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ABSTRACT

Galaxy cluster mergers are natural consequences of the structure formation in the Universe. Such events involve a large amount of
energy (~ 10% erg) dissipated during the process. Part of this energy can be channelled in particle acceleration and magnetic field
amplification, enhancing non-thermal emission of the intra- and inter-cluster environment. Recently, low-frequency observations have
detected a bridge of diffuse synchrotron emission connecting two merging galaxy clusters, Abell 399 and Abell 401. Such a result
provides clear observational evidence of relativistic particles and magnetic fields in-between clusters. In this work, we have used
LOw Frequency ARray (LOFAR) observations at 144 MHz to study for the first time the polarised emission in the A399-A401 bridge
region. No polarised emission was detected from the bridge region. Assuming a model where polarisation is generated by multiple
shocks, depolarisation can be due to Faraday dispersion in the foreground medium with respect to the shocks. We constrained its
Faraday dispersion to be greater than 0.10 rad m™ at 95% confidence level, which corresponds to an average magnetic field of the
bridge region greater than 0.46 nG (or 0.41 nG if we include regions of the Faraday spectrum that are contaminated by Galactic
emission). This result is largely consistent with the predictions from numerical simulations for Mpc regions where the gas density is

~ 300 times larger than the mean gas density.

1. Introduction

0847v2 [astro-ph.CO] 25 Sep 2023

] Galaxy clusters are the most massive, gravitationally-bound

= structures in the Universe. They are the natural outcome of the
o) hierarchical process of structure formation, where clusters grow
through events of merging and accretion of small substructures.
This accretion process occurs inside the so-called Cosmic Web,
- - made of elongated filaments of matter (galaxies, dark matter and
> magnetised gas called Warm Hot Intergalactic Medium, WHIM)

30

>< located between clusters and through which matter flows and
collapses onto such objects.
E In the past decades, non-thermal, diffuse radio emission has
been widely observed in galaxy clusters, implying particle re-
acceleration on clusters scales (e.g.|van Weeren et al.|2019, for a
recent observational review). Merger events could provide the
energy necessary for particle re-acceleration (e.g. [Brunetti &
Jones| 2014, for a theoretical review). The most striking exam-
ples of these processes in clusters are giant radio halos and relics,
which have been widely used to study ICM inner regions. The
new generation of radio-telescopes is unveiling that cluster dif-
fuse radio emission is more extended than previously reported
(e.g. Rajpurohit et al.|2021alb}, Botteon et al.|2022; [Cuciti et al.
2022), showing its presence even outside the cluster regions in

Key words. magnetic fields — galaxy clusters — A399-A401 — polarisation

form of bridges (e.g. (Govoni et al|[2019; Botteon et al.| 2020
Venturi et al.[2022)). The origin of the observed (~ uG) magnetic
fields that accelerate particles within clusters and beyond re-
mains largely uncertain. A commonly accepted hypothesis is that
they result from the amplification of much weaker, pre-existing
seeds via shock/compression and/or turbulence/dynamo mecha-
nisms during merger events and structure formation. Therefore,
magnetic fields will emerge with different intensities at differ-
ent physical scales as the result of turbulent motions (see [Don-
nert et al.| 2018} |Vazza et al. 2021, for reviews on magnetic field
amplification at cluster scales). The origin of seed fields can ei-
ther be primordial, i.e. generated in the early Universe prior to
recombination, or produced locally at later epochs of the Uni-
verse, in early stars and/or (proto)galaxies, and then injected
in the interstellar and intergalactic medium (e.g., [Widrow et al.
2012 |Subramanian| 2016, for reviews). Another source of mag-
netic field seeds can be the feedback events following the gas
cooling and the formation of first structures, such as stellar pop-
ulations or black holes. These astrophysical sources can inject
magnetic fields inside circumgalactic medium and cosmic voids
at z < 10 in an inside-out scenario from galaxies to larger scales
(e.g. |Vazza et al[[2021). A possible discriminant among mod-
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els would be the estimate of the magnetic field strength in rar-
efied environments, like filaments, sheets and voids. Simulations
show, indeed, that magnetic field profiles resulting from different
models tend to diverge beyond the periphery of galaxy clusters,
due to the model-dependent efficiency in producing large-scale
magnetic field (Vazza et al.|2017). Despite the difficulties to ob-
serve such faint filamentary emission outside clusters at radio
wavelengths, previous works have already constrained the mag-
netic field strength (up to a few tens of nG) on scales larger than
typical cluster sizes (* Mpc) (Neronov & Vovk|2010; |Pshirkov
et al.|[2016; [Brown et al.|2017; Vernstrom et al.|[2017; [Paoletti
& Finelli| 2019; Natwariya) [2021)). Different observational ap-
proaches have been identified in order to study large-scale mag-
netic fields. A promising one is the Faraday rotation technique
(e.g.,|Govoni & Feretti|2004), which estimates the line of sight
magnetic field. Exploiting this effect, Vernstrom et al.| (2019)
studied the emission from extragalactic sources and placed an
upper limit on the cosmic magnetic field strength at 40 nG. Sim-
ilarly, |(O’Sullivan et al.| (2020) used an analogous technique to
study prospectic or real pairs of sources, obtaining upper limits
on the co-moving cosmological magnetic field (By) of By < 4 nG
on Mpc scales. |Carretti et al|(2022) recently used ~ 144 MHz
observations of several filaments to study Faraday rotation prop-
erties of such low-density regions and how they evolve with red-
shift, deriving an average magnetic field By = 32 + 3 nG in
filaments. In a follow-up work, |Carretti et al.| (2023)) compared
LOFAR observations with MHD cosmological simulations and
found that the magnetic field in cosmic web filaments at z = 0
is in the 8 — 26 nG range for a typical filament gas overdensit
of 6, = 10. Vernstrom et al.| (2021)) used pairs of luminous red
galaxies as a tracer of cluster pairs. Using a stacking technique,
they estimated the intensity of the magnetic field on 1 — 15 Mpc
scales to be in the 30 — 60 nG range. This result implied that
primordial magnetic field seeds should be more than a factor of
~ 6 higher than the simulated ones using only shock accelera-
tion (see also [Hodgson et al.|[2022). With a different approach
(injection), Locatelli et al.|(2021) combined upper limits on the
radio emission from two inter-cluster filaments and numerical
simulations of the magnetic cosmic web, to constrain the inter-
galactic magnetic field in the 0.2 — 0.6uG on 10 Mpc scales.
Even more recently, (Vernstrom et al.[2023)) used stacking to de-
rive information on polarised emission, and magnetic field, in
the clusters’ peripheries and inter-cluster filaments. They found
a diffuse polarised emission with a ~ 20% polarised fraction,
which can be attributed to a Fermi-type re-acceleration process
as a consequence of large scale accretion, implying, also, an or-
dered magnetic field.

