Searching fior transiting,
glant extrasolar planets

Department off Physics;
Univexsity off Tokyo,
Yasushi| Suto,
13:30= June. 27, 2002
Uniiversiity, of: Tokyo,

Theoretical, Astrophysics
Grioup, Seminaf;




Cosmology in the 20" century

M Rapid progress of cosmology since 1980°s
® existence of dark matter established

® temperature fluctuations in the microwave
background

® measurement of the Hubble constant within 10

percent accuracy
® detection of MACHO(Massive Compact Halo objects)
® possibly non-zero cosmological constant

® initial conditions of the universe from particle
cosmology

B Cosmology Is definitely one of the most matured
fields in physical sciences at the present time.
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What's next, Precision Cosmology ?

--- Since people have been working on the problem for
more than sixty years, perhaps the most surprising
result would be that in the next decade a consistent and
believable picture for the values of the cosmological
parametersis at last established. ---

P.J.E.Peebles (1993) Principles of Physical Cosmology’’

But! @

Surprisngly, thevalues off cesmoelegical| parametens
seem, te have lheen, already, converged fiainly, well...
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June 30, 2001, 15:46:46 EDT @Florida

Transiting planets 4



MAP launched !
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Search for extrasolar planets !

M the goal: Arewe alone ?
® origin of the earth
® origin of the Solar System

® habitableplanets  origin of life
® signature of extra-terrestrial life ?
® extra-terrestrial intelligence ?

“Wherearethey ?” E.Fermi (1950)
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Direct imaging ?

Jupiter at adistance of 10 pc

visual magnitude: 27mag

angular distance from the
main star 0.5ar csec

lag i M [photons mi-2) s(-1)]

Transiting planets

need to detect a 10° times
darker object than the
main star which locates
within atypical seeing scale
of the ground observation !

Just impossible




An observed brown dwarf: Gliese 229b

Gliese229 b:

angular separation
7 arcsec
luminosity ratio
5000
left Palomar
right HST
~ (T.Nakajima)
o

M Consider Jupiter seen at a distance of 10pc:

14 times closer to the star
1/200,000 darker than the above example !
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Radial velocity of a star perturbed by a planet

Even if one cannot directly observe a planet,

one can infer its presence indirectly from the
measur ement of the motion of the main star.

Doppler Shift due to e.g., velocity modulation of
Stellar Wobble @ ;w the Sun due to a planet
T 12.5 m/s Jupiter
0.1 m/s Earth

uuuuuuuuuu

| an accuracy of 3m/sisalready
¢ achieved from the ground obs.

the current major method in
sear ch for Jupiter-sized planets
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Occultation of the main star due to the

transit of a planet

’ § 0w e :
Mercury acrossthe Sun
(TRACE satellite: Nov. 1999)

probability of thetransit:  0.3% (AU/a,i;)(Rg4/Rg,

flux variation: 1% (Rpjanet/Riupiter)(Rsun/ Rgar)?
= photometry accuracy in the ground obs. > 0.1%
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Brief history of the discovery of
extrasolar planets

W 1992: three planets around PSR1257-12
(Wolszczan & Frail)

W 1995: a planet around the main sequence star 51
Pegasi (Mayor & Quelos)

W 1999: transit of a planet around HD209458
(Charbonneau et al., Henry et al.)

B 2001: discovery of Nain the atmosphere of
HD209458b

B 91 extrasolar planets are reported (June, 2002)
http://exoplanets.or g/
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51Pegasi b: a first discovered planet
around a main-sequence star

M discovered from the periodic change of the radial
velocity of the main star (Mayor & Queloz 1995)
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a first discovery of the transit of a planet:
occultation in HD209458
M detection of the change of flux

of the star at the predicted phase
from the velocity measurement
(Charbonneau et al. 2000,

Henry et al. 2000)

relative flux

0.0
JD - T (days)

Brown et al. (2001)
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0.68 M,
024 M,
13. M,
= 048 M,
L] 0.6 & 19M,
= 099M,

A list of
B many Jupiter- oL
mass extrasol ar

discovered
extrasolar
planets
planets exist !
M their orbital radii
are much smaller

than predicted
before.

Orbital Semimajor Axis (AU
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mass function of extrasolar planets
observed with the radial velocity method

| Extrasolar Planet Mass Distribution
All Known Companions

B Observational selection effect of theradial
velocity method should be significant !

® |imited to nearby bright stars
@® sini uncertainty in the mass estimate

® no information on the size and
atmosphere of planets
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Transitingplanets ~ Marcy, Butler, Fischer & Vogt (2000)


http://exoplanets.org/
http://exoplanets.org/

Transit
method for
the extrasolar
planet search

Figure by Hans Deeg, from Transits of Extrasolar Planets’

M inclination angle is determined (or only observable
for edge-on system, i.e., when i ~ 90 deg.)

