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Abstract: In thistalk | will analyse the stochastic background of gravitational waves coming from afirst order phase transition in the early universe.
The signal is potentially detectable by the space interferometer LISA. | will present a detailed analytical model of the gravitational wave production
by the collision of broken phase bubbles, together with analytical results for the gravitational wave power spectrum. Gravitational wave production
by turbulence and magnetic fields will also be briefly discussed.
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@ analytical model of the sources
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Why primordial sources?

Small perturbations in FRW metric: (h.,;‘" = h..!;‘ju ={))

2

ds* = a*(n)(dn® — (8;; + Qh.ij)dxidxj) Gy =8nGT,,
. 9 . _
hij(k.n) + r_)h-ij(k- 7) ‘|-k‘-’2h::j (k,n) = SWGGQ(U)Hij(k- n)

Source: II;;(k.7) anisotropic stress

@ Once emitted, propagate without interaction
D Direct probe of physical processes in the early universe (gravitons)

@ Primordial source: stochastic background of GWs (example: inflation

hiih*) * dk dQc (k)
GW energy density: Qg =-—29—  — / c(k)
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Characteristic frequency

@ Characteristic frequency of GWs produced at time 7),
qp=) 2 .
H, " = —| =7« causality: k. >"H,
= 10" M

9 Frequency window from a cosmological source: {

100 GeV (EW phase transition): Ki0o0cev = IO_Z’HZ

@ LISA detection at low frequency:

10~*Hz < k < 1Hz Qe ~ 1072 at about 1 mHz




GW from phase transitions

FIRST ORDER:

@ Collision of bubbles walls
@ Turbulent motions
@ Magnetic fields

371 ~0.01'H_' duration of the phase transition

vp < 1 speed of the bubbles walls
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Scaling of the GW amplitude

@ Bubbles: TE-J- = (p+ p)i.gtfirj (phase transition in a thermal bat
1 . : :
3 p. enthalpy density v; velocity profile in the bubble

Energy density in bubble walls g, 4 7

to radiation energy density: 0,  31—2?
o 2 1
@ Turbulence: TU — (p g p)t‘f_ l‘j O == _—-{f a B =
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Scaling of the GW amplitude

JG.ij = BTTGT;'}' ~ 8nGT
characteristic time of evolution tensor perturbation
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Analytic study of the GW signal

GW power spectrum:

dQc  K3|h|? : : . o
[ hi‘ k_ h? K ey —— -
ihk € (hij (k. mhi;(a,n)) = d(k — q)|h|"(k,7)
n
Wave equation: hij(k,n) 2/ drG(7, n)li;(k, 7)
Tlin

APZEZTZE:;:? (IL;; (k, 7 )IT;(q, 2)) = o(k — q)II(k, 71, 72)

Energy momentum tensor: II;; = Pg"’fﬂm

w(T)
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fd3pv,;(k — p,7)v;(p, T)

Wick Power spectru

poiiit correlation function —i
P e s theorem of the source




Scaling of the GW amplitude

JG-ij — STTGT;'}' ~ 8‘TFG T
characteristic time of evolution tensor perturbation
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Analytic study of the GW signal

GW power spectrum:

dQc  K3|h|?
dimk GCp,

n
Wave equation: hij(k,n) = / drG(7, n)l;(k, 7)
n

1

(hij (k. m)h;(q.m)) = 6(k — q)|h|*(k.n)

Anisotropi . )
Pr:n::r Oszfci::er:s (H5(k, 71 )Hz‘j(Qr 72)) = 0(k — q)II(k, 71, 72)

Energy momentum tensor: II;; = Pg“fl}m

~ w(T)
1 —v3(7)

TR T /dapt'i(k—p.T)l‘j(p.T]

Wick Power spectru

poiiit correlation function —i
P o & = theorem of the source




Bubble walls power spectrum

Hydrodynamics of bubble growth at late times:

broken phase symmeiric phase
v2 vl
Py = H.T.él ey g 7 ”Til + Pvac
p2 = al3/3 p1 = al} /3 — pyac

combustion front
(conservation of energy and momentum)

DETONATIONS: U1 » Cs,VU2 = Cg

symmeiric phase at rest
(Steinhardt 82)

