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ABSTRACT

Context. Active galactic nuclei typically show the presence of radio jets ranging from sub-kpc to Mpc scales. Some of these radio
galaxies show distortion in their jets, forming tailed or winged sources. X-shaped radio galaxies are a subclass of winged sources
formation mechanism of which is still unclear.

Aims. The focus of this work is to understand hydro-dynamical back-flows and their role in dynamics and non-thermal emission
signatures (in presence of radiative losses and diffusive shock acceleration) during the initial phase of these galaxies.

Methods. We have performed relativistic MHD simulations of an under-dense jet travelling in a tri-axial ambient using a hybrid
Eulerian-Lagrangian framework to incorporate effects of micro-physical processes.

Results. We have demonstrated the dominant role played by pressure gradient in shaping XRGs in thermally dominated cases. We
show that the prominence of the formed structure decreases as the jet deviates from the major axis of the ambient. The wing evolution
is mainly governed by re-energized particles due to shocks that keep the structure active during the evolution time. The synthetic
intensity maps of the radio galaxy show similarities with morphologies that are typically found in observed XRGs. This includes the
cases with wider wings than the active lobes. The characteristic emission signatures in terms of its synchrotron spectra and implication
of equipartition condition in age estimation are also discussed here. Additionally, we show that discrepancy of age can be attributed
to mixing of different aged particle populations. Further, the effect of viewing angle on the difference of spectral index (A«) of the
active lobes and the wings shows a large variation and degenerate behaviour. We have demonstrated the role of diffusive shocks in
the obtained variation and have concluded that the Aa spread is not a dependable characteristic in determining the formation model
of XRGs.
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Methods: numerical

1. Introduction

The work of Fanaroft & Riley (1974) showed that there exist two
types of extended radio galaxies classified based on their lumi-
nosity at 178 MHz - Fanaroff & Riley (FR) class I and II. They
can also be identified by observing the absence or the presence
of the edge brightened feature at the jet termination point respec-
tively. The radio jets ejected along the spin axes of the central su-
per massive black-hole (SMBH) can extend from several kpc to

>< a few Mpc in space (Bassani et al. 2016; Dabhade et al. 2020).

@

Interestingly, some of these double-lobed radio galaxies show
significant distortion in their lobes and form peculiar radio struc-
tures. They can be divided into two categories - Mirror symme-
try, when the bridges or lobes bend away from the galaxy in the
same direction forming tailed sources and Inversion symmetry,
when they bend in opposite directions forming winged sources
(X-, S- or Z-morphology). There is a general agreement that mir-
ror symmetry occurs when the galaxy is moving with respect to
the ambient medium. In most cases, the ram pressure of the clus-
ter medium and buoyancy forces influence the formation of these
tailed structures (Smolci¢ et al. 2007; Miiller et al. 2021; Pandge
et al. 2021). However, the formation mechanism of X-shaped ra-
dio galaxies (or the winged sources) is still under debate with no

general agreement (Lal & Rao 2007; Hodges-Kluck et al. 2010;
Gopal-Krishna et al. 2012; Hardcastle et al. 2019; Cotton et al.
2020). The first X-shaped radio galaxy, NGC 326, was discov-
ered by Ekers et al. (1978). Since then, it has been known that
these galaxies have a pair of active lobes similar to the classical
double-lobed radio structure beside the presence of secondary
lobes (wings) which are diffuse, extended and of lower luminos-
ity than the active lobes (Cheung 2007; Bera et al. 2020). A re-
cent study using MeerKat telescope have demonstrated a classic
wing-lobe structure using 1.28 GHz radio observations demon-
strating wings extending up to several hundreds of kpc (Cotton
et al. 2020).

Several models have been put forward in order to describe
the peculiar X-shape. One of the models is based on the merging
of galaxies hosting super-massive black holes (Begelman et al.
1980; Rottmann 2001). Here, the formation of diffuse lobes has
been attributed to the relic jet, formed due to the BH-BH col-
lision leading to a quick change in the jet ejection axis of the
central AGN (Merritt & Ekers 2002; Gopal-Krishna et al. 2003;
Saripalli & Roberts 2018). The process of merging of galaxies
can also result in a rather slow transition of central BH spin axis.
Here, the freshly deposited matter of the merged companion with
different angular momentum will eventually realign the spin axis
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of the central BH in a gradual manner via accretion (Rottmann
2001). The re-orientation time scale for such a process is of the
order of 10% — 107 years (Natarajan & Armitage 1999; Dennett-
Thorpe et al. 2002). Additionally, jet re-orientation due to spin
transition of the central SMBH in a post-merger phase has also
been suggested by Garofalo et al. (2020).

A different model considering the role of the ambient re-
lates the formation of wings occurs to the evolution of the back-
flowing plasma in the galaxy tri-axial density distribution (Back-
flow model). The back-flowing materials (plasma) released at the
jet head while traversing back towards the centre, get deflected
by the interstellar medium (ISM) of the host galaxy leading to an
X-shaped morphology (Leahy & Williams 1984). In the study
led by Capetti et al. (2002), they have shown the role of over-
pressured cocoon in forming XRGs and have shown a striking
connection between the wing orientation and the minor axis of
the ambient, confirmed by Gillone et al. (2016) on a larger sam-
ple. This is what actually has been observed for many XRGs
(Saripalli & Subrahmanyan 2009) and also has been verified in
a detailed 3D simulation led by Rossi et al. (2017). A recent
evidence for the Back-flow model is provided by Cotton et al.
(2020) where they have shown a double boomerang structure
supporting Leahy & Williams (1984) and comparable to the re-
sults of numerical simulations by Rossi et al. (2017). The role of
an over-pressured cocoon in forming a giant radio galaxy hav-
ing X-shaped morphology is also shown recently by Bruni et al.
(2021).

Some other formation mechanisms relevant to either of the
model mentioned above are highlighted here. They are the dual
AGN model by Lal & Rao (2007), the effect of buoyancy on the
plasma bubble or lobes by Gull & Northover (1973) which are
getting some relevant observational support from the studies led
by Lal et al. (2019); Hardcastle et al. (2019). The role of a pre-
cessing jet in forming an X-shaped morphology can also not be
ignored as shown by Horton et al. (2020) using numerical sim-
ulations of precessing jets and proxy synchrotron emission for
the formed structures. However, to date, there exists no general
agreement between the proposed models to describe the forma-
tion process of these galaxies. Also, under which parametric re-
strictions each of these models work is still not well understood
(Joshi et al. 2019). Finally, whether there exists any universal
model which can explain all the properties of these galaxies or
not is also an important question to ask, for these galaxies.

In our study, we will focus on the Back-flow model (Capetti
et al. 2002) as the possible origin of the X-morphology by us-
ing numerical simulations to study their dynamics and emission
properties. In this regard, Capetti et al. (2002) and Hodges-Kluck
& Reynolds (2011) have also performed numerical simulations
considering the role of the ambient and the back-flow of plasma
using hydro-dynamical approach. In a more detailed simulation
led by Rossi et al. (2017), considering both the effects of mag-
netic field and relativistic flows, have investigated the wing for-
mation process based on the jet and ambient parameters. How-
ever, considering the emission perspective of XRGs, these previ-
ous studies either have used proxies (Hodges-Kluck & Reynolds
2011) or have considered a simplistic treatment of it (Rossi et al.
2017). Here, we intend to model the emission aspect of these ra-
dio galaxies by properly introducing the effects of the ongoing
micro-physical processes like radiative and adiabatic losses and
the particle re-energization process. In this way we can follow
the spectral evolution of the emitting particles and we can inves-
tigate whether re-energization processes can be present also in
the wings, allowing a possible discrimination between different
formation mechanisms.
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We will adopt here the Eulerian-Lagrangian hybrid frame-
work to incorporate effects due to radiation losses in presence of
diffusive shock acceleration. Such hybrid models have been de-
veloped in several astrophysical codes (Jones et al. 1999; Vaidya
et al. 2018; Winner et al. 2019; Huber et al. 2021; Ogrodnik et al.
2021). In particular, for this study we will use model of Vaidya
et al. (2018) (see also Mukherjee et al. (2021)) in the PLUTO
code (Mignone et al. 2007). This model has recently also been
used to study the influence of KH instability on kpc scale jets by
Borse et al. (2021).

