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INITIAL CONDITIONS: FINAL CONDITIONS:
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n



SCALAR (P)REHEATING

A
1) Vie,x)= —¢" + smix* + 359°¢°x* (Chaotic)
n



SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE



SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

MATTER FIELD FLUCTUATIONS :
Maszsléless : X+ (k% + gen?(2) Xk =0 (Lamé Eq.) c]z%; <

(n=4)
(X = a¥y]

W+l

k
— 5, Z
()2



SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

MATTER FIELD FLUCTUATIONS

M(aSS{gSS XP (R4 gen®(2)Xp =0 (Lamé Eq.) a=%: c=" ¢ c=
n = *
M(%s_sizx)fe : X4+ (A — 2gcos(22)) X, =0 (Mathieu Eq.) _ 89

, K
o ZEa)*t;a)*Em(p
[X = a*%y]

S



SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

MATTER FIELD FLUCTUATIONS :
, k
Massless : X;'+(x° + gcn?(2)) X, =0 (Lamé Eq.) qz%; K=— 1 25

(n=4)
2472

M(%s_sizx)fe : X4+ (A — 2gcos(22)) X, =0 (Mathieu Eq.) 4= if; . K

7 = sl )

Q.08

0.06
0.04 (\
0.0z}
[\ [\ NN N A A A A
GUUUJDU‘UUGMUUM
0.0z} 7 = W+l

-0.04 ¢

0. 06T U




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

MATTER FIELD FLUCTUATIONS
2
Massless : X} +(r* + L-cn®(2)) X, =0 (Lamé Eq.)
M(%s_sizx)fe : X4+ (A — 2gcos(22)) X, =0 (Mathieu Eq.) ng ~ etr’

Z:G)*t

[\/\ﬁﬂﬂﬂnnn.
nUUUmU‘UU&MUUéﬂ




(n

SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

MATTER FIELD FLUCTUATIONS
2
Maszsléless : X 4(k% 4+ $en®(2)) X, =0 (Lamé Eq.)

)

Massiye - X/4+(Ar —2gcos(22)) Xy =0 (Mathieu Eq.) ng ~ eknt

Q.08

J.0& ¢

0.04 k

Q.02+

-0.02 p

-0.04 ¢

0. 06T

7 = sl

-------

00 = =t
000000

B R T

..................

000000

...................

01 2 3 4 5 0 1 2 3 45

..............

000000000000

------------
000000000000




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

MATTER FIELD FLUCTUATIONS
2
Massless : X} +(r* + L-cn®(2)) X, =0 (Lamé Eq.)
M(anus_sizx)fe : X4+ (A — 2gcos(22)) X, =0 (Mathieu Eq.) ng ~ etr’

..................

...................

a.06 p 0 1 2 3 45 01 2 3 a5 0 12 3748

0.25 0.25 0.25
0.20 q=29 { o0.20 q=43 { 0.20 q=130
0.15 0.15 0.15
.04} 0.10 \ o10f 1% 1 o010
0.05 0.05 N 0.05
0.00 | 0.00fr=zs tecsebomezo-- 0.00 ‘
0.0z e e’ mg 0 1 2 3 4 5 0 1 2 3 4 5
0.25 0.2 0.25 . .

0.00 f=.1 . 0. 0.00 fr.m = =t
— | N T e 59 0 1 2 3 4 5 0 1 2 3 4 5
Z = l‘ B N B =
=0.0%2 k —_— k 0.25 0.25 0.25
0. .20

-0.04 ¢

----------------
000000000000000000

v K = k/wx




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

MATTER FIELD FLUCTUATIONS

Massless : XJ/+ (12 + < cn?(2)) Xz =0 (Lamé Eq.)

M(%S_Siz‘)fe : X4+ (A — 2gcos(22)) X, =0 (Mathieu Eq.) ng ~ etkt

My 0.25 P:
o 0.20 | ) q=275 -
0.15¢ " :
- 4 A}
(\ 0.10 ',' .
o 0.05 — : ‘. :
0 [\U[\U{'}Uﬂ\;ﬂuf;‘unvnuﬂh 0.00 =" . .. ., l‘- -rm=m=om
-0.02 | U 7 = Wl O 1 2 3 4 5
-0.04 ¢ K E k/a)*
-0.06 7t U




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

MATTER FIELD FLUCTUATIONS

Massless : XJ/+ (12 + < cn?(2)) Xz =0 (Lamé Eq.)

Massiye - X/4+(Ar —2gcos(22)) Xy =0 (Mathieu Eq.) ng ~ eknt

100.0 ¢
x> 0.1822=
272 10_4
107"
10—10 '_
10—13 —




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vig,x) = V(o) + %miXQ + 297X Ml\/bdels)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

—

T~ -
~ - »
\ /

\ /

\ V() / Inflation




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(¢)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

V(d)

() < m2(¢)

m(¢) > m2()




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

ADIABATIC V(®)  aAplaBATIC
REGION | | REGION
m(¢) < m2(¢) ! L mi(9) < m2(¢)
' NON

X lt) ~ ADIABATIE X, (t) ~

Exp (i m(e)ct) | 1 EXp cifmig)ar)

P Ny>> 1)




SCALAR (P)REHEATING
1) Chaotic Scenarios: PARAMETRIC RESONANCE

Vie,x) = V(o) + smix* + 359°¢°x® (Chaotic Models)

X!+ [k* 4+ m?(¢)|Xx =0 (Fluctuations of Matter)

100.0 o
KX |7
D2
1010,
1013 A

051 510 50100

K = k/wx



SCALAR (P)REHEATING
2) Hybrid Scenarios : SPINODAL INSTABILITY

() + (12 + ¢*Ix[*)p(t) = 0 }

0+ (K2 m? (5 — 1) +ANE) e = 0

Hybrid Preheating

71\

Inflaton




SCALAR (P)REHEATING
2) Hybrid Scenarios : SPINODAL INSTABILITY

infl ' - '

|n" aton m‘3828 2/,c;oupllng Self Coupllngv\ /V E.V
o(t) + (1° + g%|x|*)e(t) =0 m = v\

