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Outline

 Depict simplified scenario based on observational evidences
for magnetospheric accretion in classical TTauri stars

» Two theoretical problems related to this scenario:
- formation of accretion funnels

- star-disk angular momentum balance

« Analytical and (mainly) numerical approach

« Conclusions, open guestions, perspectives ...



Star-disk interaction:
a simple mode|

» “Outer” accretion disk
(torgue: viscous, disk wind)

« Stellar magnetosphere connecting

the rotating star and the disk
(B, @1-3 kG Valenti & Johns- Krull 2004)

» Accretion columns (Edwards et al. 1994)

* “Hot spots” (Bouvier et al. 1995)

» Rotating star: CTTs/how rotation Reriods arounth3-10 d (Bouvier et al. 1993)

» System chargCterized by three radii:

- Truncation radius R, - Corotation radius R,
Reo = (GM*/QE)l/:S

- Outer radius R,



Star-disk magnetic interaction

- Two main questions:

- In which physical conditions the disk is truncated and
the accretion flow is deviated into the accretion columns?

- Which mechanism can balapCe the accretion torque and
the contraction of the star j6 keep the rotation period constant?

/-\ ' « Questions will be addressed
,\ g 20\ . mainly recurring to numerical
eStar@ Disc MHD simulations. So ...
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Typical initial conditions

* Dipolar field aligned with the rotation
axis of the star

« Resistive (viscous) Keplerian accreticon disk
Resistivity (viscosity): n = v = ozch—S
k

e Field in equipartition with the thermal
pressure of the disk at the initial
truncation radius

:> dominant magnetic torque

r o “star” ( ) modeled as
perfect conductor rotating with a
period ( )

* MHD fluid equations solved with the PLUTO code (Godunov + CT method)



Truncation radius

e Alfvén radius (Elsner & Lamb 1977):

(ram pressure of a spherical envelope accreting at free-fall speed = magnetic pressure of a dipole)
HA—65< B )*/' Mg ' IV « ! Hx !
R T \1kG (10_8M@y7“_1) (O.5M@) (23@)

» Truncation radius of an accretion disk can be written as (Bessolaz et al. 2008):

Ry = (8 Ms)?/" Ry where b= 8pP/B2 M, = |u,|/C,

» Which are the values of b and M, in the truncation region?

Let's take a look to a numerical simulation ...



Which values for b and M.?

« Viscous transport dominates on large scale (R > 6R.). Consistently M, @ g H/r

» Magnetic torque dominant for (R <R,). My @4B,/B, /b => M, @1

(N.B. R, sometimes taken as estimate of truncation radius ...)

« Truncation region in pressure balance. b @1



IS truncation stable?

Heavy fluid

Kulkarni & Romanova (2008)

* Pressure equilibrium could be unstable
« Magnetic analogous of Rayleigh-Taylor instability

« Matter could not accrete in funnels but penetrate through the
magnetosphere



Truncation radius and weak
dipolar components

 The conditions b @1 and M, @1 give (with some uncertainties):

> N.B. R <R,

» Generally surface magnetic fields
have no dipolar topology: often
dipolar (large-scale) component is
not the dominant one (150 G)

(Jardine et al. 2006)

» Can a “weak” (@150G) dipolar component truncate a disk accreting at
108 Mg, yrt? Probably not...

>



The V2129 Oph example

» Spectropolarimetric observations of
CTTs suggest that the stellar field is
more complex than dipolar.

* EX. V2129 Oph (Donati et al. 2007)
-1=1 0.35kG (dipole)
-1=3 1.2 kG (octupole)
-1=5 0.6 kG

*M,=135M,,, R.=24R_,
M, =108 M, yr P.=6.5 days

 Polar axis inclined 20° with respect
to rotation axis



The V2129 Oph example
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 Aligned multipolar field too weak to truncate the disk at a few stellar radii
» Can inclination help accretion at high latitudes?
- Stronger field towards the poles (R, @2 R.)

- Inclination of the fieldlines could help mass-loading



3D simulations:

examples

» Does truncation depend on the
inclination of the magnetosphere?

