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Vortices - An ubiquitous fluid mechanics phenomenon




Vortices and Planet Formation
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Barge & Sommeria (1995)

streamline

Particles do not feel the pressure gradient.

They sink towards the center, where they accumulate.

Also independently suggested by:
Tanga et al. 1996

Adams & Watkins 1996
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Shen et al. (2006).
See also Batchelor (1967)

3D

Inverse Cascade

No 3D instability
Eddies merge

Direct Cascade

Destruction occurs
faster than merging




Sustaning vortices

Mechanisms to
inject vorticity
to counteract the vorticity lost in the direct cascade

Baroclinic Instability Rossby Wave Instability

Nonlinear Linear
Powered by: Powered by:
buoyancy, thermal diffusion Modification of shear profile

(baroclinic source term) (external vortensity reservoir)
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Rossby Wave Instability
(or.... Kelvin-Helmholtz in rotating disks)
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(Pre-)History of Rossby Wave Instability

Lovelace & Hohlifeld 1978

NEGATIVE MASS INSTABILITY OF FLAT GALAXIES
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ABSTRACT

that instability is possible in situations where the distribution function for angular momentum,
f(r) = ol ?, has a maximum or minimum as a function of r and (d/dr)<2 #0 at the extremum
of f, where o(r) is the surface mass-density of the disk, and «(r) is the epicyclic frequency. Ap-
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Vorticity criterion already derived back then



(Pre-)History of Rossby Wave Instability

WHAT AMPLIFIES THE SPIRALS?

Toomre 1981°

Alar Toomre

Massachusetts Institute of Technology

One black sheep still needs to be dealt with. I am referring,
of course, to the mode marked D in Figs. 10-12. As Tuck has it,

clear,

What is mode D? It seems genuinely to be an edge mode which
(a) arises only if the disk density drops off abruptly enough with
radius, and yet (b) does not require any wave transport into or

4ﬂ'E15

Fig. 12 Comparison of modes A-F for that Gaussian disk in which
only 2/3 of the density remains "active". Their eigenfrequencies
were reported at location 1.5 in Fig. 11. The corotation circles
are again shown dotted; they have expanded markedly from Fig. 10.



(Pre-)History of Rossby Wave Instability

Papaloizou-Pringle Instability (1984ab)

(6oldreich & Narayan 1985, Blaes 1985, Blaes & Glatzel 1986, Hawley 1987, Narayan et al. 1987, Goldreich et al. 1987, 1988)

Figure S5-continued

Numerical model by
Hawley 1987

The dynamical stability of differentially rotating discs
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1991: The MRI Revolution

Rediscovery of the Magneto-Rotational Instability

MRI sketch

t=0.2 /88yr Slower
Rotation

________________________ N Faster
............................ Rotation

Stretching
amplifies
B-field
] Unstable if angular
0.00 1.25 R.50

Transport

velocity decreases

Magnetized disk outward
Lyra et al. (2008a)



1991: The MRI Revolution

Video credit: Mario Flock (MPTIA/CEA)



History of Rossby Wave Instability

Lovelace et al. (1999) resurrect the process;
call it "Rossby Wave" Instability

ROSSBY WAVE INSTABILITY OF KEPLERIAN ACCRETION DISKS
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The conditions

we consider are in general nonbarotropic which distinguish our work from that of Papaloizou and
Pringle (1984,



Peggy Varniere & Michel Tagger
RWTI at dead zone boundary!

Reviving Dead Zones in Accretion Disks
by Rossby Vortices at their Boundaries

P. Varniére!2 & M. Tagger?
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Abstract. Models of the accretion disks of Young Stellar Objects show that they should not be ionzed at a
few AU from the star, and thus not subject to the MHD turbulence believed to cause accretion. This has been
suggested to create a 'Dead Zone’ where accretion remains unexplained. Here we show that the existence of the
Dead Zone self-consistently creates a density profile favorable to the Rossby Wave Instability of Lovelace et al.
(1999). This instability will create and sustain Rossby vortices in the disk which could lead to enhanced planet
formation.

Key words. accretion disks; Instabilities; planetary systems: formation

5 L) L) Ll L) L) L) L) L) L)

4L -
il ’
-
-

2k % -

fegular accretion

1|k accati i

slow accretion zone
0 1 2 3 4 5 & 7 8 9 10

Fig. 1. Profile of the a-viscosity implemented to represent
a Dead Zone between 1 and 5 AU with (e,d,) = (1073, 50).

Varniere & Tagger (2006)

Fig. 3. Zoom of the first 2 inner AU of the simulation at
t = 0,100,200,300 years, showing the density. One sees
three vortices forming, later evolving to two vortices, near

the outer edge of the Dead Zone.