The paper is arranged as follows, we have discussed our nu-
merical setup in Section 2 including both the dynamical and
emission perspective of it. In Section 3, we demonstrated the
dynamical results obtained from different simulation runs. The
associate spectral signatures obtained using the hybrid frame-
work are discussed in detail in Section 4. Further, we showcase
the impact of shock acceleration on particle and spectral evolu-
tion in Section 5 and then summarize our work in Section 6. We
have adopted here a flat cosmology with Hy = 69.6 km/s/Mpc
and Q,,, = 0.29.

2. Numerical setup

Our numerical simulations were performed using the PLUTO
code (Mignone et al. 2007) which solves the set of relativistic
magneto-hydrodynamic (RMHD) equations defined as

O(pu) =0
AW u® — bb° + pg®) =0

0, (ub’ — ub) =0 (D
where «, 6 = (0,1,2,3) (Mignone & Bodo 2006; Mignone
et al. 2009). Here p is the rest mass density, u* is the four ve-
locity (I'(1,v): T" represents the jet Lorentz factor) and b* is
the covariant magnetic field defined through the lab field B as
(b°, B/T" + b'v). Total enthalpy and total pressure of the system
are represented by w and p respectively. The metric g is con-
sidered to be flat having the form diag(-1, 1, 1, 1).

2.1. Dynamical model

The ambient condition of our numerical model is a representa-
tive tri-axial ellipsoidal galaxy. We have initialized such a galaxy
using the King’s density profile (Cavaliere & Fusco-Femiano
1976) which is defined (in Cartesian system) as

p= £o )

(1+x2%/a? +y?/b? + Zz/cz)%

where pg is the central density of the galaxy and set to be 1
amu/cc. The values of a, b, ¢ (effective core radius) are different
so that the density distribution acquires a tri-axial shape. Here

3

and y is the angle between the jet ejection axis and the major
axis of the galaxy (Rossi et al. 2017). The pressure distribution
P(x',y,z7) follows the density distribution of the galaxy by as-
suming an isothermal atmosphere and is used to obtain accel-
eration due to gravity (g) through the hydro-static equilibrium
equation, VP = pg. Further, we have introduced an initial jet
nozzle at the centre of this distribution which will continuously
inject relativistic jet having Lorentz factor I' = 5. The injected
jet materials are under-dense with a factor (17) of 107 relative

X' = xcosyr — ysingr, ¥ = xsinyg + ycosys
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Fig. 1. Distribution of density along the major, intermediate and minor
axis of the tri-axial ellipsoidal galaxy is shown here (in the initial phase),
where the value of py is 1 amuj/cc.

to the central density of the galaxy. The galaxy is initially iso-
thermal and the temperature of the medium is fixed by setting
the jet Mach number to 400. Taub-Matthews equation of state
has been used for our runs (Taub 1948; Mignone et al. 2005).
We have performed these simulations with second order accu-
racy in space using linear reconstruction and HLLC Riemann
solver. We have also incorporated an initial toroidal B-field in
the jet injection region which is defined as

B, = =Brsin(1}), By = B;rcos(1}) @

where r and ¢ are the polar coordinates in the perpendicular
plane to the jet ejection axis and By, B, are the components of
the field defined in that plane (Rossi et al. 2017). The value of
B, is constant and is determined through the jet magnetization
parameter o (set to 0.01) which is the ratio of Poynting flux to

the matter energy flux (%; h is the specific enthalpy). To en-

sure the solenoidal condition of magnetic field, we have adopted
the method of divergence cleaning as prescribed by Dedner et al.
(2002). The simulations were conducted in dimensionless units,
where the units for their conversion back into physical forms are
chosen by keeping consistency with the observational data. The
unit length is defined as L{P = 4 kpc which is a fictitious core
radius of the galaxy. Based on this, all the lengths are defined in
our simulations. Unit density (o) and velocity (V;) are chosen
as 1 amu/cc and light speed (c) respectively, using which we can
find out the units for other variables as well.

For our runs, we have particularly followed the initial con-
figuration described in Rossi et al. (2017). The initial density
profile is obtained using Eq. (2) by adopting a = 1/3, b = 2/3
and ¢ = 1/4 with respect to the physical scale LgD. So, y'-axis
is the major axis of the galaxy (where y is the jet ejection axis)
and x’, z axes are the intermediate and minor axis respectively.
The distribution of density along the three axes of the ambient
medium is represented in Fig. 1. The simulation domain has a
physical size of 4L3P x 8L3P x 4LiP which is discretised us-

Table 1. This table highlights those characteristics of our simulations
which we have varied. In the 1st column, we have labeled these runs for
further references. The 2nd column is representing the angle between
the ejected jet and the major axis of the galaxy. The corresponding do-
main size of these runs (in units of 4 kpc (LSD)) with the number of
grid cells that enclose the domain are highlighted in column 3 and 4
respectively.

Sim. label | Angle-yy | Domain (X LgD) Grid
3Dmaj_ref 0° 4x8x4 192 x 384 x 192
3Dmaj_high 0° 4x8x4 384 x 768 x 384
3Dang_ref 30° 4x8x4 192 x 384 x 192

ing 192 x 384 x 192 grid points for our reference runs (see Ta-
ble 1). A bi-directional jet is injected into the domain from the
origin through a cylindrical injection region having a radius of
0.05 and a height of 0.063 (with respect to LgD ). This region is
further divided (along ¥) into three sections - neutral region, jet
region (towards +ve y-axis) and the counter-jet region (towards
-ve y-axis). In the neutral region (Jy| < 0.02 LSD ), the values of
B-field and velocity are zero but in the jet and the counter-jet re-
gion, the direction of the velocity and B-field are reversed. The
parameters defined inside the jet injection region are set to be
fixed with time. For these runs, the outer boundaries on all sides
are set by extrapolating the ambient values.

The injected jet power is calculated using the formula below

(Matthews et al. 2019)
Qj=7Tr12~Vj raT- l)ij2+ vv_lrzpj (@)
where 7}, v;, p;, v and P; are representing the jet radius, bulk
velocity of the jet, jet density, adiabatic index and jet pressure
respectively. The values of Q;, obtained for all of our runs are
the same and is 1.51 x 10* erg/sec.

The different simulations carried out in the present study are
summarized in Table 1. We have performed two principle runs
in 3D using the resolution prescribed above, which we refer to
as our reference runs. For the case 3Dmaj_ref, the ejected jet
propagates along the major axis of the galaxy and for the case
3Dang_ref, the jet propagates at an angle 30° to the major axis
of the galaxy (similar to cases E and F of Rossi et al. 2017). We
have also carried out a high resolution run (3Dmaj_high) with
384 x 768 x 384 grid cells to investigate the resolution effect in
our results.

2.2. Emission model

We make use of the hybrid framework of PLUTO code in or-
der to inject the Lagrangian macro-particles into the domain to
model the emission properties of these galaxies (Vaidya et al.
2018; Mukherjee et al. 2021). These non-thermal particles are
continuously injected through the jet nozzle in order to fill the
computational domain. With the chosen injection rate, we ob-
tained nearly 10° particles at the end of the simulation which can
adequately model the emission features. Each macro-particle is
an ensemble of non-thermal electrons which are set to follow a
power law pattern (initially) defined as N(y) = Nyy™? with index
p = 6. The value of Ny can be obtained by j;yn ':“ NO)dy = Rmicro

where nmicro 1S the non-thermal electron number density. Its value
is set by assuming that the energy density of the injected elec-

. . . . B}
trons (U,) is a fraction of the magnetic energy density (%) at
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Fig. 2. A 3D representative image showing the line of sight visualization
angle (6, ¢) used in our study to get the synchrotron emissivity (and
hence the intensity) along that direction. The major, intermediate and
minor axes of the central ellipsoidal galaxy are labelled here just to
represent the relative configuration of the tri-axial ambient, where they
shift slightly based on our different runs.

the injection region, i.e. (in cgs units)

