
Future Prospects	

Observations and Results:	

Discovery of Off-axis Jet Structure 
in TeV Blazar Mrk 501 by mm-VLBI 

Summary: We present results from 43 GHz 
(VLBA, six epochs from 2012.2 to 2013.2) and 86 GHz 
(GMVA, one epoch in 2012.4) observations toward the 
basis of the jet in Mrk 501. The 43 GHz data analysis 
reveals a new jet feature located northeast of the radio 
core, with a flux density of several tens of mJy, 
perpendicularly to the jet axis. The 86 GHz image also 
shows an emission extended northeast of the core and 
a southeast jet feature. The spectrum of the radio core 
is flat, consistent with previous results, while that of 
northeast component is flat-to-steep, and that of 
southeast jet is flat-to-invert. 

43 GHz uniform weighted VLBA CLEAN contour images with fitted circular Gaussian components. 
The common 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 are plotted above each map. The first contours are set to three 
times the rms noise level of each map, increasing by a factor of 2.	

M. Giroletti et al.: The jet of Mrk 501 from 106RS down to a few 102 907

(a)

(b)

R
el

at
iv

e 
D

ec
lin

at
io

n 
(m

as
)

Relative Right Ascension (mas)

500 400 300 200 100 0

500

400

300

200

100

0

Fig. 3. High Sensitivity Array image of Mrk 501. The peak is 762 mJy
beam−1, and the contours are traced at (−1, 1, 2, 4, . . .) × 0.075 mJy
beam−1 (3σ noise level). As a result of natural weighting with a
Gaussian taper at 18 Mλ, the restoring beam is 15.1 × 11.4 (mas ×
mas) in PA −11.3◦. We mark with letters the region of sharp brightness
decrease (a) and of limb brightening (b) in the extended jet. See Fig. 4
for the brightness profile across the jet.

flux density and spectral index (G04), Mrk 501 was expected to
be only a few hundred mJy at this frequency.

The standard frequency was 86.198 GHz, with 16 IFs of
8 MHz bandwidth each, 2 bit sampling in left circular polari-
sation (LCP). The participating telescopes were Effelsberg, Pico
Veleta, the Plateau de Bure interferometer, Onsala, Metsähovi,
and 8 VLBA stations (i.e. all except Saint Croix and Hancock).
The European telescopes observed for ∼9 h and the American
ones joined in for the last ∼6 h (Mauna Kea only for the last
∼4 h); the telescopes at Metsähovi and North Liberty failed.

The calibrator 3C345 was readily detected with good signal-
to-noise ratio. From the fringe fitting of 3C345 we determined
rates and single-band delays, and applied them to the whole data
set. We obtained an image of 3C345 and found it to be in agree-
ment with published images of comparable or slightly lower res-
olution (Lobanov et al. 2000; Lister & Homan 2005). At this
stage, it was then possible to fringe fit Mrk 501 itself, averaging
over the IFs, using a solution interval as long as the scan, and set-
ting a SNR threshold of 3.0. Mrk 501 was well detected not only
between large European apertures but also on baselines to the
smaller VLBA antennas. Solutions that were obviously bad were
edited out using SNEDT, and the data were subsequently fre-
quency averaged. Final self-calibration and imaging were done
in Obit (Cotton 2008).

The final amplitude vs. (u, v)-distance plot is shown in Fig. 1.
The coverage is good in the short baseline range and much
sparser in the outer part of the (u, v)-plane. Due to the failure
of the easternmost VLBA antenna, there is also a large gap in
between the short and long baseline domains. A large baseline
noise is visible; however, significant emission in the short base-
lines is clearly present. An image of the calibrator 3C345 and a
spectral plot of the resulting phases vs. spectral channels for vis-
ibilities of Mrk 501 are shown in Giroletti & Giovannini (2006).

