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Abstract: Mrk 501 is one of the most prominent TeV-emitting blazars and belongs to the class of
high synchrotron peaked (HSP) blazars. The Doppler factors derived from the jet kinematics are
much too low to provide sufficient beaming for the detected high-energy emission (the so-called
Lorentz factor crisis). This BL Lac object is also a prime example of a misaligned AGN with an
approximately 90◦ difference in orientation between the inner parsec-scale jet and the kpc-scale jet
structure. We have performed a detailed analysis of the pc-scale jet kinematics, based on 23 years of
VLBA observations (at 15 GHz) and find, in addition to robustly consolidating the already claimed
stationary jet features and a hinted absence of component ejections, a significant drift of the outer
nuclear jet. The two outermost jet features move with somewhat higher but still subluminal speeds.
Albeit, they move orthogonally to the inner jet, which itself does not partake in the drifting motion.
The effect of this intriguing kinematics is that the jet appears strongly curved at first (1995) but then
appears to straighten out (2018). To our knowledge, this is the first time that the orthogonal swing of
just the outer part of a nuclear jet has been observed. We discuss the possible physical nature of this
turning maneuver. In addition, we report evidence for jet emission, which most likely originates in a
spine–sheath structure.

Keywords: active galactic nuclei; relativistic jets; multiwavelength observations; theoretical emission
models; polarization; jet formation; magnetic fields

1. Introduction

Markarian 501 (Mrk 501, z = 0.034) is a BL Lac Object and belongs to the subgroup of
high synchrotron peaked (HSP) blazars. However, when it flares, the low-energy and high-
energy peaks move to higher energies, and Mrk 501 can become an extreme high-frequency
peaked BL Lac object (EHBL), i.e., a blazar that emits a substantial fraction of its power
between the GeV and the TeV bands [1]. Their synchrotron spectrum peaks in the EUV,
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X-ray, or MeV band (Ghisellini [2]). This BL Lac object has repeatedly been observed at
high flux levels of TeV γ-rays (e.g., [3–6]), and VHE γ-ray spectra in different activity states
have been measured [7]. It remains unclear how this high-energy emission is produced and
what differentiates such blazars from more typical, i.e., non-HSP or non-EHBL, blazars.

Mrk 501 has been extensively observed in different wavelength regimes to study the
physical nature of its emission (e.g., Abdo et al. [5], MAGIC Collaboration et al. [8], Pandey
et al. [9,10], Quinn et al. [11]). This BL Lac object is well known for its misaligned radio
structure (e.g., van Breugel and Schilizzi [12], Giroletti et al. [13], Conway and Wrobel [14]).
van Breugel and Schilizzi [12] reported a gross misalignment between the large-scale (VLA)
and small-scale (EVN) structures of the Mrk 501 jet. While EVN observations at 6 cm from
1982 [12] revealed a small (23 mas or 14 pc) one-sided jet at PA 104 deg, possibly curving
north-west towards its end, VLA observations performed at 1.3 and 2 cm (1983) show that
the nucleus is elongated in PA 54 deg. In 1.6 GHz VSOP observations in 1998 April [15], the
jet shows at ∼30 mas from the core a strong bending accompanied by an abrupt increase
in its opening angle (see Figure 8 in [15]), and this widening portion of the pc-scale jet is
pointed towards the kpc-scale emission. According to Giroletti et al. [13], Mrk 501 shows
several PA changes out to the kpc-scale radio emission.

Many radio interferometric observations have been targeted at this source to study its
pc-scale morphology and its evolution (e.g., Giroletti et al. [13], Richards et al. [16], Piner
et al. [17], Pushkarev et al. [18], Koyama et al. [19]). The core-dominated radio source
reveals a very complex one-sided jet on pc-scales (e.g., Giroletti et al. [13]). Evidence for a
spine–sheath structure has also been reported and analyzed based on polarization imaging
(e.g., Pushkarev et al. [18], Giroletti et al. [13], and Croke et al. [20]).

Here we present a detailed analysis of the long-term kinematics of the pc-scale jet in
order to probe in which respect Mrk 501, and its jet differ from those of standard blazars.
The basic parameters of Mrk 501, are listed in Table 1.

Table 1. Source name, redshift, SED classification, black hole mass, and distance scale for Mrk 501.
Other than the black hole mass, the information was obtained from the MOJAVE webpage.

