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A schematic view of the cosmic evolution
of a massive clusterChiang et al. 2013
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Protoclusters (overdensities at z>2, Delta <<200) are ideal laboratories to study 
galaxy properties in dense environments, and environmental dependence of 
galaxy formation and evolution in the early universe. Galaxy evolution in dense 
environment at high-z is expected to be accelerated. 

Protoclusters magnify details of the assembly processes:

Infalling of galaxies from the cosmic web (or simply increase in the environ density)
Triggering of star formation
Interactions between galaxies
Coevolution of galaxies and their SMBH
Formation of the BCG
First stages of gravitational heating of the proto-ICM
Feedback and enrichment of the proto-ICM
Build up of the ICL

(see review by Overzier 2016 ARAA)
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X-ray observables in protoclusters 
and high-z clusters

i) X-ray emitting AGN

ii) thermal emission from shocked or heated 
diffuse intra cluster medium

iii) non thermal diffuse emission due to IC from 
relativistic electron.

iv) population of HMXB in starbursting 
galaxies. 
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Miley et al. 2006

The Spiderweb Galaxy
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715 ks with Chandra ACIS-S

At z~2.156 – 5 arcmin ~ 2.5 Mpc

PT et al. 2022, A&A, 662, 54

AXIS – Galaxies SWG – September 2022
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Identification of X-ray emitting members
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Strong excess (Spiderweb Galaxy is excluded)
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Strong excess (Spiderweb Galaxy is excluded)

Vito et al. 2024

Traina et al. 2025

Travascio et al. 2024

(MQN01 z~3)

PT et al. 2022

Wu et al. 2025 (BOSS1441)



No low-LX hidden in other members or member candidates
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Possible cumulative signal from SF galaxies?

PT et al. 2022
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Vito et al. 2024

Traina et al. 2025

IFPU Focus Week: the emergence of the cosmic web - September 2025



PRELIMINARY

Lepore, M., et al. 
2025 in preparation

BOSS 1244

• 6/51 spectroscopic members detected in X-ray
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Vito et al. 2024

Traina et al. 2025

• The f_AGN is ~13% of the spec confirmed members in the mass range log(M*/M⊙) > 10.5
• Synergy with NIR, MIR (JWST) and submm (ALMA) data for SF and cold gas 
• Martinez-Perez et al. 2025, Shimakawa et al. 2025
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M. Lepore LP Chandra AO27



• Diffuse emission in the soft (left) and hard (right) band in the 
Spiderweb. Red contours are 10 GHz JVLA contours (Carilli et al. 2022)
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PSF wings subtraction: a key step to measure the diffuse emission
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Lepore et al. 2024
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kT = 2.0 +0.7 -0.4 keV

MICM = 1.67 +-0.17 1012M⊙

Mtot(<100 kpc) = 1.5+0.5-0.3 1013M⊙

M500 = 3.0+-1.1 1013M⊙

Consistent with the low-mass case simulation of Saro et al. (2009)

PT et al. 2022
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Di Mascolo et al. 2023
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Lepore et al. 2023 

Temperature gradient in the ICM
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Lepore et al. 2023 

Cool core (cooling flow?) in the Spiderweb

~ adiabatic cooling flow of 250-1000 M/yr (optimal value 760 M/yr) 
SFR values:
1390+-150 M/yr (Seymour et al. 2012)
1150+-580 M/yr (Rawlings et al. 2013)
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Carilli et al. 2022
Anderson et al. 2022
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https://axis.umd.edu/



Detection of AGN with AXIS Detection of proto-ICM with AXIS

AXIS GO Science Book, Ed. H. Russel & L. Lopez
See also https://axis.umd.edu/ 
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A small protocluster program with AXIS (1.16 Ms)

AXIS GO Science Book, Ed. H. Russel & L. Lopez
See also https://axis.umd.edu/ 
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T H E  C A R L A  S A M P L E PRELIMINARY

CARLA J1017 CARLA J1510 CARLA J1300

200 kpc

Radio-Loud QSO  
z = 2.801 Radio-Loud QSO  

z = 1.725

Radio-Loud QSO  
z = 1.675

MOS1 16 ks
MOS2 18 ks
pn 15 ks

MOS1 42 ks
MOS2 42 ks
pn 27 ks

MOS1 52 ks
MOS2 52 ks
pn 18 ks

XMM Observation of CARLA clusters - M. Lepore et al. in preparation
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T H E  C A R L A  S A M P L E :  
J 1 3 0 0 + 4 0 0 9

Chandra 16 ks 






 keV

ΓAGN = 1.8
ΓIC = 2

Z = 0.3Z⊙
kT = 0.8+0.2

−0.5

The presence of thermal emission is detected from 
spectral analysis only at  confidence level2σ

Lepore, M., et al. in preparation

 keV

ΓAGN = 1.8
ΓIC = 2

Z = 0.3Z⊙
kT = 0.8+0.2

−0.5

Chandra 16 ks
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T H E  C A R L A  S A M P L E :  
A G N  P E E L I N G  C O D E

Counts 
extractions

Counts 
subtraction

Lepore, M., et al. in preparation



PRELIMINARY

T H E  C A R L A  S A M P L E :  
A G N  P E E L I N G

Cluster AGN Removal for ICM Tracing and analYsis

AGN + background simulated image

Lepore et al., in prep
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T H E  C A R L A  S A M P L E :  
A G N  P E E L I N G

Cluster AGN Removal for ICM Tracing and analYsis

PRELIMINARY

Simulated X-ray AGN removal using Voronoi-based PSF 
sampling and N-step probabilistic subtraction

AGN + background simulated image Output: AGN-subtracted residual

N-step subtraction

Lepore, M., et al. in preparation



T H E  C A R L A  S A M P L E :  
C L A R I T Y

Cluster AGN Removal for ICM Tracing and analYsis

Simulated X-ray AGN removal using Voronoi-based PSF 
sampling and N-step probabilistic subtraction

Photometry in 20’’ from the center Mean Variance

i
i

Lepore, M., et al. in preparation



Conclusions
X-ray are key to explore several energetic phenomena during the transition
from protoclusters to clusters (2<z<3):

Nuclear emission in member galaxies
Heating of the diffuse baryons (proto ICM) and their chemical enrichment
Possible cooling flows around strong beacons
IC emission from relativistic jets (strong synergy with radio observations)
HMXB emission associated to SF
Indirectly: feedback processes from AGN onto diffuse baryons

But protoclusters are not classic X-ray targets. Most of the “X-ray science”
need ancillary data (spectroscopy, NIR imaging, Radio, etc), to begin with 
a clean selection based on stellar mass and large FOV.

High angular resolution and FOV are both very important (see AXIS).
However, significant results can be obtained in complex sources 
(Spiderweb-like) with XMM, by combining spatial and spectral 
information.
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