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To impose some kind of order on a broad review of various regleservational VLBI polarisation
results, these results will be considered in the framewdrthe hypothesis that many Active
Galactic Nuclei (AGN) jets have helical magnet®) fields. The results of the MOJAVE project,
in which 133 radio-bright AGN are regularly monitored at 15%with polarisation sensitivity
with the VLBA, represents an extremely useful resource igiabw available to the astronomical
community. There are a growing number of AGN whose jets sHear@vidence for the presence
of helicalB fields: extended regions in the VLBI jets where the predomiBzfield is orthogonal
to the jet direction, stretches of VLBI jets where the inéetB field remains nearly orthogonal
to the jet direction in the presence of substantial bendinth® jet, the common occurrence of
“spine+sheath” jet polarisation structures and the preseri Faraday-rotation gradients across
the VLBI jets. This compels us to take very seriously the itfet some, possibly many, AGN
jets have helicaB fields. In fact, such fields can come about very naturally asres@quence
of the joint action of rotation of the central black hole+at®n disc and the jet outflow. As a
whole, the recent observational results considered heygest that we must look at AGN jets as
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1. Introduction

Most or all of the radio emission of Active Galactic Nuclei (AGN) is associatéth jets of
plasma that emerge from their central regions, presumably along the rafaéivis of a central
supermassive black hole that provides the ultimate source of energyefauthear activity. These
jets are present on the smallest scales that can be probed with Very lasajri® Interferometry
(VLBI), and sometimes extend out to scales of many kiloparsecs. Thewvelsedio emission
is synchrotron radiation generated by relativistic electrons moving throegjbns with magnetic
(B) fields and accelerated by these fields. The synchrotron radiation gitéy each individual
electron is highly concentrated in the direction of motion of the electron, amadhi@tion observed
for an ensemble of relativistic electrons will, in general, be linear polarisétkifsynchrotrorB
field is at least partially ordered. Linear-polarisation observations cavige direct information
about the degree of order and orientation of Biéield giving rise to the observed synchrotron
radiation.

The degree of polarisation of synchrotron radiation will depend to soteaesn the spectrum
(spectral indexa, S0 v?) of the radiating region (Pacholczyk 1970). In the optically thin regime,
when most emitted synchrotron photons will escape from the source witkeing Bbsorbed, the
maximum degree of linear polarisation is approximately 75% if Bhiield is perfectly ordered
and the pitch-angle distribution for the electrons is random; the plane of lpaarisation is
orthogonalto the associateB field. In the optically thick regime, when an emitted synchrotron
photon will typically be absorbed and re-emitted many times on its way out of tineesothe
maximum degree of linear polarisation is approximately 10%, and the plane af [y¢arisation
is parallelto the associate field. In both the optically thin and thick cases, the observed degree of
polarisation will decrease with increasing inhomogeneity ofBHld. The expected SQotation
in the orientation of the observed polarisation angle in the transition betweeampttzally thin
and thick regimes has been observed in a number of cases (e.g. OX8¥zda & Gomez 2001,
1308+326: Bezrukovs & Gabuzda, these proceedings).

The observed radio polarisation angles can be affected by Faraiddpno- a rotation of the
plane of polarisation that will occur if a linearly polarised electromagneticeneavels through a
region with free electrons andBafield with a non-zero component along the line of sight toward the
observer. The origin of this rotation is that, under these conditions, thecigtularly-polarised
(RCP) and left-circularly-polarised (LCP) components of the electromiigwave will have dif-
ferent indices of refraction, and so different propagation speadsigh the magnetised plasma.
The rotation of the polarisation angjeis determined by the square of the observing wavelength
A, and the integral of the density of free electrdis) and the line-of-sight component of tiie
field in the plasma (e.g. Burn 1966):

= +e3/\2/N(s)I§(s) ds
X=Xo 8rméeoc
X = Xo+RMA?

wherexg is the intrinsic polarisation anglejs the electron chargey is the electron mass, and the
integral is taken over the line of sight from the source to the observercdéfficient ofA ? is called
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Figure 1: Figure 5 of Meier, Koide & Uchida (2001), which illustratesvin an initially longitudinalB field
(left) acquires an azimuthal component due to rotatiorh(jigIn the scenario we are considering in this
review, the longitudinaB-field component comes about due to the jet outflow. The résalthelical jetB
field.

the rotation measure (RM), and a linear® dependence for the polarisation angles observed at
three or more wavelengths immediately suggests the action of Faraday rotation.

