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What is an Exoplanet?

Planets are plane.ts only in the solar system orbiting around the sun.
Planets'that orbit around other stars are called exoplanets.
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Exoplanets: Direct Imaging (Rare!)

2009-07-31

20 au

Direct imaging

i

HR 8799 system
Marois et al. (2008)

The system is 30 Ma old, 133 ly away from Earth, and the
star has 1.5 (or 4.9) times the Sun's mass (or luminosity).

e

1AU = Sun-Earth Distance= 149.597.870.700 m = 1.5813x10 light years = 4.8481x107° parsec



Transit photometry
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: 2 . Studying terrestrial
A targeted search for First step, planets in orbits up Performing a chemical

Pioneering stellar terrestrial and larger characterisation to the habitable zone census of a large and
seismology and planets in or near the of known Earth- of Sun-like stars, diverse sample of

habitable zone of a First all-sky transit ‘to-Neptune size and characterising exoplanets by analysing

exoplanet hunting :
nissi ariety of stars survey satellite exoplanets . these stars their atmospheres
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b d < ~ ~ missions
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1995 5018 Exoplanet-sensitive
) missions
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Revealing exoplanets
through its all-sky survey
composition of Studying exoplanet of the position, brightness of exoplanet atmospheres sample of Milky Way

exoplanet signatures in and motion of over one through transit studies exoplanets, and pio J

Probing the Detailed characterisation Surveying a tomp ete

direct imaging of athe

atmospheres infrared light billion stars and direct imaging Uiorde






Exoplanets: Near and as far we can ‘see’ — A methodical bias

L T3 G
:,&}r'}?o.h\

—
(S}
o

—
—
©

+—
[%]
+—
[%]
o
<
©
e}
+—
Q
O
c
©
+—
L
()

——————r—— T~ T~y T—

Mass |:Mearth ]

1 parsecs = 3.26 light-years = 206 165.9 AU

. w . " ' o s 1] / k!
’fﬁgé“ CtRadlarVel(')c.&ty 3]

R o

Distance to a host star (pc)

‘I"

« Astrometry

Radius [Rqyrh |




Microlensing

Pulsation Timing Varlations
imaging

Transit

Disk Kinematics

Pulsar Timing

Transit Timing Variations
Orbital Brightness Modulation

Astrometry

Proxima Centauri (V! cwarf : 3042 (£ 117) °K)

”,ffﬂ 315° is about 4.224 light-years (1.295 parsecs) from Earth.
5000
4q0p

e Proxima Centauri B is 1.29 ( 0.13) *M_,
ANt e Its orbit is 0.04848AU (period of 11.2 days)
) within the host star’s habitable zone.




Orbital Period (days)

EXOp|a netS are ma ny (7360 known as of December 7, 2024 : exoplanet.eu) bUt hOW ma ny?

Last Update: Feb. 25, 2026 currently 8015 planets

Exoplanets with known radius: 4581

using radial velocity measurements

Planetary Mass (M, ) Planetary Radius (R_,)

lels 03 13so|)

using transit photometry



Statistics and Comparative Planetology

More planets around other stars raises the possibility of life elsewhere

Mostly larger
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using radial velocity measurements using transit photometry




Planetary Radius (R, )

Mass — radius relation in the galaxy?

Exoplanets with known mass and radius : 1999

Jupiter

Uranus Neptung
.

le+l 2e+1 le+2 2e+2

Planetary Mass (M, .,
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Mass — radius relation in the galaxy? An Astronomer’s View

Uranus Neptung
.
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Planetary Radius (R, )

Earth-Like Exoplanets—R=1?

Exoplanets with known mass and radius : 1999

Jupiter

Uranus Neptung
.

R

1
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Planetary Radius (R, )

Earth-Like Exoplanets — Can it be a one-parameter view?

Jupiter

Uranus Neptung
.

Neptune or
Earth-like?
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Planetary Radius (R, )

Earth-Like Exoplanets — Interior structure?

Uranus

Jupiter

Planets do not grow linearly
because of self-compression

Neptung
.

Similar type exoplanets only
along the compositional lines
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Planetary Radius (R, )

Earth-Like Exoplanets: What to look for?

Jupiter

Uranus Neptung
.

