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Characterisation of exoplanets

o Characterisation of an exoplanet: The determination of physical
properties such as mean density and atmospheric composition

= Understanding origin, evolution and diversity of planets
= Search for habitable planets and biomarkers
(H20, O3, CHy, ...)
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Transit spectroscopy

Secondary eclipse

See planet thermal radiation
disappear and reappear

Primary eclipse

Measure size of planet Learn about atmospheric circulation
See star’s radiation transmitted from thermal phase curves

through the planet atmosphere
J P P (Seager & Deming 2010)

@ Depth of primary eclipse depends on wavelength
@ Allows determination of the transmission spectrum of planet
@ Secondary eclipse gives emission spectrum

I Hot Jupiters are excellent for transit spectroscopy

Graduate days (Lecture 5) Multiple planet systems 3/81



HD 209458 b and HD 189733 b
HD 209458 b HD 189733 b

Discovered 1999

Distance 47 pc (153 light years)
Mass 0.714 Mjyupiter

Distance from star 0.047 AU

Discovered 2005

Distance 19.3 pc (62.9 light years)
Mass 1.138 Mjypiter

Distance from star 0.031 AU

I There are other transiting planets closer to Earth, but they are all
small and thus not good candidates for transit spectroscopy
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First detection of an exoplanet atmosphere

@ Need to go to space to get precise enough

photometry to see wavelength-dependence m
of transit depth £ ramot]
8
3
@ Charbonneau et al. (2002) observed HD Tt ]
209458 with Hubble Space Telescope o ‘ ; ‘ ]
@ Top plot shows spectrum of HD 209458 ::Zzzi i
(the star) with clear Na double line around & op0f s BRSENI PSS SN N E
589.5 nm 2 oo 3
@ Middle and bottom plot show difference in :::ZZ: 1 1 1 3
transit depth for two bandwidths i g ]
@ The transit is clearly deeper in the Na line * 1 B R I b
= Detection of Na in the atmosphere of HD o002 ‘ ; ‘ 1
209458 b 580 580 600 uw!bmﬁ;& (om) 620 630 640
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Water in HD 189733 b
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o Tinetti et al. (2007) and Swain et al. (2008) analysed transmission
spectrum of HD 189733 b taken from primary eclipse with Spitzer

@ Found absorption feature of H,O and CH4 molecules

I' Low signal-to-noise

@ Results are also model dependent...
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Disputed water

TLC Normalized

Residuals

Photon Counts

Rpl/Rs

T
Ch4

—*—Tr"':, work

Expected values
with water only

1 Royleigh scot.

+Enrenreich et al. (200
ABeoulieu et ol. (2008)
*

on et al. (2008)

@ Problem is not only random errors, but systematic errors

Wavelength (microns)

@ The stellar flux out-of-transit is not constant due to instrumental effects

@ Compensating for instrumental effects introduces systematic errors

o

@ Désert et al. (2009) used improved model of Spitzer's instrumental effects and find
no rise in the planet radius from 3.6 yum to 5.8 um and hence no evidence for water
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More observations: water!

Fo/Fs (107°)

1.0 1.2 1.4 1.6 1.8

(Crouzet et al. 2014)
@ New observations are best fitted by close to solar composition or by
solar composition

@ Sub-solar abundance might be due to clouds or hazes
= More observations needed
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Can the atmosphere tell us anything about the formation?

C/H} -
" 2100

1 Disk Migration

] Disk-free Migration
C/H of Jupiter

Disk—free Migfation 4!~
I &

1 core Accretion + pisk Migration
1 Core Accretion + Disk—free Migration
Grov. Instobility + Disk—-free Migration

(Madhusudhan et al. 2014)

HD 209458b (0.05)
HD 189753,
wasp-126

J0.1

@ Composition studies can help to constrain planet formation models!
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Definition of super-Earth

Rocky planet with little or no H/He atmosphere

Mass range 2—10 Earth masses

Class of planet not present in the solar system

Super-Earths are interesting to study because undoubtedly
super-Earths will be discovered and characterised in detail before
lower-mass terrestrial planets
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Density structure of super-Earths

i ~ MB
25000 Density Structure R~M
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(Valencia et al. 2006)

