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Galaxy clusters are the most massive gravitationally bound structures in the Universe,
comprising thousands of galaxies and pervaded by a diffuse, hot intracluster medium

(ICM) that dominates the baryonic content of these systems. The formation and
evolution of the ICM across cosmic time'is thought to be driven by the continuous
accretion of matter from the large-scale filamentary surroundings and energetic merger
events with other clusters or groups. Until now, however, direct observations of the
intracluster gas have been limited only to mature clusters in the later three-quarters

of the history of the Universe, and we have been lacking adirect view of the hot,
thermalized cluster atmosphere at the epoch when the first massive clusters formed.
Here we report the detection (about 60) of the thermal Sunyaev-Zeldovich (SZ) effect?
inthe direction of a protocluster. In fact, the SZ signal reveals the ICM thermal energy
inaway thatis insensitive to cosmological dimming, making it ideal for tracing the
thermal history of cosmic structures?. This result indicates the presence of a nascent
ICM within the Spiderweb protocluster at redshift z=2.156, around 10 billion years ago.
The amplitude and morphology of the detected signal show that the SZ effect from the
protocluster is lower than expected from dynamical considerations and comparable
with that of lower-redshift group-scale systems, consistent with expectations for a
dynamically active progenitor of alocal galaxy cluster.

To measure the SZ effect of the protocluster complex surrounding PKS
1138-262 (z=2.156; commonly known as the Spiderweb galaxy), we used
the Atacama Large Millimeter/submillimeter Array and obtained deep
Band 3 (94.5-110.5 GHz) observations, exploiting both the main 12-m
array (ALMA) and the 7-m Atacama Compact Array (ACA).
Thetransition from sparse protocluster complexes to mature, nearly
virialized systems is a tumultuous process'*. Energetic events—for
example, infalland accretion of the diffuse medium from surrounding
filaments, mergers with substructures and feedback from active galac-
tic nuclei (AGN)—affect the regularity of the assembling ICM, with
simulations predicting that their effects could persist formore thana
Hubble time®. From an observational point of view, this implies that
buildingasimple, analytical model describing the morphology of the
disturbed proto-ICM is not a trivial task. Further, the possibility of
mapping the ICM within galaxy protoclusters relies on our ability to
separate the SZ footprint from any contaminating sources within the
field. In fact, the Spiderweb galaxy harbours a powerful AGN®7, with
associated hybrid-morphology®’ jets extending over scales of about
100 kpc. Theresultis that the millimetre-wavelength continuum signal
in the direction of the Spiderweb protocluster is dominated by the

emission from the central radio galaxy. In the available Band 3 ACA
data (probing the SZ signal thanks to its ability to recover larger angu-
lar scales), we measure a peak surface brightness for the continuum
emission from the central radio source of 2.39 + 0.12 mJy beam™.
By assuming that, also at the Spiderweb redshift, the total mass and
volume-integrated SZ signal scale covariantly (as established theo-
retically and empirically for low-z clusters; see ref. ° for a review), we
find that such a flux estimate is at least an order of magnitude larger
than the absolute amplitude of the peak SZ signal expected for the
Spiderweb protocluster (0.2 mJy beam™) computed by considering
an upper limit of about 10" M, for the mass of the system™ ™ (with M,
denoting the mass of the Sun). This large difference in the dynamic
range of the surface brightness of the extended structure of the Spider-
web galaxy and of the underlying SZ effect limits the possibility of
performing a robust separation of the two signals through standard
imaging techniques. Thus, to handle the above complexities and obtain
astatistically robust detection of the SZ signal, we need torely on sim-
plifying assumptions. We thus assume that the SZ signal is generated
by a spherically symmetric ICM distribution and that the extended
radio source canbe described by a collection of point-like components
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Fig.1|Binned uvprofiles of the Band 3 ALMA and ACA data. a, Comparison
ofthereal (Re) and imaginary (Im) parts of the visibilities (V) for the binned
ALMA and ACA data, and for the radio-source model. The solid lines represent
the corresponding median uv profile for each visibility set obtained by
marginalizing over different numbers of point-like components (see Methods).
The model uncertainties are computed accordingly but, despite being plotted,
aretoosmalltobevisible. The shaded regions denote the standard deviation of
the azimuthal variation of the model amplitude in each uv bin, owing to the
elongated morphology of the radio galaxy and the asymmetric visibility
patterns. The systematic drop in the real component of the visibilities at short
uvdistances (thatis, large angular scales) provides evidence for the presence of
aSZdecrement towards the Spiderweb complex. We note that, aswe donot see
asimilar deviationintheimaginary component, this cannot be ascribed merely
to phase variations owing to off-centre sources. b. Comparison of SZ models

(Methods). We then analysed the available ALMA data using a Bayesian
forward modelling approach’. The inclusion of amodel component
for the SZ signal is favoured by the Bayesian evidence (that is, the nor-
malization factor in Bayes’ theorem, given by the likelihood marginal-
ized over the prior volume and key element for performing Bayesian
model selection) over the case comprising only the jet and AGN
emission (Fig. 1) at an effective significance g.=5.97 + 0.08. This is
estimated from the difference Alog Z of the logarithm of the evidences
(hereafter, log-evidence) for the models with and without a SZ compo-
nent and by assuming the posterior distribution to be described by a
multivariate normal distribution (thatis, o, =sgn(Alog2) - ,/2|Alog Z|).
We further note that the reported value represents a conservative lower
limit on the actual significance of the SZ signal, as different prescrip-
tions for the pressure distribution of the ICM further improve the
Bayesian evidence (see Extended Data Table 2 in Methods). Given
the above self-similar assumption for the pressure distribution, we
estimate that the detected SZ signal would correspond to a halo with
Mspo=(3.46'333) x 10" M, and rypo=228.915% kpc, in which My, is the
total mass contained in the spherical volume of radius ry,, within which
the average density is 500 times larger than the critical density of the
Universe at the source redshift (here, as in the rest of the manuscript,
the best-fit value and the uncertainties correspond to the 50th, and
16th and 84th percentiles of the posterior distribution function for a
given model parameter, respectively). At face value, this mass con-
straint is much lower than the naive (and largely uncertain) expecta-
tions based on velocity-dispersion measurements previously reported
in the literature™*". We find that considering different assumptions
for the ICM pressure distributions slightly relieves this tension but
produce mass estimates still smaller than expected from dynamical
considerations. However, comparing our estimate of the volume-
integrated SZ signal with the corresponding value predicted from
dynamical mass estimates provides an empirical demonstration that
thedetected ICM halois probably part of an extended complex of sev-
eralinteracting substructures. Similar hints are observed when repeat-
ing our analysis by including several SZ components to the overall
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withthe ALMA and ACA data. Shown are the worst (A10 UP; ref.?®) and best
(L158.0; ref.??) SZ profiles, intended as the models that are statistically
favoured theleast and the most, respectively, based on their Bayesian evidence.
Before binning the data, we subtracted the median radio model from the
visibilities and shifted the phase centre on the SZ centroid. The uncertainties
associated with the radio model and with the SZ coordinates are propagated
intothe ones for the ALMA and ACA data points. The shaded regions
correspond to the 68% credible intervals for each model. Alsoin this case,
theuncertainties and median SZ profiles are marginalized over models with
varying numbers of point-like components. The divergence of the two models
and theincrease of their uncertainties at small uv distances (that s, large scales)
issymptomatic of the limited capabilities of ALMA+ACA in constraining fluxes
aboveabout1.70’.For both panels, the error bars denote 1o uncertainties.

model, without however providing conclusive and statistically mean-
ingful results. The observed discrepancy between the SZ mass estimate
and the value from velocity-dispersion measurements, in combination
with the evidence for a positional offset between the Spiderweb galaxy
and the SZ centroid is thus consistent with amerging scenario, in which
the complex structure of the pressure distribution of the proto-ICMis
not necessarily well captured by the simple analytical models used in
our analysis. A thorough discussion of the potential explanations of
suchdiscrepancy, together with the assessment of potential systematic
issues, can be found in Methods.

Tocircumvent the limitations of these analytic resultsand corroborate
our measurements witha more realistic and physically complex model,
we perform a comparison of the SZ signal that we reconstructed from
the ALMA+ACA data with mock SZ observations based on cosmologi-
cal hydrodynamical simulations™® of galaxy protoclusters (Methods).
We emphasize that the scope of this comparison is not aimed at iden-
tifying an exact simulation counterpart to the Spiderweb protocluster
but rather at guiding our interpretation of the measured SZ effect by
providing quantitative predictions on the overall SZ signal expected
to be measurable in the observations. We generate mock ALMA+ACA
observations for aset of 27 simulated massive halos (Msy, 2 1.3 x 10 M,
atz=2.16) that represent progenitors of galaxy clusters with masses
at redshift z= 0 in the range Msy, = (5.6-8.8) x 10 M_ h™". In Fig. 2, the
resulting uv profiles for all the simulated clusters are compared with
theradio-source-subtracted ALMA+ACA data (asshowninFig.1). These
show an agreement between the observed SZ signal, the prediction
for halos of mass Mgy, ~ (2-5) x 10" M and, in turn, the independent
estimates of the protocluster mass from the parametric modelling.
Such aresult provides a straightforward assessment of the reliability
of the above results and, therefore, of the mismatch of the amplitude
of the observed SZ signal with the expectations from dynamical con-
siderations.

