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Outline

• CMB B-mode search status


• B-modes early detections and a technological revolution


• Forthcoming experiments and their science goals: a landscape


• Prospects for primordial B-mode search (discovery?)


• Finale: conclusions, the next decade and beyond



CMB B-modes
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Introduction

T≅1.0 keV
z≅2×106

t≅70 days

CMB Spectral Distortions
adapted, from D. Baumann

The CMB (its frequency spectrum, its polarised and unpolarised angular power spectra) is a goldmine 
to explore the physics of Inflation.

• During Inflation, primordial scalar (density) and tensor perturbations are generated due to quantum 

 around   => "inflated" to a cosmological scale. 

• Their power spectra PS(k) and PT(k) encoded key predictions of Inflation 

• They leave peculiar imprints on the CMB at the last (Thomson) scattering 

δϕ ϕ̄
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Introduction

modes E (curl-free) modes B (curl)

๏ Thomson scattering of anisotropic radiation field, 
 and  =>  linear polarisation patterns


๏ Primordial scalar fluctuations ⇒ E-modes

๏ Primordial tensor fluctuations  ⇒ modes B+modes 

E

๏ Under parity PT=T, PE=E,  PB=-B. Cross-

correlations <TB> and <EB> must vanish. Test of 
systematics, or new physics (difficult!)

Y20 Y2±2

r ≡
PT

PS
≃ 0.1[

Vinf

(2 × 1016GeV )4 ]

Kamionkowski & Kovetz, The Quest for B 
Modes from Inflationary Gravitational Waves, 
Annu. Rev. Astron. Astrophys. 2016

r=0.1

r=0.01

r=0.001

A parameter driving the design of future experiments

detected!



B-modes after Planck

5

B-modes

Planck 2018 results. I. The Cosmological Legacy of Planck, A&A
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lensing

r<0.044 95% CL (Planck + BK2015)

M. Tristram et al. Planck constraints on the tensor-to-scalar ratio, A&A (2021)



A new era (2014 +): B-mode measurements
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history of a discovery

BICEP2



A new era (2014 +): B-mode measurements
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BICEP2

BICEP1 BICEP2
POLARBEAR

• The faintest  polarised microwave 
signal become accessible thanks to 
the deployment of superconducting 
bolometer arrays. Transition Edge 
Sensors (TES). 


• From individually diced and mounted 
devices, to monolithic arrays.


• O(103) detectors at telescope focal 
planes in the so-called 
“Stage-2” (S2). S3 ongoing, S4 
strongly supported in the US.

Major ideas in detection techniques  =>  Major discoveries 

history of a discovery



A new era (2014 +): B-mode measurements
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BICEP2

Technology

- Remarkable achievements (milestones) which paved the way:


A. Transition Edge Sensors operated in a stable and high sensitivity mode: the Electrothermal Feedback  

B. Successful design of complex superconducting microwave networks featuring a number of analog 

signal conditioning stages:

1.antenna beam-forming

2.phase control

3.polarisation separation

4.sum/difference trees

5.bandpass filtering

6.direct detection (TES) 


C. Use of TES coupled to metallic mesh absorbers (à la Planck)

Gildemeister, Lee & Richards, A fully 
lithographed voltage-biased superconducting 

spiderweb bolometer, APL (1999) 

K. Irwin, An application of electrothermal 
feedback for high resolution cryogenic 

particle detection, APL (1995) 

Le Duc, et al., Fabrication of antenna-
coupled transition edge sensors for 
polarimeter applications, NIMA (2006)

A. B. C.

POLARBEAR1



More detectors for deeper maps in several bands

9

BICEP2

Technology

• Observe the sky in many bands to measure the 
foregrounds (many bands, more detectors…)


• Once each detector at the photon noise limit, need 
to increase the number of detectors to increase the 
mapping speed

P. de Bernardis et al., Exploring cosmic origins with CORE: 
The instrument, JCAP (2018)

Definitions  
• Noise Equivalent Power (NEP): power to produce an output S/N=1 in 1 Hz bandwidth (units W/√Hz) 
    
Variance of blackbody photon occupation number ⇒   
Photon noise (the ideal limit of a photometer)        ⇒          
In Background Limited Photometry (BLIP)             ⇒                                                                          

σ2
n = n(1 + n)

NEPph = 2hν̄Popt + ξP2
opt /Δν

NEPdet < NEPph

J.M.Lamarre, AO 25, 1986

MS = η( dPbb

dT ) Ndet

NEP2



Ground vs Space
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S. De Gregori et al. MNRAS 2012

Dome C 3200 m asl

Transparency Emissivity (white noise) Instability (1/f)
credit: E.S.Battistelli

1/f time series ⇒ 

Hanany, Niemack & Page 2012 Tegmark PRD 56, 1997

Cℓ ∝ 1/ℓ

tint,gr

tint,sp
≃ (

NEPph,gr

NEPph,sp
)

2
∼ 50 − 100

➡About a factor 100 in detector number count for experiments targeting the same map 
size/depth from ground and from space (balloon also very efficient). Site dependent.


