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Exoplanets: in search of Earth 2.0
Dr Jayne Birkby

Assistant Professor, Anton Pannekoek Institute for

Astronomy



“The Earth is a very small stage In a vast cosmic arena.”
- Carl Sagan 1994
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Exoplanet: Extra-solar planet

A planet outside our Solar system orbltlng
- another star -




Are we alone?
The Drake Equation (1961)
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Drake equation

N — R* ' fp " Ie ° fl ' fi ' fc ' L

N — The number of civilizations in The Milky Way Galaxy whose
electromagnetic emissions are detectable.

R*— The rate of formation of stars suitable for the development of intelligent life.

f, — The traction of those stars with planetary systems.

n. — The number of planets, per solar system, with an environment suitable for lite.

f|] — 'The fraction of suitable planets on which life actually appears.
t; — 'The fraction of lite bearing planets on which intelligent life emerges.
f. — 'The fraction of civilizations that develop a technology that releases

detectable signs of their existence into space.

[. — The length of time such civilizations release detectable signals into space.
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N — The number of civilizations in The Milky Way Galaxy whose

electromagnetic emissions are detectable.
R* — The rate of formation of stars suitable for the development of intelligent life.
fp — 'The traction of those stars with planetary systems.

n. — The number of planets, per solar system, with an environment suitable for lite.

f|] — 'The traction of suitable planets on which lite actually appears.
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V1 [How 65 we find sxopianeis?]

N — The number of civilizations in The Milky Way Galaxy whose

electromagnetic emissions are detectable.
R* — The rate of formation of stars suitable for the development of intelligent life.
fp — 'The traction of those stars with planetary systems.

n. — The number of planets, per solar system, with an environment suitable for lite.

f|] — 'The fraction of suitable planets on which life actually appears.
t; — 'The fraction of life bearing planets on which intelligent lite emerges.
f. — 'The fraction of civilizations that develop a technology that releases

detectable signs of their existence into space.

[. — The length of time such civilizations release detectable signals into space.
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Planets clear gaps In protoplanetary disks

TW Hydra observed HD 135344 B observed
with Al MA with SPHERE at the VLT

(taken by Tom Stolker @ API/UvVA!)



Exoplanets are faint compared to their host stars
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Use a coronograph to block the light from the star
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Use a coronograph to block the light from the star

Four gas giant planets orbiting HR 8799
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Use a coronograph to block the light from the star

Four gas giant planets orbiting HR 8799
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Doppler Effect




Doppler Effect

Emitter motion

Movement changes
the frequency of the | |
waves emitted from

the source

’ - ",

" - . Y - ™ 3 B - - L I 24 " - - . = . T .
.‘....~7 . — P— 4 .‘.. el 4] - .. . \. ' | .;'. B > 3 .‘ b : .'V -;. - L el . - ' e Yt » a 185 * ¥, ) N - N - _ - v
- \ e e - , rE o o . ‘Y . e 1 ‘ 3 ¥ W - e A o ’
' " ! ' - ! ' 2 . v i .g “, VTN 1 f
’:L' i ok A
‘ L

SR E
Rﬁﬁ

1?.,.--*. -




4 \5 X
"~
)
.
-
\
’

. y.
L&

&kv o.

- )

v

e
 »

o
-
AW g
Ao
N
f:..' .
-

~

> ‘v “\"..".
\

~\.\v

~ v Y

e

- ot d

. .I -~ .
. ‘}.v\

™ ) :
- SN TR
4'< N

FICRR

G XE R
p: ..’P b _' "' y .‘4 .
~f e ’ . ) N
(M N s )

¢ ’ B - -
Ty "."F'.": ’

Doppler Effect [

- » - s - . - "..-, - N . - - - - ‘ . i - ™ ,
> i o tg s £33 - ‘\ g - L ."’p 175 0% » o ? ! ’ * _‘}\
. . ;
» E

.- - .
-

Lower frequency

Movement changes
the frequency of the
waves emitted from

the source
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For light, change in wavelength,
A, 1s proportional to change In
velocity, v Rofshin

Light

c = speed of light =3x108 m/s
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A spectrum is one of astronomy’s most powerful tools
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Radial velocity (RV) method:
Gravitational pull of planet makes star wobble
- measures the mass of the planet
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Radial velocity (RV) method:
Gravitational pull of planet makes star wobble
- measures the mass of the planet




Earth-Sun: 10 cm/s
Jupiter-Sun: 10 m/s
51 Peg b-51 Peg 60 m/s
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The announcement was made
in Florence on Oct. 6 1995
at the Ninth "Cambridge”
Workshop on "Cool Stars,
Stellar Systems, and the
sun”. - IAUC 6251




Radial Velocity (m/s)

A Jupiter-mass companion to a solar-type star
Michel Mayor & Didier Queloz

Geneva Observatory, 51 Chemin des Maillettes, CH-1290 Sauverny, Switzerland

The presence of a Jupiter-mass companion to the star 51 Pegasi is inferred from observations
of periodic variations in the star’s radial velocity. The companion lies only about eight million
kilometres from the star, which would be well inside the orbit of Mercury in our Solar System.
This object might be a gas-giant planet that has migrated to this location through orbital
evolution, or from the radiative stripping of a brown dwarf.
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A Jupiter-mass companion to a solar-type star
Michel Mayor & Didier Queloz

