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In general... 9

T and dynamical properties
*The standard model (revised)

*> From disks to planets

* Planetary migration
*> Resonances

* Planets in binaries






History of the ‘extrasolar planet’ concept

300 bc: Democrito, Epicuro and the atomist cosmology: atomists
derive the infinity of space from the infinite number of atoms: a
limited number of worlds cannot contain an inifinite number of atoms.
For world they mean the set of stars, Earth and all visible things. All
the matter in the Universe cannot have given origin to a single
system.

Middle ages: 1270 Tommaso D’Aquino and the denial: the power of
God can produce more worlds, but they would be useless because
similar to ours.

1400-1500: Copernican theories and Galileo observations force to
abandon the geocentric theories of Aristotele and embrace the

existance of outer planets in the solar system.



Development of ‘astrotheology’

1440 : cardinal and theologist Cusano in his most relevant book “De docta
ignorantia” admitted the possibility that God made other worlds populated by
rational beings created in His own image and heirs of Christ promises.

Guillame de Vaurouillon (Paris, 1400), Franciscan: are the existance of multiple
populated worlds and the redemption brought by Chirst compatible? Yes because
only humans made the original sin, not the estraterrestrial who then do not need
Christ.

1600 Giordano Bruno: dominican philosofer and friar supported the idea of an
inifinite universe populated by and inifinite number of stars each with its own
planetary system where intelligent beings grow and thrive. These intelligent
beings would also be better than humans...

Vincenzo da Sant’Eraclio (1760) Capuchin friar in his book “Esame teologico-
fisico del sistema di chi sostiene abitati da ragionevoli creature i pianeti” deny
the existance of other inhabited worlds because contrary to the religion.



Thomas Paine (1800) (philosopher USA) If the Christian salvation is
possible only through the divine incarnation, then in all extrasolar
worlds God should have died and resurrected.
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1920: The first science fiction magazines are born like | 2o SHOT

“Amazing stories” and then “Astounding” with tales of Ny b
writers like Asimov, Clarke, Heinlein, Bradbudry, Pohl, :
Hubbard....

1929 Buck Rogers, 1934 Flash Gordon....

1950: the general optimism about the presence of intelligent life in the
Universe collides with the Fermi paradox: If there are so many evolved
civilizations, where are the extraterrestrials? Why we do note receive
radio signals, space ships or have other proofs of their existance?
Counterarguments: timespan of a civilization, distances and the speed
of light.




1950: Peter Van de Kamp and the Barnard star. Two Jovian planets
orbiting the star. Discovery not confirmed by subsequent
observations, it was a problem of oscillation of the poiting system
of the telescope. 68 years later, an Earth-like planet has been
really discovered around Barnard star (Ribas et al. 2018).

1991: lyne and the pulsar PSR 1829-10. Discovery (subsequently
taken back) of the presence of a planet of 3 Earth-masses based
on the hanges in the pulsar periodic signal. The modulation in
the signal was of 6 months but the authors forgot to take into
account in the analysis of the data of the Earth eccentric orbit.

1992: Wolszczan e Frail discovery (confirmed) of two planets
around the Pulsar PSR1257 + 12. Did they
survive to the supernova phase or did they
form from the leftover disk? For sure they

are inhabitable
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1995: the year of the ‘true’ discovery!
51 Pegasi b

Osservazioni della velocita radiale della stella

Michel Mayor e
Didier Queloz,
Nobel prize for
Physics in 2019

Mass = 0.47 Jupiter mass
Radius = 1.9 Jupiter radius
(enflated by the high
temperature ~ 800 K)

Orbital period = 4.23 days
Synchronous rotation (highly
probable)

Age: 4 Gyr
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To date (continuosly
growing...), 7414 new
planets, 5086 planetary
systems, 1035
multiplanet systems,
232 planets in binary
star systems.

>20% of solar-like

990 1,9|95 2,6IJEI 2,005 2,010 2,015 2,020 2,0-25 Stars h ave J ov i an

Year of Discovery (year) plan EtS .

> 50% have terrestrial planets, super-Earths or
neptunian size planets.

1-10 % planets in the habitable zone.