Object z Id. Mass M� Scale pc/mas

Mrk 501, 1652 + 398, J1653 + 3945 0.0337 HSP BL Lac (0.9–3.4) × 109 [21] 0.66

2. Observations and Data Reduction
2.1. VLBA Data Analysis

We remodeled and reanalyzed a sequence of 36 VLBA observations (15 GHz, MOJAVE1)
of Mrk 501 taken between the epochs of 1995/01/20 and 2018/06/01. Gaussian circular
components were fitted to all the self-calibrated visibility data to obtain the optimum set of
component parameters within the difmap-modelfit algorithm [22]. The visibilities for each
epoch were fitted independently from all the other epochs. The model-fitting procedure
was performed blindly so as not to impose any specific structural outcome. Special care
was taken to correctly identify the brightest component as the core component in every
individual data set.

2.2. Uncertainty Estimation

To obtain conservative uncertainty estimates of the model component parameters, we
employed the results of Kravchenko et al. (in prep.). They adopted the basic approach
of [23] and calibrated it using several sources from the MOJAVE sample displaying a tight
power-law dependence of the component brightness temperature Tb vs. component size
R, accounting for the residual uncertainty in the amplitude scale at each epoch. The ob-
tained uncertainties are conservative (i.e., upper limits) because some dispersion in the
observed Tb(R) dependence could be of intrinsic origin. This is similar to the method of
Lister et al. [24] for estimating the positional uncertainty of the model components from
the fit to the multi-epoch kinematical data.
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An additional positional error of the components across the epochs could possibly
arise due to the core shuttle effect [25,26]. This uncertainty is expected to be quite small
(∼0.1 mas) and would shift components only in the direction along the jet. Any error in the
core alignment at different epochs would again only increase the uncertainties along the
jet direction. Mrk 501 reveals a very complex jet structure as seen in VSOP observations
at 1.6 GHz [15]. The structure seen in 15 GHz VLBA observations appears more compact.
Future deeper images might reveal the sub-structure of the outer jet investigated here.

2.3. Component Identification

We identified the jet components according to their position in the jet and their specific
and discriminating kinematic properties. The main jet ridge line is the dominant structure
and comprised of a chain of jet components. Components that belong to this main jet ridge
line remain at similar core separations with time. These are components j3–j6. j1 and j2
denote the outermost components appearing at a larger distance from the core as well as
from the main jet ridge line. j1 and j2 reveal motion towards the main jet ridge line. j3–j6 are
the components that define the main jet ridge line, and r_sheath and l_sheath are features
straddling the main jet ridge line on the two sides, with some gap in between. The r_sheath
and l_sheath components appear at a rather constant separation on both sides of the main
ridge line.

3. Results

We confirm the structural complexity of the jet on pc-scales (e.g., Giroletti et al. [13])
and additionally find that the pc-scale structure has varied markedly between 1995 and 2018,
as can be seen in Figure 1a,b. Further maps are shown in Figures A1–A4 in the Appendix A.
In all of these maps, the model-fit Gaussian components are labeled. Figure 1a,b depicts the
pc-scale morphology (with the Gaussian model-fit components superimposed) obtained
from the two epochs’ data. While the jet appears curved in 1995 (Figure 1a), it largely
straightened out by 2018 (Figure 1b). This is also seen in Figure 2a, where we display the
positions of the jet features at different epochs (in x-y coordinates). In Figure 2b, we display
those jet features whose positions were traceable across the epochs.

j1
j2

j3

j4

j5

r_sheath
core

(a) 15 December 1995

j1
j2

j3

counter-jet feature
core

l_sheath

j5

(b) 1 June 2018

Figure 1. The jet mapped with the VLBA at 15 GHz at two different epochs. (a) The pc-scale structure
observed on 15 December 1995 and (b) as observed on 1 June 2018. In both maps, we have labeled the
model-fit Gaussian components. Note that not every jet component is identifiable in each observation.
While the jet appears strongly curved in (a), it appears essentially straight in (b).
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Figure 2. (a) The evolution of the x-y coordinates of the jet features modeled for all of the 36 epochs.
The different epochs are indicated with different colors (1: the first/earliest epoch, 36: the lat-
est/youngest epoch). (b) Same figure as in (a), but showing only those features that could be
identified and tracked across the epochs. In addition to the jet features (j3−j6), which most likely
define the spine, we indicate in light-green and purple those jet components that might belong to the
sheath (l_sheath, r_sheath). The two outermost jet features (j1 and j2) are clearly seen to move, and
their motion is indicated by arrows along which the range and progression of the epochs covered are
also shown.

While the inner two mas of the jet appear rather well collimated, the outer part of the
nuclear jet (beyond ∼2 mas) appears much less confined. The two outermost jet features
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appear to move from smaller (negative) y-values to larger (negative) y-values. This motion
is indicated in Figure 2b by the two arrows.

