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ABSTRACT

Context. High-resolution millimeter wave very-long-baseline interferometry (mm-VLBI) is an ideal tool for probing the structure at
the base of extragalactic jets in detail. The TeV blazar Mrk 501 is one of the best targets among BL Lac objects for studying the nature
of off-axis jet structures because it shows different jet position angles at different scales.

Aims. The aim of this study is to investigate the properties of the off-axis jet structure through high-resolution mm-VLBI images at
the jet base and physical parameters such as kinematics, flux densities, and spectral indices.

Methods. We performed Very Long Baseline Array (VLBA) observations over six epochs from 2012 February to 2013 February at
43 GHz. Quasi-simultaneous Global Millimeter VLBI Array (GMVA) observations at 86 GHz were performed in May 2012.
Results. We discover a new jet component at the northeast direction from the core in all the images at 43 and 86 GHz. The new
component shows the off-axis location from the persistent jet extending to the southeast. The 43 GHz images reveal that the scattering
of the positions of the NE component is within ~0.2 mas. The 86 GHz data reveals a jet component located 0.75 mas southeast of the
radio core. We also discuss the spectral indices between 43 and 86 GHz, where the northeast component has steeper spectral index

and the southeast component has comparable or flatter index than the radio core does.

Key words. BL Lacertae objects: individual: Markarian 501 — galaxies: active — galaxies: jets — radio continuum: galaxies

1. Introduction

Relativistic outflows (jets) in active galactic nuclei (AGNs)
are ultimately powered by gravitational energy of supermassive
black holes lying in the center of galaxies (e.g., Begelman et al.
1984). Probing structures and kinematics of the inner parts of
jets is a fundamental issue for understanding jet physics. The
intensive systematic Very Long Baseline Array (VLBA) mon-
itoring of relativistic outflows in a sample of over 100 AGN
jets at 15 GHz has been conducted by the Monitoring Of Jets
in Active galactic nuclei with VLBA Experiments (MOJAVE)
project (e.g., Kellermann et al. 1998; Lister et al. 2009, 2013;
Homan et al. 2009, 2015). The MOJAVE data have revealed that
a large fraction of jets at milliarcsecond scales show evidence of
curved motion.

Recently, a few very-long-baseline interferometry (VLBI)
observations at frequencies higher than 43 GHz have revealed
the inner structure of the curved jets and their kinematics at
submilliarcsecond scales. Monthly monitoring of blazars with

Article published by EDP Sciences

the VLBA at 43 GHz reveals large swings of the jet position
angle (PA) in their innermost regions (e.g., OJ 287: Agudo et al.
2012, as a part of the Boston University Blazar Project). Lu et al.
(2013) find an unusual jet PA in the quasar 3C 279 by combining
Event Horizon Telescope observations at 230 GHz and VLBA
observations at 43 GHz at ~0.2 mas (~1 pc) scales. The new jet
PA is almost perpendicular to the persistent jet axis at a scale of
a few pc observed at or lower than 43 GHz (hereafter called “off-
axis jet structure”). Thus, high-resolution VLBI observations at
high frequencies (=43 GHz) are important to explore such off-
axis jet structures. Off-axis jet structures at the base of radio jets
could be related to the properties of the jet formation regions;
however, their nature is still poorly understood.

The TeV blazar Mrk 501 is one of the best BL Lac objects for
studying the innermost jet thanks to its proximity (z = 0.034)
and brightness. The jet PAs of this source show different appar-
ent directions on different angular scales, changing smoothly in
counter-clockwise direction. Low-frequency observations have
revealed that the jet PA (defined positive north through east)
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Table 1. Journal of VLBI observations.

Epoch Observing  Frequency Map peak Beam size* lo Notes
code (GHz) (mJy beam™') (mas) (mas) (deg) (mJybeam™')
2012 Feb.12  BKI172A 43 209 046  0.12 -224 1.25 no KP, SC, FD
2012 Mar.16  BK172B 43 165 0.33 0.12 -15.0 0.98
2012 May 06  BK172C 43 215 040 0.12 -17.2 1.30 oV, SC?
2012 Jun.11 BK172D 43 267 0.35 0.17 12.8 0.96 no MK
2013 Jan.18 BKI172E 43 148 0.35 0.13 -19.6 0.85 HN?
2013 Feb.15 BKI172F 43 144 0.33 0.12 -22.0 1.06 FD, PT?
2012 May 19 GGO072 86 99 0.21 0.04 -5.11 1.93 see details in Sect. 2.2
Notes. * Major axis, minor axis, and position angle of synthesized beam. ¢’ The stations were affected by significant weather or technical
problems.
VLBA 43 GHz GMVA 86 GHz
3f G
iy - = , —

~ol |

>0

2

®

[} i H

E Nt L

<o .

ol ol ]

0 200 400 600 800 1000
UV radius (106A)

0 500 1000 1500 2000 2500
UV radius (106A)

Fig. 1. Visibility amplitude vs. (u,v)-radius for the third epoch VLBA observations at 43 GHz (left panel) and for the GMVA observations at

86 GHz (right panel).

is ~45° at r > 20mas from the core, and ~100° at 2 < r <
20mas (Giroletti et al. 2004, 2008). VLBA images at 43 GHz
have shown a clear limb-brightened structure toward PA ~ 150°
(labeled eastern limb) and PA ~ 175° (labeled western limb) at
0.5 < r < 2mas (Piner et al. 2009, 2010). The Global Millimeter
VLBI Array (GMVA) observations at 86 GHz show a jet feature
toward PA ~ 172° at 0.73 mas and the inner 0.1 mas jet limbs at
PA ~ —135° and PA ~ 144° (Giroletti et al. 2008).

