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ABSTRACT

We perform three-dimensional numerical simulations of relativistic (with a Lorentz factor of 10), non magnetized jets
propagating in a uniform density environment, in order to study the effect of the entrainment and the consequent
deceleration. Our simulations investigate the jet propagation inside the galaxy core, where, most likely, the deceleration
occurs more efficiently. We compare cases with different density and pressure ratios with respect to the ambient medium
finding that low density jets are efficiently decelerated and reach a quasi steady state in which, over a length of 600 jet
radii, slow down from highly to sub-relativistic velocities. At the opposite, denser jets keep highly relativistic velocity
over the same length. We discuss these results in relation to the Faranoff Riley (FR) radio-sources classification. We
infer that lower density jets can give rise to FR 0 and FR I radio-sources, while higher density jets may be connected
to FR II radio-sources.
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1. Introduction

Extragalactic radio sources are traditionally divided into
two morphological classes according to their intrinsic radia-
tive power (Fanaroff & Riley 1974): low luminosity sources
(Fanaroff-Riley type I, FR I) are brighter close to the nu-
cleus of the parent galaxy and their jets become dimmer
with distance, while high power sources (Fanaroff-Riley
type II, FR II) show the maximum brightness in the hot
spots at the jet termination. The different morphology is
generally accepted as reflecting a difference in how the
jet energy is dissipated during propagation in the ambi-
ent medium, and produces the observed radiation. In FR
II sources, energy and momentum are transported without
strong losses to the jet termination, while in FR I sources,
turbulence and entrainment must play an important role in
shaping their morphology. Recently, a third class has been
introduced by Baldi et al. (2015) and referred to as FR
0. The sources belonging to this type are highly core domi-
nated and generally do not present the prominent extended
radio structures typical of FR I and FR II. Nonetheless, ev-
idence for small scale jets (limited to sizes of a few kpc)
are found in a minority of FR 0 (Baldi et al. 2019)). This
suggests that their jets are not even able to escape from the
galaxy core.

Observational evidences show that, both in FR II and
in FR I, the jets at their base (at the parsec scale) are rela-
tivistic, with very similar Lorentz factors (Giovannini et al.
2001; Celotti & Ghisellini 2008). Massaro et al. (2020) found
that the FR 0 represents the misaligned counterparts of a
significant fraction of BL Lac objects: BL Lacs are known
to be associated with highly relativistic jets (Blandford &
Rees 1978) and this result implies that at least some FR
0 must also launch relativistic outflows. It is then clear

that in FR I jets a deceleration to sub-relativistic veloci-
ties must occur between the inner region and the kiloparsec
scale, where they show their typical plume-like, turbulent
morphology (Laing & Bridle 2002, 2014). The same effect
must occur also in FR 0, at even smaller distances from
the jet origin. Assuming that the deceleration to a sub-
relativistic velocity occurred inside the galaxy core, Mas-
saglia et al. (2016) (hereinafter Mas16 ) performed high-
resolution three-dimensional Newtonian simulations of low
Mach number jets, showing how turbulence develops and
gives rise to a jet structure very similar to that observed
in FR I sources. Recently, van der Westhuizen et al. (2019)
using injection parameters similar to those of Mas16 , and
applying a recipe for synchrotron radiation model investi-
gated whether the emission map could be comparable to
FR I observations.

A very likely mechanism, through which deceleration oc-
curs, is entrainment of material from the ambient medium
(De Young 1993; Bicknell 1984, 1986, 1994; De Young
2005), promoted by different kinds of jet instabilities (see,
e.g., Perucho et al. 2005; Perucho & Martí 2007; Meliani &
Keppens 2007, 2009; Perucho et al. 2010; Bodo et al. 2013;
Matsumoto & Masada 2013; Millas et al. 2017; Toma et al.
2017; Gourgouliatos & Komissarov 2018a; Tchekhovskoy &
Bromberg 2016; Mukherjee et al. 2020). An other possibility
suggested by Komissarov (1994) is mass loading by stellar
winds; subsequently this approach has been investigated by
Bowman et al. (1996); Hubbard & Blackman (2006); Peru-
cho et al. (2014) and more recently Perucho (2020) suggests
that stars may trigger mixing by generating small scale in-
stabilities.