Table 1. Jet/counter-jet brightness ratio

r BJ θmax

(mas) (mJy beam−1) Rmin βmin (◦) Notes
(1) (2) (3) (4) (5) (6)
12 180 7200 0.94 19 Inner jet
21 105 4200 0.93 21 Jet bend
62 21.4 856 0.87 29

128 3.5 140 0.76 41
284 0.26 10.4 0.44 64
464 0.20 8.0 0.39 67
706 0.12 5.0 0.31 72 confused with noise

3. Results

3.1. The kpc scale structure

On kiloparsec scales, Mrk 501 is core dominated with a two
sided extended structure visible as well, extending in PA ∼ 45◦
for more than 30′′ on both sides of the core (Ulvestad et al. 1983;
Kollgaard et al. 1992; Cassaro et al. 1999). It is straightforward
to identify this structure with the symmetric extended emission
characteristic of a radio galaxy and to infer an orientation near
to the line of sight, in agreement with what is expected from a
BL Lac source. However, the symmetric emission implies that at
this distance from the core no relativistic jet remains.

Thanks to the VLA data available as a byproduct of the HSA
observations, we obtained a higher resolution VLA image of
Mrk 501 (see Fig. 2). The phased array image is dynamic range
limited (∼10 000 : 1), and it shows a one-sided emission with a
short jet like structure in the same PA as the extended symmet-
ric structure. From this one-sided emission we can derive con-
straints on the jet velocity (βc) and orientation (θ) with respect
to the line of sight. At 2′′ we have β cos θ > 0.36 and at 1′′,
β cos θ > 0.63. This result implies that at 0.67 kpc (projected)
from the core the jet is still at least mildly relativistic (β > 0.63).

3.2. The extended jet

We obtain a detailed look at the jet of Mrk 501 from the deep
VLBI observations with the HSA. We show in Fig. 3 a tapered
image, where baselines longer than 18 Mλ have been signifi-
cantly down-weighted to increase the signal to noise ratio of
the low-surface brightness emission. We achieve a 1σ rms of
∼25 µJy beam−1 and emission is revealed on the main jet side
up to a distance of ∼700 mas from the core, i.e., five times fur-
ther than detected in any previous VLBI observation. No emis-
sion is detected on the counter-jet side at the level of 3σ noise.
In Table 1, we give at some selected distances (Col. 1) the jet
brightness (Col. 2) and the corresponding lower limits to the
jet/counter-jet brightness ratio (Col. 3). The minimum required
velocity (βmin) and largest allowed viewing angles (θmax) are then
reported in Cols. 4 and 5, respectively. The jet opening angle re-
mains constant (φj ∼ 40◦) after the well known bend at 30 mas.

The jet brightness shows a decrease with increasing jet dis-
tance from the core; the space distribution is quite uniform, i.e.,
no prominent knot is present in the extended jet. The most note-
worthy features in Fig. 3 are the relatively sharp brightness de-
crease at ∼100 mas (marked with a), which could correspond to
a shock region, and the jet limb brightening across the slice at
∼60 mas from the core (marked by b). The jet brightness profile
across this slice is shown in Fig. 4 and, although less conspic-
uous, is similar to the structure visible in the inner jet in higher
resolution images (G04).
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Fig. 6. Mrk 501 at 86 GHz; the restoring beam is 110 µas × 40 µas
in PA − 8◦. The peak is 45 mJy beam−1, and the contours are traced at
(−1, 1, 2, 4, 8)×4.0 mJy beam−1. The 1σ noise level is∼1.5 mJy beam−1.
The grey scale flux range is −3.0 to 40 mJy beam−1.