Thus, the observed plane of polarisation will depend on (i) the geomethed field giving
rise to the synchrotron radiation, (ii) the optical depth of the emitting regior(iahthe amount of
Faraday rotation present.

This review will consider various recent observational results in théesoiof the hypothesis
that many AGN jets have helical magnetic fields. The number of AGN for whichge-scale po-
larisation information is available has recently increased considerably withutbiécation of the
first-epoch linear polarisation (Lister & Homan 2005) and circular polédeagHoman & Lister
2006) results for the MOJAVE sample, which contains 133 radio-brighilAl@at are being moni-
tored regularly with the VLBA at 15 GHz; results of the MOJAVE observadiwill be considered
in various contexts throughout the review.

2. Why might many AGN jets have helical B fields?

From a theoretical point of view, it would be very natural if many, or jjagseven all, AGN
jets are associated with helicBl fields, produced essentially by the “winding up” of an initial
“seed” field threading the accretion disc by the combination of the rotatioreaféhtral black hole
and accretion disc and the jet outflow (e.g. Nakamura, Uchida, & Hiro8&;2@eier, Koide &
Uchida 2001, e.g., Figﬂ 1 above; Lovelace et al. 2002; Hujeirat et @3;20ynden-Bell 2003;
Tsinganos & Bogovalov 2002). The possibility that toroidal field comptsdavelop in associa-
tion with currents flowing in the jet has also been considered (Pariev, Isi&Biereznyak 2003;
Lyutikov 2003). Indeed, these two ideas are not unrelated: whethsotat is related to a helical
B field, if there is a dominant toroid&-field component, basic physics tells us that there must be
currents flowing in the region enclosed by the field.

This very plausible theoretical picture provides strong motivation to sefarcavidence of
helical/toroidalB-field structures associated with the relativistic jets of AGN. The remainder of
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this section will consider various observational evidence — some of it clinge that, indeed,
many AGN jets do have helic8 fields. Before turning to this evidence, we will first consider the
question of the angle at which the jet of a typical radio-loud AGN is viewed eénatbiserver and
source frames.

2.1 Viewing angle in the observer and source frames

Suppose a particle moves with velocityin a frame that moves with velocity relative to
the observer's (unprimed) frame. The observed components of thiel@arvelocity parallel and
perpendicular tov will be (Rybicki & Lightman 1979)

uj+v
RARRCERTTT
u = 7[1&
YA+l /)

wherey = 1/,/1—V2/c? is the Lorentz factor for the motion of the source. The angleand6
along which the particle is observed to move in the two frames are related byphesesion:

u u
tanf = — = —— -
u y(uH +V)

U’ sing’

y(U cosf’ +v)

If the moving “particle” is a photon, so that = c, this reduces to

tand — sin@’
~ y(cos@’ +B)
~cosf'+B
cosd = 1+ B cos@’

wheref3 = v/c. Thus, a photon emitted at right angles/tm the source rest framé{ = r7/2) will
be observed to propagate at the angle

cosB =
sinf = 1
y
Wheny is large, sir@ will be small, and
6 ~ 1
y

IS
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This is the phenomenon that leads to the well-known “beaming” of the soadtation in
the forward direction of its motion, but it also has another observationseamuence that is less
often considered: if we are observing an AGN jet at a relatively smalleatagthe line of sight,
we are detecting synchrotron photons that were emitted at relatangg angles to the jet axis in
the source frame. More precisely, if we are viewing the jet at an afigiel/y, the photons we
detect were emitted at roughly 9 the jet axis in the source rest frame. This will have interesting
observational consequences, as will be discussed below.

3. Observational evidence for AGN jets with helical B fields

3.1 Extended regions of transverse B field

In general, a helicaB field can be described as a superposition of a toroidal and a longitudinal
component. The larger the pitch angle (angle between the helix axis (jetaand 8 vector), i.e.
the more tightly wound the helix, the stronger the toroidal relative to the longa@lidmponent.

