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ABSTRACT

Context. SPT-CL J2106-5844 is among the most massive galaxy clusters at z > 1 yet discovered. While initially used in cosmological
tests to assess the compatibility with Λ Cold Dark Matter cosmology of such a massive virialized object at this redshift, more recent
studies indicate SPT-CL J2106-5844 is undergoing a major merger and is not an isolated system with a singular, well-defined halo.
Aims. We use sensitive, high spatial resolution measurements from the Atacama Large Millimeter/Submillimeter Array (ALMA) and
Atacama Compact Array (ACA) of the thermal Sunyaev-Zeldovich (SZ) effect to reconstruct the pressure distribution of the intraclus-
ter medium in this system. These measurements are coupled with radio observations from the pilot survey for the Evolutionary Map of
the Universe, using the Australian Square Kilometre Array Pathfinder (ASKAP), and the Australia Telescope Compact Array (ATCA)
to search for diffuse nonthermal emission. Further, to better constrain the thermodynamic structure of the cluster, we complement our
analysis with reprocessed archival Chandra observations.
Methods. We jointly fit the ALMA and ACA SZ data in u3-space using a Bayesian forward modeling technique. The ASKAP and
low-frequency ATCA data are processed and imaged to specifically highlight any potential diffuse radio emission.
Results. In the ALMA and ACA SZ data, we reliably identify at high significance two main gas components associated with the mass
clumps inferred from weak lensing. Our statistical test excludes at the ∼ 9.9σ level the possibility of describing the system with a
single SZ component. While the components had been more difficult to identify in the X-ray data alone, we find that the bimodal gas
distribution is supported by the X-ray hardness distribution. The EMU radio observations reveal a diffuse radio structure ∼ 400 kpc
in projected extent along the northwest-southeast direction, indicative of strong activity from the active galactic nucleus within the
brightest cluster galaxy. Interestingly, a putative optical star-forming filamentary structure detected in the HST image is in an excellent
alignment with the radio structure, albeit on a smaller scale.

Key words. galaxies: clusters: individual: SPT-CL J2106-5844 — galaxies: clusters: intracluster medium — cosmic background
radiation – radio continuum: galaxies

1. Introduction

The Sunyaev-Zeldovich (SZ) effect (Sunyaev & Zeldovich 1972;
see Mroczkowski et al. 2019 for a recent review) has been effec-

tively employed over the last decade to survey the high-redshift
Universe for massive galaxy clusters. One such cluster, SPT-
CL J2106-5844, was discovered by Foley et al. (2011) during
the 2009 observational campaign of the 2500 deg2 SZ survey by
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the South Pole Telescope (SPT; Carlstrom et al. 2011) with an
exceptional multiband signal-to-noise ratio of 22.1 (Williamson
et al. 2011). The follow-up optical and infrared observations re-
ported in Foley et al. 2011 found the cluster to be at z = 1.132
and provided evidence that it hosts a significant galaxy overden-
sity. Furthermore, the spectroscopic analysis of the cluster mem-
bers indicated a fairly large value for the velocity dispersion,
σ3 = 1230+270

−180 kms−1. Together with the subsequent detection
of a very luminous and extended X-ray source by Chandra, the
strong SZ significance and the high velocity dispersion of the
cluster members hinted at the possibility that SPT-CL J2106-
5844 is an exceptionally massive cluster for its redshift. By com-
bining the X-ray, SZ, and velocity dispersion data, Foley et al.
2011 estimated the cluster mass to be M200 = (1.27 ± 0.21) ·
1015 M�, implying at the time it was the most massive1 singu-
lar, virialized object known at z > 1 (see also Amodeo et al.
2016, Schrabback et al. 2018, Bulbul et al. 2019, and Kim et al.
2019 for further independent mass estimates for this system; we
note that the assumption made in several previous studies that
this system can be described by a single mass component could
present a critical source of bias, given the clear evidence for two
subclusters we present in this work).

Chandra X-ray observations provide further information
about the thermodynamic state of the intracluster medium (ICM)
within SPT-CL J2106-5844. The X-ray surface brightness distri-
bution is found to be irregular, indicating that SPT-CL J2106-
5844 may be undergoing a merger. The slight skewness of the
velocity distribution of the cluster members measured by Foley
et al. (2011) provides additional, marginal evidence for the pos-
sible existence of intracluster substructures, supporting the in-
terpretation that the cluster is in the midst of a major merger.
The same interpretation was later put forth in several works on
or including SPT-CL J2106-5844 (see, e.g., McDonald et al.
2013, Bartalucci et al. 2017), based on a number of indepen-
dent proxies for the dynamical state of the cluster. The recon-
struction of the intracluster temperature distribution further indi-
cated that SPT-CL J2106-5844 harbors a remnant cool core that
seems to have survived the potential merger event (Foley et al.
2011). Successive X-ray measurements by XMM-Newton con-
firmed the disturbed morphology of the cluster, pointing to the
potential presence of substructures within the ICM (Bartalucci
et al. 2017). An extended intracluster feature was independently
identified in the Chandra observation of SPT-CL J2106-5844
by Bîrzan et al. (2017), who interpreted it as either due to X-
ray cavities, in contrast with previous analyses of the same data
(Hlavacek-Larrondo et al. 2015), or due to sloshing.

Additional support in confirming this system as a major
merger was subsequently provided in a weak-lensing study by

1 In context, the SPTpol Extended Cluster Survey (Bleem et al. 2020)
recently identified a stronger SZ decrement from an even higher red-
shift (z = 1.22), more massive cluster, SPT-CL J0329-2330. Like SPT-
CL J2106-5844, which is confirmed at a significance of 19σ in recent
SZ survey data (Hilton et al. 2021) from the Atacama Cosmology Tele-
scope (AdvACT; Henderson et al. 2016), SPT-CL J0329-2330 was also
confirmed by AdvACT (again, in Hilton et al. 2021) to be more mas-
sive than SPT-CL J2106-5844. We note that Hilton et al. (2021) report
a slightly lower SZ flux for SPT-CL J2106-5844 than that reported by
Bleem et al. (2015), but the values are consistent, as are the relative mass
rankings. We also highlight MOO J1142+1527 (Gonzalez et al. 2015),
which currently occupies third place in the AdvACT catalog (Hilton
et al. 2021; see also Dicker et al. 2020 and Ruppin et al. 2020 for fur-
ther comparison). All told, SPT-CL J2106-5844 remains one of the three
most massive z > 1 clusters currently known when treated as a singular
overdensity.

Kim et al. (2019). The reconstructed mass distribution is re-
vealed to be composed of a main structure, co-spatial with the SZ
and X-ray signal from SPT-CL J2106-5844, and a less massive
western extension. The main mass component is bimodal mainly
in the north-south direction, with the two subcomponents dis-
tributed in the same direction as the asymmetry in the X-ray sur-
face brightness. The northern peak approximately corresponds to
the central X-ray cusp and is coincident with the position of the
brightest cluster galaxy (BCG), while the other, southern peak
corresponds to the most prominent region in the galaxy num-
ber density distribution. Yet the dynamics of the ICM remained
largely unknown.

In this paper, we strengthen the case that SPT-CL J2106-
5844 is undergoing a major merger, incorporating new evidence
that includes archival subarcminute-resolution SZ observations
using the 12-meter Atacama Large Millimeter/Submillimeter
Array (ALMA; Wootten & Thompson 2009) jointly with the 7-
meter Atacama Compact Array (ACA, also known as the Morita
Array; Iguchi et al. 2009), constraints on the radio emission mea-
sured using data from the Evolutionary Map of the Universe
(EMU; Norris et al. 2011) and the Australia Telescope Compact
Array (ATCA; Wilson et al. 2011), and a reanalysis of the Chan-
dra X-ray data. We provide an overview of the measurements
used for our analyses and the data reduction details in Sect. 2.
In Sect. 3, we describe our methodology and results, which re-
veal the extended and bimodal distribution of the ICM associated
with the main mass components in SPT-CL J2106-5844, as well
as a high level of activity from active galactic nuclei (AGNs)
within the cluster. The radio observations provide evidence for
an extended radio complex, with an overall size of ∼ 400 kpc
and dominated by a large radio galaxy associated with the BCG.
The implications of our observations and an exploration of their
potential interpretations are detailed in Sect. 4. We summarize
the present work as well as provide suggestions for future obser-
vations in Sect. 5.

Throughout this work, we assume a spatially flat Λ Cold
Dark Matter cosmological model, with ΩM = 0.30, ΩΛ = 0.70,
and H0 = 70.0 km s−1 Mpc−1. Here 1′′ corresponds to 7.62 kpc
at the redshift of SPT-CL J2106-5844 (z = 1.132).

2. Observations and data reduction

2.1. Atacama Large Millimeter/Submillimeter Array

SPT-CL J2106-5844 was observed by ACA as part of Cycle 2
operations during October 2016 (project code: 2016.1.01175.S,
PI: S. Burkutean). A follow-up Cycle 3 observation using the
main 12-meter array (hereafter referred to as “ALMA”) was car-
ried out between June and July 2018 with the aim of targeting
potential contamination due to compact sources within the clus-
ter field (project code: 2017.1.01649.S, PI: S. Burkutean). The
integration times amount to 5 minutes and 24 minutes on source
in Bands 3 and 4 with ALMA, and 1.7 hours on source with each
band with ACA. Both the ACA and ALMA observations were
designed to provide wideband measurements of SPT-CL J2106-
5844 over the frequency ranges of 84 − 100 GHz (Band 3) and
137 − 153 GHz (Band 4), split over four 2 GHz-wide spectral
windows per band. The array configurations for the observations
were chosen to provide similar coverage of the u3 (i.e., Fourier)
plane, with ACA and ALMA sampling the ranges of u3 distances
2.1−20.0 kλ and 3.9−105.5 kλ, respectively. For reference, these
ranges correspond to angular scales of 2−96′′ (i.e., 15−731 kpc
at the cluster redshift).
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Fig. 1. Merged, exposure-corrected 0.5-7 keV map of the Chandra ob-
servations of SPT-CL J2106-5844. The image is binned into 8×8 pixels
from the native Chandra pixel size of 0.492′′. The asymmetric X-ray
brightness distribution hints at the disturbed dynamical state of SPT-
CL J2106-5844 (Foley et al. 2011, Kim et al. 2019). Overlaid are con-
tours from a smoothed version of the X-ray surface brightness image.

