Reconfinement shocks in relativistic AGN jets
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Abstract. Stationary knots observed in many AGN jets can be explained in terms of a reconfinement shock that forms when
relativistic flow of the jet matter collides with the external medium. The position of these knots can be used, together with
information on external pressure profile, to constrain dynamical parameters of the jet. We present a semi-analytical model for
the dynamical structure of reconfinement shocks, taking into account exact conservation laws both across the shock surface
and in the zone of the shocked jet matter. We show that, due to the transverse pressure gradient in the shock zone, the position
of the reconfinement is larger than predicted by simple models. A portion of kinetic energy is converted at the shock surface
to internal energy, with efficiency increasing strongly with both bulk Lorentz factor of the jet matter and the jet half-opening
angle. Our model may be useful as a framework for modeling non-thermal radiation produced within the stationary features.
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INTRODUCTION

Interaction between AGN jet and its environment leads
to formation of a reconfinement shock [1]. Such shocks
have been considered to be responsible for non-thermal
activity in AGN radio cores [2] and, on much larger
distances, in kiloparsec-scale radio knots [3].

The connection between geometrical properties of the
shock surface and physical matter parameters has been
studied in [4]. Under many simplifying assumptions they
provided simple analytical formulae. In order to test their
predictions, we have developed two models based on ex-
act conservation laws for ideal relativistic gas. Assuming
static external medium, we only have one shocked zone
bounded with the shock surface r;(z) and contact discon-
tinuity r.(z). This basic structure is shown in Fig. 1. The
jet is launched from the vicinity of the central source
with a half-opening angle ®;, it achieves its maximum
width r,, at z = z,,, then it reconfines at z = z, with a
half-closing angle ©,.

The parameters needed to describe a model are: jet
bulk Lorentz factor I';, initial half-opening angle @,
kinetic power L, external pressure p.(z), specific heats
ratio of the shocked matter y,;. Given the flow parameters
of the jet and the external medium, we calculate the
flow parameters of the shocked zone and the inclination
angles of the boundary surfaces.
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FIGURE 1. Structure of the reconfinement shock for static
external medium.

Model 1. 1is based on assumption that the shocked
zone has no transverse structure, therefore the pressure
behind the shock is equal to the external pressure (ps =
Pe)- The flow parameters behind the shock are found by
solving the exact relativistic shock-jump equations. The
velocity field across the shocked zone is assumed to be
parallel to the solution obtained just behind the shock
surface for a given z. The contact discontinuity surface is
obtained as the outline of the velocity field. In result, we
have found that under such approximations the mass flux
conservation across the shocked zone is violated.

Model 2. includes transverse structure of the
shocked zone. Parameters just behind the shock are
treated as independent of the parameters at the contact
discontinuity. To compensate for 4 additional degrees
of freedom, the full set of conservation laws across
the shocked zone, based on [5], are introduced into the
scheme. The profiles of pressure and density across the
zone are approximated with linear functions of r.

SHOCK GEOMETRY

We present here the results obtained assuming cold jet (of
negligable pressure) and uniform external pressure. In
the model of [4], under such conditions the jet boundary
is expected to be parabolic. Position of the reconfinement

can be estimated as:
L’ (1)
\/ TpeC

where | = 17/24. Consequently, we expect r,,/z, ~
/4, zn ~z,/2and O, ~ O;.
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FIGURE 2. The ratio of reconfinement position z, to the
characteristic length A as a function of I';® ;. Results for Model
1 (dashed lines) and Model 2 (solid lines) are shown for differ-
ent equations of state of the shocked matter: y;, = 4/3 (black
lines) and Y; = 5/3 (grey lines).
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FIGURE 3. The aspect ratio of unshocked jet ry, /z,, divided
by the value ®; /4 predicted by [4], as a function of I';®;. The
linestyles are the same as in Fig. 2.

We have tested these predictions in both our models
with the same parameters. We have generally found that
the parameters that we tested, are functions of the prod-
uct of I'; and ®;. As the two extreme states of shocked
matter, we consider the relativistic limit y; = 4/3 and the
non-relativistic limit v, = 5/3.

The z,/A, ¥m/zr, zr/zm and ©,/0®; ratios, calculated
for I'; = 10 and varying ®;, are shown in Figs. 2 — 5,
respectively. We find, that Model 1 agrees very well with
the results of [4] for I';®; < 1 and is still in reasonable
agreement otherwise. Model 2 produces a jet more than
twice longer, with the aspect ratio r,,/z, smaller than
®;/4, the maximum width position z,, closer than z,/2
and the half-closing angle ®, smaller than ©;.

0.6
Model 1 (ys=4/3) --------
Model 1 (ys=5/3)
Model 2 (y=4/3) ——
055 1 Model 2 (y,=5/3) 1
T :
£ 0.5
N
0.45 - i
0.4 L
0.1 1

FIGURE 4. The ratio of the maximum jet width position z,,
to the reconfinement position z, as a function of I';®;. The
linestyles are the same as in Fig. 2.
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FIGURES. The ratio of the half-closing angle ®,. to the half-
opening angle ©; as a function of I';®;. The linestyles are the
same as in Fig. 2.

ENERGY DISSIPATION
Kinetic energy of the cold jet matter crossing the shock
surface is dissipated with efficiency

Fj*r‘s
ri—1°

Ediss = (2)
Fig. 6 shows this efficiency calculated in our models
with the same parameters as before. The results from the
two models are very similar, we find that €;;;, depends
strongly on I';®;, achieving values higher than 6% for
r j(’*) i > 1.

Although the total flux of dissipated energy produced
in the two models is similar, its geometrical distribution
is different. Fig. 7 shows the flux of dissipated energy per
unit jet length dLyjss/dz for the two models for I'; = 10
and ®; = 5°. The dependence of the location of the
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FIGURE 6. Dissipation efficiency €4, as a function of
I';0;, calculated for I'; = 10. The linestyles are the same as
in Fig. 2.

3.5e+26 : :
Model 1 (y=4/3) --------
3e+26 - Model 1 (y,=5/3) 4
F'E Model 2 (ys=4/3) ——
o 2.5e+26 Model 2 (V5:5/3) .
g 2e+26 | // \\ |
8 } r970.87
N 15e+26 ! |
\w / A
3 1e+26 | |
£ 7
© ll
5e+25 - / i
o L ‘
0 2 25

FIGURE 7. Profiles of dissipated energy flux produced at
the shock surface, calculated for I'; = 10 and ©; = 5°. The
linestyles are the same as in Fig. 2.
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FIGURE 8. Ratio of the location of maximum of dissipated
€NETgY Zyiss,max 1O the reconfinement position z, as a function
of I';®;. The linestyles are the same as in Fig. 2.

dissipated energy flux maximum on I';®; is shown in
Fig. 8. The Zgiss max/2r ratio is smaller in Model 2 and it
strongly decreases in both models for I';®; > 1.
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