AEACI ....._.";

Rocky structure and Earth-like

mean density imposes an upper
limit for radius R <2.0 R_,,, and
masses M =1-10 M

in the

earth
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The Habitable Zone — The Astronomical definition of habitability

Time
A
Sun’s
ie strength Beginning of the End
Presence of liquid surface water Runaway evaporation of the oceans
) : 6.5Ga |- @ ---------------------------------------------- - FUTURE
for a given distance to the star,
stellar luminosity and
planet’s atmosphere composition, ... 4.66Ga — )— TODAY
How does the star-planet interplay
change these conditions through time?
Ir-]logy tcl)OIrec%gms?e an exoplanet in its L e e B
dblish s Sun Mercury Venus Earth Mars
0 0.1 1
l | | )

Orbit radius relative Earth (log scale)
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The Habitable Zone: A complex star-planet setting

—— Recent Venus
Runway Greenhouse
Max Greenhouse
— Early Mars

Solar System

Trappist System «

10*

Flux F [W m~?]
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Studying terrestria
planets in orbits up
to the habitable zone
of Sun-like stars,
and characterising
these stars

A targeted search for First step,
Pioneering stellar terrestrial and larger characterisation

seismology and planets in or near the . . of known Earth-
exoplanet hunting habitable zone of a First all-sky transit ‘to-Neptune size
mission wide variety of stars survey satellite " exoplanets

Performing a chemical
census of a large and
diverse sample of
exoplanets by analysing
their atmospheres

Dedicated exoplanet
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1995 5006 2009 5018 Exopl;r}:ts‘izir;smve

Revealing exoplanets
. through its all-sky survey
composition of Studying exoplanet of the position, brightness of exoplanet atmospheres sample of Milky
exoplanet signatures in and motion of over one through transit studies exoplanets, and pi

Probing the Detailed characterisation Surveying a iomp !te»

direct imaging of o

atmospheres infrared light billion stars and direct imaging SioHlde



The PLATO (PLAnetary Transits and Oscillations of stars) Mission

is @ mission to detect and characterize numerous extrasolar transiting planets
including and to
investigate seismic activity in stars, enabling the precise characterisation of the planets’
, including its

Observation Strategy: The nominal 4-year mission involves
observing two distinct sky fields for two years each to detect
planets with orbital periods up to one year

Instrumentation: 24 normal cameras for sky monitoring
and 2 fast cameras for bright star observation.

Stellar Focus: Primarily targets F5-K7 spectral type dwarf
and subgiant stars with magnitude m, > 11-13

Image credit: ESA/ATG medialab

Methods: Combines (to find planets) with
(to analyze stellar oscillations and determine accurate stellar parameters/ages).
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The PLATO mission timeline

2011:

5 P
24 Normal Cameras * =t

i g P/L Thermal Shield
2 Fast Cameras ~ % &’
i

by l’fl
S
o

: mission selection M3

2014: My involvement started

CFRP Optical Bench - - mission adoptlon
Assembly (OBA) = N : . ' Sun Shield

: contract with OHB signed
2018: Norwegian hardware contribution signed
: first CCD delivered
: Critical Milestone success
: EM tests at SRON and IAS
: first FMs integrated in S/C

8

)

{entral Module panel
structure and Propulsion

Payload Electronics \\
L

: Spacecraft at ESTEC

Avionics and electronics
panel

: launch Ariane 6

Solar Array

: start nominal operations

: first calibrated data




The PLATO Telescope

PLATO status update CW08-26:
... Plato was successfully installed
in the TVAC chamber (LSS), before
that the SC and cameras were
once again inspected for
cleanliness. ...

Sub-group lines-of-sight
with respect to Z axis



The PLATO Telescope

Camera named

after Christopher Hansteen
(1784-1873) Norwegian
Astronomer and Geophysicist

Sub-group lines-of-sight
with respect to Z axis
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Diversity of Exoplanetary Systems

Kepler-90

| Solar System
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Diversity of Exoplanetary Systems

Kepler-90

| Solar System

None like the Solar System!

10*

How to truly overcome

Is it easier to form ?
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Mass in Mg

s it easier to form
than the extended solar system?

Can we derive properly ?

Is the strategy “ ” a good guide?
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5. Icy planet formation
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Building Earth-like Exoplanets

Assumption: Planet formation via accretion
Method: High-resolution N-body simulations of late planet formation

K080, 0.00 kyr
: 20
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Hatalova et al. 2023



Simulations of terrestrial planet formation around K-dwarf stars

K-dwarf planets ( > 10Mg31)

K-dwarf planets (10 = Mg1i)
Results:

simulated planets

* 1 Mean Reproduction of the observed
o 2 Mgapn 5 5 5 0
Sy planet mass distribution using
adopted solar system conditions

Next Step(s):

Radius <@ Composition modelling:
Assigning composition to the
traced planetesimals using an
equilibrium condensation model
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Assess whether they are really
Earth-like exoplanets

distance from the host star [AU]
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Hatalova et al. 2023



=14 Gas—dust disk formation

2. Dust sedimentation

Rocky Gaseous oy

5. Icy planet formation
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4. Solid and gaseous planet formation_

6 The Solar System
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Condensation sequence is key to the solid planet ingredients