The analysis described above required areduction of the computa-
tional complexity by limiting the range of uv scales used for the model
reconstruction. To obtain a high-resolution view of the Spiderweb
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Fig.2|uvprofilesfrom mock SZ observations of simulated galaxy
protoclusters. Each curverepresents the uv profile obtained for a halo
extracted fromthe Dianoga set after projecting the corresponding SZ map
onto thevisibility plane, colour-coded according to their mass. Foracomparison,
we further plot the binned ACA and ALMA measurements from Extended
DataFig. 6. Consistent with our finding from the parametric modelling, the
observed SZ signal suggests that the Spiderweb protocluster is characterized
by amass Msqo ~ (2-5) x 10" M. We note that this resultis only weakly dependent
onthe cosmologicalmodeladopted inthe reference simulation. As for Fig.1,
theerrorbars correspond tothelouncertainties on the binned ALMA and
ACAdata.Re(V)andIm(V) arethereal and imaginary parts of the visibilities (V),
respectively, for thebinned ALMA and ACA data.

complex and fully exploit the entirety of the dynamic range of physical
scales investigated by ALMA+ACA, we apply an independent, sparse
modelling approach to image the available data (see Methods for
details). Theresulting high-resolution image of the SZ signal obtained
after subtracting the best-fit radio source from the ALMA+ACA data
is provided in Fig. 3, along with a multiwavelength perspective on
the Spiderweb complex (see also Extended Data Fig. 6 in Methods).
Overall, theinclusion of this informationin the context of the wealth of
multiwavelength data associated with the Spiderweb system strongly
supports an extremely dynamically active phase of protocluster for-
mation (Methods). The multiphase environment is in fact experienc-
ing complex interactions with the extended radio galaxy and mass
accretion from the large-scale cosmic web and energetic merging
events'?, consistent with the considerations from our parametric
analysis.

Overall, thereportedidentificationin the ALMA+ACA observations
of the SZ signal from the central region of the Spiderweb complex is
providing the direct indication that the system is more than a loose
association of galaxies and has already started assembling its own halo
of diffuseintracluster gas. Mostimportantly, thisis providing a statis-
tically meaningful confirmation of long-standing predictions from
cosmological simulations® for the existence of an extended halo of
thermalizing ICM within the Spiderweb protocluster, as well as of obser-
vational works, so far limited just toindirect®?*?' evidence or tentative
detections”?, At the same time, this detection shows that current SZ
facilities could be used to effectively open anew observational window
on protocluster environments. Many such systems, including more
massive protoclusters, arein fact expected* to exist out to z ~ 3. To this
end, the SZ effect provides the means for obtaining a straightforward,
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Fig.3|Multiwavelength view of the Spiderweb complex. Composite Hubble
Space Telescopeimage based on ACS/WFC F475W and F814W data of the
Spiderweb field. Overlaid are the emission from the Spiderweb galaxy and
associated extended radio jet as measured by the VLA in X-band®’ (8-10 GHz; red),
theimage of the extended Lya nebula'*° observed with the FORS1 instrument
onthe VLT (pink) and the SZ signal from acombined ALMA+ACA image
(lightblue). Whenimaging the ALMA+ACA data, we applied to the visibility
weights auv taper with g,,,, = 20 kA to both suppress any noise structures
onsmallscales and to emphasize the bulk distribution of the SZ signal from
the ICM of the Spiderweb protocluster. The SZ effect offset with respect to
the Spiderweb galaxy suggests that the protocluster coreisundergoinga
dynamically active phase. The white diamonds denote all the spectroscopically
confirmed member galaxies summarized inref. ® and references therein.

unambiguous confirmation of the probable progenitors of local galaxy
groups and clusters, as well as of the continuing thermalization of the
forming ICM in these systems or any of their parts®. In fact, even in
the case of the extensively studied Spiderweb protocluster—for which
we have spectroscopic confirmation for 112 member galaxies across
the entire protocluster structure®—arobust identification of distinct
subhalos through a spectroscopic characterization has so far been
ineffective. Similarly, obtaining a robust identification of a thermal
ICM component with current X-ray facilities would require a prohibi-
tive amount of observing time, as well as an accurate separation of
thermal, inverse Compton and AGN contributions to the overall X-ray
signal?>*2¢?_ We refer, for instance, to the recent Chandra study? of
the Spiderweb protocluster (see also Extended Data Fig. 6 in Methods),
which, despite being based on observations with an exposure time more
thananorder of magnitude larger than the ALMA+ACA measurements
used in this work, provided tentative but inconclusive support to the
thermal origin of a diffuse component in the X-ray emission. Identify-
ing and performing detailed characterization of many more of the
first-forming clusters during the crucial phase of vigorous relaxation
and thermalization will be essential for gaining acomprehensive view
of the emergence of galaxy clusters from the large-scale structure of
the Universe, as well as the environmental processing of galaxiesin the
earliest phases of their evolution. Similarly, it will help shed light on the
role of feedback mechanisms in determining the physical properties
of the diffuse baryons in the proto-ICM at the very epochs when their
activity is expected to peak and to have a key impact on galaxy and
protocluster formation.
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Methods

Cosmology

Inthis work, we consider aspatially flat A Cold Dark Matter cosmological
model, withQ,,=0.30,0Q,=0.70and H,=70.0 km s Mpc .. At the red-
shift of the Spiderweb complex (z =2.156),1” corresponds to 8.29 kpc.

ALMA observations and reduction

An extensive observational campaign was performed during Cycle
6 to obtain a detailed view of the Spiderweb complex in Band 3 (pro-
ject code: 2018.1.01526.S, principal investigator A. Saro). The data
comprise measurements from the main 12-m ALMA* array in three
different configurations (C43-1, C43-3 and C43-6), aimed at provid-
ing a high-dynamic-range view of the structure, as well as from the
7-m ACA* (also known as the Morita Array), complementing the
ALMA observations over SZ-relevant scales (that is, over a uv range of
2.2-17.5kA, corresponding to scales 767-97 kpc at the redshift of the
Spiderweb galaxy). The spectral setup for all the configurations was
tuned to cover the frequency range 94.5-110.5 GHz, split over four
2-GHz-wide spectral bands centred at 95.5 GHz, 97.5 GHz,107.5 GHz
and 109.5 GHz, respectively. In particular, the last window targets the
line emission resulting from the /= 3-2 transition from the carbon
monoxide (CO; rest frequency 345.796 GHz). As we are interested in
modelling only the continuum component of the observed signal, we
conservatively exclude all the visibilities from the spectral window
expected to contain the redshifted CO /= 3-2line. In fact, excluding
only the channels corresponding to the specific emission line would
provide a slight improvement in the overall statistics of the analysed
data.Previous studies® * of the molecular content of the nuclear region
around the Spiderweb galaxy and of protocluster galaxies have shown,
however, that the cold molecular gas within the Spiderweb complex
is characterized by large velocity dispersion as well as broad differ-
encesinthe systemic velocities of the member galaxies. Faint tails and
offset components may hence contaminate the continuum signal in
any channelsin the proximity of the emission line, potentially affecting
the model reconstruction.

Data calibration was performed in the Common Astronomy Software
Applications® (CASA; https://casa.nrao.edu/) package version 5.4.0
using the standard reduction pipeline provided as part of the data
delivery. The direct inspection of output visibility tables highlighted
no clear issues with the outcome of the pipeline calibration and we
therefore did not performany extra flagging or postprocessing tuning.
Theresulting root-mean-square (RMS) noise levels of the observations
areestimated tobe 4.10 pJy beam™,29.1 pJy beam™and 14.2 pJy beam™
forthe C43-1,C43-3 and C43-6 ALMA measurements, respectively, and
32.0 pJy beam™ for the ACA data.

To obtain better knowledge of the spectral properties of the meas-
ured signals, we further include in our analyses archival Band 4 ALMA
(project code: 2015.1.00851.S, principal investigator B. Emonts) and
ACA (project code 2016.2.00048.S, principal investigator B. Emonts)
observations. In both cases, we use the calibrated measurement
sets provided by the European ALMA Regional Centre network®
through the calMS service®. The achieved RMS noise levels amount
t0 99.0 pJy beam™ and 6.29 pJy beam™ for the ACA and ALMA data,
respectively. As with the Band 3 measurements, we exclude from our
analyses the spectral windows in Band 4 covering the COJ/=4-3 and
[CI]3P,—*P, emission lines®.

Allinterferometricimages presented in thiswork are generated using
CASA package version 6.3.0.

Nested posterior sampling

To obtain a statistically robust detection of the potential SZ signal in
thedirection of the Spiderweb complex, we use the approach already
used inrefs.'***in the context of ALMA+ACA studies of the SZ signal.
Inbrief, we perform a visibility-space analysis, which allows for exactly

accounting for the non-uniform radio-interferometric transfer func-
tion, as well as taking advantage of the Gaussian properties of noise in
the native Fourier space. Any extended model component is created
inimage space, taking into account the proper frequency scaling and
primary-beam attenuation for any fields and spectral windows used in
the analysis, and is then projected onto the visibility points by means
of anon-uniform fast Fourier transform algorithm based on convo-
lutional gridding (as implemented in the finufft library*). Instead, in
Fourier space, point-like sources are trivially represented by aconstant
function with amplitude equal to the source flux corrected for the
primary-beam attenuation at the source position and with a phase
term defined by the offset between the point source and the phase
centre of the observations. To allow for Bayesian model selection and
averaging, the sampling of the posterior distributionis performed by
means of the nested sampling algorithm****, We specifically exploit the
implementation provided in the dynesty (ref. **) package, which allows
for robustly extending the sampling problem to moderate-dimensional
and high-dimensional models. For any further details on the model
reconstruction, we refer to the discussion provided by Di Mascolo
etal.’s*,

Obtaining a thorough description of the small-scale, complex
morphology of the extended radio signal from the Spiderweb galaxy
would require performing a pixel-level model inference (see ‘Sparse
imaging’ section below), resulting in a posterior probability function
with extreme dimensionality. Nested sampling techniques gener-
ally show better performances than Monte Carlo Markov chain algo-
rithmsinthe case of moderate-dimensional problems (mitigating the
impacts of the so-called ‘curse of dimensionality**#¢). Still, sampling
from high-dimensional posterior distributions may easily become
computationally intractable owing to the complexity of estimating
high-dimensional marginal likelihoods. Therefore, we decide to per-
formafirst modelling run only on alarge-scale subset of the available
data. Thegiant Lya nebula observed to surround the Spiderweb galaxy
isin fact expected to be confined within a diffuse halo of hot intra-
cluster gas®®**.Inturn, the SZ footprint of potential intracluster gas
withinthe Spiderweb protocluster should be expected to extend over
characteristic scales 210”. We therefore introduce an upper cutin the
visibility space at auv distance of 65 kA, whose corresponding angular
scaleisroughly twice the transverse width of the jet structure (that is,
the size measured along the direction perpendicular to the jet direc-
tion) observed whenimaging only the high-resolution ALMA data from
the C43-3 and C43-6 observations. Such a choice makes the jet signal
spatially resolved only along the jet axis and allows for describing this
asalimited collection of point-like sources. As aresult, the number of
parameters required to model the observations remains limited and
the analysis computationally manageable, while allowing for using
nested sampling to obtain statistically meaningful information on
our model inference.

