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Issues Addressed

Radio Loud/Quiet Dichotomy
Caused by Environment, Spin, Galaxy Evolution?

Magnetosphere near BH
How different from NS?

Jet Launching and Stability during Accretion
What is Dependence on Field and Turbulence?
What helps or hurts stability?



AGN JetsAGN Jets

3C31

Pictor A

M87

Mrk501
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Junor/Biretta/Walker



TheThe SampleSample

WWantant to to camaparecamapare thethe mainmain jetjet parameterparameter, , i.ei.e. . bulkbulk kinetickinetic powerpower LLjj, , withwith thethe
mainmain parametersparameters ofof thethe central central engineengine, , namelynamely MMBHBH andand LLaccacc, for , for AGNsAGNs
coveringcovering manymany decadesdecades inin radio radio andand diskdisk luminositiesluminosities. . HenceHence, , ourour samplesample
hashas to be by to be by definitiondefinition heterogeneousheterogeneous andand incompleteincomplete..

SSelectelect sourcessources ((BLRGsBLRGs, , BLRQsBLRQs, Sy1s, , Sy1s, LINERsLINERs, FR , FR IsIs, PG , PG QSOsQSOs) for ) for whichwhich: : 
(i)(i) thethe opticaloptical fluxflux ofof thethe unresolvedunresolved nucleusnucleus isis knownknown;;
(ii)(ii) thethe totaltotal radio radio fluxflux isis knownknown (includ(includiingng extendedextended emissionemission););
(iii)(iii) thethe blackblack hole hole massmass cancan be be estimatedestimated..

WWantant to to avoidavoid complicationscomplications duedue to to signifcantsignifcant beamingbeaming andand obscurationobscuration, , andand
hencehence we we excludeexclude blazarsblazars ((OVVQsOVVQs, , HPQsHPQs, , FSRQsFSRQs, BL , BL LacsLacs) as ) as wellwell as as 
typetype--2 2 AGNsAGNs ((NLRGsNLRGs, Sy2s, Sy2s).).



TwoTwo sequencessequences on on LLBB––LLRR planeplane

(Sikora, Stawarz, & Lasota 2007)(Sikora, Stawarz, & Lasota 2007)



TheThe same same twotwo sequencessequences emergeemerge on on 
((LLBB//LLEddEdd))--((LLRR//LLEddEdd) ) planeplane



RadioRadio--LoudLoud / / RadioRadio--QuietQuiet



MainMain parametersparameters
LLBB ≡≡ ννBB ×× LLννBB , , λλBB ≡≡4400 4400 ÅÅ

nuclearnuclear BB--bandband luminosityluminosity
by by assumptionassumption LLaccacc = 10 = 10 ×× LLBB

LLRR ≡≡ ννRR ×× LLννRR , , ννRR ≡≡ 5 5 GHzGHz
totaltotal jetjet radio radio luminosityluminosity
by by assumptionassumption LLjj ∝∝ LLRR

R R ≡≡ LLννRR/L/LννBB ≈≈ 101055 ×× (L(LRR/L/LBB))
radioradio--loudnessloudness parameterparameter

LLEddEdd = 4= 4ππGMGMBHBHmmppcc//σσTT ≈≈ 10103838 ×× (M(MBHBH/M/M⊙⊙) erg/s) erg/s
EddingtonEddington luminosityluminosity

λλ ≡≡ LLaccacc//LLEddEdd = 10 = 10 ×× ((LLBB//LLEddEdd))
accretionaccretion raterate



Possible Solutions to DichotomyPossible Solutions to Dichotomy

Changes in Field Geometry or ConfinementChanges in Field Geometry or Confinement
MassMass--loading (Meier et al. 97: Magnetic Switch)loading (Meier et al. 97: Magnetic Switch)
Variation in amount of BH/Disk Magnetic FluxVariation in amount of BH/Disk Magnetic Flux

Flux trapping (Reynolds 06, Flux trapping (Reynolds 06, GarafaloGarafalo 09)09)
Difference in Disk Thickness (Meier 01)Difference in Disk Thickness (Meier 01)

NonNon--Dipolar Fields (Beckwith/McKinney)Dipolar Fields (Beckwith/McKinney)
Radio power may not map to jet power:Radio power may not map to jet power:

ISM interaction and radio generationISM interaction and radio generation



DiskDisk--BHBH--Jet ConnectionJet Connection

Blandford & Payne ‘82 MacDonald & Thorne ‘82BZ77

What is the structure of the electroWhat is the structure of the electro--magnetosphere?magnetosphere?
vs. spin? (vs. spin? (MeissnerMeissner Effect)Effect)
vs. jet massvs. jet mass--loading? (loading? (σσ))
vs. accreted field geometry? (dipolar vs. vs. accreted field geometry? (dipolar vs. quadrupolarquadrupolar, etc.), etc.)
in presence of nonin presence of non--axisymmetricaxisymmetric turbulence?turbulence?



