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@ Discovery of gravitational waves (GW) by LIGO & Virgo
LIGO/Virgo, PRL 116 (2016), PRL 118 (2017)

@ Source: mergers of black holes and neutron stars

~ GW astronomy and cosmology



A Window to the Very Early Universe?

@ Pulsar Timing Arrays
~ Evidence for Stochastic GW Background

14 billion years.

@ Lower frequency than LIGO/Virgo events s
~ Mergers of supermassive black holes? -
@ More interesting: particle physics origin
e First-Order Phase Transition (FOPT)
e Cosmic strings or domain walls

e Inflation
See talks by Hong, Branchina, Tang, Gong, Maji
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Looking Forward to More Discoveries

THE GRAVITATIONAL WAVE SPECTRUM

quantum fluctuations in the very early Universe
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First-Order Phase Transitions

See talks by Branchina, Jung

c T>T,

T<T.

@ High temperature: potential minimum at ¢ =0

@ T < T.: deeper mimimum at ¢ = v, separated by barrier
© Tunneling ~ bubbles of true vacuum

© GW from expanding bubbles and surrounding plasma
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Higgs Inflation

= /=0y "RJ+5¢>@RJ g} (D.d)T(Dyg) - Viy(¢) + ...

@ J: Jordan frame

@ R: Ricci scalar

@ V,: SM Higgs potential

@ ¢: non-minimal coupling to gravity

o Consistent with all symmetries
o Required for renormalization in curved spacetime

@ Not necessarily small
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Higgs Inflation

= /=0y "mww& g} (D.d)T(Dyg) - Viy(¢) + ...

@ J: Jordan frame

@ R: Ricci scalar

@ V,: SM Higgs potential

@ ¢: non-minimal coupling to gravity
o Consistent with all symmetries

o Required for renormalization in curved spacetime
@ Not necessarily small

@ Def.: conformal factor Q?(¢) =1 + 25M

==y P92< ¢) Ry- )" (Dud)T(Dy) - V() + ..

Jorn Kersten GW from FOPT of the Inflaton 6/15



@ Unitary gauge: ¢ = ((90 N 3)/\/5)
@ Weyl transformation to Einstein frame: gy - ge = Q%(¢) gy

, - 7 3 (2,2 | 1
@ Canonical normalization: x = [ dp\/ 567 + o2
0



Higgs Inflation

@ Unitary gauge: ¢ = ((so . 8)/\/5)

@ Weyl transformation to Einstein frame: g, - ge = Q2(p) gy

S(Q 0)?

@ Canonical normalization: x = /dcp o

+QZ

-G [— R~ 362 (0,00 (00 - Ve(0) + . ]

@ Minimal coupling to gravity but modified potential
@ Potential flat for large field values ~ slow-roll
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Bezrukov & Shaposhnikov, PLB 659 (2008)

@ Minimal coupling to gravity but modified potential
@ Potential flat for large field values ~ slow-roll



Higgs Inflation in a Dark Sector

M2 , 1 ip v
Ly=V=Gs| = L(0) R+ " (Dud)(Dos) = 195705 Xy X = V()

2

2
Vy(8) = 12676+ A (676)2 = A (¢T¢>- V?) + const.

@ U(1)x gauge symmetry
@ SM singlet scalar ¢ with U(1)x charge

e Spontaneously breaks U(1)x ~ FOPT ~ GW
e Non-minimal coupling to gravity ~ Higgs-inflation-like inflation
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Higgs Inflation in a Dark Sector

M2, , 1 ip v
Ly=V=Gs| = L(0) R+ " (Dud)(Dos) = 195705 Xy X = V()

2
Va(6) = -20T¢ + X (679)" = A (q% - V;) +const.
@ U(1)x gauge symmetry
@ SM singlet scalar ¢ with U(1)x charge
e Spontaneously breaks U(1)x ~ FOPT ~ GW
e Non-minimal coupling to gravity ~ Higgs-inflation-like inflation
@ Optional: fermions with mass from Yukawa coupling
@ Weak coupling to SM ~ reheating

My _ _ —
Ly=v=a; 3 [wuiwm, + gl PR - g (V1 09i] +pid VAT + h-C-)]
i=1
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Scalar potential with 1-loop and finite-temperature corrections
~ Potential barrier around T ~ v
~ FOPT possible