STELLA
DI BARNARD

Peter Van de Kamp and the

Barnard star: 1 or Z.Qprtér

=« Sizeplanets orbiting the
star. FAKE (problems with

Table 1 | Information on Barnard’s star and its planet

Stellar parameter
Spectral type

Mass (Mg)

Radius (Rg)

Luminosity (Lg)

Effective temperature (K)
Rotation period (d)

Age (Gyr)

Planetary parameter
Orbital period (d)

Radial-velocity semi-amplitude (m g1

Eccentricity

Argument of periastron (%)

Mean longitude at BJD 2,455,000.0 (%)
Minimum mass, Msini (M)

Orbital semi-major axis (AU)

Irradiance (Earth units)

Maximum equilibrium temperature (K)

Minimum astrometric semi-amplitude, asini
(mas)

Value

M3.5V
0.163+0.022
0.178+0.011

0.00329+0.00019

3278451
140+10

7-10

Value
232:80103%
1.20+0.12
0.32:0-12
gt

203+7
3.23+044
0.404+0.018
0.0203+0.0023
105+3
0.0133+0.0013

e telescope pointing

Nature, 2018)

..BUT, twist of fate, there is
Indeed a planet around the
Barnard star!! (Ribas et al.,
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Old orrery based on the solar system.
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Orbital Eccentricity

Metallicity of a host star

Semi-Major Axis (AU)
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2) Transits
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5) Microlensing
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Magnification
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4) Astrometry:

(GAIA): only 1
nlanet at the
moment, mass,
semi-rmajor

Star’s
Position

Time




5) Direct irnaging. So
135 objects, but only
possible planets ,.f*_' 5
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Mass — Period Distribution
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Orbital brightness modulation: orbital phases of a bright

planet, change Iin the star shape due to planet tides...



Planet mass (My)
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It gives the radius of the
planet and orbital period.

relative flus

Velocity (m/s)

Jo—-T (days)

HD209458

0.5
Orbital Phase




Rossiter-Melfatighlin effect: inclination of the planet orbit

the planet passes in front
_star, it first shades the left

rotating so the limbs
ected by the Doppler
;tand this appears in the

From the shape of the
signal, difference from
the RV and the
Keplerian fit, it is
possible to estimate the
inclination of the planet
orbit respect to the star
spin.

radial velocity (m/s)
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— [Fe/H]>0.2 : — — [My/ Mg ]>0.3 3
-0.2<[Fe/H]<0.2 £ — —0.3<[My/Mg,]<0.3 1<t,, <4 Myr

1
----- [Fe/H)<-0.2 : ceeee [Mp/Mg)<—0.3

Norm. Fraction

. 100 1000 100 1000 104 10 100 100
Mass [Mg] Mass [Mg] Mass [Mg]

If we compare the models with the
radius distribution (mostly due to
transit observations) the agreement is
much better.






CALIFORNIA LEGACY SURVEY 1I: GIANT PLANET OCCURRENCE
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"HD 209458b: Hot Jupi

e

Q R=1.42 = 0.17 R




STELLAR PropeErTIES OF HD 154345

Parameter Value
- Spectral type ....... G8 V
Hipparcos 1D ...... 83389
RA. ................ 17"02™36.404¢
Decl. ............... +47°04'54.77"
B—-V ... 0.73
Vo, 6.76
Distance ............ 18.06 £ 0.18 pc
M, . ..o.............. 5.48
/P 5468 + 44 K
logg(ecms?) ....... 4.537 + 0.06
[Fe/H] .............. —0.105 = 0.03
VSN oo, 121 + 05 kms™!
Mass ............... 0.88 = 0.09 M
Radius ............. 094 = 0.03 R,
ORrBITAL PrOPERTIES OoF HD 154345b
Parameter Value
P 9.15 £ 0.26 yr
€ 0.044 + 0.046"
W oo 68° ¢
TP ............ JD 2,452,830 + 330
K. ........... 1403 + 0.75 ms™!
msini........ 0.947 = 0.090 M,,,
............. + (0.26 AU

Solar system

Jupiter analog
Vright et al. 2008,

ApJ L63
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OGLE-TR-132

TR=1.1320.08 R,

AM=1.19+0.13 M,

~a=0.036 + 0.0008 AU
~e=0

~I1=85°%1°

. Star type: F

°Ms =1.35 £ 0.06 Msun
. [Fe/H] = 0.43 £ 0.18

. Distance: 1500 pc




ELT-16 b: period=1day, a=0.02 au, T~2500 K, dens=1.4 g/cm”3

- - — —

Tidal evolution: it might

....be swallowed by the star .

on a timescale as short
as a few Myr
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Time - T¢, (hrs) F1G. 14.— The orbital semi-major axis history of KELT-16b modeled for
a range of stellar tidal quality factors, @,. where Qi_l is the product of the
tidal phase lag and the Love number. The black vertical line marks the current
system age of 3.1 Gyr.






