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ABSTRACT

Context. Diffuse synchrotron emission pervades numerous galaxy clusters, indicating the existence of cosmic rays and magnetic fields
throughout the intra-cluster medium. It is general consensus that this emission is generated by shocks and turbulence that are activated
during cluster merger events and cause a (re-)acceleration of particles to highly relativistic energies. Similar emission has recently
been detected in megaparsec-scale filaments connecting pairs of premerging clusters. These instances are the first in which diffuse
emission has been found outside of the main cluster regions.
Aims. We aim to examine the particle acceleration mechanism in the megaparsec-scale bridge between Abell 399 and Abell 401 and
assess in particular whether the synchrotron emission originates from first- or second-order Fermi reacceleration. We also consider
the possible influence of active galactic nuclei (AGNs).
Methods. To examine the diffuse emission and the AGNs in Abell 399 and Abell 401, we used deep (~40 hours) LOw-Frequency
ARray (LOFAR) observations with an improved direction-dependent calibration to produce radio images at 144 MHz with a sensitivity
of σ = 79 µJy beam−1 at a 5.9′′ × 10.5′′ resolution. Using a point-to-point analysis, we searched for a correlation between the radio
and X-ray brightness from which we would be able to constrain the particle reacceleration mechanism.
Results. Our radio images show the radio bridge between the radio halos at high significance. We find a trend between the radio and
X-ray emission in the bridge. We also measured the correlation between the radio and X-ray emission in the radio halos and find a
strong correlation for Abell 401 and a weaker correlation for Abell 399. On the other hand, we measure a strong correlation for the
radio halo extension from A399 in the northwest direction. With our deep images, we also find evidence for AGN particle injection
and reenergized fossil plasma in the radio bridge and halos.
Conclusions. We argue that second-order Fermi reacceleration is currently the most favored process to explain the radio bridge. In
addition, we find indications for a scenario in which past AGN particle injection might introduce significant scatter in the relation
between the radio and X-ray emission in the bridge, but may also supply the fossil plasma needed for in situ reacceleration. The
results for Abell 401 are also clearly consistent with a second-order Fermi reacceleration model. The relation between the thermal
and nonthermal components in the radio halo in Abell 399 is affected by a recent merger. However, a strong correlation toward
its northwest extension and the steep spectrum in the radio halo support an origin of the radio emission in a second-order Fermi
reacceleration model as well. The evidence that we find for reenergized fossil plasma near Abell 399 and in the radio bridge supports
the reacceleration of the fossil plasma scenario.

Key words. galaxy clusters; cluster mergers; non-thermal radiation; intracluster medium; A399-401; radio bridges; reacceleration;
radio halos

1. Introduction

Structures in our Universe are growing hierarchically, with
smaller systems merging to form larger structures. The largest
gravitationally bound structures are galaxy clusters, and when
these merge with each other, ~ 1064 erg is released into the
intracluster medium (ICM) on timescales of billions of years
(Markevitch & Vikhlinin 2007; Hoeft et al. 2008). The ICM
is a diluted plasma that permeates the cluster volume and pri-

? All the reduced images in this paper are only available at the CDS
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/

marily emits thermal bremsstrahlung at X-ray wavelengths. Syn-
chrotron radio emission has been observed in numerous clusters
(see van Weeren et al. 2019, for a recent review). The pres-
ence of this emission indicates the existence of cosmic rays
and magnetic fields in the ICM. The general consensus is that
shocks and turbulence, generated during cluster merger events,
cause the (re)acceleration of particles to highly relativistic ener-
gies (Brunetti & Jones 2014). Recently, diffuse radio emission
has also been detected between pairs of clusters at megaparsec
(Mpc)-scales (Govoni et al. 2019; Botteon et al. 2020b). These
so-called radio bridges might trace regions in which the gas is
compressed during the initial phase (i.e., the premerger phase)
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of the collision between massive galaxy clusters. Radio obser-
vations of cluster bridges open new windows for studying the
acceleration of cosmic rays in environments with a density that
is lower than typical in clusters (Brunetti & Vazza 2020). The
detection of radio bridges also brings us closer to the detec-
tion and study of plasma conditions in the densest phase of the
so-called warm-hot intergalactic medium (WHIM) (Vazza et al.
2019). However, because only a few bridges are known and only
very few theory papers have been published about their possible
origin, the investigation of the origin of the magnetic fields and
cosmic rays in the radio bridges is still in an initial stage in these
low-density environments.

Radio bridges associated with the premerging clusters Abell
1758N and Abell 1758S (A1758) at z = 0.279 (Botteon et al.
2018b, 2020b) and the premerging clusters Abell 399 and Abell
401 (A399-401) at z = 0.072 (Govoni et al. 2019) have been re-
cently discovered. These radio bridges are between two compa-
rable systems and were discovered with LOw Frequency ARray
(LOFAR) observations at 144 MHz. Follow-up studies at dif-
ferent frequencies have been performed recently (Botteon et al.
2020b; Nunhokee et al. 2021). Moreover, Abell 1430 might have
a radio bridge between two merging clusters (a main cluster and
subcluster), but this has not been fully confirmed (Hoeft et al.
2021). Other types of radio bridges have been discovered be-
tween the Coma cluster and the NGC4839 group (z ≈ 0.0231)
at 346 MHz (Kim et al. 1989) and 144 MHz (Bonafede et al.
2021) and between the cluster Abell 3562 and the radio source
J 1332-3146a in the group SC 1329-313 in the Shapley super-
cluster (z ≈ 0.048) at GHz frequencies (Venturi et al. 2022). Of
all the bridges between premerging clusters, A399-401 has been
most frequently and deeply studied with X-ray observations and
Sunyaev-Zeldovich (SZ) effect measurements (Fujita et al. 1996;
Fabian et al. 1997; Markevitch et al. 1998; Sakelliou & Ponman
2004; Fujita et al. 2008; Murgia et al. 2010; Planck Collaboration
et al. 2013; Akamatsu et al. 2017; Bonjean et al. 2018; Hincks
et al. 2022). It has already been known for a while that A401 has
a radio halo (Harris et al. 1980; Roland et al. 1981; Bacchi et al.
2003), but Murgia et al. (2010) identified a radio halo in A399
as well, which made A399-401 the first detected double radio-
halo system. The detection of these radio halos suggests that the
clusters themselves are also undergoing their own mergers.

Because of energy losses, relativistic electrons can only
travel up to sub-Mpc distances at 140 MHz (Jaffe 1977) in their
lifetime. These age constraints mean that particles must be gen-
erated in situ to explain how diffuse radio emission can origi-
nate on Mpc scales in the A399-401 bridge. Govoni et al. (2019)
proposed that radio bridges may result from first-order Fermi
(Fermi-I) reacceleration of a volume-filling population of fossil
relativistic electrons by weak,M ≤ 2 − 3, shocks under favor-
able projection effects. Alternatively, Brunetti & Vazza (2020)
suggested that the synchrotron emission from the radio bridge
could be a result of second-order Fermi (Fermi-II) reaccelera-
tion, where turbulence plays a major role by amplifying mag-
netic fields and reaccelerating particles. In this case, preexist-
ing relativistic particles and magnetic fields interact with the
turbulence, which reenergizes them in the region between the
two clusters. Nunhokee et al. (2021) recently constrained a steep
spectrum (α > 1.5) supporting a turbulent Fermi-II reaccelera-
tion origin. Botteon et al. (2020b) found a trend between the ra-
dio and X-ray emission in the bridge A1758 by studying the spa-
tial correlation between the two emission components. This sug-
gests that the radio and X-ray emissions are generated in compa-
rable volumes, which supports turbulent reacceleration. Strong
spatial correlations have been observed for radio halos as well

Table 1: Measurement set names with observation dates.

