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ABSTRACT
An earlier study of the complex jet of 3C 380 by Papageorgiou et al. revealed total intensity
and polarization structure associated with a bright knot K1 about 0.7 arcsec from the core
that was reminiscent of that expected for a conical shock wave. In this new study, 1.42,
1.66 and 4.99 GHz total intensity, polarization and Faraday rotation images are presented and
analysed. These images were derived from observations with the Very Long Baseline Array
plus one antenna of the Very Large Array, obtained in 2006 March. These new images confirm
the overall magnetic field structure of the knot K1 indicated in the earlier observations. In
addition, a clear Faraday rotation gradient has been detected across the jet, extending roughly
from 10 to 30 mas (70–200 pc) along the jet from the core (a radial distance of approximately
two beamwidths). The gradient spans roughly 3.5 beamwidths in the transverse direction, and
the difference in the rotation measures on either side of the jet is 4–5σ , demonstrating that
the detection of the gradient is firm. We interpret this transverse Faraday rotation gradient as
reflecting systematic variation of the line-of-sight component of a helical or toroidal magnetic
field (B) associated with the jet of 3C 380. These results provide evidence that the helical field
arising due to the joint action of the rotation of the central black hole and its accretion disc
and the jet outflow can survive to distances of hundreds of parsecs from the central engine.
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1 IN T RO D U C T I O N

The radio emission associated with active galactic nuclei (AGNs) is
synchrotron emission, which can be linearly polarized up to about
75 per cent in optically thin regions, where the polarization angle χ

is orthogonal to the projection of the magnetic field B on to the plane
of the sky, and up to 10–15 per cent in optically thick regions, where
χ is parallel to the projected magnetic field B (Pacholczyk 1970).
Linear polarization measurements thus provide direct information
about both the degree of order and the direction of the magnetic
field giving rise to the observed synchrotron radiation.

Multifrequency very long baseline interferometry (VLBI) polar-
ization observations also provide information about the parsec-scale
distribution of the spectral index (optical depth) of the emitting re-
gions, as well as Faraday rotation occurring between the source and
observer. Faraday rotation of the plane of linear polarization occurs
during the passage of the associated electromagnetic wave through
a region with free electrons and a magnetic field with a non-zero
component along the line of sight. When the Faraday rotation occurs
outside the emitting region in regions of non-relativistic plasma, the
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amount of rotation is given by

χobs − χo = e3λ2

8π2εom2c3

∫
ne B · dl ≡ RMλ2, (1)

where χobs and χo are the observed and intrinsic polarization an-
gles, respectively, −e and m are the charge and mass of the particles
giving rise to the Faraday rotation, usually taken to be electrons,
c is the speed of light, ne is the density of the Faraday-rotating
electrons, B · dl is an element of the line-of-sight magnetic field, λ

is the observing wavelength and RM (the coefficient of λ2) is the
rotation measure (e.g. Burn 1966). Simultaneous multifrequency
observations thus allow the determination of both the RM, which
carries information about the electron density and magnetic field
in the region of Faraday rotation, and χo, which carries informa-
tion about the intrinsic magnetic field geometry associated with the
source.

Systematic gradients in the Faraday rotation have been reported
across the parsec-scale jets of several AGN, interpreted as reflecting
the systematic change in the line-of-sight component of a toroidal or
helical jet magnetic field across the jet (most recent reports include
Asada et al. 2010; Croke, O’Sullivan & Gabuzda 2010; Hovatta
et al. 2012; Mahmud et al. 2013). Such fields would come about
in a natural way as a result of the ‘winding up’ of an initial ‘seed’
field by the rotation of the central accreting objects (e.g. Nakamura,
Uchida & Hirose 2001; Lovelace et al. 2002).
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The quasar 3C 380 has been extensively studied with VLBI, for
example, by Polatidis & Wilkinson (1998) and Papageorgiou et al.
(2006, henceforth P2006). On kiloparsec scales, 3C 380 has a one-
sided jet with two bright knots, detected in both the radio and optical
bands, embedded in a diffuse halo (Wilkinson et al. 1991; O’Dea
et al. 1999), with two bright knots, K1 and K2, approximately
0.7 and 1.0 arcsec from the core (Kameno et al. 2000). The jet of
3C 380 is also one-sided on parsec scales, with a sharp apparent
bend, roughly 9 mas from the core, at the position of a bright knot
(‘component A’ of Polatidis & Wilkinson 1998). Various superlu-
minal components have been monitored over 10–20 yr (Polatidis &
Wilkinson 1998; Lister et al. 2009). Curiously, component A has
been found to move superluminally along position angle ∼−30◦,
somewhat offset from the direction back towards the core (i.e. this
component is not moving strictly radially).