Since FR I jets are less powerful than FR II, but have
similar Lorentz factors, they have to be less dense and there-
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fore more prone to deceleration by the external medium.
Rossi et al. (2008) performed numerical simulations of the
propagation of relativistic jets with different values of the
density ratio between the jet and the ambient medium
and showed that, while jets with density ratio between
0.01 − 0.1 (and power corresponding to FR II) propagate
almost undisturbed, jets with lower values of the density
ratio (and power corresponding to FR I) show evidences
of entrainment and deceleration in their external layers.
Due to the limitations of computational power, Rossi et al.
(2008) could follow the jet propagation only up to about
60 jet radii and could not see a complete transition to sub-
relativistic velocities, in fact in their simulations the jet core
remained relativistic.

In this paper we extend the work by Rossi et al. (2008)
by following the jet propagation up to 600 jet radii, a dis-
tance that, assuming the initial jet radius of the order of
1 pc, covers the full galaxy core. We consider similar jet
parameters and the corresponding jet powers are at or be-
low FR I – FR II transition value. In Section 2 we describe
the set of equation to be solved, the numerical method,
the initial and boundary conditions and the parameters of
the simulations. In Section 3 we present our results and in
Section 4 we give a discussion and conclusions.

2. Numerical setup

Numerical simulations are carried out by solving the equa-
tions of particle number and energy-momentum conserva-
tion. Referring to the observer’s reference frame, where the
fluid moves with velocity vk (in units of the speed of light c)
with respect to the coordinate axes k = x, y, z and assum-
ing a flat metric, the conservation laws take the differential
form:

∂

∂t


ργ

wγ2vk

wγ2 − p
ργf

+
∑
i

∂

∂xi


ργvi

wγ2vkvi + pδki

wγ2vi

ργfvi

 = 0 , (1)

where ρ, w, p and γ denote the rest mass density, en-
thalpy, gas pressure and Lorentz factor, respectively. The
jet and external material are distinguished by using a pas-
sive tracer, f , set equal to unity for the injected jet material
and equal to zero for the ambient medium. We take the jet
radius as the unit of length, the speed of light as the unit
of velocity and the light crossing time of the jet radius as
the unit of time. The system of equations (1) is completed
by specifying an equation of state relating w, ρ and p. Fol-
lowing Mignone et al. (2005), we adopt the Taub-Matthews
(TM) equation of state with the prescription:

w =
5

2
p+

√
9

4
p2 + ρ2 (2)

which closely reproduces the thermodynamics of the Synge
gas for a single-species relativistic perfect fluid.

Simulations are carried out on a Cartesian domain with
coordinates in the range x ∈ [−Lx/2, Lx/2], y ∈ [0, Ly] and
z ∈ [−Lz/2, Lz/2] (lengths are expressed in units of the jet
radius). At t = 0, the domain is filled with a perfect fluid
of uniform density and pressure, representing the external

ambient medium initially at rest. The assumption of con-
stant external density is consistent with the fact that we
focus on the jet propagation inside the galaxy core.

A cylindrical inflow of velocity vj is constantly fed into
the domain through the lower y boundary along y direc-
tion. The jet is characterized by the Lorentz factor γj , by
the ratio K between the proper (pj) and the ambient (p0)
pressures and the ratio η between the proper (ρj) and the
ambient (ρ0) densities. The jet Mach number can be de-
rived using the expression of the sound speed for the TM
equation of state (Mignone et al. 2005):

c2s =
p

3w

5w − 8p

w − p
(3)

The classical Mach number is defined as M = vj/cs, in
the relativistic case we can define a generalization (Königl
1980) as Mr = γjvj/γscs, where γs = 1/

√
1− c2s . Outside

the inlet region we impose symmetric boundary conditions
(emulating a counter-jet), whereas the flow can freely leave
the domain throughout the remaining boundaries.

