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1. Introduction to polarization

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

Polarization is usually described by the four Stokes parametef3,U,V). | is the total in-
tensity. Q measures the excess intensity of radiation in the horizontal compared witlertitaly
direction andJ measures the excess in thd5® direction relative to the-45° direction.V mea-
sures the excess intensity of radiation in the right-hand polarization cochpétte the left-hand
polarization. It is common also to use the polarized fractidn,and the position angle of the
polarized emissiony, where
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Often it is assumed that = 0 and then the linearly polarized fractidn, , is reported rather than
the total polarized fraction.

For synchrotron radiatiorl, measures the product of the energy density in magnetic field and
the number density in relativistic electrons and positrons at an energymgzrwhere the Lorentz
factory is related to the frequency of observation by

1/2
v
~ | — 1.3
v~ () (1.3)
andvy is the non-relativistic electron gyrofrequency,
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in Sl units.Q andU ,when compared with measure the ordering of the magnetic field and indicate
its average orientation, again weighted by the number density of relativisticale.V is expected
to be near zero, unless there are substantial numbers of particles witlofewt factor (see §2.3).

If inverse-Compton radiation makes a significant contribution to the jet emisa#oit often
does in the X-ray band, then the polarization is diluted. Although the inv@osepton process is
intrinsically an anisotropic scattering, in all practical cases the polarizatitre inverse-Compton
radiation is small. Thus if inverse-Compton and synchtrotron emission oaqpethter, 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 polariaéttid'vectors”,
although the images are always cleaniot drawing the polarization as vectors (the lines shown
do not have an orientation): polarization is not a vector quantity. It is easyisinterpret such
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polarization maps — the polarized flux density or polarized fraction mapddhoti be regarded
as tracking field morphology, for example zeros in the polarization do not ithphthe field along
that line of sight is disordered. The observed polarization direction isadleoted by relativistic
aberration, and the interpretation of polarization can be complicated in a jetveliisity and
electron density substructure.

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

Apparent transverse magnetic fields are usually interpreted in termsudf@sandom mag-
netic field that has been compressed by shocks across the jet. Orediced dr toroidal
fields can have similar effects [22].

Apparent longitudinal magnetic fields are usually interpreted in terms ofdpseindom
magnetic field that has been sheared at the edge of a jet, or possibly -&dafgeguiding
magnetic field, although other possibilities exist, e.g., [25, 37].

If there is a strong longitudinal field, then a weak shock transverse to tloarealterl
without alteringy, while a strong shock could changeby 90 as well as alteringl, e.qg.,
[21].

Oblique shocks can cause changegiby some other angle — the statement that shocks
always cause the polarization pattern to align with, or lie transverse to, arjebisect, e.g.,
[11, 18].

If knots are injected at the base of a jet with oblique field components, theméaessand
compressions to which they are subject will cayst rotate with time and position, with
some complicated associated changds.in

A polarized jet knot, moving around a bent jet, can cause the integratetizatilzn to show
a smooth variation iry as well ad1, or a jump inyx asl passes through a null, e.g., as in
3C 120 [19].

At radio wavelengths, the observed polarization must be correctecafadgy rotation ef-
fects to infer the value of 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 observell <« 70% (the approximate maximum value from synchrotron
emission with a well-ordered field) [30]. This may arise from “beam depation”, 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 disgagminent knots
from the radio to X-ray band. The HST-1 knot is particularly interestingalnee of its recent
strong flaring, which led it to remain brighter than the core of M 87 in the Xfoayabout three
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years [15]. Cheung et al. [9] found that HST-1 contains sub-compisrexhibiting superluminal
motions (apparent velocities of up t04c) and interpreted HST-1 as a shock in the jet, though the
brightest part of HST-1 is only moving at abou6© [8]. TeV flares from M 87 reported by [3]
have sometimes been associated with HST-1, but it seems clear that the tteresdsirce of the
TeV y-rays, especially as the 2008 flare [1, 2] was not associated with amgsthange at HST-1.