Name Date

L626678 7/12/2017
L626692 30/11/2017
L626706 16/11/2017
L632229 13/12/2017
L632511 27/12/2017
L632525 20/12/2017

(Govoni et al. 2001; Feretti et al. 2001; Giacintucci et al. 2005;
Rajpurohit et al. 2018, 2021; Botteon et al. 2020a; Ignesti et al.
2020; Biava et al. 2021; Duchesne et al. 2021; Bonafede et al.
2021), where Fermi-II reacceleration in most cases been under-
stood to be the most relevant particle acceleration process for
giant radio halos (van Weeren et al. 2019).

The goal of this paper is to study the morphology and ori-
gin of the synchrotron emission in A399-401 in more detail. We
use new, deep radio data for this aim and an improved direction-
dependent (DD) calibration method. With the new radio map, we
study the diffuse emission from the radio halos and radio bridge
in greater depth and investigate new features related to the origin
of the reaccelerated particles. Additionally, we correlate our new
radio surface brightness map with an X-ray surface brightness
map from A399-401 as a tool for inferring the mechanism be-
hind the reacceleration of electrons in the diffuse emission from
the bridge and radio halos.

We start by describing the data and the data reduction method
in Section 2. The radio images are discussed in Section 3. In
Section 4 we consider the relation between the radio and X-ray
emission. All the results are discussed in Section 5. Finally, we
conclude our work in Section 6.

We use a ΛCDM cosmology model with H0 =

70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7. The images in
this paper are made in the J2000 coordinate system.

2. Observations and data reduction

In this section, we describe the radio data that we used and how
we calibrated them to arrive at a final image that we used for our
science. Because we wish to relate the radio and X-ray emission,
we also reduced X-ray observations.

2.1. Data

For the study of A399-A401, we used 6×8 hours of observations
from LOFAR (van Haarlem et al. 2013) from project LC9_015
(PI: van Weeren). The observation IDs and observation dates are
given in Table 1. Every observation has a pointing center at a
right ascension of 02h 58m 21s and a declination of +13°17’ 10′′

(J2000 equinox). The data cover the frequency range from 120–
168 MHz and were observed only with high-band antennas. We
only used the stations located in the Netherlands. L626692 used
60 stations, while the other observations all used 62 stations.

During the testing of our calibration method (further dis-
cussed in Section 2.2), we decided to flag the last 1h 20m from
all the observations, which leaves a total of 40 hours of observa-
tion time. This was necessary because the calibration solutions
started to diverge in this part, which was most likely caused by a
low elevation that decreases the sensitivity and means a thicker
ionosphere to look through. Moreover, we also manually flagged
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a few sub-bands between 126 and 128 MHz because they were
contaminated by radio frequency interference (RFI). The central
frequency of our data is 144 MHz.

2.2. Calibration

The two main parts in the calibration of LOFAR data are
direction-independent (DI) and DD calibration. The DI calibra-
tion follows the LOFAR Two-metre Sky Survey (LoTSS), where
Prefactor version 3 with the Default Preprocessing Pipeline
(DPPP) is used (van Weeren et al. 2016; Williams et al. 2016;
de Gasperin et al. 2019).1 This includes RFI flagging (Offringa
et al. 2012), bandpass corrections, removing data that are af-
fected by bright off-axis sources, clock-TEC separation, polar-
ization alignment, ionospheric rotation measure (RM) correc-
tions, and calibrating against a sky model from external radio
surveys. The implementation of the automated DI calibration
pipeline itself is discussed in Mechev et al. (2017). The DI cal-
ibration has been left untouched because the main remaining
calibration issues were coming from DD solutions near bright
sources around the clusters.

The DD effects are caused by ionospheric effects and im-
perfect beam models, which can be corrected with Jones matri-
ces (Hamaker et al. 1996; Shimwell et al. 2019), derived from
the visibilities. Over time, several DD correction algorithms
have been developed, for instance, SPAM (Intema et al. 2009),
Sagecal (Kazemi et al. 2011), or facet calibration (van Weeren
et al. 2016). For LoTSS, the DDF-Pipeline has been devel-
oped by the LOFAR Surveys Key Science Project, which is
based on KillMS to derive the Jones matrices and to apply the
solutions during the imaging of the entire field of view (FoV)
with DDFacet (Tasse 2014; Tasse et al. 2018, 2021; Smirnov &
Tasse 2015; Shimwell et al. 2019).2 With these DD calibrations,
LoTSS 8-hour observations reach 6′′ angular resolution and a
typical median sensitivity of σ ≈ 80 µJy beam−1 over the entire
LoTSS-DR2 area (Shimwell et al. 2022).

Although the output from the automated DDF-Pipeline is
sufficient to do most science with, there is still room for im-
provements, especially for targets with large angular extent. We
therefore decided to further enhance the data reduction for this
specific field. Our goal was to correct for artifacts around bright
sources near A399 and A401, which determine how deep we can
look into the substructure from the diffuse radio bridge and how
much we can detect from the radio halos. One of the main parts
to improve is the selection of specific directions to derive and ap-
ply DD calibrations. The DDF-Pipeline makes corrections in a
user-specified number of directions (45 is used for LoTSS stan-
dard processing). The number of directions constrains the facet
layout and the final calibrated image because it is assumed that
the DD calibration solutions are constant throughout a facet. Be-
cause the directions are determined in an automated way, these
layouts are not always optimal. This motivated us to use the re-
calibration method described in van Weeren et al. (2021). This
calibration method has already been successfully used in nu-
merous other works (Botteon et al. 2019, 2020a,b, 2021, 2022;
Cassano et al. 2019; Hardcastle et al. 2019; Osinga et al. 2021;
Hoang et al. 2021). Because A399-401 covers a large area, how-
ever, we need to apply this method for many directions, which
required including additional steps. In the following sections,
we describe the recipe for a single direction (N = 1) from van
Weeren et al. (2021), followed by a explanation how we up-

1 https://github.com/lofar-astron/prefactor
2 https://github.com/mhardcastle/ddf-pipeline

graded this to several directions (N > 1), and applied it to A399-
401.

2.2.1. N=1

First, we made a square box region with the DS9 software around
a bright compact source (Joye & Mandel 2003). In this area, self-
calibration was applied and DD effects were corrected for. All
sources outside of this box were subtracted from the visibilities
with the DD solutions and sky model from the DDF-Pipeline
(extraction step, see van Weeren et al. 2021). Ideally, the box
had sides with a size between 0.25° and 0.4°. Box sizes need to
be large enough for the flux density to be high enough so that di-
verging solutions are avoided in the self-calibration, whereas to
improve upon the DDF-pipeline, the boxes need to be smaller
than the facets used there because both assume constant calibra-
tion solutions across the facet. After the extraction, we phase-
shifted the uv-data to the center of the box and averaged the
time and frequency to 16s and 0.39 MHz to reduce the data size
by a factor of 8, which is sufficient for smearing purposes and
does not lead to ionospheric calibration problems. With Dysco,
we further compressed the data volume (Offringa 2016). Then
followed several rounds of self-calibration on the extracted box
(self-calibration step). The starting point were the DI calibrations
from the DDF-Pipeline. In all self-calibration rounds, we per-
formed several so-called tecandphase calibrations with DPPP
(van Diepen et al. 2018) to solve for the total electron content
(TEC). We achieved this with solution intervals between 16s
and 48s, followed by Stokes I gain calibrations with preapplied
tecandphase solutions and solution intervals between 16 and
48 minutes along the time axis and solution intervals between 2
MHz and 6 MHz along the frequency axis. These solution inter-
vals were automatically determined for each box region based
on the amount of apparent compact source flux, as this differs
per box. After all rounds of self-calibration, we created the final
image of the facet. This was done with WSClean (Offringa et al.
2014) or the DDFacet imager (Tasse et al. 2018). See Figure 2
for an example of the result after eight self-calibration cycles,
imaged with WSClean.

