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What carries bulk of energy in
ultra-relativistic jets?

Ultra-relativistic jets 
Pulsars, Γ~106

AGNs , Γ~ 10-30
GRBs , Γ~100-1000
Microquasars , Γ~2
X-ray binaries , Γ~10 
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What is σ in AGN jets?
Π of parsec scale AGN jets imply that σ is 

non-negligible, σ ≥ 1, and may be >> 1



Jet launching: large scale B-field

Jets are launched and 
collimated electromagnetically
(Lovelace et al., Blandford & Znajek, 
Blandford & Payne, Camenzind, 
Fendt; Koide, Shibata and others). 
Numerical simulations: McKinney & 
Gammie: “low density polar regions of 
the numerical models agree well with the 
Blandford-Znajek model “. 
Similar results by Hawley &Krolik

Koide et al. 2002,

McKinney & Gammie 04



Π in AGN jets

Π at pc scale is produced at internal shocks by compression of 
random B-field (?) (Lang 80)
Is Π at pc scale consistent with large scale B-field? 

in radio: synchrotron
consider optically thin regions 



Synchrotron  emission by relativistic 
sources: Lorentz transformation of Π
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(Blandford & Konigl 79; Lyutikov,Pariev,Blandford 03)

Both B-field and  velocity field are important for Π



Π from relativistically moving shell with   
helical B-field 
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Π from relativistically moving source

B not orthogonal to e
Observers: always plot e, not “inferred” B-field
One needs to know v-field to infer B-field from e-field
symmetry of the system (e.g. axial) and assumptions 
about v-field (e.g. sheared cylindrical motion with vz(r)) may 
still provide information about intrinsic B-field



Π from cylindrical shell 

Γ=10, p=1, different rest frame (emissivity –averaged) pitch angles
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Π depends on p
Even co-spatial  populations

with different p may give 
different  Π (eg radio & optical)

Π along the jet

Π across the jet



Large scale B-field in AGNs

Bimodial distribution of PA

PA follows the jet as it bends 

Sometimes a bend gives 90 
change of PA

For cylindrical jet U=0, 
average Π along or across the 
axis

For fixed ψ, Π mostly keeps 
its sign

Sometimes a change does 
occur

BL Lac 1749+701

(Aller et al)

(Gabuzda 03)



Resolved jets: B-field, E-field, v-field and 
emissivity profiles 

Relativistic jet structures: cylindrical force-free equilibria

E-field may be important:  rotation: Bφ, Bz, Er:

Need to specify force-free equilibria, βz(r)
Diffuse pinch
Zero poloidal flux pinch
Multiple reversal, B~J(ar)

Emissivity κ(r)~ j2, B’2

)( 22
φBBr

BE

z

zr

+
×

=Ω

)(
2
1 2222

rzrz EBB
r

B −+∂= ϕ



Resolved jets

Resolved jets:  center: PA along, edges: PA across
If emission is generated in small range of radii ∆r < r

(Gabuzda 03)
e

e



Jet polarization may tell the spin of BH

Left & Right helixes look different
Different Π signature
May tell direction of BH or disk spin (if θΓ >< 1 is known)

Right

Left



Π from relativistic sheared jet Γz(r)

κ~B’2

κ~j2

At θΓ< 1 Π is across jet (Bφ→0 on the axis)
Need emission from  ∆r << r:  limb brightening



Faradey Rotation across the jet

Gradient of Rotation 
Measure across the jet

Helical field 
RM ~ ∫Bndl – sign-dependent

(Gabuzda 03)



Self-regulation B'φ ~ B'z ?

Small Π~ 3-5%: ψ’ ~ π/4 -- π/3,  (B'φ ~ B'z )
B'φ >> B'z – unstable. 
Over-expansion → large B'φ /B'z → instability → dissipation 
of poloidal electrical current → reduce B'φ / B'z ~ 1
Poloidal flux problem? 

BH cannot carry enough Bz flux seen in pc-scale jets 
Disk may, but not at kpc scale



pc-scale AGN jets are strongly
dominated by Bφ

In a relativistic jet, Γ>> 1, in order to have PA along the jet, it 
is needed  B'φ/B'z≥ 1 →  Bφ/Bz ~ Γ >>1  
BL Lac  jet are strongly dominated by Bφ
This is expected for jets  launched from disks, expanding from 
~500 RBH ~ 1016cm to ~ 0.1 pc,  Bφ ~ 1/rc, Bz ~ 1/rc

2

Internal stability depends on B'φ/B'z - stable 
Relativistic effects (rotation) stabilize jet  on large scales 
(Istomin94)

Conclusion for AGN jets
Large scale B-fields may explain polarization of 
pc-scale AGN jets
σ is not small, σ ≥ 1 (Lyutikov,Pariev,Gabuzda 04)



How important B-field energertically?

For σ ≥ 1 B-field is more important than matter
Extract energy in B-field, propagate, dissipate
Hard to prove: in the emission region (= dissipation) ~ equipartition
B-field dissipation due to current instabilities –(“reconnection”)
Alternative to shock acceleration 
B2/8π >>ρc2, p – new plasma regime, new acceleration 

schemes (no hydro or non-relativistic analogues)
Relativistic reconnection (Lyutikov&Uzdenski02, Lyutikov 03)
Charge-starved plasma, turbulent EM cascade 
(Thompson&Blaes,Lyutikov&Blackman01, in prog)
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Conclusion

Technical issues: be careful with Π in relativistic sources
Π indicate presence of large scale B-fields in pc-scale jets
Paradigm of Poynting flux dominated flows may to be able to 
consistently explain jet generation, collimation, propagation, 
relative stability of jets, and particle acceleration. 





RHESSI Polarization in GRB021206 

Solar X-ray satellite, revolves t=4 sec
Bright, hard burst ,18o off-axis
Π=80±20% (Coburn & Boggs 03)
Result contested (Ruttledge & Fox 03, Wigger
etal 04)

If confirmed, what are the 
implications of  Π? 



Different GRB models

Π in the plane O-A Π ┴O-A



Polarization from expanding sources

Large scale B-field (lcorr >> R/Γ)

B

v~c

Π

(Lyutikov,Pariev,Blandford 03)





Acceleration in relativistic 
reconnection layers 

DC acceleration by  E-field,  τacc ~ 1/ωB

In σ >> 1 plasma,  βin can be ~ 1 (ML & Uzdensky 02)



Pulsar winds: large scale B-fields are 
important (Crab)

Optical: polarized intensity + directions 
of magnetic field (white lines)

X-rays intensity

(curtoucy of G. Pavlov)



AGN jets: from sub-pc to kpc

M87

Pictor A (Chandra X-ray)

~ 100 kpc
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