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Abstract: The Fanaroff-Riley Class II radio galaxy Cygnus A hosts jets that produce radio emission,
X-ray cavities, cocoon shocks, and X-ray hotspots, where the jet interacts with the ICM. Surrounding
one hotspot is a peculiar “hole” feature, which appears as a deficit in X-ray emission. We used
relativistic hydrodynamic simulations of a collimated jet interacting with an inclined interface
between lobe and cluster plasma to model the basic processes that may lead to such a feature. We
found that the jet reflects off of the interface into a broad, turbulent flow back out into the lobe, which
is dominated by gas stripped from the interface at first and from the intracluster medium itself at later
times. We produced simple models of X-ray emission from the ICM, the hotspot, and the reflected jet
to show that a hole of emission surrounding the hotspot as seen in Cygnus A may be produced by
Doppler de-boosting of the emission from the reflected jet, as seen by an observer with a sight line
nearly along the axis of the outgoing material.

Keywords: active galactic nuclei; numerical simulations; X-ray observations; radio observations; jets;
hydrodynamics

1. Introduction

Due to its proximity and power, the Fanaroff-Riley Class II radio galaxy (FRII) [1],
Cygnus A, has served as the archetype of powerful radio galaxies [2]. With its remarkable
radio properties, Cygnus A is hosted by the central galaxy of a massive cluster, where the
radio AGN has been pumping about 10% erg s~! through jets into the intracluster medium
(ICM) over the past ~ 20 Myr [3,4]. Demonstrating the impact a radio galaxy can have on
its environment, Cygnus A provides a prime example of radio mode AGN feedback [5-7]

Deep Chandra X-ray observations have been used to probe the impacts of Cygnus A
on its surroundings, revealing a complex structure created by the radio outburst. This
includes X-ray cavities, cocoon shocks, and X-ray hotspots, which are found in a number
of other cluster central radio galaxies [6,8,9]. Cygnus A also has a unique “X-ray jet”,
thought to be inverse-Compton radiation scattered by energetic particles that are relics
of the jets accumulated over time [10]. These features are shown in the Chandra image of
Cygnus A in Figure 1, left panel. Regions of more diffuse enhanced X-ray emission from its
lobes are well correlated with enhancements in radio emission, supporting the case that
relativistic electrons spread throughout the lobes also produce significant levels of more
diffuse inverse-Compton X-ray emission [11-13].

Another novel feature revealed by the deep Chandra observations of Cygnus A is a
roughly circular X-ray “hole”, >~ 4 kpc in radius, in the region surrounding Hotspot E in
the eastern lobe [13] (see Figure 1, right panel). To account for the X-ray deficit over the
hole, the inverse-Compton emission seen in the rest of the lobe must be reduced or absent
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from a region elongated along our line of sight, with a depth exceeding its diameter by
at least a factor of ~ 1.7 [13]. Assuming that the hotspot is formed where the jet strikes
the ICM [14], the implication is that, after striking the shocked ICM, jet plasma flows back
into the lobe, displacing relativistic plasma from the hole region. The jet is likely to have
encountered one or more strong shocks in the hotspot, causing a significant population
of electrons to be accelerated to relativistic energies, as required to produce the observed
synchrotron self-Compton X-ray emission from the hotspot [15]. However, as pointed
out originally by [13], if the outflow from the hotspot is directed away from the Earth at
sufficient speed, Doppler beaming can reduce the inverse-Compton X-ray emission directed
towards the Earth enough to create the apparent hole. Such Doppler de-boosting would
similarly produce a hole in the radio band, which is also observed [13].

Hotspot A

Shocked ICM
AGN

Hotspot D

Hotspot B

Hotspot E  X-ray Jet

Figure 1. Exposure-corrected Chandra observation of Cygnus A in the 0.5-7 keV band. (Left panel)
Entire region containing the shocked ICM, hotspots, X-ray jet, and AGN. (Right panel) Zoom-in
(shown in the left panel) of Hotspots D and E, showing in more detail the emission hole surrounding
Hotspot E. The contrast in the right panel has been altered for clarity. Reproduced using the same
data as [13].

