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ABSTRACT

Although radio relics are understood to originate in intracluster shock waves resulting
from merger shocks, the most widely used model for describing this (re-)acceleration
process at shock fronts, the diffusive shock acceleration (DSA) model, has several
challenges, including the fact that it is inefficient at low shock Mach numbers. In light
of these challenges, it is worthwhile to consider alternative mechanisms. One possibility
is the adiabatic compression by a shock wave of a residual fossil electron population
which has been left over from a radio galaxy jet. This paper applies this model to
the relic hosted in the merging galaxy cluster Abell 3411-3412, where a radio bridge
between the relic and a radio galaxy has been observed, with the aim to reproduce
the spatial structure of the spectral index of the relic. Four scenarios are presented,
in which different effects are investigated, such as effects behind the shock front and
different shock strengths. The results show that the adiabatic compression model can
reproduce the observed spectral indices across the relic for a shock Mach number
that is lower than the value required by the DSA-type modelling of this relic and is
in accordance with the values derived from X-ray observations, if other mechanisms,
such as an expansion phase or post-shock turbulence, are effective behind the shock
front.

Key words: galaxies: clusters: general — galaxies: clusters: individual: A3411-3412 —
radio continuum: galaxies

1 INTRODUCTION

In addition to the radio emission due to the cluster galax-
ies, diffuse radio emission is also present in galaxy clusters.
This emission is produced through synchrotron radiation as
relativistic electrons (with Lorentz factors of y > 1000 and
particle number densities of ~ 1071 ¢cm™3) move in helical
paths through large scale magnetic fields which have inten-
sities of ~ 0.1 — 10 uG (e.g. Feretti et al. 2012; Brunetti &
Jones 2014; Van Weeren et al. 2019). The detection of these
diffuse sources indicates that non-thermal components, such
as large scale magnetic fields and populations of relativistic
particles, are mixed into the thermal plasma of the intr-
acluster medium (ICM). Diffuse radio emission is usually
present in clusters where shock fronts have been observed in
X-rays and microwave through the SunyaeV—ZeléAZdovich
effect (e.g. Markevitch & Vikhlinin 2007; Erler et al. 2015),
or in clusters that have a high level of turbulence (Eckert
et al. 2017). Because of this, the detection of diffuse radio
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emission can be used to select clusters in a non-relaxed state,
or also as a complementary method to discover clusters that
were missed in other bands (e.g. Macario et al. 2014; De
Gasperin et al. 2017).

This diffuse emission has been divided into three main
categories: radio haloes, radio relics, and radio mini-haloes.
Both radio haloes and radio relics are extended (= 1 Mpc),
low-surface brightness (~ 0.1 — 1 wJy arcsec™® at 1.4 Ghz)
sources found in merging clusters that have a steep radio
spectral index (a < —1, F,, o« v*) and that do not have optical
counter parts. Radio haloes tend to occur at the centre of
galaxy clusters and have a regular morphology with little
to no polarization, whereas radio relics tend to occur at the
cluster periphery and have either a roundish or an elongated
morphology and are strongly polarized (20 — 30%). Radio
mini-haloes are similar to radio haloes but are less extended
(5 500 kpc) and are typically found around the brightest
cluster galaxy in cool-core clusters (see e.g. Feretti et al.
2012, for a review).

A long-standing problem in the study of radio relics
is the origin of the relativistic electron population. In the
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Bohm description of the diffusion of cosmic rays in a plasma
with fluctuations in the magnetic field, the typical diffusion
length-scale in the ICM of a GeV electron within its radia-
tive lifetime (< 108 Gyr) is of the order of 10 pc (Bagchi et al.
2002). Although plasma motions can increase this distance
to some extent, it still remains less than 1 Mpc (Van Weeren
et al. 2019). Even in the case of Kolmogorov diffusion, the
diffusion length-scale, which can be on the order of tens of
kpc (Brunetti 2003), is still less than the typical extent of
relics. Thus, for Mpc-size relics, the electron cooling time is
much less than the possible time since the electrons could
have been injected from a galaxy at the location of the relic.
This requires that an efficient particle acceleration mecha-
nism is present within or close to radio relics (Enflin et al.
1998; Kang et al. 2012). Enflin et al. (1998) demonstrated
that accretion or merger shock waves in the ICM could
(re-)accelerate electrons within a magnetic field behind the
shock front, indicating that relics trace shock waves. The
clearest evidence of the connection between radio relics and
shocks is provided by the detection in the X-rays of shock
fronts co-located with radio relics (e.g. Akamatsu & Kawa-
hara 2013). Further evidence of this relationship between
relics and shock waves is provided by the correlation be-
tween the merger axis of the cluster and the relic position,
with the relic major axis usually being perpendicular to the
merger axis, as well as the fact that the radio power of relics
scales with the X-ray luminosity and the mass of the host
cluster (Vazza et al. 2015).

Although there is compelling evidence that the relativis-
tic electron population is created through ICM shock waves,
and possibly also turbulence, (re-)accelerating the electrons
to relativistic energies (Van Weeren et al. 2019), there is
still some debate as to the particle acceleration mechanism.
A widely adopted mechanism is diffusive shock acceleration
(DSA) which is based on a first order Fermi process where
thermal electrons diffusing through the ICM can cross the
shock front several times, each time gaining energy and even-
tually reaching relativistic energies (Drury 1983; Blandford
& Eichler 1987).