Table 2. Deconvolution of Gaussian component fit to the 86 GHz im-
age.

r θ bmaj bmin bφ P I
(mas) (◦) (mas) (mas) (◦) (mJy (mJy)

beam−1)
(1) (2) (3) (4) (5) (6) (7)

0.00 0.0 0.032 <0.048 169 40.2 48.7 ± 1.5
0.08 ± 0.03 −135.6 0.181 0.078 27 9.7 51.0 ± 4.3
0.11 ± 0.01 144.4 <0.090 <0.036 175 11.4 9.0 ± 1.1
0.73 ± 0.01 172.0 <0.102 <0.030 170 12.9 9.5 ± 1.1

basic parameters for each component: (1) the peak flux den-
sity P and (2) its compactness. In simple words, the uncertainty
brought about by noise in the visibility data (i.e. scatter of the
(u, v)-points) will affect faint diffuse components much more
than bright compact ones. Therefore, we estimate the uncertainty
on the position of each component using the following formula:

∆r =
1
2

√
bmaj × bmin

P/3σ

where σ is the image local noise; the formula is therefore related
to the SNR of the component in such a way that the position of
a 3σ feature is not known to better than its mean angular radius.
The uncertainties reported in Col. (2) are calculated in this way
and they have been added in quadrature to that on the core posi-
tion (0.004 mas), which is taken as a reference.

The brightest component, which we identify with the core
visible at centimeter wavelengths, is still unresolved at 86 GHz.
We then use our deconvolved size of this component to give an
upper limit to the dimension of the jet base, and a lower limit
to its brightness temperature. At z = 0.034, 1 mas= 0.67 pc,
therefore the deconvolved angular size of the GMVA core cor-
responds to 0.021 × 0.032 pc. The black hole mass for Mrk 501
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Fig. 7. Results from the model-fit with Gaussian components to the im-
age plane, overlayed with contours traced at (−4.5, 4.5) mJy beam−1.
The crosses mark the position, major and minor axis, and position an-
gle of each component.

is estimated around MBH = 109 M% (Rieger & Mannheim 2003),
which implies a Schwarzschild radius RS = 1.0 × 10−4 parsecs.
This means that the radio emission originates in a region that is
smaller than 210 × 320 RS.

We derive the brightness temperature of this region from the
following formula:

TB =
B
2k
λ2.

In our observations λ = 3.5 mm; moreover, to derive B in MKS
units, we calculate that 1 beam = 7.52 × 10−17ab ster, where
a and b are the major and minor semi-axis of the deconvolved
component, in mas. Therefore:

TB =
1.32 × 10−13(ab)−1BmJy

2 × 1.38 × 10−23 × 12.1 × 10−6 K

i.e.,
TB = 5.8 × 104 × BmJy(ab)−1 K.

With the values from Table 2, we find a brightness tempera-
ture for the core component TB ≥ 6.8 × 109 K. If we make
the reasonable assumption that the size of the emitting region
is actually smaller (e.g. 1/3 of the deconvolved size), we get
TB >∼ 6 × 1010 K. However, even under this assumption, the
result requires a high but not extreme value of the Doppler fac-
tor at the base of the radio jet. In fact, this is not surprising,
since the brightness temperature depends only on the physical
length of the maximum baseline and on the observed brightness.
Therefore, observations with similar array at a frequency near
the spectral peak can yield higher TB.

We show in Fig. 8 a spectral plot for both the (average) to-
tal flux density on kiloparsec scale as measured by single dish
telescopes, and for the VLBI core, including our new data point
at 86 GHz. The spectrum of the VLBI core between 1.6 and
22 GHz has been presented in G04: the core has a turnover at
about 8 GHz, and then the flux density falls as a power law of
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Figure 1. VLBA images of Markarian 501 at 86 and 43 GHz. Axes are labeled in milliarcseconds (mas). The 86 GHz image has a beam size of 0.30 by 0.11 mas at
position angle −13◦, a peak flux density of 221 mJy beam−1, and a lowest contour of 4.0 mJy beam−1. The 43 GHz images are all restored with the same beam size of
0.50 by 0.19 mas at position angle −14◦ (the average beam size from the three epochs). Peak flux densities in the 43 GHz images are 278, 221, and 179 mJy beam−1.
The lowest contours in the 43 GHz images are 2.1, 3.0, and 3.4 mJy beam−1. The lowest contours are all set to three times the rms noise level. Subsequent contours
increase by factors of two. The feature evident at ∼2.5 mas from the core in the 2005 June 21 image may be associated with the component C3 described in Edwards
& Piner (2002), and is only detected at this epoch.

