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Abstract Long-lived, stable jets are observed in a wide variety otesys, from proto-
stars, through Galactic compact objects to active galauiaei (AGN). Magnetic fields
play a central role in launching, accelerating, and coltingathe jets through various me-
dia. The termination of jets in molecular clouds or the isteltar medium deposits enor-
mous amounts of mechanical energy and momentum, and ttesiaations with the external
medium, as well, in many cases, as the radiation processebibi they are observed, are
intimately connected with the magnetic fields they carnjisThview focuses on the prop-
erties and structures of magnetic fields in long-lived jétan their launch from rotating
magnetized young stars, black holes, and their accret®rsgdio termination and beyond.
We compare the results of theory, numerical simulationd,abservations of these diverse
systems and address similarities and differences betvedggivistic and non-relativistic jets
in protostellar versus AGN systems. On the observationt, sve focus primarily on jets
driven by AGN because of the strong observational conggraim their magnetic field prop-
erties, and we discuss the links between the physics of {hesen all scales.

Keywords magnetic fields jets - polarization- radio continuum: galaxies X-rays:
galaxies

1 Introduction

Astrophysical jets have been discovered in a very wide rafighysical systems, from re-
gions of star formation, to gamma-ray bursters and stelkakbholes, on up in scale and
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energy to the nuclei of giant radio galaxies and quasarsy @iteoften associated with ac-
cretion discs and their launch, internal dynamics, and ehpaon their surroundings are
of ongoing importance and significance over a whole rangesttbphysical phenomena
— from the parsec (pc) scales that characterize the impagt®from young stellar ob-
jects within their natal molecular clouds, to the megapafsépc) scales of giant clusters
of galaxies whose intercluster media are significantlyestiand heated by jets emanating
from the cores of active galaxies (e!g., Dunn and Fabian/ @6 stellar scales, jets from
young stellar objects (YSOs) span the breadth of the steltss spectrum: from massive
stars such as W33A which shows a hot fast jet when observed inliBes as well as an
underlying accretion disc (Davies eilal. 2010), to the wediwn solar-mass systems such as
classical T-Tauri stars (TTS) (see Ray €t al. 2007, for @&\ iand on down into the brown
dwarfs (e.g.. Whelan et al. 2009). There is good evidencedhaf the protostellar sys-
tems are associated with discs. Stellar mass black holesivase known as microquasars
(Mirabel!2005) are also very active sources of relativigts. On extragalactic scales, jets
are observed to be associated with accretion on to supawmasack holes (up to a few bil-
lion solar masses) in the centres of active galaxies (Btad#001). Models for gamma-ray
bursts (GRBs), which are also located at cosmological migts, focus on either the col-
lapse of massive stars or the merger of two compact steljactbto form a black hole in
a process that releases about a solar mass worth of gramépotential energy and which
generates a highly relativistic magnetized liet (Méss@@12).

Given the vast range in energies, scales, and details spdaynnese diverse systems,
it is intriguing that accreting systems seen in nature maksh £xtensive and ubiquitous
use of energetic outflows as part of their evolution. Is tleemmiversal mechanism at work
that almost guarantees that jets will be present? What ibak& physical mechanism that
creates and drives jets across all of these scales? Whadlodlgey play in the evolution
of such accreting compact systems? The fact that all thesterag share common physical
components — central gravitating sources, accretion géisusmagnetic fields — provides
the unifying foundation on which theoretical models arestarcted and observationally
tested.

Magnetic fields play a critical role in creating, driving,dadirecting the evolution of jets.
Indeed, the successful existing models of jets in thesesivgystems invoke magnetic fields
threading central objects such as gaseous accretion disapidly rotating central objects
themselves (see reviews by, e.g., Shu gt al.2000; Pudstz2007). The release of gravi-
tational potential energy during accretion is a key powers® for most of these jets. The
great utility of magnetic torques is that they can readifyit&to the shear energy available
in the accretion discs that form as a consequence of gravitdtcollapse. Models of mag-
netized outflows from accretion discs in AGN, developed bariflford and Payhe (1982),
were applied soon after to understanding jets in prot@stslystems| (Pudritz and Norman
1983,/1986). These theories envisage that material frorac it being forced to co-rotate
with a threading magnetic field, is flung outwards along sigffity inclined, open field
lines. The gas continues to accelerate as long as the fieltbiggsenough to maintain co-
rotation with the central disc, or rotor. The inertia of timatter moving along the field
line causes the field to wrap up in a toroidal-like structurecreating a helical field. It
is this dominant, outer toroidal field component that exarfsinching force upon the jet,
collimating it towards the axis. A second major predictidrttos basic theory is that jets
should be extracting the angular momentum of their souses jet rotation is a key pre-
diction of the models. Another abundant source of energilessn the rotation available
in rapidly rotating black holes or pulsars, and once agais known that electromagnetic
torques can tap rotational energy efficiently (Blandford dnajek 1977). So for rapidly ac-
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creting or spinning objects, large scale magnetic fieldeapp be nature’s preferred tool
in extracting energy and angular momentum and directingytinghe formation of ordered,
magnetically collimated, outflows.

Observations of crucial properties of jets, such as thaisilies, temperatures, velocity
structure, and magnetic fields, vary quite considerablwéen protostellar and extragalac-
tic systems. In the former, forbidden line emission (FLER)duced by shocks in the jet
allows one to measure directly everything with the exceptibthe magnetic field. On the
other hand, extragalactic jets emit synchrotron radiatisich arises from the relativistic
electrons that spiral around magnetic field lines. Thisataol allows one directly to mea-
sure the direction of the magnetic field in the jet, and taneste its strength. However, the
absence of distinct emission lines from the outflowing matétself in AGN jets prevents
one from measuring the other crucial physical variablds.ftir this reason that protostellar
systems have become such important laboratories for jdiestuUntil 2010, these limita-
tions prevented direct observational comparison of thémsses of jets, and, as a result,
meant that it was impossible to test whether or not jets haveversal magnetic field based
mechanism. This all changed with the discovery of synchrotadiation from the proto-
stellar jet, HH 80-81|(Carrasco-Gonzalez et al. 2010)afastic electrons in otherwise
non-relativistic jets arise from acceleration in the jé¢sminal shock. The results show that
the magnetic structures of protostellar and AGN jets arélaim— with a field parallel to
the jet axis at the centre and a surrounding helical field tdgvthe jet edges.

In this paper, we examine the structure and role of magnedfidsfin the physics of jets
— from their launch on discs or compact rotors, to their dyitarand evolution, and finally
to a consideration of how such strongly magnetized flowsaffeeir environments on these
various scales. We begin our analysis with non-relativististems — the protostellar jets
that are a ubiquitous and vital component of any star-fogmegion (Section 2). We also
summarize the theory and simulations of relativistic jetshie context of AGNs. (We do
not consider the impulsive, short-lived jets in gamma-ragsts, although much of the same
physics is expected to apply, as the observational chakeage very different; the reader
is referred to reviews by Piran (2004) and Granot (2007).péction 3 we then turn to
relativistic systems and discuss the measurement of thetste and dynamics of AGN jets
on highly compact (pc) scales, probing the conditions ne#neasource of the jets using
VLBI. The magnetic structure of jets on these scales is folybareflection of their internal
dynamics and not of the shocks which occur throughout the lddhe jets. Indeed, the
mounting evidence for helical magnetic fields in extragédajets, taken with the newly
discovered evidence for helical fields in protostellar gitcussed above, strongly suggest
that the physical mechanism of collimation may be the sanmalllf, we go out to the
scales of jet termination (Section 4), focussing on theexvig for magnetic field properties
on these largest scales and exploring the connection betmeagnetic fields in jets in the
hearts of AGNs with jets at the largest scales (1 kpc—1 Mp@) céhclude our study with a
discussion of future prospects in this field (Section 5).

2 Magnetic launching of jets
2.1 Observed properties of protostellar jets
Observations of the launch regions even of protostellar fite significant observational

challenges. For the nearest regions of star formation dadrjehe Taurus molecular cloud
(distance 140 pc)]” resolution corresponds to a physical scale of 140 AU. Theale
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models discussed below picture a jet acceleration regiachws of the order of several tens
of AU (0.1"), and the launch region in the very inner regions of the disvgral AU) that
may be an order of magnitude smallér((l”"). Jets around young stars have been studied
on scales ranging from tens of AU to 5 pc (Bally et al. 2007).

Hubble Space Telesco@dST) observations of jets from YSOs have advanced our ex-
perimental understanding of jets enormously over the lasade, probing physical scales
down to tens of AU. There are four basic types of observatibaspoint towards the strong
coupling of jets with underlying accretion discs — the ctatien of jets with discs, the
onion-like velocity structure of jets, jet rotation, andethtrong link between the rates of
mass transport in the jet to the accretion rate in the unitgrigisc. The advent of high res-
olution, spectro-imaging of jets by théSTand ground-based observatories equipped with
adaptive optics has revealed their remarkable internattire. Jets are strongly correlated
with the presence of protostellar accretion discs arouenl tost stars — at least during the
first million years or so of their pre-main sequence evolutirotostellar jet properties can
be directly probed by observations of the forbidden linessioin that they produce. Optical
forbidden lines of oxygen, sulphur and nitrogen, for exaenple produced in very specific
ranges of density and temperature (see Raylat all 2007, &sien). The spectro-imaging
results indicate that jets have an “onion-like” velocityusture, with the highest-speed out-
flow component, up to 400 km¢ in some sources, found at the core of the jet, while
the lower-velocity components are found systematicalfthéx from the outflow axis. The
highest-resolutionHST) studies of the launch region of TTS jets (about 50 AU) show ga
densities> 2 x 10* cm~2, modest electron temperaturds £ 2 x 10* K), and low ioniza-
tion levels (.03 —0.3) (Coffey et all 2008). As we shall see, the onion-like velpstructure
seen close to the source is a reflection of the differentialtion of the underlying Keple-
rian disc. Higher-resolution observations, down to thell skales predicted for jet launch,
would be highly desirable.

The discovery of jet rotation is perhaps one the most signifi@advances of the last
decadel(Bacciotti et &l. 2002; Coffey etlal. 2004). By oiianthe slit of the spectrograph
perpendicular to the jet axis at some distance along thegkicity asymmetry that is com-
patible with jet rotation can be observed. Shifts range ffe@5 km s ! at positions of 25
AU along the jet. From the point of view of jet dynamics, thedservations allow one to
measure the amount of angular momentum that is being cdiyi¢ide jet — which ranges
from ~ 60% to ~ 100% of the angular momentum that would be carried through the laly
the observed disc accretion rates. The ratio of mass carribe jet to that moving through
the underlying accretion dis@/;.; /M. ~ 0.01 — 0.07 (Coffey et all 2008).

The strength of the magnetic field in the HH80-81 jet is estddrom the synchrotron
emission (on the basis of equipartition arguments: seed®ddi2), to be 0.2 milligauss
(Carrasco-Gonzalez etlal. 2010). Even though the tempesaf jets are quite low, the
mechanism of diffusive shock acceleration has been shole &ble to accelerate electrons
moving at a few hundred knT< up to relativistic speeds. If this technique can be explhite
we may indeed be on the threshold of being able to measuréthk dasic physical quan-
tities that are needed to test the physics of protosteltar je

2.2 Structure and dynamics of non-relativistic jets

At the heart of the question of why jets are ubiquitous is tet that rapidly rotating mag-
netized bodies undergo strong spin-down torques exertelebthreading fields. The basic
theory of magnetized winds from rapidly rotating stars west fivorked out in the seminal
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paper by Mestel (1968). This theory focuses on stationditieas of axisymmetric flows
from magnetized bodies — as applied in particular to rogesirars. It has turned out that this
theoretical framework is very useful in analyzing the stoe of jets and of the structure of
their magnetic fields.

The overall dynamics of jets, and the physics of how theyaumedhed, is complicated.
However, significant progress has been made by the applicatithe theory of stationary,
2D (axisymmetric) MHD flows. The usefulness of this highlyngiified treatment arises
from the fact that we can derive conservation laws that tutrt@be important even for un-
derstanding the behaviour of stationary jets in 3D. Firsteeompose vector quantities into
poloidal and toroidal components (e.g. magnetic fiBle= Bp + Bgé,). In axisymmetric
conditions, the poloidal fiel#, can be derived from a single scalar potenii@l, ) whose
individual valuesa = const, define the surfaces of constant magnetic flux in thiéoaut
and can be specified at the surface of the disc (Pelletier adrt{? 1992).

The joint conservation of mass and magnetic flux along a fiakel ¢an be combined
into a single functiork that is called the “mass load” of the wind, which is a constdahg
a magnetic field line:

pvp = kBp. 1)

This function represents the mass load per unit time, pémuagnetic flux of the wind. For
axisymmetric flows, its value is preserved on each ring oflfigles emanating from the
accretion disc. Its value on each field line is determinedhysjzal conditions — including
dissipative processes — near the surface of the rotor.

The mass load plays a central role in jet dynamics (see $sc3iand 4) and controls jet
rotation, collimation, and angular momentum extractioméay be more revealingly written

as .
_ P dMw
k(a) - Bp - dw ’ (2)

whered My, is the mass flow rate through an annulus of cross-sectioealiar through the
wind andd¥ is the amount of poloidal magnetic flux threading througls 8ame annulus.
The mass load profile (as a function of the footpoint radigof the wind on the disc)
is determined by the physics of the underlying disc and irepan important boundary
condition for all aspects of jet physics.

The conservation of angular momentum along each field lindddo the conserved
angular momentum per unit mass;

l(a) = rvg — % = const 3
The form for! reveals that the total angular momentum is carried by bathrdkating gas
(first term) as well by the twisted field (second term), thatieé proportion being deter-
mined by the mass load.

