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Finding Gravitational Waves 
from the Early Universe
Finding the signature of gravitational waves in polarised light of 
the cosmic microwave background
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Let’s find Gravitational Waves (GW)!
But how? The detection method depends on the GW frequency.

• Laser interferometers on the ground: deca- to kilo Hz (LIGO, VIRGO, …, ET)


• The wavelength ~ the size of Earth


• Laser interferometers in space: milli Hz (LISA), deci Hz (future mission?)


• The wavelength ~ Astronomical Unit


• Pulsar timing arrays: nano Hz (EPTA, SKA)


• The wavelength ~ the size of the Milky Way


• Cosmic microwave background: atto Hz (WMAP, Planck, LiteBIRD)


• The wavelength ~ billions of light years!



GWs from the early Universe are everywhere!
We can measure it across 21 orders of magnitude in the GW frequency
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Credit: WMAP Science Team

The sky in various wavelengths 
Visible -> Near Infrared -> Far Infrared -> Submillimeter -> Microwave



Where did the CMB we see today come from?

From “HORIZON”



Credit: WMAP Science Team
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The surface of “last scattering” by electrons
(Scattering generates polarisation!) 

Not shown: The cosmological redshift due to the expansion of the Universe



How do we “see" beyond this “wall”?

Credit: WMAP Science Team
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The surface of “last scattering” by electrons
(Scattering generates polarisation!) 

Laws of physics!



Before we talk about the GW, 

let’s talk about the sound waves 
(scalar modes)
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Credit: WMAP Science Team

Momentum Conservation

Energy Conservation

Gravitational Field Equations (Einstein’s Eq.)

10 Laws of physics!



+

Momentum Conservation

Energy Conservation

Gravitational Field Equations
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Sound Waves!

From “HORIZON”
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Kosmische Miso-Suppe
• When matter and radiation were hotter than 3000 K, 

matter was completely ionised. The Universe was 
filled with plasma, which behaves just like a soup 

• Think about a Miso soup (if you know what it is). 
Imagine throwing Tofus into a Miso soup, while 
changing the density of Miso 


• And imagine watching how ripples are created and 
propagate throughout the soup
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Credit: WMAP Science Team
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Outstanding Questions
• Where does anisotropy in CMB temperature come 

from?


• This is the origin of galaxies, stars, planets, and 
everything else we see around us, including 
ourselves


• The leading idea: quantum fluctuations in 
vacuum, stretched to cosmological length scales 
by a rapid exponential expansion of the universe 
called “cosmic inflation” in the very early universe

How do we

analyse the


data like this?
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Data Analysis
• Decompose temperature fluctuations 
in the sky into a set of waves with 
various wavelengths


• Make a diagram showing the strength 
of each wavelength: Power Spectrum
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Long Wavelength Short Wavelength

180 degrees/(angle in the sky)
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Power Spectrum, Explained
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https://www.nobelprize.org

Sound waves in the 
fireball Universe,  
predicted in 1970
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At the ICGC2011 conference, Goa, India
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Sound waves in the 
fireball Universe,  
predicted in 1970

The Franklin Institute  
of Physics
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• The power spectrum allows us to 
determine the composition of the 
Universe, such as the density of 
atoms, dark matter, and dark 
energy.


• Definitive evidence for non-
baryonic nature of dark matter!

Determine the composition 
of the Universe
The Universe as a “hot soup” 
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From “HORIZON”



“Let’s give some impact to the beginning of this model”

• What gave the initial fluctuation to the cosmic hot soup?

Leading Idea:
• Quantum mechanics at work in the early Universe


• “We all came from quantum fluctuations”


• But, how did the quantum fluctuation on the microscopic scale become 
macroscopic over large distances?


• What is the missing link between the small and large scales?

