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Transit - method

* Qccurrence: only if the planet orbital plane is close
sight. The planet must cross over the diameter of tt

to the observ
1e star as we
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Transit - occurrence

* Probability of transit occurrence
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* Probability of transit occurrence
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Transit - occurrence

* Probability of transit occurrence

Range of solid angles under which a transit can be observed : 4D,

Monday, June 6, 2011




Transit - occurrence

* Probability of transit occurrence

Range of solid angles under which a transit can be observed : 4D,
R a
Transit probability (geometric): Pr = &
dp
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Transit -observables

Geometry is described by the transit depth, shape and duration

Fo : out-of transit flux

Flux
< : mid transit time

S = (Fo - Frransit) / Fo
flux of the photometric

decrement during the full phase
of the transit
A T : duration of the ingress or
egress

Time AT : total duration (between the
mid point)
P : the period

ﬁ.) I

Monday, June 6, 2011



Transit - observables

The shape changes depending on the geometry of the star y-

and the planet |
. o oo

> shorter duration for large impact parameter & V-shape
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lransit -Physical parameters

Assuming :

® a circular orbit
e the planet is dark
e a single star
e the stellar mass-radius relation is known
e the transits have a flat bottoms
e the orbital period is known
(2 transits at least)
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lransit -Physical parameters

Physical parameters to be derived from the observables : M, Ry, a, i, Rp

R AF
Radii ratio P 6= [/
R, F,

a_ cos(i) T
Impact parameter: b=— P 1-/6 g

*

\F/E Scaled stellar radius :

R, 7JT'T[1+esinw
a 51/4P /1_62

e orbital eccentricity ; w argument of pericenter

< » ‘
Alranch

Seager & Mallen-Ornelas, Ap] 585, 2003; Carter et al., 2008
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lransit -Physical parameters

Combined to Kepler’s law

o)

=> mean stellar density I " T
3/2 - —2 ol B
3P \/5 1-— 82 — L e
p* T . >
T G\T7 (I+esinw)” | -

—> useful to help identifying

blends and get the star’s radius :
l : log (M/M,) l
Seager & Mallen-Ornelas, 2003 APJ 585, 1038; .
Southworth et al., 2007, MNRAS 379 A giant star ; % dwarf stars
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Transit - some numbers

Planet AT AF/F Pr Orbital
(hour) (%) (%) I(’;;;%i
Mercury 8.1 0.0012 1.19 0.241
The Earth 13 0.0084 0.47 1.0
Mars 16 0.0024 0.31 1507
Jupiter 30 1.01 0.089 11.86
Requirements :

* to catch transits > continuous observations - high duty cycle
* to detect small size planets > high photometric precision

* to compete against the low geometric probability > monitor a high
number of targets
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Transit : 1ssues with the star

+ the limb-darkening effect : the stellar disk is not uniform
> affect the transit shape
> depends on the star’s physical parameters (Teff, logg) - color effect

and on the photometric system

Narrow band-width > large effects of stellar limb darkening

Smoother edges and U shape bottom > large uncertainties on the transit’s parameters
Smoother edges and U shape bottom

T I ™—TT 7T 1'000 - T I N & 0.9 I 1T 11 l T >
x 1.000 : % : & b=0.8 ; ]
35 0.995F ! . = 0.995F - 4 r
o U 1 B= : 3 by :
o 0.990F ' : © 0.990F \\\\ /,; ;
o ; ; N - W 74 3
= 0.985¢ : ] © Pee : \\\\ 5 _,/yy ]
O : N/ ] £ 0.980F === 3
€ 0.980f o . S : :
o ; adl - - 0.975F S
P 0'975 - e, STk —':' 3 P R T T A | | g gogil giogig gl g 3

o l L1 1 1 l [ T T | l L1 11 l L1 1.1 l L1 St 1 OO _50 O 50 100
-100 =30 0 50 100 Time (minutes)
Seager & Mallen-Ornelas, Ap]J 585, 2003 Pal, 2008 3, 0.8, 0.55, and 0.45um
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Transit : 1ssue with the star (again!)

+ the stars’” fundamental parameters :

R« but also Teff, [M/H] & age - could result in large uncertainties on the planet’s
parameters 3.0 rrr

28.4 ms' m,sini[ P e m, s
k=— = £ — £ F:
\/1 -e" M.lup lyr [

a/R.

=
-
6 -
-

8
- OGLE-TR-132
[Fe/H] = +0.37

[Fe/H] = +0.1

10 F
1 1

8000 6000 4000 8000 6000 4000
Toﬂ (K) To" (K)

Torres et al., 2008, Ap] 677
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Transit : 1ssue with the star (again!)