In this paper, we report on the sub-pc to pc scale structure
of Mrk 501 obtained with VLBA 43 GHz and GMVA 86 GHz
observations in 2012—-2013, focusing on a newly found off-axis
jet structure. In Sect. 2 we describe the observations; in Sect. 3
we present the results; and in Sect. 4 we give a discussion of
our findings. Throughout this paper, we adopt the following cos-
mological parameters: H, = 71 kms™' Mpc™!, Qy = 0.27,
and Q, = 0.73 (Komatsu et al. 2009), or 1 mas = 0.66 pc for
Mrk 501.

2. Observations and data reductions
2.1. VLBA

In Table 1, we summarize the details of our VLBI observa-
tions. Six epochs of observations were carried out at 43 GHz
between 2012 February and 2013 February with ten VLBA
stations: Kitt Peak (KP), Saint Croix (SC), Fort Davis (FD),
Owens Valley (OV), Mauna Kea (MK), Hancock (HN), Pie
Town (PT), North Liberty (NL), Brewster (BR), and Los Alamos
(LA). The central frequency was 43.212 GHz, with eight sub-
bands (IFs) of 16 MHz bandwidth each. Left hand circular
polarization (LHCP) was recorded at a bit-rate of 512 Mbps
by Mark 5 disk systems, and was correlated at the National
Radio Astronomy Observatory (NRAO) VLBA-DiFX software
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correlator (Deller et al. 2011). In some epochs, one or more an-
tennas did not work properly because of technical problems or
weather condition (see Table 1). For each epoch, the total on-
source time for Mrk 501 was approximately one hour, distributed
over a four-hour long track.

Initial data calibration was performed using the
Astronomical Image Processing System (AZPS) software
package developed by the NRAO. A priori amplitude calibration
was done based on the measurements of the system noise tem-
perature during the observations and the elevation-dependent
antenna gain provided by each station. In this process, we
also applied opacity correction due to the atmospheric atten-
uation, assuming that the time variation of the opacity is not
significant during each observation. Phase and delay offset
between different sub-bands were solved by using the calibrator
3C 345. Fringe fitting was performed with the AIPS task
FRING on Mrk 501 by averaging over all the IFs. Imaging and
self-calibration were performed using the Difmap software
package (Shepherd 1997). The final images were produced after
iterations of CLEAN, phase, and amplitude self-calibration
processes.

The (u, v) range is 32—-1082 MA for the third epoch as an ex-
ample (Fig. 1 left), and its maximum is 1242 MA for the second
epoch.

2.2. GMVA

We observed Mrk 501 on 2012 May 19 with the GMVA at
86 GHz, which was 13 days after the third epoch of VLBA
43 GHz observations. The central frequency was 86.198 GHz,
with eight IFs of 16 MHz bandwidth each. The LHCP was
recorded at a bit-rate of 512 Mbps by Mark 5 disk systems,
and was correlated at the Bonn DiFX software correlator.
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The participating instruments were four European telescopes
(Effelsberg (EF), the Plateau de Bure interferometer (PB),
Onsala (ON), and Yebes (YB)), and seven VLBA stations (all
except SC, HN, and MK). We observed the calibrator 3C 345
and the target with a time cycle of 16 min, where two min-
utes were allocated for calibrator 3C 345, five minutes for target
Mrk 501, and the remaining time for antenna pointing and cali-
bration. The total observation time was approximately 12h (UT
0/20:00-1/08:30). The European telescopes observed for the first
~9h, and the VLBA joined in for the last ~6 hr. The telescopes
at EF and OV failed owing to system problems (low signal-to-
noise ratio (S/N), and power supply problems, respectively).

The calibrator 3C 345 was detected with a S/N > 7 on
all baselines. From the fringe fitting of 3C 345, we determined
single-band delay offsets using good scans and applied them
to the whole data set. We performed global fringe fitting on
3C 345 over all the IFs to determine the phase, delay, and rate,
using a solution interval of two minutes. CLEAN and phase
self-calibration were performed iteratively, and one amplitude
self-calibration for 3C 345 was applied using the GSCALE com-
mand of Difmap. We obtained an image of 3C 345 and found
the structure within 2 mas from the core to be in agreement with
the archival 43 GHz VLBA image taken around a week after our
GMVA session (on 2012 May 27)'. The total GMVA 86 GHz
cleaned flux of 3C 345 was 1.7 Jy, which is approximately 50%
of the single-dish flux at 86 GHz?. Since there are only small
differences (~5%) between the single-dish fluxes and the total
VLBA fluxes at 15 GHz> and 43 GHz', we attribute this much
larger difference to a significant flux loss for the GMVA 86 GHz.
Such flux losses can sometimes be seen in the images obtained
with GMVA at 86 GHz (e.g., Rani et al. 2015). The possible rea-
sons could be antenna pointing error, unmodeled antenna effi-
ciency, and missing flux from extended structure. To derive a
scaling factor of 3C 345 for the GMVA 86 GHz, we estimated
the extended flux at 15 GHz and 43 GHz as the difference be-
tween the single-dish fluxes and the total cleaned VLBI fluxes,
and extrapolated the value of the extended flux at 86 GHz by us-
ing the spectral index (@ ~ —0.6 as determined between 15 GHz
and 43 GHz). We then estimated the expected GMVA 86 GHz
flux as ~3.5Jy, and determined the scaling factor to be around
2.1 for 3C 345. Since the source compactness varies between
sources (e.g., Lee et al. 2008), we give the estimate of the scal-
ing factor for Mrk 501 at the end of this section.

