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1. Introduction to polarization

Polarization, as measured in the radio to optical bands, is an important indicatorof the struc-
tures of the magnetic fields in synchrotron-emitting jets, and can be measured by VLBI on the
sub-pc scales at which much of theγ-ray and TeV emission of active galactic nuclei (AGN) is
likely to be generated. This brief article reviews the type of information that can be gained by ob-
serving jet polarization, with reference to four case studies. Fuller reviews of the physics of AGN
jets can be found at [36, 35]. Polarization monitoring is likely to be very helpful in understanding
the physics of AGN in the era of the Cerenkov Telescope Array.

Polarization is usually described by the four Stokes parameters,(I ,Q,U,V). I is the total in-
tensity. Q measures the excess intensity of radiation in the horizontal compared with the vertical
direction andU measures the excess in the+45◦ direction relative to the−45◦ direction.V mea-
sures the excess intensity of radiation in the right-hand polarization compared with the left-hand
polarization. It is common also to use the polarized fraction,Π, and the position angle of the
polarized emission,χ, where

Π =

(

Q2 +U2 +V2
)

1
2

I
(1.1)

tan2χ =
U
Q

. (1.2)

Often it is assumed thatV = 0 and then the linearly polarized fraction,ΠL, is reported rather than
the total polarized fraction.

For synchrotron radiation,I measures the product of the energy density in magnetic field and
the number density in relativistic electrons and positrons at an energy nearγmec2 where the Lorentz
factorγ is related to the frequency of observation by

γ ≈

(

ν
νg

)1/2

(1.3)

andνg is the non-relativistic electron gyrofrequency,

νg =
eB

2πme
(1.4)

in SI units.Q andU ,when compared withI , measure the ordering of the magnetic field and indicate
its average orientation, again weighted by the number density of relativistic electrons.V is expected
to be near zero, unless there are substantial numbers of particles with low Lorentz factor (see §2.3).

If inverse-Compton radiation makes a significant contribution to the jet emission, as it often
does in the X-ray band, then the polarization is diluted. Although the inverse-Compton process is
intrinsically an anisotropic scattering, in all practical cases the polarization of the inverse-Compton
radiation is small. Thus if inverse-Compton and synchtrotron emission occur together, the polarized
fraction could be low even if a well-ordered magnetic field is present.

Radio images are often described as showing the orientation of the polarization with “vectors”,
although the images are always clear innot drawing the polarization as vectors (the lines shown
do not have an orientation): polarization is not a vector quantity. It is easyto misinterpret such
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polarization maps — the polarized flux density or polarized fraction maps should not be regarded
as tracking field morphology, for example zeros in the polarization do not implythat the field along
that line of sight is disordered. The observed polarization direction is alsoaffected by relativistic
aberration, and the interpretation of polarization can be complicated in a jet withvelocity and
electron density substructure.

The usual interpretation of polarization in synchrotron sources is basedon the gross morphol-
ogy of the polarized emission.

• Apparent transverse magnetic fields are usually interpreted in terms of pseudo-random mag-
netic field that has been compressed by shocks across the jet. Ordered helical or toroidal
fields can have similar effects [22].

• Apparent longitudinal magnetic fields are usually interpreted in terms of pseudo-random
magnetic field that has been sheared at the edge of a jet, or possibly a large-scale guiding
magnetic field, although other possibilities exist, e.g., [25, 37].

• If there is a strong longitudinal field, then a weak shock transverse to the jet can alterΠ
without alteringχ, while a strong shock could changeχ by 90◦ as well as alteringΠ, e.g.,
[21].

• Oblique shocks can cause changes inχ by some other angle — the statement that shocks
always cause the polarization pattern to align with, or lie transverse to, a jet isincorrect, e.g.,
[11, 18].

• If knots are injected at the base of a jet with oblique field components, then the shears and
compressions to which they are subject will causeχ to rotate with time and position, with
some complicated associated changes inΠ.

• A polarized jet knot, moving around a bent jet, can cause the integrated polarization to show
a smooth variation inχ as well asΠ, or a jump inχ asΠ passes through a null, e.g., as in
3C 120 [19].

• At radio wavelengths, the observed polarization must be corrected for Faraday rotation ef-
fects to infer the value ofχ at emission, and this can be difficult when the jet is embedded in
a structured medium with high rotation measure, e.g., [32].

• Most jets show observedΠ ≪ 70% (the approximate maximum value from synchrotron
emission with a well-ordered field) [30]. This may arise from “beam depolarization”, the
existence of substructure within the PSF of the observing telescope.

