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4| ClG 0217+70: A massive merg-
ing galaxy cluster with a large
radio halo and relics

X. Zhang, A. Simionescu, J.S. Kaastra, H. Akamatsu, D.N. Hoang,
C. Stuardi, R.J. van Weeren, L. Rudnick, R.P. Kraft and S. Brown

(Astronomy & Astrophysics, Volume 642, L3)

Abstract

We present an analysis of archival Chandra data of the merging galaxy cluster
ClG 0217+70. The Fe XXV Heα X-ray emission line is clearly visible in the 25
ks observation, allowing a precise determination of the redshift of the cluster as
z = 0.180 ± 0.006. We measure kT500 = 8.3 ± 0.4 keV and estimate M500 =
(1.06±0.11)×1015 M� based on existing scaling relations. Correcting both the ra-
dio and X-ray luminosities with the revised redshift reported here, which is much
larger than inferredpreviously based on sparse optical data, this object is no longer
an X-ray underluminous outlier in the LX − Pradio scaling relation. The new red-
shift also means that, in terms of physical scale, ClG 0217+70 hosts one of the
largest radio haloes and one of the largest radio relics known so far. Most of the
relic candidates lie in projection beyond r200. The X-raymorphological parameters
suggest that the intraclustermedium is still dynamically disturbed. TwoX-ray sur-
face brightness discontinuities are confirmed in the northern and southern parts
of the cluster, with density jumps of 1.40±0.16 and 3.0±0.6, respectively. We also
find a 700 × 200 kpc X-ray faint channel in the western part of the cluster, which
may correspond to compressed heated gas or increased non-thermal pressure due
to turbulence or magnetic fields.
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4.1 Introduction

Galaxy clustermergers are themost extreme events in the universe and can
release energies up to 1064 erg. The shocks and magnetohydrodynamic
(MHD) turbulence generated during these mergers heat the intracluster
medium (ICM) and can also (re)accelerate particles into the relativistic
regime (see Brunetti & Jones 2014 for a theoretical review). Synchrotron
radiation emitted by these relativistic particles as they gyrate around inter-
galactic magnetic field lines leads to observed giant radio halos and radio
relics (see van Weeren et al. 2019 for a review). Merging galaxy clusters
therefore provide unique laboratories to study particle acceleration in a
high thermal-to-magnetic pressure ratio plasma. Among the largemerging
galaxy cluster sample, clusters that host double relics are a rare subclass.
They usually have a simplemerging geometrywith themerger axis close to
the plane of the sky and therefore suffer less from projection uncertainties.

ClG 0217+70, also known as 8C 0212+703 (Hales et al. 1995) or 1RXS
J021649.0+703552, is a radio-selectedmerging cluster (Rengelink et al. 1997;
Rudnick et al. 2006), which hosts several peripheral radio relic candidates
located on opposite sides of a central radio halo (Brown et al. 2011). Among
the relic candidates, sources C, E, F and G (see Fig. 4.1 for definition) are
not associated to any optical galaxy and a recent study shows that their
spectral indices are steeper towards the cluster center (Hoang et al. in
prep.), indicating a shock acceleration feature. This cluster appears as anX-
ray underluminous outlier in the LX − Pradio scaling relation (e.g. Brunetti
et al. 2009; Cassano et al. 2013). One possible explanation for this is themis-
estimation of the redshift which, lacking deep optical data, was believed to
be z = 0.0655 (Brown et al. 2011). An accurate redshift is essential to scale
the physical properties of the cluster as well as those of the diffuse radio
sources, e.g., size and luminosity.

Here we present an analysis of archival Chandra data, which allows a
precise determination of the cluster redshift via the ICM Fe-K line. The
high spatial resolution ofChandra also enables us to search for surface bright-
ness discontinuities related to the merger. We adopt a ΛCDM cosmology,
where H0 = 70 km s−1 Mpc−1, Ωm = 0.3 and ΩΛ = 0.7.
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4.2 Observations and data reduction

4.2 Observations and data reduction

We have analyzed the 24.75 ks Chandra archival data (ObsID: 16293). The
Chandra Interactive Analysis of Observations (CIAO)1 v4.12 with CALDB
4.9.0 is used for data reduction. The level 2 event file is generated by the
task chandra_repro with the VFAINT mode background event filtering.
We extract the 100 s binned 9 – 12 keV light curve for the whole field and
do not find flares. Therefore, we use the entire exposure period for data
analysis.