However, this model has several challenges. While it
is fairly efficient in accelerating thermal electrons at strong
shocks, at weak shocks produced by galaxy cluster mergers it
is inefficient (Kang et al. 2012). The estimated acceleration
efficiency of cosmic ray (CR) protons is less than 1% (Ryu
et al. 2019; Botteon et al. 2020), while, due to the higher
rigidity of thermal protons compared to thermal electrons,
the DSA model is expected to be even less efficient in the ac-
celeration of CR electrons (see also Kang et al. 2012). Vazza
& Briiggen (2014) showed that for about half of the relics in
the sample that they investigated, the required electron ac-
celeration efficiency is greater than the predicted value from
the DSA model (see fig. 1 in their paper). It has also been
found that in some conditions a shock with a Mach num-
ber < V5 might not be able to accelerate particles (Vink &
Yamazaki 2014).

Furthermore, the CR protons, accelerated via DSA, can
diffuse through the cluster over distances of several hundred
kpc (e.g. Blasi & Colafrancesco 1999) and should then pro-
duce gamma-rays as a result of collisions with thermal pro-
tons. However, the predicted flux of these gamma-rays in
nearby and rich clusters is at or above the upper limit set
by Fermi observations (e.g. Vazza & Briiggen 2014; Vazza

et al. 2015, 2016) and therefore requires a lower efficiency
for DSA processes so that these limits are not violated.

Another challenge to the DSA model is an observed
discrepancy between the value of the shock Mach number
determined within the DSA model and that determined from
X-ray observations. Within the DSA model the shock Mach
number is given by
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(e.g. Blandford & Eichler 1987) where « is the radio spectral
index and is related to the electron spectral index, s where
N(y) «« y75, by @ = —(s — 1) /2. Tt has been found that the
shock Mach number predicted by DSA is sometimes higher
than the Mach number measured from X-ray observations,
indicating that the DSA model at the X-ray Mach number is
not sufficient to produce the observed radio spectral index
(Akamatsu et al. 2017; Colafrancesco et al. 2017; Botteon
et al. 2020).

In order to deal with these issues, the standard DSA
model acting on the thermal electron pool was modified to a
DSA model acting on a fossil population of mildly relativis-
tic electrons (Pinzke et al. 2013). This idea is supported by
observations where the relic is observed to be connected to
a radio galaxy, which is a natural source for fossil relativis-
tic plasma. Examples of clusters in which the relic is con-
nected to a radio galaxy are the cluster, PLCKG287.0+32.9
(Bonafede et al. 2014), the Bullet cluster (Shimwell et al.
2015), and the cluster Abell 3411-3412 (Van Weeren et al.
2017). While this would reduce the required efficiency of
the shock, it would still not explain the lack of gamma-ray
detection in galaxy clusters (Vazza & Briiggen 2014). This
suggests that other models, not based on DSA, need to be
considered as possible mechanisms for producing CR elec-
trons in relics.

Enflin & Gopal-Krishna (2001) proposed a model that
is based on the adiabatic compression of clouds of fossil radio
plasma rather than on the direct acceleration of electrons. In
this model, a cloud of fossil radio plasma, previously emit-
ted by a radio galaxy, is energized as a shock wave passes
around the cloud compressing it adiabatically. The shock
wave does not penetrate the cloud since the speed of sound
within the plasma is greater than the speed of sound in the
ambient medium. As the cloud of plasma is compressed, the
electrons and magnetic field gain energy causing the cloud
to become radio luminous. This model could explain the rel-
ative rareness of relics since it requires both a shock wave
and fossil radio plasma that has not aged too much. It could
also explain the trend that relics form at the periphery of
clusters since the reviveable age of fossil plasma at the pe-
riphery is greater than that at the centre due to the stronger
synchrotron losses at the centre. Like DSA models, the adi-
abatic model can explain the thin elongated morphology of
relics, since the emission is confined to a narrow shell behind
the shock front (see also Zhang et al. 2019). Furthermore,
the observed level of polarization in radio relics can also be
produced through compression (Enfillin & Briiggen 2002).
On the other hand, the adiabatic compression model only
works as long as the relativistic plasma remains well con-
fined inside the cloud. When mixing with the surrounding
ICM starts to take place, the sound speed inside the bubble
can drop and the DSA mechanism can effectively reacceler-
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ate particles, even though the Mach number inside the cloud
is lower compared to that outside the cloud (Kang 2018).

The adiabatic compression mechanism as a possible
mechanism for the origin of some radio relics has been con-
sidered by Kempner et al. (2004) who classified the known
relic sources as radio gischt and radio phoenices assuming a
different origin mechanism for the two classes of sources.
In this classification radio gischt are associated with the
ICM and are produced by a shock wave accelerating elec-
trons from the thermal plasma. On the other hand, radio
phoenices are associated with extinct or dying AGN and are
produced through the adiabatic compression of the fossil ra-
dio plasma that is left over from AGN. For this reason, these
sources have been classified as revived fossil plasma sources
by Van Weeren et al. (2019). The recent cases, listed above,
where sources classified as radio gischt have been shown to
be connected to radio galaxies challenge this classification
of relics and could suggest that there is common origin for
both sources classified as radio gischt and sources classified
as radio phoenices (see also Colafrancesco et al. 2017).

