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Outline

‣ SGWB overview


‣ SGWB properties


• Anisotropies


• Spectral Shape


• Non-Gaussianity 


‣ Summary
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SGWB

Stochastic GW backgrounds appear similar to noise


[Images: A. Stuver/LIGO]
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SGWB detected by correlating outputs of multiple interferometers
<latexit sha1_base64="FtvLfxMxINUWWJj1WSdigNsBfQQ=">AAACNHicbZDLSgMxFIYz9VbrrerSTbAIglBmpKgboejGC5QK9gKdYchkMm1oJjMkGaEMfSg3PogbEVwo4tZnML2otfXAgT//l0Nyfi9mVCrTfDYyc/MLi0vZ5dzK6tr6Rn5zqy6jRGBSwxGLRNNDkjDKSU1RxUgzFgSFHiMNr3s+4I07IiSN+K3qxcQJUZvTgGKktOXmr22GeJsR6LuXuq+gLUbnU/hNOpp0JsjBD6loUvklbr5gFs1hwVlhjUUBjKvq5h9tP8JJSLjCDEnZssxYOSkSimJG+jk7kSRGuIvapKUlRyGRTjpcug/3tOPDIBK6uYJDd3IiRaGUvdDTN0OkOnKaDcz/WCtRwYmTUh4ninA8eihIGFQRHCQIfSoIVqynBcKC6r9C3EECYaVzzukQrOmVZ0X9sGgdFUs3pUL5bBxHFuyAXbAPLHAMyuACVEENYHAPnsAreDMejBfj3fgYXc0Y45lt8KeMzy8m1ai9</latexit>

hdIdJi = hhIhJi+ hNINJi



Direct detection scalesCMB scales

SGWB Landscape

Renzini et al. 2022

<latexit sha1_base6 4="emcogSc4sCl9c28N01cFEERkZZ0="></latexit>

⌦GW(f) =
1

⇢c

d⇢GW

d ln f
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PTA
LISA (2030s)

LVK

Planck

https://arxiv.org/abs/2202.00178


‣ SGWB characterised in terms of statistical properties:


• Intensity/energy density 


• Spectral shape  

• Anisotropies  

• non-Gaussianity  

• Polarisation (circular/linear) 

ΩGW ∝ h2

ΩGW( f )

δΩGW( f, ̂n)

⟨hhh⟩…
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SGWB Characterisation



‣ Understanding these properties important 
for identifying origin of SGWB


‣ This is relevant already, not just for 3G 
detectors!

50+ cosmological scenarios explaining the PTA signal amplitude and slope 
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SGWB Characterisation



NANOGrav 15-year Anisotropic Gravitational-Wave Background

‣ Currently PTA data is consistent 
with isotropy


‣ Cosmological SGWB anisotropies 
much smaller than astrophysical


‣ Anisotropies may help distinguish 
cosmological vs astrophysical 
origin of signal

Expected astrophysical anisotropies
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SGWB Characterisation



Primordial source properties imprinted on 
anisotropies (Inflation, PT, PBH…)

GW Propagation

Propagation through large 
scale density perturbations 

TodaySee review by LISA CosWG (2022) 

<latexit sha1_base64="M9rCyiL1xFx3js+g32mflQJ4TkU=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqexKUY8FL56kgv2AdinZNNuGZpOQzIpl6c/w4kERr/4ab/4b03YP2vpg4PHeDDPzIi24Bd//9gpr6xubW8Xt0s7u3v5B+fCoZVVqKGtSJZTpRMQywSVrAgfBOtowkkSCtaPxzcxvPzJjuZIPMNEsTMhQ8phTAk7qYugRrY16wn6/XPGr/hx4lQQ5qaAcjX75qzdQNE2YBCqItd3A1xBmxACngk1LvdQyTeiYDFnXUUkSZsNsfvIUnzllgGNlXEnAc/X3REYSaydJ5DoTAiO77M3E/7xuCvF1mHGpU2CSLhbFqcCg8Ox/POCGURATRwg13N2K6YgYQsGlVHIhBMsvr5LWRTW4rNbua5X6XR5HEZ2gU3SOAnSF6ugWNVATUaTQM3pFbx54L96797FoLXj5zDH6A+/zB5LGkNc=</latexit>