Explicit numerical integration of the equations (1) is
achieved using the relativistic hydrodynamics module avail-
able in the PLUTO code (Mignone et al. 2007). For the
present application, we employ linear reconstruction and
HLLC Riemann solver (Mignone & Bodo 2005). The physi-
cal domain is covered by Nx×Ny×Nz computational zones,
not necessarily uniformly spaced. For domains with a large
physical size, we employ a uniform grid resolution around
the beam (typically for |x|, |z| ≤ 7) and a geometrically
stretched grid elsewhere.

We perform a set of four simulations, whose parameters
are reported in Table 2. All the cases have the Lorentz
factor γ = 10, cases A and B and D differ by the density
ratio η, which is, respectively 10−3, 10−4 and 10−2, while
cases B and C have the same density ratio and differ by the
pressure ratio K.

3. Results

Our aim is to understand how the deceleration of a rela-
tivistic jet depends on its physical parameters. In principle,
the setup of our simulations is such that the results are
scale invariant, however our interest is focused on the de-
celeration that mainly occurs in the first kiloparsec. This
motivates our assumption of constant density of the exter-
nal medium, because the domain of our simulations can be
assumed to be all contained within the galaxy core. We can
then adopt a jet injection radius of the order of one parsec
and the external density at injection of the order of one
particle per cubic centimeter (Balmaverde et al. 2008).

In the following we will express all quantities in their
non dimensional values as defined in the previous Section.
Conversion to physical units can be obtained with the above
assumptions, in particular the unit of time is:

τ ∼ 3.25

(
rj
1pc

)
yrs (4)

and the jet power is:

Pj ∼ h
( γ
10

)2 ( η

10−4

)( rj
1pc

)2 ( n0
1cm−3

)
1.22×1043 erg s−1

(5)
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Case η K M Mr Lx × Ly × Lz Nx ×Ny ×Nz Pj (erg s−1)

A 10−3 1 3 28 240× 600× 240 500× 2600× 500 1.5× 1044

B 10−4 1 3 28 450× 600× 450 570× 2600× 570 1.5× 1043

C 10−4 10 1.8 15 300× 600× 300 520× 2600× 520 4.2× 1043

D 10−2 1 3 28 120× 600× 120 360× 2600× 360 1.5× 1045

Table 1. Parameter set used in the numerical simulation model, the second column refers to density ratio η, the third to the
pressure ratio K, the fourth to the classical Mach number, the fifth to the relativistic Mach number, the sixth to the size of the
physical domain in unit of the jet radius and the seventh the number of grid points and the last one the jet power evaluated
according to equation (5)

Fig. 1. Longitudinal cut (in the y − z plane) of the distribution of the logarithm of the pressure for case C at t = 11500, when
the bow shock in front of the jet has reached y = 580. The image shows the whole computational domain. The two dashed yellow
lines indicate the central region on which we will focus in our following analysis.

where h is the specific enthalpy and n0 is the external num-
ber density at the injection point. The jet power for the
four cases (with specific enthalpy h = 1.2, 1.2, 3.45 and
1.2 respectively) are reported in Table 2. We choose the jet
parameters so that the resulting powers span an interval be-
tween FR I and FR II. Case D can be taken as a reference
case, being clearly on the FR II side.

We follow the jet propagation until the bow shock in
front reaches y = 600, the lateral extension of the domain
is such that the entire bow shock is included in the com-
putational domain. In Fig. 1 we show a longitudinal cut
(in the y − z plane) of the distribution of the logarithm of
the pressure for case C at t = 11500, when the bow shock
in front of the jet has reached y = 580. The image shows
the whole computational domain. The two dashed yellow
lines indicate the central region on which we will focus in
our following analysis. In Figs. 2-4 we show the jet struc-
ture for the first three cases, when the bow shock in front
of the jet reaches 600 length units. These three snapshots
correspond to three different times, namely t = 6, 000 for
case A, t = 25, 000 for case B and t = 12, 500 for case C,
the differences in times are due to the different jet head
propagation velocity, as we will see below. In the figures we
display three dimensional views of the isocontours for three
value of Lorentz gamma factor. In the top panel of each
figure we have the entire jet, while in the bottom panel we
zoom on the last 200 length unit. The represented domain,