The value ofi(a) that is transported along each field line is fixed by the pmsiof the
Alfvén point in the flow, where the poloidal flow speed reactiee Alfvéen speed for the first
time (ma = 1). Hence, the value of the specific angular momentum is foarzbt

l(a) = .Qori = (rA/ro)Qlo. 4

wherely = vk oro = 2072 is the specific angular momentum of a Keplerian disc. (Note,
however, that this treatment can easily be generalizedlieksplerian discs.) For a field
line starting at a pointy on the rotor (disc in our case), the Alfvén radiusjs(ro) and
this constitutes a lever arm for the flow. The result shows tia angular momentum per
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unit mass that is being extracted from the disc by the outfbowfactor of(r» /)2 greater
than itis for gas in the disc. For typical lever arms, oneipkerin the outflow can carry the
angular momentum of ten of its fellows left behind in the disc

The conservation of energy along a field line is expressedgenaralized version of
Bernoulli's theorem. Since the terminal spegd= v of the wind is much greater than its
rotational speed, and for cold flows, the pressure may alsgrnoeed, one finds the result:

Voo 21/2!207"A = (TA/TO)Uesc,O~ ®)

There are several important consequences for jet dynatmt$allow from this simple
scaling. The first is that the terminal speed exceeddaite escape speed from its launch
point on an accretion disc by the lever arm ratio. Furtheemtire scaling predicts that the
terminal speed scales with the Kepler speed as a functioadifis, so that the flow will
have an onion-like layering of velocities, with the largeslocities inside and the smallest
on larger scales. As we have already noted, such velocitgtsie is actually observed in
the dynamical structure of well-resolved jets. Finallye terminal speed depends on the
depth of the local gravitational well at the footpoint of flmv (the dependence on the local
Keplerian rotation speed in the case of a disc rotor) — inmgythat it is essentially scalable
to flows from discs around YSOs of any mass and therefore 1gale

2.3 Determining the jet launch region

A very useful combination of the energy and angular momertanservation that we de-
rived above is given by the Jacobi constant along a field leng.( Pelletier and Pudiitz
1992); j(a) = e(a) — 20l(a). This expression has been used (Anderson|et al.l 2003) to
constrain the launch region on the underlying Kepleriarc.08bservers measure the jet
rotation speedy, ., at a radiusr, and the poloidal speed of the jet at this poin,cc.
Evaluating; for a cold jet at infinity and noting that its value (calcukht the foot point)
is j(a0) = —(3/2)vi o, One can solve for the Kepler rotation at the point on the wisere
this flow was launched:

20 = vp 00/ (20400700 ) - (6)
When this relation is applied to the observed rotation of lthege Velocity Component
(LVC) of the jet DG Tau |(Bacciotti et al. 2002), this yields ange of disc radii for the
observed rotating material in the range of disc radii, 0.844 and the magnetic lever arm
isra/ro ~ 1.8-2.6. These results show that an extended region of the disc garrige to
the jet, and that, moreover, the lever arm is in the predicade for the efficient launching
of jets.

2.4 The discl/jet connection: magnetic torques on discs

The magnetized wind that is accelerated off the rotor caaigay the rotor's angular mo-
mentum. In the case of an accretion disc, the angular mommeaguation for the accretion
disc undergoing a purely external magnetic torque (i.sgaiis torque neglected) may be
written:
d(Tovo)
dTO
where we have ignored transport by MRI turbulence or spieales. Note that the toroidal
field plays a fundamental role in disc structure and acanetiecause it is so central to the

Ma = *TSB¢>BZ|TO,H: (7)
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action of a magnetic torque upon the disc. By using the aiabetween the poloidal field
and outflow on the one hand, as well as the link between thédtdrield and rotation of
the disc on the other, the angular momentum equation forigeyiklds one of the most
profound scaling relations in disc wind theory, namely, lthk between disc accretion and
mass outflow rate:

'a = (TA/TO)QMW- (8)

The observationally well-known result that, in many systeid,, /M, ~ 0.1 is a conse-
guence of the fact that lever arms are often found in numlesicd theoretical work to be
ra/ro ~ 3 —the observations of DG Tau being a perfect example. Fina#ynote that the
angular momentum that is observed to be carried by thestingfows (e.g., in DG Tau) is
a consistent fraction of the excess disc angular momentum-60-100%| (Bacciotti et al.
2004), which is consistent with the high extraction efficigdiscussed here.

In reality, the evolution of discs is dictated by both viss@as well as wind torques.
The magnetic torque exerted on the underlying disc has irapbeffects upon its structure
(Ferreire 2002; Ferreira and Casse 2004). Compared toestimdlisk models, Combet and Ferreira
(2008) show that outflow torques modify the underlying rbadieucture of discs, resulting
in column density jumps of a couple of orders of magnitudedimg from the outer SAD
solution to the inner-jet dominated zone of the disc. Thel@hinated region is also cooler
and thinner.

2.5 Jet collimation and toroidal fields

In the standard picture of hydromagnetic winds, collimatid an outflow occurs because
of the increasing toroidal magnetic field in the flow resgtiinom the inertia of the gas.
Beyond the Alfvén surface, the ratio of the toroidal fieldthe poloidal field in the jet
is of the orderBy /By, ~ r/ra > 1, so that the field becomes highly toroidal beyond the
Alfvén surface. Collimation is achieved by the tensiorcéassociated with the toroidal field
which leads to a radially inwards directed component of theshtz force (or 2-pinch”);
FLorentz,r = JZB¢

The current carried by a jet can be easily written down:

I= 27r/0. j=(r', 2" dr" = (c/2)rBy. 9)

The link between magnetic field structure and the collimatibjets was made by Heyvaerts and Norman
(1989), where it was shown that two types of solution are iptsssdepending upon the
asymptotic behaviour of the total current intensity in the jn the limit thatl — 0 as
r — oo, the field lines are paraboloids which fill space. On the oktzerd, if the current is
finite in this limit, then the flow is collimated to cylinder§he collimation of a jet therefore
depends upon its current distribution — and hence on thelrdditribution of its toroidal
field.
It can be shown (Pudritz etlal. 2006) that, for a power-lavirithistion of the magnetic
field in the disc,B(ro,0) rg’l, with an injection speed at the base of a (polytropic)
corona that scales as the Kepler speed, that the mass |ezdttakformk ra(1+“). In

this regime, the current takes the fotfifr, ) o r; “*'/?). Thus, the current goes to zero
for models withy < —1/2, and these therefore must be wide angle flows. For models with
u > —1/2, however, the current diverges, and the flow should colknatylinders.



8 Ralph E. Pudritz et al.

These results predict that jets should show different égegyod collimation, depending
on how they are mass loaded. As an example, neither the hagilirally concentrated,
magnetic field lines associated with the initial split-mpale magnetic configuration used
in simulations by Romanova etlal. (1997), nor the similadfitucture invoked in the X-
wind model (Shu et al. 2000) should become collimated inpkdture. On the other hand,
less centrally (radially) concentrated magnetic confiions such as the potential config-
uration of_ Ouyed and Pudritz (1997) and Blandford and Rag88%) should collimate to
cylinders. By varying both the density profile of the disc adlvas its magnetic structure,
Fendt (2006) showed simulations in which highly collimatedflows from a “flat” radial
disk structure produced unsteady knots in the jet.

The magnetic collimation picture, although it has consabér support from theory and
simulations, has been questioned/ by Spiuit (2010), whosnibtat the toroidal magnetic
pressure in jets will force them to expand. Collimation iis thicture results from magnetic
fields and pressure in the external medium. Simulations deed provide evidence for a
regime in which magnetic bubbles associated with simulatiaf protostellar outflows are
observed to expand radially. These cases arise in simu$atd disc winds that produce
weak toroidal jet fields (Seifried etlal. 2012). Strong tdedifields in these jets give rise to
well collimated flows.

2.6 Computer simulations: magnetic field structure of jets their stability

Numerical simulations have played an enormous role in exgjdhe origin and evolution
of jets. The pioneering stage of simulations of jets frontsliok place in the mid 1980s
through the 1990s, with the advent of magnetohydrodyna(hié$D) codes such as ZEUS.
These early simulations recognized that, since the massdbthe disc outflow is a key
variable that controls jet dynamics and structure, thendike can be taken as a bound-
ary condition for the flow, with the initial magnetic field stture and mass loading defined
across this boundary. Simulations demonstrated most &spiedbe theory outlined above —
the collimation of the jet, the concentration of jet densityards the axis of the flow, the ac-
celeration to high speeds, the “onion-like” velocity sture of the jet, and the dominance of
the toroidal magnetic field structure can be seen (e.qg., @ayal. 1997, Ouved and Pudritz
1997;|Romanova et £l. 1997; Krasnopolsky et al. 1999; Fe@@6Y Highly episodic be-
haviour of jets arises as a consequence of sufficiently loasritading of the jets (Ouyed et al.
1997).

Figure[d shows ZEUS 3D simulations of a jet being launcheohfam underlying disc
(Staff et al! 2010). The two panels show snapshots of the ateaygireld line geometry and
jet density that arises within two particular jet models -egt of Ouyed and Pudiitz (1997)
and|Blandford and Payne (1982). The field lines have a distoroidal component that
dominates the structure of the overall field on larger scdtetoidal magnetic field dom-
inates towards the axis of the outflow. The bow shock creayetthé jet is clearly seen in
both cases. The general structure of these models is rathisrs The densest part of the
jet are surrounded by a diffuse cavity-like region that imdwated by the toroidal magnetic
field. The more extended outer material moves more slowly the jet core.

If jets are dominated by toroidal fields far from the jet axiby are they stable? The-
oretical studies of the linear stability of jets show thatishould become unstable when
their speeds exceed the local Alfvén velocity (Ray 198h)sTvas further demonstrated by
3D simulations of idealized radio jets by Hardee and Ros&8Y} It turns out, however,
that toroidally dominated jets stabilize themselves thtoononlinear processes. Simulations
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Fig. 1 Density and magnetic field lines for the Ouyed and Pudrit®7)%nd Blandford and Payne (1982)
models for the distribution of disc magnetic fields. The sheyps are shown as the jets have propagated out to
60 AU in the medium surrounding the magnetized disc. Theggtat and the accretion disc are in the lower
left corners of the panels, and hidden by the dense disc aoibote that the core of the jet is dominated by
poloidal field lines, while the outer regions are predomilyatoroidal. Adapted from_Staff et al. (2010).

show that jet instability, particularly in the form et = 1 helical modes, builds up beyond
the Alfvén surface(Ouyed etlal. 2003). These are stabiillze the magnetic tension that
stretches field in the linearly unstable region, which udtiely increases the local Alfvén
speed again. The net result is a jet that is non-linearlyilstat) by this mechanism, as well
as by the “backbone” provided by the poloidal field that dasis near the outflow axis.
Since jets and accretion discs are highly coupled, jet ®and evolution will directly
affect the disc. Hence, there has been a major effort ovdasheélecade to simulate jets and
their discs as a single dynamical system (e.g., Kudoh/e08R 2Casse and Keppéns 2002;
von Rekowski and Brandenbtirg 2004). The important advantéthis approach is that one
can avoidad hocdescriptions of the mass loading and disc magnetic fieldsineture since
these are self-consistently computed. These simulationw that jet structure and dynam-
ics retain the basic features that the simpler simulatiapguze. Moreover, simulations by
Zanni et al.|(2007) which include the disk, and follow thelation of jets using the Adap-
tive Mesh Refinement code FLASH, find that more than 90% of theigtional potential
energy liberated in the accretion flow is released into th&jaus jets are highly efficient in
extracting both energy and angular momentum from the uyidgrbhccreting systems.

2.7 Jets from magnetized star-disc systems

So far we have emphasized disks as the underlying magnetirgides for jets. However,
collimated outflows may derive from both the central stams@i$as their surrounding disks.
T-Tauri stars (TTS) are well known to be significantly magred (Johns-Krull 2007). As
evidence that this may be occurring, we focus on the factfi&are also known to rotate
very slowly for the amount of angular momentum that they am@ndn to be accreting. This
has long been known to imply that there must be some extesrge being exerted upon
the rotating star, carrying off or intercepting the angutementum. It has been proposed
that this torque takes the form of an interaction of the staragnetosphere and the sur-
rounding disk through closed magnetic field lines (Kéni@®1). Recent work suggests that
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most of the field in such interaction is readily opened up masln the disk, leading to very
little spin-down torque and connection between star arki(@ig.. Matt and Pudritz (2004).
The interaction between inner disk and stellar magnetosptes also been hypothesized to
give rise to a so-called “X-wind”, wherein the origin of jeisd outflows is pictured to be
an MHD outflow — based on the principles we discussed above d-egginating from the
very inner edge of the disk (Shu et lal. 2000). In this pictdipplar stellar magnetic field
lines interacting with the inner edge of the disc are opefertjing to an outflow which
intercepts angular momentum flowing inwards through the @&l driving it out of the sys-
tem in the outflow. One difficulty with this models is in accting for the huge amount of
angular momentum that jets are observed to transport — 608toce of the angular mo-
mentum transport through the disc at scales of 2 AU or so é9dif all 2008); another issue
is the difference between observed magnetic field strerggttishe field strengths needed to
drive the X-winds|(Johns-Krull 2007). A third class of moslélas been proposed, wherein
an accretion-powered wind from a magnetized, central staires off the disk angular mo-
mentum|(Matt and Pudritz 2005). The energy driving this widltimately drawn from the
gravitational energy that is released by the infalling matdérom the disc as it falls along
magnetospheric field lines connecting the star and the Aistrong flux of Alfvén waves
stimulated by the impact of the accretion flow upon the steatas a wave-driven wind
(Matt and Pudrifz 200%, 2008; Cranmer 2008).

