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Supplementary Methods

S1. ALMA data reduction

The ALMA and ACA Band-3 data were obtained under four different programs from the ALMA
Science Archive (2015.1.01543.T; 2017.1.00273.S; 2022.1.00495.S; 2023.1.00124.S). The correspond-
ing configurations, baseline ranges, frequency ranges, correlator modes, and on-source integration
times are summarized in Supplementary Table 1.

For the observations carried out before 2020, we used the standard ALMA calibration script to
re-calibrate the data with the latest ALMA pipeline (CASA version=6.6.1)1,2. We carefully compared
difference between the old and new calibrated data in their phase uncertainties, root mean square
(rms) errors, and dynamical ranges of the continuum images produced from individual Execution
Blocks (EBs). In general, the calibrated data obtained from the new pipeline show a ∼ 5% im-
provement in their dynamic range. Therefore, we adopted all measurement sets calibrated by the
new pipeline for consistency.

We used the observatory-calibrated measurement sets for the Cycle 9 and Cycle 10 data, which
were calibrated by CASA 6.4.1 and CASA 6.6.1, respectively. According to the QA2 report from
the observatory, there was some potential cloud contamination in a fraction of EBs, leading to
higher phase errors. We ran the remcloud 1 pipeline for better phase calibrations and inspected
the improvement of the data quality. Only two EBs showed ∼ 20% and ∼ 200% improvements in
their dynamical range after the remcloud correction, which were used in this study.

Each EB was assessed by comparing the flux densities of bright sources from the CLEANed
image to ensure that the calibration was consistent. The calibration was good in general,with
the amplitudes of bright sources differing by < 5% at the same frequency for all EBs except two
EBs, where the higher phase errors of these data introduced a loss of coherence. The high phase
errors caused reduced amplitudes and elevated rms noises due to decorrelation, instead of amplitude
calibration errors. In fact, the affected EBs show good agreement with other EBs after tapering,
indicating that higher phase errors are dominated by the long baselines, while short baselines still
keep a good coherence. Despite their worse qualities, these two EBs are still included for better
uv-coverage and large-scale sensitivity. We used ‘natural’ weighting for all CLEANing processes in
the following analysis to suppress the long-baseline contribution.

Because the accumulated data size is over a few terabytes, some data compression was needed be-
fore imaging for a higher efficiency. The latest CASA (version=6.7.0) was used for both preprocessing
and imaging. We used the CASA task mstransform to compress all data to a common frequency and
time width of 62.5MHz and 8s, respectively. This approach greatly reduces the data size without
causing the potential bandwidth- and time-smearing effect. The phase center of each measurement
set was then shifted to the pointing center of the Cycle 10 program through phase shift command.
Subsequently, we combined all EBs obtained from the same cycle to a single measurement set using

1https://help.almascience.org/kb/articles/what-is-remcloud-and-how-could-it-reduce-phase-rms
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the CASA task concat with copypointing=False. Channels with spectral lines were flagged by
the task flagdata, which are listed in Supplementary Table 2.

Considering there are over 70 EBs with different tuning frequencies and configurations, caution
is required to handle the visibility plane. The steep spectral slope of the dust continuum emission
from the protocluster galaxies can lead to baseline-dependent flux densities, owing to the frequency
variations of the different baselines, which can cause artificial signals in the Fourier-plane subtrac-
tion technique. We used all the data to produce ultra-deep continuum images for the direct tSZ
decrement imaging (‘Deep’ and ‘Deep (tapered)’), and used the subset of measurement sets with
similar frequency ranges from Cycle 5 and Cycle 10 for source subtraction and tSZ measurements
(‘ALMA high-res’, Supplementary Table 3).

