Detection of Earth twins in the HZ of solar-type stars ?
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.» Best approach to.take? i AN, 4%
- different approaches (astrometry, direct detection, etc )
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Microlensing
o 2 | low probabiliy

Transits from space .
> From the ground : Ly 2009
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Present state of RV searches

- majority of known planets: ~ 400

=> statistical distributions of planet and star parameters

- HARPS precision:

Relative number of stars

~80 cm/s = best “raw” rms around published solution
Distribution of rms of high-precision HARPS survey: mode=1.4m/s

=> includes
- instrumental effects
- stellar effects
- photon-noise
- unknown planets




Some properties of close-in low-mass planets
1) Mass distribution

Observations Models
(normalized distribution) (Mordasini et al. 2009)
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Planet Detectability with radial velocities
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Jupiter @1AU A few m/s precision OK
for giant planets

Jupiter @5 AU e.g. Jupiters out to > 5 AU

Neptune @ 0.1 AU :

Neptune @1AU Need to go below 1 m/s
_ !

Super-Earth (5M,) @ 0.1AU : for close super-Earths!

Super-Earth (5M;) @ 1AU Required an order of
Eart @1AU magnitude improvement




Radial velocities in a reference frame

Vr = Vspectrum - Vinstrument - VEarth

~

Barycentric radial velocity = wavelength shifl reduced to the
barycenter of the Solar System

Velocity of the observed spectrum with respect to a reference
point (velocity zgero point)

Actual velocity of the spectrograph with respect tp a reference point
(velocity zero point)

L

Earth rotation and Earth orbital motion around the Solar System’s
barycenter

Higher RV precision = .... 7?7?77

Earth effect on the Sun =9 cm/s

Earth atmosphere interstellar medium

Instrumental stability

[ Astroclimatic ] Unstable

Creneton> Cproaten
telescope <-> detector S
- stability and repeatability
@@ Affect the spectrum location on CCD
refractive index

Wavelength drift

| Instrumental stability must be monitored during the exposure




Higher RV precision = .... 7?7?77

Earth effect on the Sun =9 cm/s

Earth atmosphere interstellar medium €“
3 &

|) Instrumental error

lodine Cell

telescope <-> detector .
i - Iodine Cell
- stability and repetability [REEE Spectrograph
- calibration and
wavelength solution
Simultaneous
thorium method Telescope Spectrograph

The simultaneous thorium technique

Wavelength calibration and instrumental stability monitoring:
»Reference = emission spectrum from an arc lamp (ThAr)
»Two fibers: A = star light, B = lamp light
»Science exposure contains simultaneous wavelength calibration

»Instrumental drifts assumed to be the same on Eher_tyvo fibers

— e | ThAr lines |

Stellar spectrum |




The iodine cell technique

»Wavelength calibration and instrumental stability monitoring:
»Reference: iodine absorption cell at the spectrograph’s entrance

. lodine Cell
Todine Cell S
method Telescope —— Spectrograph

»lodine spectrum superimposed on stellar spectrum

L
'0..'o°¢o° '0'.0'o°.."'oo'O.'O..Oo.uu

5238.0 5298.5 $299.0 5299.¢
Wavelength (A)
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Pros and Cons of the Two Techniques

lodine cell: Simultaneous thorium:
+ Easy to implement on any —Requires a stabilized spectrograph
spectrograph — Suitable for fiber spectrographs only
+ Suitable for slit spectrographs + Spectral range: 380-680 nm

+Requires high S/N spectra
- Spectral range: 500-630 nm

- RGQUireS very h|gh S/N SpeCtra > Precision of <1 m/s

> Precision of 2-3 m/s

For a similar precision, the iodine cell technique
requires > ~10 times much more photons than the
simultaneous thorium technique

‘
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Higher RV precision = .... 7?7?77
Earth effect on the Sun =9 cm/s

Earth atmosphere interstellar medium

|) Instrumental error
telescope <-> detector
- stability and repetability
- calibration and ‘
wavelength solution ‘“‘

\

Replace ThAr lamp
by laser comb

Normalised Flux

5499.6 5499.8 5500 55002 5500.4

Laser Comb Wavelength (A)

