Probing the Early Universe with Gravitational Waves
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Inflation, the minimal paradigm, SFSR

Simplest realization: single-scalar field in slow-roll

e Scalar field :

I -~ 5y
po=2 ~ V(o) ~ —V(©) P <

12 Do = —p
po =2+ V(6) = V(©) e

“slow-roll”
phase:
potential is
nearly flat

P
end of inflation




Slow-roll

start flat
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potential
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Metric Fluctuations

ds® = dt2 2C5w + ;5] da’;zda’;?

A

scalar fluctuations tensor perturbations



Primordial power spectra

(minimal scenario)

scalar fluctuations

1 1 H? k
k) = —
Pc( ) 8T2 € Mgl (k*>
0.9649 + 0.0042
2.2 x 1077
k. = 0.05 Mpc ™, 68%C.L.]

from Planck measurements
of CMB anisotropies




Primordial power spectra

(vacuum fluctuations)

tensor fluctuations

energy scale of inflation red tilt
5 72 1\ ny ~ —2e >~ —r/8
pvacuum ( k) _ v
K 2 M2 \ k.
p
current
-p-<-0.056 (95 % ECL, - Planek ™)
> r < 0.035 (BK+)
T = J tensor-to-scalar ratio bounds future
Pe

r < 0.01 (CMB-S3)

r < 0.001 (CMB—S4)
also Lite BIRD)!



Crossing Qualitative Thresholds

ne— 1>~ —2e¢—mn

agnostic/naive
€~ ==> r> 1072
| 2 12
Bl SRS -
compelling
models ==>

e.g. Starobinsky




Tensor-to-scalar ratio (79.002)
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Why go beyond the single-field scenario?

interpreting observations

what to infer from GW detection? hkely
e.g. r <—> H relation

string theory
|
flux compactifications
|

4D EFT with many moduli fields intere Stillg

signatures of new content
on GW spectrum:
PS: scale-dependence, chirality;
n-G: (amplitude, shape, angular..)



Focus

1 (class of) model(s): axion inflation

- primordial gravitational waves



Inflation

L=+/—g|R[g] — (0¢)* — u* (1 + Cos[qb/f])]

[Freese, Frieman, Olinto}

axion-like potential

simple

(technically) natural: shift symmetry v

viable for f 2 Mp




Chromo

[Adshead, Wymanl}
[Dimastrogiovanni, MF, Tolleyl
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Inflation

_ (3qb)2 _ Uaxion(gb)

[Freese, Frieman, Olinto}

[..]

realization

very interesting GW signatures !



Chromo Inflation

SU(2) but could be U(1)
[Adshead, Wymanl
[Dimastrogiovanni, MF, Tolleyl
[..1

L O _1F2 )\¢Fﬁ — (3qb)2 — Uaxion(¢)

4 Af

[Freese, Frieman, Olinto}

[..]

r
f < Mp realization

very interesting GW signatures !
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Extension of Chromo Inflation

[Dimastrogiovanni, MF, Fujital

LD ['inﬂaton — ZFQ |

r
f < Mp realization

¢ < same interesting GW spectrum

observationally viable

\



(Primordial) Gravitational Waves
G, =8nG1T,,

ds® = —dt® + a*(t) (6;; + i) dax'da?

7; — a@ Yii = 0 two polarization states

/gf\/ .
’.}./ij + 3H7@] -+ kz’yij — 167TG HZ;T

anisotropic stress-energy tensor



Primordial GW in our Model

1 o )\X
L D Lmﬂaton — ZF | 4f (@X) Uax1on (X)

(ngo

SUQ) { A = aQd}
COAY =t ..

c

G 4 3HAY + K2y oc 2 4o

[Dimastrogiovanni, MF, Fujital

Psourced > Pvacuum
A

now possible!



metric \If;/:z,L + (1 — —> VR = O(l)(tR,L)

11 | 2m 2 ~
gauge | lpp + |1- xfg T (mq +&)| trr = O (Vg )
_ X
&= 2f—H
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Dimastrogiovanni, MF, Fujita 2016



