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ABSTRACT

Context. Thermal gas in the center of galaxy clusters can show substantial motions that generate surface brightness and temperature
discontinuities known as cold fronts. The motions may be triggered by minor or off-axis mergers that preserve the cool-core of the
system. The dynamics of the thermal gas can also generate radio emission from the intra-cluster medium (ICM) and impact the
evolution of clusters radio sources.
Aims. We study the central region of Abell 1775, a system in an ambiguous dynamical state at z = 0.072 which is known to host
an extended head-tail radio galaxy, with the aim of investigating the connection between thermal and non-thermal components in its
center.
Methods. We made use of a deep (100 ks) Chandra observation accompanied by LOFAR 144 MHz, GMRT 235 MHz and 610 MHz,
and VLA 1.4 GHz radio data.
Results. We find a spiral-like pattern in the X-ray surface brightness that is mirrored in the temperature and pseudo-entropy maps.
Additionally, we characterize an arc-shaped cold front in the ICM. We interpret these features in the context of a slingshot gas tail
scenario. The structure of the head-tail radio galaxy “breaks” at the position of the cold front, showing an extension that is detected
only at low frequencies, likely due to its steep and curved spectrum. We speculate that particle re-acceleration is occurring in the
outer region of this tail, that in total covers a projected size of ∼ 800 kpc. We also report the discovery of revived fossil plasma with
ultra-steep spectrum radio emission in the cluster core together with a central diffuse radio source that is bounded by the arc-shaped
cold front.
Conclusions. The results reported in this work demonstrate the interplay between thermal and non-thermal components in the cluster
center and the presence of ongoing particle re-acceleration in the ICM on different scales.

Key words. radiation mechanisms: non-thermal – radiation mechanisms: thermal – galaxies: clusters: intracluster medium – galaxies:
clusters: general – X-rays: galaxies: clusters – radio continuum: galaxies

1. Introduction

The intra-cluster medium (ICM) is a hot and rarified gas that
permeates the entire cluster volume and has a temperature of the
order of 107 − 108 K and densities of about 10−3 − 10−4 particles
cm−3. In this regime, and for typical ICM metallicities (0.1 − 1
solar), the gas radiates X-rays predominantly through thermal
bremsstrahlung emission (e.g. Sarazin 1986, for a review). In
the hierarchical process of large-scale structure formation, merg-
ers between clusters leave observable imprints in the ICM in the
form of shocks, cold fronts, and hydrodynamic instabilities (e.g.
Markevitch & Vikhlinin 2007, for a review). In minor and off-
axis mergers, right after pericenter passage, the gas tail of the

infalling subcluster, due to the rapid decline of ram pressure,
overshoots the dark matter peak producing an arc-shaped sling-
shot tail (e.g. Hallman & Markevitch 2004; Poole et al. 2006;
Sheardown et al. 2019). The slingshot gas effect has been in-
voked in the context of gas sloshing in some of the more dynam-
ically relaxed clusters, where the perturbations in the potential
well of the more massive system induce a spiral-like motion of
its cool core which, without being disrupted, generates sloshing
cold fronts in the ICM (Ascasibar & Markevitch 2006). Several
observations have provided evidence of these processes in the
central regions of cool-core clusters (e.g. Churazov et al. 2003;
Clarke et al. 2004; Laganá et al. 2010; Johnson et al. 2010, 2012;
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Blanton et al. 2011; Roediger et al. 2012; Sanders et al. 2016b;
Chen et al. 2017; Ueda et al. 2017; Douglass et al. 2018), and the
sloshing scenario is supported by a number of numerical simu-
lations (e.g. Tittley & Henriksen 2005; Ascasibar & Markevitch
2006; ZuHone et al. 2010; Roediger et al. 2011).

The presence of turbulence in the cores of relaxed clusters
is believed to play an important role in the formation of the dif-
fuse synchrotron sources termed radio mini-halos (e.g. Gitti et al.
2002). Their steep spectrum (α > 1, with S ν ∝ ν−α where α
is the spectral index) emission occupies the cluster cooling re-
gion (r ∼ 50 − 300 kpc), and is not directly caused by the ac-
tive galactic nucleus (AGN) that sits in the central cluster galaxy
(see Giacintucci et al. 2017, 2019, for a recent overview). Possi-
ble evidence for the connection between mini-halos and sloshing
motions is provided by observations showing the confinement of
some mini-halos inside the region delineated by sloshing cold
fronts (e.g. Mazzotta & Giacintucci 2008; Hlavacek-Larrondo
et al. 2013; Giacintucci et al. 2014a,b; Gendron-Marsolais et al.
2017). Indeed, gas sloshing has been suggested to amplify the
magnetic field within the core region (e.g. Keshet & Loeb 2010;
ZuHone et al. 2011) and induce significant turbulent motions in
the cluster center (Fujita et al. 2004; ZuHone et al. 2013), leading
to the re-acceleration of the relativistic electrons in mini-halos.
Alternatively, it has been proposed that the radio-emitting elec-
trons are generated by inelastic collisions between cosmic-ray
protons and thermal protons (e.g. Pfrommer & Enßlin 2004; Fu-
jita et al. 2007; Zandanel et al. 2014); in this case, the confine-
ment of the radio emission at cold fronts is expected to be less
prominent (ZuHone et al. 2015).

The dynamics of the ICM can also impact the morphology
and spectral properties of tailed cluster radio galaxies. Relativis-
tic electrons in the tails can gain energy via a number of pro-
cesses, such as turbulent re-acceleration due to the growth of
Kelvin-Helmholtz instabilities generated by the interaction be-
tween the radio plasma and the surrounding medium (e.g. Lo-
ken et al. 1995), adiabatic compression (e.g. Enßlin & Gopal-
Krishna 2001), shock re-acceleration (e.g. van Weeren et al.
2017), or even by more subtle mechanisms that barely balance
electrons radiative losses powered by plasma instabilities within
the radio tails (e.g. de Gasperin et al. 2017). Among these pro-
cesses, adiabatic compression of pockets of old non-thermal
components due to bulk motions in the ICM is believed to be
responsible for the formation of radio emission with very steep
spectra (α > 2) called revived fossil plasma sources or radio
phoenixes (e.g. Slee et al. 2001; Cohen & Clarke 2011; van
Weeren et al. 2011; Kale & Dwarakanath 2012; Mandal et al.
2020).

The plethora of phenomena described above makes cluster
centers unique laboratories to study the physics of diffuse, hot,
weakly magnetized cosmic plasmas and their interplay with non-
thermal components on a broad range of scales.

Abell 1775 is a richness 2 galaxy cluster belonging to the
Boötes Supercluster (Einasto et al. 1997; Chow-Martínez et al.
2014). Optical studies on the velocity distribution of cluster
galaxies have revealed that it is a binary (Oegerle et al. 1995;
Kopylov & Kopylova 2009) or possibly ternary (Zhang et al.
2011) system. Here, we focus on its main component, Abell
1775B (hereafter simply A1775), located at z = 0.072, which
is known to host two giant elliptical galaxies at its center with
a radial-velocity difference of ∼ 1800 km s−1 (Chincarini et al.
1971; Jenner 1974; Hintzen 1979; Kirshner et al. 1983; Zablud-
off et al. 1990). Both galaxies are radio active, with the southeast
one, B1339+266B, whose radial-velocity deviates from the bulk
of the velocities of the other cluster members, hosting an ex-

tended head-tail radio source that has been studied at different
frequencies and resolutions (Owen & Ledlow 1997; Giovannini
& Feretti 2000; Giacintucci et al. 2007; Terni de Gregory et al.
2017). The dynamical state of the cluster is unclear: Lopes et al.
(2018) classified A1775 as a relaxed system based on optical
and X-ray information, Andersson et al. (2009) and Laganá et al.
(2019) suggested the presence of dynamical motions in its center
from spatially resolved X-ray spectral analysis, and the cool-core
metrics used by Andrade-Santos et al. (2017) placed it in an am-
biguous position between cool-core and non-cool-core systems.
A1775 is part of the ROSAT Brightest Cluster Sample with an
X-ray luminosity of 1.6× 1044 erg s−1 and a flux of 1.25× 10−11

erg s−1 cm−2 in the 0.1 − 2.4 keV band (Ebeling et al. 1998).
In the second catalog of Planck Sunyaev-Zel’dovich sources
(Planck Collaboration XXVII 2016), it is reported with the name
PSZ2G031.93+78.71 and mass M500 = (2.72± 0.24)× 1014 M�.

