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TSINGHUA UNIVERSITY

Tsinghua Department of Astronomy
(DoA)

e rapidly expanding
e opportunities for PD and faculty
positions

please, visit!
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GOAL

Present a planet system formation model from A-Z
e evolutionary timescales
e model entire planet formation process

dust —> pebbles -> planetesimals -> planets

e Lagrangian representation dust

composition, coupling to N-body



Lagrangian:

Dm m

Dt tyow
and radial drift
Dr  r

Dr _fdrift,

3

KRIJT'S BATCH METHOD

Krijt, Ormel, Dominik, Tielens (2016)

Idea: follow lifeline of batches.
e disk radius
e mass (characteristic size)
e composition, porosity

tdrift:f(m ,r)t)

tgrowth =f(m ,r7t; Z )



Lagrangian:
Dm  m

Dt torow
and radial drift
Dr r

Dr _rdrift,

t (yr)

KRIJT'S BATCH METHOD

Krijt, Ormel, Dominik, Tielens (2016)
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SCHOONENBERG'S SPH METHOD

Schoonenberg, Ormel, & Krijt (2018)

1 e particles different mass,
) = jew%m MWl = i, 1), compositions
e 5 particles in the support Kernel
e resample when relative distance
# Particle separation exceeds 20%

becomes too large

*, Resampling
e o o o o o




PLANETESIMAL FORMATION

1x 10%yr

1 % 10% yr |1

100 101
r laul

® NoO pressure bumps
e rapid evolution
e pileup interior to snowline

but dust:gas>1 not reached

e planetesimals form aticeline
Schoonenberg & Ormel (2017)

further evolution not followed



PLANETESIMAL FORMATION

® NoO pressure bumps

e rapid evolution
= - e pileup interior to snowline

but dust:gas>1 not reached

¢ =) o e planetesimals form aticeline
Schoonenberg & Ormel (2017)

' : h further evolution not followed

snowline —

constant mass flux
of icy pebbles
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PLANETESIMAL FORMATION

® NO pressure bumps

- time = 6 kyr — ce

— vapour
vapour - steady state

e rapid evolution
e pileup interior to snowline

but dust:gas>1 not reached

e planetesimals form aticeline
Schoonenberg & Ormel (2017)

further evolution not followed




FINDINGS

Schoonenberg, Ormel, & Krijt (2018)

103 . 1 — 103 model for first "burst" of planetesimal
X yr .
. L 10%yr |{102 formation
102¢ 5x 103
yr

e rapid disk evolution -> rapid
formation

e planetesimals tend to form
preferentially near snowline

o efficient for high Z, around low mass

stars




NEXT STEPS (NEXT WEEK)

We have coupled three codes:
e |-code
e N-code
e A-code

------------------------------

L-code

planetesimal accretion *
= dust and pebble

® ' planetesimal formation evolution

u:m‘ Y _ ®
R

Schoonenberg et al. (2019) - model overview



NEXT STEPS (NEXT WEEK)

We have coupled three codes:

snowline
e |-code 4 e
—> Lagrangian code for snownneends "':i'lﬂﬁﬁ?ﬂ.a'

radial drift

evolution of dust/pebbles,
planetesimal formation dr:\-.

_ planetesimal &/ @
L N COd e formation ,
evaporation &
° A— ‘_ fragmentation Sl outside
Cco d e ‘_\ snowlme starts
particle
growth
particle -
radlal growth (0 E :
dr|ft I
-“::.n. 2

distance to star

time




NEXT STEPS (NEXT WEEK)

We have coupled three codes:

e |-code

e N-code
—> N-body code for self-
coagulation of
planetesimals, pebble
accretion

e A-code

time [yr]

8 x 10°

7% 105}

6 x10°

5x10°

4% 10°

3 x10°

2x10° |

1 x10°F

semi-major-axis [au]

Schoonenberg et al. (2019) - N-body calculation

2x10 3

1x10 3

background planetesimal density [gcm™?]