. 2 _ Critical
Xk T+ (k2+1”2 (% — 1)J+>"X‘2)Xk =0 e =m/g value

(8°p* — m?)
Hybrid Preheating

2
1
1.8
1 7Z\

Inflaton

. |
Higgs -



SCALAR (P)REHEATING
2) Hybrid Scenarios : SPINODAL INSTABILITY

infl ' i, i

|n" aton m‘3828 2/,c;oupllng Self COUp|Iﬂg\ /\/ FV
o(t) + (u* + g%|x|%)e(t) = 0 m = vv

. 2 _ Critical
Xk T+ (k2+ m? (% — 1)+>"X‘2)Xk =0 e =m/g value

Hybrid Preheating

mz(k<m )<
Inflaton I( )<0

2
1
1.8 7Z\<¢’< ¢=m/g
1 :



v)
m2—k2t

k<m=+vV\
ne ~ €

(

Xk

SPINODAL INSTABILITY

SCALAR (P)REHEATING
o(t) + (1?4 g*[x?)o(t) = 0

Hybrid Preheating

2) Hybrid Scenarios

=)

2 v

1l E

oL p,cm
v o o2

= =

Inflaton

B

s
L s
i
ﬂ.“...l..‘....l....l.”..l...l.l.l g ]
el e




SCALAR (P)REHEATING
2) Hybrid Scenarios : SPINODAL INSTABILITY

() + (12 + ¢*Ix[*)p(t) = 0 (k <m = V)

.e 2
Koo+ (K2 m? (i_ - )“!X\Z)xk =0 Xy T~ €Y




INFLATIONARY PREHEATING

Physics of (p)REHEATING: ¢ + w?(k,t)pr = 0

Hybrid Preheating: w? = k* + m?(1 —Vt) <0 (Tachyonic)
Chaotic Preheating : w? = k% 4+ ®2(¢) sin” ut (Periodic)




INFLATIONARY PREHEATING

Physics of (p)REHEATING: ¢ + w?(k,t)pr = 0

Hybrid Preheating: w? = k* + m?(1 —Vt) <0 (Tachyonic)
Chaotic Preheating : w? = k% 4+ ®2(¢) sin” ut

At kz

O, g, ~ et = Inhomogeneities: ¢

(Periodic)

(L ~1/k;

op/p 21




INFLATIONARY PREHEATING

Physics of (p)REHEATING: ¢ + w?(k,t)pr = 0

Hybrid Preheating: w? = k* + m?(1 —Vt) <0 (Tachyonic)
Chaotic Preheating : w? = k% 4+ ®2(¢) sin” ut

At kz

O, g, ~ et = Inhomogeneities: ¢

(Periodic)

(L ~1/k;

op/p 21




INFLATIONARY PREHEATING

Physics of (p)REHEATING: ¢ + w?(k,t)pr = 0

Hybrid Preheating: w? = k* + m?(1 —Vt) <0 (Tachyonic)
Chaotic Preheating : w? = k% 4+ ®2(¢) sin” ut

At kz

O, g, ~ et = Inhomogeneities: ¢

(Periodic)

(L ~1/k;

op/p 21




INFLATIONARY PREHEATING

Physics of (p)REHEATING: ¢ + w?(k,t)pr = 0

Hybrid Preheating: w? = k* + m?(1 —Vt) <0 (Tachyonic)
Chaotic Preheating : w? = k% 4+ ®2(¢) sin” ut

At kz

O, g, ~ et = Inhomogeneities: ¢

(Periodic)

(L ~1/k;

op/p 21




INFLATIONARY PREHEATING

Physics of (p)REHEATING: ¢ + w?(k,t)pr = 0

Hybrid Preheating: w? = k* + m?(1 —Vt) <0 (Tachyonic)
Chaotic Preheating : w? = k% 4+ ®2(¢) sin” ut (Periodic)

(L ~1/k;

At ki: o, nE, ~ et Bt = Inhomogeneities: { dp/p = 1




INFLATIONARY PREHEATING

Physics of (p)REHEATING: ¢ + w?(k,t)pr = 0

Hybrid Preheating: w? = k* + m?(1 —Vt) <0 (Tachyonic)
Chaotic Preheating : w? = k% 4+ ®2(¢) sin” ut

At kz

O, g, ~ et = Inhomogeneities: ¢

(Periodic)

(L ~1/k;

op/p 21




INFLATIONARY PREHEATING

Physics of (p)REHEATING: ¢ + w?(k,t)pr = 0

Hybrid Preheating: w? = k* + m?(1 —Vt) <0 (Tachyonic)
Chaotic Preheating : w? = k% 4+ ®2(¢) sin” ut

At kz

O, g, ~ et = Inhomogeneities: ¢

(Periodic)

(L ~1/k;

op/p 21




INFLATIONARY PREHEATING

Physics of (p)REHEATING: ¢ + w?(k,t)pr = 0

Hybrid Preheating: w? = k* + m?(1 —Vt) <0 (Tachyonic)
Chaotic Preheating : w? = k% 4+ ®2(¢) sin” ut

At kz

O, g, ~ et = Inhomogeneities: ¢

(Periodic)

(L ~1/k;

op/p 21




INFLATIONARY PREHEATING

Physics of (p)REHEATING: ¢ + w?(k,t)pr = 0

Hybrid Preheating: w? = k* + m?(1 —Vt) <0 (Tachyonic)
Chaotic Preheating : w? = k% 4+ ®2(¢) sin” ut (Periodic)

(L ~1/k;

At ki: o, nE, ~ et Bt = Inhomogeneities: { dp/p = 1




INFLATIONARY PREHEATING

Physics of (p)REHEATING: ¢ + w?(k,t)pr = 0

Hybrid Preheating: w? = k* + m?(1 —Vt) <0 (Tachyonic)
Chaotic Preheating : w? = k% 4+ ®2(¢) sin” ut (Periodic)