4.3 Data analysis and results

For the imaging analysis, we use the task fluximage to extract the 1 – 3 keV
count map and the corresponding exposure map with vignetting correc-
tion. The non X-ray background (NXB) map is generated from the stowed
background file, which is reprojected to the observation frame by using
reproject_events and is scaled by the 9 – 12 keV count rate. The exposure
map is applied to the count map after the NXB subtraction to produce the
flux map (see Fig. 4.1). For the spectral analysis, we use the task blanksky
to create the tailored blank sky background. Source and background spec-
tra are created using the script specextract, where the weighted redis-
tribution matrix files and ancillary response files are created by mkwarf
and mkacisrmf, respectively. The background spectra are scaled by the
9 – 12 keV count rate. We use SPEX v3.06 (Kaastra et al. 1996; Kaastra et al.
2018b) to fit the spectra. The reference protosolar element abundance table
is from Lodders et al. (2009). The 0.5–7.0 keV energy range of all spectra
are used and optimally binned (Kaastra & Bleeker 2016). The C-statistics
(Cash 1979) is adopted as the likelihood function in the fit. We use spectral
models red × hot × cie to fit the spectra of the ICM, where red represents
the cosmological redshift, cie is the emission from hot cluster gas in colli-
sional ionization equilibrium, and we fix the temperature of the hot model
to 5 × 10−4 keV to mimic the absorption from neutral gas in our Galaxy. In
the cie model, we couple the abundances of all metals (Li to Zn) with Fe.

1https://cxc.harvard.edu/ciao/
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Figure 4.1: Multi-wavelength view of the merging cluster ClG 0217+70. The color
image is the NXB subtracted, vignetting corrected, and adaptively smoothed 1–3 keV
Chandra flux map. The white contours are compact source subtracted VLA L-band
D configuration radio intensities at 3σrms × [1, 2, 4, 8] levels, where σrms = 70 µJy.
Individual diffuse radio sources are labelled following the terms of Brown et al. (2011),
where source A is the giant radio halo and B–G are relic candidates. The dashed circle
represents r200. The northern and southern X-ray surface brightness discontinuities as
well as the western “channel” are marked using cyan arcs and an annulus sector.

Table 4.1: Best-fit parameters and auxiliary information for the spectra extracted
from different annuli.

Region z nH kT Z S/B C-stat / d.o.f.
(1021 cm−2) (keV) (Z�)

0”–100” 0.190 ± 0.010 8.2 ± 0.5 10.0+1.6
−1.1 0.52 ± 0.15 11.6 136.9/126

100”–200” 0.184 ± 0.011 8.1 ± 0.4 7.8 ± 0.8 0.35 ± 0.11 4.5 128.5/126
200”–300” 0.174 ± 0.009 6.8 ± 0.7 6.8 ± 1.1 0.60 ± 0.21 1.0 122.9/124
0”–500” 0.180 ± 0.006 7.3 ± 0.3 8.3 ± 0.7 0.43 ± 0.09 1.7 145.1/142
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4.3 Data analysis and results

4.3.1 Spectral properties and X-ray redshift

This object is at a low Galactic latitude and has high Galactic absorption.
The tool nhtot2, which includes the absorption fromboth atomic andmolec-
ular hydrogen (Willingale et al. 2013), suggests nH,total = 4.77×1021 cm−2.
However, fixing the nH to this value leads to significant residuals in the soft
band. The best-fit nH from three annuli centered at the X-ray peak and hav-
ing different source-to-background ratios (S/B) are consistent with each
other and all imply a Galactic nH that is higher than the nhtot database
value (see Table 4.1). This suggests the low-energy residuals are not due
to a mis-modeling of the Galactic Halo foreground.

Allowing nH as a free parameter, the temperature in the three central
annuli considered for this analysis is kT ∼ 8 keV. The kT − r200 scaling
relation of Henry et al. (2009) then implies r200 = 2.3 Mpc. We also notice
that the best fit redshift for all three annuli is z ∼ 0.18, which is much
higher then the previous estimation z = 0.0655 (Brown et al. 2011).