In this paper, we report on results based on deep Chandra
observations and multi-frequency radio observations performed
with the LOw Frequency ARray (LOFAR), Giant Metrewave
Radio Telescope (GMRT), and Very Large Array (VLA) span-
ning a frequency range from 144 MHz to 1.4 GHz with the
aim of studying the central region of A1775 and the impact of
the ICM dynamics on the diffuse radio sources in the cluster.
We adopt a ΛCDM cosmology with ΩΛ = 0.7, Ωm = 0.3 and
H0 = 70 km s−1 Mpc−1, in which 1 arcsec corresponds to 1.372
kpc at z = 0.072. Unless otherwise stated, reported uncertainties
correspond to 68% confidence level.

2. Data reduction

2.1. Chandra

A1775 was observed twice (ObsIDs: 12891, 13510) with Chan-
dra ACIS-S in VFAINT mode for a total exposure time of 100 ks.
Observations were retrieved from the Chandra data archive and
processed from the level=1 event file with ciao v4.10 and us-
ing caldb v4.7.8. We inspected the light curves extracted in the
0.5 − 7.0 keV band from the S1 chip with the lc_clean rou-
tine and did not find any periods affected by high background.
The two ObsIDs were combined with merge_obs to produce
an image in the 0.5 − 2.0 keV band binned to have a pixel
size of 0.984′′. Point sources were automatically detected with
wavdetect, confirmed by visual inspection, and excluded in the
subsequent analysis.

We obtained a background image by reprojecting the back-
ground templates normalized by counts in the 9.5 − 12 keV
band to the corresponding event files of the single ObsIDs.
Surface brightness analysis was performed with proffit v1.5
(Eckert et al. 2011) on the exposure-corrected and background-
subtracted image of the cluster.

For each ObsID, spectra were extracted from the same re-
gions with specextract and jointly fitted with xspec v12.10.0c
(Arnaud 1996). The ICM emission was modeled assuming an
absorbed thermal model (PHABS*APEC) with fixed redshift
(z = 0.072) and column density (NH = 1.07 × 1020 cm2; Will-
ingale et al. 2013). Spectra were fitted in the 0.5 − 7.0 keV
band adopting the solar abundance ratios from Asplund et al.
(2009) and using normalized blank-sky observations to create
background spectra. Maps of the thermodynamical quantities of
the ICM were computed following Botteon et al. (2018) and em-
ploying contbin v1.6 (Sanders 2006) to bin a 0.5− 7.0 keV band
image adopting a signal-to-noise ratio (S/N) of 50 for the net
counts per spectral region.
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Fig. 1. Chandra X-ray image of A1775 in the 0.5 − 2.0 keV band. The squared box region (for this and subsequent images) denotes the FoV of
the ACIS-S3 chip. The main features discussed in the text are labeled in the figure. Crosses mark the position of the two giant elliptical galaxies.

2.2. LOFAR

A1775 falls within 2.5◦ from the center of four pointings
(P207+25, P204+25, P207+27, P204+27) of the LOFAR Two-
meter Sky Survey (LoTSS; Shimwell et al. 2017, 2019). Each
LoTSS pointing is observed with the LOFAR High Band An-
tenna (HBA) array operating at 120 − 168 MHz and has an inte-
gration time of 8 hr book-ended by 10 min flux calibrator scans.

In the first step of the data reduction, the four observa-
tions were analyzed individually with the pipelines developed
by the LOFAR Surveys Key Science Project team (prefactor,
van Weeren et al. 2016; Williams et al. 2016; de Gasperin et al.
2019; killMS, Tasse 2014a,b; Smirnov & Tasse 2015; DDFacet,
Tasse et al. 2018) to correct for direction-independent and depen-
dent effects. In particular, we deployed the calibration pipeline1

v2.2, which includes improvements in terms of dynamic range,
deconvolution of diffuse emission, image artifacts and image fi-
delity in general, delivering 6′′ resolution images of the entire
LOFAR field-of-view (FoV) with noise levels ∼ 100 µJy beam−1

(see Section 5 in Shimwell et al. 2019 and Tasse et al. 2020).
In the second step, we subtract the sources outside a 33′×33′

region that contains A1775 from the visibility data of each point-
ing by using the models derived from the pipeline. The extracted
datasets are then phase-shifted to the center of the region, aver-
aged, and corrected for the LOFAR station beam toward this di-
rection. Residual artifacts are attenuated by means of phase and
amplitude self-calibration loops on the combined measurement

1 https://github.com/mhardcastle/ddf-pipeline

sets. This procedure is discussed in detail in van Weeren et al.
(2020) and has already been adopted in several LOFAR HBA
works (e.g. Hardcastle et al. 2019; Cassano et al. 2019; Botteon
et al. 2019, 2020; Osinga et al. 2020; Hoang et al. 2021).

After the self-calibration step, the four observations are
jointly imaged and deconvolved with WSClean v2.8 (Offringa
et al. 2014). Final images at the central observing frequency
of 144 MHz have been obtained using the multi-scale multi-
frequency deconvolution scheme (Offringa & Smirnov 2017)
with Briggs weightings (Briggs 1995) robust=-1.25, for the
highest resolution image, or robust=-0.5, for lower resolution
images.

It is known that the LOFAR flux density scale can show sys-
tematic offsets (e.g. Hardcastle et al. 2016). For this reason, we
compared the flux density of the brightest compact sources in
our new images with the mosaiced images from the forthcoming
second LoTSS data release (Shimwell et al., in prep.). Therefore,
we adopt a correction factor of 0.96 on LOFAR flux densities
derived from the mean flux density ratio between our image and
the LoTSS-DR2 mosaic. We set a conservative systematic un-
certainty of 20% on LOFAR flux density measurements, as was
done by LoTSS (Shimwell et al. 2019).

2.3. GMRT

We re-analyzed GMRT observations of A1775 at 235 MHz and
610 MHz that were previously published in Giacintucci et al.
(2007). The cluster was observed in 2005 for 100 minutes at
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Fig. 2. Left: residuals (in units of σ) between the data and the best-fit β-model profile centered on the image centroid (marked by the cross). Right:
GGM-filtered image with radial weighting.
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Fig. 3. Temperature (left), pseudo-pressure (center), and pseudo-entropy (right) maps with overlaid the Chandra contours. The white ellipses mark
the regions where point sources were removed. The typical fractional error in each region is in the range ∼ 5 − 10%. The temperature error map is
shown in Appendix B.

235 MHz and in 2003 for 45 minutes at 610 MHz, using the old
hardware correlator and a bandwidth of 8 MHz and 16 MHz,
respectively. We refer to Giacintucci et al. (2007) for further de-
tails on these observations.

