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Camera: Nikon D5100

Telescope: vixen 8" mounted on EQ5
Exposure time: 1/125 sec

ISO speed: 320

Photographer: Alireza Akhlaghi
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ESA Selects SSTL to Design Exoplanet Satellite Mission

Surrey Satellite Technology Ltd (SSTL) has been selected by the Euro-
pean Space Agency (ESA) for the competitive design phase of
CHEOPS science satellite, which will improve mankind’s understand-
ing of exoplanets - planets orbiting distant stars outside our solar sys-
tem. The contractor selection for the implementation phase is planned
by mid-2014 and the launch is scheduled late 2017.

The CHaracterising ExOPlanets Satellite (CHEOPS) will finely charac-
terise known exoplanets and their parent stars with an unprecedented
accuracy. The satellite will measure the orbit and radius of those
exoplanets, enabling the scientists to assess their potential habitability.
The mission will also act as a “scout” performing preliminary observa-
tions on targets for the future European Extremely Large Telescope
and James Webb Space Telescope that will be capable of more de-
tailed analysis.

CHEOPS was selected from 25 missions proposed in response to ESA
Call for Small Missions in 2012, which was targeting innovative small
science missions that offer high value at low cost. CHEOPS is jointly
developed by ESA and a innovative consortium of Member States led
by Switzerland: The Swiss-built instrument using a Ritchey—Chrétien
optical telescope will observe the stars and their orbiting planets, while
ESA is responsible for the provision of the satellite platform and the
launch. Over the next 10 months SSTL will design the satellite plat-
form, which will host the telescope payload. To provide the mission
within a short schedule and at low cost, ESA asked that any solution
be based on an existing, flight-proven, satellite platform. SSTL’s solu-
tion is based on a variant of the highly successful SSTL-150 platform,
which has seen recent service in Canada’s Sapphire space surveil-
lance mission and the 5-satellite RapidEye Earth observation constella-
tion.

In awarding the contract to SSTL, Frederic Safa, Head of Future Mis-
sions Office in ESA’s Science and Robotic Exploration Directorate
stated: “We chose SSTL for this study for a combination of reasons
such as their proven ability to build reliable low-cost missions and their
past experience with satellites carrying high-performance optical tele-
scopes.” For more information & Refrence: http://
www.astrowatch.net/2013/09/esa-selects-sstl-to-design-exoplanet.html
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Translation to Farsi and Collection:

A. Amiri (Researcher in Eclipse Dep.)
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2002, Astrophys. J., 572, L79.

4 Schneider, Jean http://www.obspm.fr/encycl/
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Multiple Stars and Planets
Bob Argyle

Binary Star Formation

Observational evidence strongly suggests that double
stars are the rule rather than the exception in our Galaxy.
Recent studies of molecular clouds, using sensitive infra-
red and millimeter wave detectors (because the visual
absorption can exceed 1000 magnitudes), have shown
that many of the objects found in these clouds are dou-
ble or multiple. Stars are born in dense clouds which
consist almost totally of molecular hydrogen along with a
small admixture of dust. At the temperature typical of
these clouds, about 10 K, the hydrogen cannot be de-
tected. Most clouds also contain traces of carbon monox-
ide which produces very bright spectral lines at wave-
lengths of 1.3 and 2.6 mm and it is these which allow
astronomers to trace the distribution of hydrogen. To
date about 120 other molecules have been found, rang-
ing from water and ammonia to more complex organic
structures such as methanol and ethanol. Molecular
clouds come in a range of sizes and composition. The
small cloud complex Chamaeleon llI, for instance is
about 10 pc in diameter, has a maximum visual extinc-
tion of a few magnitudes and a temperature of about 10
K. There are a few stars, none of which are massive and
no star clusters. The largest complexes in Orion, how-
ever, are perhaps 50 pc across, with 100 magnitudes of
visual extinction and a gas temperature of 20 K. These
are populated by thousands of stars in dense clusters,
including massive OB stars. Star formation occurs most
frequently in the more massive clouds. Other well-known
regions of star formation are known simply by the con-
stellation in which they appear: Taurus — Auriga, Ophiu-
chus, Lupus, and Perseus, for example. How then do
binary stars form from the nascent interstellar material?
Recent simulations on powerful computers can explain
not only many of the observed properties of binary stars
but also the existence of large numbers of brown dwarfs.
These are objects which, in terms of their mass, lie be-
tween the massive Jupiter like planets and the faintest of
stars — the red dwarfs. The mass of brown dwarfs (about
0.07 times that of the Sun or alternatively 70 Jupiter
masses) is not sufficient for the nuclear reactions in the
core to start but they are warm enough to be seen in
sensitive infrared detectors. Bate et al.1 have recently
published the results of collapsing a simulated interstellar
cloud in the computer and following its evolution. They
begin with a cloud of 50 solar masses and about a light
year in diameter and the process starts with the forma-
tion of cores which then collapse gravitationally, some
being more massive than others. The dense cores are
usually surrounded by a dusty disk which is left behind
as they contract more and more rapidly. These disks are
thought to be the major source for the formation of brown
dwarfs. Many interactions occur within the cloud before
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the stars have reached their full size and as a result the
less massive fragments are ejected from the cluster by
a slingshot mechanism. The most massive cores are
attracted to each other and form close binaries and mul-
tiple systems which then undergo further evolution.
When the calculation was stopped (it took 100,000 CPU
hours!) the result was the formation of 23 stars and 18
brown dwarfs, so Bate and colleagues conclude that
brown dwarfs should be as common as stars. The num-
ber of known brown dwarfs is very small but that is
largely due to the fact that they are so difficult to detect.
Another prediction of this program me is that brown
dwarf binaries do form but they need to be very close in
order to survive and the few binary brown dwarfs found
so far fit this criterion. It was previously thought that the
production of close and wide binaries was a result of
different processes but this current theory has the ad-
vantage of producing many of the observed properties
of multiple stars and brown dwarfs.

