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Inflation



quantum fluctuations in the inflaton field gets stretched to cosmic scales  
becoming classical density perturbations

CMB temperature anisotropies from inflaton fluctuations

δϕfrom to ΔT

λ(t) = a(t) λ0



So far the universe looks remarkably similar  
to what inflation predicts 

A fundamental piece of the inflationary picture remains 
unconfirmed 

If inflation happened, it should have also produced a  
gravitational-wave background 



�i
i = @i�ij = 0 two polarization states of the graviton:     ,    

Tensor perturbation on top of a homogenous & isotropic background:

Gravitational waves

ds2 = �dt2 + a2(t) (�ij + �ij) dx
idxj

transversetraceless



Gravitational waves from inflation

• inhomogeneous solution:  GWs from sources

⇧TT
ij /

�̈ij + 3H �̇ij + k
2
�ij = 16⇡G⇧TT

ij

• homogeneous solution:  GWs from vacuum fluctuations

Production of gravitons out of the vacuum  
in an expanding universe!

{scalar fields, vector fields, fermions, tensors … }

Gµ⌫ = 8⇡GTµ⌫

geometry matter/source

Einstein equations:



(end of inflation)

Modes and Scales 

(time)

Perturbation  
modes leave
horizon during  
inflation and freeze out to �

prim
~k

… they re-enter after inflation 
and become dynamical again

�~k(⌧) = T (⌧, k)�prim
~k

transfer function 
(subhorizon evolution)
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Gravitational waves from inflation

• homogeneous solution:  GWs from vacuum fluctuations

Production of gravitons out of the vacuum  
in an expanding universe!

red tilt:  
amplitude decreases  

as we go towards 
smaller scales

energy scale of inflation

Pvacuum
� (k) =

2

⇡2

H
2

M
2
pl

✓
k

k⇤

◆nT

nT = �r/8

r ⌘ P�

P⇣
tensor-to-scalar ratio



Tensor Power Spectrum

tensor transfer function
(encodes evolution from  
horizon exit until today)

conformal time elapsed  
from horizon exit until today

Observed gravitational waves spectrum sensitive to  

primordial power spectrum + post-inflationary expansion

fractional GW energy density today  
per logarithmic interval of frequency

primordial power spectrum



Prediction and sensitivity limits

[r ~ 0.03]
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Standard SFSR would go undetected at small scales (red tilt)



Gravitational waves from inflation
• inhomogeneous solution:  GWs from sources

Axion-gauge field models
��

4f
F F̃

[Anber - Sorbo 2009, Cook - Sorbo 2011, Barnaby - Peloso 2011, Adshead - Wyman 2011,  
Maleknejad - Sheikh-Jabbari, 2011, ED - Fasiello - Tolley 2012, ED - Peloso 2012,  
Namba - ED - Peloso 2013, Adshead - Martinec -Wyman 2013,  ED - Fasiello - Fujita 2016
Agrawal - Fujita - Komatsu 2017, Caldwell - Devulder 2017, Domcke et al. 2018, … ]

anisotropic  
stress-energy tensor�̈ij + 3H �̇ij + k

2
�ij = 16⇡G⇧TT

ij
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Challenge:

We may have a variety of overlapping backgrounds from  
cosmological sources 

(inflation … first order phase transitions, topological defects…)

as well as a (possibly larger) astrophysical background
from the superposition of signals from a large number of astrophysical sources  

(e.g. mergers of black holes, neutron stars)

What can we do about it?

Can we detect a primordial background?



 
— Frequency profile

— Chirality

— Non-Gaussianity

— Anisotropies

Can we detect a primordial background?
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— Frequency profile

— Chirality

— Non-Gaussianity

— Anisotropies

Can we detect a primordial background?



Anisotropies as a probe of squeezed non-Gaussianity

Anisotropies as a probe of SIGW and primordial black holes physics

Anisotropies as a probe of isocurvature perturbations
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Anisotropies in the GW background
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Next step: angular information: 
 looking for spatial variations in the contributions to the energy density spectrum



 k = comoving wavenumber  
       (~ observed frequency)

Anisotropies in the GW background

Angular power spectrum for the anisotropies:

�GW(k, n̂) =
X

`m

�GW
`m Y`m(n̂)

