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Abstract

We investigate the position of the radio core in a blazar bytirepoch astrometric
observations at 43 GHz. Using the VLBI Exploration of Radisttdmetry (VERA), we
have conducted four adjacent observations in February aadlanother four in October
2011, and succeeded in measuring the position of the radedicthe TeV blazar Mrk 501
relative to a distant compact quasar NRAO 512. During ouenlagions, we find that (1)
there is no positional change within0.2 mas or~ 2.0 pc de-projected with-10 error for
the weighted-mean phase-referenced positions of Mrk 56 redative to NRAO 512 over
four adjacent days, and (2) there is an indication of pasititange for 3C 345 core relative
to NRAO 512. By applying our results to the standard intesimalck model for blazars, we
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constrain the bulk Lorenz factors of the ejecta.

Key words: astrometry — phase-referencing — galaxies: active — gataxlazars:
individual (Mrk 501 = DA 426 = J1653+397; 3C 345; NRAO 512) —di@ continuum:
galaxies — techniques: interferometric

1. Introduction

Locating radio-emitting regions in relativistic jets intae galactic nuclei (AGNs) has been
one of the most intriguing issues for exploring the ultimatchanism of jet formation (e.g. Marscher
et al., 2008; Abdo et al., 2010). One of the leading scenamgests that radio cores of blazars
correspond to stationary standing shocks located at dgpgsec scales downstream from the central
black holes, based on the delay timescales of the radio aaybténing after the precedentray
flares (Marscher et al., 2008; Jorstad et al., 2010; Agudd,€2@l1a,b). On the other hand, phase-
referencing Very Long Baseline Array (VLBA) observatiorfstioe radio galaxy M87 revealed that
the radio core at 43 GHz is located orly0.01 pc away from the upstream end of the conical jet
(Hada et al., 2011). Nowadays, it is important to exploredhgin of such a discrepancy of radio
core locations and their stationarity between radio gekand blazars.

To explore the locations and their stationarity of radioesoin blazars directly, multi-epoch
Very Long Baseline Interferometry (VLBI) astrometric obsgions are the most powerful and reli-
able method. By means of astrometric observations, we casune the positions of target sources
relative to phase-calibrators close to the targets on tkie Gker the past few decades, astrometric
monitoring experiments based on the International VLBM®erfor Geodesy and Astrometry (IVS)
also have been performed towards the radio cores of moreathandred of blazars (e.g., Ma et al.,
1998; Fey et al., 2004; Titov et al., 2011). However, mosheke astrometric experiments have been
limited at 2.3 & 8 GHZ. Hence, little is known about the relative location of btiggss peak and the
stationarity seen at higher frequencies.

We should carefully select an appropriate blazar and amabggrequency. It is well known
that radio cores of blazars usually tend to be opticallyiligainst synchrotron self-absorption (SSA)
at lower frequencies (e.g., Kellermann & Pauliny-Toth, 19Blarscher & Gear, 1985). To avoid
the SSA effect as much as we can, we select a TeV blazar, Mri{5610.034). Mrk 501 is one
of the best blazars for this study because the radio cordrspedetween 1.4 GHz and 86 GHz
measured by VLBI clearly shows convex shape peaking & GHz (figure 8 in Giroletti et al.,
2008). Therefore, we can probe the locations of radio emgittegions reducing the SSA effect by
selecting the observing frequency higher than the peakiénecy. We select the observing frequency
at 43 GHz because of the transparency against SSA. The ptgxnu brightness of Mrk 501 enable
us to perform the precise astrometric observations. Amattieantage of this source is that there are

1 see however Lanyi et al. (2010)



two bright phase-calibrators within an angular separatioa few degrees, such that it makes easier
to perform phase-referencing observations.

The plan of this paper is as follows. §&, we describe our astrometric procedure for measuring
the core position of Mrk 501. We explain the observatiof3nand data reduction ig?. The results,
and the discussions are describedtthand§6. The conclusion and future prospects are given in
§7. The error estimation of the phase-referenced posit®msitten in appendix 1. Throughout this
paper, we adopt the following cosmological parametéfs;= 71 km s~*Mpc~!, Oy = 0.27, and
Q= 0.73 (Komatsu et al., 2009), drmas = 0.662 pc for Mrk 501.

2. Astrometric procedurein measuring Mrk 501’s core position

In this section, we describe our method to measure the caitigo of the target source

Mrk 501. We chose the distant point source NRAO 512-(1.66, 1 mas = 8.56 pc) as a reference
position, since the absence of the jet component minimiggdsitional change of its location. The
angular separation between Mrk 501 and NRAO 512i&. Given the angular separation limit of
dual-beam system for VERA i&°20, we inserted a bright calibrator 3C 345+ 0.593, 1 mas =
6.64 pc), separated bg°09 from Mrk 501. The source configuration on the celestial spieeshown
in figure 1. Since the flux density of 3C 345 @ Jy) is much higher than that of Mrk 50%(
300 mJy) and NRAO 512+ 500 mJy), we chose 3C 345 as a phase calibrator and appliedntgefri
phase solutions and structure phase solutions to the athesdurces. The two sources, 3C 345 and
NRAO 512, are a well-known phase-referencing pair (Shagiral., 1979; Bartel et al., 1986; Doi
et al., 2006; Jung et al., 2011). Below, we explain our stepsetive the core position of Mrk 501
relative to NRAO 512 for each epoch.

(1) We measured the core position offset from the phaséitrgccenter on the phase-
referenced images of Mrk 501 referenced to the 3C 345 core.