in the transverse section, spans from −30 to 30 in both di-
rections. In all the three cases we can see that there is a
first region (up to y ∼ 150− 250) in which the jet seems to
propagate straight, although, as we will see below pertur-
bations are already present and growing. Then we observe
perturbations that lead to a displacement of the jet axis.
Finally, in the last part of the jet, we see that the fast mov-
ing material fragments (see bottom panels) and we have a
wide low velocity envelope in which a few blobs still move
at high γ.

In order to better understand the jet evolution, outlined
above, we will discuss in more detail case B for which in Fig.
5 we display a longitudinal cut (in the y − z plane) of the
distribution of the Lorentz factor at t = 25, 000 when the
jet head reaches y = 600. We highlight the three regions
of different jet behavior with different colors: in the first
region (up to y ∼ 250, region I) we see a series of recolli-
mation shocks that modulate the jet radius. Starting from
the second recollimation shock we notice the formation and
growing of perturbations, leading, in region II, to a displace-
ment of the jet from its original axis, and to entrainment of
slow moving material. Finally, in the last region, the jet is
broken in few fast moving blobs surrounded by a wide low
velocity envelope (region III).

In Fig. 6 we show three transverse (in the x− z plane)
cuts of the distribution of the γ factor, their positions are
indicated with red arrows in Fig. 5. The three panels show
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Fig. 2. 3D isosurfaces of the Lorentz factor for case A, the top panel shows the entire jet, while the bottom panel the last portion
between y = 400 and y = 600. The snapshot is taken at t = 6, 000 when the jet head reaches y ∼ 600. the three isosurfaces are for
γ = 1.5, 3, 5 in the top panel and γ = 1.1, 3, 5 in the bottom panel

Fig. 3. 3D isosurfaces of the Lorentz factor for case B, the top panel shows the entire jet, while the bottom panel the last portion
between y = 400 and y = 600. The snapshot is taken at t = 25, 000 when the jet head reaches y ∼ 600. the three isosurfaces are
for γ = 1.5, 3, 5 in the top panel and γ = 1.1, 3, 5 in the bottom panel

different stages of the evolution of the perturbations: at the
beginning the jet cross section is slightly deformed, then

becomes completely distorted and in the last panel appears
to be more spread and the maximum value of the Lorentz

Article number, page 4 of 11
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Fig. 4. 3D isosurfaces of the Lorentz factor for case C, the top panel shows the entire jet, while the bottom panel the last portion
between y = 400 and y = 600. The snapshot is taken at t = 12, 500 when the jet head reaches y ∼ 600. the three isosurfaces are
for γ = 1.5, 3, 5 in the top panel and γ = 1.1, 3, 5 in the bottom panel.

Fig. 5. Longitudinal cut (in the y − z plane) of the distribution of the Lorentz factor for case B at t = 25, 000 when the jet head
reaches y = 600. The three colored bands highlight the three phases described in the text. The red arrows mark the positions at
which are taken the transverse cuts shown in Fig. 6.

factor is reduced to γ = 5. The last x− z cut is through a
fast moving blob, in other position the maximum γ is ≈ 2.

Also the other two cases (A and C) show a similar be-
havior, that we can analyze by looking at Fig. 7, where we
plot the maximum distance from the jet axis, at which we
still find jet material moving with γ ≥ 5. In the figure we
identify the three defined regions, whose lengths and start-
ing points are different for the three cases, with different
colors. For case A (left panel) we observe that perturbations
start to form and grow at y = 50 and from y = 250 they in-
duce jet oscillation. At y = 450 the jet breaks and in fact we
see intervals in which there is no jet material with γ ≥ 5. In
the middle panel we present case B, that displays what we

have already discussed referring to Fig. 5. In particular we
highlight the modulation of the jet radius by recollimation
shocks (between y = 0 and y = 200); the growing of per-
turbations (region II) and the final jet disruption. In case
C (right panel), we see a sudden expansion, due to the fact
that the jet is overpressured, modulated by recollimation
shocks up to y = 150, then perturbations grow and lead to
oscillation of smaller amplitude with respect to the case A.
The jet breaking occurs at y > 350.

