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Examples of Directly Imaged Planets
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Wide-Orbit planets can be detected only by direct imaging;
Limited number of detections => Unknown about wide-orbit planets




SEEDS Planet Discovery: GJ] 504b

Kuzuhara+2013, Ap)
As a highlight, we report an exoplanet detection around the Sun-like star GJ 504.

Property of GJ 504 JH two-color ;

COVmE)OSIte N GJ 504b

- Distance: ~17.6 pc
- Spectral type: Go

- Mass ~12M_

- Age: 160 [+350, -60] Myr

- Metallicity [Fe/H]: 0.1-0.3
(Valdes+og4, Takeda+o7, . Y% ot
Valenti+Fischer o5) oS BRI ot Residual
; by Y A Al scattered
starlight
Location of star

0 Reports of 9 detections (masked)
=> Confirmation of common Size of Neptune’s orbit

proper motion, and ) arciecond \
detection or a part of orbit B o g E |
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Femtometer Doppler shift
In individual lines

(non-relativistic velocities)

‘When the source is moving toward the observer, the motion

DO pp I er Sh if‘t d ue to il compresses the light waves emitted, causing a blue shift. When

the source is moving away from the observer, the motion expands

Ste I I a r Wo b b'e e the light waves, causing a red shift.
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Gas giants: some key issues

* |sthere a prefer location for gas giant formation?

. +® exoplanets.org | 11/12/2012
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Gaseous giant planets
(Msini > 50 Earth masses)
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A short summary of the results (rv, pepe)

® 1% of stars have a hot Jupiter, more frequently around
metal-rich stars

® 14% of stars host a giant planets at any period, more
frequently around metal-rich stars

® 50-80% of stars orbit at least one planet of any kind

® 30% of stars have a planet within < 30 M., and within
100 days period ...

® More than 70 % of planetary systems with one planet of
mpsini < 30 Mg, include more than one planet
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Multlple -gas- glant barrler perturbatlon

b exoplanets org | 10/16/2013
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Targeting Evolved Stars to Search for Planets
around Intermediate-Mass Stars

Our targets (1.5-5Mg)
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Distribution of planet-host stars
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m,, sini (M)

Planets around massive stars (Sato)

Detection Limit for Planets around Giants

100
K,=40m/s@2Mg
Completeness
10 ~100%
‘\ K;=10m/s@2M,
1 Completeness
<30%
0.1 RV jitter of giants
is 10-20 m/s
0.01
0.01 0.1 1 10

Semimajor Axis (AU)



Fraction of Stars with Detected Planets

Planetary mass & size vs stellar metallicity

: : ] Y e
20% 18/122 L
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1) There is a strong correlation between m,, vs stellar metallicity.
2) There is no shortage of super Earths around metal-poor stars



Period distribution of hot Jupiters:
Dependen ste II r metallicity
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R (= 2)

Systems with n>2 planets

HD10180 : 7-planet system

P, = 49.7 days

P; = 1.18 day Also a constraint for

P, = 2150 days

[ multi-planet systems: many are almost optimally **packed”

e =0 e, = 0.06 e;=0.15 . Y
m, sini = 1.5 My, m, sini = 24.8 M, m, sini = 67 Mg, planet formation models!
19 15
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Outline of this work

® Monte Carlo Markov Chain (MCMC) code

¢ RV model:
RViotal = RVpianetst RVactivity

* loav

v Sunspots

Basis functions derived from lightcurve
(FF’ method of Aigrain 2012)

Gaussian process with covariance
properties of lightcurve
(Haywood et al., submitted)

Granulation




Using a Gaussian process to fit data

Lightcurve:
naturally has covariance
properties of star’s
magnetic activity

Flux

‘Time

predict GP: compute
covariance matrix
using k (, t’)

5
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RV basis function with covariance
properties of lightcurve

train GP: determine 0,,0,, 03,0,
of covariance function through

- MCMC simulation
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Radial velocity semi amplitude K [m/s]
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Comb line resolved in NAOC 2.16M
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Expresso on the VLT
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IRD instruments  (kotani)

Laser comb
From AO I - ) -r
: - \ 3 Stellar spectrum
b » il
J- ‘ | ] B
Fiber injection system
(AO bench)
by Tl m— 2sore . Fiber
::ébe’ b (star)
om
970 nm 1760 nin
11,000 lines
aser frequency comb spectrometer | Spectrometer system
. Coudé room
(IR Observing floor) Coudé Room ( )




To find small planets :

One needs precise and efficient
instrumentation and pipelines

One needs to characterize the star

Difficulty : no general analytical model
and could evolve over time (stationarity
issues)

1> Effort need to be made on the
modeling part and statistical part

2> Take more data on many different time
scales:

~days :granulation

~10-60 days : star rotation period and its
harmonic : spots, plages

~500-5000 days : Activity Cycle

3> Avoid as much as possible sampling
GAPS

Above all

To study the planetary content of quiet bright
solar neighborhood stars one need :

Large number of measurements for
each star !! ie. 200 meas.

