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ABSTRACT

We present 23 interferometric images of the parsec-scale jet of the quasar PKS 1741-03 at
15, 24 and 43 GHz, spanning about 13 yr. We model the images as a superposition of discrete
two-dimensional elliptical Gaussian components, with parameters determined by the cross-
entropy technique. All the images present a spatially unresolved component (core) and usually
two or three components receding from it. The same components were found in simultaneous
24- and 43-GHz maps, showing the robustness of our model fitting. The core-shift opacity
effect between these frequencies is weak. We have identified seven components moving along
straight lines at constant apparent superluminal speeds (3.5 < Bops < 6.1), with different sky
position angles (—186° < n < —125°). The core flux density tracks quite well the fluctuations
seen in the historical single-dish light curve at 14.5 GHz, with no measurable delay. The total
flux density from the moving jet components is delayed ~2 yr in relation to the core light curve,
roughly the same as the lag between the ejection epoch and the maximum flux density in the
light curves of the jet components. We propose that there are three non-exclusive mechanisms
for producing these delays. From the kinematics of the most robust jet components and the
core brightness temperature, we determined the bulk Lorentz factor (4.8 < y < 24.5) and
the jet viewing angle (0235 < 6 < 422); these values agree with previous estimates from the
spectral energy distribution of PKS 1741-03 and its radio variability.

Key words: methods: data analysis —techniques: interferometric — galaxies: active — galaxies:
jets—quasars: individual: PKS 1741-03 —radio continuum: galaxies.

Piner et al. (2012) have used interferometric-based work to estimate

1 INTROD TI . . . . .
N ODUCTION the kinematic parameters of the jet components. They identified

The quasar PKS 1741-03 (OT 068) exhibits intense flux density
fluctuations at radio wavelengths, and those that occur at shorter
time-scales have been attributed to refractive interstellar scintilla-
tion phenomena (Qian et al. 1995).

Located at redshift z = 1.054 (White et al. 1988), PKS 1741-03
shows a core-like radio morphology at kiloparsec scales, meaning
that its brightness distribution is compatible with an unresolved
source (Kharb, Lister & Cooper 2010). It is also relatively com-
pact at parsec scales, presenting a core that exceeds the maximum
expected brightness temperature of 10'> K (Wajima et al. 2000;
Kovalev et al. 2005), and an inconspicuous jet, in which a few dis-
crete jet components have been identified (Lazio et al. 2000; Wajima
et al. 2000; Lister et al. 2009b; Piner et al. 2012).

Very few efforts have been made to study the kinematics of the
components present in its parsec-scale jet. As far as we know, only
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three jet components at 8 GHz, one of which has presented quasi-
ballistic motion' with an apparent speed of about 1.7¢, where ¢
is the speed of light. In order to expand the kinematic study of
PKS 1741-03, we present results obtained from the modelling of
23 interferometric images at 15, 24 and 43 GHz, using a very
robust statistical technique known as cross-entropy (hereafter CE;
Rubinstein 1997; Caproni et al. 2011).

This paper is structured as follows. In Section 2, we present the
observational data of PKS 1741-03 analysed in this work, as well
as a description of our CE model-fitting code, and the assumptions
adopted in the modelling. The structural parameters of individual
components and their kinematic parameters are given in Section 3,
where we also present measurements of the core-shift opacity ef-
fect, the core flux density variability and its relation to the historical

!'In the sense that each jet component moves approximately with constant
speed and position angle on the plane of sky.
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Table 1. Quantitative characteristics of the 23 radio images of the quasar PKS 1741-03
analysed in this work.

Epoch Frequency G)gggM €beam Obeam RMS Imax
(GHz) (mas) (deg) (mJy beam™!) y beam™!)
1995-07-28 15 1.25 0.89 6.48 0.65 3.77
1995-10-17 15 1.62 0.93 17.68 2.22 3.44
1996-04-23 15 1.28 0.91 7.66 1.30 4.04
1997-08-28 15 1.12 0.90 —0.14 0.58 5.34
2000-05-01 15 1.39 0.92 —-5.19 0.83 3.69
2001-06-20 15 1.26 0.92 —6.18 0.37 4.38
2001-09-13 15 1.44 0.91 —4.30 0.43 4.15
2002-05-15 24 0.66 0.91 —2.52 4.03 2.69
2002-05-15 43 0.37 0.91 —2.65 3.50 2.45
2002-08-25 24 0.73 0.91 —2.16 3.51 3.35
2002-08-25 43 0.41 0.91 —1.62 4.96 2.74
2003-03-01 15 1.14 0.92 —5.73 0.30 5.93
2003-09-13 24 0.73 0.92 —4.88 7.71 4.81
2004-02-15 24 0.71 0.92 —3.36 5.48 4.26
2004-08-09 15 1.30 0.91 —4.16 0.27 5.82
2005-05-13 15 1.56 0.94 —12.25 0.25 491
2005-10-29 15 1.37 0.92 —6.58 0.26 4.48
2006-06-04 24 0.75 0.93 —8.80 1.31 2.17
2006-06-11 24 0.77 0.93 —8.20 1.61 2.10
2006-12-01 15 1.27 0.90 —3.40 0.49 3.24
2007-04-10 15 1.81 0.95 —15.22 1.10 3.71
2007-07-03 15 1.37 0.93 —8.08 0.20 3.69
2008-11-19 15 1.37 0.92 —7.54 0.14 2.17

single-dish light curve. Some constraints on the energetics and geo-
metrical orientation of the parsec-scale jet are provided in Section 4.
We discuss the time evolution of the flux density of some jet com-
ponents in Section 5, in terms of shock-in-jet models, free—free ab-
sorption and supermassive binary black hole systems. We present
our conclusions in Section 6.

We assume throughout this work a ACDM cosmology with
Hy=71kms™! Mpc™!, @y =0.27 and Q, = 0.73, which implies
1 mas = 8.14 pc and 1 mas yr~! = 26.56¢ for PKS 1741-03.

2 DATA MODELLING

In this section, we present an overview of the interferometric data of
PKS 1741-03 analysed in this work, as well as the model procedures
and the initial set-up used in our optimizations.

2.1 Interferometric data

To study the structure of the parsec-scale jet of PKS 1741-03, we
used 13 naturally weighted 15-GHz I images taken from the public
MOJAVE/2-cm Survey Data Archive (Lister et al. 2009a), and eight
additional maps obtained at 24 and 43 GHz (six and two images,
respectively) available publicly at the Astrogeo Center,” as part of
the Radio Reference Frame Image Database (RRFID; Fey, Clegg &
Fomalont 1996; Fey et al. 2005; Piner et al. 2012). We list in Table 1
the main characteristics of these images, represented by the peak
intensity /;,,x and the root mean square (RMS) of the observations,
and the parameters of the synthesized elliptical cLEAN beam: the
FWHM major axis OFVHM ' eccentricity €peum and position angle
Opeam ON the plane of the sky. All related maps are shown in the
Appendix.

2 http://astrogeo.org/vIbi_images/
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The images of the original fits are constituted by an array of
512 x 512 pixels in right ascension and declination, respectively,
except for the two 24-GHz maps obtained in 2006, which have a
size of 256 x 256 pixels. Because only a relatively small fraction
of these images have a signal significantly higher than the noise
level, we cropped the original data to maintain only the fraction
with a useful signal. This procedure produced images with differ-
ent sizes (37 x 64 pixels, on average), substantially reducing the
computational time required for our model-fitting algorithm to find
the optimal solutions without compromising the obtained results.’

2.2 CE model fitting: basics and optimization set-up

Following Caproni et al. (2011), we assume that the brightness dis-
tribution of the parsec-scale jet can be mathematically described
by the sum of N, elliptical Gaussian components, each character-
ized by six parameters: two-dimensional peak position (xy, yo), with
coordinates x and y oriented in right ascension and declination direc-
tions, respectively; peak intensity /p; semimajor axis a; eccentricity
€ = /1 — (b/a)?*, where b is the semiminor axis; the position angle
of the major axis, ¥, measured positively from west to north. Thus,
the synthetic brightness distribution, M, is defined as the convolu-
tion between the brightness distribution produced by N, elliptical
Gaussian components /,, and the elliptical Gaussian profile of the
synthesized cLEAN beam of the observational data: Beigan

N
M(x,y) = Z[ln(x,y) * Berpan(x, y)1- ey

n=1

3 We also applied our CE model fitting to the cropped images but doubling
their sizes. No substantial differences (smaller than the involved uncer-
tainties) were found among structural parameters of the jet components in
relation to those reported in Section 3.
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with
- (Ax, cos Y, + Ay, siny,)*
En(x,y) = 3
aﬂ
—Ax, siny, + Ay, cos ¥,)?
L Yot Bncosth’ o
n

where Ax, = x — xo, and Ay, =Yy — Yon-

The convolution operation in equation (1) is performed in our
CE model-fitting code following the procedures described by Wild
(1970).

