
Kaustuv Basu (Uni Bonn) SZ Spectrum from Ground & Space B-mode Garching, Dec 2019

Kaustuv Basu (AIfA, Universität Bonn) 

SZ Effect Spectral Studies from Ground & Space

Credit: ESA/Planck



Kaustuv Basu (Uni Bonn) SZ Spectrum from Ground & Space B-mode Garching, Dec 2019

Kaustuv Basu (AIfA, Universität Bonn) 

SZ Effect Spectral Studies from Ground & Space



Kaustuv Basu (Uni Bonn) SZ Spectrum from Ground & Space B-mode Garching, Dec 2019 �3

The CMB as a Backlight

I. Lensing 
II. Scattering
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CMB as a backlight: SZ effect

I. Lensing 
II. Scattering

R. A. Sunyaev & Ya. B. Zeldovich 
Comments on Astroph. & Space Ph., 1972
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Credit: Planck collaboration (2015)

Flavours of the SZ effect:  tSZ,  kSZ

R. A. Sunyaev & Ya. B. Zeldovich 
Comments on Astrophysics & Space Physics, 1972

kSZ measures the peculiar 
velocities, and in the limit of 

the linear perturbation theory, 
directly the growth rate
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Zeldovich & Sunyaev 1969, Ap.Sp.Science
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Credit: Planck collaboration (2015)

Flavours of the SZ effect:  tSZ,  kSZ
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Flavours of the SZ effect:  rSZ,  ntSZ 
For hot clusters with typical electron energy 

kTe≈5 keV, the relativistic corrections to the SZ 
spectrum become significant.

β = (3kBTe / mec2)1/2 ≈ 0.1−0.2 for 5 keV plasma

Relativistic corrections occur both on tSZ (kBTe / mec2) 
and kSZ (vp/c) effects.

CMB photons will also scatter off other 
sources of free electrons, e.g. power-law 

distribution with a high-energy tail. 

IC emission is routinely observed in hard X-ray 
band, from AGN lobes!

+ Polarized SZ and 
 Multiple-Scattering SZ
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A bit of history..

APEX-SZ (150 GHz)

LABOCA (350 GHz)

Bulk velocity vr (km/s)
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Measured velocity 
−140 ± 460 km/s

The only SZ 
imaging done 
by LABOCA

Without APEX 
(LABOCA)

Nord, Basu et al. (2009) —  first large-format SZ increment imaging 
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Relativistic SZ effect

rtSZ

rkSZ

Fig. From Mroczkowski et al. (2019)

Relativistic corrections occur both on tSZ and kSZ 
spectra and can inform us about both temperature 

and velocities of galaxy clusters.

We focus only on the relativistic tSZ, which is a ~few 

percent effect, and find constraints on TSZ.
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Erler, Basu et al. (2018)

First tentative rSZ detection
772 Planck clusters, matched-

filtered and stacked 
(IRAS and AKARI for the  

far-infrared)
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rSZ in the near future

YSZ

TSZ

Adust

Tdust

Erler, Basu et al. (2018) Jens Erler Ph.D. Thesis

Early predictions with white noise only .. .. then with full foreground realizations

Results for a very massive 1015 M⊙ cluster at z=0.25

keV
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Taking TSZ measurements further

Cluster sample expected from a 104 deg2 
survey with advACT + CCAT-prime

Stacking ∼200 of clusters in narrow redshift 
bins. Full foreground model & no worry 

about velocities!

Erler, Basu+ in prep.
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30% 𝛕0 constraints from 
SZ measurements only! 

Erler, Basu+ in prep.

Taking TSZ measurements further

Cluster sample expected from a 104 deg2 
survey with advACT + CCAT-prime

Stacking ∼200 of clusters in narrow redshift 
bins. Full foreground model & no worry 

about velocities!
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30% 𝛕0 constraints from 
SZ measurements only! 

Erler, Basu+ in prep.

Taking TSZ measurements further

Cluster sample expected from a 104 deg2 
survey with advACT + CCAT-prime

Stacking ∼200 of clusters in narrow redshift 
bins. Full foreground model & no worry 

about velocities! Redshift0.01 1.00.03 0.30.1

>200 photons

No TX

Borm et al. (2014)

Direct LX measurements

are biased high



Kaustuv Basu (Uni Bonn) SZ Spectrum from Ground & Space B-mode Garching, Dec 2019 �13

Nonthermal electrons in galaxy clusters

Enßlin & Biermann (1998)
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300

600

400

1000

power-law distribution

ntSZ zero-crossing 
frequency!

Nonthermal SZ in galaxy clusters

Muralidhara+ in prep.

