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0. Physical Context: The early Universe (¢ < tppy ~ 1s)
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1. Gravitational Waves (GWs) [Basics]

o GW: ds? = a?(—dn? + (6;j + hi;)dxtdz?), TT: {

Eom: A}, +2Hhj; — V2hi; = IGWGH};T, I;; = Ti; — (T; '>FRW

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

o GW Source(s): ( SCALARS , VECTOR . FERMIONS )
T oo {0ix 0 YT, {EE; + BB}, {¢y:D}t"
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©@ WEAKNESS of GRAVITY:

ADVANTAGE: GW DECOUPLE upon Production
DISADVANTAGE: DIFFICULT DETECTION

@ ADVANTAGE: GW — Probe for Early Universe

Decouple — Spectral Form Retained
Specific HEP < Specific GW

© 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: ¢(t) = ®(t)f(t), ft+T)= f(t)
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1. Parametric Excitation of fields

Fermions: y¢i) Oscillations — 1) — Particle Creation
(Non-Pert., Out-of-Eq.)
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1. Parametric Excitation of fields

Fermions: y¢i) Oscillations — 1) — Particle Creation
(Non-Pert., Out-of-Eq.)
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. Parametric Excitation of fields

Fermions: y¢i) Oscillations — 1) — Particle Creation
(Non-Pert., Out-of-Eq.)

Lo+ (R0 219D g () =0, R (1) = K + a2 (B)m (1)
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. Parametric Excitation of fields

Fermions: y¢i) Oscillations — 1) — Particle Creation
(Non-Pert., Out-of-Eq.)

B + (w30 £ up () =0, W (1) = B + @200 (1)
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1. Parametric Excitation of fields

Fermions: y¢i) Oscillations — 1) — Particle Creation
(Non-Pert., Out-of-Eq.)
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1. Parametric Excitation of fields

Fermions: y¢i) Oscillations — 1) — Particle Creation
(Non-Pert., Out-of-Eq.)
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1. Parametric Excitation of fields

Fermions: y¢i) Oscillations — 1) — Particle Creation
(Non-Pert., Out-of-Eq.)

2 .
Lo + (R0 219D g () =0, L > W} (1)

(18]

0.01

0.001
©  oooo1
1e-05
1eo8 Peloso & Sorbo
JHEP' 2000

1e-07




. Parametric Excitation of fields

Bosons: g2¢%x? : Oscillations —  y — Particle Creation
(Non-Pert., Out-of-Eq.)

Lo+ @2 (Ox(t) =0, w2(t) = k2 + a®(t)g* 0> (1)
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1. Parametric Excitation of fields

Bosons: g2¢%x? : Oscillations —  y — Particle Creation
(Non-Pert., Out-of-Eq.)
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e
1. Parametric Excitation of fields
Bosons: ¢2¢%y? :

Oscillations

—  x — Particle Creation
(Non-Pert., Out-of-Eq.)
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but... 'who' is ¢?

"Traditionally” — ¢ : Inflaton = (p)reheating!... but

.... only known scalar field — ¢ : SM higgs, so ...
.. Option 1: SM higgs = inflaton? (= Higgs-Inflation), or ...

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

DA



1.1 Parametric excitation of the SM fields, after Inflation

SM HIGGS during INFLATION

Inflation: dS(H.), (H.> v =246 GeV)

SM Higgs: © = % — V(p) =2t p=p>wv

Random Walk (k < aH,)

Prob. Dist: ¢ light (|V"| < H2) = { 4
Peqg(p) o< Exp{—cAi(p/H.)"}

End of Inflation: ¢, = aH,/A\/* o €1]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)
2

SM Higgs: ® = % — V(p) = 2pt, p=p>wv

Random Walk (k < aH,)

Prob. Dist: ¢ light (|V"| < H2) = { .
Peq(p) o< Exp{—cA.(p/H.)*}

End of Inflation: ¢, #0 (V < ¢*) = Higgs Oscillations (!)



Higgs Osc. — SM \If(j),Al(;j) Param. Exc.

Fermions:
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Tl et

DGF 2014

>

1



Higgs Osc. — SM \If(j),Al(;j) Param. Exc. !

Bosons (Vectors):

2wl j 2
oA Al s ) 4 (6 4+ gi(ap)) uf) = N.L., g =%

-_{ {W,2?, Bu} }
T qwE

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



SM Fermions & Gauge Bosons Out-of-Eq — GWs |

<
nk(k;gk*);él{Nl(F)’ o
IR-Sphere: >UB) b o 1D L gyay, 9A0A
ng(k> ki) =0

[ (Tg))TT — GW Source !]