Simulations of such combined magnetized star-disk systeawe been carried out in
which both the central rotating magnetized star and theosading disk are treated as
boundary conditions for the flows (Fendt 2009). Comparedhéocase of pure disk winds,
the overall outflow is initially less collimated. This chasgwith time, however, as a highly
collimated flow emerges as a new dynamical state across ithevgen a stellar wind is
included. The magnetic interaction between the two wind maments gives rise to recon-
nection and large-scale flares as well, and the time-scathddlaring is long — of the order
of hundreds of inner disc rotation periods. Finally, if theftow is dominated by the stellar
wind, the outflow is either too weak or too high for low and higlass loads respectively.
The disk jet is required to have stable collimated flow outrgé scales.

The interaction of spinning, magnetized stars with theirainding disks have been ex-
tensively simulated for axisymmetric configurations (Roma et al. 2002; Bessolaz ef al.
2008). Magnetospheric accretion has been likened to “fufio@” wherein matter falls
onto the star along field lines that are connected to the sthca-rotate with it. The matter
moves due to the gravitational force, which dominates dvercentrifugal force. The lift-
ing of material off of the disc and the onset of the funnel flaarts at the radius at which
the disk is slowed due to interaction with the more slowlyngpig magnetosphere. These
simulations showed that the interaction is time-dependeith bursts of accretion followed
by quiescent periods in which material from the disc pilesagpinst the magnetosphere.
Models usually assume that the disks are characterized bydelrfn-disc” viscosity. In
self-consistent 3D simulations, accretion flow from a tlebtidisk onto a tilted magnetized
star, where turbulence is driven by the MRI instability, baen modelled (Romanova et al.
2012). The pattern of alternating compression due to doaratid reconnection is also seen
in these 3D simulations. The magnetosphere truncates sheatlia few stellar radii. The
magnetic structure of the disk outside of the stellar mawgptere has a toroidal field,
that is a few times larger than the poloidal field componestwg have noted several times,
the transport of angular momentum by twisted field lines igygportant part of the outflow
mechanism. In the star-disc interaction, the magnetissé®dominate the matter stresses in
the disk and the pattern is quite inhomogeneus. This goesttegwell with the predictions
outlined in the basic theory above. Finally, recent simalet of star-disc systems report the
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launch of fast outflow at the interface in systems undergeiny high accretion rates —
wherein the magnetic field in the star is strongly compregkéet al!l2012). No X-winds
are observed for the much lower accretion rates that domimatst of the star’s accretion
(Bessolaz et al. 2008).

2.8 Discs and jet formation during gravitational collapse

We now leave the domain of stationary outflows, and examimwe they arise in the fully
dynamical environments that characterize the birth ofsstarotostellar jets appear during
the earliest stages of star formation and are the first obvieanifestation that gravitational
collapse and star formation are underway. No 3D simulatedmmirely hydrodynamic col-
lapse show that sustained jets can be produced in collaggstgms. This may be why
they were missed in early hydrodynamical simulations of fgamation. Add a threading
magnetic field, however, and the launch of energetic jetscatitows is readily observed.
The formation and evolution of jets takes place in a few eglgthases: (i) the formation
and early evolution of a rotating, magnetized dense coréhnh usually found embedded
within larger scale filaments within molecular clouds; (fig extraction of angular momen-
tum from the rotating core by torsional Alfvén waves durihg early formation and collapse
stages, which significantly de-spins the core; (iii) thevgedional collapse of a magnetized
core with the ensuing formation of a protostellar accredt; (iv) the creation and launch
of an outflow from the disc as it forms; and (v) the accretiothefdisc onto the central star
and with it, the gradual disappearance of the jet.

An important measure of the magnetization of the magnetized is given by the so-
called mass-to-flux ratio, which is the ratio of the gravitaal to the magnetic energy of
the system. Systems with supercritical ratios (valuestgreélaan unity) cannot be supported
against collapse by their threading fields. The ratio can tigen as [((Mouschovias 1976)

(10)
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A second parameter of importance is the ratio of the rotatitmthe thermal energy of the
core, known ag,.:. The phase space spanned by these two parameters turnsouitiéo
up the physical properties of discs.

During the gravitational collapse of magnetized coresntlagnetic field threading the
region is wrapped up — much like a twisting rubber band. As tiappens, an outward
flow of torsional Alfvén waves is created which transpontgaar momentum. Analytic
solutions of the braking torque that arises for idealizesig-tike rotors have been written
down. These have been found to fit the early stages of sirookif the collapse of a
magnetized, Bonner-Ebert sphere (Banerjee and Pudrité)20@ the collapse picks up,
the winding of the field becomes particularly strong at ther@iion shock. It is from this
region that the first strong aspects of outflow begins. Soiem tfis happens, an inner region
of outflow is launched which is centrifugally driven.

For fields that are sufficiently supercritical, the magneétiaking can be so significant
that the disc material is left rotating at significantly skibplerian levels. This has raised the
question of whether or not discs can even form in the reaspmadgnetized environments
that are found in regions of star formation (Hennebelle amméng 2008; Mellon and ILi
2008). The results depend quite sensitively on the inibalditions chosen — i.e., the mass-
to-flux ratio. At values ofu ~ 2 — 10 , the resulting systems are strongly affected. This
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intriguing result points to the importance of having appiaie astrophysical initial condi-
tions. Recent simulations that feature long-term evolutibdiscs using “sink” particles find
that in fact a reasonably Keplerian initial disc can formidgthe long-term evolution of the
collapse (Duffin et al., in preparation). A grid of models tbe formation of massive stars
shows that reasonably quickly rotating cores and lower retzgd cores produce Keplerian
discs (Seifried et al. 2011).

Figure[2 shows a zoomed-in picture of the magnetic struchatarises in the collapse
of a solar mass system of a low mass star formation (Duffin. 0412, in preparation). The
jet produced in this simulation reaches out to the extentefiitial Bonner-Ebert sphere,
of about10* AU in diameter. The gravitational collapse has pulled infibd lines which
thread the disc. A transient, large disc of 2000 AU in extead formed, which ultimately
fragments into a ring and an inner 100 AU scale disc within ateiodisc rotation period.
The innermost region of the disc is seen to warp, which is &egnence of the torques
induced by the magnetized wind. The outflow, as a consequeneeesses with the warp
in the disc. Precessing jets are common and the simulatyaesented in this image shows,
for the first time, that magnetic fields can cause this behavio

The launch mechanism of the outflows during collapse is usolere current debate. For
low-mass star formatiom\{core ~ 1Mg), the generation, evolution and properties of proto-
stellar outflows have been studied in great detail over tie/kars (e.g., Banerjee and Pudritz
2006;( Mellon and L.| 2008; Hennebelle and Fromang 2008; Duffid Pudritz 2009). The
two basic mechanisms that have been discussed in the diterfatcus on whether the out-
flow is driven by centrifugal acceleration (Blandford and/fs1982| Pudritz and Norman
1986 Pelletier and Pudritz 1992; Ferrgira 1997) or by tesgure of the toroidal magnetic
field that was wrapped up in the initial collapse_(LvndeniB&96, 2003). The second
mechanism — known as a tower flow — is highly transient and dam¢dead to sustained
outflow moving out from the source. It is based on the studygoildbria of highly wound
magnetic structures. General energy theorems demontteatiey form tall magnetic tow-
ers, the height of which grows with every turn at a velocitated to the circular velocity in
the accretion disc. The pinch effect amplifies the magnetssures toward the axis of the
towers.

A more generalized criterion for outflow in disc wind theocagsuming that the gas is
not strictly co-rotating with the field, has recently beeopgwsed|(Seifried et al. 2012). This
model shows that disc-wind theories can have acceleraterhanisms that are driven by
centrifugal forces as well as toroidal fields. Both magnetieer and disc-wind theories can
be commonly understood as a consequence of the same didanattels. It is of particular
interest that the MHD flow equations discussed above agthalle two aspects to them.
Close to the outflow axis, it may be shown that the toroidatifggneration is not significant,
and there the outflow is driven like a centrifuge. Farther yavwever, a toroidal field
component is inescapably produced. It can be shown thatré#ssyre gradient associated
with this contributes to pushing a continuous outflow from tluter regions of the disc.

The two regions of the jet may be seen in [Eig. 3 where we contharsize of the region
controlled by purely centrifugal effects with those argsinom toroidal pressure gradients.
This illustrates that magnetic fields in jets play differenles depending upon where they
are found. The difference between these two snapshots redien in the jet where gas is
driven primarily by toroidal field gradients. Note that teedominate in the outer parts of
the jet, whereas the centrifugal driving predominates érégion close to the jet axis.



Magnetic Fields in Astrophysical Jets: From Launch to Teation 13

Fig. 2 Magnetic field structure in a collapsing magnetized core.atdhed structure is produced by the
gravitational collapse. The purple contours corresporgido< 10~17 g cm™3 (n = 8.5 x 105 cm—3) and
black contours td.3 x 10~ 15 gecm=3 (n = 3.4 x 10% cm~23). Yellow contours correspond to outflowing
velocitiesv, > 1.5 km s~ 1, and extend to a height ab* AU. Black lines are magnetic field lines. Adapted
from Duffin et al. (2012).

2.9 Relativistic considerations and relation to protdatgéts

There is nothing in the physics of jets that suggests thativedtic sources, such as micro-
qguasars and AGN, and should have radically different dgivimechanisms from those of
protostellar systems — indeed, the dominant magnetic ,madeke use of similar MHD

equations. The fact that both a sufficiently rapidly rotatitack hole and/or the surrounding
magnetized disc are sources for relativistic jets has aibabwparallel with the protostel-
lar systems. The theory and simulations of non-relatwigts, as applied to protostellar
systems, show some remarkable connections with the oltieervaf AGN jets, which are

discussed in Section 3 and Section 4. There are some impdif@mences, however, which
we discuss here.
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Fig. 3 Left: the region of jet that is driven by centrifugal accelsn — denoted in grey — in a simulation
of a collapsing, solar mass, magnetized Bonner-Ebert spRéght: as left, but grey regions show the regions
controlled by the full acceleration mechanism, includiogptdal pressure gradients. Adapted from Duffin et
al. (2012).

The theory of relativistic jets shows that the essentiahpeater is thenagnetization

parameter (Michzl 1969; Camenzind 1986),

_P0R
AMc3
where the iso-rotation paramet€s is the angular velocity of the magnetic field lines. The
function¥ = B,r? is a measure of the magnetic field distribution aid= =pv, R? is
the mass flow rate within the flux surface. Equatibnl (11) destrates that the launch of
a highly relativistic jet requires at least one of three d¢thads — rapid rotation, a strong
magnetic field, and/or a comparatively low mass load. A gfnoragnetic field lowers the
mass load in the jet, with the consequence that more Poyfitingcan be converted into
kinetic energy per unit mass flux.
In the case of a spherical outflow & constant) with negligible gas pressure one may
derive the Michel scaling between the asymptotic Lorentioiaand the flow magnetization

(Michel[1969),

(11)

I =o'/? (12)

Depending on the exact magnetic field distributibfr, z), in a collimating jetthe matter
can be substantially accelerated beyond the fast magmétqsaint (Begelman and ILi 1994;
IFendt and Camenzind 1996). As a result, the power law indexqif12) can be different
from the Michel-scaling (Fendt and Camenzind 1996; Vlahakid Konigl 2003).

An essential difference between relativistic and nontrgsdic flows is the role of
electric fields. They are negligible in non-relativisticvit® but are comparable to mag-
netic fields in the relativistic case. The issue is that tHedds can lead to the decolli-
mation of the jet. Current-carrying relativistic jets haliewever, been demonstrated to col-
limate [Chiueh et dl. 1991). Relativistic jets have anotbeture with no counterpart in non-
relativistic systems, namely thight cylinder, located at the cylindrical radiug = ¢/ Q2.
At the light cylinder the velocity of the magnetic field lingstating” with angular velocity
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Ny coincides with the speed of light. Outside the light cylindbe magnetic field lines
“rotate” faster than the speed of light. As the field line is aghysical object, the laws of
physics are not violated. The light cylinder is interpretexthe Alfvén surface in the limit
of vanishing matter density (force-free limit). Crucialiige location of the light cylinder de-
termines the relativistic character of the magnetosphiae light cylinder is comparable
to the dimensions of the object investigated, a relatwigsdatment of MHD is required

Simulations of relativistic axisymmetric MHD disc windsveedemonstrated that jets do
indeed collimate, with half opening angles of 3{Porth and Fendt 2010). These authors
set up a relativistic analogue of the Quyed and Pudritz (19Biulations, and emphasized
flows far enough away from the central black hole that genesativistic effects could
be ignored. The outflow has a mixed character — a combinafidheoBlandford-Payne,
centrifugally driven wind with a toroidal pressure-domtied flow of the type discussed by
Lynden-Bell (1996). Lorentz factors of the order= 6 are produced. The outflow has an
interesting substructure, with a narrow relativistic jevards the axis that is surrounded
by a sub-relativistic flow launched from further out in thediThis structure agrees with
the observations of AGNs on the pc scales, as we discuss tibSe& Finally we note
that the toroidal fields that are generated in 3D simulat@fijets seem to act as a sheath
that protects the spine of the jet core from losing momentarth¢ surrounding medium
(Mignone et all. 2010).