Planets in Binary Systems

There are two common ways in which planetary bodies
(exoplanets) can exist in binary star systems (see Fig-
ure 5.1). Firstly, the planet orbits well outside a pair of
stars in a close binary orbit. This is referred to as a P-
type (or planetary type) orbit. In this case there exists a
critical value of the semimajor axis of the planet’s orbit
around the pair. Too close and the planet is subject to
competing pulls from both stars; too distant and the
gravitational link vanishes. Secondly, the planet orbits
one or other of a wide pair of stars where the distance of
the planet from its sun is much less that the stellar sepa-
ration. This is an S-type (or satellite-type) orbit and here
the semimajor axis of the planetary orbit must be less
that a certain critical value if the perturbations from the
second star are not to be too disruptive. In other words if
the planet wanders too far from its sun during its orbital
revolution it will come under the influence of the com-
panion star. All known exoplanets have S-type orbits. At
the time of writing, out of the 100 or so planets discov-
ered so far, 17 are known to orbit stars in 13 binary and
triple systems. In almost every case planets have been
discovered by the reflected variation in radial velocity of
the primary star but a recent observation of the star GJ
876 by the Hubble Space Telescope has revealed the
astrometric “wobble” of the primary star to amount to
only 0.5 mas caused by the more massive of the two
known planets in the system. All the planetary orbits
known to date are S-type and are listed in Table 5.1 be-
low. The M sin i column lists the minimum mass (in Jupi-
ter masses) that the planet has, and the sin i term repre-
sents the unknown inclination of the planetary orbit.
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Only in one case known to date does an exoplanet
eclipse the parent sun giving sin i =1 (i = 90°), so the
true planetary mass equals the minimum mass. The
first discovery was a planetary companion to one of the
stars in the wide pair 16 Cyg. The planet was detected
orbiting the fainter of the two stars which themselves
are separated by some 39" on the sky, equivalent to a
linear separation of 700 astronomical units at the dis-
tance of 70 light years. The orbital period is very long
and nothing is known about the orbit of the two stars
about the centre of gravity. 16 Cyg B is a dwarf star,
somewhat earlier in spectral type than the Sun. The
planet orbits star B at a distance of about 1.72 AU with
a period of 800 days but the orbit is very eccentric
(0.63). The recent discovery of a very faint star close to
A, which is probably physical, means this is the first
triple star known to have a planetary companion 55, p
Cnc is accompanied by a distant M dwarf star which
was first identified by W.J. Luyten. The stars make up
the system LDS6219. Currently the separation is about
83" and has shown little change since 1960. The pri-
mary star has an annual proper motion of about 0.5" so
it is clearly a physical pair but the orbital period is going
to be of the order of thousands of years. Two further
planets were confirmed in summer 2002, one of which
has the smallest value of M sin i yet found (0.22). T Boo
has a faint (magnitude 11.1) M2 companion which was
discovered by Otto Struve at Pulkova. At that time
(1831) the separation of 15" was such that the pair
could be relatively easily seen. The distance has closed
significantly and the current value is around 3". An orbit
was computed in 1998 by A. Hale and a period of 2000
years derived. This is very uncertain but the determina-
tion of the binary star orbital elements is significant be-
cause from these observations the inclination of the
orbit can be determined. If we assume that the plane-
tary orbit around 1 Boo is coplanar with that of the two
stars then a direct measure of the star’s orbital inclina-
tion will allow the mass of the planet to be determined
directly. If the binary orbit inclination is correct and the
tilt of the planetary orbit to the line of sight is also 50°
then the sin i factor is 0.77, giving a value of 3.0 MJ for
the planet in this system. The brightest component of
the pair STF1341, HD80606, is now known to have a
planetary companion with a period of 111.8 days. The
