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Multi-object spectroscopy of CL1821+643: a dynamically relaxed cluster
with a giant radio halo?

W. Boschin1,2,3‹ and M. Girardi4,5

1Fundación G. Galilei - INAF (Telescopio Nazionale Galileo), Rambla J. A. Fernández Pérez 7, E-38712 Breña Baja, La Palma, Spain
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ABSTRACT
We present the study of the dynamical status of the galaxy cluster CL1821+643, a rare
and intriguing cool-core cluster hosting a giant radio halo. We base our analysis on new
spectroscopic data for 129 galaxies acquired at the Italian Telescopio Nazionale Galileo. We
also use spectroscopic data available from the literature and photometric data from the Sloan
Digital Sky Survey. We select 120 cluster member galaxies and compute the cluster redshift
〈z〉 ∼ 0.296 and the global line-of-sight velocity dispersion σ V ∼ 1100 km s−1. The results of
our analysis are consistent with CL1821+643 being a massive (M > 1015 M�) dynamically
relaxed cluster dominated by a big and luminous elliptical at the centre of the cluster potential
well. None of the tests employed to study the cluster galaxies kinematics in the 1D (velocity
information), 2D (spatial information), and 3D (combined velocity and spatial information)
domains is able to detect significant substructures. While this picture is in agreement with
previous results based on X-ray data and on the existence of the central cool core, we do not
find any evidence of a merging process responsible for the radio halo discovered in this cluster.
Thus, this radio halo remains an open problem that raises doubts about our understanding of
diffuse radio sources in clusters.

Key words: galaxies: clusters: general – galaxies: clusters: individual: CL1821+643 –
galaxies: kinematics and dynamics.

1 INTRODUCTION

A fraction of the most massive galaxy clusters exhibits in their inner
regions diffuse radio sources named radio haloes (also giant radio
haloes, or GRHs). They are extended (on 1 Mpc scales) unpolarized
synchrotron sources produced by relativistic electrons and large-
scale magnetic fields spread out the intracluster medium (ICM), not
associated with compact radio sources like radio galaxies (see e.g.
Feretti et al. 2012 for a review).

The existence of GRHs indicates the presence in the ICM of
particle acceleration mechanisms. In particular, GRHs are probably
related to turbulence induced in the ICM by recent mergers (e.g.
Brunetti & Jones 2015). In fact, for several decades after their
discovery, these sources have always been found in dynamically
disturbed systems, i.e. massive merging clusters characterized by
the absence of a cool core (Feretti et al. 2012 and references
therein).

� E-mail: boschin@tng.iac.es

This picture has dramatically changed in 2014, when Bonafede
et al. (2014, hereafter B14) published the discovery of a GRH in
the cool-core cluster CL1821+643. More recently, Sommer et al.
(2017) found diffuse radio emission at Mpc scale on two z ∼ 0.22
relaxed clusters, Abell 2390 and Abell 2261. Another case is Abell
2142 (z ∼ 0.09), where Venturi et al. (2017) surprisingly found a
GRH despite the fact that its optical and X-ray properties do not
reveal a major merger. Finally, Savini et al. (2018) reported the
detection of diffuse radio emission on scales larger than the core in
the cool-core cluster PSZ1G139.61+24 (z ∼ 0.27).

In summary, these recent findings suggest the possible existence
of a new class of dynamically relaxed clusters with GRHs. In the
framework of turbulent models this is surprising and challenges the
idea that major mergers, necessary to power GRHs, always disrupt
the cool core.

In this paper, we focus on one of the puzzling clusters cited above:
CL1821+643 (hereafter CL1821). CL1821 hosts an extended cen-
tral diffuse emission with linear size ∼1.1 h−1

