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Presenter Introduction

Previous experience: 

● Ph.D. in Physics at Cornell University: https://github.com/patogallardo/Thesis/

● Simons Observatory optical evaluation 
Gallardo, et al. SPIE proc. (2018)

● ACT optical modeling and characterization 
Gallardo et al. SPIE proc, (2018)

● Detector array development arXiv:1912.02902 
Gallardo, Niemack et al. JLTP (2019)

● Data analysis: Detection of the pairwise kSZ effect with ACT 
Calafut, Gallardo, Vavagiakis et al Phys. Rev. D (2021)

● Development of an Anti-Reflection coating for THz waves
Gallardo, Koopman, Cothard, et al App. Opt. (2016)

● Three-mirror Anastigmat development
Gallardo et al. Appl. Opt. (2024)

● Optics Designs for AtLAST
Gallardo et al. SPIE proc. (2024)

● Testing Gravity With the kSZ. (in prep.)
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CMB-S4 Science Goals
Fore more details, see:

CMB-S4 Decadal White Paper

CMB-S4 Science Case, Reference 

Design, and Project Plan

https://arxiv.org/abs/1908.01062
https://arxiv.org/abs/1907.04473
https://arxiv.org/abs/1907.04473
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The science goals motivate two surveys:

● A deep survey (3% of sky) for the inflationary 

science goal
○ Small aperture telescopes for B-mode searches

○ Large aperture (5-m class) for delensing

● A wide survey (70%) for the non-inflationary 

science goals
○ Large aperture telescopes

6

Surveys of CMB-S4
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Large Aperture Telescope concept
These science goals are met with two 

surveys. 

Two surveys -> Two telescopes.

1) Deep-wide survey (2xCD)
a) Non-inflationary science goals

b) ~70% of sky, wide patch of sky

c) High angular resolution (arcmin)

d) 6m diameter, made of panels               

2) Ultra-deep survey (TMA)
a) Inflationary science

b) Delensing: removal of contamination of 

the degree-scale B-modes caused by 

gravitational lensing.

c) Small patch, 3% of sky coverage.

d) Clean beams, gap-less mirrors

e) Uniform camera coverage across bands

f) 5m diameter.
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6-meter diameter aperture

Made of paneled mirrors

Freeform mirrors

f/2.6

Design in construction for the Simons 

Observatory LAT and CCAT

The Crossed Dragone Telescope

Gumundsson et al. 2020
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The Three Mirror Anastigmatic Telescope
Three mirrors to correct for astigmatism, 9 deg fov at 1mm

Freeform, polynomially defined mirrors

Lower f/# than previous designs (Padin 2018)  to match the 

Crossed Dragone Chile LAT.

Gap-less mirrors.

Excellent image quality up to 280 GHz, 1.1mm



Crossed Dragone:

● 6m diameter

● FoV: 4.5 deg at 1mm, 7.8 deg at 3mm 
Parshley et al. Arxiv:1807.06678

● f/2.6

Three Mirror Anastigmat (TMA):

● 5m diameter

● FoV: 9.4 deg at 1.1 mm 

● f/2.6

10

Telescope performance
Gallardo 2022 SPIE proc.
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TMA Cameras
Gallardo 2024 Appl. Opt.
● 3 silicon lenses per camera

○ TMA: standard radially symmetric 

lenses

● 85 cameras arranged in a 

hexagonal pattern

● Lyot stop

● Alumina wedge, to correct  

telescope field curvature

● Accommodates ~100k detectors

● Performance: 
● 81/85 cameras at 1 mm

● 85/85 cameras at 2 mm 



85 cameras

Biconic L2

Good image quality at 2mm
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Crossed Dragone Cameras
Gallardo 2024 SPIE Proc.
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Status
● We have developed optical solutions for the array of 

cameras for the TMA and CD for CMB-S4

● TMA Primary mirror prototype has been built

● Primary mirror metrology results looks great. 

Natoli et al. Applied Optics. 

● TMA optics: Gallardo 2024 Appl. Opt.

● CHLAT optics designs converging quickly (see 

Gallardo 2024 SPIE proc.) and working on prototyping
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Life outside S4



ASO: 13 optics tubes using biconics (see KH’s talk yesterday)
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60,000 detectors into the 

LATR

2.5 uK-arcmin over 

20,000 sq. deg. in 2034

White paper with 

forecasts is currently in 

internal review.

SO Nominal: LAT map noise ASO: LAT map noise



● 50-meter telescope

● Mm-submm wavelengths

● 2-degree field of view

● Science:
■Solar physics

■Survey our galaxy to study gas clouds, 

dust, star and planet formation

■Survey galaxies at high redshift

■Study nearby galaxies

■SZ effect down to galaxy scales
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AtLAST
Design study

Magneticum simulation

Design: AtLAST Mroczkowski et al. 

ArXiv:2402.18645

Optics: Gallardo et al. ArXiv:2406.11502



The Pairwise kSZ

The kSZ is a distortion due to the  

doppler shifted SZ effect.

The kSZ can be extracted from the 

data if one knows the 3D positions of 

galaxy clusters, or a tracer of it.

z

z



E. M. Mueller, F. de Bernardis, R. Bean, M. D. 

Niemack (2014), 1412.0592

The Pairwise kSZ 

In linear theory, the pairwise kSZ is 

proportional to a moment of the 

correlation function. It is sensitive to 

changes in the clumping of matter.

It can be used to constrain:

● The sum of the neutrino mass
● σ8

● The growth factor f

● Dark energy

● Gravity

● The baryon content



The Pairwise kSZ

● Single frequency and component separated CMB maps 

+ galaxy group and cluster catalogs (i.e. DESI, SDSS)

● Code evolving from ACTxSDSS projects; ACTxDESI

Calafut, Gallardo, Vavagiakis et al 2021.

Planck
ACT

Sloan Foundation 

Telescope
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Thanks!



21

Backup



Two kinds of cameras for the 85 tubes

Frequency distributions according to 

optical performance:

CD: best image quality at the 

center

TMA: uniformly good image quality 

22

Camera distribution
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