In this study, we employ the calibrated measurement sets
provided by the European ALMA Regional Centre (Hatzimi-
naoglou et al. 2015). We measure root-mean-square (RMS) noise
levels of 107.8 µJy and 99.4 µJy (27.9 µJy and 15.2 µJy) in the
Band 3 and 4 ACA (ALMA) data, respectively. We include the
nominal 5% uncertainty in our error budget for the flux measure-
ment, as reported in the Cycle 2 and Cycle 3 ALMA Technical
Handbooks, in the analysis of the ALMA and ACA data.

2.2. Chandra

We consider two archival Chandra observations of SPT-
CL J2106-5844 of 24.72 ks (ObsID: 12180, PI: S. Murray),
and 48.13 ks in ACIS-I VFAINT mode (ObsID: 12189, PI: G.
Garmire). The data were reprocessed using the Chandra Interac-
tive Analysis of Observations (CIAO) software version 4.12 with
CALDB version 4.9.2.1, following a standard reduction procedure
(see, e.g., Sayers et al. 2019). We employed the chandra_repro
script to produce level 2 event files. The CIAO task merge_obs
was then used to merge all the available observations and obtain
the broadband (0.5-7 keV) exposure-corrected image shown in
Fig. 1. Finally, wavdetect was applied to the combined map
to detect point sources, and we visually inspected the results to
identify spurious detections.

The low number of source counts in the available Chandra
data did not allow for deriving significant constraints on the tem-
perature distribution of the ICM within SPT-CL J2106-5844. In-
stead, we infer a global X-ray temperature of 9.5+1.8

−1.6 keV using
approximately 800 source counts after background subtraction
and masking of all point sources identified using wavdetect.
The inferred temperature is consistent at 1σ with previous es-
timates (e.g., Foley et al. 2011, Bartalucci et al. 2017). We
note that the X-ray core (also identified as a point source by
wavdetect) includes the radio-loud AGN and thus was ex-
cluded in our spectral analysis.

Shown in Fig. 2 is the X-ray hardness ratio map derived
from the exposure-corrected images in the 0.3–1.5 keV and 1.5–
7.5 keV range. These ranges were chosen to include the line-
dominated and soft emission from the cluster below a rest frame
energy of 3.2 keV. We compute the map as the ratio of the hard
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Fig. 2. Hardness ratio map (top) and corresponding significance (bot-
tom) based on the surface brightness image at the energy bands 0.3-
1.5 keV and 1.5-7.5 keV. Prior to computing the hardness ratio map,
the images in each of the energy bands are filtered with a top-hat ker-
nel with radius of 7.5′′. Further, in order to suppress regions at low
signal-to-noise, we mask all the pixels in the hardness ratio map whose
corresponding surface brightness is lower than 2% of the amplitude of
the X-ray peak. For reference, we overlay on the hardness ratio map
the same contours shown in Fig. 1 from the smoothed X-ray surface
brightness.

(1.5–7.5 keV) minus the soft (0.3–1.5 keV) image, divided by
the sum of the two. We estimate the significance of the observed
features by bootstrapping over noise realizations for the two en-
ergy bands. The inferred uncertainties for the hardness ratio map
were then employed to compute the significance map shown in
the bottom panel of Fig. 2 as detailed in the Appendix C2 of
Strickland et al. (2002). We note that, aside from the bright core
region, it is not possible to identify any structure with a signifi-
cance higher than 2σ. Although the inferred hardness ratio map
is helpful in providing additional pieces of information on the
physical state of the ICM, it should be interpreted with the usual
caveats that many apparent structures have low significance.

2.3. Evolutionary Map of the Universe Pilot Survey

EMU2 is a wide-field radio-continuum survey project (Nor-
ris et al. 2011) using the Australian Square Kilometre Array
Pathfinder (ASKAP; Johnston et al. 2007) for mapping the en-
tire southern sky, up to +30◦ north, with a continuum sensitivity
of 10 − 20 µJy beam−1 over 288 MHz bandwidth centered at
943 MHz. In this work, we employ observations from the first
EMU Pilot Survey (Norris et al. in prep), which covers 270 deg2

2 http://www.emu-survey.org/
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Fig. 3. EMU observation of SPT-CL J2106-5844 before (upper) and
after (middle) subtracting the radio emission from the BCG, and com-
parison of the latter with the smoothed X-ray surface brightness (lower).
The bright compact emission associated with the BCG (triangle marker;
Song et al. 2012) is surrounded by an extended radio structure elon-
gated in the same direction of the X-ray signal. In all panels, the
EMU contours start at the 3σ level and increase by steps of 2σ (σ =
36 µJy beam−1; see Sect. 2.3). The synthesized beam is depicted in the
bottom left corner of the lower panel. We note that the 18′′ resolution is
a consequence of the smoothing applied to make the resolution uniform
across the entire EMU Pilot Survey.

to an RMS noise level of 25 − 30 µJy at an average resolution of
10–15′′. The observations include baselines as short as 23 me-
ters, and the maximum observable angular scales are & 48′ (or
& 0.8◦, much larger than the field of interest for the present work)
depending on the elevation of the field at the time of observation.
The EMU Pilot Survey fields were within the SPT 2500 deg2 sur-
vey footprint, and include observations of SPT-CL J2106-5844.

The ASKAP data used in this work are from Scheduling
Block 9410, observed for 10 hours on 24 July 2019. They

were calibrated with a 2 hour observation of PKS B1934-
638 (Scheduling block 9409) using the flux density model of
Reynolds (1994). The image reduction was performed with the
ASKAPsoft3 pipeline, utilizing a two Taylor-term (T0 and T1)
multi-scale CLEAN algorithm (Rau & Cornwell 2011). The re-
sulting 36 single-beam images were convolved to a resolution of
18′′ full-width-half-maximum and combined with a linear mo-
saic in order to provide uniform angular resolution across the
entire survey. Spectral indices could then be recovered using the
ratio T1/T0 of the convolved zero- and first-order Taylor coeffi-
cient maps. Local to SPT-CL J2106-5844, the RMS noise level
in the image is measured to be 36 µJy beam−1.

The EMU image of SPT-CL J2106-5844 (Fig. 3) provides
clear evidence for the presence of a strong radio emission in the
direction of the galaxy cluster. The overall morphology of the
signal is observed to consist of an extended radio structure cover-
ing roughly 500 kpc around a compact radio core that dominates
the flux density and is coincident with the BCG. We estimate the
flux density of the compact core by subtracting an unresolved
source from the image and determining when there were no sig-
nificant positive or negative residuals on top of the extended
emission. The resulting core-subtracted image best highlighting
the diffuse radio structure is shown in the lower panel of Fig. 3.
The flux density of the compact source cannot be measured un-
ambiguously because of substructure in the residual surrounding
diffuse emission. We note that the quoted errors in the flux es-
timated from this subtraction procedure are significantly higher
than the random off-source noise RMS level. We find a flux of
6.7 ± 0.3 mJy at the EMU central frequency of 943 GHz and a
spectral index of −1.2 ± 0.1, indicating the flux is likely dom-
inated by an extended but small-scale structure (unresolved at
18′′), rather than more compact emission from the AGN alone.
We note that, unfortunately, due to the faintness of the extended
structure, we were only able to reliably determine the spectral
index for the compact central source.

We additionally checked for any signatures of polarization
in the direction of SPT-CL J2106-5844 by performing rotation
measure synthesis across a 144 MHz bandwidth for the low-
band EMU data that were processed for the Polarisation Sky
Survey of the Universe’s Magnetism4 (POSSUM; Gaensler et al.
2010) survey. While polarized flux was visible for a number
of sources in the field, we detected no polarized emission from
SPT-CL J2106-5844 at a 3σ level of 350 µJy beam−1. This re-
sults in upper limits for the fractional polarization of ∼ 3% for
the core, and ∼ 50% for the brightest parts of the diffuse emis-
sion. Although emission from radio halos is expected to be un-
polarized, radio galaxy or relic structures are typically polarized
at the tens of percent level, but these limits are only indicative
and do not provide meaningful constraints on the specific nature
of the radio emission.

2.4. Australia Telescope Compact Array

To better resolve any potential radio structures and compact
sources in the cluster field, we complemented the EMU data with
observations from ATCA. For our analyses, we employed mea-
surements in three different frequency bands: 2.1 GHz data from
the projects C2585 (PI: R. Kale) and C2837 (PI: M. Johnston-
Hollitt), and 5.5 and 9 GHz measurements (project code: C3217,
PI: S. Burkutean; C1563, PI: W. Walsh), covering the u3-ranges

3 https://www.atnf.csiro.au/computing/software/
askapsoft/sdp/docs/current/index.html
4 https://askap.org/possum/
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Fig. 4. Spectral properties of the BCG. The points denote the flux den-
sity of the bright radio core as measured by EMU (dark blue circle)
and ATCA (light blue diamonds), while the yellow squares mark the
Herschel-SPIRE upper limits on the source flux. The dotted and dashed
lines correspond to the power-law spectrum inferred from the EMU and
the ATCA data, respectively. The solid line is the modified power law
derived by fitting the ALMA and ACA observations jointly with the
ATCA flux measurements, with respective 68% credible intervals de-
noted by the shaded region (Sect. 3.2.3). The mint green vertical bands
indicate the frequency ranges covered and the sensitivities achieved by
the ALMA (solid) and ACA (hatched) Band 3 and Band 4 observations.
Here, the bottom edges of all four bands denote the sensitivity of the
corresponding measurements. The radio spectrum of the BCG is mea-
sured to become shallower when going to higher frequencies. In yellow
is the tentative spectrum for the BCG obtained when including a ther-
mal dust spectral component (Sect. 3.2.2) in addition to a power law
model.

0.1−60 kλ, 0.4−95 kλ, and 0.8−150 kλ, respectively. All bands
have a bandwidth of 2048 MHz. In this work we mainly focus on
the 2.1 and 5.5 GHz data, which yield the most significant detec-
tions of the radio emission from SPT-CL J2106-5844 due to both
the spectrum declining with frequency and to resolution effects
(Fig. 4). The 9 GHz data marginally improve our constraints on
the spectral properties of the radio sources in the field. We also
examined the 18 and 24 GHz ATCA data, observed as part of
Project C3217, but do not include them here due to the faintness
of the sources at these frequencies. We note for completeness
that, at 18 GHz, the flux of the central source is measured to be
90 ± 23 µJy. However, the emission that we consider to belong
to a compact object appears marginally extended in the 18 GHz
data, and hence we treated the inferred value as a lower limit
on the source flux. On the other hand, the central source is not
detected in the 24 GHz ATCA data, placing a ∼ 3σ constraint
of 154 µJy beam−1 on its surface brightness. Despite formally
representing an upper limit under the assumption of the source
being point-like, we note that the core emission looks resolved in
the 18 GHz map and would consequently be affected by an un-
known degree of spatial filtering at 24 GHz. As a consequence,
the aforementioned estimate is likely a lower limit on the actual
flux of the compact source.

