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® Size: 10''-10'° cm
® Central object: young stellar object M ~ Mg

® Temperature 10°-10' K
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Cataclysmic variables
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® Size: 10”10 cm
® Central object: white dwarf M ~ M

® Temperature 10°-10° K
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X-Ray binaries

v

® Size:10°-10'" cm
® (Central object: neutron star, black hole (1-10 M, )

® Temperature 10°—10° K
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AGNs (blazar, quasars..)
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‘M87

Mgy
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® Central object: black hole Mgy = 10°-10° M

® Size: 10510 em

® Temperature 10°-10°K
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Disks and je@s i akure
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® Disks are very general in nature

® Almost all of them are associated to
powerful jets (with the notable
exception of CVs)
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® Accretion disks and jets: what are they
® Accretion disks in nature
® Jets in nature
® The physics of accretion
® Turbulent disks
® Disk Instabilities
® The shearing box model
® The case of the MRl
® OQutflows in disks
® Jet launching mechanisms
® MRI & disk winds

® disk wind stability
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Diskes dvv\&miﬁs

Radial equilibrium

P uy = RO(R) with Q(R) = (GMy)/?R3/?

® Disk temporal evolution dictated by small deviations from this
Keplerian profile.

u=v+ RO(R)ey
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Diskes dvmamias

Mass conservation
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Introduce the average
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Diskes djuamias

Angular momentum conservation

2

B
pRugu — RByB + R(P + 7)6(,, =

® Average & integrate vertically:

0

1 0

ot ROR

QR = + — 8 (R2var + Rpvgv, — RB¢BT>

7

Introduce mass
conservation
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Diskes dvmamws

Angular momentum conservation (once mass
conservation is taken into account)

: 4
0 1 0
F=—CR* R’[pvgv, — BoBRlSF R . — By B, =0
PUr o5 EApl PUsU: — BEBEEEIR | pvsv. — By -
Accretion «Turbulent» torque Wind torque

4
T ——

\
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Diskes c&vvmmh‘:s

® Neglect surface terms and assume turbulent stress acts as a «viscosity»

ds)

pPU4U, — By B, = —VZRE}—%
® Angular momentum conservation (for a viscous disk)
e A A

® Put it in mass conservation:

ia o S L )
ot~ ROR\ " aR(R %)

Lynden-Bell & Pringle (1974)
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Viscous diske evolukion

® Most of the mass accreted

® Small amount of mass excreted (evacuate the disk angular momentum)
R2

® Viscous timescale 7, = — . How bigis 1V ?
%
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What if it was pure viscosiby?

vV~ uthAmfp

~\

Thermal velocity Mean free path
1016
Ui ~ 10*VT cm.s ™+ A~ ——CcIn
n

® In protoplanetary disks: T ~ 10° K
n ~ 10" cm™?

2 1

v~ 3 x10°%cm?.s” —. Ty ™ 1014YTS >> age of the universe

® Need for an «<anomalousy viscosity...
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The atpb\a Aisk model

® |Introduce the scaling (Shakura-Sunyaev 1973)

v =oacgH 107* < a< 107!

. . ]
e Estimated accretion rate: pU, ~ —QiCg2i—

R

New questions!
® What is responsible for this anomalous viscosity?
® TJurbulence
® Waves
® How bigis & !

® What about the surface terms we have neglected!?

Geoffroy Lesur The stability of accretion disks and winds
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tline

®  Jurbulent disks
® Disk Instabilities

® The shearing box model

® The case of the MRI
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Some diske instabilities

Local instabilities:

® Magnetorotational instability (MRI): shear driven instability but requires an ionised
plasma (Velikhov 1959, Chandrasekhar 1960, Balbus & Hawley 1991)

® Subcritical shear instability: probably not efficient enough, if exists (see later)

® Baroclinic instabilities: Transport due to waves. Driven by the disk radial entropy profile
(see later)

® Gravitational instabilities: only for massive & cold enough disk (see later)
® Rossby wave instability: requires a local maximum of vortensity (Lovelace et.al 1999)

® Vertical convective instability: Requires a heat source in the midplane (Cabot 1996,
Lesur & Ogilvie 2010)

Global instabilities:

® Papaloizou & Pringle instability: density wave reflection on the inner edge (Papaloizou &
Pringle 1985)

® Accretion-ejection instability: spiral Alfvén wave reflection on the inner edge (Tagger &
Pellat 1999)
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Suberibical shear inskabilikies

The Facts:
® keplerian shear flows are linearly stable

® Huge reynolds numbers==p nonlinear instability? (same thing as pipe flows or Couette

Pipe flow Couette flow

A nonlinear instability in accretion disks?
® Experimental approach: hard to «do» a disk in a lab. Boundary conditions?