Recent low frequency (~ 140 MHz) observations with LO-
FAR have detected diffuse synchrotron emission (a radio bridge)
connecting the two merging galaxy clusters, Abell 399 and
Abell 401 (Govoni et al.[2019)), providing observational evidence
of relativistic particles and magnetic fields in the inter-cluster re-
gion. The origin of the non-thermal emission is still uncertain,
although it could be caused by multiple weak shocks present in
the bridge region that re-accelerate a pre-existing population of
mildly relativistic particles (Govoni et al.[[2019). Alternatively,
turbulent reacceleration in the early phases of the merging event
could amplify magnetic fields and reaccelerate particles Brunetti
& Vazza (2020). In this work, we have used new LOFAR ob-
servations to study the polarised emission of the A399-A401
radio bridge, and provide constraints on the magnetic field in

' We define the overdensity as the ration between the density and its

mean at a given redshift: 6(z) = %

Article number, page 2 of 12

Object Z RA DEC Mass
(10" Mo)
Abell 0399 | 0.0718 027 57 56°  +13° 00 59” 5.7
Abell 0401 | 0.0737 02" 58™ 57°  +13° 34’ 46” 9.3

Table 1. Summary of the main characteristics of the A399-A401
pair.

the bridge. The paper is organized as follows: in Section [2] we
describe the target, its properties and past studies; in Section 3]
we present the observations, data reduction and imaging process
used in this work; in Section[d] we constrain the Faraday disper-
sion of the depolarisation mechanism that we use to constrain
the average intensity of the magnetic field in Section[5} We con-
clude in Section @ Following Nunhokee et al.| (2023)), we used
the Planck cosmology throughout our work (Planck Collabora-
tion et al.[2020), where 17 = 1.345 kpc at the cluster pair dis-
tance.

2. The A399-A401 pair

A399 and A401 are two massive galaxy clusters separated by
a projected distance of ~ 3 Mpc, both hosting a radio halo
(Murgia et al.|2010), likely powered by single objects matter ac-
cretion. Radio, optical and X-ray observations support the sce-
nario where the system is in the initial phase of merger and the
two clusters have not yet started to interact (e.g., |[Fujita et al.
1996; [Sakelliou & Ponman|[2004; Murgia et al.|[2010} |Govoni
et al.|[2019). X-ray observations show the presence of a hot gas
(~ 7 — 8 keV) not only inside the central parts of the two ob-
jects but also in the connecting inter-cluster region (6.5 keV),
which shows enhanced X-ray emission (Akamatsu et al.|2017).
Moreover, observations of the Sunyaev-Zeldovich (SZ, [Sunyaev,
& Zeldovich||[1969) effect confirmed the presence of a connect-
ing bridge between the two clusters (Planck Collaboration et al.
2013 Bonjean et al.[2018;|Hincks et al.[2022). Information about
the system are summarised in Tab.

Govoni et al.| (2019) studied the A399—-A401 cluster pair, de-
tecting both diffuse and compact radio emission. They also dis-
covered radio emission connecting the two radio halos, provid-
ing evidence of relativistic electrons and magnetic fields on Mpc
scales in the inter-cluster environment. [Nunhokee et al.| (2023)
used observations at 346 MHz, where they did not detect the
bridge, in order to constrain the average bridge spectral index
to be @ > 1.5 at 95% confidence level. Even more recently |de
Jong et al.| (2022) and Radiconi et al.| (2022)) investigated the
thermal and non-thermal inter-cluster emission of the pair. |[Radi-
coni et al.|(2022) did not find any correlation between radio and
X-ray emission. Instead, with deeper observations and an im-
proved calibration method, [de Jong et al.| (2022) found a posi-
tive trend between the thermal and non-thermal emission in the
bridge. Although the spectral index constraints disfavour the sce-
nario where particles are accelerated by weak shocks, no strin-
gent conclusions about the emission model and no constraints on
the magnetic field in the bridge region have been obtained so far.

