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LARGEST STRUCTURES IN THE UNIVERSE 
tracers of large-scale structure formation 

and mass content of the Universe 
window on dark matter properties

ENVIRONMENT FOR GALAXY EVOLUTION 
impact galaxy morphology,  

star formation, AGN activity, …

LARGE RESERVOIRS OF PLASMA 
host most energetic events in the universe 

unique laboratories for plasma physics



PlanckXXVII 2016, Hilton+2021, Bocquet+2019, Huang+2020, Bleem+2020

"the realm 

of the galaxy 

protoclusters” 
(Overzier+2016)
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adapted from Chiang+2017 & Shimakawa+2018

protocluster overdensities 

energetic AGN feedback 
sustained star formation 

pre-heated cores

mature clusters 

environmental quenching 
extended, thermalised haloes 

of intracluster medium

a turning point in cosmic history

(Saro+2009,Remus+2023)



protocluster galaxies 

Kurk+2000 - Pentericci+2000 - Kurk+2004a - 
Kodama+2007 - Ogle+2012 - Koyama+2013 - 

Tanaka+2013 - Dannerbauer+2014,2017 - 
Shimakawa+2015,2018 - Jin+2021 -  

Perez-Martinez+2023

AGN activity 

Carilli+1997,2022 - Pentericci+1997 - Seymour+2012 - 
Gullberg+2016 - Anderson+2022 - Tozzi+2022a

Spiderweb galaxy 

Pentericci+1998 - Miley+2006 - Kuiper+2011 - 
Emonts+2016,2018 - De Breuck+2022

proto-ICM 

Tozzi+2022b - Di Mascolo+2023 -  
Lepore+2023 (accepted)
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optical: HST/G. K. Miley; radio: VLA/C. L. Carilli



X-ray measurements as key drivers of ICM studies
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X-ray portrait of a massive system at high z

XLSSC 122 
z=1.978 

M500 = (6.3 ± 1.5) × 1013 M☉  

total exposure ~100 ks  
(Mantz+2018)



hot ICM

line
 of

 si
gh

t

energetic 
electron “comptonized”


photon

CMB ra
dia

tio
n

tracing thermalised electrons across the Universe



a great tool for finding clusters…

adapted from Planck collaboration XXII 2016



…but low angular resolution

1.5 ARCMIN ACT10 ARCMIN Planck



…but low angular resolution

1.5 ARCMIN ACT10 ARCMIN Chandra+HSTPlanck



ALMA



resolution

dish diameter

Planck
9 arcmin

ACT/SPT
~1.5 arcmin

~9 arcsec

GBT+MUSTANG2 <5 arcsec
ALMA

~15 arcsec
IRAM+NIKA2 LMT+TolTEC



how ALMA sees galaxy clusters

ALMA

ACA
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adapted from Di Mascolo+2019



how ALMA sees galaxy clusters

ALMA

ACA
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adapted from Di Mascolo+2019



a high-pass filtered view of the Universe

large-scale Fourier modes not observed, 
resulting in dramatic information loss

ky

kx
existing imaging tools not optimised 

for reconstruction of large-scale/SZ signal

modelling techniques limited by  
lack of adequate descriptions

Fourier plane



a high-pass filtered view of the Universe  

adapted from Di Mascolo+2020
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a cluster caught in the act of growing upA&A proofs: manuscript no. main

sure distribution can exhibit multiple peaks (see, for instance,
Di Mascolo et al. 2021). Hence, these tentative negative features
could be attributed to the presence of an infalling group or other
kinds of complex morphologies, like filaments.

6.1. “Cleaned” image reconstruction

To better highlight possible asymmetric surface brightness dis-
tributions, we made a “cleaned” image reconstruction of the pre-
viously shown dirty images of XLSSC 122. The use of the clean
algorithm has been the de facto standard in radio astronomy for
half a century (e.g. Högbom 1974). However, this routine as-
sumes that the emission distribution is well described by an ar-
bitrary set of point-like or multi-scale Gaussian sources. Figure 6
directly shows that this assumption is invalid in our case, as our
emission distribution is unevenly spread along the baselines and
mainly concentrated at the smaller uv-distances (i.e., large angu-
lar scales). Therefore, we constructed our own deconvolution al-
gorithm. Our routine is more analogous to the image reconstruc-
tion techniques used in optical interferometry, in which prior in-
formation about the source is exploited to deconvolve the dirty
beam pattern from the true sky.

Our routine works as follows: If we assume the signal is well-
described by a gNFW profile (instead of a combination of point
sources), we can use our forward-modeling technique to find the
best-described gNFW profile (think of this as a minor cycle of
the deconvolution algorithm) and to subtract this from the vis-
ibilities (thus performing only one major cycle). Hence, we do
not have an iterative approach but a Bayesian one in which we
are guided by the evidence to find the most likely model rather
than cleaning to an arbitrary threshold. By subtracting the model
from the visibilities, the resulting residual image thus becomes
freed of the dirty beam patterns originating from the convolution
between the SZ e↵ect and the incomplete uv-coverage. Then,
similar to clean, we add the imaged residuals (shown on the
right panel of Fig. 5) to the likelihood-weighted model, which
is smoothed with the synthesized beam (500) and attenuated by
the primary beam, to create the image reconstruction. Hence, we
employ the results of our forward-modeling routine presented
above to get a clean-like reconstruction of XLSSC 122.

