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Abstract High resolution imaging of inner jets in Active Galactic Neid AGNs) with Very Long Baseline
Interferometry (VLBI) at millimeter wavelengths providdsep insight into the launching and collimation
mechanisms of relativistic jets. The BL Lac object, PKS #2386, shows a core-dominated jet pointing
toward the northeast on parsec-scales revealed by varibB$ dbservations. In order to investigate the
jet kinematics, in particular, the orientation of the injetron the smallest accessible scales and the basic
physical conditions of the core, in this work we adopted aesupsolution technique, the Bi-Spectrum
Maximum Entropy Method (BSMEM), to reanalyze VLBI imagesbd on the Very Long Baseline Array
(VLBA) observations of PKS 1749+096 within the VLBA-BU-BLAAR 7 mm monitoring program. These
observations include a total of 105 epochs covering theddrom 2009 to 2019. We found that the stacked
image of the inner jet is limb-brightened with an apparergropg angle o070 + 8°0 and42°0 &+ 6°0 at
the distances of 0.2 and 0.3mas (0.9 and 1.4 pc) from the coreesponding to an intrinsic jet opening
angle of5?2+1°0 and4°3 £+ 0°7, respectively. In addition, our images show a clear jettpmnsangle swing

in PKS 1749+096 within the last ten years. We discuss thelgesmplications of jet limb brightening and
the connection of the position angle with jet peak flux degraitd gamma-ray brightness.
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1 INTRODUCTION connection between the inner jet morphology and the
corresponding emitting regions.
High resolution observations of jets in Active Galactic At a redshift of 0.322 Stickeletal. 1988 the

Nuclei (AGNs) with Very Long Baseline Interferometry ultra-luminous BL Lac object PKS 1749+096 showed

(VLBI) show that some objects have regular or irregularStrong variability from radio to X-ray regime. In July

.swingsinﬁhe position angle of the innermost structure,(i.e 2016, unprecedented bright flaring activity in very high
Jet V‘_IObb“n,g'_ Agudo.et al. 2007 Lu gt al. 2012 The energy gamma-ray emission, together with X-ray and
physical origin of this phenomena is currently still nOtoptical flares were detecteBécerra Gonzalez et al. 2016
well understood. Possible mechanisms for the jet WObb"nQZiprini etal. 2016 Mirzoyan 2016 Balonek et al. 2016
include accretion disk precession, orbital motion of acCre e radio r.’norphology of PKS 1749+096 is aominated

tion systems (binary black hole), and jet ipstabilitieg(,e. by its mas-scale structure. Multi-epoch VLBI observations
Agudo 2009. In some sources, a correlation between the‘show that position angle swing exists in its jéu(et al.

variations of the inner jet position angle and of the flux201a which is more pronounced towards the core

density in radio, X-ray, or gamma-ray is observed (e.g., . _ _ _

Rani etal. 2014 and references therein), suggesting a To |nve-st|gate Fhe stru-ctl-Jre of the innermost region of
the jet and its possible variations, here we report the tesul

of a detailed VLBA imaging study of PKS 1749+096 at
* Corresponding author 7mm with unprecedented resolution. Throughout this
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paper, we adopt the following parameters: the luminosityd.1 Transverse Jet Structure and its Implications
distance to PKS 1749+096 i3;,=1674 Mpc and 1 mas of . . _ .
angular separation corresponds to 4.64 pc, with cosmolog-he high-resolution BSMEM images revealed a detailed

ical parameter§,,=0.27,9,.=0.73, andH,=71km s *. structure of the inner jet (within-0.5mas of the core),
which cannot be clearly seen in normal CLEAN images.
2 ARCHIVAL DATA AND VLBI IMAGES A visual inspection of the position angle of the innermost

portion of the jet in these images indicates a variation of
For our study, we made use of data from the VLBA-BU- the position angle with time. This suggests that the jet at
BLAZAR 7mm monitoring program (e.gJorstad etal. 4 given epoch may only occupy a portion of the whole
2017, spanning a time interval from April 2009 10 ynderlying jet. If this is the case, we can stack the BSMEM
October 2019, during which 105 epochs of observationgnages using all the available epochs to reconstruct the
were performed with an approximately monthly cadenceygle jet. Pushkarev et al(2017) found that a true jet
The typical resolution of the CLEAN images from thesegeometry appears only after stacking epochs over several
observationsis-0.3 mas and-0.15mas in the north-south years for a considerable fraction of their studied sample
and east-west direction, respectively. of AGNSs. Interestingly, the transverse jet structure of the
Recently, various super-resolution imaging techniquegiscked BSMEM image of PKS 1749+096 is transversely
have been developed and demonstrated for black holgggjved and shows a limb-brightened morphology (Eig.
shadow imaging in SgrA* and M87 and the reconstrucyyjqgie). The limb brightening is the most pronounced in

tion of polarization structures with VLBI polarimetry ine inner part of the jet<(0.4mas), while the jet farther
observations (e.gGoughlan & Gabuzda 20i€hael etal. i is resolved out and invisible.