® Numerical approach: high reynolds numbers unreachable.

Real life
Couette-Taylor
(Schartman et al. 2012) [

Tie
rods (16)

|deal
Couette-Taylor

Inner
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Suberibical shear inskabilikies

Experiments

Schartman et al. 201 2

"Rec | ¢ ¢ QK (¢=1.9) Water

Bulk Re

No turbulence

Geoffroy Lesur

® e QK (Ekman) Water
v v QK (Split) Water

m = QK (¢=1.5) Water
<« < QK (¢=1.9)Glycerol
v v MS Water

> > CUS 1 Water

Paoletti & Lathrop 2012

.o. : ’.'0::....‘."“““
1V R

Turbulence

No definitive answer yet

The stability of accretion disks and winds

Simulations

Lesur & Longaretti 2005

VANIEY)

<64,

+ 128
FD 64

— 4502.39+exp(-181.183+185.636*x)
4757+1.0335¢13%(x-1)15.68873

1,02 1,025

Ry

No turbulence
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Baroclinie insktabilities

Baroclinic instabilities: nonlinear instability driven by the radial entropy gradient

b Ar—B

C e
>
Convectively unstable radial
temperature gradient

Open issues:

® Vortices are unstable
® Vortices migrate
® What maintains the entropy structure!?

® |nstability does not survive with magnetic fields

Refs: Klahr & Bodenheimer 2003, Petersen et al. 2007a,b, Lesur & Papaloizou 2010
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Crravibabtional tnstabilities

Dispersion relation for axisymmetric modes:

ds)
w? =k?*c — 2rGT|k| + K* e — ZQ(ZQ - .
n
k i / - ‘
Thermal pressure Self g::vity Localintrifugal force
(sound waves) (epicyclic oscillations)
¢y2, inertial waves gravitationally sound waves
unstable modes
k
St . r / % 2.2 S
Criterion for instability: /\’ — (WGE) — C.R™ > ) — Q — oy < 1
e

Toomre |964
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Crravibabtional tnstabilities

Nonlinear evolution
Cs Kk

(G

Consider a disk with () > 1 Q =
® Disk cools, ¢s decreases
® When Q=] Gl starts

® Gl unstable modes produce strong
shocks heating

® Cs iIncreases

o Q> Gl stops

«gravito-turbulencey

Lodato & Rice (2004)
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Gr&v&&ha%&[ nstabilities

Well... It’s not so simple!

Tcool — 100_1 T, = 2001

The outcome depends on the cooling time, but also on numerical
schemes and resolution... See Paardekooper (2012), Meru & Bate (2012)
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Maghetorotational EmsEabLLLEv

Field line

ain properties

® Due to an interaction between magnetic tension
and epicyclic motions

® Not too strong magnetic fields required («weak
field instability»)

e Need a sufficiently high ionization fraction

Balbus & Hawley 1991, Balbus 2003
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Maghetorotational Emséabdi&v

Q(Ry) }m{.}z) RS}_}RO)
R
‘ < \ 0 > >

X

d)?
dln R
Resulting equation of motion for a fluid particle:

d0)?
dIn RZE

Effective (tidal) radial acceleration: —g

P20y =
ii+2Q: = 0

Epicyclic oscillations at frequency x = (4@2 |

Balbus 2003

Geoffroy Lesur The stability of accretion disks and winds
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Maghetorotational Lmséabii.i&v

Induction equation for a displacement &
and a spatial dependence o< exp(2kz)

0B =i(k-B)g
The magnetic tension force is then
(k- B
Wk B)ip o (ke va)ll
p
Resulting equation of motion for a fluid particle:
d)?
i— 20y = =( F(k-va)?)a
1 = v )
j+20c = —(k-va)’y
Introduce:

r = xgexp(iwt)
, Dispersion relation
Y = 1yo exp(iwt)

Geoffroy Lesur The stability of accretion disks and winds
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Maghetorotational Lmséabii.i;&v

d)?
w* — Wik +2(k-va)?] + (k-va)?|(k-va)* A TR 0
r Stabilizing Destabiliéing
Qx R — 4 — 900k
dnR !