If we are viewing a jet with a helicd field with a pitch angle that is fairly high at an angle that is
not too close to the jet axis in the source (jet) rest frame, the overdl fietid will be dominated
by the toroidal component — this will be manifest as an observeglfieid that is orthogonal to the
jet direction.

Indeed, it is not at all uncommon for the jets of core-dominated AGN to disggins in
which the predominant inferreld field is orthogonal to the jet direction; BL Lac objects, in partic-
ular, show a distinct tendency for their VLBI jets to have s8ctelds (e.g. Gabuzda, Pushkarev &
Cawthorne 2000 and references therein, Lister & Homan 2005). Tiedde were initially inter-
preted as being associated with transverse shocks that enharidi¢hetcomponent in the plane
of compression (Laing 1980; Hughes, Aller & Aller 1989; Gabuzda e1@89). Indeed, it is very
likely that some individual strongly polarised VLBI components whBdeelds are perpendicular
to the direction of propagation do represent shocked regions.

However, a number of AGN jets have been found to display extended, & tiatg@articularly
compact, regions wittB fields orthogonal to the jet direction; an example is shown in Big. 2.
In some cases, the j& fields remain close to orthogonal to the jet direction even in the case
of very substantial bending (e.g. 0954+658. Gabuzda & Cawthor@é,1803+784. Gabuzda
1999, 1749+701: Lyutikov, Pariev & Gabuzda 2005). It is possible terjmet this behaviour
as reflecting the presence of a whole series of relativistic shocks alerjgttteach enhancing the
local transvers8 field, but this picture is clearly somewhat contrived. In contrast, in theredtime
view that the observed transveBdields are associated with the dominant toroidal component of
an intrinsic jetB field, maintenance of the orthogonal field orientation as the jets curve isahatur
For this reason, the presence of extended regions in AGN jetsBvitblds orthogonal to the jet
direction represents strong circumstantial evidence supporting the hgmothat these jets are
associated with helica fields.

3.2 Spine+Sheath jet B-field structures

Attridge, Roberts & Wardle (1999) reported the presence of a cergmh&” of orthogonal
B field with a “sheath” of longitudinaB field at the edge of the VLBI jet of 1055+018 (Fig. 3,
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Figure 2: 18-cm total intensity contours of the BL Lac object 1803+¥8th polarisation E vectors (cor-
rected for the integrated rotation measure-@1 rad/n?; Wrobel 1993, Pushkarev 2001) superposed. The
polarisation vectors are well aligned with the jet direntibiroughout the jet (see Gabuzda & Chernetskii
2003).

left). They interpreted this structure as being a manifestation of the combirwdtzocentral region
whoseB field was determined by shock compression, with an interaction with the swliroy
medium giving rise to regions of longitudinal field at the edges of the jet dsbear. While this
may be a reasonable interpretation if this type of structure is present inteegldew individual
sources, it is now becoming clear that such “spine+sheBifiéld structures are fairly common.
Multi-frequency VLBI images of three more AGN displaying similar polarisatitmuctures are
presented by Pushkarev et al. (2005), and numerous other exanapldsedound among the
sources monitored by the MOJAVE project (Lister & Homan 2005); an e¥aisghown in Fig[]3.
In this light, the interpretation suggested by Attridge et al. (1999) beginsuwodsmnplausible as
a general explanation for this phenomenon, since it requires the actiwodhdependent fac-
tors: the formation of transverse relativistic shocks all along the VLBIget(also the arguments
about this in the previous section) and the presence of shear with tloeisding medium, which
enhances the longitudinBlfield at the jet edges.

In fact, B-field structures with a central region of predominantly transv&éield and edges
with predominantly longitudinaB field relative to the jet direction can come about in a very natural
way if the jet has a helica field with a fairly high pitch angle (i.e., it is fairly tightly wound), as
has been pointed out by Lyutikov et al. (2005); see Ffig. 4. This reptes simpler explanation for
the observed spine+shedHfield structures, since it does not require the simultaneous action of
two independent factors, and does not require the presence ofla sdries of transverse shocks all
along the jet. In addition, in the case of a heliBdleld, we would expect the degree of polarisation
to increase toward the edges of the jet (Lyutikov et al. 2005), as haseperted for some sources
(Pushkarev et al. 2005, Zavala & Taylor 2005).