For the observed diffuse radio emissions in 
galaxy clusters (radio halos), ~GeV energy 

electrons are responsible. The effective pmin can 
be a ~few hundreds to ~1000.
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< 0.18 

at 95% confidence

CRe energy constraints from Planck(!)

Muralidhara+ in prep.

There is a strong chance ntSZ can nail this down, before 𝛾-ray or IC-Xray

62 radio halo clusters extracted 
from Planck data — a simple 


2-component spectral fit
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CCAT-prime
A high throughput, high surface accuracy, 6 m aperture submillimeter  

(λ = 0.2−3 mm) telescope for dedicated surveys 
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CCAT-prime
A high throughput, high surface accuracy, 6 m aperture submillimeter  

(λ = 0.2−3 mm) telescope for dedicated surveys 

๏ Telescope being built  
๏ Passed the FDR in Nov 
๏ First light 2021-2022
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Backstory:



Kaustuv Basu (Uni Bonn) SZ Spectrum from Ground & Space B-mode Garching, Dec 2019 �18



Kaustuv Basu (Uni Bonn) SZ Spectrum from Ground & Space B-mode Garching, Dec 2019 �19



Kaustuv Basu (Uni Bonn) SZ Spectrum from Ground & Space B-mode Garching, Dec 2019 �20

Location! Location! Location!
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CCAT-prime’s first-light
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Prime-Cam current configuration

Prime-Cam will have ～8,000 KIDs 
at 220 GHz, ～10,000 KIDs at 280 
GHz, and ～21,000 KIDs each at 

350, 410, and 850 GHz.

1. See Choi et al. (2019) for 
Prime-cam description and 
survey sensitivities 

2. APC White Paper by Herter 
et al. for general CCAT-p 
overview and science goals

Choi et al. (2019)
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CCAT-prime can provide 
accurate dust SED and 

polarization measurements 
at sub arcminute-scale 

above 250 GHz.

 Rayleigh scattering: Due to the (frequency)4 
dependence, high frequencies are critical. Its 
measurement will offer on average ~10% 
improvement on cosmological parameter errors.


This modest improvement can be translated into a 
significant improvement in the number of detectors 
needed to make similar progress.

Credit: Mike Niemack, CCAT-p MSIP proposal

CCAT-prime CMB science goals
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Planck collaboration (2016)

Erler, Basu et al. (2018)

Adding CCAT-prime data to SO (93—280 
GHz) does not make any significant 

difference in the cluster number counts 
(although it may help with sample purity).


So what is the most immediate advantage of 
CCAT-p in cluster studies? Answer: Dust!

Cluster science at high frequencies
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Impact of dust on SZ parameters

The long-wavelength 
data fitting does not 

marginalize over dust 
and creates a bias

The short-wavelength data fitting

includes a dust component to 

marginalize over its parameters

Basu, Erler+ in prep.  
See also Astro2020 White Paper, 1903.04944

We build a dust model 
from the difference 

between the matched 
filtering and aperture 
photometry results. 

The Adust shown here 
lies at the upper limit of 
the allowed range. :-) 

Also, only white noise is 
used here to illustrate 

the biases.



Kaustuv Basu (Uni Bonn) SZ Spectrum from Ground & Space B-mode Garching, Dec 2019 �29

The Future: SZ Spectroscopy from Space

Delabrouille et al. (2018)

Voyage 2050
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Cosmic reionization

First metals

Lensing mass  
of galaxy clusters

Plasma at extreme 
temperatures 

Credit: ESA/Planck

A wish list for SZ & lensing science
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A wish list for mission requirements 

Complete frequency coverage from ~50 GHz up to 1 THz

Polarization sensitive imager with sensitivity ~few × 0.1 μK-arcmin


Angular resolution 1.5′−1′ to resolve 1014 M⊙ at z=1

4m−6m class telescope, cold primary 
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Science highlights for the Backlight mission
A million galaxy clusters and groups 

above mass 5×1013 M⊙

Cluster masses directly from CMB 
lensing (both temp & polarization)

S. Raghunathan et al.

J.-B. Melin et al.

S. Hotinli et al.

Transverse velocity 
measurements from 

the moving-lens effect
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E. Churazov et al.

A wide range of science from SZ polarization measurements

C. Hernandez-Monteagudo et al.

First metals in the 
Universe via CMB 
resonant scattering

Science highlights for the Backlight mission
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A rich variety of SZ 
spectral science is 

coming online. This is 
in addition to the high-
resolution SZ studies.

Planck data have been 
absolutely critical to 
start this effort. Next 
steps with advACT, 

SPT-3G, SO, CCAT-p.

It is absolutely critical 
to have access to 

submm (>220 GHz) 
wavebands. Ultimate 

frontier: Space! 

Take home points

Voyage 2050


