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Evolution of 3-Earth-mass protoplanets towards eventual gap opening

or so...

Miroslav Broz!, Ondfej Chrenko?, David Nesvorny? - 'C

Abstract: Several-Earth-mass protoplanets interact with the gaseous and pebble disk in a complex way (see
Chrenko et al. 2017, or Eklund & Masset 2017). The hot-trail effect arises as a consequence of accretion heating,
it raises planetary eccentricities, and may prevent resonant captures of migrating planets. Here we study the
dependence of this effect on parameters such as the surface density, viscosity, or the number of protoplanets,
After mergers, planets are massive enough to accrete massive gas envelopes, open gaps, and eventually Type-l
migration changes to Type-ll. We are also using hydrocode results and radiation transfer code to compute how disk
would appear in ALMA observations and whether this may constrain the properties of embedded planets.

Caselll_nominal — As presented in Chrenko et al.
(2017). Starting with 4 embryos, 3 Me, initial spacing
10 Ry, pebble flux 2x10% M¢ per yr, approx. MMSN,
with 0.5 2(r) slope, kinematic viscosity v = 10" [c.u.],
proto-Sun, resolution 10241536, damping BC
artificial inclination damping (Tanaka & Ward 2004),
no Hill cut. Results: hot-trail effect, high eccentricities
(cf. talk by O. Chrenko), 0-torque at approx. 9 au, no
low-order mean-motion resonances (MMR), because
embryos were too close, capture difficult anyway
(because e > 0), two successful mergers 13.8 Mg

and 4.3 M, but co-orbitals, their long-term evolution?
We performed 6 additional simulations, always with

a single modified parameter...

Sigma_3MMSN — initial surface density Z 3x larger;
0-torque radius further out at 11 au,  often smaller,
slower evolution (even though timespan 2x longer),
embryos do NOT interact so strongly, rather stay next
to each other, because damping is too large?
sometimes inward migration of embryos @ larger
e, possible interference of (massive) co-orbital regions?
10+ attempts of the outer 4th embryo to enter the co-
orbital region of the /< one, only temporary coorbitals.

embryos_0.1ME_120 — 120 low-mass 0.1 M¢
embryos, spacing 2 mutual Ry, disk up to 16 au,
resolution still low (3 pixels per Hill sphere), at least
2048x3072 would be needed, convergence tests show
that da/dt is overestimated, very slow computation
anyway (120 disk — planet interactions), it was run on
Pleiades, caveat: collisional radii increased only during
merger events; overlapping weak spiral arms, slow
evolution dominated by encounters, e up to 0.06, 10+
quick mergers 0.2 /., pebble accretion up to 0.45 M,
but strong filtering for inner embryos, 0.2 Mg mergers
are either inside (short periods) or outside, the *winner"
is outside (no filtering), longer simulation needed?

embryos_1.5ME_8 — 8 embryos with 1.5 Mg, clear
convergence to 0-torque, slower evolution, a number of
encounters, more opportunities to merge, especially
when an additional embryo arrives and starts to
interact, 2 mergers 13.2 and 6.5 M as of yet, more
outer embryos should be added and an extended disk
(20 au) should be used?

pebbleflux_2e-5 — 10x lower pebble flux 2x10° Mg,
i.€. 0.25 M¢ per 4000 P,,,, (more realistic?), lower
eccentricity excitation (1), consequently smooth
evolution, all embryos initially drift outwards, 0-torque
atabout 11 au? 1 merger with 6 M; quickly drifts
outwards (1), only temporarily decelerated by the
embryo, runaway migration mode as in Pierens &
Raymond (2016)? planet IX? :) Is it a rule for low pebble
fluxes? Possible clearing of the outer disk? More outer
embryos should be probably added...

totmass_20ME — initial masses 5 M¢; all embryos
quickly drift outwards (1), even though wo. heating the
0-torque should be at 7 au; lower e, practically NO
interactions, because real 0-torque is further out,
unwanted interactions with the disk edge; larger disk &
more embryos shoud be used...

viscosity_le-6 — low-viscosity disk; same e, BUT
faster migration da/dt, i.e. like v in the denominator (71),
surroundings more easily affected by the embryo, many
encounters, only temporary co-orbitals, 2 mergers 8 Mg
as of yet, an onset of gap opening even without gas-
accretion term? many attempts to form a co-orbital
pair, BUT failed co-orbital formation? (cf. Figs. above)
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System of equations; changes w.r.t. Chrenko et al. (2017): gas accretion (Kley's prescription for 3D orbits),
corresponding gas-accretion heating, fragmentation-limited pebbles, improved SOR convergence.

