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Parsec-scale multi-wavelength VLBA polarization obs@orss can be used to study the
magnetic-field structures of Active Galactic Nuclei (AGNJded on Faraday Rotation (FR) gra-
dients. A number of transverse FR gradients have been fantinterpreted as corresponding
to helical magnetic fields wrapped around the jets; the gradireflect the systematic change in
the line-of-sight component of a toroidal or helical magméeld across the jet [1, 5, 16]. Our
observations of a sample of BL Lac objects at six wavelengdas 2, 4 and 6 cm have also re-
vealed a previously undetected phenomena: these trapsyedients sometimes change their
direction with distance from the core. We have observedhbkisaviour in at least five sources,
which display gradients in their VLBI core region oppositetiose in the jet. We suggest that this
may be linked to magnetic tower models. In magnetic tower elgdhe field lines go outward
with the jet and return and close in the accretion disk (oeviersa); differential rotation of the
accretion disk winds up the inner and outer field lines into helices (the inner helix “nested” in
the outer helix). The total observed FR gradient is a sumegffect of these two helical fields.
It may be that gradients detected relatively far from theeamrrespond to the outer helix, while
gradients detected in the core region correspond to doroéahthe inner helix. This provides
tentative evidence for the unification of helical magnettds and magnetic tower models, which
could provide crucial new information for understanding M@ets. Further VLBI studies with
resolution sufficient to reliably detect these gradienthigxcm-wavelength core and inner jet will
be important for further investigations of this phenomena.
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1. Introduction

The radio emission of Active Galactic Nuclei (AGN) is synotion radiation generated in the
relativistic jets that emerge from the nucleus of the galgxgsumably along the rotational axis
of a central supermassive black hole. Synchrotron radiaten be highly linearly polarized, up
to ~ 75% in the case of a uniform magnetiB)(field [14]. Linear polarization observations are
essential, as they give information about the orientatiwh degree of order of thB field, as well
as the distribution of thermal electrons and Bwfield geometry in the vicinity of the AGN. VLBI
polarization observations of BL Lac objects have shown deany for the polarizatiof vectors
in the parsec-scale jets to be aligned with the local jetctia, so that the predominaBt fields
are transverse to the jet [6]. It seems likely that many of¢heansvers® fields represent the
ordered toroidal component of the intrinsic B fields of this j&s discussed by [7], see also refer-
ences therein. Faraday Rotation studies are crucial ferhning the intrinsid field geometries
associated with the jets. Faraday Rotation of the planaeéli polarization occurs during the pas-
sage of an electromagnetic wave through a region with freetrgins and a magnetic field with a
non-zero component along the line-of-sight. The amounbtattion is proportional to the integral
of the density of free electromg multiplied by the line-of-sighB field, the square of the observing
wavelengtt 2, and various physical constants; the coefficiem dfs called the Rotation Measure
(RM):

Axﬂ)\z/neB-dl — RMA2 (1.1)
The intrinsic polarization angle can be obtained from tHe¥ang equation:
Xobs = Xo-+ RMA? (1.2)

where xops is the observed polarization anglgg is the intrinsic polarization angle observed if
no rotation occurred, andl is the observing wavelength [4]. Simultaneous multifregryeobser-
vations thus allow the determination of the RM, as well asiifging the intrinsic polarization
angles. Systematic gradients in the RM have been observessate parsec-scale jets of several
AGN, interpreted as reflecting the systematic change initieedf-sight component of a toroidal
or helical jet B field across the jet [1, 3, 5, 7].

2. Observations

Very Long Baseline Array (VLBA) polarization observation$the sources considered here
were carried out as part of our study of a sample of 34 BL Laedbjat six frequencies: 4.6,
5.1, 7.9, 8.9, 12.9 and 15.4 GHz. The BL Lac sample was obdesver 5 epochs. Presented
here are results for 0138-097, 0256+075, 0716+714, 1334119+701 and 2155-152. Standard
tasks in the NRAO AIPS package were used for the amplitudbraéibn and preliminary phase
calibration.

