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POLARIZATION STRUCTURE IN THE CORE OF 1803+784: A SIGNATURE OF RECOLLIMATION SHOCKS?
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ABSTRACT

The extragalactic radio source 1803+784 is a BL Lac object that shows rapid variability and strong linear
polarization. Very long baseline interferometry observations reveal that the core possesses a distinctive structure in
polarized intensity with two maxima on axis and two minima symmetrically placed on either side. The approximately
radial pattern of electric field polarization rods is reminiscent of the results obtained earlier by Cawthorne for conical
shocks, but, individually, these do not reproduce the main features of the polarized intensity images. In numerical
simulations and experiments, these shocks occur in pairs and help to stabilize jets as they adjust to changes in
environment. Here, the polarization resulting from such structures is investigated using an approximate, analytical
approach, by making some simple assumptions about the nature of the flow between two such shock waves. For
fairly small viewing angles, it is found that a reasonable representation of the core polarization of 1803+784 can be
obtained. The similarity between the observed and model polarizations supports the view that the core structure in
1803+784 represents a recollimation shock, and that such shock waves may be responsible for the first disturbance
and hence brightening of the quiescent flow in astrophysical jets.
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1. INTRODUCTION

When there is a mismatch between the pressure of a jet and
the ambient pressure at the jet boundary, the result can be a series
of pairs of shocks that take the form of cone-shaped surfaces. In
each pair of shock surfaces, a collimating or forward-pointing
cone is followed by a decollimating or backward-pointing cone.
It is likely that these two shock fronts meet at a Mach disk, a
small region over which the shock is planar and perpendicular
to the axis.

Since astrophysical jets are emerging into regions of declining
pressure and density, it seems probable that conical shocks are
present and able to influence the observational properties of
jets as they emerge from the active galactic nucleus (AGN).
The effect of conical shocks on astrophysical jets has been
studied by a number of authors. Lind & Blandford (1985)
considered their influence on the anisotropy of radiation from
jets, demonstrating that the result of relativistic beaming can
differ quite significantly from that predicted by the usual
relativistic beaming factor. Falle & Wilson (1985) performed
numerical simulations of the jet flow in M87, identifying the
conical shocks in their simulations with the weak knots of radio
emission between the nucleus and knot A. They found that,
using the rate of decline of gas pressure predicted by X-ray
observations, their simulation predicted the correct spacing of
the knots.

Gómez et al. (1995, 1997) generated simulations of syn-
chrotron emission from the output of hydrodynamic codes in
which recollimation shocks were produced by initially over-
pressured jets in external media with both constant and declining
pressure. Gómez et al. (1997) and Agudo et al. (2001) used this
approach to consider the interaction between moving shocks
and standing conical shocks, concluding that such interaction
displaces the stationary component downstream and gives rise
to trailing components that follow the main outward-moving
disturbance.
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Cawthorne & Cobb (1990) and Cawthorne (2006) used a
simple semi-dynamical model for a conical shock front to
consider what the polarization signatures of such shocks might
be. These models assumed that the upstream magnetic field is
either disordered on scales small compared to the resolution of
any relevant observations or a combination of a disordered field
component and a component of field parallel to the axis, as is
found in some astrophysical jets. The results were compared,
for example, to polarization observations of the 0.7 arcsec knot
in 3C 380 (Papageorgiou et al. 2006), which shows a pattern
reminiscent of some of the simulations from Cawthorne (2006).
Observations that revealed a similar component in 3C 120 have
been reported by Roca-Sogorb et al. (2010) and Agudo et al.
(2012). In the latter paper, it was argued that this too represents
a conical shock. In 3C 120, the case for the existence of a shock
is strengthened by the large increase in surface brightness over
approximately 7 yr, which is interpreted as the result of the
formation of the shock.

It is sometimes proposed (e.g., Daly & Marscher 1988;
Marscher et al. 2008) that the high-frequency core components
of astrophysical jets may be regarded as the first in the series
of collimating and decollimating shock pairs that result when
the jet first becomes underpressured. In this picture, the jet
is assumed to be essentially invisible during its initial stages
because it is a steady flow and therefore “cool.” Such shocks
seem to be an essential feature of most AGN jets because,
unless a jet evolves smoothly (which is not, apparently, the
case for most jets, which contain bright and variable features),
such shocks represent the only mechanism through which it can
reach a form of equilibrium following changes in the pressure of
the jet or of its environment. Indirect evidence for identification
of the high-frequency radio cores with recollimation shocks
comes from the work of Marscher et al. (2008) who attribute
flares in some AGN to the interaction of a traveling shock
with a stationary recollimation shock at the position of the
core. However, in these circumstances, where the features
concerned are at best marginally resolved by very long baseline
interferometry (VLBI) arrays, key signatures of the shocks, such
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as the ratio of the upstream to downstream brightness, cannot
be measured directly or even inferred (as in the case of the more
extended structure in 3C 120). For this reason, the best way to
confirm the existence of recollimation shocks is to identify their
characteristic features, among which the polarization signature
is one of the most promising candidates.