We reduce and image all ATCA data using the Common As-
tronomy Software Application5 (CASA; McMullin et al. 2007)
package version 5.3.0. In all cases, we split the 2048 MHz band-
width into eight spectral windows for calibration. We use the
primary calibrator source 1934-638 to solve for the bandpass in
amplitude and phase. We then solve for additional amplitude and
phase bandpass solutions using the bright point-like sources ob-
served as interleaved calibrators, bootstrapping the flux densities
of these sources. For the 2.1 GHz data, we image using natural
weighting and then perform three rounds of self-calibration in

5 https://casa.nrao.edu/
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Fig. 5. ATCA observations after subtraction of compact source compo-
nents (see Sect. 2.4 for details). The maps correspond to the 2.1 GHz
data generated assuming Briggs weighting with robust parameter set to
0.00 (upper;σ = 23 µJy beam−1), and to the naturally weighted 2.1 GHz
(middle; σ = 87 µJy beam−1) and 5 GHz (lower; σ = 19 µJy beam−1)
images. As in Fig. 3, the triangle marks the BCG position (Song et al.
2012). To better highlight the extended radio features, we applied u3-
tapers of 10 and 20 kλ to the 2.1 and 5 GHz measurements, respectively.
For all panels, the contours start from the 3σ level, with increment every
1σ. The higher resolution offered by ATCA allows us to disentangle the
small-scale morphology of the diffuse radio structure detected by EMU
(dotted contours).

phase. The higher-frequency data sets did not contain emission
of high enough signal-to-noise ratio to warrant self-calibration.
The noise levels of the naturally weighted maps, imaged using
multifrequency synthesis over the whole bandwidth, are 40, 20
and 15 µJy beam−1 for the 2.1, 5 and 9 GHz data sets, respec-
tively.

To get a more detailed view of the extended radio emission,
we generate maps of the ATCA data containing only the dif-
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Fig. 6. Composite HST image with contours from the EMU image
(dashed yellow) from Fig. 3 and the 2.1 GHz ATCA map (solid white)
generated assuming Briggs weighting and robust parameter at 0.00 to
highlight any compact contributions to the observed radio emission. The
corresponding synthesized beams are shown in the bottom right cor-
ner following the same color convention. The outskirts of the extended
structure observed in the EMU image are found to be contaminated by
point-like sources. The labeled features correspond to the sources dis-
cussed in Sect. 3.1.1 and 3.1.2.

fuse component of the radio signal. Specifically, for each mea-
surement set, we remove any compact sources contaminating
the field by performing a first imaging run assuming a uniform
weighting, and then employing the reconstructed CLEAN com-
ponents as input models to be subtracted from the each of the
raw interferometric data sets. The resulting images for the 2.1
and 5 GHz measurements are presented in Fig. 5. We do not in-
clude the 9 GHz map as no extended emission was observed at a
significant level in the compact source-subtracted image.

3. Results

3.1. Radio imaging

The radio observations clearly show that SPT-CL J2106-5844
hosts a complex radio structure. Here, we present the main re-
sults obtained through the analysis of the imaging products from
the ASKAP and ATCA data introduced in the previous section.

3.1.1. Compact sources

The comparison of high-resolution ATCA observations of SPT-
CL J2106-5844 with the distribution of the radio signal in the
EMU map provides key information on the population of un-
resolved sources contaminating the diffuse radio emission. We
emphasize that we subtracted from the EMU data only the model
corresponding to the central radio source. On the one hand, the
EMU resolution does not allow a clean discrimination between
other compact sources and any potential co-spatial diffused com-
ponents. On the other hand, as described above, it was not pos-
sible to reliably measure the spatially distributed spectral shape.
This prevented us from the possibility of subtracting the signal

from point-source model components based on the extrapola-
tion of the individual ATCA fluxes up to the EMU frequency.
As shown in Fig. 6, several compact sources are found in the
peripheral regions of the extended radio structure. Among the
most prominent features is the southernmost component in the
EMU map, though, with no redshift identification, we cannot
rule out the possibility that it is not associated with the cluster
itself. This feature is found to coincide with a compact emission
in the ATCA data (labeled as C1 in Fig. 6), and has an optical
counterpart in the Hubble Space Telescope (HST) image. A sec-
ond source (C2) is identified at the ∼ 4σ level in the uniformly
weighted 2.1 GHz ATCA map and found to be surrounded by
a combination of diffuse emission and a blend of multiple com-
pact sources. If associated with the central radio galaxy, these
may correspond to knot-like features in one arm of the radio jet.
On the other hand, the radio emission from C2 may be related to
a separate radio galaxy, although with the current resolution it is
difficult to determine its optical counterpart.

3.1.2. Diffuse emission

The high-resolution, diffuse-only ATCA images (Fig. 5) show
that the radio emission has a narrow structure elongated in the
northwest-southeast direction, and composed of main structure
surrounding the BCG and a separate diffuse component (C3) de-
tected midway between the BCG and the compact source C1.
We assessed the possibility that the observed radio morphology
is impacted by the underlying SZ decrement. However, extrap-
olating to 943 MHz, the integrated SZ signal within 1′ radius
expected for SPT-CL J2106-5844 results in an SZ flux (decre-
ment) ∼ 30 times smaller than the radio power measured from
the EMU map. We note that this is just an indicative upper limit,
as the SZ effect is more severely affected than the radio struc-
ture by the interferometric filtering of the signal components on
large scales. While the SZ signal strength is higher at 2.1 and
5 GHz than it is at 943 MHz, the lack of baselines sensitive to
any arcminute-scale signal ensures that the SZ contamination is
negligible in the ATCA data as well.

In order to gain additional information on the origin of the
observed radio emission, we aimed at performing a spectral anal-
ysis of the extended radio signal. Unfortunately, the different
angular resolutions of the available radio data, combined with
the severe sparsity and low significance of the observations at
high frequencies, do not allow for building a detailed map of the
spectral index distribution of the source. We hence provide in
Fig. 7 estimates of the spectral index of the extended emission
based on its integrated flux densities. Since the lower resolution
of the EMU data does not allow us to disentangle the diffuse
emission from any compact signal as shown above in the case of
the ATCA observations, we employ only ATCA measurements
to compute the integrated spectral index. Given the heterogeneity
of the available data, we perform two attempts to get a spectral
constraint on the diffuse emission.

First, we split the 2.1 GHz data in four spectral bands and
image them separately from the others using natural weighting
and a u3-taper of 10 kλ. In this case, we further exclude the 5 and
9 GHz data as they do not provide the required u3-coverage to
significantly detect any extended radio structure. The integrated
flux for each of the frequency windows (blue points in Fig. 7)
is then obtained by measuring the flux within the region with
significance larger than 2.5σ. The spectral fit provides an esti-
mate of the integrated spectral index of −0.96+0.06

−0.06. Notably, the
extrapolation of the resulting spectrum is consistent with the es-
timate of the diffuse flux from the EMU image.
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Fig. 7. Integrated spectrum of the extended radio structure. The light
blue and gray points denote the estimates of the diffuse flux computed
by integrating over the regions with significance > 2.5σ or by fitting
with Gaussian profiles the 0.4-2 kλ naturally weighted maps of each
spectral band, respectively (see the main text in Sect. 3.1.2 for details).
We use the same color scheme for the corresponding best-fit lines and
1σ confidence intervals. The dark blue point represents the integrated
flux measured from the EMU image. All the open markers denote values
that were not included in this analysis. For reference, we report in green
the expected flux and corresponding uncertainties of a radio halo for a
cluster of mass equal to the best-fit value reported in Kim et al. (2019)
for SPT-CL J2106-5844 and following the radio power to mass scaling
relation by Cuciti et al. (2021a) under the assumption of a spectral index
α = −0.87 (Sect. 3.1.2).

To probe the spectral behavior of the extended emission over
a broader range of frequencies, we repeat the above analysis by
imaging the four 2.1 GHz sub-bands and the 5 GHz data after se-
lecting only the baselines between 0.4 and 2 kλ. Since the diffuse
source was only marginally resolved in the resulting maps, we fit
its signal in each maps with a Gaussian profile and integrate over
the reconstructed model to compute the diffuse flux (gray points
in Fig. 7). We perform a similar analysis on the 9 GHz mea-
surements, but exclude the corresponding flux estimate from the
fit. In fact, only a small number of baselines are available in the
common 0.4 − 2 kλ range, and we hence consider in the 9 GHz
data all the u3 scales smaller than 3 kλ. Since the source would
be better resolved than for the other data sets, we expect the re-
constructed flux to be marginally biased to a lower value. In this
case, the integrated spectral index is measured to be −0.87+0.22

−0.23.
Despite the clear differences in the normalization of the re-

constructed spectra, ascribable to the different method employed
to measure the integrated fluxes, both the analyses show that the
integrated spectrum seems to follow a well-behaved power law
over the entire range of frequencies probed by the ATCA and
EMU radio data. The lack of a break in the spectral index at
high frequencies indicates that the extended radio emission is
a mixture of multiple electron populations with different ages
and/or magnetic field strengths (see, e.g., Fig. 5 of Rajpurohit
et al. 2021). Observations with a higher angular resolution will
be key to disentangle the multiple contributions to the observed
diffuse structure and to allow an understanding of whether this
could be ascribed to emission from a single AGN host or to a
complex of distinct radio sources.

3.2. SZ modeling

The reconstruction of the SZ signature of SPT-CL J2106-5844 is
performed by jointly analyzing the Band 3 and Band 4 ALMA
and ACA (hereafter, ALMA+ACA) interferometric data with the
same u3-space Bayesian forward modeling technique employed
in Di Mascolo et al. (2020). For details, we refer to the discussion
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Fig. 8. Marginalized posterior probability for the coordinates of the SZ
centroid when considering the model with a single gNFW component.
The reconstructed posterior distribution is found to track two distinct
features in the SZ signal from SPT-CL J2106-5844. The contours cor-
respond to 0.5, 1, 1.5, and 2σ significance levels.

in Di Mascolo et al. (2019a) and references therein. In brief, the
reconstruction method is devised to sample the Fourier transform
of a map of the SZ effect from a model galaxy cluster to the u3-
plane coordinates of the sampled visibilities. This avoids issues
related to the deconvolution of interferometric data (e.g., heavily
correlated image-space noise), as well as taking full advantage
of the knowledge of the exact visibility sampling function.

