Figure 13:

are denoted as well.

44



3.1.2 (88710) 2001 SLj

as initial values. I found two solutions fitting

described in Section 2.5.2.

(i.e., P =1in Eq. 48).

The sum of

3.1.3 (35107) 1991 VH

on eccentric orbit: (A, = 330° 4+ 50°, 8, = +75° £+ 8°), and (A, = 180° + 30°,

The estimated values of

here (A,, B, in degrees):

II:
II7:
IV :

04.9 and by Pravec et al.

45



JD - JD,

Figure 14: The observational

46



Figure 15:

47



Five

The

apparition).

Pravec et al.
data.

They suggest that the

estimated.

degrees.

48



could be modified as follows:

apparition.

3.1.4 (65803) Didymos

(2006) in detail. They

and obtained two solutions.

J3) by any other parameter.

49



JD-JD,

Figure 16:

fit solutions (curves).

30



JD - JD,

Figure 17:

fit solutions (curves).

o1



52



33



The regions of plausible
regions is equal to 0.11 sr.
3.1.5 (3671) Dionysus

(2006) in detail. They

and obtained two solutions.

equal to 0.31 sr.

3.1.6 (66391) 1999 KW,

(2006) and Scheeres et al. (2006). Ostro et

parameters as follows: P = —62° £+ 2°,
e = 0.0004 £ 0.0019.

Table 2.

o4



JD - JD,

Figure 20: The obser-

(curves).

35



JD-JD,

Figure 21:

(curves).

36



Figure 22:

coordinates.

37



JD-JD,

38



Figure 24:

coordinates.

39



These converted parameters are:

A,/C, = 1.12£0.04,
A,)C, = 14401,

A,JA, = 0.38+0.02,
a/A, = 3.37+0.07.

Pravec et al. (2006) and

D,/D, > 0.3+ 0.01.
(2006) taken during 2001-05-25.0 to

in Section 2.5.2.

data and from Ostro et al. (2006).

2001 data only.

plotted in Fig. 27.

(see Fig. 27). It can be caused by

60



JD - JD,

Figure 25:

column for each curve.

61



JD - JD,

Figure 26:

solution (curve).

the left column for each curve.

62



Figure 27:

are denoted as well.

63



3.1.7 2000 DP,y;

by Pravec et al. (2006) in detail. Margot et al.
Psid —

orb

and 8, =473 £ 7.

The parameters of

cedure described in Section 2.5.2.

equal to 0.16 sr.

3.1.8 (66063) 1998 RO,

(2003a). Pravec et al. (2006) investigated

satisfactorily.

The Lommel-

64



JD - JD,

Figure 28: The observational data

65



cross) are denoted as well.

66



Figure 30:

apparition).

tion.

respectively.

events).

67

1998 RO; (2002



JD-JD,

Figure 31: (2003 apparition).

fit solutions (curve).

curves.
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JD - JD,

The
On the first, second,

curves.

69



Figure 33:

well.
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71



3.2 Dependence of modeled parameters on observational

circumstances

case of (88710) 2001

much as possible.

72

what

The number of solutions and SA

But since in all cases there are the

This is well demonstrated in the



Figure 35:

73



4 Discussion

4.1

by M. Kaasalainen et al.
and to test its

et al., 2002).

surface of the facets, n;,.

as well.
Kaasalainen et al.

1998 RO; and (35107) 1991 VH were almost

the same for all apparitions.

74



Lagerros, 1998).

4.2

icantly.

for each binary are shown.

4.3

occur during the mutual events.

75

Spectroscopic classes of

In all cases, the



JD-JD,

Figure 37: The observational

model presented in Fig. 36.

surface, and values of parameters used.

Object  Sp. class Hapke parameters and reference
w By h g §(°)

1996 FGg C (Burbine, 2000) 0.048 1.6 0.060 0.40 5 Bowell et al. (1989)
(35107) Sk (Binzel et al., 2004) 0.173 1.03 0.024 -0.34 20 Hudson et al. (2000)
(65803) M (Pravec et al., 2006) 0.154 0.94 0.036 0.40 35 Bowell et al. (1989)

(3671)  Cb (Bus and Binzel, 2002) 0.204 0.47 0.030  0.60 25 Bowell et al. (1989)
(66391) S (Binzel et al., 2004) 0173 1.03 0.024 -0.34 20  Hudson et al. (2000)
(66063) S (Abell et al., 2005) 0173 1.03 0024 -0.34 20 Hudson et al. (2000)
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Table 7:

macroscopically rough surface.

Object (apparition) 3-0(A:/Ap) 3-o(a/Ap) 3-0(Ap) 3-0(Bp) 3—0'(P03;g) 3-0(Ap/Cp)
Apr(As/Ap)  Aur(a/Ap) Aur(Ap) Apr(Bp)  Aur(PHY)  Aur(Ap/Cp)
1996 FGg (1998) +0.07; —0.08 +0.9; -0.5 +96 +14; -5 +0.01 +0.5; —0.2
—0.01 —0.03 -1 +0.4 +0.0002 +0.02
(35107) (1997)  +0.09;—0.10  +0.8;—-0.6  +6;-26  +7;—18 40.01 10.4;-0.5
+0.003 —0.07 +1 +2 +0.0009 —0.01
(65803) (2003) +0.02; —0.02 +0.2 +4; -7 +45; —-15 +0.004; —0.01 +0.3; —0.0
+0.02 +0.09 —0.8 +3 —0.0006 0
(3671) (1997)  +0.10;-0.06  +0.6;—1.0  +26;—18 +14;—13  +0.03; —0.02 40.6;—0.5
—0.05 —0.04 +3 —6 +0.01 +0.5
(66391) (2001)  +0.08;—0.16  +0.6;—0.5  +9;—7  +20;—18  +0.01;-0.03 40.9; —0.1
—0.01 —0.04 —-0.3 —4 —0.001 +0.1
(66063) (2004) +0.1; —-0.18 +0.2; -0.6 +26; —64 +17;—11 +0.02 +1.3; 0.1
—0.003 —0.06 +10 -3 —0.001 —0.1

respectively, and the lightcurves con-

orbits were used.