We confirm the stationarity of jet features (j3–j6) with regard to the core distance, as
reported by other authors before, e.g., [15,27]. The proper motions and apparent speeds, as
well as the general directions of motion for all those components that could be traced are
listed in Table 2. The proper motions have been determined via linear regression performed
for the radial distance to the core data, as shown in Figure 3. However, for the components
j1 and j2, we followed a different approach to determine the proper motion. Here, we
fitted the proper motion for x(t) and y(t) independently according to x(t) = x0 + µx× t and
y(t) = y0 + µy × t. We then determined the total proper motion by taking their quadratic

sum µtot =
√

µ2
x + µ2

y, Homan et al. [28].
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Figure 3. Temporal evolution of the separation from the core is shown for the moving jet components
(j1, j2) and for the stationary jet features (j3–j6). The color scheme is the same as in Figure 2b. Unfilled
squares (brown) denote jet features from the sheath structure and those jet features that could not be
identified reliably. Dashed lines indicate a linear regression fit to the data points shown here.

Table 2. Component identification, proper motion in the x-coordinate, proper motion in the y-
coordinate, total proper motion, apparent speeds, and the direction of motion.

Jet Component µx µy Total p.m. App.Speed Direction of Motion
(mas/yr) (mas/yr) (mas/yr) [c]

j6 0.009 ± 0.005 0.02 ± 0.01 along the jet
j5 0.022 ± 0.005 0.05 ± 0.01 “ ”
j4 0.014 ± 0.011 0.03 ± 0.02 “ ”
j3 0.004 ± 0.010 0.01 ± 0.02 “ ”

j2 0.048 ± 0.013 −0.151 ± 0.012 0.158 ± 0.018 0.35 ± 0.04 orthogonal to the jet
j1 0.045 ± 0.014 −0.239 ± 0.022 0.243 ± 0.026 0.54 ± 0.06 “ ”

3.1. Spine–Sheath Structure

Figure 2b shows that the jet features j3–j6 are well-aligned along the main jet ridge
line. These jet features most likely define the spine of the jet. On both sides of this spine,
jet features straddling this spine can be seen (r_sheath, l_sheath). These features probably
represent the sheath around the jet. A spine–sheath jet structure in this pc-scale jet has been
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reported earlier, based on polarization maps (e.g., Pushkarev et al. [18], Giroletti et al. [13],
and Croke et al. [20]).

3.2. Close to the 15 GHz Core

We confirm the previously reported ‘off-axis’ jet structure close to the core [19]. Ad-
ditionally, on the counter-jet side, we find evidence for jet features that most likely are
counter-jet components extending up to 0.8 mas in the y-coordinate (Figure 2a). Details of
both these features—the off-axis jet structure, as well as the counter-jet components—are
subject to another study (Britzen et al., in prep.).

4. Discussion

Mrk 501 is considered to be a prototypical TeV blazar, but it has shown two characteris-
tics that differentiates it from the other gamma-ray blazars. On the one hand, despite being
classified as an HBL, Mrk 501 behaved as an extreme high-frequency-peaked blazar (EHBL)
throughout the entire 2012 observing season [1]: the synchrotron peak was measured to lie
above 5 keV and the inverse-Compton peak above 0.5 TeV during all the observations (e.g.,
during both high and low activity). On the other hand, Mrk 501 is the only blazar known so
far, which has shown a hint of multiple spectral components in the VHE gamma-ray energy
range. During July 2014, the MAGIC telescopes detected evidence of an additional narrow
spectral component superposed on the broadband emission [8]. This narrow spectral
component has a significance of 3–4 σ with respect to a single emission component, and it
is centered around 3 TeV. The detection of this component occurred in coincidence with the
strongest Mrk 501 flare in the X-ray band detected during the 17-year-long operation of the
Neil Gehrels Swift observatory. The detection of this transient spectral feature makes Mrk
501 a particularly interesting target to search for jet structures, especially in radio, where
the current instrumentation has the resolution to detect and follow the temporal evolution
of multiple components.

4.1. Apparent Stationarity of Jet Features and a Long Spell of No Component Ejection

Several kinematical studies of the pc-jet of Mrk 501 have revealed apparent stationarity
of the jet components. Giroletti et al. [15] found no proper motion in any of the four
components observed by them at 15 GHz. Edwards and Piner [27] report two subluminal
and two stationary components based on VLBA data obtained at 8 and 15 GHz between
1995 and 1999. The MOJAVE team [29,30] listed values for the proper motion of eight jet
components with values ranging from 12.8 ± 6.8 µas/y (0.029 ± 0.015 c) to 397 ± 78 µas/y
(0.89 ± 0.17 c). We find that the jet features j3–j6 move with subluminal speeds (see Table 2)
and confirm the slow apparent speeds reported before.