Bright and quiet objects
Dedicated telescopes

Take home message

Many instruments like HARPS
strongly needed, especially in the
era of Kepler, TESS, Cheops, JWST,
PLATO, ...




Unparalleled sensitivity and

line flux detected at 10 ¢ in 10%s (erg g cm‘2)

10719

10716 3

wavelength coverage

R=600-2400 spectroscopy, emission line, point source

wavelenath (um)

v Spitzer
3 a8 1078
Ny
11077
Ke B
MIRI
=" u " - 3 10°°
I- ]
\ NIRCam
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-2
NIRSpec 7 10 1
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Caustics in the real world

Parallel rays from the
Sun are piled into
bright optical caustics
by waves
N

)

caustics

{ Wine glasses ]
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Physical Properties

Host:

A O | . Mass =0.51 +/- 0.05 MSun
maging Luminosity ~ 5% LSun

from Keck Distance = 1510 +/- 120 pc

Planet b:
Mass = 0.73 +/- 0.06 Mjup
Semimajor Axis = 2.3 +/- 0.5 AU

Planet c:

Mass = 0.27 +/- 0.02 Mjup = 0.90
Semimajor Axis = 4.6 +/- 1.5 AU

Eccentricity = 0.15+0.17-0.10
Inclination = 64+4-7 degrees



Statistics in discovery space
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 Low mass

planets are
more common

* Between 0.5-10
AU - 1 7% have
Jupiters, 50%
Neptune and
Super-Earths

Cassan et al. (2012); Gould
(2006,2010)




Planet mass in Earth masses
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Mass (Earth masses)
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time

time

% Circular inclined orbit
* % Elliptical face-on orbit

! X
I

3D orbital reconstruction & accurate distance
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* Perfect L2 orbit insertion (take that, Hipparcos!)

» Excellent image quality (focus and SL tuning up)

NGC 1818 (LMC)

Cat’s Eye Nebula

2.85 sec, 1% AF FOV

X™ Rencontres du Vietnam: Exoplanetary Science — Quy Nhon, 25/04/2014
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Overview of STEP

* Satellite Specifications / Payloads:

— Orbit: Solar-earth L2 Halo
—Mass: 500 kg Life time: 5 year
— Payloads: TMA Astrometry Telescope

(Primary Aperture: 1.2m, f=50m, FOV: 0.44°)

» Highlights

earth criterion

system

0 5 10 15
Distance to Sun (pc)

z2=z2
iid

K stars

F stars G stars

H,_/;r_/

v’ Extremely-high-precision(0.5uas)
astrometry space mission

v’ Able to detect the habitable planets at

v’ Get the actual planetary masses and
the full orbital geometry for all
components of the detected planetary




Approach

Astrometry
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Kepler

o * Looking for Earth-like planets in transit
Mission  Photometry of 150,000 stars
(NASA) e ~40 ppm in 6 hours; 30 minute cadence
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Planet Sizes

Kepler-6b

Jupiter

-

Kepler-9b Kepler-9¢c

Kepler-4b

Kepler-9d  Keple Earth

Kepler-11b  Kepler-11¢c Kepler-11d Kepler-11e

Kepler-11f Kepler-11g

AEQI SR

Fraction of stars with planets (close-in orbits)
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b. Mass
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Fressin et al. (2013)

Comparing Radius Distribution Among
three works (Dong)

7.8733% 7.8713%

7.3713% [

5-50 days

9.0 missed | 3-6 missed

2

Fraction of Stars with Planets
having P

1.5795%

10 141 20 283 40
Planet Size [Earth-radii]

Petigura et al. 2013a

Core accretion model?

0.3753%

Kepler
[ Raw occurrence |

Correction for
missed planets

5.66

8.0

See also Gould et al. (2011); Youdin et al., (2011)
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Architectures of

Other Planetary Systems
Basic facts: _
« Planet number w/ TTV v
 Masses w/ TTV v
« Radii v
Dynamical properties:
 Periods (n.b.: their ratios) |vVv v
* Eccentricities w/ TTV %
* Mutual Inclinations w/ TDV

Science Goals:

Mass-Radius measurements (Composition)
Planet Discovery / Full Architectures
Resonant dynamics = Migration Constraints




Exiting Resonance through Tides
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Spitzer TTV program (rabrycky)

KOI-1426 KOI-351 KOI-564
@ o)
o @
|
|
/ /

N P /

o
AN )z d
H ‘ RJupiter
Spitzer program p10127
Not hot Jupiters 1 AU

Deep transits
Long-period = Long durations



The selected sample J

~ Despite 1800 exoplanets, still a statistically modest population where density is rather

well characterized
~ Basis : Exoplanet.eu
~ Selection :

¥ Radius : only transit (no direct detection)
¥ Mass : only radial velocity (TTV progressing but still large uncertainties and bias)

¥ Acceptable uncertainties
2 220 planets at the end
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MNumber

New Candidate Catalog (Batalha et al. 2012)
What can we learn from Multiple systems !!!