We compute the average relativistic corrections to the ther-
mal SZ spectrum by means of the approximation by Itoh &
Nozawa (2004). Given the large uncertainties on the tempera-
ture distribution, we assume this to be described by an isother-
mal model and consider a split-normal prior on the average clus-
ter temperature, with mode and standard deviations respectively
equal to our spectroscopic X-ray estimate and corresponding un-
certainties (Sect. 2.2). It is however worth noting that we expect
such an approximation to have a marginal impact on our results.
In fact, at the Band 3 and Band 4 frequencies, the expected devia-
tion from the nonrelativistic thermal SZ spectrum is comparable
to the uncertainties inherent to the absolute flux calibration of
the ALMA+ACA data, and subdominant to the statistical error
bars.

3.2.1. Free modeling run

The model of the thermal SZ effect from SPT-CL J2106-5844
is obtained by numerical integration of a generalized Navarro-
Frenk-White (gNFW; Nagai et al. 2007) pressure profile along
the line-of-sight direction (see Mroczkowski et al. 2009, Arnaud
et al. 2010, or Di Mascolo et al. 2020 for specifics). We perform
a first modeling run assuming the universal parametrization by
Arnaud et al. (2010) but allow the model centroid, mass parame-
ter, and slope at small radii to vary. The centroid coordinates are
assumed to have a uniform prior extending over the field of view
of ACA, while we consider wide uninformative priors for both
the mass and slope parameters.

As discussed in Di Mascolo et al. (2020), we further per-
form a free search across the entire ALMA+ACA field of view
for compact sources that may contaminate the SZ signal. Specif-
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ically, we use point source models to describe the contamina-
tion from unresolved compact sources with flux characterized
by a simple power-law spectral dependence. Uninformative pri-
ors are assumed for the position, amplitude, and spectral index.
We do not consider any model component to describe the ex-
tended radio source, which should not significantly contaminate
the measured SZ signal. Extrapolating the extended radio flux on
arcminute scales up to the ALMA+ACA frequencies by assum-
ing a power law spectrum with average spectral index α = −1
(Sect. 3.1.2), we obtain values of 16 µJy and 9 µJy in Band 3
and Band 4, respectively. These are roughly an order of magni-
tude lower than the noise RMS of the ACA data, most sensitive
to the SZ effect, as well as around 10,000 times lower than the
integrated SZ signal expected for a cluster with the same mass
and redshift as SPT-CL J2106-5844.

Analogous to the cases reported in Di Mascolo et al. (2020)
for the two Massive and Distant Clusters of WISE Survey (MaD-
CoWS; Gonzalez et al. 2019) galaxy clusters MOO J0917−0700
and MOO J2146−0320, which were targeted in the Verifica-
tion with the ACA – Localization and Cluster Analysis (VACA
LoCA) program, the marginalized posterior probability of the
SZ centroid coordinates is found to be bimodal (Fig. 8), which
strengthens the hypothesis that SPT-CL J2106-5844 is also a
merger with two distinct pressure peaks. Furthermore, the over-
all posterior distribution is similar to the asymmetric distribu-
tions seen in the mass and galaxy number density maps (Kim
et al. 2019). We tested against possible systematics to assess the
reliability of this result, and checked that the two SZ compo-
nents are identified independent of any prior assumptions on the
gNFW parameters or point-like component, or of the specific
subsets of observations employed in the modeling.

No evidence for thermal SZ effect is found in the direction
of the western mass extension reported by Kim et al. (2019).
This is not surprising because the projected mass density of this
western substructure is at least a factor of two lower than that
of the main component and hence is expected to contribute only
a small SZ effect. This combines with the first null of the ACA
primary beam to fall right on the position of the western feature,
further attenuating its SZ signal.

3.2.2. Unresolved source

The fitting algorithm further identifies an unresolved (point-like)
positive source in the direction of SPT-CL J2106-5844, whose
position is coincident with the bright compact component dom-
inating the low-frequency radio emission from the cluster and
consistent with the coordinates reported by Song et al. (2012)
for the BCG. However, the low significance of the source in
the ALMA+ACA observations limits our ability to constrain its
spectral index using the ALMA+ACA data alone (see Fig. 4),
leaving its marginalized posterior dominated by the inherent de-
generacy with the flux normalization parameter.

To better constrain the spectral signature of the central un-
resolved source, we repeat the fit by including the flux mea-
surements from the ATCA data at 2.1, 5.5, and 9 GHz. We do
not consider here any information from the EMU observations
as, at the EMU frequency, the extended radio structure may sig-
nificantly contaminate the flux measured for the central source.
Given the broad range of frequencies covered by the ATCA
and ALMA+ACA observations, we extend the spectral model
of the unresolved source to a modified power law, hence to fit
for any potential spectral curvature at high frequency. We mea-
sure a positive curvature of the spectrum toward high frequencies
(see Fig. 4), possibly suggesting the presence of a dust compo-

nent within the cluster central galaxy (see Fogarty et al. 2019 or
Romero et al. 2020 for examples of clusters with a dusty BCG).

In order to characterize the level of dust content of the cen-
tral radio galaxy, we perform another modeling run including
constraints on the submillimeter flux in the direction of the BCG
obtained from the Herschel Space Observatory (Pilbratt et al.
2010). We use Level 2 SPIRE (Griffin et al. 2010) observations
at 250, 350, and 500 µm from the Herschel Lensing Survey (Ob-
sID: 1342245542; Egami et al. 2010). It was not possible to dis-
tinctly detect any emission from the source, and we hence in-
clude only upper limits based on the average fluxes measured in
each of the three Herschel bands within apertures centered on
the BCG position and with size equal to the respective beams.
We consider a spectral model given by the sum of a power law
and a modified blackbody spectrum, with the latter parametrized
as (Hildebrand 1983)

Fdust(ν) = (1 + z) d−2
l (z) Mdust κ(νrf) Bνrf (Tdust). (1)

Here, dl(z) is the luminosity distance for a source at redshift z,
and the parameter Mdust corresponds the mass of the dust com-
ponent. The terms kνrf and Bνrf (Tdust) are the dust emissivity and
the blackbody spectrum for a dust temperature Tdust measured
at the rest-frame frequency νrf = (1 + z) ν. For the dust opacity
function, we consider a power-law form, kνrf = k0[(1 + z)ν/ν0]β,
where the dust emission efficiency index is fixed to β = 1.5
(Planck Collaboration et al. 2016a, Erler et al. 2018). We set
the reference frequency to ν0 = c/350 µm, hence considering
the typical value for the mass absorption coefficient at 350 µm
of κ0 = 0.192 m2 kg−1 (Draine 2003).

The inferred spectrum is shown in Fig. 4. We observe a gen-
eral agreement with the modified power law model, except for
a discrepancy over ALMA’s Band 3 spectral window. First, this
can be related to the obvious difference between the two models
employed in our analysis, with the dust-like component being
more physically motivated than the simple modification to power
law spectrum introduced before. Second, the improved sensitiv-
ity of ALMA Band 4 observations compared to the Band 3 data
(Sect. 2.1) is making the latter subdominant with respect to the
former in driving the fit at ∼ 100 GHz.

As for the reconstructed parameters, we measure values for
the dust mass and temperature of 3.5+2.3

−1.9 ·108 M� and 19.8+7.0
−6.6 K,

respectively, consistent with the masses and temperatures ob-
served in other star forming BCGs (e.g., Edge et al. 2010, Mc-
Donald et al. 2015, Fogarty et al. 2017, Castignani et al. 2020).
Despite this, the large uncertainties on the best fit parameters
of the modified blackbody spectrum model express the heavy
degeneracy affecting the posterior probability distribution of the
reconstructed mass and temperature. The proper characterization
of the submillimeter properties of the central galaxy will thus re-
quire better observational constraints on the high frequency end
of its spectral energy distribution.

3.2.3. Multicomponent model

Given the robustness in our detection of the two SZ modes, we
repeat the analysis this time including two separate SZ compo-
nents along with the point-like feature with a modified power-
law spectrum describing the central radio source. Again, we as-
sume a universal profile (Arnaud et al. 2010) with free mass pa-
rameter and inner slope for each of the SZ model components.
We consider the same uniform priors as in Sect. 3.2.1 for each of
the SZ components. However, in order to enforce the identifiabil-
ity of the separate modes, we introduce an ordering condition on

Article number, page 8 of 18



L. Di Mascolo et al.: The Merger in SPT-CL J2106-5844

21h06m10s 05s 00s 05m55s

−58◦43′30′′

44′00′′

30′′

45′00′′

30′′

RA (J2000)

D
ec

(J
20

00
)

250 kpc

21h06m10s 05s 00s 05m55s

RA (J2000)
21h06m10s 05s 00s 05m55s

RA (J2000)

−0.75

−0.50

−0.25

0.00

0.25

0.50

0.75

C
om

pt
on
2

[×
10
−4

]

Fig. 9. Combined dirty images of the raw (left), model (center), and residual (right) using Band 3 and Band 4 ACA interferometric data. We note
that no primary beam correction is applied to the images. We note that the signal is heavily attenuated by antenna pattern as one moves to the
edges of the field of view. Hence, despite the noise appears roughly uniform across the entire map, the signal-to-noise ratio decreases abruptly
away from the image center.

their declinations as detailed in Appendix A2 of Handley et al.
(2015).

A summary of the best-fitting parameters is provided in Ta-
ble 1. In terms of statistical significance of the SZ detection, the
inclusion of the two-component model for the thermal SZ effect
from SPT-CL J2106-5844 is found to improve the Bayesian log-
evidence by ∆ logZ = 120.72 ± 0.16 with respect to the model
without any SZ components, roughly corresponding to a 15.6σ
detection in comparison to the null model. Also, two components
are found to be preferred over one SZ model at the ∼ 9.9σ level.6
We also note that the centroid of the SZ effect determined by SPT
lies midway between the two SZ substructures, consistent with
the signals from the individual components being blended into a
single SZ feature at the SPT angular resolution.