We reprocessed the 235 MHz data using the Astronomical
Image Processing System (aips) starting from the raw visibilities
to take advantage of the radio frequency interference (RFI) ex-
cision task RFLAG that allows to perform a careful flagging of
bad data and was not available at the time of the previous anal-
ysis. We reduced the data following standard procedure, using
3C286 and 3C147 as primary calibrators to compute and apply
gain and bandpass corrections to the data. 3C286 was also used
to calibrate the data in phase. We used a combination of RFLAG
and manual flagging on each source individually (calibrators and
target) to remove RFI-affected visibilites and other bad data. We
then appropriately averaged the calibrated target data to 21 fre-
quency channels, each 250 KHz wide, to reduce the data set size

but avoiding significant time or bandwidth smearing. We applied
a number of phase-only self-calibration cycles to the target visi-
bilities and used wide-field imaging by decomposing the primary
beam area into ∼ 40 smaller facets. We produced final images
with the multi-scale CLEAN implemented in IMAGR. The rms sen-
sitivity level achieved in the image at full resolution (14′′ × 10′′,
for ROBUST=0 in IMAGR) is ∼ 0.8 mJy beam−1, i.e., ∼ 50% lower
than the image noise in Giacintucci et al. (2007). We also pro-
duced images with lower resolution (down to ∼ 28′′) by increas-
ing the ROBUST parameter and/or applying tapers to the uv-data
during the imaging process. Overall, the combination of lower
noise and better uv-coverage (resulting from the accurate RFI
excision done with RFLAG) makes these new images more sen-
sitive to faint and diffuse emission than that of Giacintucci et al.
(2007).

We also attempted to recalibrate the 610 MHz data pre-
sented in Giacintucci et al. (2007); however, no improvement
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Fig. 5. Deprojected (with PROJCT) temperature profile across the nar-
row sector of Fig. 4. The position of the surface brightness discontinuity
is marked by the dashed line. The projected profile is slightly offset in
the x-direction for clarity.

was achieved compared the quality obtained in the previous
work (we note thet RFI is less critical at this frequency than at
235 MHz). Therefore, we used the calibrated data at 610 MHz
from Giacintucci et al. (2007) to produce a new image at a reso-
lution of 15′′ using the multi-scale CLEAN.

We corrected all images for the the GMRT primary beam
response2 using PBCOR in aips. Residual amplitude errors are es-
timated to be within 15% at 235 MHz and 10% at 610 MHz (e.g.
Chandra et al. 2004).

2.4. VLA

We obtained observations of A1775 at 1.4 GHz from the VLA
public archive. The cluster was observed in 2001 using the D-

2 http://www.ncra.tifr.res.in:8081/~ngk/primarybeam/
beam.html

array configuration for a total of 1.4 hour (project AL0515) and
in 2004 for 2.5 hour in C-configuration (project AV0265). We
calibrated the data from the two configurations separately using
aips and standard amplitude and phase calibration procedures.
Bandpass calibration was applied to the D-configuration data
that were taken using 8 frequency channels in each of the two
25 MHz-wide intermediate frequency (IF) subbands. The flux
density scale was set using the primary calibrators 3C147 and
3C286 and the Perley & Butler (2017) coefficients in SETJY. We
applied several loops of phase self-calibration to each dataset to
reduce the effects of residual phase errors in the data. We then
averaged the D-configuration visibilities to one single channel/IF
and combine them with the C-configuration data in the uv-plane.
Finally, we applied a final step of self-calibration in phase to the
combined dataset. Residual flux calibration errors are estimated
to be within 5%.

3. Results

3.1. X-ray arc-shaped feature

The deep Chandra observation reveals an unusual system char-
acterized by a bright core bounded by a sharp and promi-
nent front in the W creating a mushroom-cap-shaped structure
(Fig. 1). The bulk of the X-ray emission seems off-set towards
the NE, where a clear drop in surface brightness is also observed.
To enhance the presence of these features, we produced the im-
ages shown in Fig. 2. On the left-hand panel, we report the resid-
uals between the data and the best-fit spherical β-model3 (Cav-
aliere & Fusco-Femiano 1976) centered on the image centroid
(at RA: 13d41m51s, DEC: +26◦23′00′′) that was adopted to de-
scribe the X-ray surface brightness (core radius rc = 2.56 ± 0.05
arcmin and β = 0.84 ± 0.01). This image highlights a spiral pat-
tern extending in clockwise direction from the cluster core. On
the right-hand panel, we report the Gaussian Gradient Magni-
tude (GGM) image (Sanders et al. 2016a) that has been obtained
by combining images filtered on scales σGGM = [1, 2, 4, 8, 16]
pixels with radial weighting. This representation highlights the

3 In Appendix A we show that adopting an elliptical β-model does not
lead to any appreciable difference.
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Fig. 6. Composite radio/optical image obtained from Pan-STARRS g,r,i and LOFAR 144 MHz high-resolution (5′′ ×3′′) data. Radio contours start
from 3σ, where σ = 148 µJy beam−1, and are spaced by a factor of 2. The main features discussed in the text are labeled in the figure.

gradients of an image, such as surface brightness discontinuities.
For A1775 it emphasizes the leading edge ahead of the cluster
core (the mushroom with a stem and a cap), as well as the same
spiral noted in the residual image.

We investigate the thermodynamical properties of the clus-
ter with temperature, pseudo-pressure, and pseudo-entropy maps
of ICM that are produced in the way described in Section 2.1.
These maps are shown in Fig. 3. In the mushroom, we detect
a cool (∼ 3 keV) X-ray tail and a temperature jump at its W
surface brightness front. The temperature is lower closer to the
cluster center, indicating that we are observing a cold front. A de-
tailed study of this edge will be presented in a forthcoming paper.
Once again, a clear spiral-pattern is observed in temperature and
pseudo-entropy, where low-temperature and low-entropy gas is
found to trace the overdense region of Fig. 2. In the NE direction,
the contbin algorithm found only one spectral region satisfying
the requested S/N because of lower count statistics due to the
drop in surface brightness and greatest off-axis distance. A de-
tailed analysis of this region is presented in the following.

At ∼ 500 kpc from the cluster core, towards the NE, an arc-
sharped discontinuity can be seen by eye (Fig. 1). The feature
is even clearer in the residual map and GGM-filtered image of
Fig. 2, as well as by the spectral regions of Fig. 3 drawn by con-
tbin, which are optimized to follow the cluster X-ray brightness.
We quantify the density jump in this direction by extracting and
fitting X-ray surface brightness profiles assuming spherical sym-

metry and an underlying a broken power-law density profile in
the form

nin(r) = Cn0

(
r
rj

)a1

, if r ≤ rj

nout(r) = n0

(
r
rj

)a2

, if r > rj

(1)

where r denotes the radius from the center of the sector, rj is the
radius of the jump, C ≡ nin/nout is the density ratio, nin and nout
are the inner and outer densities, n0 is a normalization factor,
while a1 and a2 are the power-law indices. This choice is cus-
tomarily adopted to model discontinuities in the ICM, such as
shocks and cold fronts (e.g. Markevitch & Vikhlinin 2007). The
fitting was done leaving all the parameters free to vary. The anal-
ysis was performed in a “narrow” and a “wide” sector (centered
at RA: 13d41m51s, DEC +26◦22′24′′). The former is entirely
covered by the S3 chip and its angular aperture towards the W
is extended up to the position of a surface brightness kink. The
latter covers the whole angular length of the discontinuity and
extends beyond the chip FoV. The best-fit models and regions
of the analysis are shown in Fig. 4. We find that the broken-
power law model provides a good description of the data. The
density ratio (deprojected along the line-of-sight under the as-
sumption of spherical geometry by proffit) and radial distance
of the discontinuity are consistent between the two regions, be-
ing C = 1.67+0.11

−0.10 and rj = 3.75+0.02
−0.03 arcmin (narrow sector), and
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C = 1.73+0.11
−0.10 and rj = 3.79+0.03

−0.02 arcmin (wide sector). The best-
fit radius of the jump is slightly offset in the wide sector due to
the presence of a kink in the discontinuity (at RA: 13h42m03s,
DEC: +26◦24′57′′, see Fig. 1), possibly suggesting that its cur-
vature radius mildly changes across the front.