(L ~1/k;

op/p 21

/"

At ki1 @, g, ~ etFD = Inhomogeneities:




INFLATIONARY PREHEATING

Lattice Simulations: Dynamics — non-linear
> out-Eq



INFLATIONARY PREHEATING

_» hon-linear

| attice Simulations: Dynamics
4 S out-Eq

e Scalars (ng > 1): »+Vy=0,Oxeg+V,, =0

Semi-classical regime 7, ~ k¢ + ... (Squeezed States)



INFLATIONARY PREHEATING

c non-linear

| attice Simulations: Dynamic
4 S out-Eq

e Scalars (ng > 1): »+Vy=0,Oxeg+V,, =0

Semi-classical regime 7, ~ k¢ + ... (Squeezed States)

o FLRW:H2 = 82C) 4 — 470 (p 43 ,{p:<p¢"p><"'“>
3 P a 3 (p p) p:<p¢——px——...>



INFLATIONARY PREHEATING

_» hon-linear

| attice Simulations: Dynamics
4 S out-Eq

e Scalars (ng > 1): »+Vy=0,Oxeg+V,, =0

Semi-classical regime 7, ~ k¢ + ... (Squeezed States)

o FLRW:H2 = 82C) 4 — 470 (p 43 ,{p:<p¢"p><"'“>
3 P a 3 (p p) p:<p¢——px——...>

o GW: 1y + 2Hhi; — V?hij = 167GITLY,  TIGT = {9:;x“9;x* "

hi; =0

ds? = a?(—dr*+ (0;; + hy;)dztdx?), TT: {
hij,j =



INFLATIONARY PREHEATING

Lattice Simulations: Dynamics

9,0(x) — (O(z + ) — Ol — ))/2a,,

0,0,0(x) = (O(z + 2p) + O(x — 2p) — 20(x))/4as,

X3 : CONFIG. SPACE

L=aN

(Pmax )

:> P3: MOMENT. SPACE

I:'min

Pmax

=27

=N F'min

PERIODIC

BOU

NDARY

COND. (X3,P%)

AN

N

DISCRETIZED
STEP (P3, X3)

min

_» hon-linear
S out-Eq

min



INFLATIONARY PREHEATING

c non-linear

| attice Simulations: Dynamic
4 S out-Eq

o GW: hf; + 2Mhj; — V2hy; = 16nGIET,  TIT = {8;x*9;x*}""

hii =0

ds? = a2(—d7'2-|— (523 + hz-j)da:ida:j), TT : { 3

TT: Non-local operation !



INFLATIONARY PREHEATING

_» hon-linear

| attice Simulations: Dynamics
4 S out-Eq

o GW: h; + 2Hhi; — V?hij = 167G, T = {9:;x*9;x*}""

ds® = a*(—d7°+ (6 + hij)da'da?), TT: { Z =0
TT: Non-local operation !

I[1,(k,7) = d3xe+ikx(l€)Hij(X, ) (Fourier Transform)

Y

I Dk, 1) = Ay (OTT (K, 1) (TT-Projection)

MMMx, 1 = AL e ™ XA . (I, (K,7) (Fourier back)
ij » V) = u (271_)3 ij,lm Im\ ™




INFLATIONARY PREHEATING

_» hon-linear

| attice Simulations: Dynamics
4 S out-Eq

o GW: hf; + 2Mhj; — V2hy; = 16nGIET,  TIT = {8;x*9;x*}""

hii =0

ds? = a2(—d7'2-|— (523 + hij)da:ida:j), TT : { 3

TT: Non-local operation !

(Fourier Transform)

(TT-Projection)

y (27)3



INFLATIONARY PREHEATING
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| attice Simulations: Dynamic
4 S out-Eq

A

hij (K, t) = Nijim (K)uim (K, T)
Building the Solution:
um (K, t) = [, dt'G(t — ¢TI (k, ¢')

DGF 2007
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| attice Simulations: Dynamic
4 S out-Eq

hij(k,t) = Agjm (K)uim (k, t)
Building the Solution:
wim (K, 1) fto dt'G(t — t)IIH (k, t')

1) Non-Physical eq.:

i (X, ) + 3H i (X, 1) — Trttij (X, 1) = —2 {¢%i 6% } (x,1)
p

DGF 2007
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s —~ hon- -linear

| attice Simulations: Dynamic
4 S out-Eq

hij(k,t) = Agjm (K)uim (k, t)
Building the Solution:
wim (K, 1) fto dt'G(t — t)IIH (k, t')

1) Non-Physical eq.:

i (X, ) + 3H i (X, 1) — Trttij (X, 1) = —2 {¢%i 6% } (x,1)
p

2) Fourier transform: u;;(x,t) — wu;;(k, 1)

DGF 2007



INFLATIONARY PREHEATING

_» hon-linear

| attice Simulations: Dynamics
4 S out-Eq

A

hij (K, t) = Nijim (K)uim (K, T)
Building the Solution:
um (K, t) = [, dt'G(t — ¢TI (k, ¢')

1) Non-Physical eq.:

.. : 2 2 a a
Uij (Xa t) + 3H 1, (Xv t) _ %u’ij (X7 t) — W {Qb i P75 } (Xv t)
p

2) Fourier transform: u;;(x,t) — wu;;(k, 1)

A

3) Proyection: h;;(k,t) = Ajj im (k)i (k, 1)

DGF 2007



INFLATIONARY PREHEATING

Lattice Simulations: Dynamics -« non-linear
out-Eq
hij (k,t) = Aij,lm(f{)ulm(k, t)
Building the Solution:
urm (k, t) fto dt'G(t — T (k, ¢)

1) Non-Physical eq.:

i (X, ) + 3H i (X, 1) — Trttij (X, 1) = —2 {¢%i 6% } (x,1)
p

2) Fourier transform: u;;(x,t) — wu;;(k, 1)