The 1.6 GHz space VLBI and 5 GHz Very Long Baseline Ar-
ray (VLBA) polarization-sensitive observations of P2006 yielded a
two-frequency RM map indicating relatively modest variations in
the Faraday rotation in the region of the 3C 380 VLBI jet; these
measurements were tentative, since the difference between the two
polarization angles was subject to an ambiguity of nπ. The high-
sensitivity 1.6 GHz VLBA+phased Very Large Array (VLA) data
of P2006 also revealed polarization associated with the knot K1 lo-
cated about 0.7 arcsec from the VLBI core, which was reminiscent
of that expected for a conical shock wave.

The new 1.42+1.66+4.99 GHz VLBI observations presented
here were obtained to further investigate the total intensity and
polarization structure of the knot K1, and to provide further infor-
mation about the parsec- and decaparsec-scale RM distribution in
the vicinity of 3C 380.

2 O B S E RVAT I O N S A N D R E D U C T I O N

The 1.416+1.658+4.986 GHz observations analysed here were ob-
tained on 2006 March 26 with the VLBA and one antenna of the
VLA, at an aggregate data rate of 128 Mb s−1 in dual-polarization
mode. The total duration of the VLBI observations was about 5.5 h.
The preliminary phase and amplitude calibration, polarization (D-
term) calibration, electric vector position angle (EVPA) calibration
and imaging were all carried out in the National Radio Astronomy
Observatory (NRAO) AIPS package using standard techniques.

The compact polarized BL Lac object 1823+568 was used for
the D-term calibration at all three frequencies. This was carried
out using the AIPS task LPCAL, solving simultaneously for the source
polarizations in a small number of individual VLBI components
corresponding to groups of CLEAN components, identified by hand.

1823+568 also served as the EVPA calibrator at all three frequen-
cies, due to its relatively simple and stable jet polarization structure.
The EVPAs were calibrated using VLBA polarization observations
of 1823+568 made at 1.358, 1.430, 1.493 and 1.665 GHz on 2010
July 29. Note that the jet polarization structures of radio BL Lac
objects on decaparsec scales have been shown to be constant on
time-scales of at least 4–5 yr (Hallahan & Gabuzda 2008; Healy
& Gabuzda 2013), making it possible to use these observations for
the EVPA calibration despite the significant time offset from the
2006 observations. First, a region of compact polarization in the jet
that was clearly detected at all three of our frequencies, as well as
in the 2010 observations, was identified. The fully calibrated ob-
served EVPA (χ ) values for 2010 July 29 at 1.358, 1.430, 1.493
and 1.665 GHz were then plotted versus λ2; this confirmed that the
χ values displayed the linear dependence characteristic of Faraday

rotation. Further, this λ2 dependence was interpolated or extrapo-
lated to the three frequencies at which the 2006 observations were
made, yielding calibrated χ values at these three frequencies, prop-
erly taking into account the Faraday rotation to which each was
subject in the observations. These were then compared to the ob-
served χ values to calibrate the latter. The resulting 4.986 GHz
polarization map of 1823+568 was in very good consistency with
previously published maps of this AGN at 5 GHz and other cen-
timetre wavelengths (Gabuzda et al. 1994; Lister & Homan 2005),
and the 1.416 and 1.658 GHz polarization maps of 1823+568 were
fully consistent with the maps for 2010 July. The required EVPA
corrections (rotations in χ ) are +47◦ at 4.99 GHz, −56◦ at 1.66 GHz
and −30◦ at 1.42 GHz. Due to the simple and stable polarization
structure of the 1823+568 jet, this EVPA calibration should be
subject to uncertainties no greater than 2◦ at all three frequencies.

Due to the extended nature of the emission in 3C 380, the imaging
of this source at the lower two frequencies was carried out initially
using only the inner VLBA antennas and the VLA, before adding in
the other antennas, similar to the procedure used by P2006. Maps of
the distribution of the total intensity I and Stokes parameters Q and
U at each frequency were made, both with usual natural weighting,
and with matched resolutions corresponding to the lowest frequency
beam. The distributions of the polarized flux (p =

√
Q2 + U 2) and

polarization angle (χ = 1
2 arctan U

Q
) were obtained from the Q and

U maps using the AIPS task COMB. Maps of the RM were then
constructed using the AIPS task RM, as well as in CASA, after first
subtracting the effect of the integrated RM (presumed to arise in our
Galaxy) from the observed polarization angles (the integrated RM
value for 3C 380 was taken to be +26 rad m−2; Rusk 1988), so that
any residual Faraday rotation was due predominantly to thermal
plasma in the vicinity of the AGN. The uncertainties in the RM
were based on the uncertainties in Q and U, which were, in turn,
estimated using the approach of Hovatta et al. (2012). The output
pixels in the RM maps were blanked when the RM uncertainty from
the χ versus λ2 fit exceeded specified values, indicated below in the
text and figure captions.