Vimax ng B(ziyn
Ve=mee [ ey |= | = e
Ymin 8 87

(6)
The term in the bracket in Eq. (6) represents the equipartition
magnetic energy density (Hardcastle et al. 2002) where Bq is
the equipartition magnetic field strength. In reality, By is rather
a proxy for magnetic field defined such that magnetic energy
associated is equivalent to the radiating electrons energy and
therefore cannot be regarded as physical magnetic field. Here,
€ represents the fraction and is set to the value of 2.7 x 107*
under the limiting Lorentz factors 10? (ypi,) and 10'° (yjax) of
the electrons. The choice of € is rather arbitrary and results in
a sub-equipartition strength of emission with Beq = 0.01Bgyn.
We therefore obtain the value of nmicro as 107p; where p; is the
jet density. The initial spectral distribution of the electrons will
subsequently get updated depending on the micro-physical pro-
cesses it undergoes like radiative losses, adiabatic cooling or dif-
fusive shock acceleration from multiple shocks. For this reason,
the particles are insensitive to the initial conditions when they
travel some distance away from the injection region. The radia-
tive losses considered here are the synchrotron and the inverse
Compton (IC-CMB) emission, for which we set a representative
redshift (z) of the galaxy as 0.05. For the present study, we have
focused on the synchrotron emission for seven different frequen-
cies, six of which are in radio bands (LOFAR 144 MHz, GMRT
240 MHz, GMRT 610 MHz, VLA 1.4 GHz, VLA 5 GHz and
VLBA 43 GHz) and one is in optical B-band (HST 6.5 x 10*
GHz). In this regard, we have obtained specific intensity maps
of the radio galaxy from synchrotron emissivities (at these fre-
quencies) assuming a line of sight angle (6, ¢) as shown in Fig.
2.

3. Dynamical Evolution : Lobe and Wing Formation

In this section, we describe the dynamical evolution of various
simulations leading to the formation of X-shaped morphology.
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3.1. Jet along major axis

At the onset when the jet head enters into the galactic medium,
it results in the formation of a spherical cocoon due to the high-
density distribution near the center of the galaxy. As the time
progresses, both the jet and counter-jet propagates outwards and
exit the high density galactic core region. The existing over-
pressured spherical cocoon starts to expand asymmetrically, fol-
lowing the maximum pressure gradient path created by the am-
bient medium. Elliptical galaxies have higher pressure gradient
along the minor axis compared to the major one. Thus, when
jets travel along the major axis, the back-flowing material (that
contributes to spherical cocoon) expands faster along the mi-
nor axis creating a prominent wing structure. In Fig. 3 (for the
case 3Dmaj_ref), we have shown the density distribution (left)
viewed along the x-axis indicating the formation of a prominent
wing structure. On the right, we have shown three dimensional
velocity distribution (vy) viewed at an angle to the jet ejection
axis. This velocity distribution demonstrates the formation of the
back-flowing plasma at the jet head and accumulation of it in the
wings. The corresponding time of evolution for both these struc-
tures is 3.91 Myr.

A comparison with the theoretical estimation of the active
lobe length with the simulated length is also made for this case
and is represented in Fig. 4 where in addition to it, a comparison
with our high resolution run is also overlaid. The theoretical es-
timation of the active lobe length is obtained from the equation
as suggested by Marti et al. (1997) for relativistic case i.e.

v o LW
"T 4T

where vy, I'j, pj, pa, hj, h, are representing jet head speed, jet
Lorentz factor, jet density, ambient density and jet and ambient
specific enthalpies respectively. In order to determine the simu-
lated active lobe length, we have tracked the maximum pressure
region which will occur at the jet head-ambient interaction point
(Bromberg et al. 2011). Whereas for the wing length determi-
nation, we have tracked the maximum value of kinetic energy
along the wing. In Fig. 4, we can see that the simulated line
never crosses the theoretical prediction (1D), as we have extra
dimensions here (3D) where the jet can expand, reducing the jet
velocity further (Rossi et al. 2017). It is also noticeable that with
increasing resolution, the results approach the theoretical pre-
diction. However, the deviation in the wing length and the lobe
length for our high and reference resolution cases are < 4% and
12% respectively at a time 3.13 Myr. This is equivalent to a lag
of < 0.2 kpc and 1.1 kpc for the wing and lobe length, compared
to their total size of 5.6 kpc and 9.9 kpc respectively. The av-
erage values of magnetic field (density weighted), we get at the
end of the simulations (3.91 Myr) are of the order of 12 uG. Sim-
ilarly, for the average pressure of the cocoon, the values we get
is of the order of 10~° dyn/ cm?. In addition to this, we have also
plotted the time evolution of plasma-8 (the ratio of thermal to
magnetic pressure, B = 81’;—21)) in order to understand which form
of energy plays the crucial role in shaping these galaxies. The
values of B, represented in Fig. 5 are much higher than unity.
This indicates that it is the thermal part that remains dominated
in the cocoon over a long time for these galaxies (thermally over-
pressured cocoon). Also at the same time, the cocoon is strongly
over-pressured with respect to the ambient as well. In this regard,
the evolution of Sy, obtained for the case 3Dmaj_high does not
show a steep increase, however an overall increasing nature with
Bp1 > 1 of the curve is obvious.

pjh;
Paha

(N

vj; where y =



G. Giri, B. Vaidya et al.: Modelling XRGs using Back flow model

1.00e-06 1.40e-05 1.96e-04 3.84e-02 5.38e-01

2 .749-03

Z - Axis

Y - Axis

Fig. 3. Left: a 2D slice of our simulated 3D structure (at x = 0) representing the density distribution in the y—z plane. The formation of a prominent
wing structure along the z-axis can be observed here (case: 3Dmaj_ref). Right: velocity distribution map (vy) of the bi-directional jet, representing
the same structure as the left one but viewed at an angle to the jet ejection axis. Both of these structures have a dynamical age of 3.91 Myr. The
measure of velocity, density and length are represented here with respect to the light speed (c), unit density (oo i.e. 1 amu/cc) and unit length (LSD

i.e. 4 kpc) respectively.
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Fig. 4. A comparison of the theoretical estimation of lobe length with
our simulated lobe length obtained for the run 3Dmaj ref is shown.
The time evolution of the wing lengths along the intermediate axis (i.e.
along x-axis) and the minor axis (i.e. along z-axis) along with the com-
parison with the high resolution 3D run (3Dmaj_high) are also overlaid.
The caption ref_res used here for the run 3Dmaj_ref and high_res for
the run 3Dmaj_high.

3.2. Jet at an angle to major axis

For the simulation 3Dang_ref, where the jet propagates at an
angle 30° to the major axis of the galaxy, still favours the forma-
tion of an X-shape morphology. However, as it deviates from the
most favourable condition of wing formation, the prominence of
the formed structure is less than the run 3Dmaj_ref (Rossi et al.
2017). In Fig. 6, we have represented the density distribution of
the galaxy along the plane y-z (left) and y-x (right) where the
lateral expansion of the cocoon is still in progress. An asymme-
try in wing formation i.e. the bending of back-flowing materials

600
----- Simulation: 3Dmaj_ref P
***** Simulation: 3Dang _ref ,j/
z L g Vo
s0 T Simulation: 3Dmaj_high /// -
e //
/
I

400 |
£ 300 | i
3 i/
a st

200 | o

4 /' ,~—
" L ~~\\\ e
A N>
e
L
100 YA
—__J‘,:,:, //
== L e
Pl D
T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Time (in Myr)

Fig. 5. Time evolution of plasma-g (By) for all of our runs showing
a gradual increasing nature throughout. The values of it obtained are
much higher than unity indicating the presence of a thermally over-
pressured cocoon.

before reaching centre can be seen in the y-x plane i.e. when
viewed along the z-axis of the galaxy, where a similar bending
of back-flowing plasma has also been observed in several XRGs
as well (Cotton et al. 2020; Bruni et al. 2021). However, our
structure is still in its initial stage of formation (3.91 Myr) and
in this regard, it would be interesting to further follow its long
term evolution. The lobe length obtained for this case is found
to be 24% higher than the case 3Dmaj_ref at a time 3.65 Myr,
whereas no significant difference in wing lengths is observed for
both the cases. This indicates the crucial role of thermally over-
pressured cocoon in driving the wings beside the leading role
played by ambient at its first place. The higher lobe length ob-
tained here is also expected due to the higher propagation speed
of the jet (Rossi et al. 2017) which is generated due to the faster
decay of ambient pressure along the jet propagation direction.
The corresponding evolution of plasma-g follows a similar trend
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Fig. 6. Density distribution (log p) of run 3Dang_ref in the plane y-z
(left) and y-x (right) showing the wing formation along the z and x axis
respectively. The asymmetry in wing formation i.e. the bending of back-
flowing materials before reaching centre can be seen here along the x-
axis, whose morphological relevance is discussed in Section 3.2. The
dynamical age of this structure is 3.91 Myr. Here lengths are defined
with respect to 4 kpc.

as 3Dmaj_ref (Fig. 5), however the values obtained are slightly
higher.