The deconvolved ACA+ALMA map of XLSSC 122 is
shown in Figure 11. This image clearly shows two filamentary-
like structures in the south which are co-spatial with the negative
deviations at ⇠ �3� shown in the residual map of Figure 5.

6.2. Modeling asymmetric pressure distributions

After obtaining the “cleaned” interferometric image, we ran a
two-component model to confirm via uv-based modeling that
these filamentary-like structures are not an imaging artifact. The
empirical formalism is unsuitable for modeling faint elongated
filamentary-like structures due to the constraint between the spe-
cific radius and the integrated flux. In contrast, the theoreti-
cal formalism decouples the specific radius rs from the ampli-
tude P0, granting greater modeling flexibility for brighter but
thinner surface brightness distributions. Hence, we ran the two-
component models only with the theoretical formalism.

We consider both a spherical symmetric profile and one in
which we freed the eccentricity. The shape parameters of the
gNFW are frozen to the A10-UPP values, similar to what is done
in Section 5.1.1. To let each run converge to a single solution,
we used an ordered prior on the declinations of the centroids of
the two SZ components which enforces that one model compo-

Fig. 11. “Cleaned” ACA+ALMA image of XLSSC 122. Here we com-
bined the likelihood-weighted reconstructed model of a single elliptical
gNFW profile (see row 5 of Table 1), smoothed with the synthesized
beam, together with the imaged residuals, computed in the uv-plane.
Hence, we corrected for the dirty beam patterns visible in Figure 5.
Contours are drawn from [�10, �8, �6, �4, �2, 2, 4]�� estimated on
the residual map shown in Figure 5. We overlay the location of the clus-
ter members. We observe asymmetric features in the south, potentially
indicating a morphological disturbance to the cluster.

nent has a declination that is always higher than the other. Simi-
lar to the single-component runs, we model the two-component
runs twice: first is the likelihood computed with only the
ACA+ALMA observations, and then with ACT+ACA+ALMA.
Thus, in total, we perform four two-component model runs. The
resulting four models are shown in Figure 12.

Regarding the ACA+ALMA-only modeling, both the spher-
ically symmetric and elliptical models show in the likelihood-
weighted image an extended feature along the southeastern fila-
ment (see the right two panels of Figure 12). For the spherically
symmetric model, we observe an improvement of the Bayesian
evidence of |� lnZ| = 62.3 relative to the symmetrical one-
component fit. For the elliptical one, we find |� lnZ| = 68.6. The
latter translates to a Bayesian evidence di↵erence of 6.6 with re-
spect to the best single elliptical gNFW model, indicating a ten-
tative 3.6� detection of the second component (see Eq. 11). Note
that a � lnZ = 6.6 is considered as decisive evidence (Dittrich
et al. 2019).

The likelihood-weighted model reconstructions of the
ACT+ACA+ALMA runs are shown in the first two panels of
Figure 12. When modeling with the additional ACT obser-
vations, only the elliptical implementation clearly shows the
asymmetric feature along the southeastern direction. From the
Bayesian evidence, we find �| lnZ| = 116.8 and �| lnZ| =
121.8, which corresponds to a di↵erence of �0.4 and 3.0 (with
the latter equivalent to a tentative 2.4� preference) when com-
pared with their respective single component gNFW model
for the spherical and elliptical implementations. This implies
that the observations require some degree of elongation in
both the north-south and the cross-diagonal orientation. The
absence of a secondary component in the spherically sym-
metric two-component ALMA+ACA+ACT run, as opposed
to the ALMA+ACA run, and the lower significance of the
ALMA+ACA+ACT run with respect to the ALMA+ACA run
can be attributed to the flux constraint imposed by the ACT
observations on the overall system. The ALMA+ACA observa-
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adapted from van Marrewijk+2023

joint ALMA+ACT analysis 
of the SZ signal from XLSSC 122

Bayesian imaging+inference unveils  
structures associated to dynamical states

pressure profile from the core  
till roughly the virial radius

dominant role of merger processes in 
driving ICM heating 

(instead of small-scale accretion)

cluster members

SZ decrementinfalling group

Joshiwa van Marrewĳk  PhD student @ ESO



adapted from Di Mascolo+2023



adapted from Di Mascolo+2023

radio emission

<1/500

SZ effect



let’s put our Fourier glasses on

adapted from Di Mascolo+2023
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confirmation of long-standing predictions

Saro+2009 
simulated protoclusters with 
gravitational potential permeated 
by ICM at 2-5 keV

Carilli+1997, Anderson+2022 
RMs generate in thin sheath of 
hot gas around the radio jet