2.2.2. N>1

We scaled the method in Section 2.2.1 in order to allow the use of
an arbitrary number of box regions (N > 1). In every box, we in-
cluded at least one bright source. To limit the manual steps and to
save time, we implemented an automated box-region generator.
We found bright sources by scanning for all pixels where the sur-
face brightness is higher than 70 mJy beam−1 in the image with
a resolution of 6′′ from LoTSS that we wished to recalibrate.
This pixel value was chosen because we found it to correspond
to the approximate flux limit for a stable calibration for each
box. We started with the brightest source and placed an initial
box with a size of 0.4°×0.4°. Because a smaller box size speeds
up the self-calibration but enough flux is necessary, the algo-
rithm optimizes the size for each box with final sizes between
0.25° and 0.4° while at the same time finding an optimal box
center not farther than 0.2° from the initial position. After the
full box layout was optimized, we manually further fine-tuned
the result to obtain the optimal composition. This was deemed
to be necessary for difficult cases in which many compact bright
sources are near each other, which makes it difficult for the al-
gorithm to decide whether to include them in different or the
same boxes. When the box layout was approved (see, e.g., the
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Fig. 1: Flowchart showing every major step from the recalibration recipe described in Sections 2.2.1 and 2.2.2.
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Fig. 2: Self-calibration of an individual box. Left panel: Image of
an extracted box before self-calibration and with the DI solutions
alone. Right panel: Image of the same region after eight self-
calibration cycles. Visible artifacts around the source disappear
while correcting for phase effects. These images are made with
WSClean version 3 (Offringa et al. 2014).

left panel in Figure 3), we followed all the same steps as in the
N = 1 case for every individual box. Boxes may overlap because
the solutions that are applied to a part of the sky are taken from
the closest box center. In some cases, this overlap is necessary to
obtain enough flux for the self-calibration. When all the individ-
ual self-calibrations were completed, we validated the quality of
every set of solutions, such that no corrupt or diverging solutions
were later applied in the imaging step. After the calibration, the
solutions were merged into a single HDF5 solution file per obser-
vation.3 The box layout can be mapped to a facet layout, as we
show in Figure 3. These facets represent the final solution area
with solutions from the closest box to each pixel in the image.
The solutions from these facets were applied in the final imaging
step. To do this, it is only possible to use an imager that supports
facets (in our case, the facet mode of WSClean version 3). All
the main steps from box selection until imaging are summarized
in Figure 1.

2.2.3. Facet calibration for A399-401

Using the method from Section 2.2.2 for N > 1, we recalibrated
an area with a radius of 1.2° from the pointing center of A399-
401 with N=24 boxes. This small region size was chosen to re-
duce the computational cost by a factor ~4 compared to recali-
brating and imaging the full field of view of our pointing.4 This
choice does not affect the result of our main target of interest,
which is in the center of the field and extends for ~0.5°. Every-
thing outside this area was subtracted from the visibilities. In
Figure 3 the final box and facet layout for our field are shown.
Every box corresponds to a different facet.

For A399-401 we added another reduction in the computa-
tional costs by using eight self-calibration cycles instead of the
standard ten cycles for every box in van Weeren et al. (2021),
as we realized that the noise level in the last two rounds of self-

3 https://github.com/jurjen93/lofar_helpers/blob/

master/h5_merger.py
4 We needed 50336 CPU core hours for the recalibration (see Ap-
pendix A), which would have been ~189000 CPU core hours for the
full field of view.

calibration did not reduce or there were no improvements at all.
Another speedup was added by applying an additional factor 4 of
time and frequency averaging in the first five rounds and by re-
turning to the unaveraged data for the last three rounds. This did
not affect the final result in a noticeable way, as we obtained sim-
ilar results with or without this additional averaging. As all ex-
tractions and self-calibrations can run independent of each other
on different computing nodes (i.e., it is an embarrassingly paral-
lel problem), parellelization accelerated the total processing time
with a factor ~ 20. In Appendix A, we provide details about the
computational cost of our recalibration.

After obtaining all self-calibration solutions, we had one
merged HDF5 solution file and measurement set for each obser-
vation. These were then used for the final imaging with the facet
mode from WSClean version 3, using multiscale multifrequency
deconvolution and Briggs weighting in facet mode (Briggs 1995;
Offringa et al. 2014; Offringa & Smirnov 2017). DDFacet also
has a facet mode, but we chose WSClean because in our tests
on this field, the deconvolution performs better for extended
emission with this imager. Our final image had a resolution of
5.9′′×10.5′′ , and we reached a sensitivity of σ = 79 µJy beam−1

at 144 MHz. We also further tapered the visibilities to obtain
an image at 24.6′′ × 27.1′′ with σ = 230 µJy beam−1, and at
72.8′′×75.9′′ with σ = 809 µJy beam−1. These lower-resolution
images have a better surface brightness sensitivity and allow us
to better recover the diffuse extended emission from the radio
bridge.

2.2.4. Advantages and disadvantages of recalibration

We can compare our highest-resolution recalibrated radio map
with the radio map produced by the standard DDF-pipeline,
which is based on the same observations. This pipeline is also
used for LoTSS. By visual inspection, we see fewer artifacts
around bright compact sources, and the diffuse emission is bet-
ter reconstructed in our radio map than in the DDF image. We
quantified this by studying the dynamic range around these com-
pact sources. For most cases, this also improved (by a factor
~1.6). In Appendix B we elaborate on this comparison. Over-
all, we can conclude that the recalibration method we used is
a useful tool for calibrating a large area (larger than ~0.8°) in
which calibration artifacts remain around bright sources after
using the DDF-Pipeline. However, the high additional compu-
tational costs make it a very expensive method at present (see
Appendix A). The flowchart from Figure 1 is not a full working
pipeline either, which makes the implementation not straightfor-
ward. These advantages and disadvantages need to be considered
or optimized in future usage of this method.

2.2.5. Removing compact sources

Because we are interested in the diffuse radio emission from the
A399-401 radio bridge and radio halos and aim in Section 4.2 to
compare this emission with an X-ray map, we also created addi-
tional images from which the contribution from discrete compact
sources was removed. As there is no perfect way to do this, we
applied two different methods. Both have their advantages and
disadvantages.

In the first method, we start by obtaining a compact source
model by making an image from which we remove the shortest
baselines corresponding to a certain physical scale. This prevents
extended emission from entering the model. Then, we subtract
the clean components from this high-resolution model from the
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Fig. 3: Mapping from box layout to facet layout. Left panel: Box layout for A399-401 within a radius of 0.6° from the pointing
center, where all individual self-calibration boxes are contoured in green. Right panel: Facet layout corresponding to the box layout
from the left panel. The size of 1 Mpc is given in the top left corner for z = 0.072.

starting uv data. With these new uv-subtracted data, we can make
an image that is tapered to a lower resolution of 72.8′′ × 75.9′′,
where contribution from compact sources is subtracted and ex-
tended emission is enhanced. We tried several baseline cuts cor-
responding to 200 kpc, 300 kpc, 400 kpc, and 500 kpc at the red-
shift of A399-401. Based on visually inspecting and comparing
the final results with the original nonsubtracted image, we de-
cided to use the 300 kpc scale, as this gave the best balance be-
tween removing compact sources and having no noticeable im-
pact on the diffuse emission. This corresponds to 216′′ and 943λ.
Although the uv-subtract method succeeds in keeping the diffuse
emission and removing most of the compact sources, there are
often leftover sources mainly from extended AGNs, which can
affect flux density measurements.

