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Outline

 Jet fields
 Polarization of synchrotron emission
 Ordered and disordered field
 Using polarization to model jet flows

 Fields around jets
 Faraday rotation
 Fields around jets: random foreground or locally coherent?
 Can we detect the collimating field?

Basic approach: use detailed observations of large-scale 
jets to develop techniques to study flows nearer the black holes



Jet Fields

 What is the three-dimensional structure of the magnetic field 
in relativistic jets?

 Is the field vector-ordered, or are there many reversals?
 Synchrotron emission gives a 2D projection of the field 

structure
 Weighted by emissivity
 Affected by relativistic aberration
 Unaffected by reversals

 Faraday rotation constrains the line-of-sight component
 but only if thermal and relativistic particles are mixed
 will discuss this later



Jet Collimation and Acceleration

Jet collimation and 
acceleration is
magnetically driven
(Koide talk)

Can we characterise
the confining magnetic
field?

McKinney & Blandford
(2009)



Fields in Relativistic Plasma

 Synchrotron radiation from ultrarelativistic electrons 
spiralling in magnetic fields

 Energy distribution is a power law n(E)dE ∝ E-(2α+1)dE over 
the range of interest

 Maximum degree of linear polarization p = (3α+3)/(3α+5) ≃ 
0.7 for a uniform field

 Intrinsic circular polarization is very small
 α (= 0.5 – 0.75) is the spectral index of the emission I(ν) ∝ 

ν-α

 E-vector of linear polarization is orthogonal to the projected 
field (in absence of Faraday rotation – see later)

 More complex field distributions give lower polarization



Stokes Parameters
Stokes (1852)
Monochromatic wave has I2 = Q2 + U2 + V2

In reality, not monochromatic, 
averaged over time >> 1/Δν

P = (Q2+U2)1/2

degree of linear polarization = P/I
degree of circular polarization = |V|/I
position angle = (1/2) arctan(U/Q)



Types of field configuration

  

2D field sheet

Helix      2D field sheets      2D field sheets
              perpendicular to    wrapped around
              jet axis + parallel   jet axis 
             field shear layer

Parallel apparent 
field at edge

Transverse on-axis

Q > 0 for apparent field transverse to jet
Q < 0                             parallel

U = 0



Helical Fields?

       θ = 45o                                                                    θ = 90o

Synchrotron emission from a helical field with pitch angle 45o

(RL 1981, Clausen-Brown et al. 2011, Lyutikov et al. 2005)



Helical field polarization 

Helical fields generally produce brightness
and polarization distributions which have
asymmetric transverse profiles

The profiles are symmetrical only if:
- there is no longitudinal component or
- the jet is at 90o to the line of sight in the 
  rest frame of the emitting material 

The condition for the approaching jet to 
be observed side-on in the rest frame is 
β = cosθ - also the condition for maximum 
Doppler boost: hence a selection effect in
favour for blazar jets

Never true in counter-jet unless β = 0 or
θ = 90o 



Disordered fields: propagating shocks

 Model variability in parsec-scale jets as propagation of 
(transverse or oblique) shocks at relativistic bulk speeds

 If the magnetic field is initially disordered, then the shock will 
create a field sheet

 When viewed from the appropriate (rest-frame) angle, the 
resulting emission is highly polarized (Hughes et al.) 

Marscher



 Fields cannot be helical on large scales
Symmetrical profiles of I and Q/I
Not an ordered helical field



What about small scales?

Mkn 501
Murphy et al. (2013)

I symmetrical
Q/I somewhat asymmetrical
Jet is not straight

Conclusions not clear: need well-resolved, straight jets



Using polarization to understand jets



Relativistic bulk motion in jets

Energy spectrum

Doppler boosting

Doppler factor

Jet/counter-jet ratio
(isotropic emission)

Aberration

vapp = 30c

Superluminal
motion



Breaking the β – θ degeneracy

 For isotropic emission in the rest frame, jet/counter-jet ratio 
depends on βcosθ – how to separate?

 B is not isotropic, so rest-frame emission (IQU) depends on 
angle to line of sight in that frame θ′

 sin θ′ = D sin θ and D = [Γ(1± βcosθ)]-1 is different for the 
main and counter-jets

 So the polarization is different for the two jets

 If we knew the field, we could separate β and θ 

 We don’t, but we can fit the transverse variation of 
polarization and determine field component ratios

 Need good transverse resolution and polarization



Making a model
 Deep, well-resolved radio images

 Model assumes intrinsic (side-to-side) symmetry, 
axisymmetry and stationary flow. Symmetry assumption 
must fail badly at large distances, but seems to be accurate 
close in, so ....

 ... select the inner jet regions and average over local 
weather

 Choose parameterised functional forms for the geometry 
(angle to line of sight, flow streamlines; velocity field; ratios 
of toroidal:longitudinal:radial field; emissivity.

 Calculate Stokes parameters, taking proper account of 
relativistic aberration (beaming); convolve and evaluate χ2 

between model and data (IQU).

 Optimise to determine best parameters of the model.



Total
Intensity
fits

Brighter jet
is on the
approaching 
side



Q/I
fits

Side-to-side
differences
caused by
aberration



Top: data
Bottom: model

Colour I

Vector length 
p= (Q2 + U2)1/2/I

Vector direction 
along apparent 
magnetic field 
(perpendicular to 
E-vector direction 
corrected for Faraday
rotation)



Fitted 
velocities

Deceleration

Slower at edges
than on-axis

Boundary-layer
entrainment



Acceleration → deceleration?