“-Orbital distribution: many hot

= Eccentricity: all values

:-";’s "'ncy: 30-50% of solar mass stars
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s InS|de-out formation. The first
- inner planet triggers the
formation of the outer ones at
dust traps created by its
perturbations on the gas or by
retreating dead zone
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Planet Composition

Jupiter Uranus
Mercury  Earth ~ Saturn Neptune
Uenus Mars e
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Density of some
exoplanetsywithiumass -
lower than 30 Earth
masses. They have been
observed with both radial
velocity (mass) and transit
(radius) so we know the
density. Very different
values are observed

Mast M) indicating significantly
different composition




() e
mess, Lils -

calf) ChEnge &
rnore tnzr 2 :
factor 10
fJ—‘I)—‘IJfJJIJJ of)

GJ 1214 b
$ M,p=6.55M

%iw
o
L
(C 279
.
E 16.3
j=1
o 250

s Earth-like
Nucleus

(rockllce) and-the
amount:of:water
present on the
surface. (ternary
diagrams,

Valencia et al.,
Apd 775, 2013)
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ne radius"m‘between 1.5-2.0 Earth radii

— —
The valley
0.10 — may separate
typical — -
| rocky planets

o
o
®

from planets
with
atmosphere.

Number of Planets per Star
o
o
e

(Orbital period < 100 days)
o
o
(o)}

o
o
~o

.00 :
07 1.0 13 18 24 3545 6.0 80 120  20.0
Planet Size [Earth radii]

-1) XUV photoevaporation
2) Core powered mass loss (heating from the planet)
3) Pebble isolation mass, those experiencing pebble isolation

accret more gas because they are cooler.



pl yers in exopfanetary systems:
_f ks. Disk made of dust produced by
r ple neteS|maI belts.




-
Debris:gisks

rho CrB
' i 3
2 3
2 it
Vi ‘ =
A -

E_ If a planet and a debris disk are
“| B observed at the same time, the
- inclination of the planet orbit
¥ S e can be guessed. ———

HD210277 _—

Trilling et al. 2000 i T
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Beam sizeQ

10 Pluta's oseik -

Declination offset (arcsec)

bl ik i . sy, gilfigingose il
19 —lo 9ap59 58 57 56 55 54 53
R.A. offset {(arceec) Right ascension

S

omputer
simulations of a
dusty disk with a
planet inside

Observations of the
debris disks at 0.2-
3 mm with the ). C.
Maxwell telescope
in Hawaii



_— O —
“M-dwarf star 0.5 MS
- Age =22 *3 Myr

. Distance about 10 pc

- Asymmetric debris

cuigﬁmass 0.01 M,,
“2T = 40 K (cold)

Two planets (Neptune size) found
by TESS (transits). Period of 8
and 18 days, potentially in
resonance (Martioli et al, A&A.

40



detect lots of Hot/Warm Jupiters while
olar system both Jupiter and Saturn are
~ ~ Ve he frost line)?

——high eccentricities (even
= larger than 0.8) while in
- the solar system the
-planet eccentricity are
all small (apart from
Mercury and Pluto)?

Orbital Eccentricity



The standard model

Protostar +Disk

Planetesimal & pebble
formation by

dust coagulation or G-
instability

Recent Plugins

Formation of Terrestriai

planets and core of gian\
planets (subsequent gas

infall) by planetesimal &

nebble accumulation

* Planet migration
* P-P scattering
* Kozai, resonances

Gas dissipation — P-P scattering
final planetary * Residual planetesimal
system scattering

* Tidal interaction with the star



4) Resonances, Kozai, Trojan planets...



Planetary migration:
a very complex
problem

Turbulence (MRI?):
stochastic migratior

Kley & Crida (2008)

sothermal,
adiabatic, or
fully radiative
energy equatio

%.\ﬂ :
Numerical simulations: resolution close
to the planet (CPD handling) and at o

resonances



Low mass (1-50 M.) planet: type | migration




The inner wake exerts a
positive torque on the
planet accelerating it and
causing an outward
migration

The outer wake exerts a
negative torque slowing
down the planet and
leading to inward
migration

The sum of the two
torques, the differential
Lindblad torque, is
negative and causes
inward migration.




QUESTIONS:

* What is the origin of the wakes?
=« Can we compute the differential Lindblad torque?

Wakes (2 arms) are given by superposition of
sound waves, excited at Lindblad resonances, in a

differentially rotating disk.

E— m=3

od
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Lindblad resonances are located in the fluid where

(m+k)n"—(m=1)n" —ko"Fo"



0.01 I I I 1
Adding up all the | Differential torques |
torques at the
Lindblad @ 0 B
resonances 5 P
(analitically with 3 o P
the linear E e . T
approximation or & -~ '
numerically) it is s I L
possible to give o.0p| O With disk gravity | Vdiferonce . g
an expression « Wwithout disk gravity . | | | “T )
for the total ° L%uri%or pa?loern?r? >0 ° }:?Juﬁee? pa?t%rn?r? >0

torque on the
planet. 5

M
T=—(2.5+1.7p—-0.1 o) 04 15| o) @245
c/lH M

S

Where o is the exponend of the density power law and 3
that of the temperature profile
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Type | migration can
be reversed for
radiative disks (Kley
& Crida (2008) due to

the horseshoe torque.