For the second method, we use the open map filter from Rud-
nick (2002) (R02 filter) to remove compact sources directly in
image space. This method applies a sliding minimum filter, fol-
lowed by a sliding maximum filter with the same kernel size
on the image data. The R02 filter is sensitive to the noise and
the kernel size. This becomes more prominent when we filter
in more diffuse areas with a low signal-to-noise ratio. On the
other hand, this filter is very efficient in removing all compact
sources smaller than the used kernel size. However, it does not
remove compact sources larger than the kernel size and can leave
residual emission from partially subtracted extended AGNs. By
experimenting with different settings, we decided to apply this
filter on our 24.6′′ × 27.1′′ map with a kernel size of 42′′ (cor-
responding to 60 kpc at the redshift of A399-401) and further
smooth this to 72.8′′ × 75.9′′ to have the same resolution as the
other radio map.

2.2.6. X-ray data

We retrieved archival XMM-Newton observations of A399-401
from the Science Archive5. In particular, we made use of three

5 http://nxsa.esac.esa.int/nxsa-web

pointings: 0112260101 (covering A399), 0112260301 (covering
A401), and 0112260201 (covering the region between the two
clusters). The European Photon Imaging Camera (EPIC) obser-
vations were processed with the XMM-Newton Scientific Anal-
ysis System (SAS v16.1.0) and the Extended Source Analysis
Software (ESAS). After filtering bad time intervals due to soft
proton flares, we produced an EPIC mosaic image in the 0.5−2.0
keV band combining the three ObsIDs. This was used to com-
pare the X-ray and radio (from LOFAR) surface brightnesses
of the observed emission. For a detailed analysis of the XMM-
Newton observations, we refer to Sakelliou & Ponman (2004).

3. Results

Figures 4 and 5 present the LOFAR observation of A399-401 at
three different resolutions. In Figure 6 we show the uv-subtract
and R02 filtered images, with grids and slices that are explained
below. The radio map from our highest-resolution map is more
than four times deeper than the 10′′ radio map from Govoni et al.
(2019) (σ = 79 µJy beam−1 versus σ = 300 µJy beam−1). We
also show zoomed images in Figure 7, similar to Figures S3
and S4 in Govoni et al. (2019), and use labels in Figure 4 and
7 to mark a number of particularly interesting regions that are
referred to throughout this paper.

3.1. Diffuse emission

In Figure 4 we clearly detect two radio halos belonging to A401
in the north and A399 in the south. At the lower resolutions
in Figure 5, we also directly observe the diffuse emission from
the radio bridge. Below we discuss the morphology of the radio
bridge and halos and measure the flux densities and radio pow-
ers.
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Fig. 4: Radio map of A399-401 at a resolution of 5.9′′ × 10.5′′ with σ = 79 µJy beam−1. The black highlighted regions correspond
to the zoomed images in Figure 7. The beam size is given in the lower left corner, and the scale of 1 Mpc at z = 0.072 is given in
the upper left corner. The square-root color scale of the images extends from 0 to 25σ.

3.1.1. Morphology

In the two panels from Figure 5, we observe a prominent bright-
ness depression west of the bridge close to A399. We can detect
this depression also from slices 1 to 5 in the radio surface bright-
ness profile in Figure 8, where we slice through the radio bridge
images in Figure 6 in the northeast direction for both the R02
filter and uv-subtract radio maps. We identify various compact
radio sources in the bridge area, but with the exception of the
sources in region D from Figure 7, we do not detect any indi-

cation of a morphological relation between them and the radio
bridge.

In Figure 7 we highlight the radio halo from A401 in region
C. The largest linear size (LLS) for this radio halo, measured
within the 3σ contour, is 1.6 Mpc. In the region covered by the
radio halo, we detect a morphologically complex bright source
(C1) that has no direct optical counterpart. This structure has a
straight feature with a full LLS of 300 kpc on its western and
eastern side, but on its western side it, seems to connect to a bent
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Fig. 5: Radio maps of the A399-401 system at lower resolutions. Left panel: Resolution of 24.6′′ × 27.1′′ with σ = 230 µJy beam−1.
Right panel: Resolution 72.8′′ × 75.9′′ with σ = 809 µJy beam−1. The dark blue brightness depression (BD) and the halo extension
(HE) are described in the text. The beam size in all images is given in the lower left corner, and the scale of 1 Mpc at z = 0.072 is
given in the upper left corner. The square-root color scale of the images extends from 0 to 25σ.

jet-like structure (C2) that might be associated with the ellipti-
cal galaxy 2MASX J02585500+1338243 at z = 0.079 (Hill &
Oegerle 1993). In region E from Figure 7, we see the radio halo
from A399. From a 3σ isophote, we find an LLS of 1.3 Mpc.
In the southern area, attached to the halo, we detect a diffuse
bent structure with two components with an LLS of ~ 230 kpc
and ~ 150 kpc (E1). In the middle of these components, we can
notice a small dip in the emission where we find the ellipti-
cal galaxy 2MASX J02580602+1257559 at z = 0.075 (Hill &
Oegerle 1993). This dip, at the location of the optically detected
galaxy, suggests that this is a switched-off radio galaxy. The ra-
dio halo also has a brightness enhancement without an optical
counterpart (E2) with an LLS of ~ 100 kpc. The lower resolu-
tions in Figure 5 show that the radio halo extends to the north-
west, which we treated as a separate component for the further
analysis and in the discussion in Sections 4.2 and 5.

3.1.2. Flux densities and radio powers

To calculate the integrated flux densities for the halos, we fit the
radio halos with the halo-flux density calculator (Halo-FDCA)
(Boxelaar et al. 2021). This software applies a Markov chain
Monte Carlo (MCMC) method to fit an exponential surface
brightness profile,

I(r) = I0eG(r),

where I0 is the central radio surface brightness, and G(r) is a
quantity related to the morphology of the halo as a function
of the two-dimensional distance from the center (r). The radio

power is calculated by

P144 MHz =
4πD2

L

(1 + z)1+α
S 144 MHz,

where DL is the luminosity distance and S 144 MHz is the inte-
grated total flux for a spectral index α. For A399 and A401, we
find that a circular model with G(r) = − r

re
works well, where

re is the e-folding distance to the halo center. With this fit, we
can estimate the flux density and radio power with correspond-
ing uncertainties. Following Murgia et al. (2009), we decided
to integrate up to 3re. For the radio halo from A399, we ob-
tain re = 208 ± 6 kpc and find S 144 MHz = 0.98 ± 0.10 Jy and
P144 MHz = 0.99 ± 0.11 × 1025 W Hz−1 by using the best esti-
mated spectral index (α = 1.75 ± 0.14; Nunhokee et al. 2021).
For the radio halo in A401, we obtain re = 208 ± 7 kpc and find
S 144 MHz = 0.77 ± 0.08 Jy and P144 MHz = 0.99 ± 0.03 × 1025 W
Hz−1 with the best estimated spectral index (α = 1.63 ± 0.07;
Govoni et al. 2019). The output from Halo-FDCA is shown in
Appendix C. Halo-FDCA is created for radio halos. For the ra-
dio bridge, we therefore created a manual region that we associ-
ated with the bridge (covering a similar area as the green boxes
in the right panel in Figure 6) and integrated over this area in
the uv-subtract image. We obtain S 144 Mhz = 0.55 ± 0.06 Jy, and
by adopting the current lowest estimated spectral index for the
bridge (α = 1.5; Nunhokee et al. 2021), we find P144 MHz =

0.75±0.08×1025 W Hz−1 as the upper limit. All values are listed
together in Table 2. The uncertainties include systematic, sub-
traction, and statistical errors. The systematic error takes into ac-
count the uncertainty of the flux scale calibration, the subtraction
error takes into account the uncertainty from remaining residual
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Fig. 6: Radio maps of A399-401 where most compact sources are removed. Left panel: Radio image in blue: uv-subtract image
described in the text. The square-root color scale extends from 1σ to 25σ. Green contour lines are from X-ray data from XMM
Newton, which are smoothed with a Gaussian kernel. The red slices (1100′′ × 75′′) point northeast. Right panel: Radio image in
blue: R02 filtered image described in the text. The square-root color scale of the images extends from 1σ to 25σ. It has a grid
overlay on the two clusters and on the radio bridge on top of the radio image with the R02 filter. The orange grids cover the halos,
the green grid covers the radio bridge, and the yellow grid covers the northwest radio halo extension from A399. The cell size in the
grid is 80′′ × 80′′. The scale for 1 Mpc at z = 0.072 is given in both images in the upper left corner.

emission from discrete sources after subtraction, and the statis-
tical error takes takes into account the sensitivity of the image
(see also Section 5 from Botteon et al. 2022).