Model parameters are usually tested through some maximum-
likelihood estimator, in which the best set of model parameters
minimizes the residual differences between observational and syn-
thetic data. However, the convergence of model-fitting algorithms
depends strongly on the initial estimates of the parameter values in
general, and these are prone to find non-global minimum solutions,
especially if the source to be modelled is complex. Our model fitting
is based on the CE method for continuous optimization, introduced
originally by Rubinstein (1997), for which no initial estimates for
the values of the free model parameters are necessary.

Given its heuristic nature, CE optimization basically involves
random generation of the initial parameter sample (obeying some
predefined criteria), and selection of the best samples based on some
mathematical criterion. Subsequent random generation of updated
parameter samples from the previous best candidates is performed,
iteration by iteration, until a pre-specified stopping criterion is ful-
filled. Some examples of robustness of the CE method have been
given by de Boer et al. (2005) and Kroese, Porotsky & Rubinstein
(2006). Applications of the CE method in astrophysical contexts
can be found in Caproni, Monteiro & Abraham (2009), Monteiro,
Dias & Caetano (2010), Caproni et al. (2011), Monteiro & Dias
(2011) and Caproni, Abraham & Monteiro (2013).

Caproni et al. (2011) adapted this statistical technique to deter-
mine structural parameters of Gaussian components directly in the
image plane. They presented validation tests using synthetic control
images, as well as an analysis of a single real image of the BL Lac
object OJ 287 to check the performance and convergence of the
method.

The CE optimization of an interferometric image composed by
N, and N, pixels in right ascension and declination coordinates,
respectively, is performed as follows.

(i) First, the number of elliptical Gaussian components to be
fitted to the image, N, is fixed. This means that the CE method
must optimize a number of N, (=6N.) model parameters. In this
work, we have considered values of N, between one and six.

(i) Independent of the value of N, the search for the optimal
set of Gaussian parameters must occur in a predefined parameter
space. In this work, x, and y,, must be within the observed image
boundaries, 10°° < a, (pixel) < 25 (the lower limit implies a point-
like component while the upper limit imposes a FWHM component
size of about 59 pixels — almost the size of the images analysed
effectively by our CE technique), 0 < ¢, < 0.96 (i.e. Gaussian
components from circular to elliptical shape), —90° < ¢, < 90°
and 2RMS < [, < I.x (components with intensities higher than
twice the nominal RMS of the image, as well as lower than the
maximum value reported in the header of the fits image files).
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(iii) A set of N = (N.N,)(6N,)*/240 tentative solutions* com-
posed of distinct combinations among the N, model parameters is
generated randomly.

(iv) The value of the merit function S}, is calculated for each

> od 18 defined as (Caproni et al.

of the N tentative solutions, where Sp
2011)

T

Npixc]
37 [Rutxi k) — R b)), “)

m=1

R(x;, k)

pixel

Sroaxi k) =

where x; is the i set of tentative model parameters, Npixel (=N,N,)
is the total number of pixels in the image, R,, is the quadratic
residual at a given pixel m and iteration k, defined as the squared
difference between the observed intensity /,, and the synthetic model
intensity, i.e. R, (x;, k) = [I,, — M,,(x;, k)], and R is the mean
square residual value of the model fitting:

Npixel
_ 1 >
R(x;, k) = Rm(x'ak) . (5)
N pixel ; ’
Note that S, has units of Jy® beam~® if 1,, and M,, are expressed
in Jy beam™!.

(v) The N tentative solutions at the k iteration are ranked from the
lowest to the highest value of S, ;. The Nejie-first tentative solutions
are flagged to create the next set of Gaussian model parameters. We
have assumed N = 20 in all optimizations performed in this
paper.

(vi) An updated set of tentative solutions is built from the mean
and the standard deviation of the Nj.-sample parameters using
equations (4)—(7) in Caproni et al. (2011). The values of the CE
smoothing parameters o and g (Kroese et al. 2006) adopted in this
work are 0.7 and 5.0, respectively.

(vii) The optimization process repeats steps (iii)—(vi) until a max-
imum number of iterations kpax (=2000N,; Caproni et al. 2011) is
reached, or until the RMS of the associated residual map falls below
the nominal value of RMS given in Table 1.

3 RESULTS

3.1 Structural parameters of the jet components

The CE optimization was repeated twice for each value of N,
and for the 23 maps of PKS 1741-03, but only the optimization that
better minimizes S, 4 was used in the determination of the structural
parameters of the Gaussian components. The optimal values of the
model parameters for each tentative value of N, as well as their
respective uncertainties, were obtained from weighted mean and
standard deviation of the best tentative solution at each iteration
(equations 10 and 11 in Caproni et al. 2011).

At this point, it is necessary to determine the most appropriate
number of components present in each individual image. With this
aim, we followed the criteria proposed by Caproni et al. (2011),
which are related to the behaviour of the merit function, as well
as the mean and the maximum amplitudes of the residuals, as a
function of the number of Gaussian components assumed in the
model fitting.

# Note that Caproni etal. (2011) used N = (N:Ny)(6N.)? /120 in their valida-
tion tests. The new recipe for N assumed in this work substantially reduces
the computational time without compromising convergence of the CE model
fitting.

MNRAS 441, 187-202 (2014)
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Figure 1. Quantitative analyses of the CE model fittings applied to the
15-GHz image of PKS 1741-03 obtained on 2007 April 10. Top: merit
function as a function of the number of sources used in the CE optimization.
There is a clear plateau-like structure for No > 3. Bottom: mean value of the
residuals (observation minus model) in terms of the number of sources used
in the CE optimization. The error-like bars are the standard deviation of the
corresponding residual images. The dotted line refers to the maximum value
of the residuals. The mean and maximum values reach their minimum at

N, = 3, very close to the nominal RMS of the map (dashed horizontal line).

To guide the reader, we show in Fig. 1 the behaviour of such
quantities in relation to the image of PKS 1741-03 obtained on
2007 April 10. There is a plateau-like structure in the S, versus
N, plot for N, > 3, indicating that there is no significant variation
of the merit function when more than three components are fitted to
the image. This result suggests that the number of discrete elliptical
Gaussian components in the jet of PKS 1741-03 on 2007 April 10 is
at least three. Such ambiguity in the S7 ; versus N plots had already
been found by Caproni et al. (2011), and this was solved by looking
at the behaviour of the mean and maximum residuals. The bottom
panel in Fig. 1 shows the variation of these quantities as a function
of N.. Our CE optimization with N, = 3 minimizes both quantities,
with the values of the mean and maximum amplitude of the residuals
values corresponding respectively to about 2 and 20 times that of
the nominal RMS of the image. These results indicate that N, = 3
is a reasonable choice for the epoch 2007 April 10.

Using these criteria, the degeneracy in N. was removed for 10
out of 23 images. However, the plateau-like structure seen in the
Speoa Plot of Fig. 1 was found in all epochs, always indicating the
presence of at least two components (three components in most
cases). Therefore, our results strongly rule out the presence of a
single component at milliarcsecond scales. This is in agreement
with Lister et al. (2009a), who assumed a two-component model
for PKS 1741-03 for all 15-GHz observational epochs.

MNRAS 441, 187-202 (2014)

The final determination of the number of components present in
the maps of PKS 1741-03 is also based on three additional criteria,
as follows.

(i) The detection of a given component at the same epoch, inde-
pendent of the number of components assumed in the CE model
fitting. As discussed by Caproni et al. (2011), if the assumed N,
is smaller than the real value, our CE optimization tries to fit the
brightest components because their contribution must be preponder-
ant in the minimization of the residuals. However, if the adopted N,
is larger than the correct value, the extra components tend to be too
dim (compatible with null intensity if uncertainties are considered),
or they are practically coincident with the most intense sources in
the image. Thus, a good indicator that a given CE component does
exist can be based on its detectability, with similar structural pa-
rameters, in all (or at least in a large fraction) of the involved CE
optimizations.

(ii) The Occam’s Razor principle (adopting the lowest number
sources for a reasonable fit), which is a usual strategy in works deal-
ing with model fitting of very long baseline interferometry (VLBI)
images (e.g. Homan et al. 2001).

(iii) Continuity in the motion of jet components as a function
of time. A given component observed at a time #; must also be
detected at a subsequent time t, if the elapsed time between #; and
1, is sufficiently short.’