eccentricity of the orbit (0.927) is the highest yet found
and it is possible that this is due, like that of the planet
of 16 Cyg B, to perturbations by the second star in the
system. The wide pair STF2474 consists of two 8th
magnitude stars separated by 16". McAlister found the
primary to be a close pair with a period of 3.55 years
and recently Zucker et al. found a planetary mass com-
panion to star B which is a G8 dwarf star of 0.87 solar
mass.
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The bright star y Cep is a spectroscopic binary of very
long period — in fact the longest yet found. Roger Griffin2
gives the period as 66 years with an uncertainty of 1
year. The planet has a period of 903 days and its aver-
age distance from star A is 2.1 AU. The first planetary
discovery made by Italian astronomers with the 3.5-
metre Telescopio Nazionale Galileo on La Palma is a
low-mass planet orbiting the fainter component of the
pair STF 2995 — currently separated by 5.2". The large
proper motion of the bright component and the small
change in separation since 1820 confirm that the stellar
pair is a binary one. Table 5.1 summarises the data that
we have at present for the binary systems which have
planets. The first column gives the popular name of the
binary component with the planet, followed by the double
star catalogue name, the approximate separation of the
two stars (in astronomical units), a letter representing the
planet (b = nearest the star, c is next most distant, and
so on), and finally the minimum mass of the planet (in
terms of the mass of Jupiter). If it were possible to ob-
serve the planet by direct imaging, we could determine
the inclination of the planet’s orbit and hence its mass. If
the orbital plane of the planet is in the line of sight then
sin i = 1 and the mass of the planet can be determined
exactly. This is the case in only one out of the 100 or so
planetary systems found to date. A recent paper by
Lowrance et al.3 lists 11 binary and triple systems which
have a planetary companion or planetary system in orbit
around one of the stars. Recent discoveries include two
more planets in the 55 Cnc system, a new stellar compo-
nent to u And which already has three planets, a faint
stellar companion to HD 114762 and a sub-Saturnian
mass planet to HD 3651 whose faint stellar companion is
a field star. The website maintained by Jean Schneider4
at Paris Observatory is kept up to date with new planet
discoveries. Planet discovery is proceeding apace and
many further examples are bound to be found in the near
future when the upcoming space interferometer missions
such as SIM and DARWIN, which are designed to seek
out Earth-sized planets, start operation. We will soon
know whether such planets exist in double or even multi-
ple star systems.

1 Bate, M. et al. http://www.ukaff.ac.uk/pressreleases/
release3.shtml

2 Griffin, R.F., 2002, Observatory, 122, 10

3 Lowrance, P.J., Kirkpatrick, J.D. and Beichman, C.A.,
2002, Astrophys. J., 572, L79.

4  Schneider, Jean http://www.obspm.fr/encycl/
encycl.html
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3. The study of eclipsing binaries by amateur as-
tronomers—past and future

With the availability of reasonably priced, high quantum-
efficiency (>70%) charge-coupled devices (CCDs), it is
now possible for amateur astronomers to produce
high quality photometry and light curves of relatively
faint (~10—

18th magnitude) eclipsing binaries with small to
moderate aperture (<0.5m) telescopes. Moreover in-
expensive (or free) software is available to reduce
and analyze the CCD observations. With modest equip-
ment and a good CCD photometer, the studies of many
different kinds of interesting eclipsing binaries are within
the reach of many amateur astronomers. These include
astrophysically attractive eclipsing binaries (see Table
1) as well as those that are members of open clusters
and globular clusters, and even those in some nearby
galaxies have become possible (also see section 4 of
this paper). Moreover, with CCDs, useful spectroscopy
of many brighter eclipsing systems is now being ac-
quired by an increasing number of amateur astrono-
mers. This revolution in technology has led to some
changes in the approach to the study of eclipsing bina-
ries by amateur astronomers.