Spectral analysis across the discontinuity was performed in
5 regions (3 inwards and 2 outwards) obtained from the narrow
sector of Fig. 4 which avoids the edge of the S3 chip. In order to
take into account the contribution of each annular shell into the
neighboring ones, we made use of the PROJCT model in xspec
to deproject the data in 3D under the assumption of spherical
symmetry. In Fig. 5 we report the projected and deprojected ra-
dial temperature profiles. Although the large uncertainties do not
allow us to claim a sharp temperature jump, we find that the in-
ternal region is characterized by lower temperature values, as ob-
served in the case of cold fronts. In the two spectral sectors just
inwards and outwards of the surface brightness edge we measure
kTin = 3.0+0.3

−0.4 keV and kTout = 3.9+1.5
−0.9 keV, respectively. The ob-

servation of an arc-shaped cold front accompanied by a spiral
pattern in the residual and gradient images and temperature and
pseudo-entropy maps, indicate the presence of substantial gas
motions in the central region of A1775. The dynamical state of
the cluster and the origin of the arc-shaped feature are discussed
in Section 4.1.

3.2. Head-tail radio galaxy

The most prominent radio sources in A1775 are the extended
head-tail radio galaxy (B1339+266B) and the double radio
source (B1339+266A) that originate from two elliptical galax-
ies of similar luminosity, separated by a projected distance of 32
kpc (Parma et al. 1991). The association between the radio emis-
sion and the host galaxy was done by Giacintucci et al. (2007).
In Fig. 6, we show our LOFAR 144 MHz image of A1775 at a
resolution of 5′′ × 3′′ overlaid with an optical image from the
Panoramic Survey Telescope and Rapid Response System (Pan-
STARRS; Chambers et al. 2016). Both sources are detected at
high S/N and some residual artifacts due to ionospheric phase
corruptions can be noticed around the two elliptical galaxies.
The radio structures in the eastern direction will be discussed
in the next Section.

A multi-frequency view of the radio emission from A1775
at 144 MHz (LOFAR), 235 MHz (GMRT), 610 MHz (GMRT),
and 1.4 GHz (VLA) is shown in Fig. 7. The GMRT and VLA
images are shown at lower resolution to enhance the sensitiv-
ity to extended emission, which is better recovered in the LO-
FAR image despite the higher resolution. The emission of the
head-tail radio galaxy can roughly be divided into three compo-
nents: the bright head, the previously reported emission of the
tail extending for ∼ 400 kpc, and a newly discovered low sur-
face brightness extension that is observed only at 144 MHz and
235 MHz (Fig. 7). The latter component is diffuse and origi-
nates after a “break” of the collimated tail. The newly discov-
ered diffuse emission from the tail extends towards the NE for
an additional ∼ 400 kpc and it is not detected at higher frequen-
cies likely due to its steep spectrum. Overall, the head-tail radio
galaxy in A1775 spans ∼ 800 kpc (projected), making it one
of the longest tailed sources observed in galaxy clusters to date
[see e.g. Abell 1132 (Wilber et al. 2018) and Abell 2256 (Ow-
ers et al. 2014) for two noteworthy examples]. From our LOFAR
high-resolution image that is shown in Fig. 6, we measure a total
flux density of S 144 = 2.8 ± 0.6 Jy for the tailed source (uncer-
tainties are dominated by the 20% calibration error). This flux
density is distributed among the three components of the head-

Table 1. Flux densities of the radio sources in A1775.

Source ν [MHz] S ν [mJy]
Double 144 2402 ± 480
Head 144 1213 ± 243

Inner tail


144 1319 ± 264
235 806 ± 121
610 288 ± 29

1400 70.1 ± 3.6

Outer tail


144 307 ± 61
235 168 ± 27
610 < 54

1400 < 3.5
F1 144 593 ± 119
F2 144 505 ± 101
Central diffuse emission 144 244 ± 50

tail radio galaxy as follows: 1.2 Jy for the head, 1.3 Jy for the
“inner” 400 kpc-tail, and 0.3 Jy for the “outer” tail extension. In
Fig. 8 we show the values of the tail together with the GMRT
and VLA flux densities, that are also summarized in Tab. 1 to-
gether with the other radio sources in A1775. Since the outer tail
is not detected at 610 MHz and 1.4 GHz, we report the 1σ up-
per limits on the emission. The inner tail follows a power-law
with α610

144 = 1.06 ± 0.02 between 144 MHz and 610 MHz (the
235 MHz data is included in this estimate), then it steepens to
α1400

610 = 1.69 ± 0.14 at higher frequencies, suggesting spectral
curvature. The outer tail spectral index is not well constrained
between 144 MHz and 235 MHz due to the narrow frequency
span, implying α235

144 = 1.23 ± 0.52. We note that this range of
values is not consistent with the upper limit at 1.4 GHz if the
spectrum were a power-law. This indicates that the spectrum of
this component is curved.

We use the GMRT 235 MHz and VLA 1.4 GHz observa-
tions, together with the LOFAR 144 MHz dataset, to create low
144 − 235 MHz and high 144 − 1400 MHz frequency spec-
tral index images. To measure the same spatial scales, we ap-
ply the inner and outer uv-ranges of GMRT and VLA observa-
tions to our LOFAR dataset to create the images used to pro-
duce the 144 − 235 MHz and the 144 − 1400 MHz spectral in-
dex maps. These ranges were 70λ to 23kλ and 160λ to 16.2kλ
for the GMRT and VLA, respectively. The images at each fre-
quency band were convolved to the same resolution (28′′×28′′),
corrected for positional offsets, and regridded to have an identi-
cal pixelation before combination. These spectral index maps,
shown in Fig. 9, are useful to study the aging of relativis-
tic electrons in synchrotron emitting sources. In particular, the
144 − 1400 MHz map, thanks to its broad coverage that spans
one decade in frequency, allows us to provide good constraints
on the spectral index of the radiation. However, it is insensitive
to the steep spectrum emission detected only at low frequencies.
In this respect, the 144−235 MHz map can give indication about
the presence of the steepest spectrum emission, with the caveat
that the precise value of α can be affected by the uncertainties
introduced by the narrow frequency span. We note that both the
maps in Fig. 9 show typical values in the core of α = 0.6 − 0.7,
and indicate spectral steepening along the tail. As mentioned be-
fore, the slightly lower (and noiser) values of the 144−235 MHz
spectral index map are likely related to the shorter frequency
pivot between the two observations and to the spectral curvature
at higher frequencies. In Section 4.3 we will discuss in detail
the surface brightness and spectral features observed along the
head-tail radio galaxy.
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Fig. 7. LOFAR 144 MHz (9′′ × 5′′), GMRT 235 MHz (26′′ × 14′′), GMRT 610 MHz (15′′ × 15′′), and VLA C+D array 1.4 GHz (19′′ × 18′′)
images. Contours are spaced by a factor of 2 starting from 3σ, where σ144 = 105 µJy beam−1, σ235 = 0.9 mJy beam−1, σ610 = 680 µJy beam−1,
and σ1400 = 66 µJy beam−1. The color scale has a logarithmic stretch from 1 to 3000σ. Beams are shown in the bottom left corners.

Fig. 8. Integrated spectra of the “inner” and “outer” regions (shown in
the inset panel) of the head-tail radio galaxy.