This paper investigates whether the adiabatic compres-
sion model is a plausible model for the formation of the
radio relic hosted in the galaxy cluster A3411-3412 by inves-
tigating whether it is able to reproduce the observed radio
spectral shape across the relic. This relic has been observed
to be connected to a nearby cluster galaxy through a nar-
row radio tail which can provide the fossil electron cloud
that the adiabatic model requires. Although Van Weeren
et al. (2017) were able to reproduce the spectral properties
of the relic using a DSA-type re-acceleration model, their
modelling required a higher Mach number compared to the
Mach number determined through the X-ray observations.
This paper will investigate whether the adiabatic model can
reproduce the radio flux density and spectral shape of the
relic with a lower Mach number.

The structure of the paper is as follows. Section 2 re-
views previous observations of the relic hosted in the cluster
Abell 3411-3412 and discusses the previous attempt to model
the relic using a DSA-type model. Section 3 outlines the adi-
abatic model and how it was used in this case to model the
relic. Section 4 presents the results of the adiabatic compres-
sion model applied to this relic. Finally, section 5 presents
the conclusions.

A flat A cold dark matter cosmological model with
Qu =027, Qp = 0.73 and Hy = 71 km s~! Mpc! is used
throughout the paper.

2 THE RELIC IN THE GALAXY CLUSTER
ABELL 3411-3412

The galaxy cluster Abell 3411-3412 (hereafter A3411-3412),
located at a redshift of z = 0.164, is currently undergo-
ing a merging event of the two sub-clusters, A3411 and
A3412, where the merger axis lies along the SE-NW direc-
tion (Van Weeren et al. 2013). The two merging clusters
have similar masses (~ 10'> Mg each) and are viewed about
1 Gyr after the first core passage (Van Weeren et al. 2017).

Van Weeren et al. (2013) observed a region of diffuse ra-
dio emission to the south-east of the cluster centre along the
major axis of the extended X-ray emission. They observed
this region to be made up of five elongated components with
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a total extent of 1.9 Mpc. From the size of the emission, its
location with respect to the cluster centre, the lack of opti-
cal counterparts and its polarization properties, Van Weeren
et al. (2013) classify this region as a radio relic. Van Weeren
et al. (2017) found a cluster galaxy that is connected through
a radio tail to the north-eastern portion of the relic as well
as two more galaxies, one of which has a tail of steep spec-
trum emission extending towards the relic and the other is
embedded within the relic emission, suggesting that all the
components of the complex relic could trace revived fossil
plasma.

From their X-ray observations, Van Weeren et al. (2017)
detected a shock front at the relic’s outer edge. The jump
in their X-ray surface brightness profile indicates that the
shock is rather weak with a Mach number of 1.2 < M < 1.7.
More recent X-ray observations indicate that the shock can
be even weaker with a Mach number of only M = 1.13 with
a 90% confidence upper limit of M < 1.6 (Andrade-Santos
et al. 2019). However, these derivations of the shock Mach
number are based on a broken power-law density model and
the assumptions of the projection effects and shock geometry
might be incorrect which could result in an underestimation
of the shock Mach number. Because temperature measure-
ments are less affected by an unknown geometry, a better
method of determining the shock Mach number is to use the
temperature discontinuity. However, this is often difficult in
the external regions of clusters where a small number of
counts in X-ray measures is expected. Thus, these values of
the shock Mach number should be considered as representa-
tive values.

This work focuses on the north-eastern component of
the relic (labelled R1 by Van Weeren et al. (2013)). The
radio tail connecting the relic to the cluster galaxy could
be a source of radio plasma and the presence of a shock at
the position of the relic provides a way for the fossil plasma
to be re-energized by adiabatic compression. We note also
that the size of the region R1 is of the order 250 kpc, i.e.
smaller than a typical giant radio relic. This could suggest
a peculiar origin for this region, making it interesting to ex-
plore adiabatic compression as the mechanism for its origin.
If this mechanism is successful, this small region might be
classified as re-energized AGN-plasma placed inside a wider
radio relic.

Van Weeren et al. (2017) measured the radio flux den-
sity at intervals of 20 kpc across the relic, starting from a
point on the outer edge of the relic, as well as the spectral
index at four points around the shock front (see fig. 9 of
their paper). These measurements allow us to determine the
flux density and the spectral index at the position of the
shock front. Since the radio plasma is revived by the shock
wave, the position with the greatest flux density should cor-
respond to the position of the shock. In front of the shock,
the plasma is still to be revived and so it should have a
steeper spectrum and lower radio emission compared to the
emission at the position of the shock, while the plasma be-
hind the shock loses energy rapidly due to radiative emission
and so would also have a steeper spectrum and lower radio
emission. Based on their data, we can assume that the po-
sition of the shock front is between 80 and 100 kpc. It is
interesting to note that the flux densities measured at the
higher frequencies (1.5 and 3.0 GHz) reach a peak value at
100 kpc while the flux densities at the lower frequencies (325
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and 610 MHz) reach a peak value at 80 kpc. This makes it
difficult to determine the exact position of the shock front.

According to the results found by Van Weeren et al.
(2017), the spectral index between 0.325 and 3.0 GHz of the
radio tail connecting the relic to the cluster galaxy steepens
from @ = -0.5+0.1 at the galaxy nucleus to @ = -1.3+0.1 at
the end of the radio bridge. However, at the position where
the radio plasma from the galaxy joins the relic, the spectral
index flattens to @ = —0.9+0.1. The spectral index along the
length of the relic remains largely flat, although it steepens
across the relic towards the cluster centre. The same authors
measured the spectral index between 0.325 and 3.0 GHz at
four points across the relic.