(2) We measured the peak position offset from the phas&irgacenter on the phase-
referenced images of NRAO 512 relative to 3C 345 core.

(3) We subtracted the position offset of (2) from that of (@)derive the core position of
Mrk 501 relative to NRAO 512.

Through this procedure, the position errors arise from 3&8dre completely cancelled out
(for details, se€5.3 and A.1.3).

3. Observations

The VERA observations were carried out for two sets of fojaeeht days, on February 15,
16, 17, 18, and October 20, 21, 23, 24, 2011 (details showahletl). Two sources withi@°2
were observed simultaneously by the VERA's dual-beam sygtéonma et al., 2003). In the total
bandwidth of 256 MHz (16x 16 MHz), one of the sixteen 16-MHz intermediate frequendy) (I
channels was assigned to the bright calibrator, 3C 345 iredsh The other 15 IF channels were
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allocated to the target Mrk 501, and NRAO 512 in B-beam (sese aijure 1). Left hand circular
polarization (LHCP) signals were received in the Q-band, 14343131 MHz in A-beam and 42987-
43227 MHz in B-beam. The signals were digitized with 2-biagtization by using the VERA digital
filter (Iguchi et al., 2005), and recorded with a rate of 102dpsl

The total observation time is 8 hours per each epoch, in wtiientotal on source time is
~ 8 hours for 3C 345 in A-beam, and6 hours for Mrk 501,~2 hours for NRAO 512 in B-beam.
The real-time instrumental phase difference data betweetwo beams were measured with artificial
noise sources (Kawaguchi et al., 2000; Honma et al., 200B&)a correlation was performed with
the Mitaka FX correlator (Chikada et al., 1991).

4. Datareduction

Initial calibration on correlated visibilities was perfoed with the Astronomical Image
Processing System (AIPS) software package developed byNdugonal Radio Astronomy
Observatory (NRAO). At first, the visibilities were normadid by the auto-correlation with the
AIPS task ACCOR and BPASSA priori amplitude calibration was performed with the AIPS
task APCAL on the basis of the system equivalent flux denS&HD) derived from the opacity-
corrected system temperature and the antenna gain informfr each antenna. The opacity-
corrected system temperature was measured with choppehwiethod. We adopted the antenna
gain with a correction of its dependency on the separatiajfieabetween two beams, based on
the VERA status report in 2069 The accuracy of the amplitude calibration~40% (e.g., Nagai
et al., 2013; Petrov et al., 2012). Secondly, we applied govalculated delay-tracking solutions
to the correlated data (Honma et al.,, 2007). We adopted they-timcking center asafzg0,
82000)=(16"53"52216685, +39°453660894) for Mrk 501, {2000, 02000)=(16"42"58°809965,
+39°483699399) for 3C 345, anda(io00, d2000)=(16"40m39:632772, +-39°4646/02849) for
NRAO 512, taken from the International Celestial ReferekRca@me 2 (ICRF2, Fey et al. 2010).
We also applied instrumental delay correction table to @@ dets on B-beam in order to calibrate
dual-beam delay difference (Honma et al., 2008b). Aftet,the performed fringe fitting on the
calibrator 3C 345 in the AIPS task FRING to solve delays,satand phases by assuming a point
source model. The residual phase and gain of 3C 345 weredsbivéhe self-calibration imaging
(described in the next paragraph). With the AIPS task CAltH&, phase and gain solutions of self-
calibration were obtained using the source structure mddeitdly, we transferred the derived phase
solutions of 3C 345 to NRAO 512 and Mrk 501. After applying t#maplitude solutions of Mrk 501
and NRAO 512 obtained by the self-calibration imaging, weaobthe phase-referenced images of
these two sources with the CLEAN procedure in Difmap sofensackage (Shepherd, 1997).

We constructed self-calibrated images of all sources. Topa amplitude self-calibration
after phase self-calibration converged, we need all the $ations. However, since part of our

2 http://veraserver.mtk.nao.ac.jp/restricted/CFP2€@84s09.pdf
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observations was lacking in one or two stations due to badhgeaonditions (see table 1), we
combined the visibilities over four adjacent observatibpsAIPS task DBCON to increase the-
coverage for obtaining precise images. Imaging was peddrim Difmap. After careful flagging of
bad visibilities and averaging over5 seconds in the time domain, we constructed the initiattire
models by model fitting and self-calibration iterativelyhdl self-calibrated image parameters are
summarized in table 2.

The peak position offsets from the phase-tracking centeherphase-referenced images of
Mrk 501 and NRAO 512 were measured with the AIPS task JMFIe pbak positions measured
by model-fitting to the phase-referenced visibilities aoasistent with those by JMFIT (typically
within ~ 10 pas, less thal0 pas) and did not change the results significantly. We deribed t
phase-referenced core positions by subtracting from tHe'Jldeak positions of the phase-referenced
images the peak position differences between JMFIT to thiecakbrated images and model-fitting
to the self-calibrated visibilities~ 1 pas). Then we subtracted the core position of NRAO 512
referencing to 3C 345 from that of Mrk 501 referencing to 3G.3Bhus, we finally obtained the core
position of Mrk 501 relative to NRAO 512.