The selection of the specific number of compact components
required to model the radio source was performed by means of Bayes-
ian model selection. In particular, we consider as the most favoured
modelset the one for whichtheintroduction of an extra point-like term
would have caused a degradation or only a marginal improvement in
thelog-evidence® (thatis,(log Z,., - logZ,) < 0.50,inwhichndenotes
the number of model components). For all of the components, as already
described above, we assume the spatial morphology to be described
by aDirac 6 function (thatis, a constant functionin Fourier space with
non-null phase term) and the source fluxes by a power-law spectral
scaling. The priors for all the parameters—right ascension, declination,
flux and spectralindex—are described by uniform probability distribu-
tions. In particular, the right ascension and declination are allowed to
vary withinthe area of r ~ 1’ enclosed within the first null of the antenna
pattern for the Band 3 ALMA data at the highest available frequency
(thatis, 107.5 GHz). To avoid label switching and force mode identifi-
ability, weimpose a further ordering prescription® to the right ascension
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parameters. The flux and spectral index parameters are instead allowed
to vary within uniform prior probability distributions. In particular, we
constrain the source fluxes to be non-negative and assume an upper
limit of 10 mJy on each amplitude, around an order of magnitude larger
than the emission peak in the ALMA map (1.54 mJy; see top panel of
Extended Data Fig. 1). For the spectral indices, we consider a range
[-5,10], arbitrarily wide and set to cover both the cases of power spec-
trawith negative and positive slopes, consistent with synchrotron-like
and dust-like spectral properties, respectively. The prior limits are
intentionally set to extend well beyond the values expected for such
cases, to avoid overconstraining of the source spectral properties while
allowing for a quick diagnostics of the actual constraining power of the
available data with respect to spectral information.

To describe the pressure distribution of the ICM, we instead use a
generalized Navarro-Frenk-White (gNFW) profile*?, widely shown to
provide anaccurate description of the average pressure distribution of
theintracluster gas. In particular, we use different gNFW formulations
fromtheliterature. Asummary is provided below.

-The universal profile (hereafter, A10 UP) by Arnaud et al.?® derived
fromthereconstruction of the pressure distributionin galaxy clus-
ters from the REXCESS®® sample and the equivalent model obtained
fromthe subset of systems with clear evidence of adisturbed mor-
phology (A10 MD). Although this profile is calibrated on massive
local systems (10" M, < Mg, <10 M, z < 0.2), it is the base model
used for the mass reconstructionin large-scale SZ surveys and allows
for a straightforward comparison with the literature.

-The pressure model** (M14 UP) obtained from the X-ray analysis of
ahigh-redshift (0.6 <z<1.2) subsample of galaxy clusters detected
by the South Pole Telescope®™ > (SPT). As for the previous case, we
further consider the pressure profile (M14 NCC) reconstructed by
excluding all the systems with clear evidence for the presence of a
cool core, generally indicative of a more relaxed dynamical state.
To our knowledge, this model represents the highest-redshift,
observationally motivated pressure profile available at present,
in turn potentially providing a better description of the pressure
distribution in the Spiderweb system than the A10 models.

-The median pressure profiles reconstructed from the OverWhelm-
ingly Large Simulations (OWLS) suite of cosmological hydrody-
namical simulations, cosmo-OWLS?, and considering different
prescriptions for the physical model of AGN-driven heating of the
intracluster gas. In particular, we consider the OWLS* reference
model (L15 REF), as well as the two AGN models (L15 8.0 and L15
8.5; we refer to Le Brun et al.”’ for details). These models present
two mainadvantages. First, they are built on simulated halos whose
mass and redshift ranges (2 x 102 M, < Mg $3 %105 M,, 0 <2< 3)
broadly overlap with the properties of the Spiderweb protocluster.
Second, atz~ 2, the Spiderweb complexsitsinatransitional phase
for AGN feedback®#° and the different flavours of the cosmo-OWLS
pressure model allow for directly using the SZ effect to explore
different AGN scenarios.

-The mass-dependent and redshift-dependent extended pressure
model® (G17 EXT) calibrated on simulated galaxy clusters from the
set of Magneticum Pathfinder hydrodynamical simulations (http://
www.magneticum.org/). Although this profile is computed on
massive galaxy clusters (Msy, > 1.4 x 10" M), it provides an explicit
modelfor takinginto account the departure fromuniversality and
self-similarity as a function of mass and redshift.

In all cases, the free parameters defining the gNFW profiles are the
plane-of-sky coordinates of the model centroid and the mass param-
eter Ms,,. As for the radio model, the right ascension and declination
parameters are prescribed to vary within the region encompassed by
the first null of the Band 3 ALMA primary beam. For the mass M, we
consider alog-uniform distribution over the range [10" M,,, 10° M,],
to facilitate the posterior exploration over such awide range of order
of magnitudes.

Wealso tried fitting the cool-core versions of the A10 and M14 profiles
abovebut found these to be systematically disfavoured (Alog Z < 15.5)
incomparisonwith the listed models. This is, however, not surprising,
asthe presence of awell-formed cool core would be hardly consistent
with the inherently disturbed nature of a protocluster complex.

Finally, we account for any potential systematics with data calibra-
tion by considering a scaling parameter for each of the measurement
sets used in our analysis. For these, we assume normal prior distri-
butions, with unitary central value and standard deviation of 5%, as
reportedinthe ALMA Technical Handbook for the considered observing
cycles.

Results. With regards to the extended signal from the Spiderweb
galaxy, the criterion introduced above for the selection of the num-
ber of point-like components supports the case for a total of eight
distinct components over the entire search area (we summarize the
keyinformation on the results of the point-like modelling in Extended
Data Table 1). In particular, two components (ID1and ID2) are found
to be spatially consistent with the position of known protocluster
members»>*354962-64_that is, ERO 284 (ref. 2) and HAE 229 (refs. %),
respectively—located around 250 kpc west of the Spiderweb galaxy.
The remaining components instead uniquely describe the radio emis-
sionassociated with the Spiderweb galaxy, with one point-like compo-
nent (ID8) specifically corresponding to the bright lobe of the eastern
radio jet and another (ID6) being nearly coincident with the Spider-
web galaxy itself (Extended Data Fig. 1). All the components describ-
ing the extended signal exhibit a negative spectral index, consistent
with the synchrotron origin of the emission. The best-fit estimates
highlight a spatial variation consistent with what is observed at lower
frequencies in the Karl G. Jansky Very Large Array (VLA) data®®, which
show that the spectrum of the easternlobe s, on average, steeper than
that of the Spiderweb galaxy and the western jet. The specific values
are also in rough agreement with the results from the VLA analyses.
A one-to-one comparison is, however, not practicable, owing to the
inherent high-frequency spectral steepening induced by radiative losses
and the different modelling approaches. The two offset sources, onthe
other hand, are both characterized by positive spectral indices. Such
atrend is possibly indicating a dominant contribution from thermal
dust emission already at about 100 GHz and is in agreement with the
potential presence of massive dust reservoirsin the galaxies, as already
verified for HAE 229 (refs. ©%°).

A summary of the inferred parameters for the different SZ mod-
elsisinstead provided in Extended Data Table 2. Despite the more
or less substantial differences in the reconstructed parameters, all
the adopted pressure profiles resulted in statistically consistent SZ
models, not allowing a statistically motivated selection of a specific
description. All the assumed models, with exception of the L15 8.0
and L15 8.5 cases, provide mass estimates Msy, ~ 3 x 10" M. In fact,
we note that the L15 8.5 profile from Le Brun et al.?”’ results in a mass
of about 8 x 10" M, consistent with many of the dynamical esti-
mates reported in the literature™*% for the Spiderweb protocluster.
Consideringthat the profileis based on simulations with the prescrip-
tion for an intense heating of the ICM owing to AGN feedback, the
result might hint to a crucial role of the active core of the Spiderweb
galaxy inshaping the intracluster/circumgalactic medium. Neverthe-
less, this modelis statistically equivalent to many othersin our sample,
limiting the statistical relevance of the above considerations. For the
same reason, any attempts of performing a comparison with past ICM
studies of similarly high-redshift systems—for example, XLSSC 122
(ref. %) or C1J1449+0856 (ref. %), the clusters at the highest redshift
known so far with adirect SZ measurement—would not be statistically
meaningful.

Finally, we note that, in our analyses, all the scaling parameters are
found to be broadly consistent with unity. In particular, the scaling

factorsare measured to be equal to1.043:94 and1.017$:53 for the Band
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3 ACA and ALMA observations, respectively, whereas—in the case of
the Band 4 data—we find parameters of 1.00*3-3¢ for ACA and 1.03!3:34
for ALMA (the reported values are given by the Bayesian model aver-
agesforallmodels considered in this work; see the ‘Dependence of the
SZ significance on the number of point-like components’ section below
foradiscussion).

Comparison with masses from previous studies. Performing a proper
comparison of the SZ-derived mass estimates (Extended Data Table 2)
withindependent measurements from theliteratureis non-trivial. The
dynamical masses for the Spiderweb protocluster areinfact based on
velocity-dispersion estimates that might trace specific, yet not well-
identified substructures and that span almost an order of magnitude:
from204 km s for one peakin the velocity distribution of Lya emitters
inthe Spiderweb field"and up to1,360 km s as measured for all satel-
lites within 60 kpc from the Spiderweb galaxy'. Nevertheless, the
SZ-based mass estimates presented in this work are much lower
(afactor of about 2-4, depending on the model) than the dynamical
values™™*foundin theliterature for the mass of the whole protoclus-
ter structure. Infact, the same studies reported evidence foracomplex
velocity structure within the central region of the Spiderweb complex,
hinting at the possibility for the system to be experiencing a major
merger and still accreting large amounts of material from surrounding
filaments. The fact that the Spiderweb system is embedded in a
large-scale filamentary structure was confirmed by wide-field CO/=1-0
mapping®. As such, even the very core of the Spiderweb protocluster
might not be fully virialized. Accordingly, the integrated SZ signal
Ys; = Yoz (<5r50,) we measure from the ALMA+ACA observations—
YAIMA = (1.68933) X 107® Mpc? (see Extended Data Table 2)—is, for in-
stance, afactor of 3.5 times lower than that expected, taking the mass
inferred from the velocity-dispersion measurement o, ~ 683 kms™
reported by Shimakawa et al.” for the galaxies within the 0.53-Mpc
region surrounding the Spiderweb galaxy.