3. Observations and data analysis

Observations used in this work are part of the LOFAR Two-
meter Sky Survey (LoTSS, [Shimwell et al.| 2017, [2019;
Shimwell et al.|2022), a deep, 120 — 168 MHz survey of the
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Northern sky with a ~ 100 uJy beam™! sensitivity at ~ 6 resolu-
tion. The A399-A401 pair was observed within a single LoTSS
pointing for 8 h, divided into two sets of 4 h each, due to its
low declination (§ ~ 13°, see Tab. [2). Each 4 h set was followed
by 10 minutes of calibrator observations, 3C196. As we are per-
forming polarisation studies, the direct combination of both ob-
servations would likely introduce depolarisation if not properly
corrected for the likely different polarisation angle. For this rea-
son, we only used one of the two tracks, n. L576817. We used the
visibilities calibrated by the PREFACTOR3 pipeline (de Gasperin
et al[2019) and by the direction-independent calibration in the
LoTSS-DR2 pipeline (Shimwell et al.[[2022)). The polarisation
calibration process applied on our data is the standard LO-
FAR calibration adopted by the Magnetism Key Science Project
(MKSP). For further details on the LoTSS polarised products,
the readers may consult|Shimwell et al.| (2022)); |O’Sullivan et al.
(2023) or past works, e.g. [Vernstrom et al.| (2018)); |O’Sullivan
et al.| (2020); Pomakov et al.|(2022); |0’ Sullivan et al.| (2023]).
During the calibration process, the integrated polarisation over
the field of view is assumed to be negligible. While this is usu-
ally a valid assumption at low frequencies, it does not hold com-
pletely in our field because of the presence of a strong polarised
source. We nevertheless retained the standard assumption, with
the caveat that it may lead to a bias in the polarisation proper-
ties of strong, compact sources. As we clarify below, this has
no impact on our analysis, as we are interested in the polarised
emission of the bridge. The total frequency coverage (120 — 168
MHz) is subdivided into 480 channels, each of them ~ 97 kHz
wide. Such high frequency sampling allows us to use the Rota-
tion Measure (RM; [Brentjens & de Bruyn|[2005) synthesis tech-
nique that minimizes bandwidth depolarisation in reconstructing
the polarised emission (Brentjens & de Bruyn/2005).

3.1. Imaging

LoTSS pointings have a field of view of 3° — 4° (full width at
half maximum), depending on the wavelength. The area cov-
ered by the bridge is ~ 0.05 deg?, therefore, in order to speed
up the subsequent steps, we select the data corresponding to
the bridge region with a procedure called "extraction" (see [van
Weeren et al.||2021)). We subtract the model components corre-
sponding to sources outside the bridge as far out as 6 deg? from
the visibilities. Hence, our final dataset essentially contains the
emission from the region close to the A399-A401 pair. After the
subtraction, we compute the primary beam correction towards
the target coordinates and apply it directly to the visibilities. We
then proceed to image both total intensity and polarised emis-
sion. Calibrated visibilities are imaged using WSCLEAN v2.10.0,
which allows to perform multi-scale and multi-frequency de-
convolution (Offringa et al.|2014; Offringa & Smirnov|[2017).
Initially, we make images at 6" and 20" angular resolution: as
no evidence of bridge emission is visible at 20" resolution, we
further reduce the resolution down to 107", where we obtain a
clear detection of the bridge (Fig. [I). Following [Govoni et al.
(2019), we extract the radial surface brightness profile as made
by |Govoni et al| (2019) after subtracting sources embedded in
the bridge region and masking out the sources not related to the
radio ridge (white areas in Fig. 2] detected using PYBDSF [Mo-
han & Rafferty|2015| when considering all the emission above
5 X RMS, an by visually inspecting the results to check whether
there was residual unmasked emission clearly associated with
compact source). We report an average surface brightness of
(IY143muz = 4.29+0.06 mJy beam !anda$ 143MHz = 4296 mJy
flux density for the bridge (considering 100 beams in the selected

region). Compared with Govoni et al.| (2019), our flux density
and surface brightness measurements are ~ 20% lower. This dif-
ference may be due to the different calibration procedures and/or
differences between the two observations, although it does not
affect the remaining of our analysis.

The shortest baseline, uv,,, of our observations is ~ 35 m
(or ~ 184), implying that the largest angular size structure de-
tectable is ~ 3.5°. This is much larger than the projected distance
between the two clusters (~ 0.62°), therefore we do not expect
that diffuse emission is filtered out. We finally generate total in-
tensity and polarisation images at 6"/, 20" and 107" respectively.

3.2. Polarisation and RM synthesis recap

Synchrotron polarised radiation can be generally described in
terms of Stokes 7, Q, U and V parameters, which can be used to
represent the orientation and intensity of the incoming electric
field. We define the complex linear polarisation P as:

P=ple*™ = Q+iU (1)

where ¥ is the observed polarisation angle (e.g.,/O’Sullivan et al.
2012). The degree of linear (V = 0) polarisation p is:

2 U2
p= YL @

and the polarisation angle ¥ is:

1 U
Y= 3 arctan 6 (€)]

When a linearly polarised wave propagates through a magnetised
plasma extending over a path length L, the intrinsic polarisation
angle ¥ is rotated by an angle AY. This effect is called Faraday
rotation and can be described by introducing the Faraday depth
¢ (Burn| 1966} Brentjens & de Bruyn|[2005):

telescope d
¢zO.81f neB~dl[$—2], “

source

where 7, is the electron number density in cm™3, B the magnetic
field in uG and dl is the infinitesimal path length in parsecs. In
the case where the polarised radiation is emitted by a background
source and the rotation is only due to a foreground magneto-ionic
medium, the source is defined Faraday thin and the variation in
the polarisation angle Wy can be written as:

