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We report astrometric results on the stability of the core in the nearby TeV
blazar Mrk 501 based on 6-epoch monitoring with the VLBA at 43 GHz. Our re-
sults suggest a stable position of the core within 98 + 73 pas, refining our earlier
findings by VERA in 2011, which pinpointed the position within 200 pas. We con-
strain bulk Lorentz factors of the jet based on the results of core position mea-
surements. We will further discuss a possible relation between the source activity
and the distributed scale of the radio core position.
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1 Introduction

Mrk 501 is the closest and brightest TeV blazar (z = 0.034), and therefore one of
the best sources to study the so-called “blazar-zone” with VLBI. We have investi-
gated the position of the radio core of blazars Mrk 501 and Mrk 421 by multi-epoch
astrometric observations at 43 GHz and 22 GHz, respectively, with the VLBI Explo-
ration of Radio Astrometry (VERA) [1, 2]. In the case of Mrk501, there was no
positional change of the radio core peak of Mrk 501 relative to the distant quasar
NRAO 512 within ~ 200 pas or de-projected ~2.0pc in 2011 during its quiescent
state [1]. On the other hand, the radio core of Mrk421 changed its location toward
0.5 mas downstream soon after its large X-ray flare [2]. This time we attempt to put
further constraint on the stability of the radio core of Mrk 501 and study whether
there is a relation between the source activity and the distributed scale of the radio
core position.
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2 Observations and Data Reduction

The astrometric observations with the VLBA have more advantages compared
to our previous ones with VERA [1]. VLBA astrometric observations have longer
baselines than VERA in a factor of 3 (up to 8600 km), and the baseline sensitivity
is improved by the larger collecting surface and higher antenna efficiency of the
dishes. The smaller beam size will reduce the main positional error due to tro-
posphere, and the higher baseline sensitivity enables us to use fainter and closer
calibrators. More antennas also enable us to get a much enhanced uv-coverage and
better data constrains due to the larger number of closures in phase and amplitude.

Our six-epoch observations were performed between February 2012 and Febru-
ary 2013 with the VLBA at 43 GHz in astrometric mode. The observations include
rapid switching within 30 seconds between Mrk 501 and three nearby radio sources:
3C 345 (z = 0.593), NRAO 512 (z = 1.66), and 1659+399 (z = 0.507). The alignment
of the sources in the sky plane is shown in Fig. 1, together with contour plots of
the parsec-scale images.

The initial data calibration was performed using AIPS. We performed a fringe-
fitting on all the four sources and removed residual delays, rates and phases as-
suming a point source model. We further corrected the source structure phases due
to the deviation of the point source model by iterative clean-self-calibration pro-
cedures, then obtained the clean models for them. By performing a fringe-fitting
again by including the clean models for each sources, we obtained the gain time
variability to be assigned to atmosphere or instrumental effects.

Since Mrk 501 is enough bright to perform fringe-fitting and self-calibration, we
chose Mrk 501 as a phase calibrator and transferred the derived fringe solutions in-
cluding its clean models to all the other sources. In the standard phase-referencing
data reduction, after the calibrator phases and the target gain time variability are
applied to each target, its phase-referenced images were created, and the peak po-
sition of phase-referenced images were measured by fitting a single Gaussian to the
peak component using the AIPS task JMFIT. In the case of the VLBA 43 GHz obser-
vations, this peak position measurement would include non-negligible component
identification errors, because the target sources also have extended source struc-
ture. This time we perform the new data reduction procedure to remove the phase
effect of target source structure. We will explain this procedure in a forthcoming
paper by using observation equations, which are consisted of various phase terms.
We measured the peak position of phase-referenced target source by minimizing
its structure effect.