This large difference between the expected SZ signal from velocity-
dispersion measurements and the observed ALMA+ACA SZ integrated
flux could be the result of a scenario in which the measured SZ signal
isdominated by the contribution from the most prominent (sub)halo.
Infact, theintegrated SZ flux Y, scales steeply as afunction of mass M,
meaning that the SZ signal from asingle halo would be larger than the
sum of the SZ flux from a complex system of subhalos whose masses
amount overall to the same value M. Under the assumptions that the
Spiderweb protocluster is composed of several interacting substruc-
turesand the measured line-of-sight velocity dispersion g, is providing
anunbiased estimate of the total mass of the system, we can exploit the
Ys;,~M relation to obtain an estimate of the number n,,,, of subhalos
populating the Spiderweb complex.

First, the dispersion o, is converted into a dynamical mass estimate
using the scaling relation calibrated by Saro et al.*° on a mock galaxy
catalogue from the Millennium Simulation. This is rescaled to My,
assuming the conversion relation in Ragagnin et al.” between masses
at different overdensities. We then iterate over n,,,, and compute the
integrated SZ flux expected for each set of subhalos. For the sake of
simplicity, we consider all the n,,,,.,, subcomponents to have equal mass
M2/ Npa10s- Both the masses from our SZ analysis MA:MA and from the
velocity-dispersion measurement M%y,/n;,,10s are then used to obtain
a measurement of the spherically integrated SZ flux Y5, by means
of numerical integration of the pressure profiles over a volume of
radius 5r,. Inour calculations, we consider the universal formulation
by Arnaud etal.® to describe the pressure distribution of the intraclus-
ter electrons. Finally, to derive the number of equal-mass subhalos
within the Spiderweb protocluster whose individual SZ fluxes would

match the measured value Y 88MA = v, (M&MA), we simply estimate the
value iy, for which the equality Yo, (ME58A) = Yo7 (M280/Mpaios) iS Satis-

fied (see Extended Data Fig. 2). We note that adopting an underlying
pressure model different from the A10 profile used for producing

Extended DataFig.2is not causing arelevant variationin the total num-
ber of subcomponents n,,,,, which are overall constrained to range
between two to amaximum of four (except for the L15 8.5 case, result-
ingin ny,.s ~ 1). We further note that we made several attemptsin using
aphysically motivated subhalo mass function (for example, the theo-
retical model provided by Giocoli et al.”) instead of our simple
equal-mass distribution. However, we found that removing the strong
constraint of having subhalos with the same masses makes the deriva-
tion of ny,,,s or of the subhalo mass parameters unconstrained, result-
ing in unstable and heavily degenerate results. We note, in any case,
thatall these considerations are derived a posterioriof the SZ modelling
and, thus, do not affect the significance of the reported SZ detection.

This emerging multihalo picture is also consistent with the identi-
fication reported in the literature'?° of double peaks in the velocity
distribution. Nevertheless, we do not identify in the posterior distri-
bution for the SZ model any notable secondary peaks that would be
indicative of several pressure components in the ICM*** in the direct
surroundings of the Spiderweb galaxy (see however the discussion
below on the results of a multicomponent analysis). This might be
caused by the chance line-of-sight alignment of separate halos, but
neither the spectroscopic information on the protocluster members
nor the ICM constraints allow us to disentangle any distinct contribu-
tions from superimposed substructures. Similarly, any subhalos with
similar masses would also be characterized by comparable pressure
distributions, in turn causing their SZ signal to be barely distinguish-
able. Overall, the above result suggests that the SZ effect is tracing
aminor portion of the larger Spiderweb structure in which the ICM
has started building up and pressurizing, whereas the rest of system,
extending over scales of tens of Mpc (refs, 1122025354965 and tracing
the region encompassed by the turnaround radius of the overdensity,
has yet to undergo virialization. Any SZ signals associated with further
subhalos or more extended structure are not constrained by the obser-
vations, which have limited sensitivity and may suffer from large-scale
interferometric filtering.

Multiple SZ components. The synchronous multiellipsoidal sam-
pling” typical of the main nested sampling algorithms—and, in par-
ticular, of dynesty (refs. **™), the library used for our analysis—would
naturally break into separate posterior modes in the presence of sev-
eral peaks in the posterior density function. This would be the case,
for instance, in the presence of several halos, resulting in distinct
SZ components (as reported in, for example, refs. ***!in the case of
merging cluster systems). However, as mentioned above, we do not
find such evidence in the posterior probability distribution for any
of the main modelling runs presented in this work. Nevertheless, we
tested for the potential presence of any extra SZ features by perform-
ing a multicomponent analysis. In particular, we consider the same
model description as in the single-halo case above but introduce
further SZ terms. Asin the case of the radio-source modelling, to avoid
label switching, we introduce an ordering condition on the centroid
coordinates of the SZ components. This is applied first to the right
ascension parameters and then to the declination direction, to test
against any bias potentially introduced by the specific prior choice.
Nevertheless, the results are found to be consistent between the two
modelling sets.

Independently of the model used to describe the underlying pressure
distribution, the sampler identifies a secondary SZ feature 27.3'24
southeast of the Spiderweb galaxy, corresponding to approximately
226 kpcat the protocluster redshift. This falls right at the r5o, boundary
of the main SZ component, implying that this secondary feature, if
real, would be associated with a halo distinct from the oneinwhich the
Spiderweb galaxy isembedded. The actual existence of such astructure
however cannot be firmly assessed. The images produced with the
high-resolutionalgorithm (see the ‘Sparseimaging’ section below) or
after subtracting the radio-source model from the low-resolution set
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do not provide any clear evidence for any off-centre SZ structure.
Alack of spatial correspondence is also noted with respect to the pro-
tocluster members, as the secondary SZ component cannot be clearly
associated with any specific concentration of member galaxies, indic-
ative of a distinct collapsed halo. The absence of a correspondence
with protocluster galaxies further limits (if not excludes) the chances
for the SZ component to be associated with the secondary velocity
peak mentioned above. Above all this, the Bayesian evidence of the
model comprising two SZ componentsimprovesonthe one-component
casebyafactorofonly (logZ, _,-logZ, _;) $1.84 correspondingto
an effective significance of 0.4 < 1.90. As such, the ALMA+ACA data
available at present are not able to support the unequivocal, statisti-
cally significant identification of a secondary pressure component.

Infact, increasing the flexibility of the SZ model beyond the two-halo
scenario does not provide any effective improvements in the overall
reconstruction. In particular, the inclusion of a third component
inducesthe Bayesian evidence to degrade, withareductionwith respect
tothetwo-componentcaseof (logZ, _;-logZ, _,) $-1.67andalim-
ited improvement with respect to the reference single-halo model
(logZ, _;-logZ, _;) 50.17 (which converts to o < 0.60). At the same
time, we observe that allowing for an ellipsoidal pressure distribution
provides a marked improvement in the significance of the model
(0. S 4.41). However, this concurrently makes the sampling con-
verge to a hardly physical solution, with a plane-of-sky eccentricity
£=0.96!5:02—that s, corresponding to a plane-of-sky minor axis being
only 4% of the respective major axis. This is mainly a consequence of
the strong degeneracy between the mass (that is, the parameter con-
trolling the overallamplitude and scale radius of the SZ signal) and the
line-of-sight extent of the ICM distribution, governed by the eccentric-
ity parameter &. In fact, SZ data alone cannot provide information on
theline-of-sight distribution of the optically thin ICM. We thus have to
force the line-of-sight scale radius to be equal to the geometric mean
ofthe major and minor axes of the three-dimensional ellipsoid, assumed
for simplicity to lie on the plane of the sky.

Overall, the main consequence for the main SZ detection with
data available at present is that a single spherically symmetric halo
is sufficient to provide a statistically exhaustive description of the
SZ footprint of the Spiderweb protocluster. The result of the ellipti-
cal modelling can only be interpreted as a marginal indication of an
underlying morphological complexity, without however providing
a conclusive and meaningful answer on the spatial properties of the
SZ signal. At the same time, as demonstrated for the radio-source
model, any resolvable asymmetry should be naturally traced by an
ordered multicomponent model. Gaining a better understanding
of the morphological properties of the forming ICM would require
achieving improved quality from the observational side, in terms of
both sensitivity and frequency coverage. Most importantly, though,
the results reported above suggest that the robust identification of
the SZ signal already with the simple spherical model provides only
alower limit to the actual significance of the detection and that this
could only be enhanced whenincluding in our models the description
for any irregular and asymmetric features.

Dependence of the SZ significance on the number of point-like com-
ponents. First, we note that we do not observe a substantial variation
inthe fluxes of the compact components between the modelling runs
with and without a SZ component. This provides astraightforward test
of the robustness of our model reconstruction, in particular assuring
against being driven in the SZ identification by the oversubtraction
of the radio source. To properly assess whether the significance of
the SZ signal is, however, dependent on the specific assumption on
the number of point-like components, we rerun the SZ modelling for
the entire sample of model setups considered for finding the optimal set
of compactsources. Asummary of such atest for our reference model
(A10 UP)is provided in Extended Data Fig. 3. We note that we consider

here only the case n > 4, as this is found to represent the minimal condi-
tion for observing a sensibleimprovement in the image-space residuals
and for the sampler not to suffer from slow convergence.