Up to 40 Earth masses the

torque is positive. This is

important for Jupiter size
planets where the core is about
10-30 M_ Before gas infall they

migrate outwards and after the
gas infall (very rapid, 1 kyr)

they undergo type Il migration

potentially skipping the critical
fast inward migration phase.
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Type Il migration: Jupiter size planets




Azmax(H, RHill)

T ~a*Q*y|—2L

Gap opening criterium: T_ > T

The gas is pushed away by the resonance
perturbations which overcome the viscosity push
of matter towards the planet.

-y

0 r.“ I
dt 2 I




Type Ill or rur

different fluid elemer
then evolve.
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~ Pebbles fast accretion due to S

difference in velocity between
embryo and gas dominated
pebbles (Ormel & Khlar, 2010) £




Inside-out planet formation (Chatterje and Tan 2014)

.,.-""+ - el
_—

Pebbles drift until they
frotble; il find the end of the

dead zone where there
IS a pressure trap.

First planet form. The
pebble ring Inner edge of the dead

forms at P max

zone gets farther out
because the disk

planet dissipates and more
’“rg‘a“"” disk is ionized. The

process repeats at the

new dust trap. Etc....
IT REQUIRES A DEAD
dead zone o e ZONE.

retreat




jant planets ?or"mation: 1- the old way, core accretion

Ll Ry

:’gﬁln out of gas: accretion ends

—  (dissipation of the disk, gap
formation etc..

** Migration by
interaction with the
disk is included




— Gravity only
—— Atmos + gravity

--=-- Settling regime

=
@
g
=
©
=
=
@
®
2
-
@
e
2
[«%
o
[

[=]

100 1000 Ted
Diameter (m)

Fig. 7. Contributions to the capture radius enhancement for an embryo at 5 AU due
to different physical processes at 0.4 My in the simulation shown in Fig. 1. The thick,
solid curve shows the capture radius enhancement due to gravitational focusing as
a function of particle diameter. The thin, solid curve shows the enhancement due to
gravitational focusing and atmospheric capture. The dashed curve shows the
capture radius enhancement due to pebble accretion.
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How do planets achieve large e and small g?

1) Planet-Planet scattering: at the end of the chaotic phase a
planet is ejected, one is injected on a highly eccentric orbit
that will be tidally circularized to the pericenter, one is sent on
an outer orbit

AN

Weidenschilling & Marzari
(1996), Rasio and Ford
(1996), version with 2
planets
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Tidal interaction

with the central
star (Nagasawa
et al 2008)

Pure N-body P-P

scattering

Interaction with the
gas of the

Interaction with a
leftover
planetesimal disk
(Raymond et al.
2009)

circumstellar disk
(Marzari et al. 2010




0 with disks
@ nodisks

ss@Wer.eccentricities and -
inclinations for outer low-mass
planets after P-P scattering
(Raymond 2009, 2010)

< Possible formation of mini
Oort clouds by scattered
planetesimals (Raymond &
Armitage 2013)

< Lower fraction of debris
disks co-existing with the final
planet system (Marzari 2014)

Green dots are systems
which might retain a debris
disk.
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Example of 'Jumping
Jupiters'. The density of
the disk is MMSN/2. Code
used is FARGO (RK5
modified to have variable
stepsize). One planet (1
M ) merges with another

one (0.7 M) after a

sequence of close
encounters

Eccentricity

Eccentricity evolution
after P-P scattering:
damping or excitation
because of corotation
resonance saturation?

a (AU)

1 1 1 1 1
4000 6000 8000 10000 12000
Time (yr)



eccentricity

Tidal migration of eccentric orbits

Maximum e declines with
| feported due Beplemper 5B distance from the star:
Exoplanets tidal circularization.

Energy is dissipated but
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e ¢

Fquestions
ass: MMSN or MMEN( 'E massive)?

. el —
-RI? Other kind of instabilitie

*

ﬁhotoevaporatlon to the disk dissipation ; ).f ~

planets or photoevaporation? " J) — k\\ '

- 1 Fraction of giant planets vs. super Earths

' Relevance of gas-planet interaction for its migration. Does P-P
scattering + tidal forces do all the job?

» MM resonances: why so few if convergent migration occurs?




Single steps of accretion well studied: it is the temporal
evolution with the simultaneous mass accretion that is

O still difficult
G /w eType | migration or stochastic random
walk

eMutual impacts and accretion

C G oP-P scattering

eType I, Type lll migration

e Eccentricity excitation (corotation
resonance saturation...)

oP-P scattering

eResonance capture

eResidual planetesimal scattering

eGas accretion onto the planet




There are many weird
planets out there, and
theory must explain them
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