In the past, comparison between the model and observed
polarizations has been difficult since, at the resolution of
available data, the core represents a blend of many different
components and is often dominated by newly emerging knots
rather than the quiescent features that might be associated with
the conical shocks. Recently, however, the availability of high-
quality images from the Very Long Baseline Array (VLBA) at
frequency 43 GHz has provided a new source of data in which
to search for radio cores that might consist of simple, quiescent
structures. Despite the availability of such images for a number
of years, the polarization is often not displayed optimally for
this purpose. Visualizations in which the polarized intensity
is represented by the length of polarization rods often give
a poor impression of its distribution in marginally resolved
structures—and are not ideal for comparison with models.
Contour maps of polarized flux density with polarization rods
superimposed are far better in this respect, but rarely seem to
appear in published work.

This paper presents images of the quasar 1803+784 drawn
from the 7 mm VLBA polarization survey by Jorstad et al.
(2005, 2007), the polarization contour maps being shown here
for the first time. They reveal a distinctive polarization structure
that is discussed in terms of the conical shock models.

2. OBSERVATIONS

The compact, flat-spectrum radio source 1803+784 is asso-
ciated with a BL Lac object at redshift z = 0.6797 (Lawrence
et al. 1996). The structure of the radio source takes the form
of a one-sided and apparently curved jet. A series of bimonthly
VLBI observations at 43 GHz revealed three superluminal com-
ponents with apparent speeds in the range �10–16 c (Jorstad
et al. 2005). Observations at lower frequencies with less fre-
quent sampling suggested that most prominent features in the
jet were stationary, though one superluminal component with
apparent speed �19c was detected (Britzen et al. 2010).

The observations used in this paper were obtained as part of a
larger program of investigation in which a sample of AGNs
was observed at roughly 2 month intervals over the course
of approximately 3 yr, from 1998 to 2001. The sources were
observed by the VLBA at frequency 43 GHz and by a number
of other telescopes operating in the millimeter, submillimeter,
and optical bands. The full results were presented by Jorstad
et al. (2005, 2007).

Inspection of images of 1803+784 presented in Jorstad et al.
(2005) reveals radial patterns of polarization rods, reminiscent
of results from the conical shock modeling of Cawthorne (2006).
To facilitate a closer comparison, the polarized intensity contour
images, in which the polarization angles are represented by rods
of constant length, were generated, and two of these are shown
in Figure 1, where total intensity contour images and fractional
polarization color images are also shown. The images have been
rotated so that the apparent jet axes are vertical. The direction
of north is shown in the total and polarized intensity plots.

In this paper, Faraday rotation is assumed to be unimportant
at 43 GHz in 1803+784. This is implied by the approximate
reflection symmetry of the polarization rods about the jet axis,
as seen in Figure 1; it is unlikely that such symmetry would

survive a significant amount of Faraday rotation. Furthermore,
Mahmud et al. (2009) measured Faraday rotation associated
with core region, using images at 43 GHz and lower frequencies.
The largest rotation measure detected was 1200 rad m−2,
corresponding to a rotation of only 3.◦5 at 43 GHz.

The most striking aspect of these images is the unusual
and complex polarized intensity structure. As expected, many
of the images do show a radial pattern of polarization rods
similar to that found in some of the conical shock simulations
shown by Cawthorne (2006). However, there are also features
that the conical shock models do not reproduce. The polarized
intensity is often double-peaked. These two peaks, which define
an approximate symmetry axis, are of comparable brightness,
the northwestern of the two (i.e., the furthermost downstream)
being weaker at some epochs and generally less compact. On
a line orthogonal to the symmetry axis between the two peaks,
there are two minima of polarization, one either side of the axis.
This type of structure is particularly evident at the epochs 1998
October and 1999 October shown in Figure 1 but is present
to some extent at most of the 17 observations that were made.
For clarity, the maxima and minima of polarized intensity are
marked on the corresponding plots in Figure 1.

This paper addresses the question of whether such structures
could arise from the conical shock model or one of its variants.

3. MODELS

Any model for the structures shown in Figure 1 must
account for the two minima in polarized intensity, and must
therefore entail cancellation between orthogonal components of
polarization. In addition, the model must explain the two on-axis
components of polarized intensity and pattern of polarization
rods that radiate from a position between them. The required
cancellation of polarization can result in a number of ways. For
example, if the jet contained a partially ordered magnetic field,
then such an effect might result from superposition of emission
from toroidal and poloidal field components; such models are
discussed, e.g., in Canvin & Laing (2004). However, the radial
pattern of polarization rods is reminiscent of the conical shock
models of Cawthorne & Cobb (1990) and Cawthorne (2006).
These form an attractive basis for this investigation, since, as
discussed in Section 1, they are a component of recollimation
shocks, which are often identified with the high-frequency
cores in AGNs (e.g., Marscher et al. 2008). In this model,
the polarization minima result from superposition of polarized
emission from the collimating and decollimating shocks: in
the region between the polarized maxima, their polarization
angles rotate in opposite directions with increasing distance
from the axis, making this type of cancellation a very probable
occurrence.

