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The Sunyaev Zel’dovich Effects
● Thermal SZ effect: 

○ Sensitive to integrated line-of-sight pressure profile
○ Can break optical depth degeneracy

● Kinematic SZ effect:
○ Doppler shift in CMB temperature due to bulk motion
○ Break optical depth degeneracy for cosmology

A backlight on baryons: 

Both SZ effects 
∝ halo optical depth (τ)
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(Cluster astrophysics)x(Cosmology)



● Differential statistic probing the mean relative motion of galaxies
○ Use temperature signal pairs 

Pairwise kSZ Estimator

Geometrical factor 
depending on redshift 3



● Positions and redshifts from optical catalog
● Sum over temperature signal differences in comoving separation bins

Pairwise kSZ Estimator

Disk radius

Ring radius
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● Constrain neutrino mass sum, σ8, f, dark energy, models of modified gravity, 
baryon content

E. M. Mueller, F. de Bernardis, R. Bean, M. D. 
Niemack (2014), 1412.0592 200 Mpc/h
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● Constrain neutrino mass sum, σ8, f, dark energy, models of modified gravity, 
baryon content

E. M. Mueller, F. de Bernardis, R. Bean, M. D. 
Niemack (2014), 1408.6248

Pairwise kSZ Prospects

E. M. Mueller, F. de 
Bernardis, R. Bean, M. D. 
Niemack (2014), 1412.0592
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● Constrain neutrino mass sum, σ8, f, dark energy, models of modified gravity, 
baryon content

Pairwise kSZ Prospects

CMB-S4 Science Case, arXiv:1907.04473 Hernández-Monteagudo et al. 2015 Phys. Rev. Lett. 
115, 191301 7

growth rate of density perturbations matter fluctuations 8 Mpc/h



● N. Hand et al. 2012, ACT & SDSS (arXiv:1203.4219)
○ First kSZ detection, p=0.002

● F. de Bernardis et al. 2017, ACT & SDSS 
(arXiv:1607.02139)
○ 4.1σ and tSZ/kSZ comparison

● Planck 2015 (arXiv:1504.03339)
○ 1.8-2.5σ

● SPT & DES 2016 (arXiv:1603.03904)
○ 4.2σ

● Calafut et al. 2021, ACT+Planck & SDSS 
(arXiv:2101.08374)
○ 5.4σ

Pairwise kSZ Measurements
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● ACT+Planck coadded maps at 150, 98 GHz
(Naess et al. 2020, arXiv:2007.07290)

● Component separated Compton-y, CMB+kSZ maps 
(Madhavacheril et al. 2019, arXiv:1911.05717) 

● Selected BOSS-SDSS DR15 galaxies, three disjoint 
luminosity bins for joint SZ analysis

Vavagiakis, Gallardo, Calafut, Amodeo et. al. 2021, arXiv:2101.08373
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PlanckACT
Sloan Foundation 
Telescope

Pairwise kSZ with ACT, Planck, 
and SDSS
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● Aperture photometry on source-centered submaps: 
2.1’ radius aperture 

● Pairwise estimator for kSZ measurement 
w/bootstrap uncertainties

Disk radius = 2.1’

Ring radius = sqrt(2)*2.1’

Pairwise kSZ with ACT, Planck, 
and SDSS

V. Calafut, P. A. Gallardo, E. M. Vavagiakis, et al. 2021 (PRD, 2101.08374)

CMB



● 5.4σ detection 
● Fits to model yield 

estimate of optical depth, 
trace baryon content

● Consistent across maps

Pairwise kSZ ACT, Planck, SDSS results

V. Calafut, P. A. Gallardo, E. M. Vavagiakis, et al. 2021 (PRD, 2101.08374) 11



ACT+Planck, SDSS (2021) versus SPT, DES (2016)
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● ∼3,700 sq. deg. of SDSS DR15 data 
overlapping with ACT+Planck DR5

● 343,647 sources with spectroscopic redshifts  
0.08 < z < 0.8

● Aperture photometry filter
● τ ~ (0.69 ± 0.11) x10-4, 5.4σ
● Probe fractional baryon content

● ∼1,200 sq. deg. of DES-Y1 redMaPPer data 
overlapping with the SPT-SZ survey

● 6,693 sources with photometric redshifts       
0.1 < z < 0.8

● Matched filter
● τ ~ (3.75 ± 0.89) x10-3, 4.2σ
● Probe gas fraction

Soergel, Flender, Story et al. 2016 (MNRAS, 1603.03904)Calafut, Gallardo, Vavagiakis, et al. 2021 (PRD, 2101.08374)



● Average Compton-y in 2.1’ aperture from tSZ stacking with same AP filter used for pairwise kSZ
● Measurements consistent across three maps analyzed
● Higher S/N (up to 12 sigma) in higher L bins as expected
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E. M. Vavagiakis, P. A. Gallardo, V. Calafut, S. Amodeo et al. 2021 (PRD, 2101.08373)

tSZ stacking with ACT, Planck, SDSS 



● “Theoretical tau” estimated for case in which baryons trace dark matter
● kSZ and tSZ results agree within 1σ in two bins and differ at 2-3σ in the highest S/N bin
● Estimates from the SZ effects account for ⅓ to all of the theoretically predicted baryon content
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Optical depth (SZ)
Optical depth (theory)

