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Abstract
Extensions of the particle physics Standard Model with boson sector strongly coupled to Higgs field predicts Gravitational Waves (GW) signal, generated during the electroweak phase transition,
in the LISA detection range. This conclusion results from studying hydrodynamics of the phase transition to calculate fluid profiles, released energy distribution and characteristic sizes involved.

What are Phase Transitions & Gravitation Waves (GW)?

Using Quantum Field Theory at Finite Temperature formalism it is possible The GW are ripples in spacetime, more precisely

At very high temperatures there is only a minimum ¢ = 0; at critical tempe-

to calculate I;nfja;: fref‘ e?ergy F* (thermal effective potential). At high rature 7. there are two minima with equal value of F; for T' < 7. a phase @ The spacetime metric is discomposed, ¢,y = 9/(11/) + hyw
temperature 1, it 25 thelrorm transition occurs and bubbles begins to nucleate. Outside the bubbles, the o g is low frequency background metric (Friedmann).

= W_’(]*Tl D (T2 3 T()Z) 52— BT + /\(T)¢4 univc.arse is in the phase wi_th ¢ = ¢+ = 0 (the + g pha.se,. which domina’Fes °.h,m = Agy is high frequency and osma”_amp-“tude perturbation. N

90° 4 at high temperature). Inside the bubble, the universe is in the phase with o Einstein eq, G,y = 8nGTy,, , linearization leads to a wave equation:
Where .q"') is the thermodynamic expectation value of a scalar field (e.g. ¢ = ¢— # 0 (the “—" phase, which dominates at low temperature). V'Zf,,jj _ (L'Za?}}ij _ 3(,,(-1@}””]. _ —IG’H‘G(LQATU‘
Higgs field) and g«, D, E...depend on the number of degrees of free- o o ' _ ' . o
dom, masses and coupling constants of the particle physics model. h'}iB')S) projection of the spatial part of /1, such that ()ihz/B =) 0 and hi; =0
AFIT O $=0 ) g;',,, and hy,, are coupled, h,;, is “source” of g, , with energy density

- T>>Tc - ~
| Pew = <01]21J01}L1J>/(167TG) (This is the “gravitational wave energy”)

2 When different bubble walls meet, spherical symmetry disappears. Several
=t T=Tc

= GW sources have been proposed:

. T<<Ic O I S p—

For the electroweak phase transition ¢ # ( represents the broken symmetry
phase (inside the bubbles, the particles gain mass thanks to the Higgs mecha-
nism). Due to the jump of free energy F(¢d—) < F(¢+) there is a difference
of pressure AP between phases (P = —F), then the bubbles grow and
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primordial plasma is perturbed by the bubble wall advance. Non spherical cluster wall Stirring plasma Acoustic plasma perturbation
What is LISA? Why LISA?
It is not Lisa Simpson. It is Laser Interferometer Space Antenna (joint  Radiation era: e ~ pp x gT'y P~ ¢/3 = s = OP/OT o gT° Taking gy ~ 3, eyin ~ (mpv)?> [vacuum energy released, where my
effort between ESA/NASA). LISA will be the first observatory in space  Adiabatic expansion: S o sa® = cte = ax/ay = (g()/g*)l/fﬁ’()/'_r* is the Higgs's mass and v = ¢_ (at 7" = 0), the vacuum expectation
to explore the Gravitational Universe. It is designed to detect and accura- (" for today and “x” for then (phase transition time), then value], almost all energy is ex ~ g.T* ~ gsv? ([;" ~ ™ 10~17):
tely measure GW from astronomical sources. But,. . .is it possible detect 16 1/3 ) _ . ; i & ;
cosmological signals (like GW from electroweak phase transtion)? ax/ag = 8 x 1077 (100/gx) "~ 100GeV /T Qog ~5x107° (g()/g*)l/"; (ekin/e*)z (LSH*)z ~ T

If the scale of the source is Lg (with Lg/H 1 ~ 1072) and fix ~ 1/Lg, for
electroweak phase transition (g« ~ 100 y T% ~ 100 GeV):