+ the stars’” fundamental parameters :

R« but also Teff, [M/H] & age - could result in large uncertainties on the planet’s

parameters 3.0 rrr

28.4 ms' m,sini[ P e m, s
k=— = £ e i
\/1 -e" M.lup 1 yr [

OGLE-TR-132
[Fe/H] = +0.37

10 F

|

1

8000 6000 4000 8000
Toﬂ (K)

Torres et al., 2008, Ap] 677

Derived from transit fit
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Transits 1n practice

Observe your stars over a long time lag, perform photometry with the

best precision you can achieve, build light curves,

:
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Transits 1n practice

Observe your stars over a long time lag, perform photometry with the
best precision you can achieve, bu1ld light curves
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... get some transits

Perform transit detection with your favorite software

T
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... get some transits

5 % 5 " ‘ R "‘ 3 {
Perform transit detection with yetii favo 1te sogtware
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Transits : planet or stars?

Eclipsing binary
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Transits : planet or stars?

Eclipsing binary

Long eclipses
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Transits : planet or stars?

Eclipsing binary

Long eclipses
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Transits : planet or stars?

O
blends o

LRe1: rotated 24 2deq
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Bisector Span
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Transits : planet or stars?

blends inside the seeing :
spectroscopic check
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Transits : planet or stars?
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Transits : planet or stars?
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Transits : planet or stars?
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Transits : planet or stars?
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lransits : 1n pra(:tice

Different codes exist to calculate realistic LC
e.g. Giménez (2006,A&A 207) on the phase-folded transit determine : the transit center Tc, the orbital phase at
first contact 01, the ratio of radii k, the orbital inclination i and the limb darkening coefficients

or global analysis of the photometry and the radial velocity measurements with Bayesian Markov Chain Monte-
Carlo (MCMC) algorithm : the ratio of the radii, the transit width (from first to last contact) W, the transit impact
parameter, the orbital period P, the time of minimum light T0, the two parameters v(e) cosw and v(e) sinw where
e is the orbital eccentricity and o is the argument of periastron, and the parameter , K2 = K/(1-¢”)P'” where K
is the RV orbital semi-amplitude.

L wwaLy

4 -

a/R,

R,/R,

0.09F

1 1 1 1 o.08 1 1 1 1 1 1 1 1
000 002 004 006 008 0.0 c.0 0.2 0.4 0.6 o8 1.0 008 009 010 0.1 0,12 0.
cosli) u Ry/R,

Aigrain et al., 2008, A&A 448
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Iransit versus radial velocity

: radial
transit ,
velocity
parameters P, Ry, i Msini, P, e
1. TR star’s size; stars’ | slow rotators, stellar
LDODIEEIBICInR: parameters activity
bias dwarfs spectral type

Association of the two methods :
e the planet’s fundamental parameters ;
e the complete orbit parameters;

e allow to enlarge the space parameters toward active stars or fast rotators
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Transits : probing planetary systems

Assuming the photometric precision is high enough you can :

+ measure the planetary radius : bring constrains on the planet evolution and
migration history and on planet’s composition and atmosphere.

+ the orbital plane configuration : period, eccentricity, inclination

* the planet’s atmospheric properties :
- albedo,
- thermal emission,
* composition
* Stellar surface: limb darkening, spots
* Star - planet interactions
+ Additional unseen companion (TTV) planet or moons
* Rings and satellites

* Oblateness & obliquity
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Transits - current situation

Number of planets by year of discovery
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Transits - planet’s nature

123 transiting planets > a striking diversity & the very first secured
rocky planets
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Spectroscopic transit or the
Rossiter-Mcl.aughin effect

+ star’s rotation axis
+
V..q4 > 0 when the distance source - observer increases - red .

V..4< 0 when the distance source - observer decreases- blue




Spectroscopic transit or the
Rossiter-Mcl.aughin effect

+ star’s rotation axis
+
V..q4 > 0 when the distance source - observer increases - red

V..4< 0 when the distance source - observer decreases- blue
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Spectroscopic transit or the
Rossiter-Mcl.aughin effect

* star’s rotation axis |
V..q4 > 0 when the distance source - observer increases - red

V..4< 0 when the distance source - observer decreases- blue

o

b= 0.5 A= 30

Rodiol Velocity [m s™]
Rodiol Velocity [m s™]

Rodiol Velocit

* Measure of the sky-projected angle between the stellar rotation axis and a planet's orbital axis
seciGmclozetal 2000 A& NG SRS e o
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Spin-orbit : probing the hot

Jupiters dynamical origin
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Spin-orbit : probing the hot Jupiters

dynamical origin
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e 8 out 26 misaligned > the creation of retrograde planets involves another body: planetary or stellar
e Trend with the Mx / Teff > planet formation and migration depend on the stars’” mass or the final
evolution is linked to the internal structure of the stars, specifically the depth of the outer convective

Zone
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Transits : probing the atmosphere

® planet’s phase variation > albedo

® occultation > atmospheric properties

Monday, June 6, 2011



Transits : planet’s atmosphere

- — % o " 1.0003 v y v v
rg ' :_ ‘ (N w» 1.0002 + + +
£ 0.9900F | . :':.,. 1.0001 §- ;
% osscof W € 1.0000 + + + ' * + +
b e e T 0.9999 F + + + +
g oo -4 CoRoT-1b
1.0002 = 0.9997F
0.9906E . . ‘ .