In summary, our 3D relativistic MHD simulations of jet
propagation within a tri-axial galactic environment have demon-
strated the formation of X-morphology following the Back-flow
model as proposed by Capetti et al. (2002). One of the observed
characteristics of such X-morphology is that in most cases wings
coincide with the minor axis of the galaxy (e.g., Saripalli & Sub-
rahmanyan 2009; Gillone et al. 2016; Joshi et al. 2019). We have
performed simulation runs by varying the direction of jet ejec-
tion with respect to the major axis of the underlying galaxy and
verified such empirical evidence consistent with results obtained
by Rossi et al. (2017). For these radio galaxies, the dominant
thermal energy over magnetic energy favours the development
of X-shaped morphology and it remains dominated in the co-
coon during the evolution time. The back-flowing plasma which
were created at the jet head due to the pressure imbalance (Leahy
& Williams 1984), continuously inflates the cocoon and get ac-
cumulated in the wings.

4. Synthetic Spectral Characteristics
4.1. Effect of viewing angle on Surface Brightness Maps

Using the Lagrangian macro-particles injected into the domain,
we have also evaluated the intensity distribution of the galaxy.
The results for case 3Dmaj_ref are shown in Fig. 7 where in ad-
dition to the intensity map, the effect of viewing on the shape is
also demonstrated. The line of sight angle of visualization from
the top row to bottom row in Fig. 7 are (6§ = 70°,¢ = 0°),
@ = 20°¢ = 70°), (8 = 45°,¢ = 45°), (0 = 70°,¢ = 45°)
and (8 = 70°, ¢ = 70°) respectively. In the figure, each column
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represents emission maps for different observed frequencies as
mentioned on top of the column. A common color-bar for the
radio frequencies is shown in the utmost right of the figure. A
separate color-bar for the optical (B-band) map (separated with
a dashed rectangular block) is used in order to clearly demon-
strate the small scale variations of intensity. From Fig. 7, it is
evident that the relative extent of the active lobe and the wing
also depends on the viewing angle. Our projected surface bright-
ness maps, synthesized from a single simulation, show similari-
ties with several observed XRGs in terms of appearance. As sug-
gested by Hodges-Kluck & Reynolds (2011) that the projection
effect almost always enhances the wing size, can also be found
in our study as well.

We observe that as the viewing angle 6 approaches the
intermediate-axis (x-axis), the contribution from the wing to the
synthetic emission increases in comparison to that obtained from
lobe. Similarly, as the value of ¢ increases, the contribution from
wing to the emission also increases. In the odd case with very
high 6 = 70° and ¢ = 70°, emission in the radio bands from
wing over-powers that from the lobe and the observed structure
is rather a blob and can not be categorized as X-shape. The pro-
jected lobe length to wing length ratio i.e. Liope/Lwing for the
case (70°,70°) is 0.7, whereas, it is ~ 1 for (70°, 45°), stipu-
lating a population that possess equal projected wing and lobe
length. The values of Ligpe/Lying for other cases and viewing
angles are listed in Table 2 which are typically > 1.

In summary, we find that synthetic emission maps produced
from simulations with back flow can span the full range of
Liove/ Lwing With different viewing angles. This result is con-
sistent with the findings of Hodges-Kluck & Reynolds (2011);
Joshi et al. (2019).

4.2. Spectral Maps and Energy Distribution

From the power-law dependence of the flux density S, oc v*, the
spectral index a can be obtained as

@ = log,o(§,1/52)/ 1og o (v1/v2) ®)

Its distribution for the 3Dmaj_ref case with viewing angle (6 =
70°, ¢ = 0°) and for frequencies v1 = 240 MHz and v2 = 5 GHz
is shown in Fig. 8. The intensity weighted average of @ of the
whole structure is evaluated using the equation below

o flv(x,y)a(x,y)dxdy
¥ f L,(x, y)dxdy

©))

and the value obtained is -1.16. From the spectral map distribu-
tion, it is evident that steeper spectra is primarily associated with
the wings (dark blue color) while the lobes show a rather flat
spectral signatures (light green color). Considering the wings,
we also observe that at significant places, the spectral index val-
ues becomes flat (localized green spots in the wing structure).
This indicates possibility of particle energisation due to localised
shocks within the wings. We have further analysed particle dis-
tribution both in the wings and the lobes separately and is dis-
cussed in Section 5.

The distribution of spectral index also depends on the choice
of frequencies and therefore we have created spectral maps
with multiple frequency pairs i.e. for (v1, ¥2) as (0.240, 0.610)
GHz, (0.240, 5.0) GHz and (5.0, 43.0) GHz (see Eq. 8). In
this way, we are probing two ends of a power law spectrum
that has a break near 5 GHz observed in our case. The a-maps
with the above frequency choices are shown in Fig. 9 for the
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Fig. 7. Intensity maps (log I in Jy/arcsec?) obtained for the run 3Dmaj_ref are highlighted in this image for five line-of-sight angles i.e. (6 =
70°,¢ = 0°), (0 = 20°,¢ = 70°), (8 = 45°,¢ = 45°), (8 = 70°,¢ = 45°) and (0 = 70°,¢ = 70°) for 1st, 2nd, 3rd, 4th and 5th row respectively (from
top) at a time 3.78 Myr. We have used a separate color-bar for the optical image to highlight the small scale variation in the intensity distribution.
It is evident from figure that the relative extent of the active lobes and the wings depend on the viewing effect. The measure of ARA and ADec

here are in arcsecond.
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Fig. 8. The spectral index distribution (@) of the radio structure obtained
for the run 3Dmaj_ref is shown. Here wings are showing steep spec-
tral index compared to the active lobes due to the accumulation of older
particles. However, the presence of several flatter @-patches are also no-
ticeable (especially in the wings) that are generated due to re-energized
particles at shocks. The frequencies used here to produce this map are
240 MHz and 5 GHz.

case 3Dang_ref with line of sight angle (70°,0°). The maps
indicate that spectral index is flat within the lobes for all chosen
frequency pairs. Whereas, wings demonstrate a much steeper
value of «, particularly for higher frequency choices (see
middle and right panel of Fig. 9). This corroborates the fact that
synchrotron cooling time is small for high energy particles and

verifies that older particles (those injected at early times in the
simulation) have considerably cooled due to radiative processes
and accumulated in the wings. It should be noted that even
for the @-map with 5 and 43 GHz (right panel of Fig. 9), one
can observe local patches in the wings that corresponds to flat
spectra with @ ~ —0.7 primarily arising due to shocks. The as-
sociated spectral energy distribution (vL, with L, as the specific
luminosity) is obtained for seven synchrotron frequencies and
presented in Fig. 10. We observe a low frequency hump peaking
at 1.4 GHz for both our 3D cases with a peak value of 3 x 10*!
erg/sec. Also, the luminosity values show a similar declining
trend with higher frequencies as expected due to synchrotron
cooling.