3. Reversal of RM gradientsin the core and jet

The cm-wavelength cores of AGN that we observe with VLBI areated at some distance
from the central black hole [11]. The location of the optigahick “core” (=1 surface) along



Faraday Rotation Gradientsin AGN

Mehreen Mahmud

T
N
=3

=
E=————

==

H
AN
I\ y\
A
ol 4 AN
\
4
ol g
| | I | I | I
ECREET I G o5 10 15
MiliARC seC -
T |
3 2 1 0 a2
MIIARC SEC
Grey scale flux range= -200.0 1500 RAD/M
Cont peak flux = 3.4077E-01 JYIBEAM
Levs - 2.000E-03° (0.500, 0.500, 1,2,4,8, 16,
32,64, 128)
1 3
1o g
. B
H
- g
I I | | |
7o @ o W o
10 H g
12 H B
(N I I | I I
O 2 0 )
Ml ARC SEC
Grey scale flux ranges= -100.0 200.0 RADIMIM
Cont peak flu 1E-01 JYIBEAM
Levs =2 000E-03 * (0500, 0500, 1. 2,4, 8, 16,
32,64, 128)
200 100 o 100
ok i
T
100 B oL il
sol- il at i
sk i
z o i Q
H ]
g g2r b
= K
sl B B
i
a0l B or b
T | TR
T os @2 o o2 o4 G5 68 2 H i
ik sec
3 T 1 17 1 1L
a3 PR 2
MIlIARC SEC
Grey scale flux range= 2500 100.0 RADIVM
Cont peak flux = 1.3306E +00 JYIBEAN
* (0500, 0500, 1. 2.4, 8, 16

32,64, 128, 256, 512, 1024)

RADIMIM
IARC SEC

Wi

I I I
00
MIllARC SEC S Y N R

8 s 4 2 0 =2
MIlIARC SEC.
(Center at RA 13 37 39.78278000 DEC 12 57 24.693230
Grey scale flux range=-350.0 -100.0 RADIIN

Cont peak flux = 3.5599E100 JY/BEAM

Levs =2.000803* (2,2, 4,8, 16,32, 64, 128,

50

RADIAM

0 0
Millare sec

o g
al- J
ol J
5 1
ol 1
ol 1
J
L
b 1
s d
Il Il Il Il Il

00
MIIARC SEC



Faraday Rotation Gradientsin AGN Mehreen Mahmud

Figurel: RM maps of 0138-097, 0256+075, 0716+714, 1334-127 (top twim previous page) and 2155-
152 (above left (jet), above right (core)) showing oppodiagsverse RM gradients in the core and jet. The
arrows on the RM maps mark the directions of the gradientg ddtompanying panels show slices of the
RM distributions across the jets and cores.

Figure2: RM map of 1749+701 showing a trans- Figure 3: lllustration showing how the magnetic
verse RM gradient in the core/inner jet. The ac- field lines from a magnetic tower model can get
companying panels shows a slice of the RM distri- wound up as an “inner” and “outer” helix, as a re-
bution across the core. Although it is not visible sult of the differential disk rotation.The first figure
in our RM image, an opposing RM gradient in the shows the direction of the magnetic field lines in
jetis revealed in the 18cm RM map of Hallahan & this model, whereas the second follows the path of
Gabuzda (these proceedings). one of these magnetic field lines that gets wound
up in a “nested helical field” with the “inner” helix
less tightly wound than the “outer” helix.

the jet outflow is wavelength dependant; the observed VLB édusually only partially optically
thick, since the resolution provided is insufficient to juiBolate the optically thick core (base of the
jet). The observed core thus includes emission from therijgt@f the source, and transverse RM
gradients observed in the core region essentially correspmthe RM distribution in the innermost
jet.

We have previously discussed several AGN that show trase\ieM gradients across their jets
[7, 9]. Here, we consider 5 sources (0138-097, 0256+07550714, 1334-127 and 2155-155) for
which we observe transverse RM gradients across both theis@nd their jets, with the gradients
in the cores directed opposite to those in the jets (Fig. 1& al¥o include 1749+701 (Fig. 2),
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for which we have detected an RM gradient in the core regidi, evhile both this gradient and
an oppositely directed gradient in the jet are visible in1Bem RM map of Hallahan & Gabuzda
(these proceedings).

If these transverse RM gradients are associated with hicB fields, these results seem to
require a change in the direction of the azimutBalield with distance from the core. It is not
obvious how this could come about, since the direction obttimuthalB field is essentially deter-
mined by the direction of the poloid&l field and the direction of rotation of the central black hole
and accretion disc, which we would expect to remain constdatvever, let us consider a slightly
more complex “magnetic tower” configuration, with poloidlaix and poloidal current concentrated
around the central axis [8, 13]. MeridionBHield loops anchored in the inner and outer parts of
the accretion disc become twisted due to the differenti@tian of the disc, essentially giving rise
to an “inner” helicalB field near the jet axis and an “outer” helical field furtherfrahis axis (Fig.
3). These two regions of helical field will be associated vagpositely detected RM gradients,
and the total observed RM gradient will be determined by Wwhegion of helical field dominates
the observed RMs along a given line of sight. Depending atofasuch as the pitch angles of the
helical fields, the decrease in the electron density andgtedshgth with distance from the axis and
the jet base and the viewing angle, a particular observed Rlignt could correspond to the inner
or outer helix. Thus, a change in the direction of the obsktiensverse RM gradient between the
core/innermost jet and more distant jet regions could grea transition from dominance of the
inner and outer helical B fields in the total observed RM. &rae to make intuitive sense that we
are seeing RM gradients due to the inner helix in the innetjetsore region and due to the outer
helix further from the core, but numerical studies are reggito verify this.