To confirm these findings we further extract a spectrum from the clus-
ter’s central r500 region, which we estimate as r500 ≈ 0.65r200 = 1.47 Mpc
(Reiprich et al. 2013). For our assumed cosmology, this corresponds to
∼ 500” at z ∼ 0.18. The best-fit redshift within this aperture is indeed
z = 0.180 ± 0.006, and the Fe emission lines are clearly visible in the X-
ray spectrum (see Fig. 4.2). Other parameters are listed in the 4th row
of Table 4.1. Yu et al. (2011) demonstrates that for X-ray CCD spectra, in
the condition of ∆Cstat ≡ Cstat,Z=0 − Cstat,best−fit > 9, the X-ray redshifts
agree with the optical spectroscopic redshifts well, and the value of our
data ∆Cstat = 20 corresponds to an accuracy of σz = 0.016. We note that
theWHL galaxy cluster catalog (Wen et al. 2012), compiled based on Sloan
Digital Sky Survey (SDSS) -III photometric redshifts, does contain a source
WHL J021648.6+703646 which overlaps spatially with ClG 0217+70. The
brightest cluster galaxy (BCG) of this source is located 20′′ from the X-ray
peak and has z = 0.24 ± 0.05. Therefore, although the quality of the SDSS
photometric redshift is poor due to the high Galactic extinction, it is con-
sistent with the presence of a cluster at z = 0.18.

With the updated redshift, the largest linear size (LLS) of the radio
halo detected by the Very Large Array (VLA) (Brown et al. 2011) reaches
1.6 Mpc, making this cluster the 6th largest known radio halo (see Feretti
et al. 2012 for comparison). The LLS of the western relic candidate (source

2https://www.swift.ac.uk/analysis/nhtot/index.php
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Figure 4.2: Spectrum inside r500. The dotted line is the blank sky background that
is subtracted. The box is a zoomed-in view of the bump that consists of Fe XXV Heα
and Fe XXVI Lyα lines. The positions of the Fe XXV Heα line at different redshifts
are marked.

C in Fig. 4.1) reaches 2.3 Mpc, becoming the second largest among the
radio relics detected to date (see de Gasperin et al. 2014 for comparison).
Recent Low Frequency Array (LOFAR) data shows that this relic candi-
date extends even further to a size of 2.9 Mpc at 150 MHz (Hoang et al.
in prep.). Additionally, if we assume the X-ray peak as the cluster center,
the projected distance Dprojected,rc of the western relic candidate is 2.2 Mpc,
which is the second largest among the currently known sample. The east-
ernmost candidate (source G in Fig. 4.1), whose distance reaches 2.9 Mpc,
becomes the record-holder for the farthest radio relic known with respect
to the center of any galaxy cluster, surpassing the south-eastern relic in
PSZ1 G287.00+32.90 (Bonafede et al. 2014) with Dprojected,rc = 2.8 Mpc.

Importantly, all relic candidates have a Dprojected > r500. Except source
D, all candidates are located at & r200 (see Fig. 4.1). This cluster may thus
provide a good example of runaway merging shocks (Zhang et al. 2019b),
which are long-lived in the habitable zone in the cluster outskirts.
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4.3 Data analysis and results
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Figure 4.3: X-ray surface brightness profiles (blue) as well as the best-fit model
(orange) in each extraction regions. The radio surface brightness profiles are plotted
as brown points. The horizontal dashed line is the 3 × σrms level of the radio map. In
the western channel region, In addition to the best-fit power law model (orange), the
constant model after the jump is plotted as the purple line.

4.3.2 X-ray morphology and surface brightness discontinuities

The X-ray flux map (Fig. 4.1) shows a single-peaked and irregular mor-
phology inside r2500. The X-ray core is elongated in the NW-SE orienta-
tion, and its locationmatches the peak of the radio halo. Unlike some other
typical binary on-axis merging systems with double relics e.g., Abell 3376
(Bagchi et al. 2006), ZwCl 0008.8+5215 (Di Gennaro et al. 2019) and El
Gordo (Menanteau et al. 2012), the morphology of this cluster does not
show an outbound subcluster, perhaps indicating a later merger phase.

Previous work shows that the presence of a radio halo is related to the
dynamical state of a cluster, which can be quantified by X-ray morpholog-
ical parameters (Cassano et al. 2010). Following the methods in Cassano
et al. (2010), we calculate the centroid shift w (Mohr et al. 1993; Poole et al.
2006) and the concentration parameter c (Santos et al. 2008). The result
(w, c) = (0.046, 0.11) is located in the quadrant where most of the clusters
host a radio halo (see Fig. 1 in Cassano et al. 2010).

In addition, we find two X-ray surface brightness discontinuities about
460 kpc and 680 kpc toward the north and south of the core (see Fig. 4.1).
We extract and fit the surface brightness profiles assuming an underlying
spherically projected double power-law density model (Owers et al. 2009).
To account for a possible mismatch between the extraction regions and the
actual curvature of the edge, we smooth the projected model profile with
a σ = 0.1′ Gaussian kernel. The cosmic X-ray background is modeled as
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a constant Sbg = 4 × 10−7 count s−1 arcmin−2 cm−2, obtained by fitting
the azimuthally averaged radial surface brightness profile using a double
β-model (Cavaliere & Fusco-Femiano 1976) plus a constant model.

