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B-Modes, DE, DM: Gravitational Waves
Gravitational waves not 
supported by sources, diffuse 
out rapidly below the Horizon 
scale, about 1 degree in the sky

Decoupling time lasts for 
about 10 Mpc, no time for 
longer wavelenghts to 
contribute 

1°



B-Modes, DE, DM: Primary Anisotropies 
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B-Modes, DE, DM: Gravitational Lensing

Forming Structures 
act as Lenses, over a 
large Redshift 
Interval, Peaking 
between 1 and 3

The CMB Lensing is 
a Probe for Dark 
Energy, by itself and 
in Cross-Correlation 
with LSS Probes 



B-Modes, DE, DM: Secondary Anisotropies 



B-Modes, DE, DM: Gravitational Lensing Data

 ACT Collaboration 2023
ui.adsabs.harvard.edu/link_gateway/2023arXiv230405202Q/arxiv:2304.05202 

https://ui.adsabs.harvard.edu/link_gateway/2023arXiv230405202Q/arxiv:2304.05202


B-Modes, DE, DM: Where and When



Dark Energy 

Modified Gravity

B-Modes, DE, DM: Dark Energy & Modified Gravity 



B-Modes, DE, DM: Gravitational Lensing Tomography



B-Modes, DE, DM: Gravitational Lensing Anisotropy Peak

Angle ≈ 200/l degrees

w ρ H

Acquaviva & Baccigalupi 2006
ui.adsabs.harvard.edu/link_gateway/2006PhRvD..74j3510A/arxiv:astro-ph/0507644  

https://ui.adsabs.harvard.edu/link_gateway/2006PhRvD..74j3510A/arxiv:astro-ph/0507644


B-Mode Data



B-Mode Data

 LiteBIRD Collaboration, PTEP 2022 
ui.adsabs.harvard.edu/abs/arXiv:2202.02773 

https://ui.adsabs.harvard.edu/abs/arXiv:2202.02773


B-Mode Data: Challenges

Galactic Foregrounds, Planck 2018, IV



B-Mode Data: Challenges

Low Frequency Foregrounds, Carretti et al. 2020, Krchmalnicoff et al. 2018



B-Mode Data: Atacama Cosmology Telescope

 ACT Collaboration 2021
ui.adsabs.harvard.edu/link_gateway/2021JCAP...01..031H/arxiv:2007.14405 

https://ui.adsabs.harvard.edu/link_gateway/2021JCAP...01..031H/arxiv:2007.14405


B-Mode Data: PolarBear

 PolarBear Collaboration 2022
ui.adsabs.harvard.edu/link_gateway/2022ApJ...931..101A/arxiv:2203.02495 

https://ui.adsabs.harvard.edu/link_gateway/2022ApJ...931..101A/arxiv:2203.02495
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B-Mode Data: PolarBear

 PolarBear Collaboration 2020
 ui.adsabs.harvard.edu/link_gateway/2020PhRvL.124m1301A/arxiv:1909.13832 

https://ui.adsabs.harvard.edu/link_gateway/2020PhRvL.124m1301A/arxiv:1909.13832


B-Mode Data: South Pole Telescope

 South Pole Telescope 2020
  ui.adsabs.harvard.edu/link_gateway/2020PhRvD.101l2003S/arxiv:1910.05748 

https://ui.adsabs.harvard.edu/link_gateway/2020PhRvD.101l2003S/arxiv:1910.05748
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B-Mode Data: BICEP/Keck

 BICEP/Keck Collaboration 2022
 ui.adsabs.harvard.edu/link_gateway/2022ApJ...927...77A/arxiv:2110.00482   

https://ui.adsabs.harvard.edu/link_gateway/2022ApJ...927...77A/arxiv:2110.00482


B-Mode Data: BICEP/Keck

 BICEP/Keck Collaboration 2021
  ui.adsabs.harvard.edu/link_gateway/2021PhRvL.127o1301A/arxiv:2110.00483   

https://ui.adsabs.harvard.edu/link_gateway/2021PhRvL.127o1301A/arxiv:2110.00483


B-Mode Constraints



 ACT Collaboration 2023
ui.adsabs.harvard.edu/link_gateway/2023arXiv230405202Q/arxiv:2304.05202 

B-Mode Probe & Cosmological Tensions: Atacama Cosmology Telescope

https://ui.adsabs.harvard.edu/link_gateway/2023arXiv230405202Q/arxiv:2304.05202


 ACT Collaboration 2023
ui.adsabs.harvard.edu/link_gateway/2020ApJ...893...85F/arxiv:1911.10980 

B-Mode Constraints: Atacama Cosmology Telescope

https://ui.adsabs.harvard.edu/link_gateway/2020ApJ...893...85F/arxiv:1911.10980


 South Pole Telescope 2023
  ui.adsabs.harvard.edu/link_gateway/2023PhRvD.107b3531A/arxiv:2206.10824 

B-Mode Probe Constraints: South Pole Telescope

https://ui.adsabs.harvard.edu/link_gateway/2023PhRvD.107b3531A/arxiv:2206.10824


 Vielzeuf et al. 2023
https://ui.adsabs.harvard.edu/abs/2023JCAP...08..010V/abstract 

