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ABSTRACT

Context. Controversial studies on the jet collimation profile of BL Lacertae (BL Lac), the eponymous blazar of the 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 for better constraining the formation, acceleration,
and collimation mechanisms in extragalactic jets.

Aims. With the aim of investigating the jet geometry in the innermost regions of the BL Lac jet, and resolving the controversy, we
explore the radio jet in this source using high-resolution millimeter-wave 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 jet of BL Lac.

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 occurring at

~5 pc could be associated with a change in the external pressure at the location of the Bondi radius (~3.3 X 10°Ry).

Key words. instrumentation: interferometers — instrumentation: high angular resolution — galaxies: active — galaxies: jets —

BL Lacertae objects: individual: BL Lacertae

1. Introduction

The most accepted scenario to explain the formation of relativis-
tic jets in active galactic nuclei (AGNs) involves the extraction
of energy from the innermost regions of the black hole (BH)
accretion disk (Blandford & Payne 1982) and/or the ergosphere
of the BH itself (Blandford & Znajek 1977) by large-scale mag-
netic fields anchored into the magnetosphere of the rotating BH.
This energy, in the form of Poynting flux, is then converted into
the kinetic energy of a collimated jet, which gradually accel-
erates until it reaches its asymptotic Lorentz factor where the
electromagnetic and kinetic energy fluxes reach equipartition
(Vlahakis & Konigl 2004). In the jet acceleration region, usu-
ally denoted as the acceleration and collimation zone (ACZ;

* The reduced images are only available at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:
//cdsarc.u-strasbg. fr/viz-bin/cat/J/A+A/649/A153

Article published by EDP Sciences

e.g., Marscher et al. 2008), the jet assumes a parabolic shape
(or sometimes even a more collimated cylindrical shape).

Such a seemingly simple model, however, has been subject
to continuous debate, in part due to insufficient observations but
also due to the complexity introduced when the mean particle
energy is relativistic. How and where the electromagnetic energy
is transferred to the jet is an open question. Investigating the
transverse jet size and velocity structure at the jet base through
Very Long Baseline Interferometry (VLBI) studies is an impor-
tant tool for studying the acceleration mechanisms internal to
jets since the acceleration and the geometry of the jet are strictly
connected (e.g., Vlahakis & Konigl 2004; Beskin & Nokhrina
2006; Lyubarsky 2009).

In particular, millimeter-VLBI studies (see Boccardi et al.
2017 for a review) provide high-resolution images of regions
deep in the jet that are otherwise optically thick at longer
centimeter wavelengths. Millimeter-wave VLBI images, there-
fore, give us a direct probe of the inner geometry and velocity
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structure of jets in different AGN classes: radio galaxies (Cygnus
A — Boccardi et al. 2016a,b; M 87 — Hada et al. 2013, Kim
et al. 2018; NGC 4261 — Nakahara et al. 2018; NGC 1052
— Baczko et al. 2016, 2019; Nakahara et al. 2020), a narrow-
line Seyfert 1 (NLS1) galaxy, 1H 03234342 (Hada et al. 2018),
and a few blazars (Mrk 501 — Giroletti et al. 2004; 3C 273 —
Akiyama et al. 2018; TXS 2013+370 — Traianou et al. 2020).
The picture is further complicated by synchrotron opacity effects
(Blandford & Konigl 1979) that can obscure the inner jet and
shift the apparent location of the VLBI radio core at large dis-
tances from the BH, ~ 10%~® Schwarzschild radii (R,; e.g.,
Marscher et al. 2008), as well as by relativistic effects when the
jet is oriented at small viewing angles (as is the case in blazars,
i.e., BL Lacs and flat spectrum radio quasars) and the VLBI
core emission typically dominates over the fainter extended jet
emission.