Testing Amplitude & Scale Dependence

aLLIGO

=
g
<

10712}

15 |
1 single-field

slow-roll

10—18 ol suad aaend
10°19 10~ 14 10~° 104 10 106

f (Hz)

Laser Interferometers: new frontier to test primordial physics (GW) at small scales

LISA: 107*Hz < f <107 'Hz ; LIGO:: 1Hz < f < 10°Hz



Testing Amplitude & Scale Dependence

10—18 isaunl - |
10°19 10~ 14 10~° 104 10 106

f (Hz)

“ < » 7 freedom in parameter space



Chirality

AX L~
backeround +) Chern-Simons couplin —— FF
(backg pling 1
L/ R L/R o

Yis # Vij

chiral spectrum

L R
Py # Py



Chirality

CMB tests

single-field

slow-roll inflation

no chirality chirality

(BT) = 0= (EB) (BT) # 0 # (EB)



C}B, miscal(l/)

LiteBIRD

[Komatsu et al, 2017}

/
(0, k, [Mpc™])
— (2,0.005) seme (4,7%1075)  =—— (2,7 x 1075)
=== (4,0.0005))  ==== (4,0.005) — (2,0.0005)
1 k
p



Chirality

Interferometers tests

‘ cross-correlation between interferometers at different locations
[Smith, Caldwell 2017}

‘ recent work on LISA: use kinematically induced dipole

[Seto 2006}
[Domcke et al 20191}



non-Gaussianity (TTT)

[Agrawal - Fujita - Komatsu 2017}

U = gw
{ = tensor SU(2)

mg — 3.45
~ 107°
B s
_;L < 2106 H ~ 103 GeV
P Feae = 0.002

T'sourced = 004
sourced n(G tensors

larger than in minimal SFSR



non-Gaussianity (STT)
()

[Fujita, Namba, Obatal
[Dimastrogiovanni, MF, Hardwick, Koyama, Wands}

several channels (e.g. mixing terms between scalars)
contribute to STT ==> folded shape

sauge 103,



Abelian case (intriguing phenomenology)

1 5
£ = Lon = (00 = V(6) = {Fu " — 2 0Fu "
A

U(1) case /

Fo, = 8,A, —9,A, ¢ AT~

9 o 8
A

Gauge field quanta produced by the rolling axion

82 + k2 + 28
" T

Ai(T,k) =0

AP
T

Ay (1, k) ox €™ 3

[Anber, Sorbo 2009 - Barnaby, Peloso 2011, Barnaby, Namba, Peloso 2011, Bartolo et al 2014+...}

[Pajer, Peloso (2013)}



Primordial GW to test inflationary particle content

scale-dependence non-Gaussianity

chirality

%f_J

Axion-gauge field models



By now a rich literature on the subject

...Anber - Sorbo 2009; Cook - Sorbo 2011; Barnaby - Peloso 2011;
Adshead- Wyman 2011; Maleknejad - Sheikh-Jabbari, 2011;
Dimastrogiovanni - MF - Tolley 2012; Dimastrogiovanni - Peloso 2012;
Adshead - Martinec -Wyman 2013; Garcia-Bellido - Peloso - Unal 2016;
Agrawal - Fujita - Komatsu 2017; Fujita - Namba - Obata 2018; Domcke -
Mukaida 2018; Iarygina - Sfakianakis 2021; ...

Supergravity embedding
[Dall’Agata}

Lots of research in this direction

+ gravitational Chern-Simons term W + SCNI in string theory
+ fermions production [Holland, Zavala, Tasinato}

. + gravitational leptogenesis
+ back-reaction & pros

[Caldwell, Devulder} + perturbativity bounds

[Papageorgiou, Peloso, Unall

[Komatsu et al, x 3}



general approach: inflationary particle content



How can we probe info on Mass & Spin?