3 R ESULTS AND DI SCUSSI ON

3.1 Observed polarization structure

Fig. 1 presents the 5 GHz total intensity image of
3C 380, which shows the inner jet, with superposed mag-
netic field vectors. The magnetic field vectors were obtained
by rotating the observed polarization vectors, corrected for
Galactic but not local Faraday rotation, by 90◦. This image is in
excellent agreement with the results of Cawthorne et al. (1993),
Taylor (1998), P2006 and the MOJAVE project (Lister & Homan
2005, http://www.physics.purdue.edu/astro/MOJAVE/), and shows
predominantly longitudinal jet magnetic field on these scales, with
an abrupt rotation in the inferred magnetic field direction at the
position of knot A, near the bend in the jet 9–10 mas from the
core. The 5 GHz total intensity map seems to show hints of limb
brightening beyond about 30 mas from the core.

Fig. 2 (left) presents our 1.4 GHz total intensity image of 3C
380, showing the inner VLBI jet and knot K1, together with a
more detailed view of the knot K1 at a distance of about 0.7 arcsec
from the core. These images are quite consistent with the 1.6 GHz
images presented by P2006. The top-right panel of Fig. 2 shows
the 1.4 GHz polarization map for K1, and the bottom-right panel
the 1.4–1.6 GHz RM map for this same region. The polarization
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Figure 1. 4.99 GHz total intensity map of 3C 380 with magnetic field sticks
superposed. The contours shown are −0.25, 0.25, 0.50, 1, 2, 4, 8, 16, 32,
64 and 95 per cent of the peak of 1.46 Jy beam−1. The magnetic field sticks
were obtained by rotating the calibrated polarization angles corrected for
Galactic but not local Faraday rotation by 90◦.

Figure 2. Left: 1.4 GHz total intensity map of 3C 380. The bottom contour
is 1.7 per cent of the peak of 1.45 Jy beam−1, and the contours increase in
steps of a factor of 2. Top right: total intensity map of K1 with magnetic field
sticks rotated such that they coincide with the fully Faraday-corrected values
in the region where those are measured. Bottom right: two-frequency RM
map of the region of K1 constructed using our 1.4 and 1.7 GHz polarization
maps.

angles in the top-right figure have all been rotated by the amount
required to make the polarization angles, at points where the two-
frequency RM has been determined, agree with their fully Faraday-
corrected values. Although we cannot guarantee that there is no
residual Faraday rotation affecting the polarization angles in regions
where the two-frequency RM values were not reliably measured,
this seems unlikely, given the small local RM values and variations
of these values over the region we have measured. Although the

detected polarization is relatively weak, the overall morphology
and magnetic field of the distant knot K1 at 1.4 GHz presented in
Fig. 2 are similar to those reported by P2006 (see fig. 13 of that
paper).

3.2 A transverse RM gradient: implications for the 3D
magnetic field structure of the jet

Our new three-frequency RM measurements (Fig. 3) indicate that
the assumption made by P2006 that the correct difference between
their 1.6 and 5 GHz polarization angles was the smallest possible
value was, in fact, incorrect: the nπ ambiguity is broken by the
new three-frequency results presented here. Note that the integrated
Faraday rotation measure reported by Rusk (1988) is +26 rad m−2,
so our observed RM values would have been slightly more positive
if we had not removed the effect of the integrated (Galactic) RM
from our polarization angle measurements.

The new RM map of the jet of 3C 380 within about 70 mas from
the core displays relatively modest RM variations, but a transverse
RM gradient is clearly visible roughly 10–30 mas from the core.
This RM gradient spans roughly 3.5 beamwidths, and the difference
in the RM values on opposite sides of the jet is roughly 4–5σ ,
making this a very firm detection.