The deep continuum map was generated with tclean using line-free channels, ‘natural’ weight-
ing, ‘hogbom’ deconvolver, ‘mosaic’ gridder in ‘mfs’ mode. We applied a 2′′ uv taper to enhance
sensitivity to extended emission. A two-step strategy was used for the CLEANing process. First, we
CLEANed without a mask down to 4σ, ensuring real emission is deconvolved while avoiding noise
spikes. Next, we masked the high-significance 4σ pixels and dilated them to the adjacent 2σ pix-
els. With this robust mask, we CLEANed the data to ±1σ, which suppresses dirty-beam sidelobes
and prevents over-CLEANing of noise spikes. The rms level of the CLEANed image is 1.8µJy/beam
with a 2.4′′ × 2.1′′ synthesized beam before tapering, and 2.1µJy/beam with a 3.7′′ × 3.3′′ beam
after tapering. In the ‘Deep (tapered)’ image (Supplementary Fig. 1), a negative halo around the
protocluster galaxies reaches −4.5σ, which is also present in the CLEANed and the residual of the
“Deep” image (Supplementary Fig. 2). The positive signal peaks at 116σ, which is comparable to
the typical dynamic range achieved in ALMA Band-3 (∼ 100σ), supporting that features as faint
as −4.5σ are reliable instead of an imaging artifact.

The tSZ signal is expected to contaminate the galaxies’ continuum emission, which dominates
the short spatial-frequency range. To produce a high-resolution continuum image for further source
subtraction (‘ALMA high-res’), we discarded the data with different frequency coverages (see Sup-
plementary Table 3) and excluded all baselines with uv-distances less than 10kλ to suppress the
extended tSZ contamination while still maintaining a good sensitivity. Under such a uv-distance
selection, all signals with spatial scales above 20′′ are greatly reduced. We selected the line-free
channels and used the identical two-step CLEANing strategy to produce the continuum map (Supple-
mentary Fig. 3). With this uv range-selection strategy, the continuum flux density of each source is
increased by 0 ∼ 15µJy (Supplementary Fig. 4), while the rms sensitivity only drops by ∼ 1%. The
difference of the continuum level is also enhanced at the central region, supporting the existence
of the extended tSZ decrement in SPT2349. The synthesized beam size of the continuum image is
2.2′′ × 1.9′′ and the rms sensitivity is 2.1µJy/beam.

For the direct comparison of dust continuum under different scales, we also produced two in-
dependent low-resolution images from the short baselines (< 10kλ) of ALMA (‘ALMA low-res’)
and from the ACA observations in a similar manner. The sensitivities of ‘ALMA low-res’ and
ACA continuum images are 11µJy/beam and 24µJy/beam. Their corresponding resolutions are
14.4′′ × 13.4′′ and 18.0′′ × 12.1′′, respectively.

The details of each image, including the on-source exposure time, is summarized in Supple-
mentary Table 3. The Maximum Recoverable Scale (MRS) of each map was estimated from the
corresponding spatial scale of the fifth percentile value of the ALMA baseline lengths3,4. The quoted
value could overestimate the MRS when poorly-sample and less-weighted ACA data are included,
which should be treated as the upper limit.
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S2. Validation of the decrement with ALMA simulations

To test the reliability of the potential tSZ signatures, we conducted interferometric simulations using
the CASA function simalma. We used the Band-7 catalog5 as a prior and scaled the flux densities
by S3mm,total/S850µm,total to obtain the 3mm flux density of each emissive source. As sensitivity
can be underestimated by simalma, we tweaked the scaling factor of the telescope time in each
configuration until the rms agreed with the actual value (∆rms/rms < 5%). For a more realistic
simulation, we also injected continuum sources on the jackknifed measurement sets, which were
produced by inverting half of the visibilities to cancel the astrophysical signals.