Thus, helical jeB fields offer a simple explanation for the spine+shdgdfield structures that
are fairly commonly observed among compact AGN. Based on the principicoam’s Razor,
which gives preference to the simplest of various possible interpretaifarisserved phenomena,
it seems reasonable to take helicalBdields as the most likely explanation for these structures, in
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Figure 3: Two examples of “spine+sheath” polarisation structuregft:Lthe first example discovered,
1055+018, taken from Attridge et al. (1999). Shown are 6-ataltintensity contours with pseuddvectors
(polarisationE vectors rotated by 90 superposed. Right: the BL Lac object 0300+470 (Gabuzdap@d

& Aller, in preparation). Shown are 2-cm total intensity éomrs with the observed polarisati@vectors
superposed.

<<

Figure 4: Schematic illustration of how a helical jBtfield geometry can give rise to a central regiorBof
field orthogonal to the jet with regions of longitudiriaffield near the edges of the jet.

the absence of other observational evidence supporting the hypdtegdise longitudinaB fields
near the edges of the jet are associated with an interaction with the sumgunddium. We will
consider this question further below.

3.3 Transverse Faraday-rotation gradients

Although the presence of extended regions in the jet wher8 tledd is orthogonal to the jet
direction and oB-field structures with a central “spine” of orthogonal field and a “shieatton-
gitudinal field can provide strong circumstantial evidence that the carrmglipg jets have helical
B fields, there is another phenomenon that represents a real “smokifigngienms of revealing
the presence of helical j& fields: the presence of a systematic gradient in the Faraday rotation
measure across the jet. The origin of this Faraday-rotation gradient igshergatic variation in
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Figure 5: Expected behaviour of the observed Faraday-rotation gnadliansverse to a jet with a helidal
field for the case when the jet is viewed at approximateR/t®he jet (helix) axis in the source frame. The
rotation measure has different signs on either side of theie to the different directions of the line-of-sight
component of the helicBlfield.
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Figure 6: Faraday-rotation gradient transverse to the jet in 16583¥B#k501; Croke & Gabuzda, in prepa-
ration). Shown are 18-cm total intensity contours with th&ation-measure distribution derived from si-
multaneous 3.6cm+6cm+13cm+18cm VLBA polarisation dafzeguosed. The transverse RM gradient is
present over a very extended region of the observed pacsdeist.

the line-of-sight component of the helicBlfield across the jet; recall that it is the line-of-sight
component of thé field in the region of Faraday rotation that appears in the expressiondor th
the observed polarisation angle above. This effect had, in fact, redicied earlier by Blandford
(1993). As an example, if the helicBlfield is viewed at an angle that is roughly°d0 the jet/helix
axis in the source frame (FifJ. 5), we would expect the rotation measure R positive at one
edge, roughly zero in the central region of the jet and negative at tlee ettye. As the viewing
angle in the source frame moves away froni 8 the jet/helix axis, the observed RM gradient
becomes more and more asymmetric, encompassing RM values of only one signercases.
Rotation-measure gradients transverse to the jet direction, interpreteitlasee that these
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jets have helicaB fields, have now been reported for nearly a dozen AGN (3C273: é\shal.
2002; Zavala & Taylor 2005; Chen 2005; several BL Lac objects: u2dé, Murray & Cronin
2004; Mahmud & Gabuzda, these proceedings). Note that Gabuztla(20@4) and Mahmud &
Gabuzda (these proceedings) first subtracted the effect of therkimb@grated rotation measures,
taken to occur in our Galaxy, so that the RM distributions they presenesmond to Faraday
rotation occurring in the immediate vicinity of the AGN. The detection of these ivsmarRe RM
gradients represents the strongest evidence available that lilieddis are associated with these
—and possibly many other — AGN jets. One example is shown ifFig. 6.