Relativistic jets should also be considered in the context of
their surrounding environments, the accretion flow, and the sur-
rounding disk winds and interstellar medium. The wind (which
may be magnetized) coming from the outer parts of the accre-
tion disk may play a crucial role in the confinement of jets
(McKinney 2006; Tchekhovskoy et al. 2008). Boccardi et al.
(2020) show that in high-excitation radio galaxies (HERGs), the
ACZ, expressed in Schwarzschild radii, extends over larger dis-
tances than it does in low-excitation radio galaxies (LERGs) and
that this may be associated with the different accretion mecha-
nisms in these two classes of objects. A HERG, hosting radia-
tively efficient standard disks, would have a stronger disk wind
component that keeps the jet collimated for larger distances. This
result is in agreement with the behavior observed in the beamed
subset of HERGs and LERGs by Potter & Cotter (2015). They
find that flat spectrum radio quasars (FSRQs), the beamed sub-
group of HERGs, accelerate over longer distances than BL Lacs,
which are instead considered the beamed subgroup of LERGs.

Recently, Kovalev et al. (2020), and previously Pushkarev
et al. (2017), investigated the jet geometry of a large sample of
AGNSs using mainly 15 GHz Very Long Baseline Array (VLBA)
data from the MOJAVE program. In Kovalev et al. (2020), they
found that ten nearby AGNs (z < 0.07) show a transition from
a parabolic to a conical shape in the scales probed at 15 GHz.
Among these sources is the jet of BL Lacertae (or BL Lac, the
eponymous blazar of the BL Lac objects class), whose transition
occurs at a linear distance of ~2.5 mas from the BH (~24.6 pc
de-projected, considering a viewing angle of 7.6°). In contrast,
the earlier study by Pushkarev et al. (2017) presented a differ-
ent result: The jet expands conically from 0.6 mas to 10 mas,
thus up ~100 pc de-projected, and no break is observed. In the
Pushkarev et al. (2017) case, the jet is not accelerating and has
probably ceased to be Poynting flux dominated. Intending to
clarifying our understanding of the collimation profile in BL
Lac, we performed a detailed study of the jet geometry, now
also adding the information from higher-frequency VLBI obser-
vations (43 and 86 GHz). Thanks to the reduced opacity and
the higher resolution gained by our data set with respect to the
15 GHz data (approximately three and six times higher for the 43
and 86 GHz observations, respectively), we can investigate the
innermost portion of the jet in more detail. We demonstrate how
higher-resolution millimeter VLBI data (with a high dynamic
range) are essential for determining the jet’s collimation profile
in the innermost jet regions.

In Sect. 2 we present the data set and the methods used for
the analysis, and in Sect. 3 we discuss our results, contextu-
alizing them within the jet kinematics and the physical condi-
tions of the external medium. Our conclusions are summarized
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in Sect. 4. We adopt a flat cosmology with Q,, =0.27, Qx =0.73,
and Hy=71kms ' Mpc™' (Komatsu et al. 2009). Assuming
these values, at the redshift of BL Lac (z=0.0686), 1 mas cor-
responds to a linear distance of 1.296 pc.

2. Data and methods

We analyzed 86 GHz Global Millimeter VLBI Array (GMVA)
data of BL Lac obtained from May 2009 to April 2017 (11
observing epochs) and 43 GHz VLBA data from the VLBA-
BU-BLAZAR program' covering 10 years of observations (94
epochs), obtained between May 2009 and March 2019. The
GMVA data are part of an ongoing monitoring program > (PI: A.
Marscher) of a sample of y-ray bright blazars and radio galaxies.
The data reduction of both data sets is available in Casadio et al.
(2019) and references therein.

We used Difmap to fit the complex visibilities with a model
source consisting of components described by circular Gaussian
brightness distributions. We obtained, for each epoch, a model fit
that provides information about the full width at half maximum
(FWHM) size, the flux density, the distance, and the position
angle relative to the core (considered stationary) of each com-
ponent. For the relative uncertainties, we followed Casadio et al.
(2019). Model-fit parameters for all components and epochs at
86 GHz, as used in the analysis, are reported in Table 1.

Blazars are highly variable sources, and this is mostly
reflected in their morphology and behavior at millimeter wave-
lengths. Therefore, to obtain a higher dynamic range image and
to better recover the entire jet cross section, we stacked all
the total intensity images together. Before stacking, we con-
volved the 86 and 43 GHz images with 0.10 mas and 0.19 mas
FWHM restoring circular beams, respectively. The alignment of
the images was done using the position of the intensity peak.
Our radio map stacking, therefore, implicitly assumes that the
radio core in BL Lac is consistently the brightest feature in the
jet at all epochs. While this would not necessarily be true for an
FSRQ (e.g., 3C 273), this is indeed generally the case in BL Lac
type objects. The resulting stacked images at both frequencies
are shown in Figs. 1 and 2, respectively.

