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violated in this region. On the other hand, when the transverse
jet structure is sufficiently resolved and the observed RMs
agree with the intrinsic RMs, as occurs far from the core in
the optically thin region, then similarities between the RMs
imply that the λ2-law holds. These regions also differ in how
well the beam-convolved RM maps reproduce the true values.
Hence, this suggests that, at least for our simulated AGN jets,
the λ2-law provides a rough measure of the accuracy of the RM
gradients when the RMs are sufficiently resolved.11

3.3. Dependence of the RM upon the Jet Structure

The primary motivation for studying the RM distributions
of AGN jets has been to infer the structure and parameters
of the Faraday screen. In the context of the three-dimensional
simulation, neither of these are free parameters, and we have
obtained a characteristic, bilateral structure for the RM maps,
presumably as a consequence of large-scale structure within
the Faraday screen. Here, we address how these morphological
features are related to the structural properties of the Faraday
screen itself. We do this by artificially removing components of
the magnetic field and velocity and recomputing the RM map,
while using our canonical model to produce the jet emission.

3.3.1. Magnetic Field Structure

The relationship between the poloidal and toroidal magnetic
fields has already been indirectly demonstrated to have a
significant effect upon the structure of the RM map. Large
poloidal fields (e.g., those associated with m = 3 × 1011) can
result in the loss of the transverse symmetry apparent outside of
the radio core. This occurs generally whenever bT /bP " 1,
and is illustrated explicitly in the top panel of Figure 10,
which presents the RM map when the toroidal component of
the magnetic field in our canonical model is artificially made
to vanish. Significant transverse gradients vanish completely
everywhere within the jet (where it is sufficiently resolved),
confirming that nearly linear, resolved transverse gradients are
due to large-scale, ordered toroidal magnetic fields within the
Faraday screen.

The remnant RM is that associated with the poloidal field,
and is thus roughly 3 orders of magnitude smaller than that
in our canonical model (see Figure 4). This is a function of
the black hole mass, with bP /bT ∝ M−1 at fixed physical
distance, and thus the perturbations due to poloidal fields will
be larger for more massive systems. Nevertheless, it appears
that for typical blazars and BL Lac objects the fixed offset in
the transverse profile due to the presence of poloidal fields will
be dominated by the uncertainties in the location of the jet
spine (not necessarily located along the jet axis), viewing angle,
and finite-beam effects for single RM profiles. It remains to be
seen if it is possible to reduce these uncertainties by combining
multiple profiles, making use of the strong correlation in these
quantities along the jet axis.

3.3.2. Velocity Structure

The large Lorentz factors within AGN jets suggest that the
velocity structure of the Faraday screen may also be important.
The degree to which this occurs in practice depends upon the

11 This conclusion is specific to our jet models and may not be generic. For
example, unresolved point sources are capable of producing RMs which
appear to follow the λ2-law though are erroneous (Rudnick 2010). This does
not appear, however, to be the case for the highly ordered structures that appear
within our simulated jets.

Figure 10. RM maps at 15 GHz when the toroidal component of the comoving
magnetic field (top) and the poloidal component of the velocity (bottom) of the
plasma within the Faraday screen are made to artificially vanish (cf. the upper
left panel of Figure 4; see Table 1 for a complete list of relevant parameters).
For reference total flux contours are overlaid, in logarithmic factors of 2, with
the minimum contour corresponding to 0.98 mJy mas−2. RMs are shown only
where the polarized flux exceeds 1 mJy mas−2. To the right of each RM map,
illustrative transverse RM profiles corresponding to the labeled bars are shown
(black) along with those from a variety of azimuthal viewing angles (blue). In
all maps and transverse sections the beam size is shown in the lower left and
lower right, respectively.
(A color version of this figure is available in the online journal.)

location of the Faraday screen and how coupled it is to the jet
itself.

Setting the poloidal velocity to vanish, shown in the bottom
panel of Figure 10, made little difference to the overall morphol-
ogy of the RM map. It does, however, decrease the typical RMs
by a factor of roughly 4. This is not unexpected if the typical
Lorentz factors within the Faraday screen are of the order of 2

770 BRODERICK & McKINNEY Vol. 725

Figure 12. sgn(RM) for an illustrative subset of the cases discussed in the text, compared to two examples of random foreground screens (rightmost maps). These
are shown for two beam sizes, corresponding to resolved (top) and unresolved (bottom) jets. See the text and Table 1 for a complete list of relevant parameters for
each, though the relevant defining parameter is listed as it appears in Figures 5–10 in the lower right corner of each sgn(RM) map. Specifically, these correspond to
our canonical model, observed at high frequency (43 GHz), observed from smaller inclinations (10◦) and larger inclinations (30◦), from a more massive black hole
(m = 3 × 1010), with more efficient dissipation of the magnetic energy in the jet sheath (ε = 1), with vanishing toroidal magnetic field (bT = 0), vanishing poloidal
velocity (βP = 0), and for a random foreground Faraday screen with a flat (ar = 0) and red (ar = −3) power spectrum. For reference total flux contours are overlaid,
in logarithmic factors of 2, with the minimum contour corresponding to 0.98 mJy mas−2. RMs are shown only where the polarized flux exceeds 1 mJy mas−2. In all
maps the beam size is shown in the lower left corner.
(A color version of this figure is available in the online journal.)
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Evidence for a large-scale helical magnetic field in the quasar 3C 454.3 3

Figure 2. VLBA images of 3C 454.3 at 5.0, 8.3, 15.3, 22.2, 43.1 and 86.2GHz (top left to bottom right, respectively) observed on May
19, 2005. Contours give the total intensity (logarithmic scale) and colour shows the degree of linear polarization (linear scale). The degree
of polarization is only presented where polarized flux is above the four times rms noise level of each map. The synthesized beams used for
the maps are presented at the bottom right of each image. Blue bars represent the direction of the apparent (RM-corrected) magnetic
field (�+ 90�).

In section 2, we first describe details of observations and
data analysis. Section ?? contains the main features of the
polarization and Faraday rotation measure maps, including
the details of multi-frequency image alignment and some
implications of the observed structures. Section ?? presents
a detailed comparison of our observations with theoretical
models of helical magnetic fields, which are described within
the same section.

At a redshift of 0.859, each milli-arcsecond corresponds
to a length of ' 7.7 pc projected on the plane of the sky.
Throughout this paper we have adopted a cosmological
model with Hubble constant H

0

= 71 km s�1Mpc�1, mat-
ter density parameter ⌦

m

= 0.27 and dark energy density
⌦

⇤

= 0.73.

2 OBSERVATIONS AND DATA REDUCTION

Most of our 15GHz maps are observed by the Monitoring Of
Jets in Active galactic nuclei with VLBA Experiments (MO-
JAVE) team (Lister et al. 2009). Additional good-quality
maps were retrieved from the Very Long Baseline Array
(VLBA) archive and processed by the MOJAVE team. In
addition to the epochs displayed in Fig. 1, observations were
carried out on 72 epochs between 1995.07.28 and 2011.06.24.

Details of the observing setup for each epoch can be found
on the MOJAVE homepage1 (see also Lister et al. (2009)).
After being correlated with the VLBA correlator at the Na-
tional Radio Astronomy Observatory (NRAO) in Socorro,
New Mexico, the initial data reduction and calibration were
performed using the standard routines (see the AIPS cook-
book2). The imaging and self-calibration were done using the
DIFMAP package3 (Shepherd 1997).

In addition to the 15GHz monitoring, three extra
sets of quasi-simultaneous multi-frequency observations are
used in our analysis. On May 19, 2005, we performed
multi-frequency, quasi-simultaneous VLBA observations of
3C 454.3 at 5.0, 8.3, 15.3, 22.2, 43.1 and 86.2GHz with ob-
serving scans at di↵erent frequencies interleaved (Fig. 2).
A similar experiment was repeated on September 22, 2009
(without 86GHz coverage, Fig. 3). The model-fitting for
these datasets was performed in a consistent way within the
DIFMAP package using circular Gaussian components.
Whenever a comparison between maps obtained at di↵erent
observing bands was necessary (spectral index measurement,
size approximation) we matched the sampled (u, v) ranges

1 https://www.physics.purdue.edu/astro/mojave/
2 http://www.aips.nrao.edu
3 ftp://ftp.astro.caltech.edu/pub/difmap/difmap.html

c� 2012 RAS, MNRAS 000, 1–16
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Evidence for a large-scale helical magnetic field in the quasar 3C 454.3 5

Figure 4. 15 GHz stacked image constructed from the superpo-
sition of all available VLBA epochs between 1995 and 2011. All
the epochs are convolved with the same Gaussian reconstructing
beam, shown on the right bottom corner of the image.

In addition to our 2 cm monitoring, we have analysed
our quasi-simultaneous multi-frequency VLBA observations
performed on May 19, 2005 and September 22, 2009 at 5,
8, 15, 22, 43 and 86GHz (Figs. 2 & 3; 86GHz was covered
only in the 2005 observations). We have found that the arc-
like feature follows the frequency stratification behaviour
expected in a shock front; the highest frequency emission
mainly arises from the compressed, narrow layers behind the
shock fronts while progressively longer wavelength radiation
originates from larger volumes behind the shock (Marscher
& Gear 1985). The expected proportionality between the
shell’s thickness and frequency, �x / ⌫�1/2 is in agreement
with our measured power-law behaviour (decreasing with
the index of �0.4 ± 0.2; see Fig. 5). In order to correct for
the decrease of sensitivity to extended structures toward
higher frequencies (caused by di↵erences in (u, v) sampling),
we have used piece-wise matched (u, v) coverages in the anal-
ysis and also estimated the e↵ect of instrumental errors via
simulations (see below). Therefore, we conclude that the su-
perluminally moving arc-like feature most likely arises from
a shock wave resulting from a sudden release of energy at
the base of the jet.

The thickness of the arc at di↵erent frequencies is de-
rived by averaging the estimated root-sum-square intrinsic
source sizes along six di↵erent slices in the image plane (po-
sition angles �60�, �80�, �90�, �100�, �110� and �120�).
The root-sum-square intrinsic source size is defined as 6:

�x
rss

=
p

Max{0, (�2 � b2)}

6 http://cxc.harvard.edu/csc/memos/files/Houck intrinsic size.pdf

Figure 5. The measured thickness of the arc-like feature (�x)
as a function of observing frequency, ⌫. The thickness at each
frequency is estimated as the mean value of the intrinsic (de-
convolved) size of the observed radial profile along six di↵erent
slices across the arc. The dashed curve represents the best-fit
solution with �x / ⌫

�0.4±0.2 and the dot-dashed curve shows the
maximum expected frequency dependence due to instrumental
e↵ects.

Figure 6. The ratio of simulated image surface brightness (in-
tensity) to the surface brightness at the original 8.1 GHz model
at di↵erent positions along the arc. The intensity ratio is plotted
against the ratio of angular size of the feature, ✓, to the angular
size corresponding to the shortest baseline of the interferometer,
✓

max

. If (u, v) coverage did not have any e↵ect on the imaged sur-
face brightness at the location of this feature, the points would
scatter around unity. The expected loss in the sensitivity at the

shortest baseline is ⇠ sin(⇡✓/✓
max

)

⇡✓/✓
max

and this curve is also shown in

the figure. The simulated data were imaged in the similar manner
as the real data and the results demonstrate that the e↵ect of the
mismatched (u, v) coverage to the recovered fluxes is below 10%
between 8 and 15GHz.

�x =

8
<

:

�x
rss

�x
rss

> 0

b �x
rss

= 0
(1)

where � is the measured source size and b defines the con-
volution beam. In our observations, �x

rss

is always positive.
As a result of uneven (u, v) coverage, the images ob-

served at di↵erent frequencies are sensitive to a slightly dif-

c� 2012 RAS, MNRAS 000, 1–16
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18 Alan P. Marscher

Fig. 8. Frequency stratification in a square-wave shock, drawn to scale. The elec-
trons are accelerated at the shock front and drift behind the shock while losing
energy to radiative losses. This example is for a forward propagating shock; the
same principle is valid for a reverse or stationary shock, as well as for a shock that
is oblique to the jet axis. See [60] for more details

Here, we have applied the solution to the synchrotron energy loss equation, γmax ≈
(1.3 × 10−9B2x/vad)−1. The volume of the emitting region is then πR2x ∝ ν−1/2.
This steepens the optically thin spectral index from α to α + 0.5 at frequencies
ν $ νb, where νb is the frequency at which x(ν) equals the entire length of the
shocked region, and −α is the spectral slope of the emission coefficient. It also affects
the time evolution of the flux density and turnover frequency as the shock expands
while it propagates down the jet. In particular, at frequencies where synchrotron
losses are greater than expansion cooling, the peak in the spectrum propagates
toward lower frequencies while the flux density at the peak remains roughly constant
[60]. This can contribute to the flatness of the overall synchrotron spectrum at radio
frequencies.

The stratification results in time lags in the optically thin synchrotron radiation
during the outburst caused by the formation of the shock, with higher frequency
variations leading those at lower frequencies. Even beyond the point where the mag-
netic field is too low for synchrotron losses to compete with expansion cooling, time

Marscher 2009
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10 Zamaninasab et al.

Figure 13. Histograms of logarithm of flux density, percentage of linear polarization, E-vector position angle, spectral index, Faraday
rotation measure and Burn law depolarization index (top-left to bottom-right, respectively) for the pixels in the regions depicted by
rectangles in Fig. 7 (red, blue and green colours are corresponding to the boxes with similar colours). The bottom of each panel shows the
corresponding cumulative distribution functions (CDF) for each region. Clear gradients in RM, intensity, degree and angle of polarization
are visible between pixels located at north (red) and south (blue) of the jet. Northern parts of the jet exhibit a significant increase in
the number of pixels which show increasing fractional polarization with wavelength (inverse-depolarization).