Of course, it is also possible to imagine situations when a gradient in thedyaratation
roughly across a VLBI jet occurs, not due to a systematic variation in theofrsight B-field
component, but due to a gradient in the density of thermal electrons in than regrrounding
the jet. This could be the case, for example, if the jet were propagatinggthraunon-uniform
medium that was denser on one side of the jet than on the other. In thisl régisrimportant
to point out a crucial discriminator: while transverse RM gradients with RMes of a single
sign that increase toward one edge of the jet could potentially be causeithby a helical jeB
field or a density gradient in the surrounding medium, transverse RM gtadileat display one
sign at one edge of the jet, pass through zero and then display the othext $ige other edge of
the jet are a clear and unambiguous sign of a helicaBjéeld. It is therefore highly significant
that transverse RM gradients displayingth signs have been observed for 0735+178, 0745+241,
1652+398, 1803+784 and 215%52, and possibly 3C273 and 1418+546; of the ten cases reported
thus far, only three (0256+075, 0820+225, 3C371) show RM gréslteat clearly display only one
sign down to the minimum detected RM. Note that, in all cases except for 3GA063¢ integrated
RM is negligible (Rusk 1988), the effect of the integrated RM has beetrasuied out, so that
the RM distribution we are considering arises in the immediate vicinity of the AGNSs;Tim the
majority of cases, the only plausible explanation for the observed trases®iVl gradients is that
the corresponding jets have heli@&fields.

As Sikora et al. (2005) have pointed out in connection with the results bu@ka et al.
(2004), the lack of deviations from &% wavelength dependence for the observed polarisation
angles indicates that the Faraday rotation must be external, suggestititgthasociated helicBl
field may surround the jet, but not necessarily fill the jet volume; alterrigtiitenay be that the
helical field fills the jet volume, but the thermal electrons required for thadear rotation do not.

3.4 Clues from circular polarisation measurements

One of the most exciting recent developments in VLBI studies of AGN is thectieteof
small but significant amounts of circular polarisation (CP) on milli-arcsesmades (e.g. Homan,
Attridge & Wardle 2001). The amount of VLBI-scale CP information availdids recently been
very considerably increased with the publication of first-epoch CP meamnts for all the sources
in the MOJAVE sample (Homan & Lister 2006). Various possible mechanisnthéogeneration
of CP in relativistic astrophysical jets are discussed, for example, byjvat& Melrose (2000),
Wardle & Homan (2001, 2003) and Beckert & Falcke (2002). Syrttbroradiation includes a
very small amount of intrinsic CP (Legg & Westfold 1968), but the dego¢€P that are observed
on VLBI scales (typically a few tenths of a percent, but reaching more din@npercent in some
cases) are high enough to make this mechanism implausible. It is generagdabat a much
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more plausible mechanism is the Faraday conversion of linear-to-circolarigation during the
propagation of a linearly polarised electromagnetic wave through a maghelasma (Jones &
O'Dell 1977; Jones 1988).

In order for Faraday conversion to operate, the magnetic field in theacgion regiorBcony
must have a non-zero component parallel to the plane of linear polarisktiothis reason, as has
been pointed out by Wardle & Homan (2001), a helBdleld provides an interesting example of
an overall ordere® field geometry that can potentially facilitate linear-to-circular conversion: sy
chrotron radiation emitted at the “far” side of the helical field relative to theeoker can undergo
conversion in the “near” side of the helical field.

This raises the question of whether the CP detected in AGN on VLBI scalés loe generated
in helical B fields associated with the corresponding AGN jets. Inspection of the M@3irces
in which CP was detected (Homan & Lister 2006) reveals that a number of shem various
properties that can be associated with the presence of helical jet B Balisas extended regions
of transverseB field, spine+sheath je-field structures and transverse RM gradients, providing
indirect evidence that at least some of the detected CP may be associatbéeligihjetB fields.
Itis also intriguing that extended regions of CP clearly in the VLBI jet, wekgivom the optically
thick core region, have now been detected in several cases (Homane& 2806, Vitrishchak &
Gabuzda 2007) — linear to circular conversion in helidields associated with these jets could
explain this result in a natural way.

3.5 Connection with superluminal speeds

The jets of virtually all compact, flat-spectrum, radio-loud AGN display slupeinal motions
when images obtained at several different observing epochs areaceth¥ his is consistent with
the fact that we believe we are viewing these jets at relatively small angles jettaxes in our
own rest frame; the observed apparent sp&gg = Vapp/C for the case of a jet component that is
moving with an intrinsic speefl = v/c at an anglé to the line of sight is given by the well known
relation