We measured the radial jet width in the stacked images using
two different methods: a Python (Van Rossum & Drake 2009)
script where the jet ridge line is obtained first and perpendic-
ular slices are then taken to obtain the transverse jet brightness
profile at every cut; and the tasks SLICE and SLFIT in the Astro-
nomical Image Processing System (AIPS; Greisen 1990), where
slices instead have all the same orientation, perpendicular to the
main jet direction. The Python script (the following packages
are included: matplotlib’, numpy®, and scipy®) should be
more sensitive to jet bending, which is only marginally observed
in the considered images. The two methods provide consistent
results, and the comparison between them was used to test the
robustness of the obtained jet profile. Here we will only focus on
the first method; the results obtained using the AIPS procedure
are outlined in Appendix A.

We fit every slice brightness profile with a Gaussian distribu-
tion, and we obtained the deconvolved jet width (w) by subtract-
ing from the Gaussian FWHM the FWHM of the restoring beam

http://www.bu.edu/blazars/research.html
http://www.bu.edu/blazars/v1bi3mm/
Hunter (2007).

Van der Walt et al. (2011).

Virtanen et al. (2020).
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43 GHz
Stacked

0.0 —-05 -1.0

RA [mas]

Fig. 1. Total intensity stacked image of BL Lac at 43 GHz. A total
of 94 images obtained between May 2009 and March 2019 are used.
The restoring circular beam (lower left circle) is 0.19 mas. Contours
are drawn at 0.125, 0.25, 0.5, 1, 2, 4, 8, 16, 32, and 64% of the peak
(1.71 Jy beam™"). The total intensity ridge line is shown in red.

(b) in quadrature (w = VFWHM? — b?). Following Pushkarev
et al. (2017), we obtained the uncertainties on the jet width mea-
surements by rotating the position angle of each slice by £15° in
steps of 2° and using the new Gaussian profiles to compute the
root-mean-square noise.

In Marscher et al. (2008), the authors located the 43 GHz
VLBI core at ~0.91 pc (de-projected, assuming a 7° viewing
angle) from the BH, just after the end of the ACZ that termi-
nates at ~0.65 pc from the BH. Given the inverse dependence of
the position of the radio core from the jet base with the frequency
(Feore(v) o v~1) found in BL Lac, and a core shift of ~0.04 mas
between 22 and 43 GHz (O’Sullivan & Gabuzda 2009), the core
position offset between 43 and 86 GHz is expected to be small.
Hence, assuming a negligible core shift between these two fre-
quencies, we displaced the VLBI cores at both frequencies by
0.91pc, and we estimated the radial de-projected distance of
each slice from the BH using the same viewing angle as in
Marscher et al. (2008).

3. Results and discussion
3.1. The jet collimation profile

In Figs. 3 and 4 we analyze the dependence between the jet
width, w, and the de-projected distance, d, from the BH (in
pc) for the 43 and 86 GHz profiles, respectively. It is evident

86 GHz
Stacked

0.0 -0.1 —0.2 —0.3 —0.4
RA [mas]

0.2 0.1

Fig. 2. Total intensity stacked image of BL Lac at 86 GHz. Eleven
images obtained between May 2009 and April 2017 are used. The
restoring circular beam (lower left circle) is 0.10 mas. Contours
are drawn at 0.35, 0.5, 1, 2, 4, 8, 16, 32, and 64% of the peak
(0.847 Jy beam™!). The total intensity ridge line is shown in red.

from both profiles that in neither is it possible to fit the w — d
dependence with a single power law. The 86 GHz jet expansion
profile exhibits a decrease in the jet width around (0.3-0.4) mas
followed by a hint of a more rapid expansion. Indeed, after
almost 0.4 mas, as observed at 43 GHz, the jet expands more
rapidly and recollimates later, around 1.5 mas, where it restarts
its expansion with a rate similar to that at the beginning. There-
fore, to obtain the information on the overall geometry of the
jet, we fit the 86 GHz profile only up to 0.25 mas, and we fit
the parts before 0.5 mas and after 1.5 mas at 43 GHz separately.
Using the least-squares method, we fit the w — d dependence at
86 GHz and the first 0.5 mas at 43 GHz with a power law of the
type w = a + b - d*, where a gives the jet width at the location
of the core. For the 43 GHz jet beyond 1.5 mas, we used a power
law fit of the type w = b-d* . The best-fit parameters and relative
uncertainties obtained are listed in Table 2.

