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Accretion Disk Coronae (ADC):
Observational Evidence

� Observed X-ray spectrum of galactic BHs in high-soft state
(e.g., Cyg X-1):

F
n

n 

E, keV

power−law tail
(comptonization of soft X-ray photons

by hot coronal plasma)

thermal disk spectrum
(

)
lo

g 

100101

(similar structure in AGN spectra)

� Standard explanation for the power-law high-energy tail:
Comptonization of UV and soft X-ray disk photons by hot elec-
trons in thick low-density corona | observational evidencefor ADC.
(Bisnovatyi-Kogan & Blinnikov 1976; Liang & Price 1977)
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� The Sandwich Model(Liang & Price 1977)
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Physical Motivation
for Studying ADC Magnetic Structure

� Previous research focused on gas/radiation/spectra |
because this is what we observe directly.

� However: Corona is magnetically-dominated)
need to understand magnetic �eld structure �rst.

� Hence our interest inmagnetic interaction be-
tween an MHD-turbulent accretion disk and
its force-free corona .
(cf. Tout & Pringle 1992, 1996; Miller & Stone 2000)
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A Generic Corona Formation:
Sun as Our Guiding Star

Analogy with the Solar Corona:
(e.g., Galeev, Rosner & Vaiana 1979; Tout & Pringle 1992)

� Dense turbulent medium in an external gravitational �eld.

� Turbulent MHD dynamo) magnetic �eld.

� Gravitational strati�cation) Parker instability)

ux tubes emerge into overlying low-density region.

� Nearly force-free coronal magnetic �eld is formed.

� A part of turbulent energy is not dissipated within dense medium,
but is transported up by magnetic loops rising into the corona.

� Magnetic energy is dissipated in the corona episodically byrecon-
nection (
ares), leading to coronal heating.
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ADC Magnetic Structure:
Questions We Want To Address:

� What is the distribution of loops in sizes, magnetic 
uxes, etc. ?
Is there aninverse cascade of magnetic loops ?

� How is coronal magnetic energy density�B2(z)/8π distributed
with heightz above the disk ?

� How ismagnetic energy dissipation distributed with height ?

� How big isangular momentum transfer by coronal loops ?

� What fraction of magnetic 
ux isopen at any given time ?

� How do all of these depend on e�ciency ofreconnection ?
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APPROACH

� Goal:
build a statistical description of the coronal magnetic �eld above
a turbulent accretion disk.

� General Program:
(c.f., Tout & Pringle 1996; see also Hughes & Paczuski 2003)

{ Represent corona by ensemble ofelementary magnetic
structures (loops) characterized by several parameters.

{ Introduce theloop distribution function F
{ Formulate stochastic equations of motion for individual loops

in this parameter space.

{ Derive theLoop Kinetic Equation for F .

{ Obtain aStatistical Steady State .

D. Uzdensky



Magnetic Flux Loop
as an elementary magnetic structure

y = r f

r

Dr

D y

+

−

� Elementary magnetic structures:closed loops

� Primary parameters:
r andφ footpoint separations:� r, � y.
(other possibilities: 
ux, internal twist, etc. ...)

� Scales of Interest:

{ temporal:
 � 1 � τ � Taccr

{ spatial:H � l � R
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PHYSICS OF THE ADC:
BOILING MAGNETIC FOAM !

Processes governing individual loop evolution:

- stressing:
(increasing magnetic energy and magnetic scale-heightHB)

� emergence (and submergence) of loops into corona

� stretching byKeplerian shear

� random footpoint walk due to disk turbulence

- relaxation:
(dissipating magnetic energy and bringing the �eld closer to potential)

� reconnection between loops (manifested as 
ares)

) inverse cascade : formation of large structures.
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ROLE of RECONNECTION in ADC

H  ~ HB
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Reconnection is too e�cient:magnetic �eld is close to potential,Emagn '
Epot; free magnetic energy and magnetic dissipation are small.

B
H  ~ R >> H

����������������������������
����������������������������
����������������������������
����������������������������
����������������������������
����������������������������
����������������������������

����������������������������
����������������������������
����������������������������
����������������������������
����������������������������
����������������������������
����������������������������

z

Reconnection is forbidden:forrest of open �eld lines,Emagn ' Eopen �
Epot; free magnetic energy is large but dissipation is not allowed.
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THE LOOP KINETIC EQUATION

� Final Result:Loop Kinetic Equation for F :

∂F
∂t

(A , t) = S(A )
| {z }

(1)

+ ( Dr
∂2

∂� r2 + Dy
∂2

∂� y2) F (A )
| {z }

(2)

�
∂

∂� y
(F _� y)

| {z }

(3)

+ _Frec(A )
| {z }

(4)

� (1) Flux Emergence) source termS(A )
(or boundary conditons at small-loop end).

� (2) Random footpoint motions) di�usion term.

� (3) Keplerian shear) advection term:� ∂∆y(F _� y)

� Loop interaction with each other:

{ mean �eld �B2(z)/8π, magnetic pressure at heightz:

�B(z) = �	
Z

dAF (A ) H[Z(A ) � z]

[H(Z � z) is the Heaviside step-function.]

{ (4) reconnection between loops) _Frec
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Reconnection as a Collision Integral

� Reconnection as abinary collision :
(c.f. particles in a gas):

� Footpoint positions are preserved during interaction)
conservation laws) reconnection rules .

� Reconnection is represented by a non-linearintegral
operator � collision integral in Boltzmann's eqn:
(c.f., Tout & Pringle 1996)

_Frec(A ) = _Fcoll,� (A ) + _Fcoll,+(A )

_Fcoll,� (A ) = �
Z

dB Q(A , B )F (A )F (B)

_Fcoll,+(A ) =
1
2

Z Z

dCdD Q(C, D) δ[A � (C + D)] F (C) F (D)

[Q(A , B) = q 
 σAB is the reconnection-event rate.]

D. Uzdensky



Preliminary Results:
Statistical Steady State

projected loop length:L =
p

� r2 + � y2

orientation angle with respect toφ-direction:θ

q = 1 { no Keplerian shear; q = 0.03{ strong shear
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{ orientation-dependent power-laws.
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Work in Progress: Energetics

� Compute proper equilibrium loop shapesz(x)
(instead of semicircles)

� Determine energy of a loop,E(L)

� Energetics of individual reconnection events:

EA+B!C +D

are = E(A ) + E(B) � E(C) � E(D)

� Statistics of 
ares: N (E
are) = ?

� Distribution of magnetic energy dissipation withz.

� Overall angular momentum transport by coronal loops.
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FUTURE RESEARCH

� Physically-motivated prescription for reconnection.

� Feedback of coronal magnetic �eld on disk motions
(coronal MRI)

� Inclusion of open �eld lines;
interaction of corona with external magnetic �eld

� connect with SOC solar-corona models
(e.g., Paczyski & Hughes 2003)

� Applications to solar/stellar corona
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SUMMARY

� Accretion Disk Corona (ADC) is magnetically-
dominated ) need to understand coronal mag-
netic �eld �rst.

� ADC as amagnetic foam.

� Statistical Description of coronal magnetic �eld as an
ensemble of loops of various sizes.

� Kinetic equation for Loop Distribution Function
(including Keplerian shear, reconnection between loops, etc.).

� Preliminary results: in steady state, loop size dis-
tribution is a power-law with orientation-dependent ex-
ponent:F � L� α(θ) .

� Work in progress: assessing energetics issues and
angular momentum transfer | Stay tuned!
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