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Primordial GW and the Inflationary Field Content
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Tensor-to-scalar ratio (7r9.002)
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Why go further?

possible likely

O(100) string theory

Marsh et al 2013 |
Paban, Rosati 2018 flux compactifications

|
4D EFT with many moduli fields

necessary/useful interesting
robustness of signatures of extra content
H<—>r on GW spectrum:
as PS: scale-dependence, chirality,

1-to-1 map n-G: (amplitude, shape, angular..)



Organizing Principle I: the mass

(effective) mass range

m > H

fields integrated out, some remnants

Achucarro et al 2012
Burgess et al 2013
MF et al 2013
Silverstein 2017

m < H

immediate and detectable effects



Organizing Principle I1I: the spin

consequences on the mass rangec

Particles as unitary irr. rep of spacetime isometry group, dS

2 2
principal series m oS (e_ 1
H? — 2
1 m? 1\ °
complementary s(s—1) < <573
m2
discrete series s = s(s—1)—t(t—1)

s>t; s, t,=0,1,2,...



Mass & Spin

spin-2 example

m*=0v ( m?>2H?

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

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



Extra spin-2 field is a massive graviton

know how to write it non-linearly

=5, /d4:1; {\@M]% R[g] HMJ% R[f] — m*M?*\/—g By, En(\/g—lf)}

[de Rham, Gabadadze, Tolley (2011}

[Hassan, Rosen (2o11)]

ghost-free

+

well-known use for late-time acceleration, m~Ho

check the unitarity bound
&
use in inflationary context



unitarity bound

H /M 2

2 f f 2
1+ > 92H
<H/MP> N

3

[MF, Tolley (2012&2013)]

somewhat weakened constraint but
m ~ H

extra spin-2 fields tend to decay quickly

[Biagetti, Dimastrogiovanni, MF (2017)}
[Dimastrogiovanni, MF, Tasinato (2018)}
partially massless: [Goon, Hinterbichler, Joyce, Trodden (2018)}

but see also
[Lin, Sasaki (z015)]

[Fujita, Kuroyanagi, Mizuno, Mukohyama (2018)}



Observables

extra (spinning) fields probed via scalar/GW power spectrum

2 2 2
ds? = (—dt /4 8ij +ijldada?)
scalar fluctuations tensor perturbations

1T

homogeneous solution: GW's from vacuum fluctuations

inhomogeneous: GWs from sources (e.g. extra field content)



Squeezed scalar/mixed/tensor bispectrum

spinning ==> extra angular dependence in bispectrum

1 k’L 3/2—VS
AL 3 AL 3
(Vir Cos Ckes) X 7373 | 7o & (k- ks) Py(ky, - ks)
kr<ks  kikd \ ks
non-analytical scaling, CRs breakiﬁ
1\*> m?2
v, = \/ ( 5 — 5) -~ extra angular dependence
Q [Arkani-Hamed, Maldacena (2015)1
but, again
]_ kL 3/2 /1 ~ /1 A kL ]
T TH E5(kr - ks)P (k- k Vgln | —
<7/€LCkkas> by <k X € k%kg (kS> 2( L S’) 5( L S)COS (24 n(ks) + ¢
m>3H

spinning ==> mass bounds ==> suppression (mass + power of k_L/k_S)



One missing ingredient

the mass, the spin... the coupling
J 1 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

[Kehagias & Riotto (2017+..)]
[Bartolo et al 2017}

[Bumann et al 2016] [Bordin, Creminelli, Khmelnitsky , Senatore 2018}

[Dimastrogiovanni, MF, Tasinato, Wands 2018}



Examples

quasi-single-field

Sm = /d4$\/jg — %(R +0)%(9,0)° — !

[Chen, Wang 2009]-+... ) ]
| scalar sector

inflaton

(gauge) vector field
U, SUQ)...

I[()F?> o I(¢)FF

strongly affects tensor sector ==> chiral GW at LISA scales

...+[An§%orbo 2006}..{Adshead, Wyman, 2012 }, [Dimastrogiovanni, MF, Tolley 2013},...+ [Dimastrogiovanni, MF, Fujita
2017},...+...[Agrawal, Fujita, Komatsul, [Domcke at al 2018...}, [Dimastrogiovanni, MF, Hardwick, Assadullahi, Koyama
Wands 2018]...



Extension of Chromo Inflation

[Freese, Frieman, Olinto, 1990}

1 9 1 )\X ~
— A~inflation — & — — —FF 4 FF

[Adshead, Wyman, 2012 }

[Dimastrogiovanni,
MF, Fujita 2017}
[Obata, Soda 2016}

Chiral GW spectrum, testable at widely different scales from CMB to Interferometers

for more on this see
Ema’s talk on Friday

a



EFT approach

(1) So far: pick specific models

(2) EFT of fluctuations approach to coupling

[Bordin et al 2018}

/d4xa3 (6")% — c5(0; ij) /a® — =(cg — c3)(0;0%)* /a* — m?(c")?

spin-2

1
6 a 7700-%] + 210707/30-

Smt /d Ly —g |: 26HCL2

~

_QGHQIJOWP CL2 (a'iﬂ_cﬁjﬂ-ca_ J —+ 2H (%Wcﬁjwca J) e GHQMP a2 Wcaiajﬂ-ca' J /L(O' ])3




EFT route: power spectrum

Extra spin-2 case

Sint = /d433\/ —9 { _maiajﬂ-ca T+ o PVeijg ’
P 0] i p : ij ij
TN i (Oime0meo" +2H O;m.0me0") + M &2 T.0;0;mc.0" — (o 3)3

g ¢ .o g

P, (k) = Ajﬂk 14 &) (2]

[Bordin et al 2018}

PS at interferometer scales: ’ ‘
see Laura Iacconi’s poster -




perturbative treatment of quadratic mixing

L3<L 2

small radiative corrections to sigma mass

tensor n(s limits as well

bispectrum l

7_‘_ -l _‘_

77\;82 r? ~ 1143 for ¢, = 0.1
Fed ~ 15\5/5;63 r? ~ 2286, for ¢, = 0.05
HOATr? o~ 11431 for ¢, = 0.01

[Dimastrogiovanni, MF, Tasinato, Wands 2018}



The Inflationary Field Content

most dramatic signatures correspond to a non-minimal coupling of
the 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

model building !

important to reverse engineer to identify full model



Thank you!

And one more slide...
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Generically

extra (spinning) fields probed via scalar/GW power spectrum

and squeezed scalar/mixed/tensor bispectrum

&

spinning ==> extra angular dependence in bispectrum

A1, 3 'Vl 3

(Ver, Chs Chs ) X 573 | T & (kr - ks) PP (kr - ks)
kr<ks  kikd \ ks
non-analytical scaling, CRs breaki:nﬁ
1\> m2
\‘; [Arkani-Hamed, Maldacena (2015)} Vs = \/(S - §> P extra angular dependence
but
]_ kL 3/2 /1 ~ /1 A kL ]
— s Exkr - kg)P (k- k Vg | —
<’YI€LCI€3CICS> by <k X € k%kg <kS> 2( L S’) 5( L S)COS (2% n(ks> ‘|‘¢
m>32H

spinning ==> mass bounds ==> suppression (mass + power of k_L./k_S)



ds® = dt2 QC&J + 5] dafzd:vj

A

scalar fluctuations tensor perturbations

1T

homogeneous solution: GW's from vacuum fluctuations

inhomogeneous: GWs from sources (e.g. extra field content)