t ⇡ 0

SGWB Anisotropies

GW
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GW Production

https://arxiv.org/abs/2201.08782


Zeroth order term + perturbation


The isotropic and anisotropic parts of the energy density are


SGWB Anisotropies

<latexit sha1_base64="ZkySVhIf+phdW+s4yYmf1b1oUJ8="></latexit>

⌦̄GW =
4⇡

⇢cr

✓
q

a0

◆4

f̄(⌘, q) ,

<latexit sha1_base64="ZLSMdW2vPHa/J7eV8codkjrZ1rI="></latexit>

�GW =


4� @ ln ⌦̄GW(q)

@ ln q

�
�(⌘, ~x, q, n̂)

<latexit sha1_base64="KhmAZNQ99HB/Ju5dOwpaIVvMQyg="></latexit>

f(⌘, ~q, ~x) ⌘ f̄(⌘, q) � �(⌘, ~x, q, n̂)
d f̄

d ln q

[Alba & Maldacena 2015, Contaldi 2017; Bartolo et al. 2019a, 2019b]
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https://doi.org/10.1007/JHEP03(2016)115
https://doi.org/10.1016/j.physletb.2017.05.020
https://doi.org/10.1103/PhysRevD.102.023527
https://doi.org/10.1103/PhysRevD.100.121501


In terms of Newtonian gauge potentials
<latexit sha1_base64="f3Rd7RaOXVmFIWfi8R9WAKf1cZk="></latexit>

�(⌘0, k, f, n̂)| {z }
“�T/T” for GW

= �I + �I +

Z ⌘0

⌘i

d⌘ {�0(k, ⌘) + 0(k, ⌘)} e�ik̂·n̂(⌘0�⌘)

<latexit sha1_base64="Px+HvcDa99CNJnLcqvaNWIdjt00="></latexit>

�I ⌘ �(⌘i, k, f, n̂) ! initial perturbation

�I ⌘ �(k, ⌘i) ! SW

�0(k, ⌘) + 0(k, ⌘) ! ISW
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SGWB line-of-sight formalism
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[Alba & Maldacena 2015, Contaldi 2017; Bartolo et al. 2019a, 2019b]

https://doi.org/10.1007/JHEP03(2016)115
https://doi.org/10.1016/j.physletb.2017.05.020
https://doi.org/10.1103/PhysRevD.102.023527
https://doi.org/10.1103/PhysRevD.100.121501


Adiabatic initial conditions
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w = 0
w = 1‣ Adiabaticity 


‣ SGWB anisotropies independent of 
initial  for adiabatic I.C.w

<latexit sha1_base64="yLNIcXF/lN1qgOFY/460YRBOtUs="></latexit>
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�2

 [AM, Dimastrogiovanni, Doménech, Fasiello and Tasinato PRD 107 (2023) 10, 103502]
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Isocurvature via curvaton mechanism

‣ Additional subdominant scalar field besides the 
inflaton                        


‣ Post-inflation, it behaves like dust and may 
dominate the energy density of the universe 


‣ Resulting isocurvature depends on the decay 
products of the curvaton

[Enqvist & Sloth, Lyth & Wands, Moroi & Takahashi (2002)]
<latexit sha1_base64="2WGFHtma7Y20syO2bEqp1c+3N1Q="></latexit>
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6= 0

GW isocurvature w.r.t radiation 
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`�/B�iBQM
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ln(a)
<latexit sha1_base64="ctYFFpXnWDsd39QwmFrri9LOnLc="></latexit>

C�
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4x adiabatic term

Curvaton scenario I

‣ Curvaton dominates  then decays 
entirely into radiation


‣ Fluctuation amplitude fixed by CMB 
normalisation

ρtot
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Curvaton scenario II

‣ Curvaton remains subdominant and 
decays entirely into GW


‣ Fluctuation amplitude not fixed

`�/B�iBQM

:q

+m`p�iQM

ln
(⇢

x
/⇢

to
t)

ln(a)
<latexit sha1_base64="ZW4YId5Qj/9Igs355SM39JilIv0="></latexit>
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independent curvaton fluctuations
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Curvaton anisotropies
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 [AM, Dimastrogiovanni, Doménech, Fasiello 
and Tasinato PRD 107 (2023) 10, 103502]