Mukhanov & Chibisov (1981); Hawking (1982); Starobinsky (1982); Guth & Pi (1982); 
Bardeen, Turner & Steinhardt (1983)
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Gravity + Quantum 


= The origin of all the structures 
we see in the Universe
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Cosmic Inflation

• Exponential expansion (inflation) stretches the wavelength of 
quantum fluctuations to cosmological scales

Starobinsky (1980); Sato (1981); Guth (1981); Linde (1982); Albrecht & Steinhardt (1982)

Quantum mechanical fluctuation 
on microscopic scales

Exponential

Expansion!



What? How can we believe such 
a statement?


Only the data will decide!
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Finding Cosmic Inflation
What does inflation predict?

• Due to expansion of space, the distance between two points is 
stretched in proportion to a(t).


• The Hubble expansion rate is defined as H(t) = a–1 (da/dt). This has 
the units of [1/time].


• In other words, a(t) = exp[ ∫ H(t) dt ].


• During inflation, the distance between two points expands 
exponentially. This means H(t) ~ constant, which gives a(t) ~ exp(Ht).


• However, inflation must end. This means that H(t) is a slowly 
decreasing function of time.

How can we test this?
27



Finding Cosmic Inflation
What does inflation predict for the density fluctuation? 

• During inflation, the density fluctuation is produced quantum 
mechanically.


• According to Quantum Mechanics during inflation, 


• The strength of density fluctuation is proportional to H 
• THE KEY: The earlier the fluctuations are generated, the more its wavelength 

is stretched, and thus the bigger the angles they subtend in the sky. Because 
H(t) is a decreasing function of time, inflation predicts that the amplitude 
of fluctuations on large angular scales is slightly larger than that on small 
angular scales! 

28

Mukhanov & Chibisov (1981); Hawking (1982); Starobinsky (1982); Guth & Pi (1982); 
Bardeen, Turner & Steinhardt (1983)
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Let’s parameterise:

Wave Amp. / `ns�1
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WMAP Collaboration
Long Wavelength

(Earlier during inflation)
Short Wavelength

(Later during inflation)

Wave Amp. / `ns�1

Wright, Smoot, Bennett & Lubin (1994)
1989–1993

In 1994:

COBE 2-Year Limit!

ns=1.25+0.4–0.45 (68%CL)

l=3–30
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(Earlier during inflation)
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Wave Amp. / `ns�1

WMAP Collaboration

In 2012:

2001–2010

WMAP 9-Year Only:

ns=0.972±0.013 (68%CL)
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2001–2010 WMAP Collaboration

South Pole Telescope
[10-m in South Pole]

Atacama Cosmology Telescope
[6-m in Chile]

ns=0.965±0.010

In 2012:



= 180 degrees/(angle in the sky)
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2001–2010 WMAP Collaboration

South Pole Telescope
[10-m in South Pole]

Atacama Cosmology Telescope
[6-m in Chile]

ns=0.961±0.008
First ~5σ discovery of ns<1 

from the CMB data combined 
with the distribution of galaxies

In 2012:



= 180 degrees/(angle in the sky)

Planck 2013 Result!
2009–2013

ns=0.960±0.007
First >5σ discovery of ns<1 

from the CMB data 
alone [Planck+WMAP]
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[Values of Temperatures in the Sky Minus 2.725 K] / [Root Mean Square]

Quantum Fluctuations 
give a Gaussian 

distribution of 

temperatures. 


Do we see this 

in the WMAP data?
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[Values of Temperatures in the Sky Minus 2.725 K] / [Root Mean Square]

Quantum Fluctuations 
give a Gaussian 

distribution of 

temperatures. 


Do we see this 

in the WMAP data?
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So, have we found inflation?
A lot of evidence in support of inflation exist already.

• Single-field slow-roll inflation looks very good:


• ns < 1


• Gaussian fluctuations


• Adiabatic fluctuations [no time to explain this today]


• Super-horizon fluctuations [no time to explain this today]


• What more do we want? Primordial gravitational waves 

• Why more evidence? Because “extraordinary claim requires extraordinary 
evidence” (Carl Sagan)
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Let’s talk about the GW 

(tensor modes)

42



Gravitational waves are coming towards you!
To visualise the waves, watch motion of test particles.
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Gravitational waves are coming towards you!
To visualise the waves, watch motion of test particles.
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Distance between two points

y

x
Scale Factor
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• In Cartesian coordinates, the distance between two points in 
Euclidean space is


• To include the isotropic expansion of space, 



Distortion in space

x2

x1

δij  = 1 for i=j; 

δij  = 0 otherwise

Distortion in space!46

• Compact notation using Kronecker’s delta symbol:


• To include distortion in space,



• The gravitational wave shall be transverse. 