There are a few important caveats associated with the SZ
mass estimates provided in this work. It is important to consider
that the presence of M500 in our parameter set follows from the
specific parametrization adopted by Arnaud et al. (2010) to get a
self-similar pressure profile under the assumption of hydrostatic
equilibrium. Given the disturbed nature of SPT-CL J2106-5844,
we may instead expect the intracluster gas not to be hydrostat-
ically supported and to be characterized by a significant non-
thermal contribution to its pressure (Shi et al. 2015, Biffi et al.
2016). This would result in a non-negligible bias in the mass in-
ferred from the analysis of the thermal SZ effect (Battaglia et al.
2012, Nelson et al. 2012, Angelinelli et al. 2020, Ansarifard et al.
2020). In addition, the strong degeneracy between the mass and
inner slope parameters may have an impact on the accuracy of
the mass estimate, as well as inducing the large uncertainties we
measure on such parameters. For reference, when fixing all the
gNFW slopes to the values for the universal pressure profile in
Arnaud et al. (2010), we obtain masses of 3.10+0.10

−0.10 ·1014 M� and
3.26+0.25

−0.25 ·1014 M� for the northern and southern SZ components,
respectively.

For reference, we show in Fig. 9 the reconstructed images
of the raw, best-fit model, and corresponding residual interfero-
metric data obtained by combining the Band 3 and Band 4 ACA
observations naïvely converted to Compton 2 units (i.e., assum-

6 The conversion between the Bayesian log-evidence difference ∆Z
and the classical significance level is performed under the assumption
of a Gaussian posterior distribution and neglecting any change in the
prior volume due to the difference in the parameter sets between the
models with and without the thermal SZ components.

ing the signal after removing the central AGN is dominated by
the classical thermal SZ effect alone). We do not include any
images generated from the ALMA data as they show no promi-
nent structures apart from the point-like central radio source. The
reported images are produced using the CASA package version
5.6.1. However, we emphasize again that all results based on the
analysis of the ACA and ALMA observations of SPT-CL J2106-
5844 are derived by working directly on the raw interferometric
data. The ACA maps are presented only for display purposes and
not used for any quantitative study.

3.2.4. Constraining the kinetic SZ signal

For all analyses presented in the previous sections, we did not
include in our models any contribution from the kinetic SZ
effect (Sunyaev & Zeldovich 1980), proportional to line-of-
sight component of the peculiar velocity of a given ICM struc-
ture. Given the highly disturbed state of the system, we could
however expect large velocity components and, hence, poten-
tial non-negligible biases introduced by ignoring such an ef-
fect. It is however worth noting that, even in the extreme case
of MACS J0717.5+3745 (e.g., Mroczkowski et al. 2012, Sayers
et al. 2013, Adam et al. 2017, Sayers et al. 2019), the kinetic SZ
effect has been observed to contribute . 10% the total SZ signal
from a cluster.

The main limitation for constraining any kinetic SZ signa-
ture from the available ALMA+ACA data is their limited spec-
tral coverage, insufficient for performing a full separation of the
different SZ components in a single system. In fact, the lack of
measurements at frequencies corresponding to the null or to the
increment part of the thermal SZ spectrum makes the thermal
and kinetic SZ signal strongly degenerate within the measure-
ment uncertainties. We present in Fig. 10 the marginalized pos-
terior for the main parameters — the mass M500 and the line-of-
sight component of the peculiar velocity in units of the speed of
light βz — of a multicomponent model analogous to the one in-
troduced in the previous section but including a kinetic SZ term
for both the subclusters. Under the same assumption adopted in
the previous section of an isothermal model, the introduction of
a kinetic contribution is equivalent to changing the SZ spectral
scaling to (e.g., Mroczkowski et al. 2019)

g(x) =
x4ex

(ex − 1)2

[(
x

ex + 1
ex − 1

− 4
)
− βz

mec2

kbTe
+ δe(x,Te, βz)

]
(2)
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Table 1. Parameters of the model employed in the analysis of the Band 3 and Band 4 ALMA+ACA data.

Parameter Prior distribution Best-fit value

Northern gNFW component
RA uniform min = 21h05m56.s00, max = 21h06m13.s00 21h06m04.s57+1.7′′

−1.8′′

Dec ordered uniform min = −58°45′30 .′′00, max = −58°43′30′′ −58°44′25 .′′44+0.80′′
−0.78′′

M500
a log-uniform min = 1012 M�, max = 1016 M� 2.60+0.57

−0.54 · 1014 M�
Inner slope uniform min = 0.00, max = 2.00 0.47+0.11

−0.12

Southern gNFW component
RA uniform min = 21h05m56.s00, max = 21h06m13.s00 21h06m05.s49+1.5′′

−1.3′′

Dec ordered uniform min = −58°45′30 .′′00, max = −58°43′30′′ −58°44′57 .′′81+0.72′′
−0.78′′

M500
a log-uniform min = 1012 M�, max = 1016 M� 1.34+0.52

−0.52 · 1014 M�
Inner slope uniform min = 0.00, max = 2.00 0.86+0.25

−0.24

Compact sourceb

RA uniform min = 21h05m56.s00, max = 21h06m13.s00 21h06m04.s60+0.31′′
−0.31′′

Dec uniform min = −58°45′30 .′′00, max = −58°43′30′′ −58°44′28 .′′78+0.27′′
−0.26′′

Flux at 5 GHz uniform min = 0.00 mJy, max = 5.00 mJy 0.690+0.037
−0.037 mJy

Spectral index uniform min = −3.00, max = 5.00 −1.10+0.05
−0.05

Spectral curvature uniform min = −1.00, max = 1.00 0.123+0.022
−0.022

Notes. (a) M500 corresponds to the mass of the galaxy cluster within the radius r500. (b) We are assuming a spectral dependence of the form
F(ν) = F5GHz (ν/5 GHz)α+β log(ν/5 GHz) , with α and β corresponding to the spectral index and curvature of the source spectrum.

2×100 3×100 4×100 6×100
−0.02

0.00

0.02

0.04

V
z

northern
structure

1 2 3 4 5 6
"500 [1014 M�]

−0.02

0.00

0.02

0.04

V
z

southern
structure

Fig. 10. Marginalized posterior for the parameters corresponding to
masses and line-of-sight peculiar velocities of the two SZ features
(Sect. 3.2.3). The contours correspond to the same significance levels
used in Fig. 8. Due to the limited spectral coverage and sensitivity of
the ALMA+ACA data, it was not possible to derive tight constraints on
the potential line-of-sight motion of the ICM features identified through
the SZ analysis. The gray lines and shaded bands correspond to the mass
estimates obtained in Sect. 3.2.3 under the assumption of a universal
pressure profile (Arnaud et al. 2010).

for a dimensionless frequency x = hν/kbTcmb . Here, h and kb are
the Planck and Boltzmann constants, me the electron mass, and
Te and Tcmb the temperatures of the intracluster electrons and
the cosmic microwave background (CMB), respectively. The last

term in the parentheses δe(x,Te, βz) accounts for the corrections
to both the thermal and kinetic SZ terms due to the relativis-
tic velocities of the intracluster electrons, and is computed ac-
cording to the approximation provided by Nozawa et al. (2006).
To facilitate interpretation, we restricted the analysis to the case
with all the slopes of the gNFW pressure distributions fixed to
the values for the universal pressure model (Arnaud et al. 2010).
Further, we introduced a prior on the integrated SZ flux in order
to break (or, at least, reduce) the degeneracy between the thermal
and kinetic spectral components of the SZ signal. In particular,
we considered the estimate of the cylindrically integrated SZ flux
within r500 — the radius within which the average cluster density
equals ×500 the critical density of the Universe at the redshift of
the cluster. — based on the latest AdvACT measurements of the
cluster SZ signal (Hilton et al. 2021).

We measure values for βz of 1.7+2.0
−1.5·10−2 and 0.2+2.0

−0.8·10−2 for
the northern and southern SZ features, respectively, equivalent to
line-of-sight velocities of 5088+6092

−4435 km s−1 and 463+6027
−2538 km s−1.

Although the velocity of the northern component is nominally
different from zero at the ∼ 1.1σ level, the corresponding one-
dimensional histogram in Fig. 10 shows that the determination
of the best-fit value of the parameter is driven by the high βz tail
of the posterior distribution. In a minor way, a similar behav-
ior is observed for the southern component. This, together with
the large uncertainties affecting the velocity parameters, suggests
that the limitations in the available ALMA+ACA data leave the
kinetic SZ contribution practically unconstrained.

Related to the amplitude of the thermal SZ effect from the
two ICM features, the inclusion of the kinetic SZ term causes
a variation in the masses to 2.26+0.83

−0.72 · 1014 M� and 3.22+0.93
−1.46,

systematically lower but consistent with the estimates reported
in the previous section considering the same universal profile
slopes.

Article number, page 10 of 18



L. Di Mascolo et al.: The Merger in SPT-CL J2106-5844

We note that in our analysis we are completely neglect-
ing any contribution from primary CMB anisotropies on small
scales, spectroscopically indistinguishable from the kinetic SZ
signal. However, their amplitude is expected to be . 2 µJy on
the angular scales probed by the ALMA+ACA observations (Di
Mascolo et al. 2019a). As reported in Sect. 2.1 and according
to the results in Fig. 10, one can thus immediately infer that
the statistical uncertainties in the ALMA+ACA data are much
larger than any signal from either a plausible kinetic SZ term or
primary CMB anisotropies.

4. Discussion

Figure 11 provides a comparative view of the SZ signature of
SPT-CL J2106-5844 (both model and dirty image) with the weak
lensing and X-ray surface brightness distribution in the clus-
ter. Overall, the SZ effect from SPT-CL J2106-5844 is found to
be aligned with the mass distribution measured by Kim et al.
(2019), with the two subclusters roughly corresponding to the
separate clumps in the main mass concentration within the clus-
ter. We observe a moderate offset (> 50 kpc) between the south-
ern SZ peak and the corresponding weak-lensing component,
suggesting that the southern gas may have already started disso-
ciating from its galaxy population. However, the available weak-
lensing map has a positional precision of ∼ 5′′, which, combined
with the uncertainties on the recovered SZ centroids, limits our
confidence about the observed separation.

Given the clear identification of two individual SZ compo-
nents with comparable strength, we interpret SPT-CL J2106-
5844 as a major merger. While the exact merger scenario is dif-
ficult to ascertain with high certainty, we posit two possible sce-
narios that we consider likely:

1. We are observing the merger before first core passage. This
scenario is supported by the existence of two distinct SZ
peaks that are well fit by spherical gNFW models, and the
X-ray bright, well-formed core in northern component.

