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Largest Scales.
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IMPRINTS OF GRAVITATIONAL WAVES USING COSMIC PROBES AT THE LARGEST SCALES.
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LOW FREQUENCY GW

Feasible in interesting physics regime 
with existing technology

Feasible in-principle

Cosmic Microwave Background Galaxy Distribution
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LOW FREQUENCY GW

What is the interaction between CMB and GW? 

What are the observables of this interaction? 

What is the expected strength of the observables? 

What is the prospect of detection?
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What is the interaction between CMB and GW? 
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CMB AS A PROBE TO GRAVITATIONAL WAVES: WHAT IS THE INTERACTION? 

COSMIC MICROWAVE BACKGROUND TEMPERATURE AND ITS FLUCTUATIONS
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COSMIC MICROWAVE BACKGROUND POLARISATION
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COSMIC MICROWAVE BACKGROUND POLARISATION
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CMB AS A PROBE TO GRAVITATIONAL WAVES: WHAT IS THE INTERACTION? 

COSMIC MICROWAVE BACKGROUND POLARISATION
Projection of GW on the sky

Direction of the propagating wave
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CMB AS A PROBE TO GRAVITATIONAL WAVES: WHAT IS THE INTERACTION? 

COSMIC MICROWAVE BACKGROUND POLARISATION
Can GW also generate quadrupolar fluctuation?
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COSMIC MICROWAVE BACKGROUND POLARISATION
Projection of GW on the sky
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Direction of the propagating wave

20



Suvodip Mukherjee, 2025

CMB AS A PROBE TO GRAVITATIONAL WAVES: WHAT IS THE INTERACTION? 

COSMIC MICROWAVE BACKGROUND POLARISATION
Projection of GW on the sky

Direction of the propagating wave
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CMB AS A PROBE TO GRAVITATIONAL WAVES: WHAT IS THE INTERACTION? 

COSMIC MICROWAVE BACKGROUND POLARISATION
Identifying polarisation pattern on the sky 

(In a coordinate independent way)
Don’t change under reflection

Changes under reflection
Q (n) and U(n)
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CMB AS A PROBE TO GRAVITATIONAL WAVES: WHAT IS THE INTERACTION? 

COSMIC MICROWAVE BACKGROUND POLARISATION
Projection of GW on the sky: E-mode and B-mode patterns

h+

hx

Density
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Pure E
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What are the observables of this interaction? 
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OF THIS INTERACTION?  

OBSERVABLES OF GW PERTURBATIONS ON B-MODE
CMB fluctuations are zero mean (nearly) Gaussian random field on the sky

ℓ ∝ k
Fourier ModesAngular Modes
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CMB AS A PROBE TO GRAVITATIONAL WAVES: WHAT ARE THE OBSERVABLES 
OF THIS INTERACTION?  

OBSERVABLES OF GW PERTURBATIONS ON B-MODE
CMB fluctuations are zero mean (nearly) Gaussian random field on the sky

Power spectra

Harmonic coefficients

TT, EE, BB, TE are non-zero in absence of non-parity violating physics in 
early Universe

ℓ ∝ k
Fourier ModesAngular Modes
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What is the expected strength of the 
observables? 
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CMB AS A PROBE TO GRAVITATIONAL WAVES: WHAT ARE THE OBSERVABLES OF 
THIS INTERACTION?  

OBSERVABLES OF DIFFERENT PERTURBATIONS

Density GW

T E B
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CMB AS A PROBE TO GRAVITATIONAL WAVES: WHAT ARE THE OBSERVABLES OF 
THIS INTERACTION?  

OBSERVABLES OF DIFFERENT PERTURBATIONS

Density GW

T E B

>>>

Contribution from GW is not 
pronounced than density fluctuations

Key Observable
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CMB AS A PROBE TO GRAVITATIONAL WAVES: WHAT ARE THE OBSERVABLES 
OF THIS INTERACTION?  

OBSERVABLES OF GW PERTURBATIONS ON B-MODE
Different Cosmic stages 

GW generation Width during recombination

Matter-radiation equality End of recombination
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OBSERVABLES OF GW PERTURBATIONS ON B-MODE
Evolution of GW signal in an expanding Universe
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Evolution of GW signal in an expanding Universe
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OF THIS INTERACTION?  

OBSERVABLES OF GW PERTURBATIONS ON B-MODE

For super-horizon modes: k < <
·a
a

For sub-horizon modes: k > >
·a
a

constanth ∼

htoday

hentry
∼

aentry

atoday
h ∼ 1

a

Evolution of GW signal in an expanding Universe

aenterHenter ∝ k  for matter-dominated Universeaenter ∝ k−2

For modes at horizon entry: 
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CMB AS A PROBE TO GRAVITATIONAL WAVES: WHAT ARE THE OBSERVABLES 
OF THIS INTERACTION?  

OBSERVABLES OF GW PERTURBATIONS ON B-MODE
Evolution of GW signal in an expanding Universe

Comoving scale

Time

1/(aH)

Small k

Large kOutside horizon
Inside horizon

Image credit: Dodelson 
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OF THIS INTERACTION?  

OBSERVABLES OF GW PERTURBATIONS ON B-MODE
Signature of evolution on the power spectrum

Initial GW fluctuation

Evolution of the modes
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OF THIS INTERACTION?  

OBSERVABLES OF GW PERTURBATIONS ON B-MODE

Evolution of the modes

ℓ

CBB,ℓ

Signature of evolution on the power spectrum

ℓ ∝ k
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Initial GW fluctuation
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Signature of evolution on the power spectrum

Initial GW fluctuation

Evolution of the modes
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OBSERVABLES OF GW PERTURBATIONS ON B-MODE
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CMB AS A PROBE TO GRAVITATIONAL WAVES: WHAT ARE THE OBSERVABLES 
OF THIS INTERACTION?  

OBSERVABLES OF GW PERTURBATIONS ON B-MODE
From numerical code

Lewis and Challinor 2006
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CMB AS A PROBE TO GRAVITATIONAL WAVES: WHAT ARE THE OBSERVABLES 
OF THIS INTERACTION?  

OBSERVABLES OF GW PERTURBATIONS ON B-MODE
Different Cosmic stages 

GW generation ~ End of reionization

Matter-radiation equality End of recombination ~ Lensing contributions 

Width during recombination
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CMB AS A PROBE TO GRAVITATIONAL WAVES: WHAT ARE THE OBSERVABLES 
OF THIS INTERACTION?  

OBSERVABLES OF GW PERTURBATIONS ON B-MODE
Different Cosmic stages 

Lewis and Challinor 2006
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CMB as a Probe to Gravitational Waves
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What is the prospect of detection?
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CMB AS A PROBE TO GRAVITATIONAL WAVES: WHAT IS THE PROSPECT OF 
DETECTION?

What is the current status?: Upper Bound
Tristram (2022)
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CMB AS A PROBE TO GRAVITATIONAL WAVES: WHAT IS THE PROSPECT OF 
DETECTION?

Future Prospects: Simons Observatory
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DETECTION?

Future Prospects: LiteBIRD
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CMB AS A PROBE TO GRAVITATIONAL WAVES: WHAT IS THE PROSPECT OF 
DETECTION?

Future Prospects: CMB-S4
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