Pops (1) = P + pA%. ®)

In this work, we adopt this technique for our analysis.
In the simplest case where only Faraday rotation occurs, the
complex polarisation P can be written as:

P(2) = py 1200, (6)

where py is the intrinsic degree of polarisation of the synchrotron
emission and ¢ describes the Faraday rotation caused by the
foreground magneto-ionic medium. The RM synthesis technique
takes advantage of the similarity of Eq. [6] with a Fourier trans-
form relationship by introducing the Faraday dispersion function
(FDF) F(¢), or Faraday spectrum:

F@¢) =K f wP(/lZ) e 201 412 (7

00
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Pointing RA DEC \ Obs ID Frequency On source time RMS at 20" (uJy beam™")
L576817 120-168 MHz 4 hrs 445
h o ’ ”
PO3+14 027587 22" +13720°22" | 1593053 120-168 MHz 4 hrs 443

Table 2. Description of the available observations.

0.25 050 1.00 2.00

Fig. 1. Image of the
A399-A401 pair
at 144 MHz. The
107" x 107" restor-
ing beam is shown in
white at the bottom
left corner. Black
contours are drawn
at 4, 20, 40, 80, 160

30' 15 and 320 x RMS,

RIGHT ASCENSION (J2000) A

13°40°
o
o
o
o™
= 20"
O
I_
<[
=
—
)
L
D ml
12°40"
45°00" 44°45"
where:
+00 -1
K= ( f W(/lz)d/lz) ®
" WA2) 2d 22
/1(2) = L’iw# )
[ w2)da?

therefore we can measure/recover the amount of polarised emis-
sion of a source once its radiation has been de-rotated to a given
Faraday depth. Brentjens & de Bruyn| (2005) also introduce
the Rotation Measure Transfer Function (RMTF), which is the

Article number, page 4 of 12

Fourier transform of the wavelength sampling function (W(A1?)).
In particular, a few specifications of an observation define some
of the characteristics of the measured Faraday spectrum: the A2
coverage (AA?) defines the resolution in Faraday space (6¢), the
wavelength resolution of the observation (§4%) sets the maxi-
mum observable Faraday depth (¢m.x) and the largest scale in
¢ space to which one is sensitive depends on the shortest wave-
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1345

30'

DEC (J2000)

15

00

12°45"

144 Mz (M)y/beam)

b4

;
* T

J
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;
| +++ !
Ny

T
-3 -2 -1 0 1 2 3

projected distance (Mpc)

Fig. 2. Bridge emission profile after masking of unrelated sources. Up-
per panel: Compact source subtracted image (see Sec.[dand Fig.[6) with
non-bridge sources masked out (white ellipses). White line grid is used
to measure the bridge brightness profile. The grid is tilted by 25° and
has the same reference point (centre) as|Govoni et al.| (2019). The lines
are separated by 144 kpc (one beam width) and their length is 3 Mpc.
Lower panel: The surface brightness profile extracted by measuring the
average surface brightness in each slice.

length (22, ):

min
_2V3

69~ "3 (10)
V3
Ipmaxll = SE (11)
max — scale ~ ZL (12)

In our observations, the shortest wavelength is ~ 1.79 m, cor-
responding to a ~ 1.76 rad m~2 max-scaleEI, the resolution is
8¢ ~ 1.17 rad m~2 and the maximum observable Faraday depth
i [|pmax]l = 170 rad m~2.

We compute the Faraday spectrum cube from the 107” reso-
lution polarisation images (RMSqu ~ 0.18 mJy beam™') using

2 The max-scale set by our data would prevent us from detecting Fara-
day thick sources. However, this is not an issue since we will assume a
Faraday thin bridge emission (Sec.[f.2).

14°00"

13°40"

DEC (J200)

RA (J2000)

Fig. 3. Slice of the FDF cube at ¢ ~ 7.5 rad m~2 showing the Galactic
polarised emission detected in the field. Total intensity is overlaid with
contours at 4, 20,40, 80 x RMS taken from Fig|[T}

— -
'—I' 12 Galactic peak 1
L Instrumental leakage peak H
2] i
2 10 I
o il
- il
! |
0.8- |
S I
© I
()] |1
O o6 | |
> \
= \\
os | \
S A~ «’/V\/ AL
T ~ SN
-~

Fig. 4. Faraday depth amplitude averaged over all the lines of sight
within the bridge region at 107" resolution. It displays two peaks, which
are due to the Galactic foreground medium and the instrumental leak-
age respectively.

a publicly available RM synthesis code (Purcell et al. 2020E|
and considering the average of the amplitude of the polarised
emission over the bridge region (Fig. ). Most of the Faraday
depth cube shows no emission, with the exception of diffuse
emission that spans a large area of the field of view and peaks
at ¢ ~ 7.5 rad m~? (Fig. . This emission is largely uncorre-
lated with the total intensity emission and appears at relatively
small Faraday depths, the typical characteristics of the Galactic
emission at low frequencies (e.g., Bernardi et al.|2013; [Van Eck
et al.[2019; |[Erceg et al.[2022)). We note that this Galactic fore-
ground partially extends over the bridge region, although most
of its emission appears outside of it. Fig. ff] shows the FDF am-
plitude averaged over the bridge region, defined as the 40~ con-
tour total intensity emission (Fig. [I). The Galactic foreground
peak is clearly visible, together with a fainter, second one at
¢ = Ginge ~ 2.1 rad m~2 likely due to instrumental leakage that
is not corrected by our calibration procedure. Such instrumen-

3 https://github.com/CIRADA-Tools/RM-Tools
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tal feature is not uncommon in LOFAR observations and can
appear up to =3 rad m~2 (e.g., O’Sullivan et al. 2019). No po-
larised emission from the bridge region is visible in the Faraday
spectrum at any depth above the noise. We will use this lack of
detection in the next sections to constrain the bridge emission
mechanism and magnetic field.