3 Results

The phase-referencing between Mrk501 and the closest, compact target
1659+399 yields following results: the measured core positions of Mrk 501 along its
jet axis relative to the peak position of 1659+399 for all the observations lie within
a small region, shown in Fig. 2. This figure is produced by inverting the measured
position of phase-referenced image of 1659+399 referencing to Mrk 501. The core
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Fig. 1. Source configuration and self-calibrated images of our VLBA astrometric
observations at 43 GHz. Thanks to the higher sensitivity, we added the fainter and closer
point-like calibrator 1659+399 to the calibrators 3C 345 and NRAO 512, which we used for

the VERA astrometric observations. The arrows indicate the direction of the jet flow next to
the radio core

position error is estimated as the root-sum-square of each error [1, 4]. Typically,
the core position error of 1659+399 relative to Mrk 501 is estimated to be ~ 39 pas
in right ascension and ~ 41 pas in declination, which is around one-tenth of the
major axis of the synthesized beam size. The major error contribution comes from
the tropospheric zenith delay errors, which are typically ~ 3 cm for the VLBA [5],
corresponding to the position error of ~ 37 pas for the separation of 1.46° between
Mrk 501 and 1659+399. Thanks to its proximity and the high angular resolution, the
position errors due to the tropospheric errors were reduced to around one-fourth of
those between Mrk 501 and NRAO 512 with VERA [1]. The signal-to-noise ratio of
the phase-referenced images are ranging from 13 to 17, corresponding to a random
error of around 5-10 pas. By taking into account all the error contributions, the
resulting position error for single epoch was reduced to around one-fifth of that
with VERA.

We performed a chi-squared test of the phase-referenced core positions over
the six epochs for the evaluation of its stability. The core positions of Mrk 501
relative to 1659+399 coincide along the jet position angle (~ 156° in [3]) with the
significance probability of 38%. This probability is much lower than that of the
VERA (> 98% in [1]), such that it could be a small variability of the radio core peak
positions along jet position angle, however, motion of the core peak position is not
significant. The maximum difference of the core peak positions along the jet axis is
98 + 73 pas between the first and the last epochs. Therefore, we can conclude that
the phase-referenced core peak positions of Mrk 501 relative to 1659+399 lie within
171 pas (1o) along its jet direction. Similar amount of the maximum difference were
obtained for the phase-reference pair of Mrk 501 and NRAO 512.
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Fig. 2. Astrometric results on the absolute location of the core of Mrk 501 relative
to 1659+399, plotted over a self-calibrated image of Mrk 501 for the first epoch.
The phase-referenced core positions are projected along the averaged position
angle of Mrk 501 jet (~ 156° for the components C1, C2, and C3 derived in [3]).

The phase-referenced core positions are shifted as epoch 1 corresponding to (0, 0)

4 Discussion

The de-projected distributed scale of the phase-referenced core position of
Mrk 501 is approximately < 1.9 x 10* R, or < 1.6 pc for a jet viewing angle of ; > 4°
[5], where 1mas corresponds to 7.7 x 10° Schwarzschild radii (R;), or
1R, = 8.6 x 10~®pc. Here we set the lower limit of the central black hole mass
of Mrk 501 as My = 0.9 x 10° M, in the case of the single black hole [7].

Based on the standard internal shock model of blazars [e. g., 8], we attempt
to constrain bulk Lorentz factors of the jet based on the results of core position
measurements. When the source is in its quiescent state, we can assume that the
Lorentz factor ratio between the faster and the slower colliding ejecta is close to
unity (I't/Ts < 1.01) [1]. By applying the same assumptions in [1], the maximum
value of T'y (T'smax) and minimum value of I'y (T min) only depends on the de-
projected distributed scale of the core positions ADg as follows:
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where A = (I'y/T)?/[(T¢/Ts)? — 1] and A > 51. I15 is the separation length of the
colliding ejecta. Thus, we find that the maximum-to-minimum ratio of I'y during
our six-epoch observations are less than 2.0, i. e., 8 < I'y < 16, which is slightly
tighter than or comparable to our previous constraint [1]. When the source is in
its active state, we can assume that I'r > I’y and I jax >> Ts min [2]- In this case,
we can assume that the distance of the internal-shocks (or the radio core) from the
black hole is D;s ~ ADjg, and it is proportional to the product of the square of I';
and Irs. By assuming the same value for I1s as in [2], a Lorentz factor of very fast
ejecta is estimated to be

DIS 1/2 IIS —-1/2
Iy <1 . 2
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This value is less than one-third of that for Mrk 421 soon after the large X-ray flare
(Tt ~ 60). Therefore, by following the discussions in both [1] and [2], our results on
the phase-referenced core positions of Mrk 501 do not require a high Lorentz factor
as is required in the case of Mrk421. This could be related to lack of significant
high-energy flares in Mrk 501 during or close in time with our observations. We
will further study whether there is a relation between the stationarity of the radio
core and the source activity with longer monitoring.
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