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I shall be talking about ...

0. Context: The early Universe

1. Gravitational Waves: Probe of the early Universe

2. Parametric Excitation ⇒ Out-of-Eq. Dynamics ⇒ GWs

3. Phase Transitions ⇒ Cosmic Defects ⇒ GWs



0. Physical Context: The early Universe (t < tBBN ∼ 1s)

INFLATION −→ REHEATING −→ THERMAL ERA
(Particle Production,

PhTs, Cosmic Defects, ...)



1. Gravitational Waves (GWs) [Basics]

• GW: ds2 = a2(−dη2 + (δij + hij)dx
idxj), TT :

{
hii = 0
hij ,j = 0

Eom: h′′ij + 2Hh′ij −∇2hij = 16πGΠTT
ij , Πij = Tij − 〈Tij〉

FRW

Transverse-Traceless (TT) dof carry energy out of the source!!!

• GW Source(s): ( SCALARS , VECTOR , FERMIONS )

ΠTT
ij ∝ {∂iχa∂jχa}TT , {EiEj +BiBj}TT , {ψ̄γiDjψ}TT
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1. Gravitational Waves: Probe of the Early Universe

1 WEAKNESS of GRAVITY:

ADVANTAGE: GW DECOUPLE upon Production
DISADVANTAGE: DIFFICULT DETECTION

2 ADVANTAGE: GW → Probe for Early Universe

→
{

Decouple→ Spectral Form Retained
Specific HEP ⇔ Specific GW

3 Physical Processes:
Inflation

Reheating
Phase Transitions
Cosmic Defects
Turbulence?

 (Post− Inflationary)
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1. Parametric Excitation of fields

Scalar field (condensate) after Inflation:

Coherent Oscillations: φ(t) ≈ Φ(t)f(t), f(t+ T ) = f(t)



1. Parametric Excitation of fields

Fermions: yφψ̄ψ : Oscillations → ψ − Particle Creation
(Non-Pert., Out-of-Eq.)

ψ(x, t) =
∫

dk
(2π)3

e−ik·x
[
âk,ruk,r(t) + b̂†−k,rvk,r(t)

]
,



1. Parametric Excitation of fields

Fermions: yφψ̄ψ : Oscillations → ψ − Particle Creation
(Non-Pert., Out-of-Eq.)

ψ(x, t) =
∫

dk
(2π)3

e−ik·x
[
âk,r

 uk,+(t)Sr

uk,−(t)Sr

+ b̂†−k,r

 vk,+(t)Sr

vk,−(t)Sr

],



1. Parametric Excitation of fields

Fermions: yφψ̄ψ : Oscillations → ψ − Particle Creation
(Non-Pert., Out-of-Eq.)

d2

dt2uk,± +
(
ω2
k(t)± id(amψ)

dt

)
uk,±(t) = 0 , ω2

k(t) = k2 + a2(t)m2
ψ(t)
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1. Parametric Excitation of fields

Bosons: g2φ2χ2 : Oscillations → χ− Particle Creation
(Non-Pert., Out-of-Eq.)

d2

dt2χk + ω2
k(t)χk(t) = 0 , ω2

k(t) = k2 + a2(t)g2φ2(t)
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1. Parametric Excitation of fields
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but... ’who’ is φ?

”Traditionally” → φ : Inflaton ⇒ (p)reheating!... but ...

.... only known scalar field → φ : SM higgs, so ...

... Option 1: SM higgs = inflaton? (⇒ Higgs-Inflation), or ...

... Option 2: SM higgs decoupled from Inflation? (⇒ Higgs-spectator)



1.1 Parametric excitation of the SM fields, after Inflation

—————— SM HIGGS during INFLATION —————

Inflation: dS(H∗), (H∗ � v ≡ 246 GeV)

SM Higgs: Φ = ϕ√
2
→ V (ϕ) = λ(µ)

4 ϕ4, µ = ϕ� v

Prob. Dist: ϕ light (|V ′′| < H2
∗ ) ⇒

{
Random Walk (k < aH∗)

Peq(ϕ) ∝ Exp{−cλ∗(ϕ/H∗)4}

End of Inflation: ϕ∗ = αH∗/λ
1/4
∗ α ∈ [0.01, 1] (98 %)
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1.1 Parametric excitation of the SM fields, after Inflation

—————— SM HIGGS during INFLATION —————

Inflation: dS(H∗), (H∗ � v ≡ 246 GeV)

SM Higgs: Φ = ϕ√
2
→ V (ϕ) = λ(µ)

4 ϕ4, µ = ϕ� v

Prob. Dist: ϕ light (|V ′′| < H2
∗ ) ⇒

{
Random Walk (k < aH∗)

Peq(ϕ) ∝ Exp{−cλ∗(ϕ/H∗)4}

End of Inflation: ϕ∗ 6= 0 (V ∝ ϕ4) ⇒ Higgs Oscillations (!)