4. Polarisation analysis

The absence of polarised emission from the bridge can be used to
place constraints on its magnetic field and, in turn, on its origin.

4.1. Simulation expectations

First, we test whether our observations are consistent with the
prediction from the shock model proposed by (Govoni et al.
(2019) to explain the origin of the bridge. The authors suggested
that such inter-cluster radio emission may be the result of gas (re-
)energisation and magnetic field amplification from several weak
shocks (M ~ 2 — 3) originated in the initial merger phase. In the
adopted simulation of this system, a large distribution of weak
shock waves, occupying a large volume filling factor (~ 1%) and
an even larger surface filling factor (> 30%) when seen in projec-
tion, forms as an effect of the supersonic turbulence developed
in this region. These shocks may or may not emit synchrotron
radiation, depending on the distribution of the relativistic elec-
trons in the region. In particular, (Govoni et al.|(2019) found that
a pre-existing, mildly relativistic population of electrons could
be re-accelerated by shocks and generate radio emission over
the bridge extension that, in turn, ought to be polarised to some
extent (we refer the readers to|Govoni et al.[2019, for further de-
tails about the emission model).

A model of polarised emission from the bridge P(x,y, v), where
(x,y) are sky directions and v is the frequency, can be gener-
ated if the total intensity /(x, y), the polarisation fraction p(x,y)
and the polarisation angle W(x, y) are known (Eq. [I). We derive
a total intensity template I(x,y) from our total intensity obser-
vations. We first subtract bright sources located within or just
around the bridge area (Fig.[3)), then we generate low-resolution,
residual images where we eventually masked out all the pixels
outside the bridge area defined by the 50~ contours (Fig. [6).
Here, we compare our results with a cosmological simulation of
a merging galaxy cluster. This simulation has been run with the
ENZO-code an is part of a larger suite of cosmological simula-
tions that have been extensively studied in |Vazza et al.| (2018)
and [Dominguez-Fernandez et al.| (2019). Here we analyse the
cluster ESA, and for the details on the simulation, we point to
the given references. The cluster E5A is undergoing an active
merger, and throughout its formation, it hosts a bridge region,
similar to the one in the A399-A401 system. Hence, it is an
ideal candidate for comparison. Using a velocity-based shock
finder (Vazza et al.|2009), we can detect the shock waves in the
simulation. Following the approach of [Wittor et al.|(2019b), we
compute the polarised and unpolarised radio emission associated
with electrons undergoing Diffusive Shock Acceleration in the
bridge region. Eventually, we find a polarisation fraction close
to the 70% theoretical limit across the whole simulation volume
(see also|Vazza et al.|2018]; Wittor et al.|2019b), for details of the
simulation). However, after convolving the Q and U simulated
data cube to the resolution of our images, we obtain an average
polarisation fraction of ~ 30%. Therefore, we assume a constant
p = 30% across the bridge area (we also consider the limit case
of an intrinsic polarisation of 10%).

Finally, we assume, for simplicity, ¥(x,y) = 0 and a constant
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13°40°

30'

DEC ()2000)
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2h59m30°

58M30°
RA (2000)

Fig. 5. Zoom into the bridge field. Highlighted are the sources sub-
tracted in order to retrieve the bridge emission model. Contours are
drawn at 5 x RMS, where RMS ~ 350 uJy beam™'. The image has a
20" resolution.

Faraday depth ¢ across the bridge, i.e. the case that polarised
emission is Faraday thin. In order to avoid any confusion with
Galactic emission, we consider ¢ > ¢gy = 7.5 rad m~2, specifi-
cally ¢ = 20 rad m~2, constant across the bridge. Under these as-
sumptions, complex polarised emission P can be generated fol-

lowing Eq. [6}

P(x,y, 2) = pI(x,y, 1) 4" (13)

In practice, we want to simulate Stokes Q and U parameters as
they are what we observe. We generate Q and U model images
of the bridge following Eq. [I3}

O(x,y, ) = RP(x,y, )

U(x,y,2) = JP(x,y, ), (14)

then Fourier transform and add (“inject”) them to our visibil-
ity data after point sources have been subtracted (similar to the
procedure in |Venturi et al.|2008; Bonafede et al.|[201°/; |[Locatell1
et al.|2021; Nunhokee et al.[2023)). Visibilities are then imaged
following the same procedure as for the real data, just averag-
ing in frequency over 100 channels in order to reduce computing
time. This choice reduces ¢ to be ~ 35 rad m~2, still adequate
for our simulations.

Results of the injections are shown in the first panel of Fig.[7]and
Fig.[§] The Faraday spectrum in Fig. [§]is different compared to
Fig. 4 as we sum the amplitudes of the Faraday spectra over the
bridge region:

F(p) =2V |F(x;, 9),

where x indicates the pixel coordinates and the sum runs over
the total number of pixels N of the bridge. From now on, we will
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Fig. 6. Image of the A399-A401 pair at 144 MHz once the sources
within and around the bridge are subtracted (Fig. [5). The region chosen
to obtain the bridge emission model is highlighted in yellow. The 107" x
107" restoring beam is shown in white at the bottom left corner. The
RMS of the image is ~ 650 uJy beam™, with contours at 4, 10, 40 and
80 x RMS.

refer to this quantity as the FDF.