2. Four case studies

2.1 M 87

The Virgo radio galaxy M 87 contains a strong non-thermal jet which displays prominent knots
from the radio to X-ray band. The HST-1 knot is particularly interesting because of its recent
strong flaring, which led it to remain brighter than the core of M 87 in the X-rayfor about three
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years [15]. Cheung et al. [9] found that HST-1 contains sub-components exhibiting superluminal
motions (apparent velocities of up to∼ 4c) and interpreted HST-1 as a shock in the jet, though the
brightest part of HST-1 is only moving at about 0.6c [8]. TeV flares from M 87 reported by [3]
have sometimes been associated with HST-1, but it seems clear that the core isthe source of the
TeV γ-rays, especially as the 2008 flare [1, 2] was not associated with any strong change at HST-1.

VLBI on M 87 has been a particularly attractive proposition, because, asa very nearby AGN,
it is possible to resolve scales of order 100 Schwarzschild radii, and so toimage close to the base
of the jet collimation zone. The Ly et al. [24] map shows edge-brightening ofthis inner jet, and
detects the counter-jet, leading to a reasonable estimate of the jet speed (0.5c) and alignment using
the usual Doppler preference arguments.

A comparison of the polarization of the inner part of the jet in the radio and theoptical [27]
shows the polarization to be low in the core in the radio, but relatively high in theoptical. There
are significant differences in the radio and optical polarization patterns inseveral of the knots. For
most of the jet the polarization is consistent with a relatively well-ordered magnetic field parallel to
the jet axis. However, the optical polarization changes significantly at knot brightness maxima and
indicates a transverse magnetic field at the upstream ends of knots. This suggests that the optical-
emitting electrons are more associated with interior shocks within the jet, while the radio-emitting
electrons, with energies∼ 100 times lower, are more associated with the sheared region of field
near the jet surface. High polarization is also observed between the bright knots, indicating that the
field structure in the jet remains well-ordered (mostly in the “shear” sense).A similar interpretation
of polarization differences between the radio and optical in terms of a fastspine and a slow sheared
sheath has been used to explain recent data for 3C 15 [11], where the polarizations are often not
perpendicular to or parallel to the axis of the jet, so that the cylindrical symmetry expected from
longitudinal or transverse fields must be broken.

2.2 CTA 102

This z = 1.037 flat-spectrum radio quasar had a relatively quiescent radio light curve from
2009 to early 2011 [31], but just before this meeting it flared strongly as seen by Fermi [10] in a
repeat of the flare of 2006 [13]. The structure of the jet in radio total intensity and polarization on
milli-arcsec scales has been monitored by VLBI [20, 23] and on milli-arcsec scales it displays a
fairly typical core-jet morphology, with transverse magnetic fields inferred from the polarization.
This “quasar”pattern of field in the inner jet changes to the “BL Lac” pattern, of parallel magnetic
field, further out, after a sharp kink in the radio structure.

Superluminal expansion is seen, with speeds up to 15c, but with different knots showing dif-
ferent speeds, and the faster motions being seen in both the parallel and transverse magnetic field
regions.

2.3 3C 279

Thisz= 0.536 flat-spectrum radio quasar is highly variable, and has been studied intensively at
milli-arcsecond resolution both to track its rapidly-changing structure and its polarization. VLBA
data have shown that 3C 279 displays circular polarization (0.8%) in the central milliarcsecond of
the radio structure [33]. Significant circular polarization has now been detected in more than 10 jets
(e.g., [16]), at levels< 1% in the cores, and up to a few % at the edges of jets.
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For 3C 279 [34], the surrounding medium can have little effect on the circular polarization,
which therefore was attributed to

• the synchrotron emission itself, which requires a highly ordered magnetic field, and an
electron-proton plasma, and/or

• internal conversion from linear polarization, via changing perpendicular magnetic fields, or
internal Faraday rotation.

The sign of the polarization changes at 7 mm [33] suggesting that the circular polarization arises
through Faraday conversion in the optically-thick parts of the source: aninhomogeneous core, or
in a structured inner jet. Since the polarization tends to increase with increasing frequency [33]
infer that these inner source regions show significant inhomogeneity. Plausible Faraday conversion
models put fewer constraints onγmin than was first thought [17].

2.4 3C 346

A rather different example of polarization effects is displayed by thez= 0.162 radio galaxy
3C 346 [12]. The apparent magnetic field direction in the jet, as inferred from radio and optical
polarization, shows a pronounced change at a sharp (70◦) kink at knot C. This can be interpreted as
an oblique shock, where the underlying flow turns at a plane and the compression associated with
the shock changes the alignment of the mean field. A detailed model of the polarization structure
shows that this explanation requires moderate projection effects (so that the true kink angle in
the jet is about one third the apparent angle), and a jet speed that remainsrelativistic (∼ 0.9c) to
distances of several kpc from the nucleus of the galaxy.