5. Results

5.1. Phase-referenced image qualities

Figure 2 shows the phase-referenced images of Mrk 501 vel&di 3C 345. The phase-
referenced images appear a point-like source due to thelNv@ the data. We also find NRAO 512
relative to 3C 345 in the phase-referenced images as a stogiponent source. The image qualities
of all the phase-referenced images are summarized in co{tjn{®) of table 3. We detect both of
Mrk 501 and NRAO 512 with an image SNR of higher than nine fbepbchs except for the third
one, in which two stations suffered from bad weather cooditiver more than half of the observation
time. By comparing the peak fluxes of the phase-referencadesin column (3) of table 3 to those
of self-calibrated images in column (2) of table 2, the agetaflux loss ratio is evaluated as typically
~ 20%, up to 60% under bad weather conditions.

In appendix 1, the procedure to estimate the position ersatescribed, and the error values
are summarized in table 4. The position errors are domirtatede tropospheric zenith delay error,
by assuming typically~2 cm error for VERA (Honma et al., 2008a). Since theoretjcalitimated
thermal noise error (a fewas, where the image sensitivity is estimated amJ} beam~! by as-
suming the system noise temperatwr800 K) does not contribute to the random errer Z0 pas) so
much, some other random errors and calibration errorsa$fidtt the quality of the phase-referenced
images (e.g., Doi et al., 2006). Here we address them aship®ss we can. Firstly, there would
be random fluctuation of tropospheric error and geometaoar. Assuming the typical fluctuation
of the propagation delay as 1 cm day~! (Treuhaft & Lanyi, 1987), the position error would be
~ 60 pas for Mrk 501-3C 345 pair, and 14 pas for NRAO 512-3C 345 pair. Secondly, the errors of
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self-calibration for 3C 345 are also related to the phasereéaced image quality; an antenna-based
phase solution with a SNR ef 8 corresponds to an accuracy®f(~ 12 pas) theoretically. Thirdly,
there would be some errors when we identify the core positairMrk 501 and NRAO 512 in the
phase-referenced images with Gaussian fitting, becaugeatbenot point sources. We evaluate the
core identification error in the phase-referenced images as.as, by summing the core identifi-
cation errors {a few pas in A.1.3) and the Gaussian fit errorsa few pas) in the self-calibrated
images. However, for most epochs, the image SNR of NRAO 5ta@rigparable to that of Mrk 501,
although the angular separation between NRAO 512 and 3Cs3##terfourth of that of Mrk 501 and
3C 345. This means that the image SNR would not be mainlyéuinity the error terms depending
on the angular separations. We would conservatively otierate the systematic error (especially for
the tropospheric zenith delay error).

5.2. Mrk 501 core position relative to NRAO 512

Figure 3 shows the measured core positions of Mrk 501 relad\NRAO 512 for all the ob-
servations as red points and blue points, which are listebile 5. The core position error of Mrk 501
relative to NRAO 512 for each epoch in table 5 is estimateddujreg the root sum square of the ran-
dom error 6,..q0m) 10 all the other systematic position errors of Mrk 501 andAIR512 relative
to 3C 345 in table 4, except for the core identification erfoBG 345 (se€5.3 and appendix 1).
Typically, the core position error of Mrk 501 relative to NRA12 for each epoch is 0.20 mas in
right ascension (RA) ané 0.21 mas in declination (Dec), which is around one-third of thgana
axis of the beam size.

The core positions of Mrk 501 relative to NRAO 512 are disttdadl clustering during four
adjacent days in February and October 2011 in the selfreadid image. During the four adjacent
days, the random error, the tropospheric error, and thesfameric error €;andom, Ftrop,» aNdTie, N
table 4) vary randomly. All the other errors, which are thetlearientation parameter error, the
antenna position error, a priori source coordinate errad,the core identification errot (..., Tant,
Oeoord, @Ndoyg in table 4) are systematic errors. The maximum differentéseocore positions within
the four days ar@®.11 + 0.18 mas and).08 + 0.18 mas in February and October 2011, respectively.
For the errors of the maximum position differences, the comiystematic errors are canceled out.
We perform a chi-squared test of the phase-referenced osregns over the four adjacent days, and
confirm that the core positions of Mrk 501 relative to NRAO Zhincide in both RA and Dec with
the significance probability of 98%. The weighted mean positions of Mrk 501’s core relative$o it
phase-tracking center over the four adjacent daysaang € (—0.03 +0.10, —0.054+0.11) mas in
February 2011, and:(y) = (—0.09 £ 0.10, 0.01 4+ 0.10) mas in October 2011, shown as black points
in figure 3. Both of random errors and systematic errors ohegmoch are used as the weight for
calculating the weighted mean positions and their consigevarrors. The spatial distribution ranges
of the core positions over the four adjacent days are esttatbe® ~ 0.22 mas an® ~ 0.20 mas
in February and October 2011, respectively, with the gtediksignificance oft1 o (68% confidence
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level) for the weighted mean position errors. The core pmsstof Mrk 501 relative to NRAO 512
between February and October 2011 (red crosses and blisesriodigure 3) could be systematically
different, but the difference between the centers of theghteld-mean positions is 0.06 mas in
both RA and Dec direction, which is less than the spatiatithistion ranges of the four adjacent days
(~ 0.20 mas). Therefore, we find there is no positional change ofddercore in Mrk 501 relative
to NRAO 512 within~ 0.20 mas. The discussion is showng6.1.