This paper discusses simulations of the encounter between the jet and ICM at Hotspot
Ein Cygnus A, in an effort to test the Doppler de-boosting hypothesis for the presence of the
hole suggested by [13]. A hydrodynamic code was employed to simulate an unmagnetized,
relativistic jet flowing through a low-density lobe before it encounters the inclined interface
between the lobe and the far denser ICM. Details of the simulations are described in
Section 2, including the physical model of the fluid (Section 2.1), the numerical code
(Section 2.2), and the setup of the flow model (Section 2.3). The analysis of the results is
presented in Section 3, and we present and discuss our conclusions in Section 4.

2. Methods
2.1. Physics
The mass, momentum, and energy conservation laws of a special relativistic fluid are
a(pU") = 0, ¢y
QT = 0, 2

where the Einstein summation convention is employed over repeated indices here and
throughout this work. The stress—energy tensor for an ideal relativistic fluid is

T = phU™U" /c? 4 py*. ©)
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In these equations, p and p are the proper mass density and the pressure, U" is the
four-velocity, 7 is the metric tensor (signature —, 4, +, 4) for Minkowski spacetime, c is
the speed of light, and # is the specific enthalpy, given by

h:CZ—i—e—i—g @)

where € is the specific thermal energy. Note that, although the GAMER code [16] that we
used for our simulation runs carries out calculations in units where ¢ = 1, we included the
factors of ¢ here for completeness.

This set of equations is closed by an equation of state (EOS) h(p, p); the EOS that we
employed in this work is the Taub-Mathews (TM) EOS [17-19], which is an approximation
to the Synge model, the exact EOS for an ideal, non-degenerate gas composed of a single-
particle species [20]. The TM EOS is given by

2
hT—zM = 2.5(")52) + \/2.25(’”52) +1 ©)
C mc mc

where kp is the Boltzmann constant, T is the gas temperature, and m is the mass per particle
in the fluid. The use of the TM EOS enables the relativistic and non-relativistic gas phases
to be combined into a single, realistic simulation, which cannot be achieved with a standard
polytropic EOS with a single value for the ratio of specific heats I'. For the TM EOS, ' — 5/3
for a non-relativistic fluid and I' — 4/3 for a relativistic fluid, and the transition between
the phases occurs near kgT ~ mc? (see Figure 1 of [16]).

2.2. Code

To perform our simulation runs, we used GAMER [21], an adaptive mesh refinement
(AMR) astrophysical hydrodynamic code, which has a module for special relativistic hy-
drodynamics (SRHD) [16]. Since we were operating in a regime where both relativistic
and non-relativistic gases are present in the same simulation, there is the risk of catas-
trophic cancellation in a number of expressions when evolving the numerical versions
of Equations (1)-(3). GAMER avoids these cancellations by evolving the equation for the
reduced energy density separately and computing Lorentz factors using the four-velocity
U, rather than the three-velocity v;. For more details about the SRHD solver in GAMER,
we refer the reader to Section 2 of [16]. In our simulations, we used the Harten—-Lax—van
Leer with Contact (HLLC) solver [22] to solve the Riemann problem and employed the
piecewise parabolic method (PPM) [23] for state estimation.

2.3. Simulation Setup

Our simulation setup consisted of a cubical domain 20 kpc on a side (with coordinates
in the range [—10, 10] kpc), divided between two gas phases in pressure equilibrium,
“ICM” (the thermal plasma) and “lobe” (the relativistic plasma surrounding the X-ray
jet). The interface between the two phases is a plane extending from end to end along
the z-axis. To test the specific hypothesis that the jet reflecting off of the shocked ICM
surrounding the lobe produces the hole, we assumed that the interface is inclined with
respect to the trajectory of the jet. A jet hitting the ICM at a right angle would slowly bore
into it without reflection. This inclination is determined by an angle ¢ from the y-axis of
the simulation box. For all of the simulations, the plane of the interface passes through
the point (xg,y0) = (—7,0) kpc. The interface between the ICM and lobe phases is not
abrupt, but the density p(x’) continuously transitions from one to the other using the
functional form:

¥ = (x—xp)cos®— (y—yp)sinf (6)

I/w
N PICMO T Plobe,0€”
p(x ) - 1 + Ex//w (7)
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where x’ is the distance perpendicular to the interface, pjcn o and pigpe o are the densities of
the ICM and lobe far away from the interface, respectively, and w is a parameter controlling
the width of the interface in the direction perpendicular to the plane separating the two
phases. The parameters for the interface for the “fiducial” setup are given in Table 1. The
lobe phase is 10%-times less dense and 10°-times hotter than the ICM phase, such that its
gas is a fully relativistic plasma with I' = 4/3, whereas the ICM is non-relativistic with
r=5/3.

Table 1. Parameters for the “fiducial” simulation.

Parameter Value

PICM,0 5.66 x 10726 g cm ™3
kTICM,O 9.52 keV

Plobe,0 5.66 x 10732 g cm ™3
p 8.6 x 10710 erg cm 3
w 10 pc

Piet0 5.66 x 10731 g cm ™3
Tiet 0.25 kpc

Pie 4.427 x 10% erg s !
0 25°

Us —4.482¢

Uy 7.342¢

The jet enters the domain at the —y boundary. Its plasma is 10-times more dense than
that of the lobe and in pressure equilibrium with it. It enters the domain with a radius of
riet, With a velocity entirely in the +y-direction. The rest of the —y boundary is set to a
“diode” boundary condition, where the gradient of physical quantities is zero across the
interface, but the fluid is only permitted to flow outward. The boundary conditions on
the other sides of the domain, in the £x, +y, and *z, are “outflow”, where the gradient of
physical quantities is zero across the interface. Figure 2 shows a rough schematic of the
geometry of the interface and the jet.

ICM

1
1
|
1
: 0 Lobe
|
|
1
1

L. L

€—— Jet X

<«———— 20kpc >

Figure 2. Schematic of the simulation setup, showing the ICM and lobe regions divided by a sharp
interface tilted with respect to the coordinate axes, along with the trajectory of the jet.

We determined the velocity of the jet using the equation for the jet power Pt by
computing the energy flux through an area dA; (via Equations (1)—(4)):

Bet = [[(v=1)pc + y(pe + p)lUd, ®
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where v = 1/4/1— ,32 is the Lorentz factor and § = v/c. We assumed Pjet =
4427 x 10% erg s~ 1, based on the observations of [4]. Given the values of Pjet, Tjet, and p
and assuming I' = 4/3 inside the jet, we can derive a constant jet velocity of v ~ 0.976c or
vB ~ 4.482.

However, some observations of FR-II jets [24] suggest that the “spine” of the jet (central
part) is moving faster than its “sheath” (outer parts). To achieve this, we simply assumed
that the velocity profile with a cylindrical radius outward from the jet center is linear:

u(r) = Us (r) + U ©)
Tjet
Using Equations (8) and (9), we assumed Us; = —4.482¢ and found Uy = 7.342¢ such
that the mass-weighted average (UY) ~ yBc = 4.482c.
The simulations also evolved passive scalar fields p. for each of the four components,
c: “ICM”, “lobe”, “interface”, and “jet”. The first three fields are defined in the following
manner at the beginning of the simulation:

p&iﬁ#ﬁf’o if 04p1cmo < p < 0.8p1cm0
piem/p = 40 if p < 0.4p1cM0 (10)
1 if p > 0.801cMm0
2'15.%}% if 1.25010be,0 < 0 < 2.5010be,0
Plobe/P = 40 if 0 > 2.5010pe,0 (11)
if p < 1.25p10be,0
Pint = P — PICM ~ Plobe (12)

whereas the gas continuously injected within the jet has p = pjet = pjet,0 at its entry point.
These fields are advected along with the gas.