E. M. Vavagiakis, P. A. Gallardo, V. Calafut, S. Amodeo et al. 2021 (PRD, 2101.08373)

Optical depth comparisons



● Working towards empirical y-tau relationship from tSZ and kSZ measurements
● Results are consistent with the hydrodynamical sim model in two bins, while the kSZ results in 

the highest L bin fall below the model line

E. M. Vavagiakis, P. A. Gallardo, V. Calafut, S. Amodeo et al. 2021 (PRD, 2101.08373)

Optical depth comparisons
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Future 
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● Testing ACT pipeline on Websky simulations
● Exploring SZ signal optical depth estimate agreement
● Testing MOND

Stein et al. 2020, 2001.08787



Future 
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● Improve signal with deep, multifrequency data and large optical catalog overlap
● improved spectroscopic measurements: DESI, photometric measurements: Rubin/LSST
● Understand dust contamination, halo miscentering, mass uncertainties, selection effects, 

astrophysical uncertainties
○ Realistic simulations + mock catalogs



Future 
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● Improve signal with deep, multifrequency data and large optical catalog overlap
● improved spectroscopic measurements: DESI, photometric measurements: Rubin/LSST
● Understand dust contamination, halo miscentering, mass uncertainties, selection effects, 

astrophysical uncertainties
○ Realistic simulations + mock catalogs

Exciting measurements ahead!



Backup
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Secondary Anisotropies

● Imprinted after the surface of last scattering
● Contain information about evolution of the 

universe and intervening matter
● Can be foregrounds for primary anisotropy 

measurements or be studied in their own 
right

S. Naess et al. 2021, JCAP (2007.07290)
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Both SZ effects ∝ halo optical depth (τ)

Compton-y

The Sunyaev Zel’dovich Effects

Number of scatterings x energy gain/scattering
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Sudeep Das, UC Berkeley

Bulk electron 
LOS velocity

Both SZ effects ∝ halo optical depth (τ)

The Sunyaev Zel’dovich Effects
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The Sunyaev Zel’dovich Effects

Both SZ effects ∝ halo optical depth (τ)
25

Sudeep Das, UC Berkeley



● Potential explanation of the accelerating expansion of the universe
● Probes of large scale structure sensitive to dark energy and gravity

Dark Energy

E. M. Mueller, F. de Bernardis, R. Bean, M. D. Niemack (2014), 1408.6248
Not standard gravity

Not ΛCDM

Scale factor

Scale factor
today

Matter density 
contrast

Equation of 
state
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Growth index

approximation



ACT Heritage
● ACT, SPT, Planck: tSZ, kSZ measurements in CMB data
● ACT tSZ stacking and dust reconstruction:

○ B. J. Fuzia et al. (arXiv:2001.09587): SZ-based masses and dust emission from 
IR-selected cluster candidates in the SHELA survey

○ M. B. Gralla et al. (arXiv:1310.8281): A Measurement of the Millimeter Emission 
and the Sunyaev-Zel'dovich Effect Associated with Low-Frequency Radio Sources

○ T. Su et al. (arXiv:1511.06770): On the redshift distribution and physical properties 
of ACT-selected DSFGs
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ACT Heritage
● ACT tSZ/pairwise kSZ:

○ N. Hand et al. 2011 (arXiv:1101.1951): Detection of 
Sunyaev-Zel'dovich Decrement in Groups and Clusters 
Associated with Luminous Red Galaxies

■ Matched-filtered map, tSZ stacking 

~2600 galaxies
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ACT Contemporary
● E. Schaan et al. 2021 (arXiv:2009.05557): The Atacama Cosmology Telescope: 

Combined kinematic and thermal Sunyaev-Zel'dovich measurements from BOSS 
CMASS and LOWZ halos
○ tSZ measurements and velocity reconstruction kSZ estimator with same coadded 

ACT+Planck maps, CMASS + LOWZ BOSS galaxies
● S. Amodeo et al. 2021 (arXiv:2009.05558): The Atacama Cosmology Telescope: 

Modeling the Gas Thermodynamics in BOSS CMASS galaxies from Kinematic and 
Thermal Sunyaev-Zel'dovich Measurements
○ Constraints on gas thermodynamics of CMASS galaxies with tSZ and kSZ 

measurements
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Measurement principles

CMB map

Optical survey
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Measurement principles

CMB map

Optical survey

Measure pairwise momentum (kSZ) Measure tSZ signalOptical depth
35

average



Battaglia (2017) 1607.02442

● Simulations of galaxy evolution provide 
relationship between Compton-y and optical 
depth

Optical depth from tSZ measurements

Compton-y Optical depth 𝜏

Measurement: either in 
temperature or Compton-y
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BOSS

ACT DR3 and SDSS DR11

F. de Bernardis, S. Aiola, E. M. Vavagiakis, M. D. Niemack 2017 (JCAP, 1607.02139)

● 4σ measurement of kSZ effect over a range of luminosity cuts 
● Optical depth estimates from kSZ and tSZ consistent



