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PLA TO

: Objectlve Detect and characterlse pIanetary ‘ ;‘\'E‘r ‘
systems partlcularly earth I|ke In habtt,able zone '
P
Instrument Multr teIes.copes
very wide freld of V|ew

| TeChnlques Detectlon by transrts
+ asteroselsmology
+ ground based spectroscopy T

Targets >20 ,000 Brlght cool dwarfs (n0|se‘<2 7 10-9)
: >50, 000 Bright ceol dwarfs (mv<11)
ND 000 (mv<13) %

Observing strategy: 2 long runs (2;3.years) + severalshart runs
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The bm’rh of compara’rlve
planeTology :

FAr

-

There are iffinite worlds
" both Ilke and unlike thls world ",
_ of-ours..

Ep|curus_(c 300 BC) | ) ! s A ' “There are countless s
: couErtless earths all rot

arqund their suns in exa the
same way as the seven ets of
b our’system... The count worlds
fa|se and damnable ..~ in the universe are no worse and
o Qalllel (born 1564) no less inhabited than our Earth”

Glordano Brunp, 1584
_in. De lmﬁn/to un/verso et Mond/

4 i ‘ -... .'...‘ '.'. -. » I . - '-.
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. The Goals of-Exoplanet Research.. -

s ®
:‘l

-

M Understand how planetary systems form and evolve
in order to understand habitability.

Need to detect planetary systems around different

types of stars and at all ages. In particular we need

to characterise rocky planets in the habitable zones
of their stars.
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Modern Discoveries

Pulsar-planets
Wo/szczan & Frar/ 1992

51‘PEg b First Gas Glants
Ma.yor.&‘Q.uel'oz 1995 *# '
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[ UT 16 Sep 1999
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. .F:irst Transits

Ehgrbonneau et al 2000,
Henry et al 2000 . '

2 . ‘ .-.‘ .,-‘_‘ -.". -. . . | .'.
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.~ The Pace of .D'i;SCOVe.ry.

.
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None of these are in the habitable zone

Earth CoRoT-7b
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Tempoml evolu’rlon of ’rhe dlscovemes

Towards lower. masses s 6
First .10 years o5 . ' Now Future-

Neptunes
Super-Earths

Earth

N

Jupiter

NN
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| Th,e; D.i.scb.Véry' Spﬁce A

ylensing
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Population | &
Synthesis
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CoRoT N\ Dwarf surveys

.

i o Trans:t - fractlonal radlus

LA (relatlve to host star)

'9 mclmatlon

10

.« RV . - planetary miass :

« Solid planet =
—CoRoT—7b Perlod 085d

Terrestrial Planet.
Models

B
c
)
c
T
®©
=)
7
=
i)
©
n'd

(6]

o.. . S R . - %N

.. * =>Moréese come . -
> o CoRoT-7b

| 1.0 10.0 100.0 1000.0
Mass (Earth Units)
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The PLATO Ieap forward

Need Radlus and: IVIass PR S

s Bulk Den5|t'y <= Models .
"':Réd'i-u.s j'-<= Transit-, gl | #
Mass =~ <= Radial VeIOcity s S

'SmaIlVarlatlons photonllmlted >BRIGHI TARS. .

V<11
(V<11 mag)

AlM8ther:Tollow up Studies (e.g. planetary |
atmosphere/biomarkers), need BRIGHT STARS
(CoRoT/Kepler stars too falnt) A e
| ‘ ._.‘ .,.‘_' -.". .> o .. | | . |
ESA Cosmic Vision = Pec'1 2009 PLATO: PL—_Anetary Transits and Oscil/ations of stars- , 1..2
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Plane’rary rad |us Tools

I\/Iostly geometry .
% radlus i planet/star mclmatlon

Kepler: s.3rd Iaw,=> seml-major axis

light curve

Brightness

Time

Only nee.ded'.physics: .Iimb' d';arkeni‘ng

g :Sun Nt’ér . ~ 1% d’lp :
. Sun+Earth :~0.01%dip

3

11 12 13 14 15 16 17
time (hrs + JD 2451751.0) s '

e B RAAAN LARA) LA REARI AR
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153 Transits

V'CQROT—7b ARt g
the ﬁrst conﬁrmed rocky g
extrasolar JEREN

.

