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Transit photometry

Advantage Disadvantage
* measure size ratio (Rp/Hs) = rare transits
* measure inclination (i) « short duration
* absorption spectrum = false positive

* secondary transit
* big survey



Radial velocity

Advantage Disadvantage

» first method works * true mass unknown
« for any stars (especially nearby stars) = stellar activity

* measure minimum mass (msin/) * long exposure

measure eccentricity (e)



Microlensing

Advantage Disadvantage
« distant low-mass planets * uUnigue events
= sensitive to planets with a=1-10 AU = rare events

= measure planetary mass = orpital elements unknown



Direct imaging

Advantage Disadvantage
* atmospheric patterns » high brightness contrast
* Qceans = only sensitive to Jupiters

* landmasses



Astrometry

Advantage Disadvantage

* Forany stars « Require high-precision optics

* sensitive to planets on wide orbits = Extremely difficult for Earth
detections



Comparison of different
methods
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Comparison of different
methods

Mass — Period Distribution
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Radial Velocity (m/s)

Combined method

Transit

55 Cancri e 55 Cancri b
¥ {stellar radhus)
S s 2 4 0 1 2 3
150 tar - | o [
30 120 ol | '
g g
0 E ”? 2l
b !
-50 ‘I-ﬂ;'-‘ _J
: 1
-100 08 -1|
~150 08 . . :
02 00 02 04 08 OB 10 12 “ 2 0 2 A 8
Phase Tima from inferdor conjunction {h)

(Winn et al. 2011, APJL; Fischer et al. 2008, Ap.J; Ehrenreich et al. 2012, A&A)



Outline

Methods of detecting exoplanets

- How to model radial velocity variation

How to select models
How 1o detect signals
Reach the detection limit for Earth analogs

Interstellar travel in a network of habitable worlds



How 1S RV measured?

Spectrograph
Star - Spectrum
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Stellar activity mimic planet

RV 1@ B

(Mortier 2015)

(animation courtesy Svetlana Berdyugina)



How to model time-correlated
noise?

Dy (t:) = ij(r)+ar +b+ZqI;
_ =y _ White noise model

Keplerian Linear Correlation with
function trend activity indices

q
D(t) = Dp(t:) +p k(i tipe,_, RV
j=1
Moving average (MA) L/m

| ]
L(@)= P(D|§.M,,)= Nip| exp {—Eiﬁ — U Jo{v — ﬁb}] Time

Gaussian process (GP)



How to model wavelength-
dependent NnoIse
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Only wavelength—depenzm noise, no Keplerian signhals



Remove wavelength-dependent
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Goldilocks n0|se model
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Goldilocks noise model

160 HARPS RVs of GJ628
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Power

White noise periodogram

160 HARPS RVs of GJ628
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FPower

White noise periodogram

& *® Generalized LS (or GLS)

| -‘-'-i" - e
1 10 100 1000

Zechmelster et al. 2009, A&A
Period [day] { | )



log(ML/ML 1ax)

White noise periodogram
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Consistency test
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The Agatha web app is available at

hittps:/phillippro.shiny apps.io/Agatha/
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Four Earth-sized planets
around Tau Cet
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Breakthrough starshot

» centimeter-sized StarChip

« L aser-pushed lightsail

« 20% of the speed of light

« maybe thousands of StarChips
« 20 years to get alpha Centauri

(credit: Breakthrough Initiatives)



Explore optimal routes for
interstellar travel




Explore optimal routes for
interstellar travel
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Habitable world network

e6D initial conditions
e(Galaxy model
e|ntegrate orbits
e|dentify neighbors
eOptimal routes
eMinimum travel time
eermi paradox

(Feng etal. 2017, submitted)



Take-nome message

* A combined method Is essential for Earth-analog
detections and characterization.

« Agatha Is an efficient tool to disentangle weak

signals from correlated noise for RV and other time
series data.

 Exploration of optimal routes in a network of
habitable worlds is important for interstellar travel.