The advent of 3D general relativistic, MHD (GRMHD) codes.(BtcKinney (2006);
McKinney et al. (2012)) has opened up the study of the rolelatkbholes in the origin
and evolution of AGN jets. As for the purely relativistic eaone of the primary ques-
tions is to determine how relativistic the jets become, andrtderstand what maintains
their stability and collimation. It is generally thoughtatithere are two regimes for AGN
jets: a magnetized disk surrounding a black hole, as de=tibly the Blandford and Payne
(1982) picture, and/or the spinning black hole whose ergespis threaded by magnetic
field, as originally envisaged by Blandford and Znajek ()9'Most theories and the sim-
ulations suggest that it is the spinning black hole that pced the highly relativistic jets,
while lower-speed outflows arise from the surrounding dizkcent GRMHD simulations
(McKinney and Blandford 2009) model the initial threadinggnetic field geometries for
the spinning black hole as either a dipole or quadrupole gordtion, while a thick torus is
used to model an AGN disk. In addition to the need for significin of the central hole
(the spin parameter of the holedg)M > 0.4), their results demonstrate that the initial mag-
netic configuration also plays a significant role. Jets pcediby an initial dipole structure
can achieve high Lorentz factord, (> 10) and remain highly collimated with an opening
half-angle of6; ~ 5° at10* gravitational radii. This is a stable jet with the substuret
dominated by a stable. = 1 mode, probably excited in the underlying turbulent torus.

However, this does not occur for a more complex, quadrupigial magnetic geom-
etry, where the jet does not reach steady realistic spdeds @). The quadrupolar field
leads to mass loading which considerably slows the jet, aakkemit prone to disruption.
This outflow has a weak and disorganized poloidal field and ehnstronger (by factor of
10-40) toroidal field. The authors speculate that thesemiffces with the dipole jet may
have something to do with the observed morphology of exisatja jets; in particular, their
classification into weakly relativistic “FR I-type” jets seciated with AGNs in more clus-
tered regions, and highly relativistic “FR lI-type” jetssagiated with isolated objects. The
latter would be associated with the spinning black holesthadormer with the underlying
accretion disks.

There are many similarities between these relativisticltesand the non-relativistic
work and theory described earlier. The stability of jetsravéarge variety of scales seems
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assured for both regimes — they are able to run with stablstewdiure, dominated by an
m = 1 mode, without falling apart. Both types of systems can renvary highly colli-
mated, and this is related to their mass loading which is ectea with their magnetic ge-
ometry. Moreover, toroidal magnetic field dominates the-relativistic jet structure, which
again is a likely consequence of the theory we have outlingdis Section.

In AGN systems, there is a concerted effort to understarsdgetthe smallest scales,
which correspond to a few pc, in order to test theoretical eledlhe analysis described
in this Section has shown that magnetic fields in jets areig@lmear the jet axis, and
dominated by toroidal field farther out. This is a natural sEmuence of the acceleration
and collimation mechanisms that should also apply to ntativestic (eg. protostellar) and
relativistic (AGN) accretion systems. We are now just bagig to be able to simulate the
evolution of compact jets to larger scales (several pc) whitows direct comparison with
observation. Simulations indicate that the field in pratthat jets becomes highly wrapped
near the bow-shock of the jet (Staff etlal. 2010), and this e consequences for under-
standing AGN jets as well. In the next Section, we turn to tespc-scale structure of AGN
jets, to connect observations with the theory and simulatfwresented above.

3 Structure and dynamics of parsec-scale AGN jets
3.1 Backdrop for current studies

Radio studies of jets from Active Galactic Nuclei (AGNs) bBanrimarily focused on parsec
scales (with centimetre-wavelength Very Long Baselinerferometry, VLBI, giving mil-
liarcsecond resolution) and kiloparsec (kpc) scales (asittsecond-resolution interferome-
ters such as the Very Large Array and MERLIN), with relatydw observations probing
intermediate scales. This means that, although the pc- poiddale observations in some
ways tell a coherent and self-consistent story, in othezg #eem to show discrepancies,
with the connection between the behaviours observed onmbes¢ales not always being
clear. One reason for this may be that, although the parsed@c-scale jets form different
parts of a single structure, the observations may be datedidy different contributions
from “global” properties intrinsically related to the jend “local” properties due to local-
ized perturbations, interactions with the surrounding ion@d variations in the magnetic
field and density of the ambient medium, etc.

Throughout most of the period in which AGN jets have beenistlidith VLBI, since
the early 1980's, interpretations of observed featurestmtdhviour have focused on the
possibility that the observed jet properties are assatiatenarily with local agents, in par-
ticular, relativistic shocks propagating in the jets. Francertain point of view, this was
very natural, and was motivated by factors such as the yisihlomogeneous appearance
of the jets themselves (they are often dominated by distiastponents) and the common
occurrence of variability. A theoretical framework arosenihich the jet components were
primarily shocks propagating along the jet, with variousgarsses related to these shocks
giving rise to the observed very rapid variability. This tpi® seemed to receive support
from the earliest VLBI polarization observations, whictosled that an appreciable num-
ber of AGN jet components have magnetic fields that are pradotly transverse to their
jets — this was interpreted as reflecting the compressiomahigially tangled magnetic
field by a transverse shock, causing the field to become alignéhe plane of compres-
sion (Gabuzda et &l. 1992).
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More recently, various theoretical and observationalistitiave begun to explore the
possibility that at least some of the polarization struesudetected on parsec scales are
associated with the intrinsic magnetic fields of the jetsrtbelves. One area of such re-
search involves theoretical simulations and observdtsgerches for evidence of helical or
toroidal magnetic fields carried by the jets, which are etgubto form as aresult of the joint
action of the rotation of the central black hole and its aionedisc and the jet outflow. The
presence of toroidal or helical magnetic fields should gise to characteristic transverse
intensity and linear polarization structures across tt& @s well as transverse gradients in
the observed Faraday rotation, due to the systematic chartpe line-of-sight magnetic
field across the jet.

Thus, one of the challenges currently faced by researchedgisg AGN jets is to try
to discern which features are primarily due to the actiorooél agents, such as shocks or
interactions with the ambient medium, and which are primassociated with the intrinsic
magnetic field and other properties of the jets themselvies. Section will review recent
observational results for high-resolution (VLBI) obsdiwas of AGN jets, together with
some related theoretical simulations, in the frameworkisf thallenge.

3.2 Estimates of VLBI-core3-field strengths

The direction of the magnetic field giving rise to synchrotron radiation can be deduced
from the direction of the associated observed electricorqmbsition angle (EVPA), if the
optical depth regime is known: in the absence of FaradayiootaB is perpendicular to
the EVPA in optically thin regions and parallel to the EVPAsufficiently optically thick
regions (see, e.g., Gabuzda and G6mez|2001). Thus, itasvedy straightforward to get
an idea of the overall magnetic-field configuration even fioBI observations at a single
frequency, as long as the effects of Faraday rotation aréomosevere. However, it is not
possible to estimate the strength of the synchrotBofield directly using observations at
a single frequency: multi-frequency observations are iredquand even then, somewhat
indirect techniques must be applied.

One of these is based on the frequency dependence of thepasdithe observed VLBI
core in a Blandford—Konigl jet (Blandford and Konigl 197%®) this picture, the VLBI core
is essentially like a photosphere, and corresponds to tifaceuwhere the optical depth
7 is equal to unity. The position of this = 1 surface is located further down the jet at
lower frequenciesr o v'/*~, wherer is distance from the jet base,is frequency and;
is a parameter that, in general, depends on the spectrad amtbthe laws for the decline
of the electron density and magnetic field with distance ftbwn central engine_(Konigl
1981). In practice, the observed VLBI core includes emis&iom both the vicinity of this
7 = 1 surface and the innermost jet, but the essence of this thesicdtical picture holds. In
contrast to the behaviour of the core region, optically tegions — in other words, regions
in the jet — are expected to coincide at different frequenciy aligning optically thin
regions observed simultaneously at different frequeranesderiving the relative positions
of the observed VLBI cores, the resulting “core shifts” canused to derive estimates of
the core magnetic fields, if reasonable estimates for thegl@opactor, viewing angle and
jet opening angle are available (Lobanov 1998). This tepkaihas only been applied to
a handful of objects, but results obtained so far seem to gjiivélar results for the cores
of different AGNs, indicating thak, ~ 1 in most cases (which corresponds to conditions
not far from equipartition) and typicab fields at a distance of 1 pc from the jet base of
about 0.15 Gauss (O’Sullivan and Gabuizda 2009a). Altholgbet estimates are somewhat
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Fig. 4 Example of a derived dependence Bffield strength on distance from the jet base, approximately
B o r~! (O'Sullivan and Gabuzta 2009a).

uncertain, due to uncertainties in the estimates of the RBogpctor and viewing angle,
which cannot be derived directly from observations, thétizat similar core-regio fields
are derived for various different AGNs suggests that thetimates are reasonably correct,
at least to order of magnitude. These same studies havesglielddence that the magnetic
field falls off with distance from the jet base roughly:as' (Fig.[4).

3.3 Basic observational properties of the polarization GN\ets

Although a wealth of polarization structure is observed amthe variety of AGNs that
have been studied with VLBI, it is possible to identify cémtédasic characteristics of the
jet polarization. The most important of these is that, in lassantial majority of cases, the
jet polarization is oriented close to parallel or perpeuntéicto the local jet direction (e.g.,
Lister and Homan 2005). The effect of Faraday rotation isaligunodest outside the core
regions, leading to polarization rotations of no more than- 15° at centimetre wave-
lengths (see also Secti@n B.5). For this reason, this teydim the jet polarization to
be either parallel or perpendicular to the local jet dimttwas evident even in the earli-
est VLBI polarization observations carried out at a singveélength (e.gl, Gabuzda et al.
1992; Cawthorne et &l. 1993). On average, there is a tendené&GNs with relatively lu-
minous optical line emission (“quasars”) to display higapparent superluminal speeds and
to most often have primarily longitudinal jet magnetic fglavhile those having relatively
weak optical line emission (“BL Lac objects”) generally plesy lower apparent jet speeds
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and most often have predominantly transverse jet magnetlitsfie.g., Gabuzda et/al. 1994;
Britzen et all 2008).

Jet regions with oblique, or “misaligned”, polarizatione(j neither close to parallel
or perpendicular to the local jet direction) that cannot berihed to Faraday rotation are
sometimes observed, but are comparatively rare. Jets wighgve regions of longitudinal
or transverseB field are observed. Little is known about the nature of “ifkeot” polar-
ized emission located between bright jet features; VSOResp&BI polarization obser-
vations have revealed some cases in which longitudinaf-kmtet polarization, implying
transverseB fields associated with this underlying jet emission, areeoled (Gabuzda
1999; Pushkarev et @al. 2005).

Appreciable transverse polarization structure is obgknvenany jets, as becomes clear
through a visual inspection of 15-GHz maps produced by the]ANE VLBA monitoring
project (e.gl, Lister and Homan 2005). In some cases, “sgimeath” polarization structures
are observed, with longitudinal polarization (orthogopdield) near the central axis of the
jet and orthogonal polarization (longitudingl field) near the jet edges (elg. Attridge et al.
1999; Pushkarev et al. 2005; Fig. 5). In other cases, theoprigdnt polarization is orthog-
onal to the jet, and is offset appreciably from the centr& akthe jet.

3.4 Interpretation of observations

Jet knots whose dominant polarization is longitudinal, lyimy a transverse3 field, have
frequently been interpreted as transverse shocks thatdwwpressed an initially tangled
magnetic field so that it has become ordered in the plane ofpoession |(Laing 1980;
Hughes et al. 1989), while the presence of orthogonal paton (longitudinalB field) has
been ascribed to the action of shear that has enhanced thigoent of the field in a layer
surrounding the jet. Transverse polarization structuag lsimilarly sometimes been in-
terpreted as indicating the combined action of shocks aadrge.g., Attridge et al. 1999).
In the framework of the empirical connection between hibeer apparent jet speeds
and predominantly longitudinal/transverse jet magnegtd§, it has been suggested that
transverse shocks may form more easily in jet outflows thaé hewer intrinsic speeds
(Gabuzda et al. 1994; Duncan and Hughes 11994).

Alternately, all of these polarization structures can bearstood as possible manifesta-
tions of helical magnetic fields carried by the jets (e.gutikov et al! 2005): for example,
jets with predominantly orthogonal or longitudinglfields could carry helical fields with
relatively large or small pitch angles. The tendency for AGhNsplaying higher/lower ap-
parent superluminal speeds to be more likely to have priynemgitudinal/transverse jet
magnetic fields is interesting in this connection. One foilityi is that this could reflect a
relationship between the pitch angle of a helicalfdield and the physical speed of the jet
outflow: the ratio of the speed of the jet outflow to the rotagiospeed of the central black
hole and accretion disc could be higher for quasars, leadisgnaller pitch angles for the
helical B fields threading their jets and a dominance of the longitidboomponent of the
helical field, whereas the low outflow speeds of BL Lac objéetsl to higher pitch angles
for their helical fields and a dominance of the toroidal congrd of the helical field.

The appearance of a “spine+sheath” transverse polanizatiocture or polarization,
implying a longitudinalB field offset toward from the central axis of the jet, coulcelkse
come about if the jet carries a helical magnetic field, withakimuthal component dominat-
ing near the central axis of the jet and the longitudinal congmt becoming dominant near
the edges. The different viewpoints advocated by these iffi@reht types of interpretation
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Fig. 5 Example of “spine+sheath” polarization structure acrosstlee jet of the blazar 1055+018
[1999). The object is at a redshift= 0.888, so 1 mas equals 7.78 pc. The vectors show
the direction of theB-field.

essentially reflect the challenge referred to above, ofrgjstshing between characteristics
associated with the action of local agents and those a$edaidth intrinsic properties of
the jets themselves.