Higgs Osc. → SM Ψ(j), A
(j)
µ Param. Exc. !

Fermions:

yjϕψ̄jψj : d2

dτ2u
(j)
k,±+

(
κ2 + qj(aϕ)2 ± i√qj ddτ (aϕ)

)
u

(j)
k,± = 0 , qj ≡

y2j
λI

j =

{
{t, b, c, s, u, d}
{e, µ, τ}

}

DGF 2014



Higgs Osc. → SM Ψ(j), A
(j)
µ Param. Exc. !

Bosons (Vectors):

g2
jϕAµA

µ : d2

dτ2u
(j)
k +

(
κ2 + qj(aϕ)2

)
u

(j)
k = N.L. , qj ≡

g2j
λI

j =

{
{W 1,2,3

µ , Bµ}
({W±µ , Zµ})

}

Enqvist et al 2013-2014, DGF et al 2014 (coming)



SM Fermions & Gauge Bosons Out-of-Eq → GWs !

IR-Sphere:


nk(k . k∗) 6= 1

{
. 1(F ),
� 1(B)

nk(k � k∗)→ 0

 ⇒ T
(j)
∗∗ ,∼ ψ̄γ∂ψ, ∂A∂A

[(
T

(j)
µν

)TT

→ GW Source !

]

——————————————————————

GWs: dρGW

d log k (k, t) ∝ Gk3

a4(t)

∫ t
0

∫ t
0
dt1dt2 G(k, t2 − t1) Π2(k, t1, t2)

UTC:
〈
TTT
ij (k, t1)TTT

ij (k′, t2)
〉
≡ (2π)3 Π2(k, t1, t2) δ(3)(k−k′)

DGF & Meriniemi 2013, DGF 2014 (F), DGF et al 2014 (B) [coming]



Higgs Osc. → SM Ψ’s, Aµ’s (Param. Exc.) → GWs

j =

{
F : {u, d}, {l±}
B : {W±, Z}

}
⇒ Ω

(j)
GW(k) ≡ 1

ρc

dρGW

d log k (k; qj) ,

qj ≡
y2j
λI
,
g2j
λI



Higgs Osc. → SM Ψ’s, Aµ’s (Param. Exc.) → GWs

Fermions:

n
(j)
k (k . k

(j)
∗ ) → Ω

(j)
GW(k) :


kp ∼ k(j)

∗ (Max.)

∝ k3, k � kp

∝ k−1.5, k � kp


k

(j)
∗ ' qj

1
4

√
λIϕI
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Higgs Osc. → SM Ψ’s, Aµ’s (Param. Exc.) → GWs

Bosons: Similar analysis !

n
(j)
k (k . k

(j)
∗ ) → Ω

(j)
GW(k), j = W±, Z

... numerical results only for Fermions (for Bosons coming!)



SM Ψ’s Param. Exc. → GWs (Numerical Results)

From Fermions:
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Higgs Osc. → SM Ψ’s Param. Exc. → GWs

SCALING (Universal Shape) :

ΩGW(k; qj) = (HI/Mp)
4 (aI/aF)1−3w × qj1.55 U(k/kp)



Higgs Osc. → SM Ψ’s Param. Exc. → GWs

U(x) ≡ U1
x3

(α+βx4.5) ,

{
U1 ≡ U(1) [∼ 10−5(RD),∼ 10−6(MD)]

α+ β = 1 [α = 0.25, β = 0.75 (RD,MD)]
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Higgs Osc. → SM Ψ’s Param. Exc. → GWs

Total GWs :

h2Ω
(0)
GW(f) ' εI 10−6 (HI/Mp)

4
∑
j qj

1.55 U(qj
−1/4(k/HI))



Higgs Osc. → SM Ψ’s Param. Exc. → GWs

SM Yukawa Couplings : yt > yb > yτ > yc > yµ & ys > yd > yu > ye

h2Ω
(0)
GW(f) ∝ q3/2 ∝ y3 ⇒ Top Quark dominates (!)