Figure: Evolved gas disk @ time t = 4000 Po, @ 5.2 aU,
hot-trail effect visible, failed co-orbital, viscosity_le-6.

Figure: Pebble disk, corresponding
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Figure: Gas disk with initially 120 embryos 0.1 Mg, and
many weak overlapping spiral arms, t = 4000 Py,

Conclusions:

Clearly, the dependence on parameters is complex!
Apart from the very origin of gas-giant cores, there are
a number of possible applications here: studies of
different parts of the disk, origin of Uranus & Neptune,
dynamics of other (compact) planetary systems.
However, we have to face several serious problems:

(i) find BC's suitable for the inner disk edge; (ii) resolve
different pebble isolation in 2D vs 3D; (iii) gas accretion
in 2D is not self-consistent, produces too much heating.
It's possible that the deposition is below opaque
atmosphere. A parametrisation of 3D in- and outflows
(Lambrechts & Lega 2017) would be needed for this
purpose.

Bw. the code s available @ http://sirah.troja.mif.cuni.cz/~chrenkol
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Figure: Simulation wllh 93 2c accretion (incl. heating),
Kley parameter f,, 073, AM « f,. 5S .t [p(2)dz.

Observability: The disk is optically thick in the vertical
direction T = kpH = 10? > 1, with Bell & Lin (1994)
integral opacities. It is thus necessary to properly model
the disk atmosphere. In the midplane, the mean-free
path /; of gas molecules is small enough to assure a
sufficient thermal contact and equilibrium between the
gas and dust. This is no more true far from the midplane
and one has to use 3D, non-equilibrium model, and
monochromatic opacities (cf. egs.). While surface-area
distribution of solids is dominated by sub-micron dust,
the mass distribution is dominated by pebbles (as in
Birnstiel et al. 2012); in principle we can use Z,, H, < H,
K, << K, but it could hardly produce observable effects.

We tried to use Radmc-3D code (Dullemond et al. 2012),
assuming LTE, dust absorption, isotropic scattering,
central star, possibly also embryos heated by pebble
accretion, and viscous heating (i.e. an extended

source). Synthetic image for 10° photons was processed
by ALMA OST, assuming high v = 900 GHz, 7.5 GHz
bandwidth, 3-hour observation, 1 visit starting at 78°,
PWV 0.475 mm, and extended (full) configuration with
baselines up to B/A = 3.6x10° cycles.

Problems: (i) only fully-opened gaps seem observable;
(ii) only escape-probability, no A-iterations, AL or Ng-
acceleration - a slow convergence with extended
source inside optically-thick disk interior!
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Q: How to compute a(t)? o

disk gravity, spiral arms, Lindblad torque (HD) «
corotation region, c. torque -

cold finger (RHD) »>->

hot trail (in e) «
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Stellar-solar context
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Fig. 1. The Hertzsprung—Russel diagram for a star (Sun) with the
initial mass M = 1 M, helium abundance Y = 0.274, metallicity
Z = 0.0195, mixing length parameter @ = 2.1, Reimers RGB
wind with the scaling factor g = 0.6, Blocker AGB wind with
ng = 0.1. The element diffision was also accounted for. Colours
indicate four major burning phases: H core, H shell, He core and
He shell burning. The red point denoted “T Tau” corresponds to
the pre-main sequence object we use in our protoplanetary disk
simulations. The evolution was calculated by Mesastar code, rev.
8845; Paxton et al. (2015).
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ViSCOSity CO nteXt V =const.orv=acH

vertical shea ring insta bility VSI (a.k.a. Kelvin-Helmholtz in z direction;
Nelson et al. 2013)

subcritical baroclinic instability SBI (essentially, Rayleigh-Taylor with
heat diffusion; Klahr & Bodenheimer 2003)

magneto-rotational instability MRI (Balbus & Hawley 1973, Turner et
al. 2014)

spiral wave insta bi“ty SWI (resonant coupling between spiral arms
induced by an embedded planet and inertial-gravity waves; Bae et al. 2016)