3.1. Conical Shock Models

The models used in this paper are essentially those of
Cawthorne (2006), based on a framework presented in Lind &
Blandford (1985). The shocks are modeled as conical surfaces,
having semi-opening angle η, that are coaxial with the jet. The
axis of the system is inclined at an angle θ to the line of sight,
where θ and η are measured in the reference frame of the shock
(which is assumed to be at rest with respect to the AGN). In the
region upstream of the shock, the flow is assumed to be parallel
to the jet axis with speed cβu. As a result of the shock, the flow is
deflected through an angle ξ away from the axis and decelerated
to speed cβd . The system is shown in Figure 2.
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Figure 1. Images of 1803+784 at 43 GHz in total intensity, polarized intensity and polarization E-field rods of constant length, and fractional polarization. The total
intensity contours increment by a factor of

√
2 and the polarized intensity contours increment by a factor of 2. The R.A. and decl. scale is in mas. The polarization

minima and maxima are labeled MN1 and MN2, and MX1 and MX2, respectively. The plots are rotated so that, near the core, the jet is directed upward.
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Figure 2. Illustration of conical model. The flow is initially parallel to the jet
axis, but is deflected by the shock through an angle ξ .

In previous work (Cawthorne & Cobb 1990; Cawthorne 2006;
Agudo et al. 2012), simulated polarization images were formed
by making the following assumptions: the emission is dominated
by one of the two conical shock waves (or, in the case of Agudo
et al. 2012, only one such shock occurs); the shock structures are
assumed to be steady over timescales less than or comparable
to a light crossing time; the source is assumed to be optically
thin for frequencies at which the emission is to be simulated;
the radiating material is visible only near the shock surface,
i.e., it cools rapidly; and the upstream densities of radiating
particles and magnetic energy are uniform across the jet’s cross
section. Both up and downstream plasmas are assumed to have
a relativistic equation of state and sound speed c/

√
3.

Among models of this type, those of greatest interest here
have jet axes making small angles to the line of sight and largely
disordered upstream magnetic fields (corresponding to f = 0 in
Cawthorne 2006). It is these models that reproduce the roughly
radial pattern of E-field polarization rods found in the core of
1803+784.

An example is shown in Figure 3. Here, the emission is
computed for a single conical shock front where the jet axis
is inclined at angle θ = 1.◦5 to the line of sight, the upstream
Lorentz factor is γu = 10, and the cone angle is η = 6◦. With
these values, the downstream Lorentz factor is γd = 7.8, and
the flow is deflected toward the shock surface by 2.◦1.

The first and second panels show model total and polarized
intensities, respectively. The third panel shows the variation of
fractional polarization along the axis. The fourth, fifth, and sixth
panels show the effects of convolution with a beam: the fourth
panel shows total intensity contours with polarization rods of
length proportional to polarized intensity and the restoring
beam (FWHM) in the top right; the fifth panel shows polarized
intensity contours with polarization rods of constant length; the
sixth panel shows a gray-scale plot of fractional polarization.

Even when the jet axis makes such a small angle to the line of
sight, the intensity patterns are still quite strongly asymmetric,
in the sense that the total intensity and polarization are higher
on the downstream (upper) than on the upstream (lower) side
of the shock. In total intensity, this arises because the angle
between the downstream velocity and the line of sight is much
smaller, and therefore the Doppler factor is much larger, on the
upper than on the lower part of the cone surface. The same
effect also boosts the polarized intensity, but the main reason
for the polarization asymmetry is that, in the rest frame of the
downstream flow, the angle between the line of sight and the
normal to shock surface is much closer to 90◦ on the upper than
on the lower part of the cone surface. Hence, the magnetic field
appears much more highly ordered on the upper shock surface,

and the fractional polarization is therefore much higher there
than on the lower side. This is clearly seen in the third panel of
Figure 3.

Note that in these simulations, the shock can be regarded
either as decollimating (in which case the flow is downward in
the figure and the conical surface is opening toward the observer)
or collimating (when the flow is upward and the conical surface
opens away from the observer) (see also Figure 2 in Cawthorne
2006).

While the polarization distribution does reproduce approx-
imately a radial pattern of polarization, it reproduces neither
the double peak in polarized intensity seen on the axis of the
core in 1803+784 nor the polarization minima either side of
it. If the viewing angle is increased, the polarization becomes
rapidly more strongly asymmetric, leaving just a simple fan of
polarization rods associated with the upper part of the shock.
As the viewing angle is reduced further, so the entire polariza-
tion structure rapidly becomes circularly symmetric. It seems
that, with a purely disordered upstream magnetic field, there is
no combination of parameters that will reproduce the polariza-
tion distributions shown in Figure 1. At this point, therefore, an
extension of the conical shock model is considered.

3.2. Recollimation Shocks

In numerical simulations and laboratory experiments, conical
shocks occur in pairs. The first, collimating shock overcompen-
sates for the initial divergence of the flow, and this is corrected
by the second, decollimating shock. The two shocks are coaxial
and meet at their apexes, or possibly at a small Mach disk. In
this paper, such structures are represented by the model shown
in Figure 4. The polarization distribution from such a system
would be the sum of two distributions, each similar to that of
Figure 3, fifth panel, one being reflected about the horizontal
axis of the plot. This clearly offers the possibility of a struc-
ture with two peaks in polarized flux density on the jet axis.
Slightly less obviously, it also raises the possibility of pairs
of polarization minima along a line perpendicular to the axis.
These minima result from cancellation due to the almost or-
thogonal polarizations contributed by the convolved images of
the two shock structures. It therefore seems worth exploring
whether the observed polarization could result from this type of
structure.