The results presented above show that the jet progres-
sively decelerates and the quantity of material moving at
high γ decreases, while an increasing amount of material
around the jet moves at γ ≤ 2.

Article number, page 5 of 11
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Fig. 6. Transverse cuts (in the x− z plane) of the distribution of the Lorentz factor at three different positions along the jet, for
case B at t = 25, 000 when the jet head reaches y = 600. The positions of the three cuts correspond to the three red arrows in Fig.
5, the top left panel is at y = 100, the bottom left panel is at y = 300 and the right panel at y = 450. Notice that the two left
panel cover a square with −4 ≤ x, z ≤ 4, while for the right panel −8 ≤ x, z ≤ 8, moreover in the two left panels the maximum γ
is 10, while in the right panel the maximum γ is 5.

Fig. 7. Plots of the maximum distance from the initial jet axis at which we find material moving at γ ≥ 5 as a function of y. The
three panels refer to the three cases, the times are respectively t = 6, 000, 12, 500, 25, 000 when the jet head reaches y = 600. The
three colored bands highlight the three phases described in the text.

Now we can analyze more quantitatively how the decel-
eration occurs or, in other words, how the jet transfers its
momentum to the external medium. In Fig. 8 we plot, as a
function of time, the maximum distance at which a given
fraction of the momentum flux is carried by material mov-
ing at γ ≥ 5. For example, looking at the left panel (case
A) we have eight curves enclosing 7 colored regions. Start-
ing from the top, the black thick curve represents the head

position, the first region refers to a jet section in which the
high velocity material carries a fraction of momentum flux
≤ 10%, the second band refers to a fraction 10%−20% and
so on, the bottom curve refers to a fraction of 70%. Up to
t ≈ 2, 000, all the curves follow the behavior of the jet head,
and all the momentum transfer occurs close to the terminal
shock. Subsequently, the curves, starting from the bottom
progressively flatten. The flattening of the curves indicates
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Fig. 8. The three panels show plots of the maximum distance from the jet origin at which a given fraction of momentum flux is
carried by material moving at γ ≥ 5 as a function of time. From the top we show: the jet head position (black thick curve), and
the curves from 10% to 70% differing by 10%. We highlight the areas between subsequent curves with different colors.

Fig. 9. Plot of the fraction of momentum flux carried by ma-
terial moving at γ ≥ 5 as a function of y at two different times,
for case B.

that the jet has reached a quasi steady state up to that po-
sition, for example the 70% curve (the lowest one) flattens
at y ≈ 250. This means that the fast moving material, up
to that point, looses in a steady way 30% of its momentum
flux, in other words, 70% of the momentum flux of the fast
moving material goes beyond y ≈ 250 and this fraction re-
mains constant in time. Between y = 250 and y = 450 the
jet material moving at γ ≥ 5 carries a fraction of momen-
tum flux decreasing from 70% to about 30%. The 10% and
20% curves still stay parallel to that of the head position.
The last portion of the jet has not yet reached a steady
configuration and the remaining ∼ 30% of momentum is
transferred in the region close to the terminal shock. Case
B shows a similar behavior, however the flattening of the
curves starts at an earlier time, moreover also the 20% and
10% curves show a more pronounced change of slope. Case
C has a non-monotonic behavior and will be discussed in
more detail below.

In Fig. 9 we give, for case B, a different view of the
same distribution shown in Fig. 8. We plot two vertical
cuts at two different times of middle panel of Fig. 8, that the

fraction of momentum flux carried by high velocity material
(γ ≥ 5) as a function of y. The curve at later time (red
curve) is shifted by few tens of length units, while the jet
head, in the same time interval, advanced from y ∼ 400
to y ∼ 600, indicating the quasi steady state reached by
the jet, as previously discussed. Furthermore, as stressed
before, the high velocity material appears to be fragmented
in the front part of the jet.