Supplementary Fig. 5 shows the comparison between the simulations and the actual continuum
image on the same scale. While the previous section reinforces the evidence of a tSZ decrement
already seen as a negative halo in the real image, we also considered the possibility that the evidence
of tSZ effect was caused by an interferometric artifact from combining different ALMA configura-
tions. Although the issue of the negative sidelobes is greatly suppressed in such deep observations,
imperfect CLEANing can be still expected, which may cause a similar negative halo. However, the
coherent negative halo does not exist in the simulated image, where the minimum pixel value in
the core region is only 4.5µJy, 1.7σ less than the decrement peak (7.6µJy) in the actual contin-
uum image. Furthermore, we used the same uv-range (uv < 10kλ) to produce the low-resolution
mock image and performed the photometry measurements in an identical way. The continuum
flux density from the low-resolution simulated map is consistent with the integrated value from the
high-resolution image, with the discrepancy ≲ 2%, contrary to the 20% drop seen in the real data.
Therefore, a potential artifact is unlikely to result in the current evidence of the tSZ decrement.

S3. Redshift evolution of ICM in TNG-Cluster simulations

To further investigate if the strong tSZ signal in SPT2349−56 can be naturally reproduced by
modern cosmological hydrodynamical simulations, we compared our measured tSZ signal with pre-
dictions from the TNG-Cluster 2 zoom-in simulations of massive galaxy clusters6,7. In brief, TNG-
Cluster comprises a suite of 352 high-resolution re-simulations of massive clusters selected from a
parent dark matter-only simulation with a box size of ∼ 1 Gpc. The sample includes all clusters
at z = 0 with M200 > 1015M⊙, along with a representative subset of lower-mass systems spanning
M200 ∼ 1014.3–1015.0M⊙. As with the IllustrisTNG framework, TNG-Cluster employs the AREPO

moving-mesh magnetohydrodynamics code8,9, together with the TNG galaxy formation model10,11,
which self-consistently follows the evolution of gas, stars, supermassive black holes, chemical en-
richment, and feedback from both stellar and AGN sources.

For this analysis, we used the TNG-Cluster predictions to compare the thermal component
of the gas to that inferred for the SPT2349−56 protocluster core. Specifically, we computed the
Compton-y parameter following the prescriptions in literature7,12–15, which are virtually equivalent.
For each gas cell, the y parameter (Υi) was computed as

Υi =
kBσT

mec2
Ne,iTi, (1)

where kB is Boltzmann’s constant, σT the Thomson scattering cross-section, me the electron mass,
and c the speed of light. Here, Ne,i and Ti represent the number of electrons and the temperature
of the i-th gas cell, respectively. The number of electrons was computed as Ne,i = ne,imi/ρi, where
ne,i is the electron number density, mi is the gas cell mass, and ρi is the gas density.

2www.tng-project.org/cluster
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In practice, we derived Υi for each gas cell using InternalEnergy (U), ElectronAbundance
(Xe), and Masses (mi) from the TNG-Cluster outputs. The temperature of each gas cell was then
calculated as

Ti =
U(1− γ)µ

kB
, (2)

where γ = 5/3 is the adiabatic index and µ is the mean molecular weight, given by:

µ =
4

1 + 3XH + 4XHXe

mp, (3)

with XH the hydrogen mass fraction (assumed to be XH = 0.76) and mp the proton mass. The
number of electrons was computed as:

Ne,i =
ne,imi

ρi
=

XeXHmi

mp

. (4)

To computeNe,i and Ti for each gas cell, we adopted a fixed hydrogen mass fraction ofXH = 0.76,
following common assumptions in the literature7,13. Although one might expect a higher hydrogen
fraction at earlier epochs, we verified that the median hydrogen abundance in gas cells associated
with the TNG-Cluster halo at z ∼ 5 remains close to XH ∼ 0.76.

The integrated tSZ signal for a given halo, expressed as Y500D
2
A, was calculated by summing the

Υi contributions (from Equation 1) of all gas cells within a spherical aperture of radius R500. We
then tracked the redshift evolution of this tSZ proxy by evaluating Y500 for the main progenitors of
all 352 clusters identified at z = 0 within the TNG-Cluster suite. We traced Y500 of each cluster for
every four snapshots and calculated the 16th, 50th, and 84th percentile values in each redshift bin.
The evolution of the fraction of hot gas > 107K within the R500 radius (fhot = Mhot,500/M500) was
also recorded to investigate the simulation expectation for the hot gas at earlier epochs. The Y500

values were scaled by M1.79
500 to removed the mass dependency16.