Considerable progress has also been made recently in dsngsults of theoretical
computations and simulations of AGN jets to generate sitadl®LBI intensity, spectral-
index, polarization and Faraday-rotation distributiohattcan, in principle, be compared
with observations. Examples include the studies carriedbguzZakamska et al| (2008),
\Gracia et al [(2009), Mimica et al. (2009), Broderick and Ntuiey (2010), Porth and Fehdt
(2010)/ Porth et all (201.1) ahd Clausen-Brown éf al. (2(tirhica et al. (2009) and Mimica and Aloy
(2010 ) have considered various observational sigembf the presence of shocks and
shock-heated gas in relativistic jets, including jetsyiag helical fields, Broderick and McKinney
(2010) and_Porth et all_(2011) have generated theoreticald&g-rotation images based
on computations and simulations of AGN jets with a helicalgmetic-field component.
.@1) also considered the behaviour of therigalion angle as a function of
the wavelength\ squared in the (partially) optically thick core region, derstrating devia-
tions from ax? relation away from a limited range of relatively short waraiths; this effect
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appears to have been observed by O’Sullivan and Gabuzd8t{p00ne limitation here is
the need to use some scheme to extrapolate results for staldkgo the scales accessi-
ble to observations with VLBI. However, such studies arer@gg to enable much closer
comparisons with observations than was possible prewipast are being used to identify
a range of characteristic observational signatures obuartypes of jets and jet magnetic
fields. It is clear that the ability to reliably measure tnagrse structure in intensity, spectral
index, polarization and Faraday rotation across AGN jetkheikey to probing the nature
of the jet magnetic fields.

3.5 Observational evidence for helical or toroidal magnfiids

As is discussed in Section 2 above, helical jet magnetic diele predicted by a wide
range of theoretical models and numerical simulations. (Blandford and Payne 1982,
Ouyed and Pudritz 1997, Krasnopolsky €t al. 1999, FendtR0d@#king observational searches
for evidence for helical magnetic fields associated with A@ts of considerable interest.
The most promising approach in this area is searching fos#erse gradients in the Fara-
day rotation measure distribution across AGN jets, as was gminted out by Blandford
(1993). The observed Faraday rotation is proportional éarikegral along the line of sight
of neB - dl, wheren. andB are the electron density and magnetic field in the region of
Faraday rotation and the length eleméinpoints along the line of sight toward the observer.
Therefore, the magnitude of the Faraday rotation depenéisedine-of-sight component of
the ambient magnetic field, and the sign of the Faraday ootadi determined by the direc-
tion of this component of the field. Therefore, if a jet andritsnediate vicinity are threaded
by a helical magnetic field, this field will give rise to a sysggic transverse gradient in the
observed Faraday rotation, due to the systematic chande itine-of-sight component of
the helicalB field across the jet. The detection of such transverse Faradation gradients
is observationally challenging, since it involves a joinabysis of multi-frequency radio im-
ages, and the observing conditions are not optimal on gitfuesec or kpc scales: on parsec
scales, the jets are very compact, so that they are sometinhgsnarginally resolved in
regions of strong polarization, even when observed with ¥hihile, on kpc scales, the
jets are better resolved, but the effect is weaker due tatreésed distance from the base
of the jet. To obtain increased sensitivity to Faraday rotatone can observe at longer
wavelengths, however, this comes at the expense of a conés loss of resolution.
Nevertheless, firm detections of transverse Faraday ootafiadients have now been
made for a number of AGNs. The first report of the detection whasverse Faraday gra-
dient across an AGN jet, interpreted as evidence for a HghtaB field, was made by
Asada et &l (2002), based on Very Long Baseline Array (VLBBgervations of the nearby
AGN 3C 273; this was later confirmed by Zavala and Taylor (30@8d the evolution of
the gradient analyzed by Asada et al. (2008b). In the meantimnsverse Faraday-rotation
gradients in several more objects were presented by Galeizda(2004). There have since
then been at least ten further papers in refereed journadstieg the presence of transverse
Faraday-rotation gradients across the jets of more thaz@ndBGNs on parsec scales, in-
terpreted as evidence that these jets carry helical magintis (Asada et al. 2008b,2008a,
2010] Gabuzda et al. 2008; Gomez et al. 2008; O’Sullivan@abuzda 2009h; Kharb et/al.
2009; Mahmud et al. 2009; Croke etlal. 2010; Kronberg et dl120one example is shown
in Fig.[8. A number of other tentative cases have been pregentconference proceed-
ings or identified in previously published Faraday-rotatimages in the literature (e.g.,
Contopoulos et al. 2009; Zavala and Taylor 2003, 2004).
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Fig. 6 Example of a transverse Faraday-rotation gradient detexteoss the jet of the blazar Mrk 501; the
contours show the distribution of the radio intensity atrh8@and the colour scale the distribution of the
observed Faraday rotatidn (Croke ef al. 2010). The redshifiis object is 0.034, so that 1 mas is 0.66 pc.

This suggests that, when the observing conditions enaklie detection, transverse
Faraday-rotation gradients across AGN jets are not uncamonoparsec scales. This re-
sult is potentially of crucial importance for our understany of AGN jets, since it provides
direct evidence that these jets carry helical magneticdijelthich, in turn, has obvious impli-
cations for the jet-launching mechanism. In addition, trespnce of an appreciable ordered
toroidal field component would imply that the jets carry emt: It is therefore important to
try to ensure that the requirements for the reliable deieaif transverse Faraday-rotation
gradients are well understood and applied.

It has sometimes been suggested that apparently trandvaragay-rotation gradients
could come about due to gradients in the ambient electrosityeand therefore not have
anything to do with the presence of a helical jefield. An interesting point here is that, if
the viewing angle of the jet in the jet rest frame is not tooffam 90° (the jet is viewed
roughly from the side in the jet rest frame), the observedday rotation associated with
the jet’s helical field should change sign across the jehigfjet viewing angle in the jet rest
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frame is not close t®0°, the jet’s helical field will still give rise to a transversaraday-
rotation gradient, but there may not be a change in the sigredfaraday rotation across the
jet. Therefore, the clear detection of a change in the sigh@bbserved Faraday rotation
across an AGN jet can easily be explained by the presence efi@hfield, but not by
electron-density gradients; such sign changes have besemva for a number of AGN jets
(e.g./Asada et dl. 2008a; Gabuzda ¢t al. 2004,/2008; Mahirald2909).

Other observational problems that could potentially hirtthe detection of transverse
Faraday-rotation gradients associated with helical mégfields, or distort their interpre-
tation, include the limited resolution available to cergter-wavelength VLBI observations
and optical depth effects in the region of the observed VLd&dTaylor and Zavala 2010).
The presence of non-monotonic and/or complex transversel&g-rotation gradients in the
core region have been directly demonstrated by the simulati Broderick and McKinney
(2010) and_Porth and Fendt (2010). These simulations itedite difficulty of accurately
deriving parameters of the jet and the helical field it isdedd to carry based on observed
transverse Faraday-rotation gradients. Note, howe\atrthie direction of the simulated gra-
dients is correct when they are monotonic; since most obtienal studies carried out thus
far have focused on the detectionmbnotonictransverse gradients and their direction, the
results of these studies are not greatly affected by thedliffes indicated by the simulation
results.

Taylor and Zavala (2010) have proposed that a transversg&girotation gradient should
span three “resolution elements” (taken to correspond reettbeamwidths) in order for
the gradient to be considered reliable; however, no thieatdbasis was provided for this
criterion. It is therefore of interest to develop more systéic and objective approaches
to determining the resolution necessary to reliably digtish transverse Faraday-rotation
gradients, and results from a number of such studies havenb®gappear. For example,
Murphy and Gabuzda (2012) have calculated transversesityepolarization and Faraday-
rotation distributions and subjected them to convolutigthveeams of various sizes. The
initial results of these studies indicate that the detectibtransverse polarization struc-
ture associated with helical jé fields is much more robust to convolution with beams
comparable to the jet width than is transverse intensitycsitre, although, of course, the
convolution somewhat distorts the intrinsic polarizat&tructure. Similarly, convolution of
transverse Faraday-rotation gradients with beams thatemgarable to or even larger than
the transverse size of the jet reduces the magnitude of tfel&garotation gradient, but
does not destroy the gradient completely. Hovatta et allZp@ave recently presented the
results of four-frequency VLBI polarization observatioosroughly 200 AGNs, together
with Monte Carlo simulations modeling the polarization eriainties and how they are
manifest in Faraday-rotation maps. These Monte Carlo sitimnls suggest that transverse
Faraday-rotation gradients spanning as little as 1.5 bedimsvcan be reliable, provided
that the difference between the Faraday rotations on esitlerof the jet exceedsr.

These results are also consistent with the general redatiWHD simulations of Broderick and McKinney
(2010), which directly demonstrate the presence of trassvEaraday-rotation gradients
across regions that are only marginally resolved: trarsgvetructures in their simulated
Faraday-rotation distributions with intrinsic sizes Iésan 0.05 mas remain clearly visible
even when convolved with a 0.9-mas beam. All this suggesitsthi® minimum resolution
required to reliably detect a transverse Faraday-rotaradient across an AGN jet is con-
siderably less than the three-beamwidth criterion suggelsyl Taylor and Zavela (2010),
provided that the Faraday rotation measures measured asigpgides of the jet can re-
liably be demonstrated to differ at more than thelevel. Of course, this concerns only
the detection of the presence and direction of a transveassdRy-rotation gradient; reli-
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able measurement of the intrinsic magnitude of such a gnadieuld require much higher
resolution.

Another issue that is currently being investigated is thestjon of how to accurately
estimate the uncertainties at specific locations in VLBIdes this is non-trivial due to
the complex computational procedures undertaken in thepmggprocess and the strong
correlation between neighbouring pixels, due to convotutvith the CLEAN beam. In the
past, it has been usual to assign the uncertainty for a pixelages of the Stokes parameters
I, Q and U to be equal to the root-mean-square deviation about the wedanlated for
a large region far from areas of source emission, but thieitamly an underestimate.
Hovatta et al.[(2012) and Mahmud et al. (2012) use Monte Gamallations to address this
issue, motivated by the need to derive accurate estimatesafrtainties for individual
locations in Faraday-rotation images.

Another interesting question in connection with the debecbf transverse Faraday-
rotation gradients across AGN jets is whether it is posdiblebservationally distinguish
between a helical and a toroidal magnetic field. The poing liethat the detection of the
transverse gradient only demonstrates the presence oflaredrtoroidal field component,
without providing any information about the presence of rgltudinal field component.
Both helical and toroidal jeB fields could give rise to “spine+sheath” transverse padariz
tion structures, and a rise in the degree of polarizatiomtdwhe edges of the jet, as is com-
monly observed. One means of distinguishing between tispdssibilities is provided by
the transverse intensity and polarization structure ofehea purely toroidal field can only
produce symmetrical transverse intensity and polarinasiouctures (e.q. Zakamska et al.
2008), whereas a helical field can produce either symmeéwicasymmetrical transverse
structures, depending on the viewing angle of the jet andpttedn angle of the helical
field (e.g.| Murphy et al. 2010, 2012). Therefore, the joitiettion of a transverse Faraday-
rotation gradient and clearly asymmetrical transversanmation structure would provide
clear evidence for a helical, rather than a purely toroigalp field.

Finally, note that Faraday rotation associated with detkd¢tansverse gradients ob-
served can be external (not occurring throughout the riadiatolume of the source), if
it is associated with regions of helical magnetic field in tler layers of the jet, or in the
immediate vicinity of the jet.

3.6 Evidence for reversals in the direction of the toroideldficomponent

One of the most unexpected results to come out of recent @acsde Faraday-rotation
studies is the detection of reversals in the direction afdvarse Faraday-rotation gradients
across AGN jets, both with distance from the base of the jdirilad and Gabuzda (2008);
Hallahan and Gabuzda (2003); Mahmud etlal. (2012) and with {Mahmud et al. 2009).
This is at first glance difficult to understand, since the aion of the observed Faraday-
rotation gradient is determined by the direction of the itaibfield component, which is, in
turn, essentially determined by the direction of rotatiéthe central black hole and accre-
tion disc, together with the direction of the net poloidatmmnent of the initial “seed” field
that is wound up. It is not physically plausible for the difen of the system’s rotation to
change on measureable time scales, and changing thedlire€the jet poloidal component
of the seed field would seem to require a change in the polairitye field of the black hole,
which likewise, seems implausible, at last on measureale $cales. Bisnovatyi-Kogan
(2007) has suggested the possiblity that, under certaiartistances, torsional oscillations
can develop in a jet, which could give rise to changes in thexction of the toroidaB-field
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component; in this scenario, the direction of the obserrestsiverse Faraday-rotation gradi-
ents would reverse from time to time when the direction oftthisional oscillation reverses,
and this reversal pattern would presumably then propagsteaod with the jet.

However| Mahmud et al. (2009) and Mahmud et al. (2012) haggested that a simpler
and more likely explanation is a magnetic-tower-type modéh poloidal magnetic flux
and poloidal current concentrated around the centrallaxiglen-Bell 1996; Nakamura etlal.
2006). Fundamental physics dictates that the magnetitieds must close; in this picture,
the magnetic field forms meridional loops that are anchonetié inner and outer parts of
the accretion disc, which become twisted due to the diffikrotation of the disc. This
should essentially give rise to an “inner” helical field near the jet axis and an “outer”
helical field somewhat further from the jet axis. These twgiams of helical field will give
rise to oppositely directed Faraday-rotation gradiensl, the total observed gradient will
be determined by which region of helical field dominates th&soved Faraday rotation. The
presence of a change in the direction of the observed treses¥araday-rotation gradient
with distance from the jet base could represent a transit@mn dominance of the inner to
dominance of the outer helical fields in the total observed Faraday rotation. The reversals
of the Faraday-rotation gradients with time observed f@3k§84 |(Mahmud et al. 2009)
could come about if the physical conditions in the jet changéch that there was a change
in whether the inner or outer region of helicalfield dominated the total observed Fara-
day rotation. If this interpretation is correct, these obagons of reversals of the direction
of transverse Faraday-rotation gradients across AGN ggesent the first observational
evidence that the jet magnetic field closes in the outer Hoardisc.