3. Generalizations

Low-power jets show synchrotron spectra from the radio to the X-ray, with a spectral break
in the infra-red or optical. This break energy corresponds to typical electron energies of order
1 TeV, and the amplitude of the spectral break exceeds the canonical break of 0.5. This is likely to
arise from the balance between electron acceleration and energy losses, in the presence of electron
diffusion and the bulk dynamics of the flow. Similar spectra are seen in knots and diffuse parts
of the jets, but the interpretation is complicated by the offsets between the radioand X-ray knot
locations, which are frequently measured to be far larger than the few pc that the X-ray emitting
electrons can travel in an energy loss time. On VLBI scales the structures of the inner jets tend to
be one-sided (as in the higher-power sources), but two-sided VLBI jets are seen in a large minority
of both FR I (jetty) and FR II (hot-spot) radio sources, and most jets tend tobe subluminal in
most regions. The VLBI structures are confused by high free-free optical depths in some objects
(e.g., NGC 4261 [28]), but optical depth data may allow mapping of the outer accretion torus
in an AGN. If much external material is present, then the structures of the polarizations will be
confused by Faraday rotation (undoubtedly time-variable, because of changes in the medium and
jet motions). The polarization in such jets tends to follow the shear/shock model,rather like M 87,
and polarizations of up to about 50% are common, with the apparent magnetic field usually being
longitudinal.
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In high-power jets (BL Lacs or flat-spectrum radio quasars), the overall spectrum of the inner
jets plus cores tends to show the synchrotron self-Compton “second peak” in the X-ray or γ-ray,
where the bulk of the emission likely comes from the most compact regions, near the AGN. On kpc
scales, the jets can have X-ray spectra that are as flat as the radio spectra, indicating their origin also
in inverse-Compton emission — but here from the scattering of an external radiation field by the
synchtron-emitting electrons. In either the inner or outer parts of the source, relativistic boosting
of the jets is essential for the inverse-Compton emission to reach the brightness that is seen. In
BL Lac objects it is common for the kpc-scale jets to have rather steep X-ray spectra, indicating
a synchrotron rather than inverse-Compton origin (e.g., in PKS 0521-365[6]). Generally, the
polarization in BL Lac objects is characterized by low rotation measures, andthe inferred magnetic
field is transverse in a small majority (2

3) of the jets [14]. Some BL Lac jets show longitudinal
fields at their edges and transverse fields at their centres, resembling theshear/shock model of low-
power kpc-scale radio jets. At cm wavelengths, the fractional polarization Π ∼ 5% in much of the
emission, but in knotsΠ can rise to the theoretical maximum of about 70%.

Quasars typically show lower polarizations than BL Lac objects (< 2%). Knot speeds tend to
be higher than in BL Lacs, up to tens ofc, with samples of quasars showing a wide spread in appar-
ent velocities. The jet polarizations usually imply parallel ordering in the magnetic fields, though
transverse fields are certainly seen (epecially in knots). On kpc scales the magnetic fields tend
to be lower than in low-power objects, and jets show extreme bends, presumably from projection
effects. The interpretation of the radio polarization on VLBI (and larger)scales can be strongly af-
fected by surrounding plasma. Taylor [32] found that some jets display rotation measures as large
as 2000 radm−2, although the typical values are less than 100 radm−2. The high rotation mea-
sures show that dense magnetized plasma is present out to about 30 pc from the nuclei of 3C 273,
3C 279, and 3C 380. High rotation measures are, in some cases, associated with jet structures, such
as deflections (e.g., in 3C 119 [26]), and high rotation measure gradients may cause significant de-
polarization in VLBI data (e.g., in 3C 273 [5]). The polarization can also be interpreted in terms
of inner spine-sheath structures (e.g., in PKS 1055+01 [4]). In some cases very fast polarization
changes are detected, with the polarization changing more rapidly than the intensity. While some
of these changes are likely to be propagation effects, some may be intrinsic (e.g., in 0954+658), and
in the future it will be very interesting to see whether polarization effects associated with shocks in
the inner jets can be associated with TeV flares.

4. Summary

• Fermi and VHEγ-ray AGN display pc-scale relativistic jets, and the high-energy activity of
such AGN is associated with detectable intensity and polarization changes in thejets caused
by the variable flow.

• VLBI monitors speeds of jet flows via the structure changes, and can alsofollow changes
in the configuration of the magnetic field from polarization. Large and rapid polarization
changes are expected from the twin influences of shear and shocks.

• VLBI data are looking at structure beyond the scale of theγ-ray emitting zone in most cases,
because the base of the jet is optically thick at most radio wavelengths, but mm-wave VLBI
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is now getting close to the scale of the collimation region in the closest AGN.

• Simultaneous high-sensitivityγ-ray and mm-wave VLBI observations of the nearest AGN
should be planned routinely in the CTA era, to relateγ-ray flares to the changing state of
the jet flows and to see the extent of the flow changes that can occurwithout high-energy
radiation being generated.
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