Murgia et al. (2010) also used a circular exponential fit to
calculate the flux density for the radio halo from A399. They
found re = 186 ± 16 kpc at 1.4 GHz with VLA data, which
is lower than but still consistent within the error bars with our
value. Govoni et al. (2019) used a different radio map, with a
lower resolution and sensitivity than our map (10′′ and σ = 300
µJy beam−1 respectively), to measure the flux densities from the
radio halos over a 5σ isophote. Despite these different methods,
our values for the radio halos are consistent within the error bars
with those from Govoni et al. (2019) (S 140 MHz = 826 ± 126.5
mJy for A401; S 140 MHz = 807 ± 124.7 mJy for A399). Govoni
et al. (2019) measured S 140 MHz = 822 ± 147 mJy over 3.9 Mpc2

for the radio bridge. This area is a significantly larger than the 2.7
Mpc2 that we find for the bridge. Our bridge area is more conser-
vatively chosen than Govoni et al. (2019) because they extrapo-
lated the average surface brightness from cluster core to cluster
core for the masked regions (radio halos and sources), while we
excluded the radio halos from the bridge area entirely. For the av-
erage surface brightness, we both find ~0.38 µJy arcsec−2, which
means that our results (independent of the area we constrain for
the bridge) are consistent with each other.

3.2. AGNs

In our radio images, we detected several interesting radio com-
ponents that are associated with galaxies in or near A399-401.
These bright radio sources make up a large part of all the radio
emission in A399-401. We therefore discuss the radio compo-
nents in our radio maps in detail. Most of the radio emission
is likely associated with AGNs, as already discussed by Gov-
oni et al. (2019). Remnant plasma from AGN are also a possible
ingredient to explain the origin of the emission from the radio
bridge and radio halos (this is further discussed in Section 5).

In region A from Figure 7, we detect the radio galaxy (A1)
corresponding to 2MASX J02581042+1351526, which was as-
sociated by Harris et al. (1980) as a probable member of
A401 based on its distance to the cluster center (~1.5 Mpc)
and brightness. This object has two lobes with a full LLS of
~ 300 kpc, and it is connected to diffuse emission pointed to-
ward the A399-401 system (A2). Region B in Figure 7 has
a bright active radio core (B1) corresponding to the elliptical
galaxy 87GB 025547.6+132220 at z = 0.084 (Huchra et al.
2012). Whereas there was a gap between the long tail (B2) and
the core (B1) in the images from Govoni et al. (2019), we de-
tect it as one connected structure. The radio emission from B2
has an LLS of ~ 320 kpc. Connected at the end of this emission,
we detect remnant plasma stretched to the west over a similar
LLS of ~ 270 kpc (B3). We observe signs of plasma extending
southward into the radio bridge filament at the edges of B2 and
B3. To the southeast of the radio halo from A401, we detect a
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Fig. 7: Zoomed images of the regions in Figure 4. These are the same sources as in Fig. S4 from Govoni et al. (2019) and ordered
in the same way to facilitate comparison. Left two panels: Blue contours at a resolution of 5.9′′ × 10.5′′ and with σ = 79 µJy
beam−1 , and green contours at a resolution of 72.8′′ × 75.9′′ and σ = 809 µJy beam−1 , both at 144 MHz. Red crosses are elliptical
host galaxies from the radio sources, and we label the radio components discussed in the text in brown. The background grayscale
images are optical sources from Pan-STARRS DR1 (Chambers et al. 2016). Right two panels: Same regions as in the left panel at
5.9′′ × 10.5′′ with a surface brightness color plot. The square-root color scale of the images extends 1σ to 25σ to better highlight
the plasma, and the labels are the same as in the left panel in green.

Table 2: Measured physical properties at 144 Mhz with spectral indices from Govoni et al. (2019) and Nunhokee et al. (2021).

re [kpc] S 144 Mhz [Jy] P144 MHz [W/Hz] α

A399 208 ± 6 0.98 ± 0.10 1.26 ± 0.13 × 1025 1.75 ± 0.14

A401 241 ± 7 0.77 ± 0.08 0.99 ± 0.11 × 1025 1.63 ± 0.07

Bridge N.A. 0.55 ± 0.06 0.75 ± 0.08 × 1025 > 1.5

radio galaxy (C3) in region C from Figure 7 that we associate
with 2MASX J02591487+1327117 at z = 0.078 (Hill & Oegerle
1993). Component C3 has a ~ 550 kpc long prominent tail ex-
tending toward the radio halo.

In region D in Figure 7, we detect two sources next
to each other: 2MASX J02591878+1315467, located north-
east at z = 0.073, and southwest from this source, we find
2MASX J02591535+1314347 at z = 0.078 (Hill & Oegerle
1993). The first is an elliptical galaxy associated with a tail with
an LLS of ~ 220 kpc (D1), and the second is an elliptical galaxy
associated with the bright radio core to the southwest (D2) with
an LLS of ~90 kpc. From the core, a fainter component extends
southwest (D3) with an LLS of ~ 80 kpc and a long bent struc-
ture pointed to the south (D4). Following the same direction to

the southwest, the diffuse emission again becomes brighter (D5),
and in the lower-resolution images in Figure 5, this area seems
to be connected to the bridge. No optical galaxy is associated
with this emission. In region F in Figure 7, immediately below
the radio halo from A399, we detect two regions with brighter
plasma that lie next to each other. While the ~ 250 kpc long
plasma on the west side (F1) can be associated with the optical
elliptical galaxy 2MASX J02580300+1251138, which is located
at z = 0.075 (Hill & Oegerle 1993), we do not find an obvi-
ous optical counterpart for F2, which has about the same length.
Component F1 corresponds to a tailed source, and we suspect
that F2 might be the extension of F1, given its morphology (see
the discussion in Section 5.2).
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Fig. 8: Mean radio surface brightness from the slices from the
left panel in Figure 6, manually masked for bright AGNs, for the
R02 filter and uv-subtracted radio data. The slice numbers cor-
respond to the order of the slices in the direction from the arrow.
The R02 filter removes more from the diffuse emission than the
uv-subtract. Error bars include the statistic and systematic uncer-
tainties.

4. Thermal and nonthermal scaling relations

It has been shown observationally (e.g., Cassano et al. 2013; van
Weeren et al. 2021) that the thermal emission from the ICM and
nonthermal radio emission are related by the following scaling
relation:

Pν ∝ Mγ,

which is the relation of the radio power integrated over the en-
tire cluster Pν at a wavelength ν and the cluster mass M derived
from X-ray or SZ measurements with slope γ. It was suggested
that nonthermal emission is powered by the dissipation of grav-
itational energy (e.g. Cassano et al. 2006).