In 1965, an Eclipsing Binary Committee (EBC) was es-
tablished within the AAVSO. There is an excellent sum-
mary paper about the accomplishments of the EBC by
Williams etal. (2012, this volume) and the wealth of
work done by the members of this group. From mostly
visual observations, AAVSO observers determined and
published ~17,000 eclipse timings, determined periods,
and secured light curves of mostly neglected or newly
discovered eclipsing systems. They also improved
ephemerides and updated periods for many systems.
However, in the amateur CCD photometry era (starting
in the late 1990s), visual observations of eclipsing bina-
ries have become less important. Because of this, in
2005 the EBC was reconstituted as the Eclipsing Bi-
nary Section of the AAVSO and now focuses on mostly
CCD photometry. Eclipse timings determined from
PEP or CCD measures are the order of ~10 to 100
times more accurate than can be realized from visual
timings. Of course, as stated by Williams et al. (2012):
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“When visual eclipse timings were the only data avail-
able, they were invaluable.” The unique value of visual
timings of eclipsing binaries is well illustrated in Figure 1
(from Kreiner et al. 2005), which shows the (O—C)-plot of
eclipse timings of B Lyr going back to the time of Good-
ricke. The parabolic nature of the (O-C) values indi-
cates that B Lyr's orbital period is increasing by (a
huge) ~19 sec/yr. due to rapid mass exchange and
loss.

However, even if visual observations of eclipsing bina-
ries have become less valuable scientifically, watching
a star fade by ~1 magnitude or more in a few hours
(as in the case of Algol and many other similar sys-
tems) remains a thrill!

4. Some examples of observing and research pro-
grams of possible interest to amateur astronomers

In the following sections, we have selected several
themes from this imposing list of binary studies for ex-
panded development. The choices illustrate some new
and exciting things we can learn about eclipsing binaries
and that can be done by amateur astronomers.

e The BM@sn &l Collaboration: Continue to partner
with professional astronomers to carry out coordinated
photometry and spectroscopy of astrophysically inter-
esting eclipsing binary systems and selected transiting
exoplanet systems that are being done (or planned)
with space missions such as Kepler, Hubble Space
Telescope (HST), Chandra X-ray Observatory, and
XMM-Newton X-ray missions and others. Standardized
BVR observations of X-ray binaries, chromospherically
active binaries, and exoplanet systems are vital in cor-
rectly interpreting these stars. As in the case of CVs
(some of which are eclipsing binaries), AAYSO members
have played important roles in the past and will con-
tinue to do so. The cooperation between amateur and
professional astronomers in the study of CVs is dis-
cussed by Szkody and Gaensicke (2012) in this volume.
Participation in observing campaigns and Citizen Sky
Programs on selected targets such as the recently com-
pleted program on the long-period eclipsing binary € Aur
is fun, engaging, and builds a sense of community as
well as provides important contributions to Astronomy.
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* Photometry of bright Eclipsing Binaries undergoing
rapid evolution: For those who have photoelectric (PEP)
or photodiode photometers, securing modern light
curves of many eclipsing systems (brighter than ~5th
mag.) is scientifically valuable. With sensitive CCD pho-
tometers photometry of bright (often neglected) eclips-
ing binaries is not practical or even feasible. Many of the
brightest prototypical classical eclipsing binaries—such
as Algol, B Lyr, U Cep, R Ara, VV Cep, p Sgr, and
many others are worth observing with photoelectric/
diode photometers with standard BVR filters since in
several cases their light curves and orbital periods
change with time.