Combining the information obtained from Figs. 7, 8 and
9, we derive a scenario in which the jet, as a result of in-
stabilities, progressively, in a quasi steady way releases its
momentum to the surrounding material, widens its cross
section maintaining a high gamma value only in a central
spine until it breaks and fragments into high velocity blobs,
surrounded by an envelop at γ ≤ 2. We can see that all the
three cases up to y ≈ 400− 500 show a quasi steady state,
however they differ in the fraction of momentum flux lost
by the high velocity material, that is about 70% for case
A and about 90% for cases B and C. It may be interest-
ing, at this point, to discuss the differences between cases
B and C. At the end of the simulations, when the head
has reached y = 600, they present a similar distribution
of the transfer of momentum flux, however at earlier times
the evolution is quite different. In case B the momentum
curves flatten quite early, while in case C they show an ir-
regular behavior, reach a maximum and then move back
towards the jet origin. The two cases have the same den-
sity ratio and differ in the pressure ratio, with case C being
overpressured. Case C then carries higher energy and mo-
mentum fluxes. Moreover, for all cases, in the first part of
the simulation, the cocoon is overpressured with respect to
the jet and drives recollimation shocks into the jet, which
are stronger in cases B and C. Then, as the cocoon expands
its pressure decreases and, for case C, becomes of the order
of the jet pressure, the recollimation shocks become then
weak or disappear. Finally, when the cocoon pressure be-
comes much less than the jet pressure, the jet expands and
recollimates, again in a series of shocks. This behavior ap-
pears to be correlated with the behavior of the curves of
the transfer of momentum flux, that reflect the position at
which the instabilities have a substantial growth. This con-
nection between recollimation shocks and the starting of
instabilities could be related to the recent results by Gour-
gouliatos & Komissarov (2018a,b), who discuss a centrifu-
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Fig. 10. Plots of the maximum pressure on a transverse x− z plane at a given position y along the jet as a function of y. The red
and the black curves in each panel refer to two different times, but very close, when the jet reaches its maximum extension.

Fig. 11. Plots of the maximum pressure found in the computational domain as a function of the position reached by the jet head,
the symbols mark the value for each time, while the colored band identifies the range of variation. The three cases have different
numbers of point values, due to the different jet head velocity, a lower velocity (case B) implies a larger number of marks.

Fig. 12. Plots of jet head Mach number, relative to the ambient
medium, as a function of the head position, the three curves refer
to the three cases.

gally driven instability of such structures, however higher
resolution simulations would be needed in order to make a
more precise statement.

The spreading of momentum discussed above leads to
a decrease of the strength of the terminal shock up to its
disappearance, in Mas16 the authors interpret this disap-
pearance as a signature of the transition from FR II to FR

I, in fact the presence of a strong terminal shock can be
connected with the presence of hot spots typical of FR II
radio sources. In Fig. 10 we plot the maximum pressure on a
transverse x−z plane at a given position y along the jet, as
a function of y. The two curves in each panel refer to two
different, but very close, times, when the jet has reached
its maximum extension. The peaks close to jet origin are
related to the recollimation shocks, that, as we previously
pointed out, are progressively dissolved by the instability,
they are more evident in cases B and C. In all the cases,
the black curve presents a strong terminal shock, that is not
present in the red curve. This demonstrates the highly inho-
mogeneous jet structure discussed above: the strong shock
is related to one of the high velocity blob reaching the head.