3.7 Evidence for the action of a cosmic battery

Any transverse Faraday-rotation gradient can be descaibbding directed either clockwise
(CW) or counter-clockwise (CCW) on the sky, relative to thséof the jet. Contopoulos et al.
(2009) have reported a significant excess of CW transvensel&g-rotation gradients for
parsec-scale AGN jets, based on transverse Faradayero@gtadients identified in maps
from the literature. Considering the gradient closest ¢éoMhBI core if two distinct regions
with transverse gradients were present (as is describdwiprevious subsection) yielded
29 transverse Faraday-rotation gradients on parsec schledich 22 were CW and only
7 CCW, with the probability of this coming about by chancenigdiess than 1%. This is an
extremely counterintuitive result, since the directiortteé helical field threading an AGN
jet should essentially be determined by the direction cftioh of the central black hole and
accretion disc, together with the direction of the poloitdaed” field that is wound up, and
our instincts tell us that both of these should be random.

Contopoulos et all (2009) suggest that this seemingly l@zasult can be explained in
a straightforward way via the action of a mechanism theythall'Poynting—Robertson cos-
mic battery.” The essence of this mechanism is the Poyr@ngertson drag experienced
by charges in the accretion disc, which absorb energy atrfigehe active nucleus and re-
radiate this energy isotropically in their own rest franm®scause these charges are rotating
with the accretion disc, this radiation will be beamed in finevard direction of their mo-
tion, i.e., in the direction of the disc rotation. Due to cenation of momentum, the charges
then feel a reaction force opposite to the direction of th@ition; since the magnitude of
this force exhibits an inverse dependence on the mass ofitlige, this leads to a difference
in the deceleration experienced by the protons and electrotihe disc. Since the electrons
are decelerated more strongly, this leads to a net curreéheidisc, in the direction of ro-
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Fig. 7 lllustration of how the action of the Poynting—Robertsofttdrg couples the direction of rotation of
the accretion disc and the direction of the poloidal seed fieht is wound up, leading to the creation of
Faraday-rotation gradients associated with the resuftéiigal B field that are CW on the sky, independent
of the direction of disc rotation_ (Mahmud 2010).

tation. This current, in turn, gives rise to a net poloidalgmetic field whose direction is
coupled to the direction of the current in the disc, i.e.he direction of the disc rotation.
This coupling of the disc rotation and the direction of théoptal field that is “wound up”
breaks the symmetry in the direction of the toroidal field poment, and predicts that the
observed Faraday-rotation gradients should be predomthin@kV on the sky, independent
of the direction of the disc rotation as seen by the observigy. [[d). In a “nested helical
field” type picture such as that described in the previouseaction, the inner/outer regions
of helical field should give rise to CW/CCW Faraday-rotatgmadients; therefore, the ob-
served excess of CW implies that the inner region of heligdleld dominates on parsec
scales.

If this excess of CW Faraday-rotation gradients is confirrogdurther studies, this
will have cardinal implications for our understanding of KGets. The development of ap-
proaches to carrying out objective searches for reliablestrerse Faraday-rotation gradients
for as many AGNs as possible is of interest in this connectiodependent of the physi-
cal origin of the predominance of a particular orientatitivg results of Contopoulos et al.
(2009) essentially rule out the possibility that most of tserved gradients are spurious,
and not associated with the toroidal field components ofdte gince spurious (incorrectly
identified) gradients should certainly be randomly oridnta the sky. If the Poynting—
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Robertson battery does not operate sufficiently efficietatiyrovide the observed excess of
CW gradients, then some other mechanism that can coupldréetion of rotation of the
accretion disc and the direction of the poloidal field thatdgind up by differential rotation
must be identified.

3.8 Connection with kiloparsec scales

Recently, Christodoulou etal. (2012) (see also Gabuzdk |[2D42) searched the literature
for transverse Faraday-rotation gradients across ths&gle jets and lobes of AGNs and ra-
dio galaxies. This yielded six AGNs displaying continuousnotonic RM gradients across
their jets, oriented roughly orthogonal to the local jetdiion. The most fundamental im-
plication of this result is that transverse Faraday-rotatiradients that can most naturally
be interpreted as evidence for toroidal or helical magrfetlds threading the jets are also
present on kpc scales. This is an important result, becédubke,jets of AGNs carry helical
magnetic fields, these should be present on essentiallgakbswhere the jets propagate,
provided that the intrinsic field structure of the jet is n@rdpted by interactions with the
surrounding environment.

Another intriguing aspect of the analysis|of Christodoutb@al. (2012) is that all six
of the firm transverse kpc-scale Faraday-rotation graslielentified are oriented CCW on
the sky, relative to their jet bases. This is on the verge afga firm result statistically:
based on a simple unweighted binomial probability functitie probability for six out of
six gradients to be CCW by chance is about 1.5%. However,igméfisance of this result
is tentatively supported by VLBA observations of 3C 120 (Glan et all 2010), Mrk501
(Croke et all 2010), and 1749+701 (Hallahan and Gabuzdg)2b08ach case, transverse
CCW Faraday-rotation gradients are found on scales of teps.d-urther, all AGNs for
which reversals of their transverse Faraday-rotationigrasl have been observed display
CCW Faraday-rotation gradients further from the jet basahiud and Gabuzda 2008;
Mahmud et all 2012; Reichstein and Gabuzda 2010; Coughkin/2010). This growing
evidence for a predominance of CW/CCW Faraday-rotatiodigras on parsec/kpc scales
can be interpreted as a consequence of a nested-helichtéiefiguration, as is described
above, with the inner region of helical field dominating onses scales and the outer region
of helical field dominating on kpc scales. This picture issietent with theoretical studies of
the jet launching mechanism (Blandford and Pé&yne [1982;dbontos and Lovelace 1994;
Contopoulds 1995; Sprhlit 2010), which suggest that the fie&lffectively wound up only
beyond the Alfvén distance, which 4s10 times the radial extent of the outflow at its base.
Thus, the theoretical models suggest that the magneticifiglde inner jet and the outer
extended accretion disc will develop significant toroidainponents on distances beyond
~10 AU and~10 pc, respectively, from the AGN centres; this would predipredomi-
nance of CW Faraday-rotation gradients on observed seedestan~10 pc and of CCW
gradients on scales greater thattO pc, consistent with the results |of Contopoulos &t al.
(2009) and_Christodoulou etlal. (2012). Thus, although #wilts of Christodoulou et al.
(2012) must clearly be confirmed based on a larger number dA@ey have the poten-
tial to considerably influence our understanding of the alenagnetic-field configurations
of AGN jets.

The analysis of Christodoulou et/al. (2012) suggests tlebtturrence of reliably de-
tectable transverse Faraday-rotation gradients is ajgigdower on kpc than on parsec
scales: they were able to find reasonably clear transversgl@garotation gradients in only
six of about 85 objects. In fact, this is quite natural. Thisran appreciable turbulent, in-
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homogeneous component to the thermal ambient media sudiirguthe jets on kpc scales,
which superposes a more or less random pattern over therststegattern due to the heli-
cal fields (see the discussion in Secfiof 4.3). This randanpoment in the Faraday-rotation
distribution may dominate in the majority of cases. Thuss iatural that most of the ob-
served Faraday-rotation distributions appear random atahp, but the overall pattern due
to the helical fields sometimes comes through. This sugdleatson average, it is easier
to detect the systematic Faraday-rotation component dbelical jet magnetic fields on
parsec scales, where the ordered inner field is more dominant

The additional complications imposed by the large-scakrattion with the jet and the
ambient medium, and the structures (lobes, hotspots anérgted by this interaction, are
discussed in the following Section.

4 Interaction with surrounding medium and termination
4.1 Introduction

The best-studied regions of jet termination and the bestples of interactions of jets
with the surrounding medium are furnished by radio-loud AGNe parsec-scale AGN jets
discussed in Section 3 generally feed into kpc-scale strest— kpc-scale jets, plumes,
lobes and hotspots. The magnetic fields in these structuoss exhibit some continuity
with the fields set by the jet launching process (Section 8)exthibited on the parsec scale
(Section 3), particularly in the inner parts of kpc-scales jélowever, on the hundred-kpc
scales of the jet termination and the downstream structsuel as lobes and plumes, it
seems likely that much of the initial structure has beenestaés is the case on parsec
scales, the intrinsic polarization of synchrotron emissjives us information about the
direction and degree of ordering of the magnetic field, thowg always need to bear in
mind that what we can measure is a projected, polarizeds@nisveighted line-of-sight
average of the intrinsic degree of polarization and Ereor B-vector angle. In addition,
Faraday rotation both external and internal to the emittiveglium has an effect on what
we observe. A good deal is known about the polarization ptigseof radio-loud AGN on
the largest scales, and we summarize the observationatisitun Sections 418, 4.4 ahd #.5.
We then go on to discuss the relationship between obsemgatiod modelling in Sectidn 4.6
and the situation in the comparable structures in stetlalesoutflows in Sectidn4.7. Before
that, however, we discuss the methods by which magneticdiedehgth can be measured in
AGN on these scales.

4.2 Measuring magnetic field strengths on the kpc scale

Unfortunately, synchrotron radiation on large scales edinus little or nothing about the
magnetic fieldstrength although this is clearly a key piece of information in urelending
the dynamics and energetics of the jet and its environmatttput significant (and possibly
incorrect) additional assumptions. The methods discuissgectiori 3.2 can only be applied
in regions with a well-known structure and a non-negligibfgical depth, and kpc-scale
structures are almost always optically thin at accessikiguencies.

The standard equipartition/minimum energy assumptionskiigel 1956) are widely
used, but even at best only provide us with a plausible orfieragnitude estimate of the
magnetic field strength: there is no a priori reason to supplast the plasma reaches the
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minimum energy or equipartition conditions, and even ifded, these assumptions require
us to guess the appropriate values for the filling factor dedftaction of energy in non-
radiating particlesyp andx in the standard notation for equipartition:

B _14x
2p0 é

EN(E)AE (13)

Finally, long-standing practice in the radio-galaxy conmity is to carry out the integral
in eq. [13) over a fixed range ibbserved frequengyot in electron energy, although the
latter seems more physically reasonable (Myers and Spafh@&5; Brunetti et al. 1997;
Hardcastle et al. 1998) and the differences between thesedts of assumptions can lead
to significantly different results (Beck and Krause 2005).

If equipartition and minimum energy are unsatisfactoryatéise is available? Another
widely used approach that gives at least some constraittscisnsider the properties of a
medium external to the radio source, which may be easier &sore. For example, thermal
bremsstrahlung in the X-ray from the environments of lasgale jets and lobes can give
us measurements of the temperature and density, and tregfessure, of the external
environment. On the reasonable assumption that the peessaradio-emitting component
cannot be much less than that in the medium in which it is endedwe therefore have
a constraint on the total energy density in the source. Caimipithis with the synchrotron
measurements, we can derive values for the magnetic fieldgttr. However, these are not
unique (for a given pressure greater than the minimum presisare are two possible values
of B to choose from) and the method is still dependent on assangaibout: and¢ as well
as field geometry.

By far the best method of measuring magnetic field strengééxianded components
of radio-loud AGN is the use of inverse-Compton emissiore Vhlume emissivity from
the inverse-Compton process depends essentially on tttecgle@and photon number densi-
ties as a function of energy. If the properties of the photeldfare known, a detection of
inverse-Compton emission gives us a constraint on the riaatian of the electron energy
spectrum. We can use this in combination with a measurenfesynechrotron emissivity
to estimate theB-field in a very robust way: assuming we know the geometry fradio
observations, the only model dependence comes from oumasisms about the shape of
the electron energy spectrum, since typically we will beevbisig energetically different
electron populations using the two processes. For verylsisgatial and spectral properties
of the electron populations, analytical estimate®dfom inverse-Compton detections can
be derived (e.g. Harris and Grindlay 1979); for more compléxations, numerical codes
must be used to integrate the relevant equations|(e.g. Bisttdet al. 1998; Brunetti etlal.
2001 ; Hardcastle et al. 2002).

Inverse-Compton emission from large-scale componentadibfoud AGN was first
discovered in the X-ray (Harris etlal. 1994; Feigelson 218P5%) and X-ray observations
dominate the current applications of this technique of meag B. A complication of this
is that various other processes, including thermal breatdsing from the hot phase of the
IGM and synchrotron emission from high-energy electroms) produce X-ray emission
from the radio sources and their environments. In the falhgvsubsections we will discuss
the available constraints on magnetic field strengths ubisgnethod, bearing in mind these
observational limitations.
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4.3 Magnetic fields in kpc-scale jets

Kpc-scale jets are often strongly polarized, as discugs&ectiori 3.B. In the most powerful
jets, the apparent magnetic field direction after correctar Faraday rotation is normally
along the jet, often following bends in the jet very closedyg(/ Bridle et al._1994). In the
less powerful jets of FRI radio galaxies, there is often aditéon between a parallel field
configuration in the inner few kpc to a perpendicular fieldie tentre of the jet further out:
parallel fields may be observed at the edge of the jet|(e.gléBaind Perley 1984). These
FRI jets are the jets that have been studied in the greattst tdedate, because their prox-
imity and relative brightness allows sensitive measurésamnbe made in regions of the
jet that are transversely resolved on scales from sub-@toseens of arcsec (hundreds of
pc to a few kpc, at typical distances). In addition, both aajed counterjet are routinely
detected in FRIs, and the assumption that the jet and cgeind&ee intrinsically symmetrical
is a viable one, allowing the effects of relativistic beaghand aberration to be separated
from the intrinsic (rest-frame) behaviour of the sourcetdiled modelling of these FRI jets
(e.g..Laing and Bridle 2002; L aing et/al. 2006) shows thatabserved polarization struc-
tures can be modelled in terms of a magnetic field that is ipcahdom but anisotropic.
The anisotropic component of the field is mainly a combimat toroidal and longitudi-
nal components, with the toroidal component dominatindn tadtthe edges of the jets and
at large distances from the nucleus. Globally ordered &letiodels for the magnetic field
(cf. Sectior:3.b) have been ruled out in some of the besiesiuzhses (Canvin etlal. 2005;
Laing et al! 2006): if the field is initially helical, it mustelve away from such a configura-
tion by the kpc scale.