The exponent k is expected to be 0.0 for a cylindrical jet,
close to 0.5 in the case of parabolic expansion, and 1.0 for a
conically expanding jet. We obtained & =~ 1 for the three fits,
which means that the overall jet geometry in BL Lac, from ~0.9
to ~30 pc (de-projected), is conical.

The derived values for a, for the 86 and 43 GHz cases, are
a = (31 £ 2)pas and (37 = 7) pas. If we compare these values
with the core FWHM values obtained from model fits, we obtain
a good agreement within the errors. Indeed, for the 86 GHz
core, we obtained an average FWHM of 0.023 +0.016 mas,
while 0.03 +£0.02 mas is the average size of the 43 GHz core
as reported in Jorstad et al. (2017). Given the lower values of
the core size at 86 GHz (as inferred from both the fits and the
model fits) relative to the corresponding values at 43 GHz, we
deduced that in BL Lac the VLBI core at 43 GHz is not com-
pletely resolved. To avoid resolution problems, which could arti-
ficially flatten the jet collimation profile and mimic a parabolic
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Fig. 3. Jet width versus radial distance at 43 GHz, calculated with
respect to the VLBI core (inmas) and to the BH (in de-projected par-
secs). The blue and orange lines are the best fit of assumed power laws
of the type w = a + b -d* and w = b - d*, respectively. The best-fit
parameters with their uncertainties are also reported in Table 2.
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Fig. 4. Jet width versus radial distance at 86 GHz, calculated with
respect to the VLBI core (in mas) and to the BH (in de-projected par-
secs). The blue line is the same as in Fig. 3.

expansion, Kovalev et al. (2020) considered data starting from
0.9 mas for BL Lac. However, the different expanding rate region
observed between ~0.5 mas and 1.5 mas (Fig. 3) could introduce
abias in the fit if it is not excluded from the analysis. Considering
data from 0.9 mas without excluding the aforementioned region
would flatten the jet expansion profile beyond 1.5 mas, produc-
ing a parabolic geometry instead of a conical expansion. We
think this could explain the parabolic shape obtained by Kovalev
et al. (2020) in the innermost 2.5 mas of the jet of BL Lac as well
as the disagreement between the 15 GHz core size they obtained
by fitting the radial width and the visibility data (model-fit com-
ponents), the one they obtained from the fit being more than two
times that obtained from MOJAVE model fits.

We used the BH mass as estimated in Woo & Urry (2002),
Mgy ~ 1.6 X 108 Mg, to convert the radial de-projected dis-
tances into physical distances (Schwarzschild radii, Ry). The
VLBI core, which we assume is co-spatial at the two frequen-
cies, is located at ~0.59x10°Ry from the BH. In Fig. 5, we super-
impose the jet collimation profiles in de-projected distances, as
obtained at the two frequencies. The 3 mm data, stacked together
to obtain a higher dynamic range image, can recover the same jet
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width obtained from stacking 7 mm images. They also provide
the resolution needed to shed light on the innermost structure of
the jet in BL Lac. The higher resolution at 86 GHz helps to bet-
ter constrain the onset of the higher expanding rate region around
5pc (~3.3 x 10°Ry). Later, at ~17 pc (~2.2 X 10°Ry), the jet rec-
ollimates and begins to expand once again, following the initial
expansion profile.

3.2. The inner jet structure and kinematics

In the previous section, we reported the existence of a region in
the jet collimation profiles where the jet expands more rapidly,
which we excluded from our analysis of the overall jet geom-
etry. We focus our attention here on that region, and we try to
contextualize it within the jet kinematics and the physical condi-
tions of the external medium. The kinematics in the first 0.5 mas
is rather complex, even when analyzed with the higher resolu-
tion provided by the 86 GHz data. Aside from the core, which
we consider stationary, we modeled this first part of the jet with
four main stationary components (Figs. 6 and 7). In Rani et al.
(2016), a similar source modeling for BL Lac has been presented
for a GMVA data set obtained in May 2013, hence within our
observing period.