For an accretion disk (g=3/2)

1] df2
2/dIn R

1/2
) 02/27/2013
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Maghetorotational Lmséabii.i&v

Main properties:
® Fastinstability (v ~ €))
® Condition for instability R < () satisfied in disks
® Also works for different field topologies (eg toroidal field: Balbus & Hawley 1992)
® Need weak enough fields (k - v4 < Q)

Can it explain the anomalous
transport needed in disks!?
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The shearing box wmodel

Problem:
® Computing a full disk is computationally expensive
Local resolution is poor
» Boundary conditions
Goal:

® Define a simplified setup which mimics the local properties of an
accretion disks

Simplifies numerical simulations & boundary conditions

Better convergence properties
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The shearing box model

-

Q(Ro) Op+V-.pu = 0
Opu+V:(pu@®u) = —-VP+JXB
—20Q X u — pVY + prAu
B = V X (ux B)+nAB
-
; : . " : pr 2 1 gy 2
With the effective potential: ) = —qg{)°x~ + 5@ %
This set of equations admits a simple solution (isothermal EOS):
u = —qQze, =» Mean keplerian shear "
X .
<

p = pPoe€xp ( - ﬁ) “» Disk scale height H = ;—S
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The shearing box wmodel

Separate.the mean shear from the fluctuations:

u = —qflre, + v

Shearing box equations:

0

—VP+J X B —2p80) Xv
+pqfvze, — 0 ze, + prAv

V X (v X B)—q¢2B,e, +nAB

Op — qQx0yp + V - pv
Orpv — qQxd,pv + V - (pv Q v)

Now, solve that...
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Baumdar:j condikions

Boundary conditions

e  Use shear-periodic boundary
conditions= «shearing-sheet»

o Allows one to use a sheared Fourier
Basis

e periodic in y and z (non stratified box)

I
I
I
I
I
I
I
I
I
L

Courtesy T. Heinemann

Vertical and toroidal total magnetic flux conserved

mean vertical field mean toroidal field Zzero mean field
T T T |

Geoffroy Lesur The stability of accretion disks and winds 02/27/2013



Spectral methods for
shearing boxes

Shearing wave
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Spectral methods for
shearing boxes

The shearing box involves equations of the type:

0Q) 0Q)

57 quE‘a—y = H(Q)

Assume Q can be decomposed into:

la d

Qt. ) = Q(t) exp [ik(t) - ]

One has: ’
0Q 1dQ . ~dk .
e [% + ZQ% . :13} exp {zk(t) : :c}
iQ " adi —
p v ikl . .
r +1Q) s 1qQzk, = H(Q)

Cancel explicit x dependency:

k = kQ e qﬂk’ytem

qos
E—H(Q)
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The Smoapv code

a spectral method for sheared flows

. MHD equations solved in the sheared frame

e  Compute non linear terms using a pseudo spectral representation
*  3rd order low storage Runge-Kutta integrator

e  OpenMP and/or MPI parallelization

*  Written in C

. Available online http://ipag.osug.fr/~qglesur/snoopy.html

Advantages: ( (

*  Shearing waves are computed exactly (natural basis)

&)

*  Sheared frame & incompressible approximation: no CFL constrain due to the background
sheared flow/sound speed.

. Exponential convergence when resolution is increased

. Magnetic flux conserved to machine precision

*  Very weak numerical dissipation: tight control on physical dissipation processes
Disadvantages:

*  Slower than finite differences for the same resolution (hnumber of real grid points)

e  Shocks/diskontinuities can’t be treated spectrally (Gibbs oscillations)

e  Strongly parallel spectral codes are not very efficient

Geoffroy Lesur The stability of accretion disks and winds 02/27/2013
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MRI sinmulakions
Dimensionless numbers

* Mean field amplitude:

()2 H?
- (va)?
* Reynolds number d
OH
Re=
UV
* Magnetic Reynolds number
O H?
[
7
* Magnetic Prandtl number
vV
Py =%
]

* Turbulent transport of angular momentum

(PUzVy — By By)
0§22 H?

Geoffroy Lesur The stability of accretion disks and winds 02/27/2013
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MRI sinmulations
‘T‘:;Pi;aod. sinulakion

Orbits: 5.973616

| | | | | | | | ] . | | | | —MJJ.

: EBE Simulation parameters: Re=1000,
S ) Pm=1, 3=1000
3D map of vy (azimuthal velocity)

It works!

s it the end of the story?