@ Super-Earth recipe: mass, composition, equation of state, heat
source, heat conduction, convection

@ Also need to know core mass fraction (assume 32.59% as for Earth)
o Incompressible planet would have M x R3, so R « M'/3
e Mantle and core are slightly compressible, yielding R oc M0-26:0-27
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Temperature structure of super-Earths

w00 1E€Mperature Structure Melting Regime
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(Valencia et al. 2006)

@ Super-Earths have higher interior temperatures because the mass-to-surface ratio
is larger (thus more radioactive heat and less efficient heat transport)

@ But pressure is much higher (P. o« p?R?), favouring solutions with a completely
solid core

= No magnetic field generation (bad news for life!)

@ (but still many uncertainties in composition of core and mantle and equation of
state)
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Density and composition of exoplanets

Planet mean density (g cm?)

T T T
50% Fe/50% MgSiO,

Kepler-36b

CoRoT-7b
Kepler-10b

4 55 Cnce Kepler-48c
/HD 97658b

T
100% MgsSio,

Kepler-10c

100% H,0 J

GJ 436b
GJ 1214b
} GJ 3470b
= HAT-P-11b 1
—f e ]
0 | 1 1 1 1
0 5 10 20 25

1
Planet mass (M,)

(Mayor et al. 2014)

@ By comparing results of structure simulations with observations we
can infer the composition of exoplanets

= Super Earth planets have completely different compositions!
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Ocean planet

@ GJ 1214 b has a mass of 6.6 o Silicate
ron and mantle

MEgarth and a radius of nickel core
2'7REarth

@ Planet probably consists of
3/4 water

@ Small atmosphere of H and
He

@ Ocean planet or melted ice
giant?

@ Planets with masses 2-10
times the mass of Earth are
categorised as super-Earths
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GJ 1214 b atmosphere

2.80 L T T ‘ T T T ‘ T T T T T T T
L ®  Measurements
275 —H— Solar composition mode i
_ [ —#&— 100% H,0 composition model | ]
& [ —&— 70% H,0/30% H, composition model (| ]
= [ = - " | a1l —
o 2.70 / ‘II 1
2 C (Al ]
A TLR
g r ) ]
B 265 —
Ko} B i i
o r ) 4 ]
y—-«l\f‘fi W
2.60 — [\ 1
[ c 1
255 L I | L I | I [ R R T P T A T T T N N R

800 850 900 950 1,000
Wavelength (nm)

@ Bean et al. (2010) observed transmission spectrum of GJ 1214 b
using VLT telescope

@ Spectrum is featureless between 0.8 and 1 um

@ Inconsistent with an extended H/He atmosphere, but consistent with
low-scale-height atmosphere consisting of 100% water vapour
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Transmission spectrum of Earth
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@ Pallé et al. (2009) measured transmission spectrum of the Earth from lunar eclipse

@ The completely shadowed part of the moon (umbra) reflects sun light that has
passed through the Earth's atmosphere

@ The illuminated part of the moon (penumbra) reflects sun light that did not pass
through the Earth’s atmosphere

@ Their ratio gives the transmission spectrum of the Earth
= Biosignatures (O2, O3, CH4) surprisingly visible
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Kepler satellite

@ Kepler satellite (NASA) was launched in 2009
@ Monitored 145,000 stars until 2013 when it lost the ability to point accurately

@ Goal to find nEarth — the fraction of stars that have Earth-mass planets in the
habitable zone
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Habitable zone
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[l Hebitable zone
[l Possible extension of the habitable
zone due to various uncertainties.