VLBI on M 87 has been a particularly attractive proposition, becausa vasy nearby AGN,
it is possible to resolve scales of order 100 Schwarzschild radii, andisatge close to the base
of the jet collimation zone. The Ly et al. [24] map shows edge-brightenirtgisfinner jet, and
detects the counter-jet, leading to a reasonable estimate of the jet sggg@x @ alignment using
the usual Doppler preference arguments.

A comparison of the polarization of the inner part of the jet in the radio andplieal [27]
shows the polarization to be low in the core in the radio, but relatively high ioptieal. There
are significant differences in the radio and optical polarization pattersevieral of the knots. For
most of the jet the polarization is consistent with a relatively well-ordered etagineld parallel to
the jet axis. However, the optical polarization changes significantly atbaghtness maxima and
indicates a transverse magnetic field at the upstream ends of knots. gpestithat the optical-
emitting electrons are more associated with interior shocks within the jet, whilediteamitting
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 kmigs, indicating that the
field structure in the jet remains well-ordered (mostly in the “shear” seAsgnilar interpretation
of polarization differences between the radio and optical in terms of afas and a slow sheared
sheath has been used to explain recent data for 3C 15 [11], whereltregtions are often not
perpendicular to or parallel to the axis of the jet, so that the cylindrical symregfrected from
longitudinal or transverse fields must be broken.

2.2 CTA102

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

Superluminal expansion is seen, with speeds up & i with different knots showing dif-
ferent speeds, and the faster motions being seen in both the parallehasdetise magnetic field
regions.

2.3 3C279

Thisz=0.536 flat-spectrum radio quasar is highly variable, and has been stutbediirely at
milli-arcsecond resolution both to track its rapidly-changing structure anaissipation. VLBA
data have shown that 3C 279 displays circular polarizatiadd4) in the central milliarcsecond of
the radio structure [33]. Significant circular polarization has now beésctied in more than 10 jets
(e.0., [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 lairgolarization,
which therefore was attributed to

e the synchrotron emission itself, which requires a highly ordered magneli &ed an
electron-proton plasma, and/or

e internal conversion from linear polarization, via changing perpendicabgnetic fields, or
internal Faraday rotation.

The sign of the polarization changes at 7 mm [33] suggesting that the cipnlkxization arises
through Faraday conversion in the optically-thick parts of the sourcéhemmogeneous core, or
in a structured inner jet. Since the polarization tends to increase with inagefasquency [33]
infer that these inner source regions show significant inhomogeneitysiBlla Faraday conversion
models put fewer constraints grin than was first thought [17].