Measurement oB-field strengths in jets is more difficult; although resolveday emis-
sion from jets is common (see elg. Harris and Krawczynske2@@ a review), there are
two fairly serious problems in using them to determiBie The first is that some of the
X-ray emission seen from these structures, particularlpwipower objects, is unequivo-
cally known to be synchrotron in origin (elg. HardcastleleP801b). Where synchrotron
emission is dominant, we only have a (usually unintereytiogrer limit on B in the jet.
The second is that the jets of the most powerful objects avevirio be at least mildly rel-
ativistic on kpc scales (Bridle etlal. 1994; Wardle and Aai®97;| Hardcastle et &l. 1999;
Mullin and Hardcastle 2009) and this introduces additionabel dependence into any es-
timates ofB, since the observed properties of the jet now depend on tke_brentz factor
I" and the angle to the line of sight A good deal of interest was triggered by the dis-
covery that the X-ray emission from the powerful source PS7-752 (Schwartz et al.
2000), which could not be explained by a one-zone synchwatrodel, could be explained
as inverse-Compton scattering of the CMB with a magnetid fidse to equipartition, us-
ing a Lorentz factor I’ ~ 10) and angle to the line of sight close to those implied by VLBI
observations in the nucleus (Tavecchio et al. 2000; Cedotl.| 2001), which would imply
no jet deceleration from pc to hundred-kpc scales. Howetaes,certainly does not seem
to be the case for all such powerful quasars (Hardcastle)2@blater work on the broad-
band SED of the knots in the best-studied example of thiscBS 273, suggests that the
data are inconsistent with an inverse-Compton model anydester et al. 2002, 2005). As
yet there is therefore no likelihood of being able to deteeriarge-scale magnetic fields
from inverse-Compton emission in the jets of the most powentbjects, though in (bright,
nearby) lower-power objects we may hope for inverse-Comptuission at higher energies
(see Section Bl3).
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Fig. 8 Complex polarization structure in the lobes and hotspothefFRII radio galaxy 3C 20 at 8 GHz.
Right: the overall structure of the source. Top left: the Espot. Bottom left: the W hotspot. Polarization
vectors have length representing fractional polarizatiod are plotted &@0° to the direction of the polar-
ization E-vector, thus giving a representation of the magnetic fiélection. Contours show total intensity,
increasing logarithmically by a factor of 2 at each step. Giteyscales shown for the hotspots indicate polar-
ized intensity to give an idea of the complex filamentarydtrte that is visible in polarized emission. Data
from|Hardcastle et al. (1997).

4.4 Jet termination

The bright compact regions at the terminations of powesdtd,jknown as hotspots, are be-
lieved to be shocks at which the jet material interacts witlsima already present in the
lobes. They are well studied in the radio because of thelr bigface brightness, and polar-
ization observations at high resolution (e.g. Carilli el1#199) show them to have complex
polarization structures (e.g. Figl 8), presumably becaisthe complex hydrodynamics
in this part of the source. There is a general tendency foirtegred magnetic field an-
gle to be perpendicular to the jet direction on entry to thispat (e.gl Leahy et 8l. 1997;
Hardcastle et al. 1997), possibly because of field compresgithe shock.

Because the hotspots are often the brightest compact ésatusources in which they
occur, they would be expectedpriori to be good sources of so-called synchrotron self-
Compton (SSC) emission, where synchrotron emission peswuite seed photons for inverse-
Compton scattering (Fi@] 9). Observational constrainggest that the bulk flow through
hotspots is at best mildly relativistic (e!g. Mullin et aDGB) and so beaming is less im-
portant. Early observations of X-ray emission from hotspeére consistent in many cases
with the X-rays being SSC and the magnetic field strengthdiéhjpeing close to equipar-
tition (Harris et all 1994, 2000; Hardcastle et al. 20018220However, at the same time,
a number of hotspots showed X-ray emission that was muclhtierighan the expectation
from SSC at equipartition and (in some cases) was spectraignsistent with being SSC
at all; this X-ray emission seemed likely to be partly or ipalynchrotron in origin (e.qg.
Harris et all 1998; Wilson et &l. 20071). Hardcastle et al0éd0based on the large amount
of hotspot data collected in the first few years of @lgandramission, showed that it was
plausible that the difference was controlled by the lumitypand hence the magnetic field
strength, of the hotspots (cf. Brunetti ellal. 2003); thetrhorinous hotspots have magnetic
field strengths high enough that strong synchrotron losgabit the acceleration of elec-
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Fig. 9 Synchrotron self-Compton X-ray emission from the hotspdt€ygnus A (3C 405), as first reported

bylHarris et al.|(1994). Lower panel: contours show the 45 @dio emission from the whole source, from
the image of Carilli et all (1991). Upper panel shows the saomtours overlaid on smooth&handradata

in the 0.5-5.0 keV range from the datasei of Wilson et al. €208lote the close morphological agreement
between radio and X-ray emission. The level of the inversmfiton emission implies field strengths close
to the equipartition value in the hotspots.

trons to energies at which X-ray synchrotron emission wa@dletected. If this is the case,
then itis plausible that all hotspots, not just the subsetfach SSC has been detected, have
magnetic fields close to the equipartition value (Hardeasttlall 2004; Kataoka and Stawarz
2005%). Remarkably, therefore, it seems that there is algapitting (since hotspots are short-
lived), small-scale physical process that acts to ampliignetic field strengths up to values
within a factor of a few of their equipartition values. Thdidd strengths may be up to 20
nT (200uG) in the brighest sources.

4.5 Lobes

Beyond the end of the jet and the jet termination shock, iE@né are the structures fed
by the jet. The most common structure seen is large-scakslob synchrotron-emitting

material extending back towards the centre of the host gakdthough extended diffuse
plumes are seen in a minority of low-power radio galaxies.
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The lobes are often strongly polarized, with the typicalaappt magnetic field direction
being parallel to contours of constant total intensity acefbrightness (e.g. Fid. 8). Because
of the large spatial scales, strong polarization and laizesf magnetic field structures,
lobes are the best places for detailed studies of Faradatyawintrinsic to the source or its
local environment. The change in polarization positionlantp produced by a foreground
Faraday screen is given by9 = RM \?, whereRM is the rotation measure,

RM:C/neB-dl (14)

Thus in principle, with multi-wavelength observations teegthe required\? coverage, we
can measure botfk A/ and the intrinsic polarization angle and so constrain tleetsdn
density and field strength in the Faraday screen. In pradtieee are a number of complica-
tions (e.gl_Laing 1984). Faraday-active material (theret@ttrons)nsidethe synchrotron-
emitting region will induce depolarization and departuresn ax? law; in fact, the absence
of this effect gives very strong, albeit model-dependentit$ on the possible densities of
thermal electrons inside the lobes (e.g. Dreher et al.|19Bvgn if the Faraday screen is
external to the lobes, its characteristic size scale mufillyeresolved by the radio obser-
vations, otherwise beam depolarization results and thblgmo of determining:. and B
becomes much harder (though in some circumstances it itopmssee e.g. Hardcastle ef al.
2010). When Faraday rotation external to the radio galaxyeéssured, the deriveRM
values are consistent with being due to the hot phase of treciaster medium, and with
constraints on the external density the field strengths neagstimated. ObserveelM val-
ues range from:100 rad n 2 in typical radio galaxies tec4000 rad n 2 in Cygnus A, at
the centre of a rich cluster (Dreher etlal. 1987) and the eséichenergy densities in mag-
netic fields are then comparable to the thermal energy dessitthe plasma. The structures
observed in Faraday rotation may also be used to constmjodiver spectrum of magnetic
field fluctuations in the external mediumn_(Laing etal. 20d8ywever, in the absence of
internal Faraday rotation, for which there is no conclusive evideincany object on kpc
scales, these estimates Bftell us nothing about the field strength or its variationsha t
lobes themselves.

The lobes are expected to be particularly good sources efsevCompton emission
from scattering of diffuse photon populations such as theBGiid the extragalactic back-
ground light (Fig[ID). Because their geometry and syncbnoproperties are also rela-
tively well constrained, because it is certain that they dbhave relativistic bulk motions,
and because there is no evidence in general for significagding particle acceleration,
they represent the best cases for modelling and hence @@asipton observations give
the cleanest constraints on magnetic field strengths. Eddervations wittROSATand
ASCAallowed some field measurements to be made |(e.g. Feigelsdml®95), but again
it was Chandraand to some extetXXMM-Newtorthat gave us comparatively large samples
(Hardcastle et al. 2002; Croston etlal. 2004, 2005; KataokiaStawarz 2005). These pro-
vide a very clear picture: both the detections and the neeetiens of inverse-Compton
emission are consistent with a picture in which the charestie magnetic field in the lobes
is close to, but in general slightly below, the equiparitialue. The actual field strength
value depends strongly on the lobe size and power, but megbf brder 0.1-few nT (1 to a
few tens ofuG) in large, bright sources, with the energy density in ettt being perhaps
an order of magnitude higher. Thus it seems that the meahahist ensures (approximate)
equipartition in the hotspot regions may also operate omtheh larger, hundred-kpc scales
of the lobes.
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Fig. 10 X-ray emission from the nearby FRII radio galaxy Pictor A.eTtolour scale shows Gaussian-
smoothedChandracounts in the 0.5-5.0 keV range, using the data described drgiall et al. (2010): con-
tours are from the 1.4-GHz radio map|of Perley etlal. (199%teNhe X-ray emission (most likely syn-
chrotron, see Hardcastle and Croston 2005) from the jet atsphbt, the excellent match between the bound-
aries of the X-ray and radio emission, and the relativelystamt X-ray surface brightness of the lobes, in
contrast to the strongly varying radio surface brightnesstours are logarithmic, increasing by a factor 2 at
each step).

We can go slightly further in the best-studied systems esihe fact that the synchrotron
and inverse-Compton emission canrbsolvedwith ChandraandXMM-Newtormeans that
we are not restricted to considering one-zone models, asdased by Isobe et al. (2002).
Hardcastle and Croston (2005) showed that in fact the magfieid strength has to vary
by a factor of up to 2 throughout the lobe of the best-studak |IC source, Pictor A
(Fig.[10), in the sense that the field strength decreasesdigithnce from the hotspot. More
recently, Goodgeet al. (in prep.) have used inverse-Compton data to argue thatrivegdy
filamentary structure seen in synchrotron observationsasfynpowerful radio sources must
be a result of strong small-scale variations of the magrfetld strength (if it were the
electron energy density that was varying, there would becager correlation between the
synchrotron and inverse-Compton emission than is obsgréiough this detailed work is
at the limits of what is presently achievable with X-ray atva¢ions, it may be the only way
in which the detailed relationship between field and elextiia the lobes can be studied.

The limitation of the lobe inverse-Compton technique id thaan only really be used
to study sources in which the diffuse X-ray emission is nanohated by thermal brems-
strahlung from the IGM; i.e. objects in relatively poor exviments. Among other things,
this means that with the exception of Cen A (see below, Seid) there is no inverse-
Compton estimate of the magnetic field strength in the lobaswlow-power (FRI) source,
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although inverse-Compton limits have been used to consthe particle content in such
objects (e.d. Jetha et|al. 2008; Hardcastle and Crostorn) 2010

4.6 Modelling of large-scale fields

Analytical modelling of the dynamics of the lobes of radiday@es has since its beginning
focussed on a pure hydrodynamical approach (e.g. Scheuer, (Kaiser and Alexander
1997) and numerical modelling has often followed suit (Basson and Alexander 2003;
Krausel 2005). To some extent, this approach may be (rettieply) justifiable by the
inverse-Compton observations discussed above (Sdci®nwhich tell us that magnetic
fields cannot dominate the large-scale dynamics. Neveskehumerical modelling involv-
ing magnetic fields is important for three reasons; firsthgresynthetic synchrotron map-
ping requires some idea of the magnetic field strength Higtan, while reproducing obser-
vations of polarization and RM/depolarization structuigse above) is impossible without
a model of the magnetic field both in the radio source and thiz@mment; secondly, while
the magnetic field may not dominate the dynamics of the laggde structures, it may still
have a dynamical role to play, for example in suppressingikdfielmholtz instabilities;
and thirdly, such modelling in principle allows us to tess@sptions about the transport of
the magnetic field structures imposed at jet generation Aedreed in the parsec-scale jet
(Sections 2 and 3).