A striking new feature emerging from the present study is that we find no component
ejections during the entire 23 years of VLBA observations analyzed here. This contrasts with
more typical (i.e., non-extreme) blazars where apparent superluminal motion is commonly
observed, and “new” components seem to be ejected from the core quasi-regularly on
year-like time scales. Edwards and Piner [27] highlight the fact that no new component
has emerged from the core of Mrk 501, after its high TeV state in 1997 (till July 1999).
They suggest that events related to extended TeV (and accompanying X-ray) activity are
decoupled from those producing new VLBI components (e.g., [31]). The much longer
dataset analyzed here appears to consolidate this hypothesis.

Jet components that maintain the same core separation, not showing the classical
outward-directed motion, are expected for helical jets seen under a small line-of-sight angle
(inclination). The best example where a dependence of the jet component’s apparent speed
on the viewing angle has been studied is the BL Lac Object PKS 0735+178 [32]. The source
is a helical jet and revealed apparent superluminal motion of its jet components for five
years. The source then switched into a seven-year phase of apparent stationarity of jet
components. During this time, no component ejections were found. Further scrutiny of
the literature revealed that the source had shown a similar transiting behavior already in
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earlier observations. Britzen et al. [32] explain these findings by a (most likely curling) jet
with a changing viewing angle.

For Mrk 501, further observations, preferably at higher frequencies, are required to
clarify the physical cause of the apparent stationarity of components. Most likely, a helical
jet and/or helical magnetic field and special viewing angle play a role.

4.2. A Turning Maneuver of the Jet

Another striking feature of Mrk 501 found here is the observed “drift” of the pc-scale
jet at 15 GHz. Remarkably, the drift is limited to the outer part (beyond 2 mas distance
from the core). The two outermost jet features move with somewhat higher speeds, albeit
orthogonally to the inner jet, which does not partake in the drift. In the following, we discuss the
possible origin of the jet’s turning maneuver.

Previous observations (e.g., Giroletti et al. [15]) have shown that the inner jet extends
at a PA of ∼145–155 deg, finally bending towards a PA of ∼45 deg. This latter PA is in
agreement with the lower-resolution VLA images. As VSOP observations revealed [15], at
this bending region, the jet spreads and forms a cone-shaped diffuse emission. This could
be due to an interaction with the surrounding medium. It has been suggested that such
interactions might bend the jet trajectory (e.g., [33]). According to another explanation [14],
a helical jet could explain the complex jet morphology as well as the misalignment between
the pc- and kpc-scale radio structure.

The MOJAVE spectral index image between 8 and 15 GHz displays relatively flatter
spectra at the upper portion of the inner jet (<2 mas from the core) [34]. The jet also displays
limb brightening both before and after its large (projected) bend (starting at about 30 mas
distance from the core) [15], although other authors do not confirm the limb brightening
for parts of the jet [20]. According to Gabuzda [35], limb brightening in Mrk 501 is most
likely related to some intrinsic property of the jet propagating through an ambient medium,
such as a helical B field, mass loading or particle acceleration at the jet’s edges. However,
limb brightening can also be caused by differential Doppler boosting [15,36]. Alternate
theories explain limb brightening by efficient particle acceleration at sheared boundary
layers [37,38].

Polarization data might help to unravel the origin of the complex radio structure
and unusual kinematics of this jet. In this manuscript, we report evidence for a spine–
sheath structure based on total intensity imaging. A comparison between the spine–sheath
structure properties derived in this paper and the spine–sheath structure derived by [18]
based on polarization data is beyond the scope of this paper but planned for a future
publication. Since the polarization is variable, a detailed analysis will be required. Based
on a visual inspection of the polarization maps of Mrk 501, provided by the MOJAVE
team, it seems that parts of the jet indicate a spine–sheath polarization structure. The
fractional polarization increases towards the jet edges. The latter can either be explained
by a helical jet B field or shocks along the jet ridge line combined with shear at the jet
edges (e.g., [35]). The CLEAN bias could also contribute to the increase in the fractional
polarization towards the edges [39]. Croke et al. [20] obtained the first rotation measure
(RM) map based on a joint analysis of polarization data at 1.6, 2.2, 5, and 8 GHz. They find
a clear systematic gradient in the RM across the VLBI jet. This transverse gradient extends
from the core region to a distance of ∼30 mas from the core. The authors interpret this
finding as support for the hypothesis that a helical magnetic field is associated with the jet
of Mrk 501. The RM gradient could also be produced in the outer sheath wrapping around
the jet, as observations of 3C 273 have revealed [40].