. Eclipsing Binaries with Changing Eclipse
Depths  (orbital  plane precession): Photometry of
eclipsing binaries that are undergoing rapid changes in
their eclipse shapes and depths over time could be
another interesting program. Most notable among
these are several eclipsing binaries that have appar-
ently stopped eclipsing, such as SS Lac (Torres
2001), QX Cas (Bonaro etal. 2009), and SV Gem
(Guilbault etal. 2001). For QX Cas, Figure 2 shows
the changes in the eclipse depths of QX Cas over
the last fifty years and Figure 3 shows the derived
model of the system depicted at secondary eclipse for
these epochs. A recent list of such eclipsing binaries (or
former eclipsing binaries) is given by Mayer (2005) and
more recently by Zasche and Paschke (2012). Eclipsing
binaries that have apparently stopped eclipsing include
QX Cas, SV Cen, SV Gem, AY Mus, and SS Lac, while
those whose eclipse depths are changing include 1U
Aur, V685 Cen, AH Cep,V699 Cyg, HS Hya, RW Per,
V907 Sco, and possibly even Algol. The cause of these
light curve variations, including the cessation of
eclipses, is best explained from the precession of their
orbital planes (that is, change of the inclination of their
orbits) arising from the gravitational effects of a third
star. The recent study of HS Hya by Zasche and
Paschke (2012) indicates that its eclipses are becoming
very shallow and that this would be an excellent star to
observe as soon as possible. Also it would be worth-
while to secure photometry of the above systems to
search for changes in their light curves (that is, eclipse
depths). For example, the depth of the primary eclipse
of Algol has not been checked for several years and this
could also be a good project.

* Coordinated BVR photometry of Eclipsing Binaries
discovered by the KeplerMission: An interesting and
important program would be to carry out coordinated
CCD observations of interesting (and unusual) eclipsing
binaries discovered recently by the Kepler Mission
(see Prsa et al. 2011; Slawson et al. 2011).
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Kepler returns exquisite ultra-high precision photome-
try and beautiful light curves but the photometry is es-
sentially unfiltered, covering a very broad wavelength
range. Standardized BVR photometry (even though
much less precise than returned by Kepler) of selected
~10-14th magnitude Kepler eclipsing binaries would be
very useful to help to better define the physical proper-
ties of the stars—especially the stars’ temperatures.
Systems with deep eclipses, or eccentric orbits, or
with pulsating components, as well as those with
changing light curves from the Kepler Mission sample
of nearly 2,200 stars are the most compelling to ob-
serve. Carrying out photometry during the eclipses
with multiband photometry is particularly valuable. It
should be noted that the ultra-high precision photome-
try from Kepler on these stars (and ~150,000 others)
is available for study from NASAs Mikulski Archive for
Space Telescopes (MAST) website at http:// ar-
chive.stsci.edu. The instructions for downloading, plot-
ting, and analyzing these exquisite data are also avail-
able at the MAST site or can be found at the Kepler
Mission website. This is worth taking a look at on cloudy
nights. Programs for analyzing light curves of eclipsing
binaries are discussed later in the paper.

. Supporting BRjinly @ sy © BRITE- Constellation
Mission: An interesting program suitable for ama-
teurs would be to carry out standardized photoelectric
(PEP) or photodiode BVR photometry of bright eclipsing
binaries that will be monitored by the BRITE-
Constellation Mission starting this year. The BRITE-
Constellation Mission is a planned network of up to
six Nano-satellites designed to carry out filtered time-
series photometry of the brightest stars in the sky (down
to ~4th mag.). Each will fly a small-aperture telescope
(3cm) with a CCD camera to perform high-precision fil-
tered (one filter designated for each instrument) pho-
tometry of the brightest stars in the sky (< 4th mag.) con-
tinuously for up to several years. These Nano-satellites
are 20-cm cubes and each “orbiting camera” has a field
of view of ~24 degrees. The first two of these satellites
are expected to be launched during 2012. The BRITE
Mission research team would be interested in collabora-
tions with amateurs to carry out coordinated photometry
(or better yet spectroscopy) of BRITE targets when these
stars are being observed by the mission. This could be an
interesting  project—see BRITE (http://www.brite-
constellation.at/).
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Figure 1. The O-C plot for B Lyr eclipse timings,
including AAVSO data,

from Kreiner et al. (2005). The orbital period is
found to be increasing by

~19 sec/year due to rapid mass exchange and loss.
The amount of mass being transferred between the
two stars (or lost) is ~ 2 x 10-5 solar masses per
year, or the equivalent of the Sun’s mass every
~50,000 years.
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Figure 2. QX Cas light curves and phoebe model
fits, showing changes in the orbital inclination. The
epoch ~1960 UBV photometry is from Sandage and
Tammann (1969) and the epoch ~1980 UBVR pho-
tometry is from Moffett and Barnes (1983); the 2003—
2008 photometry was secured with the Four College
Automatic Photoelectric Telescope by the authors.
The photoelectric UBV and UBVR light curves of QX
Cas (V ~ 10.5 mag; P = 6.007 days; e = 0.21) are
shown for three observing epochs. Analyses of the
light curves were carried out using the phoebe pro-
gram and the best model fits are plotted among the
data.
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No eclipses are evident from photometry secured after
2003 (even during the mid-1990s photometry of QX Cas
from Arne Henden shows no evidence of eclipses).