Higgs Osc. → SM Ψ’s Param. Exc. → GWs

Top Quark dominates (!)
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Higgs Osc. → SM Ψ’s Param. Exc. → GWs

Top Quark GW Peak Today:
(H∗ ∼ 1014 GeV, yt ∼ 0.5)

Today: f
(t)
p ∼ 107 Hz , h2Ω

(p)
GW

∣∣
t
∼ 10−30 λ−1.55

I



Higgs Osc. → SM Ψ’s Param. Exc. → GWs

λI . 10−7, 10−10, 10−11.5 ⇒ h2Ω
(p)
GW

∣∣
t
& 10−20, 10−15, 10−12.5

(Degrassi et al, 2012)



SM Aµ’s Param. Resonance. → GWs (Enhancement?)

Bosonic Enhancement? Ohh Yes!

ΩGW(k) ∝
∑
F qF

1.5+δF UF (k; qF ) +
∑
B qB

1.5+δB UB(k; qB)

A ≡ UB(k;q)
UF (k;q) � 1 ⇒ Ωtot

GW(k) ∼ Ω
(t)
GW + Ω

(W,Z)
GW ∼ A× Ω

(t)
GW � Ω

(t)
GW



including also gauge bosons ...

If Param. Resonance of Wµ, Zµ included... IS THIS ALL?? NO!

Decay widths, backreaction, rescattering, thermalization



including also gauge bosons ...

Higgs Children Grand-Children
Φ −→ Ψj , Aµ −→ ψi, Bµ

Non-Perturbative Perturbative
—————————————————————————————–



including also gauge bosons ...

THEN...

Decay widths, backreaction, rescattering, thermalization
MUST BE INCLUDED!

Need: Kurkela & Moore thermalization like-studies!!
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3. SYMMETRY BREAKING → COSMIC DEFECTS



3. SYMMETRY BREAKING → COSMIC DEFECTS

DYNAMICS OF THE HIGGS: Hybrid Preheating (Abelian-Higgs)
[Dufaux et al 2010]



3. SYMMETRY BREAKING → COSMIC DEFECTS

MAGNETIC FIELD DYNAMICS: Hybrid Preheating (Abelian-Higgs)
[Dufaux et al 2010]



Cosmic Defects not observed ⇒ constraints !

CMB Temperature constraints:
v . (5− 10)× 1015 GeV [Strings, O(4)-textures] [PLANCK team 2013]

CMB Polarization constraints (BICEP2): v . 5 · 1015 GeV

[Lizarraga et al 2014 (local strings), Durrer et al 2014 (Global largeN)]



Let me focus on ...

3. GRAVITATIONAL WAVES after SYMMETRY BREAKING:

• Sourced by NON-TOPOLOGICAL GLOBAL DEFECTS

• Sourced by GENERAL COSMIC DEFECTS



GW from the aftermath of a GLOBAL PhT



GW from the aftermath of a GLOBAL PhT



GW from the aftermath of a GLOBAL PhT



GLOBAL Phase Transition (with non-topological Defects)



GLOBAL Phase Transition (with non-topological Defects)



GLOBAL Phase Transition (with non-topological Defects)



GLOBAL Phase Transition (with non-topological Defects)



Aftermath of GLOBAL PhT: Scale Inv SubH GW



Let us really focus on what I really want to talk about ...

1. GRAVITATIONAL WAVES after SYMMETRY BREAKING:

• Sourced by NON-TOPOLOGICAL GLOBAL DEFECTS
√

• Sourced by GENERAL COSMIC DEFECTS



CAUSALITY & MICROPHYSICS → Cosmic Defects

DEFECTS: Aftermath of PhT →




Domain Walls

Cosmic Strings

Cosmic Monopoles

Non− Topological

DEFECTS: GW Source → {Tij}TT ∝ {∂iφ∂jφ,EiEj , BiBj}TT

CAUSALITY & MICROPHYSICS ⇒ Corr. Length: ξ(t) = λ(t)H−1(t)

(Kibble’ 76)