Black HolesBlack Holes

No-Hair Theorem:

Mass: M, Spin: J, Charge: Q

Inner-most stable circular orbit (ISCO): 3rH for a=0 , 1rH for a=M

Photon Sphere: Inside, objects cannot orbit at all (~3/2rH for a=0)

Static Limit: Varies from 1rH to 2rH for a=M (ergosphere inside)

Horizon: Inside, objects must fall

Singularity: Reached in finite time (superstring theory?)

Horizon:

Static Limit:

ISCO

Michell 1783 Escape velocity:



Equations of MotionEquations of Motion

Mass Conservation (Mass Conservation (ρρ00))
MaxwellMaxwell’’s Equations (E, B, s Equations (E, B, ρρ, J), J)
EnergyEnergy--Momentum Conservation (u, p, and v)Momentum Conservation (u, p, and v)

Closure:Closure:
EOS: EOS: p(up(u))
OhmOhm’’s law: J(E, s law: J(E, B,B,ηηii) : e.g. ) : e.g. JJcoco==σσ EEcoco & E& Ecoco=0=0
Viscosity + ResistivityViscosity + Resistivity

... in GR... in GR



BH Magnetospheres 101BH Magnetospheres 101

Pure Monopole a=0 Split-Monopole a=0



SplitSplit--Monopole a=0 or small aMonopole a=0 or small a

Komissarov 04 – 5GM/c3 McKinney 06 – 104GM/c3



Wald Solution: a=0 or small aWald Solution: a=0 or small a

McKinney 06 – 104GM/c3



Wald a=0.9Wald a=0.9

Ω/ΩH: 0: 0--0.67 , A0.67 , Aφφ , b2

Light Surface:



Conductive* Wald a=0.9Conductive* Wald a=0.9

ΩF: 0: 0--0.67 , A0.67 , Aφφ , b2



Vacuum vs. Conductive* WaldVacuum vs. Conductive* Wald



Conductive** Wald a=0.9Conductive** Wald a=0.9



Conductive** Wald a=0.9Conductive** Wald a=0.9



a=0.999 Forcea=0.999 Force--Free GRMHDFree GRMHD

Vacuum Conducting*

Komissarov & McKinney 07  vs.  King, Lasota, Kundt 75,  et al.



a=0.999 Forcea=0.999 Force--Free GRMHDFree GRMHD

ΩF JetConducting**

Komissarov & McKinney 07



2D GRMHD Disk a=0.9992D GRMHD Disk a=0.999

Komissarov & McKinney 07



Disks w/ Disks w/ ParaboloidalParaboloidal FieldsFields

McKinney & Narayan 2007BZ77



ForceForce--Free GRMHDFree GRMHD
Tchekhovskoy, N

arayan, M
cK

inney 09



GRMHD GRMHD -- wallswalls
Tchekhovskoy, N

arayan, M
cK

inney 09



Power vs. SpinPower vs. Spin

BH Angular  
Rotation Rate



Conserved QuantitiesConserved Quantities



Power vs. Angle vs. SpinPower vs. Angle vs. Spin



Field Strength vs. Angle vs. SpinField Strength vs. Angle vs. Spin



Derive Power vs. Spin vs. AngleDerive Power vs. Spin vs. Angle

(1)

(2)  Use Ω ≈ ΩH/2 -> FE to a2

(3)  Derive Monopole Aφ to a2 -> FE to a4

(4)  Numerically Motivate Aφ to a4 -> FE to a6

Result 1: P vs. ΩF accurately fits all simulations

Result 2: Power subtended by smaller angles has 
steeper dependence on ΩF: P∝ ΩF

(2n)



Power Results ReviewedPower Results Reviewed



Review: Radio DichotomyReview: Radio Dichotomy
Total BH Power Depends upon Total BH Power Depends upon ΩΩFF

22

Assumes fixed magnetic flux Assumes fixed magnetic flux –– may even be steepermay even be steeper

Steeper Dependence at small solid angles (jet)Steeper Dependence at small solid angles (jet)
H/R~1 : PH/R~1 : P∝∝ ΩΩFF

44
: (consistent with McKinney 05): (consistent with McKinney 05)

H/R~1.25 : PH/R~1.25 : P∝∝ ΩΩFF
66

(?) H/R~1.4 : P(?) H/R~1.4 : P∝∝ ΩΩFF
88

Can BH Evolution Work?  YES!Can BH Evolution Work?  YES!
H/RH/R\\simsim 11--1.4 (ADAF for high radio to optical)1.4 (ADAF for high radio to optical)
a~0.2 for radio quiet, a~1 for radio louda~0.2 for radio quiet, a~1 for radio loud
Consistent with spin evolution for elliptical vs. Consistent with spin evolution for elliptical vs. 
spirals (spirals (VolonteriVolonteri 07)07)



DiskDisk--Jet Coupling EffectsJet Coupling Effects

Blandford & Payne ‘82 MacDonald & Thorne ‘82BZ77

Old ideas: (Old ideas: (GhoshGhosh & & AbramowiczAbramowicz 1997;Livio, Ogilvie, Pringle 1999)1997;Livio, Ogilvie, Pringle 1999)
αα∼∼ 0.01 0.01 –– 0.1 in shearing box, predicts weak field near BH.0.1 in shearing box, predicts weak field near BH.
SubSub--equipartitionequipartition fields assumed near BHfields assumed near BH
Disk more powerful at producing EM jetsDisk more powerful at producing EM jets