2. The merger is observed after the first core passage and has a
relatively large impact parameter (i.e., the merger is off-axis).
In this scenario, the lack of a prominent X-ray core in the
southern component may be explained by the disruption of
the southern subcluster during the first core-core interaction.

It is important to note that, despite the dominant contribution
to the X-ray emission by the bright cool core in the northern
part of the cluster, it is still possible to identify a moderate en-
hancement of the X-ray signal south of the northern cool core
(Fig. 1 and upper right panel in Fig. 11) and coinciding with
southern SZ feature. In the double gNFW scenario used to the
fit the ALMA+ACA SZ data, one can predict the X-ray lu-
minosities of the two substructures using the scaling relation
from Mantz et al. (2016). When considering the masses esti-
mated under the assumption of a universal pressure model, this
leads to the total X-ray luminosity in the 0.1 − 2.4 keV band
of 11.4+2.1

−1.8 · 1044 erg s−1, lower than the corresponding value of
20.5+1.0

−1.0 · 1044 erg s−1 measured from the core-excised X-ray ob-
servations (Fig. 12). It is worth noting that a low X-ray lumi-
nosity of 13.0+3.6

−3.0 · 1044 erg s−1 is found also when applying the
X-ray scaling to the total mass estimate reported in AdvACT cat-
alog (6.00+0.91

−0.79 ·1014 M�; Hilton et al. 2021). This is however not
surprising, given both the impact of the interferometric filtering
on the SZ model (see Sect. 4.2 below) and the disturbed nature
of the system . In interacting clusters, both the X-ray luminosity

and the thermal SZ effect can be boosted, with the magnitude of
the boost being dependent on the characteristic Mach numberM
of the shocks in the interacting region (see, e.g., Churazov et al.
2020). For low M values, the X-ray brightness might be more
strongly affected than the thermal SZ signal, while the opposite
is true for very high M. In addition, the X-ray luminosity (and
the appearance of the X-ray image) can be affected by the pres-
ence or absence of the cool core, which is the case for the north-
ern region of SPT-CL J2106-5844. It is clear that much better
X-ray and SZ data are needed to cleanly distinguish these two
proposed scenarios. At present, the data appears consistent with
both cases.

4.1. The origin of the extended radio structure

The morphology of the radio emission around the BCG sug-
gests that it may be associated with a radio jet from the central
AGN with mildly bent arms (Sakelliou & Merrifield 2000). Such
sources are not uncommon in disturbed galaxy clusters, as the
motion of a radio galaxy with respect to the intracluster gas can
induce a significant bending of the radio lobes (see, e.g., Paterno-
Mahler et al. 2017, Garon et al. 2019, Golden-Marx et al. 2019,
Moravec et al. 2020). On the other hand, the southern diffuse
emission C3 (Fig. 6) appears cospatial with a collection of ellip-
tical galaxies identified in the HST image, with a few of them
manifesting a mild correspondence with bright spots in the ex-
tended radio feature. It is hence possible that the southern radio
structure does not belong to the radio galaxy system associated
with the BCG, but arises as a superposition of relatively extended
emission due to past or ongoing AGN activity within any of the
members of the observed galaxy overdensity.

In addition, it is worth considering that the combination of
the spatial filtering with the limited sensitivity of the ATCA data
may result in images highlighting only the most compact and
bright component of the total radio emission, obscuring a more
extended component beneath the narrower structure. Thus, inde-
pendently of the above scenarios, the possibility that a fraction
of the extended emission is associated with an diffuse radio halo
cannot be entirely ruled out.

In the following subsections, we explore a few key aspects
and implications of these possibilities for the origin of the ex-
tended radio emission.

4.1.1. Connection with the central AGN

The EMU and ATCA data do not allow us to narrow down the
hypotheses regarding the nature of the diffuse radio emission
and, in particular, whether the extended feature belongs in its
entirety to the radio galaxy coinciding with the BCG, or if it is
a blend of several extended radio sources and radio-loud galax-
ies. In the former case, the whole radio structure should remain
associated with the environment of only the northern ICM sub-
structure. If the system has not yet begun to interact, no opportu-
nity for mixing has occurred, but even if the merging subclusters
have experienced first contact or undergone an off-axis (i.e., high
impact parameter) core passage, a contact discontinuity separat-
ing the ICM components of the two subclusters may persist for
some time.

With only ∼ 800 source counts in the Chandra imaging,
we find no conclusive evidence in the X-ray hardness ratio map
(Fig. 2) for X-ray cavities or dredging by the radio jet of cold
material from the core region up to scales larger than the extent
of the radio structure (i.e., ∼ 200 kpc from the compact core)
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Fig. 11. Comparison of the SZ effect (upper left), smoothed X-ray surface brightness (upper right), signal-to-noise map of the weak-lensing
convergence (middle left; Kim et al. 2019), X-ray hardness ratio (middle right) maps, and EMU (lower left) and ATCA (lower right) images
for SPT-CL J2106-5844. The black contours appearing in all panels represent the unfiltered SZ model derived in Section 3.2.3. To facilitate
comparison between the main cluster features, we overlay to the Chandra, EMU, and ATCA the same contours as in Fig. 1, 3, and 5, respectively,
while the ones for the mass distribution reproduce the contours in Fig. 6 of Kim et al. (2019). The symbols in all the maps denote the positions
of the BCG (triangle; Song et al. 2012), the peak in the galaxy number density (circle; Kim et al. 2019), and the SZ centroid as measured by SPT
(diamond; Bleem et al. 2015). The two SZ features can be seen to correspond to two weak-lensing mass peaks, as well as mildly soft components
of the X-ray emission, in turn corresponding to the X-ray peak and the southern extension. We note that, interestingly

, the curved morphology of the southern feature in the SZ dirty image (thick black contours in the middle right panel) appears to
trace an arc-shaped patch of hard X-ray emission.

that would conclusively support the interpretation of the diffuse
radio structure as only due to AGN activity from the central
galaxy. Further, each of the dominant features in the extended
radio plasma (i.e., the core region of the radio galaxy and C3;
Sect. 3.1.2 and Fig. 6) spatially correspond to one of the dis-
tinct SZ subcomponents, consistent with the potential interpre-

tation for the radio structures to be generated by separate pop-
ulations of radio sources. Independently of the specific origin
of the observed radio signal, the cluster merger may be the pri-
mary responsible for making the elongated radio feature visible,
as shocks and adiabatic perturbations may induce reacceleration
or compression of fossil electrons (van Weeren et al. 2019). In
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fact, in the case of the diffuse radio emission originating in its
entirety from the central AGN, a process able to rejuvenate the
radio plasma would be required to boost the emission to the lev-
els seen at ATCA frequencies. In particular, a characteristic life-
time for synchrotron-emitting electrons due to synchrotron and,
especially, inverse Compton energy losses is less than 10 Myr at
the cluster redshift for any value of the magnetic field. This is
roughly between one and two orders of magnitude shorter than
the time required to advect relativistic electrons across 200 kpc
with a velocity equal to the sound speed in the ICM.

We note that, while the presence of a radio-loud AGN in
the center of a cluster at low redshift is known to correlate
with the presence of a cool core (e.g., Pasini et al. 2020), SPT-
CL J2106-5844 is not unique in being a merger hosting a radio-
loud AGN. In general, Bîrzan et al. (2017) found that for an
SZ-selected sample of clusters at 0.75 < z < 1.2, there was
no correlation between the presence of an AGN and whether
the cluster had a cool core or not. For more specific exam-
ples, Savini et al. (2019) report the disturbed, non-cool-core
cluster RXCJ0142.0+2131 hosts a similarly bright AGN, while
Moravec et al. (2020) and Ruppin et al. (2020) report on the
merging clusters MOO J1506+5137 and MOO J1142+1527,
both of which host radio bright AGNs and are located at a
similar redshift as SPT-CL J2106-5844. As another example,
RXJ1347.5-1145 hosts a radio luminous AGN in the center of
its intact cool core, and is thought to be a dramatic late-stage,
off-axis merger (Ueda et al. 2018). In contrast with the double-
peaked SPT-CL J2106-5844, Di Mascolo et al. (2019a) found
that the SZ signal in RXJ1347.5-1145 can be described by a sin-
gular ellipsoidal gNFW pressure distribution on scales from ap-
proximately 4′′to beyond 10′, supporting the post- or late-stage
merger interpretation.

4.1.2. Upper limit on the radio halo contribution

The ATCA data clearly show that the jet-like feature provides
a dominant contribution to the radio signal on modestly large
scales (∼ 400 kpc; Fig. 5). Despite the multiple pieces of evi-
dence presented in the previous section in support of the AGN
origin of the radio structure, though, the similarity in distribution
between the EMU diffuse radio structure and the ICM within
SPT-CL J2106-5844 (lower panel of Fig. 3) makes the extended
radio emission in principle consistent with the general trend in
other radio haloes (van Weeren et al. 2019).

In fact, mini-halos are sometimes observed around BCG
galaxies residing in cool cores (e.g., Richard-Laferrière et al.
2020), and giant radio halos might be expected here, as well,
given the mass of the system and its merger status. Further, at the
characteristic luminosities expected for such structures (Fig. 7),
they would not be visible given the very strong radio emission
from the proposed radio galaxy associated with the BCG in SPT-
CL J2106-5844. Due to the increased inverse Compton cooling
efficiency at high redshift, we might expect high-redshift radio
haloes to be less powerful than their low-redshift counterparts
that have been used to construct the mass- and X-ray luminosity-
halo luminosity scaling relationships (e.g., Cassano et al. 2013,
van Weeren et al. 2019, Cuciti et al. 2021a). However, Di Gen-
naro et al. (2020) recently reported the detection of luminous
radio haloes for a sample of galaxy clusters with redshift up to
z ' 0.90, which unexpectedly closely follow the low-redshift
correlations. They interpret this as being due to a combination of
the increased availability of electrons due to higher star-forming
and AGN activity plus an unexpectedly high magnetic field at
these early epochs. If similar conditions prevail at z = 1.132,

we could expect a halo associated with SPT-CL J2106-5844 to
also lie on the low-redshift scaling relations. In particular, when
accounting for both the increase with the redshift in the inverse
Compton efficiency and in the turbulence injection rate, one finds
that, at z = 1.132, a magnetic field with strength ∼ 2% lower than
for clusters at z = 0.7 is sufficient to generate a halo with the
same radio luminosity as measured at lower redshift (Di Gen-
naro et al. 2020). To date, though, no information is available
on the population of radio haloes in galaxy clusters in the same
redshift range of SPT-CL J2106-5844, limiting the possibility of
robustly predicting the radio properties of the cluster.