Orbital oo Phase

_3 Tran'sits

SimUIatiOn. e N 4 . | /\/\/\-\/-‘W
> . i o - 0.010%

1 IVlearth pjane't around d e . ' -
~solar Waj’. ai '

e L

- PLATO

- II 1 :
e Orbital Phas%000
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;Plane_Tary-' mass -Tools

Y Amplltude 10cm/s for Earth analog 4 % g 2 n e

"~ Radial velocity: photon statving

‘ (AU) (m/s) ]I
Pupirer | 1 | 284 - | ESEEEEER T
[T |

: 1 m/s (HARPS)

Neptone,  |' v s
'
- _

m ]
(o)}
o
il

Telescope diameter [
S
o

[4N)
(&)

" Obse rvaﬁe’{st:rategy:
- = minimize stellar “noise™

| | 1 I | | | | | | | | 1 | | | | |

4 6 8 10
Star magnitude
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'C'h“ar‘ac’r'-erisa-‘rion of host stars - Tools*

Planet pa‘ra.metérs' < stellar paramété‘rs '(a'steroSeismo'Iogy')' R

"“’Solar-like stars-oscillate in many modes, excited
~* by cgnvection. Sound wai/_es tr‘apped-i‘n interior

Resonant frequencies determined by structupe:*:-
-> frequencies ‘probe sttucture . =~ .o o n
= gives mass, angular momentum,-age . -
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As’rer‘oselsmology

Solar Power spectrum SPM 2 years

-Power spectrum of Ilght curve
+-gives frequenues Ve

Largé separations A \/I\/I/R3
» 3 mean den5|ty

o Relative power _.

NS

2800 3000 3200 3400

SmaII separatlons d02 Frequency (uHz)

> prObe the CPre 4 qER e Power spectrum HD49385 (GO) 137 days
' ' ' CoRoT M =1.36 +/- 0.04 My
Age=3.90 +/- 0.4 Gyr .

Inversions + model ﬁthng +
9 consnstent ‘0, M, Q;), age

| I {l | ‘ I I | I |
Il s N I.nn..u.‘..wthN.m .h‘.mﬂ\L\ L Mﬁh h‘b M.“l L.:.‘.H.A‘m\l\"u‘.m.u‘ln..u..aum'mh..w.mnlh\\“\.y a“\th]TL,W i

900 1000 1100
Frequency (uHz)

Uncertainty . Mass ~ 2%

o Relative power _,
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B :_PLATOql.:);jec"ri'\'/'e's d’_hd ;pf.oduc;_‘r.é'.. '

|dentification of planetary systems Characterisation of host stars
detection and characterisation + detection and characterisation
of planet transits of stellar oscillations

ultra-high precision, high duty cycle long duration
photometric monitoring

4 % ‘ .... .,...- c.". .‘ . I | :
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Nonse requuremen‘rs ’rransu’r sear'ch

. £2.7%x10% per hr for high S/N transit measurement

.S '8.0.x 10'.5 per h.r. for rraargmat transit detec.tlon 3

1 Rg planet transiting a solar-like star at 1 AU - mean of 3 transits
I I I I I I I | I I I | I I I ] I I I I I I I | I I I I

noise=8.0e—5 per hr
1.0030

noise=6.2e—5 per hr

noise=4.0e—5 per hr

noise=2.7e—5 per hr <> Sufficient for seismic analysis

40 60 80 100 120 140
time (hrs)

N
o
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" “Why we need to fecus.on bright stars.

need to detect transits from 1 2. need for high precision RV
small planets: follow-up:
planet identification, R /R.: planet confirmation, I\/Ip/l\/l*2/3 :

ultra-high S/N photometry high res, high S/N spectroscopy

3. need for precise 4. further observations of
characterization of host stars: detected systems:

radius, mass, age: asteroseismology Planetary atmosphere:

chemical composition, rotation, activity, secondary transits

magnetism: high res, high S/N spectroscopy, ... on-off transit spectroscopy
interferometry;, ...