NEXT STEPS (NEXT WEEK)

We have coupled three codes:

e L-code I S A S P
gp=3.0x1077 105
e N-code hgas = 0.03 .= 10~
= —3 @, =103
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NEXT STEPS (NEXT WEEK)

We have coupled three codes:
e |-code
e N-code
e A-code

Caveats:

e No connection to star UNecode " L-code
formation phase A-code :

e No link to final dynamics

planetesimal accretion *
= dust and pebble

pebble accretion

snowline '

-------------------------------

Fdomain

Schoonenberg et al. (2019) - model overview

I ' planetesimal formation . evolution
] .
1 e . e o
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SYSTEM

CHRIS ORMEL

University of Amsterdam

with
Djoeke Schoonenberg (Amsterdam) Beib€i Liu (Lund) Caroline Dorn (Zirich)

TRAPPIST-1 disk

[o] «e

inner disk




SYSTEM

CHRIS ORMEL

" Department of Astronomy, Tsinghua University, Beijing, China

with €
Djoeke Schoonenberg (Amsterdam) Beibei Liu (Lund) Caroline Dorn (Zurich)

TRAPPIST-1 disk

inner disk

o — _...’..
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-0.02

Orbital separation (au)

-0.04

-0.06

TRAPPIST | SYSTEM

-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
Orbital separation (au)

Gillonetal. (2017)

M8 dwarf, 12.1 pc,
mass = 0.09 M¢,n,
age=7.6+- 2.2 Gyr

Van Goortel (2017), Burgasser & Mamajek (2017)

7 planets, all around 1 Earth radius
compact; 0.01 - 0.07 au
resonances, many close to 3:2
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_~t=- Fe/Mg=0.0 , Mg/Si=1.02
07/ /3 S s Fe/Mg=0.50, Mg/Si=1.02
/13 - = Fe/Mg=0.75, Mg/Si=1.02 (suggested by U17)
—— Fe/Mg=0.83, Mg/Si=1.02 (solar abundance)
/ + pure Fe
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COMPOSITION

planet mass M [MQ]

Grimmetal. (2018)

400

350

300

250

200

150

equilibrium temperature [K]

Mass-radii relationships indicate:
e planets lie above the rock line

e moderate H,O fraction (~10%)
Dorn et al. (2018)

Properties hard to explain with "standard"

planet formation scennarios



p

/M

water

0.4

0.35]

0.3

0.25]

0.15;

0.1

0.05]

-®- scenario UCM
O mass lost (Bourrier et al. 2017)

COMPOSITION

Mass-radii relationships indicate:
e planets lie above the rock line

e moderate H,O fraction (~10%)
Dorn et al. (2018)

h' Properties hard to explain with "standard"
g | planet formation scennarios



CLASSICAL FORMATION SCENARIOS

insitu model celine IN SITU SCENARIO

e requires an unusually massive disk
(unstable)

e no (easy) explanation for ice contents
planets

® NO resonances




CLASSICAL FORMATION SCENARIOS

insitu model celine IN SITU SCENARIO

e requires an unusually massive disk
(unstable)

e no (easy) explanation for ice contents
planets

® NO resonances

iceline migration model MIGRATION SCENARIO
e formation time long
®_= D E— e expected composition icy




PEBBLE-DRIVEN FORMATION

Ormel, Liu, Schoonenberg (2017)

TRAPPIST-1 disk

inner disk

rg(t)

large disk; dust growth to pebbles; drift to inner disk

see Birnstiel et al. (2012), Lambrechts & Johansen (2014)
cf. inside-out formation by Chatterjee & Tan (2017)



SYNOPSIS

Ormel, Liu, Schoonenberg (2017)

e icy pebbles cross snowline
e H,0 vapor diffuses back across snowline

(a)

planetesifnal formation

e midplane dust:gas=1 exceeded

e planetesimal formation at iceline
by streaming instability (Schoonenberg & Ormel 2017)

H,0

(b)

iceline crossing

ErC Erice

(©)

dry pebblé accretion




SYNOPSIS

Ormel, Liu, Schoonenberg (2017)

e icy pebbles cross snowline
H->0 vapor diffuses back across snowline

B midplane dust:gas=1 exceeded
* R 9 @ e planetesimal formation at iceline

. . . by streaming instability (Schoonenberg & Ormel 2017)

e © .
snowline

constant mass flux
of icy pebbles

Schoonenberg & Ormel (2017): erowth by recondensation



SYNOPSIS

Ormel, Liu, Schoonenberg (2017)