5.3. Core positions of Mrk 501 and NRAO 512 relative to 3C 3ge c

Figures 4 (a) and (b) show the core positions of Mrk 501 and QA2 relative to 3C 345
core, respectively. The phase-referenced image qualitiesore positions and their position errors
are summarized in table 3. In the previous subsection, warotite core position of Mrk 501 relative
to NRAO 512 for each epoch by subtracting the core positidigure 4 (b) from that in figure 4 (a).
Contrary to the derived position offsets from the phasekiraccenter of Mrk 501 core relative to
NRAO 512 (within~0.09 mas), the position offsets from the phase trackingecesitMrk 501 core
relative to 3C 345 core and NRAO 512 relative to 3C 345 core-abel mas in RA and~ 0.2 mas in
Dec, which mainly caused by the position shifts of 3C 345 core
5.3.1. Mrk 501 core position relative to 3C 345 core

The position errors of Mrk 501 core relative to 3C 345 corear@.12 mas in RA and~
0.13 mas in Dec, summarized in column (15) and (16) of table 4. Argure 4 (a), the core positions
of Mrk 501 relative to 3C 345 distributes clustering over ther adjacent days. The weighted mean
positions argz,y) = (—0.34 +0.06,—0.19 £ 0.06) mas in February 2011, and,y) = (—0.45 +
0.06,—0.20+0.06) mas in October 2011. The weighted mean position in Febru@ty B~ 0.11 mas
east of that in October 2011, which is less than the disiobutange ¢ 0.13 mas with+1c error).
Thus, there is no positional change of Mrk 501 core relativ@€ 345 core within~ 0.13 mas.
Note that the phase-referenced positions may include tksilgle positional change of Mrk 501
(<~ 0.20 mas) and 3C 345, because both of them are not point sourcesfdte, we do not discuss
this result in further detail.
5.3.2. NRAO 512 position relative to 3C 345 core

The position errors of NRAO 512 relative to 3C 345 core aré.04 mas both in RA and
Dec (table 4). The estimated position errors are about ongkf of those for Mrk 501 core relative
to 3C 345 core mainly due to the tropospheric error based edaurth smaller angular separation.
In figure 4 (b), we find the core positions of NRAO 512 relatiwe3C 345 in February 2011 (red
points) and October 2011 (blue points) are clearly differ&éhe weighted mean positions drey) =
(—0.3140.02,—0.14 £ 0.02) mas in February 2011, ar{d,y) = (—0.36 & 0.02, —0.21 & 0.02) mas
in October 2011. The weighted mean position in October 260105 + 0.03 mas west and.07 +
0.03 mas south of that in February 2011. This result indicate& peaition change of 3C 345 by
assuming the peak position of NRAO 512 is stationary. Theudision is shown i§6.2.



6. Discussions

6.1. Application to internal shock model

Here we attempt to constrain bulk Lorentz factors of the gestdal the result shown above. We
assume that the location of the unresolved radio emittiggons in Mrk 501’s core at 43 GHz are
identical to that of the soft X-ray emitting regions since tladio core is optically thin against SSA.
Therefore, the internal shock model can be applicable tatanget source Mrk 503. The internal
shock model can well explain the various observational @rigs of soft X- and gamma-ray light-
curves in blazars and thus is regarded as one of the leadihgtandard models for blazar emissions
(e.g., Spada et al., 2001; Tanihata et al., 2003; Guetta,2@04; Kino et al., 2004; Mimica et al.,
2004; Bottcher & Dermer, 2010; Joshi & Bottcher, 2011)temnal shocks will occur when a faster
discrete ejecta catches up with slower one. Electrons arelexated by the shocks and the non-
thermal electromagnetic waves are emitted by these reittielectrons (e.g., Mimica & Aloy, 2010,
2012). Then, denoting the faster ejecta’s Lorentz fadigy, slower ejecta’s Lorentz factdr's), and
the initial separation of the ejectés), the de-projected distance between the internal-shodkiqros
and the central engin@is) is given by:

212 (¢ /T5)?
Digr 215 _Tg=92- "% T1?]

whereI’; > I'; > 1. In general, such collisions happen repeatedly and maliigernal-shocked
regions are generated in the jet flow. The de-projectedilligéd scale of the shocked regions is, by
definition, given by

Al)IS = DIS,max - DIS,mina (l)

where Dig max IS the largest distance between the location of the inteshatked region and that of
the central engine, anbs ,.,;, is the closest one.

The termAD;g for Mrk 501 is directly constrained by our VERA astrometrioservations.
In §5.2, we reveals that the weighted mean core positions of Mdk &er the four adjacent days
in February and October 2011 were spatially distributediwi® ~ 0.22 mas ando ~ 0.20 mas,
respectively, by assuming the radio core of NRAO 512 is ataily. The de-projected distributed
scaleAD;g can be expressed as follows by using the lower limit of theigving angle ofg; > 4°
(Giroletti et al., 2004):

AD <22><104R(L) 4\ 2)
15 == *\0.20 mas/ \ 4° ’

3 Here we do not apply our result to the standing shock modeteféy the original model of the conical standing
shock proposed by Marscher et al. (2008) has been improvesddaying the multi-zone in the standing shock region
(so called "turbulent extreme multi-zone” (TEMZ) model) Bharscher (2014), which also can explain the variability
of the soft X-ray light curve of the blazar. For now, our résldes not rule out the model because the position of the
standing shock is stationary.



or ADig < 1.9 pc, where 1 mas correspondstd x 10® Schwarzschild radiig,), or 1 R,=8.6 x 107>
pc. Here we set the lower limit of the central black hole mdsdrx 501 asMpy = 0.9 x 10? M, in
the case of the single black hole (Barth et al., 2002).