Figure 14. Same as Fig. 14 for the rectangular regions depicted in Fig. 8. The overall behaviour observed in Fig. 13 remains persistent
although the observations are performed approximately four years apart.

significantly change the resulting calculations displayed in
Fig. 15, as long as � � 1 (we arbitrarily choose � = 15 for
our calculations). The magnetic field structure is identical
to that used in Clausen-Brown, Lyutikov & Kharb (2011):

B0
P = B0

0

J
0

(kR) B0
T = B0

0

J
1

(kR), (3)

where the jet boundary is at R = 1, and k = 2.405 is de-
termined by assuming BP = 0 on the jet boundary. BP

is the poloidal magnetic field, which in cylindrical coordi-
nates ($,�, z) is BP = B$$̂ + Bzẑ , and BT (= B�) is
the toroidal field. To adapt the above structure to a conical

c� 2012 RAS, MNRAS 000, 1–16
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Figure 11. Faraday rotation map of 3C 454.3 based on quasi-
simultaneous observations at 8.1, 8.4, 12.12 and 15.37 GHz per-
formed on March 9, 2006 (left panel) and its corresponding 1�
uncertainties for each pixel (right panel, see also Hovatta et al.
2012 for details).

value of �33.5 radm�2 was subtracted from all the observed
values.

In addition to the Faraday rotation estimates, we have
studied changes of the degree of linear polarization of each
pixel as a function of the observing frequency. It is expected
that if a source contains a mixture of radiating material
and thermal plasma (responsible for the Faraday rotation)
the degree of polarization decreases by increasing the wave-
length (Burn 1966). The same phenomena will happen if
there exist variations of foreground Faraday screen across
the observing beam (Burn 1966; Laing et al. 2008). Burn
1966 derived a functional form for such case where emission
tends to depolarize with increasing wavelength as below:

m(�) = m
0

exp(�k�4) (2)

where m, represents the degree of linear polarization and
k = 2|rRM|2. We have estimated the values of k, for each
pixel in our image by performing a least-square-fit to the
linear function: ln[m(�)] = ln[m

0

] � k�4. It is normally ex-
pected that fractional linear polarization decreases with in-
creasing wavelength (k � 0, Burn 1966). However, we no-
ticed that a significant number of pixels show negative values
(k ⌧ 0). Hovatta et al. 2012 reported negative values for k in
nine isolated, optically thin components in four AGN in the
MOJAVE sample (namely 3C 454.3, 3C 273, 1458+781 and
1514-241). This so called inverse-depolarization behaviour
interpreted by Homan 2012 as a probe for the presence of he-
lical magnetic field structure and internal Faraday rotation
in these sources. Our estimated inverse-depolarization mea-
sures are in very good agreement with the values reported
by Hovatta et al. (2012), although we can now resolve the
spatial distribution of the k values with higher resolution.
Example plots of the linear fits for representative pixels for
both 2005 and 2009 epochs are shown in Fig. 12 (see also
Appendix A). It is not clear if the degree of polarization
would follow a functional of the form of Eq. 2. In order to
test for the possible divergences from �4 behaviour, we have
also examined a possible power-law dependency of the form
m(�) = m

0

�b. Spatial distribution and sign of b are in very
good agreement with the values of k (Figs. 7 & 8).

Figure 12. Top: Plots of flux vs. �, polarization angle vs. �2,
logarithm of the degree of polarization vs. �4 and ln(�) (top-left
to bottom right, respectively), for the location marked by the
cross number 3 in Figs. 7 & 8.

4 DISCUSSION

Observationally, the main challenge in studying the trans-
verse structure of AGN jets is the small width of the visible
jet compared to the size of the interferometer beam. This
limits the number of independent measurement points one
can achieve across the jet width (Taylor & Zavala 2010). One
must also keep in mind that close to the edges of the jet the
signal to noise ratio drops and random noise can produce ar-
tifacts which mimic the same e↵ects (Hovatta et al. 2012). In
our observations, the emergence of a wide arc-like feature il-
luminated a larger jet width and made it possible to resolve
profiles that show significant asymmetry, seen in below in
Figs. 13, 14, and 15. While it may seem that the presence
of such transverse asymmetries are unique to this quasar, it
is possible that such features have not been detected before
simply due to the limited dynamic range of VLBI imaging.
In fact, out of 191 sources in the MOJAVE sample, only 9
show transverse sizes larger than at least two times the syn-
thesized beam in polarized flux, which is needed for detect-
ing asymmetries, and four out of those actually demonstrate
significant transverse gradient in RM (Hovatta et al. 2012).

The transverse structure most often studied are gradi-

c� 2012 RAS, MNRAS 000, 1–16
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AGN jet transverse asymmetries 3

to a force-free field in which k = constant (Woltier 1958).
Thus, if the jet frame field relaxes via magnetic dissipation
while approximately conserving helicity, the field may find
the minimum energy state (Taylor 1974), which is the re-
verse field pinch for a cylindrical geometry:

~

B

0(⇢,�, z) = B0 [0, J1(k⇢), J0(k⇢)] , (2)

where J1,2 are Bessel functions of the first kind, and the
cylindrical coordinate, ⇢, is normalized so ⇢ = 1 at the
boundary of the jet. As can be seen in figure 1(b), we set
k

⇠= 2.405, to ensure B

z

= 0 at ⇢ = 1, such that there are
no reversals of the axial field in the emission region, or jet
spine. For the purposes of calculating the RM , we locate the
Faraday rotating region outside the emission region between
cylindrical radii ⇢ = 1 and ⇢ = 1.6. The decision to locate
the Faraday rotating region outside the emission region is
motivated by a variety of observations described in §4.

2.2 Jet Geometry and Emission Properties

We assume the jet is a steady cylindrical flow of radius R

j

with a bulk Lorentz factor of � = (1� �

2)�1/2 = 10, where
~

� = ~v/c = �(0, 0, 1) is the jet speed in units of the speed of
light expressed in cylindrical coordinates (⇢,�, z) centered
on the jet axis. The observer is located in the � = 0 (or
x-z) plane such that observed photons move along the unit
vector ~n = (sin ✓

ob

, 0, cos ✓
ob

), where ✓
ob

is the angle between
the photon propagation vector, ~n, and the jet propagation
direction, ẑ.

The cylindrical jet approximation used here breaks
down when the jet is viewed with ✓

ob

6 ✓

j

, where ✓

j

is the
half opening angle of a more realistic conical jet. Thus, com-
paring our model to blazars (AGN where ✓

ob

⇠

< 1/�) might
seem questionable except for the simple trend in VLBI ra-
dio jet surveys such as the MOJAVE sample (Lister et al.
2009): a significant majority of MOJAVE sources have a
core-jet structure suggesting that, typically, ✓

ob

> ✓

j

. A jet
viewed with ✓

ob

6 ✓

j

would not have a simple core-jet mor-
phology. When viewed at such small angles, the jet would
have features moving away from its core in all directions on
the sky, leaving a core without a distinct jet morphology. As
the VLBI images of most of the sources in MOJAVE reveal
a clear core-jet morphology, we can conclude that they are
viewed with ✓

ob

> ✓

j

.
We assume the jet synchrotron emission is produced

by a power-law distribution of relativistic electrons, dn0 =
K

0
e

E

0�p

dE

0. The polarized emission coe�cients in the
plasma rest frame for a power-law distribution of electrons
can be expressed as (leaving out the primes)

j

(i)
⌫

=c

(i)
1 K

e

|B sin�|
p+1
2

⌫

�(p�1)/2

c

(i)
1 =

p

3e3

32⇡m
e
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Figure 1. (a) This schematic shows one magnetic field line in
the jet comoving frame from the observer’s perspective where
✓0
ob

< ⇡/2 and B0
�

/B0
z

⇠ 1. On the right side of the jet sin�0 ⇠ 1,
that is, the magnetic field is approximately perpendicular to the
observer’s line of sight. On the left side sin�0 ⇠ 0, meaning that
the magnetic field is pointing almost directly at the viewer. This
asymmetry manifests itself in VLBI profiles of intensity, polar-
ization, spectral index, and RM . Hereafter, the terms “left” and
“right” will be referencing the sides of a jet viewed with ✓0

ob

< ⇡/2
that is filled with a right-handed helical magnetic field as shown
here. (b) This is a plot of equation (2) as a function of cylindrical
radius, ⇢, which is the magnetic field configuration used in this
work. Note that the pitch angle of the magnetic field configura-
tion varies with cylindrical radius such that the field is purely
axial on the jet axis and purely azimuthal on the jet boundary.
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where � is the angle between the magnetic field and line of
sight (i.e. B cos� = ~

B · ~n), m
e

is the electron mass, e is
the elementary charge, ⌫ is the frequency of the electromag-
netic wave, and �̃(x) is the gamma function of argument x
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Fig. 3.—Same as Fig. 2, but for a viewing angle of 10!

Fig. 4.—Logarithm of the integrated total (left) and polarized (right) intensity across the jet for different viewing angles. Lines are plotted in intervals of 10!
between an angle of 10! (top line in both plots) and 90! (showing a progressive decrease in emission). Dashed (dot-dashed) lines correspond to an observing
angle of !130! (!170!). Positive beam radii correspond to the top of the jet in the images of panels in Figs. 2 and 3. Units are normalized to the maximum total
intensity.

is limb brightened. This is in part due to the higher specific
internal energy in the shear layer, resulting in a larger syn-
chrotron emission coefficient. On the other hand, the Doppler
factor can either enhance or cancel the limb brightening de-
pending on the value of the viewing angle v. Because of the
jet velocity stratification (see Fig. 1), for relatively large view-
ing angles, the fast jet spine suffers a larger amount of dimming
than the shear layer, enhancing the limb brightening. For our
jet model, with a mean in the jet spine, this effect isG ∼ 7
maximized for , for which the shear layer emission isv ∼ 50!
boosted while the jet spine is dimmed (see the panel with the
Doppler factor in Fig. 2). Cross section profiles of the jet emis-
sion at different viewing angles are plotted in Figure 4, where
the limb-brightening effect can be observed more easily. For
small viewing angles, as corresponding to Figure 3, the jet
spine emission is boosted while the shear layer emission ap-
pears dimmed. Details of the jet spine can be observed as, for
instance, two recollimation shocks located at 2 and 50 .R Rb b

The jet emission then becomes spine brightened instead of limb
brightened, as observed in Figures 3 and 4.
The same arguments apply to the polarized flux. As a result

of the helical field in the shear layer, the apparent orientation
of the magnetic field at the jet edges is parallel to the jet axis.
For the jet spine, the toroidal and radial components of the
magnetic field yield a net polarization perpendicular to the jet
axis. As shown in Figures 2 and 4, for relatively large angles,

the aligned component of the helical magnetic field in the shear
layer projects into the jet spine, partially canceling its field,
yielding a smaller net polarization, and thereby stressing the
limb brightening. Rails of low polarization can be observed
where the apparent magnetic field rotates between being par-
allel (in the shear layer) and being perpendicular to the jet axis,
as observed in 3C 353 (Swain et al. 1998).
Some of the kinematic and physical properties of the jet can

be deduced by analyzing the jet/counterjet emission ratio,
which is plotted in Figure 5 for the jet model of Figure 2. The
jet deceleration is apparent from the progressive decrease in
the total flux ratio along the jet axis. The velocity stratification
across the jet is also visible as a decrease of the flux ratio close
to the jet edges, that is, in the shear layer. This is visible in
the inner jet region, while farther down the jet, where the jet
spine and shear layer velocities are more similar (due to the
jet deceleration), the jet/counterjet flux ratio is more uniformly
distributed across the jet. The slower velocity in the shear layer
and its high emission coefficient result in a smaller integrated
flux ratio between the jet and the counterjet than for the case
of a “naked” high-velocity jet spine (see also Komissarov
1990). This is because the shear layer emission is less affected
by the viewing angle through the Doppler factor.