Van Weeren et al. (2017) applied a DSA-type re-
acceleration model to this north-eastern component of the
relic. Although their modelling is able to explain the uniform
spectral index along this relic, it predicted a Mach number of
1.9 which is higher than the Mach number determined from
their own X-ray observations. Furthermore, they also sug-
gested that this DSA-type re-acceleration model could have
difficulties explaining the constant spectral indices along the
lengths of other, larger relics, unless the associated shock has
a high Mach number or the spectral index distribution of the
fossil plasma is fairly uniform. In light of the recent observa-
tional and theoretical challenges to DSA based models it is
useful to investigate other models for the origin of this relic.

3 THE ADIABATIC COMPRESSION MODEL
3.1 Overview of the model

The adiabatic compression model was described by Enflin
& Gopal-Krishna (2001) and takes place in several phases,
labelled phase 0 to phase 4. The initial phase, phase 0, de-
scribes the injection of radio plasma into an expanding co-
coon by an active galaxy. During phase 1, the radio cocoon
continues to expand after the radio galaxy becomes inac-
tive, causing the electrons to lose energy adiabatically. In
addition, the magnetic field is weakened by the expansion.
This, and the adiabatic energy losses of the electrons, can
result in the radio emission of the cocoon to become much
fainter than the emission of phase 0. In phase 2, the radio
plasma is in pressure equilibrium with the environment and
the electrons exist at low energies as a result of the previous
adiabatic losses. Additionally, the magnetic field is weak-
ened due to the expanded state of the cocoon. Since the
radiative losses depend quadratically on the particle energy
and the magnetic field strength (Sarazin 1999), these losses
are suppressed during this phase which enables the cocoon
to maintain its energy. This fossil plasma is revived during
phase 3, where the plasma is compressed during a shock
passage caused by a merger event. Since the shock Mach
number in the cocoon is smaller than the shock Mach num-
ber in the thermal medium due to the higher sound speed in
the cocoon, the shock wave is not expected to penetrate the
cocoon but rather to compress it. This compression causes
the electron population and the magnetic field to gain energy
adiabatically leading to a sharp increase in the synchrotron
emissivity. During phase 4, the final phase of the model, the
plasma is again in pressure equilibrium with the post-shock
medium and the synchrotron emission of the relic fades away
as a result of the heavy radiative losses.

The resulting electron spectrum at the end of each phase
is calculated, according to the formalism presented in Enf3lin
& Gopal-Krishna (2001), from the characteristic momentum
of each phase. This characteristic momentum is specified by
the compression ratio of the phase, C;_;;, the expansion or
compression exponent, b;, the time-scale of expansion, 7,
and the duration of the phase, Af;. The compression ratio is
defined as the ratio of the volume at the end of phase (i — 1)
to the volume at the end of phase i, where it is assumed that
the volume changes according to a power-law in time:

t\P t\7?
V() =W (—) ,or C(t) = (—) , (2)
To 1o
where b is the expansion or compression exponent. It fol-
lows, then, that for an expansion phase the ratio is less than
1, while for a compression phase the ratio is greater than
1. The exponent b; is related to the rate of the expansion
or compression of the radio cocoon. The time-scale 7; is a
characteristic time-scale of the expansion or the compression
which is also related to the rate of expansion or compression.
Both the characteristic time-scale, 7, and the exponent b are
determined by the physical process under which the volume
of the plasma changes. Lastly, the quantity Af; is the phase
duration.
These four quantities are related by the equation

Cio1: = (1+ At /)70 (3)

Thus, in order to describe a phase in the model, three of the
four parameters need to be determined and the remaining
one can be calculated from the above equation.

From the resulting electron spectrum the luminosity
and flux density can be calculated from standard syn-
chrotron formulae (e.g. Schlickeiser 2002).

3.2 Determination of parameters

Some of the phase parameters during each phase can be esti-
mated through physical considerations of the active galaxy,
the radio plasma and the thermal environment. However,
other parameters for some phases can only be fixed when ap-
plying the model to particular clusters and considering the
cluster properties such as the shock strength and the pre-
shock magnetic field. The parameters that are fixed within
the model are described in detail in Enfllin & Gopal-Krishna
(2001) and are listed in Table 1.

The compression ratio of phase 1, Cyi, has to be less
than 1 to represent an expansion phase. If both the magnetic
field of the radio galaxy, ugo and the pre-shock magnetic
field ugo are known, Cy; can be calculated since Cjp = 1
(see EnBlin & Gopal-Krishna 2001). However, in this case
the magnetic field of the galaxy is unknown, so the value of
Cp1 had to be determined by fitting the data before and after
this phase. Then, the phase duration, At;, is determined by
eqn (3). During phase 2, three of the four phase parameters
are fixed, but since the expansion time-scale is infinite, the
phase duration, Afp, is not determined by eqn (3). Instead,
for this phase, the duration is a free parameter, but since
the electron population does experience radiative losses, the
phase cannot last too long so that the radio emission of the
revived plasma is still detectable. The duration of phase 3
is related to the volume of the plasma at the end of phase
2 and the pre-shock velocity in the shock frame (Enflin &
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Gopal-Krishna 2001). However, as it is difficult to estimate
the volume of the radio plasma, it is easier to treat Aty as
a free parameter. The phase compression ratio, Cr3 is es-
timated from the pressure jump, P3/P;, of the surrounding
thermal gas, assuming pressure equilibrium before and after
the shock passage:

()
Cy3 = (P_z) : (4)

where the pressure jump in thermal gas is related to the
shock Mach number:

Py 2ypM? -1 (5)
P2 B YB + 1 ¥YB + 1

(Landau & Lifshitz 1959) assuming the behaviour of a per-
fect gas. Here yp is the adiabatic index of the thermal gas:
vB = 5/3. As in phase 2, the expansion time-scale of phase
4 is infinite so that the phase duration, Az, is not fixed by
eqn (3) but is left as a free parameter that should be de-
termined in each application of the model. Again, since the
electron population is losing energy very rapidly due to ra-
diative losses, the phase duration strongly affects the level
of radio emission produced by the relic. The values or con-
straints of the phase parameters are listed in Table 1.