Stl’Oﬂg stellar wind (Glnther 2013, Turner et al. 2014)
X-wind at the disk edge (shuetal. 1994)

magneto-centrifugal wind and loading of ions (Anderson et al.
2005, Stute et al. 2014, Bai et al. 2016)



Model ingredients (Fargo-Thorin)

based on Fargo (Masset 2000) <« extended by OC

N-body interactions u. Rebound (Rein & Spiegel 2015)
inclination damping (Tanaka & Ward 2004)

integral LTE opacities (Bell & Lin 1994)

pebble accretion: Bondi regime, Hill r.

Type-l migration » Type-Il (gas accretion, gap opening)

FVM discretisation N, = 1024, N, = 1563; implicit SOR (RTE), CFL

free parameters: 2(r), Mem, #em, Mr, V (Or @), but not h = H/r
fixed parametes: Mo, To, Ro, Qp, V, U, Ck, A, SC, Pb, facc
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Case lll nominal

Caselll nominal

As presented in Chrenko et al. (2017).

Porb @ 5.2 aul!

A WhN =

500

1000

1500 2000 2500 3000
time [Py,

3500

4000

Starting with 4 embryos, 3
ME, initial spacing 10 RHill,
pebble flux 2x10-4 ME per yr,
approx. MMSN, with 0.5
Sigma(r) slope, kinematic
viscosity nu = 1e-5 [c.u.],
proto-Sun, resolution
1024x1536, damping BC's,
artificial inclination damping
(Tanaka & Ward 2004), no Hill
cut. Results: hot-trail effect,
high eccentricities (cf. talk by
0. Chrenko), 0-torque at
approx. 9 au, no low-order
mean-motion resonances
(MMR), because embryos
were too close, capture
difficult anyway (because e >
0), two successful mergers
13.8 ME and 4.3 ME, but co-
orbitals, their long-term
evolution? 3-body
interactions are needed for
sucessful mergers! a
scattering event occurs prior
to every merger (2 out of 2);
see details below...



Case lll nominal: Merger
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a, Q, q [au]

Sigma 3SMMSN

Sigma 3MMSN
1 4 T T T

private notes: initial surface
density 3x larger; 0-torque
radius further out at 11 au, e
often smaller, slower evolution
(even though timespan 2x
longer), embryos do NOT
interact so strongly, rather stay
next to each other, because
damping is too large?
sometimes inward migration of
inner embryos @ larger e,
possible interference of
(massive) co-orbital regions?
10+ attempts of the outer 4th
embryo to enter the co-orbital
region of the 3rd one, only
temporary coorbitals; the last
part affected by interactions
with the disk edge and
damping zone, which kills the
outer spiral arm.
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embryo number

120 low-mass 0.1 ME embryos,
spacing 2 mutual R Hill, disk up
to 16 au, resolution still low (3
pixels per Hill sphere);
overlapping weak spiral arms,
slow evolution dominated by
encounters, e up to 0.06, 10+
quick mergers 0.2 ME, pebble
accretion up to 1.4 ME, but
strong filtering for inner
embryos, 0.2 ME mergers are
either inside (short periods) or
outside, the "winner" is
outside (no filtering) - see the
plot wrt. mass, or enhanced
massive bodies, several
mergers or pebble-accreted
bodies up to 3 ME, we are
apparently at the beginning of
Caselll_nominal, but the
bodies concentrate in the outer
disk :-|, e excitation by hot trail
alone is 0.02 only, but this is
NOT final value, nevertheless,
it serves as an initial 'kick'!
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Embryos |.5M 8