3.2. Jet Cross Section Emission Asymmetry
Because of the helical magnetic field structure in the shear

layer, an asymmetry in the emission appears across the jet. This
asymmetry is more pronounced in the polarized emission and
is a function of the viewing angle, as shown in Figure 4. In
order to understand this effect, we need to study the variation
across the jet of the angle between the magnetic field and the
line of sight in the fluid frame, c. The synchrotron radiation
coefficients are a function of the sine of this angle, and asym-
metries in the distribution of c will be translated into the emis-
sion maps. In order to compute c, we need to Lorentz-transform
the line of sight from the observer’s to the fluid’s frame (see,
e.g., Rybicki & Lightman 1979, p. 110):

sin v cos v ! b′ ′sin v = , cos v = ,
G(1! b cos v) (1! b cos v)

where v! is the viewing angle in the fluid frame. Let us consider
a helical magnetic field with a pitch angle f, measured with
respect to the jet axis. The angles and (where superscriptst bc c
t and b refer to the top and bottom of the jet, respectively) add
2f (note that is always defined as positive). Therefore, ast, bc
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Fig. 4.—Logarithm of the integrated total (left) and polarized (right) intensity across the jet for different viewing angles. Lines are plotted in intervals of 10!
between an angle of 10! (top line in both plots) and 90! (showing a progressive decrease in emission). Dashed (dot-dashed) lines correspond to an observing
angle of !130! (!170!). Positive beam radii correspond to the top of the jet in the images of panels in Figs. 2 and 3. Units are normalized to the maximum total
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is limb brightened. This is in part due to the higher specific
internal energy in the shear layer, resulting in a larger syn-
chrotron emission coefficient. On the other hand, the Doppler
factor can either enhance or cancel the limb brightening de-
pending on the value of the viewing angle v. Because of the
jet velocity stratification (see Fig. 1), for relatively large view-
ing angles, the fast jet spine suffers a larger amount of dimming
than the shear layer, enhancing the limb brightening. For our
jet model, with a mean in the jet spine, this effect isG ∼ 7
maximized for , for which the shear layer emission isv ∼ 50!
boosted while the jet spine is dimmed (see the panel with the
Doppler factor in Fig. 2). Cross section profiles of the jet emis-
sion at different viewing angles are plotted in Figure 4, where
the limb-brightening effect can be observed more easily. For
small viewing angles, as corresponding to Figure 3, the jet
spine emission is boosted while the shear layer emission ap-
pears dimmed. Details of the jet spine can be observed as, for
instance, two recollimation shocks located at 2 and 50 .R Rb b

The jet emission then becomes spine brightened instead of limb
brightened, as observed in Figures 3 and 4.
The same arguments apply to the polarized flux. As a result

of the helical field in the shear layer, the apparent orientation
of the magnetic field at the jet edges is parallel to the jet axis.
For the jet spine, the toroidal and radial components of the
magnetic field yield a net polarization perpendicular to the jet
axis. As shown in Figures 2 and 4, for relatively large angles,

the aligned component of the helical magnetic field in the shear
layer projects into the jet spine, partially canceling its field,
yielding a smaller net polarization, and thereby stressing the
limb brightening. Rails of low polarization can be observed
where the apparent magnetic field rotates between being par-
allel (in the shear layer) and being perpendicular to the jet axis,
as observed in 3C 353 (Swain et al. 1998).
Some of the kinematic and physical properties of the jet can

be deduced by analyzing the jet/counterjet emission ratio,
which is plotted in Figure 5 for the jet model of Figure 2. The
jet deceleration is apparent from the progressive decrease in
the total flux ratio along the jet axis. The velocity stratification
across the jet is also visible as a decrease of the flux ratio close
to the jet edges, that is, in the shear layer. This is visible in
the inner jet region, while farther down the jet, where the jet
spine and shear layer velocities are more similar (due to the
jet deceleration), the jet/counterjet flux ratio is more uniformly
distributed across the jet. The slower velocity in the shear layer
and its high emission coefficient result in a smaller integrated
flux ratio between the jet and the counterjet than for the case
of a “naked” high-velocity jet spine (see also Komissarov
1990). This is because the shear layer emission is less affected
by the viewing angle through the Doppler factor.

3.2. Jet Cross Section Emission Asymmetry
Because of the helical magnetic field structure in the shear

layer, an asymmetry in the emission appears across the jet. This
asymmetry is more pronounced in the polarized emission and
is a function of the viewing angle, as shown in Figure 4. In
order to understand this effect, we need to study the variation
across the jet of the angle between the magnetic field and the
line of sight in the fluid frame, c. The synchrotron radiation
coefficients are a function of the sine of this angle, and asym-
metries in the distribution of c will be translated into the emis-
sion maps. In order to compute c, we need to Lorentz-transform
the line of sight from the observer’s to the fluid’s frame (see,
e.g., Rybicki & Lightman 1979, p. 110):

sin v cos v ! b′ ′sin v = , cos v = ,
G(1! b cos v) (1! b cos v)

where v! is the viewing angle in the fluid frame. Let us consider
a helical magnetic field with a pitch angle f, measured with
respect to the jet axis. The angles and (where superscriptst bc c
t and b refer to the top and bottom of the jet, respectively) add
2f (note that is always defined as positive). Therefore, ast, bc
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ents in rotation measure maps, which are long thought to be
a possible sign of helical magnetic fields in parsec-scale jets
(Blandford 1993; Broderick & McKinney 2010). This helical
geometry is considered to be a by-product of the toroidal
magnetic field in the launching region, which assists in colli-
mating part of the outflow into a narrow shape via magnetic
hoop stresses (Chan & Henriksen 1980). Recent analytical
and numerical relativistic magnetohydrodynamics (RMHD)
studies have shown that a combination of a relativistic out-
flow and ordered helical magnetic field can produce asymme-
tries in not just RM profiles, but also in profiles of intensity,
fractional linear polarization, and spectral index (Clausen-
Brown, Lyutikov & Kharb 2011; ?). The skewness of the pro-
files are mainly determined by the bulk speed of the flow,
viewing angle to the jet and the handedness of the mag-
netic field. While several unknowns about the details of jet
structures makes it di�cult to use the observed skewed pro-
files in many AGN jets (Gabuzda, Murray & Cronin 2004;
Zavala & Taylor 2004; O’Sullivan & Gabuzda 2009) as ro-
bust evidence for the presence of large-scale ordered fields,
correlated asymmetrical features in di↵erent observables has
been proposed as an unambiguous signature of helical mag-
netic fields (Clausen-Brown, Lyutikov & Kharb 2011). Our
observations provide su�cient data to simultaneously mea-
sure all of these transverse profiles.

4.1 Observed jet transverse structure

Parsec-scale maps of Faraday rotation measure across the
jet are shown in Figs. 7, 8 and 11. A significant (over 3�)
gradient from north to south along the arc-like feature is
seen (between 1-3 mas far from the core), accompanied by a
sign reversal of RM. This can be clearly seen in histograms
of the RM distrubution within the marked regions (Figs. 13
& 14) on the northern and southern parts of the jet flow
(red and blue boxes depicted in Figs. 7 & 8, respectively).

Fig. 15 shows the two-dimensional pixel number density
contours for the distribution of the RM, flux density, frac-
tion of linear polarization and the direction of the observed
E-vector for pixels of Figs. 13 & 14 as function of jet polar
angle on the plane of the sky, ⇥. We define the jet polar
angle is defined by placing the coordinate origin at the in-
ferred location of the SMBH, where ⇥ = 0� toward north
and increases in the counter-clockwise direction. The pixels
that contribute to these plots must fulfill two conditions: the
pixel’s polarized flux for all the observed wavelengths must
be greater than 4 times of the corresponding 1� errors, and
the pixel must be located within a radius of 6 mas from the
core.

Our choice of this particular method of plotting is mo-
tivated by the assumption that the jet is conical or close to
conical in structure, such that all pixels corresponding to
some polar angle ⇥ probe similar regions of local jet cylin-
drical radius. Thus, in this plotting scheme, ⇥ is directly
analogous to w/wj in the the transverse cuts plotted in the
right column of Fig. 15. The advantage of this new plotting
scheme is that it avoids the arbitrariness of transverse cuts.
In contrast, when plotting a transverse cut we must arbi-
trarily choose the location of the cut along the jet and the
direction we define as ”transverse.” Thus, our new plotting
method provides a much more robust method of determining
a jet’s transverse structure.

Figure 16. Schematic diagram explaining our helical magnetic
field model. The diagram illustrates the geometry of a jet gen-
erated from the central black hole surrounded by an accretion
disk. The magnetic field (dotted line) displays a large-scale or-
dered right-handed helical structure inside the jet. 5GHz image
of 3C 454.3 observed on 19 May 2005 as well as a 15GHz stacked
image constructed from the superposition of all available VLBA
epochs between 1995 and 2010 are presented.

These profiles show clear asymmetries as a function of
⇥: RM decreases toward the south (with a sign reversal) and
spans approximately 400 rad m�2. Pixels at the southern
part of the jet show higher values of intensity and degree
of polarization. We have found the most skewed behaviour
along the prominent arc feature. Note that the right column
panels in Fig. 15 show the same profiles measured across a
transverse slice aligned with the feature.

4.2 Helical field model

For a qualitative comparison between our observed jet asym-
metries to those expected in helical fields models, we plot the
helical magnetic field predictions as solid curves in Fig. 15.
The helical magnetic field model used is a modified version
of the Clausen-Brown, Lyutikov & Kharb (2011), and then
convolved with a Gaussian beam. The curves do not rep-
resent a fit to the data, instead we make straightforward
modifications to the model to adapt it to a conical geome-
try that approximately reproduces the large opening angle
3C 454.3 makes on the sky.

The overall orientation and geometry of the conical jet
are such that the jet has an intrinsic half-opening angle
of ✓

j

= 0.1/� (Jorstad et al. 2005; Pushkarev et al. 2009;
Clausen-Brown et al. 2013), where � is the bulk Lorentz
factor of the jet, and the angle between the line of sight and
the jet axis, ✓

ob

, is set to 1.4✓
j

so that the apparent full open-
ing angle of the jet on the sky is large as observed (of order
⇠ 1 radian). In this parametrization the value of � doesn’t
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ents in rotation measure maps, which are long thought to be
a possible sign of helical magnetic fields in parsec-scale jets
(Blandford 1993; Broderick & McKinney 2010). This helical
geometry is considered to be a by-product of the toroidal
magnetic field in the launching region, which assists in colli-
mating part of the outflow into a narrow shape via magnetic
hoop stresses (Chan & Henriksen 1980). Recent analytical
and numerical relativistic magnetohydrodynamics (RMHD)
studies have shown that a combination of a relativistic out-
flow and ordered helical magnetic field can produce asymme-
tries in not just RM profiles, but also in profiles of intensity,
fractional linear polarization, and spectral index (Clausen-
Brown, Lyutikov & Kharb 2011; ?). The skewness of the pro-
files are mainly determined by the bulk speed of the flow,
viewing angle to the jet and the handedness of the mag-
netic field. While several unknowns about the details of jet
structures makes it di�cult to use the observed skewed pro-
files in many AGN jets (Gabuzda, Murray & Cronin 2004;
Zavala & Taylor 2004; O’Sullivan & Gabuzda 2009) as ro-
bust evidence for the presence of large-scale ordered fields,
correlated asymmetrical features in di↵erent observables has
been proposed as an unambiguous signature of helical mag-
netic fields (Clausen-Brown, Lyutikov & Kharb 2011). Our
observations provide su�cient data to simultaneously mea-
sure all of these transverse profiles.

4.1 Observed jet transverse structure

Parsec-scale maps of Faraday rotation measure across the
jet are shown in Figs. 7, 8 and 11. A significant (over 3�)
gradient from north to south along the arc-like feature is
seen (between 1-3 mas far from the core), accompanied by a
sign reversal of RM. This can be clearly seen in histograms
of the RM distrubution within the marked regions (Figs. 13
& 14) on the northern and southern parts of the jet flow
(red and blue boxes depicted in Figs. 7 & 8, respectively).

Fig. 15 shows the two-dimensional pixel number density
contours for the distribution of the RM, flux density, frac-
tion of linear polarization and the direction of the observed
E-vector for pixels of Figs. 13 & 14 as function of jet polar
angle on the plane of the sky, ⇥. We define the jet polar
angle is defined by placing the coordinate origin at the in-
ferred location of the SMBH, where ⇥ = 0� toward north
and increases in the counter-clockwise direction. The pixels
that contribute to these plots must fulfill two conditions: the
pixel’s polarized flux for all the observed wavelengths must
be greater than 4 times of the corresponding 1� errors, and
the pixel must be located within a radius of 6 mas from the
core.

Our choice of this particular method of plotting is mo-
tivated by the assumption that the jet is conical or close to
conical in structure, such that all pixels corresponding to
some polar angle ⇥ probe similar regions of local jet cylin-
drical radius. Thus, in this plotting scheme, ⇥ is directly
analogous to w/wj in the the transverse cuts plotted in the
right column of Fig. 15. The advantage of this new plotting
scheme is that it avoids the arbitrariness of transverse cuts.
In contrast, when plotting a transverse cut we must arbi-
trarily choose the location of the cut along the jet and the
direction we define as ”transverse.” Thus, our new plotting
method provides a much more robust method of determining
a jet’s transverse structure.

Figure 16. Schematic diagram explaining our helical magnetic
field model. The diagram illustrates the geometry of a jet gen-
erated from the central black hole surrounded by an accretion
disk. The magnetic field (dotted line) displays a large-scale or-
dered right-handed helical structure inside the jet. 5GHz image
of 3C 454.3 observed on 19 May 2005 as well as a 15GHz stacked
image constructed from the superposition of all available VLBA
epochs between 1995 and 2010 are presented.

These profiles show clear asymmetries as a function of
⇥: RM decreases toward the south (with a sign reversal) and
spans approximately 400 rad m�2. Pixels at the southern
part of the jet show higher values of intensity and degree
of polarization. We have found the most skewed behaviour
along the prominent arc feature. Note that the right column
panels in Fig. 15 show the same profiles measured across a
transverse slice aligned with the feature.

4.2 Helical field model

For a qualitative comparison between our observed jet asym-
metries to those expected in helical fields models, we plot the
helical magnetic field predictions as solid curves in Fig. 15.
The helical magnetic field model used is a modified version
of the Clausen-Brown, Lyutikov & Kharb (2011), and then
convolved with a Gaussian beam. The curves do not rep-
resent a fit to the data, instead we make straightforward
modifications to the model to adapt it to a conical geome-
try that approximately reproduces the large opening angle
3C 454.3 makes on the sky.