6 8
t (orbits)
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MRI simulakions
T'jpwat spea&ruw\

768x384x192
~500 turnover times

K—3/2 for kinetic energy?
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MRI simulations
Simulakions with a mean vertical field

10°

Longaretti & Lesur (2010)

20000 < Re < 60000

116 1/8 1/4 1

Pm

Turbulent transport varies by 2 order of magnitude!

a = a(Pm, )
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MRI sinmulakions

Simulations with a mean toroidal field
Simon & Hawley (2009)

*  Weaker transport with a mean toroidal field

e Same trend with Pm

a = a(Pm, 3, topology)
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MRI simulations
Simulakions with a mean field

- - - RIS o e ~ N
5
S
(] A\
1 $
e, & s, «nonlocal» transfers
« s’ : .
. "' )
«» | 1
L o '
~ —¢ 1 Y
v A '
L N
i
s 1 1.
«local» cascade )
IR ]

1/H 1/¢, 1/¢, k

Turbulent transport
P Prandtl number

> Pm effect shows nonlocal transfers are important in numerical

simulations
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MRI sinulations

Simulakions with no mean field
“MRI type” instability

No mean field is a peculiar situation: the field
has to be regenerated by a dynamo action. Velocity field Magnetic field
Often called «MRI dynamo»

“Dynamo”

Subcritical instability!

Geoffroy Lesur The stability of accretion disks and winds 02/27/2013
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/
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/
/
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/
/
/

NO

7’

NO NO

800 1600 3125 6250 12500 25000

The stability of accretion disks and winds

MRI simulations
Simulations with no mean field

Fromang et al. 2007
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MRI simulations
Simulations with no mean field

Zero net flux MRI Small scale dynamo
(Fromang et al. 2007) (Schekochihin et al. 2006)

0.5<y

0.2<y<0.5

0<7<0.2
~0.2€7<0 ,
J-05<r<-02
Joy<-05

YES YES YES/NO & NO

—0— Laplacidh
— & — 8-ordér hyper
——A—— Ponty et al. 2006

800 1600 3125 6250 12500 25000

e Similar behaviour in the limit of small Pm ?
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MRI simulations
Simulabkions with no mean field

Understanding the mechanism underlying the MRI dynamo

Brute force «try to be smarty» «Do we care!»
approach approach approach

?f - '
B 9/
”N ;//

.
- ¢

Use the biggest Simplify the system so

computer with the that only relevant Set
largest resolution physical processes are in Re = Rm = o0
possible Rt ation in your simulation
C 6 Is it a good Problem solved
ross your fingers , , . .
4 & representation of reality? (but your simulation is

dominated by numerical
artefacts...)
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MRI simulations
Simulabtions with no mean field

Try to be smart approach

Herault et al. 201 |

* |dentify dynamo cycles and characterise their
mechanism

* Turbulent transport can be described as a sum on
these cycles

A systematic way to characterise the transport due
to the MRI?

The stability of accretion disks and winds 02/27/2013
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MRI simulations
Simulakions with no mean field

Dynamo cycle

Follow a dynamo cycle in (Re,Rm) plane
Describe a dynamo cycle

Domainel,"d'existence du cycle 1 (LB et UB)

Axisymmetric Q effect Axisymmetric
toroidal field B,

—— : -
poloidal field B

(B mod y)

Regeneration of MRI Nonlinear electromotive

unstable fluctuations feedback £
200 400 600 800 1000 1200 1400 1600 1800 2000

Leading MRI | Toroidal MRI (BO}*) Trailing amplified
>
wave seeds Advection by shear MRI waves
Reynolds (Re)

Herault et al. 201 | See A. Riols poster

1
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1
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MRI simulations
Conclusion
How big is v-MRI ?

* |t depends on the field strength
* |t depends on the field topology
* |t depends on the magnetic Prandtl number

> 0<a= 10"

Overall, we don’t really know...
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tline

® Outflows in disks

® Jet launching mechanisms

® MRI & disk winds

® disk wind stability

Geoffroy Lesur The stability of accretion disks and winds 02/27/2013



Renmember: disks and jets
. albture

~
; B
- -

Y.

-,

® Disks are very general in nature

® Almost all of them are associated to
powerful jets (with the notable
exception of CVs)
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Launching a jet

® Blandford-Znajek: energy extracted by the magnetic field
surrounding a rotating black hole (Blandford & Znajek 1977)

® X-wind: ejection from a reconnection point in the disk (Shu et
al. 1994)

® Disk wind: ejection due to a magnetocentrifugal acceleration
process in the disk (Blandford & Payne |1982)

® Stellar wind

g 4
Dead Zone My = Mo-My central
' object
O
e Mosmall Tp large
‘ 0 Disk Disk -
: Wmd
N N

Open Field Lines
Disk wind
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Which Jet Launching
mechanism i young stars?