GWs: 900 (i 1) oc SE= [ [ dtrdts G(k, ty — 1) T2 (I 11, o)

UTC: (T (k1) TRV (K 12)) = (2m)2 112 (k. 11, 12) 6®) (k—K)

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



Higgs Osc. = SM U's, A,'s (Param. Exc.) — GWs

F: {u,d}, {I*} G
{ B - {Wi, Z} = QéW(k) = Zdi?g“]; (k;(b')v

Q
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>



Higgs Osc. = SM U's, A,'s (Param. Exc.) — GWs

Fermions:

kp ~ kY (Max.)
nk<SE) = QR(k) i <Kk <k,
x k7 k> ky
kiﬂ ~ qu% VArer
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Fermions:

kp ~ kY (Max.)
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Higgs Osc. = SM U's, A,'s (Param. Exc.) — GWs

Bosons: Similar analysis !
’I’L(J)(k < k(l)) — Q(J) (k) s W:I: VA
k N cw\k), J= ]

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



SM W¥'s Param. Exc. — GWs (Numerical Results)

From Fermions:

Qow(k;q)
10—16 ,,,,,,,,,,,,,,,

10~ 18 |
10—20 ,,,,,,,,,,,,

10—22 L

—24
10 0.01




SCALING (Universal Shape) :

Qaw (k; ;) = (Hy/Mp)* (ar/ap) =" x ¢;1%° U(k/kp)

«O» «Fr « =>»

« =
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Higgs Osc. — SM WU's Param. Exc. — GWs

2 U Uy =U(1) [~ 107°(RD), ~ 10~5(MD)]
(@) = th 3 a+B=1 [a=0.2543=0.75 (RD, MD)]

U(k/kp)
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1076+ ! 1 n;-.
A7qm | A
= | ‘\\
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10 /A :
rl’ 3 mq=102
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Total GWs :

2080 () = e1 1078 (Hy/M,)* 32 ¢, Uq; = /*(k/Hy))

«O» «Fr « =>»

« =



S
Higgs Osc. — SM W's Param. Exc. — GWs

SM Yukawa Couplings : ¢¢ > yp > Yr > Ye > Yu 2 Ys > Yd > Yu > Ye

W20 (f) o ¢3/2 o 33 = Top Quark dominates (1)

DA



Higgs Osc. — SM WU's Param. Exc. — GWs

Top Quark dominates (1)

Qew(k;q)
10—16

10~ 18|

10—20

10—22 L

1072

0.01 01 1 10 100



Higgs Osc. — SM WU's Param. Exc. — GWs

Top Quark GW Peak Today:
(H, ~ 10 GeV, y; ~ 0.5)

Today: f[(,f> ~ 107 Hz, h2<(p\>w ~ 1030 )\1—1.55

.



Higgs Osc. — SM WU's Param. Exc. — GWs

AL < 107,107,107

Higgs quartic coupling A(y)

20P) | >
= W Qawl|, 2!
0lI5SF—r——7—T—"T—7T—TT T T T T T T T T T
[ 1
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\
0.10F , * : 3 g
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0.05 1
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—0.05 P S ST
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RGE scale u or i vev in GeV

(Degrassi et al, 2012)

()7;7“, 10715, 10712.5



SM A,'s Param. Resonance. — GWs (Enhancement?)

Bosonic Enhancement? Ohh Yes!

Qaw (k) o< S5 art > Up(ksqr) + Y5 a8 Up(k;qp)

) ot wW,Z
A=D1 = Ol (k) ~ 08+ oA L ax ol > ol




including also gauge bosons ...

If Param. Resonance of W,,, Z,, included... IS THIS ALL?? NO!

Decay widths, backreaction, rescattering, thermalization



including also gauge bosons ...

Higgs Children Grand-Children
[ — \Ifj, AIJ« — ’lpi, B
Non-Perturbative Perturbative

CHILDREN-PARTICLES:

W;(k) SPONTANEOUS

WL+ e k)+1 —~ STIMULATED

STOCHASTIC

GRAND-CHILDREN PARTICLES: : S, (1 - e T g
PERTURBATIVE DECAYS



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

2
V=2 (12— o) + Vi(@, 7, T)

strings:

=
/

(15t Order, 2" Order,Cross-Over)
g&|®[2T? (THERMAL)

T/im ~
{gQ]fb]zXQ ( FIELD INT.)