5. _ _Bsino
aPP ™ 1 Bcosh

Although there is considerable overlap between the two distributions, it hgdleen known
that different types of AGN display somewhat different typical suparhal speeds, with, on aver-
age, lower apparent speeds being observed in BL Lac objects thaasarguGabuzda et al. 1994,
2000; Kellermann et al. 2004). In principle, this systematic differencédco@ associated with
a difference in either the intrinsic flow speeds in the jet or the angles madeshgtthto the line
of sight. If due primarily to a difference in the characteristic angles of thetgetise line of sight,
the lower speeds observed in BL Lac objects would indicate that their jetgcally viewed at
angles that are further from the angle/IL that maximises the observed apparent speed than is the
case for quasars, whefds the bulk Lorentz factor of the jet. BL Lac objects would be observed to
have relatively low superluminal speed®ifvere either appreciablarger or appreciablysmaller
than I/T. The strong variability of BL Lac objects argues against the idea that theiaje typi-
cally viewed at relatively large angles to the line of sight. Further, Gabezdh (2000) pointed
out that the lack of evidence that BL Lac objects are typically more beamedjtesars argues

10
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against a scenario in which the jets of BL Lac objects are viewed at angiesaably smaller
than the viewing angles of quasar jets. Accordingly, Gabuzda et al0j2@dclude that the lower
apparent superluminal speeds of BL Lac objects most likely reflect lawerage bulk Lorentz
factors for their jets.

It has independently been suggested by Gabuzda et al. (2000) add Asal. (2002) that
the observed difference in the typical superluminal speeds of BL Lgrtband quasars could
be related to another systematic difference in the VLBI properties of thasg/pves of AGN: the
VLBI jets of BL Lac objects/quasars most often display predominaBiiiglds that are orthogonal
to/aligned with the jet direction. Let us suppose that both quasars and 8bltjacts character-
istically have helical jeB fields that come about due to the combination of rotation of the central
black hole/accretion disc and the jet outflow. If the intrinsic outflow speédeasars are, on aver-
age, higher than those of BL Lac objects, this might mean that the ratios obtitéliow speeds to
their central rotational speeds are also higher, giving rise to helicBl fietids that are less tightly
wound. On the other hand, lower outflow speeds in BL Lac objects mighttte#ite helicalB
fields associated with their jets being more tightly wound. Thus, it may be possiblederstand
the observed systematic differences in the VLBI properties of BL Lacotbgnd quasars within
a single scenario in which a tendency for lower outflow speeds in BL L@ctdbcompared to
gquasars leads to a tendency for more tightly wound helic# fetlds in BL Lac objects, which are
manifest as a predominance for gfields orthogonal to the jet direction in these sources.

3.6 Unexpected results from high-frequency core Faraday-rotion measurements

Virtually all VLBI Faraday-rotation studies have been carried out aitover combinations of
wavelengths in the range from 2 cm to 6 cm, based on the expectation thabthisprovide a rea-
sonable compromise between resolution and sensitivity (Taylor 1998; Red@olds, Cawthorne
& Gabuzda 2001; Gabuzda & Chernetskii 2003; Zavala & Taylor 20023, 2004). These studies
indicated typical core rotation measures in the rest frame of the AGIRMf ~ 500— 5000 for
quasars an{RM| ~ 200— 500 for BL Lac objects.

Gabuzda et al. (2006) have recently reported RM maps based on VbB#igation data at
7 mm, 1.3 cm and 2 cm, obtained nearly simultaneously with optical polarisation reeauts.
Unexpectedly, these indicate core RMs that are typically a factor of a fewote than an order of
magnitude higher than those deduced for these same objects from 2 cm-bRAnpdlarisation
data, up taRM ~ 6000 rad/m for BL Lac; Mutel, Denn & Dreier (2005) have reported similarly
high core RMs for BL Lac based on 7 mm-2 cm VLBA polarisation data. Itrsegeasonable
to interpret this as revealing the presence of higher densities of thermalngne smaller scales
probed by the higher-frequency observations.

Intriguingly, in several cases, trsign of the core RM was different in the 7 mm-2 cm and
2 cm—6 cm measurements (O’Sullivan & Gabuzda, these proceedingsyve Aaw above, this
must correspond to a change in the orientation of the line-of-sight compafi¢he B field in
the region giving rise to the Faraday rotation. O’Sullivan & Gabuzda élpesceedings) suggest
that these changes in the line-of-sightield may be associated with bends in the jet, and suggest
several scenarios in which changes in the orientation of the line-of-Bifjletd component could
come about in the case of modest bends of a VLBI jet with a heidaId.