0.1 1.0
Distance from star (AU)

@ Zone were there could be liquid water on the surface of the planet

@ But: If a planet is habitable also depends on the atmosphere:
= see Venus!
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Kepler 22

Kepler-22 System

Kepler team announced the first super-Earth in the habitable zone in
December 2011 (Borucki et al. 2012)

Planet has radius 2.4 Rg

Star is 200 pc away, so no radial velocity follow-up

Undoubtedly many super-Earths will be discovered and characterised
in detail before lower-mass terrestrial planets

Graduate days (Lecture 5) 19 / 81



Future: James Webb Space Telescope

(=]

n
[=]

[«2]
=

Model C1: Medium Ocean Planet
| JWST, NIRSpec, 10 transits, 28 hours |
M3V, J=8, P,=29 day, t=1.4 hours

1.0 1.2 1.4 1.6 1.8
Wavelength (um)
(Seager, Deming, & Valenti 2009)

Ratio In/Out of Transit (ppm)
B
=)

@
(=]

www.jwst.nasa.gov
@ James Webb Space Telescope is the successor of the Hubble Space
Telescope (expected launch 2018)
@ Mirror is 6.5 meter in diameter
@ High spectral resolution in the near-infrared and mid-infrared
@ Excellent for transit spectroscopy of super-Earths and terrestrial planets

Graduate days (Lecture 5) Multiple planet systems 20 / 81



The four steps of planet formation

© Dust to pebbles
um — dm: contact forces during collision lead to sticking

@ Pebbles to planetesimals
dm — km: gravitational collapse of pebble clouds form planetesimals

© Planetesimals to protoplanets
km — 1,000 km: rapid growth of planetesimals via pebble accretion

© Protoplanets to planets

Gas giants: 10 Mg core accretes gas (< 107 years)
Terrestrial planets: protoplanets collide (107-108 years)
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The four steps of planet formation

© Dust to pebbles
um — dm: contact forces during collision lead to sticking

@ Pebbles to planetesimals
dm — km: gravitational collapse of pebble clouds form planetesimals

( o . ————————r—r—
T fame = eXp(—t/Tyq)
i’ Task = 25 Myr
80 [1og - )
( i (Mamajek, 2009)
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Multiplicity
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Interactions between big objects: gravity

Tl

-~

44 POEY. June 20,1980 NEXT

Increase of mass: increase of gravitational force
Increase of distance: decrease of gravitational force

Dominant force for interactions between planetary embryos

Gravitational force of Jupiter and Saturn are dominant in the solar
system
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N-Body simulations

o Gravitational interactions between major bodies; gravity from
planetesimals is normally not included, as simulations host 1000s of
bodies

@ Gas drag onto planetesimals and planetary embryos should be
included:
=- damping of eccentricity and inclination:
= changes collisional outcomes!
@ Chaotic behaviour is “normal” in N-Body simulations:
» Tiny variation of initial conditions (Avp, Arp) varies results
» Multiple simulations needed to confirm results: statistics!
@ N-Body simulations are numerical experiments that depend on the
initial conditions
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Setup for outward migration and eccentricity change

@ N-Body simulations with "artificial” zero-migration radius

@ Reduction of corotation torque due to eccentricity: [iot = + DI ¢
Cossou et al. 2013:

1.0 1.0

—-CZ shape in 'real’ disk| O N | [-- Bitsch & Kley (2010)

o — atanh model fit =) | — model eq. (1)

L c 0.8 : _ e=x

0.5 2 } s

L -

v 7 E 0.6 i

go.0r” c |

2 2 0.4 i
© o |

s 0.2 NP

= o | S ——

______ Q 0.0 | S ’/’—

1.0 e "1 = 3O 5 %

3 4 L
a [AU] e/x,

e Half-width of horseshoe region: xs = 1.16+/q/(H/r)
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2 planet scenario

4.0 T T L T

35} : —- Convergence Zone
3.0 . .
2.0 ;
15 : ' -
107 r * ‘ 1

1O passrcamasmanpesgesaa I ————

107}

a [AU]

eccentricity
5
e

0.0 0.2 0.4 0.6 0.8 1.0
Time [million years]

(Cossou et al. 2013)

= Planet-planet interactions increase planetary eccentricity
= Increase of eccentricity reduces the corotation torque
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Multiple planets in disc
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@ More planets: more eccentricity growth
@ More eccentricity: higher probability of breaking resonances
= higher probability of scattering and planet growth through collisions!
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What about turbulence?