We refined the adaptive mesh on the gradients of the density p, pressure P, and Lorentz
factor 7y, which ensured that the ICM/lobe interface, the incident jet, and the reflected jet
were all adequately resolved. The base grid had 64 cells on a side, and we employed 5 levels
of refinement above the base grid level, yielding the smallest cell size of Ax = 9.765 pc. We
investigate the dependence of our conclusions on the effects of resolution in Appendix A.

3. Results
3.1. Fiducial Run: Slices

We begin by describing our fiducial simulation, using the parameters detailed in
Table 1. Slices through the center of the simulation domain in the density and pressure are
shown in Figure 3 and in the velocity magnitude and ratio of specific heats, I', in Figure 4.
The jet approaches the interface from the lower-left part of the domain, remaining fairly
collimated at early times and driving a shock in front of it. At approximately ¢t = 50 kyr
into the simulation, the jet collides with the interface. The reflected jet continues onward,
continuing to drive a shock ahead of it. The reflected jet is highly turbulent. At the location
of the collision of the jet with the interface, the gas pressure increases by ~2-3 orders of
magnitude after  ~ 100 kyr (right panels of Figure 3), producing a “hotspot”, where it hits
the interface.

The reflected jet maintains a significant speed of By ~ 1.3-2.1 near the point of collision
with the interface; at distances larger than ~5 kpc, it becomes extremely turbulent and
slows. At t ~ 125 kyr, the incoming jet begins to burrow a hole into the ICM. As a result,
the reflected jet begins to tilt downward. As this process occurs gradually, the result is that
the outgoing material fans out into a flow directed to the right.
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Figure 3. Density (left) and pressure (right) slices through the center of the simulation domain for
the “fiducial” simulation, at four different epochs. Each panel is 15 kpc on a side, zoomed in slightly
to focus on the parts of the simulation most affected by the jet.

v (c) I (Cp/Cy)

1.0 10

(t=25kyr (t =175 kyr]

y (kpc)
y (kpc)

(t=125kyr) (t =175 kyr) (t =125 kyr] / t =175 kyr
A[ R

y (kpc)
y (kpc)

-10 -5 [] 5-10 -5 0 5

x (kpc) x (kpc) x (kpc) x (kpc)

Figure 4. Velocity magnitude (left) and ratio of specific heats, I', (right) on slices through the center
of the simulation domain for the “fiducial” simulation, at four different epochs. Each panel is 15 kpc
on a side, zoomed in slightly to focus on the parts of the simulation most affected by the jet.

What is perhaps most interesting about the reflected jet flow is that, very early on in its
evolution, it consists mostly of material that has been stripped off of the interface. This is
seen in the right panels of Figure 4, where the ratio of specific heats in much of the outflow
from the hotspot is close to 5/3, the value in the nonrelativistic ICM gas. Figure 5 shows
slices of the four passive scalar fields at the same epochs plotted in Figures 3 and 4. Initially,
the reflected jet is comprised mostly of jet material, but slowly, the composition begins to
include more “interface” gas. At t ~ 125 kyr, the incoming jet begins to strip material from
the ICM itself and drive it out into the lobe. The amount of lobe material in the reflected
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jet is negligible throughout the simulation. As shown in the right panel of Figure 4, the
stripped material is heated up as it is driven outward from the interface by thermalizing its
kinetic energy or mixing with lobe plasma and becomes nearly relativistic as the ratio of
specific heats approaches I' = 4/3.

Picv/pP Probe/P
1 1.0

1.0

y (kpc)
y (kpc)

t =175 kyr

t =125 kyr

(t =125 kyr) e (t=175kyr]

y (kpc)
y (kpc)

0.0

x (kpc) x (kpc)

1.0

kt =75 kyr

y (kpc)
y (kpc)

(t =125 kyr (t=125kyr] oo t =175 kyr]

y (kpc)
y (kpc)

x (kpc) x (kpc) x (kpc) x (kpc)

Figure 5. Slices through the center of the simulation domain of the four different passive scalar
fields for the “fiducial” simulation at four different epochs: “ICM” (top-left panels), “lobe” (top-right
panels), “jet” (bottom-left panels), and “interface” (bottom-right panels) Each panel is 15 kpc on a
side, zoomed in slightly to focus on the parts of the simulation most affected by the jet.