3.3 Application of the model

The remaining parameters have to be determined in the ap-
plication of the model to the radio relic in A3411-3412. The
compression ratio of phase 3 is determined from the value
of the shock Mach number which was taken to be M = 1.7,
according to the upper limit obtained by Van Weeren et al.
(2017). From this value, the compression ratio of phase 3 is
calculated from eqns (4) and (5) to be Cy3 = 2.48.

Since phase 3 of the adiabatic model describes the ac-
tion of the shock front to revive the fossil plasma, the spec-
tral index at the end of this phase should correspond to the
spectral index at the position of the shock front. As discussed
in section 2, the exact position of the shock front is difficult
to determine, but the flattest measured value of the spectral
index is —0.95 and occurs at 80 kpc. This modelling, there-
fore, attempts to fit the spectral index at the end of phase
3 to this value. Of the values of the spectral index across
the relic that are available, the value of —1.59 that occurs
at 140 kpc is the one that is furthest from the shock front.
Thus, the value of the spectral index at the end of phase
4 is matched to this value. Since the initial electron popu-
lation is injected by the radio galaxy, the spectral index at
phase 0 is matched to the value of the spectral index of the
galaxy, —0.5. The electron cloud at the end of the radio tail
corresponds to the electron population at the end of phase
2 before the action of the compression caused by the shock
passage. Thus, the desired spectral index at the end of phase
2 corresponds to the spectral index at the point of conjunc-
tion between the radio tail and the radio relic which is —1.3
(Van Weeren et al. 2017). The value of the spectral index
at the end of phase 1 is not constrained; however, due to
the expansion during this phase it will be steeper than the
spectral index at the end of phase 0. The expected spectral
index for each phase is listed in Table 2. The values of the
free parameters, Cy 1, Afp, Aty, and Aty, were varied until the
calculated spectral indices at the end of each phase matched
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these spectral indices across the relic. The values of Aty and
13 are calculated from the values of Cy| and At3 according
to eqn (3).

The CMB radiation field energy density, uc, is given
by the blackbody radiation density where the temperature
depends on the redshift of the galaxy cluster, according to
the equation

(6)

Thus, for the redshift of the cluster galaxy connected to
the radio tail, z = 0.164, (Van Weeren et al. 2017), the
corresponding CMB radiation field energy density is uc =
7.66 x 10713 erg em™ or uc = 0.478 eV cm 3.

The value used for the pre-shock magnetic field strength
was the same as that used in the modelling performed by
Van Weeren et al. (2017): B = 1.5 uG. In this model, the
pre-shock magnetic field corresponds to the magnetic field
of phase 2. The values of the magnetic field in the other
phases were calculated from this value.

The injection spectrum was found by estimating the
electron spectrum of the galaxy. The radio spectrum of —0.5
is best reproduced by a power-law spectrum with a slope of
-2:

No(po) = Nop™2. (7

Since the magnetic field of the galaxy is unknown and its
flux density is not reported in the literature, the constant
Ny was estimated a posteriori by matching the calculated
flux density at the end of phase 3 with the peak flux density
of the relic. The best-fitting value is Ny = 2.2 x 1001,

Using the values of these parameters, the evolution of
the electron population was determined at the end of each
phase of the model and the flux density at the end of each
phase was calculated from these electron spectra.

40T*  40(2.725(1 + 2))*
uc = - = .

Cc

4 RESULTS AND DISCUSSION

This section presents the results of four scenarios in which
the adiabatic compression model was applied to the relic in
A3411-3412, and discusses the results that were obtained.
The first scenario investigates the application of the model
according to the formalism presented above. In order to ob-
tain a better fit to the data at the end of phase 4, scenarios
two and three investigate different effects behind the shock
front. Finally, the fourth scenario investigates the effect of
the application of the model with a weaker shock wave com-
pared to the first three scenarios. The best-fitting parame-
ters for each of the following scenarios are presented in Ta-
ble 3 and will be described in detail in the following sections.
A comparison of the resulting radio spectral indices between
0.325 and 3.0 GHz for the four cases is presented in Table 4.