3 DEFLAGRATIONS: U1 < €5 ,U2 < Cs

broken phase at rest
shock wave in the symmetric phase




Bubble walls power spectrum

Velocity profile of a spherical bubble:

vi(x. 1) = U"f:"'fﬁ) (X — Xo)i for T < |X = XO‘ <R
PV R 0 ot herwise

wo point correlation function (v;(X.t)v;(y.f)) non-zero only if

? |x —y| < 2R(f)
@ x and y in the same bubble

@ the velocity is not zero

Vi X, 0)Ui(\ Y, T0)) — — — "!3*3‘1](}{_xl'Ija{y_xi_l}j
] H' ‘ | 74

p: prubability that there is a centre in the intersection regiocri




Bubble walls power spectrum

Power spectrum: Fourier transform of 2 p. correlation function

v; (k. t)v}(q.t)) = 6(k — q)viR(t)*P(t)]

@ P(t) probability that a point is
in the broken phase at time t

P(t) ~ 1 —exp(—TI'(t))

@ correlation function with
compact support Ix —y| < 2R(¢)

analytic power spectrum

@ sinatl scale par’r

T =
-
001 -
m
<
0.001 .
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Bubble walls power spectrum

Hydrodynamics of bubble growth at late times:

broken phase - : symmeiric phase
A v
Po = HT.éL P e = (-'-T_l1 + Pvac
Po = ﬂT_-]l :_{ pp1 = a Til f'l 3 — Pvac

combustion front
(conservation of energy and momentum)

D DETONATIONS: U1 > Cg,U9 = Cg

symmeftric phase at rest
(Steinhardt 82) /

EI"'E_'_":; Xg
O DEFLAGRATIONS: V1 < 65,02 < G5
._\- £
broken phase at rest \V% e, e \/
shock wave in the symmeftric phase ke, 45




Analytic study of the GW signal

GW power spectrum:

dQc  K3|h|?
dink  Gp,

n
Wave equation: hij(k,n) = f drG(7, n)ll;(k,. 7)
7

1

(hi;(k,n)hE;(q.m)) = 5(k — q)|h|*(k,n)

:zf:zz:ci:f (i (k, 71)IT;(Q, 72)) = o(k — q)II(k, 71, 72)

Energy momentum tensor: II;; = Pg"’fl}m

)
1 —v%(7)

T T] /dSpv,;(k—p.T)vj(p.r)

Wick Power spectru

Frea: 6300000 " ] =
poiiii correlation function s of the source




Bubble walls power spectrum

Hydrodynamics of bubble growth at late times:

broken phase - . symmeftric phase
v v
o = HI&L W —— e P (ITil i Pvac
P2 = GTL]L /3 ”.T;l-l /3 — Pvac

combustion front
(conservation of energy and momentum)

DETONATIONS: U1 > €g,U2 — Cg

symmeiric phase at rest
(Steinhardt 82)

3 DEFLAGRATIONS: V1 < €5,0U2 < €

broken phase at rest
shock wave in the symmetric phase




Bubble walls power spectrum

Velocity profile of a spherical bubble:

[f.'f fR) (X = Xg_).;; for Fint < |X — Xo‘ < R
v B = -
0 otherwise

wo point correlation function (v;(X.%)v;(y.f)) non-zero only if

? |x —y| < 2R(?)
@ x and y in the same bubble

@ the velocity is not zero

_ "‘?' P 3 . _
f",{}{.f?f'j{}’.fﬂ_ — ﬁl— rff J‘u(X—analy—Xu?;

p: prubability that there is a centre in the intersection regiocii




Bubble walls power spectrum

Power spectrum: Fourier transform of 2 p. correlation function

vi (k. t)v}(q.t)) = 6(k — q)vFR(t)*P(t)]

@ P(t) probability that a point is
in the broken phase at time t

P(t) ~ 1 — exp(—T(#))

3 correlation function with
compact support |x _ y| < 2R(¢)

analytic power spectrum
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@ sinail scale part e

_l._

0.1

1 10



Turbulence and magnetic field power spectra

Correlated over the scale 2R === pedk at k ~ 7/R

Divergence-free vector fields

{{'i(k)y; (Q» o 5(k Gk Q) (5;‘.3' = i.'-iifj)Pl,(AfR)

=== |arge scale part of the spectra

P,(k < w/R) x k*

@ Small scale part of the spectra:

P (k)

Kolmogorov (turbulence)
Iroshnikov Kraichnan
(magnetic field)