The first outcome is that increasing the number of point-like com-
ponents beyond our reference model (n = 8) induces adrop in the
Bayesian evidence, thus not justifying any further extension of the
radio source to n>9 (second panel). This implies that, despite all the
parameters remaining practically unvaried beyond the optimal set
with n =8, increasing the number of point-like sources to n > 9 makes
the modelling incur data overfitting. On the other hand, before n=6,
the models exhibit a rapid increase in the overall significance in com-
parison with the null case, that is, the data-only run with no model
components except for the cross-data calibration parameters (first
panel). Concurrently, for n <5, the right ascension and declination of
the SZ centroid (fourth and fifth panels) are observed to roughly col-
lapse on the valuesinferred for the secondary SZ feature identified at
low significance in the multicomponent run discussed above. Corre-
spondingtoaregionwithlow primary-beamamplitude (<0.50, depend-
ing on the specific array and band), this is compensated by an abrupt
increase in Msoo when movington <5 (sixth panel), in turnresulting in
amore extended (and thus more severely filtered) SZ signal. Despite
being naively favoured by statistical reasoning on o3 (third panel), we
note that the overall effective significance of the SZmodelsforn <5is,
however, substantially lower than the stable n > 6 cases (first panel),
thuslimiting the validity of this reconstruction. Further, the casesn < 5
correspond to radio-source models that substantially underfit the data
and fail in describing the complex morphology of the extended emis-
sion from the Spiderweb galaxy (for this, we refer to Extended Data
Fig.4). As such, the identification of such an offset SZ feature cannot
be reliably associated with the actual presence of any physical com-
ponent and might be induced by spurious systematic features in the
visibility data.

Despite overall supporting the effectiveness of our modelling and
choice for the reference model, the above results clearly highlight a
marginal level of variance introduced by the different assumptions
on the number of compact sources. To take this into account and to
limit any bias consequent to the choice of a specific model as refer-
ence, we thus decide to use Bayesian model averaging”” to generate
model-marginalized profiles when comparing our reconstruction
with observations (see Fig. 1). In practice, we computed cross-model
posterior probability distributions by applying a weighted average to
the original model posteriors, with the weight of each sampling point
setequaltotherespective Bayesian evidence. To fully account for any
degeneracies between different model parameters, we generate radio
and SZ uv models for each posterior sample and each pressure model,
andthen apply the Bayesian model averaging reduction to theresulting
collection of uv profiles.

Systematics in the Bayesian analysis. We note that, because the dynam-
ical mass estimates are computed assuming virial equilibrium for the
entire structure, their values represent upper limits to the real mass of
the Spiderweb protocluster. On the other hand, our SZ-derived mass
estimates might be affected by non-trivial systematic biases associated
with the assumptions used in our modelling.

First, the conversion between SZ signal and total mass is derived
under hydrostatic equilibrium considerations. Given the disturbed
nature of a galaxy protocluster, we can instead expect notable
non-thermal contributions to the overall pressure support to the
ICM—ranging from turbulent motion to dynamical effects caused by
recent or continuing merger events. At the same time, hydrodynamical
simulations” " show that the growth of the mass of a system resulting
from a merger event does not correspond to a concomitant increase
of the thermal SZ signal, owing to the temporal offset between mass
evolution and gas thermalization. If the Spiderweb protocluster is
observed while experiencing amerging process, the intrinsic SZ signal



would thus be lower than expected from standard mass-observable
scaling relations.

Second, the reconstruction of the SZ signal relies on the assumption
of self-similarity across cosmic time of the halo properties. Although
this is observed® to hold on large scales for galaxy clusters even up
to z~1.9, we still lack an exhaustive description of the average ther-
modynamic properties for the ICM within protocluster complexes,
as well as any observational information for the potential self-similar
appearance of protocluster halos with the onesin theirz <2 descend-
ants. Also, for the sake of computational feasibility, we rely on the
relatively strong assumption of spherically symmetric distribution
for the electron pressure within the ICM. Nevertheless, the overall
depth of the available data limits the possibility of obtaining better
constraints onthe SZ effect from the Spiderweb complex or achieving
animproved separation of the signals from the radio source and the
underlying SZ effect able to highlight any diffuse ICM halo with low
surface brightness. Similarly, asymmetries in the morphology of the
pressure distribution and, therefore, in the resulting SZ distribution,
as well as to any secondary ICM components populating the Spider-
web complex, cannot be firmly assessed (see, however, ‘Multiple SZ
components’ above for a discussion).

Third, given the limited information across the millimetre/submil-
limetre window with sufficient sensitivity to constrain the SZ spec-
trum, we are not able to disentangle any contribution to the overall
SZ signal in the direction of the Spiderweb protocluster from the
kinetic term. Similarly, we cannot constrain the relativistic correc-
tion to the SZ spectrum. Such effect is however generally subdomi-
nant at the virial temperature expected for such a low-mass system
(for example, the relativistic correction to the thermal SZ effect at
2 keVisonthe order of 1.2%; we refer to Mroczkowski et al.> for areview
of the different contributions to the SZ effect). Therefore, we assume
the measured SZ signal to be entirely caused by its non-relativistic
thermal component.

Sparseimaging

The standard tools available at present for performing radio-
interferometric imaging and deconvolution are not optimally suited
tothejointreconstruction of the signal from an extended radio source
superimposed over adiffuse SZ decrement. Cross-contamination may
in fact cause both an underestimation of the flux of the former when
using CLEAN-like algorithms®, and—at the same time—introduce a
notable suppression of the underlying SZ footprint. Also, common
approaches exploiting scale separation between the signature from
theradio sources and the ICM in galaxy clusters®>®* would not be able
to provide a robust characterization of the two signals, as their char-
acteristic scales exhibit a broad overlap in the case of the Spiderweb
protocluster.

Building on the extensive literature on compressed sensing®*°and
sparsity-based component separation®® and imaging®-°?, we thus
developed analgorithm for taking full advantage of both the different
and, in the case of the SZ effect, well-constrained spectral behaviour
of the measured signals, as well as the information on the different
spatial-correlation properties. In particular, we assume the total surface
brightness/,inagivendirection onthe plane of sky (x, y) and atagiven
frequency vtobe described as
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1,06, 9) = Ies(x, 3) - (v/V)* ™ + I, (x, y) - g, (V) 6))

Here Ips(x, ) is the surface brightness of the radio source computed
at the reference frequency v, whereas a(x, y) is the corresponding
spatially varying spectral index. The terms /s,(x, y) and g.,(v) denote,
instead, the amplitude in units of Compton y and spectral scaling for
the thermal SZ effect?®. Because, as already discussed above, we are
notincluding in our SZ model any corrections owing to relativistic
terms, the spectral SZ scaling is determined solely by the frequency

and therefore does not contribute to the overall model through any
specific free parameter. To achieve a high-fidelity reconstruction of the
complex morphology of the structure of the radio jet from the Spider-
web galaxy, we model I¢(x, y) and a(x, y) as a collection of pixels with
angular scale matched to the longest baseline according to the Nyquist
sampling theorem (given the maximum uv distance of u,,,, ~ 1.3 MA,
we set the pixel scaleequal to 0.5/u,,,, ~ 0.07”). Onthe other hand, the
signal-to-noiseratio of the SZ effect from the Spiderweb complexis not
high enough to allow for adopting an analogous approachto constrain
the SZ decrement. To exploit the expected large-scale correlation, we
hence describe /,(x, y) through an isothermal, circular Smodel®, with
free centroid coordinates, amplitude normalization and core radius,
whereas we arbitrarily fix fto a value of 1 (commonly used in ICM stud-
iesand adopted, for example, by the SPT collaboration as the base for
their matched-filter cluster template’**”**). We tested against potential
biases introduced by the specific choice of § but did not observe a
dependence of the solution on this parameter. Clearly, this model is
less refined than the gNFW profile broadly used in the literature and
inthelow-resolution analysis presented above. Nevertheless, here, we
are mostly interested in capturing the average properties of the faint
SZ distribution, while providing a good estimate of the base level on
top of which to measure the surface brightness of the radio structure
and avoid its undersubtraction when imaging the SZ effect.

Using a non-parametric approach for reconstructing the radio jet
has the clear advantage of allowing for constraining the signal on the
finest scales accessible in the ALMA+ACA measurements. However,
this causes the modelto comprise O(10*) free parameters, making the
inference problem intractable through posterior sampling methods
(forexample, Markov chain Monte Carlo, nested sampling). At the same
time, solving simultaneously for all the free parameters in the model
of equation (1) through an optimization scheme would imply facing
the shortcomings of a non-convex likelihood function. We hence use
aniterative, block-coordinate optimization process® with proximal
point update®® %, In this scheme, we alternatively solve at a time only
for one set of parameters—namely, the radio-source amplitude, its
spatially varying spectral index and the SZ centroid coordinates, nor-
malization and coreradius—through abox-constrained limited-memory
Broyden-Fletcher-Goldfarb-Shanno algorithm®®°°, We use theimple-
mentation provided in the SCIPY'” package and assume all the stand-
ard values for controlling the convergence of the algorithm. The
selection of the specific coordinate set to solve for is performed by
means of the Gauss—Southwell rule’®**, which introduces an ordering
in the optimization blocks based on the norm of the Jacobian of the
corresponding likelihood function.

When modelling the radio-source amplitude, we consider a
LASSO-like regression'® step to promote sparsity,

1
LRS=_EX|§5 + A, \hgslle, 2

inwhich )(;S iscomputed when fixing all the model parameters but /s,
whereas the constant A, controls the strength of the #,-norm regu-
larization. To mitigate the bias and amplitude truncation'® introduced
by the ¢, norm, we further iterate over the full block-coordinate loop
after reweighting the regularization constant according to the previous
solution for the radio source. At every main step k of the optimization
algorithm, we scale the regularization hyperparameter as

w_ v -

a7 kg ”’l(aks_DHf 4+ 3)

1

in which € is an auxiliary coefficient aimed at ensuring numerical
stability. We assume this to decrease with the number of reweight-
ing iterations,e® = max (2107, g,;,), with € given by the standard
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deviation per pixel of the signal as measured directly from the dirty
image and ois the RMS of the image-space noise per pixel'®. Similarly,
we can express the initial value /1(;1)) in units of 0, as‘o“/l(f?) =noy LW,
in which w; are the weights of the individual visibilities and n is a
user-defined quantity controlling the overall depth of the modelling
process (thatis, the optimization algorithm neglects any image-space
featureswithsignificancelower thanaboutno,,). Eachblock-coordinate
optimization loop is then run until the relative variation in the value
ofthelikelihood function between two full sets of updates falls below
anarbitrary tolerance of 108, The same tolerance on the relative change
of thelikelihood function between two consecutive solutions is further
used for interrupting the iteration over the reweighting steps.