At this stage, it was then possible to fringe fit Mrk 501 it-
self using the fringe solutions of 3C 345, averaging over all the
IFs. For fringe fitting, we used a solution interval of five min-
utes because the S/N of the solutions increased as we increased
the solution intervals by 0.5 min (0.5—-5 min). Since 3C 345 is
close to Mrk 501 (separation of 2.09°), most of the phase varia-
tions were corrected by 3C 345 and the residual delay and phase
rate for Mrk 501 became quite small. Therefore, we set a small
search window of a few tens of nsec and mHz in delay and
rate, respectively, with a low S/N threshold. The overall (u,v)
range is 29-2476 MA with sparse coverage in the interval 668—
1809 M4 (Fig. 1 right). After some iterations of fringe fitting,
we find smooth delay and phase rate solutions clustering each
other in the following conditions. Fringes were found between
European stations (setting S/N cutoff 2.8, maximum S /N ~ 7.0)

' http://www.bu.edu/blazars/VLBAproject.html

2 http://www3.mpifr-bonn.mpg.de/div/v1bi/fgamma/
results.html

3 http://www.physics.purdue.edu/astro/MOJAVE/
allsources.html

and between VLBA telescopes (setting S/N cutoff 2.5, maxi-
mum S/N ~ 6.0). Fringes of transatlantic baselines were only
detected between PB and KP, and PB and LA, during several
good scans (setting S/N cutoff 2.5, maximum S/N ~ 3.0).
Although the solutions on the long baselines might be less sig-
nificant (they may lead to the overestimation of the correlated
flux and compactness), the emission on the short baselines is
clearly detected. In any case, we edited out the solutions that
were obviously bad with the AZPS task SNEDT and we sub-
sequently frequency averaged the data. Gaussian model fitting
and phase self-calibration were performed in Difmap. Owing to
the low S/N of the visibilities, we did not perform amplitude
self-calibration.

We then derived the scaling factor for the GMVA image of
Mrk 501. The total modeled flux of Mrk 501 by the GMVA at
86 GHz was 286 mJy, which is approximately 40% of the single-
dish flux (~750mly) at 86 GHz?, obtained around a week be-
fore the GMVA observations. On the other hand, at 15 GHZ?
and 43 GHz!, the total cleaned VLBI fluxes are around 60% of
the single-dish measurement, such that there might be some flux
loss for the GMVA flux. We derived the spectral index of the
extended flux to be @« ~ —0.4 in the same manner as 3C 345,
then estimated the expected GMVA 86 GHz flux as ~510 mly,
and finally determined the scaling factor to be around 1.8 for
Mrk 501.

3. Results
3.1. VLBA results
3.1.1. Images

Figure 2 shows the total-intensity CLEAN images obtained
with the VLBA at 43 GHz as contours. The rms noise level
on our images is approximately 1 mJy beam™, a factor of a
few times higher than the noise level expected theoretically
(0.32 ~ 0.47 mJy beam™! estimated from VLBA observational
status summary). The rms level is comparable to or slightly
higher than the noise level on the images of Mrk 501 in Piner
et al. (2009), whose observing frequency, aperture, settings, and
on-source time (40 min) are similar to ours.

All the images show a bright core and a one-sided jet struc-
ture elongated toward the southeast. The core and one-sided
limb-brightened southeast jet have been observed in previous
images, and we give a detailed comparison in Sect. 3.1.3. Our
most remarkable finding is the emergence of new emission to-
ward the northeast and to the east of the core in all six images.
Compared to the dense contours west of the core, the contours
east of the core are clearly sparse and indicate the presence of
emission from an additional component. We searched the web-
site of Boston University’s blazar monitoring program! for im-
ages of similar quality. All the images available between 2012
October 19 and 2014 December 5 are in good agreement with
our images, showing emission elongated toward the northeast to
the east of the core. In the VLBA 43 GHz image obtained on
2011 September 24, the northeast emission was not seen, possi-
bly due to the lack of dynamic range.

Piner et al. (2009, 2010) presented VLBA 43 GHz images
between 2005 and 2009 of a quality comparable to ours; how-
ever, clear emission elongated northeast of the core was not de-
tected. Therefore, the northeast emission has emerged at least
since the first epoch of our observations (2012 February 12), and
the emergence might be related to a y-ray flare in 2011 October
(Bartoli et al. 2012).
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Fig. 2. Uniform weighted VLBA 43 GHz CLEAN images with fitted circular Gaussian components. The restoring beam is 0.39 mas X 0.14 mas in
PA = —14°, plotted in the bottom left corner. Observing date and the first contour (f.c.) are plotted above each map. The first contours are all set to

three times the rms noise level of each map, increasing by a factor of 2.

3.1.2. Model fitting

In order to parametrize the brightness distribution of the jet, we
used the task MODELFIT in Difmap. In the model-fit process, we
used a set of circular Gaussian model components to fit the vis-
ibility data in the (u, v) plane. In Fig. 2, the model components
are overlaid on the CLEAN images. Table 2 lists the resulting
model-fit parameters at every observing epoch.

Overall structures are mostly represented by four to six
model components. We note that without a model component
northeast of the core, there were brighter residuals at the north-
east of the core than at the southeast of the core. For the one
month separation data, i.e. between 2012 February and March,
between 2012 May and June, and between 2013 January and
February, we repeated the model fitting of the latter epochs using
the model components from the former epochs. For the data with
longer than two months separation, we performed the model
fitting procedure independently due to the possible structural
changes. In the component identification process, we identified
the brightest, most compact, and innermost feature as the radio
core, and the northeast component as NE. Hereafter, the other
components are as follows: C1 as the outermost component, C2
as the second outermost component, and C3 as the third out-
ermost jet component toward the southeast. The jet extends to
roughly 1.1 mas southeast of the core. In the third and fourth
epoch images, we find the component labeled NE’, which elon-
gates southeast of the NE component.