<latexit sha1_base64="Ugk8ZfWkvJvWt0bR5ET0VklyoVs="></latexit>
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directional GW  
energy density spectrum 

isotropic GW 
energy density spectrum

anisotropy
(GW analogue of    
  CMB       )�T

T<latexit sha1_base64="dwci0ADDnh2I7KDnvRur1Iqd5tc=">AAACHXicbVDLSgMxFM3Ud32NunQTLIK4KDNV0GVRFy4V2iq0pdxJ79RgJjMmGWEY+iNu/BU3LhRx4Ub8G9N2FvVxIHA459wk9wSJ4Np43pdTmpmdm19YXCovr6yurbsbmy0dp4phk8UiVtcBaBRcYtNwI/A6UQhRIPAquD0d+Vf3qDSPZcNkCXYjGEgecgbGSj33sBPggMsc7yQoBdn+sNwJFbC8c4bCAG0M84aVUPanIj234lW9Mehf4hekQgpc9NyPTj9maYTSMAFat30vMd0clOFMoL0/1ZgAu4UBti2VEKHu5uPthnTXKn0axsoeaehYnZ7IIdI6iwKbjMDc6N/eSPzPa6cmPO7mXCapQckmD4WpoCamo6ponytkRmSWAFPc/pWyG7DlGFto2Zbg/175L2nVqv5BtXZZq9RPijoWyTbZIXvEJ0ekTs7JBWkSRh7IE3khr86j8+y8Oe+TaMkpZrbIDzif328Wor0=</latexit>



Origin of the anisotropies

From propagation through  
the perturbed universe

Intrinsic to the  
production mechanism

GW

21



Origin of the anisotropies: propagation through inhomogeneities

GW propagate through the perturbed universe               

 
subject to Sachs-Wolfe / integrated Sachs-Wolfe …,  

similarly to CMB photons

22

Sachs-Wolfe: 
 

Different directions on the GW sky sample regions with  
different gravitational potentials on the effective initial surface. 

GWs emerging from deeper potential wells undergo a larger gravitational redshift than 
those emerging from shallower wells, producing anisotropies



23 [Alba - Maldacena, 2015]

(uniform density gauge 
  in matter domination)

GW background = collection of massless particles emitted at early times 

Gravitational redshift:

graviton’s 4-momentum:Geodesic equation for the graviton

affine parameter along  
the graviton’s geodesic

value at “emission”
(direction dependent)

value at observer’s location
(common to emissions from  
all directions) -> it drops out

Origin of the anisotropies: propagation through inhomogeneities

Hierarchy of scales between GW frequency and scale of the perturbations



⇣L(n̂1 · ⌘0) 6= ⇣L(n̂2 · ⌘0)
<latexit sha1_base64="D7s2MoKqHFMy+vrXB09la52nG+I="></latexit>

Anisotropy in the GW energy density 

Large-scales: SW dominates

Direction-dependent frequency shift

(for SFSR Inflation)

�GW ⇠
✓
@ ln⌦GW

@ ln k

◆
⇣L

<latexit sha1_base64="w3qj/pqoLv8n6rmk+arZPo2epxM="></latexit>

�GW ' O(1) ⇣L ' 10�5
<latexit sha1_base64="wA0Kd1IZuIBgboWxS6AydUcPKac="></latexit>

Origin of the anisotropies: propagation through inhomogeneities

�f(n̂)

f
/

⇥
⇣L(today) � ⇣L(n̂ · ⌘0)

⇤

<latexit sha1_base64="4RsIrqUM1tFu1hII0w5EOWuYfys="></latexit>

⇣L

n̂1
<latexit sha1_base64="iPCob9ZNhQGXfy3WZ6oHDDcOclg=">AAACFnicbZDLSsNAFIYn9VbrLerSTbAIIliSutBl0Y3LCvYCbQgn09N26GQSZyZCCX0KN76KGxeKuBV3vo3Ty6K2Hhj4+P9zZub8YcKZ0q77Y+VWVtfWN/Kbha3tnd09e/+gruJUUqzRmMeyGYJCzgTWNNMcm4lEiEKOjXBwM/YbjygVi8W9HiboR9ATrMsoaCMF9nk7xB4TGT4IkBKGZ6NCuw86E6Mg8wyj6Mx5gV10S+6knGXwZlAks6oG9ne7E9M0QqEpB6VanptoPwOpGeVo7k8VJkAH0MOWQQERKj+brDVyTozScbqxNEdoZ6LOT2QQKTWMQtMZge6rRW8s/ue1Ut298jMmklSjoNOHuil3dOyMM3I6TCLVfGgAqGTmrw7tgwSqTZIFE4K3uPIy1Msl76JUvisXK9ezOPLkiByTU+KRS1Iht6RKaoSSJ/JC3si79Wy9Wh/W57Q1Z81mDsmfsr5+AT0toAg=</latexit>