3) Proyection: h;;(k,t) = A im (k) ugm (k. t)

DGF 2007
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_» hon-linear

| attice Simulations: Dynamics
4 S out-Eq

J d&*k|hi;(t, k)|

Outputs: pow = somr 75 | X hijhi; = 55t 7

DGF 2007



INFLATIONARY PREHEATING

s —~ hon- -linear

| attice Simulations: Dynamic
4 S out-Eq

Outputs: pow = s5mr 75 [ X hijhij = s5te 7 [ dk|hi;(t k)|

1) Total GW density: )
pow = sz X [ K dk [ dQ A m (k)i (t, k)i, (¢, k)

DGF 2007
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s —~ hon- -linear

| attice Simulations: Dynamic
4 > out-Eq

Outputs: pow = s5mr 75 [ X hijhij = s5te 7 [ dk|hi;(t k)|

1) Total GW density: )
pow = sz X [ K dk [ dQ A m (k)i (t, k)i, (¢, k)

2) Spectrum: 22 = Lok <Aij,lm(f<)uij(t,k)uzkm(t,k)>4w

DGF 2007



INFLATIONARY PREHEATING

_» hon-linear

| attice Simulations: Dynamics
4 > out-Eq

Outputs: pow = s5mr 75 [ X hijhij = s5te 7 [ dk|hi;(t k)|

1) Total GW density: )
pow = sz X [ K dk [ dQ A m (k)i (t, k)i, (¢, k)

2) Spectrum: 22 = Lok <Aij,lm(f<)uij(t,k)uzkm(t,k)>4w

3) Snapshots: h;;(t,x) = (2m)%/% [ d*ke™ ™ ¥ Ay 1 (K)upn (2, k)

DGF 2007
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g — non-linear

| attice Simulations: Dynamic
4 S out-Eq

Hybrid Preheating

Animation by
Alfonso Sastre

b N ] = o= = =l
?;E.%l:.ilrf"mhh
e e

gl
Dh—e |
TETGG PO

GW (Energy density)
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| attice Simulations: Dynamic
4 S out-Eq

Hybrid Preheating

Animation by
Alfonso Sastre
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g — non-linear

| attice Simulations: Dynamic
4 > out-Eq

Hybrid Preheating

Animation by
Alfonso Sastre

S
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Mhe |
GG

GW (Energy density)
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g — non-linear

| attice Simulations: Dynamic
4 S out-Eq

Hybrid Preheating

Animation by
Alfonso Sastre

=14
DF—e |
1RGP0

GW (Energy density)
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g — non-linear

| attice Simulations: Dynamic
4 > out-Eq

Hybrid Preheating

Animation by
Alfonso Sastre

a0
Db |
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GW (Energy density)
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g — non-linear

| attice Simulations: Dynamic
4 S out-Eq

Hybrid Preheating

Animation by
Alfonso Sastre

b I i A T §
rf'i?%l?rf"mhin
e e )

=10,
D |
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GW (Energy density)
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Hybrid Preheating
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Hybrid Preheating

Animation by
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a0
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TETGG T
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Hybrid Preheating

Animation by
Alfonso Sastre
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| attice Simulations: Dynamic
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Hybrid Preheating

Animation by
Alfonso Sastre

=10}
Mre |
g

GW (Energy density)
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c non-linear

| attice Simulations: Dynamic
4 > out-Eq

Hybrid Preheating

Vo, x) = 5(Ix]* —v?)* + 5]x|%¢* + V(o)

3 stages: Exp. Instabilities — Non-linearities — Relaxation

1  dpcw —_—
prot dlogk  SO4[ B2y
1e-06 |

125 (ma= 0.40) ... _

75 (ma = 0.66) —— Prmin

=0

=0.1
00 (ma = 0.50) Pmin = 0.150 (ma = 0.33)
= 0.200 (ma = 0.25)

1e-08 }

1e-10 |

k)/p.

~Zz1e-12 |
1e-14 |
1e-16 |

1e-18 |

1e-20




GW Spectrum

Parameter Dependence (Peak amplitude)

"1 (DGF, Torrenti JCAP 2017)




GW Spectrum

Parameter Dependence (Peak amplitude)

/ UJ2 — V,/((I)[)
(o) W’ 1/
o 9 _
Monomial Models: Q ~ A m2 q /
P \\ B 92(1)12
9= "7
WA
Resonance
Param.
2/3
k, x gq
Peak
Position
P e e —=—F | (DGF Torrenti JCAP 2017)
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Parameter Dependence (Peak amplitude)
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Large amplitude !



GW Spectrum

Parameter Dependence (Peak amplitude)

- . (o) -9
Monomial Models: QGW 1077,

Large amplitude !

Qow x ¢ /2 — Spectroscopy of particle couplings ?
different couplings
... different peaks ?
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GW Spectroscopy

Parameter Dependence (Peak amplitude)

one-peak signature (fwo signals)




GW Spectroscopy

Parameter Dependence (Peak amplitude)

two-peak signature (two preheat flds)




GW Spectroscopy

Parameter Dependence (Peak amplitude)

three-peak signature (three preheat flds)

' Stairway
Signatgjre

10

N e N8 1§
108 1 . I e |

50 100 500 1

DGF, Florio, Loayza, Pieroni (work in progress)
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GW Spectroscopy

Reconstruction (2-peak signal)

@ LISA

PCA signhal and noise reconstruction

1077 3
1078 5
1073 ER My data
—— Input signal
— Input noise
10710 - Rec data
] Signal linear fit
+ Noise linear fit
10711 3 e PCAsignal fit (20)
PCA noise fit (20)
10712 5
10~13 e aas — T . l

10~4 1073 102 101 10°
Frequency [Hz]