For the starting values for the model parameters, we consider /{Q
tobenulleverywhere and set a,({;) tothespectralindex of —0.70 typical
for synchrotron emission. The coordinates of the SZ distribution are
initially set on the phase centre of the Band 3 ALMA observations,
roughly coinciding with the Spiderweb galaxy, whereas the initial
amplitude and scaleradius areinitially set equal to zero and to anarbi-
trary scale of 30”7, respectively. We tested for such choices by injecting
random values for each parameter block at the beginning of the
optimization run and found no substantial deviations in the final
results.

In our analysis, we attempted to impose an extra smoothing to the
radio-source amplitude through a total squared variation regulariza-
tion'”, found to guarantee, in astronomical imaging, better results
than the sole #;-norm or standard isotropic total variation. However,
we observed only a minor impact on the final solution and hence
decided not to include any total squared variation termin the likeli-
hood function. Similarly, the limited significance of the available data
did notallow for successfully exploiting any wavelet-based algorithms,
generally demonstrated®1°¢1%1° 1o provide animproved performance
compared with simple image-based techniques.

Inour analysis, we adopt a conservative threshold n =4.Inour tests,
alower parameter showed improved subtraction capabilities but also
deteriorated purity in the solution. As aninternal cross-check, we fur-
ther tested against the recovered flux of the radio source, finding a
maximum-a-posteriori estimate from the sparse modelling 0f2.606 mJy
against the value 2.602*0:05% mJy inferred using the nested sampling
approach. Finally, the reconstructed source manifests amorphology
that matches closely the signal measured by the VLA in X-band
(Extended DataFig. 5).

Insights from multiwavelength information
The combination of the ALMA+ACA data with the wealth of the multi-
wavelength informationavailable on the Spiderweb galaxy allows us to
propose several potential scenarios that could explain the intensity and
morphology of the SZ signal and the associated offset with respect to
the Spiderweb galaxy itself. Although mild spatial deviations between
ICM halos and central galaxies are not a surprise even in moderately
disturbed systems, the identification of such a displacement caninform
our observational understanding of the dynamical state of a structure
(see also ‘Comparison with simulated protoclusters’below). Neverthe-
less, the available ALMA+ACA observations are not allowing to gain any
insights on the physical and thermodynamic state of the forming ICM
beyond the SZ detection—for example, the fraction of the total ICM
reservoir that has already thermalized, the overall virialization state,
the relative contribution of large-scale accretion, mergers and AGN
feedbackin heating the assembling ICM, the multiscale morphology of
the proto-ICM and its connection (or absence thereof) with the physical
properties of protocluster galaxies. Obtaining arobust characterization
of the intertwined processes determining the complex physical state
ofthe forming ICM will thus necessarily require to furtherimprove the
observational coverage of the protocluster.

Giventheinherently disturbed nature of the Spiderweb protocluster,
the system could be characterized by marked contributions from the

kinetic SZ effect in the direction of intracluster substructures with
non-negligiblerelative velocity with respect to the average bulk motion
of the whole system. In particular, several studies™’ report that the
protocluster galaxiesinthe region southwest of the Spiderweb galaxy
exhibit a relative blueshift compared with that of the central galaxy.
This was interpreted as evidence for the presence of an approaching
background feature, potentially tracing a filament infalling onto the
protocluster core. Assuming that such structure hosts anascentintra-
cluster gas, this would thus be associated with areduction of the total
SZ flux owing to the infilling of the thermal SZ signal by a kinetic SZ
contribution. Anapproaching ICM component with the same mass as
that corresponding to the observed SZ feature would require, to com-
pletely cancel out its own thermal SZ effect, a line-of-sight velocity
of v ,s=-1,928'4L km s! when assuming the temperature estimate
T,=2.00:37% keVfrom the Chandra X-ray data?. Alternatively, assum-
ing the empirical mass—-temperature scaling by Lovisariet al.™ and the
resulting temperature of T, = 0.857032 keV, the required velocity would
be vy os=-7963: km s\ Notably, the former velocity value roughly
corresponds to the largest velocity reported by Miley et al.'’, whereas
both estimates are consistent with the average velocity for both the
Lya-emitting satellite members' or the blueshifted components
measured by the Spectrograph for INtegral Field Observations in the
Near Infrared™ (SINFONI) on the Very Large Telescope (VLT). The same
observations further show the presence of a small overdensity of red-
shifted membersinthe regionimmediately northeast of the Spiderweb
galaxy. Similarly, the asymmetry in the SZ effect with respect to the
central galaxy could be alternatively caused by anenhancement of the
total SZ decrement owing to a negative kinetic contribution.

Although a notable contribution of the kinetic SZ effect can thus
explain some of the multifrequency observations, we argue that this
is probably not the only process responsible for the observed asym-
metry. In fact, if the kinetic SZ effect were solely responsible for the
skewed SZ decrementinthe direction of the Spiderweb core, the X-ray
emission should not be affected. We do instead observe a marginal
asymmetry between the extended halo and the Spiderweb galaxy also
inthe Chandra X-ray data of the Spiderweb field, from which the bulk
of the extended thermal emission is reported®* to have a mild shift
towards the northeast with respect to the X-ray signal from the central
AGN (central panel of Extended Data Fig. 6; we refer to a forthcom-
ing, dedicated paper (M. Lepore et al., manuscript in preparation)
for an extended description of the X-ray data processing). However,
afurther suppression of the overall X-ray signal is observed in the
region southwest of the main core—analogous to the SZ case—hence
suggesting alocal depletionin the formingintracluster halo. Recently,
Anderson et al.® and Carilli et al.’ reported direct evidence for the
interaction of the extended radio jets with the Spiderweb environ-
ment, which could potentially resultin the inflation of cavities in the
diffuse protocluster gas. As commonly observed in the cores of local
cool-core clusters, the presence of buoyant bubbles would induce a
reduction of both the X-ray and SZ signals over the limited regions
covered by the cavities—provided that the bulk of their pressure is
because of non-thermal components™*—and thus contribute to the
observed asymmetry in the ICM emission.

Although potentiallyimportant, none of the processes discussed
above seemto effectively explainwhy the proto-ICM centroid is offset
with respect to the Spiderweb galaxy (Fig. 3) and the centres of the
Lya halo (right panel of Extended Data Fig. 6) and of the Ha nebula*
in which the Spiderweb galaxy is embedded. In a relatively relaxed
system, the central galaxy should in fact sit deep in the centre of the
gravitational well of the protocluster complex, along with most of
the gas undergoing virialization, whereas the warm gas nebula is
expected®®**8 to be embedded in an extended halo of hot plasma.
However, the lack of strong evidence for dominant SZ or X-ray signa-
tures fromsuch alarge-scale halo, in combination with the numerous
measurements®*%*™ showing that the central approximately 70 kpc



in the Spiderweb complex hosts a massive reservoir of atomic and
molecular gas, hints at a substantial, possibly predominant presence
inthe coreregion of warm and cold gas phases rather thanionized gas
atthevirial temperature. Emonts et al.™ further report the detection
of atail in the COJ=1-0 line emission from the surroundings of the
Spiderweb galaxy, interpreted as being associated with preferen-
tial accretion of cold gas along a filament. Notably, such emission
isoriented along the same direction as the asymmetry in the SZ and
X-ray morphologies. At the same time, past observations provide
evidence for relative motion of the Spiderweb galaxy within its own
molecular halo®", as well as a large-scale systematic asymmetry
in the velocity distribution of the protocluster members, denoting
ordered flows of galaxies towards the central galaxy*", Such motion
could also naturally explain the difference observed in the radio
morphology of the two opposite jets from the central radio galaxy®**®
(see Fig. 3). The western lobe is in fact found to be experiencing a
stronger interaction with the environment than its eastern coun-
terpart. Although recent studies®’ based on VLA observations of the
Spiderweb galaxy satisfactorily explained this behaviour asresulting
from the inhomogeneity of the density field in the surroundings of
the Spiderweb galaxy, it is not possible to exclude that the relative
motion of the radio galaxy within the diffuse intracluster atmosphere
isin fact contributing to the overall ram pressure enhancement. All
these hints, taken together, suggest that the shift between the bulk
distribution of the proto-ICM and the Spiderweb galaxy may be the
net result of the merging activity experienced by the system, with
amultiphase subhalo or filament infalling into the cold, compact
core from the east-northeast and causing a local enhancement of
the SZ and X-ray signals through shock or adiabatic compression of
theintracluster gas.

It is worth mentioning that the clear displacement between the
proto-ICM halo and the Spiderweb galaxy might be indicative of the
subdominant role of AGN feedback in providing the energy support
required to heat the assemblingintracluster gas. As reported by Tozzi
etal., the radio galaxy might be observed in the midst of the estab-
lishment of the radio-mode feedback regime and potentially provid-
ing a subefficient heating mechanism. We can use the estimates of
the non-thermal pressure and the volume of the radio-bright regions
provided by Carilli et al.’ to roughly evaluate the non-thermal energy
providedby theradiojet, E,, ~ 6 x 10°° erg. Models of jet propagation
through the ICM"® suggest that acomparable amount should already
be deposited into the shocked intracluster gas. In fact, the jet energy
E,. is comparable with the ICM thermal energy within the approxi-
mately 60-kpc sphere encapsulating the radio jets. This means that
the mechanical energy might have a non-negligible impact on the
thermodynamics of the gas (and SZ flux) from the same region. How-
ever, to effectively affect the thermal energy of the ICM in a few 10" M,
cluster up to rs,, the jet has to operate for an order-of-magnitude
longer time. All in all, despite the broad evidence’****' for a major
cross-interaction between the central AGN and the assembling envi-
ronment, the available data are still not allowing for inferring a con-
clusive answer on the relative contribution of AGN heating (versus,
for example, gravitational process as infall and major mergers) to the
overall thermal energy budget of the system. An investigation of the
energetics and thermodynamics of the AGN-ICM system will thus be
deferred to afuture study.