A quasi-stationary feature, located at 0.26 mas from the
15 GHz VLBI core, has been reported within the MOJAVE sur-
vey and interpreted as a recollimation shock (Cohen et al. 2014).
If we assume a core shift of 0.1 mas between the 15 GHz core
and the 43 GHz core (O’Sullivan & Gabuzda 2009), the station-
ary feature should be located around 0.36 mas in our 86 GHz
images. Indeed, the 0.3—-0.4 mas region in the 86 GHz jet is mod-
eled with two components: d3, located at ~0.3 mas, and d4,
which shifts in position between 0.35 and 0.4 mas. The two com-
ponents are never observed at the same time, with the exception
of the May 2009 epoch, though the identification of d3 at that
time is in doubt. Similar behavior is observed for the emission
around 0.1-0.2 mas. It is hard to say if components d1 — d2 as
well as components d3 — d4 should be considered separately or
if they instead describe the same emitting feature, which shifts
in position over time due to core-shift variability. The core-shift
variability is strongly related to the flux density variability of
the core (Plavin et al. 2019), and the 86 GHz core is observed
in a rather variable state (Fig. 8). The same radio core displace-
ment effect was adopted by Arshakian et al. (2020) to explain
the motions of the 15 GHz quasi-stationary feature.

The location of the stationary emitting region around
0.35 mas coincides with a decrease in the jet width (recollima-
tion), as shown in Fig. 4. This would support the nature of the
stationary feature as a recollimation shock. Moreover, the fact
that the jet, starting a small distance downstream, expands at a
different rate is a hint of change in the physical conditions of
either the jet or the external medium (or both).

While the innermost 0.5 mas of the jet is better explored
by the higher resolution provided by the 86 GHz data, the
jet geometry and brightness distribution until ~2.9mas (31 pc,
de-projected) are provided by the 43 GHz data set. As visi-
ble from Fig. 9, the rapid expansion that the jet undergoes
from ~0.4 mas to 1 mas is associated with a sharp decrease in
total intensity. The flux density goes from ~100mJybeam™!
at 0.5mas to 4.5mly beam™!' at 1mas, and then it increases
again until 1.5mas, at which point the flux density is back at
~20mJy beam™.

Bach et al. (2006) suggested that the low brightness region —
visible between ~0.7 mas and 1 mas in the 15, 22, and 43 GHz
VLBI images — is the result of reduced Doppler boosting
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Table 1. Model-fit parameters for the 86 GHz GMVA observations.

Epoch Flux oF Distance 6D PA FWHM 1D
(year) dy)  dy) (mas) ~ (mas)  (deg) (mas)
2009.35 0.790 0.079 - - - 0.003 CO
0.262 0.027 0.066 0.005 -168.18 0.014 d1
0.273  0.028 0.169 0.006 -168.34 0.032 d2
0.043 0.004  0.270 0.005 -172.65 7.3e-8 d3
0.390 0.040  0.339 0.009 -164.98 0.077 d4
2009.77 1.417 0.142 - - - 0.019 CO
0.427 0.043 0.176 0.007 -176.05 0.058 d2
0.141 0.016 0.351 0.008 -171.52 0.039 d4
2010.35 1.098 0.110 - - - 0.023 CO
0411 0.042 0.115 0.007 -17426 0.052 dl
0.392 0.040  0.292 0.019 -173.50 0.172 d3
2011.35 1.790 0.179 - - - 0.027 CO
0.447 0.045 0.186 0.006 -172.41 0.050 d2
0.381 0.039 0.385 0.009 -172.09 0.075 d4
2012.38 1.421 0.142 - - - 0.066  CO
0.320 0.033 0.200 0.015 -165.73 0.128 d2
2013.74 0.747 0.075 - - - 0.018 CO
0425 0.043 0.148 0.007 171.89 0.052 dl
0490 0.050 0.304 0.008 175.13 0.072 d3
2015.37 1.001 0.100 - - - 0.032  CO
0.332 0.034  0.072 0.007 -157.54 0.050 dI
0.194 0.021 0.196 0.009 -170.31 0.054 d2
0.287 0.030 0.379 0.013 -16943 0.105 d4
2015.73  0.488 - - - - 0.019 CO
0.188 0.020 0.116 0.009 175.71 0.059 dl
0.116  0.015 0.303 0.019 -166.19 0.091 d3
2016.39 0.461 0.046 - - - 3.0e-8 CO
0.078 0.012 0.190 0.022 -173.84 0.086 d2
0.067 0.012 0.377 0.037 -167.58 0.124 d4
0.020 - 0.124 0.005 -570 2.7e-8 ul
2016.75 0.525 0.053 - - - 0.041 CO
0.227 0.024  0.148 0.020 -165.71 0.136 d1
2017.25 0.706 0.071 - - - 0.027 CO
0.470 0.048 0.123 0.008 -160.43 0.072 dl
0.078 0.012 0.213 0.015 15543 0.062 d2
0.287 0.030 0.312 0.010 -165.82 0.078 d3
0.075 - 0.114 0.010 -19.17 0.040 ul