The overall orientation and geometry of the conical jet
are such that the jet has an intrinsic half-opening angle
of ✓

j

= 0.1/� (Jorstad et al. 2005; Pushkarev et al. 2009;
Clausen-Brown et al. 2013), where � is the bulk Lorentz
factor of the jet, and the angle between the line of sight and
the jet axis, ✓

ob

, is set to 1.4✓
j

so that the apparent full open-
ing angle of the jet on the sky is large as observed (of order
⇠ 1 radian). In this parametrization the value of � doesn’t
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ents in rotation measure maps, which are long thought to be
a possible sign of helical magnetic fields in parsec-scale jets
(Blandford 1993; Broderick & McKinney 2010). This helical
geometry is considered to be a by-product of the toroidal
magnetic field in the launching region, which assists in colli-
mating part of the outflow into a narrow shape via magnetic
hoop stresses (Chan & Henriksen 1980). Recent analytical
and numerical relativistic magnetohydrodynamics (RMHD)
studies have shown that a combination of a relativistic out-
flow and ordered helical magnetic field can produce asymme-
tries in not just RM profiles, but also in profiles of intensity,
fractional linear polarization, and spectral index (Clausen-
Brown, Lyutikov & Kharb 2011; ?). The skewness of the pro-
files are mainly determined by the bulk speed of the flow,
viewing angle to the jet and the handedness of the mag-
netic field. While several unknowns about the details of jet
structures makes it di�cult to use the observed skewed pro-
files in many AGN jets (Gabuzda, Murray & Cronin 2004;
Zavala & Taylor 2004; O’Sullivan & Gabuzda 2009) as ro-
bust evidence for the presence of large-scale ordered fields,
correlated asymmetrical features in di↵erent observables has
been proposed as an unambiguous signature of helical mag-
netic fields (Clausen-Brown, Lyutikov & Kharb 2011). Our
observations provide su�cient data to simultaneously mea-
sure all of these transverse profiles.

4.1 Observed jet transverse structure

Parsec-scale maps of Faraday rotation measure across the
jet are shown in Figs. 7, 8 and 11. A significant (over 3�)
gradient from north to south along the arc-like feature is
seen (between 1-3 mas far from the core), accompanied by a
sign reversal of RM. This can be clearly seen in histograms
of the RM distrubution within the marked regions (Figs. 13
& 14) on the northern and southern parts of the jet flow
(red and blue boxes depicted in Figs. 7 & 8, respectively).

Fig. 15 shows the two-dimensional pixel number density
contours for the distribution of the RM, flux density, frac-
tion of linear polarization and the direction of the observed
E-vector for pixels of Figs. 13 & 14 as function of jet polar
angle on the plane of the sky, ⇥. We define the jet polar
angle is defined by placing the coordinate origin at the in-
ferred location of the SMBH, where ⇥ = 0� toward north
and increases in the counter-clockwise direction. The pixels
that contribute to these plots must fulfill two conditions: the
pixel’s polarized flux for all the observed wavelengths must
be greater than 4 times of the corresponding 1� errors, and
the pixel must be located within a radius of 6 mas from the
core.

Our choice of this particular method of plotting is mo-
tivated by the assumption that the jet is conical or close to
conical in structure, such that all pixels corresponding to
some polar angle ⇥ probe similar regions of local jet cylin-
drical radius. Thus, in this plotting scheme, ⇥ is directly
analogous to w/wj in the the transverse cuts plotted in the
right column of Fig. 15. The advantage of this new plotting
scheme is that it avoids the arbitrariness of transverse cuts.
In contrast, when plotting a transverse cut we must arbi-
trarily choose the location of the cut along the jet and the
direction we define as ”transverse.” Thus, our new plotting
method provides a much more robust method of determining
a jet’s transverse structure.

Figure 16. Schematic diagram explaining our helical magnetic
field model. The diagram illustrates the geometry of a jet gen-
erated from the central black hole surrounded by an accretion
disk. The magnetic field (dotted line) displays a large-scale or-
dered right-handed helical structure inside the jet. 5GHz image
of 3C 454.3 observed on 19 May 2005 as well as a 15GHz stacked
image constructed from the superposition of all available VLBA
epochs between 1995 and 2010 are presented.

These profiles show clear asymmetries as a function of
⇥: RM decreases toward the south (with a sign reversal) and
spans approximately 400 rad m�2. Pixels at the southern
part of the jet show higher values of intensity and degree
of polarization. We have found the most skewed behaviour
along the prominent arc feature. Note that the right column
panels in Fig. 15 show the same profiles measured across a
transverse slice aligned with the feature.

4.2 Helical field model

For a qualitative comparison between our observed jet asym-
metries to those expected in helical fields models, we plot the
helical magnetic field predictions as solid curves in Fig. 15.
The helical magnetic field model used is a modified version
of the Clausen-Brown, Lyutikov & Kharb (2011), and then
convolved with a Gaussian beam. The curves do not rep-
resent a fit to the data, instead we make straightforward
modifications to the model to adapt it to a conical geome-
try that approximately reproduces the large opening angle
3C 454.3 makes on the sky.

The overall orientation and geometry of the conical jet
are such that the jet has an intrinsic half-opening angle
of ✓

j

= 0.1/� (Jorstad et al. 2005; Pushkarev et al. 2009;
Clausen-Brown et al. 2013), where � is the bulk Lorentz
factor of the jet, and the angle between the line of sight and
the jet axis, ✓

ob

, is set to 1.4✓
j

so that the apparent full open-
ing angle of the jet on the sky is large as observed (of order
⇠ 1 radian). In this parametrization the value of � doesn’t
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Figure S3: Multi-frequency images of 3C 454.3. VLBA images of 3C 454.3 at 4.6, 8.1, 15.4, 23.8
and 43.2GHz (top left to bottom right, respectively) observed on September 22, 2009. The scales
are logarithmic and synthesized beams used for the maps are presented at the bottom right of each
image.
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poloidal component of the magnetic field are small (compared to �RM ⌃ 300 radm�2 observed

in 3C 454.3), and therefore unlikely to explain the observed profiles. Another alternative explana-

tion of these observations could be the existence of an ionized cloud that physically interacts with

the jet25. Assuming an intrinsic spectral index of �0.9 between 15 and 22 GHz, we obtain a lower

limit for the free-free opacity at 22 GHz of ⇥� ⌅ 0.7 for such a cloud. The free-free opacity is given

by ⇥� = 9.8 ⇥ 10�3l n2
th T�1.5��2[17.7 + ln (T 1.5��1)], where l is the column length, nth is the

thermal electron density, T is the temperature, and � is the observing frequency25. Approximating

the cloud with a sphere of radius ⇧ 50 pc (sizes larger than this would absorb emission from north-

ern part of the arc-feature as well), if the cloud has an assumed temperature of ⌃ 104K, free-free

absorption would provide the required opacity for an electron density of ⌃ 5 ⇥ 103 cm�3. If we

combine this with the measured rotation measure of ⇧ 100 ± 50 radm�2, at the same position,

we find the parallel component of its magnetic field to be ⇧ 10�9 G (3 orders of magnitude lower

than the measured values for galactic clouds of similar density26). The presence of such a cloud

south of the jet may explain the apparent bend, but it is unable to reproduce the observed spectral

index and velocity gradients. In addition, the observed rise of fractional polarization toward longer

wavelengths12 (inverse depolarization) suggests an intrinsic origin for the Faraday rotation27 (i.e.

no external cloud). Based on these simple arguments, we consider the presence of a large-scale

helical magnetic field as the most likely explanation for the observed skewed profiles. However, it

remains to be seen if future RMHD simulations and detailed models of jet-cloud interactions can

reproduce such correlated profiles.
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with distance from the SMBH, or z. Thus, the theoretical
prediction for polarization and EVPA for a given polar angle
(or radial line extending from the SMBH) has only a single
value, rather than a range of values. However, our predicted
intensity and RM plots do depend on z, thus there are a
range of values they take on for each polar angle. To facil-
itate the comparison between data and theory, we plot the
average values of intensity and RM for each position angle
(or radial line), which also produces curves.

Figure 15 shows that 3C 454.3 exhibits the qualita-
tive signature of large-scale magnetic fields predicted by
Clausen-Brown, Lyutikov & Kharb (2011): correlated asym-
metries. As the real jet is undoubtedly more complex than
the simple model we use here, we do not fit the data, other
than adjust the random magnetic field component to re-
produce the degree of polarization. The model successfully
predicted both the high polarization of the jet edges and
a correlation in intensity and polarization, where the same
side of 3C 454.3 has a higher fractional polarization and in-
tensity. The behavior of the rotation measure profile also
follows our model, though we note the exact location and
magnetic field structure of the Faraday rotating screen is
highly uncertain.

On a brief theoretical note, we emphasize the impor-
tance of the ratio B0

T /B
0
P , which in our helical field model

is of order unity. The qualitative success of our model in
explaining 3C 454.3 data corresponding to jet regions at a
typical distance of ⇠ 107 gravitational radii 9, or rg (where
rg = GM/c2), from the SMBH implies that B0

T /B
0
P ⇠ 1 at

large distances from the SMBH. This is surprising in light of
magnetic flux freezing arguments that suggest the jet should
be toroidally dominated by then (Laing et al. 2006). How-
ever, researchers have suggested that flux freezing is violated
such that B0

T /B
0
P ⇠ 1 in AGN jets for both theoretical and

observational reasons (Choudhuri & Konigl 1986; Colgate
et al. 1998; Lyutikov, Pariev & Gabuzda 2005). Lyutikov,
Pariev & Gabuzda (2005), for example, espouse this hypoth-
esis in order to explain several factors: jet EVPA behavior,
the observed low fractional polarizations of jets compared
to the theoretically maximum values of ⇠ 0.7, and because
magnetohydrodynamical equilibria in which B0

T /B
0
P ⇠ 1 are

more stable against pinch and kink modes. Thus, although
controversial, the assumption that B0

T /B
0
P ⇠ 1 at large dis-

tances from the jet launching region is physically plausible
assuming some relaxation process drives the magnetic field
towards a kink and pinch stable state (which is also the min-
imum energy state for a force-free plasma. See Taylor 1986,
for a review).

4.3 Alternative theoretical models

As an alternative to the helical field model, we also plot
(dashed line, Fig. 15) the predictions for a simple shock
model, in which the local shock normal is aligned with the
local flow direction in every part of the flow. We use the
model developed in ? and Wardle et al. (1994), which de-
pends on the large-scale poloidal field, B

0

, and a random
field component, Br, which is ordered by a shock of com-
pression ratio k. The resulting polarization is determined by

9 assuming a 500 pc deprojected distance and a⇠ 109M� SMBH.

Figure 17. Magnetic field component parallel to the line of sight
(Bp) as a function of the cloud size (l) for di↵erent values of as-
sumed temperature (103, 102 and 10 K, plotted with solid, dashed
and dashed-dotted lines, receptively). Black colour represents as-
sumed intrinsic spectral index of ↵

int

= �1, while red colour
shows the same estimates under assumption ↵

int

= �2. Shaded
region indicate the maximum size of such interacting cloud that
would not absorb emission from northern part of the jet.

the ratio ⇠ = B
0

/Br (which we vary with radius so as to pro-
duce a dip in the linear polarization at the centre of the jet),
as well as the shock compression ratio, k = �d�d/(�u�u. As
expected, such a model is symmetric, unlike our observa-
tions. The prediction for rotation measure from this model
is a straight horizontal line since there is no toroidal mag-
netic field.

Another alternative explanation of these observations
could be the existence of an ionized cloud that physically
interacts with the jet (Gómez et al. 2000). Assuming an in-
trinsic spectral index of �0.9 between 15 and 22 GHz, we
obtain a lower limit for the free-free opacity at 22 GHz of
⌧
↵

� 0.7 for such a cloud. The free-free opacity is given by
⌧
↵

= 9.8⇥ 10�3l n2

th

T�1.5⌫�2[17.7 + ln (T 1.5⌫�1)], where l
is the column length, n

th

is the thermal electron density, T
is the temperature, and ⌫ is the observing frequency (Gómez
et al. 2000). Approximating the cloud with a sphere of ra-
dius ⇠ 50 pc (sizes larger than this would absorb emission
from the northern part of the arc-feature as well), if the
cloud has an assumed temperature of ' 104K, free-free ab-
sorption would provide the required opacity for an electron
density of ' 5⇥103 cm�3. If we combine this with the mea-
sured rotation measure of ⇠ 100± 50 radm�2, at the same
position, we find the parallel component of its magnetic field
to be ⇠ 10�9 G (3 orders of magnitude lower than the mea-
sured values for galactic clouds of similar density, Troland
& Crutcher 2008). Fig. 17 shows the estimates for the par-
allel component of the magnetic field inside such a cloud as
function of its size for three di↵erent possible temperature
values. The presence of such a cloud south of the jet may
explain the apparent bend, but it is unable to reproduce the
observed spectral index and velocity gradients. Based on
these arguments, we consider the presence of a large-scale
helical magnetic field as the most likely explanation for the
observed skewed profiles. However, it remains to be seen if
future RMHD simulations and detailed models of jet-cloud
interactions can reproduce such correlated profiles.
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value, rather than a range of values. However, our predicted
intensity and RM plots do depend on z, thus there are a
range of values they take on for each polar angle. To facil-
itate the comparison between data and theory, we plot the
average values of intensity and RM for each position angle
(or radial line), which also produces curves.

Figure 15 shows that 3C 454.3 exhibits the qualita-
tive signature of large-scale magnetic fields predicted by
Clausen-Brown, Lyutikov & Kharb (2011): correlated asym-
metries. As the real jet is undoubtedly more complex than
the simple model we use here, we do not fit the data, other
than adjust the random magnetic field component to re-
produce the degree of polarization. The model successfully
predicted both the high polarization of the jet edges and
a correlation in intensity and polarization, where the same
side of 3C 454.3 has a higher fractional polarization and in-
tensity. The behavior of the rotation measure profile also
follows our model, though we note the exact location and
magnetic field structure of the Faraday rotating screen is
highly uncertain.