. 1/6 T :
fo~1,6 x 107° Hz (q_*) / ( ' ) I ~ frasx/ag ~ 1073 Hz

100 100 GeV ) H,
Roughly, the derivative 0h ~ h/Lg o
GW source AT ~ ey, (kinetic energy density of fluid) ch wl
Wave equation: 9°h ~ GAT = Lg %h ~ Gey, = h ~ Lg*G ey, = -
Wave energy density: poc ~ 0hdh/G = poc ~ G epin>L g Ch [ BBO corr. i
Friedmann equation H?Z o G e implies: 10" | 7 | .
P0G ~ (€kin/ex)ALsH. 2o, o — ko

Also, it can be defined Qoc = poco/pe With poco = pPocs(ax/ag)* and e

. - -5 4 4 10 10 10 10 10 10 10
Qpr = pro/pe = 5 x 1077, where ppy < goTjy and ppy < g:T%,. ( (Hz)

= prelas/ag)* = (90/9+)pRo

The quick estimation suggests detection chances, and even some day
other detectors, like DECIGO or BBO, will be much more sensibles.

Hydrodynamics
For different wall velocity v, there is different stationary profiles v vs. r/t For GW calculation is relevant the efficiency factor rky and Ky, the  Stationary regime has a negligible £y, . When the wall is runaway it accu-
weak deflagration - __Jouget deflagration fraction of released energy that goes to fluids motions and bubble wall. We ~ mulates energy, then the fluid has less perturbance
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"subsonic" Jouget detonation " Jouget detonation ~ weak detonation
Here we take c, ~ cte and c_ ~ cte ("+" and "~" for ¢ =0and ¢ #0 phasgs) 0.05F 0 o ) 05 00 00F O 0 O o
Also we use a bubble wall with planar symmetry, but the spherical case is pretty similar el I Uy Foet/ A€
L | .
We found the new “subsonic” Jouget detonations [the fluid just in y Y R Stationary R Runaway
front of the wall has a subsonic speed (< c.) relative to the wall]. Specia- 0.02F; : 050l [ oa
lized bibliography usually uses an approximation to free energy J, the Bag i detonations . N | a=0.1
model (where ¢ = c¢— = 1/+/3), which hides this solution. We improved 0.01% B Y ¥ o3 =0 o200 /T A ool
the approximation with a model that takes two different speed of sound. ' - I VA ' ' con- 4 A
Stationary regime occurs when a quite similar to detonations. In this parametric anaIySiS we use a parameter « ~ “realeased false vacuum o~
T e T - a : i A\ .U-
friction force compensates a dri-  deonations vt | : , . energy" /“radiation contribution to free energy (ox T}_) . From bottom to |
05! unaway Fee#0 | ] 18 1 - - ‘ ‘w‘
ving force (like a pressure difference . | an | top a = 0,01, 0,03, 0,1, 0,3. 002} [
between phases) and the net force wi il g“ We found “semi-analytical" expressions for planar case, which could be use n(l)“‘ ”;‘()‘v“ o 06 05 1000 02 oF 06 o8 1o
is Flet = 0. But, if it does not o 'w 1 instead of a harder calculation for spherical case, and also we found that v Fue/ A€
happen, the wall accelerates and °= ,HJ ST S . supersonic Jouget deflagrations have the biggest x, which implies higher Lower K fl and higher xy, implies higher energy concentration in bubble wall
vy ~ 1. Such runaway regime is  “0 o6 0 w0 "% @ e o s 1 GW amplitude from turbulence and sound waves mechanisms. and higher GW amplitude from collisions mechanism.

GW spectrum

A parametric study for peak amplitude €2, by turbulence ~ We applied the hydrodynamics study to an extension of the Standard Model of particle = Here we can see how the different GW generation mechanisms do-
mechanism. Here deflagrations, Jouget deflagrations, and  physics with a sector of bosons coupled to the Higgs field. Higher value of coupling constant ~ minate for different values of h (sound waves, turbulence and co-
detonations are covered varying all the entire range of vy, h (horizontal axis in figures) implies higher value of the minimum position ¢_ (and so, by llisions). The filled regions are delimited by sensitivity curves of
dimensionality, higher free energy barrier), lower critical temperature 7. = T'(t.) and phase  four different eLISA construction designs (now called LISA again).
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transition “initiation” temperature 7; = T'(¢;), higher values of wall velocity v,, and shock
velocity v}, , and higher fraction of energy injected into bulk motions of the plasma ¢, /¢
(at least for stationary regime)
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IS cliectively much more efricient on runaway regime ol Tt ‘ parameters (like / in the case of boson/scalar sector coupled to the Higgs)
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