70 Mpc and an extrapo-
lated radio power P1.4 GHz ∼ (3.6–3.8) 1024 W Hz−1 elongated along
the SE–NW direction (see B14). Because of its location and size,
B14 classified this source as a GRH.
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From the optical point of view, CL1821 (at z ∼ 0.299, Schneider
et al. 1992) is dominated by the central quasar H1821+643 (e.g.
Hutchings & Neff 1991; Aravena et al. 2011; Reynolds et al. 2014;
Walker et al. 2014), an uncommon example of an optically very
luminous quasar hosted by the central dominant elliptical galaxy of
a massive cluster (see Fig. 1). Moreover, CL1821 appears slightly
elongated in the SE–NW direction, as inferred from its weak lens-
ing properties (Wold et al. 2002). However, our present knowledge
on this cluster is mainly based on X-ray data. Russell et al. (2010)
analysed Chandra data taken with the ACIS-S instrument to study
the ICM properties. In particular, they found that the ICM tem-
perature drops from ∼9 to ∼1 keV, with a short central cooling
time of ∼1 Gyr typical of a relaxed strong cool-core cluster. They
also concluded that the quasar did not have a strong impact on the
large-scale ICM properties.

The ACIS-S images suggest a projected morphology elongated
on the SE–NW direction (a feature revealed also by radio and
weak lensing data, see above and Fig. 1) but do not show any
evidence of a major merger in this cluster similar to those detected
in other clusters with GRHs. Moreover, an analysis of CL1821
based on classical X-ray morphological estimators (concentra-
tion parameter c and power ratio P3/P0; see B14 and references
therein) also supports the hypothesis that it is a relaxed galaxy
system. Only the estimator w (centroid shift parameter), could
suggest the existence of an undergoing minor or off-axis merger
(see B14).

A more recent work by Kale and Parekh (2016) partially disagrees
with the findings of B14, claiming that a morphological analysis of
the same Chandra data (based on the parameters Gini, M20, and c;
see Parekh et al. 2015) puts CL1821 in the category of relaxed/non-
relaxed clusters when H1821+643 is included/excluded in/from the
analysis.

Nevertheless, the X-ray morphological indicators cited above are
not sensitive to eventual mergers along the line of sight (LOS).
The only way to explore this possibility and to finally assess the
dynamical status of this intriguing cluster is to perform spectro-
scopic observations of the cluster member galaxies. In fact, the
spatial and kinematical analysis of member galaxies constitute
an effective tool to detect substructures in clusters and highlight
eventual pre-merging subgroups or merger remnants (e.g. Boschin
et al. 2004; Boschin, Girardi & Barrena 2013). The optical infor-
mation complements the results of X-ray studies, also consider-
ing that the collisional and non-collisional components of clusters
(ICM and galaxies, respectively) exhibit different behaviours dur-
ing mergers (see e.g. simulations by Roettiger, Loken & Burns
1997).

At the moment only a few dozen of galaxies have known red-
shifts in an area 30 arcmin wide around H1821+643. Therefore, we
decided to perform a spectroscopic survey of CL1821, mainly sam-
pling the central ∼1 Mpc size region of the cluster characterized
by the diffuse X-ray and radio emissions. In particular, we obtained
new spectroscopic data at the Italian Telescopio Nazionale Galileo
(TNG), whose facilities are well suited for the study of a galaxy
cluster at z ∼ 0.3 like CL1821 (see e.g. the DARC project, Girardi
et al. 2011 and references therein1).

This paper is organized as follows. We describe the optical obser-
vations and present our spectroscopic data catalogue in Section 2.
In Section 3 we explain the results of our analysis of the cluster

1see also http://wwwuser.oats.inaf.it/girardi/darc, the web site of the DARC
project.

structure. We discuss our results and present the conclusions in
Section 4.

Throughout this paper, we use H0 = 70 km s−1 Mpc−1 and h70 =
H0/(70 km s−1 Mpc−1) in a flat cosmology with �0 = 0.3 and �� =
0.7. In the adopted cosmology, 1 arcmin corresponds to ∼265 h−1

70

kpc at the cluster redshift. Unless otherwise stated, we indicate
errors at the 68 per cent confidence level (hereafter c.l.).

2 OBSERVATIONS AND BUILDING OF THE
GALAXY CATALOGUE

2.1 TNG optical observations

We used the instrument DOLORES of the TNG to perform multi-
object spectroscopic (MOS) observations of CL1821 in 2016 June
(program CAT16A 15). In particular, we observed four MOS masks
with the LR-B Grism2 obtaining spectra for 155 objects. The total
exposure times were 5400 s for three masks and 3600 s for the last
one.