Using the analytical approach, the polarization of synchrotron
radiation from such structures can only be determined by
introducing some additional assumptions, above and beyond
those used by Cawthorne (2006), most of which relate to the
behavior of the plasma between the two shocks; they are as
follows:

1. The initial and final fluid velocities are essentially parallel
to the jet axis. In fact, numerical simulations show that in
both regions, the flow is likely to be parallel to the axis near
the axis, but diverging away from the axis at larger radii
(J. L. Gomez 2012, private communication). This would be
difficult to combine with the approach used here, where the
requirement that the shock front is a perfect cone demands
that the flow velocities (within any half-cross section) are
parallel.

2. The flow is diverted toward the axis by the first (collimating)
shock and then realigned with the axis by the second
(decollimating) shock. The cone angle of the second shock
is determined by the need to realign the flow. (The effects
of the converging upstream flow at the second shock can be
taken into account using the approach of Nalewajko 2009.)
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Figure 3. Illustration of emission from the single conical shock model with upstream Lorentz factor γu = 10, cone semi-angle η = 6◦, and an angle θ = 1.◦5 between
the axis and line of sight. The first two panels show distributions of total intensity, I, and polarized intensity, P. The third panel shows the run of fractional polarization
along the axis. The fourth and fifth panels illustrate the effects of convolution with the circular Gaussian beam shown in the top right of the fourth panel. They show,
respectively, contours of I and P, with polarization E-field rods proportional in length to P (fourth panel) and constant in length (fifth panel). The value of Imax shown
above the fourth panel represents the length of a polarization rod that corresponds to an intensity equal to the peak value of I. The lowest contours are 5% in I and 15%
in P, with contours stepping upward in factors of two. The sixth panel shows the distribution of fractional polarization post convolution, cut at the lowest P contour.
In the simulated images, the jet flow is directed upward.
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Figure 4. Illustration of recollimation shock model. The flow is initially parallel
to the jet axis, but is deflected by the first shock through an angle ξ then realigned
with the axis by the second shock.

3. It is assumed that, downstream from the first shock, the
plasma is made turbulent, such that following its passage
through the emitting layer, the magnetic field returns to a
disordered state. The high radio frequency core polarization
in AGNs is generally low and also highly variable both in
intensity and position angle, a fact that is best explained
if the upstream magnetic field is largely turbulent (e.g.,
Hughes 2005). This is also true of the optical polarization,
and the correlation between the polarization angles in the
two frequency bands suggests that the emission arises in
the same region (Gabuzda & Sitko 1994; D’Arcangelo
et al. 2007; D’Arcangelo 2010). In the case of 0420–014,
D’Arcangelo et al. (2007) estimated that the emitting region

consisted of some 600 cells, so the scale of the cells is likely
to be much smaller than the size of the emitting region.
Shocks are likely to cause a turbulent downstream flow if
the gas pressure exceeds the magnetic pressure (an implicit
assumption here, since the effect of the field on the shock
dynamics has been ignored; e.g., Eilek & Hughes 1991).
If the downstream flow is turbulent on a similar length
scale to the upstream flow, then the imprint of the shock
on the magnetic field structure could be lost quite quickly,
even if the turbulent velocity component is significantly less
than the flow velocity. Observationally, there is relatively
little evidence to show how far downstream the ordered
field survives, due to the difficulty of imaging interknot
emission.

4. As in Cawthorne (2006), the emitting plasma is assumed
to cool rapidly. Here, it is further assumed that the rest-
frame plasma emissivity returns rapidly to its upstream
value, and that emitting layers at the two shock fronts
are of equal width. The most likely cooling process is
synchrotron radiation, though inverse Compton scattering
of synchrotron radiation and of high-frequency (optical
or infra-red) radiation from an accretion torus may also
contribute. The validity of this assumption is discussed at
the end of this section. Note, however, that if the electrons
do age rapidly through radiative cooling, and if the core
component could be isolated from its neighboring features,
spectral aging should be manifested in a steepening of
the spectrum at frequencies above 40 GHz. This could be
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an important test of the model when suitable spectra are
available.

5. Between the two shocks, the flow is converging and the
plasma is subject to a two-dimensional, radial compression.
During this process, it is assumed that the disordered state
of the magnetic field is maintained by turbulence.

6. This compression causes an enhancement of the magnetic
field and the particle density, potentially by a large factor.
If the re-tangling of the field does not increase the magnetic
flux density (as it may well, e.g., Scheuer 1987), then
compression of the jet radius by a factor (r/r0) may
result in an enhancement in synchrotron emissivity by a
factor as great as (r/r0)−q where q = 4 2

3 or q = 6
for spectral index α = 0.5 or 1, respectively (Leahy
1991). Such a strong dependence presents a problem for
the model proposed here, as it results in images that are
completely dominated by the second shock, disallowing the
formation of polarized features such as double peaks on axis
and polarization minima. The effect of finite synchrotron
lifetime may mitigate the effect of compression. However,
the root of the problem is that the semi-analytical model of
Figure 4 almost certainly produces too great a convergence
of the flow between the two shocks, as it neglects any
response of the flow to increasing internal pressure. This
view is supported by the magnetohydrodynamical (MHD)
simulations produced by Roca-Sogorb et al. (2008) and
Roca-Sogorb (2011) which clearly indicate recollimation
shocks in which the largest width of the decollimating
shock is not much smaller than that of the collimating
shock. This is clearly a failing of the semi-analytic model.
As a result of this, and in the absence of any obvious
analytical way to allow for effects that might moderate the
sensitivity of the plasma emissivity, slightly weaker (and
ad hoc) forms of dependence have been investigated. It was
found that an emissivity proportional to (r/r0)−n where
n � 3 allowed some interaction between the polarizations
of the two shocks, and this dependence has been adopted for
the purpose of the present work. This ad hoc solution is, of
course, not entirely satisfactory, but it provides a convenient
way to proceed, pending a fully numerical investigation.