. o . .'.c .. : _. : ...!. ; - -
ESA Cosmic Vision Pec 1 2009 - PLATO: PL:Anetary Transits and Os_cillétions. of stars. , 22




g ~".'\./\7‘}'\y we nééd_ to 'f-O,é{."Js:.'b'n 'bPiQHT‘STarg

1. need to detect transits from 2. need for high precision RV

small planets: follow-up:
planet identification, R /R.: planet confirmation, I\/Ip/l\/l*z/3 :
ultra-high S/N photometry high res, high S/N spectroscopy

| 3. need for precise 4. further observations of
characterization of host stars: detected systemes:

radius, mass, age: asteroseismology Planetary atmosphere:

chemical composition, rotation, activity, secondary transits

magnetism: high res, high S/N spectroscopy, ... on-off transit spectroscopy
interferometry, ...

bright/nearby stars P challenge = survey of large
are privileged targets : samples of bright stars
ESA Cosmic Vision =~ Pec'1 2009 - PLATO: PL:Anetary Transits and Os_cillétions. of stars- .23




Basic obser'va‘rlon sTra’regy

very Wlde field + 2 successwe long: monltorlng phases
3 years + 2 years ™ TR ; .comply vylth duratlon reqwrement

» .
-

ESA Cosmic Vision Déc‘ 12009 - PLATO: PL:Anetary Transits and Os_éillétiéns. 'ef stars .2,4'




Basic obser'vm‘lon sTraTegy

step and sta re phase (1year) : N fields for 3-5 months each |
mcrease.s,ky cqverage ¥ ey potentlal to re—V|S|t mterestlng targets e
B .. .. -explore various stellar enmronments =

25% of the whole sky !

E_SA Cosmic Vision Déc’ 12009 PLATO PLAnetary Trans:ts an'd Osc:llatlons ef stars 25




Basic obser'vm‘lon sTr'a’regy

step and stare phase (2years) I N ﬁelds for 3-5 months-each

mcrease sky coverage ¥ L4 potentlal to re-visit interesting targets i1
: - - explore va:rrous stellar en\nronments g

42% pf the whole sky !

ESA Cosmic Vision Pec'1 2009 PLATO: PLAnetary Tra.neits and Oeeillétiens_ of stars .2,6'
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¢, ) OWc g -..-H‘, . .".‘ ... .0. ' _
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~- ./_V\i,s'fs.ion,'A.ssu'mpfiéné (i '2".)" :

Assessment phase |nclude 2 |ndustr|al studles and 1 |nstrument
- cohsortium study

°Wa nt tb observe many stars to |mprove statls*s y

" S Maximize F|eId of V|ew )

>. Max-lmlze collecting area . PLATO combines these

requ1re ents focusmg on
-9 Extend m|55|on I1fet1me to observe” .| e large Field of View

severalskyﬁelds A - — (bflgh’fstal‘s)

-Muln@,ﬁiure approach: to allow for large F|eId of View

A

ESA Cosmic Vision ~ Bec'1 2009 .. PLATO: PLAnetary Transits and Oscillations, of stars. , 29




. _Mrs_sior:;fAssu'm.pfrion" (_2/2-)’_ f :

: "‘6 year m|55|on 3 phases (2 Iong dural'lon + 1 step&Stare)

s 3-axis stablllzed

= Rotatlon around I:me of Sight for #
| contlnuous observatlon (power stray- Ilght)

Direct insertion mto Iarge amplltude brbit around L2
usmg Soyuz 2%1b (payload capabrllty 2146 kg)

_Optlcs and detectors (CCD) operating aLcoId temp (~150- 19OK)
. Classic SerV|ce Module and Payload Module approach |
* +X-band, 8: I\/_Ibps 4h/day ground station contact (109 Gb/day').. A

A

ESA Cosmic Vision DeC'1 2009 - PLATO: PLA_netary Transits and Osoi/lai‘ions of'stars - 30




s.‘

DeS|gn ConcepT A (1/2)

b sle S ’ ' : /6 telescopes
. "12- telescopes with two 5|multaneously seeing FoV #1_

observed sky areas (sub-fields) . ; J\ 6 teledcopes

“Feld of View:~1800 deg? . - ¢ #Fov  ‘seeing FoV #2

—'0. 15'm ? collecting. area per sub field > = S \ r}]odme of 3
e Rotation every 6 ‘months around. the LoS . * “F telescdpes