Instead of using a statistical population of clusters to deter-
mine the thermal and nonthermal relation in the ICM by means
of integrated quantities (P and M), we can also use spatially re-
solved quantities on single objects by inspecting the following
scaling relation:

IR ∝ Ia
X ,

where IR is the radio surface brightness, and IX is the X-ray sur-
face brightness with slope a. This relation has been derived for
many radio halos with a point-to-point analysis (Govoni et al.
2001; Feretti et al. 2001; Giacintucci et al. 2005; Rajpurohit et al.
2018; Botteon et al. 2020a; Rajpurohit et al. 2021; Ignesti et al.
2020; Biava et al. 2021; Duchesne et al. 2021; Bonafede et al.
2021). A point-to-point analysis has also been performed for the
radio bridge of A1758 (Botteon et al. 2020b). A strong correla-
tion reflects the physics of the interplay between the thermal and
nonthermal components (e.g., Brunetti 2004; Brunetti & Jones
2014), where the particle density and magnetic field strength
(traced by the radio surface brightness) decline faster than the
thermal gas density (traced by the X-ray surface brightness) if
a > 1, or vice versa, if a < 1. We study these scaling relations
for A399-401 below.

Fig. 9: Mass and radio power relation. The fitted regression
line with a 3σ confidence interval in the shaded area and the
data points in cyan come from the sample in van Weeren et al.
(2021). The literature data points in black are taken, similar to
van Weeren et al. (2021), from previous LOFAR and GMRT
studies, and a correlation line is fit using the bivariate correlated
errors and intrinsic scatter (BCES) orthogonal regression algo-
rithm (Akritas & Bershady 1996). We left out the radio halo
candidates. The radio halos A399 and A401 are added. Error
bars include statistical and systematic uncertainties.

4.1. Mass-power relation

To determine where the radio halos from A399 and A401 are
located in the cluster mass radio power diagram, we used the
most recent relation at a close frequency from van Weeren et al.
(2021). Following Cassano et al. (2013), they derived the follow-
ing scaling relation:

P150 MHz ≈ M6.13±1.11
500

for a sample of clusters in a rest-frame of P150 MHz , and where
M500 is the cluster mass within a radius whithin which the av-
erage density is equal to 500 times the critical density of the
Universe, taken from the PSZ2 Planck catalog (Planck Collab-
oration et al. 2016). We included A399 and A401 in the figure
from van Weeren et al. (2021) (see Figure 9). The radio powers
from Table 2 were scaled to 150 MHz using the spectral indices
from Govoni et al. (2019). To be consistent with van Weeren
et al. (2021), we used the masses from Planck Collaboration
et al. (2016) (5.24+0.29

−0.23
× 1014 M� for A399; 6.75+0.22

−0.17
× 1014

M� for A401). The radio halos are located close to the best-fit
relation, implying that their radio powers are similar to those of
other clusters with similar masses.

Table 2 indicates that the radio power of the bridge is com-
parable to that of both of the radio halos, while we know from
Hincks et al. (2022) that the mass of the bridge is only roughly
8% of the total mass of A399-401. This means that the bridge
does not fit into the same mass-power relation as the radio halos,
which is no surprise if bridges and radio halos have different ori-
gins through different physical mechanisms. More observations
of radio bridges are needed to infer whether a different mass-
power relation exists.
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4.2. Point-to-point analysis

The spatial correlation between the radio and X-ray emission
reflects the strength of the connection between the thermal and
nonthermal components in the ICM. Therefore, a point-to-point
analysis can be used as a tool for comparing the radio and X-ray
emission and for obtaining information about the mechanisms of
acceleration and transport of relativistic particles, and the ampli-
fication of magnetic fields in radio halos and bridges. This helps
us to understand the origin of the radio bridge and halos better.

Similarly to the radio power and mass relation, we derived
the radio and X-ray relation in log-log space,

log (IR) = a log (IX) + b,

where we refer to a as the slope. To quantify the correlation, we
derived the Spearman correlation coefficient (rs). We used the
uv-subtract and the R02 filtered map, which each have their ad-
vantages and disadvantages, as we explained in Section 2.2.5.
We generated a grid that covers the radio bridge and radio ha-
los separately (see the right panel in Figure 6). There is no clear
boundary between the radio halos and the radio bridge, therefore
we used a 5σ radio contour around the radio halos to define the
border between the radio bridge and halo areas. Furthermore,
the northwestern radio halo extension from A399 and the core
from A399 each have their own grids (yellow and orange, re-
spectively) because we show below that this will help to explain
the origin of the radio halo from A399. We chose a grid cell
size of 80′′ × 80′′. This size is slightly larger than the beam size
for the radio and X-ray map and therefore prevents a correlation
between contiguous cells in the grid. Larger cell sizes improve
the signal-to-noise ratio but reduce the number of data points
for a linear regression, especially for radio halos where there is
less area to cover. We calculated the average surface brightness
and errors for every cell, including the statistical and systematic
uncertainties for the radio and X-ray emission. From the X-ray
surface brightness, we subtracted the sky background contribu-
tion, which we derived to be 1.27 · 10−7 count/s/arcsec2 in the
0.5-2.0 keV band. This contributes up to ~40% of the emission
at the more diffuse edge of the bridge region from A399-401.
We adopted a radio surface brightness threshold of 2σ and re-
moved cells covering areas that are not related to the radio halos
or bridge, such as objects associated with AGNs, which are only
partially removed in the source subtraction. The 2σ threshold is
needed to prevent any effect from unreliable flux densities and
noise at a low signal-to-noise ratio. Adopting a higher thresh-
old can effectively flatten the slope values. To reduce this effect,
we followed Botteon et al. (2020a) and used LIRA, which is a
Bayesian regression method that allows fitting data points that
have a (2σ) threshold in the y-variable (Sereno 2016).6 With this
regression method, we obtain a mean and error that reflect the
errors on the radio and X-ray measurements as well.

To reduce the choice sensitivity of the grid, we generated
grids in a Monte Carlo (MC) fashion. This is similar to what is
described in Ignesti (2022). In our approach, we made multiple
grid realisations with small random offsets of 40′′ at most (half
of the grid resolution) around the starting and ending points of
the grid. In this way, we generated 100 different grid layouts for
the R02 filtered and uv-subtract radio maps. An example of a
grid layout is shown in Figure 6 (right panel). Finally, we calcu-
lated the final values and errors for the slopes and the Spearman
correlation coefficients with the bootstrapping method similar to
Ignesti (2022), such that we propagated the errors from individ-
ual fits to the final values. All results are presented in Table 3.

6 https://cran.r-project.org/web/packages/lira/

The correlation plots are shown for one particular grid choice in
Figure 10.

All correlations are positive and all slopes are sublinear (a <
1) in Table 3. The radio halo extension from A399 has a much
steeper slope and a stronger correlation between the radio and X-
ray emission than the core from A399. In Section 5.2 we provide
more detail about this.

5. Discussion

Because radio bridges are a very recent discovery, the origin of
the radio emission from these structures remains an open ques-
tion. The Mpc scale size of the A399-401 radio bridge and the
maximum sub-Mpc distances that relativistic particles can travel
due to age constraints require an in situ mechanism as the driver
of the emission of synchrotron radiation throughout the bridge
region (Brunetti & Jones 2014). An important ingredient for
these models is the presence of fossil cosmic-ray electrons (e.g.,
Brunetti et al. 2001; Brunetti & Lazarian 2011; Petrosian 2001;
Pinzke et al. 2017). These seed relativistic electrons in the en-
ergy range 100-500 MeV have a long lifetime in the ICM and can
be injected by past shock activity, AGNs, galactic winds, or via
the decay of charged pions from proton-proton collisions (e.g.,
Brunetti & Jones 2014). During merger events, fossil cosmic
rays can be reaccelerated via various Fermi-I or II mechanisms
and/or be reenergized by adiabatic compression (see Brunetti &
Jones 2014, for a review). Evidence for the revival of AGN fos-
sil radio plasma, for example, so-called gently reenergized tails
(GReEt) and radio phoenices, has been observed in a number of
clusters (e.g., de Gasperin et al. 2017; van Weeren et al. 2017;
Mandal et al. 2020).

As the radio bridge is connecting the radio halos from A399
and A401, it is important to understand the origin of these radio
halos as well. The fact that we observe radio halos in the center
of these clusters also means that that they are also undergoing
their own mergers (Buote 2001; Cassano et al. 2010).

