
CONTEXT: Controversial studies on the jet collimation profile of BL Lacertae (BL Lac), the eponymous blazar of BL Lac objects class, complicate the scenario in this already 
puzzling class of objects. Understanding the jet geometry, in connection with the jet kinematics and the physical conditions in the surrounding medium, is fundamental to 
better constrain the formation, acceleration and collimation mechanisms in extragalactic jets.  
AIMS: With the aim of investigating the jet geometry in the innermost regions of the jet of BL Lac, and solving the controversy, we explore the radio jet in this source, using 
high resolution millimeter-wave Very Long Baseline Interferometric (VLBI) data.  
METHODS: We collect 86 GHz GMVA and 43 GHz VLBA data to obtain stacked images that we use to infer the jet collimation profile by means of two comparable methods. 
We analyze the kinematics at 86 GHz, and we discuss it in the context of the jet expansion. Finally we consider a possible implication of the Bondi sphere in shaping the 
different expanding region observed along the jet.  
RESULTS: The jet in BL Lac expands with an overall conical geometry. A higher expanding rate region is observed between ∼ 5 and 10 pc (de-projected) from the black hole. 
Such a region is associated with the decrease in brightness usually observed in high- frequency VLBI images of BL Lac. The jet retrieves the original jet expansion around 17 
pc, where the presence of a recollimation shock is supported by both the jet profile and the 15 GHz kinematics (MOJAVE survey). The change in the jet expansion profile 
occur- ring at ∼ 5 pc could be associated with a change in the external pressure profile in correspondence of the Bondi radius (∼3.3×105RS ). 
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THE IMPORTANCE OF HIGH RESOLUTION 

From the mm-core (~ 1 pc from the BH,  0.6 x , Marscher et 
al. 2008) up to ~ 100 pc, the jet expands CONICALLY.

105RS

15 GHz: MOJAVE (Pushkarev et al., 2017) 
43 GHz: VLBA-BU-BLAZAR  
                 (94 epochs, May 2009 - March 2019) 
86 GHz: GMVA  
                (11 epochs, May 2009 - April 2017)

The higher resolution of the 43 and 86 GHz data reveals a higher expanding rate region between ~ 5 and  ~ 10 pc, 
followed by a recollimation of the jet (~ 17 pc) and the restart of the jet expansion with the same initial rate
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WHO IS THE RESPONSIBLE FOR THE SUDDEN JET WIDENING? 

RHD simulation of a jet with an initial over-
pressure 10 times larger than the external 
medium, leading to a set of recollimation 
shocks.  
Reproduced from Casadio et al., 2013.

(Bach et al., 2006)

The higher expanding rate region 
and associated  adiabatic losses and 
decrease in magnetic field strength 
naturally explain the low emission 
region around 0.7 - 1 mas from the 
core usually observed in high 
frequency VLBI images

15 GHz model fits 
components (MOJAVE 
kinematics) show acceleration 
parallel to the velocity vector 
starting from  ~1 - 1.5 mas, as 
expected in the region after a 
recollimation shock.

The Innermost Regions of Relativistic Jets and Their Magnetic Fields

Figure 3. Relativistic hydrodynamical simulation of a jet with an initial over-pressure 10 times larger than the external medium, leading
to a set of recollimation shocks.

Figure 4. Five snap-shots in the time evolution (from top to bottom) of the jet particle pressure after the introduction of a short increase
in the jet inlet pressure by a factor of 8. The perturbation interacts with the second recollimation shock leading to a significant increase
in pressure.

5 GHz, and with the JVLA at 15, 22 and 43 GHz in A-
configuration. Our polarimetric multi-frequency study is
also aimed to probe the polarized emission structure along
the jet and any possible Faraday rotation. The VLBA ar-
ray at these two frequencies provides the resolution and
the sensitivity needed to study in detail the structures in
HST-1 and to follow the kinematics and flux density evo-
lution of subcomponents in HST-1. The program consists
of three epochs separated by 6 months each, of which here
we present the observations of the first epoch (2013 March
9). The JVLA observations consist of 7 observing blocks
between 2012 October 28 and 2012 December 22 of ap-
proximately three hours each.

3.1 VLBA data

The calibration and imaging of the data was performed us-
ing AIPS and Difmap packages in the usual manner [21].
Figures 7 and 8 show the VLBA images obtained in 2013
March 9 at 2.2 and 5 GHz, respectively. For both im-
ages we obtain a sensitivity of about 0.1–0.2 mJy/beam. A
gaussian taper to the visibility data at 2.2 GHz has been ap-
plied in order to enhance the emission region of the HST-1
complex. The resulting image is shown in the inset panel

of Fig. 7, together with a fit of the visibilities to circu-
lar gaussian models to describe the emission structure in
HST-1.

3.2 JVLA data

Analysis of the JVLA data has been carried out with
CASA following the standard procedure described in the
CASA cookbook. Calibration of the bandpass was ob-
tained through observations of 3C 279, while 3C 286 was
used as flux density calibrator and to determine the instru-
mental polarization and absolute orientation of the electric
vectors position angle. A preliminary image at 15 GHz,
obtained with a total on source integration time of approx-
imately 12 minutes, is shown in Fig. 9 for the observations
carried out on 2012 November 25. Analysis of the emis-
sion structure and Faraday rotation detected in the di↵erent
knots, including HST-1, will be presented in a forthcoming
paper.

