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ARE WE ALONE IN THE UNIVERSE
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What to expect in the coming 10-30 years!

Direct detection & atmospheric
characterization of Earth-like exoplanets

8-10 m
Today telescopes
JWST
0+ 30-40 m A few Earth-like
years telescopes planets
20-30+ Next flagship Dozens of Earth-
years missions 3 .« 7 like planets +
/’5’

search for
biosignatures



WHERE DO WE STAND TODAY




03 Sep 2020

exoplanetarchive.ipac.caltech.edu

Discovery Year

-
O
O
VI
r
O
A
N
.
O
-
O
O
-
O
O
O
>
-t
O
2
D
O

Orbital Brightness

Modulation

Microlensing
Imaging

Trdhéits

. M p
.
y " | o~ ) ~ g
¢ F | r 4
QY ! 4

000 000%¢ 0002 000l
SU0I109)9(] JO JaquinN 2AlD|INWNY




WWW.ES0.0rg






1
)
O
0"
"
O
=
| -
O
Gl
Q
-
=
e
)
N
O
=

0.1

10~ 0.01

Mass — Period Distribution

03 Sep 2020
exoplanetarchive.ipac.caltech.edu

wdl lllll

=lllll|

LI lllllll

| - lllllll

I lllllll' 1 llllllll I llllllll 1 llllllll 1 llllllll I llllllll | llllllll | llllllll B

L1 lllllll

L1l lLllll

Z e
1 ) o o~ o
"% & ) ol

N UJU 11U

OTransits
AMicrolensing
*lmaging

11 lllllll

Ll llllll

«Orbital Bvr"g\h\tness'
Modulation

L1 Lllllll

llll

| llllilil | llllllll | llllllll 1 llllllll | llllllll 1 llllllll 1 llllllll | llllllll 1

]

T

10 100 1000 10* 10° 10° 107 108

Period [days]

Radius [Earth Radii]

Radius — Period Distribution

03 Sep 2020
exoplanetarchive.ipac.caltech.edu

LI llllll

llllllll | llllllll I llllllll I lllllll] I

oRadial Velocity
OTransits
*x|maging

llllllll 1

| llllllll | llllllll | llllllll |

100 1000 10* 167

Period [days]




Sizes not seen in our solar system
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https://courses.lumenlearning.com/astronomy/chapter/exoplanets-everywhere-what-we-are-learning/; image credit: modification of work by NASA/Kepler
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....but 1ts difficult - well, impossible -

to get information about atmospheric
composition for Earth-analogs with these
techniques...

We need to image (small) planets directly



Credit: Jason Wang

2009-08-26
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MAIN CHALLENGES



# of stars Spatial resolution limit of 30-40 m ELT's
within 10 pc for stars at |10 pc distance

’- high spatial g |
resolution: v 7000
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separation Is g - .
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Distance (in Earth to Sun distance units)

A=1pum A=10pum

Image credits: R. Ramirez, Carl Sagan Institute, Cornell
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resolution:
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THE EXTREMELY LARGE TELESCOPES

Image credit: ESO



The direct detection of terrestrial exoplanets from the ground

2nd gen. instrumentﬂ:,.
PCS (~2035)
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The direct detection of terrestrial exoplanets from the ground
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Do these planets exist?
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The direct detection of terrestrial exoplanets from the ground
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Mid-infrared
E-ELT Imager and
Spectrograph

cf. Glauser et al. 2018



The direct detection of terrestrial exoplanets from the ground
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Turbulence
residual

Turbulence
Turbulence ™

Turbulence

residual
0 Science
Camera
Wavefront
T I Sensor 1 sec. - 1000 frames

Problem: Measurements are lagging behind the turbulence evolution

1 sec. - 1000 frames

Correction
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ETH-urich 0 Credit: Markus Bonse



Temporal error in XAO

Residual wavefront
Wavefront At= 0.0s Wavefront At= 0.1s with time lag 6t= 0.01s Flat wavefront