We show the 16th-50th-84th percentile values of the mass-scaled Y500 and fhot at 0 ≤ z ≤ 5
for each redshift bin in Fig. 1 and Extended Data Fig. 9, respectively. As indicated by Fig. 1, the
tSZ decrement observed in SPT2349−56 is also more than five times the value predicted by TNG-
Cluster. Without assuming a very massive halo (Extended Data Fig. 9), the lower hot-gas fraction
or a cooler ICM in TNG-Cluster is likely the reason of this discrepancy.
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Supplementary Figures
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Supplementary Fig. 1: Tapered ALMA+ACA 3mm continuum map. The positive signals
come from dust emission of DSFGs. We use the contours from −1σ to −4σ with steps of −1σ to highlight
the negative signals. The synthesized beam is shown in the bottom-left corner and the primary beam
responses of 0.3, 0.5, 0.7, and 0.9 are indicated as dotted lines. A consistent negative ring is seen around
the protocluster core, with a peak value at −4.5σ, suggesting the existence of extended tSZ signal.
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Supplementary Fig. 2: CLEANing process for the ‘deep’ imaging. To avoid negative sidelobes from
the dirty beam, we performed a deep CLEANing down to the 1σ level, with the CLEANing mask and model
indicated in the bottom panels. The synthesized beam is shown in the bottom-left corner of the upper-left
panel. While the detected sources are well deconvolved, a diffuse negative halo remains visible in the
residual map, demonstrating that this feature is not due to incomplete source subtraction.
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Supplementary Fig. 3: CLEANing process for the ‘high-res’ imaging. Same as Extended Data
Fig. 2, but for the high-resolution imaging with short baselines excluded. The negative feature is not as
prominent as in Extended Data Fig. 2, implying that the extended negative signal has been suppressed
after excluding short baselines.
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Supplementary Fig. 4: Effect of excluding short baselines on continuum flux densities. Flux
density measurements of the galaxies before and after excluding short baselines (< 10kλ). The errorbars
are derived from bootstrapping. top: Difference in continuum flux densities as a function of distance from
the phase center. bottom: Corresponding flux density ratios of values after and before excluding short
baselines. The systematic increase in continuum flux density toward the core region is consistent with the
expected suppression of large-scale tSZ decrement when short baselines are removed.
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Supplementary Fig. 5: Comparison between the real and simulated images. We created sim-
ulated continuum images to further investigate if the negative halo can be caused by any unknown inter-
ferometric artifacts due to the complex distribution of the bright DSFGs. The corresponding synthesized
beam is shown in the bottom-left corner for each panel. left: CLEANed image obtained from real visibilities.
middle: CLEANed image obtained from simulated visibilities created by simalma. right: CLEANed image
obtained by injecting model sources to signal-free jackknife visibilities, which were obtained through in-
verting half visibilities to cancel astronomical signals. The minimum pixel value from the real map is 1.7σ
more significant than both simulated maps, and the simulated maps do not display a coherent negative
ring seen in the real image.
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Supplementary Tables

Supplementary Table 1: Summary of ALMA observations used in this study.

Program ID Configuration Lbase Frequency coverage tsource
[m] [GHz] [min]

2023.1.00124.S 12-m (C-3) 15–500 85.9–89.9, 97.9–101.9 685
2023.1.00124.S 12-m (C-4) 15–784 85.9–89.9, 97.9–101.9 49
2023.1.00124.S 12-m (C-2) 15–314 85.9–89.9, 97.9–101.9 49
2023.1.00124.S 7-m (ACA) 9–49 85.9–89.9, 97.9–101.9 1616
2022.1.00495.S 12-m (C-3) 15–368 89.1–92.9, 101.1–104.9 198
2022.1.00495.S 12-m (C-2) 15–313 89.1–92.9, 101.1–104.9 148
2017.1.00273.S 12-m (C43-4) 15–784 86.2–89.6, 97.9–101.6 47
2017.1.00273.S 12-m (C43-5) 15–1231 86.2–89.6, 97.9–101.6 116
2017.1.00273.S 12-m (C43-4) 15–784 89.8–93.7, 101.8–105.8 78
2015.1.01543.T 12-m (C40-4) 15–704 84.3–87.9, 96.4–100.0 4710



Supplementary Table 2: Frequency range of the flagged channels in each tuning.