(a)

planetesifnal formation

e icy pebbles cross snowline
e H,0 vapor diffuses back across snowline

e midplane dust:gas=1 exceeded

e planetesimal formation at iceline
e planetesimals coagulate (wet accretion)

The water contents is set (Schoonenberg et al. in prep)

(b)

iceline crossing

(©)

dry pebblé accretion




SYNOPSIS

Ormel, Liu, Schoonenberg (2017)

(b)

iceline crossing

e icy pebbles cross snowline
e H,0 vapor diffuses back across snowline

e midplane dust:gas=1 exceeded

e planetesimal formation at iceline
e planetesimals coagulate (wet accretion)
e migration and accretion of dry pebbles

H20 fraction decreases

(c)

dry pebblé accretion

(d)

pebble isolation




SYNOPSIS

Ormel, Liu, Schoonenberg (2017)

(c)

dry pebblé accretion

e icy pebbles cross snowline
e H,0 vapor diffuses back across snowline

e midplane dust:gas=1 exceeded

e planetesimal formation at iceline

e planetesimals coagulate (wet accretion)

e migration and accretion of dry pebbles

e accretion ceases at pebble isolation mass
h3M*

Lambrechts et al. (2014), Atteiee et al (2018), Bitsch et al. (2018)

(d)

pebble isolation

©) s I Ty The process repeats




SYNOPSIS

Ormel, Liu, Schoonenberg (2017)

(d)

pebble isolation

e icy pebbles cross snowline
e H,0 vapor diffuses back across snowline

e midplane dust:gas=1 exceeded

Te Tice

e planetesimal formation at iceline
e planetesimals coagulate (wet accretion)
e migration and accretion of dry pebbles
e accretion ceases at pebble isolation mass
h3M*
e 7 planets form; end up in resonances

migration stall at the magnetospheric cavity radius ,

(e) % 32 32

resonant trapping

C

3:2 3:2 43 3:2
o ot
after final dispersal




SYNOPSIS

Ormel, Liu, Schoonenberg (2017)

I e icy pebbles cross snowline
O “—0—0—.—0 . e H,0 vapor diffuses back across snowline
e midplane dust:gas=1 exceeded
(h) — - - - e planetesimal formation at iceline

planetesimals coagulate (wet accretion)
e migration and accretion of dry pebbles
0 o ©O ) ® @®| ° accretion ceases at pebble isolation mass
h3M*

e 7 planets form; end up in resonances

after final dispersal

e Planets re-arrange after disk dispersal



NEW RESULTS

Schoonenberg, Liu, Ormel, Dorn (2019)

___—— Developed an integrated numerical
L-code model combining three codes:

oooooooooooooooooooooooooooooo

A-code |- : e alagrangian code for the
| ' Plamwsimlfot;r:f:lm e dus;:;it?;:ble dUSt/ pebbles
i :: o . N *, Schoonenberg et al. (2018)
ugﬂ : “e.e ¢ ° e an N-body code for the
X : ‘ .
mowor 40 planetesimal
dynamics/coaguation at the
snowline .
............................... snowline
fdomain o Liu et al. (2019)
Schoonenberg et al. (2019) - model overview * an Analytical COde to Calculate



inclination

NEW RESULTS

Schoonenberg, Liu, Ormel, Dorn (2019)

Developed an integrated numerical

S T model combining three codes:
| e alLagrangian code for the
o dust/pebbles
: i Schoonenberg et al. (2018)
102} :
: e an N-body code for the
ool ‘ . _ planetesimal
dynamics/coaguation at the
el snowline
: Liu et al. (2019)
105} : _; e an Analytical code to calculate
n"\l':ll: MmN nl1n fat B ] M 1A Fa s I =4 M 10 n-.\n V\I\L\L\II\ PR Iy A#:ﬁ:hnﬁ:f\ﬁ




NEW RESULTS

= i

~ ~
— —
— -
- —
R S
1 | 1

== Planetesimals
=  scattered out

T 2x10 3

1x103

background planetesimal density [gcm™?]