Typically, we might expect the direction of the RM gradieinisthe core and jet (i.e., the
regions whose net RM gradients are determined by the irumer/belical fields) to remain constant
in time. However, this type of nested helical-field struetwould also give rise to changes in
the direction of the observed RM gradients with time. In fagé have also observed a source
(1803+784) with RM gradients in both the core and jet, with gnadient in the jet “flipping” over
time [10].

Another possible interpretation of the observed oppaogsititected core and jet transverse
RM gradients could be that the direction of the azimu@dield changed as a result of torsional
oscillations of jet [2]. Such torsional oscillations, whimay help stabilize the jets, could thus cause
“flips” of the azimuthalB field with time, or equivalently with distance from the cogé/en the jet
outflow. In this scenario, we expect that the direction ofdbseerved transverse RM gradients may
reverse from time to time when the direction of the torsiorstillation reverses; this can be tested
by multi-wavelength polarization monitoring of AGN displag core and jet RM gradients.

4. Conclusion

These results provide new evidence for the presence ofh&8litields wrapped around blazar
jets, which give rise to the observed transverse RM gragliafthile it makes sense that these RM
gradients should evolve over time, it is not clear how thay‘tp" with distance from the core, as
we have observed for the 5 sources considered here. Do thegeé two nested helical magnetic
fields in a magnetic tower structure, with the inner and ohtdices dominating the observed RM
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gradient at different distances from the base of the jet?ofhr®w common is this phenomena?
Or are these jets undergoing torsional oscillations thaingle the direction of the azimuthBF
field component? If so, are these oscillations periodic reginlar? Further observational studies
of AGN jets displaying such RM-gradient reversals can piadéiyp provide crucial information
about the detailed geometry of the magnetic fields in AGN geid how they evolve, as well as
information about the jet dynamics and collimation.

We have just obtained new multi-wavelength polarizatiosestations of a number of the
AGN considered here with these goals in mind.

This publication has emanated from research supportedebRéisearch Frontiers Programme
of Science Foundation Ireland. The National Radio Astrop@hservatory is operated by Asso-
ciated Universities Inc.

References

[1] Asada, K., Inoue, M., Uchida, Y., Kameno, S., Fujisawa,lfuchi. & S. Mutoh, M. 2002, PASJ, 54,
L39

[2] Bisnovatyi-Korgan G.S. 2007, MNRAS, 376, 1, 457

[3] Blandford R. D. 1993, irAstrophysical Jets (Cambridge University Press), p. 26
[4] Burn, B. I.; 1966, MNRAS, 133, 67

[5] Gabuzda, D. C., Murray, E.; Cronin, P.; 2004, MNRAS, 36389

[6] Gabuzda, D. C., Pushkarev, A. B., Cawthorne, T.V., 200RBRAS, 319, 1109

[7] Gabuzda, D. C., Vitrishchak, V. M., Mahmud, M. & O’ Suléin, S. 2008, MNRAS, 384, 3, 1003
Laing, R.,1980, MNRAS, 193, 439

[8] Lynden-Bell, D. 1996, MNRAS, 279, 2, 389

[9] Mahmud, M & Gabuzda, D. C., 200From Planetsto Dark Energy: The Modern Radio Universe,
http://pos.sissa.it//archive/conferences/052/07 AME7 4.pdf

[10] Mahmud, M & Gabuzda, D. C., 2008pproaching Micro-Arcsecond Resolution with VSOP-2:
Astrophysics and Technology, in press

[11] Marscher, A. P, Jorstad, S. G., Gémez, J., Aller, MTErasranta, H., Lister, M. L. & Stirling, A. M.
2002, Nature, 417, 6889, 625

[12] Meier, D. L., Koide, S., & Uchida, Y. 2001, Science, 284,
[13] Nakamura, M., Li, H. & Li, S. 2006, Astrophysical Jouing@52, 2, 1059

[14] Pacholczyk, A. G., 197@Radio astrophysics. Nonthermal processes in galactic and extragalactic
sources, (San Francisco: Freeman)

[15] Pushkarev, A.B.; 2001, Astronomy Reports, 45, 667
[16] Zavala R. T. & Taylor G. B. 2005, ApJ, 626, L73