ZOOLOGY:

texture: (non-topological)

MICRO-PHYSICS =m==)p COSMIC DEFECTS




3. SYMMETRY BREAKING — COSMIC DEFECTS

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

E DA



3. SYMMETRY BREAKING — COSMIC DEFECTS

MAGNETIC FIELD DYNAMICS: Hybrid Preheating (Abelian-Higgs)
[Dufaux et al 2010]
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Cosmic Defects not observed = constraints !

CMB Temperature constraints:
v < (5 —10) x 10'° GeV [Strings, O(4)-textures] [PLANCK team 2013]

CMB Polarization constraints (BICEP2): v < 5-10'° GeV
[Lizarraga et al 2014 (local strings), Durrer et al 2014 (Global largeN)]



Let me focus on ...

3. GRAVITATIONAL WAVES after SYMMETRY BREAKING:

e Sourced by NON-TOPOLOGICAL GLOBAL DEFECTS
e Sourced by GENERAL COSMIC DEFECTS



GW from the aftermath of a GLOBAL PhT

PHASE TRANSITION

EVOLUTION of an EARLY UNIVERSE

O(N)

O(N-1)

Pictorical
Purposes

@

¢ —>+V, -V

Felder et al
PRD 2001




GW from the aftermath of a GLOBAL PhT

EVOLUTION of an EARLY UNIVERSE
PHASE TRANSITION

SUB-
HORIZON

GW

BEFORE

Witten

Kosowski et al
Kamionkowski et al

Caprini et al

Garcia-Bellido et al
Dufaux et al

COMPLETED




GW from the aftermath of a GLOBAL PhT

EVOLUTION of an EARLY UNIVERSE
PHASE TRANSITION

2

SUPER-
HORIZON

GW




GLOBAL Phase Transition (with non-topological Defects)

After the PHASE TRANSITION
(NON-Linear SIGMA MODEL)

/4“1&‘\ UNIVERSE EXPANDING
/] (CAUSAL HORIZON)

FIELD SELF-ORDERS
(811 & <1/H)

o ON.1 3,82 = v? (CONSTR:
— - M . . 4 0 . L o =
N) (N-1) TR T — |D@ﬂ + (0,8 0 B, =0
; i_ o
LARGE-N LIMIT: | gkm= (kn)2 " Ci(k) £.+1(knJ| (@a=n)
(N =4)

(kny =L Super-Horizon Scales)




GLOBAL Phase Transition (with non-topological Defects)

GRAVITATIONAL WAVE BACKGROUND

¢ (k) w— TW(QJ) — H’fy(@) mmp (b, = 167GTT,
FIELD STRESS ANISOTROPIC (TT ) GW EQUATIONS
FLUCTUATIONS tensor STRESS tensor (TT metric perturb.)
_ =< ilwilw:- _ [dpcw (}L 73) T A dpcw (k1)
Bw 167G ) dlogk 12k m— | Sow(kn) = 5 =0T
- | TECHNICALLY |
0 Gk ) e (7010 e s
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GLOBAL Phase Transition (with non-topological Defects)

GRAVITATIONAL WAVE BACKGROUND

goen) =mmp T.(0) wmmp I05(%) wmmp  Ch,=16tGTI

FIELD STRESS ANISOTROPIC (TT) GW EQUATIONS
FLUCTUATIONS tensor STRESS tensor (TT metric perturb.)
1000 L Q'GW(kJI)= Const.
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d ‘ SCALE INVARIANT
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GLOBAL Phase Transition (with non-topological Defects)

GRAVITATIONAL WAVE BACKGROUND

goen) =mmp T.(0) wmmp I05(%) wmmp  Ch,=16tGTI

FIELD STRESS ANISOTROPIC (TT ) GW EQUATIONS
FLUCTUATIONS tensor STRESS tensor (TT metric perturb.)
SCALE Qaw (k,no) = 1 (Qi
INVARIANT @ T\ My
SPECTRUM It R - Qowlhn) 356
(FREQ. INDEPENDENT) Qi (ko) N

|  Jones-Smith et al, 2008

| Fenu, DGF, Durrer, Garcia-Bellido 2009




Aftermath of GLOBAL PhT: Scale Inv SubH GW

GRAVITATIONAL WAVE BACKGROUND
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BBN bound
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Let us really focus on what | really want to talk about ...