0.15

0.05 |

10



Bubble walls power spectrum

Power spectrum: Fourier transform of 2 p. correlation function

vi (k. t)vj(q.t)) = d(k — q)v; R(t)*P(t)] +
@ P(t) probability that a point is S - T e e
in the broken phase at time t ] ‘
001 -
P(t) ~ 1 — exp(—I(#)) : :
d correlation function with =
compact support |x _ y| < 2R(¢) e 3
analytic power spectrum
0.0001 - e
0.1 1 10

_ B 3 __L
@ smail scale part i X K




Turbulence and magnetic field power spectra

Correlated over the scale 2R === peak at k ~ 7/R

Divergence-free vector fields

‘a{z(k)l;(q» = 5(k T QJ (5,5j = i‘-gf:.'j)PU(kR)

=== |arge scale part of the spectra

P,(k < 7/R) x k*

@ Small scale part of the spectra:

P, (k)

Kolmogorov (turbulence)
Iroshnikov Kraichnan

(magnetic field)

0.15

0.1

0.05

10



Bubble walls power spectrum

Power spectrum: Fourier transform of 2 p. correlation function

vi (k. t)vj(q,t)) = d(k — q)vi R(t)* P(t)] +
@ P(t) probability that a point is e S SRR e Rk
in the broken phase at time t ‘ :
001 -
P(t) =~ 1 —exp(—I(¢)) : :
@ correlation function with =.
compact support |x _ y| < 2R(¢) e 3
analytic power spectrum
0.0001 - S

0.1 1 10

s e
@ sinail scale part ~ > 8 -




Turbulence and magnetic field power spectra

Correlated over the scale 2R === peak at k ~ 7/R

Divergence-free vector fields

(vi(k)vi(q)) = d(k — q) (§;; — kik;)P,(kR)

== |arge scale part of the spectra

P,(k < 7/R) x k*

@ Small scale part of the spectra:

P (k)

Kolmogorov (turbulence)
Iroshnikov Kraichnan

(magnetic field)

0.15

0.1

0.05
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Large scale part of the GW spectrum: k™3

eneric CAUSAL power spectrum:

a 3 (RE)™ for RE< =
P“)XII?{(Rmm for Rk > =

he anisotropic stress power spectrum is the CONVOLUTION:

3 2 .. Sl ~
(k) x [ daq® Pk~ a)P(a) % )
kE—0
n>—3/2
m < —3/2

hite noise for the anisotropic stress — k> for the GW energy dens:
dQc  k3|h|?
dink Gp.




Result: GW from bubble walls (detonations)

dQG "‘"10_29 Ej - Qﬁm : (% ,
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Very preliminary: GW from fturbulence

dQe ( Q% )2 { (kR)3 for kR < 4
e (P o

dIn k o (kR)~5/3 for kR > 4
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Result: GW from bubble walls (detonations)

dQG ,,_,10—29 d(H*)Q(QEn)Q (% ;
—= ra > =
- 5) \ @) T3+ BT

rad
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Very preliminary: GW from turbulence

*

dQc ( Q. )2 { (kR)3 for kR < 4
rad

(kR)~%/3 for kR > 4

T Qg ~ 107

104 for

5o
e
DJ*
e
O N

10—
10-110-%10000000.010.1 1 10 100100010*
kR



Conclusions

@ The spectra rise as k"3 and peak at frequency of about 1/R
(order 1 mHz for I order EWPT)

@ GW from bubbles observable for high bubble wall velocity or
long lasting phase transition

@ GW from turbulence observable for speed of sound motions
Comparison with previous analysis

@ Extension to the deflagration case (no thin wall approximation, model fo
the bubble velocity profile)

@ High and low frequency slopes of the GW spectrum

9 Peak frequency connected fo the size of the bubbles R: depends on the
strength of the phase transition




Very preliminary: GW from turbulence

(kR)®
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Conclusions

@ The spectra rise as k™3 and peak at frequency of about 1/R
(order 1 mHz for I order EWPT)

@ GW from bubbles observable for high bubble wall velocity or
long lasting phase transition

@ GW from turbulence observable for speed of sound motions
Comparison with previous analysis

@ Extension to the deflagration case (no thin wall approximation, model fo
the bubble velocity profile)

9 High and low frequency slopes of the GW spectrum

9 Peak frequency connected fo the size of the bubbles R: depends on the
strength of the phase transition