• The direction of distortion is perpendicular to the propagation direction

Four conditions for gravitational waves

~k
<latexit sha1_base64="iwZxKxQ2qmVFkrUPGUlb4Wp/QF0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZeNZv1xxq+4CZJ14OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4K/VSjQllYzrErqWSRqj9bHHujFxYZUDCWNmShizU3xMZjbSeRoHtjKgZ6VVvLv7ndVMT3voZl0lqULLlojAVxMRk/jsZcIXMiKkllClubyVsRBVlxiZUsiF4qy+vk1at6l1Va4/XlfpdHkcRzuAcLsGDG6jDAzSgCQzG8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gCfcI/B</latexit>

3X

i=1

kihij = 0
<latexit sha1_base64="9t+cOyQWNF6KWd58uc0r9WSx1xk=">AAACBHicbVDLSgMxFM3UV62vUZfdBIvgqsy0gm4KRTcuK9gHtNMhk6ZtbJIZkoxQhlm48VfcuFDErR/hzr8xbWehrQcunJxzL7n3BBGjSjvOt5VbW9/Y3MpvF3Z29/YP7MOjlgpjiUkThyyUnQApwqggTU01I51IEsQDRtrB5Hrmtx+IVDQUd3oaEY+jkaBDipE2km8XeyrmfkJrbtqvwkmfwrF53aewBh3fLjllZw64StyMlECGhm9/9QYhjjkRGjOkVNd1Iu0lSGqKGUkLvViRCOEJGpGuoQJxorxkfkQKT40ygMNQmhIaztXfEwniSk15YDo50mO17M3E/7xurIeXXkJFFGsi8OKjYcygDuEsETigkmDNpoYgLKnZFeIxkghrk1vBhOAun7xKWpWyWy1Xbs9L9assjjwoghNwBlxwAergBjRAE2DwCJ7BK3iznqwX6936WLTmrGzmGPyB9fkDw0+W3g==</latexit>

3 conditions for hiThus,
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Four conditions for gravitational waves

• The gravitational wave shall not change the area 

• The determinant of δij+hij is 1

Thus,
3X

i=1

hii = 0
<latexit sha1_base64="QeE26ppPU6GUXQeIuz5+CkZC7qA=">AAACAXicbZDLSgMxFIYz9VbrbdSN4CZYBFdlphV0Uyi6cVnBXqAdh0yaaUOTzJBkhDKMG1/FjQtF3PoW7nwb03YW2vpD4OM/53By/iBmVGnH+bYKK6tr6xvFzdLW9s7unr1/0FZRIjFp4YhFshsgRRgVpKWpZqQbS4J4wEgnGF9P650HIhWNxJ2exMTjaChoSDHSxvLto75KuJ/Supvd1+DIEM1gHTrQt8tOxZkJLoObQxnkavr2V38Q4YQToTFDSvVcJ9ZeiqSmmJGs1E8UiREeoyHpGRSIE+WlswsyeGqcAQwjaZ7QcOb+nkgRV2rCA9PJkR6pxdrU/K/WS3R46aVUxIkmAs8XhQmDOoLTOOCASoI1mxhAWFLzV4hHSCKsTWglE4K7ePIytKsVt1ap3p6XG1d5HEVwDE7AGXDBBWiAG9AELYDBI3gGr+DNerJerHfrY95asPKZQ/BH1ucPaDuVjQ==</latexit>

x2

x1
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1 condition for hi



• The symmetric matrix hij has 6 components, but there are 4 conditions. Thus, we 
have two degrees of freedom.