Element abundance of carbonaceous chondrites match the solar photosphere

PV WY T T WP S T T i S

Solar abundance logp (total pressure, bar)

of the elements

Solar Compositio
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Simplified version of condensation of rocky material
in astrophysical environments; e.g., Ebel (2006)
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Elemental abundance distribution in the Milky Way

Thick disc ;

/ \
5
\_ Thin disc |

Bulge & Bar

lanes Gatactc plane

APOGEE DR17 and Gaia

-classical thick disk,

-classical thin disk, and Stellar halo
C-additional low-a component.
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Each planetary system has its own condensation sequence

Kepler-62 System

-« . D ) Habitabl
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Temperature [K]

B T = S E Ni L1 Mg B Cr E C
3 Si 10 [ Na Hl Fe B Ca H Al

Kepler 62

K2V : 4925 K, metal poor; Age ~7 Ga; 5 planets

B 9 Me 0.055 AU 1.31Re; C4 Me 0.093 AU 0.54 Re ; D 14 Me 0.120 AU 1.95 Re /v,wv‘ﬁ.
E 36 Me 0.427 AU 1.670 Re ; F 35 Me 0.718 AU M| 1“{\‘?




Compositions of rocky exoplanets

|'- MgO ©EEE SiO, [ Ca0O 1 A0 EEE NaO [ NiO B FeO

6.0M, 8.6Mg 3.9M, 2.4Mg 1.6Mg

A

92M, 5.4M, 3.3M,

.

7.3 Mg 5.8M, 1.3M,

;

2.5M, 0.7 M,

0.9M,

24M

9
0.20
semi-major axis [AU]

BN (Fe+Ni+S) core |

metal-rich star
later formation time

metal-rich star
earlier formation time

metal-poor star
later formation time

metal-poor star
earlier formation time

' “Mpw



Mass-Radius Diagram
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2597

—— 100%Fe
50%Fe
30%Fe
25%Fe
20%Fe

— rock

25%H20

50%H20

— 100%H20

mass [Megartn]

Majority of planets are compositionally
like more or less massive versions
(black) of Earth or Venus (red)

Ca- and Al-rich innermost planets
(green) almost reach the rock (core-

less planets) and 50%Fe curves

However, we do not capture those
with low average density
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Why are there so few rocky exoplanets?
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@ VANDAM Survey
Source Locations




DG Tau V1012 Ori V351 Ori T Tau HD 97048

HP Tau MWC 758 WW Cha SZ Cha GM Aur

Unveiling diverse environments in star-forming regions, these observations shed light on
how planets are born across the galaxy. (ESO) Observed by the ALMA telescope




Diversity of protoplanetary disks and relation to exoplanetary systems
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Mismatch in dimensions
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Observed smaller protoplanetary disks
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How do these planets get their substantial atmospheres to begin with?

Planet formation by gravitational instability and collapse ?
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Exoplanet — Atmospheres are not easily blown away...

Atmosphere loss is related to:

- the star-planet distance,

* temperature of the star,

* magnetic activity of the star,

* mass of the planet, and the

e planet’s atmospheric
molecular weight, and

* time.
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The density of a planet would indicate
whether a planet kept its volatiles.
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Ability to hold hydrogen (V,ms/Vesc)

Cold Hy/He
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But: More complicated and a matter of
chemistry
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The Gdlaetic Recipe for Exo-Planets.

~ Objective 1: Derive exoplanet population and exoplanetary

~ system structures, ihcluding the PLATO LOPS2 field results,

'_,'thereby covering the galactic steIIar composition varlety and
range of system ages.

Objective 2: Develop a self-consistent, dynamical N-body
S|mulat|on suite of exoplanet formation also in muIt| -planet
systems. ' -

~ Objective 3 Consider the evolutlon of the protoplanetary

.disk during planetesimal and pebble formatian, respectively,

f .. including (volatiles) elemental abundances for estimating
. exoplanet compositions. |

e Objective 4: Predict and reproduce the architecture of

~ exoplanetary systems and exoplanet composition, structure,
and density as defined by stellar heritage, and to validate

; - the updated planet formation model suite against PLATO :
~ observations.




e o) 8
’ - 2 : x '

The Galactic Recipe for Exo-Planets - = .
'Welknow many exopl‘anet sys.tems, : 3 . . ' :

none is similar to the solar system,, R e - . :
and we have not.found life elsewhere!

Do we need to @:I;are Eairth.«uniqde»?

Are the initial conditions to form the solar system unique? . 2 i .
Is life on Earth and are our habitability criteria.unique?* - - ‘ e o
Stay tuned ! e ‘e @ ~ S ~.' *
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