SCALING:


λ(t) = const.→ λ ∼ 1⇒ k/H = kt

〈TTT
ij (k, t)TTT

ij (k′, t′)〉 = (2π)3 V4
√
tt′
U(kt, kt′)δ3(k− k′)
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Scaling Network of Cosmic Defects ⇒ GW

GW spectrum (kt� 1): Expansion UTC

dρGW

d log k (k, t) ∝ k3

M2
pa

4(t)

∫
dt1dt2 a(t1)a(t2) cos(k(t1 − t2)) Π2(k, t1, t2)



Scaling Network of Cosmic Defects ⇒ GW

GW spectrum (kt� 1): R.D. SCALING

dρGW

d log k (k, t) ∝ k3

M2
pa

4(t)

∫
dt1dt2 t1t2 cos(k(t1 − t2)) V4

√
t1t2

U(kt1, kt2)



Scaling Network of Cosmic Defects ⇒ GW

GW spectrum (kt� 1): (xi ≡ kti) R.D. and SCALING

dρGW

d log k (k, t) ∝
(

V
Mp

)4 M2
p

a4(t)

[∫
dx1dx2

√
x1x2 cos(x1 − x2) U(x1, x2)

]



Scaling Network of Cosmic Defects ⇒ GW

GW spectrum (kt� 1): SCALE INV.!

dρGW

d log k (k, t) ∝
(

V
Mp

)4 M2
p

a4(t) FU , FU ∼ Const. (Dimensionless)



Scaling Network of Cosmic Defects ⇒ GW

GW today: [ ∀ PhT (1st, 2nd, ...), ∀ Defects (top. or non-top.) ]

Ω
(o)
GW ≡

1

ρ
(o)
c

(
dρGW

d log k

)
o

= 32
3

(
V
Mp

)4

Ω
(o)
rad FU , (SCALE INV.!)

Ω
Sim(N)
GW

Ω
(Analytics)
GW

=



1.3, (N = 12)

1.8, (N = 8)

3.9, (N = 4)

7.3, (N = 3)

130, (N = 2)



LATTICE SIMULATIONS.!
GLOBAL SYM. BREAKING

10243 → U(x1, x2)→ FU

[DGF,Hindmarsh,Urrestilla ′13]

V = MI , Strings:
Ω

(o)
GW

Ω
(inf)
GW

∼ O(103) !



Contents ...

0. Context: The early Universe
√

1. Gravitational Waves: Probe of the early Universe
√

2. Parametric Excitation ⇒ Out-of-Eq. Dynamics ⇒ GWs
√

3. Symm. Breaking ⇒ Cosmic Defects ⇒ GWs
√



Summary I: SM Param. Excitations ⇒ GWs

1 Inflation, dS(H∗)⇒ Higgs Osc.⇒ Ψ′s (Param. Excitation).

2 {Ψa} → h2Ω
(0)
GW(f) ∝ q3/2

a ∝ y3
a ⇒ Top Quark dominates (!)

3 0 < λI ≪ 1, H∗ ∼ 1014 GeV, Peak’s Frequency: f∗ ∼ 107 Hz

h2Ω
(p)
GW

∣∣
t
& 10−20, 10−15, 10−12.5 (λI . 10−7, 10−10, 10−11.5).

4 Similar Conclusions for Higgs Inflation ! Also expected in BSM !

5 Bosonic Enhancement expected due to Param. Resonance, but ...
perturbative decay witdths, backreaction, scattering, thermalization!

6 Universal Effect: Inflation + SM Higgs ⇒ GWs: Spectroscopy of
Particle Physics: Probing the Most Strongly Interacting Particle (!)
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1. Summary: Scale-Inv GW from Defects (PhT aftermath)

1 Global PhT, large-N limit: NLSM → Self-Ordering Scalar Fields

Any PhT: Lattice Simulations → Numerical UTC

2 SCALING: kt� 1⇒ ΩGW (k, t) = Scale Inv.

UNIVERSAL RESULT from ANY PhT!

3 For V EV = MI , then ΩGW /Ω
inf
GW ∼ O(10)−O(103)

GW Direct Detection: Scale-Inv GW not a smoking gun of Inflation
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”This is the end, my only friend, the end, ...”, The Doors

THANKS YOU FOR YOUR ATTENTION!!!
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