Fig. [8|shows that the injected signal is detected in our data with
a SNR ~ 100 and, if present in our data, it would have been
clearly detected. Therefore, the absence of any polarised signal
indicates that the emission generated in the weak shock scenario
must be depolarised. Given the large scale of the emission, this
is not surprising, however, under some assumptions, it allows us
to put constraints on the magnetic field.

4.2. Constraints on the depolarisation mechanism

Depolarisation refers to a process that reduces the intrinsic de-
gree of polarisation of a source. Two typical cases of depolar-
isation are beam and bandwidth depolarisation. The first oc-
curs when the polarisation angle changes significantly on scales
smaller than the beam size. In this case, Stokes Q and U param-
eters change their sign and their integral over the beam area is
smaller compared to the case when the polarisation angle is uni-
formly distributed.

Bandwidth depolarisation occurs when the polarisation angle
changes significantly over the observing band - the case of high
RM sources. In this case, similarly to the beam polarisation
effect, the polarised intensity integrated over the bandwidth is
smaller than the case where no rotation occurs.

The two aforementioned mechanisms are of instrumental origin,
but depolarisation can have a physical origin and provide infor-
mation of the physics of the source itself. A depolarisation effect
that is of interest in our case occurs in the presence of a turbulent
magnetic field in front of an emitting source, when spatial mag-
netic field fluctuations can be considered Gaussian. If the typical
scale of turbulence of the magnetic field is smaller than the res-
olution element of the observation, the complex polarisation P

then becomes (e.g.,[Sokoloff et al.|[1998} [0’ Sullivan et al.|2012):

P=pl e—zagﬁ“ eZi(‘POﬂMZ)’ (16)

where o is the Faraday dispersion, which quantifies spatial fluc-
tuations of the Faraday depth due to the magnetic field variations.
We note that the polarisation amplitude is reduced by a factor

¢ 27" with respect to Eq. which is strongly wavelength de-
pendent. This case is referred to as depolarisation due to exter-
nal Faraday dispersion (e.g. Tribble|1991). We consider external
Faraday dispersion as a depolarisation mechanism in our case. In
particular, we retain the assumption that the polarised emission
is Faraday thin, i.e. the shock width is much smaller than the
bridge. In addition, our observations are not sensible to Faraday
thick structures, therefore we dismiss the case of internal Fara-
day depolarisation. In this framework, the magnetic field fluctua-
tions in front of the shocks are responsible for the depolarisation.
Our observations can, therefore, place a lower limit on oy, i.e. on
the minimum magnetic field fluctuation in the foreground screen
necessary to completely depolarise the bridge signal.

We follow the same procedure described earlier to generate
Stokes Q and U parameters, with the only difference that we
added the depolarisation term to Eq.[T3] i.e.:

P(.x, y, /l) — pl(x, ¥, /10) e—ZO’é/l4 eziaﬁ(x,y)/lz, (17)

where, in this case, ¢(x, y) is a realisation drawn from a Gaussian
distribution with a 20 rad m™? mean and a standard deviation
0 4. Performing the same injection steps previously described,
we obtain a Faraday spectrum cube for each value of o taken in
the 0—0.24 rad m~2 range, with steps of 0.03 rad m~2. The results
for a few, selected oy values are shown in Fig. |Z] and Fig. E} The
o = 0 rad m™2 case has been discussed previously and shows
that the polarised emission from a weak shock model should be
visible in our data in case of Faraday rotation without depolarisa-
tion. As o increases, the polarised emission quickly decreases,
until it completely disappears when oy = 0.18 rad m™2. This is
also evident in FDF profile, which becomes consistent with noise
in the o7y = 0.18 rad m™? case. These results imply that a mini-
mum value oy = 0 < 0.18 rad m~2 must, therefore, exist below
which the signal is not sufficiently depolarised and should be vis-
ible in our observations. In order to estimate such a lower limit
on o4, we follow a procedure similar to Nunhokee et al] (2023))
and calculate the cumulative distribution function of the follow-
ing ratio:

[ Fui(og. ) do — [ Fo(9) do
[ Fuo) do ’

where F inj and F,, are the injected and observed FDF, respec-
tively, and ¢, = 15 rad m™2 and ¢; = 25 rad m~2. In other words,
the ratio Py, is the excess of the injected polarised emission with
respect to the data as a function of o, calculated in a region cen-
tred on the average injected Faraday depth ¢ = 20 rad m~.

We note that:

Pexc(o-aﬁ) = (18)

lim Py = P < o (19)
a¢—0
lim P =0, (20)
0’¢—>(>0

i.e., Pexc 1s a monotonically decreasing function of oy. We find
a probability F(Pexc < 0.95) for oy = 0.10 rad m~2 (Fig. EI), in
other words, if the oy was smaller than 0.10 rad m~2, polarised
emission should be detected in our data with a 95% confidence
level (or greater). As there is no detection, our observations set a
limit on the Faraday dispersion o, > 0.10 rad m~* at 95% con-
fidence level. In the next section, we turn this lower limit into a
lower limit on the magnetic field in the bridge.
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Fig. 7. Slices of the Faraday spectrum cube at ¢ = 20 rad m~2 as a function of Faraday dispersion o, obtained from the injection of the bridge
polarised emission model in the data - see text for details. It is evident that the bridge polarised emission decreases as the Faraday dispersion
increases until it, completely disappears when oy = 0.18 rad m™2. The top left panel is the case where no depolarisation occurs, but only the

rotation of the injected signal.

