1‘1
Department of Applie dM thematic
nd Theoretical Physic

MoCA‘

Monash Centre for Astrophysics
4

EccentnClty evolution during
planet -disc Interaction

y Enrico Ragusa.

niversita degli Studi‘di Milano

JEDI meeting, Frascati, 28-06-2018

=

ol

-

|

Collaborators:

Giuseppé_Lodato - Unimi, £

m—

Giovanni Dipierro - University of Leicester
G|ovan2LRosq_t| Jean Teyssandlerf’ﬁlchardﬁog(?Cathie’

Clarke - University of Cambridge
Daniel J. Price - Monash Umvefsity



_ '_t-disq"'mt_eraction

Enﬁco Ragusa
Studi di-Miano
g‘ , 28- 06 2018_

h.-'l.ﬁ:.FIK HAMILL - HARRISON FORD - CARRIE FISHER :

e 0EE wa g A ond] S 5 K S e, —

- . RICHARD MARQUAND -....... HOWARD KAZANJIAN = = R - I 'p!erm B Q_IVG_[EL ? r:;
GEORGE LUCAS e LAWF!EH-EE KASDAN . GEORGE LLICAS e

B — GEORGELUCAS . ~JoHn watiams (G |ovann| RosottrJean Teyssand|er. 300th, Cathle-

N T ooy S i A Clarke - Unlver5|ty of Cambridge

- _'_D-anle_'I'J..Prl_ce‘— Monash _.Unlver5|_t_y



B UNIVERSITY OF
o CAMBRIDGE {MO CA

D p r‘t t prpI d Mathematic Monash Centre for Astrophy3|cs

“hilh '

wJ '
. Ecceptricity evolution-
durin@planet-disc
flniera Toly

N
Enrlco Ragusa . i
Universita degll Studi di no

JEDI meeting, Frascati, - H]g

Collaborators:

Giuseppe Lodato - Unimi,

Giovanni Dipierro - University of

I
-r i

Giovanni Rosotti, Jean Teyssan-dle _Richard
Booth, Cathie Clarke - University @ Cambrldge

Daniel J. Price - Monash University _.i“ ‘FA“



Introduction

What causes eccentricity growth?

« Mean eccentricity in exoplanets (EOD 2018): (e) ~ 0.06,

<6>Mp >5Mj ~ 0.3

 Two main mechanisms to excite eccentricity:

After disc dispersal, gas poor environment: Interaction of planets with other massive
bodies in the system (Rasio & Ford 1996)

In protoplanetary disc, gas rich environment: planet-disc interaction provides
migration and eccentricity excitation (Kley & Nelson 2012, Review)



Introduction

Planet-disc resonant interaction

 |nteraction at resonant o Ve viscous.
locations: S —t—> O 1
— Lindblad resonances: . 4“”,._,__*”: . :
pump eccentricity IIjR AN NN R OI1_R

— Co-orbital resonances:

. Image from: Takeuchi et al. (1996)
damp eccentricity

* Planets embedded in the disc: eccentricity damping (Cresswell et al.
2007, Bitsch & Kley 2010)

* Planets carving cavities ( M, 2 M;): saturation of coorbital torque
(Oqgilvie & Lubow 2003, Goldreich & Sari 2003) emax ~ 0.1

 Important: mutual interaction, eccentricity grows also in the disc



Numerical Simulations

Planet-disc secular interaction

Muller & Kley (2013)
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« Often neglected but still important ot L e e
secular interaction: il N AL TR
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« Well developed in the context of celestial
mechanics 1|

« Effective at long timescales!

dle [Q%ya’ M
o
[4)]

. I L1 1 I L1 1 I L1 1 1 I L1 | I L1
0 500 1000 1500 2000 2500
Time (Orbits)

Duffel & Chiang (2015)



Numerical Simulations

Long duration numerical simulations

« FARGO3D in 2D configuration (Rosotti et al. 2017)

M, /M, =1.3 x 1072
« Two different disc masses qa = My/M,,

- qq = 1/5, |ight (Rosotti et al. 2016)

0000000

- qq = 3/5, massive

Massive

« Viscoustime 7,=1.2x10°%.1

« Number of orbits No,, = 3 x 10° to,p
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Asymmetries In transitional discs

Motivation
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Asymmetries In transitional discs

Motivation
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Numerical Simulations

Results: Eccentricity Evolution

« Green-red disc, blue planet eccentricity: rapid initial growth of disc eccentricity
« Periodic oscillations superimposed to eccentricity damping/pumping
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Numerical Simulations

Results: Eccentricity Evolution

« Green-red disc, blue planet eccentricity: rapid initial growth of disc eccentricity
« Periodic oscillations superimposed to eccentricity damping/pumping
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Numerical Simulations

Results: Eccentricity Evolution

« Green-red disc, blue planet eccentricity: rapid initial growth of disc eccentricity
» Periodic oscillations superimposed to eccentricity damping/pumping
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Numerical Simulations

Results: Pericenter phase

* Precession of the pericenter phase



To be sure we get each other ...