The right-hand-side of Eq. (1) has been constrained by tbéeéiqurs work. We set the sepa-
ration between the ejecta satisfigs > 1R, becausd R, is the minimum dimension of the central
engine (e.g., Spada et al., 2001). Tanihata et al. (2003)estgd that the Lorenz factor ratio between
the faster ejecta and the slower eject&’igl’; < 1.01 to reproduce the observed X-ray light curves
in the flare state. In quiescent stalg/I's would be less than that in the flare state because larger
I';/T's produce stronger internal shocks closer to the centrahengind generate larger energy than
smallerl’;/T'; do when we assume constant dynamical efficiency and congtafitherefore, we can
assume thatl's/I's) pis=Dis smaes (U't/T's) Dis=Drs i < 1.01 because during our observation Mrk 501
was in relatively quiescent state (just before the X- army flare; Bartoli et al. 2012). When we
assumd’s /T is constantDig yax andDis min ONly depend on the maximum valuelof (I's ,.x) and
minimum value ofl’y (I's min), respectively. NowADg can be expressed as a function of ohly
Regarding the minimum value &%, we adopt’; ,,;, > 8 in Mrk 501 (e.g., Kino et al., 2002) based
on the minimum among the references of the one-zone SED rfitiohg). Using Egs. (1) and (2), we
finally constrain a maximum df; ,,.x/I's min DY @pplying the maximum or minimum values of above
assumptions as follows:

1—‘smax 1 ADIS
: <21IX |= | ———
8 [2 (2.2 x 104 Rs)
1/2

ANV s N7 Tomin) 2
<ﬁ> <1 RS> ( 8 > H] ’ ®)
whereA = (T;/T)?/[(T/Ts)*—1] andA > 51. Thus, we find that the maximum-to-minimum ratio of
I’ during our four adjacent observations are less than.e.,8 <T'y < 17, including the uncertainties
of the relevant quantities. The derivédis roughly comparable to the one estimated by broadband
spectra during its quiescent state (e.g., Abdo et al., 2(Ather observations during its flare state
are encouraged to obtain larg&iD;s.

Using the abové',, we estimate);s, which corresponds to the distance between the location
of the central engine and that of the internal shock, whemesponds to the location of the radio core.
The estimated;s are Dig i, ~ 0.6 pc (%) andDig max ~ 2.5 pc (11%) and they are comparable
to the distance suggested in other blazars (Marscher &(#l§; Jorstad et al., 2010; Agudo et al.,
2011a,b).

6.2. Indication of peak position shift between NRAO 512 a0 @45

Fs,min

Despite the non-detection of the core position change ofatget source Mrk 501, we find
a shift of the relative peak positions between the two catims, NRAO 512 and 3C 345%.3.2).
The relative peak positions of the two quasars are clugtenver four adjacent days in February and
October 2011, respectively, and the positions of the deasdee different (see red points and blue
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points in figure 4-b). Fron§5.3.2, the weighted mean position of NRAO 512 relative to 36 Gore

in October 2011 i$).05 4+ 0.03 mas west an®.07 + 0.03 mas south of that in February 2011. This
may indicate a shift of 3C 345 core 0{05 + 0.03 mas east and.07 + 0.03 mas north from February
to October 2011, when we assume NRAO 512 is a stationary pounice. The proper motion of
3C 345 core is estimated to bel2 & 0.04 mas yr~!, equivalent to apparent velocity2 & 1.4c at a
position angle oB6™3: deg (measured from north to east). Bartel et al. (1986) paed astrometry
between this phase-referencing pair mainly at 8 GHz, andtfiedproper motions of the core are
not significantly different from zero with weighted leaspugres fit to the nine epoch data spanned
over ~ 11 years. However, focusing on their first three epoch dataimvibine year, the positional
change of 3C 345 core was observed toward similar directfs for the 3C 345 jet 0.60 mas
away from the core, we find the proper motion of the absoludtiom ~ 0.40 mas yr~! (aparent
velocity ~ 14¢), which is almost consistent with the result in Bartel e{(&886), toward at a position
angle of about-98° (or 72°). Although there is a small difference in the position arngfléhe proper
motion between the jet and the core, a shift of the 3C 345 couéddoe related to the formation of
the new jet component, because the large variation of theggetion angle has been observed with an
amplitude of~ 20° (e.qg., Klare et al., 2005; Schinzel et al., 2010). This enages further astrometric
observations.

7. Conclusion

In order to investigate the stationarity of the radio-camsifjon in blazars, we have conducted
multi-epoch astrometric VERA observations of TeV blazakM01 at 43 GHz for the first time.
Below, we summarize the main conclusions in the present.work

1. In our observation, we achieve an accuracy-6f20 mas for the radio core position of Mrk 501
relative to that of NRAO 512 for each epoch. The relativesazbre positions of Mrk 501 over
four adjacent days in February 2011 are distributed withi22 mas spatial scale, and those
in October 2011 are within- 0.20 mas, respectively, with-1o error (68% confidence level)
of the weighted-mean position. Comparing the weightedmyaasition of the four adjacent
observations in February 2011 to that obtained in Octobéd 2the difference between these
two positions is~ 0.07 mas. Summing up, we find that the radio-core position of Mrit 50
during our observations does not show significant positionange within about 0.20 mas, by
assuming the radio-core position of NRAO 512 is stationary.