Y

/N



so far
2T

13 P (k)3 (k1 + ko)

(Chy Ciy) =

n>2-point functions probe interactions

(Cy Cha Ciis) = (27)6P) (k1 + ko + k3) B(ka, ko, k3)

Amplitude
fnr, ~ B/ P~



Squeezed Bispectrum: new physics

extra particle content ==> non-analytical scaling ==> directly probe new physics

[Noumi et al 2012}
[Arkani-Hamed, Maldacena 2015}
[Kehagias, Riotto 2015}

2 1\ 2 extra angular
Vs = lhs = A| =5 — (8 — —) dependence




Squeezed Bispectrum: new physics

(heavier mediating masses)

1 kl 3/2 X A kl
—TUs | PS ki -k |: Sl — :|
<Ck1€k2<k3>|kz1<<k3 X ki’kg e (k3> (ki - kg) cos|pusIn <k3>

standard

non-analytical scaling
direct mass suppression

extra periodic spin-dependent feature



(Ve r, ChsChs)

Tensor-scalar-scalar Bispectrum

(generically true for squeezed non-Gaussianities)

ki <ks

X

A A

1 kL 3/2—vg e ) \
— Es(kr - kg) Pl(ky - k
g () [ ke k) P ko

non-analytical scaling, CRs breakimg —\

extra angular dependence

standard polarization tensor



Connections with “tensor fossils”
as a diagnostic of new physics

766 A
Pe(k,xc)|y, = Pe(k) (1 + Qpm (Xes k)kﬁkm)

[Dimastrogiovanni, MF, Jeong, Kamionkowski 2014}
[Dimastrogiovanni, MF, Kamionkowski 2016}

1 d°q  iqox evce N (A A
le (Xa k) — (27_‘_)3 € fnl (q7 k) Z 6lfrn(_Q) T—q
A



“Tensor Fossils”, a crucial handle on GW non-Gaussianity

JVY

Py (K%)= Py (k)| 1+ Qi (KR,

[Dimastrogiovanni, MF, Tasinato PRL 2020}

PS anisotropies not key test of n-G if the bispectrum is accessible, but

propagations effects through structure wash away GW n-G initial conditions
(in most bispectrum configurations)

[Bartolo, De Luca, Franciolini, Lewis, Peloso, Riotto (2019)}

(G'W anisotropies probe the ultra-squeezed configuration ==> handle on n-G

Yy d>q x N x
le (X, k) — / W e’ glvv(qa k) Z G;\m(_Q) ,V—)(\]



Testing “Fossils Fields” with cross-correlations: SGWB x CMB

squeezed 3-point function (scalar/tensor/mixed) leads to anisotropies, take STT

P’Y(kv X)‘CL ~ P’Y(k) 1+ / (;lﬂ.(ig e <<iiif;/?z5,is> ¢(qr)

can define anisotropies daw X (1, of GW energy density {2gw

and correlate it with CMB temperature anisotropies 07 X
[Adshead, Afshordi, Dimastrogiovanni, MF, LIM, Tasinato, PRD 2021}

(i) to constrain fﬁ}? at small scales

(ii) test primordial nature of 0gw



=C)
Testing “Fossils Fields” with cross-correlations: SGWB x CMB

[Adshead, Afshordi, Dimastrogiovanni, MF, Lim, Tasinato 2020}

P’Y(kv X)‘CL ~ P’Y(k) 1+ / (;iﬂ.(ig e <<l<lill/},;/?;/§'is> ¢(qr)

daw(k,n) = Qum(k,d) Nenp,

_ 1
ng(k’) — ng(k‘) [1 + E /dQﬁ 5GW(k7 ﬁ)]
— _(770 — 7711{1)ﬁ
0w ~ FNL - L
AT ™t~ IO

T



£O)
Testing “Fossils Fields” with cross-correlations: SGWB x CMB

[Malhotra, Dimastrogiovanni, MF, Shiraishi 2020}

— STT (spectator)’;
— STT (solid)

— propagation
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Squeezed Bispectrum: new physics

| ENY2
(G606t s = g @™ (1) | Pella k)

kyks ks

N——

standard

non-analytical scaling

direct mass suppression

crucial fact for s > 2 spinning fields

m 2> H

[MF, Tolley 2012}
[MPF, Tolley 2013}




Mass & Spin

spinning fields ==> more signatures

spin-2 example

unitary reps indS ==> m? = 0 v' [ m? > 2H?

interactive spin-2 fields ==> at most 1 is massless

[Boulanger, Damour, Gualtieri, Hennaux (2000)}

extra spin-2 field is a massive graviton!