These assumptions are required to connect the states of the
fluid at the two shock fronts. They allow this investigation to
determine whether the idea of using twin recollimation shocks
to explain the core polarization of 1803+784 is a plausible one.

The geometry of the shock structure is summarized in
Figure 4. This model is characterized by three input parameters,
namely, the upstream Lorentz factor γ1, the cone angle of
the first (decollimating) shock, η1, and the viewing angle θ .
That said, there is an approximate equivalence of simulated
images for which 1/γ1, η1, and θ are scaled in proportion; it
is thus the two parameters θ/γ −1

1 and η/γ −1
1 that determine

the results. In addition, for any value of γ1, the range of
values of η is constrained fairly strongly: η must exceed the
minimum value for the formation of a shock front, given by
sin(ηmin) = 1/(

√
2γβ); however, values much larger than this

result in large deflections, strong compression of the plasma
before it reaches the second shock, and significant reductions
in the Lorentz factor of the flow, none of which is helpful in
explaining the structure of 1803+784. Furthermore, the value
of the viewing angle, θ , is constrained to be less than the cone
angle (to obtain the required radial pattern of polarization E
field). Hence the range of model parameters to be investigated
is quite tightly restricted. As a result of the first shock, the flow

is deflected through an angle ξ toward the axis and decelerated
to speed cβ2. The second shock realigns the flow with the jet
axis, further reducing the flow speed to cβ3.

The choice of Lorentz factor for 1803+784 is not straight-
forward, as there are several superluminal components with a
range of speeds (which themselves vary with time; Jorstad et al.
2005; Britzen et al. 2010). Fortunately, as discussed above, this
choice is not critical and for the present work a nominal up-
stream Lorentz factor γ1 = 10 has been adopted. Doubling the
Lorentz factor and halving the angles θ and η (and the beam
size) produce relatively minor changes in the simulated images.

The smallest possible choice of angle η1, for the upstream
shock, is ηmin � 4.◦1, while for η1 = 7◦, the jet Lorentz factor
is halved on passage through the two shocks, and the deflection
angle of �3◦ results in halving of the flow radius by the time
the second shock is encountered. The results of greatest interest
are therefore to be found between these two values of η1.

In an attempt to characterize the degree of success of the sim-
ulations, several characteristic properties of the polarized inten-
sity images were measured. These are as follows: Δrmax/bmaj,
the ratio of the separation of the polarization peaks on axis to
the FWHM major axis of the beam, bmaj; Δrmin/bmaj, the ratio
of the separation of the polarization minima to bmaj; pcore/pjet,
the ratio of the flux densities of the two polarized peaks, and
mcore and mjet, the fractional polarizations of these two fea-
tures. (In this context, the upstream and downstream peaks in
polarized intensity are labeled, respectively, as the “core” and
“jet” components without implying any physical connotation.)
The values of these quantities were obtained by plotting pro-
files of total and polarized intensity and fractional polarization
along lines running along the axis, and perpendicular to the
axis along a line plotted through the two minima. The uncer-
tainties were also estimated from these plots, those in polarized
flux density and fractional polarization being obtained as de-
scribed by Hovatta et al. (2012). A χ2 parameter was defined
for each of these quantities and the total χ2 was used to judge
the level of agreement between the model and data. A range
of models was explored manually, by varying η and θ in 0.◦25
intervals. The size of the beam is, of course, unknown in model
coordinates. For each pair of values η, θ , the major axis was
varied to find the value that minimized χ2. (The ratio bmaj/bmin
and the beam position angle relative to the jet axis were held
at the known values of 1.07 and 55◦, respectively.) The com-
parison between the observed and model values of Δrmax/bmaj
and Δrmin/bmaj provides a check for the self–consistency of this
procedure.

It was found that, for γ1 = 10 and values of η1 in the region
of greatest interest, 4.◦1 < η1 < 7◦, the main features of the
observations, i.e., the double peaks on axis and the double
minima of the polarized intensity, were obtained for values
of θ in the approximate range 1◦ < θ < 2◦. The values of
the characteristic parameters and the deviations between model
and observed values are shown in Tables 1 and 2 for the 1998
October and 1999 October images, respectively. For the 1998
October observations shown in Figure 1, at η1 = 6◦, the smallest
χ2 occurs for θ = 1.◦5. The value of η2 for this model is 4.◦95
and the deflection angle ξ = 2.◦14. The simulated images for
this model are shown in Figure 5 in which the six panels are as
described for Figure 3. To facilitate comparison of the observed
and simulated polarized intensity images, these are shown side
by side in Figure 6.