On a brief theoretical note, we emphasize the impor-
tance of the ratio B0

T /B
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P , which in our helical field model
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Figure 17. Magnetic field component parallel to the line of sight
(Bp) as a function of the cloud size (l) for di↵erent values of as-
sumed temperature (103, 102 and 10 K, plotted with solid, dashed
and dashed-dotted lines, receptively). Black colour represents as-
sumed intrinsic spectral index of ↵

int

= �1, while red colour
shows the same estimates under assumption ↵

int

= �2. Shaded
region indicate the maximum size of such interacting cloud that
would not absorb emission from northern part of the jet.

the ratio ⇠ = B
0

/Br (which we vary with radius so as to pro-
duce a dip in the linear polarization at the centre of the jet),
as well as the shock compression ratio, k = �d�d/(�u�u. As
expected, such a model is symmetric, unlike our observa-
tions. The prediction for rotation measure from this model
is a straight horizontal line since there is no toroidal mag-
netic field.

Another alternative explanation of these observations
could be the existence of an ionized cloud that physically
interacts with the jet (Gómez et al. 2000). Assuming an in-
trinsic spectral index of �0.9 between 15 and 22 GHz, we
obtain a lower limit for the free-free opacity at 22 GHz of
⌧
↵

� 0.7 for such a cloud. The free-free opacity is given by
⌧
↵

= 9.8⇥ 10�3l n2

th

T�1.5⌫�2[17.7 + ln (T 1.5⌫�1)], where l
is the column length, n

th

is the thermal electron density, T
is the temperature, and ⌫ is the observing frequency (Gómez
et al. 2000). Approximating the cloud with a sphere of ra-
dius ⇠ 50 pc (sizes larger than this would absorb emission
from the northern part of the arc-feature as well), if the
cloud has an assumed temperature of ' 104K, free-free ab-
sorption would provide the required opacity for an electron
density of ' 5⇥103 cm�3. If we combine this with the mea-
sured rotation measure of ⇠ 100± 50 radm�2, at the same
position, we find the parallel component of its magnetic field
to be ⇠ 10�9 G (3 orders of magnitude lower than the mea-
sured values for galactic clouds of similar density, Troland
& Crutcher 2008). Fig. 17 shows the estimates for the par-
allel component of the magnetic field inside such a cloud as
function of its size for three di↵erent possible temperature
values. The presence of such a cloud south of the jet may
explain the apparent bend, but it is unable to reproduce the
observed spectral index and velocity gradients. Based on
these arguments, we consider the presence of a large-scale
helical magnetic field as the most likely explanation for the
observed skewed profiles. However, it remains to be seen if
future RMHD simulations and detailed models of jet-cloud
interactions can reproduce such correlated profiles.
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Figure S3: Multi-frequency images of 3C 454.3. VLBA images of 3C 454.3 at 4.6, 8.1, 15.4, 23.8
and 43.2GHz (top left to bottom right, respectively) observed on September 22, 2009. The scales
are logarithmic and synthesized beams used for the maps are presented at the bottom right of each
image.
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poloidal component of the magnetic field are small (compared to �RM ⌃ 300 radm�2 observed

in 3C 454.3), and therefore unlikely to explain the observed profiles. Another alternative explana-

tion of these observations could be the existence of an ionized cloud that physically interacts with

the jet25. Assuming an intrinsic spectral index of �0.9 between 15 and 22 GHz, we obtain a lower

limit for the free-free opacity at 22 GHz of ⇥� ⌅ 0.7 for such a cloud. The free-free opacity is given

by ⇥� = 9.8 ⇥ 10�3l n2
th T�1.5��2[17.7 + ln (T 1.5��1)], where l is the column length, nth is the

thermal electron density, T is the temperature, and � is the observing frequency25. Approximating

the cloud with a sphere of radius ⇧ 50 pc (sizes larger than this would absorb emission from north-

ern part of the arc-feature as well), if the cloud has an assumed temperature of ⌃ 104K, free-free

absorption would provide the required opacity for an electron density of ⌃ 5 ⇥ 103 cm�3. If we

combine this with the measured rotation measure of ⇧ 100 ± 50 radm�2, at the same position,

we find the parallel component of its magnetic field to be ⇧ 10�9 G (3 orders of magnitude lower

than the measured values for galactic clouds of similar density26). The presence of such a cloud

south of the jet may explain the apparent bend, but it is unable to reproduce the observed spectral

index and velocity gradients. In addition, the observed rise of fractional polarization toward longer

wavelengths12 (inverse depolarization) suggests an intrinsic origin for the Faraday rotation27 (i.e.

no external cloud). Based on these simple arguments, we consider the presence of a large-scale

helical magnetic field as the most likely explanation for the observed skewed profiles. However, it

remains to be seen if future RMHD simulations and detailed models of jet-cloud interactions can

reproduce such correlated profiles.
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with distance from the SMBH, or z. Thus, the theoretical
prediction for polarization and EVPA for a given polar angle
(or radial line extending from the SMBH) has only a single
value, rather than a range of values. However, our predicted
intensity and RM plots do depend on z, thus there are a
range of values they take on for each polar angle. To facil-
itate the comparison between data and theory, we plot the
average values of intensity and RM for each position angle
(or radial line), which also produces curves.

Figure 15 shows that 3C 454.3 exhibits the qualita-
tive signature of large-scale magnetic fields predicted by
Clausen-Brown, Lyutikov & Kharb (2011): correlated asym-
metries. As the real jet is undoubtedly more complex than
the simple model we use here, we do not fit the data, other
than adjust the random magnetic field component to re-
produce the degree of polarization. The model successfully
predicted both the high polarization of the jet edges and
a correlation in intensity and polarization, where the same
side of 3C 454.3 has a higher fractional polarization and in-
tensity. The behavior of the rotation measure profile also
follows our model, though we note the exact location and
magnetic field structure of the Faraday rotating screen is
highly uncertain.

On a brief theoretical note, we emphasize the impor-
tance of the ratio B0

T /B
0
P , which in our helical field model

is of order unity. The qualitative success of our model in
explaining 3C 454.3 data corresponding to jet regions at a
typical distance of ⇠ 107 gravitational radii 9, or rg (where
rg = GM/c2), from the SMBH implies that B0

T /B
0
P ⇠ 1 at

large distances from the SMBH. This is surprising in light of
magnetic flux freezing arguments that suggest the jet should
be toroidally dominated by then (Laing et al. 2006). How-
ever, researchers have suggested that flux freezing is violated
such that B0

T /B
0
P ⇠ 1 in AGN jets for both theoretical and

observational reasons (Choudhuri & Konigl 1986; Colgate
et al. 1998; Lyutikov, Pariev & Gabuzda 2005). Lyutikov,
Pariev & Gabuzda (2005), for example, espouse this hypoth-
esis in order to explain several factors: jet EVPA behavior,
the observed low fractional polarizations of jets compared
to the theoretically maximum values of ⇠ 0.7, and because
magnetohydrodynamical equilibria in which B0

T /B
0
P ⇠ 1 are

more stable against pinch and kink modes. Thus, although
controversial, the assumption that B0

T /B
0
P ⇠ 1 at large dis-

tances from the jet launching region is physically plausible
assuming some relaxation process drives the magnetic field
towards a kink and pinch stable state (which is also the min-
imum energy state for a force-free plasma. See Taylor 1986,
for a review).

4.3 Alternative theoretical models

As an alternative to the helical field model, we also plot
(dashed line, Fig. 15) the predictions for a simple shock
model, in which the local shock normal is aligned with the
local flow direction in every part of the flow. We use the
model developed in ? and Wardle et al. (1994), which de-
pends on the large-scale poloidal field, B

0

, and a random
field component, Br, which is ordered by a shock of com-
pression ratio k. The resulting polarization is determined by

9 assuming a 500 pc deprojected distance and a⇠ 109M� SMBH.

Figure 17. Magnetic field component parallel to the line of sight
(Bp) as a function of the cloud size (l) for di↵erent values of as-
sumed temperature (103, 102 and 10 K, plotted with solid, dashed
and dashed-dotted lines, receptively). Black colour represents as-
sumed intrinsic spectral index of ↵

int

= �1, while red colour
shows the same estimates under assumption ↵

int

= �2. Shaded
region indicate the maximum size of such interacting cloud that
would not absorb emission from northern part of the jet.

the ratio ⇠ = B
0

/Br (which we vary with radius so as to pro-
duce a dip in the linear polarization at the centre of the jet),
as well as the shock compression ratio, k = �d�d/(�u�u. As
expected, such a model is symmetric, unlike our observa-
tions. The prediction for rotation measure from this model
is a straight horizontal line since there is no toroidal mag-
netic field.
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could be the existence of an ionized cloud that physically
interacts with the jet (Gómez et al. 2000). Assuming an in-
trinsic spectral index of �0.9 between 15 and 22 GHz, we
obtain a lower limit for the free-free opacity at 22 GHz of
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� 0.7 for such a cloud. The free-free opacity is given by
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= 9.8⇥ 10�3l n2

th

T�1.5⌫�2[17.7 + ln (T 1.5⌫�1)], where l
is the column length, n
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is the thermal electron density, T
is the temperature, and ⌫ is the observing frequency (Gómez
et al. 2000). Approximating the cloud with a sphere of ra-
dius ⇠ 50 pc (sizes larger than this would absorb emission
from the northern part of the arc-feature as well), if the
cloud has an assumed temperature of ' 104K, free-free ab-
sorption would provide the required opacity for an electron
density of ' 5⇥103 cm�3. If we combine this with the mea-
sured rotation measure of ⇠ 100± 50 radm�2, at the same
position, we find the parallel component of its magnetic field
to be ⇠ 10�9 G (3 orders of magnitude lower than the mea-
sured values for galactic clouds of similar density, Troland
& Crutcher 2008). Fig. 17 shows the estimates for the par-
allel component of the magnetic field inside such a cloud as
function of its size for three di↵erent possible temperature
values. The presence of such a cloud south of the jet may
explain the apparent bend, but it is unable to reproduce the
observed spectral index and velocity gradients. Based on
these arguments, we consider the presence of a large-scale
helical magnetic field as the most likely explanation for the
observed skewed profiles. However, it remains to be seen if
future RMHD simulations and detailed models of jet-cloud
interactions can reproduce such correlated profiles.
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a correlation in intensity and polarization, where the same
side of 3C 454.3 has a higher fractional polarization and in-
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local flow direction in every part of the flow. We use the
model developed in ? and Wardle et al. (1994), which de-
pends on the large-scale poloidal field, B

0

, and a random
field component, Br, which is ordered by a shock of com-
pression ratio k. The resulting polarization is determined by

9 assuming a 500 pc deprojected distance and a⇠ 109M� SMBH.

Figure 17. Magnetic field component parallel to the line of sight
(Bp) as a function of the cloud size (l) for di↵erent values of as-
sumed temperature (103, 102 and 10 K, plotted with solid, dashed
and dashed-dotted lines, receptively). Black colour represents as-
sumed intrinsic spectral index of ↵

int

= �1, while red colour
shows the same estimates under assumption ↵

int

= �2. Shaded
region indicate the maximum size of such interacting cloud that
would not absorb emission from northern part of the jet.

the ratio ⇠ = B
0

/Br (which we vary with radius so as to pro-
duce a dip in the linear polarization at the centre of the jet),
as well as the shock compression ratio, k = �d�d/(�u�u. As
expected, such a model is symmetric, unlike our observa-
tions. The prediction for rotation measure from this model
is a straight horizontal line since there is no toroidal mag-
netic field.

Another alternative explanation of these observations
could be the existence of an ionized cloud that physically
interacts with the jet (Gómez et al. 2000). Assuming an in-
trinsic spectral index of �0.9 between 15 and 22 GHz, we
obtain a lower limit for the free-free opacity at 22 GHz of
⌧
↵

� 0.7 for such a cloud. The free-free opacity is given by
⌧
↵

= 9.8⇥ 10�3l n2

th

T�1.5⌫�2[17.7 + ln (T 1.5⌫�1)], where l
is the column length, n

th

is the thermal electron density, T
is the temperature, and ⌫ is the observing frequency (Gómez
et al. 2000). Approximating the cloud with a sphere of ra-
dius ⇠ 50 pc (sizes larger than this would absorb emission
from the northern part of the arc-feature as well), if the
cloud has an assumed temperature of ' 104K, free-free ab-
sorption would provide the required opacity for an electron
density of ' 5⇥103 cm�3. If we combine this with the mea-
sured rotation measure of ⇠ 100± 50 radm�2, at the same
position, we find the parallel component of its magnetic field
to be ⇠ 10�9 G (3 orders of magnitude lower than the mea-
sured values for galactic clouds of similar density, Troland
& Crutcher 2008). Fig. 17 shows the estimates for the par-
allel component of the magnetic field inside such a cloud as
function of its size for three di↵erent possible temperature
values. The presence of such a cloud south of the jet may
explain the apparent bend, but it is unable to reproduce the
observed spectral index and velocity gradients. Based on
these arguments, we consider the presence of a large-scale
helical magnetic field as the most likely explanation for the
observed skewed profiles. However, it remains to be seen if
future RMHD simulations and detailed models of jet-cloud
interactions can reproduce such correlated profiles.

c� 2012 RAS, MNRAS 000, 1–16

T ⇠ 104 K

n ' 5⇥ 103 cm�3

RM ⇠ 102 rad m�2 B ⇠ 10�9 G
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Figure 11. Faraday rotation map of 3C 454.3 based on quasi-
simultaneous observations at 8.1, 8.4, 12.12 and 15.37 GHz per-
formed on March 9, 2006 (left panel) and its corresponding 1�
uncertainties for each pixel (right panel, see also Hovatta et al.
2012 for details).

value of �33.5 radm�2 was subtracted from all the observed
values.