2.4 3C 346

A rather different example of polarization effects is displayed byzthe0.162 radio galaxy
3C 346 [12]. The apparent magnetic field direction in the jet, as inferd fadio and optical
polarization, shows a pronounced change at a shafp Kittk at knot C. This can be interpreted as
an oblique shock, where the underlying flow turns at a plane and the esgipn associated with
the shock changes the alignment of the mean field. A detailed model of thézptitar structure
shows that this explanation requires moderate projection effects (so thauth kink angle in
the jet is about one third the apparent angle), and a jet speed that reelainsgstic (~ 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-rith avspectral break
in the infra-red or optical. This break energy corresponds to typicatrele energies of order
1 TeV, and the amplitude of the spectral break exceeds the canonia&ldfr@5. This is likely to
arise from the balance between electron acceleration and energy, ingbespresence of electron
diffusion and the bulk dynamics of the flow. Similar spectra are seen in kmotsli&use parts
of the jets, but the interpretation is complicated by the offsets between theanadiX-ray knot
locations, which are frequently measured to be far larger than the fewapthi X-ray emitting
electrons can travel in an energy loss time. On VLBI scales the structiities mner jets tend to
be one-sided (as in the higher-power sources), but two-sided ViBaje seen in a large minority
of both FR | (jetty) and FR Il (hot-spot) radio sources, and most jets terzk teubluminal in
most regions. The VLBI structures are confused by high free-fptiea depths in some objects
(e.g., NGC 4261 [28]), but optical depth data may allow mapping of the owutmeton torus
in an AGN. If much external material is present, then the structures of tlaeizations will be
confused by Faraday rotation (undoubtedly time-variable, becauseanfjes in the medium and
jet motions). The polarization in such jets tends to follow the shear/shock nrattedy like M 87,
and polarizations of up to about 50% are common, with the apparent magektiagually being
longitudinal.
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In high-power jets (BL Lacs or flat-spectrum radio quasars), theativigsectrum of the inner
jets plus cores tends to show the synchrotron self-Compton “second ipethie X-ray or y-ray,
where the bulk of the emission likely comes from the most compact regionstheeGN. On kpc
scales, the jets can have X-ray spectra that are as flat as the radia sipeéacating their origin also
in inverse-Compton emission — but here from the scattering of an extexdiation field by the
synchtron-emitting electrons. In either the inner or outer parts of the soreiativistic boosting
of the jets is essential for the inverse-Compton emission to reach the brighhass seen. In
BL Lac objects it is common for the kpc-scale jets to have rather steep Xpemtra, indicating
a synchrotron rather than inverse-Compton origin (e.g., in PKS 0521&®5 Generally, the
polarization in BL Lac objects is characterized by low rotation measuresharidferred magnetic
field is transverse in a small majoritg)(of the jets [14]. Some BL Lac jets show longitudinal
fields at their edges and transverse fields at their centres, resemblsigetiréshock model of low-
power kpc-scale radio jets. At cm wavelengths, the fractional polariz&tie: 5% in much of the
emission, but in knotEl can rise to the theoretical maximum of about 70%.

Quasars typically show lower polarizations than BL Lac objeet2%). Knot speeds tend to
be higher than in BL Lacs, up to tens@fwith samples of quasars showing a wide spread in appar-
ent velocities. The jet polarizations usually imply parallel ordering in the nmeagfields, though
transverse fields are certainly seen (epecially in knots). On kpc sc&endpnetic fields tend
to be lower than in low-power objects, and jets show extreme bends, prielsuittan projection
effects. The interpretation of the radio polarization on VLBI (and largea)es can be strongly af-
fected by surrounding plasma. Taylor [32] found that some jets disptayion measures as large
as 2000 radm?, although the typical values are less than 100 raélnThe high rotation mea-
sures show that dense magnetized plasma is present out to about 8thghdrnuclei of 3C 273,
3C 279, and 3C 380. High rotation measures are, in some cases, asbafiajet structures, such
as deflections (e.g., in 3C 119 [26]), and high rotation measure gradiegptsaunse significant de-
polarization in VLBI data (e.g., in 3C 273 [5]). The polarization can also berjmeted in terms
of inner spine-sheath structures (e.g., in PKS 1055+01 [4]). In sosesozgery fast polarization
changes are detected, with the polarization changing more rapidly than thsityit&Vhile some
of these changes are likely to be propagation effects, some may be interggidarf 0954+658), and
in the future it will be very interesting to see whether polarization effectsciest®d with shocks in
the inner jets can be associated with TeV flares.

4. Summary

e Fermi and VHEy-ray AGN display pc-scale relativistic jets, and the high-energy activity of
such AGN is associated with detectable intensity and polarization changegétstbaused
by the variable flow.

e VLBI monitors speeds of jet flows via the structure changes, and carfalew changes
in the configuration of the magnetic field from polarization. Large and rapidrization
changes are expected from the twin influences of shear and shocks.

e VLBI data are looking at structure beyond the scale ofjtiay emitting zone in most cases,
because the base of the jet is optically thick at most radio wavelengths, butanenVLBI
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is now getting close to the scale of the collimation region in the closest AGN.

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