For the 1999 October observations, also shown in Figure 1, a
slightly smaller cone angle is favored. With η1 = 5◦, η2 = 4.◦45,
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Figure 5. Images for the double shock model corresponding to parameter values shown above the first panel. The panels are as described in Figure 3. The lowest
contours in the convolved total and polarized intensity contour maps are 10% and 18% of their respective peak values. In the simulated images, the jet flow is directed
upward.

Table 1
Comparison between Data and Model Parameters for 1998 October Observations

Δrmax/bmaj Δrmin/bmaj pmax/pmin mcore mjet

Data 1.38 ± 0.13 1.00 ± 0.088 1.06 ± 0.18 0.032 ± 0.004 0.084 ± 0.008
Model 1.05 0.97 1.09 0.038 0.049
|Data − Model|/σ 2.6 0.4 0.2 1.6 4.4

Table 2
Comparison between Data and Model Parameters for 1999 October Observations

Δrmax/bmaj Δrmin/bmaj pmax/pmin mcore mjet

Data 1.25 ± 0.25 1.30 ± 0.13 0.48 ± 0.09 0.05 ± 0.005 0.15 ± 0.03
Model 1.06 1.11 0.72 0.06 0.04
|Data − Model|/σ 0.75 1.5 2.6 2.0 3.6

and ξ = 1.◦14, the smallest χ2 occurs for θ = 1.◦75. The
simulated image for this model is similar to that shown in
Figure 5 (except that the “jet” polarized intensity is less than
that of the “core”) and so is not presented separately.

Formally, the fits are not good. For both observations, the
major source of discrepancy is the polarization of the outer “jet”
component, which has a much higher polarization than can be
obtained in this model.

At this point, it is important to consider whether Assumption
4, that shocked gas cools quickly, is valid. The synchrotron
lifetime of electrons in the shocked gas is

τsynch � 1.5(B/5 × 10−5 T)−3/2(νobs/43 GHz)−1/2 yr, (1)

where the emission and observing frequencies are related by
νem = νobs(1 + z)/D, and a typical Doppler factor D � 13
for the 1998 October model has been assumed. Given that, on
submilliarcsecond scales, values several times B � 10−5 T are
quite probable (e.g., O’Sullivan & Gabuzda 2009), synchrotron
lifetimes may be as short as 1.5 yr, resulting in a downstream
flow distance γ2v2τ � 10.5 ly = 3.2 pc (for γ2 = 7). This
compares to a deprojected separation of the two polarized
maxima of �60 pc (for an inclination angle of 1.◦5). Therefore,
so long as the magnetic field is greater than about 10−5 T,
the emitting gas will cool significantly within a relatively short
distance from the shock. At B = 5 × 10−5 T, the observed
turnover frequency will be approximately 10 GHz; the field

7
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Figure 6. 1998 October polarized intensity image from Figure 1 is shown alongside the simulated polarized intensity image from Figure 5 to facilitate comparison of
the two.

should not be much larger than this value or the assumption that
the optical depth is low breaks down.

4. DISCUSSION

A full chi-squared analysis of the difference between the
data and models presented has not been undertaken and is
probably not appropriate: what such an analysis would show
is that, in detail, the model and data fit rather poorly. This is a
consequence of the many assumptions made in the very simple
model, e.g., the cylindrical symmetry, which, the data show,
can only be approximate. Nevertheless, the previous section has
shown that, for a range of plausible parameters, the recollimation
shock model reproduces the principal features of the polarized
intensity images in the core structure of 1803+784. Furthermore,
parameters can be found for which the model describes these
features quantitatively: for most, model and data parameters
agree to within 2.5σ . Given the extreme simplicity of the model
and the small number of free parameters, this appears to be an
impressive level of agreement. The fractional polarization of the
downstream (or “jet”) component, mjet, is the property for which
agreement is worst; its model polarization is too low by over
3.5σ . Allowing a larger value of η1 does increase the fractional
polarization of the “jet” component, but this is at the expense
of further depleting the kinetic energy of the downstream flow,
and also increasing the fractional polarization (and therefore
the contribution to χ2) for the “core” component. The higher
polarization associated with the “jet” component may be due to
some residual ordering of the magnetic field by the first shock
that survives until the second shock is reached, and which is
not taken into account by the model. This could lead to a higher
degree of order in the magnetic field as the plasma emerges from
the second shock and therefore a higher fractional polarization
than the model allows. It is also possible that other effects not
included in the model of Figure 4, such as velocity shear, play a
role ordering the magnetic field.

Figure 5 shows that the convolved total intensity distribution
of the model is clearly extended toward the lower, upstream
side of the peak, as shown by the spacing of the contours. The
reverse is true in the data, where an extension to the downstream
side of the peak is a manifestation of the extended jet structure
(which is not included in the model). The first panel of Figure 5
shows clearly that the upstream extension in the model is due

to the first of the two conical shocks, which is larger and fainter
than the second. The most obvious conclusion to draw from this
is that the assumption of uniform flow between the two shocks
has led to too great a degree of compression as the plasma
passes between them. If the flow direction changes, deviating
slightly away from the axis, the two conical shock waves would
be more similar in projected size and emissivity, thereby largely
eliminating the low brightness extension seen in the fourth panel
of Figure 5. As this emission is due to the parts of the shock
structure that are farthest upstream (by quite a large margin,
given the small cone angle), it may also be that this extended
emission is suppressed by opacity.