The earliest simulations of lobe dynamics involving magri@tld structurel(Clarke et al.
1989] Matthews and Schelier 1990) involved passive transfibre field, but more recently
it has been possible to numerically solve the full MHD equadi for semi-realistic den-
sity, jet speed and magnetization regimes. Some comprerhiseée generally been neces-
sary to allow such simulations. For example, the work of dartel. ((1999), Treqillis et al.
(2001) and Tregillis et all (2004) considered electrongpamt and radiative losses, but op-
erated in a uniform environment. MHD simulations involvingglistic large-scale atmo-
spheres, matched to the information derived from X-ray olamns (e.gl O’Neill et all.
2005; Gaibler et al. 2009; O'Neill and Jones 2010) tend tdewtglectron radiative losses
and also, in earlier work, tend to consider rather low jetsitgrcontrasts. Increased compu-
tational power has started to allow the merger of these tywocgehes (e.g Mendygral et al.
2012). Key results from this modelling to date include thedat reproduction of the lobe
dynamics expected from hydrodynamical analytic or nuna¢nmodelling; the suppres-
sion of large-scale Kelvin-Helmholtz instabilities andtbe entrainment of external gas
seen in pure hydrodynamic modelling (Gaibler et al. 2008) the emergence of com-
plex small-scale structure in the magnetic field and heneesyimchrotron emissivity (e.g.
Treqillis et all 2001). 3D MHD simulations which can simulémusly capture realistic large-
scale dynamics and have resolution good enough to be matclieel detailed observations
of synchrotron and inverse-Compton emission in radio galakes, so as to help with
guestions such as the origin of filamentary structures seeyrichrotron emission (Sec-
tion[4.8) can perhaps be expected in the next few years. Ncahenodelling is also per-
haps starting to shed some light on thrégins of the field structures on large scales; for
example, Gaibler et all (2009) put in as an input conditiorekchl field as observed in
parsec-scale AGN jets (Section 3), and show that this irfigll is amplified by shear pro-
cesses to reach much larger values than expected from flge@tion. On the other hand,
Huarte-Espinosa et al. (2011) are able to reproduce mamyréssof real radio galaxy lobes
with a field which is initially random(in both the jet and the environment into which it
propagates). It will be of great interest to see whether-nigiolution simulations of large-
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scale jet-environment interactions can give predictiohg&tvwould allow us to distinguish
between different models of the small-scale jet magnetid §&gucture.

4.7 Large-scale magnetic fields in stellar-scale outflows

The study of the terminations and the equivalents of lobestetiar-scale outflows such
as protostellar jets and microquasars is much less wellajged. These structures require
persistent jets, and so impulsive ejection events suchastbeen in some microquasars
are not expected to produce them. Where jets are persistattl@ast recurrent on short
timescales,, there is evidence in a few well-studied migasars for lobe-like synchrotron
emission (e.g Mirabel et al. 1992; Fabrlka 2004; Hardc@i@bh) and even both lobes and
hotspots|(Soria et al. 2010), as well as indirect evidencehie existence of lobes whose
synchrotron emission is not seen in some other cases (Gal0o2005). The lack of lobes
in general in these systems has been attributed to the lagitgle@nvironments in which they
reside ((Heinz 2002). Even when found, though, these loleegearerally faint, so that even
polarization measurements are generally not possibletesdiques such as magnetic field
strength measurements by inverse-Compton emission arpletty out of the question,
even setting aside the complex technical challenges ofydorin the presence of an often
strong central X-ray source and of a complex and poorly caimgd photon field. Authors
wishing to estimate magnetic field strengths use the editiparassumption, despite its
limitations (Sectioh 412).

Turning to protostellar outflows, models for these systeafisirito two general cate-
gories: a jet-driven bow shock picture analoguous to theadyos of FRII radio galaxies,
and a wind-driven shell picture in which the molecular gadrigen by an underlying wide-
angle wind component, such as is given by the X-wind (Cabat/¢1997). A survey of
molecular outflows by Lee et al. (2000) found that both meidms are needed in order to
explain the full set of systems observed. The advent of 8pibservations of protostellar
jets has led to spectacular advances in our understandjagrobrphology, shock structure,
and jet termination. For example, the jet in the classic TviTstar system HH46/47, imaged
in the infrared with high resolution techniques (down to-sumbsec levels), is bright and
highly collimated and has both a wide-angle outflow cavityvad as a collimated jet that
extends through all scales from the protostellar scale tipetdermination point on the bow
shock ((Velusamy et al. 2007), showing a morphology whicleisarkably similar to those
of powerful radio galaxies. The jet is well collimated witiwédth of 1-1.8" and length of
10" (4500 AU). One of the most prominent features are brightshots’ that are coincident
with the head of the jet and appear to be analogous to thedtstepradio galaxies. Cool
molecular gas is detected in the wide-angle flow that sudsuhis jet. Similarly, observa-
tions of the jet Cep E associated with a more massive forniag(with up to 4M), using
the same techniques, show shocked molecular hydréagesmission — which requires the
existence of a magnetic precusor (C-shocks) in order to bieelx(Velusamy et al. 2011).
Here again, the hottest emission comes from atomic/iorscpgaduced at the hot spot at
the bow shock of the jet. However, despite this importandence for magnetization of the
shocked region, and unlike the AGN case, there is as yet ditect evidence for the role of
magnetic fields in the production of “hotspots” and lobesg¢sithere are few observational
diagnostics of field strength in this regime and synchroteahation is seldom observed. In
the case of protostellar jets, the state of the art, as disclsbove (Carrasco-Gonzalez et al.
2010) is the detection of radio polarization, confirming agyotron origin for some of the
detected radio continuum, but this is a detection of therggher than of a lobe-like struc-
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ture, and here again equipartition assumptions must be tosestimate a magnetic field
strength. Next-generation radio and X-ray facilities vadl required for the study of these
systems to catch up with that of extragalactic large-scdies.

5 New directions
5.1 Magnetic field strengths and directions in protostedts

The Expanded VLA (EVLA) and the extended Multi-Element Reldinked Interferometer
(e-MERLIN) will have an order of magnitude more sensitivttign their predecessors. Much
larger parts of the radio spectrum will be measured as a qoesee, and this will have a
huge impact on our ability to measure synchrotron radidtiom protostellar systems. The
one detected source HH80-81 is one of the most powerful TESkj@own. If the weaker
jets turn out to have measurable synchrotron emissionwiiieerald a new era in the study
of jets in general, and of their magnetic field structure irtipalar.

A second major advance in understanding the launch of jdtsevhe with the ALMA
observatory. ALMA observations will allow one to resolvesth-AU scale of nearby pro-
tostellar discs for the first time. The important point isttBd.MA will also be able to
measure linearly polarized emission. It is expected thaiifil allow one to map the struc-
ture of magnetic fields on the disc, and, in this way, to studydtructure of the disc field
and its connection to the launch mechanism.

The bottom line is that the era of real magnetic field measantsnin protostellar sys-
tems is very near — and this will help revolutionize our knedde of how jets are launched
and collimated.

5.2 Parsec-scale magnetic fields in AGN: Physics of the lsinge propagation and
confinement of the jets

Observations with the Very Long Baseline Array over the plestade have made the im-
portance of high-resolution, multi-frequency, polariaatsensitive radio studies with VLBI
abundantly clear. The availability of spectral informatican help identify locations of par-
ticle re-acceleration and low-frequency absorption injéte, and the Faraday rotation dis-
tribution can provide information about both the therma gethe vicinity of the AGN and
the intrinsic magnetic fields of the jets themselves. Thestjoe of whether there is an ap-
preciable helical or toroidal component is of crucial impace for our understanding of the
launching and confinement of the jets, and will be a key agpfefature observational stud-
ies. Multi-frequency polarization VLBI observations of moAGNSs are very much needed
for these reasons.

Faraday-rotation studies on parsec scales with high riéisolare of particular interest;
however, work of this kind has been hindered by the fact thaeiasing resolution requires
observing at higher frequencies, whereas increasing th&tséty to Faraday rotation re-
quires observing at lower frequencies. One promising wagviercome this limitation is
through space VLBI observations at centimetre wavelengthe currently flying RadioAs-
tron mission is likely to be of only limited use for this pug® since it has limited imaging
capability due to the elongated orbit of the space antenha.Japanese-led VSOP2 mis-
sion would have provided much better imaging capability, bafortunately, this mission
has recently been cancelled. It will be important to enshaé any other future space-VLBI
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missions include frequencies low enough (8, 5 and possilEn 4.6 GHz) to make these
power tools for high-resolution Faraday-rotation studi@s the other hand, polarization ob-
servations at 3 mm-1.3 cm sampling subparsec scales caddedve valuable for future
Faraday-rotation studies, since these will probe regiattshigh electron densities and high
magnetic fields in the innermost jets, where very high Faradgations may be reached.

Another area in which future VLBI observations can play apamant role is in rel-
atively low-frequency multi-frequency observations wiflobal arrays such as the VLBA.
Such observations can help link up the parsec scales sttidéeiér with VLBI and the kpc
scales that will be studied with high sensitivity using théLE& and e-MERLIN. One such
project is a recently completed set of four-wavelength 2&# polarization VLBA obser-
vations of the 135 AGNs in the main MOJAVE sample, which tgflicprovide information
about the jet structures out to scales of tens of parsec.r@igms of additional AGNs at
these and longer wavelengths would be of considerableessitdt is thus extremely impor-
tant to develop techniques for accurate intensity, paion and polarization position angle
calibration of such long-wavelength VLBI data.

5.3 Kiloparsec-scale AGN: new approaches to field directiod strength

The EVLA, and other next-generation radio telescopes witbeoving bandwidths of or-
der GHz rather than tens of MHz, will have a great impact onstiuely of Faraday rota-
tion in the large-scale polarized components of radio gataXRather than requiring many
monochromatic multi-frequency observations, it will in myacases be possible to make a
good measurement gt and depolarization with a single broad-band observatidris T
should allow the results obtained from detailed studiesigh objects in rich environments
(Dreher et al. 1987; Perley and Calilli 1996) to be genegdliw more typical systems. The
sensitivity and resolution provided by the EVLA and e-MERLWill allow the detailed,
quantitative study of polarization structures in jets (&ed4.3) to be extended to more ob-
jects, to smaller scales (connecting 100-pc and pc-sdalegad possibly to the large-scale
jets in FRII sources. At lower frequencies, instrumentshsag LOFAR with the capability
to measure polarization sensitively at low frequencies ailyw us to probe the?M due

to very tenuous, large-scale gas seen in front of the peldrauter regions of giant radio
galaxies, giving constraints ofn. and B on these scales that are currently unobtainable in
any other way.

Progress in inverse-Compton measurement3will also have to come from new obser-
vational developments. Currently one problem with the etk the extrapolation between
the properties of the ~ 1000 electrons responsible for inverse-Compton scattering CMB
photons into the X-ray band and thex~ 10* electrons responsible for radio synchrotron
emission at GHz frequencies. This situation will be impsegnificantly with the advent of
next-generation low-frequency radio telescopes such &\EOWe can also hope, with less
certainty, for imaging missions working at harder X-ray gies, such as NUSTAR, which
will not only probe somewhat higher-energy electrons bytpperating above the cutoff
energies for thermal bremsstrahlung, will make it muchezatsi study inverse-Compton
emission from sources in rich environments. Another anitign models is the correct
modelling of the very low-energy electron population: asveh by| Colafrancesco (2008),
ALMA may in principle be able to detect the Sunyaev-Zel'divieffect from radio galaxy
lobes, which is a very strong probe of the total number oftirgsdic electrons and hence
of the low-energy cutoff (although see Hardcastle and Le@®98 for some caveats). Fi-
nally, inverse-Compton studies at very high energies hamespromise Fermi recently
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made the first detection of what appears to be inverse-Comngatattering of the CMB to
~ GeV energies, in the nearby, and therefore very large inlangize, radio galaxy Cen
A (Abdo et al. 2010): taken at face value the detection insplienagnetic field strength in
the lobes that is again close to the equipartition vakezmi can resolve only a very few
nearby and (necessarily) atypical radio galaxies, but éweits from this process may be
useful. At higher energies still, existing detections wigV imaging instruments such as
HESS and MAGIC place limits on inverse-Compton scatterprgdominantly of starlight:
Stawarz et al. 2003) by the TeV electrons in the jets of lowgroradio galaxies: for exam-
ple, existing HESS detections of Cen A, whose synchrotropgmties are very well known
(e.g..Hardcastle et al. 2007 and refs therein) already redat the magnetic field cannot
be too much lower than the equipartition value, althouglaiteet modelling is complex
(Hardcastle and Croston 2011). The resolution and seitgitiat will be achieved with in-
struments such as the planned Cerenkov Telescope Array)(@illactually allow imaging
of the TeV inverse-Compton jets in objects such as Cen &, i B.q, and so will permit
mapping of theB-field in an X-ray synchrotron jet for the first time. In the ydong term,
X-ray telescopes with very high sensitivity (e.g., the eatly plannedAthenamission) may
allow us to measure inverse-Compton emission from the lob&alactic microguasars and
synchrotron-emitting protostellar jets (Section 4.7).

6 Conclusion

In conclusion, this review has covered a vast amount of @atienal, theoretical and com-
putational phase space with the purpose of drawing out aatyzng the importance of
magnetic fields for the origin and structure of astrophygets. The underlying engines
for all of these systems involves rotating magnetized dbjsuach as stars, black holes, and
accretion discs. Relativistic and even general relatovigHD leads to similar conclusions
about jet dynamics to those deduced (and in some cases ebs@mnprotostellar systems.
While measurements of densities, temperatures, and tiebis straightforward in the latter
type of system, magnetic measurements are very difficuliciix the opposite is the case
for AGN jets. Encompassing these two complementary wortdsthe complete picture of
astrophysical jets which is still in a very exciting stageeaploration. It will be impor-
tant therefore to keep probing and extending our ability &asure magnetic field strengths
and geometries in these diverse systems, since these @iiogight into the origin of one
nature’s most marvellous creations.
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