2. By assuming the standard internal shock model, we fudiestrain the bulk Lorentz factors of
the ejecta based on the observational results, i.e., tiepamition stationarity withi.20 mas
(1.9 pc de-projected). Then we find that the maximum-to-mimn ratio of the slower ejecta’s
Lorenz factor can be constrained tolg,./I's min < 2.1. The distance between the location of
the radio core and that of the central black hole is estimaseal few pc, which is similar to the
one indicated in other blazars.

3. An indication of core position change between Februad/@atober 2011 was found for the
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phase-referencing pair of 3C 345-NRAO 512. This detecsayuite encouraging for the future
subsequent observations of blazar core astrometry mitiatthe present work.

Further continued astrometric observations targetingela€-ray flares of TeV blazar Mrk 501 are

necessary to explore the locations and their stationafrttyearadio core. Any simultaneous gamma or
radio lightcurves are also interesting, as well as potedtianges of the optical polarization position
angles (e.g., Marscher et al., 2008).

The VERA is operated by Mizusawa VLBI Observatory, a brantNational Astronomical
Observatory of Japan. We thank K. M. Shibata, T. Jike, anthallstaff who helped operations of
the VERA observations presented in this paper. We are gitateil. Oyama, T. Hirota, M. Kim, N.
Matsumoto, M. Sato for discussing how to reduce the VERA.daid. thanks the internal referee at
the MPIfR, E. Ros, for his constructive comments. We are gtateful to S. Mineshige, K. Kohno,
M. Tsuboi, K. Ebisawa, T. Mizuno for many useful comments. tWank the anonymous referee
for useful comments and suggestions. S.K. acknowledgesdbkearch grant provided by the Global
COE program of University of Tokyo. Part of this work was dawiéh the contribution of the Italian
Ministry of Foreign Affairs and University and Research fbe collaboration project between Italy
and Japan. This work was partially supported by Grant-id-f&r Scientific Research, KAKENHI
24340042 (A.D.) and 2450240 (M.K.) from the Japan Societytie Promotion of Science (JSPS).
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Mrk 501
(B-beam)

NRAO 512
(B-beam)
2.09°

Fig. 1. Source configurations, dual-beam allocations, and sélfratéed images of our VERA astrometric observa-
tions at 43 GHz. The three sources quasi-perfectly alighiwmit 3’ in east-west direction on the sky. The calibrator
3C 345 was observed in A-beam, and at the same time, Mrk 50IN&#&D 512 were observed in B-beam in
every several minutes. Shown are the self-calibrated isiafi¢he observed sources stacked over February 15,
16, 17, 18, 2011. The contours are plotted3atnoise levelx (-1, 1, 2, 4,). The size of the restored beam
(bottom left) is 0.613 masc 0.366 mas at a position angle a63°. The Ir noise level is 3.04nJy beam ™!

for Mrk 501, and 5.15mJy beam ™' for NRAO 512. The & noise level is 30.0nJy beam ™! for 3C 345,
which is about ten times higher than that for Mrk 501 becahseimage quality of the self-calibrated image
is mainly limited by the image dynamic range (the peak flux 6f 345 is about ten times higher than that of
Mrk 501, see table 2). Dotted arrow shows the innermost jeiction of 3C 345 at a position angle efl03°.
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Table 1. Summary of VERA 43 GHz astrometric observation

Epoch time range (UT) Code bad weather
2011/02/15 18:18-02:18 R11046B OGA: 0:30-1:20, 2:15-82IRK: 0:50-1:40
2011/02/16 18:14-02:14 R11047B IRK, OGA: 22:00-22:40
2011/02/17 18:10-02:10 R11048B IRK, ISH : 18:00-23:00
2011/02/18 18:06-02:06 R11049B IRK, OGA: 23:40-23:584801:07
2011/10/20 01:50-09:50 R11293A OGA: 01:50-06:00, IRK:00609:50
2011/10/21 01:46-09:46 R11294A
2011/10/23 01:38-09:38 R11296A [ISH: 01:38-06:30, 05:3M0
2011/10/24 01:34-09:34 R11297A

every observation due to its elevation limit.

13

Notes. —MIZ: Mizusawa, IRK: Iriki, OGA: Ogasawara, ISH: Ishigaki. I couldn’t observe Mrk 501 for-50 min in



Table 2. Self-calibrated image parameters for 3C 345, Mrk 501, andA®R12.

Source Epoch I, Orms I/ Ovms
(mJy beam~!) (mJy beam™1!)
(1) (2) 3) (4)

3C 345 2011/02 2210 30.0 74
2011/10 2040 17.0 120

Mrk501  2011/02 280 3.04 92
2011/10 239 1.78 134

NRAO 512 2011/02 467 5.15 92
2011/10 541 1.94 278

Notes—(1) Observing epoch, (2) peak intensity, (3) rms of images®of4) image dynamic range.
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Fig. 2. Phase-referenced images of Mrk 501 core relative to 3C 34& cbhe restored beam size is 0.669 mas
x 0.391 mas at a position angle at4®9 and the contour start from three times 2&@Jy beam~!.

The contours are plottedo noise level x (-1, 1.41, 2, 2.82, 4).

Note that the image SNR of the

third epoch is much lower than that of all the others due to bfael weather condition (see table 3).