limb was well-fit by a long, thin, elliptical Gaussian oriented
approximately along the jet direction. These elliptical Gaus-
sians are labeled “eastern limb” and “western limb” in the
model-fits in Table 1. Recall that east and west are reversed
on the images relative to their standard directions. That region
of the jet corresponds to the region that was fit by a single
stationary Gaussian component (called C4) in our earlier work
at lower resolution (Edwards & Piner 2002). These observa-
tions then confirm what was already noted about this source
by G04; that at higher resolutions the jet has a limb-brightened
structure that cannot be well represented by a single Gaussian
component.

3. RESULTS AND DISCUSSION

3.1. VLBI Core

The model-fit to the VLBI core at 86 GHz is a 231 mJy
ellipse of size 0.045 by 0.021 mas. The major axis is resolved,
but not the minor axis—the upper limit on the minor axis size
is < 0.030 mas, corresponding to a brightness temperature
> 3 × 1010 K. The model-fit constrains the most compact radio
emission in Mrk 501 to come from a size less than 300 × 200
Schwarzschild radii, the same size upper limit that was found by
G08. Comparing to the 86 GHz image of this source from 2005
October by G08, we note that G08 used the Global Millimeter
VLBI Array (GMVA), so their beam size is about a factor of
2–3 times smaller. They resolve the central region into three
components, a core and two components that may represent the
broad base of the limb-brightened jet; these features are likely
blended with the core in our lower resolution image. G08 find
a total flux density of 110 mJy in the core region, less than our
measured core flux density, but Mrk 501 faded between 2005
May and September at 43 GHz, and likely did so at 86 GHz as
well.

The spectral index of the core between 43 and 86 GHz (with
sign convention S ∝ ν+α), measured using the model-fit core
components from 2005 May, is −0.6 ± 0.2, assuming 10%
and 20% accuracies for the amplitude calibrations at 43 and
86 GHz, respectively (from correction factors given by the
gscale command in Difmap). This is consistent with the value
of −0.5 measured for the high-frequency spectral index by G04
and G08. The flux density of the VLBI core drops at 43 GHz over
our three epochs, from 344 to 255 mJy (0.10 probability of no
variation, assuming 10% amplitude errors). A major gamma-ray
flare was detected just nine days after our second epoch (Albert
et al. 2007), but this does not seem to have manifested in a VLBI
core flare, at least not at any of our epochs. A similar fading of
the VLBI core during a time of high TeV activity was seen by
Charlot et al. (2006) in Mrk 421.

3.2. Limb-Brightened Jet

The major result of this work is the detection of the prominent
limb-brightening of the jet in its inner parsec in the three 43 GHz
images, definitively confirming a spine–layer structure in this
region of the jet. The limb-brightening is prominent enough that
the model-fits yield separate elliptical Gaussian components for
each limb of the jet, allowing us to make measurements of the
layer properties free from beam convolution effects.

Figure 2 shows the transverse brightness across the jet from
the CLEAN image from the third epoch, at a distance of
0.75 mas (0.5 pc projected) from the core. From such transverse
brightness plots, or from the model-fits, we can set lower limits
on the layer/spine brightness ratio. The layer/spine brightness
ratio in Figure 2 is about 5:1, and although the measured
ratio changes with epoch and distance from the core, this is
close to its median value of 6:1. This ratio is a lower limit,
because the images used to obtain the transverse plots have

both R.A. and declination between the 5 and 1.6 GHz images.
See Figures 10–12 for the final spectral index maps.

