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Dynamics of vortices in non-self-gravitating 
discs

 
and their role in planet formation

 

Dynamics of vortices in Dynamics of vortices in nonnon--selfself--gravitating gravitating 
discsdiscs

 
and their role in planet formationand their role in planet formation

Vortex formationVortex formation
--

 
nonlinear Kelvinnonlinear Kelvin--Helmholtz instability (Helmholtz instability (LithwickLithwick

 
2007) 2007) 

--
 

baroclinicbaroclinic
 

instability (Li et al. 2001, instability (Li et al. 2001, KlahrKlahr
 

& & BodenheimerBodenheimer
 

2003, Petersen et al. 07)2003, Petersen et al. 07)

AnticyclonicAnticyclonic vortices once formed grow in size via merging (in 2D case) due vortices once formed grow in size via merging (in 2D case) due to an to an 
inverse cascade of energy. Cyclonic vortices quickly get shearedinverse cascade of energy. Cyclonic vortices quickly get sheared away (away (BraccoBracco et al. et al. 
1999, 1999, GodonGodon & & LivioLivio 1999, 1999, UmurhanUmurhan & & RegevRegev 2004, Johnson & 2004, Johnson & GammieGammie 2005) 2005) 

Vortices are closely coupled with/generate density waves (turninVortices are closely coupled with/generate density waves (turning subsequentlyg subsequently
into shocks)into shocks)

 
, coupling is of , coupling is of linear originlinear origin, that is, exists even in the linear theory and , that is, exists even in the linear theory and 

is primarily caused by background is primarily caused by background KeplerianKeplerian
 

shear (Johnson & shear (Johnson & GammieGammie
 

2005, 2005, BodoBodo
 et al. 2005, 2007, et al. 2005, 2007, MamatsashviliMamatsashvili

 
& & ChagelishviliChagelishvili

 
2007)2007)

Vortices are believed to greatly accelerate Vortices are believed to greatly accelerate planetesimalplanetesimal formation by trapping dust formation by trapping dust 
particles in their particles in their centrescentres (Barge & (Barge & SommeriaSommeria 1995, Johansen et al. 2004, 1995, Johansen et al. 2004, KlahrKlahr & & 
BodenheimerBodenheimer 2006)2006)
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SelfSelf--gravitating discsgravitating discs
Due to balance between heating and cooling, selfDue to balance between heating and cooling, self--gravitating discs gravitating discs 
stay in a quasistay in a quasi--steady, selfsteady, self--regulated regulated gravitoturbulentgravitoturbulent state (state (BoleyBoley et et 
al. 2006, 2007; we consider nonal. 2006, 2007; we consider non--fragmenting discs)fragmenting discs)

Density wavesDensity waves –– most commonly considered in selfmost commonly considered in self--gravitating discs. gravitating discs. 
Vortices Vortices ––

 
are left out !are left out !

MotivationMotivation
The main goal of the present study is to understand the specificThe main goal of the present study is to understand the specific
properties of vortex evolution in a quasiproperties of vortex evolution in a quasi--steady steady gravitoturbulentgravitoturbulent
state state in light of the recently discovered (linear) coupling between in light of the recently discovered (linear) coupling between 
vortices and density wavesvortices and density waves
Implications for Implications for planetesimalplanetesimal formationformation
In perspective, such a study will allow us to see if the vortex In perspective, such a study will allow us to see if the vortex trapping trapping 
mechanism can still be effective in the presence of selfmechanism can still be effective in the presence of self--gravitygravity
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Model description and numerical techniquesModel description and numerical techniquesModel description and numerical techniques

X 

Y

Basic Basic KeplerianKeplerian

 

shear flowshear flow
uu00

 

=(0, =(0, --qqΩΩxx),  ),  qq=1.5.=1.5.
Shearing sheet rotates with Shearing sheet rotates with ΩΩ
XX--radial coordinateradial coordinate
YY--azimuthalazimuthal

 

coordinatecoordinate

Numerical analysis in the Numerical analysis in the 
local model allows higher local model allows higher 
numerical resolution than the numerical resolution than the 
global disc approachglobal disc approach

u0

Local model Local model ––
 

shearing sheet approximationshearing sheet approximation

uu((uuxx

 

,u,uyy

 

))
 

––
 

perturbed velocity relative to main perturbed velocity relative to main KeplerianKeplerian
 

shear flow shear flow uu00

 

, , 
ΣΣ

 
––

 
surface density, surface density, PP

 
––

 
pressure, pressure, UU

 
––

 
internal energy, internal energy, ψψ––

 
gravitational potential,gravitational potential,

Simple cooling law: constant cooling time Simple cooling law: constant cooling time ττcc