embryos 1.5ME 8
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8 embryos with 1.5 M E,
clear convergence to 0-
torque, slower evolution, a
number of encounters,
more opportunities to
merge, especially when an
additional embryo arrives
and starts to interact,
several mergers, the final
mass of the escaping
embryo is 25 ME, the
heating may be actually
lower (pebble isolation),
and there is NO gas
accretion in this model;
btw. it's strange that 5-6
ME embryos (cf. below)
migrate out of the disk
without problems, similar
final position of the
remaining embryo, more
outer embryos should be
added and an extended
disk (20 au) should be
used? is the long duration
of the high pebble flux ok?
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Pebbleflux 2e-5

pebbleflux 2e-5

AWN =

500

1000 1500 2000
time [Py

10x lower pebble flux 2x10-5
ME, i.e. 0.25 ME per 4000
Porb (more realistic?), lower
eccentricity excitation (!),
consequently smooth
evolution, all embryos
initially drift outwards, 0-
torque at about 11 au? 1
yellow merger with 6 ME
quickly drifts outwards (!),
only temporarily
decelerated by the 3rd
embryo, runaway migration
mode as in Pierens &
Raymond (2016)? planet
IX?:) Isit arule for low
pebble fluxes? Possible
clearing of the outer disk?
Why the 2 remaing embryos
migrate outward? (initially
the convergence zone is at
10 au) More outer embryos
should be probably added...



a, Q q [au]
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initial masses 5 M E; all
embryos quickly drift
outwards (!), even though
wo. heating the 0-torque
should be at 7 au; lower e,
practically NO interactions,
because real 0-torque is
further out, unwanted
interactions with the disk
edge; larger disk & more
embryos shoud be used...



a, Q, q [au]

Viscosity le-6

viscosity 1e-6
1 4 T T T T T T T

— low-viscosity disk; same e,
BUT faster migration da/dt,
— i.e. like v in the denominator
(?1), surroundings more

- easily affected by the
embryo, many encounters,
only temporary co-orbitals,
2 mergers 8 ME as of yet, an
onset of gap opening even
without gas-accretion term?
many attempts to form a co-
orbital pair, finally a
coorbital is formed and

i further stabilised, a change
of regime around t =4500
P_orb is due to developed
pebble isolation (see below)

AWN =

"k,,.
:%?-.é%- i

Wi =

0 1000 2000 3000 4000 5000 6000 7000 8000
time [Py




Viscosity |e-6: Exchange
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:: Sigma lover3

Q: Will the hot trail effect be smaller or larger for 2 = V32 yusn?

2. > 0: no gas, no perturbation,e=0
2 > oo: large thermal capacity, no AT, no expansion, e =0



Sigma |l over3
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A: The hot-trail effect is larger (and seems more stable)!

Conclusion: Evolution does depend on parameters! uprisingy

A~ migration map difficult



Hidden problems

2D > 3D

hot trail in /, pebble isolation (Eklund & Masset 2017, Bitsch etal. 2018)
LTE, no ** Hinssmovties

mean-field, no outliers

inner edge setup (stability)

unresolved turbulence « v isn‘t free

resolution for small masses! « discretisation errors, N* scaling
opacity in FUV, V? « sideways irradiation, windows

inflow vs outflow, advective atmospheres (Lambrechts & Lega 2017)

GPUs (Benitez-Llambay & Masset 2016)



Q: How to resolve disks (IC)?

photometry (unresolved)

interferometry, spectro-interferometry, w. supersythesis
absolute SED, calibrated flux F) [erg s cm? cm™}
differential interferometry (in line profiles)

spectroscopy, a.k.a. Doppler tomography

IFT d|fﬁCUlt, if nOt |mpOSSible < audio vs video, distorted image
synthetic image && DFT



Model (Pyshellspec) -« sueionsheisoe

+ LTE level populations
+ LTE ionisation levels
+ 1D line-of-sight transfer

— optically-thin (single) scattering «no3p, LiorALl

— non-isotropic scattering
+ prescribed p, T profiles
+solar abundances

+ Voigt profile (prior to D.)
+thermal broadening

+ microturbulence

+ natural

+ Stark

+Van der Waals

+ Doppler shift

+ HI bound-free continuum opacity
+ HI free-free

+ H free-free

(Budaj 2011)