In Tables 2, 3 and 4, we show the final results concerning the
structural parameters of the components determined by our CE
optimizations at 15, 24 and 43 GHz, respectively. The flux density
F of the jet components (the entries in the third columns of these
tables) was estimated from

2 /1_ 2
F =8In2 <ae> I.
FWHM 2

beam beam

(0)
1—¢

At this point, it is important to remember that our CE model-
fitting technique works directly in the image plane, not in the
(u, v) plane, as is more common in the literature (e.g. Carrara et al.
1993; Kovalev et al. 2005). To quantify how reliable our CE model-
fitting results are in the (u, v) plane, we gathered the calibrated
(u, v) visibility data of PKS 1741-03 from the MOJAVE/Astrogeo
archives used to generate the maps analysed in this work. The vis-
ibility data were fitted via task MODELFIT available in the DIFMAP
package (Shepherd, Pearson & Taylor 1994) fed with the model
parameters listed in Tables 2, 3 and 4, allowing the determination of
the chi-squared of the fitting. The values of the reduced chi-squared
of the 15-GHz fits for each epoch are shown in Fig. 2. We can
see that our fits reproduce appropriately the visibility data of PKS
1741-03, always presenting a reduced chi-squared value inferior to
3.4 (~1.9, on average). It is important to emphasize that the plot-
ted values in Fig. 2 were obtained by the task MODELFIT at iteration
zero, and further iterations did not improve the plotted values of the
reduced chi-squared.

To compare our results with those of Lister et al. (2009a), we
adopted the same strategy described above, using their jet model
parameters. The resulting reduced chi-squared values are also plot-
ted in Fig. 2. A comparison of both reduced chi-squared values
indicates that our CE models are as reliable as, or even better than,
those obtained directly from the visibility functions in the (u, v)
plane.

3 In the sense that the component’s intensity is not have dimmed below the
instrumental sensitivity of the interferometric experiment.
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Table 2. CE model-fitting jet parameters for the 15-GHz maps of PKS 1741-03. Columns from left to right refer, respectively, to observation epoch, component
label, flux density, component distance, position angle, FWHM major axis, axial ratio between minor and major axes, structural position angle and observed
brightness temperature corrected to the rest frame of PKS 1741-03.

Epoch D* F r? ne¢ apwWHM Axial ratio SPA o4 TB. rest
dy) (mas) (deg) (mas) (deg) (10" K)

1995.572 Core 3.716 £ 0.623 0.006 =+ 0.004 —48.5 +38.4 0.15 + 0.01 0.33 £ 0.38 —129.7 +2.6 5.53 +6.55

U 0.235 £ 0.137 0.310 £ 0.080 151.8+16.8 0.64 +0.13 0.29 +0.21 —1483+ 8.4 -

U 0.116 % 0.027 0.645 %+ 0.050 —1382+4.8 0.62 £ 0.08 0.37 4 0.98 —1792+11.9 -
1995.795 Core 3323 £ 0.624 0.016 £ 0.011 —7.6+11.8 0.22 +0.03 0.38 +0.13 —1557+7.2 1.96 £ 0.90

U 0.252 £ 0.169 0.297 =+ 0.087 140.9 £ 20.1 0.38 +0.29 0.37 £ 0.95 —132.1+19.8 -

§] 0.125 +0.032 0.628 + 0.068 —144.0 £ 5.0 0.94 £ 0.07 0.39 4 0.17 —179.9 + 2.0 -
1996.312 Core 4.066 =+ 0.687 0.010 £ 0.003 —19.8 £18.7 0.21 +0.02 0.52 £ 0.19 —146.8 +3.8 2.00 + 0.87

U 0.222 + 0.066 0.368 & 0.110 157.0 £ 18.1 0.34 +0.32 0.33 £ 0.36 —138.0+9.4 -

§] 0.102 + 0.070 0.686 %+ 0.127 —147.8 £ 134 0.93 £ 0.58 0.48 4 0.40 —177.9 £ 31.3 -

Cl1 0.024 +0.010 0.147 + 0.054 —164.5 +26.4 0.46 £ 0.11 0.34 4+ 0.44 —76.8 + 6.0 -
1997.667 Core 5.234 +0.891 0.007 £ 0.003 —78.0 £24.9 0.13 +£0.03 0.98 + 0.09 —1.7+6.1 330 + 1.63

§] 0.479 +0.178 0.282 4 0.055 131.6 £ 12.1 0.63+0.11 0.30 + 0.09 —179.8 +5.2 -

Cl 0.234 +0.167 0.434 + 0.307 —157.5+233 0.85 £ 0.40 0.57 +0.47 —160.8 +10.8 -
2000.334 Core 3.067 £ 0.554 0.005 =+ 0.006 —124.3 +99.1 0.13 + 0.07 0.54 +0.22 —1785+ 1.8 3.95 + 4.60

C1 0.664 + 0.126 0.639 & 0.021 —171.74 1.0 0.29 +0.12 0.99 + 0.08 —39.6+£17.9 -

§] 0.518 +0.132 0.449 + 0.036 150.5 + 4.1 0.24 +0.11 0.65 4 0.29 —146.5+13.8 -

2 0.130 £ 0.049 0.571 £ 0.054 —129.8 +4.8 0.26 +0.12 0.94 +0.22 —133.94 1.0 -

C3 0.034 + 0.014 0.256 + 0.061 —1753 £33.6 0.47 £0.13 0.71 £ 0.71 —78.54+3.8 -

§] 0.012 + 0.006 0.619 +0.328 —68.0 +25.8 0.14 £ 0.44 0.70 & 0.49 —22.7 4 445 -
2001.468 Core 4,015+ 0.721 0.024 + 0.005 —84+6.7 0.16 + 0.02 091 £0.14 —146.6 + 30.7 1.86 + 0.58

C3 1.199 + 0.282 0.421 £ 0.067 168.4 + 4.4 0.66 + 0.04 0.74 £+ 0.10 —178.1+£13.8 -

2 0.169 + 0.134 0.743 + 0.156 —1472+15.7 1.07 £0.16 0.5240.27 —03+22 -
2001.701 Core 3.558 + 0.660 0.005 £ 0.013 5.6 4 23.7 0.13 + 0.04 0.99 + 0.09 —43.1 £ 14.5 231 + 1.56

C3 1.160 =+ 0.332 0.397 £ 0.080 1744+ 1.3 0.60 + 0.05 0.71 £0.10 —51.9+2.1 -

Cl1 0.123 + 0.050 1.246 +0.158 —172.5+2.3 0.76 £ 0.10 0.81 4 0.34 —452429.9 -
2003.164 Core 5.523 +0.998 0.023 £ 0.007 84+£54 0.17 + 0.01 0.60 + 0.13 —140.5+0.9 3.57 + 1.06

C4 1.214 £ 0.295 0.284 4+ 0.113 —1703 +5.1 0.48 + 0.07 0.89 + 0.26 —50.7 £ 10.1 -

C3 0.240 +0.219 0.884 + 0.404 —178.0 5.7 0.88 £ 0.27 0.76 & 0.42 —128.3 +£30.2 -

C2 0.052 £ 0.033 1.099 =+ 0.286 —1785+17.7 0.03 +0.14 0.73 £ 0.47 —60.2£8.2 -
2004.608 Core 5.174 £ 0.965 0.022 £ 0.003 82.1 & 14.7 0.18 +0.02 1.00 + 0.00 —14+21 1.76 £ 0.56

c5 0.705 + 0.234 0.213 + 0.027 —128.9+ 8.5 0.01 £ 0.04 0.9140.27 —160.9 £ 26.5 -

C4 0.653 £ 0.197 0.441 £ 0.049 —179.0+ 1.3 0.86 + 0.05 0.84 +0.15 —4.1 +13.1 -

U 0.327 £ 0.172 0.289 + 0.093 40.6 £ 16.1 0.16 + 0.36 0.78 + 0.63 —173.2 4262 -

C3 0.091 £ 0.028 0.823 4 0.088 176.7 4+ 0.9 0.03 +0.07 0.85 + 0.46 —161.4 +25.8 -
2005.364 Core 4541 +0.843 0.058 + 0.009 54.1+11.0 0.28 + 0.04 0.74 4 0.03 —161.6 + 4.0 0.87 £0.28

cs 1.435 £+ 0.276 0.311£0.017 —123.4 429 0.34 +0.02 0.28 £ 0.01 —452+7.8 -

C4 0.608 & 0.193 0.598 4 0.083 176.6 & 2.1 0.67 +0.03 1.00 + 0.01 —15.8435.0 -
2005.827 Core 4,085 + 0.697 0.049 + 0.002 95.7 + 8.4 0.29 £ 0.02 0.57 +0.01 —171.1 £ 0.8 0.93 +£0.19

cs 1.627 £ 0.281 0.407 £ 0.009 —1323+ 1.4 0.32 +0.01 0.30 £ 0.07 —53.1+24 -

C4 0.540 £ 0.176 0.705 £ 0.119 176.7+ 3.6 0.75 +0.03 0.73 £ 0.15 —146.8 + 19.7 -
2006.917 Core 2.684 4 0.433 0.099 + 0.009 —177.5+2.1 0.29 £ 0.02 0.42 4 0.02 —1652+ 1.3 0.86 £ 0.20