Geneva Observatory, 51 Chemin des Maillettes, CH-1290 Sauverny, Switzerland

The presence of a Jupiter-mass companion to the star 51 Pegasi is inferred from observations
of periodic variations in the star’s radial velocity. The companion lies only about eight million
kilometres from the star, which would be well inside the orbit of Mercury in our Solar System.
This object might be a gas-giant planet that has migrated to this location through orbital
evolution, or from the radiative stripping of a brown dwarf.
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A Jupiter-mass companion to a solar-type star
Michel Mayor & Didier Queloz

Geneva Observatory, 51 Chemin des Maillettes, CH-1290 Sauverny, Switzerland

The presence of a Jupiter-mass companion to the star 51 Pegasi is inferred from observations
of periodic variations in the star’s radial velocity. The companion lies only about eight million
kilometres from the star, which would be well inside the orbit of Mercury in our Solar System.
This object might be a gas-giant planet that has migrated to this location through orbital
evolution, or from the radiative stripping of a brown dwarf.

Earth-Sun: 10 ecm/s

' e e o0
— 51 Peg b-51 Peg 60 m/s , ) "o
E at the Ninth "Cambridge
Workshop on "Cool Stars,

50 Stellar Systems, and the
> Sun”. - IAUC 6251
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0 0.5 i Awarded the Nobel prize in Physics on 8 October 2019 “for
.1-i|'|€3 the discovery of an exoplanet orbiting a solar-type star”.



Transit of Venus from
Hinode satellite in 2012




Transit method:
Planet passes In front of star and blocks light
- measures the radius of the planet
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The most common exoplanets have no analogue
In our Solar System

Mars Venus ' Uranus Saturn
0.12 | Earth Neptune Jupiter
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Planet Size [Earth radii] Fulton et al. 2017

*Mercury orbital period = 88 days









Hot Cold
Jupiter Gas Giants

Ocean Worlds
& Ice Gaints

World

Rocky Planets




|
\




Drake equation T
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N — The number of civilizations in The Milky Way Galaxy whose

electromagnetic emissions are detectable.
R* — The rate of formation of stars suitable for the development of intelligent life.
fp — 'The traction of those stars with planetary systems.

n. — The number of planets, per solar system, with an environment suitable for lite.

f|] — 'The traction of suitable planets on which lite actually appears.
t; — 'The traction of life bearing planets on which intelligent life emerges.
f. — 'The traction of civilizations that develop a technology that releases

detectable signs of their existence into space.

[. — The length of time such civilizations release detectable signals into space.



Drake equation T

N — R* ' fp " Ie ° fl ' fi ' fc ' L
v 4

Occurrence rates for exoplanets:

1% with hot-Jupiters

5% with gas giants

50% of stars have super-Earths/mini-Neptunes
10% with Earths within 1AU

At least 30% of planets are in multiple systems
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N — The number of civilizations in The Milky Way Galaxy whose

electromagnetic emissions are detectable.
R* — The rate of formation of stars suitable for the development of intelligent life.
fp — 'The traction of those stars with planetary systems.

n. — The number of planets, per solar system, with an environment suitable for lite.

f|] — 'The traction of suitable planets on which lite actually appears.
t; — 'The traction of life bearing planets on which intelligent life emerges.
f. — 'The traction of civilizations that develop a technology that releases

detectable signs of their existence into space.

[. — The length of time such civilizations release detectable signals into space.
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How do we study

exoplanet atmospheres?
N — The number of civilizations in The Milky Way Galaxy whose

electromagnetic emissions are detectable.
R* — The rate of formation of stars suitable for the development of intelligent life.
fp — 'The traction of those stars with planetary systems.

n. — The number of planets, per solar system, with an environment suitable for lite.

f|] — 'The fraction of suitable planets on which life actually appears.
t; — 'The fraction of life bearing planets on which intelligent lite emerges.
f. — 'The fraction of civilizations that develop a technology that releases

detectable signs of their existence into space.

[. — The length of time such civilizations release detectable signals into space.









Transmission spectroscopy:
Planet filters starlight leaving spectral imprint .

Atmosphere K




Transmission spectroscopy:
Planet filters starlight leaving spectral imprint
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Larger
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Transmission spectrum of a hot Jupiter
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Scattering Model

from Hubble Space Telescope
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The first heat map of a hot Jupiter showed
an offset hot spot suggesting winds
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The first heat map of a hot Jupiter showed
an offset hot spot suggesting winds
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ldentify biosignatures

Transmission: 0.6 - 2.5um
Reflectivity: 0.4 - 1.8um



ldentify biosignatures

~ Low noniconxnblo “THl Oceanloss - . Habitable e RUILNIELT SN Desiccated CO,-rich planet
Any Stellar Host' ’ M Dwarf M Dwart M Dwarf