Steinmetz et al. 2008

Higher RV precision = .... 7?7?77
Earth effect on the Sun =9 cm/s

Earth atmosphere interstellar medium f

Alpha Cen A with Iodine .

|) Instrumental error ‘ ‘ -] Alpha Cen B with ThAr
telescope <-> detector S ;
- stability and repetability
- calibration and
wavelength solution
- optimum reduction
- optimum guiding, centering

~| HARPS@3.6




Higher RV precision = .... 7?7?77

Earth effect on the Sun =9 cm/s

Intermediate medium f
Earth atmosphere interstellar medium "4

ESPRESSO @ VLT (1 UT -4 UT)

|) Instrumental error
Expected precision ~10 cm s

telescope <=> detector

B stability and repeatability gggg-rzgzrsng:zgsts, fundamental constant variability,

- calibration and
wavelength solution CODEX @ E-ELT

- optimum reduction

- optimum guiding, centering

Expected precision ~1 cm st

Cosmology (expansion of the Universe), QSOs, planets,
- etc.

Photon noise
HARPS-type spectrograph: R > 100’000, e, = 6%

1) HARPS/ 3.6m
1 m/s in 15’ on V=10 star
- ->25-30 cm/s on VLT
exp = 900 s -> ~5 cm/s on E-ELT

2) ESPRESSO/VLT
Vlim = ~8 for 10 cm/s in 15’

=> Many solar-type stars
~700 non-active stars
=> Earth twin search

For 1-3 cm/s, 3-5 mag brighter
=> TEST for CODEX on
a few very bright stars

3) CODEX/E-ELT
<=>HARPS 1 cm/s on star with V<6

- - 10 cm/s on V=11 stars
o~ 1/SNR ~ 1/ Dy, TRANSITS (PLATO)

15
Magnitude m_
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ﬂ-[m;os: exp[omu’on of small-mass domain

All published orbits with
residuals < 2.5 m/s
between 2004 and 2008 -

are from HARPS

Planets > 2004 |
HARPS

R NN
XX XXX XN
0.0.0.0.0.9.

90%%%%%%

RRK]
RSN
RRRE
200000

2e%e%!
90900909045

2R
XXX KK
R

K&
XK KKK KX

X
0,
XK

35

3
35

35

%%

Before HARPS, limit in
precision was not set by the
star but by the instrument
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Still true with HARPS?
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Stellar oscillation
The p Ara example T

8 nights ] \f\ ]
250 measures/night :

Photon noise < 20 cm/s : ]

Santos et al. 2004
Bouchy et al. 2005

Bazot et al. 2005 : 3 ]
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Stellar oscillations

.: '..: -
‘. .‘I
PR

Radial velocity [m 5'1]

4 5
Time [hrs]

0.5 .
_ Simulated — ] Measured
0.25 3 h HARPS commissioning
F Eggenberger, 2006, priv. comm. 0.4} |
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01 - \
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0.1 .
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: . . , \ ‘ . . | . . . | . . ' 7 0 1 1 1
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T [5] T [8]

»p-modes average well on time > ~1 characteristic timescale




Pulsation noise on a Cen B and other stars
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» Granulation (t ~ 6 min)

Granulation?

> Mesogranulation (t ~ 3h)
> Supergranulation (t ~ 1 day)

Kjeldsen et al. (2005). > Active regions (t ~ 10 days)

Stars 2F Observed Background Solar Velocity Noise Spectrum 3

Power density ((m/s)?/uHz)

Choice of the target
is very important

|
1000
Frequency (p1Hz)

» Other sources of noise at

lower frequencies
> ,
Pallé et al. (1995)
1(;" 16" 1(;‘5 16“ 1ol‘3 )
FREQUENCY (Hz)




' ) Beat the stellar limitations with
- real asteroseismology observations

. . g — good target selection
->noise model => synthetic observations

— clever observational strategy

Dumusque et al. in prep

alpha_cen_b

vrad [m/s]

e

power [m/s~2]

_ vrad [m/s]

b bonran bablonean

1.0 1.5 2. . 10*
temps [j] freq [Hz]

alpha_cen_b

strategy
-> RV rms

—p

-> detection limits in the mass-period diagram

vrad [m/s]

rms stellar noise [m/s]

vrad [m/s]
oo bALonron dobbeonbhae

Bin size [days]