! wn
=
-
b
-
=
(AY]
N
=
=
<
©
=
QS
L |
"
S
=
e

200 s 400_
V, x (1.0 Mp/M,)"" (km s™°) Ferreira et al. 2006

Jets are rotating disk winds are favoured
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Launching a jet

The Blandford & Payne launching mechanism

0.0 S
0.0 0.5 1.0 1.5 2.0
/Ty

Figure 1. Contours of the effective potential experienced by matter that
is forced to rotate with the Keplerian angular velocity at radius rg. The
contour values are unequally spaced. Dotted contours correspond to values
lower than that of the saddle point.

Launching a particle at rest from z=0 requires

1 > 30°
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Large scale magnetic confiquration
® Ejection requires relatively inclined field lines (i>30°)

® How is it sustained!?

Lubow et al. 1994

Less magnétic diffusion

® Need magnetic diffusion (so that matter can be accreted)

® Not too much ! (otherwise i=0°)
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Launching a jet

Global (2D) Self-similar solutions

o

i
::
=
i
B
|=F
e
=
e
|
e
—
=X

L
N,
A |
L% Y

0 .
Cylindrical radius R (AU)

Ferreira 1997
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Launching a jet

Glol:al simulation (2.5 D) with magnetic diffusion

Zanni et al. 2007
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Condition of existence

Disk wind scenario

® Magnetic diffusion pr 1 * Turbulence!?
® Poloidal field at equipartition 6 |

Refs: Ferreira 1997, Casse & Ferreira 2000, Zanni et al. 2007

One need to understand the interplay
between the MRI and jet launching
mechanisms

= Outflows in a shearing box

Geoffroy Lesur The stability of accretion disks and winds
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Turbulent driven <<evap0ra&0m>

B =10*—10°

t=200—-400rot

® MR| with outflow boundary conditions

® «Escape» speed~sound speed

0.25

® No wind driving mechanism (matter
ultimately falls back?)

0.00

Suzuki & Inutsuka (2009)
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MRI i a skrown ij maghetised
& skratified box

MRI dispersion relation:

d)?
w* — Wk +2(k-va)?]+ (k-va)?|(k-va)* ="

MRI is quenched when: k - v 4 = \/§Q g
Assuming k ~ H! and using cs = (2H : Bquench ~ 1

2
0
-2
2
0
-2
4
2
0
-2

107" 10° 10*
w

Fig. 2. Growth rates of the largest stratified MRI eigenmodes as a func-
tion of u. These growth rates were deduced from eq. (18) in Latter et al.
(2010).

| 1
I Mo N B» I o N
!

Growth rates Eigenmodes
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Strongly magnetised MRI modes (11)

8 =10

FyEe)
T=0.000000
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Outflow streamline confiquration

0
X

Fig. 3. Streamlines (red dashed lines) and field lines (blue plain lines)
of our steady solution obtained at ¢ = 95.

Streamlines inclination~30° (Satisfies Blandford & Payne criterion)

Poloidal v and B not alighed == magnetic flux is advected.
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Angular momentum conservation

® Angular momentum conservation equation reads:

pvp-V{L—ﬂ} =

K

® «Effective» angular momentum conserved along a

streamline

® Demonstrates the magnetocentrifugal effect is
driving the outflow
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Crikical poim&s

® Critical points are points (planes) where v; is equal to a wave speed (slow
magnetosonic,Alfven and fast magnetosonic points)

® An outflow is fully determined by its launching conditions once it has crossed
all the critical points

The MRI outflow is sub-fast: some quantities are boundary condition
dependent.
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Mass Lloss rake

Mass loss rate as a function of the altitude of the boundary condition

Mass loss rate is boundary condition dependent !
Refs: Fromang et al. (2013), Lesur et al. (201 3)
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MRI & Disk winds

For strong enough fields (3 5 10) MRI modes spontaneously evolve into disk wind
® Driven by magneto-centrifugal acceleration a la Blandford & Payne (1982)

® Super-Alfvenic but sub-fast

Limitations (due to shearing box)
® Mass-loss rate depends on boundary conditions
® Magnetic field is dragged inward (unrealistic for a quasi steady solution)

® |s the outflow really escaping the system!?
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Long term evolution

Poloidal field inclination

Lesur et al. 2013
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Outflow nstability properties

Outflow instability localised around z~0.6

Vorticity profile peaked at the same
location

==l Shear driven instability?
(Kelvin-Helmholtz type)

—_— Lubow et al. 1994
instability?

refs: Moll et al. 2012, Lesur et al. 2013 Fig.15. y component of the vorticity in the stationary outflow solution.
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