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Stochastic Gravitational Wave Background
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I. Primordial Non-Gaussianities (PNGs)
Quick introduction and definitions
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Sources of non-Gaussianity:

Non-linearities in the sky

Foreground

Late-time evolution: lensing, etc.

143 GHz

Early-time evolution: gravity, interactions, etc.

353 GHz 545 GHz 857 GHz

Initial conditions:

Primordial non-Gaussianities from inflation

Planck CMB intensity maps local 2
1n1 (0 (p) T1n1 (e ‘P) + f X [Tlnl(e) (p)]
Reviews: [Bartolo, Komatsu, Matarrese, Riotto 2004] / /
[Chen 2010] Gaussian  Non-Gaussian if fy3 # 0
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PRIMORDIAL BISPECTRUM

¢ the primordial curvature perturbation

Power spectrum = 2.10 x 10~°

=G> (2n) 89 (k) + ey + k) A; XISl doalen)
By A N
k, Shape function
ky
Similar definitions for tensor and mixed NGs: < Czl e Ve < Czlyﬁzyzg =) WG G
SSTF STT TTT

y the primordial tensor perturbation
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PRIMORDIAL BISPECTRUM

¢ the primordial curvature perturbation

Power spectrum = 2.10 x 10~°

2

=G> (21n) 89 (kg + ke + k3) I
(kl k2(k3 = 4Tt 1 2 3 (ki kyky)? 1, €2, X3
AP N
k, Shape function
ky

[Acquaviva, Bartolo, Matarrese, Riotto 2002] / < 0.0035 (fromr < 0.056)
[Maldacena 2003] 5 €
Ex: Single-field inflation S = — (1 —n,)Sjpc + 5Seq + -+ = VERY SMALL

(attractor) 12 8

0.0351
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PRIMORDIAL BISPECTRUM

Shape templates

/ o\

Ex: Single-field inflation S = = (1 —1n4)S|oc + gseq WA

(attractor) \
X

loc €q
NL NL
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OBSERVATIONAL CONSTRAINTS

¢ the primordial curvature perturbation, y the primordial tensor perturbation
2
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OBSERVATIONAL CONSTRAINTS

¢ the primordial curvature perturbation, y the primordial tensor perturbation
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Stochastic Gravitational Wave Background

II. Tensor PNGs 2

And induced anisotropies in the SGWB

YV a-*, a Y V «a a Y
c¢) One-loop tensor two-point
(a) One-loop tensor power spec- (b)  Ome-loop scalar-tensor- (<) JHesoop P
tram tensor bispectrum function in the presence of a

classical scalar source.
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THE SGWB: ~30 DECADES OF SCALES

At CMB scales, we have the strong constraint A; =7, A; < 10~11

But much more freedom at smaller scales (higher frequencies)

2
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THE STOCHASTIC GRAVITATIONAL WAVE BACKGROUND

Many sources! Astrophysical, cosmological... How to disentangle them? Ivan
Martin

Vilchez
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DISTINCTIVE FEATURES OF THE SGWB

15 — Axion Signal r, = 400, k, = 10'% Mpe=!, o = 9.1
Primordial Signal r = 0.06
1w0-7 ==+ Primordial Signal r = 0.001

Frequency profile 0% et o s LISA Having access to several
9 yp X LiteBIRD iy orders of magnitude in

frequency can help

P |

i f new (f) . /E'E[
QGW(f) =7 QO 7 1017 :E 1-FE-- -

[Auclair et al.,

LISA CWG 2022]
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DISTINCTIVE FEATURES OF THE SGWB

Antonio
Manso

Chirality

Often in the context of a Cherns-Simon term

 Gauge fields: g(y)F**Y Eﬁ, €L

'Anber, Sorbo 2010, 2011] Unstable polarisation that sources chiral GWs:
Barnaby, Peloso 2011] YL > VR
Dimastrogiovanni, Peloso 2013] pL_pR
: Chirality y = [Py =Py | b d
[Adshead, Martinec, Wyman 2013] irality x = ptot can be measure
'Dimastrogiovanni, Fasiello, Fujita 2016]
[Watanabe, Komatsu 2020]

« Beyond GR: g(y)R*Y ﬁw €L

AT : ; Josu

[Bartolo, Orlando 2017, 2018] Also the possibility of other modes in the GWs: o4 oo
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DISTINCTIVE FEATURES OF THE SGWB