Note: Put by hand at LISA frequencies



GW Spectroscopy

Reconstruction (2-peak signal)
@ BB0

PCA signal and noise reconstruction

My data

1077 1 — Input signal

— Input noise
Rec data
Signal linear fit

1079 - PR + Noise linear fit
pameE ¢ PCAsignal fit (20)
PCA noise fit (20) ‘

1073 1072 1071 10°
Frequency [Hz]

Note: Put by hand at BBO frequencies



GW Spectroscopy

LISA Reconstruction (2-peak signal)

Iogm(hZQfl) = -10. 590+5-993

" logyo(fy ) =

/

+0.045
439—0 049

- - - - -

Couphngs
to better
than 1%

—— Fisher
—— MCMC covariance
— MCMC

Togio(h?Qg;) = 1227543 9%

¥

logyo(fy ) = —2.68829 053




GW Spectroscopy

Reconstruction (2-peak signal)

Monomial Models:  Q©) ~ 1077, f, ~ 10° — 10° Hz
Large amplitude ! ... at high Frequency !

Very unfortunate... no detectors there !

@'b



GW Spectroscopy

Reconstruction (2-peak signal)

Monomial Models:  Q©) ~ 1077, f, ~ 10° — 10° Hz
Large amplitude ! ... at high Frequency !

Our example serves as proof of principle
Very unfortunate... no detectors there !

&'5



INFLATIONARY (p)REHEATING (pRH)

Parameter Dependence (Peak amplitude)

2
Hybrid Models: Q% <i> < FON G2, fo~ A4 x 109 Haz

My



INFLATIONARY (p)REHEATING (pRH)

Parameter Dependence (Peak amplitude)

Hybrid Models:  Qy, ~ 1071

Large amplitude !
(for v ~ 10'° GeV)



INFLATIONARY (p)REHEATING (pRH)

Parameter Dependence (Peak amplitude)

£~ 108 — 107 \
Hybrid Models: 2% ~ 1071, @{ St

N\
Large amplitude !

(for v ~ 10'° GeV)



INFLATIONARY (p)REHEATING (pRH)

Parameter Dependence (Peak amplitude)

f, ~10° —10° H
: _ (0) ~11 )
Hybrid Models: Qegy ~ 10777, @ ‘ , =
,~ 10 H
Large amplitude !
\Un'\(\gw

(for v ~ 10'° GeV) (fine-



INFLATIONARY (p)REHEATING (pRH)

Parameter Dependence (Peak amplitude)

f, ~10° —10° H
Hybrid Models: Q% ~ 1071, @ <
Large amplitude !
(\'\(\93

(for v ~ 10'° GeV) fine™

realistically speaking ...




INFLATIONARY COSMOLOGY

'‘cures' hBB

Scalar
|n|t|al - Primordial

. CO"d perturbathnS{Tensor: Irreducible GWs
Inflatlon

Extra species/symmetries

cenarloséz Enhanced Scalar Pert. > Enhanced GWs

J

If early stage of
Reheating = scalar Preheatlng) I:{>Lar eh%wf%rg)ductlon v



OUTLINE

—n 1) Cosmology/GR + GW def. v/
2) GWs from Inflation v/

3) GWs from Preheating v/
4) GWs from Phase Transitions

5) GWs from Cosmic Defects
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—n 1) Cosmology/GR + GW def. v/
2) GWs from Inflation v/

3) GWs from Preheating v/

5) GWs from Cosmic Defects
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(CMB B-mode Pol.)

Inflation < _ Extra species/symmetries’
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\ Enhanced Scalar Pert. » Enhanced GWs

M ( If early stage of

Reheating = scalar Preheating) I:{>Large GW production (high freq)
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EARLY UNIVERSE

'cures' hBB

Scalar: CMB AT anisotropies

(initial) _  Primordial { “(eventually Galaxies)

cond./  perturbations Ltensor: Irreducible GWs

(CMB B-mode Pol.)

Inflation < _ Extra species/symmetries’
Scenarios <,
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M ( If early stage of

Reheating = scalar Preheating) I:{>Large GW production (high freq)
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Phase Transition(s): Large GW{
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Inflation

vV

Universe

EARLY UNIVERSE

'cures' hBB

Scalar: CMB AT anisotropies

(initial) _  Primordial { “(eventually Galaxies)

cond./  perturbations Ltensor: Irreducible GWs

(CMB B-mode Pol.)

~ _ Extra species/symmetries’
Scenarios <} Enhanced Scalar Pert. ¢ Enhanced GWs

« = ( I early stage of ) |:{>Large GW production (high freq)

\4
Thermal

scalar Preheating

Hybrid Preheating

Phase Transition(s): Large GW{ )
Thermal 1st-Order PhT




Inflation

vV

Universe

EARLY UNIVERSE

'cures' hBB

Scalar: CMB AT anisotropies

(initial) _  Primordial { “(eventually Galaxies)

cond./  perturbations Ltensor: Irreducible GWs

(CMB B-mode Pol.)

~ _ Extra species/symmetries’
Scenarios <} Enhanced Scalar Pert. ¢ Enhanced GWs

“ = ( I early stage of ) |:{>Large GW production (high freq)

\4
Thermal/

scalar Preheating

Hybrid Preheating

Phase Transition(s): Large GW{ )
Thermal 1st-Order PhT

* So before going thermal, let’s continue (p)reheating ! |




OUTLINE
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INFLATIONARY COSMOLOGY

'‘cures' hBB

_ _ Scalar
|n|t|al - Primordial

. CO"d perturbatiOnS{Tensor: Irreducible GWs
Inflatlon

Extra species/symmetries
cenarloséz Enhanced Scalar Pert.