3.2. Fiducial Run: Jet Power

Another way to measure the impact and composition of the reflected jet is to compute
its power by integrating the flux of energy over a suitable surface. For this, we used
Equation (8) and took the surface integral over a portion of the sphere with a radius of
5 kpc, centered on the initial point of impact of the jet on the ICM, which extends in angle
from the ICM/lobe interface down to 30° below the x-axis on the negative side of the y-axis
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y (kpc)

y (kpc)

t =125 kyr

X (kpc)

(see the left panels of Figure 6 for the location of this surface drawn on slices of the gas
density for several epochs). We computed the jet power associated with each of the passive
scalars p. by integrating Pt for each component separately. The resulting jet power in
each component as a function of time is shown in the right panel of Figure 6.

6
— ICM
=25
10 Lobe
51 — Jet
____________________________________ —— Interface
10726
4.
107 31
0
o (0]
! o
3 1025 © 27
- (=] [’}
~ <
%
10-2° _—
O _________________________
10730
_1.
10731
_2.
s 40 60 80 100 120 140 160
x (kpc) t (kyr)

Figure 6. The kinetic and thermal power of the reflected jet in the “fiducial” simulation flowing
through a portion of a spherical surface with a radius of 5 kpc, centered on the location where the jet
collides with the interface. (Left panels) Slices through the gas density at several epochs, showing the
location of the surface in that slice in orange. (Right panel) The power in the ICM, lobe, interface,
and jet components flowing through the surface as a function of time.

The early power peak carried in the lobe gas (orange) occurs as the shock ahead of
the jet crosses the surface where the power is measured. There is also a modest peak at
~ 60 kyr in the power carried by the jet fluid (green). However, the great bulk of the power
is carried across the surface in plasma from the interface (red) from ¢t ~ 60-160 kyr and at
very late times (t 2 160 Gyr) from the ICM (blue), both ablated from the vicinity of the
hotspot. The total power flowing across this surface is comparable to the power injected
via the jet (upper dashed line).

At late times, most of the kinetic power in these flows will be converted to thermal
energy, and the gas pressure will be approximately uniform, so that the volume occupied
by each gas phase will be nearly proportional to the total energy injected with that phase.
Thus, the results in Figure 6 imply that most of the volume of the lobe will eventually be
occupied by the ablated interface and ICM gas.

3.3. Varying the Width of the Interface

In this section, we considered the effects of varying the width of the interface between
the ICM and the lobe. Our fiducial simulation had a width parameter w = 10 pc; we also
performed simulations with w = 20 pc and w = 5 pc. The results of this investigation
are shown in Figures 7 and 8. In the first figure, we show slices of density, temperature,
ICM, and interface material at f = 125 kyr. The panels show that varying the interface over
this range does not affect the evolution of the reflected jet substantially; the main effect is
to drive more material from the ICM off at earlier epochs if the width is smaller. This is
also shown in Figure 8, which shows the energy fluxes of the ICM and interface material
through the same surface as in Figure 6. The wider the interface, the later the turnover
from an interface-dominated flow to an ICM-dominated one is, and vice versa.
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Figure 7. Slices at t = 125 kyr, showing the effect of varying the width of the interface. First row:
density, second row: temperature, third row: “ICM” passive scalar, fourth row: “interface” passive
scalar. Each panel is 15 kpc on a side, zoomed in slightly to focus on the parts of the simulation most
affected by the jet.
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— w =10 pc — ICM
61 - w = 20 pc Interface
w =5pcC
5-
4-

2-
1_
O ————
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Figure 8. The power in ICM, lobe, interface, and jet components flowing through the surface (shown
in the left panels of Figure 6) as a function of time, for the simulations with varying interface widths w.