We have further evaluated A, the difference between the
averaged spectral index of the active lobes (/%) and the wings
(ap"®), for different viewing angles and different pairs of fre-
quencies. We denote this quantity as Aaﬁ and compute the same

using

wing

e~ (10)

Aa‘;% = a&lV
We have separated out the region of the lobe from the the wing
as indicated by red rectangle with solid line in Fig. 11. The rect-
angle is drawn ensuring that the jet structure obtained from op-
tical B-band images remains well within its sides. The contri-
bution from the overlapping region is eliminated by identifying
the lobes by only considering 20% of the projected jet length
as shown by the red dashed lines. The region outside the solid
rectangle is identified as wing. The intensity averaged spectral
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Fig. 9. Distribution of spectral index values for different frequency choices for the case 3Dang_ref is shown here for a line of sight angle of
(70°,0°). The frequencies used to generate these maps are 0.240-0.610 GHz (left), 0.240-5.0 GHz (middle) and 5.0-43.0 GHz (right) respectively.
The steepening of a-values with increasing frequency choices in the wings is expected due to synchrotron cooling. The presence of flatter @-patches
(particularly in the wings) are prominent if the chosen frequencies are in the low frequency regime (indication of particle re-energization).
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Fig. 10. The spectral energy distribution (SED) (vL,: L, is specific lu-
minosity) of our simulated XRGs in seven synchrotron frequencies are
represented here. A low frequency hump, peaking at 1.4 GHz is promi-
nent in the image for both our 3D cases.

index is finally estimated using Eq. (9) for each of these regions.
It is clear from the expression of Aa‘v’% (see Eq. 10) that a neg-
ative (—ve) value would indicate flatter spectral index in wings
as compared to lobes. While, a positive (+ve) Aaﬁ would imply
that lobes have flatter spectral index compared to the wings.

The values of Aaﬁ, obtained for frequencies v1 = 240 MHz
and v2 = 610 MHz are highlighted in Table 2 for both our ref-
erence runs. We find that its value can be either +ve or —ve de-
pending on the viewing angle. The measure of Aa/“:% is also sen-
sitive to the choices of frequencies. We have obtained its values
with different sets of v1 and v2 which are listed in Table 3. The
choices are made in such a way that we can probe Aaﬁ in the
two regime of a broken power law spectrum obtained for our ra-
dio galaxy (spectral break around 5 GHz). We see that Aaﬁ val-
ues are mostly +ve for higher frequencies and also have higher
values, as is expected of older cooling electrons in the wings
with steeper spectral indices. Negative values of Aaﬁ are seen
for the pairs of frequencies that are in the rising phase of SED
(up to the peak at 1.4 GHz). An exception is where Aa’¥*SH? s

5GHz
—ve, regardless the fact that both the lobe and wing spectral in-

dex (%, aawving) steepens for these frequencies. This is the case
with highest projected wing size with a small tip of jet visible
in the intensity map. This further hints that the projected size

of lobes and wings may play an integral role in influencing the
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sign of Acxﬁ. Thus, viewing angle also plays a crucial role in

determining the value of Aaﬁ as shown in Tables 2 and 3. In
case of our reference run 3Dmaj_ref, the line of sight angles
(70°,0°) and (70°, 20°) provide the highest projected lobe length
to wing length ratio (> 1.5) and correspondingly have —ve val-
ues of Aaglo MHz Whereas, the other two viewing angles have

40 MHz

larger wing lengths and so values of Aa$) M2 obtained are +ve.
For the case 3Dang_ref, the obtained lengths of lobes are nat-
urally higher due to the higher propagation speed of the jet, as
also discussed in Section 3.2. In this case, all the values obtained
for Aa/“:% are —ve for 240 MHz (v1) and 610 MHz (v2). However,
this is not a general trend observed for all the frequency choices.
We have also revisited our calculation (i.e. measure of Aaﬁ) fol-
lowing the same process as highlighted above but varying the tip
length of the jet from 15% to 25%. We observed that changes
in ways to distinguish lobes and wings only affects the quanti-
tative values, but the overall qualitative picture presented here
still holds true. This is expected as with different line of sight
choices and box sizes, we are considering or ignoring regions
where effects from nonlinear micro-physical processes are also
in play. As a result, a wide range of Aafﬁ can be anticipated from
a single source based on the way we measure them. In case of a
bigger box shape, the effect of contamination (between lobe and
wing) shall be imparted on the Aaﬁ measurements.

From an observation study of 28 XRGs, Lal et al. (2019)
have demonstrated that the values of Aag}‘gﬁgi approximately
varies between -0.7 to +0.6. Based on such variation, their study
did not find any significant difference between the spectral be-
haviour of wings and lobes and suggested a possible role of dual
AGN in formation of XRGs. From our analysis, we have showed
that Aaﬁ distribution has a strong dependence on frequency
choices, especially which part of SED they are in. In this re-
gard, one should note that the peak frequency in SEDs of several
observed XRGs has been found to vary in a wider range starting
from MHz to GHz scale (Lal & Rao 2007; Ignesti et al. 2020).
The distribution also shows variation depending on the viewing
angles. As the size and shape of the structure changes based on
line of sight visualization angles, so does the distribution of @
which in turn affects the a,, evaluation and hence the Aaﬁ. The
diffusive shocks, especially, complicates it even more by produc-
ing flatter-a patches. Further, shock acceleration is a continuous
process and so is the radiative cooling processes. Hence, such
a measure would critically depend on the evolution stage of the
galaxy. Our current models are limited to simulations focusing
on the early phase of XRGs. Although, the mechanism through
which the shocks are generated are a continuous process, and it
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Table 2. This table shows the Aaﬁ values that are obtained for frequen-
cies 240 MHz and 610 MHz for our 3D cases, for the four line of sight
angles as mentioned earlier. The 4th column represents the projected
lobe to wing length ratios for each case. A distribution of AaS}) MHZ val-
ues both in the +ve and —ve side is particularly noticeable here which

has been obtained based on the Back-flow model.

Case (G ¢) Aa’g};g I\I\CIIII:; Llobe/Lwing
3Dmaj ref  70°, 0° -0.294 1.5
20°, 70° -0.200 1.9
45°, 45° +0.092 14
70°, 45° +0.156 1.1
3Dang_ref  70°, 0° -0.562 2.0
20°, 70° —0.068 2.2
45°, 45° -0.162 1.9
70°, 45° —0.065 1.5

Table 3. Here, we have represented the Aaﬁ values, obtained for
different choices of frequencies for the case 3Dmaj ref (top) and
3Dang_ref (bottom) for four viewing angles. The distribution of Aa/ﬁ
is found to vary based on both the choices of frequencies and view an-
gles (see Section 4 for details).

@, ¢)  Acigwi  AmpNn,  Avgh,  Aesa,
70°, 0° -0.486 —0.029 +0.522 +1.974
20°, 70° -0.269 -0.082 +0.271 +2.027
45°, 45° -0.102 +0.275 +0.597 +0.560
70°, 45° +0.133 +0.182 +0.260 -0.503
70°, 0° -0.869 -0.303 +0.160 +1.840
20°, 70° -0.455 +0.282 +0.923 +3.187
45°, 45° -0.474 +0.158 +0.702 +1.896
70°, 45° -0.317 +0.126 +0.418 +1.339

is expected that cocoons and wings of larger scale XRGs will
also be turbulent as the backflow settles, whether such mecha-
nisms can operate at a later stage of XRGs, and if so, with what
efficiency, needs to be tested with long term simulations. Here,
we have only intended to highlight the critical dependencies of
Aaﬁ on numerous factors that may be in operation in different
sources.

In summary, the quantity Aafﬁ has a non-linear dependence
on several parameters and have a rather degenerate behaviour
and therefore its value may not be sufficient to constrain the for-
mation process of X-shaped radio galaxies. One may find similar
distribution of this parameter for the choices of other compet-
ing formation models as well, as the shock re-acceleration could
also be relevant in these formation scenarios. This existence of
degeneracy implies that a measure of difference in spectral index
has to be supplemented with other observable to clearly identify
the formation mechanism of XRGs.