➡Large angular scales accessible

Technology



TES Multiplexed Readout

11

BICEP2

Technology

➡ Progress on massive detector deployment has been accompanied by a spectacular 
development of efficient and low-noise multiplexed (SQUID-based) readout electronics. 


➡ High-rate multiplexing in Time and Frequency domain [e.g. QUBIC TDM is 128:1]

➡ Possibility to reach 1000:1 with microwave Multiplexing (μMUX) - demonstrated

➡ TES FDM actively developed at INFN-PI for SWIPE/LSPE and future applications 

➡ Low power dissipation per pixel required (e.g., 10 mW or less) & cryogenic operation

D. Prêle, JINST 2015

• A high throughput channel carrying N signals

• A set of orthogonal signals (sinusoids, Walsh codes, etc.)

• A summing node (in a cryogenic environment, as cold as possible)   



TES-based architectures
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BICEP2

Experiments

‣ B-mode Imagers with antenna-
coupled TES arrays:

• can be multichroic (up to 4 bands)

• telescope illumination with phased 

arrays, lenslets, horns

• BICEP3/SPIDER/Keck + CLASS + 

AdvACT+POLARBEAR2+SPT3G 
[Ndet from 103 to 104]

Objective lens
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Camera plate

Flexible heat straps

Passive thermal filter

Focal plane assembly

Nb magnetic shield

Eyepiece lens

1.2 m

Fridge mounting bracket

Refrigerator

Nylon filter

Focal plane tiles

Eyepiece lens

IR-blocking nylon filter
8.3 cm-1 low-pass filter

Absorbing aperture stop
Objective lens

IR-blocking PTFE filter
IR-blocking PTFE filter

Zotefoam vacuum window300 K

100 K

40 K

4 K

250 mK

IR-blocking nylon filter

QUBIC Technical Design Report, 2017  
(+ Series of papers under review + Marnieros et al. JLTP 

2020)
BICEP2 Collaboration, ApJ 2015

hwp

wg

F.Columbro et al., JLTP  2020 
F.Piacentini et al., JCAP 2021

‣ Interferometers:

• QUBIC (Fizeau)

• Free-space coupling with metal 

mesh (IJCLab NbSi TES)

• Ndet 2x103


• Strong italian participation 

‣ Stokes polarimeters:

• SWIPE/LSPE, balloon

• waveguide coupling with metal 

mesh (INFN-GE Ti TES) - Large 
throughput - Individually diced


• Ndet 326


• Italian lead (ASI, INFN)



Number of detectors vs 𝜎(r): ground
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Landscape

CMB-S4 collaboration, CMB-S4 
Science Book First Edition, 2016

• Raw sensitivity is one figure of merit, scales with 
Ndet. Not the full story about primordial B-modes. 


• S2 to S4 ground based. Atmosphere. Reionization 
peak very difficult.


• Balloon and space open other opportunities for the 
large angular scales (>1o). Much smaller Ndet, but 
lower NEP.


• Ndet~250000 for small aperture instruments (r), 6 yrs

Image credit: NASA / LAMBDA 
Archive Team (June 2021)



Space: the LiteBIRD mission
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Landscape

M. Hazumi et al., LiteBIRD satellite: JAXA’s new strategic L-class mission for all-
sky surveys of cosmic microwave background polarization, Proc. of SPIE Vol. 

11443 114432F (2020)

• The only space mission in the Landscape 

• Operation from L2, like WMAP and Planck

• Target B-mode Recombination and Reionization peaks, 

with a global 𝛿r<0.001 (𝛿 is a complete error budget, 
including sys)


• Telescopes: 1 reflector + 2 refractors

• Frequency bands: 15, from 34 to 448 GHz

• Antenna-coupled TES technology

• Overall detector number ~4500

• Target launch date 2029 + 3 years of operation

• Strong italian involvement through ASI and INFN (+ Labs 

and University infrastructures)



Conclusions (for the next decade)
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the next decade

• Deeper and deeper polarised maps, in many bands, will allow to test one of 
the most compelling predictions of Inflation: the generation of primordial 
gravitational waves. The region around r=0.01 will be explored in great detail. 


• This fascinating science contributed to boost the technology of 
superconducting detector (TES) arrays.


• TES arrays allowed the first detection of the lensing B-mode signal


• This technology is at the core of next decade experiments  



Conclusions (beyond the next decade)
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Beyond the next decade

Back to the monopole (25 year after COBE-FIRAS)

Why is the CMB so closely thermal?



Some hints here
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Beyond the next decade

Answer to Voyage 2050