4.1 Scenario 1: Application of the adiabatic
compression model

This scenario investigates the application of the adiabatic
compression model to the relic according to the formalism
presented above. Since the value of up g is not known in this
case, the value of the compression ratio of phase 1 is taken
as a free parameter. However, since up is related to ug| by
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Table 1. Summary of the values of each of the phase parameters. The values that are marked with a dash are determined from a fit to

the observed cluster properties in each specific application.
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Figure 1. Resulting flux densities. The measured flux densities at 80 kpc and 140 kpc are shown in the red and black point series,
respectively. Top left: Results from the scenario 1 modelling, where the electron population was injected by the radio galaxy and the
evolution of the electron spectrum is studied through all the phases of the adiabatic model. Top right: Results from the scenario 2
modelling where the duration of phase 4 was increased to produce a steeper spectrum behind the shock front. Bottom left: Results from
the modelling in scenario 3, where the radio cocoon continues to expand during the final phase of the model. Bottom right: Results from
the modelling in scenario 4, where the electron population was injected by the radio galaxy and the adiabatic model is applied with a

weaker shock value of M =1.13.

the factor (Co1)*/3, the value of Cy; allows us to constrain
the value of ug o which affects the value of the spectral index
of phase 0. Furthermore, since Cy, depends on the Cyq, the
value of Cyy; also affects the spectral index of phase 2. Thus,
Co 1 was chosen to produce the best-fitting values of the spec-
tral indices of phase 0 and phase 2; the resulting value was
Co1 = 0.7. The resulting duration of phase 1 was then cal-

culated to be Af; = 3.46 Myr. The durations of phases 2
and 3 that best reproduce the spectral indices at the end of
the radio tail and at the shock front were found to be 54
Myr and 2.5 Myr, respectively, with the resulting value of
13 calculated to be —6.84 Myr. Lastly, the duration of phase
4 that reproduces the spectral index at 140 kpc is 28 Myr.
The best-fitting model values are listed in Table 3 and the
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Table 2. Target values of the spectral index between 0.325 and
3.0 GHz at the end of each phase.

Phase  Spectral index

0 -0.5

1 Not specified
2 -1.3

3 -0.95

4 -1.6

resulting radio spectra are shown in the top left panel of
Fig. 1.

This scenario is successful in reproducing the measured
flux density at the position of the shock front. The calculated
spectrum at the end of phase 3, shown by the dotted red
curve in the top left panel of Fig. 1, clearly follows the shape
of the measured spectrum at 80 kpc. This is confirmed by
considering the radio spectral index, as the calculated value
of —0.954 matches the measured value of —0.95. Furthermore,
the curve also fits the measured level of the flux density at
this position. This is expected since the normalization of the
electron population was chosen by fitting the flux density at
this position. The observations of the relic, as shown in the
radio maps in Van Weeren et al. (2017), indicate that the
emission of the galaxy is weaker than the peak emission of
the relic. Thus, since the calculated spectrum at the end of
phase 0 (shown in the solid orange curve) is below the peak
emission of the relic for frequencies below 3.0 GHz, this value
of the normalization is reasonable.

The radio spectrum at the end of phase 4, shown by the
dot-dashed black curve in the top left panel of Fig. 1, lies
above the measured radio spectrum at 140 kpc even though
it has the same spectral index between 0.325 and 3.0 GHz.
Increasing the duration of phase 4, with the aim to obtain
a lower value of the flux, was found to produce a spectral
index that is steeper than the observed one. This indicates
that further investigation of the radio spectrum behind the
shock front is required. The next two scenarios investigate
this problem.

4.2 Scenario 2: Investigation of a steeper
spectrum behind the shock front

The previous scenario demonstrates that although there
seems to be some difficulty in recovering the flux density
and the measured radio spectral index at 140 kpc, the adi-
abatic model is able to reproduce the spectral shape of the
radio emission at the shock front. In this and the next sec-
tion, we investigate two different methods to try to resolve
the difficulty of the emission behind the shock front. In this
scenario, the radio spectrum behind the shock front was al-
lowed to be steeper than the measured spectral index at 140
kpc and the calculated spectrum was matched to the flux
density rather than the spectral shape.

The values of all the phase parameters before phase 4
were chosen in the same way as in the previous case. The
duration of phase 4 was chosen as the value that best re-
produced the flux density at 140 kpc. The best-fitting value
was found to be 50 Myr. The phase parameters are listed in
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Table 3 and the resulting radio spectra are shown in the top
right panel of Fig. 1.

The longer duration of phase 4 in this scenario com-
pared to that in scenario 1 in section 4.1, produces a lower
flux density. This is expected since the longer the duration
of this phase the more the radiative losses and so the lower
the flux density. As shown by the dot-dashed black curve in
the top right panel of Fig. 1, the calculated spectrum fits
the measured flux density at 325 and 610 MHz but lies be-
low the measured flux density at 1.5 GHz, implying that the
correct spectral shape at high frequencies is not reproduced
in this scenario.

This effect, that the calculated spectrum steepens more
than the observed spectrum at high frequencies, could in-
dicate that other mechanisms, such as turbulence (Fujita
et al. 2015), are effective behind the shock front and con-
tinue to energize the electrons in this region. Another pos-
sibility is that the radio cocoon starts to expand slightly
after the shock passage. This would result in a weaker mag-
netic field which could make the losses due to the expansion
more important than the radiative losses, possibly provid-
ing a temporarily flatter spectrum, compared to where the
losses are only radiative. The effect of such a mechanism is
investigated in section 4.3.

4.3 Scenario 3: Investigation of an expansion
phase behind the shock front

The previous scenario demonstrates that it is difficult to
match the flux density behind the shock front at both the
low frequency and high frequency at the same time by con-
sidering only radiative energy losses. This scenario investi-
gates the effects of an expansion of the radio cocoon follow-
ing the compression caused by the shock passage. Enflin &
Gopal-Krishna (2001) assumed that there would be no ex-
pansion for this phase, however, if the blob after the shock
passage is slightly over-pressured compared to the surround-
ing medium it is possible that there could be some expan-
sion. In this scenario we assume that the rate of expansion
behind the shock front is lower than the expansion rate in
phase 1.