In addition to the Faraday rotation estimates, we have
studied changes of the degree of linear polarization of each
pixel as a function of the observing frequency. It is expected
that if a source contains a mixture of radiating material
and thermal plasma (responsible for the Faraday rotation)
the degree of polarization decreases by increasing the wave-
length (Burn 1966). The same phenomena will happen if
there exist variations of foreground Faraday screen across
the observing beam (Burn 1966; Laing et al. 2008). Burn
1966 derived a functional form for such case where emission
tends to depolarize with increasing wavelength as below:

m(�) = m
0

exp(�k�4) (2)

where m, represents the degree of linear polarization and
k = 2|rRM|2. We have estimated the values of k, for each
pixel in our image by performing a least-square-fit to the
linear function: ln[m(�)] = ln[m

0

] � k�4. It is normally ex-
pected that fractional linear polarization decreases with in-
creasing wavelength (k � 0, Burn 1966). However, we no-
ticed that a significant number of pixels show negative values
(k ⌧ 0). Hovatta et al. 2012 reported negative values for k in
nine isolated, optically thin components in four AGN in the
MOJAVE sample (namely 3C 454.3, 3C 273, 1458+781 and
1514-241). This so called inverse-depolarization behaviour
interpreted by Homan 2012 as a probe for the presence of he-
lical magnetic field structure and internal Faraday rotation
in these sources. Our estimated inverse-depolarization mea-
sures are in very good agreement with the values reported
by Hovatta et al. (2012), although we can now resolve the
spatial distribution of the k values with higher resolution.
Example plots of the linear fits for representative pixels for
both 2005 and 2009 epochs are shown in Fig. 12 (see also
Appendix A). It is not clear if the degree of polarization
would follow a functional of the form of Eq. 2. In order to
test for the possible divergences from �4 behaviour, we have
also examined a possible power-law dependency of the form
m(�) = m

0

�b. Spatial distribution and sign of b are in very
good agreement with the values of k (Figs. 7 & 8).

Figure 12. Top: Plots of flux vs. �, polarization angle vs. �2,
logarithm of the degree of polarization vs. �4 and ln(�) (top-left
to bottom right, respectively), for the location marked by the
cross number 3 in Figs. 7 & 8.

4 DISCUSSION

Observationally, the main challenge in studying the trans-
verse structure of AGN jets is the small width of the visible
jet compared to the size of the interferometer beam. This
limits the number of independent measurement points one
can achieve across the jet width (Taylor & Zavala 2010). One
must also keep in mind that close to the edges of the jet the
signal to noise ratio drops and random noise can produce ar-
tifacts which mimic the same e↵ects (Hovatta et al. 2012). In
our observations, the emergence of a wide arc-like feature il-
luminated a larger jet width and made it possible to resolve
profiles that show significant asymmetry, seen in below in
Figs. 13, 14, and 15. While it may seem that the presence
of such transverse asymmetries are unique to this quasar, it
is possible that such features have not been detected before
simply due to the limited dynamic range of VLBI imaging.
In fact, out of 191 sources in the MOJAVE sample, only 9
show transverse sizes larger than at least two times the syn-
thesized beam in polarized flux, which is needed for detect-
ing asymmetries, and four out of those actually demonstrate
significant transverse gradient in RM (Hovatta et al. 2012).

The transverse structure most often studied are gradi-

c� 2012 RAS, MNRAS 000, 1–16

Burn de-polarization 
(Burn 1966)

Evidence for a large-scale helical magnetic field in the quasar 3C 454.3 15

Figure A3. Plots of logarithm of fraction of polarization vs. �4

for the same pixels as Figs. A1 & A2. Solid lines show the best
linear fits and values of the Burn’s depolarization measure, k, are
shown for individual panels.

Figure A4. Plots of ln(m) against ln(�) for the same positions
as Figs. A1, A2 and A3. The best linear fits and the power law
indices, b, are presented in each panel.

cies and within the uncertainties (Figs. A2 & A6), there may
be hints that whenever fractional polarization increases with
increasing wavelength (opposite to the expectation from nor-
mal depolarization behaviour due to the Faraday disper-
sion), deviations from a �2 relation are more evident (Figs.
A3 & A7). From the ln(m)��4 plots it is clear that specially
for pixels that show inverse-depolarization a �4 relation may
fail to describe the behaviour. This was the main reason to
check for a possible power-law relation in “m � �” space
(Figs. A4 & A8). However, with our limited number of data
points used for each individual fit, it is not possible to distin-
guish between these di↵erent functional forms. The overall
behaviour and spatial distribution of the estimated values
for both k and b are well in agreement with each other.

Figure A5. Same as Fig. A1 but for the positions marked in
Fig. 8.

Figure A6. Same as Fig. A2 but for the positions marked in
Fig. 8.

Figure A7. Same as Fig. A3 but for the positions marked in
Fig. 8.

c� 2012 RAS, MNRAS 000, 1–16
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Figure A8. Same as Fig. A4 but for the positions marked in
Fig. 8.

APPENDIX B: LINK BETWEEN
DEPOLARIZATION AND FARADAY
ROTATION MEASURE

In this Appendix, we probe the possible global correlation
between the values of RM, k and fraction of polarization for
the pixels we could have reliable estimate for these values
(as shown in Figs. 7 & 8). As demonstrated by Burn (1966)
and Laing et al. (2008), the wavelength dependence of the
fraction of polarization is a function of both the value of RM
and its spatial gradient (the so-called “di↵erential Faraday
rotation” and “Burn depolarization” e↵ects, respectively).

Fig. B1 shows the pixel number density contours of the
distribution of Burn depolarization measure k, and depolar-
ization between 8 and 15 GHz, b8

15

, where

b8
15

=
ln[m(8GHz)]/ ln[m(15GHz]
ln[�(8GHz)]/ ln[�(15GHz)]

(B1)

plus the spatial gradient of the RM (using the Sobel fil-
ter algorithm) all as function of the polar angle (similar
to Fig. 15). There might be a hint of correlation between
rRM and k (or b8

15

) on the northern part of the jet. How-
ever, as Fig. B2 show two-dimensional density contours of
the complete “k�Rm and “k�rRM” spaces (for pixels with
m � 4�m and ��  10� ) in both 2005 and 2009 epochs, we
have found no significant global correlation between k and
RM or k and rRM. While the expected correlation between
k and rRM is linear, the dependency of amount depolariza-
tion on the absolute value of the rotation measure is more
complicated and non-linear (Burn 1966; Laing et al. 2008).
Spearman’s correlation function probes for possible trends
between the values (not necessarily only linear correlations)
and does not find any significant correlation between either
k and RM or its spatial variations (Fig. B2). The same is
true when we searched for any meaningful correlation be-
tween values of Faraday rotation measure and depolarization
indices vs. the degree of polarization of the corresponding
pixels (Fig. B2).

This paper has been typeset from a TEX/ LATEX file prepared
by the author.
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the prospects for using this effect to study the magnetic field
geometry of extragalactic jets.

2. MODEL FOR INVERSE DEPOLARIZATION

In the subsections that follow, we present a simple model for
generating inverse depolarization, i.e., increasing polarization
with increasing wavelength, in radio jets at low optical depth,
τ ! 1. Our model combines internal Faraday rotation with
structural differences in the magnetic field between the far and
near sides of the jet. If the magnetic field structure naturally leads
to low net polarization at short wavelengths, internal Faraday
rotation can act to align polarization from the far side of the jet
with polarization produced at the near side of the jet, reducing
the cancellation between them and leading to increased net
polarization at longer wavelengths.

We characterize the amount of internal rotation at a given
wavelength by the Faraday depth, τf , which is proportional
to λ2. Internal to the jet, Faraday depth may be due to either a
population of thermal electrons or the low-energy end of the rel-
ativistic particle distribution (e.g., Jones & O’Dell 1977; Huang
& Shcherbakov 2011), and we discuss these contributions in
Section 2.5.

2.1. Linearly Polarized Transfer at Low Optical Depth

The radiative transfer equations for Stokes Q and U at low
optical depth are given by the following expressions, assuming
the projected magnetic field is purely east–west (Jones & O’Dell
1977; Jones 1988). Note that in the low optical depth limit, we
have ignored the coupling of Stokes I and V to Q and U:

dQ

dτ
+ Q + ζ ∗

V U = εJ,
dU

dτ
+ U − ζ ∗

V Q = 0. (1)

The solutions to these equations,2 including an initial polariza-
tion, P0 at angle χ0 are

Q = εJ

(τf /τ )2 + 1

[
1 − e−τ cos τf +

(τf

τ

)
e−τ sin τf

]

+ P0e
−τ cos(2χ0 + τf )

U = εJ

(τf /τ )2 + 1

[(τf

τ

)
(1 − e−τ cos τf ) − e−τ sin τf

]

+ P0e
−τ sin(2χ0 + τf ), (2)

where τ is the optical depth and τf = ζ ∗
V τ is the Faraday

depth and is proportional to λ2 (e.g., Jones & O’Dell 1977;
Cioffi & Jones 1980). Note that at low optical depth, Stokes
I = J τ . The final Stokes Q and U are used to compute the
fractional polarization, m =

√
Q2 + U 2/I , and electric vector

position angle (EVPA), χ = 0.5 × tan−1(U/Q) of the emergent
polarization.

2.2. Inverse Depolarization in a Simple Two-cell System

We apply these expressions to a “two-cell” system along the
line of sight. Each cell has an internal Faraday rotation of depth
τf /2 for a total Faraday depth of τf for the system. In addition
to their common line-of-sight magnetic field, both cells also
have a uniform magnetic field, B⊥, in the plane of the sky. The

2 The solutions to the general form were obtained with WolframAlpha,
http://www.wolframalpha.com/ and checked against numerical integration of
the full equations of radiative transfer (Homan et al. 2009).

Figure 1. Plot of fractional linear polarization (top panel) and EVPA (bottom
panel) as a function of Faraday depth, τf ∝ λ2, for a simple two-cell system
along the line of sight. Each line shows the emergent polarization for a different
offset angle, ∆φ, for the projected magnetic field between the far and near cells.

field in the two cells differs only by a rotation on the sky of ∆φ.
The B⊥ in the cell closest to the observer is taken to be purely
east–west, while the field in the furthest cell differs in orientation
by an offset angle, ∆φ, northward from east. Note that positive
Faraday depth will tend to rotate the χ of the emitted radiation
from north to east.3

Polarized radiation generated in the furthest cell must travel
through the nearest cell to reach the observer. In the absence of
internal Faraday rotation, the offset angle ∆φ will produce some
cancellation between the polarization emitted from the far and
near cells. For ∆φ = 90◦, this structural cancellation would be
complete at short wavelengths.

Figure 1 shows the emergent polarization as a function of
τf (∝ λ2) for a range of ∆φ offsets. For ∆φ = 0, Burn
(1966) depolarization in a slab geometry is reproduced. At larger
offsets, partial cancellation of the emergent polarization is clear
at τf = 0, and for 0◦ < ∆φ ! 90◦ the internal rotation initially
begins to reverse this structural depolarization up to a certain
limit until τf becomes too large. For ∆φ > 90◦ the internal
rotation initially increases the depolarization as τf increases but
later can also go into a region of “inverse depolarization.”

Figure 1(b) shows that for simple field geometries, such as
the two-cell system shown here, the observed EVPA for internal
rotation is linear in λ2 with χ = χ0 + τf /4 with additional 90◦

flips when the polarized flux passes through zero4 (e.g., Burn
1966). More complicated geometries which include a range of
τf values along different lines of sight are expected to diverge
from a λ2 law after total rotations "45◦ (Burn 1966), although

3 Negative Faraday depth would simply result in a rotation of χ in the
opposite direction.
4 Note that for purely external rotation in a uniform screen τf is also
proportional to λ2, but χ = χ0 + τf /2. However, that is not the case we
consider in this Letter.
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Summary
* Multi-frequency polarimetric radio imaging of the outflow 
shows significant transverse asymmetries in intensity, spectral 
index, linear polarization and Faraday rotation measure, as is 
expected in the presence of a large-scale helical magnetic 
field.

* 3C 454.3 shows the first compelling evidence that the radio 
emission from the jet of a quasar exhibits signatures of a 
large-scale, ordered helical magnetic field component at a 
distance of hundreds of parsecs from the launching point.

* Our results provide observational support for magnetic jet 
launching models and demonstrate the stability of the 
ordered field component over a large distance down the jet.
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6	cm 3.5	cm

2	cm
1.3	cm

7	mm 3	mm

D

B
A

C

50	pc

19	May	2005

Figure 1. Top: Multi-wavelength VLBA maps of 3C 454.3.
Contours represent the total intensity on a logarithmic scale.
All the maps (from 6 cm down to 3mm) are observed quasi-
simultaneously on 19 of May 2005. Two horizontal lines indicate
the positions of the components D and B which were used to
align 6 cm to 7mm and 7mm/3mm maps respectively. All the
maps are rotated by 100� anti-clockwise for illustration purposes.
Middle: Core-shift measurements of 3C 454.3 as a function of ob-
serving frequency. The vertical axis show the measured o↵sets in
reference to the core position at 86GHz. The best fit curve to
o↵sets correspond to a kr = 0.9± 0.2 value and shown as a solid
curve. The horizontal dashed line depicts the asymptotic line of
this curve that corresponds to the projected distance of the 3mm
radio core from the apex of the jet. Bottom: Distance of the radio
core from the base of the jet in its co-moving frame as function of
the observing frequency. Solid, dashed and dashed-dotted curves
correspond to viewing angles of 2�, 1� and 5�. Dashed vertical
lines indicate observing frequencies of our experiment.

scale magnetic field, and compare this with the jet power
derived from low frequency radio data.