Dead zones are robust features of accretion disks

dead zone

cosmic
non-thermal lonization rays?

of full disk column j—’

i

resistive quenching
of MRI, suppressed
angular momentum
transport

amblpolar diffusion

collisional lonization at surface layer dominates

T>10PK({r<1A'"
MRI turbulent Armitage (2010)

Disks are cold and thus poorly ionized
(Blaes & Balbus 1994)

Therefore, accretion is layered (Gammie 1996)

There should be a magnetized, active zone,
and a non-magnetic, dead zone.



azimuth

The Varniére-Tagger dead zone model

Lyra et al. (2008b)

radius



Tea-leaf effect

Impact Parameter

0 2 4
Distance to the vortex

Barge & Sommeria (1995)

Particles sink to the center

Aid to planet formation (Barge & Sommeria 1995)

Speed up planet formation enormously
(Lyra et al. 2008b, 2009a, 2009b, Raettig, Lyra & Klahr 2012)



Tea-leaf effect

Credit: Natalie Raettig

Particles sink to the center

Aid to planet formation (Barge & Sommeria 1995)

Speed up planet formation enormously
(Lyra et al. 2008b, 2009q, 2009b, Raettig, Lyra & Klahr 2012)



Y (AU)

Vortices and Planet Formation

Gas ~ Mass Spectrum #/(2rQ;')=200
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Collapse into Mars mass objects

(Lyra et al. 2008b, 2009a, 2009b,
see also Lambrets & Johansen 2012)




Another way of exciting the RWLI:

Lyra et al. (2009b),
see also de Val-Borro et al. (2007)

z=0

The edges of a planet-carved gap are also
prone to vortex excitation.

What happens when particles are introduced?



Vortex trapping

Selfgravity — Resolution 512° — 4x10° particles
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What have we learned since?

“Elliptic” Instability

Lesur & Papaloizou (2010)
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Lyra & Klahr (2011)

Magnetic Field
Infinitely elongated vortices are equivalent to shear flows.

They are subject to an MRI-like instability when magnetized.



What have we learned since?

{=1257.0

sur & Papaloizou (2010)

Hydrodynamic
instability (B=C See also
. Pierrehumbert 1986
Bayly 1986

Kerswell 2002
sur & Papaloizoy 2009
:sur & Papaloizou 2010
Lyra & Klahr 2011
Lyra 2013

ramth rato

In ws.

They are subject to an MRI-like instability when magnetized.



What have we learned since?

Vertical Circulation
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Meheut et al. (2010)
See also Meheut et al. 2012abc, Meheut et al. 2013

With stratification, k,=2 and k,=0 are coupled.
Vertical circulation ensues.

No closed elliptical streamlines, no elliptic instability.




Realistic Active/Dead zone boundary

t=0.01 T,

Lyra & Mac Low (2012)
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Active/dead zone boundary

$=22.28 T,

0

0.00 2.00 4.00

Magnetized inner disk + resistive outer disk
Lyra & Mac Low (2012)




A possible detection of vortices in disks?
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And out of Science embargo on June 6'™...

Nawn

A Major Asymmetric Dust Trap
in a Transition Disk

Nienke van der Marel,** Ewine F. van Dishoeck,** Simon Bruderer,? Til Birnstiel,> Paola Pinilla,*
Cornelis P. Dullemond,® Tim A. van Kempen,™> Markus Schmalzl,* Joanna M. Brown,?
Gregory ]. Herczeg,® Geoffrey S. Mathews," Vincent Geers’

The statistics of discovered exoplanets suggest that planets form efficiently. However, there are
fundamental unsolved problems, such as excessive inward drift of particles in protoplanetary
disks during planet formation. Recent theories invoke dust traps to overcome this problem. We
report the detection of a dust trap in the disk around the star Oph IRS 48 using observations from
the Atacama Large Millimeter/submillimeter Array (ALMA). The 0.44-millimeter—wavelength
continuum map shows high-contrast crescent-shaped emission on one side of the star, originating
from millimeter-sized grains, whereas both the mid-infrared image (micrometer-sized dust) and
the gas traced by the carbon monoxide 6-5 rotational line suggest rings centered on the star.
The difference in distribution of big grains versus small grains/gas can be modeled with a
vortex-shaped dust trap triggered by a companion.

firmed almost daily by detections of of gas and dust around young stars remains a

3 Ithough the ubiquity of planets is con- tion mechanism of planetary systems in disks
new exoplanets (/), the exact forma- long-standing problem in astrophysics (2). In

iencemag.org SCIENCE VOL 340 7 JUNE 2013 1199

van der Marel et al. 2013

A possible huge vortex observed with ALMA
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Une zone située autour d'une étoile jeune, au sein de laquelle les particules de poussiére
peuvent grossir par agglomération et former des corps rocheux, a été observée par des
astrophysiciens européens a I'aide du nouveau réseau d'antennes submillimétrique ALMA.
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The ALMA “dust trap”
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The ALMA "dust trap”: Properties oo o e