— 14 CCDs per focal plane with 27 um plxels _‘

~+2080.x 2574 pixels per CED '

~— Very brlght stars are observed via CCDs ,
: op ra’tmg in frame- store mode to mcrease
dyna C r‘ange

ESA Cosmic Vision -~ Dec 12009 - PLATO: PLAnetary Transits and'Oscillationis ofstars .31




Design ,Cdné:ep"r{ A (2/2)

Once every 6 months

-

Reﬂectwe 2+ mlrror teIesc:Ope

o 169 mm dlameter gntrance pup|I '

Deployable sunshleld ;
Deployab{e and steerable solar array .
2 steerable high- galn antennae

Once every 3 days e

ESA Cosmic Vision - Dec 12009 PLATO: PLAnetary Iransits and 'Oscil/aiioris of'stars 32..'




| DesignC()ncepT. B (’1/,2‘)..' AN
BN | .
2 54 refractlve telescopes mountedlndl\ndually '....

on tilted basée pIate & PERNGA L FPA with:

#rame store CCDs
— Total F|eId i V|ew "’625 deg '
- 0.3 m2 collecting area y

- — Circular FoV allows,for monthly rotation

: arour-{d-LoS with cont' obsérvation of field
— 2 ‘CCDs per focal plane Wlth 18 Lm plxels 2
-~ 3000 X 6000 pixels ber CCD- ‘ ’»\-

i Al dedicated telescopes for bright stars Wlth
C EC‘Mperatmg in frame store mode

+ " Telescopes motinted [
on apticgl base plate®

ESA Cosmic Vision Dec. 12009 PLATO PLAnetary Iransits angd* Osc:llatlons of Stars 33..
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Design Concept-B (2/2).

' ’Réfraci_:ivé s:y'stem with 6:sp'hericél Iensés ;
e 83 mm di’am’etér'entrance pupil |
Fixed .se.mi,-e'.ncompas;_sing Sunshield
Body-mounted solaramray . |
(sunshield + Service Module) -

1 steerable HGA p055|b|e

(monthly rotatlon)

ESA Cosmic Vision - Dec'1 20(
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Desugn Concep’r C (1/2)

) refractlve telescopes mounted
|nd|V|duaIIy on.stair case base pIate

.' e F1e|d of Vlew "'1800 deg in 4gr0ups ;
) part‘tally overlapplng

— Total collectlng area’is 0.475 m2 y

.— FPAis.encircled by FoV - . ,
+ > needs quarterly,rotation .

— 4 CCDs per FPA W|th 18 pum plxels
4 3584 x 3584 pixels per CCD .

— 2 dedtcated telescopes for bright stars
C Wi CDsoperatlng inframe-store
mode A\

ESA. Cosmic Vision Dec'1 2009 PLATO': PLAnetary JTransits and ‘Oscillations of stars 35




Design Coricept € (2/2)

. Refrachve system WIth 6 Ienses (2 aspherlcal)

—*120 mm entrance pupil

'— Grouping of teIesropes glves access to
Iarge Fleld of Vlew , | :

ESA. Cosmic Vision - Dec'1 2009 .- PLATO: PLAnetary Transits and Oscillations of stars 36




..

. Technical Summary .= . -

-

g K The scientific objectives of PLATO can be achieved

PLATO is technically feasible with available,
demonstrated technologies

ESA. Cosmic Vision Dec' 12009 PLATO) PLAnetary JTransits and ‘Oscillations of stars - 37




ESA Rev.i.eW'.-_'Ris:k E lemen;f.s =

"I\/I|55|on technlcally ready to go

' Schedule nsk due to mdustnal senes productlon

Pre- development of CCDs "and optlcs needed # .
to secure launch date™ : i, i Sk e '
O.ptimizatio.n of payload desjén needed to ,incre‘ase'o"
.system mass margin '’ - - - 0