Transmission: 0.6 - 2.5um Transmission: 0.6 - 4. 5um Transmission: 0.6 - 1.3um Transmission: 0.6 -2.5im  Transmission: 0.6 - 2.5um
Reflectivity: 0.4 - 1.8um Reflectivity: 0.4 - 4.5um Reflectivity: 0.4 - 1.0um Reflectivity: 0.4 - 2.5um Reflectivity: 0.4 - 2.5um




Use Doppler shift of exoplanet to disentangle its spectrum
from its host star and Earth’s atmosphere
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Use Doppler shift of exoplanet to disentangle its spectrum
from its host star and Earth’s atmosphere
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Use Doppler shift of exoplanet to disentangle its spectrum
from its host star and Earth’s atmosphere
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Use template matching (fingerprinting) to find molecules
In spectrum (water, carbon monoxide, oxygen)
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N — The number of civilizations in The Milky Way Galaxy whose

electromagnetic emissions are detectable.
R* — The rate of formation of stars suitable for the development of intelligent life.
fp — 'The traction of those stars with planetary systems.

n. — The number of planets, per solar system, with an environment suitable for lite.

f|] — 'The traction of suitable planets on which lite actually appears.
t; — 'The traction of life bearing planets on which intelligent life emerges.
f. — 'The traction of civilizations that develop a technology that releases

detectable signs of their existence into space.

[. — The length of time such civilizations release detectable signals into space.
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N — The number of civilizations in The Milky Way Galaxy whose

iIme

electromagnetic emissions are detectable.

R* — The rate of formation of stars suitable for the development of intelligent life.
fp — 'The traction of those stars with planetary systems.

n. — The number of planets, per solar system, with an environment suitable for lite.

f|] — 'The traction of suitable planets on which lite actually appears.
t; — 'The traction of life bearing planets on which intelligent life emerges.
f. — 'The traction of civilizations that develop a technology that releases

detectable signs of their existence into space.

[. — The length of time such civilizations release detectable signals into space.



TRAPPIST-1: seven Earth-size planets!




TRAPPIST-1 planets are all Earth-sized and
three could have liquid water on their surface
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Proxima b: a rocky planet orbiting in the
habitable zone of the nearest star to the Sun

8

P=11.186 days A UVES
=0 0485 AU O HARPS pre-2016
6 & HARPS PRD

O = 37 mas

AN
—D_

.
-----
-----
---------------
-------
--------
00000000

av
- -

IIIIIIII
.............

............
...........
C, AT A LSS LTI Ll VN 7N I oS TSI | A0S
...................
----------------------- - AR R ra ey
---------------------

Radial velocity (m s™)

-
.
-----
nnnnnn
-------
--------
-------------
------------
-------

......
LR R B
RN

Anglada-Escude et al. 2016



Proxima b: a rocky planet orbiting in the
habitable zone of the nearest star to the Sun
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Magnetosphere: Earth magnetic field
protects us from harmful solar flares




Magnetosphere: Earth magnetic field
protects us from harmful solar flares
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Aurorae are caused by flares from
the Sun interacting with our
maghnetic field




Detecting oxygen and other biosignatures In
Proxima b with next generation telescopes
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s there life closer to home?
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Drake equation T

iIme

N — R* ) fp " Ie ° fl ) fi ) fc J L
vV v ¥

N — The number of civilizations in The Milky Way Galaxy whose

electromagnetic emissions are detectable.
R* — The rate of formation of stars suitable for the development of intelligent life.
fp — 'The traction of those stars with planetary systems.

n. — The number of planets, per solar system, with an environment suitable for lite.

f|] — 'The traction of suitable planets on which lite actually appears.
t; — 'The traction of life bearing planets on which intelligent life emerges.
f. — 'The traction of civilizations that develop a technology that releases

detectable signs of their existence into space.

[. — The length of time such civilizations release detectable signals into space.
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T This can be determined
within our lifetimes

N — The number of civilizations in The Milky Way Galaxy whose

electromagnetic emissions are detectable.
R* — The rate of formation of stars suitable for the development of intelligent life.
fp — 'The traction of those stars with planetary systems.

n. — The number of planets, per solar system, with an environment suitable for life.

f|] — 'The traction of suitable planets on which lite actually appears.
f; — 'The traction of life bearing planets on which intelligent lite emerges.
f. — 'The traction of civilizations that develop a technology that releases

detectable signs of their existence into space.

[. — The length of time such civilizations release detectable signals into space.






"Look again at that dot. That's here.
That's home. That's us. On it everyone
you love, everyone you know,
everyone you ever heard of, every
human being who ever was, lived out
their lives...the history of our species
lived there, on a mote of dust
suspended in a sunbeam.

The Earth is the only world known so
far to harbor life. There iIs nowhere
else, at least in the near future, to
which our species could migrate. Visit,
ves. Settle, not yet. Like it or not, for
the moment the Earth iIs where we

make our stand.

It has been said that astronomy is a
humbling and character-building
experience. There is perhaps no better
demonstration of the folly of human
conceits than this distant image of our

t tiny world. To me, it underscores our
responsibility to deal more Kindly with

one another, and to preserve and

cherish the pale blue dot,

the only home we've ever known.”

- Carl Sagan 1994