We reduced the spectra with standard IRAF3 tasks and were able
to compute redshifts for 123 galaxies by using the classic cross-
correlation technique (Tonry & Davis 1979). For another six galax-
ies (IDs. 11, 31, 67, 72, 113, and 180, see Table 1), we estimated the
redshifts by measuring the wavelength location of prominent emis-
sion lines in their spectra (see details of the redshift computation
and their errors in Boschin et al. 2013).

2.2 Spectroscopic catalogue and prominent galaxies

We also explored the NASA/IPAC Extragalactic Database (NED)4

to search for galaxies with known redshift lying in the field covered
by our spectroscopic survey. In total, we found a set of 72 galaxies
with measured redshift. 14 of these galaxies are in common with
our TNG data. Since there is no evidence of systematic deviations
between these 14 literature redshifts and our measurements, we
added the remaining 58 NED galaxies to our sample.

Our final spectroscopic catalogue includes 187 galaxies in the
field of CL1821. For all the galaxies, we also use photometric
information from the Sloan Digital Sky Survey (SDSS) DR13 in
the magnitude bands r′ and i′.

Table 1 lists the velocity catalogue (see also Fig. 2): identification
number of each galaxy, ID (Column 1); equatorial coordinates right
ascension and declination, α and δ (J2000, Column 2); (dereddened)
SDSS r′ magnitude (Column 3); heliocentric radial velocities, V =
cz (Column 4) with errors; �V (Column 5).

The cluster galaxy population is dominated by the quasar
H1821+643 (ID 94 and hereafter BCG; see its optical spectrum
in Fig. 1). Although classified as a radio-quiet quasar, the BCG
is a Fanaroff–Riley type I source (Blundell & Rawlings 2001),
and is evident in high-resolution radio images of CL1821 taken by
B14 (see their fig. 1) and at X-ray wavelengths. ID 85 is the sec-
ond brightest cluster member in our catalogue and is also an FR–I

2http://www.tng.iac.es/instruments/lrs
3IRAF is distributed by the National Optical Astronomy Observatories, which
are operated by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science Foundation.
4NASA/IPAC Extragalactic Database is operated by the Jet Propulsion Lab-
oratory, California Institute of Technology, under contract with the National
Aeronautics and Space Administration.
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Figure 1. The cluster CL1821 in the optical, X-ray, and radio bands. The TNG grey-scale image (FOV ∼8 arcmin × 8 arcmin) in the background corresponds
to the optical r′-band. Red thin contours show the cluster X-ray emission in the 0.5–7 keV band (from Chandra archival image ID 9398; Texp: 34 ks).
Thick green contours are the contour levels of a GMRT 323 MHz low-resolution image and show the radio halo (from B14). Top left-hand inset is the TNG
wavelength-calibrated spectrum of the central quasar H1821+643 (ID 94; see Table 1). Other labels indicate galaxies mentioned in the text. The diffuse emission
visible in the optical image NW of the galaxy ID 85 is the planetary nebula PN G094.0+27.4.

(head–tail) radio galaxy (Lacy, Rawlings & Hill 1992; Blundell &
Rawlings 2001). B14 report a bright and elongated radio source
∼2.9 arcmin SW of BCG (their source ‘D’), at only ∼3 arcsec from
the member galaxy ID 44, which is the probable optical counter-
part. Among other galaxies with radio and/or X-ray emission in the
field of CL1821, our galaxy ID 83 is a background active galactic
nucleus (AGN) with z ∼ 0.88. Fainter radio sources (from B14)
appear associated to our galaxies ID 68 (a cluster member) and 84
and 115 (foreground non-member galaxies).

3 ANALYSIS OF THE SAMPLE

3.1 Members selection and global properties

The selection of cluster members was performed using two statis-
tical tools: the 1D adaptive-kernel method (hereafter 1D-DEDICA,
Pisani 1993) and the ‘shifting gapper’ method (Fadda et al. 1996).
First, we ran 1D-DEDICA on the 187 galaxies of our spectroscopic
catalogue and detected CL1821 as a prominent velocity peak at z ∼
0.296 populated by 131 provisional cluster members (see Fig. 3).
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