Again, the values of the phase parameters until phase
4 were chosen in the same way as in scenario 1 in section
4.1. The parameters of phase 4 were chosen to give the best-
fitting results for both the flux density and the spectral in-
dex without working out a physical model of the expansion.
The compression ratio, C34 was chosen to be 0.8 since this
represents an expansion of the cocoon but is still closer to
one compared to the value of 0.7 assumed for phase 1, cor-
responding to a slower expansion rate. The exponent of the
expansion, by, was chosen to be 1 which would correspond
to an expansion that is not as rapid as the expansion during
phase 1. The duration of the phase, Aty, is still a free param-
eter and its value is chosen to give the best-fitting spectral
index. Finally, the value of 74 is calculated from the values
of C34, by and Aty according to eqn (3). The best-fitting pa-
rameter values are listed in Table 3 and the resulting radio
spectra are shown in the bottom left panel of Fig. 1.

As shown by the dot-dashed black curve in the bottom
left panel of Fig. 1, this assumption of an expansion behind
the shock front can fit the shape of the radio spectrum be-
hind the shock front at all the measured frequencies. This
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Table 3. Best-fitting values of the phase parameters used in each scenario with the calculated cumulative compression ratios, magnetic
field values, magnetic energy densities and characteristic momenta. The parameter values for phases 0 to 2 are the same in all the

scenarios. The values for phases 3 and 4 are listed for each scenario.

Phase At; T Ci-1i b Coi B; UB D0i
Myr Myr uG eV cm™3
All scenarios

0 0 15.0 1 1.8 1.0 1.90 0.0899 o0

1 3.46 10.0 0.7 1.2 0.70 1.50 0.0559 303000

2 54 o0 1 0 0.70 1.50 0.0559 22100
Scenario 1

3 2.5 -6.84 2.48 2 1.74 2.75 0.188 21200

4 28 o0 1 0 1.74 2.75 0.188 11900
Scenario 2

3 2.5 -6.84 2.48 2 1.74 2.75 0.188 21200

4 50 o0 1 0 1.74 2.75 0.188 8860
Scenario 3

3 2.5 -6.84 2.48 2 1.74 2.75 0.188 21200

4 22 88.0 0.8 1 1.39 2.37 0.140 13200
Scenario 4

3 0.10 -0.948 1.25 2 0.875 1.74 0.0752 22000

4 20 o0 1 0 0.875 1.74 0.0752 15900

scenario was investigated by finding the best-fitting values
of the parameters that reproduce the flux density across all
the measured frequencies. However, further modelling of the
physical process which would cause the cocoon to expand
after the shock passage is needed in order to be able to fur-
ther investigate this scenario and whether it is plausible as
a model.

4.4 Scenario 4: Investigation of the adiabatic
model with a smaller shock Mach number

As mentioned in section 2, the Mach number of the shock
in this region of the galaxy cluster is difficult to determine
with much certainty. The value of the shock Mach num-
ber used in the modelling above is M = 1.7, and, although
this value is somewhat smaller than the value of M = 1.9
which Van Weeren et al. (2017) found using the DSA-type
re-acceleration model, the value of the Mach number could
be even smaller. The recent determination of the shock Mach
number obtained a value of M = 1.13 (Andrade-Santos et al.
2019). This section investigates the application of the adia-
batic model to the radio relic using this smaller value of the
shock Mach number.

Since the flux density of the galaxy is not reported, in
the previous scenarios the constant Ny in the initial elec-
tron spectrum was estimated by matching the calculated
flux density at the end of phase 3 with the peak flux density
of the relic. In this scenario, the smaller shock Mach num-
ber will result in a smaller compression which will result in
a smaller level of the flux density in phases 3 and 4. Thus,
the value of Ny needs to be estimated again for this scenario.
The best-fitting value that matched the flux density at the
end of phase 3 to the peak flux density of the relic was found
to be Ny = 1.5 x 1062,

The value of the compression ratio of phase 3 calculated
for the smaller Mach number was found to be Cy3 = 1.25,

which gives a post-shock magnetic field of B3 = 1.74 uG.
The values of Aty and Aty that gave best-fitting values of the
spectral indices at the end of phases 3 and 4 were found to
be Atz = 0.1 Myr and Aty = 20 Myr. The resulting value of 73
was —0.948 Myr. All the other phase parameters were kept
the same as in scenario 1. The values of the phase parameters
and the resulting magnetic field values and characteristic
momenta are listed in Table 3. The resulting radio spectra
are shown in the bottom right panel of Fig. 1.

As shown by the dotted red curve in the bottom right
panel of Fig. 1 the spectrum at the end of phase 3 is steeper
than the observed spectrum. Furthermore, the level of the
flux density at the end of phase 3 is lower than the calculated
level of the flux density at the end of phase 0 and 1. As
mentioned in section 4.1 the radio maps indicate that the
emission of the galaxy is weaker than the peak emission
of the relic and this is not reproduced in this modelling.
Although the spectral shape at the end of phase 4 (shown in
the dot-dashed black curve) does seem to match the spectral
shape of the flux density behind the shock front, the level
of the calculated flux density is greater than the measured
flux density behind the shock front.