Anisotropies:

'Q'GW(f' ﬁ) o ﬁGW(f)(l i 6GW(fi ﬁ))

i f A0 ¥ (R) B ()
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Different sources give
different anisotropies
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[Bartolo et al., LISA Cosmology Working Group 2022]



SEVERAL SOURCES OF ANISOTROPIES

GWs signal from astrophysical sources expected to be anisotropic
Cusinetal.2017,2018, 2019]

Bertacca et al. 2019]
Bellomo et al. 2021]

Cosmological background propagates through structures — anisotropic
Alba, Maldacena 2015]

Contaldi et al. 2016]

‘Bartolo et al. 2018, 2019] These anisotropies inherit a non-Gaussian statistics from propagation
'Domcke, Jinno, Rubira 2020]

Primordial NGs also induce anisotropies:
Jeong, Kamionkowski 2012] Anisotropies of the LSS from the same effect
[Brahma, Nelson, Chandera 2013]

'Dimastrogiovanni et al. 2014, 2015, 2021]
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SEVERAL SOURCES OF ANISOTROPIES

 Primordial NGs also induce anisotropies:
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* The idea: ll\ﬂ\‘\‘

Consider the modulation of
two short modes by a

Seen from far away the signal is anisotropic

O1ss(ks, N); 6o (fs, 1) X (Yg¥g)y o< (YsYg

Squeezed: kg > k;

PNG-INDUCED ANISOTROPIES

ks

NN W

ks

)

filsq from inflation: PNG

[Jeong, Kamionkowski 2012]

Here Y can be a scalar (anisotropies of the LSS) or a tensor (anisotropies of the SGWB)

Also X can be a scalar (modulation by a scalar mode) or a tensor (modulation by a tensor mode)




PNG-INDUCED ANISOTROPIES [Dimastrogiovanni, Fasiello, LP 2022]

ArXiv:2203.17192

* Formal derivations with the in-in formalism:

(00~ 1 (¢ ) Sl (T T o)

Rigorous quantum computation of correlation functions in cosmology
~+
Scattering amplitudes in particle physics
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PNG-INDUCED ANISOTROPIES [Dimastrogiovanni, Fasiello, LP 2022]

ArXiv:2203.17192

 Formal derivations with the in-in formalism:

¢ We look for interactions between small and large scales — fl\?ﬂyw and fl\?lil,yy( - (VsVsX1)

with X; € {y,,{,}
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PNG-INDUCED ANISOTROPIES [Dimastrogiovanni, Fasiello, LP 2022]

ArXiv:2203.17192

 Formal derivations with the in-in formalism:

¢ We look for interactions between small and large scales — fNLyw and f NLyyC

*» A long-wavelength source J; can be treated classicaly and has negligible derivatives:

J. = r@la & (T)&TE — C (&z + &T%) (al [ t]fl) are negligible

—kt -0

[0, a1,| = @o*6® & - k) by [bpbl]=0

J can be X or not, here we keep it generic to treat multifield scenarios, e.g. X = {and ] = o
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PNG-INDUCED ANISOTROPIES [Dimastrogiovanni, Fasiello, LP 2022]

ArXiv:2203.17192

* Formal derivations with the in-in formalism:
¢ We look for interactions between small and large scales — fNLyw and f NLyyC

*» A long-wavelength source J; can be treated classicaly and has negligible derivatives:

% A 3-pt interaction involving J, becomes a 2-pt interaction times a classical source /¢!

quantum fields that lc] classical field that
can be contracted is factored out of vevs

For a QED example see
[Peskin, Schroeder 1995]



PNG-INDUCED ANISOTROPIES [Dimastrogiovanni, Fasiello, LP 2022]

ArXiv:2203.17192

 Formal derivations with the in-in formalism:

¢ We look for interactions between small and large scales — fl\?gyw and fy

*» A long-wavelength source J; can be treated classicaly and has negligible derivatives:
% A 3-pt interaction involving J, becomes a 2-pt interaction times a classical source /¢!

