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I shall be talking about ...

1. Parametrically Excited Fermions ⇒ GWs

2. INFLATION ⇒ SM Higgs Condensate ⇒ SM Fermions ⇒ GWs



1.1 Fermion Parametric Excitation

Scalar field (condensate) after Inflation:

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



1.1 Fermion Parametric Excitation

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)

]
,
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1.1 Fermion Parametric Excitation

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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1.2 GWs from Fermions

Fermi-Sphere:

{
nk(k . k∗) . 1,

nk(k � k∗)→ 0

}
⇒ T

(ψ)
µν ∼

(
ψ̄γ(µDν)ψ

)
[uk,±(t)][(

T
(ψ)
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′)

Enqvist, DGF, Meriniemi
PRD’12, JHEP’13



2.1 SM Higgs during/after 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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2.1 SM Higgs during/after 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’s Param. Exc. → GWs

yjϕψ̄jψj : d2

dτ2u
(j)
k,±+

(
κ2 + qj(aϕ)2 ± i√qj ddτ (aϕ)

)
u
(j)
k,± = 0 , qj ≡

y2j
λI



Higgs Osc. → SM Ψ’s Param. Exc. → GWs

j =

{
{t, b, c, s, u, d}
{e, µ, τ}

}
⇒ Ω

(j)
GW(k) ≡ 1

ρc

dρGW

d log k (k; qj) , qj ≡
y2j
λI



Higgs Osc. → SM Ψ’s Param. Exc. → GWs

n
(j)
k (k . k

(j)
∗ ) → Ω

(j)
GW(k) :


kp ∼ k(j)∗ (Max.)

∝ k3, k � kp

∝ k−1.5, k � kp
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2+δ
j

(δ � 1)



Higgs Osc. → SM Ψ’s Param. Exc. → GWs

n
(j)
k (k . k

(j)
∗ ) → Ω

(j)
GW(k) :


kp ∼ k(j)∗ (Max.)

∝ k3, k � kp

∝ k−1.5, k � kp

 ∝ q
3
2+δ
j

k
(j)
∗ ' qj

1
4

√
λIϕI (δ � 1)



Higgs Osc. → SM Ψ’s Param. Exc. → GWs
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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−1.55I



Higgs Osc. → SM Ψ’s Param. Exc. → GWs

λI . 10−7, 10−10, 10−13 ⇒ h2Ω
(p)
GW

∣∣
t
& 10−20, 10−15, 10−10

(Degrassi et al, 2012)



Conclusions

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

2 {Ψa} → h2Ω
(0)
GW(f) ∝ q3/2a ∝ y3a ⇒ Top Quark dominates (!)

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

h2Ω
(p)
GW

∣∣
t
& 10−20, 10−15, 10−10 (λI . 10−7, 10−10, 10−13).

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

5 Universal Effect: Inflation + SM Higgs ⇒ GWs: Spectroscopy of
Particle Physics: Probing the Most Strongly Interacting Particle (!)
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