A further source of disagreement is the precise orientation
of the polarization rods. There is a broad level of agreement
between the model and data: both have on-axis E field parallel
to the axis and a roughly radial pattern elsewhere. However,
off axis, the polarization angle values do not agree precisely,
and this is not reflected in the comparison between the model
and data presented in Section 3. The disagreement is clear from
the orientation of the polarization rods in the outer parts of
the source on the line joining the two polarization minima. In
the data (Figure 1), these are almost perpendicular to the axis,
whereas in the model (Figure 5, fifth panel), they make an angle
with the axis close to 60◦. Inspection of the second panel in
Figure 5 shows that the polarization angles in the region farthest
from the axis are determined largely by the first (and largest) of
the two conical shocks in the region furthest upstream. This is the
same region responsible for the unwanted upstream extension in
total intensity and therefore the discrepancy may also be reduced
if the shocks are more equal in size, or if the upstream emission
is suppressed by opacity, as suggested above.

From this discussion it is clear that, while the recollimation
shock model seems very promising as a means of explaining
the core polarization in 1803+784, input from a numerical
MHD investigation would be useful as a means to examine
discrepancies between the model and the data.

In order to obtain a representation of the source, a very small
viewing angle was required. At larger viewing angles, the double
peaks on axis and the minima on either side disappear, and the
model produces a much smaller range of polarization angles
than is seen in Figures 1 and 5. Most of the sources in a sample
of blazars will have viewing angles smaller than or comparable
to 1/γ , where γ is the Lorentz factor. In the model of Figure 5,
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the Lorentz factors are γ2 = 7.8 and γ3 = 6.45, respectively.
Hence the emission is characterized by γ � 7. For this value, the
required polarization structures were only obtained for angles
θ < 2◦ � 0.035 rad. Hence it might be expected that only
a fraction of order (0.035/(1/7))2 � 0.06 of sources in the
sample would exhibit the interesting structure shown here. This
is consistent with the fact that of the 15 sources included in the
sample of Jorstad et al. (2005), only one showed structure of
this type. In more poorly aligned sources, fans of polarization
rods covering a smaller range of polarization angles might be
expected, and examples of this kind of structure were seen in
the cores of the sources 0420−014 and 0528+134 which were
also included in the Jorstad et al. (2005) sample.

If the interpretation presented here is correct, then it is
interesting to compare the location of the recollimation shock,
and hence of the radio core, with the core position in other
sources. The core position has been estimated from component
speeds and time lags between X-ray dips and the ejection of
radio components in at least two radio jet sources: 3C 120
(Marscher et al. 2002) and 3C 111 (Chatterjee et al. 2011). In
those sources, the core location is between 105 and 106 times
the black hole Schwarzchild radius, Rs. For 1803+784, a BL Lac
object, the black hole mass has been estimated to be in the region
of 4 × 108 M�, (Wang et al. 2004), though the scaling relation
from which this is estimated involves a significant scatter (at
least half a decade). The black hole–core separation must be
at least the height of one of the conical shocks. The projected
height can be estimated roughly as about half the separation
of the polarization peaks in Figure 1, i.e., about 0.1 mas. If
the line of sight angle θ � 1.◦5 (as in the model of Table 1), the
deprojected height is then about 30 pc. These values give a black
hole–core separation of approximately 3 × 106 Rs , somewhat
larger than for 3C 120 or 3C 111. However, θ could be larger if
the Lorentz factors are correspondingly smaller, and the black
hole mass is likely to be uncertain by at least a factor of three.
Given these uncertainties, it is at least possible that the black
hole–core separation in units of Rs is of the same order as that
in the other sources.

A further feature evident from Figure 1 is the variation in the
direction of the symmetry axis between the two epochs shown.
In fact, there is a definite wobble in the direction of the axis
from epoch to epoch, similar to that noted by Denn et al. (2000)
and Stirling et al. (2003) in BL Lac objects. These variations
are too large to be caused by possible changes in orientation
of the nearly circular beam. What is noteworthy here is how
much more evident are these variations in polarization for this
distinctive type of structure than in total intensity. A detailed
analysis of these variations is left for future work.

5. CONCLUSIONS

Observations of a number of sources from the AGN sample
studied by Jorstad et al. (2005, 2007) at 43 GHz revealed unusual
patterns of polarization structure reminiscent of structures
predicted by the conical shock models of Cawthorne & Cobb
(1990) and Cawthorne (2006). The most interesting of these
was found in the source 1803+784, which, at most epochs, has
two on-axis polarization peaks and two polarization minima
along a line perpendicular to the axis and lying between the
two peaks. Such features were visible in this source at most
of the 17 observing epochs. Single conical shocks alone acting
on plasma with a largely disordered upstream magnetic field
cannot reproduce these properties, but the analytical simulations
presented in this paper show that twin conical shocks of the kind

that occur in recollimation shocks can yield these characteristics
for a range of reasonable model parameters, when the jet
axis and the observer’s line of sight are well aligned. The
agreement between the model and data is described by defining
five parameters that characterize the polarization image. For
four of these, the agreement is reasonable, but the fifth, the
fractional polarization associated with downstream polarized
(or “jet”) component, is discrepant by 4.4σ (1998 October) and
3.6σ (1999 October). Some aspects of the total intensity and
polarization angle distributions are also in disagreement. The
root of these disagreements seems to be the simplifications
that were made regarding the progress of the emitting gas
between the two conical shocks, and this points to the need for a
numerical (MHD) investigation in which such assumptions are
not required.