The profiles and best-fit models are plotted in Fig. 4.3. The best-fit
density jump of the southern and northern edges are C = 3.0 ± 0.6 and
C = 1.40 ± 0.16, respectively. We also over-plot the VLA L-band D config-
uration (Brown et al. 2011) radio surface brightness profiles. In the north-
ern region, the slope of the radio surface brightness profile changes from
0.85 ± 0.05 to 2.4 ± 0.3 at the radius of 400 kpc. The southern region shows
a marked X-ray jump that is, however, misaligned with a steep drop-off in
the radio brightness profile, which occurs ∼ 2′ = 370 kpc further out. This
sharp drop is unlikely due to the flux loss in interferometric observations.
The largest angular scale of D configuration is ∼ 16′. Only emission that
is smooth on scales > 10′ is subject to significant flux loss (on the order of
10% or greater, Brown et al. 2011), while the features discussed here are on
much smaller scales.

The thermodynamic properties of these edges are still unclear due to
the short exposure time; however, for the southern edge to be a cold front,
the temperature on the faint side would have to be very high, 16 keV. If any
of the two edges is confirmed as a shock front, this cluster could be another
rare case where the X-ray shock is associated with the edge of a radio halo,
e.g. Abell 520 (Hoang et al. 2019), Bullet Cluster (Shimwell et al. 2014),
Coma Cluster (Brown & Rudnick 2011; Planck Collaboration et al. 2013)
and Toothbrush Cluster (van Weeren et al. 2016a).

Apart from the two surface brightness discontinuities, we also find a
large scale X-ray “channel” in the south-western part of the cluster (the
dashed region in Fig. 4.1). The length is at least 700 kpc and the width can
be over 200 kpc. We use a single power law density model to fit this profile,
where we ignore the data points from 4.5 to 6 arcmin. The lowest point
is below the power law model by 5.3σ. Alternatively, the large difference
between 4′ and 5′ can be interpreted as a surface brightness edge, with the
channel being right outside the edge. In this case, if we use a constant
model to fit the data points from 4.5 to 8 arcmin excepting the dip, the
lowest point is 2.0σ below the model. The density in the channel region
is < 50% of the power law model and is 65% of the constant model. The
radio surface brightness also decreases sharply before the channel. Inside
the channel, the upper limit of the radio emission is 7 × 10−5 Jy arcmin−2.
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4.4 Discussion

4.4 Discussion

4.4.1 Radio halo scaling relations

This cluster was believed to be an X-ray underluminous or a radio over-
luminous source in the radio halo LX − P1.4 GHz diagram (Brown et al.
2011). Meanwhile, using the M500 − LX scaling relation (Pratt et al. 2009),
Bonafede et al. (2017) found this object to be an outlier in theM500−P1.4 GHz
relation. The new redshift reported here leads to an updated 1.4 GHz ra-
dio power of (5.33 ± 0.08) × 1024 W Hz−1 and an X-ray luminosity inside
r500 of L0.1−2.4keV = (7.19 ± 0.12) × 1044 erg s−1, bringing this cluster into
agreement with the expected radio halo LX − P1.4 GHz relationship. Fur-
thermore, using the M500–kT scaling relation of Arnaud et al. (2007) we
obtain M500 = (1.06 ± 0.11) × 1015 M�. This cluster then also follows the
M500 − P1.4 GHz scaling relation (Cassano et al. 2013) (see Fig. 4.4). The
Sunyaev-Zeldovich (SZ) effect of such amassive cluster should be detected
by Planck. However, due to its low galactic latitude, it is not in the second
Planck SZ catalog (Planck Collaboration et al. 2016).

The remaining two outliers on the LX −Pradio scaling relation are Abell
1213 and Abell 523. In Abell 1213, the diffuse emission is on scales of only
200 kpc and is dominated by bright filamentary structures (Giovannini
et al. 2009). Abell 523 has a unique linear structure unlike other radio halos
(Giovannini et al. 2011). With the results presented here, there may thus
be no known regular radio halo that doesn’t follow these scaling relations.

4.4.2 The western X-ray "channel"

We observe an X-ray deficit in the western part of the cluster, where the gas
density is about half of that in the inner region. This channel-like struc-
ture can be a compressed heated region between the main cluster and an
in-falling group, as has been seen in e.g. Abell 85 (Ichinohe et al. 2015),
or between colliding subclusters (e.g., Abell 521 Bourdin et al. 2013). Al-
though no significant X-ray substructure is seen outside the channel in ClG
0217+70, an infalling group that has been stripped of its gas content early
during the merger could still produce the observed feature.