¢ 2-pt functions in the presence of a classical source are now defined:

Vi, Vi, Xz,) = @Qm)® 83(ky + ky + k3 ) BYX <V, Yk, 79

1
X: Uz K] # 0 ! J°

J |

VNN WAAA AW



PNG-INDUCED ANISOTROPIES [Dimastrogiovanni, Fasiello, LP 2022]

ArXiv:2203.17192

* Formal derivations with the in-in formalism:

¢ We look for interactions between small and large scales — fNLyw and f NLyyC

*» A long-wavelength source J; can be treated classicaly and has negligible derivatives:
% A 3-pt interaction involving J, becomes a 2-pt interaction times a classical source /¢!
¢ 2-pt functions in the presence of a classical source are now defined

¢ We compute both diagrams with the in-in formalism and are therefore able to relate them:

S BWX(kl, ky q)

2 V)l = d3G 6@ (G+k, +k
O/kl kZ)I |ky + ky| << Ky 5 f 1 (q ! 2) P;x(q)

J@

Non-diagonal part, El + Ez # 0, of the 2-pt function does not vanish - anisotropies



PNG-INDUCED ANISOTROPIES [Dimastrogiovanni, Fasiello, LP 2022]

ArXiv:2203.17192

* Formal derivations with the in-in formalism:

“» We look for interactions between small and large scales — fy; . and fy; .

¢ A long-wavelength source J; can be treated classicaly and has negligible derivatives:
% A 3-pt interaction involving J, becomes a 2-pt interaction times a classical source /¢!
¢ 2-pt functions in the presence of a classical source are now defined

¢ We compute both diagrams with the in-in formalism and are therefore able to relate them:

Vi, V%, @ +?|«k j d3G 83 (G + ky + ky )P, (k)1 x (k1 k2, 4T
1 2 1,2

J(q) is a statistical quantity = sois (]/7(’1]/%2>]c1 - (6(71)6(n,)) x (]CI(EI)]CI(ﬁ’» * 0



MULTIFIELD MODELS WITH LARGE ANISOTROPIES

* Spin-2 EFT of inflation: g;; = aiajam) i O'l-(jz) [Bordin et al. 2018]

— 0® couples linearly to y and can make the tilt blue: n, > 0 for half of parameter space (¢, < 0)

: ] S : <yyS$ > (ks, ks, k1)
We compute anisotropies explicitly and find: \/< G2 liEle i) = P _(k
ch 50 P, (ks)Proo (k) N O o)
 ——— LTI
¢ cl P
<yy>_a 9o
<yy¢> © m
P * :
b o e P AN # AN
Y o (2} f o ("2") y ¥ 02) u 92 14 [Dimastrogiovanni,
(a) Mixed scalar-tensor-tensor bispectrum (b) Tensor two-point function in the presence of a FaSiellO’ LP 2022]
P i classical scalar source. ArXiv:2203.17192




MULTIFIELD MODELS WITH LARGE ANISOTROPIES

adiabatic entropic

b Shidket .

* Supersolid inflation: two fundamental scalar fluctuations ({,, R;,) [Celoria et al.2021]

— R couples quadratically to y and can make the tilt blue: n; = 2(ns" — 1) > 0

P, P
We compute anisotropies explicitly and find: \/ < 6% 5(ke, 1) B~ fl\}l/l)./gq (kes, kg, ki) % A;/Z

(nch \/J
V4 7 0
NS ) k

I\ L
> 1 B¢ 4x107°
cl 0(1)
Cni R.H“
|
< VY > Ll :
< > | R :
1444 5 o
Y a* a Y V'ooar, L a ¥

(c) One-loop tensor two-point [Dimastrogiovanni,

E:I)l Sor?)i;e_::?fum scalar-tensor- function in the presence of a Fasiello, LP 2022]
P classical scalar source. ArXiv:2203.17192




CONCLUSION

» Primordial NGs contain much more information than a single number fl\lﬁfal

» We do not know much about tensor primordial NGs

» Squeezed tensor primordial NGs survive in the form of induced anisotropies in the
SGWAB, allowing for a new probe of the inflationary field content and interactions

. Formidable opportunity to use the non-

linear Universe as a particle detector

-/

Sew(®) < (v ¥z deel . = f 3G 6@ (G + ks + ky )P, (k) fd (K1, K2, §)2(G

|ky + ky| << Ky

Note: {°!(q) is the seed of anisotropies in the CMB! Cross-correlations, e.g., {ScwoT) # 0




¢-DEPENDENCE

Sq _ —
- v = 103,7 = 0,05
Anisotropies: 100 — quadrupolar TTS — TTT
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[Dimastrogiovanni et al. 2021}



Scalar PNGs

The rich multifield phenomenology

k2B (k, k, Kkk)
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