Fig. 11 represents the maximum pressure in the compu-
tational domain, that in general corresponds to the pressure
of the terminal shock, as a function of the head position. In
this and next figures, we choose to do the plot as a func-
tion of the jet head position instead of time, to make easier
the comparison among the cases. The figure shows clearly
that this quantity is highly fluctuating, for this reason we
highlighted the variability range with colored bands. All the
three cases show a general decrease of the maximum pres-
sure at the terminal shock, that can be correlated with a
deceleration of the head velocity towards low Mach num-
bers. This deceleration is confirmed by Fig. 12 in which we
plot the head Mach number, relative to the external sound
speed, as a function of head position. We note how this
number approaches unity (M = 3 − 4) for cases B and C,
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Fig. 13. Longitudinal cut (in the y − z plane) of the distribution of the Lorentz factor for case D at t = 1, 300 when the jet head
reaches y = 600. The three colored bands highlight the three phases described in the text.

Fig. 14. The figure shows a plot of the maximum distance
from the jet origin at which a given fraction of momentum flux
is carried by material moving at γ ≥ 5 as a function of time.
From the top we show: the jet head position, and the curves from
10% to 70% differing by 10%. We highlight the areas between
to subsequent curves with different colors.

but remains larger for case A (M = 10−20). Moreover while
the curve for case A is smooth and start to present oscilla-
tions only in the last part, the wiggling portion widens for
case C and, for case B, the head velocity is very variable
from the beginning. This indicates that the fragmentation
of the jet occurs earlier in time for case B and progressively
later for cases C and A, and may be related to a stronger
entrainment and mixing for case B in comparison to cases C
and A. Indeed, the width of the variation of the maximum
pressure plotted in Fig. 11 is larger for case B. In the same
figure we also plot the head Mach number for case D (black
curve). For this last case we see very little deceleration: the
Mach number decreases from ∼ 200 to slightly less than
100.

Now, we discuss separately case D, that has a higher
density ratio (η = 10−2) and therefore a larger jet power.
On the basis of the results presented so far, we can expect
a much less efficient deceleration and indeed Fig. 12 con-
firms this expectation. A weaker interaction with the am-
bient medium is demonstrated by Fig. 13, where we show a
longitudinal cut (in the y − z plane) of the distribution of
the γ factor. As we have done previously we identify three
separate regions: the first one, in which the jet propagates
straight, extends up to y ∼ 320, much beyond the other
cases; the second one, in which the instability leads to a jet
deformation, covers almost completely the remaining por-
tion of the jet. The third one is practically absent, and in
fact the jet fragmentation occurs only at its head. As a re-
sult we see that material moving at γ > 8 reaches almost
continuously the jet front. A further confirmation comes
from Fig. 14, where similarly to Fig. 8 we plot, as a function
of time the maximum distance at which a given fraction of
the momentum flux is carried by material moving at γ ≥ 5.
Differently from the other cases presented in Fig. 8 all the
curves grow with the same slope as the one related to the
jet head position, indicating that no steady state has been
reached and all the momentum transfer happens always at
the jet head. We can conclude that heavier and more pow-
erful jets cannot be efficiently decelerated within the galaxy
core region.

As an aside, we remark that our results confirm that
the assumptions of Mas16 are roughly consistent with the
results achieved in this paper. In Figs. 15 and 16 we show a
typical distribution of the Mach number and of the density
in the terminal part of the jet. The maximum Mach num-
ber is ∼ 2, with a corresponding density of ∼ 10−2, while in
the surrounding region the density is ∼ 10−1. This demon-
strates a strong mixing with the external medium, consid-
ering that the injected jet density was 10−4. We notice that
our results are consistent with the model by Bicknell (1995)
who estimated that flows decelerating to sub-relativistic ve-
locities acquire a Mach number of the order of 2.

4. Discussion and conclusions

We presented 3D simulations of relativistic jets, consider-
ing four cases with the same Lorentz factor γ = 10 but
with different density and pressure ratios and, correspond-
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Fig. 15. Transverse cut (in the x−z plane) of the Mach number
for case B at y = 450 and t = 25000.