Unitarity bound

H/M 2

2 f f 2
1 4+ > 92H
<H/MP> B

3

[MF, Tolley (2012)}
[MF, Tolley (2013)}

weakened constraint but

m ~ H

extra spin-2 fields tend to decay quickly!

[Biagetti, Dimastrogiovanni, MF (2017)}
[Dimastrogiovanni, MF, Tasinato (2018)}

extra spin-2 field is a massive graviton!



Recap

extra fields can be probed via squeezed bispectrum
because they break consistency relations

&

spinning ==> richer set of signatures
but, typically
spinning ==> mass bounds ==> suppression
[Biagetti, Dimastrogiovanni, MF 2017}



One crucial ingredient

the mass, the spin... the coupling
11 field that doesn’t decay: the inflaton ..

in case of sizable i.e. non-minimal coupling to the inflaton:

(i) exchange between different sectors

(ii) can keep massive spin-2 and HS fields afloat for longer

/ (iii) can help with Higuchi bound
HS

[Bumann et al 20161
[Kehagias & Riotto (2017+..)}

[Bartolo et al 2017} [Bordin, Creminelli, Khmelnitsky , Senatore 2018}

[Dimastrogiovanni, MF, Tasinato, Wands 2018}



Examples

quasi-single-field

Sm = /d4$\/jg - 1(R 0)2(8u9>2 - %(GMU)Q — Var(0) — V(o)

[Chen, Wang 2009]-+... ] ]
scalar sector
®

inflaton

(gauge) vector field

U, SUR)...
[(®)F? o I(¢)FF

strongly affects tensor sector, chiral GW etc



The EFT approach

philosophy and cooking instructions

@ unitarity bounds on spinning particles masses are dictated by dS isometries @

@® inflation needs to end <—> dS iso are broken by inflaton @

[Cheung et al 20071

@ couple directly to the inflaton any otherwise massive field @
that you want to make effectively lighter

® non-linearly realized symmetries prescribe ®
inflaton <—> extra field(s) coupling(s)



spin-2

Sint = / d*z\/—¢ [

The EFT approach

can be implemented for generic extra spin

it is an EFT of fluctuations around FLRW

p ij | A
2€Ha,268 TcO ] —|_ 21076’1,]0-
— P (05070 + 2H O0;m.0;me0™) + p
2¢H?2 M p a? J J eH?Mp a?

7%687;83-7?60”

—

O_z’j)3

[Bordin et al 2018}



Power Spectrum

Extra spin-2 case

P i L ij
Sint = /d433\/ —Jg [ —2€Ha237;3j7Tc03 + 510%1'3'0‘7
— P (im0 + 2H Oy .00 + P 7.0;0;me0" — p(a)?
2¢eH2Mpa?2 " 7 ° enre eH2Mpa2 “" 77" H

g ®-;® Y

[Bordin et al 2018}



perturbative treatment of quadratic mixing

L3<L 2

small radiative corrections to sigma mass

tensor n(s limits as well

Bispectrum l

’y_‘_ -l _‘_

77\;;32 r? ~ 1143 for ¢, = 0.1
ol o= 22ESr? = 2286, for ¢p = 0.05
77;8;7 r2 ~ 11431 for ¢, = 0.01

[Dimastrogiovanni, MF, Tasinato, Wands 2018}



The Inflationary Field Content

most dramatic signatures correspond to a non-minimal coupling of

extra (spinning) fields to the inflaton )
the EFT route delivers the richest phenomenology

signatures

a lot (if not all) of what is possible will be captured by EFT framework



Conclusions

Q Cosmological probes will soon cross qualitative thresholds e.g. on 7, fNL,

®

4
\

Lots to do on the theory side:
—7— explore (& put forward new) compelling models
build a theory-to-data pipeline to test inflationary particle content

))
\)

At reach
(D) deeper understanding of early universe
(ID connection with very high energy particle physics

-

Compelling & Testable Scenarios

)

),
Y

)

<)



Thank You!