Finally, itisimportant to note that the correspondence of the dom-
inant features and, in particular, of the lack of thermal signal to the
west of the Spiderweb galaxy inboth the X-ray and SZ data (see central
panel of Extended DataFig. 6) exclude that any potential undersubtrac-
tion of the signal from the extended radio source could have adominant
effect on our results (see, for example, ‘Nested posterior sampling’
above foracollection of tests on the model reconstruction). Neverthe-
less, improvements to our reconstruction would require amore exten-
sive observational coverage, including deeper X-ray and multifrequency

SZ measurements, and higher angular resolution in particular for the
latter. It is worth noting that the measured integrated Compton Y
parameter—Y (<5rsq) = (1.687933) x 107® Mpc? —corresponds to a SZ
flux density of about 0.6 mJy at 100 GHz. Such measurements are how-
ever barely in reach of current-generation subarcminute-resolution

millimetre-wave facilities.

Comparison with simulated protoclusters

The parametric modelling presented in the previous sections has the
fundamental advantage of providing a straightforward and highly
informative characterization of the average properties of the Spider-
web protocluster (for example, the halo mass). Nevertheless, owing
to the many simplifying assumptions required to perform the model
reconstruction using sensitivity-limited measurements, the analytic
modelsusedin our analysis are not able to describe the finer details of
theintracluster gas. Furthermore, all the models for the ICM pressure
profile available in the literature at present and explored in this work
are calibrated on systems ona different mass or redshift range than the
Spiderweb protocluster. In fact, we still lack an analytic description
derived from observational considerations of the average thermody-
namic distributions and, in particular, of the characteristic pressure
profile for galaxy clusters and protocluster structures at z = 2. Finally,
because these models provide mean pressure profiles, they cannot
capture the diversity and the possibly complex morphology of the
pressure structure of the ICM in protoclusters.

The shortcomings of the parametric modelling motivates the use
of hydrodynamical simulations to perform a more thorough explo-
ration of the properties of the SZ signal measured in the ALMA+ACA
observations of the Spiderweb system. We stress again that this
analysis has only the scope of presenting a qualitative comparison
with numerical predictions of objects evolved in a cosmological
environment, without any pretence to identifying and analysing an
exact numerical equivalent of the Spiderweb complex. The simulated
protoclusters analysed in this work are taken from the ‘Dianoga’ simu-
lation set'®. In particular, these comprise five regions that atz= 0 have
sizes in the range 25-40 comoving Mpc h™, selected from a parent
1h™ Gpc® dark-matter-only cosmological volume around five massive
objects (with Mo, at z= 0 in the range (5.636-8.811) x 10* M_ h™).
Suchregions are resimulated with the N-body hydrodynamical code
OpenGadget3 at high resolution (with dark-matter and gas-particle
masses of 3.4 x 10’ h™ M, and 6.1 x 10° h™ M, respectively). Besides
hydrodynamics, which is described by an improved version® of the
smoothed-particle hydrodynamics, these simulations include radia-
tive cooling, star formation, chemical enrichment and energy feed-
back frombothsupernovae and AGN (we refer to Planelles et al.”” and
Bassini et al.”® for details on previous versions of the simulations used
here and to a forthcoming paper by S. Borgani et al. (manuscript in
preparation) for this specific sample).

The high-resolution regions are large enough to resolve several
halos, some of which—but not all—-are progenitors of the main clus-
ters selected at z= 0. For the purpose of this comparison, we select all
systems with a mass M, 2 1.3 x 10° M, at z = 2.16, for a total sample
of 27 distinct objects. SZ maps are generated at the corresponding
snapshot using the map-making software SMAC (ref. ?) and projected
onto the visibility plane. We note that, to simplify the comparison,
the projected SZ maps are generated considering only the thermal
component and they do not encompass any kinetic SZ term. Despite
the obvious discrepancies associated with the specific differences in
the morphological properties and dynamical states of the simulated
protoclusters withrespect to the Spiderweb complex, Fig. 2 shows that
the mock uv profiles for simulated halos with mass in the same range
of the parametric estimates (approximately 3 x 10 M,) are broadly
consistent with the ALMA+ACA measurements.

To further gain visual insight into the simulated protoclusters,
we produce synthetic maps by projecting the simulated ALMA+ACA
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visibilities back into the image space, consistent with the imaging-
reconstruction process of Extended Data Fig. 6. Three out of the
full sample of simulated clusters are shown in Extended Data Fig. 7,
with one specifically selected as exhibiting a SZ footprint resem-
bling that observed for the Spiderweb protocluster, one as the most
massive halo in the simulated set and another as exhibiting a dis-
placement between the SZ peak and the halo centre analogous to
what is observed between the SZ signal and the central galaxy in
the Spiderweb complex. We checked that, for the entire sample, the
physical displacement between the dark-matter halos and the cor-
responding dominant galaxies were never larger than about 6 kpc,
more than an order of magnitude smaller thanthe observed SZ-galaxy
displacement in the Spiderweb protocluster. In the context of the
discussion on such an offset, the halo centroid and galaxy for each
of the simulated halos can thus be considered to be consistent. To
introduce realistic noise and optimally reflect the noise properties of
the available observations, we jackknife the original measurements
by changing the sign of a randomly selected half of the visibilities.
This noise-like realization is finally added to the idealized SZ data.
Consistent with the uvresult above, we can observe an overall agree-
mentintermsof the average amplitude of the SZ surface brightness
inthe reconstructed images between the SZ signal measured in the
ALMA+ACA data (Extended Data Fig. 6) and the estimate for the
simulated low-mass system. We note that the selection of a specific
projection axis has only aminor effect on the measured SZ amplitude.
Over the whole sample, the change in both the peak and the aver-
age SZ signal associated with a different projection exhibits a RMS
variation of about 10%, reaching a maximum of around 30% in only
three cases, corresponding to objects that manifest morphological
disturbances.

In any case, what is most important in such a comparison is the
possibility of gaining a sensible understanding of the effect of
radio-interferometric filtering on the observed distribution of the SZ
signal. In the specific case shown in the bottom row of Extended Data
Fig.7, we can observe that the displacement between the SZ distribu-
tion and the centre of the corresponding dark-matter halo (in turn
roughly coincident with the position of the most massive galaxy in
thestructure; see above) is exaggerated by the radio-interferometric
suppression of the bulk, relatively symmetric SZ signal on large scales.
Thenetresultis anenhancement of local SZ asymmetries that finally
drive the definition of the observed ICM morphology. In fact, the
observed offset is notindicative of an absolute displacement between
theICM and the Spiderweb galaxy but rather of a positional mismatch
between the peak of the pressure distribution and the radio galaxy,
typical of disturbed systems.

It is clear that, to move this comparison beyond the sole qualita-
tive analysis and to perform a robust cross-characterization of the
observed and simulated SZ signals, abroader exploration of the model
parameter spacein the available hydrodynamical simulations would
be required. Such a detailed investigation will however be deferred
to a future work.

Data availability

This work is based on ALMA and ACA measurements (project codes:
2015.1.00851.S,2016.2.00048.S,2018.1.01526.S) publicly available at
http://almascience.org/aq/. The Chandraobservations canbe obtained
from the CDA (http://cxc.cfa.harvard.edu/cda/). Access to the VLT/
FORSI images is possible through http://archive.eso.org/eso/eso_
archive_main.html. The Hubble Space Telescope image shown in this
workis publicly available at https://archive.stsci.edu/. At the moment,
technical limitations do not allow us to guarantee safe, stable and effi-
cient public access to the full simulation set. As such, on request, the
corresponding author will provide the data products from the Dianoga
cosmological hydrodynamical simulations used for the comparisons

presented in this manuscript. Source data for all figures are instead
provided with this paper.

Code availability

All the analyses in this work rely on the following Python packages:
numpy'?, scipy'®, matplotlib'?, aplpy?>'?, The nested sampling is
performed using dynesty*”. We use astropy'?*'? to manage all the
common astronomical tasks and the just-in-time compiler and auto-
matic differentiation in jax'* to improve the performance of the opti-
mizations in the sparse-image reconstruction. The sparse-imaging
problemis solved by means of the L-BFGS-B implementation provided
inthe minimize routine thatis part of the scipy.optimize subpackage.
To compute non-uniform fast Fourier transforms of the ALMA+ACA

data, we use the Python interface to finufft*2. Owing to limited read-

ability, documentation and user-friendliness of their interfaces, the full
analysis scripts are not yet ready for public release. We are, however,
keen on collaborating with anyone willing to use the modelling tools,
available from the corresponding author on request.
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Extended DataFig.1|Images from the nested sampling reconstruction. and the continuum emission from the western protocluster members. We label
Rawimage (top) from the Band 3 ALMA+ACA dataand residuals (bottom) after the point-like sources that are observed to correspond to distinct features or
subtraction of the marginalized model for the central radio source obtained known astrophysical sources (see discussionin ‘Results’ or Extended Data
fromthe nested sampling. We stress that we are not subtracting the model Table1). The black contours overlaid on the residual map denote the reference
component for the SZ effect when generating the residualimage but the A10 UP model for the SZ signal. The SZ component manifests a clear shift
limited sensitivity ismaking any SZ features non-obvious. Because our analyses  withrespecttothe Spiderweb galaxy, consistent with the result fromthe
areperformedin the native visibility space, we do not perform any cleaning independent sparse-imaging analysis (Extended Data Fig. 6). Consistent with
step. The solid and dashed white contoursinthetop figuretracethedataimage  thenested samplinganalysis, theimages are produced after applying anupper
and theradio-source model, respectively. As evident from the comparison of uvcutof65kAtotheinputdata. Asfor Extended DataFig. 6, the triangle marks
the two sets of contours, the model map is hardly distinguishable from the the position of the Spiderweb galaxy. All the contour levels are arbitrary and
data. Thecirclesinthe top panel denote the position of the point-like model chosenwiththesoleintent of optimally marking the position of the best-fit SZ

components used to described the extended signal from the Spiderwebgalaxy =~ model.
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Extended DataFig.2|Integrated SZ flux as a function of the number of
subhalos. The total dynamical mass Mgy, is here computed assuming a velocity
dispersion of g, = 683 km s as reported by Shimakawa et al.” for a 0.53-Mpc
regionaround the Spiderweb galaxy. Thegreenlineand band correspond,