— Thomson scattering on free electrons
— Rayleigh scattering on neutral hydrogen
— Mie absorption on dust

— Mie scattering

— dust thermal emission

- line opacity

+ spherical primary (gainer)

+ Roche secondary (donor)

- black-body approximation (for *)

+ synthetic spectra (for *)

—irradiation

— reflection

+ limb darkening

+ gravity darkening

— heat transport
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Young experiment

* monochromatic vs polychromatic vs extended

* experiment: waves and shadows

(o) MB = 4.5 arcsec (o)

-20 -10 0 10 a[;gseC] -20 -10 0 10 a[afO ]
a) point source, monochrom b) point source, K-ba
I(oc)l “
J/\V/\\(/\V/ ! \«//\\/\J/\./\‘ al W Wl B I, Glindeman (2008)
R TR e AFY
c¢) extend , Mo mati ) extended source, K -band



Young experiment (cont.)

Obrazek 6.51: Usporadani Youngova experimentu, kde B oznacuje vzajemnou vzdalenost stérbin
(zdkladnu), z1 vzdalenost stinitka od prekazky, r1, ro vzdalenost studovaného mista na stinitku od
Stérbin, o odpovidajici odchylka od osy prekézky, o’ tihel dopadu vlny na prekazku, 6, 8 dradhové
rozdily vznikajici za a pred prekazkou.



[ ] [ ] one
Visibility

Viditelnost. V Youngové experimentu dopada na zminovanou prekazku rovinna
monochromaticka elektromagnetickd vlna. Namisto jednotlivych slozek poli E, B
budeme pouzivat bezrozmérny vzruch D (angl. disturbance) v komplexni notaci:

D t) = Dyl & BIE In)()es it (6.151)

kde w = 2§C oznacuje uhlovou frekvenci a k vinovy vektor, k = 2)7\7 Podle Huygen-

sova principu spoc¢teme vzruch na stinitku jako soucet dvou kulovych vln, Siricich
se z otvoru (obr. 6.51):

Dy Dy Dy

D(I‘) i 1kr1 e 1k’r2 i wifho (eik'rl +eikr2) i
11 T2 <1
g
e =0 elgk(’l“l-H“Q) 2COS[%]€<T1 — 7”'2)} i (6152)
Z1

Nepozorujeme ovSem primo D, nybrz tok dany Poyntingovym vektorem S = E X

H, ktery lze pro nasSe ucely stfedovat, normalizovat a povazovat za bezrozmeérnou
intenzitu:

I(r) = (DD*) = |D(r)|?. (6.154)



Visibility (cont.)

V misté odchyleném od osy prekazky o thel a je pak:

ez —= [Dla)ls — (l;_lo) 4COSZ[%IG(T1 = (i)—f) 2{1 + cos|k{ry —ra)| =
= Io{1 + cos|kaB|}, (6.155)

kde B oznacuje vzajemnou vzdalenost otvord. Pokud navic vlna sama dopada na
prekézku pod thlem «’:

I(a, o) = In{1 + coslk(a + o) B]} . (6.156)

Jako jednoslovny popis jevu se zavadi viditelnost, neboli kontrast interferenc¢nich
prouzki:

[max e Imin
V : 6.157
Imax i Imin ( )
Protoze zde Iin = 0, Ihax = 1, je V = 1. Pro rozlehly zdroj nebo polychromatické
zareni byva ovSem viditelnost mensi, protoze prichazejici vlny nejsou prostorove
respektive casoveé koherentni (viz obr. 6.52).