B-Mode Constraints: CMB-Lensing and Voids

https://ui.adsabs.harvard.edu/abs/2023JCAP...08..010V/abstract


B-Mode Constraints: CMB-N-Body Pipeline 

Calabrese, Carbone, Fabbian, et al., for the Euclid CMBXC Working Group, Work 
Package 1 and Simulations & Covariance Key Project 



Future B-Mode Probes



2023 2028

LiteBIRD

CMB-S4

Simons 
Observatory

Low Frequency 
Surveys

Future B-MoProbes: Timeline



Future B-Mode Probes: Data Challenges

Credit: Julian Borrill @ LBNL



Future B-Mode Probes: Simons Observatory

simonsobservatory.org 
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Future B-Mode Probes: LiteBIRD

 LiteBIRD Collaboration, PTEP 2022 
ui.adsabs.harvard.edu/abs/arXiv:2202.02773 

https://ui.adsabs.harvard.edu/abs/arXiv:2202.02773


Future B-Mode Probes: LiteBIRD

Campeti, Komatsu, Poletti, Baccigalupi, 2021, JCAP 01, 012, arXiv:2007.04241

https://ui.adsabs.harvard.edu/abs/2021JCAP...01..012C/abstract


Future B-Mode Probes: LiteBIRD

Campeti, Komatsu, Poletti, Baccigalupi et al., 2021, JCAP 01, 012, arXiv:2007.04241

https://ui.adsabs.harvard.edu/abs/2021JCAP...01..012C/abstract


Future B-Mode Probes: CMB-Stage IV



Future B-Mode Probes: CMB-Stage IV

arxiv.org/abs/1907.04473



Future B-Mode Probes: CMB-Stage IV LAT Receivers

arxiv.org/abs/1907.04473



Future B-Mode Probes: CMB-Stage IV SAT Receivers

arxiv.org/abs/1907.04473



Future B-Mode Probes: CMB-Stage IV

arxiv.org/abs/2208.12619



CMB-Stage IV

arxiv.org/abs/2203.08024



Concluding Remarks

● B-Mode Probes Primary Targets are Cosmological Gravitational Waves and 
Gravitazional Lensing 

● Gravitational Lensing is Sensitive to the Dynamics of Dark Energy and Matter
● Gravitational Lensing is Measured Internally, Cross-Correlated with Large 

Scale Structure Probe, and Subtracted for Optimizing Measurements of 
Cosmological Gravitational Waves 

● Substatial Impact Already on Constraints on Dark Energy, Matter, 
Cosmological Tensions 

● No Evidence for Deviations from Cosmic Concordance, Stable Low H0 
Measure 

● Huge Program Ahead, Tomographic Analysis Towards a Network of Ground 
and Space Based Probes 



Back-Ups



B-Mode Data: The Planck Satellite

www.cosmos.esa.int/web/planck 

https://www.cosmos.esa.int/web/planck


B-Mode Data: Planck

Planck 2018, I, www.cosmos.esa.int/web/planck 

https://www.cosmos.esa.int/web/planck


B-Mode Data: Planck Total Intensity

Planck 2018, IV, www.cosmos.esa.int/web/planck 

https://www.cosmos.esa.int/web/planck


B-Mode Data: Planck Polarization

Planck 2018, IV, www.cosmos.esa.int/web/planck 

https://www.cosmos.esa.int/web/planck


B-Mode Data: Planck Lensing

Planck 2017, VIII, www.cosmos.esa.int/web/planck 

https://www.cosmos.esa.int/web/planck


B-Mode Data: Planck Spectra

Planck 2018, V, www.cosmos.esa.int/web/planck 

https://www.cosmos.esa.int/web/planck


B-Mode Data: Planck Cosmology

Planck 2018, VI X, www.cosmos.esa.int/web/planck 

https://www.cosmos.esa.int/web/planck


B-Mode Data: Planck Particle Physics

Planck VI, www.cosmos.esa.int/web/planck 

https://www.cosmos.esa.int/web/planck


B-Mode Data: Planck Astrophysics

Planck 2018, I, IV, www.cosmos.esa.int/web/planck 

https://www.cosmos.esa.int/web/planck


B-Mode Data: Atacama Cosmology Telescope

 ACT Collaboration 2023
ui.adsabs.harvard.edu/link_gateway/2023arXiv230405202Q/arxiv:2304.05202 

https://ui.adsabs.harvard.edu/link_gateway/2023arXiv230405202Q/arxiv:2304.05202
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 ACT Collaboration 2023
ui.adsabs.harvard.edu/link_gateway/2023arXiv230405202Q/arxiv:2304.05202 

https://ui.adsabs.harvard.edu/link_gateway/2023arXiv230405202Q/arxiv:2304.05202


Community & Support: PNRR Space 



Community & Support: National PhD in Space Science & 
Technology 

Coordinator: Roberto Battiston (UniTN) 
Vice-Coordinator Myrka Zago (UniTOV)

www.unitn.it/phd-sst 

36 Fellowships, Selection Ongoing, Active Curricula on  
1. Observations of the Universe
2. Earth and the Sun-Earth System
3. Planetary Sciences
4. Astrobiology, Life Sciences and Space Medicine
5. Space Sensing and Instrumentation
6. Engineering and Satellite Platform Technology
7. Economics, Law and Space Diplomacy

https://www.unitn.it/phd-sst