0.08 0.10 0.12 0.14 0.16 0.18

semi-major-axis [au]

Single (initial) burst of

planetesimal formation, quick

spreading



water fraction

0.5

0.4

0.3f

0.2

0.1

0.0

NEW RESULTS

oo attime of crossing ryomain
eee final
9 n
® 1
1
n
L
L4 - -
o -” !
. -
. =" h
o _lel® V-shape
. I =" o i
‘o~ -9 ®
1x10° 2x10° 3x10° 4x10° 5x10° 6x10° 7x10° 8x10°

time of crossing raomain [Yr]

A V-shape in the H20 mass fraction
of the planets



PARAMETER STUDY

Model description Y My [Ma] Mgt [Me] My [Ms]  fi,o
l. Fiducial (see Tablelll; 9.3 +0.08 1.4+002 1.74+0.89 0.10+0.05
2. With a pebble isolation mass of 1 Mg 5.5 + 0.56 1.4+£0.02 084+029 0.19+0.08
3. Larger initial pltsml size (1500 km) 9.3 +0.2 1.4+0.04 184+092 0.10+0.05
4. Smaller initial pltsml size (1000 km) 9.4 + 0.08 1.4+£0.03 1.74+0.73 0.10+0.05
5. a=5x10" 148+0.06 59+0.01 0.67+0.28 0.39+0.09
6. a=2x107° 8.7+0.17 1.5+001 143+0.71 0.14+0.05
7. Mgy =5x 107" Mg yr! 10.8+046 3.0+0.01 1.06+0.50 0.16+0.09
8. Mgy =2 x 10719 Mg yr! 7.1+0.1 1.4+004 1.57+093 0.13+0.06
9. Higher disk mass (1o, = 300 au) 145+049 14003 256153 0.07+0.05
10. Lower disk mass (7o, = 100 au) 4.3 +0.04 1.3+£0.02 1.10+£049 0.17+0.05
TRAPPIST-1  UCM model, Dorn et al.|(2018) 5.6670:93 0.95+0.26 0.10 +0.05

Srhnanonenhero it Ormel Dorn (2010)



1.4

121

planet radius [R.]
o
oo

0.4

AFTERTHOUGHTS

eee simulated planets
4 -+ TRAPPIST-1 planets

=
o
T

0.6/

Evaporation _
trend

0.2 0.4 0.6

0.8 1.0 1.2
nlanat mace NV ]

1.4 1.6 1.8

H>,O FRACTION ~10% IS SPECIAL

e too much to change by delivery, evaporation

e hard to understand from theory

e .. butresult strongly dependson TTV
measurement/modeling!



AFTERTHOUGHTS

e H,0 fraction ~10% special

PLANETS FORM VERY FAST (~10% YR)
e Observational evidence for early formation?

e Fastdisk clearing
(Sheehan & Eisner 2017, Tychoniec et al. 2018, Manara et al. 2018)

() B

resonant trapping




AFTERTHOUGHTS

=

o
=
]

Average Solid Mass (Mg)
-
o
o
]

Solids in Planetary Systems e H>O fraction ~10% special
- ____-F
,z::—-"'" e Planets form very fast (~10° yr)
I—Z’
g SCENARIO APPLICABLE TO LOW MASS STARS?
,/f/ = e many close-in planets around M-stars
// // (Mulders et al. 2015)
// I _ e Pebble accretion efficient for low-mass stars
/ Y Trappist-1 (Ormel & Liu et al. 2018)
/ |
/, C E;OF:I‘;F;'ZE:ZLY Disks e Scenario aided by lack of an outer giant planet
I Giant Planets (RV)
| | |

0OfK T0 15 20



d

Kepler-11

AFTERTHOUGHTS

TRAPPIST-1

O R = Rsqum or
M= MSu[um

. 15R€B <R< RSulurn»

. @ R<15Rg
I

|
T
0.01 au

|
T
0.1 au

planetet systems design

1 au

10 au

H-0 fraction ~10% special

Planets form very fast (~10° yr)
Scenario applicable to low mass stars

SCENARIO APPLICABLE TO SOLAR-TYPE
STARS?

Kepler systems are thermal mass M ~ h3 My

(Wu 2018)

intra-system uniformity natural outcome of our
model



TRAPPIST-1 disk

inner disk

Ormel et al. (2017)

AFTERTHOUGHTS

e H,0 fraction ~10% special

e Planets form very fast (~10° yr)
e Scenario applicable to low mass stars
e Intra-system uniformity natural

rg(t)

THANKYOU






