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X-ray Binary GRS 1915+105 
with MBH = 15 M⊙: 
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Superluminal Motion in Jets: 
Different Masses, Similar Speeds

Chandra XRC Chandra XRC

Active Galaxy M87 
with MBH = 3 x 109  M⊙:

Relativistic jet from a supermassive BH Relativistic jet from a stellar-mass BH



07/13/2010  Alexander (Sasha) Tchekhovskoy                                          Accretion Processes

Different masses, similar jets
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Active Galactic Nuclei
(e.g., M87, 

MBH=3 x 109 M⊙) 

Gamma-Ray Bursts
(e.g., GRBYYMMDD,

MBH  3 ≃ M⊙)

Black Hole X-ray Binaries
(e.g., GRS 1915+105,

 MBH=15 M⊙)
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How do magnetic jets work?



field line

t=0 t=t1
t=t2

Field toroidally-
dominated

p = B2Á=(8¼)
BÁ À Bz



07/13/2010  Alexander (Sasha) Tchekhovskoy                                          Accretion Processes

How do magnetic jets work?



field line

t=0 t=t1
t=t2

Field toroidally-
dominated

p = B2Á=(8¼)
BÁ À Bz



07/13/2010  Alexander (Sasha) Tchekhovskoy                                          Accretion Processes

How do magnetic jets work?



field line

t=0 t=t1
t=t2

p = B2Á=(8¼)

¾=¡m²m/½c2  

°°°

µµµ
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AGN and GRB Jets

Central 
black 
hole

W
al

lIGM
 °µ = 2

Confined

Simulations of magnetized 
confined jets:
°µ  ≲ 1  

(Komissarov et al., MNRAS, 2009)

Is there any hope for 
magnetized GRB jets?
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GRB jets are DEconfined:
°µ  ≳ 10

(Tchekhovskoy, Narayan, McKinney, 
New Astronomy, 2010)
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Why is  °µ ≲ 1 in confined jets?
● Communication is essential
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¾=¡m²m/½c2  
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Why is  °µ ≲ 1 in confined jets?
● Communication is essential

● Jet boundary B needs to 
keep announcing its 
trajectory to the rest of the jet
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Why is  °µ ≲ 1 in confined jets?
● Communication is essential

● Jet boundary B needs to 
keep announcing its 
trajectory to the rest of the jet

● All signals travel inside Mach cone »:
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Why is  °µ ≲ 1 in confined jets?
● Communication is essential

● Jet boundary B needs to 
keep announcing its 
trajectory to the rest of the jet

● All signals travel inside Mach cone »:

● For communication across jet need 
µ ≲   », so µ ≲ ¾1/2/°

● Robust conclusion: °µ ≲ ¾1/2 ≲1B
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GRB Jets are Deconfined

BH BH
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Understand This Analytically

Stellar 
surface

Analytic fully 
unconfined jet
(AT+ 2009)

Analytic fully 
confined jet
(AT+ 2008)

After jets lose ambient pressure support, 
they switch from the fully confinedfully confined 
solution to the fully unconfinedfully unconfined solution.

° = 500 
µ  = 0.04
°µ = 20

°µ°µ     ==   2020

°µ°µ
    ==

  22

GRB:
  °   ≳ 100  
  µ    ≲  0.1 

°µ  ≳ 10

  ¾   ≲ 1

¾=¡m²m/½c2  





Numerical 
deconfined jet
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● Relation between jet acceleration and collimation

– confined, C ≲ 1
– deconfined,  C  ≈ 20

● What do observations tell us?

– AGN: °µ ≲ 1, ¾ ≲ 1 → no indication of 
deconfinement

– GRB: °µ∼10 30– , ¾ ≲ 1  → jets must be 
deconfined

➢  Some GRBs: °µ∼100 →  ¾ ∼ 20 ≫ 1 

➢ If many more GRBs show °µ∼100, this will 
challenge standard GRB emission models that 
require  ¾ ≲ 1.

Acceleration and Collimation

(AT+ 2010)

GRB:
  °   ≳ 100  
  µ    ≲  0.1 

°µ  ≳ 10

  ¾   ≲ 1
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Jets: Required Ingredients
● GRB Jets:

Both propagation inside and outside the star required

1) Fully confined jets are too slow for their opening angles: 
° µ ≲ 1 

2) Fully deconfined jets have too large opening angles:  
µ ∼ 1 

Bottom line: need 
1) confinement to collimate the jet initially and 
2) deconfinement to accelerate the jet

● AGN Jets:

Either confined or deconfined jet scenarios allowed
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Jet Structure Summary
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Fully unconfined jet:

Fully confined jet, large 
distance. Centrifugal force  
limits jet velocity (AT+ 2008):

Fully confined jet, small 
distance.  Linear increase:

(AT+ 2010)

(Michel 1969)
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Understand this analytically
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Jet cross-section
● The further the jet 

propagates, the 
more uniform it 
becomes

● Jet is surrounded 
by vacuum (p = 0)
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Magnetic nozzle for field lines
Hydro: de Laval nozzle: 
flow opens up after sonic 
surface → pressure 
drops → ∇p accelerates 
flow:

p1 p2v >  cs

v <   cs

v =   cs

F = ¡rp

MHD: reduction in 
field line density as 
the rest of field lines 
bunch up at the jet 
axis.  

Bunch up

p1 p2>

>

F = ¡rp

(Begelman & Li 1994, Komissarov 
2009, AT+ 2009)
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