The uncertainties of the model-fit parameters presented in
Table 2 are estimated by following the methods described in
Lico et al. (2012) and Blasi et al. (2013). The position errors
of each component are estimated using the ratio of the size of
each component to the S/N. However, most of the components
are smaller than the beam size of the image, such that the posi-
tion errors are replaced by a conservative value equal to 10% of
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the beam size (Lister et al. 2009; Orienti et al. 2011). The flux
density uncertainties are estimated considering the addition in
quadrature of a calibration error of about 10% and a statistical
error given by three times the rms noise of the map.

3.1.3. Angular separation and position angle of individual
components

Figures 3 and 4 show the angular separation and the position an-
gle of each component relative to the core. The components C1
and C2 are consistent with being quasi-stationary, since there is
no significant proper motion by means of linear fits to the sepa-
ration from the core over more than three epochs (0.02 + 0.15¢
for the component C1 and —0.10 £ 0.09¢ for the component C2).
We compare the locations of the components C1, C2, and C3
(hereafter the southeast jet) to those in previous studies. Piner
et al. (2009) find that VLBA images at 43 GHz in 2005 have
shown a clear limb-brightened structure to the southeast, which
is labeled as the eastern limb (PA ~ 150°) and western limb
(PA ~ 175°) at 0.5 < r < 2 mas using the model fitting of ellip-
tical Gaussians. Piner et al. (2010) find the eastern limb at a PA
of ~120° and the western limb at a PA of ~170° during 2008—
2009. They also perform the model fitting of circular Gaussians
as we do, and identify components C4 and C5, which are lo-
cated 0.58-0.72mas from the core at a PA of 137°-154° and
0.08-0.14 mas at a PA of —170°——175°, respectively. The com-
ponent C2 in our images could correspond to the component C4
in Piner et al. (2010), showing no detection of radial motion
(=0.01 £ 0.01c¢). The averaged PA of the components C1, C2,
and C3 in our images is ~156°, which is also comparable to the
PA of the component C4. We find no emission at the location of
the persistent western limb.

On the other hand, the characteristics of the NE component
are different from those of the southeast jet components. It is
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Table 2. Gaussian models for the calibrated visibilities of VLBA 43 GHz and GMVA 86 GHz data.

Epoch Component S +o0g¢ r+o,’ PA + opy? a+o,f
(mly) (mas) (deg) (mas)
2012 Feb. 124 Core 188 +19.4 0.11 £ 0.05
NE 73 £8.6 0.14 £ 0.01 68.5+4.6 0.18 £ 0.02
C3 83+9.5 0.15+£0.03 161.9+16.7 0.04 +£0.09
C2 10 £ 4.7 0.54 + 0.05 156.5 4.8  0.21 £ 0.05
Cl 54 +7.0 1.13 £ 0.11 159.7+£39 0.73+£0.22
2012 Mar. 167 Core 106 = 11.1 0.09 + 0.06
NE 98 +£11.1 0.11 £0.01 51.8 + 6.4 0.21 £ 0.03
C3 77+ 84 0.11 £0.03 1564 +15.8 0.04 +£0.06
Cc2 24 + 4.1 0.48 +0.03 155.8 +£3.6  0.33 £0.06
Cl1 43 +£54 1.10 £ 0.15 156.0 7.4  0.85+0.30
2012 May 06¢ Core 335 +£33.8 0.17 £ 0.06
NE 15+5.1 0.27 £ 0.02 20.1 +3.9
NE’ 25+54 0.27 £ 0.01 109.1 = 3.1 0.06 + 0.03
C3 50+ 6.9 0.15+0.04 1675+ 14.5
Cl1 17+5.1 1.11 £0.04 160.7 2.1  0.14 £ 0.08
2012 Jun. 11¢ Core 353 £35.5 0.14 £ 0.07
NE 15+3.9 0.29 + 0.03 45.6 £5.0
NE’ 11 +£3.8 035+0.02 1059 +2.8
C2 33+49 0.45 +0.03 1534 +2.8 0.34 +£0.05
Cl 18 +4.0 1.17 £ 0.05 161.3+1.3 0.26 +£0.14
2013 Jan. 18¢ Core 130 £ 13.4 0.06 + 0.05
NE 88 +94 0.09+£0.02 196+11.6 0.21 £0.04
C2 17 +3.7 0.45 +0.03 150.6 £4.2  0.16 £ 0.07
Cl 21 +3.9 1.08 £ 0.10 154.5+0.10 0.51 £0.20
2013 Feb. 15¢ Core 148 +15.2 0.07 £ 0.05
NE 109 £ 11.6  0.12 £ 0.02 220+74 0.26 + 0.03
C2 17+42 0.42 +0.03 153.5+44  0.16 £ 0.06
Cl1 53+6.6 1.05+£0.25 148.7+10.8 0.97 £ 0.04
2012 May 19¢ Core 235+71.4 0.06 + 0.05
NE 228 +69.2  0.11 +£0.02 493 +19.2 0.67 +0.04
SE 23+12.8 0.75+0.02 1558 +3.3 0.07 +£0.04
SE’ 45+£17.2 1.28+0.02 159.5+2.0 0.17+0.05

Notes. @ Flux density and estimated errors. ’ r and PAs are the polar coordinates of the component’s center with respect to the core. The PAs are
measured from north through east. o, are estimated errors in the component position. ops are estimated errors in the PA of the component. © The
FWHM of the radius of the circular Gaussian component and estimated errors in the component size. Y The VLBA 43 GHz data. © The GMVA