The paper is structure as follows: in section 2 we briefly
describe our observations and methods used for reducing the
observed raw data. Section 3 provides details of the opacity
core-shift e↵ects and our observed values fro them. Spectral
index measurements of the bright components further down-
stream of the jet and their comparison with the synchrotron
self-absorption formalism are described in section 4. Section
5, describes our estimation of the jet electromagnetic power
based on the magnetic field strength measured at the parsec
scales and its comparison with an independently observed
value of the jet power. We summarise our result and draw
our conclusions in the last section.

1.3	cm2	cm

3.5	cm6	cm

7	mm

D

B

A
C

22	September	2009

50	pc

Figure 2. Similar to Fig. 1 for VLBA observations performed
on 22 September 2009 (without 3mm coverage). The derived kr
value of 0.8± 0.3 is in well agreement with the observations four
years earlier.

2 OBSERVATIONS AND DATA REDUCTION

We observed 3C454.3 quasi-simultaneously at 6.0, 3.5, 2.0,
1.2, 0.7 and 0.3 centimetre wavelengths on 19 May 2005
using the Very Large Baseline Array (VLBA). We have re-
peated the same experiment on 22 September 2009 (this
time lacking the 3mm coverage). The raw data first be-
ing correlated at National Radio Astronomy Observatory
(NRAO) in Socorro, New Mexico and then being reduced
and calibrated following the standard data reduction routine
(see the AIPS cookbook1). Imaging and self-calibration
are performed using the DIFMAP package2 (Shepherd
1997). We have model-fitted the observed visibilities within
the same package, using circular Gaussian components. The
choice of circular Gaussians rather than more general ellip-
tical components helps to avoid dealing with complicated
features in the map which makes it easier to compare ob-
servations at di↵erent frequencies/epochs. For more details
on data reduction and observations see Zamaninasab et al.
2013.

1 http://www.aips.nrao.edu
2 ftp://ftp.astro.caltech.edu/pub/difmap/difmap.html
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Figure 6. Measured flux of the VLBA component A versus fre-
quency for 2005 and 2009 epochs (top and bottom panels, re-
spectively). Dashed lines show the best fit to the data for the
synchrotron self absorbed emission with Fm, ⌫m and ↵ as free
parameters. Dotted lines show the position of the best-fit turn-
over frequencies. For the component B although one can still fit
a self-absorbed SED by assuming the lowest observed frequency
as the turn-over (⌫m = 5.0 GHz), the �2/d.o.f criteria favours a
simple power-law without any break (dashed line).

formed using the MPCURVEFIT3 algorithm for the entire data
set with the function �rcore = a+ b⌫�1/kr . a, b and kr are
left as free parameters. The best fit solution is obtained as
�rcore = (�0.009±0.007)+(1.82±0.84)⇥⌫�1/(0.9±0.2) [mas]
(1� uncertainty). The error on the estimated centroid posi-
tion of each Gaussian model-fit components are calculated
as one tenth of the FWHM of the components convolved
with the synthesise beam size (see Lister et al. 2009). Us-
ing the value of kr and assuming that ⌦r⌫ = ⌦r⌫ (where
⌦r⌫ is the average of ⌦r⌫ value for the five pairs of neigh-
bour frequencies) we have an estimate for the distance of
core at each observing frequency form the apex (Fig. 1 bot-
tom panel). Of specific interest is the distance of the radio
core at the shortest observed wavelength (3mm) from the
supermassive black hole which we estimated as:

r0core(86GHz) ' 3⇥
✓

sin(')
sin (1.3�)

◆�1

[pc]

' 1.6⇥ 104 ⇥
✓

sin(')
sin (1.3�)

◆�1

⇥
✓

M

4⇥ 109M�

◆�1

[rg], (3)

where M is the mass of the supermassive black hole. The
best fit to the 2009 observed core-shifts, (�0.014 ± 0.01) +
(1.73 ± 0.95) ⇥ ⌫�1/(0.8±0.3), gives an estimated value of
r0core(86GHz) ' 2.5 ⇥ 104 [rg] for the same values of ' and
M .

Under the assumption that there exist an equipartition
between the magnetic filed energy density of the jet and its

3 http://cow.physics.wisc.edu/ craigm/idl/fitting.html

Figure 7. Similar to Fig. 6 but for the 22 September 2009 obser-
vations.

radiating electrons, we can also estimate the magnetic field
strength at one parsec distance from the jet base (Lobanov
1998; Hirotani 2005). Here we have followed Hirotani (2005)
which also assumed the maximum and minimum Lorentz
factor of the radiating electrons are related to each other:
�max = 104.34�min. This leads to:

B1 =

✓
2⇡mec⌫0

e

◆
⇥

"
1
⌫�

✓
⌦r⌫

r1 sin'

◆kr
#(5�2↵)/(7�2↵)

⇥
"
⇡C(↵)

�

sin'
K

�min

r1
r�

�2↵
�min

2↵

✓
�

1 + z

◆( 3
2�↵)

#�2/(7�2↵)

(4)

where

K ⇠ 2↵+ 1
2↵

(�max/�min)
2↵ � 1

(�max/�min)2↵+1 � 1
,

⌫� ⌘ c/r� ⌘ c/[e2/(mec
2)] = 1.063⇥ 1014 GHz,

(Hirotani 2005). Here � represents the intrinsic half-opening
angle of the jet which we have fixed to its estimated value of
0.8�±0.2� (Jorstad et al. 2005). Values of C(↵) for di↵erent
spectral indices are tabulated in Hirotani (2005). � is the
Doppler factor of the jet flow. Since the dependency of the
B1 to the parameters that we either estimated from observa-
tions (kr,⌦r⌫ ,',�, �,↵) or fixed under assumptions (�min);
is non-linear and quite complicated we have implemented
a numerical approach to estimate the expected value of B1

and its uncertainty. Fig. 4 shows the probability distribution
of B1 resulted from 106 trials with values of the aforemen-
tioned input parameters drawn from Gaussian distributions
with the corresponding mean and standard deviations (as-
suming �min ' 10). Due to the extremely non-linear nature
of the dependency of B1 on these parameters (see Eq. 4) it
is evident that probability distribution of the magnetic field
values are non-Gaussian (Fig. 4). The equivalents of 1� and
2� uncertainties are defined based on the cumulative prob-
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Magnetic Field Strength in Parsec-Scale Blazar Jets

Shane P. O’Sullivan and Denise C. Gabuzda

Physics Department, University College Cork, Ireland

Abstract. We present magnetic field strength estimates from measurements
of the frequency-dependent shift of the parsec-scale radio core of four blazar jets
using VLBA observations from 4.6–43 GHz. We find field strengths of the order
of 100’s of mG at 1 pc from the base of these jets. Extrapolation of our results
(B ∝ r−1, where r is the distance from the base of the jet) to the jet launching
regions leads to magnetic field strengths consistent with those expected from
theoretical simulations of magnetically powered jets.

1. Theoretical Background

The reabsorption of synchrotron radiation in the compact inner jet region near
the central engine of an AGN leads to a frequency-dependent shift in the location
of the VLBI core. The standard theory of extragalactic radio jets (Blandford
& Königl 1979) predicts that the position of the self-absorbed core should
follow r ∝ ν−1/kr , with r being the distance from the central engine and
kr = ((3− 2α)m + 2n− 2)/(5− 2α), where α is the spectral index (S ∝ να) and
m and n describe the power-law decreases in the magnetic field strength and
particle density, respectively, with distance from the central engine. For equipar-
tition between the jet particle and magnetic field energy densities (Nγminmec2 =
KB2/8π), we have n = 2m and kr = 1.

Following the synchrotron self-absorption derivation in Hirotani (2005) for
a conical jet we can obtain an expression for the magnetic field strength at 1 pc

B1 =
2πν0mec

e

(

Ωkr

rν

ν0 sinkr θ

)

5−2α

7−2α

(

(−2α)Cαπr1Kφ

γ2α+1
min r0 sin θ

(

δ

1 + z

)
3

2
−α
)

2

2α−7

(1)

where φ is the jet opening angle, θ is the viewing angle, δ is the Doppler factor,
r1 = 1 pc = 3.086 × 1018 cm and the core-position offset, Ωrν , is proportional
to the measured core-shift between two frequencies. All contants are defined
in terms of cgs units with r0 = e2/mec2, ν0 = c/r0 and K ∼ 0.1. See Hi-
rotani (2005) for tabulated values of Cα.

From jet launching models that assume that most of the energy is extracted
from the source in the form of Poynting flux, we can estimate the initial mag-
netic field strength at the jet launching region by using the divergence theorem
(N. Vlahakis, private communication). Hence, the extracted energy per unit
time is equal to the Poynting flux times the area (i.e., L ∝ B2r2). For example,
if the total jet luminosity L ∼ 1046 erg s−1 with a black hole mass MBH ∼ 108M"

then we get the initial magnetic field strength B0 ∼ 1.5×10−5L−1/2r−1
g ∼ 105 G

for a black hole launched jet in agreement with estimates from Komissarov et
al. (2007).
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coefficient in the comoving frame as (Le Roux 1961; Ginzburg
& Syrovatskii 1965)

!!
" ¼ Cð!Þr20k

!
e

"0
"!

"B
"!

! "ð%2!þ3Þ=2
; ð5Þ

where "0 ' c=r0 ' c=½e2=ðmec
2Þ) ¼ 1:063 ; 1014 GHz and

"B ' eB=ð2#mecÞ. In deriving equation (4), we utilized I"="3 ¼
I!" ="

!3 and "="! ¼ $=ð1þ zÞ, where z represents the redshift
and the Doppler factor $ is defined by

$ ' 1

!ð1% %cos ’Þ
; ð6Þ

where ! ' 1=ð1% %2Þ1=2 is the bulk Lorentz factor of the jet
component moving with velocity %c and ’ refers to the viewing
angle.

Even if special relativistic effects are important, the observer
find the shape to be circular. We thus integrate I"ð&Þcos & over
the emitting solid angles 2#sin &d& in 0 * & * &d=2 to obtain
the flux density:

S" ¼ 2#

Z &d=2

0

I"ð&Þcos &sin &d&

¼ #sin2
&d
2

# $
$

1þ z

# $1=2

; A"5=2

Z 1

0

1% e%'"ð0Þ
ffiffiffiffiffiffiffi
1%(

p! "
d(; ð7Þ

where ( ' ½sin &=sin ð&d=2Þ)2.
Differentiating equation (7) with respect to ", and putting

dS"=d" to be 0, we obtain the equation that relates '"ð0Þ and !
at the turnover frequency "m:

Z 1

0

1% e%'"ð0Þ
ffiffiffiffiffiffiffi
1%(

p! "
d(

¼ 1% 2

5
!

# $ Z 1

0

'"ð0Þ
ffiffiffiffiffiffiffiffiffiffiffiffi
1% (

p
e%'"ð0Þ

ffiffiffiffiffiffiffi
1%(

p
d(: ð8Þ

We denote the solution '"ð0Þ at " ¼ "m as 'mð0Þ, which is
presented as a function of ! in Table 1.

It is worth comparing equation (7) with that for a uniform
slab of plasma with physical thickness R!. If the slab extends
over a solid angle #ð0:5&d=radÞ2, the flux density becomes

S" ¼
#

4

&d
rad

# $2 $

1þ z

# $1=2

A"5=2 1% e%'"ð0Þ
! "

: ð9Þ

The optical depth '"ð0Þ ¼ !!
"2R

! does not depend on & for the
slab geometry. Therefore, comparing equations (7) and (9) we

can define the effective optical depth h'"i for a uniform sphere
of plasma as

e%h'"i '
Z 1

0

e%'"ð0Þ
ffiffiffiffiffiffiffi
1%(

p
d(: ð10Þ

We denote h'"i at " ¼ "m as h'mi, which is presented in Table 1.
Note that h'mi is less than 'm(0) because of the geometric factor
1% (ð Þ1=2.
Using 'm(0), we can evaluate the peak flux density Sm at

" ¼ "m and inversely solve equation (7) for B. We thus obtain

B ¼ 10%5bð!Þ "m
GHz

# $5 &d
mas

# $4
Sm
Jy

# $%2 $

1þ z
; ð11Þ

where &dT1 rad is used and

bð!Þ ¼ 3:98 ;103
3

2

# $%2!
að!Þ
Cð!Þ

& '2 Z 1

0

1% e%'mð0Þ
ffiffiffiffiffiffiffi
1%(

p! "
d(

& '2
:

ð12Þ

The values are tabulated in Table 1; they are, in fact, close to
the values obtained by Cohen (1985), who presented b(! ) for a
slab geometry with %! * 1:25. This is because the averaged
optical depth, h'"i at " ¼ "m, for a spherical geometry becomes
comparable with that for a slab geometry (Scott & Readhead
1977).

We could expand the integrand in equation (7) in the opti-
cally thin limit 'mð0ÞT1 as

1% e%'mð0Þ
ffiffiffiffiffiffiffi
1%(

p
+ 'mð0Þ

ffiffiffiffiffiffiffiffiffiffiffiffi
1% (

p
ð13Þ

to obtain bð%0:5Þ ¼ 3:34 and bð%1:0Þ ¼ 3:85, for example.
This optically thin limit ('mT1) was considered by Marscher
(1983), who gave b(! ) for ! , %1:0 [i.e., for 'mð0Þ < 1:0].