The resulting orbital inclinations are shown in the plots.
The light curve analysis shows that QX Cas consists of
B1.5V and B3IV stars with masses of M ~ 5.5 M and
M2=6.5Ma, respectively and fractional radii (R/a).

= 0.11 and 0.16. QX Cas is a member of the young open
cluster NGC 7790 at an estimated distance of 3.3 kpc.
Solutions adopted from Bonaro et al. 2009.

~2003+

i=T76deg i=82deg

i=854deg

Figure 3. The models of the eclipsing binary QX Cas are
shown at secondary eclipse. The relative sizes of the
stars and orbital inclinations are derived from the analy-
sis of the available photoelectric light curves using
phoebe. As shown, the orbital inclination decreases
from i ~85.4° during ~1960 to i ~76° from

2003 onward (from the analysis of the

Villanova photometry).
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Short Interview

Interview: F. Tavakkoli

- Please introduce yourself and When did you start your studying on TNOs? I'm a professor of planetary
astronomy at UCLA in Los Angeles.

- What is the importance of studying TNOs? The TNOs carry primordial matter from the early days of the solar
system and the distribution of their orbits tells us something about planet formation and about subsequent
evolution. Check out my web page (google "jewitt kuiper belt") for details

- Which project are you working on, now? | like to work on several different things at once. One project con-
cerns the main-belt comets, which are bodies having the orbits of asteroids but the physical appearances of
comets. Google my page for details about these, too.

- Can one have an effective activity on TNOs by small instruments? (With regard to the long distance of TNOs'
zone and the low magnitude of them, is spectrometry the only way to study TNOs?) They're too faint, except
for Pluto, to easily see with small telescopes.

- What are the most recent discoveries in TNOs' zone? The discoveries occurred in the first 10 years - since
then there has been a lot of refinement but not much important discovery. We are waiting for a big survey
telescope to find large numbers of TNOs (we have 1500 now - maybe we can get 15,000 or 150,000).

- What prominent projects do you know in this field? The TAOS occultation survey from Taiwan.

- Tell us a little about Kavil and Shaw prizes you won. These are international prizes by private individuals al-
located based on the recommendation of independent scientists. | was very happy to receive them both, and
surprised.

- You have discovered the first TNO. What instruments did you use? University Hawaii 2.2 meter

- How can one recognize the distance of an object from earth? And as a result, its zone?( Centaur, Trans-
Neptunian or main belt) By the speed. Like high and low-flying airplanes, the more distant an object the more
slowly it appears to move. That's how we discovered the Kuiper belt - our search was called the "Slow Moving
Object (SMO)" search.

- How can one track an object and determine its trajectory? (as a result, one can recognize if two stars are oc-
culted by one asteroid or two different.) That's the hard part. The objective is to know the path of the TNO so
accurately that the position of the shadow as it crosses the Earth can be predicted. Impossible, in the past,
but a few people are trying to do this now.

- Trans-Neptunian occultations are usually occurred by low magnitude stars which are not observable by
small telescopes. But magnitude of some of them is appropriate in red filter. Can one use red filter to record
such occultations? What type of filters is needed? In this case, how much is the light reduction of star? Is it
possible to recognize this reduction by eye or the only way is photography? | don't know why the filter mat-
ters. There are some rare events that can be seen using small telescopes. To do something scientifically
useful, you need a digital record (a CCD camera) and a measure of universal time (e.g. from GPS).

- In some cases, it is mentioned that asteroid is binary. What does it mean? And what is the difference in such
occultations? (Are they connected or orbiting around their center of mass or orbiting around sun in near or-
bits and look like a binary?) Binaries orbit their center of mass, which itself orbits the Sun. They are like the
two ends of a peanut, but they can be (and usually are) highly asymmetric. The science question is "how did
they form?" and "how can they survive external perturbations from the planets and other bodies?".
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