Fig. 3 also shows RM values along a slice across the region of the
RM gradient, which displays the monotonicity of the RM gradient,
and demonstrates the significance of the RM differences, which is
∼4σ . Fig. 3 also shows plots of the EVPA χ versus the wavelength
λ squared for the four points along the slice shown. The adherence
to linear λ2 dependences is excellent. The RM uncertainties in Fig. 3
were determined using χ uncertainties estimated in individual pix-
els using the approach of Hovatta et al. (2012), without including
the effect of uncertainty in the EVPA calibration, since this can-
not introduce spurious RM gradients, as is discussed in Mahmud,
Gabuzda & Bezrukovs (2009) and Hovatta et al. (2012). The ability
of the 1.4 and 1.6 GHz measurements to resolve the nπ ambigu-
ity in the observed polarization angles is immediately clear. This
combined with the long ‘lever arm’ between the two lower frequen-
cies and 5 GHz yields RM measurements in individual pixels with
low uncertainties of no more than ∼2 rad m−2 (these will increase
somewhat if the EVPA calibration uncertainties are included in the
χ errors).

There are two obvious, straightforward interpretations of the ob-
served transverse RM gradient across the 3C 380 jet: an enhance-
ment of the electron density along the northern edge of the jet, or
the presence of a helical or toroidal magnetic field component as-
sociated with the jet. If the viewing angle of the jet in the jet rest
frame is not too far from 90◦, the RM gradient produced by a helical
jet magnetic field will span both positive and negative RM values,
providing a strong diagnostic for a helical-field origin for transverse
RM gradients including RM values of both signs. However, the RM
values shift to encompass only one sign as the viewing angle in the
rest frame of the jet moves away from 90◦, so that helical-field-
induced transverse RM gradients need not encompass RM values
of both signs. In the case of the 3C 380 jet, the observed RM val-
ues (after subtracting the effect of Faraday rotation in our Galaxy)
are all positive (Fig. 3, upper left), so that the observed transverse
RM gradient could, in principle, be due to a gradient in either the
electron density or the line-of-sight magnetic field across the jet.
However, if there were a higher electron density along the northern
edge of the jet, we would expect the jet to be interacting with this
material to some extent, likely enhancing the longitudinal magnetic
field due to shear, and giving rise to an increase in the polarization
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Figure 3. Upper left: 1.4 GHz total intensity map of the inner jet of 3C 380 with the distribution of the RM superposed. Upper right: RM values at four points
along the slice across the jet shown by the bold line in the upper-left panel. The horizontal axis plots the distance along this slice starting from its Southwest
end. Middle and lower rows: Plots of χ versus λ2 for the four points shown in the slice above. The χ errors shown are 1σ . The RM difference across this slice
corresponds to about 4σ .

along the northern edge of the jet, compared to the southern edge.
In fact, Fig. 4 shows an increase in the degree of polarization along
both edges of the jet, more consistent with the presence of a he-
lical jet magnetic field than with a density enhancement along the
northern side of the jet.

Earlier, shorter wavelength RM images of the inner 3C 380 jet
by Taylor (1998) and P2006 showed no evidence for transverse RM
structure across the jet. This is probably not surprising, since the RM
uncertainties of those observations were considerably larger than the
uncertainties of the observations considered here. The 1.4–1.6 GHz
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Figure 4. 1.4 GHz total intensity map of the inner part of the 3C 380 jet
with the distribution of the degree of polarization superposed (in per cent).

RM map of the region of the knot K1, located roughly 0.7 arcsec
from the core, likewise did not show evidence of systematic RM
structure across the jet; in this case, this may suggest that the RM
distribution has become dominated by a random component at this
greater distance from the core.

4 C O N C L U S I O N

This paper has presented new, total intensity polarization and Fara-
day RM measurements of the jet of 3C 380 based on simultaneous
observations at 1.4, 1.7 and 5 GHz.

The results of the 1.4 and 1.7 GHz observations support the idea
that the distant knot K1 investigated by P2006 is a conical shock
in the jet flow in 3C 380. Higher sensitivity observations of this
region are required to map out its total intensity and magnetic field
structure in more detail.

Most interestingly, the three-frequency Faraday rotation mea-
surements presented here have revealed a clear RM gradient across
the jet at distances of about 10–30 mas from the core. The RM
values spanned by this gradient correspond to differences of 4–5σ .
This represents firm evidence that the jet of 3C 380 carries a helical
or toroidal magnetic field component, which could naturally arise
due to the rotation of the central black hole and its accretion disc.
The importance of these new observations is that they suggest that

this helical magnetic field component can survive to distances of
hundreds of parsec from the central engine. At the same time, the
1.4–1.6 GHz RM map of the region of the knot K1, located roughly
0.7 arcsec from the core, did not show any evidence of systematic
RM structure across the jet, suggesting that the RM distribution has
become dominated by a random component at this greater distance
from the core.
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