C7 1.048 £ 0.210 0.593 & 0.023 —148.8 +3.6 0.34 + 0.04 0.29 + 0.02 —50.5+£0.9 -

U 0.882 & 0.134 0.703 £ 0.023 —1752+ 1.9 0.63 + 0.02 1.00 + 0.00 —155+£27.6 -

Cs 0.189 + 0.159 0.752 + 0.136 —1320£11.1 0.02 £0.11 0.59 4 0.35 —160.1 +28.5 -
2007.273 Core 3.383 +0.703 0.045 £ 0.006 26.6 + 4.7 0.26 + 0.02 0.42 +0.16 —15124+6.3 1.35 £ 0.62

C7 1.696 + 0.333 0.521 £ 0.006 —146.9 4+ 0.6 0.46 +0.01 0.29 + 0.02 —599+1.5 -

C6 0.301 #+ 0.234 0.488 +0.148 177.5 +13.3 0.80 £ 0.16 1.00 & 0.02 —16.2435.0 -
2007.504 Core 3.404 + 0.595 0.126 = 0.002 —168.6 + 0.7 0.26 + 0.01 0.49 + 0.04 —162.4 + 1.5 1.13 £0.24

C7 0.964 + 0.224 0.688 =+ 0.028 —1553+33 0.41 +£0.03 0.28 + 0.02 —384+17.9 -

C6 0.666 %+ 0.126 0.726 + 0.029 178.7 + 1.9 0.68 £ 0.02 0.83 4 0.10 —04+20 -

c5 0.347 £ 0.231 0.832 £ 0.072 —137.1+4.7 0.08 +0.18 0.67 £ 0.67 —153.8 +31.4 -

U 0.015 £ 0.004 1.867 £ 0.269 —16324+3.3 0.08 + 0.26 0.72 £ 0.54 —253 +38.8 -
2008.885 Core 2.011 4+ 0.338 0.093 + 0.003 147.8 + 1.3 0.30 £ 0.01 0.56 & 0.02 —1592+ 1.6 0.45 £ 0.08

U 0.769 £ 0.139 0.605 £ 0.014 —158340.7 0.37 + 0.04 0.31 £0.30 —54.6+£0.8 -

C6 0.309 £ 0.075 0.903 £ 0.033 165.54+2.9 0.67 +0.01 0.59 +0.13 —1375+1.2 -

C7 0.173 + 0.054 0.944 + 0.061 —146.6 £ 2.6 0.57 £ 0.04 0.28 & 0.03 —152427 -

§] 0.005 + 0.002 4,709 + 0.298 —178.4+2.3 0.81 £ 0.46 0.73 +0.58 —142.0 £ 37.9 -

U 0.004 = 0.002 4.053 4+ 0.313 3.6+£32 0.59 +0.38 0.74 £ 0.52 —124.9 +23.0 -

“Here, core denotes the apparent origin of a jet where its optical depth of synchrotron emission reaches unity, C plus a number denotes the identified jet
components and U means unidentified jet components.

bMeasured from the reference centre of the interferometric observations.

“Measured in the direction of north to east.

ASPA = ¢ — 90°.
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Table 3. CE model-fitting jet parameters for the 24-GHz maps of PKS 1741-03.

Epoch ID F r n AFWHM Axial ratio SPA TB, rest
dy) (mas) (deg) (mas) (deg) (102 K)
2002.370 Core 2.129 £ 0.460 0.041 £ 0.010 715+ 6.0 0.08 4+ 0.02 0.36 + 0.37 —137.1+04 9.79 £+ 6.60
C4 1.148 £ 0.322 0.118 £ 0.026 —1132+9.7 0.15 £ 0.04 031 £0.27 —136.9 + 15.7 -
C3 0.327 £ 0.123 0.534 £ 0.079 —166.6 +2.2 0.80 4 0.08 0.51 £+ 0.09 —244+124 -
U 0.064 £ 0.012 1.184 £ 0.023 —165.8 £ 0.6 0.01 £0.07 0.80 £ 0.52 —141.2 +30.4 -
2002.649 Core 3.666 £ 0.704 0.009 £ 0.009 58.1 +64.0 0.20 +0.03 0.67 £+ 0.09 —159.0+ 44 1.52 +£0.02
C4 0.494 £ 0.376 0.219 £ 0.056 —1247 £ 11.6 0.35 £0.05 0.36 £ 0.60 —-5.6+7.1 -
C3 0.196 £ 0.033 0.550 £+ 0.028 —171.6 £2.0 0.47 £ 0.03 1.00 £ 0.01 —73.7+2.8 -
U 0.122 £ 0.032 0.993 £ 0.028 —173.0+ 0.8 0.70 £ 0.05 0.28 £ 0.05 —1484 +34 -
2003.701 Core 5.751 £ 0.968 0.004 £ 0.001 179.8 £7.8 0.23 £ 0.00 0.28 £+ 0.00 —136.7 £ 0.1 4.39 +£0.00
C3 0.118 £0.022 0.737 £ 0.008 —173.7+0.3 0.00 £ 0.02 0.81 £0.47 —161.2 £25.0 -
C4 0.103 £ 0.019 0.384 £ 0.008 —1394+1.0 0.00 £ 0.02 0.53 +£0.38 —1524+26.7 -
U 0.064 £ 0.011 0.418 £ 0.029 137.3 £ 4.0 0.20 £ 0.03 1.00 £ 0.00 —61.2+29 -
U 0.037 £ 0.007 1.420 +£0.013 —166.4 +£0.3 0.00 £+ 0.03 0.70 £ 0.52 —19.6 £30.4 -
2004.126 Core 5.222 £0.854 0.004 £ 0.001 159.6 £ 7.0 0.25 £ 0.00 0.28 £ 0.00 —1363+04 3.34 £ 0.65
C4 0.143 £ 0.026 0.438 £ 0.004 —121.2+0.6 0.00 £ 0.01 0.71 £ 0.56 —162.9 +26.6 -
C3 0.088 £ 0.016 0.686 £ 0.014 —1749 £ 0.4 0.00 £ 0.03 0.71 £ 0.45 —53.2+13.8 -
U 0.054 £ 0.010 1.259 +£0.016 —165.7 £ 0.6 0.00 £ 0.02 0.75 £ 0.51 —1325+7.1 -
U 0.084 £ 0.019 0.617 £ 0.026 141.0 £2.0 0.61 £0.08 0.37 £0.39 —23.1+59 -
2006.425 Core 3.025 £ 0.491 0.006 £ 0.001 —15.4 +10.1 0.27 £ 0.00 0.72 £ 0.01 —141.7+04 0.63 £+ 0.00
C5 0.495 £ 0.081 0.527 £ 0.002 —1155+0.5 0.30 £ 0.01 0.35£0.08 —148.7+3.5 -
C4 0.205 £ 0.045 0.659 £ 0.011 —1743+0.3 0.26 £0.12 0.29 +£0.20 —193+7.38 -
U 0.176 £ 0.028 0.683 £ 0.005 224+0.3 0.33 £0.02 0.28 £0.03 —343+2.7 -
C3? 0.116 £+ 0.028 1.106 £+ 0.025 —1582+0.7 0.50 £ 0.06 0.48 £ 0.08 —23.0+9.1 -
U 0.079 £0.012 0.711 £0.019 1399+ 1.5 0.39 £ 0.04 1.00 £ 0.01 —20.5+352 -
2006.444 Core 2.418 £+ 0.409 0.026 £ 0.004 39.8+£9.3 0.21 £0.01 0.72 £ 0.02 —1422+0.6 0.87 £+ 0.00
C5 0.620 £ 0.121 0.539 £ 0.004 —122.8+0.5 0.28 £0.05 0.45+£0.20 —152+62 -
Cc7 0.630 £ 0.140 0.287 £+ 0.034 —149.5+423 0.49 £+ 0.04 0.28 £ 0.07 —-102+33 -
U 0.125 £ 0.025 0.624 £ 0.017 154+£0.7 0.00 £ 0.02 0.77 £ 0.55 —55.1 £ 16.1 -
C3? 0.064 £ 0.016 1.190 £ 0.041 —163.1 £0.7 0.04 £ 0.07 0.95+0.22 —168.3 £21.2 -
C4 0.135 £ 0.025 0.725 £+ 0.043 170.5 + 4.4 0.52 +0.05 1.00 £ 0.02 —120.9 +£ 8.0 -
Table 4. CE model-fitting jet parameters for the 43-GHz maps of PKS 1741-03.
Epoch D F r n AFwWHM Axial ratio SPA T8, rest
dy) (mas) (deg) (mas) (deg) (1012 K)
2002.370 Core 2.668 £ 0.433 0.011 £ 0.001 136.6 £ 2.9 0.08 £ 0.00 0.96 £ 0.05 —138.5+13.6 5.13+£0.94
C4 0.711 £ 0.133 0.159 £ 0.003 —110.6 £ 0.9 0.17 £ 0.01 0.43 +0.17 —132.0+25 -
C3 0.185 £ 0.153 0.681 £ 0.005 —167.6 £ 0.4 0.36 £ 0.02 0.45 £ 0.05 —62.8 £4.0 -
2002.649 Core 3.299 £+ 0.615 0.004 £ 0.000 934 +44 0.17 £ 0.00 0.61 £ 0.00 —39+04 2.114+0.37
C4 0.637 £ 0.087 0.175 £ 0.001 —1183+04 0.16 £ 0.00 1.00 £ 0.00 —13.8 £27.0 -
C3 0.343 £ 0.231 0.553 £ 0.015 —171.7+£0.7 0.88 £+ 0.03 0.54 £+ 0.06 —163.1 £ 45 -
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Figure 2. Values of the reduced chi-squared obtained in fitting the complex
visibility data of PKS 1741-03 at 15 GHz. Black solid circles are related to
reduced chi-squared derived from our CE model-fitting parameters listed in
Table 2. Red open squares refer to model-fitting results presented by Lister
et al. (2009a).
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3.2 Core and total flux density variability