3. RESULTS

3.1. Source Morphology

The large-scale radio structure has been imaged with the
VLA (Ulvestad, Johnston, & Weiler 1983; Van Breugel &
Schilizzi 1986; Cassaro et al. 1999), showing a core-dominated

source with two-sided diffuse emission oriented at position
angle P:A:ð Þ #45$; this indicates that the jets are non-
relativistic at a (projected) distance of #10 kpc from the core.
The parsec-scale structure has also been investigated, using
VLBI techniques (see e.g. Conway & Wrobel 1995), with
resolution of #10 mas. However, the collection of multiepoch,
multifrequency, high-resolution, and high-sensitivity images
will improve our knowledge of the source morphology and
evolution. The present VLBI observations show a strong core
and a one-sided jet. The jet exhibits multiple sharp bends
before undergoing a last turn, followed by rapid expansion. We
can distinguish three different regions:

1. A first region, extending #10 mas from the core where a
high-brightness jet structure is present (Figs. 3, 4, and 5). The
jet P.A. is not constant in this region, being 150$–160$ near the

Fig. 4.—Isocontour levels of Mrk 501 at 15 GHz from the 1997 August
epoch. The HPBW is 0:6% 0:9 mas (R.A. % decl.). The noise level is
0.2 mJy beam&1. Contours are drawn at 1, 1.5, 3, 5, 10, 15, 20, 30, 50, 70, 100,
200, and 400 mJy beam&1; the gray-scale range is 0.3–15 mJy beam&1. The
limb brightening is clearly visible in the (resolved) C1 region but no longer in
the inner region because of the lower resolution.

Fig. 5.—Gray-scale plus isocontour levels of Mrk 501 from the 5 GHz
VSOP observation in 1998 April. The HPBW is 0:6% 0:9 mas (R.A. % decl.).
Contours are drawn at 1, 1.5, 3, 5, 10, 15, 20, 30, 50, 70, 100, 200, and
400 mJy beam&1; the gray-scale range is 2–20 mJy beam&1.

Fig. 6.—Isocontour levels of Mrk 501 from the 5 GHz VSOP observation
in 1998 April. The HPBW is 2% 1 mas in P.A. &20$. Contours are drawn at
&3, 1.5, 2, 3, 5, 10, 20, 30, 40, 50, 100, 300, and 500 mJy beam&1.

Fig. 7.—Gray-scale plus isocontour levels of Mrk 501 from the 1.6 GHz
VSOP observation in 1998 April. The HPBW is 3% 1:5 mas at P.A. &10$.
Contours are drawn at 1, 1.5, 2, 3, 4, 6, 8, 10, 30, 50, 100, 200, and 400 mJy
beam&1; the gray-scale range is 0.80–15 mJy beam&1.
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Background: Ultra-high resolution VLBI observations above 43 
GHz have resolved the innermost jet perpendicular to the main jet, and 
revealed that the jet components have completely different position angles 
from the other inner jet components in several quasars (J1924-29: Lu et 
al. 2012; 3C 279: Lu et al. 2013). The physical origin of the off-axis jet 
structure must be related to the properties of the regions where the jet is 
formed, but is still far from being well understood.  
   The TeV blazar Mrk 501 is one of the best BL Lac Objects to resolve the 
innermost jet because of its proximity (z=0.034). This source shows 
irregularly different apparent jet directions in different scales (see Figures). 
These images show clear limb-bright structure, while they did not show 
off-axis jet structure at the innermost. 
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VLBA 43 GHz images	

Slice profiles of the brightness along 
Gaussian center of the core and NE. The 
location of the Gaussian center is set to 
the reference position. All the profiles show 
clear asymmetry with an excess of 
emission to the East. 

GMVA 86 GHz	
2012 May19	

The GMVA image of Mrk 501 at 86 
GHz with four circular Gaussian model 
components with the restoring beam of 
0.26 mas × 0.16 mas in PA 4.41°. The 
peak brightness is 235 mJy/beam, and 
the contour levels are drawn at (-1, 1, 
2, 4,...) x 10.7 mJy/beam. The 1σ noise 
level is 3.6 mJy/beam.  