24.4 24.6
temps [h]

Detection limits from calculated rms -> detection criterium: K > 2 x rms

(conservative)

alpha_cen_a

Ipectartype TGV From p-modes+granulation point of view

e spectral type
e luminosity class (evolution)

rms stellar noise [m/s]

Observing strategy only applicable
on bright stars!!!
Dumusque et al. A&A submitted => requires very low photon-noise

2 4 6 8
Bin size [days]

tau_cet Ipha_cen_b

[Spectral type : G8V] T [Spectral type : K1V]

o
9
°
w
o

o
o
T
o
W
=3
T

1pt/night

=}
>
T

rms stellar noise [m/s]
o
»
rms stellar noise [m/s]
=3 o
N N
o u
T

o

w
o
A
o]

e
N

“3pt/night, 2h apait

o
=

H
2 4
Bin size [days] Bin size [days]




Detection limits (simultions)
alpha Cen B with actual calender of HD69830 (3-Neptune system)

e Averaging => weak period effect!

e This case = “no spot” phase

short P

Dumusque et al. A&A submitted
alpha
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o 2 4 6
binning : 2 h Periode [j]

e Spot simulations to introduce activity effect in a better way
still missing the longer timescales

Simulations of spot effects on radial velocities

log(R’mK)
1) SOAP: effect of 1 spot

Radial velocity

1045T 5T o

Bisector vs. RV

Normalized Flux

! i 1
3968 3968 3972

AA)
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AF = —0.0135in(2r/35.68 + 54250.03) ¢
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Simulations of spot effects on radial velocities

2) Realistic families of spots Takes into account:
1 family = ~ 25 spots e Evolution of spots: growth, filling factor
e # of spots = f(log[R uk])

I | I
White & Livington 1981

b) Full Disk
| Sunspot No. vs. Ky Intensity
spot evolution 200. |

3

8

T 1T T

Zurich Sunspot Number

[% of the hemisphere]

Filling factor
o
2

filling factor

|

1065 <070
K, Intensity

20 30 0 50
time [j] Time [days]

Simulations of spot effects on radial velocities

3) effect of realistic spot models:

3 meas./night each night, log(Rhk) = -4.9

- Spot #: ~90
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Rms activity noise [m/s]

Simulations of spot effects on radial velocities

3) effect of realistic spot models:

1e8 spot simulation

sunspot vrad effect

- 1 m/s

vrad [m/s]

3 meas./night each night, log(Rhk) = -4.9
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Simulations of spot + granulation + p-mode effects on radial velocities
=> precision mainly drives total exposure time

3 meas., /nlght each nlght Iog(th) =-4. 8

=—a noise 1 m/s
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3 meas./night each night, log(Rhk) = -5
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Rms stellar noise [m/s]

3 meas./night each night

=—a ESPRESSO, noise 0.1 m/s, log Rhk = -5
=—a ESPRESSO, noise 0.1 m/s, log Rhk = -4.9
m—a ESPRESSO, noise 0.1 m/s, log Rhk = -4.8
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Optimum “affordable” observing strategy
. per measurement
=> to average stellar oscillations => <~5 cm/s of photon noise
(over 3-4 hours) to average granulation

* observe the star over to average activity
effects

e follow the star 8 months

e derive simultaneous to characterize the activity level
=> correct the effect if possible

From RV rms to detection limits through Monte Carlo simulations

K1V, instrument noise = 0.5 m/s

L T T T F

O
1%

Minimum Mass [M, sini]

<|ecbin s 2dT L bin : 5de)tesien, e
o" o~

TR TR T S Tl T S %

10
Period [d] Dumusque et al. in prep

Longer periods => larger possible bins for average
=> small effect of the period on detection capability




HD 69830

— Residuals as function of the binning on .... days

>>>>> 0 0.35 m/s

RV dispersion [m/s]

| |

0

Lovis et al. 2006

4 6 8
Bin size [days]

oo

Encouraging results....

Binning effect calculated on several HARPS stars

Radial Velocity [ms-!]

0-C [ms™]

Radial Velocity [ms!]
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Radial Velocity [ms-!]
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Warning:

- only 1 observation per night
- sparse sampling (not every night)




Simulations of stellar noise applied to ...