n̂2
<latexit sha1_base64="G/y4085gzbPJdwW4ckxQRQm6KMA=">AAACFnicbZDLSsNAFIYn9VbrrerSTbAIIliSuNBl0Y3LCvYCbSgn09N26GQSZyZCCX0KN76KGxeKuBV3vo3TNovaemDg4//PmZnzBzFnSjvOj5VbWV1b38hvFra2d3b3ivsHdRUlkmKNRjySzQAUciawppnm2IwlQhhwbATDm4nfeESpWCTu9ShGP4S+YD1GQRupUzxvB9hnIsUHAVLC6GxcaA9Ap2LcST3DKLpzXqdYcsrOtOxlcDMokayqneJ3uxvRJEShKQelWq4Taz8FqRnlaO5PFMZAh9DHlkEBISo/na41tk+M0rV7kTRHaHuqzk+kECo1CgPTGYIeqEVvIv7ntRLdu/JTJuJEo6Czh3oJt3VkTzKyu0wi1XxkAKhk5q82HYAEqk2SBROCu7jyMtS9sntR9u68UuU6iyNPjsgxOSUuuSQVckuqpEYoeSIv5I28W8/Wq/Vhfc5ac1Y2c0j+lPX1Cz7CoAk=</latexit>

n̂3
<latexit sha1_base64="R31HwofBfg4GszmgDJtZWxvRwZ4=">AAACFnicbZDLSsNAFIYnXmu9RV26CRZBBEvSLnRZdOOygr1AW8rJ9LQdOpnEmYkQQp/Cja/ixoUibsWdb+O0zaK2Hhj4+P9zZub8fsSZ0q77Y62srq1vbOa28ts7u3v79sFhXYWxpFijIQ9l0weFnAmsaaY5NiOJEPgcG/7oZuI3HlEqFop7nUTYCWAgWJ9R0Ebq2hdtHwdMpPggQEpIzsf59hB0KsbdtGwYRW/O69oFt+hOy1kGL4MCyaratb/bvZDGAQpNOSjV8txId1KQmlGO5v5YYQR0BANsGRQQoOqk07XGzqlRek4/lOYI7UzV+YkUAqWSwDedAeihWvQm4n9eK9b9q07KRBRrFHT2UD/mjg6dSUZOj0mkmicGgEpm/urQIUig2iSZNyF4iysvQ71U9MrF0l2pULnO4siRY3JCzohHLkmF3JIqqRFKnsgLeSPv1rP1an1Yn7PWFSubOSJ/yvr6BUBXoAo=</latexit>

surface of 

production 

for GW

24 [Alba - Maldacena, 2015]
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Origin of the anisotropies:  
original calculation (adiabatic perturbations)

[Alba - Maldacena, 2015]

Massless field h in a perturbed universe: 

S =
1

2

Z
d
3
x d⌘ a

2 (1 + 3⇣)


(�@⌘h)

2 + (1� 2⇣)
⇣
~@h

⌘2
� 4(@⌘h)

5aH
~@⇣ · ~@h

�

<latexit sha1_base64="SUtS7AK0L8YijXgg0oNSCOXTcKA="></latexit>
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5H
~@⇣ · ~@h

<latexit sha1_base64="OKMCkNphQE2BcEGBCtHrB0yzn+g="></latexit>

correction to the two point function of h proportional to ⇣
<latexit sha1_base64="ubDr88ND3iJ2kirAP4Pd48fmgMQ=">AAACEHicbVC7TsNAEDzzDOZloKSxiBCIIrJDAWUEDWWQyENKrGh92SSnnM/m7owUrHwCDb9CQwFCtJR0/A2XRxESRlppNLOr3Z0w4Uxpz/uxlpZXVtfWcxv25tb2zq6zt19VcSopVmjMY1kPQSFnAiuaaY71RCJEIcda2L8e+bUHlIrF4k4PEgwi6ArWYRS0kVrOSTPELhMZ3guQEgZnQ7v5iBrsJor2jNpy8l7BG8NdJP6U5MkU5Zbz3WzHNI1QaMpBqYbvJTrIQGpGOZotqcIEaB+62DBUQIQqyMYPDd1jo7TdTixNCe2O1dmJDCKlBlFoOiPQPTXvjcT/vEaqO5dBxkSSahR0sqiTclfH7igdt80kUs0HhgCVzNzq0h5IoNpkaJsQ/PmXF0m1WPDPC8XbYr50NY0jRw7JETklPrkgJXJDyqRCKHkiL+SNvFvP1qv1YX1OWpes6cwB+QPr6xc85p1V</latexit>