 

=20=20ΩΩ--1 1 > 3> 3ΩΩ--11

 

((no fragmentationno fragmentation, , GammieGammie
 

2001)2001)
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Central quantity of this study Central quantity of this study ––
 

potential potential vorticityvorticity
 

(PV)(PV)

This is a basic quantity that is used to characterize vortex forThis is a basic quantity that is used to characterize vortex formationmation

Evolution equation for PVEvolution equation for PV

In what follows we concentrate on the specific properties of In what follows we concentrate on the specific properties of PVPV, , ΣΣ, P, P
evolution in the quasievolution in the quasi--steady steady gravitoturbulentgravitoturbulent

 
statestate

 
via numerically via numerically 

solving  above hydrodynamic and Poisson equations in the shearinsolving  above hydrodynamic and Poisson equations in the shearing sheetg sheet
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Numerical techniques

ZEUS code suited for the shearing sheet (ZEUS code suited for the shearing sheet (GammieGammie 2001, 2001, 
Johnson &Johnson &

 
GammieGammie

 
2003, 2005)2003, 2005)

—— with modified treatment of advection by large with modified treatment of advection by large 
KeplerianKeplerian

 
velocity (FARGO scheme, velocity (FARGO scheme, MassetMasset

 
2000)2000)

Shearing sheet boundary conditions (Hawley et al. 1995). Shift Shearing sheet boundary conditions (Hawley et al. 1995). Shift 
in BC is done by means of FARGO schemein BC is done by means of FARGO scheme

Poisson equation for selfPoisson equation for self--gravity is solved via FFT technique   gravity is solved via FFT technique   
modified for shearing coordinates modified for shearing coordinates 
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Influence of self-gravity on the vortex dynamicsInfluence of selfInfluence of self--gravity on the vortex dynamicsgravity on the vortex dynamics

Random/chaotic (Random/chaotic (KolmogorovKolmogorov
 

spectrum) velocity perturbations are imposed spectrum) velocity perturbations are imposed 
initially with initially with nonzero potential nonzero potential vorticityvorticity

 
(PV).(PV).

 
Other variables are not Other variables are not 

perturbed initially.perturbed initially.

Initial conditionsInitial conditions
Initial random Initial random 
distribution of PVdistribution of PV
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QuasiQuasi--steady steady gravitoturbulencegravitoturbulence
 

and evolution of vortices and evolution of vortices 

Average kinetic, internal and Average kinetic, internal and graviationalgraviational energies as well as energies as well as Toomre’sToomre’s QQ ((==ccssΩΩ//ππGGΣΣ)  )   
and and Mach numberMach number

 
((==u/cu/css

 

) after initial transient (swing) amplification settle down to  ) after initial transient (swing) amplification settle down to  
constant values signaling the onset of quasiconstant values signaling the onset of quasi--steady steady gravitoturbulencegravitoturbulence
Saturated angular momentum transport parameter Saturated angular momentum transport parameter αα is given by is given by 
NoteNote minimum minimum QQ is small (is small (0.60.6--0.70.7) and is associated with vortices) and is associated with vortices
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Evolution of vortices (potential Evolution of vortices (potential vorticityvorticity) ) ––
 

snapshots at different time momentssnapshots at different time moments

PVPV

ΣΣ

P=UP=U

ttΩΩ=14.7=14.7 ttΩΩ=29.3=29.3 ttΩΩ=44=44
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Evolution of vortices (potential Evolution of vortices (potential vorticityvorticity) ) ––
 

4 key evolutionary stages 4 key evolutionary stages 

1.1.
 

Formation of smallFormation of small--scale scale anticyclonicanticyclonic
 

vortices from vortex stripsvortices from vortex strips

2.2.
 

Gradual growth of vortices in size, characterized by Gradual growth of vortices in size, characterized by underdenseunderdense
 centre surrounded by centre surrounded by overdenseoverdense

 
regions regions ––

 
sites of density wave sites of density wave 

emissionemission

3.3.
 

Vortices approach scales comparable to the local Jeans scale andVortices approach scales comparable to the local Jeans scale and
 

at at 
the same time selfthe same time self--gravity comes into play. Now vortices are more gravity comes into play. Now vortices are more 
characterized by a single characterized by a single overdenseoverdense

 
region. PV is smaller by absolute region. PV is smaller by absolute 

value than that in the above case. value than that in the above case. QQ
 

gradually dropsgradually drops

4.4.
 