Despite these disagreements, the ability of such a simple
model with a small number of free parameters to reproduce
the principal polarization features observed in 1803+784 seems
impressive and suggests that the core polarization in 1803+784
may well be associated with a recollimation shock. This would
appear to be the most direct evidence so far for associating the
core emission in an extragalactic radio source with a structure
of this kind. It strengthens the view that the core components
in high-frequency observations represent the point at which the
quiescent jet structure is first disturbed, and that this disturbance
may in many instances be due to recollimation shock structure.
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1995, ApJL, 449, L19
Hovatta, T., Lister, M., Aller, M. F., et al. 2012, AJ, 144, 105
Hughes, P. A. 2005, ApJ, 621, 635

9

http://dx.doi.org/10.1088/0004-637X/752/2/92
http://adsabs.harvard.edu/abs/2012ApJ...752...92A
http://adsabs.harvard.edu/abs/2012ApJ...752...92A
http://dx.doi.org/10.1086/319158
http://adsabs.harvard.edu/abs/2001ApJ...549L.183A
http://adsabs.harvard.edu/abs/2001ApJ...549L.183A
http://dx.doi.org/10.1051/0004-6361/20079267
http://adsabs.harvard.edu/abs/2010A&A...511A..57B
http://adsabs.harvard.edu/abs/2010A&A...511A..57B
http://dx.doi.org/10.1111/j.1365-2966.2004.07730.x
http://adsabs.harvard.edu/abs/2004MNRAS.350.1342C
http://adsabs.harvard.edu/abs/2004MNRAS.350.1342C
http://dx.doi.org/10.1111/j.1365-2966.2006.10019.x
http://adsabs.harvard.edu/abs/2006MNRAS.367..851C
http://adsabs.harvard.edu/abs/2006MNRAS.367..851C
http://dx.doi.org/10.1086/168409
http://adsabs.harvard.edu/abs/1990ApJ...350..536C
http://adsabs.harvard.edu/abs/1990ApJ...350..536C
http://dx.doi.org/10.1088/0004-637X/734/1/43
http://adsabs.harvard.edu/abs/2011ApJ...734...43C
http://adsabs.harvard.edu/abs/2011ApJ...734...43C
http://dx.doi.org/10.1086/166858
http://adsabs.harvard.edu/abs/1988ApJ...334..539D
http://adsabs.harvard.edu/abs/1988ApJ...334..539D
http://dx.doi.org/10.1086/517525
http://adsabs.harvard.edu/abs/2007ApJ...659L.107D
http://adsabs.harvard.edu/abs/2007ApJ...659L.107D
http://dx.doi.org/10.1086/313403
http://adsabs.harvard.edu/abs/2000ApJS..129...61D
http://adsabs.harvard.edu/abs/2000ApJS..129...61D
http://adsabs.harvard.edu/abs/1985MNRAS.216...79F
http://adsabs.harvard.edu/abs/1985MNRAS.216...79F
http://dx.doi.org/10.1086/116902
http://adsabs.harvard.edu/abs/1994AJ....107..884G
http://adsabs.harvard.edu/abs/1994AJ....107..884G
http://dx.doi.org/10.1086/310671
http://adsabs.harvard.edu/abs/1997ApJ...482L..33G
http://adsabs.harvard.edu/abs/1997ApJ...482L..33G
http://dx.doi.org/10.1086/309623
http://adsabs.harvard.edu/abs/1995ApJ...449L..19G
http://adsabs.harvard.edu/abs/1995ApJ...449L..19G
http://dx.doi.org/10.1088/0004-6256/144/4/105
http://adsabs.harvard.edu/abs/2012AJ....144..105H
http://adsabs.harvard.edu/abs/2012AJ....144..105H
http://dx.doi.org/10.1086/427742
http://adsabs.harvard.edu/abs/2005ApJ...621..635H
http://adsabs.harvard.edu/abs/2005ApJ...621..635H


The Astrophysical Journal, 772:14 (10pp), 2013 July 20 Cawthorne, Jorstad, & Marscher

Jorstad, S. G., Marscher, A. P., Lister, M. L., et al. 2005, AJ, 130, 1418
Jorstad, S. G., Marscher, A. P., Stevens, J. A., et al. 2007, AJ, 134, 799
Lawrence, C. R., Zucker, J. R., Readhead, A. C. S., et al. 1996, ApJS, 107,

541
Leahy, J. P. 1991, in Beams and Jets in Astrophysics, ed. P. A. Hughes

(Cambridge: Cambridge Univ. Press), 100
Lind, K. R., & Blandford, R. D. 1985, ApJ, 295, 358
Mahmud, M., Gabuzda, D. C., & Bezrukovs, V. 2009, MNRAS, 400, 2
Marscher, A. P., Jorstad, S. G., D’Arcangelo, F. D., et al. 2008, Natur, 212, 2002
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