3.3. Revived fossil plasma and central diffuse radio emission

Bright, irregular, diffuse radio emission is observed to the E of
the two dominant elliptical galaxies of A1775 (Fig. 6). Two main
high-surface brightness filaments can be identified in the LO-
FAR image: F1 (accounting for 593 ± 119 mJy) is close to the
brightest region of the head-tail radio galaxy while F2 (account-
ing for 505 ± 101 mJy) is located in the southern region and
elongated in the E-W direction. Diffuse emission is observed be-
tween these two structures, and this has a total flux density of
' 150 mJy (this value is more uncertain due to residual arti-
facts in the image). This complex emission covers an area of
∼ 2302 kpc2 in projection, is detected in the LOFAR 144 MHz
and GMRT 235 MHz images (but is well recovered only by the
former), and not at higher frequencies (Fig. 7). This suggests that
it has a steep spectrum. Indeed, the distribution of the pixel val-
ues in the 144 − 235 MHz spectral index map (Fig. 9) for the
two regions that cover the two main filaments have a consistent
median of α = 2.4 (with standard deviation σα = 0.4). This is in
agreement with the non-detections at 610 MHz and 1.4 GHz and
generally indicates that the emission has an ultra-steep spectrum
(α > 2), whose precise value can only be determined with future
deeper observation at & 300 MHz. Given the morphology of the
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Fig. 9. Low (144 − 235 MHz) and high (144 − 1400 MHz) frequency
spectral index maps at a resolution of 28′′ × 28′′ with LOFAR contours
at the same resolution overlaid. The beam is shown in the bottom left
corner. Pixels with values below 5 and 3σ were blanked in the low and
high frequency spectral index maps, respectively. The error maps are
shown in Appendix B.
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Fig. 10. The low-resolution (29′′ × 26′′) LOFAR contours overlaid on
the Chandra image. Contours are spaced by a factor of 2 starting from
3σ, where σ = 255 µJy beam−1. The beam is shown in the bottom left
corner. The dashed yellow arc marks the position of the cold front traced
by the X-ray surface brightness discontinuity of Fig. 4 while the white
cross denotes the center the circular model shown in Fig. 11.

radio source, its very steep spectrum, the lack of clear optical
counterpart(s), and the possible co-location with some compres-
sion regions in the ICM (see end of Section 4.2) we conclude
that we are observing revived fossil plasma emission. An obvi-
ous candidate for the origin of these filaments is the double giant
elliptical system in the core, that in the past may have injected
the relativistic plasma in the ICM that has been subsequently re-
vived by the gas dynamics triggered by motions in the core.

When the longest baselines of the LOFAR observation are
tapered down, further low surface brightness diffuse radio emis-
sion with roundish morphology is detected in the cluster center
(Fig. 10). Although this newly discovered emission is strongly
contaminated by the much brighter head-tail radio galaxy and
the revived fossil plasma source, it is not obviously connected to

any of them. This fainter emission is extended towards the NE,
where it is remarkably confined by the arc-shaped cold front de-
tected with Chandra (Section 3.1), reported with the dashed yel-
low arc in Fig. 10.

The flux density of the central diffuse radio emission, exclud-
ing the contamination of sources, is in the range of 70 − 80 mJy
(depending on the adopted extracting region). It is likely that
this diffuse emission also extends up to the regions where the
emission of the head-tail radio galaxy and revived fossil plasma
source is dominating. One could attempt to estimate the total
flux density assuming that the central diffuse emission follows
an exponential profile (e.g. Murgia et al. 2009) in the form

I(r) = I0e−r/re , (2)

where I0 is the central surface brightness and re denotes the e-
folding radius, and employing the recently developed Halo-Flux
Density CAlculator4 (Halo-FDCA; Boxelaar et al., submitted).
This code allows us to estimate the flux density of extended dif-
fuse sources such as giant and mini halos in galaxy clusters. It
performs a fit of the surface brightness profile of the emission
in 2D, assuming exponential profiles, allowing for regions of
the image affected by contaminating sources to be masked and
extrapolating the flux density beneath them. The fitting follows
a Markov chain Monte Carlo (MCMC) method to explore the
parameter space. After masking the contribution of the sources
embedded in the central diffuse emission of A1775, we per-
formed the fit with Halo-FDCA assuming the circular model
of Eq. 2. The low-resolution image used for the fit with the
adopted masks, together with the best-fit model and residual im-
age, are shown in Fig. 11. The best-fit values are I0 = 16.2 ± 1.1
µJy arcsec−2 and re = 75 ± 2 kpc. The total flux density ob-
tained integrating the profile up to 3re is S 144 = 245 ± 50 mJy.
We stress that the majority of the diffuse flux is masked out
and the derived flux density relies on the validity of the ex-
trapolation of the model in the masked regions which cannot
be tested. The measured flux density leads to a radio power of
P144 = 4πD2

LS 144 = (3.1 ± 0.7) × 1024 W Hz−1 (we neglected
the k-correction term due to the low-z of the cluster and the un-
known spectral index). The properties observed (i.e. source size,
confinement of the emission in the cold front, and radio power)
may indicate that the central diffuse emission is a radio mini-
halo. However, as we shall see in Section 4.1, the classic defini-
tion of mini-halo is challenged by the possible dynamical state of
the cluster and therefore in Section 4.2 we propose an alternative
classification of the radio emission.

4. Discussion

4.1. Dynamical state of the cluster and origin of the
arc-shaped feature

Literature studies do not agree on the dynamical state of A1775
(Andersson et al. 2009; Andrade-Santos et al. 2017; Lopes et al.
2018; Laganá et al. 2019). Although the cluster hosts a core
which is colder than the surrounding medium (Fig. 3), it can-
not be unambiguously defined as a cool-core/relaxed system.
Andrade-Santos et al. (2017) used four metrics to identify cool-
core clusters in a large sample of galaxy clusters observed with
Chandra, and found that the values of A1775 (Tab. 2) are in-
termediate between cool-core and non-cool-core systems. Addi-
tionally, taking 3 keV as central temperature (Fig. 3) and using

4 https://github.com/JortBox/Halo-FDCA
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Fig. 11. Fitting result obtained with Halo-FDCA (Boxelaar et al., submitted). Left: LOFAR low-resolution image used for the fit. Contaminating
regions are masked out and contoured in green. The circular contours show the model at [1, 2, 4, . . . , 32] × σ levels. Center: image of the best-fit
circular model. Right: residual image of the fit. The circle shows the 2σ level of the model. The red contours shows the masked regions. The
χ2/d.o.f. of the fit is 1422.35/828. The MCMC corner plot of the fit is reported in Appendix B.

Table 2. Concentration parameters (CSB and CSB4), cuspiness (δcusp),
and central gas density (ncore) derived by Andrade-Santos et al. (2017)
for A1775. Cool-core clusters have typically CSB > 0.4, CSB4 > 0.075,
δcusp > 0.5, and ncore > 0.015 cm−3.

Parameter Value Definition used
CSB 0.279 ± 0.005 Maughan et al. (2012)
CSB4 0.0823 ± 0.0021 Santos et al. (2008)
δcusp 0.880 ± 0.046 Vikhlinin et al. (2007)
ncore [cm−3] 0.01393 ± 0.00065 –

the central density reported in Andrade-Santos et al. (2017), we
estimate a central entropy K0 = kTn−2/3

core ' 52 keV cm2, which
is again close to the usual threshold adopted to separate the two
classes of clusters (e.g. Cavagnolo et al. 2009). The detailed view
of the cluster central region provided by the new Chandra obser-
vation allowed us to highlight the presence of gas motions and
X-ray discontinuities in the ICM (Section 3.1). In view of our
analysis, we offer two possible scenarios to explain the observed
properties of A1775, hence its dynamical state.