5. Constraints on the bridge magnetic field

The lower limit on the Faraday dispersion o4 can be translated
into a limit on the magnetic field using the relation between Fara-
day depth and magnetic field (Eq. . The standard deviation o
of the spatial distribution of the Faraday depth ¢ is defined as:

Ty = \{P*(X) — ($(x))?

where x indicates the line of sight (or spatial coordinate) and () is
the average ensemble. By using the definition of Faraday depth

(Eq.[), Eq. 2T]becomes:

2y
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where L becomes, in our case, the line-of-sight depth of the
bridge. Eq. 22| shows that the standard deviation of the Faraday
depth is a function of the (density-weighted) fluctuations of the
magnetic field, therefore, a lower limit on the standard deviation
of the Faraday depth imposes a lower limit on the spatial fluc-
tuations of the magnetic field. In order to derive such a lower
limit we make a few simplifying assumptions. We consider the
electron density not to be a free parameter, but we assume it from
the cluster simulation (Dominguez-Fernandez et al.[2019; Wittor|
et al.[2019a). We also assume the magnetic field from the cluster
simulation but we allow it to be scaled by an overall, spatially
independent factor . A theoretical Faraday dispersion oy, can
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cluster simulation and « is the free parameter constrained by the
0.9 observational lower limit on o7, i.e.:
0.8 Ogpm =Q0gs 2 0'; (24)
v 07 The standard deviation of the Faraday depth from the cluster
g simulation is computed by identifying a region similar to the ob-
Q6 served bridge. Here, we consider the electron density cube of
= . the Wittor et al.|(2019a) simulation (shown by white contours in
05 0p>0.103 rad m Fig. 2 in their work). We then select the inter-cluster region so
that it has a physical dimension equal to the one defined through
04 observations. The final region is highlighted in red in Fig. [I0).
We compute the Faraday depth for each pixel of the selected re-
0.3 0.00 0.05 0.10 0.15 0.20 0.25 gion by integrating the density-weighted magnetic field and then

0y (rad m=2)

Fig. 9. Normalised cumulative distribution F(Pe.) as a function of o,
with the polarised emission from the bridge injected at ¢ = 20 rad m~2.
The red line indicates the threshold value of o4 at which the cumulative
distribution function is 95%.

therefore be computed from the simulation:

2
0.81 [<(fne,s(x) aBy(x) - dl) >—
L
211/2
(< f s (%) By () - d1>) }
L
2
a(0.81 [<(fnm(x) aBS(x)-dl) >—
L
211/2
(< f (%) By () - d1>) } ]
L

a’O'ag’S,

Tgm

(23)

we smooth the Faraday depth map at the same resolution as the
observed bridge, i.e. 107", corresponding to a 144 kpc physi-
cal size (Fig. [TI). We derive the simulated Faraday dispersion
4. from the map and substitute it into Eq. [24]in order to obtain
@ > 7.2 x 107 (where as o, we use the observational limit de-
rived in Sec.[4.2)). In other words, the simulated Faraday disper-
sion is already higher than the observed lower limit, consistent
with the injection results from Sec. ]

The lower limit on the model parameter @ can be turned into a
lower limit on the average magnetic field in the bridge region, in-
deed assuming that « is a scaling factor of the magnetic field in
the cluster simulations (Eq.[23)). In order to find the average mag-
netic field along the bridge extension, we first compute the total
magnetic field intensity in each pixel from the simulated cube.
We then derive the density-weighted, average magnetic field in-
tensity for each layer of the cube and, eventually, averaged these
values across all layers, obtaining a mean magnetic field inten-
sity of (Bps) = 0.064 uG for the bridge region. The distribution
of the magnetic field intensity along the selected bridge region in
the simulation cube is shown in Fig. [T2] This procedure allows
us to set a lower limit on the mean magnetic field in the bridge
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Fig. 10. Central slice of the cube density from simulations. Moving
towards the density cube, the average density of the medium initially
increases, indicating the presence of the cluster pair, then starts to de-
crease until reaching O in the last slice, showing the ending regions of
the cluster pair. As so, we selected the central slice of the cube as the
best indicator of the density distribution. The density contours are at
1, 1.24, 2.61, 10.3, 53.5 x 10728 g cm™. In red, is also highlighted the
region selected as the bridge region in the simulation. Every pixel is
~ 16 kpc long.
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Fig. 11. Faraday depth map obtained using the cluster simulation (Wit-|

20194d) - see text fr details. The contours are from the density
field in Fig.[10] and the selected bridge region is highlighted in red. Ev-

ery pixel is ~ 16 kpc long.
region B,,:
B, > a(Bys) > 0.46nG. (25)

We also derive the magnetic field limit by considering a lower
limit polarised fraction of 10%. This turns into a lower limit
oy > 0.09 and a consequent magnetic field limit By > 0.41 nG.
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5.1. Instrumental and Galactic peak injection

Until now, we have injected the bridge at ¢ = 20 rad m~2, away
from the instrumental and Galactic Faraday depth peaks. In
this section, we relax this assumption in order to derive upper
limits on the Faraday dispersion and bridge magnetic field in the
presence of Galactic and instrumental “contamination”.