(uniform density gauge 
  in matter domination)

GW background = collection of massless particles emitted at early times 

Hierarchy of scales between GW frequency and scale of the perturbations

Field theory derivation:

[see also Bethke, Figueroa, Rajantie, 2014]



26

Origin of the anisotropies: Boltzmann formalism

and described by a distribution function
GW background = collection of massless particles emitted at early times 

Hierarchy of scales between GW frequency and scale of the perturbations

f(xµ, pµ)
<latexit sha1_base64="WfJkwD0fzvdEm0EKgu0tGgixWmo=">AAACH3icbVDLSsNAFJ3UV42vqEs3wSJUKSWpoC6LblxWsA9oaplMb9qhk0mcmYgl9E/c+CtuXCgi7vo3Th+L2npg4HDOudy5x48ZlcpxRkZmZXVtfSO7aW5t7+zuWfsHNRklgkCVRCwSDR9LYJRDVVHFoBELwKHPoO73b8Z+/QmEpBG/V4MYWiHuchpQgpWW2taF50OX8hQeORYCD86GZpB/fki9MBkWvEI8ZaemB7wzF2pbOafoTGAvE3dGcmiGStv68ToRSULgijAsZdN1YtVKsVCUMBiaXiIhxqSPu9DUlOMQZCud3De0T7TSsYNI6MeVPVHnJ1IcSjkIfZ0MserJRW8s/uc1ExVctVLK40QBJ9NFQcJsFdnjsuwOFUAUG2iCiaD6rzbpYYGJ0pWaugR38eRlUisV3fNi6a6UK1/P6siiI3SM8shFl6iMblEFVRFBL+gNfaBP49V4N76M72k0Y8xmDtEfGKNfpcajVg==</latexit>

[Contaldi, 2017- Bartolo et al 2019  
     see also: Pitrou et al, 2020 - Schulze et al, 2023]

pµ =
dxµ

d�
<latexit sha1_base64="mUaaNeYlCdPCjiQw7T+pLd0mJ8w="></latexit>

graviton’s 4-momentum:

collision 
term

injection 
term

}
<latexit sha1_base64="HB0U0f6EbBx3R2lEJs6PwspI6kU=">AAACDXicdVDLTgIxFO34RHyhLt00oolxQWYGArgjunGJiTwSIKRTLtDQ6Yxtx4RM+AE3/oobFxrj1r07/8YOYIJGT9rk5Jx7b3uPF3KmtG1/WkvLK6tr66mN9ObW9s5uZm+/roJIUqjRgAey6REFnAmoaaY5NEMJxPc4NLzRZeI37kAqFogbPQ6h45OBYH1GiTZSN3Pc9mDARAy3gkhJxmeTdNscEL0FqZvJ2rnzctEtFLGds+2S4zoJcUuFfAE7RkmQRXNUu5mPdi+gkQ9CU06Uajl2qDsxkZpRDmZ+pCAkdEQG0DJUEB9UJ55uM8EnRunhfiDNFRpP1cWOmPhKjX3PVPpED9VvLxH/8lqR7pc7MRNhpEHQ2UP9iGMd4CQa3GMSqOZjQwiVzPwV0yGRhGoTYNqE8L0p/p/U3ZyTz7nXbrZyMY8jhQ7RETpFDiqhCrpCVVRDFN2jR/SMXqwH68l6td5mpUvWvOcA/YD1/gUpmpxC</latexit>

}
<latexit sha1_base64="HB0U0f6EbBx3R2lEJs6PwspI6kU=">AAACDXicdVDLTgIxFO34RHyhLt00oolxQWYGArgjunGJiTwSIKRTLtDQ6Yxtx4RM+AE3/oobFxrj1r07/8YOYIJGT9rk5Jx7b3uPF3KmtG1/WkvLK6tr66mN9ObW9s5uZm+/roJIUqjRgAey6REFnAmoaaY5NEMJxPc4NLzRZeI37kAqFogbPQ6h45OBYH1GiTZSN3Pc9mDARAy3gkhJxmeTdNscEL0FqZvJ2rnzctEtFLGds+2S4zoJcUuFfAE7RkmQRXNUu5mPdi+gkQ9CU06Uajl2qDsxkZpRDmZ+pCAkdEQG0DJUEB9UJ55uM8EnRunhfiDNFRpP1cWOmPhKjX3PVPpED9VvLxH/8lqR7pc7MRNhpEHQ2UP9iGMd4CQa3GMSqOZjQwiVzPwV0yGRhGoTYNqE8L0p/p/U3ZyTz7nXbrZyMY8jhQ7RETpFDiqhCrpCVVRDFN2jR/SMXqwH68l6td5mpUvWvOcA/YD1/gUpmpxC</latexit>