1. Sloshing scenario: when a galaxy cluster is perturbed, its
cool core starts sloshing in the cluster potential well gen-
erating a spiral of low-entropy/temperature gas which is
separated by the hot ICM by contact discontinuities (e.g.
Ascasibar & Markevitch 2006). In A1775 we observe a
spiral-pattern in the X-ray residual image of the best-fit sur-
face brightness profile, in the GGM-filtered image, and in
the temperature and pseudo-entropy maps. The central dif-
fuse radio emission confined by the arc-shaped cold front
(Fig. 10) could then be interpreted as a radio mini-halo
bounded by a sloshing cold front. We note that A1775 is part
of a supercluster, indicating that it is in a dynamically active
environment. This scenario could explain some of the prop-
erties of A1775 (i.e. the spiral of low-entropy gas and the
arc-shaped cold front) and has been advanced also by Laganá
et al. (2019). Nonetheless, it cannot explain all the aspects of
the system. In the classical sloshing scenario proposed by
Ascasibar & Markevitch (2006), the cluster core should re-
main largely intact (i.e. compact and peaked in the X-rays)
while it oscillates in the potential well. The core at the center
of A1775 seems to be in a disruption phase, and has a lead-
ing surface brightness edge on the W (Fig. 1) that is remi-

niscent of a “remnant-core” cold front, rather than a sloshing
cold front (see Tittley & Henriksen 2005, and Markevitch &
Vikhlinin 2007; ZuHone & Roediger 2016 for reviews). Fur-
thermore, the presence of two elliptical galaxies with simi-
lar luminosity and high radial-velocity difference (Chincar-
ini et al. 1971; Jenner 1974) is difficult to reconcile with the
scenario of a relaxed cluster with a sloshing core.

2. Slingshot scenario: low-entropy/temperature gas spirals and
arc-shaped features in the ICM can trace slingshot tails pro-
duced by off-axis mergers (e.g. Sheardown et al. 2019). The
presence of a semi-disrupted core at the center of A1775 to-
gether with the two elliptical galaxies with a radial-velocity
difference of ∼ 1800 km s−1 (Chincarini et al. 1971; Jenner
1974) possibly suggest that A1775 underwent a more violent
merger compared to that required for the sloshing scenario.
In this case, the core that we are observing at the center of
A1775 is that of a subcluster that fell into the system along
the line-of-sight and with a non-zero impact parameter. The
subcluster is now close to the apocenter of its orbit, produc-
ing a slingshot tail, and it is turning around for the second
infall generating the leading edge on the W. The fact that
there is only one core in A1775 can be explained if the main
system did not host a cool core before the collision with the
subcluster. The proposed scenario overall explains the fea-
tures observed but requires a particular merger configuration
and viewing angle.

Spiral-like structures and arc-shaped cold fronts in the ICM
are typically generated by off-axis mergers. The collision with
non-zero impact parameter is one of the conditions that gener-
ates sloshing motions and slingshot tails, which produce similar
features and sometimes can be confused (see Section 7 in Shear-
down et al. 2019). At the moment, for A1775 we tend to prefer
the slingshot scenario because: (i) the cluster core is not com-
pact as expected in the case of “classic” sloshing5, (ii) there is
an X-ray discontinuity in the W which has the characteristics of

5 Here, we refer to the scenario of Ascasibar & Markevitch (2006),
where a necessary condition for the onset of the sloshing is the pres-
ence of a steep entropy profile. We note however that sloshing has been
proposed in the literature also for a few clusters without a cool core and
with indications of merging activity, such as: Abell 2142 (Rossetti et al.
2013), Abell 3560 (Venturi et al. 2013), and Abell 1763 (Douglass et al.
2018).
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Fig. 12. Zoom-in of the central cluster region. From left to right, the LOFAR high-resolution contours of Fig. 6 are overlaid on the Chandra X-ray
image, residual map, and GGM-filtered image of Figs. 1 and 2.

a remnant-core cold front, and (iii) the cluster center has two
elliptical galaxies with a strong velocity component along the
line-of-sight.

X-ray spectral analysis can also provide information on the
bulk motions of the ICM and therefore further constraints on the
dynamical state of the system. However, the limited spectral res-
olution of CCDs makes this measurement really challenging and
plagued by systematics. In the past, some detections, generally
associated with large uncertainties, were claimed with Chandra
(e.g. Dupke & Bregman 2001, 2006; Dupke et al. 2007). More
recently, Liu et al. (2015, 2016) proposed a strategy to infer bulk
motions in clusters mainly with ACIS-I data recognizing how-
ever the difficulty, once again, of these measurements. In par-
ticular, the characterization of the time and spatial gain varia-
tion such as that done in the recent work with XMM-Newton
by Sanders et al. (2020) is crucial to perform the search for
bulk motions. This type of analysis is very difficult to perform
with ACIS-S and it is beyond the scope of this paper. With all
these caveats in mind, we attempted to measure the redshift from
X-ray spectral analysis in different ICM regions but we were
able to obtain reliable results only for the head of the mush-
room (in a circular region with r = 40′′), where the fit provided
z = 0.0719+0.003

−0.007. This value lies in the middle of the redshifts
of the two elliptical galaxies (zB1339+266A = 0.0757 ± 0.0001 and
zB1339+266B = 0.0693 ± 0.0001, Davoust & Considere 1995) and
is possibly in line with the scenario of a merger along the line-of-
sight. Outside the mushroom, the redshifts derived from the X-
rays are basically unconstrained. In the future, the high-spectral
resolution provided by microcalorimeters on board of upcoming
X-ray missions such as XRISM (XRISM Science Team 2020)
and Athena X-IFU (Nandra et al. 2013) will enable this kind of
science.

The detailed analysis of the dynamical state of the cluster, the
identification of optical/X-ray substructures, and the analysis of
the main cold front in the W will be the subject of subsequent
papers.

4.2. Connection between gas motions and central diffuse
radio emission: a slingshot radio halo?

The determination of the dynamical state of a cluster is impor-
tant to understand the origin of the extended synchrotron sources
located in cluster centers, namely giant radio halos and radio

mini-halos. While the former have a diffuse emission that gener-
ally extend over Mpc-scales and are found in merging clusters,
the latter cover the cooling region of relaxed systems and typ-
ically surround the AGN of the central cluster galaxy (e.g. van
Weeren et al. 2019, for a review). Relativistic electrons in giant
and mini halos are believed to gain energy via merger-induced
or sloshing-induced turbulent re-acceleration processes, respec-
tively (e.g. Brunetti & Jones 2014, for a review). So, how does
the central diffuse radio emission discovered in A1775 compare
to this context?

On the one hand, the radio emission may resemble that of a
mini-halo. First, it is located at the center of a cluster that has
a distinct core with lower temperature/entropy than the ambient
medium (Fig. 3). Second, it has an e-folding radius of 75 ± 2
kpc, while giant halos in the sample of Murgia et al. (2009) have
generally re > 100 kpc (at 1.4 GHz). Third, it is confined by
an arc-shaped cold front in the NE (Fig. 10), as often observed
in sloshing/mini-halo systems. On the other hand, mini-halos
have been found so far only in systems with K0 < 30 keV cm2

(Giacintucci et al. 2017), while the central entropy of A1775 is
K0 ' 52 keV cm2. Moreover, in Section 4.1 we argued that cen-
tral gas sloshing, usually invoked to explain the origin of radio
mini-halos, is not the preferred dynamical scenario for A1775.
The small linear extent and relative high radio power, when com-
pared to the low-mass of the system, point against the classifica-
tion as giant radio halo (however, we note that giant radio halos
have so far been studied mainly in massive systems undergoing
major mergers, and their properties in low-mass clusters are still
largely unconstrained). All this suggests that the extended emis-
sion should be classified in another way.

Pursuing the discussion on the cluster dynamical state (Sec-
tion 4.1), we introduce and adopt the term “slingshot radio halo”
for the central diffuse emission in A1775. The synchrotron emis-
sion appears mini-halo-like because sloshing and slingshot de-
velop under the same condition and produce similar features.
It follows that sloshing spirals and slingshot tails are governed
by the same physics. The difference between a mini-halo and a
slingshot radio halo would then only be the dynamics that in-
duced the gas motions in the ICM.