4 Results

Our VLBA observations reveal a signifiant decrease in the
flux density of HST-1 as compared with previous epochs

http://www.physics.purdue.edu/astro/MOJAVE/velocitytableXVIII.html
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Fig. 1. VLBI images of BL Lac. Left: 15 GHz image (epoch 2002.03) with a beam of 0.64 mas ×0.32 mas at PA −33◦. Peak flux density is
1.4 Jy/beam and contours start at 1.5 mJy/beam, increasing by a factor of 2. Middle: 22 GHz image (2002.05) with a beam of 0.88 mas×0.58 mas
at PA 27◦. Peak flux density is 1.6 Jy/beam and contours start at 3 mJy/beam, increasing by a factor of 2. Right: 43 GHz image (2002.05) with a
beam of 0.58 mas×0.34 mas at PA 32◦. Peak flux density is 1.3 Jy/beam and contours start at 3 mJy/beam, increasing by a factor of 2.

in this context is the low emission region around 0.7–1 mas from
the core, where only very small variations occur even though
the core and the jet around 2 mas are highly variable and several
new jet components were reported during this time range (Denn
et al. 2000; Jorstad et al. 2001; Stirling et al. 2003; Kellermann
et al. 2004; Jorstad et al. 2005). It is obvious that a measure-
ment in this region would give completely different results than
a measurement 0.5 mas farther down the jet. From Fig. 2 we can
estimate the maximum brightness that can be reached at a cer-
tain jet position. It seems that new components first rapidly fade
as they separate from the core and then reappear at about 1 mas
distance from the core. The maximum brightness is reached at
about 1.5 mas and after that the components slowly fade as they
travel down the jet.

We have tested several alternative positions with different
sizes to check how the light curves change at different core dis-
tances. If we take measurements within a very small region, the
integrated flux density goes down and the signal to noise ratio of
the light curve decreases. On the other hand, if the region is too
large, different jet components will overlap and smear out the
variability. We find that the best choice is a small region close
to the core, where flares from the core might be detectable with
only a short time delay, as well as two slightly larger regions
after the low emission gap to trace the flux density evolution far-
ther downstream.

The core is represented by a circular region of 0.15 mas ra-
dius around the image centre, the first jet region corresponds to
a core separation of 0.2 mas ≤ r ≤ 0.7 mas, the second one to
1.5 mas ≤ r ≤ 2.5 mas, and the third one to 2.5 mas ≤ r ≤
3.5 mas. We have tested several methods to obtain the corre-
sponding light curves, including 1) the task IMSTAT in AIPS,
which integrates the flux density of the image within a prede-
fined rectangular region; 2) model fitting of Gaussian compo-
nents in Difmap; and 3) integrating the flux density along the
slices presented in Fig. 2. Among the alternatives, we find that a
quite accurate and flexible method is to extract the light curves
by summing the delta-function components within the specified
regions from the final CLEAN models produced with Difmap.
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Fig. 2. Intensity profiles of the VLBI images of BL Lac at 22 GHz (top)
and 43 GHz (bottom), combining all epochs. The figure illustrates the
flux density behaviour of the jet ridge-line at a resolution of 0.5 mas
(22 GHz) and 0.3 mas (43 GHz) at PA = 195◦. Each curve represents
one epoch between 1997 and 2003. Vertical lines indicate the core and
jet regions that were used to analyse the images.

Another advantage of this method is that one can easily change
the limits of the regions and rerun the analysis. Since most of
the data were reduced by various authors and the quality of the
data is inhomogeneous, we estimate the flux density error to be
10%, which is typical for VLBI measurements. From our expe-
rience with the VLBA, 10% is a conservative assumption and
the typical uncertainty at 15 GHz and 22 GHz might be as low



 

CONCLUSIONS
✦ The jet expands with an overall conical geometry; 

✦  The overall jet expansion is interrupted by a different expanding region between ∼ 5 pc and 17 pc (de-projected) from the 
black holes (BH), where the jet expands faster and then it recollimates. The higher expansion rate is accompanied by a severe 
decrease in brightness explained considering adiabatic cooling being the main energy loss mechanism there. The jet 
recollimation, which occurs at around 17 pc downstream, is instead associated with an increase in flux density, explained either 
by particle re-acceleration or by a local increase in particle density;  

✦ The change in the jet expansion profile could be associated with a change in the external pressure profile occurring where the 
BH ceases its gravitational influence on the surrounding material, at the Bondi radius (∼3.3×105RS ) - see calculation in the 
paper; 

✦ Both the kinematics and the collimation profile at 3 mm, support the existence of a stationary recollimation shock just before the 
jet starts expanding faster. The location coincides with the recollimation shock observed at 15 GHz within the MOJAVE survey 
(Cohen et al. 2014, 2015; Arshakian et al. 2020);  

✦ The parallel acceleration displayed by some model-fit components at 15 GHz (MOJAVE survey) after ∼1 mas (11 pc), is in 
agreement with the jet physical conditions downstream a recollimation shock, as predicted by numerical simulations (e.g., 
Mizuno et al. 2015). This could prove the existence of a recollimation shock around 17 pc, as already observed in the jet 
expansion profile and supported by the radial flux density profile. 
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