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Abstract Recent numerical simulations show long lived sub- and super-Keplerian flows in protoplanetary disks.
These so-called zonal flows are found in local as well as global simulations of magneto-rotationally unstable disks. The
resulting gas over- and under-densities have a radial size of ~5 local pressure scale heights, and are stable for several tens of
orbits. This is the first study about the effects of zonal flows on dust particles. Centimeter sized particles reach a hundred-fold
L density enhancement without self-gravity. ,
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ders [3] allows growth up to some meter-
=10T,_, sized objects [4]. We investigate growth
to the kilometer-size regime by perfor-
ming ideal magneto-hydrodynamic si-
mulations with meter-sized bodies in lo-
cal shearing boxes of different sizes.
We do not include dust back-reaction
on the gas. Large-scale magnetic field
=207, structures create super-Keplerian flows.
Through geostrophic balance gas over-
densities develop. These high pressure
regions lead to dust trapping, high dust
densities, and planetesimal formation. image credit: www.spitzer.caltech.edu, [3], [5], and [6]
boxes show gas density, the arrows indicate the direction of gas flow. -
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Numerical simulations in large local
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log,o(Z,/<Z,>) 5 shearing boxes of the magnetorotatio-
nal instability (MRI) show that MRI-
i turbulence is able to form large-scale gas
density concentrations in some regions
e v of a protoplanetary disk [7]. Global simu-
=4.0 T, ‘ lations [8] confirmed the occurence of
& long-lived high-pressure regions. At 5AU
*\ from the central star, they form an an-
}\ g nulus of overdense gas that has a radial
size of ~1.25AU and is stable for several
I hundred years.
120 =" 1.12
(=5.0 T (b) [
orb 4 'j_ ~ = 1.10
A .
b @ 100 | 1.08
30| 1.04 2
£ f 7
S 1017
60 0.99 &
) _ 0.97
40 o 0.95
=6.0T ., = s 0.93
p/)] S e T - e — N [
' 4 2 0 2 4
x/H x/H
both plots from [6], black dots show particle positions (a) and position of highest dust density (b) )
particle size [cm] R f N
3 3 ' 1.8 18.2 128.1  405.1  1281.0 €CICreEnces
PlaneteSImal formatlon L] 't t_' l 'll ' ] [1] gl BL;JMry&d.Gi{Vgu%&igr?z“;ﬂ;g;lezcgggisms of macroscopic bodies in proto-
. . . . - gravitational collapse 1 anetary disks", -56).
ParthleS Of dlffel‘ent SIZeS respond dlf‘ i g p ) [2] T. BIRNSTIEL, C. P. DULLEMOND & F. BRAUER “Gas- and dust evolution in proto-
102 u N planetory disks”, A&A, 513, A79, 2010
=65T., ferently to the gas. Meter-sized boul- o | : O rmmerechmal otmastion o Sweepwn: o tne besaclag barersam e benehera
~ I ] to growth”, A&A, 540, A73, 2012
ders (St: 1) couple StrongeSt9 and the- Q_é - [4] F. WINDMARK, T. BIRNSTIEL, C. ORMEL, & C. P. DULLEMOND “Breaking through:
. .. N I Tpe. effects of a velocity distribution on barriers to dust growth”, ar-
refor form the highest over-densities. < 10 E Xiv:1208.0304, 2012
= ' ] 2] ational turbulence”, ApJ, 634, 1353, 3005 Ty ik by magnetoro-
DECImeter-SIZEd duSt pebbleS (St=0o 1) l i %treamlﬂﬂ lHStablllty : [6] K. DITTRICH, H. KLAHR & A. JOHANSEN “Planetesimal Formation in Zonal Flows”,
R . w o ! Py : ApdJ, 763, 117, 2013
can reach a dust-to-gas ratio about unity % 1(0°; - (7] A. JoRANSEN, A. YoUDIN, & H. KLAHR “Zonal Flows and Long lived Axisymmetric
C . Pressure Bumps in Magnetorotational Turbulence”, ApJ, 697, 1269, 2009
for the standard overall duSt-tO-gaS ratio z E [8] A. L. URIBE, H. KLAHR, M. FLOCK, & T. HENNING “Three-dimensional Magnetohy-
O 66 drodynamic Simulations of Planet Migration in Turbulent Stratified Disks”, ApJ,
° ° ° B - 736, 85, 2011
. Of 0’01’ They Wlll trlgger the Streamlng 10—] L - [9] A. JOHANSEN & A. YOUDIN “Protoplanetary Disk Turbulence Driven by the Stre-
Coail Lol Loyl TR Lol o aming Instability: Nonlinear Saturation and Particle Concentration”, ApJ, 662,
- instability [9], and further increase the -2 -1 0 1 2 627, 2007
1—7'0 TOIb Y [ ], 10 10 10 10 10 [10] A. JOHANSEN, J. S. O1sHI, M.-M.M. Low, H. KLAHR, T. HENNING & A. YOUDIN
d u St d ens ity t o f orm pl an et es i m al S St:T Pg} “Rapid planetesimal formation in turbulent circumstellar disks”, Nature, 448,
° 1022, 2007
m \_ from [6], sizes assume a 3-MMSN at 5AU )
0.00 3
}}
e Fiogure a ele and side from is turned on, is shown in the top four panels. e eac anel show an enlargement of a square re-
The Fig t the left hand side f 10 is turned on, is shown in the top four panels. Th h panel sh larg t of a sq
ives a time series of the collanpse of overdense ime series of total column density of solids, in ion (as indicated in the main panels) centere
g p ti i f total col density of solids, i gion (as indicated in th i 1s) tered
—(0.66 seeds in the early solar system into gravitatio- the radial-azimuthal (x-y) plane of the disk, sum- around the Hill sphere of the most massive clus-
nally bound boulder clusters. The column den- med over all particle sizes, is shown in the 9 ter in the simulation. The Hill sphere grows in
sities of four different sizes of boulders, plotted panels below. The times are given in orbital ti- time as the clusters grow in mass by accreting

independently at a time just before self-gravity mes after self-gravity is turned on. The insets in boulders from the turbulent flow.