We find motion in the outer, diffuse (conical) part of the jet. The direction of this
motion coincides with the expected direction of motion in case the motion is caused by a
helical magnetic field. Thus, while there are several arguments that point in favor of an
explanation in terms of a helical magnetic field governing the drift of the outer components,
there are other arguments that deserve consideration, as well.
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The motion in the outer part of the jet is not directed towards the large-scale PA of
∼45◦ but in the opposite direction. While this large-scale PA could also result from an
earlier orientation of the Mrk 501 central engine, which might have changed due to a
merger and consequent spin-flip (e.g., [41]), this finding argues against a helical magnetic
field as the origin of this diffuse feature. Another argument against the helical magnetic
field comes from the fact that only the outer portion of the nuclear jet is drifting while the
inner jet remains steady. Interaction of the jet with the surrounding medium thus seems
to be a more plausible explanation, as compared to the possibility of a drifting axis of the
central engine. This distinction would be much harder to make in the case of most blazars,
which lie at greater distances, and hence their nuclear jets are not so well resolved.

In reality, the process behind the jet’s drift is likely to be more complex than a bend
due to a collision with a denser region in the ambient medium. The visual comparison with
the MOJAVE polarization data indicates the existence of two locations with a pronounced
change in polarization, suggesting a helical structure, as noted above, can originate through
several mechanisms. Such helical pattern may appear as a result of the current-driven
kink instability, which has been proposed as a strong candidate for accelerating particles
via turbulent magnetic reconnection, producing the very high energy emission (GeV-TeV)
observed in blazars [42,43]. Such an origin of the helical pattern would be consistent with
the jet propagating in a straight direction until the turning maneuver, where the instability
enters a nonlinear regime. Identification of the source of TeV flares with such turning points
in their pc-scale jets would favor this hypothesis.

Another possibility that deserves attention is precession at the jet base that goes
unnoticed near to the core due to an observing angle that is small compared to the opening
angle of the helix [14]. Precessing jets have been shown to arise in general relativistic
magnetohydrodynamic simulations due to the Lense–Thirring effect when the spin of the
black hole is misaligned with the larger scale angular momentum of the accretion flow (see,
e.g., [44]). Simulations of accretion onto binary black holes with mass ratios from 1:1 to 1:10
separated by 10 gravitational radii, rg = GM/c2, have shown that the jets from the two
black holes merge into a single helical structure at relatively small distances (of the order of
100 rg) [45]. Both of these scenarios would be favored if additional phenomenology were
discerned, such as a measurable drift in the inner part of the jet, periodicities in the light
curve, or emission associated with spiral shocks in the innermost accretion flow.

We observe stationary jet features for the inner part of the jet and larger apparent
speeds in the outer part of the jet. An intrinsic bend could help to explain the observations.
According to the work by Giroletti et al. [13], it is possible that the jet is more closely aligned
in its inner part and is oriented at a larger viewing angle after the turn. The drift may
also come from some twist produced at the jet base that propagates away, changing the
direction at larger radii. There is some evidence for a mildly wavy pattern over the entire
first 7 mas length, starting from the core (Figure 1b). The drift could also be caused by
changes in the ambient medium. Determining the exact cause of the drift may require more
detailed modeling and additional input from polarimetric data.

To summarize, this study reports some unusual new properties of the pc-scale radio
jet of Mrk 501. While a direct causal connection between the drifting motion of the outer
VLBI jet, the stationary inner knots, the prolonged absence of component ejections and
concrete observed TeV-flares could not be robustly detected (no 15 GHz data available near
the epoch of, e.g., the 2014 flare), a comprehensive understanding of the wide-ranging
observational peculiarities of Mrk 501 would be feasible by taking into account the entire
gamut of multi-band temporal, polarimetric and kinematical complexities of this remark-
able blazar. The present study adds further new pieces to the puzzle of this enigmatic object.
Further investigations of these observational findings are planned and will be reported in a
forthcoming paper.
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Appendix A. All Maps of Mrk 501
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Figure A1. The jet mapped with the VLBA at 15 GHz at nine different epochs between 20 January
1995 and 26 May 1997. Superimposed are the labels of the model-fit Gaussian components. Note that
not every jet component is identifiable in each observation.
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Figure A2. Same as in Figure A1 for the nine epochs between 15 August 1997 and 13 December 2002.
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Figure A3. Same as in Figures A1 and A2 for the nine epochs between 22 August 2003 and
16 August 2007.
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Notes
1 Monitoring Of Jets in Active galactic nuclei with VLBA Experiments webpage, see https://www.cv.nrao.edu/MOJAVE/,

accessed on 14 December 2021.
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