Several criteria were used to identify the core component, where the
jet inlet region is supposed to reside: the closest component to the
reference centre of the interferometric radio maps (angular distances
from the centre of the maps smaller than one pixel), the unresolved
angular size component (smaller than the cLEAN beam size) and the
most intense component in terms of flux density in all 21 epochs
(roughly between 56 and 95 per cent of the total flux density in the
radio maps). The core turned out to be the northernmost component
in all models, except for the last epoch in 2008, exhibiting the higher
observed brightness temperatures in almost all epochs as well.

In Fig. 3, we show the time behaviour of the core flux density, as
well as the total flux density (the sum of the contributions from core
and individual jet components). The core flux density variability
tracks quite well the fluctuations seen in the total flux light curve
for all frequencies analysed in this work.
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Figure 3. Flux density behaviour of the quasar PKS 1741-03 between 1994 and 2010. Red stars show the historical UMRAO light curve of PKS 1741-03 at
14.5 GHz. Solid and open black circles display, respectively, the time behaviour of the total (core plus jet components) and core flux densities at 15 GHz. Solid
and open blue upside-down triangles refer, respectively, to the total and core flux densities at 24 GHz, while solid and open orange squares are related to the

same quantities at 43 GHz.

The historical University of Michigan Radio Astronomy Obser-
vatory (UMRAO; Aller et al. 1985; Hughes, Aller & Aller 1992;
Aller et al. 1999; Aller, Aller & Hughes 2003; Pyatunina et al. 2006,
2007) light curve of PKS 1741-03 at 14.5 GHz is also plotted in
Fig. 3. The flux density variability seen in the single-dish observa-
tions is very similar to that observed at parsec-scales. Indeed, there
is a clear superposition between total interferometric and single-
dish light curves, reflecting the high compactness of the source (all
the emission at 15 GHz originates on parsec-scales probed by the
Very Long Baseline Array).

While core variability presents no delay in relation to fluctuations
seen in the UMRAO light curve, with a lag of (0.00 & 0.85) yr from
the discrete correlation function (DCF; Edelson & Krolik 1988),
the sum of the flux densities of all the jet components without the
core contribution shows a DCF delay of (2.1 & 1.5) yr, roughly the
same time lag between the ejection epoch of each jet component
and the occurrence of its maximum flux density (see Sections 3.3
and 5 for further details).

3.3 Kinematics of the jet components

The determination of the kinematic properties of the jet components
in PKS 1741-03 was not an easy task because of the relative long
intervals between consecutive observations in our image sample
(~0.95 yr, on average). This issue led us to assume the simplest
kinematic scenario for the parsec-scale jet: individual components
that recede ballistically or quasi-ballistically from the stationary
core. Thus, the angular separation between jet components and the
core must evolve in time as

r(t) = pt — 1), @)

where r is the core-component distance at time 7 and u and 7, are
the apparent proper motion and ejection time, r(#y) = 0, of the jet
component, respectively.

We show in Fig. 4 the time evolution of r for each of the seven jet
components identified in this work, as well as the fits obtained from
linear regression using equation (7). Our kinematic-based identifi-
cation suggests the ejection of seven jet components between 1995
and 2005. The kinematic parameters of each of these jet compo-
nents are given in Table 3, with 7 representing the mean position
angle of a jet component among Nepoch €pochs used in the fit, while
Bobs is the apparent speed in units of c¢. Uncertainties for #, and
1 were obtained from the linear fit, while standard deviation of n
was used as an error estimator for 7). Piner et al. (2012) identified
kinematically at 8 GHz three components in the parsec-scale jet
of PKS 1741-03 between 1994 and 2004. None of these presents
kinematic parameters compatible with those listed in Table 3, even
though their component C3 might be related to components C1 and
C3 found in this work.

The last column in Table 5 gives the probability p of the chi-
squared value to be less than or equal to the value obtained from
our linear regressions presented in Fig. 4. The highest confidence
was found for jet component C4 (p < 107°). Good reliability was
also found for jet components C4, C5 and C7 (p < 0.004), while
only satisfactory confidence was obtained for C2 and C6 (0.004 <
p <0.1).

All jet components detected in this work exhibited superlu-
minal motions with apparent speeds ranging from 3.5 to 6.1c.
Variations up to about 60° in the parameter 7 was also detected,
suggesting a non-fixed orientation of the jet inlet region. Those
changes in speed and position angle among jet components can
be clearly seen in Fig. 5. Jet components seems to move ballis-
tically, except for C2, which exhibits a possible bent trajectory

MNRAS 441, 187-202 (2014)

220z 11dy $Z uo 1sonB Aq 68%8/6//81/L/1¥¥/9[0IMe/SEIUL/ W00 dNO"olWapede//:Sdny WOy papeojumoq



194  A. Caproni et al.

2.0 T { T T T { T T T { T T T T T T { T T T { T T { T T T
1.5— —
o L
O
s 1.0—
0.5— S
0.0 Al VA L P
1996 1998 2000 2002 2004 2006 2008

2010

Epoch (years)

Figure 4. Angular separation from the core of the jet components as a function of time. Solid symbols represent such distances for the seven jet components
identified in this work at 15 GHz: navy circles for C1; blue stars for C2; light blue triangles for C3; violet squares for C4; purple upside-down triangles for C5;
dark red circles for C6; red stars for C7. Open black circles refer to unidentified components, while coloured open symbols are identified jet components at 24
and 43 GHz. Straight lines represent results from linear regressions applied for the individual jet components.

Table 5. Kinematic parameters of the CE model-fitting jet components of PKS 1741-03 identified in this

work.
Jet component fo I ﬂobs n Nepoch “ p b
(yr) (mas yr~") (deg)

Cl1 199553 £0.28 0.18£0.02 47+06 —169.5+53 4 0.338869
C2 1997.53 £0.29 020+0.05 53+13 —1579+6.8 3 0.059282
C3 1998.16 £0.24 0.13£0.03 35+07 —1745+53 9 0.000694
C4 2001.11 £0.22  0.14+0.02 37+£05 —162.7+3.8 10 0.000000
C5 200330 £0.21 0.18+0.04 47+£1.1 —1254+£63 7 0.000012
Co6 2004.06 £ 034 0.17+0.08 45+22 —186.5+4.1 3 0.071308
C7 200492 4+020 023+£0.05 6.1+£14 —1459+2.1 5 0.003606

“ Number of epochs for which a given jet component was detected by our CE model fitting.
b Probability that a chi-squared value is less than or equal to the value obtained in our linear regressions.

on the plane of the sky. Detailed analysis of the possible physi-
cal mechanisms driving variations in apparent speeds and position
angles is out of scope of this work, and this will be tackled in
future.

The physical nature of components in the parsec-scale jets
of active galactic nucleus (AGN) sources is still a matter
of debate in the literature. Two interpretations have usually
been invoked: relativistic shock waves (Blandford & Konigl
1979; Marscher & Gear 1985; Hughes, Aller & Aller 1985,
1989a,b, 1991; Marscher, Gear & Travis 1992; Savolainen et al.
2002) and relativistically moving ram-pressure confined plasmoids
(Ozernoy & Sazonov 1969; Christiansen, Scott & Vestrand 1978;
Duerr 1978). The flux density of the jet components C1, C3,
C5, C6 and C7 peaked about 2 yr after their ejection epochs,
indicating a probable transition between an initial optically thick

MNRAS 441, 187-202 (2014)

regime to an optically thin state (see a more detailed discussion in
Section 5).