Gravitational Waves from Phase Transition

Scalar potential with 1-loop and finite-temperature corrections
~ Potential barrier around T ~ v
~ FOPT possible

GW spectrum determined by
@ Nucleation temperature T,
@ « «» strength of PT
@ [ «» duration

Calculated with help from CosmoTransitions

Jorn Kersten GW from FOPT of the Inflaton 9/15



Effective Scalar Potential at Finite Temperature

V(he, T) = Viree (he) + V1—Ioop(hc) + Vin(he, T)
A

qu 2 4
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No fermions, g = 0.95, A = 1072
Bubble wall velocity vy, = 1, Vget, 0.1
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1 fermion pair, vy = Vger, v = 1012 GeV, A = 1072
(g9,y) ~(0.76,0.97),(0.54,0.70),(0.35,0.47)
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Inflationary Observables

CMB measurements
Scalar power spectrum amplitude  Ag = (2.098 + 0.023) x 1079
Scalar spectral index ns =0.9649 + 0.0042
Tensor-to-scalar power ratio r <0.036 (95% CL)
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Inflationary Observables

CMB measurements
Scalar power spectrum amplitude  Ag = (2.098 + 0.023) x 1079
Scalar spectral index ns =0.9649 + 0.0042
Tensor-to-scalar power ratio r <0.036 (95% CL)

Model results (60 e-foldings)
@ ng~0.965
@ r~0.003

0 As=512U0R ¢ 25X 10%\/A(Mp)
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Inflationary Observables

Model results (60 e-foldings)

@ ng~0.965

e r~0.003

0 As=5120F) . 255104 /A(Mp)

g(Mp) | X(Mp) | y(Mp) | ny 3

BP1 | 098 | 0.37 - 0 |3x10%
BP2 | 099 | 0.57 0 | 4x10*
BP3 | 1.00 | 0.92 0 | 5x10*
BP4 | 1.02 | 222 - 0| 7x10*
BP5 | 0.79 ~0 110 | 1 | 0o(1)
BP6 | 0.55 ~0 074 | 1 | O1)
BP7 | 0.35 ~0 048 | 1 | O1)
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Inflationary Observables

Model results (60 e-foldings)

@ ng~0.965

e r~0.003

® As~5.12%F) € ~5x10%/AX(Mp)

g(Mp) | X(Mp) | y(Mp) | ny 3

BP1 | 098 | 0.37 - 0 |3x10%
BP2 | 099 | 0.57 0 | 4x10*
BP3 | 1.00 | 0.92 0 | 5x10*
BP4 | 1.02 | 222 - 0| 7x10*
BP5 | 0.79 ~0 110 | 1 | 0o(1)
BP6 | 0.55 ~0 074 | 1 | O1)
BP7 | 0.35 ~0 048 | 1 | O1)

@ With fermions: renormalization group running allows & ~ 1

@ Analogous to Critical Higgs Inflation

Jorn Kersten
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Conclusions and Outlook

@ Unified framework for inflation and first-order phase transition

@ Dark U(1)x and non-minimal coupling to gravity
~ gravitational waves and inflation from same scalar

@ Peak GW frequencies between 1072 Hz and 108 Hz
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Conclusions and Outlook

@ Unified framework for inflation and first-order phase transition

@ Dark U(1)x and non-minimal coupling to gravity
~ gravitational waves and inflation from same scalar

@ Peak GW frequencies between 1072 Hz and 108 Hz

@ Future directions
e Calculation of bubble wall velocity using wallGo

e Inflaton coupling to SM ~ reheating
e Dark Matter
e Different gauge groups
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Parameters Determining the GW Signal

@ T,: temperature at which probability of nucleating 1 bubble per
horizon volume is ~ 1
dV(hc )
° a= ;L |AV(he, T) - THED]

® miry = Tnar 7, = (15) (272 - =52)

(T: arbitrary reference temperature not too far from T,)
@ Expressions modified for large supercooling
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SM Extensions with First-Order Phase Transitions

SM: no FO electroweak PT for Higgs mass > 70 GeV

@ Most famous: SUSY with light stop

Minimal from model building perspective: 2HDM

Minimal from EFT perspective: higher-dimensional operators

Many recent works
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