5.1. Origin of the radio bridge

Although Govoni et al. (2019) initially suggested a model in
which weak shocks reaccelerate particles via a Fermi-I type
mechanism, recent studies favor a model with Fermi-II reaccel-
eration through turbulence to explain the origin of the A399-401
radio bridge (Brunetti & Vazza 2020). With the point-to-point
analysis, we find a trend between the radio and X-ray surface
brightnesses, similar to Botteon et al. (2020b). We also find a
source for fossil plasma, as we detect evidence for AGN injec-
tion of relativistic particles into the radio bridge region. In par-
ticular, we observe radio brightness enhancements around AGN
jets that are likely places where plasma is being injected in the ra-
dio bridge. This is best visible at the southern tip of components
B2 and B3 (see Figure 7). Moreover, the plasma from A2, likely
coming from an AGN (see Section 3.2), is pointed toward the
bridge. These examples make a compelling case for the scenario
in which in the past, these and other AGNs have dumped fossil
plasma, which now functions as the source of primary seed elec-
trons ready to be reaccelerated through turbulence. At the same
time, the fossil plasma can scatter the radio surface brightness
distribution, which in return can reduce the spatial correlation
between the radio and X-ray emission. With the fossil plasma
we also have an important ingredient for an in situ turbulent
reacceleration model. In addition, we do not observe filamen-
tary structures or shock surfaces in the bridge region, which is
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Table 3: Correlation coefficients and slopes for IR − Ia
X

.

rs a

A399 0.60 ± 0.20 0.33 ± 0.11
A399 core 0.47 ± 0.15 0.32 ± 0.07
A399 HE 0.71 ± 0.15 0.35 ± 0.12
A401 0.91 ± 0.04 0.63 ± 0.06
Bridge 0.41 ± 0.14 0.27 ± 0.07

Fig. 10: Radio and X-ray surface brightness correlation plots for every cell from the grid used for the point-to-point analysis in the
right panel of Figure 6 for the R02 filter and uv-subtract maps. This is just one grid from the MC grid generation with 40 randomly
drawn points to improve the readability of the plot. Top left panel: Radio halo of A399. Top right panel: Radio halo extension
of A399. Lower left panel: Radio halo of A401. Lower right panel: Radio bridge. Error bars include the statistic and systematic
uncertainties. The best linear fit with LIRA is given with a dashed black line. Only radio brightness values higher than 2σ are
included.

another indication that the emission is volume filling, and turbu-
lence instead of shock models is currently the best explanation.
Fermi-II reacceleration therefore remains the best candidate to
explain the origin of the radio bridge. We suggest that in follow-
up work, a high-resolution study of the spectral index across the
bridge would be interesting to better understand the fate of the
relativistic electrons that are injected into thermal gas and the
role of the reacceleration processes.

An observed X-ray temperature break by Akamatsu et al.
(2017) in the region that we labeled D in Figure 7 is suggested to
be a sign of an equatorial shock from the A399-401 merger axis
(Ha et al. 2018) or a milder adiabatic compression between the
clusters (Gu et al. 2019). Figure 7 shows that the emission from
D5 is stretched in the same direction as the jet from D3, which
is associated with an AGN in 2MASX J02591535+1314347.
Therefore, we propose that the emission from D5 is a remnant
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tail from the AGN, which is reenergized by the equatorial shock
or adiabatic compression. This is an alternative to the candidate
radio relic classification by Govoni et al. (2019) or the switched-
off radio galaxy explanation from Nunhokee et al. (2021). We
further observe in Figure 5 that the emission from D5 is directly
connected with the bridge. This shows that the morphology of
the radio bridge could be directly affected by this shock or com-
pression, which can also change the spatial correlation between
the radio and X-ray emission.

To determine how the values from the point-to-point analy-
sis for A399-401 compare with other radio bridges, we consid-
ered the point-to-point analysis that was performed for the radio
bridge in A1758. We used the data behind Figure 4 from Botteon
et al. (2020b) and derived a = 0.25 ± 0.08 and rs = 0.52 ± 0.22.
These values are similar to what we find for the radio bridge in
A399-401 (see Table 3). Although we used a finer grid resolu-
tion (~115 kpc versus ~185 kpc) than Botteon et al. (2020b) for
A399-401, this might indicate that the two radio bridges are pro-
duced by similar processes. When we compare the slopes from
these two radio bridges with mini and giant radio halos in the
literature or with those from A399 and A401, we conclude that
slopes from radio bridges are overall flatter (Govoni et al. 2001;
Feretti et al. 2001; Giacintucci et al. 2005; Rajpurohit et al. 2018,
2021; Botteon et al. 2018b, 2020b; Ignesti et al. 2020; Biava
et al. 2021; Bonafede et al. 2021, 2022). This might be an in-
dication that the physical connections between the ICM and ra-
dio bridges and the ICM and radio halos are different from each
other. More radio bridges in premerging clusters need to be stud-
ied to conclude whether these correlation and slope values are
typical for radio bridges between premerging clusters, and how
this relates to the underlying physical processes.

5.2. Radio halos

With our point-to-point analysis, we find a sublinear slope and
a remarkable strong correlation between the radio and X-ray
emission from A401. Similar to the radio bridge, we also de-
tect AGNs that inject the radio halo environment with plasma.
First of all, Figure 7 shows that the AGN tail from C3 is di-
rected toward the bright enhanced part in the radio halo. Second,
the AGN labeled C2 affects the radio halo environment from the
edges from its southern lobe. The combination of a strong radio
and X-ray correlation with the observed AGN activity suggests
a scenario in which turbulent Fermi-II reacceleration of fossil
plasma injected by AGNs in the cluster causes most of the radio
emission from this radio halo (Brunetti et al. 2008; Brunetti &
Jones 2014; ZuHone et al. 2015). This is further supported by
the steep spectrum (α = 1.75 ± 0.14) measured by Nunhokee
et al. (2021), which can be best explained by a turbulent reac-
celeration mechanism in moderately disturbed systems (Brunetti
et al. 2008).

We find a weaker correlation between the radio and X-ray
emission for the radio halo from A399 (with and without the
northwest extension) than for the radio halo from A401 with the
point-to-point analysis. The relation between the radio and X-
ray emission components is likely affected by the cluster merger
in A399 between a higher-mass system and a lower-mass sys-
tem going from east to west, as proposed by Sakelliou & Pon-
man (2004) and simulated by Takizawa (1999). Evidence for
this merger comes from an X-ray edge at the southeast side
of the cluster core of A399 (Sakelliou & Ponman 2004). The
edge coincides with the region of enhanced radio brightness at
the center of the radio halo, where the enhanced emission la-
beled E2 in Figure 7 might be the result of a weak shock from

the merger event (Murgia et al. 2010). The unrelaxed dynami-
cal state of the cluster is reflected in the offset of the radio halo
peak with respect to the X-ray peak. This is also in line with
the cold front claimed by Botteon et al. (2018a). Other clusters
that are in a complex merging stage show similar weaker corre-
lations between the radio and X-ray emission from a point-to-
point analysis (Shimwell et al. 2014; Duchesne et al. 2021). In
contrast, we find a steeper slope and a strong radio and X-ray
correlation in the northwest extension (labeled HE in the lower
right panel in Figure 5) from the radio halo. Together with steep-
spectrum from Nunhokee et al. (2021), this makes a case for
turbulent Fermi-II reacceleration of cosmic rays in A399, which
is directed from the merger axis toward the northwest from the
radio halo (Brunetti et al. 2008), and where a recent merger be-
tween a higher- and lower-mass system scatters the radio and
X-ray relation around the core. The two radio tails from E1 (Fig-
ure 7) seem to be coming from a currently switched-off AGN,
as the optical source is situated in the brightness dip between
these jets. Its northern jet is directly connected with the radio
halo and might be a source of seed particles that are needed for
the turbulent reacceleration in the radio halo. Instead, it is also
possible that fossil plasma in the jets is reenergized by the cur-
rently ongoing merger in A399. Farther south of this cluster, we
detect emission labeled F2 (Figure 7), which might be a reen-
ergized fossil plasma (originating in but disconnected from the
AGN tail from 2MASX J02580300+1251138) by the merger in
A399. This is again an alternative explanation to the candidate
radio relic classification from Govoni et al. (2019).