Van Cittert & Zernike theorem

Teorém van Citterta a Zernikeho. Budeme-li pfes rozlehly zdroj (thly o) inte-
grovat:

e i %[eikaB [I(a) cika’B do’]

7\ 7\

Ve

La)i— /I(a,a')da’ = /I(o/)do/—l—/[(o/) coslk(a + o')Blda!, (6.158)

uziime, ze se vlastné jedna o realnou ¢ast Fourierovy transformace rozlozeni inten-
zity zdroje I(«'), nasobené jakymsi faktorem. Obecnéji zapsano:

(&) = I, {1 +R [Mé) e—ik&-f‘f’} } , (6.159)
kde komplexni funkce viditelnost:

fl(&/) e—iko_é/-g do/

1
7 : (6.160)

u(B)

tj. tvrzeni teorému van Citterta a Zernikeho. Absolutni hodnota |u(B)| evidentnd
urcuje viditelnost V (tj. kontrast), kdezto prislusna faze ¢(B) polohu , prostfedniho*

1\'{1/{1‘\/\ “1/\/\11;/’1711



CIOSU re Phase < asymmetry of the source!

Vzruch je na kazdém z dalekohledti pozménén (Haniff 2006):
D=GD=|G|e*D, (6.169)

kde |G| oznacuje zisk dalekohledu, zohlednujici mj. odrazivost zrcadla, ® fazovy posun,
ovlivnény seeingem, teplotni roztaznosti atd. Funkce viditelnosti je pritom p o< D1 D5, ¢ili
skutené mérena (,,rozvinéna*) funkce viditelnosti:

i=GiGh p = |G1]|Ge| e (®21 7220y, (6.170)

Amplituda je evidentné zmensena, faze kamsi posunuta. Definujeme-li vSak trojny soudin
(zvany téz bispektrum):

T3 = pi2p23 U431 , (il
zjistime Uzasnou véc:
Ty = 12423431 =
= [G1]|G2| €17 115 [Ga|Ga| €27 1p3 | Ga[| G| €T3 T gy =
= |G1)?|G2|*|Gs|* p12pas st - (6.172)

Amplituda je sice zmensena, ale faze nikam neposunuta! Uzaviraci faze je pak argT5;.



Y [mas]

Fringes (for VLTI)

* D=8 m, B=100 m, observations of a disk @ =1 or 5 mas,

but without seeing, bandwidth AA., and other incoherence
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CHARA

* Mt. Wilson observatory, 6 telescopes, Y configuration,
10 baselines up to 331 m, B/A =331 m/550 nm =6 - 108 c. per b.

* Mersenne afocal system, primary diameter 1 m
(ten Brummelaar et al. 2005)




Optical scheme
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Model (cont.)

Python interface by JN — http://sirrah.troja.mff.cuni.cz/~mira/betalyr/
computation of interferometric observables (DFT), joint x?
multiprocessing module (split on wavelengths; 4-8 cores)
discretisation N, = 160, N, =60 (~1 Ro); variable in z (~T)

A trapezoidal rule

local & global optimisation (DE, simplex, ...)

free parameters: H (or 0), Rouw, O, To (or T1), ap, A1, i, Q, d, hiny,
tinv, hwind, hmul

fixed parameters: P, JDin, P, a sin i, My, g = M:/M,, e, W, fu, Ry,

Teff,d, Teff,g, Xbol,d, Xbol,g, agd,d) agd,g,



Joint }* metric
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Lightcurves (LC)
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magnitude [mag] (shifted by dataset number)
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squared visbility Vi [] (shifted by dataset number)
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Visibility (VIS)
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closure phase arg 75 [deg] (shifted by dataset number)
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Closure phase (CLO)
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triple product amplitude | 75| [] (shifted by dataset number)

Triple product (T3)
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best-fit model
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Ad [mas]
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Alternative shapes
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Ad [mas]

A8 [mas]

Systematic differences
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Ad [mas]
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Parameter space

minimum maximum
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Note: A non-negligible part was explored, but some p. were fixed...

Conclusion: One can be never sure the model is sufficient! wiviay



Hidden problems

missing scattering (shadowing), better d. atmosphere
optically thin jets, spot(s), reflection + irradiation

limited resolution (~ 1 Rs), discretisation errors, RTE artifacts
non-LTE?

systematics between LC & VIS, CLO, T3

optically thick vs very o. t. < degenerate problem :(

missing AV?2, Doppler, SED measurements
kinematics, missing feedback on HD! - dynamical model?
disk stability, outer edge, precession?
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