Malves

respectively, to the median value and 68% credible interval of Y & estimated
fromthe ALMA+ACA samples foran A10 UP pressure profile. The number of equal-
mass subhalos withindividual SZ fluxes equal toY 2™ and required to obtaina

total mass equal to the dynamical estimatesis hence foundtobe n~2.57.
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Extended DataFig. 3 |Impactofthe number nof compactsourcesonthe
model reconstruction. Fromtop to bottom, denoting with Z the Bayesian
evidence foreach model: effective signit‘"icancea:rf=sgn(Zﬁ—Z(’;)~(2|Z,X1—Z(§|)l/2
withrespecttothenull,data-only run (n=0) of the models comprising only the
radio-source component (x = pts) and the one includinga SZ term (x = pts + sz);
variation of the effective significance Ac X =sgn(Z% - 7%_,) - (212X - ZX_ )2
intheradio-source-only and fullmodels owing to the incrementin

the number of point-like components; effective significance

0% =sgn(ZP*% - 7P5) . (2| 70752 - 7PS|)12 of the SZ component with respect
totherespectiveradio-only model; deviationin right ascension (ARA)

and declination (ADec) from the coordinates of the Spiderweb galaxy
(11h40m48.34s,-26°29’ 08.55”) as for Extended Data Table 2; mass

n

parameter Ms,,; total flux of the radio model. After a swift evolutionin the
model evidence and parameters for n <5 (grey area), the model nearly
stabilizes around the reference solution (thatis, for n=8, markedasa

black squareinall panels) beforeincurring a degradation of its statistical
significance atn >9 (as clearly shownin the second panel by the negative Ac 2
atn=9). Wefinally note that, despite both being plotted, the terms ¢%;"* and
Aol are not visible because, on the scales consideredin the first two panels,
they practically overlap withand are indistinguishable from the respective
radio-source points o5 and Ac’f. The error bars for each point denote the
amplitude of the 68% (about 10) credible interval for the corresponding
posterior distribution.
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the number of point-like components used to model the extended radio
emission. Consistent with Extended DataFig.1, theimagesinall panelsare
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sake of simplicity, we did not apply any deconvolution procedure to the above
images. In fact, the large-scale patterns observed in the top-left panel (n = 4)
reflectthe non-uniformresponse pattern of the available visibility data.

generated considering only the data at uv distances smaller than 65 kA. For the
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Extended DataFig.5|Extended radio source from the sparse modelling. (seealsoFig.3).Tofacilitate the comparison, we smoothed the sparse
Showninthe backgroundis the maximum-a-posteriorimodel of the surface ALMA+ACA model to the same angular resolution as that of the VLA data.
brightness for the radio source associated with the Spiderweb galaxy obtained Except for alimited number of isolated and low-significance pixels, itis
fromthe sparse-imagereconstruction discussed in Methods. The white possible toobserve agood agreement between the morphology of the

contours denote the radio emission as measured from the VLA X-band®® data reconstructed source and the VLA observation.
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Extended DataFig. 6 | Diffuse gas around the Spiderweb galaxy. The three
panelsshowacomparisonbetween the SZ effect (left) observedin the
ALMA+ACA data with the X-ray emission measured by Chandra (centre) and the
VLT/FORS1image!***'? of the extended Lya nebula (right) within the Spiderweb
complex. The ALMA+ACA SZ data areimaged using a natural weighting scheme
after subtracting the sparse-modelling solution for the radio source. Toreduce
the dynamic range of the X-ray map, we suppress the strong emission from the
central AGN by fitting and subtracting a point-like model to the data. The
hatchedregion denotes the signal dominated by the inverse Compton X-ray
emission associated with AGN or the radio jet®*%, rather than the thermal
bremsstrahlung from diffuse hot gas. For reference, weincludeindarkred the
same VLA contours as in Extended DataFig.5. When discussing the extended
X-ray signal from the ICM, we will then refer only to the region outside this mask
(thatis, excluding the radiojet). The contoursinallthe panelstrace the decrement
inthe ALMA+ACA residualimage after the application of a20-kA Gaussian uv
taper toenhance the large-scale features associated with the SZ effect.

Thelevelsstartat2oandincrease by afactor of 0.50, witho=5.30 pJy beam™, as
measured from the correspondingjackknifed image. We mark with awhite
triangle the position of the Spiderweb galaxy. The ellipsesin the lower-left
corner of the left panel denote the beams for the ALMA+ACA SZ images at the
original (solid ellipse) and uv-tapered (dotted ellipse) resolutions. Although
thelowsignificanceand, inthe case of the ALMA data, complex effects
associated withinterferometric filter hamper the possibility of observing an
exact correspondence between the SZ and X-ray images, both of these manifest
anasymmetry towards the northeastin their morphological signatures,
suggesting an association of the two signals with ahot feature in the diffuse
intracluster gas. Onthe other hand, the Lya halo occupies the region
corresponding to the southwest deficiency observedinboththe SZand the
X-ray data. This result mightimply that the very core of the Spiderweb galaxy is
dominated by cold and warm gas that has not yet been shock-heated to the
virial temperature.
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Extended DataFig.7|Mock observations of simulated galaxy protoclusters.
Compared are the input Compton y maps from the Dianoga simulation set
(left) and the images reconstructed from the simulated interferometric
observations without (centre) and with (right) adding the jackknife-based
noiserealization. Allmaps are centred on the centroid of the dark-matter halo
of eachstructure (also denoted as dotted crosshairs in the right panels), roughly
corresponding (modulo anegligible displacement 56 kpc) to the position of
the most massive galaxy in each system. The top row shows the maps for a
simulated halo selected to generate aSZ signal with amplitude consistent with
that measured for the Spiderweb protocluster. For comparison, we showin the
middle row the most massive haloin the Dianoga sample. The bottom row
correspondsinstead to asimulated halo exhibiting anotable offset between
the centre of the dark-matter halo and the peakin the pressure distribution
(thatis, SZ signal), with an overall displacement similar to what was found for
the SZ footprintand the central galaxy in the Spiderweb complex. The asterisk
onthecolourscalelabel denotes the casein which the model surface brightness

mapisrescaled to match the signal-to-noise ratio of the ALMA+ACA
measurementsand, inturn, enhance the corresponding mock observationin
theright panel. The white square in the left panels denotes the field of view of
themock observation mapsin the central and right columns. To facilitate the
comparison, we set the colour map for the right frames equal to the oneusedin
Extended DataFig. 6. Thesolid contoursin the right panels trace the noiseless
mock observationsin the central column, with contours starting fromloand
increasing by 1osteps (for 6=4.10 pJy beam™). On the one hand, the limited
signal-to-noiseratio for any of the halos of the sample highlights the need for
deeper observationsinview of a proper characterization of the morphological
and physical properties of the forming ICM. On the other hand, theidentification
inthe Dianogaset of halos with local asymmetries in their pressure distribution
supportsthe case for the substantial offset observedin the ALMA+ACA data
between the SZ signaland the Spiderweb galaxy not to be representative of
large-scale displacements but the result of a non-trivial combination of
irregular morphology and large-scale interferometric filtering.
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Extended Data Table 1| Best-fit parameters for the model of the extended source

ID R.A. Dec. Floo cne Spec. Index
— — [mJy] —
11740™465089 £ 005017  -26°29'117026 007124 0.0331738932  3.673:87

11h40™46:656 & 005011 -26°29'107787 007140  0.0208+99931  3.95+0.60

11740485004 4 005005  -26°29'107542 £007074  0.13673%L  -2.6010-27

11h40m485112 4 005004  -26°29097239 007029  0.842+002T .1 496+0:041

11M40™485237 £ 005008  -26°29'08"649 4+ 007020  0.62713018  _1.111+3.062
11240™485348 4+ 005003  -26°29'087632 £ 007007  0.74110046 063510041
11240™483676 & 005015  -26°29/097711 £007239 0.0215t09028 o 7+13

11240™48:924 + 005002  -26°29'09”269 + 007017 0.178479.002 2 05+0.19

00 =~ O th B D P e

We report here the optimal parameters obtained for the model without a SZ term. We note that the inclusion of a SZ component does not introduce any significant variation on the final value of
the inferred parameters. A direct comparison between the position of point-like components and the actual morphology of the radio signal in the ALMA+ACA data is provided in Extended Data
Fig. 1. As detailed in the text, several point-like components coincide with specific compact sources. In particular, components ID1and ID2 correspond to distinct protocluster members already
reported in the literature??®*35496285_ERQ 284 (ref.') and HAE 229 (refs. ®%), respectively. The component ID6 is spatially consistent with the Spiderweb galaxy, whereas ID8 overlaps with the
main spot of the eastern radio jet.



Extended Data Table 2 | Comparison of the best-fit parameters for different SZ models

AR.A.  ADec. i‘l’f{;o@ 500 1/;;2(< '?'50(]) Y_q;(( 5?’;‘,0{)) A lOg e Talr

"] "] (10" M|  [kpc] 1078 Mpe? 1078 Mpc? — —
AI0UP  10.3137 3.3th8 3461038 2989+54 0.851048 1.68703%  17.840.5 5.97+0.08
A10 MD lfllﬂ:a 54*113 34408 gegatsl o6t 1427935 195405 6.24+0.08
MIATP 9941 $7H: 573N 23 egstly 1574088 17.9+£0.5 5.9840.08
MIANCC 20rill satld 3erdld  2sgill orridld 1101028 18.0+£05 6.004£0.08
LISREF 10.811: 24721 3926105 2244t 04001 1574938 16.0£0.5 5.66+0.09
L.15 8.0 10,7118 28118 546708 266 5% g laptli 441707 21.940.5 6.62+0.08
L158.5 10,758 26td BI2HlEc  goagrsi 2ol (Frssy 19.7+£0.5 6.28 £0.08
G17 EXT 9.3_-};g .5.-73;3 SORTEY 2opgthd pypibls 1152028 196 +£0.5 6.26 +0.08

We refer to the nested sampling section in Methods for specific details of the models adopted in our analysis. The coordinates of the SZ components are reported as shifts with respect to the
position of the Spiderweb galaxy (11h40m 48.34s, -26°29'08.55"). The radii rsq, are computed from the reported M, values as r5q = 3 Msoo/ 4?”L’:OOpc(z) ,in which p, is the critical density of
the Universe at redshift z. The log-evidence difference Alog Z for each of the listed models is computed with the respect to the case comprising only the extended radio source. The correspond-
ing estimates for the effective significance o, are computed under the assumption of a multivariate normal posterior distribution (that is, 0g¢ = sgn(AlogZ) - ./2 |AlogZ] ).