QQ
 

is sufficiently small (0.6is sufficiently small (0.6--0.7) and vortices are in the process of 0.7) and vortices are in the process of 
shearing by selfshearing by self--gravity/gravitational instability and gravity/gravitational instability and KeplerianKeplerian

 
shearshear
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Evolution of vortices  Evolution of vortices  ––
 

snapshot at a single instant (snapshot at a single instant (ttΩΩ=44=44). ). 
Correlations/correspondence among structures in Correlations/correspondence among structures in PVPV, , ΣΣ,,

 
PP

 
andand

 
QQ

 
fieldsfields

ΣΣPVPV

PP QQ

Stage 2Stage 2
Stage 3Stage 3



Tuebingen     2 March 2009Tuebingen     2 March 2009

Evolution of vortices  Evolution of vortices  ––
 

analogy with other simulations (analogy with other simulations (stage 2stage 2, , 
underdenseunderdense

 
and and overdenseoverdense

 
ringring--like region like region ––

 
sites of coupling with waves)sites of coupling with waves)

ΣΣ

ΣΣ

PVPV

PVPV

Simulations of the adjustment of a single vortex, Simulations of the adjustment of a single vortex, nono selfself--gravity (gravity (BodoBodo
 

et al. 2007)et al. 2007)

Our plotsOur plots
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Evolution of vortices  Evolution of vortices  ––
 

analogy with other simulations (analogy with other simulations (final stages 3final stages 3--44, , 
only stronger only stronger overdenseoverdense

 
region with lower region with lower QQ

 
is left and is gradually is left and is gradually 

getting sheared)getting sheared)

PVPV

PVPV

ΣΣ

ΣΣ

Simulations of the adjustment of a single vortex, Simulations of the adjustment of a single vortex, nono selfself--gravity (gravity (BodoBodo
 

et al. 2007)et al. 2007)

Our plotsOur plots
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Contrast with nonContrast with non--selfself--gravitating case gravitating case 

WithWith selfself--gravitygravity

ΣΣ

PVPV

WithoutWithout selfself--gravitygravity

PVPV

ΣΣ
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Contrast with nonContrast with non--selfself--gravitating case gravitating case ––
 

autocorrelation functionsautocorrelation functions

NonNon--selfself--gravitating gravitating SelfSelf--gravitatinggravitating
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Contrast with nonContrast with non--selfself--gravitating case gravitating case ––
 

potential potential vorticityvorticity
 

spectraspectra

NonNon--selfself--gravitating gravitating SelfSelf--gravitatinggravitating
PV (turbulent) spectra in both cases are strongly anisotropic duPV (turbulent) spectra in both cases are strongly anisotropic due to  the main  e to  the main  
KeplerianKeplerian

 
shear flowshear flow

Spectrum in the selfSpectrum in the self--gravitating case is broader than that in nongravitating case is broader than that in non--selfself--gravitating   gravitating   
case case ––

 
selfself--gravity opposes inverse cascade of power towards larger scalesgravity opposes inverse cascade of power towards larger scales
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ConclusionsConclusions
SelfSelf--gravity prevents the development of longgravity prevents the development of long--lived vorticeslived vortices, they , they 
instead are shortinstead are short--lived and transient structures. lived and transient structures. 

Vortices generate density waves (shocks). Vortices generate density waves (shocks). The dynamics of vortices The dynamics of vortices 
and density waves are strongly coupled due to and density waves are strongly coupled due to inhomogeneityinhomogeneity
(shear) of (shear) of KeplerianKeplerian rotation. Coupling persists even in the linear rotation. Coupling persists even in the linear 
theorytheory

SelfSelf--gravity opposes the inverse cascade energy to larger scales gravity opposes the inverse cascade energy to larger scales 

Implications for Implications for planetesimalplanetesimal formationformation
It seems difficult for such vortices to trap dust particles.It seems difficult for such vortices to trap dust particles. If still If still 
trapped, particles should collapse out by their own selftrapped, particles should collapse out by their own self--gravity gravity 
quickly before transient overpressure creating it gets sheaquickly before transient overpressure creating it gets sheared away red away 
and disperse (study in progress)and disperse (study in progress)
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Thank youThank you
 

Paper is available at:Paper is available at:
 arXiv:0901.1617arXiv:0901.1617 (MNRAS, 2009, in press)(MNRAS, 2009, in press)


	Vortices in Self-gravitating Gaseous Discs
	Outline
	Dynamics of vortices in non-self-gravitating discs and their role in planet formation
	Slide Number 4
	Model description and numerical techniques
	Slide Number 6
	Slide Number 7
	Influence of self-gravity on the vortex dynamics
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Conclusions
	Thank you��Paper is available at:�arXiv:0901.1617 (MNRAS, 2009, in press)

