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SUNYAEV  & ZELDOVICH ,  ARA&A, 18, 1980

CMB spectral distortion
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Saro et al. 2014 Avgoustidis et al. 2019



  

H
0
 constraints from

X-ray and SZE observations
● Very simple idea that traces back to the 

work Cavaliere et al. (1977)
● It is based on a distance-measuring 

techniques that depend on a comparison 
of 2 observables:

● A2/E is a ‘Density-weighted’ measure of the 
path-length through the gas [dimensions of 
a length]

● If the structure of the gas is known, and if 
we can measure the angular size θ then 
the angular diameter distance is 
D

a
(z)=A2/(E Θ)



  Bonamente et al. 2006



  

● Birkinshaw (1979)
● Reese et al. (2000)
● Patel et al. (2000)
● Mason et al. (2001)
● Reese et al. (2002)
● Sereno (2003)
● Udomprasert et al. (2004)
● Reese et al. (2004)
● Schmidt et al. (2004)
● Jones et al. (2005)
● Bonamente et al. (2006)
● Kozmanyan et al. (2019)

SZ measurements from RT, OVRO and BIMA, X-ray 
from ROSAT
26 clusters z < 0.78
H

0
 = 61±3(stat.)±18(sys.) km/s/Mpc

SZ measurements from OVRO, BIMA and X-ray 
from Chandra 
38 clusters 0.14< z< 0.89
H

0
 = 76.9±4(stat.) ±9(sys.) km/s/Mpc

Three regular clusters
z=0.088, 0.2523, and 0.451
H0 = 68±8(stat.) km/s/Mpc

SZ measurments from Planck and X-ray from XMM
61 nearby systems (z<0.5)
H

0
 = 67± 3km/s/Mpc



  

61 galaxy clusters with redshifts up to z < 0.5 observed 
with Planck and XMM-Newton: H

0
 = 67 ± 3km s−1 Mpc−1

Kozmanyan et al. 2019









Primary CMB
(cosmology)

Cosmic Variance Limited
Cosmology

&
Astrophysics

~10% of Sky Observed





  Planck 2013 results. XXI



  



L. BLEEM  ET  AL . ,  APJ, 258, 2,  36,  2022 

Planck SPTPlanck SPT



  



  Planck 15 XXII
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The SZ effect(s)



  

Soergel et al. 2016

4.2 sigma detection with 
~6700 clusters



  



  



  



resolution

dish diameter

Planck
9 arcmin

ACT/SPT
~1.5 arcmin



FOLEY+,  2011, APJ, 731, 86  

S P T- C L  J 2 1 0 6 - 5 8 4 4



  



  



  



S P T- C L  J 2 1 0 6 - 5 8 4 4

L. D I  MASCOLO  ET  AL . ,  A&A, 650, A153, 2021



G R E E N  B A N K  T E L E S C O P E



resolution

dish diameter

Planck
9 arcmin

ACT/SPT
~1.5 arcmin

~9 arcsec

GBT+MUSTANG2

~15 arcsec

IRAM+NIKA2 LMT+TolTEC



  



CHANDRA GBT+MUSTANG2

T R A I N  W R E C K  C L U S T E R

ADAPTED  FROM  WANG  ET  AL . ,  2018, APJ, 856, 2,  162

A cosmic train wreck



ADAPTED  FROM  D ICKER  ET  AL . ,  2020, APJ, 902, 2,  144

RUPPIN  ET  AL . ,  2019,  APJ, 893, 1,  74 

M O O  J 1 1 4 2 + 1 5 2 7

GBT+MUSTANG2CHANDRA

High-redshift mergers



ONE  TELESCOPE ,  MANY  ANTENNAE

x54 12-meter (ALMA)

x12  7-meter (ACA)

A WORLDWIDE  COLLABORATION

22 countries involved

2816 papers

>1000/year new projects



φ

B

B·sinφ 

recovered scales

θ≃λ/(B·sinφ)

Let’s talk radio-interferometry



resolution

dish diameter

Planck
9 arcmin

ACT/SPT
~1.5 arcmin

~9 arcsec

GBT+MUSTANG2
<5 arcsec

ALMA

~15 arcsec

IRAM+NIKA2 LMT+TolTEC



  



  



  



  



  



  



  





South Pole Telescope
 

Amundsen-Scott











Confirmation of Galaxy Population

 Over the broad redshift range of the sample, we use optical and 
NIR imaging to probe for the galaxy population (Strazzullo+)
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ACT COLLABORAT ION  (PRIVATE )

Planck

SPT

ACT



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

"the realm 

of the galaxy 

protoclusters” 

(Overzier+2016)
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clusters across cosmic time



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
(Saro+2009,Remus+2023)

a turning point in cosmic history



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





S P I D E R W E B  P R O T O C L U S T E R

proto-ICM 

central
galaxy

radio
jets



What is the Mass of this objects?



Multi-wavelength Observations:
Mass Calibration

 Multi-wavelength mass 
calibration campaign, including:

Thermodynamical properties

● X-ray with 

– Chandra

– XMM



Multi-wavelength Observations:
Mass Calibration

 Multi-wavelength mass 
calibration campaign, 
including:

● X-ray with

– Chandra

– XMM

Gravitational lensing from background 
galaxies

● Weak lensing from:

– Magellan (0.3 < z < 0.6) 

– HST (z > 0.6)

– DES 



Multi-wavelength Observations:
Mass Calibration

 Multi-wavelength mass 
calibration campaign, including:

● X-ray with

– Chandra

– XMM

● Weak lensing from:

– Magellan (0.3 < z < 0.6) 

– HST (z > 0.6)

– DES 

Velocity Dispersion of Galaxies

● Dynamical masses from

– Gemini (z < 0.8)

– VLT (z > 0.8)

– Magellan (z > 0.8)



CMB Cluster Lensing with SPT-SZ

● A ~few uK “dimple” in the 
CMB caused by lensing 
of a ~1015 solar mass 
cluster

● A 3.1σ detection of CMB lensing 
using ~500 clusters measured by 
SPT-SZ 

Baxter et al. 2015, ApJ, 806, 247

See also: Planck Collab. XXIV, 2016 A&A 594, A24 Madhavacheril et al. PRL 114, 15.