The best-fit parameters

bars presented in Table 4.

4.4

The interpolation

The data of the system

error bars presented in Table 4.

7



Table 8:

with various number of facets.

Ny 101860 25460 6368 1016
No 25460 6368 1584 252
Object (apparition) Max. resid.
Min. resid.
RMS
1996 FGg (1998) — +0.00019 +0.00063  +0.00435
— —0.00023 —0.00054 —0.00166
— 0.00006 0.00021 0.00130
(88710) (2001) — +0.00022 +0.00063 +0.00361
— —0.00012 —0.00024 —0.00156
— 0.00006 0.00021 0.00139
(35107) (1997)  — +0.00026  +0.00064  +0.00286
— —0.00014 —0.00035 —0.00237
— 0.00006 0.00023 0.00140
(35107) (2003) — +0.00021 +0.00084  +0.00485
— —0.00018 —0.00043 —0.00975
— 0.00007 0.00027 0.00219
(65803) (2003) — +0.00028 +0.00114  +0.00708
— —0.00016 —0.00042 —0.00117
— 0.00006 0.00024 0.00149
(3671) (1997)  — +0.00023  +0.00114  +0.00528
— —0.00028 —0.00120 —0.01528
— 0.00007 0.00027 0.00339
(66391) (2001)  — +0.00032  40.00117  +0.00711
— —0.00029 —0.00084 —0.00425
— 0.00009 0.00035 0.00186
2000 DPyg7 (2000) — +0.00023 +0.00063  +0.01269
— —0.00016 —0.00065 —0.00572
— 0.00007 0.00032 0.00396
(66063) (2003) — +0.00036 +0.00083  +0.00860
— —0.00023 —0.00066 —0.00530
— 0.00008 0.00034 0.00290
(66063) (2004) — +0.00048 +0.00151 +0.01219
— —0.00036 —0.00111 —0.00575
— 0.00009 0.00035 0.00397
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Object (apparition Max. resid.  Min. resid. RMS
1996 FGg (1998 +0.0090 —0.0168 0.0023
(88710) (2001 +0.0074 —0.0055 0.0011
(35107) (1997 +0.0070 —0.0069 0.0012
(35107) (2003 +0.0083 —0.0095 0.0011
(65803) +0.0061 —0.0078 0.0010
(3671) (1997 +0.0092 —0.0092 0.0012
(66391) (2001 +0.0121 —0.0231 0.0034
2000 DPyg7 +0.0138 —0.0131 0.0036
(66063) +0.0128 —0.0300 0.0064
(66063) +0.0099 —0.0155 0.0048

Notes. See text for details.

5 Conclusions and future work

than an order of magnitude.

CIrTOors.

observed at short sky arcs.

79

This was

2006). The results led to the



The YORP

tke et al. 2006, and references therein). As shown by Pravec et al. (2002), the

observational nor theoretical.

While the observed data do not

was detected within the uncertainties.

Belt binaries.
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6 Appendix

6.1

o9
<
59

P17P2

sYyn sid
Porb ’ Porb
prim
Rp7 Rs
s, h

6.2

Semimajor axis of the mutual orbit
represented as an oblate spheroid

represented as a prolate spheroid
Vector of fitted parameters

and of its short-period component

Eccentricity of the mutual orbit

Mean anomaly of the secondary
Mean motion of the secondary

Rotational period of the primary
= D,/2,D,/2

Time epoch

True anomaly of the secondary
Phase angle

Angle between s (or h) and n

Bulk density of binary system

c-s = cosd,
c-n = 0,
e] = 1,



for ¢:
At first, we define two vectors

a = nxs,

b = ax(cosdn).

Using vector formula

cxXa=cosd n.

ax(cxa)=h.

This could be modified to

Defining
a=a-c
we get solution for c:
aa+b
C =
a2

and thus
a* = o*a® + b* + 20a - b.

where a = |a] and b = |b|.
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[carus, 158, 276, 2002

1

2

173,

1

2

3.

9.

Sci. 34, 47-81, 2006.

229th Symp. of TIAU,
Biizios, Rio de Janeiro, Brasil, August 7-12, 2005 (Eds. Daniela, L.;
Sylvio Ferraz, M.; Angel, F. Julio) Cambridge: Cambridge University
Press, pp.301-318, 2006.

Icarus,

108-131., 2005

Astron. As-
trophys. 471, 345-353, 2007.

Sci. 34, 47-81, 2006.

in Astronomy: Proc. Frank N. Bash Symp. ASP Conf. Ser. 352, The

2003.

Earth, Moon and
Planets 97, 233-243, 2005.

Photometric survey of
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TAU Symposium No. 229,
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