Pierens et al. (2013):

Semi-major axis (AU)
P

12
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24p
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x k
S 18
S
@
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(7]

0 2000 4000 6000 8000 10000
Time (yrs)

@ Turbulence “stirs up” the orbits

@ Breaking of resonances can occur
= Close encounters more likely: scattering and collisions more frequent!
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Setup of N-Body simulation: classical growth by embryos

@ Distribute embryos (0.1 — 2.0Mgg,tn) in disc, separated by several
mutual Hill radii

@ Disc structure determines type-l migration of embryos

@ No gas accretion onto cores; No disc evolution!

Evolution of the total torque Mtot/Ig

50 1
. 45
g 40 0.5
o 35
0
3 30
I
a 25 -0.5
£ 20 1
e -
@ 15
g 10 1.5
5
-2

0.1 1 10
Semi-major axis (AU)

(Cossou et al. 2014)
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Planets grow by collisions
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(Cossou et al. 2014)

@ Planets can grow through collisions in time

@ Massive planets are very close to the star
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Non-evolving discs
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(Cossou et al. 2014)

@ Only a few cores trapped in outward migration region
@ Much more likely to form object of a few Earth masses in inner system

@ Can this explain the abundance of Super Earths in inner systems?
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Evolving discs
30

T TTTIT T
e Most Massive

° | Outward migration
25

Mass [Earths]

100

1
Distance [AU]

(Cossou et al. 2014)

@ Planets in inner disc are less numerous and extend to higher masses:
caused by instabilities triggered by disc dissipation (more collisions)!
@ Much more massive planets in outer disc
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Compare to Observations
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(Cossou et al. 2014)

@ e and / distribution of exoplanets is matched

@ However resonance occurrence is not matched! Expected as collisions
decrease the number of planets, but not generally their radial extend.

Evolution of the disc structure is needed to explain exoplanet population
better!l =  Much work needs to be done!
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N-Body simulations in the super Earth region

@ N-body with gas disc
g
@ Includes damping of e and i _ g
:g ;
@ Includes type-l migration g %
@ Rapid formation of planets at -
inner edge of the disc
@ Size of circle x Rp 005 0l 03 =

Semimajor Axis (AU)

(Ogihara et al. 2015a)
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Observations of super Earths

Simulation results: Observations:

100 2 . 100 (2

- 10 k _ 0 w%‘/
/
s <
‘
= 1 \ = 1

0.1 . 0.1

0.01 0.1 1 0.01 0.1 1
Semimajor Axis (AU) Semimajor Axis (AU)
(Ogihara et al. 2015)

Result of the simulations:
@ Orbital architecture of resultant systems is very compact near the disk inner edge

@ The masses of planets monotonically decrease when increasing the semimajor axis
35 /81
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Cumulative Distribution

of the planets in the simulations

observation

=== model 2
0.6 [ ==eee model 3
==-=model 4

Cumulative Distribution

Model

Type-l migration

e, damping

1

2
3
4

yes
yes
no
yes

yes
yes
yes
no

Eccentricity

@ e — o is the error corrected distribution

@ Eccentricity in simulations is small, because the systems are stable

after gas depletion

@ Best match with observations, if type-I migration is neglected
= But no mechanism to reduce type-l migration!

= In-situ formation of super-Earths highly unlikely!
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Growth of planets
Evolution of the total torque o/l
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(Cossou et al. 2014)

= What about gas accretion and type-ll migration?
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Including gas accretion

Planetary Mass (M_)

10° 10 10* 10°
Period (Days)

@ RV data, Kepler candidates, Simulations of Coleman & Nelson, 2014

= Migration too strong to allow formation of gas giants
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Acceleration of accretion: pebble accretion

@ Small pebbles (7t < 1) can be easily accreted by planetesimals

@ Stokes number 7¢ and friction
time t;:

pe R peR
Qx =
PGCs pcH

Tt = tQx =

@ Core growth via pebbles:

. e\ 2/3
M, =2 (ﬂ) i VH 2 Peb

@ Growth faster in inner regions of
the disc

@ Red dots mark pebble isolation
mass: gas accretion can start

10° T
—— 5AU
| 8AU NN
10— 158U P
—— 20AU s
1L o
L 10
§J
10°F E
107k E
102 .
10° 10° 107

tyr

(Lambrechts & Johansen, 2012, 2014)
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Halting pebble accretion