Table 2. Best-fit parameters obtained for the power law equations w = a + b - d* and w = b - d* fitting the jet width—distance dependence at 43 and

86 GHz.
Obs. freq. a b k D
(GHz) (mas) (mas!™*) (pc)
43 0.037+0.007 0.166+0.016 0.952+0.175 1.1-6.6
0.216+£0.004 1.076+0.024 16.8-314
86 0.031 £0.002 0.386+0.044 1.167 = 0.089 1.1-3.5

Notes. In the last column the ranges of distances from the BH used in each fit (in de-projected parsecs) are reported.

associated with either a bending of the jet, which becomes mis-
aligned with our line of sight, or a change in the jet speed. We
instead find that the region of lower brightness usually observed
in high-frequency VLBI images of BL Lac is naturally explained
by the rapid expansion of the jet and the associated adiabatic
expansion losses and decrease in magnetic field strength. This
is also supported by the fact that the low brightness region has a

dependence on frequency, being less pronounced at low frequen-
cies (e.g., Pearson & Readhead 1988; Bach et al. 2006). When
adiabatic losses are the dominant energy loss mechanism, a shift
of the turnover frequency toward lower frequencies is indeed
expected (Marscher & Gear 1985).

Between 1 mas and 1.5 mas, the jet undergoes a compres-
sion: The jet width decreases and the flux density increases.

A153, page 5 of 9
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from 0.04 x 0.1 mas to 0.08 X 0.22 mas in FWHM. Model-fit components
an additional component appears upstream of the core.

The flux density increase could be explained by a local increase
in particle density at the site where the jet recollimates or
by reacceleration of relativistic electrons (Mizuno et al. 2015;
Nishikawa et al. 2020).

3.3. Jet expansion and the Bondi radius

In a conical jet, as is the case for BL Lac, the jet freely expands
in the external medium, and the magnetic field and the elec-
trons’ Lorentz factor decrease with the expansion. To have a
change of the status quo, a pressure mismatch between the jet
and the ambient medium should occur (see, for example, Fig. 26
in Fromm et al. 2013 for a comparison between a conical and an
over-pressured jet). A pressure imbalance naturally arises if the
ambient pressure decreases, and, as a result, a shockwave forms
to reestablish the equilibrium between the jet and the external
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(blue circles) are overlaid on the maps. In May 2016 and March 2017,

medium (e.g., Gémez et al. 1995; Komissarov & Falle 1997;
Agudo et al. 2001).

In order to explain the wider jet expansion and further rec-
ollimation observed in BL Lac, we have to assume a change in
the external pressure, most probably occurring at the location
where the jet changes its expansion rate (~5pc, 3.3 X 10°Ry).
The Bondi radius, which delimits the sphere of gravitational
influence of the BH and usually extends to a distance of 10°—
10°Rs (Asada & Nakamura 2012, Boccardi et al. 2020), could
be responsible for this apparent change in the surrounding pres-
sure of the environment into which the jet propagates. Inside
the Bondi sphere, the external pressure is expected to decrease
with distance from the BH. Beyond the Bondi radius, the pres-
sure profile instead becomes flatter, corresponding to the host
galaxy’s general pressure profile. The jet’s inertia causes it to
overexpand so that it becomes under-pressured relative to the
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external medium, producing the condition for a recollimation
shock.