...ESPRESSO/VLT

A 2.5 Earth-mass planet in the habitable zone of a quiet K star (P=200 days)

1BLn/night each 3 nights, binning 1 day, M = 2.5 M _, P = 200.0, sini = 1, log(R'hk) = -4.9
- T T T T T T

0.0
05"

T o00fge.
o e,

?ém/mght each 3 nights, binning 10 days, M = 2.5 M, P = 200.0, sini = 1, log(R'hk) = -4.9
-9 I I I

= o ... e
Z-05 .« wle,
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sl o TR Sede o
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. ot L e (R ot %
. . . . e SN
-1.0 . . R
|

3mynight each 3 nights, binning 10 days, M = 2.5 M., P = 2000, sini = 1, log(Rhk) = -4
- T T T

0.4

(Santos et al. 2009, Porto conf;
Dumusque et al., in prep)
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Transits of terrestrial planets

e Giant planets :0.01 mag
e Terrestrial planets: 0.0001 mag

Transits from space
Kepler: waiting for results
CoRoT: CoRoT-7b




Active star

=> Effect of the planet
much smaller than the
observed RV variation!!!

Activity indicators

54820
JD-2400000

CoRoT M Dwar'f sur'veys

RV

y"

{ Tran5|t = fractlonal radlus P

(relatl\ze to host star)
> mcllnahon '

_ = planetary fn,ass ;

* 2 sohd planets
- CoRoT-7b : Period ~ 0.85° d

- MEarth-1b: Period ~ 1.50d

-

=> DivVEssity

-

Radius (Earth Units)

™

—
o

(¢}

CoRoT-7b
(Queloz et al. 2009)

Terrestrial Planet|
Models

U
SN

MEarth-1b e

[
- OOE CoRoT-7b

1.0 10.0 100.0 1000.0

Mass (Earth Units)




PLATO ESA mission under study
=> bright stars

.Lig.ht.cu'r'vesfrom space:’
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Plane’rdry mass.’

RV Amplltude 10cm/s for Earth analog s % Riars o

-. RV Amp. ' R-ad_lal\‘/elouty:“photon starving
: ms | LI L T
— L Texp=15’
“ L
1 m/s (HARPS)
_

Telescope diameter [m]
o~ o
o o

[AN]
o

" Observatien strategy: |
.* = minimigze stellar “noise™

epler

\J\llllllllll\llll!}llll

4 6 8 10 12 14
Star magnitude

PLATO field-of-view

2 initial long runs (2-3 years)




PLATO field-of-view

With a 2nd year step and stare

Simulations of confirmed planets yield

<-4.9: 47%
<-5.0: 24%
. Select star in the field

» spectral type, vsini, magV

2. Select the activity level
» log(R’_HK)={[N(B-V)]

3. Select a planet (e.g. from set of Bern models)

R » mass, period (separation)
3 meas./night each night - P :> pOSSible billlling
o Eommisso noc o1 mie loamnk 49 | = corresponding RV precision

=—a ESPRESSO, noise 0.1 m/s, log Rhk = -4.8

4. Detection criteria = f(M,1, RV precision)
= planet is characterized or not

oise [m/s]

Rms stellar n




Kepler/Harps-N vs PLATO/ESPRESSO

RV precision 1mls 10 cm/s

Probability of confirmed planets: photometric detection + RV follow-up
geometric probability star magnitude

Alibert, Benz et al.
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Impact of mass and radius measurements

26 ! T T T T T T T T T T T
[ | 4\ Earth :
2417 Venus
" | @ CoRoT-7b 5
220 : ‘ e -
L[ standarderorbar " =TT

L . current error bar 5 w7 :

-
o
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-y e e e T

radius [RE]
>

el it
— : i
- : T :
- e
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-

—— pure ice sphere
e ocean planet (Ganymede-like) |
—— pure perovskite sphere
***** Earth-like planet
‘| —pure iron sphere =
: : : : : : N Mercury-like planet 4
L e e e e e
0.6 1 2 3 4 5 6 7 8 9 10
mass [ME]

For terrestrial planets accurate radii from transit photometry provide strong
constraints on planet interior!

Wagner et al. 2009, also: Valencia et al. 2007
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