\ * Enhanced GWs
J

scalar Preheating |:{> Large GW production
(high freq)

(p)Reheatln *

gauge Preheatlng
— _ |Hyb. (p)RH = Ph.T.

fermion Preheating




GAUGE (P)REHEATING
Hybrid Preheating = Higgs+Inflaton model

i”ﬂatowss Ve coupling Self-coupling N /V. E.V.
Inflaton: ¢(t) + (12 + ¢°|x|?)o(t) =0 m = /v

2 _ Critical

Higgs: i + (k24 m? (ﬁ— - 1)+Mx\2)xk =0 b =M/G e



GAUGE (P)REHEATING
Hybrid Preheating = Higgs+Inflaton model

Inflaton: ¢(t) + (u* + g2|x|*)(t) = 0 m = vAv
G =m/g

Higgs: X + (k*+ m” (ﬁ—; — 1>+A!x\2)xk =0



GAUGE (P)REHEATING

Hybrid Preheating = Higgs+Inflaton model

o(t) + (n* + g°|x[*)o(t) = 0

Inflaton

Hybrid Preheating = Phase Transition

=)

2 ¥

1l E

oL w.n
vV 1,._.|m.h

= =

Inflaton



GAUGE (P)REHEATING

Hybrid Preheating = Higgs+Inflaton model

o(t) + (n* + g°|x[*)o(t) = 0

Inflaton

-
-

L
-

0.2

0.0
©(rad)

0.2

0.4

Hybrid Preheating = Phase Transition

Inflaton



GAUGE (P)REHEATING
Hybrid Preheating = Higgs+Inflaton model

Inflaton: ¢(t) + (1* + g°|x|*)¢(t) = 0 (k < m = vVw)
Higgs: Xk + (K m? (5 — 1)+l e = 0 X T~ €V

Hybrid Preheating = Phase Transition

It is a Phase transition !
by Tachyonic Instability

ehighie
et



GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

Just to confuse you a little bit:

_I_

NOW 1

A 2 7.9
V(@:Z)=E(¢'—V‘)‘

g - -, 1 5
¢x+y

2

r

X :inflaton

\ @:i:Higgs

V2



GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

1 )
E(aﬁl)’

O

Inflaton

D"

_|_

4 Tr[(D,®)
D,u = a,u -




GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

2

|
E(aﬂl)

D"®

_|_

5 Tr[(D,®)

—
o 2
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2o
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((})
5 S
LT
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Q
. -
®

Inflaton

/

\\.\
el o 2
A
M
i
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GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

1 9
L=-_F, F!" +Tr[(D,®)" D"®]+— S0, V(@)



GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

1 a Vv + L 1 2
L=——F,F" +Tr(D,®) D‘®]+5(aﬂx)‘—V@=%)

4 UV a

{ Minkowski,
EOM: Temporal Gauge (Ag= 0)

$—DiDip+Vy = 0
AE — 53' @jﬂi + 53'3j14j —  2¢°Im " D;p| -
0;A; = 2e*Imp* ] .

= SCALARS eom
—> VECTORS eom

= GAUSS law




GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

1 a Vv + L 1 2
L=——F"F" +Tr[(DH(I)) D*‘(I)]+5(aﬁx)‘—V((D,}f)

4 ‘u'lr" a

{ Minkowski,
EOM: Temporal Gauge (Ag= 0)

$—DiDip+ Vg = 0 > SCALARS eom
A; —0;0;A; + 0:0;,4; = 2¢°Im[p" D¢l 4= VECTORS eom
0;A; = 2e7Im[p" @] . 5 GAUSS law
GW EOM

hij — akakhij — 167G HE;&T

. * T
;" = [0;x0;x + 2Re [Dip (D;9)"] — BiB; — E;Ej]

T




GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

1 a Vv + L 1 2
L=——F,F" +Tr(D,®) D‘®]+5(aﬂx)‘—V@=%)

4 ;I‘v’ a

{ Minkowski,
EOM: Temporal Gauge (Ag= 0)

hij — 6‘1%85;}1@ — IGTTG HE;&T

;" = [0;x0;x *@ﬁﬂ (D

e

i®)
~ \

$—DiDip+Vy = 0 > SCALARS eom
Ai— 0;0;A; +0;0;A; = 2¢’Im[p" Dig] 4> VECTORS eom
0idi = 2¢°Im[p" ¢l . > GAUSS law
GW EOM
COVARIANT

MAGNETIC
ELECTRIC




GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

DYNAMICS OF THE HIGGS: mt = 5.5 — mt = 23

E =
o o
o
(]
W
&

Variable 1
[
o o o
o o
o o
(=) —
& o
Variable 1
[
o o o
o o
— N
— N
N 2

—
'
—

Variable 1
[
o ) o
w o
w ~
(-] o
A 4
Variable 1
[
o, o, o
w N

Dufaux et al 2010



GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

DYNAMICS OF THE MAGNETIC FIELD: mt = 5.5 - mt = 17

Variable 1
[ R =
o, o, o, o, o,
N — — — —
o o) o ~ o
Variable 1
[ R =
=3 o, =3 o, o,
(4, ] f =N w N —

Dufaux et al 2010



GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

1 v ( 2
L= EFWF” +Tr[(D,®) D" @]+ (aﬂxr—V((D,x)

What’s going on !?

Cosmic Strings are formed




GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

1 v ( 2
L= ZFMW +Tr[(D,®) D" @]+ (aﬂx)‘—V@ax)

What’s going on !?

Cosmic Strings are formed

(Topological Defects —— 5th Lecture)



GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

SCALARS AND VECTORS' SPECTRA:

IR PEAK  MIDDLE PEAK
UV PEAK
\ / , w2 Gauge
¥ oes ] %2 |

[r=2
0.1} —

_ /=4
0o o5l ©/A=0.5 e/




GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

SCALARS AND VECTORS' SPECTRA:

IR PEAK  MIDDLE PEAK
UV PEAK
\ - <= Gauge

0.2 i~
E.-"ll-"-.llI .-"'“ :.2

0.1} _
_ /=4
o5l €/VA=0.5 e:-_\"-f_

0.02|e/\1=0.2 VA=8]

0.01 ¢

0.005 ¢

o.002 ¢

0.001

0.1 0.5 1 5 10 50

PARAMETERS ABELIAN-HIGGS Model: m = vV X, /g2 e/V X, V.