Vo, gas /g
1.005

0.99 0.995 1

L% Tplanet

@ Pebble accretion is stopped when the protoplanet grows massive enough to
carve a gap in the pebble distribution

@ Gap formation known for Jupiter-mass planets (Paardekooper & Mellema, 2006)

@ Lambrechts et al. (2014) demonstrate that pebble accretion is stopped
already at 20Mga,¢n at 5 AU, with isolation mass scaling as

H/r\?
Miso =20 (ﬁ) MEarth
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N-body with pebbles

Top plot:

@ all pebbles existent at
the beginning of the
simulations

= No formation of giant
planets possible

Bottom plot:

@ pebbles formed over the
lifetime of the
protoplanetary disc

= formation of a few large
planets possible

. .
100 10° 10 10° 102 107 10° 10" 102 107
M (My)

(Levison et al. 2015)
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N-body with pebbles

Top plot: 1072 ':": oo . . A 10°
2
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A B6x10°
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o <3

Bottom plot: S I3 :
o
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lifetime of the
protoplanetary disc

coooo
- N W s

= stirring of small objects
hinders their growth

10 10° 10 1078

M (Mg)

102 107 100

(Levison et al. 2015)
= But simulations are missing disc evolution and planet migration!
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Disc structure evolution

500 [&y

" ransition ]
N =10x10-7
70X 1075 -

1=35x10"%
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M =8.75x 102
M= 4375 x 107"
w100
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o M decreases with decreasing ¥

o M =3mY = 3raH2Qx Y

@ Evolution in time follows
Hartmann et al. 1998 equation:

M tise + 10%yr
log < ) — —8.00 — 1.40 log (Lﬁy
Mg /yr 10°yr
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Disc structure evolutlon
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(Bitsch et al., 2015a)
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Type-l migration in evolving discs
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Outward migration in regions where H/r decreases with increasing r!

(Bitsch et al., 2015a, torque formula from Paardekooper et al. 2011)
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Evolution tracks of single seeds
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(Bitsch et al., 2015b)
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Evolution tracks of single seeds
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Planet formation in evolving disc

Everything below blue line: pebble isolation reached
Everything above white line: Mcoe > Mepy
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to formation time of planetary seed; ry starting orbital distance (Bitsch et al.,2015b)
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Overview of planetary classes

3.0x10°

2.5x10°
5 Ice planets
2.0x10
0.1 ME< MP< 2 ME
5
> 1.5x10°
Cold gas giants
1.0x108 ‘ (r>1.0AU)
0.5x10°
ro [AU]
(Bitsch et al., 2015b)
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Planet formation via planetesimal growth with Z,, = 8.0%

Everything below red line: planetesimal isolation reached
Everything above white line: Mcoe > Mepy

5.0x10°

4.5x108 1000

4.0x108

6

3.5x10 L 1 100

3.0x10° E ] w
5 ] =
=2 2.5x10° = £
< g 10 £

2.0x108 F 7

1.5x10° =

Ed 1
1.0x108
0.5x10°
0.1
5 10 15 20 25 30 35 40 45 50
ro [AU]
tp formation time of planetary seed; ry starting orbital distance (Bitsch et al., 2015b)
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Planet formation via planetesimal growth with Z,, = 8.0%

Everything below red line: planetesimal isolation reached
Everything above white line: Mcoe > Mepy

1.0x10°

0.9x108 1000

0.8x108

0.7x108 100

0.6x108

to [yr]

0.5x10°

0.4x10°

0.3x10°

0.2x10°

0.1x10°

to ro [AU] 2015b)
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Randomization of parameters

o Metallicity: following Gaussian distribution with median at
[Fe/H] = 0.0678 (cassagrande et al. 2011)
@ Time parameters:
> Lifetime of the disc, median at 3 Myr
» Starting time of planetary seed

@ Starting location of planetary seed: [0.1:50] AU

Metallicity

02 e

10
Radius of planet (R,)

(Buchhave, Latham, Johansen, et al., 2012)
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Planet formation via pebble accretion
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Planet formation via planetesimal accretion
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Planet formation: Z,, increased by a factor of 10:
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Multiple planet systems
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Giant planets migrate a lot