According to the turbulent re-acceleration models, syn-
chrotron emitting electrons in mini-halos originate from a pre-
existing population of seed relativistic electrons that are injected
in the ICM by cluster AGN and that are spread and may be
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Fig. 13. Spectral index, LOFAR and VLA radio surface brightness (IR), and Chandra X-ray surface brightness (IX) trends along the head-tail
radio galaxy. Radio surface brightnesses and spectral index were computed from LOFAR and VLA C-array images with a beam of 15′′ × 15′′.
Measurements were performed in the cyan beam-sized circular regions reported in the right panel, which depicts the same LOFAR high-resolution
image of Fig. 6 only for visualization purposes (the beam is shown in the bottom left corner). Regions are numbered from 0 (head of the tail) to
20 (last region where the VLA emission is > 3σ). The red dashed vertical line on the left panels denotes the location of the arc-shaped cold front.

re-accelerated over . 500 kpc by sloshing-induced turbulent
motions (e.g. ZuHone et al. 2013). The direct observations of
these motions is very challenging, and, at the moment, con-
straints on the gas velocity dispersion are available only for the
Perseus cluster, indicating that its ICM is sloshing at the level
of a few hundred km s−1 (Hitomi Collaboration 2016; Sanders
et al. 2020). In slingshot tails, the atmosphere of the infalling
system can be efficiently stripped near pericenter passage and
become turbulent (e.g. Roediger et al. 2015), leading to the re-
acceleration of relativistic electrons via collisionless damping
of turbulence. Arc-shaped sloshing/slingshot cold fronts are in-
stead easier to observe and their origin is well understood. Be-
neath these discontinuities, shear magnetic amplification can in-
crease the field strength (Keshet & Loeb 2010; ZuHone et al.
2011; Reiss & Keshet 2014), leading to the stabilization of the
fronts against Kelvin-Helmholtz instabilities. In turn, relativistic
plasma can be restrained by this magnetic field and form dif-
fuse radio emission bounded by X-ray edges. In A1775, the con-
finement of the slingshot radio halo within the discontinuity is
remarkable (Fig. 10), and is well in line with the scenario de-
scribed above.

Seed relativistic electrons are a key ingredient of turbulent
re-acceleration models as the direct acceleration of thermal pool
electrons is a very inefficient mechanism. Cluster radio galaxies
are a natural source of particles in the ICM. Interestingly, two
radio loud elliptical galaxies are found at the center of A1775.
One of the two is a giant head-tail radio galaxy that spans a pro-
jected size of about 800 kpc, meaning that it has the potential to
inject relativistic electrons on a very large scale. In addition, we
reported the presence of revived fossil plasma embedded in the
diffuse radio emission which is direct evidence for the existence
of seed particles in the environment. Therefore, the requirement
of a pre-existing population of cosmic ray electrons is clearly

satisfied in this cluster.
The images shown in Fig. 12 show a tantalizing connection

between the radio emissions F1 and F2 and some features ob-
served in the X-rays. In particular, F1 follows the ridge between
the overdense and underdense region in the Chandra residual im-
age (central panel) while F2 is coincident with a region where a
strong X-ray surface brightness gradient is present (right panel).
It is possible that these old radio (light) filamentary structures
trace passively the velocity field of the turbulent medium that is
established by the interplay and mixing of the cold gas of the
infalling subcluster with that of the main system.

The distortions observed on a linear scale ∼ 70 kpc in F1 and
F2 may result from shear motions in the velocity field that even-
tually generate a turbulent cascade in the ICM. These distortions
suggest that the medium in the slingshot tail is quite turbulent
with a velocity of the large scale eddies that may be estimated as
δV1D ∼ L/tcross where L ∼ 70 kpc and tcross is the crossing time
of the cold gas (CG), tcross ∼ D/VCG, D ∼ 200 kpc being the
(projected) distance between the front of the leading edge (the
cap of the mushroom) and the region where the distortions of
F1 and F2 are developed. The resulting turbulent Mach number
on about 70 kpc scale assuming isotropic turbulence and sound
speed cs ∼ 1000 km s−1 isM ∼ 0.3

(
VCG

500 km/s

)
. These conditions

open to the possibility of turbulent acceleration with acceleration
times of a few 100 Myr, which are not very different from those
assumed in giant radio halos and radio bridges (e.g. Brunetti &
Lazarian 2016; Brunetti & Vazza 2020) and may explain the ex-
istence of steep spectrum diffuse radio emission on a scale of
several hundreds of kpc.
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4.3. Extended head-tail

Our low-frequency observations with LOFAR and GMRT indi-
cate that the head-tail radio galaxy has a size twice the one pre-
viously reported (Fig. 7), leading to a projected largest linear
size of ∼ 800 kpc. Interestingly, the newly discovered ∼ 400
kpc extension discovered has different properties compared to
the first part of the tail. It originates after a “break” of its struc-
ture, becoming more diffuse and wider, and shows an approx-
imately constant surface brightness at 144 MHz (i.e. close to
break frequency suggested by Fig. 7, assuming that adiabatic
losses and strong variations of magnetic field do not play an
important role) possibly indicating that the oldest population of
electrons has been disturbed and re-energized, similarly to the
case of the head-tail radio galaxies in Abell 1132 (Wilber et al.
2018) and ZwCl 0634.1+4750 (Cuciti et al. 2018, Cuciti et al.,
in prep.). The number of tailed radio galaxies showing this kind
of feature is increasing thanks to the advent of highly sensitive
observations at low frequencies, which are also possibly unveil-
ing new gentle mechanisms of particle re-energization in tailed
sources, as it has been proposed for the case of the wide-angle
radio galaxy in Abell 1033 (de Gasperin et al. 2017). As shown
in Fig. 10, the tail breaks roughly at the location of the cold front
detected in the X-rays. This suggests an interaction between the
tail and the surrounding medium. Although the current data do
not allow us to perform an accurate and detailed analysis of the
spectral properties of the tail, the integrated spectra hint at the
presence of a steep and curved spectrum for the newly discov-
ered extension of the tail.

The analysis presented in Section 3.2 highlights the presence
of a gradient along the tail, from α ∼ 0.6 − 0.7 up to α & 1.5,
which is in agreement with that previously reported by Giacin-
tucci et al. (2007). In order to study in more detail the trends
observed along the source structure, we produced the plots re-
ported in Fig. 13. There, we compare the Chandra, LOFAR, and
VLA surface brightnesses, and the LOFAR-VLA spectral index
between 144 MHz and 1.4 GHz measured in the same 21 circular
regions depicted in the right-hand panel following the ridge line
of the head-tail where the emission is > 3σ in all observations.
In order to increase the number of (beam-sized) regions for the
analysis, we made use of a higher resolution VLA C-array im-
age, and the final analysis was done on images convolved to the
same resolution of 15′′ × 15′′. Below we briefly comment each
panel of Fig. 13.

– Chandra surface brightness (IX): it declines towards the end
of the tail. This behavior is expected because the head of
the tail is located in the core of the cluster, that is the X-ray
brightest region of the ICM. Between region 15 and 16, the
surface brightness drops rapidly due to the presence of the
cold front (see also Fig. 4).

– LOFAR surface brightness (ILOFAR
R ): the two innermost re-

gions correspond to the head of the tail, where the radio
surface brightness is highest. Then, the emission sharply de-
creases until region 4 and remains roughly constant for five
regions. Between region 8 and 9, the tail gets brighter, and it
fades again after region 11. Once that the tail has crossed the
X-ray discontinuity, its emission seems to decline faster.

– VLA surface brightness (IVLA
R ): the initial trend is similar to

that observed in the LOFAR image, with the difference that
the surface brightness gets brighter between region 4 and 5
before remaining roughly constant until region 11 (a small
enhancement is noted between region 8 and 11, where the
LOFAR brightness shows a more pronounced “bump”). Af-

terwards, the emission decreases regularly until the final re-
gion.