5. Impact of Shock Acceleration
5.1. On Maximum Particle Energy

Our simulations have shown that older particles tend to accumu-
late in the wings that are adiabatically expanding. In this case,
one would expect the wing over time to have a rather steep spec-

tral distribution due to losses incurred via radiative and adia-
batic processes. Instead, we observe that there exist significant
localised flat @-patches in the wings at a time when the structure
has evolved for 3.78 Myr. This indicates that the wing structure
of the galaxy is not a passively growing feature, rather it evolves
continuously under the influence of particle re-energization ac-
tivities due to shocks. To further validate this fact, we show the
maximum Lorentz factor (ymax) distribution of the non-thermal
electrons at a time 3.78 Myr in Fig. 12. We expect that the ini-
tial Ymax value (10'°) of the particle distribution will eventually
reduce with time due to the presence of radiative and adiabatic
losses that we have considered in our simulations. However in
presence of shocks, at the shock acceleration sites, particle spec-
tra will be flat with an increased yn,x than that expected from a
particle that has never been shock accelerated (Borse et al. 2021;
Mukherjee et al. 2021). Due to the accumulation of older par-
ticles in the wings, the yn,x distribution generally shows some-
what lower values than the lobes. However, the presence of sev-
eral high yn.x regions observed in the wings indicates the ongo-
ing re-energizing activities. Here the possible origin of shocks
can be attributed to on-going super-sonic turbulence in the wing
due to the diverted back flow from the lobes. To show the cor-
relation between this yp,y distribution and the obtained @-map,
we have compared Fig. 12 with Fig. 8 which we obtained from
the same simulation (3Dmaj_ref) and at the same time (3.78
Myr), representing a similar morphology. Considering the ac-
tive lobe of the structure, the particles get energized in the ter-
minal shocks and begin to cool as they back-flow towards the
centre without much re-acceleration event. Some particles even
get trapped in the jet side edges, and evolve under the dominant
cooling processes reducing their ymax values significantly. As a
consequence, we see near the jet leading edges the spectral index
values become flat, and it is steepening in the side edges of the
jet. Also, as we move towards the centre from the jet head, the o
values gradually becomes steep. In the secondary lobes however,
we see, in a typically steeper a-distribution (owing to the accu-
mulation of cooled particles) flatter @ patches are in formation
governing by the shock accelerations whose strength determines
the « values.

To further quantify the distribution shown in Fig. 12, we have
separated out the lobe and wing particles following the process
highlighted in Section 4.2 (particles in the overlapping region are
excluded). We then plotted histogram of y,.x values of these par-
ticles which is shown in Fig. 13. The histogram confirms the fact
discussed above with wing particles peaking at ~ 10°> in com-
parison to the lobe particles that peak at ~ 10”7, For the lobe
distribution, we see few particles having yn,x values of 109, in-
dicating recently injected particles that still carry the injection
spectra. Whereas, most of the lobe particles have started to show
cooling effects, resulting in a peak near 10”7, For the wing par-
ticles, we see broadening of the distribution with the appearance
of a high . tail (extending up to 1077) indicating a mixing of
particles that have different evolution histories (see Mukherjee
et al. 2021). We have further elaborated this in Section 5.2. The
high ynax tail of the wing distribution in Fig. 13 is particularly
interesting as they carry the signatures of particle re-acceleration
process that are generated due to diffusive shocks in the wings.

To quantify the impact of shock acceleration, we have anal-
ysed the number of shocks that the particles have encountered (in
the lobe and wings, obtained without contamination) with their
corresponding ymax values at time 3.78 Myr. Since the stream-
lines of some particles have not crossed a strong shock while
being advected with the fluid, the particles involved in this anal-
ysis represent a sub-sample of particles involves in Fig. 13. Such
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Fig. 11. Top: Intensity maps, obtained for four line of sight angles for the case 3Dmaj_ref, bottom: intensity maps, obtained for the same los
angles for case 3Dang_ref. We have marked the jet region with red rectangle (solid line), outside of which, it is the wing region. The rectangles
drawn in the above images ensure that the jet remains well fit within that region which is verified using our optical-B band images. The area
enclosed by the dashed line indicates the tip of the jet (20% of the projected jet length) accounted to avoid contamination while measuring Aa{f.
The corresponding color-bar represents the 240 MHz intensity measures (log I) in Jy/arcsec?.
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Fig. 12. Distribution of maximum Lorentz factors (y,x) of non-thermal
electrons of the radio structure at a time 3.78 Myr. This projected dis-
tribution (projected on y-z plane) provides evidence of re-energization
activities in the wings due to shock acceleration. For visualization, we
put limit on the colorbar.

a distribution showcases the history of particle since its injection
into the numerical domain. This distribution is represented via a
2D-histogram in Fig. 14 where we show only the particles that
are in the wings. We found that the lobe particles have higher
Ymax Values and the number of shocks they have encountered is
less (< 2). Whereas, significant number of wing particles have
undergone multiple shocks (> 2) in their lifetime and show a
Ymax distribution peaking at ~ 10*3 as can be seen in Fig. 14.
This again affirms the role of shock acceleration in re-energizing
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Fig. 13. Histogram showing the maximum Lorentz factor distribution
(¥Ymax) Of lobe and wing particles (considered without contamination)
obtained at a time 3.78 Myr. The vertical axis represents normalized
number of particles (N,). We see a lower ym.x peak for wing distribution
in comparison to the lobe that peaks near 1077. The wing distribution
also shows a spread in values with a high yn. tail (extending up to
~ 1077) providing evidence of re-energization activities in the wings
due to diffusive shocks.

particles in the wings which plays a crucial role in keeping the
wing structure active during the evolution time.

We further show explicitly the effect of re-energization via
diffusive shocks on particle spectra of two wing particles in Fig.
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Fig. 14. 2D PDF of number of shocks that the wing particles have en-
countered vs their corresponding yn,.x values. We see that significant
wing particles have experienced greater number of shocks than the lobes
(< 2), providing hint of ongoing re-energization activities in the wings.
The corresponding colorbar represents the number of particles that are
distributed in the bins, where we put limit for visualization.

Fig. 15. Time evolution of maximum Lorentz factor (ym.x) of two
wing particles that have undergone multiple shocks in their lifetime
(= 4). The corresponding compression ratios suggest that the shocks
are mostly moderate to weak in strength, which is responsible for the
secondary peak as shown above. Despite this, the final y,,x values have
reduced significantly from their initial stage.

15. The figure represents the time evolution of y,,,, values for
such wing particles which have undergone multiple shocks (>

4) in their lifetime. The strength of these shocks are found to considering overlapping region; Section 4.2).
be of moderate to weak (i.e. compression ratio < 3). We see an

be ¢ n ratio. , n In Fig. 16 we have represented a 2D PDF showing the dis-
initial steep fall of y,,,, values from 107" (initial) to 10° - 10" (jpgon of =L VS Ymax for these particles at time 2.6 Myr (top)
due to the dominant cooling effects. However, after a time ~ 0 nd 3.78 M r (b ttom). The particles that belong to the lob
Myr, these particles undergo multiple shocks that results in a a yr 1botto € particies that berong to te fobes
secondary peak observed in Fig. 15. The cooling processes affect are mgrked within the.black dashgd box while the rest belong to
. T . the wing. The dynamical magnetic field evaluated at the parti-

the radio galaxy throughout the time and so, once the particles e tion is d h th a
cross the shock locations, they again start to cool down. As a cle’s position 1s enotqd by BdY".SI.lC that Boyn = Beq. represents
result of which the ¥y, values again start to reduce after a time equipartition. All particles are injected to have an initial sub-

N max . equipartition condition (i.e. Beq = 0.01Bg4y,) (see Section 2.2).
of ~ 1.3 Myr and 1.7 Myr for particle 1 (red curve) and 2 (blu Fig. 16 evidently shows particles that exist within the wings can
curve) respectively. The cooling is mostly governed by radiative g 'H evidently Shows particies th © &

4 . . be distinguished into three stripes viz., S1, S2 and S3.

process, however, the role of adiabatic effect can not be ignored L f der the fi lotted at time 3.78 Mvr (Fi
The small scale dips found in Fig. 15 are mainly due to dominant et us first consider the figure plotted at time 5. yr ( 8-
adiabatic cooling. From this exercise, we elaborately show the 16). P grt1cles. associated W.lth stripe S1 are the oldest of parti-
significance of diffusive shocks in pausing the drastic cooling CIZS. 1nJ§cted mt(l)l tl;le fiomaln ata vTr.y egrly tme anii 01313\1/5[ now
of radiating electrons in the wings that keep the structure active radiated away all their energy resulting in ymax ~ - viajor-

equipartition magnetic field strength. Using Eq 11, we have eval-
uated the By for the lobe and wing particles separately (without

despite their ageing with time ity of the wing particles belong to stripes S2 and S3 and have
' acquired a near equipartition stage i.€. Beq = Bgyn. Their ypax
values ranges from 10* to 10°. The wing particles that belong