3.4 Core-shift opacity effect

The absolute core (jet apex) position depends inversely on the fre-
quency when the core is optically thick, which introduces a shift
in the core-component separation measurements (e.g. Blandford &
Konigl 1979; Lobanov 1998; Caproni & Abraham 2004a,b; Kovalev
et al. 2008; Pushkarev et al. 2012).

Independent of the method to estimate the magnitude of the core
shifts, simultaneous images of the source at different frequencies
are needed. Unfortunately, this requirement was only satisfied in
the epochs 2002 May 15 and 2002 August 25, for which maps at 24
and 43 GHz are available.
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Figure 5. Kinematic behaviour of individual parsec-scale jet components in PKS 1741-03. Plotted quantities for jet components, from C1 to C7, are displayed
from top to bottom. From left to right, we show the time evolution of the core-component distance, right ascension and declination offsets on the plane of sky,
as well as a function of time (third and fourth columns, respectively), and the time evolution of flux density. Time intervals shown in the panels are measured
in relation to respective ejection epochs. Lines in core-component plots refer to linear regression presented in Table 3, while solid lines in right ascension and
declination plots are predictions from the values of 7 listed in the same table. Dashed lines in right ascension declination panels mark the core position on the
plane of sky, while dotted ellipses represent the FWHM size of the jet components. Solid black circles, solid grey upside-down triangles and open squares refer
to CE model fittings at 15, 24 and 43 GHz, respectively.
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Using these maps, we determined the right ascension and dec-
lination offsets from the core for the jet components C3 and C4.
Assuming that these are optically thin,® their positions should be
unchanged by opacity effects. Therefore, any observed shift is at-
tributed to changes in the absolute core-position. We obtained a
mean absolute core shift of about 50 &= 55 pas from the differences
between core-component distances at both frequencies. The large
uncertainty is because only two frequencies at two different epochs
were used in the calculations.

Anyway, our results are compatible with those of Pushkarev et al.
(2012), who found values of the core shift always smaller than
14 pas, using images obtained at the frequencies of 15.4, 12.4, 8.4
and 8.1 GHz.

4 SOME CONSTRAINTS ON THE
CHARACTERISTICS OF THE PARSEC-SCALE
JET OF PKS 1741-03

Based on results presented in the previous section, we can derive
some physical parameters associated with the parsec-scale jet of
PKS 1741-03. In the calculations, we have considered jet compo-
nents C3, C4, C5 and C7, for which good confidence levels in their
kinematic parameters were found (i.e. p < 0.01).

4.1 Limits for the Lorentz factor and the jet viewing angle

Considering the underlying hypothesis that superluminal apparent
speeds result from relativistic bulk motions of jet components in
relation to the line of sight, we can derive the minimum value for
the relativistic Lorentz factor, ym,, associated with the sources,
through (e.g. Pearson & Zensus 1987)

Ymin = 1/ 1 + (,335;")27 (8)

where B, i* is the highest apparent speed.

Jet component C7 has the highest S, value (6.1 £ 1.4), implying
Y min > (6.2 & 1.4). Note that the Lorentz factors of jet components
tend to be higher than those associated with the underlying jet in
shock-in-jet models (a few tens of per cent higher, unless the shock
is extremely energetic; Marscher & Gear 1985). For the sake of sim-
plicity, we assume hereafter that there is no difference between the
values of the Lorentz factors of jet components and the underlying
jet.

The maximum value of the angle between the jet orientation and
the line of sight, or simply the jet viewing angle 6, can be estimated
from

1
f < tan™! ( max) , ©)
app

which implies 6 < (9:3 £ 2:2) for the same value of S,;i* used
previously. Both limits for y and 8 are compatible with the values
adopted by Celotti & Guisellini (2008) to model the spectral energy
distribution of PKS 1741-03 (y ~ 16 and 6 ~ 3°).

The jet viewing angle can also be obtained from the relation
between the size of the jet components and their distance from the
core (e.g. Mutel et al. 1990; Pushkarev et al. 2009). In Fig. 6, we

6 Given the uncertainties in the values of the spectral indexes of C3 between
24 and 43 GHz (—1.0 &= 1.6 and 1.0 & 1.2 for 2002 May 15 and 2002
August 25, respectively), it is impossible to assure it is really optically thin.
The same is valid for C4 (—0.8 & 0.6 and 0.4 =+ 1.3 for the first and second
epochs, respectively).
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Figure 6. Angular size of jet components as a function of their separation
from the core at 15, 24 and 43 GHz (circles, upside-down triangles and
squares, respectively). Linear regression of the data (solid line) leads to an
apparent jet opening angle of 2421 &+ 0°3.

show this relation for the parsec-scale components of PKS 1741-03
detected in this work, with the geometric mean between FWHM
major and minor axes having been used as a proxy for the angular
size of the components. Linear regression presented in Fig. 6 implies
an apparent jet opening angle, ¥ 4,p, €equal to 2471 £ 073, which is
similar to the value of 2223 derived by Pushkarev et al. (2009).

The intrinsic jet opening angle v, is related to Yy, and 6
through (Mutel et al. 1990)

tan (‘”"‘“’) — tan (wi"‘) cotf. (10)
2 2

Pushkarev et al. (2009) obtained 122 £ 021 as the mean value
for ¥;, in quasars from an analysis of an AGN sample containing
more than 100 objects. Substituting this value and our estimate for
Y app into equation (10), we found 6 ~ 228, in excellent agreement
with Celotti & Guisellini (2008), as well as the upper limit of 428
derived by Wajima et al. (2000).

4.2 Doppler boosting factor

The observed brightness temperature of the core in the rest frame
of PKS 1741-03 (listed in Table 3) Ty s Was calculated from

2In2 ¢? F

ey bl
7k v apwambrwam

Tpres = (1 +2) an
where k is the Boltzmann constant and v is the frequency. Because
this equation is valid only for unresolved or barely resolved sources,
we applied such calculations to the core region only. The observed
brightness temperature in the observer’s reference frame, T obs, 1S
related to the comoving frame of the source as T rest = (1 + 2)T5 obs
(e.g. Begelman, Blandford & Rees 1984).

Values of T s range from about 4.5 x 10" t0 9.8 x 10'? K. The
lowest value is consistent with (4.5 £ 1.3) x 10! K, determined by
Lee et al. (2008) at 86 GHz. Values between 2 x 10'? and 3.4 x 10'?
K were estimated by Wajima et al. (2000) at 1.6 and 5 GHz, while
Pushkarev & Kovalev (2012) found 9.7 x 10" and 5.2 x 10" K
at 2.3 and 8.6 GHz, respectively. Kovalev et al. (2005) put a lower
limit of 2 x 10'3 K for the parsec-scale core of PKS 1741-03 at
15 GHz, a factor of 2 above the highest value of the brightness
temperature derived in this work.

Our estimates for Ty .y are at least a factor of 10 above T¢q ~
5 x 10'° K, the equipartition brightness temperature between energy
densities of radiating particles and the magnetic field (Readhead
1994). Besides, Tp s exceeds the limit of 10'> K imposed by the
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inverse Compton catastrophe (Kellermann & Pauliny-Toth 1969)
in 17 out of 23 images analysed in this work. Such high observed
brightnesses are a result of Doppler boosting effects in relativistic
sources (Begelman et al. 1984; Kovalev et al. 2005; Homan et al.
2006):

TB.resl = ‘STB.im- (12)

Here, Ty is the intrinsic brightness temperature, and § is the
relativistic Doppler boosting factor, defined as

§=y"'1—BcosO)!, (13)

where B is the bulk speed of the jet in terms of c.

Using values of the observed brightness temperature and appar-
ent speeds for a large sample of AGN sources, Homan et al. (2006)
found Ty &~ 3 x 10'° K for a median-low brightness temperature
state, but also values as greatas 2 x 10!! K in their maximum bright-
ness state. Similar results were obtained by Readhead (1994) and
Kovalev et al. (2005). Assuming T, =2 x 10'! K in equation (12),
we found 2 < & < 49 for the parsec-scale core, with a median value
of ~9.8. Note that a lower Tp i, Will increase the estimated values
for the § parameter. Previous estimates for the Doppler boosting fac-
tor in PKS 1741-03, based on radio and gamma-ray flux variability
and brightness temperature of the core, suggested values between 4
and 20 (Wajima et al. 2000; Fan & Cao 2004; Hovatta et al. 2009;
Savolainen et al. 2010), quite compatible with our estimates for this
parameter.

4.3 More strict limits for the Lorentz factor and the jet
viewing angle

In Fig. 7, we present the behaviour of equation B.,, = yBsin6d
when y is kept constant and 0 is varied (blue solid lines), and when
6 is constant and y is variable (red dotted lines). Introduced by
Unwin, Cohen & Pearson (1983), this diagram is very useful to
constrain the kinematic properties of AGN jets.