15



Table 3. Image qualities and core positions of phase-referencedéma

Phase-referenced pair Epoch 1, Orms I/ 0mms Ao A6
(mJy beam™) (mJy beam™1) (mas) (mas)
(1) (2) (3) (4) (5) (6) (7)
Mrk 501—3C 345 2011/02/15 259 29.1 9 -0.33+0.13 -0.21+0.13
2011/02/16 262 21.0 12 -0.37+0.12 -0.15+0.13
2011/02/17 224 44.9 5 -0.38+0.14 -0.18+0.14
2011/02/18 275 30.8 9 -0.30+0.13 -0.23+0.13
2011/10/20 262 155 17 -0.43+0.12 -0.21+0.12
2011/10/21 210 24.4 9 -044+0.13 -0.19+0.13
2011/10/23 254 18.5 14 -0.50+0.12 -0.23:0.13
2011/10/24 270 18.4 15 -0.44+0.12 -0.15+0.12
NRAO 512-3C 345 2011/02/15 388 28.5 14 —-0.33+0.03 -0.14+0.04
2011/02/16 408 32.2 13 -0.31+0.03 -0.15+0.04
2011/02/17 272 61.6 4  —-0.284+0.08 -0.12+0.07
2011/02/18 438 27.5 16 —-0.30+0.03 -0.144+0.04
2011/10/20 228 17.4 13 -0.36+0.04 -0.184+0.04
2011/10/21 222 25.2 9 -0.32+0.04 -0.23+0.04
2011/10/23 424 38.4 11 -0.38+0.04 -0.244+0.04
2011/10/24 410 32.5 13 -0.37+0.04 -0.184+0.04

Notes—(1) The first source is the target source and the second siutice reference source, (2) Observing epoch, (3)
peak intensity of the target source, (4) image rms noisefalget source, (5) signal-to-noise ratio of the targetsmu

(6) and (7) position offset from phase-tracking center efttirget source.
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Table 4. Estimated positional error budgets in the phase-refengnabservation by VERA 43 GHz. The units areiias.

Phase-reference pair Epoch orandom  Otrop  Tion Oearth Cant Ocoord Oid Orss
1) ) @ @ 6 6 O © (O @) 11 d12) 13) (14 (15)(16)
Mrk 501-3C 345  2011/02/15 27 26 122 <1 3 5 1 5 2 3 7 16 125 126
2011/02/16 16 16 122 <1 3 5 1 5 2 3 7 16 123 125
2011/02/27 56 61 122 <1 3 5 1 5 2 3 7 16 135 137
2011/02/18 27 26 122 <1 3 5 1 5 2 3 7 16 125 126
2011/10/20 13 15 122 <1 3 5 1 5 2 3 9 11 123 124
2011/10/21 23 28 122 <1 3 5 1 5 2 3 9 11 125 126
2011/10/23 16 21 122 <1 3 5 1 5 2 3 9 11 123 125
2011/10/24 16 16 122 <1 3 5 1 5 2 3 9 11 123 124
NRAO 512-3C 345 2011/02/15 18 16 28 <1 3 5 1 5 2 3 7 16 33 38
2011/02/16 17 17 28 <1 3 5 1 5 2 3 7 16 33 37
2011/02/17 64 70 28 <1 3 5 1 5 2 3 7 16 76 72
2011/02/18 15 14 28 <1 3 5 1 5 2 3 7 16 32 36
2011/10/20 17 18 28 <1 3 5 1 5 2 3 9 11 35 36
2011/10/21 22 29 28 <1 3 5 1 5 2 3 9 11 42 38
2011/10/23 21 24 28 <1 3 5 1 5 2 3 9 11 38 38
2011/10/24 18 20 28 <1 3 5 1 5 2 3 9 11 36 36

Notes—(1) The first source is the target source and the second sisuteereference source, (2) observing epoch, (3) and
(4) the random errors estimated by the beamwidth over twedisignal-to-noise ratio in RA and Dec, (5) the tropospheric
residual errors, (6) the ionospheric residual errors, Gd) @) the earth orientation parameter errors in RA and D#c, (
and (10) the antenna position errors in RA and Dec, (11) agflq priori source coordinates errors in RA and Dec. The
error contributions from the geometrical errors (7-12) esémated based on the simulation presented in Pradel et al.
(2006). (13) and (14) The core identification error of 3C 3d&RA and Dec, respectively. (15) and (16) Total errors in

RA and Dec are estimated as the root-sum-square of each error
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Table 5. Core positions of Mrk 501 relative to NRAO 512.

Epoch A« Ad
(mas) (mas)

(1) (2) 3)
2011/02/15 -0.0#0.20 -0.10+ 0.20
2011/02/16 -0.06-0.19 0.00+ 0.20
2011/02/17 -0.1&-0.30 -0.10+0.30
2011/02/18 0.0%0.19 -0.10+0.20
2011/10/20 -0.0Z40.19 0.00+ 0.20
2011/10/21 -0.1@-: 0.20 0.00+ 0.20
2011/10/23 -0.12-0.19 0.00+ 0.20
2011/10/24 -0.0Z40.19 0.00+ 0.20