Stellar PSF with AO
Stellar PSF no AO 6t=0.0s Stellar PSF no AO 6t=0.1s time lag 6t= 0.01s Perfect stellar PSF

L +E+§+
ETH-urich 0 Credit: Markus Bonse



Convolutional Long Short Term

Open-loop prediction task:

Memory Networks

Combine CNNs with Long Short Term Memory Networks

Pr—2 Pk—1 Dk Pk+1 P42

Goal: Find a model fy(...) which predicts the future ¢kA—|—d

s B

f@ (¢k, ¢k—17 ¢k—27 ) _ ¢k—|—d :?ggezr?/e;gzaazt ESO AO-testbench

Implement at Subaru Telescope
in 2023
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Credit: Markus Bonse
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NEXT FLAGSHIP MISSIONS



Space mission to the rescue
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National Aeronautics and Space Administration
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Habitable Exoplanet Observatory

Image credit: NASA/NOAA; NASA/NOAA GOES Project; NASA; LIFE initiative

Exploring New Worlds,
Understanding Our Universe




Direct detection and characterization in reflected light

Star-shade to suppress stellar light

Image credit: LUVOIR / HabEx definition team; NASA




Direct detection and characterization in reflected light

Habitable
§ planet 3 Rocky Super- Sub-  Neptune- Jupiter-
¥ planets Earths  Neptunes  sized sized

Number of Detected Planets

# of Detected Planets

P1'315" 19% 123 1% 3% 221 4%

Image credit: LUVOIR / HabEx definition team
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Large Interferometer For Exoplanets

Direct detection and characterization in thermal emission
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http://www.life-space-mission.com

Nulling interferometry in a nutshell

 (Combine high angular resolution and starlight rejection

 First proposed 1n 1978 to detect non-solar planets (Bracewell 1978)

B

Telescopes
Telescopes

lransmission ‘ | | |
- Sortie constructive
Constructive output

salis
g'e

Sortie destructive
Destructive output

f——
Y
f. 1L u T
v' !
- -
! ]
| )

Image courtesy O. Absil I G iV SILA(E



Nulling interferometry in a nutshell

Transmission map for 2 and 4 telescopes
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Current activities and plans: NICE

 Nulling Interferometric Cryogenic Experiment for LIFE
« ETH’s cryogenic testbench

 Goals of the testbench:

o Enhance technology readiness level of broadband nulling
interferometry for LIFE and ground based nullers

o Demonstrate broadband nulling beyond 10% bandwidth @10pum

Planet Detection Testbed at JPL

Credit: Denis Defrere



Direct detection and characterization in thermal emission

~270 ~225 ~45

N T

Quanz et al. in prep.; cf. Kammerer & Quanz 2018; Quanz et al 2018
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Direct detection and characterization in thermal emission
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Archean Earth (high-res)

* (Better) access to radius
— Archean Earth (R=100)
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— Proterozoic Earth (R=100)

* Access to O3, CO; H,0,
CO, N0, PH3, CH4, (N2)2
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Modern Earth (high-res)
— Modern Earth (R=100)
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Based on models from Rugheimer & Kaltenegger 2018, Rugheimer et al. 2015; Planet images from LUVOIR Final Study Report (2019)




Take away messages

We have detected thousands of exoplanets via indirect techniques; rocky /
terrestrial exoplanets are common

A direct imaging approach is needed to investigate the atmospheres of these
objects

The primary challenges are the large contrast difference between
star+planet and the spatial resolution to separate the two signals

Planets can be imaged in reflected light or via their intrinsic thermal
emission; each regime offers specific diagnostic power

A few nearby rocky exoplanets can be imaged from the ground with the
ELTs; in-depth atmospheric characterization of dozens of Earth-like
exoplanets requires optimized space missions

Image credit:NASA Ames/|PL-Caltech/T. Pyle .