Giant planets open a gap in the disc and migrate in type-ll migration,
however:

@ Before reaching gap opening mass, they migrate in type-I migration
(migration time  1/q)

o If formed too close to the host star or if accretion is too slow, planets
will become a hot gas giant

= What happens to the inner system when a gas giant migrates through?
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Early evolution with moving giant planet

@ Gas giant moves inwards and scatters planetesimals

@ Planetesimals caught in resonances with planet
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(Raymond et al. 2006)
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Long term evolution with moving gas giant

@ Gas giant moves inwards and scatters planetesimals

@ Formation of terrestrial planets with good water content possible:

okay for exo-planet systems, but not for the Solar System!
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(Raymond et al. 2006)
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Structure of the solar system today

Pluto

Jupiler
s
 r— Uranus
Terrestrial planats % @
. 43 Hoptuns
venus . = "’n#

s HMars éﬁ?
L Sl Saturn
Eartn e

Wercury

. Javian planets

Mercury 0.39 AU Jupiter  5.20 AU
Venus 0.72 AU Saturn 9.54 AU
Earth 1.00 AU Uranus  19.2 AU
Mars 1.52 AU Neptune 30.06 AU
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Early formation of the Solar System
Assumptions:
o Giant planets already formed: = see next slides!
@ Inner disc filled with planetesimals and embryos
@ Dissipation of the gas disc after a few Myr
But we do not know:
@ Exact position and eccentricity of giant planets?
@ Mass of planetesimals and embryos in the inner system?
@ When does the disc exactly dissipate?
Constraint: outcome must match the Solar System of today, e.g.
@ Planetary masses & orbits
@ Structure and distribution of the asteroid belt

@ Accretion time-scales (Earth: 50-100Myr (Kleine et al. 2009);
Mars: few Myr (Dauphas & Pourmand 2011))

@ Water content of terrestrial planets
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Initial conditions for giant planets

snowline

@ At the disappearance of the disc of gas, in the outer system
protoplanets were 100 times more massive than in the inner system,
while the local clock is 10 times slower.

= How can that be???

@ The presence of ice should just increase the local surface density of
solid mass by ~2 (just 1.2 if one trusts the 67P rock/ice ratio!)
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The great dichotomy of the solar system

Silicate : Icy particles flux
. particles flux
Y 4 _ }
39 h | — N -
/ | \ r
D < mm snowline D ~ cm-dm

T
| (Morbidelli et al. 2015)

10

Embryo mass (Earth Mass)

1
time (My)
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Jupiter and Saturn on circular orbits

@ Disc of planetesimals and planetary embryos interior to Jupiter
@ Jupiter and Saturn formed at their current orbits and do not migrate

Raymond et al. 2009:

1 2 3 4 5 1 2 3 4 s
Semimajor Axis (AU, ‘Semimajor Axls (AU)
e —

H + 3 ] EE)
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Jupiter and Saturn on eccentric orbits

@ Jupiter and Saturn have eccentricity of e = 0.1 in simulation
@ Currently: ey, = 0.048 and eg,; = 0.055

Raymond et al. 2009:

T

04 . g 001 Myr U oAy

1 2 3 4 5 1 2 3 4 5
Semimajor Axis (AU) ‘Semimajor Axls (AU)
» i Log(Water Mass Fraction) » i
—— — ]
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Problem of Mars

Raymond et al. 2009:

Jupiter & Saturn in resonance €Jup = €sat ~ 0.1
T b 15 T T T T
2 Ed 1
1 g tor -8 b
: | == E
& P F ete
w - = 4
bt - &
1 gosp .- g b
= [ . = |
0.0- ! h —]
4 0 1 2 3 4
Semimajor Axis (AU) Semimajor Axis (AU)
Mars too small! Earth forms dry!
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Formation from a small annulus 0.7AU< r < 1.0AU

Hansen, 2009:
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Formation from a small annulus 0.7AU< r < 1.0AU

Hansen, 2009:
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Two massive planets in resonance: outward migration
Standard type |l :
{:}< 10 —
—

Common ap + resonance locking case :