Higgs mass _ _
MIDDLE PEAK:{ \ ;3} --> Tachyonic Scale, Bubbles' Size
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The Abelian-Higgs+Inflaton model
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GAUGE (P)REHEATING

The Abelian-Higgs+Inflaton model

Evolution of GW background
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GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

GW SPECTRA: ANALYTICS:.

IR and Middle Peaks' Amplitude: F(g, A, V)

UV peak Amplitude: Lattice Simulations

fl S@ga)‘a@ (IR peak)
fo =~ A/410'"Hz (Middle peak)

fs = = A/*10""Hz  (UV peak)

RED-SHIFTED

FREQUENCIES

>

@Qa A, D = Dufaux et al '09
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GAUGE (P)REHEATING
The Abelian-Higgs+Inflaton model

Several Peaks ! 0 10711 @ £, ~ 108 — 10° Hz
(particle physics W ’
spectroscopy) Large amplitude(s)! .. but at high Frequency !

We Should look for this effect at low-freq models !
Very unfortunate... no high frequency detectors !



INFLATIONARY COSMOLOGY

'‘cures' hBB

Scalar
|n|t|al - Primordial

. CO"d perturbathnS{Tensor: Irreducible GWs
Inflatlon

Extra species/symmetries

cenarlosét Enhanced Scalar Pert. > Enhanced GWs

J

scalar Preheating |:{> Large GW productlon \/

Reheatlng ’ (high freq)
gauge Preheating |:{> Large GW, peaks \/

(high freq)
fermion Preheating



INFLATIONARY COSMOLOGY

'‘cures' hBB

Scalar
|n|t|al - Primordial

. CO"d perturbathnS{Tensor: Irreducible GWs
Inflatlon

Extra species/symmetries

cenarlosét Enhanced Scalar Pert. > Enhanced GWs

J

scalar Preheating |:{> Large GW production \/

Reheatlng ’ (high freq)
gauge Preheating |:{> Large GW, peaks \/
(high freq)
fermion Preheating |:{> Large GW production
(high freq)



INFLATIONARY COSMOLOGY

'‘cures' hBB

Scalar
|n|t|al - Primordial

. CO"d perturbathnS{Tensor: Irreducible GWs
Inflatlon

Extra species/symmetries

cenarlosét Enhanced Scalar Pert. > Enhanced GWs

J

scalar Preheating |:{> Large GW productlon \/

Reheatlng ’ (high freq)
gauge Preheating |:{> Large GW, peaks \/

(high freq)
fermion Preheating |:{> Large 123 4943 jon




INFLATIONARY COSMOLOGY

'‘cures' hBB

Scalar
|n|t|al - Primordial

. CO"d perturbathnS{Tensor: Irreducible GWs
Inflatlon

Extra species/symmetries
cenarloséz Enhanced Scalar Pert.

> Enhanced GWs

Reheatlng /




INFLATIONARY COSMOLOGY

'‘cures' hBB

Scalar
|n|t|al - Primordial

. CO"d perturbathnS{Tensor: Irreducible GWs
Inflatlon

Extra species/symmetries

cenarloséz Enhanced Scalar Pert. > Enhanced GWs

s on RH:

Nlore thind

0812.3622 + 0812. 4624
X oV V7
SQ’BYOPXGS

 GW

Reheatlng /

fer



INFLATIONARY COSMOLOGY

'‘cures' hBB

|n|t|al —
cond

Inflation

Reheatlng /

Scalar

Primordial {
perturbations Utensor: Irreducible GWs

Extra species/symmetries
cenarloséz Enhanced Scalar Pert.

ga

fer

> Enhanced GWs

RH:
Jore things °

0812.3622 + 0812. 4624

W
1304.2657 + 1 309.1148

x vV T




EARLY UNIVERSE

'cures' hBB

Scalar: CMB AT anisotropies

(initial) _  Primordial { “(eventually Galaxies)

cond./  perturbations Ltensor: Irreducible GWs

(CMB B-mode Pol.)

Inflation < _ Extra species/symmetries’
Scenarios <,

\ Enhanced Scalar Pert. » Enhanced GWs

y

V scalar Preheating

Reheating <>gauge Preheating 3} Large GW (high freq) v
fermion Preheating



EARLY UNIVERSE

'cures' hBB

Scalar: CMB AT anisotropies

(initial) _  Primordial { “(eventually Galaxies)

cond./  perturbations Ltensor: Irreducible GWs

(CMB B-mode Pol.)

Inflation < _ Extra species/symmetries’
Scenarios <,

\ Enhanced Scalar Pert. » Enhanced GWs

y

V scalar Preheating

Reheating <>gauge Preheating 3} Large GW (high freq) v
fermion Preheating

o Hybrid Preheating, High Freq. \/
Phase Transition(s): Large GW{



EARLY UNIVERSE

'cures' hBB

Scalar: CMB AT anisotropies

(initial) _  Primordial { “(eventually Galaxies)

cond./  perturbations Ltensor: Irreducible GWs

(CMB B-mode Pol.)

Inflation < _ Extra species/symmetries’
Scenarios <,

\ Enhanced Scalar Pert. » Enhanced GWs

y

V scalar Preheating

Reh_eating <>gauge Preheating Large GW (high freq) \/
fermion Preheating

Hybrid Preheating, High Freq. v
Thermal 1st-Order PhT

Phase Transition(s): Large GW{

Tl/




EARLY UNIVERSE

'cures' hBB

Scalar: CMB AT anisotropies

(initial) _  Primordial { “(eventually Galaxies)

cond./  perturbations Ltensor: Irreducible GWs

(CMB B-mode Pol.)