5.2. On Equi-partition Approximation

to stripe S3 have synchrotron cooling time < 1.7 Myr for an av-
. . . o . erage B-field strength of 12 uG obtained for the radio galaxy.
An imprint of partlclfa acge}eratlon du(? o c}1ﬂ’us1ve .ShOCkS 15 a_l 50 Thi% estimated timeg is an uppgr limit as particles have alsg sper}llt
reflected on the equipartition approximation. While MEASUIINgG ¢, me time of their journey in the lobes where B-field strengths
the strength of the magnetic field from direct observation of syn- are typically higher. We have verified that the majority of parti-
chrotron radiation of radio galaxies, it is often assumed that th cles in stripe S3 ha\./e spent more than 1.7 Myr since their injec-
radia'ting electrons are in e.:quipa.rtition with the magr}etic CNCIZY  tion. In absence of any particle acceleration process, one would
density Of. the cocoon. Th} S minimum energy condltlp n has also have expected these particles to cool and populate the S1 stripe
bef?n applied to XRGs while quantifying several physical aspects with Iower ymy and Beg < By, instead these particles have
O.f.lt (Hodg§:§—Kluck etal. 2.010’ .Cotton et al. 2020). The equipar- near equipartition field strength implying that shock acceleration
tition condition can be written in cgs units as (Hardcastle et al in the turbulent wings have played a role in altering their non-
2002) thermal radiation through re-energization. Such re-energization
" B of the non-thermal electrons is mostly due to moderate to weak
U, = m.c? f - yN(y)dy = -2 (11 shocks as seen in our simulations. The particles associated with
¢ ‘ Yanin 8n stripe S2 are injected in the domain around a simulation time of
1.4 Myr. They consists of both the cooling and shocked popu-
lations. The shocked particles have undergone through multiple
shocks in their initial stage of evolution, but now are cooling
down without any recent acceleration event (see Fig. 15).

2

where U, represents the electron energy density, N(y)dy is the
non-thermal electron number density between Lorentz factor y
to y + dy, m.c? is the rest mass energy of electron and Beg is the
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Further, to illustrate that the above mentioned mechanisms
maintain a population of high energetic particles in the wing with
time, we now compare the plot shown at time 3.78 Myr with the
plot at 2.60 Myr of Fig. 16. Considering the wing particles, we
see their equipartition condition upgrading to higher values with
time. In the S1 patch however, the yn,.x values reduce with time
(contrary to S2 and S3 patch) indicating that it is only the reduc-
tion of dynamical magnetic field value (Bgyy,) in the cocoon (due
to the adiabatic expansion) that governs its equipartition condi-
tion. These are the oldest injected particles in the domain and
are now cooling down under the dominant cooling effects. So,
we see particles with limited/no re-acceleration events would ex-
haust their energy via cooling resulting in ymax ~ 10°, and hence
emission in ~ MHz range (critical synchrotron frequency). In
this regard, the S2 and S3 patch particles show a systematic shift
towards higher ymax values with time, as well as the patches get
diffuse with greater number of particles, indicating continuous
filling of high-energetic particles in the wings with time. Parti-
cle re-acceleration via diffusive shocks (as discussed earlier) and
particle mixing of different aged populations (Mukherjee et al.
2021) are the two leading mechanisms behind the observed char-
acteristics of these patches, which plays a crucial role in main-
taining a high energetic particle population in the wing. Since
wing particles show a distribution peaking at vy, ~ 10*> (Fig.
14), they would strongly contribute to higher radio frequencies
(~ GHz range) and hence flatten the spectrum as we obtain.

Our analysis regarding the evolution of equipartition condi-
tion also applies to the radio galaxies in general. The evidence
of it can be found in Fig. 16 which shows that the majority
of lobe particles have acquired the equipartition state, although
they have been injected into the numerical domain with an initial
sub-equipartition condition (Section 2.2). Although the number
of shocks encountered by the lobe particles are less compared
to the wing particles (Fig. 14), the strength of these shocks are
high, which is one of the reasons for upgrading the equipartition
condition of these particles. At the same time, the cooling also
affect the particle spectra as can be seen in Fig. 15, which are
capable of reducing the initial yp,y value drastically from 10'°.
Governed by the combined effect of cooling and re-energization,
the equipartition condition of the non-thermal particles in lobe
will evolve and hence its effect on spectral age will be imparted
(discussed further in this section). We note here that the ongoing
supersonic turbulence due to the diverted back flow from the lobe
is one of the prime mechanisms responsible for re-energizing the
wing particles. In the lobes, however, particles can get energized
at the sites of recollimation, termination, shear interface of the
jet, as well as in the turbulent back-flows, (Borse et al. 2021;
Mukherjee et al. 2021).

As indicated earlier, the equipartition condition also varies
with time. Here, we have considered the contribution from all
the particles injected into the computational domain (i.e. of the

at simulation times of 1.04 Myr and 3.78 Myr is represented
as histograms in Fig. 17. Following the initial condition dis-
cussed in Section 2.2 one would expect a peaked distribution
as Beg = 0.01Bgy, at time t = 0. With time, we observe that
the distrbution is diffused and also the peak is shifted to higher
value of magnetic field ratio. At the final time of 3.78 Myr, we
find that the peak value corresponds to near-equipartition stage
(Beq = Bgyn) after a systematic shift of one order of magnitude
in its value at 1.04 Myr. Additionally at 3.78 Myr, we do have
very few particles with a magnetic field ratio > 100 as well. This
trend indicate that over time the magnetic field ratio may alter
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particularly if the system is allowed to evolve for a much longer
time.

Synchrotron cooling depends strongly on the B-field, a small
deviation from equipartition condition of a radio galaxy can
lead to a significant difference between spectral and dynamical
age (Mahatma et al. 2020). This in turn can affect the estima-
tion of other parameters (for example the Luminosity, jet kinetic
power). The study led by Hodges-Kluck et al. (2010) have also
shown disagreement between spectral and dynamical age in the
context of an X-shaped radio galaxy. Additionally, Kraft et al.
(2005) have shown a spatial variation of equipartition condition
for XRG 3C 403 by measuring X-ray emission in lobe and wings
which can have sigificant influence on age estimation. The dis-
parity in the validity of equipartition condition from observations
(see also Croston et al. 2005) further assert that this approxi-
mation is dynamic and has its own limitations in extending for
estimating age.

For our case, the dynamical age of the radio structure is ob-
tained as the age up to which the simulation has been conducted
(t). The corresponding spectral age for an equipartition magnetic
field strength B is evaluated as

1/2

=50.3 (A + 2)vp)" V> Myr (12)

tspec >
’ Bgy + B(ZZMB
where B is expressed in units of nT, z represents the redshift of
the source adopted to be 0.05, Beys = 0.318(1 + 2)? is the mag-
netic field equivalent to cosmic microwave background radiation
innT and v}, is the break frequency in GHz (Kardashev 1962; Mi-
ley 1980; Pandge et al. 2021). The spectral age can therefore be
estimated using equipartition field strength (B.q) and break fre-
quency vp,. For time t = 1.04 Myr, we obtain an density weighted
average dynamical magnetic field (Bgy,) of the radio galaxy as
8.4 nT. This corresponds to an equipartition field strength (Beg)
of 0.5 nT. This is estimated from Fig. 17 using the obtained me-

dian value of 0.06 of the :;f‘n distribution. We also find no signif-

icant break in the emission spectrum of our galaxy up to the fre-
quency 43 GHz at this early simulation time. Assuming 43 GHz
as the break frequency, the spectral age is obtained as 14.2 Myr,
giving “"“ ~ 13.7. This estimate is an upper limit as the spectral
age would be slightly less than the obtained value for a higher

vp. At time t = 3.84 Myr, we get “f“ ~ 2.5 for an average By,
field strength of 1.2 nT (Beq = 1.393B4yn, 1.393 is the median

B distribution at this time (Fig. 17)) and v;, of 5 GHz

obtained for our structure. This clearly shows that the discrep-
ancy in the dynamical and spectral age reduces noticeably if the
equipartition magnetic field strength approaches the dynamical
magnetic field strength of the radio galaxy. Our result is consis-
tent with the findings of Mahatma et al. (2020). The discrepancy
factor of 2.5 (obtained when the galaxy is in near-equipartition
state) between the spectral and dynamical age can be attributed
to the mixing of different aged particle populations with different
evolution histories as suggested by Mahatma et al. (2020). A sig-
nature of this blending in our case has been demonstrated in Fig.
16 (see Section 5). The mixing of different particle population
is expected due to turbulence particularly at the shear interface
which can alter the total particle spectrum when averaged over
a particular area (Mukherjee et al. 2021). Such a change in par-
ticle spectra can affect the spectral age and results in a factor of
a few discrepancy in the spectral/dynamical age discrepancy as
has been demonstrated by Turner et al. (2018).