= 0
[gravitons 
effectively  
decoupled
below Mp]

= 0
[accounted for 
as an initial  
condition for f]

' 0
<latexit sha1_base64="0SVn04dibHhS4yUPeVo2R0I0Tlw=">AAACE3icbVC7SgNBFJ31GeNr1dJmMAiSIuzGQsugjWUE84BkCbOzN8mQmdnNzKwQlvyDjb9iY6GIrY2df+PkUcTEAxcO59zLvfeECWfaeN6Ps7a+sbm1ndvJ7+7tHxy6R8d1HaeKQo3GPFbNkGjgTELNMMOhmSggIuTQCAe3E7/xCEqzWD6YUQKBID3JuowSY6WOW2yH0GMyg6EkSpFRcZxvayZgiL18G2S0YHTcglfypsCrxJ+TApqj2nG/21FMUwHSUE60bvleYoKMKMMoB7so1ZAQOiA9aFkqiQAdZNOfxvjcKhHuxsqWNHiqLk5kRGg9EqHtFMT09bI3Ef/zWqnpXgcZk0lqQNLZom7KsYnxJCAcMQXU8JElhCpmb8W0TxShxsaYtyH4yy+vknq55F+WyvflQuVmHkcOnaIzdIF8dIUq6A5VUQ1R9IRe0Bt6d56dV+fD+Zy1rjnzmRP0B87XL+/gni4=</latexit>

(focusing on
free-streaming,  
SW and iSW terms)

}
<latexit sha1_base64="HB0U0f6EbBx3R2lEJs6PwspI6kU=">AAACDXicdVDLTgIxFO34RHyhLt00oolxQWYGArgjunGJiTwSIKRTLtDQ6Yxtx4RM+AE3/oobFxrj1r07/8YOYIJGT9rk5Jx7b3uPF3KmtG1/WkvLK6tr66mN9ObW9s5uZm+/roJIUqjRgAey6REFnAmoaaY5NEMJxPc4NLzRZeI37kAqFogbPQ6h45OBYH1GiTZSN3Pc9mDARAy3gkhJxmeTdNscEL0FqZvJ2rnzctEtFLGds+2S4zoJcUuFfAE7RkmQRXNUu5mPdi+gkQ9CU06Uajl2qDsxkZpRDmZ+pCAkdEQG0DJUEB9UJ55uM8EnRunhfiDNFRpP1cWOmPhKjX3PVPpED9VvLxH/8lqR7pc7MRNhpEHQ2UP9iGMd4CQa3GMSqOZjQwiVzPwV0yGRhGoTYNqE8L0p/p/U3ZyTz7nXbrZyMY8jhQ7RETpFDiqhCrpCVVRDFN2jR/SMXqwH68l6td5mpUvWvOcA/YD1/gUpmpxC</latexit>

}
<latexit sha1_base64="HB0U0f6EbBx3R2lEJs6PwspI6kU=">AAACDXicdVDLTgIxFO34RHyhLt00oolxQWYGArgjunGJiTwSIKRTLtDQ6Yxtx4RM+AE3/oobFxrj1r07/8YOYIJGT9rk5Jx7b3uPF3KmtG1/WkvLK6tr66mN9ObW9s5uZm+/roJIUqjRgAey6REFnAmoaaY5NEMJxPc4NLzRZeI37kAqFogbPQ6h45OBYH1GiTZSN3Pc9mDARAy3gkhJxmeTdNscEL0FqZvJ2rnzctEtFLGds+2S4zoJcUuFfAE7RkmQRXNUu5mPdi+gkQ9CU06Uajl2qDsxkZpRDmZ+pCAkdEQG0DJUEB9UJ55uM8EnRunhfiDNFRpP1cWOmPhKjX3PVPpED9VvLxH/8lqR7pc7MRNhpEHQ2UP9iGMd4CQa3GMSqOZjQwiVzPwV0yGRhGoTYNqE8L0p/p/U3ZyTz7nXbrZyMY8jhQ7RETpFDiqhCrpCVVRDFN2jR/SMXqwH68l6td5mpUvWvOcA/YD1/gUpmpxC</latexit>