3.4. Carving a Hole: Projected X-ray Emission

In this section, we considered whether Doppler beaming can account for the apparent
hole around Hotspot E. As discussed in the Introduction, the energetic electrons responsible
for radio synchrotron and inverse-Compton emission from the hotspot are likely accelerated
to high energies in the shocks encountered there. For a magnetic field strength of 200 uG,
comparable to that in Hotspots A and D [15], electrons with 7 ~ 1000 produce synchrotron
emission at ~1 GHz, and their synchrotron cooling times are ~600,000 yr (inverse-Compton
cooling times are much longer). Depending on the source of seed photons, electrons with
7 in the range 1000-10,000 are required to produce the inverse-Compton emission from
the hotspots and lobe observed at ~1 keV. At flow speeds comparable to c, the relativistic
plasma passes through Hotspot E in <1000 yr, so that the radiating electrons lose little
energy during their time in the hotspot. Thus, the primary source of the relativistic electrons
responsible for radio and X-ray emission from the lobe is the particle acceleration that
occurs in the hotspots [14].

With a comparable population of relativistic electrons per unit volume, the plasma
flowing out of Hotspot E is expected to produce comparable radio and X-ray emission per
unit volume to the other plasma in this vicinity.

We modeled the X-ray emission from the region around the hotspot as follows: the
ICM gas was modeled to have thermal emission assuming an Astrophysical Plasma Emis-
sion Code (APEC) [25] v3.0.9 model, where we assumed the ICM has metallicity Z = 0.3Z¢.
For the relativistic plasma, we assumed that it emits in the X-rays primarily via inverse-
Compton scattering of cosmic microwave background photons (IC-CMB). For this compo-
nent, we adopted a simple model where the emission is proportional to the energy density
of the plasma for gas, which satisfies kT > MpC2. Following [12], we assumed this emission
is of power-law form Sy(E) &« E~* with « = 0.7, and we scaled the emission so that its
surface brightness roughly matches that in the lobe in Cygnus A. We then adopted a sight
line fi, which roughly intersects the hotspot and traverses through the reflected jet (top
panels of Figure 9). Given the sight line, we can compute the Doppler boosting factor:

1

P= v(1—pB-1)

(13)
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y (kpc)

y (kpc)

N

N

o

and multiply the factor D3~* [26] by the emission at every point. We computed the total
emission of both components in the 0.5-7.0 keV band and projected along the chosen
sight line.

p (g cm3) P (erg cm™?) v (c)
1029 10-26 1071° 102 10°%® 0.0 0.5 1.0
e — E—— e —

t =175 kyr

x (kpc)

—— all emission

all emission,
away from hole

—— IC emission
—— ICM emission

0
x (kpc)

y (kpc)

Figure 9. The appearance of a hole in X-ray emission due to Doppler de-boosting from the reflected
jet. (Top panels) Slices through the gas density, pressure, and velocity magnitude at t = 175 kyr,
showing the line of sight of the projection in the bottom panels with a red line. (Bottom-left panel)
The projected X-ray surface brightness from all components along the chosen sight line, showing a
hole of emission surrounding a hotspot. (Bottom-right panel) Profiles taken through the center along
the y-axis of the map at x = 0, showing separate IC-CMB and ICM thermal emission, as well as total
emission in the hole region and away from the hole.

The total projected emission in the vicinity of the pressure hotspot along the line of
sight is shown in the bottom-left panel of Figure 9. The bright hotspot appears in the center
of the image, surrounded by a cavity in emission roughly ~ 4 kpc in diameter, produced by
the Doppler de-boosting of the reflected jet along the sight line. The bottom-right panel of
Figure 9 shows profiles taken along the y-axis of the map at x = 0, showing the total emission
(blue) along this profile and the IC (orange) and ICM (green) emission separately. A dashed
blue line shows the total emission profile at another location on the x-axis, far away from
the hotspot and the hole that surrounds it, showing that the hole creates a significant deficit
of emission. The resulting hole is roughly a factor of two smaller in diameter than the
observed feature in Cygnus A, but the simulation qualitatively reproduces the general
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features. Note that the overall decrease in brightness with increasing y is partly due to
the decreasing lengths of the sight lines within the lobe, an artifact of the rectangular
simulation box.