One thing to note here is that our simulated radio structure
is still in its initial stage of evolution and the near equipartition

value of
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stage achieved for the radio galaxy is at a dynamical time of 3.78

Myr. By looking at the evolution trend of Ii ey“n, we expect the

ratio to peak at a higher value if the structure evolves for a much
longer time as also stated earlier. This particularly will raise a
spectral age of the radio galaxy which would be less than its
dynamical age, typically the case found in observational studies.

However the exact evolutionary behaviour of lf:qn in the longer
time regime is yet to be explored and would be taken up for
further studies.

In summary, our results and analysis indicate that the
equipartition condition is rather a dynamic process that not only
varies with time but also has spatial dependence within the ra-
dio galaxy. Acceleration of particles due to multiple shocks in
the turbulent wing structures and also in the lobes have a vital
role to play in governing the maximum particle energy, parti-
cle spectral index and equi-partition field strength and therefore
have implications on the age estimation.

6. Summary

We have performed relativistic magneto-hydrodynamic simula-
tions of jet propagation from a tri-axial galaxy to understand the
formation of X-shaped radio galaxies based on the Back-flow
model. We affirm the role of pressure gradient of the ambient
and hence the jet ejection direction in forming the X-shaped mor-
phology as suggested by Capetti et al. (2002). We have consid-
ered two principle cases from Rossi et al. (2017) that involves the
jet being ejected along the major axis of the galaxy and at an an-
gle 30° to the major axis of the galaxy in order to investigate their
dynamical and emission perspective in detail. To understand the
effect of back-flow on the emission signatures, we have modelled
the non-thermal emission using a hybrid approach considering
the role of the diffusive shock acceleration (DSA) and the radia-
tive and adiabatic cooling on particle spectral evolution. Using
such an hybrid approach, one can get a detailed understanding of
radiative processes in wings and lobe through the synthetic emis-
sion maps which is missing from the previously adopted fixed
spectrum approach by Rossi et al. (2017). Further, the adopted
hybrid approach including the effects of diffusive shock acceler-
ation allows us to comprehend the impact of shocks in particle
energetics and spectral signatures particularly in the wing region
that is typically comprising of older particles.

The main results from the present work can be summarized
as follows:

o Lobe and Wing Formation: The spatial extent of the

wing and the lobe depends strongly on the direction of
jet flow. When the jet travels along the major axis of the
galaxy, broader wings with prominent X-shape appear with
it. Whereas, when it travels at an angle to the major axis
of the galaxy, the prominence of the formed structure de-
creases due to the appearance of higher lobe length for this
case. Moreover, we see asymmetry in wing formation i.e.
the bending of back-flowing materials before reaching cen-
tre for the angled jet case, whose morphological relevance
can be found in several observed XRGs. Owing to a value
of By > 1, the wings expand as thermal pressure dominated
flow.
The lobe length follows the analytical estimates of a 1D jet
flow up to 0.9 Myr and later deviates and lags behind the
analytical value due to lateral expansion, consistent with the
results from Rossi et al. (2017).

¢ Spectral Index and Viewing Angle: The synthetic intensity
maps in radio bands obtained with different viewing angles
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Fig. 16. 2D PDF of B.q/Bayn VS Ymax Of the particles that are in the lobe
and in the wing, obtained at a time 2.6 Myr (fop) and 3.78 Myr (bottom).
The particles inside the black dashed box are associated with lobes,
outside of which, it is the wing particles. The figure shows that most
of the particles has acquired a near equipartition stage i.e. Beq ~ Bgyn,
while a few have also deviated from it. Stripe 1, 2, 3 (i.e. S1, S2, S3)
marked in the figure are associated with three types of particles that
are found in the wings which indicate several micro-physical processes
occurring in the wing (see Section 5.2 for details). The corresponding
colorbar represents the number of particles that are distributed in the
bins where we put limit for visualization.

are qualitatively similar in terms of morphology observed in
X-shaped radio galaxies. Owing to variation in viewing an-
gle, one also finds synthetic maps with wider wings as com-
pared to the active lobes.

The synthetic spectra up to the optical B band (SED) show
a typical peaked structure with the spectral peak around
1.4 GHz as expected due to syncrotron emission. The as-
sociate spectral index (@) map of the galaxy infers that
the wings generally show steeper spectral index distribution
owing to the concentration of older particles (sufficiently
cooled). However, there exist significant patches of flatter
a-values that are generated due to re-energized particles at
shocks. Moreover, this distribution depends on the choices
of frequencies, where for wider choices of it the obtained
values get more and more steeper in the wings. Based on

this and the viewing effect, we have quantified Ae?? = o
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Fig. 17. Histograms, showing the distribution of B.q/Bgy, for all the
particles distributed over the domain at a simulation time (t =) 1.04
Myr and 3.78 Myr. The vertical axis represents here the normalized
number of particles (N,). A clear shift in the peak value of the histogram
can be observed here as the galaxy grows old. However, at 3.78 Myr,
the majority of particles show that the radio structure as a whole has
achieved a near equipartition stage (Beq = Bayn).

- a/:'Ving and have found that the Back-flow model is capable

of producing values that span both in the +ve and -ve side.
However, we show that this is true only for frequencies that
lie in the rising phase of the SED (up to the peak), whereas,
for higher frequencies, the obtained Aaﬁ values are prone to
have a +ve distribution due to the cooling of particles. Ad-
ditionally, the projected size (viewing angle) of the structure

also influences the trend of Aa‘vj values. This degeneracy in

the estimate of Aaﬁ value indicates that such a measure is
not sufficient to identify and uniquely determine the forma-
tion mechanism of XRGs.

e Particle Evolution and Equipartition: The non-thermal
electron population, initially distributed according to a power
law, undergoes cooling due to the radiative (major influ-
ence) and adiabatic losses right after their injection into the
domain. In this regard, the diffusive shock acceleration re-
energizes these particles and counters the effect of cooling
in particle spectra. We show that this has a significant role
to play in wing emission where the shocks pause the drastic
cooling of particles that eventually keep the wing structure
active during the evolution time. We find the accumulation of
three types of particles in the wing that together governs its
evolution. These are - a) the old cooling particles, b) freshly
shocked particles and c) particles that have undergone shocks
at their early stage but now are cooling.

Using the hybrid framework, we have also compared
equipartition magnetic field Beq with dynamical magnetic
fields Bgyn. During the course of evolution, majority of parti-
cles show a systematic shift from an initial sub-equipartition
population B.q < Bgyn to near equipartition due to consis-
tent evolution of particle distribution in presence of radia-
tive losses from local magnetic fields and diffusive shock ac-
celeration. This analysis indicates that equipartition between
the radiating and magnetic energy is rather a dynamic pro-
cess that evolves with time. Such an evolution has a signifi-
cant impact on the estimate of age of the radio galaxies and
observed discrepancy between spectral and dynamical age
(Mahatma et al. 2020). We also have elaborated the effect
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of different aged particle population mixing in the dynami-
cal and spectral age discrepancy, which one must take into
consideration while estimating spectral age from radio ob-
servations.

The present study showcases the role of back-flow in form-
ing X-shaped radio galaxies along with its emission signature
from hybrid modelling of non-thermal particles. The focus of
this work has only been on the initial formation phase of XRGs.
Our model demonstrates several characteristic features that are
the possible origin of the XRG structures observed at much
larger scales. We have seen that the adopted back-flow model
with a combined effect of viewing angle and multi-band spectral
maps can explain the observed features of XRGs. However, one
would need to affirm the universality of this model in formation
of XRGs using large scale and long term simulations (Hodges-
Kluck & Reynolds 2011). Additionally, it would be interesting
to understand the interplay of turbulence and shock acceleration
(Kundu et al. 2021) in wings and its impact on radiative sig-
nature. These studies along with adopting competing formation
models would be discussed in forthcoming papers.
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