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Abstract

In cosmological first-order phase transitions, gravitational waves are generated by the collisions of bubble
walls and by the bulk motions caused in the fluid. A sizeable signal may result from fast-moving walls. In
this work we study the hydrodynamics associated to the fastest propagation modes, namely, ultra-relativistic
detonations and runaway solutions. We compute the energy injected by the phase transition into the fluid and
the energy which accumulates in the bubble walls. We provide analytic approximations and fits as functions
of the net force acting on the wall, which can be readily evaluated for specific models. We also study the
back-reaction of hydrodynamics on the wall motion, and we discuss the extrapolation of the friction force
away from the ultra-relativistic limit. We use these results to estimate the gravitational wave signal from
detonations and runaway walls.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

A first-order phase transition of the universe proceeds by nucleation and expansion of bub-
bles, and may have different cosmological consequences, depending on the velocity of bubble
growth. For instance, the generation of the baryon asymmetry of the universe in the electroweak
phase transition is most efficient for non-relativistic bubble walls, and is suppressed as the bub-
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ble wall velocity approaches the speed of sound in the plasma [1]. In contrast, the formation of
gravitational waves may be sizeable if the wall velocity is supersonic [2]. These cosmological
consequences generally depend not only on the wall velocity but also on the bulk motions of the
plasma caused by the wall. For instance, gravitational waves are generated by bubble collisions
[2—-4] as well as by turbulence [5—7] and sound waves [8].

The propagation of the phase transition fronts (bubble walls) is affected by hydrodynamics in
a non-trivial manner (see, e.g., [9-13]). The wall motion is driven essentially by the difference
of pressure between the two phases. This force grows with the amount of supercooling, i.e., the
further down the temperature descends below the critical temperature, the larger the pressure
difference between phases. As a consequence, the driving force is very sensitive to the (inhomo-
geneous) reheating which occurs due to the release of latent heat.

Besides, the microscopic interactions of the particles of the plasma with the wall cause a fric-
tion force on the latter (see, e.g., [15]). Computing the friction force is a difficult task, and for
many years only the non-relativistic (NR) case was studied [16]. In this approximation, a wall
velocity vy, <« 1 is assumed, and the friction force scales as v,,. Beyond the NR regime, a depen-
dence v, Yy, was usually assumed, where y,, = 1/,/1 — v2,. As a consequence of this scaling, the
wall would always reach a terminal velocity. More recently, the fotal force acting on the wall was
calculated in the ultra-relativistic (UR) limit, y,, >> 1 [17]. The result does not allow to discrim-
inate the friction or the hydrodynamic effects. Nevertheless, the net force Fe is independent
of vy, which means that the friction saturates as a function of v, y,,. As a consequence, the wall
may run away. For intermediate velocities, microscopic calculations of the friction were hardly
attempted [18,19]. To compute the wall velocity, phenomenological interpolations between the
NR and the UR limits have been considered in Refs. [20,21].

Leaving aside the determination of the wall velocity, the perturbations caused in the plasma
by the moving wall have been extensively studied for the case of a stationary solution [22-25].
Different hydrodynamic regimes can be established, depending on the wall velocity. For a sub-
sonic wall the hydrodynamic solution is a weak deflagration, in which the wall is preceded by a
shock wave. For a supersonic wall, we have a Jouguet deflagration if the wall velocity is smaller
than the Jouguet velocity. In this case, the fluid is disturbed both in front and behind the wall.
For higher wall velocities, the solution is a weak detonation. For the detonation, the velocity is
so high that the fluid in front of the wall is unaffected. In this case, the wall is followed by a
rarefaction wave.

The steady-state hydrodynamics can be investigated as a function of thermodynamic param-
eters (such as the latent heat) and of the wall velocity (i.e., considering v,, as a free parameter).
Thus, in particular, the kinetic energy in bulk motions of the plasma, which is relevant for the
generation of gravitational waves, was computed in Refs. [20,24] for the whole velocity range
0 < vy < 1. These results are useful for applications, as they do not depend on a particular
calculation of the wall velocity for a specific model.

For the runaway case, the hydrodynamics was considered in Ref. [20]. However, the results
rely on the decomposition of the total force into driving and friction forces, and are sensitive
to approximations. The decomposition of the UR force was discussed also in Ref. [21]. Since
the net force is known [17], it is actually not necessary, in the UR limit, to determine the friction
component in order to study the wall motion. However, identifying the forces acting on the wall is
useful, in the first place, to understand the hydrodynamics, and, in the second place, to construct
a phenomenological model for the friction, which allows to compute the wall velocity away from
the UR limit.
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