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Most radio-loud AGN are associated with jet-like structures that can extend over hundreds of
kiloparsecs. These jets are a source of variable emission that covers most of the electromagnetic
spectrum. The dominant component of the emission is produced through non-thermal processes
like synchrotron radiation. In this study we investigate the contribution of hydrodynamic insta-
bilities to the long term variability observed within these sources. This is done by undertaking
3D hydrodynamic simulations of a relativistic jet that is evolved with time. The simulation is
constructed with the hydrodynamic code PLUTO and consists of a rectangular grid, spanning
256 x 256 x 512 cells. The environment contains a uniform background medium into which less
dense jet material is injected, at a Lorentz factor of 10. We have developed a post-processing code
in order to determine the synchrotron emission that will be produced by this environment and cal-
culate intensity maps at arbitrary viewing angles with respect to the hydrodynamic environment.
In this code we assume that the emission is produced by non-thermal electrons in a power-law
distribution and take into account geometric and relativistic effects. The resulting intensity maps
show a similar large scale morphology to that of FR II type AGN, containing a central relativis-
tic beam surrounded by lobe structures. The results also show the formation of time dependent
structures, such as knots and blobs, due to hydrodynamic instabilities. It was found that these
structures may cause a variation of up to 10% in the total intensity.
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1. Introduction

The jets associated with radio-loud active galactic nuclei (AGN) have complex morphologies
that show time dependent emission components. These jets are a result of relativistic plasma ejected
from the central engine of the AGN and can stretch up to hundereds of kiloparsecs (see e.g. [1]).
Several long term monitoring programs have been undertaken to study the kinematics of these jets
focusing on the proper motions of emission regions (see e.g. [2] and [3]). These studies have shown
a wide range of apparent motions for emission regions, ranging from stationary up to superluminal
speeds of ~ 70c. The formation and evolution of different emission components within these jets
are not fully understood but it is likely a combination of several factors such as the properties of
the ejected plasma as well as the surrounding medium in which the jet is formed.

In combination with observational studies, hydrodynamic simulations can be a powerful tool to
investigate the kinematics of AGN. Many studies have investigated the formation and evolution of
relativistic jets with numerical simulations. One of the first in-depth parameter studies to investigate
the effects of different parameters on the morphology of relativistic jets was showed by Marti et
al. [4]. This study investigated the effects of different density ratios between the jet and ambient
medium and Lorentz factors. In particular it was shown that jets with larger Lorentz factors have a
greater propagation efficiency and less turbulent instabilities.

Subsequent studies have been done to investigate the formation and evolution of time depen-
dent components within jets. Agudo et al. [5] showed that a series of emission components can
be generated by a single perturbation in the flow of the beam. The perturbation in the beam forms
re-collimation shocks which are observed as trailing components varying in brightness as well as
apparent velocity. Aloy et al. [6] showed that superluminal components may also be produced by
the precessing of the jet.

In this study we will investigate the effects of fluid dynamic instabilities, such as Kelvin-
Helmbholtz and Rayleigh-Taylor instabilities, on the emission of relativistic jets and whether these
types of instabilities could produce individual emission components without a perturbation to the
injection of the jet fluid. This is done by first constructing a 3D simulation of a relativistic jet
(section 2) and then modelling the synchrotron emission that would be produced in the simulated
environment (section 3).

2. Hydrodynamic model

A relativistic hydrodynamic simulation of an AGN jet was created and evolved with time using
the PLUTO (v4.2.) code [7]. The code uses high resolution shock capturing (HRSC)-Godunov
schemes to evolve the fluid dynamic conservation equations, given by
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with time. Here U is a vector that contains the properties that are conserved, T(U ) is a tensor

containing the flux vectors as a function of U, and S (17 ) is a tensor containing source terms that
can be used to introduce effects such as viscosity and gravitational forces [7].
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Parameter Value
Lorentz factor (I') 10
Jet density (p;) 107!
Ambient density (p,) 10*
Pressure (P) 1073
Mach number 7.8

Adiabatic index ()  5/3

Table 1: Parameters assigned to simulation, density and pressure are given in arbitrary units.

In this study we assume that the distance between the simulated jet and the central engine of
the AGN is large enough such that the jet would be kinetically dominated and that the magnetic
field would not have a dynamic effect on the large scale structure. Under this assumption the
relativistic hydrodynamic (RHD) module in PLUT9 was used to evolve the environments [7]. No
source terms were included in this simulation (i.e. S(T) = 0).