The Bondi radius, rg, is obtained by setting the escape veloc-
ity equal to the sound speed, c, (rg = GMc;?). Given the depen-
dence of sound speed on temperature, ¢, ~ 10*T'/2cms™!, the

Bondi radius can be expressed as follows (Russell et al. 2015):

-1
B _ 0031 (k_T) (ﬂ)
kpc keV 10° Mo
Since we do not have information about the temperature of the
accretion flow, but we do have clues regarding the location of
the Bondi radius, we can invert the above formula to obtain a
range of temperatures, associated with possible locations of the
Bondi radius, to compare with values reported in the literature
for other sources (e.g., Allen et al. 2006; Balmaverde et al. 2008).
Nevertheless, we are aware that the resulting temperatures are
sensitive to the assumed BH mass estimate (Mg ~ 1.6x108 My;
Woo & Urry 2002).

In the radio galaxy M 87, it has been proposed that a change
in the external pressure profile associated with the Bondi sphere
is responsible for the jet recollimation occurring at the location
of the stationary jet feature HST-1 and for the jet geometry
transition (from parabolic to conical) observed at a similar dis-
tance (Asada & Nakamura 2012). A possible location for the
Bondi radius in BL Lac is the millimeter-VLBI core, if it is
also associated with a recollimation shock (Gémez et al. 2016;
Marscher et al. 2008), or even upstream, at the end of the ACZ
(where the jet should go from a parabolic to a conical shape),
which Marscher et al. (2008) located 0.65 pc upstream from the
millimeter-VLBI core. Therefore, if we place rp at the site of the
millimeter-VLBI core (~0.9 pc), the electron temperature would
be 5.45 keV, and even higher if we instead consider the end of the
ACZ. The obtained temperature, in this case, is too high com-
pared to values found in the literature. If rp is instead located
at around 5 pc (where the jet starts expanding faster) and 10 pc
(where the jet experiences the maximum width and the mini-
mum flux density), then the electron temperature in the accre-
tion material would be between 0.99 and 0.33 keV. Balmaverde
et al. (2008) inferred the temperature at the accretion radius
for 44 low power radio galaxies with values ranging between
0.39+0.10keV and 1.5 +0.1keV. Since BL Lacs are also low
power sources, considered the beamed subset of low power radio
galaxies, it is natural to suppose that the temperature of the accre-
tion flow in BL Lac objects should not deviate much from the
values reported in Balmaverde et al. (2008). We therefore con-
clude that the Bondi sphere should extend much farther than
the millimeter-VLBI core and that the change we observe in the
jet expansion, around 5 pc de-projected (3.3 X 10°Rg), could be
caused by a change in the external pressure profile in the prox-
imity of the Bondi radius.

ey

3.4. The recollimation shock at ~1.5mas

The change in the ambient pressure profile, which the jet expe-
riences crossing the Bondi sphere, causes a pressure mismatch
between the jet and the external medium. In these circum-
stances, numerical hydrodynamical and magnetohydrodynamic
simulations predict the formation of a recollimation shock (e.g.,
Gomez et al. 1995; Nishikawa et al. 2020) and the subsequent
acceleration of the bulk flow (Mizuno et al. 2015). The recolli-
mation shock should reduce the Lorentz factor while compress-
ing the plasma. As the plasma flows downstream from the shock,
the Lorentz factor increases (Goémez et al. 1995; Mizuno et al.
2015).

We investigated the kinematics at 43 GHz, but the identifica-
tion of components in the region around 1.5 mas is complicated,
mainly due to the low brightness region before it (discussed pre-
viously), which makes it difficult to track the same component in
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The overall jet shape is conical and in agreement at the three frequen-
cies.

time, as already reported in Jorstad et al. (2017). Hence, we scru-
tinized the kinematics at 15 GHz provided by the MOJAVE pro-
gram because there the low brightness region is less pronounced.
We found that six components (components 4, 5, 6, 11, 16, and
20)° out of the 15 components identified starting from at least
1 mas and moving until at least 2 mas exhibit a clear accelera-
tion parallel to the velocity vector after ~1 mas. This may sup-
port the presence of a recollimation shock around 1.5 mas, as
already suggested by the jet collimation profile (Figs. 3 and 5).