Pentericci+1997, Hatch+2009 
Star-bursting proto-BCG fed by 
“cooling flow”-like precipitation 
(but not the only scenario)



faint SZ signal

adapted from Di Mascolo+, Nature, 2023
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adapted from Sembolini+2014
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faint SZ signal…or deviation from self-similarity?



faint SZ signal…or deviation from self-similarity?

adapted from Di Mascolo+2023

cosmo-OWLS 
cosmo hydrosims 
- AGN feedback model 
- mass-dependent 

spatial de-biaising
Magneticum 
cosmo hydrosims 
- mass-dependent 

pressure re-scaling

X-ray (Chandra) 
- self-similar Yx-M500 
- stacked analysis of 

indirect Pe measurements

X-ray (XMM-Newton) 
- mass-dependent 

pressure re-scaling 
- adapted Yx-M500  
- stacked analysis of 

indirect measurements



faint SZ signal…or systematics?

adapted from Bennet+2022; see also Baxter+2023, Gardner+2023

1. non-thermal pressure support



faint SZ signal…or systematics?
1. non-thermal pressure support 
2. deviation from thermalization  

adapted from Li+2023



faint SZ signal…or systematics?

adapted from Krause+2012

1. non-thermal pressure support 
2. deviation from thermalization  
3. dynamical effects
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faint SZ signal…or systematics?
1. non-thermal pressure support 
2. deviation from thermalization  
3. dynamical effects 
4. many SZ flavours, residual contamination, …
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Planelles+2017 
Bassini+2020



consistent results from cosmo hydrosims

adapted from Di Mascolo+2023



adapted from Di Mascolo+2023adapted from Di Mascolo+2023

hints of complex interactions and dynamics

hybrid morphology 
(Pentericci+1997, Carilli+2022) 

asymmetric 
Lyα morphology

(Miley+2006, Anderson+2022)

extended CO tail 
(Emonts+2013)

SZ effect
Lyα
CO(1-0)

Radio jet 50 kpc



Saro+2009 
simulated protoclusters with 
gravitational potential permeated 
by ICM at 2-5 keV

Carilli+1997, Anderson+2022 
RMs generate in thin sheath of 
hot gas around the radio jet

Pentericci+1997, Hatch+2009 
Star-bursting proto-BCG fed by 
“cooling flow”-like precipitation 
(but not the only scenario)

confirmation of long-standing predictions



circulating gas in a strongly cooling core

adapted from Di Mascolo+2023, Lepore+2023

inverse 
Compton

thermal 
emission

AGN

Marika Lepore  PhD student @ INAF-Arcetri

observation of steep gradient in density and 
temperature in the central 10 kpc

extremely short cooling time (<1 Gyr)

mass deposition rate consistent  
with fueling of star formation  
by direct ICM condensation 

early formation of  
(probably overdense) 
cool core structures



how and when the multi-phase protocluster 
gas turn into extended ICM? 

how different mechanisms contribute to 
heating the proto-ICM? 

credit: ESO/Di Mascolo et al.; HST: H. Ford

conclusions

For the first time, ALMA is allowing us to  
witness the emergence of proto-ICM in a 
protocluster complexes 

The SZ effect provides a reliable observational 
probe for detecting hot (thermalised) gas with 
virtually no limit in redshift 

Multiwavelength characterisation of high-z systems 
highlights extreme dynamical states, with complex 
interplay between multiple gas phases



looking forward, at last

adapted from Raghunathan+2022a,b

spiderweb



looking forward, at last

adapted from Gardner+2023



Atacama Large Aperture Submillimeter Telescope

35

A new telescope whose design is driven by 
transformational and unique science goals 
- The most complete sub-mm surveys ever! 
- Life cycle of the Local Universe  
- Baryon Cycle of the Distant Universe 
- New measures of SZ and the Early Universe 

50-m diameter single dish, with a high throughput and 
FoV of 2 degrees in diameter 

Located at a high dry site in the Atacama desert, 
enabling observations at  >500 GHz 

A facility telescope with open time and flexibility to host 
multiple instruments  

The first astronomical observatory to include renewable 
power generation & storage solutions in the design study 
- plan to be fully sustainable

νobs



Atacama Large Aperture Submillimeter Telescope

adapted from Di Mascollo+ in prep.
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A new telescope whose design is driven by 
transformational and unique science goals 
- The most complete sub-mm surveys ever! 
- Life cycle of the Local Universe  
- Baryon Cycle of the Distant Universe 
- New measures of SZ and the Early Universe 

50-m diameter single dish, with a high throughput and 
FoV of 2 degrees in diameter 

Located at a high dry site in the Atacama desert, 
enabling observations at  >500 GHz 

A facility telescope with open time and flexibility to host 
multiple instruments  

The first astronomical observatory to include renewable 
power generation & storage solutions in the design study 
- plan to be fully sustainable

νobs
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Results, science, and next steps
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ORGANIZERS 
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Image credits: Luca Di Mascolo, Tony Mroczkowski, and Giuseppe Puglisi. AtLAST has 
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programme under grant agreement No. 951815.

TOPICS 
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