86 GHz data.

difficult to perform model fitting using the relatively smooth
emission distribution around the NE component. While the PA
of the NE component changes by ~50° (from ~70° to ~20°),
the PAs of the southeast components are contained within a nar-
rower range (~15°). The separations between the NE compo-
nent and the core for the third and fourth epochs are more than
0.1 mas farther than those for the other epochs, whose separa-
tions are slightly smaller than the minor axis of the original beam
size. For the two epochs, there might be difficulties in separat-
ing the core and the NE component due to the apparent larger
core sizes than the others. The absence of the long baselines (SC
or MK) could be one of the reasons for the apparent larger core
sizes, although the first epoch image can resolve the NE com-
ponent from the core despite of the absence of SC baselines.
Therefore, the apparent larger core sizes could be indeed intrin-
sic due to a certain change of the physical conditions in the jet,
i.e., the Lorentz factor, the viewing angle, or the particle density
in the jet. Piner et al. (2010) find the component C5 at a similar

distance from the core (~0.11mas) in 2008 and 2009; however,
its PA (~—170°) differs by more than 100° from that of the NE
component.

Figure 5 shows that the NE component does not follow any
systematic motion. The scattering of the positions of the NE
component is within ~0.2 mas. Except for the third and fourth
epochs, it could show a position change of ~0.1 mas to the north-
west (or slightly inward). Therefore, the characteristics of the
NE component are different from those of regular PA swings of
the innermost jets (e.g., in the quasar NRAO 150, Agudo et al.
2007; in the blazar OJ 287, Agudo et al. 2012).

We also note that Mrk 501 shows several PA changes out to
the kiloparsec scale radio emission (Giroletti et al. 2008). The
downstream jet PA changes are always in the clockwise direc-
tion (APA = PA.y — PA;, < 0), while in this case, the rotation
is in the opposite direction, i.e., APA = PAc; — PAxg > 0.
Thus, the PA of the NE component does not follow the “heli-
cal” trajectory of the outer jet, as opposed to the curved jet in
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the blazar PKS 2136+141 (Savolainen et al. 2006). Similar jet
PA mismatch between pc and kilo-pc scale is also observed in
0J 287 (Agudo et al. 2012). They suggest that different instabil-
ity modes operate on the two spatial scales and at smaller scales
at higher frequencies (>43 GHz) the instabilities grow rapidly in
amplitude.

3.1.4. Flux density variability

From the results of our model-fitting, we study the evolution
of the flux density for each component at 43 GHz. In Fig. 6, we
plotted the flux of all the components. We perform a chi-square
test of a flux variability for each component, and define a flare to
be an increase in the VLBI flux that is >3 of the averaged flux
and greater than the noise level of the total flux density curve
(e.g., Savolainen et al. 2002). As a result, there are no significant
variations in the flux densities of the components C2 and C3.
On the other hand, the flux densities of the component C1 are
variable. For the Ist, 2nd, and 6th epochs, the flux densities of
the component C1 are twice as high as those for the other epochs.
These are more likely to be model-fit artifacts due to the larger
Gaussian components on faint and extended emissions.

Chi-square tests using the model-fit results on the flux den-
sities in the core and the NE component also suggest that they
are variable. Although there are possible flux leakages between
the closely spaced two components, when the core flux for the
third and fourth epochs increased 150-250 mJy, the fluxes of the
NE component decreased 60-90 mJy. Therefore, an increase in
the core flux is still significant, such that there is a core flare
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Fig. 6. Light curves of each component (C1, C2, C3, Core, NE, NE’),
total CLEANed flux, and peak flux.

during these two epochs. This core flare could result from the
larger core size, as is mentioned in Sect. 3.1.3. The total flux
densities of two adjacent epochs (1&2, 3&4, 5&6) are consis-
tent within the error bars. The total fluxes of the third and fourth
epoch increased by >100 mlJy, and the increase in the total fluxes
is consistent with the increase in the core flux.

In order to confirm the core flare, we plotted the peak flux
measured on images convolved with a circular beam of radius
0.3 mas, which is a conservative representation of the beam for
the VLBA data at 43 GHz (Blasi et al. 2013). For all epochs, the
peak flux of the core with this circular beam contains 60—70% of
the total flux density. For the third and fourth epochs, the peak
flux is consistent with the core flux within the error bars. For
the other epochs, most of the flux densities of the core and the
NE component are collected within a radius of about 0.3 mas.
Nevertheless, the peak fluxes are still variable, such that we con-
firm the core flare.

3.1.5. Slice profiles

To emphasize the existence of the NE component, we made a
slice profile of the CLEAN image across the center of Gaussian
models of the core and the NE component at each epoch using
the AZPS task SLICE. In Fig. 7 we show all the slice profiles
referenced to the Gaussian center of the core. Every slice profile
is asymmetric and shows the presence of two humps correspond-
ing to the core and the NE component. We fitted both single and
double Gaussian component models to each slice profile using
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Fig. 7. Slice profiles of the brightness along the Gaussian center of the
core and the NE component. Location of the Gaussian center is set to
the reference position. All the profiles bulge eastward.

Table 3. Gaussian models for slice profiles of VLBA 43 GHz images.