NGC315

Cotton et al. 1999
RL et al. 2006

Hardcastle et al.
2003

Tingay et al.



I images at high
resolution

Well-defined 
flaring point

Complex, non-
axisymmetric ,
structure with
high proper 
emissivity

Triggered when
β ≃ 0.8 or 
M ≃2 for an 
ultrarelativistic
plasma

Boundary-layer
entrainment
starts just
downstream



Fitted field 
component
fractions

Longitudinal

Toroidal



Magnetic field structure

 Initial field is dominated by longitudinal component
 Longitudinal component relatively stronger on-axis 
 Evolution to mainly toroidal field
 Qualitatively as expected from flux-freezing

     B
t
  (Γβr)-1

     B
l
  r-2

 Quantitative models (including shear) do not work very well 
(Laing & Bridle 2004) 

 Toroidal component may be a leftover from the collimating 
field on small scales



Faraday rotation

 Rotation of the plane of polarization of linearly polarized 
radiation passing through a magnetoionic medium

 Much more effective for thermal plasma (normal modes 
circularly polarized) than relativistic plasma

 Probes line-of-sight field component and thermal plasma 
density 

RM is the rotation
measure



M84 X-ray  +  radio 

Magnetized environments of radio 
galaxies

Massive galaxies/black holes
Low accretion rate
Central in groups/clusters
Most of AGN energy output in jets
Radio-mode feedback: suppress star
formation/quench cooling flow

Hydra A X-ray + radio

Magnetization of
the ICM is 
important for heat 
and momentum 
transport



Thermal plasma: mixed or foreground?

Rotation ∝λ2

No depolarization

Rotating plasma is
in front of all of the
emitting material,
not mixed with it.

But where on the line
of sight?

Hydra A (Taylor &
Perley)



Radio Sources with different inclinations

◄ 3C31

near

θ ≈ 52o

far

RL et al. 2008

◄ 3C449

θ ≈ 90o

Guidetti et al.
2010



  

◄ 3C31 ◄ 3C449



Cartoon

Random magnetic
field in the 
surrounding group or
cluster plasma



σ
RM

 - θ

Connection to jet models

Side-on jets show similar
Faraday rotation on both sides

End-on jets show less Faraday
rotation on the near side 



M87 Central Region

Chandra                                                    VLA
(Forman et al. 2007)



M87 RM

8 frequencies

4.6 – 8.8 GHz

VLA, F. Owen

(Owen, Eilek &
Keel 1990 + 
additional high-
frequency data)



M87 Depolarization

k / rad2 m-4

Beam depolarization:  p ∝ exp(-kλ4)



Simulated magnetic fields
RM (103 rad m-2)

Power-law magnetic-
field power spectrum

Double-beta density
model

Cavities



Ordered fields in foreground plasma

Guidetti et al.
(2011, 2012)

0755+37



Cartoon for lobed sources

Huarte-Espinosa et al. (2011)

Simulation of FRII source 
expanding into magnetised ICM



Magnetic Fields in Group and Cluster 
Plasma - summary

 Field must be distributed throughout the intra-group/cluster 
plasma to get correlations with inclinations

 Some examples of apparently isotropic, tangled field

 Ordered rotation measure bands imply coherent field 
(magnetic draping?)

 Fields are not dynamically important but are significant for 
thermal conduction

 Field strength scales with plasma density

 No evidence for toroidal field confining jets on large scales



Jet launching scales: predictions

Broderick & McKinney (2010)



3C273 Rotation Measure

Asada et al.
(2008)

Changes with time?

Mostly foreground
rotation

Sheath moving 
with the jet?



3C120 Rotation Measure

Gomez et al.

Components moving behind
a static screen?



3C454.3 Rotation Measure

Hovatta et al.
(2012)

MOJAVE



No gradients?

Zavala & Taylor (2010) 



Random fields on small scales?

MOJAVE image

J1613+342
Quasar z = 1.39

RM image (Greg Taylor) + 8 simulations

B randomly distributed 
in spherical gas cloud 
with r

c
 = 1.2 kpc

(0.15 arcsec)

θ = 8o (limit from 
superluminal motion)

If all RM is generated 
close to the source, 
this requires 
     n

0
 ~ 6 x 106 m-3

     B
0
 ~ 4 nT

      n
0 
~ 6 cm-3

      B
0
 ~ 40 μG

or equivalent



RM gradients on parsec scales

 RM gradients exist: best cases
 3C273 → predominantly transverse to jet
 3C120 → patchy

 Both foreground, not mixed
 Moving with the jet?

 3C273 → maybe
 3C120 → probably not (screen stationary)

 Other cases
 Many examples of gradients
 Mostly not well resolved
 Not clear that there is a preferred direction
 As for larger scales, we seem to have both ordered and 

chaotic fields
 

Have we found the confining field?  Probably not yet -
3C273 is still the best case.



Conclusions

 We are starting to understand the complexity of 3D 
magnetic-field configurations in and around large-scale jets

 Fields may be ordered or anisotropic and disordered
 Linearly polarized radiation comes from anisotropic fields, 

and we can use this together with special relativity to work 
out jet geometries and velocities

 The observations needed to do the same close to the black 
hole are much harder, but will become possible 
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