2.2. Electron Density

We next consider how to constrain N!
e (i.e., line C in Fig. 1)

from the theory of synchrotron self-absorption. To examine
the lower limit of N!

e ðSSAÞ, we consider a conical jet geom-
etry ( Fig. 3) in this section, even though we apply the results
(eqs. [22]–[24]) to individual jet components, which would be
more or less spherical rather than conical. The optical depth '
for synchrotron self-absorption at distance ) from the injection
point is given by

'"ð)Þ¼
)sin (

sin ð’þ (Þ
þ )sin (

sin ð’% (Þ

& '
!"; ð14Þ

Fig. 3.—Schematic figure of a conical jet in the core region with half-
opening angle ( in the observer’s frame.

Fig. 2.—Flux emitted from a spherical cloud of radius R*.
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Figure 10. Estimated magnetic field strength of the jet as func-
tion of distance from the apex. The magnetic field strength at 1 pc
is derived from our core shift estimate while the magnetic field
strength at distances between ⇠ 30 � 120 pc are derived from
the synchrotron self-absorption formula. Solid line shows the best
linear regression fit to the data. Shaded region defines the ap-
proximate 1� confidence intervals on the regression line. Magnetic
field strength decays across the jet following a power-law with an
approximate index of �1.07± 0.36.

can upset the comparison of the measured fluxes at di↵erent
frequencies. Such frequency-dependency of the angular sizes
of components are expected in the shock-in-jet models (and
in general all models which predict significant gradients in
magnetic field strength or maximum energy cut-o↵ of the rel-
ativistic electrons inside the emitting components, see ??).
Angular sizes of the model-fitted Gaussian components close
to the core of 3C 454.3, remains fairly constant across our
six observing frequencies, however,in order to totally remove
possible dependency, angular size of the components during
the model fitting process in DIFMAP are fixed to the ob-
served angular size at 15GHz, which is in the optically thin
part of the spectrum. Another issue arises from the possible
variations of component’s brightness and size across the ob-
serving spectrum due to the non-equal (u, v) coverage at dif-
ferent wavelengths (although our uv coverage remains quite
identical at least between 5 to 22GHz). In order to estimate
the possible e↵ect of the non-even (u, v) coverage, we per-
formed extensive simulations using the AIPS task UVMOD
to create fake visibility data using the clean model fits we
have obtained at 8GHz as inputs and recovered the sizes and
fluxes of the same Gaussian components following the same
procedure for the real observations. Our simulations show
that only a very weak loss of sensitivity in recovering input
sizes and brightness (at least for components up to 2mas
distant from the phase centre). As a conservative estimate,
we treat our estimated values of flux and source size derived
from 86GHz observations as the lower limits in the SED
since our simulations hint that at this band observed values
might su↵ered from more than 10% loss in flux (Fig. 5).

Figures 6 and 7 show the spectral energy distribution
for the two closest components to the radio core derived

Figure 11. Similar to Fig. 10 but here the radial distance from
the base of the jet is in gravitational (rg) units. Black and
red colours correspond to the two di↵erent estimations for the
mass of 3C 454.3 (4 ⇥ 109 and 5 ⇥ 108 M�, respectively). Back-
extrapolation of the radial profile of the magnetic field indicate
magnetic field strength very close to the SMBH (r = 1rg , dashed
vertical line) approximately 7 ⇥ 103 and 8 ⇥ 104 Gauss, respec-
tively.

from our observations on 2005 and 2009, respectively. SED
of the closest component, A, show a clear turn-over at fre-
quencies between 8 and 15GHz. One must note that since
the distance of the component A from the core is less than
the observing beam at 6 cm we have considered a conserva-
tive upper limit of the flux at this band as the sum of the
fluxes of both core and component A. It is visible that even
the addition of these two components is smaller that the
observed flux at 8GHz: a clear signature that turn-over fre-
quency of the self-absorbed spectra is within our observing
frequency interval. This evident turn-over in the SED mo-
tivated us to use synchrotron self-absorption formalism to
constrain physical parameters inside these emission regions.

In order to estimate turn-over flux and frequency of the
closest components to the core (components A and B), we
have performed a least-�2 fits to the estimated flux values at
di↵erent frequencies using the function (Pacholczyk 1970):

F⌫ = Fm(
⌫

⌫m
)5/2

"
1� exp (�⌧m( ⌫

⌫m
)↵�5/2)

1� exp (�⌧m)

#
. (8)

Here the optical depth at the turn-over frequency can be
approximated as (Türler, Courvoisier & Paltani 1999):

⌧m ' (
3
2
)

"s

1� 8↵
15/2

� 1

#
, (9)

therefore we have left with three main free parameters
(namely Fm, ⌫m and ↵). In order to properly take into ac-
count the e↵ect of the upper and lower limits (rather than
ignoring them or assigning ad-hoc values) in our fitting pro-
cedure, a modified definition of �2 has been implemented
(Sawicki 2012). The Gaussian component fits resulting form
DIFMAP package normally underestimate the uncertain-
ties attributed to the flux of each component. Therefore,

c� 2012 RAS, MNRAS 000, 1–8
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Figure 3. VLBA images of 3C 454.3 at 4.6, 8.1, 15.4, 22.8 and 43.2GHz (top left to bottom right, respectively) observed on September
22, 2009. Contours give the total intensity (logarithmic scale) and colour shows the degree of linear polarization (linear scale). The degree
of polarization is only presented where polarized flux is above the four times rms noise level of each map. The synthesized beams used
for the maps are presented at the bottom right of each image. Blue bars represent the direction of the apparent RM-corrected magnetic
field (�+ 90�)

at di↵erent frequencies by editing the data and convolved
the resulting images with a common restoring beam. This
ensured that both images contained emission from similar
size scales. All these steps were carried out in DIFMAP.

The Faraday rotation map, presented in Fig. 11, is based
on quasi-simultaneous observations at 8.1, 8.4, 12.12 and
15.37 GHz performed on March 9, 2006 (as a part of the
MOJAVE multi-frequency observations). The standard data
reduction and calibration steps were followed (see Hovatta
et al. (2012) for details).

The absolute electric vector position angle (EVPA) cal-
ibration of the 15 GHz observations was done as part of the
MOJAVE project using the stability of the D-term phases
of some antennas and IFs (Gómez et al. (2002), Lister &
Homan (2005)). The 8 and 12 GHz bands were calibrated
using nearby observations from the VLA/VLBA polariza-
tion calibration database4, and single-dish observations from
University of Michigan Radio Astronomy Observatory5. We
estimate the uncertainty in the EVPA calibration to be 3�,
2� and 4� in the 15, 12 and 8GHz bands, respectively. The
(u, v)-range of all the bands was clipped to correspond to

4 http://www.aoc.nrao.edu/⇠smyers/calibration/
5 http://www.astro.lsa.umich.edu/obs/radiotel/umrao.php

each other, and the images at all the frequencies were re-
stored to the 8.1GHz beam. Details of these observations
are reported in Hovatta et al. (2012).

3 RESULTS

3.1 Frequency stratification

VLBA observations between July 1995 and June 2011 shows
the appearance of a peculiar structure in the inner radio core
which finally emerged as an arc-like feature, expanding and
moving outward with an apparent speed exceeding the speed
of light (Fig. 1; with its apparent speed increasing from north
to the south, see Britzen et al. (2012)). The appearance of
this arc-like feature provides a unique opportunity to study
the transverse structure of the jet. The illumination of the
northern parts of the inner jet which were not visible in
the earlier VLBA images may indicate that the width of
the flow is much wider than is visible in a single snapshot
observation (due to the limited dynamic range). A stacked
image, generated through carefully super-imposing all the
available 2 cm observations, shows that the inner parts of the
jet might actually flow in the direction of the low-frequency
jet, i.e. position angle ' �48� instead of ' �90� (Fig. 4;
zero defined toward north and decreasing clock-wise).

c� 2012 RAS, MNRAS 000, 1–16
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Evidence for a large-scale helical magnetic field in the quasar 3C 454.3 3

Figure 2. VLBA images of 3C 454.3 at 5.0, 8.3, 15.3, 22.2, 43.1 and 86.2GHz (top left to bottom right, respectively) observed on May
19, 2005. Contours give the total intensity (logarithmic scale) and colour shows the degree of linear polarization (linear scale). The degree
of polarization is only presented where polarized flux is above the four times rms noise level of each map. The synthesized beams used for
the maps are presented at the bottom right of each image. Blue bars represent the direction of the apparent (RM-corrected) magnetic
field (�+ 90�).

In section 2, we first describe details of observations and
data analysis. Section ?? contains the main features of the
polarization and Faraday rotation measure maps, including
the details of multi-frequency image alignment and some
implications of the observed structures. Section ?? presents
a detailed comparison of our observations with theoretical
models of helical magnetic fields, which are described within
the same section.

At a redshift of 0.859, each milli-arcsecond corresponds
to a length of ' 7.7 pc projected on the plane of the sky.
Throughout this paper we have adopted a cosmological
model with Hubble constant H

0

= 71 km s�1Mpc�1, mat-
ter density parameter ⌦

m

= 0.27 and dark energy density
⌦

⇤

= 0.73.

2 OBSERVATIONS AND DATA REDUCTION

Most of our 15GHz maps are observed by the Monitoring Of
Jets in Active galactic nuclei with VLBA Experiments (MO-
JAVE) team (Lister et al. 2009). Additional good-quality
maps were retrieved from the Very Long Baseline Array
(VLBA) archive and processed by the MOJAVE team. In
addition to the epochs displayed in Fig. 1, observations were
carried out on 72 epochs between 1995.07.28 and 2011.06.24.

Details of the observing setup for each epoch can be found
on the MOJAVE homepage1 (see also Lister et al. (2009)).
After being correlated with the VLBA correlator at the Na-
tional Radio Astronomy Observatory (NRAO) in Socorro,
New Mexico, the initial data reduction and calibration were
performed using the standard routines (see the AIPS cook-
book2). The imaging and self-calibration were done using the
DIFMAP package3 (Shepherd 1997).

In addition to the 15GHz monitoring, three extra
sets of quasi-simultaneous multi-frequency observations are
used in our analysis. On May 19, 2005, we performed
multi-frequency, quasi-simultaneous VLBA observations of
3C 454.3 at 5.0, 8.3, 15.3, 22.2, 43.1 and 86.2GHz with ob-
serving scans at di↵erent frequencies interleaved (Fig. 2).
A similar experiment was repeated on September 22, 2009
(without 86GHz coverage, Fig. 3). The model-fitting for
these datasets was performed in a consistent way within the
DIFMAP package using circular Gaussian components.
Whenever a comparison between maps obtained at di↵erent
observing bands was necessary (spectral index measurement,
size approximation) we matched the sampled (u, v) ranges

1 https://www.physics.purdue.edu/astro/mojave/
2 http://www.aips.nrao.edu
3 ftp://ftp.astro.caltech.edu/pub/difmap/difmap.html
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Figure 2. VLBA images of 3C 454.3 at 5.0, 8.3, 15.3, 22.2, 43.1 and 86.2GHz (top left to bottom right, respectively) observed on May
19, 2005. Contours give the total intensity (logarithmic scale) and colour shows the degree of linear polarization (linear scale). The degree
of polarization is only presented where polarized flux is above the four times rms noise level of each map. The synthesized beams used for
the maps are presented at the bottom right of each image. Blue bars represent the direction of the apparent (RM-corrected) magnetic
field (�+ 90�).

In section 2, we first describe details of observations and
data analysis. Section ?? contains the main features of the
polarization and Faraday rotation measure maps, including
the details of multi-frequency image alignment and some
implications of the observed structures. Section ?? presents
a detailed comparison of our observations with theoretical
models of helical magnetic fields, which are described within
the same section.

At a redshift of 0.859, each milli-arcsecond corresponds
to a length of ' 7.7 pc projected on the plane of the sky.
Throughout this paper we have adopted a cosmological
model with Hubble constant H

0

= 71 km s�1Mpc�1, mat-
ter density parameter ⌦

m

= 0.27 and dark energy density
⌦

⇤

= 0.73.

2 OBSERVATIONS AND DATA REDUCTION

Most of our 15GHz maps are observed by the Monitoring Of
Jets in Active galactic nuclei with VLBA Experiments (MO-
JAVE) team (Lister et al. 2009). Additional good-quality
maps were retrieved from the Very Long Baseline Array
(VLBA) archive and processed by the MOJAVE team. In
addition to the epochs displayed in Fig. 1, observations were
carried out on 72 epochs between 1995.07.28 and 2011.06.24.

Details of the observing setup for each epoch can be found
on the MOJAVE homepage1 (see also Lister et al. (2009)).
After being correlated with the VLBA correlator at the Na-
tional Radio Astronomy Observatory (NRAO) in Socorro,
New Mexico, the initial data reduction and calibration were
performed using the standard routines (see the AIPS cook-
book2). The imaging and self-calibration were done using the
DIFMAP package3 (Shepherd 1997).

In addition to the 15GHz monitoring, three extra
sets of quasi-simultaneous multi-frequency observations are
used in our analysis. On May 19, 2005, we performed
multi-frequency, quasi-simultaneous VLBA observations of
3C 454.3 at 5.0, 8.3, 15.3, 22.2, 43.1 and 86.2GHz with ob-
serving scans at di↵erent frequencies interleaved (Fig. 2).
A similar experiment was repeated on September 22, 2009
(without 86GHz coverage, Fig. 3). The model-fitting for
these datasets was performed in a consistent way within the
DIFMAP package using circular Gaussian components.
Whenever a comparison between maps obtained at di↵erent
observing bands was necessary (spectral index measurement,
size approximation) we matched the sampled (u, v) ranges

1 https://www.physics.purdue.edu/astro/mojave/
2 http://www.aips.nrao.edu
3 ftp://ftp.astro.caltech.edu/pub/difmap/difmap.html
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