We follow the same injection procedure described in Sec. 4.2]
and [5} simulating Stokes Q and U visibilities from the cluster
simulations, only this time at ¢ = 7.5 rad m~2, the Faraday
depth where the maximum of the Galactic emission appears.
By applying the same procedure as in the previous sections,
we are assuming in the real Faraday spectrum (Fig. ) no
significant contribution from the bridge and that the polarised
emission is due only to the Galactic foreground. As shown in
Fig. B] the galaxy polarised emission is clearly prevalent in
the field. Furthermore, from this image, it is evident that when
we increase the region within which the Faraday spectrum is
being extracted, the Galactic polarised peak becomes even more
dominant than in Fig. @] In conclusion, we cannot completely
rule out a minimal contribution from bridge polarised emission,
but it is reasonable to assume that such emission is negligible
with respect to the strong Galactic one.

As in the previous analysis, we constructed a cumulative
probability function for depolarisation models that samples the
0 <0, <024 rad m™ range (same as Sec. and set an
upper limit to the Faraday dispersion o4 > 0.09 rad m~2 at 95%
confidence level.

We repeat the same procedure for the instrumental case, where
we injected the simulated polarised signal at ¢ = 2.1 rad m~2,
the Faraday depth at which the instrumental leakage appears.
In this case, we set an upper limit oy > 0.10 rad m~2 at 95%
confidence level.

Both limits are somewhat lower than the case where the
signal was injected in the featureless part of the Faraday spec-
trum, as qualitatively expected. If we take the lowest between
the two limits, we derive a slightly lower limit on the mean
magnetic field of the bridge, B > 0.41 nG.

It is useful to compare our upper limits to the standard es-
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Fig. 13. Phase diagram of the statistical distribution of the magnetic
field strength as a function of gas overdensity (|B| — p/{p)) from sim-
ulations (Vazza et al.|[2021). The cyan and the white arrows are the
0.41 and 0.46 nG lower limits on the magnetic field from this work.

timate that can be obtained via the standard equipartition
assumption, i.e. of a minimum energy of the relativistic plasma.
The equipartition magnetic field B.q can be derived following
(Govoni & Feretti|2004, Eq. 25 and 26), and assuming a spectral
index a = 1.4, a bridge size of 1 Mpc and a unity filling factor.
We obtained B,, = 0.24 uG, well above our lower limit. We
also note that, considering the thin shock scenario, the filling
factor is likely to be smaller than one, leading to a higher
equipartition magnetic field, still consistent with our limit.
Finally, it is also worth noting that the equipartition magnetic
field is approximately three times larger than values found in
inter-cluster regions (Hoang et al.|2023).

6. Discussion and conclusions

In this paper, we have presented a radio polarisation study of
the merging cluster pair Abell 399—-Abell 401. |Govoni et al.
(2019) has studied this system through LOFAR observations at
144 MHz, showing the first evidence of a radio bridge connect-
ing the two clusters. The authors suggested that a shock-driven
emission model, where multiple weak shocks, originated by the
motion of the clusters during the merging event, re-accelerates
a pre-existing population of electrons, triggering the radio emis-
sion. Considering the proposed scenario, numerical simulations
suggested that the emission can be ~ 70% polarised (Wittor
et al.| 2019a). However, at the resolution of our observations,
the observed polarised emission is expected to be lower, ~ 30%.
We have imaged LOFAR observations of the bridge region at
144 MHz at 6”, 20” and 107" angular resolution respectively.
Total intensity images at 6" and 20" showed only emission from
compact sources whereas the bridge emission is clearly evident
in images with 107" angular resolution, essentially confirming
results from |Govoni et al.| (2019) and, more recently, |de Jong
et al|(2022). In order to search for polarised emission from the
bridge, we performed the RM synthesis analysis on the 107"
resolution images. We did not reveal any significant polarised
emission from the bridge, but only from Galactic foreground and
instrumental leakage. We therefore used our observations to set
an upper limit on the bridge polarised emission.

We assumed the model used by |Govoni et al.| (2019) to justify
the bridge emission and the simulation of |Wittor et al.| (2019a)
to compute the expected polarised fraction. Accounting also for
the beam geometric depolarisation, we found that the polarised
emission expected from the simulation should have been eas-
ily detectable in our observations, suggesting the presence of a
depolarisation mechanism. Under the assumption that the shock
width is negligible with respect to the bridge extension, depo-
larisation is due to the remaining portion of the bridge that acts
as an external Faraday screen. We derived a lower limit on the
dispersion of the external Faraday screen oy > 0.10 rad m™>
(= 0.09 rad m~2, if the bridge polarised emission falls near the
FDF Galactic peak), which, in turn, becomes a lower limit on the
mean magnetic field of the bridge B,, > 0.46 nG (> 0.41 nG). We
stress that this lower limit is valid for the bridge medium that acts
as an external Faraday screen. This is not a limit on the radio-
emitting regions (shock regions). However, for such emitting re-
gions, we would expect: (i) a higher (0.2-0.4 4G) magnetic field
strength which, if taken into account would only increase the av-
erage B value; (ii) shock emitting regions, in our approximation,
are small regions, so our lower limit is still representative for the
majority of the inter-cluster medium. Therefore, in the frame-
work of an external Faraday screen originated by the bridge, we
are, again, in a conservative condition.

Assuming a bridge mean density[]of ~ 3.4 x 10 cm™> (Fujita
et al.][2008), the corresponding overdensity is 6 ~ 300. Fig. |13]
shows predictions for the magnetic field intensity as a function of
the gas overdensity (Vazza et al.|[2021)). Almost all models pre-
dict a magnetic field intensity greater ~ 1 nG at an overdensity
of ~ 300, largely consistent with our constraints.
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