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Black Hole (BH) Systems
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BH as Faraday Disk

(homopolar or unipolar generator)

Force = qvX B ox V=]IR  Membrane Paradigm: (Thorne et al.)

Power =P =1V =1?R R = 47/c ~ 3770hms
P o< R B2 Q2 Blandford & Znajek (1977)

P x B> Q%



Role of Magnetic Field / Flux

Weak Field MRI Disk
+ BZ Jet
= Fine-Tuned Flux
Magnetically Arrested Disk
= Flux in Force Balance

Blandford & Znajek (77)
MacDonald & Thorne (82)

Balbus & Hawley (1991,1998)

Znajek (76), Bisnovatyi-Kogan & Ruzmaikin
(74,76), Narayan et al. (03), Reynolds et al. (06),
Igumenshchev et al. (03)



Remots Sensing Division

Neval Research Laborstory .
- The Galactic Center
Wide-Field V1A Radio (A = 90 cm) lmage
\ (Kassim, LaRosa, Lazio, & Hyman 1999)
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How much Magnetic Flux?

B Coherent Flux near Galactic Nucleus:

- ) .
~ 0.1 pc-GKeys o (NG il Lo C. C.. Morris. M. & Echevarria, L. 1999 ApJ. 526,727

m Magnetospheric Radius (cKinney, Tchekhovskoy, Blandford 2012):

1) Mass Flux: > = M/Qareve @M = My (r/ Fo)

2) Gravity Balancing Field: FegU/BMW, R’> ~ 2BrB, /4w ~ B2 /23

If"ﬁ

3) Solve for Bz: B, ~ l{:}ie:ll""fjm Vi (rfrg)”

4—) Integrate Bz within r, to get magnetic flux ( ® ) within r_

) ) Ex7

' [ ¥ I Fa = - )
E y i 1-1 ';I ’ I _.u'-| . | I.I|r| s ] _.I|-|
5) Solve for r, : S ETT Y i (T T T
£ 5 '._I_ -:' — h I-I

SgrA*: r ~10"r, (n=1)

M87 : r,~10%r, (a=1)

0.1pc*G




GR-MHD Simulations ot Disks with
Lots of (poloidal) Magnetic Flux

Physical Setup:

Spin: a=0.94
Radiatively Inefficient
Thick Disk

Numerical Setup:
Fully 3D (no syms)
KS Coords

~1E5M outer radius

EM Energy ensity & Field Lines



Magnetically Choked Accretion Flow

Time-Azimuthal Average:

Red: Magnetic Field Lines
Gray: Velocity Stream Lines

z[r,
* Magnetic Flux Saturates to Natural Limit
* Force Balance between Ram/Gravity and Magnetic Flux

* MRI (magneto-rotational/Balbus-Hawley instability) suppressed!
Igumenshchev et al. (08,09), Tchekhovskoy et al. (11,12), McKinney et al. (12)



Accretion Occurs through

Magnetic Rayleigh-Taylor Modes

Hydrodynamics MagnetoHydrodynamics
Gravity Gravity
Along Along

Z-axXi1s

Z-axXI1$ ’
No Field

P P Field Al
K Heavy: Red K X}ZXis N8
X Light: Blue )

Athena, Stone et al.



Unstable Magnetospheric Interface & QPOs




Spectrogram of Field showing QPOs

Magnetospheric Barriers to
Accretion:

)]

QPOs predicted by Li &
Narayan (2004), Wu & Lai
2012).
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Temporal Power Density at r=4M

at r=dr, in Jet .

Disk Power in b? Jet Power in b?
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Jet-Disk Interface m-modes: 7~ 70-140 M
Same range as observed HFQPOs




BH X-Ray Binaries
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BH X-Ray Binaries

GRS 1915+105

T 16 March 1994
Hard
. |
=
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S [Jetiine |
£ 27 March 1994 %
E 2 0
= - >
- —— c
E‘ Hard 'I
H‘.— Intermediate 3 April 1994
9 April 1994
Spectral Hardness _

(spectral slope, soft=steep, hard=flat) 16 April 1994

Belloni et al. Mirabel & Rodriguez (1994,1999)

* Mass Accretion Rate sets luminosity?
* But then how to explain case of 2 states at same luminosity?
* Why only QPOs and Jets in Intermediate State and not Soft?
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Black Hole X-ray Binary QPOs
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Black Hole X-ray Binary QPOs

0.75<a<0.7
3
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o d5dEY .

LD00=a<h. 7]

0.97<a<l.(

). 0d<a<.

Note. Fundamental g-mode: Mf£/10M Fla)

7~ 70-140 M — just like JD-QPO (2=0.6-0.98)




Origin of States, QPOs, and
Transient Jet?

N
— - — Transient

\ /

! A
Soft Intermediat ;—
AT, » -

- = _ '|,|_

No Ordered Field

(mostly Toroidal)

X-ray Luminosity

Spectral Hardness
(spectral slope, soft=steep, hard=flat)

Igumenshchev (2009) McKinney & Blandford (2009), McKinney, Tchekhovskoy, Blandford (2012)



Summary

®m Magnetic Flux reaches Natural Saturation Point

= I is suppressed — not standard disk picture!

m Can explain most powertful Jets
m Might explain why QPOs in certain (SPL) disk state

m 2 parameters strongly control disk state:

®m Mdot & Magnetic Flux
m State Transitions, Transient Jet, and QPOs?
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