Notes—(1) Observing epoch, (2) and (3) core position of Mrk 501 treéato NRAO 512 in RA and Dec, respectively.
These values are derived by subtracting the core positiddrie501 relative to 3C 345 from tthat of NRAO 512 relative
to 3C 345, summarized in (6) and (7) of table 3 for each epoctthposition error is estimated as root-sum-square of

corresponding error in table 3 (sg&.2).
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Fig. 3. Self-calibrated image of Mrk 501 in figure 2 (a) is shown witte tcore positions of Mrk 501 relative to
NRAO 512 for all epochs overlaid. The red points representtire positions over four adjacent days in February
2011 with an averaged positional accuracy@fl mas in RA and).22 mas in Dec. The blue points show the core
positions over four adjacent days in October 2011 with atjmosil accuracy 06.19 mas in RA and).20 mas in
Dec. Each core position is summarized in Table 5. The bladhtpaescribe the weighted-mean positions over
the four days in February 2011 at the relative (RA, Dec)<6.03 £ 0.10, —0.05 £ 0.11) mas, and (RA, Dec) =
(—0.09+0.10,0.01 £0.10) mas in October 2011. The origin of this figure correspondséghase-tracking center
of Mrk 501 and the brightness peak of the self-calibratedjea
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Fig. 4. (a) The core positions of Mrk 501 relative to 3C 345 core, dndijose of NRAO 512 relative to 3C 345
core. Red points represent four adjacent observationdirubey 2011, blue points represent in October 2011, and
black points represent the weighted-mean positions oedfotlr adjacent days (s€6.3).
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Appendix 1. Error Estimation

In this section, we estimate the position errors of the phe&enced images referencing the
error estimations adopted by previous VLBI astrometridisi (e.g., Hada et al., 2011; Reid et al.,
1999; Ros et al., 1999). The error terms are the random earatghe uncertainties of ionospheric
residuals, tropospheric residuals, core identificatimtess, phase-connection process, instrumental
origin, and geometrical parameters (earth orientatioarpaters, antenna positions and a priori source
coordinates) (Thompson et al., 2001). In the following ahens, details of major errors are de-
scribed. Thanks to VERA's dual-beam simultaneous phaeeergcing system, the phase-connection
errors can be ignored. The instrumental errors are canaeleddy applying the dual-beam delay
difference table measured with noise sources with.1 mm accuracy (Honma et al., 2008b). In
table 4, we summarize the estimated error budget for eacdepiederencing pair in our observations.
We consider these errors contribute independently to eger,such that the total position errors for
each epoch can be estimated as the root-sum-square of each er

A.1.1. Random

In column (3) and (4) of table 4, we summarize the random esfall phase-referenced
images in RA and Dec, respectively. The position error caexipeessed &4, /(2 x SN R) (Thompson
et al., 2001), wheré, is each interferometric beam size in RA or Dég { 0.6 masx 0.4 mas at a
position angle o~ 130°), and SNR is the signal-to-noise ratio of the phase-ret@@nmages (see
column 5 of table 3). The SNR of the phase-referenced imagigs\aed is~11 on average.

A.1.2. Propagation delay

Here we briefly review how to estimate the contribution of repagation delay error to
the phase-referenced position error. The effects of thpagation delay error at each station cause
a decrease in SNR of the phase-referenced images and im&gé&kh position erroé originated
from the phase errak¢ is expressed a® = A¢- (27D, ) ! (e.g., Thompson et al., 2001), whepg ~
D -\7%, D is the baseline length, andis the observing wavelengti\¢ is estimated b@rcAT !,
wherec is the speed of light and\r is the propagation delay errorAT can be approximated by
01y secZ, wheredr, is the residual vertical delay and is the local source zenith angle. When
the two phase-referencing pair separates in zenith angleythe position errofé caused by the
propagation delay error for a single antenna is estimateal fast-order Taylor expansion of as
follows (Reid et al., 1999):

00 ~ 05% sec Z tan Z AZ. (A1)

The propagation delays are mainly caused by the ionospaeddropospheric medium. In
columns (5) and (6) of table 4, the tropospheric error andspheric error of each phase-referencing
pair are summarized. The propagation delays caused byahesppheric medium are independent of
observing frequency, while those caused by the ionosphegtium are inversely proportional to the
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square of the frequency. Therefore, we omitted the detadmj&ion of the ionospheric error, because
it is estimated to bec 1 pas at 43 GHz. Since the tropospheric zenith delays are tjpigahin ~2
cm accuracy for VERA (Honma et al., 2008a), the positionrsroan be estimated a8 ~ 122 pas

for AZ =2°09 (Mrk 501-3C 345 pair), ané- 28 pas for AZ = 0749 (NRAO 512-3C 345 pair) at 43
GHz,Z ~ 50° andD = 2.3 x 10®> m.

A.1.3. Core identification

The core identification error indicates the possible sliitierence between the fitted gaussian
peak and the actual brightness peak, and would come fromléneling of core and jet structure.
To clarify the source structure, we produced the self-caléd images of all the three sources (see
figure 1 and;4).

We identified the core of 3C 345 by model fitting to the calibcavisibility data, and found
it has the bright jet structure. The core was well modeledrglaptical Gaussian model, and the
jet emission was modeled as one or two circular Gaussiangdéfireed the center of each Gaussian
model as the component position. To evaluate the core fiEion error, we derived the differences
between the center of the elliptical Gaussian and the positf the brightness-peak pixels in super-
resolution maps measured by the AIPS task MAXFIT. The supsptution maps were convolved by
a circular Gaussian beam of full-width at half-maximum (F¥Habout a half of the minor axes of
the synthesized beams. The maximum core identificatiom @e@s estimated as 1l@as, and all the
position errors are summarized in column (13) and (14) detdb However, by subtracting the core
position of NRAO 512 relative to 3C 345 from the core positadrMrk 501 relative to 3C 345, the
core identification error of calibrator 3C 345 is completedycelled out.

For Mrk 501 and NRAO 512, we estimated the core identificagoor in the same man-
ner. The position differences between visibility-basedeiditting and MAXFIT were negligible,
typically less than a fewas.
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