V (�)

�

~�i TQi2MiB�H `2;BQM

2M/ Q7 BM~�iBQM w� � �1/3

Scalar amplitude and tilt 
measured precisely on large 
scales, explained well by 
SFSR models

<latexit sha1_base64="Do6yu3C2wq9RUECFYkoMeYlOC40="></latexit>

P⇣(k) = As

✓
k

kp

◆ns�1

Inflationary Perturbations
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Not detected so far

Inflationary Perturbations
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B-modes and GW

Expected sensitivity of SO, 
CMB-S4, LiteBIRD etc. Credit: LiteBIRD collaboration [arxiv:2202.02773]
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<latexit sha1_base64="JNmhwuGE4L6E2tGDVTbj94cDYgo="></latexit>

Ph(k) = r As

✓
k

kp

◆nT

SFSR spectrum

Current upper limit

GW lead to B-mode polarisation of CMB



CMB-S4 collaboration

SFSR consistency

SFSR also predicts , however, this will be hard to test. nT = − r/8
19



‣ Possible to test for deviations 


‣ e.g. Models involving axion + gauge fields may produce a bump like feature


[Dimastrogiovanni et al. 2016, Thorne et al. 2017 + more]


Deviations from SFSR consistency

<latexit sha1_base64="40kyLkMLJui2jUEJ+r0afJ290N0="></latexit>
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Ph(k)
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Ph = rpkAs exp


� ln(k/kpk)2

2�2

�

[Hamann and AM, JCAP 12 (2022) 015] 
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Forecasts with LiteBIRD + CMB-S4
2 < ℓ < 200 30 < ℓ < 330

LiteBIRD

CMB-S4 (SPT+)
Credit: LiteBIRD collaboration

Late 2020s

2030s
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rpk = 0.04, � = 0.5, kpk = 2⇥ 10�2 Mpc�1

Delensing important for small scale features
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Tensor NG

SFSR fluctuations are Gaussian.


GW may also be sourced by additional fields (or other non-standard dynamics)


Non-Gaussianity provides additional information beyond power spectrum, 
hints to nature of interactions —“cosmological collider physics” 

<latexit sha1_base64="pROmM1H7vvQ6Xa+QYsLihFv2kFE="></latexit>

h00
ij + 2Hh0

ij + k2hij = 16⇡a2G⇧TT
ij

[Noumi et al. (2012); Arkani-Hamed, Maldacena (2015); Kehagias, Riotto (2015); Lee et al. (2016)+more!]
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kGW ⇠ 1012Mpc�1
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kCMB ⇠ 10�3Mpc�1
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hBBBi, hBBT i . . .

Tensor NG probes
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Direct detection of tensor NG

‣ Unfortunately, interferometers cannot directly measure NG of 


‣ Decorrelation due to propagation effects Gaussianizes the signal


‣ Observed  vanishes for the SGWB

h

⟨h2n+1⟩ [Bartolo et al. (2018), Margalit et al. (2020)]
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Direct detection of tensor NG

‣ Unfortunately, interferometers cannot directly measure NG of 


‣ Decorrelation due to propagation effects Gaussianizes the signal


‣ Observed  vanishes for the SGWB

h

⟨h2n+1⟩ [Bartolo et al. (2018), Margalit et al. (2020)]

How do we get around this?
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NG via SGWB anisotropies
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⇢GW / hhhi⇣L
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�GW ⇠ FNLXL, X = ⇣, h
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kGW
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kL ⌧ kGW

CMB scales
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FNL =
BXhh(kL, kGW)

PX(kL)Ph(kGW)[AM, Dimastrogiovanni, Fasiello, Shiraishi JCAP 03 (2021) 088]
[Dimastrogiovanni, Fasiello, AM, Orlando, Meerburg JCAP 02 (2022) 02, 040]
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Anisotropies may still be used to constrain  !FNL



Summary

‣SGWB a promising probe of primordial physics — missing piece of 
inflationary puzzle


‣Spectral shape, non-Gaussianity, anisotropies and polarisation are key to 
characterising the SGWB 


‣Exciting results from PTAs and hopefully from CMB + interferometers in the 
near future
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