» Mild trend for dipolar magnetospheres:

- slightly larger magnetic cavity
for g @30°
- direct polar accretion for g > 60°

(Romanova et al. 2003)



Funnel flow dynamics
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(Koldoba et al. 2002) (Zanni & Ferreira 2009)

—

Matter almost at free fall on the disk surface. Strong adiabatic compression

at R, into the funnel flow

Transport of angular momentum dominated by advection (F, = rr V;V,) at the

base of the funnel and by magnetic torque (F ., = rB;B,) at the stellar surface



Star-disk torgues: general ideas

» Accretion torque ( ) can
only spin up the star rotation (which is

\ still contracting anyway)

* How it is possible to extract this excess
angular momentum?

« Extended magnetosphere, connected beyond R, (Ghosh & Lamb 1978): does
not work due to limited size of magnetosphere (Matt & Pudritz 2005)

» Outflows extracting the disk angular momentum BEFORE it falls onto the star
surface (disk-wind, X-wind (Shu et al 1994), CME-like ejections ...)

« Stellar wind: accretion powered stellar wind (Matt & Pudritz 2005),
reconnection X-Wind (Ferreira et al. 2000)



Interaction regimes

(Matt & Pudritz 2004)

» Compact magnetosphere (R, <R_,<R_)
no braking torques are present
except for outflows

» Extended magnetosphere (R, <R, <R

disk can extract angular momentum
(“disk locked” state)

out)

* Propeller R, >R,,)
disk truncated beyond corotation, no
accretion columns, only spin-down
torques



Magnetosphere extension

 What determines the extension of
the magnetosphere?

 Star-disk twist generates toroidal field

* When critical twist @ ps attained toroidal
magnetic pressure inflates and opens
magnetosphere

* Disk resistivity allows some
azimuthal slippage of the fieldlines

o If resistivity is high enough critical
twist never reached and fieldlines stay
connected

(Uzdensky, Konigl & Litwin 2002)



Accretor vs. Propeller

« If magnetic torque greater than internal transport below R_, @ accretor

« If magnetic torque greater than internal transport beyond R_, =) propeller

Propeller obtained for short rotation periods or strong enough fields



Extended magnetosphere
@,=1 a,=1 nh=1)

- Magnetosphere stays

connected up to a radius
(R, 1.6)

* The opened stellar and

disk fieldlines are separated
by a current sheet located
far from the star

» The disk viscosity is
efficient enough in the
connected region to remove
radially both the disk and
the stellar angular
momentum



Extended magnetosphere

@,=1 a,=1 nh=1)

4 108

108

- — = “hot spot” power

accretion rate

106

-106

Closed fieldlines torque (R<R_,)

— — — Closed fieldlines torque (R>R_,)

— - = Opened fieldlines torque

» Accretion rate (and “hot spot luminosity”) regularly oscillates with a 1.5-2 P,
period (mismatch between magnetospheric and viscous torque)

 Even if part of the disk magnetically connected to the star beyond R_, the disk-
locked torque always spins up the star (braking less than 10% of accretion torque)

» The star is always braked along the opened field lines: stellar wind

(braking more than 20% of accretion torque)




Extended magnetosphere

* Why it does not work:
- Braking magnetic torque (rB; B)) limited by two factors
B; cannot grow too much or magnetosphere disconnects (Matt & Pudritz 2004)

B, weaker than dipolar beyond corotation: field redistribution due to accretion

* Why it can not work:

- if magnetosphere puts accreted angular momentum back in the disk,
the disk needs an enhanced mechanism to get rid of the excess momentum

- if braking torque stronger than the internal transport
system enters propeller regime



Stellar wind: magnetic braking

M 1010 M, yrt

wind

e Leverarm R,/R. 16

* Braking torque: M,y R > W.

wind

» Slowly rotating star: no centrifugal thrust
Thermal (?) driving: P, 4% P__.