2016 Akiyama et al. 2017#&; Kuramochi et al. 201,8and By determining the transverse jet width, we can

Leferenceslthgrelng.Thfese meth;dihavre1 de-monstrat”ed trllﬁéasure the apparent opening angle of the underlying
etter resolution (by a factor gf 2) than that is normally jet with the caveat that such a stacked opening angle is

achigved Wi_th the traditior]al CLEAN mfethods can bedif'ferent from a single epoch jet opening angle. We found
obtained. With these techniques, the obtained resolution fhat the apparent jet opening angle5iE0 + 8°0 at the

7mm is comparaple to that obtamed.w!th the tradltlonalcOre distance of 0.2mas (0.9 pc) a#2b0 + 620 at the
CLEAN method with 3mm-VLBI of a similar array.

| q . . he fi | . core distance of 0.3 mas (1.4 pc) (Fyright), suggesting
n order to investigate the fine-scale structure iny, ., the jet still undergoes collimation on these scales. We

the core rcta)gion, where the je; positiog ang(;jle SWingnote thatrinke (2019 adopted a smaller jet-opening angle
seems to be more pronounced, we adopted a SUPEL 15 for pPKS 1749+096 in a recent study of physical

gesolutlon I\;lnte_rferom;tnc Iml\a/lglrrl]g dte;gr,:;l%ul\;’ th: BI'properties for a sample of blazar radio jets, but this result
pectrurr:j a>.<|mumd r:ro',"y e,t od ( icati usc ferh. was obtained based on a single-epoch 15 GHz observation
1994 and re-imaged the inner jet. Applications of this with lower resolution Pushkarev et al. 2009With the

n;eth(.)d to dsimulatﬁ.d hand (Tbservgd data Of, r':/'87|.sg(l)\’¥neasured apparent jet opening anglg,(,), the intrinsic
that it produces high-resolution images with relia ejet opening angled;,;) can be calculated according to the

structrl:res KE et gls I\Z/Icl)Ell\jll Kim etal. 2013' _AS exampfle;’KSrelation of tanfuint/2)=tan(app/2)sind (Pushkarev et al.
we show the reconstructed images o 2017, whered is the jet viewing angle. Here, we find the

1749+096 in August 2011 and July 2014 in Figdre intrinsic jet opening angle is°2 + 1°0 at the core distance

of 0.2mas and?3 + 0°7 at the core distance of 0.3 mas by
adopting a viewing angle @f = 5°6.

To show the overall extent of the jet at 7mm, we Limb brightening in jet structures has been detected
produced a “stacked” uniformly weighted image (F&. in a couple of nearby objects, e.g., M&rh et al. 2018,

left). We created the stacked image by first restoringCygnus A Boccardi et al. 201 3C 84 Giovannini et al.

the image at each epoch with an identical CLEAN2018. Such a stratified structure can be understood as the
beam whose dimensions corresponded to the mediarsult of a fastinternal spine and a slower external sheath i
uniformly weighted beam of all epochs. We then shiftedthe jet (e.g.Ghisellini et al. 200% The detection of limb

the convolved image at each epoch to align the fittedbrightening close to the central black hole in these sources
positions of the image peak, and then combined them alhdicates that the velocity structure originates from tte |
with equal weight to produce an averaged (stacked) imagéaunching site with the central spine component possibly
At 7mm, the overall VLBI-scale jet is dominated by the being associated with the black-hole-powered jet whereas
bright core, with an extended emission pointing toward thehe sheath component anchored to the accretion disk. For
north-east, consistent with the jet morphology seen atrothe black hole mass 0f0%-3* M, (Zhou & Cao 2009 a
epochsl(u etal. 2012. core distance of 0.2—-0.3mas corresponds to 4.5<8)8

3 RESULTS & DISCUSSION
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Fig.1 BSMEM images of PKS 1749+096 in August 2011 and July 2014 elach image, contours start at 0.5 % of the
peak brightness in steps of two.
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Fig.2 (Left) Stacked CLEAN image of PKS 1749+096. Before stacking, epcith is restored with a common restoring
beam of 0.3%0.14 at—4°0, corresponding to the median uniformly weighted beaml@&fmichs. Contours start at 0.05 %

of the peak in steps of two. The color scale is given in Jy belarfMiddle) Stacked BSMEM image of PKS 1749+096 at

7 mm. Contours start at 0.1 % of the peak in steps of two. Thersohle is given in Jy pixel', with a pixel size of fuas.

The blue and red lines denote the position of the slices irritfiie panel. Right) The transverse jet intensity profiles
measured along the blue and red lines in the middle panelatseparation of 0.2 and 0.3 mas, respectively. The dashed
line marks5o off-source image RMS noise level.