« ESA oW n0|nts towards a refractlve des;gn for

.possible fu?ure IENES

ESA Cosmic Vision  Dec'12009 .- PLATO: PLAnetary Transits and Oscillations of stars - . 38
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The end t0- end sumula’ror

inherited from Eddmgton study, fuIIy adapted to PLATO
- used for coneept C, =
- similar performances for ofher two c'o@gepts -

‘ihcludes all’known ingredients:

- realisticfield (confusion) :

- optics (PSFat vdrious posmbns in the ﬁeld)
.- detectors (readout smearing,. saturanon)
- data tredtment (photometric algorlthms

jitter correction)

X

one example jof sub-field

E_SA Cosmic Vision Déc 12009 PLATO: PL—_Anetary Tranéits and OsCillétidns 'of stars .4,0'




»." ' Expected noise level -

results from.end-to- end 5|mulator ﬁeld (confusion), optlcs (PSF), detectars algorlthms

T T T

sub-field in the dense region

highest priority targets

»
>

all sources of noise

(incl. confusion) \

8 10° / hr

—
o
o

—~~
—
L
~
S
Q
o
~
o
9
o
c

|

12
_ magnitude
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[ ) & A0 )& () [ |
( ( U U 9 ‘s = ‘e
ence req 0 000
design & PLATO concept A PLATO concept B PLATO concept C Kepler
surveved area 3600 deg? 1250 deg’ 3600 deg” 100 deg®
noise level # cool dwarfs | mag | # cool dwarfs | mag | # cool dwarfs | mag | # cool dwarfs | mag
10°/hr & subgiants lim & subgiants lim & subgiants lim & subgiants lim
1,300 | 11.2
000 0.4 000 000 0.8
8.0 260,000 | 12.7 257,000 | 13.5 238,000 | 11.8- 25,000 | 13.6
12.9
design & PLATO concept A PLATO concept B PLATO concept C Kepler
surveved area 3600 deg? 1250 deg’ 3600 deg” 100 deg”
magnitude # cool dwarfs & # cool dwarfs & # cool dwarfs & # cool dwarfs &
subgiants subgiants subgiants subgiants
6 90_ 0
: 1,350 675 | (1,350 30
9 3.800 1.320 3.800 100
10 13.500 4.700 13.500 370
48.300 65.800 48.300 1.300
9 0 U (J 'DO (U
as O ONn O ag ae
A 0 Pe 009 2l ATO: PLAneta a and O atio 0 >
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E'xf)ec"red number of confirmed planets,

Expected numbers of detected transiting planets for PLATO (2 long-runs)and Kepler

- each star has ane and only one planet in each considered cell . :
- pIanet is'assumed detected if transit signal AND radlal veIOC|ty S|gr1al can be measured
.~ stellar intrinsic « noise » ‘taken into account' ‘

x c 1 I 1 I I l 1 I | 1 I I
2 A/ PO T ]
'§ & epler ’§ v
. B @(bx\" .
= ~ /& ] = ~ w
Q o = > g o ™
B - n =
£ © = < S © =
— E . - . — E
; o o Bl ; e —
-+ p— -1 - p—
e @ - =
e = e
= = =
& e
' o '
[ag] . en | B
T L) > S O\NO ©
| | L
g (—] 1 ] ] 1 1 / <11 & 1 l I 1 ] \1 1 | 1 /
< 70-01N01-04 0.4-08—08-1.2 my, 0-01 0.1-0.4 0.4-08—08-1.2
a/aHZ a/aHZ

bright stars that can be characerised seismicll

lower right corner of the (orbit,mass) plane = terrestrial planets in the HZ, not

covered by Kepler, will be explored by PLATO thanks to its priority on bright stars
ESA Cosmic Vision =~ Pec'1 2009 . PLATO:" PLAnetary Transits and Oscillations of stars- . 44




Testing fo,«mqﬂon:qhdfév_olq‘rior{ mode‘ls.

Population Synthesis

H

104

j 1000}

M,

100 F

M

10 !