To explore the implications of possible halo-related radio
emission, we compute the radio power for SPT-CL J2106-5844
and compare this with the typical observable-radio power scal-
ing relations for radio haloes. We compute the radio power by
integrating the radio signal measured in the naturally-weighted
2.1 GHz ATCA map within the region with a significance > 4σ
(i.e., inside the second contour in the middle panel of Fig. 5).
Since ATCA and EMU provide measurements of fluxes consis-
tent with the same power-law spectrum (Fig. 7), they can provide
equivalent constraints on the halo power. We however choose
to use the ATCA data as they allow for a better discrimination
against the contamination from more compact emission. The
contribution from the radio source coincident with the BCG is
expected to be minimal, as a model for its signal has been pre-
liminary subtracted from the ATCA data (Sect. 2.4). At the same
time, the selected region directly excludes the sources C1 and
C2 (Fig. 6). The measured flux density is then scaled to 1.4 GHz
using a spectral index of -0.87 (Sect. 3.1.2) giving a 1.4 GHz
rest-frame radio luminosity of 1.2 · 1025 W Hz−1. Because much
or all of the diffuse emission may be related to clumps of galax-
ies or AGN emission, the calculated values should be considered
only as upper limits to the radio halo.

Fig. 12 shows that the upper limit to the radio power is lower
than the average trend with X-ray luminosity, but consistent with
the overall scatter seen in that quantity. This lower than average
ratio could be due to a temporary large enhancement of the X-ray
luminosity, akin to that seen in merger simulations (e.g., Ricker
& Sarazin 2001, Randall et al. 2002, Poole et al. 2007, Wik et al.
2008). The radio halo power can also be lower than the aver-
age trend during pre-core passage (Donnert et al. 2013). We also
considered the possibility that an X-ray bright cool core in the
north could increase the observed X-ray luminosity; however,
excising it resulted in only a minor change. In summary, given
the variations expected in both radio and X-ray luminosities, the
observations of SPT-CL J2106-5844 appear consistent with the
current established relationship.

Figure 12 also shows that the upper limit on the radio halo
luminosity for SPT-CL J2106-5844 is slightly larger than the
scaling relations by Basu (2012) and Cassano et al. (2013) for
the spherically integrated SZ signal. It is among the highest ra-
dio values for clusters with comparable SZ properties. Given that
our measurement is an upper limit only, it is therefore consis-
tent with the SZ results. However, we note that if the actual ra-
dio power were an order of magnitude below our upper limit,
it would be comparable to the radio luminosities expected from
the SZ scaling, but would be part of the low-radio-power popula-
tion based on the X-ray luminosity. It is not clear exactly what to
expect for SPT-CL J2106-5844, though, since the merger status
would lead to expectations for a high radio halo power, whereas
clusters with bright radio BCGs and cool cores only rarely show
large radio halos (see, e.g., Kale et al. 2019). Nevertheless, given
the multiple radio structures and range of scale sizes present in
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Fig. 12. Radio power versus X-ray luminosity (top) and spherically in-
tegrated SZ signal (bottom). The solid lines and shaded regions in both
panels correspond to the scaling relations and given 95% confidence in-
tervals reported by Cassano et al. (2013), respectively. For comparison,
we report as a dashed line the scaling relation derived by Basu (2012) di-
rectly on the integrated SZ values Ysph(< 5r500). The data points are from
Bîrzan et al. (2019), Di Gennaro et al. (2020), Cuciti et al. (2021b), and
references therein, and correspond to galaxy clusters with clear identi-
fication of radio haloes (green circles) or non detections (gray circles).
We note that many systems are not included in the top panel as there are
no published values for their X-ray luminosities. For the Ysph(< 5r500)
estimates, we consider the values from Planck SZ catalog (Planck Col-
laboration et al. 2016b) except for SPT-CL J2106-5844, for which we
use the integrated SZ flux computed from the AdvACT measurement
of its mass (Hilton et al. 2021). The solid and open red markers cor-
respond to the X-ray luminosities measured including or excising the
X-ray bright core, respectively. Although the X-ray luminosity of SPT-
CL J2106-5844 (red square) is consistent with the expectation for the
measured radio power, the cluster shows a large offset with respect to
the radio power-integrated SZ effect relation. We caution that the con-
straint on the radio power from SPT-CL J2106-5844 does not imply a
non-detection, but an upper limit to the contribution from a potential
radio halo.

the cluster, it is not clear that a robust measurement of the halo
power is practical.

4.2. The dynamics of the ICM substructures

The northern SZ component is observed to be located around
the position of the BCG and the brightest region of the X-ray
emission. We measure an offset of around 24 kpc and 69 kpc be-
tween the reconstructed SZ centroid and, respectively, the BCG

and X-ray peak. Such a situation is common in galaxy clusters
whose central regions are experiencing gas sloshing (Ascasibar
& Markevitch 2006, ZuHone et al. 2011, 2013, Bykov et al.
2019, Simionescu et al. 2019). In such cases, minor or off-axis
merger events induce oscillatory motions of the gas within the
gravitational potential well of clusters. The net result is the gen-
eration of anti-correlated perturbations in the cluster density and
temperature fields spiraling around the BCG. Since the slosh-
ing motion happens in the subsonic or transonic regime (e.g.,
Ueda et al. 2018, 2019), the SZ effect should remain relatively
unperturbed. For sloshing taking place in the plane of sky, the
measured X-ray surface brightness would be dominated by the
emission from the colder and denser gas, which does not neces-
sarily coincide with the peak of the line-of-sight-integrated elec-
tron pressure. As a result, the X-ray peak may be displaced with
respect to the SZ centroid. Such a scenario is consistent with
the X-ray surface brightness and hardness ratio measured for the
northern component. The brightest region coincides with a rela-
tively soft region, presumably belonging to a cool core disrupted
by the gas sloshing, while the harder region west of the BCG
may be tracing the outer edge of a sloshing cold front. Indepen-
dently of the specific merger scenario, a strong sloshing activity
in the northern region of the cluster could further explain the the
relative faintness of the southern X-ray emission with respect to
the main X-ray peak.

A similar correspondence with a mildly soft X-ray emitting
region is found for the southern SZ features, indicating that the
observed gas may belong to the remnant core of the merging sub-
cluster. As mentioned before, this structure is observed to corre-
spond to an extension toward the southeast in the X-ray surface
brightness and peaking around the centroid of the southern SZ
component. Although it is not possible to draw any firm con-
clusion on the specific dynamics of the ICM components, the
comparison of the hardness ratio map with the dirty image of the
ALMA+ACA data further shows that the shape of the southern
SZ structure seems to follow an arc-like X-ray-hard feature ob-
served in the hardness ratio map north of the southern SZ com-
ponent. An exciting possibility is that this feature is a merger-
driven shock. We emphasize again, though, that the significance
of the sole hardness measurement for the aforementioned ICM
structures is only marginally larger than 2σ (bottom panel of
Fig. 2), and further observations, as well as a joint SZ and X-ray
analysis, will be required to confirm (or reject) them.

In Figure 13, we show the redshifts for the galaxies measured
by the Gemini Observations of Galaxies in Rich Early ENviron-
ments7 (GOGREEN; Balogh et al. 2017, Old et al. 2020, van
der Burg et al. 2020, and Balogh et al. 2020) survey. Similarly
to what was inferred from the kinetic SZ analysis (Sect. 3.2.4),
we find no obvious velocity offset between the two main com-
ponents that would indicate the major merger is oriented pre-
dominantly along the line of sight. We do however see evidence
for the western extension identified in the weak-lensing study by
Kim et al. (2019) to be blue-shifted. The structure seems to be
associated with an interloper or filament, ∼ 500 kpc in length,
infalling from the northwest into the cluster with a line-of-sight
component that may be responsible, in the pre-merger hypothe-
sis, for setting in place the putative sloshing in the northern re-
gion of SPT-CL J2106-5844. Alternatively, if we are observing
SPT-CL J2106-5844 in an early post-merger phase, the sloshing
motion within the cluster core may have been induced by the in-
teraction of the two subclusters during the off-axis core passage.

7 http://gogreensurvey.ca/data-releases/
data-packages/
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Fig. 13. Difference between the spectroscopic redshifts of the clus-
ter members from the GOGREEN survey (Balogh et al. 2017, 2020)
and cluster nominal redshift z = 1.132. The cluster galaxy distribution
shows no clear asymmetry in the velocity distribution on the plane of
sky, but highlights that the cluster members are organized in a filamen-
tary structure around SPT-CL J2106-5844. The SZ model in units of
Compton 2 is shown on the background. The black contours correspond
the weak-lensing convergence map as in Kim et al. (2019).

The lack of symmetry in the amplitude of the X-ray peaks co-
inciding with the two distinct SZ features is unusual and possibly
suggests a merger configuration more complicated than a clean,
textbook-case head-on major merger happening on the plane of
the sky. A binary thermodynamic structure is observed, also, in
the merging galaxy cluster Abell 115 (Hallman et al. 2018, Lee
et al. 2020) or Abell 141 (Caglar 2018). On the other hand, the
off-axis merger Abell 754 also manifests a clear asymmetry in its
X-ray signal, with a low surface-brightness tail extending behind
an X-ray bright clump, but the X-ray inferred map for the ICM
pressure is measured to flatten toward the cluster core (Henry
et al. 2004). We note that the X-ray pseudo-pressure map in-
ferred in Henry et al. (2004) may differ systematically from a
true Compton-2 map, due to the differing line-of-sight depen-
dences of X-ray emission and the thermal SZ effect. However,
if the underlying pressure distribution in SPT-CL J2106-5844 is
similar to that inferred for Abell 754, it may happen that the
bimodal structure in the SZ signal is an artifact of the inter-
ferometric large-scale filtering, as most of the signal from the
broad shallow core would not be sampled by ALMA+ACA.
It is in fact worth considering that we measure an integrated
SZ flux density8 for our SZ model of 2.17+0.26

−0.18 · 10−4 arcmin2

(3.01+0.74
−0.77 ·10−4 arcmin2 in the case of universal pressure model),

lower than the measurement 4.7+1.1
−1.3 · 10−4 arcmin2 inferred from

the AdvACT catalog (Hilton et al. 2021). The lower value ob-
tained from our ALMA+ACA modeling is symptomatic of how
the interferometric filtering acts on the model degeneracies by
favoring a more compact and low-mass pressure distribution
than the universal average (Arnaud et al. 2010; Sect. 3.2.3),
hence limiting the possibility of a successful extrapolation of the
reconstructed SZ model to large scales.