These results would seem to indicate that at this level
of the shock Mach number, the compression is insufficient
to re-energize the electrons to high enough energies so that
the spectral shape at the shock front is reproduced or that
the emission at the shock front is greater than the emission
from the galaxy.

5 CONCLUSIONS

This paper has looked at four scenarios in which the adia-
batic compression model was applied to the north-eastern
component of the radio relic that is hosted in the merg-
ing galaxy cluster A3411-3412. In the first three scenarios, a
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Table 4. Comparison of the calculated spectral indices between
0.325 and 3.0 GHz at the end of each phase of the adiabatic model
for the first four scenarios considered.

Phase Spectral index
Casel Case2 Case3d Cased

0 -0.535 -0.535 -0.535 -0.535
1 -0.578 -0.578 -0.578  -0.578
2 -1.30 -1.30 -1.30 -1.30
3 -0.954 -0.954 -0.954 -1.19
4 —-1.61 -2.32 -1.60 -1.61

shock strength of M = 1.7 was used while in the last scenario
a much weaker shock of M = 1.13 was used, and the free
model parameters were chosen so that the observed spectral
index at the end of each phase matched the spectral index
at several points across the relic. The first scenario simply
applied the model, as given in the formalism presented in
Enflin & Gopal-Krishna (2001), to the relic and was suc-
cessful in reproducing the spectral shape at and behind the
shock front. However, behind the shock front the calculated
flux density was greater than the observed one. Scenarios 2
and 3 investigated different effects behind the shock front to
try to reproduce the spectral shape and the flux density in
this region. Scenario 2 showed that it is difficult to repro-
duce the flux density behind the shock at all three frequen-
cies, 0.325, 0.610 and 1.5 GHz, by considering only radiative
losses which could indicate that other mechanisms, such as
turbulence or the expansion of the cocoon, take place in this
region. Scenario 3, which investigated an expansion phase
behind the shock front based on best-fitting parameters, was
able to reproduce the spectral shape and the flux density,
however, further modelling of such a scenario is needed in
order to investigate this mechanism more fully. Finally, sce-
nario 4 investigated an application of the model at a smaller
Mach number of 1.13, according to more recent results. This
smaller Mach number would result in a smaller compression
caused by the shock wave and the results of this scenario
seem to suggest that the adiabatic compression model has
difficulty in reproducing the observed spectral index at this
smaller Mach number.

These results show that the adiabatic compression sce-
nario can reproduce the observed spectrum of the R1 region
of the radio relic in the cluster A3411-3412 at the relic peak
and also in the region behind the relic if a further expansion
of the blob takes place after the shock passage. Post-shock
turbulence could also describe the spectral shape behind the
shock front. In this case the electrons would also gain energy
by turbulent re-acceleration (Fujita et al. 2015; Fujita et al.
2016) so that the re-energization would no longer be due,
purely, to adiabatic compression. We also note that these
results were produced using a value of the shock strength
that was smaller than the value predicted by the DSA-
type re-acceleration model and closer to the one indicated
by the X-ray measurements reported in Van Weeren et al.
(2017). However, at the smaller Mach number determined
by Andrade-Santos et al. (2019), the adiabatic model does
not seem to be able to recover the observed spectral indices
across the relic, but, as discussed, there is some uncertainty
in determining the value of the shock Mach number in this
region of the cluster.
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As previously mentioned the, size of the R1 region of
the relic in A3411-3412 is quite small compared to the ex-
tension of the whole radio structure and to the typical ex-
tension of relics. It is therefore possible that if the adiabatic
compression scenario is the correct one for the R1 region,
this source should not be referred to as a radio gischt/radio
shock (according to the respective classifications used by
Kempner et al. (2004) and Van Weeren et al. (2019)), but
as re-energized AGN-plasma. The rest of the whole struc-
ture might have a different origin and might be produced
by the same interaction between the radio jet of the galaxy
and the shock front that can produce a complex structure
depending on the time elapsed from the interaction and the
geometry of the system (Pfrommer & Jones 2011).

The comparison of the calculated flux densities to the
measured flux densities is somewhat inconclusive due to a
lack of some observational data. The normalization constant
of the electron spectrum of the radio galaxy was only esti-
mated based on the peak flux density of the relic. Further
observations of the galaxy, particularly obtaining measure-
ments of the flux density of the galaxy and the magnetic
field within the galaxy, are needed to determine this con-
stant more accurately. The magnetic field of the galaxy will
also constrain the value of the compression ratio of phase 1.
Furthermore, observations that provide a better understand-
ing of the structure of the relic and the flux densities and
spectral indices across the relic are needed for a comparison
with the fluxes predicted by the adiabatic model. Since the
duration of phase 3 is related to the plasma volume and pre-
shock flow velocity, deeper observations of the radio tail that
can provide an estimate these quantities would constrain the
value of the duration of phase 3. These improvements would
enable a more accurate comparison of the calculated flux
densities to the measured flux densities which would enable
this application of the adiabatic compression model to be
tested further.

Additionally, since the adiabatic model predicts that
the galaxy emission should start to dominate at frequencies
greater than 3 GHz, observations of the galaxy-relic system
at higher frequencies could test the predictions of the adia-
batic compression model. MeerKAT and the upcoming SKA
will be very important for such observations given their sen-
sitivity and angular resolution that should allow for the de-
tection of the radio emission, as well as the measurement of
the spectrum at several frequencies, even in low-brightness
regions such as the end of the radio tail.
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