Pericentre phase



Numerical Simulations

Results: Pericenter phase

* Precession of the pericenter phase (cyan planet, violet disc)
 [|nitial anti-alignment, then alignment of pericentres
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Anti-Aligned Mode

Light case
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Pericenter phase

Results:

Massive case
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The tricky part ....

Interpretation of the results: Recap

« Light case: Planet eccentricity grows at late times. Massive
case: Planet eccentricity decreases

« Fast anti-aligned precession early times, slow aligned
precession late times

 Things to notice:

 QOscillations resemble those visible in celestial mechanics
problems.

* We can show that the disc behaves rigidly.
 Can we treat the disc as a second planet?



Interpretation of the results

Evolution of both

_ : phase and
Secular evo: the disc as a second companion! eccentricity
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Interpretation in the light of the Toy M.
Reproducing the simulations

 Evolution depends on the relative intensity of, O @’Cl(t)’

( Ep (t) ) :> ezwst —|_ ) e’l,wft 5 — ‘ nsrl—ep/edeigenvlctoqrs_m: —
Eq4(t) |- @ |
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Interpretation in the light of the Toy M.

Reproducing the simulations

» Evolution depends on the relative intensity of Ci(t)ns, Ca(t)ns, C1(t), Cao(t)
« We can identify three possible situations

C1(t)ns > Cat)ne, Ci(t) > Ca(t)

Ci(t)ns < Ca(t)ne, C1(t) < Ca(t)

Ci(t)ns = Cot)n, C1(t) 2 Ca(2)



Interpretation in the light of the Toy M.

Reproducing the simulations

» Evolution depends on the relative intensity of Ci(t)ns, Ca(t)ns, C1(t), Cao(t)
« We can identify three possible situations
Ci(t)ns > Ca(t)ne, C1(t) > Ca2(t)
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Interpretation in the light of the Toy M.

Reproducing the simulations

 Evolution depends on the relative intensity of Cy(t)ns, Ca(t)ne, C1(t), Ca(t)
« We can identify three possible situations

Cl(t)ns > CQ(t)??f, Cl(t) > Cz(t)
Ci(t)ns < Ca(t)ne, Ci(t) < Ca(t)

Ci(t)ns QO (t)mr, Ci(t) © Os(t)

( 528 ) gies! ) piwrt 3




Interpretation in the light of the Toy M.

Reproducing the simulations

» Evolution depends on the relative intensity of Ci(t)ns, Ca(t)ns, C1(t), Cao(t)
« We can identify three possible situations
Ci(t)ns > Ca(t)ne, Ci(t) > Ca(t) |

Ci(t)ns = Ca(t)ne, Ci(t) = Ca(t)

Ciltyn < Colt, o) < Catt) —— ETIFTT




Interpretation in the light of the Toy M.

Reproducing the simulations

» Evolution depends on the relative intensity of Ci(t)ns, Ca(t)ns, C1(t), Cao(t)
« We can identify three possible situations
Ci(t)ns > Ca(t)ne, C1(t) > Ca2(t)

Ci(t)ns < Co(t)ne,  Ci(t) < Ca(¥) a
Cr(t)ms = Calt)me,  Ca(t) 2 Ca(?) \




Interpretation in the light of the Toy M.

Reproducing the simulations

» Evolution depends on the relative intensity of Ci(t)ns, Ca(t)ns, C1(t), Cao(t)
« We can identify three possible situations
Ci(t)ns > Ca(t)ne, Ci(t) > Ca(t) |

Ci(t)ns < Co(t)ne, Ci(t) < Ca(t)
Ci () QCo(t)ms, Ci(t) © Co(t)




Interpretation in the light of the Toy M.

Reproducing the simulations

» Evolution depends on the relative intensity of Ci(t)ns, Ca(t)ns, C1(t), Cao(t)

« We can identify three possible situations
C1(t)ns > Cat)ne, Ci(t) > Ca(t)
C1(t)ns < Ca(t)ne, Ci(t) < Ca(t)
Ci(t)ns s Ca()ne, Ci(t) 2 Ca(?)
« Evolution we observe consistent with the linear
growth of C (¢) and with the decrease of C(t)
« Analytical predictions about eigen-vectors tell us Z_P
d
- Lightdiscs nr < 1 <15
- massive discs 15 < 1 < ¢

TOY MODEL PLOTS
Growing slow mode
Decreasing fast mode

Eigenfrequencies
consistent with those
observed in simulations

Apparently C1(0) < C5(0)

We Only vary:
Eigenvectors consistent
with our two different disc
masses
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Summary and conclusions

e Secular interaction shapes the global behaviour of the simulation

« At long timescales more massive discs decrease the system
eccentricity (in contrast with previous literature at short timescales).

e We have a model for secular evolution but we do not understand the
resonant one.

« FOR OBSERVERS:

« Measuring disc and satellite eccentricities would help to validate the
theory.

 Horseshoes suggest disc eccentric orbits to be validated kinematically.






Interpretation of the results

Can we treat the disc as a planet?

» Apparently yes! The disc behaves rigidly...(Teyssandier & Oglivie 2016)

Pericenter phase radial profile
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Density Profile
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Eccentricity Profile
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Migration
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