11
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In fact, it is also not at all uncommon for different regions in the VLBI stuwe of a given
source (core and jet, different components in the jet) at a given epduwooRMs with different
signs; numerous examples can be found, for example, in Zavala & T&00B( 2004). If this is
true for the Faraday rotation occurring in the immediate vicinity of the AGN, thengtovides
direct information about changes in the orientation of the line-of-sight corapt of theB field
in the region giving rise to the Faraday rotation. Indeed, different RMssig different regions
in the VLBI structure have been observed for sources whose intelgRits (presumed to occur
predominantly in our Galaxy) are known and can be subtracted off, savihaan know that the
distribution of Faraday rotation occurririg the immediate vicinity of the AGtlisplays different
signs in different components of the VLBI structure.

In both the scenarios considered above (different core RM signglfBil data obtained in
different frequency ranges, different RM signs for differeningmnents in the VLBI structure),
the RM sign provides information about tiBefield structure perpendicular to the plane of the
sky, while the polarisation angles provide information aboutBhield structure projected onto
the plane of the sky. This provides hope that studies of changes in thefsiiya observed RM
analysed jointly with other VLBI properties, such as apparent bendsgds in apparent superlu-
minal speeds, or the presence and characteristics of transversedidrgs, can be used to at least
partially reconstruct the three-dimensional structure of the jets.

4. Directions for future work

The above sections summarize the available observational evidence thetstioé at least
some compact radio-loud AGN have heli@dfields (see also Lyutikov et al. 2005). Such evidence
includes the presence of extended regions in VLBI jets Biffeld orthogonal to the jet direction,
stretches of VLBI jets where the inferr&lfield remains nearly orthogonal to the jet direction even
in the case of substantial bending of the jet (i.e., the observed polarisatieat&rs “follow” the
VLBI jet) and the common occurrence of spine+sheath jet polarisationtstasc However, the
most convincing evidence for the presence of helicaBji¢lds in compact, radio-loud AGN is pro-
vided by the detection in the last few years of Faraday-rotation gradierdssthe VLBI jets (i.e.,
transverse to the VLBI jet direction) of about ten sources; here, thesatic rotation-measure
gradient is interpreted as being due to the systematic change in the lindabtsigponent of the
helical jetB field. Finally, a helical jeB-field geometry can facilitate the Faraday conversion of
linear to circular polarisation, and it may be that the non-negligible degffesicalar polarisation
detected in the VLBI cores, and in some cases also VLBI jets, of a subsfeatizon of compact,
flat-spectrum, radio-loud AGN come about because the jets of theseesdwae helicaB fields.

In particular, this could explain the tendency for the sign of the obserivedlar polarisation to re-
main constant over many years, as well as the recent detection of cipaldaisation in extensive
regions of the VLBI jets of several sources, well away from the optidailgk core region.

Unfortunately, it is often not easy to interpret these observationaltsesnambiguously: jet
regions withBorthogonal to the jet direction could represent either the toroidal compaiean
intrinsic jet B field or regions of shock compression; spine+sheath polarisation gtesciuise
naturally in the case of helical j@ fields, but could in principle also come about due to the
combination of a shocked central region of the jet and shear interacttareée the edges of the
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jet and the surrounding medium. While transverse RM gradients are certipdcted in the case
of a helical jetB field, they could also come about due to inhomogeneity in the thermal-electron
distribution in the plasma surrounding the jet.

One of the key challenges facing us is thus to find robust observaticna t@ distinguish
between these various interpretations. In this regard, the case for alljeti8 field becomes
stronger if more than one manifestation of such fields are observed sintpe- for example,
extended regions of orthogonal ptfield observed together with a systematic transverse gradient
in the observed Faraday rotation measure, a spine+sheath polarisatictorstiobserved together
with a transverse RM gradient, or a transverse RM gradient obsergethir with a detection
of circular polarisation in the jet. It may be difficult formally to “prove” that #secombinations
of phenomena are associated with the presence of helicBl fetids rather than the combined
action of two or more factors — shock compression plus inhomogeneity in tfreusigling medium,
shock compression plus interaction with the surrounding medium, shock essipn plus Faraday
conversion in plasma surrounding the jet — but the principle of Occam’siRiietates that the
helical jetB-field interpretation should at least tentatively be given preferencee $inis asingle
factor that can account fanultiple observed phenomena.