Origin of the anisotropies: Boltzmann formalism

[Contaldi, 2017- Bartolo et al 2019  
     see also: Pitrou et al, 2020]

f(⌘0, ~x0, n̂, q) = f̄(q)� q
@f̄

@q
�(⌘0, ~x0, n̂, q)

<latexit sha1_base64="jUa/eiZoMlI5KyXgAQ8JzkaU4EU="></latexit>

(linear expansion for the distribution function)

initial
perturbation

gravitational redshift  
at the initial surface

iSW

observer’s 
time/location



Origin of the anisotropies: Boltzmann formalism

For adiabatic primordial perturbations:

(for any two species “i” and “j”)

applying this to photons and gravitons fluids:
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⇣L(n̂1 · ⌘0) 6= ⇣L(n̂2 · ⌘0)
<latexit sha1_base64="D7s2MoKqHFMy+vrXB09la52nG+I="></latexit>

Anisotropy in the GW energy density 

Large-scales: SW dominates

Direction-dependent frequency shift

(for SFSR Inflation)
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Adiabatic primordial perturbations

Small spectral tilt f
or tensors
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Origin of the anisotropies: propagation through inhomogeneities

[Alba - Maldacena, 2015]
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⇣L(n̂1 · ⌘0) 6= ⇣L(n̂2 · ⌘0)
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Anisotropy in the GW energy density 

Large-scales: SW dominates

Direction-dependent frequency shift

(for SFSR Inflation)
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Origin of the anisotropies: propagation through inhomogeneities
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Adiabatic primordial perturbations
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Anisotropies as a probe of squeezed non-Gaussianity

Anisotropies as a probe of SIGW and primordial black holes physics

Anisotropies as a probe of isocurvature perturbations
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Anisotropies as a probe of squeezed non-Gaussianity

Anisotropies as a probe of SIGW and primordial black holes physics

Anisotropies as a probe of isocurvature perturbations
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Non-Gaussianity at interferometers

[Bartolo et al. 2018]
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Measuring               directly is not possible:  
phase decorrelation from propagation in an  
inhomogeneous universe
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Non-Gaussianity at interferometers

Measuring               directly is not possible:  
phase decorrelation from propagation in an  
inhomogeneous universe
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[Bartolo et al. 2018]

CLT: signal measured by an interferometer arises from the superposition  
          of signals from a large number of Hubble patches at production 

Shapiro time delay:
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initial non-Gaussianity wiped out by propagation

GW from different directions 
undergo different phase shifts 
due to intervening structure
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GW propagating in FRW background  
+ long-wavelength perturbations

[Adshead, Lim 2009 — Caprini, Figueroa 2018 — Bartolo et al 2018]35



signals originate from the same patch!

[ED, Fasiello, Tasinato, PRL 124(2020)6 061302]
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Correlation among two short-wavelength  
modes (e.g. interferometer scale) and  
1 very long-wavelength mode:  

Non-Gaussianity at interferometers
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Non-Gaussianity at interferometers



long wavelength modes introduces a modulation  
in the primordial power spectrum of the short wavelength modes

[ED, Fasiello, Jeong, Kamionkowski - 2014, ED, Fasiello, Kamionkowski - 2015, …]

Soft limits and ‘fossils’ 

k3

k2

k1
k1 ' k2 � k3
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short-wavelength  
modes

long-wavelength mode
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Soft limits and fossils 

[ED, Fasiello, Tasinato, PRL 124(2020)6 061302]
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large scale variation in the energy density of GW
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Soft limits and fossils 

[ED, Fasiello, Tasinato, PRL 124(2020)6 061302]

~K ~k1

~k2
from

�

�

⇣

�~K ~k1

~k2
from

�

�

[ED, Fasiello, Pinol, 2022]
for derivation with in-in formalism and applications: 
see:   
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Soft limits in inflation

[Maldacena 2003, Creminelli - Zaldarriaga 2004, Chen - Wang 2009, Baumann - Green 2011,  
Chen et al 2013, Pajer et al. 2013, ED - Fasiello - Kamionkowski 2015, …]

Extra fields / superhorizon evolution



Soft limits reveal
(extra) fields mediating 

inflaton or graviton 
interactions

squeezed bispectrum delivers 
info on mass spectrum

energy

Hm�

�⇣, �

⇣, �

⇣, �
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Soft limits in inflation

Extra fields



Ideal probe for (extra) fields, pre-inflationary 
dynamics, (non-standard) symmetry patterns 