Intensity (c¢)
1.0

0.5
Aspect ratio: 3.1 ~ i
- asymmetric
Temperature: 60K § > mm dust
P ' = at 63 AU
Trapped mass: 9 Mg .+ o
~ 1.0
Center: 63 AU
Extent: 45-80 AU "
> Gas detection:
Gas Cav”‘y a"' 25AU é 0.0 Kepﬁirlae;er'%trg?lon
-0.5
~ 1.0 et
Aspect ratio: 3
should be unstable to elliptic instability 05
- Micron-sized
Temperature: 60K % 00 dust follows gas
perhaps not yet at isothermal radii, &

may not be Rossby, but baroclinic




A fairly general analytical solution for vortex trapping

4\
Dust continuity equation
0]
% = —(v-V)pa—paV - v+ DV?py,
v= b/a a
v=u+1TVh,

>
t V v =1V°h,
b
Equilibrium between diffusion and drag
(DVZ—U-V+C)pd=O.

uy = 2vy/x uy = —yxy,

Lyra & Lin (2013, submitted)



A fairly general analytical solution for vortex trapping

Equilibrium between diffusion and drag

4\
(DVZ—v-V+C)pd=O.
5 Transformation of Chang & Oishi (2010)
v= b/a a
X=acosv,
>

A y=axsinv.
b
Derivatives
g—cosv 0 3 sinv 0
Ox da a ov’
)

Lyra & Lin (2013, submitted)

Laplacian

2=%[e cos2v +¢, )07

1

+2?[8, —¢_cos2v]H?
_311;21/8 031/

1
+5. e, —¢&_ cos2v|d,

sin 2v
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A fairly general analytical solution for vortex trapping

4\
(DV2 -2V +C)pg=0. "
y=axsinv.
"Axis-symmetric" equation
1 k2
X:b a a [03+(5+5a>0a+k2]pd=0,

A >
{j
Solution

Lyra & Lin (2013, submitted)




Axis-symmetric dust trapping solution

Solution

aZ
0q(a) = paoexp | — /

2H

H 0
HV - m\/;

Depends on H, y, 0, and St

In principle, these are ALL observable.

H = disk scale height, sonic scale, temperature
X = vortex aspect ratio

0 = diffusion parameter (D=0c,H)
St = Stokes number (particle size)
f(») = model-dependent scale function

Lyra & Lin (2013, submitted)



f(0)

Scale function

Ax)=¢" [Zwv (7%) — (2w? +3)]

=2w,x — &7 (2w2 +3),

Scale function

Kida solution
31

GNG solution

2y =0,/3/(x2 - 1).

Lyra & Lin (2013, submitted)
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A fairly general analytical solution for vortex trapping
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Kida vortex of
aspect ratio y=4
In a disk of #=0.1

and o/St =1



h = H/r = disk aspect ratio 2

. a
X = vortex aspect ratio pd(a) = Pdoexp ( — ) ’
)

= diffusion parameter s - s 2H,
St = Stokes number (particle size) Observa*lonal pr‘edIC'l'lonS H 5
f(x) = model-dependent scale function
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h = H/r = disk aspect ratio 2
X = vortex aspect ratio pa(a) = paoexp ( = ) ,
)

2
= diffusion parameter s - s 2HY
St = Stokes number (particle size) Observa.nonal pred|CT|0nS H 5
f(x) = model-dependent scale function Hy
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Observational predictions

Measuring the diffusion parameter 6
Turbulence in the Core - Doppler broadening

0,/Q ule,
—.5 0.0 25 -01 0.0 01
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~ 0.00

-0.05

Lesur & Papaloizou (2010) -0.10

-0.2 -01 0.0 0.1 0-D.2 -01 0.0 0.1 0.2
X X

Lyra & i(lahr' (2011)
Elliptic instability in vortex core:
turbulence at 10% of sound speed

For a temperature of 60K,
should lead to 0.3 km/s Doppler signature.

At the "hairy edge” of what ALMA can do (0.2 sensitivity).



Observational predictions

Measuring the vortex model:
Rotational Broadening

Vortex motion for size H.
vV = QvHN QHN CS

For a temperature of 60K,
should lead to ~1 km/s rotational broadening signature.

Plus, this should be spatially resolvable (1)



Conclusions

We have come a long way since 2D models of vortex trapping

ALMA is returning images that may
finally give observational constrains to our models