1. GRAVITATIONAL WAVES after SYMMETRY BREAKING:

e Sourced by NON-TOPOLOGICAL GLOBAL DEFECTS
e Sourced by GENERAL COSMIC DEFECTS



CAUSALITY & MICROPHYSICS — Cosmic Defects

Domain Walls

Cosmic Strings

DEFECTS: Aftermath of PhT — .
Cosmic Monopoles

Non — Topological

DEFECTS: GW Source — {Tij}TT X {81¢87¢, EiEja BiBj}TT

CAUSALITY & MICROPHYSICS = Corr. Length: £(t) = A(t) H~1(t)

(Kibble' 76)
A(t) =const. > A~ 1= k/H =kt
SCALING: .
(T3 (e, )T (K, 1)) = (2m)° J= U (kt, kt')6% (k — X')



CAUSALITY & MICROPHYSICS — Cosmic Defects

Domain Walls
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CAUSALITY & MICROPHYSICS — Cosmic Defects

Domain Walls

Cosmic Strings

DEFECTS: Aftermath of PhT — .
Cosmic Monopoles

Non — Topological

DEFECTS: GW Source — {Tij}TT X {aquaj(b, EiEja BiBj}TT

CAUSALITY & MICROPHYSICS = Corr. Length: £(t) = A(t) H™1(¢)

(Kibble' 76)
A(t) =const. > A~ 1= k/H =kt
SCALING: \
(T3 (e, )T (K, 1)) = (2m)° S U (kt. kt')8% (k — X')



Scaling Network of Cosmic Defects = GW

GW spectrum (kt > 1): Expansion UTC

dpcw

dpaw (k1) o 7M§’;i(t) [ dtydty a(ty)alty) cos(k(ty — ta)) TI2(k, t1, t2)




Scaling Network of Cosmic Defects = GW

GW spectrum (kt > 1): R.D. SCALING

dpaw (k1) o W’Zm Jdtydty tity cos(k(ty — ta)) Y UKty k)

]



Scaling Network of Cosmic Defects = GW

GW spectrum (kt > 1) (a;

kt;) R.D. and SCALING

; 4 M2
3‘1)0va2 (k,t) X (QT,,) a4(1;,) [f d$1d$2 \/L1T2 COS(.’El 7‘%2) U(ll,ig)]



Scaling Network of Cosmic Defects = GW

GW spectrum (kt > 1): SCALE INV.!

4
3‘1’%"‘; (k,t) (CT,,> a4(p) Fy, Fy ~ Const. (Dimensionless)



Scaling Network of Cosmic Defects = GW

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

4
o) __ d 7 (o
O =2 (%) =2(5) 9 Fo, (SCALEINV.)

1.3, (N=12)

LATTICE SIMULATIONS.!
18, (N=38) GLOBAL SYM. BREAKING

Sim(N) 3
Q?ﬁl‘gvlytics) — 397 (N — 4) 1024° — U(l‘l, 172) — FU
GW
73, (N=3)
[DGF, Hindmarsh, Urrestilla '13]

130, (N=2)

(o) .
V = M;, Strings: 35) ~ O(103) !
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@ Inflation, dS(H,) = Higgs Osc.= ¥’s (Param. Excitation).

@ {V.} — 200 (f) xq* xy? = Top Quark dominates (1)

© 0< M\ k1, H,~ 10" GeV, Peak's Frequency: f, ~ 107 Hz
R2Qdy |, 2 ,10715,107125 (A < 10 7,10710,10115),

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

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

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

«O>» «F>» «E>» «E>» =] Q>



Summary |: SM Param. Excitations = GWs

@ |Inflation, dS(H,.) = Higgs Osc.= ¥’s (Param. Excitation).

Q {v,} — h29gx>v(f) x g/? Y2 = Top Quark dominates (!)



Summary |: SM Param. Excitations = GWs
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Summary |: SM Param. Excitations = GWs

@ |Inflation, dS(H,.) = Higgs Osc.= ¥’s (Param. Excitation).
Q {v,} — thE}O\)N(f) x g/? Y3 = Top Quark dominates (!)

Q@ 0< )\« 1, H,~ 10" GeV, Peak's Frequency: f. ~ 107 Hz
R2OQR |, 2 ,10715,107125 (A 10 7,10710,107119),

@ Similar Conclusions for Higgs Inflation | Also expected in BSM |

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

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

@ Global PhT, large-N limit: NLSM — Self-Ordering Scalar Fields
Any PhT: Lattice Simulations — Numerical UTC

@ SCALING: kt > 1 = Qqw (k,t) = Scale Inv.
UNIVERSAL RESULT from ANY PhT!

@ For VEV = My, then Qgw /QiL, ~ O(10) — O(10%)

GW Direct Detection: Scale-Inv GW not a smoking gun of Inflation



"This is the end, my only friend, the end, ...", The Doors

THANKS YOU FOR YOUR ATTENTION!!!
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