{}—j@g_

Image: A. Crida

o My, < M, a smaller negative torque acts from the outer disc than a
positive torque from the inner disc (Masset & sneligrove, 2001)

@ Works best if mass ratio is between 1/4 and 1/2 (moridelii & crida, 2007)

@ Application to the Solar System: Grand Tack scenario (waish et al. 2011)
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Grand Tack Scenario for inner Solar System

VT 5 T L e B s s s B S s B S B

eccentricity

semimajor axis (AU)

(Walsh et al. 2011)

= Populates also the asteroid belt!
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Formation of Mars

Walsh et al. 2011

[1 80 embryos of 0.026 M,

. . (series 1)
Simulations
A A 40 embryos of 0.051 Mg
1.0 - A 28 5mEarth (series 2) .
W Venus — Perihelion-aphelion g
A 1= excursion 1
i B g ]
B = ]
2 & = 1
) A A 1
= A

g T = 1

= g

_E_
01 |- W Mars B
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W Mercury —A= |
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Migration of Jupiter

~50 Meatn

'\Type i Jupiter
migration starting

~ 200 Me,

Semi major axis

Time
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Migration of Jupiter and Saturn

"0 Mean

Fast Migration

2
x
@
o Saturn
E Capture in
i P Resonance
£ Jupiter
[}
w
Time
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Migration of Jupiter and Saturn

)

0
s
o Saturn
=3
g Capture in
¥ Resonance
g Jupiter
(7]
w
Gas disk starts to dissipaie
Time
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Obliquity in the solar system

@ @ ¢

Jupiter Uranus Neptune
3° 98° 30°

© Copyright 1999 by Calvin J. Hamilton

Obliquity of the Nine Planets

@ Most planets have a large obliquity (spin-axis orientations)

@ Especially interesting for the gas giants: if inflow of gas produces
them, why different obliquity?

= Secular spin-orbit resonances between the giant planets can produce
the obliquity during their migration in the gas free disc

= Uranus: tilting requires giant impacts
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Ice giant formation via impacts

I
a

o

Semi-major Axis [AU]
o

"
a

Mass [Mg]

0.01 0.1 1 3
Time [Myr] (b)

e N-body simulations of embryos (a few Earth masses) outside of
Saturn and Jupiter to form the ice giants

o Difficult to match obliquity and mass ratio of the ice giants
= formation of the ice giants is still a challenge! (uidoro et ai. 2015)

@ Scattering of a body to the outer solar system...
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What comes after the gas disc dissipates?

@ Jupiter, Saturn, Uranus and Neptune are in a resonant, compact
(between 5 and 15 AU) configuration, on circular orbits and there
remains a dense belt of planetesimals outside

@ This is not the case now!

= Interactions with the outer planetesimal belt triggered a late
instability in the system

=- Can explain comets in the Oort cloud!
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Evidence for the late instability?

Near Side Far Side

The Moon

@ Craters on Mars and Moon imply heavy bombardment!

@ Last giant impact on the moon: a few 100 Myr after the birth of the
Solar System!

= Bombardment can be explained through the Nice model
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Initial conditions of the Nice

Cumulative lunar impact mass (g)

5x
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(Gomes et al., 2005) Time ()

1000 T

model

10 4
= ,
Z 1k ]
= .5
.
0.1 1 1
.
Jupiter H
0.01 ¢ Saturn E
Uranus -
=3. T @
0.001 9 Y .
5 10 15 20 25
r[AU] (Bitsch et al., 2015)

@ In the Nice model the giant planets orbit initially in a compact configuration

@ Natural consequence of planetary migration combined with rapid pebble accretion

@ Orbital architecture of the Nice model can be explained if the planetary embryos

emerge after 1.5-2 Myr in initial orbits between 20 and 25 AU
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Evolution of the Solar System

Jupiter’s core, then
Saturn’s, followed by

Neptune

Capturein

Resonance

)
=< Uranus
E |Accretion of pebbles
'6 and planetesimals
T onto planetary ———— -
E embryos to form
E planetary cores o el e St Saturn
[
» W\ e e /
_____ = \ Jupiter
Giant 'pla'nsts on Giants on
quasi-circular, currant
resonant, : separated,
cofmpf;:;;;:lts moderately
Al Y eccentric
15AUL Gas accretion onto % orbits

and Tack

Instability:

Type-ll migration
(inward then outward)

Late Heavy
Bombardment
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Gas-disk era: few Myr ~600 Myr Since ~2.8Gy ago
Time
Core formation Grand Tack model Nice model Now
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Classification of trans-Neptunian objects

bl
% =

e

2 0.6

Eccentricit,

+ CKBO
© Resonant KBO |
x * SDO

X Centaurs

.
2000 CR 45 =

—pwasuaw S S 2
88828238 =

eSS

Inclination i (deg)

. i
Re*3 Xy * Sedna

]
2l

30 40 50 60 100 200 500 1000
Semi-major axis a (AU)

(Chiang et al. 2007)

@ Kuiper belt objects reside beyond the orbit of Neptune

@ Can we learn something from the orientation of the outer objects?
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Outer objects in the solar system

2012
VP113
TR scaled Runge-
Lenz vectors

250 AU

2003
- vB12 ‘
\_ (Sedna) \

(Batygin & Brown, 2016)

@ Runge-Lenz vector describes shape and orientation of the orbit
@ Orbits are physically confined! But they should be random...
= What can cause this confinement?
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Cause of the confinement

FAR AFIELD

The existence of an unseen 'Planet Nine' could explain the strange orbits of several
objects (whose orbits are shown in white) in the Kuiper belt beyond Neptune.

. 2010 GB,,,
Sedna g

2012 VP

113

2004 VN, |

2013 RF,
2007 TG,

422

onature {00t ToIcAllln

(Batygin & Brown, 2016)

@ Orbital properties can be best explained through a ~ 10 Mgatn companion
with a ~ 600 AU and e ~ 0.6
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Formation of Planet 9: capture during stellar flyby?

Planets captured in a stellar encounter
T T T T T T Y T TR T

1.0- : I. .'.'.' " '..':.'0 P g
%% ¢ o % . o .
0y 0% o0®, o, o o o™ ®
L ° % % o o ° 4
A . * o ° \
0.8 o . u
L e J
- .
[ .
206 N R
2 r o o
5 . et 9
g oo (Batygin & Brown 2016)
o 4 DXy -
¢ 0. 3.
® L]
L]
R i
I L]
L Classical KBOs remain cold (Mustill et al. 2016) |
0.0 1 1 I
0 500 1000 1500 2000

semi-major axis [au]
@ Sun born in cluster: Stellar flybys common
@ Capture from a stellar flyby?
@ ~ 2% probability to capture a body with Planet 9's speculated attributes
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Formation of Planet 9: scattering of embryo?

Planet Nine as a building block Gravitational
scattering by Jupiter

of the ice giant pIanets plus external
erturber
P e
W Gap in the disk
BN Building blocks of  created by the Ieylrocky building
[ che rociy planets gas giants blocks of the ice giants

RN DY er

The 5-10 Earth-mass Planet Nine
is gravitationally flung into the
outer reaches of the Solar System

@ Scattering event during assembly of the ice giants? (see lzidoro et al. 2015)

@ Requires that sun is still embedded in the cluster phase to constrain
orbit

@ Scattering can not happen during the Nice instability, because then
Oort cloud objects would have the same orbit as planet 9!

Graduate days (Lecture 5) 80 / 81



B C)PLANS TRE
B ORRUAL
ALGNNENT
OF D\STAN —§
B SOLAR ST

BODIES

Formation of Plar

Planet Nine as
of the ice g

L Building blocks of
the rocky planets

\.\"\
- &,

The 5-10 Earth
is gravitational
outer reaches of

@ Scattering event ? (see Izidoro et al. 2015)

@ Requires that sur dhase to constrain
orbit
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= BUT: planet 9 still needs to be found!
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Summary

@ Characterisation of exoplanets can help to constrain formation
theories

@ Formation of giant planets at large orbits possible only with pebble
accretion, even large Z does not work for planetesimal accretion

@ Migration of the giant planets determines the structure of the
resulting planetary systems

@ Giant planets played a major role in the formation of the inner solar
system
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