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* many mechanisms can
generate turbulence in disks
(even in the dead zone)

e we modelled the vertical
shear instability (VSI)

* and compared the same
analysis with a laminar
viscous disk
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time: 950 years

* many mechanisms can

generate turbulence in disks .

(even in the dead zone) 1

| 0

* we modelled the vertical

shear instability (VSI) -1

—2

* and compared the same .
analysis with a laminar 3

viscous disk

Armitage 2015
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e PLUTO code (Mignone+ 2007,

density/ initial density

2012)
. . 30Ms Alpha 30My VSI
e 1,000,000 Lagrangian particles L L4
1.3 >
representing 10 dust sizes (from 12 Z
< 1.1 3
sub-mm to km) E 1.0 £
= k=
8 0.9 }
. | 0.8 Z
e 4 different planetary masses: 0 5
5, 10, 30, 100 M, 06
100Mg, Alpha 5 50
. . . . 2.25
e a set of simulation with VSI active 2.00
. . . . R 1.75
disks (inviscid), and a second one = 1.50
. . . z 1.25
with laminar disks 5 1.00
& 0.75
0.50
e |ocally isothermal equation of 0.25
state, new runs with radiative azimuth azimuth
transfer, different disc aspect ratio Stoll, Picogna & Kley, 2017

e no planet migration, no dust
back-reaction
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MU EFFECTIVE VISCOSITY 9

* VS| generate eddies that - S |
transport angular 107 | ;
- \
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" il W '
YR
e we can derive an Nrﬂv — Mg
ter from th — Ve
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RR,gb — puR5u¢ 28(1”7 Picogna & Kley,
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VSI - RWI VORTEX INTERACTION ¢

* the strong vertical motion due to the VSl is strongly quenched at the location

O

azimuth

azimuth
O = N WA LN O =N WA WL O

f the RWI vortex
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Stoll, Picogna & Kley, 2017
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VSI turbulence is strongly
anisotropic

the vertical stress tensor
is ~650 times stronger
than the radial one

It inverts the meridian
circulation flow

can we model this with a
simple laminar disc with

an a-like parameter?

2
sO

specific stress in ¢

specific stress 1n ¢y,

11

0.02 | --.. S.9/p(z) Alpha, rescaled x650 ____..-*" -

0.01
0.00
—0.01
_0.()2_‘_‘____.,... ]

R.¢/p(z) VSI

vertical direction 1n h

Stoll, Kley & Picogna, 2017
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e VSl turbulence is strongly

anisotropic 0.1
y | | | | |
010 L — 2D 1sotropic stress, rescaled x200 i
e the vertical stress tensor _ —— 2D anisotropic stress
. . S 0.08 L .
is ~650 times stronger = .\ — 3DVsl .
: = 0.06 b ---+ 3D VSI doubled resolution
than the radial one 5 g -
S 004l N an
> ’ ;
* itinverts the meridian g 002F }
S
circulation flow = 00— — — =75 = = — — -
—0.02 |- _
. . l | | | |
e can we model this with a 3 ) 1 0 1 2 3
simple laminar disc with vertical direction in h

an a-like parameter?

Stoll, Kley & Picogna, 2017
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PARTICLE SCALE HEIGHT :
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* very similar particle
scale height in VS| and
laminar discs with
turbulent kicks!

* compatible also with
MRI turbulence

(Fromang & Nelson,
2009)

100 :_G'_' "6_"| _c') '%'b_(')'\"':g Rl LA ks RSl Rl '_:
; ¥ o :
¥oo
N\ X
X ¢
-~ -1 | |
e 10 = _ . bestfita, =1.737-107° a \*
. - XXX VSI N\ \g<
~ XXx Laminar w turbulent kicks A _
o000 SKI6 X
1072 | g
= 000 FNO9 :
10° 107 107* 10° 102 100" 10 10!

Stoll, Picogna & Kley,
2017
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* VSl create rings (ana

vortices - see e.qg.
Manger et al. 2018)

e between 10 and 30 M

the pebble isolation
mass is reached
(compatible with non

turbulent discs - e.g.
Bitsch et al., 2018)

MiSO — 25 «];l.l‘ M@

10.05

: 3 4
fru = H/’"] o.34<110g(a3))) +O.66] [1

r[5.2au)

oln(P)/oln(r) +2.5

time [orbit at 5.2 au|

10.0M

Alpha: 10.0M VS

VSI: 30.0M

Alpha: 30.0M

2.5 3.0 3.5 4.0 4.5 5.0 5.5
log 10(particles per bin)

Picogna, Stoll & Kley,

6

2018
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* VS| create rings (and .02 , M | .02 1M |
vortices - see e.qg. Lot b { 101 -
Manger et al. 2018) R N _

= ~— S S WW
0.99 |- = 0.99 B
® between 10 and 30 M@ 0.98 | | | 0.98 | | |
. . 30M 100M
the pebble isolation 1.02 r | | 1.02 I . .
mass is reached 101 - 4 Lol
N
(compatible with non 3 10 00
turbulent discs - e.qg. 0:99 7
: | | | 0.98
Bitsch et al., 201 8) .y 0.8 1.0 1.2 1.4
R (5.2 au)
M. =25 Jrir Mg
_ 43 B 4 7] _ _
o= Hlr 0.34 log(as) os6l 1 oln(P)/oIn(r) + 2.5 Picogna, Stoll & Kley,
fit _0.05_ IOg(a) 6 _ 2018
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* the solid accretion rate
reach a stable state
within the simulation

* above 10 Mg pebble

accretion is shut off

* there are no striking
differences between the
VS| and laminar case
with turbulent kicks

PEBBLE ISOLATION MASS ’
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Picogna, Stoll & Kley, 2018
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PEBBLE ACCRETION EFFICIENCY ¢

* the efficiency of pebble accretion is the lowest between the whole sample of
particles studied (2-4%)

* the slope of efficiency is compatible with theoretical prediction by Lambrechts
& Johansen (2014)
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particle size [cm
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WORK IN PROGRESS

20

* new simulations of laminar radiative discs suggest that the pebble isolation mass can

be lowered including more realistic physics
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e a-disk models can be still useful to describe the evolution of - pebble isolation mass can be close to 10 M., in radiative
D

dust in discs, when including turbulent kicks, and it is possible discs, posing problems for giant planetary core formation

to recreate VS| turbulence assuming an anisotropic a model

e turbulence appears everywhere in simulations yet there is

* pebble accretion in turbulent 3D discs have a low (2-4%) no strong evidence of it in observations
accretion efficiency but, due to its high flux, it is the main
contributor to planet solid accretion e quenching of VSI due to RWI vortices

* particle scale height in turbulent discs seem to have a similar * dust teedback may quench VSl in the mid plane (wait for
fall-off at large Stokes number for different turbulence Min-Kai's talk)

mechanisms
* interaction of VS| and MRI (wait for Xuening’s talk)

* VS| can generate rings and vortices
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