Schwarzschild Radii (deprojected, for a viewing angle of3.2 Wobbling of the Inner Jet

0 = 5.6°) in PKS 1749+096. In this context, it may

seem surprising to detect a limb-brightened underlyind” some jetted sources, correlated variations between the
structure originated from the jet base. On the other hand, ner jet position angle and flux density in radio, X-rays,
velocity structure could also originate from the interanti @nd gamma-rays have been observed (eig et al. 2012

of the jet with the ambient medium driven by Kelvin- Rani et al. 2014and references thereirjani et al (20149
Helmholtz instabilities of the jet (e.gRossi et al. 2008 found a significant correlation between the Fermi-LAT
In this scenario, the ambient/jet density contrast is a kefl-arge Area Telescope) gamma-ray flux variations and the
parameter determining the instability evolution and thePosition angle variations in the VLBI jet of S50716+714.
entrainment properties of the external medium. Futurd 0 explain this correlation, the authors proposed a scenari

higher resolution observations would help distinguishWhere a moving shock propagating down a (bending)
between these two scenarios. relativistic jet causes significantly increased emission,

when the gamma-ray emission and orientation of the jet
flow share the same boosting cone, a correlation between
the two is expected.
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Fig. 3 Time evolution of the position angle (PA) of the innermostyéhin 0.3 mas of the corddp) and peak flux density
(middle), and weekly averaged gamma-ray flux light curve in the gneagge from 0.1 to 300 GeV. Vertical lines mark
the time of the big gamma-ray flare in July 20tédline) and three major gamma-ray brightening events after it.

In Figure3 (top panel), we show the time evolution of within, which were extracted from the 4FGL catalogue
the position angle of the innermost jet. In calculating the(Abdollahi et al. 202D The normalization factors and
position angle, we first determined the jet ridgeline, whichspectral parameters for sources within 5 degrees were kept
is the line connecting the maxima of the jet brightnesdsree; while on sources farther than 5 degrees only their
profiles measured transversally to the local jet directionnormalization parameter is free to vary. We also applied
Then the mean position angle of evenly spaced points oap-to-date diffuse and isotropic background models along
the jet ridgeline within 0.3 mas of the image peak was usedith the current set of instrument response functions. We
to represent the inner jet position angle. The majority ef th binned the data in 7-days intervals to increase the signal
position angles range between <2Md 20. Over the time  to noise ratio without compromising temporal resolution.
scale covered by the observations presented here, itis cle@nly the data points with a Test Statistic (TS) value greater
that no regular or periodic position angle changes existhan 25 (significant detection) were used.

Rather, it seems t_hat _the _inner jet_ shows predom?nantly Since PKS 1749+096 was only intermittently de-
slower changesin its dlrlect|0n-butW|th- occasionally ecrat ;o onje by the Fermi-LAT and weakly variable most of
features_ (e.g., the rapid swing durlng _2011__2012_ aNthe time during the last ten years, a correlation analysis
2016).L|st§r e'F al.(2013 stgdled the jet orientation with ¢, the gamma-ray flux and inner jet position angle yields
VLBA monitoring obsgrvauons at 2_cm and they showed, kandall's + of —0.11 with a p-value of 0.02. This
that PKS 1749+096 is one of their sample of sourcegygicates that there are no strong evidence for a correlatio
S*?OW'”Q oscﬂlatpry behawormthe_mnerjet_ position @gl pepyeen the orientation of the inner jet and gamma-ray
with a fitted period of 12 years. Figu@(middle panel) ,y \which suggests that the gamma-ray emission in PKS
shows th_e tlmg evolution of the jet peak _flux density. IN1749+096 is not driven by orientation-dependent effects,
order to investigate the possible correlation between theqngjstent with the recent findings for radio galaxies and
inner jet position angle and the_ peak qu_x_ density, Welazars Angioni et al. 2019 and references therein). We
calculated the Kendall's correlation coefficient) (and  y5te that PKS 1749+096 showed unprecedented flares in
foundr is 0.26 _W'th a p-value of .2 x 10~?, indicating July 2016 in multiple wavebands, including optical, X-
aweak correlation between them. rays, and gamma-raysBélonek et al. 202,6Ciprini et al.

Figure 3 (bottom panel) shows the Fermi-LAT 2016 Mirzoyan 2016 Schussler etal. 20)7and the
gamma-ray light curve of PKS 1749+096. The Fermi-LAT source significantly brightened a few (three) times in
gamma-ray data were used in the energy range from 0damma-rays after the major flare in 2016 July. Fig8re
to 300 GeV, and processed using the Fermitools versiomarks the time of these events with accompanying jet
1.0.2. We analyzed a 15-degree-radius region of interegosition angle measurements. Interestingly, these events
around the position of 1749+096, and added all sourceseemed to occur when the inner jet was along a similar
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