The black region in Fig. 7 is forbidden by the conservative lim-
its y = 4.8 (the ynin-value, 6.2, minus its uncertainty, 1.4) and
0 < 11°5 (maximum 6, 923, plus its uncertainty, 222) derived in
previous sections. Conversely, the hatched rectangle shows the re-
gion delimited by the apparent speeds of the jet components C3, C4,
C5 and C7 and the Doppler factor range obtained from the observed
brightness temperature of the parsec-scale core of PKS 1741-03.

Assuming that changes in ,;, and § are only aresult of variations
in the value of y, the jet viewing angle must necessarily be between
0235 and 492 (thick dashed lines in Fig. 7). However, the Lorentz
factor must be lower than about 24.5 (thick solid line in Fig. 7) if
changes in B,,, and § are exclusively produced by changes in the
viewing angle.

In summary, the apparent speeds of the most robust jet compo-
nents determined in this work, as well as the Doppler boosting fac-
tors derived from the observed brightness temperature of the core,
suggest that 4.8 < y < 24.5 and 0235 < 6 < 422 for the parsec-
scale jet of the quasar PKS 1741-03. Note that these limits are
based on the assumption that ballistic motions are strictly valid.
The existence of some sort of acceleration, as possibly in the case
of the jet component C2, might cast doubt on those estimates, be-
cause y and/or 6 would vary along the jet as observed in other AGN
sources (e.g. Kellermann et al. 2004; Jorstad et al. 2005; Lister et al.
2009a; Homan et al. 2009). Because C2 shows signatures of non-
radial motion only on the plane of sky, a possible acceleration must
be perpendicular to the jet flow and consequently related to changes
in apparent jet direction (Homan et al. 2009). However, the low
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Figure 7. Kinematic properties of the parsec-scale relativistic jet of PKS
1741-03. Blue solid contours show the behaviour of apparent speed as a
function of relativistic Doppler boosting factor, keeping y constant (varied
from 2 to 100 in steps of 2 for 2 < y < 20, 5 for 20 < y < 30 and 10
for y > 30). Red dotted contours refer to the 6-constant case (varied from
2° to 20° in steps of 0°5 for 0° < 6 < 5° and 1°for 5° < 6 < 10°). The
black region is the excluding region delimited by y < 4.8 (3 min minus its
uncertainty) and 6 2 11.5° (maximum 6 plus its uncertainty). The hatched
rectangle marks the region defined by the observed apparent speeds of the
jet components C3, C4, C5 and C7 (taking into account their uncertainties),
as well as the Doppler factor range inferred from the observed brightness
temperature of the parsec-scale core. The thick solid line shows y & 24.5,
while thick dashed lines mark the values 0735 and 4°2 for 6.

number of epochs in which C2 was detected (three), the relatively
long interval among these epochs (more than 1 yr) and its relatively
low flux density (less than 170 mJy) mean that any effort to make
our ballistic model more sophisticated is meaningless. Future inter-
ferometric observations of PKS 1741-03 are fundamental to check
whether non-radial motions do exist in this source.

5 PEAKED LIGHT CURVES OF C3, C5 AND C7

We have analysed in more detail the flux density behaviour of the
jet components C3, C5 and C7 (those used to estimate kinematic
parameters of the parsec-scale jet), because opacity might play a
role in their light curves.

As can be seen in Fig. 5, the flux densities of C3, C5 and C7
peak approximately 2-3 yr after their ejections from the core. Even
though these time delays are long in comparison with those com-
monly observed in other AGN sources (<1.0 yr; Jorstad et al. 2005;
Pyatunina et al. 2006), delays comparable or even longer than 1 yr
have already been found in the literature, for example, jet compo-
nents S10 and S13 in BL Lacertae (~1.3 and 1.0-1.8 yr, respec-
tively; Jorstad et al. 2005), C9 in 3C 345 (~2.6 yr; Jorstad et al.
2005), C1 in 1823+568 (~20.6 yr; Jorstad et al. 2005) and f in
NRAO 530 (~4-6 yr; Lu, Krichbaum & Zensus 2011).

The question that arises is what could be producing such time
delays. Shock-in-jet models are probably the most attractive sce-
nario (Konigl 1981; Hughes et al. 1985; Marscher & Gear 1985;
Valtaoja et al. 1992; Tiirler 2011). Jet components can represent
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shock waves propagating down in a relativistic jet, evolving in time
from an initial phase dominated by inverse Compton cooling, pass-
ing through a synchrotron-dominated loss stage, and finally entering
into an adiabatic-loss phase (Marscher & Gear 1985; Ttrler 2011).
In the case of an optically thin regime, the flux density of a jet
component is a power-law function of the distance from the core:
FM™ o """ This formalism implies that the magnetic field and the
number density of relativistic electrons decrease along distance with
power-law indices a and s, respectively, with s > 2 (Marscher &
Gear 1985). In the optically thick regime, the flux density increases
with distance as F" o 2™ where Mk = (4 + a)/2 (Pauliny-
Toth & Kellermann 1966). Distances in the previous formula can
be replaced by time if the diameter of the jet components increases
at a constant rate (e.g. Pauliny-Toth & Kellermann 1966), which is
assumed hereafter in this work.

After peaking, jet components C3, C5 and C7 present a system-
atic decrease in their flux densities as a function of time. For C3,
this decrement has a power-law index of —4.1 & 2.5 between the
epochs 2001.7 and 2003.2 and —3.5 £ 3.4 between 2003.2 and
2004.6. In the case of C5, the value is —3.0 £ 1.3, while for C7 we
obtained —6.8 + 3.6 between 2007.3 and 2007.5 and —4.4 &+ 1.0
between 2007.5 and 2008.9. Assuming that a = —1 and that these
jet components are in an adiabatic-loss phase, implying #"" = —[3a
(s + 1) — 2(5 — 25)]/6 (Marscher & Gear 1985), the exponent s
must be larger than 4 to reproduce their observational data, which
is extreme considering the usual values adopted in the literature
(e.g. Marscher & Gear 1985). However, the parameter s flattens
substantially for a = —2, having values of about 2.9 for C3 and 2.5
for C5. In the case of C7, s & 4.5 is still high, suggesting that some
additional phenomenon might be in action on it.

Our results for the optically thin part of the light curves of C3
and C5 favour a = —2, which means that net magnetic fields are
predominantly parallel to the jet axis (Marscher & Gear 1985). This
is in agreement with the hint that quasar jets tend to present a net
electric field direction perpendicular to the jet axis (e.g. Cawthorne
et al. 1993; Cawthorne & Gabuzda 1996; Lister 2001). Moreover,
15-GHz polarization maps of PKS 1741-03 obtained in the epochs
2001 June 20 and 2006 December 01 show electric vectors, cor-
rected by Faraday rotation, roughly aligned along a south-east—
north-west direction (Zavala & Taylor 2004; Hovatta et al. 2012),
suggesting a net magnetic field orientation approximately parallel
to the mean orientation of the jet components in those epochs.

Concerning the rising part of the light curve, jet component C3
increases its flux density oc #/;0*"%, while the increment for C5 and
C7 follows 5% and 13,7520, respectively. The rising of the flux
density in C5 and C7 agrees with theoretical predictions, in which
2.5 < phick <3.0for 1 < a <2 (e.g Pauliny-Toth & Kellermann
1966). However, the increasing rate for C3 is too high to be ex-
plained by any shock-in-jet/plasmon model, suggesting the occur-
rence of some extra phenomenon in PKS 1741-03. A viable possi-
bility could be the existence of an optically thick medium, external
to the relativistic jet, that absorbs part of the synchrotron radiation
from the jet components via bremsstrahlung. Free—free absorption
scenarios have been successfully explored in other AGN sources,
such as NGC 1068 (Gallimore, Baum & O’Dea 2004) and 3C 84
(Walker et al. 2000).

If the time delay between the component’s ejection and the max-
imum in the flux density in the observer’s reference frame is Ar%*,
relativistic effects will stretch it when measured at the source’s ref-
erence frame through AP = (1 4 z)~ '8 Az%™, For Af%™ ~ 2-
3 yr, and using the lower and upper limits inferred in the previous
section for the Doppler factor, AzP** is roughly between 9 and
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40 yr. This implies distances travelled from the core between 3 and
12 pc for ballistic motions with a Lorentz factor range derived in
the previous section. If we postulate that free—free absorption is
important at distances smaller than about 12 pc only, flux densities
measured before the peak occurrence of C3, C5 and C7 could be
substantially attenuated, producing the sharp drop observed in their
light curves.

The free—free optical depth, 7y, at a frequency v in the Rayleigh—
Jeans limit can be calculated using

—2.1
5 = 0.082357 1% (L) 7’ (

Gz > a(T,v), (14)

pcem—6
where T is the plasma temperature, Z is the atomic number,
a(t, v) ~ 1 and EM is the emission measure, defined as

L
EM :/ nldx ~ (n2)L. (15)
0

Here, (n2) is the mean squared electron number density and L is the
size of the free—free absorber along the line of sight.