ESA Cosmic Vision

a [AU]

Mordasini, Alibert, Benz

Pec'1 2009

T
0.00 Myr{ Mstar=1 Mo
{1 Nominal model

Type I migration

Type IT migration
(Disk dominated: Mp<Mdisk joc)

Type IT migration
(Planet dominated: Mp>Mdisk loc &
disk limited gas accretion)

10 PLATO results will test
iniv. Bern  predictions of models

PLATO:  PLAnetary Tranéits and OsCillétidns of stars .4,5'



Impact of mass and: radlus measur'emen’rs |

PLATO tran5|t photometry + Gaia stellar radii 9 planet radii Wlthm few %
RV curves + PLATO selsmology A 9 planet masses W|th|n few %

4

PIanet character!satlon o unprecedented accuracy‘ s an i R AN

_ ;A —— constraints on planet interiors

| Venus r'adlus ver'sus mass‘-% atmosphere
1@ CoRoT 7b

radius [R.]

—
N
T

——pure ice sphere
ocean planet (Ganymede-like) |-

—— pure perovskite sphere
Earth-like planet

—pure iron sphere

: Mercury-like planet

|||1

6 8
mass [M ]

ESA Cosmic Vision Dec 12009 PLATO PLAnetary Transits and Oscrllatlons o/ stars 46




Impacf of age: measuremenr

PLATO: compare Earth-like exoplanets W|th age scale of Earth
v preC|S|on better than tlmescale for chemlcal evolutlon "

4 " - targets of future charatterlsatlon studles Wlth age from PLATO
life began

PLATO age error bar

(present)

time (Ga)

after Kasting et al. 2004
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Stellar reflected light and.secondary transits
measurement of aIbedp and T =‘,.charac'terisai‘ior.1‘ Qf planet su‘rface/a;cmosphere

i=f) CoRoT-15 | [EEENEEEESS SR |: .- " Kepler -,143%(\)1:2-17;Pm
*"5nellen et al. 09 . S |Borucki et al <09 | | EEEETEN.
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R T . ' .- adl SN . REBR- duration: 10 days
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PLA TO:.
>1 000 such sfars

many transiting .

=2.2d a=0.038 AU star=K0-dwarf _ p/anefs expecfed
3 years of observation . e . o
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'A’rmospherlc studies of ’rransn’rmg planeTs

PLATO pIanets around very brlght stars = prlzed targets for
‘ future atmcspherlc studles '

I T T
1t Binned model, water + methane - Model, water
Binned model, water + methane + ammonia Model, water + methane
“+ Binned model, water + methane + carbon monoxide

/\ Observations
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<

example of IR spectrum
HD 189733 b
1138 R; 113 My

| |
2. J 2.2 24

Wavelength (um)

Tinetti et al. 2007
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Addi’riohdl ééi’ehc"e

| PLATO umque database of steIIar varlablllty for brlght (6<mV313)

stars on time. scales from one mmute to months

&
> many addltlonal science programmes #

mvolvmg dlfferent aspects of steIIar phy5|cs

a couple of exampIeS' '
\/asteroselsmology across the HR dlagram .°

e, g. st“?a%iopen clusters: fuII understandmg of stellar evolutlon
'stellar acti ty and rotations full census as'a functlon of age- .
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Ou’rlme

Introductlon

% SC|ence goals

. 2 Tools, 1,
" Science requirements :

“Payload and-mission "
- ’Performances |
'SC|ence |mpact

mclusmn \
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Ve ‘Hji, .\' - Are we alone?

Long standing fundamental questions ;:f




-
® Neptune
Uranus

—
o

- Mass (Earth masses).

M Habitable Planets
» Mars

01" 1.0 10 100
Orbital Distance (AU) )

Bright ar

[
| |
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PLATO science



PLA TO

: Objectlve Detect and characterlse pIanetary ‘ ;‘\'E‘r ‘
systems partlcularly earth I|ke In habtt,able zone '
P
Instrument Multr teIes.copes
very wide freld of V|ew

| TeChnlques Detectlon by transrts
+ asteroselsmology
+ ground based spectroscopy T

Targets >20 ,000 Brlght cool dwarfs (n0|se‘<2 7 10-9)
: >50, 000 Bright ceol dwarfs (mv<11)
ND 000 (mv<13) %

Observing strategy: 2 long runs (2;3.years) + severalshart runs
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