M size of the planet can be estimated

B complementary to the radial velocity method

B Low probability: 10% (0.05AU/a,,:)(Rg+4/Rsin

B Small flux variation: 1%
(Rplanet/RJupiter)Z(RSun/Rstar)2

B Sengitive to the CIGP (close-in-giant-planets)
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Expected depth of the transit

® For F-G type stars and
Jupiter-size planets,
the transit leadsto a
(0.1-1)% dimming of
the main stars.

B More efficient for
smaller stars like M-
dwarfs unlike the
radial velocity method

W Detection of earth-size
planets with the transit
method requires (0.01-
0.001)% accurate
photometry

Transiting planets G.Mallen-Ornelas et al.




Limb Darkening

Contacis:

Mormalized Flux

MNormalized Flux

=100 =80 O S0
Time [minutes)
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HD209458: the unique star with
a transit planet
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Detection of Planetary Transits Across a Sun-like Star

Charbonneau, D., Brown, T.M., Latham, D.W., & Mayor, M.
2000, ApJL, 529, L45
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Light curve of HD209458
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J0 = T {days}

Fitting parameters: Rs, Ms, ¢, , R, |
C, limb darkening parameter B, (4 )=1-c, (1-M )

Rs, Ms, c, estimated from stellar model
(metallicity, temperature, color, luminosity)

Henry et al. 1999 (IAU Cire. 7307)
Henry et al. 2000 ApJ, 529, 41
Charbonneau et al. (2000)




parameters for the HD209458 system

Table 1: Orbital Solution for HD 209458,
Periond 302433 £ 0.00027 tlavs
y —14.7652 = 0.0016 kms !

K 800+ 2.0 ms
e () FIXED

1. 2,451, 4308238 £ 0.0020  HJD
Mysind  0.685 £ 0,018 (AL /1L1M )2 M),

Table 2: The Mass and Radius of HD 209458
Model log g vs. T My vs. B-=V
Code Z Y Age M, R, Age M, R.
(Gyr) (My) (Ro) (Gyr) (Mg) (Re)
Geneva 4.6 .15 1.33 6.3 1.08  1.29
Bertelli 5.0 1.11  1.31 4.0 1.09 1.30
Claret 5.3 1.12  1.31 7.9 1.05 1.27
Yale 5.7 1.11  1.31 7.3 1.06  1.28
Yale 6.0 1.05  1.27 7.7 1.01  1.25
Geneva 9.8 094 1.20 123 091 1.30
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HST observation of HD209458
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HD209458 GOV V 7.58 (d 47pc)
- HD209458b Orbital Period 3.52474 + 0.00004 days

viewing angle 86.68x+ 0.14 deg
Mass 0.63 M

Size 1.347+ 0.060 R

.58
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Implications of HD209458b

HD209458 GOV V=7.58 (d=47pc)
HD209458b Orbital Period 3.52474 + 0.00004 days
viewing angle 86.68x 0.14 deg
Mass 0.63 My piter
Size 1.347+ 0.060 R

Jupiter

B M»=0.63 My, Rp=1.3 Ry :roughly consistent
with a theoretical model for CIGP (e.g.,
Guillot et al. 1996)

Hp =0.4 g/cm3 < Saturn’s density

B =970 cm/s?

B Tp = 1400(1-A)1/4 K A:albedo Ts=6000K
H Vthermal — 6 km/S < 42 km/S:V

Transiting planets

escape




Detection of an extrasolar planet atmosphere

Starlight
fiiters through
sodium-rich

planetary Absorption-line
atmosphere spectrum

Sodium absorption
in star's spectrum is
ennanced by sodium
in planet's atmosphere

Charbonneau, D., Brown, T.M.,
Noyes, R.W., & Gilliland, R.L. 2002,
ApJ, 568, 37

Transiting planets

Absorption due to the
planetary atmosphere

S: scattered light
D: direct light

T: thermal radiation




Schematic detection method of atmospheric absorption

HST detects : - Wavelength (nm)
additional sodium i
absorption due to —— Normal
light passing through EEFRRTINE absorption
planetary atmosphere Bl i Sigr"gf:‘n d;gih
as planet transits é? rﬁéﬁsﬂﬁgfg
across star P
Gas-giant
i planet orbits
"W its sunin
& 3.5 Earth
days (orbit
not to scale)
Eigh} abﬁtﬂ?{ bﬁ‘l? {  Additional light
_ y planet fise ) v ) absorbed by
Brightness planetary
of star = Durstian ; atmosphere
: ura
‘ of transit