Assuming T~ 10* K and imposing 7 2 1, equation (14) leads to
EM > 9 x 103 pc cm™3. If L ~ 12 pc, the electron density must be
higher than ~9000 cm 3. Temperatures of about 10* K and densities
around 10* cm~3 are compatible with those observed in narrow-line
regions (Koski 1978; Heckman & Balick 1979; Zhang, Liang &
Hammer 2013), even though the true nature of the putative free—
free absorber cannot be addressed by the observational constraints
used in this work.

We can use a simple formalism introduced by Gabuzda &
Chernetskii (2003) to check whether the free—free absorber can also
be responsible for the intrinsic Faraday rotation in PKS 1741-03.
Assuming equipartition between the thermal and magnetic com-
ponents in the Faraday screen and using the formal definition of
rotation measure, Gabuzda & Chernetskii (2003) derived the fol-
lowing relation,

5 1/3

5o [RM( +27°8mkT , a6
8.1 x 10°L

where B is the magnetic field, RM is the rotation measure (in units

of rad m~?) and k is the Boltzmann constant.

Intrinsic values of RM for PKS 1741-03 range from about 190 to
260 rad m~2 (Carvalho 1985; Zavala & Taylor 2004; Hovatta et al.
2012). Assuming RM ~ 225 rad m~2, T~ 10* K and L ~ 12 pc,
B must be ~15 uG in the absorber region. Therefore, a free—free
absorber with a size smaller than about 12 pc, a temperature of
about 10* K and densities around 10* cm™ seems to be a plausible
candidate to explain the time delays seen in the light curves of jet
components C3, C5 and C7, as well as the observed Faraday rotation
in PKS 1741-03.

Another independent possible way to account for the observed
time delays is based on the possible existence of a supermassive
binary system in PKS 1741-03, which will be analysed in more
detail in a forthcoming paper. Roland et al. (2013) have shown that
time delays in the flux density of jet components can be introduced
if ejection is associated with the black hole not coincident with
the VLBI core in a supermassive binary black hole system. This
situation is labelled as case II in Roland et al. (2013), and the jet
component C5 in 3C 279 is a good example of this.

It is important to emphasize that these three scenarios invoked
to explain the time lags between ejection and peaking at the light
curves of jet components are not mutually exclusive. Two or perhaps
all of them might be acting in PKS 1741-03.
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6 CONCLUSIONS

In this paper, we have analysed 23 interferometric images of the
quasar PKS 1741-03, obtained between 1995 and 2008 at 15, 24 and
43 GHz (15, six and two maps, respectively). We have assumed that
the brightness distribution on the parsec-scale jet can be modelled by
discrete components described mathematically by two-dimensional
elliptical Gaussian functions. The number of Gaussian components
was varied from one to six for each epoch, with the values of the
free structural parameters being determined through the statistically
robust CE global optimization method (Rubinstein 1997; Caproni
etal. 2011).

Our results indicate the presence of a central component, iden-
tified as the parsec-scale core region (the most intense component
in terms of flux density in all 21 epochs and responsible for 56-95
per cent of the total flux density of PKS 1741-03), and two to five
(usually two) jet components per image. These components recede
ballistically from the core with superluminal apparent speeds (from
3.5t0 6.1c), as well as with approximately constant position angles
for individual components (from —186° to —125°). The trajectory
of the jet component C2 on the plane of the sky seems to be sub-
stantially bent (probably because of acceleration perpendicular to
the jet flow; Homan et al. 2009). However, we have maintained our
tentative ballistic description for C2 because of the small number
of epochs available to track its motion, the relatively long interval
between consecutive epochs, and its relatively low flux density. Fu-
ture interferometric observations are fundamental to check whether
non-radial motions do exist in this source.

The same components detected in the two 43-GHz images of
PKS 1741-03 are seen in the respective simultaneous images at
24 GHz, reinforcing the robustness of our CE modelling. Using
these maps, we have estimated a mean absolute core-shift between
24 and 43 GHz of about 50 £+ 55 pas, which is in reasonable
agreement with previous estimates made by Pushkarev et al. (2012)
at lower frequencies. Our core-shift estimates for PKS 1741-03
must be considered cautiously because they are based only on dual
frequency data obtained at two different epochs.

The parsec-scale core flux density variability tracks quite well
the fluctuations seen in the historical single-dish light curve at
14.5 GHz, presenting a null DCF time delay. However, the total
flux density from the moving jet components (not considering the
core’s contribution) shows a DCF delay of about 2.1 yr, roughly the
same as the lag between the ejection epoch and the maximum flux
density in the light curves of the jet components C3, C5 and C7. We
propose three non-exclusive mechanisms for producing these de-
lays: the evolution of relativistic shock waves and/or ram-pressure
confined plasmoids (e.g. Ozernoy & Sazonov 1969; Blandford &
Konigl 1979; Konigl 1981; Marscher & Gear 1985; Tiirler 2011),
an optically thick medium (external to the relativistic jet) with a size
smaller than ~12 pc, which absorbs (via bremsstrahlung) part of the
synchrotron emission from the jet components (Walker et al. 2000;
Gallimore et al. 2004), and a supermassive binary black hole system
in which the ejection of the jet components is associated with the
black hole and is not coincident with the VLBI core (Roland et al.
2013).

Based on the kinematic properties of the fastest jet component
(C7), we derived a lower limit of 6.2 & 1.4 for the jet bulk Lorentz
factor, as well as a conservative upper limit of 923 =+ 2°2 for the jet
viewing angle. The relationship between the size of the components
and their distance from the core provides an additional constraint
for the jet viewing angle, favouring 8 ~ 3°. Our estimates for y
and 0 are in agreement with those assumed in the modelling of the
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spectral energy distribution of PKS 1741-03 (Celotti & Guisellini
2008).

Considerations involving the relationship between the observed
and intrinsic brightness temperature of the parsec-scale core of
PKS 1741-03 suggest that the value of the Doppler boosting factor
must lie approximately between 2 and 49, compatible with previous
estimates based on the variability at radio wavelengths and on the
gamma-ray flux and brightness temperature of the core (Wajima
et al. 2000; Fan & Cao 2004; Hovatta et al. 2009; Savolainen et al.
2010).

Finally, more strict kinematic limits for the parsec-scale region
of the quasar PKS 1741-03 have been derived using the apparent
speeds of the most robust jet components and the derived range for
the Doppler boosting factor: 4.8 < y < 24.5and 0235 < 6 < 422.

It is important to emphasize that this work presents the first ap-
plication of our CE model-fitting technique to interferometric radio
images of an AGN jet. Its extension to galactic and extragalactic
jets, in general, is straightforward and this will be pursued in future
work.
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APPENDIX

In this section, we provide all maps of the radio-loud quasar PKS
1741-03 analysed in this work, as well as the positions of the
Gaussian components determined by our CE model fittings.
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Figure Al. Radio images of PKS 1741-03 at 15 GHz (U band) analysed in this work. All images have a size of 50 x 70 pixels (one pixel = 0.1 mas).
The red-scale maps are in logarithm scale. Black contours correspond to 0.1, 0.25, 1.0, 2.5, 10.0, 25.0, 50.0, 75.0 and 90.0 per cent of the peak intensity
of the images. The white ellipse in the lower-left corner of the individual panels represents the FWHM of the elliptical synthesized cLEAN beam. Open stars
mark the CE optimized peak position of the Gaussian components.
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Figure A2. Radio images of PKS 1741-03 at 24 GHz (K band) analysed in this work. Images have a size of 90 x 140 pixels (one pixel = 0.03 mas) for the
first four epochs and 45 x 70 pixels (one pixel = 0.065 mas) for the last two epochs. The red-scale maps are in logarithm scale. Black contours correspond to
0.1,0.25, 1.0, 2.5, 10.0, 25.0, 50.0, 75.0 and 90.0 per cent of the peak intensity of the images. The white ellipse in the lower-left corner of the individual panels
represents the FWHM of the elliptical synthesized cLEAN beam. Open stars mark the CE optimized peak position of the Gaussian components.
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Figure A3. Radio images of PKS 1741-03 at 43 GHz (Q band) analysed in this work. Images have a size of 80 x 110 pixels (one pixel = 0.02 mas).
The red-scale maps are in logarithm scale. Black contours correspond to 0.1, 0.25, 1.0, 2.5, 10.0, 25.0, 50.0, 75.0 and 90.0 per cent of the peak intensity
of the images. The white ellipse in the lower-left corner of the individual panels represents the FWHM of the elliptical synthesized cLEAN beam. Open stars
mark the CE optimized peak position of the Gaussian components.
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