Epoch Model* ID Peak Position FWHM rms®
(mJy beam™') (mas) (mas) (mly)
BK172A 1 Core 208 0.20 158
2 Core 207 0.17 25
2 NE 39 0.16 0.21
BK172B 1 Core 169 0.22 123
2 Core 164 0.18 22
2 NE 34 0.15 0.24
BK172C 1 Core 227 0.31 93
2 Core 215 0.27 29
2 NE 36 0.18 0.30
BK172D 1 Core 247 0.20 194
2 Core 254 0.19 28
2 NE 38 0.22 0.15
BKI172E 1 Core 150 0.28 70
2 Core 137 0.23 16
2 NE 40 0.16 0.24
BK172F 1 Core 151 0.29 107
2 Core 145 0.25 19
2 NE 29 0.20 0.30

Notes. @ Fitting model type. Model 1 represents a single Gaussian
model fitting. Model 2 represents a double Gaussian model fitting.
® Root sum squares of the residuals.

the AZPS task SLFIT. Table 3 lists the parameters of the fit-
ted Gaussian models. By comparing the rms of the residuals for
the single and double Gaussian fits, we determine that double
Gaussian components provide a better fit. Although the parame-
ters of the Gaussian models for the NE component are different
from those in Table 2 owing to the difference of the dimensions,
we confirm that there is clear emission at the northeast of the
core for all epochs with a peak flux of ~36 mJy beam™! at the
position of ~0.18 mas from the core and a FWHM of ~0.24 mas
on average.

3.2. The GMVA results

In Fig. 8, we show the scaled GMVA image of Mrk 501 with
Gaussian models. Visibility model-fitting in Difmap provides a
reduced y?> = 0.86 with this model. The result of model-fitting
is summarized in Table 2. Owing to the lack of sensitivity on
long baselines and sparse (u,v) coverage, the visibility data
are weighted using the natural weighting and tapered using a
Gaussian taper with oper = 1000 MA. This yields a synthesized
beam of 255 uas x 155 pas, which is about ten times larger than
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Fig. 8. GMVA image of Mrk 501 at 86 GHz with four circular Gaussian
model components with the restoring beam of 255 pas X 155 pas in
PA 4.41°. The peak brightness is 235 mJy beam™!, and the contour lev-
els are drawn at (-1, 1, 2, 4, ) x 10.7 mJy beam™'. The 1o noise level

is 3.6mlJy beam™'.

the beam obtained by Giroletti et al. (2008), and comparable to
the beam size in Fig. 2. We find an extended core emission mod-
eled by a circular Gaussian, which is located 0.11 mas northeast
of the core with ~0.7mas in radius. Since the location of the
Gaussian model is comparable to those of the NE component in
43 GHz images, we label this component NE. We also find a jet
knot (labeled SE) located at (r, 8) = (0.75 mas, 156°). This knot
could correspond to the one detected by the GMVA at 86 GHz in
Giroletti et al. (2008), located at (r, 8) = (0.73 mas, 172°). The
angular separation of the southeast knot from the core is com-
parable between these two epochs, which is consistent with the
absence of superluminal jet motion. However, since there is a
clear PA difference (~16°), the SE component could be differ-
ent from the knot in Giroletti et al. (2008). An extended jet knot
(SE’) located at (r,6) = (1.28 mas, 160°) could correspond to
component C1 in the 43 GHz images.

Owing to low S/N of the visibilities at transatlantic base-
lines, we set the upper limit of the unresolved core size as 55 uas
(0.037 pc) in radius, which is the deconvolved angular size of the
core. Since we could not perform the amplitude self-calibration
because of low S/N, we estimate the flux density uncertainties
considering both a conservative flux calibration error of about
30% at 86 GHz (Lee et al. 2008) and three times the map rms
noise.

3.3. VLBA 43 GHz vs. GMVA 86 GHz
3.3.1. Brightness temperature

We derive a lower limit of the brightness temperature in the
core at 86 GHz using an upper limit of the angular size and a
lower limit of the flux. The brightness temperature for the core
is estimated to be T > 4.5 x 10° K. Although the flux of the
core is more than three times as high as those of the previous
86 GHz observations (Giroletti et al. 2008; Lee et al. 2008), the
brightness temperature is comparable to their values owing to
the larger deconvolved size. Therefore, it does not require a high
Doppler factor at the base of the radio jet. For the 43 GHz im-
ages, we derive the brightness temperature in the core using the
deconvolved core size. The brightness temperatures in the core
at 43 GHz are estimated to be around a few x10° K, which is
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consistent with the values in Piner et al. (2010) at 43 GHz, and
comparable to the T’ at 86 GHz.

The brightness temperatures of the NE component are T ~
10® K for VLBA 43 GHz and T > 3x107 K for GMVA 86 GHz,
which are much lower than that of the core and do not require a
high Doppler factor.

3.3.2. Spectral index

In the left panel of Fig. 9, we show the spectral index distri-
bution between the third epoch VLBA 43 GHz image and the
GMVA 86 GHz image, which were obtained over a period of
two weeks. We define the spectral index @ as S, o< v*. The same
(u, v) range (32-668 MA) and the same restoring beam size are
used for the images of both frequencies. Then we produced the
spectral index map by using the AZTPS task COMB, clipping the
pixels with three times the rms noise of the off-source region
of the 86 GHz image, referencing to the Gaussian center of the
core for both images. Given the short time separation between
these two images, we can obtain quasi-simultaneous spectral in-
dex maps. From this figure, we find the core region has a flat
spectrum, the NE component has a flat-to-steep spectrum, and
the southeast jet region has a flat-to-inverted spectrum. We made
spectral index maps by taking into account the core shift effect
(~30 pas between 43 GHz and 86 GHz, extrapolated from the
power-law relation between the core position and frequency of
Mrk 501 reported in Croke et al. 2010). However, the spectrum
did not change significantly. Although we also made spectral in-
dex maps by using the 86 GHz map without flux scaling, the
spectral indices are consistent with the values with flux scaling
within the error bars and the spectral tendency did not change.