• If the GW propagates in the x3=z axis, non-vanishing components of hij are

6 – 4 = 2 degrees of freedom for GW
We call them “plus” and “cross” modes

hij =

0

@
h+ h⇥ 0
h⇥ �h+ 0
0 0 0

1

A

<latexit sha1_base64="hlPrrvhryKWK4jM72Qr7KwPo/K0="></latexit>

x2

x1

h+
<latexit sha1_base64="73F7RS5/Z58dteq4PTugvB0Ykkc=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSIIQkmqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+Oyura+sbm4Wt4vbO7t5+6eCwqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7dRvPaHSPJaPZpygH9GB5CFn1FjpYdg775XKbsWdgSwTLydlyFHvlb66/ZilEUrDBNW647mJ8TOqDGcCJ8VuqjGhbEQH2LFU0gi1n81OnZBTq/RJGCtb0pCZ+nsio5HW4yiwnRE1Q73oTcX/vE5qwms/4zJJDUo2XxSmgpiYTP8mfa6QGTG2hDLF7a2EDamizNh0ijYEb/HlZdKsVryLSvX+sly7yeMowDGcwBl4cAU1uIM6NIDBAJ7hFd4c4bw4787HvHXFyWeO4A+czx/rd42O</latexit>

h⇥
<latexit sha1_base64="7o35sMmYgUabX25v6xOUlfm+4t4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3bpZhN3J0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilzqjfQxFx0y9X3Ko7B1klXk4qkKPRL3/1BjFLI66QSWpM13MT9DOqUTDJp6VeanhC2ZgOeddSRe0SP5vfOyVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2fNkIDRnKCeWUKaFvZWwEdWUoY2oZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExhIeIZXeHMenRfn3flYtBacfOYY/sD5/AE0I5AT</latexit>
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How to detect GW?
Laser interferometer technique, used by LIGO and VIRGO

50

Mirror

Detector No Signal

Mirror

Mirror

Signal!Detector

Mirror

Beam splitter Beam splitter

The wavelength of GW detectable by 

this method is the size of Earth 


(a few thousand km). 

How do we detect GW with 


billions of light-years’s wavelength?



Detecting GW by CMB
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Isotropic radiation field (CMB) Isotropic radiation field (CMB)
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Quadrupole temperature anisotropy generated by red- and blue-shifting of photons

Sachs & Wolfe (1967)
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Detecting GW by CMB Polarisation
Quadrupole temperature anisotropy scattered by an electron
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Isotropic radiation field (CMB) Isotropic radiation field (CMB)
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Horizontally polarised

Credit: TALEX
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Credit: TALEX



Physics of CMB Polarisation
Necessary and sufficient condition: Scattering and Quadrupole Anisotropy

56Credit：Wayne Hu



57

Credit: ESA



58

Credit: ESA



E- and B-mode decomposition
Concept defined in Fourier space

• E-mode：Polarisation directions are parallel or perpendicular to the wavenumber direction


• B-mode：Polarisation directions are 45 degrees tilted w.r.t the wavenumber direction
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Direction of the Fourier 
wavenumber vector

Seljak & Zaldarriaga (1997); Kamionkowski, Kosowsky & Stebbins (1997)



Parity Flip
E-mode remains the same, whereas B-mode changes the sign
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• Two-point correlation functions invariant 
under the parity flip are

• The other combinations <TB> and <EB> are not 
invariant under the parity flip.


• [Side Note] We can use these combinations to 
probe parity-violating physics (e.g., axions)

Seljak & Zaldarriaga (1997); Kamionkowski, Kosowsky & Stebbins (1997)



Power Spectra
Where are we? What is next?
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• The temperature and polarisation 
power spectra originating from the 
scalar (density) fluctuation have 
been measured.


• The next quest: B-mode power 
spectrum from the primordial GW!