* Energy and angular momentum transport
dominated by the Poynting flux:

>< where



Compact magnetosphere |

@,=01 a,=1 nh=10)

* All fieldlines beyond corotation

magnetic surface ( )
are opened

* The current sheet is strong

and reconnection phenomena
can occur as well as episodic
mass outflows

* Magnetospheric ejection close

to the base of the accretion
column



Compact magnetosphere |
@.=01 a,=1 nh = 10)

» Two types of outflows (beside the stellar wind):

- . extract angular
momentum both from the disk and the star

/ - (X-wind?): extract mass and
angular momentum from the disk
* Magnetospheric ejection is dominating

| ejection e Globally:

0.3 for an X-wind

1 for an X-wind
{ 0.2 for a disk-wind



Compact magnetosphere |

@,=01 a,=1 nh=10)

4 108
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- — = “hot spot” power

accretion rate

106 Closed fieldlines torque

_10-6
10 — - = Opened fieldlines torque

o After initial strong transients the accretion rate (and “hot spot luminosity”) does

not show show any periodic oscillation

* Variability seem to occur on the longer accretion time-scale

* The magnetic torque measured on the closed fieldlines spins up the star

» The stellar wind braking is small: topology of the field is less opened




Compact magnetosphere I

@,=0.1 a,=0.3 nh=3)

* Fieldlines beyond corotation

(red line) generally opened

 CME-like ejection seem to be

stronger



Compact magnetosphere I
@,=0.1 a,=0.3 nh =3)

» Two types of outflows (beside the stellar wind):

- . extract angular
momentum both from the disk and the star

- (X-wind?): extract mass and
angular momentum from the disk

» Magnetospheric ejection is dominating

accretion
ejection

» Globally:

0.3 for an X-wind

1 for an X-wind
{ 0.34 for a disk-wind



000
Compact magnetosphere Il secs
(@.=0.1 a,=0.3 nh=3) T
4 108
10 o
— — = “hot spot” power Closed fieldlines torque
accretion rate
108
-106 — - = Opened fieldlines torque

« Zero torque associated with the closed magnetosphere
(combination of CME-like ejections and substellar disk rotation)

o Stellar wind braking




X X
Compact magnetosphere |l sels
@,=0.1 a,=0.1 nh=1) oo
4 108 106 Closed fieldlines torque
- — = “hot spot” power
accretion rate
108
-10® — - — Opened fieldlines torque

» Low accretion rate (lower viscosity) shows oscillations on longer timescale (propeller)

« The torque associated with the closed magnetosphere spins-down the star
(combination of CME-like ejections and substellar disk rotation)

o Stellar wind braking



Beyond dipoles and
axisymmetry: 3D simulations

. . curvilinear geometries (cylindrical, spherical) introduce
singularities; cartesian geometry cannot describe correctly the surface of
the star and the disk (putting a sphere in a cube)

Koldoba et al. (2003)

. : cubed sphere

. : hon-orthogonal metric, interpolation between 6 sectors



Romanova et al. (2003, 2004)

* Inclined dipole varying the angle g between the
rotation axis and the magnetic moment m



Romanova et al. (2003)

q= 15° q = 60°

e Two streams funnel flow

* Funnel flow more complicated
* FF located 30° downstream

(FF rotates faster than the star) * Direct accretion on the poles

» Warped accretion flow  Disk depleted of material
perpendicular to m



Romanova et al. (2003)

» Higher accretion rate for higher q

» Torque on the star always positive

 Higher initially for higher g but then
less matter is accreted in outer part
of the disk



Romanova et al. (2004)

oq:150

* Kinetic energy flux on the star
converted in radiation

» One peak of intensity during
one period for i < 60°

e Two peaks for i > 60°



Long et al. 2007

» Accretion on inclined quadrupolar+dipolar field



Summary and conclusions

* Disk truncation:
-b @1, M, @1 Alfven radius good approximation for truncation radius

- What about weak dipolar fields? Inclination ...

 Star-disk angular momentum balance

- Extended magnetosphere: inefficient

- Stellar winds: can provide a spin-down mechanism. Energetic problems.

- Magnetospheric ejections: can efficiently brake the star. Minimize viscous
effects and maximize the magnetic coupling.

* Need for 3D simulations with “realistic” field topologies ...