4. Discussion and Conclusions

The nearby FRII radio galaxy Cygnus A exhibits hotspots of emission at the point of
interaction of its jets with the interface between the expanding lobe plasma that surrounds
the jets and the ICM, as is typical for such sources. In deep Chandra X-ray observations
of Cygnus A, Reference [13] identified a “hole” in the emission surrounding one of the
hotspots and suggested that it was produced by Doppler de-boosting of a reflected jet
moving away from the hotspot and from the observer along the line of sight.

In this work, we presented relativistic hydrodynamic simulations of an FRII jet imping-
ing on the interface between a relativistic plasma in the lobe surrounding the jet and the
ICM, using a simple plane-parallel model for the interface with the axis of the jet inclined
to the interface. The interaction of the highly collimated jet with the interface produces
a high-pressure “hotspot” and a turbulent reflected jet that fans out into the lobe and
fills it with somewhat denser gas, first from the interface transition region and, at later
times, from the ICM itself. The amount of material in the reflected jet from the incident jet
itself is always negligible, except immediately after the initial collision, as the low-density
plasma from the jet mixes with the much more dense material in the interface and ICM.
This indicates that the interaction of the jet with the ICM will fill the lobe with relatively
energetic ions originating from the ICM, as proposed by [14]. This general behavior is not
affected significantly by varying the width of the interface. If viewed along a line of sight
approximately aligned with the reflected jet, with the latter moving away from the observer,
the emission from this gas surrounding the hotspot is Doppler de-boosted, producing a
cavity or “hole” of emission surrounding the hotspot, as seen in Cygnus A.

This simple scenario qualitatively reproduces the essential features of the hotspot and
its surrounding hole. Future work will include a more accurate representation of the gas
physics, including magnetic fields, which are expected to be dynamically significant in and
near the hotspot, as well as acceleration of relativistic particles by internal shocks in the
jet. The inclusion of magnetic fields and a more accurate model for particle acceleration
will also permit more sophisticated models of the radio synchrotron and X-ray synchrotron
self-Compton emission from the hotspot and surrounding region. The flow onward from
Hotspot E does not appear sufficiently well collimated to produce Hotspot D [13], although
the collimation will be altered by the inclusion of magnetic fields. A model including
magnetic fields, along with a curved interface to allow the production of multiple hotspots,
will be required to test this hypothesis.

Models of relativistic jets interacting with inclined or curved lobe/ICM interfaces may
also be applied to other observed interactions, such as the eastern jet of Cygnus A and
the FRII source 3C 220.1, which shows a jet potentially deflected against an interface at
multiple locations [27].
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Appendix A. Resolution Test

In this Appendix, we present a comparison between our fiducial simulation with a
finest cell width of Ax ~ 10 pc and an otherwise identical simulation with a finest cell width
of Ax = 20 pc (one less level of refinement). With a coarser spatial resolution, features that
vary on short length scales such as the narrow interface and the velocity profile of the jet
are most affected. Plasma of different entropies and origins (mass scalars) is also mixed on
coarser length scales. Slices of various quantities at t = 125 kyr in the two simulations are
shown in Figures A1l and A2 to illustrate these effects.

Qualitatively, the main features of the fiducial simulation are reproduced in the
coarser-resolution version—a turbulent reflected jet that consists initially mostly of mate-
rial stripped from the interface and, at later times, incorporates more material from the
ICM itself. The reflected jet is somewhat more collimated near the interface in the higher-
resolution simulation and contains more jet material, indicating that the mixing of the latter
with the interface material is more complete at lower resolution.
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Figure A1. Comparison of the fiducial simulation at two different spatial resolutions at = 125 kyr.
(Left panels) Slices through the center of the simulation domain of density and temperature. (Right
panels) Slices of velocity magnitude and pressure. Each panel is 15 kpc on a side, zoomed in slightly
to focus on the parts of the simulation most affected by the jet.
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Figure A2. Comparison of the fiducial simulation at two different spatial resolutions at t = 125 kyr.
Panels show slices through the center of the simulation domain of the four different mass scalars.
Each panel is 15 kpc on a side, zoomed in slightly to focus on the parts of the simulation most affected

by the jet.
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