Non-Bunch Davies initial states
[Holman - Tolley 2007, Ganc - Komatsu 2012, Brahma - Nelson - Shandera 2013, …]

Broken space diffs  
(e.g. space-dependent background)

[Endlich et al. 2013, ED - Fasiello - Jeong - Kamionkowski 2014, Celoria - Comelli - Pilo - Rollo 2021…]

[Maldacena 2003, Creminelli - Zaldarriaga 2004, Chen - Wang 2009, Baumann - Green 2011,  
Chen et al 2013, Pajer et al. 2013, ED - Fasiello - Kamionkowski 2015, …]

Extra fields / superhorizon evolution
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Soft limits in inflation
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GW anisotropies from squeezed non-Gaussianity
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Typical amplitude of these anisotropies:

angular dependence:  

* scale-invariant case

scalar power spectrum  
amplitude at CMB scales

tensor-to-scalar ratio

propagation

[Malhotra, ED, Fasiello, Shiraishi 2020 -  
ED, Fasiello, Malhotra, Meerburg, Orlando 2021]

GW anisotropies from squeezed non-Gaussianity
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(model dependent)
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Cross-correlations of GW and CMB anisotropies 



Cross-correlations of GW and CMB anisotropies 

[Adshead, Afshordi, ED, Fasiello, Lim, Tasinato 2020]
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For forecasts (combining auto- and cross-correlations) and applications to specific models see:
[Malhotra, ED, Fasiello, Shiraishi 2020]  
[ED, Fasiello, Malhotra, Meerburg, Orlando 2021]

On large scales, anisotropies in the astrophysical GW background do not correlate strongly with 
CMB (cross-correlations with LSS observables much more effective)

There is great potential in GW-CMB correlations as a probe of cosmological GW background

[Ricciardone et al, 2021] 
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Cross-correlations of GW and CMB anisotropies 

[ED, Fasiello, Malhotra, Meerburg, Orlando 2021]
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Projected constraints on F tss
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BBO: 4 LISA-like constellations

LISA+Taiji

ET + CE

SKA (assumed 50 identical pulsars)
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Noise angular power spectra  
computations based on  
[Alonso et al. 2020]

[Malhotra, ED, Fasiello, Shiraishi 2020]  
[ED, Fasiello, Malhotra, Meerburg, Orlando 2021]



[ED, Fasiello, Malhotra, Meerburg, Orlando 2021]

Projected constraints on F tss
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(relative error)
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Tensor non-Gaussianity not directly observable with interferometers due to 
propagation of GW through the inhomogeneous universe

(Tensor and mixed) primordial non-Gaussianity of the squeezed type induces  
anisotropies in the GW background

Inflationary models with detectable GW background and significant squeezed 
non-Gaussianity can be tested at interferometer scales thanks to these anisotropies  
         GW anisotropies as a probe of inflationary fields and interactions 

What have we learned so far?
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Anisotropies as a probe of squeezed non-Gaussianity

Anisotropies as a probe of SIGW and primordial black holes physics

Anisotropies as a probe of isocurvature perturbations

Small spectral tilt f
or tensors
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Anisotropies for peaked spectra



Anisotropies for peaked spectra

Anisotropies from propagation: 
amplitude proportional to the slope of the spectrum 
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pronounced slope                                          enhanced anisotropies
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a large GW background with sharp peaks induced at second order from  
scalar perturbations

Anisotropies for peaked spectra

[Ananda - Clarkson - Wands 2006, Baumann et al. 2007]

55

Models with sharp peaks in the scalar power spectrum (e.g. PBH production)

case study



Models with sharp peaks in the scalar power spectrum (e.g. PBH production)

[ED, Fasiello, Malhotra, Tasinato 2022]
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the anisotropies can be typically enhanced  
by O(10-100)

the angular power spectrum of the GW   
anisotropies inherits the frequency dependence

Anisotropies for peaked spectra
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[ED, Fasiello, Malhotra, Tasinato 2022]

Anisotropies for peaked spectra

anisotropies are easier to detect compared to those of a flat spectrum!

Signal to noise ratio for the individual  
multipoles:

Considering a flat spectrum with the same
SNR for monopole as peaked spectrum:



58[ED, Fasiello, Malhotra, Tasinato 2022]

Cross-correlations

(assuming full sky maps for both CMB and GW anisotropies)

Only valid for the specific set  

of values considered earlier



For sharply peaked GW spectra (e.g. common to PBH formation scenarios), 
GW background anisotropies are enhanced w.r.t. power-law GW spectra 

In spite of enhancement being limited to a small range of scales, anisotropies  
easier to detect relative to those of power-law spectra.

