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Relativistic Jets 
n  Classic papers on jet physics: 

n  Rees (1966): Appearance of relativistically 
expanding radio sources 

n  Blandford & Rees (1974): A “twin-exhaust” model 
for double radio sources 

n  Blandford & Znajek (1977): Electromagnetic 
extraction of energy from Kerr black holes 

n  Phinney (1983): PhD Thesis, Cambridge 

Classic Blandford Eisegeses 
“Inside-Out Light Cylinder”   “377 Ohms” 



Making a         
Relativistic Jet 

n  Required elements: 
n  organized magnetic field 
n  rotation of field line bundle 

n  Result: 
n  helical outgoing wave 
n  which accelerates frozen-in gas 



Accretion disk threaded 
with open magnetic field 
lines can make a wind/jet 
 
What about a BH? 
 

Meier et al. (2001) 



Magnetic Field around a BH 

n  BH will have a field only if something 
n  brings it in è Accreting Disk essential 
n  and holds it in è Accretion Disk essential 



Rotating the Field Lines 
n  BH has no surface to anchor field lines 
n  How can it rotate the field lines? 
n  GR: Dragging of frames!! 
n  A spinning BH drags space – along with 

any magnetic field lines in its vicinity 
n  Requires a spinning BH 
n  è Blandford-Znajek jet: a magnetic 

version of the Penrose Process 



Semenov et al. (2004) 



Jet Collimation 

n  A Poynting-dominated relativistic jet 
does not self-collimate 

n  Energy wants to go out equatorially 
n  We need an external medium to 

collimate the spinning magnetic 
field è Thick Accretion Disk 



MOVIE 
GRMHD simulation 

(Tchekhovskoy 2011+) 

Jet power consistent with 
theoretical models 

  
Pjet ≈ Φmag

2 a*
2



GRMHD Simulations 
n  Jets and winds form readily in 

simulations 
n  The jets are relativistic and powerful 
n  Jet power depends on BH rotation and 

magnetic flux at the horizon (a la BZ77)  

  
Pjet ≈ Φmag

2 ΩH
2 / c ∝Φmag

2 a*
2



GRMHD Simulation: Tchekhovskoy et al. (2011)   a* = 0.99 

Magnetically 
Arrested 

Disk 
 (MAD) 



Are We Seeing Energy 
Extraction from the BH? 

n  This is a delicate question:  
n  Accretion adds mass to the BH 
n  Energy flows out to infinity 
n  But is it from accretion disk or BH? 

n  Gas falling into a potential well converts 
some rest mass to radiation: Quasars 

n  This is simple physics – nothing to do 
with energy extraction from BH 
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Typical Accretion System 

BH mass 
increases by 

90 units 



Mass 
Input 

Energy 
Output 

Tchekhovskoy et al. (2011) Simulation 

What’s going on?! 
Doesn’t this violate some fundamental 

law of nature??!! 
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Tchekhovskoy et al. (2011) Simulation 

BH mass 
decreases by 

40 units 

Spinning BHs are a 
source of energy  
Penrose (1969) 

BZ (1977) 



Jet efficiency (jet power) in simulations scales as predicted: 
 

η  proportional to a2 (Tchekhovskoy et al. 2012) 
η  proportional to Φ2 (Sadowski et al. 2013) 

 



Precessing Jet from a  
Misaligned Thick Disk 

Liska, Hesp, Tchekhovskoy et al. (2017) 



The Effect of Radiation 
n  The simulations shown so far all ignored 

radiation (GRMHD) 
n  Okay for very low-mdot systems 
n  How does radiation affect jet physics? 
n  We now have GR Radiation MHD codes 

(GRRMHD) to explore this question 
n  With large a* and Φ we do see strong jets 
n  Is this BZ77? Probably, but not sure… 



M=106M¤, Mdot ~ 30 Edd, Spin = 0.9 (Left) = 0 (Right), Close to MAD 
Identical initial conditions, but very different jet properties (Lorentz γbulk) 

Curd et al. (2017) 