Temperature anisotropy 
(sound waves)

E-mode 
(sound waves)

B-mode (lensing)

B-mode 
(Primordial GW)



Tensor-to-scalar Ratio

• We really want to find this! The current upper bound is 
r<0.036 [95%CL; BICEP2/Keck Array Collaboration (2021)]

r ⌘ hhijhiji
h⇣2i

Scalar mode
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WMAP(temp+pol)+ACT+SPT+BAO+H0
WMAP(pol) + Planck + BAO ruled 

out!

WMAP Collaboration

2013



WMAP(temp+pol)+ACT+SPT+BAO+H0
WMAP(pol) + Planck + BAO ruled 
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Polarsiation limit added:
r<0.07 (95%CL)

Planck Collaboration (2015); BICEP2/Keck Array Collaboration (2016)
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WMAP(temp+pol)+ACT+SPT+BAO+H0
WMAP(pol) + Planck + BAO ruled 
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BICEP2/Keck Array  
Collaboration (2018)

r<0.06 
(95%CL)

2018

Polarsiation limit added:
r<0.07 (95%CL)

Planck Collaboration (2015); BICEP2/Keck Array Collaboration (2016)



WMAP(temp+pol)+ACT+SPT+BAO+H0
WMAP(pol) + Planck + BAO ruled 

out!

ruled out!
ruled out!

ruled out!
ruled out!

BICEP2/Keck Array Collaboration (2021)

BICEP2/Keck Array  
Collaboration (2018)

r<0.06 
(95%CL)

2018

Polarsiation limit added:
r<0.07 (95%CL)

r<0.036 
(95%CL)

2021



Experimental Landscape
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CMB Stages

4

Detectors are a big challenge,

2000 2005 2010 2015 2020

10
−4

10
−3

10
−2

10
−1

W
M

AP

Planck

CM
B−S4

Year

A
p

p
ro

xi
m

a
te

 r
a

w
 e

xp
e

ri
m

e
n

ta
l s

e
n

si
tiv

ity
 (

µ
K

)

 

 

Space based experiments

Stage−I − ≈ 100 detectors

Stage−II − ≈ 1,000 detectors

Stage−III − ≈ 10,000 detectors

Stage−IV − ≈ 100,000 detectors
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Figure by Clem Pryke for 2013 Snowmass documents

then

now

Amazing rate of 

improvements in sensitivity



Advanced Atacama  
Cosmology Telescope

South Pole Telescope “3G”

CLASSBICEP/Keck Array

On-going Ground-based 
Experiments
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Advanced Atacama  
Cosmology Telescope

South Pole Telescope “3G”

CLASSBICEP/Keck Array

Early 2020s

~$100M

The South Pole 
Observatory
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Bringing all together:

US-led CMB Stage IV

Late 2020s (~$600M)
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Balloons!
“Almost space”

SPIDER  
(led by USA)

LSPE/SWIPE 
(led by Italy)

First B-mode result: 
arXiv:2103.13334
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2029– 
LiteBIRD

A few thousand super-conducting  
microwave sensors in space.  
Selected by JAXA to fly to L2!

JAXA 
+ NASA 
+ CSA  
+ Europe
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LiteBIRD Collaboration
B-

m
od

e 
Po

w
er

 S
pe

ct
ru

m

LiteBIRD’s Expected Error Bars
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LiteBIRD Collaboration

LiteBIRD’s Expected Constraints 
(If we find a signal!)
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LiteBIRD’s Expected Constraints 
(If we do not find a signal…)

LiteBIRD Collaboration



But let’s recall again: not just CMB!
We can measure it across 21 orders of magnitude in the GW frequency
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Campeti, EK, Poletti, Baccigalupi (2021)

Atto Hz Nano Hz

Milli Hz Deca Hz



Summary
Towards finding our origins

• The Quest So Far: 


• There is very good evidence that we all came from the quantum fluctuation 
in the early Universe, generated during the period of cosmic inflation. 

• The New Quest:  

• Discovery of the primordial gravitational wave with the wavelength of 
billions of light years gives definitive evidence for inflation. 

• Hoping to find the first evidence from ground-based and balloon-borne 
experiments within the next 10 years.  

• Then, the definitive measurement will come from LiteBIRD in early 2030s.
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