Slice profiles of VLBA 43 GHz images along Core-NE	

Spectral index map and spectral profiles of 43 & 86 GHz	

Left panel: Spectral index map between the third epoch VLBA 43 GHz map and the 
GMVA 86 GHz map. The contour map shows the VLBA 43 GHz map, with the 
contour levels drawn at (-1,1,2,4,…) x 9.0 mJy/beam, which is three times the rms 
noise of the off-source region of the 86 GHz image. Black dotted lines show the 
locations of the slices and black stars indicate the centroid positions of the fitted 
Gaussian components. Right panel: (A) Slice profile of spectral index along 
Gaussian center of the core and NE. The gray area indicates 1σ errors on the 
spectral index. The black starts show locations of the Gaussian components for the 
core and NE in the 43 GHz map. (B) Slice profile of spectral index map along 
Gaussian center of the core and SE. The black starts show locations of the 
Gaussian components for the core and SE in the 86 GHz map.	

                                          Our observations cannot confirm the spectral index of the jet feature due to the limited 
sensitivity (512 Mbps) and (u,v)-coverage provided by the array used. To obtain more precise GMVA images, 
higher sensitivity (1 or 2 Gbps) and a better (u,v)-coverage, achievable by including new stations in the array, are 
recommended. Recently, the Korean VLBI Network joined the GMVA observations, therefore, it will increase the 
number of east-west baselines when there is no common sky between Europe and the USA. The east-west 
baselines ~9000 km are crucial for resolving the NE and core features with typically 50 µas resolution. Filling short 
baseline spacings will also enable us to perform more accurate calibration. Thus, the increased number of 
baselines is important for obtaining images and spectral index maps at higher fidelity.  

We define the flux density at observing 
frequency    as                .	sν ∝ν

+α

•  The new component NE is located almost perpendicularly to the main jet axis (C1, 
C2, C3) for all the six epochs between 2012 Feb. and 2013 Feb. 

•  The location (angular separation, position angle, and flux) of NE changes randomly. 
•  Slice profiles show two humps, corresponding to the core and NE. The slice profiles 

are modeled by two Gaussian components (see details in Table above). For NE, the 
peak flux is 36 mJy/beam, the FWHM is 0.24 mas, at a core distance of 0.18 mas, 
in average. 

•  The GMVA 86 GHz image shows an extended core 
emission (NE) at 0.11 mas northeast of the core. 

•  A southeast jet (SE) located at (r,θ)=(0.75 mas,156°) is also 
seen. The location could correspond to the one detected by 
the previous 86 GHz image obtained in 2008 May, located 
at (r,θ)=(0.73 mas, 172°)  (Giroletti et al. 2008). 

•  A jet knot (SE’) could correspond to C1 in the VLBA 43 GHz 
images. 

•  The core region has a flat spectrum (α=0 ± 0.5). This is 
consistent with the core spectral indices of Mrk 501 
derived so far (Giroletti et al. 2008, Hovatta et al. 2014). 

•  The NE region has a flat-to-steep spectrum (α=-0.8 ± 
0.5). Though the spectral indices have large errors, NE 
could have steeper indices than the core does. 

•  The SE region has flat-to-inverted spectrum (α=0.6 ± 
1.1). SE could have comparable or flatter spectral indices 
than the core does. 

•  We also took into account of the effect of core shift (~20 
µas between 43 GHz and 86 GHz, extrapolated from the 
relation in Croke et al. 2008), however, the spectral 
tendency did not change.  

•  A flat-to-inverted jet spectrum could be due to shocks in 
the jets (Mimica et al. 2009), or superposition of multiple 
components along line of sight. The GMVA images of 
NRAO 150 at 86 GHz also show flat spectrum at jet 
components (Molina et al. 2014), but the non-
simultaneous observations might cause large image 
misalignment due to structure change.	

ν