The computational domain of the simulation consisted of a three dimensional Cartesian grid
spanning 256 x 256 x 512 cells. A fluid at rest with uniform density and pressure was assigned to
the grid for the background medium. A circular nozzle with a radius of 8 cells was constructed on
the lower z-boundary and used to inject material into the domain. The injected material consisted
of a less dense medium with an initial Lorentz factor of 10. A profile was used for the nozzle to
ensure a smooth transition between the jet and ambient medium. The parameters that were used for
the simulation are listed in table 1. Arbitrary units were used for the density and pressure to avoid
unnecessary truncation errors. The small density ratio (1 = 107>) between the ambient and jet
medium was chosen to promote the formation of instabilities in the flow. The injected material had
a supersonic bulk flow of Mach 7.8. The parameters were chosen to produce a pressure equilibrium
between the jet and the ambient medium.

In order to evolve the environment with time the Piecewise parabolic method was used in
conjunction with the HLLC Riemann solver [8]. The boundary conditions of the simulation were
set to outflow for all boundaries except the lower z boundary, which was set-up to be reflective.
The simulation was evolved until the shock between the ambient and jet medium reached the edge
of the computational domain.

3. Synchrotron emission

To investigate the time dependent emission that forms in the simulation due to fluid dynamic
instabilities, a post-processing code was designed to estimate the synchrotron emission. Syn-
chrotron emission is the dominant radiative process at radio frequencies at which most of the
kinematic studies have been done. In the model we assumed that the dominant radiating parti-
cles would be relativistic non-thermal electrons in a single power-law distribution given by:

ne(y) =noy ?, (3.1)

where 7 is the Lorentz factor, ne(7y) is the number density of electrons as a function of Lorentz
factor, p = 1.8 is the particle index and ng is a normalization factor. It was assumed that the non-
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thermal electrons were in equilibrium with the energy density of the fluid and the normalization
parameter is calculated as [9],

p—2

M , (3.2)
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where 7 is the electron energy density, .4 is the electron number density (it was assumed that the
fluid consisted purely of protons and electrons) and Cg, is the ratio of the maximum and minimum
electron energy.

The synchrotron emission and absorption coefficients were calculated for each cell in the sim-
ulation using a delta approximation, which assumes that each electron in the distribution radiates
at a single frequency. The coefficients were calculated according to the following equations [10],
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Here ji™ and o™ are the emission and absorption coefficients in the co-moving frame of the fluid,
e is the charge of an electron, m. is the mass of an electron, c is the speed of light, up is the magnetic
energy density, V is the frequency in the co-moving frame and vy is given by,
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Vo (3.5)
The magnetic energy density was calculated assuming equipartition with the internal energy of the
fluid.

In order to calculate 2D intensity maps from the 3D environment, radiative transfer equations
were applied and the emission and absorption coefficients were integrated along a line of sight.
The line of sight can be arbitrarily defined and the relevant Lorentz transformations were taken into
account during the integration. The radiative transfer equations can be expressed as,

d TeC 2 1
vl"EC . —
SV g 5 g, (3.6)

where,
1

L(1—Bu)’
is the Doppler factor of the bulk flow, with t = cos(¢) representing the angle between the motion
of the bulk flow and the line of sight, I" the Lorentz factor and 8 = v/c the velocity of the bulk flow.
The light travel time and cosmological redshift were neglected in the calculations.

) (3.7

By integrating the intensity over the entire map relative light curves can be constructed of the
evolution of the system. These light curves show the variation in the total intensity of the system
rather than specific emission regions. While the results neglect light travel time and cosmological
redshift it provides a first approximation on whether the instabilities that formed in the simulated
jet can produce significant variability without the injection of additional perturbations.
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4. Results

The physical structure of the simulated jet presented in this paper has been discussed in detail
in previous contributions [11]. Here we will show the variation in emission produced by fluid
dynamic instabilities. Figure 1 shows intensity maps plotted for a viewing angle perpendicular to
the injection direction at several time steps. The dominant emission originates from the cocoon of
the jet. The cocoon is a turbulent region containing a mixture of jet and ambient material, which
surrounds the relativistic beam. It is formed by the backflow of jet materiel after it has reached the
interface between the beam and the surrounding medium. This structure is similar to that of FR
II type radio galaxies. The results show the presence of hots spots and filaments, which change
significantly over time.

t=5090 t=5100 t=5110 t=5120 t=5130 t=5140

Figure 1: Two dimensional intensity maps calculated for a viewing angle of 90° with respect to the axis of
injection of the jet. The intensity maps are plotted for consecutive time steps from 5090 to 5140, with equal
time intervals At = 10, in arbitrary time units.