Since the positions of Gaussian models between 43 GHz and
86 GHz do not coincide with each other, we estimate the value
of the spectral indices using the slice profiles of the spectral
index distribution (e.g., Hovatta et al. 2014). The uncertainties
of the spectral index were calculated from the theory of the
propagation of errors, including the frequency-dependent flux-
density uncertainty and three times the map rms noise (e.g., Lico
et al. 2012). The edges of the spectral index profiles have larger
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the core and the SE component in the 86 GHz
map.

spectral uncertainties due to lower flux density than at the center
of the profiles. The top right panel of Fig. 9 shows the spec-
tral index profile along the Gaussian center of the core and the
NE component position at the third epoch 43 GHz observations
(PA = 20.1°). The bottom right panel shows the spectral in-
dex profile along the Gaussian center of the core and the SE
component position at the 86 GHz observations (PA = 155.8°).
From the spectral index profiles, we find that the spectral in-
dex of the core is @, = 0.0 = 0.5, that of the NE compo-
nent is ang = —0.8 £ 0.5, and that of the SE component is
asg = 0.6 = 1.1. The spectral index of the core is consistent
with previous results (¢ ~ —0.5 above the turnover, Giroletti
et al. 2008; @ ~ 0.2 between 8 GHz and 15 GHz, Hovatta et al.
2014). Compared with the core, the NE component has a steeper
spectral index, and the SE component has a comparable or flatter
spectral index. The flatter spectrum at the edges of the spectral
profile in Fig. 9A is likely an artifact due to the large Gaussian
size of the NE component the 86 GHz image.

4. Discussion
4.1. Possible origins of the NE component

Since the NE component does not follow any systematic motion
(Sect. 3.1.3), it can be regarded as a quasi-stationary component.
Here we discuss two possible origins of the quasi-stationary
component, which are internal shocks among discrete blobs and
a part of dim continuous flow.

4.1.1. Internal shocks

One of the possible origins of the NE component is internal
shocks. The internal shock model is one of the standard models
for explaining blazar emission (e.g., Spada et al. 2001; Tanihata
et al. 2003; Koyama et al. 2015). Based on the internal shock
model, variation of Lorentz factors of the ballistic discrete ejecta
makes the distance between the internal shocks and the central
engine different. When we also take into account the effect of
changing jet axes alignment as well, both the NE component
and the radio core can be explained as the internal shock regions
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Fig. 10. Positions of the components NE and NE’ (Blue dots), and po-
sitions of the radio core, the components C1, C2, and C3 for all epochs
(red dots). We define the dotted blue line (the least square line of the
blue dots) as the eastern limb, and the dotted red line (that of the red
dots) as the western limb. The intersection of the extrapolated lines
(shown as the dotted grey lines) is labeled A. The position of the core
is set to (0, 0).

along with different jet axes. Two jet axes are determined by
least square fitting to the component positions for all the epochs
in Fig. 10; one axis is fitted to the component NE and NE’ (east-
ern limb as the dotted blue line), and the other axis is fitted to
the core, and the components C1, C2, and C3 (western limb as
the dotted red line). In this case, the origin of the flow, which
corresponds to the intersection of the two axes, is expected to be
in the upstream of the core (Fig. 10, A). The angular separation
between the intersection of the two axes and the NE component
is 0.3 mas, or 2.8 pc de-projected by assuming the jet viewing
angle of ~4° (e.g., Giroletti et al. 2008). The distance between
the central engine and the location of the internal shock region is
approximately proportional to the square of the Lorentz factor of
the ejecta (e.g., Spada et al. 2001). Hence, the quasi-stationary
location of the internal shock regions can be explained by a
small variation of Lorentz factors. In fact, the expected distance
from the central engine to the NE component is comparable to
the distance to the core in Koyama et al. (2015) where we ex-
plained that a small variation of Lorentz factors in its quiescent
state makes the spatial distribution of the location of the internal
shocks within 0.2 mas. Therefore, internal shocks can be one of
the possible origins of the quasi-stationary NE component.

It is also worth discussing what will happen in its active state.
When the variation of the Lorentz factor is significant in its ac-
tive state, the location of the internal shock region would change
considerably. In the case of another nearby TeV blazar Mrk 421,
we detected significant core wandering up to 0.5 mas soon after
its big X-ray flare (Niinuma et al. 2015). If the radio core wan-
ders ~0.5 mas when Mrk 501 is in active state, the location of
the NE component would spread widely, or it might show sys-
tematic motion. We need further constraints on the core position
by using astrometric observations to study the exact location of
the NE component.

4.1.2. A part of dim flow

Another possible origin of the NE component is a part of dim
continuous flow, which is usually below the detection threshold

of VLBA at 43 GHz. Under certain conditions, such as the
injection of radio-emitting plasma at the base of the jet related
to a high-energy flare, or a slight increase in Doppler factors, the
observed flux can be enhanced*. Then the enhanced emission
can be above the detection threshold. The possible flux variabil-
ity of the NE component (Sect. 3.1.4) may support this scenario.
Although there are possible flux leakages between the core and
the NE component, the moderate variability (from 15mly to
109 mlJy over ~8 months with the size of 0.26 mas) suggests
a low value of “variability Doppler factor> as ¢ ~ 3. This
value is consistent with the results obtained by low brightness
temperatures obtained in Sect. 3.3.1. The location of the NE
component is quasi-stationary within ~0.2 mas over one year,
which puts the upper limit of its apparent velocity as Sapp < 0.4
(0.10mas yr~! = 0.22¢). If we adopt the jet viewing angle of
0 ~ 4° (e.g., Giroletti et al. 2004), the corresponding Lorentz
factor of the emission region is estimated to be I' < 2 (a Doppler
factor of 6 < 4). Since the obtained upper limit of the Lorentz
factor is lower than the typical values of one-zone SED model-
ing (e.g., 6 ~ I' ~ 10: Bartoli et al. 2012), the NE component
is not completely identical to the high-energy emission region.
Such a low value of the Lorentz factor may support the idea that
the NE component corresponds to the slower outer layer.