6. Conclusions

A399-401 is one of a few giant intracluster radio bridges that
have been observed so far (e.g., Govoni et al. 2019; Botteon et al.
2020b). We created new radio maps from A399-401 by using the
improved recalibration method from van Weeren et al. (2021)
and combining this with the wide-field facet imaging mode in
WSClean version 3 on ~ 40h LOFAR data from six different ob-
servations. Despite the high computational costs compared to the
standard DDF-Pipeline, we find that this method works well
for calibrating large diffuse structures where calibration artifacts
around compact sources can be an issue in reconstructing the dif-
fuse emission with the DDF-Pipeline. In the case of A399-401,
we measure improvements of a factor ~1.6 in dynamic range
for bright compact sources in our recalibrated radio map com-
pared with the radio map produced with the DDF-Pipeline . In
comparison with the previously studied radio map of A399-401
(Govoni et al. 2019), we improved the resolution from 10′′×10′′

to 5.9′′ × 10.5′′ and the sensitivity from 300 µJy beam−1 to 79
µJy beam−1.

By analyzing the resulting images and using a point-to-
point analysis to compare the radio and X-ray surface brightness
changes across a region, we find the following:

– We clearly detect the radio halos and the radio bridge in
A399-401. We report for the first time a prominent bright-
ness depression close to the radio halo from A399, starting
west of the bridge. This shows that the radio bridge is not one
straight elongated structure stretching from A399 to A401.

– We find a trend between the radio and X-ray emission for the
radio bridge with a point-to-point analysis. We also detect
radio surface brightness enhancements around bright AGN
jets, which are an indication that fossil plasma has been left
by past AGN activity. This might also scatter the radio sur-
face brightness distribution and therefore weaken the corre-
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lation between the radio and X-ray emission in a point-to-
point analysis. At the same time, this fossil plasma is nec-
essary for in situ reacceleration. Together with the already
constrained steep-spectrum (α > 1.5; Nunhokee et al. 2021)
from Govoni et al. (2019), these observations make a case
for Fermi-II reacceleration to explain the origin of the radio
bridge.

– We obtain similar results from the point-to-point analyses in
the radio bridges in A1758 and A399-401. This suggests that
these radio bridges might have similar origins.

– By applying the point-to-point analysis to the radio halo from
A401, we find a strong correlation between the radio and
X-ray emission. Together with signs of AGN activity in the
radio halo and its steep spectrum (α = 1.63 ± 0.07; Govoni
et al. 2019), we argue that it is likely that the emission from
this halo originates in Fermi-II reacceleration.

– We see the effects of a recent merger in A399 in a weaker
radio and X-ray correlation compared to what we find for
A401. However, we find a strong correlation in the north-
west radio halo extension. We therefore argue that this ob-
servation, together with the steep spectrum from the radio
halo in A399 (α = 1.75 ± 0.14; Nunhokee et al. 2021), is in
favor of a scenario in which Fermi-II reacceleration through
turbulence is the main mechanism to explain the origin of the
emission.

– We suspect that the two earlier classified radio relics by Gov-
oni et al. (2019) might be reenergized fossil plasmas from
earlier AGN activity. This supports the importance of reac-
celeration and fossil plasma as drivers of the diffuse emission
in A399-401.

Our work shows the power of refining the calibration and
imaging of data from LOFAR to help us to study the diffuse
emission between premerging clusters. With our results, we can
conclude that reacceleration through turbulence and current and
past AGN activity are likely important ingredients to explain
most of the radio emission in A399-401 and possibly other radio
bridges as well.
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Appendix A: Computing recalibration

The images for A399-401 were produced with the recalibration
method described in Section 2.2. We used 24 boxes within 0.6
degrees from the pointing center. All the extractions and self-
calibrations were done using processor nodes on Spider7, which
is a high-throughput data-processing platform from SURF8 and
allows to run parallel jobs.

The total number of CPU core hours (processor units mul-
tiplied by job hours) for the recalibration is 50336. In Figure
A.1 we see that the self-calibration almost used 2/3th of the total
CPU core hours to process the data, while the extraction used
around 1/3th. The imaging is the smallest component in the re-
calibration. The self-calibration and extraction step for every in-
dividual box can only be run in a serial manner, while the boxes
can run in parallel of each other. This means that in the optimal
case, we can speed-up with a factor of 24 for 24 boxes. However,
because of the finite size of the Spider cluster and the job queue
that enables sharing of the compute resources amongst many
projects competing for the same resources the actual speedup
achieved was a factor ~ 20 in real time.

Fig. A.1: CPU core hours in percentage from the total amount for
self-calibration, extraction, and imaging for making the image
from A399-401. This is based on the calibration of A399-401
with 24 boxes within 0.6 degrees from the pointing center.

Appendix B: DDF-Pipeline versus recalibration for

A399-401

In Section 2.2 we described why we decided to use a more ex-
pensive calibration method than the automated DDF-Pipeline,
which is being used by the LoTSS pipeline (Shimwell et al.
2019; Tasse et al. 2021; Shimwell et al. 2022). We compare the
final image from the DDF-Pipeline with our final recalibrated
image that was produced with the same observations. This is not
an entirely fair one-to-one comparison, as the weighting scheme
in the two methods is different because of the Briggs weight-
ing implementation in WSClean and the DDF-Pipeline image
is made with its standard 100 m baseline uv-cut. With WSClean,
we obtain a resolution of 5.9′′×10.5′′, while the DDF-Pipeline
uses DDFacet and has a resolution of 6′′ × 6′′. The resulting

7 https://spiderdocs.readthedocs.io/
8 www.surf.nl

noise levels are similar with our σ = 79 µJy beam−1 versus
DDF-Pipeline with a lower σ = 72 µJy beam−1. The individ-
ual images in Figure B.1 show that artifacts around bright com-
pact sources are better suppressed with our calibration method in
most cases, and diffuse emission is better reconstructed (a clear
exception from the improvement is the right tailed source in the
middle panel). To quantify the artifact reduction, we also studied
several bright compact sources and found an improvement in a

large dynamic range
(

pixelmax

|pixelmin |

)

in most cases, by a factor of ~1.6
on average.

Appendix C: Halo-FDCA results
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Fig. B.1: Image comparison between recalibration and the DDF-Pipeline. Left column: Images recalibrated with the method from
this paper (see Section 2.2). Right column: Same images, produced with the DDF-Pipeline at the same color scale. The first row
shows Abell 399, the second row shows Abell 401, and the last row shows the radio galaxy 2MASX J02581043+1351519 with its
extended diffuse emission tail. The square-root scaled color bar extends from 0 to 25σ on average (average σ from both maps).
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Fig. C.1: Results obtained from fitting the radio halo in A399 with Halo-FDCA (Boxelaar et al. 2021). Top panel: Image for the
overlay fit with corresponding masks on bright AGNs. Lower panels: Markov chain Monte Carlo corner plot with the distributions
of the posteriors of each fitted parameter.
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Fig. C.2: Results obtained from fitting the radio halo in A401 with Halo-FDCA (Boxelaar et al. 2021). Top panel: Image for the
overlay fit with corresponding masks on bright AGNs. Lower panels: Markov chain Monte Carlo corner plot with the distributions
of the posteriors of each fitted parameter.
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