For a representative case, a LISA-Taiji network would be able to detect 
    quadrupole, BBO would detect GW-CMB cross-correlations

The distinct frequency dependence of these GW anisotropies potentially useful to  
separate these anisotropies from those associated with other (cosmological or 
astrophysical) GW backgrounds
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What have we learned so far?



Anisotropies as a probe of squeezed non-Gaussianity

Anisotropies as a probe of SIGW and primordial black holes physics

Anisotropies as a probe of isocurvature perturbations
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Anisotropies in the presence of isocurvature perturbations



Our initial question:

The observed GW background is in general determined both by: 
(1) the specific source  
(2) the evolution of the universe after production

In particular, an early non-standard cosmic history (e.g. early matter domination)
could affect the frequency profile of            in ways that are fully degenerate  
w.r.t. the imprints of the GW source. 

⌦GW
<latexit sha1_base64="7veykcuBVHRx/qqXgNIz9ZX2CAo=">AAACHXicbVC7SgNBFJ31GeMrammzGASxCLtR0DJooZ0RzAOSEO5ObuLg7Ow6c1cMS37Exl+xsVDEwkb8GyePIj4ODBzOOXdm7gliKQx53pczMzs3v7CYWcour6yurec2NqsmSjTHCo9kpOsBGJRCYYUESazHGiEMJNaCm9OhX7tDbUSkrqgfYyuEnhJdwYGs1M4dNgPsCZXirQKtob8/yDYvQuxBO20S3lN6VhtYCVVnKtLO5b2CN4L7l/gTkmcTlNu5j2Yn4kmIirgEYxq+F1MrBU2CS7T3JwZj4DfQw4alCkI0rXS03cDdtUrH7UbaHkXuSJ2eSCE0ph8GNhkCXZvf3lD8z2sk1D1upULFCaHi44e6iXQpcodVuR2hkZPsWwJcC/tXl1+DBk620Kwtwf+98l9SLRb8g0LxspgvnUzqyLBttsP2mM+OWImdszKrMM4e2BN7Ya/Oo/PsvDnv4+iMM5nZYj/gfH4DAzijGg==</latexit>

How do propagation anisotropies respond to a 
modified cosmic evolution?
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Can GW background anisotropies break this degeneracy?



Our findings:
universality of behaviour of anisotropies for adiabatic modes

Anisotropies unaffected by an early non-standard phase of cosmic evolution  
so long as the primordial fluctuations are adiabatic

in turn:

unsurprinsing: conservation of superhorizon curvature perturbation 

A departure from adiabaticity would break universality condition
Anisotropies as a probe of isocurvature modes
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Discussed earlier: for adiabatic primordial perturbations:

Anisotropies in the presence of isocurvature perturbations

[Kumar, Sundrum, Tsai 2021]
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If there is an isocurvature perturbation of GW w.r.t. another component (e.g. radiation):
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* Expect the GW background anisotropy map to be fully correlated with CMB

[Ameek Malhotra, ED, Guillem Domènech, Matteo Fasiello, Gianmassimo Tasinato 2023]

Anisotropies in the presence of isocurvature perturbations



66

Case II: 

C` /
n

(1 + w�)

(1 + wr)
⇣�,ini �

1

3
⇣r

�
j`(k⌘0)

o2
+ standard ISW

<latexit sha1_base64="/SUOeWY0pJJ4bcEfSsj1lc4MBs8="></latexit>
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* Expect little correlations between GW background and CMB anisotropies 
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Anisotropies in the presence of isocurvature perturbations
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Anisotropies in the presence of isocurvature perturbations



For adiabatic primordial fluctuations, GW anisotropies are insensitive to the EoS  
of the early universe         universal behaviour

Deviations from this universal behaviour is an indication of the presence of  
isocurvature fluctuations

Isocurvature fluctuation can lead to a sizeable enhancement of the GW anisotropies  
w.r.t. the adiabatic case

GW-CMB cross-correlations can also be an effective probe for curvaton models
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What have we learned so far?



Final Thoughts

Primordial gravitational waves offer a unique probe of the physics of 
inflation. 

Different production mechanisms during inflation generate distinct GW 
signatures. 

Key observables (spectral shape, chirality, non-Gaussianity, anisotropies) 
can be used as diagnostic tools to identify these sources. 

These features can help separate inflationary GWs from  
backgrounds produced after inflation. 

A detection would open a new observational window onto the earliest 
moments of the universe.