Finally, we discuss the origin of the dim flow. The origin of
the dim flow can be the core or the intersection of the two axes
(position A shown in Fig. 10). If the origin of the jet is located at
the core, the jet should be initially ejected toward the northeast
direction from the core rather than the persistent southeast jet,
then it apparently bends ~90° toward the southeast. New com-
ponent emergence at an unusual PA similar to Mrk 501 has been
reported in the quasar 3C 279; however, it does not show quasi-
stationary behavior like the NE componentin Mrk 501 but shows
an outward motion (Lu et al. 2013). Such an unusual jet PA could
be similar to the erratic PA changes of innermost jets, which is
possibly caused by hydrodynamic instabilities due to asymmet-
ric jet injection (e.g., McKinney & Blandford 2009; Aloy et al.
2003), as observed in a few blazars (e.g., OJ 287: Agudo et al.
2012, BL Lac: Cohen et al. 2014). However, it is difficult to bend
the jet apparently ~90°, that is, intrinsically ~40° (for 6 ~ 4°)
(e.g., via oblique shocks: Tingay 1997). Therefore, the upstream
of the core (position A in Fig. 10) is more likely to be the jet ori-
gin, and a slight change in the jet direction toward observers at
the NE component can enhance the Doppler factor and the flux
of the dim flow (e.g., Gomez et al. 1993).

4.2. Spectral index of southeast jet feature

Our observation could not provide strong constraints on the
spectral index of the jet feature because of the limited capa-
bility of the array. To obtain more precise GMVA images, we
need better (u,v)-coverage to be provided by the addition of
new stations to the array. Recently, the Korean VLBI Network
(Lee et al. 2014) joined GMVA observations (Hodgson et al.
2014), which will increase the number of east-west baselines
when there is no common sky between Europe and the USA.
The east-west baselines of ~9000 km is crucial for resolving the
core and the NE component with typically 50 pas resolution.
Filling short baseline spacings will also enable us to perform

* If the enhanced flux of the NE component is related to a high-energy
flare, it could be a y-ray flare in 2011 October (Bartoli et al. 2012)
(Sect. 3.1.1).

5 Defined by Jorstad et al. (2005) by assuming that the variability
timescale corresponds to the light-travel time across the knot.
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more accurate calibration. Thus, the increased number of the
baselines is important for obtaining images and spectral index
maps at higher fidelity.

Between 8 and 15 GHz, the spectral index at the component
0.6 mas southeast of the core of Mrk 501 is @ = —-0.5 + 0.1,
and the mean spectral index of the overall jets of BL Lac ob-
jects is @ ~ —0.8 (Hovatta et al. 2014). They also point out that
the jet spectrum flattens on average by ~0.2 at the location of
the jet components, indicating the enhancement of particle den-
sity due to shocks in the jets (Mimica et al. 2009), or super-
position of multiple components along the line of sight. A flat-
to-inverted spectral distribution is also seen at the component
C4, located 0.6 mas southeast of the core, having @ ~ 0.2 be-
tween 1.6 GHz and 4.8 GHz space VLBI observations (Giroletti
et al. 2004), while the other components have a steep spectrum.
Edwards et al. (2000) also suggest that it could be connected
to the inner spine flat-spectrum region. If the SE component is
a part of the inner spine, the location of the component could
change ~0.3 mas within the separation period between 43 GHz
and 86 GHz observations (13 days), by applying 8. = 4° and
I'. = 17, so that it leads to large image misalignment. Among
other sources, a flat-to-inverted spectral distribution is seen in
one of the index maps of the jet in the quasar NRAO 150 between
43 GHz and 86 GHz (Molina et al. 2014), but the separation of
four months between the two images may cause large image mis-
alignment due to structure change. Since such a flat-to-inverted
jet spectrum is quite unusual and has not yet been examined pre-
cisely, it is important to confirm whether it is real by performing
simultaneous observations between 43 and 86 GHz.

5. Conclusions

We have explored the sub-pc-to-pc scale region in Mrk 501 us-
ing the VLBA at 43 GHz and the GMVA at 86 GHz between
2012-2013.

1. We find a new off-axis jet structure, the NE component, lo-
cated northeast of the core. The position angle of the NE
component changes from 70° to 20°, while those for the
southeast jet components reside within ~15°. The scattering
of the positions of the NE component relative to the core is
within ~0.2 mas for all of our VLBA 43 GHz observations.
There is a small core flare during the third and fourth epochs,
and it could be due to the large core size. From the slice pro-
files, the component NE is located at 0.18 mas with the peak
flux of 36 mJy beam~' and FWHM of 0.24 mas on average.

2. We obtain the quasi-simultaneous GMVA 86 GHz image
within two weeks of the third epoch of the VLBA 43 GHz
observations. Although the visibilities on transatlantic base-
lines show weak coherence and low signal-to-noise, we de-
tect the northeast feature located at 0.11 mas from the core,
and the southeast jet feature located at 0.75 mas and 1.28 mas
from the core.

3. From the spectral index profile analysis between the quasi-
simultaneous 43 and 86 GHz images, the spectral index of
the core is flat and consistent with previous results, while
that of the NE component is flat-to-steep, and that of the
SE component is flat-to-inverted. To confirm these values,
simultaneous high-frequency observations with more east-
west baselines are necessary.

4. Since the NE component can be regarded a quasi-stationary
component, internal shocks or a part of dim flow could be
possible origins of the component. Determination of the
more precise location of the NE component using radio core
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astrometry, and higher sensitivity observations toward the
dim flow are needed.
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