. 0.40 0.45 0.50 0.55 0.60
2 1.0001 Orbital phase
: Red LC : depth = 0.0126 + 0.0036% (40 )
o T T=2390K +/-90

0.9999 geometric albedo < 0.20

AAAAAAAAAAAAAA Snellen et al., 2009, Nature

@@ ( & ))P@®I  WhiteLC : Depth = 0.016 + 0.006% (3.5 ¢ )
T, = 2330 +120 /-140K
CoRoT-1b : optical phase variation Alonso et al., 20092 A&A

CoRoT-2b
White LC : Depth = (0.006 + 0.002%
Tp= 1910 +90 /-100K

geometric albedo < 0.12
Alonso et al., 2009b A& A
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lransit : atmosphere composition

* In - off transit - transmission spectroscopy
VP aal Wavelength (nm)
; N A A
' " \J“. " < "'( . ’/ ! \ r\; ¥ ﬂ{ l\f” f .\v"
| ! ' 4 ? " , \(, !
| f k — tl)\lormal
Additional absorption
absorption due spike depth

to planetary—x rom star
atmosphere

i
I

(01 A e Na D lines : additional absorption during
- T i | “"g_° g transit
£ gt TN Charbonneau et al., 2002

4
..........................

Hydrogen detection in Lyman o - HST observations

Planetary “blowoft”
Vidal-Madjar et al., 2004
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Transit : atmosphere composition 2

- Observations => MEarth: m VLT: a Spitzer: @ | x x | | 3y
0.124 —  Models =>

: Solar metallicity

A s : 50 X Solar metallicity

0.122 — —— : Solar metallicity with no CH4
¢ = —:100% H20

0.120

0.118

0.116

v,
aaaaaaaa

Planet—to—star radius ratio [Rp/R*]

Wavelength [microns]

GJ1214b Mp =6.55 +/-0.98 Mjup Rp =2.68 +/-0.13 Rgarth star : M4V
at 3.6 and 4.5 microns with Spitzer
flat transmission spectrum over the large wavelength domain

>cloud-free, metal rich atmosphere
Désert J.-M. et al., 2011, Ap] 731
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Transits : tming variation iduced
by an additional planet

Csizmadia priv. com.

.
early late on fime

Transiting planet: Jupiter
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Agol, E. et al.,, 2005, MNRAS, 359, 567
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1TV first success : Kepler-11

system

Raw flux
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Probing the star’s surface and
understanding the star’s activity

+ stellar spots leave their imprints on the transits

® Rp/Rax=0.172 (3% larger)

e Average of 7 spots covered per transit
® spot size: 03 - 0.6 Rp
e Temperature : 4600 to 5400 K

(Rx =5625K)

e rise & decay ~ 30 days

vvvvvvvvvvvvvvvvvvvv

[ 1“-M~wﬁ’,

Time . h

Czesla et al., 2009, A& A 505
Wolter et al., 2009, A&A 504
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Silva-Valio et al., 2010, A&A 510
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Moons, rings & others

direct measure of the transit of a moon

1.000 prsmswsssmsss
0.995 [

0.990 F

0.995 |-

1-AF, /F,

0.995 |-

0.990 F
1.000 £

0.999

Theoretical study :
Sartoretti & Schneider 1999, A& A

0.990

time /hr Test on HD 189733 : moon or rings but
a large spot complex (> 80 000km)

Pont et al., 2007, A& A 476

Monday, June 6, 2011



Moons, rings & others

Measure of the planet’s oblateness & spin precession Carter et al., 2011, Ap]J 730

Saturne oblateness : 200 ppm and 2 ppm for
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FIG. 4.— Variations in the transit light curve due to an oblate, oblique, precessing exoplanet. Plotted are the transit depth (9), total duration (7f,;) and ingress
duration (7) fractional variations (TOV, TDV, and T7V, respectively) that are expected for a uniformly precessing Saturn-like planet around a Sun-like star. The
time scale is based on the assumption Py, = 17.1 days.
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Conclusions

+ Transits : a powerful tool for characterizing
planetary systems :

Minimum Mass [M; ]

fundamental parameters, orbit
configuration .. > constraints for their
formation mechanism(s) and evolution

IR E KR

COROT B OGLE
Mearth O TrES
HAT @ WASP[]
Others © XO
Kepler ]

107 10" 10°
Semi-major axis [AU]

10’

+ Allow to enlarge the space parameters and to start physics studies

+ Objectives : toward the small size planets and the long orbital periods

+ Observations of bright targets are now required!
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