Alternatively, non-thermal pressure, either in the form of turbulentmo-
tions or enhanced magnetic fields that push out the thermal gas, may play
a role. This explanation has been proposed for similar substructures ob-
served along a cold front in the Virgo Cluster (Werner et al. 2016), and in
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Figure 4.4: LX −P1.4 GHz (left) and M500 −P1.4 GHz (right) diagrams of radio halos.
Figures are modified based on the version in van Weeren et al. (2019), where the data
samples are from Cassano et al. (2013); Kale et al. (2015); Cuciti et al. (2018). Blue
points are clusters with radio halos and gray upper limits are clusters without radio
halos. Blue dashed lines are the best-fit scaling relations from (Cassano et al. 2013).
The red triangle is ClG 0217+70 using the previous redshift, the green triangle is the
corrected value. The error bars of LX and P1.4 GHz of ClG 0217+70 are smaller than
the plot symbols.

Abell 520 (Wang et al. 2016a) and Abell 2142 (Wang & Markevitch 2018).
Assuming the ICM is isothermal across the channel, to compensate the at
least 35% pressure deficit, the non-thermal pressure should be equal to the
thermal pressure. If the magnetic field enhancement is alone responsible
for this non-thermal pressure, B ∼ 15 µG is required and the correspond-
ing thermal-to-magnetic pressure ratio reaches β ∼ 2. Such considerable
local magnetic field enhancement is indeed seen in MHD simulations of
sloshing cold fronts (ZuHone et al. 2011). One might expect that this high
magnetic field would lead to a detectable level of radio emission in the
channel, which is disfavored by the current VLA observation. However,
since the exact underlying relativistic electron distribution is unknown,
this scenario cannot be ruled out. If on the other hand the non-thermal
pressure is entirely due to turbulent motions, the turbulent Mach number
Mturb =

√
2/γ × (εturb/εtherm) (Werner et al. 2009) should be close to one,

which is also very unlikely. In reality of course a combination of all the
above factors is also possible.
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4.5 Conclusion

4.4.3 Possible merging scenario

The western relic candidate C as well as the eastern relic candidates E, F
and G are likely to be accelerated by two spherical shocks that are centrally
symmetric and moving towards NW and SE, respectively. The two spheri-
cal shocks are presumably created by the first core passage and then prop-
agate to the outskirts of this system. The two discovered surface bright-
ness jumps are in the N-S orientation, which is almost perpendicular to the
previous merging axis. Additionally, the projected distance between the
cluster center and the two surface brightness discontinuities is . 700 kpc,
which is much less than the Dprojected of the outermost relics. Both the ori-
entation and the short Dprojected of the surface brightness discontinuities
suggest that they are not related to the first core passage event. A possible
explanation of this merger might be that it starts as an off-axis merger, af-
ter which the two (or more) dark matter halos, as well as the ionized gas,
move back to the centroid of the system again. The collision of the ICM
produces new shocks or cold fronts, but the orientation is different from
the first passage.

4.5 Conclusion

We analyzed the 25 ks archival Chandra data of the merging galaxy clus-
ter ClG 0217+70. The Chandra X-ray data allow us to measure the redshift
of the system, which is z = 0.180 ± 0.006. With the updated redshift, the
projected physical sizes of the radio halo and radio relic candidates make
them some of the largest sources discovered so far. Most of the radio relic
candidates have projected distances& r200. Wemeasure the averaged tem-
perature inside r500 as kT500 = 8.3 ± 0.6 keV. Using the kT − M500 scaling
relation, we estimate M500 = (1.06 ± 0.11) × 1015 M�. The centroid shift
w and the concentration parameter c show that the ICM is still dynami-
cally disturbed. Two surface brightness discontinuities are detected with
density jumps of 1.40 ± 0.16 in the north and 3.0 ± 0.6 in the south. The
southern edge has one of the largest density jumps ever detected in galaxy
clusters. We also find a 700 kpc long and > 200 kpc wide surface bright-
ness channel in the western part of the cluster, which may be indicative of
significant compressed heated gas or non-thermal pressure frommagnetic
fields or turbulence.

In this work, X-ray spectroscopy shows its power of measuring the ICM
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redshift directly. Its strength will be remarkably exploited in future mis-
sions with X-ray microcalorimeters e.g., XRISM and Athena.
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