Fig. 16. Transverse cut (in the x − z plane) of the density for
case B at y = 450 and t = 25000.

ingly, different powers. These results can be interpreted in
relation to the FR I–FR II classification, assuming a jet in-
jection radius of the order of one parsec, the powers span
an interval between the two classes. Case D can be taken
as a reference case, being clearly on the FR II side. We fol-
low the propagation up to 600 pc, within the galaxy core,
so our assumption of constant density is well justified. In
Mas16 , by performing Newtonian simulations, the authors
showed that low power jets give rise to a turbulent mor-
phology typical of FRI radio-sources, and give constraints
on the physical parameters at the injection point for ob-
taining such morphology. In this respect, our simulations
aim at answering these questions: we know that FR I jets
are relativistic at their base, can they decelerate to sub-
relativistic velocity within the first kiloparsec? Are the jet
parameters obtained at the distance of about one kiloparsec
comparable to the injection parameters assumed in Mas16?

Our results show that relativistic jet deceleration occurs
as the consequence of instabilities, which in their growth
progressively deform the jet, induce mixing and transfer of
momentum to the ambient medium, and finally lead to a

fragmentation of the jet itself. However another important
question arises: the deceleration process described above
occurs in a quasi steady way or the jet is capable of reestab-
lishing itself and the deceleration length increases as the jet
pierces its way through the ambient medium? We showed
evidences that indeed, during the time span of our simula-
tions, a quasi-steady state is reached at least up to ∼ 500
pc. Nevertheless, cases A, B and C differ in the fraction of
momentum transferred (by high velocity material) to the
ambient: 90% for the cases B and C, of the order of 70%
for the case A. In all the three cases the resulting jet struc-
ture, at the end of the steady state region, is a broad flow,
moving at about γ ≤ 2, interspersed by blobs at γ ≥ 5.
Extrapolating these results, if we increase η, and conse-
quently the jet power, the length of the steady deceleration
region will likely increase and the transferred fraction of
momentum will decrease, indeed case D with η = 10−2

does not show any deceleration effect. Then, if the jet does
not decelerate inside the galaxy core it is unlikely that the
deceleration will happen in the intergalactic medium with
its declining density. On the other hand, decreasing η, we
expect an increase of the transferred momentum fraction
with a consequent stronger deceleration. In this respect we
can speculate that jets with very low η could be not able
to propagate much farther than the galaxy core, and could
be connected to FR 0 radio-sources. The cases A, B and C
seem to represent limiting cases for which an effective de-
celeration may occur inside the galaxy core. The important
role played by the density ratio, in the instability evolu-
tion and in the mixing/entrainment process, has been pre-
viously investigated both considering jet propagation and
more idealized settings (see, e.g., Bodo et al. 1995; Perucho
et al. 2004, 2005; Rossi et al. 2008) and our present results
confirm their findings. The role of instabilities on the jet
dynamics, at much larger scales, has been recently investi-
gated by Perucho et al. (2019) and Mukherjee et al. (2020),
who showed that instabilities may lead to some deceleration
at larger scales also in higher power jets.

Furthermore, we can confirm that the assumptions of
Mas16 regarding the jet injection parameters are roughly
consistent with the results achieved in this paper, as shown
in Figs. 15 and 16 that display typical distributions of the
Mach number and of the density in the terminal part of the
jet. Clearly the assumption, used in Mas16 , of a spatially
and temporally homogeneous flow is very simplified, our re-
sults show that there are intervals of time in which high ve-
locity confined structures may still be present; this behavior
could provide a perspective on further investigations, along
the line of Mas16, in which these inhomogeneities can be
taken into account.

Our simulations consider a homogeneous external
medium, the presence of strong inhomogeneities could have
an impact on the jet dynamics, as shown by Mukherjee et al.
(2016), possibly enhancing the entrainment effect. Finally
the presence of magnetic field introduces new kinds of insta-
bilities whose importance depends on the field strength and
configuration (Bodo et al. 2013). A strong toroidal compo-
nent could lead on one hand to a stabilization of velocity
shear instabilities, that play a major role in the present case,
but introduce current driven instabilities that also may lead
to a jet deceleration (Mignone et al. 2010; Tchekhovskoy
& Bromberg 2016; Massaglia et al. 2019; Mukherjee et al.
2020). On the other hand, with a weaker more longitudinal
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field velocity shear instabilities may still be the dominant
ones.
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