T T T T T
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HE + One: 1.
}‘ Two: 4
- e Three:
Four: 1
‘ . Five: 4/
L . . ® Six:6
[ hd I | L I
1 4 10 40 100
Period [days]
Including 441 Confirmed Multiple Exoplanetary Systems
110 T T T T
[single planet mass
i ] 2 planets systems i
a0 I = 2 more planets systems | |
80 - .
70 | 1
60 | i

43/59
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UENERATION TRANSIT SURVEY

- Number of unit telescopes
Telescope

www.ngtransits.org
(Neveu-van Malle)

12
ASA 8 inch (200mm)

Telescope f/ratio
- CCD

Pixel
Pixel size

f/2.8, 560 mm focal length
e2v 2kx2k DD chip, Ikon-L by Andor
13.5 micron

4.97 arcsec

Telescope FOV

: Mount type

' Building dimension
Pointing limit

' Total FoV

8.00 square degrees

OMI equatorial fork, 1 per telescope

12m x 15m (including a 3m wide parking)
Airmass < 2

96 square degrees




TESS (Lunine)

JWST has targets ...and a plethora thanks to TESS.

Aitoff projection

- ‘\

Ediptic coordinates, ~SoNS e ‘ﬁ, ;x,
. ° ® 2 @ * .
o:‘ .a '. ..“ e ...* Y
§ ® ’ .e
- 2
Qﬁ} ’*"
.SL,: NS ) wa> :‘"‘J
*Su R 1,5 08 s
ol
1060

% 1 710 660

=

g’ 315

RTHS SUB- : :
o us NEPTUNEs NEPTUNES - JUPITERS TESS: Transit surveys of M dwarfs for

planets that JWST could examine
TESS Will Discover ~300 Earths & Super-Earths spectroscopically.

G. Ricker, MIT
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<, National Exoplanetary Science
Quy Nhon, 22 April 2014
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arps-N

Mass-radius diagram
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: Dumusque et al 2014,
. ApJ (submitted) .
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How to identify differentiation

Kepler-78b
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" Activity modelling: Kepler-78

0.15 | | | | |

Gaussian-process model of activity-induced RV “rumble”

> N‘WMMI\,
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-0.05 . A

Keck/HIRES RV data only

Residual flux

-0.15 | | | | |
56440 56460 56480 56500 56520 56540

Date



Disk migration challenge: obliquity
What about spin-orbit misaﬂ!i{gnment?

[ T
Planetary Orbit —'—’—> /
m/s) I ''''''' I
40 40
’ .
time [hour] time [hour]
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Gas giants: some key issues

* |Is there evidence for M.-dependent tidal dissipation?
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Figure S23: Graphical illustration of the dynamical tilting hypothesis for the Kepler-56
system. Note that the sizes are not to scale.
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Secondary Eclipse
See planet thermal radiation
disappear and reappear

Primary Eclipse _
Measure size of planet Learn about atmospheric

See star's radiation circulation from thermal phase
transmitted through the curves

planet atmosphere

Figure by S. Seager
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Knowledge of Solar System necessary to understand the
huge diversity of planetary structures from the mass-radius

relationship of exoplanets

(Baraffe)
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CO in dayside spectrum of tau Bootis b (CRIRES@VLT)
(Brogi et al. Nature 2012 - see also Rodler et al. 2012)

First detection of non-transiting
planet—> inclination, mass
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Solutions for Ground based Observatlons

High-Dis er5|onS ectrosco_ }\‘A?\ 100 OOO

Molecular Bands are resolved in tens of |nd|V|duaI Imes |
Strong Doppler effects due to orbltal motlon of the planet (upto >150 km/sec)

moving planet lines can be dlshngulshed from .statlonary telluric & stellar lines ,

Carbon Monoxide

: X \\ \ \\

Orbital Phose

\\\\\\\‘

Orbital trajectory il
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Max orbital Vr [km s-']

CO in dayside spectra of hot Jupiters

7 Bootis b 51 Pegasib HD 189733 b
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Absormption
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Fast spin of a young extrasolar planet
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high rotation rate + fluid planetary structure = oblateness
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the smaller the core of a Jovian world, the more oblate its shape
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case study vs Science

e Diversity of systems:

realm of possibilities
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