GRMHD SimulationsGRMHD Simulations

•Ordered at poles

•Random in equator

Log of mass density Poloidal Field

McKinney & Gammie (2004)

DeVilliers, Hawley, Krolik (2003-2004)
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•Evacuated at poles

•Turbulent in equator



αα∼∼ 1 in plunging region1 in plunging region

McKinney & Narayan (2007)



Field becomes superField becomes super--
equipartitionequipartition for high spinfor high spin

K
om

iss
ar

ov
 &

 M
cK

in
ne

y 
(2

00
7)

McKinney (2005)



Disk Jet degraded by massDisk Jet degraded by mass--loadingloading
BH cleans field of massBH cleans field of mass

McKinney & Narayan (2007)



Disk Jet degraded by massDisk Jet degraded by mass--loadingloading
BH cleans field of massBH cleans field of mass

McKinney & Narayan (2007)



Hirose/McKinney ‘05

123

4

5

6

7

8

9

Common

Temporary

Never

Balbus & Hawley (MRI) [1]
Gammie & Krolik [2,3]
Effect of reconnections [4,5]
Lovelace or Blandford-Payne [6,7]
Konigl & Vlahakis [6,7,~9]
Uzdensky, Matsumoto [8]
Blandford & Znajek [9]

Blandford ‘02

Emergent Magnetic Field GeometryEmergent Magnetic Field Geometry

QuadrupolarDipolar



Jet Formation StabilityJet Formation Stability

Issues:
•Jet from Disk or BH?

•Unstable to Turbulence in Disk?

•Unstable to Accreting Disordered Field?

Dipolar Quadrupolar



Jet Propagation Stability: KinkJet Propagation Stability: Kink

KruskalKruskal--ShafranovShafranov nonnon--relrel. criterion. criterion

TomimatsuTomimatsu (2001) ~rel. criterion(2001) ~rel. criterion

McKinney (2006) 
Narayan et al. (2009)

L

R

RL

θj

zB

|m|=1 most dangerous: Center|m|=1 most dangerous: Center--ofof--mass shiftedmass shifted

Expansion & Finite MassExpansion & Finite Mass--loading: Jet goes loading: Jet goes 
out of causal contactout of causal contact

Narayan et al. (2009) rel. criterionNarayan et al. (2009) rel. criterion



Fully 3D GRMHD SimsFully 3D GRMHD Sims
Initial HD Eq. Thick Torus, a=0.93Initial HD Eq. Thick Torus, a=0.93
Field: Dipolar loop, Field: Dipolar loop, QuadrupoleQuadrupole loops, and loops, and 
largelarge--scale versionsscale versions
No symmetries (in No symmetries (in \\theta or theta or \\phi)phi)

Required to resolve the dangerous m=1 modeRequired to resolve the dangerous m=1 mode

Conservative HARM 3D w/ Staggered FieldConservative HARM 3D w/ Staggered Field
PPMPPM’’ss base interpolation: 3base interpolation: 3rdrd order polynomial order polynomial 
fit around flux positions attemptedfit around flux positions attempted
128x64x32, 64x128x64,256x128x32,512x256x64128x64x32, 64x128x64,256x128x32,512x256x64
Grid resolves disk near BH and jet far from BHGrid resolves disk near BH and jet far from BH



•Quadrupolar Field Jet Fails

•Magnetic field Crucial to explain x-ray 
binary states: i.e. for Jet or NOT

Fully 3D GRMHD Jet Simulations

McKinney & Blandford (2008)



•Dipolar Field Jet Succeeds: Relativistic 
Rotation, Expansion, Non-linear Saturation

Fully 3D GRMHD Jet Simulations

McKinney & Blandford (2008)



Review:Review:
Magnetosphere of BH vs. NSMagnetosphere of BH vs. NS

No surface, so flux can be pinched and slip aroundNo surface, so flux can be pinched and slip around
Stagnation Point: Inflow and Outflow, particle creationStagnation Point: Inflow and Outflow, particle creation

Black Hole Driven Jet can become RelativisticBlack Hole Driven Jet can become Relativistic
Requires Organized [mostly dipolar] FieldRequires Organized [mostly dipolar] Field

Disk Driven WindDisk Driven Wind--Jet Weakly RelativisticJet Weakly Relativistic
MassMass--Loaded by Disk TurbulenceLoaded by Disk Turbulence

Stability Maintained by ...Stability Maintained by ...
Relativistic Rotation of Field LinesRelativistic Rotation of Field Lines
Expansion of Jet [and so Causal Disconnection]Expansion of Jet [and so Causal Disconnection]
Finite MassFinite Mass--Loading [and so Causal Disconnection]Loading [and so Causal Disconnection]
NonNon--linear Saturation [even Nonlinear Saturation [even Non--RelRel. Jets can avoid Diss.]. Jets can avoid Diss.]