To investigate the time dependence of emission structures within the jet beam, intensity maps
were calculated at time intervals between r = 5090 and r = 5140, at an angle of 15° relative to the
axis of injection of the jet (Figure 2). At such a low viewing angle the emission in the jet becomes
Doppler boosted and dominates over the cocoon emission, emphasizing the jet structure. The
results show the presence of both stationary and time dependent emission regions in the jet. The
stationary components are formed in the stable region of the beam by re-collimation shocks, while
the time dependent structures form where the beam of the jet becomes unstable and breaks apart.
The position of a moving component is marked in Figure 2 versus that of a stationary component
close to the injection site.

Due to the large time difference between the write out of data files in the fluid dynamic simu-
lation when compared to the bulk motion of the jet medium, it is not possible to determine whether
the change in the top emission region is the result of a single component propagation through the
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jet or multiple emission components. This combined with the neglect of light travel time in the
post-processing code makes determining the apparent velocity highly challenging.

t=5090 t=5100 t=5110 t=5120 t=5130 t=5140

IMx

Figure 2: Two dimensional intensity maps calculated for a viewing angle of 15° relative to the axis of
injection of the jet. The intensity maps are plotted for consecutive time steps from 5090 to 5140, with equal
time intervals At = 10, in arbitrary time units. Crosses mark the positions of two emission components, one
stationary and the other propagating along the beam.

The variation in total intensity with time is shown in Figure 3. For a face-on system (viewing
angle of 0° relative to the axis of injection of the jet) the relative flux increases at a high rate
initially, but slows down at later time steps with a clear break in the curve. The initial increase in
flux is due to an increase in the beam length (which is the dominant emission component in the
face-on source) as the jet propagates through the medium. After the beam reaches a certain length
(=~ 80 units) it becomes unstable and breaks apart. The beam does not increase in length past this
point and the rate at which the flux increases slows down. For an edge-on source (viewing angle
of 90° relative to the axis of injection of the jet) the relative flux shows a steady increase. In this
case the dominant emission component is the cocoon, which increases at a steady rate as more jet
material is injected.

To investigate the scale of short term variability within the light curve a running mean curve
was constructed. Each point on the running mean consisted of the mean of the 25 points before and
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Figure 3: Relative light curves for edge-on (left) and face-on (right) lines-of-sight with respect
to the jet propagation, showing the evolution of flux for the simulations. The top plots show the
relative flux for each intensity map as well as for a moving mean of 50 frames. The bottom plots
contains the percentage variation in flux with respect to the moving mean.

after the current time step,

_ Z%S:FZS Yj

Yi= 50 4.1)
The difference between the relative light curve and the running mean curve was calculated as a
percentage value in order to determine the small scale variation in flux. The variation light curves
show small variability for both lines-of-sight, with the percentage variability decreasing as the
flux increases. The face-on source produces a lower percentage variation than that of the edge-
on source, however, the relative flux of this source is much higher and, therefore, the magnitude
of these variations are larger. Overall these light curves show that variability can be produced
through the fluid dynamic instabilities which are generated within AGN jets without the need for
a perturbation in the injection rate. The amplitude of the variations remain similar throughout the
simulation, while the overall flux increases, which results in a decline of the percentage variation.
No large scale flares were observed in the light curves suggesting that a perturbation in the injection
parameters is necessary to produce the flares which have been associated with observed data.

5. Conclusion

In this study a 3D relativistic hydrodynamic simulation was created that is consistent with
the results shown by previous studies. Synchrotron emission modelling was applied to calculate
artificial intensity maps at 15 GHz. These maps showed the production of stationary as well as
moving emission components at a low inclination angles. This result shows that fluid dynamic
instabilities actively contribute to the emission structure observed within AGN jets.

Total intensity light curves were calculated and showed a general increase in brightness as the
jet evolved. This was due to the increased size of the jet within the simulation with time. The
light curves showed that different inclination angles lead to different features in the evolution of
the intensity, which is due to different emission regions that dominate at different viewing angle
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due to Doppler boosting. Small scale variability was shown with respect to the mean intensity. The
amplitude of the variation reached on the order of 10% of the total intensity of the jet, however the
percentage decreased with the age of the system. This result shows that fluid dynamic instabilities
may contribute to the overall variability of AGN jets but scale of the variations shown in this study is
much less than that observed for flares in these sources. This suggests that additional perturbations
are required to produce the large amplitude variability which has been observed.

This study provides a good initial investigation, however the accuracy will be increased for
future investigations. This will be done by including additional effects such as light travel time and
radiative cooling of electrons. This will allow us to decrease the time resolution of the variability
as well as measure additional properties such as the velocity of the apparent motion of emission
regions.
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