Inflation < _ Extra species/symmetries’
Scenarios <,

\ Enhanced Scalar Pert. » Enhanced GWs

y

V scalar Preheating

Reh_eatlng <’93U99 Preheating | Large GW (high freq) v/

fermion Preheating

HybridﬂlirgheaiiggL, High Freq. \/
Thermal 1st-Order Phﬂ

Phase Transition(s): Large GW

Tl/




GWs from first order phase transitions

* GW causal source: cannot 'operate' beyond the horizon

f* _ €. < 1| parameter characterising source




GWs from first order phase transitions

* GW causal source: cannot 'operate' beyond the horizon

H(T,) .
fe = €x < 1| parameter characterising source
€ x
<&
4 2
SRS
OO

Hubble rate T T Q. 92.10"° T.

I  Je=Ji— = Hz

temperature ao €. 1 TeV




GWs from first order phase transitions
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GWs from first order phase transitions

* GW causal source: cannot 'operate' beyond the horizon

Hubble rate

|

temperature

for

€x < 1| parameter characterising source
&
3% @@{;
T 105
— f*z—; — 2 i}? 1?;\/ Hz ~ mHz~ LISA
/ Freq !
€, ~ 10772 1, ~1 TeV‘ ~ EW scale !
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GWs from first order phase transitions

Universe expands, temperature decreases: phase transition triggered !

* Potential barrier separates

true and false vacua bubble nucleation

e collisions of bubble walls

source: ]l;; tensor

anisotroEic stress

e sound waves and turbulence in the fluid

e primordial magnetic fields (MHD turbulence)



GWs from first order phase transitions

Universe expands, temperature decreases: phase transition triggered !

* Potential barrier separates

true and false vacua bubble nucleation
@ * o
| »
A O\ o (&

Technically

IL;; ~ 0;¢0 0;¢
source: ]l;; tensor I1;; ~ ¥*(p + p) viv;
anisotroEic stress ; ,
- E B o o
I1;; ~ (B + BY) — FE'E) — B*BY

3
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What is € in 1st Order PhT's?

a
fc — f*_* —
ag

—1
5 : duration of PhT

- 2-107°

1

vp < 1: speed of bubble walls

Hz

@ 1 TeV

GW generation <—> bubbles properties

_1 size of bubbles
— R* — Up 6

at collision

-

H,
o

7H>I<R>I<

€ =~
\. /

BUBBLE COLLISION

<

SOUND WAVES AND
MDH TURBULENCE
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Parameters determining the GW spectrum
el

Q&Oda\ﬂ a, 2-107° T, Parameter List
fe= f*a—o — . 1 TeV Hz (not independent)
2 lH R i T \
€= ; * Ly ; ; *
E H
4 )
_ /OVaC
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Example of spectrum

peak of bubble collisions peak of fluid-related processes
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peak of bubble collisions

h Qgw (f)

Example of spectrum

peak of fluid-related processes

1078 ¢
10710 ¢

10_12 3

sound waves

MHD turbulence

10—16
107>

1074
Caprini et al,
arXiv:1512.06239

0001 - III(I)I.Ol

f[Hz] Caprini et al,

arXiv:1910.13125
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Detection prospects for LISA
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Caprini et al, 2015/2016 (LISA 1PhT working group)



Detection prospects for LISA

T (GeV) 50 0
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Evaluation of the signal

e bubble collisions: analytical and numerical simulations
Huber, Konstandin '08 Cutting, Hindmarsh et al 2018, ...

e sound waves: numerical simulations of scalar field and fluid
Hindmarsh, Weir et al 2012 - 2019,
analytical Hindmarsh 2016, 2019,

e MDH turbulence: analytical evaluation
Kosowsky et al 07, Caprini et al ‘09, Niksa et al '18

numerical pol et al 2019
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Can we really detect a 1st-O Ph-T ?

* LISA/ET can, but LHC pressures typical BSM
extensions to promote EW-PhT into First Order

* Assuming LHC does not rule out models, LISA/ET can
detect/constrain significant fraction of Param Space

* Predictions depend on many assumptions (particularly
in sound waves), so is our modelling correct?

* Even if we detect it, then we infer & and (3, but what
BSM model is behind? not univocal !



EARLY UNIVERSE

'cures' hBB

Scalar: CMB AT anisotropies

(initial) _  Primordial { “(eventually Galaxies)

cond./  perturbations Ltensor: Irreducible GWs

(CMB B-mode Pol.)

Inflation < _ Extra species/symmetries’
Scenarios <,

\ Enhanced Scalar Pert. » Enhanced GWs

V scalar Preheating

Reh_eating <>gauge Preheating Large GW (high freq)
fermion Preheating

Hybrid Preheating, High Freq. \/

Phase Transition(s): Large GW{
\Y4 Thermal 1st-O EW PhT @ LISA Freq.

Thermal
Universe



EARLY UNIVERSE

'cures' hBB

Scalar: CMB AT anisotropies

(initial) _  Primordial { “(eventually Galaxies)

cond./  perturbations Ltensor: Irreducible GWs

(CMB B-mode Pol.)

Inflation < _ Extra species/symmetries’
Scenarios <,

\ Enhanced Scalar Pert. » Enhanced GWs

V scalar Preheating

Reh_eating <>gauge Preheating Large GW (high freq)
fermion Preheating

- Hybrid Preheating, High Freq. \/
Phase Transition(s): Large GW{
\Y4 Thermal 1st-O EW PhT @ LISA Freq.
Thermal {}

Universe cosmic Defects



EARLY UNIVERSE

'cures' hBB

Scalar: CMB AT anisotropies

(initial) _  Primordial { “(eventually Galaxies)

cond./  perturbations Ltensor: Irreducible GWs

(CMB B-mode Pol.)

Inflation < _ Extra species/symmetries’
Scenarios <,

\ Enhanced Scalar Pert. » Enhanced GWs

V scalar Preheating

Reh_eating <>gauge Preheating Large GW (high freq)
fermion Preheating

Hybrid Preheating, High Freq. \/
Thermal 1st-O EW PhT @ LISA Freq.

Phase Transitign(s): Large GW{