One case that seems quite unambiguous is when a transverse RM gragiezgest and
displays different signs on opposite sides of the jet. The different RMssigdicate different
directions for the line-of-sighB field giving rise to the Faraday rotation, and the presence of RMs
with different signs on different sides of the jet is natural in the case ludélecal jetB field (at
least for some combinations of viewing angle and helical pitch angle), buffisutt to explain
otherwise. It is therefore important to note that, of the ten sources forthémsverse jet RM
gradients have been reported thus far, only three have RM gradiehtddehdy display only one
sign down to the minimum detected RM. Thus, for most of the observed tnaaeskRd/ gradients,
theonly reasonable interpretation is that the RM gradient is associated with a heliBdigdd.

Further, we can ask how we can observationally distinguish transvéusgr&dients display-
ing asinglesign due to helical jeB fields or non-uniform surrounding media. The question here is
essentially, is the observed RM gradient due primarily to a gradient in thefiseght component
of the B field or a gradient in the thermal-plasma density? One possible test may bddsama
orthogonal the RM gradient is to the jet direction, although this may not beteatetermine in
the case of a somewhat bent jet. Another possibility is to search for fuetheéence of a higher
concentration of thermal plasma on the side of the jet with the higher rotationuneeasich as
depolarisation or low-frequency absorption; finding such evidenagddvend weight to the hy-
pothesis that the observed RM gradient was associated with a nonmitorounding medium.
Numerical computations of the total intensity, polarisation and RM profilesacdhe jet expected
for the case of a helical j& field (e.g. Uchida et al. 2004, Lyutikov et al. 2005, Papageorgiou
2006) and comparison with the observed profiles could also be usefisiretiard.

Itis also of interest to try to find ways to observationally distinguish a spimegth polarisa-
tion structure due to the joint action of transverse shocks+shear or ticalhet B field. Again,
comparison of the observed total intensity and polarisation profiles attregst with computed
profiles for a helical jeB field could be useful for this purpose (e.g. Uchida et al. 2004, Lyutétov
al. 2005, Papageorgiou 2006). For example, a systematic and monotae@sadn the degree of
polarisation toward the edges of the jet is expected for a spine+sheattsatiten structure caused
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by a helical jeB field, while, in general, one would probably not expect such systeméieosur

in the case of shocks+shear (since they represent a superpositivo imidependent phenomena).
In fact, a systematic increase in the degree of polarisation toward the efifjes jet has been
observed in at least two sources that display clear evidence for hgidalfields — 1652+398
(Mrk501; Pushkarev et al. 2005) and 3C273 (Zavala & Taylor 2005)

Finally, in cases when we can be reasonably confident that a traagetBdield represents the
predominant component ol&field organically related to the jet itself, it is of interest to place limits
on the longitudinal component of this intrindicfield — in other words, is the intrinsic j& field
purely toroidal or is it helical? One possible diagnostic here is the presdreular polarisation
in the VLBI jet — the generation of circular polarisation via Faraday casieerwill be facilitated
by a helical jetB field, but not a purely toroidal field. The implications of the detection of ¢#ncu
polarisation in the VLBI core are less clear-cut, but the detection of cicallar polarisation
nevertheless provides some evidence supporting the idea that Biéigdd is not purely toroidal,
based on the hypothesis that the observed “core” circular polarisatewtuslly generated in the
innermost VLBI jet, on scales that are larger than the intrinsic core but sntiadle the resolution
provided by the VLBI array used.

There are a growing number of sources for which reasonably unamisgevidence for he-
lical jet B fields is available — those displaying transverse RM gradients with opposite siy
opposite sides of the jet, and those displaying multiple “symptoms” of helical fi€lds compels
us to take very seriously the idea that some, possibly many, AGN jets havallefields. This is
not surprising, since such fields come about very naturally as a coeseg of the joint action of
rotation of the central black hole+accretion disc and the jet outflow. Théreeged accumulation
of firm observational evidence for AGN jets with heli¢afields will increasingly validate this the-
oretical picture, and demonstrate that we must look at these jets as fundéynelectromagnetic,
current-carrying structures if we wish to fully understand their nature.
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