Program ID Frequency coverage Flagged channels Flagged
[GHz] [GHz] fraction

2023.1.00124.S 85.9–89.9, 97.9–101.9 86.5–87.35 (CO), 98.5–98.85 (foreground) 16%
2022.1.00495.S 89.1–92.9, 101.1–104.9 92.4–92.9 ([CI]), 103.1–104.3 (13CO&C18O) 23%
2017.1.00273.S 86.2–89.6, 97.9–101.6 86.5–87.35 (CO), 98.5–98.85 (foreground) 16%
2017.1.00273.S 89.8–93.7, 101.8–105.8 92.4–93.2 ([CI]), 103.1–104.3 (13CO&C18O) 27%
2015.1.01543.T 84.3–87.9, 96.4–100.0 86.5–87.35 (CO), 98.5–98.85 (foreground) 16%
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Supplementary Table 3: Details of continuum maps used in this study.

Map Used data Frequency coverage uv-range Taper tALMA + tACA RMS Beam MRS
[GHz] [kλ] [min] [µJy/beam] [arcsec2] [arcsec]

Deep all 84.3–93.7, 96.4–105.8 2–400 N/A 1416+1616 1.8 2.4×2.1 33
Deep (tapered) all 84.3–93.7, 96.4–105.8 2–400 2′′ 1416+1616 2.1 3.7×3.3 34

ALMA high-res
2023.1.00124.S 85.9–89.9, 97.9–101.9 10–220

N/A
782+0

2.1 2.2×1.9 16
2017.1.00273.S 86.2–89.6, 97.9–101.6 10–400 163+0

ALMA low-res
2023.1.00124.S 85.9–89.9, 97.9–101.9 4–10

N/A
782+0

11 14.4×13.4 48
2017.1.00273.S 86.2–89.6, 97.9–101.6 4–10 163+0

ACA 2023.1.00124.S 85.9–89.9, 97.9–101.9 2–14 N/A 0+1616 24 18.0×12.1 ≲ 76

SZ
2023.1.00124.S 84.3–87.9, 96.4–100.0 2–10

N/A
782+1616

8.8 13.6×14.7 ≲ 72
2017.1.00273.S 86.2–89.6, 97.9–101.6 4–10 163+0
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Nomura, H., Pérez, L.M., Qi, C., Schwarz, K.R., Tsukagoshi, T., Waggoner, A.R., Wilner, D.J.,
Zhang, K.: Molecules with ALMA at Planet-forming Scales (MAPS). II. CLEAN Strategies
for Synthesizing Images of Molecular Line Emission in Protoplanetary Disks. 257(1), 2 (2021)
https://doi.org/10.3847/1538-4365/ac1430 arXiv:2109.06188 [astro-ph.EP]

[5] Hill, R., Chapman, S., Scott, D., Apostolovski, Y., Aravena, M., Béthermin, M., Bradford,
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Montier, L., Morgante, G., Mortlock, D., Moss, A., Munshi, D., Naselsky, P., Nati, F., Natoli,
P., Netterfield, C.B., Nørgaard-Nielsen, H.U., Noviello, F., Novikov, D., Novikov, I., Osborne,
S., Oxborrow, C.A., Paci, F., Pagano, L., Pajot, F., Paoletti, D., Partridge, B., Pasian, F.,
Patanchon, G., Perdereau, O., Perotto, L., Perrotta, F., Piacentini, F., Piat, M., Pierpaoli,
E., Pietrobon, D., Plaszczynski, S., Pointecouteau, E., Polenta, G., Ponthieu, N., Popa, L.,
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