ACT+Planck coadded maps (DR 5)

● 2008-2018 ACT data
● 2015 & 2018 Planck data
● 100, 150, 220 GHz
● 4,000 SZ clusters, 18500 

point source candidates

S. Naess et al. 2021, JCAP (2007.07290)

Publicly available: 
https://lambda.gsfc.nasa.gov
/product/act/actpol_prod_tabl
e.cfm
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Component separated maps (DR 4)

● Component separated maps with internal linear combination approach
● ACT and Planck data
● Compton-y, CMB+kSZ 

M. Madhavacheril et al. 2020, PRD (1911.05717)
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Planck

Sloan Foundation Telescope

ACT DR4, DR5 and SDSS DR15



● ACT+Planck coadded maps: 150, 98 GHz
● Component separated maps of Compton-y, CMB+kSZ 
● BOSS-SDSS DR15 galaxies as proxies for group centers

○ Larger area with more optical source overlap: 3,700 sq. deg. and 
343,647 sources 
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Planck

ACT

Sloan Foundation Telescope

ACT DR4, DR5 and SDSS DR15

E. M. Vavagiakis, P. A. Gallardo, V. Calafut, S. Amodeo et al. 2021 (PRD, 2101.08373)



● 5 cumulative, 5 disjoint luminosity bins
● Cuts chosen based off 2017 work
● 3 equally-spaced bins selected for joint analysis (kSZ and tSZ) 
● Cut based on a point source mask, galactic plane mask, CMB noise level cut 
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SDSS DR15 Binning

E. M. Vavagiakis, P. A. Gallardo, V. Calafut, S. Amodeo et al. 2021 (PRD, 2101.08373)



● High luminosity cut -> more massive galaxies, higher signal
● Higher luminosity cut -> lower galaxy count -> larger uncertainty

L43 -> lum > 4.3e10 Lsun
L61 -> lum > 6.1e10 Lsun
L79 -> lum > 7.9e10 Lsun
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V. Calafut, P. A. Gallardo, E. M. Vavagiakis, et al. 2021 (PRD, 2101.08374)

Pairwise kSZ 



● 5.4 sigma detection 
● Fits to model yield 

estimate of optical 
depth

● Consistent across 
maps 

45V. Calafut, P. A. Gallardo, E. M. Vavagiakis, et al. 2021 (PRD, 2101.08374)

Pairwise kSZ results 



● Galaxy-centered submaps
● Aperture photometry with 2.1’ radius 

aperture (same as kSZ)
● Jackknife error bar estimates

R=sqrt(2)*2.1’

R=2.1’
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tSZ stacking
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= Joint tSZ, 
kSZ analysis



● Galaxy-centered submaps
● Aperture photometry with 2.1’ radius 

aperture (same as kSZ)
● Jackknife error bar estimates

R=sqrt(2)*2.1’

R=2.1’
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tSZ stacking
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= Joint tSZ, 
kSZ analysis

Central “bright spot” from dust emission 



48

tSZ stacking



● Measurements consistent across frequencies
● Herschel data used for dust contamination correction (Amodeo et al. 2020, arXiv:2009.05558)
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tSZ results

E. M. Vavagiakis, P. A. Gallardo, V. Calafut, S. Amodeo et al. 2021 (PRD, 2101.08373)



● Measurements consistent across frequencies
● Herschel data used for dust contamination correction (Amodeo et al. 2020, arXiv:2009.05558)
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tSZ results

E. M. Vavagiakis, P. A. Gallardo, V. Calafut, S. Amodeo et al. 2021 (PRD, 2101.08373)



● Average Compton-y in 2.1’ aperture from tSZ stacking results
● Measurements consistent across three maps analyzed
● Higher S/N (up to 12 sigma) in higher L bins as expected
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E. M. Vavagiakis, P. A. Gallardo, V. Calafut, S. Amodeo et al. 2021 (PRD, 2101.08373)

tSZ results



● Average Compton-y in 2.1’ aperture from tSZ stacking results
● Measurements consistent across three maps analyzed
● Higher S/N (up to 12 sigma) in higher L bins as expected
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E. M. Vavagiakis, P. A. Gallardo, V. Calafut, S. Amodeo et al. 2021 (PRD, 2101.08373)

tSZ results



● From average Compton-y estimate optical depth per bin

53

tSZ results

Battaglia (2017) 1607.02442

E. M. Vavagiakis, P. A. Gallardo, V. Calafut, S. Amodeo et al. 2021 (PRD, 2101.08373)



● “Theoretical tau” estimated for case 
in which baryons trace dark matter

54

Optical depth comparisons



● Herschel dust corrections partially address source galaxy emission, residual dust contamination can be 
seen but is < 1 sigma

● Galactic plane mask for synchrotron emission 
● Future work could improve upon our results by modeling and removing dust and synchrotron emission 

from the LRGs
● Two-halo term estimated and found to be < 1 sigma, but will be important to correct for in future higher 

S/N work
● Mass considerations: simulation relationship and uncertainty propagation 
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Systematics discussion