F 9
-

Time
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HST spectrum for HD209458
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Detection of
additional Na
absorption

pFiolealectrgns

HST spectrum

283
wavalengih [Am])

absorption index Y ne(t) — [m(t) + np(t)]

/2
mya(t) = mt) — [mp(t) + me(t)] / 2
wna(t) = we(t) — |up(l) + we(t)] / 2.

nna(touwr) = (—23.245.7)x107°
mya(towr) = (—13.1£3.8) x 107
wNa(tout) (— 3.14+£3.6) x 1077,

Large difference between in- and out-of-
transits for the region around the Na line !
Transiting planets 8




Flux distribution at in- and out-of-transits for HD209458
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Detected only for the Na line wavelengths
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Transit surveys OGLE Il

B Optical gravitational lensing experiment 111

B V and | bands with 2kx 4kx 8CCD chips

B <1.5% photometric accuracy for 52000 Galactic disk stars
® 185 transits for 46 objects (in 45 days+follow-up)
® 2 cases for Jupiter-size planets ?

OGLE-TR-11 P=3.11037 tdavs) OGLE-TR-41 P=3.4315 {dayz)
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Deep Transit Search with Subaru Suprime Cam

B Thefirst attempt of deep transit planet search
with Subaru 8m telescope + wide-field camera
(Suprime-Cam) on September 27 and 28, 2002

B T.Yamada (P.I: NAQJ), Y.Suto (co.l.: U.Tokyo),
E.L.Turner (co.l: Princeton U.), et al.
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Goals of the transit survey

Frequency of Close-In Extrasolar Planets
Size Distribution of Close-In Extrasolar Planets
Distribution of the Orvital Period of Close-In
Extrasolar Planets

Search for Close-In Extrasolar Planets among

Multiple Stars
Properties of the Stars that have Close-In
Extrasolar Planets

6. Provide Basis of the Future Space Missions

Transiting planets



B Deep transit survey at low galactic latitude field
using Suprime Cam.

B monitor 1-2 selected fields for ~ 10 days in total.

B \With auto-guiding, we repeat 10-30 sec exposures
and repeat relative aperture photometric for

~100000 stars in the suitable magnitude range.

B optimized strategy to detect CIGP with orbital
period of 2-3 day; 1-2 % decrement of brightness
for the giant planet around F-G type stars or earth-
size planet around M type stars (c.f., 1.5% for
HD209458).

Transiting planets



expected number of transits

geometrical

number of stars probability
of radius R. for the transit

N, = [[[N(RIP,(R,,a| R)| = |Pus(tr , Ty, dM)dR dR,da

probability that stars visibility of transit for a system

with radius R. have with orbital period T, transit
planets with radius R, duration t, transit depth
and semi-major axis a dm=2.5log(1+R,*/R.?)

B Expect to have ~10 transit candidates by monitoring
10000 stars (per night , most optimistically) !

® Photometric follow-up with APO 3.5m
® Spectroscopic follow-up with Subaru HDS
Transiting planets 35




Kepler (NASA:launch 2005)

differential photometry
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http://www.kepler.ar c.nasa.gov/
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GAIA (ESA: launch 2008-2013)

l 20 kpe
GA ’A 1000 million objecta % Horizon for proper motions
measured to G=20 N accurate to 1 km/s
astr om etry__ 10 kpe /

Mass of galaxy Irc:nrt" = \ Dark matter in disk
motation curve at 15 kpe e \ e e T
distances/ motions

Sun 30 gpen clusters

\\ / within, 500 P
=i 3 i ] J*{mﬁ & 4 JI_'__!I.‘: T

Hn:nr‘izn-nn for detection of
Jupiter mass planets (200 pc)

I'l
=20 gln:nl::nul.&rkcluste;.s. . Dynamics of disk,
Many t:"H.'Z."u‘_-EL"HE:LZ of Cephed® .-"I apiral arms and bulge
and AR Lyrae '
g Horizon for distances
accurate to 10 percent / 1 microarcaec/yr
/ =300 kmys at z=0.03
idirect connection to inertial)

http://astro.estec.esa.nl/GAIA/

General relatviatic light-bending determined to 5 x 107
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Darwin(ESA:launch after 2015)
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Summary and outlook

—— T Tmyaa | BSignature of life from
N the spectroscopic obs.

® shape of the spectrum

o planet’ s temperature
ﬂ | liquid water ?
% ® strong CO,, absorption

—.
—
=
=1
—

| =9

=

band atmosphere ?

® O, absorption band
abundant oxygen
produced by life ?

5 0 1 2 ® H,0O absorption band
Wavelengih, seain the planet ?

Transiting planets
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Goal of cosmology
INn the 21st century

A great Chinese philosopher, Confucius ( ),
was born in 551, B.C. at
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