– Spectral index: it shows a fast steepening from α ∼ 0.6− 0.7
in the inner regions up to α ∼ 1.3 in region 4. The spectral in-
dex then gets flatter (α ∼ 1.1) before steepening again reach-
ing values up to α ∼ 1.6 in the last region. Within the uncer-
tainties (shaded area), the steepening is consistent to be grad-
ual along the tail. The investigation of possible variations in
the spectral index trend (suggested by the mean values mea-
sured, such as between region 8 and 11) requires follow-up
observations.

Once a relativistic jet has interacted with the ambient medium, it
decelerates due to the entrainment of the external thermal gas
(e.g. Bicknell 1984; Laing & Bridle 2002a,b) and flares due
to the non-linear growth of Kelvin-Helmholtz instabilities (e.g.
Jones & Owen 1979; Loken et al. 1995). The position of the flar-
ing point depends on how efficiently the interstellar medium of
the host galaxy is stripped due to ram pressure during its tran-
sonic motion in the ICM (Gunn & Gott 1972). In the samples
of tailed sources presented by O’Donoghue et al. (1993) and
Sebastian et al. (2017) the location of the flaring point varies
from a minimum of ∼ 15 kpc, reaching values up to ∼ 100 kpc.
These values may be affected by projection effects. For the head-
tail in A1775, we found that the radio surface brightness shows
two possible flaring points: between region 4 and 5 at 1.4 GHz
(where also a jump in spectral index index is present), and be-
tween region 8 and 9 at 144 MHz (Fig. 13), corresponding to
projected distances from region 0 of ∼ 103 kpc and ∼ 185 kpc,
respectively. At such large distances, radio flaring can also be
induced by dynamical motions in the ICM. The interplay be-
tween the head-tail radio galaxy and the thermal gas is evident
where the structure of the tail breaks and changes direction. This
transition occurs at the position of the arc-shaped cold font (cf.
Fig. 10), where both a tangential gas velocity variation and a
density gradient are present. The disruption and bending of the
tail is expected in this case, where the development of Kelvin-
Helmholtz instabilities can in principle re-accelerate the elec-
trons and sustain their particle life-time (e.g. Loken et al. 1995).
Follow-up observations will shed light on the properties of the
extension of the radio tail and test this scenario. We note that the
possible interaction between a radio galaxy and a cold front has
been recently claimed for NGC 4869 in the Coma cluster (Lal
2020).

Finally, we point out that in the first ∼ 400 kpc the emis-
sion of the head-tail radio galaxy appears wobbly in the LOFAR
high-resolution image, similarly to the cases of IC 711 and NGC
4869 (e.g. Sebastian et al. 2017; Wilber et al. 2019; Srivastava &
Singal 2020; Lal 2020, for recent works). The widening and nar-
rowing features indicate the development of instabilities along
the tail, for example as a consequence of the turbulent wake gen-
erated behind the host galaxy while it moves at high-speed in the
ICM (e.g. Jones & Owen 1979).

5. Conclusions

We have presented a joint X-ray/radio analysis of the central
region of A1775 (z = 0.072) employing Chandra, LOFAR
144 MHz, GMRT 235 MHz and 610 MHz, and VLA 1.4 GHz
observations. Our main findings are summarized as follows.

1. We found clear evidence of gas motions in the cluster center
and highlighted the presence of a cool, spiral-like structure in
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the thermal ICM. This pattern is observed in the X-ray sur-
face brightness and in the temperature and pseudo-entropy
maps.

2. At the NE boundary of the gas spiral, the X-ray surface
brightness drops. The broken power-law fit indicates that the
gas density changes by a factor C ' 1.7 across the jump.
The inner and outer temperatures are kTin = 3.0+0.3

−0.4 keV and
kTout = 3.9+1.5

−0.9 keV respectively, suggesting that the edge is
tracing a cold front.

3. We proposed two scenarios to explain the origin of the arc-
shaped feature revealed by Chandra. We argued that the pre-
ferred scenario is that of an off-axis merger along the line-
of-sight where the infalling subcluster has passed pericen-
ter and is turning around producing a slingshot tail of low-
entropy/temperature gas. Follow-up work is required to con-
firm the suggested dynamical configuration of the system.

4. Owing to the low-frequency observations performed with
LOFAR and GMRT, we detected a ∼ 400 kpc extension of
the head-tail radio galaxy in A1775, leading to a total (pro-
jected) extent of this source of ∼ 800 kpc, doubling its previ-
ously reported size. The structure of the tail is collimated for
the first ∼ 400 kpc, then it breaks and becomes more diffuse.
This transition occurs at the location of the arc-shaped cold
front. We speculate that the outer region of the tail originates
from the re-acceleration of dormant tail electrons; deeper ob-
servations will shed light on this point.

5. At low frequencies, filamentary and diffuse radio emission is
detected in the cluster center. The emission is recovered well
only by LOFAR and is present also in the GMRT 235 MHz
data, suggesting an ultra-steep spectrum of α > 2. Due to its
spectral properties, morphology, lack of clear optical coun-
terpart(s), and possible connection with compression regions
in the ICM we classified it as revived fossil plasma.

6. We discovered extended, diffuse emission in the cluster cen-
ter. This claim is solely based on the LOFAR low-resolution
image. The source is bounded by the arc-shaped cold front.
Under the assumption of a circular exponential model, the
derived flux density at 144 MHz is S 144 = 245 ± 50 mJy,
corresponding to a radio power of P144 = (3.1 ± 0.7) × 1024

W Hz−1. In line with the proposed dynamical scenario, we
speculated that this central diffuse radio emission is tracing
a slingshot radio halo. A tantalizing indication of significant
turbulent motions in the central region of the cluster is pro-
vided by the distortions observed in the filamentary struc-
tures F1 and F2.

Overall, our work indicates the presence of substantial dy-
namical gas motions in the central region of A1775. The discov-
ery of a “broken” head-tail, revived fossil plasma, and a diffuse
central emission probes ongoing interplay between thermal and
non-thermal components in the ICM and particle re-acceleration
mechanisms in the cluster center.
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Spherical model Spherical model residuals

Elliptical model Elliptical model residuals

Fig. A.1. Visual comparison between best-fit spherical and elliptical β-
models (left panels) and their residuals (right panels).

Appendix A: Spherical vs. elliptical β-models

By using the ciao task dmellipse, we found that an ellipse that
encloses 90% of the ICM photons has a ratio between major
and minor axis of 1.05 and orientation angle of 333◦. Due to the
small axis ratio, an elliptical β-model with this shape does not
provide any significant difference with respect to the spherical
model adopted in the main text, and shows the same spiral-like
pattern in the residual image (Fig. A.1). The best-fit elliptical
model has core radius rc = 2.63 ± 0.05 arcmin and β = 0.84 ±
0.01, which are consistent with the values reported in Section 3.1
for the spherical model.

Appendix B: Error maps and corner plot

The temperature error map is reported in Fig. B.1. The pseudo-
pressure and pseudo-entropy maps have similar fractional errors
given the small uncertainty (a few percent) associated to the
emission measure from which they depend (see Botteon et al.
2018). The low and high frequency spectral index error maps
are reported in Fig. B.2.

The MCMC corner plot (Foreman-Mackey et al. 2013)
showing the distribution of solutions for the fitted parameters of
the central diffuse emission surface brightness profile is shown
in Fig. B.3.
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Fig. B.1. Temperature error map corresponding to Fig. 3.
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Fig. B.2. Spectral index error maps corresponding to Fig. 9.
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Fig. B.3. MCMC corner plot for the central diffuse emission surface brightness profile fit corresponding to Fig. 11.
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