3.5. Global jet shape

In Fig. 10 we compare the overall jet shape obtained from our
43 and 86 GHz data sets with the one obtained using 15 GHz
MOJAVE data. We downloaded the publicly available stacked
image of BL Lac, which is also the one presented in Pushkarev
et al. (2017), and we obtained the jet collimation profile in the
same way as we did at the other two frequencies.

We find agreement in the global jet profiles at the three
frequencies. The conical shape is also well reproduced by the
15 GHz data, as already found in Pushkarev et al. (2017). The
higher expansion rate region seen at 43 GHz is also present at
15 GHz (as is a hint of recollimation), although the region is less
pronounced than that observed at 43 GHz.

4. Summary

We studied the jet collimation profile in BL Lac using 3mm
GMVA observations from May 2009 to April 2017 as well
as 7mm VLBA data from the VLBA-BU-BLAZAR program
obtained between May 2009 and March 2019. We built the
stacked images at the two frequencies, and we analyzed the jet
width at different separations from the VLBI core. Knowing the
BH mass in BL Lac (Woo & Urry 2002), the BH-VLBI core
distance, and the viewing angle (Marscher et al. 2008), we also
translated the radial distance in de-projected Schwarzschild radii
and parsecs from the BH. Our results can be summarized as fol-
lows.
— The jet expands with an overall conical geometry, which is
also confirmed by the analysis of 15 GHz MOJAVE data.
— The overall jet expansion is interrupted by a different
expanding region between ~5pc and 17 pc, where the jet
expands faster and then recollimates. The higher expansion

% http://www.physics.purdue.edu/astro/MOJAVE/
velocitytableXVIII.html
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rate is accompanied by a severe decrease in brightness,
which is explained by the adiabatic cooling being the main
energy loss mechanism there. The jet recollimation, which
occurs around 17 pc downstream, is instead associated with
an increase in flux density, which is explained either by par-
ticle re-acceleration or by a local increase in particle density.

— The change in the jet expansion profile could be associ-
ated with a change in the external pressure profile occurring
where the BH ceases its gravitational influence on the sur-
rounding material, at the Bondi radius (~3.3 x 103Ry).

— Both the kinematics and the collimation profile at 3 mm sup-
port 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
MOIJAVE survey (Cohen et al. 2014, 2015; Arshakian et al.
2020).

— The parallel acceleration displayed by some model-fit com-
ponents at 15 GHz (MOJAVE survey) after ~1 mas (11 pc)
is in agreement with the jet physical conditions downstream
from a recollimation shock, as predicted by numerical sim-
ulations (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.

In this scenario, the Bondi sphere, and hence the external
medium, play the main role in shaping the jet of BL Lac, which
is already freely expanding in the region explored by millimeter-
VLBI data. We think that the jet acceleration region predicted
by theoretical models (Vlahakis & Konigl 2004) ends before the
millimeter core, as proposed by Marscher et al. (2008). There,
the large-scale helical magnetic field observed by Gomez et al.
(2016) could be responsible for the jet collimation.

The case of BL Lac resembles the situation in the radio
galaxy M 87, where the stationary feature HST-1 is observed in
the proximity of the Bondi radius (Asada & Nakamura 2012).
However, in BL Lac we do not observe a change between a
parabolic and a conical expansion, as observed in M 87.
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Appendix A: The jet collimation profile in BL Lac
using AIPS
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Fig. A.1. Jet width versus distance along the jet in the 43 GHz VLBA
stacked image of BL Lac, obtained using AIPS.
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Fig. A.2. Jet width versus distance along the jet in the 86 GHz VLBA
stacked image of BL Lac, obtained using AIPS.

Figures A.1 and A.2 show the jet collimation profiles at 43
and 86 GHz, respectively, obtained using the tasks SLICE and
SLFIT in AIPS. Both profiles as well as the fit parameters,
obtained using the least-squares method, are in agreement with
that obtained using the ridge line method (see Sect. 3 and Figs. 3
and 4). The difference here is that we could not fit the w — d
dependence after 1.5 mas in the 43 GHz profile because of some
missing values around 2 mas, where AIPS was not able to prop-
erly fit the brightness profile associated with some slices.
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