Finally, if the merger axis were in the plane of the sky and
the two subclusters were separated by some 300 kpc, a signifi-
cant amount of shocked or compressed gas should lie between
them (see, e.g., the 1.2 Gyr slice in the 1:1 merger with 500 kpc

8 The reported SZ flux density is computed as the cylindrically inte-
grated SZ signal within an aperture of 1.69′, equivalent to the AdvACT
estimate for SPT-CL J2106-5844’s r500.

impact parameter;9 ZuHone 2011). However, a combination of
sensitivity and filtering prevents us from reaching an unambigu-
ous conclusion about the presence of such shocked gas using
the current data. In particular, spatial filtering can remove much
of the large-scale structure associated with the shock, while the
cores of the two subclusters would remain largely unaffected.
This could explain the success of our double gNFW model for
this system. On the other hand, the observed cluster properties
may be the result of projection effects, with the observed signal
from the pre-merging components being produced well before
their first contact. A dual feature in the weak lensing distribution
analogous to the one observed in SPT-CL J2106-5844 was in fact
found by Frye et al. (2019) for PLCK G165.7+67.0, whose lack
of significant SZ and X-ray signatures was interpreted as due to
the line-of-sight configuration of pre-merging subclusters. Over-
all, the combination of a non-negligible impact parameter, line-
of-sight projection effects, and the limitations of the available
X-ray and SZ data restrict the possibility of fully disentangling
the intrinsic structure of the ICM within SPT-CL J2106–5844.

Important information on the true dynamical state of the
cluster could be revealed by a strong-lensing analysis of the
cluster field. In fact, tighter constraints on the mass distribu-
tion would help in understanding whether this is still being
traced by the ICM and, hence, discriminating between the vari-
ous merger scenarios. Unfortunately, we were not able to observe
any strong-lensing feature in the available HST and GOGREEN
images. We do however report the identification of a putative arc-
like feature in the F140W HST image, centered at (21h06m05.s
54,−58°44′41 .′′53) and stretching across 7′′ in the northeast-
southwest direction (i.e., perpendicular to the main cluster axis
and in between the two mass components). Nevertheless, al-
though the geometry is consistent with the expectation for the
observed mass distribution, we note that it is not possible to draw
any firm conclusion on the source being real or just a noise arti-
fact solely based on the available observations.

4.3. A cold star-forming filament surrounding the BCG

The GOGREEN optical-to-near-infrared data further confirm the
presence of a strongly star forming structure surrounding the
BCG, as previously identified by McDonald et al. (2016) in HST
observations (Fig. 14). The origin of such a feature is however
unclear. If associated with the central radio galaxy, it could be
due to the cool gas uplifted from the central cluster region by the
AGN jet or the gas already falling back inward after being cooled
(Churazov et al. 2001, Tremblay et al. 2018, Qiu et al. 2020).
Some support for this hypothesis comes from the apparent cor-
respondence of the orientations of the optical filament and the
extended radio structure surrounding the BCG (Fig. 14), which
is consistent with cooling gas in the relatively undisturbed north-
ern subcluster core (c.f. the soft X-ray emission seen in Fig. 2).
This would provide an immediate explanation for the observed
disbalance in the distribution of the X-ray emission from SPT-
CL J2106-5844. Analogous to results reported by Diego et al.
(2020) for ACT-CL J0102-4915 (“El Gordo”), it would in fact
be possible to ascribe the X-ray peak to cooler, denser gas expe-
riencing a massive cooling flow.

On the other hand, consistent with the scenario of galaxy-
galaxy interactions being the dominant mechanism for triggering
star formation within the cores of clusters at high redshift (Webb
et al. 2015, McDonald et al. 2016, Bonaventura et al. 2017), the
filamentary structure seen in the HST F606W data could consist

9 http://gcmc.hub.yt/fiducial/1to1_b0.5/index.html
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Fig. 14. Composite HST F140W (red), F105W (green), and F606W (blue) images with contours from the smoothed Chandra surface brightness
map (yellow dashed; upper right panel in Fig. 11) and from the 2.1 GHz ATCA data after subtraction of the core radio emission, and imaged using
Briggs weighting with robust parameter equal to 0.00 and a u3-tapering at 10 kλ (white solid, covering the 3σ− 5.5σ range in steps of 0.5σ; upper
panel of Fig. 5). The resulting synthesized beam is shown in the bottom right corner. We denote the position of the subtracted radio core model
with a red ellipse, whose axes and position angle correspond to the synthesized beam of the uniformly weighted 2.1 GHz ATCA image used to
subtract the core emission. The morphology of the central region of the extended radio emission, consistent with a wide-angle tailed radio galaxy
(Sect. 4.1.1; Sakelliou & Merrifield 2000), appears to align in the same direction as the optical filament.

of the remnant gas of a tidally disrupted galaxy merging with the
BCG. The darkened shell surrounding the star-forming clump
that is observed to sit right in front of the BCG could hence be
due to the absorption by an optically thick medium (e.g., dust)
within the infalling galaxy (labeled “obscuration” in the inset
panel in Fig. 14). We note that, despite of the specific scenario
invoked to explain the observed filamentary structure, the syn-
chrotron emission from the star-forming clumps could contribute
to the overall radio signal in the vicinity of the BCG. Unfortu-
nately, the resolution and sensitivity of the current radio data do
not allow one to probe properly the environment around the cen-
tral galaxy. We aim at examining in a future work the dynamics
of the cluster galaxies as well as the physical properties of the
optical filamentary structure around the BCG, complementing
the available measurements with new radio observations at sub-
arcsecond resolution.

5. Conclusions and future work

In this paper, we have used archival observations from ALMA
and ACA to detect and resolve the gas associated with the
two main subclusters comprising the dominant components of
the massive z = 1.132 merging cluster SPT-CL J2106-5844.
These observations exploit several of the main strengths of
ALMA+ACA measurements of the signal due to the thermal
SZ effect — high spatial (i.e., subarcminute) resolution, redshift-
independent surface brightness, a large collecting area that yields
∼ 10−100µJy-level sensitivity, and the spatial dynamic range re-
quired to model contamination by compact sources — to reveal
two unambiguous SZ components of approximately equal am-
plitude.

We also present archival, multiband radio observations from
ATCA, along with new data from the EMU Pilot Survey per-
formed by ASKAP. Removal of the compact radio sources

within the field reveals a diffuse radio structure on scales of
∼ 400 kpc. The overall morphology suggests that the extended
radio signal could be associated with large-scale jets from a
radio-loud AGN within the BCG and, plausibly, with a star-
forming filament previously identified in optical data. However,
there is ample evidence to support the possibility for the south-
ernmost radio extension to be due to a complex of radio-loud
sources independent of the central radio galaxy, although the
available radio data do not provide sufficient constraints on the
origin of such structure.

When combined with evidence from weak lensing (Kim et al.
2019) and X-ray observations, our results indicate the system
could be just after first core passage, but only if the merger has a
high impact parameter (i.e., did not undergo a direct collision in
its first pass), or could be in a pre-merger phase. The latter would
allow for the possibility that the cluster is just before first core
passage if a low impact parameter merger, or that the merger ge-
ometry includes a large line-of-sight component. However, the
former — that this is an off-axis merger post first core passage
— has the advantage that it more readily explains the asymme-
try observed in the X-ray surface brightness. Further, it would
naturally be compatible with the possibility for the large-scale,
radio-emitting plasma to be produced solely by the AGN associ-
ated with the BCG and to permeate a portion of the ICM associ-
ated with the southern subcluster component. An exciting possi-
bility, compatible with both merger hypotheses, is that the arced
morphology of the southern SZ peak is due to a merger-driven
shock. An arc-shaped band of hard X-ray emission is tentatively
detected at ∼ 3σ ahead of this SZ feature (see middle-right panel
of Fig. 9). The location of the southeastern lensing peak (Fig. 9,
middle-left), ostensibly propagating ahead of the feature, would
support this interpretation.

Future deep radio follow-up campaigns using, for example,
MeerKAT (Jonas 2009, Jonas & MeerKAT Team 2016) at higher
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resolution will be required to elucidate the nature of the extended
radio emission and determine if the correspondence between the
optical filaments and radio structure are in fact reliable. Such ob-
servations can also be used to discern if the extended filamentary
structure near the BCG is due to radio jets or synchrotron from
star formation, and if a knotty substructure contributes signifi-
cantly to these emission seen in the current ATCA and ASKAP
observations. One possible explanation for some of the extended
radio features not associated with compact sources is that the
motion of the ICM induced by the merger event has distorted
and reaccelerated electrons from past radio outbursts (ZuHone
et al. 2020). Deeper and higher-resolution low-frequency radio
data could also be used to search for evidence of reacceleration
due to merger-induced shocks. In addition, better polarization
constraints could be used to search for potential relic complexes,
thus helping to shed light on the merger dynamics.

In addition, deeper ALMA+ACA observations could be used
to confirm (or dismiss) the putative shock ahead of the south-
ern SZ component as well as to search for other merger shocks
and SZ substructures (e.g., Basu et al. 2016, Di Mascolo et al.
2019b). Such observations will benefit from the improved sen-
sitivity to SZ brightness and larger scales expected for ALMA
Bands 1 and 2 (Di Francesco et al. 2013, Huang et al. 2016,
Fuller et al. 2016, Yagoubov et al. 2020). And beyond this,
future large single-dish (sub)millimeter-wave observatories like
the Atacama Large Aperture Submillimeter Telescope (AtLAST;
Klaassen et al. 2019, 2020) will provide a more complete picture
of the SZ effect in the clusters it discovers and targets on scales
of ∼ 80 kpc to beyond the virial radius.

Apart from SZ observations, further high-resolution ALMA
measurements of the CO lines could be used to determine if
there is a cold molecular component to the filaments surround-
ing the BCG. Deep spectroscopy of these lines would enable dy-
namical analyses to yield information on whether they contain
multiple velocity components, which would support the hypoth-
esis that we are observing star formation induced by a galaxy-
galaxy merger (e.g., Greve et al. 2005). Such observations could
be included when performing deeper SZ observations in ALMA
Bands 3 and 4, but were excluded from the archival data ana-
lyzed in this work.
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